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Abstract

Plate thermometers for estimating incident radiative flux were investigated using a
range of experiments: cone calorimeter tests, furniture calorimeter tests using a burner
or a mattress as the heat source, and ISO room experiments also using a burner or a
mattress as the heat source. A series of experiments in the ISO room were also
performed with the door of the ISO room sealed off. The results from these
experiments and the subsequent analysis are summarised in this report.

Overall reasonable agreement was found between Gardon gauge results and the
estimates of incident radiative heat flux for steady sources of heat once the results of
each type of instrument reached a quasi steady state or when the heat source was
increased relatively slowly compared to a distinct stepped increase.

When considering the use of plate thermometers for non-steady state heat sources,
care must be applied when analysing and applying the results. For non-steady state
heat sources, it is recommended that particular aspects of the theory used in the
calculation of the estimated incident radiative heat flux be considered or an alternative
approach be developed. Such aspects include: the parameters affecting the response
time of the plate thermometer to a stepped change in heat source; the different errors
associated with the estimates based on plate thermometer temperatures for the initial
rise and then (when or if a quasi steady state value is reached) effective convective
and conductive coefficients for different orientations and local conditions; and observed
oscillatory behaviour of the recorded temperature data and subsequent incident
radiation estimates. This is discussed in detail in this report.

Experimental results were compared to Computational Fluid Dynamics (CFD) using the
Fire Dynamics Simulator (FDS) model predictions for an example 1SO room test. The
results showed reasonable agreement for the incident radiative heat flux.
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Nomenclature

Cpplate specific heat of the metal plate (J/kg K)

H onv effective convective heat transfer coefficient of the plate thermometer (W/m? K)
kpiate thermal conductivity of the metal plate (W/m?2 K)

Keona effective conduction heat transfer coefficient for the plate thermometer (W/m2 K)
Lpiate characteristic length of the plate thermometer (m)

draanec  Net radiation flux received at the surface of the plate (= q/aqinc — Qradreflect —
I
qrad,emit) (W/mz)

drad,inc incident radiation heat flux received at the surface of the plate thermometer

(W/m2)

Gradreflece NCident radiation heat flux reflected at the surface of the plate thermometer
(W/m2)

dragemic ©Mitted radiation heat flux from the surface of the plate thermometer to the
surrounds (W/mg2)

deonw convective heat flux from the hot surrounding gases to the surface of the plate
(W/m2)

dstore energy stored in the material of the plate per unit area of the surface of the plate
thermometer (W/m?)

deond conductive heat flux through the metal plate thickness (W/m?)

deond 1 conductive heat flux losses attributed to the geometry (length and width) of the
plate (W/m2)

deond,2 conductive heat flux losses to the mineral insulation (W/m?)

t time (s)

Tiocar gas  lOCal gas temperature (K)

Tinsiuation temperature of the backing insulation (K)

Tor temperature measured at the surface of the plate thermometer adjacent to the
mineral insulation (K)

T temperature at the surface of the plate thermometer adjacent to air (K)

Too ambient temperature (K)

Oplate thickness of the plate thermometer (m)

Eplate emissivity of the plate thermometer (dimensionless)

o Stefan-Boltzmann constant (5.669 x 10® W/m?2 K%

Pplate density of the metal plate (kg/m3)
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1.1

1.2

INTRODUCTION

Heat transfer to fire-exposed structures is a topic drawing broad interest. The fire
severity is central in estimating the thermal structural response during a fire event.
Suggested descriptions of fire severity have taken the form of:

e the integrated heat flux absorbed by a structure (Gross and Robertson 1965)
¢ the normalised heat load (Harmathy 1993), and
e the incident heat flux (Lennon and Silcock 2006).

In most cases heat flux has been identified as an important variable.

In this research project a few well-defined experiments were carried out where
temperature and heat flux are measured at locations around a heat source. The
thermal impact is measured at various positions by plate thermometers and Gardon
gauges.

The plate thermometer was chosen for the focus of this study to allow comparison of
results to other projects that were being conducted around a similar timeframe to
provide a more diverse set of data using a common measurement technique. Gardon
gauges were also used to allow comparison to the plate thermometer estimate of the
incident radiative heat flux.

In addition, an example is provided for this same thermal impact as calculated using a
Computational Fluid Dynamics (CFD) model, Fire Dynamics Simulator (FDS). This
example provides comparison of experimental results to modelled predictions.

Objectives
In summary, the objectives of the project that this report summarises were:

1. To determine by practical measurements the ability to quantitatively
characterise the thermal challenge of a fire independently of the presence and
response of a construction element using plate thermometers. The success of
the measurements of the thermal insult depends on how well these
measurements can be used to compute/predict the heat transfer to the exposed
specimens and the consequent temperature development of them.

2. To provide data to contribute to the evaluation, in cooperation with code
developers, of the ability of CFD codes to predict this thermal insult.

The objective of this report is to summarise the experimental set-ups used and results,
and to present the discussion of the analysis of these results in terms of the objectives
of the research project.

Scope

The focus of this project is on the use of plate thermometers to estimate the incident
radiative heat fluxes and to assess the appropriateness of these estimates and/or the
conditions in which the results would be appropriate using reduced scale testing.

The results from CFD modelling are used as an example for the comparison of
experimental results with modelled predictions.



2.1

2.2

SUMMARY LITERATEHREW

Heat flux measurement devices

Equipment for directly measuring heat fluxes included Gardon gauges and Schmidt
Boelter gauges, where the measured voltage is directly proportional to the heat flux
absorbed by the gauge And provides a continuous in-situ measurement.

The water-cooled Gardon gauge is of interest, since two were used in the experiments
and results were compared to plate thermometer estimates as part of this investigation.
Gardon gauges have a short response time (<1 s) and have been demonstrated to
reach a steady irradiance measurement within 10 s when subjected to fluxes of up to
100 kw/mz2 (Ballestrin et al 2006). Measurement error for a Gardon gauge is expected
to be approximately +10% (Pitts et al 2006).

Gardon and Schmidt Boelter gauges are relatively expensive and fragile in the
exposure conditions during a fire in a compartment. Therefore there is value in a
inexpensive, robust and accurate heat flux measurement device to withstand repeated
exposure to enclosed fire conditions. Alternative devices have therefore been
developed over the years.

