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Abstract

The aerodynamic performance of a roof depends significantly on its shape and size,
among other factors. For instance, large roofs of industrial low-rise buildings may
behave differently compared to those of residential homes. The main objective of
this study is to experimentally investigate how perimeter solid parapets can alter the
flow pattern around a low-rise building with a large aspect ratio of width/height of
about 7.6, the case of industrial buildings/shopping centers. Solid parapets of varied
sizes are added to the roof and tested in an open-jet simulator in a comparative
study to understand their impact on roof pressure coefficients. Roof pressures were
measured in the laboratory for cases with and without parapets under different wind
direction angles (representative of straight-line winds under open terrain conditions).
The results show that using a parapet can alter wind pressures on large roofs.
Parapets can modify the flow pattern around buildings and change the mean and
peak pressures. The mean pressure pattern shows a reduction in the length of the
separation bubble due to the parapet. The parapet of 14% of the building’s roof
height is the most efficient at reducing mean and peak pressures compared to other
parapet heights.

Keywords: Aerodynamics, Open-jet testing, Turbulence, Pressure measurement, Low-
rise buildings, Parapet

1 Introduction
1.1 Background

The aerodynamic problem of buildings and other bluff bodies presents a real challenge

compared to streamlined bodies [1, 2]. This is because bluff bodies are associated with

flow separation that makes direct experimental testing and numerical solution indis-

pensable for the understanding of the physics and the evaluation of the flow-induced

forces [3–7]. In a summary of natural hazards compiled by the National Weather Ser-

vice and the National Climatic Data Center, high-intensity winds amounted to signifi-

cant total property damage [8]. In the United States, 70% of the buildings are classified

as low-rise, either as residential or industrial and constitute most of the reported wind

damage [9]. Since 1980, the frequency of billion-dollar climate events has increased.
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The majority of these events occur in the coastal areas with the bulk occurring in the

southeast [10].

The roof components and claddings of low-rise buildings can be subject to damage

during windstorms due to fluctuating pressures. These pressures can cause serious

problems to the integrity of low-rise buildings, such as residential homes, large indus-

trial buildings, and shopping centers. For instance, a roof failure due to high uplift wind

forces was reported, due to high-intensity wind from Hurricane Charley [11]. Over 40%

of the membrane covering the gymnasium roof was detached during the storm when

about four hundred people were sheltered in the building. As the frequency of wind-

related failures increases, the need for wind resilient structures and non-intrusive wind

mitigation devices becomes indispensable [12]. For purposes of sustainability, economic

efficiency, and alleviation of wind issues, wind engineering research is vital to current

and future development around the globe.

1.2 Increased windstorm activity

The increase in high climatic events can be attributed to the warming trends experi-

enced globally. In a statistical investigation, it was found that between 1959 and 2002

the average atmospheric temperature increased by nearly 0.73 degrees Celsius [13].

Warming of the sea surface supplies the atmosphere with more water vapor, conse-

quently more moisture for storms [14]. This increase in storms equates to an increase

in the probability of wind-related damage occurring to low-rise structures. Although

more studies and stronger evidence are needed to prove the validity of the predicted

trends, it is safe to say that wind-related research is necessary for the present. As of

September 2017, estimated damage of about $190 billion would rank Hurricane Harvey

as the costliest hurricane to hit the United States on record. Recent storms dominate

the list of most costly hurricanes with Hurricane Katrina (2005) and Hurricane Sandy

(2012) rounding up the top three. In fact, nine to ten of the most costly hurricanes to

make landfall in the United States have come from the twenty-first century [15]. It is

stated that the ten most expensive hurricanes in United States history occurred in the

past 30 years. This may be attributed to climate change [16]. The impacts from climate

change are happening now, affecting ecosystems and communities [17]. The 2017 At-

lantic hurricane season was extremely active with six major hurricanes. El Niño–South-

ern Oscillation, the North Atlantic Oscillation, and the Atlantic Meridional Mode all

contributed to favorable wind shear conditions. The Atlantic Meridional Mode also

produced enhanced atmospheric instability [18].

In the town of Rockport, TX, where Harvey’s eyewall made landfall, wind peaks of

130 mph were recorded. Structural damage to homes and buildings was very wide-

spread, as winds stripped walls and roofs lifted off of structures. The powerful hurri-

cane ripped apart public infrastructure like the Rockport-Fulton High School [19].

Category five Hurricane Irma reached max sustained winds of 185 mph as it hammered

the small island of Barbuda on September 5, 2017. The storm damaged nearly every

structure on the island and left 60% of them uninhabitable. Figure 1 shows roof damage

caused by Irma’s high winds on the island of Saint Martin [20]. The necessity for wind

resilient structures is not only fundamental for the sustainability of future communities

but the integrity of today’s communities as well. The recent surge in high wind-related
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weather events justifies the need for extensive research on windstorm mitigation

techniques.

