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A B S T R A C T   

The temperature heterogeneity due to fire in large open-plan office compartments is closely associated with fire 
spread behaviour and has been historically limited to experimental investigations using timber cribs. This study 
explores the ability of Computational Fluid Dynamics (CFD) models, specifically the Fire Dynamics Simulator 
(FDS), to reproduce the results of full-scale tests involving fire spread over timber cribs for continuous fuel-beds. 
Mesh schemes are studied, with a fine mesh over the crib and 2 × 2 cells in the wood stick cross-section by 
default, this being relaxed in the surrounding regions to enhance computational efficiency. The simple pyrolysis 
model considers the charring phase and moisture. In application to the TRAFIR-Liège LB7 test, this calibrated 
“stick-by-stick” representation shows a good agreement for interrelated parameters of heat release rate, fire 
spread, gas phase temperature, and burn-away, a set of agreements which has not been demonstrated in previous 
studies. Fire spread shows relatively high sensitivities to: heat of combustion, ignition temperature, thermal 
inertia, radiation fraction, heat release rate per unit area, and the fuel load density. An approximately linear 
regression was found between the different fire modes and the thermal exposures, with “travelling” (and 
decaying) fires characterised by heat fluxes associated with the fire plume, while the growing fires were asso-
ciated with proportionally higher heat fluxes on the horizontal surfaces of the sticks, in conditions where these 
receive more pre-heating. The trends in the overall HRR are more dependent on the fire spread rates than 
variations in the stick burning rates.   

1. Introduction 

1.1. Travelling fires and wood cribs 

In many modern buildings, the shape and size of internal compart-
ments tends to be designed in a open-plan fashion due to its high flex-
ibility, optimised floor area, and the reduced construction costs. 
However, much of the conventional understanding of the compartment 
fire behaviour derives from experiments mainly dating from in-
vestigations in 1950s–1980s [1] which were carried out within small 
size approximately cubical enclosures, in which wood cribs were used as 
an idealised fuel load. Building on this legacy, recent years have seen a 
renewed interest in characterising “natural fire” behaviour in large 
compartments typical of modern open plan office buildings, with wood 
cribs generally being adopted as the main fuel load, probably due to 

convenience and familiarity with expected behaviours [e.g., 2,3]. Most 
of these full-scale experiments aim to provide measurement data to 
charactertise the temperature heterogeneity arising within such large 
enclosures due to fire spread, and contribute to improving current 
related design fire models for large open-plan office buildings [4]. Such 
fire scenarios are popularized with the concept of “travelling fires” as 
simple design tools for structural fire engineering in the last two decades 
[e.g., 5–10], with features that the “travelling” fire plume provides 
heating in the near-field, while the hot smoke layer in the far-field 
provides pre-heating. Once the fire is “travelling” the near-field has a 
leading edge derived from the fire spread progression, and a trailing 
edge corresponding to the location of the burnout of the fuel. 

Though well accepted in concept, the main research efforts on the 
development of analytical models for travelling fires still generally rely 
on a rather oversimplified assumption that the rate of the fire spread of 
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the leading edge may be taken to be a constant [4], often in the range 
from 0.1 mm/s to 20 mm/s [8]. However, under many practical cir-
cumstances this assumption is likely to fail as the development of fire 
growth on cellulosic fuels, such as the wood, may often be driven by 
radiation [11,12], which means the fire spread rate could be dynami-
cally affected by the power of the radiation source (whether directly via 
heating from the fire plume or indirectly through pre-heating from a hot 
layer, and normally both in combination). Apart from the RISE 
Guttasjön Fire Test [3] which had a relatively steady fire spread, all of 
the other aforementioned travelling fire tests [2,13–15] had a clear 
evolution of the fire spread rate during the test. For example, the Mal-
veira Fire Test [14], and the Tisova Fire Test [15] both had three clearly 
identifiable fire “modes”: a steady travelling fire, a growing fire, and a 
fully developed fire. Those three fire modes may be identified through 
the relationships between the velocity of the fire spread front, Vs, and the 
velocity of the fire burnout front, VBO. Thus a travelling fire mode refers 
to Vs/VBO ≈ 1, a growing fire mode means Vs/VBO > 1, a decaying fire 
mode means Vs/VBO < 1, and a fully developed fire mode is equivalent to 
Vs/VBO →∞, as introduced by Hidalgo et al. [14]. Gupta et al. [16] 
investigated the relationship between those three fire modes and the 
external radiant heat flux through utilising four large-scale experiments 
[13,14,3] along with a phenomenological model. It was found that the 
fire spread rate, Vs, is strongly dependent on the external and fire heat 
flux, and burnout front velocity has a weak link with the external heat 
flux. Nevertheless, due to the high expense and inherent instrumenta-
tion limitations (e.g. heat flux gauge installation) of those large-scale fire 
tests [2,3,13–15], it is still not entirely clear as to the sensitivities of 
compartment design parameters (e.g. ceiling height) on the external 
radiant heat flux onto the fuel bed, the fire spread rates, and the fire 
modes. One potentially valuable alternative solution is using CFD tools 
to overcome those limitations, providing a tool for numerical experi-
ments, which forms the fundamental motivation of the work presented 
in this paper. 

Though timber cribs have been the fuel source of choice of fire ex-
periments, mainly for practical reasons, it is important to recognise that 
their burning behaviours, particularly in the context of location inside 
an enclosure, is in many senses unusual and not representative of 
common real-world fuels. It is well known that locating a burning object 
inside an enclosure may support substantial increases in burning rates 
(e.g. approximately an order of magnitude for a PMMA slab [17]) due to 
the coupling of heat transfer feedback from the walls. On the other hand, 
early experimental studies in a range of compartment fires, spanning 
small, intermediate and full-scale, have demonstrated that in 
ventilation-controlled fires, the burning rate can be correlated with the 
ventilation factor (Aw

̅̅̅
h

√
) (Kawagoe and Sekine, 1963 [18]), while 

others explored the transition to fuel-controlled compartment fires 
involving timber cribs (Thomas, 1967 [19]; Harmathy, 1972 [20]). 
Drysdale notes that the former observation cannot be easily explained, 
as the burning rate would fundamentally be expected to depend on the 
radiative feedback from the surroundings [1], which is an independent 
variable and may vary greatly in confined fires according to parameters 
such as geometrical length scales, boundary thermal properties, com-
bustion product residence times and opening geometries. He suggests 
that this relationship may apply only to structures like wood cribs where 
the internal burning surfaces are effectively shielded from the influence 
of the compartment, decoupling that part of the combustion from the 
fire environment [1]. This same decoupling also suggests a practical 
engineering approach to the problem, where the CFD model is devel-
oped with different mesh size resolutions within the wood crib and the 
gas phase above the wood crib, in order to capture different elements of 
the fire spread process. This gives rise to further research questions on 
the required grid resolutions within each region, which have been 
explored in this study, and further to study travelling fires in general. 

Examining burning within the crib structure itself, Gross (1962) [21] 
had identified two regimes, an “under-ventilated” mode where burning 

rate is dependent on both stick size and crib porosity (i.e., spacing be-
tween the sticks), and a “well-ventilated mode” where the rate depends 
only on stick thickness, with the transition evaluated empirically at a 
porosity value of 0.08. The crib arrangements relevant to the simulation 
studies reported in the current work are all well within the 
well-ventilated regime where the parameter Rb1.6 is preserved, where R 
is the rate in percentage mass loss per second, and b is the stick size 
(thickness) in centimetres, i.e. the overall burning rate is expected to be 
proportional to b − 1.6, so is approximately three times as fast when the 
stick width is halved. 

1.2. CFD modelling for travelling fires 

Previous attempts at modelling crib fires in compartments are re-
ported in the literature. Koutlas (2006) [22] modelled the fire spread on 
a series of discrete wood cribs distributed in a ‘long-slim’ compartment, 
i.e. the BST/FRS 1993 fire tests [23]. The wood sticks were simplified as 
“thick layers” instead of modelling their real dimensions. It was found 
the fire spread could be modelled with a fair agreement with the test, 
with the peak temperatures in the gas phase within 200 ◦C of the 
measured values. Nevertheless, the modelling results showed high 
sensitivity to both the numerical and physical input parameters, which 
were not investigated systematically. Cheong et al. (2009) [24], and 
Kallada Janardhan and Hostikka (2019) [25], modelled the fire devel-
opment on white pine wood pallets of the Runehamar tunnel fire tests 
[26]. These modelling works were carried out through calibrating the 
HRR using, respectively, a surface burning factor (SBF) method [24], 
and an “area adjust” method [25,27], to address cases where the surface 
area of the wood sticks represented in the model did not correspond to 
the real wood sticks surface area. This method overcomes the problem of 
the mismatch between physical and numerical grid cell resolution but 
still showed a strong variability of the results with the numerical cell 
size, suggesting that individual calibration is required for each appli-
cation. Further, due to the inevitable reliance on a global analysis, it is 
not clear to what extent the details of the fire spread rate on the wood 
pallet was successfully calibrated with the experiment, and the model 
input parameter sensitivity on the fire spread was also not investigated 
more generally. Charlier et al. (2020) [28] explored the conditions 
which might support travelling fire development, and further calibrated 
a similar model [29] against the TRAFIR large-scale tests [30,31]. A 
highly simplified representation of compartment fuel distributions was 
adopted with fuel packages lumped to cubic objects intended to be 
representative of timber cribs, with fire spread predicted via an ignition 
threshold on each surface and consequent immediate transition to whole 
crib burning with a prescribed heat release rate. This simplification was 
pioneered by Vaari et al. (2012) [32] on representing the wooden pallets 
burning for predicting fire spread and water penetration into the pallet 
structure, and Gann et al. (2013) [33] on reconstructing the fire devel-
opment in the World Trade Center buildings, and Degler et al. (2015) 
[34] on predictions of the Tisova Fire Test. Dai et al. (2019) [35] used 
the same approach to reconstruct one of the BST/FRS 1993 fire tests on 
both the fire spread rate and HRR. Such simplifications have been shown 
to be sufficient to qualitatively identify some of the important fire be-
haviours, including both flow field effects such as the interaction of the 
fire spread with the compartment openings, and heat transfer effects 
such as the influence of the hot layer accumulated under the ceiling or 
opening downstands and interactions with the compartment bound-
aries, but will lack generality when pushed further. Indeed, the lumped 
treatment of the crib structure can only accommodate fire condition 
influences via ignition prediction and is not well suited to scenarios 
involving significant periods of under-ventilated combustion or glowing 
embers (Dai et al., 2019 [35]). And due to this simplification in repre-
senting the detailed geometry of the wood cribs it is simply not possible 
to reproduce some of the detailed behaviours known from experimental 
studies, e.g. the progression of the fire front between individual sticks, 
both over the surface and into the depth of the crib. Thus, the proper 
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coupling of burning of the crib with compartment conditions is not 
possible. 

