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(7.5% porosity) and a window with size 0.52m by 0.43m (3.75% porosity). The internal 

volume of the building was divided into two compartments (attic and living room) at the 

ceiling level by a wood panel. A square hatch opening (0.46m x 0.46m) connected the 

attic with the living room. The main objective of the experimental study was to evaluate 

the internal and external pressure coefficients on the building envelope for various 

openings. In this paper only door opening (case 1) and window opening (case 2) both 

with a hatch opening at ceiling partition are considered. The pressure was measured with 

pressure taps placed at aerodynamically important locations on the building envelope 

(Figure 7.3a). The measurements of internal pressure inside the gable building model 

were carried out by using ten transducers uniformly distributed inside the interior of the 

building. A total of 5 test cases were performed. All of the five cases were tested for 

angles of attack of 0°, 15°, 45°, 75°, and 90°. 

7.3 Numerical modeling and simulation 

The commercial software FLUENT 6.3 was utilized for the numerical simulation. The 

governing equations were the Reynolds Averaged Navier-Stokes (RANS) equations, 

together with the Renormalization Group (RNG) k-ε turbulence model.  

 

Figure 7.1: Low-rise building with gable roof in testing position, and CFD model. 
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Figure 7.2: Building model from conceptual design to construction, fabrication and door blower 
test for porosity.  

Figure 7.3: a) Roof external pressure tap location, b) maximum internal and external Cp 
correlation 

The computational domain (CD) was delineated using the Height (H) of the 

model building as a reference. The CD was extended vertically 5H above the roof of the 

model building, and laterally 5H from the walls. In the flow direction, the CD was 

extended 5H from front wall to the inflow boundary and 15H from the back wall to the 

outflow boundary. The latter allows the flow re-development behind the wake region. 

The CD consisted of 1.8 million hexagonal and tetrahedral shaped cells. For wall 

bounded flow, Fluent 6.3 provided two different approaches for modeling flows in the 

inner viscous layer, i.e. use of wall functions or near-wall modeling based on non-

a b 
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dimensional wall units. The first grid point was placed at 0.038m from the surface of the 

test specimen and unstructured grids were used for the CFD simulation (Figure 7.1). Due 

to the computational cost in resolving the inner layer, standard wall functions were 

employed in all present simulations by maintaining the non-dimensional wall unit 

denoted by y+ between 30 and 500. In addition, the measured inlet velocity profile, 

turbulence intensity TI = 25% and a 15 m integral length scale were applied to the whole 

upstream face of the computational domain. A segregated pressure-velocity solver was 

used in all the discretization schemes. Pressure interpolation was standard and second 

order upwind schemes were used. The convergence criterion was limited to 10-6. Cpi and 

Cpe values extracted from the CFD simulation were compared with data from full-scale 

WoW experimental results.  

7.4 Results and discussion  

7.4.1 3.1. Experimental study of internal and external pressure using WOW  

In this section only the results for wind angle of attack of 45o and 90o are presented 

and compared with those of the CFD modeling. The location of roof external pressure 

taps used for comparison of experiment and CFD modeling are shown in Figure 7.3a. 

The results (Figure 7.3b) show that the coefficient of internal pressure (Cpi) reached peak 

values when the wider face of the building was at 75o to the direction of the wind flow.  

As shown in Figure 7.3b, the instantaneous response of the internal pressure to the area 

averaged external pressure over the dominant openings (door and window) are closely 

correlated consistent with previous works done by Kopp et al. (2008). WoW data was 

compared as shown in Figure 7.4.  
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Figure 7.4: WoW vs literature data comparison of roof external pressure coefficient: a) mean 90o, 
b) min. 90o and c) min 45o. 

The rms, mean, maximum and minimum internal and external pressure coefficients are 

shown in Figures 7.5-7.6, respectively, for both 45o and 90o angles of attack.  

7.4.2 3.2. CFD simulation and validation  

Figures 7.7 and 7.8 show the flow fields in a vertical mid-plane and a horizontal plane 

at 1m above the ground for 90o and 45o angles of attack. The RNG k-ε turbulence model 

captured the flow separation at the back and recirculation region around the building. The 

flow field and the formation of vortices in the wake region were symmetrical for the 90o 

angle of attack in the horizontal plane. The flow field was asymmetrical for the 45o angle 

of attack especially in the wake region, which was divided into a small and large re-

circulating vortex. Figure 7.9 shows the distribution of the external pressure coefficient 

(Cpe) on the surface of the building for 90o and 45o angles of attack. As expected, the Cpe 

was positive on the wind ward surfaces (front wall for 90o angle of attack and front and 

right walls for 45o angle of attack). The local effects from the goose neck and turbine 

vents were also captured by the CFD simulation. The comparisons of the CFD predicted 

pressure coefficients for external (Cpe) and internal (Cpi) are depicted in Figure 7.10. 
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Figure 7.5: Experimental roof internal pressure coefficient at 45o and 90o angles of attack.  

