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Abstract

The results of an experimental study examining the steady exchange of air and heat between a building and an urban canyon are
presented. The focus is on the effect of the canyon aspect ratio on the airflow through openings made exclusively in one side of the build-
ing. The interaction of the external wind flow and the internal thermally-driven flow was shown to depend upon the ratio of the building
height Hb to the canyon width W (distance between buildings forming the canyons). The trends observed as this aspect ratio (Hb/W) was
varied allow for identification of canyon geometries that yield reduced or enhanced building ventilation airflow rates.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

An urban canyon refers to the space formed by two typ-
ically parallel rows of buildings separated by a street and it
forms the basic unit of modern cities. Passive, or natural,
ventilation refers to the exchange of air between the inte-
rior of a building and the external environment that is dri-
ven by naturally-occurring pressure differences, i.e. without
mechanical intervention. Convection induced by heat gains
inside and incident on a building, and the action of wind
provide the motive forces of natural ventilation, Etheridge
and Sandberg (1996).

Airflows in urban canyons have been studied extensively
as they provide a mechanism for pollutant dispersion, see,
for example, the review by Vardoulakis et al. (2003).
Besides the quality of outdoor air, indoor air quality
(IAQ) has also received considerable attention in response
to the increasing amount of time spent indoors by recent
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generations and to a heightened awareness of links between
health, productivity and IAQ. The movement of air and
heat, or other pollutants, within a ventilated space plays
a key role in determining the IAQ. Predicting this move-
ment in naturally-ventilated buildings using laboratory
and theoretical modelling techniques has formed the focus
of a number of studies, see the review by Linden (1999),
Hunt and Kaye (2006).

Urban settlements are exposed to urban flows. The sur-
face pressure imposed by the external flow on building
walls and roofs yields an additional driving force to supple-
ment the thermally-driven natural ventilation. The driving
wind-induced pressure difference depends on the opening
locations, and on the surrounding urban geometry, Huss-
ain and Lee (1980). The difference in surface pressure typ-
ically present between windward and leeward or side
façades (Baturin, 1972; Orme et al., 1994) generally results
in a robust pressure drop that tends to drive a cross-venti-
lation flow (Aynsley et al., 1977) within the enclosure when
openings are made in more than one façade.

Designs of naturally-ventilated buildings often incorpo-
rate low-level and high-level openings in order to harness
the stack effect (Etheridge and Sandberg, 1996) associated
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with temperature differences between the interior and exte-
rior environments. The typically warmer internal air rises
to be exhausted through high-level openings. This outflow
is balanced by an inflow of cooler ambient air through low-
level openings. A so-called displacement flow is thereby
established, Etheridge and Sandberg (1996).

Cross-ventilation of enclosures via a combination of
high-level and low-level openings located in opposite
(windward/leeward) façades in an urban canyon context
has been studied experimentally by Syrios and Hunt
(2007). We found that the presence of adjacent canyons
can reverse the effect of the wind on the thermally-driven
internal flow of an otherwise isolated building.

Occupied spaces situated in the urban environment
often have access to the external environment via a single
façade. The ventilation is then referred to as single-sided

as air is expelled from the building and replacement air is
drawn in to the building through a single side. Even for
enclosures with openings on more than one façade, it
may be preferential to limit connections to a single façade
(e.g. linking to a courtyard), if, for example, the others link
to polluted streets.

To date the internal (building) and external (canyon)
flows have been studied mostly in isolation. The need to
improve our understanding of their interaction and, in par-
ticular, of the exchanges between interior and exterior envi-
ronments they induce provides the motivation for the
current study. The effect of canyon flows on passive venti-
lation via high-level and low-level openings in a single side
of a heated building is examined experimentally. Forced,
rather than natural, single-sided ventilation has been stud-
ied experimentally and numerically by Moureh and Flick
(2005). They found that, depending on the position of the
horizontal inflow jet, a poorly ventilated region near the
opposite wall may emerge.

