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Abstract

Air Infiltration and Heat Exchange Performance of the Building Envelope

Kai Qiu, Ph.D.

Concordia University, 2006

Air infiltration has an important impact on the energy consumption of buildings.
Influenced by the heat exchange in it, the temperature profile in the building envelope
deviates from that of conduction. Therefore, energy analysis of a building needs to

consider the coupled process of conduction and infiltration.

A numerical model is presented to study the heat exchange performance of the building
envelope, based on air flow and heat transfer through porous media. The governing
equations are derived using the volume average method, and one-medium treatment is
adopted for the description of heat transfer in the porous insulation. Computational fluid
dynamics approach is used to solve the equations. As Darcy’s term is the dominant factor
in the momentum equation, an easily-implemented pressure correction method is
presented. The model has been applied to an exterior wall, under four infiltration path
conditions. Factors influencing the heat exchange performance have been discussed. The

presented model has been verified by comparing its results with the experimental data.

Investigation is also conducted for the dynamic insulation, which is a potential

implementation of the heat exchange process in the building envelope. Numerical
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simulation is first performed to study the heat transfer in dynamic insulation, under both
transient and steady-state boundary conditions. The results show that the steady-state
analysis is a good approximation for the estimation of heat loss through the dynamic
insulation. A steady-state analytical model is hence derived for the thermal performance
of a dynamic insulated wall. An analytical model is also presented for the heat exchange
performance of air infiltration in a conventional wall, by dividing the wall into ventilated

and non-ventilated area, and treating the ventilated area as the dynamic insulated wall.

The results in the study show that the heat exchange performance in the building
envelope is first determined by the air flow rate, with the secondary impact from the air
flow path. The influence of permeability of the material is also important as it is related
to the air flow rate. However, influence of porosity of the material, and indoor-outdoor

temperature gradient, is not significant.
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Nomenclature
A - The area of the building envelope (m?)
A - The area of the fluid-solid phase interface
Ay - The ventilated area (m®)
Ay — The amplitude of temperature variation (K)

Anr—Non-ventilated area (mz)

C,, - The heat capacity of air (J/kg K)

d , - The particle diameter of the porous media (m)
Dy, - The hydraulic diameter (m)

G, - The coolant mass velocity (kg/s'm®)

h - The convective heat transfer coefficient (W/m’K), the width of the ventilated area (m)
h. - The convective heat transfer coefficient of cold side (W/m’K)

h

cout

- The convective heat transfer coefficient at outdoor side (W/m’K)
hcrack — The width of the crack (m)

hy, - The convective heat transfer coefficient of hot side (W/m’K)

h,, - The convective heat transfer coefficient inside the room (W/m’K)
h,_- The radiative heat transfer coefficient (W/m’K)

hy - The fluid to solid heat transfer coefficient (W/m® K)

H - The height of the wall (m)

I,- The solar radiation flux normal to the surface (W/m?)

k - The thermal conductivity of the wall material (W/m K)
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k,- The thermal conductivity of the air (W/m K)

k, - The thermal dispersion coefficient (W/m K)

k, - The effective conductivity (W/m K)

k ;. - The effective heat conductivity of fluid phase (W/m K)
k, - The conductivity of solid matrix (W/m K)

k.5 - The effective heat conductivity of solid phase (W/m K)
K — The permeability (m?)

L, - The length of the cavity (m)

L The effective thickness of the ventilated area (m)

L, - The water evaporation energy (J/kg)

m - The mass flow rate through the envelope (kg/s)

m, - The moisture flux (kg s/m’)

n — The ventilated area coefficient (-)

#i, - The outwardly oriented unit vector normal to A4

p — The pressure (pa)

Q... - The heat loss through the envelope by conduction (W)

Q... - The heat loss through the envelope because of air flow (W)

Q. - The actual heat load due to infiltration (W)

Q... - The infiltration heat load calculated by conventional method (W)
Qr - The total heat loss through the building envelope (W)

0, - The conduction heat load without infiltration (W)
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R — The thermal resistance of the envelope (m*K/W)
R;- The local thermal resistance of inner air film (m*K/W)
Ry~ The local thermal resistance of outer air film (mzK/W)
t - The time(s)

T- Temperature (K)

T,, - The outdoor surface temperature (K)

T - The temperature of the cold surface (K)

T, - The volume average temperature of fluid phase (K)

T, - The temperature of the hot surface (K)
T, - The indoor bulk temperature (K)

T,, - The average temperature (K)

T, - The temperature at outdoor side (K)
T, - The volume average temperature of solid phase (K)

Ty~ The temperature of inner surface of dynamic wall (K)

T, - The inside surface temperature (K)

u ~ The air velocity (m/s)

u;- Average velocity in the crack area (m/s)

U - The U-vale of the envelope (W/m’K)

Ugyn - The dynamic U-value of the dynamic insulation (W/m’K)

Ur- The total heat loss coefficient through dynamic insulated wall (W/m’K)
V- The volume of the representative elementary volume (m’)

V; — The inlet velocity (m/s)
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w - The width of the wall (m)

x,y,2- The Cartesian Coordinates (m)

a, - The thermal diffusivity of fluid phase (m?/s)

a, - The thermal diffusivity of the solid phase (m%/s)
a,, - The specific surface area of the packed bed (mz)
a,,,- The surface solar-absorption coefficient (-)

S Expansion coefficient (1/K)
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g- Porosity of the material (-)
&' - The phase change rate (-)
g - The effective porosity (-)

&, - The surface emissivity (-)

n - The infiltration heat exchange efficiency (-)

0 — Non-dimensional temperature (-)

A - The dynamic viscosity of the fluid (kg/m s)

,u' - The effective viscosity of the medium (kg/m s)
v- The kinematic viscosity of the air (m%/s)

p - The density (kg/m’)
P, - The density of the air (kg/m’)

p.. - The density of the dry material (kg/m?)
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P, The density of air at reference temperature (kg/m3)
o, - The Stephan-Boltzman constant 5.67x10™

@ - The heat flux density (W/m?)

@, - The frequency (1/s)

Da - The Darcy number Da = K /L
Nu - The Nusselt number (W/mzK)

Pe - The Peclet number Pe = VL
a

Pr - The Prandtl number Pr = Ad
a
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Chapter 1 Introduction

1.1 Heat loss through the building envelope: conventional analytical methods and

their shortcomings

The building envelope is one of the most important systems affecting energy efficiency
of a building. Comprehensive analyses of heat loss through the envelope are needed in
order to design energy-efficient buildings. Generally, it is regarded that heat is mainly
lost by conduction. Treating the building envelope as a multilayer system, the steady-
state conduction heat loss can be calculated by using the U-value of the envelope, i.e.:

Qcond =UAAT (11)
Q... - The heat loss through the envelope by conduction (W)

A - The surface area of the envelope (m?)

U - The overall heat transmission coefficient (W/mzK)

AT - The indoor and outdoor temperature difference (K)

Heat loss through the building envelope also occurs due to infiltration/exfiltration. It is
the uncontrolled leakage of air, moisture and other substances, through cracks and gaps in
the building envelope, and through pores of the building materials. The
infiltration/exfiltration heat loss generally accounts for about 15-20% of the overall heat
loss through the building envelope (Caffey, 1979). It is conventionally estimated by the
following equation:

QinfC = mcpaAT (1 '2)

Q..;c - The infiltration heat load calculated by conventional method (W)



m - The infiltration mass flow rate (kg/s)
C,, - The heat capacity of air (J/kg K)

Assuming that the processes of conduction and infiltration do not interact with each
other, the total heat loss through the envelope can be obtained by adding conduction heat

loss and infiltration loss estimated (equation (1.2))

Or = OQpna + Cunsc (1.3)

O, - The total heat loss through the envelope (W)

However, Bhattacharyya and Claridge (1995) experimentally showed that this method
over-estimates the actual infiltration heat loss. If we use equation (1.1) to account for the
conduction heat loss, then the real infiltration heat loss is only a fraction of the result
calculated by the conventional approach. The infiltration heat exchange efficiency

(IHEE), 1, was defined to reflect this effect:
Qe ==t c (1.4)
n - The infiltration heat exchange efficiency (-)

Q.r - The actual heat load due to infiltration (W)

Therefore the simple summation of conduction and infiltration heat loss following the
conventional way using equation (1.3) is not suitable to calculate the real energy demand
for the building. To reflect the combined influence of conduction and infiltration, a new

approach should be investigated.



1.2 New concepts in building envelope design

The building envelope, including the exterior walls and the roof, is a means of protecting
people in the building from the outside environment, such as bad weather conditions,
pollution and noise. Due to this, and the concept of energy saving, the building enveloped
is usually designed to be airtight, using an air and vapor barrier. Because of this kind of
design, the building envelope acts as the barrier between the indoor and outdoor
environment, resulting in small indoor temperature swing in spite of the fluctuation of

outdoor temperature.

However, the design of a better-insulated and more airtight building envelope not only
has the positive aspects of energy saving, but also unfortunately results in an increase of
sick building syndrome (SBS). Building occupants often complain of symptoms such as
headache; eye, nose, or throat irritation, dizziness and nausea; and difficulty in
concentrating. These symptoms of poor indoor air quality (IAQ) influence people’s
attitude towards building design, as they spend much of their time in buildings and

increasingly pay more and more attention on their health and comfort.

Therefore building users are becoming more concerned about pleasant working and
living environments, healthy indoor conditions and thermal comfort. Thus only
considering the energy efficiency aspect of the building does not guarantee buildings of
high quality. It is now thought that the building envelope should work in a way that the
optimal parameters for the indoor environment are achieved in relationship with the

external environment, while keeping the energy consumption of the building as low as



possible (Gratia and De Herde, 2004). With these demands comes the development of
advanced building envelopes, which try to integrate aspects of building performance,
such as weather protection, thermal insulation and ventilation. One important concept
among advanced envelopes is the active envelope. Its typical structure consists of an air
cavity between two panes. The airflow can work in three ways: acting as an air curtain, in
which the air leaves the cavity at the same side as it comes in; supplying fresh air from
outside to the inside of the building; or exhausting air from inside to the outside of the

building (Baker et al, 2000).

Regarding energy efficiency, two operational modes of active envelopes have been
developed. The first is to have active envelopes work as heat exchangers. Dynamic
insulation (Taylor and Imbabi, 1998) is an example of this mode. The dynamic insulated
wall uses the concept of “breathing construction”. It allows the movement of air through
the external walls. The second mode is that active envelopes work as solar collectors. In
this mode, one noticeable technology is the double-skin fagade, which consists of outer
and inner fagade layer, with a cavity between them (Oesterle, 2001). Taking advantage of

the solar energy, ventilation air in the cavity is preheated to save energy.

Besides the potential energy savings, advanced building envelopes have other
advantages. For example, the fibrous structure of dynamic insulation can filter the air and
capture pollution particles within the depth of the insulation. Thus dynamic insulation

might have the potential of approaching effective air filters with a considerably lower



pressure drop, and could be an ideal choice for naturally ventilated buildings (Taylor et

al, 1999).

The development of advanced building envelopes also brings the challenge of
development of the calculation method for heat loss through such envelopes. The
building envelope is traditionally treated as a solid multilayer system without cracks. In
this approach, only conduction heat loss is accounted for while convection heat loss is
neglected. However, convection heat transfer is obviously very important for the active
envelopes, which integrate the airflow in the envelopes. Therefore the traditional
simulation method of heat loss through the building envelope should be modified to

include the influence of convective flow in the envelope.

1.3 Research objectives

The fact that the conventional approach to calculate the infiltration/exfiltration heat loss
over-estimates the real heat loss can be explained from the following point of view: the
building envelope can work as a heat exchanger. The building envelope contains gaps
and cracks, and the interaction between these gaps or cracks and the solid wall can work
as a heat exchanger. Besides, the more important reason is that building materials are
porous media. The interaction between the fluid phase and solid matrix in the porous
media can also act as a heat exchanger. Due to the recovered heat in the air infiltration

process, the actual heating load is not as high as that calculated by equation (1.3).

Thus the specific research objectives of this study are:



1. To develop a systematic approach of analyzing the heat exchange performance of
the building envelope based on the simulation of heat and mass transfer in porous
media. By performing a systematic study of air flow and heat transfer in the
porous media and analyzing their characters in the building envelope, the
governing equations for the description of the conduction-infiltration coupled
process in the building envelope will be derived.

2. To find out the key parameters influencing heat exchange in the building
envelope. Factors affecting the heat exchange performance, such as air flow rate,
buoyancy, and properties of the building material (porosity and permeability), will
be investigated.

3. To discuss the impact of air infiltration on the energy consumption of the
building. Generally speaking, air infiltration has a negative effect on the energy
consumption of the building. However, the heat exchange phenomenon in the
building envelope decreases this negative effect to some extent. This effect will
be analyzed in detail in this study.

4. To explore the feasibility of implementing this heat exchange phenomenon in the
building envelope. Specific application of advanced building envelopes,
especially dynamic insulation will be investigated in order to supply guideline of

these technologies in the building design.

1.4 Organization of the thesis

This thesis is organized as follows:



Chapter 2 conducts a comprehensive review on the current work relating to heat
exchange phenomenon in the building envelope, as well as the fundamentals of
fluid transport and heat transfer in porous media;

Chapter 3 presents the numerical model, adopting the approach of heat transfer
and air flow through porous media. The derivation of the conservation equations
is described in detail. Boundary conditions are analyzed and determined as well.
The solution method of the numerical model is also presented.

Chapter 4 illustrates and analyzes the simulation results. Model verification is also
presented in this chapter. Data from the literature, as well as from recent
experiments are compared with the simulation results, to demonstrate the
suitability of the approach and the accuracy of the model.

Chapter 5 discusses the potential implementation of the model and approach.
First, the current-state-of-the-art of dynamic insulation is reviewed to demonstrate
its advantages and disadvantages. Then the numerical and analytical modelings
are carried out concerning the thermal performance of dynamic insulation.
Finally, an analytical model for the heat exchange in the conventional wall is
presented based on the previous numerical simulation, aiming to set up a more
suitable model for the application.

Chapter 6 presents the conclusions obtained from the study, and provides

suggestions for the work of future research.



Chapter 2 Literature Review

2.1 Air cavity models treating the wall as a heat exchanger

Bhattacharyya and Claridge (1995) are
among the earliest researchers to investigate
the heat exchange performance in insulated
walls. They developed a simplified 1-D
model to examine the general features of the
dependence of infiltration heat exchange on
air flow path and rate, using the measured
quantities as key parameters. In their model
for a single stud-cavity specimen, airflow is
through a crack which follows a straight line
between the inlet at the bottom of the stud
cavity and the outlet at a certain height of the
specimen (Fig 2.1). Thus the energy equation
can be expressed as

_dr,
i e )

= Urigth(T;l - Tf)

U, hL

wall”"c

L+hy

where U, , = U

wall

T.

U letr

T, - The cool side (outdoor) temperature
Th - The hot side (indoor) temperature
T¢- The Air temperature
H - The height of the wall
Uleni - The U value of the left side of the wall
Usigni - The U value of the right side of the wall

L - The length of the infiltration path

Fig 2.1: Model by Bhattacharyya and Claridge

(1995)



Uwallth
L+h(L-y)

Urigm B U wall
w - The width of the wall (m)

hy, - The convective heat transfer coefficient of hot side (W/m’K)

h. - The convective heat transfer coefficient of cold side (W/m?K)

y- The wall height direction coordinate (m)

The equation to calculate infiltration heat exchange efficiency IHEE), 7, was derived, by

performing an energy balance on the whole building considering infiltration/exfiltration

at the same time,

Corresponding to this model, Claridge et al (1995) performed a systematic investigation
using a number of experimental setups. To consider different infiltration paths, they
adopted the concept of concentrated-flow (CF) and diffuse-flow (DF). CF was defined as
a short pass flow, such as airflow through doors, windows, and large cracks or holes. DF
was defined as long pass flow in which the air travels some distance before leaving the

wall.

The above work by Claridge et al. (1995), including measurement and modeling, has
important impacts on our understanding of the heat exchange phenomenon in the building
envelope. However, in their simulation model, they did not take into account the
properties of the building materials. The 1-D air cavity model straight through the wall is
not suitable to reflect the complex condition of air infiltration. Meanwhile, to use their

model, the length of infiltration path L should be measured or assumed in advance.



One obvious advantage of air cavity heat exchanger model is that it is possible to derive
an analytical solution. The recent work of Barhoun and Guarracino (2004) follows this
idea. Starting from the model of Bhattacharyya and Claridge (1995), which states that the
heat transfer coefficient for the left side of the wall, Us, and for the right side of the
wall, Usigni, changes with the outlet position in the y-direction, they assumed that the air
flows vertically throughout the wall from the bottom to the top, and the channel is in the

middle of the wall. Therefore, Uier and Usign: are constants and were expressed as:

1 L
U, =(—+-—)"
left (h 2k)

c

1 L
u,, =(—+— 2.2
right (h 2k) ( )

h
Based on this, by solving the linear differential equation, an analytical solution of

infiltration temperature, Ty, as a function of the vertical coordinate y was derived as

follows:
b b
T,(y)=(T.— ;) exp(—ay) + p (2.3)
w
a= thp (Uleﬁ + Uright)
w
b=- (TcUleﬁ + ThUrigh:)

me

It is clear that some important factors, such as the airflow rate and convective boundary
condition, have been included in this analytical solution. Thus it is very helpful to

understand the complex heat exchange phenomenon in the wall.
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The air cavity approach was also adopted by Chebil et al (2003) to simulate the transient
3-D heat and air transfer phenomena to evaluate air leakage effects on typical multilayer
wall structures. Instead of solving complex fluid flow equations, the airflow in each
cavity was considered as one-dimensional and correlations of the Nusselt number (Nu))
from the literature were used to determine the heat exchange between air cavities and
solid parts. In the case of air infiltration, the following Nusselt number corrections for

forced convection (Kohonen et al, 1987) were used:

Nu, =1.85(Re-Pr-D,/ H)"” Re-Pr-D, > 70

Nu, =17.54 Re-Pr-D, <70 24
D,, - The hydraulic diameter (m)
H - The height of the wall (m)
Meanwhile, radiation heat transfer was also included in the total heat transfer coefficient
in the cavity. Several scenarios were used to represent the variation of the airflow path.
Overall heat loss was evaluated depending on the airflow rates in each scenario. Their

simulation results show that the scenario having the longest airflow path has the most

obvious overall heat load reduction effect.

