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Abstract

In this work, an analytical model is presented to show the air leakage effect on the
heat transfer within a permeable 120 mm thick, fiber glass wall. Both steady-state and
steady periodic conditions are considered for the inner and the outer surfaces of the wall.
Computer calculations are made to determine the temperature profiles and heat flux
variations within the wall taking into consideration the infiltration and exfiltration of air.
The effect of air flows on the heat transmission through the wall is studied and the thermal
advantages of the circulating air through the building walls are analyzed.

The study is concentrating on the thermal performance of dynamic walls integrated in
a whole building, as a function of the infiltration and exfiltration rates and the building
thermal load. The results indicate that the dynamic walls can save energy of up to 20
percent of the total building thermal load.
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1. Introduction

Heat loss/gain in buildings can be significantly affected by the amount of air flowing
from outside to inside (infiltration) and from inside to outside (exfiltration). Currently the air
leakage rates due to infiltration or ex filtration can be accurately predicted. However, the
effect of these air flows on heat transfer in building envelopes has not been thoroughly
analyzed. It has always been assumed that the air infiltration would increase the heating load
of a building by the product of air flow rate times the enthalpy difference between inside and
outside the building (or simply the temperature difference). The effects of air flow on heat
transmission building envelopes are rarely taken into account.

Recent experimental and numerical studies have demonstrated that significant thermal
coupling can occur between air leakage and insulation layers, thereby modifying the heat
transmission in building envelopes. A number of researchers Berlad et. al. ™, wolf 2,
Bankvall ¥, Lecompte ™, Buchanan and Sherman ®! have shown that convective air flow
degrades the effective thermal, resistance of air-permeable insulations. This R-value
degradation occurs when outside air moves through and/or around the insulation within the
wall cavity, and returns to outdoor without reaching the conditioned space. Powell et. al. [©
provided a literature review summarizing the findings on the air movement influence on the
effective thermal resistance of porous insulations under various conditions.

When air flows from outside into a conditioned space, the heating load due to the
combined conduction and convection heat transfer can be lower than the heating load due to
transmission losses added to the normal infiltration losses. This reduction in total heating load
is a consequence of the thermal coupling between conduction and convection heat transfer.

Indeed, air infiltrating a building recovers heat from the building envelope. Using a
computer simulation code, Kohonen et. al. ' found that the effect of the
conduction/infiltration thermal interaction was a reduction of 15 percent in total heating load.
Similar results have been found by Claridge et. al. ® using a test cell to measure the energy
impact of air infiltration.

Kohonen and Ojanen ! have demonstrated the energy savings potential of dynamic
insulation systems in which air is circulated through the building envelope from outdoors to
indoors to provide ventilation. Bailley ' found that the energy savings of dynamic
insulations can reach 14 percent during a heating period.

This paper presents an analytical model to characterize and evaluate the air leakage
effects on the heat conduction within a one-layered wall. Both steady-states and
steady-periodic conditions are considered in the inner and outer surfaces of the wall. The
temperature profiles within the wall as well as the heat flux along the inner and outer wall
surfaces are analyzed to show the effect of air flow on heat transmission through buildings
envelope. Finally, the thermal efficiency of a dynamic wall is analyzed for various infiltration
rates and building thermal loads under steady-state and steady periodic conditions.
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2. Mathematical Model

The temperature distribution within a wall subject to air infiltration determined by
applying the first law of thermodynamics. For the control volume of finite size dx as shown in
Fig.(1), the first law of thermodynamics requires that:

the rate of energy the netheat| |thenetheat
accumulationin  |=|transferby (+| transfer by
the control volume air conduction
80=(0a,x — Ua x+dx)F (O, x = Cc,xdx) s+oeeeeeeeesnnmeeemmminnesiinineesinen, 1)
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Figure (1) Control volume element of a wall

Since both solid material and air are present in the control volume, dx, the rate of energy
accumulation in dx is:

dq= aat([(l — g)pWCW + €prCt ]T)dx .................................................. (2)

