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Bausinue 0co0eHHOCTEl KOHCTPYKIIUM KaMep CropaHusi
asurarejed HK-16CT, HK-16-18CT
HA coJep:KaHue YIJIEKUCJIO0r0 ra3a B IPOAYKTAX CrOpaHus
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AO «KazaHCKO€ MOTOPOCTPOUTEIILHOE MPOU3BOJICTBEHHOE OOBETHHEHHUEY
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B oaunou pabome paccmompena Koncmpykyus 08X Kamep C2opaHus 2a30mypouHHo20 ogueamens, pa-
bomarowje2o Ha npupoorom 2aze. B oonoii kamepe ceopanus umeemces 32 eopenxu, ¢ opyeou — 136 gpopcy-
HOK, PACNONIOJICEHHBIX 8 08a APYCA 80 (PPOHMOBOM YCMPOUCEE.

OCHOBHBIM (PaKMOPOM, GIUAIOWUM HA 200ATbHOEe NOmeNnieHUe, CYUMArmcs 3HaYumenbHbvie 00bembl
8b10POCO6 NAPHUKOBIX 20308, 6 Nepsyio ouepedsb yenekucnozo (CO,), evloenaowuxcs 6 mom yucie
npu pabome 2azomypOuHHbIX 0gucameneli u 3Hepeemuieckux ycmarogox. Cuudicenue yposus CO, nymem
Gopmuposanuss HAGOPA KOHCMPYKMUGHBIX MEPONPUIMULL 8 Kamepe CeOpanusi — OOHA U3 AKMYAIbHbIX
3a0ay 0gueamenecmpoetuss, KOMopy HeodXo00uMo pewums 0isi YOO81eME8OPEHUS COBPEMEHHBIX IKOI0U-
yeckux mpebosanuli, NPeovABNIAEMbIX K 2A30MYPOUHHBIM 0BUSATNENAM, CIYHCAUUM NPUBOOAMU HASHEemd-
menel 2azonepexayusaowux azpezamos. Ilpedcmasiennoe ucciedosanue NOCBAUWEHO AHANU3Y GAUAHUA
UBMEHEHUs KOHCMPYKYUU Kamepuvl c2oparus Ha cHuicenue yposusi CO; 6 GbIXIONHbIX 2a3aX 2a30MYPOUHHO-
2o oeueamens HK-16CT. Paccmompeno 0se moouguxayuu. Ilepsviii eéapuanm — cepuiinas kamepa
ceopanusn ¢ opeanusayue Ou@@QysuoHHo20 2opeHus, BMOPoU — MOOEPHUSUPOBAHHASA C USMEHEHHbIM
@pormosvim yempoticmeom. Kagcoas uz paccmompentvix kamep 0blia UCnblmaua 8 cocmase 08Usamers.
Bo gpems uccredosanus nenocpedcmseenHo @ uiaxme blXA0ONA NPOUBOOUIICS OMOOP NPOOYKMOE C2OPAHUSL
U ONpeoenanuch uUx KonyeHmpayuu, 6 mom yucie cooepycanue CO,. B pezynvmame nposedeHubx pabom
ObLIA NOOMEEPICOEHA BOZMONICHOCTL YMeHbuleHus yposus Konyenmpayuu CO, 6 npooykmax ceopanust
ogueamens 0o 20 % be3 yxyowenusi eco napamempog. Taxkozo s¢gpgpexma yoanocy docmueHyme 3a cuem
CHUDICEHUS] NOTHOMbL C2OPAHUsL MONAUBA 8 Kamepe ceopanus. [lonyuenHvle OanHble NO U3MEHEHUIO KOH-
yeumpayuu CO, mozym Ovimv none3uvi npu vlbope Haubosee no0Xoosaue20 pelcuma pabomsl 08UAMeIs.
80 8peMsl €20 IKCHIYAMAayull, a NpeoCcmasiieHtvle N00X00bl K OpeaHUu3ayuu nPoyeccos 20peHust — UCHOIb30-
8aHbL PA3PAbOMYUKAMU NPU NPOEKMUPOSAHUU KAMeED C2OPAHUS 2a30MYPOUHHBIX Osueameneil Ha npupoo-
HOM 2ase.

Karouesuvle crosa: aulOpoc yenekucioeo easa, kamepa c2opanus, a3omypOounnslil 0sueameins, NPOOyKm
C2OPAaHUsL, 2a30NePEeKAYUSAIOWULL a2pesam.
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This paper considers the design of two combustion chambers of a gas turbine engine running on natural
gas. One combustion chamber has 32 burners, and the other has 136 nozzles located in two rows in the
flame tube head.

