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Abstract
The accuracy of calculating heat exchange by radiation from high-temperature gas
flow produced during natural fuels combustion to a large extent depends on the
accuracy and status of data on thermophysical properties of gases and the value
of the radiative heat flux. The main physical load is carried by the density of the
intrinsic heat flux, but all the experimental data on gas mixtures radiation are given
as a total emissivity of the components and the mixture in general. That is why this
study determines the emissivity factor of carbon dioxide and water vapour as the
main constituents of the products of industrial fuel combustion. Dependencies are
developed based on reliable experimental data and allowed to perform emissivity
factor calculations for the products of combustion. The accuracy of calculated
approximation is determined for experimental data in the field of two factors: optical
density of gas, and its temperature. The study results are recommended to be used
for developing heat exchange calculation programs.

Keywords: emissivity factor, radiation flux, temperature, carbon dioxide, water
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1. Introduction

While developing mathematical models of complex heat-and-power and heat-
engineering systems operating at the temperatures of 1000…2000 K, it is necessary
to adapt separate experimental data on radiation of components in various propor-
tions composing the combustion products. Similar tasks arise during designing high-
temperature units, their testing and modelling when transiting to a new technological
and production level [1, 2]. These considerations define the relevance of the set task.
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2. Task Setting, Source Data, Adaptation Method

The experimental data on the density of the intrinsic radiation flux of triatomic com-
ponents of the products of combustion (CP) of various fuels E𝑅𝑂2 and E𝐻2𝑂, W/m2, as
processed by Prof. A.S. Telegin, are given in the form of a table for the combustion
products (CP) temperature of 800…1600∘C and optical density of the medium from
0,04 to 1,5 in dimensions of 0,01 [RO𝛽𝜋

2 ]sэф and 0,01[H2O𝛽𝜋]sэф, where the percentage
of relevant gases in wet CP is indicated in the brackets [3]. At the fixed atmospheric
pressure of 0,1 MPa in the combustion chamber, and switching the percentage to
volume ratio of the CP components, the optical density may be input as 𝑙𝑝 = 0, 1𝑟RO2

⋅𝑠эф
and 𝑙𝑝 = 0, 1𝑟H2O ⋅𝑠эф, meanwhile the actual optical density changes within the range of
l𝑝 = 0.004…0.15 MPa·m. The temperature factor also transforms into θ = (t + 273)/100.
During formalization of both Table [3] and graphical [4] data, the method of sequential
calculation of interpolation coefficients of Gregory–Newton second-order polynomials
was used.

3. Emissivity Factor of Carbon Dioxide and Water Vapour

In the coordinate space of 𝜖CO2
= 𝑓 (𝑙𝑝, 𝜃) the dependency for the carbon dioxide emis-

sivity factor adapted to graphical dependencies of H. Hottel [1, 4] may be represented
as a product of three functionals

𝜖CO2
= 𝐹1 (𝑙𝑝, 𝜃) ⋅ 𝐹2 (𝑙𝑝, 𝜃) ⋅ 𝐹3 (𝑙𝑝, 𝜃) , (1)

where

𝐹1 (𝑙𝑝, 𝜃) = 𝑓1 (𝜃) + 𝐹4 (𝑙𝑝, 𝜃) + 𝐹5 (𝑙𝑝, 𝜃) , (2)

𝑓1 (𝜃) = 23, 01624824 − 2, 06153174𝜃 + 0, 048771548𝜃2, (3)

𝐹4 (𝑙𝑝, 𝜃) = 𝑙𝑝 (−598, 3855576 + 58, 35333722𝜃 − 1, 472306287𝜃2) , (4)

𝐹5 (𝑙𝑝, 𝜃) = 𝑙2𝑝 (3031, 557034 − 299, 1083856𝜃 + 7, 622520341𝜃2) , (5)

𝐹2 (𝑙𝑝, 𝜃) = 𝑙𝑚1 , where m1 = 0.97 − 0.01875𝜃, (6)
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𝐹3 (𝑙𝑝, 𝜃) = 𝜃−𝑛1 , where n1 = 0.004775 + 0.01892𝑙𝑝. (7)

The calculation of CO2 emissivity factor as an example for l𝑝 = 0.04 and θ = 13.73 (t
= 1.100∘C) gives a deviation from H. Hottel data Δ = – 0.12 % and 𝐸CO2

= 𝜖CO2
⋅ 5, 67𝜃4 =

3 ⋅ 104 W/m2 at 𝜖CO2
= 0, 149. The determined negligible error provides for accuracy of

representing H. Hottel data in the form of dependencies (1–7).

