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THE PREDICTION OF INDOOR AIR MOTION
FOR OCCUPANT COOLING IN NATURALLY
VENTILATED BUILDINGS
D.R. Ernest

F.S. Bauman, P.E.
Member ASHRAE

ABSTRACT
This paper describes the development of an empirical
model for the prediction of wind-induced indoor air motion
in naturally ventilated buildings, as neededfor the assessment of thermal comfort. The model is based on correlations developed from a large set of experimental pressure
and velocity data collected from architectural models in a
boundarylayer wind tunnel. The goal of the study was to
examine and formalize the relation between indoor air
motion parameters (velocities and turbulence intensities)
and the external surface pressure distribution on sealed
models for which data bases amt correlations are now
available. This was accomplished through two series of
tests. In the first, indoor air speedand turbulenceintensity
distributions were measured in models with openings for
various wbMdirections and buiMingconfigurations. In the
second, the external surface pressure distribution was
measuredon a sealed model for the same buiMingconfigurations. The numberof architectural configurations tested,
which were selected to cover a wide range of possible
buiMing-aiuTowinteractions, included the effects of wind
direction, upwind obstructions, building shape, window
size, and other architectural features such as wing walls
and roof overhangs. The resulting correlations, based on
nearly 300tests, predict indoor air motionwith a goodlevel
of accuracy as a function of wind direction, windowsize,
and the external pressure distribution measuredon sealed
models.

E.A. Arens, Ph.D.
Member ASHRAE

2.

Natural airflow through the building can cool down
its structure, carrying awaythe sensible heat stored
in its thermal mass. This results in lower radiant
temperaturesin the space. This principle is applied
in precooling buildings at night in hot, dry climates.
Induced indoor air motion can also cool building
occupants directly by increasing convective and
evaporative heat loss from the occupant’s body
surfaces.

In the recent past, numerousstudies have focused on
the first mechanism, and models using surface pressure
coefficients are now being developed to predict airflow
rates in buildings (Baumanet al. 1988; Swamiand Chandra
1988). The second mechanismis also receiving attention.
ASHRAE
recently sponsored a detailed laboratory study of
roomconvective heat transfer for interior walls subjected to
high ventilation rates, with the aim of producing a predictive methodto be incorporated into computerized building
energy simulation programs (Pedersen et al. 1990). Very
little work, however, has been undertaken on the third
mechanism.This aspect of natural ventilation (dealing with
occupant cooling) has been difficult to assess, since it
requires the prediction of indoor air movement.
The effects of indoor air motion on human thermal
comfort in hot environmentshave been extensively studied,
and it is nowwell established howair movementcan offset
increases in air temperature. Air velocities increase the
body’s convective and evaporative heat loss rate. Several
INTRODUCTION
researchers have studied the effect of air velocities on
Natural ventilation can be used as an energy-conserving thermal comfort (McIntyre 1978; Arens et al. 1986; Jones
design strategy to reduce building cooling loads and et al. 1986; Chang et al. 1988; Scheatzle et al. 1989;
improve indoor thermal comfort in manyhot-climate areas.
Tanabe and Kimura 1989). Moreover, it has been shown
recently that the impact of air turbulence intensity on
Moreover, in manydeveloping countries where air-condicomfort can also be significant (Mayer1987; Fanger et al.
tioning systems do not represent a realistic alternative,
natural ventilation maybe the only cooling strategy avail1988). It is expectedthat the effects of turbulence will soon
able.
be integrated into humanthermal comfort models, probably
in the form of an "effective velocity" as used in exterior
The cooling effects of wind-drivennatural ventilation
inside buildings are governed by three fundamental mecha- wind comfort studies (Arens et al. 1989).
nisms:
To predict the acceptability of a naturally ventilated
indoor environment to its occupants, it is necessary to
Underproper conditions, wind-driven airflows can determine wind-driven interior velocity and turbulence
intensity distributions. Furthermore, with the current move
offset internal and solar heat gains by replacing
to incorporate comfort modelsin building energy simulation
warmindoor air with cooler outside air, thus
programs(to reflect the fact that HVAC
strategies should be
lowering indoor air temperature.

