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 The work is devoted to the experimental study of ways of forming a number of 

polycyclic aromatic hydrocarbons (PAHs) in a model combustion chamber based on 

our research using a model diffusion burner. Parameters affecting formation of PAHs in 
course of oxidation of propane and butane gaseous mixture have been generalized. Data 

have been obtained about distribution of concentrations of 4-6 ring PAHs in a turbulent 

diffusion flame. Influence has been established of the same factors on liquid 
hydrocarbon fuels as well, on the example of kerosene - RT. It has been confirmed that 

formation of PAHs occurs in the area of maximum pyrolysis products concentration. 

Influence of the mixing process, diffusion, chemical kinetics has been accounted for. 
Zones of intense formation of main PAHs have been detected. The possibility has been 

defined to predict level of concentrations of 4-6 ring PAHs in products of diffusion 

combustion of hydrocarbon fuels by the method of chemical kinetics modeling based 
on quasi-global fusion reactions of total PAHs as a single component. Concentration of 

each individual component of PAH may be determined by correlation rate with 

corresponding empirical coefficients. The study aims at expanding the base of 
experimental data about chemical composition of gaseous combustion products of 

mixed hydrocarbon fuels both in model flames and in complex technical devices. The 
knowledge accumulated allows creating kinetic mechanisms that can predict pollutant 

emission by combustion chambers of aircraft engines more accurately. 
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INTRODUCTION 

 

 Hydrocarbon fuels combustion in heat engines produces components that pollute the environment and 

have significant carcinogenic and mutagenic activity. This is due to the fact that emissions contain polycyclic 

aromatic hydrocarbons (PAHs). These include a wide range of substances, from naphthalene to coronene and 

heavier substances. Not all of them are carcinogenic or mutagenic. Agency for Toxic Substances and Disease 

Registry (ASTDR) periodically publishes the list of the most hazardous substances. Each substance is as-

signed its own index that shows share of the sum of various factors in its harmfulness. According to ASTDR, 

top ten most dangerous substances along with arsenic, lead and mercury include four PAH representatives: 

benzene, benzopyrene, benzofluoranthene, and total polycyclic hydrocarbons as a single component with its 

own harmfulness index [1]. Carbon monoxide, nitrogen dioxide and nitrogen monoxide in the priority list 

take positions 183, 300 and 304, respectively. Based on the above, study of PAH formation processes in 

course of hydrocarbon fuels combustion is a serious problem [2, 3]. 

 There are two ways to identify mechanisms of PAH formation: 1) experimental defining their concentration 

in combustion products, describing formation of this class of hydrocarbon by means of global reactions [2, 4]; 2) 

description of the whole combustion process with respect to soot formation on the basis of detailed kinetic 

schemes involving PAH synthesis as well [5-11]. Development of computer technologies using supercomputers 

and corresponding software allows to numerically solve in detail problems of fluid and gas dynamics, including 

whose with chemical reactions. However, lack of reliable data about thermodynamic properties of substances 

and constants of chemical reactions related to hydrocarbon compounds with carbon number greater than three, 

including: two or more ring PAH reduce numerical calculations of PAH formation only to estimative analysis 

[12, 13, 14]. Solving this problem will take a few more decades and requires extensive experimental and theo-
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retical studies of the combustion process in the conditions of model flames [15]. Therefore, the first way will 

prevail for a long time in modern engineering practice. 

 This work is devoted to experimental study of ways of PAH formation in a model combustion chamber of 

diffusion type and is aimed at broadening the base of experimental data about chemical composition of gaseous 

mixed hydrocarbon fuels combustion products both in model flames [16] and in complex technical devices. This 

type of combustion systems for hydrocarbon fuels is most widely used, so identification of ways of PAH syn-

thesis is important both for adjusting kinetic mechanisms used for assessing harmful emissions by fuel burning 

devices [17-20], and for subsequent development of advanced combustion chambers in gas turbine engines [21]. 

 

Experimental methods: 

 In course of work the turbulent diffusion torch was studied that is formed by vertical efflux of the submerged 

jet mixture of propane and butane from the nozzle into the atmosphere. The mixture consisted of 65% propane 

(C3H8), and 35% butane (C4H10) with stoichiometric mixture ratio L0 = 15.57 and flowed through a nozzle with 

diameter d0 = 6 mm, with speed U0 = 9.7 m/s and Re = Reynolds number 1.3•10
4
. Flame is stabilized at the edge of 

the nozzle. 

 Combustion products were taken with a cooled water sampler with an inner diameter 1.2 mm and outer diame-

ter of cooling jacket 4 mm using a Seger pipette. Concentrations of main components of combustion products (N2, 

O2, H2O, CO2, CO, H2 and other unburned hydrocarbons) were measured using gas chromatograph manufactured 

by "Chromatec Crystal 5000.2." Basing on obtained data, calculated were the average values of local air excess 

ratio <α>, recovered fuel concentration <s>=1/(1+L0<α>) and mass concentration of substances <Ci>, where angle 

brackets <> indicate averaging [2]. 

