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Abstract:    Temperature is the most important parameter for the improvement of combustion efficiency and the control of pol-
lutants. In order to obtain accurate flame temperatures in a rotary kiln incinerator using non-intrusive thermographic method, the 
effective flame emissivity was studied. A combined narrow- and wide-band model and Mie scattering method were used to cal-
culate the radiative properties for gases and fly-ash particles under different combustion conditions. The effects of the air/waste 
ratio and fly-ash particles on the effective flame emissivity were discussed. The results of numerical calculations showed that the 
effective emissivity decreased from 0.90 to 0.80 when the air/waste ratio increased from 1.0 to 1.8, and the effect of the fly-ash 
particles was ignorable under the conditions discussed in this paper. Experimental measurement results indicated that the accuracy 
of the thermographic temperature measurements improved significantly if the setting of the flame emissivity was adjusted ac-
cording to the air/waste ratio. 
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1  Introduction 
 
In the last decade, about 50 million kilograms of 

hazardous solid waste were generated in China each 
year (China Statistical Yearbook on Environment, 
2009). According to the pollution control standard for 
hazardous waste incineration (GB 18484-2001) and 
the technical specifications for centralized incinera-
tion facility construction for hazardous waste 
(HJ/T176-2005), all hazardous solid waste must be 
burned in high-temperature incinerators using a rotary 
kiln as the primary combustion chamber. Because the 

waste components and heat values are changing all 
the time, the temperature of the incineration flame in 
the rotary kiln should be measured accurately and 
rapidly for stable operation and safety of the incin-
erator. More importantly, an accurate flame tem-
perature is the most useful information for improving 
incineration efficiency and reducing pollutants 
(Buekens et al., 1998). As a result of movement of the 
kiln and the harsh measurement conditions, industrial 
thermocouples installed at the front and rear ends of 
the kiln are widely used as the only temperature de-
tectors (Docquier and Candel, 2002). The most nota-
ble disadvantages of a thermocouple are that, first, the 
flame temperature in the incinerator is non-uniform 
because of flame turbulence and the large geometric 
size of the kiln. The single-point temperature value 
obtained using a thermocouple is far from the overall 
actual flame temperature (Ballester et al., 2010). 
Second, high-temperature solid particles in the flame 
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will deposit on the thermocouple cover and gradually 
increase its response time, and will cause measure-
ments to be unreliable. In the past few years, the poor 
performances of thermocouples have caused many 
waste incineration systems to suffer from slagging, 
refractory failure, and other incineration control 
problems (Manca and Rovaglio, 2002). Some systems 
cannot meet the pollution control standards for haz-
ardous waste incineration and become another emis-
sion source of polychlorinated dibenzo-p-dioxin and 
polychlorinated dibenzofuran (Ni et al., 2009). To 
obtain accurate flame temperatures in rotary kiln 
incinerators, many researchers have turned to 
non-intrusive thermographic temperature measure-
ment techniques using infrared cameras, which are 
also capable of providing 2D flame temperature dis-
tributions. The thermographic method is fast and very 
attractive for temperature measurements under re-
stricted measurement conditions. For example, a solid 
waste mass burning plant in Germany employed an 
infrared thermographic camera along with a fuzzy 
logic system to regulate the under-fire oxygen con-
centration, which was adjusted in each grate zone to 
respond to the inhomogeneity of the waste (Gohlke 
and Busch, 2001). A simultaneous inner and outer 
thermographic imaging system has been successfully 
used to control over-temperature slagging in an in-
dustrial waste incinerator to prolong the lifetime of 
refractory bricks (Vosteen et al., 2002). Subramanya 
and Choudhuri (2004) proposed a dynamic zonal 
technique for evaluating the equivalence ratio from 
infrared flame imaging using a dynamic tracking 
method. 

