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Abstract. Problem. The development strategy of the Minsk Motor Plant, implemented within the
framework of plant and state scientific and technical programs, is aimed at producing competitive
products that meet modern technical requirements of international standards and quality.
The mandatory requirement for the successful promotion of diesel engines on the off-road vehicle
market is to ensure the required environmental performance, with low fuel consumption and low
engine cost. The well-known technical solutions aimed to achieve environmental indicators of the
Stage 3A level significantly increase the cost of diesel engines, therefore, the achievement of the
required environmental standards without a significant increase in the cost of engines can be
considered an urgent task. Purpose. Stage3A Environmental Compliance for 6 Cylinder Tractor
Diesel. Methodology. Experimental studies were carried out for diesel engines equipped with: a
Common Rail BOSCH accumulator fuel supply system with an injection pressure of 140 MPa,
injectors with 7 nozzle holes; a direct-action fuel supply system with a MOTORPAL fuel pump
providing a maximum injection pressure of 100 MPa, MOTORPAL injectors and AZPI with five nozzle
holes; combustion chambers of two types with bowl diameters of 55 and 67.5 mm; cylinder heads
providing swirl ratios 3—4 and 3.5-4.5; high pressure exhaust gas recirculation system. The tests were
carried out at characteristic points of the NRSC cycle at three crankshaft speeds: minimum idle speed
800 min™, maximum torque 1600 min™, and maximum power 2100 min™. Results. It turned out that it
is possible to achieve Stage3A emissions standards on 116 kW diesel engines using direct fuel
equipment and a semi-open combustion chamber, on 156 kW diesel engines using a Low Cost
Common Rail fuel supply system and an open combustion chamber. Originality. The results of the
combustion chamber shape choice, the parameters of the fuel-injection equipment, the swirl ratio of
the inlet channels, valve timings and parameters of the exhaust gas recirculation system made it
possible to organize diesel engine workflow of the Stage 3A ecological level. Practical significance.
Construction elements of the six-cylinder diesel engines have been developed and introduced at the
Minsk Motor Plant.
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Introduction

Diesel engine building is one of the main ar-
eas of mechanical engineering that has been de-
veloped recently in the Republic of Belarus.
Minsk Motor Plant is the oldest enterprise in the
Republic that has been producing multi-purpose
diesel engines in a wide power range (Fig. 1) [1]
for more than 55 years. The development strate-
gy of the enterprise, implemented within the
framework of plant and state scientific and tech-
nical programs, is aimed at producing competi-
tive products that meet modern technical re-
quirements of international standards and quali-
ty [2]. The Technical Regulations of the Cus-
toms Union [3], focused on the norms of the
UNECE Regulations [4], establishes for diesel
engines, newly manufactured or imported new
tractors compliance with Stage 3A environmen-
tal standards, which should increase the demand
for diesel engines of this ecological class [5, 6].

Marketing research shows that in the nearest
future two modifications of six-cylinder tractor
diesel engines D-260.1S3A with a power of
116 kW and D-260.4S3A with a power of
156 kW will be in demand.

Analysis of publications

Achievement of environmental performance
of the Stage 3A level is carried out mainly due
to the coordination of the shape of the combus-
tion chamber [7, 8], the parameters of the fuel
supply equipment [9, 10], the swirl ratio of the
inlet ports [8, 11], the valve timing [10] and the
use of exhaust gas recirculation (EGR) [10, 11].

Theoretical research
The D-260 engines use cylinder heads with two
valves per cylinder, which should ensure the
simplicity of the design and maintenance of the
gas distribution mechanism. The slightly in-
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creased resistance of the gas exchange channels
is to some extent compensated by the engine
boost. The inlet channels are dual-function -
screw. When profiling the channels, the correct-
ness of the adopted design solutions is checked
by the method of 3D-modeling of the gas flow
(Fig. 2) with the determination of the air flow
rate and the mean rotation velocity of the air
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charge at the given pressure drops [12].
The mathematical model of the flow of a vis-
cous heat-conducting fluid, widely used in solv-
ing engineering problems [13, 14, 15], is based
on the Navier — Stokes system of equations,
which combines the laws of conservation of
mass, momentum and energy of a fluid in a
nonstationary setting [16, 17].
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Fig. 1. Power range of the engines manufactured by MMP: a) serial engines [1]; b) promising

Fig. 2. Results of the inlet channel virtual purge:
a — pressure distribution; b — velocity field in
the outlet section

To control the parameters of the inlet chan-
nels of the cast heads, a motorless blow off
stand with a straightening grid is used [12, 18].
Usually, the data of virtual and full-scale blow
off differ by no more than 5 %. For D-260 en-
gines, head designs have been developed that
ensure the generation of an air swirl at the inlet
with a swirl ratio of 3-4 and 3.5-4.5.

