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Abstract. A new full scale testing apparatus generically named the Wall of Wind (WoW) has been built
by the researchers at the International Hurricane Research Center (IHRC) at Florida International
University (FIU). WoW is capable of testing single story building models subjected up to category 3
hurricane wind speeds. Depending on the relative model and WoW wind field sizes, testing may entail
blockage issues. In addition, the proximity of the test building to the wind simulator may also affect the
aerodynamic data. This study focuses on the Computational Fluid Dynamics (CFD) assessment of the
effects on the quality of the aerodynamic data of (i) blockage due to model buildings of various sizes and
(i1) wind simulator proximity for various distances between the wind simulator and the test building. The
test buildings were assumed to have simple parallelepiped shapes. The computer simulations were
performed under both finitte WoW wind-field conditions and in an extended Atmospheric Boundary Layer
(ABL) wind flow. Mean pressure coefficients for the roof and the windward and leeward walls served as
measures of the blockage and wind simulator proximity effects. The study uses the commercial software
FLUENT with Reynolds Averaged Navier Stokes equations and a Renormalization Group (RNG) k-¢
turbulence model. The results indicated that for larger size test specimens (i.e. for cases where the height
of test specimen is larger than one third of the wind field height) blockage correction may become
necessary. The test specimen should also be placed at a distance greater than twice the height of the test
specimen from the fans to reduce proximity effect.
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1. Introduction

Central to FIU’s research is the development in stages of full-scale testing facilities of the type
generically called Wall of Wind (WoW), capable of producing hurricane level winds, in
conjunction with wind-driven rain and wind-borne debris. The WoW, capable as it is of testing to
failure entire structures at full scale, is an effective way of acquiring the experimental knowledge
needed to mitigate hurricane damage in real buildings, and of powerfully demonstrating the
damage wreaked by hurricanes on buildings as well as the dramatic loss reductions inherent in
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effective mitigation measures. As a first phase of this development effort, the International
Hurricane Research Center (IHRC) team at Florida International University (FIU) has built a full-
scale 2-fan WoW facility (Figs. 1(a) and 1(b)) for testing small structures and assemblies,
including roof fascias, barrel tile roofs, hurricane mitigation products, and Florida Power & Light
utilities, (Gan Chowdhury, et al. 2009a and 2009b). Building on this experience FIU has
subsequently built a larger, more powerful Renaissance-Re 6-fan WoW generating up to category 3
hurricane winds and wind-driven rain (Huang, et al. 2009, Bitsuamlak, et al. 2009) with sufficient
wind field size to engulf a small single-story building (Figs. 1(c) and 1(d)). To house this and
future larger WoW systems, a 30.5 x 24.4 x 10.7 m building is under construction at FIU. The
North and South faces of the building consist largely of folding doors that will remain open during
operation/testing. The WoW will be located on the South end. A dynamically controllable 4.9 m
diameter turntable is located 2.7 m downstream of the WoW. Test buildings will be placed on the
turntable to allow simulation of the effect of wind directionality. The WoW system forms a large
open circuit system during operation. Further expansion and improvements on the current design
of WoW using more number of fans are underway with financial support from the State of Florida
Legislature. A 1:8 scale replica of the current 6 fan WoW has been built (Fig. 2) to help design
flow management components (contraction, airfoil layouts, etc) before testing and implementing
them at full-scale on the 6-fan WoW (Huang, et al. 2008, 2009). This approach has been found to
be efficient and economical. In this study, it is not the intention to use the reduced-scale model of
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Fig. 1 Wall of Wind full-scale testing facility
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Fig. 2 Six-fan WoW small-scale (1:8) model

the WoW yet.

