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A model of roof-top surface pressures produced
by conical vortices : Evaluation and implications

D. Banks' and R. N. Meroney*

Fluid Mechanics and Wind Engineering Program, Civil Engineering Department,
Colorado State University, Fort Collins, CO 80523, U.S.A.

Abstract. The greatest suction on the cladding of flat roof low-rise buildings is known to occur beneath
the conical vortices that form along the roof edges for cornering winds. In a companion paper, a model of
the vortex flow mechanism has been developed which can be used to connect the surface pressure benea
the vortex to adjacent flow conditions. The flow model is experimentally validated in this paper using
simultaneous velocity and surface pressure measurement on a 1:50 model of the Texas Tech University
experimental building in a wind tunnel simulated atmospheric boundary layer. Flow visualization gives
further insight into the nature of peak suction events. The flow model is shown to account for the increase
in suction towards the roof corner as well as the presence of the highest suction at wind angles of 60°. It
includes a parameter describing vortex suction strength, which is shown to be related to the nature of the
reattachment, and also suggests how different components of upstream turbulence could influence the
surface pressure.
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1. Introduction

Severe peak negative pressures beneath the reattaching shear layer along the edge of a building
roof are attributable to vortices which form stably for cornering winds (Ginger and Letchford 1992)
and sporadically for winds normal to the roof edge (Saathoff and Melbourne 1989). The need for a
better understanding of the vortex flow mechanism was noted in both cases (Marwood and Wood
1997, Melbourne 1993). To that end, a model of the dependence of the surface pressure beneath tt
vortex on local flow parameters such as wind speed and direction was developed at Colorado Stat
University (CSU).

This paper uses experimental measurements to evaluate this vortex flow mechanism model, which
is fully developed in a companion paper (Banks and Meroney 2000b). This flow model is embodied
in the Egs. (1a) and (1b), where many of the terms are either illustrated in Fig. 1, or are discussed
in the model development summary which follows. A table of nhomenclature is also included in this
paper, as several new symbols are introduced.

Cpy(t) = Eﬂff'—“(—ﬁ%t = f[1+ sirf(a(t)) Tp(t)]3 (12)
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Fig. 1 lllustration of the terms used in the flow model equations. Also shown is the expected velocity profile
through the vortex coré.= 0 at the vortex core
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Cps = H- S L+ sirf(@) Co(@)]] (1b)
re

The quantityUg, is the speed at which the vortex rotates, and is considered to be linked directly
to the flow speed directly outside of the separated flow zone, such as at theMpaints. The
term Uy sunscripg IN general refers to a flow speed at a location described by the subscript, such as the
point M or the reference location (upstream at roof height). This subscript convention is also used to
describe the location at which @Gp susscripg Value is being measured, so ti@s is the pressure
coefficients measured at the poifdit is important to note that since the vortex moves in time, and
the pointsM and S are directly beneath and above the vortex core respec@myand Uy, cannot
be measured with a single stationary tap or velocity probe. This is discussed in more detail in

section 2.2.
The development of the model embodied by Eqg. (1) is based on the following reasoning :
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® Cpy is assumed to be determined uniquely by the flow velocity at the Moimt keeping with
the application of the steady Bernoulli equation to a region of potential flow :

@ The pressure minimum at the vortex core can be calculated from the radius of curvature and the
tangential velocity through the vortex using the equation
dP _ pU’
dn R,
wheren in a unit normal to the curving flow streamlingg, is the radius of curvature of the
flow in and above the vorteR, is the static pressure apds the air density.
® The mechanism by which the high suction at the core is partially transferred to the roof surface
is as follows: The radius of curvature increases much more rapidly beneath the core than above
it, because the roof forces the streamlines beneath the vortex to flatten out quickly. As a result,
some of the very low pressure at the core is passed on to the surface. This mechanism is
quantified in the calculation @, which is reviewed briefly later in this paper.
@ The faster the component of wind normal to the vortex ddye- (sin(a)), the faster the vortex
spins, so the greater the pressure drop to the core and to the surface for a givengvalue of

2
CPu—CPs = =L Csin’(a) Cg()
Uref

Since the flow speed a@#l controls bothCpy, and the lower value o€ps simultaneously, the
vortex can be seen as an amplifier of the velocity related pressure dvbpFat this reason, the
term ‘g’ is referred to as the amplification factor.

The experiments used to assess how well this model explains known vortex behaviour are
described below.

2. Experimental procedures
2.1. Configuration of apparatus

Simultaneous measurement of surface pressures and flow velocities was performed in the CSU
Meteorological Wind Tunnel. In some instances, flow images were recorded concurrently.

