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and porosity. By examining airflow in more qualitative
terms, the work also offers new design possibilities in
terms of embodied experience.

1 INTRODUCTION
Most rapidly developing megacities are in the tropical 
region, where the climate is hot and humid. Because of 
low diurnal temperature difference and high humidity,
it is one of the hardest climates to design for passive 
environments (Givoni 1998). Typically, under such cli-
matic conditions, air movement is one of the most use-
ful and inexpensive methods to achieve a comfortable 
environment.Despiteairflow’scritical role inurbancom-
fort, solutions tomanage airflow in urban areas remain
normative, involving either altering building mass or 
increasing porosity in urban formations. The objective 
of this research is to provide an alternative solution to 
controlling urban airflow through designing or retrofit-
ting building facades and other surfaces with textures. 
These textured surfaces can be passive or actuated 
in order control airflow separation in bluff bodies (like
buildings), thus patterning airflow to provide a cooling
sensation and increase thermal comfort. 

ABSTRACT
This research endeavors to increase the performance 
and capabilities of passive and low-energy design strat-
egies used in hot and humid climates by qualitatively 
analyzing and instrumentalizing airflow. Amultidisci-
plinary approach is used to explore the design of novel 
building forms that pattern airflow to enhance passive
cooling effects inwarmenvironments.Areviewof phys-
iological experiments that correlate specific airflow 
patterns with an increased cooling effect establish the
premise of this study. These physiological experiments 
found that undulating patterns of air velocity create 
significantly more cooling effect than the samemean
velocity at a constant speed. This implies that warm 
urban environments could be made to feel cooler with-
out using energy to increase the overall flow.To test the
applicability of this premise, a series of experiments 
wereperformed toestablishhoweffectively surface fea-
tures and building form could pattern ambient air. These 
experiments show correlations between specific sur-
face features andpatterns ofmore comfortable airflow.
This points toward surface articulation as a method to 
manage ambient airflow in addition to building mass

Aerodynamic Articulation: 
Recalibrating Micro Airflow Patterns
for Thermal Comfort
Kenneth Tracy
Assistant Professor, Singapore University of 
Technology and Design

Christine Yogiaman
Assistant Professor, Singapore University of 
Technology and Design

Oindrila Ghosh
Research Assistant, Singapore University of 
Technology and Design

Pablo Valdivia y Alvarado
Assistant Professor, Singapore University of 
Technology and Design



2018 TxA EMERGING DESIGN + TECHNOLOGY 98

This paper will focus on the first phase of the 
research,	where	the	eff	ects	of	various	surface	textures	
on	airfl	ow	were	studied	through	a	prototypical	exterior	
canopy. The canopy designs were vetted using digital 
simulation, and then selected designs were physically 
tested	to	confi	rm	their	performance.	In	these	experi-
ments,	computational	fl	uid	dynamic	(CFD)	simulations	
and particle image velocimetry (PIV) testing were used 
to	examine	the	fl	ow	structures	(i.e.,	airfl	ow	patterns).	
The results show that surface features can change 
the patterns of air velocity within and outside of the 
structure tested.

Design of the canopy began with a smooth, 
double funnel form meant to increase air velocity 
through the Venturi effect. This baseline form was 
enhanced with surface textures using symmetrical 
and asymmetrical ridges and bumps to create vor-
ticity (i.e., spinning patterns), which creates local 
velocity fluctuations. In the more complex, later iter-
ations, the vorticity created by the textures sheds 
(i.e., moves downwind) and creates patterns of 
varying air velocity. In these initial experiments, the 
research found correlation between the air velocity 
patterns determined through physiological tests to 
increase cooling sensation and the patterns created 
in CFD models. 