Testing larger test specimens within the finite WoW wind field, either to achieve Reynolds
number similarity or to assess performance of full-scale building components under wind, wind-
driven rain, and debris impact resistance, may entail blockage issues. The blockage effect discussed
in the present study is concerned with the size of the test specimen compared to the finite size of
the wind field generated at the inlet. The need to keep the test specimen as close as possible to the
wind simulator in order to subject the test model to strong wind before it diffuses and loses its
strength may also affect the quality of the aerodynamic data. The objectives of this study are,
therefore, to assess computationally (i) the blockage effect as a function of the size of the test
specimens, and develop correction strategies for those cases where those effects are significant, and
(ii) the wind simulator proximity effect for various distances between the wind simulator and the
test building, and develop proper test guidelines to ensure that this effect is acceptably small. The
evolution of computational wind engineering (CWE) based on computational fluid dynamics (CFD)
principles is making numerical evaluation of wind effects on built environment a potentially
attractive proposition. This is particularly true in light of the positive development trends in
hardware and software technology, as well as numerical modeling. Significant progress has been
made in the application of CWE to evaluate wind loads on buildings (e.g. Murakami and Mochida
1988; Selvam 1997; Stathopoulos 1997; Wright and Easom 2003; Camarri, et al. 2005; Tamura
2006; Tutar and Celik 2007; El-Okda, et al. 2008; Tominaga, et al. 2008a; Céstola, et al. 2009 and
others). Significant progress has also been made on the evaluation of wind load modifications due
to topographic elements (Bitsuamlak, er al. 2004, 2006). Some countries have already established
working groups to investigate the practical applicability of CWE and develop recommendations for
their use for wind resistant design of actual buildings and for assessing pedestrian level winds,
within the framework of the Architectural Institute of Japan (AlJ) (Tamura, ef al. 2008, Tominaga,
et al. 2008b) and the European cooperation in the field of scientific and technical (COST) research,
Franke, et al. (2007). Further, AlJ provides methods for predicting wind loading on buildings by the
Reynolds Averaged Navier Stokes equations (RANS) and LES. Practical applications of CWE are
widespread in areas such as pedestrian level wind evaluation Chang (2006), Lam and To (2006),
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and Blocken and Carmeliet (2008), where only the mean wind speeds are required for evaluating
pedestrian comfort Stathopoulos and Hu (2004). CWE applications for wind driven rain are reported
by researchers such as Choi (2000), and Blocken and Cameliet (2004). Some CFD wind flow
studies for urban neighborhood include Zhang, et al. (2006), Huang, et al. (2006), and Jiang, et al.
(2008). While most of studies mentioned above focus on straight winds, studies by Lin and Savory
(2006), and Hangan and Kim (2008) focused on simulation of downburst. Other common uses of
CWE, to which the present study belong to, include augmentation of experimental wind engineering
research: Sengupta and Sarkar (2008) augmented their microburst and tornado wind simulator
facility with numerical simulation; Moonen, et al. (2006, 2007) used CFD to assess quality of wind
tunnel flow conditions and design of wind tunnels. Merrick and Bitsuamlak (2008) used numerical
simulation to facilitate selection of an artificial surface roughness length to be applied on curved
surfaced buildings during wind tunnel testing as a means to compensate for High Reynolds number
effects that is usually missing from low wind speed tunnels. Okajima, et al. (1997) computationally
assessed the effects of blockage pertaining to the effect of tunnel walls on various aerodynamic
features.

In the present study, numerical wind flow simulations around parallelepipeds of various sizes, and
located at various distances from the wind simulator and engulfed inside the numerical WoW and
Atmospheric Boundary Layer (ABL) model have been carried out. In parallel, work is in progress
to study the blockage and proximity effects experimentally by using the 1:8 scale small WoW
replica in conjunction with the full-scale WoW. When they become available, the test results will be
used to validate the Computational Fluid Dynamics (CFD) studies, following the approach of
Bitsuamlak (2006). In the mean time, wind tunnel data from literature has been used to validate the
present numerical models, resulting in a reasonable agreement with the CFD simulations, as will be
discussed in section 3. Previous computational blockage assessments for wind tunnels include
studies by Okajima, et al. (1997) pertaining to the effect of tunnel walls on various aerodynamic
features as mentioned earlier. In the present blockage and wind simulator proximity effect study,
however, the focus is on the effect of the size of the test buildings with respect to the finite size of
WoW wind field and test building’s proximity to the wind simulator. The WoW wind field can for
practical purpose be considered to be a wind jet generated by an array of fans with controlled wind-
profile characteristics.

