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Abstract: 16 

Since Engineered Wood Products (EWPs) have entered the building industry as structural 17 
elements, several fire safety concerns have arisen, especially for high-rise structures.  18 

The combustible nature of timber suggests that the current knowledge on compartment fire 19 
dynamics might not apply to compartments with timber boundaries, due to the increased fuel 20 
load and its redistribution across the compartment.  21 

In order to fill this knowledge gap, 24 medium-scale timber compartments have been executed to 22 
characterise the fire dynamics when timber members are present. 23 

This experimental campaign provides data about the gas-phase temperatures, the flow fields at 24 
the opening, the burning behaviour of timber and its contribution to the total heat release rate. 25 
This data is then compared to current tools that predict the fire development in conventional 26 
compartments. 27 

This comparison dismantles the limitations of the current framework, and the subsequent 28 
analysis proposes several changes to include the effect of burning timber elements. It is 29 
concluded that gas flow velocities increase with the amount of more timber present in the 30 
compartment. Therefore the fire transitions to a new regime where the gases do not have enough 31 
time to mix and react inside the compartment, the temperatures decrease and the horizontal 32 
velocities at the opening increase.  33 

 34 
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1 Introduction 36 

The modern building industry is continuously seeking for materials more sustainable than steel 37 
and concrete, aesthetically appealing and economical. As a response to these incentives, 38 
Engineered Wood Products (EWP) [1, 2] have entered the construction market with their use 39 
delivering a new typology generally referred to as mass timber construction. This new 40 
manufacturing technology has enabled the use of timber in high-rise building construction due to 41 
its enhanced properties and constructability. For high-rise structures, the fire safety strategy 42 
relies on compartmentation, which allows containing the fire within the compartment of fire 43 
origin using physical barriers. Successful compartmentation prevents the fire from spreading 44 
horizontally and vertically, minimises the number of structural elements exposed to heating and 45 
ensures that the staircase is free from smoke and heat for a safe evacuation [3]. Mass timber 46 
construction introduces unique fire hazards that need to be considered explicitly in building 47 
design. These hazards correspond to increased fuel load, the potential for fire spread through the 48 
building, and the structural collapse due to the combustible nature of timber structures.  49 

The presence of a compartment results in a distinctive fire development, known as compartment 50 
fire dynamics. Comprehensive reviews of this phenomenon can be found in [4-8]. The classical 51 
evolution of a compartment fire has three characteristic stages: fire growth, fully-developed fire 52 
and decay phase. The fully-developed fire is the stage that can potentially compromise 53 
compartmentation and structural integrity since it presents the highest temperatures. A review of 54 
the current framework to characterise this stage is presented below. 55 

1.1 Compartment gas-phase temperatures 56 

Thomas et al. [9] conducted a detailed study of fully-developed fire compartments with different 57 
geometries. They developed a correlation to predict the maximum gas-phase temperature inside 58 
the compartment as a function of the opening factor (𝑂#), with the intent of determining the 59 
thermal load on the structure and compartment boundaries.  60 

Where 𝐴& is the area of the compartment boundaries excluding the floor, and 𝐴' and 𝐻 are the 61 
area and height of the opening, respectively. This correlation is presented in Fig.  1. 62 

This definition of the opening factor represents the energy balance inside the controlled volume 63 
of the compartment: heat losses through the compartment walls (𝐴&) vs the heat generation 64 
represented by the air inflow accommodated by the opening (𝐴'𝐻)/+). This ratio determines the 65 
energy stored by the gases inside the compartment which is a function of their temperature.  66 

The compartment fire framework was developed for non-combustible materials [9]; thus the 67 
extension of this methodology to mass timber structures needs to be fully justified.When EWP 68 
are used to construct walls, floors, columns and beams they will participate in the fire 69 
influencing its behaviour beyond the impact of the fuel associated with combustible furnishings. 70 
Despite the very dramatic effects of timber on the compartment fire behaviour, these effects have 71 
not been systematically studied. This research focuses on predicting the fully-developed stage to 72 

