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Shape and Flow: The Essence of Architectural 
Aerodynamics 

Professor R.M. Aynsley 

Basic aerodynamic the0 y is introduced to emphmse the influence of laminar and turbulent bounda y layers on the 
characteristics of airfrow around streamlined and non-streamlined bluffbodiessuch as rectangular buildings. Reynolds 
number is explained as the means to determine the relative influence of inertia forces to viscous forces at each point in an 
airflow. Bernoulli's equation is introduced asa means to evaluate changes in static and dynamic pressures in organised 
regions of airflow around buildings but not applicable in wake regions. Some common misconceptions on the influence 
of building shape on overall wind lift forces on buildings are discussed. The dominance of suction forces due to wind is 
demonstrated by compadng them to positive wind pressures at the same wind speed. Techniques for evaluating aiflow 
through buildings are discussed including cautions regarding use of CFD on small computers. 

Introduction 
During the early days of the Modem movement in architectural design, 

there was a parallel movement in industrial design which promoted clean 
smooth curved streamlined shapes. The fact that many of the objects did 
not move or experience significant airflow around them did not seem to 
matter. The exciting new shapes of fighter aircraft, racing cars and boats 
were a symbol of the age. 

Commonsense Aerodynamics 
Most people, and that includes architects, without a sound grounding 

in the science of fluid dynamics, frequently reach wrong conclusions 
regarding the relationship between the shape ofan object and its interac- 
tion with the surrounding airflow. This can be demonstrated by having 
them rank the relative resistance offered by the cross sectioned rods with 
smooth surfaces in Figure 1 to an airflow of 94 nds from left to right. 

They are, in fact, arranged in order of increasing resistance force or drag 
from left 10 right. If the drag force on the airfoil on the left is taken as one 
unit then the thin circular rod has an equal drag force of 1, the reversed 
airfoil 2.6, the rectangular section 4.0, and the larger circular rod has a drag 
force of 9.3 units [ 11. 

Figure 1. Comparison of relative airfrow resistawe 

* Professor, Australidn Institue of Tropical Architecture,Jdmes Cook University, 
Townsville, QLD, Australia 

The relative order of drag on these sections could be different at veiy 
low air flows, or if curved surfaces were roughened with protrusions or 
indentations of less than 1 millimetre. Dimpled golf balls travel up to 4.6 
times further than asimilarsmooth ball when subjected to asimilarstrike. 
This is difficult for many people to understand. 

The lesson to be learned, is that a "commonsense" approach to air flow 
resistance often does not work when it comes to fluid dynamics. Appro- 
priately scaled wind tunnel studies are recommended tu architects as the 
most reliable tool for most architectural aerodynamic design [2] [3]. 

Flow Field Characteristics 
Bodies with flat surfaces and sharp corners, like most buildings, are 

referred to as "bluff" bodies. Streamlines around bluff bodies do not 
follow the body's surface from the windward to Ieeward extremities. 
Instead, the fluid sepalares from their surface at the sharp coineix when 
its momentum overcomes the weaker cohesive viscous forces of attach- 
ment [2]. Shear layea form along the lines of separation and a turbulent 
wake develops on the leeward side of the bluff body between shear layers. 
The predictable separation of flow at sharp edges and corners of bluff 
bodies results in constant flow pattern characteristics and pressure 
distributions for a given wind direction over a wide iange of wind speeds 
from gentle breezes to hurricanes. It is this characteristic of air flow 
around bluff bodies which allows reliable wind pressure distribution 
studies on models of sharp-edged buildings in wind tunnels at low wind 
speeds. 

Streamlined bodies are shaped so that their surface contuiirs niatch the 
shape of adjacent streamlines in the moving fluid surrounding them for 
a particular flow direction and speed. Relatively small changes in the 
direction of the approaching flow or significant changes in flow rate are 
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likely to cause significant changes in the magnitude and distribution of 
fluid pressure over the surfaces ofa streamlined body. For this reason it 
is advisable that architects who design large buildings with curved sur- 
faces ensure that there are surface roughnesses such as protruding 
mullions or indentations to trip the flow across such surfaces. By tripping 

flow is laminar and shear forces between adjacent layers of fluid, moving 
at different speeds, are dominated by the fluid's cohesive viscous forces. 
At Reynolds numbers greater than about 3,000 flow is turbulent, domi- 
nated by the inertia forces exerted by moving fluid particles and the 
momentum of fluid eddies. Between these values 2000-3000 there is an 

unstable transition zone where flow switches randomly between 
laminar and turbulent conditions [2]. 

