ELSEVIER

Energy and Buildings 28 (1998) 229-235

EMNERGT
AND
SUILDINGS

Study of convective phenomena inside cavities coupled with heat and
mass transfers through porous media—application to vertical hollow
bricks—a first approach
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Abstract

Building structures often contain cavities or strips of air. Because of this, it is difficult to describe the transfer phenomena that are in fact
heat transfers (conductive, convective and radiative), as well as mass transfers through porous media. Numerous studies have dealt with each
of these transfers separately but few have managed to describe the interrelation between them. This paper represents an initial approach to the
problem, by attempting to describe the influence of the moisture level on heat transfers occurring through hollow vertical terra-cotta bricks.
A theoretical modeling of exchanges has been carried out in order to determine radiative and convective exchanges coefficients. A mass
exchange coefficient has then been deduced. The results obtained show a high sensitivity of the heat flux to the moisture level of the

surroundings.

Keywords: Convective phenomena; Mass transfer; Heat transfer

© 1998 Elsevier Science S.A. All rights reserved.

1. Introduction

The purpose of this paper is to contribute to the description
of the transfer phenomena within the outer shell of buildings.
In order to do this, it is necessary to consider combined heat,
air and mass transfers throughout the wall’s components. As
the envelope contains cavities that can be more or less large,
the problem becomes more complex because the heat and
mass (vapour) transfers are dependent on thermal convective
movements of air. An accurate description of all transfers
throughout the wall would imply an accurate description of
air movements. The physical models used generally describe
the transport phenomena through the parts composed of
porous media, but the description of the transport in the cavity
is oversimplified. Convection is not adequately described,
because macroscopical equivalent properties of air are used.
Our project is the first to link the transport phenomena
through the porous material and thermal convective move-
ments of air in the cavity. This implies the use of simultane-
ously numerical codes concerning the solid part and the
cavity.

In this paper, the hygrothermal behaviour of vertical hol-
low bricks is described. Our two dimensional code calculates
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the transport through the solid part and utilizes two global
exchange coefficients for the cavity, one for heat transfer and
one for mass transfer. These coefficients can also be consid-
ered as global transport properties, but the values used are
based on a detailed description of the thermal convective
movement of air in the cavity.

In the first part of this paper, the thermal convective
exchanges inside a cavity are studied. A mean convective
exchange coefficient and a mean mass exchange coefficient
are then deduced.

In the second part, the hygrothermal behaviour of hollow
bricks in relation to the relative humidity of surroundings is
studied and numerical results are presented.

2. Thermal convective exchanges inside cavities

This research stems from a number of results obtained in
laboratory tests [1,2], the aim of which were to describe
thermal phenomena occurring inside vertical hollow bricks.
An experimental study was initially carried out, followed by
an attempt to justify theoretically an air strip thermal equiv-
alent resistance, the parameters of which are essential to the
discovery of thermal exchange coefficients on the cavity
surfaces.
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2.1. Experimental studies

2.1.1. Experimental procedures

Fig. 1 represents a single cavity; one active side is main-
tained at a uniformly warm temperature, the other at uni-
formly cold temperature. The four other sides are considered
as conductive. In Fig. 2, a cross-section of the enclosure
shows how are temperatures were measured. Sixteen ther-
mocouple probes (K type, 0.1 mm diameter) were fixed on
a small bar fastened to a vertical rod whose displacement is
controlled. The cavity was then inserted into an experimental
test apparatus usually used to determine the thermal conduc-
tivity of materials.

Sources of errors in temperature measurements have been
reduced by using thermocouples of 0.3 K accuracy. More-
over, the horizontal position of the probes inside the cavity
was determined once the thermocouples were inside. Paral-
lelism between the vertical rod and the cavity faces was
checked to ensure correct positioning of the probes.

2.1.2. Different types of measurements

The test apparatus thus set up has enabled us to plot the
temperature field in a median surface (y=L,/2) at different
values of the Rayleigh number framing the various configu-
rations relating to buildings, stressing the temperature profiles
of boundary limits (cf. Fig. 3).

Furthermore, particular attention has been paid to the ver-
tical temperature stratification on the cavity core (x=L,/2,
y=L,/2). Three distinct areas can be observed: a central zone
taking up two-thirds of the enclosure and two others that
demonstrate the influence of the horizontal sides. About 20
different measurements, characterised by various boundary
conditions on the temperature and aspect ratio have enabled
us to calculate the dimensionless vertical temperature distri-
bution in the core cavity (cf. Fig. 4).
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Fig. 1. Single cavity.

cold side

hot side
Fig. 2. Cross-section of the cavity and probes.
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Fig. 3. Temperature profiles on a median surface.
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Before opting for a two-dimensional algorithm to describe
thermal transfers, the influence of the restricted vertical sides
has been ensured as the example in Fig. 5 shows.

