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SUMMARY

After a short review of the mechanism of natural ventilation, a
prediction method for the calculation of the air flow rate through
buildings is described.

Comparison with measuremenzs shows rather good agreement.
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CALCULATION METHOD FOR THE NATURAL VENTILATION OF BUILDINGS. *)

By W.F. de Gids

1. Introduction

Even now, most buildings are still naturally ventilated. So natural
ventilation is an important factor. Nevertheless quantitative
values for natural ventilation are unknown in most cases. Sometimes
it is necessary to know this ventilation rate with regard to an
indoor environment. On the other hand, ventilation is a source of
heat loss. To make a good energy balance it is desirable to be able
to predict the air flow rate through a building due to natural -
ventilation. As natural ventilation depends on so many variables it
is unfeasible to develop a prediction method based on pure physical
phenomena.

The calculation method described can be seen as a reasonably accurate
approach. The method can be used only if the pressure distribution
on the outside of the building is known, or can be estimated from
figures in literature.

In this paper the calculation method developed is compared with the

results of measurements in a large factory hall.

2. Natural ventilation

The natural ventilation of buildings depends on wind velocity,

wind direction, temperature differences between inside and outside,
the form of the building and its situation, the openings in the
building and last but not least the occupants'! behaviour.

The relationship between the above mentioned variables and the

natural ventilation is schematically represented in figure 1.

x)
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2.1 Pressure differences due to wind

If there is a building in a particular situation, the wind causes
pressure differences. This wind pressure distribution will depend
on the interrelation between the wind velocity, wind direction and
the exposure, and the form and situation of the building.

It can be expressed as:

bp; =ki. % p-vz where (1)
Api = pressure difference across an external wall or across a
ventilation duct CPal
k; =dimensionless pressure coefficient depending on the form
of the building and the exposure £-1
s . 3.
p = air density Ckg/m 3
v = wind velocity Cm/s ]

For each wind direction there are different pressure differences across

the different walls (i), which we call the pressure distribution.

2.2 Stack effect

Temperature differences between inside and outside cause differences
in air density and result in pressure differences. This can be

expressed as:

Ap = (pc - pw) g.h where (2)
Ap = pressure difference (stack effect) CPa]
. . 3
p = air density Ekg/m ]
c =cold air
w = warm air.
g = gravitational force C(N/kgl

h = height between inlet and outlet openings Cml
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2.3 Air flow through openings

Inevitable joints, cracks and gaps, but also special ventilation
provisions such as ventilation windows, grilles or ducts are

the cause of an air flow through the building.

The relation between the individual air flow through any opening

and the pressure difference across the latter can be expressed as:

L 1/nj
25=Cj (4p;) where (3)
o) j= volume flow rate of air Em3/s ]
\
Cj= air flow coefficient, defined as the volume flow rate of
air at a pressure difference of 1 Pa Em3/s at 1 Pa
Ap j= pressure difference across the opening [Pal

n= an exponent, between 1 and 2, depending on the character of
the flow. C-1
n= 1 for pure laminar flow

n= 2 for pure turbulent flow

See figure 2

Measurements on windows in existing dwellings and at the laboratory
indicate that for most window cracks the value of n varies between

1,4 and 1,7.

The equation (3) is based on experimental data. The Reynolds number

will influence the values of both C and n.

In case of natural ventilation we are dealing with flows due to

pressure differences between about 1 to 100 Pa.

Taking this into consideration, together with the experimental

data, the empirical equation (3) is acceptable for flow through openings.

For calculation of C values see appendix 2.
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2.4 QOccupants' Behaviour

An important factor for the natural ventilation is the use made of the
ventilation provisions by the occupants of the building.

The occupants' control or influence on the actual ventilation rate

by opening or closing windows doors ventilationgrilles etc.

About this occupants' behaviour very few studies are known.

More studies in this field must be carried out to give usable

figures to predict the natural ventilation.

3. The model of the ventilation through a building

A building usually consists of external and internal walls and a
roof. These parts of the building very often have ventilation
openings. Through these openings the air passes in and out of the building.
See figure 3.

Figure &4 shows a ventilation model of a building. At any place in the
plan of the building where air flows through openings an air leakage
component with the signE4:]-] is placed in figure 4. For each
component equation (3) can be applied.

It is interesting to investigate how such models can be simplified.

If this is generally possible, we would be able to derive some

figures which can be used in many cases.

Figure &4 shows parallel and series connections from inside to outside

the building.

