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ABSTRACT

Experimental studies on a series of fences immerged in
a smooth wall turbulent boundary layer are discussed in this
report. Fences are placed at equal spacing and they are of
equal height. The basic variables are the spacings of the
fences and the ambient velocity. Six different experiments
were performed by combining two ambient velocities with
three fence spacings.

The flow field is subdivided into three regions. They
are: the "smooth" region upstream from the leading fence;
the "rough" region far downstream from the leading fence;
and the "transition" region between the smooth region and
rough region. Emphasis of this work is placed on the rough
region. The flow in the rough region represents the overall
effects of all upstream fences, in it the effect of each
individual fence on the boundary layer can no longer be
identified. Mean velocity profiles, static pressure pro-
files, turbulence, and form drag of fences are measured.
Comparison between the measured results and existing theo-
ries are made. The flow in the smooth region can be corre-
lated by the wall law and the defect law of a smooth wall
turbulent boundary layer. Flow in the rough region is
found to depend on fence height, fence spacing and their
ratio. The universal velocity defect law breaks down in
the rough region of the present study, however, an empirical

expression for the velocity defect law is found. A model

iv



law is proposed for modeling the problem of multiple wind
breaks. Also discussed is how an optimum wind break can

be determined.
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Chapter I

INTRODUCTION

Surface barriers are some of the earliest devices that
man has used to change climatic conditions in order to pro-
tect crops and land from the ravages of wind. Systematic
research on the effect of these wind breaks or barriers has
been conducted in the United States since the Shelter Belt
Program was begun on the high plains in the 1930's. The
amount of material published on the subject of wind breaks
is voluminous. Much of the research behind this material has
been conducted through field investigations, which have stud-
ied the cultural effects of wind breaks on crop species,
planting, management, and care of plants. Also some of the
aerodynamic problems related to wind breaks have been stud-
ied, both in the field and in wind tunnels.

The goal of a wind break study is often to find the
optimum arrangement between the cost of a wind break and
the protection it provides for crops and land over a maximum
region. Necessary or optimum protection can mean a number
of things. It can mean reduction of wind speed below the
dangerous level for a particular kind of crop, or it can
mean the reduction of evaporation of water, or the reduction
of heat transfer from air-water and air-soil interface, or
the retention of carbon dioxide in the soil, or the reduc-
tion of wind erosion on small surface particles, such as
seeds, surface soils, and fertilizers. Because of the many

ramifications on designing the optimum arrangement of wind



breaks, climatic, soil, crop, tillage, irrigation,
meteorology, and economic data are important. Even though
these data are important, some of the most important infor-
mation needed for wind break design is the aerodynamics of
wind flow about wind breaks.

Field research in the past on wind break dynamics has
led to conflicting results. This is because of the diffi-
culty of controlling the variables encountered. Also, a
detailed field investigation can be extremely costly, both
in time and money. Therefore, many of the basic problems
of the aerodynamics of shelter belts are studied in wind
tunnels.

Much research in wind tunnels, related to wind breaks,
has dealt with single obstacle geometry. The results of
this research are useful for designing single wind breaks,
as well as providing understanding for some problems of

fluid mechanics.

1.1 Scope of the Dissertation

In this dissertation the effects of a series of fences
immerged in a smooth wall wind tunnel turbulent boundary
layer are studied as an extension of the single fence
problem. The fences were placed at equal spacings with the
basic variables consisting of fence spacings and mean veloc-
ity. The emphasis of this work is placed on the region far
downstream from the leading fence. The effects of each

single fence on the boundary layer are not discussed in



this dissertation, rather the overall characteristics of
the turbulent boundary layers, which have been influenced
by all the fences, are considered. Two ambient velocities
and three fence spacings were chosen to give six different
flow conditions. Streamwise pressure gradients at free
stream are adjusted to nearly zero. Mean velocity profiles,
static pressure profiles, and turbulence are measured.
Comparison between present data and previous results on
smooth wall and rough wall turbulent boundary layers are
made. And finally, recommendations for applying the results

to multiple wind breaks are made.

1.2 The Regions of the Air Flow Over Multiple Fences

When a series of equally spaced sharp-edged fences are
immerged into a two-dimensional turbulent boundary layer,
the influence of these fences is found to be different in
different regions of the flow field. Those regions shall be
discussed in this section.

A Cartesian coordinate system (x,y,z) 1is used to
specify the physical spaces where x 1is the longitudinal
downstream direction, y 1is the vertical direction measured

upwards normal from the floor, and 2z is the lateral direc-

tion. The velocity components correspondent to the coordi-
nate system (x,y,z) are (U,V,W). For two-dimensional
turbulent flow U=u +u' , V=v+v' , and W = w'

where u and v denote the mean motion and u', v', and

w' are the fluctuating quantities.



Fences are fixed on the floor perpendicular to the mean
stream. The floor for x < 0 is considered to be aero-
dynamically smooth. The first fence is located at x = 0
and all fences are equally spaced downstream with a constant
spacing L . Each fence has the same height h and the
same width W .

As shown in Figure 1, three regions describe the entire
flow field. Flow characteristics in each region obey a
different law. A general description of the flow in each

region will be given in the following few paragraphs.

Region I. The smooth region (x < 0).

Since the distance from the leading edge of the smooth
plate to the first fence is long (40 ft), the existence of
velocity distributions that have a similarity shape is
expected in this region (x < 0). A boundary layer, in
which similar velocity distributions exist, is usually
called an equilibrium boundary layer. Results for the
equilibrium boundary layer over the "smooth wall" can fully
describe the flow in this region. A tremendous amount of
theoretical and empirical knowledge on this kind of problem
has accumulated in the last few decades. Prandtl and
Karman provided the pioneer work, (see Schlichting, 1968).
Millikan (1938), Ludwieg and Tillmann (1950), Hama (1954),
and others provided experimental contributions; Coles (1955,
1956) and Clauser (1954, 1956) made important theoretical
contributions to our understanding of the flow over smooth

wall.



Region II. The transition region (0 < x < X,)

1

When the boundary layer flow of Region I encounters an
abrupt change in surface roughness (a series of fences in
the present study represents the roughness), the new surface
will cause a change of the flow from its equilibrium condi-
tion. The flow changes are confined, initially, to a thin
layer adjacent to the surface. If the flow within the thin
layer represents the statistical properties of the adjacent
surface, and the flow outside this layer is not affected by
the surface condition, such a layer is known as an internal
boundary layer.

Elliott (1958), Panofsky and Townsend (1964), Townsend
(1965a,b), and Blom and Wartena (1969) proposed theoretical
approaches to calculate the flow disturbance caused by an
abrupt change in surface roughness. Their general assumptions
are:

(a) The total boundary layer thickness is much larger
than the thickness of the internal boundary layer (§ >> EO),

(b) The flow properties outside the layer are not dis-
turbed. This assumption implies that the logarithmic velocity
profile, which describes the flow in Region I, can also be
used to describe the flow outside the internal boundary layer
in Region II, and

(c) 1Inside the internal layer, the logarithmic velocity
profile is assumed, with a new velocity scale and a new length.

Elliott (1958) made a theoretical study on this flow

model by assuming that both velocity and length scale in



Region II are constants, where the length scale represents
the statistical roughness height and the constant velocity
scale indicates a constant shear stress over the internal
boundary layer. In Elliott's model, the shear stress at the
edge of the internal boundary layer is discontinuous.
Panofsky and Townsend (1964) assumed a continuous shear
stress connecting the inner and outer layers. Townsend
(1965a,b) tried to summarize the internal boundary layer
problem by assuming that the deviation of the flow proper-
ties from the upstream distributions is self-preserving in
form. Both length scale and velocity scale used by Townsend
are assumed to be functions of x only.

When compared with the results of Elliott (1958),
Panofsky and Townsend (;964), and Townsend (1965a), the
development of the ihééfﬁal boundary layer are found to be
similar. However, the velocity distribution and the shear
stress deviate considerably from one another. This can be
found in Figure 2 of Townsend (1965a).

Plate and Hidy (1967) modified Townsend's theory by
introducing a pressure gradient and a nonuniform surface
stress. They found that the modified model could apply to
a wind-tunnel flume boundary layer, where the boundary layer
thickness and the thickness of internal boundary layer were
of the same order. A detailed experimental study for the
internal boundary layer flow model is presently being pre-
pared by F. F. Yeh at Colorado State University as part of

his Ph.D. dissertation.



Region III. The rough region (x > xl)
Since the internal boundary layer will grow in depth

downwind, it is possible to assume that at a point x the

1
influence of surface roughness has covered the whole boundary
layer. From this point downstream the thickness of the
boundary layer and the internal boundary layer will coincide.
This region (x > xl) is named as "rough region." An anal-
ogy between the flow in this region and previous work on

"rough wall" is expected. A review of the rough wall prob-

lem will be dealt with in the next chapter.

1.3 Purpose of the Dissertation

The problem of air flows over a rough surface has long
been recognized as an important topic in fluid mechanics,
and many experimental results on the problem have been
published. However, most previous experiments do not include
a boundary layer history, or in other words, the flow at
x = 0 1is essentially uniform. Furthermore, most previous
work on the rough surface problem does not have a direct
measurement on surface stress, which is found to be the most
important quantity in turbulent boundary layer studies.

The present study will concentrate on the rough regicn
(Region III, in Figure 1), with a nearly zero free stream
pressure gradient. The main purposes of this study are:

(1) to compare the flow properties of a rough wall
boundary layer flow between the sharp-edged fences and other

roughness geometries,



(2) to compare the existing laws on a rough wall flow
model after the surface stress is accurately measured,

(3) to correlate the form drag of fences to the free
stream mean velocity and the spacing between fences, and

(4) to find the optimum arrangement for multiple wind
breaks, and the modeling laws for multiple wind break

problems.



Chapter II

LITERATURE REVIEW

When the spacing between the fences is not too large,
one can easily see that the flow characteristics at a large
distance downwind from the leading fence will represent the
overall effects from each fence upstream. In other words,
the effects of each individual fence to the boundary layer
will not be significant. The boundary layers in this region,
which are far downstream from the leading fence, can be
classified as a rough wall turbulent boundary layer.

In working with the turbulent boundary layer over rough
surface, it is advantageous to do a parallel study of turbu-
lent boundary layer over a smooth surface because many valu-
able results from the latter problem can also apply to the
former, with only slight modification. Furthermore, if there
does exist any "universal" law, the results from a simpler
flow condition (smooth-surface) can apply directly to a
more complicated one (rough-surface).

Some previous work on turbulent boundary layers over
both smooth and rough surfaces and research in the area of

wind breaks will be reviewed in this chapter.

2.1 Turbulent Flow Over Smooth Surface

Since the fundamental equation of motion cannot yet be
solved for a turbulent boundary layer flow, experimental and
empirical investigations are important in understanding the

general behavior of such a flow.
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A considerable amount of experimental results on smooth
wall turbulent boundary layer has been accumulated in the
past by Schultz-Grunow (1940), Hama (1947, 1954), Ludwieg
and Tillmann (1950), Baines (1950, 1951), and Klebanoff and
Diehl (1951). 1In addition, semi-empirical analyses by Rotta
(1950, 1955, 1962), Hama (1953a,b), Landweber (1952), Clauser
(1954, 1955), Coles (1953, 1954, 1955, 1956), and Townsend
(1956a,b) have helped clarify the smooth wall problem.

2.1.1 The wall law and defect law - Previous investiga-

tions of the turbulent boundary layer over smooth surface
have indicated the existence of two universal laws, namely
the "wall law" and the "defect law." The wall law, which
was first introduced by Prandtl (1934) on the basis of his
mixing length theory, states that the dimensionless velocity
u/u,; is a unique function of the dimensionless distance
from the wall yuT/v in the immediate wall vicinity. The

functional relation reads

yu
u i T
q ] f [ v J r (2-1)

where v 1is the kinematic viscosity (v = u/p), and u_

is the shearing velocity defined as

and L is the surface shear stress. The square brackets

in Equation 2-1 represent a functional dependence and will

be used throughout this dissertation.
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Coles (1954) proved theoretically through dimensional
reasoning that the wall law (Eg. 2-1) must hold if a univer-
sal relation between u and y is to exist near a smooth
wall.

On the other hand, Karman showed that a universal
relation exists between the dimensionless velocity defect
(ua—u)/uT and y/h where h is the half width of a channel.
This relation was derived through a similarity argument.

(See page 553, Equation 19.21 of Schlichting, 1968). 1In a
boundary layer flow Schultz-Grunow (1940) showed that the
universal relation also exists if the distance y 1is normal-
ized by the boundary layer thickness § . Since the velocity
profile near 8 is nearly flat, the true value of § is
difficult to determine. Rotta (1950, 1955) found that the
only possible well defined thickness is 5*ua/uT and the
dimensionless distance from wall does exist a universal
relation. Where &* 1is the displacement thickness defined

as

)

\
§* = |
O

u
a

Clauser (1954) found that the integration of (ua—u)/uT
with respect to y/§ , from 0 to 6§ , yields a constant

value for a given pressure gradient. He proposed a thickness

A defined as

A = g 3 dy = & é 2 d (Ji] : (2-3)
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If one compares Equation 2-3 to Equation 2-2, A = G*Ua/uT .

The general defect law has the form

3 = g[—{-] ’ (2-4)

where ¢ 1is a thickness scale and

§ = Schultz-Grunow (1940)

A - Rotta (1950, 1955) and
Clauser (1954).

2.1.2 The logarithmic distribution near wall - The

well known logarithmic profile was obtained originally by
Prandtl through the mixing length theory (see Schlichting,
1968, pp. 554-555). Since this theory was based on an
unrealistic assumption of the turbulent mechanism, which
assumed the conservations of momentum of a "lump" of fluid

in turbulent flow, the mixing length theory and similar
theories are no longer considered generally useful in analyz-
ing turbulent flow.

On the other hand, Millikan (1938) derived the logarith-
mic law on the assumption that the wall law and the defect
law "overlap" in a region for pipe and channel flow. Clauser
(1954) showed the same to be truelfor turbulent boundary
layer flow.

If we rewrite Equation 2-4 and adopt Clauser's thickness

scale, we arrive at
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u

&2 e -5
T T

Also, we can write Equation 3-1 as

u u‘[ﬂl Y
q == f o T] & (2-6)

According to experimental evidence, there is a common region
near the wall where these two quite different results will
simultaneously correlate the velocity profiles. As we can
see, the f function of Equation 2-6 contains the factor
uTa/u as a multiplier of y/A inside the function f ,
and Equation 2-5 contains u/uT as an additive term outside
the g function. In fact, the only mathematical function
where two product factors inside a function are equal to two
additive functions containing each factor, is the logarithmic
function. This implies that both g and f must be loga-
rithmic in form. After examining many previous experimental

data, Clauser arrived at the wall law for a smooth surface as

¥,

. A '8
u

K

1n + A |, (2-7)

T

and the defect law as

’ (2-8)
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where « = 0.41. A = 4.9, B = 0.6 proposed by Clauser and
Aul/ut depends on the pressure gradient. For zero pressure
gradient Aul/uT =0 , for a giyen non-zero pressure gradient
Aul/uT results in a constant shift of the linear plot of
Equation 2-8 from a constant pressure profile (refer to

Figure 18, p. 102 of Clauser, 1954). And both relations 2-7
and 2-8 are found to apply within 10%-20% of the total bound-
ary thickness. Moreover, Ludwieg and Tillmann (1950) found
that the wall law, Equation 2-7, is a universal function for
all pressure gradient near a smooth surface.

2,1.3 Velocity profile at the outer portion - Since

the wall law (Eq. 2-1) was derived near the surface, and
exXperimental results showed that Equation 2-7 can only apply
to 10% to 20% of a boundary layer, it is necessary to add
some function to Equation 2-1, in order to describe the flow
of the entire boundary layer. Consider the flow beyond a

thin laminar sublayer up to y = § expressed as

u yuT
u = £ | —=| + hix,y] (2-9)

where h 1is an arbitrary function except h is negligibly
small in some finite region near wall, say about vy/é§ < 0.1l.
Millikan (1938) proposed that h is a function of y/§ to
describe the velocity profile which departs from the loga-
rithmic law. After carefully examining many experimental

data, Coles (1956) introduced the "law of wake," i.e.,

b = h [*n, %]=:—w[%] , (2-10)
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where = 1is dependent on pressure gradient and turbulence
intensity near the edge of boundary layer, and wly/8§] is
2

the wake function, thus, w[l] = 2, w[0] =0 f %% dew = 1
o
The relation betwean « and y/é is shown in Figure 2.
Substituting Equation 2-10 into Equation 2-9, the

velocity distribution of the entire boundary layer beyond

a thin sublayer becomes

ﬁi-= ~%—1n(z§l +c + %3 m[%&] . (2-11)
Coles (1956) had collected previous experimental data, and
good correlations between those data and Equation 2-11 were
found.
Hama (1954) arrived at another empirical relation for

zero pressure gradient boundary layer flow, which has the

form

2
= i ™
= 9.5(1 5) . (2-12)

where y/é6 > 0.15.
Ross (1953) also ended up with empirical relation similar
to Equation 2-12, but with a power of 3/2 instead of 2.

2.1.4 The drag coefficient - For a two-dimensional

equilibrium boundary layer, the equation of motion has the

form

3u au _ _ 3p
pu + pv % +

- at
X 3y

5y ! (2-13)

and the continuity equation reads
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au oV _ =
= *t v - 0 . (2-14)

If Equation 2-13 is integrated from y =0 to y = 6 and
Equation 2-14 is also introduced, Karman's niomentum integral
equation is then obtained as

de _ &*+20 dp

f dx 1 d
X 5pu; X

' (2-15)

’ . . . . _ 1 2
where ce 1is the drag coefficient defined as Ce = To/fpua

and 6 1is the momentum thickness

§
o = [ X (1 -2 lay . (2-16)
(o] ua ua

Total force acting on a flat plate per unit width from X

1
to X, is
)
D =] 1 [xldx . (2-17)
*1
The total drag coefficient is defined as
X X
2 T 2
_ 1 o _ 1 _
Ce = = i ;o dx = X% [ ce dx . (2-18)
1 2 °Y% *1

The usual way to calculate Cg and Cf is to assume a
velocity profile with the help of some empirical relation
between x and 6. Some early results on C are shown

f
in Table 1.



It is difficult to decide which of the results in
Table 1 is best for predicting the drag of a smooth plate.
Each depends on the author's measurement and no one seems to
have any better theoretical background than the others.

Furthermore, if a pressure gradient appears, none of the
results in Table 1 are applicable. The drag coefficient
must be a function of some parameter, which indicates the
appearance of the pressure gradient, as well as a function
of the Reynolds number Rx .

Ludwieg and Tillmann (1950) used a direct shear stress
measurement method, developed by Ludwieg (1950), to measure

the surface shear stress for a boundary layer with pressure

gradient. The empirical relation found was

cg = 0.246 x 1070-678H R8-0'268 (2-19)

where H = &8*/0 , and R{j = uaﬂ/u "

If one substitutes Equation 2-7 into Equation 2-8,

u u A A
B S 1n ) + A =B % d »
u K v u
T T
Since A = 6*ua/uT and ua/uT = /2/cf .
u_d&* Au
e 1 a 1
= % D
/Z/Cf = 1n = + A B # — . (2-20)

Equation 2-20 was formulated by Clauser (1954) as tke "uni-

versal skin friction law" of a smooth wall with equilibrium
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pressure gradients. As proposed by Clauser, « = 0.41,
A =4.9, B= 0.6, and for zero pressure gradient aul/uT = 0.

Equation 2-20 reduces to

*
{uaé

v2/c. = 5.6 log ‘

f

v

) + 4.3 . (2-21)

Hama (1954) found that

ra_6

/2/c; = 5.45 log [—%— + 5.55 (2-22)

is also an excellent approximation to Equation 2-21. Other
investigators also found results similar to Equation 2-22,
but with different numerical values compared to 5.45 and
5.55 of Equation 2-22. Typical are the values of 5.89 and
3.58 given by Squire and Young (1937), 5.85 and 4.1 by

Landweber (1952), and 5.6 and 5.8 by Coles (1954, 1953).

2.2 Turbulent Flow Over Rough Surface

The earliest studies on roughness effects were conducted
in pipe and flume flows, because the flow resistance can be
calculated from the easily measurable head losses or water
surface slopes. Nikuradse (1933) conducted a systematic
series of experiments in sand roughened pipes. His result
showed that the flow is dependent only on the roughness
height for a rough pipe flow with high Reynolds number.
Morris (1955, 1961) found that the roughness density is the
only significant factor in determining the roughness effects

of a channel flow.
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Early experimental works on rough wall turbulent
boundary layer flow are those of Tillmann (1945) and Baines
(1950) . However, the first extensive study on velocity dis-
tribution in the boundary layer over a rough plate was made
by Moore (1951). The roughness used by Moore was two-
dimensional traverse bars with controlled spacing to height
ratio. Later, this kind of roughness, traverse bars, has
been widelv used in rough wall turbulent boundary layer
studies by Hama (1954), Perry and Joubert (1963), Bhaduri
(1966) , Bettermann (1965), Liu et al. (1966), and Perry et al.
(1969). The experimental results of all these investigators
showed that Nikuradse's result on pipe, when flow is depen-
dent on roughness height, is valid in rough wall boundary
layer flow. Similar to the result found by Morris (1955,
1961) in channel flow, Sayre and Albertson (1961), Bettermann
(1965) and Liu et al. (1966) found that both the roughness
density and roughness height are important factors in rough
wall turbulent boundary layer flow.

2.2.1 Extrapolation of rough pipe results - The frame-

work of todays rough wall turbulent boundary analysis was
introduced by Nikuradse (1933), who conducted experiments on
circular pipe, roughened by sand with a definite grain size.
By choosing pipes of varying diameters and by changing the
size of grain, Nikuradse made a systematic study on R/k
ratio from 15 to 500, where R 1is the radius of pipe and Kk
denotes the grain size. Two important conclusions obtained

were:
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(1) Flow behavior depends on the Reynolds number and
the relative roughness height k/R . However, at a higher
Reynolds number, the flow becomes independent of viscosity
(Reynolds number) and is a function of k/R only. This
result can be found on page 580, Figure 20.18 of Schlichting
(1968); and

(2) the smooth-wall defect law, Equation 2-8, is a
universal relation for both smooth-wall and rough-wall.

Based on an assumption that the roughness effect is
universal and independent of outside flow, Prandtl and
Schlichting (1934) was able to transpose Nikuradse's rough
pipe chart into roughened boundary layer flow. Experimental
works by Moore (1951), Baines (1950), and Hama (1954) con-
firmed the first result found by Nikuradse in pipe flow;
that is, at high Reynolds number, flow in a boundary layer
over rough plate is independent on viscosity and is depen-
dent on the geometry of the solid boundary.

Moore (1951) found that the universality of the defect
law, which is the second result mentioned above found by
Nikuradse (1933) in pipe flow, is also valid in rough wall
turbulent boundary layer flow. This means that the defect
law is independent of the surface condition. In addition,
Moore (1951) provided an empirical relation to describe the

flow in the region of 0.45 < y/8 < 1 was given as

2. = 0,52 ey (2-23)
a

The same result (Eq. 2-23) was found by Bhaduri (1966).
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The empirical relation (Eq. 2-12) proposed by Hama (1954)
can also apply to the rough surface boundary layer £flow.
Recently, Perry, Schofield, and Joubert (1969) found that
relation 2-12 is apolicable to the "d" type roughness as
well as the "k" type roughness. The definitions of "d" and
"k" roughness denote the significance length scale involved.

2.2.2 The wall law and the roughness function - Unlike

the universality of the defect law (Eg. 2-8), the wall law
for smooth surface (Eg. 2-7) cannot apply to rough surface
flow directly. Prandtl (1934) has shown that when the wall
is rough, the semilogarithmic part of Equation 2-7 is dis-
placed downward, parallel to itself by an amount é.u/uT v
which depends on the roughness Reynolds number kuT/v - B
"universal" wall law for both smooth and rough flow was for-

mulated by Clauser (1954), and is

—£—ln {yu

.
u K
T

v

| _ﬂ_ul‘kuﬂr]

i
5 S J + A (2-24)

-
g

When kuT/v is greater than 100, the asymptotic form of the

roughness functions becomes
8oL se , (2-25)
K Vv
where c¢ is a constant dependent on the roughness geometries.