DavidR. Ernest is a Ph.D.Candidate,Fred $. Bauman
is a ResearchSpeeiafist, and EdwardA. Arensis a Professor in the Department
of Architecture,Universityof California, Berkeley.
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targeted for people rather than buildings), it becomes
necessary to fully account for the effect of indoor air
movement(for example, Coutier et al. [1985] recently
added a comfort model to BLAST).
Nonconditioned air movementrequired for comfort in
buildings can be induced by external winds, whole-house
fans, or ceiling fans (indoor velocities induced by thermal
stack effect are generally too low). Wind-driven natural
ventilation is particularly appealing, since it uses no
auxiliary powerand only requires controllable openings in
the building envelope. However,if the concept of natural
ventilation is to be useful to designers and architects,
methodsand design tools are neededto predict its effectivehess. Such tools currently do not exist. This stems from
there being no simple methods to predict wind-induced air
velocity distributions inside buildings.
There are currently five different methodsfor estimating wind-inducedindoor air motion: (1) full-scale measurements, (2) numerical simulations, (3) use of published
tabulated data based on parametric wind tunnel studies, (4)
use of the winddischarge coefficient method,and (5) direct
measurementof the indoor velocities in scale models in a
boundary layer wind tunnel.
Full-scale field studies of indoor air motioncan only be
used to evaluate existing buildings (Chandet al. 1989) and
are essentially useful for the validation of the other predictive methods (Chandra et al. 1982; Gandemerand Barnaud
1989).
The numerical computer simulation of indoor air
motion, whichis still in a developmentalstage, is both too
complexand inappropriate for design applications of natural
ventilation (Mathews1989; Tsutsumi et al. 1988; Kurabuchi
and Kusuda 1987; Holmesand Whittle 1987).
Published sources of tabulated interior velocity levels
resulting from generalized wind tunnel tests on generic
models are available. The effects of a numberof building
parameters on indoor air motion have thus been reported
(Chand et al. 1968, 1969, 1970, 1975, 1978; Givoni 1962,
1965, 1969; Sobin 1981, 1983). Overall, while they provide
importantdesign guidelines, the results of these experiments
cannot be used to actually predict indoor air movement
for
a representative range of building and flow configurations
due to the following important limitations:
They do not adequately account for the effects of
external building geometryand windcharacteristics
on interior flow properties. For example, the
actual pressure differentials between inlet and
outlet were not varied. In addition, the turbulent
nature of the airflow around buildings was rarely
modeled.
The blockage of the wind tunnel by the model
during these tests was often excessive, influencing
the reliability of results.
Upwind obstructions were rarely considered,
althoughthey represent the typical building configuration (Chandet al. 1975).
Only a limited numberof Simplified intedor space
configurations were tested.
5.

Interior air turbulence intensities
sured.

6.

The measuredinterior velocities cannot be related
to local climatic data.
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were not mea-

External surface pressure coefficients (C,) measured
sealed modelscan be used to estimate velocities at inlets Or
through narrow corridors (Aynsley 1982). The calculations
makeuse of discharge coefficients (Cd) to account for the
characteristics of the inlet and outlet geometries. However,
only conservative estimates of velocity levels in the occupied space, awayfrom inlet areas, can be derived from this
method (Arens and Watanabe 1986).
Finally, the direct measurementof interior airflows in
scale models placed in a boundary layer wind tunnel has
been shownto be a useful, simple, and accurate technique
for the prediction of indoor air motion (Aynsley 1982;
Poreh et al. 1982; Cermaket al. 1982). A method using
this technique has been developed to predict thermal
comfort levels in a naturally ventilated building (Arens et
al. 1984). Unfortunately, the use of such methods, requiting
access to a wind tunnel, is impractical for most building
designers, especially for small housing projects.
Objective of the Study
The purpose of this study was to develop a simple
methodfor the prediction of indoor air motion in naturally
ventilated buildings, as neededfor the assessmentof indoor
thermal comfort. To be truly useful, this method must be
such that it is readily accessible to the design community.
In practical terms, this means that the methodshould be
integrable in computerized procedures that operate on full
sets of hourly climate data.
APPROACH
For the purpose of assessing the impact of complex,
wind-induced indoor airflows on the overall thermal
comfort conditions in a given space, one only needs
a measure of the overall interior air movement
intensity in the occupied space, including the
effects of both velocity and turbulence, and
2.

a measureof the air movementspatial distribution
within the interior.

Based on these two indoor air motion parameters, one
can retrieve the approximate air movementdistribution in
the space and, combined with other thermal environment
parameters, use it to assess comfort levels. Althoughmore
detailed local flow characteristics in the roomcan influence
thermal comfort conditions, such a level of detail is beyond
the scope of a practical prediction method.
In porous buildings exposedto relatively strong winds,
indoor air motion will be greatly influenced by the external
pressure distribution around the building. It is therefore
convenientto relate it to building surface pressure coefficients (C~), for which large data bases and correlations are
nowavailable (Swamiand Chandra 1988; Balazs 1989).
this study, the relation between the indoor air motion
parameters (velocities and turbulence levels) and the
external pressure distribution on sealed models was examined and formalized;
This was accomplished through two series of tests
conducted at model scale in a boundary layer wind tunnel.
In the first, indoor air speed and turbulence intensity
distributions were measured in models with openings for
various winddirections and building configurations. In the
second, the external surface pressure distribution was
measuredon sealed modelsfor the same building configuraASHRAE
Transactions: Symposia
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tions. The two sets of data were then analyzed to produce
ings with wall porosities lower than about 25 %and wind
correlations for predicting indoor air motionparameters as
angles below45 °,internal airflow rates could be predicted
to within 10 %from external surface pressure distributions
a function of winddirection, windowsize, and the external
pressure distribution measuredon the sealed models.
measured on sealed models (Vickery and Karakatsanis
The implications of using data obtained from two
1987). These studies suggest that the use of pressure
physically different building models--onethat is porous and
distributions on sealed models are appropriate for the
the other sealed--are discussed briefly below. First, the
prediction of indoor air motion in open models with low
overall external pressure field around the building maybe
porosities.
affected by the presence of wall openings in the structure.
In this study, the wind tunnel tests were performedto
This effect was investigated by Snyckers (1970), whofound
investigate wind-induced indoor air motion and flow
patterns in relation to the following parameters: (1) upwind
that the presence of fairy large openings of various shapes
terrain roughness, (2) winddirection, (3) immediateupwind
(wall porosity of 12%) did not significantly affect the
surface pressure distribution patterns except in the immedi- obstructions, (4) external building shape, and (5) window
ate vicinity of the openings.
size. The effects of other parameters, such as interior room
partitions and windowlocation, are reported in Ernest et al.
Second,as pointed out by Aynsley(1988), the effective
driving force responsible for the airflow through the
(1990).
building is the difference betweenthe total pressure at the
inlet (including a velocity pressure component), and the
EXPERIMENTAL METHODS
static pressure at the outlet. Pressures measuredon window
BoundaryLayer Wind Tunnel
areas of sealed models may be different from those measured at the open windowsof porous models. For example,
In this study, both the indoor velocity and surface
Porch et al. (1982) found that the total pressure measured
pressure experiments were conducted in an open-circuit
at an open inlet was slightly larger than the pressure
boundarylayer windtunnel located in a university laboratomeasured on a sealed model at the same location. To
accountfor this effect, estimates of the pressure distribution
ry. As shownin Figure 1, the first 42 ft (12.8 m) of the
wind tunnel correspond to the flow-processing section in
at open windowswould therefore be required. These are
which a combination of turbulence-generating devices and
difficult to measuredirectly, especially for oblique wind
rough objects cover the floor to simulate the characteristics
directions, and very little published data are currently
of the flow approaching the building model. Immediately
available. However,studies that have addressed this issue
downwindof the flow-processing section is a 12 ft (3.7 m)
have shownthat the use of pressures measured on sealed
long test section, in which the scale modelsare placed on
models, rather than the actual pressures, lead to errors of
a 6.6 ft (2 m) diameter rotating turntable for testing. The
less than 10%for predicted flow rates (Aynsley 1988).
pressure and velocity instrumentation is mountedbelow the
Finally, in another study, it was found that for buildturntable. A PC-baseddata acquisition system located in an
adjacent chamber was used to collect and analyze the
experimental data.
Building Models