2.2 Research on convection in wall elements

The above models deal with the heat exchange performance of the whole wall.
Considering the wall structure, cavities may exist in the wall elements. Heat exchange

phenomenon might take place due to the convection in these wall elements.
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Research of convection in the exterior wall elements first comes from the study of heat
transfer in hollow bricks, which is a frequently used component of exterior walls in Asian
and European countries. Batchelor (1954) pointed out that in a differentially heated
closed cavity, there exist two transfer regimes: the boundary layer and conduction zone.
Therefore heat losses through hollow bricks may be due to natural convection heat

transfer inside the cavity.

Natural convection is due to the buoyancy force resulting from the temperature difference
between cold and hot surfaces, may be the most important from of heat transfer in closed
cavities. Its fundamentals have been well summarized by Bejan (1995). Theoretical and
numerical studies show that the solution of natural convection in an enclosure is a
function of three non-dimensional parameters: the aspect ratio of the cavity; the Prandtl

number of the fluid, Pr; and the Rayleigh number, Ra.

For air (Pr about 0.7) and cavity of aspect ratio of 40, Lorente (2002) carried out a
numerical study and measurement using particle image velocimetry (PIV) to determine
the local Nusselt number, which is the ratio of convective heat transfer over conductive

heat transfer, and is expressed as:

_h(z)x
Nu(z) = —ka(T) 2.5)
where h(z)= %EZ_Z)“C

k,(T) - The thermal conductivity of the air (W/m K)

x, z - The Cartesian Coordinates (m)
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®(z)- The wall heat flux calculated on the hot surface in the viscous boundary layer
(W/m')

T,,T. - The temperature of hot and cold surface (K)

The results show that if Ra is below 6000, then the energy transfer from hot surface to the
cold surface is carried out directly by conduction. When Ra increases above 6000, heat
transfer is mostly by natural convection. Thus for typical bricks made of horizontal
cavities, the influence of convection can be ignored. However, in the case of vertical
hollow bricks, where less material is necessary to achieve the same mechanical
resistance, an important part of heat transfer is due to natural convection. The actual heat
transfer for buildings with vertical hollow bricks might be quite different from the

conventional thinking: i.e., air is a no-motion fluid and heat transfer is dominated by

conduction because of the small dimensions of cavities.

Following a similar procedures to study the heat transfer in a wall of vertically perforated
bricks, Lacarriere et al (2003) suggested that it is possible to determine an equivalent
thermal conductivity, which represents both conduction and convection heat transfer:

ke — q)mLz:
T,-T

[

(2.6)

L, - The length of the cavity (m)

@, - The mean flux density, obtained by integration of the local heat flux along the

cavity height (W/m?)
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2.3 Research on double-skin facade

In modem building design, air cavities are used for ventilation purposes. As airflow is
intensively incorporated in the design, the influence of convection is more obvious
compared with a wall made of hollow bricks. Double-skin fagades are typical of this kind

of ventilated wall.

The airflow in a double-skin fagade can be the result of wind and/or buoyancy effect.
Thus, compared with the

condition in a closed cavity,

heat transfer in a double-skin houtl @ Internal facade
. . '€
facade is more complicated. @ External facade
® Airgap
For flow which is only induced ‘ o
Outdoor @ Airinlet grating (in)

by solar radiation, Zoller et al ® Air outlet grating (out)
(2002) pointed out that the flow 1 @ Shading device

. . . Pin @ Mean average heat
regime in the box-window may I transfer coefficients

be divided into natural
convection with a channel
Fig 2.2: Schematic diagram of double-skin fagade
formed by two vertical plates
(Zoller et al, 2002)
or forced convection in a
rectangular duct, depending on the dimension of the gap and solar radiation. Their

experimental results show that for the case of a distance between outer and inner layers

less than 0.6m, the mixed convection in the air gap should be analyzed using a “channel
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model”, whereas for the situation of outer and inner layer distance greater than 0.6m, the

“plate model” should be employed.

Because of the complexity of convective heat transfer in a double-skin fagade, computer
modeling is necessary for the real application and research on this topic has been
performed by many researchers. Manz (2003) adopted a CFD approach to study the heat
transfer by natural convection of air layers in vertical, rectangular cavities, which is
related to the element of double-skin fagade. With aspect ratios of 20, 40 and 80, and Ra
between 1000 and 10°, the flow was either laminar or turbulent. Conduction, transition,
and boundary layer regimes were discussed. The resulting average Nusselt numbers were
compared with corrections mainly from experimental data and found they are generally in

good agreement.

Though CFD is a powerful tool to study airflow and heat transfer in double-skin fagade
construction, there are problems in application. Hensen et al (2002) discussed the
advantages and disadvantages of the CFD approach and of the mass balance network
method (multizone model). They pointed out that the CFD approach is less appropriate in
the real application of systems of double-skin fagade since it is necessary to take into
account a large part of the building with dynamic interactions between several zones and
ambient conditions. However, the network method could be improved through separate
CFD studies. For example, the CFD results could be used to verify and/or improve the
network pressure-flow relations and local loss factors for airflow conditions typical of

natural and hybrid ventilation systems.
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Due to this, researchers have been working on simplified models to simulate the
temperature behavior and flow characteristics of double-skin facades. For example, von
Grabe (2002) presented a one-dimensional flow model, starting from the energy transport
and the Bemoulli equation, while introducing a resistance factor to represent frictional

loss.

2.4 Models based on heat and airflow through porous media

Because building materials are porous media, air can flow through the building envelope.
This is especially obvious for the insulation which has a high porosity. In the infiltration
process, air becomes warmer if the outside temperature is cooler than room temperature,
and gradually becomes closer to the room air temperature because of the heat exchange
with the solid matrix. This heat exchange phenomenon has been studied by several
researchers. Krarti (1994) presented a one-dimensional model, assuming air transfer
through the wall with a constant speed. An analytical solution was derived by adopting
convective boundary conditions on both surfaces inside and outside the room, and
regarding that the outdoor and indoor temperature follows a sinusoid, i.e.:

T =T, + A, Re(e’™") 2.7
T, - The average temperature (K)
A, — The amplitude of temperature variation (K)

w, - The frequency (1/s)

An investigation was conducted based on the analytical solution of equation (2.7) to
evaluate the thermal performance of dynamic insulation system integrated with a whole

building. The criteria “wall efficiency” was defined using the ratio of conductive heat
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loss at the internal surface of insulation without and with ventilation. The change of wall
efficiency in a day was presented. The results show that the wall efficiency changes from

15% to 45% over a day, with an average of 22%, under the most ideal condition.

To better reflect the fundamental physics of the infiltration heat recovery process,
Buchanan and Sherman (2000) implemented CFD simulations. The calculation model for
the whole building is illustrated in Fig 2.3. In this model, flow and energy transport in the
room are determined by the Navier-Stokes and energy equations, considering the flow as
laminar. The plywood sheathing is represented as an impermeable, solid material and
energy transport is calculated by the conduction equation. Insulation is represented as
porous media and airflow through it is calculated using Darcy’s law. To represent the
heat transfer in the porous media, the following effective conductivity was used in the
energy equation;

k,=¢k,+(1-¢&)k, (2.8)
k, - The effective conductivity (W/m K)
k, - The conductivity of air (W/m K)

k, - The conductivity of solid matrix (W/m K)

¢- The porosity of the material (-)
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B wall1bes (U=0, T=T1) Air (Navier-Stokes & energy eqns.)
B wall2bes (U=0, T=T2) W wa sheathing (conduction eqn.)

Inlet or outlet b.e.'s (U, P, T) B8 1nsulation (Darcy’s Law & energy eqn.)

Adiabatic wall

b.c: boundary condition

Fig 2.3: Buchanan and Sherman’s calculation model (2000)

To investigate the influence of the airflow path, several kinds of configuration of walls, in

which air enters and leaves the insulation at different positions, are used in the

simulations.
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Their simulation results show that the infiltration heat recovery process mainly occurs
within the wall structure and in the vicinity of the wall structures. Therefore, it is not
necessary to study in detail the building interior for the heat exchange phenomenon in the
wall. Corresponding to this, Abadie et al (2002) only considered the boundary layer flow
near the wall rather than the flow in the whole room in their model. To do this, they
added an air cavity on both the inner and outer side of the wall to extend the
computational domain. These additional spaces are large enough that the boundary layer
flows on the wall surface are largely unaffected by the CFD computational space

boundaries, and small enough that the increase in CFD computational time is acceptable.

A mode! containing the flow in the air gap and flow through porous media is also
presented by Chen and Liu (2004) to study the heat transfer and airflow in a composite-
wall solar-collector system, which consists of a glass cover, a porous absorber, an air gap
and a massive thermal storage wall. Their work is to show that heat can be stored in the
porous absorber by the incident solar radiation, and thus the porous absorber can work as
a good thermal insulator when sunlight is not available. However, heat exchange

performance is not addressed in the model.

The model by Buchanan and Sherman (2000) does not focus on the wall. As the
simulation in the wall is coupled with the indoor airflow, it took too long for the authors
to obtain converging solutions using small time-steps which assure convergence at each
time-step. The technique of variable time-step is therefore needed to speed up the

solution for real application.
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2.5 Research on mechanism of air flow through air permeable materials in
buildings

Miguel et al (2001a, 2001b) studied in detail the mechanism of airflow through
permeable materials which contain either pores or apertures, by dividing the material into
a medium with poor fluid transmissivity, (i.e. a medium containing pores), and a medium
with high transmissivity, (which is a medium containing an aperture). They established a
theoretical model, discussed the approach’s range of validity, and presented a correct
interpretation of the equation terms. The model presented is based on the momentum
conservation equation and is developed in terms of volume average method. Each term in
the equation is interpreted so as to set up a basic understanding of airflow through
permeable materials. The non-linear differential equation they obtained was shown to be

valid to describe airflow through materials with pores up to large apertures.

As the mathematical equation is difficult and usually impractical, even by numerical
methods, a one-dimensional process was regarded to air infiltration. Thus a simplified

form of the approach was also presented, which is an ordinary differential equation as

follows:

d ] d
A )7‘;+ e+ YK+ u = —EP 2.9)

with
Q=0.5pC2u|H
Y =430x107£7"

¢- The porosity of the material (-)
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p - The density (kg/m®)

K — The permeability (m?)

p — The pressure (pa)

H — Characteristic length of the medium (m)

C, - Coefficient accounting for the convective inertia and viscous effect

For filters and porous screen, the permeability is:
K =3.44x107°¢"* (2.10)

An experiment was also carried out by them to determine the coefficientC, .

The investigation was focused on the transient response of infiltration air velocity in the
porous screen. The air velocity across the screen is assumed to be uniform because of the
very small thickness of the material. As a matter of fact, in this case, the air infiltration
path is too short to allow heat exchange process occur. Therefore the relation (equation
(2.10)) obtained from the experiment is not suitable for the analysis of heat transfer in the

thick material like thermal insulation.

2.6 Analytical model for dynamic insulation

Dynamic insulation is considered as a potential technology to feasibly implement the heat
exchange phenomenon in the building envelope. Unlike conventional construction, where
ventilation air enters the building through a designated air inlet, the concept of dynamic
insulation is to draw air from the outside into the building through a kind of “breathing

envelope”, i.e. an air permeable insulation. Structures with dynamic insulation
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incorporate the air passing through porous material and heat exchange in the building
envelope. According to the relation of direction of airflow and that of heat flow through
the wall, dynamic insulation construction can be classified into the contra-flux mode and
the pro-flux mode. In the contra-flux dynamic insulation, air moves through the wall in
the opposite direction of the heat flow, while in the pro-flux insulation, air flows in the
same direction as the heat flow (Fig 2.4). The insulation is expected to act as a contra-
flow heat exchanger as airflows through it. However, the condition may change into the

pro-flux mode in real operation (Dimouli, 2004).

Contra-Flux Mode Pro-Fiux Mode

AIR FLOW

Qutside 245 Inside

HEATFLOW

Fig 2.4: Contra-flux and pro-flux heat mode of dynamic insulation (Baker, 2003)

Theoretical analysis has been performed for a dynamic insulated wall, especially on its
thermal performance. A steady-state one-dimensional model is presented by Taylor et al

(1996) as follows:
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d’T(x)
P

dT(x) -0

k el 24
dx

upC,, 2.11)

k - The thermal conductivity of the wall material (W/m K)

T - The temperature (K)

p - The density of the air (kg/m3)

u - The air velocity (m/s)

C,,- The heat capacity of air (J’kg K)

By setting the temperature at two boundaries being the outdoor and indoor temperature,
and assuming the air velocity in the wall is constant, analytical solution can be obtained

as follows:

upc ,x

r e )
T (2.12)
exp( k” )—1

T —
T —

1 o

T, - The temperature at indoor side (K)
T, - The temperature at outdoor side (K)

L - The thickness of the dynamic insulation (m)

The model has been extended to a three layer wall system and assumed that the heat flux

in each layer of the wall is constant and equals to the heat flux at the outer surface of the

wall, i.e.:
p-nGL-T, (2.13)
G-1 R
I
R= L= L Total thermal resistance for the envelope (m*K/W)
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G =exp(upc,R) Dimensionless parameter

According to this one-dimensional steady-state model, the dynamic U-value was derived

as follows (Taylor and Imbabi , 1998):

U up,c,

=— 9P 2.14
dyn R(eup,,ch/k — 1) ( )

It is clear that this dynamic U-value is a function of the air velocity. It is regarded as a
character of the performance of dynamic insulation (Baker, 2003). However, a simple
calculation using equation (2.14) shows that U,, decreases with the increase of the
velocity. This conclusion is contradicted to the common observation. This is because the
equation is derived from the heat transfer performance in the air inlet position. With the
increase of the air flow, the temperature gradient near the air inlet decreases, resulting a
smallerU,,, . However, if the incoming air is not pre-heated before it enters the dynamic
insulation, and its temperature is equal to the outdoor temperature, then the convective
heat loss will increase with airflow rate. Thus the overall heat loss will increase with

airflow rate. Therefore a comprehensive analysis is needed for the thermal performance

of dynamic insulation.
Meanwhile, it is noticed that U, in equation (2.14) is a non-dimensional parameter, thus

it represents the ratio of U-value influenced by the air flow, with the steady-state U-value.

This is not mentioned in the literature.
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In the derivation of equation (2.14), the boundary conditions are set up such that the
temperature at the outside and inside nodes of the walls are constant and equal to that of
outdoor and indoor temperature. However, influenced by the air film near the wall, the
temperature at the boundaries may be different from that, especially for the indoor side of
the wall. As the air flow velocity is very slow in the dynamic insulation wall, the more
suitable boundary condition for the analysis is as follows (Taylor and Imbabi, 1997):.

dr
-k— =hT-T,
dx ( wx)

x=L '
T;- The indoor temperature (K)
T, .- The inside surface temperature (K)

h - The convective heat transfer coefficient (W/m’K)

Under steady-state conditions, if considering the influence of thermal resistance of inside
and outside air films, the temperature of internal surface of dynamic insulated wall can be

calculated as (Taylor and Imbabi, 1997, Gan, 2000):

ut P R; exp(Pe)
T exp(Pe) —1 2.15)

0 Rexp(Pe)+
; exp(Pe) Pl L

ol

+R,
T,- The temperature of inner surface of dynamic wall (K)
Ri- The thermal resistance of inner air film (m?K/W)

Ro- The thermal resistance of outer air film (m*K/W)

Therefore the inner surface temperature decreases with the airflow rate.
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Corresponding with this theory, results obtained in the above investigations concerning
the performance of dynamic insulation wall include:

1. When calculating the inner or outer surface temperature, the suitable boundary
condition is that the conductive heat flux at the wall surface, rather than the net
heat flux, is equal to the flux incident on the wall from the environment;

2. In the assessment of heat loss through dynamic insulation over the static
equivalent, the influence of both inner and outer surface air films can be
neglected;

3. The air film influences the inner and outer surface temperatures, so it will impact

the thermal comfort of occupants in the room.

The actual structure of a dynamic insulated wall is complicated, though the most designs
try to assure one-dimensional flow thorough the wall, by using an air gap in front of the
insulation. For example, in the schematic of dynamic insulation presented by Gan (2000)
and prototype dynamic insulated wall by Baker (2003), air comes into and exits from the
wall at different heights, hence the incoming air velocity to the insulation is not uniform.
Thus a 1-D analytical model is not able to reflect the complete situation of heat transfer in
the dynamic insulated wall. To fully investigate the heat exchange performance in the

wall, 2-D or 3-D numerical models may be needed.

2.7 Combined heat, air and moisture transfer models

As moisture in the air can penetrate into the porous building materials, moisture transfer

will have a significant influence on the performance of the building envelope, including
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heat transfer and exchange performance. Heat and moisture transfer in porous material
has been investigated since the pioneering work of Philip and Devries (1957) and Luikov
(1966). A general description of heat and moisture transfer in porous media was
presented by them. The energy equation is incorporated with vapor and liquid transport
caused by capillary forces. The capillary force is represented in terms of gradients of the
moisture content and temperature. After that, Whitaker (1977) averaged the transport
equations on a representative elementary volume (REV) at the continuum level and
obtained the goveming equations in a higher level. Based on these fundamental
approaches, research on combined heat and moisture transfer is very active in building
science. Corresponding with theoretical works, several software packages have been
developed, such as 1D-HAM, WUFI and MATCH. The model used in the package 1D-
HAM (Hagentoft and Blomberg) is a basic model that includes heat, air and moisture
transfer in a multi-layer porous envelope in one direction, and based on a finite difference
method with explicit forward differences in time. In the simulation model, the airflow
rate through the envelope is assumed the same everywhere, determined by the constant
flow resistance and pressure difference over the structure. Moisture is transferred by
diffusion and convection in the vapor phase and heat is transferred by conduction,
convection and latent heat. To simplify the problem, water transport is not included in
their model. However, surface absorption of solar radiation is accounted for in the

program.

