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ABSTRACT

BACKGROUND: intensive works in improvement and development of microturbine power plants for energy and transport
continues worldwide. These works are still relevant due to near-to-zero emissions of microturbines, as well as due to the fact
that microturbines efficiency can be increased up to 50% and above, which opens the potential to compete with well-known
power plants in the foreseeable future, including in terms of efficiency. Therefore, the work on the study of a low-toxic
combustion chamber for a microturbine seems relevant as well.

AIM: Computational and experimental study of an individual tubular low-toxic combustion chamber of a 50 kW microturbine
with an increase in pressure at the inlet to the chamber.

METHODS: The description of the experimental facility for combustion chamber testing and the results of its experimental study
are given. A sufficient convergence of the experimentally obtained parameters of the combustion chamber with the parameters
obtained from the simulation modeling of flow and combustion in the combustion chamber was obtained.

RESULTS: In the course of the calculated and full-scale studies, hydraulic losses, nitrogen oxide emissions, and temperature
unevenness at the outlet of the combustion chamber with increasing air pressure at its inlet were determined.
CONCLUSIONS: The calculated study showed a significant effect of an increase in air pressure from 3 to 3.5 bar at the entrance
to the combustion chamber on its main parameters. Thus, hydraulic losses have more than doubled and nitrogen oxide
emissions have increased almost 1.3 times. The conducted experimental study of the combustion chamber generally
confirmed the results of mathematical modeling and thereby tested the computational model used. Thus, the discrepancy
in the experimentally and computationally obtained values of relative pressure losses in the combustion chamber does not
exceed 15%, and in emissions of nitrogen oxides 7%.

Keywords: microturbine; microturbine combustion chamber; low-toxic combustion chamber; tubular individual direct-flow
low-toxic combustion chamber.
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ODVII'VIHaJ'IbHOG nccneaposaHme

Tpy6uaTas MHAMBUAYaNbHasA MaNOTOKCUYHaS
Kamepa cropaHus
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AHHOTAUMA

06ocHoBaHMe. B Mipe NpofomKaloTC MHTEHCUBHBIE PaboTbl MO COBEPLUEHCTBOBAHMIO M CO3AaHNI0 MUKPOTYPOMHHBIX 3HEp-
rOyCTaHOBOK [l SHEPreTMKW W TpaHcnopTta. 3TM paboTbl NPOLONKAKT 0CTaBaThCA aKTyaslbHbIMU B CUNY 3KOJIOMMYECKOM
UMCTOTHI MUKPOTYPOUH, a TaKKe B CBA3U C TeM, YTO MUKPOTYpbuHbI obnagatoT noteHumanom pocta KMZ go 50% u Bbiwe,
yT0 06€CMEYMBAET MM BO3MOXKHOCTb KOHKYPEHLIMU C M3BECTHBIMU SHEProycTaHOBKaMM B 0603pUMOM byayLLieM, B TOM YuChe,
no adpdekTuBHocTU. B cuny BbilweckasaHHoro pabota no UcciefoBaHUI0 MaNOTOKCUMYHOM KaMepbl CropaHus AN MUKpOTYp-
BWHBI TaKXKe NPeACTaBAAETCA aKTyaslbHOM.

Lienb paboTbl — pacyeTHO-3KCMEpUMEHTaNbHOE UCCeA0BaHNe UHAMBMAYANbHOW TpyBUaToN ManoTOKCUUHOWM KaMephbl Cro-
PaHNs MUKPOTYPOMHBI MoLHOCTBH 50 KBT npu NoBbILLEHWM 1aBNEHUS HA BXOLE B KaMepy.

Marepuanbl u Metoabl. [lpuBoaunTcs onucaHue obbekTa UCCNefoBaHUS — ManOTOKCUYHOW WHAMBMAYaNbHOW TpybyaTom
Kamepbl CropaHus, 3KCNepUMEHTANIbHON YCTaHOBKM ANS ee UCMbITaHWIA U pe3ynbTaTbl pacHeH0-3KCNEPUMEHTANBHOMO UCCrie-
[0BaHus.

Pesynbtatbl. B xo4e npoBefEHHOr0 pacHeTHOro M HaTYpPHOrO MCCNeA0BaHWA bl onpeaeneHbl rMAPaBAMYECKUe NoTepw,
BEJIMYMHBI BbIDPOCOB OKCWAO0B a30Ta, W TEMMepaTypHas HepaBHOMEPHOCTb Ha BbIXOAE KaMepbl CropaHusi Npy MoBbILLEHUM
LaBNeHus BO3yXa Ha ee BXOAE.

