__———

Building and Environmen:, Vol. 19, No 3, pp. 163 173, 1984
Printed in Great Britain

i 7
PAle
0360 13123 84 $3 00+ 000
C 1984 Pergamon Press Lid

A Simple Parametric Study of Ventilation

D. W. ETHERIDGE*
M. SANDBERGt

Asimple study isdescribed which demonstrates the relative importance of the various parameters which
determine ventilation. The graphs presented can be used directly 1o estimate natural and mechanical
ventilation rates under a wide variet y of simple conditions. By adopting a non-dimensional approach
which introduces the concept of the whole-house leakage Reynolds number, the basis is laid for a more
general means of estimating ventilation from graphical data sheets.

NOMENCLATURE

A area (suffix: T)
A, Archimedes number
B dimensionless constant
b coefficients in crack flow equation
ar, by coefficients in whole-house leakage characteristic
Cp pressure coefficient
Cp discharge coefficient
discharge coefficient at high Reynolds number
acceleration due to gravity
maximum difference in height between the openings
width of crack, [3]
number of openings on the windward side
total number of openings
pressure (suffices: I, R)
flow rate (suffices: i, M, T, W)
whole-house leakage Reynolds number
absolute temperature
wind speed
Buoyancy velocity
height of opening, [3]
vertical coordinate (or depth of crack, [3])
dimensionless vertical coordinate (= z/h)
flow exponent
density of air (suffices: 1, O)
dynamic viscosity
kinematic viscosity
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A,d difference between two values of the same quantity

1 relate to inside
relate to mechanical ventilation
O relate to outside
R relate to reference point
T relate to total
i number of opening
w relate to wind.

1. INTRODUCTION

THE OBJECTIVE of this paper is to present the results of
a simple parametric study of the natural and mechanical
ventilation of dwellings. It is felt that such a study is useful
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t National Swedish Institute for Building Research, Givle,
Sweden.
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for three main reasons. First, it allows the eflects of the
various parameters to be easily identified. Second, it is
convenient to have the results of a large number of simple
calculations in a compact form. Third, the results of the
study point the way to a more detailed study which could
be of use for design purposes, e.g. sizing mechanical
systems, siting of air vents.

2. DESCRIPTION OF THE THEORETICAL
MODEL

The model used for the calculations is basically the
single-cell version of the British Gas multi-cell model [1].
However most of the calculations have been done with a
simplified form of the flow equation. In addition, the
correction for turbulence has not generally been applied so
as not to confuse the effects of the main parameters. In
essence, the model consists of three separate equations for
describing:

(i) the pressure difference across an opening,
(1) the relationship between flow and pressure difference
and
(iii) continuity of mass.

2.1 Pressure difference

Referring to Fig. 1, an expression is required for the
mean pressure difference, 6P, acting across the surface of
the dwelling at a height z.

Assuming a uniform air density, p,, in the external flow,
the mean absolute pressure at a point can be considered as
the sum of two components; one due to gravity and the
other due to fluid motion. The latter can be expressed in the
form of a pressure coefficient, Cp, which can be measured in
a wind tunnel.

Inside the dwelling, it is assumed that the density p, is
uniform and that the effects of air motion can be neglected.

It follows that P can be expressed as

0P = Pg—Py+3p,UzCo—Apgz 1)
where,

Pp = absolute pressure at external reference point
P, = internal pressure at reference height (z = 0)
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Uy = reference wind speed at z =0

CP = (PW_PWR)/%poUlzl
P,, = static pressure on external surface due to wind
P, = static pressure at reference point due to wind

Ap = p,—p
g = acceleration due to gravity.
In the above expression the reference points for z and the
wind speed have been taken as coincident.

To make use of the equation, it is further assumed that it
remains valid in the presence of an opening in the fabric of
the dwelling. For small openings this is a reasonable
assumption. However for large openings, such as open
windows, it may not be reasonable, if only because of effects
on the surface pressure coefficient. A more fundamental
reason why large openings are excluded from the present
analysis, is that the flow equation is not intended to cope
with them.