1.3 Aerodynamic testing

In order to propose mitigation alternatives to minimize damage, it is vital to under-

stand how the spatial correlation of wind loading influences the performance of the

roof. As the first step to answer this question, the true reproduction of flow characteris-

tics in accordance with actual windstorms is necessary. Bluff body aerodynamics and in

particular the fluctuations of wind pressures on low-rise buildings have a complex

spatial and temporal structure [21]. This complexity mainly comes from the transient

nature of incident turbulent winds, and the fluctuating flow pattern in the separation

zone. One main part of any wind engineering study is to appropriately reproduce the

flow characteristics in a controlled manner, in order to examine the response of a

structure in the scope of a particular windstorm. This means that the wind flow should

be reproduced in an acceptable approach, and then wind pressures and loads on the

structure should be validated accordingly. In order to satisfy these requirements, there

are some common tools used for wind simulation, including wind tunnels, computa-

tional fluid dynamics (CFD) models, open-jet facilities, and full-scale field measure-

ments [22].

Since the past decades, wind tunnel modeling has been widely used as a useful tech-

nique to estimate wind loads on buildings and other structures [23]. In the case of low-

rise buildings, it has been always a challenge in wind tunnel testing to properly repro-

duce wind effects, due to the lack of capability in turbulence modeling [22]. Small-scale

turbulence leading to the shedding of immature vortices is one of the reasons for in-

accurate pressure estimations in wind tunnels. Full-scale experiments are economically

expensive and difficult to control [24]. Full-scale CFD simulations are computationally

demanding. The pros and cons of experimental and CFD techniques are identified in

the first author’s previous publications [22, 25]. The challenges in wind engineering

testing and the importance of generating correct turbulence are pointed out in several

Fig. 1 Wind-induced damage from Hurricane Irma [20]
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studies [25–28]. To alleviate these issues, the concept of open-jet testing was devised

recently [29].

In line with this, the Windstorm Impact, Science and Engineering (WISE) research

team at Louisiana State University (LSU) built a small-scale open-jet wind engineering

testing facility in 2014. The small-scale open-jet was calibrated to generate wind that

mimics those of wind open and suburban terrain [29, 30]. With an adjustable turbu-

lence producer, different wind profiles can be physically simulated. A multidisciplinary

LSU research team from Civil Engineering, Mechanical Engineering, Coast & Environ-

ment, Louisiana Sea Grant, Geography and Anthropology, Construction Management,

and Sociology, collaborated on a project ‘Hurricane Flow Generation at High Reynolds

Number for Testing Energy and Coastal Infrastructure’ that was awarded by the Louisi-

ana Board of Regents to build Phase 1 of a large windstorm testing facility. Phase 1 per-

mits the generation of wind flow at a relatively high Reynolds number over a test

section of 4 m × 4m. These capabilities permit executing wind engineering experiments

at relatively large scales [31]. The modern open-jet facility will enable researchers from

LSU and the globe to test their research ideas, to advance knowledge leading to innova-

tions and discovery in science, hurricane engineering, and materials and structures dis-

ciplines, to build a more resilient and sustainable infrastructure.

1.4 Aims of the current study

While parapets can offer aesthetic features of a building – by creating architectural ele-

ments, hiding rooftop equipment, and serving other functions, they can act as an aero-

dynamic mitigation device. When designed with a proper height, parapet walls can

minimize the magnitude of roof negative pressures [32, 33]. The effects of parapets on

roof wind loads have been explored in past studies, however, there is a lack of agree-

ment on their effectiveness in reducing the magnitude of roof pressures. The efficacy of

a parapet in reducing the magnitude of wind pressures highly depends on its height,

wind direction angle, and building’s shape, among other factors [34–36]. In the real

world, designing and installing parapets on roofs require an understanding of aero-

dynamics in a wind flow that mimics those at full scale. This is to ascertain the mitiga-

tion feature will function properly; otherwise, immature installation of mitigation

features may cause additional problems to the roof’s integrity during severe wind-

storms. This research adds to previous works on roof passive mitigation techniques, by

further investigating the performance of parapets in advanced open-jet flow at a larger

scale. The case study low-rise building has a large aspect ratio of width to height of ~

7.6. This is a representation of large industrial buildings and shopping centers. Parapets

with varying heights are tested to find the best height to minimize uplift forces pro-

duced by high-intensity winds. The idea is to understand the performance of parapets

as effective mitigation alternatives that are practical and economical and can reduce

peak pressures at the roof corners and edges. The importance of the current study is

that parapets and other architectural features are difficult to be tested in a typical wall-

bounded wind tunnel, due to blockage effects and scale issues.

