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Abstract 

The prescriptive design of commercial and residential infrastructure has been carried out since the 

decade of the 1960 based following as fire scenario the post-flashover stage of a fire. From this fire 

stage, the design basis is the Regime I, which is taken as the worst case scenario. This regime or 

particular behaviour relates to a theoretical upper limit of the air inflow to the compartment, 

serving as a design criterion for fire safety and the determination of the detection, control & 

extinction and evacuation strategies. Nevertheless, nowadays the design of structures is moving 

towards performance-based design (PBD), in which different fire scenarios are analysed with 

engineering tools such as Computational Fluid Dynamics (CFD) software, having the Fire Dynamics 

Simulator (FDS) as one of the most popular among fire safety engineers. This work presents a 

methodology in which a specific compartment fire is analysed under three different elements in 

order to assess the uncertainty in FDS simulations: fire dynamics theory (basis of the prescriptive 

approach), FDS simulations (tool used in the PBD approach) and experimental results. The analysis 

of the same system under these three different elements allows determining if the prescriptive 

approach underestimates the severity of the fire, whether Regime I should always be considered 

the worst-case scenario and finally the uncertainty of the FDS model when validated against 

experimental data. 

1. Introduction 

The design of a structure is based on following rules such as construction codes, which aim at 

assuring that it will withstand events such as earthquakes and fires. For fire events, structures are 

designed under a worst-case scenario which is defined on the prescriptive codes based on 

observations and theoretical analysis of the fire dynamics in a compartment that date back to the 

decade of 1960. However, with the shift towards performance-based design (PBD) of structures, 

this worst-case scenario is replaced by custom scenarios for a specific compartment. Such 

approach can be easily related to those applied in current process safety, in which a process 

plant’s safety is achieved through ‘custom-made’ analysis for scenarios of interest such as fires, 

explosions and toxic dispersions [1, 2]. 

The slow and long dynamics of fire phenomena presents a permanent risk for the operation of a 

building, and the consequences related are quite clear for most of the world since September 11th 

of 2001. On this date three buildings of the World Trade Center (WTC1, WTC2 and WTC7) 

collapsed after sustaining hours of violent fires originated from a terrorist act. But another fire in 
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New York did not have the same consequences: on July 24th of 2012 a three and a half hours fire 

was battled by more than 100 fire-fighters with 12 of them injured as the consequences [3]. This 

presents an interesting comparison: three of the most important sky-scrapers in the United States 

collapsed after sustaining fires, while a residential building with 6 fire alarms registered did not 

have any fatal consequences. All four buildings were built under the approval of the same 

construction authorities, then, why did the first three collapsed and the fourth didn’t? Although 

detecting, controlling & extinguishing fires while evacuating all occupants before a collapse occurs 

is key in the design of a building, codes are based on the “standard fire” [4]. This standard fire 

finds its origin in the thermal load imposed to a certain structural element in order to determine 

how long it will last in a fire, or the Fire Resistance Rating (FRR) [5]. When the conditions in a real 

fire scenario are different to those from such standard tests, PBD comes into place as previously 

mentioned, aiming to analyse the particularities of each structure and its behaviour under 

different realistic fire scenarios. 

PBD in building fire safety –as well as in the process safety- takes an ad-hoc approach to all 

analysis carried out, requiring the following elements [6, 7]: 

1. Detailed knowledge of the system  to be studied 

2. Establish the scenarios to be studied, i.e. worst-case scenario, complementary scenarios 

3. Calculate the probability of each scenario occurring 

4. Estimate the behaviour of the phenomena involved in each scenario, e.g. values of 

temperatures, amount of smoke produced 

5. Calculate the consequences to the system 

6. Establish the degree of uncertainty in the analysis 

7. Determine the prevention & mitigation systems, i.e. detection, control & extinction and 

evacuation 

8. Determine a design that satisfies the safety requirements 

Element 4 requires the quantitative estimation of the key variables in a fire that allow calculating 

the consequences to the structure, therefore engineering tools that describe the phenomena are 

needed. There are several tools available, but for fire scenarios analysis the most representative 

can be summed up in zone and field models. The zone models correspond to analytical models in 

which there is a high dependence of experimental correlations and strong assumptions, such as 

the division of a system into two control volumes in which a variable has the same value 

regardless of the position (Consolidated Model of Fire and Smoke Transport – CFAST [8]). The field 

models take advantage of the exponential evolution of computational capacities, solving the 

Navier-Stokes equations in three dimensions while incorporating models of combustion and 

radiation heat transport among many others.  

Regardless of the implemented model, the complexity of the fire phenomena implies that any 

model will have a significant degree of uncertainty involved in the results of the calculations [9]. 

An overestimation in the design fire scenario can lead to unnecessary costs and over-dimensioned 

structural design, as well as unsuitable strategies for detection, control & extinction and 
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evacuation. Contrary, if the design fire scenario selected is underestimated the opposite is 

expected: under dimensioned structural design, inadequate fire safety strategies and therefore 

possible high undesirable consequences. 

Uncertainty plays a key role in the decisions taken regarding the design and operation of an 

structure, a building or a process plant, which makes it a priority to establish the degree of 

confidence in the results an engineering tool can provide [10]. This work presents a methodology 

focused on analysing the uncertainty involved in fire simulations using the CFD software Fire 

Dynamics Simulator or FDS [11]. 