Figure 7.6: Experimental roof external pressure coefficient at 45o and 90o angles of attack.  

Generally, there was better agreement between CFD predicted and measured Cpi values 

than for Cpe values. This was attributed to the complex flow conditions externally, which 

affect the performance of the RNG k-ε models.  

 



 

222 
 

Figure 7.7: Velocity flow field vertical plane at mid-section and horizontal plane at 1m high for 
90o angle of attack. 

 

Figure 7.8: Velocity flow field vertical plane at mid-section and horizontal plane at 1m height for 
45o angle of attack. 

Figure 7.9: Mean roof external pressure coefficient for 90o and 45o angle of attack. 
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Figure 7.10: Experimental versus CFD roof centerline internal pressure comparison. 

Figure 7.11: Experimental versus CFD roof centerline external pressure coefficients comparison.  

7.5 Conclusions 

This is paper has demonstrated a comparison of experimental and CFD computed 

external and internal pressure coefficients for large scale low rise building model in the 

presence of a dominant opening in the windward direction. The building model has also a 

ceiling (with open hatch) that separates the living room from attic and ventilation systems 

(soffit, ridge vent, turbine and gooseneck at roof level) were installed on the gable roof. 

RNG k-ε turbulence model predicted Cpi values were in better agreement compared to the 

Cpe values.  
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8. SUMMARY AND CONCLUSIONS 

The present study carried out a systematic multi-scale experimental parametric 

evaluation of wind-induced internal pressure (IP) through experimentation at full scale in 

the WoW and at small-scale in the BLWT. The study investigated peak IP loading in  low 

rise buildings with different roof shapes for variable location and size of dominant 

openings, vents and background leakage, assessed effects of  sudden breach of dominant 

openings on IP in comparison with steady state conditions; performed a comparative  

assessment of the significance of correct internal volume scaling on the statistical 

characteristics of IP  in a BLWT model through studies with and without volume 

correction; analyzed realistic compartmentalization effects on IP for both wind-resistant 

design of low rise buildings and wind driven cross-ventilation applications; investigated 

the aerodynamic performance of three types of roof tiles (both ridge and field tiles) 

focusing on IP beneath (i.e., underneath pressure) the tiles; and performed computational 

evaluation of IP for low-rise buildings using CFD simulations and compared the results 

with experimental data to assess their suitability for such applications.   

The major findings/contributions of this work in the characterization of IP for wind 

resistant design of low-rise buildings are summarized below for the case of a building 

envelope with existing openings: 

• The location of dominant openings with respect to the upstream wind direction 

influences the characteristics of the IP considerably. An opening located off-center 

exhibits a higher peak positive and suction pressure coefficient than its equivalent 

dominant opening located at the center wall. A window with 3.75% porosity located 
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at the right windward wall corner exhibited 30-40% peak positive and suction IP 

compared to that of a centrally located door with 5% porosity. For critical loading, the 

location of the dominant opening with respect to upstream wind direction is highly 

significant compared to the porosity size. The present study also reaffirmed the 

common observations in literature that wind-induced internal pressure is highly 

correlated to the external pressure variation at the dominant openings.  

 
• Compartmentalization (i.e., ceiling partition and multi-room partitioning) plays a 

significant role in internal pressure dynamics. For instance, the opening of a hatch 

having 0.4% of the attic floor area at the ceiling level, coupled with a door opening of 

7.5% porosity, increased the internal pressure coefficient (Cpi) underneath the roof 

sheathing by 90% in both the full scale and BLWT studies. This reinforces the need to 

keep not only doors and windows closed during extreme winds, but also interior 

openings attic access such as “hatch” needs to be secured during strong storms.  

• The contribution of IP underneath the roof deck was observed to be significant 

wherein which it dampens the net suction pressure unless the underneath openings 

were exposed to different pressure compared to the main external pressure on the 

tiles. For example on eave tiles, in which case, underneath pressure was in similar 

direction with the external pressure producing higher net pressure.  Aerodynamically, 

the high profile roof tiles perform well over the field, but because of their deep valley, 

the shape causes the formation of considerable suction pressures on the ridge tiles. In 

general, the surface geometry of an individual tile was observed to have a significant 
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impact on both the external pressure on the roof surface as well as the internal 

pressure underneath the tiles. 

• The geometry of the roof significantly affected internal pressure. For example, the 

peak attic internal pressure for the gable roof building was higher (by more than 

190%) than the hip roof for the study cases carried out and the worst net pressure 

coefficient near the eave of the gable roof was found to be higher than the hip roof by 

more than 45%. 