The paper is structured as follows. In Section 2, a brief review of wind impact on the

roofs of low-rise buildings and aerodynamic mitigation methods are presented. The

methodology of the current study, including aerodynamic testing, is presented in
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Section 3. The results of the current study are discussed in Section 4. Section 5 summa-

rizes the main findings.

2 Brief review of wind effects on roofs and aerodynamic mitigation
2.1 Wind effects on low-rise buildings

In 1963, 300 scientists and engineers from 21 different countries gathered at the Na-

tional Physical Laboratory, Teddington, for an International Conference on Wind Ef-

fects on Buildings and Structures [37]. The conference was the first major attempt to

bring together the researchers and practicing engineers in the field of wind engineering,

in view of the extent to which the safe and economic design of all forms of building

and structure is dependent on a proper understanding of the effects of wind. Most of

the papers presented were concerned with the wide range of research throughout the

world, and much reference was made to the use of wind tunnel testing as the main

source of information. Up to date, experimental wind engineering is still the most ac-

curate and reliable source of information.

When wind flows over the roof of a low-rise building, the flow eventually separates

from the surface causing changes in pressures. In the early 1970s, the Aylesbury Experi-

ment concluded that the highest pressures occur where the flow separates from the

structure near the roof eaves, ridge, and corners. The experiment also highlighted that

wind pressures typically fluctuate due to vortex shedding and other unsteady flow sin-

gularities [38]. The flow pattern around structures is greatly influenced by separation.

Flow separation zones develop on the leeward side of roofs [39]. In the 1980s, a Texas

Tech University (TTU) field experiment was conducted on a low-rise building with a

nearly flat roof. Significant changes in pressures were realized at the leading corner,

under the 45 deg. wind direction angle (conical vortices) [38]. These pressure gradients

cause separation of the boundary layer and a formation of vortex flow that can produce

uplift forces leading to cladding failure [40]. The vortex generation in the separated

shear layer is associated with peak pressures [41]. Negative pressures are higher under

the conical vertices. The peak suction is beneath the vortex core and moves as the vor-

tex moves. In smooth flow, as the vortex size decreases, the peak suction increases

linearly [42]. There is a direct correlation between the increasing speed of the vortex

and the decrease in pressures experienced at the surface. Upstream flow and low pres-

sures are connected in three main ways. First, the flow velocity normal to the roof’s

surface directly affects the speed of the vortex spin. Second, the pressure above the vor-

tex will also be governed by the speed of the gust passing over the roof corner. Third,

the strength of the vortex is related to the nature of the re-attachment [43]. The fluctu-

ation in the uplift pressures is caused by the sway and rotation of the axes of the con-

ical vortices [44]. The conical vortices generally occur in pairs, along each roof edge

and normally with different circulating strengths [45]. The rotation and swaying of the

axes induce fluctuations in the higher and lower frequency ranges [44]. Understanding

these relationships and designing roof mitigation devices to combat the effects is vital

to the durability of low-rise buildings.

Roof failure occurs when the roof can no longer support the wind-induced loading

caused by varying pressures. Multiple studies have found that uplift forces from pres-

sure variations put stress on the structure and can cause failure [43, 44, 46]. Failure of
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the roof sets off a domino effect resulting in the cascade failure of the whole building

envelope. Once the roof is damaged, wind and rain are allowed to further damage the

structure and the people inside [47]. Protecting the roofs of buildings is a viable solu-

tion to mitigate damage [48]. Innovative devices that solve this problem as well as ad-

here to economic, sustainability, and safety restraints can improve our communities’

longevity and attest to the resiliency of humanity to natural disasters.

2.2 Aerodynamic mitigation

Low-rise buildings are commonly used all over the world for commercial, industrial,

and residential purposes. The roof geometry used to cover low-rise buildings can

greatly influence the aerodynamic pressures. Roof systems are subjected to higher load-

ing than any other part of the structure [9]. While numerous studies and past experi-

ences have shown that flat roofs are not the most efficient design, in terms of

minimizing wind forces, they are found on the majority of low-rise industrial and com-

mercial structures [49]. A reasonable solution to reduce the wind uplift forces is to

utilize/implement simple modifications that change the flow pattern and impede the

formation of vortices. These modifications usually focus on eliminating the sharp edges

to reduce separation and disrupt the formation of vortices [50].

