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ABSTRACT

During thié last ten years, extensive research work has been carried out in Finland in order o
get ‘a better understanding of the phenomena affecting the thermal performance of exterior builde
ing envelopes. This paper concerns the thermal effects of airflows, Some aspects of the influ=

ence of molsture and moisture transfer on the thermal performange of a structure will also be
discussed.

Twodifferent principles of airflows can be distingished in building structure systems :
interstitial and infiltration alrflows. It is well known from Bankvall's results, st which con-
ditions interstitial natural-convection flows cause extra heat transfer in a closed space filled
with fibrous imsulating material. The corresponding Nu-Ra* dependency for cavities with open/
pexneable cold surface ie given., Acco to the computer simulations, & styucture with wind
shield having permeability less than 10712 behaves thermally like an enclosure. Furthermore, if
horizontal comvection cbhstructions are used, they should be thexmally well conductive.

In heat=-demantl. caleulations, it is commonly assumed that infiltrating air flows into room
air at the outdoor temperature. In fact, according to our computer simulations, infiltrating air
warms up due to the heat transfer between infiltrating air and wall structure on the leakage route.
For typicel leakage routes, Nusselt numbers are 0.6-0.8, which means that the heating load of
infiltration air and transmission is commonly overestimated in the rpom aiy; heat balance calcue
lations. An equation to take into account the interaction-action of: ajrflows and conductive heat
transfer in structures is suggested.

The thermal performance of wall styuctures is influenced by moisture tramsfer in three
ways : stagnant moisture (water) has much higher thermal conductivity than dry /iwmid air; mois-
ture flows in ligyid/gas phases mean convective heat transfer; interstitial phase changes also
cause extra heat transfer in relation to pure gonductive heat transfer. For amalyzing these phe-
namena, a mathematical / physical modeling of simultaneous coupled heat and masg:transfer in po--
xous materials based on the volume averaging technique is discussed. In addition, some experi=
mental results of field studies concerning the thermal performance of stuctures, where also mois—-
ture transfer occurs,

PIRODOCTION

Coupled heat and mass transfer.in porous-media occur in many-technical systems. In building phys-
igs applicationg, the transport phencmena are mostly transient and coupled. For example, in ex-
terior wall styuetures; transient coupled- diffusive and convective heat and moistre transfer pro-
cess occurs owing to timesdependent boundary conditioms and dryihg/wetting process.

This paper concsgns the’ thermél effects of air flows and ifoisture on the thermal perfor-
mance of wall structures. Both simulations and 'experiments have been carried out.. The deriva-
tion of nicdel equaticps using the volume averaging approach is given to.show, how the coupling of
heat and mass transfer is formed.

. The bamic theory"of similtanecus heat and Tass trafisfer in porous media was introduced
by Laikov (1961). After that a nunber of mathematical models base® on different scientific
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approaches were introduced (Lampinen 1979 ; Kiessl 1983 ; Dinuleschu 1980 ; Kohonen 1984).

In every model there are parameters to be determined experimentally. The measuring methods of
transport parameters are also discussed by Kiessl and Kohonen. A special problem with trans-
port properties is the determination of the thermal conductivity of moist porous materials.
This will be discussed later. Although heat and moisture transfer phenamena in building struc-
tures have been studied for a relatively long time, only a few simulation methods have been in-
troduced (Kiessl 1983; Kohonen, Msstts# 1981; Sandberg 1973).

When considering the validity of a simulation method, we should pay attention especially
to the physical model, the combination of transport phenamena included in the mathematic model,
transport properties, and experimental verification of the model.

In the volume~gveraging approach also used in our simulation method, TRATMO, moist po-
rous materials are considered as multiphase systems consisting of solid matrix, moisture in voids,
and inert gas. Consequently, we have a mixture of three camponents, two inert camponents (inert
gas jn voids and solid matrix) and moisture (adsorbate) in three phases (solid like surface ad-
sorbent, capillary condensate, and water vapor). A samewhat simplified description of the wet-~
ting process would be as follews: at first, at low water vapor pressures when physical adsorp-
tion occurs, a méno~molecular layer is formed and, when the pressure of adsorbate is increased,
the layer grows into a f£ilm, Thus the system consists of two phases (solid matrix with solid-
like liguid film and gas) and two components (adsorbate and adsorbent). When the pressure of
adgorbate is further increased, capillary condensation is possible. Depending on the nature of
the chemical potential of the absorbed film, the film may either grow monotonously into a volume
phase or have a certain thickness, at which the equilibrium with the volume phases (capillary
condensate and adscrbate) will be reached. Accordingly, it is obvicus that the capillary conden-
sate will freeze first when the temperature is lowered below the freezing point of free water,
while the surface adsorbent will remain unfrozen. Due to heteroporosity, there is no exact
freezing or evaporating point for the water in porous materials. Thus the rate of interstitial
phase changes depends on the temperature and moisture content and is not constant as often as-
sumed in Luikov's model, Figure 1 illustrates a physical model for moisture transfer in porous
media.

GOVERNING EQUATICNS OF HEAT AND MASS TRANSFER IN POROUS MEDIA

The basic transport equations of any flow system are continuity, momentum, and energy. In mlti~
phase systems, the control volume, V, consists of subvolumes, Vg, bound by time—dependent sur~
faces, oVy(t), which may include interfacial and phase-intrinsic parts (Figure 2). The fact that
the phase-intrinsic surfaces may e time-dependent must be taken into account on the derivation of
the balance equations. According to Leibnitz's rule, we may write for the average of time derivative
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. Correspondingly, according to the volume-averaging theorem introduced by Slattery (1971),
it holds for any scalar, epatial vector, or second - order tensor field that
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When applying Equations 1 and 2 to the general transport equation valid for single-

phase systems, the general transport eguation valid for it of
obtained by; ! PO & component of a multiphase system is
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The area integrals on the right-hand side of Equation 3 describe mass, stress, inertia,
or enerqgy transfer from component o to component B across the interfacial surface Vg wWhen
no accumilation takes place at the interface. <¥,> denotes sources/sinks in the control volume.