3.1 Series connections

The scheme is as follows:

8P4 4p2

a Piot




-5-

The equations for series connections are:

APtot = Ap] + Ap2 %)
o, = cp-Capp /M (5)
1/
®, = Cy,(apy ‘72 (6)
Substituting (3) and (6) in (&):
I ® n
Aptot -(Cl )1 + (EE—) 2 (7)

The flow ( ¢), C1, n;, C2, n2 being known, one can calculate the

pressure difference.
If the pressure difference is given, the flow can be calculated by

iteration only, because of the nonlinearity of equation (7).

R

3.2 Parallel connections S
1
n 1

Schematically represented by: @tot

nz 2

. Ap

The equations for parallel connections are:

otot = &) + & (8)
o, = Cl'(AP)I/nl (9)
@2 = CZ'(AP)]/HQ (]0)

Substituting (9) and (10) in (8):

1/n,

20r = €0 M1 ey (ap) (1

tot

The pressure difference (ap), C|, Cp, n; and ny being known, it is

possible to calculate the flows.
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Graphically this can be seen from figure 5.

The question arises, is it possible to replace series and
parallel connections by one single air leakage component of
the form:

= Cr(Ap)l/nr whe re (12)

r = replaced component

From figure 5 and the equations (7) and (11) it can be seen that,
mathematically, this is impossible.

\Taking into consideration the pressure difference range from about
1 to 100 Pa and real n values of 1,4 to 2, figure 6 shows .
that the approximate equation (12) can be used.

In this pressure difference range the inaécuracy of this approximation
is up to about 4%. In most cases, however, it is less than 2%.
Equations can be given to calculate the C and n values for the
approximate equation.

They are beyond the scope of this paper.

In most cases it seems to be possible to simplify the model
to two-junction models (see figure 7), in many cases even to one-

junction models (see figure 8).

4, Calculations with a one-junction model

4,1 Calculation method

With a simple computer program, for 5 ratios of C-values and particular n-

values, calculations have been made to solve the equation:

1/n

C, (ABS Cp, - p,3) /n3_,

1/n
| - C, (4BS [p, = p,y7) 2 4 C, (aBS Cpg - p4d)

1

(13)
if P, = P; < 0 then Ci becomes —Ci

In this equation p&4 is the only unknown variable. The solution can be

found by iteration only.
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4,2 Calculation results

Figure 9 shows a solution of p#4, plotted against p3, with p2 as a

variable. In the diagrams Py = 0. The ratio of C1:C2:C3= 1:0,75:2
and n; = ny = 1,5, n3 = 2.

On the vertical axis the solution of p4 in a particular case is
found. Knowing p4 it is easy to calculate the flows. The results
of these calculations are plotted in figure 10. With the solution
for p4 on the horizontal axis and p2, the other variable, one

can find on the vertical axis Qtot.rel.

) = the total relative air flow rate through the model
tot.rel.

If C4 is not 1 but for instance X, one has to multiply Qtot.rel.

by X to get the total air volume flow rate through the building.

Figures 9 and 10 can be combined (see figure 11)
In appendix 1 the results of calculations with 5 C-value ratios

for n, =

. n, =.1,5 and ng = 2 are given,.

The C-value ratios are:

: 0,5
: 0,75

4.3 Discussion and remarks on the diagrams

- The lines plotted in the diagrams of appendix 1, have different
bending-points. ALl these points can be predicted. Any part of a line
between two bending-points gives a particular flow direction in the
three branches of the one-junction model. For instance if pj = 1

then the flow in the branch of component 3 (¢3) must be zero.
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Before that point i.e. p4> py the direction of the flow is from
inside to outside; if p4<p3 then the flow direction in branch 3

is exactly the opposite.
The chosen n-values seem to be useful for window and door cracks,

with a mean value of 1.5.

For ventilation grilles and ducts n=2 can be used.

Application and comparison

A

Q
In a factory hall, with a capacity of about 87 000 m~ _
(see figure 12) a large number of measurements has been done, to find
the relation between air flow pattern, temperature distribution and

spread of dust. [ 6 1]

In this factory hall the air velocity in every opening was

measured during periods of about four hours. In total some hundreds
of air velocities have been measured. From these velocities and the
net area of the openings, the mass flow through the factory hall could
be computed.

Pressure differences across the openings have been measured with the
aid of five differential low pressure transducers. Also, the mass
flow has been computed from these data. At least the different

mass flows and the resulting air change rate with the

calculation method described ha&e been predicted.

In figure 13 the model of the factory hall and the conditions in the
hall are shown. From table 1 can be seen that the measured and the
calculated values agree rather well.