Plate thermometers were developed in the 1980s by Wickstrom as a robust method to
indirectly measure the incident heat flux within furnaces. The use of plate
thermometers in full-scale fire resistance tests was suggested as a way to harmonise
the heat exposure for different fire furnaces (Wickstrom 1994). Assumptions about the
system were used to calculate the incident radiation from the plate thermometer
measurements. It was noted that the plate thermometers had a slower response than a
thermocouple. Assuming a linear heat transfer rate for a lumped parameter system for
the plate thermometer, the time constants were estimated as 40 s and 5 s for the plate
thermometer and the shielded thermocouple respectively (Wickstrom 1994).

Other heat flux measuring devices have been developed, such as a thermal
capacitance slug calorimeter (Pitts et al 2006) or devices utilising thin painted discs
with different emissivities, steel billets with embedded thermocouples along the major
axis, or a differential thermopile separated by a thin section of semiconductor insulator
(Lennon and Silcock 2006).

Experiments

2.2.1Plate thermometers

The published experiment results summarised here are for studies involving plate
thermometers.

Wickstrom (1994) reported on the use of plate thermometers and thermocouples in
furnaces for a range of standard heat exposure curves and for various international test
facilities. Conclusions included that using plate thermometers to control a furnace
according to the curve of an ISO 834 standard temperature to time plot would be
appropriate. The estimated time constant of the plate thermometer was suggested to
be negligible after 5min into the standard test, where the plate thermometer
measurement approximated the temperature of the standard curve.

Sultan (2006) investigated the impact of using either plate thermometers or shielded
thermocouples to drive a furnace to fit a temperature versus time curve. Plate
thermometer, shielded thermocouple and (water-cooled) Gardon gauge results during
standard fire resistance tests in the floor and wall configurations were compared. Six



tests were conducted in each configuration. Three duplicate tests were performed
using the shielded thermocouples to control the furnace (in accordance with (Can/Ulc-
S101-M89 1989)/(Astm E119-88 1995)) and three duplicate tests were performed
using the plate thermometers to control the furnace (in accordance with (ISO 834-1
1999) and (EN 1363-1 1999)). However heat flux estimates based on the plate
thermometer measurements were not directly compared to Gardon gauge
measurements. The temperature differences between the measurements of the plate
thermometers and shielded thermocouples were not significant. For both orientations of
the furnace tested, for approximately the first 8 min of each test, the average
temperature reported for the plate thermometers was slightly higher than the average
of the shielded thermocouples. Then the average temperature reported for the plate
thermometers was consistently (~5%) lower than the average of the shielded
thermocouples. The range of heat flux measured by the Gardon gauge was up to
approximately 150 kW/mz.

Ingason and Wickstrom (2007) presented theory for estimating the incident radiative
heat flux from plate thermometer measurements (Ingason and Wickstrom 2007;
Wickstrom 2004). As this theory is used as the basis for the estimation of incident
radiative heat flux in this study, details of this theory is presented in Section 3.2.1,
where it is used and discussed. Tests were performed in a cone calorimeter (ISO 5660
2002) over a range of incident heat fluxes from 10 to 45 kW/m?2 that were set using a
Schmidt Boelter gauge. A steady state temperature was reached within 2 to 3 min. The
test results were used to determine the correction factor related to conductive losses to
the surrounds of 5 W/m2K. Good agreement was found between the plate thermometer
estimates and the total heat flux measured by the Schmidt Boelter gauge (Ingason and
Wickstrom 2007).

The results for plate thermometers and Schmidt Boelter gauge measurements in pool
fires (nominally of 1, 2, 3.5 and 6 MW) and spray fire (nominally of 1, 2 and 3.5 MW)
scenarios were also reported by Ingason and Wickstrom (2007). The fire scenario tests
were at near steady state levels of heat release rate (HRR) and performed in free
burning (open) conditions. Heat flux measurement instruments were positioned 1 m
above the floor at 2 and 4 m from the fire. Comparison of Schmidt Boelter gauge
measurements and incident radiation estimates from plate thermometer measurements
provided a correction factor related to the conductive losses to the surrounds of
22 W/m2K. The higher correction factor associated with the pool and spray fire tests
than the cone calorimeter tests was attributed to greater convective cooling of the back
of the plate thermometer when in a vertical orientation.

Results for tests of free burning cartons recording plate thermometers and Schmidt
Boelter gauge measurements were also reported by Ingason and Wickstrom (2007).
Good agreement was reported for the comparison of Schmidt Boelter gauge
measurements and estimates of incident radiative heat flux from plate thermometer
measurements.

Wickstrom (2008) subsequently conducted tests in a ISO 9705 room with a constant
yield (of about 450 kW) gas burner located in the corner to investigate the use of plate
thermometers to measure Adiabatic Surface Temperature (AST) and the concept of
using AST for estimating the heat transfer to structural members. Two steel beams
were used in the tests with (welded and shielded) thermocouples measuring gas
temperatures around as well as within the beam. Temperatures within the beam were
measured using quick tip thermocouples that had been peened into drilled holes in the
steel beam. Plate thermometers were placed on all four sides of the beam. Tests were
performed with the instruments at three locations along the beam. Results of tests
indicated that after the first five minutes, the plate thermometer temperature is very
close to the AST even though the gas phase temperatures developed relatively fast.
Two-dimensional finite element calculations were performed. It was demonstrated that



plate thermometer measurements could be successfully used as boundary conditions
for the structural element calculations.

It was noted that future tests investigating the use of plate thermometer measurements
to be used in estimating structural element temperatures are planned to be carried out
in a fire resistance furnace (Wickstrom 2008).

2.2.2Roomscale heat flux measurements

Dillon (1998) used steel plates, with 32 thermocouples fixed to the unexposed surface,
to measure the heat flux to the walls and ceiling in ISO 9705 room/corner tests. The C-
1018 carbon steel plates were 1.2 x 0.6 m x 5 mm thick. Three plates were used on the
back wall (two above the burner and one beside) and two plates were located on the
ceiling over the burner. Propane burner HRRs from 100 to 300 kW were tested. During
each test gas temperatures and wall and ceiling surface temperatures increased, which
provided incident heat flux in addition to the burner, as shown in Figure 1 (Dillon 1998).
It was suggested that the measured heat flux could be corrected by removing
estimated room feedback effects to calculate the incident heat flux received from the
burner fire plume.
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Figure 1: An example of incident heat flux added from the room during a 100 and 300 kW
ISO 9705 room test. Extracted from (Dillon 1998).