By defining (pc)ys as (1—&)pwCw +&prCs » Equation (2) can be re-written as follows:

The net heat transfer by air infiltration is:
0 4
Gax ~Gaxrax = (PPUFCET) —[pFUFCE T+ (PEUFCETIX] covveesceneesensees (4)
Assuming that the air velocity Usdoes not change across the wall, it follows that:
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orT
qa,X_qa,X'i'dX =—prfo &dx ............................................................ (5)

The net heat transfer by conduction is determined using Fourier’s law:

oT oT 0 oT
- =—Ky —dx —[(-ky —dx——(Ky — 6
Oa,x — Ya,x+dx W 5 X —[(—kw ox X ax( W 5 (6)
The thermal conductivity of wall solids material, ky, does not changes significantly for
the temperature range encountered in buildings:

Substituting of equations (3), (5), and (7) into equation (1) yields to:

°T oT ﬂ 8
kwaxiz—prfo&= (PC)wf ot ( )

2-1 Model Description

Figure (2) shows a one-layered wall with homogeneous thermal properties subject both
to heat conduction due to the temperature difference between inside, Ti and outside, Te, and
to air leakage with a velocity, Us Assuming one-dimensional mass and heat flows. The
temperature T(x,t) within the wall is governed by the equation (8). Within the wall, the
material properties and the air velocity are assumed to be constant. This assumption is
justified by the small magnitude of the temperature variation in building walls. Furthermore,
and since the air flow through building walls is laminar, the capacity to conduct heat is
independent of the air velocity.

—p— X

Figure (2) Wall model for the thermal coupling between
heat transmission and air flow
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T(x, t) is assumed to represent the temperature of both the air and the wall material at
the location x and time t. This assumption is routinely made in modeling porous media and is
based on the local thermodynamic equilibrium (LTE) concept. The LTE assumption has been
substantiated by Vafai and Sozen ™! using an elaborate numerical model. They found that for
typical thermo physical and infiltration data for porous insulation, the LTE assumption leads
to less than a one percent error.

In Eq.(8) the velocity Us positive in the positive x-direction (see Fig.(2)), that is when
air flows from the conditioned space to outdoors (i.e., air exfiltration). When air flows from
the outdoors to a conditioned space (i.e., infiltration), Us is negative. The boundary conditions
for Equation (8) are:

—kwg—;(d’t)=he(T_Te) ............................................................ (10)

h, and he are the film coefficients for convection heat transfer at the inner and outer wall

surfaces, respectively. T; is the indoor temperature and T is the sol-air temperature at the
outside wall surface. In the absence of solar radiation, T, reduces to the outdoor temperature.
Tiand T, are assumed to vary sinusoidally with time:

T, =Tim + Tiacos(@t+dj) = Ty m + Re(dj 267

and,

while J;,and J., are complex temperature amplitudes define as:

Jia =-|_i,aej¢i

and,

Jea= Te,aejd)e

Using the complex temperature technique it can be shown that the solution of equation
(8), subject to the boundary conditions (9) and (10), is of the form

T(%, )= Ty + R[0T evvvevrrrreeeeererceceeeensss s esssesnesnonn (11)

with J, a complex temperature amplitude solution of :
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. 8J d?J
J P e N (12)
J(pC)wr @I+ (pC)r Ur - =K a2
and,
0(E) = ePe5/2 (2BjBg + PeBj)sinhB(1- &)+ 2BBjcoshB(1-¢) ... (13)
[2B;B, — Pe? / 2+ 22 + Pe(Bj — By )Jsinh B + 2B(Bj + Be)coshp
ke D (A) =he (I=Jg ) wevverersrnvemeeenmiesenie i enei (14)
Tm(X) is the mean temperature and is the solution of:
(pc)s U 0Tm _ k asz .................................................................. (15)
p fYf 6x w aXZ
and,
T
—kwaim(o)=hi(Tim_Tm) ....................................................... (16)
OX ’
—kWa;r(“(d)=hi(Tm C T ) eeeeeeeesesses s (17)

Note that T(x) can be obtained from the solution of equations (12)-(14) by setting ® to
zero and replacing Tis and Te, by Tim, and Tem respectively. Therefore, only the solution J(x)
needed to solve equation (8) with the boundary conditions (9) and (10).