Figure 2 Exterior

model dimensions (mm)

ASHRAE
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For this study, two single-room modelswere fabricated
out of l/8-in. (3-ram) transparent acrylic sheet. Model
used for velocity measurements, had reconfigurable openings. Model 2, used for surface pressure measurements,
was completely sealed and equipped with pressure taps. The
overall dimensions of the models are 3.94 in. (100 ram)
high, 9.84 in. (250 ram) long, and 9.84 in. (250 ram)
(see Figure 2 for Model 1 with the base case openings).
This corresponds to a scale of 1:30 based on the interior
space dimensions. The size of the modelswas selected to be
large enough to maximize the internal Reynolds number
(Rei) but small enough to limit the maximum
wind tunnel
blockage and allow adequate modeling of the boundary
layer. These instrumented modelswere used in conjunction
541
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Cross section of Model 1 showit
sensor locations
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with uninstrumented polystyrene blocks to assemble the
various building geometries tested.
The two opposite faqades of Model1 have a large open
area (8.66 in. by 2.36 in. [220 mmby 60 mini) on which
windowframes of various sizes can be fitted. Figure 3a
shows the various windowsizes investigated on Model1,
with a solid line representing the base case window.The
height of the windowwas kept constant at 1.97 in. (50
ram), with the sill at 1.18 in. (30 mm)and the lintel at 3.15
in. (80 mm).’I’he windowwidth, on the other hand, could
be varied from 1.97 in. (30 ram) to 4.92 in. (125 ram).
corresponding wall porosities, defined as the ratio of the
windowarea to the area of the wall containing it, varied
from 6% to 25%. ’/’he base case windowwidth was 3.28
in. (83.3 nun), correspondingto one-third of the wall width
and a porosity of 16.7%. The thickness of the window
frames is fairly thin (less than 0.039 in. [1 mm]),allowing
a clear separation of the flow to occur at the windowedge
(see Figure 3b).
A row of four vdocity sensors was installed on the
centerline of the turntable through holes in the windtunnel
floor. The modelwas placed directly above the sensors, so
that the row of probes was parallel to the modelinlet-outlet
axis (Figure 3b). Spacing between probes (2.40 in.
ram]) was based on an equal-area coverage for each probe.
The height of the sensors inside the modelwas selected to
be representative of the occupied level in the room. It was

I
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Figure 3a

Figure 3c Velocity measurement locations (Model 1)

Figure 3d Pressure tap locations (Model 2)
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fixed at 1.46 in. (37 ram), the equivalent of 3.6 ft (1.1 m)
full-scale, correspondingto head height for a seated person
and mid-body height for standing subjects. Rather than
movingthe row of probes inside the model, tracks on the
floor allowed the modelto be movedlaterally as required
for indoor velocity measurements at five different row
locations, correspondingto a total of 20 measurementpoints
per configuration (see Figure 3c). The spacing between
each row location was 1.93 in. (49 ram), corresponding to
one-fifth of the interior width of Model1.
For Model2, the pressure tap distribution was selected
so that surface pressures could be measured over areas
corresponding to openings on Model 1. The two opposite
faces of the model were equipped with 45 pressure taps
each (Figure 3d); 9 pressure taps symmetrically covered the
base case windowarea. The maximumwind tunnel blockage occurs when the instrumented model (or base case
model) is used in conjunction with other building blocks and
is less than 2.5%. No corrections due to blockage effects
were made on measurements obtained with these model
configurations.
MeanVelocity and Turbulence Intensity Measurements
Four anemometers were used in conjunction with
custom-built, high-frequency response, vertical hot-film
probes for the measurement of indoor air motion. These
sensors have the advantage of being able to measure the
horizontal velocity fields (as experienced by humansubjects) for high-frequencyturbulence intensity airflows.
Preliminary tests showedthat the self-shielding effect
of the probes on other probes located further downstream
in the row parallel to the flow had a negligible impact on
indoor velocity and turbulence measurements due to the
highly fluctuating nature of the interior flows. It was also
found that the lateral movementof the model (+3.86 in.
[+98 mini) did not affect the measurementresults due to
the largely two-dimensionalnature of the flow in the center
of the test section of the tunnel and the small longitudinal
variation of the meanvelocity at the modellocation.
For velocity and turbulence intensity measurements,the
output voltage of each anemometer was sampled at a
frequency of 30 Hz for a period of 30 seconds. When
needed, a temperature correction was applied to this
voltage.
For each building configuration tested, and based on
the 20 measurementsper test, three nondimensionalindoor
air motion parameters were computed:
n

