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Annomayus. B cmamve npedcmagnenvl KOHCMPYKYUU HECKOIbKUX BAPUAHMOE KAMep C20paHus Oisl
osueamens HK-16CT. Koncmpykyuu kamep ce2opanusi 6bINOIHEHbL 8 PAMKAX U3BECHHbIX KOHYEeNnyull Maio-
IMUCCUOHHO20 CHCULAHUSL MONTUBA, HANPABTIEHHBIX HA CHUNCEHUE 8bIOPOCO8 0KCcud08 azoma. Paccmompe-
HA Cepulinas Kamepa C20panus o CMyneH4amslM nH008000M 8030yXa No OJIUHE HCaposoli mpyowl, Kamepa
C2OPAHUSL C YMEHBUICHHBIM 00beMOM JHCapoB8oll mpyowvl, 08YX30HHASL KAMEPA C2OPAHUs, A MAK dce Kamepa
C2OpaHusl ¢ NpedsapumenbHol No020MOSKOU MONIUBHOBO30VUIHOU CMeCU 8 20PENOYHOM YCMpPOUcmae.
Paccmompens ocobennocmu 20penounvix ycmpoucme OaHHbIX Kamep c2opanus. [[is ceputinoll Kamepbl
CeOPAHUSL 20PENOYHOE YCMPOUCMBO COOepIICUm (OPCYHKY, 3a8uxpument u Oup@dy3opHulil cCOnI080U Haca-
00K, ONIsl YKOPOYEHHOU Kamepbl C2OPaHusi UCHONb3Yemcs KOHMY30PHbIIL CONN0BOU HACAOOK, O8YX30HHAS
Kamepa ceopanusi cooepicu 08d 8UOA 20PELOYHBIX YCMPOUCME: OUPDPy3uoHHble 0151 0edNHCYPHOU 30HbI U
npeodsapumenbHo20 cmeuleus 0isi OCHOBHOU 30Hbl. Kamepa ceopanusi ¢ npedsapumenbHol no020mosKoil
MONAUBHOBO30YUIHOU CMECU COOEPACUM OBYXKOHMYPHOE 20PENOUHOE YCMPOUCMEO ¢ NOAbIMU IONAMKAMU U
YEeHMPAanbHOU BOPCYHKOU, YUMo NO360Js1em BbINOJHAMb Pe2yIupoanue pacxood Monaued no KOHMypam
0151 obecneyenuss HeodX0OUMO20 YPOBHS BbLOPOCOE MOKCUUHBIX 8eUjeCME HA COOMBEMCMBYIOWUX PEeNCUMAX
pabomul dsucamens. B pabome max sce npusooumces onucanue cmenoo8o20 060py008anust 0asi npooyeKu
20PENIOUHBIX YCMPOUCME, HA KOMOPOU NPO6edenbl UCNbIMAHUSL N0 ONPedeleHUlo UX pacxoOHbIX XapaKme-
pucmux. Bvigeden napamemp nponyckHol CROCOOHOCIU, KOMOPbLIL ONpedeneH 015 Katco020 20PeloyH020
yempoticmea. [Ipusooumcea onucanue cmeHo08020 000py008anus Oas NPoOy8KU Kamep C20panus, Ha KO-
MOPOI NPOBedeHbl UCHBIMAHUSL N0 ONPeOesieHUI0 NOmepPb OAGIeHUsl HA CIMEHKAX JHCaposblx mpyd Kamep
CeOPAHUSL U CYMMAPHBIX NOMEPb OABNIeHUS 8 KaMepe C2OPAHUS NPU PA3TUYHBIX 6XOOHBIX YCI0BUSAX O CKO-
pocmu 8030yxa. Ilpeocmasnen pacuemno-s3KkCnepuMenmanbhbill CRocod onpedeienust Kodghguyuenma usz-
OvimKa 6030yxa Ha 6vlxode U3 20penounvlx ycmpoticms. OnpedeneHo, Ymo 8 pacCMOMPEHHbIX Kamepax
ceopaHusi Habvoaemcs meHOeHYUs: K 00eOHeHUr) MONIUBHOBO30VUHOU CMeCU HA 8bIX00e U3 2OPELOUHO20
yempoticmea, ymo obecneyusaem CHUdiCeHUue 8blopocos okcudos azoma. Peanuszayus pezynuposanus pac-
X00a MONAUBA NO COOMBEMCIMBYIOUUM 30HAM KAMEPbL C2OPAHUS NO360Aem 00eCcneuu8ams ONMUMAbHbILL
YPOBEHb 8bIOPOCO8 HA PAZTUYHBIX PENCUMAX PAOOMbL 08Ueamelis.