Hama (1954) proposed a method to obtain the roughness

function by knowing the local drag coefficient and the
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displacement thickness. Considered for a zero pressure rough

surface flow, the defect law has the form

u_-u Yo
5.6 log m
a

+ 0.6 . (2-26)

Substituting Equation 2-24 into Equation 2-26 and using the

definition of Ce we will have:

u_4&%*

y2/c = | 5.6 log

£ + 4.3

|
|2

if cf and &* can be measured

u_é%*
B8 o BB 106 - BT = s 4 (2-27)
u_ v V Ce

Perry et al. (1969) assumed a slightly different
velocity distribution as
(Yt+c)u1

1

— ln ——
K v u
T T

u — _—
o = (2-28)

where Y. is the measurement from the crest of transverse
bars. The parameter ¢ 1is a distance below the crest, which
will be referred to as the error in origin, and defines an
origin for the profiles that will give the logarithmic dis-
tribution of velocity near the wall. The numerical wvalue of
¢ was determined from a measured velocity profile through

a graphical manner proposed by Perry and Joubert (1963).
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Their experiments indicated that the roughness function
is a function of ¢ rather than a function of k for a "d"
type roughness. This property was previously found by
Streeter and Chu (1949), and Ambrose (1956), where the fric-
tion factor to Reynolds number characteristics are insensi-
tive to k/R for special kind of roughness geometries with
a series of depression of grooves on smooth surface pipes.

The results found by Perry et al. (1969) are:

(a) for a "d" type roughness,

e s T L4, (2-29)
K v

where ¢ depends on the roughness geometries, which resembles
Streeter and Chu's (1949) and Ambroses' (1956) kinds of
roughness, and

(b) for the conventional type of roughness or termed
as the "k" type roughness, Equation 2-25 gives the relation
of the roughness functions.

Bettermann (1965) using two-dimensional transverse bars
of varying spacing, has been able to show that ¢ (Eg. 2-25)
is a function of the density of the roughness elements; and
that at a certain density the value ¢ reaches maximum.
If X 1is the ratio of total surface area to roughness ele-

ments, Bettermann found that for 1 < A < 5

' u k
%E = 5.6 log — + 17.35 (1.625 log A - 1), (2-30)
T

and when X > 5
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Au u k
— = 5.6 log 3 - 5.95 (1.103 logx - 1) . (2-31)

T

2.3 Wind Breaks

Most of the previous works related to wind breaks have
dealt with single breaks which are at variance to the scope
of this study. However, information about single breaks has
generated a great deal of interest in wind break research
and has also provided valuable knowledge on design and use
of single wind breaks.

A number of field investigations, which have increased
knowledge about wind breaks in general, have been conducted
to find answers on some of the aerodynamics problems related
to wind breaks. Bates (1930, 1945, 1945a) conducted investi-
gations on the influences of wind breaks to agronomic condi-
tion. DenUyl (1936) conducted field tests of five actual
wind breaks over a period of five years. His data included
records of temperature, humidity, and wind velocity. Others
who have provided information from field investigations
include Cheyney (1941), Hood (1938), and Clark (1934).

Woodruff and Zingg (1952) performed a wind tunnel study
on wind breaks. They chose four different barriers, namely,
a sharp-edged fence, a cylinder, a 45° triangular shape, and
a model tree wind break. Their results showed that the
sharp-edged fence and the triangular shape provided a longer
protected region at a higher rate of wind reduction, say,

for a 50% wind reduction, both the fence and the triangular
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shape provided a protected distance of 15.5 h downwind; for
the model tree wind break a distance of 13 h was found. How-
ever, at a moderate rate of wind reduction the model tree wind
break gives a longer distance of protected coverage than any
of the solid breaks. At 25% of reduction the covered region
of a model tree wind break is 27 h, while the covered region
of a sharp-edged fence is 21.5 h, and the covered region of

a triangular shape is 20.5 h. The same result, that a porous
wind break will give a larger protected distance, were found
by Nageli (1941) and Blenk and Trienes (1956).

Other wind tunnel studies of isolated solid obstacles
have been investigated by Arie and Rouse (1956),
Nagabhushanaiah (1961), Plate (1964), Chang (1966), and
Good and Joubert (1968).

Arie and Rouse conducted an experiment holding a two-
dimensional fence in a uniform flow. Good correlations
between their experimental results and the theoretical model,
which they had derived from the potential flow theory were
found. Nagabhushanaiah provided exverimental data on the
measurement of two-dimensional fences immerged in a turbu-
lent boundary layer with different heights. Experimental
work by Chang showed that the velocity distribution along
the separation region behind a two-dimensional wedge shaped
model hill can be correlated to a theoretical model which
was derived through the half-jet mixing flow theory. Plate
found that the drag coefficient of an isolated two-

dimensional fence, immerged in a thick boundary layer, can
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be fully specified by the separation pressure behind the
solid fence. An empirical relation found by Plate, between
the drag coefficient of the fence, CD , and the h/§

ratio was also described in the same paper. Based on dimen-
sional reasons Good and Joubert proposed that the only
important velocity scale, when h/§ < 0.5 , is the shear
velocity u_ . And the drag coefficient C. based on u,
was found by them to be

u h
c = ———9——; = ( Y ) , (2-32)
pu?

T 1 v
i3

where D 1is the form drag of a two-dimensional fence,
immerged in a smooth wall turbulent boundary layer.

Recently, Plate (1970) summarized the aerodynamics of
shelter belts. He indicated that the drag coefficient, CT B
of an isolated solid fence, immerged in a rough wall turbu-
lent boundary layer, should be a function of h/zO only;

i.e.,

c = - f[éi] , (2-33)

where z represents the roughness height of the boundary.
Furthermore, for porous breaks, the drag coefficient should

be defined by using u as a reference velocity:

b

_ D
= F . r
° zoeup

(2-34)
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where uy is the velocity behind a porous break. A modeling

law was also proposed by Plate in the same paper:

= OB (2-35)

where the subscripts m and p represent the quantities

=

in the model and in the prototype, respectively.
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Chapter III

INSTRUMENTATION AND EXPERIMENTAL PROCEDURE

Experiments were conducted in the large U. S. Army
Meteorological wind tunnel, located in the Fluid Dynamics
and Diffusion Laboratory at Colorado State University.

This chapter discusses the equipment used, measurement
procedures, data reduction techniques, and the nature of

experimental errors.

3.1 Wind Tunnel

All experiments were performed in the thick turbulent
boundary layer of the wind tunnel mentioned above (Figure 3).
This facility is described by Plate and Cermak (1963).

The tunnel is a recirculating type with velocities
ranging from 0 to 120 ft/sec. The boundary layer is devel=-
oped over an 80 ft long test section with a normal cross
section 6 x 6 ft. The first 40 ft of the floor is plywood
and the rest is a 40 ft long aluminum plate, which may be
thermally controlled. The ambient air temperature in the
wind tunnel can be controlled by a system of heating or cool-
ing coils installed in the return section through which the
circulating air passes. The ceiling of the wind tunnel can
be set to adjust the pressure gradient of free stream.

In the present studies, the temperature control of the
aluminum floor was not used, only the air was cooled to hold
the ambient temperature constant. 1In addition, the free

stream pressure gradients were adjusted nearly zero.
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The turbulent intensity at free stream is low due to the
damping screens and a 9:1 entrance contraction. Detailed
measurement of the free stream turbulent intensity of this
tunnel can be found in Tieleman (1967) and Zoric (1968).

A carriage system is also built inside the wind tunnel.
The carriage moves along the wind tunnel on rails, which are
fixed to the vertical walls of the tunnel. The carriage
boom, which is intended for the mounting of probes, has inde-
pendent movements vertically and horizontally. The carriage
movement is provided with a remote control, and the position
of the carriage boom is determined from the output of poten-
tiometers through a digital volt meter (Hewlett-Packard
3440 model). The accuracy of the positional measurements

can reach +0.0025" with 10 volts input of the potentiometer.

3.2 Fence Assembly

Fence elements were made from commercial aluminum angle
beams, measuring 1"x1"x1/8. One side of the angle beam was
machine sharpened to 45° and the sharp edged side stood verti-
cally as a fence, the other side served as the foot of the
fence (refer to Figure 4). B2All fences were cut 6 ft long;
conner fillets were used to insure all fences extended to
the full tunnel width. The front edge of the first fence
was located at x=0 , which indicates the leading edge of the
aluminum floor or 40 ft from the wind tunnel entrance. From
the first fence downstream, all fences were fixed on a 1/2

in. thick plywood floor. The spacing between each fence was
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chosen at a constant value L for each run. The plywood
floor was made to cover the total test section. Double
stick scotch tape was inserted between the fence foot and the
plywood floor and 3/8 in. wood screws were used to fasten
fences on the floor. Half inch wooden strips were glued to
the bottom of the plywood to elevate it one inch above the
original aluminum floor. In order to measure the stagnation
pressure at the foot of each fence, three 1/16 in. ID pres-
sure taps were drilled in front of each fence through the
plywood floor. One pressure tap was drilled at the wind
tunnel center line, the other two were drilled 12 in. to

the right and to the left of the center line. Plastic tubes
were connected to the pressure taps and let outside to the
tunnel through the space between the plywood floor and the
a2luminum floor.

The 1 in. high plywood floor was extended 16 ft
downstream from x=0 and 10 ft upstream. In addition, an
8 ft transition extended farther upstream to elevate the
original floor to a 1 in. height. A sketch of the floor
assembly is shown in Figure 4.

Pressure tapped fences, which were used to measure the
form drag of fences, have the same shape and dimensions as
the other fences except some pressure holes were drilled.
Two tapped fences were made one for measuring the stagnation
pressure on the front surface of a fence and another used to
measure the separation pressure on the rear surface of a

fence. Seven pressure holes were drilled on the first fence,



31

with each hole spaced 1/8 in. in the vertical direction.
And since the separation pressure was constant over the
height of the fence (see Plate, 1964, and Nagabhushanaiah,
1961), only three pressure holes were drilled on the second
fence (Figure 4). Three sets of such pressure holes were
drilled on both tapped fences, one set was at the center
line and the other two were located 12 in. right and left

from the center line.

3.3 Log of Experiments

As mentioned previously the spacing between fences L
and the ambient velocity u, are the basic variables in
this study. Six runs were performed by associating two
mean velocities and three fence spacings. The flow condi-

tion of each run is shown as follows.

Run No. I 11 III Iv \Y VI
UA (fps) 30 30 45 45 45 30
L. (inches) 12 6 6 12 18 18
X (ft) 16 16 1.5 15 15 15

where UA represents the approximated ambient velocity, and

X 1is the fence covered region downstream from x = 0 .
Static pressure, mean velocities, and form drag of

fences were measured for all six runs. Turbulence gquantities

were only measured for Run I and Run II. Data were collected

from x=0 to x=12', also the velocity profiles at x = -4 ,
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which is the station 4 ft upstream from the leading fence,
were measured for all six runs. When the form drag was
measured all other measurements were conducted right above
each fence. For Run I and Run II measurements were also
made between fences. Run Ia indicates the measurements
between x = 11 ft and x = 13 ft of Run I. Run IIa repre-
sents the measurements between x = 10 ft and x = 11 ft
of Run II.

Measurements of Runs I, Ia, II, IIa and VI were
performed along an axis 12 in. aside from the tunnel center
line. For Runs III, IV, and V, data were taken along the
center line. The reason for doing this was to ensure that
all measurements were conducted inside two-dimensional
boundary layers. The results of two dimensionality of the
boundary layers can be found in Chapter IV.

Table II shows the summary of the data collection
program. While experiments were performed, all sensor
probes were held on the carriage boom. A sketch of the rela-

tive positions of each sensor probe is shown in Figure 5.

3.4 Measurements of Mean Velocity and Static Pressure

Mean velocity profiles were measured by pitot tubes for
all runs, and for Runs Ia and IIa, hot wire was also applied
for measuring the mean velocities in the separation region
and to cross check the values obtained by the pitot tubes.

3.4.1 Hot wire for mean velocity - The hot wire

measurement of mean velocity was made with a 2 x lO-4 in.

diameter platinum coated tungsten wire, which was held
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parallel to the floor and perpendicular to the local mean
velocity. The hot wire anemometer used was a DSA type 55A01
constant temperature anemometer. A Colorado State University
made integrator (Figure 6) was applied to obtain the mean
D.C. output of the Disa anemometer. The mean velocity can

be correlated to the mean D.C. voltage through a calibration
curve.

The integrator was calibrated by introducing a constant
voltage from a power supply. Figure 7 is the calibration
curves of the integrator used.

Prior to the hot wire calibration, the hot wire was
subject to operating condition of no flow for no less than
24 hours. This process, which is termed a "curing" process,
ensured that the hot wire reached its stable condition before
any calibration or measurement was made. The hot wire was
calibrated against a 1/8 in. diameter standard pitot-static
tube at station x = - 4 in free stream. This point will
be termed the "calibration point." During the experiments
the hot wire was calibrated every two hours. No detectable
change on the calibration curve was found for a properly
"cooked" wire. Fiqure 8 is a typical calibration curve of
the hot wire during one day of operation.

3.4.2 Pitot tube for mean velocity and static pressure -

By means of pitot tubes, total head and static head were
obtained for calculating mean velocities. Two United Sensor

type PAC-12FC 1/8 in. diameter standard pitot-static tubes
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were used for this purpose. The total head was obtained
from the dynamic tap of one pitot tube, and the static tap
of another pitot tube provided the measurements of static
head. These two taps were held parallel to mean stream side
by side with a small distance apart (1/2 inch) in order to
avoid the interference between each other (see Figure 5).

As found from experimentation, in the neighborhood of
the fences large pressure gradients exist both in x and vy
direction. However, the pressure gradient in 2z direction
is zero for a two-dimensional flow. Due to these reasons,
the velocity measured by a single pitot tube must have a
correction on the pressure gradient between the dynamic tap
and the static, which the latter is 1/2 in. downwind from
the former, on a standard 1/8 in. pitot static tube. On the
other hand, when total head and static head were measured
separately and both taps were held along z axis (Figure 5),
the pressure gradient between the two taps was zero; hence,
the correction due to the pressure gradient was not needed.

The total head and static head were measured by
connecting the dynamic tap and the static tap to the Px
terminal of a Transonic type 120B equibar pressure meter.

The P terminal of the pressure meter was connected to

ref
the reference tap, which was located on the ceiling at the
X = - 4 station. For this arrangement the measured total
and static head indicated the relative total and static

pressure between the measuring point and the point that the

reference tap located.
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The D.C. output of the pressure meter, which indicates
the pressure difference in mm of mercury between the Px
and Pref terminals, was connected to the ordinate of =x-y
recorder (Moseley Autograf Model 153C). The abscissa of the
recorder can be either set in time base, to obtain the time
integration for a point by point measurement, or can connect
to the potentiometer of the carriage to obtain a continuous
profile. At each station, point by point measurements as
well as the continuous profile were made on total head and
static head. The continuous traverses at one station were
used to calculate the velocities in the upper part of the
flow and also used to cross check the measurements made by
the point by point method. Figures 9 and 10 show two typical
continuous traverses of the total head and static head,

respectively. The data points on those traverses were mea-

sured by the "point by point" method.

Consider at one point that the total head is Ht mm

of Hg and the static head is H, mm of Hg , where

Yule = Py ~ Py and Yl = Pg = Py o« with
v, = specific weight of mercury (1b/ft%),
P, = pressure at dynamic tap = total pressure,
p, = pressure at static tap = static pressure, and
P, = pressure at reference tap.

If the pressure gradient between the dynamic and static taps
is negligibly small, the local mean velocity can be calcu-

lated by
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1
5eu?+p =p. ,

where p 1is the density of air.

Or we can write
u= 2.361 c /(Ht-HS}/p (3=1)

where ¢ 1is the correction factor of the Transonic meter.
The value of ¢ was found to be 0.998 by calibrating the
Transonic meter against a standard micromanometer (Flow
Corporation Model MM2). The equation used to calculate the

local mean velocities was

u = 2.358 /(Ht-HS)/p . (3-2)

While p 1is dependent on both temperature T and barometric
pressure p_ , a chart of p against T and Po is shown
in Figure 11.

Since the static head HS represents the static
pressure difference between the reference tap and the mea-
suring point, the relative static pressure at that point can

be fully specified by the measured static head.

3.5 Measurement of Turbulence

3.5.1 Hot wire probes and the associated instrumenta-

tions - Two types of hot wire probes were used to measure

the turbulent quantities in the present experiments. One
was a normal wire to measure u'? . Another was a rotating

wire to measure v'2 and u'v' . The normal wire was the
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same wire used on mean velocity measurements. The rotating

wire was a 2 x 104

in. diameter platinum coated tungsten
wire with an approximate length 0.06 in.

The wire was soldered to steel needle supports protruding
from the two holes of a 3/32 in. diameter 12 in. long double
drilled ceramic rod. The ceramic rod was held by the sliding
bearing of the probe holder. A pointer was attached to the
ceramic probe at the end opposite the hot wire. A protrac-
tor was fixed on the probe holder parallel to the moving
plane of the pointer. Since the pointer was attached direct-
ly on the ceramic probe, the relative angle between the wire
and the position of the pointer was fixed. When the wire
was rotated at an angle, a synchronizing movement of the
pointer over the surface of the protractor would indicate
that angle. A sketch of the rotating wire is shown in Fig-
ure 5.

Since the angle of yaw of the rotating wire has prime
importance in calculating v'2 and u'v' , an alignment of
the wire was necessary before any measurement was made. The
alignment was made by means of a pendulum consisting of fine
nylon thread with a small weight attached. The pendulum was
hung beside the wire and the wire was adjusted parallel to
the fine thread by rotating the ceramic probe. A micro-
scope was used in this alignment process for more precision.
Since the thread was perpendicular to the floor, the wire

was also 90° from the x-axis. For convenience the pointer
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was also set at 90°. From this point on, the yaw of the
rotating wire could be read directly from the protractor.

In addition, a further check of the wire was made by
holding the wire at a calibration point (referring to Section
3.3.1) where the mean stream was parallel to the x-axis. If
the hot wire had the same angle sensitivity calibration
curve for angles at o« and 180° - a , it indicated that the
wire was made perfect symmetrically (will refer to "symmetri-
cal wire" from now on). This kind of wire was used through
the entire experiment. Theoretically, v'2 and u'v' can
be calculated through measurements made by a wire at any two

known angles, and it is not necessary for the wire to be a

symmetrical one as long as the correspondent calibration
curves are obtained. However, if the wire is symmetrical

and the yaw of angles is chosen to be 45° and 135°, the

simplest process for calibration and calculation is ensured.
The symmetrical wire can be made by soldering the wire on the
tip of the steel needle supports. A typical calibration curve
for symmetrical wire used during the experiments is shown in
Figure 12.

The hot wire anemometer used for the yawed wire was
designed at Colorado State University by Finn and Sandborn
(1967) . This anemometer is a constant temperature type with

the fregquency response over 50 kHz.
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The rms values of the fluctuating electric signals were
measured by a True RMS Meter (Disa type 55D35). The fre-
quency response of the rms meter is flat within 1 - 400 kHz.
Six selectable time constants, which range from 0.1 to 30
seconds, are available in this instrument.

In the present experiments three rms values were
measured at each data point. There were égf for normal
wire, EIE for 45° yaw of the yawed wire, and gg? for
135° yaw. These rms values were read from the rms meter
directly by selecting the time constant at 10 sec for most
measurements and at 30 sec for high turbulent flow.

3.5.2 Measurement principles - In most gases the heat

transfer from a small cylinder to air stream was found to be
a function of the Reynolds number and the Prandtl number;
for example, see page 608 of Goldstein (1958). This imper-
tant finding serves as the basic principle for today's hot

wire technique.

In the practical application of hot wire measurement,
Baldwin, Sandborn and Lawrence (1960) found that the heat
loss from the hot wire is a function of velocity, tempera-
ture, fluid properties, and angle of attack. 1In the present
studies, temperature and fluid properties were considered to
be constants, and the hot wire anemometer was used to detect
the heat loss from the hot wire. The wire is held in X=Y

plane at an angle a to the x-axis and if U represents
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the magnitude of the vector sum of all velocity components

at one instance where

U= J(u+tu')2 + v'2 + w'2 . (3-3)

The output of a hot wire anemometer has a functional rela-
tion

E = E[U,a] . (374)

The response equation for hot wire in a two-dimensional tur-
bulent flow was derived by Sandborn (1967) and Tieleman

(1969). That is

e' = —u' + %— 2= v (3-5)

where e' represents the fluctuation in anemometer output
and 3E/%u and 3E/9a are the sensitivities of hot wire to
velocity and angle of attack, respectively.

If one assumed that the heat transfer of a hot wire is

only affected by the velocity component, which is normal to

the wire, the angular sensitivity and the velocity sensitivity

in Equation 3-5 has the form

o = 22 oots (3-6)
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However, Webster (1962), Sandborn (1967), and Chamvagne et al.
(1967) showed that relation 3-6 is not exactly true except

at a = 90°, where both cot « and JE/3x are zero. When

the heat transfer from a hot wire is considered to be affected
by both normal and parallel velocity components, Arya (1968)
found that the relation between JE/du and 93E/5a should

have the form

1 JE _ _ JE N
T 5o = © o= eota (3-7)
and
- a2
C = 1 a (3"'8)

1 + a?cot?a

where a 1is a parameter, vproposed by Hinze (1959) and
Webster (1962), to indicate the effective heat transfer from
the parallel component of velocity. Arya (1968) used a =
0.2 and hence, c¢ = 0.923, for o = 45°.

Substituting Equation 3-8 into Equation 3-5, thus

@' = — (u' + ¢ v' cota) . (3-9)

The application of Equation 3-9 in calculating u'? , v'? ,

and u'v' will be discussed in the following section.

(a) Calculating u'? from the normal hot wire

The longitudinal turbulence u'? was obtained by

measuring the rms value and the mean velocity calibration
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curve of the normal hot wire. For normal wire measurement

a = 90°, Equation 3-9 reduces to

eé = S(u'") (3-10)

where eé indicates the anemometer response of the fluctua-
ting velocity of normal wire, and S = 3E/3u . After squar-

ing Equation 3-10 and taking a time average one obtains

(3=11)

where \/ EZE is the rms value; of course, the sensitivity,
S , can be obtained by measuring the slope of the normal wire
calibration curve from Figure 8. However, the graphical
method is not only inaccurate but also tedious, the sensi-
tivity S was obtained by adopting King's law in the present
studies. If one plots the square of the voltage output E?
against the square root of corresponding mean velocity vu ,
the best fit curve can be obtained from the least square

method
EZ =b+m/u . (3-12)
From Equation 3-12 the sensitivity S becomes

1 m

|

(3-13)
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Substituting Equation 3-12 into Equation 3-13 to eliminate

E , one obtains

2
g2 = L (3-14)

16u (b+mv/u)

where m and b are constants for a calibration curve and

u 1is the local mean velocity.

(b) Calculating v'? and u'v' from the yawed wire
The vertical turbulence intensity v'? and the

turbulent shear stress u'v' were measured by means of the
rotating wire at two yawed angles. For convenience, the
angles were chosen to be 45° and 135°. As mentioned in
Section 3.5.1 and indicated in Figure 12, the calibration
curves for 45° and 135° are identical; the calibration curve
with 45° angle of yaw was prepared for present measurements.
Of course, the testing of a "symmetrical wire" was performed
before any calibration or measurement was made (refer to
Section 3.5.1).

Now, squaring Equation 3-9 and taking a time average

one obtains

2 = Si (u'? + 2 cu'v' cot a + c? v'2 cot?qa) (3-15)

el
o

where e'? represents the rms response of the yawed vire at
8 ]

a degrees yaw, and Su is the correspondent velocity sensi-
tivity Sa = (%%) . Assuming a = 45° and 135°, then for a
k o
. . _ 212
symmetrical wire, 545 5135. If one lets eq 45
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correspondent

and
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S , two response functions,

1 = 845 = By3s

a = 45° and 135°, can be written as

ef? = 82 (u'?2 + 2 ¢ w'V' +c? v'?) (3-16)
for o = 45° ,
and
e3? = 87 (02 = 2. 0" + g? v'?) (3-17)
for o = 135% .
By adding Equations 3-16 and 3-17,
12 1 1 12 12 12
v = — — (e + el<) - 2 u : (3-18)
202 2 1 2
& S
1
and subtracting 3-17 from 3-16, one obtains
Ty ¥ = (i "2 v 2
u'v' = . (e - ez-) (3-19)
4c51
where eiQ and eé? are measured data, c¢ = 0.923, as

given by Arva (1968),

and 3-14, and

using different values of

obtained from the calibration curve at 45°

Sy

u'? is obtained from Equations 3-11

can be calculated from Equation 3-14 by

m and b . These values are

vyaw. A typical

calibration curve for the vawed wire is also shown in

Figure 13.
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3.6 Measurement of Form Drag of Fences

The form drag of all the fences was measured by means of
two tapoed fences; one was the "stagnation fence" and another
was the "separation fence" (Section 3.2). The stagnation
pressure acting on the upwind surface of a fence was measured
through seven pressure taps on the stagnation fence. The
stagnation pressure at the lowest point of the fence was
measured through the pressure tap drilled through the plywood
flow (Section 3.2). Stagnation pressure measurements at
y = 7/8", 6/8", 5/8", 4/8", 3/8", 2/8", 1/8", and y = 0
were recorded. By substituting the separation fence for the
stagnation fence, the separation pressure on the lee side of
a fence was measured. Separation pressures were measured at
y = 2/8", 4/8", and 7/8". Constant separation pressure was
found in the y direction which is in agreement with Plate
(1964) and Nagbhushanaiah (1961).