Table 2 shows values calculated with the method described above
especially for the engineering department of the factory.

The air change rate (h-1y is given as a function of:

- wind velocity
- wind direction

- position of the ventilation openings
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6.3.

6.4.

6.5.

6. Conclusions

. = It seems to be possible to simplify parallel and series connections

(with an inaccuracy of less than 4%) in a network of a ventilation
model.

= Ventilation models of buildings can often be simplified to one=
junction models.

= In that case, if the pressure distribution and the air leakage
coefficients of the openings in the building are given, or can
be calculated, one can predict the air flow through a building
using appendix . 1.

~ In more complicated situations a digital computer program
can predict the air flow through buildings.

= Comparison of predicted and measured values seems to show a

reasonable agreement. (see also ref. [ 5 1)



cld

€23

£33

€41

£51

£6]

€73

«10=

References

Shaw, W.N. Air currents and the laws of ventilation, London,
Cambridge at the University Press, 1907.

Den Ouden, H.Ph.L. and P.J. Jackman.

The natural ventilation of tall office buildings, Delft, IG-TNO, 1968
Publ. no. 304.

Jackman, P.J. A study of the natural ventilation of tall office
buildings. Bracknell, HVRA, 1969, Report mo. 53,

The Institution of Heating and Ventilating Engineers.

Guide Volume C, London 1970.

De Gids, W.F., J.A. Ton and L.L.M. van Schijndel. Investigation

of the relationship between the natural ventilation of a flat and

the meteorological conditions. Delft, IG-TNO, 1977, Publ. no.620,
Boekesteijn, P, a.o0. Air movement in buildings, Delft, IG-TNO, 1977,
Report no. C 384,

Recknagel, H. and E. Sprenger. Taschenbuch flir Heizung- und Klimatechnik,

Miinchen, Oldenbourg Verlag, 1977.




-11-

8. Nomenclature

A = Area of ventilation opening C m2]

C = Air flow coefficient [m3/s atiPa j

¢ = specific air flow coefficient [m3/s «m crack length at 1Pa -
d = diameter Cm3

g =gravitational force [ N/kg 3

h = height Cm ]

K = dimensionless pressure coefficient L =1

1 = length (m]

n = an exponent, between 1 and 2, depending on [:— ]

the character of the flow

p = pressure C Pa ]
Ap = pressure difference ' CPal
AT= temperature difference L K2

v = wind velocity Cm/s ]

w = width Cm1

a= wind direction L %

z= velocity prssure factor -1

A= friction coefficient C-1

p= constriction factor C-12

p= air density Ekg/m3 ]
¢= flow (mass or volume) Ckg/s 3 Em3/s]

Subscripts

1, 2 ... 4 identification number of a variable

i, j unknown numbers of variables
c cold air

w warm air

r replaced

tot. total

tot. rel, total relative
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Aogendix 1

Diagrams

C —value ratio

- -t - - -

Cc1 c2 C3
1.1, 1 1 1
1.2, 1 : 1 2
1.3, 1 1 4
1.4, 1 0,5 2
1.5, 1 0,75: 1
Appendix 2

s

Calculation of air leakage coefficients
2.1. Open windows and doors
2.2, Ducts, grilles etc.,

2.3. Cracks, gaps, joints etc.
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Appendix 2

2.1, Calculation of air leakage coefficients

For the calculation of the turbulent flow through these ventilation

openings the following equations can be used.

A

c = A . U (14)
V727
where C = air leakage coefficient [m3/s at 1Pa j
A = area of the ventilation opening [mz ]
L= constriction factor (0.67) _ -1
o . 3
p= air density c kg/m™ 7

2.2. Ducts, grilles etc.

- " o bt s iy et ey

As the flow in practice will in most cases be turbulent the C-value

can be calculated from the relation

A
C = - (15)
V172 0. +Ig)

where:

A= friction coefficient -1
1 = length of the duct Cm ]
d = diameter of the duct {m ]
= velocity pressure factor -1

For Xand ¢ see handbooks (431 [71]
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2.3. Cracks, gaps and joints

From experimental data the C values can be calculated from:

C =c.l (16)
¢ = specific air leakage coefficient Cm3/s . m crack length at 1 Pa I
1 = length of the "cracks" Cm J

For calculations the following c¢ values can be used.

Em3/s . mat 1 Pa 31’

window cracks good 0,10
moderate 0,15
bad 0,50

doors 0,8
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Scheme of natural ventilation

Characteristic of air leakage components

Air volume flows through a building

A ventilation model of a building

Parallel and series connections of air leakage components

See Fig. 5

Two-junction ventilation models

One-junction ventilation model

Diagram for the solution of p&

Diagram for the total relative volume flow rate (¢

Diagram for p%4 and §

tot.rel.

