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Abstract An experimental study was conducted to
quantify the flow characteristics of microburst-like wind
and to assess the resultant wind loads acting on low-rise,
gable-roof buildings induced by violent microburst-like
winds compared with those in conventional atmospheric
boundary layer winds. The experimental work was con-
ducted by using an impinging-jet-based microburst simu-
lator in the Department of Aerospace Engineering, lowa
State University. Two gable-roof building models with the
same base plan and mean roof height, but different roof
angle, were mounted over a homogenous flat surface for a
comparative study. In addition to measuring the surface
pressure distributions to determine the resultant wind loads
acting on the building models, a digital particle image
velocimetry system was used to conduct flow field mea-
surements to reveal the wake vortex and turbulence flow
structures around the building models placed in the
microburst-like wind. The effects of important parameters,
such as the distance of the building from the center of the
microburst, the roof angle of the building, and the orien-
tation of the building with respect to radial outflow of the
oncoming microburst-like wind, on the flow features such
as the vortex structures and the surface pressure distribu-
tions around the building models as well as the resultant
wind loads acting on the test models were assessed quan-
titatively. The measurement results reveal clearly that
when the building models were mounted within the core
region of the microburst-like wind, the surface pressure
distributions on the building models were significantly
higher than those predicted by ASCE 7-05 standard,
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thereby induced considerably greater downward aerody-
namic forces acting on the building models. When the
building models were mounted in the outflow region of the
microburst-like wind, the measured pressure distributions
around the building models were found to reach a good
correlation with ASCE 7-05 standard gradually as the test
models were moved far away from the center of the
microburst-like wind. It was also found that both the radial
and vertical components of the aerodynamic forces acting
on the building models would reach their maximum values
when the models were mounted approximately one jet
diameter away from the center of the microburst-like wind,
while the maximum pressure fluctuations on the test
models were found to occur at further downstream loca-
tions. Roof angles of the building models were found to
play an important role in determining the flow features
around the building models and resultant wind loads acting
on the test models. The flow field measurements were
found to correlate with the measured surface pressure
distributions and the resultant wind loads (i.e., aerody-
namic forces) acting on the building models well to elu-
cidate the underlying physics of flow-structure interactions
between the microburst-like winds and the gable-roof
buildings in order to provide more accurate prediction of
the damage potentials of the microburst wind.

1 Introduction

A downburst, which is characterized by a strong localized
downdraft flow and an outburst of strong wind near the
ground surface, occurs within a thunderstorm where the
weight of the precipitation and the cooling due to micro-
physical processes acts to accelerate the airflow down-
wards. Based on the 2001 Extreme Weather Sourcebook of
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National Center for Atmospheric Research (NCAR),
approximately 5 % of thunderstorms would produce a
downburst that is primarily responsible for the estimated
$1.4B of insured property loss each year in USA alone
(data taken from 1950-1997). A microburst, as defined by
Fujita (1985), is a strong downburst which produces an
intense outburst of damaging wind with the radial extent
being less than 4.0 km, or else is defined as a macroburst.
Although a “microburst” has a smaller size than its
counterpart, “macroburst”, it could induce a much stronger
outflow with the maximum wind speed up to 270 km/h,
i.e., 170 mph (Fujita 1985).

As shown schematically in Fig. 1, the flow characteris-
tics of a microburst are dramatically different from those of
conventional “straight-line” atmospheric boundary layer
(ABL) winds (Kaimal and Finnigan 1994) and other wind
hazards of wide concerns, e.g., tornadoes and gust fronts.
While a microburst is usually conceived as an upside-down
tornado due to its basic flow pattern, in contrast to tornado-
like winds (Bluestein and Golden 1993; Yang et al. 2011),
microbursts produce negligible tangential-velocity com-
ponents and behave more like purely straight-line winds in
the outburst regions far away from the core regions of the
microbursts. Unlike conventional ABL winds, a microburst
can produce an impinging-jet-like outflow profile diverging
from its center with the maximum velocity occurring at an
altitude of less than 50 m above ground (Hjelmfelt 1988).
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Fig. 1 Schematic of a microburst
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Such extreme high wind speed and wind shear (i.e.,
velocity gradient) near the ground could produce a signif-
icantly greater damaging potential to low-rise built struc-
tures compared to those of conventional ABL wind.
Furthermore, in contrast to conventional ABL wind, mi-
crobursts could have strong vertical velocity components in
both the core regions and the leading edges of the outburst,
as shown in Fig. 1, which can be extremely dangerous with
respect to the safety of aircraft as well as to the built
structures on the ground. As a result, it is highly desirable
to characterize the flow features of the microburst wind in
order to elucidate the underlying physics to provide more
accurate prediction of the damage potentials of the
microburst wind to both aviation industry and the low-rise
built structures.

Initiated by a meteorological investigation of the 1976
Eastern 66 aircraft crash at New York City’s JFK airport,
several studies have been conducted by meteorologists as
well as engineering researchers to quantify the flow char-
acteristics of microburst wind. During 1970s and 1980s,
two major research projects, the Northern Illinois Meteo-
rological Research on Downburst (NIMROD, Chicago, IL)
and the Joint Airport Weather Studies (JAWS, Denver,
CO), were carried out to gather field data to quantify the
microbursts occurring in nature. The field research efforts
were documented in Fujita (1979), Wilson et al. (1984),
Hjelmfelt (1987), and Hjelmfelt (1988). Meanwhile, a
number of other field studies were also conducted at vari-
ous locations. For example, Atlas et al. (2004) investigated
the physical origin of a microburst occurring in the
Amazonia region of South America by using a set of
Doppler Radar data. Vasiloff and Howard (2008) deployed
two types of Radar systems to capture data from a severe
microburst occurring near Phoenix, Arizona. While the
field studies provided valuable measurement data to depict
a vivid picture of microburst wind, only limited quantita-
tive information could be obtained through those field
studies due to the technical challenges and intrinsic limi-
tations of the Doppler Radar detection systems used in the
field measurements (i.e., low scanning frequency and poor
spatial resolution near ground). The limitations of field
studies make laboratory experiments with microburst
simulators and scaled test models essential tools to provide
more detailed information about the flow characteristics of
the microburst-like wind near the ground and their inter-
actions with built civil structures in order to assess their
destructive potentials.

While a typical microburst in nature is found to have a
lifetime about 10 min, a steady impinging-jet flow was
found to resemble the major features of a microburst at its
maximum strength reasonably well (Hjelmfelt 1987).
Therefore, steady impinging-jet model has been widely
adopted to simulate microburst-like wind in laboratory



