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ocoboxerne OI' oT HUX TOCHE 3aBEpIUCHUS] OKHC-
JIEHHs1 OCTaTOYHOTr'O a30Ta.

[Ipu mpoBeIcHUN WCTIBITAHUN TakXKe ObUIa BEI-
TIOJTHEHA CpaBHUTENbHAs oneHka asiMHOCTH Ol muse-
JIS1 IO METOJly, UCIIONIb30BaHHOMY B [2]. YcTaHOBIIEHO,
gto geiMHOCTE OI" mipu pabote mo 31 Ha 3540 % HU-
e 110 CPaBHEHMIO ¢ paboTol Ha aTMOC(hEpHOM BO3.TY-
xe. B mepByro odepenp 3TO OOBSCHSETCS IOBBIIICH-
HbIM cogepxkanueM kuciaopoga B UI'C. B kakoii-to
Mepe CHIDKEHHIO CakeoOpa3oBaHWsI TaKXkKe CIIOCOOCT-
BYET BBICOKas KOHIIEHTpALMs TUOKCHJA Yriepojaa B
mupKynupytomedr cmecu [3]. Mamasi KOHICHTpAmus
CaXM B PEHUPKYJIUPYEMBIX ra3zax II03BOJISET yMEHb-
IINTh OTJIOKEHHS €€ Ha BHYTPEHHHX ITOBEPXHOCTSIX
YCTpOHCTB, oOecnieduBaromux padory musens mo 311, u
TIOBBICUTH HAJEXKHOCTh U 3()(HEeKTUBHOCTh BCEH yCTa-
HOBKH.

BruiBoabI

[IpoBeneHHBIN CpaBHUTENbHBIN aHAIW3 MOKA3bl-
BaeT, 4TO IO OONBIIMHCTBY IOKa3aTeiell pabodero
mukiia 311 paboThl An3ens ycTymaeT TpaaAWuIMOHHO HC-
MTOJIB3YEMOMY CITOCO0y paboThL. 3HAYUTEIHHO IOBBI-
cuth 3¢ ¢deKTBHOCTh padboThl au3ens mo 3L moxHo,
HCMONB3Ysl €r0 B COCTaBE KOI€HEPALMOHHONW yCTAHOB-
ku. IlepepacmpeneneHue COCTABIIOMMX TEMIOBOIO
OaymaHca TaKOW YCTaHOBKU IPHBOAWT K YBEITUYCHUIO
KOJIMYEeCTBa TEIIOTHI, YHOcHMO# ¢ O 1o cpaBHEHHUIO
¢ 0OBIYHOI paboTol nu3ens W BO3MOXXHOCTH €€ YTH-
JU3alMN Ui TOTPEOHOCTEH SHEPronoTpeOIIonIero
o0bekTa. KoiandecTBO TEmJIOTHI, yTHIMSHPYEMOH M3
CHCTEM OXJXICHHUS W CMa3Kd JAu3els, IpPH 3TOM
MIPaKTHYEeCKH He M3MeHsercs.. [1OBBIIEHHBI pacxon
TOIUTMBA MU3EJIEM MPHUBOIUT K TEHEpaIyd OONBITNX
KOJIMYECTB AMOKCHIA YIJIEpOJa, YTO MOXKHO CUHTATh
MIONIOKUTEIHHOW OCOOEHHOCTBIO TIPH HCIIOIb30BAaHUN
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mproOpeTaeT BaKHOE 3HA4YCHHE. TOIUIMBHAs 3KOHO-
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SIMULATION OF DIESEL ENGINE AND VARIABLE GEOMETRY
TURBOCHARGER (VGT) WITH VANELESS TURBINE VOLUTE

Introduction

It is known that from the thermodynamic point of
view, the turbocharger system is attractive because it
makes use of the exhaust gas energy [1]. Thus, turbo-
charging systems are widespread not only in traditional
internal combustion engines (such as diesels and gaso-
line) but also in engines running on alternative fuels

such as natural gas. It is known that natural gas is a
promising alternative fuel to meet a strict engine emis-
sion standards in many countries [2]. Natural gas en-
gines can operate on lean burn. By increasing boost
pressure level, a lean burn natural gas engine can pro-
duce higher power and torque and thus its full-load
thermal efficiency can even be very close to that of
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gasoline or diesel engine [3]. It favors the constant
development of supercharger technologies.