Cross section of large factory hall

Ventilation model of the factory hall

tot.rel.

)
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2 JUNCTION MODELS
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EFFECT OF FLUCTUATING
WIND PRESSURES

ON NATURAL VENTILATION RATES

I. NIGEL POTTER

INTRCDUCTION

Natural Ventilation research has been continuing over many vears at the Building Services
Research and Information Association and started with developing computer programs to oredict
natural ventilation rates in buildings. The earlier work concentrated on predicting the
natural ventilation performance of large hospitals whilst they were still at the design stage.

The Association was, more recently, involved in a contract from the Building Research
Establishment to measure the natural ventilation performance of fourteen modern domestic
dwellings in England and Wales. The air change rates, temperatures, wind speed and directions,
air leakage characteristics of windows, doors and rooms were measured in each house for, on
average, five week periods. [f the air leakage characteristics of the windows and doors were
used in the computer model the correlation between measured and predicted ventilation rates

was not as zood as may be expected. One major source of error was the large 'background' air
leakage characteristic of the building shell.

This background leakage was measured in some of the test houses by the Building Research
Establishment but this does not provide data on where the air paths go to, which is a necessary
input to the computer model. However, computer predictions taking account of the background
leakage of the shell still did not give an adequate correlation with measured values(1).

(NB The air paths were approximately identified from the air leakage of the individual rooms

and the whole house. Some proportioning was necessary to take account of air leakage paths
between rooms other than via doors, hatches, etc.)

It was subsequently decided to investigate the dynamics of natural ventilation, at least
for a simple case, with support from the Department of Health and Social Security for

Taboratory trials and from the Building Research Establishment for the site trials, on which
this paper is based.

In the computer model the wind pressures acting on the building are assumed to be steady
and are normally derived from time averaged pressures acting on a wind tunnel model.

The purpose of this research was, therefore, to quantify the difference between actual

dynamic ventilation rates and the natural ventilation rates which would be predictad using a
steadv state model.

Tests were conducted in a sinqle room with windows in opposite walls.  The test room was

located on the first floor of a three-story dwelling situated on a new housing estate in
Bracknell.

[.N.Potter, Leader of Ventilation/Special Projects Section, Buildina Services Research and
Information Association, Bracknell, England.

THIS PREPRINT FOR DISCUSSION PURPOSES ONLY. FOR INCLUSION IN ASHRAE TRANSACTIONS 1979,
Vol. 85, Part 2. Not to be reprinted in whole or in part without written permission of the American Society of
Heating, Refrigerating and Air-Conditioning Engineers, Inc., 345 East 47th Street, New York, NY 10017. Any

opinions, findings, conclusions, or recommendations expressed in this paper are those of the author(s) and do
not necessarily reflect the views of ASHRAE.



This paper details current steadv state prediction procedures, the new techniques
developed for dynamic natural ventilation rate measurement and the analysis procedures.
Comparisons are made of predicted and actual ventilation rates along with attempts to
correlate differences as a function of wind speeds, wind directions, flow reversal, etc.

Even though the scope of this project was limited, indications are that significant under-
estimates of the ventilation rates are incurred by assuming a steady state prediction model.

CURRENT STEADY/STATE PREDICTION METHODS

The BSRIA developed CRKFLO proqram (2) represents a 'steady state' procedure for the predic-
tion of natural ventilation rates in buildings. Data required for the procedures consist of
room volumes, mechanical ventilation rates, air leakage characteristics of the components and
predicted steady state pressures due to stack effect and wind.

The wind pressures are normally derived from measurements made using wind tunnel models.
With the model set at various orientations to the air flow, pressure measurements are made at
selected points on the surface of the building model. These measured pressures are normally
time-averaged and the corresponding pressure coefficients calculated using the equation

Cp:&
Pv :
where ;
Cp = wind pressure coefficient i

Px = time-averaged pressure

Pv = time-averaged velocity pressure at reference height in
free air stream

Using the Cp values the wind pressure at the corresponding location on the real building
can be predicted for the relevant wind direction and anv selected wind speed. The wind
pressures so derived are used in calculation of ventilation rates on the assumption that they
remain steady at the predicted values.

However, in reality the wind pressures on a building are continuously varying. These
variations are caused by locally generated turbulence and bv overall changes in wind velocity.
There are many parameters which are 1ikely to generate or affect the surface pressure

variations including the building size and shape, nearby buildings and tonographical features
and the type of terrain over which the wind has passed.