Furthermore, we shx }d fote that if the value of the function Yy in any point in phase o
can be expressed Y, = <\POL> o) 4 ¥, where '% denotes spatial turbulence, then (Gray 1975):
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In continuity equation ¥ = 1 and if local thermodynamic equilibrium is assumed and the
surface integral on the right-hand side of Equation 3 is considered as the volumetric rate of the

interstitial phase changes, then
9 T - . :
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In Equation 5 ?qe and Em denote diffusion and convective mass flux, respectively.
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Application of the volume-averaging theorem in momentum equation gives (Y = ¥ and
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If the modified Peclet number Pe* < 5 ; the inertia terms in Equation 6 can be neglected
When pure stratified flows are considered, the first surface integral term on the

(Bear 1972).
right-hand side of Equation 6 describing stress and inertia transfer can be readily integrated.
—pa; * I, the equation of motion becomes
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P, is the static pressure of fluid a.

In building physical stratified viscous flows, Ve<T,> is obviously of minor importance.

3

The second term on the right-hand side of Equation 6 represents the force resisting the flow,
for which a linear dependence on the relative velocity is valid (Darcy-type flow) . if Da < 107
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As stated, Equation 9 is valid in building prhysical applicatiéns fox_' pure stratified‘
flows of bulk phases. e.g., for viscous flow of humid air and viscous or capillary flows of li-

quid water.



The energy balance eguation in building physms appl:.cat:n.ons may be presented by the
isochoric change rate of internal energy (¥ = h and quf = q in Equation 3)
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Applying the divergence and volume-averaging theorems and taking into account Equation

5 we obtain
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The total mass and energy balance equations for a system consisting of camponents o is
obtained by summing together the corresponding equations valid for camponent o.:
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The left-hand side of Equation 13 represents accumulation of heat; <+he first term on
on the right-hand side, conduction; the second, generation of heat due to interstitial phase
changes; and the last term, convective heat transfer due to viscous flows. By solv:.ng <<—.ch8>
from the continuity equation and assuming that only the phase change of occurs in a certain tem-
perature region, we find for the energy equation
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Equations 12 and 12 will have different forms with different boundary conditions depend-
ing on which heat and mass transfer modes are occuring, e.g., on the problem considered. Kohonen
and Midttd (1981) have introduced a camputer program, TRATMO, based cn Equations 12 and 13 for
transient analysis of the hygrothermal behavior of building structures. Methods for the determi-
nation of the transport properties and potentials needed for the calculation of viscous, diffu-
sive, and capillary flows in Equations 12 and 13 are discussed by Kohonen (1984).

In the following, two specific topics of coupled heat and mass transfer phenomena in
building structures will be discussed: steady-state combined conductive and convective heat
transfer in two-dimensional structures and the influence of moisture on the thermal performance
of structures.

CONVECTIVE HEAT TRANSFER IN STRUCTURES WITH PERMEARLE MATERIALS

Coverning Equations

We must deal with cambined conductive and convective heat transfer, in many technical systems,
especially in themmal insulation. Thermal effects of natural convection flows in closed filled
cavities with different kinds of boundary conditions have been studied extensively. In building
physics applications, however, we deal with cavities whose envelope is more or less permeable.



Consider a two-dimensional wall structure with no interstitial phase changes. The gen-
eral continuity, momentum, and energy balance equation of a multiphase system, Equations 5, 6,
and 13, will have the following forms, if stationary conditions are assumed :

-
Vg > = 0 (15)
VPV > 4Tkt > +<pE>te [ ten da = 0 (16)

Pa¥a Vo = ) Vg o T -

o)

- >

“Ve<q > - V°<haqm,a> = 0. (17)

If we assume that viscous flow is incompressible, then we have V'\_;a = 0. The mamentum
equation will have different forms depending on the nature of viscous flow. In building physics
application, it is often valid to assume a Darcy-type flow
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If we assume that the density of fluid is a function of temperature, substitute the
equation of motion, Equation 21, to the continuity equation, Equation 15, then we have
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Further, assuming that the fluid and solid matrix have equal temperatures locally, we
may write

_ (a)
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Equations 21 and 23 are the model equations describing combined forced / natural convec-
tion and cambined conduction and convection of heat at stationary conditions.

-
In building physics applications, the body force f may be replaced by gravity force 3
If the fluid is air and is assumedtobehave as ideal gas, then Equation 22 is

(24)
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where

B is thermal expansion coefficient, = ,—},— for ideal gas.

The boundary condition equations can be formulated exploiting Equations 21 and 23. For
the temperature field, the boundary conditions can be of the first, second, or third kind. Cor-
respondingly, for the pressure field the boundary conditions can be of the first or second kind.



In addition, we have assumed the non-slip velocity and temperature boundary conditions at an
interfacial surface of two permeable layers (note Channabasabba 1983 ; Tong and Subramian 1985).

Consider a space {l bound by a surface I' . The average heat flows is at stationary
conditions:

T'q Iy
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Thus, the control surface can be either the "cold" or the "warm" surface, and it can be
either permeable or impermeable. The effect of convective flows on the themmal performance of a
structure is often expressed with the Nusselt number defined by Equation 28.
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9, denctes the heat flux for pure conduction.