3akntouenue. PacueTHoe uccneoBaHMe NMOKa3ano CyLLECTBEHHOE BAUSHME NOBLILLIEHUS AaBneHus Bo3ayxa ¢ 3 no 3,5 bap
Ha BXOZie B KaMepy CropaHus Ha ee 0CHOBHbIE NapaMeTpbl. Tak boniee YeM B [1Ba pasa yBEMUMINCH MMAPABNMYECKUE NOTEPH
u noytv B 1,3 pasa Bblbpockl OKUCNOB a3oTa. [poBeAeHHOE IKCNEPUMEHTAJIbHOE UCCNEe0BaHUE KaMepbl CrOPaHUs B LIEJIOM
NoATBEPAMNIO PesyNbTaTbl MaTeMaTMYeCcKoro MoAeAMpoBaHMs U TeM CaMbIM annpobrpoBano UCMosb3yeMyto pacyeTHY0 Mo-
penb. TaK pacxomaeHWe Mo 3KCMEPUMEHTAbHO M PacyeTHO MOSTYYEHHBIM 3HAYEHWSIM  OTHOCUTENbHBIX MOTEPb AABNEHUSA
B Kamepe cropakus He npeBbiwaet 15%, a no Beibpocam okucnos asota 7%.

KnioueBble cnoBa: MUKpoTYpOMHa; KaMepa CropaHnsi MUKPOTYPOMHbI; MaloTOKCMYHAsA KaMepa CropaHus; TpybuaTtas MHAK-
BUAYaNbHas NPSMOTOYHAs MaslOTOKCUYHAsA KaMepa CropaHus.
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SKOMOMMHECKM HACTBIE
TEXHOJIOTAV 1 OBOPYLIOBAHME

Tom 91,N2 1, 2024

TpaHTOpbl M CENbXO3MallWHbI

BACKGROUND

Intensive work to create and improve microturbine
power plants for energy and transport continues
worldwide [1, 2, 3, 4, 5]. These works are important
due to the environmental friendliness of microturbines,
as well as because microturbine efficiency can be
increased up to 50% or more, which gives them the
potential to compete with well-known power plants in
the foreseeable future, including in terms of efficiency.
Therefore, work on the study of a low-toxicity combustion
chamber for a microturbine seems relevant as well.

AIMS AND OBJECTIVES

From 2019 to 2022 at the Central Scientific Research
Automobile and Automotive Engines Institute (NAMI)
in Moscow, Russia, a tubular individual direct-flow low-
toxicity combustion chamber (CC) was used in the design
of a 50-kW regenerative microturbine [6]. It implements
the concept of rich-lean combustion with rapid mixing
(RQL; Rich burn, Quick mix, Lean burn) (Fig. 1) [7, 8].
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The CC was designed to high-level standards. The
temperature fields obtained through mathematical
modeling of flow and combustion in the CC are presented
in Fig. 2, and the main parameters are presented in
Table 1 [16]. The CC was designed for an inlet air
pressure of 3 bar, but during modifications to the NAMI
microturbine the inlet air pressure was increased
to 3.5 bar. The impact of this discrepancy on the CC
performance requires further investigation.

Table 1. Main properties of the low-toxic combustion chamber
of the microturbine with the power of 50 kW

Tabnuua 1. OcHOBHble NOKa3aTe/iM MaNOTOKCMYHOM Kamepbl
cropaHus MUKpoTypbuHbl 50 KBT

Nitrogen oxide emissions,
ppm

78 1,2

Relative pressure loss, %

This work is a computational and experimental study
of the developed CC with the inlet air pressure increased
from 3-3.5 bar.

JINOJ/dt I

Lean burn

<

Rich burn

Excess air Excess fuel

Fig. 1. The individual tubular direct-flow low-toxic combustion chamber with rich-lean burn [5].
Puc. 1. Tpybuatas, nHAMBUAYasbHAsA, NPAMOTOUHAs MaJIOTOKCMYHAS KaMepbl CropaHms ¢ 0boralueHo-06eHeHHbIM cropaHueM [5].
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292,19
|
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Fig. 2. Temperature fields of flame (on the left) and the flame tube of the combustion chamber.
Puc. 2. lMons TeMnepatyp nnameHu (CrieBa) U CTEHOK apoBoM TpyObl (CrpaBa) KaMepbl CropaHus.
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STUDY OBJECT

To solve the problem, mathematical modeling
of the flow and combustion processes in the CC
and an experimental study of the CC with an inlet air
pressure of 3.5 bar were performed. Mathematical
modeling was performed similarly to the previously
reported modeling of the CC at an inlet pressure of

(1) 2024 Tractors and Agricultural Machinery

3 bar [6]. In particular, the Mentor SST model [9, 10]
was used to simulate the turbulent flow regime in the
chamber, and the combustion simulation was performed
based on an ensemble of one-dimensional laminar
flamelets [11-13].

