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Abstract- The effect of fuel surface orientation on regression rates in smoldering combustion is endeavored. The work 
comprehensively details the role of fuel position in relation to the rate at which it burns and is an attempt to fundamentally 
understand the relation between them. An experimental setup was raised and all experimentations were carried out for 
opposed and concurrent flow spreads at various orientations in quiescent environment of normal gravity. To corroborate the 
results, the experiments were performed on two different fuels viz., a standard cigarette stick and incense stick for same set 
of conditions. Results shows that the regression rates increase non-monotonically with orientation standing maximum at 45 
degrees and qualitatively similar trends were observed for different fuels. Concurrent flow spread results in higher spread 
rates owing to high heat transfer due to gravity induced buoyant flows that sets up localized velocity and temperature fields. 
 
Keywords- Regression rate, cigarette, incense stick, surface orientation, heat transfer. 
 
 
I. INTRODUCTION 
 
The rate at which solid fuels regress is a phenomenon 
of practical and functional significance. The subject 
involving mass and heat transfer (solid and gas phase) 
and is broadly encountered in nature covering wide 
range of applications. The combustion phenomenon 
is largely studied as normal or flaming combustion 
and smoldering or flameless combustion. The 
essential between smoldering and normal combustion 
is that smoldering is a surface phenomenon and 
occurs on the surface of the solid rather than in the 
gas phase. Smoldering is the leading cause of deaths 
in residential fires and a source of safety concerns in 
space and commercial flights. Smoldering wildfires 
destroy large amounts of biomass and cause great 
damage to the soil, contributing significantly to 
atmospheric pollutant and greenhouse gas emissions. 
Worthy of consideration are the novel environmental 
and energy technologies being developed based on 
the direct application of smoldering combustion. 
Smoldering fuels are mostly absorbent, permeable to 
flow and formed by combinations (i.e. particulates, 
grains, fibres or of cellular structure). These 
aggregates facilitate the surface reaction with oxygen 
by allowing gas flow through the fuel and providing a 
large surface area per unit volume. They also act as 
thermal insulation, reducing heat losses.  
 
These phenomena are a function of instantaneous 
heat transfer from burning to unburnt surface. The 
spread rate is directly proportional to the forward heat 
transfer. In smoldering, the temperature and forward 
heat released during are almost multiple times lower 
than flames spread over a solid. However, in spite of 
its feeble combustion features, smoldering is a 
significant fire hazard, as it emits toxic gases (e.g., 
carbon monoxide) at a higher yield than flaming fires 
and leaves behind a significant amount of solid 

residue. The emitted gases are flammable and could 
later be ignited in the gas phase, triggering the 
transition to flaming combustion phenomena. In our 
day to day life, many materials sustain a smoldering 
reaction, including coal, tobacco, decaying wood, 
sawdust, biomass fuels etc. The need to prevent and 
control fires due to smoldering has necessitated an 
active research effort aiming at fundamentally 
understanding the spread rates in smoldering. The 
combustion phenomenon is studied under two classes 
as: Opposed (Reverse Smoldering) and Concurrent 
(Forward Smoldering). Figure 1 shows the 
schematics of Opposed and concurrent smoldering. In 
forward smoldering, the air moves in the same 
direction as smoldering front whereas in reverse 
smoldering air moves in direction opposite to 
smoldering front.  
 

 
Fig 1: Schematics of forward and reverse smoldering. The 
smoldering propagation is related to the direction of air flow 
 
Following the classical work of Frank-Kamenetskii 
(1955) highlighting the diffusion and heat exchange 
in chemical kinetics. In the last five decades research 
works have contributed significantly to the 
advancement in understanding of the smoldering 
combustion.  
 
The contributions have been reported in several 
reviews like Browne (1958), Bowes and Townshend 
(1962), Bowes and Thomas (1966), Kinbara et 
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al.,(1967), Chan and Napier (1973), McCarter (1977), 
Ohlemiller (1981, 1985, 1986, 1990, 2002), Beever 
(1986), Alexopoulus and Drysdale (1988), Badr and 
Karim (1992), Atreya(1998).The works provide an 
excellent review on the developments up to the end of 
the century.  
 
