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Abstract

Computer simulation of building airtightness measurements shows the e�ect of changes in
pressure distribution across the building envelope due to wind force and temperature di�erence
on measurement accuracy. The wide range of leakage distributions, wind directions and velocities
considered give information on the boundaries of these uncertainties. For wind velocities on site
of vsite � 3 m/s the additional uncertainty in the 
ow rate at 50 Pa (Q50) found is comparable
to the uncertainty due to standard pressure gauges or operator (about 3%). The additional
uncertainty for on site wind velocities of no more than vsite � 4,7 m/s is in the range of 7%.
This is comparable to overall uncertainty in calm conditions. Unfavorable building location,
leakage distribution and unlucky choice of external pressure taps can lead to signi�cantly larger
uncertainties in the measured 
ow rates of 10% for on site wind velocities of 3 m/s up to 40% for
on site wind velocities of approx. 4.7 m/s, though.

1 Introduction

An increasing number of building airtightness mea-
surements with the blower door method are being
done. Lately, the measurement results are used as
exhibit in court in more and more cases. Possible
questions that can arise here are e.g. which one, if
any, of two results that do not agree and are often
gained by two di�erent measurement teams, is the
`correct' one? When can two results be considered
as beeing basically the same, i.e. what is the mea-
surement accuracy?

The accuracy of building airtightness measurements
with the blower door method depends on many pa-
rameters. Some of these, e.g. wind velocity or tem-
perature, cannot be in
uenced by the blower door
user. It is also not always possible to reschedule a
measurement when unfavorable conditions are met
in the �eld.

Little information can be found regarding the mea-
surement uncertainty due to changes in the pressure
distribution across the building envelope as a re-
sult of 
uctuating wind forces or large temperature
di�erences (not to be confused with the tempera-
ture correction of 
ow rate measurement). This is
due mostly to the fact that the in
uence of leak-
age distribution, wind direction and wind velocity
on measurement accuracy cannot be measured with
an acceptable expense.

In [1] the accuracy of 
ow rates from blower door
measurements are given for di�erent cases of data

spacing and reference pressure di�erentials. Sparse
information of a qualitative nature on the e�ect of
wind is given. Persily [2] gives more detailed re-
sults of a series of measurements made on one single
building. Uncertainties in Q50 found for measure-
ments at wind velocities of up to 2.5 m/s are less
than 2%. Measurements at velocities of up to 6 m/s
show uncertainties which reach 15%.

Murphy et. al [3] present results from round-robin
tests. The aim of the study was to get information
on the overall accuracy of standard equipment, in-
cluding the operator. The in
uence of wind force is
avoided by measuring on calm days only.

The authors of [4] give the results of a study di-
rected at the in
uence of wind forces on blower door
measurement accuracy. Repeated measurements of
one building under a limited range of meteorological
boundary conditions and with slightly varied verti-
cal leakage distributions (and total leakage rates)
give an uncertainty in equivalent leakage area of
less than � 11% for wind velocities not exceeding 5
m/s and of up to � 20% for wind velocities under
8 m/s.

More knowledge of the possible magnitude of un-
certainties due to wind and/or temperature di�er-
ences is, however, necessary. Computer simulations
of blower door measurements make it possible to
study a wide range of parameters and their in
uence
on (calculated) measurement uncertainties without
costly measurement programs. Results of such sim-
ulated measurements are given in this paper [5].
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2 Simulation model

2.1 General

Simulation of building airtightness measurements
with the blower door method requires the modelling
of leakage distributions of buildings. The multizone
in�ltration calculation program 'COMVEN' [6] is
used for the calculations described in this paper.
COMVEN is modi�ed to feature 
oating control of
a fan, the 'blower door'. Control parameter is the
pressure di�erence across the building envelope. It
is possible to use an average value of two or more
pressures.

Results of computer simulations of in�ltration and
air exchange heavily depend on the choice of wind
pressure coe�cients. "Correct" wind pressure co-
e�cients are di�cult to determine [7, 8, 9]. Fur-
thermore, detailed actual leakage distributions are
di�cult if not impossible to measure accurately.

The question of interest, however, is not an absolute
value for in�ltration over a speci�c period of time
but a comparison of results for di�erent boundary
conditions in itself. Therefor, it is not necessary
for the chosen leakage distributions and wind pres-
sure coe�cients to correspond to any single realistic
case. They are chosen in such a way as to cover a
wide range of realistic values [10, 11].