Before obtaining the expression of J(x), let us normalized equations (12), (13), and (14).
For this purpose we define the non-dimensional parameters:

J-Jea ;52 i(pC)ut @0

6=
Ji,a_Je,a Kw
_hds pehed
Bi= Ky, Ky
X
d Kw

Bi and B. represent the Biot number at the inner and outer surface of the wall. Pe is
peclet number of the air flow. For a layer of mineral fiberglass (K= 0.04W/m.K) of thickness
d = 120 mm, typical values of Biot numbers B; and B are 100 and 25, respectively. The
Peclet number for the same layer of fiberglass ranges from 1 to 10 as the air velocity varies
from 1 m/s to 10 m/s.
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Using the parameters defined above, equations (12), (13), and equation (14) becomes:

20
829+Ped£=d p TTTTTTITIIIIIItsssesiiiiiiiiiiiitetesteteeennnnnnnnninnnn e (18)
d§ dg

do

ZZ(0) = —Bi (1 =) cecceececcraccecaantccasnscccssnscccsnstecsnnscccssssccssnscccnnnssns 19
dé;( ) i(1-0) (19)
de

U () = —BL @ eeeereerereernsearasearacesncsnsaasasessassssassssnssnsassassssnssnsnssnne (20)
ge (=B

The solution of the above equations can be expressed as:

9(é,;):e().5|:>e‘x; (2B;Bg +PeB;)sinhB(1-&)+ 2BB; coshp(1-¢) (21)

[2B;B, — 0.5Pe + 282 + Pe(Bj — B, )]sinh B+ 2B(B; + B, )coshp

where, B=1/8°+0.25Pe?

In the no-flow conditions, that is, when no air is flowing through the wall, the
normalized complex temperature amplitude is obtained from equation (21) by setting Peclet
number to zero.

_ 2BiBesinhB(1-8)+2BBjcoshBA-8) . .. .....cooiniiiiinn, (22)

0() o
[2BB¢ +26°]sinh 8§ + 28(B; + B, )coshd

For steady-state conditions, the temperature is independent of time, the temperature
profile within the wall is obtained from equation (21) by setting (o = 0 and thus & = 0).

(2BiB¢ + PeBi)sinhP;(l—g)+ Pe Bj coshpze(l—g)

e(g) — eOSPeé’;
. Pe Pe
[2B;B¢ + Pe(Bj —Bg)]sinh 7+ Pe(B; + Be)cosh?

In the case of air infiltration, the temperature within the wall can be obtained from
equation (21) by replacing Pe by —Pe.

2-2 Heat Flux
The conductive heat flux I(x, t) across a surface (x) of the wall varies sinusoidally with
time and can be expressed as:

I(x,t)=—KWgI(x,t)= Ly (X) + RE@8IPT) oo (24)
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With Im(x) and qga are , respectively, the mean and the complex amplitude of conductive

heat flux across the surface (x). The conductive heat flux complex amplitude ga is related to
the temperature complex amplitude as follows:

qa(x)=—KWd(;1Xa(x) .................................................................. (25)

The conductive heat flux mean value Im (x) can obtain from ga(x) by setting o to zero.
The conductive heat flux complex amplitude ga can be normalized:

800 et (26)
v KW(Ji,a_Je,a)

The normalized complex amplitude of the conductive heat flux y({) across a given
surface { of the wall is defined as the derivative of normalized temperature 0(C) as expressed
in equation (21) (i.e., y(&) = — do/dg)

)= Ee0.5pe§ (2BiBg + PeB;j)coshB(1-&)+ 2B sinhB(1-&)
Y= [2B;B, —0.5Pe? + 2B2 + Pe(B; — By )]sinh B+ 2B(B; + B, ) coshp

