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ABSTRACT

The heat conduction through lightweight roofs is modeled with melting and de-
composition processes involved. The derived set of equations is solved using

a numerical difference procedure, which has been enlarged widely for these
processes. The computer simulations for several roof assemblies are compared
with experimental results from large scale fire tests with flat lightweight
roofs exposed to point fire sources underneath the roof. The simulation
results show good agreement with data points as to the tendency of the curves.
The maximum temperatures reached show minor deviations from the test data and
give a good estimate for real situations. Differences among the curves are due
to scarcely known physical parameters with temperature and perhaps to some
simplifying assumptions whose validity will be studied in further work.

INTRODUCTION

The extent to which lightweight insulated steel deck roofs become involved in
a fire, esp. in large industrial premises, made it necessary to carry out
large scale fire tests with usual roof assemblies in addition to those tests
already mentioned in a literature review by Hofmann /1/. The test program was
planned with the intention to study the behaviour of a roof before flash-over
would occur in a fire test room. A series of six preliminary tests with rela-
tively small point fire sources had been performed by Brein and Seeger /2/ in
1977, while a subsequent test series of another eleven large scale fires with
higher fire loads up to 400 kg wood cribs was completed at the Fire Research
Station in Karlsruhe recently. These fire loads had been concentrated to a
small part of the total area of the fire test room. The final test report by
Brein and Seeger /3/ and the conclusions drawn herein have led to proposals
for a better design of roof assemblies towards a higher fire safety.

The tests were accompanied by an ad hoc committee of experts with the inten-
tion to have a test program carried out which would satisfy practical needs.
A summary of the committee's work is given by Becker et.al. /4/ while an
interpretation of the design proposals with exemplary sketches is found in a
paper from Federolf /5/.

Descriptions of the weather-protected test building with a total area of 83 n?
are found in /2,3/ . The roof assemblies included trapezoidally corrugated
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steel decks of thicknesses .75 mm to 1.13 mm supported by steel beams 4 m
above floor. These decks were covered by bituminous vapour barriers (which
were sometimes omitted) and several types of combustible and non-combustible
insulations of thicknesses ranging from 40 to 70 mm, depending on the indi-
vidual thermal conductivity k of the tested specimen. The reason for a choice
of several thicknesses was, that the product of the individual k times the
thickness of the relevant insulation board should be kept constant gnd equal
to that of expanded polystyrene foam with a bulk density of 20 kg/m~ and 50 mm
thickness. The insulation boards were then covered with two layers of bitumi-
nous roofing membranes according to technical rules. Further on in this paper
the term "roof assembly' is used for the compound above the steel deck.

The tests have shown, that there are two main influences on the fire behaviour
of lightweight roofs: the one is the construction itself, which comprises the
type of fastening the decks at the side laps with each other and upon the
supporting members or the design at the perimeter of the roof. As an example
of the provisions made for a late collapse of the steel deck we have used
rivets with a high melting point to fasten the steel decks to each other along
the laps. The other main influence with respect to the time-dependent increase
of surface temperature is the mechanical response of the insulation boards and
of the roofing membranes to the developing fire underneath the roof since thin
layers with relatively high thermal conductivity will lead to a faster increase
in surface temperature than will thick layers with a relatively low thermal
conductivity and so support ignition in an early stage of the fire.

Some insulations will melt at low temperatures of about 100 °C like expanded
polystyrene foam, others will keep their shape up to very high temperatures of
near 300 °C or more like mineral wool, others will show a behaviour like
urethane rigid foam which pyrolyses and cracks reducing its thickness conti-
nuously while the fire is going on underneath.

The results of the fire test series mentioned in /2,3/ are very interesting

but unsatisfactory as to the interpretation of the results for roofs with
thicker insulations as prescribed by recent technical and administrative rules
towards higher energy savings. Consequently, to diminish the costs for research
on the fire behaviour of lightweight roofs, a research program has been initi-
ated to calculate the time-dependent heat conduction through lightweight roofs
with several types of insulation boards while exposed to a fire source of
restricted area underneath. This work is being partially supported by the
"Stiftung Volkswagenwerk', a foundation of a motor-car factory in the Federal
Republic of Germany.

