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B oannoui pabome npedcmasnensvt smanvt paspabomku  08YXMONIUBHOU KaMepbl c2opanus 07 08Uames.
HK-16-18CT. IIpou3sseden pacuem HympuKamepHvIx npoYeccos Ha 0CHO8e Meopui mypoOyIeHmMHO20 20PEHUSL.

OOHUM U3 KOHKYPEHMHbLIX NPeuMyuecme CmayuoHapHoU 2a30MypOUHHOU YCMAHOBKU AGIAEHICS 603-
MOIACHOCTL pabombl HA O8YX 8UOAX TMONAUBA: HA OU3CTbHOM U 2a3000pasznom. Tlosmomy cozdanue 08yx-
MONAUBHOU KAMEPbI C2OPAHUA AGNAEMCA aKmyanbHuiM. [Ipoyecc npoexmupoganus 08yXmonaugHou Kame-
bl ceopanus pazdoum Ha HecKonvbko smanos. Ha nepeom smane paspabomana ¢opcynka, Komopas ocHa-
weHa 08YMS GHYMPEHHUMU MONIUSHBIMU KAHAAAMU. 3amem Nnpoekmupyemcs: hpoumosoe ycmpocmeo,
8 KOMOopom 6 08a pAda pasmewaromcs opcyHku. [Jannoe ycmpoucmeo OCHAueHO 08YMsA  pPA30elbHbIMU
MONIUBHBIMU KOJLIEKMOPAMU U NOLOCHAMU 051 HO0800A MONAUSA K 08YM KaHnaniam gopcynok. Taxoe Kow-
CMPYKMUBHOE peuieHue no3605em 6blNOIHIMb NEPeKioueHUe 00H020 6U0d MONIUEA HA OpPY20ll, He 0Cma-
Hasausas pabomy osucamens. B xauecmee npomomuna 01 pacnpedeieHusi 6030yxXa No OIUHE HCAPOosoll
mpyowl 83ama kamepa ceoparus osucamensi HK-8-2V.

Pacuem snympuxamepnvix npoyeccos GbINOIHICS HA OCHOBe Meopuu mypoOyIeHmHozo 2opetusi. B xode
pacuema onpedensitomcs maxue napamempbl, Kaxk HOPMAmbHAsL CKOPOCHb 20PEHUS, NYIbCAYUOHHAS CKOPOCTb,
KO3 @uyuenm mypoyneHmnozo obmena, macuimad mypoyieHmHOCU U UHMEHCUBHOCb MYPOYIeHMHOCHU.

Copmuposarno ypasnenue meniogozo banaunca 0is onpeoeieHus memMnepamypul 8 paccmMampueaemou
obaacmu npu coicu2anuy RPUPOOHO20 2a3a U OU3enbHo20 monausd. Ilpu smom yumeno, 4mo 8 0OHOM CIy-
uae 3ampayusaemcs menuo, uoywee Ha UCHapeHue JHCUOK020 Monaued, 8 Opyeom ciyuae OaHHAs 0cODeH-
HOCMb He NPUCymcmeyen.

Hnsa pacuema obpasosanusi oxcuoos azoma ucnonvzyemcsa meopusa A. b. 3envdosuua mepmuueckoeo
OKUCNIeHUs: a30ma KUCIopooom. Buibpocsl okucu yenepooa onpedensiomes no SMIUpuieckoli gpopmyre.

U3 mepmazazoounamuueckoeo pacuema oeueamensi HK-16-18CT uzeecmuvl napamempvl Ha 6x00e
8 Kamepy C2Opanus Ha PA3TUYHBIX PENCUMAX PabOMbl NPU CHCULAHUU NPUPOOHO20 2a3d.

Buinonnen pacuem ons onpedenenus HeobXo0UMO020 pacxooa OU3eibH020 MONIUBA NO pedcUMam pado-
mbl 08ueamerisi NPU COXPAHEHUU MEeMNEPamypbl Ha 6bIX00€ U3 KAMEPbl C2OPAHUSL.