2.2 Relationship between flow and pressure difference
The chosen relationship between flow rate and 6P is one
which applies to steady flow. Thus it is assumed that mean
flow rates through openings are determined by mean
pressures acting across the openings. Any effects of
external flow turbulence are therefore neglected. This
could be a significant source of error (see, for example [1]),
but it is a common assumption in ventilation calculations.
The chosen flow equation is

6P = aQ?*+ b0 (2)

where Q denotes the mean flow rate. Itis important to note
however, that for most of the present calculations, the
coefficient b has been set equal to zero. This means that the
openings have a discharge coefficient Cp which is
independent of flow rate. This follows from the definition of
Cp:

where A is a specified area of the opening. It also [ollows
that the coefficients a and C, are related by

yo P
2C2A%

3)

When the coefficient b is non-zero, the discharge
coefficient of the opening becomes dependent on @, i.e. Cp is
afunction of a Reynolds number. Therelationship given by

J=1 J=2
o €
U

Fig. 1. Major notation.

(3) remains valid, but Cp, now denotes the limiting value at
high Reynolds number. We can thus consider the results
for b = Oas the results for high Reynolds number, and they
will be referred to in this way. Similarly the resultsfora = 0
will be referred to as low Reynolds number cases.

2.3 Continuity equation

In the mean, the mass of air inside the dwelling is
constant so that the continuity equation can be expressed
by

Z pQ; = pQu

where

p = p, for inward flow
p = py for outward flow
Oy = mechanical fan flow rate

and the subscript i denotes the ith opening and n the
number of openings.
For simplicity the above equation is approximated by

2.0i=0un (4)

The errors in Q; due to the neglect of density dilferences
will be small for moderate temperature differences (i.e.
Ap/p, is less than 10% for temperature differences up to
27 K). Hence, in solving the complete set of equations p;
is replaced by p,, except of course for the buoyancy term
in the pressure equation.

For the calculations with mechanical ventilation, Qy is
assumed to be independent of pressures generated inside or
outside the dwelling.

3. DESCRIPTION OF DWELLING
AND OPENINGS

In order to simplily the presentation of results, the
following assumptions have been made about the dwelling
and the openings. All openings in the dwelling are identical
and they are present on only two surfaces (windward and
leeward) for which it is [urther assumed that the external
pressure coefficient is uniform on each surface.

Figure 2 shows the seven basic cases which have been
considered. Each case corresponds to a different
configuration of openings, relative to the reference wind
direction. Calculations for both natural and mechanical
ventilation have been made for all of these cases, using the
reduced lorm of the flow equation (b = 0).

The other calculations which have been carried out will
be introduced in a later section.

At this point it is relevant to note that there are
similarities between the present calculations and those
described in [2]. However they differ in two important
respects.

First, the model used in [2] is based on a uniform
distribution of leakage on each surface and several surfaces
can be considered, each with its own distribution. In the
present cases, openings are placed on only two surfaces (at
discrete points). The latter distribution has the advantage
thatit allows a more simple presentation of results, which is
the main reason for choosing it for the present study.

The second difference is that the well-known power-law
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Fig. 2. Basic cases considered.

equation is used in [2] to describe the flow, ie.
Q oc 6P*

where f is the flow exponent. This is a fundamental
difference between the two models. The basic argument for
the quadratic equation has been given in [3] and more
recently its application to whole-house leakages has been
discussed in [5].

4. SOLUTION OF EQUATIONS

With the simplifications noted in the previous section,
the system of equations to be solved is n equations of the
form:

bA ,. A2( 0, \* Py—P, C,
0 +a Q _Ir 21_’_ P; 2
poUB AUB Po AUB poUB 2Ar

&)

and the continuity equation
Z ;= Oum. (6)

To obtain (5),6P hasbeeneliminated [rom(1)and(2)and
the resulting equation has been non-dimensionalized for
generality by dividing throughout by Apgh. The reference
height h is defined as the maximum vertical distance

between two openings. In addition the following terms
have been introduced.