The way in which these complex pressure variations will influence the natural ventilation

process is difficult to predict. Considering the following simple example, it is evident that
the effect is likely to be siqgnificant.

The example chosen is a rectangular plan building with one opening centrally located in
each of two opposite sides. When the wind direction is parallel to the faces of the building
which contain the opening, it would be expected that the time-averaged pressures on these faces
would be negative and of the same magnitude. Thus the average pressure difference across the
two openings would be zero and hence the net predicted ventilation rate would also be zero.

In fact the surface pressures would be fluctuating and instantaneous pressure differences
would result, thus producing a ventilation rate. This effect was illustrated by the British
Gas Research on full-scale and wind tunnel model tests in a Portakabin (Ref.3). The ventila-

tion rates measured with tangential wind directions were only just under ha]f the rate at
normal wind directions.

DESCRIPTION OF TEST HOUSE

i
A three-story house in Bracknell was chosen because it contained a through room with an openabile
window in opposite walls of the house. This room could be sealed from the rest of the house
and thus be treated as a simple naturally ventilated enclosure.

The house was situated on the edge of a housing estate with some open land and a road to
the south with woodland beyond. The surrounding houses are shown on the right of Fig.3.



The block of houses including the test house was on slightly higher ground than those to the
north. A five foot high wall surrounded the small gardens to the south of the housing block.

The test room was situated on the first floor and would normally be used as a lounge.
The openable windows were top-hung wooden framed. There were also three fixed windows to the
rear of the house and one small fixed window at the front.

The central heating was gas fired serving radiators. The test room contained two
radiators and the thermostat, thus providing temperature control in the test room.

MEASUREMENT OF AIR- LEAKAGE CHARACTERISTICS

In a real building air infiltration takes place not only through gaps around windows and doors,
but also through cladding components, cracks in the walls and ceiling and even through
electrical conduits and around central heating pipes. For this research it was necessary to
take account of all the air leakage paths in the test room. For practical reasons, it was
only possible to study the air leakage through the openable windows so all of the other leakage
paths were sealed using plastic sheeting, adhesive tape and various fillers as appropriate.

The air tightness of the room was measured by the pressurisation technique with the windows
sealed off.

The air leakage characteristics of the openable windows were measured by taping plastic
sheet around the window to form a sealed shroud. Air was extracted or supplied to the shroud
and the pressure difference across the window was measured with an electronic micromanometer.
Depending on its magnitude, the air flow rate was measured using either a calibrated nozzle
or a laminar flow element.  Graphs were then plotted of pressure difference versus air flow

rate and thus the characteristic constants, K and n were calculated for both windows and for
both inward and outward air flow.

PRESSURE MEASUREMENT

The pressures measured on a wind tunnel model are pressure differences between the particular
surface and the free stream static pressure. On site it is impossible to measure pressures
with respect to the external free stream static pressure. The alternative of setting up a
reference invariant static pressure source is also verv difficult, Hence only Tocal pressure
differences can be accurately measured.

However, such measurements can rezdily be related to predicted values bv considering the
algebraic sum of pressure coefficients at the relevant building surfaces.

Thus for comparative purposes the pressure difference across the whole house was measured
together with the pressure differences across the individual windows.

The external pressures were sensed through four pressure tappings drilled into each
window pane and connected by tubing to a manifold. The pressure differentials were measured

with sensitive electronic micromanometers, the output signals from which were transmitted to
an analogue tape recorder,

MEASUREMENT OF AIR FLOW RATES

Air Change Rate Measurement

The air change rate was measured by monitoring the decay in concentration of N%O,
previously injected into the test room. The concentration was measured with an infra-red gas
analyser and the output signal was recorded on a chart recorder.

Twelve sampling points were equally spaced in the test room and connected by tubing to a
manifold and then to the analvser, thus ensuring a representative sample of the room air.
Four small fans were also installed in the test room to orovide adequate mixing of the test
room air/tracer gas mixture. It had been found in the liboratory that these two precautions
enabled consistently accurate results to be achieved.

The theoretical decay of concentration is related exponentially and is represented by



-Nt

Cf=Ci.e

where
Cf = final concentration, ppm
Ci = initial concentration, ppm
N = air change rate, hre!
t = elapsed time, hr

The air change rate derived from the concentration decay measurement was tren used
calculate the time-averaged flow rate, Qm, through the test room.