 To measure PAH concentrations, samples were taken through a special filter elements according to the proce-

dure described in work [2]. Then, under the action of ultrasound in benzene PAH was extracted from filters and 

from the inner surface of the sampler. Next, the resulting extract was converted to acetonitrile by evaporation, fol-

lowed by quantitative analysis using high-efficiency liquid chromatography at Lumex liquid chromatograph that 

uses Flyuorat 02 Panorama spectrometer and detector. The applied method of analysis makes it possible to deter-

mine concentrations of 13 various PAH that have in their structure two to six benzene rings (naphthalene, phe-

nanthrene, anthracene, fluoranthene, pyrene, chrysene, dibenzanthracene, benz(a)anthracene, benz(b)fluoranthene, 

benz(k)fluoranthene, benz(a)pyrene, benzperilen, indenopiren). 

 Fig. 1 shows PAH structural formulas, accepted abbreviations as well as unique numerical identifiers of chem-

ical compounds (CAS) selected for detailed analysis. Choice of five-ring B(a)P and B(b)F due to their presence in 

top ten in the priority list [1], their high carcinogenicity, as well as the fact that B(a)P is world's recognized indica-

tor of carcinogenic activity [2]. B(a)A and BPer have been chosen to determine the effect of studied factors on four 

and six ring PAH as main representatives of the group of fife-ring antecedent structures and heavier PAH. 

 

 
 

Fig. 1: The studied PAHs. 
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Fig. 2: Dependence of initial fuel equivalent concentration and studied PAHs on recovered fuel concentration. 

 

 

RESULTS AND DISCUSSION 

 

 In works [2, 3] for the case B (a) P shows that the time of the formation of five-ring PAHs have the same 

order as the diffusion time that is dependent on the scalar dissipation<N>. 

 After analyzing influence of scalar dissipation on the rate of formation and disappearance of investigated 

PAHs (benzo(b)fluoranthene, benzo(a)pyrene, benzo(a)anthracene, benzperilen) in a turbulent diffusion torch and 

having generalized experimental data by introducing a relative value<Ci>/<C
max

>, where Ci and C
max 

are concentra-

tion of the PAH tested and its maximum value, respectively, it has been established that characteristic values of 

scalar dissipation <N> are in the range between 0.001 and 1 [21], which corresponds to the operating range <s> 

between 0.4 and 0.02. 

 From data presented in fig. 2, b it follows that relative concentrations BPer, B(a)P, B(b)F, B(a)A can be genera-

lized by a single curve. For studied range of numbers <N> and <s>, rates of these PAHs formation have the same 

order. This conclusion makes it possible to use one of approaches for describing PAH forming mechanisms using 

quasi-global reactions within the framework of which on the basis of experimental data a quasi-global model is 

formed of the whole totality of 4-6-ring PAHs. 

 To verify the obtained results, a model tubular combustion chamber of diffusion type was used, general view 

of which is shown in Fig. 3. Geometric parameters of studied model are given in Table 1. A vane swirler with 

number of blades n=7 and vanes angle φ=72 ° was used as front device. In order to ensure dosed air distribution at 

flame tube inlet, an air intake was installed (4, Fig. 3). General view of the combustion chamber and a spacer for 

adjusting measuring characteristics of combustion products are shown in Fig. 4. 

 To ensure the possibility to take measurements of parameters in the output section of the CC, spacer (7) has been 

made (Fig. 3), that is a channel with 0.18 × 0.18 m square section and length L= 0.216 m. Into specially made aper-

tures (10) plates with sensors were placed with total and static pressure sensors on them, as well as chromel-alumel 

thermocouple for determining flow temperature at the exit from the flame tube samplers to determine composition of 

combustion products and PAHs. The spacer (7) can be discretely rotated in angular direction by 30° angle for taking 

samples of combustion products in various sections(in the angular direction). 

 

 

Lg zLg z
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Fig. 3: General view of model combustion chamber. 

1-diffuser; 2-combustion chamber; 3-dual circuit fuel injector; 4-air intake; 

5-flame tube; 6- transition liner; 7-spacer; 8-tube cooling air supply; 9-deflector; 

10-the window to install the sensors and measurement system of quartz glass  

 The experiment on a model combustion chamber was made on the following mode:λk=0.20, Tk=423K,Pk=99 

kPa, fuel - RT kerosene (gross formula C10H22was used for calculation), test-bed excess air coefficient α=6.7. 