1 

Shor layer stpanla at avrs Reynolds numbers of airflow around large objects, such as build- 
ings, tend to be large because of the large length facror and the low Mean Frratrcxm ad m'~mmrb nnr 

Eddies in Wake 

PLkX \IEW VERTICAL SECTION 

- -  
vi&sityofair. Flow pattemsaroundlargeblufflxldies,such as most 
sharp-edged building shapes, are relatively constant over the nor- 
mally expected wind speed range because flow separation will 
always occur at the sharp external comers. It is this certainty which 
permits the testing of small wind tunnel models of large buildings at 
relatively low tunnel speeds, neglecting similitude of Reynolds 
numbers, without significant error in surface pressure distribution 
patterns. 

Figure 2. Typical Air Flow Features Around a Building 

the laminar flow over the curved surface into turbulent flow, the vaiying 
flow patterns for a given wind direction in laminar flow are reduced to a 
single flow pattern [l]. This can eliminate the significant variability in 
pressure distribution with wind speed that occurs over smooth curved 
surfaces. 

Reynolds Number 
In order to be able to predict the points at which separation is likely to 

occur on a streamlined body, we need to know the relative intensity of 
inertia forces related to the momentum of the moving fluid to the 
cohesive forces in the fluid due to its viscosity. The rario of the inertia 
forces toviscous forces at a point in a fluid flow is called Reynolds Number 
(Re) 

(1) 
where p is the mass density of the fluid (1.2 kg/m3 for air), V is the 
freestream fluid viscosity (mis), p is the dynamic viscosity of the fluid (18 
x 106kg/ni.s typical for air), and L is the streamwise chord length (m) in 
the case of the streamlined bodies and the width (m) normal to the flow 
in the case of bluff bodies. 

Re=-p- PVL 

At Reynolds numbers below about 2,000 

FLOW + 

FLMi + 

"~ ~ 

la1 10 10 6 10 
Reynolds Number 

Low Reynolds number flow conditions can be found around 
buildings. One example is the case ofvev low wind speeds through 

insect screens fabricated from smooth round wires. 

It is for ths reason that one must be alert to the possibility for the need 
to achieve laminar flow (match Reynolds numbers) around some small 
building elements in order to achieve reliable results from wind tunnel 
studies of natural ventilation. Some wind tunnel consultants on natural 
ventilationadjust thetunnel windspeed to thatofa breezeat Fullscaleand 
fit Full scale insect screen material into openings of 1/50 scale models to 
maintain relevant Reynolds numbers through the screens. 

Boundary Layers 
Molecules of fluids at the surface of solid objects stick firmly to that 

object's surface. When the fluid moves past a solid surface a shearing 
stress is established in the fluid between the stationary particles at the 
surface and adjacent moving fluid panicles. The layer between the 
stationary fluid particles and the layer where particles have reached 99% 
of the freestream velocity is called a boundary layer. 

Boundaty layers will exhibic laminar flow characteristics at low Reynolds 
numbers whereviscous forces are dominant. Laminar boundary layers in 
airflow are thin and unstable due to air's low viscosity. A change from an 
unstable laminar boundary layer into a more stable turbulent boundary 
layer can be caused by very small surface roughnesses. Turbulent 

boundary layers are inherently more stable. 

Pressures in Fluids 
Pressure energy in incompressible, non-viscous fluids is derived from 

three sources. If there is a steady flow of fluid, moving fluid can exert 
a kinetic or dynamic pressure in the direction of flow equal to 1/2pV2, 
where V is the mean velocity of the fluid. 

When a unit mass of a fluid has the potential to move vertically in the 
eanh's gravitational field due to differences in density then it possesses 
potential energy pressure equal to pgz, where p is the mass density of 
the fluid (kg/m)), g is the acceleration due to giavity, 9.81 mls'and z is 
the vertical distance in metres of potential movement referenced to 
some datum. 