DEFINITION OF THE PROBLEM

The calculation of heat conduction through a lightweight roof exposed to fire
from beneath firstly requires several simplifying assumptions concerning the
governing mechanisms of heat transfer to and from the roof, i.e. the boundary
conditions must be adequately set but such, that they can be handled by a com-
puter program within a reasonable period of time.

In a real fire situation. the roof is being exposed to open flames or to the
fire plume from combustion of e.g. stored goods. In the early stages of a fire,
the main mode of heat transfer to the lower surface of the roof will be only
by convection but in case, that the fire has grown, radiative transfer from
open flames will perhaps become the dominant mode. The flames and hot gases
impinging on the lower surface of the ceiling are being bent to the hori-
zontal direction and flow out of the fire test room at a distance from the
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fire origin. It should be mentioned, that no ventilation openings had been
installed in the tests referred to above and that the only opening was at the
front side of the test room.

Heat passes through the steel deck by conduction. Depending on which cross-section
of the roof is being considered, heat is then transferred to the lowest layer of
the roof assembly by direct contact via the flanges or by radiation and by convecs
tion of horizontally flowing gases of decomposition inside the roof assembly via
the ribs to that part of the lowest layer of the roof assembly, which is placed
over the rib openings. The former heat conduction through the several layers of
the roof assembly can be evaluated, if the melting mechanisms of the vapour barrier
and the bituminous roofing membranes can be modeled. In addition the processes
taking place as the insulations are being thermally cracked or molten have to be
simulated. The processes considered lead to a reduction in shape and thickness

and may also result in a partial outflow of molten products into the rib section
of the steel deck if either no vapour barrier with a mechanically strong rein-
forcement is in use or if no vapour barrier is used at all. At the upper surface
of the roof, radiation may be neglected as long as the temperatures are consid-
erably lower than the ignition temperature of the roofing membranes. In this

case, heat transfer by free convection has to be considered as the only heat
transfer mechanism.

A lot of time-dependent temperature curves at several positions in the roofs has
been measured and a lot of other data is available from the fire tests for com-
parison. But there is still a lack of knowledge about the dependence of physical
parameters like the thermal conductivity k with temperature for most of the
building materials dealt with in this paper. Therefore the values used here are
approximations only on purpose to compare experimental with computed data. The
reason for missing data on physical values at high temperatures is clear for
materials commonly in use at room temperature.

THE MATHEMATICAL MODEL

Heat Conduction and Boundary Conditions

The mathematical model consists of the parabolic, partial-differential equation
for the time-dependent heat conduction in solids, the relevant modeled equations
for melting and thermal degradation processes and the boundary conditicns at the
lower and the upper surfaces of the roof assembly, respectively. The conventional
"Fourier'- equation models the heat balance of a solid volume element. In the form
used in this work, the equations that constitute the mathematical model are
written as follows:

[¢] oT 9 oT oT

This is the two-dimensional heat flow equation, which has no closed-form sclution
because of the temperature dependence of the thermal properties of the materials
used and also because of a nonlinearity of the boundary conditions. Among the
schemes available to solve equation (1) on a computer numerically it was trans~
formed into a set of difference equations. The well~known solution scheme will

be described in short later in this paper.

The initial and boundary conditions are deduced from the practical problem.
As an initial condition a unique temperature distribution was chosen in the
roof assembly as a whole and equal to the constant ambient temperature in the
test room before the ignition of the fire load.
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The melting and degradation processes with variation of thickness of the insula-
tion boards are modeled for one dimension in space. Consequently the description
of boundary conditions is restricted to the (vertical) y-direction of the coordi-
nate system. The boundary conditions at the lower surface of the roof depend on
the roof section which is to be considered, i.e. either the region above the
flanges or above the ribs of the steel deck. The first case comprises the deri-
vation of a total heat exchange coefficient for both convective and radiative
transfer to the steel deck and direct contact between the flange of the steel
deck and the roof assembly. The second case comprises both modes below the steel
deck and both modes between the ribs and the lower surface of the rodf assembly
as well.

