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Aspects of the use of proper orthogonal decomposition
of surface pressure fields
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Abstract. The technique of proper orthogonal decomposition is potentially useful in specifying the
fluctuating surface pressure field around structures. However there has been a degree of controversy ove
whether or not the calculated modes have physical meanings. This paper addresses this issue throug
consideration of the results of full scale experiments, and through an analytical investigation. It is concluded
that the lower, most energetic modes are likely to reflect different fluctuating flow mechanisms, although
no mode is likely to be associated with just one flow mechanism or vice versa. The higher, less energetic
modes are likely to represent interactions between different flow mechanisms, and to be significantly
affected by the number of measurement points and measurement errors. The paper concludes with a brie
description of the application of POD to the problem of building ventilation, and the calculation of cladding
pressures.
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1. Introduction

The technique of proper orthogonal decomposition of surface pressures (first described by Armitt
1968) assumes that the fluctuating surface pressure coefficient on a structure can be given by the
following series.

Co=PiTi+ Pyl + P+ Q)
Here P, are functions of spatial position afidare functions of time i.ethe pressure coefficient

can be expressed as a series of spatial and temporal functions. Now by making the assumptions tha

a) the function®, are orthogonal (i.ethe scalar product of any pair of these functions is zero), and
b) the functionsl; are uncorrelated in time,

then it is possible to show that the functidhsare the eigenvectors of the pressure coefficient
covariance matrix, and the mean square values of the funditiamns the eigenvalues of that matrix.

In addition it can be shown that the sum of the eigenvalues is equal to the integralntdathme
square fluctuating pressure coefficient over the surface and that the spectrum and r.m.s. of the
fluctuating pressure coefficients can be given by

Sepep= PiSn+P3Sp+P3 S+ 2
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and
02, = PIT{+ P3TE+ P3TS+ oo 3)

where Sy is the spectrum of; and the overbar indicates time averaging. The latter expressions will
be seen to be of some interest in what follows.

The main utility of this method is that it is found in practice that only the first few modes contain
significant energy, and thus in principle the entire fluctuating flow field over a structure can be
represented by a relatively short series of spatial and temporal functions. The application of this to
the calculation of the extreme wind pressures on structures is outlined by Holmes (1990).

This technique is essentially a variant of Karhunen - Loeve decomposition and a type of Principal
Component Analysis (Tamuret al 1999). The modes that are identified effectively represent the
orthogonal principal axes in N component phase space that best represent the pressure fluctuation
over the surface.

Now within the literature there is a degree of controversy as to whether or not the modes
identified through the application of this technique can be associated with specific physical causes.
Up till recently there has been the fairly unanimous agreement that for low rise structures, the first
mode is directly associated with longitudinal quasi-steady fluctuations, based largely on the qualitative
similarity between the mean pressure distribution and the shape of the first eigenvector - see Bes
and Holmes (1983), Letchford and Mehta (1993) and Prewtzar (1997). For high rise structures
with strong vortex shedding Kareem and Cermak (1984), Kikatfal (1997) and Tamurat al
(1999) associate the strongly asymmetric first mode with vortex shedding, which is consistent with
the more fundamental work around prismatic cylinders reported by Lee (1975). Whilst the first
mode is thus able to be consistently identified with a physical mechanism, there is great=inin
about the higher modes, with different authors assigning different physical causes to the modes tha
they observed - lateral and vertical turbulence, wake vortex shedding, locadsateep flow etc.
Nonetheless there was general agreement that such relations did exist. However étolhes
(1997) argued that the mode shapes they observed were largely determined by thmtsoofktra
orthogonality, and identifications with physical causes are likely to bigolis. This was based on
two studies. The first was a comparison of the mode shapes over a pitched roof building with
different opening configurations and sampling regions. It was shown that the eigenvectors were
dependent upon the configuration and sampling region and this was said to be because of the
constraints of orthogonality. The second investigation was based on “theoretical” mode shapes that
were very similar to the measured shapes along the span of a pitcheouitdofg and it was
argued that since this equation had no physical basis, neither had the modes. Clearly there is a leve
of disagreement over whether or not it is sensible to identify POD modes with physical mechanisms.
This paper addresses this issue in some detail through a detailed analysis of some full scale
experimental data and through a study of a theoretical solution to a specific problem. This is followed
by a discussion of other issues where this technique might be useful - in particular the ventilation of
multi-opening enclosure and the correlation between internal and external pressures in such enclosures

