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ABSTRACT

It is critical for the construction industry to eme that new building designs and materials,
including wall and floor assemblies, provide anegtable level of fire safety. A key fire safety
requirement that is specified in building codesthe minimum fire resistance rating. A
manufacturer of building materials (e.g., insulatar drywall) is currently required to perform
full-scale fire furnace tests in order to determtine fire resistance ratings of assemblies that use
their products. Due to the cost of these tests,thadimited number of test facilities, it can be
difficult to properly assess the impact of changeddividual components on the overall fire
performance of an assembly during the design psodesvould be advantageous to be able to
use small-scale fire tests for this purpose, asethests are relatively inexpensive to perform.
One challenge in using results of small-scaletésgs to predict full-scale fire performance is the
difficulty in truly representing a larger produat assembly using a small-scale test specimen.

Another challenge is the lack of established methaidscaling fire test results.

Cone calorimeter tests were used to measure lagsfér through small-scale specimens that are
representative of generic wall assemblies for wHich resistance ratings are given in the
National Building Code of Canada. Test specimertséhgurface area of 111.1 mm (4.375 in.)
by 111.1 mm (4.375 in.), and consisted of singlel@auble layers of gypsum board, stone wool
insulation and spruce-pine-fir (SPR) studs. Asdpecimens were designed to represent a one-
guarter scale model of a common wall design, witids spaced at a centre-to-centre distance of
406.4 mm (16 in.), the wood studs were made bynguttominal 2x4 studs (38 mm by 89 mm)
into 9.25 mm by 89 mm (0.375 in. by 3.5in.) piecébe scaled studs were then spaced at a
centre-to-centre distance of 101.6 mm (4 in.). €htgpes of gypsum board were tested:

12.7 mm (0.5 in.) regular and lightweight gypsumata) and 15.9 mm (0.625 in.) type X



gypsum board. Temperature measurements were maggiaiis points within the specimens
during 70 min exposures to an incident heat flug®f50 and 75 kW/frusing 24 AWG Type K
thermocouples and an infrared thermometer. Temperaneasurements made during cone
calorimeter tests were compared with temperaturasorements made during fire resistance
tests of the same generic assemblies and the Esult a very good agreement for the first

25 min of testing at the unexposed side.

A one-dimensional conduction heat transfer modet waveloped using the finite difference
method in order to predict temperatures within $h&all-scale wall assemblies during the cone
calorimeter tests. Constant and temperature-deperttiermal properties were used in the
model, in order to study the effects of changesntterials and thermal properties on fire
performance. A comparison of predicted and meas@mgeratures during the cone calorimeter
tests of the generic wall assemblies is presemtélis thesis. The model had varying degrees of
success in predicting temperature profiles obtaineithe cone calorimeter tests. Predicted and
measured times for temperatures to reaci@@hd 250C on the unexposed side of the gypsum
board layer closest to the cone heater were gépevéhin 10%. There was less agreement
between predicted and measured times to reachC6@0 this location, and the temperature
increase on the unexposed side of the test speciifem model did not do a good job in
predicting temperatures in the insulated doublerayalls. Sensitivity studies show that the
thermal conductivity of the gypsum board has thestngignificant impact on the predicted

temperature.
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NOMENCLATURE
Notation

a = the distance from centerline.

¢, = the specific heat [J/k]

F = view factor

Fo = Fourier number

g = acceleration due to gravity [rf¥s

G = thermal energy generation rate per unit vol{Mien°]
Gr, = grashof number

h = convective heat transfer coefficient [Vi/if]

k = thermal conductivity [W/m-K]

L = thickness [m]

Nu,; = Nusselt number

Pr= Prandtl’s number

Qeony = Convective heat loses [Wfin

q;, = Incident heat flux from cone heater [Wim

qner = heat flux conducted into the surface of the wsdleanbly [W/rf]
q,.q = Radiative heat flux loses [WAh

Ra; = Raleigh number

T = temperature°C]

t = time [s]

x = depth in wall assembly from exposed surface [m]
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Greek Symbols

a = thermal diffusivity [n¥/s]

B = expansion coefficient of air [}

A = change in

¢ = emissivityo = Stephan Boltzmann’s constant [W/id*]
p = density [kg/m]

v = kinematic viscosity of air [Afs]

Subscripts

a = ambient

d,1-2 = elemental area dA1 and surface 2,
d,1-3 = elemental area dA1 and surface 3,
d,1-4 = elemental area dAl and surface 4
f=film

i = initial

max = maximum

sur = surrounding

vap = vapour
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CHAPTER ONE: INTRODUCTION

One of the most critical issues for the constructi@ustry is to ensure that building designs
address fire safety issues. These fire safetesssiclude: fire resistance (the ability of a
material, product or assembly to withstand firgjime protection from it for a period of time),
surface flame spread (propagation of flame awawyfilee source of ignition across a surface)
and non-combustibility (inability of a material tmdergo combustion under specified fire
exposure conditions). Fire performance of matergaisually determined through full-scale fire
tests such as the Steiner tunnel test or the CABASILO1 [1] furnace test. The manufacturer of
a building material (e.g. insulation, drywall antdds) is required to perform full-scale tests such
as the CAN/ULC-S101 [1] furnace test for wall atmbf assemblies in order to determine the
fire resistance and flame spread ratings of assesthiat use their product. These tests facilities
are very limited and the tests are very expensiygtform (e.g., ~$25,000/wall test). Therefore
it has become very difficult to properly assessithgact of changes to individual components

on the overall fire performance of an assemblyrduthe design process.

It would be advantageous to be able to use smalédue tests to evaluate fire performance, as
these tests are relatively inexpensive to perfddme challenge to using results of small-scale
fire tests to predict full-scale fire performanaethe difficulty in truly representing a larger
product or assembly using a small-scale test smmTrimhnother challenge is the lack of
established methods of scaling fire test resultés Thesis research was aimed at evaluating the
ability of one small-scale fire test, the cone daheter, to predict the full-scale fire performance
of wall assemblies. The cone calorimeter is reddyivnexpensive to operate and uses small test

specimens (e.g., 100 mm by 100 mm). In this projmrie calorimeter tests were used to



measure heat transfer through small-scale specirtietisare representative of generic wall

assemblies for which fire resistance ratings avergin the National Building Code of Canada.

This thesis presents temperature measurements maben small scale wall assembly
specimens during cone calorimeter tests and a mnendional conduction heat transfer model
developed using the finite difference method ineortb predict temperatures within the small-
scale wall assemblies during the cone calorimetst It compares temperatures predicted using
the numerical model and temperatures measuredgitirencone calorimeter tests of the generic
wall assemblies. It presents the effects of charigebermal properties and materials on fire
performance of the small-scale assemblies. Thisareh will be useful in assisting
manufacturers of building products during the degigocess to better understand how potential
changes to their products will affect fire resistarest results, thus reducing the need for full-

scale fire testing.

1.1 WALL ASSEMBLY

The term wall assembly will be used here to refea turtain wall or load bearing wall that may
or may not be used to provide a fire separaticnlwilding. An example of a wall assembly is
shown in Figure 1.1. Most building walls in Canada made using steel or wood studs with
insulation covered with gypsum boards. This typeasfstruction is economical, flexible, can be

constructed very quickly.



Insulation

Wood Studs

Gypsum Boards

Figure 1.1: A Typical Wall Assembly.

1.2 FIRE RESISTANCE

Fire resistance is defined as “the ability of aemnal, product, or assembly to withstand fire or
give protection from it for a period of time” [Zfire resistance is usually quantified using a fire
resistant rating, which is the time (in hours onuates) for which the element can meet certain
criteria when exposed to a standard fire resigestt Fire resistance is assessed by conducting a
full scale fire resistant test on building elemenassembly. The fire resistance of typical
assemblies can also be assessed from the gerergsragroprietary ratings or calculation
methods. A generic rating here refers to listingire resistance of typical materials without

reference to individual manufacturers or detaileelcdications while proprietary ratings refers to



listings of proprietary products with referencespeecific manufacturers and are based on full-

scale tests results that are commissioned by tmelii@eturers of the products.
1.2.1 Fire Resistance Tests

Standard fire resistance tests are performed aeseptative specimens of actual building
elements by subjecting them to a standard temperéitne exposure in a furnace in order to
evaluate their fire resistance. Standard tempegdione curves do not really simulate real fires
but rather provide a standard method of compafistween the fire performances of
assemblies. Many countries have building codesgetify fire resistance ratings of building
materials and assemblies for particular occupanEeamples of the standard fire resistance
tests include: CAN/ULC-S101 [1], ASTM E 119 [3] al®D [4]. These tests are controlled to

follow a temperature-time curve (e.g. ASTM E 11990 834, shown in Figure 1.2).

iy ——ASTM E 119
----1s0834

Temperature {"C)

0 2 4 6 8 10
Time (hr)

Figure 1.2: ASTM E 119 [3] and ISO 834 [4] TemparatTime Curves
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1.2.2 Full Scale Fire Resistance Furnace

An example of a full-scale fire test furnace in@sad large steel box lined with materials (e.g.
fire bricks), an exhaust chimney, and a small wimdar observation. The full-scale fire test
furnace is also equipped with a number of oil & fyeelled burners and several thermocouples
or other devices for measuring the furnace tempegat A full-scale wall or floor specimen has
a minimum size of 3.0 x 3.0f5] and is built in a frame away from the furnaesfore bringing
this frame into the furnace for testing. At therstd the test, loads may also be applied. The
burners are ignited and controlled to follow a tengpure-time curve in the fire resistance test
standard. The loading frame of a full scale furnaannected to the test frame which allows
the design load to be evenly distributed over tiéase with the help of a series of hydraulic
pistons. An example of a full scale test furnacdésNational Research Council of Canada
NRCC test furnace shown in Figure 1.3 [6]. Walls &sted in the vertical orientation whereas

floors or roofs are tested in the horizontal orion.

Figure 1.3: Full-Scale Test Furnace (NRCC) [5] (rjed with permission).
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1.2.3 Intermediate Scale Furnace

As a result of the increasing demand for fire ratedl and floor assemblies that are made from
new materials, it has become very important tordatee the fire resistance performance of
these assemblies. Owing to the time and high cesived in full scale testing, the need for an
alternative solution that is less expensive anglti@se consuming has been on-going. Part of the
solution to this problem has been the construatican intermediate scale furnace which
produces heat exposures that follow the standangeeature-time curve in a similar fashion to
the full scale furnacdhe NRCC has developed and conducted tests ugemgnediate scale
furnaces [6]. Figure 1.4 [6] shows an intermedsat@le furnace (1.2 m wide, 1.8 m long and

0.5 m deep) developed at the NRCC. The furnacdearsed in conducting tests for loaded and
unloaded wall and floor assemblies. Sultan et jairiéntioned that the heat flux exposure in the

intermediate scale furnace is 15% higher thanithatfull scale furnace for a floor furnace.

= 1
-

5 11 PO0F

Figure 1.4: Intermediate Scale Furnace (NRCC)r&hrinted with permission).
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1.3 FAILURE CRITERIA

Three failure criteria stipulated in CAN/ULC S11 pnd ASTM E 119 [3] are used to

determine the end of the test, which gives therégéstance rating. The failure criteria are:

1. Stability or structural failure which occurs whérettest specimen can no longer support
the applied load;

2. Integrity failure, which occurs when there is aokréhat allows a passage of hot gases or
flame hot enough to ignite a cotton pad; and

3. Insulation failure, which occurs when the averagagerature on the unexposed side
rises by 139°C above its initial temperature, oewkhe temperature reading from a
single thermocouple on the unexposed side risegeab®80°C.

Failure is said to have occurred if any of the ¢hrateria is met. The fire resistant rating is

determined as the time from the start of the te#tis failure point.
1.4 WALL ASSEMBLY MATERIALS
1.4.1 Gypsum Board

A key contributor to the fire performance of a blinlg element is gypsum board. Gypsum board
is the general name for a body of panel produatgpeising a non-combustible core which is
made of gypsum and a paper surface on each fagsu@yboard is often called drywall,
wallboard or plasterboard. The non-combustible erypof gypsum cores and paper laminated
surfaces make them different from other panel tyaéding boards such as plywood, fibre board
and hard board. Gypsum board is often used ast@moinfinish as it is relatively easy to work

with, can be easily painted and has good fire perémce.



As gypsum board is heated, a number of phenomena.othe core of this product is gypsum, a
crystalline mineral called calcium sulphate dehtel(€aSQ.2H,0) found in sedimentary rock
formations, which is non-combustible and contaimsnsically bound water, which is slowly
released as steam at around°@D0nder normal atmospheric pressure [7]. As a denable
fraction of the mass of the gypsum is water (apipnaxely 21%), a significant amount of energy

is required, which impacts the heat transfer thhoting board.

Calcination (release of water) is a two stage pscé€he first stage involves the conversion of

calcium sulphate dihydrate (gypsum) to calcium satp hemihydrate
CaS0, 2H,0 + heat - €aS0, S Hy0 + > H,0 (1.1)

The second stage involves the conversion of calsulphate hemihydrate to calcium sulphate

anhydrate
CasO, 5 H,0 + heat > C€aSO, + 5 Hy0 (1.2)

Both reactions are endothermic and liquid wateelisased, which then requires an additional
amount of energy to evaporate [7]. Thermal Gravilmé&nalysis (TGA)and Differential
Scanning Calorimeter (DSC) tests of gypsum boay@] @so reveal that another reaction occurs
at a temperature above 6@where a significant mass loss in the gypsum boecdrs, due to

the decarbonation of calcium carbonate to prodat@wn oxide (quicklime) and carbon dioxide
CaCO; + heat » CaO + CO, (1.3)

Sultan [10] reported that gypsum boards used ihasslemblies fall-off on the exposed side

when the temperature of the mid-thickness or unsggaside exceeds 600°C. The fall-off occurs



as a result of crack formations and decarbonati@alcium carbonate to calcium oxide at this

temperature causing the gypsum board to loserustatal strength.

Gypsum wall boards are easy to install in buildihgsause they typically come in 48 in. (1.2 m)
or 54 in. (1.4 m) widths and 8-12 ft. (2.4 - 3.7 lem)gths (or longer) which enables them to
quickly cover a large wall area. They can be vesilg cut by using a utility knife or different

varieties of saws, and can be easily fastenedetovitils using screws or nalils.

Three types of gypsum board that are commonly asedegular, lightweight and type X (a
gypsum board with special core additive to increéasenatural fire resistance of regular gypsum
board). Regular gypsum board is used in many loeatwithin buildings, while type X is used
when a higher fire resistance rating is neededeT¥boards are reinforced with some glass
fibre and may contain other additives to improwv&rtfire performance. Lightweight gypsum
board is a relatively new product, which is inciegly being used in place of the traditional

regular gypsum board, because of its reduced weight
1.4.2. Insulation

Walls and floor assemblies are insulated due tosters and also to decrease heat flow during
the cooling and heating seasons. Building insutaisaated using thermal resistance to heat flow

values called Rie[11]

t
Ryqiue = E (1-4)

where t is the thickness in m and k is the theroaductivity in W/mK.



The type of insulation material, its thickness #&adlensity affect the R-value of the thermal
insulation. There are basically five types of irmdian used in different parts of a building: batts,
spray, loose-fill, rolls and rigid foam boards. Badre commonly made of fiberglass, or mineral
or stone wool and mostly fitted between the stadtié walls and also joists of ceilings and

floors.

1.5 FIRE TESTING OF WALL AND FLOOR ASSEMBLIES

Many studies have been performed on temperatureursraents in gypsum board wall
assemblies. The focus of this review will be fudake tests conducted at the National Research
Council of Canada’s Institute for Research in Cartgion (NRCC), as these full-scale fire tests
have been used to provide data on generic walflandassemblies for the appendices in the
National Building Code of Canada (NBCC). Selecesid performed at other laboratories and

by other researchers are referenced in Table 1.1.

Various research projects have been conducted asume temperatures in full and small scale
fire resistance tests of gypsum board wall assawslali the NRCC. Sultan et al [12] carried out
seven full-scale (4 m by 5 m) fire resistant testsron-insulated, loaded and non-loaded, regular
gypsum board protected wall assemblies to deterthméemperature profiles and fire resistance
ratings and of the assemblies. The assembliesmwade up of single layer and double layers of
regular gypsum boards on the exposed and unexpades] with wood studs for the single layer
assemblies, and wood and steel studs for the déayse assemblies. The results revealed that in
the non-loaded double layer wall assemblies, the tf stud has a negligible effect on the fire
resistance rating. Kodur et al [13] carried outfidhscale fire resistant tests on load-bearing

gypsum board, wood studded shear wall assemblibsand without resilient channels (strips of
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metal with an offset that space the drywall a madh away from the framing to improve sound
transmission loss in a building) on the fire expbsiele. Wall assemblies with a single layer
12.7 mm type X gypsum board on both the exposediaggposed sides, and wall assemblies
with a single board on the exposed side and ddutdeds on the unexposed side were tested.
The effects of the placement of the shear membwartee exposed/unexposed face, type of
shear membrane, insulation type, load intensityrasiient channel on the fire resistance of
wall assemblies were determined. Sultan et al ¢adjied out temperature measurements during
fire resistance tests on insulated and non-inliiatermediate scale wall assemblies (914 by
914 mm) protected by 12.7 mm and 15.9 mm type Xsggpboards on steel studs and 12.7 mm
gypsum boards on wood studs. The tests were cogdiusing walls with three different gypsum
board arrangements: a single layer gypsum boatmbtinthe exposed and unexposed side,
double layers of gypsum board on both the exposddiaexposed side and single layer gypsum
board on the exposed side along with a double Igyesum board on the unexposed side. The
effects of glass, mineral and cellulose fiber iatioh thickness on the fire performance of
intermediate scale tests were studied. Sultan[@bhconducted temperature measurements on
insulated and non-insulated intermediate scalelaegypsum board protected (914 by 914 mm)
assemblies. The assemblies tested used doublergypsard layers on both the exposed and
unexposed sides, wood and lightweight steel stuttsmineral wool, glass and cellulose fiber
insulation. The average temperatures on the exposgdnexposed boards, and within the
insulation were presented. The impact of the uséifferent insulation and stud types, and mass

per unit area were investigated, along with thes@mnee of glass fibre in the gypsum board core.
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Table 1.1: Selected Research Work on Fire Resistiasts of Wall Assemblies

Authors Wall Gypsum Insulation Size of Wall Measurements
Assemblies | Board Type Type (mm)
Steel Studs
Park et al [16] Double Layer|  15.9 mm Non-insulated 3048 x 3048| Temperature
Gypsum Type X
Boards
Steel Studs
Kontogeotgog Double Layer|  12.5mm |\ o ated 1250 x 1050| Temperature
et al [17] Gypsum Regular
Boards
Steel/Wood
Urbas & Studs Doublel 16 mm Type 92 mm
Layer X & 13 mm Expanded | 1000 x 1000| Temperature
Shaw [18]
Gypsum Regular Polystyrene
Boards
Wood/Steel
Studs Single
Jones [19] Layer Regular Non-insulated 1010 x 2010| Temperature
Gypsum
Board Wall

1.6 FIRE MODELS

The introduction of performance-based building codled performance-based fire safety design
has made it necessary to develop and validateefsistance models for assessing building
assemblies. While the predictions of models inliteeature show good agreement with
experimental results, there is still some roomiriggrovements, as it has been very difficult to
completely capture all of the underlying physicsha fire models. A few examples of fire test
models found in the literature for wall assembiigde of gypsum board and wood or steel

studs, and the agreement between numerical andiergmeal results are presented below.
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1.6.1 Thomas

Thomas [20] used a finite element program calle&GEA to model heat transfer in walls
exposed to the standard fire resistance tempertitneecurve. The convective heat transfer
coefficients were adjusted so as to have a goaglation with experimental results, and all
other properties used in the simulation were deatexchfrom the literature. The author neglected
mass transfer of moisture, and claimed that atngpéeature above 120 the net effect of
moisture movement is insignificant. Figure 1.5 shdalae locations of thermocouples and
predicted temperatures for the wall assembly. Edué shows the comparison of predicted and
measured temperatures for the wall assembly. Tédigiions of the wall model are in good
agreement with experimental results at point 4 @indient side of the wall), and in poorer
agreement at points 2,3 and 5, with the model ptiedis being much higher than the

experimental results.

FIRE SIDE

Cavity sizel

@

*-—-—-—.n—-
-

J 4 i
Timber. |
stud Thermocouple | Region modelled

| tio
asﬁg}" ocations in TASEF
board

-l — - —

Figure 1.5: Thermocouple Locations Used By Thor2@$ (reprinted with permission)
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Figure 1.6: Comparison of Temperatures Predicteldvd@asured By Thomas [20] (reprinted
with permission).

1.6.2 Takeda and Mehaffey

Takeda and Mehaffey [21] and Takeda [22] descrtbeddimensional models, WALL2D [21]
and WALL2DN [22], which were developed at the NR@(redict the heat transfer through
non-insulated and insulated wood-stud walls pretébly gypsum board. The models use
explicit finite difference techniques to solve ti@verning equations with material property data
derived from tests on gypsum boards and wood at GIRZALL2DN was used to model wall
assemblies with four different types of insulataord also to simulate the opening of joints
between boards by modelling the shrinkage of gypsoands. Figure 1.7 shows the
thermocouple locations for the non-insulated wsdeanbly. Figure 1.8 compares the numerical
and experimental results for a non-insulated wdaodded gypsum board wall assembly. The

model predictions and the experimental results shogasonable agreement. The time to
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insulation failure predicted by the model is 57 r@ihs which is very close to the experimental

value of 51 min 8 s.

FIRE SIDE

Gypsum board

AMBIENT SIDE

Figure 1.7: Thermocouple Locations Used By TakedhMehaffey [21] (reprinted with
permission)
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Figure 1.8: Comparison of Temperatures Predictedd@asured By Takeda and Mehaffey [21]
(reprinted with permission). €Ts fire temperature, refer to Figure 1.7 for Locas

B, C and D).
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1.6.3 Clancy

Clancy [23-25] developed a two-dimensional numeadgorithm based on an alternating
direction implicit finite difference method call&DIDRAS for modeling heat transfer in walls.
The model was used to predict radiative heat teansfthe assemblies as well as accounting for
the shrinkage gaps that develop between the droedivand gypsum. The author accounted for
moisture movement by considering increased thecoraductivity and shrinkage gaps between
the stud and gypsum. The observation made wasdaatransfer was significantly increased by
moisture transfer for areas within a solid wheeetdmperature is less than 1G0Heat transfer
was reduced by moisture transfer in areas with ézatpre between 100 and 150C, whereas
heat transfer was not affected by moisture tranafareas above 130. Figure 1.9 shows the
thermocouple locations and Figure 1.10 shows thepemison between results of the ADIDRAS
model and the wall experiment. From Figure 1.9s Bhe thermocouple location at the back of
the exposed board, C is the thermocouple locatitimesface of the unexposed gypsum board
and D is the thermocouple location at the unexpssal In general, the experimental and

numerical results were in good agreement.
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Figure 1.9 Thermocouple Locations Used By Clan@] [Beprinted with permission)

600 - == ADIDRAS - adoption of assumptions described in this thesis, 3 rom gap

| = ADIDRAS - adoption of Takeda's and Mehaffey's (1998) assumptions

g

:

Temperature (°C)
s
(=

200 -
| (L gl g et
0 L4 L4 Ll
0 10 20 30 40 50
Time (min) [Varake, savee s

Figure 1.10: Comparison of Temperatures Prediateidveasured By Clancy [23] (see Figure
1.9 for thermocouple locations) (reprinted withrpession).
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1.6.4 Collier

Collier [26] developed a one-dimensional finitefelience model that predicts temperature
increase across the section of a structural walbsed to standard (standard temperature-time
curve) and non-standard (realistic) fires. Fouerimediate-scale (2.10 m x 1.0 m) fire tests were
used for the verification of the model. The mod&dictions for the beginning of the char of the
gypsum board paper and time to failure are contigevaompared to the experimental results.

