A

Journal of Applied Fluid MechanicsVol. 14, No. 4, pp12091222 2021.

Available online atvww.jafmonline.netISSN 17353572, EISSN 1733645. F
https://doi.org/10.47176/jafm.14.(B2037

An I ntegrated Turbocharger
| nt eCombusti on Engines

S. Mousavi, A. Nejat”, S S. Alaviyourt and M. Nejat

1 School of Mechanical Engineering, College of Engineering, University of Tehran, Tehran, Iran
2 Mechanical Engineering, K.N. Toddniversity of Technology and Design Departmenitar Khodro
Powertrain Company, Tehran, Iran
3Mechanical Engineering, Iran Khodro Powertrain Company, Tehran, Iran

ACorresponding Author Emaihejat@ut.ac.ir

(Receivedluly 20, 2020; accepteddecember 222@0)
ABSTRACT

Following the global environmental concerns, many automobile manufacturers intend to produce smaller
engines, aiming to lower emissions and fuel consumption. As compensation for performance reduction, these
enginesare equipped with turbochargers. One of the challenges is to select the right turbocharger for a specific
engine. In this regard, an integrated zdmmensional turbocharger and engine simulation program is
developed, employing a questeady compressibflow method. The program gives the designeptissibility

of observing the performance of different compregadsine combinations on an interrembustion engine.

Engine details such as fuel, cylinder geometry, heat transfer conditions, valwg, tandspark timing are
considered within the engine modeling, and the designer can investigate their effectsvenathperformance

of the system. Compressor and turbine performances are predicted by their prexiovidigd performance

maps (steadgtate characteristic curves) and special irded extrapolation methoda. new algorithm for
turbocharger match@nis suggested, and its logics, basic convergence loopghamdodynamic equations

have been described in detail. A database containing digitized compressturlzind maps and details
provided by different manufacturers is created and integratethmfmogram. Aexisting turbocharged engine

has been tested and also simulated by the program. The accuracy of the pesyiésnis evaluated by
comparing them with experimental results. The maximum error of modeling the emginéhe whole
simulaton is 1.5% and 16%, respectively. Two other compregstine combinations havgeen evaluated

using the program, one of which is suggested as an alternative

Keywords: Internal combustion engineTurbochargermatching Zero-dimensional simulation Engine
performance simulatigrEnginedownsizing
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1. INTRODUCTION be convenient at the initial stages of the design or
selection process.

As a consequence of its adverse environmentalis common to select the turbochargerthg triak
effects andhealth issues such as the greenhousegnderror method using engine 1D simulation

effect and acid rains, the continuously increasing goftware such as Gpower and AVL Boost and

emission level has been globally of great concern inempirical data maps of the turbine and the

recent years. Therefore, many countries across theompressor provided by their manufacturers. In a

world have implemented stringent emission gyqgy pySajedin (2010)two suitabledrbochargers

regulations. Many camanufacturers put engine for 5 i engine were chosen, regarding compressor

downsizing to use as one of the most effectivey o v f ot manc e and the engineos tar
solutions to meet these regulations. Furthermore,using commonly used matching methods. The |
engine downsizing contributes to less fuel o gineos performance equipped wit
consumption, which is an important challenge in the turbochargers was then simulated in -pdwer

auto industry as well. However, withot#king software, and results such as compressor

advantage of a turbocharger (TC), the small enginessficiencies, brake torque, and turbocharger shaft

cannot fulfill the performance requirements of the speed have been compared. The effects of spark

industry. Turbocharging increases the engine‘stiming and valve timing have been studied, and

produced output power and torque by effectively some modifications have been suggested. Studying

increasing the density of the intake ditef/wood wastegate mass flow rates, shegaajed that more

2009. The exhaust gases leaving the engine withpyhassed exhaust gases before the turbine are

relatively high pressure and temperature drive apreferaple in similar performances due to faster
turbine before being released into the enwronment.system responsesGhazikhani et al. (2014)

A coaxial compressor uses this recovered work ©jnvestigated the enhancement of a naturally
compress the intake air. Thichnology is currently  aqpirated &ylinder gasolie Sl engine by adding a
being widely used in the auto industry, and its marketturbocharger. The engine was modeled in-GT
is expected to grow even more in the near futureoyer software, and the model was validated with
(Hannibal = 201% Since the thermodynamiC eyperimental test results of the engine. Using
constraints limit the achievable maximum pressurenstructions provided by turbocharger
ratio of a compressor, muistage turbocharging is  manufacturers, they selected GT2052 and upgraded
more common in large engines. However, single {he Gr-power model with this turbocharger.
stage tur.bochargllng is still preferred in many cases,gimulating the turbocharged engine and making
owing to its bene_flts such as lower costs, less welght,some modifications such as changing the exhaust
smaller installation space, and less complexity manifold and adding an intercooler, they compared
(Wiesbaden 2018 the turbocharged engine with the first engine. They