Similar to dependencies (1–7), for water vapours emissivity factor 𝜖H2O the following
calculation formulas were obtained

𝜖
2
= 𝐹1 (𝑙𝑝, 𝜃) ⋅ 𝐹2 (𝑙𝑝, 𝜃) ⋅ 𝐹3 (𝑙𝑝, 𝜃) , (8)

where

𝐹1 (𝑙𝑝, 𝜃) = 𝐹4 (𝑙𝑝, 𝜃) ⋅ 𝐹5 (𝑙𝑝, 𝜃) , (9)

𝐹4 (𝑙𝑝, 𝜃) = 𝜃𝑛2 , (10)

𝐹5 (𝑙𝑝, 𝜃) = 𝑙𝑚2
𝑝 . (11)

In the expressions (8–11) the following denominations were introduced

𝑛2 = 0, 210867479 − 0, 01843152𝜃 + 0, 438195 ⋅ 10−3𝜃2+

+𝑙𝑝 (11, 65974412 − 0, 749301405𝜃 + 0, 01551899𝜃2)+

+𝑙2𝑝 (−56, 31783769 + 3, 792132874𝜃 − 0, 078891146𝜃2) ,

(12)

𝑚2 = 0, 210866252 + 11, 65976569𝑙𝑝 − 56, 3179325𝑙2𝑝+

+𝜃 (0, 018431352 + 0, 7493304248𝑙𝑝 − 3, 792145187𝑙2𝑝)+

+𝜃2 (0, 438189 ⋅ 10−3 + 0, 015519068𝑙𝑝 − 0, 078891476𝑙2𝑝) ,

(13)

𝐹2 (𝑙𝑝, 𝜃) = 𝑙𝑎+𝑏𝜃+𝑐𝜃2𝑝 , (14)

DOI 10.18502/keg.v3i5.2668 Page 187



 
TIM’2018

where

𝑎 = 0, 147605215 + 7, 673860291𝑙𝑝 − 26, 7065922𝑙2𝑝, (15)

𝑏 = −0, 012019835 − 0, 310332303𝑙𝑝 + 0, 993936103𝑙2𝑝, (16)

𝑐 = 10−3 (0, 269051 + 3, 577562𝑙𝑝 − 7, 730533𝑙2𝑝) . (17)

𝐹3 (𝑙𝑝, 𝜃) = 𝜃𝛼+𝛽𝑙𝑝+𝛾𝑙2𝑝 , (18)

where

𝛼 = 10−3 (−0, 853186 + 5, 985027𝜃 − 0, 26905𝜃2) , (19)

𝛽 = 7, 67385869 − 0, 310332307𝜃 + 0, 003577572𝜃2, (20)

𝛾 = −26, 70658468 + 0, 993936279𝜃 − 0, 007730578𝜃2. (21)

The calculation ofwater vapours emissivity factor for l𝑝 = 0.04 and θ = 12.73 (t = 1,000∘C)
using the obtained formulas (8–21) leads to deviation from H. Hottel data Δ = – 0.23 %
with consideration to the correction factor of water vapour partial pressure β = 1.15 at
𝜖H2O = 0, 191 and 𝐸H2O

= 2, 8 ⋅ 104 W/m2.

One may suggest that the developed method of two-parameter adaptation allows
to accurately present the water vapour emissivity factor as a single dependency in
function l𝑝 and θ.