Figure 3, Drag Co@cielt VU~US & p & S  Nuilzberfor Sharp EL(@ 
arid Romded E&ed Cylirzders 

Air near sea level in the earth's atmosphere is Iiressuiised by the 
weight of air above. When an external pressure Ls applied to a 
contained fluid, a static pressure, p, is created in the fluid which acts 
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Figure 4. Mean Velocity profirs in Laminar and Turbulent Boundary 

equally in all directions. Standard barometric pressure at sea level 
(101.325 kPa) is often used as a datum from which other pressures, 
referred to as gauge pressures, are measured. Barometric pressure is 
greatest during calm conditions. 

The relative intensity of changing static pressure around a body in an 
airflow (outside awake) can be estimated from mean streamline spacing. 
Where streamlines converge static pressure falls and stream momentum 
increases. Where streamlines diverge static pressure increases and 
stream momentum decreases. In regions of flow where clear streamline 
patterns can be obtained from a flow visualisation study, then 
estimates of relative static pressures can be made for a chosen 
approach velocity using the Bernoulli equation [2]. 

Bernoulli Equation 
Daniel Bernoulli first presented his equation in 1738. The 

Bernoulli equation relates fluid pressure energy, potential en- 
ergy, and kinetic energy along a streamline in steady flow of an 
incompressible, inviscid (non-viscous) fluid. Simplifying assump 
rions made in deriving this equation are: 

Fluid flow is steady. 

The Bernoulli equation along a streamline is: 

Viscous forces in the flow are negligible. 

There is zero fluid rotation as the flow pattern deforms. 

p + 1/2 pv+ pgt= c 

positive dynamic pressure that the wind can exen on a windward 
surface due to wind, is equal to 11’2 pv‘, the kinetic energy in the 
approaching flow. 

The Bernoulli equation is of little use in wake areas because streani- 
lines do not occur in the chaotic turbulence of the wake. However the 
average pressure in thewake is influenced by the average velocity along 
the line of flow separation around the windward face of a building [ 2 ] .  

The Bernoulli equation has been very useful in developing simple 
design techniques in architectural aerodynamics. However it should 
always be remembered that the equation does not take account of 
viscous effects on airflow. Whenever airflow around small smooth 

surfaced building elements is being considered, viscous effects need to be 
considered. 

Lift Force 
As air flows around a solid body it exerts varying degrees of air pressure 

around the surfaces of the object. If the tocal effect of surface pressures 
normal to the direction of the flow on either side of the object are not 
equal and opposite in direction, then the net resulting force, normal to 

v >  v, 
&rnoulli’s cquarioo 
valid for mean flows 

Bernoulli’s equation nut 
valid for eddy flow in 
wake or rhur layers 

Figure j. Regions of Valid Application for Umzoulli’s Equatioiz in M e u ~  Air 
Flow Around a Uuildiiig 

Where p is the static pressure (acting equally in all directions); 
112 pv, is the dynamic pressure (acting in the direction of the flow); pgr, 
is the potential energy of h i d  due to gravity, (acting venicaify down- 
wards); and C, is a constant along a given streamline. 

This equation forms the basis for most simple wind loading, mechanical 
and natural airflow calculation techniques used in building design [?I .  

In airflows with little temperature difference around buildings, there is 
no significant change in potential energy along a streamline and by 
removing the potential energy term the Bernoulli equation can be written 
in the simplified form: 

Q+1/2p\r- = c  (3) 
By applying che Bernoulli equation toa mean streamline patternaround 

a building it can be seen that the maximum positive pressure occurs at a 
point on the windward face where the approaching flow is broughr 
completely torest. This point is referred toas thestagnation point. At this 
point the directional kinetic energy in the approaching flow is conveiled 
into omnidirectional static pressure. This explains why the maxiniuni 

the direction of the airflow, is referred to as the lift force. In the vertical 
plane, most buildings are attached to the ground plane. This condition, 
being attached to the ground, usually increases the lift force on the roof 
of the building because there is no opportunity for flow under the 
building to create a downward acting lift force. 

Architects often believe that by designing smooth cuived building 
shapes they will reduce the drag force, F, , on a building due to wind . 
While this is often the case with respect to pressure drag in the direction 
of the floor, they are often simultaneously increasing potentially more 
dangerous lift forces, F,, normal to the direction of the floor. Lift and drag 
forces are expressed as coefficients C, and C, relative to the dynamic 
pressure of the approaching flow and, A, the projected area of the Ix)dy 
(normal to the flow for drag and parallel to the flow for lift). 

