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NATURAL INFILTRATION ROUTES AND THEIR MAGNITUDE IN HOUSES -
PART | - PRELIMINARY STUDIES OF DOMESTIC VENTILATION

by P R Warren

SUMMARY

A supply of fresh air is necessary in any dwelling to ensure a comfortable,
safe‘and hygenic enviromment, but the heat loss to this air, during the
heating season, may represent a substantial proportion of the total heat
loss. This points to the need for greater control of domestic ventilation,
either by using é mechanical system or by ﬁétter design for natural
ventilation. This paper touches upon both of these possibilities. A simple
- method is given for‘assessing approximately the possible reduction in heat
loss achieved by the use of a mech#nical ventilation system. The first

results of field measurements of natural ventilation in six unoccupied houses
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NATURAL INFILTRATION ROUTES AND THEIR MAGNITUDE IN HOUSES -
"PART | - PRELIMINARY STUDIES OF DOMESTIC VENTILATION

by P R Warren

~

1. INTRODUCTION

A supply of fresh air is necessary in any dwelling to ensure a comfortable,
safe and hygenic enviromment. In the past, before the recent rapid increaée
in the price of fuels it was only necessary to ensure that a minimum: level
of ventilation was brovided. A reasonable value for this based upon normal
domestic requirements is 50 1/s. The additional requirement now is to
ensure, as _far as possible, that no more than the minimum is supplied during
the heating season in order to minimise the heat loss and the consequent
consumption of fuel. It is estimated that some 20 - 40% of the heat input
‘to the average house is required to account for the ventilation loss. This
emphasises the need for greater control of domestic ventilation and this may

- be achieved in two ways;

(4) By the use of mechanical ventilation supplying the required quantity

at a constant rate.
© ' (ii) By better design for natural ventilation.

-" This paper touches upon aspects of both of these approaches. In the first

;f part an estimate is made of the relative reduction in héat loss over a period
‘during the heating season by using mechanical rather than natural ventilation.
In the second part the preliminary results of field measurements of ventilation

;Erates in six houses are pfesented. These measurements form part of a larger
~programme of measurements which it is hoped will not only provide up to date
-data on ventilation rates in the current housing stock but will also, used -
1n conjunction ‘with computer-based predlctlon procedures, be used to prov1de

a ba31s for better natural ventllatlon design. - :ﬂ 
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The pressure dlfferences created across. openlngs 1n the bu11d1ng fabrlc and
between roomb w1Lh:n the building by Lhese agenc1es, generate a pattern of

airflow into and through the bu11d1ng.' If the relatlonshlps between the

\/
applied pressure difference and flow ‘rate are known for these flow paths the
in principle Lhe ventilation rate of Ldth room can be calculated. However, f
any but the bmelebt building Lho use of a dlgltal computer is required t~

solve the large number oi non- llnear equatlons whlch result from the ana1y51s

As a basis for comparing natural and mechanlcal ventllatlon and for interpret
the results of full-scale measurements 1t is useful to consider a simplified |

model of a house, Figure 1.

J

For this simple model the magnitudes of the ventilation rates due to wind and

buoyancy acting separately are as follows:

(i) Wind

Q, = /& cpuiacp)? O

where CD is the discharge coefficient ( = 0!61)
A is the area of each of the openings
U 1is the reference wind speed

ACp is the difference in pressure coefficient between the two faces

of the building.

ACp will depend upon the wind direction and the degree of’ shelter of building
For an unsheltered building with the wind normal to one face it will have

a value of approximately 1.0; for a sheltered building the value may be nearer



s(id) Buoyancy
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where A8 is the mean temperature difference between internal and external air

—

® 1is the absolute temperature

h is the vertical distance separating the centres of the openings.

, .
It is useful to express equations (1) and (2) in dimensionless terms and

also’to introduce the dimensionless Archimedes number, Ar defined as

Ya / A6gh '
Ar = (3)
[Z]72 _ )

“Thus, for wind

this will be the case in the heating season. Even for this simple single-

i

celled example the solution for both mechanisms acting together is complex.

\
\

he flow rate QT’ under these circumstances has been calculated and is plotted,

in Figure 2 using the dimensionless co-ordinates

,




- This may be stated in a more useful way by con51der1ng the value of w1nd speed

. 1l ,
i .
It is clear LhaL buoyancy dOﬁlnates for values of % AC ) < 1

and equatlon 4(b) 1s a good appr6x1mat10n to the exact solutlon. For values

‘of () ACp)? /AP 1 w1nd dominates and equatlon 4(a) is a good approximation.:

Ue’ at whlch the voitwe flow rate due to w1nd and due to buoyancy are equal

ie at the point of intersection,

[

(3 4Cp)* = ér

ie
U
e
o

h
acp

tm

[ 2 (4)
6.