The form drag D of a fence was obtained graphically:

h
D=[ (pe - p,) dy {3=20)
(o]

where
h = fence height = 1 inch,
Pe = pressure measured by the stagnation fence, and
p,, = pressure measured by the separation fence =

constant for each fence.
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3.7 Errors in Measurements

Two types of errors are involved in all measurements,
systematic errors and the random errors. Systematic errors
are introduced by the nature of flow field, the limitations
of measuring techniques, and inadequate design of instrumen-
tation. Those errors caused repeated readings in error to
the same amount without apparent reason. If the reason for
causing the systematic error is known a suitable correction
will eliminate the error. Random errors, on the other hand,
are caused by the process of measurement, inherent error of
instruments, the read out technique, and personal errors.
Those errors caused readings to differ repeatedly for unknown
reasons. Unlike the systematic errors, there is almost no
way to eliminate random errors. However, for most experi-
ments random errors can be reduced to a very small percent,
such that the errors will not bhe significant in the overall
result.

In this section possible sources of uncorrected
systematic error will be described for various types of
measurements, and estimations of the random errors on vari-
ous results will be given,

3.7.1 The systematic errors - These kinds of errors

occur systematicallv in measurements without apparent reasons.
If the reasons are known, a suitable correction will elimi-
nate the errors. Corrections of systematic errors were
applied to the calibration or data reduction process and will

not be discussed here.
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In this section a brief discussion on these uncorrected
systematic errors will be described. Usually these uncor-
rected errors are either too small to affect the result or

are without a reliable correction method.

(a) Total head measurement errors
Systematic errors in total head, introduced by

viscous, shear, and wall proximity effects, are discussed by
MacMillan (1954). These errors are important only when the
total head tube is immerged in the region near the wall, say
in the laminar sublayer.

Turbulence effects on total head measurement have been
studied by Goldstein (1965), Carmody (1964), Landweber (1966),
and Tieleman (1967). Their results give a direct correlation

between the measured total head and the turbulence intensi-

ties.
The pressure equation given by Goldstein is
P, =p +2ou2+i,om2+v'2+ w2 t3-21)
mt s 2 2 " 4

where Pt is the measured total pressure, and Py is the

local static pressure. Since Pg is measured at the point
where turbulence influence is significant, Tieleman (1967)

proposed that

P =p,*t3ouZ T o? - vi2 4 y'?) (3-22)
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where p_ 1is the static pressure at free stream and the
vertical turbulence intensity is negligible at the point that
p, 1s measured.

Hinze (1959) guestions Goldstein's expression for the
following reason: Equation 3-21 might be correct if the open-
ing of the total head is a true point or in other words, the
opening must be infinitely small in dimensions. For a total
head probe with a finite size in opening, the effects of v'?
and w'? on the total pressure measurement will be dependent
on the scales of v'? and w'?. However, no quantitative
correlation was given.

Richardson (1964) proposed another pressure relation as

P, =P, + 3 pf(r) (2 +u'? + v'2 + w'?) (3-23)

where f is a function of r , which characterizes the

total pressure tube response, f(r) 1is close to unity at

low turbulent flow, say, {(u'?2 + v'? + w'2)/u2}li < 0.1.

No value of f(r) was given on high turbulent flow.

(b) Static head measurement errors
The correlations between the measured static
pressure p. . and the true static pressure Py in a tur-

bulent flow field was suggested by Goldstein (1965):

Pog = Py + cye (v'?2 + w'2) (3-24)

where cl is the coefficient which indicates the effect of

the inpact pressure of the fluctuating velocities normal to
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the static head tap openings. For isotropic turbulence
Goldstein found that ¢ = 0.25 and ¢, can only be obtained
experimentally in a boundary layer flow. However, Hinze
(1959) concluded a completely different result. Since the
normal flow around a cylinder gives a resultant negative
pressure, the measured static pressure Pl should be lower
than P, r OF in other words, the coefficeint <1 must be

negative. No systematic study on this correlation has been

opublished.

(c) Hot wire measurement errors
Various types of systematic errors are involved
in hot wire measurements. A brief discussion of these errors
follow:
(i) Turbulence effect on mean output of hot wire
When a hot wire is immerged into a turbulent flow the heat
transfer from the wire will be affected by both the mean and
fluctuating velocities. Ven Der Hegge Zijnen (1938) found
the heat transfer from a cylinder is a function of turbulent
intensity \[E?%}u and Lx/d ratio, where Lx is the inte-
gral scale of turbulence and d is the diameter of the
cylinder. 1In Figure 14 one can see the influence of heat
transfer due to the turbulence effect.
As indicated by Sandborn (1968), for most turbulent
boundary layer measurements, when Lx/d is greater than
500 and \/E;%‘u less than 0.25, turbulence will not affect

the mean hot wire output.
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In the present studies the turbulent intensity can
easily exceed 0.5 inside or near to the separation region.
For flow at such a high turbulent level no correlation on
the turbulence effect to heat transfer has been published.
Therefore, there exists a high uncertainty factor for all
mean velocity measurements near the fences.

(ii) Proximity of solid boundary - When hot wire is
placed very close to a solid boundary, i.e., tunnel floor,
the heat transfer from the wire will be affected by the
boundary. This effect on heat transfer is due to the exis-
tence of temperature difference between the wire and the
tunnel floor.

As found by Tieleman (1967), the solid boundary effect
becomes important only when the hot wire is held within a
distance of 0.02 in. from the floor. In the present experi-
ments all measuring points were at much higher distances.

(iii) Finite length of hot wire - An ideal hot wire
should be infinitely small both in length and diameter, such
that the measurement obtained by this probe can be considered
a truly point measurement. However, due to physical limita-
tion, it is impossible to make such an ideal wire.

Both normal and vawed wires, used in experiments, had
a diameter of 0.0002 in. and an approximate length of 0.06 in.
When the dominating eddies are the same size or smaller than
the length of the wire, the velocity fluctuations on one part

of the wire may not be the same as those on the other part.
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The difference in velocity will cause the measured rms value
to be less than the true value.

Corrections have been proposed by Dryden et al. (1937),
Frenkiel (1954), and Uberoi and Kovasznay (1953) by means of

the "space-resolution correction" for rms voltage:

v}
N

2 £
= = [ (2-2) R, (2)dz (3-25)

L o}

1Y
N

where eiz is the measured mean square value, ¢ 1s the
"effective" length of the wire, and Rz(z) is the lateral
correlation coefficient. Unfortunately, Rz(z) can only be
obtained through a direct measurement which also needs a
correction. 1In addition, ¢ 1is mainly dependent on defini-
tion and there is no reliable method available to predict
the true value of 1 .

(iv) Gradients of velocity and turbulence - It is
clear that the normal wire, which is held parallel to z-axis,
does not experience the problem of velocity or turbulence
gradients. However, the gradient effects on the measurement
made by the yawed wire could be important, especially where
the gradients are large and the yawed wire is placed near
the fence. Currently, no adequate method is available for
correcting the errors when the hot wire experiences velocity
and turbulence gradients. The only wav to "examine" the
gradient effects is to apply a direct measurement check. The

normal wire was utilized to examine the gradient effect. Two
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— —_—

sets of u'? were measured for the same section; u

measured by holding the normal wire horizontally and ul

were measured by holding the normal wire vertically. Since

12

e

do not experience any gradient effect, the deviation of

uj? from ui2 will indicate the region in which the gra-
dient effect is important. The measured results of uiz and
uiz are shown in Figure 15; no systematic difference can be

found.

3.7.2 Random errors - The random errors discussed here

are the errors that are caused by a large number of small
effects, such as small changes in environment, personal
errors in operation, and errors inherent in instrumentation.
If no systematic error or mistake is involved in measuring
processes, and each of the effects is independent to the
others, the probability density distribution of a measured
result is usually considered to be normally distributed:

-} 2
P(x) = __...!'._.._... exp _(.3.‘...2_,?!_

av2m

(3-26)

where x-X is the error of a measured value, P(x) is the
probability of occurrence of x , ¢ 1is the standard devia-
tion and x is the mean of the distribution function.

The error of measured result can be estimated through
the statistical method by repeating the measurements numerous
times. Experiments where errors are evaluated by such rep-

tition are called multi-sample experiments. However, for
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most engineering experiments it is not practical to estimate
error by repetition, if for no other reasons than the time
and cost required would be too costly for large scale experi-
ments. Single-sample experiments are usually used to describe
these kind of experiments. The reliability, as well as the
error of a measured result, can only be estimated from the
reliabilities of all factors involved.

The standard method for estimating the errors in multi-
sample experiments can be found from the manual published
by the American Society of Testing Materials (1949). The
method for calculating errors in single-sample experiments
has been the subject of many publications, such as Kline and
McClintock (1953), Scarborough (1955), and Doebelin (1966).

The present study is a typical single-sample experiment.
The random errors (referred to as "errors" for convenience)
of all results were estimated by adopting the principle pro-
posed by Kline and McClintock (1953).

If a result R is a known function of n independent

variables u;, U, ... v, One can write R in this form
R = R(ul, u2 T un) (3=27)
where the variables us i=1,2, ... n, are considered to be

the measured quantities (instrument output), and are in
error Dy taul, iéuz ...!ﬁun, respectively. Kline and

McClintock (1953) suggest that an odd number should be given

for each of the Aus'. For example, +aAu (99 to 1) means
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that 99 out of 100 measured errors should be within the
region +Au . In most cases statistical bounds such as 30i
limits are given for each Au, . Here o, is the standard
deviation of the error distribution for a given variable u, .
When u, has normally distributed errors (Equation 3-26),
1aui in 3oi limits means that 99.7 percent errors of u,
should occur between +Aui and —aui . Since the i3oi
limits on describing the error bounds are widely used in
engineering and industry, from this point on unless otherwise
indicated, Aui will automatically adopt 130i limits.

Now going back to Equation 3-27, consider that the
variation éui of u. . i=l1,2,u are small, the correspon-
dent variation 6éR of R can be approximated by the Taylor

series expansion in linear form:

3R 3R aR
ety e - T . 3"'
SR m 5ul + = 6u2 + + e 5un (3-28)
1 2
If the errors AU of u; i=l,2,... n are small (in most

cases true) by substituting Aug to aui in Equation 3-28,
the correspondent error of R can be expressed in two common
forms. One is called the "maximum error" with the form

u2’ (3-29)
where ER indicates the maximum possible error of R .

Another expression is called the root-sum square error

(see page 429 of Scarborough, 1955), where
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12

.2 2 L
_ J[sR 5 3R | [3R ) s\ 4
AR = (|2 ) (8up)? + [50=1 (Buy)” + oo+ 5o (aup) :
1 2| ni
(3-30)

In Equation 3-29 since Au. represents a t3oi limit
on u, the statistical bounds of E, must be in a higher

Op limits of R . 1In general, the statistical bounds of Ep

are not known, and the comparison between ER and &ui
becomes meaningless. On the other hand, when the error AR
in Equation 3-30 is expressed by the root-sum square function
the statistical bounds of AR is the same as auis', i.e.,
as well as auis', AR also represents a :30R limit on R.
It is easy to see that Equation 3-30 is a reasonable expres-
sion in error estimation, and hence will be used to estimate
the errors in all calculated results.

If by dividing AR by R , the expression AR/R gives
a relative relation between the error AR and the mean
result R , this is known to be a relative error.

The estimated errors of all measured results based on
Equation 3-30 are shown in the following. Calculations can

be found in the Appendix.

(i) u measured by pitot tubes:

+1% for the best cases

I

+3% for the worst cases.
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(ii) u measured by hot wire:

"‘T“ = +11.4% at 5 fps
Au
= - +6.7% at 30 fps

(i1i) =2

ﬂulz
———— = *12% overall measurements.

ut2

(iv) v'2:

The relative error of v'? varies from +0.2 to

+2.5 which is dependent on the local u'? , eiz 3 eéz and

v'2. The error of v'2 can only be calculated from the

local measurements through Equation 3-30. Some examples on
a;T;/;TE are shown in Table A.2. At Station I(-4), which
is the smooth wall equilibrium turbulent boundary layer,
when y/6 = 0.2 a;TE);TE'= +40% and for vy/§ > 0.3 the

relative error of v'2 remains +30%.

(v) u'v':

The error of u'v' depends on local measurements
of ;I? & EEE , and u'v' and should be calculated at each
data point. Table A.2 gives the results of au'v'/u'v' for
Stations I(-4), I(0), I(2), and I(5). At Station I(-4) when
y/8 = 0.1 u'v'/u'v' * +20% and for y/é > 0.2 Au'v'/u'v' =

+10%.
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Chapter IV

RESULTS AND DISCUSSIONS

Presented in this chapter are the results of the measured
mean velocity distributions, drag force, and turbulence of a
distributed turbulent boundary layer. The roughness elements
used are sharp-edged fences, equally spaced on a flat surface.
Emphasis is given to the "rough region" (Figure 1), which is
far downstream from the leading fence. Boundary layer charac-
teristics of the smooth region (Figure 1) are also presented
here to give a better understanding of the present study. The
broad characteristics of the boundary layer in the "transition
region" are presented, but without detailed analysis. A

Karman constant, « = 0.4, was used in this study.

4.1 General Properties of the Boundary Layer

Since the wind tunnel at Colorado State University is
large, the test section extending 80 ft in length, with a
cross section 6 ft by 6 ft, it has a distinct advantage in
meteorological studies when a thick boundary layer is re-
quired. However, due to the thickness of the boundary layer
(more than 1.5 ft at Region III), the secondary flow may
become large and will affect the two dimensionality of the
boundary layer. The two dimensionality of the wind tunnel
was checked by taking horizontal traverses of the pitot tube
reading across the wind tunnel at various heights and several

distances from the leading fences. At 30 fps, the most
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uniform region of the lateral direction velocity profiles
was found to be between 4 in. and 14 in. west of the center-
line. The velocity distributions across the wind tunnel at
X =-4 ft, 2 ft and 6 ft in various heights are shown in
Figure 16. The lowest velocity occurred about 4 in. east of
the centerline (refer to Figure 3), and the maximum difference
was about 1 fps. When the fence spacings were changed from
12 in. to 18 in., the region of uniform flow was found
unchanged. This is shown in Figure 17. However, when the
mean velocity was set at 45 fps, the region of uniform flow
shifted to the center. This is shown in Figure 18.

In order to ensure that the experiments were conducted
inside a two-dimensional boundary layer, measurements of
each run were performed along an axis parallel to the center
line and where the flow in the lateral direction was uniform.
Data for Runs I, Ia, II, IIa, and VI were taken along an
axis 12 in. west of the tunnel center line; Runs III, IV,
and V were measured along the center line.

Pressure gradients over that part of the test section
that was covered fences were adjusted to nearly zero. The
free stream static pressure of all six runs are shown in
Figure 19.

When the smooth wall boundary layer in Region I of
Figure 1 (referred to as the initial boundary layer) encoun-
ters a series of fences, the form drag of the fences intro-
duces an increase in wall shear stress. The increase in

wall shear causes the boundary layer to change from its
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initial condition. The flow changes are, initially, in a
thin layer near the fences. This layer then increases in
depth as it moves downwind. At a certain distance downstream
from the leading fence, the velocity profiles become similar
and the boundary layer is termed an equilibrium boundary layer.
Figure 20 is the nondimensional plot of the velocity profiles
of Run I. The velocity change is shown clearly in this
figure. From Station I(9) downstream all nondimensional
velocity profiles collapse into a single curve, and from
this point an equilibrium boundary layer exists for x > 9 ft.
The increase in wall shear stress causes a loss of
momentum of the boundary layer and retards the fluid. There-
fore, the boundary layer thickness, §&§ , the momentum thick-
ness, 06 , as well as the displacement thickness, §&* ,
must be increased at a faster rate. Figures 21 through 26
are the plots of § , é* , 6 and the shape factor H
for Runs I through VI, respectively, where & 1is defined
as u6 =,0.99 u, s §* 4is defined in Equation 2-2, 68 is
defined in Equation 2-16, and H = 6*/8 . The numerical
value of the boundary layer parameters are shown in Table 3.

4.2 Mean Velocity Profiles, Static Pressure Distributions,
and Streamlines

Tables IV and V are a summary of the measured mean
velocities and static heads. Figures 27 and 28 show the
velocity profiles, static head profiles, and streamline

patterns of Runs I and II, respectively.
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The dimensionless stream function is defined as

U gy . (4-1)

One has a streamline by connecting a constant y from sta-
tion to station. The velocity profiles, static head profiles,
and streamlines of Runs Ia and IIa are shown in Figures 29
and 30, respectivelv. As mentioned previously, the pitot
tube cannot be used to measure a reverse flow and the hot
wire can only detect the magnitude of a velocity vector. 1In
addition, the hot wire experienced large errors when measure-
ments were conducted inside the separation bubble. For these
reasons, Equation 4-1 cannot be used to calculate ¢ for
Runs Ia and Ila.

Therefore, an alternate method was used to determine
the streamlines, based on the following considerations:
Since the nondimensional stream function ¢ , above each
fence, can be well defined through Equation 4-1, the stream-
lines between two adjacent fences can be obtained by inte-
grating the mean velocity profile downward from an assumed
reference streamline. If ¢l is chosen to be the reference

streamline and the height of wl at the nth fence is Yoo

then at the n+l1 fence the height is Yiipl® Usually ¥y
and Yoy @are chosen to be greater than the boundary layer
thickness & ; thus, it is possible to assume that the

height of v, varies linearly from ¥ to ¥oii® If 41
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is the assumed height of by at a station with distance X

from the nth fence, and L is the spacing of fence, then,

(yn+l B yn) + yn -

el o

Yy, <
The dimensionless stream function at that station becomes

Y
b= v, + [ udy . (4-2)
Yy

The location of the separation streamline can be found by

Yy
finding Yig » such that | S udy = - by - Figures 29 and 30

Y1
show the separation streamlines and other streamlines of

Runs Ia and IIa, respectively. Flow patterns inside the
separation bubble, which are shown in Figures 29 and 30, are
defined qualitatively by the fact that the net flow across

a vertical section from y =0 to y =y is zero, or

s
Yq
[ uwdy =0 . (4-3)
o

4.3 Boundary Layer at x = - 4 ft

As mentioned in Section 1.2, a smooth wall equilibrium
turbulent boundary layer is expected to be found at x = -
4 ft. Comparisons of the previous results on smooth wall
equilibrium boundary layers to the present measurements at
X = - 4 ft are presented in this section.

4.3.1 Wall shear stress measuresments - Numerous methods

in predicting the drag coefficient, Cg o are shown in

Section 2.1.4. 1In general, cgy are found through a function
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of local boundary layer parameters, for example, see Equations
2-19, 2-21, and 2-22. Clauser (1954), however, proposed a

graphical method to obtain c He assumed that

f -

+ c (4-4)

is a universal function for smooth wall turbulent boundary
layer flow. The symbol u, represents the shear velocity
which is determined by some indirect method other than a

direct wall shear stress measurement. Let

'
u, Ct

2 r

then Equation 4-4 becomes
c! yu c;
£ a 2
Vg == * 8 . (4-5)

The plotting of u/ua vs. yua/v gives a universal family

u
u
a

s

with c% as a parameter of the experimental data near the
wall are plotted in a like manner; i.e., u/ua vsS. yua/v F
c% can be determined by selecting the appropriate member of
the family fitting the data points.

The method used here to determine u, is slightly

modified from Clauser's graphical method. If one rewrites

Equation 4-4 into the following form

C P in2 — 4 e
K v

or
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B ool ign ¥y e . (4-6)
1],“r K v

The value of u,/u at each data point near the wall is thus
seen to depend only on the terms on the right hand side of
Equation 4-6. Figure 31 shows a plot of u,/u vs. u/u, +
2.5 In(u/u,) .

With « = 0.4 and c¢ = 5.1, then the right hand side of
Equation 4-6 can be calculated from the measured data, and,
u,/u at that point, can be obtained from Figure 31l. Figure
32 shows the relationship between y and u, at stations
X = - 4 ft.

Another graphical method used is to plot u vs. 1log y.
The slope of the semi-log plot indicates the quantity of u,.
Figure 33 is the semi-log plots; the average u,'s, calcu-
lated from Equation 4-6, are shown in solid lines. Since
this method needs a slope measurement, it will create an
error larger than the method proposed previously.

4.3.2 The universal velocity distributions - The wall

law plots and defect law plots of stations x = - 4 are
shown in Figure 34 and Figure 35. The wall law is found

to be

Y i 1 4-7
ﬁ‘- . OgT‘l‘S- (_)

and the defect law in the "overlap" region reads

Yu,
§*u
a

= 5.76 log ( ) + 0.8 . (4-8)

U,
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For a comparison, Mellor and Gibson's (1966) theoretical
velocity profile at zero pressure gradient is also plotted
in Figure 35. 1In the "overlap" region the small difference
between Equation 4-8 and Mellor and Gibson's profile is due
to the choice of the Karman constant. But data in the outer
layer deviate from the theoretical profile systematically.
The deviation of the present data from Mellor and Gibson's
profile may be an indication that the outer part of the
boundary layer at x = - 4 1is not in its equilibrium condi-
tion yet.

As mentioned in Section 3.2, an eight-foot transition
was used to raise the original tunnel floor one inch, and
the leading fence was located 10 ft downwind from the start-
ing edge of the one-inch high plywood floor. It is clear
that the distance from the edge of the one-inch high floor
to station x = - 4 ft is only 6 ft. Since the pressure
gradients upstream from station x = - 4 ft were not con-
trolled, boundary layer over the transition might experience
different pressure gradients in different wind velocities.
The difference in pressure gradients resulted in a differ-
ence in the boundary layer development. When the flow
reached the edge of the one-inch high floor, the pressure
gradient became nearly zero, and the boundary layer adjusted
gradually to a zero pressure gradient equilibrium boundary
layer. As suggested by Clauser (1954), only a small distance
is needed for the lower layer (wall law region) to reach an

equilibrium condition, but a much larger fetch is needed for
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the outer layer to reach its equilibrium condition. At
station x = - 4, which is 6 ft from the starting edge of
the one-inch high flow, it is possible that only the wall
law region has reached its equilibrium condition. This
phenomena can be scen from Figures 34 and 35. 1In these
figures data in both the wall law regions and "overlap"
regions nicely correlate the universal laws of a zero inci-
dence smooth wall equilibrium boundary layer. But, data in
the outer layer, in Figure 35, deviates considerably from

the universal defect law.

4.4 The Form Drag of Fences and the Average Wall Shear Stress

Measurements of form drag of fences were discussed in
Section 3.5, and Equation 3-20 was used to determine the

form drag where
h
o

The form drag coefficient is defined as

o B
D 1 > °
2 hpua

c (4-9)
If the distance between fence L 1is not large, the shear
stress acting on the floor between adjacent fences is negli-
gible when compared to the form drag acting on the fences.
It is possible to assume that the average wall shear stress

can be expressed as

T, = %& D (4-10)
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and the average drag coefficient of wall shear stress is

_ _h g
e B =fe . (4-11)

The shear velocity is defined as
[ 1 / [c
_ o D f -
0. = - = T = Yy 5> - (4-12)

Values of measured Ch r Cg »

shown in Table VI. Also in Table III, both u_ and u

and u for all six runs are
*

are listed where wu,'s are the shear velocities obtained
from the slopes of the semi-log plots, described in Section
4.3.1. The graphical method used in determining u, for
the smooth wall boundary layer cannot be used here. This is
because the constant ¢ in Equation 4-6 is not known for a
rough wall boundary layer.

As found by Nikuradse (1933) and Hama (1954), when
Reynolds number Rx is high, Rx = uax/v r Cg is indepen-
dent of Rx and is a function of « or R{ = Kua/v (refer
to page 580 of Schlichting, 1968). At a distance far down-
stream from the leading fence, the important length scale
in the multiple fence flow model is L and h . Since h
is held constant in the present study, the length scale
must be L . The measured Ce for each run at the largest
X 1is plotted in Figure 36, and the relation between c

f

and RL is found to be
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_ -0.258 =
Cg = 0.282 RL (4-13)

where R, = uaL/v . The application range of Equation 4-13

is suggested to have the L/h ratio between 5 and 20.
The form drag coefficients of the leading fence ®bo
are compared to the empirical relation given by Plate (1965).