Moreover, those studies [28,34,35] looked at only one idealised 
representation of fuel loads, i.e. converted to discrete objects which 
might correspond to isolated wood cribs, while the experiments per-
formed in several previous studies [2,3,13–15] are for a very different 
situation with uniform or continuous fuel beds, which may be a better 
match to some real world conditions. Horová et al. (2013) [2] reported 
pioneering work on reconstructing the Veselí Fire Test via modelling the 
fire spread on continuous fuel bed via representing the wood sticks in 
their real dimensions. The decoupled mesh size resolutions method for 
modelling fire spread on wood cribs was first proposed in this work, in 
which a single cell spanned each wood stick cross-section for the region 
encompassing the porous crib structure and a doubled cell size was 
adopted in the regions around the wood crib. Nevertheless, due to the 
limitation of the experimental instrumentations, the validity of this 
model for representing fire spread was demonstrated only by comparison 
of the temperature predictions and test values in the gas phase. The 
accuracy of the detailed fire spread on each stick, and especially the HRR 
development are not evaluated. However, it must be recognised that 
HRR is one of the most critical parameters for determining the credi-
bility of a CFD fire spread simulation. 

1.3. Research objectives 

This paper aims to: (a) develop an engineering CFD model, which can 
be readily used to replicate fire spread over continuous wood crib fuel 
beds with a “stick-by-stick” representation, via calibrating and bench-
marking the model against the test data on key parameters including: 
HRR, fire spread, burn-away, flame height, gas and solid phase tem-
peratures, and the incident radiant heat flux; the capabilities of the 
model in application to another fire test with a different wood stick 
arrangement is also explored; (b) report sensitivity studies on various 
key model input parameters of potential interest in the simulation of 
travelling fires; (c) apply the engineering CFD model through perform-
ing numerical experiments and extensive parametrical analysis to 
further study travelling fire behaviours, especially identifying the rela-
tionship between the details of the external incident radiant heat fluxes 
on the fuel bed and the resultant fire modes. 

2. The TRAFIR-Liège test series 

A total of eleven tests were performed by Liège University [36], five 
initial tests (LA series, performed in Liège University fire laboratory) 
investigated the influence of some basic parameters affecting the fire 
spread on the wood crib, such as the section size of the wood sticks 
(dimensions in range 30–60 mm), percentage of wood in the apparent 
volume of the fuel load (affected by the pitch of stick axis, ranging from 

80 to 124 mm), the number of layers (generally 6, also one case with 
only 3) and the presence (or not) of a ceiling, as summarized in Table 1. 
Note that “pitch” is the distance between the two neighbouring sticks at 
the same layer. The other six tests (LB series, performed in the training 
hall of CEPS located in Marchienne-au-Pont, Belgium) were intended to 
obtain a wood stick arrangement that comes as close as possible to the 
one representative of an “office” building fire, specifically, nominal fuel 
load density 511 MJ/m2 with a medium fire growth rate, as per Euro-
code 1, Annex E, Table E.4 [37]. Stick sizes were generally 30 mm wide 
by 35 mm high (one case of 15 × 15 mm was also studied), the pitch 
varied from 80 to 270 mm and the number of layers varied from 3 to 12. 
One test also examined substitution of PMMA bands with certain layers 
of wood sticks. The results showed the expected trends, with more rapid 
fire growth with smaller sticks and addition of plastic fuel. 

By evaluating fire growth rate, which is defined via the time, tα, when 
the fire reaches 1 MW representing the HRR to that point as a second 
order of time [37], the LB7 test was the one closest to a medium fire 
growth rate, tα = 7.5 min [36]. Due to this reason, the exact stick 
arrangement of the LB7 test was adopted for the continuous fuel bed in 
the subsequent large compartment tests (dimensions 15 m × 9 m in plan 
and 2.9 m in height) [30,31] in the scope of the TRAFIR project. To 
maximise the research interest for the current and future studies the LB7 
test is hence selected as the main test case being studied in this paper. 

Fig. 1 shows the test rig adopted during the whole LB series experi-
mental campaign. A ceiling covered with insulation blanket PROMA-
GLAF®-HTK 1100 [38] had vertical downstands of 0.35 m on all its four 
edges. A steel platform of dimensions 4.4 m × 4.4 m with a thickness of 
2.5 mm was used to hold the wood cribs, see Fig. 2(a) and (b). The 
vertical distance from the steel platform to the ceiling was 2.46 m, to 
approximate a typical fire load to ceiling distance in an office building. 
Three load cells were placed beneath the steel platform to measure the 
mass loss during the fire spread. Seven Type-K thermocouples were 
placed as a tree with 0.3 m even spacing at the centre of the compart-
ment. The thermocouple “7f” was 0.1 m off from the ceiling. Four plate 
thermometers, “HF1”, “HF2”, “VF1”, “VF2”, were placed with two 
horizontally and two vertically away from the compartment centreline, 
close to the top layer of the wood sticks, in order to characterise the 
incident radiant heat flux development during the fire spread, see Figs. 1 
and 2(b). Thermocouples “1O”, “2O”, and “3O” were placed on selected 
sticks of the top layer to monitor the fire spread (0.3 m, 0.66 m, and 1.02 
m away from the compartment centreline, respectively). 

Different wood sticks sections of “European spruce” (Picea abies) 
were adopted in the LB series. LB7 (and LB1) used fuel load arrange-
ments with only timber, and a section size of 30 mm (width) × 35 mm 
(height). Once the first layer was put in place, then the following ones 
were rotated by 60◦ in a consistent way. However, for test LB7 (and LB3) 
an offset had been applied, see Fig. 2(c) and (d). Test LB7 was made of 9 
layers of sticks with an axis distance of 120 mm, layers i and i + 3 were 
shifted laterally by 60 mm. Note that such stick arrangement was 
adopted to encourage the fire to spread in a more isotropic manner 
under a “point” fire ignition source, compared with the conventional 
orthogonal arrangement in a crib. In addition, test LB1 had only 6 layers 
of sticks with a reduced axis distance of 80 mm. 

The ignition system was the same for all LB tests, and involved a 
metallic cylindrical cup having diameter 100 mm, height 40 mm. The 
igniter was filled with 40 ml of methylated ethanol at 96%, equipped 
with two electrical igniters. The cylindrical cup was located in the 
middle of the hexagonal fuel arrangement, beneath the bottom layer of 
the wood sticks and surrounded with steel hollow sections (50 mm × 50 
mm to have a clearance between the lowest layer of sticks and the steel 
platform, and therefore to allow free air flow), as shown in Fig. 1. 
Immediately above the cylinder, a predefined wood disposition was 
adopted, with a first layer of four laths of 15 mm × 18 mm plus another 
layer perpendicular to the first one of four laths of 15 mm × 18 mm [36]. 
After ignition of the ethanol, in all tests the initial lath started to burn 
and communicated the fire to the rest of the fuel. 

Table 1 
Summary of the LA and LB test series, adapted from Gamba et al. [36].  

Test 
ID 

Stick section 
dimensions 
(mm) 

Number of 
stick 
layers 

Number of 
sticks per 
layer 

Pitch 
between the 
sticks (mm) 

Ceiling 
inclusion 

LA1 35 × 30 6 24 80 No 
LA2 45 × 35 6 18 124 No 
LA3 45 × 60 3 20 110 No 
LA4 30 × 35 6 24 80 Yes 
LA5 35 × 45 6 18 124 Yes 
LB1 30 × 35 6 38 80 Yes 
LB2 35 × 45 6 22 135 Yes 
LB3 30 × 35 12 20 160 Yes 
LB4 35 × 45 5 22 135 Yes  

100 × 3 3 10 270  
LB5 30 × 35 5 38 80 Yes  

15 × 15 4 38 80  
LB7 30 × 35 9 24 120 Yes  

X. Dai et al.                                                                                                                                                                                                                                      



Advances in Engineering Software 173 (2022) 103213

4

The test results of LB series are demonstrated in the later sections of 
this paper along with the modelling results for comparison. Other 
experimental setup details and findings are described in Gamba et al. 
[36]. 

3. The CFD model for the LB7 test 

3.1. Numerical method 

The Fire Dynamics Simulator (FDS) 6.6.0 [39] was used as the CFD 
tool in this study. This open-source software is based upon solving 

Fig. 1. Liege test setup in elevation view: compartment structure, plate thermometers, thermocouple instrumentations (marked with pink square dots), and location 
of the wood cribs. 

Fig. 2. (a) Skewed view of the LB series test rig without wood sticks, (b) Side view of the LB7 test setup, (c) Wood crib layout in plan view: wood stick orientation 
shifted 60◦ every layer, and (d) LB3 test wood sticks arrangement: wood sticks orientation shifted 60◦ every layer, and for every three layers wood sticks shifted 
horizontally for half of the wood stick pitch. 

