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ON THE QUALITY OF MIXING AND ON THE CARBON OXIDE FORMATION
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The burning of fuel in the combustion chamber of a gas turbine engine (GTE) is accompanied by formation of toxic
substances. The most dangerous among them are carbon oxides that have a detrimental effect on humans and environ-
ment. In this regard the article is solving the urgent problem of determining the optimal method of gaseous fuel supply-
ing in GTE combustion chamber to ensure low carbon-oxide emissions.

The paper presents the design features of injectors that work with a separate supply of air and fuel. Natural gas is
used as fuel. One of the considered injectors provides jet fuel supply by means of a perforated spray, and another one
provides twisted fuel supply by means of a swirler built into the fuel channel. The main geometric parameters of the
injectors are given as well, such as the size of the swirler, the number of blades, and the diameter of the output nozzle.

In this regard the quality of air-fuel mixture preparation in a swirl jet in the outlet of the burner with two types of in-
Jector is defined. It is found that the best quality of mixing is ensured by the injector with jet spray.

The design of a heat pipe simulator, in which the tested nozzle is placed, is considered. The design of a stand instal-
lation designed for testing injectors in a heat pipe simulator, as well as the modes under which these tests were carried
out, are presented. The results were obtained in a heat pipe simulator with installed jet injectors and injectors with a
swirling fuel jet. An analysis was conducted, which resulted in conclusions about the effectiveness of using jet injectors.
According to the conducted research, the parameters of the injector with a swirling fuel jet are characterized by the
presence of high values of CO levels in the combustion products, which is explained by the extremely low quality of
mixing fuel with air and, consequently, low efficiency of fuel combustion. Jet fuel injection has low CO values, which
indicates good quality of mixing fuel with air and high efficiency of a combustion process. As a result, we have received
recommendations on setting the selected type of injectors in a full-size combustion chamber.

Keywords: combustion chamber of gas-turbine engine, emission reduction, diffusion combustion, injector, burner,
mixing.
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Corcueanue monausa 6 kamepe c2Opanusi 2a30MypoOUHHO20 08ULAMENsE CONPOBONCOAeMCsl 00PA3068aHUeM MOKCUUHBIX
sewgecms. OcoOyro  onacHocms cpedu HUX NPeOCMAsIAION OKUCIbL Yenepood, OKA3blearwue 8pedHoe 8030elicmeue
Ha Yenoseka u okpyscarowyio cpedy. B ceszu ¢ smum ¢ cmamve pewaemcs akmyanbHas 3a0a4a O ONPeoesieHuio
ONMUMATBLHO20 CROCObA nodauu 2a3000pazno2o moniuea 6 kamepy ceopanus I'T/ 0 obecneuenus HU3KO20 6bl-
opoca CO.

B pabome npeocmasnenvt ocobennocmu Koncmpykyuu GopcyHoK, Komopwvie pabomarom ¢ pasoeibHol nooayel
6030yxa u monauga. B xauecmee moniuea ucnonvzyemcs npupoonuwlii 2az. O0Ha u3 paccmompenuvix opcyHok obecne-
yueaem cmpyiuHylo nooayy moniuea npu ROMowU nephopuposaHHo2o pacnbliumens, a opyaas — 3aKpy4eHHYI0 nooawy
MONAUBA NPU NOMOWYU 3A8UXPUMENS, BCIMPOCHHO20 6 MONAUSHbI Kanal. Takoice npueedenvl OCHOBHbIE 2eomMempuye-
CKUe napamempul YOPCYHOK, maxue Kax pamepsl 3a6UXpUmesi, KOIU4ecmeo 10namox, OUuamemp 6bixo0OH020 CONd.
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ABMGMMOHHG}Z U paKkemHo-KoCmMu4ecKkas mexnuka

IIpoussedeno onpedenenue Kauecmea NOO2OMOGKU MONIUBOBO3OYUHOU CMECU 8 3AKPYYEHHOU Cmpye HA 8bIX00e
U3 20penoK ¢ 08yMs MUnamu hopCcyHox. Ycemarnoeieno, ymo Hauyyuee Kauecmeo cmeuenus obecneuusaem Qopcynka
CO CMPYUHBIM PACHBLIOM MONIUGA.