For this flow visualization, a laser light sheet was used to illuminate a plane within the flow
separation region. The laser is a Coherent Innova 70-5 argon ion water-cooled laser, with a nominal
maximum output of 5 Watts. The power level was set between 1 Watt and 2 Watts for these tests.
Flow motions were exposed with glycerine smoke, which was introduced either upstream or through
holes near the windward corner, or ‘apex’, of a model's roof. The digital recording system made use
of a Pulnix TM-7CN CCD array camera, which provides one grey scale image everyai/@0th
second. The camera has a variable shutter speed, providing exposure times ranging fravh a/60th
second to 1/10,000tf a second. The shutter speed was generally set at either 1 25260thof
a second, so that the image effectively provides an average of the vortex position over this period of
time. The camera's 60 Hz video signal was digitized by means of an Imaging Technology Inc.(ITl)
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Fig. 2 Top view of 1:50 model of TTU WERFL building showing position and numbering to roof-top
pressure taps used in this experiment

MVC IC Image video capture board installed in a PC. Real-time image acquisition and processing,
as well as batch image post-processing, were performed using ITI's Itex-IC c-language libraries.

A 1:50 scale model of the TTU field site low-rise building was used for tests in the simulated
ABL developed by Ham and Bienkiewicz (1998). The pressure tap layout for the 1:50 model is
given in Fig. 2. In order to provide a suitably large vortex during the visualization, the light sheet
was positioned ax =137 mm. This corresponds tdH=1.72, wherex is the distance along the
leading edge from the apex, aHds the building model’s height.

The 0.5 mm diameter taps were connected to a 48-channel Pressure Systems Inc. (PSl) ESP4
pressure sensor transducer unit mounted inside the model. The restrictor tubes used with the PS
transducers provided a linear phase shift and a gain of £.0.2/out to 200 Hz. A restrictor cut-
off at 200 Hz was chosen to avoid cutting off any pressure peaks (Ham 1998). The pressures were
recorded at a frequency of 480 Hz per tap. (Transducer settling time issues prevented pressure dal
collection as rates much above 500 Hz). Since all 48 signals exit the transducer on the same line
there was no possibility of low-pass filtering the signals electronically.

Velocities were measured using model 1210 single wire and model >12ddre hot-film probes
from Thermal Systems Inc. (TSI) connected to TSI model 1050 constant temperature anemometers
A typical arrangement was to place afh-wire upstream and anothet -wire either above the
leading edge (the point C) or directly above a selected pressure tap. All probes were aligned with
the local mean flow vector. Tests were performed to ensure that the glycerine smoke used for
visualization did not affect the mean or rms velocity measurements.

Time series of 50 seconds in duratierd? minutes at full scale) were typically recorded for the
pressure/velocity data. When images were also recorded, the data sequences were limited to |
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seconds in duration due to the considerable memory requirements of real-time image storage.

The wind tunnel free stream velocity was typically set at 8 m/s at building height. This provided
an adequate pressure signal, while still leaving enough smoke in the visualization plane for flow
structures to be discerned in the digital images.

A single TTL switch triggered data acquisition. A precisely timed LED sequencer placed inside
the Plexiglas model was used to ensure synchronization between images and pressures. The restrict
tubing and the analog filters also introduce delays which were measured and corrected for during
post processing.

2.2. Conditional sampling

One of the main conclusions from examining the vortex image sequences is that the vortex
changes position and size rapidly and considerably in turbulent flow. A good deal of this motion is
attributable to changes in the local wind direction, because the vortex coreganiglea function of
the wind anglew (Bankset al 2000). (. and w are illustrated in Fig. 1w is defined as the wind
angle with respect to the roof edge along which the vortex of interest has formed)=80r for
flow normal to this edgeg. is the vortex core angle with respect to this same roof edge.) However,
there is also random scattergpabout the mean for any given instantaneous wind direction (Banks
and Meroney 2000a). Eq. (1b) predicts the surface pressure at a point beneath the moving vorte»
core, based on the flow velocity directly above the moving vortex core. To validate this equation,
simultaneous flow velocity and surface pressure measurements are required afonaxthgwhich
is a vertical line through the core of the vortex joining the pdihandS, with {= 0 at the vortex
core). Sincep. moves somewhat randomly, so does §heaxis, which makes it impossible to take
measurements at the poiiisandS with a single stationary probe or tap.

This problem was overcome by using conditional sampling. By simultaneously measuring the
pressures at every tap in a given row, the location of the vortex could be ascertained, since the cor
is always above the location of maximum suction. Fhewire probe was positioned above a target
tap, one with a high likelihood of having the peak suction. By selecting only those pressure and
velocity measurements in the time series when the target tap had the lowest pressure in the row,
discontinuous time series bk, andCps was extracted from the full time series. Such conditionally
sampled time series were used to generate all of the plots in this paper.

2.3. Selection of the point M

The correlation between the flow speed along fhexis above a target tap and the pressures
measured by that target tap reaches a maximum just above 3 times the mean coré shafght,
(Fig. 3). Since the correlation drops off quickly fox 3h, theUy (t) velocity measurements used to
assess the validity of Eq. (1a) were takem=a8.5h, where the correlation coefficient is typically at
its maximum of ~0.8.