2.2. Theoretical analysis

From the results previously presented, en attempt has been
made to find a theoretical justification for the calculation of
air strip thermal resistance.

2.2.1. Convective heat transfers

Adapting Karman Polhausen’s semi-integral method to the
case of cavities, boundary limit equations on an enclosure
can be written as:

d d

LY 0 (1)
dx 0z

ow  aw 3w

2w =gB(T—Ta(2)+v = 2
“ox TV gB( a(z))+v Py (2)
oT oT T
e +w s —aS (3)

ax dz ax?

From temperature and velocity boundary conditions writ-
ten at the sides and in boundary layers, and using the simpli-
fying hypothesis for air which enables thermal boundary layer
thickness to be equivalent to those of velocity the profiles can
be written thus:
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Fig. 5. 2-D flow.
T—Ta(z) —1—20+20%—g* (4) In Fig. 6, the thermal resistance variation according to the
Tp—Ta(z) temperature difference imposed. is shown. A high sensitivity
, to the variations in boundary conditions can be noted.
¥ _ 8Bd°(z) (To—Ta(2))(1—0%)8 (5) On the basis of these results, a value for the exchange
W, 6UW,f coefficients near the sides, can be furnished by integrating
with: convective and radiative phenomena. Thus, we write:
X h= 2
0= % and W,f=gBAT,~Lx (6) R.,

Resolving the momentum equation in its integral form, the
equation

46 2D
3 =753 " 503 (7)

9z 7587 5tdz
has been obtained, where § was calculated using Runge—
Kutta’s algorithm.

Local values of heat density are obtained by

96 2D

dz  758°c 5714z

These local results are then integrated onto the whole cavity
to obtain the average convective transfer value.

2.2.2. Radiative heat transfers
Heat flux radiated by cavity faces is determined by using
radiosity method:

6 E& 1‘_51' gl 6 4
Z c —Fy; €. S, = Z(Skj_ij)U'Y} (8)
j=1L i Jj o =1

with: &, Kronecker’s symbol; £ emissivity; F; configuration
factor; Q; radiative heat flux; §; surface; SB Stefan-Boltz-
mann’s constant; 7; temperature.

Once this flux is calculated, an equivalent radiative
exchange coefficient can be obtained.

2.2.3. Thermal resistance of the air strip

Concluding that overall heat transfer through the cavity is
due both to convective and radiative transfers, we can then
deduce the value of the equivalent thermal resistance by:

R _Tci_Tfi
" F.+F,

This expression implies therefore that thermal heat resis-
tance is only imputable to the effects of the sides, which is
well borne out by our experiments.

3. Transfers through porous media

The essential elements of the physical pattern permitting a
macroscopic description of the transfers through porous
media can now be shown [3-10]. The description is based
on a classic process that considers porous media to be contin-
uous. An elementary volume is defined as being is large
enough compared with pore dimensions but small enough in
relation to the size of the test piece. The parameters (temper-
ature, phase concentrations, etc.) defined on this volume rep-
resent average microscopic values. Inside the material, phases
are air, vapour and liquid water. The physical problem can
be described by the mass and energy conservation equations
of the various constituents and the phenomenological laws.
Mass conservation water:
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Fig. 6. The evolution of thermal resistance.
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vapour:
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air:
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Y (pw,)+Vr,=r, (11)

Energy conservation

aT
pocy— =V-b=L.V-rm, (12)

3.1. Phenomenological laws
These enable all the various flow phenomena to be
expressed according to the parameter gradients which are

producing them. The different phase filtrations are based on
Darcy’s law. So, in the case of water:

k
= ;—‘ (VP—p,8) (13)
1

Leaving the effect of gravity to one side, mass flux densities
of the two gaseous phase components, air and vapour, are:

k

n,=—w,—= 'VPg-i'jv (14)
Dg

. k .

i, =—w, = VP, +j, (15)
v

g

Furthermore, diffuse vapour and air flux are determined
by Fick’s law:

jv=—pgva'va=_ja (16)
and heat flux is calculated using Fourier’s law
D=—A\VT (17

3.2. Equations system

The following terms have not been taken into account: (i)
pressure gradient of the gaseous phase which is then supposed
uniform; and (ii) air mass accumulation.