Flow Rate From Power Law Converted Pressures

Air change rate measurements do not provide information on the direction of flow thro.
the windows. [t was therefore, necessary to devise a method for quantifying the vector o-

flow rate and direction. During each test period the pressure difference across the windg

was continuously monitored. The air leakage characteristic was known and obeyed the relat
1

Q = K (aP) /n’ down to very low flow rates. An electronic instrument was developed which

1
would raise continuously the measured pressure difference to the power /n, thus providing ar
output linearly proportional to flow rate.

The device has been called a power law converter (P.L.C), and the exponent n may be
adjusted to any value between 1 and 2. When the pressure difference goes negative (i.e.,
the direction of flow changes) the correct negative flow rate was also output. Thus inte-
gration of the positive and negative output components produced time averaged flow rates,

* QP L.c. over the specific test period.

The total inflow QIN into the test room was then calculated from the inflow component of
the back window QP L.C.b plus the inflow component of the front window, OP L C.f Similarly
the time averaqged out-flow rate, QOUT’ was calculated.

Flow Rates Derived From Averaged Pressures

The pressure difference across each window and the house were integrated over the test
period and the average pressures calculated. These pressures are representative of the
steady state model. From these pressures the corresponding flow rates were derived from the
back window, Q.m., the front window, O.ﬁ and across the house O'ﬁh' These flow rates are
analagous to the“steady state predicted gir flow rates. -

ANCILLARY MEASUREMENTS

The wind speed and direction were measured with an anemometer and windvane mounted on a 10 m
telescopic mast situated in the back garden of the house. The wind speed and direction were

recorded on an anemograph, To allow detailed analysis, the wind speed was also recorded on an
analogue tape recorder.

Temperatures were measured with shielded copper-constantan thermocouples and recorded
automatically. The external temperature was measured with the thermocouple placed inside a
Stevenson screen, situated in the back garden.

Hence all measurements were recorded either on an analogue fourteen-channel magnetic tape
recorder or on chart recorders., The data records were analvsed in the laboratory.

ANALYSIS PROCEDURE

Sixty tests were conducted with pressure traces and were approximately of one hours duration
although a further forty tests were conducted to measure ventilation rates, windspeeds and
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temperatures only. However, not all of the data was analysed.

The data tapes were processed using analysis instrumentation consisting of a 14-channel
tape recorder (similar to the unit on site),digital voltmeters for calibration purposes, three
digital integrators, the Power Taw converter and a U.V. recorder. There was also a frequency
spectrum analyser system consisting of a correlator and spectrum display module.

Data retrieved when the tapes were processed consisted of:

1. Integration of pressure differences across the front and back window over the test
period.

2. Integration of pressure differences across the house over the test period.
3. Integration of positive and negative flow rates from P.L.C. through the front window.

4. Integration of positive and negative flow rates from P.L.C. through the back window.

5. Integration of wind speed over test period.

In the case of 3 and 4 the P.L.C. was linked between the tape channel output and the
integrators.

The tape plavback amplifier cards were calibrated before each run. For a window flow
integration, two normally zeroed integrators were used, one for positive and one for negative
flow rates. For a window or house pressure difference integration, one half scale zeroed
integrator was used. Thus the half scale zeroed integrator covered the full positive and
full negative pressure range. Correction for the offset was made. The windspeed integra-
tion was used to give an average of the windspeed over the test period.

RESULTS

Measured Tracer Gas Ventilation Rates as a Function of Wind Speed and Direction

A plot of results of the air change rate measurements against wind speed is shown on
Fig.1.  There is an evident trend of nigher ventilation rates at the high wind speeds but

other factors such as wind direction and indoor to outdoor temperature differences give rise
to the significant scatter of points.

The effect of indoor to outdoor temperature differences will be much more pronounced at
Tow wind speeds so to assess the directional effects a polar plot has been made of those
results at wind speeds above 2.5 m/s (Fig.2). For this plot the measured ventilation rate
has been divided by the wind speed because this ratio may be expected to be constant at any
given wind direction based on the steady state flow characteristics of the test room windows,
(since flow rate through the windows was approximately proportional to the square root of the
pressure difference and the pressure difference is proportional to the square of the wind
speed, the flow rate divided by wind speed should be constant in the absence of stack effect
for a given wind direction). Using classical steady state predictions (see section on
Current Steady State Prediction Methods) the ventilation rates at 709 and 250° (parallel to

window surfaces) would be expected to be zero, while normal wind directions would vield high
ventilation rates,

[t is evident from Fig.2 however, that the measured ventilation rates show no clear
dependence on wind direction, although it may be concluded that the ventilation rates are
somewhat lower for wind directions near 700 and 2500; i.e., winds approaching the window/
walls at tangential angles. [t is also noted that the ventilation rate is much higher
with a wind direction about 2500 than at 700; it is thougnt that this was due to the
sheltering effect of other groups of houses to the east of the test house and the catchment
effect on southwesterly winds of the wall of the adjacent house.