The main problem with thermographic tem-
perature measurements is that the measurement ac-
curacy depends significantly on the choice of flame 
emissivity in the infrared spectral range of the camera, 
and because of the poor understanding of the radiative 
properties of heterogeneous flames in the incinerator, 
most thermographic temperature measurements have 
treated the flame radiative emissivity as a constant 
value (Manca and Rovaglio, 2002; Ballester et al., 
2010). Although the radiative properties of pure gases 
and particles have been explored intensively for many 
years (Edwards, 1962; Edwards and Balakrishnan, 
1973; Li and Tong, 1995; Modest, 2003), only a  
few reports have dealt with the emissivity of 
non-laboratory heterogeneous combustion flames, 

especially in the infrared range. Chang and Rhodes 
(1995) proposed a mathematical model for studying 
the effects of various particulates on flame radiative 
properties in solid waste incinerators. Planas-Cuchi et 
al. (2003) measured the emissivity of a liquid hy-
drocarbon pool flame using an infrared camera, and 
proposed a new correlation for the estimation of flame 
emissivities with different fire diameters. Sudheer 
and Prabhu (2010) investigated gasoline pool fires 
and found that the emissivity at the flame tip was 
lower than that at the base of the pool fire. Águeda et 
al. (2010) discussed the emissivity of a forest- 
wood-fueled fire, and according to their results, only 
flames thicker than 3.2 m exhibited an emissivity 
close to that of a blackbody (0.9), and the associated 
extinction coefficient was 0.72. Parent et al. (2010) 
investigated the emission of a vegetation flame and 
found that the radiative emission contribution from 
soot particles was relatively weak compared with 
those of the gas components in the infrared region. 
The above discussion provides useful information on 
the radiative emission characteristics of heterogene-
ous flames. 

In this study, the effective emissivity of a het-
erogeneous flame in a commercial industrial waste 
incinerator using a rotary kiln was fully investigated 
under different burning conditions. A gas absorption 
band model and Mie method were used to determine 
the radiative properties of gases and fly-ash particles, 
respectively. The concentrations of gas and particles 
in the flame were obtained from mass and energy 
balance calculations by taking the waste burnout rate 
and air/waste equivalence ratio into consideration. 
The effects of particles and air/waste ratio on the 
effective flame emissivity were discussed. 

 
 

2  Incineration facility and waste character 
 
The incineration plant discussed in this study is 

located north of Hangzhou city and has been operat-
ing since 2008. The rotary kiln, also called the pri-
mary oxidation chamber, is a refractory-bricked, 
horizontal steel drum with an inside diameter of 3.0 m 
and a length of 9.0 m. Fig. 1a shows a photograph of 
the kiln. The kiln is rotated by a reversible driver of 
controllable speed. A diesel burner provides the en-
ergy to heat the interior of the kiln to the ignition 
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temperature of the waste at startup, and to maintain 
the temperature when the heat value of the waste is 
insufficient. The primary oxidation air is fed in through 
the burner and the secondary air can be supplied 
through a damper in the front of the kiln. The hazard-
ous waste is fed in using a hydraulically driven piston 
and moves as a segment along the kiln. The slag is 
discharged at the end of the kiln into a conveyer under 
cooling water. The gases evolved in the kiln flow to the 
secondary oxidation chamber, where complete com-
bustion occurs. A schematic diagram of the incinera-
tion system is shown in Fig. 1b. The stationary ther-
mocouples A and B act as temperature detectors for 
combustion monitoring and incinerator control. 

The throughput capacity of the incinerator, which 
depends on the combustible components in the waste, 
is approximately 2000 kg/h and the heat value of the 
waste reaches 13 000 kJ/kg. Table 1 shows an 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

approximate analysis of a typical batch of waste and 
Table 2 gives the average ultimate analysis of the 
waste. In the following section, these data are used to 
calculate the concentrations of gases and fly-ash 
particles. 