2. Numerical modeling

The commercial software FLUENT 6.2 was utilized for the present numerical simulation, and the
governing equations employed were the Reynolds Averaged Navier-Stokes (RANS) equations,
together with the Renormalization Group (RNG) 4-¢ turbulence model. For blockage assessment
studies, the upstream (U/S), top, downstream (D/S), and two sides of the computational domain
(CD) were set to 3.5H, 7H, 10.5H, and 5.5H from the center of the base of the parallelepiped,
respectively, as shown in Fig. 3, where H is the parallelepiped height under investigation, as shown
in Fig. 4. For wind simulator proximity assessments, cubical buildings with windward faces located
at H, 2H, 3H, 4H and 5H from the wind source (fans) were considered, as shown in Fig. 5. For
wall bounded flow, Fluent 6.2 provides two different approaches for modeling flows in the inner
viscous layer, i.e. use of wall functions or near-wall modeling based on the non-dimensional wall
units. The first grid point y, is placed at 0.01 m from the surface of the test specimen and
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Fig. 3 Computational Domain (CD) and boundary conditions as defined by FLUENT

Computational Domain U/S face:
. (also same as ABL wind-field size:
Cases 1A, 2A. and 3A)

WoW wind-field size:
(Cases 1B, 2B and 3B)

- \

/

Y g | Par.:Case2
3HDT ‘f | <

Par.: Case 1

| \/ Par.: Case 3

b
b 11H» .

x

Fig. 4 Sizes of test parallelepipeds and wind-fields at the inlet used for blockage assessment studies. Note
that only the grey building has been used for wind simulation proximity assessment

unstructured grids of hexagonal type were used for the CFD simulation. Considering the computational
cost in resolving the inner layer, standard wall functions has been used in all present simulations by
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Fig. 5 Test cube windward face distances from the wind simulator (fans) for different simulation cases (Hb,
2Hb, 3Hb, 4Hb, and 5Hb for Cases 4, 5, 6, 7 and 8 respectively)

maintaining the wall unit y+ between 30 and 500. In addition, the inlet power law velocity profile
with exponent @=0.25, a turbulence intensity TI=12%, and a 10 m integral length scale were
assumed. The latter is less than the typical accepted value for suburban terrain, owing to the need to
limit to a minimum the computational domain (CD) size -- assumed to be three times the length
scale -- to reduce computational time. These are reasonable assumptions considering the comparative
nature of this study. When simulating the ABL, the velocity inlet profile as described above was
applied to the whole upstream face of the computational domain. However, when simulating the
WoW flow, the application of the velocity inlet was limited to the 12 m x 9 m area of the U/S face
of the CD representing the WoW type wind-field condition, as shown in Fig. 3; on the remaining
inlet area the atmospheric pressure condition was applied.

A segregated pressure-velocity solver has been used to all the discretization schemes. Pressure
interpolation is standard and second order upwind and third order MUSCL schemes were used
for convection and momentum terms respectively. The convergence criterion has been limited to
107

For blockage assessment studies, computational models mimicking the WoW and the ABL test
model conditions were developed for the three cases shown below. It is to be noted that the
blockage effect discussed in the present study is concerned with the size of the test specimen
compared to the finite size of the wind field generated at the inlet (see Fig. 4).

Case 1A - Base case for a 3 x 3 x3 m (height x width x depth) cube placed in ABL wind-field
condition (for this case H=H,=3 m);

Case 1B - Same as Case 1A but placed inside WoW wind-field condition;

Case 2A - A 4 x4 x 3 m (height x width x depth) parallelepiped placed in ABL wind-field condition
(H=1.33Hy);
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Case 2B - Same as Case 2A but placed inside WoW wind-field condition;

Case 3A - A 5 x5 x3 m (height x width x depth) parallelepiped placed in ABL wind-field condition
(H=1.66H,);

Case 3B - Same as Case 3A but placed inside WoW wind-field condition.

For wind proximity effect studies, computational models mimicking the WoW and the ABL test
model conditions for the 3 x 3 x 3 m base cube were developed for the following three cases:

Case 4A - Windward face of base cube located at distance H from the wind simulator and placed
in ABL wind-field condition;

Case 4B - Same as Case 4A but placed inside WoW wind-field condition;

Case 5A - Windward face of base cube located at distance 2H from the wind simulator and placed
in ABL wind-field condition;

Case 5B - Same as Case 5A but placed inside WoW wind-field condition;

Case 6A - Windward face of base cube located at distance 3H from the wind simulator and placed
in ABL wind-field condition (note this case is the same as Case 1A);