For a comparison between the experiments and the computer results a thorough

study of the heat transfer underneath the steel deck can be omitted because of
test data available in the flange as well as in the rib region. The time-depen-
dent temperatures measured are used as input values for the following boundary
conditions at the lower surface of the roof assemblies, i.e. at the vapour barrier
and at the insulation board, respectively:

Given the steéel deck flange temperature, then

To= Teqn (t) . (2)

Given the temperature in the cavity of the ribs,then

aT
h (Tg(t) - TS) = -k [6_37}8 . (3)

The total heat transfer coefficient h in eq. (3) is the sum of the convective
and the radiative heat transfer coefficients. The latter is evaluated using a
zone method, see e.g. Hottel and Sarofim /6/.

At the interfaces between several layers of the roof assembly no special
considerations are needed. This arises from the fact, that

aT 8T
- Ky [-5}7]1 = -k [59-]2 . (4)

At the upper side of the roof the boundatry condition is given by an equation
similar to eq. (3) with the restrictions, that only convection needs to be
considered and that the ambient temperature is constant throughout the test
simulation:

-h(T(t)~T)=k[§-T—}. (3a)
s a oy s

The Melting Process

The melting process is modeled for the one dimensional problem. The consumption

of heat of fusion is a characteristic of melting processes and if the materials
are chemically pure ones, the other characteristic is a constant melting point

at the solid-fluid boundary. Considering the materials used for lightweight roofs
like bituminous roofing membranes or thermosetting expanded polystyrene foam (EPS),
the assumption of a fixed melting point is a strongly simplifying assumption.
Looking at the relevant roofing membranes a broad melting region will be found
caused by the large range of hydrocarbons asphalt is consisting of. In the real
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situation there arises an adequate difficulty with EPS which will firstly sinter
forming cavities and then melt. Modeling of such processes is difficult and there-
fore as a first approximation the materials were assumed as pure with fixed melting
points and a fixed heat of fusion. A reason for this simplification is the fact,
that melting processes during real fires will often take place in a small time
interval relative to the total duration of the test and so a too exact analysis
would have been outside the scope of this work.

The heat input from one side will result in a continuously advancing phase boundary
between the region still solid and the region already fluid of the specimen. Using
a heat balance at the boundary, an expression for the phase boundary propagation
velocity can be derived. As a simplifying assumption convection flows within the
molten materials are assumed negligible because of their small thickness. The phase
boundary itself is unable to store heat which leads to the following heat balance:

QUn = Your ¥ % : (5

The terms in eq. (5) for input, output and consumption, respectively, are as
defined in equations (6) to (8):

aT
4 = kfl F_J ' (6)

9 Jon, £1
oT
e B
out so |8y ph,so
dy
50
A = Hp Py LET_% ’ ®)

Combining equations (6) to (8) with eq. (5) results in an expression for the phase
boundary propagation velocity, which is a velocity term relative to the solid
region of the material:

dy
dtso T OH i kso[%] - kg [g‘ﬂ ) (%)
£ <] ph,so ph,fl

In case of a material with a great difference in the densities of the solid and
the fluid phases. respectively, the increase of the fluid phase is given by the
following equation (109

dyfl B Pso dyso (10)
dt dt :

Pey

A typical example is EPS, where the density of the fluid phase is about 50 times
the density of the solid phase.