2 STATE OF THE ART
Thermal comfort studies have been a prevalent area 
of research in the past decades, and a rich body of 
research	has	been	conducted	to	examine	the	eff	ects	
of air movement on human comfort. Although mean 
velocity was considered as the main parameter that 
contributes to comfort, more recent studies indicated 
turbulent	intensity	(Tu),	airfl	ow	direction,	and	fl	uctu-
ation frequency as important parameters for thermal 
comfort.	The	infl	uences	of	Tu	on	thermal	sensation	have	
been	explained	based	on	two	diff	erent	reasons.	One	is	
that	the	convective	heat	transfer	coeffi		cient	will	increase	
with	the	increment	of	Tu,	thus	enhancing	the	heat	fl	ux	
of skin. The other, which is from both physiological and 
psychological studies, is that the increase of Tu value 
through	airfl	ow	fl	uctuation	causes	the	fl	uctuations	of	
skin temperature, which arouses alarm signals from 
thermoreceptors to the brain and causes a cooling sen-
sation in warm environments (Zhou et al. 2005). Most 
experimental research in this area of study includes 
documenting subjective responses in a controlled 
climate chamber and comparing these responses 
against PMV (predicted mean vote). PMV is the average 
response of a large number of people calculated using 
P. O. Fanger’s equation involving six environmental and 
physiological parameters (Fanger 1972). 

The graph in Figure 1 maps a collection of past doc-
umented airflow fluctuation experiments’ results at a 
temperature range of 27–31°C (Tanabe and Kimura 1994, 
Zhou et al. 2006, Huang et al. 2012, Ugursal and Culp 
2013, and Xie et al. 2016). This comparative study shows 
that, under similar environmental parameters (air veloc-
ity, operative temperature, relative humidity), varying just 
the	airfl	ow	pattern	can	signifi	cantly	aff	ect	the	subjective	
cooling sensation or thermal sensation vote (TSV) of test 
subjects. These studies, as a collective, indicate that spe-
cifi	c	airfl	ow	patterns	with	dominant	frequency	distribu-
tion increase cooling sensations, especially in conditions 
where	airfl	ow	velocity	is	limited	and	cannot	be	elevated.	

Patterns that most significantly increased cooling 
sensation largely follow a repetitive sinusoidal wave 
velocity	fl	uctuation.	Identifi	ed	as	“Group	A”	in	Figure	1,	
the sine waves with cycles of 10, 30, and 60 seconds pro-
duced	signifi	cantly	cooler	thermal	sensations.	Currently,	
airfl	ow	fl	uctuation	frequency	is	a	criterion	that	remains	
unaccounted for in empirical models of thermal comfort. 
The comparative study from past experiments suggests 
airfl	ow	patterns	can	be	considered	as	another	control	
factor	to	off	set	increased	temperature	in	warm	indoor	
as	well	as	dense,	stuff	y	outdoor	environments.	
Outdoor	airfl	ow	research	on	an	urban	scale	has	cur-

rently	been	limited	to	understanding	airfl	ow	behavior	
around existing urban environments or by manipulating 
diff	erent	generic	urban	confi	gurations	for	optimized	nat-
ural ventilation potential in building, urban, and pedes-
trian comfort. This is illustrated by Toparlar et al. (2017) in 
an exhaustive review on the use of CFD for urban micro-
climate analysis. This review calls for changes in urban 
geometry and inclusion of open spaces like courtyards, 
parks, etc. (Toparlar et al. 2017). These solutions involve 
removing building mass or introducing porosity, which 
is often not possible in existing hyper-dense populated 
districts, preserved areas, or in a rapidly transitioning 

urban economy (Marcotullio 2002). Hence, alternative 
novel methods are required to address urban ventilation. 

One potential applicable new method being developed 
utilizes	static	and	moving	surface	features	on	bluff		bod-
ies to control flow separation. Flow separation occurs 
when	a	fl	uid	fl	ow	becomes	detached	from	the	surface	of	
an object and instead takes on the form of eddies and 
vortices.	Per	current	fl	uid	dynamic	research	by	Dash	et	
al. (2017), the use of static and moving surface features 
has	been	shown	to	greatly	reduce	fl	ow	separation.	The	
recorded experimental results in Figure 2 show that active 
movement in the form of traveling waves on the surface 
of	a	bluff		body	were	able	to	create	a	turbulent	boundary	
layer region, which allowed it to reduce drag by more than 
40%,	and	airfl	ow	separation	was	delayed,	similar	to	the	
popular phenomenon of a golf ball (Chear and Dol 2015). 
Controlling	airfl	ow	fi	eld	on	an	urban	scale	by	means	of	

actuated movement of facade features has not yet been 
explored.	If	this	technique	of	controlling	airfl	ow	movement	
around	bluff		bodies	(like	a	building)	can	be	extrapolated	in	
urban	conditions,	it	could	mean	better	airfl	ow	in	congested	
urban spaces. This type of control could be used to alle-
viate problems such as wind shear, down draft, and wind 
shadows	while	off	ering	the	further	potential	of	patterning	

Figure 3: Canopy 
design for the 
experiment. 