X. Dai et al.                                                                                                                                                                                                                                      



Advances in Engineering Software 173 (2022) 103213

5

Navier-Stokes equations for energy and combustion, and smoke and heat 
transport, from fires. Its combustion model is a single step, 
mixing-controlled reaction which assumes that the fuel and oxygen re-
action is infinitely fast. Turbulence is treated using the default Deardorff 
model of the Large Eddy Simulation (LES). 1D heat conduction was used 
for the solid-phase heat transfer calculations. The Finite Volume Method 
(FVM) is utilised for the radiative heat transfer calculation, in which the 
default 100 radiation angles and the default value of 0.35 for radiation 
fraction were used (the sensitivity of using those two default parameters 
is presented in Section 5.1). 

In FDS, the net contribution from thermal radiation in the energy 
equation is defined as per below: 

− ∇⋅q̇′′
r (x) = κ(x)[U(x) − 4πIb(x)];

U(x) =
∫

4π
I(x, s′

)ds
′ (1)  

where κ(x)is the absorption coefficient, U(x)is the radiative energy that 
passes through the cell, Ib(x)is the source term given by the blackbody 
radiation intensity, and I(x, s′) is the solution of the radiation transport 
equation (RTE) for a non-scattering grey gas. To obtain the discretized 
form of the RTE, the angular distribution in FDS is performed by 
dividing the unit sphere into a finite number of solid angles. The 
equation below is utilised to relate the number of directions in the 
azimuthal direction, ∅, to the polar direction, θ: 

Nϕ(θ) = max{4, 0.5NΩ[cos(θ− ) − cos(θ+)]} (2)  

where NΩ is the total number of directions, θ− and θ+ are the lower and 
the upper bounds of the polar band, respectively. Eq. (2) ensures that the 
solid angle in each direction is about the same, hence the angular res-
olution is not dependent upon direction [40]. 

Convective heat transfer is treated via a combined natural and forced 
convection correlation: 

q̇c
′′ = h

(
Tg − Tw

)
;

h = max
[

C
[
Tg − Tw

]1/3
,
k
L

Nu
]

where C is an empirical coefficient for natural convection (1.52 for a 
horizontal plate and 1.31 for a vertical plane or cylinder), L is a char-
acteristic length related to the size of the physical obstruction, and k is 
the thermal conductivity of the gas. The Nusselt number (Nu) depends 
on the geometric and flow characteristics. FDS models the viscous stress 
at the wall with a logarithmic velocity profile. 

3.2. Model geometry 

The LB7 test case was the baseline case studied for calibration of the 
fire model with the experimental data. The wood sticks were repre-
sented with real cross-section dimensions, 30 mm (breadth) × 35 mm 
(height), referred as a “stick-by-stick” model. The cell size within the 
crib volume was half that of the physical dimensions of the sticks, i.e. 15 
mm × 15 mm × 17.5 mm, which should be a bare minimum for rep-
resenting the flow and heat transfer processes within the crib structure. 
The cell size of the gas phase in the horizontal surroundings of the crib 
was 30 mm × 30 mm × 35 mm, while above the top surface of the crib it 
was 60 mm × 60 mm × 70 mm, as presented in Fig. 3. In addition, it is 
important to note that above the top surface of the wood crib, an 
additional layer was inserted with two cells of identical size as in the fine 
mesh, functioning as a “transition layer” between the fine and coarse 
meshes. The total computational domain size was 5.04 m × 5.04 m ×
2.73 m, thus the total number of cells was approximately 1.3 million, 
which were divided into 16 meshes and each mesh was assigned to a 
single MPI process on the computational cluster. Grid cell size sensitivity 
studies are presented in Section 4.3. The simulations were performed 
using the compute clusters ARCHER [41] and Eddie [42], each run 

taking around 170 h to complete for a 1200 s simulation for the LB7 test 
case. 

In contrast to the actual LB7 wood sticks arrangement, the repre-
sentation of the fuel was necessarily simplified to a 2.8 m × 2.8 m square 
wood crib with nine layers of sticks placed orthogonally, see Fig. 4. To 
approximate the effect of the wood stick lateral shift of 60 mm for every 
three layers, and being rotated 60◦ on every layer as per the test, a 60 
mm lateral shift was applied to the model for every two layers of the 
wood sticks, as shown in Figs. 3 and 4(b). This is an approximation, but 
inevitable due to the impossibility of representing the exact geometrical 
arrangement within the constraints of a Cartesian/orthogonal CFD grid. 
Nevertheless, this approximation might be considered to be acceptable 
in a calibrated model, as the critical parameter of wood sticks spacing, 
particularly that for the top layer of the crib, is maintained at an iden-
tical value to the test, and considering that the fire development is ex-
pected to initially be driven by spread arising from radiative ignition on 
surfaces of the top layer of wood sticks, as suggested by the results 
presented in Section 4. Further, in the parametric studies in Section 5, it 
was found the change of HRR directly relates to the change of fire spread 
radius on the top layer of wood sticks. Hence, the consistency on the 
wood sticks arrangement on the top layer between the model and the 
test is essential to minimise the impact of such 60◦ rotation simplifica-
tion. In addition, it should also be noted that the model specification 
represents an idealisation of real crib structure in the test. The experi-
mental observations showed that the sticks deformed immediately right 
prior to ignition (i.e., the curvature changed the stick spacing, Fig. 14 
(c)), and the model will not be able to capture the evolution of the real 
geometry. 

3.3. Fuel specifications 

The FDS “simple pyrolysis model” was applied to simulate the fire 
spread, with an ignition temperature and a prescribed burning rate, i.e. 
heat release rate per unit area (HRRPUA) of wood and its duration ramp, 
i.e. once the wood stick surface temperature reaches the ignition tem-
perature, the wood ignites and burns with the prescribed HRRPUA ramp 
over its surface. Note that this includes the internal surfaces within the 
crib structure (except in positions of contact at stick overlap) and 
eventually spreads to the whole exposed surface area of the crib. In 
addition to the previous studies about modelling fire spread on wood 
cribs or pallets [22,24,25,28,29,34,35], this method was also found to 
reasonably replicate the fire spread on cardboard boxes in racked stor-
age by Markus et al. (2019) [44]. The wood was a type of spruce (Picea 
abies) and defined as C1H3.584O1.55 following the SFPE Handbook [45]. 
The fuel gas properties adopted a soot yield of 0.015 g/g relevant to 
pre-flashover fire conditions [46] and a CO yield of 0.005 g/g [47] (the 
former was also varied in the parametric study). 

The effective heat of combustion (HoC) is a critical parameter for the 
modelling and particularly difficult to determine reliable values for, and 
is known to vary significantly during the combustion process for 

Fig. 3. Grid cell resolution of the model: 15 mm × 15 mm × 17.5 mm per cell 
for the wood sticks at solid phase, 60 mm × 60 mm × 70 mm and 30 mm × 30 
mm × 35 mm cell size at the gas phase, total number of cells ~1.3 million. 
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charring materials. An approximate value of 10.84 MJ/kg was suggested 
from cone calorimetry tests at the Edinburgh lab on the “European 
spruce” (Picea abies) wood samples, averaged over results at external 
heat fluxes 15 kW/m2 and 20 kW/m2 but derived from results only 
during the flaming stage, and also averaged over that phase (the raw 
values starting rather higher and dropping as the combustion proceeds). 
A bomb calorimeter test at Edinburgh on the same sample had deter-
mined an indicative value for the gross HoC of 18.0 MJ/kg but the exact 
value will be subject to variability within the timber samples; for various 
softwoods, the net HoC (relevant to practical conditions where the 
products are not returned to ambient conditions) is reported to be 
around 6–7% lower, and specifically 6.4% lower for spruce (20.4 vs. 
21.8 MJ/kg), per Babrauskas (1991) [48]. Some subsequent literature 
highlights the much lower effective values for the net HoC (20–30% 
lower, per Tewarson (2002) [49]), arising from combustion efficiency 
issues, and in practice most of the discrepancy with the values derived 
from cone calorimeter tests will be associated with this, independent of 
the gross/net difference. Some design codes adopt a value of 80% for 
this latter parameter, e.g. the so-called m factor in Eurocode 1 (EN 
1991–1–2, E.3(2)) [37], but the classical literature on wood combustion 
suggests the practical decoupling of energy release in wood into a 
flaming combustion phase, which constitutes a range “half to two thirds” 
of the total energy, while the rest is through glowing combustion 
[50–53]. Spearpoint and Quintiere [54] note values of 32 MJ/kg for 
char oxidation but only 17 MJ/kg for the average net HoC for complete 
reaction [55], and hence suggest a value of about 10 MJ/kg for wood 
volatiles. For comparison, Ritchie et al. (1997) [52] adopted 12.0 MJ/kg 
for the net HoC of Douglas fir (Pseudotsuga menziesii) volatiles, a soft-
wood with generally similar reaction-to-fire properties as spruce [49, 
53]. 

To conclude, it would seem reasonable to therefore adopt a base HoC 
value close to that derived from the flaming phase of the cone calo-
rimeter tests, specifically 10.84 MJ/kg, to appropriately represent the 

key initial phase of the fire spread. Much higher values will be relevant 
during the char oxidation in the later glowing phase but rather than 
introduce a second fuel, the approach adopted here was simply to pre-
scribe the HRRPUA with two plateaus, recognising a first plateau cor-
responding to the flaming phase and a second plateau for the glowing 
phase, inspired by Janssens [43], see Fig. 5. Considering the conserva-
tion of energy, i.e. matching the integral of the HRRPUA over the surface 
area of the cribs and the chosen duration of the combustion (the latter 
approximately matched to the burn-out time, see Section 4.2), results in 
a value of 18.9 MJ/kg for the average net HoC. This value arises from the 
combination of flaming and glowing contributions, with HoC approxi-
mately 10.84 MJ/kg and 30 MJ/kg respectively, though it should be 
recognised that some of the fuel may also escape unburnt. 