Figure 1.11 shows the comparison between one2ékahd the predictions from the model.

0 5 10 15

- ISO 834
— — = Furmace Temp Cav = cavity, Ins = insulation
................ 'r Exp
| = TCw Exp = back of exposed board,
——==-=— T Nexp
T Ins
- M EXp
= M Cav
w— M Nexp
— = = MIns

Nexp = unexposed side

Figure 1.11: Comparison of Temperatures Prediated\easured By Collier [26].
(reprinted with permission)
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1.6.5 Alfawakhiri

Alfawakhiri [27] used a one-dimensional finite @&fénce computer model called TRACE to
predict heat transfer through insulated steel stallassemblies. The modes of heat transfer
considered in the assembly include: convectionraddtion to the exposed gypsum board
surface, conduction through the exposed gypsundbowulation and unexposed gypsum board
and radiation and convection from the unexposefdserf the assembly to the surroundings.
Gypsum board shrinkage, heat transfer through rsttds and moisture movement within the
gypsum board were neglected. Predicted and expetan@sults were in good agreement.

Figure 1.12 shows a comparison between results &rtest and the model for one of the wall

assemblies [27].
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Figure 1.12: Comparison of Temperatures Prediated\easured By Alfawakhiri [27]

(reprinted with permission)
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1.6.6. Sultan

Sultan [10] developed a one-dimensional model édliot heat transfer through steel-stud, non-
insulated and non-load bearing gypsum board wabrablies. The model was validated with
two non-insulated and non-load bearing full-scake fiesistance tests. The model gave a
conservative prediction of the fire resistance witbdicted temperature and failure times being

approximately 3% lower than the experimental ressast shown in Figure 1.13.
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Figure 1.13: Comparison of Temperatures Prediateld\deasured By Sultan [10] (reprinted
with permission).
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1.6.7 Shahbazian et al

Shahbazian et al [28] proposed a method of calogla¢mperature distributions in axially
loaded cold-formed thin walled steel studs in vaakemblies exposed to fire from one side. The
method is based on a heat balance analysis fosnmegeesenting the main components of the
panel. The proposed model was validated by compasmperimental results with the proposed
one dimensional model and a 2-D ABAQUS finite elatmaodel. Figure 1.14 shows the
predicted and measured temperatures for the ex@ogkbdnexposed side of the wall. A very
good agreement between predicted and measuretsresd obtained at the earlier stages of the

testing, but the agreement was not as good aatbedtages of the testing.
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Figure 1.14: Comparison of Temperatures Prediated\deasured By Shahbazian et al [28]
(reprinted with permission).
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1.6.8 Keerthan and Mahendran

Keerthan and Mahendran [29] conducted experimamiginumerical studies on the thermal
performance of composite panels under fire conmstid he composite panels were comprised of
gypsum boards, mineral wool, glass fibre or cefialmsulations, and wood studs. Suitable
thermal properties of these materials were detexdhand used in the numerical model. A finite
element program, SAFIR was used to simulate thepsdbrmance under both standard
(temperature-time curve) and Eurocode (anotherecsimilar to the standard temperature-time
curve) design fire curves, and the models were Hiadidated by comparing their results with
standard fire test results of composite panelaurgid.15 shows a comparison between results
from a test and the model for one of the wall asdiesn A very good agreement between

predicted and measured results was obtained aposed (ambient) side of the wall assembly.
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Figure 1.15: Comparison of Temperatures Prediated\deasured By Keerthan and
Mahendran [29] (reprinted with permission).
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1.6.9 Other Models

Hurst and Ahmed

Hurst and Ahmed [7] used a model developed by &wttiCement Association which predicts
heat and mass transfer through gypsum board tgzntie thermal response of wood-studs
gypsum board assemblies exposed to the ASTM EXipPearature-time curve. A fully implicit
finite difference method was used to solve the ggna for conservation of mass, momentum
and energy. The coupled heat and mass transferghm@ypsum board was predicted by the
model using the dehydration process and its effiegiore size and mass transport mechanisms.
The model results are in good agreement with presvexperimental results. The effects of wall
studs were not considered in the model. The auttansluded that under positive pressure, the
hot gases being forced through cracks and opetsjbave a significant effect of the fire

performance of the wall assemblies.

Craft

Craft [7], developed a two dimensional finite elemmodel called CUWoodFrame to predict the
heat and mass transfer through a wood-frame flssgrably exposed to fire. The model uses
Arrhenius expressions to predict the calcinatiarcpss of gypsum and the pyrolysis of wood.
The model results were validated using tests caeduo the cone calorimeter, intermediate
scale furnace and full scale fire resistance fugndbe comparisons between experimental and
numerical predictions show a good agreement fop&gatures behind each layer of gypsum
board. The temperature at the wall cavity was wpdedicted and this resulted in an under-

prediction of the temperature at the unexposed side
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1.6.10 Summary of Models

Numerical models of gypsum board wall assembliégested to fire discussed in the literature
generally demonstrate a good ability to predi@ fesistance test results (such as failure times),
but models are less successfully able to predectemperature profiles within a wall assembly.
Some of the models presented show a very good ragreebetween predicted and measured
temperatures on the unexposed side of the assewifilg, other models show a good agreement
at other locations within the wall. The model résypresented in the literature also show the
difficulty in predicting temperature profiles at #iermocouple locations in the wall assembly.
However, the models presented above provide a fmasieveloping the numerical model used

in this research, as well as the choice of theprgperties used in the model.

1.6.11 Related Research at the University of Saskdaiewan

Fire research is ongoing at the University of Sedl@van (UofS) to determine the fire behavior
of materials using the cone calorimeter, includimg performance of thermal protective fabrics,
consumer products and soil. Part of the researttiedtlofS focuses on using results of small-
scale fire tests to predict full-scale fire perfamae. The cone calorimeter is used in fire testing
of materials of 10 cm by 10 cm square. It is refdro as cone calorimeter because of its conical
shaped radiant heater which is capable of providihgat flux in the range of 0-100 kWim

Figure 1.16 shows the cone calorimeter.
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Figure 1.16: Cone Calorimeter.

One of the studies into the performance of thepnatlective fabrics at the UofS was aimed at
developing a heat transfer model of flame residtics during both heating and cooling after
the exposure to fire [30]. Torvi and Threlfal’Bheat transfer model was used to predict both
fabric temperature and skin burn injuries. The nedes validated using results from small-

scale fabric tests.

Eninful and Torvi [31] developed a numerical heahsfer model to predict temperature profiles
in soil during cone calorimeter tests, which sinredbwildland fire exposures. Predicted
temperature profiles were used to estimate thehdefdethal heat penetration of a wildland fire,
the depth to which plants would not be expectegttov after a fire exposure. The model
predictions were within the 1-cm accuracy with whibe depth of seeds and plant shoots in the

soil can be determined.

The burning behavior of polyurethane foam has bé&n studied by the UofS research group.

For example, Ezinwa [32] performed fire tests olypethane foam using the cone calorimeter,
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and developed a method to scale the fire testteesithie test results reveal that the heat flux
exposures and the different test arrangementsdaignificant effect on the fire behavior of the
material. Heat release rate (the amount of enedigyased from the burning specimen)

predictions made using a convolution model andeadiotection engineering correlation were
compared with results from full-scale fire testeeTmodel successfully predicted the heat release
rates during the early part of the fire growth ghd&edicted and measured peak heat release

rates and total heat release were within 10-15&nefanother.

1.7 OBJECTIVES AND MAJOR TASKS

Previous research on fire resistance tests ofagakmblies was focused on full scale tests and
modeling of wall assemblies. The need for an ecocamnand quick method of testing wall
assemblies is important, especially during thegiest new building materials and wall
assemblies. This research will use the cone cafteinto determine temperature profiles in wall
assemblies and to predict full-scale fire resistaiest results. A heat transfer model will be
developed to predict expected temperatures pradiesheat transfer through wall assembilies.

The main objectives of this research are:

1. To evaluate the ability of the cone calorimetetetst small scale wall assemblies, and to
compare temperature measurements in cone caloritests and full-scale fire resistance
tests conducted in a furnace for generic assemblies

2. To develop a heat transfer model to predict bemafiavall assemblies in fire. The
development of this model will involve studying amadifying other existing heat

transfer models for wall assemblies; and
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3. To use cone calorimeter tests and heat transfeeisital determine the effects of changes
to density, thickness and other design parameteheat transfer through wall

assemblies.

This research will assist manufacturers in usirsglits from cone calorimeter tests to predict the
expected fire performance of their materials. Tagearch will significantly reduce the cost of
testing since it costs about $100-$150/cone caktantest and about $25,000/full-scale wall
test. This research will also assist building arel frotection regulators to develop a quick and
cost effective means of conducting a preliminargleation of new building products as new
materials can be quickly tested in the cone calet@m The performance of new materials can

also be determined using the heat transfer model.

In order to achieve the objectives of this studynecalorimeter tests of wall assemblies
consisting of wood studs, single and double lagéfi?2.7 mm (1/2 in.) regular and lightweight
gypsum board, and 15.9 mm (5/8 in.) type X gypswart walls, that are uninsulated and
insulated with stone wool insulation will be testesing a heat flux of 75 kW/mThe effect of
heat flux exposure will be determined by testinggke layer lightweight gypsum board wall

assemblies using heat fluxes of 35, 50 and 75 IAWie cone calorimeter.

Single and double layers of regular, lightweighd &ype X gypsum board, as well as complete
wall assemblies, will be tested in this study. wité difference heat transfer model will be
developed to predict temperature profiles withia wall assembly. As will be discussed in the
next chapter, the heat transfer through the wakm@mbly in this model is assumed to be one
dimensional, and the effects of moisture movemeadtthe burning of the gypsum board paper

are assumed to be negligible.
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1.8 OUTLINE OF THESIS

In Chapter One of this thesis, a general introduncto the research project was provided,
including background on generic wall assembliesfardests. A literature review of selected
research dealing with gypsum board, insulatioe, tssts and models was presented. The
objective for this research was also presenteldisnGhapter. In Chapter Two, the development
of the one dimensional finite difference heat tfanmodel is presented along with the effects of
grid size and time-steps, and the validation ofrtieglel. In Chapter Three, the thermal
properties of gypsum boards, wood and mineral &tkesvool insulation given in the literature
and the values adopted for the model are discuased with numerical results predicted by the
model, and the sensitivity of the model to chariggbermal properties of gypsum board and
mineral or stone wool insulation. In Chapter Fdbe experimental procedure and results are
presented along with a comparison of the smalkesesults to full scale results found in the
literature for similar wall assemblies. In Chagtere, experimental and numerical results of the
cone calorimeter tests are compared. In Chaptetti8»conclusions drawn from this study are

presented, along with recommendations for futurekwo
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CHAPTER TWO: DEVELOPMENT OF NUMERICAL MODEL
For this study, a one dimensional finite differencedel was developed to simulate the transient
heat transfer through gypsum board and gypsum hwealichssemblies. The derivation of the
theoretical model follows a similar procedure &t thsed by Wang [33]. The objective of the
model is to predict temperature development in ggpboard, stone wool insulation and wall
assemblies exposed to a constant heat flux andstasd temperature. This chapter will present

the development of the one dimensional heat tramséelel and the validation of the model.

2.1. GOVERNING EQUATION AND SIMPLIFYING ASSUMPTIONS
From conservation of energy, the governing equdbone-dimensional heat and mass transfer

in the control volume, is given by;

oT

d aoT
= 3 (kD) +6 (1)

pcp(T)
where:
x is depth of wall from exposed surface (m),
tis time (s),
G is the thermal energy generation rate per unitrae (W/n?) associated with phase change
and thermochemical reactions.
T is the temperaturéQ),
k is the thermal conductivity (W/ii),
p is the density (kg/f and

¢, is the specific heat (J/KK).
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The thermal energy generation rate per unit vol(Win®) associated with phase change and
thermochemical reactions.is assumed to be accofmtéy using the apparent heat capacity
method (i.e., is incorporated within the valuesiefnsity and specific heat). This approach is
similar to Torvi [34].

Therefore the governing equation becomes;

TaT_a kTaT 22
PCp()E—a(()a> (2.2)

Initial and Boundary conditions:
The initial and boundary conditions are based erntéts conducted using a hotplate and cone
calorimeter. The initial temperature of the gypduwmard as well as the wall assembly is assumed
to be uniform and equal to the room temperatureree¢he commencement of the test.
The two boundary conditions used in this study are:

a.) Fixed temperature boundary at the exposed surfeibe ovall (at, x=0).

b.) Constant heat flux at the exposed surface of tHe(wa 0).

Fixed Temperature Boundary at x=0.

The hotplate is used to heat up the surface afpleeimen to a constant temperature. The surface
of the specimen is allowed to make contact withitbated surface of the hotplate as shown in
Figure 2.1. The unexposed side of the specimerllsingulated to give an insulated boundary

condition
T =T, at (x=0) and

q; =0, for (x=L).
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T, is a known temperature at the exposed surfac@(xof the boundary ang}’ is the heat flux

exchange at x = L.

Wall assembly

\

Hotplate
\ “=0

Figure 2.1: Schematic Representation of Wall Sargglgosed to Hotplate.

Constant Heat Flux at x = 0.

The cone calorimeter heater provides a relativalfoun heat flux (q) to the surface exposed to
it. The exposed surface transfers heat to and fhenenvironment by radiation and convection
as shown schematically in Figure 2.2. The unexpsséace transfers heat to the surroundings
by radiation and convection as well. The matherahtreatment of each of the boundary

conditions is outlined below.
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Cone Heater Wall assembly
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Figure 2.2: Schematic Representation of Wall Sarkglgosed to Cone Heater.

Radiative heat flux:
The radiative heat flux exchangg,,;, between the exposed surface of the specimerhand t
surroundings (assumed to be at ambient temperasugejen by;
Qraq = Feo (T — T) (2.3)
where:
€ = emmisivity
o = Stefan — Boltzmann constant (W/E?),
T, = Temperature of ambient (K),
Ty=o = Temperature at the exposed surface of the spedijeand
F =View factor

Qraq = Radiative heat flux lose@V/m?)
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Convective heat flux:
The convective heat flux is given by:
Aeonv = h(Tyzp—Ta) 24
where:
h = convective heat transfer coefficient (V).

deony = Convective heat flux lose6W,/m?)

Net Energy Exchange
The net energy exchange at the exposed surfacé givies the boundary condition at the
exposed surface (x=0) is given by:
Gnet = Gin — Grad — conv (2.5)
where:
qnet = heat flux conducted into the speciméw,/m?),
qi, =, Incident heat flux from cone heat€w/m?)
q,.q = Radiative heat flux losg&V/m?) and

Jeonv =CoNvective heat flux lose6W/m?)

View Factor

A model for determining the view factor of the rali interchange between the internal surface
of the cone heater and the specimen surface iodihe calorimeter was presented by Yuen et al
[35], and Wilson et al [36] as shown in equatiorY}2 Figure 2.3 shows the view factor of the

interchange between the elemental area dA1 and?aaed area 4.

33



Figure 2.3: Schematic of the internal surface ofectyustum radiating to an elemental surface
dAl.

Fd,1—3 = Fd,1—2 - Fd,1—4 (2-6)

(2.7)

b= (1= LR (LR

where: k1-2is the view factor between elemental area dAlsamthce 2,
Fi1-3is the view factor between elemental area dAlsamthce 3,
Fi1-41s the view factor between elemental area dAlsamthace 4 and

a, is the distance from centerline

p)
R2:_
a

T4
R4:—
a

H Z
2 a
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_(h+2)
Y =

a

Z, = 1+ H; +Rj

Z,= 1+HZ+R2
The cone dimensions considered for the model wete4 cm,r, = 8 cm, h = 6.8 cm and the
cone — specimen distance z, is 2.5 cm. The expagéace of the specimen is 10 cm by 10 cm
which results in a centerline distance (a) of 5 Based on equation (2.7), the view fadigy _s,
is 0.711.
Integrating & 13 numerically over the entire surface of the specinaevalue of 0.724 for view
factor k.3, (i.e. a view factor from the specimen to the cbeater surface) was calculated.
The net radiation heat flux to the specimen isréitkation heat transfer from the cone heater

divided by the area of the specimen. Thereforengiareas and view factors;

Gnet3—1 = A3 X F3_1 X &30(T5 — T1) (2.8)

" _
Anet3—1 = Gnet;3-1/4A1

By reciprocity,
Az X Fa_q = Ay X Fy_3
Therefore,
Aret3—1 = Fi-3 X &0(T3 —T7) (2.9)

It is assumed that the specimen surface can oelyhgecone heater and the surroundings,

therefore the view factor from the specimen togheounding is given as

Fl—surrouding =1—-F,_3

Therefore the boundary condition for the exposdd & given as;
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Qr’{et,l =F_3X 510"(T§L - T14) -(1- F1—3) X 510"(T14 - T;) - h(T1 - Ta) (2.10)

Hence,

oT
—ko = Fi-s ¥ e10(Ts = T{) — (1 = F1_3) X &10(T{" = Tg) — h(Ty — Tp) (2.12)

This is in some ways a simplified treatment of enptex radiation problem which some authors
have tried to model in more detail (e.g. Yuen ¢88], Zhang and Delichatsios [37], Boulet et
al [38]). However, given the uncertainty in theues of the thermal properties used in the
model, which will be discussed later, this appradiion is reasonable for the heat transfer
model. Based on the assumptions made, this approagtover-estimate the radiation obtained
in the cone calorimeter, but it is more suitablergal life fire situations where flame impinges
on the exposed surface of the wall assembly. Siraparoaches have been used by Spearpoint
and Quintere [39], Craft et al [7] and Enninful ahatvi [40], to model the energy exchange
between the exposed surface of the sample andtieheater.

The boundary at the unexposed side is;

oT
—koe = Ty, = Ta) + €0 [(Te=)* — (T (2.12)
Convective heat transfer coefficient
Several authors have developed correlations faragting the convective heat transfer
coefficients for different fire scenarios. Incroaet al [41] present convective heat transfer
coefficient correlations based on the average teatyes of the ambient and heated surfaces,

which can be used for some fire applications. Jamsf2], carried out an experimental and
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numerical investigation in order to develop a datien for the convective heat transfer
coefficient for materials tested in the verticakatation using the cone calorimeter. Based on
this investigation, the quadratic expression dgwatiofor the convective heat transfer coefficient

is presented in equation (2.13)

he = 1.4 x 107%(q.) + 2.4 x 10-5(q,)" (2.13)
where:
h. is the convective heat transfer coefficient (K and

q. is the incident heat flux (kW/H

The correlation presented by Janssens [42] washesedbecause it best suits the scenario of the
heat transfer problem that is being considered.hEa¢ transfer coefficient for the exposed side
used in the model was calculated using equatidiBj2Using incident heat fluxes of 35, 50 and
75 kW/nf, the convective heat transfer coefficient for éxposed side was estimated to be 7.8,
13 and 24 W/ K, respectively.

The convective heat transfer coefficient for thexposed side is estimated using an empirical

correlation for external free convection flow fartical plates presented by Incropera et al [41]

hL
T, — T)L3
Ra; = Gr Pr = 9h( Sva ) (2.15)
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. 0.670 Ra,’*

Nu; = 0.68 +
uy, [1+ (0.429/Pr)9/16]4/9

(2.16)

where Ra is the Rayleigh number,

Gry, is the Grashof number

Nu, is the Nusselt number,

Pris the Prandtl’'s number,

v is the kinematic viscosity of air {#s),

B is the expansion coefficient of air i

L is the thickness (m),

g is the acceleration due to gravity([A)/and

a is the thermal diffusivity (i3s).

Using a surface temperatifg of 130°C and an ambient temperatiye of 24°C a film
temperature { of 77°C (350 K) is obtained; = (T, + Ts)/2). The properties evaluated at this
film temperature are [41]:

v=20.92x 10 m/s, Pr=0.7p = Ty* = 2.86 x 10 K™* and k = 30.0 x 18 W/m-K, and the
Rayleigh number, Ra= 4.97 x 16,

From equation (2.16), the Nusselt numbeg Ni24.89 and from equation (2.14), the convective
heat transfer coefficient value of 7.4 W#id was calculated.

Using a surface temperature of 25°C, a convecteat transfer coefficient of 2.6 WfnK was
obtained, giving a range of 2.6 — 7.4 \f/# for the convective heat transfer coefficient fioe
expected temperature range on the unexposed side.

Janssens [42] also presented results for conventigetransfer coefficients based on surface

temperatures. For a free flow condition, the cotisaccoefficient ranges from approximately
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2.2 W/nf.K at surface temperature of 25°C to 5.5 \W/nat a surface temperature of 200°C.

Wang [43] used a convective heat transfer coefftoid 4 W/nt- K for the unexposed side which

is close to that used by Mehaffey et al [44]. Bageall of these results, a convective heat

transfer coefficient of 5 W/ K was used for the unexposed side in this model.

Assumptions

The following assumptions were made in this studgrder to use the equations outlined above:

1.

The heat transfer through the wall assembly atrtliepoint is not influenced by the
wood studs. Hence, one dimensional heat transfesathe wall assembly is assumed.
The burning of the gypsum board paper on the expsgdace of the board during the
test occurs within 2-3 min of the start of the t@$te burning of the paper is not
considered in the model.

A perfect thermal contact is assumed between tpsugy board and insulation.

Sultan [45] and others [46] have noted that theosgd gypsum boards experience cracks
and fall off when the temperature of the mid-thieks exceeds 600°C. However, in this
study the gypsum boards in the wall assembly aenasd to be in place and without
cracks for the duration of the simulation.

While the energy associated with phase changeeigypsum board is included in the
model through the use of the apparent heat capalegymigration of moisture through

the gypsum board is not considered in the model.
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2.2 DISCRETIZATION

The explicit finite difference method (FDM) was dde transfer the partial differential equation
into a finite difference equation (FDE). Since wadkemblies are made of layered constructions,
a finite difference formulation for a multilayerpdnel described by Wang [33] was modified for
the heat transfer problem. To obtain the finitéedénce form of Equation 2.2, the central-
difference approximations to the spatial derivatiaad the forward-difference approximation to
the time derivatives were employed.

The FDE is comprised of three typical equations)dicates the time step);

1. For a boundary node (For example, for a boundadg i,

picpiAx(Tl"+1 —T})
2At

_ki(Ti-Ti)

>+ Feo | (Teone +273)* — (T + 273)4]

~(1-F) [(T;' +273)" = (T, + 273)4] —n(Ti - T,) (2.17

. . hAx 1 hAx\ . )
Ti* = 2k lTZL i S <— —1- —) T{] + Feo [(Teone +273)* — (T +273)’]
ki 2F, ki
—(1-F) [(T;' +273)" — (T, + 273)4] (2.18)
where;
_ kiAt
o picyiAx
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The most important stability criterion for the Fidzhat of the boundary node. This requires

that;
, 41
hax  eohx (Ti+273)
FL<05|1+—+—. - (2.19)
ki ok Ty
2. For an interface node;
. 2(kiAx, T}y + k5Ax; T 1
Tri+1 — Fol ( 1 21 n—1 iZ 1 n+1) +Tri (__ 2):| (2.20)
kiAx, + kiAx,
F, = - . (2.21)
pchzsz + plcple1
wheresubcripts 1,2 represent the 2 materials at the interface.
3. For an interior node n, within a material layer.
Prich;Ax(Triﬂ - Tfi) _ kril—l,n(Trl;—l - 7;) _ k£1+1,n(T7§ - Tril+1) (2.22)
At B Ax Ax '
TiHl _ | lz(kriz—l,nTriq + k‘fl+1,nT‘r€+1) 4 Ti (l _ 2)] (2.23)
n o 1 i n *
k1l’L+1,n + kTL’L—l,TL FO
kiyin + kb 1 )AL
Fo — ( n+1,7.1 : n 1,n) (2'24)
2pncp! (Ax)?
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In order to ensure stability of the calculatiorg tioefficient of}}, in equation (2.23) must be

greater than zero. Therefore, the stability critelis given by;

1
——220
Fo

This implies that; F, <05
This restricts the time step.