2.2 Simulation parameters and value
ranges

The building model used is based on a simple geom-
etry. It has a height to width to length ratio h:w:l
of approximately 1:1:2. The clear ceiling height is
2.5 m. The slope of the roof is 45o. The collar
beam height is 6.5 m above grade. The thermal and
airtightness boundary is in the collar beam ceiling.
The jamb walls are 1 m high and are the thermal
and the airtightness boundary of the building en-
velope as well [12]. The building has a total air
volume of approx. 425 m3.

Vertical (cellar, ground and �rst 
oors) and hori-
zontal (north, west, south and east facades) leak-
age distributions are varied. Leaks in the cellar and
in the garret are modeled with serial leakage paths.
The pressure di�erential between the two adjacent
zones of the building are set to the median from
over 40 measurements of parts of buildings in single
family dwellings done by the author [12].

Where appropriate, the location of the fan in re-
spect to the horizontal leakage distribution is var-
ied.

As mentioned above, the results of in�ltration cal-
culations depend heavily on wind pressure coe�-
cients used. To get an overview of uncertainty
boundaries three cases of wind pressure distribu-
tions are considered.

{ very small values, as found for very sheltered
buildings (case I),

{ very large values, as found for exposed build-
ings (case II) and

{ very irregular values, e.g. found for buildings
exposed to one side only (case III).

Wind pressure coe�cient values are taken from var-
ious authors. The complete list of values used can
be found in [5]. Wind velocities given are meteoro-
logical velocities, i.e. refer to velocities 10 m above
grade in 
at terrain. Table 1 gives an overview of
the parameters and their ranges.
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2.3 Measurement strategies

A variety of measurement strategies are given in
standards for building airtightness measurements,
e.g. [13, 14, 15]. All standards require the measure-
ment of a series of pressure di�erences (usually 10
to 60 Pa). Some require both pressurization and de-
pressurization measurements. In addition, the mea-
surement of leakage rate for one pressure di�erential
only (50 Pa) will be discussed. In [13] the measure-
ment of an o�set is required only befor, in [14] and
[15] befor and after the actual measurement. Two
o�set models are considered. With �O�set being the
current (mean) wind direction 'O�set' is

O�set = O�set(�O�set) (1)

and 'O�set' is

O�set =
1

3
(O�set(�O�set � 45o)

+O�set(�O�set)

+O�set(�O�set + 45o)): (2)
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The number and location of external pressure taps
required di�ers as well. Alternatives are one tap
on the facade [16] and approx. 10 m away from
the building [13] or the average of four taps on
the building facades [15] and dampened in addi-
tion [14]. The advantage of more than one external
pressure tap is the averaging of the external pres-
sure (e.g. [4]). In some situations only one tap is
possible, it is always slightly less burdensome.

The described variations in measurement strategy
have an in
uence on how measurement accuracy de-
pends on wind velocity and wind direction and their

uctuations during the measurement. The wide se-
lection of parameters given above is treated for a
simple 'one-point-measurement' only. This 'one-
point-measurement' is simulated at a mean pres-
sure di�erence across the building envelope of 50
Pa. The wind speed is kept constant, the wind di-
rection is changed through � 90

o

in 45
o

-steps. The
o�set is taken once, at the begining of the 'measure-
ment' according to eqn. 2.

Computer simulation of measurements which con-
sist of a sequence of pressure di�erentials is done for
uniform horizontal leakage distribution only. The
wind direction and velocity are constant for each
pressure step but may change inbetween. Four mea-
surement strategies are considered ('S1' through
'S4', see �gure 1). The o�set is taken according
to eqn. 1.
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Figure 1: Pressure di�erential sequences for the
measurement strategies S1 through S4.

3 Results

All results presented in this paper refer to calcu-
lated measurement uncertainties for depressuriza-
tion tests of small low rise buildings. If not stated
otherwise, external pressure was taken as the mean
value of four taps, one on each facade. Compari-
son of simulation results, the "uncertainty" given,
is based on the relative change of 
ow rate

� _m =
_m � _mref

_mref

� 100%

where the reference value is the 
ow rate in calm
conditions at temperature equilibrium

_mref = _m(�# = 0; v = 0):

In discussing results, 'lowest' refers to the largest
negativ number.