Ilo pesynemamam pacuema nocmpoen 2papur SMUCcul BPeOHbIX euiecms om pexcuma pabomol 08uU-
2amenis npu UCNONL30BAHUU PA3IUYHO20 MONIUEA, A MAKICE NOCMPOEH CPASHUMENbHBII SPAPUK 3a8UCHU-
MOCMU NOTHOMbL C2OPAHUS MONIUBA OM PedCUMA pabomul 08ueamers.

Pacuemnule 6b10pochbl 6pedHbIX 6ewecms pazpadbomanHol Kamepsbl C2opaHust 8 OUanda3one pabomsl 08u-
eamensi no mowrHocmu om 0,7 0o 1 Ne ona ocuoxoeo monausa: NO15%0, He npesvliuaem
250 me/n’, CO15%0; ne npesviuwiaem 300 e/’ ons eazoobpaznozo monauea: NO15%0, ne npesviiuaem
120 MZ/M3, CO15%0; ne npesvruiaem 150 M.

Kniouesvie cnosa: osyxmonnuenas xamepa ceopanus, 2a30mypOuHHblll 08ueamenb, NPUPOOHbIL 2d3,
ouzenbHoe MONAUBO, Meopus MmypoOyIeHMHO20 20peHUsl, OKCUObI A30Mmd, OKUCTbL Yeaepood.
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Development of the two-fuel combustion chamber and calculation
of processes for the theory of turbulent burning

A. V. Baklanov

Kazan National Research Technical University named after A. N. Tupolev — KAI
10, K. Marx St., Kazan, 420111, Russian Federation
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In this material development stages of the two-fuel combustion chamber for the HK-16-18CT engine are
presented. Calculation of processes on the basis of the theory of turbulent burning is made.

One of competitive advantages of stationary gas-turbine installation is the possibility of work on two
types of fuel: on diesel and on gaseous. Therefore creation of the two-fuel combustion chamber is relevant.
The designing process of the two-fuel combustion chamber consists of several stages. At the first stage the
nozzle is developed. It is equipped with two internal fuel channels. Then the front device is designed. in it
nozzles are placed in two ranks. This device is equipped with two separate fuel collectors. It contains cavi-
ties for a fuel supply to two channels of nozzles. Such constructive decision allows to carry out switching of
one type of fuel to another without stopping operation of the engine. As a prototype for distribution of air
on length of a spherical pipe the combustion chamber of the NK-8-2U engine is taken.

Calculation of processes in the combustion chamber was carried out on the basis of the theory of turbu-
lent burning. During calculation such parameters as the normal speed of burning, the pulsation speed,
coefficient of turbulent exchange, scale of turbulence and intensity of turbulence are determined.

The equation of thermal balance for determination of temperature in the considered area at combustion
of natural gas and diesel fuel is created. It is considered what in one case is spent warmly going for evapo-
ration of liquid fuel, in other case it is not necessary.

For calculation of formation of nitrogen oxides Ya. B. Zeldovich's theory of thermal oxidation of nitro-
gen is used by oxygen. Emissions of carbon monoxide are determined by an empirical formula

From gasdynamic calculation of the HK-16-18CT engine parameters on an entrance to the combustion
chamber on various operating modes at combustion of natural gas are known.

Calculation for definition of a necessary consumption of diesel fuel for power setting at preservation of
temperature at the exit is executed from the combustion chamber.

By results of calculation the schedule of emission of harmful substances from power setting on gas and
diesel fuels is constructed. The comparative schedule of dependence of completeness of combustion of fuel
on power setting is constructed.

Settlement emissions of harmful substances of the developed combustion chamber in the range of opera-
tion of the engine on power from 0,7Ne to 1 Ne for liquid fuel: NO15%0, does not exceed 250 mg/m’,
CO15%0, does not exceed 300 mg/m’; for gaseous NO,15%0; fuel does not exceed 120 mg/m’, CO15%0,
does not exceed 150 mg/m’.