C~ = 1In Y~ (VllV
,)
i=1

c, = 1Inr,

(1)

average turbulence coefficient
meanvelocity at interior location i (m/s)
meanoutdoor reference freestream velocity at
cave height (m/s)
a~(V~) = standard deviation of the n mean interior
velocities (m/s)
~r,(V~) = standard deviation of the fluctuating component of V~(m/s)
n
= number of interior measurement locations in
the model (20).
C,
V~
V,

=
=
=

Cvis the measureof the relative strength of the interior
air movementin the horizontal plane representative of the
occupied space of the room. C~v is a nondimensional
measure of the relative spatial uniformity of that flow. A
low Csv indicates a rather uniform flow, and a high value
represents a greater spatial unevenness for the interior
velocity distribution. Finally, C~is an overall measureof
the turbulence level in the room.
For simplicity, the conventionselected was to reference
the velocity coefficients, Cv, to the freestream velocity at
the building’s cave height (3.94 in. [100 mm]or 9.84 ft [3
m] full scale). This allows the indoor velocity to be expressed as a percentage of the available outdoor wind. A
simple correction factor can then be applied to the velocity
coefficient to relate it to local full-scale climatic data.
In this study, however, the outdoor reference velocity
was measuredat the beginning of each test at the standard
probe height of 1.46 in. (37 mm)with the model removed.
A correction factor was then applied to this measuredreference velocity to account for the height effect. This heightcorrection factor, the ratio of the velocity at cave height
(3.94 in. [i00 mm])to the velocity at 1.46 in. (37 mm)
the approach flow, was determined in a separate independent test. The maximumerror associated with the mean
velocity measurementsis estimated to be 15 %.
Pressure Measurements
Twodifferential pressure transducers were used in the
experimental setup: transducer #I measured the mean
surface pressure of each individual tap on the model and
transducer #2 monitored the freestream dynamicand static
pressures at the reference pitot tube in the windtunnel (see
Figure 1).
Each pressure tap on the model was connected via a
2.0 ft (0.6 m) long, 0.063 in. (1.6 mm)O.D. vinyl tube
a rotary valve that allowed each tap to be sequentially
connected to a single pressure transducer. The pressure at
each tap of the building modelwas measured simultaneously with the reference dynamicpressure at the pitot tube.
The transducers were sampled at a rate of 10 Hz for a
duration of 15 seconds. Upon switching to a new port
position on the pressure switch, a delay of 10 seconds was
implementedto allow the pressure line to stabilize to its
new value. For consistency with velocity measurements,
surface pressure data were converted into a nondimensional
pressure coefficient referenced to the freestream dynamic
pressure at the modelcave height:

(3)

C, = (P,.-P~)/(0.5 p I~)

(4)

i=1
where

where
=
=

average velocity coefficient
coefficient of spatial variation

ASHRAE
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_Cp =
P~, =
P, =

meansurface pressure coefficient
meanpressure at model surface (Pa)
meanstatic reference pressure (Pa)
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Reynolds NumberIndependence Tests
Oneof the similarity criteria for windtunnel studies of
natural ventilation at modelscale is the Reynoldsnumber.
In theory, the Reynoldsnumberfor the flow in the smallscale modelshould be equal to that obtained for the fullscale building. In practice, however,matchingthe Reynolds
numberwouldbe virtually impossible since it wouldrequire
a wind tunnel speed 30 times higher than that of the natural
wind. Fortunately, studies on this problem have indicated
that this requirement can be relaxed provided the Reynolds
number is higher than a minimumvalue (Cermak et al.
1982). In the case of interior airflows, it was found that
Reynolds number independence was achieved when

121

Re=‘=
= V~,H/v > 2 x 10

WindTunnelSpeed(m/s)