Figure 37 shows good agreement between the present data and

Plate's empirical relation

h 2/7
Do 8

¢ = 1.05(

where °bo is the form drag coefficient of the leading

fence.

4.5 Boundary Layer Above Fences

4.5.1 The equilibrium boundary layer - It has been

shown in Figure 20 that the boundary layer deviated from the
initial profile (at station x = - 4 ft) when it encountered
the fences. But for x > 9 ft all nondimensional velocity
profiles collapsed to a single curve, once more. This means
that the boundary layer reached its equilibrium condition
for x > 9 ft. Figure 38 is the replot of Figure 20 in y/é
and (u—ua)/uT coordinates. Again, all profiles for x > 9
ft can be correlated into a single curve. If the velocity
profiles of Stations I(13), II(l1l), III(12), IV(12), and
VI(1l2) are plotted in y/§ vs. (u-ua)/uT , @ single curve
can be found, as seen in Figure 39. According to Clauser

(1954), the boundary layers at all six stations here are in
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their equilibrium conditions; furthermore, the pressure
gradients of all six stations are similar.

4.5.2 The plots of defect law - It has been found by

many investigators that the velocity defect law in the "over-

lap" region should have the form

lay spens & B . (4-14)

If « = 0.41, then B = 0.6; if « = 0.4, then B = 0.8 ,
and B 1is considered to be independent of surface roughness
but a function of free stream pressure gradients.

However, present data indicate that B may be affected
by the roughness geometry as well as the free stream pressure
gradient. Figure 40 is the universal plot of Stations I(13),
Ir(11), 111(12), 1Iv(12), v(12), and VI(1l2) in the overlap

region, which has the relation

u
y T
d*u

T a

+ 1.46 . (4-15)

Figures 41 through 46 are the same plots for Runs I through
VI, respectively. Good agreement is found between present
data and Equation 4-15.

An empirical relation in describing the outer layer
flow is established by slightly modifying Hama's (1954)

empirical relation as:

=8.4 |1 - - (4-16)
’ a
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Equation 4-16 and Equation 4-15 are connected smoothly
at y/é = 0.18.

If the defect law is a universal function, for « = 0.4,
B must be 0.8 and the pressure parameter in Equation 2-8
must be such that z‘\ul/u_I = 1.46 - 0.8 = 0.66 . The corre-

sponding pressure gradient can be estimated from Mellor and

Gibson (1966). It was found that when Aul/uT = 0.66 , then
§* do _ _ L
?;- 3= = 0.27 . (4-16)

The corresponding pressure gradient in mm of Hg per ft for

each run should be:

Run I b0l III Iv v VI

dH
~a§ (mm Hg/ft) -0.099 -0.111 -0.170 -0.155 =-0.15 -0.075

If one refers to Figure 19, one can see that it is impossible
for such a large free stream pressure gradient to exist.
Therefore, the pressure parameter Aul/uT must also be a
function of roughness geometry.

4.5.3 The wall law plots and the roughness function -

Figures 47 through 52 are the wall law plots of Runs I
through VI, respectively. Figure 53 is a plot of all six
runs in a larger scale. The roughness function of all six
runs can be obtained from Figure 54. The six runs have the

relation:
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Run I 11 II1T v v VI

%E 18.86 20.2 21.0 19.6 18.8 18.10

In Section 2.2.2 the relation between the roughness
function Au/ul and the roughness height k was shown in
Equation 2-25 as

ku
Aa _ 1 1
u__E.ln

+ c (2-25)

where ¢ 1s a constant, dependent on the roughness geometry.
Bettermann (1966) working on the two-dimensional traverse
bars, found that ¢ is a function of the roughness density
(Section 2.2.2).

In the present studies, the density of the fence can be
represented as S = h/L . Here, S gives the number of
fences within one fence height distance. If the roughness

function (Equation 2-25) is rewritten

AQ hu1
K = ﬁ: - 5.76 log 5 (4-17)
K must be a function of S . Figure 54 is a plot of S vs.
K and it shows that
K= 3.87 log S + 5.66 . (4-17a)

Therefore, the roughness function (Equation 2-25) for the

boundary layer over sharp-edged multiple fences reads
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hu
M = 5.76 log —"

+ 3.87 log S + 5.66 . (4-18)

Substituting Equation 4-18 into Equation 2-24

él = 5.76 log { - 3.87 log § - 0.56 . (4-19)
"

The shear velocity, u ., can be determined from Equations

4-12 and 4-13, i.e.,

B -0.129 B
u_ = 0.375 u, R : (4-19a)

These results clearly show that inside the "wall law" region
the velocity distribution above fences can be fully speci-
fied by u, L , and h . 1In other words, flow in rough

regions is independent of the boundary layer history.

4.6 The Turbulence

The turbulence distributions of Runs I, Ia, II, and IIa
are shown in Figures 55, 56, 57 and 58, respectively, and
also tabulated in Table VII. "Over shoot" are found to exist
in all turbulence quantities. Both v'2 and u'v' increase
immediately when flow encountered the fences. But one can
see from Figures 55 and 56 that at station x =0 , u'?
almost retained its initial quantities and the increase of
u'? occurs later. At a certain distance downstream from
the leading fence, the distribution of each turbulence compo-

nent is similar. Again this is an indication of the exis-

tence of the equilibrium turbulent boundary layer.
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The turbulence intensities u'? and v'?2 at x = -4
ft are plotted in Figure 59. For a comparison, Klebanoff's
(1954) smooth wall measurements are also plotted in Figure 59.

The turbulent shear stress u'v' at x = - 4 ft near the
wall is plotted in Figure 60. The shear velocity u, deter-
mined in Section 4.4.1, is also shown in Figure 60. There
-u'v' within

appears to be good agrcement between u? and

*
a + 5% difference. A nearly uniform stress region is also
found in the lower portion of a smooth wall turbulent boundary
layer.

Unlike the smooth wall case, the turbulent shear stress

-u'v' near a rough wall does not have a uniform region.

This can be found in Figures 61 and 62, where Figure 61 is

the plot of -u'v' wvs. y for Stations I(11l), I(9), and
I(7) and Figure 62 is the same plot for Stations II(11),
II(10.5), II(10), and II(8). The corresponding ui for

each station is also shown. Correlations between ui and

-u'v’ still exist. The maximum value cf -u'v? is com-

2

parable to uT

within the random error range (Section 3.7.2).

4.7 Energy Balance

The mean energy of a turbulent boundary layer can be
obtained by multiplying the boundary layer momentum equation
by the local mean velocity. If Equation 2-13 is multiplied

by wu/o , thus

Ay ’ (4-20)
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where

g o mTF\T‘“+u2—‘; J (4-21)

au
3y
is the viscous shear stress. At a finite distance normal to

The term -pu'v' 1is the turbulent shear stress and

the wall (outside the laminar sublayer), the viscous shear

stress is negligible in comparison to the turbulent shear

stress, and hence,

u 9T u'v’ d(u u'v") —— Ju
= 2L = = S 2 = a2 R L % —— s
3 u - - u'v 3 (4-22)

Substituting Equation 4-22 into Equation 4-20,

: | au? au? u Ip 3(u u'v") —— ou _
T U YVsy Yo YT ay T W V=0 o
I II IIT IV (4-23)

In Equation 4-23 the meaning of the various terms are:

(1)

work done per unit mass per unit time by the

inertia force,

(II) = work done per unit mass and time by the static
pressure,

(III) = transfer of energy by the shear stress, and

(IV) = turbulence production term or the production of

turbulent energy from the loss of energy of the
mean motion.
On most flat plate equilibrium boundary layers the

pressure distributions along vertical direction are similar;
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hence, 3p/3x at a station are independent on y . Under
this condition, the terms (I) and (II) of Equation 4-23 are
usually discussed as a whole and are called the convective
transport term which represents the convective transport of
the total energy per unit time and mass, for example, see
page 64 of Hizne (1959). 1In the present flow model, due to
the separation, the pressure gradient 3p/5x 1is expected
to be different from pnoint to point. Therefore, it is
necessary to discuss the inertia term and the pressure term
individually.

The balance of Equation 4-23 at a station is difficult
to obtain. The terms 3u/9x and 3p/3x can only be esti-
mated from the profiles measured at adjacent stations. The
distribution of the turbulent shear stress, -u'v' , is
subject to error (see Appendix). Therefore, both the pro-
duction term -u'v' %% and the energy transfer term

313—%;231 become unreliable. Since there is no way to
obtain a perfect energy balance of a boundary layer, each
term of Equation 4-23 is only an estimation.

As shown in Table V, the measurements of u , p , u'v'
of Runs Ia and IIa are made one inch apart. The estimation
of mean energy balance of the boundary layers at Stations
Ia(11,2), Ia(ll,4), and Ia(ll,6) are discussed in the
following text. Station Ia(ll,2) (refer to Table II) is

located at 2 in. downwind from the x = 11 ft fence of

Runs Ia, Ia(ll,4) and Ia(ll,6) are located at 4 in. and 6 in.,
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respectively, downwind from the same fence. After 5su/ax
at various heights for a station are estimated, the vertical
component of the mean motion can be estimated through the
continuity equation

Y
5 u s
¥ = é = av - (4-24)

Since the value of u as well as du/9x inside the separa-
tion bubble are not known, the use of Equation 4-24 must be
modified. Suppose at y = ¥ the value of v is Vg 1

and 23u/3x for vy > Yy, are known. Equation 4-24 can be

written as

= . au =
pe - EdF (4-25)

Y
A smooth curve of C(y) = - f %;-dy can be obtained for
Yo

¥ ¥, The difference between v(y) and C(y) 1is only

a constant Vi @ In the lower region of the boundary layer,
when the slopes of the streamlines are steep, the quantities
of v at various heights can be estimated from the stream-
line pattern (Figure 29). Figure 63 shows the plots of

C(y) and v for Station Ia(ll,6); C(y) is calculated
from the preceding text and v 1is estimated from Figure 29.
It was found that after adding the curve C(y) of a constant
-1.34 fps, the curve -1.34 + C(y) correlated the estimated
v's within an error of + 0.32 fps. Therefore, at Station
Ia(l1l,6) the values of v at Station Ia(ll,6) were calcu-

lated from
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y
v=-1.36 -] — dy (4-26)

where Yo & 0.8 dn.
Figures 64, 65, and 66 show the balance of the mean
energy in dimensional form of Stations Ia(ll,2), Ia(ll,4)
and Ia(l1,6), respectively. Some phenomena of the boundary
layer between two fences can be seen from these figures:
(1) The pressure term u/p(3ap/3ax) and the inertia
term X% (usu?/sx + v su?/ay) dominate the mean energy balance.
(2) Near the wall, the production of the turbulent

energy by this term - u'v' U ys partly converted from the

3y
convective transport term (I and II of Equation 4-23) and
3(u u'v')
3y
energy transfer term represents the total work by the tur-

partly from the energy transfer term . The
bulent shear stress, and is a flux of energy toward the wall.
(3) All three figures (64, 65, and 66) show that in
the upper half of the boundary layers a gain of mean kinetic
energy is balanced by the loss of static pressure of free
stream. However, the lower half of the boundary layer seems
to be not affected by the free stream pressure gradient, and
is dependent on the static pressure distribution after sepa-
ration. This means that the pressure gradient 3p/3x in
the lower half of the boundary layer is dependent on its
position. Furthermore, there is no way to correlate 3p/3x
at one point in the lower part of the boundary layer to the

value of o5p/ox at the free stream.
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This may be an indication of why the universality of
the defect law breaks down in the present flow model. (See

Section 4.5.1).

4.8 Wind Reduction Rate

The wind reduction rate is defined as

- _o_ulyl | N
R {1 lﬁ) 100 , (4-27)

where u[y] is the local wind speed measured after placing
fences, and uo[y] represents the lccal wind speed measured
in clear tunnel. The values of u, used in this analysis
are measured at x = - 4 ft. Figures 67, 68 and 69 are plots
of constant R's for L =6 in., 12 in. and 18 in., respec-
tively. The wind reduction pattern is not affected by the
ambient velocity. Furthermore, all six runs show that a
constant R 1is reached at a distance about 110 h downwind
from the leading fence, and that this distance is independent
of L . A summary of the asymptotic heights at various wind

reduction rates, R , for all three L's are as follows:

20% 30% 40% 50% 60%
L =6 in. 6.8h 4.8h 3.1h 2.0h 1.4h
L =12 in. 6.4h 4.2h 2.9h 1.6h e
L = 18 in. 6.0h 3.4h 1.%h 1.1h i

Figure 70 shows the wind reduction pattern between fences
for Case II (ua = 30 fps, L = 6 in.) and Figure 71 is a

same plot of Case I (ua = 30 fps, L = 12 in.). Since the
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wind reduction pattern found in this study is dependent on

L only, and for a more general flow condition the flow in

rough region is dependent on h as well, which is shown in
Equation 4-19, a possible modeling law can be written as

L

= P .
= - (4-28)
m

= ho”

An obvious result can be found from Figures 67 through
71 that a smaller L can provide a higher rate of wind
reduction at a given height. However, when applying this
result to design the wind breaks, a smallest L may not be
necessary. For example, if a 40% of wind reduction within
a 3h height is needed, L = 12h will be an optimum arrange-
ment; but when the wind reduction R > 70% is needed for

y < h , fences must be placed for L 1less than 6h.
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Chaoter V

CONCLUSION

Flow condition of this experiment was a series of fences
equally spaced on an aerodynamically smooth flat plate. Air
flowed from the smooth surface toward the fences. Six runs
of experiments were performed where each run was a different
combination of two wind velocities and three fence spacings.
Free stream pressure gradients for all six runs were adjusted
to be nearly zero.

Results on measurements have been discussed in the
preceding chapter. Several conclusions can be drawn from
these results and discussions.

(1) The wall law and the defect law of the smooth wall
equilibrium turbulent boundary layers can be used to corre-
late the velocity distributions at 4 ft upstream from the
leading fence. A graphical method is developed to estimate
the wall shear stress for smooth wall turbulent boundary
layer.

(2) On the form drag coefficients of the leading fences,
good agreement between present measurements and Plate's
(1965) empirical relation was found.

(3) At a large distance downstream from the leading
fence, similar velocity distributions above fences were
found. This meant that the boundary layers of this region
were in their equilibrium condition. This region was defined

as the rough region.
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(4) The universality of the defect law broke down in
the rough region of the present flow model.

The constant B of the "overlap" region (Equation 4-14)
was found previously to be a function of free stream pressure
gradient only. For a zero pressure gradient boundary layers,
many investigators found that B = 0.8 on either rough wall
or smooth wall. However, data of the present experiment
showed that B = 1.46 for all six runs. This concluded
that B must be a function of roughness geometry as well as
the pressure gradient at free stream.

(5) The roughness parameter of the wall law plots in
rough region was found to be a function of the density of
fences, S , as well as the fence height.

The average wall drag coefficients of the rough region,
which representing the average force exerted on fences by
the air flow, was found to be a function of free stream veloc-
ity and the spacing between fences.

These results indicated that flow in rough region could
be fully specified by u, h , and L . In other words, the
upstream boundary layer history does not affect the flow in
the region which is far downwind from the leading fence.

(6) The wind reduction rate R was found to depend on
the fence spacing, L , and to be independent of the ambient
velocity. In general, the smaller L was the higher R was
found at a given height. However, it was not necessary to
place the fences at the smallest spacing in order to obtain an

optimum arrangement of wind breaks.
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A modeling law was proposed. The only requirement on
modeling the multiple wind break was the similarity of h/L

ratio between the model and the prototype.
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APPENDIX

The application of Equation 3-31 to estimate the errors

for all measured results will be discussed here.

A.l1 Error Estimation in Mean Velocity Measurement
by Pitot Tubes

The mean velocity u was calculated from Equation 3-2

where

u=2.358 /2 . (A-1)
Thus,

_ 2.358 | (aH)? H o 2

A = 5 oH + P (rp) 4 (A-2)
and

da _ 1 ) (aH)Z . (Ap)?2 _

u 2 2 * 02 : (230
Since H = Ht - HS , thus

AH = A 23 4

AH = (.wt (AHS}' . (A-4)

As mentioned in Section 3.4.2, both Ht and Hs were
measured by means of a Transonic type 120B pressure meter.
As given by the manufacturer, the relative errors of the
Transonic meter is +2% based on the full scale reading. 1In
present measurements Ht were measured between 0.003 mm tc
0.7 mm Hg in five meter ranges, and H, were measured from
-0.3 mm Hg to 0 mm Hg in four meter ranges. For a +2% rela-

tive error of the full scale reading, the error in each meter

range is:



92

Ht = 0.01 0.03 0.1 0.3 1.0
iﬁHt = 0.0002 0.0006 0.002 0.006 0.02
H, = gnt {01 1 | -0.03 -0.1 =03
tAHs = 0.0002 0.0006 0.002 0.006

Table A.1 gives an example on AH and AH/H for station

V(12). The results show no systematic trend on relative
AH

error distribution. However, for the best case 5 1.8%
and for the worst case %? = 6% .

The air density p was estimated from Figure 11 by
measuring temperature T and barometric pressure Py The
temperature was measured from a mercury in glass thermometer
with accuracy within +.5°F, and p, Wwas measured by a mer-
cury barometer (Ideal Aerosmith Inc.) with accuracy of
+0.005 in. of Hg. During measurements were performed air
temperature was held to near 80°F, a z0.5°F error provided
a relative error of t0.6%, and the relative error in the
barometric pressure reading was *0.02% when P, Wwas near
25 in. of Hg.

Now, let us consider that Ap/p = *+1%. This assumed
error was introduced due to errors in T and p, measure-
ments and the estimation of p through a graphical manner.

For the worst case where %? = +0.06

5
ATU - %_ {(0.06)2 + (0.01)?} * 0.03 .

For the best case where %? = +0.018



923

Au 1 5 .

A.2 Error Estimation in Mean Velocity Measurements
by Hot Wire

If Equation 3-12 is applied to calculate the mean
velocity from the mean D.C. output E of the hot wire ane-

mometer, the mean velocity can be expressed as

2
i = (Efn‘b) . (A-5)

The partial derivatives of u with respect to b , m and

E are
g 2 2_hy 2
%% _ 2(E 2b) (=13, %% _ 2(E‘-b) (2E), and %% ~ . 2(E<-b) .
m m2 m3
Substituting 3u/8b , 3u/3E , and Ju/sm into Equation 3-30
one has
2_ 2_H) 2 %
A = Z_{E__.E)_ (ﬂb)Z + AEZ (:ﬁE)z + M (ﬂm)Z
m m
(A-6)
Dividing Equation A-6 by Equation A-5
2 2 2 2| %
aTu - 5 )_(ab)?  4EZ2(AE)2 _ (&m) ’ (A-7)
(E2-b)? (E2-Db) 2 m?

or one can write
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%
2 2
%? _ 5 J(ab)2 _ 4(btm/u)?  (AE)? | (a?) . (A-8)
mzu mzu E2 m

As mentioned in Section 3.5.2, m and b are determined

by the method of least square. In Equation A-8, Am and Ab
represent the error of m and b , respectively. These
errors are introduced by the scattering of the calibration
data points. If one considers that the error distribution
functions along the mean calibration curve (Equation 3-12)
are everywhere the same. The variance of the error distri-
bution function o2 can be obtained from calibration data

points where

N
|
o ]

n
S - 2y 2 -
i£1 (m /ui + b Ei) (A-9)

n 1is the number of data points. And the variance of m

and b can be written as

2 - Do? .
%m = & (A-10)
and n -
g2 Z (r’ui)z
1=1
0‘1% = (A_ll)
A
where
n S— n _‘2
A=n X (/ui) - z /ui: " (A-12)
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Equations A-10 and A-11 can be found in many statistics
books. For example, see page 121 of Young (1962).

If the normal hot wire calibration curve of Figure 13
is used in calculating the mean velocity u , it was found
that by appling the least square method b = 18.03 and m =

5.34. And from Equation A-11, = 0.189, from Equation

b
A-10, Gy = 0.052. As mentioned in Section 3.6.2, all errors
discussed here are in +3¢ 1limits. Thus Ab = 130b = +0.567

and Am = 13cm = +0.156.

The error in measuring E was introduced by the inte-
grating process. The time of integration was counted by a
stop watch. After repeating test, the error in integrating

a constant 6 volt D.C. through one minute was found to be

AE = +0.0148 volt. If the relative error in measuring E is

considered to be a constant for all measurements %? =
10.2148 = +0.0025 = constant, and since b , m , Ab , and Am

are constants, the relative error Au/u in Equation A-8 is a
function of u . The relation between Au/u and u is
shown in Figure A.l1l. When u = 5 fps, which indicates the
lower limit that King's law is valid, Au/u = +11.4%, and
when u = 30 fps, Au/u = +6.7%. This concludes that the
mean velocity measured by hot wire experiences a much higher

error than that measured by pitot tubes.

A.3 Error Estimation in u'?

Refer to Equation 3-11 that

u'?2 = e'2 (3-11)
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thus
— (e'2)? %
aul2 = 1 (Ae|2) + o) (1352)2
(52)2 © (s2)"
and
. T
w? ) )7 sy)2( (A-13)

u|2 (e|_2)2 (52)2

Since
d 3 7
g2 EE) o W (A-14)
A 16 E%u

and

3s?  _ 2m 38?2 _ _ _2m?

om 16 E2u Bk 16 E%u
and

382 _ _ m?

= r

L 16 E’u

then
2 2 2 2 | %
AS% _ ), (em) o, (AE)Z . (Au) ) (A-15)
82 m2 E2 u2

If the normal wire calibration curve in Figure 13 is also

Am . 0.156 _ AE _
T =t —&537 = $0.0292 and F = $0.0025.

Consider the mean velocities were measured by pitot tubes,

used here

for the worst case Au/u = +0.03. Substituting all numerical

values into Equation A-15,
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2
AS<C . {4 x (0.0292)2 + 4(0.0025)2 + (0.03)2}%

0.0658 . (A-106)

The instrument used to measure e'? was a DSA type
55D35 True RMS meter. The relative error in measuring the

mean square quantity eé2 is +10% which is provided by thne

manufacturer. Substituting Equation A-16 and

ﬁelz
© - 40.1 into Equation A-13
12
€5
12
B e {(0.1)2 + (0.0658)2}% = 0.120 , (A-17)
ul?
or
"2
au k12% . (A-18)
u|2

A.4 Error Estimation in v'? and u'v’

Refer to Equation 3-18

(0]

(2}
S R
n

(4-18)

and

_"!5
v'? = 555 {;awl)? £ (Wy)2 + 4(2u'2)2) (A-19)
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where
e|'2 e|2
f_\.wl = ﬂ{ 1 ] and &Wz = A = .
S, 2 S, 2
1 1
Since
[ ,  (e}h)? >
AW, = (aeiz) + ————— (48,?)
2)2 (SZ)H
ej2 | (ae?)? (a5,2)2 | %
= = + T (A-20)
1 (el ) 1
AS, 2 As2 .
where has the same form as ——— in Equation A-15.
S S

2
And Equation A-20 can be written as

ﬂWl = WlY (A-21)
where
(a;T;) (aslz) %
Yy = +

D (8,2)
(e12)2 1

(re!?)? (Am, ) 2

= z + 4 ——~l—; + 4 (&5)2 + (32)2 . (a-22)
i (m) E u

(elz) 1

From the calibration curve of the yawed wire in Figure 13,
it was found that m, = 0.231 , aml = +0.00716 , and

Amy _ +0.0716 .

1 0.231 +0.031 . Again, if one considers that

m
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aeiz Aelz
L = BT 4 £2 = +0.0025 and 2 = 10.03 , thus
12 2
et b |
y = {(0.1)2 + 4(0.031)2 + 4(0.0025)2 + (0.03)2 E
= 0.1215 , (A-23)
and similarly, AW, = W,y . Dividing Equation A-19 by v'2
. ﬁur2
and letting ——— =t , one has
u'?
2 m——
W - L fwg o+ wge2 + 4R 2 5. (a-24)
v'2 2v'2¢c?

