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Inf il tration in buildings is a process which is not well understood. Since J.B. Dick 
C 1 , '  2, 31 studied this infiltration in the 1950's there was not much progress until 1975 in 
this research field. 
Energy crises in the last decade causes almost everyone in the world to pay attention to 
infiltration of buildings. 
Speculative figures appear in literature about energy losses due to infiltration and few 
measured figures were available. 
An enormous amount of questions arise, for example: 

- (:an we predict infiltration with models and with what accuracy? 
- Have we enough suitable inforniation for these models? 
- l's there any information about pressure distribution on real buildings which is usable for 

cxis t i  ng prediction models? 

- Are the available figures about air leakage coefficients of our building erlvelopes 
respresentive for our present buildings? 

- Llliat is the infiltration rate in existing and occupied buildings? 
- What i i  the occupancy effect on infiltration etc.? 

Many investigations were started to give answers to the above-mentioned questions. Giving 
all answers in a reasonable time, which may lead to good policy-measure for authorities was 
impossible. So coordination in this field started in April 1978, when investigators from 
several parts of the world discussed infiltration's problems and needs in an Interndtioual 
Energy Agency meeting at Paris. It seems to be successful for future investigations 1 4 1 .  
Nevertheless, one of the problems in studying infiltration was the difficulty in measuring 
pressure distribution on real buildings before accurate and usable electronic pressure 
transducers became available. 
Also, before 1970, recording and processing such data was a limitating factor, as was 
measuring pressure distribution on site. This paper is a continuation of ~ublication 620 i ~ i  
the Research Institute for Environmental Hygiene TNO, September 1977 151. 

2 ,  PRESSURE DISTRIBUTION 

2. 1 General - - - - - - - -. - - 
The pressure distribution on a building can be seen as a result of a collection of pressrlre 
difference measurements for several facades or areas e.g. roof or roof areas against the 
variable wind direction C61. 

2.1.1. Pressure Differences Due To Wind ....................................... 

I f a  building is located in a particular situation, the wind causes pressure differences. 
This wind pressure distribution will depend on the interrelationship between the wind 
velocity, wind direction and exposure, and the form and situation of the building. 
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It can  b e  e x p r e s s e d  a s :  

Ap; = K i .  112 p , v  
2 

where 

Ap; = p r e s s d r e  d i f f e r e n c e  a c r o s s  and e x t e r n a l  w a l l  o r  r oo f  [Pal 

Ki = d i m e n s i o n l e s s  p r e s s u r e  c o e f f i c i e n t  depending  on  t h e  form of t h e  b u i l d i n g  and i h e  
exposu re  C-] 

p = aLr d e n s i t y  3 
Ckg/m l 

v  = wind v e l o c i t y  Cm/s l 

F u r  e ach  wind d i r e c t i o n ,  t h e r e  a r e  d i f f e r e n t  p r e s s u r e  d i f f e r e n c e s  a c r o s s  d i f f e r e n t  wails, 
e .  g ,  r o e 1  ( i )  , I n  t h i s  s t u d y ,  t h e  minimum wind d i r e c t i o n  s t e p  i s  10'. 

2 . 1 . 2 .  I n T i ~ e n c e  Of Environment On Wind-Velocity .................................... 

I n  na tur -e ,  t h e  wind v e l o c i t y  t e n d s  t o  d e c r e a s e  w i t h  h e i g h t  a t  l e a s t  when t h e  atmosp'ilere 1s 
s t a b l e ;  f o r  i n s t a n c e ,  when f l ow  due t o  t he rma l  e f f e c t  i n  t h e  boundary l a y e r  w i l l  not  d i s t u r l ~  
t h e  wind p r o f i l e .  
Lhe form o f  t h i s  v e l o c i t y  p r o f i l e  o f  t h e  boundary  l a y e r  h i g h l y  depends  on  t h e  n ~ m b e r  sid 
d e n s i t y  o f  o b s t a c l e s  ups t r eam,  which may b e  c h a r a c t e r i z e d  a c c o r d i n g  t o  Wier inga  l 7  1 ds: 

where 

V ]  
= wind v e l o c i t y  a t  h e i g h t  1 

v = wind v e l o c i t y  a t  h e i g h t  2  2 
z = h e i g h t  1 

1 
L = h e i g h t  2 

2 
z = r ~ u g h n e s s  p a r a m e t e r  

For an example ,  s e e  F i g .  1 ,  

2 . 1 . 3 .  S t a c k  E f f e c t  

Tempera ture  d i f f e r e n c e s  be tween i n s i d e  and o u t s i d e  c a u s e  d i f f e r e n c e s  i n  a i r  d e n s i t y  and 
r e s u ; t  i n  p r e s s u r e  d i f f e r e n c e s .  Th i s  can  b e  e x p r e s s e d  a s :  