2. Proposed methodology for uncertainty analysis 

Decision making is the ultimate objective of engineering, and this should be a knowledge-based 

process. According to a classical approach, the lack of knowledge can be interpreted as uncertainty 

and this of course has to be mitigated [12]. This is no easy task, especially with such a complex 

phenomenon as fire; therefore the proposed strategy intents to relate the FDS simulation results 

to two different sources of information regarding the actual behaviour of the system: fire 

dynamics theory and experimental data. This is further elaborated in the description of the steps 

of the methodology which are as follows: 

1. Experimental Design: A simple system is selected, such that it can be reproduced in a 

laboratory. This system should be one in which the current design practices have not yet been 

tested and might offer improvement opportunities when analysed. 

2. A-priori analysis: The first part of the analysis is carried out without any information regarding 

the experimental behaviour. The system is constructed in FDS following the experimental 

design as precisely as possible, and its results are then analysed with the available fire 

dynamics theory. This analysis allows comparing qualitatively the fit of the CFD tool to the 

currently accepted theories implemented in structure design. 

3. A-posteriori analysis: This part of the analysis relies on the experimental data obtained from 

the laboratory testing. It can also be interpreted as a validation based on the analysis of key 

variables identified in the previous step. 

Finally, the key results found in the two previous steps are merged and analysed, concluding about 

the uncertainty involved in the simulations and the key variables that influence it. 

3. Implementation of the Methodology 

To implement the proposed methodology, the experimental design concerning the selected 

system is presented followed by the expected fire behaviours (regimes). With these elements, the 

simulations setup is presented followed by the devices used to capture the data of interest and 

finally the results are analysed in function of the validity of the regimes theory and the uncertainty 

involved in the FDS simulations. 

3.1 Experimental setup 

The selection of the system aided by PhD. candidate Agustín H. Majdalani, under the supervision 

of Prof. Jose L. Torero, at the BRE Centre for Fire Safety Engineering, University of Edinburgh, 
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Edinburgh, UK. The experimental setup of the system is presented in Figure 1, and was selected as 

the case study given that it can help understand a long-standing theory regarding the 

phenomenon that controls the air inflow and therefore combustion process and fire behaviour 

within the compartment. The system corresponds to a scaled compartment with variable propane 

gas flows (to generate buoyancy induced flames) and a vertical ventilation opening that range 

from 100% to 20%. The experiment controls one of the main sources of uncertainty (Heat Release 

Rate, HRR) from design, by taking fixed propane gas flows (0.5, 1.0 and 1.5 g/s). This theory states 

that there are two different regimes of behaviour in the fully-developed stage of a compartment 

fire: controlled by the hydraulics of the compartment and controlled by the ventilation opening. 

  

Figure 1. Left: Experimental system during its set-up stage. Instrumentation is signalled as (I). Right: 
compartment’s dimensions 

The instrumentation presented in the experimental setup aims at capturing the measurements of 

the key variables of the system which are defined by the fire dynamics presented in the next 

section. To clarify the variables related to the instrumentation, these are described as follows: 

• Velocity probes: these bi-directional pressure probes measure the fluids’ velocities magnitude 

and sense at the opening of the compartment by measuring the pressure differential between 

the front and the back of the device. The range of measurements is >0.3 m/s and Re>520 with 

an uncertainty range of ±10% [13]. 

• Thermocouple trees: one of the key variables for the characterization of any fire dynamics is 

the gas temperature reached at different spatial locations. The thermocouples used are K type 

due to its accuracy, low costs and ease to setup. The range of measurements is between 0°C 

and 1800°C with an accuracy of ±3.55°C1.  

• Heat flux gauges: if gas temperatures are key to understand a fire’s behaviour, its interaction 

with the solid boundaries is also of high importance. This interaction is measured through the 

heat flux to solids, which is also measured using K type thermocouples set up as small squared 

plates of 1 cm by 1 cm area. 

 

                                                           
1 This uncertainty range was calculated from the information provided by the thermocouples manufacturer (TC Ltd. PO 
Box 130, Uxbridge, UB8 2YS, United Kingdom). 
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3.1.1 Fire Regimes 

Fully-developed fires in small compartments behave in the two previously mentioned regimes, 

depending on the size of the ventilation opening. These regimes are: Regime I and Regime II and 

are described as follows [14]: 

 Regime I: is related to small openings in compartments with almost uniform temperatures, 

which creates the ‘chimney effect’. This implies that the compartment acts as a chimney 

drawing cold air through the lower portion of the opening and exhausting hot combustion 

gases through the upper portion. Regime I behaviour implies that the compartment fire is 

controlled –not limited- by the ventilation area with the surroundings. 

 Regime II: is related to large openings and therefore to compartments in which the 

temperatures are not uniform at all. In this regime no ‘chimney effect’ is expected and the fire 

behaviour can be related to an open fire with minor compartment effects in terms of hydraulic 

behaviour. Regime II behaviour implies that the compartment fire is controlled –not limited- 

by the fire area itself. This is expected since the amount of heat loss to the surroundings is 

considerable (due to large openings) and the air is not drawn into the compartment, but 

entrained to the fire plume in a local manner and not by the whole compartment. 