Another reason to place the probezat3h is that the probe was observed to alter the location of
the vortex core when placed a& 2.5, moving the mean vortex position closer to the roof edge.
This shift in mean vortex position due to probe interference does not explain the loss of correlation
for zy < 3h, however, because the conditional sampling process ensures that the vortex core is above
the target tap and below the hot film for the data used in Fig. 3. One possible explanation is that the
loss of correlation betweddy, andCps is due to changes in the vortex core height. It is known that
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Fig. 3 Correlation between surface pressure and flow velocity above various target taps for a wind afgle of 55
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Fig. 4 Effect of hot wire position on total velocity

the vortex height for a give@. can vary as much as 50% from the mean (Batkd 2000). If the

velocity is being measured, for example, at twice the mean core height, then a larger than average
value ofh(t) will produce a considerable drop in the measured velocity (see Fig. 4). Without some
knowledge ofh(t), this drop in velocity is indistinguishable from a decrease in local velocity. (The
point ‘M’, also shown in Fig. 4, will likewise suffer some inaccuracyjnas a result of changes in

h(t), but it is expected to be less severe tharz fo8h.) This uncertainty abowt(t) imposes on the
velocity signal random fluctuations that are unrelated to the overall flow speed at the roof edge,
resulting in a loss of correlation.

3. Results
3.1. Velocity and curvature profiles

The companion paper defingsasg(t) = gs - 15(t), wherel 5 is a delta function which is 0 when
the vortex is absent, argd can be calculated by the equation

s = 2f, R0 2 a @

S
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wherea = {/h=(z-h)/h andR; is the radius of curvature. In the companion paper, the functions
U(a)/ Uy andR.(a) / h were estimated from the results of numerical delta wing vortex studies and
heuristic arguments, and a value fprof ~1.5 was determined. (Note that the location of the point
M in the experimental work (a= 3.5h) is slightly above the position of the poikit used in the
companion paper to derive the theoretical valug(af= 3.1n). This increases the expected value of
g, from just below 1.5 to just above 1.5.)

The mean velocity profile could not be reliably measuredzfod.5h using the above facilities,
since the hot-film probes cannot detect a flow reversal. The conditionally sampled mean velocity
profiles do show reasonable agreement with the general shape of the estimated functichHar
however, as shown in Fig. 5. The sensitivity of Eq. (2) to variations in the velocity profile near the
core was assessed, and showed that while the pressure at the vortex core depends greatly on tl
velocity profile, the surface pressure is less affected because of the expected relative symmetry o
U(a) above and below the core.

In the potential flow zone, values Bf(a) can be calculated from the velocity profiles since the
flow is assumed to obey Bernoulli's equation. Since the pressure drop across the curved streamline:
is prescribed by

2 2

dp = Q-L—J—, the radius of curvature can be estimatecﬂegﬁ:-z—@—z—gy—

da R A(U?)

These calculations indicate that can only be normalized Hy close to the vortex core (perhaps
only for z< 3h), because outside of this region the local curvature is determined by the overall flow
over the building regardless of the vortex size (see Fig. 6). Fig. 6 also indicat&s #fwave the
core increases roughly with.

In and around the transition region, the radius of curvature has been estimated from flow visualization
images. A sample image is provided in Fig. 7, where the simultaneously measured pressure profiles
have been superimposed during post-processing. The building model is the black rectangle in the
lower left, upon which the location of the pressure taps in row #5, illustrated by 11 vertical white
lines, has also been superimposed. The roof of the model reprépen@ and the bottom of the
image corresponds ©Bp=-2.4, as indicated. The order in which each of the coloGgegrofiles
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Fig. 7 Vortex image in smooth flow faw=45", with tap locations and pressure profile superimposed. The
dotted yellow line was used to calculate curvature.

occurred is given by the correspondingly coloured numbering in the lower left of the image. (Also
in the lower left is image number, in this case 168; the sequence includes a total of 240 images
taken over 4 seconds, for a sample rate of 60 Hz. The exposure time for this image was 8 ms.)

By selecting points that follow the flow, such as those indicated by the dotted line in Fig. 7, and
fitting a curve to those points, the curvature could be calculated and normalized by the vortex core
height. Data points derived by this technique are shown in Fig. 8. The points were be fit by a curve
of the formR./h=a+ B-a®in Eq. (2) so thaR, approaches in the limit asa— 0 and varies with
Z asa becomes large.

By varying the value 0B, the sensitivity ofgs in Eq. (2) to variations iR, (a) / h was assessed,
using the velocity profile depicted in Figs. 1, 4 and 5. Some results are presented in Fig. 9, showing
that higher relative curvature (low&:/h) should produce greater values gaf and hence greater
rooftop suction. The influence of curvature above the vortex will again be discussed once values of
g, which have been indirectly measured using Eqg. (1), have been presented.