In general, heat fluxes in Equation 28 should be calculated according to convection on
the control surface. Thus for the case of a two-dimensional structure the Nusselt number gets
the form

- {1 o (v) + o ¢ qp ¢] [Tgly) = T(0,)) dy
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where the quantities with subscript 0 refer to pure conduction; y denotes the coordinate along
the cantrol surface; and h denotes the height of the structure.

The convective heat transfer coefficient, oy, is calculated using correlations for na-
tural / forced convection on a plate or on a roam space wall. Signs (+/-) in Equation 29 should
be taken to correspond to the viscous flow direction in relation to the direction of convective
heat transfer.

Computer Simulation

For analyzing thermal effects of natural / forced convective flows in two-dimensional wall struc-
tures, computer code CCC2D has been implemented by Kchonen et al. (1985). The present version
solves Equations 24, 21, 23, and 29 in sequence at stationary conditions exploiting the finite
difference approach with nonequidistance space differentiation. The wall structure can be multi-
layered with the following boundary conditions:

pressure field: the 1st or 2nd kind
temperature field: the 1i1st, 2nd, or 3rd kind.

The moisture transfer by diffusion and convection can also be analyzed. CCC2D is in-
cluded in our simulation package TRATMO.

Materilal properties such as thermal conductivity and the viscosity and density of fluid
can be functions of temperature. Correspondingly, thermal conductivity and permeability can have
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different values in different directions. Convective heat transfer coefficients are calculated
from the correlations either for natural or forced convection on a plate /wall.

In order to verify the introduced numerical method, simulations on some laboratory ex-
periments were carried out. The wall structure in the simulation and experiment was 2,2 m high;
it had 300-mm-thick glass wool insulation cavity (p= 19 kg/m®, Ky,x = 2,1+ 1072 m?, Ry,y = 3,9 ¢
1072 m?, Kg,y = 0,034 W/m-K) ; and the temperature difference between the warm and cold air spaces
was about 40 °C. The horizontal boundaries were thermally insulated. In calculations, the heat
flux through them were to be zero.

Two different experiments were simulated: absolutely closed cavity and a structure
with permeable outer (cold) surface. The wall structure was presented as a fibrous insulating
material cavity, closed or open at the outer surface. The heat transfer resistance of the in-
side surface fiberboard was combined with the inside surface convective heat transfer coefficient.
The heat transfer resistance of the thinner outside surface fiberboard was omitted.

It should be noted that tomaintain constant temperatures, air had to be circulated with fans
on both sides of the structure and thus forced convection appeared on the vertical boundaries. In
a numerical solution with boundary conditions of the third kind at vertical surfaces, the convec-
tive heat transfer coefficients were calculated assuming pure natural convection, and so the real
experimental situation could not be precisely simulated. Therefore, boundary conditions of the
first kind were used in the numerical simulations, i.e., the measured temperature distributions
on vertical boundaries were given. Figure 4 shows the calculated and measured temperature pro-
files. The calculated surface temperatures differ fram the measured ones as could be expected,
since the calculated convective heat transfer coefficients were not expected to be realistic be-
cause of the assumption of pure natural convection on vertical surfaces. Figures 5 and 6 give
the flow field and heat flux profiles according to calculations.

The convection seems to have been stronger in the experiment than was indicated by the
numerical simulation. A reason for the differences may partly be that the heat flux through the
horizontal boundaries was not exactly zero, as it was assumed in the numerical solution. It is
also possible that in the insulated space, which was assembled with 100-nm-thick mineral fiber-
boards against smooth horizontal plates, there existed joints and cracks, which contributed to
convective flow. In calculations, the effect of these nonideal flows could not be taken into
account.

In the case of a structure with open outer surface, the temperature field was solved
giving the measured surface temperature values as boundary conditions. The calculated tempera-
ture values were in better agreement with the measured than in the case of an enclosure. At cor-
responding vertical lines, the maximum temperature difference between the measured and calculated
is about 2°C and the mean temperatures are approximately egual. The shape of the temperature
profiles were also approximately the same, though the calculated profiles are at right angles to
the horizontal surfaces, which is due to the assumption of an adiabatic surface.

Figure 7 gives a summary of results of the camputer simulations, e.g., the dependency
of the Nusselt number on the modified Rayleigh number and on the aspect ratio for closed struc-
tures and a structure with permeable outer (cold) surface (Kohonen et al. 1985). As we can see
in Figure 7, our results are in good agreement with the calculated results for closed enclosure
presented by Bankvall (1974).

In Figure 7 it should be noted that in order to have Ra*» 5, either the hydraulic con-
ductivity or the mean temperature of insulation should be extremely low as far as ordinary wall
structures are concerned.

With Ra* = 3,4 corresponding to the experimental situation used in verification of the
numerical method, the Nusselt number for the open structure is Nu = 1,033. With medium-weight
(35 kg/m®) mineral wool insulating material (Ra* = 2,2) calculations give Nu = 1,013. Thus the’
effect of natural convection on the k-value of a wall structure with medium-weight mineral wool
insulating material is, from the practical point of view, nearly insignificant.

Correspandingly, when the outer vertical 50-mm layer of lightweight mineral wool insu-
lating material space was replaced with a glass wool wind shield, with the specific permeability
one-tenth that of the insulating material, and with thermal conductivity Kg=0,045 W/m-K, calcu-
lations give Nu = 1,044. Thus, in this case the glass wool wind shield cuts down the mean heat
flow increase caused by natural convection by only about one-half. When the specific permeabili-
ty of wind shield was one-fifth of the value of the previous cases, Nusselt's number of 1,013
was obtained.