These regimes are therefore different due to the mechanism in which air is drawn into the 

compartment, being the hydraulic behaviour of the compartment in Regime I –not the fire-, while 

in Regime II it is the fire –not the compartment- that suctions the air. Given that Regime II does 

not account for the hydraulic compartment effects, the classical approach to the dynamics 

expected in a fully-developed compartment fire such as one in an open-office layout (e.g. WTC) is 

Regime I, hence small openings. Furthermore, one of the key variables for design under Regime I 

conditions is the expected maximum air inflow rate (mair), which is presented in Ec. 1 and derived 

from theoretical formulations and experimental analysis [14-17]. 

air v vm cA H  Ec. 1 

With c an empirical constant with value of 5 [14], Av the opening area and Hv the height of the 

opening. The use of Regime I as basis for design is one of the main features to be analysed, since 

mair works as an upper limit of fire severity for the design of structures, being considered as the 

worst-case scenario in terms of the Heat Release Rate (HRR). This is an interesting system to study, 

given that the PBD approach to structures design has already begun challenging classical concepts 

such as the correlations of Babruskas & Williamson and those of McCaffrey for gas temperatures 

and HRR [18] and the discussion of Harmathy regarding the role of the fire plume in the Regime I 

behaviour [19]. 

3.1.2 Simulation setup 

With the system defined, it is necessary to define the design of experiment that will apply to the 

simulation and experimental runs to verify the theory of interest and also allows the uncertainty 

analysis. Given that the ventilation and propane gas flow (and therefore the HRR) are the key 

variables of the system, these take the values presented in Table 1, which constitute the design of 

experiment. 
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Table 1. Experimental design based on ventilation factor and propane mass flow 

Configuration 
Ventilation Factor (%) Compartment doors Propane mass 

flow (g/s) Front Back hup (m) hdown (m) 

 100% 100% 0 0 
0.5 
1.0 
1.5 
2.0 
3.0 

 100% 0% 0 0 

 80% 0% 0.082 0.082 

 60% 0% 0.164 0.164 

 40% 0% 0.246 0.246 

 20% 0% 0.328 0.328 

The last column presents propane mass flow ranging from 0.5 to 3 g/s; however the mass flows for 

the actual experimental setup ranges only from 0.5 to 1.5 g/s (consequence of certain operational 

restrictions at the laboratory in which the tests were run). Table 2 presents the main parameters 

used to specify the FDS simulation, taking into account the ranges of grid sizes, domain extensions 

and the simulation times implemented for the uncertainty analysis. 

Table 2. Simulation parameters for the case study FDS simulations 
Simulation parameter Base simulation values Additional values 

Burners and HRR 

Due to the computational mesh restrictions, the 2 mm holes cannot be reproduced, instead the 
128 holes are replaced by 16 square burners with a 2 cm2 area. Regardless of the drift from 
the experimental setup, the function of the burners is to supply the compartment with a fixed 
HRR which is achieved by doing the following calculation of the HRR per unit area (HRRPUA)  

Flow (g/s) HRR (kW) HRRPUA (kW/m2) 

0.5 25.17 3933 

1.0 50.34 7866 

1.5 75.51 11798 

Domain extension 
[x0,xf,y0,yf,z0,zf] (m) 

Single mesh 
[0.00, 1.64, 0.00, 1.64, 0.00, 1.64] 

Base mesh + coarse mesh 
[0.00,1.68,-3.04,0.00,0.00,1.68] 

Grid size: Length (m) x 
Width (m) x Height (m) 

0.02 x 0.02 x 0.02 
(fine grid, 551368 nodes) 

Values for the grid sensitivity analysis: 
0.04 x 0.04 x 0.04 (coarse grid, 68921 nodes) 

0.08 x 0.08 x 0.08 (extra-coarse grid, 8000 nodes) 

Simulation time (s) 7502 
200 (Grid size sensitivity3 and domain extension4 

analyses) 

Compartment material 
Ceramic fiber sheets. Specific heat = 0.9 (kJ/kg/K). Conductivity is specified as a ramp to 
achieve the response of the real material in which conductivity goes from 0.07 W/m·K @ 
300°C to 0.2 W/m·K @ 1000°C. Density = 310 kg/m3 

Given the complexity of the fire phenomenon itself and the multiple variables and equations that 

govern the FDS model, the Annex 1 presents a summarized technical guideline of the model and 

some of its important aspects that were taken into account when performing the analysis of the 

results. 

3.1.3 Simulation devices 

The devices setup in the simulation of the system correspond to the devices equivalent to the 

experimental ones (thermocouples, heat flux gauges and bidirectional probes) and also to 

                                                           
2 The estimated time for the base simulations is around 240 hours or 10 days in the Kletz server (Intel® Xeon ® 3.46 
GHz, 196 GB). 
3 The estimated time for the base simulations is around 60 hours or 2.5 days for the coarse grid (68921 nodes) and 
around 10 minutes for the extra-coarse grid (8000 nodes) in the Kletz server (Intel® Xeon ® 3.46 GHz, 196 GB). 
4 The estimated time for the base simulations is around 60 hours or 2.5 days for 68921 nodes and around 10 minutes for 
8000 nodes in the Kletz server (Intel® Xeon ® 3.46 GHz, 196 GB). 
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additional virtual devices setup to aid the a-priori analysis. The latter are devices which in a real 

experimental setup are infeasible to have, but that in the simulation environment allow obtaining 

key information on the fire dynamics. Table 3 presents a description of the devices involved in the 

FDS setup involved both in the a-priori and a-posteriori analysis. 