3.2. Cp as a function of distance from the corner

A comparison of the data series for the different rows of taps in Fig. 5 also indicatés, that
increases with decreasimg This trend is supported by LDA measurements above a 200 mm cube,
where it was reported that velocities in the conical vortex increase as the apex is approached
(Minson and Wood 1992). They, vs. x relationship was quantified by further measurements taken
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Fig. 10 Increase in velocity and surface pressure coefficient towards the roof tiyywess measured at=
3h in this casew=5%

betweenz=2h andz=3h at severak positions forw=55°. Measurements were also takerx at
15 mm andx = 10 mm, using tap #10 as the target tap to determine vortex position. The results are
shown in Fig. 10a. Fox< 15 mm, the vortex becomes quite sméalk@.5 mm); hence, the peak
velocity is probably slightly higher than what is measured, since when the measurement volume of
the X -wire is comparable tb® the wire will average velocities over a range 2+

Substituting thesé)y (x) values into Eq. (1b) produces Fig. 10(b), where0.65 has been used.
(It is shown later in this paper that this is the expected mean vafpéooiw= 55°) This compares
favourably with the measured increase@ps| towards the cornerCfs is determined for a giver
by extracting the minimunCp from the row of taps at for each point in time, and averaging this
new time series.) The pressure coefficient beneath the vortex core is expected to decrease accordir
to an equation of the fori@ps=—-C; (x/H)®® (Lin et al 1995), and such a curve is also shown for
comparison.

Why would the velocity increase towards the apex? One possibility is that while the normalized
curvature atM might remain constant, the absolute value of the curvature must decrease(as
and the vortex gets linearly smaller. Since the flow speed increases inverseR: with potential
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flow region, Uy / U,,s would be expected to increase near the leading corner, or apex. So the smaller
vortices would induce a greater absolute curvatung,aeading to a loweCpy . This analysis is

also corroborated by the authors’ observation of increased suction beneath smaller vortices in smoott
flow (Bankset al 2000), even though these vortices had idenRgah values atz=2.2h.

3.3. Cp as a function of wind direction
3.3.1. Velocity components as a function of wind direction

Velocity profiles above a target tap were also measured for a range of wind directions, and the
results are shown in Fig. 11a. The velocity above the vortex increases dramatically as the nominal
wind angle is increased from 15° to 60°, at which point it levels off and begins to decrease (Fig.
11b). This helps to explain the general patternCp§ vs. wind direction, which has a widely
accepted worst case wind angle range of 5&°<60°. Fig. 12 illustrates the maximum @yps
occurring atw= 60° for row # 3 X/ H=1.1). Recall that th€ps(t) time series for row #3 represents
the worst suction measured for all taps in row #3 at each point in time. Also shown for comparison
is the value ofCp (w)| for tap #39, which is located a@t= 7°. (This ‘single tapgCp vs. w’ plot is a
type more commonly found in literature). As one might expect, the valu@ppfdr the single tap
is lower than €ps| at all wind angles.

One interesting fact about the plot @p|w)| for tap #39 is that even though the mean vortex
position is above this tap ab=35°, (Bankset al. 2000) (and peak suction is always beneath the
vortex core), the suction continues to increase withreaching its peak suction at= 60°. This can
be explained using Eq. (1). Even though Eq. (1) is meant to pf&aldor a tap row perpendicular
to the leading edge, it can be adapted for use on a single tap by using a transfer function (Banks
and Meroney 2000a). The results show that the continued incre&3g it tap #39 after the mean
vortex core position has passed across the tap is due w(theand Uy (w) terms, which both
continue to increase from = 35° tow=60°.

Even with the value ofJy reaching a maximum ab= 60°, however, Eq. (1b) predicts thatifis
a constant, then the suction should continue to increasg—a®£0°. TheCps(w) curve calculated
using Eq. (1b), withr (w) given bya = 18° + 0.7 (Banks and Meroney 2000k),, as in Fig. 11b,

o= —— »=15°{tap # 39) EN . ® e oo
S 0354| v w=25°(tap #39) N A z e e ey
o —8— = 35° (tap # 39) . © °

8 030 4| —° =45 (tap#39) AN "

g —a— = 55° (tap # 39) . ® 134

S o5 || T @=60(tap#41) X o 1

g™ —e - w=70°(ap#41) | j =

3 E

B 020 - g

5 7‘ g 12 ® row# 1 (x=30mm)
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2 2

T 0.10 .

z 14
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09 1.0 1.1 12 13 14 15 4] 20 40 860 80 100
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Fig. 11 Effect of wind angle upon the velocity above the vortex
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Fig. 12 MeanCp beneath the vortex for tap row #3 angle for a tap ak=0.05H and@=16.

The w(t) measurements were taken with a
nominal wind direction of 45

andg = 0.65 is also shown in Fig. 12.

However, ifw(t) is measured OH upstream of the leading edge, abpl is plotted againsiu(t)
instead of mean wind direction, then the maximum suction does occur @t«8€90°, as shown
in Fig. 13 (Letchford and Marwood 1997). This suggests@patdoes indeed vary with g (t))
for w(t) >60°. The fact thaCp does not drop off for instantaneous changes in wind direction from
45° to 75°, but does for a similar shift in mean wind direction, is in part attributable to an error in
the quasi-steady(Q-S) assumption underlying Eqg. (1a). Q-S theory assumes that an instantaneou
change in wind direction has the same effect on the vortex as a long-term change in wind direction
between the same angles. This is not the case foy > 60°, since the vortex is much more stable
at low mean wind directions, and this translates into higher valugpsdbr w(t) > 60° whenw<
60° (Banks 2000). This suggests that peak suction events are related to stable vortices at momentaril
high local wind angles. The issue of the duration of a wind direction shift is explored further in the
final section of this paper.

