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14 Abstract: 

15 Our understanding of fire behaviour and heating conditions for load-bearing structural elements 
16 was developed from an immense body of research in small under-ventilated compartment fires. 
17 Within the context of contemporary architecture, large open-plan compartments are 
18 commonplace, yet understanding of the first principles that define fire behaviour in such 
19 enclosures remains limited. Past experiments have revealed that fires in open-plan compartments 
20 exhibit three distinct fire spread modes: a fully-developed fire, a growing fire, and a travelling 
21 fire. This paper studies the thermal characteristics arising from these fire spread modes and the 
22 effects of the ventilation imposed. An experimental analysis of the energy distribution and spatial 
23 heating is conducted on a series of large-scale compartment fire tests, with the fire spread mode 
24 and ventilation conditions systematically varied. Each fire spread mode is shown to induce 
25 significant and characteristic spatial heat distributions. Moreover, the analysis of the ventilation 
26 modes shows equivalent thermal loads imposed on the structure in cases where the opening areas 
27 are large, and plume flows are dominant despite lower gas temperatures and irradiation. Thus, 
28 fires in open-plan compartments pose unique and possibly more severe thermal loading to 
29 structural systems, a characteristic not captured by current design fire methodologies. 

30 Keywords: Compartment fires, Fire dynamics, Heat transfer, Large-scale experiments, 
31 Structural fire design, Tall buildings, Compartment fire framework, Travelling fires 

32 1. Introduction 

33 The built-environment has experienced rapid development in the past few decades, with a key 
34 focus on coupling the need for new materials, architectural innovation, greater energy 
35 efficiencies, space optimisation, and cost optimisation. When balancing these elements against 
36 fire safety considerations, adequate characterisation of the fire dynamics beyond the early growth 
37 stage of the fire is required. Structural fire designs have traditionally been based on the 
38 assumption of temperature homogeneity such that the design fire can be described using a single 
39 temperature-time evolution established by methodologies such as the Compartment Fire 
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40 Framework [1]. Such methodologies are intended to provide practitioners with a conservative 
41 quantification of thermal conditions for fully-developed fires in small cubic compartments (<150 
42 m3). The bounds of limitations for these design fires is established in the literature [2]. However, 
43 their application is in direct contradiction with the evolution of the built environment, for which 
44 the geometry of the compartment departs from a small cube and towards large open-plan and 
45 well-ventilated spaces [3]. This transition has been shown to be complex, with the thermal 
46 characteristics of the compartment changing from one of homogeneity to one of heterogeneity 
47 [4]. Furthermore, disasters such as the World Trade Centre towers [5] and experiments such as 
48 those conducted at Cardington [6] have revealed that fires in large, open-plan compartments may 
49 not occupy the entire floor plate, but instead can spread or travel along the floor plate, resulting 
50 in the structure being exposed to spatial temperature distributions. 
51 
52 Based on these observations, three characteristic fire spread modes: (1) a fully-developed fire, 
53 (2) a steady-growing fire, (3) a travelling fire, were hypothesised and studied in the Real Fires 
54 for the Safe Design of Tall Buildings Project [7]. These modes are differentiated by their 
55 characteristic relationship between the spread velocity of the fire front and the spread velocity of 
56 the burnout front. These fire spread modes were experimentally demonstrated in the Malveira 
57 Fire Test [8], producing different levels of characteristic thermal behaviour for each mode. It was 
58 postulated that each fire spread mode and the transitions between the modes are determined by 
59 the spatial distribution of energy in the compartment. At small scales, ventilation is accepted as 
60 the most critical parameter that drives the thermal characteristics of a compartment fire [9]. 
61 However, the relationship between ventilation and the thermal characteristics of fully-developed 
62 and transient fires in larger compartments is not well understood. This work aims to study the 
63 effects of ventilation on the energy distribution and spatial heating of the different fire spread 
64 modes in an open-plan compartment. 
65 
66 2. Edinburgh Tall Building Fire Tests (ETFT) 

67 A detailed description of the experimental compartment and the campaign of experiments is 
68 presented by Hidalgo et al. [7]. The internal dimensions were 17,800 mm x 4,900 mm x 2,000 
69 mm, shown on Fig. 1a. The dimensions of the compartment were selected to represent a scaled- 
70 down version of an open floor plan compartment typical in an office building. One side of the 
71 compartment was fully open with a 500 mm overhang, and fitted with a shutter system to control 
72 15 independent segments of the opening, such that the opening factor is varied (refer to Fig. 1b). 
73 Each shutter measured 1,400 mm wide x 2000 mm high, and consisted of a steel frame, 
74 supported with mineral wool insulation, and mounted on a guide rail with wheels, shown on Fig. 
75 1c. The shutters did not close the opening tightly, thus providing a gap at the top rail. 

 
 
 
 
 
 

76 

77 Fig. 1. (a) Isometric sketch of the experimental compartment geometry, with internal dimensions. 
78 (b) Plan view of the burners and opening shutters. (c) Shutters system covering the openings. 

(c) (a) (b) 
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Key instruments used in this study include over 1,800 Type K thermocouples (1.5mm bead), 274 
thin-skin calorimeters (TSCs) [10], 30 bi-directional probes [11], 5 gas analyser probes (O2, CO2 

and CO), and 12 custom-built sand gas burners. The purpose of each measurement and the 
spatial arrangements of the sensors are described by Maluk et al. [12] and Gupta et al. [13]. 

