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This paper deals with thermal radiation properties of ash deposits on a pulverized coal boiler of an elec-
tric power plant. Normal emittance spectra in the 2.5–25 lm interval, and total normal emittance, were
measured on 4 kinds of ash layers of a mm magnitude order thickness, at 560 ? 1460 ? 560 K in heating
and cooling. It was found that ash powder layers are opaque for infrared radiation. The emittance
increases with ash radiation wavelength and temperature. Ash powder is sintered and fused above
1200 K. The emittance of the sintered layer is above that of the unsintered layer. The authors propose,
and explain by an example, correlating the experimentally obtained emittance spectra of ash deposits
with a continuous curve, the formula of which defines the dependence of emittance on wavelength
and temperature, i.e. e = e(k,T). Use of this formula, with parameter values determined by the proposed
methodology, may greatly simplify the practical application of the experimentally determined emit-
tances in the thermal design of existing and new steam boiler furnaces.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In thermal design of a power plant boiler, in which pulverized
low quality coal is used as the fuel, knowledge of thermal radiation
characteristics of ash is important, since flying ash is deposited on
the boiler walls and decreases the boiler efficiency.

Ash deposits are non-metallic materials. Thermal radiation
characteristics of such materials greatly differ from those of metal-
lic walls of the furnace, i.e. the surfaces of heat exchanger pipes in
the boiler furnace. Because the real surfaces, by their non-homoge-
neity and structure, differ from the ideal surfaces as well – it is
practically impossible to quantify the influence that deposits exert
upon the heat transfer, by using the analytic tools. Therefore, this
problem is predominantly solved by utilizing the experimental
methods in order to determine the thermal radiation characteris-
tics of deposits, concretely – their emittance and (less often) their
absorptance.

There have been several works done on thermal radiation
characteristics of ash deposits. Boow and co-workers [1] de-
scribed their research for determining the emittance of deposits
formed in lignite combustion at temperatures up to 1450 K. The
measurement of total hemispherical emittance was done at
550–1450 K in the k = 0.13–9.5 lm wavelength range, and of a
spectral value at k = 0.9 lm. It was concluded, and later confirmed
by other authors [6,7,9,11,16], that the analyzed quantities
ll rights reserved.
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strongly depend on temperature and on the thermal history of
the material. It was observed (see Fig. 1) that etotal decreases from
0.86 (at 550 K) down to 0.58 (at 1200–1300 K). The following
temperature increase (1300–1450 K), leads to the sintering and
later fusion of ash deposits, etotal starts to increase and reaches
�0.75 (at �1450 K). In cooling, etotal rises continually, to �0.88
(at �560 K).

Spectral (monochromatic) emittance at 0.9 lm behaves simi-
larly vs. temperature but the absolute values are lower. The values
and temperature variation of emittance for the solidified slag taken
from the combustion chamber were similar to those for the friable
deposit after fusion. Besides the dependence of deposit emittance
on temperature, it was concluded that this quantity strongly de-
pends on the irreversible physical changes occurring at about
1100 �C and above.

In the subsequent article of Mulcahy et al. [2], the authors went
a step further. Measurements of the thermal properties of a fusible
boiler deposit, reported in [1], were used to calculate the overall ef-
fect of the deposit on the heat transfer to the water walls of the
combustion chamber of a boiler fired with pulverized fuel. The
chamber (furnace) is considered to be a continuous well-stirred
reactor operated at constant energy input, and at any particular
stage of deposition the same thickness of material is assumed to
be present on the entire heating surface. The calculations are made
for thicknesses of deposit varying from zero to steady maximum
determined by the flow properties of the deposit. In the particular
case considered, the flow point of the deposit material is about
1250 �C and the calculated maximum thickness of partially molten
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Nomenclature

A, B system constants for optical measurements,
C2 Planck’s second radiation constant (=0.014388 m K)
p slope of the inclined part of the fitting line
t thickness of specimen layer, m
T temperature, K

Greek symbols
e radiation emittance
emax, emin emittance asymptotes of the fitting line
k wavelength of radiation, lm
km wavelength of the mid-slope of the fitting line, lm
v output of optical measurement system
qp heaping mass density of specimen layer, kg/m3

Subscripts
B blackbody
H hemispherical
i(j) corresponding to each wavelength (temperature) point
N normal
room room temperature
S specimen

Superscripts
2.5–25 lm spectrally-integrated over k = 2.5–25 lm region
total over the whole spectrum
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deposit about 1 cm. Such a deposit produces a heat transfer drop of
�40% from that obtained with clean tubes under otherwise equal
conditions. A 0.05 cm layer of unfused deposit, as would normally
be obtained in a few hours’ operation of the boiler, reduces the heat
transfer by about 7%.

The article [3] is the continuation of the articles [1,2]. It de-
scribes the testing of different materials with the aim of determin-
ing the physical–chemical properties that affect the total
hemispherical emittance. The goal of that work was to determine
the importance of the effect that – particle size (diameter d), heat
radiation absorption coefficient (a), chemical composition, distance
between the particles and degree of sintering – exert on e. Tests
were done on synthetic and natural combustion deposits from
Australian coals, and e was measured in the temperature interval
200–1200 �C.

It was concluded that etotal increases – following the growth of
absorption coefficient and particle size – until 400 lm (Fig. 2),
whereas the particle size distribution depends upon the conditions
in boiler under which the deposits are formed and collected, and
their thermal history, as well as upon the structure and distribu-
tion of inorganic ash forming constituents. Chemical composition
modifies the emittance results in two ways: (i) the presence of col-
oring agents, such as C and Fe, increases the absorption in the rel-
evant wavelength regions and (ii) composition, together with the
particle size, influences the temperature of onset of sintering and
the fusion properties. For samples consisting of smaller particles
the onset of sintering is at lower temperatures.
Fig. 1. Total hemispherical emittance o
The authors of [4] conducted the experiments in order to deter-
mine total normal emittance of powdered ash deposits of different
Russian coals in the 200–1000 �C interval, solely during sample
heating. Emission intensity of the sample was compared with that
of the blackbody. Sample surface temperature was measured by
micro thermocouples, and at temperatures above 800 �C it was
controlled by optic pyrometry.

