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1  Introduction
The majority of constructed buildings all across the globe are low-rise [1, 2]. The struc-
tural design of different types of low-rise buildings is dissimilar; they are constructed 
in varying terrain and topography. Apart from very high seismic zones, the strength of 
buildings is challenged mainly against wind loads. Wind loads have a higher impact on 
buildings in open terrains, coastal regions, and at the top of hills or plateaus. A building’s 
lateral strength is predominantly challenged because of extreme wind events; however, 
sometimes, especially for low-rise buildings, severe uplift forces on the building’s enve-
lope may cause overall structural collapse. Real wind loads during a storm vary with time 
and space, which means pressures on a building will fluctuate in magnitude and distri-
bution with time [3]. In aerodynamics, low-rise buildings are considered bluff bodies 
[4, 5]. Sharp edges, corners, eaves, and surfaces of low-rise buildings experience down-
stream abnormal pressure gradients, which cause boundary layer separation. This flow 
separation leads to high negative pressures and strong forces on structural components. 
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Figure  1 represents the complicated nature of the atmospheric boundary layer (ABL) 
flow around a low-rise building.

The impact of wind on buildings depends on some complex aspects such as wind 
velocity, turbulence intensity, integral length scale, nature of topography and surround-
ings, surface roughness, shape, orientation, among other factors. The images presented 
in Fig.  2 speak for the catastrophic damages caused by frequently occurring powerful 
hurricanes in recent years and stress the importance of improving the wind resilience 
of structures. Over the past three decades, knowledge within the wind engineering field 
has been advanced by state-of-the-art research studies. Popular methods of ABL simula-
tion include boundary layer open- and closed-circuit wind tunnel experiments, large-
scale open jet testing, and computational fluid dynamics (CFD) simulations with their 
respective advantages and limitations [7–22]. A number of previously conducted wind 
tunnel experiments, numerical, and full-scale investigations assisted in realizing the flow 
physics around structures. In engineering practice, aerodynamic loads on buildings are 
estimated using four approaches: (a) design standards, such as ASCE 7–16, (b) wind 
tunnel testing, (c) large-scale testing, and (d) numerical simulations (CFD). This paper 
will scrutinize different aspects of aerodynamic testing and CFD simulations, primarily 
in relation to the effects of Reynolds numbers (Re effects).

Results from several previously conducted wind experiments are discussed in this 
paper and compared with full-scale data. Discrepancies are observed among full-scale 
data and model-scale aerodynamic test results, especially, concerning peak pressures. 
Several publications mentioned Reynolds numbers’ inequality (Re effects) and lack of 
large-scale eddies in small-scale wind experiments as two primary reasons for such 
discrepancies [7, 23–28]. Particularly, low energy content of large eddies and excessive 
energy content of small eddies in the incident flow are held responsible for the incon-
sistency in small-scale experimental predictions [24]. Besides, we aim to highlight the 
limitations in the design standards to predict wind loads on buildings from previous 
comparative studies [29, 30]. The past three decades witnessed significant evolution and 
successful incorporation of computational fluid dynamics (CFD) in wind engineering 

Fig. 1  Wind flow around a low-rise building (adapted from [6])
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applications. The widely embraced CFD techniques are (a) Reynolds-averaged Navier-
Stokes (RANS) equations, and (b) large eddy simulation (LES). The issue of treating tur-
bulent flow at high Reynolds numbers using CFD over complex geometries has been 
a challenge for structural engineers. Two approaches are endorsed and recommended 
for implementation to address the issue of high Reynolds number. The first approach 
involves the application of developed wall-modeled large eddy simulation (WMLES) and 
the second approach integrates RANS and LES to encompass the individual leverage of 
both methods. Accommodating turbulent flow at high Reynolds number, that is com-
parable to the full-scale scenario, is a concern in small-scale aerodynamic experiments 
and to achieve more accurate CFD simulation [31]. Through extensive literature review, 
we aim to underscore the existing issues in design standards, traditional aerodynamic 
experiments, and CFD simulations in relation to critical factors such as, Re effects.

To better understand the role of large-scale testing at high Reynolds number, a case 
study of a cubic model is presented. The experiment is conducted in a state-of-the-
art open-jet facility at Louisiana State University (LSU). This open-jet facility ena-
bles experiments at larger scales compared to other wall-bounded wind tunnels. A 
comparison of pressure coefficients for the roof of the cube from the experiment at 
LSU and previously published data from the Tokyo Polytechnic University (TPU) 

Fig. 2  (a) Damage in Tyndall Air Force Base after Hurricane Michael, (b) St. Maarten after Hurricane Irma, 
(c) Grand Isle, LA after Hurricane Ida, (d) Damage in Holiday Beach Community, (e) Structural damage from 
Hurricane Harvey, and (f) Different response of two adjacent buildings in Rockport, TX
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are depicted in the form of contour maps towards the later part of the paper. All the 
pressure coefficients (Figs. 3, 4 and 5, Fig. 10, 11 and 12) presented in this paper are 
computed by processing the reference dynamic pressures in an identical manner. The 
reference dynamic pressure is defined as, qr = 1

2
ρU2

r  ; where, Ur is the reference veloc-
ity, which is obtained from velocity measurements at the cube’s roof height. It should 
be noted that this approach is the standard practice to determine pressure coefficients 
from wind tunnels [32]. The issue of reference pressures in aerodynamic investiga-
tions may not be a critical issue for small blockage. In this study, as for the refer-
ence pressure, the mean pressure coefficients on the frontal face of the cubic models 
are checked to see if the results are consistent with regard to the reference pressures 

Fig. 3  Comparison of mean surface pressure coefficients from different wind tunnels

Fig. 4  Comparison of mean surface pressure coefficients obtained using RANS and LES simulations from the 
literature
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during different tests. As long as the corresponding values are consistent in different 
studies, it becomes reasonable to assume that the reference pressures are not respon-
sible for the differences in the observed results.

Overall, this paper aims to present an extensive review of the existing challenges and 
promises concerning accurate estimations of surface pressures on low-rise buildings 
experimentally and computationally in the light of generation of large eddies and Re 
effects. Some limitations, on the experimental side, have already been pointed out in a 
previous publication [33]. However, this paper attempts to reinforce the review by docu-
menting outcomes of reputed experimental case studies and CFD simulations in rela-
tion to the aerodynamics of low-rise buildings. Furthermore, strategies to address the 
identified challenges concerning experimental and numerical building aerodynamics are 
introduced. The case study presented in this paper serves as the preamble to exhaustive 
research into the topic.

2 � Effects of Reynolds number
In the early stages of building aerodynamics, there was a widely-accepted notion about 
the independence of Reynolds number’s effects (hereafter referred to as ‘Re effects’) for 
flows with Reynolds numbers higher than (2 − 3) × 104. This underlying assumption 
acted implicitly as the fundamental basis of the vast majority of the wind tunnel tests 
with scaled-down models [34]. This idea got acceptance in the early stages as the vast 
majority of wind tunnel tests primarily focused on simulating the ABL accurately and 
limited attempts were made to study Re effects. Some restricted wind tunnel tests (e.g., 
[35, 36]) with limited Reynolds numbers’ range were at the core of the above-mentioned 
assumption. On the computational side, an article, [37], investigated the Re effects on the 
mean and RMS values of lift and drag for a square cylinder. LES was used to examine 

Fig. 5  Comparison of minimum (peak) surface pressure coefficients obtained using LES and hybrid 
simulations from the literature with full-scale data
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the effects for a range of Re = 103 to Re = 5 × 106. The study reveals that the mean and 
instantaneous flow structures are not significantly influenced by Re effects if Re > 2 × 104; 
only the small-scale vortical structures are affected by higher Reynolds numbers. How-
ever, with research progress, this idea was questioned conceptually and based on experi-
mental data by some pioneers of wind engineering [38]. Further investigation revealed 
that even mean flow parameters are influenced by Re effects for flows characterized with 
noticeable vortex motions. Whereas, only the fluctuating quantities (e.g., peak pressures) 
are altered by the Re effects for flows without considerable vortex motions (e.g., the wind 
coming at 45° on a cube).

