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ABSTRACT: Large-scale timber fire experiments commonly utilize solid-phase thermocouples inserted from the ‘back’
of the timber elements, perpendicular to the heated surface, to estimate charring rates and characterise the heat transfer
through the section. This thermocouple orientation can induce significant measurement errors, but it is often chosen due
to the difficulty of inserting thermocouples from the ‘side’ in large panels. This paper investigates an alternative method
of inserting thermocouples parallel to the heated surface in instrumented timber cylinders, which can be inserted into
larger panels. This method was applied in a large-scale timber compartment fire experiment and compared with
measurements from thermocouples inserted from the back. Thermocouples inserted from the back initially underpredicted
the charring rate and in-depth temperature rise, but this error decreased over time. By minimising the thermal disturbance
error, the instrumented cylinders provide more accurate temperature measurements during the early heating phase, but

over time, they can induce other errors unless they are specifically designed to avoid this.
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1 - INTRODUCTION

Temperature measurement is an integral part of many fire
experiments and standard tests. Solid-phase, gas-phase
and surface temperature measurements are all important
components in characterising the thermal environment
and response of specimens under investigation, and each
comes with its own unique challenges. In-depth
temperature measurements are extremely useful to
quantify  the thermal and thermo-mechanical
performance of solid materials during fire exposure from
bench-scale to large-scale experiments. As such, these
measurements are essential in evaluating the fire
performance of timber building elements.

Solid-phase temperature measurements in large-scale
experiments suffer particular limitations due to the
inherently challenging geometries. Nonetheless, these
experiments are fundamentally important in the
characterisation of fire dynamics [1-4], and a key part of
this is the measurement of in-depth temperatures to
characterise the solid-phase heat transfer [2—7].

For engineered timber materials, temperature
measurements may also be used to indicate char fall-off
or delamination of glued layers at elevated temperatures,

and to estimate the charring rate and heat transfer through
the section. For example, Emberley et al. [8] and Wiesner
et al. [4] used in-depth temperature measurements to
establish the energy balance at the charring front in
timber samples. Large-scale experiments are an essential
part of investigating these phenomena, because of the
close interactions and inter-dependencies between these
behaviours and the overall compartment fire dynamics
[3-6]. Furthermore, the influence of gravity and
mechanical stresses on char fall-off, combined with the
stochastic nature of this phenomenon, necessitate the
evaluation of larger geometries in configurations that
represent real construction.

This paper is based on the work of a PhD thesis on solid-
phase temperature measurement [9], with a particular
focus on the effects of different measurement techniques
when applied to large-scale fire experiments on cross-
laminated timber (CLT). This study examines the
temperatures measured by thermocouples following each
technique, with additional comparison to the actual
observed char depths, and provides recommendations for
improving the accuracy of these measurements.
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2 - BACKGROUND

Due to practical constraints, large-scale fire experiments
commonly include thermocouples (TCs) inserted from
the ‘back’ (unexposed side) of the construction materials
[2,6,7,10-12], perpendicular to the heated surface. In
general, this involves drilling a hole into the sample from
the back face — when it would be too far to drill from the
side — and inserting each thermocouple to the depth at
which the measurement is desired. Without correction,
this technique will result in a thermal disturbance when
the conductivity of the sample is lower than that of the
thermocouple, distorting the temperature measurement
[13-15]. The magnitude of this error depends on the
specific ~ material  properties, = geometries  and
thermocouple characteristics [13,15]. For timber and
laminated bamboo specimens, this error has been found
to result in significant underestimation of temperatures
and associated char depth estimates in the material during
heating [14,16,17]. However, even with a large error,
these measurements can be useful in identifying certain
phenomena that result in large or rapid temperature
changes, such as local ignition or extinguishment, char
fall-off, and failure of protective layers. Nevertheless,
techniques to correct or avoid these errors are highly
valuable in improving the absolute temperature
observations and analysis derived from them.