2. Can the modes be associated with physical causes?
2.1. Basic considerations

Firstly consider the assumptions of orthogonality and non-correlation outlined above. These
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effectively assume that the modes are both spatially and temporally independent. If the modes
actually represent distinct physical phenomena that together produce the fluctuating surface
pressures then this implies that these phenomena should also be spatially and temporally independer
Now consider a typical structure in the natural wind. Surface pressure fluctuations may plausibly be
caused in a number of ways - by the different components of turbulence in theanops$ow, by

large scale wake unsteadiness, by smaller scale unsteadiness in separated flow regions etc. To a fir
approximation one would expect these physical mechanisms to be independent and uncorrelated, bt
not completely so. For example separated shear layers may exhibit an inherent unstbaditiess,

will almost certainly be modified by oncoming lbutence etc. Thus one might expect that the most
energetic (lower) modes of a proper orthogonal decoitiposof the pressure field wouldach

reflect to some degree a specific physical mechanism, but any particular mode might also contain
some component due to other physical causes. The less energetic (higher) modes one would expe
to each be influenced by a number of physical causes. In other words it does not seem unreasonabl
to assume that the lower three or four modes are related to distinct physical phermnsoae

degree of interaction should be expected both in these modes, and in the higher modes.

Further the number of modes identified in a particular case will be equal to the number of
experimental points. Whilst for some highly detailed wind tunnel tests this might be in the region of
a few hundred points, for most wind tunnel tests and for all full scale neeasuts this figure will
be much smaller - probably of the order of 10 to 50. It would thus be expected that the highest
modes will in some way be affected by the truncation of what must be, in the limit, an infinite
series. Further it may also be expected that small errors in experimental data may significantly affect
these higher less energetic modes in particular.

To test these ideas we firstly consider (in 2.2 and 2.3) three sets of full scale experimental results,
and attempt to analyse the lower modes in each case in terms of identified physical mechanisms. W
then in 2.4, through a consideration of a theoretical solution to a specific covariance set, consider the
effect of truncating the number of modes, and of random errors.

2.2. Experimental datasets

In what follows we consider the results of an analysis of three full scale datasets obtained by staff
at Silsoe Research Institute t&o dimensional wall, a large cube and a pitched roof agricultural
building.

2.2.1. The wall

The details of the experimental wall are given in Roberé&toal. (1997). It was built in order to
obtain pressure coefficients for use in wind loading design codes, and previous data analysis has
been directed towards that end. It was built such that its length could be varied, return corners could
be fitted etc., and consisted of a number of 2 m square panels. The data that will be used in this
investigation is for a 9 panel wall, 18 m long and 2 m high, with a mean wind direction more or
less normal to its long axis. Details of the experimentatlitions are given in Table 1. Results will
be presented for pressure measurements at the centre of each panel. Tappings 1 to 9 were on t
windward side of the wall and tappings 10 to 18 were the corresponding panels on the leeward side
of the wall (Fig. 1a). These measurements were sampled at a rate of 5Hz, and pressure coefficient
were formed using the instantaneous pressures and the mean wind speed.
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Table 1 Experimental conditions for full scale data

Wall Cube Building
Mean wind angle to windward face (degrees) -1.2 -5.5 3.2
Reference height (m) 2 6.0 5.3
Mean velocity (m/s) 9.68 11.60 9.05
Longitudinal turbulence intensity 0.283 0.230 0.232
Lateral turbulence intensity 0.217 0.170 0.182
Vertical turbulence intensity 0.092 0.097 0.078

1,10 2,11 3,12 4,13 5,14 6,15 7,16 8,17 9,18

a) Wall (tappings 1 to 9 on front face, tappings 10 to 18 on rear face)
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Fig. 1 Sketch of pressure tap locations
2.2.2. The cube

The experimental cube has sides of 6 m, and is able to rotate around its vertical axis, and also ftc
tilt to some degree. Brief details of this facility are given in Hozewl (1999). The data used in
this paper were obtained with the wind normal to one face of the cube. Agais detagiven in
Table 1. Pressures were measured at tappings on the centre line of the cube, taps 1 to 5 on the cul
front face, taps 6 to 11 on the cube roof, and taps 12 to 16 on the leeward face (Fig. 1b). Pressure
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were again sampled at 5 Hz, and pressure coefficients formdibwes. &low visualisation indicated
a separation bubble over the roof of the cube, with a reattachment towards the leeward edge.