Uy =\ Brghip,,
Apgh
Ar = ,ﬂ‘g’_’]'
.Uk
and
Z,=z2/h

Uy has the dimensions of speed, A, is the Archimedes
number, and it can be seen that

U
A, =2

Ug
For the reason which will be clear below, it is convenient to
define the coefficient of the overall pressure difference
across the dwelling by

ACp = Cp,— Cp,,

where Cp, and Cp, are the windward and leeward pressure
coefficients, i.e. j = 1 or 2 in (5).

Equations (5) and (6) can be considered as (n+1)
equations for the (n + 1) unknowns, i.e. Q; and (Py — Py). It
should be noted that (5) has been derived by non-
dimensionalizing with Apgh (i.e. p,U3). This means that
solutions can not be obtained when Uy (i.e. AT) tends to
zcro. A more general equation could have been obtained
by dividing by p(U3+ U32). However by using p,U3 the
solutions for AT > 0 can be collapsed onto a single curve,
which simplifies the graphical presentation of results. The
solutions for AT equal to zero can be given by one other
curve. This simplified approach is also justifiable from the
practical viewpoint, because cases with non-zero values of
AT are of most interest.

4.1 Solution for high Reynolds number, h = 0

Although setting the coefficient b equal to zero simplifies
the equations, we have not been able to find a simple
analyticsolution to the general case of n openings. Even for
specific cases the algebra becomes unwieldy. For this
reason, most of the solutions have been obtained with a
computer, using a program in which the internal pressure
coefficient [(Pg— P))/p,UZ} is adjusted until the con-
tinuity equation is satisfied to a chosen precision. Curves
have then been fitted by hand to the computed points.
This means of course that the curves are not com-
pletely precise, but for the present purposes the errors
are not significant.

For the very simple case of two openings (Case 1 below)
the solution can be expressed simply as

0 __ 0 _1 [a
= =_ - +2.
CoAUp  CpAUy 4y A

The parameter (ACy/A?) which occurs in the above
equationisimportant, becauseitis a measure of the ratio of
the two basic driving forces for the ventilation of the
dwelling, i.e. wind pressure (p,U3ACy) and buoyancy
(Apgh).

Althougha general analyticsolutionhas not been found,
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itis possible to show that the general solution is of the form

Q: _ AC,
Codl, 7' <7>

Or AC,
coav, ~ '\
D B r

and

where Q1 denotes the ventilation rate

Or =1310Qil.

The functions f; and f; are determined by the opening
distribution. Thus the results of the calculations can be
simply presented as plots of Q/CpAUy against AC,/A42,
The reason for defining ACp can also be seen, i.e. the flow

ratesdepend only on the difference between the Cy,and not _

on their separate values,

4.2 Solution for low Re ynolds number, a = ()

When the coefficient a is set to zero, it is possible to
obtain an analytic expression for the general case of n
openings with m openings on the windward side,

For the ith opening on the windward side the flow rate is
given by

Apgh n Y 24F\ 5

X2
le' n 5 AC"P <m 1> (7)

For the leeward openings (m/n—1) is replaced by m/n.

4.3 Solution fora # 0,b # 0

When both terms are retained in the flow equation, the
solution becomes more difficult to obtain analytically, so
all the results presented here have been obtained using a
computer.

However it can be shown that for a given distribution of
openings, the individual and the total flow rates are given
by the lunctional relationship

) . (Ac,, bACDx>

Cp. AU,

A7 pUy ®
where Cy,_ is the discharge coefficient at high Reynolds
number.