3 - PROJECT DESCRIPTION

As part of ongoing studies on fire dynamics and self-
extinction in mass timber compartments [4,5], a large-
scale fire experiment was conducted with an additional
goal of evaluating new temperature measurement and
correction techniques. The compartment was constructed
from CLT panels, with timber surfaces on two lateral
walls and the ceiling exposed. In-depth temperatures
through the CLT panels were measured on each of the
exposed surfaces by thermocouples inserted from the
back — to determine the charring rates, thermal gradients,
and char fall-off times.

Additionally, a new method for measuring temperatures
in large panels was developed, wherein a cylindrical core
was taken from the CLT panel and instrumented with
thermocouples inserted from the side — around the
circumference of the cylinder — at different distances
from the heated surface. This is an extension of the
approach used by Lange et al. [18] to instrument a brick
in the wall of a furnace with thermocouples running
parallel to the heated surface. This measurement
technique avoids the large thermal disturbance errors
induced by thermocouples inserted perpendicular to the
heated surface, by ensuring that a significant length of the
thermocouple wire near the tip runs along the same
isothermal plane. These instrumented cylinders are
similar to the samples used by Grenli in his bench-scale
experiments [19], and the plug-type sensors used by Dow
[20] and Brewer [21]. Maluk [22] also used similar
cylindrical samples to measure the temperature profiles
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in different materials, which were embedded in insulation
boards to ensure one-sided heating in standard furnace
tests and equivalent radiant exposures.

Rather than taking cores directly from the CLT
compartment panels, cylindrical samples were machined
from a spare supply of CLT from the same manufacturer,
with identical specifications. This approach allowed
greater control over the sample quality and dimensions.
These cylinders were then instrumented with
thermocouples and placed into holes bored through the
compartment panels.

4 - EXPERIMENTAL SETUP
4.1 COMPARTMENT DESCRIPTION

The internal dimensions of the CLT compartment were
3.15 x 3.15 x 2.70 m, with a single opening being a door
0.85m wide and 2.10 m high. The CLT panels that
formed the walls and ceiling were 125 mm thick radiata
pine, comprising three layers of 45-35-45 mm bonded
with Purbond HBS polyurethane adhesive. Two lateral
walls (‘B” and ‘D’) as well as the ceiling (‘E’) were
exposed, while the back wall (‘C”) and the front wall (‘A’
— incorporating the door) were both protected with two
layers of 13 mm thick fire-rated plasterboard. The mean
moisture content (MC) of the CLT panels ranged
between 10-14 %, based on drying small samples in an
oven at 103 °C [23]. A spare CLT cylinder that was not
used in the experiment was also oven-dried, revealing a
moisture content of 10.3 %.

A 1.0 x 1.0 m continuously fed kerosene pool in the
centre of the compartment provided the moveable fuel
load of approximately 3000 MJ. Flashover occurred 70
seconds after ignition of the pool fire. This was defined
as the instant at which the temperature of the smoke layer
exceeded 600 °C, based on the average of seven gas-
phase thermocouples distributed around the compartment
at 0.34 m below the ceiling. Due to sustained flaming on
the exposed CLT surfaces, the compartment continued to
burn for 41 minutes after ignition, until it was manually
extinguished. Further details of the compartment setup
are provided by Xu et al. [5].

4.2 INSTRUMENTATION

In the centre of each exposed CLT panel, eight
thermocouples were inserted from the back (unexposed)
side of the panel to distances of 5, 10, 20, 30, 45, 60, 80
and 100 mm from the internal heated surface. In this way,
thermocouples were located at each of the two glue lines,
and with a distribution that would allow interpolation of
temperature profiles throughout the experiment.

Mineral-insulated metal-sheathed thermocouples of type
K were used, with outer diameters of 1.5 mm. A CNC
router with a stepped drill-bit was used to drill all the
thermocouple holes, with a diameter of 2 mm for most of
the length except for the final 8 mm closest to the tip,



which had a diameter of 1.5 mm. This allowed easy
insertion of the thermocouples while still providing a
tight fit near the tip.