Since é—will'vary only very slightly and may be taken to be equal to 300

U, = K, VA o ' + (5)

where K = 0.25 §+—

Now Ke depends upon h cnd ACp only, and not upon the magnitude of the open
area, provided that this is distributed as in Figure 1. #% represents the
height between openings and, for normal dwellings, will be in the range :
3 - 6 m. ACp depends upon wind direction and the influeqce of the surroundingé
For an exposed building with the wind perpendicular to one face ACp = 1.0, fof
a sheltered building, or for the wind mainly parellel to faces containing thei
openings ACp could be as low as 0.1. Taking these variations into account

Ke would be expected to be in the range

0.5 < Ke < 2.0
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Lasﬁremenfé ‘made by DlLk“\]) for 1nstance “in a two—storey_defﬁéﬁedbﬁﬁuse*

renable a value of A( of 0.85 to be determined. In this case Ke appears to be

'1alr1y independent of wind direction and the relatively high value reflects

-he sheltered situation of the house. Some measure of the effect of other

than the equal distribution of area, is indicated in Figure (1) may be

obtained by conside;ing the same simple layout but with thé following

alterations to the open areas;

(i) Openings | and 3 <{/ree times as large as 2 and 4.

‘(ii) Openings 3 and 4 three times as large as | and 2.

The definition of Ke’ in each case, then becomes;

) _ h
(i) k, = 0.12 /ACp
and,

R
(ii) k, = 0.52 \[,ACp

gain these agree qualitatively with Dick's results. In the house with three

Ato O.G. With predominantly leeward vents open, both on the ground as well

s the first floor, a situation equivalent to (ii) Ke'was increased to 1.0.

Jéo is 3.1 m/s. This provides a basis for natural ventilation design.

1fference coeff1c1ent. Thls latter is a funct1on only of w1nd d1rect10n and

i

to be falrly conatant. This was @f'mw

'elat1ve1y h1gh areas of external wa11




;;yprlnc1plo be qued Lo glVL thu ues:gn ventllaLLon rate (of say 50 l/s) tor

Wr‘the dwe111ng at.a w1nd specd tor the 51Le whlch 1s exceeded for a given

S

“proportlon of t1me.= It followe that the ventllaLlon rate,,rememberlng that
buoyancy effects are, neglechd at. thls p01nt,,w111 have the same form of
cumulatlve frequency distribution as w1nd speed vover any perlod during

which ventllatlon openlngs remain unaltered 51nce

1

s

,Qw  = _Kdy , vﬁhere'ﬂ'fe; xé’_fd>A(Akp)£ ‘
and, | : QD B KdUn

where QD is the design ventilation flow rate

Un is the speed exceeded for nZ of time

3. VENTILATION HEAT LOSS

If we make two 51mp1eassumpt10ns

(1) During the period under consideration,tp,the,openinge remain fixed
(i1) Kd does not vary with wind direction, |

then, the heat lost ny natural ventiiation HN is giyen By;

tp
HN = pc‘/P Q(61 - B)dt
o

where 6 is the external air temperature and 97 is the design internal mean

temperature, assumed consLant.

Now & = K.JU

tp

hence HN = pc&j.]i U(ez - 8)dt
0 .
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”N may be compared with the heat ”M that would be lost by a 'perfect'
ventilation system, ic a system which supplied the design rate throughout

the heating petriod. A full mechanical system would approximate to this

Ep
Hy = o ,/‘ @, (07 - 0)dt
o
. HM = pchd/‘ UN(Gz - 9)dt
o
- Thus ,
tp. .
Hy _/; U(es - 8)de
, Ty

tp
./;' Uy(82 - 8)de

' whence it can be shown that, provided U and © are not correlated

quéi

- This comparatively simple expression has only been arrived at after a number

of simplifying assumptions, but it has the merit that it enables the relative
'savings in ventiletion heat loss using a 'perfect},mechanical systemi to be
estimated from the chosen proportion of time that the design rate is exceeded
in the natural system, and the mean wind speed which 1s, in fact, the area

beneath the cumulative frequency curve.