3.3.2. Amplification factor (g) as a function of wind direction

The mean value of is expected to decrease @sapproaches 90°, because flow visualization has
shown that the vortex becomes increasingly unstable and intermittent. This accounts for the
discrepancy between the measutg® and that calculated using a constanm Fig. 12. A function
g (w) can be calculated from the measured and calcuigpedurves in Fig. 12, and it is shown in
Fig. 14. If a value ofg=1.5 is associated with a stable vortex, then an intermittency fungtign
can be calculated frog (w) = 1.5 | (w) ; this function is also displayed in Fig. 14.

Up to this point, we have focused upon the mean value equation, Eqg. (1b). However, sinee the
wire atM can be used to measurg(t) and Uy (t) and Uy (t) can be used fodg,n(t), we can
calculated the value gj(t) for each point in the time series using Eq. (1a). Since the hbist
being used to measure the ‘spin’ velocity, ahglis a function ofw, Eq. (1a) becomes

Crt) = %g% Uff’f Ual@O) (1 + sirf(a(t) o1 e
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The calculation ofy(t) from Eq. (3) requires a division by &a), which for lowa (t) values can
lead to large values af (t). As a result, it has been found to be more revealing taAgipt' (t) vs.
a (t), whereACpM(t) is given by

_M((’-)(t))D2 (4)

2
ace'(t = (1-Cp) i SLsf-1 with - Cp(t) = Cpu(t) L P

& ((t)H

and the superscripd indicates a Nrmalization by the local flow velocitydCp"(t) simply provides
a means of experimentally estimating the value of(sin- g from the Cps(t) and Uy (t)
measurements.

The ACp (t) plots are compared with curves for%in) - g for different constant values gf in
Fig. 15, where tap #39 is the target tap. This plot is for a nominal wind direciigy) Of 55°,
where the value ofu,, is determined by the rotation of the wind tunnel’'s test section turntable.
Recall that the value gf is expected vary between O (when there is no vortex present) and close to
1.5 (for a strong vortex). While there is considerable scatter in the data, most of the data points do
stay within this range. This indicates that vortex strength, as indicated by the amplificatiorg,factor
varies on a continuum between 0 and a peak value, with a probability distribution that is essentially
Gaussian. The fact that there are quite a few data points aboge=th& line suggests that this
might be slightly low peak value estimate for a strong vortex. It is also worth noting that the scatter
is in part attributable to the loss of correlation betwdgr(t) andCps(t) at higher frequencies, and
that the values af > 2 are all but eliminated for most wind angles if the signals are filtered at 30 Hz.

For the plotted average in Fig. 15, thep(t) time series was sorted lay(t) and then grouped;
each point on the curve represents an average of 100 data points. Similar grouped-average curve
were calculated for data from a rangeaf,, data series, and the results are shown in Fig. 16.
These curves illustrate the aforementioned inaccuracy of the quasi-steady theory. In a truly quasi-
steady situation, all of the averagd@p" (w) points would fall on a common curve, regardless of
whom. INstead, the curves run alongside each other, so that, for exampke(tfor 50°, DCp"
ranges from 0.75 fofv,om= 25° to 0.5 forw,.m=65°. The general mean trend evident in eagh,
curve is, however, consistent with the quasi-steady expectation tlatiraseasesg decreases.
Looking at howACp" intercepts theg = constant lines forw,.m=55°, for example, we seg(t)
decrease from 1.1 near(t) = 40° to 0.6 atx (t) = 75°.
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Fig. 15 ACp! data fora,,= 55°. Target tap is tap #39  Fig. 16 Group-averagd@p' curves for various
nominal wind directions (tap #39)

The calculation ofACp™ ought to theoretically remove the influence of local velocity fluctuations
on Cps(t), allowing the influence otr (t) and g (t) on Cp to become evident. This is true in a
general sense: In Fig. 16, it is seen that dor 40°, the fact that st (t)) — O forcesACp"
towards 0, while it is the falling value gf(t) asa — 90° that keep®Cp" (t) below 0.5. However,
the calculation ofCp"(t) involves the division ofCps(t) by U\ (t), and the resulting correlation
coefficient betweerCpN(t) and Uy, (t) is typically 0.30. As a resuly (t) still varies somewhat
with Uy, and sinceUy, is a function of the wind direction, a spurious correlation is introduced
betweeng and a.

To ensure that highey values were not simply the result of the residual influendg\of and so
to better isolate the effect gfon Cp, selected data with 0.9,/ Uy < 1.1, anda in the rangeo + 8°
were used to calculatg for several nominal wind directions. The resultipgt) values and their
associated row #3Xp profiles (usually around 1000 data points) were sortedglfy), and
consecutive groups of 50 were averaged to produce Fig. 17. The results show that not Gply are |
values greater for higher values g@f(as would be expected from Eq. 3), but that @peprofile
shape changes with. As g becomes smaller, the profile becomes flatter, while for Igrgalues,
the transition from peak suction to low suction is very sudden.