2.1 Fire Spread Modes 

When considering the fire development in large compartments; significant variations in the fire 
spread modes are expected, influencing the thermal environment. Three fire spread modes are 
studied based on the relationship between the fire front spread velocity (𝑉𝑠) and burnout spread 
velocity (𝑉𝐵𝑂 ) [7]. The spread modes are controlled using the propane gas burners to simulate: 

1. a fully-developed fire where 𝑉𝑠/𝑉𝐵𝑂  → ∞ (representative of a post-flashover fire) 
2. a growing fire where 𝑉𝑠/𝑉𝐵𝑂  > 1 (representative of a growing pre-flashover fire) 
3. a travelling fire where 𝑉𝑠/𝑉𝐵𝑂  ≈ 1 (no flashover, spread and burnout rate are constant) 

2.2 Ventilation Modes 

Within the bounds of applicability of the traditional compartment fire framework, the historical 
description of the ventilation-controlled and fuel-controlled fires regimes are given by Thomas 
[9]. These regimes are limiting cases of post-flashover fires in compartments and are obtained 
due to the ventilation effects on the flow behaviour [1]. The ventilation mode is defined as the 
principal mechanism of flow within, into and out of the compartment [14], and is determined by 
the available ventilation, expressed through the inverse opening factor: 

 
𝜙′ = 𝐴𝑇/𝐴0√𝐻0 (1) 

where 𝐴𝑇is the surface area of the compartment minus the fuel (m), 𝐴0 is the area of the openings 
(m2), and 𝐻0 is the height of the openings (m). The effects of the ventilation mode on the thermal 
environment is explored by bounding the inverse opening factor at two extremes: 

1. Unrestricted openings, 𝜙′ ≈ 4 𝑚−0.5 (all fifteen opening segments left open) 
2. Restricted openings, 𝜙′ ≈ 23 𝑚−0.5 (segments 3, 8, and 13 in Fig. 1a are left open) 

3. Energy distribution analysis 

The small cubic compartment fire experiments underpinning the compartment fire framework 
[15] demonstrate the relationship of ventilation to the distribution of energy, and by extension, 
the thermal characteristics of the compartment. Within the context of open-plan compartments, 
the link between the ventilation mode and the distribution of energy remains unknown. To this 
purpose, the high density of sensors within the compartment is exploited to quantify the rates of 
energy transfer within and out of the compartment, thus enabling a discrete temporal and spatial 
analysis of the energy distribution. Therefore, a comparison of the thermal characteristics under 
two ventilation modes is made. Treating the compartment as a control volume, the energy 
conservation equation is 

 
(𝑑𝑄𝑐𝑣)/𝑑𝑡 = 𝑄̇𝑓𝑖𝑟𝑒 + 𝑄̇𝑖𝑛,𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 − 𝑄̇𝑜𝑢𝑡,𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 − 𝑄̇𝑜𝑢𝑡,𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 − 𝑄̇𝑠𝑜𝑙𝑖𝑑 (2) 

where 𝑑𝑄𝑐𝑣/𝑑𝑡 is the transient energy term, 𝑄̇𝑓𝑖𝑟𝑒  is the input heat from the gas burners, 
𝑄̇𝑖𝑛,𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦  and 𝑄̇𝑜𝑢𝑡,𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦  are the enthalpy of the cold inflow gases and hot outflow gases 
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115 through the openings respectively, 𝑄̇𝑜𝑢𝑡,𝑟𝑎𝑑𝑖𝑎𝑖𝑡𝑜𝑛 is the radiative heat losses through the openings, 
116 and 𝑄̇𝑠𝑜𝑙𝑖𝑑 is the conduction losses through the walls of the compartment. 
117 Quantification of the terms in Eq. 2 was attempted for these experiments by Maluk et al. [12]. 
118 The key assumptions made were that radiation was considered negligible [15] and that the flow 
119 profile at the openings is linear. The simple representation of the flow profile was attributed to 
120 limited bi-directional gas flow probes positioned at each opening. Maluk et al. [12] found that 
121 the energy calculated using the instruments in the compartment could not account for the energy 
122 generated by the combustion. Therefore, a robust assessment of the thermal environment was not 
123 possible. They conclude that the approach must be refined. On this basis, the following elements 
124 are evaluated: 
125 1. The flow profile at the opening, which influences the amount of energy lost through the 
126 openings. The flow profile shall be re-evaluated considering the temperature profile at the 
127 openings, errors in the bi-directional probes and pressure transducers, and the radiation 
128 error in the gas-phase thermocouples. 
129 2. Radiation losses through the openings, which affect the energy lost through the opening. 
130 3. Convective heat transfer, which influences the net heat transfer to the solid boundaries. 

131 The approach to calculating the heat loss terms described herein assumes that the temperatures 
132 measured correspond to the gas-phase temperatures. Temperatures are corrected using the 
133 method described by Welch et al. [16]. Average corrections are low, ranging ± 25 °C for all 
134 thermocouples within the compartment irrespective of ventilation condition and fire mode, likely 
135 due to the low soot volume fractions. By using the video footage and flow data, the uncertainty is 
136 eliminated by setting gas-phase temperatures below the neutral plane to ambient temperatures. 

137 3.1 Flow profile at the opening 

138 Evaluation of the flow errors in the bi-directional probes and pressure transducers for these 
139 experiments were evaluated by Gupta et al. [13]. The net enthalpy exchange at the opening is 

 
𝑄̇𝑜𝑢𝑡,𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 − 𝑄̇𝑖𝑛,𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦  =  𝑚̇ 𝑜𝑢𝑡𝑐𝑝,∞(𝑇𝐻 − 𝑇∞) (3) 

140 where 𝑚̇ 𝑜𝑢𝑡  is the mass flow rate of the hot gases leaving the compartment, 𝑐𝑝,∞ is the specific 
141 heat capacity of air at ambient conditions, 𝑇𝐻  is the average hot layer temperature. The 
142 methodology for calculating 𝑚̇ 𝑜𝑢𝑡 and 𝑇𝐻 using the experimental data is detailed by Gupta et al. 
143 [13] and implemented in this study. 