Knrouegule cnosa. 6bi6pocsl okCuo08 azoma, Kamepa ceopanus, 2a30mypounHblil 08ueamens, NPOOYKmMbl
ceopanus, 20peiouHoe YCmpoucmeo, 2a3000pa3Hoe MONIUE0, MANOIMUCCUOHHOE 20PEHILe.
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Abstract. The article presents the designs of several variants of combustion chambers for the NK-16ST
engine. The combustion chamber designs are made within the framework of known concepts of low-
emission fuel combustion to reduce nitrogen oxide emissions.

A serial combustion chamber with a stepped air supply along the length of the flame tube is considered.
A combustion chamber with a reduced volume of the flame tube and a two-zone combustion chamber, as
well as a combustion chamber with preliminary preparation of the fuel-air mixture in the burner device are
considered.

The features of burner devices of these combustion chambers are considered. For a serial combustion
chamber, the burner device contains a nozzle, a swirler and a diffuser nozzle attachment. For a shortened
combustion chamber, a confuser nozzle attachment is used. A two-zone combustion chamber contains two
types of burner devices: diffusion for the duty zone and with preliminary mixing for the main zone. The
combustion chamber with preliminary preparation of the fuel-air mixture contains a dual-circuit burner
device with hollow blades and a central nozzle, which allows for regulation of fuel consumption along the
circuits to ensure the required level of toxic emissions in the corresponding engine operating modes.

The paper also provides a description of the bench equipment for purging burner devices, on which
tests were conducted to determine their flow characteristics. The parameter of throughput, which is deter-
mined for each burner device, is derived.

A description is given of the test bench equipment for purging combustion chambers, on which tests
were carried out to determine pressure losses on the walls of combustion chamber fire tubes and total pres-
sure losses in the combustion chamber under various inlet conditions for air velocity.

A calculation and experimental method for determining the excess air coefficient at the outlet of the
burner devices is presented. It is determined that in the combustion chambers under consideration, there is
a tendency for the fuel-air mixture to become leaner at the outlet of the burner device. This ensures a re-
duction in nitrogen oxide emissions. Regulation of fuel consumption in the corresponding combustion
chamber zones allows for an optimal level of emissions in various engine operating modes.

Keywords: nitrogen oxide emissions, combustion chamber, gas turbine engine, combustion products,
burner device, gaseous fuel, low-emission combustion.

Introduction

Currently, special requirements are placed on industrial gas turbine combustion chambers to ensure
the emission of harmful substances emitted in the exhaust gases, such as nitrogen oxides (NO,), car-
bon oxides (CO), unburned CO, particles (C,H,,), and carbon particles (smoke). Engine builders pri-
marily focus on reducing NO, and CO emissions. CO concentration is determined by the completeness
of combustion in the gas turbine combustion chamber: the higher the combustion efficiency, the lower
the CO concentration in the exhaust gases. For modern and future engines, combustion process re-
quirements are determined by a combustion efficiency of at least 1 = 0.995 over a wide range of en-
gine operating conditions, which automatically results in low emissions of carbon oxides, unburned
particles, and smoke, meeting future environmental requirements [1].

Let’s consider some of the main patterns that determine the amount of nitrogen oxides formed dur-
ing fuel combustion. There are three main mechanisms for the formation of nitrogen oxides: thermal,
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fuel, and rapid. The reaction rate is highly dependent on the nature of the combustion process and, in
particular, on temperature, as will be shown below, and the excess air coefficient (o). Thermal NO,
formed by the reaction of oxygen and nitrogen contained in the air required for combustion, contrib-
utes the largest share. NO, begins to form in the primary combustion zone along the flame front. Its
formation is highly dependent on temperature and the formation reaction occurs very rapidly at tem-
peratures above 1300 °C. Fuel NO, is formed at low temperatures (around 700 °C) due to the reaction
of chemically bound nitrogen contained in the fuel in the flame. This mechanism of NO, formation is
typical for some liquid fuels, but it can also be present in small quantities in natural gas if the gas con-
tains chemically bound nitrogen [2].

