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ABSTRACT

The paper describes a heat transfer model for wood-framed exterior walls with
the exterior siding exposed to fire. These exterior walls have nominal 2x4
wood-studs protected by gypsum board on the ambient side (inside the
building), and OSB (Oriented Strand Board) sheathing and exterior siding on the
fire-side (outside the building). Between the OSB sheathing and exterior siding
there is an external air cavity for air circulation and a 50-mm thick layer of
external insulation. This type of exterior wall is becoming popular, because it
prevents moisture condensation in the walls. The present paper investigates the
fire resistance of this type of exterior wall, when the exterior siding is exposed
to fire. The model suggests that the air cavity behind the siding and the external
insulation layer play important roles in improving the fire resistance of the
walls.

KEY WORDS: Fire resistance, Computer modelling, External walls, Char formation in
wood.

INTRODUCTION

Wood-framed exterior walls with an air cavity directly behind the exterior siding have
been the focus of attention for the last couple of years, because air circulation through
that external air cavity prevents the moisture condensation in the walls. Figure 1 shows
the structure of a typical wood-framed exterior wall with such an external air cavity.
Fresh air enters the air cavity from the bottom of the assembly and flows upward through
the cavity preventing moisture movement into the wall, and subsequent condensation
therein. It might reasonably be expected that this siding cavity would not only prevent
moisture condensation in the wall but also improve the fire resistance of the wall. When
the exterior siding on the wall is exposed to fire, the air cavity and layer of external
insulation play important roles in protecting buildings. The present study describes a
computer model to predict the fire resistance of such wood-framed exterior walls when
the exterior siding is exposed to fire.

The author has developed a series of computer models to predict the fire resistance of
wood-framed walls and floors [1-6]. The models utilize two-dimensional heat-
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conduction equations and thermo-physical property data to describe heat transfer through
the assemblies. The model for wall assemblies has been published in journals and
conference proceedings [1-4]. The model for floor / ceiling assemblies has also been
published in the proceedings of the recent fire research conference [5]. Finally, the
models have been validated by comparing their predictions to the results of full-scale fire
tests. A new model for wood-framed exterior walls has been developed, based on those
previous models. The present paper describes this new model in detail and the calculated
results depicting the effects of the external air cavity and exterior layer of insulation on
the fire resistance of exterior walls.

HEAT TRANSFER EQUATIONS

Heat transfer through the solid components satisfies the two-dimensional heat conduction
equation Eq. (2).

Cop(aT/at) = 810X (KATIOX) + d/dy(@TIdy) + Q 1)

Where C, is a specific heat (J/kg K), p is density (kg/m?), k is a thermal conductivity
(W/mK), T is temperature (K), t is time (sec), and x and y are spatial co-ordinates (m). Q
is the enthalpy change due to moisture vaporisation and gypsum calcination. All of these
thermo-physical properties are defined as a function of temperature, which were
described in the journal ‘Fire and Materials’ [6].

Boundary conditions at the exposed surface of the exterior siding are given by balancing
heat conduction at the surface with the radiative and convective heat input:

-k(OT/IOX) = he(Ts - Tgf) + €5 G(Tf4 - Tsf4) (2)

where T is the surface temperature of the exterior siding, Ts is the furnace gas
temperature, h; is the convective heat transfer coefficient (W/m’K) between the surface of
the exterior siding and the furnace gas, e is the effective emissivity calculated from the
fire gas emissivity and the siding surface emissivity, and o is the Stephan-Boltzmann
constant.

The boundary condition at the surface of the exterior siding on the cavity-side can be
described as:

-K(@TIOX) = hy(Tsc - To) + e0(Te* - Tich) @

where T, is the surface temperature of the exterior siding on the cavity-side, T, is the
cavity gas temperature and T; is the surface temperature of the insulation facing cavity
gas. h, is the convective heat transfer coefficient (W/m?K) between the siding surface
and the cavity gas. Heat transfer coefficients h¢ and h, are assumed to be 25 (w/m?K) and
9 (w/m*K) respectively [3, 6].

There is a flow of air in the external air cavity as the fresh air comes into the cavity from
the bottom of the assembly and flows upward through the cavity. The flow rate of air in
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the cavity depends on how much fresh air comes into the cavity. Since it would be
difficult to estimate the flow rate of air in the cavity, T, was empirically derived from
experimental data. Small-scale experiments were conducted to measure T, and T using
ceramic boards as the siding and a layer of external insulation. The ceramic board was
heated by a propane gas burner. Both the surface temperature of the exterior siding on
the cavity side Ty, and the cavity gas temperature T, were then measured. The following
relationship between T, and T, was derived from the experimental data.