On the other hand, the transport internal combus-
tion engine is characterized by a large number of tran-
sient and equity modes. Engines with a non-adjustable
turbocharger have matched piston and boost character-
istics in a narrow range of calculated modes (such as
rated power and torque) whose share in the operation
does not exceed 15 percent. Operation in a different
mode causes a mismatch in characteristics of internal
combustion engine (ICE) and the turbocharger which
in turn leads to higher emissions, worse fuel consump-
tion and low acceleration performance. Adjustment of
piston and turbo systems is an urgent task that can sig-
nificantly improve the technical and economic charac-
teristics of the engine across the full range of opera-
tion. Moreover, an opinion exists today that without
fuel and air delivery systems adjustment it is impossi-
ble to meet the latest stringent emission regulations
such as Euro 5 and nearest Euro 6.

Current situation

Following advanced research with full access to
the International patent base WIPO [4], the problem of
turbochargers adjustment was investigated. It was es-
tablished that turbine adjustment of the turbocharger is
more efficient than compressor adjustment. The recent
trends in turbocharger adjustment technologies have
been: from 1980 to 1992, adjustment by changing the
partiality and throttling of the flow at the turbine inlet;
from 1992 to 1998 — partial exhaust gas turbine bypass,
and from 1998 up to now the major method has been
the nozzle ring variable geometry. It was not taken into
account new electric supercharger technologies be-
cause they have no commercialization yet.

World experience shows that nozzle ring adjust-
ment is the most effective method of turbocharger
adjustment as it allows air supply tweaking to achieve
the optimal engine output across the full range of op-
eration modes: from idle speed to the maximum value.
However, the main drawback of this method is a com-
plex actuation mechanism for nozzle rings that results
in a high cost and low reliability of such turbochargers.

Hence, a new method needs to be developed to
allow turbocharger adjustment of centripetal turbines
with vaneless turbine volute which would minimize the
losses in turbine efficiency when changing (reducing)
the flow. At the same time, the new design must offer
simplicity and lower costs in comparison with the noz-
zle ring method and have enough adjustment depth in
order to provide an optimal LAMBDA (the ratio of
actual air-fuel ratio to stoichiometry for a given mix-
ture) across the full operating range of the engine.

A new patented method for centripetal vane ma-
chine adjustment (control) [5-7] satisfies the above
requirements and has passed all the stages of “scien-
tific implementation” from the idea up to a prototype.
The basic design of the new method is shown in Fig.1.
The new method is based on the cross-section variation
of the turbine volute acceleration section end by means
of a specially shaped element / located in the inlet part
of the volute 2. The adjustment is carried out by curvi-
linear progressive motion of the shaped element / in
the direction of incoming gas flow or in the opposite
direction, whereby the geometrical shape, location and
the size of the flow area of the volute acceleration sec-
tion are determined according to the curvilinear pro-
gressive motion of the shaped element. Position / of
the shaped element corresponds to the minimal cross-
section of the end of volute acceleration section A,
and, accordingly, to the maximal depth of turbine ad-
justment. Position /I of the shaped element corre-
sponds to the maximal cross-section of the end of vo-
lute acceleration section A4,,,. and, hence, to the mini-
mal depth of adjustment.

Fig. 1. Method for adjustment of a centripetal
turbine with vaneless volute (vaneless distributor)

1 — specially shaped element; 2 — turbine volute;
3- wheel

A joint refined model of ICE and VGT

To conduct the comparison analysis of the ICE
with various variable geometry boost systems, the
joint model of ICE and turbocharger was used. The
model was developed by V. Petrosyancz [8] and gives
a most adequate representation of an ICE with a non-
adjustable, free turbocharger. The model was modified
to allow for simulation of a variable geometry turbo-
charger engine. The model structure is shown in Fig.2

The major model function is described through
the following equation:

Z=f(X,Y,U) (1)

where Z (Z,, Z;...Z,) —vector of output parameters,
X (X}, X...X,) - vector of geometrics, Y (Y;, ¥,...Y,) —
vector of physical constants, U (U;, U,...U,) — vector
of input parameters determining the engine operating
mode.
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The model refinement is due to the introduction
into the turbine model of a variable geometrics vector
X, which changes during adjustment. Consequently,

the major functions defining the turbine flow and effi-

ciency characteristics become a function of three

variables (a two-variable function in the original
model) and take the following form:

Gy = f(ry.07, X)) @)

nT :f(TCT,Ll/C,X}) (3)
For nozzle ring geometry adjustment, the variable
vector X_T is defined by the angle of vane rotation in
the nozzle ring:
Xp={a,} 4)
where ¢, is the effective angle of vane rotation in the

nozzle ring.
In case of adjustment in a vaneless turbine volute
of the turbocharger:

X ={4,r,} (5)
where A is the cross-section of the end of volute accel-

eration section, 7, - section gravity center radius.