It is complicated to access the Re effects as often the aerodynamic differences are rec-
ognized to originate from two more prominent reasons; these are the differences in 
the upstream flow characteristics (e.g., turbulence intensities and scales) and the mis-
match of spectral content between real-world and wind tunnel flows. Several experts 
have covered the impact of these two factors independently on aerodynamic loads in 
their research papers. The discrepancies originating from the Re effects are often con-
cealed by the differences originating from these two sources. To exclusively assess the 
Re effects, the investigators are directed to ensure two conditions. Firstly, to ensure 
similar (as closely as possible) upstream turbulence inflow conditions while varying the 
upstream flow velocities in the tunnel to regulate Reynolds numbers. Secondly, consider 
the unavoidable effects of mismatch of spectral content between scaled models and full 
scales while interpreting the results. The inability of wind tunnels to access Re effects 
over a very wide range sometimes makes the investigation of the effects a challenging 
task. Some wind tunnels only allow varying Reynolds numbers by a factor of 3; varying 
Reynolds numbers over a higher range than that would require bigger tunnels or aerody-
namic testing facilities to account for the instability [34]. Therefore, it cannot be stated 
with confidence that aerodynamic tests are completely independent of Re effects above a 
certain Reynolds number for any case. The majority of the conclusions presented in this 
section are for a cubic-shaped building model. The conclusions on the Re effects could be 
different for buildings of different shapes; thus, while conducting any aerodynamic test-
ing, careful attention should be provided on the Re effects case by case, without relying 
on general assumptions. Furthermore, the aerodynamic performance of an obstacle with 
the inclined roof was investigated at four different Reynolds numbers in the article [39]. 
A wide range of Reynolds numbers, covering a factor of 12, was executed using CFD 
simulations. The study reports evident Re effects on the local peak values of parameters 
such as dynamic pressure, turbulence characteristics (viscosity, kinetic energy, and dis-
sipation rate), and vorticity [39]. Similar conclusions are documented in the article [40] 
that studied Re effects on flow behavior within a cluster of buildings located in the lowest 
part of ABL. Variation of Reynolds numbers is found to influence the turbulence inten-
sities. The core point to be considered is, in real ABL flow, the Reynolds number (Re) 
reaches about Re = 107, whereas, in most wind tunnels and CFD simulations the maxi-
mum Re that can be reached is about 104 [40].

Therefore, the previously endorsed notion of Re effects’ independency above 
Re~(2 − 3) × 104 fails to receive total acceptance within the recent experimental and 
computational wind engineering research community. In order to ascertain how sig-
nificantly Reynolds numbers, influence surface pressures on low-rise buildings, building 
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models need to be tested over a much higher Re range. The ideal strategy would be to 
test models around Re~107, which is similar to some full-scale range. However, careful 
attention should be paid to investigate the Re effects independently by minimizing the 
influence of other regulating factors both experimentally and numerically. In order to do 
that, large-scale testing is highly recommended experimentally as wind tunnels, gener-
ally, fail to reach that Re range. Also, minimizing the computational cost of CFD simu-
lations at high Reynolds numbers is crucial as it is computationally very expensive to 
examine such effects numerically.

3 � Challenges in small‑scale aerodynamic testing
The use of aerodynamic testing of small-scale models (geometric scales such as 1:100, 
1:500, etc.) to acquire detailed characterization of flow around the built environment has 
been a common practice in the past four decades. In general, wall-bounded wind tun-
nel facilities are widely endorsed for such experiments. These tests are effective for a 
definite number of quantities at a limited number of points and times; moreover, they 
are only useful for certain operating conditions and a range of problems [41]. With time, 
questions concerning the accuracy and drawbacks of this technique surfaced. In several 
cases, small-scale laboratory (SSL) experiments are accompanied by discrepancies when 
compared to full-scale data. From here on, the phrase ‘small-scale laboratory’ will be 
referred to as ‘SSL’ in this paper. Earlier experiences reveal that the bulk of the experi-
mental errors originate from inaccurate measurements and flow disturbances by the 
probes [41]. However, the factors instigating differences between full-scale and SSL tests 
are more complex than that. Review shows that the sources of discrepancies are rooted 
in but not limited to laboratory arrangement, modeling technique of field condition, tar-
get approach surroundings, and technique of taking readings. A large array of turbulent 
scales generates vortices in the separated shear layer that are responsible for creating 
strong suction at the leading edges of buildings. This makes the proper duplication of 
eddies, over the entire wave numbers’ range, extremely important [42]. The separation of 
smaller and larger wavelengths of velocity variation in the frequency domain, for inflow 
with high Reynolds numbers, is higher than that for small-scale wind tunnel inflow at 
low Reynolds numbers. This is a fundamental deficiency of SSL experiments in modeling 
ABL flow [42].

The importance of comparing full-scale measurements and SSL experiments of wind 
pressure on low-rise buildings has been addressed by several researchers over the years 
[43–48]. Small-scale wind tunnel experiments generate the actual global nature of wind 
and pressure like those found from full-scale measurements. But, when it comes to 
reproducing properties related to local pressure, some discrepancies between model and 
full-scale testing are evident [49]. Despite being expensive, full-scale tests are important 
for validating experimental results as such tests reveal the actual aerodynamics around 
buildings. Figure  3 compares the mean pressure coefficients obtained from three dif-
ferent wind tunnel experiments with full-scale measurements [50, 51]. Variability is 
observed even in the case of mean pressure coefficients. Figure  3 shows that none of 
the wind tunnel results precisely overlap with the full-scale data points over the entire 
vertical ring. The coefficients for full-scale surface pressures for the cubic model are pro-
cessed in the method proposed in [32]. Figure 3 shows that the TPU wind tunnel offers 
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better accuracy on the windward side, roof, and leeward side compared to the other two 
wind tunnels. The apparent differences among the wind tunnel observations could be the 
result of a wide range of factors such as, but not limited to, variations in inflow features, 
Reynolds number, relative roughness, blockage effects, etc. The uncertainties related to 
the experimental setup were not reported in the TPU database; therefore, it becomes 
challenging to estimate other uncertainties that could possibly produce differences in 
results [52]. However, considering the available information, the improved prediction of 
mean pressures might be attributed to the presence of a higher Reynolds number in the 
TPU wind tunnel inflow (Table  1). However, all three wind tunnel results are charac-
terized by faster pressure recovery leading to shorter reattachment length, which leads 
to the mismatch of pressure coefficients on the roof. The shortcomings of such exper-
iments (Fig.  3) to predict roof pressures reinforce the need for further research using 
advanced experimental and computational techniques. Besides, this also emphasizes the 
importance of standardizing testing protocols for aerodynamic testing.

Furthermore, the review shows that between full-scale and model-scale perfect dupli-
cation of fluctuating pressure coefficient is not guaranteed by intricate simulation of 
variables, e.g., turbulence intensity, mean velocity, etc. Moreover, fluctuating pressure 
coefficients show a considerable amount of scattering [55]. It is reported that for mean, 

Table 1  Flow characteristics in different experiments

Case Features Values or parameters used

Richards et al. (Silsoe) [45] Building height, Href (m) 6

Scale (w.r.t. Silsoe) 1:1

Uref (m/s) 9.52

Iu (%) 0.193

Reynolds number 4.1 × 106

Sampling rate; time Pressure: 25 Hz; 20 minutes

Lim et al. [50] Building height, Href (m) 0.08

Scale (w.r.t. Silsoe) 1:75

Uref (m/s) 3.49

Iu (%) Excess of 25%

Reynolds number 2 × 104

Sampling rate; time Velocity: 2 to 10 kHz; 60–120 seconds
Pressure: 50 blocks of 4096 samples at a rate of 2 kHz.

TPU WT [53] Building height, Href (m) 0.16

Scale (w.r.t. Silsoe) 1:37.5

Uref (m/s) 8.274

Iu (%) 25

Reynolds number 1.14 × 105  (Approx.)

Sampling rate; time Pressure: 500 Hz; 18 seconds for each sample. Was 
sampled 10 times.