Heads with a lower swirl ratio are used on
engines equipped with accumulator fuel systems
with high injection rates and open combustion
chambers (Fig. 3.a) [19, 20]. Large swirl ratios
are used for engines with direct-action fuel
equipment and a semi-open combustion cham-
ber (Fig. 3.b) [21].
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Serially produced six-cylinder diesel engines
D-260, which meet Stage 3A environmental
standards, are equipped with fuel supply equip-
ment with electronic control "Common Rail"
manufactured by "Bosch™; pistons with an open
combustion chamber; a cylinder head with a
screw inlet channel providing a swirl ratio
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H = 3 — 4; unregulated turbocharging. Low pres-
sure EGR is used to reduce NOx emissions [22].
In order to increase the competitive attrac-
tiveness of six-cylinder engines, it was decided
to use fuel supply systems of a lower price cate-
gory - a fuel supply system with a direct-action
pump and a mechanical regulator manufactured

by Motorpal.
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Fig. 3. Combustion chambers: a — open combustion chamber; b — semi-open combustion chamber

The fuel supply system layout with a direct-
acting pump is shown in Fig. 4.

Fig. 4. Fuel supply system layout with a
Motorpal pump: 1 — high pressure fuel pump;
2 — speed governor; 3 — fuel filter; 4 — high
pressure fuel line; 5 — injector; 6 — tube to the
corrector for charge air pressure

The fuel pump 6M4330ZT (Motorpal, Czech
Republic) with a diameter of 10 mm and a
plunger stroke of 14 mm is equipped with a me-
chanical governor and a fuel supply corrector by
the charge air pressure. The maximum fuel in-
jection pressure is 100 MPa.

When developing the working process on a
116 kW diesel engine, three sets of
hydromechanical injectors were used:

- injectors VA70P360 with DOP147P528
nozzles (uf = 0.22 mm?) (Motorpal, Czech Re-
public) (Fig. 5.a) (for an open combustion
chamber);

- injectors AZPl 172.1112010-11.01 with
nozzles AZPI 172.1112110-12.01 (uf = 0.23 ...
0.25 mm?);

- injectors VA70P360 with sac-less nozzles
DOP140P528 (uf = 0.18 ... 0.2 mm?) (Motorpal,
Czech Republic) (Fig. 5.b).

Matching of the combustion chamber form
and the location of the fuel flares were coordi-
nated using 3D models [20, 23]. The meeting
points of the axes of the fuel jets with the walls
of the combustion chamber are shown in Fig. 6.

Experimental research

The comparative tests (results in table 1) for
the NRSC cycle showed the possibility of
achieving emission standards for Stage 3A.

The use of sac-less nozzles led to a decrease
in fuel leakage and, as a consequence, to a de-
crease in nozzles coking, soot and CHy hydro-
carbons emissions [12, 28].

Tests of the D-260.4S3A diesel engine with
direct-acting fuel equipment showed a high ex-
haust smoke level while ensuring the target NOy
emissions (table 1) using the EGR. As a result,
achieving the Stage3A level for particulate
emissions on a D-260.4 engine with a direct-
acting fuel system with semi-open and open
combustion chambers is not possible at this
stage. Therefore, the proposed use of the type
Low Cost "Common Rail" accumulator system.
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Fig. 5. Nozzle cone shapes: a — with a blind-hole (with a dead volume); b — with the exit of nozzle
holes to the surface of the locking cone (sac-less nozzle)

Top view

a} 230

LT, 2

ﬂ-)
1 cylinder 164
head R

<2 _—T 112134 |5
| | 98 a,° 30| 99 170241309
| ¢, 184,562 551|62,584,5
piston axis /1 combys ion_ ximm 9,219,18,49,19,0
chamber axis
4
8) 23°
J
1 cylinder 0,56"\?

