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PATTERNS OF INFILTRATION IN MULTIFAMILY BUILDINGS

Abstract

The amount of air infiltration in a building, for given weather
data, depends on the leakage and its distribution on the building
envelope. In our simulations of 17 designs of multiunit, multistorey
buildings in Berlin, based on a typical meteorological year, we cbtained
a wide range of infiltration values, that varied according to the floor
plan, the number and location of wall openings and cracks, and the flow
resistance relationship between the inside and the exterior of the
building. All structures investigated, although varying in age fram 40
years old to newly constructed, and varying in height fram 2 to 27
stories, had the following ocammon features: all ground-floor flats
showed the highest infiltration rates for the building, and infiltration
rates for flats above the neutral pressure level have a minor height
dependence. The overall ventilation rate for each of the buildings
investigated is so low that infiltration alone is not sufficient to cam-
ply with ventilation requirements. Occupants control the ventilation in
their flats by opening windows and doors, and, in this way they maintain
satisfactory air quality but at far greater ventilation rates than
necessary.
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Introduction

With improved insulation of the building shell, heat 1loss due to
ventilation —-— whether controlled or by infiltration —— has became a
significant fraction of the building's overall heat loss. The annual
heat loss by infiltration, which is the randam flow of outside air
through unintentional openings driven by wind pressure and thermal buoy-

1 is, unlike the equivalent for conduction, not dependent only on

ancy,
the temperature difference between inside and outside the building, but
also on wind speeds. High wind speeds often occur at higher outdoor
temperatures than those used in design conditions and might drive
‘higher infiltration rates than those calculated for desi;gn conditions
(e.g. DIN 4701)-2 (Design conditions in DIN 4701 are characterized by
minimum temperatures and the wind speeds which usually occur at these
temperatures). Due to the smaller temperature differences in t.hese

cases, the infiltration heat loss itself need not exeed the calculated

design value.

Whereas the annual energy consumption due to conduction can be cal- -
culated easily,. the corresponding factor for ventilation poses same
probleﬁs. 'niereforé, simulation programmes used to calculate annual
.heat consumption in a building usually use fixed ventilation rates for
the whole year. Estimates of air exchange rates due to ventilation vary
fram 0.2 to 1.0 air changes per hour, depending on the programme's
author. In other words, simulation programmes for residential buildings
not only differ markedly in the algorithm each employs, but they all
reflect lack of knowledge about a factor that is significant in assess-

ing the amount of energy consumed annually.



The simulation work described here was carried out to satisfy the
need for a model whose calculation of the annual heat consumption would
take into account the heat loss due to conduction and the heat loss due

to ventilation under design conditions.3

This paper focusses on the dis-
tribution of the infiltration over the building height and the question
of whether the infiltration that occurs provides sufficient ventilation

for maintaining reasonable indoor air quality for the building's

residents.

Camputation Base

In order to establish a canputational base, the annual heat consump-
tion in multiunit residential buildings was simulated for seventeen dif-
ferent floor plans using an existing camputer programme at the Hermann-

4.5 The simula-

Rietschel-Institut of the Technische Universitaet Berlin.
tions were based on an inland climate using a typical meteorological
year (TMY) for Berlin, which was developed by Jahn.® The investigation
period consisted of the days having a balance point temperature of 16°c

as defined by VDI 2067.

To canpare the results with those for a coastal climate, a second

location in Germany .was chosen. Because no hourly weather data were
available for the coastal climate, the weather-data set was fitted to
the monthly mean values for wind speed and temperatures for Hamburg-
Fuhlsbuettel. Therefore, the mean temperature was reduced about 0.4 K
and the amplitude of the daily temperature variation was reduced too. A

camparison of average wind speeds show 1.3 (January) to 2.1 (May) times



higher wind speeds for Hamburg. Accordingly, wind speeds for Hamburg
were multiplied by these factors. These artificially obtained weather
data for Hamburg represent an increase in degree days of 3% over the

value given by VDI 2067.

This investigation covers multistorey buildings up to 27 floors.
The buildings range in age fram pre World War II through buildings still
in design stage. The ceiling heights range fram 2.5 m up to 4.0 m. All
floor plans are shown 'in Reference #4. For staircases with outside
walls, inside temperature was simulated at a value floating between 10
Oc at design conditions (assuming an outdoor temperature of -14°C) and
equilibrium between insidé and outside (assuming outdoor temperature
above 20°C). The temperature inside the flats was assumed to be a con-

stant 20°C.

Cbnpé.red to the static pressure associated with an undisturbed
wind-velocity pattern, the pressure field around a building is generally
characterized by regions of overpressure on the windward side and under-
pressure on the facades parallel to the air stream and on the leeward

side of the building.