Murakami et al. [54] Building height, Href (m) 0.2

Scale (w.r.t. Silsoe) 1:30

Uref (m/s) –

Iu (%) –

Reynolds number 7 × 104

Sampling rate; time –
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low, and moderately high peak pressure coefficient results acquired from wind tunnel 
and field measurements are in good agreement [56]. But, for high peak pressure coef-
ficients, some discrepancies between results from the two sources were observed. The 
wind tunnel test underestimated high peak pressure coefficients. The difference in Reyn-
olds number might be responsible for the discrepancy. Eddies with higher frequencies, 
observed in full-scale, are suppressed in the wind tunnel because of viscous dissipation 
[56]. This type of comparison is beneficial for validating wind tunnel data. However, the 
results of high peak pressures from the wind tunnel should not be considered for codi-
fication due to the discrepancies discussed earlier. Similar inferences concerning peak 
pressures for model-scale and full-scale models are reported in [30, 57–62]. Although 
full-scale tests are more accurate, sometimes these tests are also accompanied by some 
difficulties, which may result in inaccurate measurement [63]. In full-scale testing, the 
cost and time associated with the construction of models, installation of necessary appa-
ratus, and retrieving desired results are relatively higher. Besides, some factors such 
as lack of adequate control on the desired inflow, and requirements of advanced data 
acquisition systems add to the difficulty of full-scale field studies. Such a highly expen-
sive form of aerodynamic investigation cannot be repeated for different structures and 
shapes. However, this form of testing is the most reliable source for validating results 
from other techniques. Large- and full-scale testing can be considered a powerful tool 
that will augment the understanding of results obtained from other aerodynamic experi-
ments and numerical simulations [64]. In the cited study, inconsistencies are observed 
while comparing mean pressures from full-scale and smaller laboratory models; this 
might be attributed to the difference in Reynolds numbers and the formation of separa-
tion bubbles on sharp eaves. Such observed discrepancies, concerning mean and fluc-
tuating pressure coefficients, are attributed to (1) improper simulation of turbulence 
intensity, (2) inappropriate detailing of the model in the wind tunnel, (3) stationary state 
of wind flow, and (4) influence of Reynolds and Jensen number [65]. The studies [59, 
61] report better agreement with the increase in Reynolds numbers. Moreover, a com-
parison of results from six well-known wind tunnel laboratories revealed a significant 
scattering of 50th percentile peak pressures in [27]. Inadequate sample size, difference in 
reproducing terrain characteristics, inconsistencies regarding peak wind effects, and the 
impact of violating Reynolds numbers’ similitude law in the laboratory are identified as 
possible reasons for such scattering in addition to some other factors.

It can be stated with certainty that the proper generation of wind speed, turbulence 
intensity profiles, and spectral characteristics is important for evaluating accurate aero-
dynamic loads on structures [33, 66]. The dissimilarity of Reynolds numbers between 
experimental flow and real wind is considered as one of the leading causes of deficient 
generation of turbulent eddies over the entire frequency range [33, 42]. Furthermore, the 
differences in turbulence spectra are responsible for the large variations in aerodynamic 
loads when cases from different wind tunnel experiments are studied [67]. All these 
aforementioned issues lead researchers towards alternate methods for aerodynamic 
testing. Large-scale wind tunnels and open-jet facilities are becoming more appreci-
ated in the wind engineering community to offset the shortcomings of SSL experiments. 
We endorse the concept of open jet experiments more than large-scale wind tunnels 
because in the open jet the flow is generated without physical boundaries. Such type of 
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experimental set-up can generate wind flow around buildings that offers better represen-
tation of real-world wind flow. Large-scale wind tunnels can test larger models, but such 
facilities are with boundaries that affect the near-wall wind flow. Besides, such facilities 
are deficient in generating large eddies that are responsible for peak aerodynamic loads. 
The blockage requirements of wind tunnels do not apply in case of open jets as meaning-
ful results are obtained in open-jet facilities with large-scale models. The contents of this 
section serve as the motivation for the experimental study conducted in the paper.

4 � Concerns about the ASCE provisions
Different versions of the ASCE standard have been used by engineers over the years and 
are considered as guidelines for aerodynamic loads’ estimations on low-rise buildings. 
The standards were primarily developed based on SSL experiments conducted about 
three to four decades ago [68] and went through subsequent analysis, examination, and 
improvement in stages [29, 69, 70]. This section attempts to present the acceptability 
of the ASCE standards’ provisions in comparison to more advanced aerodynamic test-
ing. A comprehensive dataset of aerodynamic loads on low-rise buildings was developed 
by the collaborative efforts of the University of Western Ontario (UWO), Texas Tech 
University (TTU), and the National Institute of Standards and Technology (NIST). The 
involved institutions attempted to employ state-of-the-art wind tunnel testing of that 
time. The study compared the provisions in ASCE 7–02 with those from the aerody-
namic dataset. The paper concludes that ASCE 7–02 underestimates the point pressures 
but predicts area-averaged loads reasonably well [71].

Likewise, comparisons between the full-scale evaluation of dynamic pressures and 
wind loads specified in ASCE 7–05 show that the prevailing design wind load provides 
an inaccurate prediction of response which may give way to underestimation of the 
effects of design wind speeds [72]. Another similar study [30] identifies higher discrep-
ancies in magnitudes for peak pressure coefficients compared to the mean values. The 
cited study shows that measured and predicted extreme peak pressures on the wind-
ward side and roof are higher than those found from ASCE 7–10 [73]. Moreover, it was 
concluded that ASCE 7–10 fails to provide a conservative design in the case of flat-roof 
low-rise buildings [61]. Similar observations are reported in [74, 75] when pressure coef-
ficients from ASCE 7–10 and field measurements are compared. The study [75] infers 
that ASCE 7–10 significantly underestimates the pressure coefficients, with a relative 
error of 41%, when compared to TTU field measurements. The dependence on wind 
tunnel data is cited as a possible reason for this underestimation. The investigation of 
area-averaged surface pressures stipulated in ASCE 7–10 by [76] contributed to the 
improvement of pressure coefficients in ASCE 7–16 (chapter 30).

In ASCE 7–16, the roof pressure coefficients have been updated following state-of-
the-art wind tunnel testing procedures [77]. Another recent study [62] conducts cross-
comparisons among full-scale field measurements, wind tunnel results, and stipulations 
in design codes and standards. The study confirms that the net pressure coefficients, 
from full-scale and model-scale measurements, on roof overhang are lower than those 
stipulated in ASCE 7–16; in other words, ASCE 7–16 provides conservative pressure 
estimations in corner zones of a roof overhang. The study [78] concludes that despite 
considerable improvement in mean and peak pressures on the overall roof, ASCE 7–16 
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cannot provide a conservative estimate of aerodynamic loads for certain shapes of 
low-rise buildings. Furthermore, for roofs with large spans and low slopes, peak pres-
sure coefficients stipulated in the ASCE 7–16 are found uneconomical and conserva-
tive when compared with the corresponding experimental data from a 1:400 scale wind 
tunnel model [79]. Whereas, another study [80], where large-scale aerodynamic testing 
of a similar building model was conducted, concludes that the peak loads are underes-
timated in the ASCE 7–16 compared to their observations. Therefore, the peak loads in 
the ASCE 7–16 are found conservative when compared to wind tunnels’ findings, and 
the same are found inadequate when compared to large-scale open-jet results. This dem-
onstrates the need to create a reliable and accurate basis to formulate the stipulations in 
the design standards in a way that it can predict the true full-scale behavior of buildings 
under wind.

5 � Application of CFD in wind engineering
CFD is well established within the aerospace industry as the experts in that field have 
been able to accurately capture the fluid flow numerically. On the contrary, building aer-
odynamics is characterized by flow separation, flow reversal, and formation of vortices. 
In the past, the accuracy of CFD simulations to predict flow around bluff bodies has 
been questioned and argued upon, even for simple shapes of buildings [50, 81–85]. Nev-
ertheless, it should be clearly stated that the flow around streamlined objects is no less 
complicated. Generally, turbulent flow is dealt with in three different ways; the meth-
ods are Reynolds-averaged Navier-Stokes equations equipped with a turbulence model, 
direct numerical simulation (DNS), and LES [69]. The pros and cons of the commonly 
used turbulence closures in building aerodynamics are summarized in a recent publica-
tion [86]. The complex flow features around buildings pose numerical challenges, which 
inhibited the rapid growth of CFD in structural engineering [41]. Some characteristics 
of such flow scenarios impede strong acknowledgement of CFD within the wind engi-
neering community; these are [69], (1) large turbulence, (2) large Reynolds number, (3) 
three-dimensional flow field, (4) characteristics associated with the bluff body, and (5) 
vortex shedding. About a decade ago, the AIJ researched the improvements of CFD in 
estimating wind impact on buildings numerically [87]; the notable improvements were: 
(1) replicating inflow turbulence and (2) modeling of flow separation over bluff bodies 
along with vortex shedding. It is rational to suppose that the vortices present in the inci-
dent flow interact with the structure and undergo deformation; consequently, unsteady 
loads are experienced by buildings’ surfaces. Quantifying the turbulent structures in the 
incident flow with CFD and identifying how aerodynamic loads are created from those 
structures can have a far-reaching influence in building aerodynamics [50].