• The comparison between the full-scale and BLWT IP responses showed good 

agreement in both peak and mean values. The CFD model also produced mean 

internal pressure that was in good agreement with experimental. The ASCE 7-10 

standard underestimated the peak positive internal pressure in all configurations with 

dominant openings and building types considered in the study. 

The major findings/contributions of this work in the characterization of IP for wind 

resistant design of low-rise buildings are summarized below for the case of a building 

envelope with sudden breach: 

• Correct internal volume scaling was found to be necessary, as the building with 

incorrect volume scaling experienced a response four times faster and 30-40% lower 

with respect to peak and mean Cpi for the specific building type and porosity size of 

dominant openings examined.  

• The transient overshooting response was lower than the subsequent steady state peak 

Cpi for all wind directions and opening porosity sizes examined.  
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• Comparatively, openings located near the corner of a windward wall exhibited 

considerable response in transient and steady state internal pressure during sudden 

opening breaches. For the 75o wind AoA, the window opening located closest to the 

upstream wall corner produced peak steady state internal pressure, 45% greater than 

the door located at the center of the wall.  

The major findings/contributions of this work in the characterization of internal pressure 

for wind-driven natural ventilation in a low-rise building are as follows: 

• For one-sided and short distance opposite wall opening ventilation studies on 

residential low-rise buildings the volume correction could be relaxed while it is 

important to consider volume correction for adjacent side openings.  

• Wind-induced cross ventilation was fairly sensitive to the porosity size of the 

dominant openings. It was found that the higher the ratio of area of the inlet to outlet 

opening or windward porosity, the higher would be the internal pressure. It was also 

obtained that the internal pressure due to cross ventilation was 1.5-2.5 times higher 

when the ratio Ainlet/Aoutlet>1. 

• The lower the porosity ratio or inlet to outlet ratio, the higher would be the pressure 

drop inside the building. Moreover, the cross-ventilation with opposite side openings 

generated higher pressure drop as compared to that of adjacent side opening of 

equivalent porosity ratio.  

• The mean external pressure coefficients at the periphery of the dominant openings 

and the ensuing mean internal pressure of the building with adjacent side openings 

was 50-75% lower than that with opposite side openings. This could be mainly due to 
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the short air flow path developed for the building with the dominant openings on 

adjacent walls. This reduces the mixing of air inside the building and hence the 

ventilation effectiveness. 

• For a single dominant opening, the internal pressure distribution was uniform and 

equal for both buildings with and without multi-room partitioning. However, for 

cross-ventilation of the building with multi-room partitioning having opposite side 

openings, the internal pressure ceased its uniformity and the mean value at the inlet 

was 2-3 times higher compared with  the outlet.  

• The inlet pressure coefficient for the multi-room partitioning was twice that of the no-

room partitioning (i.e., single room). This clearly showed that the high gradient 

(pressure drop) and hence the cross ventilation inside the building was considerably 

influenced by the multi-room partitioning, which eventually played a role in 

increasing the flow rate and air exchange. Thus, the realistic assessment of wind-

induced cross-ventilation should include the proper room partitioning specific to the 

building under study. 

• The total discharge coefficient Cd_total and the ventilation rate Q/(VrA) could not be 

taken as a constant values for all types of openings but was rather highly dependent 

on the porosity ratio. The higher the porosity ratio, the higher the Cd_total and Q/(VrA). 

The discharge coefficient obtained for the building with 10% porosity ratio was, for 

instance, 40-45% higher than that of the building with 6% porosity having the same 

inlet to outlet opening ratio.  
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• For the various adjacent and opposite side dominant openings examined, the total 

discharge coefficient obtained ranged between 0.5-0.74 while the inlet/outlet 

discharge coefficients ranged between 0.65-1.08.  

• The use of mesh screens on dominant openings had a considerable effect on cross-

ventilation particularly when openings were aligned directly with the oncoming wind. 

The mean Cpi for the no screen case was 2-4 times higher than with a screen. The use 

of mesh screens reduces the wind speed at the inlet and outlet and thus the 

effectiveness of the wind-induced cross-ventilation. Further study is needed to 

investigate the different types of mesh screens and their effect on wind speed 

reduction.  

The major future studies that are suggested to be carried out as a continuation of the 

present work include: 

• Modern building codes have shown tremendous progress geared towards addressing 

the major wind related problems in the design of buildings. Newly constructed 

buildings, as a result, became, relatively resilient to hurricane impacts to a certain 

degree. However, most buildings constructed before the adoption of the enhanced 

codes could adopt retrofitting and mitigation processes that encompass a 

comprehensive assessment including IP studies due to sudden breaching. Retrofitting 

techniques such as secondary water barrier, hurricane straps and clips should be 

tested to withstand IP loads.  

• Numerical simulation of transient overshooting with variable porosity of dominant 

openings both in full scale and model scale need to be performed to effectively 
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explore the phenomenon of transient response of internal pressure for smaller time 

response than considered in the present study i.e. for less than one tenth of a second. 