Since the incinerator was put into operation, 
several mal-operation accidents caused by incorrect 
flame temperatures from the thermocouples have 
occurred. In order to avoid further operational prob-
lems, an infrared camera was used, as shown in 
Fig. 1b. However, the measurement accuracy of a 
thermographic camera significantly depends on the 
choice of flame emissivity within the sensitive spec-
tral range of the camera. The purpose of this study is 
to investigate the radiative properties of the flame and 
to determine the effective flame emissivity under 
different combustion conditions for accurate tem-
perature measurement. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Approximate analyses of different hazardous wastes 

Item Moisture (%) Ash (%) Volatiles (%) Fixed carbon (%) Heat value (kJ/kg) 

Tannery sludge 70.00 13.89 13.75 2.37 8062.54 

Waste pesticide 5.00 7.74 66.40 20.85 13 328.69 

Paint sludge 15.00 40.27 43.41 1.32 11 855.51 

Waste formaldehyde  7.50 0.40 91.04 1.06 15 571.23 

Waste polyurethane 5.00 0.27 93.99 0.74 33 344.99 

Refined chemical sludge 15.00 20.04 32.88 32.08 18 392.73 

Antirust waste 10.00 4.57 81.04 4.39 27 346.59 

Waste wood adhesive 15.00 10.75 53.44 20.82 16 963.28 

Table 2  Average ultimate analysis of the wastes in Table 1 

Moisture (%) Ash (%) C (%) H (%) N (%) S (%) O (%) Cl (%) LHV* (kJ/kg)

40.38 14.55 22.92 2.36 2.80 0.89 15.53 0.58 13050.27 
* LHV: low heat value 

Fig. 1  Hazardous waste incineration system using a rotary kiln as primary combustion chamber 
(a) Photograph of kiln incinerator; (b) Schematic diagram 
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3  Flame radiative property determination 
 
The infrared camera, which was sensitive to ra-

diation from 750 to 1350 cm−1, was installed at the 
wall of the secondary combustion chamber, as shown 
in Fig. 2. In its spectral sensitivity range, the thermal 
radiation emitted from gases and particles is direc-
tional, so the effective emissivity   of the flame is 
obtained by averaging the emissivities from different 
directions as 

 

ˆ ˆ
1

1 1
d d ,



 
   i

N

i

    
 s s               (1) 

 
where ΔΩ is the viewing angle of the camera and 

î
 s is the effective flame emissivity along the direc-

tion îs  within a small solid angle dΩ, and N is the 

number of discrete directions in ΔΩ. 
As the emissions from gases and particles are 

spectrally dependent, the effective emissivity in di-

rection îs is formulated as (Modest, 2003) 

 

ˆ ˆ,0
( ) ( )d ,


 S S  s s 																																															(2) 

   ˆ, w 0 0

w ,g ,p0

,g ,p0

ˆ ˆ( ) exp d 1 exp d

ˆexp ( )d

ˆ1 exp ( )d ,

     

     
      

 





S S

S

S

S  

 

 

   

  

 

s s s

s

s

 (3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

where κη, g and κη, p are the monochromatic absorption 
coefficients of gases and particles, respectively, S is 
the geometric optical path length from the starting 
point at the refractory wall to the camera, and εw is the 
emissivity of the refractory wall.  

In Eq. (3), it is implicitly assumed that the scat-
tering of the particles is ignored and the radiative 
properties are calculated based on the path-average 
temperature, and the wall emission is diffusive. Sim-
ilar assumptions have also been made by Grosshan-
dler (1980) and Modest (1991) in calculating radia-
tive heat transfer in inhomogeneous and non-  
isothermal media. The comparison made by 
Grosshandler between the exact value of the emis-
sivity and those computed using the path-average 
temperature showed that even in the most unfavorable 
cases, the difference between them did not exceed 
19%, and in many cases, it was just a fraction of 1%. 
Another thing that needs to be noted is that for a 
non-isothermal medium, the effective emissivity 
calculated from Eq. (3) is not a general property of the 
medium, but is optical path-dependent.  