Apth = (P,  - pw) g . h .  

where 

Cpth = p r e s s u r e  d i f f e r e n c e  ( s t a c k  e f f e c t )  

p = a i r d e n s i t y  

c  = c o l d  a i r  

W = warm a i r  

g  = g r a v i t a t i o n a l  f o r c e  

h  = h e i g h t  be tween i n l e t  and o u t l e t  open ings  

2 , 2 .  S i t e  Measurements 

2 . 2 , 1 ,  O b j e c t  Of I n v e s t i g a t i o n  - - - - - - - - - - - -. - - -- - - - - - - - - - 

[ P a l  
3 

Ckg/m l 

The measu rexen t s  were t a k e n  p l a c e  a t  a  b u i l d i n g  on t h e  f i r s t  row of t h e  dunes on t h e  Norilb 



Sea. 
For the orientation and location of the building and the floor plan of the flat, see 
Fig. L ,  3 and 4. 
The flat under study was located at the third and highest story. 
The pressure differences between three walls, the outlet of the ventilation ducts, front 
door and inside have been measured during several months. For the location of the measurin:: 
points, see Fig. 2. 

2 . 2 . 2 .  Measurement Devices 

ELectronic low-pressure differential transducers were used. Very small and fast iluctuatrng 
pressure differences of about 0,01 Pa can be measured. The pressure difference range was 
0 - 140 Pa. All data were recorded with an incremental data recorder and off-line processed 
with a computer. 

2.2.3. Results 
--m----------- 

For each hour the mean pressure difference is calculated from 30 - 75 samples. In most 
cases the number of samples was 60. The mean hourly values measured at wind velocities of 
4 m/s and higher were divided by the pressure head of the wind on 10 m at the Hook of 
Holland Meteorological Station. This station has about the same position to the coastliL1e 
as the flat. The distance between the flat and meteorological station is about 15 km. 
From the resulting dimensionless pressure (NW-SE. SW-SE, roof-SE) differences, the mean 
value of several hours for each direction was determined and plotted against wind direc~ian. 
See Fig. 5, 6 and 7 (solid lines). 
Scale model measurements in the wind tunnel do not allow measurements between inside and 
the facades andgthe front door. For this reason, these pressure differences will not be 
discussed. 

From the figures it can be seen that: 

- The mean dimensionless pressure differences vary strongly, at least with wind directions 
between 180' and 240° from -1.4 to about +2. 

- The standard deviation in some cases is about 0.8 in the most steep parts of the curves, 
'and 0.4 in the flat parts of the curves. 

- For the wind directions 40°, 50°, 170°, 310°, 330°, 340° and 350°, no measured data 
were collected, During the measurements, the wind did not blow from these direc:tion%, 

2.2.5, Discussion 

The large standard deviation can be explained by the following items. 

. Turbulence effects C83 

Tvrbulence effects cause rapid fluctuations in the velocity over a wide range of 
frequencies and amplitudes, and therefore on pressure differences , 

instability of the boundary layer. 

Some weather types are extremely unstable, and consequently the increase of mean wind 
velocity with height is very small C81. 
Real stable boundary layer situations only occur early in the morning and in the evening, 
During the day, due to the sun, there is a warm ground surface and therefore, an 
upgoing vertical heat flow. During the night there is, due to radiance effects, a cool 
groundsurface and therefore, a vertical downflow of heat. In the case of an upgoing 
vertical heat flow the mechanical turbulence due to the nature of wind and obstacles riill 
be increased by a convective term. During the night the mechanical turbulence will be 
decreased by a convective term C91. Turbulence will increase pressure differences. Because 
the measurements took place during the 24 hours of a day this instability of atmosphere 
will have influence on the results. 

Temperature differences between inside and outside. 



Uurirjg the measurements the outside temperature varies between about -2 'C and +. 27 'C. 
As stated before in Fig. 5, 6 and 7 the hourly values measured at wind velocities of 
4 m/s and higher are plotted against wind direction. The influence of temperature 
difference between inside and outside is in the order of magnitude as calculated below. 

Hence, tile influence on the dimensionless pressure differences is: 

. Accuracy in the measurements. 
The accuracy of transducers, scanner, D.V. meter etc. as well as the number of samples 
for calcuiating mean hourly values have influence on the results. 

