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Abstract 
A small candle flame was characterized using a standard light extinction technique and the 
classical CH* chemiluminescence measurements. Mass loss rates were estimated using an 
image treatment method. Soot volume fractions, radiative emission and mass loss rates were 
measured. The results agree well with other published laminar diffusion flames. View factor 
calculation was carried out in order to estimate the radiate fraction of the flame using two 
methods, a numerical one using a more complex geometry to model the flame and an 
integrated result considering a simple geometry. Results agree well, which might justify the 
use of simplified geometries in fire safety engineering practice, particularly for the far field 
radiative transfer calculations.  
 
Introduction 
The study of the structure and radiative properties of diffusion flames has been centred on 
single gaseous fuels [1-4]. Research on more complex fuels such as blended, liquid or solid 
fuels is not as extensive, given their complexity and the experimental difficulties [5-8]. The 
importance of these complex fuels is evident, as they are widely utilized in combustion 
applications and constitute the majority of the fuels encountered in fire safety problems. 
Although a simple and well-known technology, candles are a good example of a complex fuel 
burning application that has not been extensively studied. In terms of flame research, they 
have the advantage of producing a relatively stable flame over time, as opposed to pool fires 
or solid fuels like PMMA where oscillations occur. Candles have received renewed attention 
from the combustion community in the past decades, prompting research in pre-extinction 
flame oscillations [9, 10], numerical modelling [11-14], electric field effects on non-buoyant 
flames [15], smoke production and general combustion characteristics in microgravity 
conditions [12, 16, 17], smoke points [18], and candle flame shapes [19].  

The results reported in this article are part of an ongoing research project aimed at the 
characterization of candle flames both in normal and microgravity conditions. The main 
motivation is the need to determine the radiative properties and soot formation characteristics 
of complex fuels, in order to get a fundamental knowledge of the mechanisms that drive soot 
formation and to apply these results to predict the behaviour of real fuels with an emphasis on 
fire safety problems. Fire modelling in general requires an adequate knowledge of radiative 
transfer from flames, toxic species formation and soot production. Candles are simple and 
compact enough to make their study under microgravity conditions particularly appealing, as 
an experimental set-up onboard air or spacecraft does not require large amounts of equipment 
(i.e. no burner is needed) and is inherently safer as the fuel under study is in a stable form.  

A review of the available literature on candle flames indicates that there have been no 
published results on soot measurements within the flame, although soot production has been 
studied as part of a microgravity soot formation study of various fuels for spacecraft smoke 
detector design [16]. Measurements in parabolic flights indicated that soot production from 
candle flames is increased with reduced gravity [17]. The radiation emitted from candle 



flames has been measured, and a radiative fraction (i.e. the ratio of the heat lost by radiation 
to the chemical heat release rate) of 17% was calculated [14]. In that same research project, 
mass loss was measured using a load cell. Sunderland and co-workers estimated the mass loss 
rates for several candle sizes using the B-number [19]. They correlated the candle B- and 
Rayleigh numbers with the flame length and width. Soot production is related to the radiative 
fraction of the flames, and is thus important in the modelling of mechanisms such as ignition 
and flame spread. There is no information available on the local mechanisms of soot 
production within the flame, and whether the mechanisms described for diffusion flames of 
other types of fuels are consistent with the observations in this type of flame.  
 
Experimental Techniques 
The work here presented was carried out in normal gravity conditions. Off-the-shelf paraffin 
wax candles were used. These had an average diameter of 6 mm. The average wick diameter 
was 0.8 mm. The experimental set up is shown in Figure 1. At the start of each test the candle 
was left to burn until the wick attained a length of 8 - 10 mm, when the measurements were 
commenced. The measurements were carried out for approximately 30 s. This time was long 
enough to have stable readings, but enabled to ensure that there was no reduction in length of 
the wick and that no molten wax would drip from the sides of the candle. After the 
measurements were finished, the flame was extinguished. The same candle was used for 
different sets of measurements, and was discarded when its length (i.e. the length of the solid 
wax) was too small. 
 

 
Figure 1. Experimental set up. 