In the last decade appreciable advancements have 
occurred. Leach et. al., (2003) studied the kinetic and 
fuel property effect on forward smoldering 
combustion. The results were presented from a one-
dimensional transient model of forward smoldering. 
Fuel oxidation and pyrolysis reactions as well as a 
char oxidation reaction were included in the model. 
The effects of the inlet gas velocity, kinetic frequency 
factors, inlet oxygen concentration and fuel properties 
such as specific heat, density, conductivity and pore 
diameter were studied using this model. Krause and 
Schmidt (2001) presented a mathematical model 
which allows one to treat the combined phenomena of 
heat, mass and species transfer by diffusion as they 
occur within smoldering fires in accumulations of 
dust or other solid bulk materials. The result stated 
that, for smoldering fires, if initiated by either self-
ignition or an ignition source, the temperature and the 
velocity at which the reaction front propagates both 
depend on the volume of the dust accumulation. In 
addition, the propagation velocity increases when the 
initial temperature of the dust accumulation is 
increased and decreases when the initial moisture 
content of the dust accumulation is increased.  
 
Rein et al., (2007) developed a novel computational 
model of smoldering combustion capable of 
predicting both forward and opposed propagation. 
This was accomplished by considering the one-
dimensional, transient, governing equations for 
smoldering combustion in a porous fuel accounting 
for improved chemical kinetics. The heterogeneous 
chemistry was modeled with a 5-step mechanism for 
polyurethane foam. By considering the 5-step 
mechanism, the numerical model was able to predict 
qualitatively and quantitatively the smoldering 
behavior, reproducing the most important features of 
the process. Specifically, the model predicted the 
transient temperature profiles, the overall structure of 
the reaction-front, the onset of smoldering ignition, 
and the propagation rate. The fact that it was possible 
to predict the experimental observations in both 
opposed and forward propagation with a single model 
was a significant improvement in the development of 
numerical models of smoldering combustion. Rein 
(2009) attempted to synthesize a comprehensive view 
of smoldering combustion bringing together 
contributions from diverse scientific disciplines. Hall 
(2012) presented the smoking material fire problem 
and suggested the behavioral side of a comprehensive 
strategy to reduce smoking fires viz., If you smoke, 
smoke outside. Whenever you smoke, use deep, wide, 
sturdy ashtrays. Ashtrays should be set on something 

sturdy and hard to ignite, like an end table. Before 
you throw out butts and ashes, make sure they are 
out. Dowsing in water or sand is the best way to do 
that. Although much has been done but complexity of 
the problem has prevented a complete understanding 
due to interaction between flow, heat and mass 
transfer. Therefore, a systematic study is needed to 
understand mechanisms controlling the behavior of 
smoldering combustion. In the present work, the 
heterogeneous combustion phenomenon of 
smoldering is investigated experimentally to study the 
effect of surface orientation on spread rates. This 
aspect of smoldering combustion is critical with wide 
applications comprising burning of solid fuels viz., 
solid propellants for rockets and missiles and yet to 
be explored. The study intends physical insight into 
combustion phenomena of smoldering and aims at 
understanding the role of surface orientation on 
spread characteristics of a solid fuel for opposed and 
concurrent flow configurations. Experiments were 
performed on two different smoldering fuels viz., 
standard cigarette sticks of length 6.9 cm and 
diameter 1cm and incense sticks of same length and 
diameter of 0.2 cm. The solid fuel surfaces are placed 
from orientation of 0-360 degrees and spread rates are 
evaluated. The interest in this class of problems is 
specifically driven by the need to have better fire 
safety with proper understanding of spread. In the 
light of above-mentioned works, the work primarily 
focuses on smoldering characteristics at various 
surface orientations. This aspect of combustion is yet 
to be comprehensively explored. The interest in this 
class of problems is specifically driven by the need to 
have better understanding. To address the above 
mentioned issue, the present work 
 
a) Experimentally explores the effects of surface 
orientation on regression rates. 
b) Analyzes the role of key controlling parameters. 

 
II. EXPERIMENTAL SETUP AND 

SOLUTION METHODOLOGY 
 
A simple apparatus (Fig. 2) was upraised for the 
present study. The apparatus comprised of a) base 
made of thermocol (here kept vertical) b) a protractor 
c) thin iron sticks pierced through thermocol d.) 
additional weight to support the assembly e.) and 
dark sheets to capture the smoke pattern in a 
quiescent room.  The thin iron sticks were pierced 
through thermocol with protractor adhesive on it to 
cover 0-360 degrees of orientation. In order to 
facilitate uniform horizontal ignition across the width, 
the fuel strip was cut in the shape of a small triangle 
at the top.  
 