The bulk of previous work on the natural ventilation of
buildings has considered simplified building geometries and
primarily isolated buildings as a means of enhancing under-
standing and predictive capability. As a starting point, flows
within the simplified geometry of a single-spaced rectangu-
lar enclosure flanked by two symmetric urban canyons are
studied herein. The ventilated building was empty. Detailed
internal geometries (including furniture, appliances, etc.)
have been considered in the comparative study of numerical
models simulating thermally-driven ventilation alone by
Jouvray et al. (2007).

Each canyon aspect ratio Hb/W (building height to
street width) examined resulted in the building being sub-
ject to a mean wind-induced pressure difference but with
that mean pressure difference varying with canyon aspect
ratio. Despite pressure fluctuations induced by the
impingement and separation of the external flow on the
canyon’s sharp edges (see Syrios, 2005) a quasi-steady state
was established for all Hb/W considered. This was verified
by consecutive measurements. For a building subject to a
mean wind-induced pressure difference the effects of vary-
ing the heat source strength, the wind speed and the open-
ing area (or building porosity) have been studied previously
by Hunt and Linden (2001, 2005), Li and Delsante (2001),
Gladstone and Woods (2001). The novelty of the current
study lies in addressing the effect of changes in the external
canyon geometry Hb/W on the ventilation flow and the
known effects of heat source strength, wind speed and
opening area are not reproduced herein.

In Section 2 the experimental technique applied to study
the exchange of air and heat between building and canyon
is outlined. Our experimental results that establish the
effect of canyon airflows on single-sided building ventila-
tion are given in Section 3 and the conclusions are drawn
in Section 4. Arrows in figures indicate mean flow
direction.

2. Methodology

The effect of neighbouring urban canyons on the single-
sided ventilation of a building was studied using the ‘salt-
bath’ technique: water was the working fluid and brine
was used to achieve density differences. This technique
has been used to successfully simulate thermally-driven
building ventilation flows at small scale (Linden et al.,
1990; Baker and Linden, 1991) and was extended by Hunt
and Linden (1997, 2001) to include ventilation flows driven
by combined thermal and wind forces.

By using brine, high Rayleigh number turbulent convec-
tion can be achieved at small scale. The reduced diffusivity
of salt in water compared to the diffusivity of heat in air
also ensures sufficiently high Peclet numbers despite the
reduced model scale. Furthermore, the relatively large den-
sity differences that can be achieved by dissolving salt in
water allow for high velocities through openings in the
model and, hence, high Reynolds numbers. Approximate
dynamical similarity can, thus, be achieved (Hunt and Lin-
den, 1997) and measurements made in the laboratory pro-
vide useful insights to the flow at full scale and may be
scaled to make predictions of, for example, airflow rates
and thermal stratification.

A highly-insulated ventilated enclosure was represented
by a clear Perspex box of length 598 mm and of
170 mm · 170 mm vertical cross section (internal height
H = 150 mm). Two plastic boxes of the aforementioned
external dimensions were positioned with their long sides
parallel to, and on either side of, the long side of the Per-
spex box. The three boxes were suspended in the test sec-
tion of an 8.6 m long, 0.6 m wide and 0.6 m deep
recirculating water-filled flume with their long sides span-
ning the flume width. In this way, two symmetric and
inverted urban canyons were formed, see Fig. 1. The plastic
boxes could be translated and locked at ten predetermined
positions along horizontal plastic boards which formed the
streets between the buildings so that the canyon aspect
ratio Hb/W (‘building’ height to ‘street’ width) could be
varied between 1/5 and 2. The ventilation of an isolated
enclosure was studied simply by removing the two plastic
boxes, in which case Hb/W = 0.



Fig. 1. Schematic of the experimental apparatus showing two (inverted)
canyons formed by horizontal plastic boards and boxes (shaded in black)
positioned on either side of the clear Perspex box.
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A pump drove a recirculating flow in the flume, thereby,
simulating wind in a direction perpendicular to the canyon
streets. No attempt was made to simulate the atmospheric
boundary layer.