Ping = 1/2 0 (z.T) v2(2) ¢;(2) (1)

where:

P ind wind pressure [Pa]

© density of air Ekg/m3]
v wind speed [m/s]
c pressure coefficient for wall i [-]



z height above ground [m]

T temperature [°K].

Excluding thermal stratification, the vertical profile of the mean
wind speed in the atmospheric boundary layer depends primarily on the
surface roughness and increases in velocity with increasing height above

groimd. The wind speed was calculated by the equation:

v(z) / v(z)) = (Z/zo)l/m (2)
where:
v wind speed in height z [n/s]
Yy wind speed at reference height [m/s]
z height above ground (m]
z, reference height [m], usually 10m above ground
1/m exponent [-]; value depends on terrain roughness;

for the following simulations 1/3 was used.

The wind-pressure coefficients and their distribution were calcu-
lated according to Krischer and Beck:7 that is, the actual recorded wind
direction fram the weather-data set was converted into one of the eight

directions on the campass.

Pressure gradients between the inside and outside of the building
also arise fram changes in air density resulting from temperature
differences between outside air and inside air, called stack effect.
The stack effect pressure gradient depends only on temperature differ-
ence, whereas the height éf the neutral pressure level (NPL) is deter-

mined by the air leakage distribution. The neutral pressure level is



defined as that height on the building facade where ,' under calm condi-

tions, no pressure differences exist between inside and outside.

The permeability of the building envelope and the inside flow resis-
tances were chosen fraom the flow coefficients listed in DIN 4701. 'The

infiltration is described by the power law expression

Q=aldp? (3)
where:
Q infiltration [m3A/h]
a crack-flow coefficient [m3/m h Pa™]
1 crack length (m]
dp pressure difference between inside and outside [Pa]
or:
where:
D air permeability [m3/h Pa™]

The crack length was measured fram blueprints and considered to be
constant for all simulation runs for a given floor plan. For simulation
runs using the weather data for Berlin, the crack-flow coefficients
noted in the building code were varied (see Table 1). To assure the
highest possible flow rate, we assumed all doors inside the apartments
to be open. In apartments, bathroom exhaust fans are almost all con-
trolled by a timer or by the light switch; however, our calculations
anitted all allowances for mechanical ventilation, even for bathrooms

where no natural ventilation was indicated on the floor plan and the use



of mechanical ventilation was highly probable.

For purpose of interpretation, we defined the outside permeability
ratio (opr) as a characteristic factor for the cross-flow of air through
a structure. That is,

Dsrrall

(5)

opr

Diotar

The numerator of this quotient represents the sum of the permeabili-
ties of the facades which gives the smaller value; the total permeabil-
ity of the outside envelope of th.l.s chamber is used for the‘ dencminator.
By using the permeabilities of the internal part of the chamber envelope
for thé numerator, equation 5 can also be used to calculate the inside

permeability ratio (ipr).

The outside permeability ratio, cambined with that used to describe
staircase- and facade permeabilities, . is responsible for the wind or
stack dependency of the infiltration for a given flat. When outside
permeability ratios for the facades are significantly different fram

one-half, the infiltration can be described as strongly stack daminated.

Results

When using the flow coefficients prescribed by building c<ode DIN
4701 and the TMY for inland climate, the average infiltration rate for

the entire heating season is between 0.04 and 0.22 air changes per hour



(see Table 2). These calculated air-change rates correspond well with
short-term measurements recorded at the Swiss Federal Laboratories for
Material Testing and Research (IEMPA)._8 Gertis,? NKB1C and the American
Society of Heating,b Refrigerating and Air GConditioning Engineers
(ASHRAE) , 11 however, recammend that air change rates in the range of 0.5

to 1.0 are necessary for preserving air quality

The infiltration rates we have described for buildings as a whole

4Itisknomtl‘1at

show a significant dependence on the building height.
thermal buwoyancy is responsible for the high air-change rates at the »
groundlevel of a building and that wind pressure daminates the air
changes on the upper st;orey's.]‘2 The relation of wind- and temperature-
enforced air flow is dependent on the internal resistanée to the verti-
cal air flow and on the weather conditions. There are two extremes due
to the building design: the shaft-type building with no vertical flow
resistance, and the storey-type building with no vertical permeability

'at all. 13

Real buildings are in-between these two limits. The distribu-
tion of resistances can be significantly changed by the inhabitants.
Even window openings of only a few centimeters show a tremendous impact
on the ventilation rate of the area where the window is. open and change

the opening situation for the whole buildi.ng.14

To learn about the distribution of infiltration in buildings, the
average air change rates due to infiltration for the heating period were
plotted for flats at different heights in the building for scme selected

buildings.



