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Abstract—The application of the method of absorbing fine-structure spectroscopy to determine
the composition of ingredient emissions of products of combustion of the turbojet engine. Applied for
research of ingredient composition of complex spectrophotometric instrumentation provides
ameasurement of the concentration of the various ingredients in the products of combustion to limit
sensitivity of 1-10 ppm. The technology of measurement and processing of the data of spectrometric
measurements are discussed. The results of measurements of the ingredient composition released into
the atmosphere of the combustion products of the turbojet engine are analysed.
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INTRODUCTION

Ingredient composition of the combustion products is required to meet the challenges in calculating
the radioactive heat transfer in power units and determining the efficiency of operation. Combustion
products thrown into the atmosphere have ingredients that exert the toxic and carcinogenic effects on
flora and fauna. In addition, the strong absorption capacity of man-made emissions have a significant
impact on the processes of heat transfer in the Sun—atmosphere—underlying surface system. In recent
decades, the optical methods for analyzing the ingredient composition of combustion products have been
intensively developed; one of which is a method of fine-structure spectroscopy and spectra radiometry.
This method has been successfully used in [1-3] for determining the ingredient composition of combustion
products for various fuels on the laboratory measurement systems [3] and in combustion chambers of steam
boiler installations. In this paper, we consider the application of the fine-structure spectroscopy method for
measuring the ingredient composition of combustion products of turbojet engines.

THE SPECTRAL MEASURING SYSTEM

The spectral measuring system consists of [4-6] a vacuum illuminator, a multi-pass working chamber
with internal and external heating, a medium resolution monochromator to measure the absorption spectra
in a wide spectral range of 0.3-25 pm, a modernized IKS-21 spectrometer with a set of diffraction
gratings operating in the second-order diffraction, and a Girard scanning spectrometer of high spectral
resolution A=0.05-0.1 cm’. Harmonization of various modules of the spectral measuring system is
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performed by means of optical attachments. A measuring system was used to record both the spectra of
radiation attenuation of the medium being studied in the working chamber and the radiation of the
medium in order to identify an opportunity for remote diagnostics of aerocarrier traces by their thermal
radiation [5, 7]. The measurements performed have shown that the absorbance spectra of the environment
coincides with the spectrum emissivity of the medium within the measurement error that does not exceed
2-3 % in gases at temperatures of 300-900 K. Figure 1 presents an example of the spectrograms recorded
for CO over the range 2148-2167 cm' with the resolution A= 0.06 cm " Figure 2 presents an example of
the spectrograms recorded for HCl in the vicinity of frequencies 2864 and 2842 cm' with the resolution
A=0.09cm".
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METHOD FOR DETERMINING THE CONCENTRATION OF INGREDIENTS
FROM THE ABSORPTION SPECTRA OF HIGH RESOLUTION

The spectral transmittance function (STF) is determined from the spectrograms J(v) measured
according to the formulat(v)=J (v)/ J,(v). where J (v) is the base line. In the spectrum regions, where

the spectral lines are absent (transparency windows), the STF is determined only by the radiation
attenuation of the dispersed phase and the volume concentration of volatile sol is determined from the
values t(v) in the transparency windows. For the instrumental function of the spectrometer 8, we have

0
Ty =Tp, /’ta ).

where 7, is the STF based on molecular absorption and radiation attenuation by an aerosol. For the

multicomponent medium

Ts, = n‘sv ’
i
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where 1,5 is the STF for the ith component of the gas phase In the case of high spectral resolution, let us

decompose the function A; = |1n T, | into separate components using the method of differential moments.

To this end, the spectra measured are subjected to partitioning with a step d=A/5, where A is the
spectral resolution of the spectrometer. Random noise reduction is attained by a five-point smoothing
procedure by a spline in the form of a fifth degree polynomial. The digital spectrum obtained is
decomposed into the individual components of lines

N

> A (v-v.)
n=1

-1

A(v) = ZA

m=|

where A is the maximum intensity of the mth component; A are the coefficients of the generalized circuit
1

N P
ZAmn (v -V )
n=1

Characteristics A, provide the complete information about the individual circuits and are defined as

Em =

the Taylor series expansion coefficients of a function f,,(v) that describes the mth circuit:
1 < 4
S (V)= Z Amn ( Vi ) 4

where the value A = is the maximum amplitude of the contour. The centre v is determined from
the condition that the coefficient A , is equal to zero; the half-width value of the mth line is obtained by

JJAZ +4A A,

the following relation

2A

md

The so-obtained profiles are restored with taking into account the instrumental function of
the spectrometer [1, 2].