As shown in Fig. 1(a), the thermocouples inserted from
the back of the CLT were arranged in a circular cluster to
balance the competing desires to measure temperatures
from close to the same location and to avoid any thermal
interactions between them. This follows the approach of
Wiesner et al. [24,25] to ensure a tight arrangement of
measurement points while maintaining a minimum
separation distance between each point. This minimum
distance was set at 30 mm, based on the recommendation
of Reszka [26].

Instrumented CLT cylinders were inserted near the centre
of each exposed panel, 200 mm (centre-to-centre) from
corresponding clusters of thermocouples inserted from
the back of the panel. This spacing was chosen to avoid
any influence of the cylinder and surrounding insulation
on the heat transfer and char fall-off near the cluster. Two
cylinders (‘ES1” and ‘ES2’) were located on either side
of the central TC cluster on the ceiling, while one was
positioned near the centre of each of wall B (‘BS’) and
wall D (‘DS’). Schematics of the compartment are shown
in Fig. 1 (b)-(e), including the locations of clusters of TCs
inserted from the back of the CLT panels, and the
instrumented cylinders. An overall view of the inside of
the compartment is given in Fig. 1 (a).
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Figure 1. (a) arrangement of TC clusters inserted from the back, (b) plan view of compartment layout, (c) plan view of ceiling E, (d) front view, and
(e) elevation of compartment side walls B/D, with TC clusters (green/solid) and instrumented cylinders (blue/dashed) indicated.
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Fig. 2(c) is a diagram of the CLT cylinders, showing the
placement of thermocouples from the side of the sample
at each depth. The cylinders were 100 mm in diameter,
allowing the thermocouples to be inserted 50 mm in from
the side, parallel to the heated surface, with their tips at
the centreline of the sample. This sample size was chosen
to ensure a significant length of the thermocouple wire
could run along the same isothermal plane as the tip,
while also minimising the influence of boundary effects
on the measurements at the centreline of the sample.
Where the thermocouple wires exited the CLT, they were
bent back along the sample so that they would extend out
from the unexposed rear face of the panel. As shown in
Fig. 2(b), the cylinders and thermocouples were wrapped
in insulating ceramic paper and aluminium tape to protect
the thermocouples from direct exposure, and to fill the
gap between the cylinder and the surrounding panel.
Finally, the gap around the cylinder on the internal side
was covered with fire cement, and on the external side it
was sealed with high temperature resistant silicone.

S8 l:- - S - o‘l 1
Instrumented cylinders
Q

- = -

-

Distance from exposed surface

After the experiment, the CLT panels and cylinders were
cut into sections, so that the final char layer depths in
each could be measured.

5 - RESULTS AND DISCUSSION

As reported by Pope et al. [27,28], the gas temperatures
in the compartment grew rapidly following ignition of the
kerosene pool. As shown in Fig. 3, the compartment
temperatures reached a steady state with a median
between 1100-1200 °C, until most of the kerosene fuel
was exhausted around 17 minutes after flashover. After
this, gas temperatures gradually decreased for another
10 minutes, at which point char fall-off began to occur
over a large area of the exposed timber surfaces. This led
to another increase in the CLT burning rate and
associated compartment temperatures, until the fire was
manually extinguished 39.5 minutes after flashover
(40.7 minutes after ignition).
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Figure 2. (a) internal view of compartment with instrumented cylinders indicated, (b) instrumented CLT cylinders with and without a covering of
ceramic paper insulation and aluminium tape, and (c) diagram of an instrumented CLT cylinder.

https://doi.org/10.52202/080513-0036



Compartment Gas Temperatures

1400 T

1300 - 1

1200 -

400 L L . . . L
0 5 10 15 20 25 30 35

Time (min)

40

Figure 3. Median gas temperatures in the compartment, bounded by
the 25" and 75" percentile temperatures (shaded), from [27].

