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1. Introduction

Within the framework of the national research project "Ventila-
tion in housing c?nstruction", studies on occupants' window
opening behaviour™ were conducted in a demonstration building in
Duisburg (West-Germany) which also formed part of the project.
This demonstration building which was raised in 1983 is a row-
house composed of 3 blocks. In each block there are four floor
levels with two flats each. Fig. 1 shows the plan of a block
floor with 2 apartments, each covering a flat floor space of

80 m“. The storeys have an east/west orientation. All apartments
are equipped with a central ventilation system. In the dining
room, the parents' bedroom and the children's room, there is a
double-sash window, with one side/bottom sash fitting and one
casement hung respectively. The sitting room window is a fixed
window, the balcony door has side/bottom sash fittings.
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Fig. 1 Ground plan of a block floor with two flats. Ground plan
and size of flat are equal for all the 24 apartments
included in the survey.

2. Measured Values and Plausibility Testing

In order to allow the continuous recording of varying opening
positions, every window sash and door leaf is furnished with
contact sensors. Accordingly, eleven window contact sensors were
installed in each flat. Every 30 minutes, the data provided by
these contacts are recorded by the central data logger. The
present analysis is based on data compiled between Jan, 1st -
Dec. 31, 1984. No less than 4.6 million values out of the data
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recorded in this period are related to window opening. Additio-
nally, all relevant weather data, (such as air temperature, wind
velocity, global irradiation etc.), were continuously recorded as

well as temperatures, humidity,zagd energy consumptions for room
heating and domestic appliances™ 7.

Prior to processing this complex data material, it was consider-
ed necessary to have all measured values checked for their
plausibility. When checked, some measurement contacts were found
to be faulty (both temporarily and throughout the entire mea-
suring period). In a further plausibility test, both opening
periods and opening positions of any side/bottom hung sash were
checked in detail. Due to design and positioning of the measure-
ment contacts, the side/bottom hung sash window will be register-
ed to be open in the side-hung position by both the side and the
bottom contact. If the same window is open in the bottom hung
position, however, this is recorded only by the bottom contact.
Consequently, faulty recording must be assumed, whenever the
opening times recorded (for one and the same sash) by the bottom
contact are shorter than those recorded by the side contact. In
the final analysis, only those rooms with 100 % reliable measure-
ment contacts were considered, i. e. all of a room's eleven win-
dow contacts had to pass both plausibility tests in order to be
eligibile for evaluation. The respective plausibility test re-
sults are compiled in Table 1. While approx. 70 % out of the li-

Table 1: Plausibility test results for window contacts in the
rooms under observation

(Measurement period: Jan. 1 - Dec. 31, 1984)

Room Living room |Dining room Parents Children
Flat Block | a1 {a2| A3 A1 |A2| A3] a1 A2| A3} AL} A2 A3
Ground Teft x| v vie e | o] X X | ¢ vi{ie {v
floor .
right vl X|Xx|e jelejle | Xig| ol Xle
X X X] ® ® v X X X X X X
1st floor left
right X X X] e @ e | X X X X ® X
X1 v X| @ v e| ® v X1 w9 v X
3
2nd floor left Y
raMEMMEMMEANARE
left X X X 7 @ ® X X X X v X
3rd floor
riaht X | = v ® X v X X X X

v easurement contact temg rarily faulty (no values measured)
first plausibility tes 3

® measured values partially unaccounted for (total opening time
recqrdeg ¥n ottgm-bung yos t?on tota?,o&en%ng t?me récord-
ed in side-hung pos1t1on? Isecon plausibility test |

X all window contacts functionipg correctly over.the whol
measurement per?o fgata e 1dasd sh an%lys?s] ©
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ving rooms, parents' bedrooms, and childrens' rooms have passed
the plausibility tests, there is only one dining room providing
correct data., Since this one dining room is not representative
for statistical evaluations, it is excluded from the analysis.

3. Frequency and Duration of Open Windows- and Meteorological
Conditions during Observation

For the rooms included in the evaluation, the mean monthly open-
ing time is investigated for all rooms as a whole and with res-
pect to the various types of rooms. However, the results pres-
ented in this context are not the absolute duration of opening.
Rather, the opening time recorded is related to the maximum pos-
sible duration of opening (hours per month) and thus normalized.
The results are presented in Fig. 2. Here, a distruction is made
between side-hung and bottom hung position; analysis covers the
entire window (i. e. both window sashs). With a result of approx.
10 % in side-hung positions, this implies that all sashs were
opened on average for 6 minutes per hour in side-hung position.