The flow structures associated with th&€eprofiles can be examined though the simultaneously
recorded flow velocities, surface pressures and flow images. Some sample images are shown in Fig
18, which have a similar format to Fig. 7. Two hot-wire probes are evident, one along the roof and
the other above the leading edge at the pojrdind flow velocity vectors for the latter probe have
been superimposed. Image exposure times were 1/125th of a second for (a) and (b), and 1/250th ¢
a second for (¢) and (d). Mean flow velocity at the p@nwvas 11.4 m/s, and is indicated by the
grey circle around the top hot wire probe. The nominal wind angle is 45°, and the reference flow
velocity is 8 m/s at roof height.

Instantaneous concurrent flow velocitiesCahormalize theCp values for each time step, so that
the plots represent.

N Uc f
Cp[ap - Cptap(t) C(t)%
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Fig. 17 Pressure profiles beneath row #3, sorted by the valg€afly includes data withd (t) -mean @)
| <® and .9 <Uy/ meanUy) < 1.1)

The Cp"=-1.0 line is shown in grey, and is labeled “instantane@ps- -1.0". The rooftop
corresponds t€pN =0, and the bottom of the image correspond€pd=-2.1, as indicated. The
square of the velocity ratio used to “corre€)t) is indicated in the lower left corner, along with
the image number and the mean flow velocitaturing the image. For row #5 ama= 45°, Cp"

= -1 corresponds roughly 9= 0.4, andCp" = -2.1 corresponds roughly = 1.9.

Images (b) and (d), witly > 1.5, clearly display vortices above the peak suction locations, while
images (a) and (c), with < 0.5, show little or no evidence of reattachment. In general, a high value
of g and the associated rapid pressure recoveryforg is seen in images with a distinct vortex
and a clear reattachment point. Lgwalues are observed when there is either no vortex, or when
there is a poorly defined vortex with a gradual pressure recovery and a reduced Gyge of
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{al (b}

il

Fig. 18 Images of flow above the roof edge, using a light sheet along tap row #5, and showing
simultaneously measured pressure profiles and flow velocities. The images illustrate the difference
between lowg (a and c) and higl (b and d) flows.

4. Discussion of some implications of the model
4.1. Frequency considerations

We surmise that the changes in the quality of the reattachment (and in the attendant galue of
shown in Fig. 18 are linked in part to the presence of small-scale turbulence in the shear layer
above the vortex. Melbourne (1993) and Gartshore (1973) have pointed out that for the separation
bubble at the leading edge of a flat place, the smaller separation zones (which are associated witl
higher surface suction) are instigated by small-scale turbulence, which increases the entrainment ir
the shear layer. We expect this to be true for the conical vortex as well. If the amount of small-scale
turbulence atJy, were a function of time, then the vortex strength, dictated by the reattachment,
would also vary rapidly in time. An examination of the simultaneous pressure profiles recorded
during this study revealed that changes in vortex reattachment occur very qtitkly>3 atx/H
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=1.4). A normalized frequency @f/U >3 at this location implies a length scale smaller than the
circumference of the vortex.

Data reported by Li and Melbourne (1995) for bubble separation shows that for a constant level of
turbulence intensityl (= 8%), increasing the integral scale,X had no effect on mean suction (or
on the mean reattachment point) ubtilexceeded the re-attachment length, which is approximately
equal to the vortex circumference. At this point, the mean suction decreased as the separation bubbl
became larger. This can be interpreted to imply that bpeeas sufficiently large, the level of this
“small-scale” turbulence (of the size of the shear layer thickness) was reduced, and so the
reattachment length increased.

Interestingly,Cpms Stopped increasing with, at this point also. While this was not generally the
case (for higher levels df, Cpms continued to increase &g became greater than the reattachment
length), it highlights the difficulty of assessing the effects of turbulence on fluctuating pressures.
This is perhaps because increasing one size of turbulence at the expense of another can ha
offsetting effects, since all gust sizes tend to inCr€&gsg;:

@ As noted above, small-scale gusts will determine the likelihood of a strong vortex. Without a
strong vortex to amplify their effects, larger gusts will have less effect on surface pressure under
the separated flow. The rapid changes in reattachment noted above will also result in vortex
motion, which increaseSpms

® ‘Medium-scale” gusts (of a size larger than the separation zone but smaller than the building)
would be expected to increase the speed of the vortex rotation, without affecting the curvature.
This is the classic quasi-steaidy Cp contribution toCp,s An increase in the frequency of this
size of gust would also be expected to increase the relative size of the peak suction (Peak
minimum Cp/ meanCp), since each gust of this size is amplified by the curving separated flow.
This was observed a5 moved into this scale in the study by Li and Melbourne (1995).

