Predicting Natural Ventilation Forces
Upon Low-Rise Buildings

This paper describes a series of wind tunnel investigations which have led
to the development of a procedure by which it is possible to estimate the
wind pressure forces that act on a low-rise building which is part of a large
group of similar buildings. The use of this technique makes it possible to
allow for the building form, the parameters which describe the group in
which it is situated, the upstream building conditions, and the direction of

the wind.
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HILE the assessment of the

natural ventilation rates of low-
rise buildings is an area of growing
concern in the continued search for
greater:jnterior comfort standards, this
concerr is perhaps reflected more in
our awareness of the energy impact
which this source of heat loss has on
the present financial climate. It is
surprising therefore that so little is
known about air infiltration in the low-
rise buildings, which continue to
comprise the majority of our housing
stock. The relatively small amount of
data which exists relates only to
isolated buildings, despite the fact that
other spheres of fluid mechanics have
for some time recognized the im-
portance of proximity effects in the
prediction of fluid flow phenomena.

Building design ‘must be ac-
complished within both economic and
environmental constraints. As part of
this design process, natural ventilation
is often found to be the only means
available to the designer for supplying
fresh outside air into building interiors
where the external climatic impacts
are not too sevete. Therefore, a proper
estimate of the natural ventilation
rates in buildings is necessary if
buildings are to meet both their en-

vironmental and economic require-
ments.
The crack method for natural

ventilation rate calculation, described
in the ASHRAE Handbook and Fun-
damentals (1972) is based in principle
on the following equation which
relates the ventilation rate, Q, to the
pressure difference, Ap,, acting
across any opening

Q=C - L. (Apo)”n
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For a particular building, the infiltration
coefficient, C;, the exponent n, and the
crack length L., are dependent on the
type and the area of the openings. Ap,
remains to be determined in order to
obtain the ventilation rate, Q.

From the work on air flow round
building models, an estimate of the
mean pressure difference across the
building Ap, may be obtained, half of
which is assumed to act across each
of the windward and the leeward faces
of the building, giving Ap,. It appears
that the main assumption made in the
guides for the estimation of Ap may
result in considerable error. A number
of important factors affecting its
magnitude are neglected where these
factors include definitions of the
building form and the properties of the
oncoming flow.

The pressures which govern the
value of Ap are determined by the
process of separation and reat-
tachment of air flow round the body.
Although the factors affecting the
separation ‘are not necessarily the
same as those affecting.reattachment,
it seems logical to classify all the
factors involved into the following two
groups

(1) factors related to the building
form, and

_ (2) factors related to the proper-
ties of the wind.

In the case of low building density
where buildings are wide apart, e.g., in
open country, the individual building
form is the only form that the wind can
‘see.’ As the density increases, €.g., in
suburban and urban areas, buildings
are close to each other so that each
building form becomes a detail in the
group form as a whole. In this case,

the group form becomes more im-

portant than the individual building
form in influencing the drag forces
experienced by each building.

PRESENT INVESTIGATION

In the discussion so far, the problem of
making a reliable estimate of the value
of the wind pressure forces for natural
ventilation calculations is shown to
depend on two main groups of factors:
form-related factors and flow-related
factors. Thus, in urban areas where
buildings are mostly in groups, it is
expected that the three main factors
affecting Ap are (1) the building
geometry, (2) the group form and (3)
the properties of the natural wind.

If the properties of the wind
structure in the atmospheric boundary
layer flow over suburban terrain are
assumed to be known on the basis of
previous full scale measurements, and
if these properties can be adequately
modeled in a wind tunnel, it should
then be possible to conduct a series of
detailed measurements to establish
the existence of a set of relationships
between the wind-induced pressure
forces on a builidng and its immediate
surroundings. It is the intent of this
paper to demonstrate that such a set
of relationships may be determined.

EXPERIMENTAL PROCEDURE

The series of experimental tests, to be
described here, were conducted in the
Sheffield University 1.2 x 1.2 m boun-
dary layer wind tunnel. The wind tunnel
has ‘a working section 7.2 m long
whose cross section measures 1.2 x

1.2 m, incorporating a 1.1 m diameter

turntable and whose center lies 5.4 m
downstream of the entry position.
" The method used for the simula-
tion of the suburban terrain at-
mospheric boundary layer utilizes an
approach based on a combination of
fences, spires, and floor roughness
elements. The use of this method has
been shown to give an adequate
representation of both the mean
velocity and turbulence characteris-
tics appropriate to flow over suburban
terrain conditions, Lee (1978).

~ Throughout the test program
pressures were measured on a range
of instrumented model buildings fitted
with wall pressure tappings which
were positioned-at the center of arrays
of identical models.