2.2.1 Roof modifications

One approach to roof modification considered the change of elevation [51]. Pressure

coefficients were measured to assess whether or not they are affected by the variation

of roof height. A minimal decreasing trend was found as the height of the roof was in-

creased. However, it was concluded that pressure coefficients are independent of roof

elevation [51]. Nevertheless, varying the pitch angle has some measurable changes. The

roof pitch of 3:10 experienced negative pressures along the majority of its windward

side [52]. The building with a pitch of 7.5:10 showed positive pressures along its wind-

ward side, with a significant reduction in the uplift forces. This roof configuration de-

creased the areas of turbulent kinetic energy experienced on the eave while showing

increases in the shear layer beyond the rooftop [52]. Various architectural details were

tested on low-rise structures with gable roofs. The mean pressures were reduced for

buildings with protruding gable walls and eave gutters [53]. Buildings with architectural

elements like gable end and ridgeline extensions, trellis, and wall extensions all experi-

enced reductions in pressure coefficients [54]. Simple modifications and roof designs

can alter the flow pattern thus reducing the negative pressures on the roof. Installing

parapets has been the standard architectural modification used to mitigate wind effects

on flat roofs.

2.2.2 Parapets

Numerous methods have been proposed and tested to change the geometry of the roof

without fundamentally changing the design of the structure. Several mitigation features

can reduce the intensity of corner pressures as follows: (1) features that displace the

corner vortices (solid parapets can raise the vortices from the roof surface), (2) features

that disrupt the formation of vortices (partial or porous parapets), and (3) features that

disturb the vortices on the rooftop (a fence or object along the path of vortex
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formation) [46]. Figure 2 shows various aerodynamic mitigation schemes for reducing

wind loads on roofs of low-rise buildings [50].

The addition of a perimeter parapet reduces the pressure coefficients in the corner

zones by about 50% [33]. The effectiveness of a parapet is directly correlated to its con-

figuration. A parapet that covers the entire roof perimeter is more effective than a para-

pet that only protects one side of the building [50]. A series of comprehensive studies

were conducted to examine the major effects of parapets on low-rise buildings [34–36,

55]. Reductions of corner pressure coefficients of 44% and 56% were recorded with the

addition of spoilers and porous continuous parapets, respectively. A solid parapet only

present at the corners caused a reduction in loads in all roof zones, compared to a solid

continuous parapet [55]. When varying shaped parapets were added to a flat roof, a

notable reduction in the lift forces was reported [56].

A parapet can reduce wind loads at the corners while it distributes the loads to inter-

ior regions [45]. Pressures measured on open canopy structures with parapets reveal

that the parapet height is a key parameter. In general, reduced pressure coefficients are

associated with higher parapets, while lower parapets increased the peak suction, com-

pared to a bare roof [57]. During Hurricane Charley, low-rise buildings with high para-

pets survived with no damage on the roof edges and corners [11]. However, some of

the air-handling units on the roofs of these buildings were lifted as they were not prop-

erly secured. These events demonstrate the motivation for research on the feasibility of

devising aerodynamic features to reduce wind loads on the entire roof, to alleviate such

issues with rooftop equipment and fatalities.

3 Experimental investigations
3.1 Open-jet testing

As mentioned earlier, the aim of this study is to experimentally examine the perform-

ance of solid parapets in reducing the aerodynamic loads on roofs of low-rise buildings

(Fig. 3). Experimental investigations were conducted on a small-scale model of a low-

rise industrial building in an open-jet hurricane simulator. The open-jet was validated

in terms of flow quality [29], and then various aerodynamic tests were performed on

the model with sets of parapets and without a parapet. Figure 4 represents the concept

of open-jet testing. The open-jet was made from simple components, i.e., speed

Fig. 2 Various aerodynamic mitigation features for reducing wind loads on the roofs of low-rise buildings:
(a) porous parapet, (b) solid parapet, (c) discontinuous parapet, (d) partial parapet, (e) parametric spoiler,
and (f) aerodynamic edge
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controller, fans, turbulence producer, etc. It consists of 15 fans in a 3 × 5 array. The

small-scale open-jet has a test section of around 1m in height and 1.7 m in width, and

can produce a flow with a wind speed of up to 15m/s. Using the adjustable turbulence

production mechanism, it is possible to generate different wind speed profiles following

a desirable terrain characteristic. More details regarding the flow management setup

and validations of the LSU small-scale open-jet are available in previous publications

[29, 30]. The open-jet is capable of producing comparable mean wind speed and turbu-

lence profiles to those at full-scale. Models with high blockage ratios were found to be

feasible in the open-jet, highlighting its ability to reduce the effects of blockage on ex-

perimental data. In addition, the proximity of the test model to the open-jet affects the

peak pressure measurements due to the varying length of the separation bubble. The

closer the model was from the open-jet fans, the smaller the separation bubble. This is

due to the increasingly high presence of small-scale turbulence close to the exit of the

open jet. Therefore, the test model should be positioned at a recommended distance

from the exit of the open-jet. This distance is approximately 2.5H, where H is the

Fig. 3 The solid parapet on the roof of the low-rise building model

Fig. 4 Open-jet wind testing: (a) main concept, and (b) small-scale open-jet simulator at Louisiana State
University (LSU)
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height of the wind field. After all data considered, the facility was found to be a viable

option to reproduce aerodynamic pressure coefficients on buildings [29, 30].