Up to now, investigations relating to moisture in building materials have focused on mass

transfer effect and most of them assume an isothermal condition for moisture transfer,
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only considering the influence of phase change for heat transfer. To overcome this

shortcoming, Vasile et al (1998) developed a model concentrating on heat transfer, by

attempting to describe the influence of the moisture level on heat transfer occurring

through hollow vertical terra-cotta bricks. According to them, the 1-D energy

conservation equation including the effects of phase change by condensation/evaporation

is as follows:

oT o0 ,, 0T
L _wDy e
P ot Gx( 6x) v

t - The time(s)

p,, - The density of the dry material (kg/m’)
T - The temperature (K)

¢ - The heat flux density (W/m?)

L, - The water evaporation energy (J/kg)

m - The total mass flux (kg s/m?)

&' - The phase change rate (-)

o

Ox

(2.16)

However, it 1s clear that only conduction heat transfer and phase change is considered,

while influence of air infiltration is neglected in this model.

2.8 Limitations of the existing models

Table 2.1 is a summary of models related to heat exchange phenomenon in the building

envelope. We can see that limitations exist in these models:
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1.

The air cavity models do not consider the characteristics of heat and mass transfer in
porous media, instead, they adopt an assumed infiltration path for the airflow in the
wall, such as the flow path considered by Bhattacharyya and Claridge (1995) and
Chebil (2003). However, the direct path corresponds more with the situation of air
infiltration through cracks around doors or windows, for the infiltration with inlet and
outlet at different vertical position, this kind of assumption cannot reflect the actual
situation. This shortcoming limits the adaptability of this kind of models.

In the models based on heat and air transfer flow through porous media developed so
far, such as the work of Buchanan and Sherman (2000), only macroscopic effects are
considered, which means that the interaction of different phases, for example,
between solid matrix and gas phase, are not taken into account. The research also
lacks of the deep analysis of air flow and temperature profile in the wall. Though an
analytical model is presented, it does not connect with the numerical simulation to
determine the infiltration-affected area. Meanwhile, equations for the wall are
coupled with those for indoor airflows in the model. A great amount of computational

resources are needed to obtain the converged solution in the simulation.

. Dynamic insulation is a kind of technology for the implementation the heat exchange

phenomenon in the building envelope. However, only steady-state heat transfer
models have been reported until now and these models do not discuss the influence of
property of the porous media. Considering the principle of heat exchange in the
building envelope, which comes from the interaction between the air and solid matrix

in the porous media, this model needs to be further developed.
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4. In models based on combined heat and mass transfer in porous media, convection is

either not considered for the heat transfer effect (Vasile et al, 1998), or it is only

represented using a one directional constant airflow rate (1D-HAM). Thus these

models need to be further developed.

Table 2.1 Summary of main models

Source Type Solution Advantage Disadvantage
Bhattacharyya and
Claridge (1995) 1-D air cavity | Numerical Based on an
Easy to solve | 3ssumed
Barhoun and 1-D air cavity | Analytical ) ]
Guarracino (2004) infiltration path
Chebil et al (2003) | 3-D air cavity | Numerical
Buchanan and Reflect the | Only considers
Sherman (2000) Heat and air . real the macroscopic
] Numerical properties of | effect, does not
Abadie et al. (2002) | transfer  in o
" building focus on the heat
| porous media
Chen and Liu material exchange in the
(2004) wall
Migeul et al (2001a Heat and mass | Numerical Describe the | Specified for air
2001b) transfer in | with fundamental | flow in thin
porous media | experimental | mechanism porous screen
determination
of key factor
. Heat transfer
Vasile et al (1998) containing the Considering | Not focus on the
influence  of | Numerical the heat | heat exchange in
moisture exchange of | air infiltration

phase change
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2.9 Research on heat and mass transfer in porous media

The heat exchange performance of building envelope is mainly due to the convective
flow in the porous material. For convective heat transfer in porous media, numerous
studies have been performed so far and the state of art has been summarized by Bear
(1972), Kaviany (1995, 1999), and Hsu (2003). According to Alazami and Vafai (2000),
work on this topic can be classified into four categories, namely constant porosity,

variable porosity, thermal dispersion, and local thermal nonequilibrium (LTNE).

Generally, research on transport phenomenon in porous media is based on the assumption
of constant porosity. However, the porosity of this kind of model is an average value.
Thus researchers have been trying to set up the model using a more accurate porosity
value. A frequently used variable porosity model regards that porosity is higher at zones

near the boundaries and the distribution of porosity follows the following law (Fu and
Huang, 1999):

—rzAr/dp]

e=¢[l+ne 2.17)

As - The shortest distance from the calculated point to the boundary (m)

r, .1, - The empirical constants (-)
&, - The effective porosity (-)

d, - The particle diameter of the porous media (m)

Compared with research work considering the influence of constant and variable
porosity, the concept of LTNE and thermal dispersion is more difficult to deal with and

attracts more attention now.
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For porous media consisting of a solid matrix and a fluid phase and without phase
change, from the point of the view of heat transfer, it is pointed out that even for a steady-
state problem, the solid matrix and the fluid phase cannot be in absolute thermal
equilibrium when there is flow in porous media (Moyne et al, 2000). Therefore intrinsic
phase average temperature is an important concept to set up the heat transfer equation. If
the difference of volume averaged temperature distribution of solid and fluid phase is not
negligible, i.e. the material is in local thermal nonequilibrium (LTNE), then the energy
equation must be set up for solid phase and fluid phase separately. This is called a two
media treatment. For a packed bed, if local thermal nonequilibrium is considered, then for
the solid phase, the energy equation is (Alazami and Vafai, 2000):
V(kyy VT)~h A (T, -T,)=0 (2.18)

And fluid-phase energy equation is:

(oC)u-VT, =V (k. -VT,)+h, AT -T,) (2.19)
T, - The volume average temperature of solid phase (K)

T, - The volume average temperature of fluid phase (K)

k.. - The effective heat conductivity of solid phase (W/m K)
k ;- The effective heat conductivity of fluid phase (W/m K)
h,; - The fluid to solid heat transfer coefficient (W/m® K)

A, - The specific surface area of the packed bed (m?)
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It is generally regarded that 4 is related to the porosity and the particle diameter of
porous media while 4, is related to Re number of the flow. Several models for 4, and
Ay have been summarized by Alazami and Vafai (2000). According to their reviews,

there are significant differences in the results obtained using different models. Thus much

work is needed in this area.

The two media model is widely used to analyze the performance of a compact heat
exchanger made of porous media. In this kind of heat exchangers, one important variable
is the surface-area-to-volume ratio B of the porous media (Kim, et al, 2000). Adopting
two media analysis, Wirtz (1997) presented a semi-empirical 1-D model for porous
media heat exchanger. According to this model, for a porous wall with uniform thickness

and composition, the porous matrix heat exchange effectiveness is derived as:

F
n,= Etanh[mHF ] (2.20)

c,G,H?
where mH = _|-£
kL

G,- The coolant mass velocity (kg/s m?)

H - The porous wall height (m)
L- The porous wall thickness (m)

k, - The effective conductivity of porous media (W/m K)

2+ ntu

F= 2ntu
1 ntu>?2

ntu <2

ntu = St - ft Local number of heat transfer units of the porous matrix
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St = hc,/ G, Particle Stanton number

The semi-empirical model is derived based on the assumption that temperature
distribution along the flow direction is linear. However, generally this temperature
distribution has a logarithmic profile. Therefore the validity of this model needs to be

further examined.

In Equation (2.20), we can see that whenntu 2 2, the heat transfer coefficient 4, will not
influence 7, . Actually, in this thermodynamic-limit solution, the coolant is heated to the

porous media temperature before exiting the matrix. That is to say, the difference of
volume averaged temperature distribution of solid and fluid phase can be ignored, and it

is in local thermal equilibrium (L.TE).

For the problem in local thermal equilibrium, one medium treatment is valid, i.e., heat
transfer in the medium is represented by one equation. In this treatment, if we consider
the influence of the heat transfer by local velocity nonuniformity in the representative
elementary volume (REV), the concept of thermal dispersion is introduced. Research on
this category is very active and several models have been developed, such as the model
by Cheng and Hsu (1986), Moyne et al (2000) and Du et al (2003). Jiang et al (1999)
pointed out by comparing numerical simulations results and experimental data that the
thermal dispersion effect plays an important role in forced and mixed convection heat

transfer in porous media, and must be included in the mathematical model for the case of
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one medium treatment. Meanwhile, their discussion shows that the influence of thermal

dispersion is obvious for the fluid phase being either gas (air) or liquid (water).

For the one medium treatment, it is generally assumed that the fluid and the solid phase
are both at same intrinsic average temperature, and equals to the average of the medium.
However, Monye et al (2000) argued that the temperature is an intensive property from
thermodynamic point of view, thus it is justifiable to average enthalpy, which is an
extensive property of the medium, rather than the temperature. They presented a new
definition of average temperature of the medium according to the enthalpy of the unit

mass, and derived a new effective thermal dispersion tensor.

One medium treatment is widely adopted in the investigation of forced convection or
natural convection in porous media. Based on this method, recently investigations have
been conducted on the topic of double diffusion convection in the fluid-porous layer, or
multilayer system, and on forced or mixed convection in porous media. These works are
related to the heat transfer problems in the building envelope, considering the air flow by

the wind effect or buoyancy, and the influence of potential moisture transfer.

Double diffusion convection, where the buoyancy arises not only from density
differences due to variations in temperature but also from those due to variations in solute
concentration, is closely connected with heat transfer and moisture migration in fibrous
insulation. As a rich variety of phenomena can occur on account of the combined effect

of heat and mass transfer, research on this topic attracts many interests, especially on
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fluid-porous layer structure, or multilayer system. Typical works include uniform
equations for both the porous layer and the fluid area, and analytical expressions for the
one dimensional velocity and temperature distribution (Mercier et al, 2002); relation of
rate of heat and mass transfer on Darcy number and permeability in anisotropic porous
layers symmetrically located in an enclosure filled with air (Merrikh and Mohamad,
2002); and boundary conditions at the interface between two porous layers, such as

continuity of pressure, temperature and conservation of stress (Bannacer et al, 2003).

While double diffusion natural convection is important when considering moist migration
and heat transfer in the building envelope, research on forced and mixed convection in
porous media is necessary if we focus on the effect of air flow in the envelope. Chang
and Chang (1997) studied the mixed convection in a vertical parallel-plate channel
partially filled with porous media. The velocity and temperature distribution and local
Nusselt number are obtained under various parameters, such as different thickness of
porous medium, Darcy number (Da) and Grashof number (Gr). Numerical approach, i.e.,
SIMPLEC algorithm combining with the techniques of ADI (Alternative Direction
Implicit) and SOR (Successive Over-Relaxation) was used in the study. These are closely
related to the study of heat exchange phenomenon in this study, and some methods will

be adopted.
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2.10 Summary

Considering the thermal performance, the building envelope can behave as a heat
exchanger. This literature survey summarizes the work related to this concept and
achievements achieved so far. Investigations in this area have been performed both by
theoretical approach and experimental measurement. Models based on heat and mass
transfer in porous media are more suitable to reflect the real air flow situation in the
envelope than the air cavity models. Meanwhile, the CFD approach shows its advantages
in getting more accurate and detailed results. However, models based on heat and mass
transfer in porous media presented up to now do not consider the interaction of the
different phases in the porous media, and thus cannot reflect all the information of
thermal performance. Furthermore, the link between the study on heat exchange in the
building envelope and its potential implementation has not been addressed. Concerning
these limitations, more detailed work is needed in order to better understand this thermal

phenomenon and have it implemented in building design.
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Chapter 3 Numerical model

3.1 Assumptions

Air infiltration and heat exchange phenomenon in the building envelope are complicated
processes. This first comes from the fact that infiltration air usually contains water vapor.
When this humid air flows through the envelope, condensation may occur under certain
conditions. The moisture transfer and phase change will influence the heat exchange
performance in the envelope. Besides, the temperature in the environment around the
building may change from time to time. This means that the outdoor boundary condition
is dynamic. Meanwhile, other effects, such as the wind direction, and variation of solar
radiation, will affect the heat and mass transfer in the envelope. A comprehensive
analysis of heat transfer in the building envelope should consider all these factors and this
will definitely be the final goal of research on this topic. But if the simulation model
includes all these variables that influence each other, the coupled equations will be very
difficult to solve. At present, the study of exchange phenomenon will focus on the
fundamental mechanism of heat transfer in the building envelope. Thus the research will
be performed step by step and the following assumptions are made in the current study.

I. To make the problem simpler and concentrate on heat transfer through porous
media, only dry air transfer through porous media is considered for the first step
and the porous media is assumed to have uniform porosity and isotropic
properties.

2. Although heat and mass flows in the building envelope are actually three

dimensional, a two dimensional model is adopted in this study for simplicity. This
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two dimensional approach offers significant advantages by simplifying CFD
programming and reducing computation time.
3. Both indoor and outdoor temperature are assumed constant, which means the

influence of weather variation is ignored, and simulation is carried under steady-

state condition.

3.2 Airflow model

3.2.1 Darcy and Forchheimer flow

For low porosity and steady flow rates of incompressible fluids, Darcy’s work sets up the

basis in the research. This formula is expressed as:

e &

=%u 3.1)

p - The pressure (Pa)

u - The average velocity in the flow direction (m/s)
K - The permeability of the porous medium (m?)

M - The dynamic viscosity of the fluid (kg/m s)

x- The Cartesian coordinate (m)

The permeability K takes the well-accepted form of:

3 72
gdp

T al-e)?
¢ - The porosity of porous media (-)

d, - The particle diameter of the porous media (m)

a - Constant depending on the microscopic geometry of the porous media (-)
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For packed beds, a=180, according to generally adopted Carmen-Kozeny theory

(Kaviany, 1995).

As this equation is valid strictly for very low velocity flows, it was suggested to be

corrected with the quadratic drag form:

£=Au2 +Bu (3.2)
Ax

A and B - Dimensional constants

This is known as the Forchheimer law, and it usually uses the following expression:

dp _pu cpu’

& K JK

(3.3)

¢ - Dimensionless constant (-)

To account for the viscous shearing effect, the following form of Brinkman law is used to

modify Darcy law:
__H 2
Vp——-—Ku+,u'V u (34)

/1' - Effective viscosity of the medium (kg/m s)

3.2.2 Volume average method

In order to set up a general model for flow in porous media, just as Navier-Stokes
equation for the pure fluid flow, a volume average method is widely used. In this method,
for any quantity associated with the fluid in a representative elementary volume (REV),

the volume average value is defined as (Kaviany, 1999):
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(W>=% %4 3.5)

where subscript f represents fluid.
A second average is the intrinsic phase average which is computed by finding the integral

only over the volume V, of the fluid phase contained in the representative elementary

volume V:

(w) =VL fwdr (3.6)

I v,
The two averages are related by:

(v)=e(w)’ 3.7)

¢ - The porosity of the material

Another important relationship is the theorem that relates the average of a derivative to

the derivative of an average:
1 ¢ -
(Vw)=V{w)+ fuii a4 (3.8)
Ap

A, - The area of the fluid-solid phase interface

#i, - The outwardly oriented unit vector normal to 4

Based on the above relations, the semiheuristic volume average equation was derived by

Vafai and Tien (1981) as follows (<> is dropped off for simplicity):

P, ou H C
E—g(g—ét—+(u~V)u):—Vp—?fu—pf\/_]‘%Iulu+/1fVu 39
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The second, third and fourth terms in the right side of equation (3.9) are Darcy term,
Forchheimer term and Brinkman term, respectively. Several models have been developed

on both Darcy and non-Darcy effects and have been summarized by Alazmi and Vafai

(2000) in table 3.1.

Table 3.1 Different models on Darcy and non-Darcy effect (Alazmi and Vafai, 2000)

Model Darcy Forchheimer Brinkman
. . y7i Fe , € o2
Vafai and Tien Zu P T u —Vu
K K
(1981) #
Kim et al (1994) A, Py £ vy,
K JK
. ﬂ F 2 2
Hadim (1994) Zu p—=Uu &Vu
K VK

There are slight differences between the expressions of these models. However, a

comprehensive comparative study by Alazmi and Vafai (2000) shows that the calculated

results are about the same.

For air permeable building materials, Miguel et al (2001a) derived the following

momentum equation base on the volume average method:

(% )g—‘t‘ + (% Ju-Vu=-Vp+ - [(%)(V;1 [n-vrda-v;' [n- cpdA)]
~ pu- u[(%z)(Vf" jnrdA)]+ LVu -[(%)V;‘ jnrdA]+ (% )V

A- The interfacial area contained within the averaging volume
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n- The unit vector

I' - Quantity relating the intrinsic phase average velocity to the spatial deviation of the
velocity

@ - Quantity relating the intrinsic phase average velocity to the spatial deviation of the

pressure

This equation is similar to equation (3.9), except that it includes the viscous resistance of
fluid flow (% ,)Vu, the other three terms in the right hand of this equation corresponds

with the Darcy’s term, Forchheimer term and Brinkman term. However, it is
demonstrated from this equation that permeability of the medium is associated with the

viscous resistance due to the momentum transfer at the matrix-fluid interface, which is:
(%)(V;‘ fn-vrda-v;" [n-@dd)=-K

Therefore permeability represents the ability of the medium to transmit the fluid through
itself. In accordance to kinetic gas theory, it is related to the reciprocal of the collision
frequency of diffusing particles against the solid matrix and the kinematic fluid viscosity.
It can be a vector to represent the non-isotropic property of the material, for example, the
different value of permeability in two directions has been adopted by Bankvall et al

(2004) in their simulation of air transport in and through the building envelope.