Te=QTs+5Ty) /7 4)
where T, is the ambient temperature.

The boundary condition at the surface of the insulation in the external cavity facing
towards the cavity gas can be described as:

-K(@T/X) = ha(T - Tie) + £0( Teg" - Tic") ®)

The boundary condition at the OSB (Oriented Strand Board) sheathing surface facing
towards the insulation includes both radiative and convective heat transfer:

-K(AT/0X) = hy(Tio - To)) + eo( Tio* - Toi) (6)

where To; is the surface temperature of the OSB facing insulation and T;o is the surface
temperature of insulation facing OSB sheathing.

If the internal cavities between the studs are not insulated (those cavities are empty),
radiative and convective heat exchange are also considered within those internal cavities.
In such cases, the boundary condition at the surface of OSB facing towards the internal
stud cavity can be described as:

-K(BTIX) = he(Toy - Ty) + &6 Fip (Tovt - Toe) + 266 Fis (To' - T (7)
where To, is the surface temperature of the OSB on the internal cavity-side, T, is the
internal cavity gas temperature, T,y is the surface temperature of wood stud facing the
internal cavity and Ty, is the surface temperature of the gypsum wall board on the
internal cavity side. Fi, is a view factor for radiant heat exchange between the OSB
sheathing and gypsum board and F3 is a view factor between the OSB and wood stud
side-surface. These view factors are calculated from the stud cavity space Sgpsce and stud
cavity depth Sgeptn [7],

Fiz=(1.0+S,)*° - Sy, (8)
Where,

S = Sdepth / Sspace

Fis= (1.0 + Sy, — (1.0 + $,2°% /2.0 C))
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The boundary condition at the surface of gypsum board on the internal cavity side can be
described as:

-K(@T/oX) = hy(Ty - Tgy) + €6 Fay (Tov* - Te') + 266 Fog (T - Tun?) (10)
Where,

Faz = Fi3 (11)

Fa=Fp (12)

The boundary condition at the side-surface of the wood stud facing the internal cavity gas
can be described as:

k(@TI3y) = he(Ty - Tuw) + €6 Far (Tov* - Tun') + €6 F2 (T - Tun®) (13)

Where F3; is the view factor between stud side-surface and OSB surface, which is defined
as a function of the distance from the OSB surface Sgq [7].

Fa = (1.0 +S;3— (1.0 +S;59)%°) /2.0 (14)
Where,

S13= Sspace / Sstua, and

Fz = (1.0 + Sps— (1.0 + S50 ) / 2.0 (15)
Where

823 = (Sdepth - Sstud )/ Sspace
Emissivity € in Egs. (3), (5), (6), (7), (10) and (13) are assumed to be unity.

If the internal stud cavities are filled with insulation, heat is transmitted by conduction
within those stud cavities.

The boundary condition at the surface of the gypsum board on the ambient side (inside
the building) can be described as:

-k(0T/0x) = he(Tga - Ta) (16)
where Tg, is the surface temperature of the gypsum board on the ambient side.
The above equations Eqgs. (1) to (16) were solved using the finite difference method and
the enthalpy formulation defined in the previous paper [6]. The grid size for x-direction,

Ax was defined as 0.3175cm (1/8”) and for y-direction, Ay also 0.3175cm (1/8”), and the
time step was 1 sec. The computer program was written in Visual C++ and MFC. The
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model has a user-friendly interface for users to set up the external walls. As shown in
Fig. 2, there are many options for users to create their own custom walls.

DESIGNS FOR THE EXTERIOR WALLS

Designs for the wood-framed exterior walls include 2 x 4 wood studs protected by 12.7
mm (%2 inch) Type X gypsum board on the ambient (inside the building) side and by 12.7
mm (% inch) OSB sheathing and 12.7 mm ceramic exterior siding on fire-exposed side
(outside the building). Between the OSB and the exterior siding there is an external air
cavity (siding cavity) and a 50 mm (2 inch) thick layer of insulation.

The exterior siding is assumed to be a non-combustible ceramic board, which is
becoming popular in Japan. The density of that ceramic board is 1092.5 kg/m® and its
moisture content is assumed to be 15%. The specific heat of the ceramic board is defined
as a function of time such that C, (J/kg C) = 1316.0 + 0.169T,, where T; is the ceramic
board temperature (°C). The siding cavity was assumed to be 18 mm depth or zero. The
model also assumed that the fire gases do not enter the siding cavity, because the opening
of the siding cavity is located at the bottom of the wall.