2.3 Wind Tunnel Measurements 

2.3.1. Measurement Equipment 

The wind tunnel used for this investigation is of the open $eturn type with an enclose~l 
measurement. section. The cross section is about 1 . 1  X 1.1 m . 
For the measurement devices see paragraph 2 . 2 . 2 .  
The roughness of surroundings, apart from obstacles in an area of about 75 m, were 
simulated in three areas with laths and blocks upstream from the model rl0l.Those buildings, 
witt~in a range of about 75 m, which were simulated can be seen in Fig. 8 (photograph). 

2.3.2, Results 

The measurements were carried out with and without roughness of the surroundings arid 
direct obstacles . 
The results can be seen in Fig. 9, 10 and 1 1 .  The solid lines are the results with 
roughness of the surroundings and direct obstacles. The dotted lines are the results fcr 
the building in which the flat under investigation is located, without any obstacles in 
the wind tunnel. 

2-3.3. Remarks -------------- 

- Though the curves (with and without surroundings) have about the same shape, the 
differences are considerable. (See Table I.) 

TABLE 1 .  The Effect of Roughness of the Surroundings and Direct Obstacles on the 
Dimensionless Pressure Differences 

Effect on dimensionless pressure AP 
difference 112 P .  (v])2 

the two ident 



- The curves seem to be shifting from each other at least in certain areas. The 
0 

accuracy in the wind direction is about 10 . The position of the models in the wind 
tunnel were again verified after the measurements. The shift in direction was less 
than 5'. 

Although the shift in direction is limited, there is an influence on the resulting 
curves. This can be considerable in the steep parts of the curves. 
The reproducibility base9 on the results of duplication of several measurements was 
about 0.15 . 112 p (v ) 
The indistinctness ofl?he effect of roughness and obstacles by wind from the sea for 
the (SW - SE) and (roof - SE) pressure differences can be due to the method of making 
a smooth but maybe a too steep transition between wind tunnel floor and model plate. 
The flat is situated on the first row of the dunes from the North Sea. Hence, by wind 
from the sea, the model plate is thicker than by wind from the city. The transition 
is made to overcome this difference in thickness. 

2,4, Comparison SiteIWindtunnel Measurements 
m------- 

2 , 4 . 1 .  Results -. - -. - - - - - - - - 

For comparison, see Fig. 5, 6 and 7: the solid lines are the results of the site 
measurements ; the dotted lines are the results of the wind tunnel-measurements with 
roughness of the surroundings. 

The correlation coefficient for the comparison of wind tunnel and site measurements 
of the three pressure differences can be seen in Table 2. Linear regression is 
assumed. 

TABLE 2. The Correlation Coefficient for the Comparison of Windtunnel and Site 
Measurements. 

pressure correlation number of 
difference coefficient directions 

SW - SE 

Roof - SE 0.68 

For an example, see Fig. 12. 

2.4.2. Remarks 

From the curves and correlation coefficients can be seen that there is a reasonable 
agreement between wind tunnel and on-site measurements. See also Ref. C111. 

In the wind tunnel the terrain roughness was changes only three times, for wind from 
the sea, from the dunes and from the city. 
In the situation of wind from the city, the roughness probably has more variety as 
can be seen from the significant differences of pressures between wind directions of 
80° to 130°. 
The differences in the curves between 300' and 350' may be due to the few number of 
hours pressure data during the site-measurements. 

2 , 4 , 3 ,  Discussion ----------------- 

The lower correlation for the (Roof - SE wall) pressure difference might the due to: 
L,ocation of the measurement point on site. 
This was located on top of the hood instead of in the hood. - 



Thermal effects . 
Because all apparatus and devices were installed inside the flat, a tube for measuring 
pressure on the roof was partly outside the building. 

The dimensionless pressure difference between the two parallel facades of this flat 
(Nd - SE) has maximum values of - 1 .4 to +2. 
The high peak value of +2 can be explaned by the shape of the building in relation to the 
wind direction (240°/2500) . 
The value of - 1  - 4  for wind directions between 90' - 160°, wind from the city, agrees 
rather well with results from other investigators C101 C121. One must realize that: 

the nleasrlred pressure differences are related to a pressure head at 10 m height. 

the curves give the dimensionless pressure differences between two parallel outside 
facades . 

3. INFLUENCE OF OPENING WINDOWS 

3.1. On Pressure Differences 

Even opeliin,: one small ventilation window will have a large effect on pressure difference., 
in buildlilgs and hence on infiltration. 

