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a b s t r a c t 

This paper presents results from a computational and laboratory investigation of wind flow and fire 

spread over an isolated sloped-ridgeline laboratory-scale hill under various slopes with the wind blowing 

perpendicularly to the ridgeline. The results show two situations of unexpected or unusual fire behaviour; 

one is a lateral spread of the fire front over the windward face into a down-ridge direction resulting from 

a strong near-surface flow component parallel to the ridgeline. The other behaviour is a lateral enlarge- 

ment of the fire front near the ridgeline over the leeward face in an up-ridge direction resulting from 

a flow parallel to the ridgeline. Comparison with reference fire spread rates and wind flow observations 

highlight the importance of the interaction between terrain-modified flow mechanisms and the fire in 

which they result in accelerated flows that drive the indicated unexpected behaviour. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The wind, topography and fuels are widely recognised as the 

ominant factors affecting forest fire behaviour in which their mu- 

ual multi-scaled physical interactions may result in unexpected 

re behaviour [1–4] . The fire spread over complex topography is 

 very common field situation in which these interactions are im- 

ortant, and the resultant dynamic fire growth is a challenge in 

erms of prediction and hazard management. 

Current operational fire spread prediction models, which [5–

] summarise some of them, typically assume that the rate of 

pread will remain constant unless there is a change in the un- 

erlying fire environment conditions. This steady-state assumption 

an be invalid for dynamic modes of fire spread, in which the rate 

f spread can vary greatly due to interactions between the fire 

nd the surrounding environment. Understanding the physical pro- 

esses that trigger these dynamic modes of fire spread is, therefore, 

 key step towards improving the planning of wildfire management 

perations. 

It is well known that terrain slope has a significant effect on 

he fire spread, as generally, the fire spreads with higher rate of 

pread in up-slope directions and with slower rate of spread over 

own-slopes with steady state behaviour. Also, on the presence of 
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 favourable wind, the fire’s rate of spread will be increased. How- 

ver, in the presence of both wind and slope, the behaviour de- 

ends on the magnitude of both effects and the behaviour of the 

re is usually dynamic [8] . 

Several numerical and experimental studies were carried out 

o analyse the fire behaviour over complex topography namely on 

lopes and hills [8–14] . However, we still lack understanding about 

re spread in complex topography and the interactions between 

ind flow, topography, and fire dynamics. In this paper, we are 

oncerned with the fire behaviour associated with the interaction 

etween terrain-modified winds over a sloped-ridgeline hill and 

re-induced convection (flow). 

Previous studies [ 9 , 15 ] showed that, for a fire spreading over 

he leeward face of a hill with the wind blowing perpendicu- 

arly to the hill’s ridgeline, a lateral enlargement of the fire front 

ear the ridgeline occurs. McRae [15] who first noticed this phe- 

omenon designated it as ‘fire channelling’ or ‘lee-slope chan- 

elling’. Sharples [9] have investigated the phenomena based on 

eal-fire observations, where analysis of several possible mech- 

nisms revealed that hill’s lee-slope eddy plays a crucial role 

n driving the fire channelling process. Simpson [10] has shown 

hrough large-eddy simulations that the lateral fire enlargement 

s driven by an updraft–downdraft interface movement across the 

re perimeter. The inflow and outflow associated with these up- 

rafts and downdrafts resulted in either clockwise or counter- 

lockwise flow rotation at the mid-flame height near the flanks 

f the fire. He proposed that the process is a result of an 
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Fig. 2. a) Plan view of the model used in the wind tunnel tests. The location of the 

four lines where we distributed the pressure taps are shown. The dimensions are 

indicated in cm. b) Plan view of the model used in the Combustion Tunnel tests 

and the six directions used to evaluate the ROS of the fire are shown. The ignition 

occurs at the point labelled by O. The dimensions are indicated in cm. 
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nteraction between the fire-induced convection (pyro-convection) 

nd the terrain-modified winds through mechanisms that still 

eed to be investigated. An experimental study by Raposo 

11] conducted on a two-dimensional hill (horizontal ridgeline) 

ith a perpendicular flow relative to the ridgeline showed that the 

re enlarges symmetrically towards the two lateral directions near 

he top of the crest due to the interaction between fire and wind. 

In the present paper, we analyse the fire behaviour over a 

loped-ridgeline hill, which is a typical configuration in nature as 

an be seen for example at the end of a ridge which height is 

radually reduced. During fire propagation preliminary tests over a 

aboratory-scale configuration, we noticed a lateral non-symmetric 

re growth behaviour over the hill’s leeward face. This behaviour 

s similar to the earlier mentioned fire channelling phenomena, but 

n this case, it is not symmetric. We also noticed another fast and 

on-symmetric lateral growth behaviour over the windward face 

f the hill. It is important to investigate these two non-symmetric 

re growth behaviours as the nature of the configuration where 

he fire’s driving conditions, namely terrain-modified wind and 

lope, are changing along the ridgeline. The investigation of the 

loped-ridgeline hill being a generalization of the previous case 

ontributes to a better understanding of the fire enlargement phe- 

omena (fire channelling) over hills. The investigation is made by 

erforming a set of laboratory-scale experiments for a fire spread- 

ng over a physical model, complemented by physical and numeri- 

al analysis of the adiabatic flow around a similar hill. 

To our knowledge this investigation involves for the first time 

 careful analysis of the adiabatic flow around a sloped-ridgeline 

ill under various wind and slope conditions using computational 

uid dynamics (CFD) simulations validated by experimental mea- 

urements in a wind tunnel. The analysis of the terrain-modified 

ow is used to interpret the results obtained in a set of laboratory- 

cale experiments of fire spread. 

. Methods and materials 

.1. Hill configuration and terminology 

The shape of the sloped-ridgeline hill is shown schematically in 

ig. 1 . The two faces of the hill are identical and have the shape

f a right-angled triangle. To minimise the effect of the Reynolds 

umber on the location of flow separation, we adopted a sharp 

idgeline. The angle between each face and the horizontal refer- 

nce is α resulting in a symmetrical triangular cross-section hill. 
ig. 1. Schematic view of the 3D hill with the terminology used for the main flow/ 

re spread directions. 
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.2. Model’s scale and dimensions 

We use similar models for the adiabatic flow and the fire exper- 

ments, but with different dimensions. We used a return type wind 

unnel for the adiabatic flow investigation and non-return combus- 

ion tunnel for the fire investigation. For the fire experiments, the 

riangular face of the model was 4 m long and 1 m wide. Due to

he limitation on the wind tunnel’s working section the size of the 

odel was reduced four times for the adiabatic flow experiments 

nd CFD simulations ( Fig. 2 a, b). However, to keep Reynold’s num- 

er based on the hill’s height within the same order of magnitude 

 ∼10 5 ), we increased the flow velocity four times in the smaller 

cale experiments and simulation. 