This emphasizes the importance of validation as a fundamental step for most CFD 
problems in wind engineering. Employing wind tunnel tests for validation purposes is 
very common in wind engineering [41, 88]. However, wind tunnel tests are not recom-
mended to be considered as the benchmark since some discrepancies have been doc-
umented earlier in the literature. Researchers from the WISE research group at LSU 
will focus on comparing the CFD results with state-of-the-art large-scale testing in 
their future endeavors. Both CFD simulations and experiments should be able to rep-
licate full-scale flow behavior; therefore, the primary target should be to validate using 
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full-scale data. The complexities in building aerodynamics originate from flow features 
such as flow separation and reattachment near buildings’ edges at high Reynolds num-
bers. The numerical settings that are suitable to capture such features at high Reynolds 
numbers can be considered appropriate for building aerodynamics. LES is considered to 
be well suited for investigating the flow around low-rise buildings as it resolves the large-
eddies (that are directly impacted by the boundary conditions); LES models small-scale 
eddies that are considered to be more universal [89]. Successful applications of LES to 
model flow separation were reported in several previous studies [90–93], which makes it 
suitable for investigating wind flow around low-rise buildings.

5.1 � Large eddy simulation (LES)

Significant contributions over the past 4 decades have led LES to a level of maturity, 
where it has started gaining acceptance to treat industrial turbulent flow problems [82, 
94, 95]. This becomes evident by observing the number of publications on LES that has 
increased tenfold since 1980. The focus of the research community has shifted from 
developing the theoretical part to treating real-world industrial problems. The devel-
opments, till 2010, and challenges, associated with growing needs, are reviewed in the 
article [94]. The mere usage of LES does not guarantee the qualitative and quantitative 
accuracy of results [96]. Both DNS and LES can be useful CFD simulation techniques to 
simulate the unsteady flow. However, LES is preferred over DNS as the latter takes more 
computational time and storage [97]. DNS is prohibitively expensive but conducted in 
some benchmark studies to validate future CFD simulations with models of lower accu-
racy [98]. In LES, eddies larger than the grid size are resolved, whereas eddies smaller 
than the grid size are modeled using subgrid-scale (SGS) models [99]. Like other CFD 
simulation models, LES is sensitive to numerical and physical parameters used in the 
simulations. Factors such as choice of SGS model, length of the computational domain, 
type of filtering, meshing strategy, time-step, sampling time, numerical schemes, etc. 
could influence LES results significantly, depending on the flow problem. Unlike RANS, 
very few parametric studies are conducted, and limited attempts are observed in lit-
erature while searching for optimal simulation guidelines. A study, [100], attempted to 
investigate the sensitivity of some influencing parameters, such as the SGS model’s 
selection and inflow generation technique, in the case of wind-flow around an isolated 
building with LES. Readers are directed to the cited article for more details about their 
findings. Moreover, the effects of numerical schemes and meshing strategies on flow 
over a similar geometry were examined with open source finite volume code (Open-
FOAM) in the paper [101]. In OpenFOAM, notable differences were not observed for 
different numerical schemes. Furthermore, the article [102] is one of the very few stud-
ies that explored the influence of spanwise grid resolution on surface pressures, vortex 
shedding in the wake, and shear layer separation around a bluff body. More research 
is required for detailed conclusions on this topic. Moreover, the inflow generation 
technique is identified to influence flow around buildings including several other fac-
tors. Exhaustive review of the synthetic turbulence approach is beyond the scope of this 
paper. The cited studies [103, 104] extensively review the pros and cons of synthetic 
turbulence generation (STG) and precursor simulation techniques in detail. Accurate 
pressure prediction with LES requires proper inflow turbulence boundary conditions 
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[105–107]. The available turbulence generation techniques for LES are broadly classified 
into three categories, which are (a) precursor database, (b) recycling method, and (c)) 
STG [95, 105, 108–113]. STG techniques entail the addition of artificial fluctuations to 
a given mean profile, which introduces advantages such as (a) computational efficiency, 
(b) convenient implementation, and (c) highly versatile due to its dependence on local 
variables [114]. The gradual development of STG was possible because of some remark-
able research endeavors, which are listed in Table 2.

Notwithstanding the above-mentioned advantages, the STG approach has some 
drawbacks as well. A fundamental limitation is the inability to generate divergence 
free velocity field. If the generated velocity field is not divergence free, then LES will 
initiate considerable pressure fluctuations near the inlet to maintain divergence free 
velocity field inside the domain. If divergence free velocity field can be introduced at 
the inlet, then the simulation will undergo lower pressure variations near the inlet, 
resulting in lower computational costs. In order to address this issue, intelligent strat-
egies to generate desired fluctuating velocity fields are proposed in a few studies [113, 
125–128] besides the articles cited in Table 2. Nevertheless, STG offers higher com-
putational efficiency. The Random Flow Generation (RFG) method is used by most 
commercial software [129]. Since the turbulent spectra in the lower portion of the 
ABL are different from that of Gaussian spectra, this RGF technique is not compatible 
with generating inflow in wind engineering. To replicate target spectra the discrete 

Table 2  Notable scientific contribution to the evolution of STG

Contribution References

• The fundamental idea of STG was introduced in 1970.
• Described velocity field as the summation of Fourier modes.
• The amplitude and phase of the modes are random.

[115]

• The method introduced in [115] was improved later in this study.
• Proposed an isotropic turbulence generation technique.
• Produced turbulence with target root mean square value, and zero mean value.

[116]

• One of the embryonic limitations of the STG approach was the need for longer length before  
  developing the characteristics of realistic turbulence.
• Proposed improvement introduced space correlation between fluctuations.

[110]

• The problem was alternately addressed by employing goniometric functions so that target  
  fluctuations can be imposed, and desired spectral distribution can be obtained.

[117, 118]

• Introduced inflow for noise modeling in case of free jet flows. [119]

• Random flow generation is proposed for turbulent shear flows.
• Spatial inhomogeneity and anisotropic nature of stresses.
• Accepts a priori Reynolds stress tensor, length, and time scale as input.

[120]

• The cited studies made improvements over the previous four studies.
• Enhanced anisotropic features and turbulence spectral content.

[112, 117]

• Similar approaches were proposed recently for aerodynamic applications.
• Anisotropic and inhomogeneous features are ensured in the flow generation.
• Suitable for RANS, LES, and DNS applications.

[121, 122]

• STG involving digital filtering method was introduced in the cited study. [107]

• Pioneering articles proposing STG techniques that satisfy divergence free condition:
• By superimposing harmonic functions [120].
• The method proposed in [120] was improved by employing Von Karman spectrum instead of  
  Gaussian model [112].
• The velocity potential for divergence free condition was derived and the numerical solution was  
  computed [123].
• A similar method was proposed in that demonstrated reduction in pressure variations [124].
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random flow generation (DRFG) was proposed. The DRFG technique was improved 
to obtain better compliance with target spectra [105, 130]. These techniques are 
within the category of STG, which is computationally more efficient than the other 
two methods. Since this paper deals with the estimation of surface pressures on low-
rise buildings, Table 3 presents the core findings of some notable research papers for 
such buildings employing LES.

Table 3  Findings concerning LES in the literature for low-rise buildings

Summary of findings Ref.