Keywords: two-fuel combustion chamber, gas-turbine engine, natural gas, diesel fuel, theory of turbu-
lent burning, nitrogen oxides, carbon oxides.

Introduction

Expired aircraft gas turbine engines (GTE) are increasingly used in ground conditions; they are
used to drive compressors in gas pumping units and electric generators at power plants. Work is being
carried out to create GTEs for automobiles, diesel locomotives and other vehicles.

Often, requirements are imposed on a gas turbine engine for use as a drive for an electric generator,
which include the ability to operate the engine on liquid (diesel) and gaseous (natural gas) fuels and to
switch from one type of fuel to another without stopping the engine [1].
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Stationary and transport gas turbine engines are already operating on liquid fuels that are heavier
than aviation fuel, using distillate medium liquid fuels (diesel fuel, diesel oil, gas oil) and the highest
quality fuel oil [2].

The use of traditional heavy fuels for ground-based applications in these cases has great advantages
from the operational and economic points of view.

One of the most important characteristics of fuel for gas turbine engines is its combustion heat. The
effect of combustion heat on the power characteristics and efficiency of the engine is very significant.
The greater the mass combustion heat, the greater the engine efficiency.

The value of the heat of combustion of fuel depends on the chemical composition or ratio of ele-
ments that make up the combustible part of the fuel. Consequently, for hydrocarbon liquid fuels it de-
pends on their chemical structure. In practice, the net calorific value is accepted as the main thermo-
chemical characteristic of hydrocarbon fuels [3].

The lower calorific value for natural gas is Hu = 50,000, for diesel fuel Hu = 40,000. The stoichi-
ometric coefficient for natural gas is 17.3, and for diesel fuel 14.5 [4].

Development object
Let us consider the stages of development of a dual-fuel combustion chamber for the NK-16-18ST
engine and calculation of intra-chamber processes based on the theory of turbulent combustion [5].
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Fig. 1. Nozzle of the combustion chamber

To implement dual-fuel combustion at the first stage, a dual-fuel injector (Fig. 1) was developed,
which contains a swirler body /, including a vane swirler 2 and a mixing sleeve 3, as well as a nozzle
body 4, which is installed in a gas distribution device 5. The swirler body / contains two fuel supply
channels: for liquid fuel 6 and gas 7. A gas distribution sleeve § is installed in the internal channel of
the nozzle body 4, forming a fuel channel 9 between the nozzle body 4, and a sprayer /0 with holes /1
is installed between the nozzle body 4 and the gas distribution sleeve 8. An elongated mesh filter /2
and a centrifugal liquid fuel sprayer /3 are installed in the center of the gas distribution sleeve §. To
ensure tightness, the dual-fuel injector contains sealing rings /4, a splined nut /5, which, using a
threaded connection, fixes the body of the injector 4 in the gas distribution device 5, and to ensure a
given air flow through the vane swirler 2 has a throttle plate 76 [6].

At the second stage [7] a front device was developed (Fig. 2). It contains a ring head / with exter-
nal 2 and internal 3 fuel manifolds. On the surface of the external fuel manifold there are gas supply
nozzles 4. The supply is carried out into the internal cavity of the external manifold 2. On the ring
head between the manifolds, there are air shaped windows 5 along the circumference, necessary for
the supply of air. They contain central openings 6 and racks for fastening 7 burners (nozzles) &8 to the
ring head /. Also in the racks there are through channels for supplying fuel 9 to the nozzles §.
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Fig. 2. Flame tube head

In the middle of the head of the annular / on the outer side there is a hollow annular collector /0
with channels for supplying fuel /7 to the injectors 8. The hollow annular collector is placed in the
diffuser /2 and has a fuel supply nipple /3.

The injectors 8 contain two cavities /4, 15, one of which is connected to the outer 2 and inner 3
fuel collectors filled with gaseous fuel (gas), and the other - with channels for supplying fuel /7 from
the hollow annular collector /0 filled with liquid fuel. The injector § is equipped with a liquid /6 at-
omizer and a gaseous /7 atomizer [8].