head

A
)
2
| R
g =1
Ty
| atn

piston axis 1thmbus ton ®."84,562,5|51|62,584,5

4 chamber axis x:mm 10,610,319, 910,310, 5
c) 23
o
3
1 cylinder %(\’ 2
head ‘ . R
> = 112 |34 [5
9.8 s
ty,_ o +——L o, 40109 180 251/319

®.°88,565,5/53/65,568, 5|
X, mm 9,2 9,1 9091 91

combustion
chamber axis

piston axis #
Z

——

Fig. 6. Determination of the points of intersection of the fuel flames axes with the combustion
chambers walls: a — AZPI 172.1112110-12.01 nozzle; b — Motorpal DOP140P528; ¢ — Motorpal
DOP147P528



192

Bicuuk XHALRY, sun. 94, 2021

Table 1 — Results of D-260.1 and D-260.4 diesel engines comparative tests with various nozzles and combustion
chambers according to the NRSC cycle

g Options dechs INnoxs Osc; Jerp; Oetmaxs | Nrey | Ntmaxs
a g/(kW-h) |g/(kW-h)|g/(kW-h)|g/(kW-h)|&/(kW-h) | %HSU|%HSU
= [Nozzles 048 343 | 0,240 | 2284 | 2049 | 7.9 | 91
é QZPII 172.1112110-12.01 ! ! ' ! ' ’ :

9 INozzles

§- DOP140P528 021 384 | 0,164 | 2299 | 2045 | 66 | 4.3
A [UNECE Regulation No. 96 (02) 4,0 (NO,+CH) 03 -

= [Nozzles - 342 | 0,360 | 2293 | 2156 | 165 | 17,8
5 BOP14OP528

& [Nozzles DOP147pP528, ; 346 | 0338 | 22902 | 2160 | 128 | 17,6
< |open combustion chamber ' ' ' ' ' '
2 [UNECE Regulation No. 96 (02) 4,0 (NO,+CH) 0.2 -
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Fig. 7. Diagram of the common rail fuel system: 1 — fuel tank; 2 — coarse filter; 3 — fine filter; 4 — fuel
pump; 5 — fuel pressure sensor; 6 — fuel rail; 7 — pressure-relief valve; 8 — injector; 9 — electronic
control unit; 10 — signals from sensors; 11 — signals to actuators

The schematic diagram of "Common Rail"
type Low Cost is shown in fig. 7. It consists of:

- fuel pump CB 28;

- injectors CRIN2 with 7-hole nozzles with a
tent opening angle & = 147.6° and a flow of 500
cm3/ 30 s at a pressure of 100 bar,

- pressure accumulator LWRN18 with a
maximum injection pressure of 1400 bar;

- the control unit EDC17CV54 with software
version P_1142.3.0.0 for Low Cost system.

To increase the reliability of the units, the re-
circulation and turbocharging systems, they
switched to a high-pressure recirculation system,
the diagram of which is shown in Fig. 8 [22, 25,
26]. In the high-pressure EGR system, the recir-
culated exhaust gases do not pass through the
turbocharging units, which should have a posi-

tive effect on the operating conditions of the
charge air cooler and compressor.

Tests of six-cylinder diesel engines with the
high-pressure EGR system showed the problem
of organization the EGR gas flow into the right
direction. In some operating modes, the charge
air pressure is higher than the exhaust pressure
upstream the turbine. To create the necessary
pressure difference, an additional rotary valve
was introduced into the recirculation system,
which prevents the free passage of exhaust to
the turbine. As a result of testing a diesel engine
with a Low Cost type Common Rail system and
the rotary EGR valve, the rotary valve positions
were determined and turbocharging units were
selected to achieve Stage3A level for exhaust
emissions. The test results of the engine
D-260.4S3A are shown in table 2.
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Fig. 8. Schematic diagram of the high-pressure EGR system: 1 — bypass valve; 2 — inlet manifold; 3 —
charge air cooler; 4 — exhaust manifold; 5 — EGR cooler; 6 — rotary EGR valve

Table 2 — Results of D-260.4S3A diesel tests with a common rail fuel system on the NRSC cycle