 
A pulsated light beam was shined through the candle flame. The attenuated light was 

subsequently captured by a CCD camera, and these images were subsequently treated using a 
computational procedure to obtain a quantitative value for the intensity of the attenuated 
beam. The radiation emitted from the flame was measured using a radiometer and is discussed 
in detail in the following paragraphs. No mass loss measurements were performed, but the 



mass lost by the solid paraffin wax cylinder was estimated using an image treatment method 
which will be described below. 

The candles were burning below their smoke point, i.e. no visible smoke was observed on 
the plume of the flame. Flame flicker was minimized by carrying the tests out in a room with 
quiescent air. These measures allowed to have a stable flame during most of the experiments. 
Typical flame dimensions were approximately 24 mm high and 5.5 mm in diameter. 
 
Diagnostics 
Light extinction (LE) measurements were used to quantify the soot volume fraction in the 
flame at different heights. This standard method [1,2] considers the Rayleigh approximation 
of the Mie scattering theory. Thus, it has been assumed that the soot particles are spherical 
and smaller than the wavelength, and that their particle size distribution is monodisperse. An 
Abel inversion technique was performed using a built-in Matlab function (radon). An 
axisymmetric flame was assumed which allows to obtain a 3D image of the soot volume 
fraction within the candle flame. The soot particle refractive index was assumed to be m=1.57 
– 0.56i [1,2].  

Qualitative measurements of CH* radicals were obtained by a computational treatment of 
the candle flame images. Although no numerical values for the heat release rates (HRRs) in 
the flame were obtained, these measurements allowed characterizing the soot production and 
energy release areas within the flame.  

The light source was a collimated Thorlabs M660L2 660 nm LED. In order to account for 
the flame background emissions, the source was pulsated at 5 Hz. The light beam had an 
approximate diameter of 50 mm, thus covering the entire flame. The light was captured using 
a Allied Vision Technologies digital video camera with a resolution of 1388 x 1038 pixels.  

Mass loss was calculated by analyzing the regression of the candle surface. The diameter 
of the candles was small enough that all the molten wax was transported through the wick and 
did not drip through the sides of the candle. Thus, the regression of the candle surface is only 
due to the burning of the fuel. Images were taken of the candle and were later analyzed to 
obtain the surface regression rate. Taking a paraffin wax density of 0.9 kg·m-3  [14], the mass 
loss rate was then calculated.  

The radiation emitted by the flame was measured using a Medtherm 64-0.2-15 Schmidt-
Boelter gauge fitted with a 150º angle sapphire window in order to eliminate any convective 
heating readings. The radiometer was placed parallel to the flame axis at different radial 
distances from the flame. The lowest edge of the gauge was carefully aligned to the flat top 
part of the paraffin wax cylinder. This was important for the calculation of the view factor 
between the flame and the radiometer. The measured incident heat flux (

€ 

˙ q i) was then 
correlated to the total radiant heat emitted by the flame ( ) using the following equation: 

 

        (1) 

 
Knowledge of the view factor between the flame and the gauge (

€ 

Ffl−g ) is required. The 
calculation of the view factor will be discussed in the next section.  

 
View Factor Calculation 
It is a common fire safety engineering procedure to estimate radiation from large flames 
assuming simplified flame geometries, since integrated view factors are available for simple 
geometries [20, 21]. Since laminar candle flames have relatively simple and stable geometries 



over time, it was decided to carry out a comparison of two methods to calculate the view 
factor from the flame. A numerical integration method and a tabulated view factor were used. 

In the numerical calculations, the flame is modelled as a cylinder with a cone on top of it. 
The height of the cylinder is set to 19.3 mm and its diameter to 4 mm. The cone has a height 
of 4.7mm and its base diameter is the same as the cylinder. These dimensions where 
approximated from the CH* profile obtained from the experimental flame (see Fig. 2 below). 
The radiometer is cylindrical, with a diameter of 6.35 mm. It was modelled as a square 
surface with sides of 5.6275 mm; this value being deduced to obtain the same surface area as 
the actual gauge. 