With a 50-mm-thick wind shield with specific permeability Ky,yx = 6,4+ 107 ' m? or less
natural convection has an insignificant effect on the k-value of the structure. With a 12-mm-thick
wind shield with Ky,x = 10712 m? or less, the structure corresponds to an enclosure in a thermal
sense.

If a thin, horizontal obstruction (plate), having the same horizontal thermal conduc-
tivity as the insulating material, is placed at the height of 1,16 m in the open wall structure,
the calculation gives Nu = 1,051. So the mean heat flux through the wall is decreased, though
in the case of a single cavity with approximately the same aspect ratio (3,67), it is increased,
campared with the case h/d = 7,33. This is caused by internal heat flow through the obstruction
plate from the warmer part to the colder part of the structure.

As it can be seen in Figure 8, the thermal performance of the structure is like that of
two separate wall with the aspect ratio 3,67, if the heat flow between the two cavities is re-
stricted.

The former calculations represent natural convection in a vertical wall structure. If
the permeable parts of different wall structures are coupled, the flow field of one structure will
have an influence on the flow fields of the others. Therefore, the thermal performance of the
whole building envelope differs considerably fram what would occur if each structure behaved
separately.

As an example for joined wall structures, a vertical wall consisting of a 50-mm glass
wool wind shield and 250-mm lightweight mineral wool insulating material was considered. The in-
side height of the wall was 2,5 m and the inside length of the horizontal part was 1,0 m. The
inside and outside air temperatures were 293 and 253 K, respectively. The structure was simpli-
fied so that the crossbars were omitted and only the porous parts of the structure were presen-
ted. The outer surfaces of the wind shield and the horizontal layer were permeable and the other
surfaces were impermeable.

In the case of natural convection, the Nu-values calculated for the inside vertical and
horizontal surfaces were 1,11, and 0,80, respectively. The decrease of the Nu-value of the hori-
zontal part was caused by a rising flow that warmed up the horizontal parts of the insulating mate-
rial near the corner. The flow field and heat flux profiles are shown in Figure 9.

Laboratory Experiments

Laboratory experiments were carried out in order to

- get a better understanding of extra heat transfer due to natural convection in full-
scale wall structures with thermal insulation assembled with standard-size fiber insu-
lation boards and mats,

- find out differences between an ideal and a real insulation, i.e., between calculations
and experiments .

Test walls with four separate insulation spaces were exposed to warm and cold roam
spaces kept practically at constant temperatures (Figure 10). The height, breadth, and thickness
of each insulation space were 2,2 m, 0,55 m, and 0,3 m, respectively. Air leakages between

the test insulation and environment were prevented with an airtight envelope and sealings in
joints, except in the case of open cold surface. The permeability and thickness of mineral fiber
insulation with / without (vertical or horizontal thermally well-conductive convection obstruc-
tions), permeance of wind-shield board, and the cold room air temperature were varied in experi-
ments. The air temperature in the warm side was constant (about 22 ©C) in all experiments.

Temperature profiles were measured with thermocouples located at different levels and
depths in the middle section of the test structures. Correspondingly, heat flux profiles were
measured on the warm impermeable surface with heat flux meters. Measurements were carried out
under steady-state conditions. Altogether 22 different structures were measured, each at three
diffgrent mean temperatures (changing the temperature of the cold rocm space between +6 S -
~-20%C).

*

The experimental Nusselt numbers (Nu ) were determined using the following approach
giving a lower approximation. The average heat flux with the lowest tenperature*di_fference for
each structure was assumed to represent the pure conductive heat flux giving Nu =1 (i.e., the
reference value). The temperature dependence of the thermal conductivities of insulation and



wind shield materials was taken into account by a correction factor. The experimental Nusselt
nunbers are determined by Equation 30 :

* - % —
Nu —q/(E;+Ak> AT; (30)
where
g is the mean heat flux in the experiment, W/m?

the mean heat flux in the "convection~free" reference experiment, W/m?

& &l

the calculated correction factor of "convection-free" thermal transmittance due
to the temperature dependence of themmal conductivities, W/m?sK

AT the mean temperature difference between the warm surface of insulation and the
cold air space, K

AT corresponding mean temperature difference in the "convection-free" reference
experiment, K

Table 1 gives a summary of measurements. In general, the dependence of the experimen-
tal Nusselt numbers on the effective parameters was logical only case by case. Therefore, simu-
lation had to be applied. Based on the results of experimental studies, same practical aspects
and conclusions can, however, be given.

In the present work, test insulations were nearly full scale {(of small house size) and
made of one or several insulation layers. In spite of efforts to avoid faults in insulation and
tightening, many insulations behaved unforeseeably with regard to natural convective heat trans—
fer. Difficulties in practical are cbviously similar, e.g., insulation work can hardly be as good
as in laboratory conditions.

Experimental results show the equal convection effect as, or stronger than, what could
be expected according to the camputer simulation. The test insulation structures seem to be more
or less successful approximations to ideal ones. Some experimental results, however, support the
calculated results, which can be considered as lower approximations.

The only results giving Nu*~1 were measured for the insulation structures with one
0, 1-m-thick insulation layer between two airtight impermeable vertical surfaces. With two or
three layers of insulation material, the Nu*-numbers were always higher than expected. Obvious-
ly, increasing the number of boundary layers between insulation and covering surfaces caused
stronger convection than expected. The horizontal convection obstruction did not bring any ad-
vantage.