144 3.2 Radiation exchange at the opening 

145 Given the large openings in the experimental compartment, the assumption of negligible radiant 
146 heat loss term for small openings as in [12][15] is challenged by evaluating the upper-bound of 
147 this term. The radiation loss term is given as: 

 
𝑛 

𝑄̇𝑜𝑢𝑡,𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛  = ∑ 𝐹𝑖→𝑜𝐸𝑖 𝐴𝑖 
𝑖 

(4) 

148  where Fi→o is the view factor of the radiating element to the opening (-), 𝐸𝑖 is the emissive power 
149 of each radiating element (kW.m-2); calculated by 𝐸 = 𝜀𝑖 𝜎𝑇𝑖 4, and 𝐴𝑖 is the surface area of each 
150 radiating element (m). To calculate the upper-bound of radiation losses, a simple model is 
151 constructed by assuming the following: 
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152 1.   Smoke layer and thermal interface heights are approximately equal (𝐻𝑠  ≈ 𝐻𝐼) 
153 2.   Opaque smoke layer (𝜏 = 0) 
154 3. Non-participating atmosphere under the smoke layer 
155 4. A constant, effective flame temperature (𝑇𝐹 ) 
156 The smoke layer and spill plume are treated as a solid black body, discretised by each of the 
157 fifteen openings. The smoke layer is assumed in be uniform in depth. Flames emanating from 
158 each burner are modelled as a rectangular prism, decomposed into five faces. Each face of the 
159 flame is modelled as a solid radiating surface. The radiating area of each flame is determined by 
160 assuming the width of the flame to be equal to the burner width, and the flame height is 
161 calculated using Heskestad’s correlation [17]. Any portion of the flame that is immersed in the 
162 smoke layer is attenuated and not considered in calculating the area of the flame. 

163 The effective flame temperature and the flame emissivity for a propane gas burner is defined 
164 from the literature [18]. Given the assumption that a uniform flame temperature is not accurate, a 
165 higher and lower bound of effective flame temperatures range from 1100 K to 1400 K. The 
166 smoke layer and spill plumes are treated as black bodies; thus, the emissivity is unity, 𝜀𝑖 = 1. The 
167 view factor for the spill plume is assumed to be unity (𝐹𝑖→𝑜= 1). View factors for each radiating 
168 surface to the openings are solved numerically using Stokes’ theorem. 

 

 
169  

170 Fig. 2. Cumulative view factor distribution of the highlighted flames 
171 The spatial distribution of the cumulative view factor of a burner (highlighted in red) located 
172 towards the front and rear of the compartment is shown in Fig. 2. For burners close to the 
173 openings, the view factors local to the burner peaks at 0.21. Towards the rear of the 
174 compartment, view factors peak at 0.05. 

175 3.3 Convective heat transfer coefficients 

176 Consideration of the convective heat transfer coefficient is necessary to capture the heat transfer 
177 to the solid boundaries. No flow data was captured inside the compartment; therefore, the 
178 evaluation of the quantification of flows is based on past numerical work by Gupta et al. [13]. 
179 Due to the large spatial distribution in velocities, a range of convective heat transfer coefficients 
180 are defined. This is achieved by bounding the maximum and minimum characteristic velocities 
181 along the boundaries in the model; 𝑣𝑐 = 2.25 ms-1 and 𝑣𝑐 = 0.50 ms-1, respectively. The convective 
182 heat transfer coefficient is assumed to be a function of the Reynolds number and is turbulent. 
183 The Nusselt number is evaluated empirically as a turbulent forced flow over a flat plate [19]. 
 𝑁𝑢 = 𝐿𝑐 ℎ𝑐/𝑘𝑔𝑎𝑠(𝑇) = 0.037 𝑅𝑒4/5 𝑃𝑟1/3 (5) 
184 where 𝐿𝑐is the characteristic length of the boundary element (ceiling and walls) and is assumed 
185 to be 1 m, 𝑘𝑔𝑎𝑠 is the thermal conductivity of the gas, 𝑅𝑒 is the Reynolds number and 𝑃𝑟 is the 
186 Prandtl number. The convective heat transfer coefficient (ℎ𝑐) ranges from 2.0 to 8.3 W.m-2K-1. 
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(a)  

187 4. Experimental Results 

188 The energy equation (Eq. 2) is solved for the fire spread modes under the two ventilation modes. 
189 The unsteady term (𝑑𝑄𝐶𝑉/𝑑𝑡) is neglected from the analysis as this term is generally negligible 
190 due to the low volumetric heat capacity of air [12] and the simulated fire modes are mostly 
191 steady-state [12]. The solid-phase heat transfer is calculated using a similar numerical 
192 methodology described by Maluk et al. [12], with the exception being the calculation of the 
193 convective heat transfer coefficient. The summation of the loss terms (𝑄̇𝑜𝑢𝑡,𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 , 𝑄̇ 𝑜𝑢𝑡,𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛, 
194 𝑄̇𝑠𝑜𝑙𝑖𝑑 ) calculated using the approach proposed is represented by 𝑄̇𝑙𝑜𝑠𝑠; the total heat loss term. 
195 The heat release rate (HRR) of the fire for each experiment is shown as 𝑄 ̇𝑓𝑖𝑟𝑒. 

196 4.1 Unrestricted ventilation mode 

197 The HRR of each fire spread mode experiment in unrestricted ventilation mode (𝜙 ′ ≈ 4 𝑚−0.5 ) 
198 is shown in Fig. 3a. The total heat losses for each fire spread mode are normalised by the HRR. 