PAHs and chemicals concentrations measurement results at the exit from the model combustion chamber are 

shown in Tables 2 and 3. Chemical analysis showed that the difference between the recovered excess air coeffi-

cient from the test-bed one does not exceed 5%, indicating quality of sampling and analysis of combustion prod-

ucts. Assessment of accuracy of measuring PAH concentration showed that with the 0.95 confidence level, the 

measurement error does not exceed 15% . 

 
Table 1: Geometric parameters of a model combustion chamber. 

Item Parameter Measurement unit Value 

1 Diameter at CC inlet (DK) ×10-4 m² 970 

2 Diameter of the outlet of gas collector (DG) 133 

3 Area at CC inlet (FK) 73.9 

4 Area of the outlet of gas collector (FG) 138.9 

5 Area of swirler passage(FZ) 2.46 

6 Total holes area in flame tube (FOGT) including swirler 104.69 

7 Total mixer holes area (FOSM) for the base variant 40.17 

8 Area of outer annular channel (FNKK), in the location for installation of full pressure 

header 

177.65 

9 Area of annular channel of the flame tube head in the location for installation of full 
pressure header 

46.11 

 

 Analysis of data in work [16] and of experimental study showed that when e.g., benz(a)anthracene is cho-

sen as the base substance related to which correlation coefficients can be calculated for other PAHs, rate of coef-

ficients are distributed in as follows: B(a)A /B(b)F / B(a)P / BPer = 0.122 / 0.232 / 0.244 / 0.402. Correlation 

coefficients are shown in Table. 4, which shows that increasing PAH molar mass increases the coefficient as 

well, and change of order of relations for B(b)F, and B (a) P is determined by the kind of fuel used. Thus, when 

kerosene is used, higher coefficient values are obtained for B(b)F compared to B(a)P. Basing on the above, one 

can make the conclusion that chemical composition of heavier hydrocarbon fuels, such as kerosene, initially 

includes some fraction of PAHs, and at early stages of combustion process can be degraded to "lighter" hydro-

carbons which include components preceding PAH and soot formation as well as "lighter" PAHs and their iso-

mers themselves.  

 
Table 2: Concentrations of measured PAHs in products of combustion in model CC. 

Substance Name concentration, g/m3 

Naphthalene 1.49 1-10 

Phenanthrene 2.83 2-10 

Anthracene 7.96 10–3 

Fluoranthene 1.5610-2 

Pyrene 1.82 10-3 

Chrysene 2.09 10-4 

Benzo(a)anthracene 1.80 10-4 

Benzo(b)fluoranthene 4.20 10 -4 

Benzo(k)fluoranthene 9.15 10-5 

Benzo(a)pyrene 2.77 10-4 

Benzoperilen 6.22 10-4 

Dibenzanthracene 4.16 10-5 

 
Table 3: Concentrations of chemical substances in combustion products of a model CC. 

Substance Name mass share of substance<Ci> 

Argon (Ar) 1.29 10-2 

Water (H2O) 1.34 10-2 

Nitrogen (N2) 7.47 10-1 

Oxygen (O2) 1.97 10 -1 

Carbon monoxide (CO) 1.25 10-3 

Carbon dioxide (CO2) 2.83 10-2 

Hydrogen (H2) 9.99 10-6 

Hydrocarbons (CmHn) 1.40 10-4 

 

 Primary decomposition of gaseous propane-butane mixtures into such components has not been observed, 

so accumulation of such substances occurs in other parallel ways and takes longer time. This leads to the fact 
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that for liquid hydrocarbon fuels, way of B(b)F formation prevails over the B(a)P way. This assumption is sub-

ject to further detailed study, both in a model experiment and using technical devices. 
Table 4: Correlation coefficients of four PAHs selected for analysis. 

 B(a)A/ B(a)A B(b)F/ B(a)A B(a)P/ B(a)A BPer/ B(a)A 

Diffusion flame, fuel: propane-butane 1 1.6 2.3 3.2 

Model CC, fuel: RT kerosene 1 2.2 1.7 3.4 

Correlation coefficients 1 1.9 2.0 3.3 

 

Conclusion: 

 As a result of the work completed, in model CC combustion products 12 PAHs have been found, correla-

tion coefficients have been obtained that define dependence of concentrations of 4-6 ring PAHs on ben-

zo(a)anthracene, the possibility has been confirmed to predict level of concentrations of 4-6 ring PAHs in prod-

ucts of diffusion combustion of hydrocarbon fuels by the method of chemical kinetics modeling based on quasi-

global fusion reactions of total PAHs as a single component. Focus of the study at expanding the base of expe-

rimental data about chemical composition of gaseous combustion products of mixed hydrocarbon fuels both in 

model flames and in complex technical devices makes it possible to create kinetic mechanisms that would pre-

dict more accurately emission of harmful substances from combustion chambers of aircraft engines. 
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