The conductivities,, +1 ,, and k,_1 , are evaluated at each time step as;

. TI+ T,
krl1+1,n =k <TLTTI>

. T+ Tk
ki in=k <"Tnl>

2.3 VALIDATION OF MODEL

In order to ensure accuracy of the formulated tiffiéial equations and the discretization of the
differential equations and coding of the equatimadidation exercises were conducted using
fixed temperature and heat flux boundary conditidiee validation exercise conducted was for

three pieces of regular gypsum boards (12.7 mm)geicied together as shown in Figure 2.4.

%X
Figure 2.4: Schematic of the gypsum layers and ézatpre positions.
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Constant properties of regular gypsum board usddeisimulation are presented in Table 2.1.

Table 2.1: Property of Regular Gypsum Board.

Property Value
Thermal Conductivity, k (W/niK) 0.168
Specific Heat, g£(J/kgK) 950
Density,p (kg/nT) 645.7
Thickness, L (m) 0.0381

2.3.1 Constant Thermal Property — Fixed TemperaturéBoundary Condition

To validate the accuracy of the finite differencedeal, an exact solution to equation (2.25)
reported by Carslaw and Jaeger’s [47] was usedlte $or temperature as a function of space
and time. This is one dimensional heat transfer solid bounded by parallel plates which
assumes an initial uniform temperature and fixeaperature boundary conditions

aT 0 ( 6T> 2.25)

Pat = ax \“ax

The exact solution is given as:

T(x,t) = %Z‘f exp (_minzt) . sin(@) [fol f(x’)sin(nnTx’)dx’ + niﬂ Ot exp (anjfz'l) {6,(1) —
(-1)"0,()}dA| (2.26)
where | is the total thickness (m),

a is the thermal diffusivity (i5s),

tis time (s),

X is the distance from boundary (m), and

n is the number of layers.
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Using a normalized temperature, the exposed sutéaeperature is fixed at 1, the initial and

unexposed temperatures are fixed at 0.

Boundary condition: @x=0,T=1,;
@x=L, T=0;
Initial condition: @t=0,T=0;

This simplifies equation (2.26) to;

- —an?m?t sin(@)
T(x,t) = Z [1 - exp( 2 )] S~ (2.27)
1 2

This approach was used by McCarthy [48] and Spaifjdf to validate heat transfer models.
The above simplified case was used to computectnpérature distribution of three layers of
gypsum boards with properties presented in TaldleThe results are compared with the finite
difference solution for the same layers of gyps@mslaown in Figure 2.5. The simulation was
allowed to run for 30 minutes. Table 2.2 gives msary of the results from both the exact
solution and numerical solution at depths of 12d@ 25.4 mm. The percentage differences

between the exact and numerical solution are imahge of 0 — 3%.
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Table 2.2: Temperatures Obtained From Exact andd¥igal Solution for Duration of 30 min.
at Different Depths of 12.7 mm and 25.4 mm.

Time (s) Normalized Temperature at Normalized Temperature at
Depth 12.7 mm Depth 25.4 mm
Tm Th
Exact Solution Numerical | Exact Solution Numerical
Solution Solution
300 0.30 0.29 0.04 0.04
600 0.46 0.458 0.14 0.14
900 0.54 0.542 0.21 0.21
1200 0.59 0.591 0.26 0.26
1500 0.62 0.621 0.29 0.29
1800 0.64 0.638 0.31 0.31

2.3.2 Constant Thermal Property — Heat Flux Bounday Condition

To validate the finite difference model, an analgtisolution to equation (2.2) reported by
Incropera et al [41] was used to solve for tempeeas a function of space and time. This is a
one dimensional heat transfer in a semi-infinitidsfor a constant surface heat flux boundary
condition. The validation exercise was conducteukat fluxes of 35 kW/f 50 kW/nf and 75
kW/m? for three layers of gypsum boards joined togetRigure 2.4) with properties shown in

Table 2.1. Figures 2.6, 2.7 and 2.8 show the coisppabetween the analytical solution and the
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numerical solution at the exposed surface for fisatexposures of 35 kW/Mm 50 kw/nf and

75 kW/nt, respectively, for an exposure time of 5 minutes.

The exact solution is given as:

wrat "
T(x,t)—T; = 240 (7) exp <_z2> _ Q¥ erfc( ad ) (2.28)

where:

. - kw
qo is the incident heat flux (—2)
m

a is the thermal diffusivity (m?/s)
k is the thermal conductivity (W /m - k)
x is the distance from exposed surface (m)
The time-steps and node distance used for the filifiterence simulation are:
Ax =1.1mm

At =1s.
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Figure 2.6: Comparison of Numerical and AnalytiRaisults at Surface for Exposure of 5 min.
(Irradiance of 35 kW/r)
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Figure 2.7: Comparison of Numerical and AnalytiRaisults at Surface for Exposure of 5 min.
(Irradiance of 50 kW/R)
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Figure 2.8: Comparison of Numerical and AnalytiRalsults at Surface for Exposure of 5 min.
(Irradiance of 75 kW/R)

Figures 2.9, 2.10 and 2.11 show the comparisondetwhe analytical solution and the
numerical solution at a depth of 25.4 mm from thposed surface for heat flux exposures of

35kWi/nt , 50 kwi/nf and 75 kW/rf, respectively, for an exposure time of 5 minutes.
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Figure 2.6 to 2.11 show a very good agreement tegtilee analytical and numerical results. The
variations between the analytical and numericalltesvere less than 2% throughout the
simulation time. Table 2.3 shows a comparison betwbe analytical and numerical results at
different thicknesses within the three layers ghgiym boards at heat flux exposures of

35 kWi/nf, 50 kw/nf and 75 kW/rf for duration of 5 minutes.
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Table 2.3: Temperatures Obtained From Numericalfaradytical Results for Duration of 300 s

at Different Depths and Heat Fluxes of 35 k\K/60 kW/nf and 75 kW/m.

Temperature (°C)
Thickness
35 kW/m? 50 kW/m’ 75 kW/m?
(mm)
Numerical | Analytical | Numerical | Analytical | Numerical | Analytical

Surface 2273.8 2281.1 3237.9 3248.0 4844|9 4860.9

6.35 1095.7 1102.8 1554.9 1565.2 23204 2336.0
12.7 449.7 452.9 632.2 636.8 936.4 943.3
19.05 162.3 163.1 221.5 222.8 320.3 322.3
25.4 60.1 60.1 75.6 75.6 101.4 101.9
31.75 31.3 31.3 34.5 34.5 39.7 39.7

The results of the numerical and analytical solusbown in Table 2.3 are in a very good

agreement with a variation of less than 2% in afles. This shows that the discretization of the

differential equations and coding of the equatiese done correctly, and that the time steps

and grid sizes are appropriate.
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CHAPTER THREE: NUMERICAL RESULTS

The results from the numerical models formulate@apter Two will be presented in this

chapter. The predictions made with the models aelu

Heat transfer in wall assemblies exposed to a firetheratures of 80°C;

Heat transfer in a single layer of gypsum boardnperature profiles in regular,
lightweight and type X gypsum boards exposed tmeident heat flux of

75 kwint for one hour;

Heat transfer in a wall assembly (constant proggrtiTemperature profiles in
regular, lightweight and type X gypsum board walemblies exposed to an
incident heat flux of 75 kWi/fy

Heat transfer in a wall assembly (temperature degetproperties): Temperature
profiles in single layer lightweight gypsum boardlhassemblies exposed to
incident heat fluxes of 35 kW/mand 50 kW/rf

Heat transfer in a wall assembly (temperature degeproperties): Temperature
profiles in single layer regular, lightweight aryghé X gypsum board wall
assemblies exposed to an incident heat flux ofViE#; and

Heat transfer in a wall assembly (temperature dépeinproperties): Temperature
profiles in double layer regular, lightweight arypeé X gypsum board wall

assemblies exposed to an incident heat flux of 7&KV

Sensitivity studies will be conducted to deterntine effects of the thermal properties on

the model results.

53



3.1 THERMAL PROPERTIES USED IN MODEL

The materials selected for the tests were 12.7 nick tightweight, 12.7 mm thick regular and
15.9 mm thick type X gypsum boards, as well as R@amfortBath R-14 (89 mm thick) stone
wool insulation. These materials, along with norhixat wood studs (spruce-pine-fir), were
purchased from a home improvement retail storeask&oon between January and February,
2013.

The thermal properties used in the model for tmeaeerials were derived from data presented in
the literature. Several authors have determinedettngerature dependent properties of gypsum
boards and insulation. The properties used in théainare presented below.

3.1.1 Thermal Conductivity of Gypsum

The thermal conductivity measurements presentedifferent researchers vary because of the
presence of moisture, pores, differences in theasitucture of gypsum board and methods of
measurement. The variation in the thermal conditgtmeasurements is also likely due to
changes to gypsum board over the years. Figurei@ws the values of the thermal conductivity
of gypsum boards at different temperatures as nmeddiy Harmathy [50], Anderson and
Janssen [51], Benichou et al [52, 53] and Mehadfiegl [20]. Harmathy used a relatively small
temperature gradient to determine the thermal caindty with an accuracy within 7%.
Andersson and Janssen used the transient ho{Bitip) method to measure the thermal
conductivity. This method uses the measured resistaf a metal strip embedded in the material
to determine the thermal conductivity. Benichoald62, 53]Jused a TC-31 thermal conductivity
meter made by Kyoto Electronics which uses a stetatg analysis to determine the thermal

conductivity.
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Benichou et al [50] defined the thermal conducyiwt regular gypsum board using four regions:
a constant value from room temperature to 100'@&caease at 100°® a value which then
remains constant to 400°C, followed by a rise t0 8D, and finally a steady increase in the
slope after 800°CBenichou et al [53] defined the thermal conduittiof type X gypsum board
using three regions: a steady decrease to a tetapef 200°G a constant value between
200°C and 800°Cand a steep increase after 800Tomas [51] suggested that the increased
thermal conductivity after 800°® as a result of the increased radiation whigtuin the
openings of cracks in gypsum board at this temperaRadiation within the cracks increases

the effective thermal conductivity of gypsum boards

— b = 4 Harmathy [50]
= B Anderson & Jansson [51]
_E 0.5 - ¢ Benichou et al (Regular Light) [52]
g || #® Benichou et al (Type X 15.9 mm) [53]
E T A Mehaffey et al [20]
3 - g
5]
-
S 03 e
Q &l
tEu 0.2 " t’ -. & ) ©
E T o o ¢ ® P @
Q
Ao L
£ o1- o & °
0 = T T T T
0 200 400 600 800 1000

Temperature (°C)

Figure 3.1: Comparison of Thermal Conductivity \&diwof Gypsum Board from Different
Researchers.

The values of the thermal conductivity in Figurgé 8how a large scatter; however, that reported

by Harmathy [50], Mehaffey et al [20] and Benich¢®B] are in good agreement. The
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temperature dependent thermal conductivity pregebyeBenichou et al [52] was used in this
model for regular and lightweight gypsum boardg(Fé 3.2) and that reported by Mehaffey et

al [20] was adapted for type X gypsum board (Fidu).
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0.2 - ;
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S | e <
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£
] --&- Benichou et al (Regular Light) [52]
£ 0.05
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Temperature (°C)
Figure 3.2: Thermal Conductivity of Both Reguladdnghtweight Gypsum Board Used in the

Model.
The temperature-thermal conductivity correlatioresach from Figure 3.2 for both regular and

lightweight gypsum boards are given as follows:

k =0.1683 0°C < T < 90°C
k = —0.00057(T — 90) + 0.1683 90°C < T < 200°C
k = 0.000055(T — 200) + 0.1056 200°C < T < 300°C
k = 0.0001283(T — 300) +0.1111 300°C < T < 600°C
k =k = 0.000352(T — 600) + 0.1496 600°C < T < 700°C
k = —0.000121(T — 700) + 0.1848 700°C < T < 800°C
k = 0.000495(T — 800) + 0.1727 T > 800°C
(3.1)
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Figure 3.3: Thermal Conductivity of Type X Gypsuroddd Used in the Model.
The temperature-thermal conductivity correlatioresach from Figure 3.3 for type X gypsum

boards are given as follows:

k = 0.25 0°C< T < 70°C
k = —0.0017(T — 70) + 0.25 70°C < T < 140°C
k = 0.0000625(T — 140) + 0.13 140°C < T < 300°C
k = 0.00008(T — 300) + 0.14 T > 300°C
(3.2)

3.1.2 Thermal Conductivity of Insulation

Benichou et al [52] conducted a study on the theomaductivity of millboard and glass fiber
insulation as a function of temperature, the resofitwhich are shown in Figure 3.4. A gradual
increase in the thermal conductivity is noticeddok fibre and millboard insulation. A gradual

increase in thermal conductivity similar to thataibed for rock fibre and millboard is also
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noticed for glass fiber insulation from 0.022 Wiat 24C to 0.204 W/niK at 515C. A rapid
increase in thermal conductivity is obtained beybh&C. Benichou et al [52] attributed the

variation in the thermal conductivity of the insita to the difference in chemical composition

of the insulation fiber.
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E ) a *
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: g >
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£ g e 4 Roxul - CGC Roxul Insulation
@ A o ORoxul - Flexibatt Rock Fibre
£ =1 ‘
E= 0.05 Q ‘" e ® Roxul - Flexibatt Glass Fibre
A SBP - Millboard Insulation
0 ] 1 ] 1 1 ]
0 200 400 600 800 1000 1200

Temperature ("C)
Figure 3.4: Temperature-Dependent Thermal Condtyctiv Insulation Benichou et al [52]

Roxul ComfortBath R-14 (89 mm thick) stone wawdulation was used in tests reported in this
thesis. Based on the R-value provided by the matwrier, the thermal conductivity value at
room temperature for Roxul ComfortBath R-14 (89 thiak) stone wool insulation is

calculated to be 0.036 WIK Since the thermal conductivity presented by Bkau et al [52] is
approximately equal to 0.036, the temperature dég@rthermal conductivity data reported by

Benichou et al [52] for Roxul insulation (flexibptras used as input in the model for stone wool

insulation. Figure 3.5 shows the thermal conduistimdopted for the model.
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Figure 3.5: Thermal Conductivity of Stone Wool Ifaion Used in the Model.
The temperature-thermal conductivity correlatioresach from Figure 3.5 for stone wool

insulation are given below:

k =0.036 0°C < T < 101°C
k = 0.000194(T — 101) + 0.036 101°C < T < 194°C
k = 0.0002135(T — 194) + 0.054 194°C < T < 297°C
k = 0.0004343(T — 297) + 0.076 297°C < T < 396°C
k = 0.000447(T — 396) + 0.119 396°C < T < 501°C
k = 0.0007525(T — 501) + 0.166 501°C < T < 602°C
k = —0.0002869(T — 602) + 0.242 602°C < T < 724°C
k = 0.0001667 (T — 724) + 0.207 724°C < T < 856°C
k = 0.0004757(T — 856) + 0.229 T > 856°C
(3.3)
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3.1.3 Specific Heat of Gypsum

The specific heat of gypsum board values measwetime researchers is presented in

Figure 3.6. The specific heat peaks noticed in f@du6 can be traced to the reactions that occur
when gypsum board is exposed to high heat fluxies.fifst peak, which generally occurs at
100°C, is traced to the first dehydration (calcinatipn)cess of gypsum. The temperature at
which the second specific heat peak occurs, andahes obtained by the different researchers,
varies. Harmathy [50] gave measurements up t6®30ith the first specific heat peak value of
7.32 kJ/kgK obtained at a temperature of 200 and a second specific heat peak value of

2 kJ/kdK obtained at a temperature of 880 Anderson and Janssen [51] reported a first peak
value of 52.2 kJ/kdgK at 110C, and a second peak value of 19.2 kilkaf 210°C. Wakili and
Hugi [54] mentioned that the second peak obtaineBdnichou et al [52, 53] is as a result of the
de-carbonization of type X gypsum board at abof @0 The specific heat capacity reported by

the researchers at ambient temperature is betw@e.05 kJ/kdK.
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Figure 3.6: Comparison of Specific Heat Values Mead by Different Researchers for Gypsum
Board.

The temperature dependent specific heat capacgypgum used in the model is that reported
by Benichou et al [52] with a specific heat of 9BRgK at room temperature. Mehaffey et

al [20] also reported a value of 950 JKk@s the specific heat capacity of gypsum boaro@m
temperature. Based on the data presented in Figéir@averages of the temperature dependent
specific heat peaks that represent the dehydratidrdecarbonization processes of gypsum as

shown in Figure 3.7 were used in the model.
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Figure 3.7: Specific Heat of Gypsum Board UsecaNModel.

The temperature-specific heat correlations drawmfFigure 3.7 for gypsum board are

given as follows:

C, = 950 0°C < T < 90°C
C, = 388.75(T — 90) + 950 90°C < T < 130°C
C, = —350(T — 130) + 16500 130°C < T < 160°C
C, = 33.333(T — 160) + 6000 160°C < T < 190°C
C, = —201.67(T — 190) + 7000 190°C < T < 220°C
C, = 950 220°C < T < 600°C
C, = 38.125(T — 600) + 950 600°C < T < 680°C
C, = —50.833(T — 680) + 4000 680°C < T < 740°C
C, = 950 T > 740°C
(3.4)
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3.1.4 Specific Heat of Insulation

Benichou et al [52] carried out specific heat measwents of rock fiber insulation, mineral wool,
glass fiber and SBP — Millboard fiber insulationngsa Differential Scanning Calorimeter
(DSC) at a heating rate of 5°C/min in Nitrogen wigisults shown in Figure 3.8. Over regions
where there are phase changes or reactions, spleeéts measured by the DSC would account
for energies associated with these phase changeadaiions, in a similar way to how these
energies are treated using the apparent heat tapascribed in Section 2.1. A gradual increase
in specific heat capacity up to temperatures ofiaB60 — 350°C is observed in all insulations
tested. Beyond 330°C to 470°C a rapid decreasedcific heat is noticed, followed by a rapid
increase to 600°C, then a slight variation in sebieat after 600°C. The negative values of
specific heat were attributed to the exothermictiea in the material which was as a result of
the applied heating rate, where the rate of abisorjf the material is less than the rate of
evolution due to reactions. The variation in thedsfic heat of the insulation was attributed to

the difference in the composition of the insulatimom one product to another.
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Figure 3.8: Temperature Dependent Specific He&tsaflation (Benichou et al [52])

As will be discussed in the next section, previmsearch has indicated that there are relatively
small changes in mass for the type of insulaticedus this study over the expected temperature
range. There is also considerably less data ititdrature on specific heat values of stone wool
insulation than there are for gypsum board. Theegfa constant specific heat value of

0.7 kJ/kdK was used in the model for stone wool.

3.1.5 Density of Gypsum Board
The density of gypsum board influences the thepediormance of the boards when exposed to
high temperature. Table 3.1 shows some examplé®afensity measurements reported in the

literature for some gypsum boards.
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Table 3.1: Comparison of Density Values of Gypsynbifferent Researchers.

Nominal Density
Authors Type of Board ) 3
Thickness (mm) (kg/m®)
Craft et al [8] Regular 12.7 620
Type X 15.9 690
Thomas et al [17] Regular 12.7 612
Type X 15.9 687 — 750
Mehaffey et al[18] Type X 15.9 648

Mass Loss of Gypsum Board

The mass loss of gypsum board as a function of eéeatypre has been reported by some authors.
The mass loss results of type X and type C gypsueandopresented by Thomas et al [19] and
Benichou et al [52-53] were similar with the masssl for all specimens beginning at
approximately 100°C. Mehaffey et al [44] reporttthatween 100°C and 160°C the cores of the
gypsum lost about 18% mass, while Takeda and Meh§b] report that between 100°C and
150°C a mass loss of 15% was obtained. Benichal[g2] report that between 100°C and
160°C the mass loss for different boards was betvi&&o and 17%. The mass loss of four
Canadian gypsum boards conducted at a heatingfr&f€ per minute by Craft et al [8] reveals

that a total of 15 to 17% of the total mass washesween 100°C and 160°C.

Thermal gravimetric analysis involves the measurgroéthe mass change of a specimen with a
thermo-balance while the specimen is subjectedcting&rolled change in temperature. Thermal

gravimetric analysis (TGA) was conducted for the¢hitypes of gypsum boards considered in
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this study. Thermal gravimetric analysis (TGA) sest the three types of drywall were
conducted in air using a Q5000 thermal gravimetnialyzer (TA Instruments, New Castle, DE)
at a heating rate of 2C/ min. The test was conducted at the DepartmieGhemistry
Laboratory, University of Saskatchewan. The TGAIlssobtained provides information on the
thermal stability of gypsum boards along with thertal degradation temperatures.

The result of the thermal gravimetric analysissestthe three different types of gypsum board

in dry air at a heating rate of 20°C/min is showrfFigure 3.9.
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Figure 3.9: Thermo gravimetric Analysis (TGA) Cusvier Regular, Lightweight and Type X
Gypsum Board.

The TGA results for the three types of gypsum bpsindwn in Figure 3.9, were similar as the
significant mass losses occurred over approximahaysame range of temperatures for each
material. There were two significant mass losséschvrepresent the reactions described in
Equations 1.1-1.3. The first significant mass legsich is due to calcination (Equations 1.1 and

1.2), began at about 140-150°C. This mass lossapaoximately 17-18% of the initial mass for
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each of the three types of gypsum board. The semss loss started at about 730-750°C and
was due to decarbonation (Equation 1.3). This sttowass loss was approximately 6-7% of the

initial mass for each of the three types of gypswoard.

The values of density of the gypsum board at roemperature used in the model are presented

in Table 3.2.

Table 3.2: Description of Gypsum Board

Material Description
Regular Gypsum Thickness = 12.7 mm (1/2 in.)
Board

Density = 645.7 kg/fh

Lightweight Thickness = 12.7 mm (1/2 in.)

Gypsum Board
7P Density = 564.3 kg/fh

Type X Gypsum Thickness = 15.9 mm (5/8 in.)

Board )
Density = 724.8 kg/fh

The TGA results were used to extrapolate the deasia percentage of the original density of
gypsum at room temperature. Rahmanian [56] replaatsat temperatures below 900°C, the
volume change in gypsum is insignificant; hencehibat transfer analysis does not include the
effect of volume change on density but takes thaive change in density to be equal to the
change in the mass. Figure 3.10 shows the derfsiggalar and type X gypsum boards,

respectively used in the model.
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Figure 3.10: Density of Gypsum Boards Used in toel#.