The relative error of u'v' can be found in a similar way

such that
STor
ALY = d {}wi + w%)YZ}% . (A-25)
a'v' 4cu'v’

As one can see from Equations A-24 and A-25, the relative

error on v'2 and u'v' are dependent on how W, , W

1 2!
v'2 , u'v' , and u'? are related. Table A.2 gives an

example on estimating Av'2/v'2 and Au'v'/a'v' for

Station I(-4), I(0), I(2) and I(5). The calibration curves
used on calculating the turbulent quantities are shown in
Figure 13, and the numerical constants used in Equations A-24

and A-25 are: c¢ = 0.923, y = #0.1215, and t = #0.120.
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were

0.1
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The results in Table 13 show that the measurements of

are very inaccurate. At Station I(-4) when measurements

v 2
conducted near the wall L. = +2.53. At y/8§ near
SR — v'?2
Aav'2/v'2 * +40% and at best the relative error of v'?

are more than +20%. At the same station the relative error

of

local w

u'v' are found between +10% to +20% which depend on the

W and u'v’

L " T2
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TABLE I EARLY RESULTS OF TOTAL DRAG COEFFICIENT FOR SMOOTH SURFACE
BOUNDARY LAYER FLOW WITH ZERO PRESSURE GRADIENT

Velocity
Author Profile Result
By
i i A = [X = - -1/5
Schlichting (1949) o (6] Ce .0?4Rx
. u 4. -2.53
Schlichting (1949) o 2.495 1n|1l + 8.93 = Cf = 0.455(1ln Rx) '
T
Schoenherr (1932) a .1 {ln[uTy) + F[y—]} C-;5 = 4,13 1n (R_C,)
u_ X v $ £ : XE
u yu. ~2.64
Schultz-Grunow (1940) S * & + b 1ln = ) Cf = 0.425(-0.407 + lnRx) ’
T
. u _ - -0.139
Nikuradse (1942) e £[ 4] Ce = 0.0267 R
u_x
_ _ 28
Ry =V + S = %

¢0T



TABLE II

DATA COLLECTION PROGRAM

Measurements Made

Ua L - — X , Data at Longitudinal
Run (fps) (inches) vVvel.* pPre¥** Turb.” Drag’™” Distance (ft)
I 30 12 v/ 4 v v -4, 0, 1, 2, 3, 5,7y 9, 11,
12, 13
Ia 30 v v v I1v=21" 2" 3% 4" &%, BY;
loll! 1.2"'1“’ 2llr 3ll' 4ll' 6“;
8"' loll
II 30 G V/ / ‘/ I/ "4’ 0' 005' 1’ 105" 2; 2-5'
3, 4, 6, 8, 10, 10.5, 11
ITa 30 v v/ v 10%=1", 2%, 3% &%, §5%; 1%
8", gll' 10“, 11"
n 81 45 6 v v V -4, 0, 1, 2, 4, 6, 10, 12
v 45 12 v v/ v/ <4, 0, 4, 2, 4, 6, 8, 10, 12
\Y 45 18 i/ / l/ ""4' Op 1-5; 3' 6' 9( 12
VI 30 18 }/ l/ I/ -4; 0' l’ 5’ 3; 6; 9; 12
*Vel. mean velocity profile
**Pre. static pressure profile
*Turb. turbulence measurements

r-Drag

form drag on fences

€0T



104

TABLE III BOUNDARY LAYER PARAMETERS

u, RN ao? . M

Station  Run X ifpsi tsiup.lr!‘ls} (ft=fsec) tinches)  1inchest vimches)  (FT s0sd

HWeh i -4 30000 Lol ERTER 120 twto 1os

B4y i

wi-11 w -4 408 1.48) 2013 15.96 o) £ 1.odi o

Vi-4) v ‘

Vii-4) vi =a* 30,07 1,882 2.3 14,49 1.89 1450 - (R0

(S]] i o .98 180 12.88 -.508 3.l

[ERY] [} 1y 30,20 1.8ul 13.02 2.950 3.0

12y I 2 .ls 1.8l 14,15 3.255 3.074

13} I 3t LU 1,401 14,55 3.479 R

1is) I o .38 [ 2,035 15.26 3.873 2338

17y I T 30,45 1.smi 2,055 15,88 4,220 L850

[Ed I 9 30, i1 1.801 2.03% 1650 4,588 oA

1l i 15 30, 88 1.861 2,035 17.11 4.80] 24y

i I 13 30.97 .80l 2,035 17.39 4.884 2ded

1i3) I 13 il e 1,861 2.035 17.48 4.893 2,450
" w 1.87% Lo 12.89 2.502 2.057 6.180 -
11 (54 1.875 2. 14,08 2.663 1.937 - -
1 i 1.875 2. 14,22 2.895 2.038 2,252 3.B04
" 1.5 1.575 2 14.57 3.067 2.340 2.958  4.950
" 2 1.875 2, 14,82 3.189 2.431 2.900 4.429
1" 250 1.875% 2 15.07 3.452 2.528 2.959  4.140
1 £ 1.875 2. 15.27 3.553 2.598 2.942 4.012
113 4 1,875 2. 15.63 3.681 2646 2.8 3.631
" 5' 1.475 2. 15.94 3.902 2.750 2.799 3.231
1 ut 1.875 2 16,16 4,142 2.817 2.740 2670
[} 8 1.875 -3 16.71 4.477 2.995 2.723 1,663
1n 1ot 1,475 2, 17.25 4.878 3.155 2,743 2.682
i 10.5" 1.875 2, 17,32 4.883 3.170 2.744 2.085

ey 1 n 1,875 2.02 17.37 4898 3.218 2.756 2.695

i) i o' 1.848 2.050 17.30 3.130 2,689 B.836 -

FERERY] 1 1" I.848 2,050 17,70 3,660 2.306 2.377  8.339

g2 1 at 1848 2.050 18,34 4,115 3.008 3.660 .228

1) 1 ar 1.848 2,050 19.06 4.662 3,267 4.199  4.881

1is) i v’ 1.848 2,050 19,49 5.109 3.403 3.979 3.904

oy 1 1o 1548 2.050 20,55 5.726 3.678 3.741 3.667

iyt {F-g 1.8 2 050 21,00 5.968 3,360 3757 heed

winj v [Ty 13,0 1.835 BRITES 17.90 3168 2.699 6.221 —ee

Wil w 1 15,10 1,835 2065 18,60 3.542 2.5 2.289 7.971

Wiz v o 4.8 1.835 2,065 19,10 3.815 2.996 4.291 5.243

W4} w 4 5,2 1,435 20065 149,53 4.350 3,253 4.088 5,385

Vi) v W' 5.7 1,835 2065 20,01 4,734 3. 460 3.889 3.492

I8} W LY 1458 1.835 2,005 21.51 5.089 3.576 3.593 5.391

Wiln) v o 11,73 1,835 2.065 2117 5.488 3715 3.459 3,365

Wiy v 2 1517 1,835 2,065 21.32 5.699 3.837 3.474  3.377

vig) v u* 1.589 2. 000 17.42 3118 2.689 5.183 -

vil.s) v 1.5 1. 84 2,006 18,13 3000 2.798 3.248 s

vi3) v 3 1.889 2,006 19.48 3,965 3.117 4.130

Viu) v v 1,889 2,006 0.24 4.686 3.437 3.644 3,205

Vi) v 9 1. 889 2,006 0. 86 5.091 3.649 3.340 3165

Vil v 2 1489 2,006 21.43 5.508 3.840 3.309 3170

viiu) Vi (1] o 203 52 2.999 2.556 3.3 -

VIS5 VI 1.5 29,97 2.013 17,42 3.433 2.876 2.151

Vi3 Vi £ 29,04 2003 18,06 2.815 2.971 2.720

vife) Vi u .67 2,013 18,84 4.352 3.320 2.392 2.319

Viiyy Vi o' 278 2.013 192,19 4.930 3,354 2,309 2.250

Vil oowi F Y 9,89 2013 19, 86 5.289 3.627 2,293 2.243

lafii, i) la e 1.8l 2,035 17.26 4.842

talli,2) la 0.8 1.8 2,035 17,26 4,842

lalli,3) la Hes o w7 1.8l 2,035 17.20 4.842

fafal 4) la s 30 50 .80l 2.03% 17.20 4.842

lafli, 6} fa e .00 1,861 2035 17.20 4,842

Lafli,B) la st 30w 1,861 2,035 17.26 4,842

1afll, 1) la e 30,95 1. Bl 2035 17.20 4,842

tafiz, ) ia - F ik 3.7 1.bul 2.035 17.44 4.889

tall2, 2l la 1202 0. 1.861 2035 17.44 4,889

1ali2, 3 la 125 30,08 1.8l 2.035 17,94 4.889

1af12,4) fa 2 30. 80 1,861 2035 17.44 4.889

lal12,u) la 120 30,00 1Bl 2085 17.44 4,889

1ali2,8) la 1278 30 1. 861 2035 17.44 4,889

Taf12,10) 1a (RN TV TR 1.861 1085 17.44 4.889

Tlallo 1) tia 1861 2,035 4.881

a(io,2) ta 1,801 2085 4.881

Hailo,3) ta [T 2,035 4.881

Via(lu,a) 1la 1.861 2,035 4.881

Plallu,5) 1 1.8ul 2.035 4,881

1iarlo,7) Iia 1,861 2,035 17.35 4,890

Tla(10,8) |ia 1,861 2035 17.33 4.890

Iaflv,9) tla 1.80l 2.035 17.33 1.890

Hallo,1o)tia 1,860 2035 17.33 1800

1aflo,i)tia "1+ 1,86l 2085 17,35 1,890

Notes: u = shear velocity caleulated from the form drag of fence.
u, * shear velocity seasurod from velecity profile,
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TABLE IV VELOCITY DISTRIBUTIONS OF STATIONS

AT x = - 4 ft
Stations I(-4) Stations III(-4), tation
and II(-4) IV(-4) and VI(-4) VI(-4)

y u y u y u
(inches)  (fps) (inches) (fps) (inches) (fps)
0.104 15.239 0.0942 22.091 0.0662 14.083
0.144 15.788 0.141 23.79 0.0989 14.488
0.190 16.522 0.320 26.410 0.136 15.692
0.267 17.533 0.441 27.807 0.204 16.486
0.374 18.183 0.642 28.990 0.291 17.315
0.458 18.671 0.796 30.084 0.416 18.415
0.621 19.608 1.235 31.719 0.536 18.996
0.838 20.418 1.815 33.159 0.723 19.721
1.236 21.246 2.186 33.831 1.134  20.878
1.617 21.934 2,610 34.380 1.654 21.891
2.050 22.690 3.075 35.235 2.189 22.707
2.960 23.709 4.077 36.301 3.136  23.529
3.801 24 .84 4.922 37.224 4.098 24.417
4.424 25.423 5 772 37.943 4,358 24.655
5.121 26.080 6.804 38.670 4.833 25.071
6.051 26.802 8.145 39.613 5.606 25.776
6.862 27.188 9.541 40.508 6.376  26.409
7.693 27.689 11.690 41.720 8.633 27.508
9.062 28.423 13.270 42.463 9.921 28.127
10.532 29.091 14.505 43.205 11.441  28.961
12.226 29,697 15.801 43.802 12.065  29.044
13.458 29,888 17.032 44,193 13.761  29.454
15.042 30.006 18.528 44.428 14.657 29.783
16.321 30.108 20.130 44.428 15.965  29.864
17.705 30.110 22.976 44.428 17.474  30.060
18.564 30.110 18.618  30.068
19.571 30.108 19.658  30.068
21.577 30.111 21.426  30.068
23.861 30.110 23.875 30.068
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TABLE V VELOCITY DISTRIBUTIONS AND STATIC
HEAD DISTRIBUTIONS FOR x > 0 ft

Station 1(0) Station 1(1) Station 1(2) Station 1(3) statiun 1.3
¥ u " ¥ u " ¥ u ", ¥ u ", 4 i
s
(inches) (fps)  (mm lig) {inches) [fps)  (mm lig} Linches) (fps]  fmm lig) finches) (fps)  mm lig) ips = g
1.08 16.27  .p.0532 1.08 7,74 -0.0200 1o 9.63  -0.0210 o8
a2 16.53  -0.0485 1,25 8.05  -0.0220 1.25 1.9 -0.0178 )25
1.50 18.27  -0.0404 1.50 10.84 “0.0243 1.50 13,73 -0.0160 1.50
.05 21.37 -0.0176 1.75 13.00 -0.0205 1.75 14,73 -0.0145 1.75
2.50 22.92 -0.0075 2.00 14.78 -0.0280 200 16,09 -0.0135 .00
3.00 23.53  -0.0050 53 16.68  -0.0280 .50 17.89 -0.0110 .50
4.00 .63 -0.0028 2,50 18.53 -0.0268 300 19.90  -0.0094 3.00
5.00 25.45 -0.0025 .00 32.42 =0.0230 4.00 22,88 -0, 0050 4.00
7.00  26.88  -0.C0I5 3.50 24,02 -0.0198 6,00 25.68 ~u.0uld 3.00
10.00  28.50 0.C015 4.00  24.86 -i.G176 B.00 2727 -0.0005 7.00
13.00 9.5 0.C032 5.00 25.86  -0.0155 10,00 28.39 0.0005 9.00
16.00  29.96 0.c05 7.00 27.35  -0.0120 1300 29.61 0.0010 11,00
19.00 29.96 0.006 9.00  28.48 1. 0090 16.00 3p.22 0.0018 13.00
23.00  29.98 0.006 12,00, 29.53  -0.D045 woon 3.2 0.0030 16.00
15.00  30.16  -u.0010 3.00 30.28 0.0055 19.00
18.00  30.20 0.0012 23,00
2100 30.17 0.0030
2300 30.13 0.0040
Station 1(7) Station |(9) Station 1111} Station 1(12) Station 1(13)
¥ u " ¥ u n, ¥ u " ¥ u ", ¥ i iy
(inches} (fps) (mm Hg) {inches) (fps) (== lig} (inches) (fps) (=m lig) (inches) (fps) (== Hg) tinches) (fps) (== Ng)
1.08 9.15  -0.0152 1.08 8.72 -0.0137 1.08 9.04 -0.0173 1.08 9.47  -0.0200 .08 9.65 -0.0255
1.25 10.42  -0.0129 1.25 9.71 -0, 0135 1.2 .58 -i.0167 1.25 10.03  -0.019¢ 1,25 10.85 -0.0251
1.50 1.7 © -0.0122 1.50 10.87  -0.0432 1.50 10.51 ~0.0159 1.50 1,21 -0.0190 1.50  11.e7 -0,0245
1.75 12.30 -0.0l16 1.75 11.82 -0.0129 1.75 11.32 -0.0153 1.75 12,28 -0,0184 1.75 12.30 -0
2.0 13.19  -v.0112 2.00 12,53 -0.0125 2.00 12.21 -1.0148 2.00 13.04 -0.0178 .00 13.45 0
2.50  14.96  -0.0108 2.50 13.84  -0.0120 2,50 13.38  -0.0138 2.50 14.26  -0,0170 2.50 14.75 -0
300 16.12  -0.0108 3.00 15.21 -0.0113 .00 14.43  -0.0136 200 15.60 -0.0163 3.00 15.90 -0
4.00 18.15  -0.0101 4.00 17.99  -0.0162 4.00 16.44 -0.0133 4.00 17.71 -0.0147 4.00 17.78 -0
5.00 20.23 -0. 00BE 6.00 21.27 -0.0087 5.00 18.30 -0.012% 5.00 19.78 =0.0130 6.00 21,213 -0
7.00 23.94 -0.D056 B.OU  24.43  -0.0064 7.00  21.59  -0.0108 7.00  22.69  -0.0116 .00 2411 -0
9.00 26.55 -0.0026 10.00 26.71 =0.0035 9.00 24.81 -0.0087 9.00 25.17 =0.0107 10.00 26.50 -0
11.00 28.42 0. 000 13.00 29.05 0. D000 11.00 27.3% =0.0067 11.00 27.19 -0.0083 13.00 29,17 0
*4.00 29.74 0.0023 16.00 50.15 0.0022 13.00 2887 -0.0036 13.00 28.97 -0.0054 16.00 30.33 -0
.00 30.36 0.0039 19.00  30.60 0.0040 16.00  30.2) -1, 0010 16.00  30.39 -0.0026 19.00 3109 -0
20,00 30.45 0.0052 2300 30.60 0.0050 19,00 30.71 0.0007 19.00  30.92  -0.0005 23.00  3.e -0
25,00  30.45 0.0052 23.00  30.88 0.0024 23.00 3097 0.0015
Station 11{0) Station 11(0.5) Station I1(1) Station 11(1.5) station 11{2)
¥ u H, ¥ u ", ¥ u " ¥ u Hy ¥ u H
(inches) (fps) (mm Hg) (inches) (fps) (mm lig) (inches) (fps) (mm lig) (inches) (fps) (m=m Hg) (inches) (fps} |=m Hg)
1.09 19.35 - 0660 1.09 17.18 -.0372 1.06 16.26 -.0600 1.07 8,27 .1 -.0050
1.24 17.23 -.0500 1.14 12.57 -, 0350 1.3 18,24 -.0740 1.30 11.43 1.32 -.0D0B1L
1.49 20.25  -.0320 1.36 13.79  -.0360 1.54 19.73 -.0750 1.54 13.11 1.62 -.0100
1,62  21.35  -.0350 1.67  18.09  -.0371 2,04 22.47  -.0740 1.95 16.10 2.04 -.0092
1.87  22.34  -.0180 1.98  22.08 -.0371 276 .19 -.0470 2.34 18.29 2.87 -.0078
.32 23.25 -.0100 2,37 25.28 = 3.50 15.45 -.0240 3.3 22.90 4,05 -.0050
2.84 24.56  -.0060 2.88 27.03 -, 4.5 26,31 -.0240 4.52 5.4 5.42 -.0022
3.69 25.46 -.0023 3.81 27.79 - 5.24 27.09 -.0230 G.48 26.90 6.80 =.0015
4.34 26,10  -.0C04 4.81 .16 - 6.48  27.79  -.0220 8.70  28.32 8,73 -.0003
5.10  26.63 0012 6.31 8.56 - 7.95  29.04 -.0210 10.65  29.31 10.70 L0006
6.19 27.52 L0030 7.87 28,92 - 9.69 29,55 -.0150 12.00 29.63 12.00 L0oo
7.73 18.48 L0Cs0 9.76 29.50 = 1100 29.75 - . 0050 14.00 30.17 14.00 0036
0.64 29.00 068 10.50  29.57  -. 15.00  20.85 D080 16.00  30.59 16.00 L0048
11.00 29.60 -DC70 12.00 29.88 15.00 30.40 L0100 18.00 30.66 15.00 .0\)53
13.00  30.05 L0090 14.00  30.49 17.00  30.30 L0110 20.00 30.66 20.00 L0063
15.00 30.37 0095 15.00 30.59 19,00 30.27 -0115 21.50 30.61 2150 L0063
17.00  30.38 .0102 16.00  30.61 21.50  30.26 0118
19.00 30.34 .01 18.00 0.0l
21.50 30.34 L0110 0.00  30.54
21,50  30.46
Station 11(2.5) Station 11(3) Station 11(4) Station 15} Station 11(n)
¥ w "-s ¥ u ¥ u ¥ u Ils ¥ u u‘
{inches) (fps) [=m lig) tinches) (fps) (inches) (fps) (== Mg} (inches) (fps) (mm g ) tinches) (fps)  ymm lig)
13k 9.66  -.0064 1.13 9,02 -.0074 142 . 111 - 0083
1.36  11.47 - 0093 1,37 - oum i 1.35 - 1.54 -0l
1.58  12.66  -.0100 1bd -, 0094 1.71 - (S .01y
2.00 14,51 -.0109 2w L0098 23 - l.08 -0l
.48 17.11 -.0106 2.39 15,95 - 0USG 209 - 201 0118
2.84  18.65  -.0101 3.8 15.86 - .0UBS .09 N -0l
3.5  20.93 ‘ 407 .ol - L0072 5.45 = 1.78 ~.0103
4.29  23.08 -.0074 5.6 M.ub -.0047 7.4 b.34 - 073
5.327 5.3  -.0053 6.8 26.37  -.0021 w07 - 82 -~ 43
6.61 26.30  -.0038 8. - LO0UE TORE) -l
8.45  27.7M -.0025 y .38 U008 11,83 - 00
10.39  28.61 -.0015 100 M o1 15.00 U
12.00 29.82 0007 14.00 30,20 L0050 13m0 | R
14.00  30.43 L0012 16,00 30.53 R 100 JNET
16.00  30.71 L0024 1500 .59 00 1,00 RO
18.00  30.76 L0035 0.00  30.55 L0053 fd BT AN
20.00 30.77 L0045 2150 30,54 R
21.50 30.7Tu NUIEEY
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VELOCITY DISTRIBUTIONS AND STATIC HEAD

DISTRIBUTIONS FOR x > 0 ft - Continued

Station 11[8)

Station [1(10)

Station 11{10.5)

Station 1I(11)

Station 11100

¥ u ", ¥ u " ¥ u " ¥ n L W u e

iinches) (fps) (s lig) linches) (fps)  (m= dig) (inches) (fps) (= fig) tinches) |fps) e lig ) pimiEs s v gt
1.18 7.00 -.0075 1.13 7.90 -. 0104 1.14 8.77 -.0149 B.57" = .oy L.14
1.26 B.42 ~.Dog4 1.18 a.23 - .D098 1.21 B.89 -.0140 8.7 --0i5y | 1 ]
1.37 9.00 -.D0u3 1.25 8.58 -.0log 1.40 1wz -.0144 9.56 -.0148 L3
1.47 9.52 -.0095 1.31 B.75 = -0 1.82 .42 -.0150 10.86 -.0149 1.
1.60 .07 -.0103 1.59 2.31 -.0102 .19 12.78 -.0155 1146 -.0152 L.55
1.9 11.50 -.0105 1.52 9,36 -.0102 3.05 15.08 -.0158 13.11 -.0152 Z.00
2.44 12.97 -.0105 Lol 10.02 -.0l02 3.97 16,91 -.0154 13.43 -.0153 .50
3 14.72 -.0109 1L.7a 10.74 . 0106 4.87 18.19 16.01 -.0154 5.00
4.12 16.99 -.0112 209 11.82 -.0109 5.97 20, 36 17,15 -.0158 3.30
5.23 19.59 -.0112 2.45 12.94 -.0114 7. 40 21.86 18.76 -.0155 4,00
.79 22.54 =.0091 3.00 14.27 =016 9.07 25,65 20,57 -.0145 5.00
B.78 26,45 - 0056 3.86 i5.99 -.0115 10.77 27.68 23.37 -.0128 o 00
10.87 28.32 =.0025 4.75 17.70 =0l 12,70 .48 26,44 <. 0104 7.00
13.20 9,49 -.0003 6.25 20.85 -0 14,69 30.39 28.31 -.0078 8.00
15.70 30,40 0008 7.71 235.42 - 16,649 30.97 29.92 -. 0054 10.00
17.00 30.60 L0013 9.78 26.50 - . 0055 18.50 o7 30.59 - 0041 1200
19.00 30.61 L0020 11.87 28.40 -.0027 21.00 30.97 30.95 - .0035 14.00
21.00 30.59 0025 13.92 29,67 - . D04 22.50 30.95 3.1 -.0bu2g 16.00
25.25 30,50 Bk 15.98 3 o0y 3.1 -.0023 18.00
18.00 30.74 L0010 22.50 31.09 -.0020 19.00
20.00 30.93% Loy 20.00
22.50 30.95 L0025 21.00
21.00
24,33

Station 101(1)

Station (1102)

Station L11{4)

Station I11(8)

Station 111(10)

