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SYNOPSIS

Simulation models basing on 2-dimensional finite-difference approach
were developed for the steady-state and dynamic analyses of the ther-
mal coupling of leakage airflows and building components. The consi-
dered types of leakage flows were crack flow and filtration through
porous materials. At building level analyses a static flow network
approach was applied in order to calculate airflow balance of a buil-
ding, while for the thermal coupling of convective heat flows of air
leakages and transmission heat flows of leaky structures a 2-dimen-
sional modified transfer-function approach was applied.

It is suggested in the paper that the value of transmission heat los-
ses should be corrected by a factor, modified Nusselt number, in or-
der to take into account the heat recovery effect of leakage air-
flows. Depending on leakage airflow rate, thermal properties and di-
mensions of the structure as well as the leakage route, the correc-
“tion factor of transmission heat losses can be as low as 0.60. The
correction factor of total heat losses can be 0.86, respectively.
According to measurements the correction factor of transmission
heat losses was 0.35-0.85, while it for total heat losses was 0.86-
0.96. The heat recovery effect is approximately the same for both
infiltration and exfiltration.

At the building level, the correlation between airtightness, leakage
distribution, air change rates and thermal performance of a single
family house was analyzed. The house was supplied with mechanical ex-
haust ventilation system and the supply air was taken in as leakages
through building envelope. The calculated annual heating energy con-
sumption of the building was 6-9 % less compared with the calculation
results where the heat recovery effect was not taken into account.
If the heat recovery effect was taken into account in calculation
of transmission heat losses, the average correction factor was 0.85-
0.90. Actual values depend on airtightness and leakage distribution
of building envelope.

1. INTRODUCTION

The actual heating load of a building often differs from the designed
load. One reason for this is the uncontrolled ventilation through a
building envelope. Differences in calculated and measured heating
loads have usually been explained with the uncontrolled ventilation
using the leakage ventilation rate as a correction parameter of heat-
ing load analyses. Hydraulic properties of different leakage routes
have been studied widely and leakage flow rates can nowadays be pre-
dicted rather well. The thermal coupling of leakage flows and heating
load has not, however, been studied and therefore the heating load
of leakage ventilation has been calculated according to the leakage
flow rate and the temperature difference of inside and outside air.

The thermal coupling of leakage airflows and conduction heat flows
of structures has been omitted. Nevertheless, if we consider for
example through a structure infiltrating air, the cold outside air
is heated by conduction heat flows inside a structure before it
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enters the room space. Due to infiltrating airflow also the conduc-
tion heat flow at the interior surface is increased. If we consider
the interior surface as control surface of the system, the total
heating load due to convection heat losses of infiltrating air and
conduction heat losses of a structure is less compared with the ca-
se where pure conduction of a structure occurs and infiltrating air
is assumed to flow in at outside temperature. The difference in the
total heating load is due to the heat recovery effect of infiltrating
air.

In this paper the effect of both infiltrating and exfiltrating air-
flows on thermal behavior of structures are considered. The conside-
red flow cases are crack flow and filtrating airflow through porous
materials. The interaction of airflows and heat transfer in structu-
res is analyzed by computer simulation using the finite difference
approach. Some results of experiments will also be shown.

In building simulation the correlation between airtightness, leakage
distribution, air change rates and thermal performance will be consi-
‘dered. In analyses a static flow network approach was applied in or-
der to calculate the airflow balance of a building, while for heating
load calculation of leaky wall structures a 2-dimensional modified
transfer-function approximation was applied.

2. INFLUENCES OF LEAKAGE AIRFLOWS ON THERMAL BEHAVIOR OF A STRUCTURE
2.1 Basic model equations

In general, the types of leakage flows are crack flow, crack flow and
infiltration, and pure infiltration.

In case of pure infiltration the continuity, momentum and energy
equations are /1/

g— <pg>=-V*: <qm, >
; N (1)
= <psVe> = —ﬁ‘if—f (V2 <p>® + B <ps re>0E - V <T>) (2)
d ~ =
—_ he> =-V < -V-<h >
o 2, Pl =Y 2 eV e (3)

When deriving the momentum equation it is assumed that the airflow
is a Darcy-type flow. In energy equation it is assumed that the air
and the solid matrix (structure) have equal temperatures locally. In
building physics applications, the capasity terms of Egs 1 and 2 can
be assumed zero.