Table 3. Devices in FDS simulations of the system of interest 
Device and setup Location 

1 

To capture gas temperatures, the setup 
includes nine (9) vertical thermocouple trees 
distributed in a 3 by 3 configuration along the 
compartment’s floor and ceiling. Each tree 
has six (6) thermocouples distributed along 
the compartment’s height 

 

2 

To capture the linear velocity of the gases 
(air inflow, combustion products outflow) at 
the opening of the compartment, the setup 
includes a range of bi-directional probes from 
2 to 6 depending on the configuration. The 
probes are set up at the external left edge of 
the opening in order to minimize their 
influence on the fluid dynamics at the 
opening 

 

3 

To capture the heat fluxes to the solid 
boundaries, the devices were modelled in 
FDS as plaques that follow the same 
properties of the thermocouples used in the 
experimental setup. The devices were 
spatially located in positions of interest, as 
presented in the figure that represents the 
devices on the floor of the compartment 

 

4 

In order to identify the behaviour of the fire 
dynamics inside the compartment, and as 
established in the previous section, the 
gases velocity vectors are of key 
importance. This along with the fact that the 
magnitude and sense of the velocity vectors 
can give unique insight on the prevailing fire 
regime required that a detailed set of velocity 
measuring devices were setup in the FDS 
simulation for the a-priori analysis  
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Device and setup Location 

5 

Although velocity vectors give unique insight 
on the air and smoke behaviour inside and 
outside of the compartment, it lacks 
information regarding the position of the 
neutral plane or the quantities in which air is 
drawn into the compartment and smoke is let 
out into the surroundings. This requires 
setting up devices that allow measuring the 
air inflow and smoke outflow 

 

6 

It must be noted that a regime II behaviour 
implies a less equally distributed gas 
temperature field across the compartment 
due to the local entrainment of air near the 
fire plume; while at a regime I behaviour in 
which the compartment is acting like a 
chimney, a much more equally distributed 
gas temperature field is expected. In order to 
measure gas temperatures and its 
distribution the TA, TB, TC gas temperature 
measuring devices are setup in the FDS 
simulation  

3.2 Results and analysis 

With the theory, experimental and simulation setups, it is possible to perform both an a-priori 

analysis -in which no information of the experimental results is available- and an a-posteriori 

analysis -in which all the elements are analysed and the a-priori analysis results revisited. The 

information presented in the following section shows that FDS as a modelling tool has strengths 

and weaknesses, given by the capability of reproducing general aspects of a compartment fire and 

the lack of accurately predicting within acceptable error ranges key variables that have a direct 

influence on the fire dynamics. 

3.2.1 A-priori analysis 

The first part of the analysis is carried out without any information regarding the experimental 

behaviour. This analysis allowed comparing qualitatively the fit of the CFD tool to the currently 

accepted theories implemented in structure design, obtaining the key results for the behaviour of 

the key variables: velocity vectors, gas temperature distribution, neutral plane position and air 

inflow in relation to the theoretical limit. These results are presented and analysed as follows: 

• The results for velocity vectors (Figure 2) suggest a transition zone between fire Regime I and 

II, around 60% opening configuration. This could be a key advancement in the understanding 

of the dynamics that take place in a compartment fire under different fuel loads and 

ventilation conditions. So far it was generally accepted to design under Regime I 

considerations, but results imply that this should be carefully re-analysed in the a-posteriori 

and overall analysis to determine whether  the classic Regime I model is a conservative 

MF1

MF4

MF7

MF10

MF13
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MF18

TA

TB
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approach, and whether Regime II conditions might represent a disregarded but real risk for 

certain configurations. 

  
Figure 2. Horizontal velocity magnitude comparison for 2 (left) and 5 (right) configurations at 1.5 g/s 

Propane flow 

• The neutral plane position tends to decrease as the ventilation decreases and as the propane 

mass flow increases. A breaking point is identified at configuration 4, given that towards less 

opened configurations the neutral plane drops below 50% (see Annex 2). 

• The theoretical air inflow upper limit is surpassed for the highest propane flows of 

configuration 3 and then for all 4 and for the lowest propane flows of configuration 6 (), 

suggesting that FDS might overestimate the air inflow in the at the opening or that an issue 

with the proposed theoretical limit exist. 

 
Figure 3. Ratio (%) of the measured air inflow to the proposed theoretical limit 

• The distribution of temperatures obtained from devices TA, TB and TC corresponds to the 

expected behaviour for each regime, having non-uniform temperatures and high standard 

deviations in Regime II scenarios (approaching 100% opening) and more uniform temperatures 

and reduced standard deviations for Regime I (see Figure 4). 
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Figure 4. Time-averaged measurements for the gas temperatures registered by TA, TB and TC devices. 

Standard deviations shown below. 

3.2.2 A-posteriori analysis 

The previous section was focused on the qualitative yet comprehensive comparison between FDS 

simulation output and the theoretical behaviours expected in a compartment post-flashover fire. 