In the no-flow conditions (Pe=0), the normalized complex conductive heat flux
amplitude is reduced to:

() =5 2BiBocoshd(1-§)+ 28 Bjsinh§(1-&) (28)
2B:B. +286%]sinh & + 28(B; + B, )coshs
1~e | e

For steady-state conditions, the normalized conductive heat flux, y({) at a given surface
¢ of the wall can be deduced from equation (27) by setting (6 = 0 and thus § = Pe/2).

cPe (6-12)

6(¢)=PeB; B, [2B;B, — Pe(B; — B, )]sinh Pe/2 + 2B(B; + B, ) coshPe/2

2-3 Thermal Efficiency of Dynamic Walls

Walls that are built so a controlled flow of air can be passed through the porous
insulation in the wall have been termed "dynamic” walls. The construction of such wall is
described by Timusk "2, Figure (3) shows a simplified model of a building equipped with a
dynamic wall. In the dynamic wall, air is forced to the inside through a porous insulation
layer. As illustrated in Fig.(3), air infiltrates the house either through the dynamic wall (Us) or
through other cracks (Us -Uyent). The infiltration air is then exhausted to the outside through
vents (Uyent). The infiltration air is then exhausted to the outside through vents (Uyent). The
areas of the dynamic wall and of the vents are Ay, and Ayent, respectively.
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g
Figure (3) Section of simplified model for a dynamic wall integrated
in a whole building

To determine the performance of the dynamic wall, the building thermal load is first
estimated under no-flow conditions (i.e., no air flow through the dynamic wall)

Es = Qcond.s(0) + Quent + Qisgrrrrrrrrresrernnnnnnnnmmmmmmmmmmiiiiiiii... (29)

where:
Qcond.s (0): Conductive losses from dynamic wall calculated from equations (24) and (27)

(Qcond s(0)=A, |m(o))) with A, the area of the dynamic wall.

Q \ent : Heat loss due to ventilation (Q,,ent = (PC)f Uvent Avent[T, _Te])

Qmisc: Heat loss from source other than ventilation and dynamic wall, such as floor and

ceiling wall.

Then, the building thermal load is calculated when the air is allowed to flow through the
dynamic wall:

Eq =Qcond (0) + Quent + QMISC «eturtiuiiiniiiiiiiiiiiiiiiiiieiieiteeeeeeenen (30)

where:
Qcond (0): is now estimated from equation (24) and (28).

Note that the air flow through the porous wall is typically induced by a fan. The fan
energy use will be neglected to simplified analysis. The performance of the dynamic wall is
defined as:

The efficiency nw is a measure of the energy savings that the dynamic wall can achieve
in percent of total building thermal load. A convenient way to characterize the building
thermal load is to introduce the fractions Ccond, Cvent, Cmisc as:
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0
Coond = Qcogd() ....................................................................... (32)
S
Cyent = QI\E/ent ........................................................................... (33)
S
Ceond = lesc ........................................................................... (34)
S
After arrangement, it can be shown that dynamic wall efficiency can expressed as:
Qcond(0) (35)
n =C d I 010 1O S
W con [ Qcond,s(o)

The air flow rate forced through the dynamic wall is limited by the amount of air
exhausted, i.e,

(PO AwUs < (pC)f Awent Urent
Under steady-state conditions, the above limitation can be expresses as:

Pe = (Pc)f de < (Pc)f Uventhent(Ti _Te) _ Qvent _ Cyent

KW KWAW(Ti _Te)/d - Qs(o) B Ccond
or, since:
C\Bnt = 1 - Ccond - leSC S 1 - Ccond ............................................ (36)
Thus,
Pe < S (37)
Ccond

3. Results and Discussion

Figure (4) shows normalized temperature profiles within a wall for varies Peclet
numbers. As indicated, the temperature within the wall is deformed by the air leakage. This
deformation depends on the amount and direction of the air flow. When no air flows, the
temperature varies linearly within the wall. When air is exfiltrating, the temperature profile
takes a convex shape. When air is infiltrating, the temperature profile has a concave shape.
This change in temperature profile affects the heat loss due to conduction through the wall. In
addition to the temperature profile deformation, the heat transfer by convection at the wall
surfaces is increased by exfiltrating air, resulting in a decrease in the temperature of the inner
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wall surface. When air is infiltrating, the heat transfer by convection is decreased and the
temperature of the inner wall surface is increased.