Exp Fluids (2013) 54:1511

Page 3 of 21

experiments due to its simplicity and ability to produce
outflow velocity profiles resembling that of microburst
wind. A number of numerical and experimental studies
have been conducted in the past years to utilize the steady
impinging-jet model to investigate the flow characteristics
of microburst-like wind. Selvam and Holmes (1992) used a
two-dimensional k-¢ model to simulate an impinging-jet
flow to characterize the flow features of microburst-like
winds. Holmes (1999) and Letchford and Illidge (1999)
performed experimental studies using an air jet impinging
onto a wall to investigate the topographic effects of a
microburst on the outflow velocity profiles. Wood et al.
(2001) studied the characteristics of microbursts over var-
ious terrains, both experimentally and numerically, by
using an impinging-jet model. Choi (2004) carried out both
field and laboratory measurements to study on a series of
Singapore thunderstorms. Terrain sensitivity of microburst
outflows was studied by comparing the microburst obser-
vations at different heights and impinging-jet experiments
with different height-to-diameter ratios. The study pro-
duced similar trends, which confirms the good capability of
impinging-jet model to simulate microburst-like wind.
Chay et al. (2005) conducted numerical simulations of
impinging-jet flows and obtained good agreements with the
wind-tunnel measurement results of microburst-like wind.
To physically capture transient features of microbursts,
Mason et al. (2005) suggested a pulsed impinging-jet
model to simulate transient microburst phenomena.
Holmes and Oliver (2000) empirically combined wall-jet
velocity and translational velocity and obtained a good
representation of a traveling microburst that was well
correlated with a microburst occurred at Andrews AFB in
1983. Kim and Hangan (2007) and Das et al. (2010) per-
formed CFD studies to simulate both steady and transient
microbursts using the impinging-jet model, producing
reasonable radial-velocity profiles and good primary-vortex
representation of microburst-like wind. In summary, the
impinging-jet model has been proved to be very effective
to simulate microburst wind in laboratory experiments.
With the consideration of buildings as surface-mounted
obstacles, extensive experimental and numerical studies
have been carried out to investigate the flow-structure
interactions between building models and turbulent surface
winds as well as the resultant wind loads acting on the
building models. Besides the studies using prismatic
obstacles to represent cube-shaped buildings, several
studies have also been conducted to consider more realistic
residential building models with various gable roof shapes
(Holmes 1999; Kanda and Maruta 1993; Peterka et al.
1998; Uematsu and Isyumov 1999; Stathopoulos et al.
2001; Sousa 2002; Sousa and Pereira 2004; Liu et al. 2009;
Hu et al. 2011) to quantify the effects of the gable-roof
shapes on the wake flow characteristics as well as the

resultant wind loads acting on the building models. While
many important findings have been obtained through the
previous studies, most of those studies were conducted
with the building models placed in conventional ABL
wind.

As aforementioned, a microburst can produce an
impinging-jet-like outflow profile diverging from its center
with the maximum velocity occurring at an altitude of less
than 50 meters above the ground. It has also strong vertical
velocity components in both the core region and the leading
edge of the outburst flow. Such extreme surface winds and
high velocity gradients near the ground could produce much
greater damaging effects on low-rise buildings compared
with conventional ABL wind. Due to the distinct features of
the microburst-like wind, the current design standards of
low-rise buildings may not be applicable to estimate the
wind loads induced by microburst-like wind, the charac-
teristics of the flow-structure interactions between the low-
rise buildings and the devastating microburst wind would be
very different from those with conventional ABL wind.
Surprisingly, although microbursts are well-known natural
hazards, only very few studies can be found in literature to
specifically address the flow-structure interactions between
microburst-like wind and buildings. Nicholls et al. (1993)
conducted a Large Eddy Simulation (LES) study to inves-
tigate the flow structures around a cube-shaped building
model in microburst-like wind. Savory et al. (2001) utilized
an impinging-jet model to investigate the failure of a lattice
transmission tower in microburst-like wind. Chay and
Letchford (2002), Letchford and Chay (2002) investigated
the pressure distribution over a cube-shaped building model
in steady and translating microburst-like wind by per-
forming laboratory experiments with an impinging-jet
model. More recently, Sengupta and Sarkar (2008) con-
ducted an experimental study to quantify the transient loads
acting on a cube-shaped building model with an impinging-
jet-based microburst simulator. It should be noted that while
most of the previous studies on building models in micro-
burst-like wind were conducted by measuring wind loads
and/or surface pressure distributions on cube-shaped
building models only, no study can be found in literature to
provide flow field measurements to quantify the global flow
features of microburst-like winds and the flow-structure
interactions between the microburst-like winds and low-rise
buildings. Furthermore, while gable-roof buildings are the
most common low-rise buildings, which are very vulnerable
to microburst wind, many important aspects about the flow-
structure interactions between microburst wind and gable-
roof buildings as well as the resultant wind loads (e.g.,
aerodynamics forces) acting on gable-roof buildings
induced by the microburst-like wind are still unclear.

In the present study, an experimental study was con-
ducted to quantify the flow characteristics of microburst-
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like wind and to assess the fluid—structure interactions of
gable-roof buildings in microburst-like wind using scaled
models. The experimental work was conducted by using an
impinging-jet-based microburst simulator located in the
Aerospace Engineering Department of Iowa State Univer-
sity (ISU). Two low-rise gable-roof building models with
the same base plan and mean-roof height but different roof
angles were used for the comparative study. In addition to
mapping the surface pressure distributions around the
building models to determine the resultant wind loads (i.e.,
aerodynamic forces) acting on the models in the micro-
burst-like wind, a high-resolution Particle Image Veloci-
metry (PIV) system was used to conduct flow field
measurements to reveal the flow features and wake vortex
structures around the gable-roof building models in
microburst-like wind. The flow field measurements were
correlated with the surface pressure and resultant wind
loads measurements in order to elucidate the underlying
physics. The effects of important parameters, such as the
distance of the building from the center of the microburst,
the roof angle and orientation angle of the building with
respect to the radial outflow of the oncoming microburst-
like wind, on the flow field and surface pressure distribu-
tions on the building models (thereby, the resultant aero-
dynamic forces acting on the models) induced by the
microburst-like wind were assessed quantitatively. The
objective of the present study is to gain further insight into
the underlying physics of the flow-structure interactions of
low-rise gable-roof buildings and microburst-like wind for
a better understanding of the damage potential of micro-
burst-like wind to low-rise buildings.

2 Experimental setup and ISU microburst simulator

2.1 ISU microburst simulator

The experimental study was conducted by using an
impinging-jet-based microburst simulator located in the
State

Aerospace Engineering Department of Iowa

Fig. 2 A schematic and photo
of ISU microburst simulator
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University (ISU). As mentioned earlier, impinging-jet
model has been widely used to simulate microburst wind
due to its simplicity to produce outflow profiles resembling
microburst wind. Two methods are mostly used in previous
studies to generate impinging jet flows in laboratory
experiments to investigate microburst-like winds. One
method is to utilize the density difference between the core
jets and ambient surrounding flows to form buoyancy-dri-
ven downdrafts, which is usually used to elucidate the
underlying physics pertinent to the formation mechanism
of microbursts (Alahyari and Longmire 1995). The other
method is to use fans/blowers to generate forced jet flows
impinging onto ground plates at an iso-thermal condition,
which was widely used to assess the global flow features of
microburst-like winds and the microburst-induced wind
loads acting on building models mounted on the ground
plates (Sengupta and Sarkar 2008). While the formation
mechanism of microbursts is very complicated and worth
further investigations, the assessments of the global flow
feature of microburst-like wind and microburst-induced
wind loads acting on buildings are also very important
topics in wind engineering community. Since the main
focus of the present study is to quantify the flow charac-
teristics of microburst-like winds and to assess the resultant
wind loads acting on low-rise, gable-roof buildings induced
by microburst-like winds, instead of elucidating the for-
mation mechanism of microbursts, the experimental
investigations were performed by generating a forced
impinging jet flow in the laboratory to simulate microburst-
like wind at an iso-thermal condition (i.e., the thermal
condition of a microburst in nature was not simulated in the
present study).