Selecting an appropriate turbocharger with the concluded that_maklnghese modlfl_catlons will _
necessary characteristic@SuUlo @ fa 1216% hoacyeasgnkhothe e
required performances in interaction with the engine Prake power and a 30% increase in its maximum

at different speeds is a complicated process. Thdorque. Mahmoudi et al (2017) also used GT

compressor's opating conditions must be far POWerto re;earch the_eff_ects of turboch_argl_ng a3L

enough from the surge line and the choke line at all9@soline enge on emission levels. Validation of

the operating speeds, and it should work at as higrthe simulation results was proved by comparing
efficiencies as possi bl &em wipeexperimenya gagag the devigtion eft e r i st i cs
have direct effects on cacHaged fuogd, prake pavers sin diffisrenk i n g
condition,andta engi neds per f o reRgdespeedsronsthe coprgspopding experimental

depending on the characteristics of these two.data did not exceed 20.2%héir results showed

Therefore, performance predicton of the that the maximum torque and power of the

components and the selection process should bdurbocharged engine could reach 543 Nm (at 4000
carried out simultaneously. rpm) and 371 HP (at 6000 rpm) compared to 275

Nm and 193 HP for the naturally aspirated engine.
A considerable amount of literature has been The turbocharged engine also performed a wider
pUbliShEd onturbocharger matching. Shaabani range of nea{to_peak power. This increase in
Jafroudiet al. (2010) performed an experimental power was followed by more fuel consumption
turbocharger matching process for a naturally and, therefore, more emission concentrations.
aspirated diesel engine to compensate for theThough, the brake specific emission for the
reduction of the engi net@risochdted éngire twasdiowdr,Onliehr confire’l t o
changing the fuel to CNG. They selected a Holsetturbocharging as a means to dece the emission
4LEV turbocharger and suggested the uieel  of the engine by the same performanbttahari
engine modifications. Their results showed that by and Chitsaz (2019used GTpower to study the
using this turbochar ge finfluendeofthe prasgurenadd tempedatuie @f thet € d
power could be increased by 25%. However, ambient air on the performance of a turbocharged
observing the engine performance by executingdirect injection gaoline engine. Their results show
empirical tests is too expensive and tiomasuming  that for high intake temperatures, the spark time is
and shouldonly be done at the final stages of the retarded, resulting in a drop in engine efficiency.
engine design or turbocharger selection. Similarly, Therefore, the torque decreases and BSFC
simulating the system using CFD software may notincreases. They also concluded that in high
altitudes, the knock controlleadvances the spark
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time, which contributes to an increase in engine The program was applied taesign a new
efficiency. Nevertheless, 1D simulation of the turbocharger for an 8ylinder diesel engine.
engine also requires too many details, which may Although optimizing the component geometries for
not be present before the engine is fully designed.a given condition can be helpful for turbocharger
Furthermore, sufficient accuracy for Ti@atching producers, when it comes to the auto industry, the
may also be possible by 0D models in considerablywhole working range of the engine must be
less time. corsidered at the same time. A new method for
specifying the optimum  geometric  and
aerodynamic design characteristics of the
turbocharger components for a specific engine was
suggest the appropriate turbocharger among theil};[f)?ggig)i?]dtﬁfsedmlgtﬁggpmir gg%esr‘:}g?me

gv?lll?ble %rotductsi, bas%ed on uspecl:_||f|ed engw;ﬁ engine, and the turbine performances were modeled
etails and target periormances. However, eseemploying thermodynamic and turbomachinery
programs do not offer much flexibility, and the

- . analyses. Optimization constraints were also
results may not be sufficiently accurate and réda_ab suggested and discussed in the study. By using a
to be. used by auto manufacturers or prOfess'om‘lgenetic algorithm, the code dgsid the optimum
|nd|V|duaI§.L|u etal (2(.)11) prgposech method for turbocharger so that the sum of losses in the
prematching an engine with tqrbpcharger a.nd compressor and the turbine was minimum. An
developed a program for the preliminary selection

f ts. Th ted with appropriate position of the operating point of the
of components. The program was connected wi aturbocharged engine on the compressor map was
databaseontaining compressor and turbine maps

“also an important constraint. A dimensionless
. eparameﬂar was defined to evaluate the distance of a
program deterrr_nned whether a compressor: or apoint from the surge and choke line. The geometric
turbine was suitable for the engine or not. The variables of the turbocharger, such as the blade tip
program then suggested all the acceptable rnOdel%tdiuses and the blade tip angles, the number of

'FTOJVQ? e oot dosision wes made based on theblades, and the argecradius (AIR) ratio of the
results of the GFower model. An integrated turbine, were reported as the output of this code.

turbocharger design approach was proposed byMoslemzadehet al (2014) proposedan algorithm

L for simulating the Wankel engines and wrote a
Zha_nget al (2.010)t° optimize the compressor gnd computer program to study the possibility and the
turbine design paraeters regarding engine

e ; ) effects of using a turbocharger on these engines.
specifications and operational requirements. By 1 "o y compared the enginebds per

us?ng this model, it was possi_ble to design the m.OStturbocharged and naturally aspirated ditions

S“"‘T"b'e turbochar_ge_r anc_i simultaneously mOd'fy with different intake pressures. Their results

engine characteristics, instead of selecting a5 howe d t hat t he engineods br ak
turbocharger among avai_laple produciEurbine ould be increased by 38% by turbocharging.