Figure 3 presents CC liner with fuel nozzle and swirler.
Figure 4 presents a schematic diagram of the test rig
used to conduct an experimental study of the CC.

4

Fig. 3. The flame tube with an injector and a swirler of the individual tubular combustion chamber.
Puc. 3. Xaposas Tpyba ¢ gopcyHKoi 1 3aBUXpUTENEM TPYOUaTON, UHAMBMAYANLHOW KaMepbl CropaHus.
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Fig. 4. Principal diagram of a test rig for combustion chamber testing: 7 — a gas-analyzer; 2, 3 — water-gate valve; 4 — the N 1
thermal couple; 5, 17 — differential pressure gauges; 6 — a measuring orifice; 7 — a gas cylinder; 8 — a gas-pressure reducer; 9 —
a valve of gas supply to the N2 combustion chamber; 10 — a valve of gas supply to the N¢ 2 combustion chamber; 12 — a pressure
gauge; 13 — an electrical heater of the gas-pressure reducer; 14 — an ignition spark of the N2 1 combustion chamber; 15 — an ignition
spark of the N2 2 combustion chamber; 76 — the N2 1 combustion chamber; 17 — the combustion chamber ignition control unit; 18 —
a receiver for flow temperature equalization in front of the N2 1 combustion chamber; 7?2 — a control unit for transferring data of thermal
couples; 20 — a thermal couple at the N2 1 combustion chamber inlet; 21 — the studied N2 2 combustion chamber; 22 — a viewpoint;
23 — a thermal couple at the N2 1 combustion chamber outlet; 24 — an exhaust pipe; 25 — a valve of the N2 2 combustion chamber
exhaust gas offtake; 26 — a water reservoir; 27 — an exhaust pipe; 28 — a sampling probe of the gas-analyzer; 29 — an exhaust pipe
cooling screen; 30 — a personal computer; 31 — a Wi-Fi- router for transferring data of thermal couples; 32 — a compressor for air
supply for exhaust pipe cooling; 33 — the N® 1 combustion chamber exhaust pipe for NO, measurement.

Puc. 4. MNpuHumMnuanbHas cxema cTeHa Ans UCNbITaHMIA KaMepbl cropanus: 1 — rasoaHanu3arop; Z, 3 — 3aaBuxku Jlyano; 4 — tepMo-
napa N2 1; 5, 17 — nudMaHoMeTpbl; 6 — MepHas Lwaiiba; 7/ — ra3oBbii 6annoH; 8 — peayKTop rasosblit; 9 — KpaH nogaum rasa Kk KC Ne 1;
10 — kpaH nopaum rasa K KC N2 2; 12 — MaHoMeTp [aBneHus rasa; /3 — 3neKTponoforpeBatesib ra3oBoro peaykTopa; /4 — ceeya
3axurannsa KC N2 1; 75 — cBeuya 3axuranma KC N2 2; 16 — KC N° 1; 17 — bnok ynpaenenus 3axuraiuem KC; 18 — pecusep ans Boipas-
HuBaHus Temnepatyp notoka nepes KC N2 1; 19 — aneKTpoHHbIi 610K npueMa nepefayn nokasanuii Tepmonap; 20 — TepMonapa Ha BXxoje
B KC N2 2; 21 — uccnepyemas KC N° 2; 22 — cMotpoBoe oKHo; 23 — TepMonapa Ha Bbixofe u3 KC N@ 2; 24 — tpyba oTBOAa BbIXOAHOMO
rasa; 25 — KpaH Tpybku otbopa BbixogHoro rasa KC N2 2; 26 — pesepsyap ¢ Bogoi; 27 — Tpyba 0TBOAA BbIXOAHbIX ra3oB B aTMocdepy;
28 — npo600TOOpHbIN 30HA ra3oaHanu3aTopa; 29 — 3KpaH oXnaxaeHus TpyObl 0TBoAa ra3oB; 30 — nepcoHanbHbIi KoMnbloTep; 31 —
Wi-Fi yctpoiicTBo Ans npuema/nepenaqn nokasaHui TepMonap; 32 — KOMNPEeccop NoAa4u Bo3ayxa 1Sl OXNaXAEHUS KOHTYpa BbIXJOMHOV
TpYbbl; 33 — TpybKa oteopa rasa ot KC N° 1 ans 3amepa NO,.
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The compressed air is supplied to the rig from
a screw compressor. The air in front of the CC (No. 2)
is heated by an auxiliary CC (No. 1). A mixing device is
installed between the CCs to level the temperature field
downstream of the auxiliary CC (in front of the CC under
study). The fuel (methane) is supplied to the CCs from
a gas cylinder (7) through a reducer (8) with external
heating of the supply tube by an electric heater (13).
The pipelines downstream of the CC are cooled by
atmospheric air. The gas outlet tubes for measuring
nitrogen oxides concentrations are water cooled. Visual
observation of the fuel combustion process in CCs No. 1
and No. 2 is performed through a viewport (22).