Then, in the case of a one-dimensional transfer, the equa-
tions system becomes:

d d d oT
—‘"=—(Dw—“-’ +DT—) (18)
ot dx ax dx

aT om o orT

LEI LU Py 19
ooy Y oox ax( ax) (19)
with:

w=w,+w, (20)

Eqgs. (18) and (19) represent mass and heat transfersequa-
tions, respectively; Eq. (19) can be written in a different
form:

LI N NI (21)
Poe s € ax T ax\Mox

in order to replace the vapour mass flux density gradient,
which cannot be directly measured, by a term composed of
total mass flux density gradient, completed with the phase
change rate. Indeed, on the bases of our simplifying hypo-
thesis, vapour mass flux density can be expressed by:

cg—-—L ’Qﬂ+—a—/\a—T 22

ooy, V€ x| ax\" ax (22)
Thus, Eq. (19) becomes:

. =—py D, f-Aw, (23)
The identification of Eq. (23) to Eq. (21) leads to
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We then obtain
D 8
€’=_f_._!.&L._£ (27)

3.3. Boundary conditions

‘When a porous media is in contact with a moist air flow at
a certain temperature, the material exchanges energy and
moisture. A full analysis of this exchange process entails an
accurate description of air flow at the brick surface and, par-
ticularly, the way in which dynamic, thermal and hydrical
boundary layers develop.

As these boundary layers present the same shape, the aver-
age mass and heat exchange coefficients, respectively h,,, and
h,, defined by:

m=haAp,=hn(p. —p,) (28)
¢=h AT=h(T,~T,) (29)

are linked by the relation:
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Fig. 7. Exchanges between a porous media and a moist flow.

(30)

The continuity of temperatures and flux at the boundary of
material (Fig. 7), has then to be admitted. Furthermore,
porous media are in a state of hydrical balance with the air
layer with which it is in contact.

Consequently, in the case of a hollow brick, when the
convective part of the global exchange coefficient is known,
the mass flux exchanged between moist air and the porous
media that constitutes the terra-cotta side can be expressed.

4. The numerical code HYGRO?

The two-dimensional numerical code HYGRO described
here is an essential element in our study. The results previ-
ously indicated concerning convective transfers inside cavi-
ties stress the two dimensional nature of exchanges.
Therefore, a 2-D approach is justified. The implementation
of this code is possible on a PC with at least a 640 KO memory
and takes up about 15 MO on a high disk. The grid is com-
posed of 550 nodes, and nine different materials can be taken
into account. The discretization is carried out using a non-
regular rectangular grid. Around each node, the hygrothermal
balance of a rectangular element is considered. In the case
where several materials are in contact, there is a discontinuity
of water content. On the other hand, materials are there in
suction balance. Moreover, four different materials can be
considered around a node.

In order to describe exchanges through materials, the equa-
tions system linking heat and mass transfer is solved with a
finite differences method. All the parameters subjected to
experimental determination depend on water content and
temperature. Concerning boundary conditions at material/ air
contact, a hydrical and thermal balance is considered to exist
between the material and the boundary layer. Thus, heat flux
by the wall is calculated in the air by means of convective
and mass exchange coefficients that are linked in accordance
with relation (30).

An overall heat and moisture balance is obtained inside the
whole cavity in order to calculate the development according
to time of temperature and moisture considered as uniform
inside the whole cavity volume. Finally, the code provides

2 HYGRO code was settled by CEBTP in St Rémy les Cheuvreuses.

data about temperature and moisture concentration fields
observable in space and time.

5. Hygrothermal behaviour of a vertical hollow terra-
cotta brick

5.1. Presentation of the studied cases

The previous results as a whole have been calculated in
order to describe the behaviour of terra-cotta cavities at var-
ious temperature and moisture levels.

Using hollow vertical bricks, 25 cm high, with air thickness
of 5.5 cm and width of 8.8 cm, which come very close to the
geometric characteristics of building materials, we first
focused on an elementary cavity subjected to three tempera-
ture differences: 20, 15 and 5°, followed by a two-hollowed
brick (Fig. 8). Theses cases correspond to an inner temper-
ature of 20°C and outer temperatures of 0°C, 5°C and 15°C.
Heat flux through our bricks, was computed for three vapour
pressure differences (Table 1).

As aresult of the thermal convective calculations (as pre-
sented in Section 2), carried out for each of the above cases,
it is possible to determine convective and global exchange
coefficients inside cavities as well as heat flux density through
the brick. The results of this first initial study are presented

adiabatic surface adiabatic surface
T
[1 mn
cold side .ﬁ hot side cold sid % ; hot si
7
/////////% // /// /
adiabatic surface adiabatic surface

one-hollowed brick two-hollowed brick
Fig. 8. Cross-section of the terra-cotta bricks studied.

Table 1
Moisture boundary conditions

Cold surrounding
relative moisture ¥

Hot surrounding
relative moisture ¥

Case 1 50% 50%
Case 2 50% 100%
Case 3 100% 100%
Table 2

One-hollowed brick

One-hollowed brick a b c
Cold surface temperature (°C) 0 5 15
Warm surface temperature (°C) 20 20 20

Convective exchange coefficient: b, (W/m? K) 339 26 2
Global exchange coefficient: h=h +h, (W/m*K) 1057 9.5 8.7
Heat flux density: ¢ (W/m?) 1236 83 265
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Table 3
Two-hollowed brick

Two-hollowed brick a b c
Cold surface temperature (°C) 0 5 15
Warm surface temperature (°C) 20 20 20

Convective exchange coefficient: k. (W/m?K) 331 3.04 201
Global exchange coefficient: A=h,+h, (W/m’K) 1024 10.05 9.19
Heat flux density: ¢ (W/m?) 64.03 4753 15.07

in Table 2 (one-hollowed brick) and Table 3 (two-hollowed
brick).