Puc. 3. Kamepa cropanus

Fig. 3. Combustion chamber

The dual-fuel chamber consists (Fig. 3) of a housing 6, a flame tube 3, a liquid manifold 9 and a
gas manifold / for feeding gas to the injectors 2. The flame tube is annular, consisting of several sec-
tions. Between the rings, when connected, spacer plates 5 or corrugated tapes 4 are installed, which
serve to create film air cooling. The flame tube is suspended from the front side using clamps 7. Rings
8 are welded to the rear part of the outer and inner casings, with which they rest on the corresponding
annular surfaces of the turbine nozzle apparatus [9; 10].
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Mathematical model
The combustion chamber of the NK-8-2U engine (Fig. 4) was taken as a prototype for air distribu-
tion (location and number of holes and slots) along the length of the combustion tube.
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Fig. 4. Air Distribution on length of a flame tube

To determine the completeness of combustion, the surface theory of turbulent combustion of an av-
erage mole of the mixture is used, on the basis of which a dependence is obtained for determining the
local completeness of fuel combustion in the area under consideration [11]:

W 1o 385 )| Un fy o 2Axe )| Uy )y Axe (1)
TZE ] R R | 700 R A | R PN

This dependence allows us to determine the completeness of combustion of the average volume of

a mixture with composition o, during its stay on a section of the combustion chamber of length Ax
with a velocity W and burning from the surface with a turbulent velocity Uy = U, + W'.

The normal combustion rate U, is determined by the parameters of the mixture at the entrance to
the calculated section of the combustion chamber using the empirical equation:
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3 Y
T, P
Un = UnO £ —- s (2)
L)\ R

where U,y — normal burning rate provided P, = 10° Pascal, T,= 873K.

Exponents 9, y are calculated according to A. M. Mellor: &=2.98 _08 y=-0.38 -l—% , accord-
o} o
ing to V. A. Shchukin: 6 = 1.8, y=-0.2.
The pulsation speed is determined using the dependence
W=¢eW, 3)

where W — flow velocity behind the burner device; € — turbulence intensity.
The turbulence parameters included in the calculated dependencies can be estimated using the em-
pirical dependence

-0.5
£=0.041( 1+ Btg’o) . (LJ , @)

out

where 7 — swirl outer radius; x = X + Ax (X — distance from front device; Ax — distance from the
mouth of the jet to the front).
To determine the scale of turbulence /y, it is necessary to carry out a number of transformations.
From the theory of turbulence, the dependence for determining the coefficient of turbulent ex-
change is:

D =l W, %)

where [, — Lagrangian scale of turbulence; W' — pulsating velocity.
The dependence for determining the coefficient of turbulent diffusion at the initial section of a
swirling jet is:

2, 2 03
D, =0.00294( 1+B’tg (p) WR,, (6)

where ¢ — swirl angle in the jet; W — average flow rate of the jet; f — coefficient taking into account
the design features of the swirler; R, — pipe radius.

By equating the right-hand sides in equations (5) and (6) and taking into account that [, = 0.5 /.,
we can obtain an expression for calculating the scale of turbulence in the combustion chamber flame
tube:

0.5
I, =0.014R, (FLJ . (7)
out

The obtained value of local combustion completeness An); characterizes the combustion complete-
ness in relation to the fuel at the entrance to the combustion zone under consideration. Summing up all
the combustion completeness values up to the calculated cross-section allows us to obtain the change
in the absolute value of combustion completeness along the length of the flame tube n;:

N = Any + Anp(1 — Any) + Ans(1 = Any) (1 - Anp). (8

To calculate using the presented method, it is necessary to divide the fire tube into several sections,
in each of which it is necessary to determine the necessary parameters characterizing the flow of intra-
chamber processes.
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When burning diesel fuel, the average temperature of the gas in the i-th section can be found from
the heat balance equation, which takes into account the heat (), ;, brought by the gas from the previous
zone; Qaiy, introduced by the air entering the combustion zone from the side openings; O, supplied
to the gas due to the combustion of part of the fuel in the i-th zone, and the heat Q,

vap;

used to evapo-

rate the liquid fuel, according to the diagram in Fig. 5:

Qi = Qi—l + air; + AQg[ - Qvapi : ©

From this we get

cpgi,l Tgifngifl + cpair chAGairi + AGsti T]H” - LvapAZGti
Ty = c G , (10)

Pgi gi

where T, — gas temperature in the i-th section; 7, — combustion chamber inlet air temperature;
G, ..G

air i gi

— air and gas consumption in the i-th section; Az — fuel evaporation rate; Gr;, Gy — liquid

and steam fuel consumption in the corresponding sections; CpgsC — heat capacity of gas and air;

Pair

Hu — calorific value of fuel; L,,, — heat of vaporization.

airy _

Puc. 5. Cxema nojBoja Tema B 30Hy TOPEHUs

Fig. 5. The scheme of a supply of heat in a burning zone

When burning natural gas, the average temperature of the gas in the i-¢4 section is found from the
heat balance equation, which takes into account the heat O, ; brought by the gas from the previous

zone; Oy, introduced by the air entering the combustion zone from the side openings; Qy;, supplied to
the gas due to the combustion of part of the fuel in the i-¢4 zone:

Qi = Qifl + Qairi + AQgi . (1 1)
From this we get:
T = CpgiTgifngifl + Cp airTcAGair i + AGm‘nHu (12)
gi >
CpgiGgi

where T,; — gas temperature in the i-th section; 7, — combustion chamber inlet air temperature;
G, ..G

air i gi
¢, qir— heat capacity of air; Hu — calorific value of fuel.

After determining the local values of the mixture composition, combustion temperature and com-
plete combustion, the instantaneous concentrations of O, and N, can also be calculated [12].

— air and gas consumption in the i-th section; c,,; — heat capacity of gas in the i-th section;
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To calculate the formation of nitrogen oxides, it is necessary to use the theory of Ya. B. Zeldovich
to determine the thermal oxidation of nitrogen by oxygen:

NG 5.10" 86000 ” 43000
_5 o e o,N, %, RTg —(NO)Z ’ (13)
dr JO, 3

where t — time, c; T, — temperature in the reaction volume, K; NO, N,, O, — concentrations of compo-
nents of the final gas mixture, mol/l.

To do this, it is necessary to divide the entire volume of the flame tube into # zones, taking into ac-
count that in each zone the composition of the unreacted mixture of fuel and air is formed, as well as
combustion products received from the previous zone. The concentration of ANO,; in each zone is de-
termined by the nitrogen oxides released here and received from the previous zone.

Carbon monoxide emissions are determined by an empirical formula, the volume, % [13]:

P

cc

0.5
szGair.c.zT;z (APJ ])cfé
CO = 107%, (14)

Vc.z CXp (CTst.g )

where f— mons Bo3myxa, y4acTBYIOIIETO B TopeHHH proportion of air participating in combustion; let
us assume f= 0.5; G, — air passing through the combustion zone; C, b, ¢ — constants; C =20, b = 1.0,
¢ =0.009.

Calculation results

From the thermogasdynamic calculation of the NK-16-18ST engine, the parameters at the combustion
chamber inlet are known for various operating modes when burning natural gas. These parameters are tak-
en as boundary conditions for performing the calculation within the chamber processes (Table 1).