 𝑂# =
𝐴&

𝐴'𝐻)/+
 

(1) 



3 
 

adequately define the thermal boundary conditions for the structural and compartmentation 73 
design in timber buildings.  74 

1.2 Compartment fire regimes 75 

The opening factor separates compartments fires behaviour into two different regimes.  76 

Regime I, is controlled by the area of the opening. In this regime, the vents are small, the 77 
combustion is fuel-rich, and a significant portion of heat is released outside in the form of 78 
external flaming. For geometries that satisfy Regime I, it is assumed uniform temperatures inside 79 
the compartment, negligible momentum and a static pressure differential across the opening, 80 
which controls the gas flow in and out of the compartment [5, 10, 11]. Consequently, the internal 81 
temperatures decrease with a smaller opening, since less air (i.e. oxygen) can flow inside to feed 82 
the combustion.  83 

Conversely, Regime II, has large openings so that the smoke can evacuate easily. The flow 84 
induced by the fire pushes the hot gasses out and consequently draws air in the compartment.  85 
Therefore, the pressure difference caused by the fire is more significant than the static pressure 86 
difference across the opening. This regime is considered momentum-driven and a comprehensive 87 
set of transport equations needs to be solved to establish the temperature distribution within the 88 
compartment [10]. 89 

As a result of different forces driving each regime, the assumptions for Regime I are not valid for 90 
Regime II, and therefore, each regime should be solved independently. To adequately predict the 91 
fire development in timber structures, it is necessary to know if compartments with EWP will 92 
behave according to the regime defined by their opening factor and if not, characterise the effect 93 
of the timber members. 94 

Fig.  1. Temperatures registered inside the compartment vs the opening factor. Extracted from [8] 
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1.3 Assumptions of the compartment fire framework 95 

Two assumptions have been identified that could be inadequate for compartments constructed 96 
with EWP: 97 

1. The methodology to predict the maximum temperatures presented in section 1.2 98 
assumes that heat is lost through all the boundaries of the compartment except the 99 
opening and the floor covered in burning fuel. However, this might not be the case for 100 
timber surfaces, since the timber is very likely to ignite and provide additional heat to 101 
the compartment instead of acting as a heat-sink. 102 

2. The change from Regime I to Regime II and the subsequent increase in the velocity 103 
field is only related to the geometrical dimensions of the compartment. Nevertheless, a 104 
burning timber wall inside the compartment can strengthen or suppress the buoyant 105 
flows affecting the resulting velocities. For an opening factor in Regime I, this effect 106 
could break the assumption of negligible velocities inside the compartment and a flow 107 
exchange driven by a static pressure difference at the opening. 108 

This paper presents an experimental series to analyse the fire dynamics in compartments with 109 
exposed timber walls and ceiling. The validity of the compartment framework assumptions is 110 
assessed by studying the heat release rate contributions from the timber, temperatures in the gas-111 
phase, and velocity fields at the opening. 112 

2 Methodology 113 

2.1 Compartment configuration 114 

To investigate the effect of exposed timber walls on the compartment fire dynamics, 24 medium-115 
scale compartments experiments were conducted. The compartments were constructed with 116 
Radiata Pine Cross-Laminated Timber (CLT) sourced from XLam and with a density of 0.425 117 
g/mm3 where CLT is a type of EWP. For this experimental campaign, the CLT lamellas had a 118 
thickness sequence of 45-20-20-20-45 mm. Fig.  2 shows schematics of the cuboid compartment 119 
which had internal dimensions of 50 x 50 x 37 cm and a single opening of 30 x 28 cm.  120 

Fig.  2. Experimental setup. TC: Thermocouple, HF gauge: Heat Flux gauge and TSC: ThinSkin Calorimeters. 
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The opening factor was 18.43 m-1/2 calculated as per Eq. 1. According to [4, 9, 10] this geometry 121 
and used materials guarantee flashover while achieving almost the highest gas-phase 122 
temperatures inside the compartment. 123 