5.1 IN-DEPTH TEMPERATURES

In-depth temperature measurements from the centre of
each exposed CLT panel (wall B, wall D, and ceiling E)
are shown in Fig. 4(a), (c), and (e), with the
corresponding measurements from the instrumented
cylinders. As expected, there is a clear impact of the
thermal disturbance error on the results, but there are
further differences in the measurements that point to the
influence of each instrumentation method:

(1) At each depth, the initial temperature rise, up to
100°C, is more rapid for the side-inserted
thermocouples, which would be expected due to the
lower temperature disturbance error of these
measurements. However, the time at which temperatures
begin to rise for each depth in the CLT cylinders also
appears to be earlier, particularly at greater depths. This
would not seem to be explained by the same temperature
disturbance phenomenon, since this should not change
the time at which the thermal wave reaches each depth.

(2) The moisture evaporation plateau at 100 °C is far
more pronounced for the side-inserted thermocouples
and lasts for much longer. In many cases there is no
significant plateau for the thermocouples inserted from
the back, even though the moisture contents of the CLT
panels and cylinders were very similar (the MC of the
cylinders was at the lower end of the range for the
panels). Consequently, the impact of the temperature
disturbance error above 100 °C was not apparent in some
cases, as the faster initial temperature rise of the side-
inserted thermocouples was counteracted by the longer
moisture plateau.

It is not clear what is causing the differences in times at
which the temperature rise is first measured, or the
different sizes of the moisture plateaus for each
thermocouple orientation. It may be that edge effects
around the cylinders are accelerating the heat diffusion to
each depth, and the orientations of the thermocouple
holes may be creating different pathways for moisture to
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travel and/or accumulate along. Without more
information, it is impossible to say which measurements
are ‘more correct’ at each depth and time, or whether one
technique is inducing additional errors.

(3) After 25-30 minutes, pieces of char from the outer
lamella (45 mm thick) began to fall off in many locations.
This can be seen in the inflection and rapid increase in
temperatures measured by thermocouples inserted from
the back at this moment, as the insulation provided by the
char layer is lost and the rate of heat transfer to the
residual section is accelerated. For the CLT cylinders,
this char fall-off is inhibited by both the layer of ceramic
paper wrapped around the circumference and the side-
inserted thermocouples holding the char in place. Beyond
this time, the heat transfer conditions for the cylinders
and the rest of the CLT panel are no longer comparable.

(4) Thermocouples inserted from the back of the panel
may also prevent or delay char fall-off locally,
particularly when they are oriented horizontally (on the
walls). Post-fire images of thermocouples of both
orientations holding pieces of char in place can be found
in Fig. 6(a)-(d).

(5) Due to shrinkage of the charring wood, the rear-
inserted thermocouples eventually protrude through the
surface of the char to be exposed directly. This was not
necessarily the case for the side-inserted thermocouples,
because the surrounding char bent the parallel section of
the wire backwards as it shrunk. This deformation of the
thermocouples was likely facilitated by softening of the
sheath at high temperature. As a result, the tips of the
side-inserted  thermocouples moved during the
experiment, shifting further from the initial position of
the heated surface. This movement is a potential
complication for all thermocouples inserted parallel to
the heated surface of a shrinking (or swelling) material.
Photographs showing the bent thermocouple wires can
also be found in Fig. 6(a) and (b).