The third type, fast NOy, is formed in the flame front in the presence of hydrocarbon radicals, pri-
marily in heavy hydrocarbon fuels, and its quantities are insignificant.

In an effort to reduce emissions of harmful pollutants, developers employ various combustion
chamber design concepts. The combustion chambers of the NK-16ST gas turbine engine, designed to
drive the supercharger of a gas compressor unit, were studied. The engine parameters are listed in Ta-
ble 1.

Table 1
Key Parameters of the NK-16ST Gas Turbine

Parameter Name Value
Power, MW 16
Effective efficiency factor, % 29
Pressure Ratio 8.85
Fuel Gas Consumption, kg/hour 6.249
Propellant Consumption, kg/sec. 98
Gas temperature in front of turbine, K 1.100
Power turbine speed, rpm 5.300
Gas temperature at power turbine outlet, °C 450

Table 1 shows that the engine has moderate thermodynamic cycle parameters.

Study Object

As a rule, during operation, gas turbines operate at high loads, which increase nitrogen oxide (NOy)
emissions and decrease carbon monoxide (CO) and unburned hydrocarbon (CnHm) emissions. When
burning natural gas under these conditions, the NO, content accounts for 90-95% of the exhaust toxic-
ity, so this article focuses on reducing NOx emissions [3].

Puc. 1. Koncrpykrusnas cxema cepuitnoit kamepsl cropanus ['TJ] HK-16CT

Fig. 1. Structural diagram of the serial combustion chamber of the NK-16ST gas turbine engine
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The serial combustion chamber of the NK-16ST gas turbine unit (Fig. 1) consists of a housing 3, a
combustion tube 2, mixer pipes 4, and a gas manifold for supplying fuel to the injectors /. The front
device 5 contains 32 burners 6. The combustion tube is annular, consisting of multi-section external
and internal casings, providing convective-film cooling.

Nitrogen oxide emissions from engines with this combustion chamber meet the GOST [4] require-
ments for toxic emissions from stationary gas turbine engines under normal atmospheric conditions
and 15% O,: NO, < 150 mg/m’; CO < 300 mg/m”.

The modernized version of the production combustion chamber (Fig. 2) features a short annular
combustion chamber. Its NOy reduction technology consists of improving the production annular
combustion chamber by modifying the frontal combustion chamber design, resulting in a leaner pri-
mary zone. A partial-mix burner ensured intensive fuel burnout, allowing the combustion tube to be
shortened from 575 to 347 mm. This resulted in a reduction of NO, emissions by up to 40 % compared
to the production combustion chamber, reaching NO, < 100 mg/m’ [5].

Puc. 2. KoncTpykTHBHAas cxeMa ykopodeHHoi kamepsl cropanus I'T/] HK-16CT

Fig. 2. Structural diagram of the shortened combustion chamber
of the NK-16ST gas turbine engine

Taking into account the above mechanisms of NO, formation, a two-stage fuel combustion scheme
exists in dual-zone combustion chambers. According to this scheme, the fuel-to-fuel ratio in the first
zone is 1.2—1.5, with a transition to leaner combustion in the second zone. This scheme involves regu-
lating fuel flow along the combustion chamber circuits.

The combustion process in dual-zone combustion chambers is as follows. In the primary zone, § ...
15% of the fuel is burned with a “rich” mixture; i.e., combustion in the primary zone occurs by diffu-
sion. Combustion in the primary zone creates a stabilizing flame for stable combustion of the “lean”
mixture in the secondary zone. In the secondary zone, the remaining fuel is burned at o > 1.5, which
significantly reduces nitrogen oxide formation.

Puc. 3. KoHcTpykTHBHAas cXxeMa ABYyX30HHOH kameps! cropanus ['TJ] HK-16CT

Fig. 3. Structural diagram of the two-zone combustion chamber
of the NK-16ST gas turbine engine
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The chamber body houses a front-end device with 32 pilot-zone diffusion burners and a combus-
tion chamber containing 42 main-zone premix burners (Fig. 3). Each pilot-zone diffusion burner has a
dual-circuit air swirler with a fuel injector. The premix burner consists of a body with tangential air
passage slots and a mixing converging nozzle, the nozzle of which enters an opening in the outer wall
of the combustion chamber. Fuel holes are located on the burner body wall. To intensify mixing of the
mixture exiting the main-zone burners with the combustion products of the pilot zone, the profile of
the outer wall of the combustion tube at the location of the premix burners is designed to provide a
constriction of the combustion tube cross-section by approximately 40 % relative to the midsection of
the main zone. A perforated fairing is installed at the combustion tube inlet, securing the combustion
tube to the housing and ensuring a continuous air flow [6]. An engine with this combustion chamber
achieved NO, emissions of 65 mg/m®.