In a building structure there may occur internal convection allthough
there are no cracks through it. Analysis of the influences of natural
convection on transmission heat losses is given by /2/. In examples
which will be considered in this paper the effect of gravity forces
is not taken into account, ie. the second term of the righthand side
in Eg. 2 is omitted.
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In the case of crack flow the energy equation of the flowing compo-
nent can be written in the form (flowing component as control volume)

%(pfhf)=-v'§f-v'(hf_q'm)-e,-favﬁf"ﬁfsdA (4)

Correspondingly, for the stagnant component (stagnant component as
control volume)

a - - —_
5 P+ ==V G- T TurdA (5)

The thermal coupling between the flowing and stagnant component can
be given by Eg. 6.

Lﬂﬁs “hyrdA= L«;, st (Ts - Tp) - Tge dA (6)

According to previous model equations computer codes for 2-dimensio-~
nal cases basing on finite difference method have been developed.
Boundary condition of the first kind for solving the airflow balance
of structure in pure infiltration case was used. When solving the
thermal balance of a structure boundary condition of the third kind
was used. In a case of crack flow, the thermal balance of flowing
component was solved applying the boundary condition of the first
kind. In the entrance of leakage route the leakage air temperature
is either outdoor or indoor temperature, in case of infiltration it
is outdoor temperature and in case of exfiltration indoor temperatu-
re, respectively /3/.

Let us define a modified Nusselt number Nu, to characterize the heat
recovery effect of leakage air. With this definition the heat reco-
very effect is taken into account as a correction factor for trans-
mission heat losses. If we consider interior surface of a structure
as control surface, the modified Nusselt number is defined as

dA + deonv) - Geonv
infiltration: Nncz(Lq Beons) - Qeonv. o (7.1)
L% dA
exfiltration: Nu = ,ada (7.2)
[ qo dA
where
q is conduction heat flux with the effect of airflow,
q, conduction heat flux without the effect of airflow,
P onv convection heat flow with the effect of thermal coupling,

Peonv. o convection heat flow without the effect of thermal coupling
A control surface area.
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2.2 Computer simulations of structures

Figure 1 shows the heating of leakage air as a function of leakage
route length, heat flux profiles at the outer surface, and the modi-
fied Nusselt number with different leakage flow rates on some typical
leakage routes. The calculations have been carried out for steady-
state conditions where the outside and inside temperatures are

-10°C and +20°C, respectively.
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Figure 1. Warming up of leakage airflow and modified Nusselt numbers
for some typical wall structures /4/.

In Fig. 1 the outer surface of the structure is cooled as the leaka-
ge air in outside air temperature flows into the crack and is heated
there by conduction heat flow. As a result, heat flux at the outer
surface is decreased (constant heat transfer coefficient at surface).
Heat losses at the outer surface decrease more effectively the higher
leakage flow rates are. Heat flux profiles drawed with a solid line
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represent pure conduction. The dash lines take the effect of leakage
airflow into account. In this case the modified Nusselt numbers have
been calculated considering exterior surface of a structure as cont-
rol surface and applying Eg. 7.2.

The dimensions of control surfaces are also shown in Fig. 1.

In practical cases there are difficulties to determine the actual

leakage route inside a structure. Usually only the location of in-

flowing air is known. Let us now consider a structure shown in Fig.
2 and ,in addition, we assume four different leakage routes inside
the structure. The considered leakage airflow rate is 0.34 dm®/sm
and the flow direction is from outside to inside as well as from in-
side to outside. In steady-state conditions 0°C outside temperature

and +20°C inside temperature are assumed. Table 1 summarizes the cal-
culation results.
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Figure 2. Example structure and four possible leakage routes.

It can first be concluded that the airflow direction does not influ-
ence the heat recovery effect. It should, nevertheless, be noticed
that the thermal properties of leakage air have been determined ac-
cording to the average of inside and outside air temperature. The
heat recovery is the most effective in a case of pure filtration.
Crack cases 1 and 3 have similar heat recovery effect, although the

warming up of incoming leakage air is more effective in crack case
3 than in crack case 1.
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Table 1. Transmission and convection heat flows at interior surface
of a structure, and heat recovery effect in different lea-
kage route and flow direction cases /3/.

