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Fig. 4. Local Effect Factors (expressed as percentages) reported by Choi (1993) for rectangular block with relative dimensionsol 1: 1:4
for wind blowing perpendiculur 1o block face (0 incidence angle) for raindrops with D, = 1. 2. and S mm. (a) wind speed = 10 m s ™' at

250 m (equivalent to 5.8 m s ™" at 30 m for comparison with Fig. 3). and (b) wind speed = 20 m s ™" (cquivalent to 11.6 m s~ ' at 30 m for

comparison with Fig. 3).

with respect to the block face is sharper than larger drops
whose trajectories are closer to being parallel to the
block. Note that this effect is enhanced in the case of air
flowing at 45°. As the wind speed is increased, inertial
effects become more important and larger drops are
more likely to impact on the block than foliow the flow
around the block. This contributes to the result that
LEFs are higher for 2.5 mm drops than for 1.25 mm

drops at I0ms~'.

3.2. Raindrop delivery to the block: results using
April~-June 1998 meteorological data

Fig. 6 shows the fraction of time. the magnitude of the
wind speed. and the average rain intensity associated
with each wind direction during the rain events in the
period 29 April-18 June, 1998. Note that the most com-
mon wind directions during rain events were W and SE.
although both wind speed and rain intensity were greater
during W winds. Fig. 7 shows modeling results for rain-
water fluxes to surfaces of the block using the meteoro-
logical data that are summarized in Fig. 6. Sketches of
the patterns of soiling at the Cathedral of Learning also
appear in the figure. The faces of the block and the
corresponding sides of the Cathedral of Learning have
been labeled with names of nearby streets. The meteoro-
logical data have been used with calculated LEFs to
estimate the annual flux of rain to each section of the
block. On 6/2/98 two unusually severe thunderstorms
with very high winds (gusts > 25m s~ ') and intense

rainfall swept through the Pittsburgh area. In Fig. 7 num-
bers shown in black correspond to fluxes of rain exclud-
ing the 6/2/98 storms. The inclusion of the thunderstorms
has profound effects on the magnitude of estimated rain
fluxes, especially for the Fifth Avenue and Bellefield Av-
enue faces. A storm of such intensity, possibly related to
El Nifio. is a rare occurrence in Pittsburgh and its inclu-
sion in the seven-week data set is likely to lead to biased
estimates of rain fluxes to the Cathedral of Learning for
other time periods: thus. the following discussion focuses
on rain fluxes calculated without these storms. However,
in Figs. 7-10. rain fluxes calculated with these two storms
are displayed in gray italics for completeness of data
presentation.

There is reasonable. although not exact. correspond-
ence between areas on the fagade of the Cathedral of
Learning that are white and sections of the block that
receive the most rain. The Bigelow Boulevard and Fifth
Avenue faces have high values of rain flux whereas the
Forbes Avenue and Bellefield Avenue faces have lower
values. This result qualitatively supports the hypothesis
that soiling patterns at the Cathedral of Learning are
determined to a large extent by delivery of rain to the
building surfaces.

Despite differences in magnitude. patterns of rain de-
livery are similar for all four faces. For example. the
amount of rain delivered to each face is highest at the top
row (LS5. C5. and RS5) and is higher at the side sections
(LS and RS) than the center sections (C). However. while
fluxes to the left (L.S) and right (RS) sections of the Forbes
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Fig. 6. Meteorological conditions during rainy periods for 4/29/98-6/18/98.

Bellefield Avenues. The low frequency of winds from the
south result in lower fluxes to the right side of Bigelow
Boulevard and the left side of Forbes Avenue. On the
right side of Forbes Avenue and the left side of Bellefield
Avenue. very low wind speeds and rain intensities also
result in low fluxes of rain. This renders fluxes of rain to
the Forbes Avenue face approximately symmetric with
respect to the vertical centerline (C1-5), but higher rain
intensities for N winds result in higher fluxes to the right
side of the Bellefield Avenue face than the left side.

It is interesting that the right side of the Bigelow
Boulevard face is white despite low values of rain fluxes.
This may be the result of a large protrusion on the
Bigelow Boulevard side that is not included in the block
used in the model (Figs. 1 and 7b). The fluxes of rain to
the protrusion are likely to be much higher than they
would be to the large block in the absence of the protru-
sion. [t is also interesting that the vertical streak of soiling
on the left side of the Cathedral is smaller than that on
the right side. This is qualitatively consistent with the
asymmetry of the estimated rain fluxes to the Bigelow
Boulevard face.

The right side sections (RS1-4) of the Bellefield Avenue
face are soiled even though the fluxes of rain to those
sections are much higher than the fluxes of rain to some
of the white, center sections (C1-C4) on the Fifth Avenue
face. This may be the result of using a limited meteoro-
logical data set and a greatly simplified geometry. In
addition. the block used in the numerical model is
smooth whereas the Cathedral is a complex structure
that has roughness on several scales. For example. the
Cathedral has vertically oriented decorative features that
span a large fraction of the building height (Fig. 1). These
structures can enhance the delivery of rain to sections of

the Cathedral by capturing raindrops that would other-
wise follow the air flow around the Cathedral. Further-
more, the model does not account for the runoff of water.
Note that rain fluxes to the top rows (LS5, C5, and RS5S)
of the Fifth Avenue and the Bigelow Boulevard faces are
quite high. If the stone at those sections becomes
saturated. rainwater will run down the wall to lower
sections, possibly eroding the stone as it falls. Thus, the
extent of soiling on a particular section of the Cathedral
depends not only on the rain fluxes to that particular
section, but also on rain fluxes at higher elevations on the
wall. However, we note that visual inspection of the
limestone during light-to-moderate rainfall suggests that
most of the water is absorbed into the stone close to the
point of impact.