• The mean and root mean square (rms) pressures concur well with those from the experimental data for a  
  half height cube with turbulent inflow using LES.
• Underestimation of peak pressures near the edge is observed.
• The identified reasons are shorter duration of data collection, small integral length scale, and numerical  
  damping caused by adoption of upwind scheme.

[111]

• Mean and peak surface pressures on single-span greenhouse buildings of different roof slopes and  
  radius of curvatures were predicted using LES.
• The observations were later compared with previously done RANS simulations ([131]) and corresponding  
  wind tunnel experiments.
• Improved mean pressures are observed from LES compared to RANS simulations.
• The mean pressures from LES closely agree with those from the experiments.
• The peak pressures also concur with the experimental counterparts with some localized discrepancies.
• Overall, LES was concluded to produce reasonable peak pressures as well.

[132]

• LES can produce accurate unsteady aerodynamic pressures on isolated buildings when realistic wind  
  flow is generated near the buildings’ location.
• The proposed RFG technique can produce realistic inflow at lower computation cost compared to  
  precursor simulation, recycling, and other techniques.
• The turbulence intensity at the inlet needs to be adjusted to obtain desired intensity at the zone of interest.

[52]

• LES is employed to ascertain the mean and peak pressures on a 1/200 model of a gabled-roof low-rise  
  building.
• Later, the obtained results were compared with previously conducted wind tunnel experiments.
• The mean surface pressures had better correspondence to wind tunnel counterparts, whereas the peak  
  pressures were underestimated by LES simulations.

[133]

• LES was employed on a 1:1 scale of the TTU experimental building to study the mean and peak  
  pressures.
• The mean surface pressures were in desirable agreement with the full-scale counterparts.
• Also, highly encouraging peak pressures were obtained from LES with minor deviations from full-scale  
  measurements.
• This study also contributed to the best practice guidelines of CFD LES for wind engineering applications.

[75]

• Flow behavior around low-rise buildings of different shapes was investigated using PIV wind tunnel  
  experiments and 3D LES.
• LES can reproduce time-averaged, RMS velocities and vortices that are consistent with the experimental  
  findings depending on the geometric shapes of roofs.
• LES predictions for flat roofs are more accurate compared to roofs of complex geometries.

[134]

• Mean pressure distributions on gable-roof low-rise buildings of variable roof pitches were investigated.
• Higher suction was observed for lower roof pitch; in other words, flat roofs are more vulnerable during  
  powerful windstorms.
• LES has better predictive ability of near-structure wind field and mean localized surface pressures  
  compared to RANS; however, it is obtained at the expense of 80 times higher computational cost.

[135]

• The cited study presented some best practice guidelines for RANS and LES simulations concerning the  
  following: numerical settings, turbulence model, numerical discretization, and computational domain.
• LES is essential for accurate estimation of wind loads and predicting peak values.

[87]

• The treatment of flow over complex geometries and/or treating flow of high Re are identified as  
  challenging tasks for LES.

[94]

• The cited study reviewed the prominence of LES in investigating flow around buildings till 2008.
• For a wide range of avenues of building aerodynamics, including estimation of surface pressures, LES has  
  demonstrated to produce reasonable results based on wind tunnel experiments.
• However, to establish LES as a stand-alone tool, the findings need to be validated with full-scale  
  measurements.

[95]
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Besides, estimation of surface pressure coefficients is sensitive to turbulence mod-
els as well. Surface pressures, predicted using LES, were compared with experimental 
results and field measurements in a wide range of studies. In several studies, mean 
and peak pressure coefficients from LES are reported to be in harmony with field 
measurements and experimental data [97, 136, 137]. Figure  4 offers a similar pres-
entation style (as in section 3) for comparing mean pressure coefficients to full-scale 
measurements. In this figure, mean pressure coefficients on the vertical ring of a cube 
are reproduced from the data found in the literature [32, 52, 138, 139]. The numerical 
settings and simulations’ details of studies for Figs. 4 and 5 are presented in Table 4.

Figure 4 demonstrates the superior performance of LES compared to RANS even for 
mean pressure coefficients’ predictions on the building’s roof. RANS and LES reveal 
similar mean values for the windward and leeward sides. However, distinct differences 
are observed on the roof, where the flow physics is accompanied by flow separation and 
reattachment. The reattachment length predicted by LES is close to full-scale measure-
ments, leading to similar mean pressure coefficients on the roof. This comparative study 

Table 4  Available information on different simulations

Case Properties Values/parameters used

Guichard [52] Y+ (Reduced scale) 50

Building height (m) 0.1 (1:400)

Turbulence model LES (WALE SGS)

Velocity at roof height (m/s) 7

Turbulence intensity at roof height 23%

Time 0.55 minutes

Time-step 0.001 seconds

Ong et al. [32] Roughness length (m) 0.01 (Open terrain)

Building height (m) 6

Turbulence model LES (Smagorinsky)
LES (Dynamic K Eqn)
DES (Spalart-Allmaras, SA)
DES (k − ω SST)

Velocity at roof height (m/s) 5.68

Turbulence intensity at roof height 20%

Time 25 minutes

Time-step 0.01 seconds

Cindori et al. [138] Terrain type Sub-urban

Building height (m) 0.202

Turbulence model RANS (k − ϵ)

Velocity at roof height (m/s) 13.48

Turbulence intensity at roof height 20%

Köse et al. [139] Building height (m) 6

Turbulence model RANS (Standard k − ϵ)
RANS (k − ω SST)
ILES (Implicit LES; no SGS 
model: Cs = 0)

Velocity at roof height (m/s) 9.52

Turbulence intensity at roof height 20% [45]

Cell-count 1.2 million

Time (Averaging) 2 minutes

Time-step 0.01 seconds
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of mean pressure coefficients from the literature adds to the eligibility of LES in building 
aerodynamics. However, LES results (Fig. 4), from the two sources, show some devia-
tions from full-scale coefficients on moving downstream on the roof.

Furthermore, Ref. [137] reports discrepancies in the standard deviation of estimated 
pressure coefficients, and Ref. [111] documents the underestimation of peak pressure 
coefficients. The study in Ref. [134] concludes that the numerical results from LES 
showed good agreement with the PIV experimental data based on statistical analysis. 
The same study reports better performance of LES for flat roofs compared to more com-
plex roof shapes. Furthermore, the cited article [75] reveals that mean pressure coeffi-
cients from LES are comparable to the full-scale measurements when an appropriate 
inflow generation technique is employed. Peak pressures are well reproduced with small 
discrepancies by LES; however, there is ample scope of improvement and research in the 
prediction of peak pressures using LES. The notable influence of mesh size and turbu-
lence intensity on extreme pressures’ predictions is confirmed in the study [32]. Figure 5 
compares peak pressure coefficients on the vertical ring obtained from different tran-
sient CFD simulation cases (from literature) with full-scale data [140]. In the cited study, 
the full-scale peak pressure coefficients were obtained by normalizing with maximum 
observed dynamic pressure. In this study, the collected full-scale data are multiplied by a 
factor of 3.21 to make a fair comparison and to remain consistent with the commonly 
used aerodynamic pressure coefficients’ normalizing technique. In the present study, all 
pressure coefficients are computed by normalizing with dynamic pressure obtained from 
the mean wind velocity 

(

1

2

)

ρU2 . LES cases produce encouraging performance with 

some discrepancies on the roof and the leeward side. Higher discrepancies are observed 
near the downstream end of the roof. Results reveal a degree of sensitivity to the 
employed SGS model. However, LES with the WALE SGS model generates more accu-
rate peak values on the leeward side.

The study [141] reports the possible influence of SGS models on results especially for 
flows with high Reynolds numbers. Furthermore, pressure coefficients were compared 
after employing eight different SGS models; the selection of SGS models is not reported 
to produce accurate predictions of mean and peak pressure coefficients. The recom-
mended meshing strategy in the cited paper produced the least errors (in the order of 
20%) when compared to experimental measurements. However, the influence of SGS 
models on surface pressures needs to be investigated more after analyzing the empty 
domain results reported in [86]. Comparing LES results with experiments quantitatively 
has gained acceptance recently. To rely on LES predictions with higher confidence, sev-
eral recent studies compared LES predictions with some benchmark experiments quan-
titatively [142–144].