Figure 4

Reynolds mumberindependence test

3)
density of air (kg/m
meanreference velocity at cave height (m/s).
Since the reference freestream velocity at the building’s
cave height could not be measuredsimultaneously with the
model’s surface pressures, the computation of the pressure
coefficients was madein two stages. During the tests, the
reference freestream velocity used was measuredat the pitot
tube. This measuredvalue was then corrected to account for
the height effect. In this case, the height-correction factor
for the reference velocity is the ratio of the velocity at cave
height (3.94 in. [100 mm])to the velocity measuredat the
pitot tube in the approach flow. This factor was measured
in a separate independenttest. The estimated error associated with the mean pressure measurementsin the dimensionless pressure coefficient form is 0.07.
For each building configuration tested, the surface
pressure was measured on the sealed model (no openings)
over the area correspondingto the location of the base case
inlet and outlet on the open model(a total of nine pressure
taps per opening area). The nine pressure tap readings were
then averaged together to produce the pressure coefficient
for the openingarea. C_t is the averagepressure coefficient
for the inlet (defined ~ the "upwind" window)and .rC£
corresponds to the outlet (the "downwind"window).,,~
pressure distribution was measured over the rest of the
model’s surface for only a limited number of configurations.
Correlation Development
The experimental results were analyzed using a PCbased data analysis program. Correlations were developed
using a stepwise multiple linear regression fitting routine.
In all cases, the terms of the correlation equations are
significant beyond 10-4. Full details of the experimental
methodsare described in Ernest et al. (1990).
RESULTS AND DISCUSSION
Prior to performingthe detailed parametric tests in the
wind tunnel, a series of preliminary experiments were
carried out to investigate the effects of Reynoldsnumber
independence and boundary layer roughness. Pressure
distributions on the base case model were also compared
with currently available published data.
544

where
Re~
V~
H
v

=
=
=
=

interior Reynolds number
velocity at the inlet window(m/s)
height of the model (m)
kinematic viscosity of air (m2/s).

In this study, Reynoldsnumberindependencetests for
the interior flows were carried out for the cross-ventilated
Model1 with the base case windowsize (16.7 % porosity).
Indoor velocities and turbulence were measured with the
row of four probes for wind tunnel speeds varying from
400 fpm (2 m/s) to 2,170 fpm (11 m/s) (corresponding
Re~ranging from 5.5 x 103 to 3 x 10’1). Figure 4 showsthat
the average indoor velocity coefficient computedfor the
four probes in the central row becomespractically Reynolds
numberindependent regardless of. the wind direction for
wind tunnel speeds above 790 fpm (4 m/s). This was also
true for indoor velocities measured in the recirculating
flows in the rest of the space.
For indoor turbulence intensities, it was foundthat only
the jet flow downwindto the inlet was clearly Reynolds
numberindependent at low wind tunnel speeds. In the rest
of the space, the turbulence intensities tend to decrease with
increasing wind tunnel speeds. However,indoor turbulence
intensities stabilize above a wind tunnel speed of about
1,380 fpm (7 m/s). In agreement with Equation 5, this
corresponded to a minimumRe~ of approximately 2 x 104
for Reynoldsnumberindependence. All subsequent tests in
the wind tunnel were conducted with a reference speed of
1,560 fpm (7.9 m/s) at the pitot tube. A close monitoring
of the windtunnel speed indicated that its variations over
any given test were less than 1%.
Effects of BoundaryLayer Roughness
To perform reliable studies of natural ventilation in
buildings, the building-wind interactions must be accurately
reproduced at model scale. The key wind features to be
modeledin the atmospheric boundarylayer are the vertical
distributions of meanwind spee~ and turbulence intensity,
which are largely determined by surface characteristics
upwindof a particular building site.
The variation of wind velocity with height in the lower
levels of the atmospheric boundary layer (the region of
greatest interest in building-related wind studies) can be
represented by the logarithmic velocity profile for a
thermally neutral atmosphere (Cook 1978):
V(z) = (u.lk)lnt(z-d)lz.o]

(6)
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where
V(z)
u,
k
z
d
z0

= mean velocity at height z (m/s)
= friction velocity (m/s)
= yon Karman’s constant (0.4)
= height above ground level (m)
= zero plane displacement height (m)
= roughness length (m).

The roughness length (zo) in Equation 6 is a parameter
representative of the upwindterrain surface characteristics.
Turbulence intensity is a measure of the magnitudeof
velocity fluctuations comparedwith the meanvelocity at a
point in turbulent flow. Turbulence intensities are always
greatest near the ground, where the boundary layer flow
interacts with the surface roughness and obstructions, and
decreases with increasing height above the ground.
The effect of the boundarylayer flow characteristics on
the flow pattern inside buildings has not beenstudied so far;
however, it has been previously shownthat it can have an
effect on the pressure distribution around buildings (Akins
and Cermak1976). For this study, three different types of
terrain roughness were modeledto investigate this effect on
the base case model (without modeled surroundings). The
approaching boundary layer flows were simulated in the
wind tunnel using roughness blocks and other flow-processing devices based on techniques described by Cook(1982).