The same relation can be arrived to the Forchheimer term as:

la/ew;! [rds)=c.x
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3.2.3 Selection of the model

The Darcy model is valid for slow flows through porous media with low permeability.
However, as the velocity increases, deviations from Darcy’s law are observed (Kaviany,
1999). For Darcy or creeping flow regime, the pore Reynolds number Re,, should be less
than 1 (Pedras and de Lemos, 2001). When it comes to the airflow in the building
envelope, it is pointed out that typical indoor and outdoor pressure differences for
residential buildings are within the range of 0.1Pa to 10Pa (Abadie et al, 2002). As the
viscosity of air is about 1.8x107kg/ (m's) and the permeability of air is less than 10 m?,
the infiltration air velocity will be less than 0.5m/s, even for the condition of a pressure
difference of 50Pa, an airflow rate of 10 to 30 times of typical infiltration rate (Chan et al,
2003). Because the pore diameter is generally less than 10°m for porous media used in
building insulation, we can say that Re;, is less than 1 and the Darcy’s law is valid in this

condition.

3.2.4 Governing equations
Therefore conservation equations representing airflow in the building envelope are as
follows:
The continuum equation is:
Vau=0 (3.10)

where u is the velocity vector

The momentum equation, which includes inertial, gravity and buoyancy terms, is as

follows:
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du y7,
’Zg (85;+u-Vu)=—Vp—?fu—pag (3.11)

For the buoyancy term, which comes from density variation, Boussinesq approximation
is used, i.e.:

P.=pl1- BT -T)] (3.12)
£ Expansion coefficient (1/K)

P, Density of air at reference temperature (kg/m?)

This is different from the model by Buchanan and Sherman (2000) with respect to: (1)
the initial term is included in the current model; (2) Boussinesq approximation is adopted
to simplify the treatment of the variation of density. In the work by Buchanan and
Sherman (2000), the equation was expressed as that for compressible flow; however, it
was mentioned that a temperature-dependent empirical relation was used for the density,

thus it was also treated as incompressible flow.

3.3 Heat transfer model

3.3.1 One-medium treatment

To set up the energy equation, the first thing to determine is whether one medium model
or two media model should be applied. When it comes to the situation in building
science, Buchanan and Sherman (2000) performed an analysis to determine if the
air/insulation system is in thermal equilibrium. For a flow velocity of 0.08m/s, and an

outside bulk air and glass fiber temperature 274K and 298K respectively, the calculation
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result shows that as the air flows deeper into the insulation, its temperature increases
rapidly and eventually reaches the temperature of the solid matrix at a distance of about
5x10°m, which is a negligible distance. For the entire depth of the envelope, the
temperatures of air and insulation fiber are nearly equal, meaning that the assumption of

local thermal equilibrium between air and glass fiber is valid.

3.3.2 Derivation of the governing equation

In the one-medium treatment of heat transfer in porous media, from a microscopic point
of view, interaction between solid matrix and fluid phase exists, thus the energy
conservation equation should be set up for solid matrix and fluid phase in the REV,
separately. The final macroscopic governing equation is derived on the basis of the

microscopic equations.

The solid phase energy equation is:

oI, _
or

a, VT, (3.13)

where a, is the thermal diffusivity of the solid phase (m?/s)

The fluid phase energy equation is:
oT,
F+(V-uT)f=af(V-VT)f (3.14)

where a, is the thermal diffusivity of fluid phase (m?/s)

The boundary conditions at the interface face A are:

n, -k, VT, =n, -kVT, (3.15)
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T, =T, (3.16)

Unit Celt Mean Velocity

Fig 3.1: Microscopic velocity for periodic porous media (Hsiao and Advani, 2002)

Concerning the pore-level airflow, the fluctuation of velocity and temperature
distribution from the volume average value exists (illustrated in Fig 3.1) because of the

interaction of solid phase and liquid phase. To include this effect, we define:

u' =u-—(u) (3.17)
Using these definitions and considering the boundary conditions at the interface, the

overall fluid-solid energy equation based on the volume average method can be derived

as follows (Kaviany, 1999):
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(e, + U= )(pc, ), 15+ (c,) 0 VT <ok, + (1= )1V VT

bk (3.18)
L= [T/ dd+(pe,),V-uw'T;
4

+

Because the difference between thermal conductivity of solid phase and gas phase (air) in
this study is not high, the second term on the right side, which is the influence of
temperature deviation, can be omitted. However, the third term, which is the effect of the
velocity nonuniformity, should be taken into account and it represents the microscopic
effect in the overall macroscopic equation. In the product level, the concept of thermal

dispersion is generally used and it is represented by a thermal dispersion coefficient &, on

the basis of the following relationship

w7, =k, VT (3.19)

Thus the final governing equation is as follows

le(poe,), +(1- 8)(mp)s](3a—f+ (pc,)u-VT =[ék, +(1-€)k ]V -VT +k,VT
(3.20)

Determining the thermal dispersion coefficientk,, which includes the microscopic effect

in the macroscopic equation, is an important topic in heat and mass transfer in porous
media. Research on this topic is currently active. Considering that the turbulent flow is
also due to the velocity nonuniformity, many researchers regard that thermal dispersion
has similarity with turbulent flow. Based on this observation, various theoretical models
have been developed. For example, to analyze the steep temperature gradient near the

wall observed in the forced convection for a packed bed, Cheng and Hsu (1986)
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introduced a dimensionless dispersion length represented by a wall function into the

modeling of the thermal dispersion conductivity.

However, these theoretical models are still under development and need validation.

Experimental relations are more frequently used. For fibrous material, Koch and Brady

(1986) suggested that it can be represented as:

7“/E|“I
k,=———+

1
In(——
(1 = 8)
In which coefficient A is:
B 5723 1 = E
160 7320

(3.21)

(3.22)

Equation (3.20) is different with the model by Buchanan and Sherman (2000): (1) the

influence of dispersion is considered; (2) the influence of pressure variation on the heat

transfer, which is generally not considered in heat transfer problem, is not included in the

current model.
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3.4 Solution method

3.4.1 Pressure correction in the simulation

As the Boussinesq approximation is assumed, the problem is treated as an incompressible
flow. The solution method of incompressible flow can be either the vorticity-stream

function method or the primitive-variable approach.

Compared with the primitive-variable method, the vorticity-stream function is easier to
implement. In this approach, the stream function and vorticity are defined as follows:

w2 y=_¥ o= % (3.23)

oy Ox _ay Ox

Using the stream function and vorticity, combining with the following transformation:

x=2 y=2 7=s =2
L L Z Z
g/-zl azw_L T:ﬁ QZT*IL
VL v, L T-T

where V- Reference velocity at inlet (m/s)

L - The thickness of the building envelope (m)

T, - The temperature at the indoor side (K)

T, - The temperature at the outdoor side (K)

The control equations used in this study can be changed into non-dimensional form as
follows:

0w _0@ _0@w €'Ra 00 <¢c'w
E——t U —+V— = -
or oX 0Y Re’PrdX DaRe

(3.24)
Vo =-a (3.25)
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Dd
620,790,590 1y kb ;Dry.ve (3.26)
or oX oY Pe k, a,

where Da - Darcy number Da = K /I

. » AT
Ra - Raleigh number Ra = g,B_TL
av
Re - Reynolds number Re = vL
v

Pr Prandt]l number Pr = Al
a

VL

Pe - Peclet number Pe =——
a

o - Heat capacity ratio o =[(1-£)(0oC,), + &(pC,),1/(pC,),

These coupled non-dimensional equations can be solved simultaneously. The detailed
procedure is as follows:

(1) Giving a time increment and assuming a temperature distribution. According to
this assumed distribution, solve the vorticity equation (3.24) to get the values of
vorticity @ .

(2) Based on this @ value, by solving the stream function equation (3.25), ¥ value

can be obtained and velocity can be determined.

(3) Using the known velocity, energy equation (3.26) is solved to get a new
temperature distribution.

(4) Check convergence according to the difference of temperature between step (1)
and that obtained in step (3). If convergence condition is satisfied, go to next time

step, otherwise, go to step (1).
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(5) Simulation continues until reaching to the steady state.

The vorticity-stream function approach is easy for the implementation, concerning its
automatically satisfying the continuity condition. However, it is not easy to deal with the
boundary conditions, as the physical meaning of stream function and vorticity is abstract,
especially for vorticity. Approximate treatment is usually adopted in this approach, for
example, for the points of non-slipping condition, such as on the bottom and the top, its

vorticity is represented by:

— _2*W -V
o, = sz Ll (3.27
There is an inconsistence of second and first order derivative in this equation and hence

will induce additional error. However, it is pointed out that if higher order derivative is

applied, the iteration process will be unstable.

Meanwhile, in the vorcitity-steam function approach, there is no direct relation between
the pressure and velocity, thus it is not easy to include the influence of pressure. As the
pressure gradient is the direct driving force for air flow in the current model, the
limitation of this approach is obvious. Moreover, if the model is extended to the multiple
layer structure, the boundary condition in the interface points is very difficult to deal with
for the vorticy-stream function method. On account of these, the primitive-variable

approach is adopted in the solution process.

In the primitive-variable approach, the SIMPLE (Patankar, 1980) family methods are

generally used. In this kind of method, the procedure is based on a cyclic series of trail-

52



and-error operations to solve the governing equations. The velocity components are first
calculated from the momentum equations by assuming a pressure field. The pressures and
velocities are then corrected, so as to satisfy continuity equation. This procedure
continues until the solution converges. SIMPLE and its families, i.e. modifications
developed for SIMPLE method, are widely used in numerical simulation of heat and fluid
flow. Currently, the SIMPLE family method has become the most common approach in
computational fluid dynamics and numerical heat transfer. As a matter of fact, most of
the commercial CFD software packages, such as FLUENT and STAR-CD, are developed
on these methods. In the literature on heat and mass transfer in porous media, for

example, Chen and Liu (2004), the SIMPLE family method is frequently seen.

Though most of the widely used CFD commercial software packages are based on the
fundamental principle of the SIMPLE algorithm, it is not a good idea to treat them as
black-box tools. On the contrary, it is necessary to study the detailed phenomena in the
model used and discuss the more suitable approach. Actually, beside the SIMPLE family
methods, other pressure-correction approaches are also adopted by investigators in the
study of heat transfer phenomenon in porous media. For example, the MacCormack
scheme (Merrikh and Mohamad 2002), uses a different procedure to achieve pressure and

velocity corrections.

When it comes to the current model, by scaling analysis, we can find that the Darcy’s

item, which has a factor of %, takes a dominant role, because the viscosity is in the
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magnitude of 10” and permeability is in the range of 10" or less, hence the magnitude of

% is 10 or higher. This suggests adopting an easy implement approach.

The non-dimensional form of momentum equation in x- and y- direction according to

equation (3.24) is as follows:

Ou _ouw _ou ap &
+ —&———

V—= u (3.28)
or oxX oY 0X DaRe

PN X LA V+£R“fr9 (3.29)
or oxX oY Y DaRe Pe

Rearrange these two equations in the following form:

P _ o
re =F@,v) (3.30)
—g‘%zG(E,V) (3.31)

We can get the following Poisson equation:

2= 2P
0p 0P _OF 0 (3.32)
ax? oY’ X oY

That means assuming a pressure distribution, an estimated velocity at new time step can
be obtained from the initial condition. After that, the correction of pressure can be carried
out according to equation (3.22). This process continues until obtaining the convergence

solution.

As the continuity equation is not directly solved by using the above method, it is found

that the continuity condition is not satisfied in the solution process. In the actual
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calculation, to assure the continuity condition, the following prediction-correction

method is presented for unsteady flow in vertical channel (Saha, 2000):

azﬁ'+6zﬁ' on’ av
ax?  oay? aX oY

(3.33)

In which »"is the predicted velocity obtained by explicitly solving the following N-S

equation:
—=G(u;,u,)—— (3.34)
Y 3 .

i, J- X, y directions.

The relation of pressure and velocity is given as:

=P+ (3.35)
. &

=y + 25 3.36

womu k=P (3.36)

In the current simulation, # and ¥ are estimated velocity according to equation (3.28)

and (3.29), using the following method:

*

a-a" & _. 8" _, A0 _, AT

£ + u =-¢ -u" -v" (3.37)
At DaRe ox AX AY
L E o [T RaPrg, g AV 5 AV (3.38)
At DaRe 0Y  Pe AX AY
The above equations can also be written as:
1 n a—n
—+ u =F@"v")- 3.39
(Ar DaRe) At (@ ) 1), ¢ (3:39)
—n —ny _ P
—+ =Gu",v" 3.40
(Ar DaRc At @ oY ( )
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Therefore relation in equation (3.33) is modified as follows in the numerical process of

this study:

2o A2 —r ot
apz+6p2 =(L+ ! )@_J,?_V_ (3.41)
oX° oY Ar DaRe 60X oY

3.4.2. Differencing scheme

The equations are solved using finite Vije12

difference approach. To avoid the

pressure oscillation in the simulation 172 Pij Lij Uir12;

process, staggered grid is applied. A

typical calculation element is shown in 1

Fig 3.2. Velocity u and v are stored in Fig 3.2: Calculation cell

the boundary nodes whereas pressure

and temperature values are stored in the central nodes.

In the simulation, a uniform mesh is applied on each coordination direction. For the

diffusion term, central difference is used for variable ¢ as follows:

62¢ _ ¢i+1,j - 2¢i,j REZEN; 62¢ _ ¢i,j+1 — 2¢i,j + ¢i,j-1
axZ sz ayZ Ay2

(3.42)

For the convective term, upwind scheme is adopted for variable € in equation (3.29) as

follows (variable is also represented using ¢ ):

56



o¢ B ¢,-’j _¢i—1,j ) % _ ¢i+1,j _¢i,j ,
= A if u=0 PR — if u<0
%=¢i,j_¢i,j—l if v>0 %:M if v<0
Oy Ay oy Ay

(3.43)

Whereas central difference is used for variable & in left hand of equation (3.29):

% - 9i+1,j "'gi—x,j _Qg _ 6i,j+1 - 0i,j—l (3.44)
ox 2Ax dy 2Ay

As Darcy’s term dominates the momentum equation, explicit scheme is applied for the
solution of momentum equation to assure higher accuracy. However, for the energy
conservation equation, to avoid the oscillation in the solution process, an implicit scheme
is employed. Therefore, the following eqﬁation of implicit scheme needs to be solved:

AD =B, (3.45)

J
A- The coefficient matrix

B - The source term matrix

The variables of vector ® are unknown and need to be solved simultaneously. To solve
the equations, a direct method or an iteration method can be used. In the direct method,
sweeping is performed to every column or row, or column and row alternatively, i.e.
Alternative Direction Implicit (ADI) method. In each sweep, a TDMA algorithm is used
to obtain the value for each node. Compared with this method, iteration method is easier
to implement, and in the numerical simulation of natural convection in a rectangular
cavity, the computing time needed is about the same order of magnitude (Wang and

Rathby, 1979). Thus iteration method is adopted here using the normally used form of
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Gauss-Seidel and successive over-relaxation (SOR). For each direction, the following

discretization equation in point P can be obtained after rearrangement of variables

apdp = appy +aydy +aydy +asds +b (3.46)

By applying SOR method, »-th iteration is carried out as

o ) (n-1) ()
¢}(’n) =¢}(’n—l) +a[aN¢Nn tasd” +agdy +apdy +b - 1()"‘1)] (.47
ap

a - Relaxation coefficient
b - Source term

Subscripts N, S, E, and W represent north, south, east and west points, respectively

3.5 Boundary conditions

Setting up the governing equations is only one step for the model. To obtain the
meaningful solutions, boundary conditions are very important and must be determined in
advance. As the model is a coupled problem of airflow and heat transfer, boundary

conditions must be provided for the temperature, velocity and pressure.

3.5.1 Temperature boundary conditions

At the boundary inside the room, the temperature on the boundary is satisfied with the

convective boundary condition:
—kZ==h, (T, ~T) (3.48)

T,,- Temperature on the interior surface of the building envelope (K)
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T, - Bulk temperature inside the room (K)
h, - Convective heat transfer coefficient inside the room (W/m’K)
According to ASHRAE (1993), the convective coefficient is adopted as follow:
h, =187(AT)*? H*® (3.49)

H - The height of the wall (m)

AT - The indoor and outdoor temperature difference (K)

At the outside surface, the boundary condition is set up as:

or

B ka = aml]l + hr (T;lir - I;Ja) + hcout (T:) - T;o) (3 50)

a,,- The surface solar-absorption coefficient (-)
I,- The solar radiation flux normal to the surface (W/m?)
T, - The outdoor air temperature (K)
T,,- The outdoor surface temperature (K)
h, - The radiative heat transfer coefficient (W/m’K):

h, =£,0,(T; + T )T, +T,,) (3.51)
&, - The surface emissivity (-)

o, - The Stephan-Boltzman constant 5.67 x107*

h

coul

- The convective heat transfer coefficient at outdoor side (W/m°K)

Generally, 4, 1s represented as a function of wind velocity. However, according to the

measured data by Jayamaha et al (1996), it is about 6-10 W/m’K.
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The top and bottom are assumed to be adiabatic.

3.5.2 Velocity and pressure boundary condition

To determine the velocity boundary condition for the inlet and outlet, we need first to
determine the location of the inlet and outlet. This configuration is important for the
calculation because it will greatly affect the
infiltration path, which is believed to have a
significant influence on the heat exchange
performance in the building envelope. However,
considering air infiltration, there are great g
uncertainties in determining the position of the
inlet and outlet. This problem brings the difficulty

in dealing with the velocity boundary condition.