In addition, LES with coarser near-wall grids produces inaccurate Reynolds shear 
stress in the near-wall region as SGS models fail to perform accurately on such grids 
[145, 146]. Employing finer near-wall grid refinement could be one way to address this 
issue; this would allow the grid to resolve smaller eddies that produce stresses. How-
ever, such an arrangement can significantly increase the total cell count as the cell sizes 
become remarkably smaller compared to the boundary layer thickness for cases with 
high Reynolds numbers. Consequently, the computational expense of such wall-resolved 
large-eddy simulation (WRLES) cases reaches closer to those of DNS simulations 
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[147]. Furthermore, another persistent challenge with LES applications is its inability to 
resolve high-frequency small fluctuating eddies. By definition, LES resolves large eddies 
and models smaller eddies with SGS models; in other words, the small eddies remain 
unresolved or under-resolved in most real-world LES applications. Adopting coarser 
grid refinement is considered one of the key reasons behind this commonly observed 
phenomenon. This results in leakage of energy in the high-frequency end of turbulence 
spectra, often due to viscous dissipation. One way to address this concern is employing a 
higher density meshing arrangement throughout the domain or near the zone of interest. 
Either way, the result is the consumption of higher computational resources. This creates 
the importance of researching advanced modifications to LES so that even denser mesh-
ing arrangements can be treated faster. Employing advanced SGS models can augment 
LES performance as the task of such models is to account for the under-resolved small-
scale structures and draw adequate energy from the flow [148]. We researched this topic 
using an empty domain and reported encouraging conclusions [86]. Some other stud-
ies propose advanced SGS models to reduce the errors associated with modeling small 
eddies [149–151]. Besides, the point a CFD engineer needs to ponder over before adopt-
ing a specific technique, such as LES, is to anticipate how that model would perform 
for the particular flow problem under consideration. It is well known that the success of 
CFD applications varies significantly depending on the flow problem. In many applica-
tions, the truncated high-frequency small scales with low energy are considered inconse-
quential. However, such structures provide precise information about the development 
of large-scale structures in turbulent flows [148]. For building aerodynamics, sometimes 
the peak loads cause failure in low-rise buildings; therefore, it becomes important to 
decide on the suitability of a model by inspecting the ability to accurately evaluate peak 
loads. Accurate peak loads are produced experimentally or numerically by ensuring large 
eddies in the inflow with adequate energy [33, 75]. In such problems, reproducing accu-
rate low-frequency fluctuations may be sufficient. However, research should continue to 
improve the under-resolved or unresolved eddies in LES applications. The perfect solu-
tion for such problems would be to reproduce eddies over the entire frequency range at 
a reasonable computational cost, which acts as a motivation for new research.

This section presents multiple reasons behind the higher approval of LES in the struc-
tural/wind community with some existing shortcomings. Until now, LES has been una-
ble to entirely replace RANS models when the primary objective is to predict only mean 
aerodynamic loads; this is because of higher computational cost, lack of adequate best 
practice guidelines, and complexity of simulation in LES [152]. Moreover, issues related 
to the selection of filtering techniques, closure modeling, and near-wall treatment are 
identified as the major impediments for industrial CFD practitioners [94]. We will 
attempt to present some alternate strategies to address the limitations of LES in sub-
section 5.2. This section presents the encouraging capabilities of LES along with its limi-
tations and avenues of improvement for wind engineering applications.

5.2 � Strategies to treat flows at high Reynolds number

Despite producing encouraging results, the computational expense associated with LES 
for flow problems at high Reynolds numbers is a major impediment in the total domi-
nance of LES. This section presents a review of some innovative simulation strategies 



Page 18 of 33Khaled and Aly ﻿Advances in Aerodynamics            (2022) 4:24 

that have produced promising results to model flow separation and reattachment at 
high Reynolds numbers. The literature review covers articles from fields related to fluid 
mechanics, not only limited to civil engineering. Two methods are proposed that are 
used to treat similar problems in other disciplines. The first approach employs devel-
oped wall-modeled LES (WMLES) and the second approach involves the unification or 
hybridization of RANS and LES methods.

5.2.1 � Wall‑modeled LES applications

The most widely accepted approach to treat near-wall problems is modeling the layer 
close to the wall [153, 154]. Wall modeled large eddy simulation (WMLES) delivers to 
make LES computationally more affordable by reducing finer near-wall cell require-
ments [89]. The wall functions for LES differ from those used in RANS. Larger grid 
spacings allow the use of higher time-steps that makes transient simulations hundreds 
to thousand folds faster and concurrently, maintaining a stable courant number. Moreo-
ver, WMLES addresses the issue of inaccurate near-wall shear stress prediction by SGS 
models with coarser grids. With WMLES, total shear stress is augmented by employ-
ing modeled boundary conditions in the region close to the walls. Wall models receive 
more accurate LES information, in the case of WMLES, compared to wall functions in 
RANS models. Additionally, WMLES are less sensitive to issues such as grid-induced 
separation and mismatch of logarithmic layer [155]. It is important to highlight the 
endeavors to develop an improved SGS model that employs a length scale regardless of 
the grid. This new SGS model is capable to predict mean and turbulent flow features 
more accurately, reducing the dependence on wall models [156, 157]. Although these 
developments have shown promise to produce accurate and affordable results with LES 
at high Reynolds numbers, further research is required for validation for complex struc-
tures and higher Reynolds numbers. Similarly, the study [89] concludes that WMLES 
can reasonably predict mean and turbulent flow features with a coarse grid; the study 
investigated flow separation and reattachment on NASA wall-mounted hump.

Moreover, an approximate equilibrium wall-boundary condition was introduced to 
model the near-wall flow behavior [153]. Over the years, several experts have introduced 
modifications to this model in Refs. [154, 158–160]. A wall-model for LES was proposed 
in [161], which performs satisfactorily for both equilibrium and non-equilibrium flow 
problems at any Reynolds number. Integrating wall modeling with the synthetic eddy 
method was demonstrated to be competent in reducing the computational cost for two 
specific cases of high Reynolds numbers [162]. It performed efficiently in representing 
the near-wall flow behavior in complex flows accurately. Also, the inlet boundary can be 
positioned closer to the zone of interest in the domain, leading to a further reduction in 
the computational demand. Integrating the synthetic eddy method with wall-modeled 
LES was found to perform very well for complex flows at high Reynolds numbers. A 
similar strategy was followed in a recent study [86] to compare the computational effi-
ciency of LES with different Subgrid Scale (SGS) models. The study demonstrated the 
superior efficiency of the wall-adapting eddy viscosity (WALE) SGS model while pro-
ducing empty-domain flow characteristics of higher accuracy. Accurate empty domain 
flow features are crucial for accurate peak loads’ estimation. However, further research 
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is required to observe the performance of SGS models, with pure LES cases, to predict 
more accurate peak pressures.

5.2.2 � Hybrid RANS‑LES techniques

Earlier discussions on RANS and LES indicate the supremacy of LES that facilitates 
accurate flow simulations. The majority of structural engineering applications involve 
wall-bounded turbulent flows; the complication is LES becomes remarkably expensive 
(computationally) while treating such flows (almost as expensive as DNS) [163]. LES 
demands prohibitive grid resolution to deal with near-wall eddies within high Reynolds 
number boundary layers. A justifiable approach is to devise hybrid RAN-LES meth-
ods; however, it has been surprisingly challenging to develop reliable hybrid methods 
for different flow problems. The fundamental difference between the RANS and LES 
equations is responsible for the dubious performance of hybrid methods. LES equations 
are capable of capturing fluctuations, whereas RANS equations fail to deal with fluc-
tuations [163]. In this method, the RANS equations are used near the wall and LES fil-
tered Navier Stokes equations are employed away from the wall. Several techniques have 
been proposed to switch between RANS and LES. The Spalart-Allmaras (SA) turbulence 
model used the distance from the wall as a criterion to switch between the RANS-LES in 
detached eddy simulation (DES); the SA model was later extended into other two-equa-
tion turbulence models [164]. The Hybrid RANS-LES models are suitable for complex 
flows. The grid resolution requirement in the wall-normal direction is high and lower in 
the direction parallel to the wall. Despite a few issues at the RANS-LES interface regard-
ing the compatibility of the turbulence condition, this approach is considered competent 
in simulating several complex flow problems in the cited studies [165–170].