C, = F,, / A  0.jpV’ (4) 
C,= F,/AO.jpV’ (3 

A simple example is the relative lift forces experienced by a Nissen hut 
compared to a similar sized gable roof building (see figure 6). 
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Wind loading on windward surfaces of gable roofs is negative, that is 
subject to lifr forces when the pitch is less than about 30 degrees. When 
roof pitch is greater than 30 degrees the wind force on the windward 

By convention, positive pressure coefficients indicate pressure acting 
toward a surface while negative pressure coefficients indicate suctions or 
pressures acting away from a surface. - 

surface changes to a positive force, that is acting toward the roof surface 
(41. In all cases the wind force on the leeward surface of a gable roof is 
always negative, that is in suction. 

It is clear from Equation [hat positive wind pressures are limited to [he 
dynamic pressure of [he approaching wind, This occuls at locations on 
windward surfaces where there is completestagnarion of the approach- 
ing wind, C, = 1.0. Limirs to negative pressures on surfaces near flow 
separations are not as clear. Negative pressure coefficients of up  to -12 
were measured on the full scale test building a1 Texas Tech 151. These 
high suctions occur for only fractions of asecond under vortices formed 
along edgesofroofsorveriicalcoiners where flow separation occurs. As 
an extremely rransient and highly localised pressure they are only 
relevant to cladding design. These high negative pressures are possible 
as the standard datum for static pressure is atmospheric pressure 

Figure k 6. Comparison of Lift andDrag Coeficients 012 a Nism Hut a d  usually can reach taken 100 as m/s 101.3 or more kPa at and sea level. typical In peak tornadoes wind speed local wind in a tropical speeds 

CL = 0.9 Lift 

C'' 0.5 

CO = 0.8 CO = 1.5 

a Gubie Rooj'kd Building 

Lateral lift forces on tall slender buildings are ofren the most critical wind 
forces causing lateral oscillating motion due to the periodic shedding of 
vortices in the wake. The helical snakes seen on the upper portions of 
slender metal chimney stacks seive to conhse the airflow along the lines 
of flow separation to prevent periodic shedding of vortices [ 4 ] .  The 
shedding frequency, n, can be esrimated using [he appropriate Strouhal 
number, S, for the sectional plan shape of the building in the equation: 

n = SVz/ b (6) 
where Vz is the mean wind speed at height z and b is the crosswind 

dimension of the building. The Strouhal number for rectangular sections 
is 0.15 and for circular sections is 0.20 for bVz less than 7 and 0.2 j when 
bVz is greater than 7 .  

Shedding of leeward vortices from alternate sides of the wake induces 
critical oscillating lift forces on tall slender buildings. 

Drag Force 
Drag forces act in the direction of flow on a body in a sready air flow. 

Drag force is the sum of viscous skin friction force and pressure drag 
which results from net differences in surface pressures on the windward 
and leeward sides of the body. 

Skin friction forces on buildings are proponional to the flow velocity 
and inversely proportional to the size of the object in the airflow. This is 
whydustcanonlymoveslowlythroughair. Drag forcedue toskin friction 
on buildings is usually small when compared to the pressure drag force. 
It can be significant in the case of buildings with very long dimensions in 
the direction of the airflow when flow reattaches to the roofand walls of 
the building [4 ] .  

Pressure drag is influenced by the square of the velocity, the frontal area 
of the body and the cross-sectional area of the body's wake. That is why 
sports car designers taper the rear of their vehicles by about 12 degrees 
to maintain an attached flow and decrease the cross-sectional area of the 
wake. 

Wind Pressures on Surfaces 
Wind pressures on building surfaces are expressed as coefficients 

relative to the dynamic pressure of the approaching wind. 

C, = P/0.5pV2 (7) 

cycloneisaround j0-60 m/s. Pressures resultingfrom such awind speed 
at aspot where therelevan t pressure coefficient was -12 would be 72 kPa 

compared to6 kPaat astagnation poinrwitha pressurecoefficient of +LO 
on a windward surface. 