A number of square-edged rectangular ventilation open-
ings of height 1.5 cm, of either 2 or 4 cm width were
positioned flush with the floor (low-level) and ceiling
(high-level) in the vertical long sides of the Perspex box
(of wall thickness 0.5 cm).

Internal heat gains were simulated by injecting saline
solution from a brine reservoir (Fig. 1) at a constant rate
into the Perspex box via a nozzle of diameter 5 mm. The
continuous supply of solution, of constant salinity, gener-
ated a descending turbulent saline plume of constant buoy-
ancy flux B (cm4 s�3). The saline plume is the analogue of a
thermal plume in a building and the vertical inversion of
the flow and model (Fig. 1) does not affect the flow dynam-
ics for the small density differences considered (Baker and
Linden, 1991). Dye was added to the supply to aid
visualisation.

The saline stratification established by the plume in the
Perspex box was visualised using a contact shadowgraph.
Fluid densities within the Perspex box and flume were mea-
sured with a density meter (Anton Paar DMA 35N, accu-
racy ±5 · 10�4 g cm�3). The large volume of water
contained in the flume ensured that changes in its density
qa were negligible over the course of an experiment.

The steady two-layered stratification of the displacement
flow pattern (Section 3, Figs. 3, 5 and 6) typically estab-
lished by the localised input of buoyancy allowed for a
visual inspection of trends in the steady ventilation flow
Fig. 2. Single-sided ventilation with normal approaching wind. (a) Openings in
or street width W, the building height Hb and the interface height h (set up b
rate Q as the canyon aspect ratio was varied. The depth
of the saline layer was clearly visible on the shadowgraph.
The height h of the interface separating saline and fresh
water layers (Fig. 2a) was measured directly on the shad-
owgraph (accuracy ±2–4 mm). From the measurements
of h trends in Q were inferred; an ascent (descent) of the
steady density interface in the building, rather than labora-
tory, frame of reference corresponding to an increase
(decrease) in Q (Linden et al., 1990).

Conservation of buoyancy flux for the enclosure gives
the steady ventilation flow rate as

Q ¼ B
g0
; ð1Þ

where g 0 = g(q � qa)/qa is the reduced gravity (or buoy-
ancy) of the saline layer. The density of the (homogeneous)
saline layer and, hence, of the fluid discharged from the
Perspex box is denoted by q. The quantity Qg 0 denotes
the (convective) buoyancy flux removed from the enclosure
via the ventilation flow, which, in the steady state, equals
the buoyancy flux input B assuming no buoyancy transfers
with the building material (as is the case in the experi-
ments).
3. Results

The main objective was to discern the effect of surround-
ing canyons on thermally-driven building flows by observ-
ing and measuring the response of the steady ventilation of
the clear Perspex box to changes in Hb/W. Hence, the recir-
culation volume flow rate in the flume was maintained at a
constant value Qrec = 0.0725 m3 s�1, giving a mean
approach ‘wind’ speed of Vwind = 20.1 cm s�1 and a Rey-
nolds number Re � 1.4 · 105 indicating turbulent flow.
Additionally, the plume buoyancy flux was fixed at
B = 133 cm4 s�3 – brine of g0source ¼ 70 cm s�2 was supplied
at a constant rate Qsource = 1.9 cm3 s�1. The area of the
ventilation openings was also kept constant with
Ain = 6 cm2 and Aout = 3 cm2 as the low-level and high-
level opening areas, respectively. Taking discharge coeffi-
cients Cdin = Cdout = 0.6 (Ward-Smith, 1980) gave an effec-
tive opening area as defined by Hunt and Linden (2005) of
A� ¼ ½ð2C2

dinA2
inÞ
�1 þ ð2C2

doutA
2
outÞ

�1��1=2 ¼ 2:28 cm2. Two
opening configurations were considered, namely, openings
exclusively in the windward façade (Fig. 2a) and openings
the windward façade and (b) openings in the leeward façade. The canyon
y the plume for the displacement flows observed) are depicted.
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exclusively in the leeward façade (Fig. 2b). The second
configuration effectively corresponds to a reversal in the
direction of wind for the first.
Fig. 3. Inverted shadowgraph images of the steady stratification for ventilati
The frame of reference for the discussion hereafter is
that of a building with a thermal plume rising from a heat
source at floor level. Displacement flow was observed for
on through windward openings for the entire range of Hb/W considered.