Furthermore, DES recovers sub-grid models in the turbulent region and respec-
tive RANS models in the near-wall region [171]. In recent years, several studies have 
employed DES to study the quality of wind flow simulation over blocks (buildings). In 
general, the accuracy of DES is reported to be almost at the LES level by consuming 
lower computational resources [172, 173]. Delayed detached eddy simulation (DDES) 
and improved delayed detached eddy simulation (IDDES) are two recently designed 
modifications of the DES model. The primary alteration is done to the dissipation rate 
term of the turbulent kinetic energy transport equation; consequently, the turbulent 
length scale expressions are adjusted in the modified formulations [171]. Flow around a 
6 m cube was simulated by employing IDDES in the study [171]; subsequently, the sur-
face pressure coefficients were compared with full-scale measurements and LES results. 
The cited study reveals that the IDDES model captures the mean surface pressures 
on the windward, leeward, and lateral sides, but not on the roof of the cubic building. 
Moreover, the maximum, minimum, and standard deviation of surface pressure coef-
ficients from IDDES are comparable to those obtained from LES. Moreover, the litera-
ture reveals that LES and DDES exhibit superior performance in the wake and on the 
lateral sides when compared to wind tunnel results [174]. Additionally, it is observed 
that DDES moderately recreates mean and instantaneous flow fields, very similar to 
pure LES (R = 0.90), with approximately 20% reduction in mesh number and computa-
tion time. Furthermore, the mean flow field from DDES is comparable to experimen-
tal results [175]. However, like LES, the DES models are responsive to numerical and 
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physical parameters [176]. Additionally, Fig.  5 compares the ability of previously con-
ducted hybrid RANS-LES (DES) simulations to produce peak pressures with regards to 
full-scale data. Such simulation cases show promising results in reproducing peak pres-
sures on the vertical ring. However, differences are noticed on the roof and the leeward 
face of the cube. The opportunity for improvement is evident with the hybrid cases as 
well. Furthermore, the dynamic hybrid RANS-LES, alternately known as dynamic linear 
unified RANS-LES model (DLUM), offers a superior performance of simulating turbu-
lent flow at high Reynolds numbers; besides, DLUM allows a significant reduction in 
computational cost compared to LES. Moreover, the hybrid method is more accurate 
than the RANS and under-resolved LES simulations [177]. Furthermore, the two-layer 
model (TLM) or zonal model, presented in Ref. [178], is also capable of addressing simi-
lar flow problems.

6 � Large‑scale testing
A brief discussion on large-scale aerodynamic testing and a case study, employing open-
jet testing, will be covered in this section. Large-scale experiments are appreciated since 
the performances of wind tunnel experiments are indecisive as a validation tool for CFD 
solutions. The purpose of the case study in this paper is to demonstrate the ability to 
conduct aerodynamic testing at higher Reynolds numbers and large scale; additionally, 
these capabilities add to the uniqueness of the WISE research group at LSU.

6.1 � Aerodynamic testing at LSU open‑jet

As part of developing aerodynamic testing capabilities, small and large open-jet facilities 
were built at the Windstorm Impact, Science and Engineering (WISE) research lab, Lou-
isiana State University (LSU). Unlike wind tunnels, in open-jet testing, the flow has no 
physical boundaries. This means that larger eddies can be reproduced, leading to higher 
peak pressures, like those in the field, under minimum blockage constraints [33]. To ena-
ble the testing of larger model scales at higher Reynolds numbers, a powerful open-jet 

Fig. 6  LSU WISE Open-jet: (a) Open-jet with flow management frame, and (b) Instrumented cube
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facility is now operational at LSU (Fig.  6). Table  5 presents the comparison of model 
information used in the LSU open-jet and the TPU wind tunnel.

In this study, a fully instrumented wooden cube is tested in the open-jet facil-
ity to determine surface pressures on the cube. The wooden cube is built followed by 
instrumenting with pressure measuring tubes, connectors, and scanners. A metal rod 
is welded to a metal base to record the velocities at different heights using two cobra 
probes. From the collected data, plots for mean velocity and turbulence intensity pro-
files are made. The vertical profiles are compared with those from the TPU wind tunnel. 
The idea is to make meaningful comparison by running experiments under similar flow 
profiles.

The LSU open jet has four blowers with independent control units outside the jet 
chamber. The four blowers can be operated at different angular speeds to produce flow 
of different terrain categories; besides, there is an adjustable flow management device in 
front of the two lower blowers to reach target ABL flow profiles. The flow management 
frame was adjusted to achieve flow features on open-terrain category (z0 = 0.01~0.03) 
[80]. The target vertical profiles are presented as a reference in Fig. 7. There is a range of 
target profiles that can be generated depending on the roughness length’s value. How-
ever, Fig. 7 indicates that the experimental profiles represent open-terrain flow charac-
teristics. The comparison of the along wind turbulence intensity profiles from 
experimental data is presented in Fig. 7 (b); the corresponding equations for Engineering 
Sciences Data Unit (ESDU) formulations are obtained from [179]. LSU open-jet can 
generate 20% turbulence intensity at reference height. Both the vertical profiles in Fig. 7 
show that LSU open-jet facility can replicate ABL representing a terrain type similar to 
the wind tunnel. Figure 8 presents the normalized velocity spectrum corresponding to 
velocity measured in the jet facility. The Von-Karman formulation for normalized veloc-
ity spectra is obtained from [180]. In Fig. 8, the power spectral density, S [m2s−1], is nor-
malized by multiplying with n

(

Uref

)2
 on the y-axis and, the frequency, n [Hz], is normalized 

by multiplying with z
Uref

 on the x-axis. Here, z [m] is the roof height of the building and 

Uref [ms−1] is the mean velocity (reference) at that height. Besides, the von Karman theo-
retical spectrum is generated by using a slightly modified formulation to remain consist-
ent with the normalizing factor. Fig.  8 reveals the energy content of the small- and 
large-scale eddies in the flow; the open jet flow appears to agree well with the theoretical 
energy content over the entire frequency range. The open-jet demonstrates producing 
larger turbulent eddies as the low-frequency part has a better match with the corre-
sponding end of the theoretical spectra. Additionally, it has an acceptable energy level of 
small eddies in the incident flow at the building location. Therefore, the open-jet 
improves the overall turbulence content of the flow, when compared to small-scale wind 

Table 5  Model information

test facility geometric scale  
(w.r.t. the 16 m cube)

geometric scale  
(w.r.t. the 6 m Silsoe cube)

cube-height (m)

TPU wind tunnel 1:100 1:38 0.16

LSU open-jet 1:13 1:5 1.22
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tunnels that have missing low-frequency fluctuations. However, Fig. 9 demonstrates that 
the turbulence content is not regulated merely by varying the velocities in the same test 
section, and at the same elevation and position in the test facility. The integral length 
scale of turbulence is governed by the scale of the model, size of the test section, and the 
location of model in the jet facility as well. The integral length scale is expected to be 
greater in size than the large-scale models being tested for accurate wind load predic-
tions [24]. Velocities were recorded at mean velocities ~8 m/s (low-speed case) and ~11 
m/s (high-speed case, referred as HS in Fig. 9) at location 1.5 H and 2 H, where H is the 
height of test section. It is noticed that the energy content in the low and high 

Fig. 7  Along-wind velocity measurements in the open-jet facility at 1.5H (a) mean-velocity profiles, and (b) 
turbulence intensity profiles
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frequencies of the turbulence spectra are comparable to the target spectra. This shows 
that by mere adjustment of velocities practical significance Re effects may not be realized. 
Re effects need to be investigated at different velocities with adequately large model and 
test section. In the LSU open jet Reynolds number (Re~106) comparable to full-scale 
flow scenarios can be reproduced, whereas, in most small-scale experiments, operation 
at full capacity may produce Re~104. Therefore, to capture true real-world flow physics 
solely varying velocities may not produce desirable outcomes.