2 The air leakage value of an open window (0.8 X 0.25 m ) is about 20 X the value of a 
ventilation duct and about 50 X the value of the cracks, gaps, ect., in an outside facade. 
The pres5ure difference across the open window therefore tends to nearly zero, 
In this \tudy, the position of windows and doors (open or closed) was registrated with i l l ?  
aid of m~cro-switches. When analyzing the results, it appears that the ventilation window 
in the bathroom was almost constantly open except when the wind was strong and blew. 
from a direction between South-west and North. The effect on the pressure difference 
across the bathroom/kitchen wall can be seen on Fig. 13. 

An open ventilation window on the leeward side of a building will increase pressure 
differences across the windward facades and its openings, but decrease pressure differences 
across natural ventilation ducts and other leeward facades. On the other hand, an open 
windward ventilation window will increase pressure differences across leeward facades and 
natural ventilation ducts, but decrease the pressure differences across other windward 
facades and its openings. This is one of the reasons for increasing infiltration more 
with opening an windward window than with opening a window on the leeward side. T h i ~  can 
be explained by the increase in the pressure difference across the natural ventilat~on 
ducts, wllith have, at least in the Dutch situation, the lowest air resistance. 

3.2. On Infiltration 

3.2.1, Measurements 

For the lnfiltration rate measurements the tracer gas (helium) decay method with the a i d  
of katharometers was used. All internal doors were open during the measurements. The flat 
is considered to be one room with 6 katharometers (see Fig. 2). During about 9 hours, 
infiltration rate measurements took place with different open window situations and undel 
different weather conditions. 

2 
The size of the small ventilation wondows is 0.8 X 0.25 m . They are situated about L 1'1 

from the floor. The window vane, which pivoted horizontally, can be opened up to 'ibout 45''. 

3 . 2 - 2 ,  Results 

In Table 3 measured infiltration rate and the conditions are given. 

In Table 4, open window situations are compared with closed window situations under about 
the same weather conditions C57. 



TABLE 3 

/ I n f i l t r a t i o n  
r a t e  1 11-1 

me teo 
wind- 
v e l o c i t y  
m/  s  

wind- 
d i r e c t i o n  

temp . 
d i f f .  
i d o u t s i d e  I windows I 

1 
% windward e . g .  leeward means t h a t  t h e r e  i s  a  p o s i t i v e  c . q .  n e g a t i v e  p r e s s u r e  difference 

a c r o s s  t h e  f acade  
2 

wind d i r e c t i o n  v a r i a b l e  

TABLE 4 

window 
s i t u a t i o n  

i n f i l t r a t i o n  1 met I wind 
r a t e  f a )  windvel d i r e c t i o n  

h- 0 

IZ I 
I 

c l o s e d  1 
l 

-- 
2 windows I 0 .5  I 9 g k 2  7 

l -- (windows open 1 - 
I 1 c l o s e d  

I 

! -- 
5 1 14 210 

--i.--------- 1 4 windward 1 5 



3.2.3. Remarks 

Opening two small ventilation windows on the windward site of the building gives, at a 
meteorological wind velocity of 8 m/s, an infiltration rate of about I [h-l], boyancy 
effects neglected. 
In the case where the boyancy effects are predominant to wind effects, a 9 K temperature 
difference causes an infiltration rate of about 0.3 [h-I l. 

3-2.4. Discussion ----------------- 

The few nuniber of open window measurements and the wide range of circumstances make 
relations between wind velocity, wind direction and temperature difference insideloutside 
impossible. 
For comparison with other work in this field C131 C141 1151 the infiltration rates in 
Table 3 are inadequate. The phenomena of flow through openings in one wall is not cle.irlj 
understood yet and needs further investigation C41. 

3.3. Kelation Of Opening ---- Windows To Meteo-Data 

3.3.1. Method 

The linear regression technique was used to calculate correlation coefficients on open 
windows and balcony doors. 
The correlation between the number of minutes a certain window or door was open and tlie 
weather conditions, wind velocity and temperature was calculated. 

3 . 3 . 2 .  Results 

In Table 5 the correlation coefficient of the relation between outside temperature, wind 
velocity and the number of minutes a window is open can be seen for the two most 
frequently used ventilation windows. 
Difference is made between windows on windward and on leeward sides. 

Between the brackets, there are three numbers. The first is the number of hours that 
the window during the measurements was located either on the windward or the leeward 
side. The second number is the number of full hours that the window was open. The t-lrird 
is the opening frequency. A positive correlation coefficient means that there is a 
relation between opening the window when outside temperature or wind velocity increases 
These relations are calculated for the measurement hours between 6 A.M. and 12 P.M. 