In addition, a value of 240 kW/m2 was adopted for the peak burning 
rate of the HRRPUA ramp on each surface of the wood sticks during the 
flaming combustion phase, as presented in Fig. 5(b) and Table 2. This 
was initially estimated through bench-scale tests during the preparation 
of the Edinburgh Tall Building Fire Tests (ETFT) [13,56], which used the 
Scots Pine (Pinus sylvestris) rather than European spruce (Picea abies). 
Further, the heat release rate in cone calorimeter tests at 15 and 20 
kW/m2 showed values that varied strongly with time, dropping from an 
initial peak, presumably as the surface of the timber charred. Charac-
teristic values in literature for some softwoods are in the range 180–350 
kW/m2 [53], while a value of 150 kW/m2 is specified for “normal 
cellulosic materials” (e.g. wood and paper) by Hietaniemi and Mikkola 
[57] and also 260 kW/m2 for White pine (Pinus quinquefoliae), the latter 
also adopted for their modelling of wood pallet combustion by Kallada 
Janardhan and Hostikka [25]. Further, some literature suggests that the 
HRR during the glowing combustion phase may be around one fourth of 
the peak value during flaming combustion [58,59] at modest external 
heat fluxes, hence a baseline HRRPUA value of 60 kW/m2 was adopted 
here for the char oxidation phase, see Fig. 5 and Table 2. 

It is worth noting that the maximum HRRPUA with a certain time 

Fig. 4. (a) Representation of the wood sticks in the model coordinate in plan view, (b) Model in front view, and (c) Representation of the wood sticks in the model 
coordinate in elevation view, 50 mm offset between the steel panel and the bottom wood stick layer for the ignition burner and steel tubes. 
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duration is an engineering model simplification. This duration is ob-
tained via the energy conservation of the wood crib for matching the 
integral of the HRRPUA over the surface area of the cribs with time. It is 
different from the initial peak from a cone calorimetry test for wood 
samples which arises due to the short flaming stage of a virgin wood. The 
representation of the flaming and glowing stages of the HRRPUA dis-
tribution in the model was inspired by the generalised framework on 
wood-based products HRR analysis from Janssens [43]. 

The wood conductivity and specific heat were defined as being 
temperature-dependent, adopting values suggested by Hietaniemi and 
Mikkola [57] with certain assumptions, see Table 2. Moisture migration 
was neglected in the model but its energetic influence was considered 
via a modified specific heat value. This value accommodates the latent 
heat effect - a correction corresponding to a moisture content of 16.9% 
(measured value, Gamba et al. [36]) was considered via extrapolation 
from representations for 8% and 12% in Eurocode 5 [60]. Moisture ef-
fects in the gas phase were neglected. An emissivity value of 0.9 was 
used for the exposed wood surfaces [2]. The wood density was measured 
in the Liège fire lab with an average value of 468 kg/m3. The wood 
properties used in the model are summarized in Table 2. 

Once these parameters were fixed, only the wood ignition tempera-
ture was ‘tuned’, as the chosen single parameter to calibrate with the 
experimental data on fire spread, with the identification of a value of 
310 ◦C supporting a reasonable comparison, see results discussion 
below. This calibrated wood ignition temperature fits well within the 
range of expected values according to the review by Bartlett et al. [53]. 

The compartment ceiling and downstands were represented in the 
model with the exact dimensions, and the material thermal properties 
were assumed to be the same as are defined in the data sheet for the 
insulation blanket PROMAGLAF®-HTK 1100 [38]. The steel panel 
beneath the wood cribs used a conductivity of 45.8 W m − 1K− 1, specific 
heat of 0.46 kJ kg− 1K− 1, emissivity of 0.95 [1], and density of 7850 
kg/m3. The igniter was simplified as a square burner with dimensions of 
90 mm × 90 mm, prescribed with a 323 kW/m2 HRRPUA lasting for 240 

s to ensure the energy and mass are conserved for the 40 ml of meth-
ylated ethanol at 96% of the experiment. Note that the two layers of four 
laths of 15 mm × 18 mm near the igniter were not represented in the 
CFD model. The bottom layer of the wood sticks had the same 30 mm ×
35 mm cross-section in the model, since prediction of the initial ignition 
stage was not considered as a research interest in this study. Further-
more, thermocouples in the model were placed at the same locations as 
the experimental instrumentations (see Fig. 1). The plate thermometer 
was modelled following the same setup used in the FDS validation guide 
[61]. 

4. Comparison between the calibrated CFD model and the LB7 
test 

4.1. Fire spread, heat release rate (HRR), and flame height 

Fig. 6 demonstrates the fire spread comparison captured from the 
video recording of the LB7 test and the FDS Smokeview (a visualisation 
tool embedded with FDS) at four-minute intervals. In the model the 
flame is rendered when the heat release rate per unit volume (HRRPUV) 
exceeds 200 kW/m3. The simulated fire spread on the wood sticks top 
layer, and the flame height, are both qualitatively comparable to the test 
observation. Note that the test was effectively terminated via water 
spray onto the wood cribs, hence the test data (e.g. mass loss measure-
ment) after 20 min is interrupted and becomes invalid for capturing the 
decay phase of the fire. 

Looking closely at the comparison of the fire spread in Fig. 7 and 
HRR development in Fig. 8 it is apparent that both the model and the test 
present a t-squared fire development. Apart from slightly asymmetrical 
fire spread radius in the test (approx. 10% max difference), both the fire 
front of the model and the test reach the edge of the wood crib at ±1.4 m 
within 20 min. The maximum difference between the model and the test 
on fire spread radius is about 27% at around 5 min, and after this initial 
fire development stage the maximum difference is around 13%. Fig. 7(b) 

Table 2 
Summary of the wood thermal properties in the LB7 model (Time, t, unit in s; Temperature, T, unit in ◦C).  

Ignition temperature 
(◦C) 

Density (kg/ 
m3) 

Moisture (%) Emissivity Conductivity (W m− 1K− 1) HRRPUA ramp (kW/ 
m2) 

Specific heat (kJ kg− 1K− 1) 

310 468 16.9 0.9 T = 20, F = 0.11 t = 0, F = 0 T = 20, F = 1.53 T = 250, F = 1.62     
T = 200, F = 0.14 t = 90, F = 240 T = 99, F = 1.77 T = 300, F = 0.71     
T = 380, F = 0.07 t = 212, F = 240 T = 100, F = 18.43 T = 350, F = 0.85     
T = 800, F = 0.10 t = 362, F = 60 T = 120, F = 18.43 T = 400, F = 1.0     
T = 1000, F = 0.22 t = 474, F = 60 T = 121, F = 2.12 T = 600, F = 1.4     
T = 1200, F = 0.35 t = 534, F = 0 T = 200, F = 2.0 T = 800, F = 1.65        

T = 1200, F = 1.65  

Fig. 5. (a) Generalised framework for analysing the HRR data of wood-based products, adapted from Janssens [43], and (b) HRRPUA RAMP in the baseline model 
considering both the flaming phase and the glowing phase (due to char yield). 
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shows the fire spread rate of the model gradually increases with the fire 
development, from 0 mm/s to 3 mm/s, generally following the same 
trend as the test except for the duration between around 16 min to 20 
min. At around 16 min, a wood stick near the edge of the crib was 
suddenly ignited, indicated (circled) in Fig. 6. This ‘sudden fire jump’, an 
instance of which was also observed in the related large compartment 
tests which adopted an identical fuel bed specification [30], might be 
induced by the imperfection of this stick surface having a small piece of 
‘thorn’, which was consequently easier to ignite due to its relatively 
small thickness (thermally thin) or possibly due to ember displacement. 

Fig. 8 compares the HRR and mass loss rate (MLR) of the model with 

the interpreted test data, based upon the measured mass loss with 
assuming the same effective HoC of 10.84 MJ/kg as the model. Both the 
model and the test reached about 2.8 MW at around 20 min. The HRR 
difference ratios are 11%, 5%, 10% and 10%, at 5 min, 10 min, 15 min 
and 20 min, respectively, from the ignition of the fire. 

Fig. 9(a) further explores the evolution relationship between the fire 
spread rate on the wood sticks top layer and HRR, through decoupling 
the time dependency. It suggests a proportional relationship between 
these two variables, as the increase of HRR would increase the radiation 
intensity on the wood sticks top layer, hence yielding a gradually 
accelerating fire spread. 

Fig. 6. FDS simulated fire spread comparison with the LB7 test, at 4 min, 8 min, 12 min, 16 min, and 20 min.  

Fig. 7. Comparison between the test and the model, (a) Fire spread radius from wood crib centre to edge, and (b) Fire spread rate from wood crib centre to edge (the 
translucent blue band describes a bootstrap confidence interval of the estimated regression line according to the available data sampling points). 

Fig. 8. Comparison between the test and the model, (a) HRR, and (b) MLR.  
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Fig. 9(b) presents the flame height comparison, where the model uses 
Smokeview with a HRRPUV exceeding 200 kW/m3, and the test value is 
derived from an image analysis using a MATLAB code where the “flame 
pixel” RGB colour meets the condition of Red = 255, Green > 240, and 
Blue < 1 [36]. Generally, the model over-predicts the flame height from 
4.5 min to 14.0 min, and the flame starts to impinge on the ceiling at 
around 10.0 min. By using a relatively arbitrary finite value threshold 
(200 kW/m3) for the model the true predicted flame height will inevi-
tably be somewhat uncertain, but analysis of the average plume tem-
peratures is consistent (see later discussion of Fig. 10). Related to this, 
one significant qualitative observation is that the test video shows a 
dominant large-scale pulsation of the fire, at the scale of the largest 
eddies, such that the radial size of the fire at mid-height varies by up to a 
factor of two, whereas no such behaviour is seen in the predictions of the 
model where the fire structure is consistently represented as a narrower 
and relatively steadily tapering plume. In addition, deficiencies in the 
resolution of the flow field in the porous voids within the crib, poten-
tially resulting in reduced through flows, might be another source of this 
flame height discrepancy above the wood crib, although it is difficult to 
quantify against the test, see Fig. 10(c). This discrepancy on flame height 
will probably be only weakly coupled to the fire spread processes in the 
crib, where the accumulated energy and heat fluxes averaged over a 
period of a few seconds or more are likely of prime importance. 