and compressor characteristic maps were generate hough, the brake specific fuel consumption is

based on their geometrical characteristics and WEr& oy, ced only for engine speeds over 5500 rpm. An
used in engine perfo_rmance S'm”'?“on- Geome'tryanalytical metbd for turbocharger selection based
data such as wheel inlet, wheel exit, blade angles,on characteristic maps of the components is

etc.f could then be mont:iifield until _thety brr;atch proposed and validated BHyakhlani (2017) The
performance requirements. In a project beWweeny, yine jnjet temperature is estimated by the first

Napier Turbochargers Ltd and the University of law of thermodynamics, and the wastegate fraction
Linc_oln, Okhuahe_sog_ieet al (201_2)dea|t with th_e and EGR fracti)gn are [’)rovided by theguslegha
design and optimization of the impeller of a high Seyed Mirzabozorget al (2018) wrote a G

prefsure:tomprle_ss_or In attwtage ftutrt:)ocgarglng programming code that suggested the optimum
system. preliminary stages ot the design, aturbocharger combination (among its available
computer program had been develop_ed to Calculf"‘teturbocharger database) for a prapoh system for
the mass flow and component requirements, with aerial application, knowing the altitude and the
known pressure ratios of both compressors andtarget power of the engine. The proposed system
input temperatures of all components. A secondinCIuded the number and model of the

program had been developed_ t9 anal)_/ze theturbochargers and also the number of required
compressor performance and optimize the impellerjy o rcqolers. The optimization was based on the

Lor alspe(c:jific W_orking c%nditiorQiu Et al $|2013c} h maximum powe and maximum speed of the
eve 093 an integrate bsyf]tem that da owed theygine. The code initially checked if this working
user to design a new turbocharger andnoge It point was within the allowable region on the

on a tsystem '?l).’e('j- ‘_’I_V'th onlgmebasm €N9IN€ compressor map, then suggested the appropriate
paramelers - Specified. Two me programs turbocharger(s), based on multiple defined criteria.

were I_inked to the main program and h_andle_d theMizy'[hraset al (2019)implemented 0D modeling
modeling of the compressor and the turbine. Slmplefor developing a methodology for matching

mo%elsl forthE((BjR,_wasteggte, afm(tjhlntercooler W.etreturbochargers to a marine tvetroke diesel engine.
USF .I tnd the emgn_mg eo e prog(;artn,b! The methodology is implemented for a vessel
calculate € oplimized compressor and tur 'nelpropulsion engine. Selecting the optimum
geometry for given boost pressure and turbocharge

; . turbocharger, the engine fuel mption is
speed. In analysis mode, computing of performqncereduced by 21% at different engine load¥ang et
of a known turbocharger design was also possible.

Turbocharger manufacturers often provide 0D
online simulation programs (e.gBorgWarner;
Matchbot, Garrett; Boost Adviser, étc.which
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al. (2019) proposed a guideline for matching an speed is defined in Eg. (3), and the similar shaft
electric turbo compound to reach an optimum speed in Eq. (4).
engine fuel economy. They studied the effect of the

power produced by thelectric generator and the . \/iin I et 1
L . - Meorr = M——— (1)
turbocharger efficiency on the engine efficiency, R/ Pet
concluding that the turbocharger efficiency is the
most important factor. They implemented the Moy = My T, / P @)
orr n n

guideline on a twestroke lowspeed diesel engine,
and reduced the brake specifigef consumption N
(BSFC) of the engine by about3®4. Neorr :% (3)
By looking through the previous literature, a lack v in T ref

of a convenient zerdimensional engine _

simulation method for predicting the performance Neorr = Nshaﬁ/\/T_m (4)
of turbocharged internal combustion engines with - Y
various compresrs and turbines seems to exist. wherev  and™Y are tt:e reference pressgre and
Hence, the main aim of the current work was to the reference temperature, and’Y are the input
develop an integrated, flexible T@atching  Pressure and the input temperaturegnd”Y for the
program that comes in use in every stage of engin€ompressor, and and"Y for the turbine)p is
development. Since the T@atching process is the shaft speed of the turbocharger, &nd is the
mostly performed in the early stg one of the corrected shaft speed of the turbocharger.

primary aims of this work was to give the user the
possibility of simulating the system with limited
information, as well as the option of modeling the
details of the engine (e.g., geometry, fuel, valve
timing, etc.) for more accurate resultJsing the — Constraints /o \
algorithm described in this paper, modeling both s
wastegated and freating turbines is possible

with only a small change in the process. The effects
of using a wastegated turbine housing are alsa
considered and discussed. In cooperatiorh wait
database, the program gives the designer the
possibility to predict the engine's performance in
interaction with a variety of compressmrbine
combinations in a particularly short time and to
choose the best combination by comparing the
results togdter. The validity of the discussed
methods is verified by comparisons with an W Choke Line
existing turbocharged engine's experimental -
results, obtained from testing it on an engine test
bench. Finally, two other compresgaorbine
combinations are found for the sanmgime, and
their performances have been evaluated

2.SIMULATION METHOD

- Maximum
-~ Shaft Speed

Pressure Ratio

Peak Efficiency Line

| |
Corrected Mass Flow Rate

In this section, the method of modeling each . )
component (the compressor, the turbine, and the Fig. 1. A typical compressor map.

engine) is described.  Subsequently, the the gashed curves in Fig. 1 represent constant
thermodynamic relations and the algorithm of ., rected shaft speeds, and the solid curves represent
S|mulat|ng the interaction between the Componemsisentropic efficiencycontours of the compressor
are explained. (- ). The peak efficiency line represents the point at

2.1 COMPRESSOR AND TURBINE MAPS every _shaft sp_eed in _which the compressor works
with its maximum isentropic efficiency. The
compressor map is restricted with the surge line from
the left, the choke linerédm the right, and the
maximum shaft speed from above.