The pressure at the CC inlet and outlet, as well as the air
flow required for testing, were set using water-gate valves.

® —Thermocouples
NO and CO Probes

70.04

0.03

0.01

0.00

3

Fig. 5. Diagram of thermal couples location at the outlet
of the studied combustion chamber.

Puc. 5. CxeMbl pacnonoxeHus TepMonap Ha BbIXoAe UccneayeMoi
KaMepb! CropaHmsi.

The required temperature in front of the test CC was set by

adjusting the fuel supply to the auxiliary CC (No. 1).
During testing, the following parameters are

measured on the test rig:

 pressure, temperature field, and nitrogen oxide content
at the inlet to CC No. 1;

« pressure, temperature field, and nitrogen oxide content
at the outlet of CC No. 2;

« pressure drop across CC No. 2; and

« air flow, pressure, and temperature at the inlet to CC
No. 1.

The layout of thermocouples at the outlet of the

tested CC No. 2 is presented in Fig. 5.

Sensors and instruments used in the experiments
included the following:

« Chromel/Alumel thermocouples (Type K), Thermo
Sensor GmbH T-010;

« pressure gauge A-Flow series G30 pressure gauge,
A-Flow series Gé4 differential pressure gauge; and

« Testo 350 gas analyzer.

The following equipment was used to record and
process signals received from the thermocouples:

« NIcDAQ-9188 data acquisition board with 9,213
modules designed to work with the thermocouples;

« MOXA Airworks AWK-3121 wi-fi router, connected
to the data collection board for a wireless connection
with a computer;

« D-Link DIR-300 wi-fi router, connected to a computer
to create a wireless connection with the data
acquisition board;

« a personal computer with the LabView program
installed and drivers connecting National Instruments
equipment with the LabView program.

Figure 6 is a photograph of the experimental setup.
Experimental CC studies were conducted in

Fig. 6. The experimental facility for combustion chamber testing.

Puc. 6. 3KCI'IEpMMeHTaJ'IbHaFI YyCTaHOBKa Ana UCMbITaHUNA KaMepbl CropaHua.
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a mode corresponding to the nominal operating mode
of the microturbine. In this mode, the pressure of the flow
at the CC inlet is 3.45 bar, its temperature is 704°C, and its
velocity is 0.415 kg/s.

PROCESSING THE TEST RESULTS

The following parameters were calculated.
Mass flow:

G=F-ay,, \/2:p-AP,

where F is the cross-sectional area of the orifice meter;

O, IS the flow coefficient; p is the working fluid

density; and AP is the pressure drop across the meter.
Pressure loss in the chamber, %:

()’
where AP" is the total pressure loss in the combustion
chamber (CC) and AP, is the total air pressure
at the inlet to the combustion chamber.

Emissions of nitrogen oxides in the CC under study
(No. 2) were determined as the difference in gas analyzer
readings at its outlet and inlet.

Temperature unevenness is determined by
the radial diagram of the relative average excess
temperatures:

(Tgiav _Tc)
(Tg _TC)

where 0,,, is the relative average excess gas temperature
at the i radius of the CC outlet section; 7, is average
temperature at it radius; 7, is average gas temperature
at the CC outlet; and 7, is the air temperature
at the CC inlet.

In addition, an important indicator to ensure
the operation of the turbine nozzle blades is the
radial diagram of the maximum relative excess gas
temperatures at the CC outlet, which is defined as:

iav T '

_ (ng'flnax _Tc)
mo(n-n)

where 0, is the maximum relative excess gas
temperature at the i radius of the CC outlet section
and 7, is the maximum value of the gas temperature
at the ith radius Bof the CC outlet section.