368 K. Syrios, G.R. Hunt / Int. J. Heat and Fluid Flow 29 (2008) 364–373
both opening configurations (Fig. 2), and maintained for the
entire range of Hb/W examined. In each case inflow took
place through the low-level vent, outflow through the high-
level vent and a layer of approximately uniform buoyancy
overlied a layer at ambient density and of depth h.

Experimental results are presented in the form of non-
dimensional interface height h/hnw and non-dimensional
upper-layer buoyancy g0=g0nw, where the reference interface
height hnw = 5.4 cm and reference upper-layer buoyancy
g0nw ¼ 7:16 cm s�2 were measured in the absence of wind –
the subscript ‘nw’ reads ‘no wind’. Error bars in the graphs
of Figs. 4 and 7 indicate the experimental uncertainty asso-
ciated with shadowgraph parallax errors (0.04–0.08 for
h/hnw) and instrument accuracy (0.07 for g0=g0nw).

The steady ventilation flow rate Q was estimated for all
Hb/W from (1) using the buoyancy measurements, see
Appendix A. Volume flow rate estimates, expressed as
the number of air changes per hour (ACH) for the
ventilated box, are given in Figs. 3, 4c and 5 for windward
openings, and Figs. 6 and 7c for leeward openings. ACH
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Fig. 4. Windward openings. For Hb/W 6 2/3 an assisting effect of the cany
ascended (h/hnw vs. Hb/W), (b) the upper-layer buoyancy decreased (g0=g0nw vs.
(‘no wind’ data point) (ACH vs. Hb/W). For deeper canyons (Hb/W P 1) the
is defined as the ratio of the total volume of air flushed
from the enclosure in one hour to the volume of the
enclosure.

The contribution of the source volume flux Qsource to Q

was small: Q exceeded Qsource by a factor of at least 9 in all
experiments, i.e. the bulk of the ventilation flow was due to
plume entrainment and not to the volume flux input at the
plume source.

3.1. Single-sided ventilation via windward openings

Fig. 3 depicts inverted shadowgraph images of the
steady stratification that resulted when openings were
located solely in the windward façade for the no-wind case
and for wind flow past all eleven canyon aspect ratios con-
sidered. Purely buoyancy-driven flow (Fig. 3a) is indepen-
dent of Hb/W as no external flow is involved. Despite the
significant changes in the aspect ratio, the bulk features
of the stratification and ventilation flow remained
unchanged as is clearly evident in Fig. 3. However, as the
no wind 2 1 2/3 1/2 2/5 1/3 2/7 1/4 2/9 1/5         0 (isol.)
0.6

0.7

0.8
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1

1.1

1/3 2/7 1/4 2/9 1/5         0 (isol.)

b

on flow on the building’s ventilation is evident: (a) the steady interface
Hb/W) and (c) ACH increased compared to purely buoyancy-driven flow

re is a subtle opposing effect of the wind.
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volume flow rate in a plume increases with the distance
from the source to the power of 5/3, relatively small
changes in the steady interface position yield relatively
large changes in the ventilation flow rate and upper-layer
buoyancy.