Given that modern environmental safety trends require developers to adopt new solutions to ensure
low toxic emissions, a combustion chamber (Fig. 4) operating on the Lean Prevaporized Premixed
(LPP) principle was developed.

Puc. 4. Koncrpykrusnas cxema (LPP) kameps! cropanust I'T/] HK-16CT

Fig. 4. Structural diagram (LPP) of the combustion chamber
of the NK-16ST gas turbine engine

The main structural element of the combustion chamber, which prepares the fuel-air mixture, stabi-
lizes the flame, and shapes the mixture composition, is the burner [7].

To ensure stable operation of the combustion chamber across the entire range of operating modes,
the burner is designed as a dual-circuit burner. Fuel gas enters the airflow through openings in the
swirler blades (the main circuit) and flows through the interblade channels, forming a well-mixed fuel-
air mixture at the burner outlet.

To ensure stable operation of the chamber at low operating modes, as well as during ignition, a
“standby zone” is located behind the central body. Air and fuel are supplied separately to this zone
through special openings in the rear wall of the swirler’s extended sleeve, thereby forming a diffusion
flame.

An engine with a combustion chamber designed using this approach has achieved NO, emissions
of <50 mg/m [8].

Figure 5 shows that the shortened combustion chamber allowed for the lower emission limit
of traditional combustion chambers. The dual-zone combustion chamber allowed for the upper
emission limit of low-emission combustion chambers. The LPP combustion chamber achieved
the lowest nitrogen oxide emissions and achieved the lowest emission level of low-emission combus-
tion chambers.

356



Aviation and spacecraft engineering

CNOx"

[15%]

300

200

100

Puc. 5. Crarucruka BeiopocoB NOx I'TY ¢ TpaguiMOHHBIMU KaMepaMu CTOPaHUs
(mpupoaHbIit ra3, 6e3 BIpbicKa BOAbI WiK napa) [4]:
O — sapy6exnsie ['TY: I — DR-990; 2 - MW401D; 3 — FT-4; 4 — FT-8A; 5 — Lleutpasp; 6 — Carypu-20;

7 —Mapc-90; 8§ — RB-211; 9 — Kobeppa 2649; 10 — Kobeppa 3145; 11 — Kobeppa 182; 12 —-I'TH-101 (P6-10);
13 —-TTH-251 (PG-25); 14— 501KBS; 15 — 570K; 16 — LM 2500; 17 — LM 5000; /8 — LM 6000; /9 — GT-13E;
O —oreuectBennbie I'TY: I —T'TH-25; 2 -TTK-16; 3 —-TTH-6; 4 —-I'TH-16; 5 - T'T6-750; 6 — T TH-25-1;

7 —AJI-31CT; 8 — 1336-1,2; 9 — 1K-59; 10 —T'T1Y-10; 11 — HK-12CT; 12 — HK-16 ( cepuiinas KC).
1-12 (yxopouennast KC), 2—12 (aBy3onnas KC), 3—12 (KC LPP); 13 — HK-36CT (X); /4 — HK-36CT (K)

A — 30Ha TpaAMUMOHHKIN KaMep cropanus, b —30na Manoroxcuunbix KC

Fig. 5. Statistics of NOx emissions of gas turbines with traditional combustion chambers (natural gas,
without water or steam injection) [4]:

O — foreign gas turbines: / — DR-990; 2 — MV401D; 3 — FT-4; 4 — FT-8A; 5 — Centravr; 6 — Saturn-20; 7 — Mars-90;
8 —RB-211; 9 — Koberra 2649; 10 — Koberra 3145; 11 — Koberra 182; 12 — GTN-10I (R6-10); 13 — GTN-25I (PG-25);
14 — 501KVS; 15— 570K; 16 — LM 2500; 17— LM 5000; /8 — LM 6000; /9 — GT-13E;

O — domestic gas turbines: / — GTN-25; 2 — GTK-16; 3 — GTN-6; 4 — GTN-16; 5 — GT6-750; 6 — GTN-25-1;

7 — AL-31ST; 8 — D336-1.2; 9— DJ-59; 10 — GPU-10; 11 — NK-12ST; 12 — NK-16 (serial KS).