We are aware that the fire experiments at laboratory scale do 

ot fulfil all the scaling requirements, as for example the equality 

f the relative dimensions of hill height and flame length or Froude 

umber, but the effect of these discrepancies on the features of the 

bserved fire spread phenomena must be relatively small in com- 

arison to the changes produced on the flow by the modification 

f the geometry of the hill. In previous studies that are related 

o canyons and 2D hills [ 11 , 16 , 17 ], the authors observed that us-

ng this partial similarity simulation with relatively small physical 

odels it is possible to obtain relevant features of fires in complex 

errain and flow configurations with practical relevance. 

.3. Adiabatic flow experiments setup 

Experimental analysis of the flow around an isolated sloped- 

idgeline hill was performed in the wind tunnel of the Industrial 

erodynamics Laboratory (LAI) of University of Coimbra. The wind 

unnel is of return type with an open test section of 5 m length by

 m width and 2 m height, with a maximum velocity of 20 m s -1 .
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Fig. 3. Two cross-sections on the calculation domain showing the axes directions, 

refinement regions with their dimensions and the position of the model a) parallel 

to the wind direction. b) Perpendicular to the wind direction. 
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e used a model made of wood with a smooth surface with the 

imensions shown in Fig. 2 a. The model was fixed to the floor of

he tunnel’s working section where its ridgeline is at 2.5 m from 

he wind inlet and centred between the two lateral edges of the 

orking section. The ridgeline was perpendicular to the flow di- 

ection. Three values of slope inclination angles α were used: 25, 

5 and 45 º (cf. Fig. 1 ). To minimise the end effects of the model,

e added a triangular plate at the end of the model to close the 

ap between the two slopes. 

Static pressure taps were placed along four lines in each face of 

he hill’s model, as shown in Fig. 2 a. The 1st line has 28 taps and

5 cm length, the 2nd line has 24 taps and 35 cm, the 3rd line has

2 taps and 25 cm, and the 4th line has 12 taps and 15 cm length

aking a total of 86 pressure taps on both faces. The pressure taps 

long each line are spaced at smaller distances ( ∼1 cm) near the 

idgeline and at larger distances ( ∼3 cm) near the base ( Fig. 2 a). 

We identify each pressure tap by its distance x i j in the plane 

orm, measured along the i order line from the base edge of the 

indward face to the pressure tap. In order to simplify the presen- 

ation of the results, we will use the non-dimensional coordinate 

’ ij defined by Eq. (1) . 

 ’ i j = x i j / L i (1) 

here L i is the length of the line of order i, which is 45, 35, 25

nd 15 cm respectively from the first line to the last; x ′ 
i j 
= 0.5 cor-

esponds to the ridgeline in all cases. 

The flow in the tunnel is produced in neutral atmospheric con- 

itions. The free stream velocity is measured by a pitot tube fixed 

t the centre of the flow entrance of the working section (1 m from 

he ground). Flow is adjusted to achieve a free stream velocity of 

 m s -1 . For the analysis, the pressure is measured using a Multur 

igital pressure gauge model EMA 84, which has a margin of error 

f ± 0.2%. Then we calculated the pressure coefficient ( C p ) at the 

6 taps using Eq. (2) . 

 p = 

p −p ∞ 

1 / 2 

ρ∞ 

U ∞ 

2 
(2) 

here p −p ∞ 

is the difference between the static pressure mea- 

ured at the tap and the freestream pressure; ρ∞ 

is the density 

f the freestream air which is taken by 1.2 kg/m 

3 constant for all 

he tests; U ∞ 

is the velocity of the freestream, measured using the 

itot tube. 

For flow visualisation, we used wool tufts to evaluate the flow 

opology. The tufts have a length of ∼5 cm and were placed ran- 

omly to cover the face area, but with the consideration that they 

re spaced between each other with a distance larger than their 

engths to minimize interference. 

.4. CFD simulation setup 

We performed a CFD simulation of the flow around the sloped- 

idgeline hill using the open-source CFD software OpenFOAM- 

.1 [18] . The dimensions of the simulation domain consist of a 

ox with dimensions 2.5 m length (x-direction), 2.0 m width (y- 

irection) and 1.5 m height (z-direction) ( Fig. 3 ). The hill was 

laced at a distance of 0.8 m between the inlet section and the 

odel’s first point (corner) reached by the wind ( Fig. 3 a). 

The flow is assumed incompressible and adiabatic. The inlet 

ow is steady with a uniform velocity of 8.0 m s -1 . It is assumed

hat there is no flow across the lateral and the top boundaries of 

he domain (wall type boundaries). The flow near the ground is 

 boundary layer type developed upwind of the hill. Initially, the 

ressure is considered uniform and equal to 1 atmosphere in all 

he domain. 

The mesh was created using OpenFOAM’s tool SnappyHexMesh 

19] . We created a coarse structured mesh with a cell size of 
3 
.05 m then refined and snapped the mesh to the hill. The refine- 

ent is characterised by its level where level 0 corresponds to the 

oarsest mesh (0.05 m), and then each refinement level has a cell 

ize equal to half the size of the previous level (i.e. level 1 will has

 cell size of 0.025 m). We divided the domain into three regions A, 

 and C ( Fig. 3 ) which have different levels of refinement. Region 

 coincides with the calculation domain and regions B and C are 

urrounding the model. Their heights (z-direction) equal to 3.45 

nd 1.15 times the height of the model, respectively. Their widths 

y-direction) are 1.4 and 1.2 times the width of the model respec- 

ively, where the regions are centred with the model in the y- 

irection. Their limits start at 0.2 m and 0.1 m along the x-direction 

easured from the farthest corner of the windward face and end 

t 8 and 4 times the height of the model respectively measured 

rom the farthest corner of the leeward face. The three regions 

ave refinement levels of 1, 3 and 4, respectively. The mesh then 

napped to the model with accuracy of 7 to 9 refinement level 

epending on the refinement needed for the snapping. On all the 

ransitions between a refinement level and another, we added four 

ransition cells to assure a smooth level transition 

We tested several meshes, turbulence model algorithms and 

penFOAM solvers. The present results were obtained from 

eynolds-averaged Navier–Stokes equations (RANS) simulation us- 

ng the SimpleFoam Solver with the k- ω Shear Stress Transport 

SST) turbulence model [20] and the SIMPLEC algorithm for the 

ressure equation. We selected these models and the mesh based 

n a convergence study, where the convergence was tested against 

he obtained pressure results from the adiabatic wind tunnel ex- 

eriments. The reported results achieved convergence criteria com- 

osed of two factors to be satisfied. The first factor is a mean 

quared error less than 15% on the pressure measurements at 

he indicated 86 pressure tap locations on the wind tunnel tests 

 Fig. 2 a). The second factor is a residual error on the CFD solution

ess than 5E-4. 