¥ u “s Y u "l ¥ u II‘ ¥ u H‘ ¥ u rls
linches) (fps)  (mm W) (inches) (fps) (mm lly) finches) (fps) (wm lig) (inches) (fps) imm Hg) (inches) (fps) (mm Hg)
1.00 == -0. 0430 110 11.90 -0, 0483 L06 10012 -0.0432 1.04 9.67  -0.0462 .24 1l.89 0,442
1.07 10.70 ~11.0473 1.24 13.33 -0.0505 .22 12,30 -0.0452 1.26 10,84 -0.0475 1,53 13.83 -0.0505
1.20 12.28 -1 0581 1.51 16.34 -0.0521 .55 15.54 -0.0505 1.58 13.02 ~0.0446 1.78 15.03 -0.0515
1.50  17.10  -0.0648 1,78 18.61  -U,0552 .1 1894  -0.0571 1.94 15,49 -0.0520 2,14 16,92 -0,0542
2.00 2310 -u.0590 2,03 20,91 -1.0564 .61 -0.0585 2.64 18,54 -0.0535 2.71  18.78  -0.0561
2.50 27.99 -U.0528 2.43 23,99 ~1. 0548 23 0. 0589 3.3 21.61 -1, 0562 319 20.25 -0.0569
3.00  31.35  -u.0469 .99 27.23  -1.0515 .98 -0.0574 3.95  24.24  -0.0560 3.9 22.50  -0.0580
3.50 33,39 -0.0452 72 et -1, 0475 LBt -0.0545 4,88 27.23  -u.0551 4.85 5.2 -0.0575
4.00 3446 -0.0429 4,75 ML -n.0da2 .93 -0.0483 6.03  30.12  -0.0522 5.88 27,78 -0.05€2
5.00 35,79 -u.0424 5.80 35,49 0,043 11 -0.0425 7.14 32,99 -0.0du0 7,12 30.57  -0.0535
6.00  36.83  -U.0423 6492 3671 -0,0385 .36 -11.0385 8,23 35.41  -0.0449 8.21 3299 -0.05(3
7,00 37.68  -u.0421 B.11 37,72 -0.0365 u2 -U.0361 9.92  38.19 -0.0405 9.81  35.92  -0.0446
B.00 38,59  -u.0420 9.55  38.82 <11, 0343 b -0.0355 10,88 39,17 -0.0381 10.98  37.64  -0.041)
10.00 40.04 -0.0402 10.78 39.73 -0.0324 Lo -0.0350 12.00 40.16 -0,0369 12.30 39.13 -0.0382
12,00 41,34 -u.0383 12,00 4063  -u.D308 LU -0.0342 14.00 41,77 -0.0352 13.60 40,23 -u.D389
14.00  42.63  -0.0337 .00 419 -00274 00 -11.0315 16.00 4291 -0.0326 15.00 41,38 -0.0342
16.00  43.47  -u.0282 16,00 43,09 265 0 -0.0303 18.00 43,92 -0.0305 17.00 42,42 -0.0%0
1,00 ad.26 -0,0260 18.00 14,02 -0.0253 it -1.0270 20.00 44,50 -0.0276 19.00 43,23 -0.0304
19,00 44.43 -0.0253 20.00 44,60 0,022 00 -0.0262 21.00 44.67 -0.0260 21.00 43.95 -0.0286
20.00 44.53 -0.0235 21,00 44,74 -0.9237 of 11,0250 22.00 44.74 ~01.0245 22.00 44.26 -0.0269
2100 4460 -0.0224 22.00 44.77 <, 0235 uw -0.0245 23.00 44.77 -0.0243 13.00  44.43  -0.0265
22.00 4460 -0.0220 23,00 44.77 -1),1235 A0 -1.0245 24,40 4477 -0.0243 24,50 44,43 -0, 0265
24,40 4460 -0.0220 24,00 44.77 1,023
Station 111412} Station IVi0) Station IVil) __ Statiom IV(2) __ Sration IV(4)
¥ u li, ¥ u n, ¥ u II‘ ¥ u Il’ v u LS
{inches) (£ps) (mm Hg) tinches) (fpsi  (mm Ngj linches)  (fps)  (mm g} (inches) (fps)  (mm Hg) (inches) (fps) (mm lg)
1.06 9.82  -U.0562 108 2L.73 0 - 1500 U7 o9 - 0537 15,44 -, k .82 -.08B2
119 112 -p.059) 23 2543 -3 .27 14,78 -i0T20 17.71 - L, 34 -.0800
1.35 12,52 -0.0610 1.3 28,42 - 10N 1.51 1794 0770 0.47 -, 3 ST I S
1.62  13.92  -0.0625 1.6 30,83 -.0810 1,73 2054 -.0770 22,19 -, L. .54 -5
1.95  15.05  -0.0740 1,98 3250 -.0800 L9 23,04 - 0760 25.81 - 2 00 -.0533
2.38 16,94 -0.0654 2,44 3392 -.0540 228 27.88  -.0740 .74 - 2, 5.96  -.0500
2,82 18,62 -0.0660 3.02 3445 -.0510 ey 2998 -.0720 310 - 3. S84 -0d0c
3,32 20,17 -0.0671 .78 35.41 - 0840 3.05 3301 -.00670 33.56 -, 1. -.0315
3.89  20.54  -0.0667 4.05 36,09  -.0380 363 3541 -, 0600 35.33 -, 6.
4.76 23,87 -0.0642 5.49 36.55 = D350 4.45 6. 76 - 0U570 36.14 - [
5.92 26,50 -0.0581 6.52  37.69  -.0330 5.30 37,57 -.0550 36.91 8.
7,22 29.51  -0.0535 7.85 3857  -.0300 ©.27 38,45  -.0540 37.68 - e
B.85 3204 2 8.99 9.3 - D20 T.l6 3902 - 38,45
10.38  35.49 0.7 40,36 - L0240 8.02 .62 - 39.57
12.00 37,9 12,00 al.be  -.022 .18 4030 - 0.22 -
1.00 0.1 14.00 42,47 -.0140 .38 4085 - 41.54 -
16,00 41.81 16,00 43.63 -.0160 4205 - 42.84
18,00 42,98 15,00 44,35 - 0140 43.24 43,70
20.00 43,82 20.00 3478 STE 43.9u 14.23
22.00 44,40 22,00 #4800 -.0130 14,49 44,75
23,00 44,60 23,00 4450 -.0130 14,95 44,81
24,00 43,67 24,20 MW -0130 45. 10 1481 S plon
4,40 M.67 45.10 1,81

45,10
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VELOCITY DISTRIBUTIONS AND STATIC HEAD

DISTRIBUTIONS FOR x > 0 ft - Continued

Station IV(6)
¥ u "
(inches) (fps)  (wm lig)

Station 1V(8)

¥ u lI!
(inches) (fps) (mm Hg)

Station IV(10)

Station IV{12)

¥y u "s
(inches) (fps) (mm Hg)

¥ u ",
(inches) (fps) (== Hg)

Station \ (0}
y u Hy

Linches) (fps) (== Hyg)

110 15.39  -.0670 110 13.95 -.0882 1.08  13.83  -.0710 1,08 13.35  -.0742 1.06 =5
1.33  16.44  -.0650 1.28 15.49 -.0792 1.18  14.47  -.0690 .20 1430  -.07n1 1.19 -
1.58  17.85  -.0640 1.49 16.73 -.0715 1.35 15,09  -.0650 1.48  16.30  -.0075 1.38 -
1.96  19.79  -.0600 1.82 18,55 -.0642 1.58  16.47  -.0633 1.82  17.79  -.0633 1.62 -
2.56  21.96  -.0568 2.28 20.28 -.0574 1.89 18,12 -.061% 2.35 0.4  -.0593 1.98 -
313 2425  -.0537 2.74  22.03 -.0538 2.33 20,00  -.0575 2,92 2204  -.0567 241 -
5.82 2%6.60  -.0510 .32 .71 -.0515 2.96 22,05  -.0543 3.73 2389 -.0550 .99 -
4.66  29.03 3.99  25.13 - 0480 378 24.44 -.0518 4.65  26.07 -.0538 3.73 -
5.75  31.78 487 17.31 -.0457 4.63 26,00  -.0487 5.58 28,03 -.0527 460 2y
6.91  34.23 591 29,77 -.0430 5.71  28.15  -.0470 6.75  30.33  -.0520 5.77 -
B.14  36.47 108 322 -.0400 6.87  29.44 - . 0455 7.87 3.2 -.0500 6.89 -
9.35 3857 8.26  34.69 -.0363 7.96  32.57  -.0425 B.98  33.94  -.0475 B.12 -
10.94 40.24 9.55 36.69 -.0325 8.99 34.61 -.0396 10.38 36.09 -.0440 9.66 -
11.50  40.66 10.84 38,57 -.0300 0.22  36.55  -.0370 12.00  38.45  -.0410 11.52 -
13.00  41.53 12,50  40.03 -.0278 00 3875 -.0337 14,00 40.61  -.0372 13.00 -
15.00  42.75 14.00 41,16 -, 0260 .00 40.52  -,0308 16.00 42,36 -.0340 15.00 =
17.00  43.87 16.00  42.64 -.0238 .00 42.00  -.0283 18,00  43.60  -.0320 17,00 -
19.00  &4.71  -.0224 18.00  43.81 -.0225 A0 4306 -.0257 0,00 44,32 -.0300 19,00 =
21.00  45.37  -.0200 20.00 44,59 -.0220 00 4389 -.0235 22,00 44,91  -.0283 20,00 -
22.00  45.57  -.0190 21,00 44.82 -.0218 22,00 44.55  -.0216 23,00 45,05  -.0266 21,00 -
23.00 45.70  -.0178 22,00 44,88 -.0215 23.00 44.70  -.0200 24.40  45.17  -.0250 23.00 -
24.50  45.70  -.0178 23.00 44,88 0215 24.25  44.73 0190 4.4 -
24,10 44,88 0215
—Station ¥[1.5) — Swtioa V(5) = — ormiomVie) —Statlon V(8) . Station V{12)
¥ u H ¥ w " ¥ u " ¥ u H‘ ¥ u H

(inches) (fps) (mm Hg)

s
(inches) (fps) (w= lig)

{inches) (fps) (== Ng)

(inches) (fps) (wm Hg)

s
(inches) (fps) (== Hg)

1.09 23.01 =, 1630 1.23 20.82 . 1320 i.10 16.89 -, 1068 l.08 15.78 -.0844 1.09 15.17 -.0900
1.26  19.41  -.0918 1.45 24,71 -.1200 1.22 18,33 -.0870 1.22 16,98  -.0788 1,28 17.00 -.0790
1.58 21.65 -.0810 1.78 25.69 -. 1038 .48 19.82 -.0732 1.47 18.38 - . 0666 1.56 18.79 =.0708
1.89 23,54  -.0750 .13 26.39  -.0862 1.76  21.09  -.0668 1,74 19.53 - 0883 1,96 2046  -.0650
2.5 27.01 -.0675 2.71 28.18 -.0743 .22 .72 = . 0600 .16 a1.19 -.0533 .51 22.45 -. 0600
1.89 30.23 -.0610 3.38 30.38 . 0640 2.93 24,65 - .0550 2.68 22.90 -.0508 ias 24.16 -.0570
3.52 3316 -.0550 3.99 32,03  -.0550 .80 27,71 -.0506 3,19 24.26  -.0482 3.98  15.81 -.0540
4.36 35.40 - . 0490 4.88 34,20 - 0467 5.06 30,38 =. 04060 3.87 25.88 - 0462 5.02 7.78 -.0518
5.22 3.7 ~.0460 6.06 36.36 -.0375 6. 16 35.03 -.0410 4.86 27.67 -.0437 6,16 9.7 -.0483
6.31 37.80 =.0425 T.20 i7.70 -. 0300 7.33 35.0% =.0357 5.96 29.8% -.0418 1.3 31.78 «.0468
7.58 39.12 =.0410 8.63 38.85 -.0275 8.58 36.74 -.0318 7.4 3.8 -.0384 8.58 33.58 =, 0415
B.B6 40.14 -. 0304 10.50 40.01 -. 0268 .87 38.35 -.0287 8.56 34,81 -.0350 9.92 35.52 +.0390
10.25  4l.05  -.0375 11.68 41,12 -.0245 11,37 38,72 -.0260 9.91 37.11  -.0320 10,58  36.61 -.037%
12.00 42.49 -.0353 13.00 472,03 -.0230 13.00 40,78 -.0240 11,33 39,04 ~.0288 12.00 18.51 -.0340
14.00  43.64  -.0320 15.00 43,16 -.0218 15.00 42,17 -.0220 13.00  40.69  -.0264 14,00  40.45  -.0300
16.00 44,25 -.0280 17.00 44,15 - 0200 17.00 43.21 -.0213 15.00 42.01 -.0225 16.00 41.95 -.0208
18.00 44.9] -.0240 19.00 44.79 -.0184 19.00 44.27 0208 17.00 43.03 -.0190 18.00 43.03 -.0240
20,00  45.33  -.0210 21.00 45.41  -.0174 21,00 44.90  -.0188 19.00  43.90  -.0leé& 0.00 44,03 -.0218
21.00 45.37 =.0200 22.00 45.49 -.0168 22.00 45.13 -.0187 21.00 44,45 -. 0140 12.00 44,65 ~.0200
22,00 45.37  -.0200 23.00  45.52  -.0l68 23.00 45,15 -.0175 22,00  44.68  -.0130 23,00  44.91 -, 0190
24,24 45,37 =.0200 24.27 45.52 -.D168 4.2 45.15 =.0176 23,00 44,92 ~.0128 24.24 45.01 ~.0180
24,25 44,94 -.0120
Station VI(0) Station VI(1.5) Station VI(3) Station V1(6) Station VI1(9)
¥ u H, ¥ u i ¥ u [ ¥ u ¥ ,, "

(inches) (fps] (mm Hg)

5
(inches) (fps) (mm Hg)

5
(inches) (fps) (mm lig)

(inches) (fps)

(inches) (fps) (ma Hg)

1.08 14.16
1.22 16.14
1.38 17.23
1.62 19.39
.15 21.07
2.69 22.33
3.27 21.96
3.89 23.41
4.66 24.02
5.55 24.58
604 25.16
7.47 25.T4
.87 26.48
9.906 26.97
10.45 27.65
12.00 27.80
14.00 28.55
16.00 29.18
18,00 29.50
20.00 29.51
22.00 29.48
24.28 9.48 ~.0036

I.08 11.87 - 0450
1.26 12.59 -.039%6
1.58 14.08 -.0340
1.92 15.95 -.0310
2.52 18.61 -.0270
3.18 20.97 -.0236
3.91 22.43 -.0200
4.98 23.96 -.070
6.06 4.77 -.0148
7.18 25.52 =.0140
B.32 26.15 =013
9.70 26.87 0150
11,20 27.52 -.0128
12.50 21.95 -.010
14.00 28.40 -. 0100
16.00 28.99 = 0100
18.00 54 -boas
20.00 29.92 -.0085
22.00 29.97 - . D085
24.29 29.97 -.DO085

1.6 -.0500
122 -.0440
.48 -. 0385
1.86 -.0270
2.5 -.0250
.96 -, 0233
.00 ~.0214
4.48 =190
5.32 -.0l60
& 40 -.0120
7.67 <.0100
L -.0086
10,36 0075
12.00 -. 0064
14,00 -DO58
16.00 -. 0046
18.00 =. 0040
20.00 0040
22,00 -0040
24.26 - 0040

1.08 9.99  -.0375
1.24  10.78  -.0318
1.46 11.92 «.0290
1.69  12.87  -.0260
2.06 13.87 -.0130
2,54 1500 -.0210
298  16.05  -.0200
3.63 17.39 -.0182
4.36 ia.89 -.0167
5.04  19.82 -,0153
6.00 21.28  -.0140
7.8 22.87 -.0017
.70 24.57 . 0100
9.99  25.46  -.0080
11.43 26.51 -.0075
13.00  27.31 -.0070
15.00 28.13 -.0053
17.00  28.81 -, 0045
19.00 29.45 -, 0040
0.00  29.60  -.0030
21,00 29.67 -.002
2000 29.67 - 0025
24.21 29.067 - 0025

l.us  10.32  -.0410
1.26 121 -.0337
1.51 12.20 ~.0283
1.88 13.41 -.0225
2,38 14.68  -.02038
1,92 15.67  -.0190
.70 1f.07 -.0178
4.54 1834 -.0170
5,47 19.67  -.0157
6.52 2100 -.0142
i.72 22.34 -.0126
8.98 2379 -.0110
10,36 25.01 -.0093
11.55  25.94  -.0085
1300 25.82 -.0071
15.00 28.16  -.0059
17.00 28.79 -.0050
19.00 29.36 -.0042
00 29.58 -.0037
00 9.7 -.0033
00 .78 -.00
o .76 ..
.76
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TABLE V VELOCITY DISTRIBUTIONS AND STATIC HEAD
DISTRIBUTIONS FOR x > 0 ft - Continued

Station VI(12)

4 u "!
(inches) (fpsi  (mm Mg)

1.10 9.84  -.0327
1.31 11,11 -.0287
1.54  11.86  -.0266
1.88 12,97  -.0255
2.25 1393 -.0223
2,72 14.94 - 0210
3.1 15,68 -.0205
3.70 16,57 -.0193
4.58  17.32  -.0185
5.57  19.12  -.0175
6.72 20.59  -.0163
7.88 2197 -.0I51
9.04  23.40  -.0140
10.42 2462 -.0128
12,00 26.12  -.0l15
14.00 27,51 -.0097
16.00  28.54  -.0083
18.00  29.24  -.0069
20.00 29,59 -.0058
21,00 29.74  -.0053
22.00  29.88  -.0047
13.00 29.89  -.0043
4.4 29.89 L0040
__ Statior la(il,l) Station la(ll,2) Etation la(ll,3) Station la(ll,4)
Y u ¥ u uy "s ¥ u o H’ Y u il.
(inches) (fps} (fps) (mm Hg) {inckes) (fps) (fps) (mm Hg) linches) (fps) (fps) (mm Hg) (inches) (fps) (fps) (mm Hg)
.25 - 3.68  -.0877 L1 441 -.0395 .10 3.51 -.0298 10 3,73 -.0173
.59 - 3.88  -.0411 .3¢ 5.43  -.0432 .27 4.64 -.0346 .35 412 -.0215
1.07 - 6.75 -.0420 77 4.50 -.0460 69 4.52 -.0372 .80 5.96 -.0256
1.28 - 10.21  -.0413 1.1¢ 7.90 7.96  -.0459 1.10 —-- 8,28  -.037% 1.07 -e 8,38 -.0263
1,34 11,34 1165  -.0401 1.31 10,27 10,83 -.0433 1.25 10,31 10.78  -.0371 1,33 10.36  10.40  -.0271
1.90 14,86  14.02 -.0818 1,52 12,27 12,29 -.0393 1.40 11,12 11.35  -.0364 1.60 12,37 12.33  -.026)
2,75 15,94 15.90  -.0241 1.76 14.88 -.0370 1.70 15,86  13.68  -.0348 192 1411 1415 -.0244
3.83 17.47 17.52 -.0185 2.88 16.21 0275 2.7 16,13 16.05 -.0261 1.59 15.42 15.44 -.0220
4.76 19.04 - -.0161 3.92 17.1 -.0210 410 17.93 aen -.0202 3.18 16.58 16.36 =.0200
5.5 20,21 - -.0143 6,12 21.18 -.0149 5.71 .43 -.016C 4,00 17,73 --- -.017%
6.82 22,25 --- -.0125 7.18 22,88 -.0121 7.08 22,45 -.0134 478 19.09 - -.0188
8,10 24.22 -,0110 8,20 2422 -.0111 8.28 24,22 -, 0106 6.07  21.23 - -.0151
9.60  25.98 - -.0072 9.40  25.87 00RE 9.50  25.97 -.008C 7.30 2301 - -.0122
.00 27.51 --- -.0050 10.50  27.00 - 0067 10.85  27.33 -.0088 8.50  24.58 -t -.0192
12,50 28.60 - -.0033 11.88 28,03 -.0048 12.50  28.54 -.0042 9.55  25.88 --- - 0049
13,95 29,41 -.0020 15,25 .01 -.0033 14,17 29,43 -.0028 11.00  27.%6 e -.00e4
15,78 30,14 --- -.0007 14,92 29,86 -.0017 16.08  30.11 -.0011 12,55  28.80 e -.0042
17.50  30.43 - -0015 16,50  30.54 -.0007 17,94 30.5) e 14,42 19.70 --- -.0024
20.40  30.92 - L0020 18,00 30,68 0007 .50 30.75 001¢ 16,00  30.18 -.0015
3.00 30,92 - 0025 19.80  30.88 . L0014 300 30.72 .002¢ 17,75 30.56 s -.00l1
25.00 30,89 s L0030 19.80  30.77 L0010
21,40 30.77 —ee L0018
23,00 30.80 --- L0020
Statiom la(ll,6) Station Ia(ll,8) Statiom Ia(11,10) Station la(ll,i)
¥ u u " ¥ u u ", ¥ u iy Hy Y u H
(inches) (fps)  (fps)  (mm Hg) (inches) (fps)  (fps)  (mm Nig) linches) (fps)  (fps)  (mm Hg) linches) (fps)  (fps)  (mm Hg
.90 3,02 -.0001 .10 4.80 5.35 .Los4 .1 4.51 5.25 L0138 .25 3.85 -
1 -~ 1.08  -.0036 .37 6.07 (W L0044 57 6.3% .0108 .35 - .26 -
.55 - 6.33  -.0062 73 7.68 1.70 L0013 .78 7.91 L0073 .64 .62 -
92 - §.92  -.0090 .40 10.36 10,26  -.0012 1,44 10,04 .003s 1,15 7.08 -
1.58 1141 11,84 -.0109 2,06 11.92  11.83  -.0034 2,10 12.33 - . 000E 1.25 0.15 -
2.68 14.92 14.68 -.0122 2.50 13.77 -.0046 2.86 14.71 -. 0047 1.34 12.57 -
412 17.83  17.77  -.0128 5.25 14,98 -. 0066 492 19.18 -.0098 1.77 14.96 -,
5.49  20.16 - -.0127 5.85 16.95 -.0077 5.96  20.78 -.01e 2.63 15,78 -,0288
6.90  22.56 oo -.0121 5.05  18.31 -.0098 7.00  22.47 -.0113 3.60 17.15  -.0214
8.50  24.87 -.0098 6.10  20.92 -, 0107 9.43 25,45 -,0092 4.84 -.0187
10.30  27.08 -, 0075 7.79 22.88 -. 0099 10,90 27.05 -.0070 6,00 -.0154
13.00  29.10 -.0041 9,33  25.63 -.0085 12,50 28,53 -.0050 7.38 --- 0132
14.78 29,99 -.0025 1087 27.08 -.0068 14.50 29,72 -.0028 8.78 - 011
16.25  30.48 -.0014 12,75 9.4 -.0047 16.40  30.40 -.0015 10.74 - L0094
18.80 30,78 0003 15.8)  30.26 -.0021 17,20 30.74 -.0008 12.40 0060
21,00 30.88 0012 19.14  30.80 -.000 19.90 30,86 000 14.35 e L0032
23,00 30.%9 0020 23,00 30.90 - L0018 2300 30,93 L0022 16,48 -.0018
18.00 ama L0003
19,45 Las 000
21,00 - L0008
23.00 - 0020
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TABLE V VELOCITY DISTRIBUTIONS AND STATIC HEAD
DISTRIBUTIONS FOR x > 0 ft - Continued