1-12 (shortened KS), 2—12 (two-zone KS), 3—12 (LSP KS); 13 — NK-36ST (D); /4 — NK-36ST (K)

A — zone of traditional combustion chambers; B — zone of low-toxic combustion chambers

Calculation and Experimental Part

Considering the tendency to lean the fuel-air mixture in the combustion zone to reduce nitrogen ox-
ide emissions, we will consider an algorithm for calculating and experimentally determining the ex-
cess air ratio at the burner outlet of the combustion chambers described above.

1. The burner capacity is determined at various pressure drops.

2. The pressure drop across the flame tube walls is determined at various superficial velocities at
the combustion chamber inlet.

3. The combustion chamber capacity is determined at various pressure drops across the flame tube.

4. Knowing the superficial velocity at which air enters the combustion chamber at maximum en-
gine operating mode, the pressure drop across the flame tube walls at a given speed is determined.

5. The combustion chamber capacity is determined at a given pressure drop.

6. The capacity of the front burner and the burners in the main zone and the standby zone are calcu-
lated if the combustion chamber is a two-zone combustion chamber.
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7. The excess air coefficient in the required combustion zones is determined.
Burner throughput measurements were conducted on a test bench (Fig. 6).

tee

..
flow meter =

AP, . the burner
o B L.g
=

compressed air

— <P

Vi
moisture separator / g

Puc. 6. Crenn omnpeeneHus MporycKHO# CIOCOOHOCTH TOPENoK

Fig. 6. Stand for determining the throughput capacity of burners

The test bench operates as follows: air from the network enters a moisture separator and an elec-
tromagnetic valve, which regulates the air flow rate to the burner. A critical nozzle is used as a flow
meter. Air pressure and temperature are measured upstream of the nozzle. The pressure drop upstream
of the burner is determined, at which point the throughput is measured.

For burners, the air throughput capacity B = f (n) is determined.

After data processing, the throughput is expressed as a characteristic [9]:

* *
G \NT 4 P
air air _ Linlet
B= * > m=— (D
Enlet R)utlet
* k * . .
where G, , T, Poor. Poues » are the air mass flow rate, its temperature, the total pressure at the

burner inlet, and the barometric pressure, respectively. B is determined at various pressure drops.

Let’s consider the vortex gas burners of a serial combustion chamber (Fig. 7), which are installed
evenly around the circumference in the front device, between the inner and outer casings of the flame
tube.

Fuel supplied by gas nozzles / along the axis of each burner is mixed in mixing chamber 3 with the
air flow swirled in swirler 2. As a result, fuel-air mixture flows with near-axial circulation regions are
formed in the primary zone of the chamber behind nozzle extension 4 of each swirl burner. The pres-
ence of such regions ensures the circulation of hot combustion products and active centers from the
combustion zone to the root of the fresh mixture flame, creating conditions for stable ignition and
flame stabilization [10].

Burner No. 2 differs from the standard burner in its converging nozzle and an annular channel be-
tween the nozzle and swirler (Fig. 8).

Research conducted with two burners showed that an increase in the throughput of Burner No. 2 is
observed starting with a pressure drop of 2 %. With a pressure drop of 3 %, swirl burner No. 2 has
a higher throughput, B3 of 0.68 %, compared to the first, which has B3 % of 0.59.

Let’s consider the design features of a two-zone combustion chamber burner with a sequential
arrangement of the pilot and main combustion zones [11].
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Puc. 7. Cxema ropenouHoro ycrpoiicta cepuiinoii KC: Puc. 8. Cxema ropenodHoro ycrpoiicraa
1 — ctpyiiHas hopcyHKa; 2 — 3aBUXpHTEIb; 3 — KaMepa ykopouenHoit KC

CMEINIeHUS; 4 — COIIOBOM HAacagoK . .
Fig. 8. Scheme of the burner device

Fig. 7. Scheme of the burner device of a serial KS: of the shortened combustion chamber
1 —jet nozzle; 2 — swirl; 3 — mixing chamber;
4 —nozzle attachment
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Puc. 9. IIponyckHas cnocoOHOCTh: 4 — ropenka Ne 1; m — ropeinka Ne 2