To complement the previous section’s results, the present section is focused on a direct 

comparison between FDS simulation output and the measured quantities in the actual 

experiment. 

To perform such comparison taking into account the multiple variables of interest, the a-posteriori 

analysis was divided in four independent analyses dealing with epistemic and user-related 

uncertainty: grid size analysis, domain extension analysis and direct validation. The results are 

presented and analysed as follows: 

• The grid size analysis consists on comparing base simulation with a grid size of 2 cm x 2 cm x 2 

cm against a coarse grid twice as big (arista of ~4 cm) and then with an extra-coarse grid four 

times as big (arista of ~8 cm). To focus on the most representative variables, gas temperature 

errors against experimental measurements were chosen as the basis of this analysis, obtaining 

the results presented in Table 4. The presented results show that the grid size that allows 

obtaining the least amount of average error for all thermocouple trees is the smallest one, 

with errors between -22% and 28%. It is also interesting to note that the standard deviations 

of the 2 cm grid size are the largest, suggesting that the simulation of the system accounts for 

more particular behaviours than with the coarse and extra-coarse grid sizes. Finally, both the 4 

cm as well as the 8 cm grid size present the same errors, showing that for the system studied, 

no difference exists for the coarse and extra-coarse grids output. 
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Table 4. Gas temperature errors and their standard deviation for selected configurations under 1.5 g/s 
Propane mass flows 

Grid size (m) 
Thermocouple trees error (%) Standard deviation 

     

0.02 -22% 28% 20% 0.14 0.33 0.40 

0.04 -25% -43% -42% 0.12 0.12 0.19 

0.08 -25% -43% -42% 0.12 0.12 0.19 

• For the domain extension analysis, three different domains (original domain, addition of a 

coarse mesh and an extended domain of the original grid size) four heat flux measuring 

devices were setup in FDS at different distances from the opening. These devices were used to 

measure the integrated heat flux to the surroundings. The results (Table 5) show that for 

closed configurations (towards 20% opening) the gas temperatures rise considerably higher 

than in reality, therefore these kind of configurations require a domain size analysis that 

ensures that the selected size allow a good heat exchange between the compartment and the 

surroundings. However, for open configurations, domain size has a minor influence as 

expected, given that the heat exchange between the compartment and the surrounding space 

is done in the space surrounding the fire plume. 

Table 5. Results for the gas heat flux differences for the different domain sizes for the selected 
configurations at distances p1 (0 m), p2 (0.10 m), p3 (0.20 m), and p4 (0.24 m) 

Configuration 
Extended domain Additional coarse mesh 

p1 p2 p3 p4 p1 p2 p3 p4 

 -18% -26% -25% -25% -4% -4% -4% -4% 

 -9% -11% -14% -14% -5% -6% -8% -7% 

 -3% -3% -3% -3% 0% 1% 2% 3% 

• For the direct validation the experimental and simulated measurements of gas temperatures 

(as measured by thermocouples), the velocities at the opening plane and the neutral plane 

position are compared. Given the large amount of data available, several analysis tools were 

used: Excel to graph variables’ behaviour and trends identification, MatLab® for qualitative 

comparison in real time of the temperatures behaviour and Minitab® to perform basic 

statistical analyses. The results of this analysis is extensive and in this document, only some 

selected results are presented, which contribute to achieve the objectives of this work: 

 For gas temperatures, the time-averaged errors for all the thermocouples in each 

configuration are compared and analysed showing (Figure 5): a general increase of the 

error when HRR increase  and the overestimation of most configurations with exception of 

the closed and under ventilated 6 configuration (20% opening)Further results and analysis is 

presented in Annex 3. 
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Figure 5. Results for the time-averaged error for gas temperatures as a function of configuration and HRR 
per unit of area of the floor 

 To analyse the uncertainty involved in the modelling of the linear velocities of the gases 

entering and exiting through the opening of the compartment, it was necessary to 

numerically compare the values reported by the bidirectional pressure probes (in the 

experiment) and the velocity measuring devices (in the simulation). This comparison led to 

a table of errors for each configuration presented in Annex 4. These results allow 

observing a general difficulty to predict the velocity at the probe positions close to the 

neutral plane, i.e. when linear velocity tends to 0 m/s. Most of the errors represent a 

failure to model the gas that flows through the probe device position. An example is the 3 

and 1.5 g/s Propane flow configuration in which a clear air inflow is predicted by FDS at 

the probe Bi3, while the experiment presents an outflow of combustion gases. As for the 

previous results for the gas temperatures, a hypothesis that explains the presented error 

in the velocities near to the neutral plane is the difficulty to accurately model the gases 

properties (density, thermal conductivity). 

 
Figure 6. Snap-shot of the thermal recording for the experimental 5 configuration with 0.5 g/s propane 

flow 

 To analyse uncertainty in the position of the neutral plane, it is necessary to calculate it 

from the simulations results as performed in the a-priori analysis and then compare it to 

the experimental value reported. The experimental value was captured from the 
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recordings of the actual experiments taken with a thermal camera as shown in Figure 6. 