Thus far, the effect of buoyancy, as a mechanism of natural vent1lat1on,

has been neglected but it can readlly be included u51ng the concept of
equlvalent veloc1ty dlscuesed earller. ‘With a knowledge of the variation

of AB during the perlod of 1nterest an approprlate mean value of U may be
determlned for any approprlate value of K . - The cumulatlve frequency curve .
m y then be changed to the form 111ustrated by Flgure A(b) Clearly the

effect of lncludlng the e[fcct o[ buoyancy is to increase U and hencc to . -

,rcasc the ratlo HN/HM forrconstant\U .




\~[ As an examplt vali LS of HN/H

M uave been determrned f01 a range. of values

of K and n tor LhL Lhree tuldtst w1nter months u51ng meteorologlcal dqrq ;
v;for London, Heathrow. The percentage reductlons in heat loss due to :
' ventllatlon are set out in Table 1. In practlce the most likely range of
K w111 be 0.5 to 1. 0. It should be noted that values substantlally above
the upper limit of ‘this range 1ead to values of U during the coldest perlode

larger than that of Usy and 1nd1cate‘that for these cases wind speed will not
be the major climatic variable determining ventilation rate, as assumed in th
foregoing analysis in Section 2. The proportion of circumstances to'which
this will be applicable is expucted‘Lo be small but it emphasises the need
to interpret the results for values of Ké > 1.0 in Table | with some care.

It is however clear that, provided'comparison is made with a natural ventila-
tion system which gives the required flow rate for at least 50% of the time,
there will be a benefit from replacing it with a perfect mechanical system,
the nearest practical approach to which is an input—extract system. The
reduction in heat loss can be of the order of 30 —- 407 for values of 7 and K
of approximately 60 and 1.0 respectlvely. In any practical situation this
would necessarily be partly offset by the energy consumed by the fan, althoug
of course; it would be possible to obtain even greater reductions by the use
a heat recovery device, transferring heat from the outgoing to the incoming
air. The results determined for this simple example rest on a number of

assumptions and limitations, including the following;

(1) That there is no effect on natural ventilation of wind direction.

(ii)  That the annual cumulative frequency curve is equally applicable to

the three chosen months only.

(iii) Mean monthly temperatures were used.

The approach could be extended readily to take account of these, given the
appropriate climatic data, but the order of magnitude of the reductions giver

in Table 1 would not be expected to bevsubstantially altered.

4. VENTILATION RATES IN DWELLINGS
4.1 General
The foregoing discussion dealt with the rather artificial situation in which

was assumed that areas for ventilation could be fixed to give a design rate
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g5£or a sclected proportion of time. In practice many. openings are adventitious
and although in some cases these can be altered, by sealing or draught-stripping
. for instance, the occupant cannot readily determine what effect this may have .
:5lon ventilation rate. In order to provide data on wintertime ventilation rates
t‘ﬂht'he Building Research Station is currently carrying out a programme of
 measurements in unoccupied dwellings. The data will be used to test predictions
ffrom computer-based theoretical mcdels and it is also hoped to correlate
5f measured ventilation rates with the results from the simple leakage test
procedure described by Skinner (4). Although this‘programme of measurements has
only been under way for a fairly short period of time it is possible to present

some interim results and conclusions.

4.2 Techniques and Instrumentation

‘Ventilation rates were measured using tracer gas technique which has been

described in detail by a number of workers. Briefly a quantity of tracer gas,
in this case nitrous oxide, is injected into the space under test and the decay

;- in tracer comcentration monitored using an infra-red gas analyser and recorded.

;Provided that incoming air mixes well within the space, which is generally the

"case in the conditions of air movement found within a dwelling, the decay is
- exponential with a time constant which is the inverse of ventilation rate.
Local wind speed and direction and also temperatures within and outside the
,dWellings were also measured and logged on paper taﬁé for subsequent analysis

“by computer.

'VMeasurements have been made in six dwellings, reasonably typical of modern

~housing stock of which brief details are given in Table 2.

ﬂ;,ﬁ.3 Whole House Ventilation Rates v

V’hecause of the limited period of time, usually about one month, for which
each of the houses was available for testing it was not possible to enploy
 the technique described by Dick (5) for the determination of whole-house
ventllatlon rates which would have requlred the SLmultaneous liberation of
tracer gas into all rooms within the house. Instead two other methods were
used In the f1rst, individual room rates were measured and from a knowledge
Of»the air flow paths and d1rectlons through the house, determlned by obser=
vatlon of a smoke ‘tracer, 1t was p0881b1e to bu11d up the whole house ventllatlon_‘