2.2.3. The building

The building is a pitched roof low rise agricultural structure, 4 m high to the eaves, 24 m wide
and 12 m deep with a roof slope of 10 degrees (Hetesl 1995, Richardsoet al. 1995). It had
two basic configurations - with either sharp or curved eaves. In what follows we will consider
results for the centreline of the building with the wind normal to the long face, for the sharp eaves
case only. In this case flow visualisation showed that the flow separated over the windward eave anc
reattached halfway up the windward roof. The flow then remained attached over the ridge before
separating half way down the leewaracé. The pressure was measured at 11 taps around the
centreline, numbered from 23 to 33. Taps 23 to 25 are on thebwvard wall, taps 26 to 29 on the
windward roof, taps 30 to 32 on the leeward roof and tap 33 on the leeward wall (Fig. 1c). It is
important to note that on the windward roof taps 26 and 27 are within the teepaegion on the
windward roof, tap 28 somewhere near the point of reattachment, and tap 29 in an attached flow
region. The experimental results that will be considered were obtained for the wind conditions given
in Table 1. A 20 Hz sampling rate was used to obtain this data.

2.3. POD analysis of experimental data

A POD analysis gives 18 modes for the wall data, 16 modes for the cube data and 11 modes fol
the wall data. As has been found by other investigators the eigenvalues for the lower modes are
significantly greater than those for the higher modes. Fig. 2 shows the cumulative energy within the
modes (as given by the sum of the eigenvalues up to that mode). It can be seen that 90% of the
total energy is given within the first five or six modes. Fig. 3 shows the eigenvectors for the wall
data (separately for the front and rear faces), Fig. 4 shows the eigenvectors for the cube data an
Fig. 5 shows the data for the building. Fig. 6 presents the mode spectra for the lower two nemigs for
case, expressed in terms of an admittance with the longitudinal velocity speSkgn)(o2./ Ti).

Before proceeding to discuss these results it is however worthwhile to consider the results of Fig. 7
which presents data for modes 4 and 5 for the cube from nominally similar datasets (subsets of tha
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Fig. 2 Cumulative percentage energy by mode
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Eigenvector

Eigenvector

Eigenvector

used to give the results of Fig. 4), with slightly different mean wind speeds and directions. Whilst
for these datasets modes 1 to 3 were in good agreement, it can be seen that the modes shown va
significantly. Tamuraet al. (1999) show that for flows with a “singular” condition (takemasaning

an intermittent switching between differefdvi patterns) then déirent sets of data for nominally
identical conditions can give different eigenvector dhatrons. Whilst the flows studied in this
paper are likely to be in general stable, it may be that the less energetic modes could be affected it
this way, which may explain the results of Fig. 7. In any case, because of this discrepency, no
attempt will be made to assign physioa¢anings to modes 4 and higher in any of the datasets, and
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Fig. 6 Longitudinal velocity admittances for wall, cube and building modes 1 and 2
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Cube mode shapes - dataset 1 : Cube mode shapes - dataset 2
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Fig. 7 Modes 4 and 5 for cube from nominally similar datasets

Now for the structures considered here one can postulate that there are a number of physica
phenomena that are responsible for the fluctuating pressure field. These are

a) quasi-steady fluctuations due to the longitudinal, lateral and vertical oncoming turbulence;
b) fluctuations due to a large scale wake unsteadiness;
c¢) fluctuations due to unsteadiness in the separation regions.