A major contributor to global warming is considered to be the significant emissions of greenhouse gas-
es, primarily CO,, including those emitted by gas turbine engines and power plants. The reduction of car-
bon dioxide levels by developing a set of structural measures in the combustion chamber is one of the ur-
gent tasks of engine construction which requires a solution in order to meet modern environmental re-
quirements for gas turbine engines serving as blower drives for gas compressor units. The presented re-
search is dedicated to the analysis of influence of changes in combustion chamber design on reduction of
CO; level in exhaust gases of gas turbine engine NK-16ST. Two modifications of the combustion chamber
are considered. The first one was a serial combustion chamber with diffusion combustion, the second one
was a modernized combustion chamber with a modified front device. Each of the chambers considered was
tested as part of the engine. During the study, combustion products were sampled directly in the exhaust
tower and their concentrations, including the CO, content, were determined. As a result of this work, it was
confirmed that there is a possibility to reduce the concentration of CO; in the engine combustion products
up to 20 % without affecting the engine parameters. This reduction in carbon dioxide content was made
possible by reducing the completeness of fuel combustion in the combustion chamber. The obtained data on
changes in CO, concentration can be useful in selecting the most suitable mode of engine operation, and
the presented approaches to combustion processes organization can be used by developers in designing
combustion chambers of natural gas-fired gas turbine engines.

Keywords: carbon dioxide emission, combustion chamber, gas turbine engine, combustion product, gas
compressor unit.

Introduction

A combustion chamber is one of the main elements that determine the reliability and efficiency of
gas turbine engines (GTE). The operating process of a combustion chamber of a GTE is very complex
and is determined by many factors: aerodynamics of air and gas flows, nature of fuel supply and its
mixing with air and vaporisation, ignition, flame stabilisation, mass and heat exchange conditions,
combustion patterns along the length of a combustion chamber. Despite significant differences in the
general layout and great diversity in the design of individual elements of combustion chambers of var-
ious engines, they are based on common principles of the organisation of the working process [1].

A peculiarity of the combustion process in a gas turbine engine is that the total composition of the
fuel-air mixture lies outside the flammability limits, and the cycle temperature is below the instantane-
ous ignition temperature of any hydrocarbon fuels. Combustion in the engine occurs in the air flow,
the velocity of which is much higher than the flame propagation velocity of hydrocarbon fuels. The
flow velocity in combustion chambers of stationary engines is 30-80 m/s, aviation engines is up to 50-
120 m/s. In addition, combustion must occur in a very limited volume, therefore with a high rate of
heat release at rapid mixing and combustion processes. Irrespective of these limitations, the engine
must ensure stable combustion, high combustion completeness, flammability and low toxic emissions.

At present, the issues of reducing greenhouse gases, in particular, CO2 emissions in the exhaust
gases of GTEs are relevant for power engineering and gas transport industries. Of particular interest is
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the influence of combustion process in the combustion chamber on CO2 formation depending on GTE
operation modes [2].

Modern gaseous fuels are a mixture of various hydrocarbon compounds. The conditional chemical
formula of such fuels can be represented as follows: C,H,; for the methane m ~1, n ~4.

In technical calculations atmospheric air is taken as a mixture of nitrogen and oxygen, then the
conventional chemical formula of air can be represented by the ratio (O, + 3.76N,). The ratio 3.76
shows that the air contains approximately 3.76 nitrogen molecules per 1 oxygen molecule.

The chemical reaction of hydrocarbon fuel oxidation in air can be written symbolically as a stoi-
chiometric equation

4C,H,+ (4m + n)-(0,+ 3.76N,) = 4mCO, + 2nH,0 + 3.76(4m + n)N,. (1)

The stoichiometric equation is written under the assumption of complete conversion of fuel into the
main products of combustion and complete chemical inertness of atmospheric nitrogen. The stoichi-
ometric equation provides a macroscopic description of the fuel oxidation process and makes it possi-
ble to determine such important characteristics as the stoichiometric ratio for the fuel L, and the com-
position of the products of complete combustion, namely:

(4m + ”)(Ho.z +3.76- 1y, ) _ 34.32(4m+n) kg of air

0= , )
4m-p,+n-p,,) 12m+n kg of fuel
where p is molecular weight of the respective substance,

4m-100
Ceo, = %, 3
2 4+ 2n+3.76(4m+n) ©)

2n-100
Cyo = %, 4
20 4m+2n+3.76(4m+n) ’ @

.76(4 -1

. 3.76(4m +n)-100 o (5)

~ 4m+2n+3.76(4m+n)

For the methane m = 1, n = 4, then

Ly=17.2; Co, #9.5; Cy,0 =19; Cy, #71.5 %.

In the process of oxidation of carbon-containing fuels, carbon monoxide CO is formed as an inter-
mediate substance. The conversion of CO into CO, is determined to a greater extent by the elementary
reaction [3]

CO+ OH — CO, + H. (6)

Since this reaction is the only one that determines the conversion of CO into CO,, it can be con-
cluded that all the carbon originally contained in the fuel is converted into CO,. It follows that the con-
tent of CO, in the combustion products will be determined by the completeness or incompleteness of
its oxidation reaction.

