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§1.  Introduction.

It seems that the thickness of a turbulent boundary layer formed over
the rough surface which is artificially made with windbreaks is a function
of roughness parameter, distance between windbreaks and distance from
leading edge of the windbreak. On the other hand, the roughness parameter
is also a function of windbreak height, distance between .windbreaks, distance
from leading edge of the windbreak and uniform velocity of a wind tunnel,
in the downstream region near the leading edge of the windbreak.

Many experimental and theoretical studies about the turbulent boundary
layer including the internal boundary layer problem have been carried out,
but in many cases there is a large enough fetch in the tunnel to avoid lead-
ing edge effects. Recently, Sugawara et al. (1978) have examined variation of
the thickness of the turbulent boundary layer with downstream distance but
they do not deal with the downstream region near the leading edge as we
do. Igbal et al. (1977) have dealt with mainly the roughness effects of multi-
ple windbreaks. It seems that no practical expression of the boundary-layer
thickness in the downstream region near the leading edge has been found.

Then we try, in the present paper, to express the boundary-layer thickness
in the downstream region near the leading edge (x/z,<10®) by an empirical
formula under the condition of neutral state.

§ 2. Experimental procedure.

The basic facility consists of a small wind tunnel of the suction type
(Fig. 1). Its test section is 30 cm high, 30 cm wide and 3m long. -

. Three kinds of height of aluminum strips (celluloid was used only for
h=0.5cm) were used for the windbreaks, each height (k) of these strips was
5, 10 and 13 mm, respectively. '

* Department of Physics.
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Fig. 1. Outline of the wind tunnel : test-section, length 3 m,
width 30 cm, height 30 cm.

Three kinds of distance between strips, that is, d=5, 10 and 15cm were
adopted. Hence spacing ratio d/h ranges from 3.8 to 30.

Four kinds of wind velocity (U.=1, 2, 3, 4m/sec, approximately) were
selected. Experiments have been carried out by combination of the above
mentioned conditions.

All velocity data were obtained by constant-temperature hot-wire anemo-
metry. That is, the hot-wire (diameter: 54, length: about 2mm) was trav-
ersed vertically (speed of traverse is 18 mm/min) and the output of the

anemometer was recorded on a chart.

8 This is a trace of fluctuating wind
velocity, so the curve which passes

through the center of fluctuating trace

was drawn by the eye and mean wind

velocities at each height were obtain-

ed from this averaged curve. The

- . vertical distribution of mean wind
velocities obtained from the above-
- he5mm mentiored method was compared with
4210 cm that obtained from averaged values
x=235 cm (averaging time: 2 min) at each height
of 1,2, 3, 4,5, 6, 8 and 9cm in Fig. 2.

In this case, the experimental condi-
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Fig. 2. Comparison of the two edge x=235cm (d/h=20). It is seen

methods of measurement of from the figure that the two cases

mean wind velocity. coincide with each other very well.
O: Traversing method . .

x : Averaged value for 2 min Hence, we adopted this traversing

method in the present experiment.

In order to avoid the effect of vortices from individual barriers (strips),
velocity traverses were taken only in the range of height (2) about 1.5 A<z=d.
Velocity data for 3 A<z were employed to obtain values of roughness param-
eter z, and friction velocity vs.. But no logarithmic wind profile was obtained
at a distance shorter than x=35cm. ,

The boundary-layer thickness § was estimated from the velocity traces.
That is, the height at which the turbulence could not be recognized was
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adopted as . As the boundary is changing intermittently, some errors are
unavoidable in this traversing method. The vertical distribution of mean

wind velocity was measured at the middle position of every distance between
windbreaks.

§3. Experimental results.

Variations of the boundary-layer thickness d(x) with x obtained from the
experiments are shown in Figs. 3, 4 and 5, where x indicates a distance
downwind from the leading edge of windbreak as shown in Fig. 1. The
ordinate shows non-dimensional boundary-layer thickness d/z, and the abscissa
non-dimensional downstream distance x/z,, where z, means roughness param-
eter. The curves shown in these figures are those calculated from the
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Fig. 3. Variation of the thickness of the boundary-layer
with distance downwind from the leading edge for
the case of d=5cm (h=5, 10, 13 mm).
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Fig. 4. Variation of the thickness of the boundary-layer

with distance downwind from the leading edge for
the case of d=10cm (h=>5, 10, 13mm).
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Fig. 5. Variation of the thickness of the boundary-layer
with distance downwind from the leading edge for
the case of d=15cm (h=5, 10, 13 mm).

empirical formula to be described later in the paper.

It is evident from these figures that the curves express the experimental
results very well and deviate from the straight line in the region of smaller
x (x/2z,<2x%10% approximately). It is also seen from these figures that the
curve shifts on the whole upward (toward increasing direction of §/z,) with
increase of d.

