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SUMMARY

The status of the spire-~roughness technique
for planetary boundary layer simulation is briefly
reviewed. The last report on the subject was in 1972 and
since then the technique has been applied to a wider
range of boundary layers and a much greater body of
data has been accumuiated. A design method is given
with particular emphasis on triangular spires which it
is suggested are as goed as those of more complicated
geometry. Results of spire drag measurements are
described with due attention to blockage and interference
effects. Finally, results from a number of spire

generated boundary layers are collected together and

compared with full scale data.
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NOTATION

Cp

[ae]

Cf

cross-sectional of the working section

total frontal area of the spires

base length of a triangular spire

measured drag coefficient

true drag coefficient including aerodynamic interference
from adjacent spires

true drag coefficient of an isolated spire

floor friction coefficient

k/{1+K)

width of working section

interference factor, Cp /Cp

height of working section

H(1 =~ 2w” /Hd)

height of spire

integral scales, defined as the area under the correlation
curves for u and w respectively in the x direction
integral scales, defined as the area under the correlation
curves for u and w respectively in the y direction
number of spires

static pressure

height of ramp

mean wind speed

U averaged with respect to height

lengitudinal and vertical turbulence velocities; w is also

- iii -




used for the fillet width in Section 2.5

u', w roct-mean-square values of u and w respectively -

X0 distance downstream of the spires
X, ¥, Z along wind, across wind and vertical coordinates respectively

” power law exponent, Equation |1

. H 1+

= SE 2

-E HE Tt+a

Sy distance between spire centre lines

8 boundary layer thickness

8¢ (1-w?/48d)

&% displacement thickness

n Up/Up,

g blockage factor

Tei - 1

K pressure drop coefficient (pp pB)/(zOUAe)

0 alr density

v Equation 19
Subscripts
1,2,3 station numbers, Figure 3

A,B station letters, Figure 7
e external to boundary layer




INTRODUCT I ON

The initial work of the Low Speed Aerodynamics Laboratory on
methods of artificially generating thick boundary layers that simulate
the planetary boundary layer began in 1968 and is described by Temp]in(1).
The object was toc generate a thick boundary layer without having a long
upwind fetch, thereby enabling the full potential of aeronautical wind
tunnels to be realized for wind engineering work, despite the low Jength
te height ratios of their working sections. Further developments and
the emergence of the spire-roughness technique are described by Campbel!

2) (3)

and Standen( , and Standen , the last report being written in 1972.
Since then a large number of wind engineering projects have been carried
out using the spire-roughness technique and the method has also been
adopted by other laboratories, An example of the use of the technique
in the ¥,A.E. 9mx9m wind tunne! is shown in Figure 1. [t has enabled
simulated boundary layers up to 4m thick toc be generated.

(2)

The original method used by Campbell and Standen te design

(%)

the shape of the spires was an adaptation of Cowdrey's method for the

design of grids. It centred around the form of the desired wind velocity

orofile
U (_z_)c‘ )
U S
e
whe re U = mean (time averaged) wind velocity profile

value of U above the boundary laver



z = height above the wind tunnel floor
5 = thickness of boundary tayer
o = a constant in the range 0.1 to 0.5

The spire shape was simply designed for a particular value of o and to

give acceptable lateral uniformity of the mean velocity profile at a
distance approximately six spire heights downstream of the spires. No
considerations of the turbulence intensity or length scale entered into

the calculation of the spire shape. Despite this, the spires were success-
ful in giving a fair simulation of the turbulence in a neutral planetary
boundary layer with the same mean veloctity profile as that produced by the

spires and roughness.

Experience since 1972 with a wide range of boundary layer
simulations, some of which is described in this report, has repeatedly
confirmed the success of the spire-roughness technique. However, a
consistent finding has been that Campbell and Standen's method of calculating
the spire shape required some improvement. The resulting spire drag was
too high, producing a boundary layer with too high a value of o and with
turbulence properties appropriate to the high o value. Thus, it became
necessary to make ad-hoc modifications to the spire shape in the wind
tunnel before an acceptable boundary layer simulation was finally obtained. -
An exampie of such an ad-hoc modification, made by Standen in Reference 3,
is shown in Figure 2. Ancother finding from experience has been that any

roughly triangular shaped spires will give an acceptable boundary layer

simulation at six spire heights downstream provided they have the correct




overall drag coefficient, are spaced laterally at intervals of approximately
hatf a spire height and are combined with the correct floor roughness.

In other words the fine details of the spire shape are not impertant. It
appears that the vigorous mixing process that occurs just downstream of

the spires rapidly obliterates the finer details of the spire imprint on

the flow and, in the presence of the floor roughness, produces a velocity

profile of approximately the power law form of its own accord.

In Section 2 of this report a new method of designing spires is
described, based on considerations of overall momentum balance. Particular
attention is given to spires that are triangular, since it appears
unnecessary te go to more complex shapes. The empirical assumptions used
are more directly applicable to spires than are those of Cowdrey's grid
method and the effect of floor roughness is included, Some discussion of
secondary effects such as fillets, ramps and blockage is also given. The
design method is compared with some existing data on spire-roughness
generated boundary layers in Section 3. Section 4 gives experimental
resuits on the drag of and flow around triangular spires. Section 5§
briefly reviews results from a number of past boundary layer simulations

with power law exponents ranging from 0.1 to 0.5 and compares them with

full scale data.