With the estimates for all experimental runs and the calculation of the neutral plane 

position for the simulations, it is possible to compare the results in a graphical manner as 

presented in Figure 7. From these results it is possible to observe that the neutral plane 

position it is possible to observe that the simulations present a smoother descending trend 

as the opening area decreases which is consistent with the expected thermodynamic 

behaviour5. Although experimental estimated follow such trend, the method follow to 

obtain such estimates is highly dependable on the human observations of the thermal 

recordings, therefore it is only possible to state that the general trend is maintained with 

the observation of an overestimation on the simulations. 

 
Figure 7. Comparison of the experimental and simulated neutral plane positions 

4. Conclusions 

The presented work has been addressed a wide number of specific elements that have been 

analysed regarding the behaviour of a compartment post-flashover fire using theoretical elements, 

experimental data and simulation output. All the elements analysed both in the a-priori and a-

posteriori analysis allow drawing some final conclusions: 

1. For the case of study of the present work, FDS showed for most configurations studied a 

reduced capacity to accurately predict the air inflow (hence, the combustion product gases) 

and the gas temperature distributions. Although in this study these results translate into 

errors, for an actual use of FDS in the PBD of a real facility or building, these results translate 

into an unknown quantity of uncertainty that depends on key parameters usually determined 

by the user such as: fuel and combustion products properties, domain extension, grid size, 

HRR (per unit of area) and solid boundaries radiation properties. This was shown by the FDS 

                                                           
5 As the opening area is reduced, the gas temperature distribution across the compartment is more uniform and tends to 
be of a higher magnitude (consistent with Regime I behaviour), reducing the density of the combustion gases and 
therefore making them occupy a higher percentage of the available opening area. 
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prediction of air inflows higher than the limit stated by the theory, the complex behaviour of 

the gas temperature errors and their relation to the opening area, and the particular difficulty 

to provide acceptable results for the 6 (20% opening) configuration6. 

2. The compartment fire dynamics developed over the 60s and 70s decades are not only still 

valid, but also constitute the main requirement to participate in the analysis of a compartment 

fire scenario. This due to the extremely complex dynamics that are involved in a fire, having 

multiple and highly co-related variables such as gas temperatures, gas mass flows, heat to 

solid boundaries, neutral plane position, combustion yield, radiation to the surroundings and 

more. 

3. In the construction of residential/commercial buildings and industrial facilities, the variables 

related to the design of the compartment vary in a wide range, which –as proven for the 

specific case study- can generate specific post-flashover scenarios that might not be the usual 

design basis. In other words, the traditional design basis of a Regime I post-flashover fire, is 

not always valid, therefore the decisions taken afterwards will also be invalid or inconvenient 

(see Annex 5. Summarized experimental results for gas temperatures). 

4. FDS as any other model used to estimate the behaviour a complex phenomenon such as 

compartment fires has strengths and weaknesses as stated by its developers and many 

researchers. However, of the many numerical validations performed by several parties, none 

presents a comprehensive a-priori and a-posteriori analysis of the multiple configurations a 

compartment may have. This makes this piece of research an element to be taken into 

account for any safety engineer of fire dynamics researcher, not only for the analyses 

performed here but because of the amount of experimental and simulated data available for 

analysis and interpretation under different and perhaps more appropriate points of view. 

5. Although a throughout analysis was perform, the researchers are aware of the need for an 

expert comprehension of fire dynamics to develop a comprehensive analysis in which all 

correlated variables are taken into account, therefore this work is presented as the study of a 

particular case and a only a first step in the understanding of the global uncertainty involved in 

FDS. 

5. Perspectives 

As previously mentioned, this document does not contain the information regarding the direct 

numerical comparison of the heat flux to solid boundaries due to a lack of the –corrected- 

experimental values. However, these results are to be available in the short-term, constituting 

another key piece of information regarding the capabilities of FDS to accurately model a post-

flashover fire in Regime I, Regime II and transition regime. 

The conclusions present a clear direction for this work, given that the quantity of data available for 

analysis and interpretation is large. This implies that collaboration with international experts such 

                                                           
6 This is of particular importance given that the temperatures predicted for such configuration present some of the best 
agreements among the results of all configurations; however for the velocities and neutral plane position, results are far 
from acceptable. 
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as Prof. Jose L. Torero, Dr. Guillermo Rein and PhD. Candidate Agustín H. Majdalani will give new 

insights on the data available, exploring the fire dynamics even further. 

The experiments being carried out by the BRE Centre for Fire Safety Engineering of the University 

of Edinburgh during the development of this work will provide complementary information of FDS 

validation for a post-flashover scenario with variable ventilation at a large scale7. 

References 

[1] H. J. Pasman, S. Jung, K. Prem, W. J. Rogers, and X. Yang, "Is risk analysis a useful 
tool for improving process safety?," Journal of Loss Prevention in the Process 
Industries, vol. 22, pp. 769-777, 2009. 

[2] R. Qi, K. P. Prem, D. Ng, M. A. Rana, G. Yun, and M. S. Mannan, "Challenges and 
needs for process safety in the new millennium," Process Safety and Environmental 
Protection, vol. 90, pp. 91-100, 2012. 

[3] J. Goldstein, "Two Dozen Firefighters Hurt in Brooklyn Fire," in The New York 
Times, ed. New york, NY, 2012. 

[4] J. L. Torero, "Scaling-Up fire," Proceedings of the Combustion Institute, 2012. 
[5] A. S. o. C. E. ASCE, ASCE Manuals and Reports on Engineering Practice, Volume 114 

: Performance-Based Design of Structural Steel for Fire Conditions. Reston, VA, 
USA: American Society of Civil Engineers, 2008. 