4. Adaptation of D. Edwards’ Experimental Data

D. Edwards [5, 6] experimentally determined the emissivity factor for a variety of
gases, including CO2and H2O, what is important for combustion products of organic
fuels used in heat-and-power and industrial heat-engineering sector; the experimen-
tal unit allowed to determine the total emissivity. The experimental unit comprised
all the necessary appliances and equipment, providing for the required accuracy of
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measurement of the spectrum density of the radiative flux. The experiments’ results
are given as graphs in the field of logarithmic coordinates as per x-axis and y-axis,
what somewhat encumbers the comparative analysis [7, 8].

The results of processing the D. Edwards data on CO2 emissivity factor using the
two-parameter scheme may be presented as a sum of two functionals

𝜖CO2
= 𝐹1 (𝑙𝑝) − 𝐹2 (𝑙𝑝) ⋅ 10−3𝑇, (22)

where

𝐹1 (𝑙𝑝) = 0, 10604136 + 2, 775092225𝑙𝑝 − 8, 858008562𝑙2𝑝, (23)

𝐹2 (𝑙𝑝) = 0, 033272654 + 0, 132336726𝑙𝑝 + 2, 298471747𝑙2𝑝. (24)

Similar dependencies were obtained for the emissivity factor for H2O vapours

𝜖H2O = 𝐹3 (𝑙𝑝) − 𝐹4 (𝑙𝑝) ⋅ 10−3𝑇, (25)

where

𝐹3 (𝑙𝑝) = 0, 083848783 + 9, 220363569𝑙𝑝 − 45, 64014769𝑙2𝑝, (26)

𝐹4 (𝑙𝑝) = 0, 037199683 + 0, 7150948399𝑙𝑝 − 3, 753951627𝑙2𝑝. (27)

The dada on the emissivity factor for CO2 conform well with H. Hottel data, the devia-
tion does not exceed + 4,0%, increasing to small values of l𝑝 and to low temperatures
T ≈ 1000 K. The dada on the emissivity factor for H2O differ from H. Hottel data by the
value reaching + 40%, increasing in the range of small values of l𝑝 ≈ 0,004 MPa·m and
high temperatures T ≈ 2000 K, what to a large extent may be explained by the error
during extrapolation of the testing data, as well as by deviation of H2O radiation from
the Beer’s law.

With consideration to these corrections, it is possible to calculate the density of the
intrinsic radiation flux for CO2 and H2O using one and the same dependency

𝐸 = 𝜖𝐶0 (
𝑇
100)

4
, (28)
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Figure 1: Emissivity factor for CO2 in the function of the medium’s optical density factor l𝑝 at the
temperature variation of 10−3T (at parameter 1,5, the temperature of T = 1500 K, etc.).
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Figure 2: Emissivity factor for H2O in the function of the medium’s optical density factor l𝑝 at the
temperature variation of 10−3T (at parameter 1,75, the temperature of 1750 K, etc.).
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where C0 = 5.67W/m2K4 is the blackbody coefficient; to determine the emissivity factor
of a mixture of vapours of CO2 and H2O, the following dependency is used

𝜖3 = 𝜖CO2
+ 𝜖

2
− 𝜖CO2

⋅ 𝜖
2
. (29)

The data for the emissivity factor for carbon dioxide CO2 and water vapour H2O
calculated using dependencies (22–27) according to the experiments of Edwards, are
depicted in Figures 1 and 2.

The character of variation of the emissivity factor in the graphs of Figures 1 and 2
confirms the thesis that describing these dependencies by a simple power formula is
not quite accurate [9–14].

The results of adaptation, the accuracy and possible errors of which are defined,
may be reflected in the main conclusions.

5. Conclusions

As a result of the analytical work performed on the experimental data on the emissivity
factor of industrial gases, dependencies were obtained, which allow to use them in
computer analysis. The two-parameter analysis scheme was based on the experi-
mental data of H. Hottel and D. Edwards; a comparative analysis of the results of
calculations as per formulas based on these experiments’ data was performed.

At high values of the optical density of gases l𝑝 > 0.01 MPa·m the emissivity factor
of carbon dioxide is higher than the same factor for water vapours; at low values of l𝑝
< 0.01 MPa·m, water vapour radiation prevails. The method’s errors were determined,
and the limits of permissible extrapolation were explained in the field of two main
factors: optical density of the radiative flux and gas temperature.
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