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Abstract

In challenge for achieving the desired fuel
economy benefits lies in optimizing the
design and control of the engine boosting
system. The demand for both reduced fuel
consumption and increased performance has
resulted in the current trend of downsizing
and turbo-charging the combustion engine.
One drawback of downsizing and turbo-
charging is the effect of lag in boost pressure
resulting in a decrease of vehicle
performance. This is intensified at increased
altitude. One way to reduce turbo lag is by
operating the engine at a higher speed. In
order to diminish lag, the launch device must
allow for faster acceleration of the engine. By
using the external power source, compressor
is run for required period of time so engine
gets boosted. In this work mathematical
modeling is carried out for mass flow rate of
turbine and compressor. This paper
discusses a scalable modeling approach for
the characterization of flow and efficiency
maps for automotive turbochargers. The
proposed approach is validated on a
database of compressors and turbines for
automotive boosting applications.

Keywords: Modeling, Response timing,
boosting system

I. INTRODUCTION

A turbocharger is a turbine driven forced
induction device that increases an engine's
efficiency and power by forcing extra air into
the combustion chamber. Simply turbocharger
is a turbine, driven by exhaust gases that
compress incoming air into the engine.

The hot side of the turbocharger receives its
energy from the waste heat of exhaust system.
The cold side of the turbocharger pressurizes
fresh air from atmosphere and forces it into the
engine. The pressure generated by the cold side
is called the boost. The cold side is driven by a
shaft that is connected to the hot side. This
improvement over a naturally aspirated engine's
output results because the turbine can force
more air, and proportionately more fuel, into the
combustion chamber than atmospheric pressure
alone.After burning of fuel in combustion
chamber, only the 1/3 of total power is useful
for crankshaft. From total heat 1/3 heat loss to
cooling water & 1/3 of total heat loss though
exhaust. Hence turbocharger improves engine
efficiency by using exhaust gas energy that
would be otherwise lost.After burning of fuel in
combustion chamber, only the 1/3 of total
power is useful for crankshaft. From total heat
1/3 heat loss to cooling water & 1/3 of total heat
loss though exhaust. Hence turbocharger
improves engine efficiency by using exhaust gas
energy that would be otherwise lost[1].
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Fig. 1 schematic diagram single cylinder of
turbocharger: 1- Compressor, 2- compressor
Discharge. 3-charge air cooler, 4-Intake
valve, 5-Exhaust valve, 6-Turbine inlet, 7-
Turbine discharge[2]

1. WORKING PRINCIPLE OF
TURBOCHARGER
Turbocharger is the system which increases
density of intake air. At the highest load engine
produced high pressure and high temperature
gases. So the turbine revolves at high speed and
compressor gets high speed. After the air passes
through the air filter it is transmitted to the
turbocharger’s compressor inlet. The air is then
compressed, which increases its density by
compressor section, and is discharged through a
boost tube. In newly turbocharger cooling
system is used, which had known as an
intercooler or charge-air cooler. To receive the
hot, boosted air as it leaves the compressor. The
intercooler removes the excess amount of heat,

which allows for further air density
improvements. Another boost tube then
transmitted the air from the intercooler

discharge side to the engine intake manifold.
Where the air is routed to the intake valves and
it enters each cylinder [4]. Injection pressure
and injection charge is to be changed, which is
based upon density of intake air charge. So that
proper combustion is  occurred.  After
combustion, the exhaust passes through the
exhaust valve and into the exhaust manifold.
The exhaust manifold transmitted the exhaust
gas energy in the form of pressure and heat into
the turbine stage of the turbocharger. The
turbine housing causes backpressure. This heat
expands and backpressure against the turbine
wheel blades causing the turbine shaft and

wheel to spin. So that it turn to drives the
compressor wheel on the intake side of the
system. The remaining exhaust then leaves the
turbine stage and enters the exhaust system

I1l. CONCEPT OF TURBO LAG
Turbocharger lag is the most prominent
parameter of diesel engine transient operation.
That drastically differentiates the torque pattern
from the respective steady-steady conditions to
study state condition. Turbocharger lag is
produced because, although the fuel pump
responds quickly to the increased fueling
demand after a load or speed increase. The
engine air-supply cannot match this higher fuel
flow instantly but only after a number of engine
cycles remaining to the inertia of the whole
system. This phenomenon is enhanced bythe
disapproving turbocharger compressor
characteristics at low-loads and low speeds. As
a result of this slow reaction, the relative air—
fuel ratio during the early cycles of a transient
event assumes very low values which can be
lower than stoichiometric[5].
During a typical load a detailed set of engine
and turbocharger properties responses which
increase transient event initiated from a step
load change from 10 to 75% of full engine load.
Engine having governor setting which is
maintaining as constant. This is illustrated in
Figure 2. It concerns a four-cylinder, four-
stroke, medium-high  speed, moderately
turbocharged and after cooled, industrial diesel
engine, rated at 241 kW at 1600 rpm.At the
initial conditions, load torques and the engine
are equal and the air—fuel ratio is relatively high
due to the low loading. As soon as the new load
is applied which is higher than initial one (this
is accomplished in 1.3s), there is a significant
shortage in the net torque, since the engine
torque cannot instantly match its increased load
counterpart, and so that the engine speed drops
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Fig.2:Turbocharger properties during a load
increase transient event
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To avoid this turbo lag external source is used
which is shown in fig.3. So that by using semi -
supercharger it can manage the required power
for engine. . So that high speed motor is used as
external source. By using this motor speed of
compressor is to be increases for starting
condition. After gating the sufficient power
from turbocharger motor is to be disengaging
from compressor.