As the concentrations of gases and particles in the 
flame along the gas flow direction are non-uniform, to 
simplify the calculation, we divided the kiln into five 
sub-zones and indexed them from zone 1 to zone 5. 
The attached part of the secondary combustion 
chamber was indexed as zone 6. The gas and particle 
concentrations in each zone were considered to be 
uniform. The viewing angle of the camera was also 
separated into five small angles, from 0ŝ  to 4

ˆ ,s  with 

equal intervals, as illustrated in Fig. 2. 
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Fig. 2  Discrete combustion zone and discrete viewing angle of infrared camera (unit: mm) 
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Although the flame contains many different gas 
species, in the infrared range, most thermal radiation 
comes from CO2 and H2O because of their numerous 
absorption bands and large volume fractions. In this 
study, the combined narrow- and wide-band model 
proposed by Li and Tong (1995) was used to calculate 
the spectral absorption coefficient for a mixture of 
CO2 and H2O as 

 
c

,g
c

( / )sinh(π / 2)
cosh(π / 2) cos[2π( ) / ]


 

S


  
   

,             (4) 

 
where ρ is the gas volume density, ηc is the central 
wavenumber of the gas absorption band, and Sc/δ is 
the average absorption line intensity over the line 
spacing δ: 

 

c 1 3 c 3/ ( / )exp( / ),  S C C a C               (5) 

 
where a indicates the band type: a=1 for asymmetric 
bands and a=2 for symmetric bands. C1 is the inte-
grated band intensity and C3 is the band width. β in 
Eq. (4) is the broadening parameter, and can be for-
mulated as  
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where pa is the partial pressure of the gas, p0 and pT 
are the reference and total pressures, respectively, of 
the mixture, and C2, b, and n are correlation parame-
ters. More detailed descriptions of these parameters 
can be found in (Li et al., 1995). 

For the fly-ash particles contained in the flame, 
the absorption coefficient can be formulated as 

 

2
,p abs0
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where n(r) is the particle number density distribution 
function. In this study, the modified γ-distribution, 
n(r)=A·rγexp(−B·rδ), was used. Qabs(η, r) is the ab-
sorption cross-section of a single particle, which is 
calculated using the Mie method (Bohren and Huff-
man, 1983). 

The detailed calculation of the effective flame 
emissivity in a rotary kiln burning solid waste can be 

summarized as follows. 
Step 1: Set the air/waste equivalence ratio  and 

determine the waste burnout rate for each zone. 
Step 2: Calculate the gas species partial pressure 

in each zone: 
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where Vk,i is the volume of gas k in zone i generated 
per kilogram of waste: 
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where i  is the local air/waste ratio for zone i, 0
,gask  

and 0
,airk  are the volumetric partial ratios of gas spe-

cies k in the flame and supplied air under stoi-
chiometric conditions, and Vgas,i is the total gas  
volume:  
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where 0
gasV  and 0

airV  are the theoretical volumes of 

flue gas and supplied air, respectively. These can be 
obtained from the ultimate analysis data for the waste 
mixture in Table 2 using the following equations: 
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where mC, mH, mO, mN and mS are the ultimate weight 
compositions of carbon, hydrogen, oxygen, nitrogen 
and sulfur, respectively, and mmoisture is the water 
content. 

Step 3: Determine the volume number density of 
the fly-ash particles in each zone. The number density 
function can be expressed as 
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where fv(r) is the volume fraction distribution function 
with respect to the particle radius, and Fv,i is the vol-
ume fraction in zone i, which is calculated from the 
mass ratio χ of fly-ash particles in the total ash content. 

Step 4: Calculate the monochromatic absorption 
coefficients of gases and fly-ash particles according to 
the band model and Mie method, based on the 
path-average temperature:  
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where κη,g,j and κη,p,j are the monochromatic absorp-
tion coefficients of the gas and particles in zone j, 
respectively, and ΔLj,i is the geometric length of path 

îs  in zone j. 

Step 5: Calculate the flame emissivities along 
different optical paths through spectral integration, 
and calculate the band effective emissivity of the 
flame in the kiln, based on Eq. (1): 
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where η1 and η2 are the lower and upper values of the 
spectral sensitivity range of the camera, respectively. 
Then   can be used for thermographic temperature 
measurements. 

