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Abstract

This paper considers the dependence of pressure fields on surfaces of rectangular prisms obtained
from wind tunnel experiments on boundary layer characteristics. Six different variants of boundary
layer flows were simulated in the wind tunnel. The qualitative coefficients of correlation R, between
the wind pressure coefficient C, or its standard deviation o, and parameters describing boundary
layer flows (wind speed profile, turbulence intensity profile, power spectral density) were estimated
in order to determine how wind parameters influence surface pressure. Five rectangular prisms were
placed in the wind tunnel. The following ratios of prism dimensions were adopted: D/B/H = 1:2:20
(R5); 1:2:10 (R3); 1:2:5 (R1); 1:4:20 (R4); 1:4:10 (R2).
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Streszczenie

W artykule przedstawiono analiz¢ zalezno$ci ci$nienia zmierzonego na powierzchniach obiektéw
prostopadtosciennych w trakcie badan wykonanych w tunelu aerodynamicznym od parametrow opi-
sujacych struktur¢ wiatru w warstwie przy$ciennej. W pomiarach przyjgto sze§¢ roznych wariantow
struktury wiatru. Wyznaczono jakos$ciowy wspotczynnik korelacji R, miedzy wspotczynnikiem $red-
niego ci$nienia C, lub jego odchylenia standardowego o, na powierzchni modeli, a parametrami okre-
$lajacymi struktur¢ wiatru w warstwie przysciennej (pionowym profilem $redniej predkosci wiatru,
pionowym profilem intensywnosci turbulencji, funkcja gestosci widmowej mocy). Celem analiz byto
okreslenie wptywu poszczegdlnych parametréw wiatru na cisnienie powierzchniowe. Pomiary wyko-
nano na pigciu modelach prostopadtoscianéw o nastepujacych stosunkach wymiarow: D/B/H = 1:2:20
(RS), 1:2:10 (R3), 1:2:5 (R1), 1:4:20 (R4), 1:4:10 (R2).

Stowa kluczowe: oddzialywanie  wiatru, tunel —aerodynamiczny, wspolczynnik  cisnienia,
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1. Introduction

Investigations of the pressure structure on the surfaces of prisms placed in the wind
tunnel have been reported several times. The majority of experiments concerned 2D flows
with constant wind speed and turbulence intensity and were related to square [1-5] and to
rectangular cross-sections [4—7] mainly elongated along the mean wind speed. Some papers
also refer to 3D flows, where prisms were placed vertically in the atmospheric boundary layer
(ABL). Such measurements were mainly conducted on models with square cross-section
[8-10] and seldom on rectangular cross-sections [11-13]. When 2D models and flows are
taken into consideration, the determination of dependencies between surface pressure and
wind parameters is rather simple. On the other hand, when prisms in the ABL are considered,
the problem becomes more complicated. A detailed description of the ABL structure in the
wind tunnel was reported in [14-28]. Generally, wind structure should be described by the
following parameters: vertical profile of the wind speed v; vertical profile of the turbulence
intensity /,; length scale of turbulence L,; power spectral density function of the wind speed
(PSD). In more recent studies, the above parameters are related to three components of the
wind speed vector (longitudinal, transverse and vertical).

There is an attempt to numerically describe the dependencies between surface pressure and
several wind structure parameters in this paper. In order to investigate these dependencies, the
qualitative coefficient of correlation (Spearman coefficient) R, were calculated. Six different
variants of the ABL structure were adopted in the wind tunnel simulations. Measurements
of pressure were taken on the surfaces of five models with rectangular cross-sections. The
ratio of the cross-section dimensions D/B was 2 for three models and 4 for two of them. The
ratios of all dimensions were: D/B/H = 1:2:20 (R5); 1:2:10 (R3); 1:2:5 (R1); 1:4:20 (R4);
1:4:10 (R2).

2. Description of wind tunnel measurements

All experiments were conducted in the boundary layer wind tunnel of Cracow University
of Technology. Details of the wind tunnel specification and equipment can be found in [29].

Pressure on all faces of the rectangular prisms were measured during wind tunnel
experiments. Different prisms of side ratio D/B = 1:2 (3 models) and D/B = 1:4 (2 models)
were placed vertically on the rotational table in the measuring section of the wind tunnel.
Dimensions of all models are presented in Table 1. Every prism was equipped with pressure
taps at 16 levels along the height and around circumference (Fig. 1a). The angle of the wind
attack was set at 15° increments from 0° to 90°. In the initial position (0°), the longer side
of the prism was placed perpendicularly to the mean wind speed (Fig. 1b). The recorded
dynamic pressure was averaged and normalized by the reference pressure measured at the
front of the prism at a height of 70 cm. Detailed description of pressure measurements can
be found in [30-32].

