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NOTATIONS
A surface, m2
b width, m
Cr room air heat capasity, J/K-
cp isobaric specific heat capasity¢, J/kgK
d thickness, m :
dh hydraulic diameter, m
h hight, m T
specific entalpy, J/K
1 length, m o
m mass flow, kg/s
ﬁE mass flow per unit length, kg/sm
ﬁm(+) supply air mass flow of mechanical ventilation, kg/s
ﬁm(_) exhaust air mass flow of mechanical ventilation, kg/s
ﬁn(+) mass flow of incoming leakage air, kg/s
ﬁn(—) mass flow of outflowing leakage air, kg/s
Nu Nusselts's number
P circle of a crack, m
Pr Prandtl's number
q heat flow density, W/m2
Iy convective heat flow density, W/m2
Re Reynold's number
T temperature, K or OC
Ti temperature of incoming leakage air, K or °C
im temperature of supply air of mechanical ventilation,
K or °c
To outside air temperature, K or oC
TOn temperature of outflowing leakage air, K or c
TOm temperature of outflowing mechanical exhaust air,

K or oC



< o<

<

o

room air temperature, K or °C

o

surface temperature, K or ~C

time, s

3
volume, m
volume tric flow rate, m3/s

volume tric flow rate per unit length, m3/sm
velocity, m/s

space cordinate, m "

convective heat tranfer coefficient, W/m2K

interior convective heat transfer coefficient, W/m2K

exterior convective heat transfer coefficient, W/m2K

dimensionless temperature
. 1
density, kg/m3

heat flow, W X

heét gain, W



1. The heat balance of a building

Simulation of the ‘thermal performance of & building, the

mutual comparison-of the heat loss components and the calcu-
lation of annual energy co sumption lead to heat balance consi-
derations. Without any e%ption the predicted and real heat
losses, or the energy consumption differ from each other. A
reasoﬁﬁfhe difference is the uncontrolled infiltration. The
leakage air -flows as well as the internal air flows in struc-
tures affect also the thermal performance of building compo-
nents (the exterior building envelope).

The heat balance of a building is often considered with the
so-called convective heat balance model, where the control surface
is set at the inner surface of building envelope, (Fig. 1).

— | K 1% control
- 2 } rﬁ+) __FM_H-__—I- surface
._—'._;. '?f) T m m ¢g == Py
m.n rty @ ! l';](_) T
n o
Lzb ¢ Cur, #:> 3
e e . S
U
Pe
Figure 1. The heat balance of a space.

Consequently, the heat balance shown in Figure 1 can be
written in the form
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The lefthand side of Egq. (1) represents accumulation of heat,
the first term on the right hand side transmission heat losses,
the second the heating load of ventilation and the third the
total heat gains of building (heating, solar radiation,
people, lights, machines). The first expression of the right
hand side should also take into account the effect of infilt-
ration on the heat-conduction.

If we write the temperature of incoming leakage air (ey,) and
the supply air temperature of mechanical ventilation (ex) in a
dimensionless form.
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we get from Eg. (1) the following expressions for the heating
load of different ventilation systems.
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The leakage mass flows and the mass flows of mechanical venti-
lation are affected by the pressure difference over the buil-
ding envelope, by the hydraulic properties of leakage routes
gnd by the performance of mechanical ventilation.

The evaluation of the effects of the leakades on the thermal
behavior of building is difficult with the convective heat
balance model. In steady-state considerations ‘it is reason-
able to set the heat balance control surface at the outer
surface of building. (Fig. 2). B 4
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Figure 2. The heat balance of building in steady-state situ-
ation.

The effect of leakages on the thermal performance of building
can now be evaluated direct with the heat flow at the outer
surface. Let us define a ratio, Nusselt's number characterizing
the effects of leakages, in the following way

Nu:——=~—-——- (6)

q is the undisturbed heat flux of the structure (without

leakages)

gq is the heat flux of the structure with leakages

A is the area where leakages change the heat flux profile
at the outer surface.



2. Warming up of leakage air

The heating load of a building differs often from the designed
one. One reason for this is the uncontrolled (infiltration)
ventilation through a building envelope. Hydraulic properties
of different leakage routes have been studied widely and leakage
flow rates can nowadays be predicted rather well. Warming up of
leakage air has not, however, been studied and therefore it has
been difficult to predict the real heating load due to leakage.
In practice the heating load of leakage ventilation has been
calculated assuming that the leakage air flows in at the outside
temperature.