The thermal resistance of insulated wall structure decreases owing to natural convec-
tion and increases owing to the temperature dependence of thermal conductivities, if the tempe-
rature is kept constant insideand lowered outside the structure. The effects campensate each
other. In the experiments both effects were approximately as strong, e.g., the thermal resis-
tances of the insulation structures in experiments LJwere approximately constant in the temperature
region used in experiments, for Nu* = 1,03 and Nu = 1,09 at the mean temperatures 283 K, respec-
tively.

WARMING UP OF LEAKAGE ATR IN CRACKS

The actual heating load of building often differs fram the designed load. One reason for this is
the uncontrolled (infiltrations) ventilation through a building envelope. Hydraulic properties
of different leakage routes have been studied widely, and leakage flow rates can nowadays be pre-
dicted rather well. The 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
lcad of leakage ventilation has been calculated assuming that the air flows in at the outside tem-
perature.

Leakage air is warmed by exploiting the conductive heat losses of a structure. There-
fore both conductive and convective flows affect the temperature field of the structure. Apply-
ing Equation 3 the heat balance of the flowing camponent can be written in the form
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The heat transfer between camponents s and £ can be given by Equation 33
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Assuming stationary conditions, bulk flow, and constant transport properties, we get for the
temperature of the flow component a certain distance, s, fram the inlet of a crack :

s .,
Te(s) = (Tk(o) + g g(s)ew(s)ds) e7@(s) (34)
where
ols) = ? ag¢ (s) Pds
Qo
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g(s) = St T _(s).
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In Equation 34 Tg(o) and P denote the inlet temperature of the flow component and
the circle of the crack, respectively.

Numerical integration can be applied in Bquation 34, if the surface temperature of crack
network is known. The surface temperature depends on the wall construction and on the flow rate
through the thermal coupling, Bquation 33. Consequently, Bquations 31 and 33 should be solved
simultaneously, e.g., T¢(s) is given as a boundary condition in solving the temperature field of
a structure, Equation 32, omitting the surface integral on the right-hand side.

The method described above has been used to solve the heating of leakage air in some
typical, idealized cracks (Kohonen et al. 1985). Also the effect of leakage air on the thermal
behavior of structures has been considered. Iet 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 foundation, Figure 11. The leakage flow rates are in both cases ay = 0,2 dm®/=m, 0,7 dm®/sm,
and 2,0 dm’/sm. The convective heat transfer coefficients at the inner and outer surfaces of the
structure are 8 W/m?+K and 13 W/m?+K and the inside and outside temperatures are constant 20 °C
and -10 ©C, respectively.

Figure 12 shows the heating of the leakage air as a function of the length of leakage
route for different flow rates. Tt can be seen that the heating is most significant with low
leakage flow rates.

Figure 13 gives the corresponding heat flux profiles.

The heating of leakage air does not directly correspond to the heating load of a build-
ing, because leakage flows also affect the conductive heat flow field of the structures.

In steady-state considerations, the heat balance surface can be set at the outer surfaceof
the envelope. Then the heat flux at the outer surface represents the conductive (transmission)
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heat losses and the thermal effect of infiltrating air can be evaluated by changes. For the
crack between window frame and wood wall (Figure 11) Nusselt's numbers defined as the ratio
between transmission heat fluxes at the outer surface of a structure in the cases of pure and
infiltration affected conduction are Nugy,p = 0,77, Nugp,7 = 0,64, and Nup o = 0,60. Corre-
spondingly, for the crack between wall structure and foundation, Nusselt's numbers are Nu 2=
0,83, Nu0’7 = 0,68, and Nuz’o = 0,60. This result show that the heating load of transmisSion
and infiltration is usually overestimated by tens of percents.

Let us finally consider the significance of the warming up of the leakage air with an
example from practice. Our example building is provided with an exhaust ventilating system.

The heating load of the building was also determined by calculation and measurements.
The thermal transmittance representing the transmission heat losses was 820 W/K. The capacity
flow rate of the exhaust air was (according to measurements) 1370 W/K. The mean underpressure
of the inside air was 12 Pa. Thus the measured airflow rate represents the total ventilation.
The mean inside temperature was 23 ©C. Figure 14 shows measured and calculated heating loads
of the building as a function out the outdoor temperature. We can find out that Nu = 0,8 gives
the measured heating load.

Our calculations (Kohonen et al. 1985) show that the warming up of leakage air is rather
efficient on typical leakage routes. With allowable leakage flow rates in relation to thermal
comfort (0,5=-0,7 dm®/sm) the heating is 25-60 % of the outside and inside temperature differ-
ence corresponding to Nusselt's numbers 0,9-0,7. Based on this fact, we suggest the heating
load of infiltration /exfiltration and transmission to be calculated according to Equation 35

¢ = (_qm,iTo+ Iq,eTet @, i, T) cp *
(f_ NuikiAi.Fé Nu<=_~keAe+ czc 1\mcckccAcc+ 2 kcAc> (T-To> (33)

where subscripts i, e, cc, ¢, o denote infiltration, exfiltration, convection_and conduction,
pure conduction, and outdoor, respectively. T is the indoor temperature and k the overall
average thermal transmittance (k-value) of a structure.