For thin ash layers, possibility of radiation transparence was
considered. To get an insight, the authors chose two types of ves-
sels to place the samples: pyro-resistant steel and ceramics. The
obtained plots, i.e. the experimental values of emittance, in the
cases of different vessels, for ash thickness 0.8–1.0 mm, agreed
well, so it had been concluded that layer that thick is opaque for
thermal radiation. The experimental results obtained in this way,
for the ash deposits from combustion of different Russian coals ta-
ken at the tube walls in boiler furnaces, have shown that heating of
the ash sample does reduce its total emittance from roughly 0.8 at
300 �C to about 0.7 at temperature about 950 �C.

The authors of [5] were, as well, determining the total emit-
tance of some Russian coals. The experiments were lead in the
530–900 K temperature interval. Similar results to those reported
in [4] were obtained. The experimental set-up did permit the posi-
tioning of the radiation detector with the angle �60 to +60� from
zenith, in vertical plane. That enabled determining the total direc-
tional emittance for this range of directions.

The obtained values of total directional emittance of ash depos-
its were averaged and that yielded values of total hemispherical
f ash deposit vs. temperature [1].



Fig. 2. (a) Effect of particle size on etotal of synthetic slags with 5% Fe2O3 [3]. (b) Effect of ‘‘color” on etotal of synthetic slags w. 53–104 lm particles [3].

Fig. 3. Total emittance vs. temperature of a powdered ash deposit sample [6].
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emittance that were subsequently compared with the total normal
emittance. This had resulted in clarifying the relationship of these
two quantities. Based on measurements, performed with different
Russian coals, it was found that the ratio of total hemispherical and
total normal emittance is nearly 0.93.

Article [6] outlines the research on total normal, eN, as well as to-
tal directional emittance, eh for five deposits of Serbian lignite. The
values of the total normal emittance were determined for several
commercial powders of the compounds that are included in the
composition of real ash deposits: ferric oxide (Fe2O3), calcium sul-
phate (CaSO4), sodium sulphate (Na2SO4), silica (SiO2), alumina
(Al2O3), as well as of their certain mixtures that were 1, 3 and
5 mm thick, within the 570–1270 K temperature interval. The direc-
tional emittance was measured in directions i.e. angles from�60� to
+60� to zenith, at 773 K by using the total radiation flux meter. The
authors of the articles have observed a significant drop in the values
of total normal emittance with the temperature rising until 1000 K
(Fig. 3). The sample was powdered deposit – taken from the furnace.
A further temperature increase results in an emittance rise, particu-
larly for the samples 1 and 3 mm thick – caused by the sintering, and
subsequent fusion, of the deposit material. All these tested samples
demonstrated a pronounced hysteresis. They were opaque, that was
different to some deposit ingredients: sodium sulphate (Na2SO4)
and alumina (Al2O3) that were semi-permeable and silica (SiO2)
which was opaque for the infrared radiation.

To relate the radiative properties and heat conductance of depos-
its, with physical and chemical properties easily observed or mea-
sured, a review [7] was made. The liaison between the theory and
real data was analyzed for the first time, i.e. the spectral values of real
indices of refraction and absorption, measured at room temperature
for 4 synthetic materials, of composition similar to real slag [8]. Spec-
tral absorptance was determined from experimental data (by Mie
theory) and the total emittance of ash particles, as well.

Articles [9,10] describe the measurement of spectral emittance
of the ash deposits done by the FTIR spectroscopy on ashes of two
different types of American coals (in Fig. 4 – data for one coal) in a
pilot set-up during the initial 3 h of operation, starting from com-



Fig. 4. Spectral emittance of ash deposit vs. time of deposit growth [9].
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pletely clean tubes. It was concluded that the measured emittances
strongly depend upon wavelength as indicated the influence of
physical properties and chemical composition of deposits. At
wavelengths above 7 lm, emittance reaches a constant value
caused by thickening of the deposit and increase of size of its
particles.

At shorter wavelengths the deposit ceases to be opaque and the
emittance (now it is the ‘‘apparent” emittance) is dependent upon
the properties of (i.e. conditions at) the metal surface of the tube at
which the deposit was formed, and of the particles. Also, the mea-
surement results reveal the influence of triatomic molecules of car-
bon dioxide (CO2) and water (H2O) that strongly absorb the
radiation: CO2 – in spectral bands 4.2–4.7 lm and 14.4–15.2 lm,
and H2O – in spectral bands 2.9–3.0 lm and 5.5–7.5 lm.

Theoretical predictions of spectral emitance of ash deposits, as a
function of particle size and chemical composition, have been also
made in this work (Fig. 5) and these results were compared with
measured data. Predicted trends of spectral emittance vs. particle
size comply with the experimentally obtained results in a great
extent.
Fig. 5. Prediction of deposit spectra
The authors of article [11] have presented their own experimen-
tal and analytical results showing the influence that the dependent
effects (scattering and absorption are called dependent effects if
these phenomena of a particle in a medium are affected by the
neighbouring particles) exert upon the determination of the ash
deposit emittance. In that paper a model is outlined – for deter-
mining the spectral emittance (directional, normal and hemispher-
ical) of certain semi-transparent and opaque deposits – that
deliberately does not consider the dependent effects. The predic-
tions illustrate the influence that particle size and chemical com-
position exert upon emittance of coal ash deposits.

While both the measured and the predicted values of total
hemispherical emittance of the deposits are apart by approxi-
mately the same value, attributed to the chemical composition,
the difference between the measured total emittance values and
– the predicted values (by the virtue of ‘‘non-dependent theory”)
was pronounced (Fig. 6) especially for the more transparent mate-
rials. Apparently, in these diagrams there is no ‘‘hysteresis‘‘ charac-
teristic for the experiments performed when doing research on
these phenomena (e.g. in [1,9,16]). This is because, for simplicity,
l emittance vs. particle size [9].