Six different cases of ABL flows were simulated in the wind tunnel. These correspond
to consecutive terrain categories, and varied significantly in vertical profiles of the mean
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wind speed, turbulence intensity, and power spectral density functions (PSD). A detailed
description of ABL parameters is presented in [33]. Vertical profiles of the wind speed and
turbulence are presented in Fig. 2.

Table 1
Geometric characteristics of prisms
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Fig. 1. a) Pressure taps locations on model R3, b) denotations of walls and angles of wind attack a.,,
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Fig. 2. a) Vertical profile of the mean wind speed v, b) vertical profile of turbulence intensity /,

3. Spearman rank correlation

Qualitative correlation was calculated in order to estimate the dependence of surface
pressure on ABL parameters. The Spearman rank correlation coefficient was chosen as
a statistical instrument which allows the determination of such a relationship.

The coefficient describes qualitative dependence between wind structure parameters and
pressure coefficients or its standard deviation. It can be used in cases where two variables are
non-measurable and are of a qualitative nature, and their empirical values can be described
by respective features of assumed ranks. Moreover, the data set has to be small. In the
considered case, the data set is small, equal to 6 wind variants, and both wind parameters
as well as pressure coefficients are treated as non-measurable values of respective ranks.
Spearman coefficient can be calculated from the simple formula:

6251’2
_l_n(n —1) ®

where: n — number of probes, in that case is a number of wind structure variants, n = 6, d; —
difference between variables ranks.

Assignment of ranks is based on the consecutive numbering of features of two variables in
ascending or descending sequence (from 1 to 7). The limiting values for R, are -1 and 1. R, =0
means independent variables, R, in the range 0-0.3 means a lack of correlation, whereas in
the range 0.9—1, a very strong correlation, finally R, = 1 describes a full correlation between
variables. Negative values can be interpreted in the same way.
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In this paper, Spearman’s coefficient was applied to investigate the dependence between
the sequence of respective wind characteristics and the sequence of pressure coefficient C,
or its standard deviation o, on particular measurement levels. Wind structure variants were
numbered from 1 to 6, according to Fig. 2. Every feature of the wind structure variants
were then set from the highest value to the lowest on respective levels according to assumed
numbers. To such segregated values, the appropriate ranks from 1 to 6 were applied. Rank 1
relates to the maximum value, rank 6 to the minimum value. Therefore, if the wind velocity
on 97 cm for wind variant no 1 is the lowest then it will receive rank 6, whereas if the velocity
for variant 6 is the highest, then it will receive rank 1 (Tables 2 and 3). Values of C, or 6, on
the surfaces of particular walls and levels were arranged in the same way. For example, if C,
on 97 cm for the variant no. 2 of the wind structure is the highest, then it will receive a rank
of 1, whereas on the same level, if C, is minimum for variant no. 1, then the rank will be 6.

As dependent variables, the following features of wind structure simulated in the wind
tunnel were assumed: 1) mean wind speed profile of longitudinal component, v; 2) turbulence
intensity profile of longitudinal component of wind speed, /,; 3) maximum of PSD function of
longitudinal wind speed component, max PSD. Their correlations with dependent variables
on the surfaces of prisms: 1) mean wind pressure coefficient C,; 2) its standard deviation o,
were calculated.

Due to the fact that in some cases the sequence of values of C, and 5, changed along the
width of the wall at the same level, the average sequence was assumed.

Spearman’s rank correlation coefficient R, was calculated for all walls (A, B, C and D),
at every measuring level (16 levels) and for all considered angles of wind attack (0°-90°),
according to denotations presented in Fig. 1. Values above 0 indicate the consistency between
the sequence of C, or c, and respective wind characteristics. If R, value is closer to 1 then
consistency will be higher. This means that if respective wind characteristic values decrease,
then respective values on the prism surface will also decrease. R, below 0 mean that the
decrease in wind characteristic values is connected to the increase of C, or ¢, on the surfaces
of models.

The example of the approach in single case (model R1, angle of wind attack 0°, measuring
level 1, windward wall of the prism) is presented in Table 2, whereas ranks describing v, /..
max PSD at particular heights are collected in Tables 3—5 (rank 1 — maximum value, rank
6 — minimum value). Ranks in Tables 3—5 are independent of the angle of wind attack and
are related to wind parameters.