• A parametric evaluation of ventilation openings (such as single vent versus multiple 

vents) needs to be carried out to investigate its implication on the internal pressure 

underneath roof sheathing. 

• Cooling of a building by natural ventilation provides efficiency in energy 

consumption but it requires access openings to the outside environment. On the other 

hand, protection of the building from wind driven rain require the blockage of these 

openings. A solution should be sought after in order optimize the provision of energy 

efficiency and protection from wind driven rain impact. This can possibly be 

achieved by introducing mechanical system that can control the flow of air and water 

as needed through ventilation openings.  

• Improving building codes and standards based on detailed internal pressure studies. 

The realistic assessment of internal pressure for different types of low rise buildings 

(such as complex roof shapes that are seen in most residential buildings), at different 

terrain conditions and variable dominant opening porosities should be performed.  
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ABSTRACT 

Aerodynamic testing of low-rise structures is fraught with difficulties that can be the 

cause of large measurement errors resulting in the underestimation of aerodynamic 

pressures by a factor of as much as two. The errors are due in large part to the inadequate 

knowledge and simulation of wind flows affecting low-rise buildings, especially 

residential homes in suburban environments. A type of aerodynamic testing of 

sufficiently small low-rise structures is explored that does not entail the simulation of the 

turbulence intensity and integral turbulence scales. That type of testing would offer 

several advantages: eliminating a major cause of discrepancies among measurements 

conducted in different laboratories, allowing the use of larger model scales, and allowing 

testing in both typical commercial wind tunnels and in open jet facilities of the Wall of 

Wind (WoW) type. Preliminary tests based on data obtained at the University of Western 

Ontario (UWO) wind tunnel and the Florida International University (FIU) large-scale 

six-fan Wall of Wind facility suggest that the proposed type of testing yields 

systematically conservative results for the specialized type of measurements considered 

herein.  In most but not all cases the degree of conservatism is modest. The results appear 

to be of sufficient interest to warrant additional research.  
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CE Database subject headings: Aerodynamics; low-rise structures; residential buildings; 

Wall of Wind; wind engineering; wind tunnels. 

INTRODUCTION 

An international round-robin set of wind tunnel tests of a low-rise structure conducted 

at six reputable laboratories produced the result that wind-induced internal forces in 

structural frames, and pressures at individual taps, can differ from laboratory to 

laboratory by factors larger than two (Fritz et al., 2008). Owing in part to such differences 

aerodynamic pressures on low-rise structures specified in the ASCE 7 Standard can be 

smaller by as much as 50 % than pressures measured in the wind tunnel (Surry, 2003; St. 

Pierre et al, 2005; Ho et al., 2005; Coffman et al., 2009).  

Among the reasons for the non-repeatability of wind tunnel tests across laboratories 

(i.e., for the dependence of wind tunnel test results on the laboratory in which they are 

conducted) are two facts. First, the low-frequency fluctuations of the oncoming flow 

turbulence in the atmospheric surface layer are difficult to simulate, and second, the 

techniques for their production in the wind tunnel are not standardized. Since those 

fluctuations contain the bulk of the turbulent energy, they contribute overwhelmingly to 

the turbulence intensity and the integral turbulence scale. This paper is concerned with 

the question of whether improvements in repeatability of wind-induced pressures on 

small structures can be achieved by subjecting models to flows that do not attempt to 

reproduce atmospheric turbulence intensity and integral turbulence scales.  
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 The paper is organized as follows. Within the framework of a general discussion on 

the aerodynamic testing of civil engineering structures we show why it is reasonable to 

hypothesize that results obtained in flows that do not contain low-frequency fluctuations 

are typically conservative and may be acceptable when testing sufficiently small 

buildings. We then show that this hypothesis appears to be supported by preliminary 

wind tunnel and Wall of Wind (WoW) test results. We conclude with suggestions on 

future research.  

BOUNDARY LAYER FLOWS AND THEIR LABORATORY SIMULATION 

In the 1970s it was believed that faithful laboratory simulations of atmospheric 

boundary layer flows could be achieved by allowing a boundary layer to grow naturally 

by friction at the wind tunnel floor over a sufficiently long development distance (30 m, 

say). Depths of the boundary layers so achieved turned out, however, to be insufficient 

for the testing of tall buildings. Even if longer development lengths were allowed for, the 

simulations could not reproduce atmospheric boundary layer flows faithfully for two 

reasons. First, high-frequency turbulent fluctuations, corresponding to the prototype 

inertial subrange, are not correctly reproduced in the wind tunnel owing to energy 

dissipation by internal friction within small eddies at small model scales. This limitation 

can be significant insofar as high-frequency turbulent fluctuations promote transport of 

free-stream particles with high momentum across separation bubbles, a phenomenon that 

affects flow reattachment and, therefore, the magnitude of negative pressures in 

separation zones. Second, the mechanisms of boundary layer formation are different in 

the wind tunnel and in the atmosphere. For example, in large-scale extratropical storms 
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the depth of the atmospheric boundary layer, rather than being independent of flow 

velocity, as is implicit in the power law description of the wind profile, is inversely 

proportional to the Coriolis acceleration and proportional to the wind speed. It follows 

from this relation that the range of validity of the logarithmic law, rather than being about 