2, THEORY

2.1 Momentum Balance in a Rectangular Working Section

Figure 3 is a diagram of a wind tunnel rectangular working section -
the presence of fillets in the corners being, for the present, ignored.
Stations 1, 2 and 3 are identified in Figure 3 as being upstream of the
spires, at the spires and downstream of them respectively. The air velocity
and static pressure are assumed to be upiform over the working section at
Station 1. Often the spires are situated just at tHe entrance to the
working section with the contraction immediately upstream, which will tend
to result in some non-uniformity in the oncoming flow that is ignored here
{and in Campbell and Standen's method) for simplicity. At Station 3, the
static pressure is assumed to be uniform and the wind velocity uniform
laterally, but not vertically because of the boundary layer of thickness §
on the working section floor. Treating the interior of the working section
between Stations 1 and 3 as a control volume, the momentum balance can be
written in words as

force due to pressure drop from Station 1
excess of momentum flux to Station 3

at Station 3 over that at =

Station 1 - reaction force of the spires on the air

- frictional forces of the floor, walls and
ceiling on the air

First, the nature of the frictional term will be briefly examined. The ’
frictional forces on all surfaces other than the roughness covered area of

the floor can reasonably be neglected. The size of the frictional force on the

roughness covered area depends on, among other factors, the distance from




-

Station Z to Station 3. In normal applications the wind tunnel model

is at about six spire heights downstream of Station 2, it being found
empirically that the mean velocity profile reaches a state of horizontal
uniformity at approximately this distance from the spires. The distance,
xp, from Station 2 to Station 3 is therefore assumed to be of this order.

The size of the friction force is then expressed as

. . -~ 1.42
Friction Force szeCfxod
where Cf = an effective surface friction coefficient
Ue = wind velocity abave the boundary layer at Station 3
d = width of working section
o = air density

The preblem of specifying a value of Cg will be discussed later.

The momentum balance equation can thus be expressed as

H
pdf U3dz - pUTHA = (py - p3)Hd - 3pUZCH Ag = 3pU%Cexgd (2)
o

where nunber subscripts refer to Stations,

H = height of working section
p = static pressure
Cp, = drag coefficient of each spire (based on frontal area) in

the absence of blockage but including the aerodynamic
interference of adjacent spires

[

and A = total frontal area of all the spires

The value of Uz is influenced by blockage effects and is the velocity,




commonly used for blockage corrections, of a fictitious uniform airflow,
unconstrained by walls or ceiling, that would produce the same drag on -
the spires as exists when the walls and ceiling are present. The treat-
ment of the spire drag is simpler in the present method than in Reference

2 where the strip assumption was used together with the assumption, implicit
in Cowdrey's method, that the wind velocity immediately upstream of Station
2 is the same at any given height as at Station 3. The strip assumption

is difficult to justify, because of the large scale, vigorous mixing that
cccurs downstream of the spires, and the second assumption, concerning the
velocity profile just upstream of Station 2, does not compare well with
measurements in the flow at the spire station described in Section 4.6.

The continuity eguation is
" 0 (3)
UH = f Usdz = f Usdz+ (H=-8)Ua 3
@] []

Since the power law, Equation 1, is assumed to apply In the boundary layer

al Station 3, it can be deduced from Equation 3 that

Ue 1
E W
H 1+
Above the boundary layer Bernoulli's eguation is valid. Hence,
D1*‘%OU? = Pa*‘%QUZ (5)

Eliminating U, from Equation 5 by use of Equation k., and re-arranging,

%Lp_[]-%—i - (——6—-——-; )—2——1 - (6)




Dividing fgquation 2 by %pui gives
2 2
JfH Us ) U,
——d-2Hd=—Lrl'Hd'—-— A
2do u;) °F 1pU2 0:/ Eoo’s
2
Ue
(ET) Cfxod (7}

The first term on the left hand side can be expressed as

H 2 2 H 2 2 8 2
2df B 4, = zdy.e.f Yslaz = 24{Ye f—L-I-i dz+H-8&
U, Uy Ue Us Ue
O [»] o}

which, from Equations 1 and 4, becomes

HY o\ (1 (L )
Us = \__H 1*2a
2d_0[ (Ul) dz 2Hd (F“S"Tz (8)

(1 _8 2o 5
\HTEZR) uy s pgfed— - 1) - 2
ZHd (l| _g o )2 sz Hd (i —§ o )2 1 (Ul) CDOAS
H H ‘
TEY C o (9)
H1+a

from which it is deduced that the expression for Ag/Hd is

A 2 2 ' 2
R gLy i 2 HE -2 -c59-(1-§a)(10)
d Uzf Cp, \'H {1+a)(T+2a) \H 1+o f H H1+ao
it is necessary, at some stage, to determine the ratio Ux/U;, which would

be unity were it not for the blockage effect of the spires. To obtain

Y , Maskell's blockage correction(S)
1

for bluff bodies will be used.




Maskell's correction can be expressed as

_L_j_z_ : = + -l—J-& ¥ 5.5_’.
(Ul) 1 8(U] CDO H

which may be rearranged to give

u Y o,
(Ug) 1 GCDO

where & is the blockage factor, lying in the range 1.0 (for two dimension-

it

(11)

al bodies) to 2.8 (for bodies with aspect ratios near unity). Substituting,

for %i in Equation 10 and rearranging, the following retation is arrived
at,
_ Hd
AS 1+y8 CDO (12)
where
= 2 _ Xxo 1+ _ 2
v 8(1 55 T BT 3 )/(1 B) (12a)
and
_ 8 o
% RTa

Equation 12 is a relation that the total area, Ag, of the spires must
obey if momentum is to be conserved, given that the downstream velocity
distribution i5 of the assumed form, i.e. is laterally uniform and obeys
the power law in the boundary layer. However, an arbitrary array of
spires of area Ag will not necessarily produce the assumed velocity

distribution and it requires additiomnal relations, empirical in nature,

to define the spire geometry completely.