The temperature-density correlation drawn from Fégi10 for the regular gypsum

board is given as follows:

p = 645.7 0°C< T < 140°C

p = —1.02725T + 789.515 140°C < T < 250°C

p = —0.0137T + 536.13 240°C< T <£720°C

p = —0.3632T + 787.75 720°C < T < 800°C
p =497.189 T > 800°C
(3.5)

The temperature-density correlation drawn from Fegi10 for the lightweight gypsum

board is given as follows:
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p = 564.3 0°C< T < 140°C

p = —0.8977T + 689.98 140°C < T < 250°C

p = —0.012T + 468.55 250°C < T < 720°C

p = —0.2469T + 637.7 720°C < T < 800°C

p = 440.15 T > 800°C
(3.6)

The temperature-density correlation drawn from Feg110 for the type X gypsum board

is given as follows:

p=7248 0°C < T < 140°C

p = —1.1531T + 886.23 140°C < T < 250°C

p = —0.0154T + 601.82 250°C < T < 720°C

p=—0317T + 819.02 720°C < T < 800°C

p = 565.344 T > 800°C
(3.7)

3.1.6 Density of Insulation

Mass Loss of Insulation

The mass loss test results from thermal gravimatradysis of rock fiber insulation and glass
fiber insulation presented by Benichou et al [52] shown in Figure 3.11. From Figure 3.11, 6%
mass of rock fiber insulation was lost from 25°CL@90°C and 6% mass of glass fiber insulation

was also lost from 36°C to 310°C after which thessn@mains constant.
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Figure 3.11: Mass Loss of Insulation [14].

The density of insulation used in the model wag@2, taken from Roxul technical
data sheet for Roxul ComfortBatt R-14 (89 mm thiskone wool insulation [57]. As was done
for the specific heat, a constant density valuestone wool insulation was used in the model.
3.2 GRID SIZE AND TIME-STEP
The heat transfer model described in Chapter TWido@istable result as long as the stability
criterion is met; however the optimal grid size aintk step to be used in the model will be
investigated. The effect of time step on tempeeaal the unexposed side (depth of 12.7 mm) of
a single regular gypsum board is shown in Figut& 8or a heat flux of 75 kW/mFigure 3.12
shows that the time step has less significant effec¢he predicted temperature at the unexposed

end of the board (depth of 12.7 mm).
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Figure 3.12: Effect of Time-step on Temperature $deaments on the Unexposed End
(12.7 mm) of a Regular Gypsum Board.

The choice of the grid size and time step were @hdxy considering the effects at the exposed
surface of the board. Figure 3.13 compares thdtsesithe heat transfer analysis at a time-step
of 0.5 s for different gird sizes and Figure 3.ddnpares the results of the heat transfer analysis
at a mesh size of 1.6 mm (8 layers) for differemetsteps. From Figures 3.13 and 3.14, 8 layers
corresponding to a grid size of 1.6 mm and a titep ef 0.5 s were chosen as the optimal grid
size and time step for further analysis. There veaitg small differences between the results
within the first minute of the exposure predictesihg this time step and grid size, and predicted
using the next smaller time step and grid sizere&silts after longer time periods are of most
interest in this research, it was also noted thdteaend of a 60 min. exposure, the duration used

in this study, there was a difference of only al@GBt1% between the numerical results
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predicted using any of the different time steps @nd sizes shown in Figures 3.13 and 3.14.The

finite difference method used the same grid sizd&ah gypsum board and insulation.
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Figure 3.13: Effect of Grid Size on Exposed Surfaeemperature Prediction of Gypsum Board
(Time-Step = 0.5 s)
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Figure 3.14: Effect of Time-step on TemperaturedRten (Grid size = 1.6 mm)
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3.3NUMERICAL RESULTS

The points of temperature prediction within the vagksembly are shown in Figure 3.15. From
Figure 3.15, Point A is the temperature predichetween the unexposed side of the exposed
board and insulation, point B is approximately 3@ fnom the exposed board (point A) and
Point C is approximately 30 mm from point B. Pdinis the temperature prediction between the
insulation and the exposed end of the unexposedibBaint E is the temperature prediction at
the unexposed end of the wall assembly and poiigt thle midpoint in the insulation. Locations

A,B,C, D and E were chosen to compare with expertaieesults.

‘.— 101.6 mm
Gypsum hoard Exposed side
(single )
\
[¢) A )
Wood stud —— ©
oM 89.0 mm
Mineral wool oL
Insulation
D
L
Top View Unexposed side

Figure 3.15: Positions of Temperature Predictiong/all Assemblies.

3.3.1 Heat Transfer in Wall Assemblies Exposed toRixed Temperature Boundary
The temperature profiles within regular and type/dl assemblies exposed to a fixed
temperature of 80°C are presented in Figure 3.1i63al7, respectively. Thermal properties in
the literature reveal that the thermal propertiegypsum and mineral wool are constant up to

about 80°C of exposure. Hence constant propertizs wsed in the model.
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Figure 3.16: Temperatures Predicted by the ModeR&gular Board Wall Assembly Exposed to
a Fixed Temperature of 80°C.
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Figure 3.17: Model Prediction of Type X Board Watisembly Exposed to a Fixed Temperature
of 80°C.

74



3.3.2 Heat Transfer in a Single Layer of Gypsum Bad

The temperature profile on the exposed and unexipside of a single layer of regular,
lightweight and type X gypsum board exposed tonaident heat flux of 75 kW/frare

presented in Figures 3.18, 3.19 and 3.20, resgdgtiVhe temperature dependent properties of
gypsum board were used in the model. The MATLABectmi the model is presented in

APPENDIX A.
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Figure 3.18: Temperature Prediction for a 12.7 megwiar Gypsum Board Exposed to a Heat
Flux of 75 kW/nf.
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Figure 3.19: Temperature Prediction for a 12.7 mghtweight Gypsum Board Exposed to a Heat
Flux of 75 kW/nf.
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Figure 3.20: Temperature Prediction for a 15.9 nypelX Gypsum Board Exposed to a Heat Flux
of 75 kwW/nf.
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A comparison of predicted temperatures on the uosegb side of a single layer 12.7 mm
regular, lightweight and 15.9 mm type X gypsum bigas presented in Figure 3.21

350
300 = .FF- e B d E E_E L __J
l',:
2. l:
2 I:
o 200 I: «++««Regular
g_ 150 ' = =« ightweight
£ . —Type X
2100 | M
50 -
0 ! T T T =
0 1000 2000 3000 4000
Time (s)

Figure 3.21: Temperature Prediction for a Singlgdrd 2.7 mm Regular and Lightweight and a
Single Layer 15.9 mm Type X Gypsum Board Exposedl teat Flux of

75 KW/nf.

3.3.3 Heat Transfer in a Double Layer of Gypsum Baa
The temperature profile on the interface and unegg side of double layers regular,

lightweight and type X gypsum board exposed tonaident heat flux 75 kW/frare presented
in Figures 3.22, 3.23 and 3.24, respectively. Emeperature dependent properties of gypsum

board were used in the model.
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Figure 3.22: Temperature Prediction at the Exp&dd, Interface and Unexposed Side of a
Double Layer 12.7 mm Regular Gypsum Board ExposedHeat Flux of
75 kwinf.
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Figure 3.23: Temperature Prediction at the Exp&idd, Interface and Unexposed Side of a
Double Layer 12.7 mm Lightweight Gypsum Board Esgubto a Heat Flux of
75 kwinf.
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Figure 3.24: Temperature Prediction at the Exp&sdd, Interface and Unexposed Side of a
Double Layer 15.9 mm Type X Gypsum Board Exposedl tteat Flux of
75 kW/nf.

The comparison of predicted temperatures on theposed side of a double layer 12.7 mm

regular, lightweight and 15.9 mm type X gypsum bigas presented in Figure 3.25.
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Figure 3.25: Temperature Prediction on the Unegg@&ide of Double Layer 12.7 mm Regular

and Lightweight and a Double Layer 15.9 mm Type yp&um Board Exposed to a
Heat Flux of 75 kWi/rh

3.3.4 Heat Transfer in Wall Assembly with Constanfroperties:

Temperature predictions using constant thermalgrt@s of materials for regular, lightweight
and type X gypsum (single layer) wall assembligsosed to an incident heat flux of 75 k\W/m
are presented in Figures 3.26, 3.27 and 3.28, cagply. Constant properties of the wall

materials were used in the model.
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Figure 3.26: Temperature Predictions for a RegBlysum Board Wall Assembly Exposed to a
Heat Flux of 75 kW/rh (Constant Thermal Properties).
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Figure 3.27: Temperature Prediction for a LightvisiGypsum Board Wall Assembly Exposed
to a Heat Flux of 75 kW/fn (Constant Thermal Properties).
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Figure 3.28: Temperature Prediction for a Type Xo&ym Board Wall Assembly Exposed to a
Heat Flux of 75 kW/rh (Constant Thermal Properties).

3.3.5 Heat Transfer in Wall Assembly with Temperatue Dependent Properties.

The temperature profile in a single layer regulghtweight and type X gypsum wall assembly
exposed to an incident heat flux 75 k\¥/ane presented in Figures 3.29, 3.30 and 3.31,
respectively. The temperature dependent propestiggpsum and stone wool insulation were

used in the model. The MATLAB code for the modgbissented in APPENDIX B.
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Figure 3.29: Temperature Prediction for a Reguigpsem Board Wall Assembly Exposed to
75 kWinf (Temperature Dependent Thermal Properties).
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Figure 3.30: Temperature Prediction for a LightuiGypsum Board Wall Assembly Exposed
to 75 kW/nf (Temperature Dependent Thermal Properties).
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Figure 3.31: Temperature Prediction for a Type X&ym Board Wall Assembly Exposed
to 75 kW/nf (Temperature Dependent Thermal Properties).

The temperature profiles in a single layer lighyirtigypsum board wall assembly exposed to
incident heat fluxes of 35 and 50 kW/are presented in Figure 3.32 and 3.33, respegtiVale

temperature dependent properties of gypsum ane stool insulation were used in the model.
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Figure 3.32: Temperature Prediction for a LightuiGypsum Board Wall Assembly Exposed
to 35 kW/nf (Temperature Dependent Thermal Properties).
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Figure 3.33: Temperature Prediction for a LightvisiGypsum Board Wall Assembly Exposed
to 50 kW/nf (Temperature Dependent Thermal Properties).
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The temperature profile in double layer regulahtweight and type X gypsum wall assemblies
exposed to an incident heat flux of 75 k\f/ame presented in Figures 3.34, 3.35 and 3.36,

respectively.
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Figure 3.34: Temperature for a Double Layer RegGgnsum Board Wall Assembly Exposed
to75 kW/nf (Temperature Dependent Thermal Properties).
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Figure 3.35: Temperature Prediction for a Doublgdrd ightweight Gypsum Board Wall
Assembly Exposed to75 kW/nfiTemperature Dependent Thermal Properties).
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Figure 3.36: Temperature Prediction for a Doublgdta'ype X Gypsum Board Wall Assembly
Exposed to75 kW/Mm(Temperature Dependent Thermal Properties).
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3.4 SENSITIVITY STUDY

A sensitivity study was performed to determinephaperty or properties that have the most
important impact on the numerical results. Thislgtiielps to quantify the influence of the
uncertainties in material properties on the nunaénesults. The sensitivity of the temperature in
a wood stud, 12.7 mm regular gypsum board withesteool insulation wall assembly to +20%
changes in thermal conductivity, specific heat dedsity of both gypsum and insulation for the
temperature dependent model is presented in tbi®se

3.4.1 Specific Heat of Gypsum and Stone Wool

The + 20% changes to the temperature dependernifisgeat of gypsum are shown in

Figure 3.37. The sensitivity of the temperature 0% changes in specific heat of gypsum in
the temperature dependent model for the wall aslyembtocation A (depth of 12.7 mm from
exposed side), M (middle of insulation) and E (ywsed side) is presented in Figure 3.38.

Figure 3.39 shows the temperature variation oruttexposed side (E).
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Figure 3.37: Changes to Specific Heat of Gypsum
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Figure 3.38: Sensitivity of Temperature to £ 2Q¥%anges in Specific Heat of Gypsum for
Location A (Depth of 12.7 mm from Exposed Side)(Mddle of Insulation) and
E (Unexposed Side). — Temperature Dependent Pyollerdel
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Figure 3.39: Sensitivity of Temperature to £ 20%aG¢es in Specific Heat of Gypsum for
Location E (Unexposed Side). — Temperature Depérii@perty Model
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The + 20% changes to the constant specific heaewvafl stone wool is shown in Table 3.3. The
sensitivity of the temperature to £ 20% changespiecific heat of stone wool in the temperature
dependent model for the wall assembly at locatiqdepth of 12.7 mm from exposed side), M
(middle of insulation) and E (unexposed side) espnted in Figure 3.40. Figure 3.41 shows the

temperature variation at the unexposed end (E).

Table 3.3: Changes to Specific Heat of Stone Waslilation

Specific Heat of Stone Wool Insulation (J/kg.K)

Proposed Value 20% Increase 20% Decrease

700 840 560
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Figure 3.40: Sensitivity of Temperature to £ 20%a@ges in Specific Heat of Stone Wool

Insulation for Location A (Depth of 12.7 mm from fgosed Side), M (Middle of
Insulation) and E (Unexposed Side). — Temperat@weeddent Property Model
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Figure 3.41: Sensitivity of Temperature to £ 20%aGhes in Specific Heat of Stone Wool

Insulation for Location E (Unexposed Side). — Terapge Dependent Property
Model.

3.4.2 Thermal Conductivity of Gypsum and Stone Wodlnsulation

The + 20% changes to the thermal conductivity gfsyyn are shown in Figure 3.42 The
sensitivity of the temperature to = 20% changethé@mmal conductivity of gypsum in the
temperature dependent model for the wall assentidbcation A (depth of 12.7 mm from
exposed side), M (middle of insulation) and E (yresed side) is presented in Figure 3.43.

Figure 3.44 shows the temperature variation atittexposed end (E).
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Figure 3.42: Changes to Thermal Conductivity of &yp Board
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Figure 3.43: Sensitivity of Temperature to + 20%aG¢es in Thermal Conductivity of Gypsum
Board for Location A (Depth of 12.7 mm from Exposgide), M (Middle of
Insulation) and E (Unexposed Side). — Temperatweeddent Property Model
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Figure 3.44: Sensitivity of Temperature to + 20%aGhes in Thermal Conductivity of Gypsum
Board for Location E (Unexposed Side). — TempeeaRependent Property Model

The + 20% changes to the temperature dependemdheonductivity of stone wool insulation
are shown in Figure 3.45. The sensitivity of theperature to + 20% changes in thermal
conductivity of insulation in the temperature degemt model for the wall assembly at location
A (depth of 12.7 mm from exposed side), M (middiénsulation) and E (unexposed side) is

presented in Figure 3.46. Figure 3.47 shows th@éeature variation at the unexposed end (E).
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Figure 3.45: Changes to Thermal Conductivity oin®td¥Vool Insulation
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Figure 3.46: Sensitivity of Temperature to + 20%aGhes in Thermal Conductivity of Stone
Wool Insulation for Location A (Depth of 12.7 mnoin Exposed Side), M (Middle
of Insulation) and E (Unexposed Side). — Tempeeaependent Property Model
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Figure 3.47: Sensitivity of Temperature to £ 20%aGhes in Thermal Conductivity of Stone

Wool Insulation for Location E (Unexposed SideY.emperature Dependent
Property Model

3.4.3 Density of Gypsum Board and Stone Wool Insuian

The = 20% changes to the temperature dependentydehgypsum board are shown in

Figure 3.48. The sensitivity of the temperature 0% changes in density of gypsum board in
the temperature dependent model for the wall aslyembtocation A (depth of 12.7 mm from
exposed side), M (middle of insulation) and E (ywsed side) is presented in Figure 3.49.

Figure 3.50 shows the temperature variation atittexposed end (E).
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Figure 3.48: Changes to Density of Gypsum Board
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Figure 3.49: Sensitivity of Temperature to + 20%@a@hes in Density of Gypsum Board for
Location A (Depth of 12.7 mm from Exposed Side)(Nddle of Insulation) and
E (Unexposed Side). — Temperature Dependent Pyolledel
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Figure 3.50: Sensitivity of Temperature to + 20%aGhes in Density of Gypsum Board for

Location E (Unexposed Side). — Temperature Depériti@perty Model
The + 20% changes to the constant value of theityesfsstone wool insulation is shown in
Table 3.4. The sensitivity of the temperature 0% changes in density of stone wool in the
temperature dependent model for wall assemblycatilan A (depth of 12.7 mm from exposed
side), M (middle of insulation) and E (unexposetksis presented in Figure 3.51. Figure 3.52

show the temperature variation at the unexposedtEnd

Table 3.4: Changes to Density of Stone Wool Insuat

Density of Stone Wool (kg/m)

Proposed Value 20% Decrease 20% Increase
31.3 25.1 37.6
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Figure 3.51: Sensitivity of Temperature to + 10% ar?0% Changes in Density of Stone Wool
Insulation for Location A (Depth of 12.7 mm from gosed Side), M (Middle of
Insulation) and E (Unexposed Side). — Temperat@gelddent Property Model.
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Figure 3.52: Sensitivity of Temperature to £ 20%aGhes in Density of Stone Wool Insulation
for Location E (Unexposed Side). — Temperaturpedeent Property Model
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The sensitivity of the temperature increase affemdn. of exposure on the unexposed side of

the wall assembly to + 20% changes to specific,ibatmal conductivity and density for both

gypsum board and stone wool insulation is showreible 3.5.

Table 3.5: Sensitivity Results for Temperaturadase at Location E (Unexposed Side) at 40
Minutes of Exposure for Temperature Dependent Rtpéodel.

20% Decrease Original 20% Increase
Property
(C) % diff (C) (°C) % diff
Specific Heat (Gypsum| 57 4 115 50.9 45.9 -10.3
Board)
Thermal Conductivity 427 175 50.9 56.1 97
(Gypsum Board)
Density (Gypsum Board 57.1 115 50.9 45.8 -10.5
Specific Heat
50.9 0 50.9 50.9 0
(Stone Wool Insulation)
Thermal Conductivity
(Stone Wool Insulation) 4rl 78 50.9 538 55
Density (Stone Wool 50.9 0 50.9 50.9 0

Insulation)
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3.4.4 Sensitivity Study Results

The results of the study of the sensitivity of temgture increase after 40 min. of exposure on the
unexposed side of the wall assembly to + 20% chatmepecific heat, thermal conductivity and
density of both gypsum board and stone wool insaiaghow that the property that the
temperature is most sensitive to is the thermatlaotivity of the gypsum board. The sensitivity
study also shows that the temperature is signifigaffected by the changes in the specific heat
and density of gypsum board and moderately affeloyeitie changes to the thermal conductivity
of stone wool insulation. The specific heat andsitgrof stone wool insulation is seen to have a

negligible effect on the temperature.

A 17.5% decrease in temperature at the unexpodedssobtained for a 20% decrease in the
thermal conductivity of gypsum board. A 7.8% dess=mm temperature at the unexposed side is
obtained for a 20% decrease in the thermal condtyctf stone wool insulation. A 5.5%

increase in temperature at the unexposed sidgamel for a 20% increase in the thermal
conductivity of stone wool insulation. The sensiyivof the temperature at the unexposed side to

+ 20% changes to specific heat of stone wool idigibte.
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CHAPTER FOUR: EXPERIMENTAL RESULTS *

In this chapter the experimental apparatus, samppbeedures and results are discussed. The

experiments were designed to measure heat trahséergh gypsum boards and wall assemblies

using a hotplate and cone calorimeter. The follgngrperiments were conducted:

» Heat transfer through insulated, wood stud sitayler gypsum board wall assemblies using
a hotplate;

» Heat transfer through single and double layersypsgm board using the cone calorimeter;

» Heat transfer through insulated, wood stud siagk double layer gypsum board wall
assemblies using a cone calorimeter; and

» Heat transfer through non-insulated, wood studisiagd double layer gypsum board wall

assemblies using a cone calorimeter.

4.1 EXPERIMENTAL APPARATUS
The apparatus used in this study included: a thiegnagimetric analyzer, a hotplate, a cone

calorimeter, an Agilent data acquisition systersample holder, and temperature transducers.

4.1.1 Hot Plate
To determine the heat transfer through wall assiesduring low temperature exposures with a
constant temperature boundary condition, a proeesiunilar to the ASTM Standard Test

Method for Thermal Protective Performance of Matisrfor Protective Clothing for Hot Surface

L A version of portions of this chapter has been previoudy published: Aire C.T., Torvi D.A., Weckman
E.J., 2013, Heat Transfer in Cone Calorimeter Tests of Generic Wall Assemblies, Proceedings of the
ASME International Mechanical Engineering Conference and Exposition, Paper No. IMECE2013-63981,
San Diego, CA, USA
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Contact (ASTM F 1060) [58] was used. This standegk a hotplate at a constant temperature
to provide a thermal exposure. A 6.4 mm (0.25 gk, 140 by 140 mm (5.5 by 5.5 in.) wide,
T-1100 aluminum surface plate was placed on the2dPF MIRAK ™ hotplate (Barnstead
International, lowa, USA). The aluminum plate h&4amm (3/32 in.) hole drilled from the

edge to the centre of the plate. A mass of 3.8@&&g placed on the specimen to ensure a contact
pressure of 3 kPa. The setup for the hotplate @xpet is shown in Figure 4.1. The control knob
on the hot plate was adjusted when necessary ttkegemperature constant at 80°C.

Insulating boards were used to prevent loss of &zatpre to the surrounding during the tests

and also to attempt to ensure one dimensionaltrestfer.

b = o i g

Figure 4.1: Hotplate Experimental Setup
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4.1.2 Cone Calorimeter

The cone calorimeter is one of the small-scaleqsex fire equipment used extensively for
research purposes, as it measures the heat refeasgerials using the oxygen consumption
principle. This principle states that for each giam of oxygen that is consumed in a
combustion reaction for a wide range of combussitdeheat value of 13.1 MJ is released with
an accuracy of +5% [59]. The capability of the coatrimeter in measuring the heat release
rate was not used in this thesis as only the ceatehwas used. As shown in Figure 4.2, the
cone calorimeter comprises a radiant electric heetéch has a shape of a truncated cone
(frustum) which is capable of providing a heat flaxhe range of 0 — 100 kWfto a 10 x 10
cm square sample. The cone calorimeter can betassuhduct tests in both the vertical and

horizontal orientations.

Figure 4.2: Cone Calorimeter
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For this research, tests were performed using a calorimeter (Fire Testing Technology, East
Grinstead, U.K.) with the cone heater in the vaittarientation as shown in Figure 4.3. The cone
heater alone was used to conduct tests for thesarels. The heat release rate in gypsum boards
and wall assemblies were not considered in thisaret because the relatively long duration of

the tests.

Figure 4.3: Cone Heater in Vertical Orientation

4.1.3 Sample Holder

Due to the size of the specimens tested, the samopder used with the cone calorimeter in this
study is not the standard sample holder specifielSTM E 1354 [59]. The sample holder
consists of a 190.5 mm (7.5 in.) by 190.5 mm (iA.bby 177.8 mm (7 in.) deep stainless steel
box with an opening so that an area of 101.6 mm.j4y 101.6 mm (4 in.) was exposed to the
cone heater, as shown in Figure 4.4. A box wag butlof 12.7 mm (0.5 in.) cement board to

hold the test specimen. This cement board box watered within the stainless steel box and the
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space between the two boxes was filled with stooel wsulation. This arrangement was used

to reduce heat losses from the sides of the tesirsen.

Figure 4.4: Sample Holder (Clockwise from Uppertl-eiVithout Specimen and Insulation,
Without Specimen, With Specimen (Rear View), Witte&men (Front View))

4.1.4 Temperature Measurements

The Agilent 34970A data acquisition system manuifiagtt by Hewlett Packard, Santa Clara, CA
was used to record temperature readings withitestespecimens during experiments at an

interval of 1 s. This data logger has 16 channedkhas the capability of recording signals (e.g.
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temperatures, voltages) for long periods of timgufe 4.5 shows a photograph of the Agilent

data acquisition system.