 
 

4  Results and discussion 
 

As mentioned in the previous section, the 
chamber of the rotary kiln and the viewing angle of 
the camera were divided into six sub-zones and five 
sub-angles, respectively, as shown in Fig. 2. Ac-
cording to the above calculation steps, in order to 
determine the gas and particle compositions in the 
flame for radiative property calculations, the 

air/waste equivalence ratio and burnout rate of the 
waste in each zone should be known first. In this 
study, three air/waste equivalence ratios, 1.0, 1.4, and 
1.8, were set by adjusting the supplied air. The waste 
burnout rates of zone 1 and zone 6 were measured by 
direct sampling analysis. The results were approxi-
mately 0.5 and 1.0, respectively. The burnout rates of 
other zones were then deduced by linear interpolation. 
The mass ratio of fly-ash particles measured by the 
gas sampling method was approximately 20% of the 
total ash content. After the air/waste ratio and burnout 
rate were known, we calculated the flame temperature 
and path-average temperature and flame composi-
tions based on the waste components in Table 2, ac-
cording to the heat and mass balance theory (Law, 
2006). The total gas pressure in the incinerator was 
kept at about 100 Pa below ambient atmospheric 
pressure to avoid leakage of hot gas. The wall tem-
peratures of different zones were set to be the same as 
the flame temperature in the same zone, and the wall 
emissivity was about 0.76, depending on the material 
(Modest, 2003). 

The pressures of CO2 and H2O, and the volume 
fraction of fly-ash particles in different zones for three 
air/waste equivalence ratios are plotted in Fig. 3. All 
the values increased linearly from zone 1 to zone 6 as 
the burnout rate increased from 0.5 to 1.0. When the 
air/waste equivalence ratio increased from 1.0 to 1.8, 
the gas pressure and particle volume fraction de-
creased quickly because the flame gas was diluted by 
abundant excess air. The volume fraction of the 
fly-ash particle cloud in the flame was approximately 
7.5×10−6 under chemical equilibrium combustion 
conditions. 

The spectral radiative properties of the particles 
and gases under stoichiometric conditions (=1.0) are 
given in Fig. 4. For the particles, the complex refrac-
tive index required by the Mie method was deter-
mined using Chang (1995)’s equation. 

Figs. 4a and 4b show the spectral radiative co-
efficients and scattering phase functions of the fly-ash 
cloud for different wavenumbers. Because of the 
relatively small volume fraction, the absorption and 
scattering coefficients of the fly-ash cloud are rela-
tively small, and the scattering is approximately twice 
as strong as the absorption. From the scattering phase 
function of the fly-ash cloud at five typical wave-
numbers, we can see that more than 90% of the total  
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Fig. 3  Initial data for different zones  
(a) Partial pressures of gases; (b) Volume fractions of particles 
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Fig. 4  Radiative properties of flame for =1.0 
Radiative coefficients (a) and scattering phase functions (b) of fly-ash particles; Spectral transmissivities of gases along 
different directions (c); Absorption line intensities of CO2 (d) and H2O (e)  
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scattered energy was redirected forward within a 
cone of 10° from the direction of transmission. 
Modest (2003) suggested that in heat transfer ap-
plications, we may neglect such scattering effects 
and treat them as transmission. Thus, neglecting the 
fly-ash scattering in Eq. (3) is reasonable. 

For gases, the spectral transmissivity under dif-
ferent directions is illustrated, along with the absorp-
tion line intensity selected from the HITEMP data-
base (Figs. 4c–4e) (Rothman et al., 2010). The ab-
sorption of the gases between 750 and 1350 cm−1 was 
dominated by the (1110-0200), (0001-1000), and 
(0001-1000) bands of CO2, and (000-000) and 
(010-000) bands of H2O. The spectral transmissivities 
in different directions were very similar and inversely 
proportional to the geometric path length. A dis-
crepancy appears between 850 and 1100 cm−1, where 
the absorption was relatively weak.  

When the wavenumber is less than 800 cm−1 or 
larger than 1200 cm−1, the gas becomes non-  
transparent because the geometric path length is lar-
ger than the optical thickness as a result of the strong 
absorptions of CO2 and H2O. 

