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1. The heat balance of a building
simulation of 

. 
the 'thermar perf ormance of á- bui.lding, themutuar compari-son of the heat l-oss components and the carcu-

tion l-ead to heat balance consi--
the predicted and real heat
dif fer from 'each other. A

ontrolled infiltration. The
internal air flows in struc-tures af'fect also the thermal performance of buirding compo-nents (the exterior buitding eñvelope) .

The heat balance of a building is often considered with theso-calIed convective heat balãnce modeI, where the contror surfaceis set at the inner surface of buirding enverope, (Fig. 1).
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Figure 1 . The heat balance of a space.

Consequently, the heat balance shown in Figure 1written in the form
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present.s ac,cumulation of heat,side transm.i_ssion heat losses,entilation an,d the third theeating, solar radiation,
first expression of the rightaccount the effect of infiÍt_

ff we write the temperature of incoming leakage air (err) and
åffiJ:i3il"3:'råempórarure of mechanicál ventllatlon (ðr) in a
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v\¡e get from Eq- (1) the following expressions for the heatingload of different ventilation systems.
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The leakage mass flows and the mass flows of mechanical venti-Iatj-on are affected by the pressure difference over the buir-ding envelope,, -by the hydrauric properties of reakage routes
qnd by the performance of mechanical ventilation.
The evaluation of the effects of the reakages on the thermalbehaviôr of building is difficurt with the'convä.ti". heat
balance model. rn èteady-state considerations ':it is reason-abre to set the heat baránce control surfac'e at the outersurface of building. (Fig. 2) . , '
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The effect of leakages.on the thermar performance of buird.inqcan now be evaruat.ed direct with the hèat flow at the outer
surface. Let us define a ratio, Nusselt'ê number characterizingthe ef fects of leakages, in the following \^ray
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Figure 2
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the undisturbed heat frux of the structure (without
leakages )

the heat flux of the structure with leakagesthe area where leakages change the heat fiux profileat the outer surface.



2. Warming up of leakage air

al heating load due to leakage.
leakage ventilation has been
kage air flows in at the outside
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2.1 Balance equations

The þga-t balance of a sorid. matrix i, which represents thestructure, can be written in a mathematical form

I
IV

a (p h )dvI .l-

at I -J J

l_
âV I

The heat balance of
correspondingly:

(7t
âV

r_J

the flowing component (leakage air) is

a (p h )dv
t

-l I q.- ndA--l cJ. ..'rl dA
.JJ

J g-'ndA+ Jãv- av-.I al

J

n
V at AV I) (8)

) j

Lefthand sides of the equationsheat, the f irst terms of tfr" rigtransfer the second term of theconvection heat transfer 1n comt:righthand side represent f,é"ã"if

represent the accumulation ofhthand sicte conduction heatrighthand side of Eq. ( 8 )glelt, j . The last terms on theux between the two ðómËã.,ãrrt".



describe the .heat
following h/ay

B

trànsfer between components i and )Let us
in the

-tI q. ..'J-l l
o. .4.r-l r-J

dAr-l
J
n (r -r.)I

we consider a steady-state
flowing component, Eqs ( 7the form

locally

case ¿¡¿ omit heat conduction in
), (8) and (9), canbewritten

(10¡

(1t¡

(e)

only one velocity component,

AV ij

where

ct.r-l

A ij

r.f
the
in

is convection heat transfer coefficient determinedat the mean temperature of the components
is heat transfer surface between components.

-T-v.Q. +c.:Aii rr 0l-

-o' diu, j +oi¡Aij (ri-r . ) 0

If
Eq

h¡e assume that flowing
( 1 1 ) can be written as

V.l .T. )l]l -1'

air has
follows

o'j"
-d

dx

If thermal properties
are constant, then we

*otjAii (ri-rj )

of air and the cross
get from Eq. (121

( 12l.

section of the crack

0

oii {*) P (r ' (x) -rj )Prl dxrir.c
)

dT j

where

P is the circle of the crack.