Eight different configurations of exposed timber surfaces were tested. The walls that were not 124 
meant to participate in the fire were protected with two layers of 12 mm Knauf FireShield 125 
plasterboard. Each configuration was repeated three times and the designs were as listed below: 126 

Configuration Exposed CLT Area [-] 

 

1. Baseline  
2. Exposed C 
3. Exposed LW 
4. Exposed LW, C  
5. Exposed LW, BW 
6. Exposed LW, BW, C 
7. Exposed LW, BW, LW2 
8. Exposed ALL 
 

0 
0.21 
0.16 
0.38 
0.33 
0.54 
0.49 
0.7 

For normalising purposes, the exposed CLT area is expressed as a fraction of the total area of the 127 
compartment boundaries, excluding the area of the opening.  128 

 
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑	𝐶𝐿𝑇	𝐴𝑟𝑒𝑎	 =

∑𝐴<=&,?@ABC?D
𝐴&E&F=

 
(2) 

2.2 Fire scenario 129 

Preliminary experiments [12, 13] demonstrated that 10 min after flashover the compartment 130 
reached steady-state, which was defined with the total heat release rate (HRR), the gas-phase 131 
temperature and the charring rate of the CLT panels. The first timber-lamella fall off 132 
(delamination) occurred after approximately 30min. Therefore, the duration of the fully-133 
developed fire was set to 20 min. To guarantee steady-state readings for all the configurations 134 
only the last 5 min of the fully-developed fire was considered for the analysis.  135 

The fuel consisted of a 9 cm diameter kerosene pan, which has a similar soot production to 136 
plastic and cellulosic fires and represents a fuel load comparable to an office building. 137 

A kerosene feeding system was designed to continually feed the kerosene pool fire inside the 138 
compartment (Fig.  2). This feeding system allowed to keep a constant liquid-level, and to 139 
terminate the test at the desired time. Most importantly, the scale under the system provided the 140 
mass loss rate of the kerosene pool fire, (𝑀𝐿𝑅I?JBC?K?). Consequently, this system permitted to 141 
calculate the HRR from the CLT panels (𝐻𝑅𝑅<=&) by decoupling the 𝐻𝑅𝑅L?JBC?K?  from the 142 
𝐻𝑅𝑅&E&F=  which was measured with a calorimeter above the experimental setup.  143 

 𝐻𝑅𝑅L?JBC?K? = 𝑀𝐿𝑅I?JBC?K? 	 ∙ 	∆𝐻O,I?JBC?K?  (3) 
 𝐻𝑅𝑅<=& = 𝐻𝑅𝑅&E&F= − 𝐻𝑅𝑅L?JBC?K?  (4) 

where 	𝑀𝐿𝑅I?JBC?K? is the mass loss rate of the kerosene pool fire in [g/s], and ∆𝐻O,I?JBC?K?  is 144 
the heat of combustion of kerosene in [kJ/g]. 145 

Fig.  3. Compartment walls legend 
LW: Lateral Wall, BW: Back Wall 
C: Ceiling 
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2.3 Instrumentation  146 

The following instrumentation was used to characterise the compartment fire dynamics (Fig.  2): 147 

• A K-type thermocouple (TC) tree was placed at the back of the compartment, with three 148 
TCs uniformly distributed along the compartment’s height: 9.25, 18.5 and 27.75 cm from 149 
the floor. 150 

• A TC tree was installed at the opening, with seven TCs uniformly distributed along the 151 
opening’s height: 3.5, 7, 10.5, 14, 17.5, 21 and 24.5 cm from the floor. 152 

• TCs were embedded in each CLT panel to measure the temperature profile evolution. The 153 
depths of the TCs in respect of the external surface were: 0, 85, 95, 105, 130, 140, 145 154 
and 147 mm. 155 

• Two pressure probes were placed at the opening plane to capture the inflow and outflow 156 
gas velocities. The probes were placed at ¼ and ¾  of the opening’s height. 157 