 

199  

200 Fig. 3 Energy conservation terms for the high ventilation regime (a) HRR (𝑄̇𝑓𝑖𝑟𝑒) generated by 
201 the burners for three fire spread modes. (b) 𝑄̇𝑙𝑜𝑠𝑠 normalised by 𝑄̇𝑓𝑖𝑟𝑒 for each fire spread mode. 
202 The total heat loss for each fire spread mode in Fig. 3b corresponds closely to the HRR. The 
203 result of 𝑄̇𝑙𝑜𝑠𝑠  for the travelling fire experiment (𝑉𝑠/𝑉𝐵𝑂  ≈ 1) is compared to results by Maluk et 
204 al. [12], with noticeable improvements in the calculation of the heat loss terms observed. This 
205 trend is mirrored in the evaluation of the total heat losses for each fire spread mode. Transient 
206 variations in the total energy loss term correspond to changes in the heat supplied by the burners. 
207 The total heat loss stabilises once the HRR is steady, with a delay in the travelling fire mode 
208 noted as the smoke layer is not well-established. Thus some of the flow is not captured by the bi- 
209 directional probes. Average hot layer temperatures range from 230°C to 265°C, inflow velocities 
210 range from 0.4 m.s-1  to 0.6 m.s-1, and outflow velocities range from 0.8 m.s-1 to 1.05 m.s-1. 

211 Fig. 4a shows the breakdown of the energy loss terms for the high ventilation experiments 
212 averaged over a steady-state period at the peak HRR. Majority of the heat (75% to 80%) is lost 
213 through convection at the openings. The large error bars for the convective heat losses illustrate 
214 the significant spatial variations in the thermal interface height and hot layer temperatures in this 
215 ventilation mode. Once again, the largest error bars for the convective losses are noted for the 
216 travelling fire spread mode (𝑉𝑠/𝑉𝑏𝑜  ≈ 1). Radiation losses through the openings are shown to be 
217 high for the fully-developed and growing fire spread modes, ranging from 6% to 10% of the 
218 HRR. This range is sensitive to the effective flame temperature, as shown in the error bars. Heat 
219 losses to the boundaries are very low, 6% to 8% of the input HRR. Due to the small solid-phase 
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(a) (b) 

(b)   

220 losses, the effects of the convective heat transfer coefficient are negligible, hence the error bars 
221 are small. Breaking down the solid-phase heat losses per element in Fig. 4b reveals that the most 
222 heat losses are to the back wall and ceiling, with losses to the back wall generally being slightly 
223 higher. Gas-phase temperatures and irradiation towards the back wall and ceiling are higher also, 
224 similarly noted by Majdalani et al. [4]. 

 

225  

226 Fig. 4. Distribution of energy for the unrestricted ventilation mode. (a) Breakdown of the heat 
227 lost outside of the control volume to convection, radiation, and conduction. (b) Breakdown of the 
228 conduction losses to the various boundary elements in the compartment. 

229 4.2 Restricted ventilation mode 
 

230  

231 Fig. 5. Energy conservation terms for the restricted ventilation mode. (a) HRR (𝑄̇𝑓𝑖𝑟𝑒) generated 
232 by the burners for the fire spread modes. (b) 𝑄̇𝑙𝑜𝑠𝑠 normalised by 𝑄̇𝑓𝑖𝑟𝑒 for each fire spread mode. 
233 Comparing the normalised heat loss term (𝑄̇𝑙𝑜𝑠𝑠) established here for the travelling fire 
234 experiment to 𝑄̇𝑙𝑜𝑠𝑠 obtained by Maluk et al. [12] for the same experiment shows similar heat 
235 losses using both methods. Similar trends are noted for the other fire spread modes for the 
236 experiments with restricted ventilation. Fig. 5b shows a convergence of the heat loss term for the 
237 three fire spread modes, ranging around 45% to 55% of the total heat supplied by the burners. 
238 Using the calculation approach described in this study, or by Maluk et al. [12], the total heat 
239 losses do not match the heat release rate irrespective of the fire spread mode. It is believed that 
240 the disparity in the energy balance is attributed to a breakdown in the assumptions used to 
241 calculate the convective heat losses caused by the leakage of flow through the shutter roller 
242 doors used to restrict the ventilation. This is discussed further in Section 4.3. Average hot layer 
243 temperatures range from 300 °C to 380 °C, inflow velocities from 0.8 m.s-1 to 1 m.s-1, outflow 
244 velocities from 2.2 m.s-1 to 2.6 m.s-1. 

(a) 
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245 The breakdown of the constituent heat loss pathways is shown in Fig. 5a. The error bars show 
246 the sensitivity of the convective, radiation and solid-phase loss components to the bounds of the 
247 thermal interface height (𝐻𝐼), effective flame temperature (𝑇𝐹), and the convective heat transfer 
248 coefficient (ℎ𝑐), respectively. The bounds for each parameter are determined experimentally over 
249 a time-averaged period, in the same manner as described by Gupta et al. [13]. 

250 Fig. 6a shows that the majority of the heat generated by the fire is lost through the enthalpy of 
251 the outflow irrespective of the fire spread mode. For the restricted ventilation mode, the thermal 
252 interface is fairly stable across the three openings; therefore, the error bars are not large. The 
253 exception to this is for the travelling fire spread mode (𝑉𝑠/𝑉𝑏𝑜  ≈ 1), where sharp differences in 
254 the thermal interface height local and remote from the fire are noted; therefore, the distribution in 
255 the convective heat losses is high. Radiation losses through the three openings are low (< 3%). 
256 Solid-phase losses are higher, with 9% to 11% of the HRR transferred to the boundary elements. 
257 These losses are far lower than those calculated by Harmathy [15] for compartments with similar 
258 inverse opening factors. The breakdown of solid-phase losses to the boundary elements in Fig. 
259 6b shows once again that most of the solid-phase heat losses are to the ceiling and back wall. 