@ “Large-scale” gusts (of a greater size than the building) not only rotate the vortex faster, they
also move the vortex. It is the motion of the high pressure-gradient reattachment zone across &
tap which is sometimes the biggest factor in the valu€Emyjs (Banks and Meroney 2000a).

(As a result, the location of pe&@is on the roof is a good indicator of the mean location of
reattachment.). This is the classic quasi-stéadyCp/ d6@ contribution toCpms

As a result, the simulation of all scales of turbulence in the oncoming flow are important in
reproducing suction beneath the conical vortex. Small-scale velocity fluctuations (especially the vertical
component) are expected to influence entrainment, and so control the shape of the re-attachmer
zone. (It is worth considering that some portion of the turbulence at this scale could be generated by
the leading edge itself). Medium-scale velocity fluctuations (especially the lateral component), are
expected to accelerate the vortex spin, without changing its position or size. (This could explain
why “fast and large” wind direction changes (short duration, large angle change), in which the wind
briefly flows normal to the leading edge, have been observed to produce suction peakst @gdhao
2000)). Large-scale lateral velocity fluctuations (i.e., wind direction shifts) will cause the vortex to
move its position. In the case of shifts approaching90°, these gust can make the vortex unstable
enough to disappear entirely, a phenomenon sometimes referred to as vortex “washout”. Longitudinal or
stream-wise gusts of all scales larger than the vortex circumference will influence vortex rotation speed.

Note that the vortex circumference increases with distance from the apex. This suggests that as th
apex is approached, it becomes increasingly important to simulate smaller and smaller scales of
turbulence in order to reproduce peak pressures, as the definition of “small-scale” and “medium-
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scale” scale withx.
4.2. General considerations

(1) Eg. (3) suggests that a quasi-steady type relationship exists between the local turbulence anc
the surface pressure under the vortex, with the longitudinal turbulence influenciny Cp(
through theUgpin(t) term and the lateral turbulence controlli@g(t) via thea(t), g(t) and
Uw (w) terms. This possibility is considered in detail in another paper (Banks and Meroney 2000a).

(2) The model does not explicitly contain any connection between vortex size and suction beneath
the vortex. We speculated that if the roof surface boundary layer directly above the point S
were to have a constant thickness regardless of vortex size, then more of the core suction
might get passed on to the surface for smaller vortices, leading to lggvedues at the
surface. However, the data indicate that increased suction for smaller vortices near the apex
can be essentially accounted for by the fact that U, is higher (recall Section 3.2).

(3) If all of the core suction were passed on to the roof surface, the valpevobld be 2.2,
based on the inner vortex velocity profile given in the companion paper. This puts a limit on
the lowest surfaceCp considered possible for this model, using the profiles from the
companion paper. If the turbulence intensity were 25%, for example, even if the entire core
suction were passed on to the surfagp(t) would be-19 right at the roof apex for a gust
speed three standard deviations above the mean. HoweverlUfdh&elocity profile did not
decrease as rapidly at®, higher core and surface suctions would be possible.

(4) The vortices which form inside the separation bubble for flow normal to the roof @dge (
90°) are also expected to be described by this model. Without the axial velocity to stabilize
them, these vortices are more transient (so the mean valpés dbwer), but the mechanism
described by Eqg. (3) should still apply. This explains the high ppakalues measured for
taps never under the conical vortex. They can experience the same momentary peak suction
sinceUy / U is still high (Fig. 11), andy(t) can still be 1.5 when a strong cylindrical vortex
forms along the leading edge.

(5) By tracking the position of the vortex core with a row of taps, it has been observed that while
the peakCp(t) values at a given tap are generally the result of a vortex being above that tap,
the highest values dCp.,s are largely related to the motion of the vortex. It is the repeated
passage of the high pressure gradient reattachment over a tap which creates theplasgest
values. The motion of the vortex is in part random, and is also controlled by the wind
direction, or lateral turbulence. We speculate that the failure to rGgighbetween full scale
and model scale studies is therefore the result of the failure to adequately reproduce vortex motion.

4.3. Practical considerations:

(1) The extremely higly-direction pressure gradient associated with the strongest vortices could
be a cause for concern from a design perspective. There the low reattachment suction may
pressurize the bottom surface of a roofing paver, while the top surface experiences the full
suction of the worst-case high€ps.

(2) The link between the highest suction vortices and a firm and immediate re-attachment also
suggests that inhibiting the flow reattachment can mitigate the worst vortex induced rooftop
suctions. This has been observed (Banks 2000).
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4.4. Recommendations for future tests

Some recommendations for future research based on the above observations:

@® This model provides a mechanism which connects the flow velocity at the Moiatthe
surface pressure. It remains to be explained how flow distortion by the building alters the
velocities atM with respect to the upstream flow.

@ Using a simultaneously sampled row of taps normal to the leading edge to is essential to
understanding what the pressure at any given tap is doing. Without some knowledge of where
the vortex is, a drop in Cprms, for example, could be the result of a change in mean vortex
position, or in the amount of vortex motion, both of which could be result of altered upstream flow
conditions. Without some knowledge of the vortex behaviour, correlations between upstream
flow conditions and rooftop surface pressures become very difficult to interpret.