Thus, we have the separate circuits of the function A (v) with the centers vfn that are identified by
the ingredients on the basis of a priori information on the centers of their spectral lines. The absorption
lines identified are denoted by the sign ¢ that is the ingredient numbers, their centers, contours, half-
widths v, K' (v), o' contain information on the ingredient concentration. Really, for the Lorentz

contour b’ (v) we get

K=

"

Al (v)

(

S = J.an(v)dv =K na ,

where S is the intensity of the mth line of the ingredient i; K|  is the absorption coefficient at the line
center; o is the half-width of the mth line of the component i; ®, =p,L, L is the length of the optical

path in the working chamber, p, is the volume concentration of the ingredient i; o, =, P, 5 P, is the

eff *
effective pressure in the working chamber; o, is the half-width at standard pressure

N
Py =Py +) PB,.
K=1
In determining the concentration of volatile components in the present study, use is made of the
experimental data on the parameters of spectral lines [8—18] that were recalculated for the temperature of
the working chamber by the relations presented in [8, 13, 18, 19].
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DETERMINATION OF THE MICROSTRUCTURE OF THE DISPERSED PHASE
OF THE COMBUSTION PRODUCTS

Determination of the microstructure of the sooty sol in combustion products by the optical method is
an inverse problem. Solution of this problem requires a priori information on the optical characteristics of
the sooty sol of different microstructure formations spanning the entire area of the spectral variations of
radiation attenuation and absorption coefficients. In this case, the reference wavelengths (measurement
channels) should be selected in the transparency windows of the gas phase of the combustion products with
the minimum contribution to the absorption of radiation in the attenuation spectra being recorded. This
spectra should include the wavelengths in the visible, ultraviolet and infrared ranges of spectrum [20].

Optimization of solving the problem of restoring the sol microstructure from the radiation attenuation
spectra is carried out with respect to the following condition

ZAG

i Oui

and

=min,

where Ao, are deviations in the spectral dependence of the attenuation coefficient of the restored

spectrum o ,, on the measured one; { is the number of measurement channel.

Particles are porous and include a soluble fraction and inclusions of the gas phase in their composition.
Measurements have shown that the density of sooty sol depends on the combustion mode [20] and varies

within the scope of values p e {1,9;2,4} wherein the soluble fraction of the sol is about 10% of the total

mass of particles during combustion of gaseous fuel. We calculated the optical performance of the model
microstructures of the sooty sol particles for the modified gamma distribution with the modal particle
radiuses from 1.6x10° to 2.25 um in accordance with the given composition of the sooty sol. The
electronic database [20] was used to determine the sooty sol microstructure of these spectral optical
measurements. At the same time, the microstructure determination is based on the recovery of the aerosol
STF =, for the attenuation spectra measured and determination of the spectral dependence o, .

Approach GOM is selected according to the relation [9]. Further, the microstructure of the sooty sol is

determined, using an iterative solution adjustment procedure by the perturbation method (Tikhonov’s
descent method) in compliance with the microstructure normalization of each iteration, by the following
ratio:

D Int, (A=0.55 pm)=1Int,(A=0.55 pm),

k

where k is a number of fractions including the fraction of the zero approximation; t, is the STF of
aerosol for A =0.55 pm .

The essence of the task of the sol microstructure restoring is that the weight fractions of N, (r)

particles should be determined. These fractions are the best way to describe the spectral dependence of
the radiation attenuation and absorption coefficients measured.