 
 
 
 
 
 
 
 
 

260  

261 Fig. 6. Distribution of energy for the restricted ventilation mode. (a) Breakdown of the heat lost 
262 outside of the control volume to convection, radiation, and conduction. (b) Breakdown of the 
263 conduction losses to the various boundary elements in the compartment. 
264 4.3 Imbalances in energy conservation 

265 The repeatability of maintaining the experimental energy balance for the experiments with 
266 unrestricted openings (𝜙′ ≈ 4 𝑚−0.5) highlights the robustness of the calculation approach of the 
267 total heat loss. Nevertheless, the experiments with restricted ventilation (𝜙′ ≈ 23 𝑚−0.5) show that 
268 only 44% to 55% of the input HRR can be calculated using the proposed methodology. The HRR 
269 was calculated on the basis that the heat of combustion is ideal and that the base of the burner is 
270 well-ventilated. This assumption was deemed acceptable as external flaming was not observed 
271 [7], and flaming appears, for the most part, to be local to the burners. Thus, it is believed that 
272 well-ventilated conditions are obtained close to the burners. This observation is confirmed 
273 through analysis of the species concentrations of O2, CO2 and CO near the ceiling [7] as shown 
274 in Fig. 7. The oxygen concentrations in the experiments with restricted ventilation are slightly 
275 lower (by 0.5% to 2% compared to the unrestricted ventilation mode), highlighting a descending 
276 smoke layer as more oxygen is displaced from the ceiling. 

(a) (b) 
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277 Temporal changes in the oxygen concentrations closely follow the evolution of the HRR for each 
278 ventilation mode and fire spread mode (refer to Fig. 3a and Fig. 5a). Due to the similar trends 
279 between oxygen and HRR, the amount of ventilation appears to have little effect on the 
280 availability of oxygen. The CO/CO2  ratio is used to estimate the efficiency of the combustion. 
281 [19]. In both ventilation modes, this ratio is low and implies a close to ideal heat of combustion. 

Unrestricted ventilation mode (𝜙′ ≈ 4) Restricted ventilation mode (𝜙′ ≈ 23) 
 
 
 
 
 
 
 
 
 

282  

283 Fig. 7. Gas analysis of each fire spread mode. (a) O2 concentration for the unrestricted ventilation 
284 mode. (b) O2 concentration for the restricted ventilation mode. (c) CO/CO2 ratio for the 
285 unrestricted ventilation mode. (d) CO/CO2 ratio for the restricted ventilation mode. 
286 The calculation of the convective losses assumes similarity of the neutral plane and thermal 
287 interface, which is valid for the well-ventilated experiments (𝜙′ ≈ 4 𝑚−0.5) [13]. If the flow 
288 inside the compartment is hydrostatically-driven [15], the pressure build-up in the compartment 
289 displaces the neutral plane from the thermal interface. Therefore, the assumptions to calculate the 
290 convective heat losses for the restricted ventilation mode (𝜙′ ≈ 23 𝑚−0.5) may not be valid. 

291 It is believed that the poor estimation of the neutral plane height does not solely explain the 
292 significant disparity in the energy balance. Given the similarity in the calculation of 𝑄̇𝑙𝑜𝑠𝑠 using 
293 the approach described in this study and by Maluk et al. [12], and on observations of the 
294 experiments, it is believed that there was significant leakage of flows through the shutters used to 
295 close the individual openings [7]. The enthalpy of this leakage was not captured with any 
296 sensors. Modelling the leakages as a hydrostatic horizontal vent [19] reveals enthalpy losses at 
297 approximately 30% to 40% of the total input HRR and may offer an explanation to the consistent 
298 errors in the energy balance assessment. Other potential causes for this imbalance such as less 
299 efficient combustion or external flaming were discarded as oxygen concentrations at the ceiling 
300 of the compartment were higher than 16% for experiments with restricted ventilation. 

301 5. Numerical characterisation of ventilation modes 

302 The gas analysis and observations of the experiments indicate low soot volume fractions, 
303 indicating that radiation from the smoke layer may not be the dominant heat transfer mode 
304 controlling the thermal boundary condition, thus convective heating to the structure must be 
305 considered. It is clear from the energy distribution analysis that changes in the ventilation induce 
306 shifts in the flow behaviour. This has distinct implications regarding the mechanisms of heat 
307 transfer to the boundaries. Quantification of the convective heat transfer requires the 
308 characterisation of the flow fields within the compartment, however this cannot be achieved 
309 experimentally since no flow sensors were placed within the compartment. 

(a) 

(c) 

(b) 

(d) 
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(a) (b) (c) 

310 To this purpose, a CFD model of the experiments is formulated using the Fire Dynamics 
311 Simulator version 6.7.0 [20] with a 0.1 x 0.1 x 0.1 m mesh, totalling to 1,028,500 cells to 
312 characterise the flow fields for the two ventilation bounds qualitatively. Only the fully-developed 
313 fire spread modes (𝑉𝑠/𝑉𝐵𝑂  → ∞) are simulated, as they have the highest HRR, and the two 
314 opening factors correspond to the classical definition of a ventilation-controlled fire and fuel- 
315 controlled fire given by Thomas [2]. These two regimes represent the limiting cases of flow 
316 behaviour for fully-developed compartment fires (hydrostatic and momentum-driven 
317 respectively) [1]. The model is used to explore the flow behaviour at the two ventilation bounds, 
318 and quantify a characteristic velocity to define a convective heat transfer coefficient to calculate 
319 the thermal boundary conditions. 