• A calorimeter above the whole experimental setup extracted all the combustion products. 158 
The calorimeter measured the concentration of O2, CO and CO2. The Total Heat Release 159 
Rate, 𝐻𝑅𝑅&E&F=  was calculated using the oxygen consumption method [14]. 160 

2.4 Analysis methods to evaluate the CLT pyrolysis rate 161 

In steady-state conditions, the pyrolysis rate can be defined as the velocity of the pyrolysis front 162 
progressing through the timber. This velocity can be calculated with the position of the pyrolysis 163 
isotherm at two different times, and by dividing the distance between both positions by the time 164 
delay, Equation 5: 165 

 
𝑝̇ =

𝑑ST∆U − 𝑑S
∆𝑡  

(5) 

where 𝑝̇	[mm/min] is the pyrolysis rate, 𝑑S [mm] is the position of the pyrolysis isotherm at time 166 
𝑖, and ∆𝑡 [min] is the time interval. 167 

The intersection point of the pyrolysis isotherm with the temperature profile determines the 168 
position of the pyrolysis front at a given time. Therefore it is required to interpolate the 169 
temperatures between the in-depth thermocouple readings to estimate a continuous temperature 170 
profile in the timber. However, there are several methods to perform the interpolation between 171 
points and each method represents a different heat transfer condition. 172 

Three methods have been evaluated to fit a temperature profile curve into the data points. 173 

1. Linear interpolation: It is the solution for steady-state conduction, where the 174 
characteristic charring time (𝜏<X) is considerably smaller than the characteristic time for 175 
steady-state (𝜏YY) : 𝜏<X 	≪ 𝜏YY  176 

2. Polynomial interpolation: It represents transient conduction using the 𝑡+- Approximation. 177 
It is used for the condition  where  𝜏<X ≈ 𝜏YY. 178 

3. Error function solution: It is the solution to the generic heat diffusion equation: 179 

 𝜕+𝑇
𝜕𝑥+ =

1
𝛼
𝜕𝑇
𝜕𝑡  

(6) 
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It represents an ablation front where the heat of pyrolysis (∆𝐻A`J), and heat of water 180 
vaporisation (∆𝐻abABJ) are considerably smaller than the external heat flux (𝑞̇?@Udd ): 181 

 ∆𝐻A`J	&		∆𝐻abABJ ≪ 𝑞̇?@Udd 	 (7) 
The pyrolysis and water vaporization fronts are very close to each other and can be 182 
considered as one front. This allows assuming that the material behind this front is virgin 183 
timber. Therefore, one curve can be fitted to describe the whole profile instead of several 184 
curves going from point to point as in method 1 and 2.  185 
To solve Eq. 6 the following assumptions were set: (1) Transient conduction problem, (2) 186 
semi-infinite solid and (3) constant surface condition: 𝑇(0, 𝑡) = 𝑇C. 187 

  Thus, the solution to determine the temperature profile is as follows: 188 

 𝑇(𝑥) = erf j
𝑥
𝐿O
k (𝑇S − 𝑇C) + 𝑇C 

 (8) 

Where 𝐿O is the characteristic length and the computed  variable to fit the temperature 189 
profile into each set of temperature points,	(𝑥 = thermocouple depth vs 𝑇C= temperature). 190 

Fig.  4. presents the temperature profiles for an exemplary test which were calculated using the 191 
three different methods. The profiles are measured with a 5 minutes time delay. The figure 192 
illustrates the intersection method of the pyrolysis isotherm with the temperature profiles. 193 

To validate the accuracy of each method, the total pyrolysis regression was compared with the 194 
𝐻𝑅𝑅<=& , since the following proportionality should be met: 𝑚̇A`JBm`CSC	 ∝ 	𝐻𝑅𝑅<=&	195 
𝐻𝑅𝑅<=&  was decoupled thanks to the kerosene feeding system as presented in section 2.2. Each 196 
timber surface was assumed to have a uniform regression rate across its area. Thus, the total 197 
pyrolyzing volumetric rate of each configuration can be calculated as per Eq. 9:  198 