50 m, regardless of flow velocity (Davenport, 1965), as was commonly believed before 

the development of atmospheric boundary layer similarity theory, is also proportional to 

the wind speed (Csanady, 1967; Simiu and Miyata, 2006), and can be as high as 400 m 

for strong winds (Powell, Vickery, and Reinhold, 2003).  

For these reasons long development distances have no longer been considered 

necessary for the simulation of atmospheric flows. To make up for insufficient boundary 

layer depth it has been proposed that spires be placed upwind of the test section. The 

spires, in conjunction with roughness elements placed on the wind tunnel floor, create  

turbulent shear flows deemed to be adequate if the development lengths over which 

elements may be placed are about 15 m, say. This technique is now being widely used in 

commercial wind tunnel testing.  

For the testing of tall building models, the justification for the requirement that the 

atmospheric turbulence intensity and the integral turbulence scale be simulated in the 

wind tunnel is that the spatial coherence of the turbulent fluctuations in the incoming 

flow is imperfect. This means that if the peak velocity of the oncoming flow at a point A 

in space occurs at a time tA, at any other point B of a vertical plane normal to the mean 

speed the peak velocity will occur at a time tB ≠ tA. The along-wind force on a large 

structure will therefore be smaller than if the flow were perfectly coherent spatially (i.e., 
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if it were true that tA = tB). The justification for that requirement is far less compelling if 

the building being tested is small in relation to the integral turbulence scale. Indeed, the 

coherence of the oncoming flows over lengths comparable to the building dimensions is 

in this case relatively large. It may therefore be hypothesized that peak aerodynamic 

effects experienced by a small building subjected to a flow whose velocities have 

significant low-frequency fluctuations are not substantially different from those induced 

by flows with mean velocity equal to the peak value of those velocities and no or small 

low-frequency content. Note, however, that for this hypothesis to be warranted the mean 

flow must in both cases simulate reasonably well the atmosphere’s mean shear flow. This 

can be achieved by a variety of techniques that can be independent of wind tunnel 

configuration and are therefore capable of being standardized, a task that has not been 

achieved so far in the U.S. and Canada for wind tunnels  using spires and roughness 

elements. One such technique, used in FIU’s six-fan WoW, is described by Huang et al. 

(2009), and is adaptable for wind tunnel use.  

A second argument may be invoked in favor of resorting to flows with little or no 

low-frequency content.  The ASCE 7 Standard (ASCE, 2005) requires that the ratio 

between integral length scales and building dimensions be the same in the wind tunnel 

and in the prototype. The fact that integral length scales typically achievable in wind 

tunnels are relatively small imposes for typical commercial wind tunnels geometric 

model scales of the order of 1:100. At such scales model dimensions for a residential 

home are of the order of 0.1 m, i.e., not much larger than those of a match box. This 

renders measurements difficult and prone to significant errors. Freeing the geometric 
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scale from constraints associated with the integral turbulence scale offers the significant 

advantage of allowing the use of considerably larger geometric scales than are now 

possible, without violating standard blockage requirements.  

WIND TUNNEL TEST RESULTS 

We consider the pressures induced on the windward face of a relatively small 

building by a flow with mean speed described by a power law and normal to that face. 

We consider two cases: (1) The low-frequency turbulence is approximately similar to its 

counterpart in the atmosphere, and (2) the low-frequency content of the flow is 

negligible, while the mean speed at the eave is equal to the peak wind speed at the eave 

for case (1).  We test the hypothesis that the peak pressures on the windward face do not 

differ significantly in the two cases, provided that the horizontal distance between the 

outermost taps being considered is not too large.  

Figure 1. An Elevation of the 19.05 M  X 3.66 M Building Face and the Taps of Interest 

We chose for this purpose a 1:100 model of a building with a 1:12 slope gable roof and 

with dimensions 3.66 m eave height and 12.20 m x 19.05 m in plan, for which 
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measurements performed in the wind tunnel of the University of Western Ontario were 

incorporated in the NIST aerodynamic database (www.nist.gov\wind, II, Aerodynamic 

Database for Rigid Buildings, NIST Aerodynamic Database, Database from Contributing 

Laboratories). Pressure taps on the 3.66 m x 19.05 m wall were located on two rows: one 

row at 0.6 m below the eave, and one row at 1.52 m above ground level. Figure 1 shows 

an elevation of the 19.05 m x 3.66 m building face and the taps of interest in this study. 