Case 6B - Same as Case 6A but placed inside WoW wind-field condition (note this case is the
same as Case 1B);

Case 7A - Windward face of base cube located at distance 4H from the wind simulator and
placed in ABL wind-field condition;

Case 7B - Same as Case 7A but placed inside WoW wind-field condition;

Case 8A - Windward face of base cube located at distance 5SH from the wind simulator and placed
in ABL wind-field condition;

Case 8B - Same as Case 8A but placed inside WoW wind-field condition;

Fig. 4 describes the relative size of the parallelepipeds relative to the WoW wind-field
(5Hy, x 3Hy) and the ABL wind-field (11H x 7H) for Cases 1 to 8, where H, represents the height
of the base cube (H,=3 m) and H represents the height of the study building for each case. Note
that the depth (along the wind flow direction) of all the parallelepipeds considered in the present
study is 3 m. Fig. 5 describes the distances from the windward face of the study base cube
(3 x 3 x3 m) from the wind simulator used for cases 4, 5, 6, 7 and 8. In all simulations the wind
direction was perpendicular to the upwind face of the parallelepiped. Although the parallelepiped
has simple geometry, it represents the complex bluff-body aerodynamic characteristics of a real
building. In addition, several experimental studies and results are available for parallelepipeds,
which allow the validation of results from the present study against values available in the
literature.

3. Results and discussion

To validate the present simulation, results for the base case (i.e. Case 1A) have been compared
with experimental results from the literature, as shown in Fig. 6, which also contains numerical
results obtained by other researchers. Mean pressure coefficients normalized by reference velocity
(Up=29.43 m/s) at the building height measured at the inlet boundary location for the center vertical
lines at U/S and D/S faces of the parallelepiped (i.e. AB and CD) and center horizontal line at the
roof (i.e. BC) of the parallelepipeds were used for the comparison. As shown in Fig. 6, the results
from previous studies that utilized LES (Lim, et al. 2009) or RNG k-& (Wright and Easom 2003) is
in better agreement with the boundary layer wind tunnel BLWT data compared to standard k-&
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Fig. 6 Comparison of mean wind pressure coefficients: Experimental measurements and numerical simulations
by using several turbulence models

model (Wright and Easom 2003). The latter over predicted the pressure coefficients on the
windward wall and the roof. In the present study RNG k-& has been opted due to its relatively good
agreement with BLWT compared to Standard k-& and relatively lower computational resource
demand compared to LES. As can be seen from Fig. 6, the present simulation (Case 1A) is in good
agreement with boundary layer wind tunnel (BLWT) data from the literature, represented by the
grey region. In comparison to full-scale testing (Richards, et a/. 2007) the numerical result gives
less accurate pressure coefficient values for the roof (Root Mean Square Error -RMSE=0.222)
compared to the windward wall (RMSE=0.131) and leeward wall (RMSE=0.146) similar to reports
in literature (Stathopoulos 2003, Bitsuamlak 2006). However it is to be noted that these errors are in
similar order of magnitude with that of the variations observed in pressure coefficients measured in
wind tunnels. When examining the CFD results it is necessary to account for the variations within
the experimental data, described by the grey region of Fig. 6. It is to be noted that this comparison
is made only to give an indicator on the quality of CFD value compared to industry wide accepted
wind tunnel measurements from literature no additional effort was made in the present study to
verify the quality of the wind tunnel measurements.

Following the comparisons of the numerical simulations with results from the literature, the
blockage assessments were pursued. The velocity contours for Case 1 are shown in Fig. 7. Figs.
7(a) and 7(b) show the contours on a horizontal plane at mid-height of the cube. Similarly, Figs.
7(c) and 7(d) show the contours on a vertical plane passing through the center of the cube. Fig. 8
shows the path-lines for the recirculation zones for Case 1. Qualitatively, there is generally good
agreement in terms of size of recirculation length behind the parallelepipeds. Quantitatively, Fig. 9
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(a) Case 1A (ABL) — Horizontal plane at mid-height of the parallelepiped.
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(b) Case 1B (WoW) — Horizontal plane at mid-height of the parallelepiped.