Ignition was done at the apex of this triangle by 
exposing it to a pilot flame. The solid fuel strips were 
marked at regular intervals of 1.5 cm to track the 
smoldering front propagation with time.  
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Fig 2: Pictorial view of complete experimental setup 

 
The solid fuel assembly comprised of dried fuel 
specimen strip (here cigarette(6.9 cm × 1 cm) and 
incense sticks (6.9 cm × 0.20 cm)) to ensure uniform 
burning across the width of fuel as the front 
propagates along the length of fuel specimen and to 
remove the moisture which can affect ignition and 
front spread rate. Every experiment was carried out 
within a range of 5 minutes to bring room atmosphere 
back to normalcy. Stopwatch was used to measure the 
split times across the markers. The fuel strips were 
placed at desired orientation by inserting mild steel 
strips between them. An optical setup was made to 
obtain shadowgraph of the propagating front which 
was digitally video graphed. It is important to note 
that all the readings were taken systematically in 
proper time interval and all the reading taken here 
represent the repeatability of results obtained. The 
readings were taken twice for same distance and the 
average repeated value with was accounted. 
                        
III. RESULTS AND DISCUSSION 
 
The experimental simulations were carried out in 
ambient atmosphere with 21 % O2. The smoldering 
front in forward and reverse were analyzed for 
varying surface orientation under same set of 
conditions. According to classical heat transfer theory 
over thin solid fuels, the propagating front spreads by 
heat feedback from the burning to the solid fuel 
upstream of the front. The smoldering front seen in 
the images are the regions of sharply varying density 
gradients where the temperature increases across by 
8-10 times. The flow is laminar and region bounded 
by smoke pattern for reverse and forward smoldering 
front are analyzed. In the presence of propagating 
front a part of heat generated will be absorbed by the 
upstream fuel. When the solid fuel strips were placed 
at different orientations the heat feedback to the fuel 
surface was affected and thus the spreading rate of 
propagating front. It is understood from the 
formulation that, although the effect of parameter fuel 
strip width is present, it is not expected to have a 
major influence on heat transfer. Apart from fuel 
properties the location of strip with respect to fuel 
surface is an important parameter.  First a set of 
experiments were performed for reverse smoldering 
front with fuel strips placed at orientations of 0, 30, 
45, 60, 90 degrees above the thermocol (Fig. 3 & 4).  
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Fig 3: Variation of regression rates with orientation (0o-90o) for 

reverse smoldering front 
 

          
(a) 

         
(b) 

         
(c) 

         
(d) 

         
(e) 

Fig 4: Pictorial view of reverse smoldering front at varying 
orientation for incense sticks (left) and cigarette sticks (right) 

at (a) 0o (b) 30o (c) 45o (d) 60o (e) 90o 

 

Looking at the results, one can notice that varying 
orientation have tangible effect on regression rates. 
As surface orientation increases, regression rates 
increases gradually to a maximum value (here 45o) 
and then starts decreasing to a lowest value. 
Increasing orientation is expected to have larger 
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bearing on heat transport to the unburnt fuel. As 
expected, the regression rate trend qualitatively 
matches for both cigarette and incense sticks. The 
results indicate that for burning and extinction point 
of view the orientation of surface holds a critical 
place. 
 
Next, the reverse smoldering front for surface 
orientation of 120o-180o was investigated. Figure 5 & 
6 shows the variation of regression rates and the 
corresponding smoke patterns.  
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Fig 5: Variation of regression rates with orientation (90o-180o) 

for reverse smoldering front 
 
Looking at the plot one can note that though the 
incense fuel strips still follows the same trend of 
gradual increase till 45o and then reducing to a low 
value. However in case of cigarette fuel strips, the 
trend is opposite with the increase in regression rates 
noted well beyond 45o. In the reverse smoldering 
propagating front, it is important to note that while 
analyzing the smoke pattern for the above mentioned 
cases, the smoke is seen to drift away from the 
ignition region and fuel surface thus reducing the 
additional heat available. Moreover, the porosity of a 
grain is also an important factor to consider the 
variation of regression rates. It is important to note 
that from burning or extinction applications the 
surface orientation is expected to play a critical role 
as reflected in varying regression rates. Mostly it 
would be predictable to bring the smoldering fuel 
surface to horizontal direction to the ground level to 
reduce fire hazards. However in application requiring 
strong ignition and sustaining the front the fuel 
surface placed at 45o would probably result better. 
 