2.2 Floor Friction Coefficient

The friction term in Equation 2 tends to be small in relation to
the other terms for the range of xo'considered in this report. Thus the
value of Cf does not have to be determined with great accuracy and the

assumption that is adopted here is that C_ is equal to the local skin

f
friction coefficient at Station 3. The floor roughness is assumed to
have been chosen to be appropriate to the reguired values of o and §
using the available roughness correlations, such as that of Wooding,

Bradley and Marshall(6) (7)

for example. Gartshore gives the following
approximate relation between the local skin friction coefficient, here

identified with C_, and o for boundary layers near equilibrium

F’
- o \°
¢, = 0.136(”&) (13)

Substitution of Equation 13 into the expression for ¥, Equation 12(a),

leads to,
_ 2 _5—0___ 013601 - 2

where again B stands for S—T%%au The approximation involved in assuming
that the boundary layer at Station 3 is near to equilibrium is acceptable

in view of the level of accuracy required for Cf.

2.3 Design of Triangular Spires at Half-Height Spacing

Far an array cof N triangular spires of height, h, and base, b

it is deduced from Equation 12 that the required base to height ratio is




given by
L z—THd Y (15)
h NhZ (1 +1p85€D0

where U is given by Equation 14, When the spire centre-lines are spaced

laterally at intervals of g-and when, in addition, %—goes into d exactly

N times, Equation 15 can be written

b _ H, v w20 5 IS (16)
h h = (T+ye)Cp, h (T+98)Cp,

There should usually be no difficulty in choosing the spire

height such that %? is an integer thereby ensuring that Equation 16 is

applicable exactly. For example, in a square working section this gives
2 132 3.2 L2l -4
3! 2? 5’ 3! 7; 'E, 9: 5,11---J-.

J is an integer, and there is even less restriction for rectangular working

a choice of D—from the values, 1,

v ., wWhere

sections where %—)1. In the interests of maintaining maximum lateral uniformity
of the flow the spire array should ideally be positioned symmetrically in

the working section. This results in the centres of the two end spires

being a distance %—from the working section walls so that the image effect

of the walls then effectively extends the array to infinity and the

interference effects for the end spires are nominally the same as for the

rest. When corner fillets are present some lateral non-uniformity of the

flow is inevitable near the walls but there is still some merit in retaining

the same spire arrangement as without the fillets, simply removing the area

of the end spires that would occupy the space cut off by the fillets. In

Section 2.5 the effects of fillets are discussed in more detail.




The empirical data required to make Eguation 16 useful in

calculating the spire shape are Cp , O and In Section 4 drag measure-
Do

7
ments on arrays of three triangular spires are described yielding CDO =
1.45 and & = 1.7 for spires with shapes in the range 0.05<&E< 0.20 at
zh spacing. However, comparisons with experiment in Section 3 indicate
2 may be as low as 1.0 for a full array mounted just downstream of a
contraction, Experience with splres of various shapes, some of which
were close to triangular, indicates that % at X, = 6h is slightly below

unity and increases gradually as & increases. Figure 4 gives some data

on %—from several wind simulations. The straight line

S = 07201+ 4) (17)

has been drawn to represent the data and any dependence of %—on g-has
been neglected. For the two points with flags the data were obtained at
X, = 4.5 h rather than 6 h and the experimental value of %—was increased
by 2% to correct for a 2% area contraction caused by the presence of a
ramp downstream of the spires. The value of § for each wind simulation
was determined as the height at which the power law that best fitted the
velocity data reached the free stream velocity. Substituting, CDO = 1.45

§ . ,
and FJ=O.72(I +ia) into Equations 14 and 16 the following expressions for

b/h and § are arrived at

b _ H /S 1
b s o W4y (18)

2 X0 0. 188

yoo= B(]+20{,+B-T(1+Ot)(1+%_‘(1))/(]_8)2 (19)




o
1+a

as before.

8
H

Equations 18 and 19 are the design formulae for triangular

where B =

h . .
spires at > spacing, with h preferabty chosen such that %? is an integer

in order to obtain the closest approximation to an infinite array.

& .
Figure 5 shows E—p]otted against o for a range of values of 7 assuming

%? = 6. Results are given for 6 = 1.0 and 1.7. |t can be seen that
the value of o produced by the spires is predicted to be more sensitive

to E-at the higher values of b The effect of increasing %—is to increase

h h’
the value of E—that is reguired to produce a given value of o, The reason
L . ] 6, .
for this increase IH‘% with mois that the pressure drop coefficient,
E%ébgi , Increases as % increases (see Equation 6), Since a greater
i )1 v

pressure drop acts so as to decrease @, more spire drag is required
in order to maintain o at a given valtue. Some of this comes from an
increase in blockage but the balance must be supplied by an increase in

b/h.