Other factors which reduce the directional effects include the variation of directicn
about the mean and the fluctuations of pressure which give rise to flow oscillation.

Comparison of Flow Rates Derived From Power Law Converter Analysis and Those Measured bv the
Tracer Gas Technique

The agreement between the flowrates in and out of the test room derived from the nower



Jaw converter analysis of the pressure differential recordings was qgenerally good.

Discrepancies in the inflow and outflow were assumed to be due to instrument error, and
where the values did not agree to within 10% these test results were discounted, although
other physical factors may be responsible and will be discussed later.

The mean of the inflow and outflow from the P.L.C. was taken to be ventilation rate in
litres per second. It is called the dynamic determination of the ventilation rate. The

relationship between this dynamic determination and the rates obtained from the tracer gas
measurements is shown in Fig.3.

There is fairly good agreement between the two sets of data although expressed in
percentage terms the errors are much higher at low ventilation rates; i.e., less than 9 1/s
= 0.66 air changes/hr. In the majority of tests the dynamic determination of ventilation
rate was lower than the rate measured by the tracer gas technique.

However some discrepancies will arise between the dynamic determination of the
ventilation rate and the measured values because the pressure distribution around the entire
crack length is assumed to be uniform in the dynamic determination. Especially at low flow
rates, stack effect will modify the vertical pressure distribution and give rise to the high
discrepancies at low flow rates. Secondly the pressure at the crack itself may be slightly
different from the pressure measured at the window pane. This difference would be expected
to be prominent at tangential wind directions since the frame protrudes out from the glass.
There is in fact a fair correlation between the percentage difference between the measured

ventilation rate and the dynamic determination as a function of wind direction, as illustrated
in Fig.4.

Finally, discrepancies may cccur because the window crack has a finite length and not all
the air which is indicated as a flowrate by the P.L.C. actually penetrates into the rocm.
This effect may predominate in high flow reversal conditions in which the dynamic determina-
tion may be higher than the measured flow rate.

Comparison of Flow Rates Derived From the Power Law Converter Analysis and Time Averaged
Pressure

This comparison is fundamental to the dynamics of natural ventilation. The same
pressure recording on the tape was analysed in two different ways. The time averaged
oressure was derived and is analagous to a wind tunnel average pressure recording.  This
steady state pressure was then converted into a flow rate. This was then compared with the
dynamic determination of the ventilation rate using the power law converter.

The comparisons of these two derived flow rates are given in Fig.5 for the front and
back windows. The percentage error between the time averaged pressure flow rate was between

20 - 30% less than the dynamic prediction method for high flow rates and up to~ 80% during
Tow flow rate conditions.

This highlights the magnitudes of the potential errors involved in us1ng the present
steady state prediction methods.

Ventilation of the Whole Room Compared With Current 'Steady State' Predictions

As outlined previously the current prediction method is based on the assumption of

steady time-averaged pressures anda knowledge of the air leakage/pressure characteristics of
windows and doors etc.

This method was applied to the present tests by deriving the mean pressure difference
across the house over the test period and using that value in determining the leakage through
the two windows in series based on their measured leakage characteristics

These steady state predictions were compared with the measured vent1]at1on rates {tracer
gas technique) and the resulting error nlot is shown on Fig.6. This indicates that the
measured values were always (with just one exception) higher than the predicted values, by
about 25% at flow rates above 10 1/s and rising to nearly 807 at lower flow rates. This
again highlights the degree of underestimation resulting from the current prediction method.



Effect of Flow Reversal

The flow through the window cracks did not remain in the same direction for the duration
of any tests. This flow reversal occurs because of the dynamic behaviour of the wind near

the house as previously discussed. The output from the P.L.C indicated the direction of
flow by its sign (-ve or +ve),

For each window the percentage flow reversal was calculated and was expressed as the time
averaged flow in one direction as a percentage of the total flow (negative plus positive) and
therefore yields a value between 0 and 50%.

Fig.7 is a plot of the percentage flow reversal as a function of the percentage error
between the flow derived from the P.L.C, QP L.C and the steady state flow rate calculated from

the time averaged pressure differences. As expected, the greater the degree of flow reversal
the higher the errors. However, it was expected from laboratory trials that errors of only
~ 10% should occur at low flow reversal conditions. In fact errors ~20 - 30% are apparent
at low flow reversal conditions.