4.2. Fire spread in-depth of the wood crib 

The close match between the model and the test for fire spread on the 
top layer of wood sticks as well as the total HRR, suggests that the 
simulated fire spread on the wood cribs lower layers might be reason-
able, even though the default cell size at the solid phase (i.e. 15 mm ×
15 mm × 17.5 mm) is only half size of the stick dimension (i.e. 30 mm ×
35 mm). Fig. 10(a) demonstrates the fire development within the depth 
of the wood cribs, which is mainly led by the fire spread on the top wood 
sticks layer. The fire front at the lower layers lags behind, even though 
the igniter was located at the bottom level of the crib. However, similar 
“lagged burning” was also identified in the test [36]. This is expected 
due to the fact that wood sticks at the top layer tend to receive higher 
radiation from the fire plume and the heat feedback from the ceiling and 
hot layer, while the fire spread at lower layers is confined by some ra-
diation shielding locally from the neighbouring wood sticks, and access 
to oxygen is also limited by the porous structure of the crib. It is inter-
esting that this delay in-depth tends to increase with higher HRR, as 
shown in Fig. 10(a) at 20 min, and presumably arising due to stronger 
pre-heating and more rapid fire spread along the top surface of the crib. 
Fig. 10(b) further demonstrates this fire development using temperature 
contours. The merit of such “stick-by-stick” resolution is clearly 

demonstrated in the Fig. 10(b) at 15 min, showing a stick ignition at its 
initial flaming stage. In addition, the wood crib burn-away is also clearly 
observed in the Fig. 10(b) at 20 min. Note that the modelling of the 
burn-away and the fire temperatures are discussed in Section 4.4 below. 
Moreover, the gas velocity flow contour in the Fig. 10(c) demonstrates 
the air flow development surrounding and within the wood crib depth. 

4.3. Grid sensitivity 

As discussed in the introduction, the uniqueness of the wood cribs 
fire source is that the internal burning surfaces are effectively shielded 
from the influence of the compartment, decoupling that part of the 
combustion from the global fire environment. This decoupling suggests 
that an engineering CFD model might adopt different mesh size reso-
lutions within the region of the porous wood crib structure and in the gas 
phase zones external to the crib (see Fig. 3), for the purpose of charac-
terising the fire spread mechanisms, which underpins travelling fire 
behaviours in wood cribs. 

Fig. 11 explores the grid cell size sensitivity on fire spread, through 
reducing the cell size in the external gas phase above the crib, from the 
baseline 60 mm × 60 mm × 70 mm to 30 mm × 30 mm × 35 mm 
(resulting in an increase in the total number of grid cells from ~1.3 
million to ~2.2 million). It is found that the better grid resolution tends 
to marginally increase the HRR and fire spread radius, by a maximum of 
10% and 6%, respectively. However, the required simulation time also 
increases by a factor of three, which hinders broad parametric studies 
and renders the future “scaling-up” to full-sized compartments [30,31] 
less feasible and/or much more expensive. Considering this limitation, 
and the fact that the effect of grid cell size in the gas phase is found to be 
quite modest, the default cell size resolution is chosen to be kept at 60 
mm × 60 mm × 70 mm for the baseline scenario. 

Consideration is also given to increasing the cell resolution within 
the depth of the crib, recognising that a two-cell gap (i.e., 15 mm × 15 
mm × 17.5 mm in the calibrated LB7 model) between sticks in vertical 
direction (i.e., span of stick height), so two-by-two in the cross-sectional 
fluid gap in elevation (though more in depth), might provide a fairly 
crude representation of the fluid flows within the porous crib structure. 
However, Fig. 12 suggests that the baseline two-cell gap presents a 
broadly acceptable predicted heat release rate and the fire spread in 
comparison with the much more expensive four-cell gap model (i.e., 7.5 
mm × 7.5 mm × 8.75 mm). Note that the heat release rate and fire 
spread radius with the four-cell gap are shifted 2 mins to eliminate the 
change due to the initial spread at the igniter, which is an aspect that the 
current study is not concerned with (much finer meshes would be 
needed to resolve these processes). In addition, the impact of adopting 
only a single cell for the wood stick cross-section/fluid gap in elevation, 

Fig. 9. Comparison between the test and the model, (a) Change of fire spread rate with increasing HRR (the translucent band describes a bootstrap confidence 
interval of the estimated regression line according to the available data sampling points), and (b) Flame height. 
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Fig. 10. (a) Fire development within the wood cribs (wood sticks “obstruction” removed in Smokeview for clearer fire demonstration), (b) Gas temperature contour 
within the wood crib at central ‘slice’, and (c) Gas velocity flow contour within the wood crib at central ‘slice’. 

Fig. 11. Cell size sensitivity outside the crib on (a) HRR, and (b) Fire spread radius.  

Fig. 12. Cell size sensitivity within the crib structure on (a) HRR, and (b) Fire spread radius.  
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was also explored, given this approach formed the basis of the pio-
neering study by Horová et al. [2] (a cell size 5 cm, matching their wood 
stick cross-section, was used within the crib structures, with 10 cm 
elsewhere), however the fire spread quickly ceases due to the failure in 
representing the fire spread between sticks in depth – as is also apparent 
by the fact that the heat release rate is initially more strongly under-
predicted than the fire spread on the top surface. It is expected that a 
level of recalibration might be required in order to obtain a match of 
some element of the fire spread process, but this might be so drastic as to 
undermine other aspects of the model. 

Further, it is important to note that the main determinant of fire 
spread is the radiative ignition of the top layer wood sticks, but this on 
its own does not guarantee a correct fire spread representation. The fact 
that broadly acceptable and very comparable heat release rates are 
predicted with different grid resolutions within the crib (i.e. two-by-two 
and four-by-four) when, critically, the overall fire spread has also been 
matched, implies that the in-depth fire progression is in fact generally 
adequate for the current purpose. Moreover, the specification of the 
engineering CFD model presented in this paper is also motivated by the 
ambition to apply it to future compartment scale fire simulations [30, 
31], hence it is a strategic decision to maintain modest resolutions 
within the crib structure, and externally, which are consistent with the 
practical considerations of the future scaling-up work (bearing in mind 
the current simulation time of c. 170 hrs when using 16 meshes). To 
conclude, the calibrated baseline model (i.e., 60 mm × 60 mm × 70 mm 
in the gas phase, 15 mm × 15 mm × 17.5 mm within the wood crib), 
with an in-contact ratio of 4, is recommended for a reasonable balance 
between model accuracy and computational expense. 

4.4. Burn-away 

Fig. 13 compares the wood crib burn-away at the end of the test and 
the model at approximately 20 min. The model has the fire burnout front 
width at 0.96 m, while the test burn-away zone has a diameter of around 
1.0 m (i.e. equivalent radius 0.5 m). Note that this close match is 
essentially a result of directly adjusting the HRRPUA ramp duration, but 
there are significant uncertainties in the interpretation of the test-model 
comparison here, i.e. we are assuming that the energy release process 
has concluded when the stick is observed to collapse and disintegrate, 
though it is possible that energy release has already significantly 
declined in accordance with the progressively reduced mass; moreover, 
a highly approximate heat of combustion value is necessarily used in the 

glowing phase, as explained in Section 3, and an appropriate allowance 
should be made for these uncertainties in the comparisons during this 
final phase of the fire, e.g. in gas phase temperature comparisons (see 
Section 4.5). Fig. 13(c) investigates the ratio of velocity of the fire spread 
front, Vs, and the velocity of the fire burnout front, VBO, under the 
concept of fire modes [14]. It suggests a growing fire mode, since Vs/VBO 
is always larger than unity after the burn-away starts and gradually rises 
to a value of 3.0 at around 19 min. 

4.5. Thermocouple temperatures 

To further characterise the fire spread and its temperature, thermo-
couples were ‘stapled’ on the horizontal surfaces of certain wood sticks 
referred as “1O”, “2O” and “3O” (at locations 0.30, 0.66 and 1.02 m from 
the centre), see Figs. 1 and 14(b). Demonstrates the comparison of those 
thermocouple temperatures, where “-H” means the simulated thermo-
couples at the same locations as per the test, and “-V” means the simu-
lated thermocouples at the vertical surface of the same sticks facing 
towards the fire spread direction. It is found that the simulated ther-
mocouple temperatures at the stick vertical surface (red dashed lines) 
are more comparable to the test data (black curves). In the model, for all 
the top layer wood sticks (except for the two edge ones) the vertical 
surfaces are always ignited first, and then the horizontal surfaces. These 
time delays between the “-H” and “-V” simulated thermocouple tem-
peratures at “1O”, “2O” and “3O” in reaching 400 ◦C (i.e. greater than 
the wood ignition temperature), are 1.8 min, 1.7 min, and 1.4 min, 
respectively. This decreasing time delay with increasing distance from 
the fire origin, suggests the difference between the incident radiant heat 
flux received on those two perpendicular surfaces of the same stick tends 
to decrease with the growing fire HRR. In the test, a similar ignition 
sequence on the wood stick surfaces was also observed. Fig. 14(c) 
demonstrates the thermocouple “2O” instrumented wood stick as an 
example: the pyrolysis first initiates at the intersection corner of the two 
perpendicular surfaces, after 6 s the side surface is first ignited, and 26 s 
later the horizontal surface is also flaming. Note that this time delay, 
around 0.5 min, is shorter than the delay of the model (which was 
around 1.7 min). 

