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a b s t r a c t 

The paper reports visualization of the flow of smoke over a flat surface inside of a low-speed wind tun- 

nel. A heating plate flush mounted on the wind tunnel floor simulated a spreading line fire that produces 

uniform heat flux under constant wind speed condition. A paper-thin cloth was soaked with commer- 

cially available Vaseline and placed on top of the heating plate; when it is heated, it produced thick 

white smoke, ideal for flow visualization. Two sides and top of the wind tunnel were made of a trans- 

parent acrylic sheet that enabled LED and laser sheet light illumination of the flow. A still camera with a 

full-frame CMOS sensor was used to record time-series images of illuminated smoke flow patterns from 

different angles. From these images, the following four flow structures were identified: organized hori- 

zontal vortex flows, weak vortex flow interactions, strong vortex flow interactions (also described as the 

‘transition regime’), and, turbulent flows. Previously developed scaling laws on forest fires were applied to 

find similarity in flow structures created by the current small-scale convective heat-transfer experiments 

and the USDA’s mid-scale wind tunnel fire experiments. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

1. Introduction 

Wildland fires have been studied extensively through experi- 

mental testing and mathematical modeling to understand their be- 

havior relative to predicting their behavior for known fuel prop- 

erties, heat and moisture contents. Wildland fires spread over a 

wide variety of fuels, and the weather patterns and conditions can 

change dramatically during it, thereby diminishing the predictive 

capabilities of models. 

Many current models attempt to explain full-scale observations 

that correlate fire spread rates with the fuel type and weather con- 

ditions without sufficient considerations of the physics governing 

fire spread and intensities. Byram [1] and Byram et al. [2] provided 

a historically important framework for modeling of free burning 

fires, stressing that a successful model requires understanding of 

the basic physical mechanisms of fire spread and to uncertainty 

as to the relative significance of the many variables that enter the 

problem of fire spread. Byram et al. [2] designed laboratory scale 

wood crib fires and found that both slope and wind speed had mi- 

nor effects on the burning rate of the fuel bed. Interestingly, their 

findings support scaling laws on pool and crib fires [3] which we 
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applied as the base to support the current flow visualization ex- 

periments. Recently Nelson [4] further developed Byram’s origi- 

nal criteria of the ratio of power of fire to the power of inertial 

force for forest fires to more general large-scale phenomena where 

both buoyancy and inertial forces interact. Following the Byram’s 

principles, we conducted this study to investigate the fundamental 

physics that govern laboratory and mid-scale tests with an eye on 

improving our understandings of wildland fire behaviors [5] . 

There is rich literature in forest fire research and it is not pos- 

sible to reference all the published articles here. We only selected 

notable studies that have a high impact to our current study. 

Fuel ignitability is crucial for initiating and sustaining wildfires 

[6] that are started through either spontaneous or piloted ignition. 

Spontaneous ignition occurs without interactions between an ex- 

ternal pilot flame and unburnt fuel; this type of ignition requires 

intense heat flux to sustain burning and therefore is rare. In con- 

trast, piloted ignition is the dominant mechanism due to the pres- 

ence of radiative and convective heating of unburnt fuel plus the 

influence of an open flame [7] . 

The mechanism of forest fire spread have been explored for at 

least seventy years, searching for the role of radiation and con- 

vection over different types of forest fuel beds, weather and en- 

vironmental conditions. The role of convective heat transfer on 

the fire spread was investigated by laboratory-scale experiments 
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Nomenclature 

c p specific heat of the gas at atmospheric pressure 

(kJ/kg K) 

c 2 specific heat of fuel (kJ/kg K) 

E irradiance received by radiometer (kJ/K m 

2 ) 

g gravitational acceleration (m/s 2 ) 

I fire intensity (kJ/m s) 

q f heat value per unit mass of fuel (kJ/kg) 

T heater surface temperature (K) 

t characteristic time (s) 

�θ1 temperature change of air and gas (K) 

�θ2 temperature change of fuel (K) 

λ latent heat per unit mass of fuel (kJ/kg) 

∅ the ratio of consumed fuel to the total fuel available 

(dimensionless) 

u horizontal wind velocity (m/s) 

L w 

depth of the flame zone where combustion takes 

place (m) 

L f average flame height (m) 

L a average plume height (m) 

ρ1 the density of hot gases in the plumes (kg/m 

3 ) 

ρ2 the density of unburnt fuel (kg/m 

3 ) 

H height of the discrete fuel particles or fuelbed (m) 

L e preheating length, defined as distance ahead of the 

flame where unburnt fuel experiences significant 

heat transfer from the flame (m) 

W the characteristic frequency that represents a time 

dependent behavior/instability such as vortex shed- 

ding (s −1 ) 

� geometrical similarity (dimensionless) 

l 2 the characteristic length that represents distance 

between two valleys or width of a flame tower or 

wavelength within a fire front (m). 

[8–11] and by both analytical and mathematical modeling [12–15] . 