Stathon la(l2,2 Station laf(i2, 3) Station lafl2,4) e Statien lajll el
¥ u II‘ ¥ u “h "s. v u u Il‘ 3 u ul\ ll’
linches) (fps) (fps) (mm lig) tinches) (fps) Lfps) (inches) (fps) (fps) o= llg) Linches? (fps) Vst o gt
.08 3.9 <0446 .08 - 3.67 .07 23 0222 EAUUTE]
.37 - 4,38 -.0481 3 —e- 4.42 .35 3,75 -.0let £
1.00 R 7.42 ~.0520 .98 6.33 7.88 .85 5.3 7.32 031l =
1.2} 8.8 9.33 - 0494 1.18 8.2 842 1.1 9,12 9.23 -.0513 -
125 9.4 10.24 = . 0490 1.29 . 10,0t F.2 10,865 11.54 0316 =
1,43 1182 1l.e8  -.0467 1.65  12.57 1.8 L.B0  13.65 14.08  -.0301
Le2 1375 1385  -.0M2 1.88  14.76  14.69 2,69  15.87  15.07  -.0262 -
2,00 15.81 15.76  -.0385 94 1676 16.T0 340 17,22 17.08 - 0241 5
.69 1643 -.0325 4,37 18,69 - 1.4 18,77 18,78 -.0222
4.40  18.38 0235 5.54  20.27 - 5.72 20.48 - -.0192 -
5.50 19,99 -.0200 7.3 2.4 6.94 22,27 -.0178 =4
.56 21.55 - -.0180 B.50 24,38 - §.30 24.01 - -.0152 =
8.13 23,84 - -.0150 10,2 26.38 --- 9,32 25.35 -.0137 -
.73 25.80 -.0124 .80 27,99 10.82 27.13 - -.0110 =
11.60  27.50 - 0094 .00 29,49 - 2.2 28,42 - - . 0090 -
12.80  28.51 -- -.0077 15.66 2.9 14.06 29,54 - -, 0066 =i
14.52 29,49 --= - M50 17.60 30,43 -- 15.65 30.11 S -. 0050 =
lo.1s  30.09 - - 0040 19.20  30.60 17.58 3049 - -.0033 -
17.90 30.40 — -.0023 2100 30,08 ST 19.325 30,70 - -.0020 =
19.30 30,63 --- -.0015 2300 30,65 21.00  30.75 - -.0010 -
25.00 30.70 - - 23,00  30.80 - -
Statien la(l2,8) Station laill,lU) Station 11a{10,1) Station [la(l0,2
¥ u Y ", ¥ u uy " ¥ u ", ny ¥ u H’
{inches) (fps) [£ps) {mm g} Linches) (fps) (Fps) (mm 1y ) finches) (fps) (fps) {mm g} {inches) (fps) (fps) {mm Hg)
09 4,06 5.76 L0041 R 3.67 5.35 .ol1t ) - 302 -.0196 .12 315 -.0le0
49 5.87 6,30 -.0016 o885 6. 09 7.0 U004 .35 4,13 -.0203 2 433 -.0156
1.10 8.61 408 -.0048 110 8,79 .13 0024 .49 4.99 -.0211 .36 e 4.88  -.0175
i.62 10,82 W.06  -.0070 100 Lk 11.96  -.0032 68 4,67 -.0226 .58 aem 4,02  -.0193
2.60 14,08 13.87  -.0000 2.40 13.15 13,00 -.0052 .84 795 -.01% a1 4.1 6.78  -.0197
3.58  le.55 623 -.0120 .85 1404 14,52 -,0081 1.03 5.19 8.03  -,0230 1.13 &.8 8,02 -.0194
492 19.04 ~.0149 350 16.11 1620 -.0117 .19 7.7 $.12  -.0215 1.22 7.45 9.3 -.0185
6.10 19,53 .- -, 0158 1.01 17.38 .01l 1.37 9.35  10.87  -.0202 1.42 88 10.06  -.0179
T.00 22,15 == -.0155 .17 19,42 - =.0lul I.68 11.85 12.02 =.0179 1.87 1.2 11.92 - 0168
B.63 23.53 - -.0141 4,08 20.77 —-= <L oG 199 12.41 12.88 -.0165 2.51 13,2 12.89 -.0160
.88 26,04 se= -.0131 7.33 22,04 .- =B .32 13.24 13.56 =. 0156 3.35 14.9 14,50 =.0152
11.80  27.35 -, 0104 Bo48 2400 - 0156 2 14,84 14,67 -.014b 4.3 16.7%  16.97  -.0145
15.55  20.22 - - 0084 90 26,09 -.0135 3.45 16.16 16,23 -.0143 5.49  19.11 - -.0141
15.75  29.96 -.0058 1.3 27,97 -0l 4.5 17.45  17.40  -.0135 6.63  11.09 e - 0127
17.75  30.71 -—- -.004) 13,2 29,14 -.0078 5.1 18.96 --- -.0122 7.85  23.55 aee <0113
19.20 30.70 - - 0020 15.20  30.16 -.0065 6.31 21.52 -.0118 9.25  25.50 .- ~.0093
21.00 Jo.91 - -.0ois 17.23 30.73 --= - .0047 7.80 23.69 === - 0086 10.78 27.58 -, 0002
23.00 30.90 - ~.0006 WM 0.5 - 0032 9.55  26.57 - 0069 12,63 19.18 --0045
20,00 30,04 -.0020 1.3 28,60 - ~.0041 14.65  30.20 -.0018
2300 30,94 ~ss BT 13.17  29.87 .- -.0021 16.00  30.62 an- -.0014
13,93 30.64 - - . 0008 18.00  31.05 --- -.0002
6,00 30,86 - - 0007 20.00 3.le - 0005
18.00 31.95 —— -, 0003
0,00 31.17 —-- 0002
22,50 318 - 0007
Station 11a(10,3) station 1latio,4) Station lla(l0,5) Station 11a(10,7)
¥ u “h ||5 ¥ u w JI’ ¥ u e II’ Y u u II‘
(inches) (fps) {fps) {mm g tinches) |fps) {fps) {m Tlge ) linches] (fps) (£ps) {mm Hg) (inches) (fps) (fps) (o Hg)
A2 - 2.96 5T 3260 -.0007 .58 4.2)
.22 - .67 28 - 4.38 BRITITHY 1.08 = - . 0055
.36 4.18 50 - 120 -.0040 1.50 - -.0077
.55 - 3.08 62 e a.02 - . 0052 2.00 o= - .0100
.12 4.35 5.72 o719 5.5 6.08 - 0060 2.50 -.018
B9 5.5 7.46 115 7.1 B985 -.0074 3.00 14.30 -.0132
1.13 7.2 .09 1.49 TR TR p.zz - D82 3.50 - -.0145
141 8.7 9.32 1.89 12,35 12,98 - 0090 4.00 --- ~.0152
1.87 0.6 11.32 2.us 14.9 14,07 -.0113 5.00 -——- =.0154
2.51 12.65  12.96 3.42  15.39 1520 -.0132 6.00 --- -.0147
3,35 14,8 14,60 455 17.79 17.82  -.0138 .00 -.0138
4.3 169 16.72 5.76  20.U8 0157 a.00 --- -.0118
5.48  19.20 —— 7.50 23,27 - -.0120 9.00 - -.0101
b.66  21.43 - a.31 26.06 --- -.0100 10.00 --- - .0080
7.79 2363 11.20  28.x% e -.0067 11.50 - - 0066
9.27  25.72 - 13.26 2991 - -. 0040 13.00 --- -.0048
10.81  27.45 .- 15.54  30.71 —- -.0022 14.50 - -, 0036
12.52  29.14 - 17,00 31,01 -.0013 16.00 . - 0028
l4.64  30.10 19.00  31.21 .- ms: I,:.g g::
A A o0 3122 L0002 20, .- -
::.3 :?:g 2.50 3.2 s 0003, L12.50 == -000s
20.00 31.18
22,50 BT T —==
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TABLE V VELOCITY DISTRIBUTIONS AND STATIC HEAD
DISTRIBUTIONS FOR x > 0 ft - Continued

Station lla(lo,s) Station Ilallo,9) Station 1Ta(l0,10) Station Ilagle,ni)

y u u, ", y u oy ¥ u uw, 8 ¥ u U e
tinches) (fps) (Eps) (mm g ) (inches) (fps) (fps) (o i) (inches) (fps) ifps) {me Ng) vinches! (fps) 1fpsi (Lo

.16 - <. 0166 b e 208 -.0082 e - 5.17  -.0015 1 308 -- -

.34 - - 0190 36 3.32 L0111 .31 -- 3,78 -.0038 1.10 RS -- - w3

58 - .02 .57 467 -0 A -- 3,65 -.004e 1.50 -- o

.91 3.8 -.0215 .16 5.75  -.0127 .59 - 5.23  -.0052 .00 -- Olle
(B 7.2¢ -.0203 .86 b.bd -.0138 1. 7.02 -.0059 .50 [IEN
1,33 8.6 98 1.3 .24 -.0150 7.3 §.33  -.0083 3.00 - e
LUz 14 -.0178 1.5 9.8 .01 0.1 10.96  -.0093 3.50 - O
2,66 13.4 -.0es 2 10906 - 0150 12:5 11.89 -.0111 4.00 ne ~. 0135
3.46 151 -.0161 .78 13.52 -.0159 14.7 14.87 -.012 1.50 - -.0158
1.56 16,95 ~.0153 R 1521 -.0160 17.7 17.60 0150 5.00 -- -0l
610 19.9%¢ - 0142 4.5 16,89 -.0159 18.49 - -.0163 6.00 - 153
7.90 23,28 -2 6.3 -- 0143 .76 - -, 0150 7.00 - RITE
9.73  26.05 - 0094 5.3 -- -.0130 23.54 - -.0132 8.00 -= =00l
11.75  2B.15 —-- - 0068 9,02 - - 0099 25.70 - -.0112 9.00 -= -.0113
12,50 28.8= -.0059 12,00 -= -.0073 27.794 -- -, 0091 10.00
1402 30.08 -.0049 14.34 - - 0052 28.59 - -. 0069 14.50 =
16,00 30.67 -.0033 -- - 0037 30.10 -- -.0054 16.00 -
1500 35.1% - L0024 = -.0025 30,57 - -, 0044 17.50 --
20,00 31.2e -.0016 = - 0020 31.61 - -.0033 19.00 --
2250 31.2% -.0013 - -.0015 31.15 - -.0024 20.50 3 --

-- L0013 31.i1 - -.0010 22,50 31.23 =




TABLE VI DRAG COEFFICIENT OF FENCES AND AVERAGE SHEAR VELOCITIES OF WALL

u u u
a T a 1
Station (fps) °p S | (fps) Station (fps) €p C (fps)
I{0) 29,98 .508 .0423 4.36 Iv(0) 44.90 .478 .0398 6.337
I(1) 30.20 .0415 L0035 1.256 Iv(l) 45.10 .0620 .0052 2,289
I(2) 30.28 . 247 .0206 3.073 Ivi(z2) 44.81 220 .0183 4.291
I(3) 30.40 .221 .0184 2.916 Iv(4) 45,24 196 0163 4. BB
I(5) 30.38 .199 .0166 2.768 IV(6) 45.70 174 0145 3.889
I(7) 30.46 176 L0147 2.612 IvV(8) 44.88 .154 .0128 3.593
1(9) 30.60 .167 .0138 2.543 IV(1l0) 44.73 .144 0120 3.459
I(ll) 30.88 .161 L0134 24531 Iv(l2) 45.17 142 .0118 3.474
I{12) 30.97 +159 .0132 2,517
I(13) 3l.16 .158 L0131 2.526
vi(0) 45.06 476 .0265 5.183
vil.5) 45.37 +185 .0103 3.248
II(0) 30.38 .505 L0842 6.232 vi(3) 45.52 172 .0095 3.130
II1(0.5) 30.61 - - - Vi(6) 45.15 . 235 .0130 3.644
II(1) 30.30 .0663 .0110 2.252 vi9) 44.94 .199 .0110 3,340
II(1.5) 30.66 112 .0186 2.958 vi(1i2) 45.01 +195 .0lo08 3,309
II(2) 30.57 .108 .0180 2,900
I1(2.5) 30.77 o i O | L0185 2.959
II1(3) 30.59 111 .0185 2.942 VI(0) 29.51 .487 0271 3.432
II(4) 30.56 .103 .0172 2.834 VI(l.5) 29.97 .185 .0103 2.151
II({5) 30.82 .099 .01865 2.799 VI(3) 29.94 «297 +0165 2.720
II(6) 30.44 0972 .0162 2.740 VI(6) 29.67 234 .0180 2.392
I1(8) 30.61 .0950 .0158 2.723 VI(9) 29.78 +216 L0120 2.309
II1(10) 30.95 .0943 .0157 2.743 vI(l2) 29.89 o212 L0118 2.293
II(10.5) 30.97 .0942 .0157 2.744
II(11) 31.11 .0942 .0157 2.756
III(0) 44.43 .475 <0791 8.836
III(l) 44.60 .0825 .0138 3.699
III(2) 44.77 .08p2 .0134 3.661
ITI(4) 45.27 .103 L0172 4.200
III(6) 44.77 .0948 .0158 3.979
III(10) 44.43 .0151 .0142 3.741
I1I1(l2) 44 .67 .0849 .0141 - B 7 )

(AN
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TABLE VII TURBULENCE DISTRIBUTIONS FOR

RUNS I, II, Ia, AND IIa
Station 1(-4) and 11(-4) Station 1(0) . Station 1(1) Station 1(2)
u, = 30.11 (fps) u, = 29.98 (fps) u, = 30.20 (fps) u, * 30.28 (fps)
¥ u o Ve ury' ¥ u u? v'? o wtyt ¥ u w v uv' y u u's ¥ wrr
ft | f? ft? ft? ft fr? fr? | jfe? 12 ) £e2 R ft fr- £t f
an (i 5] 52 5] e & Bl Bl ) o & B0 5] 89) oo & 150 (B (55
0.12 14,8 7.15 0.3 -1.09 1.12 16.83 2.91 12,21 -5.89 .10 8.02 1862 3.41 -0.59 1.1 10.42 o.81 7.92 -2.73
0.25 17.03 8.09 0.69 -1.03 1.30 19.01 4.15 12.34 -6.26 1.21 8.93 21.85 2.85 -0.50 1.21 11.83 B.16 9.69 -3.05
0.50 19.01 6.99 1.33 -1.02 1.44 20.22 5.17 12.14 -6.39 1.39 9.82 2574 1.40 -2.05 1.39 13.11 10.68 11.65 -5.01
0.85 0.3 6.39 1.58 -1.02 1.94 21.83 5.37  8.45 -4.68 1.65 11.92 3243 2.22 -4.01 1.64 14.28 12.80 14.31 -6.70
1.18 21.06 5.75 1.63 -1.D1 217 22.26 5.30 6.99 -4.08 2.01 14,85 35 67 4.17 -5.62 2.01 16.06 17.82 15.74 -8.5
1.89 22,13 5.00 1.9 -1.05 2.65 23.06 4.58 4.85 -2.87 2.63 19.53 2506 5.68 -4.80 2.61 18.62 24.20 14.58 -9.89
2.82 23.78 4.54 1.83 -0.97 3.30 235.96 4.29 344 .2.23 5,40 23.82 955 3.79 -2.23 3,30 21.35 22.57 10.79 -8.24
4.28 25.29 4.05 l.62 -l.02 4.13 24,85 3.97 3.00 -1.89 4.48 25,42 485 1.14 -0.98 4.46 23.78 10.9% 5.12 -3.97
5.77 2.5 3.33 1.26 -0.78 5.34 25.90 3.3 2.25 -1.52 5.46 26.31 417 1.06 -0.78 5.38 25.02 5.79 2,62 -1.69
7.67 27.73 .67 1.20 -0.73 6.88 26.82 2.93 .74 -1.15 6.72 27.28 3.62 0,78 -0.70 6.62 26.24 4.05 1.10 -0.91
9.68 28.82 1.57 0.94 -0.49 B.49 27.70 2.5% 1.24 -0.81 B.12 28.05 2.9 0.93 -0.64 B.07 27.28 2,94 1.25 -0.78
11.04 20.40 0.94 0.53 -0.23 10.07 28.5 1.4 0.89 -0.59 9.70 28.B0 2.34 0.9 -0.49 9.70 28.16 2.43 0.92 -0.65
13.01 29.89 0.3 0.18 -0.06 11.92 29.35 1.08 0.55 -0.33 11.52 29.42 1.61 0,51 -0.35 11.50 29.03 1.79 0.60 -0.43
15.27 30.08 0.14 0.06 -0.01 13.78 29.80 0.45 0.37 -0.14 13.04 29.9¢ 072 0.3 -0.24 153.66 20,88 0.83 0.3 -0.20
15.67 30.1€ 0.23 0.21 -0.08 15.65 30.00 0.30 0.26 -0.10
Staticn 1(3) Station 1(5) Statiom 1(7) Station 1(9)
Il. = 30.40 (fps) u * 30.38 (fps) u‘ = 30.25 (fps) u. = 30.60 (fps)
¥ u Wiy T ¥ u FIER T o ¥ u w2 w2 g ¥ u T
f [ R A T ft 0l oy fr? fi frd ) 2 ) pfe? ft £y el g el
lin.)  Tec l'i'é'a' isec’]l’scc’ (in.)  Sec [mj [Ef Isu:’I (in.)  {Sec Im Sect m’] (in.) |Sec [!x:} l'sec’ {sec,
1.1 9.62 T.69 12.03 -0.39 1,10 10,02 6,78 6.74 -1.78 1.08 B.62 6.78 9.40 -0.07 1.08 9.22 6.66 9.35 -0.28
1.20 10.73 s8.20 B8.08 -2.71 1.20 11:22 8.77 8.05 -2.83 1,20 9,75 7.48 7.08 -2.15 1.20 10.13 7.55 6.87 -2.06
1.58 11.82 9,48 9.69 -3.88 1.38 12,11 10.78 B8.60 -3.27 1.46 11.2: 10.46 B.67 -3.59 1.34 10.85 9.32 7.24 -1.53
1.62 13.50 14.76 11.91 -6.13 .61 12.93 12.61 10.85 -4.62 1.88 12.95 15.02 10.62 -5.36 1.56 11.50 11.33 8.30 -3.36
1.95 15.42 13,51 13.85 -8.,20 .90 14.05 17.00 12.01 -6.65 .48 14.7C 19.81 11.19 -6.96 1.94 12.70 14.79 10.09 -5.31
2.61 17,73 24,09 14,73 -9.78 4.01 15,83 21,53 1l.09 -7.59 3.23 le.6r 21.88 B.61 -6.16 2.39 13,83 18.44 0,67 -6.l16
3.37 19.85 24.76 10.83 -8.20 3.34 17,75 2338 9.01 -7.02 4,26 1B.7C 22.34 7.92 -6.03 2,97 15.25 20.34 9.70 -6.51
4.48 22,52 1&.78  9.21 -5.38 4.48 20.62 21.98 B.49 -o.4l 5.35 20.9t 20.46 7.88 -5.67 3.74 16,92 21.41 8.07 -5.47
S.38 24.21 1..55 d.66 -2.98 S.38 22,55 19.22 7.82 -5.20 6.48 23,00 15.12 8.05 -4.03 4.41 18.28 19.84 B.51 -5.75
6.61 25.90 5.8 2.53 1,83 6,61 24,72 12,74 4.22 -3.18 7.82 25.05 11.21 4.12 -2.40 5.38 20.12 18.60 8.08 -4.82
8.09 27.18 3.31 1.31 -0.81 8.07 26.55 6.53 2.95 -L.71 9.11 26.65 7.32 2.38 -1.53 6.44 22.03 1%.62 7.42 -4.92
9.69 28,22 .84 .06 -0.75 9,09 27.83 3.21 1.49 -0.76 l0.46 27.95 4.17 1.92 -0.92 7.77 24,05 13.68 5.72 -3.38
11.48 29.11 ..96 0.69 -D.46 11.47 28.75 1.96 0.98 -0.53 12,27 29.1¢  2.20 0.89 -0.41 9.22 25.93 10.50 3.95 -1.89
13.06 20.90 ©.9% 0.46 -0.20 13.39 29.40 1.24 0.37 -0.2 14,18 29.8¢ 0.99 0.67 -0.47 10.71 27.42 6,12 2.40 -1.50
15.61 30.03 ©.39 0.28 -0.12 15.74 30.01 0.51 0.32 -0.11 12,94 20.01 2,36 1.22 -0.59
14,37 29.51 1.16 0.59 -0.25
Station 1(11)
u_ = 30 BB [fps)
a
¥ u'’ V' ute
ft fr? fit! ft?
(in.)  I5ec) [st:’i [‘s"i-'{” L—._-:'T
1.09 4.43  5.52 10,08 0,39
1.23 9.62 7.46 6.48 -2.34
1.47 10.55 3.00 8.30 -3.21
1.75 11.52 11.58 9.19 -4.05
2,19 12.71 15.94  9.60 -5.48
2.61 13.73 17,88 9.68 -5.76
3.29 15.23 13.51 8.75 -5.95
4 16.75 18.55 7.82 -5.75
5.13 18,63 17.53 7.41 -5.31
6,20 20.41 15.62 7.96 -4.72
7.67 22.75 14.18 b.68 -3.66
9.48 25.42 11.07 4.12 -2.65
11.38 27.68 6.76 2.04 -1.44
13.43 30.10 314 1.06 -0.56
Station IL(0) Statton 10(1) Statioq 10(2) Starion 11(3)
o =30.38 (fps) u, = 30,30 (fpx) u, = 30.37 (fps) UI‘ = 30,55 (fpa)
¥ m u'? v b ¥ u u v ¥ u 2 vre v ¥ u I
3 B el 4 {0 fo) |4t fx g fr ) (£27 ) (f2? 5 fr_| pfe? ) pee? ft
(in.) aec’ ‘uc?] [s_e_;"“ sul] Lin.) I}(‘(} [?eT"'} *s_e_r"' soc’ | (in.) I5ecl |5eet ??.'E'?’J {2’._'-?"]' G |5 .‘“,} g ,“_l
1,09 1935 4011 16,19 -6.23 1,06 16,26 36.46 1.1 9,78 10.57 - 2,53 1.13
1.2 17,23 4.14 1495 6,00 1.31 18,24 42,79 1.32 11,45 14.25 - 3,44 1.37
1.49 20,25 5.28 13.51 -7.15 1,54 19.73 47,19 3 162 1301 15.51 - 5,80 1.4
l.u2 3y 12.28 -ov.6l 2,08 22,47 45.04 5 2.04 15.5% 21,92 - 9,49 200
1.87 10.96  <6,13 2.76 24,09 20,59 X .87 19,86 21,22 -10,29 2,39
2 7.54 -3.31 690 4, 4.05 23,04 9,17 - 4,98 3,18
F3 6.32. =1,5% .07 5. 5.42 25.86 1,82 -1, 307
3. 4.94 -p,93 360 2 6.80 26,88 3.05 - 0,88 5.26
a 3.3 - 332 1 g 8.73 25.07 1,51 = 0,74 'y
2,25 -0l 2,08 1,23 - 0053 Lo et .84 - 0,33 8
1.62 -0,88 1,72 (LB = 0l T,
134 -0.77
0,93 -0.58
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TABLE VII TURBULENCE DISTRIBUTIONS FOR RUNS I,
II, Ia, AND IIa - Continued