A typical compressor characteristic map is illustrated
in Fig. 1. The turbine's characteristic map includes
two diagrams, which are shown in Fig. 2 and Fig. 3.
In both maps, the corrected (or similar) mass flow In turbine characteristic maps, it is common to
rate and the efficiency of the component are linked present the corrected mass flow rate and the turbine
to the pressure rati@ ({0 for the compressor map mechanical efficiency in separately. In Fig. 2 and
and0 70 for the turbine map) for different shaft Fig. 3, each curve is associated with a turbimafts
speeds. The corrected mass flow rate (ASME speed. Due to friction and heat release, a part of the
standhrd) for both components is defined in Eq. (1), work produced by the turbine does not reach the
whereas the similar mass flow rate (SAE standard) iscompressor. Mechanical efficiency of the
defined in Eqg. (2). Similarly, the corrected shaft turbocharger will be defined as the ratio of the
compressordés work rate t
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(- wifw ) . Turbineds i ser
mul tiplied by t he tur |
efficiency is called turbinenechanical efficiency

(- —— ) and is also provided on the turbine
map (Fig.3).

Corrected Spaed

M?‘ ial

A database containing digitized maps of 48
compressors and 20 turbines (provided by their
producers inGarrett Advancing Motion 201%nd
BorgWarner 201Yis created for this work and is
integratednto the program. Information such as the
reference pressure and the reference temperature, the
correction standard of the mass flow rate and the
shaft speed (SAE or ASME), the maximum
allowable speed, and the geometry are also included.
Before beginninghte simulation, the program reads
the associated maps and details to the models
identified by the user from the database and uses Fig. 3. A typical turbine map (part 2).
them to predict the working conditions of the turbine

and the compressor.

Turbine-mechanical Efficiency

——  Complete curve
@ Measured in test rig

LT

Pressure Ratio

|. COMPRESSORROTATIONAL SPEED

The objective is to develop a model to predict the
compressor's rotational speed, having its pressure
ratio and mass flow rate. Howevét, Hadefet al
(2012)represent a model to predict the pressure ratio,
having the mass flowate and the rotational speed.
The strategy was to

use this model and calculate pressure ratios for
different speeds (and a fixed mass flow rate) until the
calculated pressure ratio matches our known value.

Comected Speed
increasing

Corrected Mass Flow Rate

The model is based on two dimensionless
parametes: the head parameter[ () and the
dimensionless flow rate%g, which are related by

—  Gomplete curve Eq. (7).
@  Measured intest rig

Pressu}e Ratio % P %‘
CpTinea?' out 6 -1

Fig. 2. A typical turbine map (part 1). & R, =
- e
y = 1, ®)
,Uc

2.2 INTERPOLATING AND EXTRAPOLATING 2

f=—M 6
One of the problems with using characteristic maps” =~ p 2 ©)
is inter and extrapolating them. Due to the special rZDC c
conditions of the turbocharger test rigs, at each shaft
speed, only a limited turbine pressuréicaange _A+Bf @)
could be reached, while other pressure ratios migh C-f

also be met if the turbine is tested separately. This is . -

evident in comparing the green dots to the solid wherev s the outlet pressuréy is the blade tip
curves in Figs. 2 and 3. This phenomenon intensifiesspeed, andO is the wheel diameter of the
the necessity of using a robust med for compreser. A, B, and C are identified based on the
extrapolating the turbine maps even more. For thisavailable data points. A secondder polynomial is
reason, four physicdlased algorithms for fitted for each of them with respect to the rotational
interpolating and extrapolating have been employed,speed.

all descril_:)eq in detail il H_adefet al (2012) In Il. TURBINE MASS FLOW RATE

characteristic maps provided by turbocharger
manufacturers, there are usually at least six rotational L .
speeds, each with eight points, which is sufficient for The mass flow rate_ of the turb‘!ne IS pred'lcted_ by a
using these algorithms. Methods and equations use@@rameter called eqvalentarea’t’ ), defined in

for inter- and extrapolating the data maps briefly ~ £d- (8), whereéo is a function of the flow Mach
described in this section. number, defined in Eq. (9).
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Meorr EGT is known, it is highly recommended to provide
= it directly as an input parameter.

One of the sulprograms treats the engine as an ideal
four-stroke Oto fuelair cycle, requiring only the
compression ratio and the fuel type of the engine, and
M. >1 a few other parameters (inlet pressure and
35 a temperature, output pressure,-faiel ratio) which
Rco+l = are calculated at this stage of the simulation. The
subprogram iteates related thermodynamic

7 M, otherwise equationsferguson and Kirkpatrick 20),3updating
VMad1: R

Q
R |2
Ly
- O:On

= thermodynamic properties and the initial guesses
g

i

i - .

i 3 (g- 1)M§ {52g— 2) each time until they are all converged.