*| | 3 agilent 340024 |
16 Channel Multiplexer

it omi g uﬂmﬁwq;un&m fopituiies ‘..-/ A

Figure 4.5: Agilent 34902A Data Acquisition System.

Temperature measurements were taken by attachiAg\Z3 (0.51 mm (0.02 in.) diameter)
Type K (chromel-alumel) thermocouples at differlacations on the gypsum boards with an
adhesive prior to conditioning of the specimen.rif@ouples were also inserted into the
insulation. The thermocouples were connected tAgient 34970A data acquisition system
(HP Agilent, Santa Clara, CA), and temperature dagge collected at an interval of 1 s. Infra-
red photographs of the unexposed surface were taiag an InfraCAM ™ camera (FLIR

SYSTEMS, Burlington, ON). Figure 4.6 shows the &AM ™ camera used.
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Figure 4.6: Infra-red Camera

An infrared thermometer (Cyclops 300AF, Minolta/da®ronfield, UK) shown in Figure 4.7
was used to take the temperature measurements ohéxposed side of the gypsum boards at

an interval of 1 s.

POWER

MODE RECALL E€/ALARM

Figure 4.7: InfraRed Thermometer
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4.2 TEST SPECIMEN

Test specimens are shown in Figures 4.8 and 4®sdéled wall assemblies were 111.1 mm
(4.375in.) by 111.1 mm (4.375 in.) and consisteslimgle or double layers of gypsum board,
stone wool insulation and spruce-pine-fir (SPRYlstd’he specimens were designed to represent
a one-quarter scale model of a common wall deswgh,studs spaced at a centre-to-centre

distance of 406.4 mm (16 in.).

Three different types of gypsum board were used @fin (0.5 in.) regular gypsum board,

12.7 mm (0.5 in.) lightweight gypsum board and 1&ré (0.625 in.) type X gypsum board. The
wood studs were made by cutting nominal 2x4 st88sfm by 89 mm) into 9.25 mm by 89 mm
(0.375in. by 3.5 in.) pieces. The scaled stud®wseaced at a centre-to-centre distance of
101.6 mm (4 in.). 6D finishing nails (2.33 mm (Q209.) diameter) were used to fasten single or
double layers of the gypsum board to the wood steidgire 4.9). Nails of length 50.8 mm

(2.0 in.) were used for the assemblies with doldyters of type X gypsum board; the nails were
cut to shorter lengths for other assemblies inmt@@rovide a minimum penetration depth of

20 mm into the wood as prescribed in the Nationaldhg Code of Canada [60]. The nails were
spaced at 98.4 mm (3.875 in.) as shown in Figi@@eMore information on the materials tested
is presented in Table 4.1. The temperature measundorations were picked so as to determine
the temperature at which wall failure occurs. THesations are similar to the temperature
measurement locations used in full scale testirdgtermine the performance of wall

assemblies.
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Figure 4.8: Wall Assembly Specimen (A — Double Layef Gypsum Board, B — Single Layer
of Gypsum Board)

Table 4.1: Description of Materials Used

Material Description

Thickness =12.7 mm (0.5 in.)
Regular Gypsum Board
Density = 645.7 kg/fh

Lightweight Gypsum Thickness =12.7 mm (0.5 in.)

Board Density = 564.3 kg/th

Thickness = 15.9 mm (0.625 in.)
Type X Gypsum Board
Density = 724.8 kg/th

R-14 Stone Wool Thickness = 89 mm (3.5 in.)

Insulation Nominal Thermal Resistance: R-14

9.25 mm (0.375in.) by 111.1 mm (4.375 in.) by 8&u@ (3.5 in.)
Studs
Cut from Spruce-Pine-Fir (SPR) 2x4’s
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Figure 4.9: Schematic Diagram of the Specimen $tpwocations of Thermocouples
(A-E, 1-4) and Nails

4.3 EXPERIMENTAL PROCEDURE

4.3.1. Instrumentation

For the wall assemblies, five thermocouples wecatkd on the centerline of the specimen at
various depths (Figure 4.9). One thermocouple vMexsepg on the back of the exposed gypsum
board(s). Two thermocouples were placed withininlsalation, such that there was a distance of
approximately 30 mm between thermocouples A an@ &)d C, and C and D in Figure 4.9. One

thermocouple was placed on the surface of the gggmxard that was in contact with the
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insulation, and one thermocouple was placed ontleeposed surface of the assembly. Four
additional thermocouples were placed on the unesgpearface of the assembly, as shown in

Figure 4.9 (thermocouples 1-4).

Tests were also conducted in which only the gypboard was tested, using either single or
double layers. In these tests an infrared thermeni€yclops 300AF, Minolta/Land, Dronfield,
UK) was used to take the temperature measuremeétite anexposed side at an interval of 1 s.
For the double layer tests, a single thermocouple also placed between the two layers of the

gypsum board.

Specimens were placed inside the cement boardwthin the stainless steel box. The specimen
was then exposed to the cone heater for a peri@0 aofin. After testing the specimen was

removed and inspected.
4.3.2 Conditioning of Specimen

The wall assembly specimens were conditioned fteaat 24 hours in a chamber (shown in
Figure 4.10), which was kept at a temperature aP23 and a relative humidity of 50+3%, as
specified in ASTM E 1354 [59]. The relative humyatithin the chamber was controlled using
a non-saturated salt solution of magnesium chlqiitigCl,). A saturated aqueous salt solution
of magnesium chloride will produce an equilibriuetative humidity value of 32.8+0.2% at a
temperature of 2% [61]. The salt was mixed with water until the ided relative humidity of
50+5% was achieved and sustained within the chammeAnton Paar (DMA 4500 M)
densitometer was used to determine the densitgjpacific gravity of the salt solution. The
density of the salt solution was 1.27 gfaand specific gravity was 1.28. During testing, the

laboratory ambient conditions were 23€3and 35+7% relative humidity.
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Figure 4.10: Pictures of conditioning chamber.

4.3.3. Heat Flux Exposures

One of the limitations of the cone heater is ithifity to produce a high enough heat flux to
replicate the full-scale fire test furnace envir@mn[62]. These furnaces follow a standard
temperature-time curve, which produce heat flufagato 150 kW/ri [6]. The cone calorimeter
can only produce a maximum heat flux of 100 k\W/m this study, the small scale wall
specimens were tested using an incident heat flii &W/nf. The effect of heat flux was also
investigated by conducting wall tests using assemlbhat contained single layers of lightweight

gypsum board with and without insulation at heatds of 35 and 50 kW/m
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4.4 EXPERIMENTAL RESULTS

4.4.1. Hot Plate Experiments

Hot plate experiments on wall assemblies comprisiri@egular and Type X gypsum board and
stone wool insulation were conducted at a constgpbsure temperature of @0 Three tests
were conducted for both regular and type X walkasslies. Figure 4.11 gives an indication of
the repeatability as well as the variation of gs@perature of the aluminum plate. Figure 4.12
compares the temperature measurement at diffeegaihslin the wall assembly. Comparisons of

the average temperature at different depths arestare presented in Table 4.2
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Figure 4.11: Temperature Measurements in Regulps@y Board Wall Assembly Exposed to
Hotplate Temperature of 80°C. (H.T. — Hotplate Ppenature)
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Figure 4.12: Temperature Measurements in RegutaiTgpe X Gypsum Board Wall
Assemblies Exposed to Hotplate Temperature of 80°C.

114



Table 4.2: Average Temperature Increase after3@nt 25 Min. of Exposure Measured at Four
Locations During Hotplate Tests of Wall Assemblies.

Maximum Temperature Increase {C)

Back of Insulation: Insulation: Front of
Type of Gypsum exposed 30 mm from 30 mm from unexposed
Board Used in board(s) point A (s) point B (s) board(s)

Wall Assembly (A) (B) (C) (D)

Ave. © |Ae. @ |Ae @ Ave. (o)

Single Regular
12.7 mm (0.5 in.)
at
10 minutes

349 (03)| 88 (23| 26 (0.8 05 (0.08)

Single Regular
12.7 mm (0.5 in.)
at
15 minutes

455 (03)| 175 (26| 56 (0.9 1g (0.01)

Single Regular
12.7 mm (0.5 in.)
at
25 minutes

483 (3.0)| 212 9| 59 (@2 2.4 (0.07)

Single Type X
15.9 mm (0.625 in.
at
10 minutes

338 (10)| 51 @2| 20 (02 o5 (D

Single Type X
15.9 mm (0.625 in.
at
15 minutes

462 (0.7)| 120 (@6)| 56 (05 15 (02

Single Type X
15.9 mm (0.625 in.
at
25 minutes

479 @2)| 153 @8 | 75 (08 21 (03

The test results in Figures 4.11 and 4.12 indiaageod level of repeatability and the variation in
the results is primarily as a result of the vaoiatin the hotplate temperature (H.T.) since it was
difficult to keep the temperature of the hot pled@stant. The knob of the hotplate was used to
control the temperature within the desired rangkanexposed temperature range of 80+10°C
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was attained during the test. The large variatiotest results at location B is attributed to the
shifting of the thermocouple position within thers¢ wool insulation. The nature of the stone
wool insulation is such that it is difficult to nmaain a consistent temperature measurement
location within the insulation from test to tesable 4.2 gives more information on the
repeatability as well as the temperature increageations A, B, C, and D at 10, 15 and 25 min
of exposure. From Table 4.2, the temperature iseea regular gypsum board wall assemblies
are higher than temperature increases in type Xagaemblies at location B within the
insulation. Similar temperature increases are ®keskat the other locations shown in Table 4.2.
There is very little temperature increase at thexposed side (location E) of either wall

assembly.

4.4.2. Cone Calorimeter Experiments

Gypsum boards

The three different types of gypsum boards west fested on their own, using either single or
double layers. Three tests were conducted at aflbeaif 75 kW/nf for both single and double
layers of gypsum board. Measurements of the terhperat the centre of the unexposed side of
a single layer of gypsum board (location E in Feggdr9) are shown in Figure 4.13. Figure 4.14
shows the temperatures measured between the twdshioaghe double layer tests, along with

the temperatures measured on the unexposed side.
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Figure 4.13: Comparison of Temperature Measurenar@entre of Unexposed Side of Single
Layer of Regular, Lightweight and Type X Gypsum Bisa
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Figure 4.14: Comparison of Temperature Measurensritgerface Between Two Layers of

Gypsum Board (1) and Unexposed Side of Gypsum Ba@)dfor Tests of Double
Layers of Regular, Lightweight and Type X Gypsunmai&b
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The burning of the gypsum board paper occurred®@8-&fter exposure of the sample to the
cone heater and it lasted for about 10-15 s afteciwproducts of combustion were released
from the specimen and heating of the specimen moat. A comparison of the temperatures
shown in Figure 4.13 for the tests of a single lafegypsum board with the TGA results shown
in Figure 3.9 (Section 3.1.5) indicates that caltion began quickly in all tests and that the
length of time required to complete this process mach shorter for the two 12.7 mm (1/2 in.)
gypsum boards (approximately 340 s) than for tiekén type X gypsum board (approximately
840 s). For the two 12.7 mm (1/2 in.) gypsum bdgpes, there was a sharp increase to a
maximum temperature, which lasted for a relatistigrt time, after which the temperature
decreased until it reached its steady state vdlabaut 300 °C. Temperatures of the type X
board did not show the same behavior, but instea@ased at a slower rate to a steady state

value of about 280°C.

Temperature measurements on the unexposed side agsembly in the double layer gypsum
board tests (Figure 4.14) exhibited a differentavébr from the tests of the three types of single
boards shown in Figure 4.13. It took a much lortgee for calcination to occur throughout the
two layers (from about 1400 s to more than 30@®pending on the type of drywall) than for a
single layer. The maximum temperature increasab®unnexposed side of the double layer of
gypsum board were 33-68% lower than the valuea fngle layer of the three types of gypsum
board. The temperature between the two layergmdign board (labeled 1 in Figure 4.14) rose
to a peak and then decreased. This observatiomilgisto that obtained by [7] and this peak

was attributed to the oxidation of the paper betwthe two surfaces after complete pyrolysis.
While there were some similarities between the tefpires measured behind the exposed layer

(Figure 4.14) and the temperatures measured bahsimtle layer (Figure 4.13), peaks were
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considerably broader in Figure 4.14, and maximumptratures for the lightweight and type X
boards were significantly higher. Differences impeerature measurements would be expected

due to the differences in heat transfer and aviéitlabf oxygen between the two cases.
Insulated Wall Assembly

Six different insulated wall assemblies, using Bray double layers of the three types of
gypsum board, were tested. Three individual test®werformed for each of these six assembly
designs. Figure 4.15 provides an indication ofrépeatability of the temperature measurements.
This particular example is for a wall assembly ¢stimrsy of double layers of 12.7 mm (0.5 in.)
regular gypsum board, wood studs and stone wouoldtisn. Temperature measurements in

other test series displayed similar repeatability.
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Figure 4.15: Temperature Measurements During Thests of Wall Assembly Containing
Double Layers of Regular Gypsum Board
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The temperature measurements at location A, D aar@ Enuch more repeatable compared to
locations B and C because the thermocouples atettethed to the gypsum boards, while, as

noted earlier, at locations B and C there is likayiation in the exact thermocouples position

within the insulation from test to test.

Experimental Results for Walls with Different Gypsum Board Types

Figure 4.16 compares temperatures measured atltiwegens in wall assemblies that use single
layers of the three types of gypsum board. A sinutanparison is shown in Figure 4.17 for the

wall assemblies that use double layers of the ttyges of gypsum board.
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Figure 4.16: Comparison of Temperature Measureniatie During Tests of Wall Assemblies
Containing Regular, Lightweight and Type X GypsuoaRl (Single Layer)
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Figure 4.17: Comparison of Temperature Measureniatie During Tests of Wall Assemblies
Containing Regular, Lightweight and Type X GypsuoaBli (Double Layers)

Experimental Results for Sngle vs. Double Layer Walls
Figures 4.18-4.20 compare the temperatures meaattbree locations in wall assemblies that

use single and double layers of each of the tiygestof gypsum board.
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Figure 4.18: Comparison of Temperature Measurenidatie During Tests of Wall
Assemblies Containing Single and Double Layersegu®ar Gypsum Board
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Figure 4.19: Comparison of Temperature Measureniatie During Tests of Wall Assemblies
Containing Single and Double Layers of Lightwei@hpsum Board
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Figure 4.20: Comparison of Temperature Measureniatie During Tests of Wall Assemblies
Containing Single and Double Layers of Type X GypdBoard

Comparisons of the average maximum temperatureaserat three locations within the
specimen for the six wall assembly designs are sHinwable 4.3. The average times for the
temperature of the unexposed side of the gypsumdbager(s) closest to the cone heater to

reach particular temperatures are compared in #aBlér the six wall designs.
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Table 4.3: Average Maximum Temperature IncreasesMieal at Three Locations During Tests
of Insulated Wall Assemblies (Heat Flux of 75 kV§jm

Maximum Temperature Increase {C)

Type of Gypsum Back of exposed Front of unexposed Back of unexposed
Board Used in board(s) (A) board(s) (D) board (E)
Wall Assembly

Ave. () Ave. ©) Ave. (o)
Single Regular 1.2
12.7 mm (0.5 in.) 733.0 (6.0) 182.0 (17.1) 59.0 1.2)
Single Lightweight 4.8
12.5 mm (0.5 in) 712.9 (10.3) 189.5 (10.6) 66.2 (4.8)
Single Type X
15.9 mm 701.4 (22.4) 145.0 (19.6) 48.3 (2.5)
(0.625in.)
Double Regular 1.4
12.7 mm (0.5 in.) 682.3 (17.8) 76.8 (6.1) 23.7 (1.4)
Double
Lightweight 686.2 (4.2) 112.4 (8.4) 25.6 (3.5)
12.7 mm (0.5 in.)
Double Type X
15.9 mm 542.6 (17.9) 54.8 (2.2) 228 (0.46)
(0.625 in.)
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Table 4.4: Average Time to Reach 1G0200C, 250C and Maximum Recorded Temperature
on Back of Exposed Gypsum Board Layer(s) in Tektksulated Wall Assemblies

Type of Gypsum Average Time to Reach Temperature on Back of Expode
Board Used Gypsum Board Layer(s) (Location A) (s)
in Wall Assembly 100°C 200°C 25(PC Tgﬁrﬁzg?;tr:re
Single Regular
12.7 mm (0.5 in.) 300 660 720 1680
Single Lightweight
12.5 mm (0.5 in.) 270 564 588 1488
Single Type X
15.9 mm (0.625 in.) 444 960 1020 2940
Double Regular -
12.7 mm (0.5 in.) 990 1836 1920
Double Lightweight .
12.7 mm (0.5 in.) 906 1656 1740
Double Type X -
15.9 mm (0.625 in.) 1518 3048 3168

* for double layers, temperatures were still insiag at end of 4200 s (70 min.) tests

In the tests of the insulated wall assemblies gtheas a similar rate of rise in temperature on the
back of the exposed board(s) (location A in Figurds-4.19) for insulated single and double
layer wall assembly, for all types of gypsum boapdo a temperature of about 100 °C, when
calcination began. The temperature on the backeoéxposed board of the lightweight board
wall assembly rose quicker than the regular and ¥/fpoard wall assemblies. It can be seen
from Table 4.4, as noted earlier, that the timesiregl to reach a temperature of 100°C at
location A is dependent on the thickness and numblayers of the board as it took about 4-8

min for the single layer walls and 15-25 min foe thouble layer walls to attain this temperature.
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Figures 4.18-4.20 all show a plateau in temperatieout 100 °C on the back of the exposed
board(s) (location A). This is as a result of thergy that is required for the dehydration or
calcination of the gypsum board. The duration ¢ thateau will depend on the type of gypsum
board, the thickness, and number of layers ancepoesof insulation in the wall. A rapid rise in
temperature followed the end of the calcinatiorcpss. The rate of this temperature increase is
again dependent on the type and thickness of theugy board as well as presence of insulation
in the wall assembly. For insulated wall assembtesiperature increased most rapidly in the
assemblies containing the two types of 12.7 mmifLjZypsum board, and temperatures
increased quickest in the assemblies containingightveight gypsum board. These differences
in heating rates can also be observed in Tablevhith compares the times required to reach

temperatures of 200 °C, 250 °C and the maximunrdecbtemperature.

Figures 4.18-4.20 compare the temperatures measuasgemblies with single and double
layers of the three types of gypsum board for ia&ad wall assembly. The figures clearly show
that a higher level of fire protection can be otal by using double layers of gypsum board in
wall assemblies, as adding the second layer of altyw each side of the assembly significantly
decreases the rate of increase in temperatureeaimigxposed side of the assembly. Table 4.3
indicates that maximum temperatures on the expsisiedof the insulated double layer
specimens were 53-61% lower than the maximum teatyess at the same location for the
insulated single layer specimens. Table 4.4 indi#tat the times required to reach 100, 200 or
250 °C on the back of the exposed gypsum boara lagee 170-240% longer for the insulated
double layer specimens than the insulated singkr lspecimens. Figures 4.18-4.20 all
demonstrate that temperatures measured on theob#ul wall assemblies were relatively low.

This is due to the performance of the gypsum boandsthe stone wool insulation. As with other
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temperature measurements, Table 4.3 indicateshihdtighest temperatures were recorded in
tests that used lightweight gypsum board, anddivest temperatures were recorded in tests that

used the type X gypsum board.

Experimental Results of Insulated Lightweight Wall Assembly Exposed to Different Heat Flux

Cone calorimeter tests of insulated wall assembligsa single layer of lightweight gypsum
board were conducted at 35, 50 and 75 kf\imorder to determine the effects of heat flux.
Figure 4.21 compares the effect of heat flux exposm temperature measurements in

lightweight wall assemblies.
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Figure 4.21: Temperature Measurements in Insul@iegdle Layer Lightweight Board Wall
Assembly Exposed to Heat Fluxes of 35, 50 and 7&WW
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Comparisons of the average maximum temperatureaserat three locations within the
specimen for the insulated single layer lightweightl assembly exposed to 35, 50 and

75 kW/nt are shown in Table 4.5.

Table 4.5: Average Maximum Temperature IncreasesMieal at Three Locations During Tests
of Insulated Single Layer Lightweight Wall AssengsliExposed to Heat Flux of 35,
50 and 75 kW/rh

Insulated Single 12.5 mm (0.5 in.) Lightweight Gypsm Board Wall Assembly
Maximum Temperature Increase {C)
Heat Flux Back of exposed Front of unexposed Back of unexposed
Exposuzre board(s) (A) board(s) (D) board (E)
(KW/m?)
Ave. (©) Ave. ©) Ave. ()

35 661.6 (29) 101.0 (12.8) 411 (132)

50 6834  (21.0) | 1383 (5.3) 473 (06)

75 7129  (103) | 1895 (10.6) 662  (4.8)

From Figure 4.21 and Table 4.5, it is seen thatdrigemperatures at all locations (A, D, E) were

recorded for tests with the higher heat flux expesu
Temperature Distribution in Unexposed Side of WallAssembly

Figures 4.22-4.23 provide an indication of the temapure distribution on the unexposed side of
the wall assembly. Figure 4.22 includes temperatareasurements made using thermocouples
attached to the unexposed side, while Figure q@Bdes examples of infrared photos taken of
the unexposed side of the assembly at various tinmeaghout a test of one layer of type X

gypsum board.
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Figure 4.22: Temperature Measurements Made atliigations On Unexposed Side During
Test of a Single Layer of Type X Gypsum Board
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Figure 4.23: IR Photographs Taken During Test Sirgle Layer of Type X Gypsum Board.
(Black Square Shows Boundary of Specimen).
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One issue is whether one-dimensional heat transbelels will be sufficiently accurate to model
these exposures. Therefore, the temperature distoibon the unexposed side of the wall
specimen was investigated. Figures 4.22 and 4@3d# an indication of the temperature
distribution on the unexposed side of the speci(sea Figure 4.9 for thermocouple locations). It
should be noted that higher temperatures were meby thermocouples 1 and 2. However,
this was mainly due to the release of combustioayets during the tests, which flowed close to
these thermocouple locations. Thermocouples 3 amelrd in closer agreement to the centre
thermocouple (E). The centre thermocouple (E) (poai), was used for comparison with

predictions made using the numerical model.

Uninsulated Wall Assembly

Six different uninsulated wall assemblies, usimgk or double layers of the three types of
gypsum board, were tested. Three individual test®werformed for each of these six assembly
designs. Figure 4.24 provides an indication ofrépeatability of the temperature measurements.
This particular example is for a wall assembly ¢stimrsy of double layers of 12.7 mm (0.5 in.)
regular gypsum board, wood studs and stone woolatien. In Figure 4.24, L1 is the
temperature profile at the interface of the expapggbum boards, L2 is the temperature profile
at the interface of the unexposed gypsum boardep@&eature measurements in other test series

displayed similar repeatability.
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Figure 4.24: Temperature Measurements During Thests of Wall Assembly Containing Non
Insulated Double Layers of Regular Gypsum Boardrfsidated)
(L1 is the temperature profile at the interfacéhaf exposed gypsum boards,
L2 is the temperature profile at the interfaceha&f tinexposed gypsum boards)

Experimental Results for Walls with Different Gypsum Board

Figure 4.25 compares temperatures measured atltiwegens in wall assemblies that use single
layers of the three types of gypsum board. A sinutanparison is shown in Figure 4.26 for the

wall assemblies that use double layers of the ttyges of gypsum board.
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Figure 4.25: Comparison of Temperature Measurenidatie During Tests of Uninsulated Wall
Assemblies Containing Regular, Lightweight and T¥p@&ypsum Board (Single
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Figure 4.26: Comparison of Temperature Measurenidatie During Tests of Uninsulated Wall
Assemblies Containing Regular, Lightweight and T¥p&ypsum Board (Double
Layers)
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Experimental Results for Single vs. Double Layer Walls
Figures 4.27-4.29 compare the temperatures meaattbree locations in wall assemblies that

use single and double layers of each of the tiygestof gypsum board.
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Figure 4.27: Comparison of Temperature Measurenidatie During Tests of Uninsulated Wall
Assemblies Containing Single and Double Layersegu®ar Gypsum Board

133



800

= Lightweight Single
700 -

= = = Lightweight Double

600 -

w1
=
o

Temperature (°C)

Figure 4.28: Comparison of Temperature Measurenidatie During Tests of Uninsulated Wall
Assemblies Containing Single and Double Layersightweight Gypsum Board

700
e Type X Single
600 - === Type X Double A
D
T 500 -
2,
s
2 400 -
o
]
g 300 - _
2
200 - E
-
100 -
------ - E
0 - ; : |
0 1000 2000 3000 4000

Time (s)

Figure 4.29: Comparison of Temperature Measureniatie During Tests of Uninsulated Wall
Assemblies Containing Single and Double LayersygferX Gypsum Board.
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Comparisons of the average maximum temperatureaserat three locations within the
specimen for the six wall assembly designs are shiowable 4.6. The average times for the
temperature of the unexposed side of the gypsumdbager(s) closest to the cone heater to

reach particular temperatures are compared in 7aBléor the six wall designs.