Reduced-scale (0.95 x 0.98 m wide x 1.42 m high, 2/5-scale model of an ISO 9705
room) compartment fire tests were conducted to provide a database of comprehensive
and accurate experimental measurements that could be used to improve fundamental
understanding and modelling (Bundy et al 2007; Johnsson, Bundy and Hamins 2007).
Fifty-six combinations of the experiments were performed. Seven fuels were used
centrally in the compartment to produce approximately steady HRRs up to 400 kW.
Two water-cooled Schmidt Boelter heat flux gauges were located in the floor facing
upward and flush with the upper surface of the floor. The gauges were located
approximately halfway between the walls and the burner at either side of the burner,
one to the front of the enclosure and one to the back. Measurement uncertainty was
associated with calibration, soot and dust deposition, and movement of the gauge
surface to below the level of the floor. A conservative estimate of uncertainty was
suggested as +6%.

From experiment results, it was noted that fuels with high soot yields were associated
with high heat flux levels (>100 kW/m?2). For clean burning fuels, the heat flux was
noted to be relatively constant for HRRs greater than 200 kW. Heat flux measurements
greater than 150 kW/m?2 were recorded for under-ventilated toluene and some heptane
fires (Bundy et al 2007; Johnsson, Bundy and Hamins 2007). An example of the results



2.3

for total heat flux measurements at the floor locations during a heptane spray test is
included in Figure 2 (Bundy et al 2007). A summary of steady state measurements of
total heat flux to the floor location at the rear of the enclosure is shown in Figure 3
(Bundy et al 2007).
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Figure 2: An example of total heat flux gauge measurements located on the floor of the
enclosure using a heptane spray burner. Extracted from (Bundy et al 2007).
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Figure 3: Steady state total heat flux measurements from the rear floor location.
Extracted from (Bundy et al 2007).

Modelling

Compartment tests were performed with three types of steel members where the
results were compared to FDS (a computational fluid dynamics model) and ANSYS (a
commercial finite element package) estimations (Wickstrom, Duthinh and McGrattan
2007). Spray fires were used at approximately steady HRRs. FDS was used to
estimate ASTs that were then used in the ANSYS calculations. For unprotected and
protected steel elements, comparison of the FDS (using one-dimensional solid phase
heat conduction) and ANSYS (using three-dimensional analysis) results showed good
agreement in locations where uniform heating of the structural elements was expected.
Comparison of the FDS and ANSYS estimates to experimental results for the steel



temperatures showed reasonable agreement. Therefore the use of AST was assumed
to adequately transfer information to the finite element analysis. It was suggested that
from a numerical point of view, the use of the AST reduces the amount of data that is
required to be passed from a CFD model to a structural model.



HEAT TRANSFER MENME&EDRS

Plate thermometer construction

The plate thermometers were constructed in accordance with 1ISO 834-1 (1999) and
EN1363-1 (1999).

The plate thermometers are made from a 0.7+0.1 mm thick nickel alloy (INCONEL®
600) sheet. The 150 x 100 mm sheet is folded to form a plate thermometer with a face
of 100 x 100 mm, as shown in Figure 4.

A K-type thermocouple was secured to the centre of the back face of the nickel alloy

sheet by a small (25 x 6 mm) steel strip and two 2 mm diameter screws. A (97 x 97 mm

X 10 mm thick) pad of inorganic insulation mat er i al (Kaowool E VF b
behind the thermocouple.

The completed plate thermometer was conditioned by exposure in a fire resistance
furnace for the first 90 min of the standard time/temperature curve.

Dimensions in millimetres
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Figure 4: Schematic of the back and side of a plate thermocouple. Extracted from (ISO
834-1 1999) and (EN 1363-1 1999).



3.2 Modelling theory

3.2.1Estimation of the incident radiation for a plate thermometer

For the purposes of estimating the incident radiation that a plate thermometer is subject
to, following the same approach as Ingason and Wickstron (2007), the INCONEL® 600
plate is assumed to be infinitely long and wide (i.e. an infinite plate) in air on one side
and adjacent to mineral insulation on the other. A schematic of the assumed heat
transfer associated with a plate thermometer is shown in Figure 5. Where:

o Tor refers to the temperature measured at the surface of the plate thermometer
adjacent to the mineral insulation (K)

o T refers to the temperature at the surface of the plate thermometer adjacent to
air (K)

* §,1ate refers to thickness of the plate thermometer (m)

p

* Graanet = Gradinc — Gradrefiect — Grad.emic T€fErs to the net radiation flux received
at the surface of the plate (W/m2)

* druainc 'efers to the incident radiation flux received at the surface of the plate
thermometer (W/m?)

® draarefiect 'ETErS to the incident radiation flux reflected at the surface of the plate
thermometer (W/m?2)

* qruaemic 'efers to the emitted radiation flux from the surface of the plate
thermometer to the surrounds (W/m?2)

* §.ony refers to the convective heat flux from the hot surrounding gases to the
surface of the plate (W/m2)

* (itore refers to the energy stored in the material of the plate per unit area of the
surface of the plate thermometer (W/m2)

* q.,nq refers to the conductive heat flux through the metal plate thickness (W/m2)

* qconaq Fefers to the conductive heat flux losses attributed to the geometry (length
and width) of the plate (W/m?), and

* qeonaz refers to the conductive heat flux losses to the mineral insulation (W/m2).
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Figure 5. Schematic of heat transfer concerning a plate thermometer. Not to scale.

Balancing the energy for the situation shown in Figure 5 provides:
dtot = Gradnet + dconv = Acond + dstore + cond,1 + Acond 2
Equation 1
Which can be rewritten as:
Qradine — Aradrefiect — Arademit = Gcona T Astore + Acond,losses — Aconv
Equation 2

Where qgona10sses T€fErs to an estimate of the combined thermal losses attributed to the
plate geometry and the non-adiabatic properties of the mineral insulation.