The method used to calculate the view factors between the two bodies uses the Contour 
Double Integral Formula (CDIF) method, which calculates the view factor between planar 
polygons. The cylinder surface was divided uniformly into 15 strips, and each strip was 
divided into 40 squares with a small degree of curvature. Each square was then divided in two 
to form a triangle. The cone was divided into 5 longitudinal strips and each strip was divided 
in the same fashion as the cylindrical part of the model flame. This generates 1,600 triangular 
plane surfaces that represent the flame sheet. The square gauge model was divided uniformly 
into 10 longitudinal strips. For the estimation of the view factor, only the surfaces that “can 
see each other” were considered. The view factor for each triangular surface was then 
calculated, and subsequently the individual factors were weighted and added to obtain the 
total view factor for each body. 

The integrated view factor configuration corresponds to a plane, differential area source 
and a right circular cylinder [20, p. 25]. In a similar manner to the numerical calculation 
procedure, the cylindrical flame had a diameter of 5.5 mm and a height of 24 mm, and the 
radiometer was modelled as a 5.6275 mm side square. Since the integrated view factor 
accounts for the radiative transfer between a differential area and a finite cylinder, the square 
gauge was divided into 6 strips. Using standard view factor algebra, the view factor between 
the flame and the strip was calculated for each strip. The view factor between the flame and 
the gauge corresponds to the sum of each separate view factor.  

Table 1 presents the results for both calculations and the relative differences in percent 
using the numerical calculations as a reference. It is seen that in the far field both calculations 
agree closely. For distances of the order of magnitude of the flame length the results become 
inconsistent. It is interesting, however, that the predicted incident heat fluxes calculated with 
the integrated view factors yield closer results to the measured values (see discussion in the 
next sections).  

 
Table 1. Calculated View Factors. The base values for the percent difference calculation are 

the numerical view factors. 
 

Distance from 
Flame (mm) 

Integrated View 
Factor 

Numerical View 
Factor 

Difference (%) 

20 0.005438 0.006765 19.62% 
30 0.002920 0.003297 11.42% 
40 0.001793 0.001918 6.54% 
50 0.001200 0.001247 3.74% 
60 0.0008544 0.0008728 2.10% 
70 0.0006372 0.0006443 1.10% 
80 0.0004925 0.0004947 0.44% 
90 0.0003916 0.0003916 0.01% 
100 0.0003186 0.0003176 -0.30% 

 



Candle Flame Characterization 
The following image shows the energy release zones as well as the soot volume fraction 
within the flame. Figure 2-a shows the captured light intensity at a wavelength of 431 nm, 
which is associated to CH* spontaneous emissions [22]. It can be seen that the flame sheet 
close to the molten wax pool is characterized by a weaker energy release. The dark blue 
region normally observed at the base of candle flames was observed [23], although it had a 
small size as compared to the rest of the flame. Soot formation (Fig. 2-b) is observed to occur 
at approximately 12 mm above the molten paraffin wax pool. At that height, soot 
concentration peaks close to the edges of the flame. Soot production (i.e. the local balance 
between soot formation and soot oxidation) reaches a maximum between 16 – 20 mm above 
the wax pool, where it is observed that the soot particles move towards the axis of the flame. 
Maximum soot production is relegated to the centre of the flame, where the oxygen 
concentration, and thus soot oxidation, is minimal. A decrease in soot production is 
accompanied by an increase in the energy release (associated to increased soot oxidation at 
these heights) above 18 mm close to the flame sheet, as seen in Fig. 2-a. It must be noted that 
this figure is showing two phenomena: CH* emissions and soot oxidation. Since oxidizing 
soot particles are likely to behave like black bodies, and are therefore emitting in all the 
electromagnetic spectrum and in particular emit in 431 nm. This is the reason why this 
diagnostic technique identifies this zone as high in CH* activity. This area is where the most 
luminous part of the flame is located, so it is expected that the greatest soot particle emissive 
power lies closer to the IR wavelengths due to the reddish colour of the flame in that zone. 
The fact that there is no increase in the 431 nm emissive power near the centre of the flame 
where the soot production is higher (for example, at a height of 16 mm) seems to indicate that 
Figure 2-a is not only showing emissions from soot oxidation, but is also showing emissions 
from CH* radical activity. All of the flames were burning under their smoke point and had 
close tips, and it can be seen that soot particle concentrations become null close to the flame 
tip. Close to the flame tip there is also an area of important energy release, where the last 
remaining soot particles are oxidized. 