The overall investigation was con-

ductedin‘three phases as tollows

" Phase1
Cuboid models
Dimensions: 20mm cubes and 36mm
cubes, H i "y R
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(C) SKIMMING FLOW REGIME
Sc<Ey

Fig. 1 Governing Conditions for the Three Flow,Regimes
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Array patterns:Normal (gridiron)
Staggered (checker-
board)

Random

Array plan area density: 3.1% to 50%

(13 values)

Wind directions: 0° < 8 < 90°

Phase 2
Frontal Aspect Ratio models, A,
Dimensions:Front face 36mmx1,,
side face 36 x 36mm
where 1, = 18, 36, 54, 72
and 144mm

Array pattern: Normal (gridiron)

Array plan area density: 2.5% to 60%

(15 values)

Wind direction: 8 = 0°, wind normal to

front face

Phase 3
Side Aspect Ratio models, A
Dimensions:Side face ~38mm x 1,,
front face 36 x 36mm
where 1, =18, 36, 54,
and 72mm

Array pattern: Normal (gridiron)

Array plan area density: 2.5% to 60%

(15 values)

Wind Direction: 8 = 0° wind normal to

front face.

In the tests included in phase 1 of
the investigation, a study was made of
the influence of the size of the array
and the influence of upstream fetch.
The results were then applied to
phases 2 and 3. The results are

- presented in the form of pressure
- coefficients, normalized by means of a

free stream or gradient wind velocity.

INFLUENCE ON SURFACE
PRESSURES

When turbulent flow occurs over a
rough surface composed of discrete
roughness elements, it is pdssible to
describe the existence of a number of
flow regimes which are governed by
the way in which the layout of
elements occurs. These flow regimes,
suggested by Morris (1955), and
whose existence for some types of
three-dimensional roughness element
has been confirmed by Lee and
Soliman (1977), are denoted as
isolated roughness flow, wake in-
terference flow, and skimming flow.

In the isolated roughness flow
regime, Fig. 1a, the roughness ele-
ments are sufficiently far apart that
each element acts in isolation, and
behind which the wake and separation
bu' “ie develop completely, flow
reavdchment to the surface occurs
before the next element is reached.
Here the clear spacing in the flow
direction between adjacent elements,
Sc, iis greater than E,, the sum of the
upstream separation distance, Eu, and
the downstream distance, Ed.

In the third category, the skimm-
ing flow regime, Fig. 1c, the roughness
elements are not sufficiently close
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together that a stable vortex can form
in the space between the elements
and the flow appears to skim on their
crests. Here the separation distance
between elements is less than E , the
maximum gagp size for the existence of
such a stable vortex.

The wake interference regime,
Fig. 3b, then exists between these
other regimes whare the separation
bubble does not have sufficient space
to develop fully, but where the
distance is too large for a stable vortex
to remain. Here the clear spacing lies
betweenE, and E,.

CUBOID MODEL TESTS

The measurements oi the mean sur-
face pressure forces were first carried
out on the cuboid models. Fig. 2, which
presents these results, shows the
variation of AC,, with element clear
spacing ratio S./H, and plan area den-
sity Ap, for both the normal and stag-
gered patterns, where AC,, is the
coefficient of Ap as defined in section
3

These results are shown to be
represented by broken straight line
relationships for both layout patterns
considered, where break points are
considered to reflect a change from
one flow regime to the next.

‘“. .. Building design
must be accomplished
within both economic
and environmental
constraints . . .”

From this figure the following
conclusions are suggested

(1) The isolated roughness flow
regime exists for values of S./H > 2.6
for both layout patterns.

(2) The wake interference flow
regime exists for values of
1.4<S /H<L26.

(3) The skimming flow regime
exists for values of S./H < 1.4 for both
layout patterns.

Fig. 4 also shows the value of
AC,, for an isolated cuboid model
building in the simulated atmospheric
flow. A comparison of this value with
those for the pressure drop across
groupec buildings clearly illustrates
the importance of building proximity

effects in determining wind pressure
torces and wind-induced ventilation
rates.

FRONTAL ASPECT RATIO
VARIATION

The variation oi the central model
pressiire drop coefficient, ACy,, with
variations in array model clear spacing
for tha range of frontal aspect ratio
models from A; =0.510 A, = 4.0, were
studied in phase 2 of the investigation

The inflection points in the
relationship between the model
pressure drop and the clear spacing
ratio were similar to those found tor
the cuboid models. But, this leads one
to conclude that the values of S./H at
which the flow regime changes occur
depend not only on the model spacing,
but also on the value of the model's
frontal aspect ratio.

Across the range of frontal
aspect ratio from 0.5 to 4.0 it was
found that the change of flow regime
from isolated roughness flow to wake
interference flow occurs at values of
S./H which progress from 2.25 to 3.0
respectively. Similarly, the values of
S./H at which the second change
occurs also increase from 1.30 to 1.55
across the same range of frontal
aspect ratio models.

0.24 1 ISOLATED MODEL _
0.20 - SKIMMING WAKE ISOLATED .
FLOW INTERFERENCE ROUGHNESS .
REGIME FLOW FLOW
0.16 |- REGIME REGIME
a STAGGERED
o 0.12
q
0.08 -
0.04 |-
- l i 1 L ,
o1 i 2 3 4 5 Sc/H
50 30 20 15 10 75 5 3925  NORMAL
Lo by e t 1l T l 1A%
50 30 20 15 10 75 5
STAGGERED
Fig. 2 Varation of Pressure Difterence Coetlicient with Array Sparing and Plan Area Density. Cuboid Models
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‘“. .. A proper estimate
of the natural ventila-
tion rates is necessary
if buildings are to
meet environmental
and economic re-
quirements . ..”