[6] S. Mannan, F. P. Lees, and Knovel (Firm). (2005). Lee's loss prevention in the 
process industries hazard identification, assessment, and control (3rd ed.). 
Available: http://www.knovel.com/knovel2/Toc.jsp?BookID=1470 

[7] ISO/IEC, "Guide 73 Risk Management - Vocabulary - Guidelines for use in 
standards," in 3.3.2 Risk Analysis, ed. Geneva, Switzerland, 2002. 

[8] W. Jones, R. Peacock, G. Forney, and P. Reneke, "CFAST Technical Reference Guide 
(Version 6)," Special publication 10262005. 

[9] M. J. Hurley. (2011, 06.02.2012). Uncertainty and Fire Models. Fire Protection 
Engineering, The Official Magazine of the SFPE (52). Available: 
www.fpemag.com/articles/department.asp?issue_id=60&i=531 

[10] A. N. Beard, "Fire models and design," Fire Safety Journal, vol. 28, pp. 117-138, 
1997. 

[11] H. Baum, R. Rehm, W. Mell, R. McDermott, and K. McGrattan, Fire Dynamics 
Simulator (Version 5) Technical Reference Guide, 2010. 

[12] G. Holton, "Defining Risk," Financial Analysts Journal, 2004. 
[13] B. J. McCaffrey and G. Heskestad, "A robust bidirectional low-velocity probe for 

flame and fire application," Combustion and Flame, vol. 26, p. 3, 1976. 
[14] P. H. Thomas and A. J. M. Heselden, "Fully-developed compartment fires -two 

kinds of behaviour," London 18, 1967. 
[15] R. Huo, X. H. Jin, C. L. Shi, and W. K. Chow, "On the equations for flashover fire in 

small compartments," International journal on engineering performance-based fire 
codes, 2001. 

                                                           
7 The case study being studied has approximate dimensions of 26 m x 6 m x 4 m (long x wide x height). 

http://www.knovel.com/knovel2/Toc.jsp?BookID=1470
http://www.fpemag.com/articles/department.asp?issue_id=60&i=531


16 
 

[16] N. F. P. Association and S. o. F. P. Engineers, "SFPE handbook of fire protection 
engineering," ed: National Fire Protection Association, 2002. 

[17] K. Kawagoe, "Fire behaviour in rooms," Building Research Institute, Japan 26, 1958. 
[18] M. Wu; and W.-K. Chow, "Experimental justification on thermal empirical 

equations for post-flashover compartment fires," Journal of Fire Sciences, vol. 30, 
p. 23, 2012. 

[19] T. Z. Harmathy, "Ventilation of Fully-Developed Compartment Fires," Combustion 
and Flame, vol. 37, p. 14, 1980. 

 

  



17 
 

Annex 1. Technical summary of FDS 

FDS and its zone model partner (CFAST) were developed by National Institute of Standards and 

Technology (NIST) and are free and open-source codes that have become the most used tools to 

simulate fires in order to perform PBD. The use of FDS is backed up by the validation studies 

carried out by fire safety engineers in charge of PBD and the scientific community who reviews the 

software’s range of application and degree of accuracy. This degree of accuracy has been 

discussed by the developers, who state that FDS is a work in progress and a code that has to 

evolve continuously in order to overcome its shortcomings that translate into uncertainty of its 

output. The general aspects of FDS are presented in Table 6.  

Table 6. General aspects of FDS 
Developed by NIST – National Institute of Standards and Technology 

Programming language FORTRAN 90 

Availability Open source 

Current version 5.5.3 (6 under development) 

GUI – Graphical User 
Interface 

Commercial GUI available 

Output visualization Smokeview 

Official Description 

“Fire Dynamics Simulator (FDS) is a computational fluid dynamics (CFD) model of 
fire-driven fluid flow. The software solves numerically a form of the Navier-Stokes 
equations appropriate for low-speed, thermally-driven flow, with an emphasis on 

smoke and heat transport from fires.” 

Review 

“Fire Dynamics Simulator (FDS) is a computational fluid dynamics (CFD) model of 
fire-driven fluid flow. The software solves numerically a form of the Navier-Stokes 
equations appropriated for low-speed, thermally driven-flow with an emphasis on 
smoke and heat transport from fires. FDS has been aimed at solving practical fire 

problems in fire protection engineering and at the same time providing a tool to study 
fundamental fire dynamics and combustion.” on Version 3 released in 2002. 

Given that FDS is a Computational Fluid Dynamics model which seeks to simulate the behavior of a 

physical system through the solving of the Navier-Stokes equations and complementary models, it 

is important to have a brief description of these and the way they interact with each other. As a 

typical CFD model, the governing equations of FDS are divided in conservation of matter, 

momentum, and energy as presented in Table 7. For FDS the state equation for the gases is also a 

part of the governing equations, given that it provides a link8 between the previous equations. 