It is instructive to consider how different meteorologi-
cal conditions contribute to the total fluxes of rain to
sections of the Cathedral of Learning. In Fig. 8, the fluxes
of rain are categorized by wind speed. For brevity, results
are only presented for Forbes Avenue (heavily soiled) and
Fifth Avenue (primarily white). For both the Forbes
and Fifth Avenue sides, most of the rain is delivered to
the block at wind speeds of 2.5 and 5ms~'. While
the highest LEFs are associated with a wind speed
of 10 m s~ ! (Fig. 3), the occurrence of such wind speeds is
somewhat rare. On the other hand, at wind speeds of
1.25m s~ !, the LEFs are quite small. Thus. moderate
LEFs combined with high frequencies of occurrence
cause the intermediate wind speeds to be the greatest
contributors to rain fluxes. However, by including the
two large storms on 6/2/98 in the data set (numbers in
gray italics), it can be seen that even a few occurrences of
high winds during rainfall can have an appreciable
effect on the total fluxes of rain to sections of the block.
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Warner Hall also show a positive correlation between In Fig. 9. the contributions to rain fluxes are categor-
wind speed and rain intensity (p = 0.31). further illustra- ized by raindrop diameter. According to the raindrop
ting the importance of accurately accounting for rain size distribution used in the present model (Fig. 2). the

events associated with high winds. rainfall amounts associated with 1.25. 2.5, and Smm
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Fig. 10. Rain fluxes (mm yr~') to sections of the rectangular
block by wind direction. (a) Forbes Avenue, and (b) Fifth Av-
enue. Figure also shows the fraction of time wind-is-blowing
perpendicular to the face and at an oblique angle from the left
and the right. Numbers in gray italics are for data set that
includes two large thunderstorms on 6/2/98.

drops are 578, 557, and 74 mm yr ™!, respectively. LEFs
are generally higher for 5 mm drops than for 1.25 and
2.5 mm drops, but the low abundance of Smm drops
results in their relatively small contribution to total rain
fluxes. Compared to the other sizes. drops with a dia-
meter of 1.25 mm deliver the least rain to the center
sections of the faces while drops with a diameter of 5 mm
contribute the least to the outer sections.

The effect of wind incidence angle on rain flux is
illustrated in Fig. 10. Note that the wind can be incident
to a face at 45° from either the left or right side of that
face. Significant amounts of rain are delivered to both the
Forbes and the Fifth Avenue faces when the wind angle is
45°. The importance of considering oblique wind angles
is illustrated by the data for Forbes Avenue, where more
of the rain is associated with a wind angle of 45° than 0°.
even though the former wind incidence angle occurs less
frequently than the latter.

In addition to better approximating the geometry
of a building, future modeling efforts should consider

the temporal variations in the flow field. Here, the flow
field was assumed to be at steady state with respect to
the Reynolds averaged Navier-Stokes. K, and ¢ equa-
tions, although this is likely to be far from actuality for
a building in an outdoor environment. Furthermore.
even when upstream flow conditions are invariant with
time, there may be time-dependent phenomena on the
building scale. Such phenomena, occurring primarily
at oblique wind incidence angles, include sudden shifts
in the location of the stagnation point on the windward
side of the building and vortex shedding on the leeward
side of the building (Castro and Robins, 1977; Hosker.
1984). This effect is not accounted for in the present
model.

4. Conclusions

A numerical model was used to investigate rain im-
pingement on a tall limestone building and the influence
of rain on soiling patterns. The RNG K-¢ model was
used to compute the steady-state air flow field around
a 30mx30mx 160 m rectangular block, representing
the Cathedral of Learning in Pittsburgh, Pennsylvania
for several wind conditions. These included four wind
speeds - 1.25, 2.5, 5, and 10ms~! - and two wind
incidence angles - 0 and 45°. Next, trajectories of indi-
vidual rain drops in the computed flow field were cal-
culated and the fraction of those drops impinging on the
block surface was determined. This was done for each
wind condition and for each of three drop diameters.
1.25, 2.5, and S mm. Though there were differences, cal-
culated Local Effect Factors compared favorably with
the earlier work of Choi (1993).

Meteorological data were measured in 15 min inter-
vals near the Cathedral of Learning over a period of
seven weeks. For modeling purposes, measured wind
speeds were placed in one of four categories that co-
incided with the wind speeds used to calculate the flow
field around the block. A discrete distribution containing
eight categories, each representing a wind incidence angle
of 0 or 45° to a face of the block, was used for measured
values of wind direction. Similarly, a discrete rain
drop size distribution containing only 1.25. 2.5, and
5mm drops was based on measured rain intensities
and the Marshall-Palmer size distribution (Marshall and
Palmer, 1948). These modified meteorological data were
used to calculate the flux of rain to the four faces of the
model block.

The calculated rain fluxes to the faces of the block were
reasonably consistent with observed soiling patterns at
the Cathedral. White areas on the Cathedral walls gener-
ally corresponded to sections receiving high fluxes of
rain. Conversely, soiled areas on the Cathedral generally
corresponded to sections receiving less rain. Most of the
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rain flux was attributable to intermediate wind speeds of
2.5 and S5ms~'. However. results indicated that high
wind speeds can have a significant contribution under
some conditions. especially since rain intensities and
wind speeds tend to be positively correlated. More rain
was delivered to the block in the form of 2.5 mm drops
than either 1.25 or 5mm drops. A large fraction of
delivery of rain was a result of wind incident at 45 to the
block. underscoring the importance of considering ob-
lique wind approach angles for delivery of rain to build-
ings. While a block was used to represent the Cathedral
of Learning, discrepancies between estimated rain fluxes
and soiling patterns indicated that additional detail in
the geometry of the physical model is needed to better
estimate delivery of rain to building surfaces.
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