Decomposition Kinetics

The pyrolysis and cracking of insulations of the urethane rigid foam type was
modeled in a conventional manner:

-E = (m-m (D) v (1D
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The temperature dependent reaction rate constant was defined as an Arrhenius-type
equation of first order:

v(T) = £ exp(-E/(RT)) . (12)
With the dimensionless mass loss defined as

m, - m
u = e , (13)

moo~- mg, _.
[o] fi,min

and the specific mass loss in case of a fully decomposed material as

m - mfi(T)
w(T) = —_— R (14)
o

and by combining equations (11) to (14) we derive the time-dependent dimensionless
mass loss rate as

du _ u(T) _
T %g;;: u] v{(T) . (15)

Using eq.(15) leads to a heat sink term by pyrolytic reaction which’ is to be sub-
stituted in eq. (1):

du Vo
L Hr Po ¥ . (16)
act

The ratio of the volumes in eq. (16) results from the definition of the heat sink
as per actual volume whilst the heat of the decomposition reaction is related to
the initial mass element before pyrolysis occurs.

In case of a one dimensional analysis a change in volume and thickness respecti-
vely can be easily achieved. With the mass of a volume element defined as

m = p Ax Ay Az , a7n

and if a change of thickness is restricted to one dimension of the coordinate
system, e.g. to the y- direction, the specific thickness can be expressed in
terms of the mass and density ratios:

Ay mu) / m

by, T o0 T e

(18)

The mass is a function of the dimensionless mass loss per definition. The density
value depends on the dimensionless mass loss as well and may be defined in terms
of a linear expression:

plu) = (1 - w) P * U gy - a9
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NUMERICAL SOLUTION

The numerical solution of eq.(l) with the boundary conditions and the expressions
for the melting and degradation processes described above was performed with the
Crank-Nicholson scheme for one dimensional appliances and with the Peaceford-
Rachman scheme in case of two dimensions. The mathematical schemes were adopted
from the literature, see e.g. Marsal /7/.

A short description of the solution procedure is concentrated upon the following
remarks: using the difference scheme, the continuous governing differential eq.(1l)
is converted to a set of linear algebraic equations for each time step. This set
of linear equations is formed by superposing.a grid to the material or compound
material in question and then by deriving the first and second order derivatives
of the temperature values at the discrete set of grid points. The grid points need
not to have a constant distance between each other. The distance is chosen vari-
able according to the necessities of stability of the numerical solution. The set
of equations thus derived forms a tridiagonal coefficient matrix which can be
solved using a simple, well~known mathematical algorithm. The solution of the
matrix leads to an array of temperature values and - in case of pyrolysis
reactions - to an array of density values at each node of the grid. These are in
turn used for the new difference quotients for a new time step and the resulting
set of equations is solved as before.

In case of incorporated melting processes we have included an automatic forward
time-step size such, that it can be diminished as soon as the melting point is
reached. By this we avoid melting of the whole layer of material within one time
step, which would bring down the accuracy of the computations. Details of the
time-step size choice are beyond the scope of this paper. A full description is
given by Brein /8/.

RESULTS

The comparison of selected experimental results with the corresponding computer
simulations is illustrated in Figs. 1-3 . In each of these figures the computer
predictions are represented as broken lines, and the experimental results as
continuous curves with symbols. The experimental curves are from the test report
mentioned above /3/. The position 'F', where the temperatures had been measured
using thermocouples, represents a region of the roof exactly above the fire source
with the highest temperatures reached during the tests.

The computer simulations were carried out using the one dimensional approach for
heat conduction through a roof assembly in the vertical direction. Horizontal
gradients were neglected because of the ratio of vertical to horizontal spacing.
Besides, the computations were restricted to one dimension, because melting pro-
cesses with flow out of material into the rib region of the roof were modeled for
this case only. The same is true for pyrolytic processes, where load bearing
roof insulations will shrink in vertical direction mainly.

For the computer simulations the following assumptions were used:

- The boundary condition at the lower side of the roof assembly is the time-
dependent heat flux at the position of thermocouple 'F2' in the cavity of the
ribs. Above the upper side of the roof the ambient temperature of the relevant
test date is chosen.