Cycle Point Per
Parameters 1 > 3 7 5 6 7 8 Cycle
n. rpm 2100 | 2100 | 2100 | 2100 | 1600 | 1600 | 1600 | 800 -
M,. N-m 706 530 353 71 899 690 460 0 -
OEGRvalve: 70 OP. 35 80 80 100 65 85 82 100 -
Oe. 9/(KW-h) 220.5| 227.1 | 243.4 | 472.6 | 221.7 | 219.7 | 227.9 - -
N. %HSU 5.7 5.7 3.9 0.8 7.2 6.8 7.2 0.6 -
Jnox. 9/(KW-h) 461 | 257 | 200 | 325 | 439 | 247 | 1.69 | - 3.30
J(sq)- T/(xB1-9) 0.136 | 0.146 | 0.111 | 0.031 | 0.148 | 0.141 | 0.168 - 0.138
IL;EI(E”CE Regu- gnox+cH). &/(kW-h) - 4.0
No. 96(02) O(sc)- g/(kW-h) - 0.2
Conclusions prospects for the development of engine building
Measures have been developed to organize the in the Republic of Belarus] Zhurnal associacii
working process of six-cylinder tractor diesel avtomobil'nyh inzhenerov. 6 (83). 6-7. [in Rus-
engines of ecological level Stage 3A with ex- sian]. 5
haust gas recirculation along the high-pressure 3. O besonacocTu  CeILCKOXO3AMCTBEHHLIX i
. . JICCOXO3AMCTBCHHBIX TPAKTOPOB W IIPUICHIOB K
cireuit. . _ v TP TC 031/2012: mpumst  20.07.2012
It has been established that the achievement Beryn. B cuiy 19.08.2012. EBpa3s. 3KOH. KOMHUC.
of emission standards for harmful substances on MuHCK Skonomdrepro. 2012. 60 c. O
diesel engines with a capacity of 116 kW is pos- bezopasnosti sel'skohozyajstvennyh i
sible with the use of direct-action fuel equip- lesohozyajstvennyh traktorov i pricepov k nim
ment and a semi-open combustion chamber. TR TS 031/2012 : prinyat 20.07.2012 : vstup. v
Achieved total nitrogen oxides and unburned silu 19.08.2012 [On the safety of agricultural and
hydrocarbon emissions of 3.91 g/(kWh). 2 % forestry tractors and trailers to th_em TR CU
less than the adopted Stage 3A emission level. gi%)fgé?nerggvggiz [‘ier']‘%”ussia';‘im's' Minsk :
To meet Stage 3A standards on 156 kW die- 4. Tipaswia E9K OOH Ne 96 (02) (nepecyorp 1)

sel engines. it is necessary to use the Low Cost
Common Rail fuel supply system and an open
combustion chamber.
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3a0e3neyeHHs €KOJIOTIYHUX HOPM Stage3A