320 The compartment geometry, opening factor, the material composition of the walls (for the solid- 
321 phase heat transfer model) and positioning of the burners are identical to the experimental setup 
322 [7]. Furthermore, the fuel and simulation parameters are identical to the model developed by 
323 Gupta et al. [13], with a validation study of the temperature fields (for the high ventilation 
324 experiment) performed at the same mesh size. The only change to the model is the variation in 
325 ventilation (i.e. closing the shutters and adjusting the input HRR). The input HRR mirrors those 
326 shown for the fully-developed fire spread mode for both ventilation modes in Fig. 3a and Fig. 5a. 

 

 

   
327  

328 Fig. 8. Time-averaged contours of the velocities, temperatures, and pressures (from left to right) 
329 over the centreline of the burners near the centre of the compartment for (a - c) unrestricted 
330 ventilation mode, and (d - f) restricted ventilation mode. 

331 The contours of the velocities, temperatures, and pressures presented in Fig. 8 of the fully- 
332 developed fire experiments shows that the opening factor can have a considerable influence on 
333 the flow and thermal fields, even at large length scales. Qualitative observations of the 
334 unrestricted ventilation simulation show very high velocities within the plume, and at the ceiling 
335 jet, with the highest flows localised towards the rear wall. Outside of the accelerations local to 
336 the plume, both vertical and horizontal velocity gradients are strong. While not shown in these 
337 contours, spatially velocities along the ceiling are high, ranging from 1.5 ms-1 to 2.25 ms-1. Gas- 
338 phase temperatures are low, with average hot layer temperatures ranging from 195 °C to 245 °C, 

(d) (e) (f) 
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𝑒 

339 showing strong spatial distributions in temperatures within the compartments. While pressures 
340 are generally low, the high-pressure zone does not exceed the soffit height, indicating that gases 
341 are evacuated as fast as cold air is entrained into the flames. 

342 Where ventilation is restricted, the results of the simulation also shows high velocities local to 
343 the plume and ceiling. The velocities along the ceiling tend to be more evenly distributed, with 
344 no concentration along the back wall. Outside of the accelerations local to the plume, momentum 
345 transport is limited, with the hot gases being transported laterally to the openings (not shown in 
346 the contour). Average hot layer temperatures are generally higher at approximately 500°C, with a 
347 deeper and more uniform hot gas layer. The pressure fields indicate a build-up of a hot gas layer 
348 or a smoke layer well beyond the soffit height at the openings; however, the flow fields cannot 
349 be described as a well-stirred reactor, with partial mixing obtained. 

350 Based on these descriptions, it is apparent that the flow fields in the compartment with 
351 unrestricted openings are controlled by the temperature gradient of the fire and the compartment. 
352 Therefore, the flow velocities along the boundaries are controlled by the characteristics of the 
353 plume and the resulting ceiling jet. When the openings are restricted, it is believed that the flow 
354 fields are controlled by a combination of hydrostatic flows in the hot layer, and the momentum- 
355 driven flows induced by the plume. Flow velocities along the ceiling are lower, and the high 
356 flows are concentrated to the point of impingement on the ceiling. Therefore, the flows and by 
357 extension, the convective heat transfer coefficients change as a function of the ventilation modes. 

358 6. Spatial heating analysis 

359 The compartment fire framework demarcates the different ventilation extremes by means of the 
360 different fire regimes to quantify a uniform thermal load to the structure. The results from this 
361 study and by those of Hidalgo et al. [7] and Maluk et al. [12] demonstrates the non-uniformity of 
362 heating in these experiments, especially in the transient fire spread modes. Assessment of the 
363 thermal load resulting from changes in ventilation must take into account the spatial heat 
364 distributions [3]. Given the insulating nature of the boundary elements, using the ratios of heat 
365 lost to the boundaries as the benchmark for severity can be misleading. Instead, the total incident 
366 heat flux onto the boundary elements (𝑞̇′′) [15] is used to study the ventilation effects on the 
367 thermal environment. The high quantity of gas-phase temperature and irradiation measurements 
368 at or near the boundaries are exploited to analyse the total heat flux as a function of space and 
369 time. The total incident heat flux combines the irradiation and convective heat flux terms: 

 
𝑞̇′′ = 𝑞̇′′ + ℎ  (𝑇  − 𝑇 ) 𝑒 𝑖𝑛𝑐,𝑟𝑎𝑑 𝑐    𝑔 0 (6) 

370 where the reference temperature, 𝑇0, is the ambient temperature instead of the element’s surface 
371 temperature. This approach is similar to Law and O’Brien [21] and allows separating the incident 
372 heat flux from the net heat flux terms such that the boundary condition can be evaluated without 
373 consideration of the heat diffusion into the element. For analysis purposes, the total incident heat 
374 flux is non-dimensionalized using the heat release rate per unit floor area (HRRPUA): 

 
𝑞∗ = 𝑞̇′′ /𝑄̇ " 𝑒 𝑓𝑖𝑟𝑒 (7) 

375 The irradiation term is solved using data from the TSCs, and the convective heat flux is 
376 evaluated using data from gas-phase thermocouples close to the TSCs. In order to determine the 
377 convective heat transfer coefficient for each ventilation mode, an average characteristic velocity 
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(b) (e) 

(c) (f) 

378 (𝑣𝑐̄  ) is defined for both ventilation modes using the numerical models developed in Section 5. 
379 Spatial variations of flows along the ceiling are also considered. The convective heat transfer 
380 coefficient is evaluated using Eq. 5. For the unrestricted ventilation mode (𝜙 ′ ≈ 4 𝑚−0.5), 𝑣𝑐̄  and 
381 ℎ𝑐 are 2.25 m.s-1  and 12 W.m-2.K-1, respectively, while for the restricted ventilation mode (𝜙 ′ ≈ 
382 23 𝑚−0.5) 𝑣𝑐̄  and ℎ𝑐 are 1 m.s-1  and 6 W.m-2.K-1, respectively. 