Temperature di�erence
The e�ects of temperature di�erence can be ne-
glected. In combination with wind a temperature
di�erence of 20 K lead to an increase in calculated
measurement uncertainty in the range of 6 to 18 %
of the uncertainty. The larger increase was found
for cases with small uncertainty.

Constant wind direction
If the wind direction is the same during the whole
measurement, including the o�set measurement,
the calculated measurement uncertainty does not
depend on the number and positioning of external
pressure taps. Wind velocity has a negligible in
u-
ence.

O�set
Figure 2 gives calculated measurement uncertainty
vs. o�set. It can be seen that a small o�set is not
a guarantee for a small uncertainty due to wind in-

uence. Uniformly large wind pressure coe�cients
(case II, not shown) give similar results. Calcula-
tions with small wind pressure coe�cients (case I,
not given) show an o�set larger than 3 Pa for wind
velocities of 6 m/s, large wind pressure coe�cients
lead to o�sets larger than 3 Pa for wind velocities
of 3 m/s.

-20

-15

-10

-5

0

5

10

15

20

-5 -4 -3 -2 -1 0 1 2 3 4 5

25-25-25-25
50-0-50-0
100-0-0-0

ca
lc

ul
at

ed
 m

ea
su

re
m

en
t u

nc
er

ta
in

ty

Offset

[%]

[Pa]

Cp case III

Figure 2: Calculated measurement uncertainty
vs. o�set (cut to � 5 Pa). Results for all three
horizontal leakage distributions considered. Wind
pressure coe�cients according to case III.

Vertical leakage distribution
The results obtained show that calculated measure-
ment uncertainties and by inference actual measure-
ment uncertainties do not depend on the vertical
leakage distribution for all practical purposes. The
vertical leakage distributions considered lead to a
standard deviation of 4.5 { 10 % of the calculated
measurement uncertainty at 6 m/s.

Horizontal leakage distribution
Results of the calculations show that variations
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of the horizontal leakage distribution lead to sig-
ni�cant changes in calculated measurement uncer-
tainty. The standard deviation of the calculated
measurement uncertainties at 6 m/s is found to
be between approx. 40 and 90%. The span be-
tween lowest and highest calculated measurement
uncertainties found increases with the concentra-
tion of leaks on fewer facades. However, the dif-
ference between the calculated uncertainties for the
horizontal distributions 50-0-50-0 and 100-0-0-0 is
negligible. Orientation of the fan relativ to facades
with/without leaks has no in
uence for four exter-
nal pressure taps, a signi�cant in
uence for one ex-
ternal pressure tap.

Leakage characteristics
The calculated measurement uncertainties increase
with increasing leakage pressure exponent. Calcu-
lations for pressurization measurements show that
pressurization and depressurization uncertainties
cancel each other for a leakage pressure exponent
of unity.

Wind pressure coe�cients
Naturally, the calculated measurement uncertain-
ties increase with increasing wind pressure coe�-
cients (increasing building exposure to wind forces).
But, the calculations with uniform horizontal leak-
age distribution show the largest uncertainties for
wind pressure coe�cients according to case III.

Figure 3 gives an example for the calculated uncer-
tainty vs. wind velocity for the horizontal leakage
distribution 100-0-0-0.
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Figure 3: Calculated uncertainty vs. wind veloc-
ity.

One external pressure tap
For uniform horizontal leakage distribution and
wind pressure coe�cients according to case II the
reduction of external pressure taps on the facades
from four to one leads to an increase in calculated
measurement uncertainty of 400 to 500%.

External pressure tap according to [13]
The pressure tap is modelled by a tap on one facade

with a small wind pressure coe�cient which is con-
stant for all wind directions. The calculations lead
to following results:

{ In the range of Cp=0.05 to Cp=0.2 the wind
pressure coe�cient does not change the calcu-
lated measurement uncertainty.

{ The tap according to [13] as modelled leads to
signi�cantly lower measurement uncertainties
as compared to the single tap on the facade
described above.

{ For the horizontal leakage distributions 25-25-
25-25 and 100-0-0-0 the span of calculated mea-
surement uncertainties is larger, for the hor-
izontal leakage distribution 50-0-50-0 slightly
smaller than that for four external pressure
taps ([4] gives measurement results which show
an uncertainty of � 6,5% for the single tap and
� 3% for four taps at site wind velocities of ap-
prox. 2 m/s).