Figure 2 shows the schematic and photo depicting the
flow circuit and dimensions of ISU microburst simulator
used in the present study. As shown in Fig. 2, a downdraft
flow is generated through an axial fan driven by a step
motor. The exhaust nozzle diameter of ISU microburst
simulator is 610 mm (i.e., D = 610 mm). The distance
between the nozzle exit and the ground plane (H) is
adjustable up to 2.3 times the nozzle diameter. Honeycomb

Fan Motor
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and screen structures are placed upstream of the nozzle exit
in order to produce a uniform jet flow exhausted from ISU
microburst simulator. During the experiments, a three-
component cobra-probe (Turbulent Flow Instrumentation
Pvt. Ltd.®), which is capable of simultaneously measuring
all three components of the wind velocity vector, was used
to quantify the flow characteristics of the jet flow at the
points of interest. It was found that the jet flow exhausted
from ISU microburst simulator was quite uniform across the
nozzle exit, and the turbulence level of the core jet flow was
found to be within 1.0 %. For most of the measurement
results given in the present study, the ground floor was fixed
at 2D below the ISU microburst simulator (i.e., H/D = 2.0).
The flow velocity at the nozzle exit of the ISU microburst
simulator was set to 6.0 m/s (i.e., Uj = 6.0m/s), which
corresponds to a Reynolds number of 2.4 x 10° based on
the nozzle diameter, D, of the ISU microburst simulator.
Further information about the design, construction, and
performance of ISU microburst simulator as well as the
quantitative comparisons of the microburst-like wind gen-
erated by using the simulator with the microbursts occurring
in nature can be found in Zhang et al. (2012).

It should be noted that dynamic similarity is one of the
greatest challenges to conduct laboratory experiments to
simulate meteorological phenomena such as microbursts. It
will be very difficult, if not impossible, to match the
Reynolds numbers of the microbursts in nature with those
of the impinging jet flows generated in the laboratories due
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to the significant scale difference of the two cases. It has
been found that although the Reynolds numbers of the
laboratory experiments may not be able to match to those
of microbursts in nature, the measurement results obtained
from laboratory experiments are still very useful to reveal
the flow characteristics of microburst-like winds and to
predict the winds loads acting on test models induced by
microburst-like wind as long as the Reynolds number of
the laboratory experiments is high enough (i.e., Re > 10°).
Therefore, the findings derived from the present study are
believed to be very helpful to improve our understanding
about the flow characteristics of microburst-like winds and
flow-structure interactions between the microburst-like
winds and the gable-roof buildings in order to provide
more accurate prediction of the damage potentials of the
microburst wind.

2.2 The gable-roof building models

Figure 3 shows the schematic of the two gable-roof
building models used in the present study: one with a roof
angle of 16° and the other with a roof angle of 35°. The two
models were designed to have the same square shaped base
plan and the same mean roof height. The primary design
parameters of the test models (i.e., both the absolute values
and non-dimensional values normalize by the diameter of
the microburst simulator, D) are listed in Table 1. With the
scale ratio of the 1:650, the test models used in the present
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Fig. 3 The schematic of the two gable-roof building models used in the present study. a Prospective views of the two gable-roof building models
b stretched-out view of the building models to show the locations of the pressure taps
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Table 1 Primary design parameters of the building models used in present study

Test model Model #1 with 16° roof angle Model #2 with 35° roof angle
Absolute value  Non-dimensional Absolute value  Non-dimensional
(mm) value (L/D) (mm) value (L/D)

Mean roof height of the test model 36.0 0.059 36.0 0.059

Eave height of the test model 31.0 0.051 25.0 0.041

Total height of the test model 38.5 0.063 41.5 0.068

Base size of the test model 65.0 0.107 65.0 0.107

Mounted location of the model relative to the microburst
simulator center

/D = 0, 0.5, 1.0, 1.5, 2.0

/D = 0,05, 1.0, 1.5, 2.0

study would represent gable-roof buildings with about
42 m x 42 m in base plan and 23 m in mean-roof-height
interacting with a microburst of 400 m in diameter.

As shown in Fig. 3b, each of the test models was
equipped with 80 pressure taps for the surface pressure
distribution measurements around the model. The pressure
taps were connected to two ZOC pressure sensor systems
(Scanivalve Corp.®) by using tygon tubing (1.5 mm in
diameter and 0.8 m long) for the surface pressure data
acquisition. The ZOC pressure sensor systems incorporate
temperature-compensated piezoresistive pressure sensors
with a pneumatic calibration valve, RAM, 16 bit A/D
converter, and a microprocessor in a compact self-con-
tained module. The precision of the pressure acquisition
system is £0.2 % of the full scale (10 in. H20). During
the experiments, the instantaneous surface pressure mea-
surement data were acquired for 100 s with data acquisi-
tion rate of 100 Hz for each test case.

During the experiments, the surface pressure distribu-
tions, Cp = (P — Patm)/(O.SpUJ%t), on the test models were

measured with the models located at different radial dis-
tances from the center of the impinging jet, i.e., at
/D = 0.0, 0.5, 1.0, 1.5, and 2.0. As shown in Fig. 4, the
test models were also mounted at three different orientation
angles, i.e., 0°, 45°, and 90°, with respect to the oncoming
microburst-like wind at each downstream location. The
resultant wind loads (i.e., aerodynamic forces) acting on
the test models were determined by integrating the surface
pressure distributions around the test models.

In addition to the surface pressure distribution and
resultant wind load measurements, a high-resolution Par-
ticle Image Velocimetry (PIV) system was used to quantify
the flow characteristics of the microburst-like wind around
the gable-roof building models. For the PIV measurements,
the airflow was seeded with ~ 1 pm oil droplets by using a
droplet generator. As shown in Fig. 4, illumination was
provided by a double-pulsed Nd/YAG laser (NewWave
Gemini 200) adjusted at the second harmonic frequency

@ Springer

and emitting two 200 mJ laser pulses at a wavelength of
532 nm and a repetition rate of 10 Hz. The laser beam was
shaped into a laser sheet (thickness ~1 mm) by using a set
of spherical and cylindrical lenses. A high-resolution
charge-coupled device (CCD) camera (PCO1600, Cooke
Corp.) was used for PIV image acquisition with its view
axis perpendicular to the illuminating laser sheet. The CCD
camera and the double-pulsed Nd/YAG lasers were con-
nected to a workstation via a Digital Delay Generator
(Berkeley Nucleonics, Model 565), which controlled the
timing of both the laser illumination and the image
acquisition. Instantaneous PIV velocity vectors were
obtained using a frame-to-frame cross-correlation tech-
nique involving successive frames of image patterns of
particle images in an interrogation window of 32 x 32
pixels. An effective overlap of 50 % of the interrogation
windows was employed in PIV image processing. After the
instantaneous velocity vectors were derived, time-averaged
quantities, such as the mean velocity (V,, V,), turbulent
velocity fluctuations (v’r,v;) and the normalized turbulent
kinetic energy (i.e., T.K.E. = (W—s—@)/ljﬁet) of the
turbulent flow, were obtained from a time sequence of
1,000 frames of the instantaneous PIV measurement results
for each test case. The uncertainty level for the instanta-
neous PIV measurements is estimated to be within 2.0 %,
and those of the turbulent velocity fluctuations and turbu-
lent kinetics energy are about 5.0 %.