 Table 7. Equations governing FDS 

Mass Conservation 
  

  
          

 
̇  

Momentum Conservation 
   

  
                      

Sensitive Enthalpy Transport 
    

  
        

  

  
  ̇      ̇

       ̇     

Ideal Gases   
   

  
 

With the governing equations in place, the solving algorithm has to numerically find a solution for 

these equations expressed as ordinary differential equations (ODE) with non-lineal initial 

                                                           
8 When performing a degrees of freedom analysis, the use of the state equation implies an overespecification of the 
system, which can cause unestability in the solution of the system and generate errors to the model output. 
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conditions. For FDS, the Runge-Kutta approach of second order is chosen, having to main stages: 

predictor and corrector.  

Discussion 

The form taken by the fundamental equations is known as the low-Mach number equations that 

respond to the slow dynamics which are the main characteristic of a fire. The use of these 

equations is what differentiates FDS from other CFD models. However, the implications of the use 

of these equations require establishing some assumptions that can have serious repercussions in 

the output of the model. One of these assumptions is that the viscous heating and the pressure 

fluctuation in the dilatation work of the fluid are not needed and therefore taken out of the 

model. Given that FDS deals with variable density fluids (e.g. gases), the previous assumption has 

no solid grounds and are a direct link to the hypothesis presented in the final sections of this 

document. 
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Annex 2. A-priori analysis results: neutral plane position 

 

 

 

Configuration-
propane mass flow 

(g/s) 

Neutral 
Plane 

position 

Air inflow to  
limit relation 

 Configuration-
propane mass flow 

(g/s) 

Neutral 
Plane 

position 

Air inflow to  
limit relation 

 60% 56%±11%   46% 105%±16% 

 60% 71%±14%   42% 112%±17% 

 58% 80%±19%   38% 118%±20% 

 58% 87%±22%   50% 90%±10% 

 58% 93%±28%   38% 108%±14% 

 55% 64%±10%   38% 117%±17% 

 62% 81%±16%   38% 120%±22% 

 60% 92%±19%   32% 119%±24% 

 60% 98%±19%   38% 106%±33% 

 58% 103%±24%   35% 97%±64% 

 48% 75%±10%   50% 55%±38% 

 48% 95%±14%   50% 52%±45% 
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Annex 3. A-posteriori analysis: Gas temperatures from thermocouples 

To analyse the uncertainty in gas temperature readings from thermocouples the scattered plot 

arrangements was chosen. In this scattered plots the idea is to identify the drift from ideal 

behaviour represented by the 45° line (slope=1), with the simulated data conforming the X-axis 

values and the experimental readings the Y-axis values. However, these plots provide a large 

amount of information, making it necessary to organize and group it in a simpler manner. 

 
Fig. 1. Results for the time-averaged error for gas temperatures. Error bars represent maximum and 

minimum thermocouple trees errors for each configuration. 

To summarize and analyse the scattered plots results, the time-averaged errors for each 

configuration is constructed as shown in Fig. 1. These results include the time-averaged errors for 

all thermocouple trees in each configuration and suggest the following: 

• Although the magnitude of the error does not tend to follow any particular pattern, 

uncertainty ranges given by the maximum and minimum thermocouples error does reduce as 

the opening area is reduced, which is consistent with the compartment fire dynamics theory in 

which it is stated that for Regime I behaviours (ventilation controlled), temperatures 

throughout the compartment should be more uniform. Therefore, it is possible to suggest that 

FDS not only models more accurately ventilation controlled but it also fits to the expected 

behaviour stated by theory. 

• For the under-ventilated configuration 6 (20% opening) a clear underestimation of gas 

temperatures is observed, while for all the other configurations an overestimation of gas 

temperatures is observed, usually not surpassing an error of +60% 

• As presented in Fig. 2, a histogram of the time-averaged errors for all the thermocouples per 

configuration, show that the error has a mean of 28.3% and has a narrow distribution between 

-40% and +80%. However, this information is way too general and specific information is 

missing in order to understand the actual errors in the gas temperatures readings. 
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Fig. 2. Histogram for the average errors of the gas temperatures for all configurations 



22 
 

Annex 4. Time-averaged errors for the bidirectional probes measurements of linear velocity 

The results are presented here, with the blu-highlighted results represent an error range of ±20%, 

while the red-highlighted results a [-50%, -20%] and [+20%, +50%] error ranges. 

Configuration Bi1 Bi2 Bi3 Bi4 Bi5 Bi6 



 
1577% -1011% 

   

 
-63% -195% 

   

 
-50% 126% 

   

 
-58% -274% 

   

 
-9% -344% 20% 

  

 
4% -1831% 28% 

  

 
15% -1290% -11% 

  

 
12% 171% 20% 

   21% -5% -317% 25% 18% 
  47% 13% -232% -15% 5% 
  21% -9% -245% -20% 1% 
  11% 5% -308% -15% 10% 
  11% 38% -224% -21% 11% 17% 

 20% 6% -433% -34% 14% 29% 

 30% 43% -475% -50% 0% 20% 

 -8% -2% 128% -44% 19% 32% 

 25% 114% -60% -4% 7% 25% 

 30% 47% -88% -1% 23% 62% 

 10% 8% -35% 66% 9% 37% 

 -8% -16% -85% -392% 42% 78% 

 8% 56% 4% 50% 20% 10% 

 34% -248% -55% -39% -39% -27% 

 10% 283% -47% -33% -32% -18% 
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Annex 5. Summarized experimental results for gas temperatures 
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