Unrestricted ventilation mode (𝜙′ ≈ 4) Restricted ventilation mode (𝜙′ ≈ 23) 

  
 

    
 

 

    
 

383 

384 Fig. 9. Dimensionless spatial and temporal heating analysis of the ceiling. (a - c) fully-developed, 
385 growing and travelling fire spread modes (from top to bottom) for the unrestricted ventilation 
386 mode, and (d - f) fully-developed, growing and travelling fire spread modes (from top to bottom) 
387 for the restricted ventilation mode. 
388 The spatial heating analysis for each fire spread mode experiment under the two ventilation 
389 modes is shown in Fig. 9 for the ceiling. The spatial coordinate (shown on the x-axis) is the 
390 length of the compartment that is presented as dimensionless. The markers on each figure 
391 indicate the temporal evolution of heating, with different time steps presented based on the 
392 steady-state periods of the HRR evolution of each experiment. These times represent the 
393 different stages of the fire progression and are time-averaged over one hundred seconds. The 
394 shaded region shows the maximum and minimum local heat variations at each length coordinate, 
395 measured along the compartment depth (i.e. from the back wall to the opening) over the entire 

(a) (d) 
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396 period of each experiment. Detailed analysis of the discussion of the results is presented in 
397 Section 7.2. Nevertheless, it is important to highlight that these results demonstrate large spatial 
398 heating distributions dependent on the fire spread mode and that heating to the structure is 
399 generally higher in cases where ventilation is open and gas-phase temperatures are lower. 

400 7. Discussion 

401 7.1 Comparison of ventilation effects on energy balance 

402 Considering that imbalances in energy conservation for the restricted ventilation experiments are 
403 the result of poor quantification of the convective heat losses, it is clear that majority of the heat 
404 generated by the combustion is lost through the enthalpy of the outflow. These results 
405 correspond to small-scale experiments with similar opening factors by Majdalani et al. [4]. The 
406 assumption of negligible radiation losses through the openings by Harmathy [15] for 
407 compartments with large inverse opening factors is shown to be valid for the experiments with 
408 restricted openings. 

409 The solid-phase losses are low under both ventilation modes, with 9% to 11% and 6% to 8% of 
410 the input energy lost for the open and restricted ventilation modes. These losses represent a lower 
411 bound due to the low thermal inertia of the boundary materials [7]. Heating times of the 
412 boundaries are short, and quasi-steady conditions in the solid-phase are achieved, resulting in a 
413 decay in the net heat flux to the solid. In particular, the ceiling lining is high-density stone wool 
414 (180 kg.m-3), with a very low thermal conductivity (0.036 W.m-2.K-1) as opposed to the walls; 
415 which consists of aerated concrete, with a higher density (500 kg.m-3) and thermal conductivity 
416 (0.15 W.m-2.K-1). Due to the high incident heat fluxes and surface areas, the ceiling and back 
417 wall lose similar ratios of heat. 

418 It is worth noting that the HRR relative to the size of the enclosure is not large; particularly for 
419 the fully-developed or growing fire spread modes. Soot yields for propane are lower than other 
420 hydrocarbons or cellulosic fuels, and in combination with the low HRR, soot volume fractions 
421 and the gas-phase temperatures are generally low. Majdalani et al. [4] shows that restricting the 
422 ventilation in combination with a higher HRR produces higher soot volume fractions, and 
423 thermal uniformity in the compartment is obtained. Under these conditions, solid-phase losses 
424 rise, and convective and radiative losses through the openings are minimized. Thus, the energy 
425 distribution shifts towards the ventilation-controlled fire described by Harmathy [15]. 

426 7.2 Effects of ventilation on the spatial heat distribution 

427 Comparisons of the ventilation effects on the spatial heating show that equivalent levels of 
428 heating to the structure occur where openings are left unrestricted. This result is despite lower 
429 gas-phase temperatures and incident radiant heat fluxes, though flow velocities at the ceiling are 
430 significantly higher than the experiments with restricted openings. This trend is reflected across 
431 all three fire spread modes. In the absence of smoke layer formation, the convective heat transfer 
432 coefficient is much larger, and the lower gas-phase temperatures in the plume and ceiling jet can 
433 still deliver more heat to the structure. The transient fire spread modes under both ventilation 
434 modes impose significant spatial heat distributions along the ceiling. Under these cases, a single 
435 mean gas-phase temperature [2] or incident heat flux [15] does not serve as a robust indicator of 
436 thermal load. The heat delivered to the ceiling is relatively transient when the openings are 
437 restricted, likely as the smoke layer continues to descend, and the temperature in the layer rises 
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438 due to the heat feedback loop. On the other hand, steady-state heat conditions are achieved faster 
439 when the openings are unrestricted as the smoke layer is not able to descend past the soffit. It is 
440 important to note that for the transient spread mode experiments, the HRRPUA is not preserved 
441 due to limitations in the propane supply of the burners and thus varies. The HRRPUA of the 
442 fully-developed fire mode experiments was 28 kW/m2, the spreading fire mode ranges from 28 
443 to 32 kW/m2, and travelling fire mode is 70 kW/m2 (as only two burners are operating at once). 