3.2 Experimental setup

An actual industrial low-rise building, located in Louisiana, was modeled to investigate

the aerodynamics characteristics of adding parapets to the roof. The building is shown

in Fig. 5, which is a gable roof building with a large aspect ratio of ~ 7.6. The low-rise

building has a gable roof with a slope of about 7 deg. A small-scale model was fabri-

cated according to the characteristics listed in Table 1. To capture the best possible

overall wind pressure distribution over the roof surface, a strategic and unique tap lay-

out was chosen. This nonuniform distribution consists of 196 pressure taps with higher

densities located at the corner, edges, and ridge (Fig. 6). Clusters of taps are located on

the roof corners and edges as these locations experience the greatest variability in aero-

dynamic pressures. These individual taps monitor the instantaneous time-varying sur-

face pressures to form a global roof pressure distribution. The wind direction angle is

measured from the axis orthogonal to the smallest plan direction in a counterclockwise

(Fig. 6). The test wind direction angles were chosen to ascertain the dominant pressure

distributions. Due to its symmetry, only the following wind direction angles were

deemed necessary: 0, 45, and 90 deg.

The small-scale model is made of 5 mm thick sheets of acrylic plastic (Fig. 7). The

pressure taps were connected to Scanivalve scanners using 550mm long flexible ureth-

ane tubing with a diameter of 1.37 mm, acceptable for wind tunnel testing. The length

of the tubes was chosen based on the guidelines published in a cooperative agreement

between TTU and the National Institute of Standards and Technology (NIST) [23].

The transfer function of the tubes was considered, and the pressure data were corrected

so that the length does not negatively affect the measured pressures [30]. The tubes are

connected to ZOC miniature electronic pressure scanning modules that are specifically

designed for wind tunnel testing where the pressures do not exceed 50 psi.

Fig. 7 shows the experimental setup. One crucial step in the data acquisition proced-

ure was to make sure that the wind speed and wind direction were following the target

ranges. This is more tangible if it is pointed out that time histories of pressure coeffi-

cient are directly dependent on the velocity measurements at a reference height.

Fig. 5 A low-rise building with gable roof and perimeter parapet, Baton Rouge, Louisiana (Dimensions: 163
ft. × 130 ft. × 21.5 ft.)
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Table 1 Details of the building case study and the aerodynamic experiment

Full-scale dimensions, W × L 49.68m × 39.62m (163 ft. × 130 ft.)

Eave height, H 6.55 m (21.5 ft.)

Roof slope 1 to 12 gable roof

Real perimeter parapet height 0.91 m (3 ft.)

Suggested perimeter parapet heights 0, 0.46, 0.91, 1.38, and 1.83 m (0, 1.5, 3, 4.5, 6 ft.)

Number of pressure taps 196

Model scale 1:50

Model dimensions, w × l × h 99.36 cm × 79.24 cm × 13.1 cm

Maximum open-jet blockage ratio 8.51%

Upstream terrain roughness, z0 0.03 m (0.1 ft.)

Wind direction angles 0, 45, and 90 deg.

Fig. 6 Location of pressure taps, and definition of wind’s angle of attack
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Therefore, wind speed measurements were performed using Cobra probes [58]. More

details regarding the high-tech instruments that were used in the experiment are pre-

sented as follows. In Fig. 7, there are two Cobra probes used to monitor the free stream

velocity at mean roof height. The Cobra probe is a multi-hole pressure probe that can

measure time-varying three-components of flow velocity, pitch, and yaw angles, as well

as the local static pressure in real-time [59]. Miniature pressure scanners were used in

to measure aerodynamic pressures. Two types of compact pressure scanners were used:

three from the ZOC33 series and one from the ZOC22b series [60]. The ZOC modules

have been used in conjunction with RADBASE as shown in Fig. 7.

3.3 Pressure measurements

Pressure data were collected at a sampling rate of 625 Hz. Each test on the 1:50 scale

model was run for three minutes. The corresponding full-scale duration can be ob-

tained as follows.