Paccmompena koncmpyKyusi uMumamopa Jcaposoi mpyowl, 8 KOMopblil NOMeWAaemcss UCNbImbléaemas POPCYHKA.
Ilpedcmasgnena KOHCMPYKYusi cmeHO080U YCMAHOBKU, NPEOHAZHAYEHHOU O/l UCHbIMAHUsL (POPCYHOK 6 UMUMAMOpe
24Caposoti mMpyobl, A MAKI’CE DPEHCUMbL, NPU KOMOPbIX OAHHbIE UCHBIMAHUS NPo8oounucs. Ilomyuenvl pezynvmanmoi
8 UMUMAMope H#caposoil mpyobuvl ¢ YCMAHOGIEHHBIMU CIPYUHLIMU (OPCYHKAMU U POpCyHKamMu ¢ nodadell 3aKpy4eHHOU
monauenou cmpyu. IIpogeden ananuz, no pe3yibmamam KOmopo2o cOenansl 8b1600bl 00 IDeKmusHOCmu nPpUMeHeHUs
cmpyUuHbIX PopcyHoK. B coomeemcmeauu ¢ nposedeHHbIMU UCCLEO08AHUAMU NAPAMempPbl (POPCYHKU ¢ ROOAUell 3aKpy-
YEHHOU MONAUBHOU CMPYU XAPAKMEPUZVIOMCS HaATudueM 6blcokux 3nadenutl ypoers CO 6 npooykmax ceopawus, ymo
00bACHACMCSL KPAliHe HUBKUM KAYeCHE8OM NepemMeuueanusi Moniued ¢ 8030YyXom U, Cledo8amenbHo, HU3KoU s¢pgex-
mugHocmb0 cocueanus monausa. Popcynka co cmpyiunou nooauel monausa umeem Huskue snavenusi CO, umo ceu-
Odemenbcmayen 0 XOpouwem Kavecmee CMeuweHuss Mmonauea ¢ 6030YXOM U BbICOKOU (gexmusHocmu opeanuzayuu
eopenust. B pesynbmame nonyuenvl pexomenoayuu o nocmanoeke blOPAHHO20 MUNA POPCYHOK 6 NOIHOPASMEPHYIO

Kamepy ceopauusi.

Kniouegvie cnosa: xamepa ceopanust I'T/I, chuoicenue 8b10pocos epednvix seujecms, oug@ysuonnoe copenue, gop-

CYHKa, copenka, CmeueHue.

Introduction. The quality of the preparation of air-
fuel mixture in the combustion chambers of gas turbine
engines largely determines the level of emissions of toxic
substances, herewith the quality of mixing is ensured by
the way fuel is fed into the combustion chamber [1]. For
this reason, the issue of the reasonable choice of a fuel
supply method and determination of its influence on the
formation of toxic substances in the combustion products
of gas turbine engines is relevant. The main toxic sub-
stances in the combustion of hydrocarbon fuels are nitro-
gen oxides and carbon monoxide [2], therefore, reducing
the level of their concentration is one of the most impor-
tant tasks of engine manufacturers.

The burner unit of the annular combustion chamber
includes an annular plate in which swirling gas burners
are installed regularly around the circumference, between
the inner and outer shells of the flame tube (fig. 1). In the
center of these burners there are injectors that provide fuel

supply [3].

Fig. 1. Burner device of a serial combustion chamber:
I —injector; 2 — swirler; 3 — mixing chamber;
4 — jet nozzle

Puc. 1. Cxema ropesnoutoro ycrpoiicra cepuiinoii KC:
1 — dopcyHKa; 2 — 3aBUXpUTEINb; 3 — KAaMEpa CMEILICHNUST;
4 — COTUTIOBOI HACcaI0K

The fuel supplied by the gas injectors / along the axis
of each of the burners is mixed in the mixing chamber 3
with the air flow swirling in the swirler 2. As a result,

in the primary zone of the chamber behind the nozzle
heads 4 of each of the swirling burners, flows of the fuel-
air mixture are formed, these flows have paraxial circula-
tion areas. The presence of such areas ensures the circula-
tion of hot combustion products and active centers from
the combustion zone to the base of the fresh mixture
torch, which creates conditions for stable ignition
and flame stabilization.