In the present study, the size of each PIV measurement
window was set to be about 210 mm x 160 mm in order to
ensure a reasonable good spatial resolution of the PIV
measurements (i.e., ~2.0 mm). Since this measurement
window is quite small compared with the dimension of ISU
microburst simulator (D = 0.61 m), the PIV measurement
results from 14 different measurement windows were
combined to reveal the global features of the microburst-
like wind generated by ISU microburst simulator more
clearly. The layout of the 14 PIV measurement windows is
illustrated in Fig. 4b.
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Fig. 4 Schematic of the

experimental setup used in the (a)
present study a the experimental

setup for PIV measurements
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3 Results and discussions

3.1 The flow characteristics of the simulated
microburst-like wind

In the present study, the flow characteristics of the
microburst-like wind generated by ISU microburst simu-
lator were quantified by using the high-resolution PIV
system before the gable-roof building models were
mounted on the ground plane. As described above, PIV
measurement results from 14 different measurement win-
dows were combined to reconstruct a large flow field
(~0.4 m x 1.5 m) in order to reveal the flow features of
the microburst-like wind more clearly. Figure 5 shows the
reconstructed flow field in the terms of the flow velocity
vectors (only about 1.5 % of the vectors are shown here),
the contour maps of the radial and vertical velocity com-
ponents (V,, V,), and the normalized turbulent kinetic
energy (i.e., normalized T.K.E) as well as the streamlines

of the microburst-like wind in the measurement windows.
It can be seen clearly that the streamlines of the jet flow
exhausted from ISU microburst simulator are mainly ver-
tical in downward direction before impinging onto the
ground plane, as expected. As a result, the microburst-like
wind was found to have a strong vertical component in the
core region and the leading edge of the outburst region
(i.e., /D < 0.5), which are dangerous to the safety of air-
craft as well as built structures on the ground. Upon
impinging onto the ground plane, the flow was found to
turn right angle rapidly, and the corresponding streamlines
were found to become horizontal lines in the outburst flow.
While diverging away from the core center of the micro-
burst-like wind, the flow was found to be accelerated at
first, reach its maximum wind speed at the location of
/D ~ 1.0, and then slow down gradually at further
downstream. Since the radial velocity component (i.e., V,
component) was found to become dominant in the outflow
region of the microburst-like wind (i.e., /D > 0.50), the
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Fig. 5 PIV measurement
results of the microburst-like
wind a time-averaged flow
velocity vectors b distribution
of radial velocity, V,

c distribution of vertical
velocity, V d distribution of
turbulence kinetic energy
(T.K.E)
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streamlines of the flow in the outburst flow were found to It should be noted that even though the streamlines of

become parallel straight lines near the ground plane. It  the microburst-like wind in the outflow region were found
indicates that the microburst-like wind would behave more  to become parallel straight-lines, the flow characteristics of
like a straight-line wind in the outflow region near the  the microburst-like wind were still quite different from

ground plane.
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those in conventional ABL winds. As revealed clearly from
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Fig. 7 The measured surface pressure distributions on the ground
plane

the PIV measurement results given in Fig. 5, after
impinging onto the ground plane, the high-speed diverging
airflow was found to concentrate within a thin layer very
close to the surface of the ground plane (i.e., Z/D < 0.25).
Unlike conventional ABL winds with the wind speed
increasing monotonically above the ground, the micro-
burst-like wind was found to reach its maximum wind
speed at a height very close to the ground surface (i.e.,
Z/D ~ 0.06 for the present study) and then begin to
decrease gradually as the height above the ground plate
increases. Such extreme high-wind shear near the ground
surface in microburst winds has been suggested to be the
main reason to cause significant damages to low-rise civil
structures on the ground.

From the measured normalized turbulent kinetic energy
distribution shown in Fig. 5d, it can be seen clearly that the

turbulence level within the core region of the microburst-
like wind (i.e., t/D < 0.5) is quite low. The turbulence
intensity was found to increase greatly in the outflow
region of the microburst-like wind (i.e., /D > 1.0). A
region with very high turbulence intensity (i.e., much
higher turbulent kinetic energy) was found to exist at the
downstream location of /D = 1.5-2.0. The high turbu-
lence intensity in the region was found to be responsible for
the significant surface pressure fluctuations and extreme
wind load peaks acting on the building models when
mounted in the region, which will be discussed later in the
present study.

Figure 6 shows the quantitative comparisons of the
measured outflow velocity profile of the microburst-like
wind of the present study versus the NIMROD field mea-
surement data of real microbursts occurring in nature along
with the published data of previous studies. The outflow
velocity profiles given in Fig. 6 were taken in the vicinity
of the radial location where the maximum wind speeds in
the microburst-like winds occur. As shown in Fig. 6, while
the radial velocity of the microburst-like wind was nor-
malized by the maximum radial velocity V, .. (i.e., V,/V,
max)» the height where half of the maximum radial velocity
occurred (i.e., b =~ 170 mm for the present study) was
used to normalize the vertical height in the microburst-like
wind (i.e., z/b). As suggested in previous studies, while the
detailed flow features of each microburst may vary from
case to case, all the microbursts were found to have a
similar trend in terms of normalized outflow velocity pro-
files. It can also be seen clearly that even though the
simulated microburst-like wind by using ISU microburst
simulator and the real microbursts occurring in nature are
significantly different in their size (e.g., the one generated
by using ISU microburst simulator with a diameter of
0.6 m vs. approximately 400-4,000 m for the real micro-
bursts in nature), the unique features of the outburst flows
in microburst-like winds are captured reasonably well by
using the impinging-jet-based ISU microburst simulator.

In the present study, the surface pressure distribution on
the test ground plane induced by the microburst-like wind
was also measured before the gable-roof building models
were mounted on the ground plane. Figure 7 shows the
measured surface pressure coefficients on the ground plate
at three different Reynolds numbers (i.e., Re = 1.2 X 10°;
Re = 1.8 x 10°, and 2.4 x 10° respectively). It can be
seen that a high static pressure region (i.e., the region with
higher positive C, values), caused by the direct impinging
of the core jet flow exhausted from ISU microburst simu-
lator, exists on the ground plane near the core center of the
microburst-like wind. The size of the high-pressure region
was found to be much greater than the diameter of the
impinging core jet flow (i.e., /D < 0.5), which almost
reached to the radial location of /D =~ 1.0. The surface
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pressures on the ground in the outburst flow further away
from the core region of the microburst-like wind (i.e.,
/D > 1.0) were found to be quite small with the pressure
coefficients (i.e., C, values) being negative (i.e., the local
surface pressure is slightly smaller than the atmospheric
pressure). The measured surface pressure distribution on
the ground plane was found to agree with that reported in
Sengupta and Sarkar (2008) well. Similar surface pressure
distributions were also reported in the previous studies of
Tu and Wood (1996) and Baydar (1999).

Based on the comparison of the measurement results at
three Reynolds numbers, it can be seen that the pressure
distribution pattern on the ground plane was almost inde-
pendent of the Reynolds number in the range used in the
present study. The significant variations of the surface
pressure on the ground plane induced by the microburst-
like wind also indicate that the position of the building
models (i.e., where the building models were mounted)
with respect to the core center of the microburst-like wind
will be an important factor to determine the surface pres-
sure distributions and the resultant wind loads acting on the
building models in the microburst-like wind.

In order to reveal the turbulent nature of the microburst-
like wind more clearly, the fluctuation amplitudes of the
surface pressure on the ground plate were also plotted in
Fig. 7, where C,, qey is the standard deviation of measured
pressure coefficients and C, ,yg, o is the averaged pressure
coefficient at the impinging center (i.e., t/D = 0). It can be
seen clearly that while the fluctuation amplitude of the
surface pressure on the ground plate was found to be rel-
atively small in the core region of the microburst-like wind,
the fluctuation amplitude was found to increase rapidly in
the outburst region of the microburst-like wind and reach
its maximum value at the downstream location of
/D ~ 1.5-2.0. Such distribution trend of the surface
pressure fluctuation on the ground plate is believed to be
closely related to the high turbulence intensity levels of the
microburst-like wind in the outburst flow as revealed
clearly in the PIV measurement results given in Fig. 5. The
significant fluctuation of the surface pressure on the ground
plate in the outburst region would also imply that the
surface pressure distributions on the building models would
also fluctuate greatly when the test models were mounted
in the outburst region of the microburst-like wind, which
will be discussed later in the present study.