ð f l
u
Þ
m
¼ ð f l

u
Þ
p
: ð1Þ

Where f denotes the sampling frequency, u defines the mean wind velocity at a refer-

ence height (roof mean height), and l stands for a characteristic dimension of the struc-

ture. The subscripts m and p denotes ‘model’ and ‘prototype’, respectively. The reference

full-scale wind velocity at a 10m height is 17.8m/s. The full-scale velocity at the roof

height (6.55m) is calculated as follows: up = 17.8 (6.55/10)0.15 = 16.71m/s. Therefore, ac-

cording to Eq. (1), fm/fp = (um/up) × (lp/lm) = (8/16.71) × (50) = 23.94. This means that the

corresponding full-scale duration is 3 × 23.94 = 71.8min (well above an hour). The time

history of pressure coefficients was obtained from the measured pressures as follows.

Fig. 7 Experimental setup: (1) general view of the open-jet simulator, (2) instrumented test model, (3) view
of a pneumatic connector, (4) cobra probe, (5) ZOC miniature electronic pressure scanning module, and (6)
instantaneously measured velocity
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CpðtÞ ¼ pðtÞ−�ps
ð1=2ÞρU2 : ð2Þ

Where ρ is the air density, and U stands for the mean wind speed measured at the

reference height (roof height). The term pðtÞ−ps defines the difference of instantaneous

pressure to the mean static pressure.

After calculating the non-dimensional pressure coefficients, the peak values are

extracted from the time series of pressure measurements, for each tap, by using an

approach that accounts for the uncertainties in the estimation of peak values from

a time record [61]. The approach accounts for the effects of time series duration

and sampling frequency on the estimated peaks. The procedure most accurately ex-

tracts those peak values from the time history. Using a probabilistic approach, the

appropriate marginal probability distribution of the time series was identified. Fol-

lowing this, the probability was used to estimate the distribution of the peaks using

the standard translation processes approach. The peak values estimated using this

procedure are less dependent on the variables – time duration and sampling fre-

quency [61].

NIST published MATLAB functions for computing quantiles, or values correspond-

ing to specified probabilities of non-exceedance, of the maximum and minimum input

time series values [62]. These functions were used in the current study to evaluate the

quantiles of the maximum and minimum time series values of peak pressure coeffi-

cients. More specifically, a 95% quantile peak was estimated. With a 95% quantile, the

estimated peak pressure value has a 5% probability of being exceeded. This means that

the negative peak pressure coefficient has a 5% chance of being higher than the esti-

mated value.

4 Results and discussion
In this section, the results of the pressure measurements are plotted in contours,

over the roof surface of the test model. For each wind direction angle (0, 45, and

90 deg.) and parapet height (0 ft. (0 m), 3 ft. (0.914 m), 4.5 ft. (1.372 m), and 6 ft.

(1.829 m)), the contours are presented in terms of mean and peak pressure coeffi-

cients. The mean pressure coefficients are computed directly from averaging the

measured data, while the peak pressure coefficients are estimated from the statis-

tical approach described in Ref. [61]. Due to the fact that the peak values are de-

rived from a statistical approach, comparing mean values is a concrete approach to

understanding the effects that parapets have on the wind pressures on the roof. In

the contour plots, the length and width dimensions of the model are normalized

on each axis. The contour plots consider the mean and peak pressure coefficients

from each individual tap.

Figure 8 shows the mean and 95% peak pressure coefficients for the scaled model

tested without a parapet under a wind direction angle of 0 deg. Similarly, Figs. 9,

10 and 11, show the contours for the mean and 95% peak pressure coefficients for

the scaled model tested under the 0 deg. wind direction fitted with 3 ft. (0.914 m),

4.5 ft. (1.372 m), and 6 ft. (1.829 m) equivalent parapets. For simplicity, the 95%

peak pressure coefficients will be referred to as the peak value. The results show

that the addition of a parapet does indeed change the roof’s aerodynamics and
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consequently the mean and peak pressures. Under the 0 deg. wind direction with no

parapet, the length of the separation bubble, or negative mean pressures cover the entire

roof, indicating that the flow remained separated with no reattachment. It is worth to

mention that, depending on the roof size, shape, wind speed (or Reynolds number), in

flow turbulence, among other factors, the separated flow may reattach or may not. Flow

reattachment can be realized by positive mean pressures on the roof with parapets. The

flow separation is a complicated phenomenon in bluff body aerodynamics. In fact, this is

where CFD simulations fail to yield accurate predictions of aerodynamic pressures,

Fig. 8 Contours of roof pressure coefficients (θ = 0 deg.), for the no parapet case: (a) mean Cps, and (b)
95% quantile peak Cps