From these measurements, in-depth temperature profiles
were estimated by interpolation, using a shape-
preserving cubic hermite polynomial function in
MATLAB. Studies have shown the influence of the
chosen function on the interpolated results [24,29,30],
and this is most important when there is an inflection in
the temperature profile, since each thermocouple will
take only a point-measurement that provides no
information about nearby changes in gradient.
Consequently, the accuracy of the interpolated profiles at
lower temperatures is highly dependent on the location
and thickness of any moist region undergoing
endothermic evaporation that could create an inflection.
In the absence of this information, a smooth, shape-
preserving function was chosen to simply connect the
data points. These temperature profiles are shown for
intervals of 5, 15, 25 and 35 minutes after flashover in

Fig. 4(b), (d), and (f).
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Figure 4. Temperature histories and profiles measured by TCs inserted from the back (dashed) or from the side with instrumented cylinders (solid or
dash-dot) in (a)-(b) wall B, (c¢)-(d) wall D, and (e)-(f) ceiling E.

The in-depth temperature profiles also demonstrate the
effects noted in points (1)-(5) above. Initially, the
temperature profiles are consistently higher for the
measurements from the side, but this changes over time
due to the incidence of char fall-off between 25-
35 minutes for the rear-inserted measurements. The
temperature rise up to 100 °C is much faster for the side
measurements at all times, but at higher temperatures the
profile of measurements from the back exceeded that of
the side measurements in some cases. This was caused by
the difference in moisture plateaus for each measurement
technique, as described in point (2).
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5.2 CHAR DEPTHS AND HEATED DEPTHS

In-depth temperature profiles were calculated for every
10 seconds after flashover, and these profiles were used
to track the positions of the 300 °C and 60 °C isotherms
up until extinguishment, 39.5 minutes after flashover.
The former is commonly used to track the base of the char
layer, while 60 °C was semi-arbitrarily chosen to
represent the ‘heated depth’. By estimating the locations
of these isotherms at each point in time, the average
charring and ‘heating’ rates can be calculated by dividing
these depths by the time of exposure. These results are
shown in Fig. 5 for each exposed surface. In each of these
figures, the time is noted in minutes after flashover.
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Figure 5. Progression of 300 °C and 60 °C isotherms, and average charring and ‘heating’rates derived from TCs inserted from the back (dashed) or
from the side with instrumented cylinders (solid or dash-dot) in (a)-(b) wall B, (c)-(d) wall D, and (e)-(f) ceiling E.

As a result of the thermal disturbance error, the initial
charring rates are significantly higher for measurements
from the side than from the back, but this gap is greatly
reduced after the first 15-20 minutes. After 25-35
minutes, char fall-off near the rear-inserted
thermocouples accelerates the charring rate measured at
these locations, which eventually rises above that of the
cylinders. Due to the effects noted in points (1)-(5), it is
difficult to say which set of values are more ‘correct’ —
i.e., which are more representative of the values for a
CLT panel without any effects from the instrumentation.
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In any case, the measurements of the instrumented
cylinder are not representative of the rest of the panel
once char fall-off begins.

As shown in Fig. 6(e) and (f), the final char depths after
extinguishment were measured by cutting the CLT
panels and cylinders through the measurement points to
visually observe the thickness of the residual section.
These measurements are indicated in Fig. 5 and presented
in Table 1 along with the calculated char depths at
extinguishment (39.5 minutes after flashover).
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Figure 6. (a) instrumented cylinder protruding through a wall, (b) TCs in cylinder deformed due to char shrinkage, (c) TC cluster holding char in
place, (d) cylinders protruding from the ceiling, (e) residual section of a cylinder, and (f) measurement of char layer depths on a CLT panel.

The char layer in the CLT panels was not uniform but
‘wavy’ (see Fig. 6(f)), with significant variation due to
localised cracking or char fall-off. For this reason, the
char measurements for the CLT panels are presented as
ranges that represent the maximum and minimum values
in the immediate vicinity of the thermocouple cluster.
The char lines in the cylindrical samples displayed a
curvature towards the edge, likely due to the insulated
boundaries and shrinkage of the char creating a gap that
could enhance the heat transfer around the perimeter.