Fig. 6. Measured/predicted emittance of opaque granular ash deposit [11].
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the authors had considered the deposit in its already sintered and
fused state – realistic for hotter furnaces.

Another paper [12] by the same group of authors includes a re-
view of the most frequently utilised experimental methods for
determining the total emittance of powdered deposits. The most
of authors place the specimen in a vessel that is heated from below
and the top surface is monitored for the radiation intensity mea-
surement. The emittance is determined by comparing this inten-
sity with blackbody radiation intensity at the same temperature.
The author of [12] has described the computations used to quanti-
tatively determine the difference of emittance of isothermal and
non-isothermal deposits. A 1-D model was developed for that pur-
pose and a 5 mm thick deposit was considered to be divided into
1000 layers. The temperature gradient through the deposit was as-
sumed linear, and the temperature within each layer – constant.
The 1.2–12 lm spectrum was subdivided into 55 intervals
0.2 lm wide within which the radiation properties were consid-
ered constant and different. Also, the hemisphere – the layer is
radiating heat into – was divided in 16 directions (ordinates) with
corresponding weight (mass) factors. Values of the real refraction
and absorption index are of three different ash deposits.

That model has enabled the computation of minimal sample
layer thickness that still ensures opacity and – enabled predicting
the emittance. It is shown that the emittance can be significantly
different for isothermal and non-isothermal deposits in the case
of presence of a large temperature gradient through the layer
and/or larger particles.

Impact of optical constants and particle size upon radiation
characteristics and furnace heat transfer rate was analyzed in a
subsequent article [13] by the same research group. In the majority
of computations, authors utilized the value of the spectral complex
refraction index from the paper [8] that was obtained experimen-
tally for four artificial deposits with different content of ferric oxide
(Fe2O3) ranging from 0.85% to 16.53% (SA01, SA05, SA10 & SD20,
respectively). The analysis had encompassed 2 different particle
size distributions (mean size/diameter 3.25 lm and 15 lm) and
assumptions on: spherical form of particles, equal chemical com-
position (equal complex refraction index) and uniquely non-
dependent and multiple scattering.

The authors have observed that the impact of the real refraction
index, nk, upon the spectral emittance (for fine particles) is felt in
the whole wavelength range (Fig. 7) and that it is pronounced if the
deposit is a better absorber. For a sample of a material that is a
weak absorber, the influence of real index is significant only at
wavelengths above 5 lm. Same trend is observed with coarser par-
ticles, however this effect is less pronounced. As well, the spectral
emittance is somewhat larger for coarser particles.

Considering the absorption index, kk, all the effects are promi-
nent at wavelengths below 5 lm. In this (near infrared) part of
the spectrum, iron has a strong impact upon the spectral absorp-
tion index, and thus upon the spectral hemispherical emittance
(Fig. 8) too. Particle size affects the emittance strongly, as well,
but only at wavelengths below 8 lm. In this spectral range, coarser
deposits (composed of larger particles) have larger spectral emit-
tance than the finer deposits (composed of smaller particles).

Considering the outlined research, the following point deserves
to be focused onto. Thermal radiation properties of ash deposits
are strongly temperature dependent. Spectral behavior of ash depos-
it is the main cause of the strong temperature dependence of total
emittance. Data on emittance of Serbian (and other as well) lignites
and their ashes are scarce. These data are considered to find them-
selves among the main parameters in steam boiler design (in ther-
mal power plants and fruit and vegetables drying), so the present
authors undertook research on thermal radiation properties of Ser-
bian coal ash.

Spectral normal emittance (in 2.5–25 lm range) and total nor-
mal emittance were measured on 4 kinds of ash layers of a mm or-
der thickness, at 560–1460–560 K in heating and cooling. Their
dependence on k and T, and upon ash sintering and fusion, was
studied. The authors propose, and explain by an example, correlat-
ing the experimentally obtained emittance spectra by a continuous
function that defines the dependence of e on k and T. This may
greatly simplify the practical application of the experimentally
determined emittances in the thermal design of existing and new
steam boiler furnaces.

2. Experimental procedure

2.1. Materials of specimens

Materials of the specimens are broken pieces of flying ash
deposits on a boiler furnace heat exchange surfaces of a power
plant in Serbia, where pulverized lignite is combusted. These
pieces were sampled at four positions along the furnace height
as it is shown in Table 1. The materials are inorganic compounds
that are solidified like rocks with the inhomogeneities of an order
of mm. The pieces were powdered manually and – layers of the
sampled pieces are prepared. Average properties of the powdered
ash layers were investigated by conducting the experiments, spec-
ified later in the text.

Table 1 shows the specification of ash specimens, where qp is
the heaping mass density. Table 2 presents the chemical composi-
tion of the same four ash specimens.

2.2. Specimen layers

Fig. 9 presents a schematic diagram of the experimental set-up.
Powder of an ash specimen is set in a vessel /1/ of stainless steel
JIS-SUS304 (1, 3 or 5 mm deep) to form a specimen layer /2/. Sur-
faces of the vessels are oxidized enough in advance so the surface
state would not change during the measurement. A K-type thermo-
couple was welded on the rear surface of the vessel for tempera-
ture control of the specimen layer.

Temperature of the specimen layer was measured by a K-ther-
mocouple /3/ of 100 lm in diameter. The hot-junction of the ther-
mocouple is set at a position of 0–0.5 mm depth by lightly
pressing it into the layer. The specimen layer is radiation-heated
from the back by four silicon carbide rod heaters /4/. A water-
cooled copper radiation shield /5/ has been located at the very
surroundings of the powdered ash deposit specimen surface, so



Fig. 7. Influence of index ‘‘n‘‘ on spectral emittance of opaque granular deposit [13].

Fig. 8. Absorption index vs. spectral emittance of opaque granular ash deposit [13].
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that the radiation emitted by hot surroundings of the specimen is
not multiply reflected and does not reach and affect the optical
measuring system.

