Modelling Heat and Mass Transfer in Wood-frame Floor
Assemblies Exposed to Fire

STEVEN T. CRAFT"?, BURKAN ISGOR?, JAMES R. MEHAFFEY", and GEORGE
HADJISOPHOCLEOUS?

'Building Systems — Fire Program

FPInnovations — Forintek Division

Suite 4100 — CTTC, 1125 Colonel By Drive, Ottawa, ON, CANADA, K1S 5R1
“Civil and Environmental Engineering

Carleton University

1125 Colonel By Drive, Ottawa, ON, CANADA, K1S 5B6

ABSTRACT

A two-dimensional finite-element model has been developed to simulate the heat and mass transfer in both
gypsum board and wood in order to predict the thermal response of a wood-frame floor assembly exposed
to fire. Both volatile pyrolysis products in wood and water vapour in wood and gypsum board are
considered in the mass transfer analysis. Calcination of gypsum board and pyrolysis of wood are modelled
using Arrhenius expressions. The evaporation of water is modelled assuming the partial pressure of water
is equal to the equilibrium vapour pressure. The gas in the cavity is assumed to be fully transparent,
allowing radiant heat transfer between all surfaces in the cavity, thus leaving convective heat transfer to
heat the gas inside the cavity.

Comparisons are made to two full-scale fire resistance tests. One test was carried out using the standard
temperature exposure while the second test used a non-standard exposure that was based on measurements
taken in experimental fires in wood frame houses. Comparisons between experiment and model
predictions show good agreement on the unexposed side of each of the two layers of gypsum board
protecting the assembly. The cavity temperature is under-predicted resulting in an under-prediction of the
temperatures in the floor joist and sub-floor. The model currently does not account for the fall-off of
gypsum board which limits the models ability to predict the results for the non-standard exposure since the
gypsum board failed very early in the test.
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NOMENCLATURE LISTING

A surface area, m*

c specific heat, J kg' K!

c, specific heat at constant volume, J kg'1 K!

D permeability, m*

Fgs,  configuration factor between surface and opposing surface
h convective heat transfer coefficient, W m~ K

k thermal conductivity, W m™ K!

m" mass flux, kgm?s™

s m . . 3 -1
Mgy rate of generation of vapour per unit volume, kg m™ s

M, molecular weight, kg mol™

P pressure, Pa
oy . . )
9 caviy T heat flux on surface inside cavity, W m™

N

4wy Tate of absorption of heat per unit volume due to evaporation of water, W m™

;I'R rate of absorption of heat per unit volume due to chemical reactions, W m™

R gas constant, ] K' mol”
T temperature, K
t time, s
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Greek subscripts

€ emissivity air air inside the cavity

p unit mass, kg m™ s surface facing the cavity

c Stefan-Boltzmann constant, W m™, K™* 52 opposing surface within cavity
v kinematic viscosity, m” 5™ o ambient condition

(0] porosity, m®> m™

INTRODUCTION

The fire safe design of buildings built in Canada has traditionally been met by following a prescriptive
building code. With the introduction of an objective based code in 2005, in Canada it is now possible to
construct a building that deviates from the prescriptive code but meets its objectives, provided the
alternative design is as safe as the prescriptive solution. It is, therefore, necessary to be able to determine
the risk to life and property of prescriptive and alternative designs in order to make the comparison. In
order to compare the fire risk of alternative designs to life and property, Carleton University has developed
a risk model [1] for four story, wood-frame buildings. A number of submodels are needed in order to be
able to calculate the overall risk due to fire. For example, submodels are used to characterize fire growth,
smoke movement, occupant response and movement. Another important submodel characterizes the
response of the assembly to fire, which is the focus of this paper. This submodel provides information to
the risk model that may affect fire spread between compartments as well as smoke movement and
potentially occupant movement. Unfortunately, the standard fire-resistance test, CAN/ULC S101 [2] or
ASTM EI119 [3], used to evaluate assemblies for code compliance does not provide the necessary
information to predict the response of an assembly subjected to alternative exposures resulting from
different fire scenarios. While alternative testing could provide the information needed, the expense and
number of tests required cause it to be uneconomical. Therefore, the best solution is computer modelling.