Fig. 15 shows the thermocouple temperatures located at the cen-
treline of the compartment at different heights. Note that the thermo-
couple was modelled in FDS which can correctly handle the heat transfer 
exchanges at the bead thereby decoupling radiation errors; however 
there are some uncertainties, i.e., a twisted tip Type K thermocouple was 

Fig. 13. Burn-away comparison between (a) the LB7 post-test photo, and (b) the model on burning rate at 20 min; and (c) Vs/Vb: velocity of the fire spread front to 
velocity of the fire burnout front. 
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used in the test with two 0.5 mm wires, this was approximated in FDS 
using the default values of 1 mm bead diameter and emissivity of 0.85. 
From 0 to 5 min, thermocouple temperatures of the model have good 
agreement with the test data except for “3f”, which shows a significant 
over-prediction. This difference is consistent with the over-predicted 
flame height of the model compared to the test, as suggested in Fig. 9 
(b). From 5 to 10 min, this flame height over-prediction continues, now 
being represented on the thermocouple temperature differences of “5f” 
and “7f”. The thermocouple temperature of “1f” shows a significant 
underprediction of around 200 ◦C. This observed temperature discrep-
ancy close to the fuel bed might be induced by the oversimplification in 
the glowing char modelling in the period when the model is tracking the 
stick combustion. After this stage, from 15 to 18 min all thermocouple 
temperatures begin to converge to a similar range at around 700 ◦C to 
800 ◦C. However, from 18 to 20 min it can be seen that the model again 
underpredicts the thermocouple temperatures, presumably due to the 
model’s limitation in representing the glowing phase of the combustion 
process. For reference, it should be noted that the fuel at the central zone 
is already burning out during this period (since the HRRPUA duration 
per stick surface is 534 s, i.e., 8.9 min), also suggested by Fig. 13(a) & 
(b). It implies that the assumed HRRPUA duration accounting for the 
glowing combustion might not be sufficient to maintain the heating at 

the burn-away zone, where it will not suddenly terminate as per the 
model representation. Another important source of the discrepancy 
would be from deficiencies in representation of the heat transfer, i.e., 
radiation from the glowing embers with high surface temperatures. 

4.6. Plate thermometers and incident radiant heat flux 

Four plate thermometers were instrumented right above the top 
layer of wood sticks to evaluate the incident radiant heat flux being 
received on the solid surfaces during the fire spread, as shown in Figs. 1 
and 4. The modelling setup for the plate thermometers followed 
Anderson et al. [62], with an emissivity value of 0.9. The simulated 
thermocouple temperatures on the plate thermometers of HF1 and VF1 
(approx. 0.75 m from the fire origin), as well as HF2 and VF2 (approx. 
1.25 m from the fire origin) are all largely higher than the test measured 
values, as presented in Figs. 16(a) and 17(a). This large discrepancy is 
only improved after the plate thermometers are engulfed into the fire, 
between 18 min to 20 min. As per the surface thermocouples (Fig. 12 
(a)), the rise for the simulated vertical surface temperature precedes the 
horizontal value by 2–3 min. Unlike the surface thermocouple case, 
where the simulated values rather lag the test, the equivalent plate 
thermometer temperatures lead the test by quite a margin, of around 5 

Fig. 14. (a) Comparison of the thermocouple temperatures on the wood sticks top layer between the model and the test, (b) Thermocouple instrumentation locations, 
and (c) Fire spread development on stick with thermocouple “2O”. 

Fig. 15. (a) Comparison of the thermocouple temperatures at the compartment centreline between the model and the test, and (b) Thermocouple instrumenta-
tion locations. 
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min. The test values themselves are reasonably consistent between de-
vices, the slightly later rise at plate thermometer locations VF1/HF1 
compared to surface temperature 2O (at 0.66 m) being in part due to the 
location offset of one stick, or one third of the gap to surface temperature 
3O (at 1.02 m). Considering that the plate thermometer is an insulated 
device, while the surface temperatures are attached to the stick which 
will have a moisture plateau, a more rapid temperature rise is expected 
for the former. So, it seems likely that these discrepancies may be 
attributed to uncertainties in parameters adopted in the thermal model 
for this device. Further detailed investigation found that temperature 
dependent emissivity of the Inconel, thermal conductivity and density of 
the insulation might all affect the plate thermometer modelling results. 
For example, 10% decrease of the emissivity of the Inconel gives a 
decrease in the simulated plate thermometer temperature up to 20%, 
though this alone is insufficient to explain the observed discrepancies. 

The calculated incident radiant heat fluxes of the model and the test 
follow similar a discrepancy trend as per the temperatures of the plate 
thermometers used in the calculation [63], as presented in Figs. 16(b) 
and 17(b). Note that the gas thermocouple temperature near (i.e., at the 
vicinity of) the plate thermometer is designed to measure the “ambient 
temperature”, however in this LB7 test some recirculation of combustion 

products was observed hence additional non-negligible convective heat 
transfer might have been expected on this device. The model does not 
fully reproduce this fire behaviour due to the larger cell size within the 
wood crib. This may explain why the ambient thermocouple tempera-
ture of the test near the plate thermometer is larger than the value of the 
model prior to the fire arrival, as shown in Fig. 16(a). It is interesting to 
note that a similarly large discrepancy between model and test was also 
identified by Zhang et al. [64] while modelling a localised fire, though 
this discrepancy was reduced when the modelled plate thermometers 
were engulfed in the fire and their temperatures rose above 400 ◦C. 
Further, the transient fire spread nature of the LB7 test is another factor 
that challenges the modelling accuracy of the plate thermometer 
temperatures. 

Despite the limitation on modelling the plate thermometer temper-
atures, the ratio of the incident radiant heat fluxes between the two 
perpendicular plate thermometers is found still to be comparable with 
the test. At 14.5 min in Fig. 18(a), i.e. one minute prior to the fire front 
arrival to the plate thermometers, the simulated heat flux ratio is 0.51 
while the test ratio is 0.46, both indicating the vertical surfaces of the 
wood sticks might receive higher radiation than the horizontal surfaces, 
and this ratio decreases for the far-field sticks when the fire HRR is 

Fig. 16. Comparison between the test and the model, (a) Thermocouple (TC) temperatures on/near the plate thermometers (PT) VF1 and HF1, and (b) Calculated 
incident radiant heat fluxes, (the sudden jump of HF1 at 18.9 min, corresponds to the sudden increase of “TC on HF1” from 500 ◦C to 580 ◦C at 18.9 min). 

Fig. 17. Comparison between the test and the model, (a) Thermocouple (TC) temperatures on/near the plate thermometers (PT) VF2 and HF2, and (b) Calculated 
incident radiant heat fluxes. 
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increasing, see Fig. 18(b). Such a heat flux relationship further explains 
the sequence of wood stick surface ignition observed during the fire 
spread, as discussed earlier for Fig. 14(c). 

Fig. 19(a) and (b) show that a higher incident radiant heat flux first 

accumulates at the vertical surface of “Stick 1”, and then its horizontal 
surface. However, this difference seems to be negligible when 
comparing the heat fluxes at the centroid of those two surfaces, both 
having values of 11.6 kW/m2 at 13.5 min, see Fig. 19(f). For “Stick 2”, as 

Fig. 18. Comparison between the test and the model on incident radiant heat flux ratio of (a) HF1 to VF1, and (b) HF2 to VF2.  

Fig. 19. (a) – (d) Development of the incident radiant heat flux on the top layer wood sticks, 13 kW/m2 represented in black is the critical heat flux for “European 
spruce” (Picea abies) wood ignition measured using cone calorimeter, (e) Comparison of the heat fluxes on wood sticks 1 and 2 on horizontal surface vs. vertical 
surface at the same time stamp, and (f) Development of the incident radiant heat flux of wood stick 1, 2. 
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demonstrated in Fig. 19(c) and (d), this sequence tends to be flipped, 
with a higher incident radiant heat flux first developing on its horizontal 
surface then its vertical surface. Fig. 19(e) confirms this relationship via 
cancelling the time dependency. Again, this is because when the fire is at 
the initial stage, the wood stick vertical surface tends to receive higher 
radiation, mainly from the fire plume itself, and when the fire grows, 
higher radiation is received on the horizontal surface from both the 
more intense fire plume combustion and also the heat feedback from the 
ceiling and the hot layer. This suggests that the presence of a ceiling 
could fundamentally change the fire spread mechanism on the wood 
cribs, as has been observed in previous studies, both experimentally and 
numerically [15,16,28,36]. 

5. Parameter sensitivity studies 

The calibrated LB7 model shows a good agreement with the test, in 
terms of the key parameters of fire spread, heat release rate, and burn- 
away. These are the essential parameters for characterising different 
fire modes including a travelling fire, a growing fire, and a fully devel-
oped fire. Nevertheless, there are a range of remaining uncertainties 
both in the predictions and the generalised capability of the approach 
developed. This section explores the LB7 fire spread behaviour with a set 
of input parameters spanning both physical parameters (Table 3) and 
design parameters (Table 4), and followed by a further study on the 
exploration of model application for a different crib arrangement. 

The selection of these parameters was based upon the motive that 
any low/high bound value can still ensure fire spread. Meanwhile, the 
selected parameters must fall within a physically meaningful range ac-
cording to expectations from the literature. Further, the change ratio of 
the low/high in percentage should be roughly equal. For example, HoC 
only had a +/− 11% change. If a slightly lower value is adopted for the 
HoC, e.g., 9 MJ/kg, it was found that the fire cannot spread after the 
initial ignition stage. Another example was the soot yield, the calibrated 
baseline value (according to literature) was already relatively low, only 
0.015 kg/kg, so the lowest bound that can be explored was to push this 
value to 0, i.e., 100% change to examine its effect. 

5.1. Burning band width, HRR, and fire spread 

A maximum burning band width can be defined based on finite 
burning rates (Fig. 20). A parameter sensitivity study for this variable, 
from Fig. 21, demonstrates that high sensitivities of the modelling re-
sults are consequent on all of the following: heat of combustion, ignition 
temperature, thermal inertia, radiation fraction, HRRPUA and the fuel 
load density; the effects of reasonable changes in emissivity, soot yield 
and ceiling height are more modest; wood moisture and downstand 
depth have very limited impact. 