Let us first consider the postulated quasi-steady fluctuations. If non linear effects are ignored and
correlations between the different components of turbulence assumed small, then at any point on &
structure the variance of the fluctuations caused by such mechanisms should have the form

_ 4C2E&JD rdCorf E&v[] 0 Corf i f )
Oépep OdeO0Og O Dd(pDD 0

Here C_Ip is the mean pressureeffiwient, g, /u, a,,/u and g, /u are the longitudinal, lateral and
vertical components of turbulencé, is the instantaneous lateral flowrefition andg is the
instantaneous vertical flow direction. The three terms in the above equation represent longitudinal,
lateral and vertical quasi-steady fludioas respectively. Furtheetms could be added to describe
second order effects, but for the sake of simplicity they will not be considered in the analysis
presented here. For the wall data all the terms in Eq. (4) can be expected to be non-zero. The firs
term can be calculated from the mean pressure coefficients, and the second term can be found usin
the value of the lateral pressure derivatil@,/df obtained from experiments for different wind
directions. It is not possible to specify the third term since that involves the vertical pressure
derivative dC,/dg which was not measurable. For the cube data, the first term can again be
calculated from the mean pressure coefficient. Because we are dealing with centreline data the
second term can be expected to be zero, because the lateral pressure gradient will be zero fror
considerations of symmetry. Because the cube was able to be tilted, it was possible to derive the
vertical pressure coefficient gradients for this case, and thus the third term could be calculated. For
the building case, the first term could again be obtained from the mean values of the pressure
coefficients. Again as centreline data is being ud€d/d6 must again be zero because of symmetry.
As it was not possible to measure vertical derivatives in this case, the third term could again not be
calculated.

Now if for any of the cases under consideration a particular mode due primarily to
longitudinal quasi-steady effects then one would expect firstly that the modal spectra would have a
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shape similar to the longitudinal turbulence spectrum of the upstream velocity (or alternatively the
modal admittances will be close to unity across the frequency range), and that, by a comparison of
Egs. (3) and (4)

2
P7T? = aciteD ©)

In the past several authors have argued that the first mode should represent longitudinal quasi:
steady effects. Now it can be seen from the iddntes of Fig. 6 that for the first mode the wall
data is close to unity, but this is not particularly the case for the cube and the building. The
difference may lie in the height of the reference anemometer. For the wall experiments this height
was much closer to the height of the stagnation streamline (which is some sort of representative
streamline for the structure). At the height of the stagnation streamline for the culbaildimdy
cases there can be expected to be a significant shift in energy to higher frequencies than for the
streamline at the reference velocity position. This is consistent with the admittances in Fig. 6.

Fig. 8 shows a plot of the measured eigenvectors for mode 1 for each case and those predicte
assuming longitudinal quasi-steady fluctuations. It can be seen that in general there is good
agreement, although there are some discrepancies particularly on the rear of the wall and in the
separation regions on the roof of the cube and the building. Nonetheless these Figures strongly
suggest that for each set of experimental data mode 1 is associated with longitudinal quasi-steady
effects to a great extent. It is of particular interest to note the importance of these quasi-steady
fluctuations at the roof leading edge on the cube and building (taps 6 and 26 respectively), at the
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Fig. 8 Measured and longitudinal quasi-steady predictions for wall, cube and building mode 1
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front of the separation region. This might perhaps be caused by the oncoming turbulence causing ¢
flapping of the separated shear layer near this point.

Now consider lateral quasi-steady fluctuations. If a miodspresents these fluctuations than one
would expect its spectrum to be similar in shape to the lateral turbulence spectrum, and by a
comparison of Egs. (3) and (4)

PZ'T'.Z - EEEDZ@DZ (6)
YT OdeU0p O

The wall data is the only dataset that should show this effect. The mode 2 admittance for the wall
rises sharply with frequency when formed with both the longitudinal velocity spectrum (Fig. 5) and
the lateral velocity spectrum (not shown). Fig. 9 shows the same admittances for the wall mode 3
data. Both are flat and near to unity, and thus mode 3 could be a potential candidate for associatior
with lateral quasi-steady fluctuations. Fig. 10 shows a comparison of the predicted and calculated
mode shapes for this mode. The two sets of results can be seen to be similar in form, although the
precise values are somewhat different. These results suggest that this mode may be to some degr
associated with lateral quasi-steady fluctuations.