A number of models have been developed in the past 15 years that predict the response of a wood-frame
assembly to the standard fire resistance test [4-7]. The main challenge in modelling wood assemblies
protected by gypsum board is the lack of robust material property data for wood and gypsum board at
elevated temperatures. As a result of this, the models previously developed made simplifications to
account for phenomena not easily modelled. For instance, thermal conductivity was typically calibrated in
an attempt to account for mass transfer, and the energy associated with evaporation and chemical reactions
was included in the specific heat. These simplifications work well in the standard fire-resistance test where
the exposure temperature increases monotonically at a specified rate. For scenarios that differ from the
standard fire test, such as those with a rapid heating phase followed by a cooling phase, better
representation of the thermal degradation of gypsum board and wood are required in order to accurately
model the performance of these assemblies.

A two-dimensional heat and mass transfer finite-element model has been developed in order to more
precisely predict the response of a wood-frame floor assembly exposed to fire. The heat and mass transfer
analyses are coupled since the mass transfer contributes to heat transfer and the heat transfer is what
ultimately drives the mass transfer. The mass transfer contributes to heat transfer through the movement of
water vapour and pyrolysis products in the case of wood. The heat transfer causes a pressure rise due to
evaporation of water and the release of pyrolysis products in wood which creates pressure gradients and
subsequent mass transfer.

The objective of this paper is to present the predictions of the heat and mass transfer model for full-scale
fire-resistance tests conducted on wood-frame floor assemblies.

MODEL DESCRIPTION

A two-dimensional finite-element model has been developed to model the heat and mass transfer in both
gypsum board and wood as components of a wood-frame floor assembly [8]. The model methodology is
based on that used by Fredlund [9]. The model allows the material properties of each material to vary as a
function of temperature or as a function of another property. Chemical reactions are simulated using
Arrhenius expressions and evaporation of water is determined based on temperature and pressure. A cross-
section of the floor assembly is shown in Fig. 1 with the shaded portion representing the area considered in
the model.
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Fig. 1. Cross-section of floor assembly with shaded region indicating area considered in model.
Conservation of Energy

The heat transfer analysis includes both conductive and convective heat transfer in the solid material. The
convective heat transfer is determined from the mass transfer analysis and includes the movement of water
vapour and volatile pyrolysis products in wood, and water vapour in gypsum board. The following
equation represents the conservation of energy used in the analysis.

~V-(-kVT)=mm"c, -VT+Ql., + Q¢ pc%T (1)

The first term on the left represents conductive heat transfer (Fourier’s law) where k is the thermal
conductivity and 7 is temperature. The second term is the convective heat transfer within the material

where 7" is mass flux of water vapour and pyrolysis products and ¢, is the specific heat of the gas at

constant volume. The third term, Q7 ,,, is the rate of absorption of heat per unit volume due to

evaporation of water, and the fourth term, QZR , is the rate of absorption of heat per unit volume due to

pyrolysis in wood and calcination of gypsum in gypsum board. The term on the right side represents the
rate of change of accumulated energy in the material where p is unit mass, c is specific heat and ¢ is time.

Heat Transfer Boundary Conditions

Heat is transferred to the gypsum board ceiling of the floor assembly from the hot furnace gases and lining
through convection and radiation. Similarly, heat is lost from the sub-floor on the top of the floor assembly
to the surroundings through convection and radiation.

The heat transfer within the cavity in the floor assembly is calculated assuming the gas inside the cavity is
fully transparent. Therefore, heating of the cavity air is through convection only. In order to calculate the
change in temperature in the cavity from one time-step to the next, an iterative solution is used to solve an
energy balance for the cavity. The following equation represents the energy balance solved.

oT,
z [h A (TS - Tair )] = pair Cair - (2)

Each Surface at

Where the convective component on the left hand side is summed over all surfaces inside the cavity, / is
the convective heat transfer coefficient, 4 is the surface area, T is the surface temperature, 7, is the cavity
air temperature, p,; is the density of the air in the cavity, c,;. is the specific heat at constant pressure of the
air in the cavity and ¢ is time.
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The net radiative flux on the surface in the cavity is calculated by summing the radiation between the
surface and all other surfaces that “see” each other. The following equation represents the boundary
condition inside the cavity.

qgavity = hA(TS - Tair )+ z FS—SZ o€ (TS42 - TS4 ) (3)

EachSurface

Where q':amy represents the heat flux seen at the surface inside the cavity, the first term on the right hand

side of the equation represents the convective heat transfer, and the second term on the right represents the
radiative heat transfer. Within the radiation term, the radiation is summed between the surface and all other
surfaces it “sees”, Fi.g; is the configuration factor between the surfaces, o is the Stefan Boltzman constant,
¢ is the emissivity, T is the surface temperature and Ty, is the temperature of the opposing surface.