We considered the following sets of taps: (1) the pair of taps located on line 4 of Fig. 1 

(i.e., at the center line of the face of the building); (2) the two pairs of taps located on 

lines 4 and 5; (3) the three pairs of taps located on lines 3, 4, and 5; (4) the four pairs of 

taps located on lines 3, 4, 5, and 6, and (5) the five pairs of taps located on lines 2, 3, 4, 5, 

and 6. The horizontal distances tributary to the sets of taps (1), (2), (3), (4), and (5) are 

1.905 m, 3.81 m, 5.715 m, 7.62 m, and 9.525 m, respectively.  

For the case of mean flow normal to the windward wall represented in Fig. 1 the total 

load associated with set (1) is equal to the sum of the loads associated with the upper tap 

and the lower tap. The total load associated with set (2) can be calculated in the following 

alternative ways. First, by adding to the load associated with set (1) the load, obtained in 

a similar manner, associated with the taps located on line 5. This type of calculation 

accounts for the imperfect coherence between the pressures acting at on lines 4 and 5. 

Second, by multiplying by two the load associated with the taps located on line 4. The 

latter type of calculation assumes perfect coherence between pressures on line 4 and their 

counterparts on line 5. Because the pressures are in fact not perfectly coherent the second 

calculation would be conservative. Similar considerations apply to the sets (3), (4), and 
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(5), in which the second type of calculation would entail the factors three, four, and five, 

instead of the factor two, as for the load associated with set (2). It is clear that the 

approximation inherent in the assumption that the pressures are perfectly coherent is 

closer as the horizontal distance between the outermost taps is smaller. Table 1 shows the 

ratios between the total loads obtained by calculations of the second type and of the first 

type. The ratios are a direct measure of the degree to which the assumption of perfect 

coherence overestimates the total load. 

Note that the imperfect spatial coherence of the pressures depends on the quality of 

the wind tunnel simulation of the flow, and may be different from the spatial coherence in 

actual atmospheric flows. Indeed, it is not uncommon that in the wind tunnel the integral 

turbulence scale is smaller than its scaled prototype counterpart. If this was the case the 

prototype counterparts of the ratios L1/L2 would be closer to unity than those of Table 1. 

Note that the ratios of Table 1 only provide information on loads induced on the 

windward building face, far enough from the corners, by wind with mean speed normal to 

that face. From Table 1 it may be concluded that for buildings or portions thereof with 

dimensions on the order of 10 m the errors inherent in the use of flows with little or no 

low-frequency turbulence content are relatively modest.  
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Table 1.  Ratio 21 / LL of the total load 2L  for sets (1), (2), (3), (4), and (5) calculated by 

assuming perfect spatial coherence, to the corresponding total load 1L  calculated by 

accounting for imperfect spatial coherence     

Set of pressure taps (1) (2) (3) (4) (5) 

Tributary horizontal distance 1.91 3.81 5.72 7.62 9.53 

21 / LL  1.0 1.03 1.05 1.12 1.21 

 

WALL OF WIND TEST RESULTS 

Figure 2. 6-fan Wall of Wind and 2.9 m Testing Cube 

A new full- and large-scale testing apparatus generically named the Wall of Wind 

(WoW) has been built at the International Hurricane Research Center (IHRC), Florida 

International University (FIU). The 6-fan WoW (Fig. 2) is capable of testing large-scale 

building models and full-scale portions of buildings. To develop flow management 

devices efficiently for replicating tropical cyclone (TC) wind characteristics (based on 



 

244 
 

Florida Coastal Monitoring Program (FCMP) data analysis by Yu et al. (2009)) in the 

WoW facility, a small-scale (1:8) WoW model was built, and a series of tests were 

carried out. Application of passive devices such as an outer frame, contraction, and 

inclined horizontal planks, as well as active control in the form of quasi-periodic sums of 

sinusoidal signals designed on the basis of TC wind data analyses, simulated the mean 

and turbulence characteristics of the flow, including Atmospheric Boundary Layer-like 

profiles, turbulence intensities, power spectral densities and gust factors (Huang et al., 

2009). Two fluctuating waveforms were created and used in the small-scale WoW. The 

waveforms W1 and W2 were created by only using one sinusoidal signal and by 

combining three sinusoidal signals, respectively (Huang et al., 2009).  