3.2 The effects of the locations of the building models
with respect to the core center of the microburst-
like wind

In the present study, the effects of the mounted locations of

the gable-roof building models with respect to the core
center of the microburst-like wind on the vortex structures

@ Springer

and surface pressure distributions around the building
models were also assessed quantitatively. While Fig. 8
gives the PIV measurement results to reveal the flow
structures around the building models as they were
mounted at different radial locations away from the center
of the microburst-like wind, Fig. 9 shows the measured
surface pressure coefficients around the building models at
locations corresponding to the PIV measurements. For the
measurement results given in the figures, the orientation
angle of the models was set to be 0°, i.e., the oncoming
microburst-like wind (radial outflow) would be perpen-
dicular to the roof ridges of the building models along their
centerlines as shown in Fig. 4.

It can be seen clearly that the flow characteristics and
the surface pressure distributions around the gable-roof
building models (thereby, resultant wind loads) would
depend greatly on the locations of the building models with
respect to the center of the microburst-like winds. As
revealed clearly from the PIV measurement results given in
Fig. 8a, when the models were mounted near the core
center of the microburst-like wind (i.e., /D &~ 0), the
vertically downward jet flow was found to be impinging
directly onto the roofs of the models. As a result, the
models were found to be completely wrapped by high
positive pressures caused by the direct impingement of the
jet flow, as shown clearly in Fig. 9a. The measured surface
pressure distributions and flow features were found to be
very similar for the two building models in spite of the
different roof angles of the models. Corresponding to the
high surface pressures on the roofs of the building models,
the resultant aerodynamic forces would push the roofs
downward to potentially cause roof collapse when the
building models were mounted inside the core region of the
microburst-like wind. It should be noted that the geometric
center of ISU downburst simulator was identified before
the PIV measurements were conducted, and the building
models were tried to be mounted at the geometric center of
ISU downburst simulator for the test cases of /D =~ 0.
However, as shown in Fig. 8a, the PIV measurement
results reveal that the building models were actually
mounted at a location about 2 % off the center of the
oncoming impinging jet flow for the test cases of /D =~ O.
This is a systematic error, which was be caused by the
measurement error in identifying the geometric center of
ISU downburst simulator or/and the non-uniformity of the
oncoming impinging jet flow driven by the fan at the top of
microburst simulator. It should be noted that this small
systematic error will not affect the general discussions and
findings derived from the present study.

As the building models were moved outward to the
leading edge of the outburst flow of the microburst-like
wind (i.e., /D ~ 0.5), the flow features around the
building models were found to become quite different, as
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Fig. 8 PIV measurement
results with the building models
mounted at different locations
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revealed clearly from the PIV results given in Fig. 8b.
While the flow streamlines far away from the building
models were still found to be tilted downward, the
streamlines near the ground plane were found to become
horizontal and parallel to the ground plane. For the build-
ing model with 16° roof angle, the flow was found to stay
attached to both the windward and leeward roofs of the
building model. A small recirculation region was found in
the wake of the model. For the model with 35° roof angle,
the flow was found to separate from the leeward roof of the
building model, which results in a much larger recircula-
tion region in the wake of the model. While the surface
pressures on roofs of the models were found to become
much smaller when the models were moved away from the
core center of the microburst-like wind, the effects of the
roof angle can be seen easily from the surface pressure
measurement results given in Fig. 9b. The surface pres-
sures on both the windward and leeward roofs of the 35°
roof model were found to be greater compared with those
of the 16° roof model, which would result in a larger
aerodynamic force to cause roof collapse for the 35° roof
the model. It should also be noted that the surface pressure
coefficients around the models were still found to be
positive when models were mounted at the leading edge of
the outburst flow of the microburst-like wind (i.e.,
/D = 0.5). Since the surface pressure coefficients on the
back walls of the models (i.e., C,, ~ 0.4) were found to
become much smaller compared to those on the front walls
(i.e., C, ~ 1.0) due to the existence of the recirculation
zone in the wakes of the models, it is expected that the
resultant aerodynamic force would push the models away
from the center of the simulated microburst.

As seen in the PIV measurement results given in Fig. 8c,
when the models were mounted in the outburst region at
the location of /D = 1.0, while the oncoming flow was
seemingly attached on both the windward and leeward
roofs of the 16° roof model and the windward roof of the
35° roof model, the flow was found to separate from the
roof ridge for the 35° roof model, which results in a very
large recirculation zone in the wake of the model. The
recirculation zone over the leeward roof of the model with
35° roof angle was found to become much greater than that
of /D = 0.5 case, which resulted in much lower pressures
on the leeward roof and back wall of the model. As shown
in Fig. 9¢c, for the model with 16° roof angle, while the
surface pressure coefficients on the front wall were found
to be positive due to the direct impinging of the oncoming
flow onto the front wall, the surface pressure coefficients
on both the windward and leeward roofs, two side walls
and back wall were found to become negative as the model
was mounted at /D =~ 1.0. It indicates that the roof of the
model would lift upward, instead of being pushed

downward, when the model was mounted in the outburst
flow of the microburst-like wind. For the model with 35°
roof angle, the surface pressure coefficients on both the
front wall and the windward roof were found to be positive.
Corresponding to the much larger recirculation zone in the
wake of the model, the pressure coefficients on the leeward
roof and back wall were found to be lower for the model
with 35° roof angle, compared to those of the model with
16° roof angle.

As the building models were moved further away from
the center of the microburst-like wind (i.e., at the locations
of /D ~ 1.5 and 2.0), while the local wind speed was
found to become smaller, the streamlines of the flow were
found to become tilted upward slightly as shown in Fig. 8d,
e. It indicates that the airflow would have vertical upward
velocity components in the outflow region far away from
the core center of the microburst-like wind. As shown
clearly in Fig. 9d, e, while the flow patterns around the
building models were found to be quite similar to those of
the /D ~ 1.0 cases, the absolute values of the surface
pressure coefficients (for both the positive and negative
surface pressure coefficients) around the models were
found to become much smaller, corresponding to the
smaller local wind speed at the radial locations.

In order to reveal the characteristics of the surface
pressure distributions on the building models induced by
the microburst-like wind more clearly, the measured sur-
face pressures on the test models were compared with those
in conventional ABL winds. Figure 10 shows the measured
surface pressure profiles along the mid-planes of the two
gable-roof building models with the models mounted at 4
different downstream locations (i.e., /D ~ 0.50, 1.0, 1.5
and 2.0) in the microburst-like wind. Since ASCE7-05
standard for minimum design loads (ASCE 2005) is widely
used for wind load estimation of gable-roof buildings in
conventional ABL winds, the standard values of the surface
pressures given by ASCE 7-05 for the same gable-roof
building models are also given in the figures for compari-
son. For the standard values of the surface pressures given
by ASCE 7-05 standard, the surface pressure coefficient is
defined as Cp, = (P — Pum)/(0.5pU?), where Uy, is the
wind speed at mean-roof-height of the building models.