1

<1 ) 4 01 =11 = 1
qrad,inc - (1 - gplate)qrad,inc - UTS = Ycond + qstore T qcond,losses — qconv
Equation 3

1

" _ vy Iy S 11 vy 4
qrad,inc - (qcond + qstore + qcond,losses - qconv) + JTS

splate
Equation 4

Where:

* &ate refers to the emissivity of the plate thermometer (dimensionless), and

* o refers to the Stefan-Boltzmann constant (W/m2 K%).
This is in agreement with the theory presented by (Ingason and Wickstrom 2007).

If it is assumed that the temperatures associated with the convection between the plate
and the surrounding gas and the conduction losses associated are ambient (T,,), then
Equation 4 can be rewritten as:



A (TPT + TS)

qyad,inc = kplate (TS - TPT) + pplateCP,platesplate + Kcona (TPT - Too)

Splate At

- Hconv(TS - Too)) + G'Tg-'

Equation 5
Where:

* kpiate refers to the thermal conductivity of the metal plate (W/m?2 K)

Ppiate T€fers to the density of the metal plate (kg/m?3)

Cppiate refers to the specific heat of the metal plate (J/kg K)

t refers to time (s)

K.ona represents an estimate for the combined conduction heat transfer
coefficients and path length for the conductive heat losses attributed to the
geometry of the plate and the non-adiabatic conditions of the mineral insulation
(W/m2 K), and

H.,ny represents the estimated convective heat transfer coefficient of the
Plate Associated with heat transfer from the surrounding hot gases to the plate
thermometer (W/mz K).

Where the heat transfer coefficient K.,nq IS estimated based on experimental results
for the calibration of the plate thermometers, and H,,,, iS estimated based on theory
for a horizontal plate exposed to natural convection (using the approach described by
(Ingason and Wickstrom 2007)), where:

vy
Te—T,)\ /4
H.opy = 4.0 (g) (Tg + T.,) 16

Lplate
Equation 6

Where Ly, refers to the characteristic length of the plate thermometer.

Furthermore assuming that the surface temperature of the plate is the same as the
temperature between the plate and the insulation (Ts = Tpy), then Equation 5 can be
rewritten as (Ingason and Wickstrom 2007):

i 1 ATpr 4
Qrad,inc = pplateCP,platesplate + Kcond (TPT - Too) - Hconv (TPT - Too) + O-TPT
splate At

Equation 7

In summary, the error associated with this approach is dependent on the assumptions:

e The surface temperature is the same as the temperature between the metal plate
and the backing insulation (Ts = Tpr),

e The convection heat transfer coefficient (H.,,,) can be estimated by a horizontal
plate under natural convection conditions (Equation 6) (although the
experiments performed here use the plate thermometers in a vertical orientation
and some mixing) resulting in localised turbulent flow, which is expected in the
ISO room experiments compared to a theoretically isolated plate,

e The local gas temperature is assumed to be ambient (Tlocal gas = DO),

10



e The temperature of the backing insulation is assumed to be ambient (T;,giuation =
TOO)v

e The loss of heat to the insulation and the non-one-dimensional heat transfer
through the metal Plate Can be estimated by an effective lumped conduction
heat transfer coefficient (K.,,q).- This lumped coefficient is assumed to be
temperature independent and is estimated using experimental data from a
calibration phase.

The impacts of these assumptions on the estimated incident radiation flux are
discussed in more detail in Section 8.5.

3.2.2Estimation of the incident radiation for a Gardon gauge

Gardon gauges absorb heat at a thin metallic circular section of foil. The heat is
transferred to the heat sink welded around the outer edge of the foil. The voltage output
is generated by a differential thermocouple, measuring the difference between the
temperature at the centre back of the foil and the foil edge. The voltage output from a

Gardon gauge is directly proportional to the absorbed heat flux (qibtcardon). The
absorbed heat flux by the Gardon gauge is:

i e i
qtot,Gardon - qrad,net,Gardan + qconv,Gurdon

Equation 8

1 —_ Al Al 1!
qtot,Gardon - qrad,inc,Gardon qrad,reflect,Gardon qrad,emit,Gardon + qconv,Gardan

Equation 9

7 o o1 4 !
Qiot,Gardon = Yrad,inc,Gardon — (1 - EGardon)qrad,inc,Gurdon - O-TGurdon,body + 9 conv,Gardon

Equation 10
This simplifies to:
Qtot.Gardon = Ecardonrad,inc6ardon — JTgurdon,body + 4 conv,Gardon
Equation 11
Therefore the incident radiation received by the Gardon gauge is:
i 1 0 4 gy
9radinc.Gardon = Ecardon (@totcardon + Tardonbody — onv,Gardon)
Equation 12
The calibration of the Gardon gauges assumes the form of:
Qrad,inc.Gardon = CcardonV Gardon
Equation 13

Where:
* (radnetGardon NEt radiative heat flux to the Gardon gauge

* Graainccardon INCident radiative heat flux to the Gardon gauge

Grad,reflect.cardon T€flECted radiative heat flux from the Gardon gauge

Grad.emit,cardon €Mitted radiative heat flux from the Gardon gauge

deonv,cardon CONVEction heat flux to the Gardon gauge, and

* Tiardonbody t€mMperature of the Gardon gauge copper, water-cooled body, which
is approximated by the cooling water temperature.

11



* Scardon FEfErs to the emissivity of the Gardon gauge, which is approximately 0.92
(64 Series, Hfm 2002),

* Veardon % Qtotcardon '€fErs to the output voltage of the Gardon gauge, and

* Csardaon refers to the calibration constant.

Therefore care must be taken when considering the results for small incident radiation
values where the absorbed heat flux (§{; garaon) iS Of the same order of magnitude as
the emitted radiation fux (dragemit.cardon = 0Tcardonbody ~ 0.6 kW/m?) or for high
incident heat flux scenarios where the influence of the convective component
(qonv Gardaon ) DECOMES significant (e.g. >> 55 KW/m?).
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4.1

MODELLING PLATEMOAHRT ER PARAMETEREYA

Nicketbased alloy properties

The nickel-based alloy used for the plate thermometers was INCONEL® 600. Average
emissivity values for INCONEL® 600 are presented in Table 1. The variation of the
specific heat of INCONEL® 600 with temperature is shown in Figure 6. The average
density, at 300 K, is presented in Table 2.