However, the simulation results of Buchanan and

Sherman (2000) and Abadie et al (2002) show that ~ Fig 3.3: Boundary condition for
the phenomenon of heat exchange in the building calculation

envelope mainly happens in the area near the inlet and outlet. In other parts of the wall,
its influence is negligible. Based on this, the whole envelope is divided into the area
affected by leaking air and that not affected by leaking air in the simplified model
developed by Buchanan and Sherman (2000). This means that heat exchange in the
building envelope by air infiltration is a kind of local phenomenon. Thus we only need to
focus on the zone of inlet and outlet in our simulation, and use different configurations to

include the effect of uncertainties of the inlet and outlet locations. For example, in the
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model developed by Buchanan and Sherman (2000), several kinds of configurations for
inlet and outlet are presented. Abadie et al (2002) considered three different
configurations: straight through cracks (ST), low inlet/high outlet (LH) and high inlet/low

outlet (HL). Following this approach, the influence of infiltration path can be included.

Upon the above analysis, the following boundary is used in the simulation model: air
enters the building envelope at location A (Fig 3.3). The velocity of other points except
the crack point at the left border is equal to zero. The bottom and top are assumed to be
using an air barrier material and the non-slip boundary condition is valid. Similar to the
inlet side, air is assumed to come into the room through location B. Velocity in this place
is determined by mass conservation while velocity of other points on the right border is

ZE10.

Corresponding with the above velocity, the following boundary conditions at the wall

surface for p'is used in the simulation:

X _, (3.52)
on

3.6 Summary

Based on the analysis of the specific condition in the building envelope, a numerical
model is presented for the heat exchange phenomenon in the envelope. Details of the

model include:

1. Darcy’s model is adopted.

61



The influences of inertia, gravity and buoyancy are considered in the momentum
equation.

By setting up the energy conservation for the solid matrix and gas phase, the one
media macroscopic energy equation is derived from the microscopic point of
view. The closure problem induced by volume average is solved by using a
dispersion coefficient.

An easy to implement method is presented for the solution of the governing
equations.

The velocity and pressure boundary is set up according to the flow condition.

A convective boundary condition is adopted for both the interior and the exterior

side of the building envelope for the energy conservation equation.
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Chapter 4 Simulation results and model verification

4.1 Simulation inputs and wall configurations

The developed numerical model is applied to study the heat exchange performance of a
conventional exterior wall, to analyze the impact of heat exchange process in the building
envelope to the energy consumption of buildings, and to find out the key influencing
factors. A 0.2m thick and 2m high wall is considered in the study. Convergence criteria in
the simulation are set to 10°. To obtain results that do not depend on the grid, several
kinds of mesh were tried, i.e. 100x500, 100x1000, 200x500. According to the result, a
100x500 mesh is fine enough to get the grid-independent solution and is adopted in the

simulation of all cases in this study.

The non-dimensional parameters in the control equation (3.24) to (3.26) are necessary for
the solution. These parameters are determined by the properties of air and building
materials. In the current simulation, these properties are assumed constant. Table 4.1

shows the values used in the simulation.
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Table 4.1 Constant parameters in the simulation

Symbol | Meaning Unit Value

o, Density of the air kg/m’ 1.0

C,, Heat capacity of the air J/kg K 1000

k, Thermal conductivity of the air W/mK 0.026

H Dynamic viscosity of the air kg/m s 1.8x10°
2, Density of solid matrix kg/m® 70

C, Heat capacity of solid matrix J/kg K 1000

k, Thermal conductivity of solid matrix | W/mK 0.05

& Porosity - 0.5,0.8,0.9
K Permeability of the porous medium | m* 1.0x10”
J7) Expansion coefficient /K 3.95x107

To discuss the influence of infiltration length, four kinds of infiltration configuration, i.e.

different places of inlet and outlet arrangement, are adopted in the simulation. These

configurations are illustrated in Fig 4.1.
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Fig 4.1: Four kinds of infiltration path configuration

4.2 Simulation results

4.2.1 Temperature and velocity distribution

Fig 4.2 and Fig 4.3 show the temperature distribution in the wall under the condition that
inside and outside temperature is 20°C and 0°C respectively, and the inlet velocity is
0.1m/s. From‘ the simulation result, for example, configuration A, it is found that without
air infiltration, the average temperature outside and inside is 0.087°C and 19.65°C
separately. Considering the influence of infiltration, the average temperatures change to
0.081°C and 19.62°C. From the temperature distribution, we can see that heat exchange
in the exterior wall mainly occurs at the inlet and outlet vicinity area. In the area near the
inlet and outlet locations, the temperature distribution changes from conduction, and has
a “tilt” contour line. However, for most of the wall, the influence of heat exchange can be

neglected. According to this observation, we can divide the whole wall into areas affected
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and not affected by heat exchange phenomenon. The ratio of these areas will be an
important factor to determine the heat exchange performance in the wall. Meanwhile,
differences can be observed for straight through flow (configuration A) and configuration
D. For the latter configuration, infiltration affected areas exist both near the inlet and
outlet position, while the variation of temperature distribution is not as significant as that
in configuration A. Besides, it can be seen that in this case, the influence of air infiltration
to temperature in the wall in the vast area between inlet and outlet can be ignored.
Therefore air flow in this configuration is called “diffused flow” (Claridge et al, 1995,
Abadie et al 2002). It means that air vertically transfers from inlet to the outlet, with a

slow and uniform velocity, induced by the pressure gradient between inlet and outlet.
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(a) Configuration A (b) Configuration D

Fig 4.2: Temperature distribution of configuration A and D
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Fig 4.3: Temperature distribution of configurations B and C

Fig 4.3 shows the temperature of configurations B and C to test the influence of low
inlet/high outlet (LH) and high inlet/low outlet (HL) (Abadie et al, 2002). From the
result, we can see that temperature distributions of these two conditions are almost
symmetric except the differences at inlet and outlet positions. Thus whether it is low
inlet/high outlet (LH) configuration, or high inlet/low outlet (HL) configuration, does not
have significant influence on the heat exchange in the exterior building wall considered
in this simulation. However, the influence of the vertical distance between inlet and

outlet should be considered, as will be discussed later.
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Fig 4.4 is the velocity vector corresponding with Fig 4.2. The figure also illustrates that in
most parts of the wall, the air velocity is very slow. Therefore the heat exchange between
the air and porous media is not significant. However, in the local zone near inlet and
outlet locations, the influence of heat exchange process is obvious. At the same time, it
can be found that though flow in the configuration D is called “diffused flow” in the
literature, the similar condition exists in the configuration A. In this case, after a short
distance from the inlet, the air flow in the infiltration area is slow and almost uniform,

except in the places around the direct line connecting inlet and outlet.
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Fig 4.4: Velocity vector at inlet locations

Fig 4.5 is the change of average temperature on the interior surface with the increase of

inlet velocity. We can see that the interior surface temperature decreases as air velocity
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increases. This will definitely mean a higher infiltration heat loss at the condition of
higher airflow rate. Thus the airflow rate should be an appropriate value if we want to use
this heat exchange phenomenon in the real building design. This result, as well as the
heat flux increase at the outlet position, corresponds with the experimental results of

dynamic insulated wall by Baker (2003).

From this figure, it can also be seen that the inlet velocity has the most important effect
on the result; meanwhile, the infiltration path also affects the average interior surface
temperature. The straight-through configuration has the smallest heat exchange area, thus
the interior surface temperature is the highest. Comparatively, the average temperature is
lower in the case of high inlet-low outlet and low inlet-high outlet structure, meaning that

more heat exchange occurs inside the wall.
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Fig 4.5: Change of average interior surface temperature with inlet velocity
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4.2.2 Energy consumption

Fig 4.6 illustrates the U-value in the exterior surface. The simulation shows that at the
exterior surface, the conductive heat loss decreases with the air velocity, influenced by
the inward air flow. This comes from the fact that the temperature near the inlet
approaches the outdoor temperature because of the air flow, and this tendency is the same
with the theory of dynamic U-value (equation (2.12)) of dynamic insulation. However,
this does not mean that the total heat loss decreases with the air flow rate. In fact, the
higher air flow rate, the higher convective heat loss. As a matter of fact, influenced by the
air infiltration, the U-value along the thickness of the wall is not constant. This can be

found from the temperature profile in the wall (Fig 4.2, 4.3).
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Fig 4.6: Conductive heat loss with velocity at exterior surface
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Fig 4.7: Relation of interior surface heat flux with inlet velocity

Fig 4.7 is the relation .of U-value with the inlet velocity, in the interior surface of the wall.
The results show that with the increase of inlet velocity, heat flux increases almost
linearly, however, the increase rate is lower for the case of low inlet-high outlet and high
inlet-low outlet configuration, especially case D, which has the longest infiltration path

length.
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Fig 4.8: Conductive and convective heat loss in the interior surface
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Fig 4.8 illustrates the relation of interior surface conductive heat loss and convective heat
loss with the inlet velocity, for configuration A and configuration D separately. It is
shown that for the former case, the line representing the variation of conductive heat loss
is almost flat, meaning that considering the heat transfer at interior surface, the air
infiltration has little influence to the conductive heat loss for configuration A. Moreover,
the convective heat loss increases dramatically with the air flow rate, as it is estimated by
the conventional method. For the latter case, though the variation tendency is the same,
the extent of variation is quite different. With the increase of air flow rate, the conductive
loss changes from 6.6W/m to 12.1W/m. This is about twice that in configuration A,
which is from 6.6W/m to 9.5W/m. Meanwhile, taking the advantage of heat exchange
inside the wall, the variation of convective heat loss is not as dramatic as in the straight
through configuration. At the highest air flow rate considered in the simulation, the
convective heat loss under configuration D is only about 18.0 W/m, much less than that

of configuration A, which is 25.4 W/m.

Fig 4.9 is the relationship of total energy reduction for the four wall configurations. From
it, we can see that influenced by air infiltration, the total energy reduction reaches
maximum value at an appropriate inlet velocity. At low velocity, though heat exchange
efficiency is high, the amount of total heat reduction is low because of the absolute low
value of the infiltration heat loss calculated by conventional approach. The curves in this

figure also demonstrate that potential of energy reduction is the lowest for the

configuration A.
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Fig 4.9: Total heat loss reduction with the inlet velocity

The infiltration heat exchange efficiency is calculated following the method by Buchanan

and Sherman (2000). That is

_ 1 QT _ Qo
=1 e, AT 1)

QO - The overall heat load (W)

Q, - The conduction heat load without infiltration (W)

Fig 4.10 illustrates the change of infiltration heat exchange efficiency (IHEE) with inlet

velocity for the four configurations in the study. From the figure, we can also see that the
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influence of heat exchange is significant when the infiltration rate is low and this effect
decreases as infiltration rate increases. At a very low infiltration rate, the infiltration air is
warmed almost to the room temperature in the exterior wall by the heat exchange
phenomenon. The temperature distribution inside the wall is almost the same as that
without infiltration. Thus the influence of infiltration to the energy consumption is very
low. As inlet velocity increases, the influence of heat exchange decreases. At the higher
infiltration rate, though the infiltration air can also be warmed, the temperature upon its
entering the room decreases. Affected by the increased air flow rate and decreased
incoming temperature to the room, the infiltration heat loss increases, and the infiltration

heat exchange efficiency decreases.

From the figure, we can also find that the influence of energy consumption in the wall in
infiltration path is significant. Comparatively, the configuration A has the least influence
because the infiltration path is the shortest. In this case, IHEE is in the range of 0.05 to
0.3. Under most part of the inlet velocity range, IHEE value is below 0.1, thus the
influence of heat exchange in the wall is limited for this kind of structure. However, if a
low inlet-high outlet or high inlet-low outlet structure is adopted with a longer infiltration
path, heat exchange inside the wall may have a significant influence to the thermal
performance of the wall. For example, under configuration D, the influence is more
significant as the infiltration path is much longer. The results in this figure once again
show that the condition of low inlet/high outlet (LH) and high inlet/low outlet (HL) does
not have significant influence as the curves of heat exchange coefficient for configuration

B and configuration C are almost overlap.
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Fig 4.11 is the relation of IHEE with the change of pressure difference between inlet and
outlet position, for configuration A and D, respectively. It can be seen that IHEE
decreases dramatically with the pressure gradient. Generally the pressure difference for
residential building is less than 10Pa -15Pa. The results in this figure show that IHEE n
changes obviously within this range. When pressure difference is greater than 15Pa, the

variation of | is very small.

4.3 Parametric study of other influencing factors

From the above discussion, it is clear that the heat exchange performance in the building
envelope is largely determined by the air flow rate through it, and the infiltration path
length and configuration have secondary influences. In order to have a deeper and
comprehensive understanding of this phenomenon, a parametric study is performed to
consider the influence of other factors. Specific parameter variations in consideration
include:

1. Variation of indoor and outdoor temperature;

2. Variation of porosity;

3. Variation of convective boundary condition.

4.3.1 Influence of indoor and outdoor temperature gradient

In the study, corresponding with the air conditioned room under typical weather

conditions in winter and summer, two kinds of temperature differences between indoor

77



and outdoor are considered in the simulation, i.e. indoor temperature equaling 20°C,

while the outdoor temperature being either 0°C or 30°C.
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Fig 4.12: Change of infiltration heat exchange efficiency with infiltration rate under

different indoor and outdoor temperature conditions

Fig 4.12 shows the relation of IHEE with air flow rate under these two conditions. From
the result, we can see that the influence of the room and outside temperature difference to
heat exchange performance is negligible. For the condition of the room temperature being
20°C, the heat exchange efficiency at the two conditions considered here is about the
same. This means that the buoyancy does not have an obvious impact to the heat
exchange performance for the structure here. This comes from two aspects. First, as the

height of wall is only 2m, the air flow induced by the buoyancy is very slow. Second,
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direction of air velocity induced by buoyancy is perpendicular to the heat flux direction in

the wall; hence decreases its effect on the temperature distribution in the wall.

4.3.2 Influence of porosity

The second in the parameter study is to study the variation of porosity to the heat
exchange performance in the wall. Three porosity values: 0.5, 0.8, and 0.9 have been

applied in the simulation.

Fig 4.13 shows the relation of IHEE with air flow rate under three levels of material
porosity. It can be seen that the porosity value has a limited influence on the heat
exchange performance in the wall. For each configuration, under a certain air flow rate,

the difference of IHEE under three porosities is less than 0.1.

0.5 -

0.45 1

—O— porosity 0.9
0.4 - —&- porosity 0.8
—fx— porosity 0.5

0.35

0.3

& 0.25

0.2

0.15 -

0.1

0.05

0 0.1 0.2 0.3 0.4
inlet velocity (m/s)

(a) Configuration A

79



0.6 1

05 —O— porosity 0.9
- porosity 0.8
—&— porosity 0.5
0.4 -

0.2

0.1 1

0 T T T 1
0 0.1 0.2 0.3 0.4
inlet velocity (m/s)

(b) Configuration D

Fig 4.13: Influence of porosity

The results demonstrate that for the condition of lower porosity, more solid matrix takes
part in the heat exchange inside the wall, thus IHEE is higher. With the increase of

porosity value, IHEE decreases because of the less amount of solid matrix in the material.

4.3.3 Influence of convective boundary condition coefficient

As the heat transfer in the wall is dominated by conduction, convective boundary
condition at the interior and exterior surface will influence the temperature distribution in
the wall. In the simulation, the exterior convective boundary coefficient condition is

assumed a constant. To check the influence of the variation of this coefficient, three
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values have been adopted in the parameter study: 6, 10, and 15 W/m’K, respectively

(Jayamaha et al, 1996).
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Fig 4.14: Influence of convective boundary condition coefficient

Fig 4.14 shows the relation of IHEE with different value of convective boundary
condition. The results clearly show that within the given range, the variation of THEE is
less than 0.02, thus influence of convective boundary coefficient is negligible. This
means that the exterior convective heat transfer coefficient has limited influence on the
heat exchange efficiency. This corresponds with the investigations results concerning the
influence of air film to the thermal performance of dynamic insulation by Taylor and

Imbabi (1997), which states that in the assessment of heat loss through dynamic
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insulation over the static equivalent, the influence of both inner and outer surface air film

can be neglected.

4.4 Model verification

In this study, the verification of the numerical model is conducted concerning the
following aspects:
1. Infiltration heat exchange efficiency (IHEE);

2. Temperature profile in the wall.

4.4 1 Verification on infiltration heat exchange efficiency

The impact of infiltration on the thermal perfofmance of the wall has been measured by
Claridge and Battacharyya (1989). One case in their study is the diffuse inlet and outlet
configuration, which arranges the air entering and exiting the wall at different horizontal
levels and “diffusing” through a large part of the wall. This corresponds to the
configuration D in this study. The measured infiltration heat exchange efficiency has

been compared by Buchanan and Sherman (2000) with their simulation results.

Therefore, comparison has been performed between the result obtained in this study and
both experimental data and simulation result of Buchanan and Sherman (2000). This is
illustrated in Fig 4.15. We can see these results agree well as follows:

e Under an air flow rate of 0.004m/s, the measured infiltration heat exchange

efficiency is about 0.80, and it is about 0.65 when air flow rate is 0.02my/s. In this
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study, the results under these two air flow rates are 0.87 and 0.62, respectively.
While the simulation results by Buchanan and Sherman (2000) under these
conditions are 0.90 and 0.75;

e Over the whole range of air flow rate in consideration, the variation of infiltration
heat exchange efficiency obtained in this study and that by Buchanan and

Sherman follows the same tendency: the difference is less than 0.1.

