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environmental impact through better informed design.

Darren A 20064 #2 TF % 471 5 4 AR 45 5 %5 & IR/ 3] (WR)
AR L. EHEALN, Darenfi iy TR
Haf &it. HEREA¥. SAA¥. Bt
Wit L A i, FE BAIRARELEMT
#. Darrens 77 AL 47 5/ 8] 72 8 3 o R L T A2 4B 0
TiH . AK20084 4, fTFih 61 FTWRA ] 2 A 4B
WIR, TrTHEGEARSKITREREDN, AT
B EF AT

Jon Winchester is the Chief CFD Engineer at Wirth
Research, with responsibility for development and
maintenance of CFD methods and tools across all
aerodynamic projects within the company. Jon has a
leading role developing the growth of Wirth Research’s
high resolution architectural CFD capability, and has
worked on projects concerned with tall buildings,
master planning, pedestrian comfort and natural
ventilation with a range of International architects
including Foster & Partners.

Jon Winchester2WR/A ] B9 & & 1T Stk 4 % TR

i, SFIERASFRGEAF R ES, Rt
AHAME RN AFETE. Jon SMEWRA BB

RS ER A FABRBT L, tEBEEE
H. WMAAK . TAGFERE. BRAERARE %
B Fr s g e SRR 61F, R+ aE5EFE
0% % BT (Foster & Partners) # A1k .

Abstract

Accurate analysis of the aerodynamic effect of tall buildings is vital for the sustainable
development of the vertical urban habitat. The established analysis methods are wind tunnels
and low-resolution CFD. Wind tunnels are unable to operate at anything approaching full
scale, which inhibits their ability to re-create the correct Reynolds number regime and capture
boundary layer driven separation. Low resolution CFD cannot capture all of the relevant
details which may cause geometry driven separation. High resolution CFD takes advantage
of recent advantages in super-computing to accurately model realistic flow conditions at full
scale. It can mimic wind tunnel results at small scale, whilst also providing the ability to go
far beyond the limits of wind tunnels without any loss of fidelity. When coupled with world-
class aerodynamic expertise, it provides better information, to inform faster, higher quality
decisions at all stages of the process.

Keywords: High-Resolution Architectural CFD, Building Aerodynamics, Flow Separation,
Wirth Research
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Tall Building Aerodynamics with High
Resolution CFD

Between 2000 and 2013 the global number
of tall buildings (over 200m) increased

from 261 to 829. Since 2010 at least 69 new
tall buildings have been added each year
(CTBUH 2014). For buildings of this size, their
aerodynamic response to high winds is of
paramount importance, as the unstable forces
caused by vortex shedding can be substantial.
Tall buildings can also significantly accelerate
the wind speeds near ground level, and cause
discomfort to pedestrians, which needs to

be mitigated. Typically, the options available
for aerodynamic analysis of tall buildings

are wind tunnels and standard-resolution
Computational Fluid Dynamics (CFD).

Wind tunnels have the advantage of being
an established technology, with practices
and techniques developed over many years
of experience. They are, however, limited by
size and can only operate at small scale. For
instance, even at 1/250 scale, a model of Burj
Khalifa (832m) will be over 3.3m tall.
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Most standard-resolution CFD is typically performed on a desktop PC,
and will be able to find solutions for meshes of approximately 20 million
cells in a matter of days. At this resolution, there is a constant trade-off
between accuracy and speed, and subsequently this tool falls short of
the level required for consistent use throughout the design process.

Recent advances in super-computing have unlocked the potential

of CFD, and high-resolution CFD is now a realistic option. High-
resolution CFD uses parallel processing across many cores of a High-
Performance Computing (HPC) system. With high-resolution CFD it
is possible to solve meshes of over 1 billion cells in a matter of hours.
This paper is concerned with the potential for use of high-resolution
CFD in the design of tall buildings.

The primary feature of the aerodynamic behavior of a tall building is
the point at which the flow around the building separates and a wake
is formed. Flow separation can be boundary layer driven, or geometry
driven. For an aerodynamic tool to be truly useful in building design, it
needs to be able to accurately capture both of these phenomena.