ThetermbA/p U, can beidentified as thereciprocal ofa
Reynolds number, if one assumes that the bQ term in the
flow equation corresponds to the viscous term in the crack
flow equation of [3]. This is not an unreasonable
assumption and it will be made here. In the terminology of
[3] the coefficient b is given by

BzI?
p = HEEE
843
and it follows that

bAa \"' 8 :
=_piy_UB
poUB

where B is a dimensionless constant, p is viscosity and the
term y?/z has the dimension of length. 1t can be scen that
the right-hand side of the above expression is a Reynolds
number. based on the geometry of the opening and the
equivalent air speed U,

If the whole-house leakage characteristic is
0P = a;0*+ 5,0

then we can define a whole-house leakage Reynolds
number by

= poUB

BT Ay

When all the openings are identical the coefficients br
and ay are simply related to ¢ and b by
b a
bT = ap = -3
n n

and Ay is simply equal to nA. It then follows that

b4 !
e, = )"
ngB

By way of clarification it should be noted that R, is not
the same as a Reynolds number based on the flow rate
through the openings, such as the crack Reynolds number
of [3]. Rg, depends on the geometry of openings in the
houseand the temperature difference AT, sothatasfarasa
designeris concerned it forms partof the input required for
asolution, The form of R, stems from the fact that (5) has
been obtained by non-dimensionalizing with p, U2, With
this definition Ry, tends tozero when Uy tends to zero, but
high crack Reynolds numbers will still oceur if the wind
speed Upg is high so that a low value of Rg, does not
necessarily mean that the effects of viscosity are dominant.
In this respect it would have been better to base the
leakage Reynolds number on the resultant wind speed
(U +UR)" %, but this has not been done for the reason
noted at the end of Section 4,

Nevertheless a change in Rg, does produce effects which
are analogous to the conventional scale effect associated
with Reynolds number, e.g, if Cp,, and AC,/A? are kept
constantin(8). anincreasein R, will lead toan increase in
Q/Cyp,, AUy (this will be seen below in Fig. 14). Ofcourse as
far as the solutions of (8) are concerned it is the parameter
Cb,/Rg, which is important. This can be expressed as:

Co I I b

Rg, 2p, Us \/;
and it can be seen that a low value of Rg, can mean that
b > a (the low Reynolds number case considered here).
Similarly a high value of Rg, implies that a > b (the high
Reynolds number case).

5. PRESENTATIONS OF RESULTS FOR HIGH
REYNOLDS NUMBER

The main results are given in Figs. 3-9 which show the
individual flow rates Q, and the ventilation rate Q. The
individual flows are only shown when they are inward,
because fresh air entry is generally ol more interest than
outward flow.

Theformof presentation is slightly unusual and requires
some clarification. Normally one is interested in the
variation of ventilation rate with cither wind speed or
temperature difference AT, For a fixed AT, the graphs
show directly how Q, changes with Ui. When Uy is fixed,
the graphs essentially show the variation of Q' ‘AT with

B
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Fig. 3. Case 1. Natural ventilation. Solid lines show total
ventilation rate for all wind speeds with non-zero temperature
difference. Lines with circled numbers show the corresponding
rates at which [resh air enters the openings. The total ventilation
rate is also shown for buoyancy alone and wind alone. For wind
alone the scales of the graphs are those in square brackets.

AT™'. When Uy is equal to zero, the flow rates are

proportional to /AT as shown by the intercepts of the
curves with the vertical axis.

For the case when AT is equal to zero, the total
ventilation rate is shown by the ‘wind alone’ curve, using
thescales given in square bracketsin the graphs. Individual
flow rates are not shown, but they can be deduced.

Appendix 1 illustrates the use of the graphs.

6. DISCUSSION OF RESULTS FOR HIGH
REYNOLDS NUMBER
One of the most important features of ventilation is the
relative effect of wind and buoyancy. The form of
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Fig. 4. Case 2. Natural ventilation. See notes to Fig,. 3.
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Fig. 5. Case 3. Natural ventilation. See notes to Fig. 3.

presentation shows this feature clearly, because ACp/A? is
the ratio of the two driving forces. The importance of 4,
alone has been discussed in earlier work, notably [2] and
[4], but A, does not give a complete picture because it does
not include the direction of the wind. 4, is the ratio of
freestream wind pressure and buoyancy pressure, whereas
it is the surface pressures generated by the wind which are
directly relevant to ventilation.