IEeCTHIIWIIHIPOBUM TPAKTOPHUM JU3eJIeM

Anomauin. IlIpoonema. Ctpaterisi po3BUTKYy MiHCh-
KO0 MOTOPHOTO 3aBOJY, LIO PEaNi3yeThCs B MEXKax
3aBOJICEKHX 1 JIEpKABHUX HAYKOBO-TEXHIYHHX MPO-
rpaM, CIIpsIMOBaHa Ha BUTOTOBJICHHS KOHKYPEHTOCI-
POMOJKHOI MPOIYKIIii, IKa BiIMIOBIJa€ CY9aCHUM TEX-
HIYHAM BHMOTaM MDXHapOIHHX CTaHIAPTIB 1 SKOCTI.
OO0OB’SI3KOBOI0  YMOBOIO  YCIIITHOTO TPOCYBAaHHS
JIM3eJIiB Ha PUHKY MO3alLIIXOBOI TEXHIKH € 3a0e3me-
YEeHHST HEOOXITHMX €KOJIOTIYHHMX MOKAa3HHKIB 32 yMO-
BU HM3bKOI BUTPATH MajluBa i HEBHCOKOI BapTOCTi
JBUTYHa. BioMmi TexHi4HI pillleHHs, CIPSIMOBaHI Ha
JIOCSITHEHHSI ~ €KOJIOTIYHMX  IIOKAa3HUKIB  pIiBHA
Stage3A, ICTOTHO MiABHIIYIOTH BapTICTh M3EINIB.
ToMy HOCATHEHHS HEOOXiTHHX EKOJOTIYHHX HOPM
0e3 3HAYHOTO TMOAOPOKYAHHS BUTYHIB MOXKHA BBa-
JKaTH aKTyallbHUM 3aBJaHHSIM. Mema. 3a0e3ncucHHs
EKOJIOTIYHUX HOpM Stage3A MIEeCTHIMIIIHIPOBUM
TpaKTOpHUM nuseneM. Memoodonozia. ExciepuMen-
TaNbHI JOCHIDKCHHS TPOBOJMIIUCS JJISL JTU3EIIB,
YKOMIUIEKTOBAHUX aKyMYJSITOPHOIO CHCTEMOK I10-
nagi nayimBa Common Rail BOSCH i3 Tuckom ymnop-
ckyBanHa 140 Mlla, dopcyHkamu, mo MawTh CiM
COTUTOBUX OTBOPIB; CUCTEMOIO T0J1adi MajauBa 0e3mo-
cepennboi mii 3 masmBHMM HacocoMm MOTORPAL,
mo 3a0e3redye MaKCUMAaIbHUNA THCK YIIOPCKYBaHHS
100 MIla, ¢opcynkamu MOTORPAL i A3IIl 3
II’SITbMa COIUIOBHMH OTBOPAMU; KaMEpPaMH 3TOPSIHHS
JIBOX THIIIB 3 JiaMeTpaMu TOPJOBUH 55 i 67,5 mwm;
TOJIOBKaMH OJI0Ka LWIIIHAPIB. IO 3a0e3MeuyoTh BHU-
xpoBi BimHomeHHs 3—4 i 3,5-4,5; cucremoro perup-
KYJISIIIi1 BiMIpaibOBaHNX Ta3iB 110 KOHTYPY BUCOKOTO
THCKY. BumpoOyBaHHS TPOBOAWIHCSA IO XapakTep-
HuX Toukax mukiry NRSC Ha TpboX "acToTrax obep-
TaHHS KOJIHYACTOTO BaJla: MiHIMaJIbHOTO XOJIOCTOTO
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xoxy 800 XB™, MakCHMAIbHOrO KPYTHOTO MOMEHTY
1600 x8™ i makcuManbHOi moTyxHOCTI 2100 XB™.
Pezynvmamu. BCTaHOBIEHO, 10 JOCATHEHHS HOPM
BUKHUJIB IIKIIJTHBUX PEUOBHH Stage 3A Ha au3essIX
NOTYXHICTI0O 116 KBT MOXIJIMBE 3 BUKOPHCTaHHIM
najuBHOI anaparypu Oe3nocepenHboi Ail Ta 3 HariB-
BIZIKDUTOIO KaMEpOIO 3rOpsiHHSA, Ha JU3ENX MOTYXK-
HicTIO 156 KBT 3 BHKOpHCTaHHSM CHCTEMH MOJadi
nanuBa «Common Rail» tumry Low Cost i 3 Binkpu-
TOI0 Kamepoto 3ropsHHs. Haykoea noeusna. Pe3ynb-
TaTH BUOOpPY (HOpMHU KaMmepH 3TOpsHHSA, IapaMeTpiB
MaJIMBOIIOIABAIBHOI amapaTypH, BHXPOBOTO BiTHO-
IIEHHS BIIYCKHMX KaHaJiB, (a3 razoposnofiny i ma-
paMeTpiB CHCTEMH pPEUMPKYJSLil BiANparboBaHUX
rasiB, IO JO3BOJSIOTH OpPraHi3yBaTH IPOTIKaHHS
poboYOro mporecy au3eis EKOJOTIYHOTO PIBHS
Stage 3A. Ilpakmuuna 3nauywgicme. Po3po0OieHo i
BIPOBa/PKEHO Ha MOTOpPHOMY 3aBOJI €JIEMEHTH
KOHCTPYKIIi MIECTUIAIIHIPOBUX AU3CIIB.

Knrwowuosi cnosa: ouszenv, uxpose GiOHOWEHHSA, Ka-
Mepa 320panHs, cucmema nooayi naiusda, po3nuio-
6au naiuea.
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