The fuel supply method can be jet in the form of fuel
jets and in the form of a swirling fuel jet. This paper con-
siders two injectors operating on gaseous fuel, which dif-
fer in the way of fuel supply [4].

The principle of operation of the first one is to supply
a swirling gas stream from the center of the burner. The
injector (fig. 2) includes: body 2, screw / with a nut
(plug) 3 and a throttling washer 4.

Fig. 2. Centrifugal gas injector:
1 —screw; 2 — injector body; 3 — nut (plug);
4 — throttling washer

Puc. 2. LlentpoGesxHast ra3oBas GopcyHKa:
1 —mHex; 2 — kopmyc GpopcyHKy; 3 — raiika (3ariyIika);
4 — npoccenupyroras maioa

The body of the injector 2 is made with an internal
passage for supplying gas and with the metering holes A
for gas outlet. The body has a flange with holes for attach-
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ing the injector to the combustion chamber body and a
threaded channel for installing the screw /. The throttling
orifice 4 is installed to provide the required gas flow
through the injector.

The injector operates in the following way: gas flows
from the gas collecting main through pipelines to the in-
jectors, passes through the fuel passage in the injector
body. Getting on the blades of the screw I, it twists and
leaves the metering holes A. Mixing with the air that goes
out of the burner swirler, the gas enters the combustion
chamber [4]. Such an injector can be classified as a cen-
trifugal gas injector.

The screw installed inside the injector body (fig. 3)
is a swirler with four blades twisted along a helical curve
of right-hand thread, stroke — 32 mm, blade thickness —
I mm.

N

N\

Fig. 3. Injector screw (swirler):
outer screw = 10'5 mm; Dinner screw = 5 mm;
o, =45°% a, = 4 mm; S;=5 mm

D,

Puc. 3. llInek (3aBUXpUTENH) GOPCYHKH:
I[Hap.um,: 10,5 MM; HBHYTP.LUH_: 5 MM; 0O = 450,
= 4 MM; 51 =5 MM

The second injector (fig. 4) differs from the first one
in that the screw is excluded from the design, and at the
tip of the injector there are four equally spaced holes (in-
stead of one hole) for gas outlet [5].

To check the quality of fuel-air mixing behind the
burner with a jet gas injector in comparison with a cen-
trifugal gas injector, additional studies were carried out
to determine the quality of the preparation of the
fuel-air mixture at the outlet from the burners with these
injectors.

Fig. 4. Jet gas injector. Four holes
with the diameter d = 2.9 mm

Puc. 4. Ctpyiinas raszosas GpopcyHka.
YetsIpe oTBEpCTUS AUAMETPOM d = 2,9 MM
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The studies were carried out on a testing stand (fig. 5),
which includes three systems: air supply, gas supply and
measurement system.

The burner is placed on the test-bench equipment as
follows: the injector is installed in the receiver body, to
the connecting branch of which fuel is supplied. The
burner is placed with the sleeve part in the orifice of the
receiver cover. The fuel from the jet injectors is fed into
the inner cavity of the jet nozzle, as a result, fuel-air mix-
ture is formed at the outlet of the burner. The fuel is sup-
plied to the propellant feed system from the cylinder
manifold. Carbon dioxide (CO,) is used as a gas to re-
place methane. To measure the concentration fields at the
outlet of the burner, a coordinate device with a receiver of
the gas analyzer called PKU-4-MK-S is installed. This
device allows us to move the detector receiver axially and
radially. Concentration measurements are made from the
center of the burner, for which the nozzle axis “0”
is taken, with further movement of the sampling instru-
ment in both directions along the burner nozzle, across
the jet every 4 mm. According to this principle, measure-
ments are performed repetitively in seven sections:
at the nozzle exit section and every 50 mm up to the dis-
tance of 300 mm [6].

The measurements of CO2 concentrations in the
burner jets were also aimed at determining the distance
at which the concentration pattern is equalized, as well as
at fixing the rate of concentration change along the jet
axis [7; 8].