‘bc (bconv q’tot - Nuc
Calculation cases

W/m W/m W/m -
No thermal coupling 21.6 8.2 29.8 1.00
Infiltration 25.4 1.2 26.6 0.85
Crack 1 (inflow) 24.6 4.2 28.8 0.95
Crack 2 (inflow) 25.0 2.5 27.5 0.90
Crack 3 (inflow) 28.4 0.4 28.8 0.95
Exfiltration 18.4 8.2 26.6 0.85
Crack 1 (outflow) 20.6 8.2 28.8 0.95
Crack 2 (outflow) 19.3 8.2 27.5 0.90
Crack 3 (outflow) 20.6 8.2 28.8 0.95

It also been found out that, if the leakage route (crack) is directly
across the structure, the increasing of insulation thickness decrea-
ses the modified Nusselt number, ie. the heat recovery effect is im-
proved. If the thermal conductivity of the insulation material is of
the magnitude .04 W/mK, the increasing of insulation thickness has
only a slight influence on the temperature of incoming leakage air

/3/.

The leakage airflows influence also the thermodynamic behavior of
wall structures. It has been found out that by increasing the leakage
airflow rate from outside to inside, the thermodynamic delay of a
wall structure will be decreased /3/. Also convective heat flows of
leakage ventilation should be considered dynamic. In this paper the
dynamic behavior of leaky wall structures will be taken into account
by applying the modified transfer-function approximation in the cal-
culation of conductive and convective heat flows.

2.3 Experiments

Measurements concerning thermal effects of leakage flows have been
done in laboratory conditions. Fig. 3 shows the measured and calcu-
lated heating of leakage air in a crack, heat flux and temperature
profiles at the inside surface of the structure as well as the tem-
perature profile at the outside surface of the structure. The outsi-
de temperature was -2.8 °C and the inside temperature was 22.7 °C,
respectively. The measured airflow rate was 2.7 dm?/sm.

93



In Fig. 3 the temperature gradient of leakage air is wvery high at
inside surface of the structure. Therefore, the temperature measure-
ment of incoming air is relatively inaccurate. The measured modified
Nusselt number (correction factor for transmission heat losses) was
Nu_=0.35, while the calculated value was Nu_,=0.43. The measured and
calculated correction factors for the total heat loss (transmission
and convection) were 0.94 and 0.95, respectively.
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Figure 3. Measured and calculated heating of leakage air, heat flux
and temperature profiles at inside surface, and temperatu-
re profile at outside surface of structure. Steady-state
condition.

In Fig. 4 the measured and calculated results for one wall section
are shown. The outside temperature was 4.5 °C and inside temperature
was 21.0 °C, respectively. The measured pressure difference over the
wall was 27 Pa and the corresponding airflow rate was 0.87 dm®/sm.
The inside surface was absolutely airtight, except one crack through
which the air flows in. The airflow field, shown in Fig. 4, is calcu-
lated. Also the temperature isotherms are calculated. The calculated
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modified Nusselt number for this case was Nu_ =0.83, while it accor-
ding to measurements was Nu_=0.50-0.85. The calculated correction
factor for the total heat loss was 0.95 and the measured value was
in the 1limits 0.86-0.96, respectively. The measured values include
the horizontal deviation of temperatures.
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Figure 4. The calculated airflow field, and the measured and calcu-
lated temperature field of a structure.

3. HEAT BALANCE OF A BUILDING
3.1 Heating load of ventilation and transmission losses

In Fig. 5 heat balance of a building in general is shown. In our con-
siderations certain terms of the heat balance have been omitted in
order to find out the thermal coupling of leakage airflows and the
heating load clearly. The solar heat gain and heat gain from people,
devices etc. have been omitted. The control system of heating is as-
sumed ideal, ie. the room air temperature stays constant at the desi-
red value. In addition, the heat flow through floor is assumed to
depend on the temperature difference of inside and outside air.
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Figure 5. Heat balance of a building.

According to simplifications and assumptions made above, the heat
balance of a building takes the form

¢h0)=¢cﬁ)+(1-eiODéQiG)cp(ﬁ-Tb(ﬂ) (8)
where

g; = (Tie - To)/(T; - To) (9)

It should be noticed that transmission heat loss term in Eq. 8 in-
cludes transmission heat losses of both airtight and leaky wall
structures.

When evaluating the effect of leakage airflows on the heating load
of a building in a dynamic condition, the heat balance and the air-
flow balance have to be solved simultaneosly. .In our case the compu-
ter code MOVECOMP /5/ to calculate the airflow balance of a building
was applied. MOVECOMP is based on a static flow network approach. For
heating load calculation of leaky wall structures a 2-dimensional mo-
dified transfer-function approximation was applied and for airtight
structures 1-dimensional approach was applied, respectively. The si-
multaneous solving procedure of airflow and heat balance of a build-
ing is described more detailed in /3/.