L C. Engine

Intake manifold ~T -
Compressor
4

—&
| Drive |,
EngageDisengage \ shaft
mechanism |
From atmosphere To atmosphere

Fig.3: Schematic diagram of experimental
setup

High speed Exhaust manifold

motor \

IV. MATHEMATICAL MODELING OF
TURBOCHARGER

The use of behavioral models to extrapolate the
flow and efficiency maps of automotive
turbochargers is a common practice and several
approaches have been proposed and developing
virtual design studies, where the engine air path
system is requires the ability to model the
behavior of compressors and turbines while
varying their key design parameters related to
the geometric features of the stator and rotor
[2].

According to the dimensional analysis theory
for turbo machinery, it is possible to introduce
dimensionless variables to reduce the number of
overall variables representing the performance
of compressors and turbines.

Table:1 Engine specification

Setup Specification
Model TATA Indica v2
LS

No. of cylinder | 4

Volume 1405 cc

power 48.2 bhp@ 5000
RPM

torque 85 Nm @ 2500
RPM

Fuel Type Diesel

| Engine | Turbocharged |

The performance of a machine can be generally
expressed as:
Pout = f(ﬂ‘i, Pin, Tin, e N, Vv, D, ll, 12, ...... )

1 = (+#, Pin, Tin, v, N, v, D, /1, Iz,
Where p is the pressure,: the mass flow rate, T’
the temperature, N the rotational speed, y the
specific heat ratio, v the kinematic viscosity,
and D, /i, > represent design parameters that
influence theperformance.

A. Compressor mass flow

Firstly mass flow through the compressor from
the atmosphere is to be calculated. Mass flow
rate is indicated by m,

m.=Cd A ﬁ/{ﬁﬂ]
)]

F [fu-}‘ (] (i
Where ;fu.} |—

I(£ Ly ,l-f-f:fJ;"F”

The discharge coefﬁ01ent Ca is a function of the
instantaneous valve lift to valve head diameter
ratio, A is the geometric valve flow area and

the specific heat capacities ratio; index pour
denotes downstream  and  pmupstream
Conditions[3].

B. Turbine mass flow

A database of flow and efficiency maps from
different turbines of the same family was
leveraged to define semi-empirical scalable
models. The values of the diameter, trim and
A/R ratio for the turbines considered in this
study span, a range that should be summarized
in to calibrate the parameters of the models [7].
The starting point to define the turbine flow
model is the modified orifice equation, which is
a generally accepted approach for modeling the
turbine flow rate. This model characterizes the
turbine flow rate as a non-isentropic expansion
process through an orifice, based upon the
equation:

mr =Cd A ::"I*ﬂé] (2)
Where,
- 7_1[ e a;'-r-] :.rm[%}"“

g}

Where the polytrophlc coefﬁc1ent m and the
equivalent area C4A are tunable parameters, and

ISSN (PRINT): 2393-8374, (ONLINE): 2394-0697, VOLUME-3, ISSUE-6, 2016
69



INTERNATIONAL JOURNAL OF CURRENT ENGINEERING AND SCIENTIFIC RESEARCH (1JCESR)

pin, Tin are reference values provided by the
manufacturer.

The equivalent area Ca A in Equation generally
relates to the throat area and the exit area of the
turbine. Assuming that geometric similarity
holds true, the throat area can be considered
proportional to the turbine diameter and the A/R
ratio I, while the exit area can be assumed
proportional to the diameter and trim z. This
leads to the following expression:
CiAzarifdl+a-iD&gea; (3)

Where the dimensionless coefficients ai, az, as
can be calibrated by using flow data from
different design of turbines.

Fig.4: Main design parameters for
turbochargers compressors and turbines

The starting point for this study is a set of
turbocharger maps that was made available for a
family of compressors and turbines. The
available maps cover different combinations of
three design parameters, figure 3 shows namely
rotor diameter D, trim 7 and A/R ratio I". These

parameters are defined in Equation
. 38
Trim: t= {%I - 100
A/R: T'=di
Rai

Compressor A/R - Compressor performance is
comparatively very insensitive to changes in
A/R. smaller A/R are used for high boost
applications, and Larger A/R housings are
sometimes used to optimize performance of low
boost purpose. However, as this influence of
A/R on compressor performance is minor, there
are not A/R options available for compressor
housings.