We simulated the flow for the same three cases tested ex- 

erimentally in the wind tunnel ( α = 25, 35 and 45 ο) plus two

ther cases ( α = 20 and 10 ο) that were used in our fire spread
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Fig. 4. A comparison between the wind tunnel measurements and the CFD simula- 

tion results for the wall pressure coefficient values in the case of α= 45 ° Each unit 

of the x-axis represents one of the four lines, where the first line is plotted from 

x = 0 to 1 and the second line is from x = 1 to 2 and so on. The vertical grey lines 

(at x = 0.5, 1.5, …) represent the ridgeline. 
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Fig. 5. Image showing the hill model placed in the combustion wind tunnel during 

one of the experiments, the rounded end is attached to the left side of the model. 
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xperiments, to support the interpretation of the flow topology 

n varying geometry and reference flow conditions. A comparison 

etween the pressure results of the simulation and the measure- 

ents of the wind tunnel is presented in Fig. 4 for α = 45 ο. We

an notice that the numerical solution did not predict well the flow 

t the base of the windward face and the down-ridge half of the 

eeward face. Otherwise, the solution is reasonably accurate. The 

ame agreement and disagreement areas on the solution are no- 

iceable for the other two cases. We find that refining the solution 

ore on these areas would not be cost-effective since our study is 

ot mainly focused on the CFD simulation. Furthermore, in spite of 

hese discrepancies, we consider that combining the observations 

rom both adiabatic wind tunnel experiments, and the numerical 

olution is enough to assist in interpreting the fire behaviour, as 

e shall see later. 

.5. Fire spread experiments setup 

In these experiments, we consider a sloped-ridgeline hill of the 

ame geometry that we described above, covered by fuel and sub- 

ected to a surface fire that is originated from a single point on the 

indward face of the hill, spreading as a flaming fire front along 

he hill. We, therefore, exclude spot and crown fires that may occur 

n a real fire. 

The physical model has the dimensions shown in Fig. 2 b 

nd is composed by two triangular steel plates covered by a 

etallic grid to hold the fuel bed particles. The used α values in 

he fire experiments were 10, 20, 25, 35 and 45 º (cf. Fig. 1 ). The hill

odel was placed at the centre of the Combustion Wind Tunnel of 

he Forest Fire Research Laboratory of the University of Coimbra, 

n Lousã (Portugal), where its ridgeline is at a distance of 4 m from 

he wind inlet. The combustion tunnel has an open working area of 

 × 8 m 

2 with two lateral 2 m high walls but without ceiling ( Fig.

 ). To our knowledge this is the largest combustion wind tunnel 

hat is used for wildfire tests. The flow is generated by two axial 

ans of 72 kW that can produce a flow with a maximum reference 

elocity of 7 m s -1 . The rotational speed of the fans controls the

ow velocity. Great care was taken to assure that the flow in the 

ombustion Tunnel is uniform across the test section (perpendicu- 

ar to the flow). The flow over the floor of the tunnel is of a bound-

ry layer type with a reference velocity U o that is measured at the 

entre of the working section floor and 0.5 m above the ground in 

he absence of the model. The fire experiments were performed 

ith the following values of U o : 0, 1, 2 and 3 m s -1 for each incli-

ation value of the slope. 
4 
A rounded body was built for each value of α and attached to 

he model at its open end (up-ridge) to produce a smooth flow 

round the hill, as shown in Fig. 5 . This procedure was taken to 

educe the end effects on the propagation of the fire. The distance 

etween the model and the lateral walls of the tunnel was ∼0.8 m 

n both sides. 

A uniform fuel bed composed of dead pine needles ( Pinus 

inaster ) with a load of 0.6 kg m 

-2 (dry basis) and an average depth

f 0.05 ±0.01 m covered the two faces of the model. The used fuel 

as an average surface area to volume ratio (SAV) of ∼ 2640 m 

-1 . 

he fuel moisture content was measured for each set of experi- 

ents with an A&D ML50 moisture analyser, and the amount of 

oisture was compensated to keep the fuel-loading constant based 

n a dry basis. The range of values of the moisture content in 

he tests was 8.9% < m f < 13.3% (dry basis). We define the set of

ests as a group of experiments performed on the same day while 

he change in moisture content does not exceed ±0.5% during the 

hole testing period. 

For each set of tests, we define a basic rate of spread (ROS) Ro 

hat is determined by performing a reference test in no-wind and 

o-slope conditions. We used a flat 1m2 table with strings taut 

ver the fuel bed and spaced 10 cm between them to perform the 

eference test. The time taken by the fire to pass from a string to 

nother was measured. The basic ROS is defined as the slope of the 

inear fitting between the time versus distance, following [3] . The 

arameters of the performed tests and designations are reported 

n Table 1 . To avoid ambiguity in the tests reference we use the 

ollowing designation form: [3D (test#).(Uo).( α)]. 

The fire was ignited at an origin point O on the middle of wind- 

ard face 0.125 m above the base of the hill that corresponds to 

5% of the face width at that mid-section ( Fig. 2 b). The airflow 

as then turned on to a pre-adjusted velocity. An IR camera, a 

ideo camera and several digital cameras were used to record the 

re spreading over the hill. The obtained images (frames) from the 

R recording were analysed using the open-source software Fire 

OS Calculator [21] , which calibrates the camera and determine 

he ROS values along user-defined directions. It was found that the 

rror margin of the Fire ROS Calculator outputs is of ± 5% [21] . Be-

ides, for flow visualization, we used a 30 0 0 W pointer laser that 

s diverged into a laser sheet using a plane-concave cylindrical lens 

ith a focal length of 25 mm. We added a remotely controlled 

moke generator in the middle of the combustion wind tunnel at 

he wind entrance and near the ground to assist in visualizing the 

ow. 
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Table 1 

Average ROS of the fire on the predefined six directions for each test along with their confidence intervals. 