ASPECTS OF THE INFLUENCE OF MOISTURE

When considering the thermal performance of a wall structure, we should note that circumstances
of pure conduction do not occur very often. For example, in a vertical structure with well-per-
meable materials, natural convection occurs although the average heat flux may correspond to pure
conduction. Fruther, in thin high-porosity insulating materials, radiative heat transfer may
cause non-Fourier-type behavior. Moisture affects the thermal performance of a wall structure
in three ways: stagnant moisture (water and ice) has much higher thermal conductivity than dry/
humid air; moisture flow in liquid/vapor phases means convective heat transfer; interstitial
phase changes also cause extra heat transfer compared with pure conduction.

In a structure exposed to a natural climate, the rate of latent heat trans-
fer owing to interstitial phase changes depends naturally on the time-dependent indoor and out-
door hygrothermal conditions, e.g., on the rate and modes of moisture transfer. Therefore, to
analyze influence of moisture on the thermal performance of a wall structure, we must have the
similtaneocus knowledge of temperature and moisture fields, which in most cases means the exploita-
tion of computer simulation to solve Equations 12 and 14 with proper boundary conditions.

Under steady-state conditions, moisture is accumilated in the colder parts (surfaces) of
a structure while the rest of the body is relatively dry. Therefore, we may get values for ther-
mal conductivities /thermal tansmittances nearly corresponding to those with dry materials, al-
though the average moisture contents were relatively high. This is obvious, if we note that the
thermal resistance of a multilayer structure (in one—dimensional case) is

M = IM = ;(Axi/ka) = ;ATi/q, (36)
1 1 1

where g and Ay denote the steady-state heat flux and apparent (overall) thermal conductivity,
respectively, According to Equation 14 the total heat flux is
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Omitting convective heat flux and assuming saturation conditions we get

&
K.D,, M 2 (14)
R Db 14 1 s
qT,D_ [K + R2T3 112 p1,0 (T)] VT . (38)

We should note that, in practice, we do not very often have conditions where Equation 38
is valid. In experiments, total heat fluxes corresponding to Equation 38 are cbtained when water
is sprayed on the hot surface of a guarded hot plate apparatus (Langlais 1983). Conditions corre-
sponding to Equation 38 are also obtained when there is a closed system where the total moisture
flux is zero owing to the so-called heat pipe effect.

In Figure 15 three different curves for the thermal conductivity of moist fibrous insulant
are given. The first curve (Jespersen 1953) is cbviously measured under conditions where the heat
pipe effect 1s present. In this case, Equation 38 describes the latent heat transfer. The second
curve (Langlais 1983) is measured with a douple-guarded hot plate apparatus. In this measuring proce-
dure, moisture is redistributed (moisture accumulates at the cold surface/parts of insulant), while
the rest of the test body is relatively dry. This explains the relatively slight dependency of the ther-
mal conductivity on moisture content. We have obtained corresponding values from steady-state
laboratory experiments with wall structures of real life (Kchonen 1986).

Either of the A-curves does not represent the Fourier thermal conductivity of moist fi-
brous insulant, because moisture is not stagnant nor uniformly distributed. The third curves are
obtained with a transient method (Katayama 1973; Kohonen 1984). As seen in Figure 15, also this
method is very sensitive to the condition applied in experiments. With extrapolation (dT/dx - 0),
the Pourier thermal conductivity of moist glas fiber insulant could be determined.

In order to evaluate the practical effect of moisture and moisture transfer on the thermal
performance of a wall structure exposed to a natural climate, we should consider the influence of
stagnant moisture on the Fourier thermal conductivity and heat transfer owing to interstitial phase
changes. The modes of moisture transfer and the moisture content of materials in a structure de-
Pend naturally on the boundary conditions. Consequently, the apparent k-value / thermal conductivi-
ty of a structure / insulation layer, where also moisture transfer occurs, should be based on the
time averaged heat flux and temperature difference:

t
f(Jgar)at
T [ AT at

where g and [ denote the total heat flux (Equation 37) and the control surface, respectively.
Figure 16 shows temperature and heat flux profiles in a flat roof construction exposed to a natu-
ral climate in Southern Finland. The apparent k-value of the insulation layer for the one week's
period is k = 0,25 W/m?K corresponding to Az = 0,056 W/m*K. The moisture content distribution
was rather uniform giving u = 4,5 %-by weight on an average.

DISCUSSION

A physical and mathematical model for heat and mass transfer in porous media has been introduced
based on the volume-averaging approach. The model equations take into account diffusive and con-
vective heat and mass transfer as well as interstitial phase changes. The derivation of the ba-
lance equations has been given here to show how the coupling between heat and mass (convection
and diffusion) transfer is formed. Understanding of coupling is especially important in conside-~
ration of heat transfer in moist porous materials in order to be sure you are studying the pheno-
mena you think your are studying.

The continuity, momentum, and energy equations given in this paper have been used in the
simulation package TRATMO developed at our institute. The same approach has been used in the de-
velopment of methods for the determination of heat and moisture transport properties of building
materials. The simulation package includes the camputer programs, with which the results of the
present paper were calculated. Program CCC2D has further been developed so that also convective
vapor transfer can be taken into account.
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The values for thermal conductivity of moist fibrous insulants are preliminary and do not
necessarily represent the Fourier thermal conductivity. Research work in this field will be con-
tinued. Radiation heat transfer in porous media, especially in building materials with low density,
is often dominant. In this paper radiation and conduction are coupled, i.e., the Fourier thermal
conductivity includes the both heat transfer modes. With the material densities and temperature
circumstances discussed in this paper, this approach (as the first approximation) seems to be
rather reasonable.