SIDE ASPECT RATIO VARIATION

Phase 3 of the investigation then
examined the variation of the mcdel
pressure drop coefficient, ACy,, with
the model clear spacing, Sc, far values
of the side aspect ratio models of
A, =05 10, 1.5, and 2.0. The in-
flection points in the rate of reduction
of model pressure drop with spacirg
were again used to identity the
changes in flow regimes.

.

The first change from the isolated
roughness to wake interference flow
regimes occurred at values of S /H
varying from 2.1 to 2.6 as the side
aspect ratio was increased from 0.5 to
2.0. The second change from the wake
rerference to the skimming flow
regime occurred 2t a constant value o!
S./H of 1.4 for all model side aspec!
rauo array values.

FETCH LENGTH CCRRECTION

The influence ¢f upstream fetch on the
surface Dpressures acting on the
central moael, for arrays of cubes,
was studied in phase 1 of the in-
vestigation. The model group fetch
size required fcr the surface pressures
to stabilize at their minimum value
varied from 10H to 25H and was
dependent also or the group plan area
density jor groups; of buildings situated
within a suburbs.n terrain atmospheric
boundary layer
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From these tests, it was found
that if the fetch length was too shorl
for the conditions of pregsure
stabilization to occur, then, this would
result in an increase in the surface
pressure forces. It was possible then,
using the results of all the tests on the
influence of upstream fetch length, to
produce a family ot curves for each of
the flow regimes indicating the in
crease in surface pressure difference
which is consequent upon the
existence of Lhort fetch lengths.

INFLUENCE OF WIND DIRECTION

The data on the influence of wind
direction on the surface pressures
acting on groups of low-rise buildings
stem from a series of tests on groups
01 cuboid models in normal, staggered,
and random layout patterns.

The variation of ACp, with the
model orientation, 8, is shown in Fig. 3,
where the values for all layout patterns
were averaged for three values of the

o s O O
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Fig 3

Variation of Pressure Difference Coefficien! with Wind Direction Cuboid Models




Example1 A =15 A =10S/H=30, RiH>258=60°

Example2 A =10 A =05S5/H=35RH=156=0°

4C, =0104

AC. =0228

Sc/H
FRONTAL ASPECT RATIO

(A)
Fig 4

group plan area density corresponding
to the three flow regimes. A com-
parison with the corresponding data
for an isolated cuboid model is also
presented.

The effect of model orientation on
the value of ACg, in the range of
0° < 6 < 45° is shown to be negligible
for the values o! density considered.

PREDICTION METHOD

Having seen the effect of the im-
portant parameters whicn influence
the value ot the sige wall pressure
Jifference coefficient, aAC,,. a
prediction procedure for low-rise
buildings is now poss:ble. Assuming
the puildings to be of similar heights in
a groug, a chart can be construcied by
placmg the parametric data sets sige
by side, as shown in Fig 4 Parts a and
b of Fig. 4 indicate the varial on of
AC,, for models of various frenial or
side aspect ratio, determined in a
similar manner to that for the cuboid
model data shown in Fig. 2. Part ¢ of
Fig. 4 is the upstream fetch length
correction, which enables an in-
creased value of AC,, to be used for
short upstream array distances. Part d
of Fig. 4 enables a correction 1o be
made which allows for the reduced
values of AC,,, which occur when the
wind 1S not normal to the front face,
and h-s been derived fiom Fig. 3. Twe
exg nples showing the sequence of
Inese steps are indicated, for different
frontal and side aspect ratio buildings
Since AC,, is detinec as
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“...Itis surprising that
so little is known abcut
air infiltration in low-
rise buildings . . .”

Ao ’ir’iﬁ:",rQV;,‘
1t requires only a knowiedge of V. the
gradient wind speed, in order to deter-
mine Ap. A significant advantage of
this procedure is tha! it is not neces-
sary toinvolve an estimate of the wind
velocity at the buiding roaf height; an
especially difficult procedure where
the average roof height of an array of
low rise bulldings 1s below the ctan-
dard meteorclogical reference height
However, this independence of ihe
roof height velocity is an assumption
which 15 only vahd i the ratio of
bulding heighi to boundary layer thick-
ness s small

A more complate explanation of
this prediction method is available by
Lee, Hussamn and Scliman (1979)

R/H D
FETCH CORRECTION DIRECTIC 1AL CORRECTION
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Graphicai Prediction Techiague for Pressure Ditference Coeticients

CONCLUSIONS

A prediction technique has been
cresented which enables the surface
pressures acting on a particular build-
ing, situated within an array of simitar
‘ow rise buildings, to be estimated. The
procedure takes account of botn the
geometrical form of the ouilding and
he speling paramelers which de-
Sc e the array as weli as the duec-
tion of the wind &nd the upstream fetch
conditions The esurmaled value i
the form of g oo
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