Interface height, upper-layer buoyancy and (inferred)
ACH measurements are presented in Fig. 4. For
Hb/W P 1 a subtle opposing effect of the wind (cf. Hunt
and Linden, 2005) is evident from the slight interface height
reduction (Fig. 4a) and increase in the upper-layer buoy-
ancy (Fig. 4b) compared to purely buoyancy-driven flow
(‘no wind’ data point). However, the magnitude of the
interface and buoyancy departures from their no-wind val-
ues is small, the net effect of the canyon aspect ratio on
wind pressure is weak and cannot be ascertained further.

For Hb/W 6 2/3 the external flow tended to drive an
upward flow through the space, i.e. in the same direction
as and, thereby, assisting the buoyancy-driven flow. The
resulting ascent of the interface (Fig. 4a) resulted in the
plume supplying the upper layer with air of reduced buoy-
ancy (cooler air) as a consequence of having entrained air
at ambient temperature over an increased height. The
buoyancy of the upper layer decreased (Fig. 4b) and
ACH values increased accordingly (Fig. 4c). Based on these
measurements, the maximum ventilation flow rate was
recorded when the building was surrounded by shallow
canyons – the ventilation flow rate for Hb/W = 2/9 exceed-
ing that through an isolated enclosure by over 40%.

The shadowgraph images of Figs. 3c (Hb/W = 1) and 3j
(Hb/W = 2/9) are shown magnified in Fig. 5 to highlight
the difference in internal stratification resulting from differ-
ent canyon geometries. For Hb/W = 2/9 the increased
interface height is consistent with the increased ACH
achieved (cf. Linden et al., 1990).

Although the approaching wind speed, the magnitude of
the heat input and the opening area were kept constant
(their specific values chosen for convenience and illustrative
purposes), changing their values is not expected to alter the
basic trends in the response of the steady ventilation flow
Fig. 5. Inverted shadowgraph images of the steady stratification estab-
lished for ventilation through windward openings for (a) Hb/W = 1,
ACH = 4.46 and (b) Hb/W = 2/9, ACH = 6.90. The increased interface
height evident for Hb/W = 2/9 is accompanied by a reduction in upper-
layer buoyancy (Fig. 4b) and an increase in ventilation flow rate.
to changes in Hb/W for the turbulent flows anticipated.
For example, the wind-induced pressure drop imposed
externally across the openings will assist/oppose the buoy-
ancy-driven flow, irrespective of the magnitude and spatial
distribution of the internal heat gains.

The assisting wind effect deduced for relatively shallow
canyons (Hb/W 6 2/3) can be explained in terms of the
‘S’-shaped surface pressure distribution on the windward
wall pertaining to the wake interference flow and, in par-
ticular, the isolated roughness flow regime, see the wind-
tunnel studies of Soliman (1976), Lee and Soliman
(1977), Hussain and Lee (1980). The high-level opening
is near the roof edge where the flow accelerates as it passes
over the building, thereby, resulting in relatively low sur-
face pressures. In contrast, there is a pressure build-up
near the ground, where the low-level opening is located.
For illustrative purposes, the expected external flow pat-
tern and surface pressure distribution on the windward
wall are sketched for Hb/W = 1/5 in Appendix B
(Fig. B.1a).

For deeper canyons (Hb/W > 2/3), the skimming flow
regime is expected to be present with the windward wall’s
pressure distribution resembling a reverse ‘C’ (Soliman,
1976; Lee and Soliman, 1977; Hussain and Lee, 1980)
and with pressures near the upper (convex) edge higher
than near the lower (concave) edge. This is in broad
agreement with the (subtle) opposing canyon flow effect
observed herein. In general, as Hb/W increases from zero,
the stagnation point on the windward wall moves
upwards and there is a shift in the surface pressure distri-
bution from the ‘S’ shape of the isolated roughness flow
to the reverse ‘C’ shape of the skimming flow, see Hussain
and Lee (1980) and the cavity flow studies of Mills (1961),
Tani et al. (1961), Kistler and Tan (1967). Due to the
subsequent increase in pressure in the region of the upper
vent, the canyon flow alone would tend to drive inflow
through the vent, thus, opposing the thermally-driven
flow.