Turbine A/R - Turbine performance is greatly
affected by changing the A/R of the housing, as
it is used to adjust the flow capacity of the
turbine. Using a smaller A/R will increase the
exhaust gas velocity into the turbine wheel. This
provides increased turbine power at lower
engine speeds, resulting in a quicker boost rise.
However, a small A/R also causes the flow to

enter the wheel more tangentially, which
reduces the ultimate flow capacity of the turbine
wheel
V. TIME REQUIRED FOR BOOSTING
TURBOCHARGER

The aim of a proper turbocharger matching
leads to longitudinal dynamics as targeted of the
propelled vehicle good efficiency. In more
detail, the transient response of a turbocharger,
thus turbine and compressor can Dbe
characterized while reviewing the following
three main equations and their controllable state
variables of a turbo-charged engine system as
depicted in Figure 4. First, the formulation of
the conservation of the angular momentum
yields the gradient of angular velocity o = 27 -

n of the rotor [6] [10].
S

In equation (4) Mirepresents the torque
generated in the turbine, Mcthe torque
consumed by the compressor, and /rdenotes the
rotational inertia of the rotor-system. Hereby
Irdepends on the size and the corresponding
diameter d of the rotor-system as

Ir =d®

L
OO0

Fig.5: Basic schematic of a turbo-charged
engine

From a mechanical point of view a high
rotational acceleration, ® can be achieved with
a high level of work at the turbine, a low power
consumption of the compressor, low level of
friction and a low rotational inertia of the rotor
system itself. This can be achieved by a small
size of the rotor system or light-weight
materials as is e.g. a Tidl-rotor

It is worthwhile mentioning that in reality the
rotor cannot be considered as a rigid part. The
treatment of the rotor as a flexible body helps to
analyze the dynamic and corresponding
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characteristics of the rotor in its floating ring
bearings in more detail. Moreover, often the
frictional loss in torque Mr in the turbocharger
is not considered by the efficiency of the
compressor, mMe. For the torque-producing at
turbine side Mt

by m & -—‘i—ﬁ..-ﬂ-m-[l- (ii]%](s)

- ez
. g Pt
Ny e By (1= () 1
Therefore
bym B (6)

For the torque-consuming compressor side

(Mc):
w-igtant (@ o

Consider-
_ 1]
3

In the light of a good efficiency, thus targeting a
high Mtand a low Mc. Mrcan be maximized
while achieving a high gas mass flow of a high
temperature, a low back-pressure level psand a
high pressure level of ps3. k, Is polytrophic
exponent before compressor,kzis polytrophic
exponent before turbine. Especially when
looking at transient maneuvers, the former
mentioned factors can, if they are shaped
appropriately by the controlling strategy on a
temporarily basis, ‘kick-off” the rotational speed
of the turbocharger without affecting the fuel
economy significantly. By contrast, Mc should
be a minimum while delivering a high level of
p2[11]. This can be achieved by a low level of
pressure loss in the intake system before
compressor accompanied by a low intake air
temperature. T4 Irm,

Now,

% -m;-'-"'—ﬁ,_-'ﬁ_-— [

['herefore
ﬂl; -
@

)

Integrating the both side of equation (9) with
time limit t1, t2 and angular velocity o1, m2.

[Faem [ (Eago]

Here, [, %..%: are constant functions.

.FFFEFE = —ﬁ—m mf“" @-d

By integrating this question we get,
b5

EHF_ & J

(S tasrisrarions g ™ .T;;EE{ T (10)

Where 4t is time required to accelerating the

vehicle from angular velocity of
COMPIessor i @ ;.
Non-adiabatic turbocharger operation can

produce the turbo lag because the time required
accelerating the turbocharger from angular
velocity w1 to w2. Turbocharger can’t transfer
whole power from turbine to compressor.
Because errors are occurred like friction error,
drive shaft error. Also at ideal condition exhaust
gas not produced required amount of power to
dive the compressor in efficient way [2].

VI. TIME REQUIRED FOR BOOSTING
TURBOCHARGER FOR REDUCED LAG
Turbocharger lag is reduced by using the
external source or apply external power supply
to compressor. High speed motor is used to
supply external power. The compressor is run
on motor for some time duration. Ms is torque
applied by high speed motor to compressor.

Now,

W i w i )
i mﬁ (11)
iy mE (12)

Put the value of equation (6), (8) in equation

(11

(13)

Integrating the both side of equation (13) with

time limit t1, t2 and angular velocity w1, w>.
Lo m [ fr.‘;. bW “?"1}

Here, {z.#;. % %; are constant functions.

[farm iy [ was

By integrating equation we get,

g g e e i o ™ mim1(14)

Where, the at is the time required to boost the
power. @ anare the angular velocities of turbine
or compressor. By putting the valve of &, % &;
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from equation and motor power we get the time
required for boost the engine. Some losses are
accrued in system during experimentation.
These losses are not considering for modeling

[5].
VII. CONCLUSION

The work described in this paper focused on
investigating the transient response of
turbochargedengines. The study was conducted
considering this problem from engine control
perspective striving to identify how recent
advances in control theory and implementation
can help in reducing turbo lag from modern
passenger cars. Since the beginning of the
research work described here, the concept of
engine downsizing has become a widely
accepted method for reducing turbo lag from
modern  gasoline  engines. Mathematical
modeling can give the mass flow rate and time
required for boosting of engine.
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