As it may be gathered from Fig. 2, windows are open longest in
summer and shortest in winter, While in August the overall ope-
ning time for all windows amounts to about 25 % on average -

i. e. 15 minutes per hour - it decreases to about 5 % in winter,
In the first 6 months of the year, windows are preferably opened
in side-hung position, while in the last 6 months of the year
the proportion of window being kept open in the bottom-hung po-
sition is at about 50 %. This phenomenon may possibly be amoun-
ted for by the higher degree of trapped moisture (sweating),
which necessitates an increased air change at the beginning of
first occupation,

Comparing the results for the different types of rooms with the
overall figures, bedrooms are found to be the rooms most usually
ventilated. Here, too, at the beginning of occupation the side-
hung position is prefered, while at the end of the measuring
period the bottom-hung position prevails. Even in extreme winter-
weather, bedrooms are ventilated distinctly more frequently than
all of the rooms on average. During the entire measuring period
the window opening time recorded for bedrooms exceeds the avera-
ge for all rooms by some 50 %.

Values measured for living rooms are comparable to the average
of all rooms. In living room ventilation, the bottom-hung window
opening position is predominant. This may be explained by the
balcony door providing the only openable unit., It has a side/
bottom sash fitting, with the bottom-hunged position obviously
being preferred by users,

In childrens' rooms, windows are open least of all rooms. Here,
too, in the first 6 months of the year the side-hung position is
preferred, while in the last 6 months the bottom-hunged position
is more frequent. In terms of ventilation habits, the childrens'
rooms are among all rooms those ventilated most reqularly. Here,
it is only in extreme seasons, that the average overall-opening
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times distinctly deviate from the mean value of approx. 10 %. As
illustrated by Fig. 2, the window opening behaviour strongly
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Fig. 2 Mean monthly duration of leaving windows open.

Values for all rooms and for different types of rooms
(expressend in percentages).

Analysis covers the entire window, i.e. both window sashs.
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correlates with seasonal influences. Due to this correlation,
the most important weather parameters were investigated in addi-
tion to the users' opening habits.

In Fig., 3 annual mean dagly outdogr air temperatures are presen-
ted. They range from -2 "C to 28 "C. Until mid-April, relatively
Tow temperatures clearly below the heating Tine were recorded,
and even 18 June mean daily temperatures were seldom recorded to
exceed 15 C. In agtumn, the mild weather with mean daily tempe-
ratures around 15 "C lasted until the end of October, before tem-
peratures dropped below the heating line,
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Fig. 3 Mean daily outdoor air temperatures recorded from Jan. 1 -
Dec. 31, 1984. (The July gap is due to a blackout in the
data recording system.)

The annual curve of the daily totals of global irradiation inci-
dent on a horizontal area is plotted in Fig. 4. Ideal conditions
(cloudless skies) would produce a bell-shaped curve with its maxi-
mum on June 21 (sun at highest point) and its minimum on Dec. 21
(sun at lowest point). Due to cloudcover or overcasting, devia-
tions from the bell-shaped function occur., At the beginning of
April, in May, and in September there are pronounced radiation
minima to be observed.

In Fig. 5, the annual curve of the mean wind speed is plotted.
Maximum and minimum values range between 0 and 7.5 m/s. On avera-
ge, windvelocities fluctuate around 2 - 4 m/s; in the cold days

of January and February, wind speeds were, however, slightly high-
er than in the other months.
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Fig. 4 Total daily values measured for the global irradiance in-
cident on a horizontal surface. {The July gap is due to a
blackout in the data recording system.)
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Fig. 5 Mean daily wind velocities measured between Jan. 1 and
Dec. 31, 1984. (The July gap is due to a blackout in the
data recording system.)
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A1l annual curves show a gap between July 11 and 31, 1984, which
is obviously due to a black out in the data recording system,
This data gap has however no influence on the determination of
the mean monthly values, because July data were used only from
days 1 - 10,