2.4 Size of the Floor Friction Effect

The effect of the floor friction is most easily seen in the

simplified case where g-is very small. The expression, Equation 18, for

% then reduces to

b C(1+la)a _ af1+ 20)
el 0.99L(1 N CETY) [1 0.56Tl +o¢)(1+%0.):| (20}

The effect of the floor friction is represented by the second term in the




square parentheses and it can be seen that the floor friction reduces
the required value of %. The percentage reduction is roughly proportional
to & in the interesting range 0<a<0.5 . Ffor o = 0,25 the calculated

reduction in E—is 15%.

2.5 Effect of Corner Fillets

In Section 2,1 the overall momentum balance in an exactly
rectangular working section was considered. The same considerations can
be applied to rectangular working sections with corner fillets, provided
some assumptions are made concerning the velocity profile over the fillets,
The effect of the fillets is generally small thus justifying the use of
fairly crude assumptions for the velocity over the fillets. With 45
degree triangular fillets, intersecting the walls, floor and ceiling at
a distance w from the corners, the cross-sectional area of the working

section, A, is reduced to
A = Hd-2w? . (21)

and the momentum eguation becomes

2 2 2
ijUgdA -oUA = (py-p3)A- %ouchoAS - %pUéCfxO(d - 2w) (22)

In the frictional term on the right hand side it has been assumed that

the fillets have no roughness. The continuity equation is

U1A = _/IJgdA (23)
A




The assumption that is now made concerning the vertical profile of

velocity over the fillets at Station 3 is that the same power law,

Equation 1, is maintained as elsewhere but that the boundary iayer vertical
depth is locally compressed in such a way that the top of the boundary
layer remains level with the top of the boundary layer in the central

part of the working section. The algebraic details will be omitted here
but the resulting expression for As, after carrying out the qrea inte-

grations in Equations 22 and 23, can be written in the form

- Hd
A = —ui"_(wwe T (24)

where = BE(i +22(1 t B - CF%EE)' a; : (1 'zd_w)) ( ) BE)2 (242)
BE - éﬁ licx \
E
6, = (1 ‘%%) f (25)
He = H(1 —%2— /

In deriving these results it was assumed that §>w. Equations 24 and
24(a) are identical to Equations 12 and 12(a), except that in place of

3 and H there are now the 'effective' values, SE and Hp, defined by
Equations 25. In addition the factor 1 -Eﬂ-multiplying the skin friction

d

term enters into the expression for y because of the assumption that the

fillets have no roughness,




A

Figure 6 shows the percentage change in ﬁ% that is required
-

acccrding to Zquation 24 in changing the fillet dimension from w = 0 to

w = 0.1 H in a square working section., The values of Cg, Cp and 29 that

h
were used were the same as in Sections 2.2 and 2.3 and € was assumed to
be 1.7. It can be seen from Figure 6 that the effect of the corner
fillets is small (less than 4%) for §/w>3., For &/w < 3 the required
value of S% drops off due to the fact that the area of working section
occupied by the boundary layer suffers a significant percentage reduction
because part of it is cut off by the fillets, implying that less momentum
need be taken out of the flow by the spires. The stight enlargement of
ﬁ% at high vatues of d/w is required to overcome the effect of an increased

H
pressure drop across the spires which is the consequence of the reduced

working section area.

Considering the practical aspects, and using the approximate
analysis of this section as a guide rather than as giving an exact
correction for the fillets, the simplest procedure in dealing with fillets
is to use the same spire arrangement as without fillets, allowing the
fillets to cut off the spire areas that fall under them. At high values
of 8/w the spire areas lost will be negligible and, from Figure 5, very
littie change in AS is in fact required. At low values of &/w some
reduction in Ag is desirable in the fillet regions and this will be

approximately provided by the cutting off of the base areas of the end

spires by the fillets.




2.6 Effect of a Ramp

Sometimes a ramp is present on the wind tunnel floor between
the spires and the model. This introduces a pressure drop and a contrac-
tion of the streamlines and it is desirable to have an estimate of the
effects on the boundary tayer simulation. An approximate analysis is
given in this Section in which it is assumed that the effect of the
ramp is similar to the effect of a sudden drop in static pressure on a
boundary layer, [If the drop in pressure is sudden enough the shear stresses
in the flow can be ignored and the assumption made that the total head
is conserved along a mean streamline. The analysis is based on that

given by Cowdrey in Reference 8 but more detailed results are given here.

Figure 7 defines two Statiens, A and B, upstream and downstream
of the ramp respectively, the ramp height being r. The pressure drops as
the flow passes over the ramp due to the area contraction, but also the
floor boundary layer displacement thickness, &%, is reduced sc the pressure
drop is not as large as if there were no floor boundary layer. The
pressure drop coefficient is defined as
A~ Ps

© T e

where subscripts A and B denote the Stations A and B and Upg is the
velocity at Station A external to the boundary layer. For the moment it

will be assumed that it is ¥k that is specified rather than the ramp

height. Later, the relation between ¢ and r will be established. Since




total head is assumed to be conserved, Bemoulli's equation applies along
a streamline. Thus, even inside the boundary layer,

+1inU7 = + tol?
Pg T 70olg Py ¥ 20U,

on a streamline, which results in

= 2 4+
UB VKUAe Ug (27)
Outside the boundary Tayer
= Vi +
UBe UAe €+ 1 (28)

Equation 27 gives Ug but the height of the streamline at Station B needs
to be found before the modified velocity profile can be calculated. This

can be obtained from the continuity expression

U.dz. = U, dz (29)

where dz, and dzg are infinitesimal height differences separating the same
two streamlines at Stations A and B respectively. At Station A the velocity

profile obeys the power law, Equation 1, from which it is deduced that

1

LI
_ Safupy
dz, = —u—-(ﬁ d(UA/UAe) (30)