Table 2

Ranks of dependent variables, model R1, angle 0°, level 1 (97 cm), windward wall

Flow variant v(z) 1(2) Max PSD C, G,
profile 1 6 4 5 6 5
profile 2 4 1 1 1 1
profile 3 5 3 3 4 3
profile 4 3 6 6 5 6
profile 5 2 5 4 3 4
profile 6 1 2 2 2 2
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Table 3

Ranks of values of the mean wind speed, v, on respective measurement levels

H [cm] 97 |92 | 87 | 82 | 77 | 72 | 67 | 62 | 52 | 42 [ 32|27 | 22| 17 | 12
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Table 4

Ranks of values of the turbulence intensity, /,, on respective measurement levels
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Table 5

Ranks of values of the maximum of PSD function, max PSD, on respective measurement levels

H [cm] 97 | 92 | 87 | 82 | 77 | 72 | 67 | 62 | 52 | 42 | 32 | 27 |22 | 17 | 12| 7
profile 1 514 (S5 |5|5|5|5|5|5|5|6|6|6]|6]61]S5
profile 2 1 1 1 1 1 1 1 {21223 ]|4]2 1 1 1
profile 3 3 (313|333 |34 |4|4]4|5|5]|5|3]2
profile 4 6 |6 | 6|6 6|6 |6 |6 |6 |65 |3 |4]|4|5]6
profile 5 4 |5 |14 4|4 | 4]4)|3]3]3 1 1 1 3 12| 4
profile 6 201212121222 1 1 1 2121312143

4. Results and discussion

4.1. The relationship between pressure parameters and mean wind speed

Results which illustrate the correlation coefficient R, between the order of C, or 6, values
and the order of mean wind speed, v, values along the height of models are presented in
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Figs 3—4, for two exemplary angles of wind attack o, = 0° and a,,, = 90°, on consecutive walls
of the prisms (A,B,C and D), and for all models (R1-RS).

On the windward wall (A, a,, = 0°~45° and D, a,, = 60°-90°), R, coefficient is above 0
(Fig. 3). Unexpectedly, the correlation is quite low with a maximum of about +0.6 on
windward walls A and D on levels above 70 cm (at that height, the wind speeds in every
ABL variant are equal). Values of R, for different models are similar. Higher correlation is
visible below 45 cm, but values differ significantly between models.
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Fig. 3. Correlation coefficient R, between the order of C, and the order of the mean wind
speed values: a) o,, = 0° A — windward wall, B (D — symmetric) — side wall, C — leeward
wall; b) a,, = 90°, A (C — symmetric) — side wall, B — leeward wall, D — windward wall,

O —model R1, O — model R2, & — model R3, A —model R4, + — model R5
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Fig. 4. Correlation coefficient R, between the order of 6, and the order of the mean wind speed values:
a) o, = 0°; b) a,, = 90°. Notations are as in Fig. 3

On side and leeward walls where the suction is, for all angles of wind attack, the values
of R, above 70 cm are close between models and are equal to a maximum of -1, so their
correlation is very high (Fig. 3a — B, C and Fig. 3b — A, B). This means that when the speed
increases (between ABL variants), the suction coefficient on walls will decrease (above
70 cm). For example, the wind speed in profile 6 is the highest at the top levels and this gives
the lowest values of C, on the leeward wall. Such a tendency to a lesser extent appears at
o, = 75°-90° for which R, is lower and differences between models are high. Below a level of
70 cm, correlation coefficient changes its sign to +, and large discrepancies between models
exist. Only for a,, = 90°, the correlation coefficients are closer between models and their
values approach +1. Positive values of R, mean that when wind speed increases (between
ABL variants) suction on walls will also increase (below 70 cm).