§4. Empirical formula.

It is known that the velocity profile in the turbulent boundary layer over
the smooth flat plate is expressed by the power law as given in the following
form,

/ .
%—:(%)1 ! (u is wind velocity at a height of z)

and if the turbulent boundary layer generates from the leading edge of the
flat plate d(x) is given as follows:

| 5<x):0.37(7’;:)”5x4/5 | (1)

Then, by using vertical eddy viscosity coefficient
K,=xvsz, (£=04, Kirmén constant) (2)

in place of molecular viscosity coefficient v in the above-mentioned formula
and further by dividing the both sides by z, Equation ("1) is transformed
into ‘

' 1/5 a5
o(x) :aﬁqs(%};_) i) (3)

2y ZO

This expression has already been obtained by Elliott (1958), but it is here
derived in a different way, where « indicates an empirical constant. This
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expression is applicable to the region of larger x.

In the present paper, we adopted a method of correcting Eqﬁation (3) so
as to fit it well to the experimental results mentioned above. Following three
corrections were made, that is, '

1) correction for application to the region of smaller x,

2) correction for variation of vy/U. with x,

3) correction for variation of 0 with d.

More detailed explanation on these corrections will be described in the fol-
lowing,

' 1) Figs. 3, 4 and 5 show that §/z, deviates from the straight line which

is applicable only to larger x, with decrease of x/z,. The term

{14 Be 7=/} (4)

is supplemented for expressing this trend, where 8 and 7 are empirical con-
stants.
2) Fig. 6 shows variation of v4«/U. with x. It is seen from this figure
that the relation ' ’
Ux

2 :0.57(;"7)"”4 (5)

(_.,Zt_)1/5:0.89(,§;>_0‘05

holds between vy/U. and x/z,.

that is,
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Fig. 6. Variation of non.dimensional friction velocity v4/U. with
non-dimensional downstream distance x/z, (d=5, 10, 15cm).

3) As seen from comparison of Figs. 3, 4 and 5, 8/z, shifts upward
parallel on the whole with increase of the distance between barriers (d), then
the term '

09( d \o.18 6
N za) (8)
is supplemented for expressing this trend, where 4d is difference in the
distance between barriers (d) and taken as 5cm in the present experiments:
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That is, three kinds of d (=5, 10 and 15cm) are adopted. Hence, values of
d/d4d are 1, 2 and 3, respectively.

The following formula will be obtained by giving the above-mentioned
three corrections, that is, 1), 2) and 3) to Equation (3), and by deciding each
empirical constant,

o(x)

2o

:0.243(—2% °‘”(Zio)m {1+2.43¢-0-015Cz1 02} 7

This is the empirical formula to be obtained.

But it is further necessary to obtain the relationship between z, and x,
in order to estimate J(x) at a downstream distance x from this formula.
Because z, varies with x and other factors in the region of smaller x.

§5. Estimation of roughness parameter z,

From the experimental results, values of z, in each case change with x
in the region of smaller x, that is, z, increases with x to x=x, (x,=97.5cm
in the present cases), becomes maximum there and decreases from then and
takes a constant value (zy.) for x larger than x’ (x¥’=216.5cm in the present
cases).

Therefore, it was tried at first to find the relationship among zp., 7 and
d for the region larger than x’ from the experimental results. As a result,

the equation
h d \1/4
<?;;‘>n_4'05(x_0) (8)

was obtained as shown in Fig. 7, where
51° {>, indicates mean value with respect
R to h. This relationship holds independ-
i ,0/0/0/ ent of wind velocity. Because the flow
is in equilibrium with the roughness in
: C 1l L this region.
0.02 %l 4/%e 05 It is expected that z, is a function
of h, d, U, and x in the region of
relatively shorter distance from the
leading edge. Hence it was tried to ‘
find this functional form experimentally from the experimental results. At
first, £ and » are defined as follows:

e— Zf): (_30_>1/4_?h0_ %)1/4

<h/Zcoo>i,

Fig. 7. Relationship between
<h'/20ee>h and d/xo.

(Ko 11 |

=h d) (z*om 2, (9)
_x_xO

=" (10)

and then ¢ is defined as {=<{K&>, >4, Wwhere ()>,>, indicates to take average



Dec. 1979 An Empirical Formula for the Thickness 67

value with respect to both 4 and d. Fig. 8 shows the relation between { and
7. In the figure,

O indicates the case of U.=1.16 m/sec

X indicates the case of U.=2.00 m/sec

A indicates the case of U.=3.12m/sec

+ indicates the case of U.=4.10 m/sec
and U. indicates the average value of 60 of U. in each case of tunnel veloc-
ities of about 1, 2, 3 and 4 m/sec.