Y, £
X, X! X
l " |
U(po. o) compressor 0,20, 6% 61 TURBNE | U7
— MODEL [ pop, MODEL [+
Iy Z;
7
Ur ~4T
hG
Ty | wrerRcooter | 7 ENGNE [
—  MODEL MODEL |y
l—E
k
X

Fig.2. A view of the model structure

The major functions defining the compressor
characteristics remain unchanged:

G = f(ng,0;) (6)
ng =f(Gg,08) (7
D= f(Gg,mp) (8)

where P — compressor surge line.

A precondition for the model convergence is the
balance of power and rotating speed of the turbine and
compressor rotor:

Dy =D (€)

(10)

The joint model described above was used for the

W = WOpH

simulation of a diesel with different systems of vari-
able geometry turbocharging.

Simulation Procedures

A simulation was conducted of the joint opera-
tion of a diesel and a turbocharging system with ad-
justment by means of varying the cross-section of the
end of turbine volute acceleration section. A four-
cylinder turbocharged diesel engine with bore 120 mm
and stroke of 140 mm served as the object of simula-
tion. The engine had no EGR system. The diesel was
equipped with a commercial turbocharger TKR - 7,5
TV
section effective cross-section of 4 = 1055 mm®. For

- 02 with the end of turbine volute acceleration

simulation, the following operating modes were se-
lected:
- Rated power operation mode with P, = 117,7
kW, n=2000 rpm,
- peak torque mode with P, = 106,6 kW, n = 1500
rpm,
- torque curve mode with P, = 106,6 kW and n =
1000 rpm.

The following values of 4 were chosen for the
simulation : 1055 mm®, 910 mm?®, 800 mm®, 745 mm’,
600 mm”. For every cross-section above the simulation
was conducted for 3 operating modes. For further
analysis the values of 4 were selected to minimize
brake specific fuel consumption (BSFC) and maintain
an LAMBDA that would be acceptable from the point
of view of minimizing smoke emission. The simulation
was carried out under the limitations on maximum
combustion pressure and exhaust gas temperature (660
Celsius degree) before turbine, as well as the turbo-
charger maximum rotor speed and no surging of com-
pressor. To validate the model the simulated and the
measured data were compared. The comparison was
conducted on the simulation and experimental data for
the same engine running in 3 modes chosen for the
experiment with a commercial turbocharger TKR - 7,5
TV -02and 4 = 1055 mm’.

Results and Discussion

To find the optimal values of A4 the influence of
adjustment in turbocharger with vaneless turbine vo-
lute on the diesel parameters was investigated. The
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engine parameters for various effective cross-sections
of the turbine volute acceleration section end A4 for the
3 investigated modes are shown in Table 1.

Rated Power Operation Mode

In the rated power operation mode the minimal
BSFC 229,8 g/kWh was obtained with 4 = 1055 mm”.
Under these conditions the LAMBDA acquires the
value of 2,03. In the rated power mode the BSFC and
LAMBDA for an adjustable turbocharger match those
for a non adjustable. Reducing the value of A (Table 1)
to 910 mm® leads to a deterioration of BSFC by 3
g/kWh while LAMBDA reaches 2,132. A drop in effi-
ciency is explained by the increase in pumping losses
exceeding the gain in engine indicated efficiency due
to the increase in exhaust gas resistance caused by a
reduction in 4.

Table 1. Simulation Results

P,=117,7 kW, n= 2000 rpm

A BSFC LAM pi pp (MPa)
(mm®) | (zkWh) | BDA | (MPa)

1055 2298 | 2,03 1,429 0,0403
910 232 2,12 1,449 0,0576
P,=1066 kW,n=1500 rpm
A BSFC LAM pi pp (MPa)

(mm®) | (zkWh) | BDA | (MPa)
1055 215,5 1,68 1,595 0,0012
910 213,9 1,83 1,602 0,0072
800 214,65 1,94 1,615 0,0184
P, =355 kW, n=1000rpm
A BSFC LAM pi pp (MPa)
(mm®) | (zkWh) | BDA | (MPa)
1055 2465 | 1,36 1,267 -0,0105
910 2389 | 1,51 1,263 -0,0146
800 2334 | 1,69 1,2595 0018
745 2312 | 1,79 1,2576 -0,0198
600 228,8 | 2,094 1,2581 -0,0193