In Table 6 the correlation coefficient of the relation between outside temperature a n d  
the number of minutes a window or door is open can be seen for two ventilation windows 
and a balcony door. 

A difference is made for outside temperatures above the so-called basic temperature and 
below that temperature. 
The basic temperature for a building can be determined as the outside temperature above 
which heating is unnecessary. 
For this flat, this temperature is 16.6 OC C 161. 

TABLE 5 

correlation coeff icientl 
windward I leeward 1 

temperature 

Bathroom 
ventilation 
window 

temperature 

wind velocity 

- 
+ 0.12 + 0.55 1 

(54, 45, 5) (115, 75,9)/ 
+ 0.07 + 0.20 ' 



TABLE 6 

Correlation coefficients for the rglation between outside 
0 

temperatures c 16.6 C and > 16.6 C and the number of minutes a 
window or balcony door was open 

I I outside temperature l 

l ivingroom 
ventilation window 

bathroom 
ventilation window 

kitchen - 0.10 + 0.46 
balcony door 

3.3.3. Remarks -------------- 

Prom Table 5 it can be seen that: 

- The ventilation window is not used during daily hours with position on the windward 
side. 

- Windward relations are not quite clear. 
- Opening ventilation windows on the leeward side shows a beter relationship to outside 
temperature than to wind velocity. 

From Table 6 the following remarks can be made: 
0 - For temperatures below 16.6 C there is a positive correlation for the small 

ventilation window. 

- For temperatures above 16.6 'C this relationship is negative 

- The positive correlation of the balcony door for temperatures above 16.6 'C means 
that this door is used instead of the bathroom ventilation window on the same 
facade. 

3.3.4. Discussion 

The results of window door opening habits for this exceptionally situated flat (brit11 
the additional disadvantage of only on inhabitant) are not suitable for general use. 
Further investigation is neccessary C171. 
Nevertheless, finding clear significant results is positive with respect to the 
measurement method of registrating opening windows and doors with the aid of micro- 
switches. 

4 ,  INFLUENCE OF TEMPERATURE DIFFERENCE ON INFILTRATION 

To study this influence, the thermal forces must be predominant over the wind forces. 
In field studies, where one is depending on weather conditions, the requirement of 
predominance is difficult. In our investigations it was not possible to obtain co~~iparsblc 
results at wind velocities lower than 2 m/s. 
In Table 7 the results of comparable measurements on infiltration can be seen. 



TABLE 7. Influence Of Temperature Difference Inside/Outside On Infiltration -- 

infiltration C weather conditions 1 
_________________-- - - - - - -T- - - - - - - - - - I  

l I I 
rate 

a (h-') 

wind , wind temp. 1 
vel. / direction 
m/s 1 o 

l 

* 
A negative temperature difference means the outside is warmer than the 
inside . 

4.2. Remarks ------------ 

From Table 7, it can be seen that: 

- Due to temperature differences between 3 K to 20 K, the infiltration rate increases by 
0.05-0,09 (h-'), at wind velocities of about 2 - 3 m/s. 

- The influence of temperature differences on infiltration is a maximum of about 30%, at 
wind velocities of about 2 - 3 m/s. 

4.3 Discussion 

For comparison, calculations were made with a simple model of the flat. 
An 8 K temperature difference causes an infiltration rate of 0.1 h-]. These calculations 
have been made with results of air leakage measurements. These measurements took place 
in spring. Hence, due to possible changes in air leakage the calculated values must he 
considered carefully, 

5. CONCLUSIONS 

- There is a reasonable agreement between wind tunnel and on-site pressure measurements. 
See Table 2. 

- The influence of terrain roughness and surrounding buildings may change the pressure 
difference between two facades up to 1.0 x 1 /2 p .v2 (See Fig. 9,10,11). 

- Two small open windows on the windward side increase the infiltration rate by a factor 
2. See Tables 3 and 4. 

- Smaller ventilation openings will be used more frequently than, for instances, balcony 
doors at temperatures lower than the so-called basic temperature. See Table 6. 

- Temperature relations give better correlation than wind relations in the case of opening 
ventilation windows. See Table 5. 

- A 20 K temperature difference between inside and outside causes an infiltration rate in 
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this flat of about 0,l h-l at wind velocities of 2 m/s. 

6. NOMENCLATURE 

pressure difference 

air density 

wind velocity 

dimensionless pressure coefficient 

height (roughness) 

gravitational force 

height 

infiltration rate 
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wind direction 

volume flow rate 
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W 
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max 

min 
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tot. 
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