Fig. 9. Throughput: ¢ — burner No. 1; m — burner No. 2

The burners in the duty zone contain a swirl vane with nine blades at an angle of ¢ = 40°. The noz-
zle has a minimum diameter of d = 28 and an outlet opening angle of 30°. The nozzle has four fuel
holes with a diameter of 2 mm arranged at an angle of 45° to the axis (Fig. 10).

oy

NS
Puc. 10. 'openka nexxypHO# 30HBI

Fig. 10. Burner of the duty zone
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i L

Puc. 11. T'openka ocHOBHO#1 30HBI

Fig. 11. Main zone burner

The burners in the duty zone have eight tangential slots with a diameter of 38 mm and a nozzle
diameter of 47 mm. Fuel is distributed along each groove through four 1.29 mm holes (Fig. 11).

B
0,45
0,4
0,35
0,3
0,25
0,2

1,02 1,03 1,04 1,045 1,05 P*irllet.-"Patmusphm"ic

Puc. 12. TIponyckHasi ciocOOHOCTh TOPEIIKHU JIEKYPHOH 30HBI

Fig. 12. Burner capacity of the duty zone

Figure 12 shows that the burner capacity B ranges from 0.3 to 0.46. As the pressure drop across the
burner increases, the capacity increases, and at a 3 % pressure drop, it is 0.35.

0

1 1,01 1,02 1,03 1,04 P*intet/Patmospheric

Puc. 13. IIponyckHasi ciocoOHOCTh TOPENIKH OCHOBHOM 30HBI

Fig. 13. The capacity of the main zone burner
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Figure 13 also shows an increase in burner throughput with increasing pressure drop. Throughput B
is in the range of 1.5-2.3, five times higher than that of the standby zone burner.

Let’s examine the LPP burner's combustion chamber diagram and the distribution of air and fuel in
the area where the fuel-air mixture is prepared and stabilized. To regulate fuel flow, the burner has two
fuel supply channels. Fuel gas enters the air flow through the perforated swirler blades (the main cir-
cuit) and flows through the interblade channels, forming a mixed fuel mixture at the burner outlet.
To ensure reliable ignition and stable operation at low engine speeds, a second fuel channel is intro-
duced into the center of the burner, forming a standby zone operating on the diffusion principle [12].
Air and fuel are supplied separately to this zone through special channels in the rear wall of the swirler
(Fig. 14).

= = —» . !
gas m > air-fuel mixture
= - < ; AT
reverse current zone
O = &N\ r;\__u,/
gas
* ® - >

Puc. 14. Cxema ropenxu 1 KapTHHA TEUEHUS I0TOKA

Fig. 14. Burner diagram and flow pattern

The combined flame stabilization scheme is based on three mechanisms [13]:

1) the formation of a radial static pressure gradient during swirl, which facilitates the paraxial
breakdown of the swirling flow;

2) the action of the gradient at the exit of the central body (the developed swirler bushing);

3) gas-dynamic stabilization using air jets blown from the openings of the central.

Puc. 15. T'openxa LPP kameps! cropanus
Fig. 15. LPP combustion chamber burner
The burner (Fig. 15) designed within this design contains a swirler with a nozzle and hollow vanes

containing fuel supply holes (secondary circuit). The swirler has an expanding central body, which
houses a nozzle with fuel supply channels (primary circuit).
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0,99 1 1,01 1,02 1,03 1,04 P*intet/Patmospheric

Puc. 16. IIpomyckHasi ciocOOHOCTb TOPEIKH.

Fig. 16. Burner capacity.

The combustion chamber’s throughout capacity is determined on a test bench, the diagram of
which is shown in Fig. 17. The test bench is equipped with the necessary parameter measurement and
recording systems. The test bench includes a compressed air source, which supplies air to the combus-
tion chamber being tested. Compressed air is supplied through a pipeline passing through a measure-
ment section, where the air flow is measured using a flow meter (Venturi tube). The air temperature is
measured with a chromel-alumel thermocouple.

7'eP*%

nozzle device

gas turbine engine Ox Q41

M~

Puc. 17. Cxema cTeH1a HCTIBITAHUN KaMep CTOPAHU

Fig. 17. Scheme of the combustion chamber test stand

During tests on the test stand, the superficial velocity at the combustion chamber inlet and the pres-
sure drop across the flame tube walls are determined with increasing air flow rate [14].