0.9 + —o— Buchanan and Sherman (2000)

0.8 {A —&- This study

0.7 | A Experimenta (Claridge and Bhattacharyya (1989)
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0.4 4
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inlet velocity (m/s)

Fig 4.15: Comparison of infiltration heat exchange efficiency

4 4.2 Verification of temperature distribution in the wall

To further verify the model, the simulation results are compared with the measured

temperature distribution in the wall. The experiment was carried out in the environmental
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chamber (Fazio et al, 1997) in Concordia University. Being designed to meet the
requirements for the guarded hot box standard test method (ASTM C 236-89), the
chamber is composed of a cold box and a hot box. The two boxes have a dimension of
7.5mx3.6mx4.4m, and 7.5mx*3.6mx6.0m, separately. This makes it capable for full scale
measurement. An experimental investigation was performed to study the impact of air
leakage to the temperature of the exterior building wall, under exfiltration condition. In
the experiment, air is intensively driven through the wall through either so called “long
exfiltration path” or “direct exfiltration path” (illustrated in Fig 4.16), which corresponds
with low inlet-high outlet configuration and straight through configuration in study,
respectively. In the direct exfiltration path, the air flows into the wall through a 20 mm
diameter opening in the interior finish, centered between the studs and 300 mm above the
floor. Whereas in the long path exfiltration path, the air flows into the wall through a 2
mm horizontal crack at the bottom of the interior finish and out through a 5 mm

horizontal crack at the top of the exterior sheathing.
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Fig 4.16: Air leakage path in the experiment

The wall is 2.4m high, and from outside to inside is composed of spun bonded polyolefin
membrane weather barrier, 10 mm asphalt impregnated fiberboard, 89 mm fiberglass batt

insulation between the studs, and 13 mm gypsum board.

In the experiment, the mean temperature in the hot box and cold box was maintained at

22°C and -8.5 °C, to represent the indoor and outdoor temperature in winter.

Temperature distribution was measured on the exterior surface and interior surface of

insulation. The location of the thermocouples is shown in Fig 4.17, and the detail

locations of the thermocouples in this figure are shown in Table 4.2.
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Fig 4.17: Profile of thermocouples
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Table 4.2 Locations of thermocouples

Thermocouple ID Thermocouple ID Distance from
(direct path) (long exfiltration path) the floor (mm)
la 1b Ic 1d 150
2a 2b 2c 2d 300
3a 3b 450
4a 4b 600
5a 5b 5¢ 5d 900
6¢ 6d 1500
Tc 7d 2100
8¢ 8d 2250
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Fig 4.18 Experimental data of temperature profile for air tight condition
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The test was carried out in the insulation and stud, and it was assumed that the
temperature distribution is asymmetric. The measured temperature data and the
temperature contour based on the data for air tight condition, i.e., no air flow through the
wall, are illustrated in Fig 4.18. From it, we can see that in the insulation, the temperature
is almost the same in the same horizontal plane, thus the measured temperature in the
insulation is used to represent the temperature of the wall and compared with the

simulation results.

In the simulation, convective boundary conditions for exterior and interior surfaces are
first determined to be consistent with the experimental data for air tight condition. A
17.0°C and -4.2°C is adopted for the warm plane and cold plane as the initial condition,
respectively, as there is fluctuation in the measured data. Meanwhile, unlike the treatment
in the previous simulation, in this simulation the top and bottom boundary are not
adiabatic, but a constant temperature with a convective heat transfer coefficient. On the
other hand, the inlet velocity was determined according to the condition of 4Pa pressure
difference between inlet and outlet, which was applied in the experiment to drive the air

flow through the wall.

The experimental and simulation results with the straight-through path are shown in Fig
4.19. The calculated temperature profiles, as well as the measured date, in the warm plane
and cold plane, are illustrated in Fig 4.20. We can see that the simulation results generally
agree well with the experimental data. In the warm plane, the temperature increases at

300mm position because of the warm air exfiltration. On other points, the measured
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temperature is very similaf to the simulation result. At the 150mm and 450mm positions,
there is around 1°C error between measured data and simulation result. This may come
from the assumption in the simulation that the temperature in hot chamber is uniform,
which is not exactly the same as the real temperature distribution of air film near the wall.
In the cold plane, the temperature also increases at 300mm position, and the simulation
results reflect the variation tendency at most of the measurement points, except in the
450mm position. At this point, the measured data is even higher than that in 300mm
position. This may come from the design of the experiment, in which the air outlet is not
specified. Thus the air may leak from the wall through several places around the 300mm
height point in the cold plane, and the positions the sensors might be the potential leakage

path because of the installation of these sensors.
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182 18.7 2.9 32
16.2 17.1 -4.1 4.1
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(a) Warm plane temperature (b) Cold plane temperature

Fig 4.19: Comparison of experiment and simulation results for straight through

configuration
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The experimental and simulation results of long exfiltration path are shown in Fig 4.21.
The corresponding temperature profile is illustrated in Fig 4.22. In the warm plane, the
simulation results show that the temperature is higher at bottom and top of the wall, while
in the area between 300mm to 2100mm, the temperature is about the same. This agrees
well with most of the experimental data. The most obvious difference between simulation
results and experiment data is at 2100mm position. This may also from the assumption of
uniform temperature distribution in the hot chamber, as the temperature in the air film
near the wall may increase with the height of the wall in the real situation. In the cold
plane, the variation of measured temperature follows the same tendency as that obtained
by simulation. At 150mm position, the measured temperature is obviously higher than the
simulated result, and it is close to the simulated temperature near the bottom of the wall.
This might because there is air leakage in this area. At the same time, the measured data
for air tight condition shows that the temperature near the floor might be much higher
than upper parts of the wall, even without the air flow, though this is not the situation for
the straight through condition. Besides this, the measure temperature at 300mm position
is about 1.5°C lower that the simulated result. The reason for the error at this point may
come from the arrangement of wall samples in the experiment, as the sample with the
long exfiltration path is near the door of the chamber. In fact, the measured temperature

at this point is even much lower than that in the same position in the airtight

configuration.
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Fig 4.21: Comparison of experiment and simulation results for low inlet-high outlet

configuration
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4.5 Summary

CFD simulation was performed in the study and the results are presented and analyzed.

Specific works in this chapter include:

1.

The temperature and air velocity profile in the wall are illustrated to show the
influence of air infiltration to the heat transfer in the exterior wall. The coupled
conduction-infiltration heat loss is also obtained, under the variation of air flow
rate and infiltration path. The impact of heat exchange to the energy consumption
of the building is discussed based on the calculated infiltration heat exchange
efficiency (IHEE).

Parameter studies have been carried out to study the influence of porosity, indoor
and outdoor temperature gradient as well as convective boundary coefficient on
the heat exchange efficiency.

The model verification has been performed by comparing the simulation results
with other numerical simulation results in the literature, as well as the experiment

data.
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Chapter 5 Dynamic Insulation: Theory and Application

5.1 Dynamic insulation

5.1.1 Concept of dynamic insulation

The study in the previous chapters shows that impacted by the heat exchange process in
the building envelope, the energy consumption is less than that is estimated by the
conventional method. However, the impact of heat exchange by air infiltration in the
conventional wall is limited, as only one part in the wall works for ventilation purposes.
The heat exchange efficiency will be higher if most of the wall can be used in the
ventilation. Inspired by this idea, the technology of dynamic insulation has been

developed.

The concept of dynamic insulation (DI) is to effectively use the combination of
conventional insulation and heat exchange characteristics of a wall to pre-heat fresh air
for ventilation. It is regarded as one possible method for reducing building envelope heat
losses while achieving better indoor air quality. The existing technology of dynamic

insulation can be divided into two catalogues:
1. The design using cavities to circulate the fluid (mostly air) in the wall. The air
flow direction in the cavities is generally parallel to the wall — wall acting as a

heat exchanger.
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2. Breathing wall design which let the gas (mostly air) transfer through the
permeable insulation. The interaction of gas phase and solid phase can also act as

a contra-flux mode heat exchanger (Baker, 2003).

Though ventilated walls which use a combination of air cavities have been presented,
such as Baily (1987) and Chebil et al (2003), currently most of the structures of dynamic

insulation system adopt the latter concept because of its easy implementation.

Besides the advantage of energy saving, the fibrous structure in dynamic insulation may
also offer an effective, low energy solution to the air pollution problem in the

surrounding environment. This is because the dynamic insulation can act as an air filter.

The polluted particles can be trapped by a filter through three mechanisms (Taylor et al,
1999):
1. Impaction, in which the momentum of the particle causes it to deviate its stream
line around the fiber and is captured by the fiber media;
2. Interception, in which the particle follows its streamline and is captured when it
comes into contact with the fiber;
3. Diffusion, in which the Brownian motion causes the particle to move

independently of the air stream onto the filter media.

For the conventional air filter, the air velocity is up to 1.0 to 1.5m/s, so the particle is only

filtered by impaction and interception. As the air velocity in the dynamic insulation is
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relatively slow, generally 0.0005m/s to 0.005m/s, all three mechanisms are prompted, so
the dynamic insulation is very effective for capturing particles less than 0.5um or larger
than Sum in diameter. It is pointed out that dynamic insulation is also efficient at
capturing particles ranging from 0.5pm to 5Sum, if its thickness is greater than 60mm
(Taylor and Imbibi, 1999). At this thickness of filter media, the dynamic insulation has

the potential to become a high efficiency particle air filter due to the nearly zero particle

penetration for all particle sizes.

5.1.2 Structure of dynamic insulation

The dynamic insulated wall component usually consists of the following main sub-layers:

1. The external envelope sub-layer. This could be a prefabricated reinforced

concrete slab (Dimoudi et al, 2004), or a perforated metal sheet (Baker, 2003).

The ventilation air can be introduced from the bottom or top of the external
envelope sub-layer.

2. The dynamic insulation sub-layer, which may consist of layers of breathing
materials, including materials such as compressed straw board, mineral wool and
thin paperboard, or cellulose fiber insulation. These breathing materials let the air
enter the room due to a pressure difference between interior and exterior.

3. An air gap is generally used to separate these two sub-layers.

In most of the dynamic insulation design, an air permeable internal surface construction
is adopted. However, Baker (2003) pointed out that problems might exist with the use of

a permeable wall liner. To solve this drawback, plasterboard, which is impermeable to
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air, is chosen for the inner face of the construction. Air is drawn through the dynamic
insulation sub-layer into a cavity behind the plasterboard. From there it is distributed into

the room through vents.

Besides configuration of these sub-layers, other considerations in the real dynamic
insulation system design include:

1. To assure the uniform air-flow and hence one-dimensional heat transfer through
the wall, for the design that air comes into the wall from the bottom of the
external layer, the lower 1.0m of the wall is constructed of having a higher air
resistance (Dimoudi et al, 2004).

2. Pressure difference between indoor and outdoor for inward air flow can be
normally achieved by means of a fan.

3. Solar energy has also been considered to increase the performance of dynamic
insulation component. For example, a layer of outer glazing could raise the
temperature of incoming air (Gan, 2000).

4. A heat pump or heat pipe unit has also been suggested to be inserted in the

exhaust air duct to pre-heat the incoming air (Gan, 2000).

For the implementation, the material used needs to be determined based on its property,
especially air permeability and thermal conductivity. In the dynamic insulation, a
negative pressure gradient is needed for the inward flow, and the maximum pressure
gradient should be less than 30~50Pa. Table 5.1 illustrates the measured air permeability

of several typical building materials. Adopting these values to the Darcy’s law, it is found
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that for the air transfer velocity ranging from 0.0005m/s to 0.005m/s. The range of air
permeability should be in the range of 10°m? to 107m% Therefore the most suitable

material for dynamic insulation will be cellulose, fiberglass or mineral wool.

Table 5.1 Measured air permeability of building materials (Taylor et al, 1999)

Material Permeability (m®)

Plasterboard 5.3x10"°
Thermal block 8.0x10°™"
Fiberboard 1.8x10”
Mineral wool 3.3x107
Cellulose 1.42x10°
Fiberglass 1.43x10°
Sheep’s wool 9.0x10®

5.1.3 Heat transfer model of dynamic insulation

In the current application of dynamic insulation, efforts have been made to assure a one
dimensional air flow and heat transfer. This can be illustrated by Fig 5.1, which is the
structure presented by Baker (2003). Therefore heat transfer process in the dynamic can

be modeled using one dimensional model as follows:

dar dT dT
(ep,C,, + (1~ €)chps)z +up,C,, e ko ) (5.1)

Thermal performance of the dynamic insulation can be assessed based on the solution of
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this equation. To make the solution process and parameter study easier, the following

non-dimensional form of equation is used:

2
dtr dX PedX

where 9=T_T" X=£
T-T, L
tu
T=—
L

T, - Indoor temperature (K)
T, - Outdoor temperature (K)
L - Thickness of the dynamic

insulation (m)

up,C,L

e=——

k

Air delivery
system

~2750mm

Profiled metal sheet
Plasterboard

Fig 5.1: Structure by Baker (2003)

Equation (5.2) is solved by a numerical approach using finite difference method. A fully

implicit scheme is used so that large time step can be adopted to correspond with the

hourly change environment temperature in building simulation. TDMA algorithm is

adopted to solve the algebraic equations.

First, the simulation is carried out under a steady state condition, i.e., constant

temperature boundary condition:

X=0

X =1 f=1
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The change of interior surface temperature with time under two porosity values and air
velocities is illustrated in Fig 5.2. We can see under high porosity condition (¢=0.9), the
temperature profile will reach a steady state almost within one hour. Under medium
porosity condition (¢=0.5), the temperature can still reach the steady state in one hour if
velocity is high. Under the condition that porosity being 0.5 and the air velocity is
0.0005m/s, it will take more than one hour for the temperature profile to reach the steady

state. However, the absolute variation of temperature is not significant.

The simulation is also performed under varying ambient temperature, which follows a
sinusoidal function, with a mean temperature of 5°C and the amplitude of 6°C. The
change of interior surface temperature within one day is illustrated in Fig 5.3. It can be
seen under the same indoor temperature as that in the steady state condition, the interior
surface temperature is not the same. It is also shown that the extent of variation of the
interior surface temperature is mainly influenced by the air flow rate, and the influence of

porosity can be neglected.
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Fig 5.4 shows the heat flux obtained under the steady state and transient boundary
condition, for the two porosity conditions. It can be seen that in each case, there is no
significant difference between the results obtained by the steady state and transient

boundary condition.

By analysis the variation of parameters in equation (5.2), it is easy to find that the
parameter ¢ will influence the time for the temperature to reach the steady state. Thus the
heat capacity of the solid matrix will affect the transient thermal performance of the
dynamic insulation. Parameter study has been performed concerning the influence of this
factor. Fig 5.5 illustrates the change of interior surface temperature under the condition
that p, and Cps increase to 200kg/m’ and 1500J/kg, respectively. Compared with the
previous result, it is easy to find that the time lag increases, while the variation of the

surface temperature during a day is about the same.

106



20.00 - 20.00 -

16.00 - 16.00 -
interi rf
1400+ —e— interior surface 1400 - —
5 o —e— interior surface
S~ 12,00 ~o—ambient <5 12,00 A
2 g ~a— ambient
‘é’ 10.00 - '@ 10.OOJ
@ o
g 800 - 2 800 1
o 3
6.00 - 6.00 -
4.00 1 4.00 -
{ L
2.00 A 2.00
000 — T T T 1 L 1 000 T T T T T )
0 4 8 12 16 20 24 0 4 8 12 16 20 24
time (hr) time (hr)
(a) e=0.9 (b) e=0.5

Fig 5.5: Change of interior surface temperature under p, = 200kg/m’, Cp, =1500J / kg

30 +
25 |
. —o— transient
NE 20 { |- steady state
=3
@ 15
Rl
S 10 -
-
5 .
O T T T — 1
0 0.0005 0.001 0.0015 0.002

air velocity (m/s)

(a) e=0.9, ps=120kg/m3, Cps=1500)/kg

107



25 -
— —&—transient
NE 20 - -1 steady state
2
8 15 1
o
S 10 -
K o

5 4

0 T T T — 1

0 0.0005 0.001 0.0015 0.002

air velocity (m/s)

(b) e=0.5, ps=120kg/m’, Cps=1500)/kg

Fig 5.6: Heat loss under different heat capacity condition

As we concern more about the property of the material to the energy consumption, the
total heat loss is calculated and illustrated in Fig 5.6. It can be found the difference
increase, however, is very limited. Detailed analysis finds that even at the highest air
velocity, the total heat flux obtained under two conditions is within 10% of the total heat
flux. Therefore concerning the energy consumption, the unsteady item in the left side of
equation (5.2) has little influence to the results, and can be neglected. The steady state is
a good approximation to the transient model. This is good as though the model of
equation (5.2) is simple; it is not suitable for engineering implementation because of the

numerical method needed in the solution process.
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Under the steady condition, an analytical solution can be obtained. By deriving the heat
flux in the exterior surface of the dynamic insulation, the following dynamic U-value
expression can be obtained to represent the conductive heat loss:

Pe

Vo =2 -1 (5.3)

R =— The effective thermal resistance of insulation material in the static condition
eff

(m®/W)

The expression in this equation is different with the generally adopted equation in the
literature, which is actually the non-dimensional ratio compared with the steady state U-
value. Furthermore, this expression stresses more clearly the mechanism of heat
exchange process in dynamic insulation, as the Peclet number (Pe) represents the ratio of

convective heat transfer with the conductive heat transfer.

It is easy to obtain the analytical solution of equation (5.2) on the condition of a constant
boundary convective heat transfer coefficient on the exterior and interior surface. This
convective heat transfer coefficient mainly affects the interior surface temperature, which
can be determined by equation (2.15). However, it has little influence on the energy
consumption of the building, which has been demonstrated by the results of numerical

model in the previous chapter.
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As there is no heat source inside the wall, the total heat flux at any surface across the wall
will be conservative. Considering the combined effect of conductive and convective heat

transfer, then the overall heat transfer rate at the exterior surface of dynamic insulation is:

QT = Qcond + Qconv
=U,, AAT +mC, AT (5.4)
=U,,AAT + p udC AT

m - Air mass flow rate through

dynamic insulation (kg/s)

This result reflects that the heat loss Qeond

through the dynamic insulated wall is
greater than the ‘conduction heat loss’
calculated by the dynamic U-value, but
it is less than the sum of the conduction

heat loss and the ventilation heat loss

for the conventional wall.
Fig 5.7: heat flux in the exterior

surface of dynamic insulation
The overall heat loss coefficient for a dynamic

insulation is:

Uy =0 [(4AT)
Pe
= — C 5.5
R@ﬁ_n+pm P (5.5)

Pe Pe

—— }
R(e™-1) R

The heat exchange efficiency of dynamic insulation is:
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QT _ Qo — Qo _ Qcond

n=1-
QCOHV annv
1 Pe (5.6)
_R _RE"-D

puC,
This physically means the efficiency of reduction of conductive heat loss, acted by the

convective air flow in the dynamic insulation.