Conservation of Mass

The mass transfer analysis models the pressure-driven flow of water vapour and volatile pyrolysis products
in wood, and water vapour in gypsum board for input into the heat transfer analysis. The following
equation represents the conservation of mass used in the analysis.

M M
-V. —BVP +(p "2Va_T +r'ngEN:(p—Wa—P
v RT" ot RT ot

(4)

The first term on the left represents pressure-driven flow governed by Darcy’s Law where D is the
permeability, v is the kinematic viscosity and P is pressure. The second term accounts for the
increase/decrease in pressure of gas due to a change in temperature where @ is the porosity, My is the

molecular weight and R is the gas constant. The third term, ngN , is the rate of generation/reduction of

water vapour due to evaporation/condensation per unit volume and the rate of generation of volatile
pyrolysis products per unit volume in the case of wood. The term on the right side represents the rate of
change of mass of gas in the pores of the material.

Mass Transfer Boundary Conditions

Mass transfer at the boundaries is modelled assuming the pressure on the surface of the material is
atmospheric. This includes all exposed and unexposed surfaces (i.e. between layers of gypsum board and
between the gypsum board and the solid wood joist). The following equation represents the mass transfer
boundary condition.

P =P, )

Where Ps is the surface pressure and P, is ambient pressure.

Source Terms

In order to simulate the chemical reactions that take place in the materials, namely calcination in gypsum
board and pyrolysis in wood, Arrhenius expressions are used where the Arrhenius expression’s constants
have been determined through thermal gravimetric analysis (TGA) [10]. Evaporation is modelled
assuming the partial pressure of water inside the material is always at the equilibrium vapour pressure,
which is a function of temperature [8].

Material Properties

The material properties used in the model have been reported in a previous paper [8]. However, the
permeability of gypsum board has been changed to 3.8 x 10" m as reported in [11]. The material
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properties used in the model are based on gypsum board and wood species typically used in North
America.

EXPERIMENTAL PROGRAM

Two full-scale floor tests were completed at the National Research Council of Canada. The assemblies
were tested according to ASTM E119 [2] with one exception. The second test used a more realistic
temperature-time curve that was based on temperature measurements in experiments conducted in fully
furnished wood-frame houses [12]. A comparison between the two exposures is shown in Fig. 2.

The full-scale floor assembly was 4.86 m by 3.95 m and loaded to its full design load during the tests. The
floor assembly chosen for model validation consisted of solid wood joists 38 mm by 235 mm spaced at 406
mm on centre and protected by two layers of 12.7 mm Type C gypsum board screwed directly to the wood
joists. The sub-floor consisted of two layers of 15.9 mm tongue and grove plywood nailed to the joists.
Cross-bracing was installed at mid-span and the cavities were not insulated. A total of 102 thermocouples
were installed in the floor assembly.
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Fig. 2. Comparison between standard and non-standard temperature-time curves used in experiments.

The first full-scale assembly exposed to the standard temperature-time curve failed structurally at
approximately 54 minutes. The first layer of gypsum board fell-off at 45 to 48 minutes, while the base
layer started to fall off at 50 minutes. The temperature on the back side of the face layer of gypsum board
was 600°C when it fell from the assembly, however, the temperature on the back side of the base layer of
gypsum board was much lower 250°C — 350°C when it fell from the assembly. The second full-scale
assembly exposed to the non-standard temperature-time curve did not fail. The first layer of gypsum board
fell-off at approximately 13.5 minutes and exhibited very interesting behaviour before falling off. At
approximately 11 minutes, the exposed layer of gypsum board began to spall. The surface of the gypsum
board slowly became detached from the core of the board and fell in small pieces. The second layer also
started to spall before the furnace was shut down at 20 minutes, although the pieces were smaller. The
furnace was then kept closed to allow the temperature to drop slowly. The temperature between the base
layer of gypsum board and the wood joist reached approximately 400°C before beginning to cool. The
floor subjected to the non-standard exposure did not fail and actually “self-extinguished” after
approximately 60 minutes.