As shown in Fig. 10, compared with those in conven-
tional ABL winds as given by the ASCE 7-05 standard
values, the surface pressures on the gable-roof building
models would become much greater (almost twice) when
the models were mounted near the leading edge of the
outburst flow of the microburst-like wind (i.e., /D = 0.5).
It indicates that with the same gable-roof building and the
same wind speed at the mean-roof-height, the gable-roof
buildings are much more likely to be damaged in micro-
burst-like winds compared with the case in conventional

@ Springer



Page 14 of 21

Exp Fluids (2013) 54:1511

(a) o— ASCE 7-05 J
- -®- - Current Experimen 5
2{ @0 r/D=05 2 D=1.0 3 a\'_‘.?‘*--i.w
) L. e 1 12
0-0® @ B o & il ~]
. ey ¥ i 8 16 deg. gable-roof
Ou- 0 \ o 0 o o-®-a-®
10" 0-0-0-0-0-0 'P,gftfga&o-o-o-o
-1 " 3’
0 2 4 6 8 10 12 0 2 4 & 8 10 12
2 riD=1.5 2 riD=2.0
L .'8 L o8
g g 0 %\
Y o .eee® \ .0-9-0-9
“ 'O,E,LQJB—s—o-o-o -Dfﬁ‘gfglﬁ—o—o-o-o
1 pa -1 °
et e e P e
0 2 4 6 8 1 12 0 2 4 6 8 10 12
Pressure Taps Pressure Taps
(b) |~—O_ ASCE 7-05 J
-®- - Current Experimen ;
2| o-0.y MD=05 2 1/D=1.0 \&4\‘:‘:1\\_?_10
- < / H;é'
P © il aid o
. ® o . N
B o© o\o ®.e 000 &o .\o 35 deg. gable-roof
Ou_ 0 \0\0 0 N .
No0-0-0-0-0-0 \8-a-8-8-8°0
-1 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
2 rlD=1.5 2 riD=2.0
: oB0 " e-0
U& 0 E"a;e 0 Q‘B;&
\8-:9:0:8:3 \2:a:0:8:0:8
4 1

0 2 4 & 8 10 12 0 2 4 & 8 10 12
Pressure Taps Pressure Taps

Fig. 10 The measured surface pressure coefficient profiles along the
centerlines of the building models in microburst-like wind versus the
standard values of ASCE 7-05 a the building model with 16° roof
angle b the building model with 35° roof angle

ABL winds, due to the much higher surface pressure values
(thereby, resultant wind loads) induced by the microburst
winds.

As mentioned earlier, since the radial flow component
would become dominant in the outburst flow with the
corresponding streamlines becoming parallel straight-lines
in the outflow region of the microburst-like wind, the
characteristics of the outburst flow would become
increasingly similar to a straight-line wind. As a result,
when the gable-roof building models were mounted in the
outflow region far away from the center of the microburst-
like winds (i.e., /D ~ 1.0, 1.5, and 2.0), the measured
surface pressure profiles on both the models were found to
match with the ASCE 7-05 standard values reasonably
well.

It should also be noted that unlike conventional ABL
winds with the wind speed increasing monotonically above
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the ground, a microburst would produce an impinging-jet-
like outflow profile with the maximum wind speed occur-
ring at a much lower height close to the ground. As a result,
when the 16° roof building model was mounted in the
outflow region of the microburst-like wind, the measured
surface pressures on the windward roof were found to be
consistently lower, while the surface pressures on the lee-
ward roof and back wall were found to be slightly higher,
compared with the ASCE 7-05 standard values. The dif-
ferences between the measured surface pressures and the
ASCE 7-05 standard values were found to be much smaller
for the building model with 35° roof angle.

3.3 The effects of the orientation angles of the building
models with respect to the oncoming
microburst-like wind

An experimental study was also conducted to assess the
effects of the orientation angles (OA) of the gable-roof
building models with respect to the oncoming microburst-
like wind on the flow characteristics and the surface pres-
sure distributions around the building models in the
microburst-like wind. Figure 11 shows the measured sur-
face pressure distributions on the two building models for
OA of approximately 0.0°, 45.0°, and 90.0°, respectively.
For the measurement results given in the figure, the
building models were mounted in the outflow region of the
microburst-like wind at /D ~ 1.0. As mentioned earlier,
when the model with 16° roof angle was mounted in the
microburst-like wind at OA =~ 0.0°, the surface pressure
coefficients on all the surfaces of the model except the front
wall were found to be negative (i.e., the local surface
pressures are lower than the atmospheric pressure). The
surface pressures coefficients on the windward roof of the
model with 35° roof angle were found to be positive in
addition to the front wall, due to the direct impinging of the
oncoming flow onto the roof with steeper angle. Corre-
sponding to the much larger recirculation zone over the
leeward roof of the model as revealed from the PIV mea-
surement given in Fig. 8, the surface pressure coefficients
on the leeward roof and rear wall of the 35° roof model
were found to be much larger in magnitude compared with
those of the building model with 16° roof angle.

When the building model with 16° roof angle was
mounted at OA = 45° with respect to the oncoming
microburst-like wind, the surface pressure distribution on
the windward roof of the building model was found to have
a conical shape, which is similar to that of a building with a
flat roof in a conventional ABL wind at an oblique angle,
as described in Banks and Meroney (2001). According to
Banks and Meroney (2001), due to the suction of the strong
conical roof vortices, the roof corners are the most vul-
nerable to damage when the oncoming flow is at an oblique
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Fig. 11 The pressure distributions around the building models at different orientation angles. (Left: building model with 16° roof angle; right:

building model with 35° roof angle) a OA~x 0° b OAx45° ¢ OA~r 90°

angle with respect to the building axis. However, for the
model with 35° roof angle, such conical-shaped pressure
distribution could not be observed from the measured
surface pressure distribution. Compared with those of the
case with OA =~ 0° having positive surface pressure
coefficients on the windward roof, the surface pressure
coefficients on the windward roof of the 35° roof building
model were found to become negative when the building
model was mounted at OA =~ 45° with respect to the
oncoming microburst-like wind.

When the two models were mounted at OA =~ 90° with
respect to the microburst-like wind, the oncoming flow
would strike directly onto the gable-ended wall of the
models, which results in the high-pressure coefficient val-
ues (i.e., Cp ~ 0.8-1.0) on the windward walls. After
impinging onto the gable-ended wall, the flow would sep-
arate at the roof edges along the joint between the roof and
the walls. As a result, well-defined low-pressure bands
were found on the roofs of the building models. Since the
roof ridges of the models were aligned with the oncoming
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flow at OA =~ 90°, the surface pressure distributions on the
roofs as well as the side and back walls of the two models
were found to be very similar in spite of different roof
angles of the two building models.

Figure 12 shows some typical examples of the PIV
measurement results to illustrate the flow features around
the 35° roof model at OA =~ 0° and 45° with respect to the
oncoming flow in the microburst-like wind. For the PIV
measurement results, the laser illumination plane was set
within a horizontal plane at the half eaves height of the
building model. It can been seen that when the model was
mounted at OA =~ 0°, the oncoming flow would strike
onto the front wall of the model directly and then separate
at the sharp corners of the building model, as expected. A
recirculation zone was found to form in the wake of the
model. The flow features and vortex structures around the
gable-roof building model were found to be very similar to
those reported by Hu et al. (2011) with a gable-roof
building model placed in a conventional ABL wind. For
the case with the building model mounted in the micro-
burst-like wind at OA ~ 45°, the oncoming flow was
found to flow smoothly along the two side walls of the
building model and then separate from the rear corners of
the model, generating two very large recirculation bubbles
in the wake. It should be noted that the two recirculation
bubbles in the wake are similar to the sectional view of the
two legs of a complicated 3D wake vortex formed in the
wake of gable-roof buildings as revealed in Sousa and
Pereira (2004). Since the flow features around the model
for the case of OA =~ 90° were found to be quite similar to
those of the OA =~ 0° case in the PIV measurement plane,
the PIV measurement results for those cases are not pre-
sented here.