Heating of leakage air on the leakage route is a new aspect in
the room air heat balance consideration. The primary aim of the
following calculations has been to find out the applicability of
calculation methods when considering heating of leakage air and
to create a basis for further studies.

2.1 Balance equations

The leakage air is warming up by exploiting the conduction heat

losses of a structure. Therefore both conduction and convection
flows affect the temperature field of the structure. The struc-
ture and leakage air can be considered as a two-component system.

The heat balance of a solid matrix i, which represents the
structure, can be written in a mathematical form

a(pihi)dv

=- [ q,-nda+ [ ..-n.. da (7)
av, T gvij 1] 1]
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ot

The heat balance of the flowing component (leakage air) is
correspondingly:

== [ qj-ndA— I qy-ndA+ [ qij-njidA (8)
i at av. CAVAR Vv, .
VJ J J 1]

Lefthand sides of the equations represent the accumulation of
heat, the first terms of the righthand side conduction heat
transfer the second term of the righthand side of Egq. (8)

convection heat transfer in component j. The last terms on the
righthand side represent heat flux between the two components.



Let us describe the heat transfer between components i and 7
in the following way

- >
c.n. . dA = a, A, . (T,-T.),
S 137y 13815 (Fi7Ty) )
ij
where
oy . is convection heat transfer coefficient determined locally
J at the mean temperature of the components
Aij is heat transfer surface between components.

If we consider a steady-state case and omit heat conduction in

the flowing component, Egs (7 ), (8 ) and (9), can be written
in the form

~V-F. o, AN (T —q ) -
94735815 (T57T;) =0 (10)

—V.-. o, A" _ —
M, 3T R (T 7Ty = 0 (11)

If we assume that flowing air has only one velocity component,
Eq (11) can be written as follows

(\-;.p.c .T.)
-4 —L I BRI I 4, are(por) =g (12)
dx 1] 13 1 J

If thermal properties of air and the cross section of the crack
are constant, then we get from Eg. (12) :

mjcdeTj = aij(x)P(Ti(x)—Tj)dx, (13)

where

P is the circle of the crack.



If the temperature of the surface of the crack is known, then
the analytical solution of Eq., (13) gives

X
Ty = (T, . +] g(x)e®X) gy) e~ 0(x) (14)
J il ;
X a,.(x)Pdx
where ¢(x) = [ 2J
o m.cC .
J B3]
ai.(x)P
and g(x) = _J T, (x)
m.c_ . 1
J p,]
To i is air temperature at x = 0.

When considering heating of leakage air the temperature on the
surface is, however, unknown. It depends on the leakage flow
rate, on thermal properties of the structure where the crack is
and on the convection heat transfer coefficient between the
structure and flowing air.

2.2 Numerical solution

The leakage air is warming up by exploiting transmission heat
losses of the structure. Therefore, the temperature field of
a structure near the crack is different from that without
leakage flow. The numerical solution of the warming up of
leakage air and the effect of air flow on the temperature and
heat flux fields of the structure can be found by iteration.

Eq. (13), which represents the convection heat transfer between
the structure and leakage air, can be written in a discretized
form

a(x)(Tw(x)—ﬁ)PAx = ﬁcpAT (15)

The circle of a narrow crack (width b, hight h) is P=2b.
Since the temperatures on the surfaces are different (Fig. 3),
Eq. (15) should be written in the form
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al(x)(Twl(X)—.)be +a2(x)(T

. s , = Mc_AT (16)

Surface 1

Surface 2

Figure 3. Elements of a crack.

-

Let us denote AT = T-T, and m = m/b. Assuming o, (x) =~
a5(x) ~a and T = T, (for short crack elements) and indexing
tﬁe terms as shown in Figure 3 , we get

3 Axl(I)+Ax2(I) a
T(I) ~ [1-of — JIT (D) +=—(T , (I) &x
m Cp m Cp

1 () (17)

+Tw2(I)AX2(I))

In the beginning of the first crack element the temperature
is equal to the outside temperature.

The mean convection heat transfer coefficient between the leakage

air and structure .is defined by Eg. (18)
_  Nu (18)
o = ’
dp
where

EE is the hydraulic diameter of crack, = 2h
Nu 1is Nusselt's number.