Test ref. α ( °) U (m/s) Ro (cm/s) R’ WUS R’ LDS R’ WUR R’ LUR R’ WDR R’ LDR 

3D29.0.10 10 0 0.30 0.68 ± 6% 0.65 ± 18% 1.03 ± 44% 1.02 ± 44% 0.6 1 ± 12% 0.72 ± 0% 

3D30.1.10 10 1 0.30 3.13 ± 2% 1.77 ± 18% 0.74 ± 14% 0.78 ± 4% 0.65 ± 4% 0.78 ± 4% 

3D31.2.10 10 2 0.30 7.57 ± 8% 1.58 ± 14% 0.71 ± 18% 1.15 ± 2% 0.72 ± 12% 1.18 ± 6% 

3D32.3.10 10 3 0.31 10.21 ± 2% 2.47 ± 0% 0.83 E 2.63 ± 20% 0.73 E 1.51 ± 12% 

3D25.0.20 20 0 0.30 1.07 ± 4% 0.54 ± 4% 1.13 ± 12% 1.13 ± 10% 0.84 ± 10% 1.01 ± 32% 

3D26.1.20 20 1 0.28 2.24 ± 0% 1.15 ± 4% 0.82 ± 4% 2.19 ± 2% 0.71 ± 18% 1.03 ± 2% 

3D27.2.20 20 2 0.28 5.31 ± 8% 1.06 ± 2% 0.91 ± 20% 3.63 ± 16% 0.63 ± 10% 1.25 ± 0% 

3D28.3.20 20 3 0.28 8.13 ± 14% 1.10 ± 20% 1.39 ± 32% 5.86 ± 2% 1.01 ± 6% 2.20 ± 22% 

3D1.0.25 25 0 0.28 1.16 ± 14% 0.60 ± 12% 0.79 ± 14% 0.93 ± 6% 0.68 ± 20% 0.73 ± 34% 

3D2.1.25 25 1 0.28 4.37 ± 2% 0.70 ± 24% 0.37 E 2.81 ± 12% 0.83 E 1.12 ± 18% 

3D3.2.25 25 2 0.29 6.24 ± 16% 0.95 ± 2% 0.92 E 4.07 ± 0% 0.66 E 1.15 ± 0% 

3D4.3.25 25 3 0.29 6.25 ± 0% 1.07 ± 24% 0.83 E 5.52 ± 12% 0.48 E 2.24 ± 2% 

3D5.0.35 35 0 0.31 1.72 ± 24% 0.80 ± 30% 0.73 ± 34% 0.94 ± 26% 0.66 ± 4% 0.81 ± 18% 

3D6.1.35 35 1 0.30 4.59 ± 2% 0.89 ± 0% 0.84 ± 38% 1.19 ± 12% 1.17 ± 4% 3.09 ± 0% 

3D7.2.35 35 2 0.30 6.86 ± 0% 1.14 ± 8% 0.93 E 1.45 ± 10% 1.18 ± 14% 4.11 ± 8% 

3D8.3.35 35 3 0.30 9.94 ± 8% 1.14 ± 6% 1.98 E 5.21 ± 2% 3.28 ± 6% 3.89 ± 6% 

3D9.0.45 45 0 0.28 1.34 ± 20% 0.94 ± 12% 0.86 ± 6% 0.90 ± 12% 0.79 ± 2% 1.01 ± 0% 

3D10.1.45 45 1 0.28 4.46 ± 0% 1.00 ± 22% 0.81 ± 6% 3.02 ± 20% 2.02 ± 10% 2.18 ± 6% 

3D11.2.45 45 2 0.26 6.00 ± 0% 0.97 ± 14% 0.51 E 3.08 ± 8% 2.87 ± 8% 2.86 ± 4% 

3D12.3.45 45 3 0.28 3.69 ± 8% 1.65 ± 12% 1.21 E 5.95 ± 20% 4.61 ± 0% 3.66 ± 8% 

E: self-extinguished fire, which is the case where the fire self-extinguished after spreading a small distance, however the presented ROS 

value is for that small distance. The test references have the designation: (3D)(Test #).(Uo).(angle). 
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.6. Fire spread analysis methodology 

Using the above procedure, we obtain the fire contours or 

sochrones evolution at given time steps for each test. To better 

nterpret the properties of the fire spread, we define the following 

irections to estimate the ROS along them ( Fig. 2 b): 

WUS – Upslope over the windward face . This direction is along 

a line that has an angle of 14 ο relatively to a perpendicu- 

lar to the ridgeline originated from the ignition point O and 

towards up-ridge. We choose this angle since the maximum 

rate of height change (i.e. the maximum slope) direction at 

the ignition point has an inclination close to that value. 

LDS –Downslopeover theleewardface . Along a line that has an 

angle of 14 ο relatively to a perpendicular to the ridgeline 

originated from the intersection of the WUS line with the 

ridgeline and towards down-ridge. 

WUR – Up-ridge over the windward face . This direction is par- 

allel to the ridgeline at an average distance of 0.15 m from 

it. It starts from the middle of the ridgeline and ends at the 

up-ridge end. 

LUR – Up-ridge over theleewardface . The direction has the 

same remarks as on the WUR. However, in some cases, the 

ROS was measured along a line that is connecting the most 

advanced point of the fire front on the up-ridge direction re- 

gardless of its distance from the ridgeline but always parallel 

to it. 

WDR – Down-ridge over the windward face . This direction is 

collinear with the up-ridge direction line, but it starts from 

the middle of the ridgeline and ends at the down-ridge end. 

LDR – Down-ridge over theleewardface . This direction has the 

same remarks as for WDR. 

Considering two positions, P i and P i + 1 , of the fire front along a 

iven direction detected at time t i and t i + 1 , and distances d i and 

 i + 1 measured from the same reference, we can determine the in- 

tantaneous value of the ROS as: 

 ( t ) = ( d i +1 − d i ) / ( t i +1 − t i ) (3) 

Assuming that the fire spread along the reference direction is 

teady, knowing the distances d k of the fire front position at a set 

f times t ( k = 1…n), we can determine the average ROS ( ̄R ) of
k 

5 
he fire along that direction by calculating the slope of the linear 

tting between the two data sets [22] . In our analysis, we consid- 

red a time-lapse not less than 5 s or greater than 30 s to calculate

he average ROS, which produced four data points in minimum for 

ach direction. 