Study object

To determine the influence of combustion chamber design on the CO, content in the combustion
products, two types of combustion chambers are being considered in this paper. One is a serial one for
the NK-16ST engine, the other is for the NK-16-18ST engine.

The diffusion principle of fuel combustion is organised in the serial combustion chamber of the
NK-16ST GTE. The chamber (Fig. 1) consists of outer / and inner 2 casings, collector 3, pipelines 4
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for fuel supply from the collector to the nozzles 5, flame tube 6 including casings 7 with applied holes
8 and mixer nozzles 9. The annular front device /0 accommodates 32 swirl burners //. The flame tube
(annular) consists of annular sections, between which an annular channel for supplying cooling air is
formed, which provides convective-film cooling of the walls [4].

Puc. 1. Kamepa cropanuns asurarens HK-16CT

Fig. 1. Combustion Chamber of the Gas-turbine Engine NK-16ST

In each swirl burner, an individual fuel gas supply is carried out by means of nozzles providing a
jet gas supply [5].

The flame tube front device of the NK-16-18ST GTE (Fig. 2) contains an annular head / including
an outer and inner fuel manifold 2. On the wall of the outer fuel manifold four inlets are evenly lo-
cated, necessary for gas feeding into the inner cavity of the manifolds. The cavities of the manifolds
are connected by means of channels 3 arranged in the front device. There are also staggered shaped
windows 4 with a central hole and nozzle mounting posts 5 [6; 7].

Puc. 2. Kamepa cropanus asurarens HK-16-18CT

Fig. 2. Combustion Chamber of the NK-16-18ST Gas-turbine Engine

Each chamber was tested as part of a gas turbine engine. The stand (Fig. 3), where the engine was
installed, consists of an air inlet equalising pipe, the inlet of which is protected by a protective mesh. It
is necessary to prevent the ingress of foreign particles into the the engine block. In order to transport
the exhaust gases to the exhaust tower, an exhaust unit is installed in the exhaust part of the engine. An
air compressor (pneumatic brake) was used as a loading device of the free turbine [8].
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Puc. 3. Cxema cTenga

Fig. 3. Scheme of the Stand

The stand is equipped with necessary measuring instruments. It has an oil system for lubrication of
engine supports and units during testing. To ensure starting and fuel gas supply to the fuel supply ele-
ments, the stand contains a gas system. The engine parameters are monitored and its operation modes are
adjusted from the control panel equipped with the monitors on which the measured parameters are dis-
played [9].

Test results

During the tests, the engines were started and reached the modes necessary for building the throttle
characteristic. At modes higher than 10 MW, in accordance with the standard [10], combustion prod-
ucts were sampled in the exhaust tower and the concentrations of toxic substances in them were de-
termined.

A gas sampling probe immersed in a special window made in the wall of the exhaust tower was
used for sampling, and the Testo 350 gas analyser was used to determine the concentration of toxic
components in the combustion products. The measured value of oxygen (O,) concentration in the
combustion products is used to calculate the CO, content:

¢(COpma )(21-¢(0,))

¢(CO,)= o : ()

where ¢(CO; ) 1S @ maximum concentration value CO,, %; 21 is O, concentration in the air, %; c¢(O,)
is measured O, concentration in combustion products, %.

According to the high speed of the instrument, the time of one measurement was 40 seconds. The
data processed by the gas analyser were displayed on the screen and also recorded using a printing
device embedded into the gas analyser [11].

To convert mass concentrations of CO, from % to g/m3, a number of conditions are assumed: the
temperature of exhaust gases is 618.15 K, the pressure of exhaust gases is equal to atmospheric pres-
sure under normal conditions and corresponds to 101 325 Pa.
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The volume of one mole of carbon dioxide at a temperature of 618.15 K is calculated using the fol-
lowing formula

T,
Vmcoer = VmCOZTN (T_GJ (8)
N

and it is 50.69 litres, where 7; = 618.15 K, 7, =273.15 K, VmCOzTN = 22.40 litres is the volume of

one mole of CO, at a temperature of 273.15 K.
Since the mass of one mole of CO, M, is 44 grams, the mass of 1 litre will be calculated ac-

cording to the ratio M, / Viuco,r; and it will be 0.868 g/I. The volume of 1% of 1 m’ is 10 litres. It

follows that the mass of 1 % of 1 m’ is 10 litres - 0.868 g/l and equals 8.68 g [12].

The data on CO, content in combustion products in % and g/m’ depending on the engine operation
mode are summarised in the table.

Fig. 4 shows that with increasing engine operation mode, the content of CO, in the exhaust gases
rises, which is associated with an increase in fuel and air consumption with power gain, and conse-
quently with an increase in the consumption of combustion products.