! %*’# g The other sulprogram considers details such as

f ¢ - cylinder geometry, valve timing, combustion timing,

For each available data poifYY, s calculated. It residual fraction (WhiCh is converged through the

is then modeled as Eq. (10), wh&andQ are engine model), cylinder temperature, and heat
: ’ transfer coefficient between the gases and the

constants. They are determined for each available . . 3
speed and then extrapolated as seamoer cylinder to calculate a more realistic EGT. This-sub

; : . program updates the cylinder geometry and
polynomials with respect to the rotational speed. integrates the differences in properties through each

5 . crankshaft angle at the compression and the

S oly P 8 busti kes, th dates th d

Swviach = K161 -exppd. Ut § (10) combustion strokes, then updates the assume

8 L | parameters and repeats the procedure until they are
converged.

lll. ISENTROPIC EFFICIENCY Utilizing functions available in Ferguson and

o ] _ Kirkpatrick (2015) fluid properties and fuel
The methodology for predicting the isentropic characteristics are determined throughout the entire
efficiency is similar for both components. First, the simulation. Each of the following can be selected as
isentropic specific enthalpy exchange™@ ) is t he engineés workingnfluid before
HaVing the isentr'piC efﬁciency, the SpeCifiC 4. Me’[hanoL and 5. Nitromethane.
enthalpy exchange 3Q) is then determined by
definition for each data point. In Eq. (18)and® 2.4 SYSTEM INTERACTIONS AND RELATIONS
are determined for each rotational speed. Afterward,
they are extrapolated with a seceoder The general procedure of simulating the system will

polynomial with respect to thetational speed. be described in this section. The required parameters
before starting the matching proseare listed in
ap % Table 1. The simulation is carried out for the full load
qh = peout & oTin (11) engine conditions since it is sufficient for the'lnltlal
c Rn = matching of the compressor and the turbine, as

described irBaines (2005)Hence, the parameters of

Table 1 should be provided for the full load
gh=a Hmgy (12)  condition. If one of the engine models are used,

) . . . . additional engine details (instead of EGT) are

For any given point, firstoandware determined  equired. In the case of a wastegated turbine, one of
using the fitted polynomials. TheriQ ands’Qare  ihe following must be determined as the restriction:
calculated using Eq. (11) and Eq. (12). The ratio of y  compessor outlet pressure, 2. Compressor
these values could determine the isentropic yressure ratio (PRC), 3. Pressure difference between
efficiency. inlet and outlet of the compressor, and 4. Engine inlet
2.3 MODELING THE ENGINE pressure. If the turbine_is fré_ka)atir_]g, none of them

is needed. The equations in this section are from

The TCGmatching process is often carried out before Baines (2005)

the emine is produced or even fully designed. The compressor, the intercooler, the engine, and the
Hence, there might be little information about the turbine are considered as a series of interconnected
details of the engine. On the other hand, one of the . -
deciding parameters affecting the entire simulation iscomponents, as Hllustrated in Fig. 4. Mean values are
the temperature of the gases leaving the enginecc_ms'der_ed for all pressures and temperatures. A”.’
(EGT). In fact, errors higher than 100 Kelvin in EGT with ambient pressure and temperature passes the air

lead to an inadequate accuracy of the final results. B |I_ter before entering the compressor. Temperature
modifying the engine simulation difference through the air filter is neglected

(Y Y ). Air pressure at stage 1 (compressor
codes provided biferguson and Kirkpatrick (2015) inlet) is determined by

two subprograms are developed and integrated into

the program to calculate the EGT. However, if the P1: Pamb 'Pd‘ AF (13)
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The compressor outlet temperature is evaluated fromT3 -|-2 (1 -G

t he d

efinition of t

he

efficiency by Eq. (14), where is the isentropic
efficiency of the compressor arid is the heat
capacity ratioof the air.

e e Ga-1 d

i 18P & d
LTl el 6 by 14)

T egtl + J

| e a

Table 1 List of required input data.

C

Ambient Pressure

Ambient Temperature

Crankshaft speed

Brake specific fuel consumption ¢
theengine

Engine displacement volume

Engineds target

Engineds vol umej]

Coolant temperature

Intercooler effectiveness

C
=

Pressure drop through the air filter

CA
=23

Pressure th

intercooler

drop  through

CA
=3

Pressure drop through the muffler

Exhaust manifold temperature

HOSSIWAWOD

HALL dIY

-

‘ ENGINE

aANIFANL

YTOCTEALN

ENVIRONMENT J

Fig. 4. Schematic of a turbocharged internal

combustion engine.

turbine,

results of a study byAlaviyoun et al

efficiency reduction, where
mechanical efficiency, ane

(r;) réorc‘)s

6'mp

16
isent(r)opi c

Assuming that air behaves as an ideal gas, air mass
flow rate (—) through a 4stroke engine can be

calculated by Eq. (17), whete

is the number of
crankshaft revolutions per minute)

is inlet

manifold pressure™@0 }JY is the gas constant of

air —), o

is engine displacemend), and—

is the volumetric efficiency of the engine.

m, = aNeng oR ené7 vol
&

¢120 R, 1000

17)

Fuel mass flow rate is calculated by the definition of

the brake specific fuel consumption.

= BSFC 3 Wy

R

(18)

(19)

Regarding the fact that the turbine supplies the

compressor6s

requi

r ed wor k,

between these components gives Eqg. (19), where
is the mass flow rate through the turbire, is the

turbinemechanical efficiency,

and j

is the

specific heat of the air at constant pressure-).

