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The purpose of this paper is to conduct experimental research of hazardous substance emissions at the simulated combustion
chamber output. The experiment was carried in a simulated combustion chamber. The combustion chamber included a burner
device; a liquid fuel feed system; and a flame tube with two rows of mixing holes and one row of cooling holes. The combustion
chamber operation mode was ¢ = 0.435, T, eheqe = 423 K, and the atmospheric pressure. The liquid fuel burn rate was 0.77 g/s. The
pressure ratio in the combustion chamber remained constant at AP = 3%. Two types of fuel were used: aviation kerosene of Russia’s
TS-1 brand and the fuel surrogate was n-decane mixture (C10H22) with benzene additions (C6H6). The benzene additions were

5% through 30% (n-decane/benzene: 95/5, 90/10, 85/15, 80/20, 75/25, and 70/30).

1. Introduction

A combustion chamber is one of the main parts of a
gas-turbine engine defining its emission characteristics. At
present, the problem of gas-turbine engine emissions has
been primarily solved by means of semiempirical calculations
and of prototype experimental development. This approach is
labour intensive and gives little information on the processes
inside the chamber which precludes implementation of the
ICAO standards.

Modern techniques of designing and debugging combus-
tion chambers of gas-turbine engines should use computa-
tional fluid dynamics (CFD). CFD calculations should be
based on simultaneous solution of gas dynamics equations
and detailed chemical kinetics. With the current level of com-
putational power, solution of such problems in the nearest
decades does not seem possible. Another solution could be
employing hybrid methods. A hybrid method is supposed
to solve each problem individually and then combine them
into a single algorithm. Simulation of chemical kinetics is not
conceivable without using detailed and reduced mechanisms
of reaction. To develop kinetic mechanisms it is necessary
to know the exact composition of the initial fuel. The main

type of gas-turbine engine fuel is aviation kerosene. Kerosene
consists of dozens of separate hydrocarbon components.
Its composition may vary depending on the raw materials
and manufacturers. Numerical simulation requires a mixture
consisting of the known components and containing a limited
number of chemical constituents. These mixtures are called
surrogates. A surrogate should reproduce the main charac-
teristics of real fuel.

A detailed kinetic mechanism of surrogate oxidation
should imitate the essential chemical properties of kerosene.
Reduced mechanisms are used for calculating gas dynamics
and should identically describe kerosene physical properties
as well as to accurately predict temperature distribution and
recovered fuel concentration in the combustion chamber.

To develop hybrid methods of CFD simulation of com-
bustion chamber environmental performance, it is necessary
to solve two main problems:

(1) Tailoring the aviation kerosene surrogate. The surro-
gate should properly reproduce kerosene chemical or
physical properties.

(2) Developing detailed and reduced mechanisms of
surrogate oxidation.
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TaBLE 1: Composition (volume fraction of components) of conventional aviation fuels.

Component JP-4

JP-5 JpP-7 JP-8, Jet-A, TC1

Alkanes, vol% 59
Cycloalkanes, vol% 29
Alkenes, vol% 2
10
370

Aromatics, vol%
Sulphur, ppm

45 65 60
34 32 20
2 — 2
19 3 18
470 60 490

The solution of these problems (together or in combi-
nation) could provide a solid foundation for developing a
hybrid method. This research has focused on solving the first
problem.

2. Kerosene Surrogate

All components of complex fuels can be divided into several
structural classes. These are alkanes (saturated hydrocar-
bons having a linear or a branched structure), alkenes
(hydrocarbons with double bonds), cycloalkanes (saturated
hydrocarbons containing a ring), and aromatic hydrocar-
bons (molecules containing benzene rings) [1, 2]. Table 1
represents the average composition of some aviation fuels
[2]. The greater part of the fuel are alkanes: their total
amount reaches 65%, and together with cycloalkanes they
account for 79-97%. A considerable share (up to 20%) is
constituted by aromatic hydrocarbons. On the other hand,
the concentration of alkenes in the fuel is insignificant.