Eliminating UA and UAe’ using Equations 27 and 28, and substituting Equation

30 into Equation 2§
_‘_
20,

dz = i

(1+«) UJ_

B o




The integration of Equation 31 gives
i i f .
Station 8 in terms o (UB/UBe) The
the velocity profile at Station B in

. . . 1 .
is most easily carried out when E~|5

18 -

the height of the streamline at
resulting expression is in fact
inverse form. The

an integration

equal to an odd integer and the

resulting inverse expressions for the velocity profile are,

1

for a = 3
ZB = 5A(‘+K)3/2 . {na_3cn+zc3/2)
for a = %,
z, = & (1+K)5/2(n5_lgcna+sczn_§cs/2) (32)
nd for o = 1
° 7
zg = SA{1-fK)v/z(n7__%%cn5_+7Czna_ 7c3n-+%§c7/2),

where n = éﬂi-and C
Be

at Station B

T v It can
is no longer strictly of
27 and 28 there is a slip veiocity at
cleariy unrealistic. In reality high
such & discontinuity at the floor and

near to the floor so that it still ob

in the outer part of the boundary layer Equations 32

the effect of a ramp.

To find the relation betwee

and Equation 28 that

be seen that the velocity profile
power ltaw form. From Equations

the floor equal to UBe/E'which s

shear stresses are generated by

they alter the velocity profiie

eys the no-slip condition. However,

give a guide as to

n« and r it is deduced from continuity
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o
1

) (H-r-6‘é<)/l<+1 = H—(SE {33)
where &% =-{(Y] -I%sz. Hence the expression for ﬁ-in terms of ¥ is
. e
&% & &% &
Lo gL A (AL AV ET (34)
H S H ) H
A A
The value of GA/H is known, the value of gﬂ-is T%%a, from Equation 1, and
6:‘: A
gg can be obtained by numerical integration of the velocity profile at
A
Station B, as given by Equations 32, once k bhas been specified. Thus, ﬁ
§

was evaluated for a number of values of K and T? and the results are
plotted in Figure 8. This Figure can be regarded as giving « as a
function of ﬁ-for different upstream boundary layers,

Using Figure 8 and Equations 32 the éffect of a ramp of height
0.1 H has been calculated and the change in the velocity profile is
illustrated in Figure 9 for initial boundary layers with o = 1/3, 1/5 and
1/7 and éA = 0.3H. A ramp of this size causes significant departures from

the initial velocity profile. Departures of similar magnitude can be

expected when the area contraction is due to model blockage rather than a ramp.

3.0 COMPARISON WITH EXPERIMENTAL DATA

References 9 to 12 describe three projects involving application

of the spire roughness technique. The projects were on the Olympic

Stadium in Montreal, the Commerce Court Tower in Toronto and the Lions'
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Gate Bridge in Vancouver, and, together with Standen's development work
in Reference 3, cover the range of boundary layers for very smooth
terrain {=0.1) to very rough terrain (&z=0.5). Since several different
approaches to designing the spires were used, the present method not
included, the spire shapes did not belong to a single family, some being
nearly triangular, cthers being flared near the base or having cut outs.
It is of interest to see how closely these various spires, and the
boundary layers they produced, conformed to Equation 12, disregarding

the detailed differences of shape. Figure 10 compares the experimental

data with Equation 12 in which C_ was taken to be 1.45 and 9 was given

)]
the three successive values 1.7 , 1.0 and 0. Seclid symbois in the

graph denote cases where the spires were triangular or very nearly so,

In calculating the experimental values of ¥ Equation 13 was used to give
A

CF' The experimental values of ﬁ% were calculated as though the spire
array were infinite, ignoring the fact that in some of the experiments
%g-was not an integer. |t can be seen in Figure 10 that the data are

in qulite good agreement with the curve for C=1.7 , the value obtained

in the blockage measurements of Section 4, but better agreement with the
two highest points, one of which was for triangular spires, is obtained
with #=1.0. The blockage data in Section 4 were obtained at approximately

one working-section height downstream of the contraction whereas the data

in Figure 10 were with the spires at the exit plane of the contraction.

The proximity of the contraction may explain the lower value of 0 but more
A

data points at high ﬁ% would be desirable.




In the following table values of b/h, calculated from Equation

X
R 18 using experimental values of a, % and 7?—and assuming 8=1.0, are

compared with the effective E—values actually used in several different
wind simulations. Not all the spires were triangular. For non-triangular
spires the effective value of b was taken to be the base of the triangle

with the same area and height as the spire,

Spires Effective b/h
Related Reference | Triangular h ig b/h from Eqn 18,
or nearly so o] H h in Experiments g=1.0
13 Yes 0.10]10.30 6.0 0.076 0.076
i2 No 0.16§0.30 ]6.0 0.131 0.106
10 Yes 0.231]0.50 | 4.5 0.146 0.142
10 No 0.2510.50 (4.5 0.156 0. 149
11 Yes 0.3810.233]6.0 0.143 0.160
11 Yes 0.42 10.23316.0 0.161 0.166
3 No 0.53 | C0.167]6.0 0.184 0.166

Since the value 8=1.0 and the expression %J=0.72(1 +3a), used
in Equation 18, were based on data from some of the boundary layers in
the table, the comparison is not an entirely independent assessment of
the accuracy of Equation 18, However, the table does show that the
differences between the calculated and experimental values of b/h are not
targe or systematic, The differences may be partly due to the spires being
not strictly triangular in all cases or to the floor roughness being not

quite appropriate to the boundary laver. No consistent method was used

in designing the floor roughness.