station L1(4) Station 11{o) Station 11 (8) Station 11(10)
w, = 3U.50 (fps) u, " 30.44 Lfps) u, = 30.61 (fps) X 30.95 (fps)
y u us v u'v' ¥ ¥ u u'? vz uty' ¥ u 'z u'y'
£t ) [f ) l! } ft? ’ ‘h' tv ] fr | [fe2 ] [£22 n! fr [t7 ] lu J [ft }
{in.) Isw(] secs cctl lsect (im.) iec sect |ee- secs {in.) |inc lscci‘ isecd su:, (in.) [s lel:! Sect secs
112 10.32 -1.7e 1.18 5.94 14,07 11.23 -0.73 .18 7.00 9.65 9.05 -0.31 1.13  7.90 10,82 10.53 -0.36
1.35 11.89 -2.49 1.29  9.58 16.22 11.60 -1.47 1.26  B.42 12.89 10.64 -1.00 1.18  8.23 12.08 10.20 -0.46
1.7 14,36 -5.44 1.43 10.49 19.30 12.98 -2.83 1.37 9.00 14.29 11.89 -1.50 1,25 #.58 13,19 10.24 -0.94
2.13 16.82 -6.44 l.e6 11.26 22,68 13.60 -4.26 1.47 9.52 16.43 11.58 -1.97 .31 8.75 14,00 10.70 -1.31
2,99 18.57 -7.84 2.04 12,61 25.66 15.52 -5.80 1.0 10.07 18.85 12.41 -2.9¢ 1.3 9,31 15,33 11.52 -1.70
4.09 17.75 -71.36 2.51 14.04 27.00 17.87 -6.80 1.96 11.50 23.2 13.91 -4.37 1.52 9.3 16,09 12,53 -2.33
5.45 12,69 -4.69 3.19 15,82 26.71 18.79 -7.29 2.44 12.97 25.47 15,79 -5.90 l.e0 10.08 18,12 13,05 -2.74
7.14 6,46 -1.86 4.09 18.21 23.B0 18.08 -7.62 316 14,72 27.29 18.20 -6.96 1.74 10.74 20.00 14,51 -3.55
9.07 2.99 -0.77 5.32 21.01 19.94 14,84 -6.57 4.12 16,99 23.92 17.33 -7.18 2.09 11.82 21.78 15.90 -5.03
11.38 0.55 -0.34 6,75 23.99 14.86 10.62 -3,73 5.2% 19,59 20.57 16,59 -7.08 2.45 12.94 25.65 16.B4 -5.47
8.57 26.91 7.07 6.21 -2.07 6.79 22,54 16,34 12.70 -4.95 3.06 14.27 27.42 17,70 -6.06
10.54 28.53 2.67 2.37 -0.81 B.78 26.45 10.20 7.19 -2.67 3.86 15,99 25.64 17,29 -6.62
12.35 29.79 1.63 1.00 -0,27 10,87 28.32 3.97 4.08 -0.93 4.75 17.70 22.17 16.45 -6.96
15.28 30.31 .77 0.48 -0.25 13.20 29.49 1.68 1.38 -D.42 6.25 20.85 18.54 15.82 -5.74
15.70 30.40 ©0.73 0.63 -0.21 7.71 23.42 15.75 12.93 -4.31
9.78 26.50 10.05 7.31 -3.09
11.87 28.46 4,10 4.43 -1.42
13,92 29.67 1.78 1.88 -0.62
15.98 30.30 0.67 0,83 -0.31
Station 1I(10.5) Station II{11)
u, = 30.97 (fps) u = 3111 (fps)
¥ u we Vi oy u wz e
£i? Hn’ Ilﬂ.* i] ' I'n’ fr2
{in.} sec?| \sec? (in.) lsec ncf sect u-c!
1.14 8,77 12.96 10.81 -0.20 1,13 8.57 12.49 11.06 -0.39
1.21 B.89 14,07 10.50 -0.67 1.19 8.70 12.47 10.03 -0.65
1.46 10,17 17.58 12,82 -2.08 1.32  9.56 15.95 12.73 -1.54
1.82 11.42 21.59 14.43 -4.30 1.61 10.86 20.01 14.27 -3.24
2.19 12,78 24.34 15.29 -5.04 1.90 11.46 21.68 14.64 -4.15
3,05 15,08 27.15 1B.11 -6.06 2,32 13.11 24.95 16.80 -5,32
3.97 16.91 25.37 17.57 -6.57 2.81 13.43 26,81 17.95 -5.58
4,87 18.19 21.95 17.28 -7.35 3.52 16.01 25.61 18.99 -6.55
5,97 20.3 19.55 16.93 -6.78 4.27 17.15 23.80 17.65 -6.95
7.46 22,86 15.65 14,41 -4.88 5.22 18.76 21.02 16.99 -6.23
9.07 25.65 11.69 10.14 -3,57 6.33 20.57 17.57 16.3% -5.79
10.77 27.68 6.46 7,70 -2.49 7.81 23.37 15.32 13.01 -4.43
12.70 29.48 3.08 3.66 -1.22 9.62 26,44 10.36 B.94 -2.92
14.69 30.39 1.38 1,13 -0.26 11.40 28.31 4.78 6.60 -2.11
16.69 30.97 0.59 0.50 -0.15 13.40 29.92 2.28 2.28 -0.62
15.14 30.5% 1.32 0.94 -0.36
Station la(ll,1) Station Ia(ll,2) Station Ia(11,3) Station la(ll,4)
u, = 30.92 (fps) u, = 30.89 (fps) u, = 30.75 (fps) u, = 30.80 (fps)
¥ ¥’z uwr ¥ u v'2 ¥ u'z uv u u'? 2 ahv
lft ] [!’t’ ‘_z L fe | }I:k’ ]lﬂ’ } ‘ :" 1 ’ l't’ I: ] Ifl.' fr2 lf:’
(in.) sec’ sec!l sec? (in.) I'sec sec? (in.) sect (in.) lsec) stc! sec’
1.16 7.68 20.18 2,23 1.15 8.75 0.90 -1.94 0.99 6.03 16,03 2.28 -1.92 0.8 7.28 15.42 1,37 -2.18
1.52 12.20 25.70 5.02 1.41 11.62 4.56 -3.03 1.34 11.4) 20.12 7.31 -2.54 0.96 B8.76 17.61 2,20 -2.06
1.95 14.35 16,12 9.80 1.82 14.50 B.17 -2.47 1.70 13.40 24.83 B.95 -2.87 1.92 13.52 22.48 9.42 -3.03
2.49 15,42 16,49 11.73 2.25 15.45 9.08 -2.88 2.27 15,12 20.62 10.04 -2.18 2.75 15.74 20.42 10,24 -2.76
3.12 16,45 18.68 9.37 2.85 16.32 10.70 -5.02 2.93 16,40 19.79 9.66 -2.44 3.94 17.82 19.05 8.9 -3.6&0
4,04 17.82 18.22 8.22 3.96 17.91 7.19 -5.50 4.10 18,09 19.22 B.88 -4.51 5.28 19.88 16.72 B.19 -4.01
4.68 18,78 16.85 B.B4 5.20 19.72 7.88 -4.84 5.42 20,02 16.52 8.39 -4.73 6.71 22.12 15,56 6,70 -3.74
5.69 20.35 15.56 7.9 6.92 22.20 6.48 -4.18 7.11 22,55 14,78 5.84 -3,51 B.35 24.43 12.63 5.35 -2.92
6.98 22,40 15,18 5,86 8.93 25.18 4.82 -2.71 8,82 25.04 10.93 4,73 -2.90 10.15 26.60 9.03 3,10 -1.95
8.42 24,73 12.32 5.19 10.63 27.21 3.80 -1.49 11.41 27.82 7.62 2.25 -1.4 12.50 28.72 474 1.67 -0.58
9.79 26,44 8.34 371 12.84 28.82 1.38 -0.52 14.02 29.31 2.21 1.52 -0.50
11.63 28,02 5.46 2.07
13.26 29,06 2.53 1.22
Station la(ll,6) Station la(ll,8) Station la(11,10) Station la(l12,1)
u, = 30.89 (fps) u, = 30.90 (fps) b, = 30.93 (fps) u, = 30.70 (fps)
¥ .z '-: u;- y ’ t;" u_';ﬁ' ¥ '3' v;? w y Wz vz wy
fr £t ] t ’ fr fr ft fr? fr? 2
(in.) } [socf sec? | (in.) [uc l l I lin.) ] ' uf.’ t l (in.) l ‘ I {%’l [“ l
0.95 8.51 12.93 73 -3.03 0.28 5.78 5.32 370 -0.34 0.17 4.86 4.59 1.89 -0.51 26,16 3.68 -3.48
1.06 9.62 14.03 5,19 -3,33 0.38 6.03 5.72 4,77 -1.08 0.38 6.75 5.98 2.74 -0.56 5 25.57 S5.57 -2.86
1.25 10,00 15.88 7.98 -3.76 0.54 6.98 6.78 6.17 -1,72 0.74 8.3 10.18 6.64 -1.07 1.69 14.62 19.48 9.02 -2.42
1.95 12.76 21.06 9.59 -3.65 0.77 7.83 7.81 6.44 -2.33 1.21  9.58 11.56 B.02 -2.58 1.95 15.38 15.83 10,25 -3.47
2.67 14.78 il.62 9.62 -3.33 1,12 9.21 12.42 9.20 -3.93 174 11,13 15.62 9.16 -4.61 2.14 15.62 16.10 10.38 -4.04
3.86 17,02 18.35 8,95 -4.08 1.63 10.12 16,53 9.46 -3.59 2.43 13.22 18.43 10,18 -5.62 2.9 16.42 18,18 9.40 -5.85
5.38 20,01 17.11 B8.17 -4.89 2.24 13.24 17.89 9.93. -4.60 3.12 15,23 19.76 9.29 -5.90 3.69 17.35 19.38 9.45 -5.67
6.92 22,66 14,72 6.51 -4.15 2.88 14.98 20.88 9.83 -4.63 4.16 17.49 19.13 B.42 -5.46 4.57 18.52 18,02 8.37 -5.56
8.52 25,02 12,22 4.71 -3.18 3.78 16,75 19,80 B.94 -5.42 5.36 19.83 17.22 7.47 -4,91 5.92 20,50 16.11 8.18 -4.50
10.38 27.12 9.13 3.45 -1.%0 4.95 19.08 17.71 8.21 -5.12 6.83 22,18 15.08 6.17 -4.03 7.35 22.62 14.37 5.87 -4.01
12.62 28.99 4.35 1.07 -0.74 .47 . 6.75 -4.09 B.48 24.32 12.44 495 -2.77 9.23 25.66 9.89 4.15 -2.56
B.41 5.00 -3.28 10.19 26,35 B.64 3,11 -1.94 10.38 27.03 B.60 3.24 -1.83
10.29. 3.07 -1.92 12.30 28.38 4.92 1.33 -l.l10 13.62 29.08 2.73 1.21 -0.45
12.56 1.26 -0.99 14.73 29.92 1.79 0.61 -0.28
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VII TURBULENCE DISTRIBUTIONS FOR RUNS I,
II, Ia, AND IIa - Continued

Station la(12,2) Station la(12,3) Station Ia(12,4) Station la(l2, 8
u_ = 30.70 (fps) u = 30.68 (fps) u_ = 30.80 (fps) u, » M.ed (fps)
& a a
¥ u u'? uv' ¥ v" u \r‘ ¥
ft it I!’t" ] ] [f:’ } fr? [
(in.) ll';e? sect n:? sect (in.) llsec sect [ne:!J sec1 (in.h
.12 7.e2 21,06 1.83 -1.53 .02 7.35 17.15 1.37 -2 §.05 .83
1.15  B.01 20.95 6.51 -2.53 1.21 10,03 21.42 2.48 -2.7T0 1.78 6.02
.76 14,28 22,93 6.88 -2.69 1.2 13.13 24,29 4,85 -2.76 2,11 9.2
2,61 lo.4E 17.04 9.99  -4.04 2,15 15,52 I2.84 B.20 -2:4b L85 9.39 9.4
2.86 1o.71 18,54 10,14 -5.05 2.8 16,65 20.06 9.20 -3.95 4.15 8.52 ]
3.87 17.88 18,90 9.83 -5.26 4.19 18.42 18.17 8,15 -4.52 5.55% 7.49 TabT
5.38 19.7¢ 17.03 T7.86 -4.52 5.51 20,35 16.47 7.60 -4.70 6.90 b.44 T.el
T.64 22,85 13,00 0,18 -3.55 7.02 23.08 14,60 5.76 -3.9] B.52 4.73 4,83
10,20 26.4¢  B.02 3.5 -2.02 10.10 2e.31 8.95 2.89 -2.02 111.29 .14 3.31
12.74 28,02 441 1.2 -0.77 12,72 28.73  4.45 0,95 -0.T6 12.45 1.37 .73
Station la(l2,8) Station Ia(l2,10)
u = 30,91 (fps) u, - 30.95 (fps)
¥ v 7o
ﬂ’ { f:-’ ‘"—‘11 r:-f j {n? lll:" ]
un.) sev 1 sec? | \sec? Lin.) suu sec’ Frrd
0,33 563 5,45 3.18 -0.82 046 L.9% 6,45 5.24 -).0%
0.57 6.58 .03  b.15 -1.43 0.72 7.89 8.9 o6.74 -1.30
0.98 8.42 12.12 6.99 -2.88 102 8.6 10,49  T7.96 -2,61
1.58 10.353 16,99 B.63 -4.02 .45 10,24 14.57 8,83 -3.25%
2.21 13.30 18,13 9,43 -4.10 2 39 12.51 17.52 10.20 -5.72
3.26 15.82 20.40 9.98 -5.29 2,33 B8 19.36  9.73 -6.02
4,69 18.62 18.45 B.U5 -4.9b 6.!1 17.02 19.82 8.82 -5.70
6.32 21,11 15,53 7.34 -4.21 ool 20,85 16,44 T.I1 -4.34
B.41 24,23 12.%0 4,47 -2.91 8.17 23.72 13.91 5.24 =310
10,56 26,89 8.21 2,12 -1.482 .30 26.71 9,81 2.78 -1.83
Station Ila(lo, 1) Station 1la{l0n,2) Station [la(l0,3) Station Ila(l0,4)
u, - 31.17 (fps) u, - 31,16 (Fps) . 31.16 (fps) u, * 31,22 (fps)
¥ vt why' v wte o une ¥ u uz o wE o g wr o oy u'v'
j‘ fv‘ fr £t j ] f:' Hrv' } I'n’ £t | (fe? ) [n? H!c? l } t‘t’ !‘t’ ] 1 gl
fin.) isec VSec? secs SeCe tn._} sec sec7 | | sec? tin.) i3ec) isect) sec? sec? {in.) (sec’ sec? se’
1,37 9.35 24,78 18.27 -5.20 A1 Al 7.44  B.66 -0.94 1.13 7.2 22,06 10.30 1,22 .79 5.5 16,38 7.40 -D,38
I.68 11.85 29.52 14,98 -4.48 L% b8 1614 11,19 -1.58 1.41 8.7 25,68 14.38 -2.85 1.13 7.1 21.18 10,02 -1.59
1.99 12,41 25.11 I5.09 -4.50 1.42  H.8 25,49 16.89 -5.15 1.87 .6 20.74 18.61 -4.43 1.49 1.0 22,42 12.85 -3.11
2.32 13,24 24,17 15,88 -5.63 1.37  11.2  33.32 21.08 -6.41 2.51 12.65 30.27 20.55 -5.76 1.89 12.45 25.90 15.82 -4.37
2.89 14,84 26,83 14.32 -6.15 2.51 13,2 25.82 15.66 -5.56 3,35 14,8 26.48 17.77 -6.58 2,65 14,9 28,71 18,12 -6.13
3.45 16.1¢ 216.8B3 15.75 -6.65 3.35 149 27.81 17.72 -b.6b 4.34 15,9 23.88 17.75 -6.21 3.42 15.39 27.92 18,49 5,535
4,25 17.4T 24,41 17.70 -7.3b 4,31 16,73 23.16 17,55 -7.37 5.48 19.20 20,94 16.16 -6.70 4.5% 17.79 22,74 16.71 <6.78
5,11 1.9 21,18 17.40 -6,67 5.49 19,11 21.56 16,97 -6.73 6.66 21,43 16,72 15.16 -5.52 5,76 20.08 19,20 16.01 -6,32
6.31 21.52 19.45 15,72 -b6.01 6.33 21,09 19.37 14,35 -5.17 7.79 23.63 15,54 12.30 -4.58 7.50 23,27 15.8 13.97 -5.19
7.80 23,65 14,82 13.56 -4.35 7.35 23.54 16,17 11,35 -4.4 9.27 25.72 10.66 9.95 -3.56 9,31 26.06 10.89 8.78 -3.7%
9,55 26,57 9,84 9,15 -3.26 9,25 25,50 11.91 9,49 -3.05 10.81 27.45 5.49 6.19 -2.44 11,20 28,20 6.17 5,99 -j.34
11,36 28,68 5,24 4,01 -I.06 10.78 27.58 6,689 5,98 -2.33 12.52 23.13 3.08 3.49 -0.87 13.26 19.91 2,53 2,87 -0.37
13.17 29.8% .28 2.B4 -D.48 12,33 29.1% 3,63 3.38 -1.07 14,64 33,10 1.40 1.55 -0.32 15.54 30,71 1.27 0.3 -p.12
14.93 30,64 117 1.75 -0.23 14,55 30,20 1.51 1.43 -0.29
Suation Ila(10,7) Station Ila{iD,8) Station 11a(10,9) Starion Ila(10,10)
u, = 31,22 (fps) u, = 31.24 (fps) u, - 31.36 (fps) vy 31,21 (fps)
¥ u'vt v u U" e ¥ u i ¥ ||"‘ v" uig?
ft‘ ]lr:? 7 fr n? ft" ”ﬂ’ iﬂ ft’ ft" r:’ j £
(in.) 5=¢ SEE! Sets sect (in.) isec uc’ t:’ wc? {in.) E?c_] se:’l lu:s sect (in.} ‘secti Isec sec
1.02 4.7 14,36 12.85 -2.26 L4l 3.8 10,47 6.85 -1.31 1.25 7.8 19.60 12.45 -1.80 1.16 7.33 19.09 10,42
1.19  8.04 20.67 16,65 -3.,71 1.33 B.6 24,56 14,53 -2.03 1.59 3.5 .25.39 13.98 -3.33 1.48 10,12 12.98
Lo 11,0 29,76 15,39 =5,00 a2 1.4 32,50 21,71 -6.54 2.0 11,5  29.86 20.65 -5.78 1.93 12.50 §5.21
2,24 13.1 23.52 15,95 -5.53 2,56 13.4 26,07 16,73 -6.06 2.78  13.4 29.29 19.19 -6.48 .63 11,73 18.14
2.89 14.7 26,64 17.36 599 3.46 15.1  26.51 18,02 -6.28 3.69 15.0 25.75 18.54 -6.47 3.38 17.74 19,19
3.74 16.15 25,93 17.45 -6.55 4,50 16,935 23,69 17.58 -6.95 4.86 7.1 21,79 16,72 -6.62 4.55 18,49 17.94
4.71 18.58 22,17 17.18 -7.08 6,10 19.96 19.38 I6.10 -6.3] 6.36 23.71 I18.10 16.02 -5.78 B.15 20.76 15,83
6.15 20.87 17.86 15,95 -5.91 .90 23.2 13.96 12.45 -4.57 B.13 23,65 14.24 12,52 -4.09 7.84 i % 2.3
7.80 23,95 14,11 12,47 -4.92 9.73 20.03 8.88 8.58 -2.,99 9,92 25.34 9,82 8.35 -3.26 8.40 25,7 11,16 8.11
9.56 26,64 9,31 9.08 -3.04 11,75 28,15 5.25 4,66 =-2.03 12.06 23.73 4.41 4,07 -1.46 1¢.84 27,71 6.19 b.85
11.54 28.70 5.18 5.21 -1.63 14.02  30.06 103 L.61 -D.57 1434 3,12 1.07 1.67 -0.34 12.34 1.58 304
13.83 30.27 1.B8 1.80 -0,39 1402 =0 1S
15.28 [L b 0,88




116

TABLE A.1 ERRORS IN TOTAL HEAD AND STATIC HEAD
MEASUREMENTS FOR STATION V(12)

AH
Ht ﬂHt HS AHS H AH |
(mm Hg) (mm Hg) (mm Hg) (mm Hg) (mm Hg) (mm Hg) (mm Hg)
.006 .0006 -,.09 .002 .084 .00209 .0249
.019 11 -.079 .002 .098 .00209 .0213
.044 .002 -.0708 .002 .1144 .00283 .0247
.077 .002 -.0651 .002 .1421 .00283 .0199
P [ .006 -.0602 .002 .1712 .00632 .0369
.141 .006 -.0571 .002 .1981 .00632 .0319
+ 172 .006 -.0589 .002 .2259 .00632 .0280
a2 .006 -.0518 .002 .2618 .00632 .0241
« 251 .006 -.0483 .002 .2993 .00632 .0211
.296 .006 -.0465 .002 .3425 .00632 .0185
.340 .02 -.0390 .002 .3790 .0201 .0530
.389 .02 -.0375 « 002 .4265 .0201 .0471
.417 .02 -.0342 .002 .4512 .0201 .0445
.469 .02 -.0298 .0006 .4988 .0200 .0403
525 .02 -.0268 .0006 .5518 .0200 .0362
.570 .02 -.0240 .0006 .5940 .0200 .0337
.604 .02 -.0225 .0006 .6265 .0200 .0319
.638 .02 -.0200 .0006 .6580 .0200 .0304
.665 .02 -.0190 .0006 .6840 .0200 .0293
.665 02 -.0190 .0006 .6840 .0293

.0200




TABLE A.2 ERRORS IN TURBULENCE FOR STATIONS I(-4), T(0), I(2), AND I(5)

Station I(-4) Run I x = - 4 ft, Station I(0) Run x = 0 ft,
— u'2 m v’ — :'_2 \f'z o’
y wu /e? /e? /e? ol nd a2 sl ST y u ez /;F -@ e gl g 2 aaT
(inches) (fps) (volts) (volts) {\rolt_s)‘ sec"] sec (seczj v_.é u'v! (inches) (fps) (volts) (volts) (vultsjtsec ) (ssczl I'sa: ) viZ gyt
0.12 14.8¢ .149 .0337 ,0255 7.15 0.34 -1.09 2.53 .159 1.12 16.83 .087 .0503 .01e2 2.91 12.21 -5.89 068 .065
0.23 17.03 .145 .0328 .0262 8.09 0.69 -1.03 1.41  .188 1.30 19.01 .097 .0481 .0166 4.15 12.34 -6.26 .074  .063
0.50 19.01 .126 .0297 .0235 6.99 1.33 -1.02 636,174 1.44 20,22 ,104 .0473 .0174 5.17 12.14 -6.39 .082 .064
0.83 20.36 .115 .0279 .0218 6.39 1.58 -1l.02 .492 163 1.94 21.83 .101 .0397 .0171 5.37 8.45 -4.67 102 067
1.18 21.06 .107 .0265 .0202 5.75 1.63 -1.01 .431 .152 2,17 22,26 .099 .0369 .0164 5.30 6.99 -4,08 .115  .068
1.89 22,13 .101 .0258 .0195 5.50 1.96 ~-1.05 .345  .145 2,65 23.06 .090 .0312 .0154 4.58 4,85 -2.87 134,072
2,82 23.78 .087 .0203 .0197 4.54 1.83 -0.97 L3053 .124 3.30 23.96 .085 .0274 .0143 4.29 3.44 -2.23 .168 075
4.28 25.29 .080 .0212 .0148 4,05 1.02 -1.02 .308 .111 4.13 24.85 .079 .0251 .0138 3.97 2,99 -1.89 176,077
5.77 26.56 .070 .0184 .0131 3.33 1.26 -0.78 .324 116 5.34 25,90 .072 .0220 .0l22 3.39 2.25 -1,52 .196 .077
7.67 27.73 .061 .0l66 .0113 2.67 1,20 -0.73 .275  .103 6.88 26.82 .065 .0193 .0l114 2.93 1.74 -1.15 .215 .082
9.68 28.82 .046 .0131 .0088 1.57 0.94 -0.49 .211  .100 §.49 27.70 .060 .0l67 .0108 2:55 1.24 -0.81 .257  .093
11.04 29.40 .035 .0096 .0070 0.94 0.52 -0.23 225 .119 10.07 28.50 .051 .0142 .0092 1.94 0.89 -0.59 271 095
13.01 29.89 .021 .0056 .0045 0.36 0.18 -0.06 .246  .166 11,92 29.35 .037 .0078 .0074 1.08 0.55 -0.33 .229  .065
15.27 30.08 .013 .0032 .0029 0.14 0.06 -0.01 .283 .357 13.78 29.8 .024 .0072 .0050 0.45 0.37 -0.14 157 .110
Station I(2) HKun I x = 2 ft, Station I(5) PRun I x =5 frt,
ey e A | T S S
u v u'v — — u v u'v —_— —
¥ u v"ezz J’L:i? Jl? 2 2 2 &;Tz hdu'v? ¥ u /ec',_z /.T_é /e_ii 2 £12 y ft2 ﬁ Autv?
(inches) (fps) (volts) (volts) (volts)(ﬁ(‘?‘ tf:?? (se:z‘ viZ iy (inches) (fps) (volts) (volts) [volts][sec] tsec "sm:JI '\,_-I u'v'
1.10 10.42 .182 .058 .040 6.81 7.92 -2.73 L1310 .131 1.10 10.02 .184 .0549 .0420 6.78 6.74 -1.78 145 L1706
1.21 11.83 .184 .057 .034 8.16 6.69 -3.65 173 100 1.20 11.22 ,197 .0595 .0420 8.77 8.05 -2.83 155 L 140
1.39 13.11 .197 .065 040 10.68 11.65 -5.01 .136  .106 1.38 12.11 .208 .0611 .0432 10.78 8.60 -3.27 L1730 .138
1.64 14.28 .204 .069 .040 12.80 14.31 -6.70 133 .096 1.61 12.93 .216 .0658 .0436 12.61 10.85 -4.62 163 118
2,01 le.ue .224 .072 .041 17.82 15.74 -8.50 .159 .092 1.96¢ 14,05 .238 .0713 .0459 17.00 12.01 -6.65 LA93 0 L 1u3
2.61 18,62 .237 .0705 .0408 24.20 14.58 -9.89 .218 .088 2.61 15.83 .248 .0707 .0434 21.53 11.09 -7.59 .253 V1]
3.39 21.35 .210 .0599 .0356 22.57 10.79 ~-8.24 .267 .088 2.34 17,75 .241 .0651 .0417 23.38 9.01 -7.02 L3268 L 103
4,46 23.78 .136 .0389 .0231 10.96 5.12 -3.97 .271  .086 4,48 20.62 .212 .0572 .0372 21.98 8.42 -6.41 327,102
5.38 25.02 .096 .0264 .0175 5.79 2.62 -1.69 276,100 5.38 22.55 .187 .0503 .0341 19.22 7.82 -5.20 .306  .lus
6.62 26.24 ,078 .0198 .0140 4.05 1.10 -0.91 446 .113 6.61 24,72 .144 0375 .0258 12.74 4.22 -3.18 .370  .lus
8.07 27.28 .065 .0175 .0l120 2.94 1.25 -0.78 .291 .106 8.08 26.55 .098 .0266 .0185 6.53 2.95 -1.71 L2274 10y
9.70 28.16 .058 .0154 .0l04 2.43 0.92 -0.65 .323 .101 9.69 27.83 .067 .0179 .0130 3.21 1.49 -0.7¢ L2600 L 119
11.50 29.03 .048 .0127 .0088 1.79 0.60 -0.43 .363  ,108 11.47 28,75 .051 .0l141 .0098 1.96 0.98 -0.53 .249 w7
13.66 29.88 .032 .0087 .0062 0.83 0.36 -0.20 .283 114 13.39 29.40 .040 0099 0077 1.24 0,37 -0.21 L4403 144
15.65 30.01 .019 .0058 .0042 0.30 0.26 -0.09 149 113 15.74 30.01 .025 .0070 .0054 0.51 0.32 -0.11 20 140

LLT
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FIGURES
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Figure 2 Cole's wake function
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Figure 8

Typical calibration curve of the normal
hot wire during one day of operation
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Figure 68 Wind reduction rate of L = 12 in.
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Figure 69 Wind reduction rate of L = 18 in.
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