It is wellknown from literature at which conditions internal convection flows in a closed
filled cavity cause extra heat transfer compared with pure conduction. Building wall structures
are, however, more or less leaky and permeable, and therefore those results are not valid. The
thermal effects of internal convection flows in wall structures with fibrous insulation given in
the present paper are obtained with computer simulation. They show very slight increase in the
average heat flux owing to convection, even in a superinsulated wall structure. Laboratory expe-
riments show, however, significantly higher values than calculations, and it is obvious that in
practice convection effects on the thermal performance are much higher than what calculations and
laboratory experiments show. Furthermore, the building envelope forms a flow system, whose ther-
mal behavior differs from that of an individual wall section.

Hydraulic properties of leakage routes have been studied widely, and nowadays leakage

flow rates can be predicted rather well. Heating of leakage air is a new aspect in roam air heat
balance calculation. In heat balance calculation we should note where the control surface is.
In steady-state considerations it is reasonable to consider the outer surface as the control sur-
face. Thus the transmission heat flow is less (higher) in the case of infiltration (exfiltration)
flow and the inlet (outlet) temperature of infiltration (exfiltration) air is equal to (less than)
the outdoor (indoor) air temperature.

In our further studies on thermal effects of airflows, a counterflow wall structure (dy-
namic insulation) integrated with the exploitation of solar enerdy as well as warming up of in-
filtration air and internal / penetrating convection flows will be analysed more thoroughly using
calculation and experiments.

CONCLUSIONS

Influences of airflows and moisture on the thermal performance of wall structures have been dis-
cussed. Two different flow systems were considered: natural / forced convection in two-dimensio-
nal building structures and warming up of infiltration air in cracks. Some aspects of the in-
fluences of moisture was also introduced.

In a closed, ideally filled vertical wall structure, internal convection has only a slight
influence on the average heat flow. Even for a superinsulated (300 mm) wall structure having the
Rayleigh number 5,2 and the aspect ratio 7,33 the Nusselt number is 1,006. This does not, however,
mean that convection is absent but that the average heat flow corresponds to pure conduction heat
flow. The Nusselt number for the same wall structure is 1,08 if the cold surface is permeable.

A wall s*i-.zrugture can be considered as an enclosure if the permeability of the wind shield is less
than 10”“m*.

Even if internal convective flows had only a slight influence on the average heat flow of
a wall structure, they have strong influences on the temperature and heat flux profiles, from which
two practical aspects arise. First, it must be samewhat difficult and inaccurate to determine the
k=value of a wall structure using heat flux meters owing to nonuniform heat fluxes. Secondly, in-
ternal condensation may be more probable than in the convectionless case owing to the cooling ef-
fect of convection flows.

Thermal effects of internal convective flows can be reduced with horizontal convection cb-
structions, which should not be good thermal insulators in order to ensure heat transfer over ob-
struction fram the warm top to the cold bottam of sequent cavities.

Experimental results show the same convection effect as, or stronger than, what could be
expected according to the computer simulation. The test insulation structures seem to be more or
less successful approximations to ideal ones. Some experimental results, however, support the cal-
culated results. The only results giving the experimental Nusselt number Nu*~ 1 were measured for
the insulation structures with on 0, 1-m-thick insulation layer between twg airtight vertical imper-
meable surfaces. With two or three layers of insulation material, the Nu -numbers were always
higher than expected. Cbviously, increasing the number of boundary layers between insulation and
covering surfaces caused stronger convection than expected. The horizontal convection obstruction
did not bring any advantage in experiments.



The actual heating load of a building is different fram the designed load. A reason for
this may be uncontrolled infiltration of outdoor air through the exterior building envelope. The
heating of infiltrating leakage air exploits the transmission heat loss of the wall structure.
For allowable leakage rates (0,5-0,7 am®/am), in relation to thermal camfort, the rise in tem-
perature is between 25-60 % of the inside / outside temperature difference. The actual value de-
pends on the leakage mass flow rate and the length of the leakage route, as well as on the ther-
mal properteis of the wall structure around the crack. Correspondingly, Nusselt numbers describ-
ing the relative reduction of transmission heat flow at the outer surface of the structure are
0,9-0,7.

It is suggested that in practical calculations, when the heat balance control surface is
put on the outer surface of exterior building envelope, the value of the transmission heat flow
without infiltration should be multiplied by the Nusselt mumber in order to have correct (valid
with infiltration) transmission heat flow, e.g., in order not to overestimate the heat load of
transmission and infiltration. Correspondingly, the k-value of a structure, where also moisture
transfer occurs, should be based on the time averaged heat flux and temperature difference over
the structure.

NOMENCLATURE

B = hydraulic conductivity, 1/m?

c™ = volumetric heat capacity of porous camposition material, J/m°K
cp,i = isobaric specific heat capacity of constituent i, = (3hi/ BT)P, J/kgk
Da = Darcy mumber, = Kv/dz

Diy = diffusion coefficient for water vapor in humid air, m?/s
a = width of the porous layer, m

%i = external body force of constituent i, N/kg

g = gravity force, = 9,81 m?/s

hi = enthalpy of constituent i, J/kg

I_<D = diffusion obstruction factor

I-(q,i = thermal conductivity of constituent i, W/m*K

K, i = permeability for constituent i, m?

L = characteristic length of the porous media, m

L 15 = latent heat of the phase change ij, J/kg

Mi = molecular mass of constituent i, kg/mol

Nu = Nusselt number, defined in text

Nu® = experimental Nusselt number, defined in test

Hij = unit nomal vector of the interfacial surface 3V,

Pe* = modified Peclet number, = 5‘%

P; = pressure of constituent i, N/m?

p.{;lg) = saturation water vapor pressure of free water, N/m?
p1(14) = saturation water vapor pressure of bond water, N/m?