Figure 1: Combined 
chart of airfl ow 
fl uctuation results 
for warm and humid 
climate. Note: With the 
same mean velocity of 
air, the airfl ow pattern 
of “SIN(60)” yields 
signifi cantly cooler 
thermal sensation 
compared to the 
“Pulse” airfl ow pattern.

Figure 2: Active wave 
propagation on bluff  
body to reduce fl ow 
separation control 
(Dash et al. 2017).
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effect accelerating the assumed lowwind speeds.Sim-
ulation tests of the baseline funnel shape urban canopy 
validate that wind speeds do increase by 25% at the 
leeward side of the canopy. Adhering to flow separa-
tion control guidelines of mimicking a rolling wave form, 
whichwould allow for delayed onset of flow separation
as seen in the experiments carried out by Dash et al. 
(2017), a series of waveforms are arranged symmetri-
cally andasymmetrically onto thebaseline figure of the
funnel-shaped urban canopy (fig. 4).

Then 2D RANS transient models were simulated in 
order to understand the flow structure around these
canopies. This was done using a commercial CFD soft-
ware—COMSOL Multiphysics Version 5.2a. The simu-
lations were run over a period of 200 seconds, and the 
velocity variation over time was mapped to analyze the 
possibility of airflow patterns over the simulated time.
The simulation was carried out at a Reynolds number 
of 100 and with an inlet speed of 0.1 m/s in order to 
match up with the PIV experiments that were planned 
to be carried out with these iterations.

The two-dimensional simulation results produce 
distinctive flow structures between symmetrical and
asymmetrical waveform propagation. Figure 4 illus-
trates a series of captured instances at an interval of 
25 seconds. The symmetrically replicated waveform 
figure created stable interior vortices with low fre-
quency shedding. This is in contrast with the asym-
metrically replicated waveform figure that creates 
continuous interior and exterior vortex shedding. 
To gain an understanding of how these varying flow
structures relate to the fluctuating airflow velocity 
and pattern, the research group plotted the velocity 
magnitude at a specified point (marked red in Figure
5) in both canopies. Comparing both experiments, the 
asymmetrical canopy exhibits some characteristics 
of airflow patterning, and hence it was selected for 
further detailed study (fig. 5).

air for pedestrian thermal comfort. Considering this as 
an initial hypothesis, the authors created various textures 
replicating waveforms on an urban canopy to investigate 
theirperformanceonproducingairflowpatterns.Asafirst
step, these experiments consider static textures to study 
theireffectonpatterningair.Theurbancanopyconsidered
in this study is basically a tunnel-shaped sheltered pavilion 
that can be used for various outdoor activities suiting local 
needsof theurbanenvironment (fig.3).

3 METHODOLOGY

3.1  Design and Selection of Base Model
The baseline for the urban canopy was considered as 
a double funnel shape (fig. 3), which creates a Venturi

Figure 5: Point graph 
for the Symmetrical 
and Asymmetrical 
Canopy 2D simulation. 
The red points on the 
drawings indicate the 
position where the 
velocity magnitude 
was measured 
over time.

Figure 6: (Above) 
Final four models 
used for physical 
experiments (PIV). 
(Left) Exhibition 
showing physical 
models.

Figure 4: Series of 
captured instances 
over 200 seconds 
of 2D simulation 
performed on Base-
line, Symmetrical, 
and Asymmetrical 
waveform arranged 
in a funnel-shaped 
urban canopy.
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simulations, which were full-scale models, run with an 
inlet velocity of 0.1 m/s. This reduction in velocity is to 
compensate for the scaling of the canopies under the 
same Reynolds number of 100.