The specimen layer is heated up to �560 K by heating rate of
2 K/min, common for similar experiments, and optical measure-
ment (see Section 2.3) is made. Heating is continued at the same
rate and at every 100 K up to �1460 K similar optical measurement
is repeated. This value of maximum temperature was chosen be-
cause, it is common [1,6,7] that ash of similar chemical composi-
tion and granulation is yet sintered and fused (molten) – before
reaching it. (This coincides with observations on cooled-down
specimens.) At reaching the maximum temperature, the specimen
is cooled down with the cooling rate of 2 K/min and, at every 100 K
down to �560 K, optical measurement is repeated.

2.3. Optical measurement

Fig. 10 shows (in axonometry) the spatial position of the exper-
imental set-up, during the optical measurement of: (a) spectral
emissive power; and (b) total emissive power. At every 100 K,
the movable mirror is being displaced out of the observation area
of the spectrophotometer /7/, which accepts the specimen radia-
tion flux within the solid angle defined by a zenith angle of ±10�,
and the (a) measurement is done; then the movable mirror is slid-



Table 1
Specification of powdered ash deposit specimens.

Height in furnace Structure Color qp (kg/m3)

Bulk Powder

1 10 m, inclined wall s-granular Brown Pink 1378
i-layer Dark red

2 30 m, rear wall s-granular Brown Brown 1469
i-layer Black

3 46 m, super heater s-layer Violet Pink 898
i-layer Dark red

4 10 m, inclined wall s-granular Violet Brick red 1199
i-layer Dark red

(s, specimen surface; i, interior part of the specimen).

Table 2
Chemical composition of ash specimens (wt.%).

No.1 No.2 No.3 No.4

CaSO4 48.2 25.9 53.4 42.5
CaO 4.7 18.9 4.5 9.9
Al2O3 3.1 3.4 2.6 4.2
FeO 29.4 35.3 25.7 28.4
SiO2 7.4 9.5 7.4 8.3
Others 7.2 7.0 6.4 6.7
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Fig. 9. Schematic diagram of th

Fig. 10. Axonometric image of the s
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ed above the specimen to the position for (b) measurement, and it
is done by redirecting the same radiation flux to the total radiation
fluxmeter /8/.

Emittance of specimen ash layers is measured by a comparison
method in which the radiation emitted from the specimen surface
is compared with that emitted from the reference blackbody /9/.
The spectrophotometer, that is being utilized for the infrared spec-
tral measurement, is Fourier transformation type (Shimadzu Co.,
FTIR-4200, [14]), which monitors the spectrum of 1868 wave-
length points in the region of wavelengths k = 2.5–25 lm, where
more than 95% and 75% of radiation energy of the blackbody at
temperatures of 560 K and 1460 K are covered, respectively. Spec-
tral resolution of the FTIR spectrophotometer is 2 cm�1 at
k = 12.3 lm, which is rather too fine for the thermal engineering
research. Total radiation fluxmeter for the total emittance mea-
surement is a modified radiation type pyrometer (Minolta Co.,
505S, [15]), which senses the infrared radiation by a thermoelectric
detector via two non-coated aluminum mirrors and a KRS-5 win-
dow. Spectral absorption characteristics of the mirrors and the
window are checked to be gray enough over k = 1–40 lm region,
but that of the detector is not assured.

The reference black body is a cylinder – type one. Temperatures
of the interior surface of the blackbody are measured by using a
radiation pyrometer that was calibrated using the standard black-
2

6

4

1. vessel 

2. specimen 

3. thermocouple 

4. heater 

5. radiation shield 

6. optical mirror 

7. spectrophotometer 

8. fluxmeter 

9. black body 

e experimental test set-up.

et-up for optical measurement.
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bodies at the National Research Laboratory of Metrology, Tokyo, Ja-
pan. Temperature of the reference blackbody was controlled by
utilizing the measured values of a thermocouple installed within
the black body.

The intensity mB(ki,TBj) of blackbody radiation at temperature TBj

measured by the spectrophotometer at each wavelength ki is de-
scribed by the relation outlined in [17]

mBðki; TBjÞ ¼
AðkiÞ

e
C2

kiTBj � 1
þ BðkiÞ

e
C2

kiTBroomj � 1
ð1Þ

where the second term does compensate the influence of ambient
radiation at the room temperature. A(ki) and B(ki) are the measuring
system constants that depend upon the wavelength, and TBroomj is
the room temperature at the time of optical measurement at the
blackbody temperature TBj. Intensity mB(ki,TBj) at each wavelength
ki is measured in advance at several temperatures TBj to determine
the constants A(ki) and B(ki). Then, emittance of the specimen at
temperature TS, which can be set roughly, is calculated [17]

eNðki; TSÞ ¼ mSðki; TSÞ �
BðkiÞ

e
C2

kiTSroom � 1

" #
:

AðkiÞ

e
C2

kiTS � 1
ð2Þ

where mS(ki,TS) is the measured radiation intensity of the specimen
layer and TSroom is room temperature at the time of the optical mea-
surement. The measurement at each temperature is finished within
several minutes. Temperatures of the blackbody, specimen and
room do not change significantly during this period.

Total intensity mtotal
B ðTBjÞ measured by the total fluxmeter is de-

scribed as in [17]

mtotal
B ðTBjÞ ¼ AtotalT4

Bj þ BtotalT4
Broomj ð3Þ

where Atotal and Btotal are constants of the total emittance measure-
ment system. Intensity mtotal

B ðTBjÞ is measured in advance at several
temperatures TBj to determine the constants Atotal and Btotal. Total
emittance of the specimen at TS can be computed as in [17] by

etotal
N ðTSÞ ¼ mtotal

S ðTSÞ � BtotalT4
Sroom

n o
ðAtotalT4

SÞ
.