The external air cavity and internal stud cavity may be or may not be filled with
insulation. Insulation materials considered in this paper are glass-fibre insulation,
expanded polystyrene foam or polyurethane foam boards. Heat transfer through the
insulation was considered to be a combination of gas-phase conduction, solid-phase
conduction and radiation [8]. Thermal conductivity of glass-fibre insulation, kg, was
assumed to be functions of temperature and density.

kg=a+bT"* +cT?? (17)
aza +ap+alp (18)
b= b1 + bzp + b3/p (19)
C=Cp+Cyp +Calp (20)

where T; is temperature (°C) and p is the density of the glass-fibre insulation. Coefficient
“a” corresponds to conductive heat transfer, “c” corresponds to radiative heat transfer and
“b” to the interaction between conduction and radiation [8]. Coefficients aj, a,, a3 are
constants, and have been defined as follows:

a; = 1.492E-02 b, =2.777E-07 c; =3.402E-10
a, = 3.274E-05 b, =6.090E-10 c, =8.168E-13
as = 0.1202E-00 b; =2.235E-06 c; =3.902E-09

The thermal conductivity of expanded polystyrene foam and polyurethane foam
insulation boards are defined as functions of temperature and density. Figures 3 and 4
show the thermal conductivity of those two insulation products and of glass-fibre
insulation as functions of temperature and density.

The insulation materials shrink (and/or melt) at elevated temperatures. Small-scale
experiments were carried out to measure reductions in the thickness of the insulation
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materials when heated at various constant temperatures ranging from 90°C to 650°C.
Glass-fibre insulation began to melt at 430-450°C. Its size then decreases with
temperature. On the other hand, expanded polystyrene foam and polyurethane foam
insulation boards shrink at significantly lower temperatures. It was found that expanded
polystyrene foam begins to shrink at 110°C and polyurethane foam begins to shrink at
140°C. Figure 5 shows the shrinkage of those insulation products, expressed as
percentage of the initial dimension.

When the exterior siding is exposed to fire, insulation in the external cavity shrinks
(and/or melts) and, with time, its thickness decreases. The computer model uses those
shrinkage test data in Fig. 5 and simulates shrinking behaviour of insulation in the walls
when the exterior siding is exposed to fire.

RESULTS

The effect of the external air cavity and exterior insulation on the fire resistance of wood-
framed exterior walls was investigated theoretically. Figure 6 shows one example of the
theoretical prediction of the temperature-time curves at key locations A to F in the walls
when the exterior siding is exposed to fire (the locations A to F are depicted in Fig. 1).
The furnace gas temperature was assumed to follow the JIS A1304 standard heating
curve in this study, because this type of external walls are becoming popular in Japan.
The external cavity was filled with 50 mm expanded polystyrene foam insulation
(density: 26 kg/m®) and there was an 18 mm air cavity between the exterior siding and
insula;tion. The internal stud cavity was filled with glass-fibre insulation (density: 12
kg/m®).

As shown in Fig. 1, location A is the siding surface on the fire-side, B is the siding
surface on the air cavity-side, C is the surface of the exterior insulation, D is the surface
of the OSB facing the exterior insulation, E is the interface between the OSB sheathing
and wood stud, and F is the OSB surface facing the internal stud cavity. The model
predicts the insulation thickness as a function of time (Fig. 6). Insulation in the external
cavity began to shrink at 7 min and the thickness decreased with time almost linearly
until 17 min. Then the OSB surface was gradually exposed to the radiant heat from the
surface of the exterior siding on cavity-side. Char began to appear in the OSB at 28 min
10 sec and then began to penetrate into the OSB. After 50 min exposure, almost all of the
OSB had been reduced to char except near the OSB / stud connection. Figure 7 shows
char formation in the OSB near the OSB / wood stud connection. The char depth in the
OSB near the connection was predicted to be 7.9 mm and the non-charred layer 4.8 mm.
Those results suggest that the wood studs absorb much more energy than the insulation in
the internal stud cavity.

According to the shrinkage data in Fig. 5, it is expected that a wall insulated with
polyurethane foam insulation will be more fire-resistant than a wall insulated with
expanded polystyrene foam insulation, and that a wall insulated with glass-fibre exterior
insulation will exhibit the best fire resistant. Figure 8 shows the time dependent
thickness of insulation in the external cavity, as predicted by the model when the exterior
siding is exposed to fire (JIS A 1304). The model demonstrated that the expanded
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polystyrene foam insulation began to shrink at 7 min and thereafter, its thickness
decreased relatively quickly. Almost all the insulation had disappeared by 17 min.
Polyurethane foam insulation showed better performance than the polystyrene insulation.
The model predicted that the polyurethane insulation would begin to shrink at 9 min and
that the foam would last until 30 min. Glass-fibre insulation, on the other hand, is much
better than either of the two foam insulation products. After 50 minutes exposure, the
model depicted that more than 85 % of the glass-fibre insulation would remain in the
external cavity.