Table 4.6: Average Maximum Temperature IncreasesMieal at Three Locations During Tests
of Uninsulated Wall Assemblies

Maximum Temperature Increase ("C)

Type of Gypsum Back of exposed Front of unexposed Back of unexposed
Board Used in board(s) (A) board(s) (D) board
Wall Assembly (E)

Ave. ©) Ave. (©) Ave. (o)
Single Regular 18.3
12.7 mm (0.5 in.) 586.0 (25.9) 549.0 (29.2) 188.0 (18.3)
Single Lightweight 71
12.5 mm (0.5 in.) 679.6 (4.0) 686.1 (6.2) 2586  (7.1)
Single Type X
15.9 mm 532.5 (25.3) 494.0 (31.4) 120.4 (29.5)
(0.625in.)
Double Regular | 3555 (31.8) | 243.9 (21.2) 360 (18)
12.7 mm (0.5 in.) ' ' ' ' '
Double
Lightweight 449.3 (28.4) 356.0 (32.7) 43.5 (1.9)
12.7 mm (0.5 in.)
Double Type X
15.9 mm 276.3 (9.5) 597.6 (9.1) 28.5 (0.95)
(0.625in.)
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Table 4.7: Average Time to Reach 1G0200C, 250C and Maximum Recorded Temperature
on Back of Exposed Gypsum Board Layer(s) in Testdmnsulated Wall

Assemblies
Type of Gypsum Average Time to Reach Temperature on Back of Expode
Board Used Gypsum Board Layer(s) (Location A) (s)
in Wall Assembly 100°C 200°C 250°C Tg"rﬁgg'r‘;‘tz‘re
Single Regular
12.7 mm (0.5 in.) 314 656 750 *
Single Lightweight
12.5 mm (0.5 in.) 248 562 625 *
Single Type X -
15.9 mm (0.625 in.) 382 987 1103
Double Regular -
12.7 mm (0.5 in.) 1070 1871 2022
Double Lightweight -
12.7 mm (0.5 in.) 816 1557 1662
Double Type X -
15.9 mm (0.625 in.) 1472 3064 3223

* for double layers, temperatures were still insiag at end of 4200 s (70 min.) tests

As expected, the temperature measurements in theulated wall assemblies were different
from those in the insulated wall assemblies. Trexraye maximum temperature increase at the
back of the exposed board (location A) in the iatad wall assembly (Table 4.3) was generally
higher than that of the uninsulated wall (Table) 406 all single and double layer wall
assemblies. The average maximum temperature irecegdbe back of the exposed board of the
uninsulated single layer lightweight, regular ayygkt X wall assembly were 20%, 4.7% and 24%
respectively less than that of the insulated wedkanblies (Table 4.3). The average maximum

temperature increase at the back of the exposed bb#he uninsulated double layer
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lightweight, regular and type X wall assembly wé7e8%, 34.5% and 49%, respectively, less
than that of the insulated wall assemblies (Tal3¢. 4 he lower temperature increase at the back
of the exposed board is as a result of increasatllbgses in the wall cavity as compared to the
insulation. From Table 4.4 and 4.7, the percenthfference in the average time to reach 100°C
at the back of the exposed board of insulated antsulated wall assembly is in the range of
4.5-15% for single layer wall and 7-10.5% for daulalyer wall assembly. The percentage
difference in the average time to reach 200°Ceabtick of the exposed board of insulated and
uninsulated wall assembly is in the range of 0&842for single layer wall and 0.5-1.9% for
double layer wall assembly. The percentage diffezen the average time to reach 250°C at the
back of the exposed board of insulated and unitedilaall assembly is in the range of 4.7-7.8%

for single layer wall and 1.7 - 5.2% for doubledayall assembly.

The average maximum temperature increase at thedfahe unexposed board (location D) and
at the back of the unexposed board (location E)ennsulated wall assembly (Table 4.3) were
generally lower than that of the uninsulated wadilfle 4.6) for all single and double layer wall
assemblies. The average maximum temperature ircegdbe front of the unexposed board of
the insulated single layer lightweight, regular &k X wall assemblies (Table 4.3) were
66.8%, 72.3% and 70.6%, respectively less thandhidie uninsulated wall assemblies (Table
4.6). The average maximum temperature increasedidck of the exposed board of the
insulated double layer lightweight, regular andetypwall assemblies were 68.4%, 68.5% and
90.8%, respectively less than that of the uninsdlatall assemblies. The average maximum
temperature increase at the back of the unexpazad lof the insulated single layer lightweight,
regular and type X wall assemblies (Table 4.3) v&& &%, 74.5% and 60%, respectively, less

than that of the uninsulated wall assemblies (T4l8¢ The average maximum temperature
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increase at the back of the exposed board of theated double layer lightweight, regular and
type X wall assemblies were 33.3%, 19.3% and 90r8%pectively, less than that of the
uninsulated wall assemblies. The lower temperahaease at the front and back of the
unexposed board in the insulated wall assemblyéstd the fire protection provided by the

insulation in the wall cavity.
Experimental Results of Uninsulated Lightweight Wall Assembly Exposed to Different Heat Flux

Cone calorimeter tests of uninsulated wall assessldlontaining lightweight gypsum board were
conducted at 35, 50 and 75 kW/im order to determine the effects of heat flugufe 4.30
compares the effect of heat flux exposure on teatpex measurements in uninsulated

lightweight wall assembly.
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Figure 4.30: Temperature Measurements in Uninsiii@iegle Layer Lightweight Board Walll
Assembly Exposed to Heat Fluxes of 35, 50 and 7
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Comparisons of the average maximum temperatureaserat three locations within the
specimen for the uninsulated single layer lightweigall assembly exposed to 35, 50 and
75 kW/nt are shown in Table 4.8. From Figure 4.30 and TAl8eit is seen that higher

temperatures at all locations (A, D, E) were reedrtbr tests with higher heat flux exposures.

Table 4.8: Average Maximum Temperature IncreasesMiea at Three Locations During Tests
of Uninsulated Sinlge Layer Lightweight Wall Assdmab Exposed to Heat Flux of
35, 50 and 75 kW/Mm

Uninsulated Single Lightweight 12.5 mm (0.5 in.)Gypum Board Wall Assembly
Maximum Temperature Increase {C)
Heat Flux Back of exposed Front of unexposed Back of unexposed
Exposuzre board(s) (A) board(s) (D) board (E)
(KW/m*®)
Ave. () Ave. ©) Ave. (o)
35 337 15.1) | 235 (21.9) 781  (14.2)
50 573.8 (64.1) 553.2 (74.1) 188.9 (42.5)
& 679.6 @0) | 686.1 (6.2) 2586  (7.1)

4.5 CONE CALORIMETER, INTERMEDIATE AND FULL SCALE TESTS RESULTS

Full scale tests are often required to determiaditl resistance performance of wall and floor
assemblies formed with new materials and constcatiethods. These tests are very expensive
and time consuming and as a result of this, desngneers seek alternative solution in order to
save cost and time. The National Research Couh€ihnada (NRCC) developed an
intermediate scale furnace which is a simpler asd expensive test method and capable of
reflecting the full scale test results. Some rasoitthe intermediate and full scale tests of wall

assemblies conducted at the NRCC are comparedswiitie results of the cone calorimeter tests
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of wall assemblies reported in this Chapter in Fegut.32-4.36. The average furnace
temperature in the intermediate and full scaleofe#d very closely the CAN/ULC-S101-M89

[1] standard temperature-time curve which is sintitethe ASTM E 119 curve [3]. Figure 4.31
shows the heat flux-time distribution used in thenbces and that used in the cone calorimeter.
Table 4.9 compares the dimensions of the speciestad in the furnaces and cone calorimeter.
Results of single and double layer non-insulatetli assemblies tested in the furnaces and cone

calorimeter are compared below.

150 e
-
. - -
125 - 5 v
. wr _,."'-.'
e 100 - g e
- P
E -~ ;"
= 75 et
x o L
= Y
E '(’ "
= 50 - s Cone Calorimeter
o g
g 'a" / = : =|ntermediate Furnace
25 e ====Full Scale Furnace
I .
I
0 _F | | | )
0 20 40 60 80

Time (min)

Figure 4.31: Comparison of Heat Flux Distributiorthe Furnace and Cone Calorimeter.
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Table 4.9: Comparison of Cone Calorimeter, Inteniatedand Full Scale Wall Assembly
Specimens.

Cone Calorimeter

Specimen

Full Scale Specimen

[12]

Intermediate Scale

Specimen [15]

Gypsum Board

12.7 mm Regular

12.7 mm Regular

12.7 mm Regular

Wood Studs

9.25mm x 89 mm SPH

38 mm x 89 mm SPF 38 mm x 899Am

Studs Spacing

101.6 mm O.C.

Single layer: (F-01)
400 mm O.C

Double layer: (F-04)

Double layer:

600 mm O.C.

600 mm O.C.

Screws 6D finishing nalils, Single layer : 41 mm| Double layer: 41 mm
2.33 mm diameter, long Type S drywall | long Type S drywall
with 20 mm minimum | screws screws
penetration depth Double layer: 41 mm

long Type S drywall
screws

Wall Size 111.1 mm x 111.1 mm

3048 mm x 3658 nrm 914 mm xraid

Full Scale vs. Cone Calorimeter Test - Single Layer Wall Test.

The results from cone calorimeter tests of singyet uninsulated regular gypsum board wall

assembly and that from the full scale furnacedéthte loaded single layer non-insulated regular

gypsum board wall assembly (test F-01) reporte®ditan et al [12], are compared in Figure

4.32. Figure 4.33 shows the temperature measursraetite unexposed side.
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Figure 4.32: Comparison Between Full-scale Furifast Results and Cone Calorimeter Tests
Results of Uninsulated Single Layer Regular Gyp&gard Wall Assembly.
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Figure 4.33: Comparison Between Temperature Measnts in Full-scale Furnace Test
Results and Cone Calorimeter Tests Results Fordutated Regular Gypsum
Board Wall Assembly (Unexposed side — E).
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Comparisons of the average maximum temperatureaserat three locations within the
specimen for the full scale tests and the coneicadter tests of uninsulated single layer regular
wall assembly are shown in Table 4.10. The avetiages for the temperature of the back of the
exposed board (A) to reach particular temperataresompared in Table 4.11 for the full scale

tests and the cone calorimeter tests of uninsukitege layer regular wall assembly.

Table 4.10: Average Maximum Temperature IncreagmBxre Measured at Three Locations
During Full Scale and Cone Calorimeter Tests ofnidulated Single Layer Regular
Gypsum Board Wall Assemblies

Maximum Temperature Increase {C)
Back of exposed Front of unexposed Back of unexposed
Type of Test board(s) (A) board(s) (D) board (E)
(°C) (°C) (°C)
Cone Calorimeter 423.2 287 4 93.1
Full Scale 718.5 639.5 102.9

Table 4.11: Average Time to Reach 100200C, 250C and Maximum Recorded Temperature

on Back of Exposed Gypsum Board Layer(s) in Ful&and Cone Calorimeter
Tests of Uninsulated Single Layer Regular GypsurarB&all Assemblies

Type of Test

Average Time to Reach Temperature on Back of Expode
Gypsum Board Layer(s) (Location A)

(s)

Maximum

100°C 200°C 250°C Temperature
Cone Calorimeter 300 646 756 1860*
Full Scale 420 835 910 1860*

*temperatures were still increasing at end of 18@80 min.) tests

143




I ntermediate vs. Full Scale vs. Cone Calorimeter Test - Double Layer Wall Test.

The results from cone calorimeter tests of a dolayler uninsulated regular gypsum board wall
assembly and that from a full scale furnace tetbaded double layer uninsulated regular
gypsum board wall assembly (test F-04) reporte&uldian et al [12], are compared in Figure
4.34. The results from cone calorimeter testsadzble layer uninsulated regular gypsum board
wall assembly and that from an intermediate saaieaice test of an unloaded double layer non-
insulated regular gypsum board wall assembly @e32) reported by Sultan et al [15], are
compared in Figure 4.35. Figure 4.36 shows the éeatpre measurements on the unexposed

side of the wall assemblies tested in the conericadber, intermediate furnace and the full scale

furnace.
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Figure 4.34: Comparison Between Full-scale Furifast Results and Cone Calorimeter Tests
Results of Uninsulated Double Layer Regular Gyp&gard Wall Assembly.
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Figure 4.35: Comparison Between Temperature Measemts in Intermediate and Cone
Calorimeter Tests Results of Uninsulated Singleet&egular Gypsum Board

Wall Assembly.
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Figure 4.36: Comparison Between Unexposed Side €eatyre Measurements in Full-scale
Furnace, Intermediate and Cone Calorimeter Testsl®eof Uninsulated Single
Layer Regular Gypsum Board Wall Assembly.
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Comparisons of the average maximum temperatureaserat three locations within the
specimen for the intermediate, full scale and theeacalorimeter tests of uninsulated double
layer regular wall assembly are shown in Table 4TH2 average times for the temperature of
the back of the exposed board (A) to reach padgidgimperatures are compared in Table 4.13
for the intermediate, full scale and the cone dadeter tests of uninsulated double layer regular

wall assembly.

Table 4.12: Average Maximum Temperature IncreagmBxre Measured at Three Locations
During Intermediate, Full Scale and Cone Calorim@tsts of Uninsulated Double
Layer Regular Gypsum Board Wall Assemblies

Maximum Temperature Increase (C)
Back of exposed Front of unexposed Back of unexposed
Type of Test board(s) (A) board(s) (D) board (E)
(°C) (°C) (°C)
Cone Calorimeter 354.2 239.9 60.8
Intermediate Scale 594.0 5450 73.2
Full Scale 879.0 874.0 95.0
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Table 4.13: Average Time to Reach 100200C, 250C and Maximum Recorded Temperature
on Back of Exposed Gypsum Board Layer(s) in Inteliate, Full Scale and Cone
Calorimeter Tests of Uninsulated Double Layer Reg@ypsum Board Wall

Assemblies
Average Time to Reach Temperature on Back of Expode
Gypsum Board Layer(s) (Location A)

Type of Test (s)

Maximum
100°C 200°C 250°C Temperature

Cone Calorimeter 1120 1874 2032 3600*
Intermediate Scale 1320 2130 2230 3600*
Full Scale 1250 1935 2020 2940

* temperatures were still increasing at end of 36Q60 min.) tests

The comparison between full scale, intermediatecam# calorimeter tests of uninsulated single
and double layer wall assemblies presented in Egydr32-4.36 show higher temperatures in the
cone calorimeter tests than in the full-scale tstshe first 20 — 25 min of exposure. The
temperature difference is larger for the singleetayall than the double layer wall assembly. The
higher temperatures observed for cone calorimests up to the first 20-25 min of exposure is
as a result of the higher heat flux of exposurégnécone calorimeter for the first 20-25 min as
shown in Figure 4.31. The temperature measurenfremtsthe intermediate and full scale tests
rise above that of the cone calorimeter tests @fie25 min of exposure as a result of the higher
heat flux of exposures than that of the cone caleter after this time (Figure 4.31). The
maximum temperature at location D in the full sdekt is 67.7% higher than the maximum

temperature at location A in the cone calorimetst.tA low percentage difference of 10% in

147



maximum temperature between the cone calorimetkfidhscale tests is observed for the

unexposed side (location E).

The full scale, intermediate scale and cone caletemtests results for double layer non insulated
wall assembly show a very good agreement for tiseé 20 to 25 min as seen in Figures 4.34-
4.36. The full scale and cone calorimeter testslt®$or the non-insulated double wall assembly
in Figure 4.34 are in good agreement at the unedssle (E) for up to 25 min of exposure. The
maximum temperatures at locations A, D and E ind4dkl2 shows a higher temperature in full
scale tests than the cone calorimeter tests fémadtions with a percentage difference of 51.7%
for location A and a percentage difference of 75f8#4ocation D. The maximum temperatures
on locations A, D and E in Table 4.13 also shovigadr temperature in full scale tests
compared to the intermediate and cone calorimesgs for all locations. The maximum
temperature in the intermediate scale test is 6 higfter at location A, 127.2% higher at
location D and 20.4% higher at location E thanrtteximum temperature in the cone
calorimeter test. The maximum temperature in thles@iale test is 148.2% higher at location A,
264.3% higher at location D and 56.3% higher aafion E than the maximum temperature in

the cone calorimeter test.

Generally the difference in temperature measuresneithin the wall assemblies in full scale,
intermediate scale and cone calorimeter testsasrasult of the difference in the incident heat
fluxes as shown in Figure 4.31 and the inabilitytef tests to adequately represent all of the
phenomena exhibited in large-scale wall assemidied) as the fire performance of joints in a
drywall system. From Figures 4.33 and 4.36, thexposed side temperatures showed a good
agreement even though the heat of exposures awlitioornof testing are different. This

demonstrates that cone calorimeter tests may avedtential to be used as indicators of the
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performance of wall assemblies in standard fulles@iee tests. Additional research is necessary

to develop scaling relationships for these tests.

4.6 SUMMARY OF CHAPTER

The experimental procedure, specimen and apparaagsto obtain results have been presented
in this Chapter. The heat transfer through smallesspecimens that are representative of
generic wall assemblies was investigated in thegptdr using the cone calorimeter and a
hotplate. Wall assemblies tested in the hotplatewgposed to a temperature of 80°C. Insulated
and uninsulated assemblies that use 12.7 mm (J/2egular and lightweight gypsum board, and
15.9 mm (5/8 in.) Type X gypsum board, were tegtetie cone calorimeter using an incident
heat flux of 35, 50 and 75 kW/ArTemperature measurements were dependent onpia eyl
number of layers of gypsum board used. Temperaincesased most rapidly in assemblies that
used lightweight gypsum board and most slowly seatblies that used Type X gypsum board.
Adding a second layer of gypsum board on eachdittee assembly reduced the maximum
temperature on the unexposed side by 53-61%. Butseobtained from cone calorimeter tests
of wall assembly specimen conducted in this studyevalso compared with similar intermediate

and full scale tests conducted at the NRCC.
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CHAPTER FIVE: COMPARISON OF NUMERICAL AND EXPERIMEN TAL RESULTS

In this chapter the numerical results presentedhapter Three will be compared to the

experimental results presented in Chapter Four.ni&ie comparisons in this chapter will

include the following:

comparison of hotplate experimental results witmarical results of wall assemblies
exposed to a fixed temperature boundary condition;

comparison of cone calorimeter test results wittmewical results for single layer regular,
lightweight and type X gypsum boards exposed teat flux of 75 kW/m;

comparison of cone calorimeter test results wittmaical results for double layer
regular, lightweight and type X gypsum boards erpds a heat flux of 75 kW/m
comparison of cone calorimeter test results wittmewical results for wall assemblies
that include single layers of lightweight gypsunalmbexposed to heat fluxes of 35, 50
and 75 kKW/rf;

comparison of cone calorimeter test results andemigad results for wall assemblies that
include single layers of regular and type X gypsward exposed to a heat flux of

75 kW/nf; and

comparison of cone calorimeter test results andemigal results for wall assemblies that
include double layers of lightweight, regular agdd X gypsum board exposed to a heat

flux of 75 kWinf.
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5.1. COMPARISON OF NUMERICAL AND HOTPLATE EXPERIMEN TAL RESULTS

The temperature profiles from the hotplate expeningiéscussed in Section 4.4.1 are compared
to the numerical results with constant propertied faxed temperature boundary discussed in
Section 3.3.1. Temperature profiles predicted leyrthmerical model and those measured in the

experiments for an exposure to’8tare presented in Figure 5.1 and 5.2.
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Figure 5.1: Comparison of Numerical and Hotplatpé&timental Results for Regular Gypsum
Wall Assembly.
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Figure 5.2: Comparison of Numerical and Hotplatp&timental Results for Type X Gypsum
Wall Assembly.

The tests conducted using the hotplate were usdétésmine the temperature profiles in the
wall assembly before major reactions begin. Thepnaerties at room temperature were used
in the model. This exercise was to evaluate theehaxd the choice of thermal properties at
room temperature. The results show a fair levelgseement between predicted and measured
temperatures. The variation between the numerichkaperimental results is expected to be
mainly a result of the variation in the hot plagenperature shown in Figure 4.11 (Section 4.4.1).
It was difficult to keep the temperature of thefiate constant at 80°C, as the knob was
controlled to get the desired temperature and adeature of about 80+7°C was achieved. The
uncertainty in thermal properties is also expetbdoe responsible for the differences between
numerical and experimental results. The effectsnalrtainty in thermal properties will be
discussed later in this chapter.
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5.2. COMPARISON OF NUMERICAL RESULTS AND CONE CALO RIMETER

TEST RESULTS OF GYPSUM BOARD.
Single Layer Gypsum Board
Temperature profiles on the unexposed side measiurgty the cone calorimeter experiments
in which single layer regular, lightweight and ty¥eypsum boards were exposed to a heat flux
of 75 kW/nf (Section 4.4.2) are compared with predictions masieg the numerical model

(Section 3.3.2) in Figures 5.3, 5.4 and 5.5, rethypaly.
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Figure 5.3: Comparison of Numerical and ExperimieR&sults at Unexposed Side of
(12.7 mm) Regular Gypsum Board
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Figure 5.4: Comparison of Numerical and ExperimeR&sults at Unexposed Side of 12.7 mm
Lightweight Gypsum Board
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Figure 5.5: Comparison of Numerical and ExperimeR&sults for 15.9 mm Type X Gypsum
Board

154



The results presented in Figures 5.3-5.5 indidsethe model is fairly successful in predicting
the expected temperatures profiles seen in theriexgetal results. While the model did a good
job of predicting the initial temperature increasel the steady-state portion later in the test, the
model is unable to predict the sudden rise in teatpee beyond 300°C for both regular and
lightweight boards as seen in Figures 5.3 andThi is likely attributed to moisture movement
within the 12.7 mm board which is not considerethis study. The sensitivity study conducted
in Section 3.4 also shows how changes in specd##t, thermal conductivity density of gypsum
boards affect the temperature profiles within tral@ssembly, and demonstrate how the
variation between the predicted and measured tanpes in Figures 5.3-5.5 is expected to be
largely as a result of the uncertainty in the therproperties used for the gypsum boards. As
noted in Chapter 3, the properties used in the medee largely taken from the literature, rather

than being measured for the specific materials uséus study.