~—p— Pp=is
—&— Pe=2

12

1.1
1.0
0.9 -

—&— Pe=5

0.8 -
0.7 1
0.6 ]
05 <
0.4 -

Normalized Temperature

0.3
0.2

0.1

0.0 T

0.0 0.1 02 03 04 05 06 07 08 09 1.0
Normalized Space Variable

Figure (4) Normalized wall temperature profiles with convection
under steady-state condition

Figure (5) illustrates the temperature profile within the wall when the outside
temperature varies sinusoidally with time. The same deformation effect of the temperature
profiles caused by infiltrating (Pe = -5) or exfiltrating air (Pe = 5) is again noticeable in the
steady-periodic conditions. The effect of the air leakage is coupled with the mass effect of the
wall to shape the temperature variations with time across the wall. In the no-flow conditions
(Pe = 0), the temperature profile is almost linear, indicating that the thermal mass effect is not
significant for the wall, because the low U-value and the small heat capacity of porous

insulation.

5.0 7 =
J —— =0, Pe=5
]
N | —&— (=6 hr, Pe=5
30.0 «t
; —&— =0, Pe=-5
—#%— =6 hr, Pe=-5
R 25.0
e —h— (=0, Pe=0
“

—&— =6 hr, Pe=0
20.0 - =¥

Temperature(

5.0 J :

S 7 N AN O I O [ T T T e s
0.0 0.1 02 03 04 05 06 07 08 09 1.0
Normalized Space Variable

Figure (5) Wall temperature profiles with convection under
steady-periodic condition
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Figure (6) shows steady-state conductive heat flux profiles across the wall. For three
cases: no flow (Pe = 0), infiltration flow (Pe = -5), and exfiltration flow (Pe = 5). The heat
flux is constant when no air leaks across the wall. However, heat flux profile changes
significantly when air flows across the wall. In the infiltration case, the heat flow is maximum
at the inner surface of the wall and decreases to almost zero at the outer surface.

. —4— Pe=-5
4.0 —&— Pes

3.5 - —8®— Pe=0

Normalized Heat Flux
2
!

]1) -0 s o o o s & o o o

0.0 =44V~ 1 %
0.0 0.1 02 03 04 05 06 07 08 09 1.0
Normalized space variable
Figure (6) Normalized wall conductive heat flux profiles with convection
under steady-state condition

Figure (7) indicates the effect of amount and direction of air flow on the conductive
heat flux at the outer and inner surface of the wall. The inner surface conductive heat flux
increases with the amount of infiltrating air and decreases with the amount of exfiltrating air.
This phenomenon can be explained by the fact that infiltrating air requires heat to increase its
temperature. This heat is provided by transmission heat lost at the inner wall surface. On the
other hand, exfiltrating air provides heat to the wall resulting an increase of the temperature of
the inner wall surface. The temperature gradient (i.e., transmission losses) is then reduced at
the inner surface of the wall.

Figure (8) shows the conductive heat flux profiles at the inside wall surface. The
conductive heat loss at the inner wall surface is significantly affected by air flowing across
wall when warm air leaks to the outside, the conduction heat losses at the inner surface are
reduced both in amplitude and mean values. However, when cold air infiltrates through wall,
the inner surface loses significantly more heat. Note that a time phase lag exists between the
outdoor temperatures (assumed maximum at room). In the no-flow case, this phase lag
characterizes the thermal effect of the wall.