Although in the general case the fire spread is not steady ac- 

ording to [3] , we shall consider average values of the ROS along 

he six above mentioned directions like for example R̄ W UR and 

¯
 LUR . Furthermore, for each direction we calculate the average ROS 

long several close and parallel lines, which can better characterize 

he average ROS ( ̄R ) of the fire in an indicated direction to mini-

ize local effects. 

To ensure the reliability of the results, we replicated the exper- 

ments and calculated a confidence interval (CI) for the results of 
¯
 in each direction. The value of CI is expressed as a percentage of 

he average of the values of R̄ obtained in the replications. If the 

ercentage was lower than 20% in all directions, we consider the 

esults reliable. In the opposite case, we replicated the experiment 

ntil the calculated CI became less than 20% in all six directions 

sing the values of R̄ obtained in any two replications. However, 

or the ROS values that are close to R o , the reliability condition is 

ncreased from 20% to 50%. The CI is calculated according to Eq. 

4) . 

I = N ORMSIN V × 1 − α

2 

× σ√ 

n 

(4) 

here NORMSINV is a Microsoft Excel (2016) iterative function that 

eturns the inverse of the standard normal cumulative distribution. 

n this equation we have: 

• α is taken by 0.05 for all tests. 

• σ is the standard deviation based on the entire population ( n ). 

• n is taken by two always as the CI is calculated between the 

results of two repetitions. 

To minimise the effect of small variations of fuel bed prop- 

rties, namely moisture content, following [23] , we use the non- 

imensional ROS (NDROS) ( R’ ) values given by Eq. (5) . 

 ’ = R/ R o (5) 

In Eq. (5) , R o is the basic ROS measured in no-slope and no- 

ind conditions, which we measure for each testing session. 
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Fig. 6. Fire propagation isochrones contour map for test 3D1.0.25, with α= 25 ° and 

U o = 0 m.s -1 . The time-lapse between frames is 30 s. 
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Fig. 7. The average NDROS values on the windward upslope direction (WUS). 
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In the overall context of fire safety, we consider that we are 

n the presence of an unexpected or unusual fire behaviour if R’ 

eaches values greater than 5 or has a rate of change higher than 

 units.min 

-1 for a given direction, as these may correspond to in- 

ense or rapidly changing fire spread conditions that may endanger 

re suppression agents. 

. Results and discussion 

We discuss first the observed overall fire behaviour over the 

loped-ridgeline hill configuration; then we present some results 
ig. 8. Flow velocity results from the CFD simulation are presented. The values are cal

he points are distributed along the same four lines presented in Fig. 2 a. The velocity is 

 U o = 8 m s -1 ). Each unit on the x-axis represents the full length of each of the four line

rey lines represent the ridgeline. 

6 
f the fire behaviour processes making use of the adiabatic flow 

tudy to analyse and interpret them. 

.1. Overall fire behaviour 

Starting with the no-wind scenario, as shown in Fig. 6 for test 

D1.0.25, the fire spreads with consistent rates in all directions ex- 

ept for the WUS, where the slope effect takes place. The pattern 
culated on a plane parallel to the surface of the hill and spaced 0.01 m above it. 

presented dimensionless where the values are divided by the inlet stream velocity 

s. a) Velocity modulus. b) Velocity component in the y-direction (U y ). The vertical 
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Table 2 

Maximum R’ LUR and R’ WDR values and maximum rate of change of ROS with time for all the tests with wind condition. 

Test Ref. Max. R’ LUR Max. rate of change (R’ LUR .min -1 ) Max. R’ WDR Max. rate of change (R’ WDR .min -1 ) 

3D30.1.10 1.11 N/A 1.23 N/A 

3D31.2.10 1.24 N/A 2.80 N/A 

3D32.3.10 1.94 N/A E N/A 

3D26.1.20 3.51 5.0 1.05 N/A 

3D27.2.20 4.25 6.9 0.99 N/A 

3D28.3.20 8.00 12.6 1.56 N/A 

3D2.1.25 6.52 4.5 E N/A 

3D3.2.25 7.43 7.1 E N/A 

3D4.3.25 11.30 9.3 E N/A 

3D6.1.35 6.06 5.2 3.95 9.1 

3D7.2.35 7.92 19.5 2.21 12.6 

3D8.3.35 12.52 15.6 8.61 45.0 

3D10.1.45 7.59 6.0 3.20 5.6 

3D11.2.45 9.58 9.5 4.41 9.0 

3D12.3.45 12.59 10.9 9.22 23.4 

E: extinguished fire, on these cases the fire was self- extinguished after spreading a small distance in this specific 

direction. 

Fig. 9. Numerical results for the field of the velocity component in the y-direction (U y ) on parallel planes to the hill’s faces and spaced from them by 0.01 m for α= 35 º
along with the velocity vectors. a) The windward face. b) The leeward face. 
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hape of the fire contours is similar for all α values, which is a 

ypical shape for a point-ignited fire. 

When the wind flow is present, the fire starts to spread in the 

US direction with relatively higher values in comparison to the 

ther two directions on the same face, WUR and WDR, where the 

re spreads with rates close to the basic ROS value ( R o ), R’ ≈1 .

owever, when α> 25 º the value of the ROS becomes quite large 

ue to change in the near-surface wind velocity and direction. We 

ill detail this increase in ROS in the next subsections of the dis- 
ussion. u

7 
After the fire passes the ridgeline, it spreads laterally over the 

eeward face near the ridgeline but without symmetry between the 

wo directions, LUR and LDR, where the spread is more rapid in 

he LUR. In the LDR direction, the fire spreads slower except for 

> 25 º, as the fire starts to enlarge in that direction as well, but

ot as rapidly as in the LUR. Finally, the fire spreads towards LDS 

irection with R’ ≈1. 

We report the average NDROS values of the fire spread in the 

ix directions in Table 1 . The reported results are the average val- 

es of the two replicates that gave the lowest CI value for each test 
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Fig. 10. The average NDROS values on the leeward downslope direction (LDS). 

Fig. 11. Overall topology of the flow around the hill for α= 45 º represented by 

streamlines, which show the flow separation and the eddies formed in the recircu- 

lation zone downstream from the hill. The flow is in the positive x-direction, from 

right to left and the black arrows show the direction of rotation of the eddies. 

Fig. 12. Average NDROS values on the windward down-ridge direction (WDR) for 

different values of α and U o . The not filled point marks are cases where the fire 

was self-extinguished after advancing a small distance, and the presented value is 

for that small distance. 