The video for the PIV experiment was captured only 
after the towed canopy reached a steady state con-
dition. For this reason, the time frame for the capture 
was only two seconds. Although the data was enough to 
analyze flow field structures and validate the CFD sim-
ulations, it was insufficient for extrapolation to a longer
time frame (60–180 seconds) for airflow pattern anal-
ysis. To overcome this limitation, detailed CFD simula-
tions were then carried out to analyze flow patterning
for several minutes.

3.3  CFD Simulation of Selected 
Asymmetrical Model
Once the CFD setup for the base model and the four 
iterations were validated with the help of PIV experi-
ments, the previously selected asymmetrical ridges and 
the baseline canopy model were then simulated again 
with a higher wind speed of 1 m/s that adheres to a wind 
speed within a range perceptible to human sensation. 
Furthermore, theauthorswanted tocompare theairflow
patterning in the canopy simulations with the state of the 
art (Fanger 1972 and Fanger and Pedersen 1977), where 

3.2		PIVSetup andResults for the Four Iterations
The 2D simulation results in COMSOL were also vali-
dated through physical PIV experiments. Three-dimen-
sional models of these canopies were digitally modelled, 
and the asymmetrical waveform was modelled into two 
distinct iterations—continuous ridge and alternating 
bumps (fig. 6).

A PIV experiment is a way to physically simulate 
fluid behaviorwith respect to anobject.The fluid flow is
visualized by mixing micron-scale particles in the water 
tank (light enoughnot toaffect thefluidmovement) and
illuminating it by a laser plane in a dark space. The par-
ticles in the path of the laser are illuminated, and their 
collectivemovement reflects the fluid'smovement. By
tracking themovementof theseparticles, then, thefluid
flow behavior around the test object can be analyzed
(fig. 7, bottom).AReynolds number wasmaintained at
100 for both the PIV experiment and the CFD simula-
tions because keeping the Reynolds number constant 
facilitates the simulation of airflowwith the help of any
other fluid,be it water, oil, or gas,etc.For any twodiffer-
ent situations, if the Reynolds numbers are the same, 
it can be said that the fluid behavior will be the same.
For this experiment, the test canopies were scaled to a 
size of 1:100, towed through the water table (fig. 7, top)
at a constant speed of 1 m/s, and, to match the CFD 

Figure 8: Particle 
image velocimetry 
(PIV) test results 
used to examine 
the flow structures 
created by a series 
of physical models.

Figure 7: (Above) 
Setup dimensions 
for the test canopies 
and image of how the 
model is towed on a 
base board through 
the long water table, 
marked in blue dashed 
lines. (Right) Laser 
plane through the 
model illuminating the 
seeded micro particles 
(looking like white 
noise in the image) for 
flow field analysis.
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has higher intensity than the baseline. The asymmet-
rical bumps also seem to continually shed vortexes 
(inward spiral flow formation), and the phenomenon
is more pronounced than in the other iterations of the 
test canopy. Since the PIV experiment is 3-dimen-
sional, it can be noticed that, at the windward side 

average wind speed was 1 m/s. 
For the 2D CFD setup, again the commercial software 

COMSOL Multiphysics Version 5.2a was used. A horizon-
tal cross-section through the canopy was considered, 
and a bounding box sized 20L X 20L, where L is the width 
of the canopy—5 m) was drawn around it. This would 

Figure 9: Baseline and 
Asymmetrical canopy 
simulation results.

of the canopy, the incoming laminar-type fluid flow
creates a small singular or dual vortex right before it 
hits the canopy opening.

4.2 Flow Patterning inAsymmetrical RidgeModel
Figure9 illustrates theflowbehavioroveraperiodof200
seconds. The leeward side experiences von Kármán vor-
tex shedding. The points A and B, the probable positions 
where a person would be standing while walking through 
such a canopy, were also plotted. This allowed the analy-
sis of velocity fluctuation frequency and airflowpattern
to test occupant experiences as mentioned in the state 
of the art. Point A (midpoint) is located at the center of 
the canopy. For both the baseline and asymmetrical can-
opy, we see an increase in the average velocity by 18% 
and 25% in baseline and asymmetrical, respectively. 
At the midpoint, the amplitude of velocity variation is 
much smaller in the baseline (0.03) in comparison to 
the asymmetrical canopy (0.1). When the test subject 
moves from the midpoint to the trailing edge, the mean 
speed decreases to 0.95 m/s and 0.8 m/s for the base-
line and asymmetrical, respectively, but the fluctuation
and amplitude increase. 