ð4Þ

where mtotal
S ðTSÞ is the measured total radiation intensity of the spec-

imen layer, and TSroom is the room temperature at the time of the
optical measurement.
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Fig. 11. Temperature dependence of total emittance of an ash layer.
2.4. Experimental error

Total normal emittance and spectral normal emittance were
measured by an open measurement system so that reflection of
the irradiation from the surroundings of the specimen was not in-
cluded into the emission of the specimen, as it is in furnaces. The
specimen was heated from the back. Since thermal conductivity
of the inorganic materials is not so high as that of the metals, tem-
perature distribution is formed in the specimen layer, which lifts
the following problem. Thermocouple for measuring the surface
temperature was not set at certain point in depth direction, and
thermal contact with the powdered specimen was not ideal.

Thence, it was not an obviously solvable task to estimate the er-
ror of emittance determination caused by the error of the temper-
ature measurement. Therefore, based on several repeated
experiments with the specimen No.1 (5 mm) at T = 1000 K the
standard deviation was computed by the commonly used relation:

SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe1 � eÞ2 þ ðe2 � eÞ2 þ � � � þ ðen � eÞ2

n� 1

s
� 100%

e
ð5Þ

where: e1, e2, ..., en– experimentally determined emittances, e –
arithmetic mean of these emittances, n – number of repeated
experiments.
Standard deviation of the measured eN values from the average
value lies within ±4.2 and ±2.2% at k = 3.75 and 12.5 lm, respec-
tively. On the other hand, standard deviation of the measured
etotal

N values from the average value is ±4.7%.

3. Results and discussion

3.1. Total emittance of ash layers

Temperature dependence of total (hemispherical) emittance of
tested ash layers was analyzed. All four specimens (No.1–4 of
t = 5 mm) were tested at 560–1460–560 K (heating + cooling, Sec-
tion 2.3). Two types of total emittance were compared: etotal

N , mea-
sured by the total fluxmeter, was compared to e2:5�25lm

N , computed
from spectra of emittance eN (measured over k = 2.5–25 lm in the
present experiment) as in [17]:

e2:5�25lm
N ¼

R 25lm
2:5lm eNðk; TSÞ � mBðk; TSÞdkR 25lm

2:5lm mBðk; TSÞdk
ð6Þ

This integral-differential equation is solved as sum-difference
equation, Eq. (7), by approximating integrals w. sums, by using
‘‘trapezoidal rule” of numerical integration:

e2:5�25lm
N ¼

P1867
i¼1

eNðkiþ1 ;TSÞ�mBðkiþ1 ;TSÞþeNðki ;TSÞ�mBðki ;TSÞ
2 � ðkiþ1 � kiÞP1867

i¼1
mBðkiþ1 ;TSÞþmBðki ;TSÞ

2 � ðkiþ1 � kiÞ
ð7Þ

Since more than >95% (75%) of Planck black-body emission at 560 K
(1460 K) lies within this wavelength region, total emittances
e2:5�25lm

N and etotal
N are comparable. Temperature dependences of

both types of total emittance (of Specimen No.1) are shown in
Fig. 11.

It is obvious that the temperature dependences of
e2:5�25lm

N and etotal
N comply with each other. The same conclusion

holds for the three other Specimens (No.2–4). This fact does indeed
mutually confirm (i.e. verifies) the validity of both simultaneously
conducted measurements: (a) using FTIR spectrophotometer and
(b) using total radiation fluxmeter. Also, comparison of Figs. 11
and 1, i.e data from the present experiment and data of other
authors, that obviously do comply well, additionally confirms this
validity.

Fig. 12 presents the four plots (for – all four specimens) of total
emittance of ash deposits vs. temperature, for the complete course
of the present experiment, in processes of specimen heating and
cooling, that begins after reaching the maximum temperature of
the process (Specimens No.1–4, at T = 560–1460–560 K). As it is
easily observed, curves comply qualitatively and quantitatively,
among themselves, as well as with characteristic results of other
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Fig. 12. Total emittance of ash deposit layers vs. temperature in heating and cooling.
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authors [6,7,9,11,16]. All curves have a common ‘‘ship like” form,
that is the general consequence of the ‘‘hysteresis”. This clearly
illustrates a permanent change (increase) of emittance due to
two irreversible phenomena: sintering and fusion.

3.2. Emission spectra of ash layers

Fig. 13 shows the spectra of emissive power of thermal radia-
tion flux of an ash deposit layer, within the narrow solid angle de-
fined by a zenith angle of ±10�. The spectra shown have been
measured during the heating process in the 580–1460 K tempera-
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Fig. 13. IR emissive power spectra of an ash layer – heating part of the process.
ture interval, and represent an example of raw measurement data.
Similar spectra have been gathered during the cooling part of the
complete process, i.e. in the 1460–560 K interval. Both (heating
and cooling) spectra were measured in accordance with the meth-
odology set in Section 2.3, on Specimen No.1 (5 mm thick).

For clarity of the graphical representation, a common data
reduction method has been used. The arithmetic mean of the emis-
sive power values was determined, for each of the 1868 wave-
length values, out of eleven (five – at left, one – central and five
– at right) neighboring data points. After this data processing has
been performed, the plot consists only of every 11th so-deter-
mined consecutive values. In that manner, for a specimen at a cer-
tain temperature, only 187 data points are plotted instead of the
multitude of 1868 data that are measured in the present experi-
ments, by the FTIR spectrophotometer.

In the plot, one clearly observes the influence of triatomic gases,
present in the air above the heated specimen, that have the ability
to absorb the radiation in certain intervals of wavelength (absorp-
tion bands) in the infrared spectral region. The carbon-dioxide and
water-vapor absorption bands are pronounced in the k = 2.6–
2.7 lm range, absorption by only CO2 in the bands about
k = 4.3 lm, and about k = 15 lm, and absorption by only H2O in
the band about k = 6.3 lm. Absorption by CO2 exerts a most critical
distortive effect on the measurement results in the k = 4–5 lm re-
gion, with high absorption peaks.