3

d

e

b

a

onfiguration. The associated basic ROS ( R o ) values range between 

.23 and 0.33 cm s -1 . The values of R o associated with each test are

eported in Table 1 . Similarly, to the NDROS values, the presented 

 o values are an average also of the R o of the two replicates that

re considered for each test. 

On the following three subsections, we discuss in detail the fire 

ehaviour in the six directions and their instantaneous and average 

OS results. As it is not convenient to present the instantaneous 

OS values averaged from the two replications, for each test we 

ill present only the results from the last considered replication. 

In Table 2 , we present the maximum ROS values achieved dur- 

ng our tests by a fire spreading on the LUR and the WDR direc-

ions since we are focusing more on them as the fire mostly shows 

n unexpected behaviour on these directions. We also present on 

he same table the rate of change of the ROS per minute. These 

esults indicate how intense and rapid the fire’s ROS may develop 

n time, which is important in an operational context. 

.2. Fire spread in the up and downslope directions 

Over the terrain configuration in hand, the spread on the WUS 

irection shows a typical behaviour where we can find that the 

DROS values increase with α in the no-wind condition ( Fig. 7 ). 

owever, in the presence of wind, the behaviour is the opposite for 

ost α values, where R ′ W US values decrease with the increase in α
i.e. the lowest obtained ROS value at the R highest wind speed is 

or the highest slope). This behaviour is contrary to the expected 

ehaviour in an upslope direction. 

In Fig. 8 , we present the modulus of the flow velocity in the 

bsence of fire calculated from the CFD simulation. We calculated 

he values along the same four lines used to calculate C p ( Fig. 2 a),

ut on a parallel plane spaced 1 cm above the surface of the hill,

or values of α= 20, 25, 35 and 45 ο. We can notice that the ve-

ocity modulus of the flow near the windward face is higher for 

ower values of α ( Fig 8 a). In addition, the flow reaches a max-

mum velocity near the ridgeline, and its value does not depend 

uch on α. This result matches the measurements taken from the 

ind tunnel tests in the absence of fire. Furthermore, due to the 

ature of the slope, we can notice that with increasing α, an in- 

rease in the U y component (i.e. parallel to the ridgeline) com- 

ined with a decrease in the U x component is present especially as 

e head towards down-ridge. (c.f Fig. 8 b, x = 1–1.5, x = 2–2.5 and

 = 3–3.5). We can visualize this on Fig. 9 a, where we can notice

hat the computed velocity vectors near the windward surface are 

ilted towards the U y component in the WDR direction. 

Therefore, we relate the decrease in the ROS in the WUS direc- 

ion with the increase of α to the flow behaviour discussed above. 

urthermore, this increase in the U y and decrease in the U x com- 

onents due to the nature of the slope affects the fire spread in 

he WDR direction, as we shall see in Section 3.3 . 

Regarding the LDS direction, the values of R ′ LDS presented in 

ig. 10 show that they are relatively low, comparing to the WUS di- 

ection with values less than 2.5 NDROS. By looking at the general 

opology of the adiabatic flow around the hill, which we present 

y streamlines computed from the simulation in Fig. 11 , we can 

ee the formation of two main eddies on the recirculation zone 

f the hill in the downstream region. These two eddies are driv- 

ng the flow in directions contrary to the fire spread in the LDS 

irection. Therefore, the resultant low ROS values are due to the 

nfavourable combined wind and slope effects. 

The instantaneous values of R ′ 
W US 

and R ′ 
LDS 

in our tests are 

ractically constant for each configuration indicating a quasi- 

teady behaviour of the fire in both upslope and downslope di- 

ections. However, we cannot take further conclusions as the trav- 

lled distance by the fire is relatively small to develop a transition 

ehaviour. 
8 
.3. The windward-down-ridge direction (WDR) 

For values of α from 10 to 25 º, the fire spreads in the WDR 

irection with R̄ ′ 
W DR 

values close to 1 with the fire being self- 

xtinguished in some cases ( Fig. 12 ). For greater values of α, R̄ ′ 
W DR 

ecomes higher reaching up to 4.5. This fast spread of the fire is 

lso related to the behaviour of the adiabatic flow near the hill’s 



A. Abouali, D.X. Viegas and J.R. Raposo Combustion and Flame 234 (2021) 111724 

Fig. 13. Flow visualization in adiabatic wind tunnel experiments using wool tufts. The photo is for α= 35 °

Fig. 14. Fire propagation contour map for different tests. a) for test 3D11.2.45, the time-lapse between frames is 15 s. b) for test 3D3.2.25, the time lap between frames is 

15 s, [i] is the distance between the LUR lateral growth and the ridgeline. c) for test 3D32.3.10, the time-lapse between frames is 30 s. 

s

t  

fl  

2

F

d

w  

a

α
t

t

t

n

fi

w

urface. From the flow simulation results in Fig. 8 b, we can see 

hat for the lines L3 and L4, there is an increase in the lateral

ow ( U y ) associated with the increase in α, which can reach up to

5% of the freestream velocity. This behaviour can be visualized in 

ig. 9 a, where the flow vectors are tilted towards the down-ridge 

irection. This remark coincides with what we observed during the 

ind tunnel tests in the absence of fire. On Fig. 13 , we can see

n image taken of the wool tufts attached to the model where 
9 
= 35 ° By observing the tufts in the shaded area (I), we notice that 

hey tend to be orientated more parallel to the ridgeline. The other 

ested α values (25 and 45 °) show similar behaviour where the 

ufts have similar direction tendency. 

Therefore, when α> 25 º, the flow has a sufficient U y compo- 

ent to enlarge the fire laterally towards down-ridge to cause the 

re to spread with relatively high ROS in the WDR direction as 

e can see on Fig. 14 a. Furthermore, using the laser sheet vi- 
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Fig. 15. Snapshot from a video that films the movement of fire generated-smoke 

that is visualized using a blue laser sheet placed parallel to the windward surface 

and spaced from it by 10 cm. The image shows the lateral spread of the fire to- 

wards WDR and the smoke climbs up-slope with a tilted angle in the direction of 

the drawn white arrow. The red line represents the ridgeline while the yellow line 

represents the base of the windward face. The video is filmed for test 3D7.2.35. (For 

interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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Fig. 16. The instantaneous NDROS values on the windward face in the down-ridge 

direction (WDR). a) for α= 45 ° b) for α= 35 ° Both for different values of U o . The 

legend of (b) is the same as (a). 
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ualization during the fire tests, we observed that the flames of 

he WDR fire front are fluctuating between tilting towards in- 

ide (the burnt area) and outside where they align with the near- 

urface flow velocity vector seen in the adiabatic flow simulations 

 Fig 9 a). Fig. 15 shows a visualization of the flow using a

aser sheet positioned parallel to the windward surface and 

paced from it by 10 cm measured perpendicular to the sur- 

ace. We observed the smoke moving upslope with an inclined 

ngle towards down-ridge. We provide a video as a supple- 

entary material that documents this movement. However, for 

≤25 º values, the fire does not enlarge laterally with high ROS 

cf. Fig. 14 b). 