Figure (8) indicates that the inner wall response to outdoor conditions lags by about two
hours. The time phase lag between temperature and inner wall surface heat losses is minimum
for air infiltration (time lag of one half hour) and maximum for air exfiltration (time lag of six
hours). Infiltration accelerates the contact between outdoor conditions and indoor, resulting in
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a faster wall response to the fluctuations in the outdoor temperature. On the other hand, the
warm exfiltrating air delays the wall response to the outdoor temperature.

090 ———— - = i
Ccond= 0.9 e

0.80 — Ceond=0.7 +/+/+
+/
Ccond= 0.5 ,f/

0.70

Ccond= 0.3

* 5 @ O +

Ccond= 0.1

0.60 -

0.50 —

0.40 —
0.30 —
R S o
4 s

0.20 —

Wall Efficiency

0.10 — ‘/./-/. **A*Jr’* e
F e
.

0.00 = T T T
0.0 0.5 1.0 1.5 20 25 30 35 40 4.5 5.0
Peclet Number

Figure (7) Effect of the peclet number on the steady-state conductive
heat flux at the inside and outside wall surface with convection

30.0 — =

Heat Flux (W/m?)

T
0 2 4 6 8 10 12 14 16 18 20 22 24
Time(hr)

Figure (8) Steady-Periodic conductive heat flux profiles
at the inside wall surface with convection

Similar observations can be made for the conductive heat losses at the outer surface of
the wall as shown in Fig.(9). In this case; however, infiltrating air reduces the heat losses at
the outer wall surface while exfiltrating air increases these losses significantly.

Figure (10) shows the daily heat flux profiles at the inside wall insulation for three
different cases (1-pure conduction 2-couples conduction-infiltration, and 3-conduction plus
infiltration). Comparison of the heat flux profiles for cases 2 and 3 clearly indicates that
thermal coupling reduces the total heating load due to heat conduction and to air leakage
through porous walls. Part of the energy needed to warm infiltrating air is directly recovered
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from the wall. The wall acts as a heat exchanger between cold infiltrating air and warm
porous insulation material. According to Fig.(8), the wall, as a heat exchanger, reduces by
almost 20 percent the daily heating load due to conduction and infiltration. These results
illustrate clearly the thermal advantage of intentionally circulating air through porous
insulation systems to provide ventilation.

20.0 —H

15.0 H

10.0 H

o ANM A

0.0 950 0060006000000000000000 o 4

Heat Flux (W/m?)

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hr)

Figure (9) Steady-Periodic conductive heat flux profiles
at the outside wall surface with convection

50.0 T

1 —=A—  Pure Conduction (Pe=0)
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350 T //’*“
30.0 -

20.0 :
15.0 ;
10.0 - .
UV

50 4—u_

0.0 T
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hr)

Figure (10) Steady-Periodic heat flux for conductive and infiltration losses
at the inside wall surface with convection

Heat Flux (w/m?)
192

Figure (11) illustrates the variation of dynamic wall efficiency as function of the Peclet
number (measuring the amount of air flowing through the dynamic wall) for various values
the fraction Ccong (characterizing the portion of the house thermal load that is due to
conductive losses through the dynamic wall).
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Figure (11) Effect of the peclet number on the dynamic wall efficiency
under steady-state condition

4. Conclusions

An analytical model to evaluate the thermal coupling effect of heat conduction and air
flow in permeable walls has been developed. The results obtained indicate clearly that air
infiltration and exfiltration can affect significantly both the temperature and the heat flux
across building walls. In particular, it is found that air infiltration increases the transmission
losses at the inner wall surface with a reduced response time lag. Meanwhile air exfiltration
decreases conduction heat losses at the inner wall surface but increases the response time lag.
A simplified analysis was conducted to evaluate the thermal performance of dynamic
insulation systems integrated with a whole building. The analysis indicated that some energy
savings can be achieved by the dynamic insulation.

These savings depend mostly on the infiltration flow rate and the building thermal load.
The maximum achievable thermal efficiency of a dynamic wall was found to be near 20
percent.
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