3.3. Radiation transmission through ash layers

In the specimen system of the present experiment, the temper-
ature distribution is formed in the depth direction. Since tempera-
ture dependence of emittance is not strong, emittance does not
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vary very significantly in the depth direction. But, if a powdered
ash deposit specimen layer were semi-transparent for the infrared
radiation, radiation emitted at the part below the surface, or at the
specimen vessel, could yet be measured, and the measured emit-
tance eN, which is thus being normalized by the surface tempera-
ture, would remain to be an apparent emittance eNap. The
apparent value would be higher than the true emittance and there-
fore not representative of the genuine ash deposit.

Dependence of measured spectral emittances, at a low emit-
tance wavelength and at a high emittance wavelength, i.e.
k = 3.75 and 12.5 lm, of powderd ash deposit layers on their thick-
ness is shown in Fig. 14. The data presented here are those
obtained from the tests on Specimens No.1–4 of thickness t = 1–
5 mm at �1000 K in heating and cooling processes. It is obvious
that the emittance eN does not depend substantially on thickness
t of the specimen layer in each specimen and at the shorter and
longer wavelengths (of k = 3.75 and 12.5 lm). It is concluded that
even the layers of thickness t = 1 mm are opaque enough. Mea-
sured emittances eN of the layers are considered to be the true
emittances, that are duly representative property values of the
considered ash deposit material.

3.4. Emittance spectra of ash layers

Spectral emittances of the four ash deposit layers, in the direc-
tion perpendicular to specimen surface (within the solid angle de-
fined by a zenith angle of ±10�), during their heating in 560–1460 K
range, in the course of a complete experiment (560–1460–560 K)
are shown in Fig. 15 – left, for the four tested ash deposit speci-
mens (No.1–4) of equal thickness (t = 5 mm). These values are
determined by using the formulae (1) and (2) i.e. by following
the methodological approach that is described in Section 2.3.

One can observe that emittance (at a constant temperature)
continually increases with the wavelength in each spectrum. The
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Fig. 14. Spectral emittance (k = 3.75 and 12.5 lm) vs. thickness of ash layers.
increase is steep in the central part of each spectrum (k = 4–
7 lm). To the left and to the right from this interval, the emittance
is practically constant, i.e. it is not sensitive to the change in wave-
length. However, for k lower than 4 lm – increase of emittance
with temperature is noticeable, while in 4–7 lm range the same
dependence weakens with wavelength. Also, at values higher than
7 lm – isothermal lines of spectral emittance of ash deposits prac-
tically co-incide.

Fig. 15 – left presents the ash deposit emittance spectra. Fig. 15
– right shows the curve fits of these experimental spectra, as it is
described in detail in Section 4. Here we will just state that we pro-
pose the following function to correlate the empirical points,

eHðkÞ ffi eNðkÞ ¼
emin þ emax

k
km

� �p

1þ k
km

� �p ð8Þ

where: emin, emax are – horizontal asymptotes of the fitting line
(curve fit) i.e. emittances for k?0 and k?1. Also, km and p are,
respectively: abscissa of the mid-point of the slope and – the slope
power (exponent). Each plot contains 10 curve fits for – 10 fixed
measuring temperatures. The spectra of ash deposit emittance
(and fits) for cooling of the Specimens No.1–4 (Fig. 16), are of the
same form like – during heating. The emittance increases too – with
temperature in the k = 2.5–4 lm range, however all lines (for con-
stant temperatures) are noticeably higher. This ‘‘hysteresis” ten-
dency is a direct consequence of the irreversible physical and
chemical changes occurring during the processes of sintering and
fusion (melting) of ash deposits at temperatures above 1200 K.
4. Correlating data for engineering application

To solve the radiation heat transfer in a boiler accurately, under
sharp temperature distribution, spectral analysis is recommended
today [16–18] as well as it was two decades ago [19]. That is so be-
cause using data of emittance spectra of ash layers is more ade-
quate than the traditional total analysis, using those of total
emittance. Of course, emittance used in classical radiation energy
exchange calculations, using configuration factors, is the hemi-
spherical emittance eH, that is not identical to the normal emit-
tance eN of the present measurement. But, as mentioned earlier,
directional characteristics of the emittance are weak [6], and
thence the values of eN are considered close enough to those of
eH. This is a vital issue since, clearly, it is much simpler (and cheap-
er) to measure the emissive power in normal direction than – into
hemisphere.

For an actual engineering application, it is desirable that eH

spectrum is in a form of a continuous function of radiation wave-
length k and temperature T. This contributes to the extrapolation
of the wavelength region and – also to the convenience of the
numerical computation. We proposed the function (8) to correlate
the experimentally determined points. The empirical curves,
shown in Fig. 15 – left and 16 – left, were treated by a best-fit
method – to solve for the parameters. Tables 3–6 present data
and the result of the performed research – the obtained tempera-
ture dependent correlations: emin(T), emax(T) and p(T) for the 4
tested specimen layers (heating + cooling) that are usable in the
thermal design of the very furnace where the samples are taken
from but as well as in the thermal design of similar furnaces com-
busting the same type of coal.

Fig. 15 – right and 16 – right, are curve fits obtained by fitting the
measurement results by the function of simple visual and analytical
form, as defined by Eq. (8). It presents the chosen functional depen-
dence of spectral emittance upon wavelength and temperature:
eH � eN (k,T). The same figures contain curves fitted – for each tem-
perature separately – during specimen heating and cooling. The lines
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Fig. 15. Spectra of ash deposit emittance in heating mode (left = experiment; right = fit).
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are extrapolated beyond the wavelength region of the experiment.
However, in the far–infrared region up to several ten lm, in wave-
length, outside the experimental region, various lattice vibration
modes in the complex inorganic crystals in the ash are distributed
all over the region, and strong absorption with high emittance is pre-
served here. In the near-infrared region outside the present experi-
ment, the short wavelength tail of the Planckian energy
distribution to be multiplied with the emittance is low enough,



02019876543
0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

  t=const 

  No.1
  δ=5m m

 11 87oC
 10 97oC
 10 07oC
 91 7oC
 84 0oC
 73 8oC
 63 5oC
 51 2oC
 40 7oC
 31 2oC

 εΝ

λ(μm)

1 2 3 4 5 6 7 8 9 10 20 30 40 50
0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