Table 1
Parameters of the engine NK-16-18ST

Unitof 5006 | N=60% | N=70% | N=80% | N=90% | N=100%
Name measurement
Power kW 9000 10800 12600 14400 16200 18000
Air flow rate at the
inlet to the compressor kg/s 88.5858 | 92.8724 96.4033 99.8401 103.05 106.158
station
Total fuel (gas) con- kg/h 274029 | 308549 | 342271 | 3757.35 | 4088.51 | 441826
sumption per hour
Braking temperature at
the outlet of the com- K 908.648 946.42 982.188 1015.19 1045.97 1074.79
pressor
Braking pressure at the
inlet to the compressor MPa 0.791 0.847 0.896 0.944 0.990 1.0348
station
Braking temperature at
the entrance to the K 554.716 566.782 577.242 587.116 596.163 604.731
compressor

To determine the temperature of the gas there is the following expression:

T, =ch+u—n where n> 1.0, (15)
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where c,, — average heat capacity of gas at constant pressure; Hu — net calorific value; 1 — combustion
. . . . * .
efficiency; a — excess air coefficient in the calculated area; 7,, — temperature before combustion

chamber, K.
To determine the required consumption of diesel fuel while maintaining the temperature at the out-
let of the combustion chamber, taking into account the excess air coefficient:
G

o= air , 16
7.-G (16)
where L, —stoichiometric coefficient for the fuel under consideration, the following dependence was
obtained.
G.
_ air . 17
T THen )
Cp (Tg* - T:ir )

In accordance with this dependence, the required diesel fuel consumption was calculated for each
engine operating mode (Table 2).

Table 2
Diesel fuel consumption depending on engine modes NK-16-18ST
Unit of
Name N=50% | N=60% | N=70% | N=80% | N=90% | N=100%
measurement

Power kW 9000 10800 12600 14400 16200 18000
Total diesel fuel con- kg/h 274029 | 308549 | 342271 | 3757.35 | 4088.51 | 4418.26
sumption per hour

To evaluate the parameters of the combustion chamber operating on gaseous and diesel fuel, a cal-
culation was performed in the program “CAMERA” [14]. For the calculation, the geometry of the
combustion chamber, the number of nozzles, the number, diameters and coordinates of the air supply
holes along the length of the combustion tube were specified. The data in Tables 1 and 2 were used as
the initial data for the calculation.
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Fig. 6 Distribution of Parameters on length of a spherical pipe:
a — diesel fuel; b — natural gas
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Fig. 6 shows that during combustion of diesel fuel a higher flame temperature is observed in the
combustion zone. The efficiency of combustion almost immediately reaches its maximum value. The
distribution of velocity along the length of the flame tube is similar, since it is determined by the geo-
metric features of the flame tube [15].

NOx.CO
mg/nm?®
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300 \“\ﬂ\
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Puc. 7. CpaBHuTENBHBII rpaMK 3MUCCUN BPEIHBIX BELIECTB OT pexumMa padboTs! neurateins CO:
W — IPUPOHBIH ra3; Y — au3enbHoe TormBo; NOX: A — IpUPOIHBIN Ta3; A — TN3eTBHOE TOIIMBO

Fig. 7. Emission of harmful substances from power setting CO:
m — natural gas; Y — diesel fuel; NOx: A — natural gas; A — diesel fuel

From the summary graph (Fig. 7) of emissions of harmful substances for two types of fuel, it is evi-
dent that the concentration of CO and NOy is lower when the engine is running on gaseous fuel.
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Fig. 8. Completeness of combustion of fuel from power setting:
4 — diesel fuel; m — natural gas
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The combustion efficiency is significantly higher when using natural gas (Fig. 8), and its increase
is noted with an increase in the engine operating mode.

Conclusion

1. A combustion chamber that ensures the operation of a stationary gas turbine engine on liquid and
gaseous fuels has been developed.

2. The calculation of intra-chamber processes was performed based on the theory of turbulent com-
bustion for various engine operating modes when supplying liquid and gaseous fuels.

3. The calculated emissions of harmful substances of the developed combustion chamber in the en-
gine operating range by power from 0.7 to 1 Ne for liquid fuel NOy; 500, does not exceed 250 mg/m’,
COj 50,02 does not exceed 300 mg/m3 ; for gaseous fuel NOy;sy,0, does not exceed 120 mg/m3, COi5902
does not exceed 150 mg/m’.
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