4, Variations in Users' Behaviour

In order to demonstrate to what extent users may vary in their
window opening habits, one occupant with éxtremely long ventila-
tion periods and one with extraordinarily short ventilation per-
jods were compared to the average value of all occupants, classi-
fied according to the different types of rooms. The deviations
are illustrated by mean monthly values in Fig. 6. As for the liv-
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Fig. 6 Variations in occupants' ventilation behaviour in diffe-
rent rooms given as mean monthly duration of leaving win-
dows open (mean monthly overall occupants' values as
compared with values measured for a single occupant with
untypically short ventilation periods).
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ing room, there are hardly any significant deviations from avera-
ge. They range within a margin of + 10 %. In bedrooms and child-
rens' rooms, however, deviations are much more marked, with a
variance of up to + 20 %. If - instead of viewing all of the va-
lues - only 90 % are taken into account, discarding the extremely
untypical users' values, the margin of deviation is reduced to
Tess than + 5 %. Accordingly, the elaborated relations describe a
representative part of the whole complex under investigation,

5. Users' Behaviour in Correlation with Meteorological Conditions

In the following it is to be investigated whether there is a re-
levant correlation between duration of window opening and weather
parameters. Accordingly, window opening times were correlated
with meteorological data. Since these analyses are based on 1.5
million twin values, it is impossible to give an adequate and
clear diagrammatic presentation. Instead, the respective mean va-
Tues are superimposed to the weather parameters. Diagrams are gi-
ven for overall values (all rooms) and values differentiated bet-
ween living rooms, parents' rooms, children's rooms.

5.1 Qutdoor Air Temperature

Investigating outdoor air temperature influences on users' window
opening behaviour, a distinction is made between. daytime and
nighttime ventilating. Daytime ventilating is further subdivided
into days with high and low solar radiation intensities. The dia-
gram in Fig, 7 illustrates outdoor air temperature influences.
Evidently, the influence of global irratiation is only a relati-
vely weak one. Daytime values vary in a moderate margin. In ge-
neral, night time ventilation occurs less frequently than daytime
ventilation. The correlation between ventilation habits and out-
door air temperajure may be approximately described by 2 straight
lines. Below 12 “C, daytime ventilating_increases by some 0.75 %
per K temperature difference; above 12 "C by some 1.1 % per K; in
terms of ventilating frequency, this represgnts an increase of
about 50 %. At night temperatures below 12 "C, ventilation dura-
tion is raiseg by about 0.5 % per K, and at night temperatures
exceeding 12 "C by some 1.1 % per K, which corresponds to a 100 %
increase in ventilation frequency. These results allow the mean
overall ventilation behaviour to be described as a function of
outdoor air tempesature. In Tgb1e-2, the individual functions for
temperatures <12 C and =12 "C are compiled.

The temperature dependence was partially found to vary from the
overall room values according to the type of room. In Tiving
rooms, a change in Menti]ation behaviour is to be stated at tem-
peratures above 12 C. This shows good agreement with the avera-
ge value for all rooms. Here, increases in ventilation_ frequency
amount to some 0.71 % per K for temperaturea below 12 "C and to
some 1.4 % per K for temperatures above 12 “C, which again indi-
cates a doubling of ventilation frequency. In spite of the night-
time ventilation curve deviating from the daytige curve, here,
too, two different sectors (below and above 12 C) are to be
observed. For temperatures below 12 "C, increaseg amount to some
0.33 % per K, and for temperatures exceeding 12 "C to some 0.83 %
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per K. In Table 2, the average living-room ventilation behaviour
is presented as a function of outdoor airtemperatures.

Table 2: Correlation between window ventilation duration and
outdoor air temperature (analysis results)

=
=
Room pors Qutdoor air temperature
0 0
GLa < 12°¢C &La 2 12°¢C
daytime % 4+ 0,71 8 12.541.4(8 - 12)
Living room a a
night-time| o _
g % 2 + 0.33 SLa 6 +U.83(8La 12)
daytime o 9+ %, 21 +(9La - 12)
Parents
night-time| % 5+ 0,638 12.5+1,2(9La-12)
daytime % 4 + 0,59 10 + (8, - 12)
Children 3 a
night-time | o -
g % 2 o,ssLEL 8 + (&, - 12)
A1l daytime % 6 + 0:7581_3 15 + l,l(SLa—lZ)
rooms might-time| % | 3 + 0,5% _ 9 + 1,1(8 -12)

Daytime ventilation behaviour in parents' bedrooms is not charac-
terized by the significant change of habits recorded for tempera-
tures above 12 C. Rather, it can be approximately described by a
straight curve with a gradient of 1 % per K over the entire tem-
u erature scale. The corresponding nighttime curve, however, again
recarda a comparatively distinct change in ventilation behavjour
at 12 'C outdoor air temperature. For temperatures below 12 "C
the gradiﬁnts amount to approx. 0.63 % per K, for temperatures
above 12 "C to approx. 1.2 % per K, which signifies once more a
100 % increase in ventilation frequency. Hence, the average ven-
tilation behaviour in parents' bedrooms may accordingly be des-
cribed as a function of outdoor temperatures as compiled in Tab-
le 2.