The integrated spectral transmissivities of gases 
and particles over the viewing angle of the infrared 
camera are plotted in Fig. 5. Because the pressures of 
CO2 and H2O in the flame were diluted by infrared 
transparent N2 and O2 from excess air, the transmis-
sivity of the flame increases with equivalence ratio, 
especially between 850 and 1100 cm−1. The peak of 
the spectrum appears near 950 cm−1. Fig. 5 also gives 
the transmissivity without particles. Compared with 
gases, the absorption caused by the fly-ash cloud is 
ignorable. The maximum relative difference at 
975 cm−1 is less than 1.5%. Such a negligible differ-
ence is expected because of the small volume fraction 
of fly-ash particles in the flame. 

Based on the spectral transmissivity, the effec-
tive flame emissivities under different air/waste 
equivalence ratios were deduced and results are 
shown in Fig. 6. For the waste components discussed 
in this study, the effective emissivity changed from 
0.89 to 0.80 when the air/waste equivalence ratio 
increased from 1.0 to 1.8, which is very close to the 
emissivities used by other researchers for similar 
flames (Manca and Rovaglio, 2002; Planas-Cuchi et 
al., 2003). However, as thermographic temperature 
measurements are very sensitive to flame emissivity, 

we suggested a fitting function to relate the flame 
emissivity to the air/waste equivalence ratio: 

 
21.0944 0.25225 0.04957 ,

[1.0,1.8].

    


  


     (19) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 

 
 
 
 
 
 
 
 
 
 

 
This equation was used for adjusting the flame 

emissivity to improve the on-line flame temperature 
measurement accuracy, because when the heat value 
of the waste is maintained at a constant level, the 
effective flame emissivity only depends on the 
air/waste ratio. Fig. 7 shows thermographic tem-
perature images with different emissivity settings of 
the flame in the kiln burning the same waste discussed 
in this study, for =1.28. According to Eq. (19), the 
correct flame emissivity should be 0.85, and the 
temperature would be overestimated with an emis-
sivity smaller than 0.85 and underestimated with an 
emissivity larger than 0.85. The maximum meas-
urement discrepancy with an incorrect emissivity 
would exceed 100 °C. 

Fig. 5  Spectral transmissivities with and without particles 
under different air/waste equivalence ratios 
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Fig. 6  Fitting curve of effective flame emissivity with 
respect to air/waste equivalence ratio 
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To evaluate the temperature measurement ac-

curacy, fifty thermographic images were captured and 
post-processed with different flame emissivities cal-
culated using Eq. (19). The average temperature was 
compared with that measured by thermocouple B 
installed at the rear part of the kiln (Figs. 1 and 2). The 
temperatures obtained using these two methods under 
different air/waste equivalence ratios are plotted in 
Fig. 8. If the flame emissivity is set to be constant, the 
temperature would be underestimated for the flame 
with an increased air/waste equivalence ratio, and 
over-measured with a decreased ratio. The maximum 
variance of the flame temperature would exceed 
90 °C, which could cause operational problems such 
as slagging and refractory failure. If the emissivity is 
adjusted according to Eq. (19), the temperature 
measurement accuracy is significantly improved. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5  Conclusions 
 
Accurate and fast flame temperature measure-

ment is essential for the safety of waste-incineration 
systems and pollutant control. A non-intrusive ther-
mographic method using an infrared camera is the 
most promising method for achieving accurate  

real-time temperature measurements. However, the 
measurement accuracy of the thermographic method 
strongly depends on the flame emissivity setting. In 
this study, the effective flame emissivity in a rotary 
kiln incinerator burning hazardous solid waste under 
different air/waste equivalence ratios was investi-
gated numerically, using a combined narrow- and 
wide-band model and Mie method. The results show 
that the spectral transmissivity of the heterogeneous 
combustion flame in the kiln is dominated by H2O 
and CO2 in the infrared range. The effects of fly-ash 
particles on the effective emissivity are ignorable. A 
fitting function for flame emissivity with respect to 
the air/waste equivalence ratio was proposed. Ex-
perimental measurement results suggested that the 
temperature measurement accuracy could be greatly 
improved by adjusting the flame emissivity setting 
according to the air/waste equivalence ratio. 
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