ED = diffusion mass flux, kg/m®+s

Qg = efflux

Ale \
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heat flux in constituent i, W/m®

convective mass flux, kg/m?-s

= rate of the interstitial phase change from phase j to i, kg/mi:s

total heat flux, W/m?
viscous flux, kg/m?-s

universal gas constant, = 8314 J/kmolK
pC

158y

modified Rayleigh number, = gB (—\)E) ATd 7
; [(quyl%rx] * (Kq,xKv,y

temperature, K or °C

time, s

stress tensor of constituent i, N/m?
moisture content

subvolume of constituent i, m®

boundary surface of subvolume V,, m?
interfacial surface of constituents i and j, m?
velocity of constituent i, m/s

velocity of the interfacial surface avij’ m/s
thermal expansion coefficient, 1/K

control surface, m?

viscosity of constituent i, kg/ms

thermal conductivity of isotropic material, W/m+K
apparent thermal conductivity, W/meK

kinematic viscosity of constituent i, m?/s

partial density of constituent i, kg/m®

= density of constituent i, kg/m®

shear stress tensor of constituent i, N/m?

VOLUME AVERAGED QUANTITIES: SUB- AND SUPERSCRIPTS:
(i)
W> = 4 [y a inert solid
l Vi v, * water vapor
* surface adsorbence and
(1) 1 capillary condensate
¥ = o i Y, av capillary condensate
j Vi inert gas (dry air)
humid air
1 gaseous and liquid moisture
WS> = i ¥, av fluid
A solid

enviranment

a’]z

s o

— )
BHm Hh RS WN



TABLE 1

Tegperature Conditions and the Experimental
Nu~ Values of Test Insulations

Thermal insulation Wind shield Mean temperature of insulation (T_), mean
temperature difference between the warm
M : h/a surface of insulations and cold air space (AT)
aterial/layers 4 experimental Nusselt's number (Nu*)
T, (K)/ET (K)/Nu* T, (K) /BT (K)/Nu*
glas fibre mat 17 kg/m3
1 % 100 mm 22 open cold surface 278/26.,3/1.03 272/37.4/1.05
1 x 100 mnm 22 plywood 6 mm 279/25.5/3.00 272/37.0/1.00
2 x 100 mm 11 open cold surface 279/26.6/1.04 274/36.2/1.08
2 x 100 mm 11 plywood 6 mm 281/24.6/1.02 274/36.4/1.06
2 x 100 mm 1 diabase fibre board 282/26.0/1.02 277/36.2/1.06
90 kg/m3, 30 mm
2 x 100 mm 1 plywood & mm 278/27.0/1.00 273/36.1/1.00
vertical convection
obstruction at x = 100 mm
3 x 100 mm 7.3 open cold surface 277/29.2/1.06 271/34.6/1.16
3 x 100 mm 7.3 plywood 6 mm 281/25.1/1.09 275/36.9/1.21
glas fibre mat 19 kg/m3
2 x 100 mm 11 open cold surface 279/26.9/1.01 274/36.9/1.04
2 x 100 mm 11 plywood 6 mm 281/26.1/1.01 275/36.9/1.02
2 x 100 mm 1 plywood 6 mm 277/26.5/1.02 272/33.6/1.07
horizontal obstruction
ath = 1.1 m
2 x 50 + 100 mm M plywood 6 mm 279/27.7/1.03 272/41.6/1.06
vertical convection
obstruction at x = 50 mm
3 x 100 mm B-3 open cold surface 281/25.8/1.02 275/38.1/1.09
3 x 100 mm p/ak] Plywood 6 mm 278/27.5/1.01 273/39.7/1.04
Diabase fibre board
35 kg/m3 (1320 x 565 mm)
1 x 100 mm 22 open cold surface 278/26.7/1.04 272/37.8/1.13
1 x 100 mm 22 plywood 6 mm 278/26.5/1.00 272/38.6/1.00
2 x 100 mm 11 open cold surface 2B0/26.6/1.03 274/36.2/1.09
2 x 100 mm " bituminous wood fibre 281/25.5/1.01 275/37.4/1.05
board
2 x 100 mm 11 diabase_fibre board 282/26.4/1.03 277/37.0/1.07
90 kg/m3, 30 mm
3 x 100 mm, 1 -~ 3 mm 7.3 open cold surface 278/29.5/1.11 274/35.1/1.19
cracke in horizontal
joints of two layers
3 x 100 mm, with full 7.3 open cold surface 278/28.3/1.03 272/37.6/1.08
high boards
3 x 100 mm 7.3 plywood 6 mm 282/25.0/1.04 275/37.3/1.09
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structure with permeable cold surface.
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Fig. 11 . Wall structure in simulation and material properties.

in |- = — = —— —— — - —— i ———
(o)
c||ev Cllaz
10+ 10 Q,~021/sm
— e e e e e e GmTe C— — — —
0,6 0,6
q.,=0.21/8m
54 (05 = 54 05
0,4 0a . T T T T
7 03 °7 q\"-o,7llsm
0.2 Q0.7 /sm
-5 -5
..0,1 —
-10- | p T e i ) ey e e iy [y s > =10 4 |}
0 50 100 150 0 50 100 150 200 250 300 350
s, mm s, mm

Fig. 12 . Warming up of leakage air in'a.crack between window frame and wall
(on the left) and between wood wall and foundation (on the right).
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Fig. 15. Thermal conductivities of moist fibrous insulants.
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Fig. 16. Measured temperature and heat flux distributions
in a flat roof with 220-mm-thick glas fiber insu-
lation.