Interestingly, the grain in cigarette are not stacked 
well and uniformly thus resulting in non-monotonic 
variation of regression rates with maximum at 180o.  
 
Looking at the figure 6, one can note the smoke 
pattern migrating away from the fuel surfaces. 
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Fig 6: Pictorial view of reverse smoldering front at varying 
orientation for incense sticks (left) and cigarette sticks (right) 

at (a) 120o (b) 135o (c) 150o (d) 180o 

 
The exploration was next extended to forward 
smoldering propagating front when placed at varying 
orientations of 180o-270o. Figure 7 & 8 shows the 
variation of regression rates and the corresponding 
smoke patterns. 
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Fig 7: Variation of regression rates with orientation (180o-270o) 

for forward smoldering front 
 
As expected, the regression rates are multiple folds 
more when the smoldering front is propagating in the 
same direction. Qualitatively the trends are seen to 
match with a monotonic increase till 45o and then 
gradual decrease. To understand the reason for higher 
front spread rates, the corresponding smoke pattern 
pictures were we explored. 
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Fig 8: Pictorial view of forward smoldering front at varying 
orientation for incense sticks (left) and cigarette sticks (right) 

at (a) 210o (b) 225o (c) 240o (d) 270o 

 
Looking at the plots, it is interesting to notice that the 
smoke in forward propagating smoldering front 
processes itself through the surface of the fuel and  
thus setting up a localized temperature and velocity 
field around the fuel surface and thus augmentating 
the amount of heat to be supplied for smoldering 
combustion. This strong temperature and velocity 
field probably is the reason for maximum regression 
rates for all fuel strips occuring at this particular 
orientation. The incense stick follows the same trend 
throughout. For each and every quadrant, the 
regression rates initially starts increasing till peak and 
them drops to a lowest value. At this particular 
orientation, the smoke follows a peculiar trend by 
engulfing over the fuel strip. The above mentioned 
results indicates that if smoldering front is 
propagating in forward direction and oriented at 270o 
then it will be very beneficial for applications with 
prerequsite of higher burning rates viz., hybrid rocket 
motors and will be extremely harmful for applications 
with requirement of fire safety. The work is next 
extended to the last quadrant (270o-360o). Figure 9 & 
10 shows the variation of regression rates and the 
corresponding smoke patterns. The non- monotonic 
variation of front propagation rates continues. The 
regression rates with increase in surface orientation 
start reducing from maximum for cigarette strips. 
However for incense strips, the usual trend observed 
endures. The maximum is still observed at 45o. 
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Fig 9: Variation of regression rates with orientation (270o-360o) 

for forward smoldering front 
 

        
(a) 

        
(b) 
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Fig 10: Pictorial view of forward smoldering front at varying 
orientation for incense sticks (left) and cigarette sticks (right) 

at (a) 300o (b) 315o (c) 340o 

 
Analysis of figure 9 & 10 indicates that (270o-360o) is 
probably the only region of orientation other than (0o-
90o) in which regression rates were seen to increase 
till maximum and then reduce till lowest. However, 
still the front spreading rates are higher because of 
corresponding smoke patterns. Thus due to high 
combustion temperature and hot gases rising up  
providing additional heat to unburnt fuel strip.  
 
CONCLUSIONS 
 
An experimental study was carried out to a thin fuel 
surface in normal gravity ambient environment of 
21% oxygen concentration for varying surface 
orientation. The study was carried out with primary 
objective of analyzing the effectiveness of smoldering 
front position in retarding or accelerating the 
regression rate. The influence of fuel properties viz. 
width was investigated and following conclusion may 
be drawn for this study: 
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1) The regression rates increase non-monotonically 
with orientation standing maximum at 45 degrees. 
 

2) Qualitatively similar trends were observed for 
different fuels.  
 

3) Concurrent flow spread results in higher spread 
rates owing to high heat transfer due to gravity 
induced buoyant flows that sets up localized 
velocity and temperature fields. 
 

4) For applications demanding fire safety it is better 
to turn orientation of fuel surfaces to horizontal 
whereas for applications detailing faster spread, 
orienting the fuel surface in between at 45 degrees 
would have positive impact. 
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