Double Layer Gypsum Board

Temperature profiles at the interface and on thexposed side measured during the cone
calorimeter experiments in which double layer tagdightweight and type X gypsum boards
were exposed to a heat flux of 75 k\W/(Bection 4.4.2) are compared with predictions made

using the numerical model (Section 3.3.3) in Figuses, 5.7 and 5.8, respectively.
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Figure 5.6: Comparison of Numerical and ExperimeR&sults at the Middle (1) and
Unexposed Side (2) of Double Layers of 12.7 mm RegBypsum Board
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Figure 5.7: Comparison of Numerical and ExperimeR&sults at the Middle (1) and
Unexposed Side (2) of Double Layers of 12.7 mm tugight Gypsum Board
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Figure 5.8: Comparison of Numerical and ExperimieR&sults at Unexposed Side of Double
Layers of 15.9 mm Type X Gypsum Board
The results presented in Figures 5.6-5.8 agaicateithe model is fairly successful in predicting
the temperatures obtained in the experiment, eslheon the unexposed surface of the test
specimen. The variation in the temperature preshatnay once again be attributed to the
moisture movement within the gypsum boards andrgthgsical phenomenon not captured in
the model (e.g. release of hot gases from the sp@ecthrough the sample holder). The
temperature predictions at the interface of thed®ahow a very good agreement with the
experimental temperature profiles during the f&gt2 min of testing. The larger variation in the
temperature between the predicted and measurectatapes at the interface later in the tests
can be as a result of the contact resistance attéréace of the boards, and the fact that

phenomena such as burning of the paper at thidanteare not included in the model.
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5.3. COMPARISON OF NUMERICAL RESULTS AND CONE CALOR IMETER TEST
RESULTS OF WALL ASSEMBLIES

Lightweight Gypsum Board Wall Assembly

Temperature profiles within the wall assemblies snead during the cone calorimeter
experiments in which single layer lightweight gypshoard wall assemblies were exposed to
heat fluxes of 35, 50 and 75 kW/ifBection 4.4.2) are compared with predictions masieg
the numerical model (Sections 3.3.5 and 3.3.6)guares 5.9, 5.10 and 5.11, respectively. The
time at which the back of the exposed board reatB8s250 and 600°C and the maximum
temperature increase at the back of the unexpasad lof the wall assembly are presented in
Tables 5.1, 5.2 and 5.3 for lightweight wall assbesbexposed to 35, 50 and 75 kW/m
respectively.

Sngle Layer Lightweight Gypsum Board Wall
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Figure 5.9: Comparison of Numerical and ExperimieR&sults for Single Lightweight Gypsum
Wall Assembly Exposed to 35 kWfm
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Table 5.1: Comparison Between Experimental and &igal Results — Single Layer
Lightweight Gypsum Board Wall Assembly (35 kW/Exposure)

Experimental Numerical
Back of exposed
board(s)
A) Ave. (s) c (s)
Time to 106C 360 7.3 328
Time to 256C 912 6.3 800
Time to 606C 1108 9.2 1599
Back of unexposed
board
(E) Ave. (°C) G Ave. (°C)
Maximum 384 41 46.0
Temperature Increasge
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Figure 5.10: Comparison of Numerical and ExperiraeResults for Single Lightweight
Gypsum Wall Assembly Exposed to 50 kW§/m
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Table 5.2: Comparison Between Experimental and NisaleResults — Single Layer
Lightweight Gypsum Board Wall Assembly (50 kW/Exposure)

Experimental Numerical
Back of exposed
board(s)
Ave. (s) (o) (s)
(A)
Time to 106C 323 (27) 295
Time to 256C 700 (50) 678
Time to 606C 864 (40) 1152
Back of unexposed
board ) .
Ave. (CC) (o) "C)
(B)
Maximum 62.8 (0.9) 59.5
Temperature Increasge
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Figure 5.11: Comparison of Numerical and ExperiraeResults for Single Lightweight
Gypsum Wall Assembly Exposed to 75 kV§¥/m
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Table 5.3: Comparison Between Experimental and NigaleResults — Single Layer
Lightweight Gypsum Board Wall Assembly (75 kW/Exposure)

Experimental Numerical
Back of exposed
board(s)
Ave. (s) (o) (s)
(A)
Time to 106C 273 (28.3) 265
Time to 256C 585 (19.3) 573
Time to 606C 729 (15.1) 880
Back of unexposed
board . .
Ave. ("C) (o) ("C)
(B)
Maximum 55 (5.2) 74.2
Temperature Increasge

Double Layer Lightweight Gypsum Board Wall Assembly

Temperature profiles on the unexposed side measdueidg the cone calorimeter experiments
in which double layer lightweight gypsum board wadkemblies were exposed to 75 k/m
(Section 4.4.2) are compared with predictions megieg the numerical model (Section 3.3.6) in
Figure 5.12. The time at which the back of the egglbboard reaches 100, 200 and 250°C and
the maximum temperature increase at the back ainkgposed board of the wall assembly are

presented in Table 5.4.
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Figure 5.12: Comparison of Numerical and ExperiraeResults for Double Lightweight
Gypsum Board Wall Assembly Exposed to 75 k\i/m

Table 5.4: Comparison Between Experimental and NizaleResults — Double Layer

Lightweight Gypsum Board Wall Assembly (75 kWf/Exposure)

Experimental Numerical
Back of exposed
board(s)
Ave. (s c S
A) (s) (0) (s)
Time to 106C 908 (5.4) 975
Time to 206C 1644 (6.7) 2114
Time to 256C 1740 (11.7) 2156
Back of unexposed
board
(E) Ave. (CC) (o) "C)
Maximum 24.9 (3.5) 30.5*

Temperature Increas

e

*temperature still increasing at the end of 36@eGmin.)
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Regular Gypsum Board Wall Assemblies

Temperature profiles on the unexposed side measdueidg the cone calorimeter experiments
in which single layer regular gypsum board walleasslies were exposed to 75 kW/m

(Section 4.4.2) are compared with predictions megieg the numerical model (Section 3.3.6) in
Figure 5.13. The time to 100°C, 250°C and 600°eition A as well as the maximum

temperature increase at the back of the unexpasad KE) are presented in Table 5.5.
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Figure 5.13: Comparison of Numerical and ExperiraeResults for Single Regular Gypsum

Wall Assembly Exposed to 75 kW/m
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Table 5.5: Comparison Between Experimental and NigaleResults — Single Layer Regular
Gypsum Board Wall Assembly (75 kW#Exposure)

Experimental Numerical
Back of exposed
board(s)
Ave. (s c S
A) () (o) (s)
Time to 106C 302 (14.3) 301
Time to 256C 694 (18.8) 655
Time to 606C 843 (20.4) 990
Back of unexposed
board
(E) Ave. (°C) (o) (°C)
Maximum 57 (2.5) 71.3
Temperature Increasg

Double Layer Regular Gypsum Board Wall Assembly

Temperature profiles on the unexposed side measiurgty the cone calorimeter experiments
in which single layer regular gypsum board walleaskly were exposed to 75 kWifBection
4.4.2) are compared with predictions made usiegitimerical model (Section 3.3.6) in Figure
5.14. The time at which the back of the exposedduosaches 100, 200 and 250°C and the
maximum temperature increase at the back of thepased board of the wall assembly are

presented in Tables 5.6.
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Figure 5.14: Comparison of Numerical and ExperiraeResults for Double Layer Regular
Gypsum Wall Assembly Exposed to 75 kW/m

Table 5.6: Comparison Between Experimental and NisaleResults — Double Layer Regular
Gypsum Board Wall Assemblies (75 kW Exposure)

Experimental Numerical
Back of exposed
board(s)
Ave. (s c S
A) (s) (o) (s)
Time to 106C 957 (35.9) 1112
Time to 206C 1845 (33.4) 2417
Time to 256C 1920 (38.7) 2464
Back of unexposed
board
(E) Ave. (CC) (o) "C)
Maximum 21.3 (1.4) 24.0*
Temperature Increasg

*temperature still increasing at end of 3600 srf@0.) tests
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Type X Gypsum Board Wall Assemblies

Temperature profiles on the unexposed side measdueidg the cone calorimeter experiments
in which single layer type X gypsum board wall asbkes were exposed to 75 kW/m

(Section 4.4.2) are compared with predictions mesdeg the numerical model (Section 3.3.6)
in Figure 5.15. The time to 100°C, 250°C and 60&f @cation A as well as the maximum

temperature increase at the back of the unexpasad KE) are presented in Table 5.7.

Sngle Layer Type X Gypsum Board Wall Assembly
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Figure 5.15: Comparison of Numerical and ExperiraeResults for Type X Gypsum Wall
Assembly Exposed to 75 kWfm
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Table 5.7: Comparison Between Experimental and NisaleResults — Single Layer Type X

Gypsum Board Wall Assembly (75 kW#Exposure)

Experimental Numerical
Back of exposed
board(s)
Ave. (s c S
A) (s) (o) (s)
Time to 106C 444 (17.5) 449
Time to 256C 1010 (29) 1003
Time to 606C 1334 (7.3) 1562
Back of unexposed
board
(E) Ave. (°C) (o) (°C)
Maximum 37 (5.3) 57.8
Temperature Increasg

Double Layer Type X Gypsum Board Wall Assembly

Temperature profiles on the unexposed side measdueidg the cone calorimeter experiments
in which single layer type X gypsum board wall asbbes were exposed to 75 kWHiiSection
4.4.2) are compared with predictions made usiegitimerical model (Section 3.3.6) in Figure
5.16. The time at which the back of the exposeddosaches 100, 200 and 250°C and the
maximum temperature increase at the back of thepased board of the wall assembly are

presented in Tables 5.8.
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Figure 5.16: Comparison of Numerical and ExperiraeResults for Double Type X Gypsum
Wall Assembly Exposed to 75 kW/m

Table 5.8: Comparison Between Experimental and NisaleResults — Double Layer Type X
Gypsum Board Wall Assembly (75 kW#Exposure)

Experimental Numerical
Back of exposed
board(s)
Ave. (s c S
A) (s) (o) (s)
Time to 106C 1538 (19.8) 1701
Time to 206C 3049 (63.8) *
Time to 256C 3167 (81.02) o
Back of unexposed
board
(E) Ave. (CC) (o) (e}
Maximum 226 0.3) 3.3
Temperature Increasg

** Temperature not attained
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Discussion

The comparisons between the numerical and expetain@me-temperature profiles for single
layer wall tests in Figures 5.9-5.11, and Figurd8%&and 5.15 further validates the finite
difference model as the agreement between expetafremd numerical results is reasonably
good at all locations. The larger variations betwt® temperature predictions made using the
model and the experimental results at locationadB@ are attributed to the difficulty in keeping
the thermocouple at the exact position predictethbymodel as a result of the loose nature of
stone wool insulation. Tables 5.1-5.3, Table 5& a7 give information about the predicted and
measured times to 100°C (calcination), 250°C ar@iG(fall off of exposed gypsum board) at
location A for all wall tests. The agreement betw#e numerical and experimental results
(single wall) for the calcination of the gypsumegictions to 100°C at location A), the time to
250°C, and the time to 600°C (fall off of the expdgypsum board) was reasonably good with a
percentage difference in the range of 0.3 -36%lidihe results in Tables 5.1-5.3, Table 5.5 and
5.7. Tables 5.1-5.3, Table 5.5 and 5.7 also gif@mation on the maximum predicted and
measured temperature increase at the back of #vgased board (E). The agreement was
reasonably good with a percentage difference imdhge of 5-43%.

The comparison between the time-temperature psofil@xperimental and numerical results for
double layer wall tests are presented in Figurg2,%.14 and 5.16.The predicted and measured
results show good agreement at the earlier stagéal(heating and calcination process) of the
tests but show a poor level of agreement aftecéth@nation process is complete. For all double
wall temperature predictions, the time for caldo@tvas overestimated by the model.

Tables 5.4, 5.6 and 5.8 gives information aboutithe to 100°C (calcination), 200°C and 250°C

at location A and the maximum temperature at loce for all wall tests. The comparison
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between the numerical and experimental resultshjéowall) for the calcination of the gypsum
(predictions to 100°C at location A) and predicida 200°C were reasonably good. The
percentage difference between predicted and mehtime to 100°C at location A for
lightweight, regular and type X gypsum board walembly is 7.1%, 15% and 10.1%,
respectively. The percentage difference betweedigieal and measured time to 200°C at
location A for lightweight and regular gypsum boavrall assemblies is 25% and 27%,
respectively. The percentage difference betweedigieal and measured time to 250°C at
location A for lightweight and regular gypsum boarall assemblies is 21% and 24.8%,
respectively. The predicted temperature at locatidor type X wall assemblies did not attain
200°C and 250°C. Tables 5.4, 5.6 and 5.8 alsoigfeemation on the maximum numerical and
experimental temperature increase at the backeofinlexposed board (E). The percentage
difference between predicted and measured maxireomératures at the unexposed side
(location E) for lightweight, regular and type Xgpum board wall assemblies is 10.1%, 20.2%
and 149%, respectively. This very high percentafijerdnce in temperature increase on the
unexposed side for the double layer type X gypsaardwall assembly is because the other
predicted temperatures in the wall assembly didmwease enough to cause the unexposed

temperature to rise.

The fact that the model was not as successfuladigting temperatures in the double layer wall
assemblies is expected, as the model had moreutiiis in predicting temperatures within the
specimens that contained two layers of drywall timgoredicting temperatures in the specimens

that contained only a single layer of drywall. Tesmparisons and possible reasons for the
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difficulties in predicting temperatures within ddelayers of drywall were discussed in

Section 5.2.

A major reason for the differences between alhefpiredicted and measured results was the
choice of thermal properties, which were taken ftbmliterature rather than being measured. In
particular the sensitivity study presented in S8c8.4 demonstrated that the thermal
conductivity, and to a lesser degree the specédat,iof the gypsum board had the largest effect
on the predicted temperatures. Comparing the figur&ection 3.4 with those in this section,
the magnitude of the differences between numeaicdlexperimental results are similar to the
magnitude of the differences in temperatures wherptoperties of the gypsum board were
changed.

The model was also unable to predict the tempe¥gteaks in Figures 5.3 and 5.4 which are
largely due to moisture movement which was not id@nsed in this thesis research. To
investigate the possible effect of the energy temassociated with moisture movement within
the wall assembly, the specific heat curve showRigare 5.17 was used in the model for
gypsum board. While most of this curve was basethemwalues used in the model, three points
at 159, 191 and 22@Q were introduced in order to look at the effedtsoluding negative

specific heat values in the model, as negativeegéue seen in some measurements reported in
the literature. The negative values represent @xotit reactions, or in this case, energy transfer
to the inner parts of the gypsum board as the m@is$ driven through the assembly. Using this
specific heat curve resulted in a better predictibthe temperature peak noticed in the gypsum
board tests shown in Figures 5.18 and 5.19. The=sdts are further evidence that in order to
obtain a better prediction of the temperature pFsfin wall assemblies the correct thermal

property data and the effect of moisture movemeetrto be included in the numerical model.
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Figure 5.17: A Modified Specific Heat of Gypsum Bb&o Account for Energy Associated with
Moisture Movement
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Figure 5.18: Comparison of Numerical and ExperiraerResults at Unexposed Side of
Single Regular Gypsum Board (Using Specific Hedtigure 5.17)
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Figure 5.19: Comparison of Numerical and ExperiraeResults at Unexposed Side of
Single Lightweight Gypsum Board (Using Specific HieaFigure 5.17
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS

6.1. CONCLUSIONS
The following conclusions can be made as a redutis research.

* Temperatures predicted using the one dimensiomalumiion heat transfer model
developed in this study show a varying degree céegent with measured temperatures
for insulated single layer wall assemblies. Predicind measured times for temperatures
to reach 108C and 250C on the unexposed side of the gypsum board ldgsest to the
cone heater were generally within 10%. There wss dgreement between predicted and
measured times to reach 8Q0at this location, and the temperature increashen
unexposed side of the test specimen. The modeiatido a good job in predicting
temperatures in the insulated double layer walésdsl on these comparisons, it was felt
that the heat transfer model showed good potefiotigdredicting temperature in cone

calorimeter tests of wall assemblies, but more igweent work is needed.

» Experimental and numerical results demonstratetk¢inaperatures increased most
rapidly in assemblies that used lightweight gypswgard and most slowly in assemblies
that used Type X gypsum board. Adding a second lafygypsum board on each side of
the assembly reduced the maximum temperature amigrgposed side and insulated

wall assemblies provided better fire protectiomtbainsulated wall assemblies.

* The results of the sensitivity of temperature 0% changes to specific heat, thermal

conductivity and density of both gypsum board aode wool insulation showed that the
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thermal conductivity of gypsum board has the magticant impact on the predicted

temperatures with the specific heat of gypsum bbardng a significant impact as well.

In the comparison of cone calorimeter, intermedsaue full scale test results, the
temperatures on the back of the exposed gypsund lamak front of the unexposed board
showed good agreement up to the first 20-25 mexpbsure. The temperature on the
unexposed side of the assembly showed a good agnéeim to about 45-50 min of
testing even though the incident heat fluxes amdlitimns of testing are different. This
demonstrates that cone calorimeter tests may havedtential to be used as indicators of
the performance of wall assemblies in standardsitdle fire tests. One limitation is that
the cone calorimeter tests only used a heat fluBsdéW/nf, while the full scale tests

produce heat fluxes of up to 150 kW/m

6.2. RECOMMENDATIONS FOR FUTURE WORK

Based on the experiments, the following recommeodsitare made to improve cone calorimeter

tests of wall assemblies:

A temperature dependent cone calorimeter shoulgsed to simulate the temperature

distribution of the standard temperature time cuavel

More cone calorimeter tests of wall assemblies wirthilar gypsum board arrangement
and stud types as in the full scale tests shoultbbducted in order to develop a scaling

model.
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Based on the development of the numerical modelfdtiowing recommendations are made to

improve heat transfer models of wall assemblies.

The numerical model should be further improvedctdude the effects of moisture
movement across the wall section, structural fajland shrinkage of gypsum boards.

For example, a porous media model should be usdtidggypsum board and insulation.

The use of the differential scanning calorimeteB(@) should be employed to determine
the temperature dependent thermal properties afligyoard and insulation over a
large range of temperature so as to arrive attaryatediction of the experimental

results.

It should be noted that when the specimens wepeated after testing there was
evidence that the wood studs had partially burnethd the exposures. Therefore, this
phenomenon may need to be taken into account irelingdthese tests. While
temperatures of the wood studs were not recordétese tests, future tests may be

necessary to record this information for use inefigying numerical models.
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APPENDIX A

q@ *k* L *k* *kk
*kkkkkkkkkkkkkk

% COMPUTER CODE FOR SINGLE GYPSUM BOARD

q@ *k* L *k* *kk
% THIS COMPUTER CODE SOLVES ONE-DIMENSIONAL TRANSIRT HEAT CONDUCTION
% EQUATION USING A FINITE DIFFERENCE APPROACH.

g@************************************************** *hkkkkkkkhhkkkhhkkhkhhkkkhix

clc;
% Single Layer Gypsum Board

%PROPERTIES

L=0.0127*1; %thickness (SINGLE GYPSUM BOARD = 12.7 mm, DOUBLE = 12.7*%2)
St=5.669*10"-8; %stefan boltzmann constant

Tini = 30; %Initial temperature

Tamb = 30; % ambient temperature

Tout = 30; % outside temperature

Tcone = 894, % cone temperature (894 C for 75 kW/m2, 690C = 35

kW/m2, 780C = 50 kW/m2)

F=0.72; % view factor

hc=24, %convective heat transfer coeffient at the exposed side)
hco=5; % convective heat transfer coeffient at the unexpos ed side)
emo=0.9; % emmisivity

em=0.9; %emmisivity

% GYPSUM BOARD PROPERTIES = REGULAR GYPSUM BOARD

k=0.1683; %thermal conductivity at room temperature
p=645.7; % density at room temperature
Ccp=950; %specific heat at room temperature
%grid properties
N =8; % number of divisions (N+1 = total number of nodes)
dx = L/N; % thickness of each division
dtime=p*cp*dx"2/(2*hc*dx+2*k+2*em*St*dx*(Tini+273.1 5)73); % stability
criterion (max. time)
dt=dtime/4; % setting up for stability and timestep
tspace = (0:dt:3600)'; % time increaement and duration of test

[sp,sy] = size(tspace);

T = zeros(sp,sy); %Initialize temperature matrix
for j=2:1:sp;
n=N+1; % total number of nodes including surface temperatu res
T(1,1)=0;
for ny=1:n;
T(1,ny)=Tini;
end
for x=1:1:n
if x<=1; % FIRST NODE

% THERMAL CONDUCTIVITY
Tm1=(T(-1,x+1)+T(-1,X))/2;
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if Tm1<=90;
k1=0.1683;
elseif Tml1<=200;
k1=-0.00057*(Tm1-90)+0.1683;
elseif Tm1<=300;
k1=0.000055*(Tm1-200)+0.1056;
elseif Tm1<=600;
k1=0.0001283*(Tm1-300)+0.1111;
elseif Tm1<=700;
k1=0.000352*(Tm1-600)+0.1496;
elseif Tm1<=800;
k1=-0.000121*(Tm1-700)+0.1848;
elseif Tm1>800;
k1=0.000495*(Tm1-800)+0.1727;

end
% DENSITY
if T(-1,x)<=140;
p1=645.7;
elseif  T(j-1,x)<=250; %Regular

pl=-1.02725*T(j-1,x)+789.515;
elseif  T(j-1,x)<=720;
p1=-0.0137*T(j-1,x)+536.13;
elseif  T(j-1,x)<=800;
p1=-0.3632*T(j-1,x)+787.75;
elseif  T(j-1,x)>800;

p1=497.189;
end
% SPECIFIC HEAT
if T(-1,x)<=90;
cpl=950;

elseif  T(j-1,x)<=130;
cpl1=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cpl=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cp1=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cpl=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,x)<=600;
cpl=950;

elseif  T(j-1,x)<=680;
cp1=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cp1=-50.833*(T(j-1,x)-680)+4000;

elseif  T(j-1,x)>740;
cpl=950;

end

syms T1

EQ1= hc*(T(j-1,x)-Tamb)+F*em*St*((Tcone+27
F)*em*St*((T(j-1,x)+273)"4-(Tamb+273)"4)+k1*(T(j-1,
pl*cpl*(dx/2)*(T1-T(-1,x))/(dt);

[T1]=solve(EQL);

T(X)=T1;
clear T1
clear EQ1L
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clear k1l

clear pl
clear cpl
%INTERIOR NODES
elseif  x<n;

T21=(T(-1,x-1)+T(j-1,%))/2;

%conductivity

if T2l<=90;
k21=0.1683;

elseif  T2I<=200;
k2I1=-0.00057*(T21-90)+0.1683;

elseif  T2I<=300;
k21=0.000055*(T2I-200)+0.1056;

elseif  T2l<=600;
k21=0.0001283*(T2I-300)+0.1111;

elseif  T2l<=700;
k2|=0.000352*(T2I-600)+0.1496;

elseif  T2I<=800;
k2|=-0.000121*(T2I-700)+0.1848;

elseif  T2I1>800;
k21=0.000495*(T2I-800)+0.1727;

end

T2r=(T(j-1,x+1)+T(j-1,x))/2;

%conductivity

if T2r<=90;
k2r=0.1683;

elseif  T2r<=200;
k2r=-0.00057*(T2r-90)+0.1683;

elseif  T2r<=300;
k2r=0.000055*(T2r-200)+0.1056;

elseif  T2r<=600;
k2r=0.0001283*(T2r-300)+0.1111;

elseif  T2r<=700;
k2r=0.000352*(T2r-600)+0.1496;

elseif  T2r<=800;
k2r=-0.000121*(T2r-700)+0.1848;

elseif  T2r>800;
k2r=0.000495*(T2r-800)+0.1727;

end

% density

if T(-1,x)<=140;
p2=645.7;

elseif  T(j-1,x)<=250; %Regular
p2=-1.02725*T(j-1,x)+789.515;

elseif  T(j-1,x)<=720;
p2=-0.0137*T(j-1,x)+536.13;

elseif  T(j-1,x)<=800;
p2=-0.3632*T(j-1,x)+787.75;

elseif  T(j-1,x)>800;
p2=497.189;

end
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% specific heat

if T(-1,x)<=90;
Ccp2=950;

elseif  T(j-1,x)<=130;
cp2=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cp2=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cp2=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cp2=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,x)<=600;
cp2=950;

elseif  T(j-1,x)<=680;
cp2=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cp2=-50.833*(T(j-1,x)-680)+4000;

elseif  T(j-1,x)>740;

Ccp2=950;
end
syms T2
EQ2=k2I*(T(j-1,x-1)-T(j-1,x))/dx+k2r*(T(j- 1,x+1)-T(j-1,x))/dx-

p2*cp2*(dx)*(T2-T(j-1,x))/(dt);
[T2]=solve(EQ2);

T(,X)=T2;

clear T2
clear EQ2
clear k2l
clear k2r
clear cp2
clear p2

elseif x>=n;
T7I=(T(j-1,x-1)+T(j-1,x))/2;

%conductivity

if T71<=90;
k7=0.1683;

elseif  T71<=200;
k7=-0.00057*(T71-90)+0.1683;

elseif  T71<=300;
k7=0.000055*(T71-200)+0.1056;

elseif  T71<=600;
k7=0.0001283*(T71-300)+0.1111,

elseif  T71<=700;
k7=0.000352*(T71-600)+0.1496;

elseif  T71<=800;
k7=-0.000121*(T71-700)+0.1848;

elseif  T71>800;
k7=0.000495*(T71-800)+0.1727;

end

% density

if T(-1,x)<=140;
p7=645.7;
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elseif  T(j-1,x)<=250; %Regular

p7=-1.02725*T(j-1,x)+789.515;
elseif  T(j-1,x)<=720;
p7=-0.0137*T(j-1,x)+536.13;
elseif  T(j-1,x)<=800;
p7=-0.3632*T(j-1,x)+787.75;
elseif  T(j-1,x)>800;
p7=497.189;
end

% specific heat

if T(-1,x)<=90;
cp7=950;

elseif  T(j-1,x)<=130;
cp7=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cp7=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cp7=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cp7=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,x)<=600;
cp7=950;

elseif  T(j-1,x)<=680;
cp7=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cp7=-50.833*(T(j-1,x)-680)+4000;

elseif  T(j-1,x)>740;
cp7=950;

end

% STABILITY...

dtimel=p7*cp7*dx"2/(2*hco*dx+2*k7+2*emo*St

maximum time for instablity

dtl=dtimel/2;
syms T7

EQ7=K7*(T(j-1,x-1)-T(j-1,x))/dx-hco*(T(j-1

1,X)+273.15)"M-(Tout+273.15)M)-p7*cp7*(dx/2)*(T7-T

end

% OBTAIN RESULTS FROM MATLAB WORKSPACE (T).