On the other hand, if there is no insulation in the external cavity (only an air cavity), the
surface of the OSB sheathing is directly heated by radiation from the surface of the
exterior siding. In this case, char formation was predicted to occur at 25 min 40 sec on
the OSB surface. Then char formation penetrates into the OSB and extends to a good
portion of the wood stud. Obviously, the insulation improves the fire resistance of the
exterior walls.

The external air cavity, which is the space between the exterior siding and insulation
layer, also plays an important role in determining the overall fire resistance of exterior
walls, because the flow of air in the siding cavity seems to provide a cooling effect. In
order to investigate the magnitude of the effect of this external air cavity, one calculation
was conducted on a wall without an external air cavity. The results are depicted in Table
1. The Table 1 shows the time to commencement of charring in the OSB sheathing with
and without an external air cavity. A significant difference is observed between them. If
the external cavity is filled with polystyrene foam, the time to charring in the OSB
sheathing was predicted to be 21 min 10 sec when there is no external air cavity. If there
was an 18 mm deep external air cavity, the time to charring of the OSB would be 28 min
10 sec. That is 7 minutes difference between them. If polyurethane foam insulation is
used, the time to charring in the OSB was predicted to be 23 min 45 sec when there was
no external air cavity and 31 min 15 sec when there was an 18 mm siding cavity. That is
also about 7 minutes difference. If glass-fibre insulation is used, such differences would
be about 8 minutes.

CONCLUSION

A computer model to predict the fire resistance of exterior walls has been developed.
The effect of external insulation and the effect of an exterior air cavity between the siding
and exterior insulation were investigated. The model demonstrated that the external
insulation improves the fire resistance of exterior walls. If there is no external insulation,
the time to charring in OSB sheathing was predicted to be 25 min 40 sec when there is an
18 mm deep external air cavity, and 19 min 19 sec when there is no siding cavity (Table
1). If there is external insulation, the time to charring in the OSB sheathing is
significantly longer (see Table 1). The calculated results show that polyurethane foam
insulation provides better fire resistance, when it is used as the external insulation, than
expanded polystyrene foam insulation. However, glass-fibre insulation has much better
performance than either of the two foam insulation products.

The model also suggests that creating an air cavity between the siding and external
insulation has a very important role in providing fire resistance to exterior walls. The
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siding air cavity, if hot fire gases do no enter the cavity, greatly improves the fire
resistance of the walls (Table 1).

It is concluded that external insulation and creation of an air cavity between the exterior
insulation and exterior siding significantly improve the fire resistance of the external

walls.

The model validation will be planned by comparing to the full-scale fire

endurance tests.
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TABLE 1. Time to charring in OSB with and without siding cavity.

Insulation No siding cavity 18 mm siding cavity
No insulation 19 min 19 sec 25 min 40 sec
Polystyrene foam 21 min 10 sec 28 min 10 sec
Polyurethane foam 23 min 45 sec 31 min 15 sec
Glass-fibre insulation 37 min 09 sec 65 min 0 sec

1130



Inside the building

B

(Ambient) C
\ D X
& /Insulationi
Stud ) O external O
cavity
Gypsum board Insulation in
internal
cavity

A

(.

Siding air EXterior

osB cavity

siding

Figure 1. Structure of the external wall: A to F indicate thermocouple location.
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Figure 2. User interface for the external wall model.
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Figure 3. Thermal conductivity of polystyrene foam (density: 26 kg/m?),
polyurethane foam (density: 30 kg/m®) and glass-fibre insulation (density: 12
kg/m®) as a function of temperature.
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Figure 4. Thermal conductivity of polystyrene foam, polyurethane foam
and glass-fibre insulation as a function of density (temperature: 20 °C).
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Figure 5. Linear shrinkage of polystyrene foam, polyurethane foam and
glass-fibre insulation as a function of temperature.
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Figure 6. Temperature-time curves at key locations in the external wall
when the exterior siding is exposed to fire (heating curve: JIS A1304
standard curve).
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Figure 7. Char formation in OSB at 50 min.

Glass-fibre | |

THICKNFSS

|
|
|
|
.
30 40 50

TIME (min)

Figure 8. Thickness of polystyrene foam, polyurethane foam and glass-fibre
insulation in the external cavity as a function of time.
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