To visualize the intensity of the mixing process, fig. 6
shows the characteristics of CO2 = f (r), showing in detail
the change in the concentration over the cross section of
the swirling jet.

According to the data in fig. 6, it can be seen that be-
hind the burner with a centrifugal gas injector, there is no
significant expansion of the mixing area, which is associ-
ated with the formation of the high flow rate of fuel gas,
which leads to the high ejection ability of the jet forming
a narrow flow core, in which intensive mixing of fuel

Ti
rmax
corresponding to the value of 0.5, mixing does not occur,
since this area contains practically no fuel.

The burner with a jet gas injector has a wide concen-
tration field and its low level, which is explained by the
volumetric recirculation zone provided by the presence of
jet fuel supply, which makes it possible to mix fuel with
air throughout the entire volume of the swirling jet
formed behind the jet nozzle.

The quality of preparation was assessed analyzing the
dependence characterizing the maximum relative devia-
tion of concentration from the mean integral value of the
concentration field [9]:

with air occurs. Beyond the relative coordinate 7 =

C

max

C

mi

C= ~Co (1)

>

where C,, — maximum value in the measured concen-
tration field; C,,, — mean integral value of concentration.

In accordance with this dependence, the indicator of
the ideally regular distribution of the concentration of the

air-fuel mixture in the section is the value C=0.
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Fig. 7 shows that the best mixing quality in all seven
sections is observed for the burner with a jet gas injector.
That proves the quality of the mixture preparation.

The measurements of the concentration fields behind
the swirl burners confirm that the mixing process is
achieved in the burner with a jet gas injector due to the jet
fuel supply to the recirculation zone, and in the burner
with a centrifugal gas injector due to the high ejection
ability of the swirling fuel jet inside the air stream swirled
in the opposite direction [10].

Further studies comprised placing the injectors into
the combustion chamber in order to determine the emis-
sions of nitrogen oxides and carbon monoxide. The com-
partment is 1/8 part of a full-size combustion chamber,
consisting of an outer and inner shell, a flame tube with a
burner unit, in which four burners with injectors are in-
stalled. The combustion can is bounded by cooling side-
walls on both sides [11].

The combustion chamber compartment is studied on a
testing stand, the diagram of which is shown in fig. 8. The
stand is equipped with the necessary systems for measur-
ing and registering parameters. The stand includes a gas
turbine engine (blowing engine), which is used to supply
compressed air to the tested compartment of the combus-
tion chamber 3. Air is taken from the high-pressure com-
pressor, then it enters through the pipeline into the central
line /. Air consumption is measured by a flow meter.

3L

The stand is equipped with a measuring section 2 with
recording the readings of a pressure sensor 4, 5; the air
temperature is controlled by a chromel-alumel thermo-
couple 6. The fuel (natural gas) is supplied through the
fuel system 7 to the fuel manifold & of the combustion
chamber compartment, and then it enters the front-line
device and injectors. To measure the temperature in the
outlet of the compartment, a survey rake /2 is installed at
the outlet of it, the data from which is transmitted to the
recording equipment /3. To determine the composition of
combustion products, a gas sampling probe 9 and a line
for transporting combustion products /0 to the gas analyz-
ing equipment // are located at the outlet of the com-
partment.

The gas analyzer testo350 [12] is used to determine
the CO content in combustion products.

The compartments were tested under the following
conditions: Air pressure Pa = 1.37 kPa, Air flow
Ga = 1.72 kg / s, Air temperature Ta = 488 K, superficial
velocity speed A = 0.28. The change in the excess air ratio
was carried out by reducing the fuel consumption.