3.2 Transfer-function approach for airtight and leaky wall struc-
tures

Transmission heat flows of a building are solved using 1- and 2-di-
mensional response factors. For airtight wall structures l-dimensio-
nal response factors are applied /6/, and for leaky wall structures
(crack flow) modified 2-dimensional response factors are applied /3/,
respectively.
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In a case of airtight wall structures the only time-dependent variab-
le is the outside temperature, because inside temperature was assumed
constant. If, in addition, convective heat transfer coefficients of
exterior and interior surfaces of a structure are assumed constant,
the heat flux at interior surface can be written as follows

a= 2, Xi(Ti-To.0) (10)
k=0
where X, are response factors of heat flux (1-dimensional) at inte-
rior surface against unit triangular pulse of outside
temperature excitation.

Taking a more practical form for Eg. 10 (/7/), we get the total
transmission heat loss for airtight wall structures

N1 K :
be, 1= 2 ApleaQnei-1+ EX.E“(Ti‘To,t-k)] (11)
=1 k=0

n=

X.0=Xo,k=o
X‘k=Xk-ch,1,k21

In Eg. 11 A is the inside surface area of airtight wall structures,
N1 is the number of different airtight structures and c, is the com-
mon ratio, respectively.

In a case of leaky wall structures the wall system is similarly 1i-
near as in a case of airtight wall structures, if constant leakage
airflow rate and congtant thermal properties of air are assumed. Ne-
vertheless, airflow rate is varying with time and, therefore, an app-
roximation for the calculation of transmission and convection heat
losses is made. The transmission heat flow at interior surface of a
leaky wall structure is approximated as follows (approximation is
illustrated in Fig. 6)

¢'c,t= z Yk,t-k(Ti’To.t-k) (12)
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Figure 6. Response of heat flow at interior surface of structure
against a unit triangular pulse of outside temperature
excitation. The leakage airflow rate is variable, /3/.
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The airflow rate is kept as a parameter value in the calculation of
response factors. Response factors corresponding to other leakage
flow rates than parameter values are obtained by linear interpola-
tion. In addition, the common ratio reaches a nearly constant value
with different airflow rates. The total transmission heat loss of
leaky wall structures is thus written as

N2 K
Oer=2 Lalea®ant-1+ X Yook (Ti-To ] (13)
n=1 k=0
Y'o.1=Yn.x;k=0
Y- x=Yr1.k-Yi.1t-x-1.k21

In Eg. 13 L, is the inside width of a structure for horizontal cracks
and inside hight of a structure for vertical cracks, respectively.

Y, are 2-dimensional response factors and N2 is the number of leaky
wall structures.

In a case of convection heat losses the common ratio representation
is not necessary. The total convection heat loss of a building can
thus be written as

K
¢'conv, = Zk, t-x (Tj - To. t-k)s (q'm, >0
oy (14)

(Zi,t-0k=01..Kk=0, (@Qm, ): <0

In Eg. 14 Z, are 2-dimensional response factors. The total heat loss
of a building can be achieved by the superposition of Egs 11, 12 and
14. The comparisions have shown that the results calculated with the
present approximation agree very well with the results calculated
with finite-difference method /3/.

3.3 Computer simulations of a building

The aim of building level calculations was to analyze the correlation
between airtightness, leakage distribution, air change rate and ther-
mal performance. A small house (see Fig. 7) supplied with mechanical
exhaust ventilation system was considered. The mechanical exhaust
airflow rate was assumed constant corresponding to ventilation rate
0.41 1/h. The supply air was assumed to be taken in as leakages
(cracks) through building envelope. In addition, constant inside air
te&perature was assumed and real measured weather data (outside air

temperature, wind velocity and direction) was used.

Calculations were carried out for one year period using one hour time
step. In analyses two leakage route distributions (case 1 and case
2) and several airtightnesses of a building envelope (ng, number)
were considered. In case 1 it was assumed that the relative airflow
distribution through different leakage routes under 50 Pa pressure
difference over the building envelope was as follows
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% % ¥ % %

cracks between window frame and wall structure

30 %,

cracks between outdoor frame and wall structure 20 %,
cracks between ceiling and wall structure 20 %,
cracks between floor and wall structure 20 %,
cracks between wall structures (corners) 10 %.