Figure 5b

Effect of boundarylayer roughnesson interior
velocity distributions

The three terrain roughnesses simulated corresponded to
full-scale values of the roughness length (z0) in Equation
of 0.67 in. (0.017 m) (flat farmland), 3.0 in. (0.077
(villages), and 8.3 in. (0.210 m) (suburban) (ESDU
1985).
It was found that whenthe pressure and velocity data
were normalized by the reference velocity at the model’s
cave height, as in Equations 1 and 4, the change of roughhess had virtually no effect. Figure 5a showsthe variation
of the pressure distribution on the inlet and outlet areas with
wind direction for the three roughnesses tested. The small
variations are virtually insignificant whencomparedwith
variation induced by changes in building geometry. Figure
5b shows the average indoor velocity for the same three
profiles. Here again, the effect of roughness change is
negligible. The turbulence level of the approaching flow at
the model location varied from 16% for the smoothest
terrain to 24 %for the roughest. This did not significantly
affect the turbulence level inside the model, which seemsto
be generated by the separation at the windowedges rather
than by external flow conditions. For the rest of the study
the roughness length was kept at Zo = 3.0 in. (0.077 m),
corresponding to a relatively smooth terrain typical of
villages or the outskirts of small towns.
The measured boundary layer profiles for this roughhess length are presented in Figures 6a and 6b_. In Figure 6a
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the surface-averaged pressure coefficient at normal incidence was used as input for the model. This measured
pressure coefficient (0.64) is well within the range
previously published values for that parameter. Figure 7
represents the data collected compared with the values
predicted by Swamiand Chandra’s model (solid line) for
the wind direction tested. It appears that the agreementis
fairly good. However,this experiment also revealed the
importance of using local surface pressure data rather than
wall-averaged data for the assessment of pressures at inlets
and outlets. A description of the full set of parametrictests
performed follows.

o,~
~
0.4

~ 0~-

Effect of WindowSize
~nd

Fig~e 7 Comparison of me~ured data with prediaions
~om Swami aM Cha~ra (1988)
¯ e ~lid l~e repr~en~ ~e regression fit (R~ = 0.985) of
the m~sur~ velocities to Eq~tion 6 that produc~ the
roug~s length (~) of 0.10 ~. (2.56 ~) (~ll-scale
3.0 ~. [0.077 m]) ~d a ~ro pl~e displacement height (~
of 0 m. ~ Fibre 6b the m~sur~~rbulence ~tensities are
compar~ wi~ r~o~end~ values comput~ for t~s
roug~ess (repre~nt~ by ~e solid l~e). ~e compa~son
shows that m~sur~ ~rbulence ~tensities for ~uivalent
~ll-scale heigh~ (z) be~n 3.3 ff (1 m) ~d 65.6 ~
m) (~ 1.2~. [30~] ~d 24 ~. [6~ ~] at modal
scale) co~espondrelativdy well to values for tNs region of
the atmospheric ~ layer (ESDU 1984, 1985).
Pressure Distributions

The effect of windowsize and wind direction on indoor
air motionwas investigated for the base case cross-ventilated ruodel configuration with inlet and outlet of equal areas.
"i~ae average indoor air velocity coefficient (C,) was
measured for 10 different windowsizes and for 7 wind
directions (every 15° between0° and 90°). The porosity of
the wall was varied from 6 % to 25 %. The windowsizes
tested are described in Table 1 and shownin Figure 3a.
The analysis of the variation of the average indoor
velocity coefficient to changes in wind angle and wall
porosity level revealed that indoor velocity increases with
wall porosity at a similar rate regardless of the wind
direction. In other words, wind angle (0) and porosity (~o)
effects ate almost independent. Based on this finding, a
simple correlation was developed from the 70 data points
collected. It xvas found that the indoor air vdocity coefficient could be predicted as a function of the wall porosity
and the indoor velocity coefficient obtained for the base
case windowsize (R2 = 0.984):

on Base Case Model

c,(o, : c (o, D’(A+ B)

(7)

where
~e surface-avemg~ pressure distributions
m~sur~
over the entire wall ar~ of the base case build~g model
average velocity coefficient
were compar~ with values pr~ict~
by Swa~ ~d
Ch~dra’s model (1988). ~e model pr~icts the variation
wind direction (0 ° ~ O < °)
90
wall porosity (6% < ~o < 25%)
of the wall ar~ surface-averag~ pressure coefficient (C~,
base case wall porosity (~ = 16.7 %).
referenc~ to the fr~str~m velocity at the build~g’s ~ve
height) as a ~ction of w~d dir~tion ~d ~e side ~p~t
The coefficients for this equation are
ratio 0ong/sho~ wall length). ~s model does not dir~tly
pr~ict the Ce at noel ~cidence; ~st~d a reference ~ble
A = 3.52
provides typical values for that parameter, which are then
B = 0.40.
us~ as ~put ~ the model. Here, the m~sur~ value for
TABLE 1
WindowS~e Ctmraetefisfies
W’mdowNumb~