The knowledge gained from the small-scale WoW was successfully used to enhance the 

full-scale WoW wind field parameters. Five plates (-0.5°, 17°, 17°, 0° and 0° inclination) 

were placed inside the contraction of the revised full-scale WoW configuration to 

generate reasonable mean wind speed profiles (ABL-like profiles). Just as in the small-

scale WoW, the results in full-scale WoW showed that the application of fluctuating 

waveforms could greatly influence the turbulence characteristics.  
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Table 2. Comparison of 6-fan WoW Flow Characteristics for Flat and Quasi-periodic 
Waveforms 

Case 

(Waveform; mean 

rpm) 

Wind speed 

(m/s) 

TIu 

(%) 

( )t,TGF  x
uL  

(m) 

Revised WoW  

(Flat waveform; 

4,000) 

37 

(1-min mean 

speed) 

38 

(3-sec peak gust) 

5 ( )sec3min,6GF = 1.06 

( )sec3min,1GF = 1.04 

37 

Revised WoW  

(W4 quasi-periodic 

waveform; 2,855) 

29 

(1-min mean 

speed) 

38 

(3-sec peak gust) 

24 ( )sec3min,6GF = 1.42 

( )sec3min,1GF = 1.33 

90 

 

Two new waveforms W3 (sinusoidal signal) and W4 (quasi-periodic signal) for full-scale 

WoW were created using scaling parameters. Application of quasi-periodic sums of 

sinusoidal signals, designed on the basis of TC wind characteristics, succeeded in adding 

low-frequency quasi-periodic components to the WoW flow and influencing the 

longitudinal power spectral densities, turbulence intensities, integral length scales, and 

gust factors. The results for flat waveform (with no low frequency content) and W4 (with 

low frequency content) are shown in Table 2. 
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Figure 3. 2.9 m Cube Tap Layout 
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Figure 4. Longitudinal Power Spectral Density Plots for WoW Flow  
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Figure 5. Gust Factors for WoW Flow 

For the current testing the revised full-scale 6-fan WoW was used for the testing 

reported in this paper. Time histories of pressures on a cube with dimensions 2.9 x 2.9 x 

2.9 m were measured in the 6-fan WoW facility in flows simulating winds over terrain 

with suburban exposure. Pressure taps were placed at the intersection between the cube’s 

exterior surface and a vertical plane passing through the center of the roof and normal to 

a face, as shown in Fig. 3. To reduce the cost of running the tests the test duration was 3 

min. Two types of flow were used in each test. The first type of flow (flow 1, referred to 

as “flow with no low frequency content”) was generated using the flat waveform. For the 

second type of flow (flow 2, referred to as “flow with low frequency content”), the low-

frequency velocity fluctuations were obtained by imparting to the fans quasiperiodic 

rotational speeds (generated by W4 waveform) consistent with the low-frequency content 



 

248 
 

of the spectral density of the atmospheric longitudinal velocity fluctuations at eave height 

(Fig.  4). The gust factors comparison is shown in Fig. 5. With the application of W4 

waveform, the estimated turbulence intensity value at 3.0 m height (the average roof eave 

height for typical low-rise residential buildings) was approximately 24% as compared to 

5% for the flat waveform which was much smaller than for atmospheric flows. The 3-s 

peak wind speed for the flow with low-frequency content (generated by quasiperiodic W4 

waveform) was 38 m/s which was comparable to the 3-s peak and mean wind speed of 38 

m/s  and 37 m/s, respectively, for the flow with no low frequency content (generated by 

the flat waveform).  

Thus, the nominal peak velocities in both flows were approximately the same. The 

mean speed profile was approximately the same for both flows. Conceptually, both types 

of flow may be viewed as having the same mean wind speed. However, while for the 

flow with low-frequency content a velocity fluctuation is added onto the mean wind 

speed via quasiperiodic rotations of the fans, in the flow with no low-frequency content 

that velocity fluctuation is replaced by a uniform increment of the mean wind speed equal 

to the peak of the low-frequency velocity fluctuation. Alternatively, the increment of the 

mean speed in the flow with no low-frequency fluctuations may be viewed as a 

fluctuation with zero frequency, meaning that this flow is one in which the entire 

significant frequency content of the flow has been concentrated at zero frequency.  

Pressures were measured for the case of the mean flow speed normal to the face 

containing taps 1 through 6 and at a 45° angle to that face.  The distance between the 
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outermost plane of the WoW and the windward face of the cube was 2.74 m. The time 

history of the pressures over the 3-min duration was recorded at each tap.  

Table 3. Ratios R = a/b, where a and b are 95 percentile peak pressures in flows with no 
low frequency content and with low-frequency content, respectively. Mean speed at 90º 
and at 45º to windward face. Nominal flow duration: 60 min.                                                                      

Tap 1 2 3 4 5 6 7 8 9 10 

R  
(90º) 

1.07 1.38 1.21 1.06 0.9 1.03 1.26 1.08 1.51 
1.39 

R  
(45º) 

1.18 1.25 1.25 1.12 1.15 1.41 1.06 1.33 0.99 
0.80 

Tap 11 12 13 14 15 16 17 18 19 

R  
(90º) 

1.46 1.77 1.42 1.40 1.01 0.97 1.13 1.36 1.41 

R  
(45º) 

0.86 1.14 1.33 1.04 0.98 1.09 1.08 1.13 1.21 

To achieve meaningful comparisons the 95th percentile values of the peak pressures for a 

60-min record were estimated from the 3-min time histories by using the method 

developed by Sadek and Simiu (2003). Software for the implementation of this method is 

available on www.nist.gov/wind, III.B.  