Boundary Layer Driven Separation

Cylinder Flow. One of the most conceptually simple, yet physically
complicated, flow conditions to model is that of the flow around a
circular cylinder. As a cylinder does not have any edges, to “trip”the
flow, any separation that occurs is entirely boundary layer driven.
How a boundary layer is expected to behave is determined by the
Reynolds number, Re, which is the ratio of inertial forces to viscous
forces within the boundary layer.

Re = plVc/u

Where p is the fluid density, Vis the freestream fluid velocity, c is a
characteristic length (the diameter, in the case of a circular cylinder)
and u is the dynamic viscosity of the fluid. The flow around a cylinder
can be described by 4 distinct regimes, “sub-critical’, “critical’, "super-
critical”and "hyper-critical” (also known as “trans-critical”). These
regimes, as well as a review of wind tunnel experiments on circular

cylinders, were described by Polhamus (Polhamus 1984).

For“sub-critical”flow (Re < 2x105), the flow within the boundary layer
is entirely laminar. In this case the flow separates early (approximately
80°), which results in high cylinder drag and vortex shedding with a
distinct, dominant period.

For“critical”flow (2x105 < Re < 4x105), the boundary layer experiences
transition from laminar to turbulent flow. This regime is characterized
by the formation of a “laminar separation bubble’, where the flow
transitions to turbulent after the laminar separation point, and briefly
re-attaches prior to the separation point at approximately 130°. During
this regime the drag reduces significantly, and the vortex shedding
loses its dominant periodicity to become random “wide-band” In this
regime, the flow is highly sensitive to Reynolds number.

For“super-critical” flow (4x105 < Re < 6x106), the boundary layer is
entirely turbulent. Initially, the cylinder drag is low and the vortex
shedding is “wide-band”random. The separation point moves
upstream to approximately 115° and the drag rises steadily. At the
upper end of this regime (Re > 3.5x106), the drag levels out and the
vortex shedding stabilizes to “narrow-band” random.

"Hyper-critical” flows (Re > 6x106) are beyond the scope of most
conventional wind tunnels, but can be investigated experimentally
using different fluids, such as Freon. In this regime, the random vortex
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shedding of the “critical”and “super-critical” regimes is replaced by
“quasi-periodic”vortex shedding, and the drag is reduced.

The majority of tall buildings will be within the “hyper-critical” regime.
For instance, if a cylindrical building (such as 8 Shenton Way, aka Axa
Tower, Singapore) is represented by a cylinder of 50m diameter, then

it could reasonably be assumed that it will be regularly subject to

wind speeds of ~10m/s at 200m height, where the density of the air
could typically be ~1.15kg/m? and the dynamic viscosity ~1.8x10-5
kg/m s. This would have a Reynolds number of 3.2x107, which is far
beyond the scope of a traditional wind tunnel. Combined with the
importance of creating a realistic Atmospheric Boundary Layer (ABL), it
is highly unlikely to be possible for a wind tunnel to capture the correct
boundary layer flow regimes experienced by a tall building at full scale.

High Resolution CFD of a Cylinder. To investigate the requirements for
accurate capture of boundary layer separation around a high Reynolds
number cylinder, a validation study was performed against published
wind tunnel data for a cylinder at the lower end of the "hyper-critical”
range (Jones et al 1969). The cylinder used had Reynolds number of
8.4x106 and was aerodynamically smooth.

As vortex shedding frequency was a key point for investigation, the
simulations were run transient using Detached Eddy Simulation

(DES). DES is a higher order turbulence model, which allows accurate
modeling of the turbulent structures in wake regions. The CFD was
run with 3 levels of mesh; coarse (40 million cells), medium (60 million
cells) and fine (80 million cells). It should be noted that even though it
is referred to as coarse here, the “coarse”run is of significantly greater
resolution than could be solved in a timely manner by most standard
resolution CFD (typically limited to 20 million cells).