Fig. 9 Contours of roof pressure coefficients (θ = 0 deg.), for the 3 ft. parapet case: (a) mean Cps, and (b)
95% quantile peak Cps
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compared to laboratory testing. It is also the main reason for the need for aerodynamic

testing and the growth of wind tunnel industry that is considered the main source of in-

formation for codification. By examining the mean pressure contours, it is noticeable that

the addition of any size parapet shortens the length of the separation bubble. In other

words, the roof experiences zero and positive pressures that indicate flow reattachment or

that shorten length of the separation bubble. The 6 ft. parapet demonstrated the greatest

reduction in the magnitude of roof pressures. All parapets generally reduce the mean and

peak pressures at the corners and push pockets of high negative pressures away from the

Fig. 10 Contours of roof pressure coefficients (θ = 0 deg.), for the 4.5 ft. parapet case: (a) mean Cps, and (b)
95% quantile peak Cps

Fig. 11 Contours of roof pressure coefficients (θ = 0 deg.), for the 6 ft. parapet case: (a) mean Cps, and (b)
95% quantile peak Cps
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corners. The 3 ft. parapet reduced the windward corner zone mean and peak pressures by

approximately 55% and 60%, respectively. The 4.5 ft. parapet yields about 55% and 65% re-

ductions in the mean and peak pressures, respectively. No significant additional reduc-

tions are seen with the 6 ft. parapet, compared to the 4.5 ft. parapet. This is similar to the

findings of Huang et al. [32] that after a certain height, parapets offer no further reduc-

tions in roof pressures. The 6 ft. parapet increased the volatility of the entire wind flow

which increased the magnitude of mean pressures parallel to the main flow direction. The

6 ft. case also increased the magnitude of mean pressures in the corner zones, when com-

pared to the no parapet case and has slightly higher mean pressures in most zones when

compared to the other two parapets.

Similarly, Figs. 12, 13, 14 and 15 show the contours of mean and peak pressure coeffi-

cients for the scaled model tested at 45 deg., for the no parapet case, as well as 3 ft., 4.5

ft., and 6 ft. equivalent parapets. Similar to the 0 deg. wind direction angle, the flow

never reattaches in the no parapet case. However, the presence of any parapet causes

the flow to reattach on the roof, towards the central zone. Under the 45 deg. wind dir-

ection angle, the evidence of conical vortices and cornering winds becomes obvious.

For the no parapet case, the conical vortices seem to be more constricted and their ef-

fects on roof pressures are realizable over a smaller area. Conversely, the higher the

parapet, the greater the disruption of the conical vortices. The 3 ft. parapet shows a

slight reduction in the mean and peak pressures in the corner zones (20% and 40%, re-

spectively), and a smaller pocket of negative pressure that develops on the roof ridge. The

4.5 ft. and 6 ft. parapets show an increase in the magnitude of mean pressures at the cor-

ner. The no parapet case showed a higher localized peak pressure, while the parapet cases

reduced the magnitude of peak pressures and spread out the vortices causing most taps in

the corner to experience higher mean pressures. Consequently, the mean and peak pres-

sures over the inner zones of the roof are increased, especially at the roof’s midspan, along

the long dimension of the building. All parapets decreased the peak pressures in the

Fig. 12 Contours of roof pressure coefficients (θ = 45 deg.), for the no parapet case: (a) mean Cps, and (a)
95% quantile peak Cps
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corner zone. Again, no additional reductions in the corner zone pressures were seen when

comparing the 6 ft. parapet contours to those of the 4.5 ft.

Figures 16, 17, 18 and 19 show contour plots of mean and peak pressure coefficients

for the scaled model tested under 90 deg. wind direction, for the no parapet case, and

3 ft., 4.5 ft., and 6 ft. equivalent parapets. Similar to the other wind direction angles, the

wind flow never reattaches to the roof surface, for the no parapet case. This puts the

whole roof under negative uplift forces. The addition of parapets decreased the size of

the separation bubble again. In all parapet cases, the magnitude of mean and peak

Fig. 13 Contours of roof pressure coefficients (θ = 45 deg.), for the 3 ft. parapet case: (a) mean Cps, and (b)
95% quantile peak Cps

Fig. 14 Contours of roof pressure coefficients (θ = 45 deg.), for the 4.5 ft. parapet case: (a) mean Cps, and
(b) 95% quantile peak Cps
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pressures are reduced at the windward corners. All parapets increased the mean pres-

sure values towards the center of the roof. The 6 ft. parapet provides a reduction of ap-

proximately 55% in both mean and peak pressures. The 4.5 ft. parapet provides a

reduction of about 20% and 40% in mean and peak pressures, respectively, parallel to

the edges and away from the corners. Contrary to the other wind direction angles, the