In the case of forced convection the Nusselt number is

NG = SRaMBrUk (19)



Since the leakage route is a narrow crack and the flow is
laminar, Eq. (19) can be given

.- —_1 /7 (20)
Nu = l,85Rel/3Prl/3(2—111—)l/3

Thermal properties of air are determined at the mean temperature

. To(+T(N) T 4T, (21)
T = =

2 2

tion heat transfer coefficient in the crack is known, the tempe-
rature and heat flux field of the structure can be calculated.
Calculations have been done by using computer program DIFFUS
which solves linear, two-dimensional temperature fields with

the network analyzer-method. In the method the examined area

is diveded into elements and the mass of each element is con-
centrated to a point which usually is the center point. The
connection of two temperature is done by the thermal conductance,
(Fig. 4).

Figure 4. Connection of temperature points.

Computer program DIFFUS can handle both steady-state and tran-
sient problems. Taking into account boundary conditions and
the connection of temperature points in a steady-state case we
have a system of linear equations, which can be presented in a
matrix form




(A] [T]" = (2] (22)

where

[A] is a coefficient matrix
[2] is a constant vector.

Figure 5 shows the flow chart for the numerical solution.

2 Initial values )
1

Compute the temperature
field of the structure

f

Assume the temperature
of leakage air at the
end of the leakage

Ti = T{N)

Camaute the mean
convection heat transfer
coefficient a

i

ITER = O

—

Compute the temperature
distribution of leakage
air

Compute the new tempe-

rature field of.the
structure

|

ITER = ITER + 1

Heating of leakage air
and the temperature field

of the structure

Figure 5. Flow chart for the numerical solution.




2.3 Computer simulations

The method which was described in the above has been used to
solve the heating of leakage air in some typical, idealized cracks.
Also the effect of leakage air on the thermal behavior of struc-
tures has been considered. Let us first consider the heating

of leakage air in a crack between a timber frame wall and window
frame and in a crack between a timber frame wall and foun-
dation (Figure 6 ). The leakage flow rates are in both cases

V = 0.2 dm /sm, 0.7 dm3/sm and 2.0 dm3/sm. The convective heat
transfer coefficient at the inner and outer surfaces are

= 8 W/m2K and %o = 13 W/m?K. The inside and outside tempera-

aj
tures are constant, T, = 20°C and TO = -10°¢, respectively.
) il | . d = 150 mm
/ ———— window frame h = 90 mm
' X = 0,14 W/mK
= ——— leakage crack 1l =150 mm, h = 3 mm
&7 timber frame d = 200 mm, h = 50 mm,
7 A= 0,14 W/mK
)/ thermal insulation 4 = 200 mm, A = 0,050 W/mK
wood fiber board d =12 mm, » = 0,055 W/mK
L1
; wood chip board d = 12 mm
L 7 (2) A= 0,14 W/mK
— :
<
2
ijif 3/
/
fji;;%*——- concrete d = 60 mm, » = 1,7 W/mK
r/#j::::><§/ 9 leakage route 1 =360 mm, h = 3 mm
L]
LN ﬁ//\gf*——*- thermal insulation 4 = 75 mm, A = 0,045 W/mK

S i;o « O concrete d = 50 mm,

w: ot —o0 ! thermal insulation A = 0,045 W/mK
s o O,

o8 O =mr concrete d = 70 mm
o - . »

2 O©° °'F;ﬂ—__u ground A = 0,40 W/mK

Figure 6. Wall structure in simulation and initial values.

In Figures 7 and 8 are shown the heating of the leakage air
as a function of leakage route with different flow rates. It
can be seen that the heating is the most significant with low
leakage flow rates.
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Figure 7. Warming up of the air in a crack between window
frame and wood wall. The mean convective heat -
transfer coeff1c1ents with leakage flows 0.2,
0.7 and 2.0 dm3/sm are 7. 1, 10.8 and 15,4 W/m K,

respectively.
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Figure 8. Warming up of the air in a crack between wood wall
and foundation. The mean convective heat transfer

coefficients with leakage flows 0 2,
dm3/sm are 5.3, 8.1 and 11.4 W/m2 K,

0.7 and 2.0
respectively.