3.4 The characteristics of the resultant aerodynamic
forces acting on the gable-roof building models
in microburst-like wind

Based on the measured surface pressure distributions
around the building models described above, the resultant

Fig. 12 Flow field around the
35° roof building model at
different orientation angles with
respect to the oncoming
microburst-like wind.

a OA~x 0°b OAx 45°

@ Springer

wind loads (i.e., aerodynamic forces) acting on the models
were determined by integrating the measured pressure
distributions on the surfaces of the building models. Fig-
ures 13 and 14 give the radial and vertical components of
the resultant aerodynamic forces acting on the building
models as a function of the building location with respect
to the center of the impinging jet. In the present study, the
mean aerodynamic force coefficients, CF, and CF,, are

defined  as CF,:F,/(O.SpszetA,) and CF, = Fy/

(O.SpszetAZ), where F, and F, are the mean values of

radial and vertical components of the resultant aerody-
namic forces acting on the models. A, and A, are the
projected areas of the models in r and Z directions as
defined in Fig. 4. Since the azimuthal components of the
resultant aerodynamic forces were found to be always
insignificant due to the axis-symmetric nature of the
oncoming microburst-like wind and the symmetry of the
building models relative to the oncoming flows, thereby the
measurement results are not presented here.

From the measurement results shown in Fig. 13, it can
be seen that the variations of the radial components of the
aerodynamic forces (i.e., F,) acting on the models have a
very similar trend for all the test cases. Since the stream-
lines of the airflow within the core region of the micro-
burst-like wind were mainly vertically downward, the
radial components of the resultant aerodynamic forces (i.e.,
F,) were found to be very small when the models were
mounted near the core center of the microburst-like wind.
As revealed from the PIV measurements given in Fig. 5,
the radial flow velocity component would increase rapidly
as the distance from the core center of the microburst-like
wind increases and become dominant in the outburst region
(/D > 0.5) of the microburst-like wind. The flow velocity
was found to reach its maximum value at the location of
/D =~ 1.0 and then decrease slowly with increasing radial
distance from the core center of the microburst-like wind.
As a result, the radial components of the aerodynamic
forces acting on the building models (i.e., F,) were found to
increase rapidly, reach their peak values at the downstream
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Fig. 14 Measured vertical components of the aerodynamic forces acting on the building models

location of t/D =~ 1.0, and then decrease gradually due to
the decreasing wind speed at the further downstream
locations.

The effects of the roof angle on the resultant radial
aerodynamic forces acting on the building models are also
revealed clearly from the comparison of the measurement
results given in Fig. 13. When the models were mounted at
OA =~ 0° with respect to the oncoming flow, the model
with a larger roof angle (i.e., 35° roof building) was found
to experience a greater radial aerodynamic force in the
outwardly direction. As the orientation angle increases
(i.e., for cases with OA =~ 45° and 90°), the differences in
the radial components of the resultant aerodynamic forces
between the two building models with different roof angles
were found to become smaller and smaller.

As shown from the measured surface pressure distri-
butions given in Fig. 9a, the two gable-roof building
models would experience high positive pressures over
their envelopes (i.e., Cp =~ 1.0) when the models were
mounted near the core center of the microburst-like wind
(/D = 0.0), due to the direct impinging of the downdraft
onto the models. Corresponding to the high surface
pressures on the roofs, the vertical components (i.e., F)
of the resultant aerodynamic forces acting on the models

were found to be quite significant, i.e., CF; ~ —0.9 to
—1.0, as shown in Fig. 14. The negative sign of the CF,
indicates that the resultant loads on the roof would be
downward that would potentially cause collapse of the
roof by pushing it down.

The variations of the vertical aerodynamic forces acting
on the building models as a function of the position of the
models are found to be closely related to the unique fea-
tures of the microburst-like wind. As shown in Fig. 5, the
surface pressures on the ground plane would decrease with
the increasing radial distance away from the core center of
the microburst-like wind. As a result, the magnitude of the
resultant downward aerodynamic forces acting on the
models was found to decrease rapidly as the building
models were moved away from the core center the micro-
burst-like wind. As shown in Fig. 14, when the models
were moved into the outburst region of the microburst-like
wind (i.e., at the radial position /D > 0.75), the coeffi-
cients of the vertical aerodynamic forces, CF, were found
to change their signs from negative to positive, which
indicates that the resultant aerodynamic forces acting on
the roof would be uplift. The uplift forces acting on the
models were found to reach the peak values at the radial
location of /D ~ 1.0 and then decrease slowly as the
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models were mounted further away from the core center of
the microburst-like wind.

The effects of the roof angle and orientation angle of the
building models on the vertical components of the resultant
aerodynamic forces acting on the test models can also be
seen clearly from the comparisons of the measurement
results given in Fig. 14. It can been seen clearly that when
the models were placed near the core center of the
microburst-like wind (/D =~ 0.0), the vertical aerody-
namic force coefficients of the two models, CF,, were
found to be almost the same (i.e., CF; ~ —1.0) in spite of
the different roof angles. As the building models were
moved away from the core region into the outflow region
of the microburst-like wind, the uplift forces acting on the
model with smaller roof angle was found to be much
greater than those with a larger roof angle when the models
were mounted at OA ~ 0° with respect to the oncoming
microburst-like wind. The differences in the uplift forces
were found to become smaller and smaller as the orienta-
tion angle increases.

In the present study, a set of experiments were also
conducted to quantify the resultant wind loads acting on the
building models at different Reynolds numbers of the
microburst-like wind (i.e., Re = 1.2 x 10°-2.4 x 10°) by
changing the velocity of the impinging-jet flow exhausted
from the microburst simulator. It was found that the
characteristics of both radial and vertical aerodynamics
forces acting on the models were be almost independent of
the Reynolds number levels of the microburst-like wind
within the range of the present study.

3.5 The fluctuations of the surface pressures
on the gable-roof building models in microburst-
like wind

While the time-averaged pressure measurement results
given above are very helpful to reveal the global features of
the wind loads acting on gable-roof buildings induced by
violent microburst-like wind, it would be very insightful
and essential to take the turbulent nature of the microburst-
like wind into account in order to assess its damage
potential more accurately. In the present study, the fluctu-
ations of the surface pressures on the gable-roof models
were also investigated for a better understanding of the
turbulent of the microburst-like wind.

Figure 15a shows the time series of the instantaneous
surface pressure measurement results obtained from the
same pressure tap on the windward roof of the 16° roof
model (i.e., the selected point #1 shown in Fig. 15b) as the
building model was mounted at different radial locations in
the microburst-like wind. It can be seen clearly that the
instantaneous surface pressures at the same pressure tap
would fluctuate much more significantly as the model was
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Fig. 15 Fluctuation of the surface pressures on the building model
with 16° roof angle in the microburst-like wind a time series of the
instantaneous surface pressure measurement results b the fluctuation
amplitudes of the surface pressures at two selected points

moved away from the core region into the outburst region
of the microburst-like wind.