 εΝ

λ(μm)

1187 °C 
1097 °C 
1007 °C 

917 °C 
840 °C 
738 °C 
635 °C 
512 °C 
407 °C 
312 °C 

3 4 5 6 7 8 9 10 20
0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

 1187oC
 1097oC
 877oC
 776oC
 647oC
 515oC
 407oC
 299oC

  No.3
  δ=5mm

  t=const 

 ε
Ν

λ(μm)

1 2 3 4 5 6 7 8 9 10 20 30 40 50
0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

 εΝ

λ(μm)

1187 °C 
1097 °C 

877 °C 
776 °C 
647 °C 
515 °C 
407 °C 
299 °C 

3 4 5 6 7 8 9 10 20
0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1
  t=const 

  No.4
  δ=5mm

 1187oC
 1097oC
 1007oC
 917oC
 814oC
 708oC
 605oC
 501oC
 387oC
 294oC

ε
Ν

λ(μm)
1 2 3 4 5 6 7 8 9 10 20 30 40 50

0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

 εΝ

λ(μm)

1187 °C 
1097 °C 
1007 °C 

917 °C 
814 °C 
708 °C 
605 °C 
501 °C 
387 °C 
294 °C 

02019876543
0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

  t=cons t 

  No.6
  δ=5mm

 1187oC
 1097oC
 1007oC
 917oC
 834oC
 717oC
 626oC
 510oC
 405oC
 293oC

 ε
Ν

λ(μm)

1 2 3 4 5 6 7 8 9 10 20 30 40 50
0.1

0.2

0.3

0.4

0.5

0.6
0.7
0.8
0.9

1

 εΝ

λ(μm)

1187 °C 
1097 °C 
1007 °C 
917 °C 
834 °C 
717 °C 
626 °C 
510 °C 
405 °C 
293 °C 

 

2 

3 

4 

Fig. 16. Spectra of ash deposit emittance in cooling mode (left = experiment; right = fit).
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and therefore the crude assumption of the emittance in this region,
made as the simplest solution under these circumstances, does not
exert any significant effect on the computed energy flux.

Tables 3–6 contain the values of: emin, emax, km and p – for
each specimen in heating and cooling – for each temperature
the measurements were done at. In the bottom of each table,
the recommended formulae of temperature dependent functions:
emin(T), emax(T) and p(T) are shown. Parameter km is (obviously)
not too sensitive to temperature changes, thus, its mean value
can be used, for simplicity. A rough analysis of the data suggests
that: (A) the empirical correlations for emin(T), emax(T), p(T) and
km – related to deposit heating – can be used only for furnace



Table 3
Parameters: emin(T), emax(T), p(T) and km, of the function eH(k,T) for Sample 1.

Sample 1

Heating Cooling

T/K emin emax km/lm p T/K emin emax km/lm p

584 0.20208 0.86962 6.08715 4.39428 1461 0.65927 0.92718 6.04162 5.33628
694 0.23886 0.84221 5.75570 4.14474 1371 0.62001 0.93431 5.93151 4.99022
808 0.28159 0.83875 5.76056 4.40036 1280 0.58890 0.94174 5.84969 4.73292
909 0.29111 0.83664 5.74377 4.12819 1189 0.55854 0.94944 5.78825 4.52931

1011 0.26867 0.87498 5.45810 3.75120 1108 0.52900 0.95739 5.74238 4.36285
1113 0.34480 0.86927 5.66197 3.85477 1009 0.50039 0.96554 5.70883 4.22428
1190 0.37808 0.85226 5.57212 3.55987 908 0.47278 0.97387 5.68543 4.10777
1279 0.41384 0.83618 5.45762 3.20396 785 0.44624 0.98235 5.67057 4.00924
1370 0.45034 0.82183 5.28205 2.74412 680 0.42081 0.99096 5.66307 3.92568
1461 0.48014 0.81161 4.89194 2.10085 565 0.39652 0.99966 5.66197 3.85477
emin = � 0.95345 + 0.18209 lnT emax = 0.76141 + 0.01395 lnT km = 5.74454

p = 10.10669 � 0.8913 lnT
emin = 0.28924 + 0.01473 ln (T � 565) emax = 1.77634 � 0.12915 lnT km = 5.3425
p = 4.20326 + 0.05246 ln (T � 565)

Table 4
Parameters: emin(T), emax(T), p(T) and km, of the function eH(k,T) for Sample 2.

Sample 2

Heating Cooling

T/K emin emax km/lm p T/K emin emax km/lm p

575 0.25373 0.93048 6.18377 5.04634 1459 0.84152 0.92147 7.45336 122.86190
688 0.32528 0.90441 6.17944 5.14109 1369 0.81489 0.92600 7.40928 86.31251
790 0.41750 0.90651 6.34646 6.09828 1151 0.78909 0.93061 7.36751 66.69479
895 0.47834 0.89100 6.53634 6.84490 1049 0.76408 0.93530 7.32872 54.44231

1000 0.49071 0.85639 6.88179 6.43806 920 0.73984 0.94012 7.29286 45.64349
1150 0.61686 0.85572 7.22129 15.72937 788 0.71630 0.94512 7.25917 38.53803
1371 0.69248 0.82238 7.55900 39.56941 680 0.69336 0.95040 7.22606 32.25683
1459 0.74296 0.80514 7.69630 100.57088 572 0.67084 0.95612 7.19054 26.35178
emin = �2.95693 + 0.50416 lnT emax = 1.64314 � 0.11198 lnT km = 6.55818

p = �238.44449 + 32.0406 ln (T + 1317)
emin = 1.17802 � 0.08626 ln (T � 412.75833) emax = 6.10311 � 0.65156 ln (T � 20233.123)
km = 7.22836 p = 203.08212 � 26.46075 lnT

Table 5
Parameters: emin(T), emax(T), p(T) and km, of the function eH(k,T) for Sample 3.