The turbinebds

R = Bmb P, muft

output

pressure

(20)

In the case of a wastegatedbine, a portion of the
exhaust gas bypasses the turbine wheel. Thus, the
mass flow rate through the turbine wheel can be
calculated as in Eq. (21), whesds the bypassed

mass flow rate percentage.

If the turbine is not

equipped with a wastegatéalways equals zero.

m=1-y)(m )

(21)

Due to additional friction and flow changes caused
by the wastegate, the isentropic efficiency of the

thus the turbinmechanical efficiency,

reduces continuously i the opening of the
wastegate for wastegate angles less than 20 degrees,
as suggested ifCapobianco and Marelli (2007)

In wastegate angles more than 20 degrees, the
efficiency drop starts to increase. However, the

(2020)

show that the wastegate angle does not exceed 6
degrees in normal working conditiafalyzing the
experimental data available i€apobianco and
Marelli (2007) Eq. (22) is derived for modeling the

is the actual turbine
is the associated

turbinemechanical efficiency from the turbine map

Pressure and temperature at stagEngine inlet) are

evaluated by

R=P

Ric

(15)
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Compressor Waste-gate flow

Pressure ratio percentage

Turbine-
mechanical
efficiency

Exhaust manifold

temperature

Flow Chart 2

TURBINE MAP

Efficiency IN: speed and
converged? pressure ratio
OUT: efficiency

Turbine mass flow
rate and pressure
ratio

ore:
WG%

YES

TURBINE MAP
IN: pressure ratio Compare
OUT: mass flow rate

ENGINE MODEL
OUT: Exhaust temperature

If converged
]

Exhaust

YES
temperature >

converged?

Fig. 5. Basic Flow chart for theiterations.

Using compressor and turbine maps and one of theurbocharger and the calculated PRT (from Eq. (19))
engine models (or known EGT), the program iteratesis read and updated until it is converged. If an engine
Eq. (13) to Eq. (22) to simulate the whole system. model is used, the calculated parameters inipos
The flowchart of the main iteration loops is steps are used to estimate a new EGT. The entire
illustrated in Fg. 5. Initially, estimated values of four process is repeated with this new EGT until it
parameters (specified as guesses) are employed fatonverges too. Since the engine modeling is the most
executing the equations, and then, by comparing theime-consuming part of the process, it has been
results with the ones from the models of each settled as the last loop in order to decrease the
component (the compressor, the turbine, and thenumber of its iterations, hence, the running time of
engine), each ofhese parameters is modified in a the whole program. The details and order of applying
loop. The whole process repeats until all of the the equations are depicted in Fig. 6. Finally, the
estimated parameters are converged. The wastegatealculated working conditions of the compressor and
percentage and PRC are converged in the first loopthe turbine will be plotted on their maps and megd
The restricted quantity by the user will determine the to the user.
first guess forPRC (upper limit). Assuming this
value for PRC, the pressure ratio of the turbine (PRT) 3. CASE STUDY
and the mass flow rate through the turbine are
calculated. Referring to the turbine map, the A 1.65L turbocharged gasoline engine, the technical
corresponding mass flow rate to the calculated PRTinformation of which is listed in Table 2, was tested
is determined as well. AAindicated in Fig. 5, the under different working conditions, and the
wastegate percentage and the PRC are modified untiéxperimental results were obtained. The program
the two mass flow rates match. For frleating was then employed tsimulate the performance of
turbochargers, either the user puts an upper limitthe same engine under the same conditions as in the
PRC, or instead of increasing the wastegateexperimentsThe compressor map, and the turbine
percentage, the program increaB&C. map, provided by the Iran Khodro Powertrain

. Company (IPCO), were used in the simulation. The
Subsequently, the program refers to the turbine mapgjmjation has been carried out fseven working
once again to update the assumed turbine conditions, once with known EGT and once with

mhechanic_al_effifciﬁncy in an outer Loop: ﬁ‘ vital - cajculating EGT using engine sibograms. In order
characteristic of the system is used here: the actual; yerity the results of the program, these are

rotational speed of the turbi_ne and the ComF’res'sorcompared with the test results and are discussed in
mustbe the same. The associated turbimechanical ; ;

>, ) . the following sections.
efficiency to the determined rotational speed of the
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Compressor Compressor inlet Compressor
efficiency temperature pressure ratio

Compressor inlet
pressure {Eq. 13)

Compressor outlet Compressor outlet
temperature (Eq. 14) pressure

Inlet manifold
temperature and
pressure (Egs. 15,16)

COMPRESSOR MAP
IN: mass flow rate,
pressure ratio
OUT: efficiency,
speed

Mass flow rate in
compressor {Eq. 17)

Fuel flow rate (Eq. 18)

Efficiency
converged?

Waste-gate flow
percentage

Turbine- Turbine mass flow
mechanical rate (Eq. 21)

efficiency

a4 OUTPUT

Exhaust manifold

temperature Turbine pressure

ratio (Eqs. 19,22}

Fig. 6. Flow chart for calculating details.

3.1 Experimental Results engine speeds. Also, each test has been repeated
three times to check the repeatability of the
experiment. Figure 7 shows the engine test bench
eduring the experiments.