Table 3 lists the ratios R between the maximum of the absolute values of the peak 60-

min pressures obtained for the two flows (R = result for flow 1 / result for flow 2). As 

expected, the results corresponding to the 60-min nominal flow with no low frequency 

content (flow 1) tend to be conservative. However, the conservative bias is not 

insignificant in some instances. Note that for tap 12 the ratio is very large (R=1.77); in 

this case, for flow with low-frequency content the peak pressures at tap 12 are small 
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(about 20 % of the peak windward pressure at tap 4), so the difference between the peak 

pressure in the two types of flow, while significant, is unlikely to influence the design. A 

judgment is required on whether the bias is acceptable in relation to errors, in many 

instances on the unconservative side, between results obtained in different wind tunnels 

or even in the same wind tunnel (Fritz et al., 2008; Surry et al., 2003), and between wind-

tunnel based pressure estimates and pressures specified in the ASCE 7 Standard (St. 

Pierre et al., 2005; Ho et al., 2005; Coffman et al., 2009). Note that comparisons between 

conical vortices on a flat roof reported by Kawai (1997) showed that results for the 

smooth flow case were conservative in relation to those obtained in turbulent flows. The 

results of Table 3 suggest that testing in flow with no low-frequency fluctuations has the 

potential of yielding pressures that could be used for design purposes in lieu of pressures 

obtained in flow simulating atmospheric low-frequency velocity fluctuations. However, 

before a definitive assertion can be made to this effect, it will be necessary to subject the 

results reported herein to careful scrutiny via additional testing to be performed in the 

future. 

CONCLUSIONS 

The question arises whether it is desirable to use for the testing of residential homes 

and other low-rise buildings or portions thereof flows that attempt to simulate low-

frequency fluctuations. The drawbacks of tests in such flows are the following. First, they 

induce errors in the estimation of the pressures. These errors tend to be significantly 

larger than the overall conservative bias inherent in the use of flows with no low-

frequency fluctuations. Second, flows that attempt to simulate low-frequency fluctuations 



 

251 
 

affect adversely the repeatability of the tests. To achieve repeatability across laboratories 

a standard flow simulation protocol for low-rise buildings would have to be used. Largely 

because it would require uniformity not only in the roughness of the wind tunnel floor 

and the configuration of the spires, but also in the type and size of the wind tunnel 

facility, no such protocol has been established so far in the U.S. or Canada. On the other 

hand, standardization may be achievable for passive devices controlling the creation of 

mean wind speed profiles (e.g., devices such as those described in Huang et al., 2009). 

Third, the simulation of low-frequency turbulent fluctuations imposes severe constraints 

on the geometric model scale, which unavoidably entail additional errors in the 

estimation of aerodynamic effects. These constraints are eliminated for flows with no 

low-frequency fluctuations. Fourth, most residential homes are located in suburban 

environments, and the flows affecting a particular building are not text-book atmospheric 

boundary layer flows, but rather flows powerfully affected by the presence of other 

buildings and/or, e.g., trees and parked cars. Research on wind effects on low-rise 

buildings within such environments remains to be performed, and should be accounted 

for when making decisions on aerodynamic simulations of wind effects on low-rise 

structures. The nature of flows in such complex environments can be studied far more 

effectively at the larger scales allowed by simulations with no low-frequency flow 

fluctuations.  

A debate on the issue of testing buildings with small dimensions for wind loads is 

warranted. This work is intended to be an exploratory contribution to such a debate. The 

tests results reported in this paper suggest that the proposed type of testing wherein the 
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flow has weak or no low-frequency content is conservative; the differences with 

pressures obtained in testing with conventional flows appear to be, typically, modest but 

can in some instances be high, particularly for relatively small absolute values of the 

pressures. Such differences may be acceptable, but to reach definitive conclusions more 

thorough testing than was conducted in this exploratory project will be necessary. 

Additional research will concentrate on the appropriate ratios between mean speeds in the 

flows with and without low frequency content. In the authors’ opinion further research 

into the issue raised by this paper is warranted because current large differences between 

aerodynamic coefficients specified in standards on the one hand and those measured in 

the laboratory on the other can affect significantly the safety of residential homes as well 

as the estimation of wind-induced losses in strong winds. 

 

 

 

NOTATION 

The following symbols are used in this paper: 

tA or tB          =       time at point A or B 

1L  or 2L        =       total load;  

R                    =       ratios between the maximum of the absolute values of the peak 60-

min pressures obtained for the two flows (without or with low 

frequency content) 
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