After determining the component composition of
combustion products for carbon monoxide, the emission
index EI, is calculated, according to the equation [13]:

Bl =Y, L) 5,107 ()

Hq

{3

Fig. 5. Structure of test stand:
1 — Heater; 2 — outlet reducer; 3 — pressure gauge; 4 — cutoff valve; 5 — flow meter; 6 — tee joint; 7 — burner; § — gas analyzer;
9 — ventilation device for removing carbon dioxide from the working room; /0 — coordinate table; /1 — receiver; /2 — flow meter;
13 — electromagnetic valve; /4 — moisture separator; absolute pressure and CO, temperature sensors installed upstream
of the flow meter (throat); sensor for measuring pressure difference across the CO, path; absolute pressure
and air temperature sensors installed upstream of the flow meter; and sensor for measuring air pressure difference
installed upstream of the receiver

Puc. 5. IlpunnunuanbHas cxema cTeHaa:
1 — HarpeBarelb; 2 — BEIXOJHOW pPeAyKTOp; 3 — MaHOMETp; 4 — OTCEYHOM KJamaH; 5 — pacxoJomep; 6 — TPOWHUK;
7 —rope’ka; § — razoaHanu3arop; 9 — BEeHTHISALMOHHOE YCTPOMCTBO A1 OTBOJA YIJIEKUCIIOTO Ta3a U3 paboyero noMereHus;
10 — xoopauHaTHBI cTou; /] — pecusep; /2 — pacxonoMmep /3 — 371€KTPOMArHUTHbIN KianaH; /4 — BIarooTAeNuTeNb
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Fig. 6. Field of CO, concentrations in various sections of a swirling jet:
a — centrifugal gas injector (CGI); b — with jet injector (JI)
¢ —nozzle cut; m— 50 mm; A— 100 mm; x — 150 mm; ¢ — 200 mm; o — 250 mm; A — 300 mm
Puc. 6. Ilone xonnenrpanuiit CO, B pa3IMYHbIX CEYECHUSIX 3aKPyUCHHOU CTPYH:
a—1BI'®; b — CTD
¢ —cpe3 coruta; m— 50 Mmm; A — 100 mm; X — 150 mm; © — 200 mm; 0 — 250 Mm; A — 300 Mmm
Where L, = 16.7 — stoichiometric coefficient pco = 28.010 kg / kmol and p, = 28.964 kg / kmol

of methane combustion (kg of air / kg of fuel); a,— total
or local air-to-fuel ratio;n; — molar mass of the deter-
mined toxic substance; |, —molar air mass; y; — volume
fraction of a toxic substance (ppm). When calculating FJ,

we have taken the following values of molar masses:

360

[14; 15].

According to the results of the measurements (fig. 9),
it can be seen that the value of the carbon monoxide emis-
sion index in the compartment with a jet gas injector has
decreased by half compared to the compartment with a
centrifugal gas injector.
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The results showed that it is preferable to use gas (by appropriate orientation and range of the jets) to dis-
distribution with the help of jet feed, which, in contrast tribute fuel over the air flow section with the required
to the supply of swirling fuel jets, not only increases concentration profile in the flame tube in a simple and
the interface of the mixed media, but it also allows us reliable way.

o
[

2.5

1,5 1

N L L L
| B
4 5 B 7

section number

Fig. 7. The quality of the preparation of the air-fuel mixture in a swirling stream:
m — the burner with centrifugal gas injector (CGI); @ — the burner with jet injector (JI)

Puc. 7. KauecTBO NOATrOTOBKU TOIUIMBOBO3IYIIHON CMECH B 3aKpYUEHHOU CTpye:
m —ropenka ¢ LIBI'®; @ — ropenka ¢ CI'®

5 Fuel 7 Pq

10

/ 13
Thermocouple E

seating plate

Fig. 8. Stand for testing the sections of a combustion chamber

Puc. 8. Ctenng st uccinefoBaHus OTCEKOB KaMEPhl CrOpaHHs
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Fig. 9. CO index at the outlet of the compartment:
¢-JI;m—CGI
Puc. 9. Uagexc CO Ha BBIXOJE M3 OTCEKa:
¢—CI'o; m—1BI'®
Conclusion.

1. The organization of jet fuel supply will allow us to
perform the most efficient combustion of gaseous fuel in
comparison with the fuel supply with a swirling jet, which
makes it possible to halve the index of carbon monoxide
in the combustion products of the combustion chamber
compartment.

2. Jet fuel supply provides better preparation of a fuel-
air mixture.

3. It is recommended to install a jet gas injector
as a measure to reduce carbon monoxide in combustion
products of a gas turbine engine.
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