Investigating a turbocharged engine requires
comparably highaccuracy measurements across
the turbocharger components and the engine. Th
experimental task has been performed on a standard

engine test bench at IPCO. The engine parameters Table 2 Engine characteristics.
and mass flows, temperatures, and pressures are

measured at the inlet and the outlet of the | Number of Cyinders 4
compressor, anthe turbine housing. In addition, Volume 1.65L

the turbocharger rotational speed and the wastegate

arm opening have been measured in different Bore 79mm
working points of the engine. Experimental results | Stroke 85mm
show thatthe wastegate is completely closed at | Compression Ratio 9.3:11
1500 rpm and full load coitibn. The

120kW
measurement range of the temperature sensor was | Rated Power @5500rpm

200°C to 1200°C, and the accuracy was +2°C.
Moreover, the measurement range and the accuracy
of the pressure sensor were 0 to 2.5bar gauge and
+2.5kPa, respectively. Different tests have been
performed on full load conditions at different

240Nm

Maximum Torque @4000rpm
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=—0—Test data == With engine modeling Without engine modeling

26

~
S

\

18

TURBINE PRESSURE RATIO
]
-
\
\-

1000 2000 3000 4000 5000 6000
ENGINE SPEED (RPM)

Fig. 9. Turbine pressure ratio comparison.

Fig. 7. Turbocharged engine on the test bench
during the experiments (courtesy of IPCO).
= Test data == With engine modeling - -Without engine modeling

3.2 Comparison of the Results

o
=
o

The comparisons between the program predictions g:: /h—'—""‘
and engine test results for the full load conditions are = ;:.1

illustrated in Figs. 8 through 15. Green points §m r_'/

correspond to the results of the experimental test. %0:05 ’___/

Blue points correspah to the results of the ED_M w ‘

simulation when the second engine model is &

employed for predicting the EGT. Yellow points o

correspond to the results of the simulation when 1000 2000 3000 4000 5000 6000
known values of EGT (from the experiment) are ENGINE SPEED (RPM)

provided as inputs. In Fig. 14, which showsHE&T,

yellow points correspond to the results of the Fig. 10. Air mass flow rate comparison.

simulation with the first engine model. Altogether,
both simulations agree with the test results quite wellagree with the test results almost precisely,
and adequately for T@atching purposes. The indicating that Eq. (17) works out effectively.
results of the two simulations could be compared Similarly, Eq. (18) isvalidated through the high
together in order to evaluate the effect of errors in accuracies of aito-fuel ratios, as Fig. 11 depicts.
EGT on other parameters. Figure 12 shows the compressor output temperature
("Y) calculated from Eq. (14) in each simulation, the
maximum difference of which with the test results is
S27K. This deviatin is actually associated with the
Y error of the compressor's isentropic efficiency (Fig.
r 13) in the last two engine speeds. The maximum
relative error in compressor efficiency is 5%, again
at 6000rpm. However, this error does not exceed 2%
in the other fie engine speeds.

To evaluate the accuracy of the whole matching
results briefly, one can evaluate only pressure ratio
of the compressor and the turbine, which actuall
represent the calculatedessures at the compresso
outlet @ ), and at the turbine inlet)(), since the
pressures at the compressor inldt)(and at the
turbine outlet § ) are indirectly (Eq. (13) and Eq.
(20)) known through pressure drops. As depicted in

Fig. 8 and Fig. 9these two follow the trend of the As depicted in Fig. 14, the EGT is calculated with a
test results quite well and differ only slightly by a maximum error of 55K (10K for the first five engine
16% maximum error in the turbine pressure ratio atspeeds). The fact that the results of both simulations,
6000rpm crankshaft speed. It is notable that thewith engine modeling and with previously known
compressor pressure ratios for engine speeds highdeGT, are almost identical sugde that this accuracy
than 2000 aralmost identical, since the engine inlet is sufficient for TGmatching purposes, and the
pressure({ ) is restricted by the wastegate. engine model can be trusted. The results of the ideal

. . . . engine modeling are also included in Fig. 14, which
The air mass flow rates (Fig. 10) of both simulations

——&—Test data —@l—With engine modeling - - Without engine modeling == Test data == With engine modeling - -Without engine modeling
2.8 0.16
~ ™

Q26 - T & 014 T
=4 s — £ he— 4

24 o = g
g — b 2012 ,‘./v
2 22 E 01 /
a
g’ Z 008 7
&£ ,. Z o
= 1.8 7 ] /
@ , @ 0.06 I
916 Z A
£y = 004 S
= = r/
S12 (] < 0.02 1

1 0
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
ENGINE SPEED (RPM) ENGINE SPEED (RPM)
Fig. 8. Compressor pressure ratio comparison. Fig. 11 Air to fuel ratio comparison.
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—4—Test data —l—With engine modeling Without engine modeling was IeSS than 200 SeCOndS W|th engine modeling and
145 less than 10 seconds with known EGT.