When considering the correlation between o, and wind speed, it can be noticed that R,
values are close to each other on walls with positive pressure, but correlation is very weak
(about +0.2) on levels above 70 cm (Fig. 4a — A, Fig. 4b — D). On heights below that level,
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the correlation coefficient changes its sign to ‘-’, maximum to -0.5, and for heights around 30
cm again changes the sign to “+” and correlation slightly increases, maximum to +0.7, but the
scatter of results between models also increases. On walls where the suction is, differences
of R, values between models are high. R, values are lower above 70 cm and at that height,
correlation is very weak or there is no correlation at all. Even a larger scatter of R, appears
below 70 cm, but values of R, are higher and in the majority of cases, are negative, maximum
to -0.7 (Fig. 4a—B, C, Fig. 4b — A, B)

4.2. The relationship between pressure parameters and turbulence intensity

Correlation coefficients R, between pressure coefficient C, or standard deviation o, and
intensity of turbulence /,, for o, = 0° and a.,, = 90° are presented in Figs 5-6.
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Fig. 5. Correlation coefficient R, between the order of C, and the order of the turbulence intensity
values /,. a) o, = 0°, b) a,, = 90°. Notations are as in Fig. 3
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Fig. 6. Correlation coefficient R, between the order of o, and the order or the turbulence intensity
values /,. a) o, = 0°, b) o, = 90°. Notations are like in Fig. 3

The correlation coefficient is positive, equal to +0.7—+0.8 above 70 cm on walls with
positive pressure (Fig. Sa— A, Fig. 5b—D). Beneath 70 cm, the coefficient R, is less than 0 and
the scatter of results is larger, between -0.4 and -1. Correlation on walls with suction is low,
with a different sign, and increases in direction to the support, where the sign is “-” (Fig. 5a
— B, C). The scatter of results between models is considerable. For angles o, = 75°-90°
differences between models decrease and R, is closer to -1 (Fig. 5b — A, B).

Coefficient R, between o, and /, above 40 cm is very high, close to +1 on every wall and
for all angles of wind attack (Fig. 6a, b). Differences between models are negligible. Beneath
40 cm, correlation decreases and for angles a,, = 0° and o, = 75°-90° achieves negative
values with maximum of about -0.5 close to the support. The scatter of results is large.
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4.3. The relationship between pressure parameters and maximum of PSD

Correlation coefficient R, between C, or 6, and maximum of PSD function values (max
PSD) for o, = 0° and o, = 90° are presented in Figs 7-8.

The R, coefficient is positive, high or very high about +0.9 on walls with positive pressure
above 70 cm (Fig. 7a— A, Fig. 7b — D). Differences between models are rather small. Beneath
70 cm, correlation decreases, changes sign, reaches a maximum of -0.9—1 at 30 cm, then
again changes sign and increases to about +0.9 at supports. When suction is on the walls, the
negative correlation prevails on higher levels, but in some cases, also positive values appear
(Fig. 7a— B, C, Fig. 7b — A, B). Generally, correlation is rather weak with maximum of about
-0.7, with the exception of o, = 75°-90° where it reaches -0.9. For all angles of wind attack,
the highest correlation is at 40—50 cm and its maximum value is -1 (o, = 75°-90°). The R,
decreases in the direction to the base. There is considerable scatter between models for the
whole height of all walls.
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Fig. 7. Correlation coefficient R, between the order of C, and the order of the maximum values of PSD
function, max PSD, a) a,, = 0°, b) o, = 90°. Notations are as in Fig. 3
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Fig. 8. Correlation coefficient R, between the order of 6, and the order of the maximum values of PSD
function, max PSD, a) a,, = 0°, b) a,, = 90°. Notations are as in Fig. 3

A very high R, in the majority of cases equal to +1, is noticeable above about 60 cm when
analyzing the correlation between max PSD and o, (Fig. 8a, b). Values between models are
very close to each other. The coefficient decreases to a height of 25-30 cm where it is equal
to 0 or changes sign. Below that height, R, increases to 1 at the floor. The scatter of results
also increases but is smaller on walls with positive pressure.

5. Conclusions

The attempt to numerically estimate the dependence between ABL parameters and
rectangular prisms surface pressure parameters was undertaken in this paper. Two variables



103

of surface pressure were considered — the coefficient of the mean pressure C, and its standard
deviation o,. Three parameters of ABL were taken into account: vertical profile of the
mean wind speed, v; turbulence intensity, /,; the maximum value of PSD function, max
PSD. Each group of parameters was treated as non-measurable values. The order of their
values at respective levels was considered. The Spearman rank correlation coefficient was
assumed and calculated as a measure which allows describing that dependence. In general,
surprisingly, it seems that the higher correlation is between c, and flow characteristics than
between C, and respective flow characteristics. A more clear dependence is for c,. When
considering the correlation between C, and wind parameters, the scatter of results along the
height is considerable. In the upper parts of the models, closer to their free ends, correlation
coefficients are higher and generally better ordered; moreover, the values are closer to each
other than at bottom levels.
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