It is suggested from the results of this Section that Equation
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18 provides a scund basis for the design of spires and, as more data
becomes available, it should be possible to determine the value of 8 with -

more certainty. On the basis of the existing data 0 is taken to be 1.0.

b, MEASUREMENTS OF DRAG ON TRIANGULAR SPIRES

4.1 Scope of Experiments

To obtain the drag coefficient for triangular spires some
measurements were made in the N.A.E. 1.83 m*x 2,74 m wind tunnel during a
three day period in June 1978. In addition some hot wire measurements
were made in the flow in the vicinity of the spires, and smoke was intro-
duced to make the flow patterns visible. Several factors were examined
in thg drag measurements, the aerodynamic interference of adjacent spires,
the size of the blockage effect, the influence of the upstream floor
boundary layer, the influence of % and the effect of a splitter plate.
Because of the brief nature of the experiments they were not exhaustive
but the results provided the most essential data required by the theory
of Section 2. The spires, made from 1.58 mm thick steel, had a triangular
splitter plate as shown in Figure 11 except for the one case that is
described where the effect of removing the splitter plate was examined,
The experiments were run at a nominal wind speed of 62.5 m/s and the drag

was measured using the wind tunnel balance, A few measurements at half

wind speed revealed no discernable Reynolds number effect. )
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4,2 Interference Effect

The drag of a spire with h=0.610 m and Eﬂ=0.15 was measured
with two identical spires positioned symmetrically on either side, the
centre spire being in the centre of the working section. The lateral
spacing, Oy, of the spire centre lines was varied and the resulting plot

Sy

of Cp versus 5 uncorrected for blockage or the upstream boundary layer,

is shown in Figure 12(a). As can be seen, little change occurred in Cp

be tween %? =10 and %¥-= 5 but for spacings smaller than %F=?5 the drag
coefficient Increased to a maximum at %¥-= 3 and then fell sharply for
further decreases 1in %%: No interference data were obtained for values
of-% other than 0.15 nor was the effect of adding more spires investigated.
Treating the value of Cp at %¥-= 10 as indistinguishable from the
asymptotic value at %¥-= » and dividing it into the Cp data obtained at

smaller spacings the curve of Figure 12(b) is obtained, giving the factor,
Fi, by which the drag coefficient of a spire is increased (or decreased)

due to the interference of the adjacent spires.

4.3 Blockage and Floor Boundary Layer Effects

One method that is used to obtain the size of the blockage
effect is to measure Cp on models of different sizes and attribute the
fncrements in Cy observed on the larger models to the increased blockage.
In the present experiments the spires were mounted 1.8 m downstream of the

end of the contraction and the bases lay in the thin boundary laver on

the tunnel floocr. An increase in the spire size would not only have
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increased the blockage but also would presumably have reduced the
influence of the floor boundary layer on Cp, the two effects being
intermingled. To isolate the blockage effect the method of adding

additional spires was used, it being assumed that the principle of

(13)

superposition of blockage effects was valid. Gould gives data

supporting the superposition principle. Let Cp be the measured drag

coefficient of a spire with none others present and let Cb be the

§

measured drag coefficient with two others present but at a spacing, T

sufficiently large that interference is negligible. Using Maskell's

(5)

blockage correction and the superposition principle

_ i1hb
CD = CDuo(l +OCD T) (35)
o ., #hb
CD CDOD(1+(_CDT (36}

where {p_ = drag coefficient unaffected by blockage or interference
and A = cross-sectional area of working section = 5.063m°.

Eliminating Cp, from these equations it is found that

cl-c
: DD, A
0 = =t (37)
Colp  hb

From measurements on spires with dimensions h=0,610m, E—= 0.15 and with

%% = 10 the values Cp=1.370 and Cp= 1.407 were cbtained, yielding 6= 1.74.

Similar measurements were carried cut on spires with twice the linear
. . . Sh .
dimensions but with T;—reduced to 5 because of lack of room in the

working section. In this case the measured value of Cﬁ was affected by

interference. Thus, {p_ in Equation 36 was replaced by the modified drag
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coefficient, CDO, it being assumed that the interference effect was the

same on all three spires. The blockage factor expression thus became

1.
* - ey 9
pCp= (3F)
CDo Sy
where F = 0 and is given by Figure 12(b) as 1.043 for 5 = 5. Substi-

tution of the measured values for the larger spires, Cp=1.433 and C6=
1.681, in Equation 38 gave 6=1.45, in good agreement with the value
deduced from the smaller spires. From these results the value of & was

taken to be 1.7.

The effect of blockage on the measurements of tunnel speed was
not investigated experimentally. The speed was measured using two pressure
taps in the contraction, the downstream tap being 2.2 m upstream of the

(13)

station where the spires were mounted. Gould's data indicate that
the blockage effect this far upstream would have been less than 10% of

the effect at the spire station.

To assess the size of the upstream boundary layer effect, the
drag coefficient was measured on an isolated spire with % = 0.15 at four
values of h. The results, corrected for blockage using 8=1.7, are
plotted against 1/h in Figure 13, the intercept at 1/h=0 being interpreted
as giving Cp_ for zero floor boundary layer thickness. For the range of

h tested the floor boundary layer effect can be seen to be small, not

exceeding 3% even for the smallest spires which had h=0.305 m.