DISCUSSION OF RESEARCH RESULTS

Tables 1-3 present the ingredient composition of the gas phase for the combustion products of the
R-27V-300, R-25-300, R-9V aircraft jet engines emissions. The main optically active ingredients that
determine the radiation heat transfer in the engine and atmospheric aircraft trail are vapors H,O, CO,, CO.
A large concentration of CO in the emissions is observed for all engines and in some cases reaches 50%
of the CO, concentration. Trial is composed of nitrogen oxides NO, NO,, N,O. Volatile and non-volatile
hydrocarbons in the atmosphere, as a result of photochemical reactions, are transformed into CH, and the
sooty sol CO in the presence of NO is also transformed into CH, causing the greenhouse effect. Heavy
hydrocarbons (alcohols, phenols) are destroyed in oxidation by tropospheric ozone causing a decrease in

its concentration. Traces of H,O,, SO,, and HCOH are also observed in emissions.
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Table 1
The volume concentration of ingredient (in percent)
Engine
H,0O CO, CO N, 0,
R-27V-300 6.9 4.77 1.27 75.9 10.1
R-25-300 6.1 4.1 1.95 76.8 11.1
R-9-V 53 31 22 71.3 12.1
Table 2
) The volume concentration of ingredient (ppm)
Engine g0 Tvo, [ No | neon | e, | e, | cn, | cu, | cnon
P-27V-300 | 80 25 3 20 34 30 10 56 90
P-25-300 75 23 3 25 30 26 12 60 75
P-9-V 60 20 4 30 30 20 14 46 60
Table 3
) The volume concentration of ingredient (ppm)

Engine o o TCno | CHO| CH. | CHLCH. | C.H. (CH.). | Styrene | SO. | HO. | Benzaldehyde
P-27V-300 |30 15 50 160 100 90 80 4 38 50
P-25-300 15 55 150 110 95 90 4 40 56
P-9-V 25 23 70 120 130 120 110 4 45 80

The dispersed phase of aircraft kerosene emissions in the engine is caused by forming the sooty sol as
a result of the ion nucleation from the gas phase with the following heterogeneous coagulation. The rate
of forming the primary sol depends on the electrical properties of the fuel combustion medium.
The experimental data and theoretical consideration of the mechanism of forming the sol shows that
the particles with a radius of » >0.001 um remain in the flames. The most probable particle radius of

the primary sol is r =0.003 pm [9, 20, 21]. The further particle growth of the primary sol is caused by

heterogeneous coagulation, the efficiency of which depends on the numerical density of particles of
the primary sol, their electrical properties as well as the residence time of particles in the engine. The
sooty sol microstructure can be described by the following relation

. Y _ , A
Fr] ] 1+ oc,t[ l %o [1+a,t]
= Z / ] = I_ ; 1+j (11,“110‘) In —a’k J_

where f,(r) is the initial distribution of the particle number by dimensions during the fuel combustion; ¢ is

the residence time of combustion products in the engine; f [r(t)] is the distribution of particles at the

engine nozzle exit; K,, K, are the coagulation factors.

1

The values o, ', o, ' determine the time for which the dimensions of particles i and i — k will

doubled. By changing the values o,(f), o, (), K,(t), K, (f), we can take into account the effect of

heterogeneous and homogeneous coagulation on the temporal variations of the sol microstructure.

Changes in the sol microstructure leads to variations in the spectral dependence of its optical
characteristics, namely, the coefficients of radiation absorption, radiation dispersion by particles and
dispersion index. The results of processing the spectral coefficients of radiation attenuation by
combustion products showed that the sooty sol microstructure can be described as a superposition of three
gamma-distributions of the following form

f(ra) = Ar® exp[—bre J ;
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where the parameters a, b, ¢ determine the shape of the distribution curve of the particle number by their
dimensions. The modal radius is
4
a Y«
rm =il -
( be J

The parameters a, b, ¢, r, take the values: 1; 50; 0.5; 1.6x10 *um, 0.2; 6; 0.5; 4.4x10°um, 1; 9; 0.5;
4.9x10* um for three gamma-distributions of the sol microstructure particles, respectively.

Optical characteristics of the sooty sol (normalized absorption and dispersion coefficients, dispersion
index) are calculated for these distributions in the spectrum of wavelengths in a spectral range of 0.2—

0 . .
50 um. The optical density of the sooty sol 8LL is determined by measurements of the optical thickness at

the wavelength A = 0.55 pm and varies over the range % €{0.03;0.05} m"'
()
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