Uw (cm/s)

o iie
x 200
A 312
+ 410

-0-5

Fig. 8. Relationship between { and 5 for each case of mean wind
velocity ({J») of 116, 200, 312 and 410 cm/sec, respectively.

Then, the empirical formula which expresses these experimental results
may be obtained as follows:

1) q:(2.02—1.44,71-7')(%>’°'6 for 0<y=<122

where U, indicates a reference wind velocity and is taken as U;=1m/sec in
the present experiment, that is, empirical constants 2.02 ‘and 144 are deter-
mined to satisfy U;=1m/sec. Hence U, may be omitted from the expression.
That is, { may be expressed as follows:

{=(2.02—1.449p""U.""¢ (11)

2) =0 for 1.22<y (12)
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3) {=2.02U,""*—1.06U.""**[n|"" for —0.63=9=0 - (13)

where U, is also omitted in cases of 2) and 3). The results calculated by the
equations (11) and (13) are shown by the curves for each case of velocities
(U.) in the figure. Experimental values coincide with calculated ones on the
whole except for the case of U.=4.10 m/sec, in which experimental values
are somewhat different from calculated ones.

Next, equatibns (11), (12) and (13) are rewritten as follows:

D = LY (a5 2000041440 ZT5) 7] for xsasx (14
2) Z’; =105(L)" for w'2x | )
2 —zo' h(")n [405 2,020+ 1.06 V.42 xxoxo ]

for 36.lcm=x=x, (15)

where the reference velocity U, is omitted in equations (14) and (15). That
is, the value of z, must be estimated for each region of x, as mentioned
above. In the present experiment, x,=97.5cm, x'=216.5 cm.

Further, for larger x (216.5 cm<x) Equation (7) is reduced to

Lozl (1)

that is, 6(x) is proportional to x®*,

On the other hand, as previously mentloned the thickness of the turbulent
boundary layer over the flat plate is expressed by Equation (1), therefore,
d(x) is proportional to x*/5.

It was impossible to confirm whether 6(x) was proportional to x** or to
x*% in the Wlnd tunnel used in the present experiment as the length of the
tunnel was only 3m long. There-

—

500 e fore, the results of comparison
- e e 5 P by using the observational data
S 2 in the field obtained by Bradley

ook /X;/’ (1968) are shown in Fig. 9 (cf.
© 5 Fig. 11 in Bradley’s paper. Com-

SoF »X parison of the modified region
,o'/o with boundary layer growth over

o a flat plate. But the comparison

10 I IN was made only for the case of
! " Feren 1o . 100 tarmac-spikes transition, that is,

Fig. 9. Variation of the thickness of the smooth-rough  transition). It is

internal boundary layer with fetch difficult to find difference in the
(x) for the case of tarmac-spikes two formulas from this figure.
gg;l?xtlgmé(s (ﬁit;r Erzq]legigibsérg: In the figure the mark 0O indi-

Aug., 1964) cates value observed on 26, Aug.,
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the mark X those on 27, Aug., the mark O those on 30, Aug., respectively.

§ 6. Discussion.

The difference (6/2¢)cai—(6/20)ops fOr each x/z, was obtained and

)"

was estimated for each d, where (6/z,).a is calculated non-dimensional bound-
ary-layer thickness and (6/z,)ops 1S Observed one. From the results of estima-
tion of the above-mentioned o,

c=12 for d=5cm
=14 for d=10cm
oc=1.2 for d=15cm

were obtained, where () means that average is taken over all the experi-
mental data, hence ¢ indicates a kind of standard deviation.

The roughness parameter z, gives maximum value at x=97.5cm, but its
reason cannot be found. It is planned to make its cause clear in future by
examining the turbulent structure of the flow. The limits of application of
the empirical formula proposed in the present paper is not confirmed clearly,
but it may be considered to be valid at least under the conditions dealt with
here. Further experimental tests will be necessary to establish its universality.

§7. Summary.

The results obtained are summarized as follows:
when d, h, 4d and U.. are given,
1) =z, is estimated from Equation (15) for x in the region of

b.lecm=x=Zx,
2) z, is estimated from Eqﬁation (14) for x in the region of
Xo=xZx
3) z, is equal to zp. from Equation (8) for x in the region of
| X' =x

therefore, from Equation (7), that is,
o(x)

2y

:0.243(7‘2— (S 2z oo
[

the value of § at a downstream distance x may be estimated.
In the present experiment, 4d was given as follows:

4d=5cm, that is, d/4d=1, 2, 3

and x, x’ were obtained as follows:
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x%=97.5cm

x’'=216.5cm
Further,

9(x) :0.243(7,‘%)°'18(

Qoo

X )3/4
2y

for x in the region of 216.5cm=x and 06(x) is proportional to x3/*
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