When looking at the pressure distribution on the surface of the
cylinder (see Figure 1), it is apparent that the magnitude and location
of the minimum pressure (at approximately 80°) is sensitive to

mesh size. From this it is apparent that at least the medium mesh is
necessary in order to capture these factors accurately. From analysis
of the wake structures (see Figure 2), it is apparent that, even if the
medium mesh is used, fewer flow structures are captured than by the
fine mesh case (the importance of this will be magnified significantly
if there are multiple buildings downstream and upstream of the
building of interest). This demonstrates a direct correlation between
the mesh grade, and the quality of information generated, which will
facilitate better design decisions.

Geometry Driven Separation

The CAARC Standard Tall Building Model. In many cases, flow
separation is not driven by the boundary layer, and is instead caused
by specific geometric features such as sharp edges or ridges. In the
presence of features of this type; a sudden change in the shape of an
aerodynamic surface can cause an adverse pressure gradient, which
leads to flow separation.

A good test case for a building which is likely to experience geometry
driven separation is the Commonwealth Advisory Aeronautical
Research Council (CAARC) standard tall building model. The CAARC
model is a rectangular cuboid (a typical profile of many tall buildings)
measuring 30.48m x 45.72m in plan, and of height 182.88m. It was
proposed in 1969 as a standard model which could be used as

a test case for different wind tunnels and modeling techniques.
Consequently there is a large body of test data which can be drawn
upon regarding this building.
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Figure 1. Measured pressure coefficient values for mid plane of a circular cylinder.
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Figure 2. Vortex shedding in the wake of a circular cylinder.
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Figure 3. Measured drag coefficient values for 1/250 scale CAARC standard tall building.
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The majority of comparable wind tunnel data is available at between
1/250 and 1/1000 scale, although some of these do not have
comparable turbulent length scales for the building scale (Obasaju
1992).

High Resolution CFD of CAARC Standard Tall Building Model. To
investigate the requirements for accurate prediction of geometry
driven separation, high resolution CFD was performed of the CAARC
standard tall building model at 1/250 scale.

The data source used (Obasaju 1992) was chosen due to its relatively
large scale (1/250), which is well matched by the turbulent length
scales measured. This data set is mainly concerned with time-averaged
drag values, so Reynolds-Averaged Navier-Stokes (RANS) was the

main tool used (RANS provides a steady state solution, with transient
fluctuations smoothed out). To highlight any features which RANS
(which is the only viable tool in most standard resolution CFD) may
miss, a DES run of the same geometry was also performed.

The 1/250 scale CFD used 4 meshes. The finest of these, “fine’, had an
evenly distributed mesh of 1.225mm edge length on the building
surfaces (~300mm at full scale, which is the recommended edge
length for use in high resolution architectural CFD). This volume mesh
consisted of 73 million cells. The “medium”mesh had double the edge
length (2.45mm) and consisted of 12 million cells, and the “coarse”
mesh had double the edge length again (4.9mm) and consisted of

2 million cells. The fourth mesh was created in accordance with the
guidelines of the European Co-Operation in Science and Technology
(COST) Action 732 (Franke et al 2007), which states that 10 cells per
building side is necessary. As the minimum dimension of the 1/250
scale CAARC model is 122mm, this equates to 12.2m edge length,
which results in a volume mesh of 0.3 million cells (known from here as
the COST mesh).

The drag results (see Figure 3), show that if the fine mesh is used, the
drag coefficient is within 0.001 of the experimental results. The Cd
error is 0.006 for the medium mesh and 0.018 for the coarse mesh (at
full scale, in 10m/s wind, this equates to an error of ~250N for the fine
mesh ~2.4kN for the medium mesh and ~9kN for the coarse mesh).
The COST mesh is closer to the experimental result than the coarse
mesh result. This should be treated with caution, however, as it is
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apparent that for anything coarser than the medium mesh the solution
is highly mesh dependant, which could have serious implications for
the repeatability of any options run using a mesh of this resolution.