4.4 Effects of b/h and the Splitter Plate

Figure 14 shows a plot of Cp,» the drag coefficient of an iso~
lated spire, versus b/h. The data were obtained on a set of spires with
h=0.914 m at various b/h and were corrected for blockage using 0=1.7
for the floor boundary layer effect using Figure 13. Thus it was effec-
tively assumed that the value for 6 of 1.7 and the results in Figure 13
applied not only to b/h=0.15 but to all other values of b/h in the range

0.05< b/h< 0.30. In Figure 8 it can be seen that Cp decreased from a

value of 1.47 at

Tjo

= 0.05 to 1.30 at b/h=0.3.

At the end of the drag measurements the splitter plate was
removed from the spire with dimensions h=0.914 m and b/h=0.15 and CDcﬂ
was remeasured. The single point in Figure 14 for the case without the
splitter plate can be seen to be very close to the curve through the

rest of the data showing the splitter plate had only a small effect on

the spire dragqg.

4.5 CDo for an Array of Spires Spaced at Intervals of ih

Since a spacing of 8y =21h has proven to give good lateral
uniformity of the flow at 6h downstream(z) and is often used in practice,

it is desirable to know the value of CDD, which includes interference

effects, at this spacing for various values of b/h. The interference

factor, F , by which CDOO must be multiplied to cobtain CDO, can be expected
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b h \
to depend on ;; and g;. However, it seems reascnable to assume that FI

is much more sensitive to Jl—than to iL; If the dependence on Jl-is
Sy Sy Sy
neglected completely then FI depends only on g% and Figure 12(b}), which

was cbtained by varying 8y while h stayed constant, becomes generally
valid, This assumption will be adopted here. For the case where 6y =1h

the value of F] was therefore obtained for various values of %—From
Figure 12(b) by reading off the curve at g% = ZEu The following table

gives the values so obtained and the resulting CDO for a range of b/h.

b/h FI Cp,(From Fig, 14) CDO= F[CDm
.06 1.000 1,455 1.45
.08 1.016 1.425 1.45
.10 1.040 1.400 1.46
.15 1.082 1.360 1.47
.20 1.062 1.330 1. 41
.25 0.9%0 1.315 1.30

from the table it can be seen that the combined effects of E—and inter-
ference, lead to an almost constant value of CDO in the range 0.06< b/h«<
0.20 for th spacing, the value being close to 1.45, A further experimental
investigation of the interference effect would be useful in which E—were

varied while maintaining é%—constant at 2, thus obviating the need for

the present assumption that interference was independent of h/8y.

The value 1.45 for CDO is below the value 2.0 assumed by
Campbell and Standen(Z}. However, for their calfculation procedure to

give better results a higher rather than a lower CDO is required so it is

not improved by the new value.
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4,6 Velocity Measurements and Flow Visualization

The velocity and flow visualization experiments were carried
out on an array of three spires at th spacing with dimension h=1.219 m
and % =0.15. Vertical profiles of the longitudinal mean velocity and
turbuience intensity were measured at three positions: (a) midway between
two spires at the spire station, {(b) one spire height downstream of
position (a), and (¢} one spire height downstream of the middle spire
centre-tine. The results are shown in Figures 15(a), (b} and (c). The
mean velocity profile at position (a) has been normalized by the average
velocity, U, at that traverse position rather than Ue in order to

facilitate comparison with the form of velocity profile implied by the

theoretical assumptions of Reference 2, which is

U = U for z=Zh
e

z - b
U= Ue(ﬁ) (1 - 23(1 - z/h))-1 for z<h (39)

The value of o was taken to be 0.25 in computing the curve in Figure 15(a).
The main difference between Equation 39 and the measured profile is near

to the floor where Eguation 39 gives too low a velocity which would

result in the theory of Reference 2 making the spires too wide in this

region.

At one spire height downstream, Figures 15(b) and (c), the wakes

from the spires had already coalesced in the region below E—= 0.5. The

mean velocity profile downstream of the spire centre-line (Fig. 15(c))
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exhibited a definite kink near the floor that was attributed to large
vortices, with axes parallel to the flow direction, originating from the
spire base. The turbulence intensity near the floor at one spire height

downstream was approximately 20% of the free stream velocity.

Figures 16 and 17 show photographs of the smoke patterns observed,
The flow was inclined upwards just upstream of the spire station and then
turned downwards again downstream of a spire centreline. Between spire

centrelines the downstream flow was roughly horizontal near z=h but was
Z
i

aligned with their axes parallel to the flow is evident in some of the

inclined slightly upwards at low values of Strong evidence of vortices

photographs.

5. A SUMMARY OF PAST WIND SIMULATICONS

Since Reference 3 was written the spire-roughness technique
has been used by the Laboratory to simulate a wide range of planetary
boundary layers. The data on the boundary layer simulations tend to be
scattered amongst the reports on the individual projects for which they
were generated making it difficult to form an overall assessment. There-
fore, in Figures 18 to 25 a summary is given of six simulations with

exponents ranging from 0.53 down to 0.10. Most of the spires had flared

bases but there is little to indicate, either in the Figures or in other
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less documented cases, that the flared base performed any useful role
other than, as in Figure 20, providing a convenient method for making

small changes to the total spire area. The triangular spires of Figure

721 and the nearly triangular spires of Fiqure 23 did not perform noticeably
worse than the others, and exponents higher than 0.4 have been success-
fully generated using triangular spires (unpublished}. Figure 23

shows that even with very thin spires the flow is effectively uniform at

X = 6h.