For the present study, the complete effect of
meteorological conditions is given by the single parameter
ACy/A?, because the ellect of wind direction is primarily
incorporated in AC, (for opening distributions which are
not symmetric it is also necessary to consider
complementary cases such as Cases 1 and-2).

The influence of the above parameter is particularly
noticeable [or individual openings, because it causes
changes in flow direction (these changes are relerred to as
‘turning points’). It also has an influence on the ventilation
rate, but to a lesser extent. These two influences are
discussed separately.

6.1 Turning points

The turning point of an opening is defined as the value of
ACy/A? for which a change in flow direction occurs(i.e. 6P;
and @, are equal to zero).

For theseven opening distributions considered here it is
fairly easy to calculate exactly the turning points for high
Reynolds number. As can be seen from the results these
have integer values. Furthermore it is interesting to note
that the values are the same as those for low Reynolds
number. The turning points for this type of flow can be
expressed in a general form by putting Q, = 0 in (7), i.e.

1
1T2-2

AC, ni T
n

for windward openings
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Fig. 6. Case 4. Natural ventilation. See notes to Fig. 3.
and and wind act together and those which occur due to

ACp _ZZZ,.—nZ,.

yy for leeward openings.

m

Although this does not hold for the general case, it
indicates that the turning points are more closely related to
the distribution of openings than to their flow
characteristics.

6.2 Influence of wind and buoyancy on ventilation rate
An important aspect of the results is the difference
between the ventilation rates which occur when buoyancy

buoyancy or wind alone. It is much easier to calculate
ventilation rates for buoyancy alone or wind alone, than it
is when they are both present. The range of values of
AC,/A? for which either buoyancy alone or wind alone
gives an acceptable approximation to Qr when they are
combined can be seen directly (for buoyancy alone) from
Figs. 3-9.

For Case 1 which is one of the simplest cases, with only
two openings, neither buoyancy alone nor wind alone
gives a good approximation to the combined result.
However, when the wind direction is reversed, as in Case 2,
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Fig. 7. Case 5. Nutural ventilation. See notes to Fig. 3.
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Fig. 8. Case 6. Natural ventilation. See notes to Fig. 3.

better approximations are apparent. The buoyancy alone
results give closer agreement for ACp/A2 < 2 and above
this the wind aloneresults are better. A similar behaviour is
apparent [or Case 3, and for Case 6. For Cases 4 and 5
however, buoyancy alone gives better agreement up to
ACp/A? = 5. Finally, Case 7 is similar to Cases 3 and 6.

6.3 Influence of opening distribution on ventilation rate

One aspect of ventilation which is often discussed is the
dependence of ventilation rate on the distribution of
openings, i.e. for a given total area of openings, to what
extent does Q1 depend on their distribution?

For simple opening distributions considered here, the
dependence can be quite strong. Figure 10 shows the
ventilation rates for four of the seven cases non-
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Fig. 9. Case 7. Natural ventilation. See notes to Fig. 3.

Fig. 10. Influence of opening distribution on natural ventilation
for Cases 1,2, 4,6,and 7.

dimensionalized with 4, the total area of openings. It can
be seen that there are large differences between the curves.
However when Cases 1 and 2 are neglected (the cases with
only two openings), the differences become much less
marked. The implication of this is that as the number of
openings increases such that the total area becomes more
evenly distributed the eflect of the distribution is, not
surprisingly, reduced.

6.4 Mechanical ventilation -

Figure 11 shows the ventilation rates arising when a
mechanical flow rate Q,, is applied to Case 7. For this case,
the results are the same for both supply alone and extract
alone, because the opening distribution is symmetrical.
Theresults for a balanced system (equal supply and extract
rates) are not shown, because they can be obtained simply
by adding Q) to the values of Q; for natural ventilation
(Fig. 9). This is possible, because for the dwellings
considered the balanced system will cause no change to the
internal pressure distribution and the flow through each
opening will be unaltered.