Architectural Aerodynamic Design Strategies 
Therearetwobasic flow characteristics that architectscan utilise in their 

designof buildings. One is thestrongdirectionality ofairflow in attached 
flows near the windward surfaces of buildings. Louvres and other 
directional control devices can be very effective on windward surface in 
controlling direction of air flow around a building. Such devices are 
ineffective at leeward openings. Directionality can be exploited where 
winds typically prevail from a narrow range of compass directions. Often 
prevailing wind directions along the coasts of large land masses are 
resersed during the morning and afternoon. In these situations airflow 
deflectors can be used with equal effect on opposite sides of a building. 

The other basic characteristic is the general unifoimity and non- 
directionalirvofsuction in wakes. Thisallows the designergreat flexibility 
in locating ventilation outlet openings to achieve the desired indoor 
airflow pattern. This is particularly true for low pitch roof surfaces (less 
than 30" pitch) which experience suction with wind from any direction, 
however care should be taken regarding wearherproofing of ventilation 
openings in roofs. Steeper pitched roofs exceeding 30" pitch can 
enhance natunl ventilarion through spaces Ixlow by increasing the 
suction pressure in the wake of the building [6]. 

Local negative pressure effects on claddings, responsible for most wind 
damage to buildings, can be controlled ar vertical corners as well as eaves, 
parapets and ridges of roofs by castellaring edges and corners. A broken 
edge interferes with the formation of trailing vortices. 

Air Flow Through Buildings 
The shape of buildings, particularly around windward openings, can 

have a significant effect on air flow through buildings. Typical building 
shaping used to enhance airflow through windward openings includes 
projecting eaves above an opening; recessing windows into the wall; 
rounding the edges of the opening; projecting wing walls on the leeward 
edge of windows on walls inclined to the prevailing wind. When prevail- 
ing winds come from either side of normal to the wall a vertical projecting 
fin ar the centre of the window can be effeaive in increasing air flow 
through the window. Openings on the leeward side of the building are 
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usually in suction regions so shaping of the openings has little effect, 
however it must be remembered that in some locations the direction of 
prevailingwindscan shift through 180°soanywa11 can beawindwardwall 
[71. 

opening, crosses a single and exits through a leeward opening, 

total pressure at the windward opening and the static pressure at the 
leeward opening and the aerodynamic efficiency of the openings, usually 
expressed as discharge coefficients, C,. This approach can be 
used for flow passing through any number of openings in 
series. These calculations are simplistic and complex building 
and opening geometries, effects of insect screens, and influ- 
ences of nearby buildings and foliage can be difficult to 
accommodate. In such cases boundary layer wind tunnel 
studies are recommended [a]. 

Air flow through buildings with multiple inlets and oudets 
and opportunities for internal blanching flow cannot be 
calculated directly. These conditions are described as net- 
work flows and are solved using iterative techniques by 
balancing flows or pressures at junctions in proportion to the 
flow resistance in connected arms while maintaining conser- 
vation of mass flow in the system [9]. Such multizone flow 
calculations are tedious and prone to human errorso compu- 
ter programs such as COME are used. 

Some of the simpler airflow conditions around and through 
buildings can be estimated numerically from existing wind 
tunnel data. Where such data does not exist, a wind tunnel study can be 
carried out, or computational fluid dynamics (CFD) based on Navier- 
Stokes equations can be used to estimate pressures and velocities on a 
two dimensional or even a three dimensional reference grid of points in 
a flow [lo, 11, 121. Some indoor air flows are simple enough to limit 
computation to two dimensions but external air flows around buildings 
are usually far too complex and require three dimensional computation. 
Attempts at CFDstudiesonsmall computers havebecome commonplace 
but poor correlations between some carefully measured wind tunnel data 
and output from CFDanalysis [ 13,141 have raisedconcernsand prompted 
advice to check CFD output before using it in professional design work. 

Turbulence modelling and boundary layer characteristics, particularly 
where there are convection effecrs, at starionarysuifaces in CFD, are still 
being refined in order to approach realistic flow prediction. It is wise 
wherever possible to compare results of computational fluid dynamics 
with carefullyconducted wind tunnel studies or full scale obseivations to 
ensure that limitations on grid size or modelling assumptions made in 
CFD computation have not seriously distorted the computer solution 
[131. 

The simplest flows are cross ventilation where air a 

flows can be estimated directly from the differences between 

Figure 7. A 3-Dimensionul Velocity Vector Arrowri Diugrurn Generated 
Using Conzpututionul Fluid Dynamics 
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