(13)
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rf the temperature of the surface of the crack is known, thenthe analytical solutj_on of Eq. (13) gives

X
T l

where ç1¡¡
oii (x) ea¡

m.cI P,l

and 9 (x)
oii (*) I

T (x)
m.cI P,l

I

To,j is air temperature at x - 0.

c (x) (T, (x) -r) PÁx = mcnÂ T

(To, j*[ n(x)srP(*)a*)e-e(x) ,

X
=Í

o

(14)

(1s)

Pag2b.
(Fis. 3) ,

when considering heating of reakage air the temperature on thesurface is, however, unknown._ rt depends on thã reakage flowrate, orì thermar properties of the slructure where the crack isand on the convection heat transfer 
"oàrti"ient between thestructure and f lowj-ng aj_r.

2.2 Numerical solution

Th. reakage air. is warming up by exploitingr transmission heatlosses of the structure. -rrrãre?ore, 
trre temperature f ierd ofa structure near the crack is diffeient-t.o* that withoutleakage flow. The numericar sorutio., ãt the warming up ofreakage air and the effect of air frow ån the temperature andheat flux fierds of the structure can be found-¡v'-itãration.

Eq' (13), which represents the convection heat transfer betweenthe structure and leakage ai-r, can be ,iitt"r, in a discretizedform

The circle of a narrow crack (width b, hight h) issince-llru temperatures on the surfaceå .r. differentEg. (15) should be written in the form



q1 (x) (Trt (x) -î)ua*r+ct, (x) (Trz (x) -r)

Surface 1
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Figure 3. Elements of a crack.

Let us denote AT = J
0â(x) : d and i = To
tÉe terms as shown Y

-To and m = m/b. Assuming cr

(for short crack elements)
n Figure 3 , we get

r(I) N tI-ã1
ax, (r¡+ax, (r) c

) Jto (I) +--(lurl- (I)Âx, (I)
R C.'t

I.

+Tr2 (I)Âx, (I) )

p
(12¡

rn the beginning of the first crack element the temperatureis equal to the outside temperature.

The mean convection heat transfer coefficient between the leakageair and structure -is def ined by Eq. (19)

^=-v,

dh

(18)

where

ÀNu

=2h

rn the case of forced convecti-on the Nussert number is

dh
Nu

ls the hydraulic diameter of crack,is Nusselt's number.

m-h

, Nu = cRe^"Pr'^K (1s¡



Sj-nce the leakaqe
Iamj-nar, Eg. (19)
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route is a narrow crack
can be given

and the flow is

Nu (20¡

Thermal properties of air are determined at the mean temperature

T (I)+r (t'l) T +To o l_ (2 t¡
2

r,BsFe-I/3n,{/z (h )r/3

T
2

Tf the temperature distribution of the leakage air and convec_tion heat transfer coetricient in the crack is known, the tempe-rature and heat frux field of the struãlure can be car_curated.carculations have been done by ;"1ù -JJip,r."r 
program DrFFuswhich sorves rj-near, two-âimensionaÍ temperature fierds withthe network analyzer-metrroã. rn the method the exami-ned areais diveded i-nto èrements--ã"a tn" *ãÀ= ãÈ each element is con_centrated to a point which usually is the center poi_nt. The

i;Ï:";ion 
of two temperature is ãonery--trre trrermäi conductance,

Figure 4. Connection of temperature points.

computer proqram DTFFU. can handre both steady-state and tran_sient problems. 
-Taking Ínto account boundary conditions andthe connection of tempáralure points in a steady_state case we

ffiI:ri ;å:*"* "t rineär equatiõns, wrricrr can be presenred in a
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a coefficient rnatrix
a constant vector.
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Figure 5 shows the flow chart for the numerical soluti_on.
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The meLhod which was described in the above has been used tosolve the heating of leakage air in some typical, idealized cracks,AIso the effect of leakage air on the thermal behavior of struc-tures has been considered. Let us first consider the heatingof leakage air in a crack between a timber frame wall and windowframe and in a crack between a timber frame war_r and foun-dation (Pigure 6 ) . TLre leakage frow-rates are in both casesü = o .2 ¿*37sm , o .'t am3/"*-""ã'ã. õ-ã*:7I*. The convecri-ve heartransfer coefficient at the lnner and outer surfaces areüi = 8 VI/t2K and oo = 13 wtryZi.--rf,ä-iJJiA" and ourside rempera-tures are constant, Tr = 20oC and To = -10oC, respeclivety.