Table 1: Average emissivity values for INCONEL® 600.Extracted from (Inconel® Alloy 600
2008).

Temperature (K)
588 753 923 1088 1253 1363
As-rolled and oxidised® - 0.85 0.87 0.9 0.95 0.98
Sand-blasted and
oxidised" - 0.86 0.9 0.93 0.96 0.97
Notes:

& Oxidised by heating for 13 min in air at 1363 K.
® Oxidised by heating for 15 min at 1088 K, 15 min at 1253 K, and 15 min at 1423 K.

700
600 o A4
500 o2

400

300

200

Specific Heat (J/kg.K)

100

0 200 400 600 800 1000 1200 1400

Temperature (K)

Figure 6: Variation of INCONEL® 600 specific heat with temperature. Adapted from
(Inconel® Alloy 600 2008).

Table 2: Average material property values used for INCONEL® 600

Material Property INCONEL ® 600
Emissivity 0.85
Specific heat (J/kg.K)* 444
Density (kg/nt) * 8470

Note: * at a temperature of 300 K.
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4.2

Summary of parameter values used in analysis

A summary of the parameter values used in the analysis of the plate thermocouple
data is presented in Table 3.

Table 3: Example of the input parameters used in the calculation of the heat flux from
Plate A using INCONEL® 600 parameter values

Minimum Best Maximum
Plate emissivity
(£ptate) 0.8 0.85 0.9
Plate thickness
(8ptate) (Mm) 0.6 0.7 0.8
Plate density (ppiate)
(kg/m3) 8000 8500 9000
Plate Characteristic
length (m) 0.09 0.10 0.11
Effective thermal
conductivity
constant (Keond)
(W/m2.K) 0 4 5
Average specific
heat (Cpprate)
(kJ/kg.K) 300 440 500
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5.2

EXPERIMENTAHBET

Equipment

The measuring equipment used included:
1.K-type thermocouples
2.Plate thermometers
3.Gardon gauges.

The K-type thermocouples were located on the front surface of each cage for sample
material on the equipment trees (Figure 8). Thermocouples were also located on the
ceiling of the ISO room and the geometric centre, at the mid-point between the centre
and each wall, and over the centre of the burner. A thermocouple tree was located in
the corner of the ISO room.

The equipment trees consisted of three plate thermometers and three cages for sample
materials, as shown in Figure 7. The plate thermometers and cages were located on
equipment trees at 500, 1,000 and 1,400 mm from the floor. The trunk of the equipment
tree consisted of a stainless steel tube which was secured using clamps to a weighted
laboratory stand. Holes were drilled at appropriate heights for locating the plate
thermometers and cages using concrete reinforcing wire to attach the sensors
(Figure 8). Holes were also drilled in the back of the tube to pass thermocouple wires
through to provide protection.

The sample material used for these tests was cotton pads, as used for the testing of
integrity in accordance with (EN 1363-1 1999; ISO 834-1 1999). The cages for the
sample material were hinged at the top front for easy replacement of the specimen
between tests.

Gardon gauges were also located on two of the equipment trees using clamps to
position the gauge directly above any selected plate thermometer. Calibration was
performed using the cone calorimeter apparatus in the vertical orientation. Results for
the calibration coefficient values are shown in Figure 383 and average values used in
the analysis are presented in Table 15.

The 1SO room, according to ISO 9705 (ISO 9705 1993) (3.6 x 2.4 x 2.4 m high), was
used for a series of tests, with either a (300 x 300 mm) propane burner or a mattress
on a load cell located in a corner. The layout of equipment is described in Section 5.2.

Description of tests
Six types of tests were performed:
1.Calibration, using the cone calorimeter,
2.Investigation of the plate thermometer measurements and analysis,
3. Furniture calorimeter with a burner,
4. Furniture calorimeter with a mattress,
5.1S0O room with a burner in the corner,
6.1SO room with a mattress in the corner, and
7.1SO room with a mattress in the corner and the door opening sealed.
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Summaries of the lists of tests and description of the layout of equipment is presented
in this section. An example of results for each of the types of tests is included in

Section 6, with detailed results included in Appendix A.

A

1400 mm

i

Side View

Figure 7: Schematic of the equipment trees. Not to scale.
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Figure 8: Schematic of the plate thermometer and cage for sample material located on
the equipment trees. Not to scale.
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5.2.1Calibration

The response of the plate thermometers under the cone calorimeter was recorded for a
range of target radiation levels from 1 to 30 kW/mz2. Nine tests were performed in the
cone calorimeter with the plate thermometers in the horizontal orientation, with a target
incident radiation from 0.5 to 25 kW/mz2. A summary of the tests is presented in Table 5.
Five tests were performed in the in the cone calorimeter with the plate thermometer in
the vertical orientation, with a target incident radiation from 2 to 30 kW/m2. A summary
of the tests is presented in Table 4. Data was recorded at 1 s intervals.

Note that the target radiation level was set using a calibrated radiation gauge located at
the centre, at the same height as the surface of the plate thermometers. It is expected
that the radiation level delivered by the cone calorimeter varies over the radius from the
centre of the target area. This variation is +2% kW/m2 in the horizontal and
+10% kW/mz2 in the vertical directions, in accordance with (AS/NZs 3837 1998).

The range of heat flux values (e.g. Figure 89) and sensitivities (e.g. Figure 90) were
calculated using PERT distributed values for input parameters (of Equation 7 with
values presented in Table 3) using @Risk. The sampling of the input parameters was
performed using the Latin Hypercube technique with a randomly generated seed and
10,000 iterations were used to calculate the results.

Three plate thermometers were chosen for use in the horizontally-oriented calibration
tests. A range of surface finishes were chosen to assess the influence of surface
damage (from oxidisation or impingement of other molten materials from previous
tests). An image of the three plate thermometers is included in Figure 9. Only Plate A
was used in the vertically oriented tests.

Table 4: Summary of tests performed in the cone calorimeter in the vertical orientation

Test Number Target Incident Radiation
(kWim?2)
Test 1 29.5
Test 2 21.9
Test 3 15.9
Test4 6.6
Test5 2.2

Table 5: Summary of tests performed in the cone calorimeter in the horizontal orientation

Test Number Target Incident Radiation
(kW/m?2)
Test 1 25.0
Test 2 24.8
Test 3 19.0
Test 4 18.0
Test 5 14.8
Test 6 9.0
Test 7 3.5
Test 8 1.0
Test 9 0.5
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Figure 9: The three plate thermometers used in calibration tests.