[T7]=solve(EQT);

T(,X)=T7,
clear T7
clear EQ7
clear T7I
clear k7
clear cp?
clear p7
end
end

plot (tspace, T(:,n), -b' , 'LineWidth' ,3)
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APPENDIX A

q@ *kk * *k% *kk *k%
% COMPUTER CODE FOR INSULATED SINGLE GYPSUM BOARDAM. ASSEMBLY
q@ *kk * *k% *kk *k%

*hkkkkkkkhhkkk

% THIS COMPUTER CODE SOLVES ONE-DIMENSIONAL TRANSIET HEAT CONDUCTION
% EQUATION USING A FINITE DIFFERENCE APPROACH.

g@************************************************** *hkkkkkkkhhkkkhhkkhkhhkkkhix

%REGULAR WALL ASSEMBLY.....

%PROPERTIES

L=0.1143; %total thickness of wall in m (GYPSUM BOARD = 12.7 mm,
INSULATION CAVITY =89 mm)

St=5.669*10"-8; %stefan boltzmann constant

Tini = 24; %lnitial temperature

Tamb = 24; % ambient temperature

Tout = 24; % outside temperature

Tcone = 894, % cone temperature (894 C for 75 kW/m2, 690C = 35
kW/mz2, 780C = 50 kW/m2)

F=0.72; % view factor

hc=24; %convective heat transfer coeffient at the exposed
side)

hco=5; % convective heat transfer coeffient at the unexpos
side)

emo=0.9; % emmisivity

em=0.9; %emmisivity

% GYPSUM BOARD PROPERTIES = REGULAR GYPSUM BOARD

k=0.1683; %thermal conductivity at room temperature
p=645.7; % density at room temperature
Ccp=950; %specific heat at room temperature

%grid properties

N=72; % number of divisions (N+1 = total number of nodes)

dx = L/N; % thickness of each division
dtime=p*cp*dx"2/(2*hc*dx+2*k+2*em*St*dx*(Tini+273.1 5)73); % stability
criterion (max. time)

dt=dtime/7; % setting up for stability and timestep

tspace = (0:dt:10)"; % time increaement and duration of test

[sp,sy] = size(tspace);

T = zeros(sp,sy); %lnitialize temperature matrix
for j=2:1:sp;
n=N+1; % total number of nodes including surface temperatu res
T(1,1)=0;
for ny=1:n;
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T(1,ny)=Tini;
end

for x=1:1:n

if x<=1; % FIRST NODE
% THERMAL CONDUCTIVITY
Tml=(T(-1,x+1)+T(-1,X))/2;

if Tm1<=90;
k1=0.1683;
elseif Tm1<=200;
k1=-0.00057*(Tm1-90)+0.1683;
elseif Tm1<=300;
k1=0.000055*(Tm1-200)+0.1056;
elseif Tml1<=600;
k1=0.0001283*(Tm1-300)+0.1111;
elseif Tml<=700;
k1=0.000352*(Tm1-600)+0.1496;
elseif Tm1<=800;
k1=-0.000121*(Tm1-700)+0.1848;
elseif Tm1>800;
k1=0.000495*(Tm1-800)+0.1727;

end

% DENSITY

if  T(-1,x)<=140;
pl1=645.7;

elseif  T(j-1,x)<=250; %Regular
pl=-1.02725*T(j-1,x)+789.515;

elseif  T(j-1,x)<=720;
p1=-0.0137*T(j-1,x)+536.13;

elseif  T(j-1,x)<=800;
p1=-0.3632*T(j-1,x)+787.75;

elseif  T(j-1,x)>800;
p1=497.189;

end

% SPECIFIC HEAT

if T(-1,x)<=90;
cpl=950;

elseif  T(j-1,x)<=130;
cp1=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cpl=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cp1=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cpl=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,x)<=600;
cpl=950;

elseif  T(j-1,x)<=680;
cpl=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cp1=-50.833*(T(j-1,x)-680)+4000;

188



elseif  T(j-1,x)>740;

cpl=950;
end
syms T1
EQ1= hc*(T(j-1,x)-Tamb)+F*em*St*((Tcone+27 3)M-(T(-1,x)+273)M)-(1-
F)*em*St*((T(j-1,x)+273)"4-(Tamb+273)")+k1*(T(j-1, x+1)-T(j-1,x))/dx-

pl*cpl*(dx/2)*(T1-T(j-1,x))/(dt);
[T1]=solve(EQL);

T(,x)=T1,;

clear T1
clear EQ1
clear k1
clear pl
clear cpl

% INTERIOR NODES OF FIRST LAYER
elseif  x<9;

T21=(T(-1,x-1)+T(j-1,%))/2;

%conductivity

if T2l<=90;
k21=0.1683;

elseif  T2I<=200;
k2I=-0.00057*(T21-90)+0.1683;

elseif  T2I<=300;
k21=0.000055*(T2I-200)+0.1056;

elseif  T2I<=600;
k21=0.0001283*(T2l-300)+0.1111;

elseif  T2I<=700;
k21=0.000352*(T2I-600)+0.1496;

elseif  T2I<=800;
k2|=-0.000121*(T2I-700)+0.1848;

elseif  T2I1>800;
k21=0.000495*(T2I-800)+0.1727;

end
T2r=(T(j-1,x+1)+T(j-1,x))/2;

%conductivity

if T2r<=90;
k2r=0.1683;

elseif  T2r<=200;
k2r=-0.00057*(T2r-90)+0.1683;

elseif  T2r<=300;
k2r=0.000055*(T2r-200)+0.1056;

elseif  T2r<=600;
k2r=0.0001283*(T2r-300)+0.1111;

elseif  T2r<=700;
k2r=0.000352*(T2r-600)+0.1496;

elseif  T2r<=800;
k2r=-0.000121*(T2r-700)+0.1848;

elseif  T2r>800;
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k2r=0.000495*(T2r-800)+0.1727;

end

% density

if T(-1,x)<=140;
p2=645.7;

elseif  T(j-1,x)<=250; %Regular
p2=-1.02725*T(j-1,x)+789.515;

elseif  T(j-1,x)<=720;
p2=-0.0137*T(j-1,x)+536.13;

elseif  T(j-1,x)<=800;
p2=-0.3632*T(j-1,x)+787.75;

elseif  T(j-1,x)>800;
p2=497.189;

end

% specific heat

if T(-1,x)<=90;
Ccp2=950;

elseif  T(j-1,x)<=130;
cp2=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cp2=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cp2=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cp2=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,x)<=600;
cp2=950;

elseif  T(j-1,x)<=680;
cp2=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cp2=-50.833*(T(j-1,x)-680)+4000;

elseif  T(j-1,x)>740;

cp2=950;
end
syms T2
EQ2=K2I*(T(j-1,x-1)-T(j-1,x))/dx+k2r*(T(j- 1,x+1)-T(j-1,x))/dx-

p2*cp2*(dx)*(T2-T(j-1,x))/(dt);
[T2]=solve(EQ2);

T(,X)=T2;

clear T2
clear EQ2
clear k2l
clear k2r
clear cp2
clear p2

%FIRST IINTERFACE (GYPSUM-INSULATION)
elseif x==9;
%GYPSUM
TI1=(T(-1,x-1)+T(j-1,x))/2;
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if TI1<=90;
kl19g=0.1683;
elseif  T11<=200;
kl1g=-0.00057*(T11-90)+0.1683;
elseif  T11<=300;
kl1g=0.000055*(T11-200)+0.1056;
elseif  TI1<=600;
kl19=0.0001283*(T11-300)+0.1111;
elseif  TI1<=700;
kl19=0.000352*(T11-600)+0.1496;
elseif  TI11<=800;
kl1g=-0.000121*(T11-700)+0.1848;
elseif  TI11>800;
kl1g=0.000495*(TI1-800)+0.1727;

end

% density

if T(-1,x)<=140;
pl1g=645.7;

elseif  T(j-1,x)<=250; %Regular
pl1g=-1.02725*T(j-1,x)+789.515;

elseif  T(j-1,x)<=720;
pl1g=-0.0137*T(j-1,x)+536.13;

elseif  T(j-1,x)<=800;
pl1g=-0.3632*T(j-1,x)+787.75;

elseif  T(j-1,x)>800;
pl1g=497.189;

end

% specific heat

if T(-1,x)<=90;
cpllg=950;

elseif  T(j-1,x)<=130;
cpl1g=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cpllg=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cpl1g=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cpllg=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,x)<=600;
cpl1g=950;

elseif  T(j-1,x)<=680;
cpl1g=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cpllg=-50.833*(T(j-1,x)-680)+4000;

elseif  T(j-1,x)>740;
cpl1g=950;

end

% STONE WOOL INSULATION
if TI1<=101;
kl1i=0.036;
elseif Tl1<=194;
kl1i=0.000194*(T11-101)+0.036;
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elseif TI1<=297;
kl1i=0.0002135%(T11-194)+0.054;
elseif  T11<=396;
k11i=0.0004343*(T11-297)+0.076;
elseif  Tl1<=501;
kl1i=0.000447*(T11-396)+0.119;
elseif  TI1<=602;
kl1i=0.0007525*(T11-501)+0.166;
elseif  TI1>724;
kl1i=-0.0002869*(T11-602)+0.242;
elseif  TI1<=856;
kl1i=0.0001667*(T11-724)+0.207;
elseif  TI11>856;
kl1i=0.0004757*(T11-856)+0.229;

end
% density

pl1i=31.32;

% specific heat of INSULATION
cpl1i=700;
syms T3
EQ3=dx"2*(cpllg*pllg + cplli*plli)/((kl1g+ kILi)*dt)*(T3-T(j-1,x)) +

2*T(j-1,x) - 2*(kI1g*T(j-1,x-1)+(KI1i*T(j-1,x+1)))/ (kl1g+kI1i);

[T3]=solve(EQ3);
T(,X)=T3;
clear T3
clear EQ3
clear cpllg
clear kllg
clear KI1i
clear cplli
clear pllg
clear plli

% INTERIOR NODES OF SECOND LAYER
elseif X<65;
% CONDUCTIVITY OF INSULATION T

TA4l=(T(j-1,x-1)+T(j-1,x))/2;

if T4l<=101;
k41=0.036;

elseif T4l<=194;
k41=0.000194*(T4l-101)+0.036;

elseif  T4l<=297;
k41=0.0002135*%(T4I-194)+0.054;

elseif  T4l<=396;
k41=0.0004343*(T4I-297)+0.076;

elseif  T4l<=501;
k41=0.000447*(T4l-396)+0.119;

elseif  T4l<=602;
k41=0.0007525*(T4I-501)+0.166;
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elseif  T41>724;
k41=-0.0002869*(T41-602)+0.242;

elseif  T4l<=856;
k41=0.0001667*(T4l-724)+0.207;

elseif  T4I>856;
k41=0.0004757*(T4I-856)+0.229;

end

TA4r=(T(j-1,x+1)+T(j-1,x))/2;
if T4r<=101;
k4r=0.036;
elseif  T4r<=194;
k4r=0.000194*(T4r-101)+0.036;
elseif  T4r<=297;
k4r=0.0002135*(T4r-194)+0.054;
elseif  T4r<=396;
k4r=0.0004343*(T4r-297)+0.076;
elseif  T4r<=501;
k4r=0.000447*(T4r-396)+0.119;
elseif  T4r<=602;
k4r=0.0007525*(T4r-501)+0.166;
elseif  T4r>724;
k4r=-0.0002869*(T4r-602)+0.242;
elseif  T4r<=856;
k4r=0.0001667*(T4r-724)+0.207;
elseif T4r>856;
k4r=0.0004757*(T4r-856)+0.229;

end
% density
p4i=31.32;

% specific heat of INSULATION
cp4i=700;

%CHECKING FOR STABILITY
dat4 = (cp4i*pdi*(dx)"2)/(k4l+k4r);
dt4 = dat4;

syms T4
EQ4=kA*(T(j-1,x-1)-T(j-1,X))/dx+kAr*(T(j-

p4i*cpdi*(dx)*(T4-T(j-1,x))/(dt4);
[T4]=solve(EQ4);

T(,X)=T4;

clear T4
clear EQ4
clear k4l
clear kar
clear cpdi
clear p4i

%SECOND INTERFACE (INSULATION-GYPSUM)

elseif x==65;

1,x+1)-T(j-1,x))/dx-



TI2=(T(j-1,x-1)+T(j-1,x))/2;

% insulation.........ccceevveeviiiiinnnnns

if TI2<=101;
kl2i=0.036;
elseif TI2<=194;
kl2i=0.000194*(T12-101)+0.036;
elseif  TI2<=297;
kl2i=0.0002135*(T12-194)+0.054;
elseif  TI12<=396;
kl2i=0.0004343*(T12-297)+0.076;
elseif  TI2<=501;
kl2i=0.000447*(T12-396)+0.119;
elseif TI12<=602;
kl2i=0.0007525*(T12-501)+0.166;
elseif  TI2>724;
kl2i=-0.0002869*(T12-602)+0.242;
elseif  TI12<=856;
kl2i=0.0001667*(T12-724)+0.207;
elseif  TI2>856;
kl2i=0.0004757*(T12-856)+0.229;

end

% density
pl2i=31.32;

% specific heat of INSULATION

cpl2i=700;
%GYPSUM

if TI2<=90;
kl2g=0.1683;
elseif  TI12<=200;
kl2g=-0.00057*(T12-90)+0.1683;
elseif  T12<=300;
kl12g=0.000055*(T12-200)+0.1056;
elseif  TI12<=600;
kl2g=0.0001283*(T12-300)+0.1111;
elseif  TI12<=700;
kl12g=0.000352*(T12-600)+0.1496;
elseif  TI12<=800;
kl2g=-0.000121*(T12-700)+0.1848;
elseif  TI12>800;
kl2g=0.000495*(T12-800)+0.1727;

end

% density

if T(-1,x)<=140;
pl2g=645.7;

elseif  T(j-1,x)<=250;
pl2g=-1.02725*T(j-1,x)+789.515;

elseif  T(j-1,x)<=720;
pl2g=-0.0137*T(j-1,x)+536.13;

elseif  T(j-1,x)<=800;
pl2g=-0.3632*T(j-1,x)+787.75;
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elseif  T(j-1,x)>800;
pl2g=497.189;
end

% specific heat

if T(-1,x)<=90;
cpl2g=950;

elseif  T(j-1,x)<=130;
cpl2g=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cpl2g=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cpl2g=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cpl2g=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,x)<=600;
cpl2g=950;

elseif  T(j-1,x)<=680;
cpl2g=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cpl2g=-50.833*(T(j-1,x)-680)+4000;

elseif  T(j-1,x)>740;

cpl2g=950;
end
syms T5
EQ5=dx"2*(cpl2g*pl2g + cpl2i*pl2i)/((klI2g+ KI2i)*dt)*(T5-T(j-1,x)) +
2*T(j-1,x) - 2*(KI2i*T(j-1,x-1)+(kI2g*T(j-1,x+21)))/ (kI2g+kl2i);
[T5]=solve(EQ5);
T(,X)=T5;
clear T5
clear EQ5
clear cpl2g
clear kl2g
clear Kl2i
clear cpl2i
clear pl2g
clear pl2i

%INTERIOR NODES OF THE THIRD LAYER

elseif x<n;
%CONDUCTIVITY OF GYPSUM
T6l=(T(j-1,x-1)+T(j-1,x))/2;

%conductivity
if T6l<=90;
k61=0.1683;
elseif  T6l<=200;
k6l=-0.00057*(T61-90)+0.1683;
elseif  T6l<=300;
k61=0.000055*(T6l-200)+0.1056;
elseif  T6l<=600;
k61=0.0001283*(T6l-300)+0.1111;
elseif  T6Il<=700;
k61=0.000352*(T6l-600)+0.1496;
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elseif  T6l<=800;
k61=-0.000121*(T61-700)+0.1848;

elseif  T61>800;
k61=0.000495*(T6l-800)+0.1727;

end
T6r=(T(j-1,x+1)+T(j-1,x))/2;

%conductivity

if T6r<=90;
k6r=0.1683;

elseif  T6r<=200;
k6r=-0.00057*(T6r-90)+0.1683;

elseif  T6r<=300;
k6r=0.000055*(T6r-200)+0.1056;

elseif  T6r<=600;
k6r=0.0001283*(T6r-300)+0.1111;

elseif  T6r<=700;
k6r=0.000352*(T6r-600)+0.1496;

elseif  T6r<=800;
k6r=-0.000121*(T6r-700)+0.1848;

elseif  T6r>800;
k6r=0.000495*(T6r-800)+0.1727;

end

if T(-1,x)<=140;
p6=645.7;

elseif  T(j-1,x)<=250;
p6=-1.02725*T(j-1,x)+789.515;

elseif  T(j-1,x)<=720;
p6=-0.0137*T(j-1,x)+536.13;

elseif  T(j-1,x)<=800;
p6=-0.3632*T(j-1,x)+787.75;

elseif  T(j-1,x)>800;
p6=497.189;

end

% specific heat

if T(-1,x)<=90;
Ccp6=950;

elseif  T(j-1,x)<=130;
cp6=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cp6=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cp6=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cp6=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,x)<=600;
Ccp6=950;

elseif  T(j-1,x)<=680;
cp6=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cp6=-50.833*(T(j-1,x)-680)+4000;

elseif  T(j-1,x)>740;

%Regular
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Ccp6=950;
end

det6 = (cp6*p6*(dx)"2)/(k6l+k6r);
dt6 = det6/4;

syms T6

EQ6=K6I*(T(j-1,x-1)-T(j-1,x))/dx+k6r*(T(j- 1,x+1)-T(j-1,x))/dx-
p6*cp6*(dx)*(T6-T(j-1,X))/(dt6);

[T6]=solve(EQ®6);

T(,X)=T6;

clear T6
clear EQ6
clear kel
clear kér
clear cp6
clear p6

%LAST BOUNDARY NODE

elseif x>=n;
T71=(T(j-1,x-1)+T(j-1,x))/2;

%conductivity

if T71<=90;
k7=0.1683;

elseif  T71<=200;
k7=-0.00057*(T71-90)+0.1683;

elseif  T71<=300;
k7=0.000055*(T71-200)+0.1056;

elseif  T71<=600;
k7=0.0001283*(T71-300)+0.1111;

elseif  T71<=700;
k7=0.000352*(T71-600)+0.1496;

elseif  T71<=800;
k7=-0.000121*(T71-700)+0.1848;

elseif  T71>800;
k7=0.000495*(T71-800)+0.1727;

end

% density

if T(-1,x)<=140;
p7=645.7;

elseif  T(j-1,x)<=250; %Regular
p7=-1.02725*T(j-1,x)+789.515;

elseif  T(j-1,x)<=720;
p7=-0.0137*T(j-1,x)+536.13;

elseif  T(j-1,x)<=800;
p7=-0.3632*T(j-1,x)+787.75;

elseif  T(j-1,x)>800;
p7=497.189;

end

% specific heat
if T(-1,x)<=90;
cp7=950;
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elseif  T(j-1,x)<=130;
cp7=388.75*(T(j-1,x)-90)+950;

elseif  T(j-1,x)<=160;
cp7=-350*(T(j-1,x)-130)+16500;

elseif  T(j-1,x)<=190;
cp7=33.333*(T(j-1,x)-160)+6000;

elseif  T(j-1,x)<=220;
cp7=-201.67*(T(j-1,x)-190)+7000;

elseif  T(j-1,X)<=600;
cp7=950;

elseif  T(j-1,x)<=680;
cp7=38.125*(T(j-1,x)-600)+950;

elseif  T(j-1,x)<=740;
cp7=-50.833*(T(j-1,x)-680)+4000;

elseif  T(j-1,x)>740;
cp7=950;

end

% STABILITY...

dtimel=p7*cp7*dx"2/(2*hco*dx+2*k7+2*emo*St

maximum time for instablity

dtl=dtimel/2;
syms T7

EQ7=K7*(T(-1x-1)-T(-LX))/dx-hco*(T(-1

1,X)+273.15)"M-(Tout+273.15)M)-p7*cp7*(dx/2)*(T7-T

end

% OBTAIN RESULTS FROM MATLAB WORKSPACE (T).

[T7]=solve(EQT);

T(,X)=T7,
clear T7
clear EQ7
clear T7I
clear k7
clear cp7
clear p7
end
end

plot (tspace, T(:,n), “b' , 'LineWidth' ,2)
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*dx*(Tout+273.15)"3);

,X)-Tout)-emo*St*((T(j-
(-1,x))/(dtl);

%