2

Porosityof W~li(v~)
% of e~al wall m’~

30

6.0%

4.8%

40

8,0%

6~4%

50

10.0 %

8.0%

4

60

12o0%

9.6%

5

70

t4,0%

11.2%

6

83~3

16~7%

13o3%

90

18o0%

14o4%

lOO

20.0%

16.0%

110

22.0 %

17.6%

125

25,0%

20.0%

10
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This formula, which obviously does not apply to
porosities approaching zero, accounts for the fact that C,
increases linearly with ~. Figure 8 showsthe measureddata
comparedwith correlation Equation 7 for 3 wind angles and
for the 10 porosity levels tested.
Effect of External PressureDistributions
Surface pressure distributions were measuredfor a total
of 32 building configurations that were selected to cover a
wide range of possible building-airflow interactions,
including the effect of building geometry, upwindobstructions, and other architectural features such as wing walls
and roof overhangs. The corresponding indoor air motion
parameters were measured for the same configurations and
with the base case windowsize. Each building configuration
was tested for the same seven wind directions previously
described. The results were then combinedinto a data base
containing a total of 224 sets of pressure and velocity tests.
Figures 9a and 9b present typical examples of such
tests. In Figure 9a, the variation of the average pressure
distributions over the inlet (Cp ~) and outlet (Cpo) areas
one wing of an L-shaped bufl[iing with wind’direction is
presented (see sketch on figure for building configuration).
I C ~ - C o [ represents the available pressure difference
across the sealed model. Smularly, the variation of the
average velocity coefficient (C,) for the open L-shaped
model, compared with that of the base case model, is
shownin Figure 9b. It can be seen from these figures that
the pressure field around the building is significantly
affected by its geometry(the pressure distribution on the
base case model configuration is shownin Figure 5a). As
one might expect, the indoor velocity distribution is also
affected.
It was generally found that the effectiveness of the
pressure difference to induce indoor air motion was reduced
when the approaching flow had to change its direction
before entering the model. This phenomenon normally
occurs for oblique wind angles (O > 45°) but also when
wing walls are present. Moreover, it was found that the
strength of the suction zone was moreeffective at inducing
the airflow through the modelthan the corresponding force
of the positive pressure front on the windwardside. This
finding, similar to that of Gandemerand Bamaud(1989),
could have major architectural implications in the design of
naturally ventilated buildings. Detailed analysis and presenASHRAE
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5%"

0

Figure9b

tation oi~ the indoor velocity and surface pressure results are
reported in Ernest et al. (1990).
The 224 pressure and velocity data sets collected were
used to produce correlations relating the surface pressure
and wind direction data to the measuredindoor velocities.
First, it was of interest to assess to what extent indoor
velocity can be related to the available pressure difference
measured across the sealed model. Presumably, this
pressure difference is the primary driving force for the
interior flow. A correlation, independentof wind direction
and based on the following equation, was therefore produced:
C~,(ACt,) = 1/2
(ACp)

(8)

where
= average velocity coefficient

= I - c,,,o l .

The coefficient for this equation is
A = 0.2214.
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Given the probable causal link between(AC,)’i and
it wasfound that the correlation coefficient for this function
was relatively low (R2 = 0.856). This could be attributed
to the fact that several factors identified duringthe tests are
not accounted for in the equation:

It must be noted that while A, B, and C are independent
of the reference velocity used, the coefficients D and E
need to be multiplied by the correction factor (V,/V,)
is used as the reference velocity for the pressure coefficient
data instead of
Equation 9 accounts for someof the factors mentioned
above. First, the weight of the pressure coefficient for the
outlet is moreimportant than that of the inlet regardless of
the wind direction. Second, the effectiveness of wind
pressures is reduced with increasing wind angle. Finally, a
nonzero indoor velocity level is obtained for AC, = 0 to
account for the effect of turbulence-inducedventilation. In
the absence of mean wind-pressure driving forces, indoor
velocity resulting from wind turbulence remains at its
minimumlevel of about 7% of V,, a level comparable to
that obtained for single-sided ventilation designs. The
correlation fit for Equation 9 is presented in Figure 10a.
Figure 10b shows the predictions of the model compared
with the measureddata for three building configurations.
For the average indoor turbulence level, the analysis of
the data for the 224 tests revealed that the coefficient of
turbulence, C,, could be approximatedby a constant (R2 =
0.790):

1.
2.
3.
4.
5.

The negative suction pressure is more effeciive
than the positive pressure front.
The effective area of the opening is reduced with
wind angle.
A "momentumflow" component is present for
small windangles at the inlet.
A residual turbulence-induced flow occurs when

ACp
= 0.

The discharge coefficient for the windowmayvary
with wind angle.

Based on these factors, more complexcorrelations were
developed. To better account for the particular effect of
inlet and outlet pressures, the square of the average indoor
velocity coefficient (C~) was used as the dependentvariable
in the correlation. In this case, a correlation (R2 = 0.946
for the predicted values of C,) was developed to produce
the following equation:

= + n eoso

(9)

C,= 0.5,38.

(lo)

+ CC~, oeOsO +DCOSO +E

The fairy high value of this coefficient, whichhas the
form of a turbulence intensity, indicates that the interior
where
flows are, on the average, very turbulent.
A control test was undertakento assess the applicability
= average velocity coefficient
of the prediction (Equation 9) to configurations not used
cv
O <- 90
0
= wind direction (0 ° < °)
generate the model. The control test configuration was a
avera.ge pressure coefficient for the upwind complex but repeatable landscaped configuration that
opening area
included blocks, trees, and other architectural features that
average pressure coefficient for the downwind had not been previously tested. Here again, the pressure
opening area
and indoor velocity were measured. The measured surface
=
.
pressure coefficients (Figure 1 la) were used to predict the
indoor velocity coefficients in the building~ Figure l lb
shows the comparisons between the values predicted by
The coefficients for this equation are:
Equation 9 and the actual measured velocity coefficients.
The largest absolute discrepancy occurs at 6) = 60°, where
A = 0.0203
the modelunderestimates the average indoor velocity by 4 %
B = 0.0296
C = -0.0651
(measured C~ = 29%vs. predicted C~ = 25%). Overall,
the predictions of the modelare within the margin of error
D = -0.0178
for the velocity coefficients.
E = 0.0054.
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Figure 11b Measurementsvs. predictions for the control
test configuration

Predictionof Spatial IndoorVelocity Distributions

The coefficients for this equation are

Local interior velocities can greatly differ from the
average indoor velocity dependingon the location within the
space. In most eases, the velocity will be highest in the jet
flow downwindof the inlet and lowest in the node of some
recirculating eddy in the room. The overall spread of the
local indoor vdocity distributions is given by C~,, as defined
in Equation 2. The jet flow, which occupies a relatively
limited part of the space, dissipates into the rest of the room
by distributing its kinetic energy. To analyze the formal
structure of this flow distribution, each local measured
indoor velocity ratio wasexpressed as a function of C,,, C,,
and a nondimensional, reduced velocity _Vas follows:

A
B

V,lV, : (z,. c,,

(11)

where

v, =
v, =
=
C~ =
=

meanvelocity at interior location i (m/s)
meanoutdoor reference freestream velocity at cave
height (m/s)
reduced meanvelocity at interior location i
coefficient of spatial variation
average velocity coefficient.