 

 

 

 

Fig.  4. Temperature profiles in the CLT panels at two different time of the fully-developed fire. Three different 
methods to calculate the profiles representing three different burning scenarios. 
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𝑝̇ddd = o𝐴<=&,S ∙ 𝑝̇S

K

Sp)

 

 

(9) 

where 𝑝̇ddd	[mm3/min] is the total pyrolyzing volumetric rate, 𝐴<=&,S [mm2] is the exposed timber 199 
area of surface 𝑖, and 𝑝̇S [mm/min]  is the pyrolysis rate of surface 𝑖. 200 

Fig.  5 indicates that the relation of the volumetric pyrolysis rate to 𝐻𝑅𝑅<=&  is best represented  201 
by the error function method, as it presents the smallest 95% confidence interval. Therefore, this 202 
method is adopted for the subsequent analysis. 203 

3 Results 204 

3.1 Gas-phase temperature profiles  205 

Fig.  6 illustrates the evolution of the temperature profiles as more CLT is being exposed. The 206 
figure indicates that the smoke layer height descends as more CLT contributes to the fire since 207 
lower heights have higher temperatures. Additionally, an interesting phenomenon is observed in 208 
the profiles’ shape. As more timber is being exposed, the upper thermocouples start to get colder 209 
than the middle ones. This phenomenon is firstly observable in the thermocouple tree placed at 210 
the opening, but eventually, the internal thermocouples present the same behaviour. This 211 
observation indicates that the height of the hottest layer is not below the ceiling, but closer to the 212 
neutral plane height which descends as more timber is being exposed. 213 

As a result of these observations, Fig.  6 is the first indicator of a change in the fire regime 214 
induced by timber lining. The results demonstrate that the smoke layer height descends despite 215 
the compartments having the same dimensions and that the gases do not stratify from hottest to 216 

Fig.  5. Linear model represting the relationship between the volumetric pyrolysis rate and the HRR from the CLT. 
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coolest. The latter observation suggests the presence of a new mechanism that induces flows and 217 
affects the temperature profiles, preventing them from adopting the conventional shape,  218 

3.2 Mean gas-phase temperatures 219 

This section presents how the internal mean temperatures and opening factor relate to the fitted 220 
curve proposed by Thomas et al. plotted in Fig.  1. 221 

Firstly, using the correlation from Fig.  1, a theoretical temperature was defined based on the 222 
opening factor from the compartment (𝑂#,J?q). These reference values were used to normalize 223 
the experimental results: 224 

𝑂#,J?q = 18.43	𝑚)/+ 			→ 				 𝑇J?q = 990	℃ 225 

Fig.  7 presents the mean gas-phase temperatures during steady-state for all the tested 226 
configurations. The data deviate considerably from the theoretical temperature proposed by 227 
Thomas et al. 228 

The Baseline case falls pretty close to the theoretical temperature, 𝑇J?q, meaning that the Thomas 229 
et al. methodology predicts satisfactorily the temperatures for the type of compartment for which 230 
it was designed: a compartment with non-combustible boundaries. The following two 231 
configurations, Exposed C and Exposed LW, have considerably higher temperatures than 𝑇J?q, 232 
and all the subsequent configurations, with more and more exposed timber, fall bellow the 233 
theoretical value. 234 

Fig.  6. Temperature profiles inside the compartment and at the opening for different CLT configurations 
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It is surprising to observe that increasing the exposed timber area results in an increase in 235 
temperatures only until a certain point, after which the temperatures start to decay.  236 

Fig.  7 confirms that compartments with timber lining do not meet the first assumption of 237 
Thomas et al. framework presented in section 1.3, since the gas-phase temperatures are not 238 
predicted accurately, except for the Baseline case. Thus, the results suggest again a regime 239 
change. Eq. 1 should be modified to include the effect of timber walls in the calculation of the 240 
opening factor, so it represents accurately the energy balance and temperatures developed inside 241 
the fully-developed compartment fire.  242 