- Radiative transfer of heat from the gases within the rib region of the steel
deck is neglected. The heat transfer from the ribs at temperature 'F2*' to the
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roof assembly due to radiation is derived using the zone method referred to
above (see /5/).

- There is no heat loss of the gases within the rib section due to convective
flows in horizontal direction.

Fig. 1 shows the comparison of a mineral-fibre board experiment with the simulat
tion. In addition to the assumptions described above, the water vapour transfer
through the insulation board was neglected. Flowing out of 50% of the molten part
of the vapour barrier into the rib section was allowed. The trend of the computed
curves is towards the real (measured) situation, but there are still differences
among the curves, which can be explained with roughly approximated physical values,
and perhaps with influences, which arise from the positioning of the termocouples
during the tests or from water vapour in the mineral-fibre boards. The possible
reasons are numerous and it seems difficult to weigh them adequately without
thorough studies of each.

Fig. 2 shows the comparison of the EPS test with the computer simulation. With

the real behaviour of an expanded polystyrene foam and the approximation of
assuming a pure material in mind, the simulation result is rather good. The
authors suggest, that the differences might mostly be due to a fixed thermocouple
in the test and the formation of cavities within the insulation board, which might
lead to questionable data. Another reason is supposed to be unreliable physical
values at higher temperatures.
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FIGURE 1. Mineral fibre insulation FIGURE 2. Expanded polystyrene foam
with vapour barrier. with vapour barrier.

Fig. 3 shows the comparison of the urethane rigid foam test without vapour barrier
with the simulation. Some assumptions concerning the kinetic parameters were
incorporated in the simulations. These data were derived from small scale experi-
ments carried out in a laboratory oven to determine the Arrhenius-rate constant,
the activation energy and the final density. The heat of the decomposition reac=
tion was evaluated using the formetion enthalpies of plausible pyrolysis reactions.
Fig. 3 shows a fairly good agreement between test and simulation, esp. with
respect to the highest temperature value reached in the midst of the insulation
board ( thermocouple 'F4'). But there are still differences as to the time scale.

Fig. 4 shows the variation of the specific mass loss with vertical distance with
the time as parameter and thus demonstrates the degree of pyrolysis of the foam.
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FIGURE 3. Urethane rigid foam, FIGURE 4. Variation of mass loss with
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SUMMARY

The heat conduction through lightweight roofs is modeled with melting and decom-
position processes involved. The derived set of equations is solved using a
numerical difference procedure, which has been enlarged widely for these processes.
The computer simulations for several roof assemblies are compared with experimen-
tal results from large scale fire tests with flat lightweight roofs exposed to
point fire sources underneath the roof. Thesimulation results show good agreement
with data points as to the tendency of the curves. The maximum temperatures reached
show minor deviations from the test data and give a good estimate for real situ-
ations. Differences among the curves are due to scarcely known physical parameters
with temperature and perhaps to some simplifying assumptions, whose validity will
be studied in further work.

NOMENCLATURE

activation energy (J/mole)

heat of ... (J/g)

universal gas constant (J/(mole K))
temperature (K)

volume , volume.,element (m )

heat sink (J/(m” s))

heat capacity at conitant pressure (J/(g K))
frequency factor (s

heat transfer coeff1c1ent (J/(m s K))
thermal conductivity (J/{m s K))

mass (kg)

heat flux (J/(m s))

time (s)

dimensionless mass loss ( 7 )

reaction rate constant (s—

coordinate (m)

coordinate (m)
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z coordinate (m)

M specific mass,loss for a fully decomposed material ( - )
o density (kg/m™)
Subscripts

a ambient

act actual

c consumption

f ... fusion

fi final

£1 fluid phase

fla flange of steel deck
g gas

in input

max max imum

min minimum

o initial

out output

ph at phase boundary

r ... decomposition reaction
s surface

so solid phase
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