The HYGRO code was then used in each case, to compute
the hygrothermal behaviour of the vertical hollow bricks.

5.2. Computed results

5.2.1. One-hollowed brick

These results, as presented graphically in Fig. 9, call for
some remarks.

It can be noticed that heat flux through a vertical hollow
terra-cotta element increases with the vapour pressure differ-
ence. The more the temperature rises, the greater is the
increase. These results stress the high heat flux sensitivity to
the material moisture concentration level, as differences
between a low water content state and one with a more con-
centrated level are about 35%.

It can be seen further that heat flux calculated from the
thermal convective code (Table 2) without taking into
account moisture transfers, is very close to that obtained using
HYGRO in case b. Indeed, it is here the average water con-
tents are found to be close together insofar as terra-cotta
thermal conductivity is 1.2 W/m °C which corresponds to a
non-zero water content.

5.2.2. Two-hollowed brick
Here also, the heat flux is notably affected by the moisture
level inside the hollow brick However sensitivity seems to
be lower in this case than that found previously as the flux
140 r

120 [

100 }

80 [

60 F

Flux de chaleur (W/m?)

40

2 [

n i

increase between the driest case and the most moist case is
25% vs. 35% for a one-hollowed brick.

Furthermore, brick cavities act as a brake on heat and
moisture transfer phenomena, and an increase in the number
of cavities equally restricts temperature, as well as moisture
effects.

6. Conclusion

We have tried in this work to focus on the problem of
combined heat and moisture transfer phenomena inside the
air cavities and the porous media of brick surfaces. In the
case of hollow vertical terra-cotta bricks, the level of influ-
ence of moisture on heat transfers has been demonstrated.

Our results are based on the use of a 2-D numerical soft-
ware, HYGRO, which requires a detailed analysis of the
global and convective coefficients inside each cavity, and the
hygrothermal behaviour of terra-cotta.

A previous experimental study on thermal convective phe-
nomena inside this type of air pocket indicated that a
two-dimensional approach was well justified in order to take
into account the kind of air flow and the slight effect of side
surfaces.

A numerical method was computed in order to determine
exchanges through the bricks; thus, enabling us to calculate
an equivalent thermal resistance of the air strip including
convective and radiative exchange coefficients. The mass
exchange coefficient was then determined using the convec-
tive coefficient.

These initial calculations show a high sensitivity of heat
flux through hollow bricks according to the moisture level of
the surroundings and in consequence the materials, as these
flux values can vary from 25% to 35% from low to high
humidity.

This paper constitutes an initial approach to the study of
combined phenomena occurring during transfers through
cavities or air strips and porous media. A complete physical
analysis will then be necessary in order to take into account

—&~— DT=5C
——a— DT=15C

—+— DT=20°C

- —, Apv(Pa)
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2000 2500

Fig. 9. Heat flux evolution according to vapour pressure difference; one hollowed brick.
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more complex situations, for instance, when the air strips are
ventilated or when condensation occurs in the cavities.

7. Nomenclature

D, Diffusion coefficient m~2s
H Height m
h Exchange coefficient inside cavity Wm 2K™!
h, Convective exchange coefficient Wm2K™!
h, Radiative exchange coefficient Wm 2K"!
hy Mass exchange coefficient ms™'
14 Relative moisture of surroundings %
ja Diffusive air flux kgm~'s™!
Iy Diffusive vapour flux kgm™!s™!
L, ‘Water vaporization energy Tkg™!
L, Cavity thickness (Ox axis) m
L, cavity thickness (Oy axis) m
m Moisture flux kgm™?s
Pa vapour pressure Pa
Dus saturated vapour pressure Pa
T Absolute temperature K
Ta(z)  Temperature in the cavity core °C
(x=L,/2;y=L/2)
T Internal surface temperature of the °C
cavity active face—warm side
Tax Internal surface temperature of the °C
active cavity surface—cold side
T Internal surface temperature of the °C
active cavity surface
w Water content gkg™!
Greek letters
6 Boundary layer thickness m
Sw Difference in water contents gkg™!

!

£ Changing phase rate

¢
P

Heat flux density Wm™?
Heat flux w

Peonv(z) Local convective heat flux density W m™?

A
Po

Thermal conductivity Wm'K™!
Volumetric mass of the dry material kg m~?

Subscripts

a

g
1
v

Air

Gazeous phase
Water

Vapour
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