Consider now vertical quasi-steady fluctuations. Again if a modepresents these fluctuations
than one would expect its spectrum to be similar in shape to the vertical turbulence spectrum, and
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Fig. 9 Longitudinal and lateral velocity admittances for wall mode 3
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Fig. 10 Measured and lateral quasi-steady predictions for wall mode 3
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Fig. 11 Longitudinal and vertical velocity admittances for cube mode 3
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by a comparison of Egs. (3) and (4)

p_2'_|'.2 - E%DZEM/DZ (7)
' T OdeO0o O

Because it was possible to tilt the cube and obtain vertical pressure coefficient derivatives, it should
be possible to identify any such mode from this data. For this data the mode 2 admittances agair
increased very significantly with frequency when formed with both longitudinal velocity spectrum
(Fig. 6) and the vertical velocity spectrum (not shown). The third mode however, whilst increasing
with frequency when formed with the longitudinal velocity spectrum, was relatively flat and close to
unity when formed with the vertical velocity spectrum (Fig. 11) and is thus a candidate for
association with vertical quasi-steady fluctuations. The predicted and measured eigenvectors are
shown in Fig. 12. The agreement can be seen to be relatively good, and suggests that for the cub
data the third mode is associated with vertical quasi-steady effects. It is of interest that this mode is
particularly significant at taps 8 and 9 (which are near the reattachment point). If, by analogy, mode
3 for the building is also associated with vertical quasi-steddgtefthe large peak in this mode at
tapping 28, which is near the reattachment point, is similar in nature, and suggests a major role in
vertical quasi-steady fluctuations around roof reattachment.

Now consider fluctuations due to large scale wake unsteadiness. If a particular mode representec
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such fluctuations one would expect the eigenvectors for these modes to peak in the regions of sucl
separated flow (i.e., in the lee of the wall, cube and building) and for the spectra (and thus the
admittances to show a peak at a value of frequency of around (reference velocity / representative
building dimension). Assuming a representative dimension for the wall of 2 m and for the cube and
building of 6 m, the frequencies should thus be around 5 Hz, 2 Hz and 2 Hz for the three structures.
An examination of Fig. 3 to 5 for the eigenvectors reveal no modes that meet the first of these
criteria. The admittances for modes 4 and 5 (not shown) on all three structunesveler show
significant energy in the range above 1 Hz. However it was argued above that modes 4 and 5 car
show considerable variation between nominally similar datasets (section 2.3), and it would be unwise
to assign precise physical meanings to them. Thus it does not appear that there is conclusive
evidence that any of the lower modes are associated with large scale wake unsteadiness, at least f
the cases considered here.

Finally consider fluctuations due to unsteadiness in locally separated flow regions. The first test of
whether or not a particular mode represents these fluctuations should be a peak in the eigenvecto
within these regions and little energy elsewi.e., in the separated flow regions on the roofs of the
cube and building. Modes 4 and 5 for the cube and modes 2 and 4 for the building fulfill this
criterion. For the reasons above it would be unwise to consider modes 4 and 5 as having precise
physical causes however. Secondly Chetrgl (1984), in their fundmental investigation of separation
bubbles, identified a peak in the surface pressure spectra from downstream of about 60% of the
separation bubble length with a frequency of ©ffee stream velocity / separation length). For the
case of the separation bubble on the windward roof of the building (with an assuraesticep
length of about 3 m), this corresponds to a peak in the spectrum at about 2 Hz. There is a flat peal
in the admittance for mode 2 at about this frequency (Fig. 6). The identification of mode 2 with
fluctuations in the separation region is further confirmed by the curved eaves results (given in Prevezer
1998) where a separation bubble does not exist. No mode similar to mode 2 exists in this data.

Thus in summary it would seem that there is fairly strong evidence that for the cases under
consideration, the first mode represents mainly longitudinal quasi-steady fluctuations. For the building
mode 2 represents a fluctuation due to the separation bubble above the roof of the structure. For th
wall mode 3 fluctuations appear to be largely due to lateral quasi-steady wind fluctuations, whilst
for the cube, and quite possibly the building, mode 3 represents vertical quasi-steady fluctuations.
This still leaves the question as to what, if anything, is represented by mode 2 on the wall and the
cube and the higher modes in each case. The higher modes will be discussed below. With regard ti
mode 2 on the wall and cube, it is possible that these modes might in some way reflect the effect of
streamline distortion on the quasi-steady fluctuations (see Hzixaly1999), but at this stage this is
merely conjecture.