RESULTS AND DISCUSSION

The first step in accurately simulating the experiments is to determine the boundary conditions the floor
assembly is exposed too. While the furnace used can accurately follow the time-temperature curve
specified in the standard [3], the actual temperature inside the furnace is not known. This is because
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shielded thermocouples that have a time constant of 5.7 to 7.2 minutes [3] are used to measure the
temperature inside the furnace. Therefore, in the first 10 minutes of the test, the temperature in the furnace
is considerably higher than what the shielded thermocouples are reading. Researchers at the National
Research Council of Canada carried out a series of tests where both shielded thermocouple and plate
thermometer measurements were taken [14]. Since the plate thermometer has a much smaller time constant
(on the order of one minute), it provides a more accurate measurement of the actual temperature in the
furnace than the shielded thermocouples. This is especially true in the first 10 minutes of the test. In Fig. 3
below, the shielded thermocouple, standard exposure [3], and the plate thermometer measurements are
compared (note that since the plate thermometer data was not available, the data points were read from the
graph published in [14] and, therefore, may not be exact).

Temperature (°C)

—ASTM E119 Standard Exposure
200 [ o Plate Thermometer
100 4 x Shielded Thermocouple
X
0 T T T T .
0 10 20 30 40 50 60

Time (minutes)

Fig. 3. Comparison between standard temperature exposure [3], shielded thermocouple measurements and
plate thermometer measurements.

Since the plate thermometer measurements are closer to the actual temperature in the furnace, a curve was
fit to these data points and used as the furnace temperature for the simulation of the standard exposure
experiment. Unfortunately, since the temperature-time curve used in the non-standard exposure was
unique, there are no data to provide guidance on the actual temperature in the furnace other than the results
from the standard exposure. Therefore, the temperature difference between the plate thermometers and the
shielded thermocouples was applied to the non-standard shielded thermocouple measurement with the
understanding that the temperatures in the furnace are under predicted.

Full-scale Standard Exposure Comparison

Model predictions are compared to the thermocouple measurements at locations one through seven found
in Fig. 4. At each location in Fig. 4, there were between 3 and 9 thermocouples placed at different points in
the floor assembly. Each thermocouple is plotted in order to provide some insight into the variability at
different locations within the floor assembly. None of the thermocouple measurements presented in this
paper were located close to joints in either the face layer or the base layer of gypsum board.
Thermocouples 1, 2, 4, 6, and 7 were all centred between two joists with TC4 in the geometric centre of the
cavity. Thermocouple TC3 was placed on the surface of the joist between the gypsum board and joist and
TC 5 was placed in a hole drilled from the side of the joist so that it was in the geometric centre of the joist
cross-section.
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Fig. 4. Thermocouple locations used in comparison between model predictions and experiment.

In the following figures, which compare model predictions to experimental measurements from the
standard exposure test, the bold solid line indicates the temperature predicted by the model. Lines at 45
minutes and 50 minutes indicate when the first and second layers of gypsum board begin to fall off the
assembly. Note that the model does not account for the falling off of the gypsum board and therefore
predictions should only be compared up to the point of fall-off (45 minutes — 50 minutes).

The temperature between the face layer and base layer of gypsum board (TC1 in Fig. 4) is shown in Fig. 5.
The model predictions compare favourably with the temperature measurements. In particular, the point at
which calcination of the gypsum is complete in the first layer of gypsum board and the temperature begins
to rise rapidly is accurately predicted. The temperature is slightly over predicted after approximately 23
minutes which would suggest the thermal conductivity above 400°C may be over predicted.
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Fig. 5. Comparison between temperatures measured at TC1 and model predictions.

The temperature on the back side of the base layer of gypsum board facing the cavity (TC2 in Fig. 4) is
shown in Fig. 6. Again, the temperature is accurately predicted up to 36 minutes where the model predicts
calcination is complete. The test results show calcination is complete at 42 minutes. The over prediction
of calcination may again be due to over prediction of the thermal conductivity at higher temperatures and
therefore the over prediction of the heat flux through the face layer of the gypsum board. The steep rise in
the predicted temperature after calcination is complete in the base layer is further evidence that the thermal
conductivity of the gypsum board at higher temperatures is over predicted.
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Fig. 6. Comparison between temperatures measured at TC2 and model predictions.