The pressure-time history is recorded, and the contour of pressure coefficients is pre-
sented for the roof of the cubic building model for the 0-degree case (Figs. 10 and 11). 
Sixty four pressure taps are placed on the roof of the large-scale cubic model to make 
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Fig. 9  Comparison of turbulence content by varying velocities

Fig. 10  Mean pressure coefficients (0 deg.): (a) LSU open-jet, and (b) TPU wind tunnel (wind from left to 
right)
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a fair comparison with results from the TPU wind tunnel. The experimental strategy 
involved recording and processing the time history of pressure and velocity data. Each 
pressure tap is connected to the Scanivalve pressure scanner via appropriate tubing. 
High-resolution velocity recording devices, Cobra probes, are employed to capture small 
changes in wind velocity. For monitoring pressure and velocity, the aforementioned 
instruments are installed and employed in a way that is followed in the study [66]. The 
sampling frequencies pressure and velocity readings were 625 Hz and 1250 Hz, respec-
tively. The following equation is used to compute the pressure coefficient.

Here, ρ is the air density and U is the mean velocity at roof height. The time history 
of pressure coefficient, Cp(t) is obtained from pressure-time history, p(t) recorded using 
pressure scanners. The pressure is recorded before and after running the fans of the 
open-jet to assess the static pressure. Later, the mean value of the before and after read-
ings (ps) is subtracted from the pressure-time history. The above equation accounts for 
the differences in reference pressures for proper comparison. Once the time history of 
the pressure coefficient is calculated, statistical analysis is conducted to obtain the mean 
and minimum values of the pressure coefficients on the roof.

6.2 � Experimental results and discussion

A comparison of pressure coefficients from open-jet testing at LSU with those collected 
from the TPU wind tunnel database is conducted. Maximum and minimum pressures 
are obtained utilizing a MATLAB function implementing a probabilistic approach 
[181]. This approach is considered because of the variability in observed peaks from one 

(1)Cp(t) =
p(t)− ps
(

1

2

)

ρU2

Fig. 11  Pressure coefficients’ minimum (peak) values (0 deg.): (a) LSU open-jet, and (b) TPU wind tunnel 
(wind from left to right)
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realization to another, which stems from the highly fluctuating nature of wind. In the 
experiment, the angle of incidence is normal to the windward face of the cube, which is 
considered as the 0-degree case in this paper.

The contour plots of pressure coefficients reveal results with expected differences. The 
distribution of pressure coefficients is symmetric, and an identical pattern is noticed 
from the tunnel. The area-averaged mean and peak pressure coefficients from the TPU 
wind tunnel are − 0.839 and − 2.865 respectively; whereas the same obtained and pro-
cessed from the LSU open jet facility are − 0.915 and − 3.267 respectively (Figs. 10 and 
11). Hence, there is about 9% and 14% increase in mean and peak pressure coefficients 
(area-averaged) respectively, when the LSU open jet facility is employed. The open-jet 
test reveals higher negative pressure on the roof of the cube compared to the TPU wind 
tunnel. A higher suction force in open-jet testing is found due to higher Reynolds num-
bers and the presence of large eddies, resulting from large test section and model, rela-
tive to the situation in a wind tunnel. These disparities between the large-scale open-jet 
facilities and small-scale wind tunnels lead to differences in the following parameters: (a) 
location and size of the separation bubble, (b) stagnation point on the frontal face, and 
(c) length of reattachment. Likewise, differences between full-scale and small-scale wind 
tunnel experiments exist because of identical reasons. Near the roof corners, an increase 
in peak pressure coefficients is observed in the LSU open-jet compared to the TPU wind 
tunnel. Although the numerical values of mean pressure coefficients from both sources 
(Fig. 10) are in a close range (~1), the rise in pressure coefficients from open jet predic-
tion is compelling. This increase (about 9% for mean and about 14% for peak values) can 
be crucial for improving buildings’ resilience in powerful winds. Figure  12 reflects on 
the mean pressure coefficients’ distributions along the vertical ring of the cube obtained 
from the TPU wind tunnel, LSU open jet, and the Silsoe full-scale measurements. Care-
ful observation of the frontal face assists to realize that the mean pressure coefficients 
are consistent in relation to reference pressures; therefore, the observed differences 
on the roof are not because of the variations in reference pressures. Furthermore, the 

Fig. 12  Comparison of mean pressure coefficients along the vertical ring of the cube
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results from large-scale open jet are encouraging in the pursuit replicating true flow 
physics at full-scale, which can be influential in augmenting the design standards. Since 
it has been mentioned earlier that the design standards underestimate design wind loads 
primarily because of its dependence on small-scale (such as 1:100 in TPU wind tunnel) 
experiments. Our upcoming paper will compare the results with pressures from a full-
scale building.

7 � Conclusion
This review article identifies the limitations of the prevailing ABL simulation techniques 
and introduces some promising experimental and computational approaches to address 
existing challenges. The concluding remarks are divided into the following two portions.

7.1 � Part I: from literature review

•	 The assumptions of Reynolds number independence are questionable from the 
review of old and recent studies on this topic. Prediction of peak aerodynamic loads 
due to Reynolds number mismatch is a leading problem prevailing in wind engi-
neering of low-rise buildings. In real ABL flow Re = 107 (approximately) is observed, 
whereas, in the common wind tunnel and CFD analysis Re = 104 is encountered.

•	 The improper simulation of turbulence characteristics, modeling errors of structural 
details, and dissimilarity in Reynolds and Jensen numbers are considered decisive 
factors responsible for the identified shortcomings of SSL experiments. The incom-
petence of such (such as, small wind tunnels) experiments to produce both small and 
large-scale turbulent eddies leads to inaccurate peak pressure estimations, which 
contributes to the inconsistencies observed in the ASCE standards.

•	 This paper points out the discrepancies in the recent versions of ASCE standards 
despite the gradual improvement in surface pressures’ provisions. The design wind 
loads stipulated in ASCE 7–16 are conservative and uneconomical when compared 
to small-scale wind tunnel experiments, whereas, the same guidelines prove to be 
inadequate when compared with large-scale open jet testing.

•	 Besides documenting some promising results in building aerodynamics, the study 
identified a number of challenging issues with LES. LES can be more powerful and 
affordable if the following issues are addressed in future research endeavors.

–	 Improving energy content of under-resolved or unresolved eddies in the flow.
–	 Reproducing both small and large eddies over the entire frequency range by con-

suming affordable computational resources.
–	 Establishing best practice guidelines.
–	 Conducting more sensitivity analysis.
–	 Validation of LES results using full-scale measurements or large-scale testing.
–	 Augmenting performance of LES for flow over complex geometries and at higher 

Reynolds numbers.
–	 Prediction of mean values on the downstream portion of roofs of sharped-edged 

buildings.
–	 Accurate estimation of peak pressures.
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–	 Reducing the computational expense of LES applications at high Reynolds 
numbers.

•	 Despite some notable promising results, this paper identifies several inconsisten-
cies concerning pressure coefficients, especially, peak values, using CFD. Moreo-
ver, the necessity of validating LES results with respect to full-scale measurements 
or large-scale testing is conferred. To address this issue, conducting transient CFD 
simulations at high Reynolds numbers is recommended.

•	 CFD simulations at high Reynolds numbers pose overwhelming computational 
challenges. The application of WMLES and hybrid RANS-LES models such as 
DES, DDES, IDDES, and DLUM are suggested in future studies to overcome these 
challenges. Also, assessing the performance of different SGS models with LES is 
highly encouraged to reduce computational costs.

7.2 � Part II: from the case study

•	 The case study reveals that the mean and peak pressure coefficients are higher 
for the large-scale model (compared to the small-scale wind tunnel results). The 
open-jet results are comparable to full-scale measurements.

•	 These differences are due to extensive flow separation and longer reattachment 
length along the roof in case of large-scale testing in open-jet; additionally, the 
higher Reynolds number and presence of large eddies in large-scale open-jet test-
ing contributed to higher surface pressure measurements.

•	 The experimental results strengthen our hypothesis about the scaling issue and 
the Reynolds number effect. Investigating Re effects merely by adjusting velocities 
in a small-scale laboratory will not produce desirable and precise pressure pre-
dictions. Experimentally, larger test sections are necessary to ensure growth and 
development of large eddies that result in accurate peak pressures.

•	 The results are encouraging and will facilitate future research in building aerody-
namics. The conducted experiment is a groundwork for future studies to address 
the limitations highlighted in the review part.
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