Since the paraffin polymers have a large number of carbon atoms in their chains [14, 19], 
it is expected that their pyrolyzation and subsequent volatile thermal decomposition has 
longer characteristic times than for simpler fuels. This is probably a cause for the difference in 
the candle flame structure presented in this communication and that of a jet diffusion flame 
mentioned by Takahashi [23], where modelling results point to the areas of greatest heat 
release being close to the burner (although it must be noted that soot formation was not 
modelled). Close to the molten paraffin wax pool, soot formation appears to compete with 
volatile decomposition and CH* formation reactions. Further research needs to be carried out 
to identify these processes. Oxygen diffusion might also play a role, since the fuel is released 
continuously along almost the entire height of the wick, and that could make the mass 
transport processes close to the base of the flame different to those of a jet flame.  

Soot volume fractions were calculated using the extinction method described previously 
and are shown in Fig. 3. The highest soot volume fractions are approximately 8 ppm, at a 
height of 19 mm above the paraffin wax pool. This location marks the beginning of the soot 
oxidation zone, as shown in Fig. 2 above. The measured soot volume fractions are close to 
previously reported values for highly sooting fuels burning in similar configurations [2,6,7], 
and the profiles are in agreement with what is observed in similar laminar diffusion flames. It 
is important to note that the deconvolution method begins to fail at low soot particle 
concentrations, which explains the greater noise observed at h = 15 and 25 mm.  

The observed soot concentration profiles show two symmetrical peaks in the areas below 
the soot oxidation zone (h = 15 and 17 mm). This shows that soot is being formed close to the 
flame sheet, in a similar manner to co-flow flames [7]. Air entrainment the pushes these two 



peaks together, allowing for the diffusing oxygen to reach further into the flame. This area 
coincides with the start of the soot oxidation zone (h = 19 mm). Profiles further up along the 
flame show only one peak, centred on the flame axis. Soot volume fractions decrease 
considerably as the flame tip is reached. This is shown in the variation of the integrated soot 
volume fraction along the flame axis, Figure 4. Finally, Figure 5 shows a 3-D slice of the 
flame at a height of 17 mm above the molten wax pool. The z-axis corresponds to the soot 
volume fraction; compare this figure to the profile in Figure 3 for the same height.  
 

 
 Figure 2. Instantaneous images of (a) qualitative CH* measurements and 
(b) normalized soot volume fraction within the candle flame. The abscissæ values are 
normalized by the diameter of the paraffin wax cylinder. The ordinates correspond to the 
height above the top surface of the wax cylinder. 
 
Mass Loss Rates 
The mass loss of the candle was estimated using an image treatment technique as discussed in 
the Experimental Techniques section above. The variation of the candle mass vs. time for one 
test is shown in Fig. 6-a. Results showed good repeatability among all the tests. The mass loss 
(ML) calculation procedure is based in the optical arrangement that uses the backlight 
technique. To quantify the fuel consumption video footage of the flame is acquired at a rate of 
one frame per second. Each frame is converted to a binary image, representing the solid wax 
cylinder and the background. The ML is obtained by quantifying the total pixel variation 
between each frame (which represents the regression rate of the wax cylinder). It was 
assumed that the surface regression was uniform. The mass loss rate (MLR) was calculated by 
differentiating the ML variation over time. The results for one test are shown in Figure 6-b. 
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 Figure 3. Soot volume fraction profiles at different heights above the wax 
cylinder. Dashed lines indicate the approximate location of the flame axis. 



 
 Figure 4. Integrated soot volume fraction along the beam optical length 
versus the flame height. The values under 10 mm were obstructed by the presence of the 
candle wick, and therefore were discarded. Note that the flame tip is located at a height of 25 
mm approximately.  
 

 
 Figure 5. 3-D slice of the candle flame at a height of 17 mm above the 
molten paraffin wax pool. The vertical (z) axis corresponds to soot volume fraction, and the 
horiontal axes are dimensions (mm). 