6 ft. parapet was most efficient in reducing the magnitude of mean and peak pressures

in almost all zones. However, the 6 ft. parapet increased the mean pressures in the

inner zone and the corner zone, the leeward corner zone. The 6 ft. parapet increased

Fig. 15 Contours of roof pressure coefficients at (θ = 45 deg.), for the 6 ft. parapet case: (a) mean Cps, and
(b) 95% quantile peak Cps

Fig. 16 Contours of roof pressure coefficients (θ = 90 deg.), for the no parapet case: (a) mean Cps, and (a)
95% quantile peak Cps
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the average pressures the most in the inner zones, followed by the 3 ft., and lastly the

4.5 ft.

After examining all the pressure contours, it is clear that not one single parapet

height worked best for all wind direction angles. The 3 ft. parapet is the best in redu-

cing the mean and peak pressure coefficients over all roof zones, under the 45 deg.

wind direction angle. The 4.5 ft. parapet was second most effective followed by the 6 ft.

parapet. The 3 ft. and 4.5 ft. parapets are more effective in reducing mean and peak

pressures in all zones for the 0 deg. and 45 deg. wind directions, when compared to the

Fig. 17 Contours of roof pressure coefficients (θ = 90 deg.), for the 3 ft. parapet case: (a) mean Cps, and (b)
95% quantile peak Cps

Fig. 18 Contours of roof pressure coefficients (θ = 90 deg.), for the 4.5 ft. parapet case: (a) mean Cps, and
(b) 95% quantile peak Cps
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6 ft. parapet. The 6 ft. parapet was most effective under the 90 deg. wind direction

angle.

From these investigations, a 3 ft. parapet is deemed most effective at reducing mean

and peak pressure coefficients in all zones regardless of the wind direction angle. The

height/eave height ratio for the 3 ft. parapet is 0.14, which is in the range that studies

on parapet height optimization have concluded to be the best [32]. Similar to other

studies, the 6 ft. parapet showed relatively no additional benefits over the 4.5 ft. parapet.

The 6 ft. parapet was only more efficient at reducing just the peak pressure coefficients

in the zone away from the corners when compared to the 4.5 ft. case. This reinforces

the fact that after certain height, the effectiveness of parapets plateaus and sometimes

is decreased.

5 Conclusions
This paper investigated how perimeter solid parapets can alter the flow pattern around

a low-rise building by experimentally studying the model in an open-jet hurricane

simulator. The importance of the current study is that parapets and other architectural

features are difficult to be tested in a typical wall-bounded wind tunnel due to blockage

effects and scale issues. We modeled the case study of an actual industrial low-rise

building with a large aspect ratio of ~ 7.6. The low-rise building has a gable roof with a

slope of about 7 deg. Solid parapets with varying heights were added to the roof edges

and tested in an open-jet wind flow to find the best size of the parapet that minimizes

the uplift effects of wind on the roof. We obtained pressure coefficients from data col-

lected in the laboratory, for cases with and without parapets under three wind direction

angles (0, 45, and 90 deg.). The conclusions are as follows.

� Implementing a parapet of any size can change the flow pattern around the low-rise

building, consequently changing the values of mean and peak pressure coefficients.

Fig. 19 Contours of roof pressure coefficients (θ = 90 deg.), for the 6 ft. parapet case: (a) mean Cps, and (b)
95% quantile peak Cps
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The reduction of the separation bubble length, when a parapet of any size is

present, is also realized by comparing the patterns of mean pressures.

� Under the 0 deg. wind direction angle, the 3 ft. and 4.5 ft. parapets are effective at

reducing mean and peak pressures in the corner zones by up to 50%. The 6 ft.

parapet was not effective in reducing mean pressures at the corners and in some

cases caused higher suction when compared to the no parapet case.

� Under the 45 deg. wind direction angle, the pressure contours show the formation

of conical vortices and cornering winds. The 3 ft. parapet was effective at reducing

mean and peak pressures in every zone of the roof, including reductions of

approximately 20% and 40% in the corner zones, respectively. The 4.5 ft. and 6 ft.

parapets increased the magnitude of mean pressures at the corner zones as well as

the mean and peak pressures in most of the inner zones of the roof, when

compared to the no parapet case.

� Under the 90 deg. wind direction angle, all parapets were efficient at reducing mean

and peak corner pressures, with the 6 ft. parapet being the most effective. All

parapets increased the mean pressures in the roof’s innermost zone.

� The 3 ft. parapet, which is approximately 14% of the building’s eave height, is the

most effective at reducing mean and peak pressures in all roof zones under all wind

direction angles considered in the current study.
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