In Fig. 16 , the dynamic behaviour of the fire spread in WDR 

s analysed for α= 35 º and 45 º. We can see that the instanta-

eous values of R ′ W DR are relatively high in the beginning and 

hen they decrease while the fire moves towards down-ridge. 

he decrease in the ROS happens as the lateral flow becomes 

eaker in the lower region since it mixes with the free stream. 

e consider the behaviour of the fire in the WDR direction as 

n unexpected behaviour since it spreads in a downslope direc- 

ion with NDROS values up to 9, and in our tests, we observed 

 rate of change that can reach up to ∼45 NDROS per minute 

 Table 2 ). 

.4. The up-ridge directions 

Starting with the windward face, the values of R ′ W UR shown 

n Fig. 17 a indicate that the fire spreads relatively slowly in this 

irection in comparison to the up-ridge direction on the leeward 

ace (LUR). We observed that in all our tests, either the fire has 

elf-extinguished after travelling some distance in the WUR direc- 

ion or we have R ′ W UR < 1.4. 

On the LUR direction, there is a strong lateral growth of the 

re (fire channelling) as we can see from the average values of 

 

′ 
LUR reported in Fig. 17 b. For α = 10 º, we noticed that there is 

o critical behaviour occurrence as the fire propagates with a typ- 

cal flanking behaviour ( R ′ LUR ∼1) ( Fig. 14 c). This behaviour is ex- 

ected as the slope is very small, and the terrain does not mod- 

fy very much the flow (c.f. Fig. 8 and Annex 1). For values of

> 10 º, the lateral growth behaviour is evident, where the value 

f R ′ LUR is between 5 and 6 when U o = 3 m s -1 , for the different

nclinations. The lateral growth can be seen in the fire contour 
10 
aps that are shown in Fig. 14 a) and b) for tests 3D11.2.45 and

D3.2.25. 

By analysing the variations on the R ′ LUR values in respect to 

and U o with exclusion of the α = 10 º case, we notice that the 

elative variations on NDROS for different α values and a given U o 

re small compared to the NDROS variations for different U o values 

nd a given α ( Fig. 17 b). We calculated an average rate of increase

f 0.48 NDROS per 10 º increase in α for a given wind speed, and 

n average rate of increase of 1.55 NDROS per 1 m.s -1 increase in 

he wind speed ( U o ) for a given α value. 

The lateral fire spread behaviour in the LUR direction is due to 

he nature of the local terrain-modified flow on the area, namely 

 formed eddy in the hill’s recirculation zone (cf. Fig. 11 ). This 

ddy drives the flow near the ridgeline with a lateral compo- 

ent (negative y-direction) towards up-ridge. The calculated ve- 

ocity vectors near the surface illustrate the flow direction in the 

rea ( Fig. 9 b). The result coincides with the flow visualization 

erformed during the wind tunnel tests in the absence of fire, 

hich is noticeable in the shaded area II in Fig. 13 . The resul-

ant lateral flow from the eddy near the ridgeline is the main 

river for the high ROS lateral spread of the fire in the LUR 

irection. 

Furthermore, during flow visualization tests using the laser 

heet, we observed a counter-clockwise circulation movement of 

he smoke in the upper half of the ridge, which indicates the 

xistence of the predicted eddy in the adiabatic flow simulation 
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Fig. 17. The average NDROS values. a) On the windward up-ridge direction (WUR). 

b) On the Leeward up-ridge direction (LUR). Both are for different values of α and 

U o . The not filled point marks on (a) are cases where the fire was self-extinguished 

after spreading for a small distance. The presented values are for that small dis- 

tance. The legend of (b) is the same as (a). 
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Fig. 18. a) Processed image of the lateral fire growth on the LUR direction show- 

ing the movement of a smoke trail (in dark grey) towards the LUR direction. On the 

image, the fire is in blue, and the red dashed line is the ridgeline — photo from test 

3D28.3.20. b) A snapshot from a video that films the movement of fire generated- 

smoke that is visualized using a blue laser sheet that is placed parallel to the lee- 

ward surface and spaced from it by 10 cm. The image shows the lateral spread of 

fire and the white arrow represents the observed rotational smoke movement. The 

drawn red line represents the ridgeline while the yellow line represents the base 

of the leeward face. The video is filmed for test 3D7.2.35. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
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 Fig. 11 and Fig. 9 b). We also noticed that the generated smoke

rom the fire forms a trail and moves parallel to the ridgeline to- 

ards up-ridge, indicating the flow direction in the region ( Fig. 

8 a). The observed smoke movement consists of a translation mo- 

ion with a superimposed rotation that appears from time to time. 

e are providing a video that documents the flow visualization 

s supplementary material and Fig. 18 b shows a snapshot of that 

ideo. We must mention also that the LUR direction is an up-slope 

irection (the ridgeline’s slope). However, the angle of the ridgeline 

elative to the flat surface varies between 2.5 ο and 10.3 ο for the 

values between 10 ο and 45 ο, respectively. Therefore, this slope is 

ot as significant as the slope of the hill’s face. 