2.3 Computer simul-ations

window frame

leakage crack
timber frame
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Figure 6. warr structure in simulation and initiar varues.
rn Figures 7 and I are shown the heating of the leakage airas a function of leakage route with difierent ttow- rates. rtcan be seen that the heating i_s the most signi-ficant with rowleakage flow rates.
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A leakage flow has effect on the temperature field around the
crack (Figures 9 and 1 0 ) . 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 1 1 ) .
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o h
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Temperature field with different leakages near
the crack between window frame and wood waII
structure.
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ü'=o r/sm v'=0,2 l/sm

V'=0,'7 I/sm V'=2,0 I/sm

Figure 10. 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 hàatì-ng-of reakage air we cannot draw any direct conc-rusions of the effect of Íeakages on the heating ioad of abuilding, because leakage flows affect also the thermal behaviorof structure, e.g. the heat frow fierd of structure.
In steady-state considerations the heat balance surface can beset at the outer surface of structure. Then the heat flux at theouter surface represents the conductj_on (transmission) heatlosses and the thermal effect of infiltrating air can be evalua-ted_ by changes. For the crack between windoi¡ frame and woodv/1I-I (FÉEure 1 1) Nusselt's numbers characterizing trrå-tháimareffect of leakages are. Nug,2 .- 9"77, Nug,7 = 0.64 ánd Nu2,g =-O.OO.Correspondingly for the c,:ack between wáÍr sturucture añá"foun-dation Nusselt's numbers 'are NoO.Z = 0.'g3, NuO .7'= õ.OA 1ã"ã'
Nu2.0 = 0.60.

Figure 11 shows that the higher the leakase flow rate is therower is the heat flux at the outer surface. This means thatthe heating load of reakages is overeslimated when uling con:ventional heating load calculation methods.

Figures 12 16 illustrate the warming up of leakage air and theeffect of leakages on the heat flux proiitàs in diffãrent cases.Leakage flow rates as weLI as the outside and inslde temperaturesare equal to those in previous examples. Also convective heattransfer coefficients at inner and óuter sufraces are equal.

F
ôo o

o

o

l+-
+
--Èi-

+fl_



18

Tn the cases shown
to be at outside t
coefficient is set
in all examples h

in Figures 14 and
emperature a.nd tlre
to be cr = I w/m2K.

-3mm.

1 5 the gârret is assumed
convective heat transfer
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Figure 12. A crack between wind.ow frame and brick wall.Nusseltrs numbers correspond.ing tq different
Ieakage rates 0.2, 0.7 ana 2.0 dm3/sm are
NuO.2 = 0190, NuO.7 = 0.67 and Nu2rg = 0"64,respectively
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A crack between brick warl and ceiling structure.Nusselt's numbers correspondÍng to diiferent rea-
kage rates are Nug.2 = 0.81, Nug.7 = 0,71 andNt2.0 = 0.66.
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3. Conclusion

our carculations show that the warmlng up of the reakage airon a reakage route is efficient espeçlarry if reakage flowrates are Iow. v{ith alrowabre^leaka_g,ä frõw rates i; rel_ationto thermal comfort (0.5-0.7 u*:7im), trte heating is is-øO per centof the outside and inside air tempe'räture difference. on thelongest leakage route of .,our.,, simur.ations ;the t"*p"i"i"r. ofincoming air is even near to the room air temperãture. Thewarming up of leakage air depends besides on the reakage ftowrate and the length of reakage route as well as on the thermarproperties of the structure around a crack.
with the prese4t calculation method the warming up of leakage aj-rc?n in prlncipre: be considered in arb j-trary crãcts. The .rráty--sing of leakage flows from inside to outsiãe would also be possib-Ie. rnspite of the assumptions and simplifications, which weredone, the results glve thã idea of the i¡arming up pú"rro*".rorr.
fmproving the carculation method, verifyj_ng i_t eicpärimentarry,finding out the effects of heating of råakãge ,air on the energyeconomy of a buirding are the most important things in furtherstudies