Considering again a simple symmetrical building with openings in opposite walls, the
highest degree of flow reversal would be expected at wind directions parallel to those walls.
At perpendicular wind directions little or no flow reversal would be expected.

The directional dependence of flow reversal in the present tests is shown in Fig.3,.
These indicate that greater flow reversal did occur at near parallel wind directions but
there are also some low values at the same directions. These latter results were for average
to high wind speeds and were associated with high ventilation rates. There was insufficient
test data to pursue an analysis of the dependence of the degree of flow reversal on wind
speed at given wind directions.

Influence of Stack Effect

A temperature difference between the inside and outside 27 tne house will produce a
ventilation rate due to the stack effec-. If =re inside of =n2 room is at a higher tempera-
ture than the outside, air will tend to isave the room 2t tne .zter edge of the windows and
enter through the lower edge.  The converse is true for a rocm temperature below that of the
outside air. Thus there will be a stack pressure across the window gap which will vary in
magnitude and sign from the top to the tottom of the window,

Assuming steady state conditions, the ventiiation flowrata due to stack effect can be
calculated if the window dimensions, internal and external temperatures and wind pressures
are known. A dynamic analysis would have to be made to ascertain the true contribution in
practice because of the fluctuating wind pressure. Such an analysis is beyond the scope of
the present studies. However some steady state calculations were made using mean wind
pressure values and from the results of these it is evident that the stack effect will con-
tribute significantly to the error betwean predicted and tracer gas ventilation rates when
the flowrate is low, but not at high flcwrates.

[t is important to bear in mind that if fluctuating flows had been considered for the
whole house the relative importance of stack effect would have become more dominant since
stack effect is a function of the vertical neignt between openings.

CONCLUSIONS

The relationship between the measured air change rates and wind speed broadly followed the
theoretically expected trend. For wind speeds greater than 2.5 m/s the stack effect was
expected to be minimal and at the higher wind sn2eds tre ratio of ventilation rate divided by
wind speed did have some slight directicn depenience. The lower values corresponded to wind
approaching the windows/walls at %tangential diractions €rom tre ‘lorth East and South West.
The tangential wind directions nowever 27 indicatz ecalativelv wiirn ventilation rates and it

would be useful to compare these resulzs with sradicted ventilarion rates using pressure data
derived from wind tunnel model tests.

The power law converter developed “or this nroject senerally worked well. [t was hoped
that good agreement of the P.L.C. flow rates and tracer jas measured flow rates could be



achieved and in fact were always within 2.5 1/s. However at low flow rates this does
represent a significant error and could easily be due to the pressure gradient up the window
generated by stack effect, non-uniformity of the pressure round the entire crack lenqgth and
at flow.rates below 1.5 1/s, the characteristic constants K and n are no longer accurate.
The tracer gas measurement technique itself may be responsible for some of the discrepancy.

Comparing the flow rates predicted from the time-averaged pressure differences across
the windows with either the tracer gas derived flow rates or the P.L.C derived flow rates
significant errors were found. Indeed they nearly always exceeded 20% and rose to 80 + 7% at
the lower flow rates (Fig.5). These results identify an error in the present steady state
prediction procedures. Although these results apply to a single room in a house, the
significance of the dynamic aspect of natural ventilation mechanics is evidently important and
warrants further investigation to extend the scope to complete buildings.

Some attempt was made to correlate the errors with parameters such as percentage flow
reversal. It is interesting to note here that the direction of flow did not remain constant
for any test even at normal wind directions. The percentage error between the steady state
predicted flow rate and the measured flow rate does, as expected increase with a greater
percentage flow reversal. However, even at low flow reversal conditions the errors are
still around 25%. [t is difficult to explain this since laboratory trials with fluctuating
flows but in a constant direction, rarely exceeded an error of 10%. Obviously the wind could
not be accurately modelled in the laboratory and may be responsible for the apparent differences.

Large percentage flow reversals were evident at parallel and impinging angles up to 4Q°
as indicated in Fig.8. However, there were tests at near parallel directions which contained
very low flow reversal conditions which was not aenerally expected.

This project has thus provided some quantitative data on the dynamic aspects of natural
ventilation and the errors in the steady state prediction model have been shown to be
significant. However not all the recorded data has been analysed and it has not been
possible to extend the test program to consider the whole house, as was originally intended.
The investigation would also be enhanced by the wind tunnel testing of a model of the house
so that the wind pressures so derived could be compared with the recorded pressure data.
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