This conclusion is less pessimistic than that reached by Hatreds(1997). They argued that the
identification of mode shapes with physicaéchanisms was likely to be fictitious. As mentioned in
section 1 this conclusion was based on two studies. The first was a comparison of the mode shape
over a pitched roof building with different opening configurations and sampling regions. It was
shown that the eigenvectors were dependent upon the configuration and sampling region. This was
said to be because of the constraints of orthogonality. There is however another possibility - that this
difference is simply due to different y$ical mechanisms being present for different opening
configurations, and these modes being identified only when the sampling area is signifitacttyl af
by these mechanisms. A close inspection of the results of Hainak shows that similar mode
shapes exist in different configurations, although the mode order is different. Indeed the same effect
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can be found in the present data - if for example only the windward pressure tappings on the wall
were used in a POD analysis, a humber of modes were eliminated that probably primarily reflect
leeside flow mechanisms. The second investigation described by Hetnaswill be considered
further in the next section.

At this point it is also appropriate to mention the work of Tanatral (1995). They attempted to
determine whether or not modes were associated with physical causes, by finding correlation
coefficients between the mode time series and the measured upstream velocity component. This is -
somewhat cruder approach than that adopted here, but was directed towards the same ends. For the
low rise building, which was instrumentedross its surface with up to 500 pressure tappings. They
were only able to find significant correlation between mode 1 and theudimgil velocity component,
and between mode 2 and the lateral velocity component. Even for these the correlation coefficients
did not exceed 0.5 for the first mode and 0.35 for the second mode. This lack of good correlation
probably reflects the facts that the reference point was someway upstream of the model (and thus
only low frequency components could be expected to be correlated) and also that there is not a
precise one to one relationship between individual modes and physical mechanisms.

2.4. Theoretical considerations
Holmeset al (1997) show that if the pressure coefficient covariances can be expressed in the form
C = Oze—k\x\/a (8)
whereo? is the integrated variance of the fluctuating pressure coefficipts, is the magnitude of

the distance between any two pointsa is the range of the calculation akds a constant, then the
eigenvalues are given by

) = Zao (9)
y +k

For odd modes the functignand the eigenvectokgare given by

k 2y/ a)*°co(yx/
y= K _ (2y/a)""cosyx/ g (10)

ary (2y + sin2y)
and for even modes they are given by
05 .

y = —ktany  @= (2y/ @) “sin(yx/ a) (11)

(2y - sin2y)°'5
Holmeset al show that the form of Eq. (8) adequately describes the covariance distribution over a

spanwise section on the roof of the low rise building that they were investigating, although there is

no reason why it should apply in other situations. They went on to argue that since this equation
had no physical basis, neither had the modes that they observed experimentally. It is however
possible that this agreement was simply because Eqg. (8) was a reasonable empirical fit to the
measured covariances which themselves were the results of specific flow mechanisms. In any cas
these equations allow the calculation of an infinite series of eigenvalues and eigenvectors. To check
what the effect is of reducing the number of sampling points, and thus truncating the infinite series,
covariances were generated for three cases as follows
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a) using Eqg. (8) but for 20 equally spaced points over the range;
b) as in (a) but for 10 equally spaced points over the range;
c) as in (b) but with a random error of between 0 and 0.03 applied to the generated covariances.

The eigenvalues and eigenvectors were then calculated for the resulting covariance matrices. Ir
what follows the calculated eigenvalues will be normalised adth the eigenvectors with (b&)%°