One of the most important features of the results is the
ability or otherwise of the system to provide a constant
ventilation rate independent of meteorological conditions.
Forexample,from Fig. 11 itcan beseenthat thereisa value
of 0,,/Cp AUy below which the system cannot operate at its
design condition. That is, the ventilation rate with the
system operating, Qr,, is greater than Q, for all
meteorological conditions, except for the special condition
where both Uy and AT are equal to zero.

The values of ACp/A? at which Qr,, just exceeds Q,, are
here called ‘critical points’ and itis a fairly simple matter to
evaluate [ACp/AZ]crrr as afunction of Qy/CpAUp. For the
extract system, say, it is basically a matter of deciding by
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Fig. 11. Ventilation rates for Case 7 with mechanical extract (or supply).

inspection which of the openings will first experience a
change of flow direction from inwards to outwards.

This has been done for the seven cases and the results for
the supply and extract systems are shown in Fig. {12. For
most cases it can be seen that Q,/CpA,U, increases
monotonically with [ACp/A?]crir (the behaviour under
buoyancy alone conditions is given by the intercept ol the
curves with the vertical axis). For some cases the curve has

two distinct parts. For these it is possible for the system not
to operate properly with buoyancy alone, but to operate
properly when the wind speed increases.

6.5 Practical implications of the results

One cannot draw general conclusions from the above
results, primarily because of the simple cases which have
been treated, but also because of the influence of Reynolds

CahrUg

EXTRACT

1 2 3 L 5 6 7 8

9
acp) ACp
b a7
" JeRIT

Fig. 12. Critical points for proper operation of mechanical (extract or supply) systems. Cases 1-7.
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Table |. Typical values of ACp'A?

AC,'A?
AC, = 1.0

AT 10 20 30 10 20 30

®

U
t 0.15 0.07 0.05 075 037 0.25
2 0.60 0.30 0.20 299 1.49 0.99
5 374 1.87 1.25 18.7 9.34 6.23

Uginms '";ATinK:;h=4m.

number (see below). However the results have practical
implications,

One example is the indication that the turning points of
the openings are relatively insensitive to their flow
characteristics, i.e. the ventilation pattern ofthe dwelling in
qualitative terms is mainly determined by ACp/A2 and by
the opening distribution. For ACg/A2 < 1, the ventilation
pattern of all the cases considered is dominated by
buoyancy, i.e. air enters through the lowest openings.

Some representative values of ACp/A? for h = 4 m are
given in Table 1. Two values of ACp have been used, to
illustrate the eflects of wind direction and/or sheltering.
For ACp = 1.0,values of ACp/A? less than 1.0 only occur at
very low wind speeds, so the range of dominance of
buoyancy on the ventilation is quite small. However the
total ventilation rate can still be approximated by
buoyancy alone over a wider range of meteorological
conditions (see Section 6.2).

Another example can be seen in the ‘critical points’ for
mechanical systems (Fig. 12). For the UK., where AT =
20 K is roughly the design temperature difference, the
value of Q,,/CpA+ required to achieve proper operation
is (also using Table 1, with Uy = 5m/sand ACp = 1.0,and
noting that Uz = UgA4,) about 3.2 for Case 7. The corres-
ponding value for a design temperature typical of Sweden
(AT = 30K)is 3.4. Taking this a stage further, itis a simple
matter to calculate the pressurization corresponding to
these values of Q,,/CpAr. For the UK. it is 6 Pa, and for
Sweden it is 7 Pa. These values are quite low, but to be
achieved with an acceptable value of Qy, the leakage of the
dwelling would need to be below a certain level. For
example, taking the volume of the dwelling to be 200 m?
and the desired air changerate to be 0.75h ~ ! the leakage of
the dwelling at 50 Pa would need to be about 2 house-
volumes/h. This level of tightness can be achieved with
Swedish construction techniques, but U.K. dwellings are
usually much leakier. Of course, in practice one would
probably tolerate some departures from proper operation,
so a lower degree of tightness would be acceptable.
Furthermore, it will be seen in the following that the critical
points are sensitive to the leakage Reynolds number.