14 \
135

T == Test data == With engine modeling Without engine modeling
13
125 )
. i)
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Y]
o
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X x
115 \ o 210 =
ny 8 d
1 i @ 190
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Fig. 12. Compressor output temperature 5 2
comparison. 1000 2000 3000 4000 5000 6000
ENGINE SPEED (RPM)
—o—Test data == With engine modeling —— Without engine modeling Fig. 15. Turbocharger shaft speed comparison.
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Fig. 13. Compressor efficiency comparison. i
s
—&—Test data —@—With engine modeling With ideal engine modeling
o
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1200
Fig. 16. Simulated working conditions plotted on

the compressor map.

1150
1100
1050
1000

4. SELECTING A TURBOCHARGER

EXHAUST GAS TEMPERATURE

v W
=]
o o

1000 2000 3000 4000 5000 8000 The program could be implemented to predict the
ENGINE SPEED (RPM) working condition of different compresstiurbine
. . combinations with a specific engine in ashtime.

Fig. 14 Exhaust gas temperature comparison.  gyajuating the results, the designer initially
dismisses the combinations that do not satisfy the
limitations of the components. Subsequently, the

indicates that the ideal model cannot be trusted indesigner compares the working conditions of the
low engine speeds. However, except for the lowestremaining combinations and selects several of them
engine speed, the results are deviated by less thapased on the criteria suggested in the following.
60K. When detailed characteristics of the engine areThese combinations are then tested experimentally
not available, the ideal model could come usédfaé for the final decision.

estimated turbocharger shaft speed of both ] ) o
simulations (Fig. 15) are also nearly identical and !N this section, the limitations of the components and

differ from the test results by a maximum error of the criteria for selecting a turbocharger are discussed.
13%. Using the available characteristic maps in the
The simulated operating conditions of the database, other combinations are simulated for the

compressor are plotted on its characteristic map andtudied engine, and one of them is suggested as an
repotted to the user, as depicted in Fig. 16. This plot &lternative turbocharger.

shoyvs that the_ compressor works suitably vyith this4 ¢ Component Limitations

engine and this turbine since all of the points are

between the surge margin and the choke margin, and\s indicated in Fig. 1, the compressor must remain

none of them exceeds the allowable speEde within a mass flow range at each turbocharger shaft

simulation's total run time for seven engine speedsspeed. This is especially important at low engine
speeds where the compressor may enter the surge
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zone, and at high engine speeds, where it may NOt  —e—initial Turbocharger  —B—Alternative 1 Alternative 2
tolerate the entering mass flow rate and get choked. 15

Fig. 17 represents a case where the compressor it
choked at high engine speeds, although it works
properly at low and moderate speeds.

45 )
. . - 15
@ Simulated working conditions.
at different engine RPMs o

w

N
n

TURBINE PRESSURE RATIO

ol o 1000 2000 3000 4000 5000 6000
35 as ENGINE SPEED (RPM)
: = vt K Fig. 18. Simulated turbine pressure ratios of

each turbocharger.

: - : q = 1. Smaller A/Rratio of the turbine is advantageous

PRESSURE RATIO

in decreasing the turbocharger's response time (turbo

lag). However, it increases the engine back pressure,

which is not favorableReneley et al.2017). Figure

18 compares the PRT of the tAreombinations.

Considering that the turbine outlet pressure is fixed,

Fig. 17. Simulated working conditions plottedon it is evident that alternative 1 produces higher engine
the compressor map (choked). back pressure (turbine inlet).

ISENTROPIC
EFFICIENCY

012 014

B

[ 002 004 0.08 008 01
CORRECTED MASS FLOW RATE (KG/S)

2. Efficiencies of both components is another
deciding parameter in selecting a turbocharger.
Figure 19 shows the simulated compressor
efficiencies. The new compressor works better at low
crankshaft speeds. However, the efficiency

Both components are restricted with a maximum
shaft speed (normally between 150 and 250 krpm),
which may be exceeded if they are not appropriately
selected. Another restricting parameter for the
turbine is its inlet tempature (EGT). Based on the : . )
turbine blades' materizll, the(maxi)mum permissible dramatically drops at high crankshaft speeds since
the mass flow rate approaches the choke limit.

turbine inlet temperature varies. Exposing the blades, . . LS .
urbinemechanical effiencies are compared in

to high temperatures results in severe damage an(i_ - ) . )
deformation over time. The maximum EGT is F19- 20. Itis evident that the turbine of alternative 1

around 1000 K for diesel engineadal1250 K for performs poorly in this combination and should be
petrol enginesHeneley et al. 2017). dismissed.

42 Se|ecti0n Criteria —4&— Initial Turbocharger ~——Alternative 1 Alternative 2
An alternative compressor for the turbocharger of the
studied engine is simulated with two turbines. The
details of the components are listed in Table 3. Both
combinations satisfy # limitations of the
components discussed above. Various factors could
be considered for deciding among these
combinations:

COMPRESSOR EFFICIENCY (%)

Table 3 Details of the turbocharger components. oo 200 Eﬁ’; SPEE;[',;:;} 000 eoee
Wheel . ] ) o
Diameter | 1M AR Fig. 19. Simulated compressor efficiencies of

each turbocharger.

Initial Turbocharger

Compressor 46mm 62 0.39
Turbine 39mm 79 0.5

Alternative 1

Compressor 46mm 54 0.39
Turbine 355mm | 79 0.27

Alternative 2

Compressor 46mm 54 0.39

Turbine 39mm 79 0.4 Fig. 20. Simulated turbine-mechanical
efficiencies of each turbocharger.
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