Though ventilation behaviour in children's rooms is quite similar
to the average ventilation habits recorded for all rooms, gra-
dients are slightly lower here. For temperatures below 12 "C, the
gradient is about 5 % per K, for temperatures above 12 "C it is
about 1 % per K. Night-time values range below daytime values by
about 2 % of opening times. This difference is almost independent
of temperature influences. The average temperature dependent ave-
rage ventilation behaviour in children's bedrooms is also out-
lined in Table 2.
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5.2 Horizontal Global Irradiance

Another meteorological parameter to be investigated is the solar
irradiance. In Fig. 8, durations of leaving windows open are
plotted for summer and winter months as a function of the hori-
zontal global irradiance. Although there seems to develop a mani-
fest influence, a distinct dependence on solar irradiance cannot
be confirmed, as the influences of outdoor air temperature and
global irradiance are superimposed in Fig. 7. As clearly shown in
Fig. 6, the global irradiance varies only in a narrow and hence
negligible margin.

5.3 Wind Velocity

It may be supposed that ventilation periods are also affected by
wind velocities. In Fig. 9, influences of wind velocities are
illustrated. The relationship may be expressed almost linearly,
while the ventilation behaviour is found to be almost independent
of any type of room. Based on an average wind velocity of 3 m/s,
wind influences can be introduced as a correction term for tem-
perature-related window ventilation periods by way of:

t = 10 - W .t [%]
open (w) 7 open (3 m/s)

5.4 Comparison with Previous Studies

To evaluate the results obtained in this study, they are compared
to findings presented in previous investigations. Ip an extensive
series of studies conducted by Austrian researchers and in ear-
lier British Observations™ values recorded during heating periods
in solely window-ventilated flats with various heating systems
are presented, resulting in the following functional relations
for mean window ventilation duration:

100-(2.6%0.6 K)/(1}/L1- wfla) [%]

Panzhauser et al.': topen
Brundetts : topen = 100 2.6 / (."}/L'i" 'V&La) [%]

In Fig. 10 the above-mentioned relations established for window-
ventilated flats are compared with the results obtained in the
present study (in accordance with Table 2). It is found that in
flats without mechanical ventilation systems windows are open
about 4 times as long as in mechanically ventilated flats. Accor-
dingly, energy losses due to "uncontrolled" ventilation are dra-
stically reduced, but not - as frequently assumed - prevented,
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Fig. 10 Comparison of durations of leaving windows open in
window- venE11ated flats w%th natural ventilation (acc. to
PANZHAUSER ™ and BRUNDRETT™) and flats with mechanical
ventilation as a function of outdoor air temperature

(based on an indoor air temperature of 20°C).

6. Synopsis and Outlook

Within the framework of the national research project “Ventila-
tion 1in Housing Construction", studies on occupants' ventilation
behaviour were conducted in a demonstration building in Duisburg-
Neumiihl (Federal Rep. of Germany) which also formed part of the
project. Analyses were based on values measured from Jan. 1 -
Dec., 31, 1984 in 24 flats with identical ground plans, all of
which were equipped with mechanical ventilation systems. Data on
all opening positions of all openable window sashs and door Tea-
ves were continuously recorded, thus providing exact time data
for all opening positions to be stored on data carriers. All
available data had to pass two plausibility tests, which resulted
in 70 % of the main room data considered eligible for analysis.

In evaluating the occupants' behaviour with regard to the dif-
ferent types of rooms, natural ventilation was found to be most
frequent in bedrooms, followed, in decreasing frequency, by
children's rooms and living rooms. For all rooms, ventilation
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habits distinctly correlated with outdoor air temperature and
wind velocity. A function suited to describe these relations was
derived. An alteration in occupants' behaviour recorded during
the period of measurements is probably accounted for by the ini-
tially higher content of trapped moisture (sweating) at the be-
ginning of first occupation. When finally comparing the present
results with studies on users' ventilation behaviour in flats
with conventional window ventilation, it was found that in buil-
dings with mechanical ventilation systems window ventilation dur-
ation is reduced to a quarter of the corresponding values recor-
ded for buildings with traditional ventilation.
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