Running the solution in DES shows the transient flow features which
cannot be captured by RANS (see Figure 4). These images show
regions of constant Lambda-2 criterion, which is a standard method of
vortex visualization, colored by total pressure. While the general shape
and pressure distribution of the wake in the immediate vicinity of
the building can be seen to be broadly similar, there are numerous
smaller vortical structures captured by the DES, which are smoothed
out by the RANS. This is particularly noticeable further downstream.
As with boundary layer driven separation, using the finer mesh and
higher order turbulence modeling, results in considerably higher
quality, actionable, information.

Trump International Hotel and Tower: Case Study

In reality, the flow separation around most tall buildings is a
combination of boundary layer driven and geometry driven. The
Trump International Hotel and Tower in Chicago (henceforth referred
to as Trump tower), which was designed by Skidmore, Owings &
Merrill, LLP (SOM) and topped out in 2009, is used as a case study. The
Trump tower is of particular interest, as it was designed specifically
with the intention of mixing up whether the separation is boundary
layer driven or geometry driven, so as to prevent the build-up of
wind vortices and reduce the unstable wind loads experienced by
the structure. This has enabled the 415m tower to be built without
needing dampers (Baker et al 2009).

RANS simulations were performed of the Trump tower (at full scale)
with fine, medium and coarse mesh created to the same specification
as used for the CAARC simulations (0.3m fine, 0.6m medium, 1.2m
coarse). The corresponding volume mesh sizes are 160million cells
(fine), 28 million cells (medium) or 6 million cells (coarse).

Of immediate note is that, when meshing a building of greater detail
than a circular cylinder or a rectangular cuboid, a coarse mesh can lead
to significant de-featuring. The features which are removed (see Figure
5) could be instrumental in causing geometry induced separation, and
consequently the greater the detail of the building, the greater the
sensitivity of the solution to mesh size.

From visual examination of the vortices in the wake of the Trump
tower (see Figure 6), it is apparent that the “mixed-up” flow separation
(as intended by the design) can be seen for all three meshes. What

is also apparent is that the vortical structures being shed from the
tower break up noticeably earlier for the coarse mesh case (note that
the coarse mesh case is still considerably finer than recommended

by COST 732). Although the medium mesh and the fine mesh appear
similar, the medium mesh over-predicts drag by 5.5% compared to the
fine mesh, which is likely due to early prediction of the boundary layer
separation in this case. This again demonstrates that high resolution
CFD can provide information that is not available via traditional,
standard resolution methods.

It should be noted that, although this is analysis of an existing
building, these tools can be used throughout the design process,
resulting in the ability to access better information, faster and to
make better design decisions, earlier.
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Figure 4. Comparison of CAARC standard tall building wake according to RANS or DES
simulations.
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Figure 5. Geometry of Trump tower for coarse and fine mesh simulations.
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Figure 6. Vortex shedding from the Trump tower.
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Cityscapes

While the high resolution CFD study of single buildings in isolation can
be a useful tool for early stage aerodynamic analysis, which can inform
the design process at a fundamental level, the greatest power that this
tool has is the ability to place a building into a detailed model of the
surrounding area. Without reducing the resolution of the mesh on
the building of interest, it is possible to place it within realistic local
wind conditions. It is possible to meet the mesh requirements of this
level of CFD (hundreds of millions of cells minimum, potentially over
a billion cells) only by use of a highly sophisticated HPC system, such
as that belonging to Wirth Research.

By placing a building in a realistic cityscape, it is not only possible to
assess the aerodynamic impact of the building on its surroundings
(and of the surroundings on the building), but also to compare the
aerodynamic behavior of the building of interest to other local tall
buildings. For instance, if the Trump tower is simulated within a

10km diameter of the rest of Chicago (see Figure 7), there is a distinct
contrast between the large, unsteady, sheet vortices shed by the
Willis Tower and the John Hancock Center, and the smaller, distinct
vortices shed by the Trump tower.

Conclusions

When performing the aerodynamic analysis of tall buildings, it is
important to accurately capture the flow separation due to both the
boundary layer and geometric features. The ability to place the buildings
in realistic surroundings is also vital for detailed analysis to be possible,
both for creating a realistic flow field around an individual building, and
also when looking wider afield for master planning projects.