Figure 1 shows the floor plan of an eight-storey building
(Brunsbuettler Damm 37) with three flats on each floor. The house was
built in 1965. Whereas flat #1 and flat #3 are designed to have windows
and doors on the west facade and the east facade, flat #2 has designed
openings in one outside wall only. The outside permeability ratio (opr)
for each flat 1is one-third for flat #l1, zero for flat #2, and almost
one-half for flat #3. Given these differences in permeability ratios
for the three flats, infiltration behaviour can be expected to differ

significantly as well.

Figure 2 (mote the logarithmic y-axis) shows the progressive
decrease in air-change rates due to infiltration fram groundlevel to the
seventh storey in flat #1. Pararﬁeter of the curves are the cambinations
of the crack flow coefficients listed in Table 1. Three sets of curves
emerge, each one representing a different crack-flow coefficient for
building components m the outside walls. In addition, each set itself
contains three curves, each representing different permeability levels
of the respective apartment doors. The shape of all curves indicates
that the design of the flat tends slightly toward stack-oriented depen-

dency.

The infiltration rates for flat #2 (see Figure 3) are totally
stack-daminated. Its design permits little cross-ventilation, even when
easterly winds are strong. Because of temperature differences between
the outside air and the air in the stairshaft, the air pressure at the
top of the staircase is high and does not allow outside air to flow
through the flats above the neutfal pressure level.l2 Even for a cambi-

nation of loose building camponents (see #09), the average infiltration



over the heating period is less than 0.0l air changes per hour, and very
tight construction, as in cases #01 through 03, the infiltration value

is ten times smaller.

Figure 4 shows the average infiltration rate for the same period of
time for flat #3. Due to the equal distribution of permeabilities on
two facades, not much stack dependency is present. Furthermore, because
of the higher values for the permeability of the building envelope, ‘the
infiltration rate is almost independent of the storey the flat is

located on.

For flats located above the n_euﬁral pressure level (NPL), when out-
side permeability ratios are much different fram one, the infiltration
rate decreases as crack-flow coefficients increase. The opposite is
true for flats situated below NPL. For fiat #2 the apartment door is
the only exit for wind-driven ventilation. Therefore, the permeability

of this door is a major factor in the increase in infiltration rate.

The findinés in Buelowstrasse 96 wére similar. This building, a row
house campleted in 1982, is seven storeys high. The ground floor and the
top floor of the building each contain two flats; all other floors have
three flats each. As the floor plan shows (see Figure 5), this house
has a very high percentage of windows and, therefore, a high number of
cracks. In two of the flats the windows are on two opposite facades;
the flat in the middle (flat #2) has openings on the west facade only.
The permeability ratio for the outside walls is one-third for flat #1,

zero for flat #2 and cne-quarter for flat #3.



| Figure 6 shows the average infiltration rate for the heating season
for all three flats under standard conditions (simulation #06). The
curve for flat #2 is much steeper than those for the other two flats
because of its lower outside permeability ratio. But even flats #1 and
#3 are very much stack-influenced, which can be explained by the fact
that their outside permeability ratios are so far fram unity. Compared
with similar cases depicted in Figures 2 through 4, the average infil-.
tration rates here are all of the same magnitude. The whole house rates
(see Table 2) are slightly lower than the camnparable rates for

Brunsbuettler Damm 37.

A third example, Buelowstrasse 61, represented in Figure 7, | shows
the infiltration distribution for an older building with ceilings up to
4 m. Each storey has two big flats (150 m? and 100 n_\z) which represent a
volune of 600 m> and 400 m3, respectively. This large volume should be
kept in mind when camparing these infiltration rates with those fram the

other houses, which have ceiling heights less than 3 m.

The permeability ratio for the two flats is 0.47 and 0.37, respec-
tively. As expected, the curve for infiltration is less steep for flat
#1. According to the different permeability ratio, the infiltration

rate for flat #2 is more stack~-daminated.

For the simulated coastal climate file, the infiltration rate of a
house is less temperature—dependent than for camparable houses in inland
climates. The wind effect is more significant in these regions. Figure
9 shows the average ‘infiltrati.on rate of the building shown in Figure 5,
located in the coastal region. When the crack flow ocoefficients

correspond to the German building standard (case #06), the simulation

-10-



‘shows a significant increase in the infiltration for the whole house.
The infiltration rate for flat #l1, which has the highest opr-value of
the three flats, increases tremendously under these conditions, reaching
above NPL values of infiltration — even higher than the values recorded

at the ground-level.