te from the air enterlng rooms on the w1ndward s1de., Thls technique could

nly satlsfactorlly be used where a1r enterlng one w1ndward room did not pass

_an ad301n1ng w1ndward room.v The second method was ‘to make the house into




Jlf:lt 1s rapxd but may bL trltltrseu on the grounds Lhdt 1L creates unrepresent

-penlny 1nterna1 doo 5. Jnd 1nstal]1n5 n1x1ng fans usually

one largo

’h‘1n the door—WJys Lo deJlech mLx1ng This m(thod has the advantage that
’h"condltlons w1th1n Lhe houst. However provrded the m1x1ng fans were arranged
ensure that they d1d not LredtL air Jets which would 1mp1nge on any openlnosii
the external wall the arrangement would be expected to glve the correct ventf
tion rates for a house with 1nterna1 doors wven only sllghtly open 51nee the'}
air flow rates would be determined by the resistance of the smaller openlngs %
the external wall. Even with 1nterna1 doors closed the results should not b :
substantially in error because of the generally poor fit of internal doors.
It should also be noted Lhat temperature differences between rooms in the

house will be substantlally reduced This would only be expected to have a
51gn1f1cant effect when wind speeds are low and buoyancy forces dominate. Evi
then it is the mean internal Lemperature which is the most important factor r;
determining whole house ventilation rate, and this will be the same in both

with and without

The first method was used in determining whole house rates for houses C and D?
.and the second methodvfor houses D, F, G, H and J. The results for house D
therefore providesa,useful comparison between the two methods. Figure (5)

shows the variation of ventilation rate with wind speed for the predominant

E:

wind direction. The results using the first method (with internal doors
closed) lie very close to those determined using the second method. Althoughf
these results are for a single case only the comparison lends confidence to ti

use of the more rapid method for measuring whole house ventilation rates.

Table 3 shows the ventilation rate achieved at the mean wind speed for each

site. These values were obtained by fitting the best straight line through
the'data, plottedbagainst the major variable, wind speed, as in Figure (5),
and reading off the rentilation rate applicable to the mean wind speed for
the site. Clearly this method gives a value weighted towards the particular
distribution of wind direction and temperatures occurring during the period
of testing, which may not be typical of the distribution which would apply
during other periods of interest such as the full heating season. However
in lieu of the more detailed analysis it is suggested that these estimates

will not err substantially.



Although there is a wide variation in whole house Qenéiiqtioﬁ raﬁes'shown

in Table 3, from 0.3 to 1,35 these all lie well below the value of 2.0
determined by Dick (5) from measurements on semi-detached houses at

Abbots Langley. Of the present houses only H and J were fitted with flues

ind these had been sealed off whereas the Abbots Langley‘hOuse had both flues d
as well as a number of purpose built ventilation openings into the roof space.
This is almost certainly the main reason for the substantial difference between
the two sets of results. In three of the hodses, D, H and J, the ventilation
‘low rates were well below the suggested requirement of 50 1/s. Although

these results are-only a tiny sample, and care must be taken in generalisation
at this stage, there is a clear indication that the suspected reduced ventilation

rates in modern, as opposed to earlier housing, is well founded.

4.4 Individual Room Ventilation Rates
At each site ventilation rates were measured in individual rooms, with
internal doors closed. These have been analysed in a similar way to the whole
house rates the ventilation rates applying at the mean wind speed are listed
in Table 4. Because of the method of measurement there is no distinction in
these results between the situation when the room was ventilated entirely with
air from outside and when some of the air had passed through other parts of
the house. This is immaterial if the results are to be compared with some
form of predictive method but from the point of view of-éatisfying ventilation
requirements it should be born in mind that some of the air entering the room
may already be contaminated and these results would give an optimistic assess-
ment of the level of ventilation.
-~ As might be expected the levels of ventilation for rooms given in Table 4
for each of the six houses reflect the same trends as.the whole house rates
Yd~given in Table 3. As a basis for discussed-it is useful to compare these
gi'with the levels speeified in the appropriate Code of Practice - CP 3,

Chapter I(e) - "Wentilation', and other bases for ventilation requirements.

~ The requirements of CP 3 Ch.1(c) are summarised in Table 5.

jIn living rooms the required flow rate is based upon the need to remove body
’odour and depends upon the den31ty of occupatlon., Taklng the size of the “»
)4we111ngs into account a reasonable level of offucpatlon would seem to be

four persons yielding a requirement of about 20 1/s. - It is clear that thls




tlsfaclzrrly ventllated in accordance w1th the Code of Practlce. Agaln
this recomnendatlon' is based upon odour 1eve1 and nulsance due te odour w111
<depend very much upon the subJectlve reaction, of the occupant. However,
gLoudon has p01nted out the reldtlonshlp between low vent11atlon rate and the
fp0351b1e onset of condensatlon and mould growth 1n dwelllngs, in partlcular
"1n bedrooms, wh1ch may often be poorly heated Although condensation will
depend on other factors than ventilation the 1evels found 1n ‘houses D, G, H

N

and J g1ve rise to some concern.