7. INFLUENCE OF REYNOLDS NUMBER

As noted in Section 4, calculations have also been made
with the flow equation in its very low Reynolds number
form (@ = 0) and in its complete form (a # 0, b # 0). The
latter form is more important, but it is interesting to
consider the first equation briefly.

4 . Y —
—.— Bp-aQ*
bp:bo
3
==
o AUy
i~ TOTAL FLOW
2 ‘--:_‘__ T
_20b
POUZB @ 2 B -
_ ___‘\i_ i
~~o—
il —= .
C— S
~J0 —
~ ~
N
1} / i
1 2 3 4
ACp
A2

Fig. 13. Comparison of nalural ventilation for Case 7 at high and
low Reynolds numbers.

Figure 13 compares theresults for Case 7 with the results
for the high Reynolds number equation. There is a
considerable similarity between the two sets of curves, and
the fact mentioned earlier that the turning points are the
same can be seen. However it should be noted that the scale
of the plots differ.

Figure 14 shows the same comparison but for the
general form of the equation (only the total flow rate is
shown). The scales of the graphs are the same and the
comparison is illuminating. It can be seen how different
curves are obtained for different Reynolds numbers, and

CASE 7

At

Fig. 14. Influence of leakage Reynolds number on natural
ventilation for Case 7.
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how the high Reynolds number results are simply a
limiting case of the more general results.

Calculations have also been made to show the effect of
Reynolds number on the critical points for a mechanical
supply system. The results for Case 1, obtained
analytically, are shown in Fig. 15. The indication from this
and from Fig. 14 is that the leakage Reynolds number
parameter can have a large influence on ventilation
characteristics. This presupposes, of course, that values of
p.Up/aACy_ aslow as 0.6 will be encountered in practice.
This is considered to be feasible, because one can put

poUB . \/5 UB 2p

bAC,. b

and taking Ug = 1.5 m/s gives a value for \/;/b of 0.25.
Roughly speaking, this corresponds to a power law
coefficient # of 0.68 (see [5]) which is not an uncommon
value.

7.1 A more general parametric study

The above results indicate that to be of more general use,
a parametric study should include a Reynolds number
based on a reference wind speed and some characteristic of
the whole-house leakage. The Reynolds number para-
meter Cp_/Rg, in (8) should suffice for this purpose. It is
useful in such a study to assume that the openings which
give rise to the total leakage are identical, so that the
leakage distribution is varied simply by altering the
number and position of openings. This reduces the number
of possible dwelling types and leads to a simple relation
between the flow coefficients of the openings and the
whole-house leakage.

Such a study could prove useful for estimating
ventilation rates from leakage measurements. This was the
main aim of the work described in [2] and is implicit in the
methods included in [6], most of which are also based on
the power law. The present approach can be considered as
a logical extension of the concept of a crack Reynolds
number to complete dwellings. For individual openings
this is considered to be a more rigorous approach. Of

ACp‘l
Al | CRIT

Fig. 15. Influence of leakage Reynolds number on the critical
points for a mechanical supply system. Case 1.
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(PoYg )=|,es./
/
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__OF r
CDATUB :
025 - 4

—— WITH TURBULENCE CORRECTION
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Fig. 16. Comparison of results for Case 7, with and without
turbulence correction.

course, the effects of Reynolds number are implicit in the
power-law, however there is evidence that substantial
differences can occur between the two approaches (see [ 5])
so further work along the present lines is warranted.

7.2 Inclusion of turbulence correction

In common with other models the results presented
above do not include any effects of turbulent pressure
fluctuations. When the correction for turbulence described
in [1] is included in the calculation large increases in
ventilation rates are observed. Figure 16 compares results
for Case 7 with and without the correction. The whole-
house rates for two Reynolds numbers are shown and the
flow rates through one opening at the lower Reynolds
number.