3.3 Flow velocities at the opening 243 

The readings of the pressure probes that were placed at the opening are presented in Error! 244 
Reference source not found.. This experimental campaign developed a significant increase in 245 
velocities as more CLT panels were left exposed. This increase in velocities breaks the second 246 
assumption of Thomas et al. framework presented in section 1.3 regarding a mass flow exchange 247 
at the opening driven by a static pressure difference and a negligible momentum inside the 248 
compartment. For example, in Fig.  7, the Exposed ALL configuration presented the lowest mean 249 
temperature inside the compartment, for a problem driven by a static pressure difference, that 250 
should implicate the development of the lowest velocities as well. However, in Error! 251 
Reference source not found., the same configuration presents the highest velocities at the 252 
opening when compared to the other scenarios. This behaviour is the evidence of the fact the 253 
burning CLT panels strengthen the buoyant flow inside the compartment, which accumulates 254 
under the ceiling and then is redirected towards the opening with increased velocity.  255 

Therefore, Error! Reference source not found. shows another set of data that suggesting a shift 256 
of the fire dynamics towards a new regime with much larger velocities than the ones developed 257 
by a static pressure difference and the limited applicability of the framework to CLT 258 
compartments.  259 

Fig.  7. Normalized mean gas-phase temperarues inside the compartment achieved in the different CLT 
configurations, compared to the fitted curve proposed by Thomas et al. 
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4 Discussion 260 

The experimental results reveal a regime change induced by burning CLT surfaces, and this 261 
change is not captured by the current framework. The prevailing limitations of the framework are 262 
associated to the definition of the area of heat losses for the opening factor and to the fire regime 263 
change, and all its implications, being related to the opening factor only. 264 

Eq. 10 is a modification of Eq. 1, where the opening factor is modified to reduce 𝐴& by the 265 
exposed CLT area (𝐴<=&). This way the heat losses term is corrected and it does not consider the 266 
CLT surfaces to behave as a heat-sinks. 267 

 𝑂#,yBDSqS?D =
𝐴& − 𝐴<=&
𝐴z𝐻)/+

 
(10) 

Fig.  9 presents the same data points as in Fig.  7 but using the modified opening factor. The 268 
figure shows a redistribution of the temperatures with good agreement to the initially fitted curve 269 
proposed by Thomas et al. [9] 270 

The subtraction of the CLT area in Eq. 10 means that the increase of CLT area decreases the heat 271 
losses from the compartment. Smaller heat losses should imply an increase in temperatures. 272 
Therefore, the exposure of new CLT surfaces should result in a temperature increase, until the 273 
point where the adiabatic flame temperature is reached, beyond which the temperatures should 274 
plateau.  275 

By contrast, these experiments indicate that the temperatures progressively start to decay and 276 
move towards Regime II. This transition is also confirmed with the increased velocities 277 
presented in Error! Reference source not found., which are characteristic of this regime. 278 

Fig.  8 
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Therefore, all the results indicate that adding exposed timber surfaces shifts the fire dynamics 279 
towards a Regime II behaviour. It is important to note that for CLT compartments it is not the 280 
size of big openings and “excess” of oxygen that results in a Regime II fire, but the excess of 281 
pyrolysing gases from the CLT panels. Due to this difference, a Regime II fire induced by 282 
exposed CLT might be different from the conventional Regime II fire behaviour. Therefore, this 283 
research calls the later Regime-II-CLT. 284 

The analysis of the velocity data together with the gas-phase temperature information allow 285 
describing the new Regime-II-CLT, where the induced momentum inside the compartment 286 
minimizes the time for the gases to flow outside, to the point where the gases are not able to 287 
efficiently mix inside. The consequence of inefficient mixing is demonstrated in the temperature 288 
profiles (Fig.  6), where the temperatures under the ceiling are lower for configurations with a 289 
large amount of exposed timber, suggesting that the combustion was not as efficient due to a lack 290 
of oxygen, and resulting in cooler mean temperatures as per Fig.  9. 291 