To determine the total pressure loss in the combustion chamber and the pressure drop across the
flame tube walls, the chamber is sequentially purged with air at various values of the superficial flow
velocity at the inlet A,

During the tests, measurements are taken of the total air pressure at the chamber inlet P,*, in the
gap between the chamber casings and bodies near the cooling air supply pockets P,,, * and P, * (from
the outer and inner sides, respectively), and at the chamber outlet P,*
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The total pressure loss in the combustion chamber is determined using the formula [15]:

*

AP obustion chamber = (P ; —P : ) / P ; , (%). (2)

Total pressure losses in the flame tube:

% P* . +P* . % *
Mmmf(mmzmmhay@xm. 3)

The total losses AP combustion chamber and pressure drop across the flame tube wall AP*ﬁre tube
of the combustion chamber under study are determined.

Based on the blowdown results, dependences AP combustion chamber and AP*ﬁm wbe Were plotted
for various values of A, (Fig. 18).

_y

-
e

o
//
/

-

AP*combustion chamber, AP*wall %
o = N W R UG N @ ®© O

0,2 0,25 0,3 0,35 A

Puc. 18. ITorepu Ha cTeHKe kapoBOH TPYOHI M B Kamepe cropanus AP*ke, AP*c1 %

Fig. 18. Losses on the wall of the flame tube and in the combustion chamber AP*
combustion chamber, AP*wall %

Figure 18 shows that with increasing superficial velocity, the pressure drop across the flame tube wall
increases, as do losses in the combustion chamber. For the NK-16ST engine at nominal operating condi-
tions, the superficial velocity A, is 0.28. At this value, AP*ﬁre wbe=23 Y%, AP combustion chamber =5 Yo.

To determine the excess air coefficient at the burner outlet in the corresponding zone, it is neces-
sary to know the combustion chamber capacity at A, corresponding to engine operation [16]. For this
purpose, the dependence of the combustion chamber capacity on the pressure drop across the flame
tube wall is plotted (Fig. 19).

Knowing that the pressure drop across the flame tube wall at A, = 0.28 is 3 %, from Figure 11 we
sm? K
—

The excess air coefficient behind the burners was determined by multiplying the capacity of one
burner in the pilot zone by the number of burners in the front unit of the combustion chamber:

B =nxB, @

find the combustion chamber capacity to be B, =240

where #n is the number of burners in the pilot zone in the front unit; B is the burner capacity.
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The proportion of air entering the combustion zone is determined by the ratio of the front device
capacity to the combustion chamber capacity for a given pressure drop P/ Pumospheric =1.03 [17].

K: (Bf/ Bcombust[on chamber )a (5)

Where B, is the front device capacity; B, is the combustion chamber capacity.
The excess air coefficient in the combustion zone is determined by the formula

ircombustion chamber
aircombustion chamober , (6)

cx'combustion zone
(LO ’ Gfuel)

where G, 1s the air flow rate at the combustion chamber inlet, Gy, 1s the fuel flow rate into the burn-
ers of the zone in question; L, is the stoichiometric coefficient for the fuel in question.

For a two-zone combustion chamber, the excess air coefficient in the main and backup combustion
zones is determined by a similar principle [18].

The calculated burner flow rates and excess air ratios for the combustion chambers examined are
listed in Table 2.

Table 2
Combustion chamber burner outlet flow capacity and excess air ratio
Combustion chamber Flow capacity Excess air ratio at the burner
outlet

Standard 0.58 0.37
Shortened 0.68 0.44
Two-zone 0.35 | 1.85 1.5 | 2.7

LPP combustion chamber 2.25 1.6

The combustion chambers examined exhibit a tendency toward a leaner fuel-air mixture at the
burner outlet, which reduces nitrogen oxide emissions.

Conclusion
The excess air ratio at the burner outlet of various combustion chamber designs was determined
through calculations and experiments.
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Reducing nitrogen oxide levels in engine exhaust gases is achieved by leaning the air-fuel mixture
in the combustion zone.

Fuel flow regulation within the combustion chamber’s individual zones ensures optimal emissions
at various engine operating modes.

The combustion chamber, designed within the LPP concept, utilizes low-temperature combustion
of a well-mixed air-fuel mixture with a pilot diffusion flame, ensuring low NO, emissions.
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