5.2.2Investigation of plate thermometer setp

Seven tests were performed in the cone calorimeter on a plate that was modified with
the spot-welded thermocouples on the front (labelled as the surface thermocouple) and
back of the plate (labelled as the plate thermocouple, which is the location of the typical
set-up). A range of target incident radiation from 5 to 27 kW/m2 was used. Data was
recorded at 1 s intervals. The strip at the back of the metal plate, used to locate the
thermocouple, was not included for these sets of tests in order to assess the influence
of the uneven spread of plate thickness directly surrounding the plate thermocouple. A
summary of the tests is presented in Table 6.

Table 6: Summary of tests performed in the cone calorimeter with spot-welded
thermocouples on back and front of plate

Test Number Target Incident Radiation
(kW/m?2)
Test1 5.0
Test 2 7.2
Test 3 9.3
Test 4 14.4
Test5 194
Test 6 22.9
Test7 27.3

During the calibration tests, as listed in Table 5, some of the tests were performed with
one plate thermocouple located directly below the plate thermometer that was
subjected to the target heat flux. For example, during Test 3 of Table 5, Plate B was
placed on top of Plate A and then the stacked plates were taken from ambient
conditions to expose Plate B to the target heat flux at the appropriate distance from the
radiative coil. Therefore the plate on the bottom (Plate A in this example) was exposed
to the heat flux from the back of the top plate (Plate B in this example). This provided
an estimate of heat lost through the mineral insulation of the plate thermometer from
the comparison of the estimate of the heat loss component of the top plate from the
theory and the incident heat flux of the bottom plate.
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5.2.3Furniture calorimeter with a burme

Eight tests were performed in the furniture calorimeter with a gas burner. A summary of
the tests is presented in Table 7, where the orientation of the equipment trees is also
described. Data was recorded at 10 s intervals.

Table 7: Summary of tests performed under the furniture calorimeter using a gas burner

Test Equipment Tree Locations Heat Flux Gauge
Number Locations

Test1 All 4 at 1000 mm from centre of burner, A: 4bot

at0, 45, 90 & 135° B: not working
Test 2 All 4 at 600 mm from centre of burner, A: 4mid

at0, 45,90 & 135° B: not used
Test 3 All 4 at 600 mm from centre of burner, A: 4top

at 0, 45, 90 & 135° B: 2mid
Test 4 All 4 at 1500 mm from centre of burner, A: 4top

at 0, 45, 90 & 135° B: 2top
Test5 All 4 at 1300 mm from centre of burner, A: 4mid

1 diametrically opposite to 4 & 2 diametrically opposite to 3 | B: 2mid
Test 6 All 4 at 1000 mm from centre of burner, A: 4top

1 diametrically opposite to 4 & 2 diametrically opposite to 3 | B: 2top
Test7 All 4 at 1300 mm from centre of burner, A: 4top

1 diametrically opposite to 4 & 2 diametrically opposite to 3 | B: 2top
Test 8 All 4 at 1300 mm from centre of burner, A:4top

1 diametrically opposite to 4 & 2 diametrically opposite to 3 | B:2top

5.2.4Furniturecalorimeter with a mattress

Two tests were performed with a burning mattress under the furniture calorimeter. A
summary of the tests is presented in Table 8, where the orientation of the equipment
trees is also described. Data was recorded at 10 s intervals.

Table 8: Summary of tests performed under the furniture calorimeter with a burning

mattress
Test Number Equipment Tree Locations Heat Flux Gauge
Locations

Test 1 Each at 1 m from centre of | Not used
folded mattress
1: behind mattress
2: left hand side of mattress
3:in front of mattress
4: right hand side of mattress

Test 2 Each at 1 m from centre of | Not used

folded mattress

1: behind mattress

2: left hand side of mattress
3:in front of mattress

4: right hand side of mattress
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5.2.51S0O room with a burner in the corner

Six tests were performed in the ISO room using a gas burner in the corner of the room.
A summary of the tests and the orientation of the equipment is presented in Table 10.
Data was recorded at 10 s intervals.

The layout within the 1ISO room is shown schematically in Figure 10 for the situation of
the gas burner located in one corner. The distances shown are related to the location
of the centre pole of each of the four equipment trees. The locations are also described

in Table 11.
Table 9: Summary of tests performed in ISO room using a gas burner
Test Number Equipment Tree Locations Gardon gauge
Locations

Test1 Orientation A A: 4top

B: 2top

Test 2 Orientation A A: 4mid

B: 2mid

Test 3 Orientation B A: 4mid

B: 2mid

Test 4 Orientation B A: 4mid

B: 2mid

Test5 Orientation B A: 4mid

B: 2mid

Test 6 Orientation B A: 4mid

B: 2mid

Table 10: Descriptions of equipment tree orientations used in ISO room experiments

Stand Tree Equipment Tree Locations
Orientation Number (location of the centre of stand) (mm)
Radial Distance from Location Relative to the Bottom Left
Centre of the Burner Corner of the ISO Room
or Mattress (using orientation shown in Figure 10
and Figure 11) (x,y)
Orientation A 1 800 150,1480
2 2000 910, 620
3 2500 2200, 1200
4 3000 3115, 1900
Orientation B 1 1750 300, 500
2 2783 2150, 210
3 3383 3300, 730
4 3175 3470, 2160
Orientation C 1 1910 210, 2160
2 3210 3450, 500
3 2790 2350, 2080
4 3570 3470, 1790
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Figure 10: Schematic of various layouts of the equipment stands used within the
ISO room for the mattress tests in (a) Orientation A and (b) Orientation B. Not to
scale.

5.2.61SO roomvith a mattress in the corner

Six tests were performed in the ISO room where a mattress was burned in the corner
of the room. A summary of the tests and the orientation of the equipment is presented
in Table 11. Data was recorded at 10 s intervals.