Several works [3-10] suggest a large number of surrogates
for aviation kerosene Jet-A which is commonly used in the
USA. Jet-A is analogous to Russian kerosene TCI. The above
works present kinetic mechanisms of simulating ignition
and burning of these surrogates. The simplest surrogates are
monopropellant fuels. The authors of [3, 11] were simulating
Jet-A burning with n-decane as a surrogate. Cooke et al. [12]
used n-dodecane for the same purpose and demonstrated an
important role of alkyl hydroperoxide radicals in hydrocar-
bon slow oxidation.

As kerosene contains up to 20% aromatic hydrocarbons
having their own specific features in oxidation kinetics, these
components are bound to be included into the surrogate.
The following aromatic compounds can be considered as
possible options: benzene, toluene, trimethylbenzene, n-
propyl benzene, n-butyl benzene, and others. Lindstedt and
Maurice [4] showed numerically that the kerosene flame
structure can be described with reasonable accuracy by a
surrogate: 89% n-decane and 11% aromatic hydrocarbons
(benzene, toluene, and ethyl benzene).

Most works on surrogates deal with studying and compar-
ing their fundamental features: laminar flame speed, ignition
delay time, and so forth. This research has compared the
kerosene combustion products and its surrogate while burn-
ing in real equipment. The surrogate consisted of n-decane
and benzene in various proportions: 100% n-decane, 95/5%,
90/10%, 85/15%, 80/20%, and 75/25% n-decane/benzene.

FIGURE 1: Simulated combustion chamber.

3. Experimental Setup

The experiment was carried out in a simulated combustion
chamber (Figure 1), which has a burner device, a liquid
fuel supply system, and a flame tube with two rows of
mixing holes and one row of cooling holes. The combustion
chamber operation mode was ¢ = 0.435, T = 423K, and the
atmospheric pressure. The liquid fuel burn rate is 0.77 g/s.
The pressure ratio in the combustion chamber that remained
constant at AP = 3%.

Ut % 100%

in

ap = Hn = Fou @
P, is total pressure at inlet of combustion chamber (const);
P, . is total pressure at outlet of combustion chamber (const).

Experimental trials were carried out at the high-
temperature experimental setup with a simulated combus-
tion chamber. The experimental setup carries a flow meter
made by SMC, a pneumatic throttle with nonreturn valves,
mass flow meters/controllers of EL-FLOW® series made
by Bronkhorst High-Tech, a liquid fuel supply system and
an incoming air heater. The general view of the high-
temperature setup connected to the fuel line and the air lines
is presented in Figure 2.

To equalize the velocity field, an equalizing device is
provided at the heater input. For the main fuel supply, there
is a pumping system. For the surrogate fuel supply, there is a
pressure feed system. The pressure feed system consists of the
following: a fuel tank (10 litres), a fuel tank pressurization and
fuelling system, and a fine filter for composite propellants.

The high-pressure pump control system makes it possible
to change the output pressure in the range between 0.4 and
1.5 MPa at a flow rate of at least 2501/h.
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TABLE 2: Experimental case.

No. Fuel composition ) T P [ Gryel
1 Kerosene TS-1 brand
2 Kerosene TS-1 brand
3 n-Decane
4 n-Decane/benzene (95/5%)
5 n-Decane/benzene (90/10%) 0.548 423K latm 0.021kg/s 0.00081kg/s
6 n-Decane/benzene (85/15%)
7 n-Decane/benzene (80/20%)
8 n-Decane/benzene (75/25%)
9 n-Decane/benzene (70/30%)
For each experiment there were 8 samplings performed.
b 0.10 : T . . . . .
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FIGURE 2: General view of the high-temperature setup.
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The composition of combustion products was defined by
the contact technique based on probe sampling. This method
is currently the most developed one and is widely used in
experimental practice.

The sample line (Figure 6) consists of a sampler (1), a
Richter absorber (2), a pump (3) built into the SICKGMS-810
analyzer (4), Seger pipettes (5), and a GSB-400 gas meter (6).
GSB-400 is used to estimate the volume (V, m>) and the flow
rate (Qpp, m/c) of sampled gases.

The sample—from the sampling point to the Seger
pipettes—was pumped with a pump built into the
SICKGMS-810 analyzer. This sample line configuration
allowed simultaneous sample pumping via Seger pipettes
and its dehydration and analysis.