Correspondingly in case 2, the considered relative airflow distribu-

tion was

* cracks between window frame and wall structure
* cracks between outdoor frame and wall structure 20
* cracks between ceiling and wall structure

40

0P o0 o0

40

The airtightness of the building envelope was varied by changing the
flow resistances of leakage routes so that above conditions could be

achieved.
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In Fig. 8

Inside dimensions of example building and thermal proper-
ties of wall structures. Dimensions of windows and door
are 1.8x1.2 m* and 1.0x2.0 m?, respectively.

the effect of building envelope airtightness in calculation

case 1 on the total airchange rate of the building is shown. Curves
in Fig. 8 are minimum and maximum airchange rates for 24 hour peri-

ods.

It can be seen that airchange rate is constant when the air-

tightness is n;, = 1.0 1/h. Already in conditions where the airtight-

99



ness is 3.0 1/h, the ventilation rate is occasionally doubled in re-
lation to the desired ventilation rate. If we consider long-term ave-
rages, for example one year, the proportion of uncontrolled ventila-
tion of the total ventilation is only 2.5 £ in our simulation case,
where the building envelope airtightness is 3.0 1/h. As the airtight-
ness is 5.0 and 10.0 1/h, the proportion of uncontrolled ventilation
is 13 ¥ and 38 %, respectively.

Simulations have shown (comparisons of cases 1 and 2) that the leaka-
ge route distribution has no significant influence on the airchange
rate if buildings with similar airtightness and long-term averages
are considered. Short-term differences may, however, be remarkable
in a way that the less leakage routes there are, the higher occasio-
nal uncontrolled ventilation rates appear.
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Figure 8. The correlation between the airtightness of building en-
velope and airchange rate. Minimum and maximum values for
24 h periods.

Table 2 summarizes the results of heat balance analyses. It can be
seen that the annual heating energy consumption is in the considered
cases roughly 6 - 9 § less compared with the calculation results whe-
re the thermal coupling of leakage airflows and conduction heat flows
is not taken into account. To take the heat recovery effect into ac-
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count, it is suggested that traditionally calculated heating energy
corresponding to conduction heat losses should be multiplied with a
correction factor. Heating energy due to ventilation could be calcu-
lated traditionally. In this case the mean modified Nusselt number
is defined as

i [ @c + Geons)dt - [ Gcon, Jdt | (15)
[ 6c, ot
where &, is conduction heat flow with thermal coupling,
@ onv convection heat flow with thermal coupling,
e o conduction heat flow without thermal coupling,
@ onv.o0 convection heat flow without thermal coupling.

It should be noticed that control surface is assumed to be at inte-
rior surface of building envelope.

Table 2. The annual heating energy consumption and the mean modified
Nusselt number in example cases.

Q.,:.0 iS heating energy consumption as the heat recovery effect is
not taken into account,

Dioe heating energy consumption with the heat recovery effect,
R, mean modified Nusselt number.
Leakage distribution n,, Qot.0 Qi 0e 40, Nu,
case (1/h) (kwh) (kwh) (%) =)
1 1.0 17754.2 16557.0 - 6.7 0.90
1 3.0 17939.7 16651.1 - 7.2 0.89
1 5.0 18676.9 17296.4 - 7.4 0.88
1 10.0 21511.6 | 19969.9 | - 7.2 | 0.87
2 1.0 17760.4 16736.1 - 5.8 0.91
2 5.0 18599.8 17228.7 - 7.4 0.88
2 10.0 21330.2 19522.1 - 8.5 0.84

4. CONCLUSIONS

It is suggested in the paper that the value of transmission heat los-
ses should be corrected by a factor, modified Nusselt number, in or-
der to take into account the heat recovery effect of leakage air-
flows. Depending on leakage airflow rate, thermal properties and di-
mensions of the structure as well as the leakage route, the correc-
tion factor of transmission heat losses can be as low as 0,60. The
correction factor of total heat losses can be 0,86, respectively.
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According to measurements the correction factor of transmission heat
losses was 0,35-0,85, while it for the total heat losses was 0, 86-
0,96. The heat recovery effect is approximately the same for both
infiltration and exfiltration.

At the building level, the correlation between airtightness, leakage
distribution, air change rates and thermal performance of a single
family house was analyzed. The house was supplied with mechanical ex-
haust ventilation system and the supply air was taken in as leakages
through building envelope. The calculated annual heating energy con-
sumption of the building was 6-9 $ less compared with the calculation
results where the heat recovery effect was not taken into account.
If the heat recovery effect was taken into account in calculation of
transmission heat losses, the average correction factor was 0,85~
0,90. The actual values depend on airtightness and leakage distribu-
tion of building envelope.
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