I -
Harri5(1+) reviewed wind properties and concluded that in the neutral

L}
planetary boundary layer the turbulence intensity, En; near the ground

Ue
1
varies only slightly with a. He gives the values %— = 0,106 at o = 0.16
e
1
and =~ = 0.115 at a=0.40. The data in Figures 18 to 21 agree well with

Ue

this range and the data for @ =0,16 in Figure 22 would also if the decrease

in %— near the floor, which was due to insufficient floor roughness, were
e

ignored. Figure 23 is for a very smooth exposure, such as over open water,

so a lower value of %m near the floor is to be expected. Figure 24 shows
e

the turbulence intensity data from all six simulations expressed at full
scale an one plot and the intensities are based on local mean wind speed

in order to facilitate comparison with full scale data. Three sets of

(14,15,16)

full scale measurements are included and the agreement can be

seen to be remarkably good. Again, insufficient floor roughness is the
reason why the a=0.16 data behaved differently at low values of z from

(17) )

the rest of the data. De Crocos and Gartshore have published results

from a single spire generated boundary layer that disagree with the
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present body of data on turbulence intensity and with the full scale data.
A possible explanation for this discrepancy (Gartshore, personal communi-
cation) was the presence of a strut on the downstream side of their

spires that presented a large area to the flow.

The case in Figure 22, which was for a full aercelastic model
of Licns' Gate Bridge, is the one for which the most extensive measure-
ments were made, including the intensity of the vertical turbulence
component and the lateral cross-correlations. Other measured quantities
not jncluded here, but given in References 11, 18 and 19, were the shear
correlation coefficient and cross-spectra of velocities for various
lateral separations. Full scale wind measurements have been made on the

(20)

bridge , and are still underway. So far insufficient data at high

wind speeds have been cbtained to make a worthwhile comparison with the
wind tunnel simuiation. Considering the ratio %;, the results in Figure 22
indicate it was slightly high as compared with the consensus of full scale
data near the ground which give the ratio as approximately 0.5. The

ratio might have been improved if more floor roughness had been present.

The lateral correlations, L 77

, gave integral scales of
0.21 and 0.20 m respectively when integrated to the point where the
correlation first reached zero. These become 23 and 22 m when expressed
at full scale. There are, as vet, very few full scale measurements of

lateral correlations close to the height concerned (approximately 67 m)

(21)

so it is difficult to assess the model values, Shiotani and Arai
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presented full scale correlation measurements of longitudinal turbulence
at high wind speeds at z=40 m. However, the wind was not normal to the
line of anemometers so their integral scales, which lay in the range 40
to 80 m, are not true lateral scales and probably overestimate Lz.
Unpublished data at lower speeds, with the wind 40 degress off normal to
the line of anemometers, have been obtained from the Lions' Gate Bridge
ancmometers and yielded a vatue close to 50 w for both the longitudinal
and vertical turbulence, This is again probably an overestimate.

(22}

Grant measured lateral correlations in a naturally grown
laboratory boundary layer on a smooth surface. Using interpolation and
integrating his data to the point where the correlations first reached
zero, they indicate that at z= 0.3¢ {the height of the correlation data

in Figure 22) Ltz 0.156 and Li::O.TOﬁ. The comparable values of Figure 22

are Ly::Ly::O.106.
u W

it is nearly always found that the overall form of the power

spectrum of artificially generated turbulence is similar to that at full
scale under neutral conditions. However, the position of the power

spectrum curve along the frequency axis is sensitive to the way in which the
turbulence is generated, whether by spires or by a grid for example.

The longitudinal integral scale, Li, is closely connected with the position
of the power spectrum curve. Figure 25 compares Lz, obtained by fitting

von Karman's spectrum to the data from various spire-roughness boundary

(23)

of full scale data. The spire-roughness

layers, with Teunissen's survey
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data are scattered but lie almost entirely within the range of the full-

scale data.

X
it is unlikely that at 2 -6 the boundary layer has approached

h
an equilibrium state and evidence that it is still developing has been
given by De Croos and Gartshore(17). However, the differences are not
large and appear unlikely to be of any importance in practice. In fact,

it is guestionable whether the state of equilibrium should be the ultimate
aim {n boundary layer simulation since the planetary boundary layer Itself

is continually adjusting to changes in surface roughness,

6. CONCLUS I ONS

(i) There is little evidence to suggest that the spire shape
need be more complex than a triangle.

(ii) The drag coefficient of triangular spires is 1.45 for
half-height spacing and 0.06<-%< 0.20. The presence of a
splitter plate has little effect on the drag.

(iii) For triangular spires Equation 18 (or Figure 5) gives the
required based to height ratio, assuming the floor rough-
ness has been appropriately chosen using, for example,
Reference 6. The suggested value for the blockage factor,
B, is 1.0 for spires mounted at the exit plane of the

contraction.

(iv) Since 1972, the spire roughness technique has been extended
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to cover the full range of boundary layers with exponents
from ¢,1 to 0.5. The mean velocity profile, longitudinal
turbulence intensity and integral scale LZ compare well

with neutral planetary boundary layer data and, as far as

can be assessed, other turbulence properties are also of

the right order.
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As originally designed Modified version

(3)

FIG 2 EXAMPLE OF AN AD-HOC MODIFICATION
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