In this expression, ~ is negative for a local V~/V, less
than C~ and positive whenV~/V, is greater than C, ~ = 0
whenV~/V, = C,). Using this reduced velocity, the overall
form of the soatial distributions of the interior velociti~q
becomesindependent of the actual values obtained for C,
and Cs~. For the prediction of the distribution of ventilative
comfort within the space, one would need to be able to
estimate the velodity that is exceededfor a certain percentage of the interior floor area. For this purpose, measured
interior reduced velocities were sorted from the highest to
the lowest value, and an empirical function was developed
to approximate their distribution. It was found that the
function relating the reduced velocity to the percentage of
the floor area could be well approximatedby a !ogadthmie
law:

= A In ¯ n

(12)

where

P

reduced meanvelocity exceeded for p percent
of the floor area
percentage of the floor area (0.05 < p < 1).

ASHRAETransactions: Symposia

= -1.262
= -1.109.

Using this function, the predicted value of_V for p = 50%
is -0.23, which, when substituted in Equation 11, shows
that the vdocity exceededfor 50 % of the space is slightly
lower than the meanvelocity computedfor the entire room.
The coefficient of spatial variation, C,, that was
computedfor each test increases with unevenness Of the
velocity distribution in the space. It was found that this
coefficient varies considerably depending on the flow
conditions. The lowest values (about 0.2) were obtained
when the building model was in the wake of an upwind
obstruction, while the highest values (about 0.7) were
reached for exposed buildings and with a 60* wind angle.
However,formal prediction of C,~ was made difficult due
to the fact that it cannot be directly related to the surface
pressure distributions. Nevertheless, it was also found that
C,~ did not greatly affect the distributions predicted by
Equations 11 and 12, if approximatedby a constant average
value:
C,~ = 0.495.

(13)

Usingthis value, the predicted velocity distributions in
the L-shaped model for three wind directions were compared with the measuredlocal indoor velocities. Figure 12
showsthe indoor velocities that are exceededover a certain
percentage of the floor area. The data points for each wind
direct.ion correspond to the 20 measured local indoor
velocities sorted from the highest to the lowest. Each
interior measurementlocation covers 5 % of the floor area
of the model. The solid line represents the predicted values
for each (V~/V,) as derived from Equations 11 and 12. The
variation of velocities across the interior space can then b6
used in determining the distribution of ventilative comfort
potential within the interior.
CONCLUSIONS
Wind tunnel measurements of surface pressure and
indoor velocity distributions have been madefor a large set
of building configurations. Simplified correlations have been
549
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Re~

V(z)

Z

0%
Floor Area(%of TotalFloor Area)

= von Karman’s constant (0.4), nondimensional
= number of interior
velocity measurement
locations (20), nondimensional
= mean pressure at model surface, Pa
= mean static reference pressure, Pa
= interior Reynolds number (Equation 5), nondimensional
= friction velocity, m/s
= reduced mean velocity (Equations 11 and 12),
nondimensional
= mean velocity at height z, m/s
= mean reference velocity at eave height, m/s
= meanvelocity at interior location i, m/s
= mean velocity at the inlet window, m/s
= height above ground level, m
= roughness length, m

Greek Letters
Figure 12

Prediction of spatial indoor velocity distributions

developedthat allow the prediction of indoor air motion in
cross-ventilated buildings as a function of wind direction,
windowsize, and the pressure distribution measured on
sealed models with a good level of accuracy. The correlations also permit the prediction of the spatial distribution of
the local indoor velocities within the room.
Ongoingresearch in this project is looking at the effect
of simplified interior partitions and windowlocations.
Humancomfort and energy implications of this research
also will be investigated. Architectural guidelines for the
design of naturally ventilated buildings will be suggested.
Future work on indoor air motion is needed to address
the following issues:

= wall porosity (windowarea/wall area), nondimensional
= kinematic viscosity of air, m2/s
= wind direction with respect to outward normal
of windwardwall, degrees
3= density of air, kg/m
= standard deviation over space
= standard deviation over time
= absolute value of difference
= summation
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DISCUSSION
J. van der Maas, EPFL-LESO,Lausanne, Switzerland:
Your model was not aiming at measuring ventilation, but
with what accuracy can you assess ventilation as well?
D.R. Ernest: This modelcannot be used to directly predict
wind-inducednatural ventilation airflow rates. However,it
can be used to estimate the maximumindoor velocity
measuredvery close to the inlet opening. This velocity can
then be used to assess the airflow rate through that opening.
However,no airflow rate measurementswere conducted to
evaluate the accuracy of this assessment.
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