If only part of the wall is incorporated with dynamic insulation, i.e., the ratio of the
dynamic insulation area to the total area of the wall is y, then the overall heat loss rate

through the wall is:

QT = (Qcond +Qconv)*y+Qconds *(1—7)
= (U, AAT + puAC,AT)*y +U

Static

AAT*(1-7) G0

The overall heat loss coefficient corresponding to this is

U, =0, /(AAT)

__Pe e l-y (5.8)
Re”-1) R R

In this case, the heat exchange efficiency can also be represented by equation (5.6)

because heat exchange process only occurs at the dynamic insulation part.

Fig 5.8 shows the dynamic U-value and corresponding heat exchange efficiency as a
function of the air flow rate, for two length of the dynamic insulation: 0.1m and 0.2m.
The effective conductivity of the insulation is 0.035W/m K. It can be seen that the static
condition has the highest heat transfer rate, and this heat transfer rate decreases with the

air flow rate. At very low air velocity, i.e., below 0.002m/s, the dynamic insulation with a
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thickness of 0.2m has a lower heat transfer rate, than the dynamic insulation of 0.1m.
However, when the air velocity is greater than 0.002m/s, the conductive heat loss at the

exterior surface of the wall tends to be zero, for a wall with a thickness either 0.1m or

0.2m.
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Fig 5.8: Dynamic U-value with velocity

Fig 5.9 shows the relation of the overall heat loss coefficient with the velocity. It can be

seen the overall heat transfer coefficient is determined by the air flow rate, and the result

on the condition of wall thickness 0.1m or 0.2m almost overlap.
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Fig 5.9: Overall heat loss coefficient

The results of overall heat transfer coefficient obtained by equation (5.6) are compared
with the experiment data Baker (2003). In the measurement, a 0.17m cellulose fibre
insulation breathing wall construction is adopted. To correspond with the analytical
model, the overall heat transfer coefficient including both conduction and ventilation heat
loss is used. The conductive heat flux is measured on internal surface of the dynamic
insulation, and the ventilation heat loss is determined by the average in-coming
temperature of interior surface of the wall. The results from the analytical model and
experiment are illustrated in Fig 5.10. We can see that these results agree very well. Thus
the analytical model can predict the energy consumption of the dynamic insulated wall

with a good precision.
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Fig 5.10: Comparison of results by analytical model and experiment data

Fig 5.11 illustrates the change of heat exchange efficiency in the insulation,
corresponding with the situations in Fig 5.2 and Fig 5.3. As the heat transfer in the
dynamic insulation is dominated by convective heat loss, the structure with a thickness of
0.1m has higher heét exchange efficiency than the 0.2m structure does. The reason is that
the conductive heat loss in the steady state of 0.1m structure is higher than that of the
0.2m structure, and this conductive heat loss can be totally recovered because of air

transfer in the dynamic insulation.
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Fig 5.11: Heat exchange efficiency of dynamic insulation

5.1.4 Simulation of thermal performance of building integrated with dynamic

insulated wall using TRNSYS

Though the concept of dynamic insulation was developed decades ago, the
implementation of this technology is still in the early stages. Until now, no special design
tools for the dynamic insulated wall have been reported. However, concerning the
thermal performance, some commonly available building energy analysis tools, such as

TRNSYS, can be modified to incorporate dynamic insulation elements.
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Using the total heat loss coefficient expressed by equation (5.5), it is easy to determine
the heat loss through the exterior wall with a dynamic insulated wall. However, in the
real building design process, the designer is concerned about the overall energy
consumption of the building. For this purpose, it is very helpful to simulate the thermal
performance of the building which installs dynamic insulated wall, by commonly used
building simulation tools, such as DOE2, EnergyPlus, Eps-r or TRNSYS. In this study,
attempts have been made to carry out the simulation of a single room with dynamic

insulated wall, using TRNSYS.

TRNSYS is a transient simulation program for building HVAC system thermal analysis.
It has a user friendly interface, thus is easy to learn and use. It also has a modular
structure, and this supplies flexibilities to the users: they can modify the existing models
in the standard TRNSYS library, or add new mathematical models. One important
advantage related to this study is that for the simulation of thermal performance of
building envelope, it not only allows the user to select the material of the envelope, from
its standard library, but also allows the users to specify the thermal resistance of the
envelope. Therefore, the thermal resistance of the dynamic insulation according to the
heat loss coefficient obtained can be adopted to define the thermal performance of a
dynamic insulated wall. In this way, the simulation can be performed for a building

incorporating dynamic insulated wall.

A simple room model is constructed for demonstration using the Type 56 (Detailed

Multi-Zone Building) module in TRNSYS. It represents a single-room building, 4.5m
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square by 2.5 m high. A 0.6m’” single glass window is inserted on the south wall. It is also
assumed there is one person in the room. Two variations of this model are used ~ one
composed entirely of standard wall constructions, and the other with a dynamic insulated
wall on the west fagade. A breathing wall structure is adopted for the dynamic insulated
wall, because of its easy implementation, and consistence with the theory of dynamic

insulation discussed earlier in this Chapter.

It is assumed that both buildings are air tight construction, so only a small amount of air
could infiltrate or exfiltrate through cracks (the infiltration rate in the Type 56 model is
set to 0.1 ACH in both models). In the model without a dynamic insulated wall,
ventilation air is brought in through a duct and heated or cooled within the space (the
ventilation rate in the Type 56 model is set according to the desired air-change rate being
tested for, and the ventilation temperature is set to the outdoor air temperature). The
conductive heat transfer for each wall is determined by using a standard wall type,

including 0.2m brick, 0.1m or 0.2m insulation layer, and 0.01m plasterboard as interior

surface.

In the model with a dynamic insulated wall, it is assumed that there would still be some
air flow through direct cracks at the wall joints, so the infiltration rate (which assumes no
heat transfer between the wall and the air passing through it) is kept the same as in the
other model. However, in considering the slower air passage through the porous matrix of
the dynamic insulated wall, the model uses the ‘dynamic U-value’ discussed above to

account for the conductive heat losses through the dynamic insulated wall. The
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ventilation air temperature in the Type 56 model is also set to the outdoor air temperature,
thus the ventilation heat loss is the same as the other model. The wall type for the west

fagade is changed to a wall whose dynamic U-value is determined by the equation (5.3).

The simulations are carried >0ut for different air change rates for the building. Modifying
the air change rate in the normal-wall building model is simply done by changing the
ventilation rate. For the dynamic insulated wall model, an increase in the air change rate
requires an increase in the air velocity through the wall, which alters the ‘dynamic U-

value’.

The requirement of ventilation for this simple building is considered to be in the range of
0.2 ACH to 1.0 ACH. This corresponds with the range of the air velocity through the wall
being 0.00025m/s to 0.00125m/s.The corresponding dynamic U-values used in the

simulation are illustrated in Table 5.2.

The simulation is carried for the whole year period. The indoor temperature is set
constant at 22°C, while the outdoor temperature is determined by the weather data of

Madison, W1, the United States.

In the simulation, it is assumed that the exterior surface temperature of the dynamic
insulated wall equals to the outdoor temperature, as air is constantly transferring through

it. There might be a small error of this treatment if long wave radiation is considered.
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However, it is assumed that this change is small enough that it can be ignored in the first-

pass model.

In the current simulation, the energy consumption of fan is not included. However, it

needs to be noticed that as pressure gradient increases in buildings incorporating dynamic

insulations, the fan power used for will also increases.

Table 5.2 Situations in TRNSYS simulation

air velocity ACH (1/h) 0.1m insulation 0.2m insulation
(m/s) Uspm (W/m’) Ugn (W)
0.00025 0.2 0.20 0.056
0.0005 0.4 0.112 0.015
0.00075 0.6 0.060 0.0035
0.0001 0.8 0.031 7.4E-4
0.00125 1.0 0.015 1.5¢-4

By performing the simulation using TRNSYS, the energy consumption of the building

under each condition can be obtained. Results are analyzed conceming the following

aspects:

e Annual energy consumption of building with or without dynamic insulated wall

¢ Ability of energy saving by using of dynamic insulation elements

¢ Advantages of the implementation of dynamic insulation
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Fig 5.12 illustrates the annual energy consumption of the building with normal walls
only, and that of building whose west wall is the dynamic insulated wall, with the
insulation being 0.1m or 0.2m thick, separately. Results in these two figures show that
similar with the result of the building with normal walls only, the energy consumption of
the building incorporating dynamic insulation elements increases almost linearly with the
air flow rate. It can also be noticed that under each air flow rate, energy can be saved by
using dynamic insulated wall in the buildings. With the increase of air flow rate, the
difference of energy consumption for the building with only normal walls and the

building with dynamic insulated wall increases, especially for the condition that the

insulation is 0.1m.

5000 - 4000 -

4500 - 3500 -
= 4000 - =

3000 -

i 3500 - i
= = 4
S 3000 | g B
Q. Q.
E 2500 - E 2000 -
7] (")
g 2000 - g
o © 1500
> >
2 1500 <
2 2 1000
® 1000 A —— normal wall ® —&— normal wall

500 - ~#- dynamic insulated wall 500 1 -~ dynamic insulated wall

0 T T — 0 T T 1
0 0.0005 0.001 0.0015 0 0.0005 0.001 0.0015
velocity (m/s) velocity (m/s)
(a) Walls with 0.1m insulation (b) Walls with 0.2m insulation

Fig 5.12 Energy consumption
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Fig 5.13 illustrates the energy reduction rate of the dynamic insulated wall with an
insulation thickness of 0.lm or 0.2m, obtained by analytical model, and TRNSYS
simulation, respectively. The results show that the energy reduction rate is higher if 0.1m
insulation is adopted in the normal wall and in the dynamic insulated wall. The energy
saving extent under this condition is about 10% at most for the air flow rates.
Comparatively, if the 0.2m insulation is used in the normal wall and in the dynamic
insulated wall, then the energy reduction extent is lower, being 6%-8% for the velocities
higher than 0.00025m/s. Meanwhile, under each insulation thickness, there is a range of
the velocity that has the highest energy reduction rate. For example, for the 0.1m
insulation condition, the optimum velocity for energy saving is about 0.001m/s, while for
the 0.2m insulation condition this velocity value is about 0.0005m/s. However, besides
the results of very low velocities, the difference of energy reducing extent is within 5%

over a wild range of velocities.
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Fig 5.13 Energy reduction rate
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The figures also demonstrate that the results of analytical model agree well with the
TRNSYS simulation results. In the range of velocity in the investigation, the difference
of energy reduction rate obtained by TRNSYS simulation and the analytical result based

on overall heat transfer coefficient expressed by equation (5.5) is within 5%.

When it comes to the application of breathing wall elements, there might be problems to
have the wall completely use breathing wall elements, due to other restrictions, such as
the structural requirement. Parts of the wall may still be the normal wall. This will affect
the efficiency of the breathing wall. Fig 5.14 shows the energy reduction rate of building
under the following two conditions: (1) the west wall completely uses breathing wall
elements, (2) 50% area of the west wall is breathing wall elements. It can be seen that if
the breathing wall only accounts for 50% of the west wall, then the energy saving
capability reduces to only one half of it is under the condition that the west wall

completely incorporating the breathing wall elements.
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Fig 5.14 Influence of ratio of dynamic insulated wall to normal wall

5.1.5 Application field of dynamic insulation and barriers to application

The concept of dynamic insulation is well known in Scandinavian countries and was first
implemented in Norway in agricultural buildings. However, it can have a wide

application field due to the mechanism of its working principle.

First, the temperature difference between indoor and outdoor does not influence the
performance of dynamic insulation itself, because:
1. Temperature is not included in dynamic U-value expressed of equation (5.3) and

total heat loss coefficient expression (equation 5.5).
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2. Numerical simulation on the heat exchange performance of the exterior building
wall by Buchanan and Sherman (2000) and in this study demonstrates that the

influence of temperature gradient is insignificant.

This suggests that dynamic insulation has the potential to be implemented in most climate
conditions. As a matter of fact, besides cold weather condition such as Scandinavian
countries, experimental set-ups for dynamic insulation have been developed in mild
climate countries such as United Kingdom (Baker, 2003), Greece (Dimoudi et al, 2004),

and Japan (Dalehaug 1993).

However, as dynamic insulation needs de-pressurization of the building, the actual
implementation may be different. For the mild and variable climate countries such as UK,
the only way to be reliably de-pressurized the building is by using fans, while in Canada
and Scandinavian countries where the indoor and outdoor temperature difference in

winter reaches 40K, it could provide the needed de-pressurization by stack effect.

The ideal type of building for implementation of dynamic insulation is the place that
more fresh air is preferred, for example, swimming pools and hospitals. Concerning the
energy consumption, it can be used in both business and residential buildings (Baily,
1987). However, the results in this study show that it may be more appropriate for small

detached buildings, as the heat loss through it is directly related with the ventilation rate.

Though theoretical analysis and experimental tests have been conducted to evaluate the

performance of dynamic insulation, and the possibility of its implementation has been

125



discussed, there are still problems in the application of dynamic insulation. Specific

barriers are as follows:

1.

Technical problems exist concerning moisture transport in the insulation. Taking
advantage of appropriate air flowing through the wall, dynamic insulation will
have better performance in reducing the risk of condensation, compared with the
conventional wall. However, it is pointed out that under some conditions, such as
the solar radiation on wet timber cladding, condensation may occur in the
dynamic insulated wall (Taylor and Imbabi, 1998). As air needs to be driven
through the wall, it lacks the effective way to avoid possible condensation in the
insulation under those conditions.

The guideline for dynamic insulated wall design is not well developed.
Suggestions should be made concerning the aspects such as: what is the suitable
thickness for each sub-layer, what kind of material is more appropriate, and how
to determine the dimension of an inlet crack.

There is a conflict between the minimization of heat loss by reducing air flow
rate, and the removal of water vapor and other indoor pollutants by increasing air
flow rate. Thus the air flow rate should be optimized.

The dynamic insulation has not been integrated in the commonly used building
design tools such as DOE2, EnergyPlus, Esp-r, and TRNSYS. In this study,
TRNSYS has been used to simulate the thermal performance of a simple building
with dynamic insulated walls. However, the approach needs the designer to have a
thorough knowledge of heat transfer in dynamic insulation, hence is still not

convenient for the engineering implementation.
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5. The impacts of dynamic insulation on the requirements of building regulations
and standards have not been investigated.

6. For the application of dynamic insulation, other parts of the building need to be
well insulated, this may bring difficulties in construction process and increase the
construction cost.

7. The property of materials concerning the air permeability and water vapor
permeability is not accessible to some designers.

8. Building designers are still unfamiliar with the concept of dynamic insulation. It
may take a long time for them to recognize the advantage of this technique and

implementing it in their designs.

5.1.6 Advantages and limitations of dynamic insulation

Concerning energy consumption, the following benefits are claimed for the application of
dynamic insulation:
1. Less energy is required to maintain an indoor air temperature, thus the operating
costs for space heating and cooling are reduced.
e According to the results of this study, the energy saving by using dynamic
insulation in a building is about 10%. Simulation by Krarti (1994) of a
room with a dynamic insulated wall showed that the overall energy saving
may reach 20%, while the simulation results by Baily (1987) point out the
energy saving during a heating period vary from 7% to 14%, without any
additional equipment such as a heat pump.
e The product Energyflo™ cell developed by The Environmental Building

Partnership Limited, United Kingdom is also claimed to reduce the

127



required heating and cooling load by 10%, compared to the Scotland
building regulation standard (Environmental Building Partnership
Limited, 2005).

2. As low heat loss can be achieved by using a thin dynamic insulated wall, it is
possible to avoid the need to use thick wall construction to meet the building
regulations to reduce construction cost.

3. By using dynamic insulation, the wall becomes the air supplying ventilator, thus
saving the cost of supplying and installing ventilation ducts.

4. As dynamic insulation is generally working in contra-flux mode, it will also
prevent the water vapor getting into the wall from the interior, therefore reducing
the risk of condensation in the wall.

Meanwhile, working as an air filter, dynamic insulation can remove airborne particulate
pollution from the ventilation air. Therefore better indoor air quality could be provided

for the building occupant.

Though dynamic insulation is a possible approach to supply a good indoor environment
with less energy consumption, and has the above advantages. Limitations exist
concerning its performances, and this serious affects the implementation of this

technique. The specific limitations are follows:
1. Though it is claimed that the dynamic insulation can reduce the conductive heat
loss, convective heat loss increases with the air flow rate, and additional electrical

energy may be required to drive fans. Thus the overall energy saving is not very
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significant (generally is less than 10%). This might make this technique less
attractive.

Dynamic insulation can work as an air filter. However, dust and other particles
trapped in the insulation may prompt the growth of bacteria. This might bring
potential problem to the occupants’ health. Meanwhile, it is pointed that dynamic
insulation may not be effective to remove chemical pollutants (Taylor and Imbabi,

1998).

5.1.7 Future perspectives of dynamic insulation

Research on the dynamic insulation until now focuses on the heat transfer process and

focuses have been on its ability to reduce energy consumption. For the purpose of having

this technique implemented in the real buildings, future work needs to be performed at

least on the following aspects:

1.

Moisture exists in the real environment and will affect the performance of
dynamic insulated walls. Comprehensive research is needed to evaluate the
thermal performance of the dynamic insulation by using a coupled heat and
moisture transfer model, and to find out the appropriate method to avoid the
occurrence of condensation.