Mode of torque curve with n = 1000 rpm

Peak Torque Mode

The joint work of a diesel and a VGT is possible
with values 4 from 1055 to 800 mm”. The best BSFC
213,9 g/kWh and LAMBDA 1,83 were obtained with
A of 910 mm’. In this case BSFC improves by 2
g/kWh in comparison with a non-adjustable turbo-
charger, LAMBDA grows by 9% (see Table 1). Reduc-
tion in cross-section of the end of turbine volute accel-
eration section to 800 mm® has practically no effect on
BSFC (an increase by 1 g/kWh does not exceed the
simulation error margin) but leads to a rise in
LAMBDA from 1,833 to 1,935 that serves as evidence
of the higher combustion efficiency and reduction in
smoke emission. Thus the optimal value of A for this

mode is 800 mm®.

This mode is characterized by the greatest varia-
tion range for the value of 4 enabling the joint work of
a diesel and a turbocharger. Effective cross-section of
the end of turbine volute acceleration section 4 can
acquire the values from 1055 to 600 mm®. The optimal
value of 4 is 600 mm® with BSFC of 228,8 g/kWh and
LAMBDA of 2,094. In this case, the diesel brake spe-
cific fuel consumption improves by 17,7 g/kWh in
comparison with the diesel with a non-adjustable turbo.
The value of LAMBDA grows by 35%.

Discussion of main results

As we can see from the results above, the effi-
ciency of application of variable geometry turbocharg-
ing systems is most tangible in torque curve modes
located in the range of speed from peak torque to the
mode of torque curve with » = 1000 rpm. In this range,
a non-adjustable turbocharger satisfies the diesel op-
eration requirements neither in fuel consumption effi-
ciency nor in emission levels. Values of LAMBDA
around 1,0 produce an unacceptable level of smoke.

With the best efficiency for a simulated diesel in
mind, a dependence was established between the ef-
fective cross-section of the end of turbine volute accel-
eration section 4 from engine speed n (algorithm of
adjustment) under operation at torque curve. The algo-
rithm of turbocharger adjustment with vaneless turbine
volute is shown in Fig.3. It’s easy to see that this algo-
rithm can be described by an almost straight line.

1100

1000 /l
/ /

o %0 =
E o
g 80 —*
N /
g 700 —

600 =-/

500

800 1000 1200 1400 1600 1800 2000
Engine Speed (rpm)

Fig.3. Effective cross-section of the end of turbine vo-
lute acceleration section vs engine torque curve modes

Based on the algorithm of adjustment shown in
Fig.3 the main engine and turbocharger dependences
were obtained for a diesel supplied with a commercial
non-adjustable turbocharger, and a VGT turbocharger
running on torque curve modes and shown in Fig.4.