 This phenomenon is also observable in the pyrolysis rates of the different exposed timber walls 292 
presented in Fig.  10. It is noted that the ceiling has always a lower regression rate than the 293 
vertical walls, reflecting that it is the surface receiving less heat and oxygen.  Consequently, it is 294 
not accurate to normalise the configurations as a function of exposed area, Eq. 2, as it does not 295 
consider the variation of pyrolysis rate for different surfaces. Therefore, it is proposed to use the 296 
total volumetric pyrolysis rate Eq. 11, as a variable to normalise the different configurations: 297 

Where 𝑝̅ [-] is the normalised volumetric pyrolysis rate, and 𝑝̇ddd|  [mm3/min] is the average 298 
pyrolysis volumetric rate. 299 

 300 

 301 

 𝑝̅ = 𝑝̇ddd 𝑝̇ddd|⁄  (11) 

Fig.  9. Normalized mean gas-phase temperarues inside the compartment achieved in the different CLT 
configurations vs the modified 𝑂#  , compared to the fitted curve proposed by Thomas et al. 
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 302 

Currently, it is a common practice to assume that the ceiling receives the biggest amount of heat 303 
and has the highest burning rate, and therefore, it is often encapsulated (i.e. protected with non-304 
flammable materials). However, this experimental campaign presents the opposite behaviour. 305 
Due to the complexity of these experiments, it is complicated to measure oxygen concentration 306 
in different locations. However, the char layer formed in the ceiling was ~ 1.3 times thicker than 307 
the char layer of the lateral walls. This indicates that the char might have been less efficient in 308 
oxidizing and regressed less. This confirms the hypothesis of having a lower oxygen 309 
concentration in that region. Moreover, a thick char layer may diminish the heat flux arriving at 310 
the pyrolysis front, resulting in a slower pyrolysis rate and consequently in the lower burning rate 311 
of the ceiling panel. 312 

This effect is also reflected in the heat release rate of the experiments presented in Fig.  11. The 313 
figure highlights the contribution of the burning CLT slabs to the 𝐻𝑅𝑅&E&F=  and proposes a 314 
model with a 30% reduction in the burning rate of the ceiling with respect to the other surfaces. 315 

Fig.  11 also presents the usefulness of the fed kerosene pool fire to decouple the different 316 
sources of HRR. It is possible to observe how the “Exposed C” and “Exposed LW BW C” 317 
configurations present a smaller HRR despite having a larger exposed timber area due to the 318 
ceiling burning at a lower rate. This finding supports the normalising method using the 319 
volumetric pyrolysis rate instead of exposed CLT area, as discussed above.  320 

The model to predict 𝐻𝑅𝑅UBUbm is the sum of the three different sources of HRR present in the 321 
compartment: Eq. 12. 322 

 𝐻𝑅𝑅UBUbm = 𝐻𝑅𝑅q~?m + 𝐻𝑅𝑅<=&,'bmmC + 	𝐻𝑅𝑅<=&,O?SmSK�  (12) 
where 𝐻𝑅𝑅q~?m	is the HRR of the kerosene pool fire, which is assumed to be constant across the 323 
different configuration as its burning rate was governed by the lip level [8]. 324 

Then, the 𝐻𝑅𝑅<=&  terms are substituted by their constituent variables defined in Table 1. 325 

 𝐻𝑅𝑅UBUbm = 𝐻𝑅𝑅q~?m + 𝜌<=&𝑝̇𝐴<=&,'bmmC∆𝐻O
+ 𝜌<=&𝑛𝑝̇𝐴<=&,O?SmSK�∆𝐻O 	± 10	[𝑘𝑤] 

(13) 

 326 

Fig.  10. Pyrolysis rates of the different timber surfaces exposed in the compartment fires. 
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 327 