The layout within the ISO room is shown schematically in Figure 11 for the situation of
the burning mattress on the load cell located in one corner. The distances shown are
related to the location of the centre pole of each of the four equipment trees. The
locations are also described in Table 11.
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Table 11: Summary of tests performed in ISO room using a mattress in the corner of the
room (with the door open)

Test Number Stand locations Heat Flux Gauge
locations
Test 1 Orientation C A: 4mid
B: 2mid
Test 2 Orientation C A: 4mid
B: 2mid
Test 3 Orientation C A: 4mid
B: 2mid
Test 4 Orientation C A: 4mid
B: 2mid
Test 5 Orientation C A: 4mid
B: 2mid
Test 6 Orientation C A: 4mid
B: 2mid

1 2401
800
2400 300
500 ISOO 300
v

Mattress on
load cell

Equipment trees

(Dimensions in millimetres)

Figure 11: Schematic of the layout of the equipment stands used within the ISO
room for Orientation C. Not to scale.

5.2.71SO room with a mattress in the corner and the room opening sealed

Four tests were performed in the ISO room with a mattress in the corner and the door
opening of the room was sealed during the test.

A summary of the tests is presented in Table 12. The orientation of the equipment trees
was Orientation C, as shown in Figure 11. In each test the Gardon gauges were used
in the same positions, directly above the plate thermometers located at the middle
height of equipment tree number 2 and 4. Data was recorded at 10 s intervals.
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Table 12: Summary of tests performed in ISO room using a mattress in the corner of the
room where the door opening of the room was sealed

Test Number Equipment Tree Locations Gardon gauge
Locations
Test 1 Orientation C A: 4mid
B: 2mid
Test 2 Orientation C A: 4mid
B: 2mid
Test 3 Orientation C A: 4mid
B: 2mid
Test 4 Orientation C A: 4mid
B: 2mid
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6. EXPERIMENT RESULTS

6.1 Calibrating plate thermometers

An example of the results of the tests used in the calibration of the plate thermometers,
as discribed in Section 5.2.1, is presented in this section. The incident radiative heat
flux was calculated using Equation 7, and the measured plate thermometer
temperature (Tpy) and best-fit parameter values summarised in Table 3, such that
Equation 7 can be rewritten as:

1 ATpp
Qrad,inc = m 8500 x 440 x 0.7 x At

+4(Tpr —To)

1
(Tpr — To) /a _ _
-4.0 (0_—1 (Tpr + Too) ®18(Tpr — To,) |+ 5.669 X 107 8T 3,

Equation 14

Detailed results are presented in Appendix A. Analysis of these tests is discussed and
presented in Section 7.1.

6.1.1Horizontal orientation Test 3
The target incident radiation level for this example was 19 kW/m2,

An example of the calculated heat flux based on plate thermometer measurements for

based on O6bestd i nput paB8)asmmirein Fguré 2 ifoetkeent ed i
three example plate thermometers tested. The plate thermometers were in the

horizontal orientation.

25
\ P
20 R —
£ 15 W
=
2
< 10
©
ks ——Plate A
Ee! -=-Plate B
e 5 u
= Plate G
—Target
0
0 100 200 300 400 500 600
Time (s)
(@)

24



¢ Plate A

Target

25

o
N

Lo o Lo
— —

/M) uoneipey uspiou|

400 500 600

300
Time (s)

(b)

200

100

® Plate B

—Target

25

o
Q]

Lo o Lo
— —

/M) uoneipey uspiou|

A

o

400 500 600

300
Time (s)

(c)

200

100

25



25

20 s W
€
g 15
c
9
3
8 10
nd
c
(]
i)
2 5 Plate G |
—Target
0
0 100 200 300 400 500 600
Time (s)
(d)
Figure 12: Calculated heat flux based on plate thermometer measurements for (a) all
plates tested, (b) Plate A, (c) Plate B and (d) Plate C, based on 6ébestd input

presented in Table 3, with a target radiation level of 19 kW/mz2,

6.1.2Vertical orientation summary

A summary of the results for effective thermal conductivity coefficient values for the

cone calorimeter tests performed with the plate thermometers in the vertical orientation
is presented in Table 13.

Table 13: Summary of results for the average effective thermal conductivity coefficient
calculated for tests performed in the cone calorimeter in the vertical orientation

Test Number Target Incident Radiation Effective Thermal Conductivity
(kwim?) Coefficient (W/m2.K)
Test1 29.5 4
Test 2 21.9 6
Test 3 15.9 8
Test 4 6.6 5
Test5 2.2 1
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6.2 Investigation of plate thermometer setp

An example of the results of the tests used to investigate the plate thermometer set-up
and the analysis used for estimating the incident radiation, as discussed in

Section 5.2.2, is presented in this section. Detailed results are presented in Appendix
A.

6.2.1Test 5
The target incident radiation for this example was 19.4 kW/mz,

The results for the estimation of incident radiation using the plate thermometer
temperature (located at the back of the plate only) and using the plate thermometer
and (front of plate) surface temperatures is shown in Figure 13. The difference in the
values of the estimated incident radiation using the two calculation methods (one using
one temperature measurement and the second using two temperature measurements)
is shown in Figure 14. The temperature difference between the plate thermometer
thermocouple and the surface thermocouple is shown in Figure 15. The results for the
radiative, convective, conductive and storage components for the estimation of the
incident radiative heat flux are shown in Figure 16. A comparison of the estimated
incident radiative heat flux calculated for a plate thermometer with a spot-welded
thermocouple on the back of the plate (target of 19.4 kW/mz2, Test 5) and a plate
thermometer with a thermocouple located by a strip of metal and two screws (target of
19 kW/m?, Tests 3 of Section 6.1.1) is shown in Figure 17.
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Figure 13: Estimation of incident radiation using the plate thermometer temperature only

and using the plate thermometer and surface temperatures, with a target incident
radiation of 19.4 kW/mz2.
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Figure 14: Difference in estimated incident radiation using the two calculation methods
(i.e. using the one temperature measurement at the back of the metal plate assuming

(Tg = Tpy), and using two temperatures i one at the front surface of the plate and the one
at the back surface of the plate thermometer assuming (Ts # Tpr)).
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Figure 15: Difference in measured temperature between the plate thermometer
thermocouple and the surface thermocouple.
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thermometer with a spot-welded thermocouple on the back of the plate (target of 19.4

kW/mz2, Test 5) and a plate thermometer with a thermocouple located by a strip of metal
and two screws (target of 19 kW/mz?, Test 3 of Section 6.1.1).
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6.2.2Test 3 of Section 6.1/Sectié2.1

An example of the cone calorimeter tests where one plate thermometer was placed
directly below the plate exposed to the target incident heat flux is shown in Figure 18.
In this example, Plate B was exposed to the target heat source (19 kW/m32) at the
standard distance, and Plate A was located directly below Plate B. The comparison of
the radiative, convective, conductive and storage components of the heat flux of
Plate B and the incident heat flux of Plate A is shown in Figure 19. In this example the
effective thermal conductivity associated with the losses to the mineral insulation was
4 Wim2K.