Eigenvalues Eigenvalues
1
— Theoretical —— Theoretical
» eigenvalue | ., .
5 014 e 20 poi 2 01 eigenvalue
] point -] R
E . eigenvalue E N a 10 point
& 001 1 °°: » 10 point & 001 $ eigenvalue with
Leoo,, oe eigenvalue R random errors
0.001 w T T 0.001 T * T
0 5 10 15 20 0 5 10 15 20
Mode number Mode number
Fig. 13 Effect of discretisation and random errors on theoretical eigenvalues
Mode 1 eigenvectors Mode 1 eigenvectors
+5 t5
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Mode 5 eigenvectors Mode 5 eigenvectors
2 2
|51 37
() (7]
% T G T E & T G T &
a . 1) - ,00 - =U. .
2 - 0.5 1 T 0.5 £ -l \g% a9 0.5
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Fig. 14 Effect of discretisation and random errors on theoretical eigenvectors (for key see Fig. 13)
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and distances with. The value ok is taken as 0.888 as in Holmesal It can be seen from Fig.
13 that the eigenevalues are in agreement with the theoretical values for the lowerbuiodegin
to deviate considerably from theory for the higher modes. As a rule of thumb it would appear that
the eigenvalues begin to show significant errors for modes N/2 and above, where N is the total
number of modes in each case. The effect of a random error is also significant in this range. The
eigenvectors themselves (Fig. 14) seem to be relatively insensitive to series truncation except that fol
case (b) above the number of points across the range is too small to fully represent the true
“sinusoidal” nature of the eigenvector for mode 10. In general the effect of the random errors is
small, although there is considerable scatter for the mode 10 results.

It can thus be concluded that the higher modedilaly to be significantly dected by the effect
of spatial discretisation and experimental error, and that it would be unwise to assign any physical
meaning to these modes. This does not of course mean that these modes cannot be used to repres
the original fluctuating pressure dataset.

3. Other applications of proper orthogonal decomposition

Holmes (1990) has shown that the technique of proper orthogonal decomposition is in principle
useful in enabling the extreme values of loading to be calculated simply from the extreme values of
the lower, most energetic modes. It is the purpose of this section to briefly point out a few other
applications of the technique that are potentially useful, and also, if one accepts that the modes dc
represent physical phenomena to some degree, offer an insight into the nature of the flow arounc
structures.

Firstly we consider the use of POD in describing the ventilation of multi-opening enclosures. This
has been briefly considered by the author in Baker (1998). In that papgotved, through a
consideration of a linearised equation of ventilation rate through such an enclosure (following
Haghighatet al 1991) that the spectrum of the ventilation rate could be given by

_ (wpV U/ 2K)( [2Su+[]2Se )

D%_QZDZJ,D?C_M:TD
M~ @20 ¥ O, OO

So (12)

wherewis an angular frequencyy, is the natural frequency of the system ABN/ pL)%? andc is
the damping of the system k#2(oLABN)®%; p is the density of airV is the volume of the
enclosureu is a reference velocitk is a coefficient of linearisatior is the orifice areal. is the
effective opening length (calculated from (actual opening length + 0.89 (opening®greajiN is
the number of orificesB = yPr/V where y is the ratio of specific heat anér is a reference
pressure; []. = J.Pi(x,-)/N where subscriptndicates the mode and subscijighe position of
the orifices on the surface

A hypothetical calculation was carried out for ventilation into the Silsoe building with openings at
the positions of tappings 29 and 30 (on the windward and leeward sides of the ridge respectively),
thus rather artificially simulating a ridge ventilator. The values of the assumed parameters are shown
in Table 2 below. These were such that the natural frequency was 1.48 Hz and the damping ratio
was 0.189. In this simulation the ventilation spectra were calculated by mode using Eg. (12) and the
results are shown in Fig. 15. The spectra can be seen to peak at the natural frequency of the syste
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Table 2 Parameters assumed for ventilation calculation

A o) Opening length L \Y K u N v Pr
(m)  (kg/nT) (m) (m) (m?) (m/s) (Pa)
0.5 1.25 0.05 0.675 1900 3 5 2 1.4 100000

Mode 1
ventilation

Mode 2
ventilation

Mode 3
ventilation

Total
ventilation

0.1 1 10
Frequency Hz

Fig. 15 Modal and total ventilation spectra for hypothetical building ventilation

as would be expected. It can further be seen that in this case the ventilation is dominated by the thirc
mode, identified above with vertical quasi-steadgots, which in view of the importance of this mode

on the building roof is not unexpected. The next most important ventilation mode is mode 1, due to
longitudinal quasi-steady effects. The unsteady ventilation rates for each mode can then be found from a
integration of the spectra. For this case, in terms of air changes / hour (ach), it was found that the mea
ventilation component was 0.335 ach. This Figure was calculated by assuming orifice flow through the
openings driven by the external pressure difference, with a discharge coefficient of 0.61. The unsteady
ventilation rates for each mode could be calculated from the simple formula

(02)**(J2/ ™)(3600/V)

where 0? is the variance of the modal variation calculated from integrating beneath the ventilation
spectrum. The mode 1, 2 and 3 ventilation rates were, respectively 0.236, 0.041 and 0.321 ach. Thus th
unsteady ventilation can be seen to be the main component of ventilation in this case. Whilst this is &
purely hypothetical example it can be seen that the use of the technique of POD allows both a relatively
simple calculation to be made, and also allows a degree of physical insight into the phenomenon.