3.2. Single-sided ventilation via leeward openings

The steady-state stratifications established when the
openings were located in the leeward façade alone are
shown in the inverted shadowgraph images of Fig. 6 for
the entire range of Hb/W considered. The changes to the
interface height and the upper-layer buoyancy upon intro-
duction of the canyon flow were less dramatic than for
openings located in the windward façade. Displacement
flow was again maintained and a maximum flow rate
was achieved when the building received a degree of shel-
tering by the canyons, this time for Hb/W = 1. For an iso-
lated enclosure and identical wind speeds, a greater
ventilation flow rate was achieved with openings in the
windward façade than in the leeward façade (cf. Figs.
3(1) and 6(1)).

Measurements of the steady interface height and upper-
layer buoyancy, and inferred values of ACH are presented



Fig. 6. Inverted shadowgraph images of the steady stratification for ventilation through leeward openings for the entire range of Hb/W considered.
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in Fig. 7. An assisting effect of the canyon flow is evident
for Hb/W P 2/3 by the raised interface (Fig. 7a) and the
reduced buoyancy (Fig. 7b) compared to the purely buoy-
ancy-driven flow (‘no wind’ data point). For Hb/W 6 1/2
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Fig. 7. Leeward openings. For Hb/W P 2/3 an assisting effect of the wind is evident: (a) the steady interface ascended (h/hnw vs. Hb/W), (b) the upper-
layer buoyancy reduced ðg0=g0nwvs: H b=W Þ and (c) ACH increased compared to purely buoyancy-driven flow (‘no wind’ data point) (ACH vs. Hb/W). For
shallower canyons (Hb/W 6 1/2) there is no clear trend.
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the effect of the external flow is subtle and there is no clear
trend: for Hb/W = 1/2 there was virtually no deviation
from purely buoyancy-driven flow, for 1/5 6 Hb/W 6 2/5
a weak opposing effect was observed and for Hb/W = 0 a
slight assisting effect was present. These variations are
reflected in the ACH values (Fig. 7c).

The assisting wind effect for relatively deep canyons
(Hb/W P 2/3) can be explained in terms of the surface
pressure distribution on the leeward wall. For the skim-
ming flow present at these aspect ratios, the external flow
‘skims’ the rooftops creating a zone of fluid acceleration
close to the leeward wall at high level due to entrainment
of fluid from the canyon. This results in relatively low pres-
sure in this region. The low pressure is evident in the mea-
surements of Soliman (1976) and in the cavity flow study
by Mills (1961), while Freitas et al. (1985) report the pres-
ence of a recirculation bubble in the same region in their
lid-driven cavity flow. The surface pressure at the low-
velocity region close to ground level exceeds the pressure
at high level, thus, tending to drive inflow through the
low-level vent and outflow through the high-level vent
and, thereby, assisting the buoyancy-driven flow. For illus-
trative purposes, the expected external flow pattern and
surface pressure distribution on the leeward wall are
sketched for Hb/W = 1 in Appendix B (Fig. B.1b).

For shallower canyons (Hb/W 6 1/2) the wake interfer-
ence and isolated roughness flow regime are more likely
to be present. The pressure distribution on the leeward
wall is then close to uniform, Soliman (1976), Lee and
Soliman (1977), Hussain and Lee (1980). This is in broad
agreement with the subtle effect of the external flow on
the buoyancy-driven flow that does not exhibit a clear
trend.
4. Conclusions

The effect of urban canyon flows on the steady single-
sided passive ventilation of a canyon building with internal
heat gains was studied experimentally using small-scale



Table A.1
Steady ventilation flow rates Q through the ventilated box tabulated
against the canyon aspect ratio Hb/W for windward and leeward opening
configurations as shown in Fig. 2

Hb/W Q (cm3 s�1)