A leakage flow has effect on the temperature field around the
crack (Figures 9 and 10 ). The flowing-in air makes isoterms
curve inwards which means that heat-conduction increases near
the crack. On the other hand the heat flux at the outer sur-
face of structure decreases due to decreasing of the surface
temperature difference (Figure 11).
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Figure 9. Temperature field with different leakages near
the crack between window frame and wood wall
structure.
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Temperature field with different leakages near the
crack between wall sturucture and foundation.
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Figure 11. Heat flux profiles at outer surfaces of structures.

From the héating of leakage air we cannot draw any direct conc-
lusions of the effect of leakages on the heating load of a
building, because leakage flows affect also the thermal behavior
of structure, e.g. the heat flow field of structure.

In steady-state considerations the heat balance surface can be

set at the outer surface of structure. Then the heat flux at the
outer surface represents the conduction (transmission) heat

losses and the thermal effect of infiltrating air can be evalua-
ted by changes. For the crack between window frame and wood

wall (Figure 11) Nusselt's numbers characterizing the thermal
effect of leakages are Nug, o = 0.77, Nug,7 = 0.64 and Nujp,g = 0-60.
Correspondingly for the crack between wall sturucture and foun-
dation Nusselt's numbers are NuO 5 = 0.83, Nu0 7 = 0.68 ‘and

Nus; g = 0.60. : *

Figure 11 shows that the higher the leakage flow rate is the

lower is the heat flux at the outer surface. This means that
the heating load of leakages is overestimated when using con-
ventional heating load calculation methods.

illustrate the warming up of leakage air and the
the heat flux profiles in different cases.
well as the outside and inside temperatures
previous examples. Also corvective heat

at inner and outer sufraces are equal.

Figures 12 - 16
effect of leakages on
Leakage flow rates as
are equal to those in
transfer coefficients



In the cases shown in Figures 14 and 15 the garret is assumed
to be at outside temperature and the convective heat transfer
coefficient is set to be a = 8 W/mzK. The hight of the crack

in all examples h = 3 mm.
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Figure 12.

A crack between window frame and brick wall.
Nusselt's numbers corresponding to different

leakage rates 0.2, 0.7 and 2.0 dm3/sm are

Nuo.z = 0,80, Nu0;7 S 0,67 and NuZ,O = 0_.64,
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A crack between brick wall and foundation.
Nusselt's numbers corresponding to different
leakage rates are Nug,, = 0,81, Nug ,7 = 0.68
and Nuy; g = 0,62,
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Figure 14. A crack between brick wall and ceiling structure.
Nusselt's numbers corresponding to different lea-

kage rates are Nug o = 0.81, Nug,7 = 0.71 and
Nuy, g = 0.66.
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Figure 15. A crack between wood wall and ceiling structure.
Nusselt's numbers corresponding to different lea-
kage rates are Nug.2 = 0,74, Nug,7 = 0.64 and
Nu2.o = 0.62.
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Figure 16. A crack between wall structure and balcony slab.
Nusselt's number corresponding to different lea-
kage rates are Nug, o = 0.86, Nug.7 = 0.80 and
Nl.lz.o = 0.77. 4
Figure 17 shows the heating of leakage in a long leakage

route. The hight of a crack h = 1 mm and leakage flow rate
V= 0.7 dm3/sm.
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Figure 17. Heating of leakage air on a long leakage route,

Nusselt's number is NuO 7 = 0,88.
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3. Conclusion

Our calculations show that the warming up of the leakage air

on a leakage route is efficient especially if leakage flow

rates are low. With allowable leakage flow rates in relation

to thermal comfort (0.5-0.7 dm3/sm)_the'heating is 25-60 per cent
of the outside and inside air temperature difference. On the
longest leakage route of..our.simulations the temperature of
incoming air is even near to the room air temperature. The
warming up of leakage air depends besides on the leakage flow
rate and the length of leakage routé as well as on the thermal
properties of the structure around a crack.

With the present calculation method the warming up of leakage air
can in principle:be considered in arbitrary cracks. The analy-
'sing of leakage flows from inside to outside would also be possib-
le. Inspite of the assumptions and simplifications, which were
done, the results give the idea of the warming up phenomenon.
Improving the calculation method, verifying it experimentally,
finding out the effects of heating of leakage :air on the energy
economy of a building are the most important things in further
studies. ' ’