More detailed results are included in Appendix A.2.8.
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Figure 18: Cone calorimeter tests where Plate B is exposed to the target heat source
(19 kW/m?) at the standard distance, with Plate A located directly below Plate B.
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6.3 Furniture calorimeter experiments with burner only

Examples of the results of the tests using the furniture calorimeter and a propane
burner, as discussed in Section 5.2.3, are presented in this section. Detailed results are
presented in Appendix A.

6.3.1Testb

This furniture calorimeter example had all four equipment trees location at a distance of
1.3 m from the centre of the burner. The equipment trees were located diametrically
opposite to each other, where equipment trees 1 and 4 faced each other and
equipment trees 2 and 3 faced each other. The Gardon gauges A and B were located
directly above the plate thermometers located at the mid-height of equipment trees 4
and 2 respectively.

The HRR, as calculated by oxygen calorimetry and by the fuel mass flow rate of the
burner, is compared to the incident radiant heat flux calculated from Gardon gauge A
measurements in Figure 20. Where plate thermometers were in adjacent locations to
the two Gardon gauges, estimates of the incident radiative heat flux from plate
thermometer measurements were compared to the Gardon gauge measurements, as
shown in Figure 21. In this case the top plate location of equipment tree 4 and the
middle plate location of equipment tree 2 were directly below the locations of the
Gardon gauges.

For all the plate thermometer measurements at each location on each equipment tree,
the estimates of the incident radiative heat flux are shown in Figure 22 and the
temperatures over each of the adjacent sample materials are shown in Figure 23. For
clarity these results are shown for each of the equipment trees in Figure 24. The
estimated incident radiative heat fluxes at each of the heights above the floor are
shown in Figure 25.
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Figure 20: HRR, as calculated by oxygen calorimetry and by the fuel mass flow rate of the
burner, and incident radiant heat flux estimated from Gardon gauge A measurements.
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4 and (b) middle plate location of tree 2 from plate thermometer and Gardon gauge
measurements.
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Figure 22: Estimates of the incident radiative heat flux from the plate thermometer
measurements at each location on each tree.
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Figure 24: Thermocouple measurements and estimates of the incident radiation
calculated from plate thermometer measurements for each location on each equipment
tree: (a) tree 1, (b) tree 2, (c) tree 3 and (d) tree 4.

36



—o— Tree 1- Top Plate
5 —t+—Tree 2-Top Plate ||
—>—Tree 3 Top Plate
1‘E\ 4 Tree 4 Top Plate
: AN
c 3 >
K= o, S
a &
T 2
T I;
= P RN
% 1 —,\‘f‘%’?/o,m«%\*@‘*‘ - - A“» P
g - e cann
=0 : T
0 200 400 600 800 1000 1200 1400 1600
Time (s)
(a)
6
—aA— Tree 1- Middle Plate
5 —— Tree 2- Middle Plate ||
Tree 3 Middle Plate
R Tree 4 Middle Plate ||
£
z
= 3
2
3
g2
o
c
o 1 %
U EY VV VS
‘©
=4 |
0 —
0 200 400 600 800 1000 1200 1400 1600
Time (s)
(b)
6
—¥—Tree 1- Bottom Plate
5 ——Tree 2- Bottom Plate |
——Tree 3 Bottom Plate
E 4 Tree 4 Bottom Plate ||
<
c 3
.8
3
)
04
3 1 _Efw
(8]
2 g ‘:
Ez
400 600 800 1000 1200 1400 1600

Time (s)

(c)
Figure 25: Estimates of the incident radiation flux calculated from plate thermometer
measurements for the (a) top, (b) middle and (c) bottom locations of each of the
equipment trees.
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6.3.2Test 6

This furniture calorimeter example had all four equipment trees location at a distance of
1.0 m from the centre of the burner. The equipment trees were located diametrically
opposite to each other, where equipment trees 1 and 4 faced each other and
equipment trees 2 and 3 faced each other. The Gardon gauges A and B were located
directly above the plate thermometers located at the top-height of equipment trees 4
and 2 respectively.

Similarly as presented for Test 5 in the previous section, the HRR, as calculated by
oxygen calorimetry and by the fuel mass flow rate of the burner, is compared to the
incident radiant heat flux calculated from Gardon gauge A measurements in Figure 26.
Where plate thermometers were in adjacent locations to the two Gardon gauges,
estimates of the incident radiative heat flux from plate thermometer measurements
were compared to the Gardon gauge measurements, as shown in Figure 27. In this
case the top plate location of equipment tree 4 and the middle plate location of
equipment tree 2 were directly below the locations of the Gardon gauges.

For all the plate thermometer measurements at each location on each equipment tree,
the estimates of the incident radiative heat flux are shown in Figure 28 and the
temperatures over each of the adjacent sample materials are shown in Figure 29. For
clarity these results are shown for each of the equipment trees in Figure 30. The
estimated incident radiative heat fluxes at each of the heights above the floor are
shown in Figure 31.
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Figure 26: HRR, as calculated by oxygen calorimetry and by the fuel mass flow rate of the
burner, and incident radiant heat flux estimated from Gardon gauge A measurements.
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Figure 27: Estimates of the incident radiative heat flux at the (a) top plate location of tree

4 and (b) top plate location of tree 2 from plate thermometer and Gardon gauge
measurements.
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Figure 28: Estimates of the incident radiative heat flux from the plate thermometer
measurements at each location on each tree.
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Figure 29: Thermocouple measurements at each sample location on each tree.
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Figure 30: Thermocouple measurements and estimates of the incident radiation
calculated from plate thermometer measurements for each location on each equipment
tree: (a) tree 1, (b) tree 2, (c) tree 3 and (d) tree 4.

42