Windward openings Leeward openings

No wind 18.6 18.6
2 18.4 19.4
1 17.2 20.8
2/3 21.5 18.8
1/2 19.9 18.5
2/5 23.8 17.2
1/3 18.8 17.2
2/7 23.0 18.3
1/4 25.6 17.2
2/9 26.6 17.2
1/5 25.1 16.9
0 21.9 19.1
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models in water, and brine to create density differences.
The wind was directed perpendicularly to the canyon
street. Ventilation via openings solely in the windward faç-
ade and via openings solely in the leeward façade was con-
sidered – in each case with ventilation openings at both
high and low level in the façade. The canyon width was
varied between one half of the building height and five
times the building height. To the authors’ knowledge, this
is the first time this modelling approach has been applied
to examine the influence of canyon geometry on single-
sided passive building ventilation.

From the variation of the depth and buoyancy of the
upper layer from their steady values established under
no-wind conditions the following can be deduced: for can-
yons with aspect ratio Hb/W > 2/3 natural ventilation is
enhanced1 for openings in the leeward façade; for shal-
lower canyons natural ventilation is enhanced for openings
in the windward façade. These findings are consistent with
independent surface pressure distributions presented in the
literature.

The effect of the urban canyon on the single-sided pas-
sive ventilation of an otherwise isolated building was over-
all relatively small. Ventilation through the leeward façade
provided less deviation from purely buoyancy-driven flow
than ventilation through the windward façade. Displace-
ment flows, as established by a localised heat source in
the building under no-wind conditions, were maintained
when wind blew past the canyon for all canyon aspect
ratios considered. This was due to the relatively small
wind-induced pressure drops achieved between openings
located in a single building façade compared with pressure
drops achieved across openings in, for example, windward
and leeward façades. The (small) magnitude of the wind-
induced pressure drop was attributed to the opening
arrangement and not to the value of the approaching
wind speed. An identical wind speed relative to the buoy-
ancy-induced velocity generated sufficiently high pressure
drops during the cross-ventilation experiments of Syrios
and Hunt (2007) to break down the stratification estab-
lished by displacement flow and incite flow reversal
(i.e. a mixing flow for identical buoyancy flux and opening
area).
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Appendix A. Ventilation flow rate estimates

The steady ventilation flow rate Q (cm3 s�1) through the
Perspex box was estimated from conservation of buoyancy
flux (1) using the buoyancy measurements. Table A.1 sum-
marises these estimates. The Q values are expressed in air
changes per hour (ACH) in Figs. 3, 4c, 5, 6 and 7c, where

ACH ¼ 3600Q=V ðA:1Þ

and V = 13872 cm3 denotes the internal volume of the Per-
spex box.
Appendix B. External flow sketches

For shallow canyons (Hb/W 6 2/3) the wind had an
assisting effect on the passive ventilation when openings
were in the windward façade. When openings were made
in the leeward façade an assisting effect was achieved only
with deeper canyons. Schematics of the expected external
flow patterns are shown in Fig. B.1 for the two aspect
ratios Hb/W = 1/5 (shallow canyon) and 1 (deep canyon).
According to Oke (1988), for Hb/W = 1/5 an isolated
roughness flow regime is expected and for Hb/W = 1 a
skimming flow is expected.

Based on the measurements of Hussain and Lee (1980),
the anticipated surface pressure distribution on the façades
that yield enhanced ventilation flow when they bear the
openings – windward façade for the shallow canyon and
leeward façade for the deep canyon – is drawn qualitatively
(pressure coefficient Cp curves). For the shallow canyon see
Fig. B.1a and for the deep canyon see Fig. B.1b. Both dis-
tributions yield greater surface pressure near the ground
than near the roof, which supports the assisting wind effect
discussed in Section 3.



Fig. B.1. For the two indicative aspect ratios selected, (a) Hb/W = 1/5 and (b) Hb/W = 1, schematics of expected airflow pattern following Oke (1988) and
surface pressure distribution (pressure coefficient Cp curves) following Hussain and Lee (1980) are presented. In (a) the dotted lines indicate the extent of
regions of flow separation.
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