Kitchens present a particular problem. This area of the house is the main

source of many contamlnants found in dwellings, partlcularly moisture from
cooking and clothes washing. These, however by their nature are intermittent
activities and may ‘be dealt with by h1gh short-term ventilation rates
necessarlly supplied by window opening or by the use of an extractor fan.

To prevent condensation by this means under typica1>circumstances requires

a flow rate of some 80 1/s (6). The alternative is to allow some water
vapour to condense during the production period but maintain a minimum

constant level of fresh air supply, sufficient to ensure that it is re-evapor-

ated over a period of time. Gauger & Schule (7) suggest 30 and lSll/s depending
upon whether cooking is by gas or electrieity. CP 3 - ch. 1(c) recommends 16 1/s
without making the basis of this figure clear. The levels measured are probably
satisfactory, except in the case of house H which has a very low rate of 6 1/s, E

although some window opening would be required in houses F, G, and J.

4.5 The Effect of Window Opening

Due to limited time it was not possible to examine the effect on ventilation
rate of window opening in detail. However, in order to obtain a measure of the
controllability of ventilation using openable windows in modern houses the
effect on room ventilation rates of opening the smallest available window in
the room to its first fixable position was measured. In all cases internal
doors and other windows were closed, except for one other window similarly
opened in the opposing room on the other side of the house. The change in
ventilation rate, at the site mean wind speed, are given in Table 6. The
increase in all cases is substantial, at least two-fold and, on average,

four-fold. The actual figures only have relevance to the particular houses
measured, but their importance lies in reflecting the poor control that

openable windows provide over natural ventilation in a room.




5. CONCLUSIONS

These results form only part of a continuing programme of research on domestic
" ventilation, which will be reported on more fully in due cburse. It is

" possible however to draw some interim conclusions:
(i) 1If over a particular period of time the size and distribution'of openings
in a house is such that the required ventilation rate is supplied for 50%,

or a larger percentage of the time, then there will be a theoretical benefit
in reduced ventilation heat loss achieved by supplying this air flow rate by
an input-extract mechanical system, even without heat’exchange. The magnitude
of the reduction will Qary with the particular application but as an example,
for 2 typical house in the London area the saving over the three main winter
_months could be 30 to 407 in comparison with a natural ventilation system

.giving a desired rate for 607 of the time.

 (ii) ‘Whole house ventilation rates were measured in six houses and were found
to lie in the range 0.3 to lf35 air changes per hour at mean wind speed. These
,:were lower thén the rates, typically 2.0 air changes per hour, measured by
© Dick in housing built in the immediate poét-war period, and in three of the
houses the volume flow rates were found to be welljbelow the suggested minimum .

value of 50 1/s at mean wind speed.

(iii) In many cases individual room ventilation rates were found to be well
- below the requirements suggested in British Standard Code of Practice CP 3

- Chaper 1(c) - 'Ventilation', particularly in bedrooms and living rooms .

{(iv) The increase ia ventilation rate in rooms when a window was opened to
s first fixed position was found to be substantial, on average four times
the level with the window closed. This reflects the poor control that openable

windows have over natural ventilation.
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© IABLE 5 - RECOMMENDLD MINIMUM RATE OF'FRLSH—AIR sdPPLY FOR
: HOUSES AND FLATS, GIVEN BY BRITISH STANDARD coD:

OF PRACTLC}.‘. CP 3 CHAPTER I(c) 'V'ENTILATION'

Roor
Living rdpﬁé'&”
. Bedrooms = ‘ - .
8.5 m3 pef'pérson 5.7 1/s per person
11.3 m® per person 4.7 1/s per person’
14.2 m® per person 3.3 i/s per person
Kitchens 15.7 1/s ,
. 'ABathfdoms 2 air changes per hour
& " CW.Cs - 2 air cbnngeé)per houf

'TABLE 6 - THE EFFECT OF ROOM VENTILATION FLOW RAIES (lls) OF OPENING
§0NE WINDOW IN THE ROOM TO ITS FIRST POSITION l ‘ s

‘House D = ' House F |  House G

~

closed ‘,EPEE »c}9séd open | closed | open

W R A

9 6 .| 9. | 21

a2 ) st |13
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