Table 2 presents the measurement results, including
the measured temperatures at the points indicated
in Fig. 5. The modeled temperature unevenness

was calculated using Eq, X for the relative excess

Vol 91 (1) 2024
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temperature for four relative radii in accordance with
the layout of the thermocouples for the test chamber.
The experimental temperature unevenness was
calculated using 30 relative radii at the CC outlet.

Figure 7 presents a comparison of temperature
unevenness obtained by modeling and through experimental
measurements. The modeled temperature unevenness
is in good qualitative and quantitative agreement with
the measurement data. The discrepancies between
experimental and modeled values do not exceed 10%.

Hydraulic losses, nitrogen oxide emissions,
and temperature unevenness at the CC outlet were
determined during the tests.

Table 3 lists the main parameters of the CC layout,
obtained through testing in the nominal mode (Ne0)

Table 2. Measurement results
Ta6nuua 2. PesynbTatbl U3MepeHmii

Measured parameter Result
Temperature TK1, C 975
Temperature TK2, C 950
Temperature TK3, C 943
Temperature TK4, C 937
Temperature TK5, C 915
Temperature TKé, C m
Temperature TK7, C 906
Temperature TK8, C m
Temperature TK9, C 938
Temperature TK10, C 936
Temperature TK11, C 970
Temperature TK12, C 941
Temperature TK13, C 1019
Nitrogen c_)xides at the gas sampling point 415
at the CC inlet, ppm '
Nitrogen oxides at the gas sampling point 59
at the CC outlet, ppm
Pressure _drop between the combustion 5865
chamber inlet and outlet, Pa
Gas consumption, kg/s 0,412
Ambient air temperature in the room, K 299
Relative air humidity, % 62
Atmospheric pressure, mm Hg 632
Total air pressure at inlet, Pa 351 065
Air temperature at the inlet to combustion 1215

chamber No. 2, K
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b3

x
1,2 1,3 1,4 1,5

Relative excess temperature, 0i

—e— 0i av — calculated —o— 0i max — calculated

Fig. 7. Calculated and experimental curves of temperature inequality.

¢ 0i av — measured

¥ 0i max — measured

Puc. 7. PacuéTHble M 3KCnepuMeHTanbHbIe NPOGuIK TeMnepaTypHOit HepaBHOMEPHOCTU.

of microturbine operation, as well as by mathematical
modeling of flow and combustion in the CC.

According to Table 3, the experimental and modeled
parameter values of the CC are quite close.

A comparison of flow and combustion parameter
calculation results in a CC with an inlet pressure
of 3 bar (Table 1) and in a CC with an inlet pressure
of 3.5 bar (Table 3) indicates the major influence
of increasing inlet air pressure on the parameters.
According to the tables, hydraulic losses more than
doubled, and emissions of nitrogen oxides increased
by almost 1.3 times.

In addition to the obtained CC parameters, the CC
was determined to be fully operational. The combustion
of the air—fuel mixture without the flame touching
the flame tube walls was visually recorded. A visual
inspection of the CC flame tube after the tests did
not reveal any defects, traces of oxidation, or other

damage and, as a result, confirmed the absence of local
overheating of the flame tube and overall operability
of the developed CC.

CONCLUSIONS

A computational study revealed the significant
effect of increasing air pressure from 3-3.5 bar
at the combustion chamber inlet on the main CC
parameters. Thus, hydraulic losses more than doubled,
and emissions of nitrogen oxides increased by almost
1.3 times.

The experimental study confirmed the results
of mathematical modeling and thereby validated
the calculation model. Thus, the discrepancies between
the experimental and modeled values of relative pressure
losses in the CC do not exceed 15%, and for nitrogen
oxide emissions, not more than 7%. The experimentally

Table 3. The results of the computational and experimental study of the combustion chamber layout
Tabnuua 3. PesynbTaThl pacieTHO-3KCNEPUMEHTANBHOMO UCCNe0BaHMA MaKeTa KaMepbl CropaHms

Name

Modeled value Measured value

Output temperature, °C
NO emissions, ppm

Pressure loss, %

Temperature at the inlet of the combustion chamber under study, °C

944 942
98 10,5
2,7 3,1
704 723

DOl https://doiorg/10.17816/0321-4443-627164
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obtained temperature field at the CC outlet is remarkably
close to the modeled one.

During the experimental studies, the overall
performance of the tested CC was demonstrated.
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