In exhaust gases of the NK-16ST engine the level of CO, carbon dioxide content is lower by = 20
% compared to the NK-16-18ST engine.

If we adhere to the earlier assumption that the only mechanism of CO, reduction is incomplete oxi-
dation reaction, then CO, reduction should lead to an increase in CO emissions, which is confirmed by
the measurement data (Fig. 5).

250
2,40
| _a—=
- / — 200 ’.\\
R 2w 4 150 \.‘
& — Py g T
8 1,30 & e
/ © 100 e
1,60 e 4
1,40 / >0 B—
Tog 13 18 i
Nnp, MBT o e
8 10 12 14 16 Nnp, MBT
Puc. 4. Copepxanne yrinekucmnoro raza CO, Puc. 5. Copepxanne oxcunos yriaepoga CO
B NIPOJYKTaX CTOPAHHUS: B NIPOJYKTaX CTOPAHHUS:
¢ — neuratens HK-16CT u m — nBurarens ¢ — neuratens HK-16CT u m — nBurarens
HK-16-18CT HK-16-18CT
Fig. 4. Content of CO, carbon dioxide Fig. 5. Content of carbon oxides
in combustion products: in combustion products:
¢ —engine NK-16CT and m — engine NK-16-18CT ¢ —engine NK-16CT and m — engine NK-16-18CT

For the further analysis, the CO, mass concentrations for each operating mode of NK-16-18ST and
NK-16ST engines are presented and converted into g/m’ using the previously derived ratio of 1% =
8.68 g/m’.

CO, content depending on engine operation mode

NK-16-18ST
Nipe N, CO, ppm CO,, % CO,, g/m’

1 4900 10.515 41 1.71 14.84

2 5100 13.577 26 1.89 16.41

3 5250 16.064 18 2.00 17.36

4 5350 18.201 15 2.10 18.22

5 5450 20.133 13 2.20 19.09

6 max 22.011 13 225 19.53
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End of Table
NK-16ST
Nipe N, CO, ppm CO,, % CO,, g/m’
1 4900 9.69 210 1.49 12.93
2 5100 12.66 171 1.64 14.24
3 5250 15.451 136 1.76 15.28
4 5350 17.61 115 1.88 16.32
5 max 18.864 102 1.95 16.93

From Fig. 4 and the table it can be seen that the NK-16ST engine with a commercially available
combustion chamber has a lower CO, concentration level than the NK-16-18ST engine with a com-
bustion chamber having a multi-nozzle front device [13].

To calculate the completeness of fuel combustion the following dependence was used [14]:

NG =1-(0.20175- El ¢ + Elyy, ) 107, ©)

where Elcg is a carbon monoxide emission index; EICH, is a methane emission index; the value
0.20175 is a coefficient that takes into account the ratio of the net calorific value of carbon monoxide

€O to the lower calorific value of methane Q™ , which are O5° =10096 kl/kg and Oy = 50042
kJ/kg.

. "N
0,998
0,996 —~—

0,994

0,992

0,99

0,988 -«
0,986 ~

0,984 — . ¢

0,982

NOAHOTa CropaHvuAa

8 10 12 14 16 18
Nnp, MBT

Puc. 6. [TonHOTa cropanust TOIUIMBA HA PA3IMYHBIX PEXKUMAX:
¢ — neuratens HK-16CT, m — neurarens HK-16-18CT

Fig. 6. Completeness of Combustion of Fuel on various power setting:
¢ —engine NK-16CT and m — engine NK-16-18CT

The emission indices EI; for carbon monoxide and methane are calculated using the equation

El=Yi(-a, L)y, 107, (10)

Ky
where L, = 17.2 is a previously calculated stoichiometric methane combustion coefficient (kg of
air/kg of fuel); o is a total or local air excess ratio; p, is a molar mass of the toxic substance to be
determined (CO, CH,), g/mole; p, is a molar mass of the air, g/mole; y; is a volume fraction of toxic

substance, ppm.

The variation of combustion completeness is characterised by insignificant decrease within 0.5 %
in the power range from 10 to 17 MW, thus at the 16 MW mode the average completeness for the NK-
16ST engine was n = 0.985, for the NK-16-18ST engine - n = 0.996 (Fig. 6).
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Conclusion

The possibility of reducing the level of CO, concentration in the engine combustion products up to
20 % by reducing the completeness of fuel combustion in the combustion chamber was confirmed.

The data obtained on the change of CO, concentration with the change of engine operation mode
can be useful in selecting the most appropriate mode to minimise CO, during operation.

The presented approaches to the organisation of combustion processes can be used by developers
when designing combustion chambers of gas turbine engines operating on natural gas to minimise CO,
emissions while ensuring CO optimum and combustion completeness.
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