As we can see from Fig.4, turbocharger adjust-
ment with vaneless turbine volute allows to improve
BSFC in the operation mode with engine speed of 1000
rpm by 17,7 g/kWh (chart b, Fig.4).
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222 Em engine indicated efficiency ), that increases by 2,3%
§m e %“5 (chart h, Fig.4). Besides, the maximum in-cylinder
%80 gm N pressure p; - rises as Well, growing from 10,3 up t.o
& o0 e ] 12,71 MPa (chart i, Fig.4). An increase of fresh air
o g e s s e . P - R B SR A . delivery into the cylinder results in a decrease in ex-
S o il =S haust gas temperature before turbine ¢z by 100°C (chart
oy j, Fig4).
< 1}: N TR N Lkl B W = In the peak torque mode, adjustment of turbine
S £ ol with vaneless turbine volute also results in an im-
M EW - provement of combustion efficiency. Thus, BSFC
" - dropped by 2,8 g/kWh, LAMBDA increased from
O el |y 1,609 to 1,94. The temperature of exhaust gases before
i 2 9 turbine 7 dropped by 64°C, indicated efficiency #;
Loz Lt - T increased by 1 percent, p, grew from 11,98 to 13,43
§0,1o T i - g A MPa, turbine efficiency 77 increased by 2%.. Tbe PP
son ~ i ratio dropped from 1,164 to 1,074, which signifies an
008 o increase in pumping losses.
i S DN s e g g o § In the rated power mode all parameters of an ad-
Eilbeamed i) Feuhepsedigl justed and a non-adjusted turbocharger remained un-
i 5 changed.
i R 2 Rz When reviewing the results of the simulation in
an 5 ferv the mode of torque curve with P, = 55 kW and
= ST o n = 1000 rpm, one can spot a characteristic trend in the
s s, s o 2 0 Toa0 1200 1400 1500 To00 2000 2200 variation of the basic parameters of the engine and
R ama S VGT with vaneless turbine volute during adjustment.
S 650 Table 2 demonstrates the main parameters of diesel
%14 e E::Z ~ with VGT.
;‘; iz = * 560 —=
Ero Pl Table 2. Diesel parameters with VGT
) 8800 1000 1200 1400 1600 1800 2000 2200 500800 1000 1200 1400 1600 1800 2000 2200 Diesel parameters
Engine speed (rpm) Engine speed (rpm) List of parameters A=1055 | A=600
o ' 56 ! mm’ mm’
§§§ § 54 Brake specific fuel consump- 246,5 228,8
g S 3o tion BSFC, g/kWh
n U - m j: Sl LAMBDA 1,36 2,09
3 £ Boost pressure p,, kPa 147 226,5
= ‘. Air flow AF, kg/s 0,075__| 0,107
R e <8 w G e e e s Indicated efficiency, m; % 41,2 44
! Pumping losses share A -0,01 -0,018
Fig.4. The main engine and turbocharger dependences Turbine parameters
a —j — engine parameters, kI - turbocharger parame- Turbine velocity ratio u/c 0,68 0,7
ters Internal turbine efficiency 76 70,1
In this (.:ase the mc?chanlsm of .the adjustment 1.n- Turbine etl}ll:: fency, no % 17 9.6
fluence on diesel working process is as follows. Rais- Rotor speed, rpm 60000 92100
ing boost pressure p;, from 141,7 kPa up to 226,5 kPa The level of reactivity, p 0,37 0,39
(chart d, Fig.4) results in an LAMBDA increase from Flow outlet angle from vane- 16 11
1,355 to 2,094 (chart c, Fig.4). The pressure of exhaust less turbine volute «;, de-
gases before turbine pr has also increased from 127,4 grees
to 194,6 kPa (chart f, Fig.4). However, because the Speed ratio of vaneless tur- 0,96 0,92
turbine efficiency n; grows by 4,2% (chart k, Fig.4) bine volute, ¢ :
the ratio py/pr also increases (chart g, Fig.4) which in- Angle Of;he flow attack , 9.9 7.2
dicates a reduction in engine pumping losses. Thus the Coctficiont z%:;ﬁséel’s veloo 0.7 0.62
improvement of combustion processes has an effect on ity, v
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As it can be seen from Table 2, a reduction of effec-
to 600 mm’
leads to a decline in turbine internal efficiency. This

tive cross-section 4 from 1055 mm?

can be explained by a change in the flow attack angle
and redistribution of losses in the flow-through parts of
the turbine. However, we also witness an increase in
the effective turbine efficiency from 47% to 49% due
to a drop in the share of mechanical losses introduced
to the engine effective efficiency when increasing the
rotor speed (by 32 000rpm). This results in better BSFC
and higher LAMBDA values in the engine.

Conclusions

1. A simulation of a diesel engine and variable
geometry turbocharger with vaneless turbine volute
was conducted. The adjustment of turbocharger by
changing the cross-section of the end of turbines volute
acceleration section allows to significantly improve the
combustion efficiency especially in the torque curve
modes. Thus in the peak torque mode with no changes
in fuel consumption the adjustment allows to reduce
smoke emission by increasing LAMBDA up to 1,94. In
the mode with P, = 55 kW and n = 1000 rpm when
LAMBDA increased to 2,01, the fuel consumption
dropped by 17,7 g/kWh.

2. A curve of effective cross-section of the end
of turbine volute acceleration section — vs — engine
speed under diesel torque curve modes was obtained. It
allows to find the rational values of A4 across the full
range of engine speeds from 1000 to 2000 rpm in the
engine torque curve mode. Thus, for rated power mode
the value of 4 is 1055 mm? for peak torque mode -
800 mm” and for the mode with n = 1000 rpm — 600
mm’.

3. It was established that the adjustment algo-
rithm for VGT with vaneless turbine volute can be
described by an almost straight line. The depth of ad-
justment is 43,1%.

Nomenclature
P, : Engine power
n : Engine speed
p; : Engine indicator pressure
pp  : Engine pumping pressure
A : (Effective) cross-section of the end of volute
acceleration section
D : Boost pressure
pr : Exhaust gases pressure before turbine
Gr : Exhaust gases flow
Tr : Turbine’s pressure ratio
r : Turbine rotor’s rotating speed
Gy : Air flow

Tk : Compressor’s pressure ratio

Nk : Compressor efficiency

Wk : Compressor rotor’s rotating speed
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