The measurements in Table 1 show that the final char
depth calculations from both thermocouple orientations
were reasonably accurate, with a maximum error of
11 %. Specifically, the measurements from side-inserted
thermocouples in three of the four cylinders were less
than 4 % off the measured values. For the fourth cylinder
(BS), the larger error may have been caused by a crack in
the char layer near the tip of the thermocouple at a depth
of 60 mm. This could have created a positive bias in the
thermocouple temperatures that would shift the
calculated profile. The calculated final char depths from
the rear-inserted thermocouples fall roughly in the
middle of the range of char depths observed near these
locations. This is consistent with studies that show the
thermal disturbance error decreasing over time [13-15].
However, for shorter exposure times, measurements from
the back are likely to underestimate the depth of the char
layer. In contrast, measurements from the instrumented
cylinders may become less representative for longer
heating times if they prevent char fall-off that would
otherwise occur.
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In all cases, the estimated position of the 60 °C isotherm
was markedly deeper for the measurements from the side,
typically by 10-15 mm. This is an important difference
when determining the ‘heated depth’, at which point the
mechanical properties would be assumed to deteriorate
significantly in a material such as wood.

While methods exist for correcting the thermal
disturbance error below the char layer [13-15], the
applicability of these methods is limited by the effects of
moisture on the heat transfer. The proposed correction
methods do not account for these effects, such as the
endothermic evaporation plateau, which can be very
significant (as shown in Fig. 4).

Table 1. Final char depths after extinguishment

Calculated | Measured Difference
Location | Orientation | ¢har depth | char depth
(nearest mm) | (nearest mm) | (mm) | (%)
Back (B) 75 70-80 -5-5 | -6-7
Wall B
Side (BS) 68 61 7 11
Back (D) 72 - - -
Wall D
Side (DS) 63 61 2 3
Back (E) 69 65-75 -6-4 | -8-6
Ceiling E | Side (ES1) |56 54 2 4
Side (ES2) |56 54 2 4

It is important to note that the accuracy of values shown
in Fig. 5 and Table 1 is sensitive to the interpolation
function used and the lack of information about the real




temperatures between measurement points. As such, it is
better to avoid relying on values calculated for a single
point in time, but rather to use trends over longer periods.
In this regard, it may be useful to calculate regressions
over certain time periods that can provide information
about the average charring or heating rates in that period,
while reducing the influence of discrete values. This
could be applied in a piece-wise manner to account for
significant changes in slope that may occur with
phenomena such as char fall-off.

6 — CONCLUSIONS
The following conclusions can be drawn from this study:

e The temperature disturbance error was clearly seen in
measurements  from  thermocouples  inserted
perpendicular to the heated surface. These
thermocouples measured much lower temperatures
during the early stages of heating, at least until the
evaporation plateau was reached at each location.
Consequently, charring rates and surface heat fluxes
derived from these measurements may also be
significantly underestimated during this period.

e For dimensionally stable materials, the technique of
measuring in-depth temperatures with thermocouples
inserted into the side of instrumented cylindrical
sample cores is likely to provide accurate results.

e However, for materials that shrink (or swell) or
experience fall-off of outer layers during heating, this
measurement technique may interfere with these
phenomena. Measurements from this technique will
become less representative of an ‘undisturbed’
sample after the onset of these behaviours.

e Over time, the relative error in the estimation of char
depths from thermocouples inserted perpendicular to
the heated surface reduces, but it may be significant
for shorter periods. Moreover, in-depth heating below
100 °C is consistently underestimated by this method.

e For cross-laminated timber, if char fall-off is to be
observed without interference, thermocouples of
either orientation in that area should only be placed
precisely at the bond line of interest, without passing
through any other lamellae between that bond line and
the heated surface. Furthermore, any insulation
wrapped around instrumented cylinders, should not
be continuous across the bond line.

e Further study is needed to ascertain whether
thermocouple holes in either orientation induce an
additional disturbance in the heat transfer through the
surrounding material, due to the creation of artificial
pathways for moisture migration and accumulation.
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