4.3 Flow Patterning Comparison With
Physiological Studies
The frequency of the wave in the asymmetrical model is 
in cycles of 10 seconds, and the pattern is similar to nat-
uralwindfluctuations.Thismeans that standingaround
the trailing edge position in such asymmetrically textured 
canopy would provide for cooler thermal sensations in 

act as the wind tunnel for the test canopy sections. For 
boundary conditions, a velocity of 1 m/s was chosen for 
the inlet and a pressure value of 0 Pa was considered 
for the outlet. The side bounding walls were also given 
a symmetry condition. The initial conditions were kept 
the same as the boundary conditions. Since the over-
all flow pattern was of significance to this experiment,
the lamina-based flowmodel provided similar results
to a turbulenc-based model and had much quicker run 
time.Hence,a laminar physics-basedfinemeshingwas
created around the test geometry for all models. The 
solver was then set to transient simulation with a time 
step size of 0.1 s and run for 200 seconds. The resolution 
factor was kept at 0.01. This model setup was the same 
for both baseline and the asymmetricalmodels (fig. 9).
Certain points, as shown in Figure 9, were considered on 
the leeward side of the canopies. These points represent 
the places where a person standing would experience 
the impact of the static ridges of the canopy on the 
incoming airflow.

4 RESULTS

4.1		PIV Flow Field
Figure 8 illustrates the four different test cases used
for the PIV experiments and their flow field results.
The leeward side of the canopy iterations see increas-
ing degree of wake interferences, the baseline being 
least affected and the asymmetrical ridges having the
highest amount of wake structures. Because of this, 
the vorticity magnitude represented in green and blue 
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warm and humid conditions, as indicated by Tanabe 
and Kimura (1994) as well as Huang et al. (2012) in 
their subjective experiments. Figure 10 illustrates the 
frequency match with SIN(10), which had cycles of 
10 seconds, and also the mean speed match with 
SINMAX, which has a wind speed average of around 
0.8 m/s with a cycle of 30 seconds. SIN(10) and SIN-
MAX also provides a TSV vote of -0.48 and -0.6, which 
means it has more cooling effect than constant or 
random airflow patterns for identical temperature and
humidity conditions.This confirms the idea that certain
specific texturing on building surfaces can facilitate the
modification of incoming low constant wind in a sine 
wave-like pattern, which is studied to provide cooler 
thermal sensations. 

5 CONCLUSION
The experimental results showcase that airflow behav-
ior and pattern can be altered through applying textures 
onsurfaces.Theseairflowpatterns canbecontrolled to
some extent to create patterns that correspond to those 
found to create cooling sensation to building occupants. 
These fluctuations are achieved without significant 
increase in air speed and in complete absence of any 
mechanical means. This research establishes a direct 
relationship between surface texture and periodic air-
flowvelocityfluctuations.Thoughpreliminary, this study
suggests a potential direction for modifying airflow in
cities with relatively small interventions in overall form. 

Further studies examining larger buildings in context 
and using moving/actuated textures are ongoing. These 
studies hope to establish multidisciplinary (architecture, 
engineering, and building science) methods for design-
ing more comfortable cities using more qualitative 
metrics for comfort. In addition to velocity fluctuations,
further examination of building airflow problems such
as wind shear, wind shadows, and down draught could 
also establish more uses for this type of aerodynamic 
design. In the future, active systems like the initial stud-
ies by Dash et al. applied at the building scale could 
refigure airflow on a vast scale in real time. In addition
to building science and engineering, these experiments 
add to a growing body of work exploring the design of 
flow of energy within and around buildings broadening
the range of aesthetic effects as well as efficiencies of
future buildings.
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