Standard resolution CFD cannot meet the level necessary to
adequately capture either form of flow separation, and potentially will
lose important geometric features if they are smaller than the level of
the mesh. Wind tunnels are necessarily small scale, and are not able to
model buildings in the "hyper-critical”Reynolds number regime, which
most tall buildings occupy, so may not be able to adequately capture
boundary layer induced flow separation. As more and more megatall
(600m+) buildings are planned, this situation can be expected to
become increasingly exaggerated.

High resolution CFD, which requires an HPC facility such as the one at
Wirth Research, is able to accurately capture the effects of both types
of flow separation. CFD at this level typically has a resolution of 0.3m
cell size on a full-scale tall building, and will place the building in a
realistic cityscape of up to 10km diameter.

The level of aerodynamic detail captured by High Resolution CFD
will have added benefits in the prediction of pedestrian comfort, as
inaccurate prediction of flow separation could suggest that a specific
region is located within a wake, rather than in a region of accelerated
flow, where the level of comfort is considerably different. The
accuracy allowed by High Resolution CFD means that the probability
of exceeding specified comfort criteria can be assessed at intervals as
fine as 0.1m apart.

If transient High Resolution CFD is used (DES), then there is also the
capability of capturing the fluctuating dynamic pressures, which can
cause building motions, to the same level of accuracy as the mean
building forces have been demonstrated to be predicted in this paper.

Figure 7. Vortex shedding from the Trump tower, Willis tower and John Hancock center,
in realistic 10km Chicago cityscape.

7. Zma 10N BRWAHEE, ZoRTrumpitg . Willis# 4% F2John Hancock # /& B 72
£ R IIR

BHAF R A RTRESEANANFERH) , LEFHR
EANBFRMEEMEERANRAFT N i, WREHPZ
A TrumpEE 77 BI04 ERRE (B7), RITARAZAMN L
I, Willis 4 F1 John Hancock & BT 5| A2 8 KB . A8 2 BT
B, W LRI Trump S BT 51 R B /N L R R B IR .

ik

LHTHEEEREANINF AN, EREBERLTEZMUTRE %
sl REARSERERERN . EEAKELLKTHRHEF =
ANTREA Z TR ERW, N UMATHLAN, FATRUER
BB E SRR, B R DA 2 R TR ALK A I .

FREtE EICFDR AR R0 EHR A LR, BHER, w0
REFETANTREAND, BH2REFERNUTHE. NE#E
BEERADMRTH, THENRSETERZALE EFRFIELK
AU THWRERL, FUTRASHRLFENLE. HARKL S
Wy AR E R (G00K LA L) ALKz F, ZMFRLMAMA.

F i ECFDH B R MUWRA 3 TR 89 & sE T B AL, T LIEH
WREE RIS B WRE . A NCFDE % EA 03K i Bl
RNEBEWERTHETEER, HFETUEEARER S 104
=Rl R e

4% B CFOAR LB 8648 #8 #y S50 F 400 0 ] LUR BUAM R AT AL, Mt
TAMFEER T . BHTRRNRLE T R VATALER
RE, MARRAR”ER, EFRZETRANFERELZ. &
6 BLCFDFT R # 8 Y 8 1 ¥T LUZE/NBI0 R Y RE £ TR AR R
A ETE &
WRBSERECD OES) XA, HafR A SRS
REARNNEA L, BERHTURLIREXERF#HLN
FHEAT NNEE
ZATAFETURTREAR LR P EHB AT F M, L7
DA B FE AR B Ao A B B S T ALK B SR . X R AR R
WIFTR 5 5 &R A FAHN.

WX FAREFENETHAFFETHFELRAT T O/ RA
S5 BE v VT AL 3R 18 B8 A S

20144£CTBUH F# 21X | 669



This tool can not only be used for precise aerodynamic analysis throughout
the design process, but can also be used to link the building into a wide
ranging master planning strategy. This can have clear benefits for all parties
involved in the creation of the built environment.

English to Chinese translation by Dr H Du, Lecturer in Architecture and
Energy Simulation, Low Carbon Building Group, School of Architecture
/ Oxford Institute for Sustainable Development, Oxford Brookes
University
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