The increase of heat of combustion, HRRPUA, soot yield, radiation 
fraction, fuel load density, downstand depth, and decrease of ceiling 

height all tend to increase incident radiant heat flux being received on 
the wood stick surface and yield a lower ignition time, i.e., quicker fire 
spread. On the other hand, the increase of the wood moisture, thermal 
inertia, and the decrease of the wood emissivity, all tend to yield a 
higher ignition time, i.e., slower fire spread. There was no measurable 
effect of change of number of radiation angles, suggesting that the 
default value of 100 is sufficient to capture the essence of the heat 
transfer within the crib structure, as well as at the fire front on the top 
surface of the crib. In this parametric study, note that time duration has 
to be updated accordingly while changing HRRPUA to conserve the mass 
and energy of the fuel. In addition, the change of the multiple of wood 
thermal inertia is achieved via modifying the wood density, and the fuel 
load density is changed through adding or removing wood stick layers 
while maintaining the constant distance between the top layer to the 
ceiling via adjusting the ceiling height accordingly. 

It is also worth noting that the total HRR is transiently being changed 
during the fire spread in these parametric studies, though the prescribed 
HRR of a single stick surface is maintained. Opposite conclusions were 
drawn by Jahn et al. [65] on investigating the fire growth within a real 
room for item-to-item furniture ignitions, where it was found that the 
simulations are insensitive to soot yield, and heat of combustion, while 
keeping the item HRR constant. This apparent conflict might be due to 
the fact that the wood crib fire spread has a more non-linear coupling 
effect when considering ignition of discretised items (i.e., each wood 
stick contributes individually to fire growth) compared to the lumped 
item-to-item approach adopted for furniture ignition. 

The parameter sensitivity on HRR and fire spread are additionally 
presented in Fig. 22 and Fig. 23 respectively. The results clearly imply 
that the change of HRR generally has an essentially proportional 

Table 3 
Physical parameters.   

Wood emissivity Wood HoC (MJ/kg) Wood moisture content (%) Wood ignition temperature ( ◦C) Multiple of wood thermal inertia 

Low 0.8 (− 11%) 9.68 (− 11%) 12 (− 29%) 280 (− 10%) 0.5 (− 50%) 
LB7 calibrated 0.9 10.84 17 310 1.0 
High 1.0 (+11%) 12.00 (+11%) 22 (+29%) 340 (+10%) 1.5 (+50%)   

HRRPUA (kW/m2) Soot yield (kg/kg) Radiation angle Radiation fraction 

Low 168 (− 30%) 0.000 (− 100%) 50 (− 50%) 0.25 (− 29%) 
LB7 calibrated 240 0.015 100 0.35 
High 312 (+30%) 0.030 (+100%) 150 (+50%) 0.45 (+29%)  

Table 4 
Design parameters.   

Ceiling height 
(m) 

Nominal fuel load density 
(MJ/m2) 

Downstand depth 
(m) 

Low 2.4 (− 17%) 300 (− 41%) 0.00 (− 100%) 
LB7 

calibrated 
2.9 511 0.35 

High 3.4 (+17%) 730 (+43%) 0.70 (+100%)  

Fig. 20. Maximum burning band width definition.  
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Fig. 21. Maximum burning band width within 20 min simulation.  

X. Dai et al.                                                                                                                                                                                                                                      



Advances in Engineering Software 173 (2022) 103213

17

Fig. 22. Parameter sensitivity on HRR.  
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relationship with the change of fire spread radius, which is consistent 
with the fact that the crib burning in the LB tests is mainly driven by the 
fire spread presented on the top layer of wood sticks. Furthermore, the 
effect of change of ceiling height and downstand depth does not have an 
impact until the fire starts to impinge upon the ceiling at around 15 min, 
implying those two design parameters mainly affect the heat feedback 
on the horizontal surfaces of the wood sticks due to remote radiation 
(also Figs. 24 and 25 see Fig. 26). 

5.2. Ratio Vs/Vbo for fire modes 

Fig. 24 demonstrates the parameter sensitivity on different fire 
modes via investigating the regression line of Vs/VBO, which is the ratio 
of fire spread front velocity, Vs, and the fire burnout front velocity, VBO. 
Fig. 24(c) shows a high sensitivity of the fire mode due to HoC change: 
with an 11% decrease, from 10.84 to 9.68 MJ/kg, the fire mode is 
changed from a growing fire to a travelling fire, due to the lower 
resultant heat fluxes arising from suppressed gas temperatures (see 
Fig. 25(b)). Note that in Fig. 24(e), the fire mode is changed drastically 
from a growing fire to a travelling fire due to the modified thermal 

inertia of the wood, with its change range 50%. 
Radiation fraction and ceiling height are another two parameters 

which fire modes are highly sensitive to, however the reasons for each 
are different: the former is due to the significant change of the radiative 
heat fluxes resulting from the different fraction of the total HRR, while 
the latter is due to the change of the heat flux ratios (i.e., horizontal 
surface of the wood stick to vertical surface), i.e. the ceiling height 
changes result in different levels of hot layer heat feedback to the fuel 
bed. 

Moreover, the fuel load density is found to be another parameter 
which could drastically impact on the fire mode, see Fig. 24(k). When 
the fuel load density is 300 MJ/m2, i.e., close to the design fire value for 
a “theatre” according to Eurocode Table E.4 [37], the maximum burning 
band width is below 0.2 m (see Fig. 21) and its fire mode with Vs/VBO<1 
is equivalent to a decaying fire. This is because the change of the fuel 
load density is consistent with the change of HRR over the same floor 
area, hence the incident radiant heat fluxes value on all surfaces of the 
wood sticks is changed dramatically. 

Fig. 23. Parameter sensitivity on fire spread radius.  
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5.3. Incident radiant heat flux on wood sticks 

Fig. 25 further investigates the incident radiant heat flux develop-
ment on the horizontal surface of wood stick 1 (WS1), as well as wood 
stick 2 (WS2) (see Fig. 19 for wood stick locations); and Fig. 26 presents 
their heat fluxes comparison as a cross-plot where the time dependency 
is cancelled. Along with Fig. 24, these results imply that a growing fire 
and a fully developed fire tend to be associated with higher heat fluxes, 
and the fire spread of those two fire modes is more dominated by the 
ignition of the horizontal surface of the wood stick due to radiation. An 
idealised travelling fire mode is more associated with lower heat fluxes, 
and its fire spread tends to be more driven by the ignition of the vertical 
surface of the wood stick. For example, for the case with lower heat of 
combustion value of 9.68 MJ/kg, its maximum incident radiant heat flux 
is only 6 kW/m2 on WS1 within 20 min simulation, see Fig. 25(b). 
Further, the case where the LB7 model used a value for the thermal 
inertia of wood which is increased by 50% demonstrates that its vertical 
surface receives a slightly higher heat flux, as shown in Fig. 26(e), and 

similarly in the case with a lower HRRPUA, 168 kW/m2, see Fig. 26(f). 
This is because a higher thermal inertia of wood, or lower HRRPUA, both 
increase the time of ignition on the wood stick surfaces, hence yielding 
lower total HRR of the whole wood crib. This lower HRR tends to have 
lower flame height without impinging on the ceiling, which explains the 
vertical surface of the wood stick receiving a proportionally higher 
incident radiant heat flux. 

Further, it is important to note that changing the design parameters, 
such as the decrease of ceiling height, may have a distinct effect on the 
change of heat flux ratio between the two perpendicular surfaces of the 
wood stick, as shown in Fig. 26(j). This is mainly because reducing the 
ceiling height would tend to increase the heat flux intensity on the 
horizontal surface of the wood stick due to the enhanced heat feedback 
from the ceiling. Such a tendency due to the change of design parameters 
is unlike the change of physical parameters discussed in the earlier sec-
tion, see Fig. 26(a)–(f) for comparison. 

Similarly, the increase of the downstand depth, shown in Fig. 26(l), 
has a similar effect of enhancing the heat flux at the wood stick 

Fig. 24. Parameter sensitivity on different fire modes.  
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Fig. 25. Parameter sensitivity on incident radiant heat flux at horizontal surface of wood stick 1 (WS1), and wood stick 2 (WS2), see Fig. 19 for stick locations.  
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Fig. 26. Parameter sensitivity on incident radiant heat flux comparison between horizontal surface and vertical surface of wood stick 1 (WS1) and wood stick 2 
(WS2), see Fig. 19 for stick locations. 

X. Dai et al.                                                                                                                                                                                                                                      



Advances in Engineering Software 173 (2022) 103213

22

horizontal surfaces due to the thicker hot smoke layer being accumu-
lated beneath the ceiling. For comparison, reference can be made to 
experimental observations in travelling fire tests, although many other 
variables differ between them – but the observations in the Tisova Fire 
Test [15,66] suggest a similar effect of weak support for fire spread due 
to the large ceiling height (i.e. approx. 4 m), with a very slow travelling 
being developed, having a fire spread rate below 1 mm/s before diesel 
accelerant was applied on the wood cribs to artificially enhance the fire 
spread. While in contrast, in the Edinburgh Tall Building Fire Tests 
(ETFT) [13,16] where the ceiling height was only 2 m, a fully developed 
fire was observed arising from a more rapid fire spread on the wood 
cribs. Note that both of these fire tests were designed for investigating 
the fire spread in typical office buildings, with continuous wood cribs 
fuel beds and similar fuel load densities of around 500 MJ/m2. Gupta 
et al. [16] present an analysis of the relation of fire spread modes to 
resultant heat fluxes, with observations consistent with the current 
analysis. 

5.4. Exploration of model application for a different crib arrangement 

This section investigates to what extent the calibrated LB7 model is 
capable of being generalised to be able to represent another case in the 
test series with identical timber fuel but a different arrangement of sticks 
in the crib, i.e., the LB1 test, see Table 5. 

All of the other LB7 model parameters are strictly maintained for the 
new LB1 models. Fig. 27 shows the HRR and fire spread radius com-
parisons of the LB1 test, together with results for a recalibrated model 

for LB1. It is found that the LB7 model cannot directly represent the LB1 
test, requiring a significant recalibration of the ignition temperature of 
wood from original 310 ◦C to 230 ◦C. It is suspected that there may be 
two prime reasons for this difference: one is the uncertainty of the early 
ignition stage from the igniter to the bottom wood stick layers, the other 
is the compromise of the modelled stick spacings which are set at 90 mm 
due to the fixed grid cell size 30 mm × 30 mm × 35 mm, at variance with 
the real spacing of 80 mm. A smaller spacing would support a quicker 
fire development but seems unlikely to fully account for the discrepancy 
observed. 