Fig. 7 Wind velocity contour plots for ABL and WoW simulation

shows mean pressure coefficient comparisons for Cases 1A (ABL) and 1B (WoW). As can be seen
from the figure, there is a very good agreement between the two, confirming the viability of using a
proper wind-jet flows generated by using the WoW system with proper turbulence and boundary
layer generation schemes representing ABL conditions. Figs. 10 and 11 show similar results for
Cases 2 and 3, respectively. Slight differences in mean pressure coefficients (Cp values) were
observed for Cases 2 and Case 3 at the roof and leeward wall. These differences could be due to
blockage or inadequacy of the basic type of turbulence model used in the present study. This
remains to be verified through use of better numerical models such as Large Eddy Simulation
(LES). The authors are currently working on an experimental investigation using the 1:8 scale WoW
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(c) Case 1A (ABL) — Vertical plane at the center of the parallelepiped.
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(d) Case 1B (WoW) — Vertical plane at the center of the parallelepiped

Fig. 7 Continued

replica and the full-scale WoW. Once the sources of these differences are identified, proper
corrections can be applied when testing larger models.

Finally, the wind simulator proximity assessments were pursued. Similar to the blockage
assessments, mean Cp values extracted from the center vertical lines at U/S and D/S faces of the
parallelepiped (i.e., AB and CD) and the center horizontal line of the roof (i.e., BC) were used
for comparison purposes. The mean Cp values for Cases 4, 5, 6, 7 and 8 were compared with the
wind tunnel data obtained from the literature as shown in Fig. 12. There is generally good
agreement between the CFD and the wind tunnel data for Cases 5, 6, 7 and 8. For Case 4,
however, the comparison revealed exaggerated Cp values in the windward wall. This means that
the pressure coefficients at the windward wall were created by higher wind speed than the wind
speed used to obtain the pressure coefficients. It is to be recalled that wind speed measured at H
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Fig. 8 Wind velocity path-lines and recirculation zones

ft from ground (H= cube height) before placing the cube in the testing position has been used to
obtain the pressure coefficients. This is believed to be due to the close proximity of the test cube
to the wind simulator blocking the flow before it expands upwards and to the sides thus resulting
in a higher velocity that created the pressure system compared to the wind speed used for
obtaining the pressure coefficients. Compared to windward wall, the roof Cp values were less
sensitive to test building proximity to the wind simulator as can be seen in Fig. 11. The
insensitivity of the roof pressures to the proximity of the wind simulator is believed to be due to
localized flow effect such as flow separation at the roof level, which is less independent of the
proximity parameter. For Cases 5, 6, 7 and 8, where the test cube was placed at >2H distance
from the wind simulator, the exaggerated positive pressure disappeared. Thus, it may be concluded
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Fig. 9 ABL and WoW mean pressure coefficient comparisons for Case 1 (3x3x3 m cube)
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Fig. 10 ABL and WoW mean Cp comparisons for Case 2 (4x4x3 m parallelepiped)

that to obtain a good quality aerodynamic data on walls, the models needs to be placed at a
distance of more than 2H from the wind simulator. However, for roof or roof top equipment tests
the aerodynamic data are less sensitive to the proximity of the test-specimen to the wind
simulator.
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Fig. 11 ABL and WoW mean Cp comparisons for Case 3 (5x5x3 m parallelepiped)
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Fig. 12 ABL and WoW mean Cp comparisons for Cases 4, 5, 6, 7 and 8 with wind tunnel data from literature

4. Conclusions

The following guidelines and observations based on the present study are warranted:
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(i) Pressure coefficients were reasonably reproduced. It was noted that the RMSE at the wind- and
lee-ward walls (0.131 and 0.146 respectively) were better than the RMSE at the roofs (0.222).

(ii) For large test models, i.e. for cases where the height of the test model is larger than one third
of the wind field height, carrying out proper blockage assessments is necessary.

(iii) Test buildings shall be preferably located at least 3H from the wind source (fans). If the
model is placed closer than 3H, the quality of the aerodynamic data particularly in the windward
wall can be compromised and appropriate correction needs to be applied. The roof aerodynamic
data appears less sensitive compared to the windward wall.

These guidelines may be followed when conducting similar studies. The present study is limited
to mean characteristics. In the future detailed validation focusing on the transient characteristics as
well will be carried out by comparing the CFD results with 1:8 WoW replica and full scale WoW
blockage and wind source proximity data.
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