The temperature between the back side of the base layer of gypsum board and the solid wood joist (TC3 in
Fig. 4) is shown in Fig. 7. Similar to the previous location, the rate of calcination of the base layer of
gypsum board is over estimated, therefore showing a temperature rise after the plateau approximately six
minutes earlier than measured.
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Fig. 7. Comparison between temperatures measured at TC3 and model predictions.

The temperature in the cavity (location TC4 in Fig. 4) is shown in Fig. 8. The temperature in the cavity is
under predicted until the gypsum board is fully calcinated at which point the predicted temperature rises
quickly. The over prediction of the temperature on the unexposed side of the gypsum board is what causes
the predicted temperature in the cavity to quickly rise at 37 minutes. The under prediction in the first 40
minutes is most likely due to the assumption made in the model that the gas in the cavity is fully
transparent. Thus, the heating of the gas due to radiation is not accounted for. Also, any mass transfer that
enters the cavity from the gypsum board is not taken into account in the model. With this location, there is
also some uncertainty as to how accurately the thermocouple is reading the gas temperature when it is also
seeing radiation from the gypsum board which would cause the thermocouple to read a higher temperature.
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Fig. 8. Comparison between temperatures measured at TC4 and model predictions.

The temperature on the bottom surface of the sub-floor exposed to the cavity (location TCS5 in Fig. 4) is
shown in Fig. 9. The temperature is under predicted for the entire test. This is in part due to the under

prediction of the temperature of the gas in the cavity.
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Fig. 9. Comparison between temperatures measured at TC5 and model predictions.

The temperature in the centre of the joist (TC6 in Fig. 4) is shown in Fig. 10. The temperature is
underestimated by the model until approximately 40 minutes. This is most likely due to the
underestimation of the temperature in the cavity since the heat transfer to the centre of the joist would be

dominantly from the side of the joist.
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The temperature between the two layers of plywood sub-floor (TC7 in Fig. 4) is shown in Fig. 11. The
temperature is slightly underestimated for a large part of the test before closing the gap near the end. After
reviewing the temperature on the underside of the sub-floor, this would be expected.
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Fig. 11. Comparison between temperatures measured at TC7 and model predictions.

Full-scale Non-standard Exposure Comparison

Model predictions are compared to the full-scale non-standard exposure test below in Fig. 12. Since the
time to fall-off of the first layer of gypsum board was only 13 minutes, and the model is unable to simulate
this, only the temperatures between the two layers of gypsum board and the back side of the gypsum board
will be looked at. Between the two layers of gypsum board, the point at which calcination is complete is
accurately predicted. However, the initial rise during calcination is not predicted by the model. As stated
previously, both the first layer of gypsum board as well as the second layer exhibited non-explosive
spalling which would reduce the thickness of the gypsum board. This is not replicated in the model. Also,
the falling off of the first layer of gypsum board at 13 minutes is not reflected in the model. Even with
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these shortcomings of the model, the point at which calcination of the second layer is complete is closely
predicted.
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Figure 12. Comparison between temperatures measured at TC 1 and TC2 in the non-standard exposure test
and model predictions.

CONCLUSIONS AND FUTURE WORK

A heat and mass transfer model has been presented that uses a finite-clement analysis to solve for
temperature and pressure across a two-dimensional domain. Calcination of gypsum board and pyrolysis of
wood are modelled using Arrhenius expressions and evaporation is modelled based on the equilibrium
vapour pressure. The gas in the cavity is assumed to be fully transparent.

Model predictions compare well with data generated in the two full-scale experiments. Given the depth of
the floor assembly, a significant amount of the heat transfer is through the cavity by radiation and
convection. Until the base layer of gypsum board is fully calcinated, the model seems to under predict the
heat transfer into the cavity. This is most likely due to the assumption that the gas in the cavity is fully
transparent as well as the mass transfer that leaves the gypsum board and enters the cavity is not accounted
for in the model.

While the model’s results are encouraging for the non-standard exposure, more work is needed to better
quantify the temperature in the furnace and simulate the fall-off of the gypsum board since it occurs so
early in the exposure. An attempt will also be made to determine if the pressure in the gypsum board can
be linked to the spalling-like behaviour observed in the test.

Future efforts will be directed towards improving the material properties data of gypsum board and wood at
elevated temperatures.
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