So far, the influence of long wave radiation has not been considered in the
simulation. Therefore a comprehensive heat transfer analysis combining
conduction, convection, as well as radiation is needed, especially considering the

radiation between different layers.
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3. To assure that the dynamic insulation operating in contra-flux mode, de-
pressurization of the building is needed. The pressure drop must be no higher than
5-10Pa, otherwise the occupants will find it difficult to open doors and windows.
Therefore the control strategy for air supply needs to be studied and optimized to
minimize the electricity consumption. Dimoudi et al (2004) concluded that to
keep the indoor environment under adequate de-pressurization, the fan should be
operated with variable speed. Thus a control strategy for the fan operating is
needed for the application of dynamic insulation in real environmental situations.

4. As the overall energy saving by dynamic insulation is only about 10%, it is less
attractive because this in only marginally better than a supply-and-exhaust
ventilation system (Morrison and Karagiozis, 1992). One option for this problem
is to combine the dynamic insulation with natural ventilation, or hybrid
ventilation, taking the advantage of pressure gradient by wind and stack effect.
For example, Etheridge and Zhang (1998) pointed out that a strong synergy exists
between dynamic insulation and wind energy. Therefore there is a good potential
to extent the application of dynamic insulation to a natural ventilated system. For
this purpose, investigation needs to be carried concerning the following two
aspects:

a. Investigating the property of building materials which might be
implemented in the dynamic insulation. As air flow in the porous
insulation is in the Darcy’s regime, the air flow rate under a certain
pressure gradient between indoor and outdoor environment is determined

by the permeability of the material. Permeability of some materials has

130



been shown in Table 5.1. However, if we want to combine dynamic
insulation with natural ventilation in places with different weather
conditions, these materials are not enough. Therefore permeébility of more
building materials needs to be supplied.

b. Investigating the control strategy of the dynamic insulation system. This is
more important as the simulation in this study demonstrate that the
thermal performance of the dynamic insulation is directly related to the air
flow rate through it. As energy consumption of the building integrated
with dynamic insulated walls is almost proportional to the pressure
gradient, which is related to the square of the wind speed, the heat loss of
dynamic insulation may increase dramatically due to an increase of wind
speed. Therefore the control system needs to be carefully designed to
assure the dynamic insulation work in certain weather conditions.

5. With air transferring through the dynamic insulated wall, the temperature
distribution changes. One important aspect is that the interior surface temperature
will deviate from that without ventilation. In heating season, the interior surface
temperature decreases with the air flow rate. A CFD simulation shows that this
may affect the thermal comfort of occupants in the room (Gan, 2000). However,
there is no further report on this topic. For the application of dynamic insulation,
investigation should be preceded on this aspect, adopting the approach of:

a. Numerical simulation, especially for the configuration that air does not
enter the room uniformly through vast area of the internal surface of the

wall, but through vents on some part of the wall (such as the prototype
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dynamic insulated wall by Baker, 2003, and the recommended design by
Morrison et al, 1992);
b. Experiment work to find its influence on thermal comfort, for example,

the perceived experiment.

5.2 Analytical model for heat exchange performance in conventional walls

By analyzing the velocity profile in the wall (Fig 4.4), it is noticed that for straight
through configuration, air velocity is very small except in the area near inlet and outlet.
Besides these inlet and outlet vicinity areas, in a certain area near the direct line
connecting the inlet and outlet, the horizontal velocity (u) is much greater than the
vertical velocity (v). However, in most parts of the wall, the velocity in two directions is
near to zero. This means that besides the inlet and outlet area, the air flow in the wall is
almost along a one dimensional path in a certain area. The similar condition is observed
in the low inlet/high outlet or high inlet/low outlet configuration, except that in most of
the area between inlet and outlet, the air flow is mainly in the vertical direction (a nearly

uniform with a velocity v).

The above observation suggests that it is possible to develop an analytical model for the
estimation of coupled conduction and infiltration heat loss, based on the one dimensional
air flow and heat transfer analysis, following the same approach with that in the study of
the dynamic insulation, i.e., treating parts of the conventional wall as dynamic insulated

wall.
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5.2.1 Determination of ventilated area

Fig 5.15 illustrates the typical non-dimensional air velocity profile in several vertical
planes, which are away from the exterior surface with different distances (e.g., 1/10L
means the distance from the exterior surface is 1/10 thickness of the wall). It can be seen
that the air velocity distribution area in these planes are almost the same, though in the
middle of the area, the air velocity decreases significantly with the increase of the

distance from the exterior surface.
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Fig 5.15: Typical air velocity profiles in several planes along the wall thickness

Therefore, as discussed in Chapter 4, the whole wall can be divided into infiltration
affected area and infiltration not-affected area, as shown in Fig 5.16. From the point view
of air flow, they can be named ventilated area and non-ventilated area, respectively. In

the ventilated area, both conductive heat loss and infiltration heat loss will be considered
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in the determination of energy consumption of the building, while in the non-ventilated
area, only conduction is included. The air flow in the ventilated area is assumed to be one
dimensional and uniform, as that in the dynamic insulated wall. Adopted the same
method discussed in previous sections, the overall heat flux at the exterior surface of the
wall is as follows:

O =U,,, AueAT + mC, AT + U, 4, AT

static*“nf

=U,,hwAT +uhwpC , AT +U ,..(H — ))WwAT

static

(5.9)

Ains— Ventilated area (mz)

A,s— Non-ventilated area (mz)

w — The width of the wall (m)

u — The uniform velocity through the

ventilated area (m/s), which is related to

H

the average velocity through the crack as
follows:

Ul

U= in”craci 5.10

. (5.10)
ui,- Average velocity in the crack area Ventilated area
(m/s) D Non-ventilated area

herack — The width of the crack (m) Fig 5.16: Ventilated area

The infiltration heat exchange efficiency is hence derived as:

Q{ — QO - USlalic - Udyn
wmC, AT upC,,

n=1- (5.11)

where U, is also determined by u according to equation (5.3).
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It can be found from the above analysis that the key point for this analytical model is to
determine the range of the ventilated area. For this purpose, parameter study is performed
according to the numerical simulation, with the variation of crack width, air inlet velocity

and ratio of thickness to the height of the wall.

Fig 5.17 illustrates the temperature profile of several vertical planes with different
distances from the exterior surface of the wall, with the variation of crack width. The
ratio of thickness to the height of the wall here is 0.1, and air inlet velocity is 0.1m/s. It
can be seen that though there is a variation of ventilated area range in different planes,
this variation is not significant. Therefore, the influence of variation of crack width can
be ignored. This means that as the material in the simulation is assumed to be
homogeneous, when the air comes into the wall, its flow is similar to that from a jet.
After a short distance from it, it flows mainly along the infiltration path, which is induced

by the pressure gradient between inlet and outlet.

Fig 5.18 illustrates the temperature profile of several planes with the variation of inlet air
velocity, under the condition that ratio of thickness to the height of the wall is 0.1 and
crack width is 1/1000H. It can be found that when air velocity decreases to 0.01m/s, the
influence of infiltration becomes less significant, and the ventilated area decreases,
compared with the result obtained under velocity being 0.1m/s. The influence of air
infiltration is even less obvious when air inlet velocity becomes 0.001m/s. However, it

also can be noticed that though ventilated area decreases under the condition inlet
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velocity 0.01m/s or 0.001m/s, it only decreases about one half compared with that of air
velocity being 0.1m/s. This is not proportional to the variation of inlet velocity, which

from 0.1m/s to 0.01m/s, or even 0.001m/s.

Fig 5.19 illustrates the variation of temperature profile when the ratio of thickness and
height of the wall becomes 0.05. Compared to Fig 5.18, it can be found the ventilated
area decreases about half. This means that the ventilated area is almost determined by the

ratio of thickness to the height of the wall.

From the above analysis, it is shown that the ventilated area is first related with the wall
thickness. It is also related to the inlet air velocity. However, the variation of the
ventilated area is much smaller than the variation of the velocity. On this observation, the
following relation is suggested to estimate the ventilated area:

h=nL,
n=3~4L, for ST Path (5.12)
n=5~7L, for LH or HL path

L¢- The effective thickness of the ventilated area (m)

The coefficient » is also influenced by the porosity of the material. For high porosity
condition, as the effective thermal conductivity is relatively lower, the higher coefficient
is used. However, if the porosity is lower, the effective thermal conductivity increases,

hence the lower coefficient will be used.
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5.2.2 Determination of the effective thickness of ventilated area

For the straight through configuration, the effective thickness of the ventilated area
equals to the thickness of the wall. However, as pressure gradient between outlet and
outlet increase under the condition of low inlet/high outlet (LH) or high inlet/low outlet
(HL) configuration, the effective thickness of the ventilated area needs to be modified to

include the influence of this pressure gradient increase.

As the thickness of the wall is much less than the height of the it, if the infiltration air
enters the wall through a lower position inlet and exits from a higher position outlet, or
vise versa, it will transfer along a vertical path between inlet and outlet. From the results
of the numerical simulation in Chapter 4, it is found that the vertical velocity (v) is very
small and almost uniform along most part of this infiltration path. Therefore, the vertical

velocity is estimated according to the mass conservation as follows:
y = —in"crack_ (5.13)

Adopting this velocity, the increased pressure gradient between outlet and inlet can be

calculated according to the Darcy’s law, i.e.:
Y7
Vpinf = _EVHinf (5 14)

H,+ Vertical distance between inlet and outlet (m)

Thus the effective thickness of the ventilated area is estimated as:

_ VD
Leﬂ_L+u./1 (5.15)

n
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5.2.3 Analytical model results

Using the above analytical model, results have been obtained to compare with the
numerical simulation results. Fig 5.20 shows the results of 0.2m thickness wall, for
different porosity conditions. For the condition of porosity being 0.9 or 0.8, the
coefficient n=4 is used for straight through configuration, while for the porosity of 0.5,
the coefficient n is 3.5. It can be seen that under each condition, the results of the
analytical model agree very well with that obtained by numerical simulation, with a

maximum error less than 10%.

Fig 5.21 shows the results for configuration B, both by using analytical model and
numerical simulation. In the simulation, coefficient » is 5, to represent the relative shorter
vertical distance between inlet and outlet. It can be seen from the figure that the analytical
model can be used to estimate the heat exchange efficiency for this kind of shorter LH

infiltration path configuration.

Fig 5.22 is the comparison for the 0.1m wall. It can be seen that the error increases in this
case. This is because the air velocity is close to a uniform distribution after a short
distance from the inlet. In this short distance, the air velocity distribution is not uniform.
As the thickness decreases, the ratio of this distance to the wall thickness increase, thus

the error of the uniform velocity treatment increases. However, the maximum error in this

case is still within 10%.
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Fig 5.22: Comparison of results by analytical model and numerical simulation for 0.1m

wall

5.2.4 Discussion

In the above model, the ventilated area is only determined by the thickness of the wall
and the infiltration path, and the influence of air velocity to the ventilated area is ignored.
However, as it is shown before, when inlet velocity is 0.0lm/s, the ventilated area
becomes to only about half of that when inlet velocity is 0.1m/s, according to the
numerical simulation. Therefore, it is necessary to verify if the treatment of neglecting

the influence of inlet velocity to ventilated area is reasonable.
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Fig 5.23 and Fig 5.24 illustrate the comparison of results neglecting and including the
influence of air inlet velocity, straight through air path and low inlet/high outlet
infiltration path, separately. For the case of variable ventilated area, under the straight
through condition, corresponding to the air velocity of 0.001m/s, 0.01m/s, 0.1m/s, 0.4m/s,
nis 1, 2, 3, and 4, respectively (see equation (5.11)), according to the temperature profile
obtained by numerical simulation, as illustrated in Fig 5. 18. The similar treatment is

made for the variable » in the HL configuration.

From these two figures, it can be seen that if considering the influence of inlet velocity,
the infiltration heat exchange efficiency decreases at the very low inlet velocity
condition. However, the figures also demonstrate the influence of inlet velocity is very
limited. The difference of n with or without the influence of air velocity is less than 10%
for both ST and LH infiltration path, and is within 5% in the high infiltration loss
condition. Therefore, the presented analytical model, which uses a constant ventilated
area over the whole range of inlet air velocity for the convenience in the engineering

implementation, is a good approximation.
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To further assess the model, a sensitivity analysis is performed considering the variation
of coefficient n. Fig 5.25 illustrates the results for ST configuration, under a series of »
values. From the figure, it can be seen the variation under these n values is not
significant. Even when n=6 or »n=2 is used, the maximum error of n value is less than
0.15, compared with the results under n=3 or n=4. The difference is within 0.1 under
most of the air flow conditions. This also means that variation of » under different air

flow rates will not significantly influence the results of n.

Therefore the model using a constant » value under different air flow rates has an
acceptable accuracy for the engineering implementation. Of course, the relationship
expressed in equation (5.12) is suggested. As it is the result of a numerical parameter

study for flow rates which are related with an obvious infiltration heat loss.
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5.3 Summary

This chapter discusses the potential implementation of heat exchange performance in the
exterior walls, concerning the following aspects:

1. The performance of dynamic insulation is analyzed, considering both the transient

and the steady-state boundary condition, and the influence of material properties.

The results show that difference of the heat flux obtained by the steady-state

analysis and transient simulation is not significant. Therefore the heat transfer

coefficients obtained by the steady-state analysis is a convenient tool with an

acceptable precision for engineering;
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2. The analytical model based on steady-state analysis and the heat coefficients from
it are applied using TRNSYS to simulate the thermal performance of building
with dynamic insulated walls, to overcome the problem that the theory on heat
transfer in dynamic insulation is not integrated in the generally used building
simulation tools;

3. Adopting the same approach with the analytical model for dynamic insulation, an
analytical model for heat exchange performance in the normal walls is developed.
The results of the analytical model agree well with the results by numerical
simulation, demonstrating that the model is suitable for engineering

implementation.
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Chapter 6 Conclusion and future work

6.1 Conclusion

Infiltration/exfiltration heat loss is an important component in the estimation of total heat
loss through building envelope. As the air transfers through the building envelope, it
exchanges heat with solid matrix of the building material. The coupled heat loss through
the building envelope is hence less than the summation of conduction heat loss and
infiltration heat loss calculated by the conventional method. This thesis performed a
comprehensive research on heat exchange performance of the building envelope, to
investigate the impact of this process to the energy consumption of the building, and its

potential implementation. Detailed work in the thesis is described as follows.

A CFD model based on combined heat and mass transfer in porous media is presented in
Chapter 3. Compared with the numerical model by Buchanan and Sherman (2000), in
which the simulation is carried out for the whole building, model in this study focuses on
the heat exchange phenomenon inside the envelope compoenent and needs less computer
resources. The model is developed based on the volume average method, and
microscopic effects in the porous building material are taken into account. Meanwhile, a

modified pressure correction method is presented to simplify the simulation process.

According to the simulation results obtained and parameter study performed in Chapter 4,

the flowing conclusions have been derived:
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. The air flow rate is the most important factor for the heat exchange performance
in the building envelope;

. Heat exchange phenomenon in the building envelope mainly occurs at the area
near the inlet and outlet. The whole envelope can be divided into infiitrated
affected and non-affected areas. Thus it is a local phenomenon and its effect is
limited if we only consider the influence of infiltration in the conventional wall;

. In the infiltrated affected area, the heat flux varies significantly throughout the
envelope, being smaller at the outside near the inlet position than the inside.
Meanwhile, the interior surface temperature drops because of the heat exchange in
the envelope;

. The infiltration path length and configuration also have an obvious impact on the
heat exchange performance. This means that the relative position of inlet and
outlet influence the heat exchange performance, however, the arrangement of low
inlet/high outlet (LH) and high inlet/low outlet (HL) does not have obvious
difference;

. The temperature difference between indoor and outdoor does not have a
significant influence to the heat exchange phenomenon inside the envelope;

. Influence of the porosity is limited, thus high porosity material might be used in
the building design if more fresh air is preferred;

. Influence of convective boundary coefficient is insignificant;
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The simulation results have been compared with that in the literature and the temperature
profiles obtained from the experiment in the environmental chamber, and have shown

good agreement.

Chapter 5 discussed the potential implementation of this heat exchange performance in
the building envelope. The following results are derived from the analysis:

1. In the design of dynamic insulation, one dimensional air flow and heat transfer is
assured. According to the velocity profile obtained by numerical simulation, air
flow in the conventional wall because of infiltration is also mainly one
dimensional. Therefore it is possible to describe the heat exchange process in the
conventional wall by an analytical approach;

2. The transient boundary condition will have an impact on heat loss through
dynamic insulation; however, the heat flux obtained by this condition is not
significantly different from that obtained by the steady-state analysis;

3. Building simulation tools, such as TRNSYS, can be used to simulate the thermal
performance of building with dynamic insulated walls;

4. The presented analytical model for infiltration heat exchange performance in the
conventional wall, which uses the ventilated area to represent the infiltration path,

is suitable for engineering implementation.
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6.2 Future work

Though some results have been obtained, further work is needed to analyses this heat

exchange performance more comprehensively and make the potential implementation

feasible in the building design. For this purpose, future work includes:

1.

As actual exterior walls are multilayer systems and always contains air gaps, and
air gap is needed in order to make the air transfer through most of the wall in
dynamic insulation, simulation needs to be carried to consider the interaction
between the air gap and porous insulation. Meanwhile, for the multilayer system,
influence of radiation, especially long wave radiation, should be included in the
model.

Including the influence of moisture in the model. As the infiltrating air is
generally humid, the content of moist will affect the overall thermal performance
of the wall. Its effect is especially important when the condensation occurs. A
more comprehensive model needs to consider the moisture transfer as well as the
heat transfer through the wall.

Develop a module of dynamic insulation to be integrated in TRNSYS. In the
current simulation using TRNSYS, an assumed unintentional infiltration rate is
used. More work is needed in the module to estimate the real infiltration rate,
combining a research on building material. Meanwhile, other influence, such as

the change of fan power, will be included in the simulation.
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