When assessing the comparisonsit must be remembered
thatseveral assumptions are inherent in the correction [ 1].
Also, the coefficient of the pressure fluctuations has been
taken as 0.3 and it has been assumed that the total open
area of the openings is affected by the fluctuations. If only
half the area were aflected, then the extra ventilation
ascribed to turbulence would be halved. Nevertheless it
does seem desirable to apply the correction and further
studies are in progress.

8. CONCLUSIONS

The simple parametric study which has been carried out
for the limiting case of high Reynolds number, illustrates
the influence of wind and buoyancy on the natural and
mechanical ventilation of very simplified representations
of dwellings. It does this in a compact way, because the
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simplifications allow the relative effects of the two
meteorological driving forces to be described by the single
parameter ACp/A2. Although one should not draw
generalized conclusions from the study, the following
results have practical implications.

The ventilation pattern (i.e. the points at which air enters
and leaves the dwelling) is insensitive to the flow
characteristics of the openings. It is mainly determined by
ACp/A? and the distribution of the openings. For AC,/ 42
< 1.0, the ventilation pattern is dominated by buoyancy
for all the cases considered, and estimates of whole-house
ventilation rates lor buoyancy alone can give reasonably
accurate results for a wide range of wind conditions.

The performance of mechanical supply or extract
systems is influenced by meteorological conditions and by
distribution of openings. The graphs presented enable
estimates to be made of the mechanical flow rate (or house
tightness) required [or proper operation of the system.

Different values will be obtained for the supply and extract
systems when the opening distribution is not symmetric.

In order to investigate the more general case of low
Reynolds numbers, a Reynolds number parameter
Cp,/Rg, based on whole-house leakage has been
introduced. It appears that this can be as important a
parameter as ACp/A2.

By using the non-dimensional parameters described, a
single graph can covera very wide range of conditions. This
leads to a very simple graphical way of estimating
ventilation rates, which would be of use to designers and
research workers.
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APPENDIX

Examples of using Figs. 3-9
Suppose one wishes to obtain whole-house ventilation rates for
Case 7 (Fig. 9) for the following meteorological conditions:

() T,=0C, Ug=2m/s""
(i) T,=0°C,Ug=0
@) T,=20°C,Ug=2ms"!

with the internal temperature T; = 20°C. One needs to specify the
wall pressure coefficients, which will be taken as 0.7 and —0.3, so
that ACp = 1.0. It is also necessary to specify the height h, which
will be assumed to be 4 m.

(i) Knowing T,, T;, Ug and hthe Archimedes number is given by

Apgh ATgh
A, = |2 =

p.Uk TUR
0x9.8x4

o [0x98x4_ s1s.
293 x4

The parameter ACp/A? is thus equal to 1.495 and from Fig. 9 the
corresponding value for the parameter Q/CpAUp is 1.83. This
value can be used to evaluate Q, by substituting values for Cp, 4
and Uy, For the type of opening considered, Cp will be

approximalely equal to 0.6. The value of U is simply given by (Ay
x Ug) when Uy is non-zero. If the open area of each opening 4 is
taken as 0.01 m2, then

0 =183x0.6x001 x0.818x 2
Q =00180m3s™!
Q=647m*h"".

(i) For this case Uy is equal to zero, so ACy/A? is equal to zero
and Q/Cp AUy is equal to 2.0 (see Fig. 9). Uy is obtained from its

definition «/Apgh/p, to be 1.64 m s~ 1.
Thus

Q =2.0x0.6x0.01 x 1.64
0 = 00196 m®s™?
0=707m*h" L.

(iii) For the case with AT equal to zero, the parameters in
square bracketsin Fig. 9 have to be used. Thusfor ACpequalto 1.0
the ‘wind alone’ curve shows that Q,/CpAUy is equal to 1.4, so

Q. = 1.4x0.6x001 x2
0, = 60.5m®h~ 1.