Fig. 28 demonstrates the burn-away comparisons after the model is 
updated with the recalibrated ignition temperatures of 230 ◦C. The 
consistency of the burnout region between the models and the tests 
further suggests that a constant value assumption of HRRPUA duration 
for burn-away is sufficient for reconstructing such a wood crib fire 
scenario. Hence, it further suggests that the resultant HRR should be 
sensitive to heat fluxes via the fire spread but not due changes in burning 
rates and related burn-out times. It is also consistent with the findings of 
Gupta et al. [16] that the burnout front velocity is weakly dependent 
upon the external radiation, and the fire spread velocity is strongly 
dependent on the external and fire heat flux. 

6. Incident radiant heat flux and different fire modes 

This section summarizes the results for the calibrated LB7 model and 
the 24 related simulations from the parametric study, emphasizing 
mainly on the investigation of the relationship between the fire modes 
and the incident radiant heat fluxes on wood stick surfaces. Note that the 
calibrated LB7 model is a growing fire (Vs/VBO> 1), and its parametric 
study simulations have one decaying fire (Vs/VBO<1), two travelling 
fires (Vs/VBO≈ 1), and 21 cases of growing fires matching the baseline. 
The development of different fire modes within a time duration (see 
Fig. 24) are interpreted as the slopes of those regression lines, i.e., d(Vs/ 
VBO)/dt. It is worth noting the time derivative of Vs/VBO was used, rather 
than the Vs/VBO ratio itself, because the latter was not a constant during 

Table 5 
Comparison of LB1 and LB7 tests.  

Test 
ID 

Number of 
layers 

Stick spacing 
(mm) 

Total height 
(mm) 

Layers i and i + 3 
shifted half pitch 

LB1 6 80 210 No 
LB7 9 120 315 Yes  

Fig. 27. Comparison between the test and the model, (a) HRR, (b) Fire spread radius.  

Fig. 28. Burn-away comparison between the test LB1 and the model (with recalibrated ignition temperatures).  
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the 20 min fire duration, as presented in Fig. 24. Hence, the former was 
adopted to represent each scenario with a single value (i.e., one data 
point on the Figs. 29 and 30). 

The incident radiant heat fluxes are investigated via the values at the 
horizontal surfaces of wood sticks 1 and 2 at 1 min prior to its surface 
ignition, as shown in Fig. 29; and the ratio of the heat fluxes on the 
horizontal and vertical surfaces of the wood sticks at 1 min prior to the 
stick ignition, see Fig. 30. Note that the motive of adopting this 1 min 
time gap was to examine the heat flux condition prior to the flame front 
approaching the corresponding wood sticks (i.e. ignition). This arbitrary 
gap may induce uncertainties in data interpretation due to the time scale 
difference on wood sticks 1 and 2 under different level of heat flux 
intensities. 

Fig. 29 demonstrates an approximately linear regression with the 
increase of incident radiant heat flux on the horizontal surfaces of the 
wood sticks to the different fire modes. It implies that a decaying fire and 

a travelling fire are more associated with relatively lower heat fluxes on 
the wood sticks, and a growing fire is more likely to have higher heat 
fluxes, i.e., 8.5 kW/m2 to 12.1 kW/m2 for wood stick 1, and 10.2 kW/m2 

to 16.6 kW/m2 for wood stick 2. 
This linear regression becomes clearer while presenting the rela-

tionship between the fire modes and the ratio of the incident radiant 
heat fluxes of the two perpendicular surfaces on wood stick 1 and 2, 
respectively, as shown in Fig. 30. For wood stick 1, the ratios for 
decaying fire and travelling fire are 0.85 to 0.99, while the ratios for the 
growing fire are 0.89 to 1.19. For wood stick 2, the ratios for decaying 
fire and travelling fire are slightly higher, between 1.08 and 1.16, while 
the ratios for the growing fire are 1.05 to 1.42. The ratio difference 
between the various fire modes suggests that the fire spread of a 
decaying fire and a travelling fire is more associated with the radiation 
from the fire plume itself, i.e., more or less like a free burning; while the 
fire spread of a growing fire is more associated with the radiation from 

Fig. 30. Relationship between the fire modes and the heat flux ratio of horizontal surface over vertical surface of (a) wood sticks 1, and (b) wood stick 2, at one 
minute before ignition (see Fig. 19 for wood stick 1&2 locations). 

Fig. 29. Relationship between the fire modes and the heat flux on horizontal surface of (a) wood stick 1, and (b) wood stick 2, at one minute before ignition, 13 kW/ 
m2 critical heat flux for ignition estimated from cone calorimetry tests (see Fig. 19 for wood stick 1&2 locations). 
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the fire plume and the heat feedback from the ceiling level, including the 
accumulation of the smoke. Whilst this finding is specific to the current 
crib structure and test specification, including ceiling height, the ob-
servations are consistent with those derived from full-scale compart-
ment fires [16]. 

It is worth nothing that, due to the discrepancies in presenting the 
incident radiant heat flux on the wood sticks top level via the plate 
thermometers (see Figs. 16 and 17), such uncertainties in prediction on 
incident radiant heat flux still needs to be further quantified in future 
work (e.g., the “scaling-up” model to full-sized compartments [30,31] 
where both the Gardon Gauges and thin skin calorimeters were instru-
mented close to the fuel bed to directly measure the fluxes). 

7. Conclusions 

This paper first presents the reconstruction of a uniform fuel bed for 
fire spread in a timber crib, i.e., one of the TRAFIR tests performed by 
Liège University labelled as LB7, through using a “stick-by-stick” geo-
metric model with simple pyrolysis and an ignition temperature setup. 
The mesh scheme, strategically implemented with a fine mesh (i.e., 15 
mm × 15 mm × 17.5 mm) in the region encompassing the solid phase 
and a relatively coarse mesh (i.e., 60 mm × 60 mm × 70 mm) in the gas 
phase of the surrounding regions, provides a potentially more efficient 
methodology for modelling such crib fires within reasonable computa-
tional costs, thereby supporting extensive parametric studies. 

Compared with previous research, this study identifies that a two-by- 
two cell across the stick cross-section encompassing the vertical direc-
tion (i.e., span of stick height and/or height of interstitial space) can 
provide an acceptable predicted heat release rate and the fire spread 
simultaneously, in comparison with the test data, as well as against re-
sults for a finer mesh size (i.e., four-by-four cell). Using a one-by-one cell 
for the stick or air gap according to previous pioneering research for 
travelling fires seems not to be viable if both heat release rate and fire 
spread rate are to be matched, though each might be calibrated 
individually. 

Furthermore, this work presents a reasonable match with the full 
range of relevant fire parameters, including heat release rate, fire 
spread, burn-away, flame temperature, all being comparable to the test 
data. This set of agreements has not previously been demonstrated in 
other studies, though others have shown some of the qualitative trends 
in terms of individual parameters. It is important to note that while it 
may be possible to achieve individual matches with these parameters via 
model tuning, however, since they are all strongly coupled any such 
demonstration might be misleading – it is in matching all parameters 
simultaneously that an advance is achieved in this study. 

In addition, the consistency of the evolution of the burnout region 
between the models and the tests further suggests that a constant value 
assumption of HRRPUA duration for burn-away may be sufficient for 
reconstructing such simple wood crib fire scenarios. It is apparent that 
the trends in the overall HRR are more dependent on the fire spread rates 
than variations in the stick burning rates. Nevertheless, the HRRPUA 
duration accounting for the glowing combustion might not be sufficient 
to maintain the heating at the burn-away zone, where in practice it will 
not suddenly terminate as per the model representation. The model 
deficiencies in representation of the heat transfer, i.e., radiation from the 
glowing embers with high surface temperatures, might be another 
important source of discrepancy. 

An extensive sensitivity study for the LB7 case provides useful in-
sights into the capabilities and robustness of such a “stick-by-stick” 
detailed model. Though making comparisons between sensitivities is 
rather problematic, as the parameter ranges are generally unbounded, 
high sensitivities are apparent for all of the following: heat of combus-
tion, ignition temperature, thermal inertia, radiation fraction, HRRPUA 
and the fuel load density; the effects of changes in wood emissivity, soot 
yield, and ceiling height are more modest; moisture and the downstand 
depth have very limited impact, while 100 radiation rays are found to be 

sufficient for this application. Analysis of these sensitivities is consistent 
with the fact that the fire spread of this crib fire is dominated by radi-
ation. Finally, consistent with the observed high parameter sensitivities, 
it is also found that the calibrated LB7 model requires a significant 
recalibration when adapted for a crib with a different structure, i.e., 
stick arrangement for LB1 test with fewer layers and closer spacing, 
showing the importance of appropriate model calibration. 

Under the scope of travelling fire behavioural analysis and other fire 
modes, an approximately linear regression was found between different 
fire modes and the incident radiant heat fluxes intensity. This linear 
regression was also identified between the fire modes and the ratio of the 
values between the two perpendicular surfaces of a single wood stick 
prior to its ignition. It suggests that the fire spread of a travelling fire and 
a decaying fire is here more associated with the radiation from the fire 
flame itself, i.e., more or less like a free burning; while the fire spread of 
a growing fire is more associated with the radiation from the fire flame 
and the heat feedback from the ceiling level (e.g., the accumulation of 
the smoke). These observations are broadly consistent with those made 
for selected full-scale compartment fires [16] based on test measure-
ments of heat fluxes. The demonstrated value of the CFD representation 
is in allowing the detailed analysis of the evolving conditions on the 
surfaces of the individual wood sticks, relating these to the fire modes, 
which has potential for further insights in simulations of full-scale 
compartments. 
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