{ O�set values are slightly larger than for calcu-
lated measurements with one pressure tap on
the facade.

Measurement strategies
Calculation of uncertainties for measurements ac-
cording to the strategies 'S1' to 'S4' are based on
actual wind data. Figure 4 shows the measured
wind velocity and wind direction data used. The
data is from two 10 minute scans at a scan rate of
1 Hz. The total duration of the simulated measure-
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Figure 4: Wind direction and wind velocity over
two ten-minute intevals (scan rate 1 Hz).

ments range from 90 sec. to 1080 sec., depending
on the number of pressure steps and the length of
averaging intervall chosen (10, 30, 60 and 90 s).

The vertical leakage distribution chosen is 30-60-10
(top to bottom). The horizontal leakage distribu-
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tion is uniform. Wind pressure coe�cients are ac-
cording to case II. The pressure exponent for all
leaks is 0.5. Calculated measurement uncertainties
are compared for 
ow rates at 4 and 50 Pa. Results
obtained are as follows.

{ If the measurement result sought is the 
ow
rate at 50 Pa pressure di�erence only, the
strategie 'S1' shows the best results.

{ Using an average from external pressure taps
on all four facades leads to the smallest uncer-
tainties. The largest uncertainty found is +4
(-1) % as opposed to +7 (-3) % for one external
pressure tap according to [13] and +21 (-10) %
for one simple external pressure tap.

{ Agreement with calculation results from the
'one-point-measurement' used for the param-
eter variations described above is good.

{ The span of calculated measurement uncertain-
ties found for the measurement strategies con-
sidered is approx. the same as the span found
for di�erent intervall lengths within each of the
strategies.

{ If only one external pressure tap is used, it
should be designed and positioned in such a
way as to give a measurement signal which is
independant of wind forces.

{ A signi�cant change in the wind characteris-
tic during the measurement leads to a larger
mean measurement uncertainty when measur-
ing with strategies 'S2' or 'S3'.

{ Extrapolation to 4 Pa leads to a signi�cant
increase in measurement uncertainty due to
wind.

4 Discussion

Wind direction and wind velocity will usually 
uc-
tuate during a blower door measurement. Therefor,
number and positioning of external pressure taps as
well as measurement strategy will have an impact
on measurement accuracy. Following statements
can be made on the basis of computer simulations
of blower door measurements. The statements are
valid for the model used in this paper.

{ Information gained from the o�set measured in
respect to wind induced uncertainty is limited.

{ Measurement uncertainties due to wind forces
increase with the concentration of leaks on less
facades of the building.

{ In general, four external pressure taps lead to
the smallest measurement uncertainties.

{ If only one external pressure tap (can be) is
used, it should be designed and positioned in
such a way as to measure total pressure.

{ Averaging pressurization and depressurization
measurements (under the same conditions)
leads to a cancellation of uncertainties for leak-
age pressure exponents equal unity only. How-
ever, the average of pressure exponents for
buildings is 0.65 { 0.67.

{ A series of 
ow rate measurements at 50 Pa
pressure di�erence interspaced with o�set mea-
surements shows the best results for 50 Pa 
ow
rates for the wind conditions and measurement
intervalls studied.

{ Both the strategies according to [15] and [13]
show an increase in calculated measurement
uncertainties if the wind characteristics change
signi�cantly during the measurement

{ The calculated measurement uncertainty due
to wind forces can be approximated with a sim-
ple power function of the wind velocity.

{ The total leakage rate has a negligible impact
on calculated measurement uncertainty.

Comparison of calculated measurement uncertain-
ties with uncertainties due to measurement appa-
ratus and operator leads to following statements:
The results given show an overall 95% con�dence
intervall of the 
ow rate at 50 Pa of � 7.5%. The
operator contributes approx. � 2% hereof.

For wind velocities on site of vsite � 3 m/s the ad-
ditional uncertainty in the measured 
ow rate is
of the same order of magnitude as the uncertainty
due to standard pressure gauges and the operator.
The additional uncertainty for on site velocities of
no more than vsite � 4,7 m/s can be compared to
the overall uncertainty of typical measurement sys-
tems on calm days (wind velocity below 2.2m/s [3]).
Unfavorable conditions regarding horizontal leakage
distribution and building exposition can lead to sig-
ni�cantly larger uncertainties in the measured 
ow
rates.
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