As to the role of radiation, Albini [16] and Telisin [17] suggested 

that intense radiation from the flame front contributed to fuel pre- 

heating and fire spread. Subsequently, Butler et al . [18] indicated 

that convective cooling could be significant before ignition and 

that convective heating immediately before and at the time of igni- 

tion is extreme in typical wildland fires. Emori et al. [19] , by study- 

ing flame spread through horizontal and inclined fuel beds made 

of excelsior and vertically oriented paper strips coated with can- 

dle wax, showed that convection governed flame spread in these 

cases. Emori and Saito [3] also characterized in their scaling laws 

how the spread of convective-driven fires was different from the 

spread of radiative-driven fires. Pool fires, for whose diameter is 

larger than 1 m, are driven by radiation whereas convection drives 

wood crib fires; these differences have to be considered in the gov- 

erning mechanisms of flame propagation [20] . 

Finney et al. [5] and Adam et al . [21] further developed the idea 

that convective heat transfer before ignition by either direct flame 

impingement or natural convective heating circulation played a 

more substantial role in wildland fire spread than previously be- 

lieved. They conducted laboratory ignition tests [22] on live pine 

samples that were heated by either radiation or convection. They 

found that pine needle samples will not ignite solely from radi- 

ation even at an extreme level of pre-ignition flux of 80 kW/m 

2 

for more than 10 min [22,23] . In comparison, the same live pine 

samples exposed to the convective heating flux of 25 kW/m 

2 ig- 

nited in less than 10 s. Based on this and other similar repeated 

test results, they concluded: “Convective cooling of the fine-sized 

fuel particles in wildland vegetation is observed to offset efficient 

heating by thermal radiation until convective heating by contact 

with flames and hot gasses occurs” [22] . It was also pointed out 

that including convection in models is considerably different than 

isolating its role in particle ignition and wildfire spread, and that 

requirements for particle ignition by radiation and convection vary 

with particle size [5,21,22] . 

Finney et al. [5] and Emori et al . [24] stated that wildfires are 

intrinsically dynamic, but the causes and mechanisms of their dy- 

namic nature have not yet been well investigated. The dynamic 

interactions between the flame, fuel and the gas flow field instill 

difficulties in wildfire research that may not be present in other 

types of fires [25] . Unsteady flame behaviors, such as flickering, 

pulsing and vortex shedding that are caused by the interaction 

between the diffusion flame (including forest fires) and gas flow 

have been observed many times in wildfires [26–31] . The pres- 

ence of wind has a critical effect on wildland fire behavior – it 

causes time-dependent vortex shedding which improves convec- 

tive heat transfer [32–34] . Therefore, the study of convective heat 

transfer from a static, or time-averaged, perspective cannot ad- 

dress important questions and, as a result, could prevent accurate 

predictions of wildfire behaviors. A series of elaborate PIV stud- 

ies [35–37] revealed vortices in the preheating gas phase region of 

spreading fires. The reference [37] showed that there were three 

different-size vortices, 40, 30, and 20 mm, and each played a differ- 

ent role at the progressing flame front. The 40-mm-vortex pushed 

by the propagating flame to the flame front and slowly consumed 

the trapped fuel, the 30-mm-vortex allowed the flame to propa- 

gate around it and then rapidly consumed the vortex, and the fire 

rapidly consumed the 20-mm-vortex. The identified small vortices 

may trap premixed fuel-air mixture and become a flame precursor 

to spread fire front, which may deserve further study. 

A series of wind tunnel, fire spread experiments using engi- 

neered cardboard fuelbeds have been conducted [22] . Two dy- 

namic features were identified within the flame zones: convec- 

tive flame peaks and valleys separated by regular spacings that 

moved back-and-forth in a span-wise direction; and, the number 

of peaks depended on the fuel properties and fuelbed geometry. 

The same type of behavior was observed in the progressing front 

of a wildfire when the flame split into peaks [22,38] . This behavior 

is of paramount interest because it has been examined very little, 

even though most previous laboratory fire studies have used well- 

defined fuels under controlled environments with, possibly, the ap- 

plication of scaling laws [38] . 

The historically significant past studies by Scesa [12] and Ander- 

son [14] demonstrated that forest fires and their spreading mech- 

anism can be described by the mass, momentum and energy bal- 

ance, when the fast rate chemical reaction is assumed to produce 

the fire generated heat which becomes the source of heating un- 

burned fuel located in the downstream. These past studies, as well 

as scaling law studies [3,39] suggest that the fire generated heat 

can be simulated by the use of an alternative non-combustion 

heat source to satisfy the proposed governing equations [12,14] and 

scaling laws [3,39] . Emori and Saito [40] developed an experimen- 

tal technique to use the heated nichrome wire to simulate the 

spreading line fire. Later Haines and Smith [41–43] applied the 

heated wire method to successfully produce vortex pairs and col- 

lapse during wildland fires using small-scale wind tunnel flow vi- 

sualization experiments. 

Hence, this work focuses on fluid dynamic aspects of flow be- 

havior expected for fires by replacing the chemical reactions of 

fire by an electrical heater as the thermal energy source. Elimi- 

nation of flame significantly simplifies the study of fire dynamics 

and permits visualization of flow fields, usually masked by flames. 

In addition, to assess similarities between a mid-scale wind tun- 

nel fire and the current electric heater-generated flow-field, scal- 

ing analysis was conducted. Use of this heater provided more 
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