Fig.  11 shows that the proposed model captures satisfactorily the HRR trend of the experiments, 328 
including its reduction in the cases where the ceiling is present 329 

 330 

 331 

Variable Description Value 

𝑯𝑹𝑹𝒇𝒖𝒆𝒍 HRR from the fuel, Kerosene pool fire. 64.5 [kW] 

𝝆𝑪𝑳𝑻 Density of the CLT. 0.425 [g/mm2] 

𝑝̇ Average charring rate of the vertical walls. 0.025 [mm/s] 

𝒏 Reduction factor ceiling pyrolysis rate. 0.7 

∆𝑯𝒄 Heat of combustion of Radiata Pine. 0.013 [kJ/g] 

𝑨𝑪𝑳𝑻,𝒘𝒂𝒍𝒍𝒔, 𝑨𝑪𝑳𝑻,𝒄𝒆𝒊𝒍𝒊𝒏𝒈 Areas of exposed timber walls and ceiling 
respectively. 

Input variable [m] 

Table 1 

Fig.  11. Different sources of HRR that contribut to the total HRR in a CLT compartment fire for different CLT 
configurations. Additionally, the output of the proposed model (grey region) to predict the total HRR for this type of 

compartments. 
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In summary, these experiments outline a progressive shift towards a new fire regime (Regime-II-332 
CLT) by introducing exposed timber surfaces to the compartment, schematically illustrated in  333 
Fig.  12. The effect of the burning timber elements consists on larger velocities at the opening 334 
(Error! Reference source not found.), which is a consequence of an increased momentum 335 
inside the compartment due to larger hot areas that induce buoyancy. The increased momentum 336 
and excess of pyrolysis gases prevents the oxygen from uniformly mixing across the 337 
compartment’s volume, resulting in lower temperatures next to the ceiling and a descending 338 
smoke layer height. The behaviour of the gas-phase fluids has a consequence on the burning rate 339 
of the exposed timber panels, being the ceiling the surface that decomposed at the smallest rate 340 
which has also an effect on the total heat release rate of this experiments.  341 

 342 

5 Conclusions  343 

This paper has investigated the effect of exposed CLT surfaces in the compartment fire dynamics 344 
development. The modification to the current calculation method to predict the temperatures 345 
inside a fully-developed compartment with timber lining has been successful. This new method 346 
captures the initial increase and later decrease in temperatures by adding exposed timber surfaces 347 
and the subsequent regime change towards a new Regime-II-CLT. Thus, exposing more CLT 348 
does not necessarily mean that the internal temperatures will be larger than in a compartment 349 
with non-combustible lining and the flow fields characteristic for a Regime-II can be achieved 350 
with the presence of burning CLT boundaries and not only by large openings. This modified 351 
calculation can now be used as a simple design approach to predict the thermal boundary to the 352 
structure and define the potential fire development.  353 

Additionally, the change in regime triggers a lower burning rate of the ceiling compared to the 354 
other exposed timber surfaces. Therefore, exposing the ceiling results in the safest option for the 355 
design, which is contrary to the current practice. This phenomenon also implicates that timber 356 
exposure is not a function of the exposed timber area since depending on its location (ceiling vs 357 
vertical wall) the burning rate changes. Therefore, this study introduces a new way to quantify 358 
the timber exposure that includes different burning rates. 359 

Fig.  12. Schematic representation of the physical changes that occur where CLT surfaces are exposed in a 
compartment fire. 
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Finally, the CLT panels contribute significantly to the heat release of the fire. It is expected that 360 
the excess of pyrolysis gases from the timber panels and the induced horizontal velocities at the 361 
opening will increase and change the shape of the external flame compared to what is currently 362 
known for “conventional” compartments. This increase of external heat release rate challenges 363 
vertical compartmentation as the flame has now more energy to ignite the façade and the 364 
compartment above. Therefore, future research should study the external spilt plume emerging 365 
from compartments with exposed CLT surfaces.  366 
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