We now look at the dynamic behaviour of the fire spread 

long LUR direction to understand better the fire channelling pro- 

ess over the sloped-ridgeline hill configuration. The instantaneous 

alues of R ′ 
LUR 

are shown in Fig. 19 for each value of α and U o 

s a function of time elapsed since the fire passed the ridgeline. 

or α = 10 º ( Fig. 19 a), we see that in the presence of wind there is

 deceleration of the fire as the NDROS values reduce with time, 

nd they do not exceed 2 in all situations. For higher values of 

, where the lateral growth (fire channelling) is present, we see 

 common acceleration in the fire spread with time, especially for 

igh values of U o . This acceleration happens with a rate of change 

hat can reach up to ∼19 NDROS per minute. In our tests, we ob- 

erved that the instantaneous value of NDROS could reach up to 9 

or some time steps. 
11 
To interpret this fire spread acceleration in the LUR direction, 

e used values of the flow velocity from the adiabatic flow simula- 

ion along a line parallel to the ridgeline spaced from it by 0.015 m, 

nd 0.01 m above the surface (see the dashed line in Fig. 14 b). We

sed a non-dimensional coordinate ζ in this analysis that indi- 

ates the relative distance along the measuring parallel line, where 

t is equal to 0 at the top of the hill (up-ridge) and 1 near the

ase (down-ridge). In Fig. 20 a we can notice that U / U o has a mini-

um value near ζ≈0.25 and increases to the right and left of that 

oint to reach maximum value of around 0.45. By looking to U y in 

ig. 20 b, we can find that U y / U o values have similar behaviour

here U y is zero at ζ≈0.25 and increases towards right and left 

rom that point as well, but with differences in the flow direction 

i.e. negative in up-ridge and poitive in down-ridge). The change of 

he velocity modulus along this line is consistent with the change 

f U y , which means that the modulus of U is governed mainly by 

he y -component. This can be visulaized by the velocity vectors 

lotted near the ridgeline in Fig. 9 b. 

In Fig. 21 , we plotted the change in the computed y -component 

f the adbatic flow velocity together with the R ′ 
LUR 

and R ′ 
LDR 

along 

he same line as before in Fig. 20 . We can notice that the trend of

hange in the rate of spread of the fire is similar to the trend of

hange in the U y . Therefore, we relate the fire spread acceleration 

n the LUR to the behaviour of the terrain-modified flow in the 

rea. 
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Fig. 19. Instantaneous NDROS values on the Leeward up-ridge direction for each inclination with different wind velocities. a) 10 ° b) 20 ° c) 25 ° d) 35 ° e) 45 °

3

a  

p

a

g  

t

a  

w

t

i

i

i

f

c  

l

e

a  

F

d

t

t

4

t

v

e

e

h

s

f

W

.5. The leeward-down-ridge direction (LDR) 

In the LDR direction, the fire enlarged as well but not as rapidly 

s it does in the opposite direction, LUR. In fact, for α≤25 º the fire

ropagates with R̄ ′ 
LDR 

< 2. Nevertheless, in our tests with α = 35 º
nd 45 º, the fire advanced in the LDR direction with relatively 

reater ROS comparing to the lower values of α ( Fig. 22 ). We relate

he high ROS on these two cases to long flames that were gener- 

ted from the burning fire front on the other side of the hill (wind-

ard) and trough the fuel on the leeward side, which is a result of 

he strong down-ridge lateral flow discussed previously. The flames 

gnite the fuel over the leeward face after the ridgeline. This effect 

s due to the relatively small size of the model. This conclusion 

s reached since we observed that these long flames drag the fire 

ront in the LDR direction over both faces. Also, we can see on the 

ontour map in Fig. 14 c that the two fronts over the windward and

eeward faces are advancing together towards down-ridge. How- 

ver, we cannot ignore that the adiabatic flow in the area has rel- 
t

12 
tively high U y values as observed on the flow study ( Fig. 9 b and

ig. 20 ) which could be contributing to the fire spread on the LDR 

irection as well. We would require a larger model to investigate 

his problem more carefully, which is not possible at present due 

o the limitation of the wind tunnel’s working section size. 

. Conclusion 

The experiments and flow simulations discussed above show 

hat the fire spread over a sloped-ridgeline hill configuration for 

arious wind conditions is very complex. The terrain-modified flow 

nhanced by the fire-induced convection results in a locally accel- 

rated flow that drives the fire laterally over the sloped-ridgeline 

ill configuration. Two possibly unusual or unexpected lateral fire 

preads occur: one in a down-ridge direction over the windward 

ace and the other in an up-ridge direction over the leeward face. 

e consider these lateral spreads as unexpected fire behaviour as 

he fire spreads with a high rate of spread in a direction other 



A. Abouali, D.X. Viegas and J.R. Raposo Combustion and Flame 234 (2021) 111724 

Fig. 20. Flow velocity results from the CFD simulation obtained at points along a 

line parallel to the ridgeline and spaced from it by 0.015 m and over the leeward 

surface by 0.01 m. a) Velocity component in the y-direction (U y ). b) Velocity mod- 

ulus. The velocity is presented dimensionless where the values are divided by the 

inlet stream velocity (U o = 8 m.s -1 ). The non-dimensional coordinate ζ corresponds 

to the relative distance of the point along the measuring line, where zero corre- 

sponds to the tip point at up-ridge, and 1 is at down-ridge. 
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Fig. 21. Results of the flow velocity component in the y-direction (U y ) obtained 

from the CFD simulation along a parallel line to the ridgeline and spaced from it 

by 0.015 m and over the leeward surface by 0.01 m similar to Fig. 20 , together with 

the non-dimensional rate of spread of the fire (NDROS) in the LDR and LUR direc- 

tions. a) for α= 45 ° b) for α= 35 ° The velocity is presented dimensionless where the 

values are divided by the inlet stream velocity (U o = 8 m.s -1 ). The non-dimensional 

coordinate ζ corresponds to the relative distance of the point along the measuring 

line, where zero corresponds to tip point at up-ridge, and 1 is at down-ridge. The 

positive and negative values in the y-axis correspond to the direction of the flow or 

fire spread, where the positive is down-ridge direction and vice versa. 

Fig. 22. Average NDROS values on the leeward down-ridge direction for different 

values of α and U o . 

a

(

A

han the main wind stream direction, even if the down-ridge lat- 

ral spread over the windward face is, in fact, a downslope direc- 

ion. 

This study highlights also the importance of the terrain- 

odified flow mechanisms over complex terrains where they can 

enerate critical fire behaviour in some unexpected directions, in 

hich they can put the firefighting teams in a dangerous situation 

f they are not aware of this potential fire behaviour. 

The authors intend to extend this experimental and numerical 

rogram considering other wind directions and hill configurations 

nd scales. 
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Fig. A1 , Fig. A2 . 
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Fig. A1. Overall topology of the simulated adiabatic flow around the hill represented by streamlines. The flow is in the positive x-direction. a) for α= 10 ° b) for α= 20 ° The 

streamlines are sourced from the same line for both (a) and (b) near the ridgeline over the leeward side. 

Fig. A2. Numerical results for the field of the velocity component in the y-direction (U y ) on a parallel plane to the hill’s leeward face and spaced from it by 0.01 m along 

with the velocity vectors. a) for α= 10 ° b) for α= 20 °

14 
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