Sample 3

Heating Cooling

T/K emin emax km/lm p T/K emin emax km/lm p

575 �0.0306 0.90156 4.8804 3.11763 1461 0.70493 0.81779 6.6835 28.9421
695 0.17058 0.86521 5.3341 3.94431 1370 0.68105 0.82139 6.5750 22.1733
779 0.24027 0.86664 5.3218 4.31238 1281 0.64452 0.82787 6.0496 7.05926
908 0.31175 0.87738 5.1907 4.66818 1191 0.61598 0.83265 5.9028 6.46196
993 0.37200 0.87498 5.2791 4.79791 1085 0.58824 0.83776 5.8043 6.08055

1087 0.45956 0.86854 5.6154 4.94110 981 0.56119 0.84323 5.7363 5.78357
1190 0.50888 0.84901 5.5923 4.83735 878 0.53480 0.84907 5.6883 5.53233
1279 0.56395 0.83000 5.6033 4.70988 774 0.50906 0.85525 5.6544 5.31241
1369 0.62539 0.81246 5.7314 4.45957 660 0.48397 0.86174 5.6308 5.11654
1461 0.69468 0.8007 6.6904 3.72960 567 0.45956 0.86853 5.6153 4.94135
emin = �4.54321 + 0.71493 lnT emax = 0.87558 � 0.00088 ln (T � 575) km = 5.27029

p = � 0.73971 + 0.89432 ln (T � 500)
emin = � 2.61382 + 0.43705 lnT emax = 1.37626 � 0.07249 lnT km = 5.09496
p = 3.46521 + 0.25284 ln (T � 528)
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sections with lower temperatures, where sintering does not oc-
cur; and (B) for furnace sections with higher temperatures,
where sintering does occur, the empirical correlations for emin(T),
emax(T), p(T) and km should be taken solely from the tables re-
lated to deposit cooling.

This method can be extended to the other specimens from the
same furnace. For each zone of the furnace, that is being thermally
designed, appropriate correlations shall be used. The results i.e. the
obtained data are applicable to the thermal design of new furnaces
– with similar geometry and combusting similar coal – as the exist-
ing ones.

However, the proposed method is applicable more generally. It
can be used even in cases with totally different boiler furnaces
combusting completely different coal. One should just run the
whole experiment again but with own – new ash deposit samples.
The newly derived data will then be applicable to the thermal de-
sign of those new furnaces – having similar geometry and com-
busting similar coal as in these new experiments.
5. Conclusions and recommendations

In order to facilitate the computation of energy transfer in coal
combustion boilers of electric power plants, with strong fouling
(ash depositions), an investigation was done (by present authors)
on infrared radiation characteristics of coal ash layers. The ob-



Table 6
Parameters: emin(T), emax(T), p(T) and km, of the function eH(k,T) for Sample 4.

Sample 4

Heating Cooling

T/K emin emax km/lm p T/K emin emax km/lm p

573 0.03536 0.8976 5.02457 3.65382 1459 0.69499 0.90142 4.8955 10.5124
709 0.20446 0.81403 5.44327 4.80382 1369 0.66598 0.90347 4.9009 10.1299
828 0.24696 0.79663 5.49495 5.25391 1280 0.63818 0.90547 4.9051 9.89147
908 0.26163 0.78083 5.50878 5.19203 1189 0.6123 0.90787 4.9137 9.60327
992 0.29977 0.78092 5.48288 5.49653 1103 0.58545 0.9103 4.9231 9.39420

1107 0.3747 0.79785 5.50541 5.92463 990 0.56065 0.91297 4.9349 9.20551
1190 0.41488 0.77857 5.4251 6.0811 899 0.53681 0.9159 4.9491 8.99741
1281 0.46008 0.75811 5.31352 6.56901 783 0.51338 0.91963 4.9679 8.67203
1370 0.50804 0.74005 5.1851 7.02359 678 0.48536 0.9285 5.0013 7.42808
1459 0.56085 0.72308 5.00731 7.98413 566 0.45899 0.93616 5.0242 6.74736
emin = �2.90056 + 0.46653 ln T emax = 0.8967 � 0.01794 ln (T � 572.05) km = 5.40998

p = �0.30734 + 0.95137 ln (T � 508.0621)
emin = 1.56966 � 0.16766 lnT emax = 2.31803 � 0.21823 lnT km = 5.39147
p = 24.60232 � 2.55958 lnT
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tained results were discussed and analyzed from an engineering
point of view.

The concluding remarks have been summarized as follows:

– ash deposit layers are opaque for the infrared radiation, and it
means that the obtained emittance values are indeed the true
properties of deposit surfaces;

– spectral normal emittance continually increases with the
increase of wavelength, as well as with the increase of temper-
ature, especially at lower wavelengths;

– above 1200 K ash layers are sintered and fused, and higher den-
sity layers are formed that can’t possibly reach their initial state
by any cooling;

– total emittance decreases with the increase of temperature to
the onset of sintering, then increases to the onset of fusion,
and in the cooling mode a ‘‘hysteresis” is present;

– the value of eN in the k = 2.5-4 lm wavelength region in the
cooling mode is higher than that in the heating mode, as a con-
sequence of ash sintering and – fusion;

– we propose to correlate the experimentally obtained emittance
spectra with a single continuous function, Eq. (8), that defines
the dependence of e upon k and T;

– we suggest a selective use of the temperature dependent param-
eters in Eq. (8): emin(T), emax(T), p(T) and km; those bound with
‘‘heating” data – only for furnace sections with lower tempera-
ture (where deposits can not sinter), and those bound to the
‘‘cooling” data – only for furnace sections with higher tempera-
ture (where deposits do sinter);

– this technique can be extended to other specimens from the
same boiler furnace; the obtained data are applicable to thermal
design of new furnaces – with similar geometry and combusting
similar type of coal – as the existing furnaces;

– the proposed method is applicable even more generally; with
different boiler furnaces combusting different coal; the experi-
ments should be run on own – new deposit samples; these data
will then be applicable to thermal design of that new class of
furnaces, having similar geometry and combusting similar coal,
as in these new experiments.
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