Next we consider the use of POD in investigating the relationship between the internal and
external pressure fluctuations within a building, and thus to consider the loading on the cladding of
a structure with a single skin. From the ventilation analysis outlined above the spectrum of internal
pressure within a structure can be expressed as

_([13Su*[]38e)

D%_QZDZJ,D?C_(HETD
M~ @20 ¥ O, 00

Sep (13)
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From a consideration of the external pressure at the cladding point (denoted by c¢) and the internal
pressure the following equation can be derived for the spectrum of the net pressure coefficient on

the cladding element
-2 0"« e,

Spe= S 2] (14)
o= 2 % o f |, Rewrfn

Ran Dw o

Thus again it can be seen that the use of POD allows a reasonably straightforward description of
the net cladding pressure to be obtained, and the use of only the first few terms will allow the
spectrum to be suitably specified. The external, internal and cladding pressure spectra from such ¢
procedure are shown in Fig. 16 for the Silsoe building ventilated as described above, for an element
of cladding at the location of tap 26, near the windward leading edge and thus within the separated
flow region. It can be seen that a peak in the internal and net cladding spectrum is predicted
corresponding to the natural frequency of the enclosure. From such spectra it is possible, through &
routine extreme value analysis, to find the extreme values of the cladding pressure that allows for
the correlation of internal and external pressures. Table 3 shows the results of such a calculation fol
this case. It can be seen that such a calculation allows for the actual minimum cladding pressure tc
be calculated, rather than the more conservative value obtained from the mean internal pressure an
the minimum external pressure. Whilst the results are very specific to the hypothetical situation

0.12
Cladding net
0.1 pressure
0.08 | spectrum
Extemnal
0.06 - pressure
spectrum
004 S N\ e Internal
0.02 | pressure
spectrum
0 , T
0.001 001 0.1 1 10

Frequency Hz

Fig. 16 External, internal and cladding spectra for hypothetical building ventilation

Table 3 Calculated cladding pressure coefficients for Silsoe
Building tapping 26 (1s averages)

Parameter Value
Mean external coefficient -1.389
Mean internal coefficient -0.696
Mean cladding coefficient -0.693
Min external coefficient -2.526
Min internal coefficient -1.295

Min cladding coefficient -1.326
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being considered, this method can be seen to give a rational way of allowing for the correlation
between internal and external pressure coefficients when calculating cladding loads.

4. Conclusions

The first part of this paper addressed the question as to whether or not the modes identified by &
POD analysis can be associated with physical flow phenomena. On the basis of an analysis of
experimental data and an analytical / numerical investigation it was concluded that

a) The lower (more energetic) modes dikely to be primarily associated with one specific
physical cause. However because of the interactions between different physical mechanisms, ar
individual mode, whilst predominantly reflecting one physical mechanism, may nonetheless contain
components from other mechanisms.

b) The higher (less energetic modes) are likely to be significantly affected by experimental variability,
particularly for the full scale data considerestén

c) The effects of a finite number of sampling points and of experimentat are likely to be
significant for, very approximately, the 50% of the modes with the lowest energy

Whatever one concludes concerning the physical nature of the POD modes, it seems to the autho
that the charactestic of POD that is most useful is the ability to represent the fluctuating pressure
field on the surface of a structure through a relatively short series of terms. In particular pressure
coefficient spectra can be expressed as series of the modal spectra. When applied to calculating
extreme loads, ventilation rates etc, this results in simple straightforward expressions that are simple
to use. If in addition one accepts that the modes represent physical mechanisms, such an approac
also gives considerable physical insight into the physical phenomena involved.
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