The fluctuation amplitudes of the instantaneous surface
pressures at two typical positions on the building model as
a function of the radial location of the model with respect
to the core center of the microburst-like wind are given in
Fig. 15b. In this figure, Pggq., denotes the standard devi-
ations of the instantaneous surface pressure data; P,.s 0
represents the time-averaged values of the surface pressure
at the selected points when the model was mounted at the
core center of the microburst-like wind (i.e., /D =~ 0).
The turbulence kinetic energy level of the microburst-like
wind at the mean roof height were also plotted in Fig. 15b
in order to elucidate the close relationship between the
characteristics of the surface pressure fluctuations on the
building model and the variations of the turbulence level
in the microburst-like wind. As revealed clearly in
Fig. 15b, the fluctuation amplitudes of the surface pres-
sures at the selected points were found to be quite small
when the building model was mounted within the core
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region of the microburst-like wind, corresponding to the
low turbulence level in the core region of the microburst-
like wind. The amplitudes of the surface pressure fluctu-
ations were found to increase very rapidly as the building
model was moved away from the core region into the
outburst region of the microburst-like wind and reach their
maximum values at /D ~ 1.5 due to the highest turbu-
lence intensity at the downstream location. The pressure
fluctuation amplitudes were then found to decrease as the
model was moved further downstream, corresponding to
the decreasing turbulence intensity level in the outflow
region further away from the center of the microburst-like
wind. From the comparison of the measurement results at
the two selected points, it is interesting to note that the
surface pressure fluctuations on the windward roof of the
building model (i.e., Point #1) were found to be always
greater than those on the leeward roof (i.e., Point #2). The
observation was also believed to be closely related to the
vortex structures and turbulent characteristics of the flow
field around the building models in the microburst-like
wind. Since Point #1 was located at the leading edge of
the windward roof, the fluctuation of the surface pressure
at this point was mainly determined by the turbulence
intensity level of the oncoming microburst-like wind.
However, since flow separation was found to occur over
the ridge of the building model to form a large separation
bubble sitting over the leeward roof as shown clearly in
Fig. 8, the fluctuation of the surface pressure at Point #2
would be decoupled from the oncoming flow and affected
mainly by the separation bubble on the leeward roof. A
completely different outcome would be expected for the
same building model when placed in a conventional ABL
wind due to the significant difference in the flow char-
acteristics of the oncoming flow (Hu et al. 2011). It should
be noted that a larger fluctuation amplitude of the surface
pressures on the same building model would imply a
higher peak wind load acting on the building model,
which would increase the damage potential of the gable-
roof building in microburst-like wind. Since the charac-
teristics of the surface pressure fluctuations on the build-
ing model with 35° roof angle were found to be very
similar to those of the 16° roof angle model described
above, the measurement results for the 35° roof model are
not presented here.

It should be noted that while the present experimental
study was conducted to investigate the near-ground flow
characteristics of microburst-like winds and microburst-
induced wind loads acting on low-rise buildings over a
homogenous flat surface, the near-ground flow structures of
the extreme wind events, such as tornadoes, hurricanes and
microbursts, may also be affected strongly by the different
terrains on the ground. The effects of the terrain conditions
on the ground, such as the landscape features, surface

roughness and thermal boundary conditions, on the near-
ground flow structures of microburst-like winds and the
microburst-induced wind loads acting on buildings will be
investigated in the near future.

4 Conclusions

An experimental study was conducted to investigate the
flow characteristics of microburst-like wind and to assess
the resultant wind loads acting on low-rise gable-roof
buildings induced by the microburst-like wind. The
experiments were carried out by using an impinging-jet-
based microburst simulator in the Department of Aero-
space Engineering of Iowa State University with two
gable-roof building models of different roof angles for the
comparative study. In addition to measuring the surface
pressure distributions (thereby, the resultant aerodynamic
forces) around the building models, a high-resolution dig-
ital Particle Image Velocimetry (PIV) system was used to
conduct flow field measurements to reveal the vortex
structures and turbulent flow characteristics around the test
models in the microburst-like wind. The effects of impor-
tant parameters, such as the distance between the center of
the microburst-like winds and the models, the roof angle
and the orientation angles of the building models with
respect to the oncoming microburst-like wind, and the
Reynolds numbers of the microburst-like flow, on the
characteristics of the flow fields and the surface pressure
distributions around the building models as well as the
resultant aerodynamic forces acting on the test models
were assessed quantitatively.

The PIV measurements reveal clearly that the flow
streams in the core region of the microburst-like wind,
which are mainly vertical pointing downward before
impinging onto the ground plane, would turn rapidly at
right angle after impinging onto the ground plane. The flow
streamlines were found to become parallel to the ground
plane in the outflow region with high-speed flow concen-
trated within a layer close to the ground plate. While
diverging from the core center of the microburst-like wind,
the outburst flow was found to accelerate at first, reach its
maximum wind speed at the location of /D =~ 1.0, and
then slow down gradually further downstream. While
the turbulence intensity level inside the core region of
the microburst-like wind was found to be quite small, the
turbulence intensity was found to increase rapidly in the
outburst flow region with highest turbulence intensity
occurring at the location of /D & 1.5. The high turbulence
level in the outburst flow was found to be responsible for
the significant fluctuations of the surface pressures on the
building models when the models were mounted in the
outflow region of the microburst-like wind.
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It was also found that the surface pressure distributions
and the resultant wind loads (i.e., aerodynamic forces)
acting on the models would change significantly depending
on the roof angles, the orientation angles, and the locations
of the building models with respect to the core center of the
microburst-like wind. When mounted within the core
region of the microburst-like wind (/D < 0.5), the build-
ing models were found to experience high positive pres-
sures on the entire envelope due to the direct impinging of
the vertically downward core jet flow onto the test models.
The resultant aerodynamic force was found to be acting
vertically downward on the roof. As the building models
were moved away from the core region toward the outflow
region of the microburst-like wind, while the vertical
components of the resultant aerodynamic forces were
found to decrease rapidly, the horizontal components of the
aerodynamic forces were found to become bigger and
bigger until reaching the peak values at t/D ~ 1.0. When
the building models were moved further downstream (i.e.,
t/D > 1.0), while the magnitude of the aerodynamic forces
acting on the models were found to decrease gradually
corresponding to the decreasing wind speed, the vertical
components of the resultant aerodynamic forces were
found to become uplift forces. Compared with those in
conventional atmospheric boundary layer (ABL) winds as
specified in ASCE 7-05, the gable-roof building models
were found to experience much higher (i.e., almost double)
surface pressures, thereby much larger wind loads when the
test models were mounted at the leading edge of the out-
burst flow of the microburst-like wind (i.e., t/D ~ 0.50).
Since the flow characteristics of the microburst-like wind
in the outflow region would become increasingly similar to
conventional ABL winds, the measured surface pressure
profiles on the building models were found to agree with
the ASCE 7-05 standard values reasonably well when the
test models were mounted in the outflow region far away
from the core center of the microburst-like wind.

In addition to the time-averaged measurement results
that revealed the global features of the microburst-like
wind and the resultant wind loads acting on the building
models induced by the microburst-like wind, the standard
deviations of the measured instantaneous surface pressures
on the building models were used to assess the turbulent
nature of the microburst-like wind. It was found that cor-
responding to the high turbulence levels in the outburst
flow of the microburst-like wind, the surface pressures on
the models were found to fluctuate significantly as the
models were mounted in the outflow region. The large
fluctuation amplitudes of the surface pressures on the test
models would imply significant peak wind loads acting on
the building models, which would greatly increase the
damage potential of low-rise gable-roof buildings subject
to microburst-like wind.
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