Discussion

All curves depicting average infiltration rates over the heating
period show a strong dependency on the outside permeability ratio.
Flats with openings on only one facade are strongly stack-daminated,
whereas flats w1f_h windows on at least two facades, are more balanced
with respect to wind- and stack action. Thermal buwoyancy is always a
major factor in flats whose outside permeability ratio is much smaller
than one-half. The relationship between the permeability ratios of the
different flats on a single flocor determine the slope of each curve. An
inspection of Figure 8 and Figure 6 show these facts very clearly. w In
the buildings Brunsbuettler Damm 37 and Buelowstrasse 96 (Figures 1 and
5), there are two flats with hicjh oprs and one flat with an opr of zero.
The =zero-opr flats absorb almost the whole stack effect, so that there
is a smaller variation in infiltration rate with height for the other
two flats. The infiltration for flats #1 and #3 is due to a cross-flow
of air through the apartments. Becausé of the damping effect of the
apartment doors in these units, the pressure distribution inside the
staircase hardly disturbs the cross-flow of air through them. By con-

trast, in Buelowstrasse 61 (see Figure 7), both flats have high oprs,

-11-



and in going from the ground floor to the fourth floor the air change

rate is reduced by one half.

Of course, the outside permeability ratios do not tell us the amount
of infiltration, which depends solely on the ratio and absolute magni-

tude of the permeabilities.

That infiltration in flats having an outside permeability ratio
close to zero is height-dependent is illustrated by the dramatic
decrease in the curves for these units -- on the order of three magni-
tudes (see Figure 3). To show the changes in infiltration above NPL, we

had to use a logarithmic scale for the plots.

Conclusions

An important factor governing infiltration rates in multi-unit
buildings with inside staircases is the height of the building. In such
a building, flats with different oprs have quite remarkably different

infiltration behaviour.

The infiltration rates for all buildings investigated in this study
are lower than ventilation recammendations require. In flats situated
abbve the neutral pressure level, average infiltration rates were often
as much as three orders of magnitude under the guidelines set by build-
ing physicists. To prevent damage due to moisture and to supply ade-
quate outside air for occupant camfort and safety in apartments with low
permeability ratios, mechanical ventilation systems must be used. In

addition, these flats should be equipped with very tight doors to

-12-



protect them fram the draft of upgoing air from the stairshaft. Not
only does this draft cause camplaints from tenants, it encourages them

to open their windows excessively; a costly and unsatisfactory solution.

These three case studies clearly illustrate the relationship between
infiltration and building design and climate in multistorey buildings.
It is important that simulation programmes be improved and simplified
so that in the future’ appropriate infiltration and ventilation parame-

ters can be incorporated during the design stage of a building.
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- Table 1: Crack-Flow Cpefficients used in Calculating Infiltration

Number of Crack-Flow (pefficient [m3/m h pal]

Simulation Windows Balcony Doors Apartment Doors Lobby Doors
01 0.15 0.50 1.00 2.00
02 0.15 0.50 2.00 2.00
03 0.15 0.50 3.00 2.00
04 0.30 1.00 1.00 2.00
05 0.30 1.00 2.00 2.00
06 * 0.30 1.00 3.00 2.00
07 0.60 2.00 1.00 2.00
08 0.60 2.00 2.00 2.00
09 0.60 2.00 3.00 2.00
16 *,** 0.30 1.00 3.00 2.00

Table 2: Average Infiltration Rates for the Heating Season (listed are
the results for simulation #06)

e . , . . 3,3
House # Number of storeys BAverage Infiltration Rate [m”/m° h]

ST 37 2 0.09
B &0 5 0.06
B 61 5 0.12
B 9% 7 0.10
B 97 8 0.16
E 15 6 0.10
G 12 5 0.04
HH 15 15 0.11
HH 27 27 0.22
L 16 3 0.13
N 1 3 0.07
R 11 4 0.11
R 12 4 0.10
R 13 4 0.08
S 18 5 0.04
B 24 4 0.08
B 36 6 0.12
B 37 8 0.12

. ‘
Design conditions according to DIN 4701

This version used a coastal climate
k2 2 )
For house descriptions, see Reference 4)

*k
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Figure 1:

Floor Plan for Brunsbuettler Damm 37
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AIR CHANGE RATE [1/h]

rigure 3: ATR CHANGE RATES DUE TO INFILTRATION
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AIR CHANGE RATE [4/h]

rigure 4: AIR CHANGE RATES DUE TO INFILTRATION

BRUNSBUETTLER DAMM 37, FLAT #3
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Figure 5:

Floor Plan for Buelowstrasse
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rigure 6: AIR CHANGE RATES DUE TO INFILTRATION
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Figure 7: Floor Plan for Buelowstrasse 61
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Figure 8:  ATH CHANGE RATES DUE TO INFILTRATION
BUELOWSTRASSE 61, FLATS #1 AND #2
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AIR CHANGE RATE

Figure 9:

AIR CHANGE RATES DUE TO INFILTRATION

BUELOWSTRASSE 96, FLATS #1, #2 AND #3, COASTAL REGION
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