During sampling, the combustion products were pumped
via the Seger pipettes at the flow rate of Q;; = (20— 33) - 10°
M/c with the volume equal to 20 pipette volumes. Obtained
gas samples were analyzed using gas chromatography. The
sampling was carried out at the output of the simulated
combustion chamber. Table 2 shows the initial conditions for
each experimental case.

4. Results

The experimental research has resulted in obtaining the rela-
tionship between the mass fraction of CO2, CO, unburned
hydrocarbons (CnHm), O2, H2, H20, N2, and the benzene
percentage in the surrogate (Figures 3-12). These figures also
show the analysis results for the kerosene burning samples.
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FIGURE 3: Comparison of mass fraction of CO2 for the surrogate and
the kerosene burning.
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FIGURE 4: Comparison of mass fraction of CO for the surrogate and
the kerosene burning.
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FIGURE 5: Comparison of mass fraction of unburned hydrocarbons
(CnHm) for the surrogate and the kerosene burning.
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FIGURE 6: Comparison of mass fraction of O2 for the surrogate and
the kerosene burning.

The presented figures show that combustion products of
kerosene did not match any of the cases of the mixture in
combustion. Averaged temperature at the outlet of the com-
bustion chamber was the same for all cases of the mixture. But
the combustion efficiency increased with increasing benzene
content in the mixture. The combustion efficiency (r) was
calculated as the ratio of the enthalpy of the initial mixture
to the enthalpy of products of incomplete combustion.

m cp

n= % * 100%. 2

H™ is enthalpy of mixture (benzene/n-decane/air); H? is
enthalpy of combustion products.

Mixture consisting of benzene and n-decane has a lower
evaporation temperature than kerosene. Increased benzene
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FIGURE 7: Comparison of mass fraction of H2 for the surrogate and
the kerosene burning.

0.050 T T T T T T

0.045 o -ttt
0.040 -

0.035 4-——-- P e s gupep mmmmmeem -

Mass fraction
3

0.030 4 - i

0.025 T T T T T T T
65 70 75 80 85 90 95 100

n-Decane volume fraction (%)

o Mixture
—— Kerosene

FIGURE 8: Comparison of mass fraction of H20 for the surrogate
and the kerosene burning.

in mixture reduces evaporation temperature. Therefore, using
mixture is improving the spray and evaporation character-
istics of fuel. This has led to more efficient combustion and
improved combustion efficiency and did not change the aver-
age temperature at the outlet and the combustion chamber.
Figure 11 shows that the axis of the combustion chamber
temperature does not differ by more than 15°. Temperature
differs by more than 170" near the wall. This fact shows the
change gas dynamic flow structure inside the combustion
chamber also. Gas dynamics for kerosene and surrogate
is different. For more accurate prediction of combustion
products, the surrogate should be added with a component
or a group of components. The obtained mixture should
reproduce the physical properties of kerosene: viscosity and
drop surface tension.
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FIGURE 9: Comparison of mass fraction of N2 for the surrogate and
the kerosene burning.
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FIGURE 10: Comparison of combustion efficiency for the surrogate
and the kerosene burning.

5. Conclusions

This paper has studied the effect of adding benzene into
the surrogate mixture. The experimental study was carried
out in a simulated combustion chamber. The simulated
combustion chamber incorporates all major processes going
on in commercial combustion chambers. A comparison was
made for combustion products of T'S-1 aviation kerosene and
the surrogate mixture. The study has revealed that use of
a mixture of benzene (20-30%) and n-decane as the fuel
gives similar values as compared with the kerosene by the
temperature distribution. Combustion efficiency is increased
by 4% also. The emission of pollutants is very different. The
emission of pollutants is very different because it is very
different gas dynamics by burning kerosene and mixtures.
The results are the basis of data for verification CFD models.
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FIGURE 11: Comparison of the temperature for the surrogate and the
kerosene burning.
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FIGURE 12: Comparison of averaging the temperature for the
surrogate and the kerosene burning.

Nomenclature

CC: Combustion chamber

CFD: Computational fluid dynamics

ICAO: International Civil Aviation Organization
@ Equivalent ratio

T*:  [Initial temperature

P*:  [Initial pressure

G,: Mass air rate

Giue: Mass fuel rate.
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