@ The use of wavelet transforms to assess changes in the high frequency turbulence content o
Uy could reveal a good deal about whether instantaneous changes in high frequency turbulence
in the shear layer are controlling the curvature of the flow above the vortex, and thus the
surface pressure beneath it.

@ With the changes in vortex reattachment in the visualization plane occurifiHgJat 3, they
are difficult to observe on a 1:50 scale model with a camera frame rate66fHz (fH/U =
0.6). Using a camera shutter speed of 250 #7¢ = 2.5) helped to isolate the features of the
rapidly changing vortex, but an exposure time 4 ms and a time between frames of 17 ms meant
that 76% of the image information was lost. Future tests could be conducted on a larger model
to slow down the phenomenon, especially near the apex, where the changes in reattachment ca
be expected to be even more rapid.

@ Extremely lowCp values (<-20) have been measured at a new tap near the apex on the TTU
WERFL site. While the flow velocities measured in the wind tunnel indicate that the flow model
predicts the concurrent wind-tunn@ps(t) values quite well, it cannot theoretically account for
such lowCp values. It is suggested tHaf,/ U,.s be measured at full scale. Differences between
Um/ U at full scale and model scale could explain a lot of the discrepancies between roof
cornerCp values measured in the tunnel and those observed at full scale.

® Some observations at CSU lead us to speculatéJfhAt, increases with roof height for low-
rise buildings. U is measured upstream at roof height.). This would account for the increase in
rooftop suction for taller buildings (Liet al 1995). Measurements could be performed to
confirm this.

5. Conclusions

A curvature based model for the relationship between local flow speed and roof surface pressure
has been developed and evaluated. Measurements indicate that the increase in flow speed direct
above the vortex at the poikt accounts for the known increase in suction towards the roof corner,
asx— 0.

The suction beneath the vortices is also known to reach a maximum near a wind angle of 60°.
Three factors are shown to contribute to this peak :

@ The flow speed atl reaches a maximum for a wind direction near 65°.
@ The flow component normal to the vortex coréaincreases as the wind becomes more normal to
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the roof’s edged)— 90°); this is expected to spin the vortex more quickly.
® The likelihood of a solid, stable vortex reattachment decreases-as0°.

The presence of a solid and clear-cut reattachment, as seen in Fig 18b, is shown to be associated wi
a larger than average pressure drop across the vortex (which translates into a high value of the
parameterg), and can be identified by a more sudden drop in suction between the vortex core and
the reattachment point. The flow model predicts that high valugsase associated with greater
curvature above the vortex, and this is confirmed by the flow visualization.

The companion paper estimated the valuegadit 1.5 for such a solid reattachment with its
concomitant distinct vortex, based upon some assumptions about the curvature and velocity profiles
across the vortex core. While the curvature and velocity profiles could only be directly verified
above the vortex core, indirect measurementg ofdicate thatg=0 for no reattachment argl=
1.5 for a solid reattachments are good estimates.

The flow model suggests that all scales of turbulence play a role in determining the suction
beneath the vortex, either by controlling the nature of the flow reattachment or by determining the
speed at which the vortex spins. In the context of this model, further study of the connection
between the components of turbulence at the pdireand the upstream flow conditions should
provide additional insight into the manner in which upstream flow conditions can control suction
beneath rooftop conical vortices.
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Notations
a Normalizedz-direction distance from the core(#h=(z-h)/h
C, Arbitrary constant
Cp Pressure coefficient PEP,) / 0.50 (Urefy?
Cpwm Cp at the pointM (directly above the vortex core)
cpt Cp corrected by the normalized local velocity
Cps Cp at the pointS (on the roof surface, directly beneath the vortex core)
f frequency
g Integral of centripetal acceleration from inviscid region, through core, to roof
Os Value ofg at the pointS
h Height or distance of the vortex core above the roof surface
H Building height
ly Longitudinal Turbulence Intensity &,/ U
ly Lateral Turbulence Intensitye,/ U
k Arbitrary constant
Ly Integral scale
P Static pressure
R Radius of curvature
t Time
U Flow speed
Upet Flow speed measured upstream at roof height
Upoing U at the location (point) exdc, Uy
X Distance from the apex or leading corner, along the leading edge
y Distance from the leading edge, along a line normal to the leading edge
z Distance above the roof surface

a Wind angle above the vortex, relative to the vortex core axis

Q Angle with respect to roof edgeg = @ location of vortex core

Acp'  Drop inCpNfrom M to S due to vortex; see Equation (4)

0 wind direction relative to building or compass direction.

P Air density

Oy Standard deviation of longitudinal flow speed

oy Standard deviation of lateral flow speed

w Wind angle relative to selected roof edge; 90° is normal to the leading edge

Whom Nominal wind direction, determined by the orientation of the model building
4 Distance from the vortex core, in thalirection

Overbars indicate time averaged quantities.
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