 
The candle attains a steady state burning rate at about 10 s after ignition. The average 

steady state mass loss rate is 1.9276 x 10-3 g·s-1 (see Figure 6-b), a result similar to that 
observed by Hamins and co-workers [14] for larger diameter candles (1.75 x 10-3 g·s-1). Even 
though the candle diameter was over four times the diameter of the candle used in this study, 
these results confirm the observations of Sunderland et al. [19] who correlated flame sizes 
(and thus HRRs) with wick dimensions (Hamins and co-workers used a flat wick of 1 x 2 
mm). However, fuel type can also account for the similarities between this work and that of 
Hamins and et al.  



 

 
 Figure 6. (a) Candle mass vs. time. (b) Candle mass loss rate vs. time. 
 
Radiant Emission 
With the measured MLR, a HRR of 84.04 W was obtained assuming a heat of combustion for 
the paraffin wax of 43.6 kJ·g-1 [19]. The radiative heat emitted by the flame was measured. 
As expected, the intensity of the emitted radiation decays with the square of the distance. 
Figure 7 shows the measured incident heat flux on the radiometer. It also shows a dashed line 
that represents the predicted incident heat flux for a calculated HRR of 84.04 W and a 
radiative fraction of 6.91% and using the integrated view factor. The continuous line 
represents the predicted incident heat flux on the radiometer using the numerical view factor 



values, and using an identical value for the HRR and an average radiative fraction of 6.34%. 
Although the integrated view factor calculation assumes a simplistic flame geometry, it 
appears to yield better results than the numerical calculation. This result might validate the 
use of simple geometries when calculating radiative transfer in fire safety applications, 
although the agreement between both methods must be proved for larger flames. It must be 
noted that close to the flame geometry the assumption of a uniformly radiating surface 
becomes invalid, so it could happen that the errors induced by the simple geometry are 
cancelled by the differences in the emissive power on different parts of the flame sheet.  
 

 
 Figure 7. Measured variation of the incident heat flux on a radiometer 
with the horizontal distance from the flame. Symbols indicate the measured values using the 
radiometer. The dashed line represents a predicted heat flux for a calculated view factor using 
the integrated method, a heat release rate of 84.04 W and a radiative fraction of 6.91%. The 
continuous line represents a predicted heat flux for the calculated view factor using the 
numerical method, a heat release rate of 84.04 W and a radiative fraction of 6.34%. 
 

The radiative fraction was calculated using Equation 1 and the calculated HRR. From 
Figure 7 above, it was observed that the measurements at 60, 80, 80, and 100 mm fell off the 
expected behaviour, and were therefore discarded from the calculation of the average value. 
The average radiative fraction from the flame calculated with the numerical method is 6.34%, 
while the radiative fraction obtained with the integrated method is 6.91%. Thus, the average 
radiative fractions obtained with both view factor calculation methods differ by a value of 
10%.  

The radiative fraction calculated for this candle flame is about half the value of that 
calculated by Hamins et al. [14]. The flame height mentioned in that article is 42 mm, while 
the flame height in this work is 24 mm. This is consistent with laminar diffusion flames. 
Larger flames will have a larger residence times and therefore there will be more time for soot 
production. However, another mechanism that influences soot production is the energy 
release rate per unit volume. For larger flames (with larger volumes), and assuming similar 
HRRs for both the flame presented in this study and the Hamins et al. flame (because the 
MLRs measured in both cases are similar, see previous section), the expected flame 



temperature for the latter flame is lower, which would yield lower soot formation rates. This 
point requires further investigation, and future work will focus on the variation of the 
radiative fraction (and soot production) with changes in the candle burning rates.  
 
Summary 
Candle flames were characterized using laser extinction and image treatment techniques. 
These flames are important because they burn complex fuels, and their study will allow to 
gain a better understanding on several phenomena on flame dynamics which can later be 
applied in fire safety applications. Soot volume fractions for this type of flames were not 
readily available in the scientific literature. Soot appears to form near the edges of the flame 
and then proceeds towards the flame axis. A soot oxidation region was identified. The 
interactions between CH* radicals and soot production will be studied in greater detail.  

The measured radiative fraction for the candle flame is approximately 6.6%. The view 
factor calculations, carried out both with a numerical and a readily available integrated result 
for a simple geometry have demonstrated that the use of simplified geometries in these types 
of calculations is not entirely unjustified, although their validity should be proved for larger 
flames. Further experimental and modelling studies will be carried out to gain further 
understanding of this phenomenon.  
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