444 Observations of the fully-developed fire mode (𝑉𝑆/𝑉𝐵𝑂  → ∞) [12] shows non-uniform propane 
445 supply to all the burners in the compartment. Flame heights to the right-hand side of the 
446 compartment (x/L > 0.8) are higher; therefore, heating is significantly larger in one side, causing 
447 large horizontal temperature gradients. Horizontal heat distributions stabilise away from the fire 
448 origin towards the left-hand side of the compartment (x/L < 0.6) shown in Fig. 9a and Fig. 9b. 

449 Under both ventilation modes, the most severe heating conditions are observed for the growing 
450 mode (𝑉𝑠/𝑉𝑏𝑜  > 1), and spatially, heating is concentrated at the origin point of the fire spread 
451 (x/L > 0.6) shown in Fig. 9c and Fig. 9d. Spatial heating distributions are significant as the 
452 smoke layer forms locally at the fire origin, heating the boundaries local to the fire. Re-radiation 
453 effects of the walls and floor to the ceiling are also expected to induce a temperature rise locally. 
454 Furthermore, the short characteristic heating time of the boundaries due to the low thermal 
455 inertias exacerbate the temperature rise in the hot layer. Due to the low soot volume fractions, 
456 irradiation to the ceiling in the case of restricted openings is not the sole heat transfer 
457 mechanism. Therefore, heating is controlled by the gas-phase temperatures and the speed of the 
458 flows along the ceiling in addition to radiation from the smoke layer. 

459 According to travelling fire theory [22], the thermal fields in a compartment fire can be 
460 demarcated into a near-field local to the fire, and a far-field remote from the fire. Demarcation of 
461 the two zones is based on the flame thickness over the fuel bed. Examination of Fig. 9e and Fig. 
462 9f shows a clear separation of the near-field heating and far-field heating at different times along 
463 the compartment. The heated length is a function of the timescales of the fire movement, and far- 
464 field heating decays very quickly after this region is passed. Near-field heating conditions are 
465 similar to the lower pre-heated regions in the fire growth (𝑉𝑠/𝑉𝑏𝑜  > 1) and fully-developed 
466 (𝑉𝑠/𝑉𝑏𝑜  → ∞) fire spread experiments under both ventilation modes. It is apparent that the local 
467 heating duration has a major influence on the spatial heating distributions in the compartment. 
468 The ventilation mode is shown to also influence the levels of near-field heating; with higher 
469 levels of heating and higher spatial heat distributions in the case where the openings are left 
470 open. Interestingly, far-field heating to the ceiling is equivalent under both ventilation modes, 
471 indicating low gas-phase temperatures and irradiation remote from the fire. It is worth noting that 
472 in spite of a higher HRRPUA for the travelling fire spread modes, the heat delivered to the 
473 ceiling local to the fire is similar to the other fire spread modes away from the region of pre- 
474 heating (x/L < 0.6). This observation confirms that the near-field heating is defined by the local 
475 gas-phase temperatures, irradiation from the flames and the ceiling flows. 

476 8. Conclusions 

477 It is well known that ventilation is a critical parameter that governs the intensity and duration of 
478 a fully-developed fire within ventilation-restricted compartments, studied within the context of 
479 the current compartment fire framework. As the built environment tends towards large open-plan 
480 spaces (> 150 m3), there is a need to characterise the fire behaviour inside well-ventilated 
481 compartments. Recent experiments in large-scale compartments have challenged the assumption 
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482 of temperature homogeneity and demonstrated that such spaces could not be described using the 
483 current framework. Further, it has been shown that spatial temperature distributions may induce 
484 complex thermally driven forces into contemporary structural systems. 

485 Recent demonstrator experiments on natural fuel beds in large-scale, fuel-controlled, open-plan 
486 type compartments have identified three fire spread modes, corresponding to a fully-developed 
487 fire, a growing fire, and a travelling fire. These fire spread modes were controlled during fire 
488 testing by using computer-controlled propane gas burners. The fire behaviour resulting from 
489 each fire spread modes demonstrates the characteristics of behaviours that are spatially and 
490 temporally variant based on the timescales associated with (1) the fire spread at the front of the 
491 burning fuel, (2) the burnout front of burnout fuel front, (3) and the ventilation mode. 

492 Analysis of the energy distribution and numerical model reveals a departure in the characteristic 
493 fire dynamics of the compartment fire framework that is based on hydrostatic flows controlling 
494 the thermal loads within the compartment. Flows within the compartment are controlled by the 
495 momentum of the fire plume, with the ventilation acting as the regulator to the plume-induced 
496 flows. The assertion that higher gas-phase temperatures and irradiation to the boundaries 
497 resulting from restricted ventilation present a more onerous thermal loading scenario is 
498 challenged. The analysis shows that compartments with large openings and limited smoke layer 
499 accumulation will induce higher momentum-driven flows, and therefore a high convective heat 
500 transfer coefficient. Thermal loading to the compartment boundaries, driven by convective 
501 heating can deliver equivalent levels of severity, despite lower gas-phase temperatures and 
502 irradiation. Thus, proper quantification of the thermal boundary condition resulting from a 
503 specified fire scenario must also consider the ventilation characteristics and the resultant fire- 
504 induced flows within the compartment. 
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574 Fig. 5. Energy conservation terms for the restricted ventilation mode. (a) HRR (Q̇ fire) generated 
575 by the burners for three fire spread modes. (b) Q̇ loss normalised by Q̇ fire for each fire spread 
576 mode. ......................................................................................................................................... 7 
577 Fig. 6. Distribution of energy for the restricted ventilation mode. (a) Breakdown of the heat lost 
578 outside of the control volume to convection, radiation, and conduction. (b) Breakdown of the 
579 conduction losses to the various boundary elements in the compartment. .................................... 8 
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586 Fig. 9. Dimensionless spatial and temporal heating analysis of the ceiling. (a-c) fully-developed, 
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