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Abstract
The effectiveness of an air injection technique for the improvement in transient response of heavy-duty turbocharged diesel
engines has been investigated but only to a limited extent. In the present work, the investigations are performed to improve
the response characteristic of a heavy-duty turbocharged diesel engine under the transient event of rapid acceleration at low
engine speeds. The engine model is developed using Ricardo wave software; and after the validation with the data obtained
from the real engine, wave model is used to investigate the effectiveness of an air injection system for the improvement in
performance of turbocharged diesel engine. The effect of air injection is observed by varying the air injection pressure and the
time of acceleration. The turbocharger’s response parameters such as the compressor exit pressure, turbine inlet temperature
and turbine inlet pressure have been monitored to quantify the turbocharger lag. A pressure value of 1bar is found to be the
optimum injection pressure value that significantly reduces the turbocharger lag corresponding to all the selected parameters.
Furthermore, faster recovery time is observed for the tests with 1 s duration of acceleration than that with 2 s duration of
acceleration. Turbo lag reduction in percentage per unit energy is found to be 29.0%, 39.2% and 55.5% per Joule based on
compressor exit pressure, turbine inlet pressure and turbine inlet temperature, respectively, at 1bar of air injection pressure.

Keywords Turbocharged diesel engine · Air injection · Transient response · Rapid acceleration · Wave model validation

Definitions/abbreviations
AFR Air-to-fuel ratio
BMEP Break mean effective pressure (bar)
IMEP Indicated mean effective pressure (bar)
FMEP Friction mean effective pressure (bar)
BSFC Brake specific fuel consumption (kg/kWh)
CI Compression ignition
CEP Compressor exit pressure (bar)
TIP Turbine inlet pressure (bar)
TIT Turbine inlet temperature (K)
TL Turbo lag (s)
D Cylinder bore (mm)
P Cylinder pressure (bar)
T Cylinder temperature (K)
vc Characteristic velocity
Cenht User entered multiplier
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P1 Pressure before the orifice (bar)
P2 Pressure after the orifice (bar)
A Orifice area (mm2)
T ′ Gas temperature at the orifice inlet (K)
R Gas constant (kJ/kgK)
γ Ratio of specific heats
ṁ Mass flow rate of the air passing through the ori-

fice (kg/s)
ρ Air density (kg/m3)

1 Introduction

Diesel engines are also known as compression ignition (CI)
engine due to its operating principle. During the compres-
sion stroke, the ignition of fuel takes place in the combustion
chamber under the high-pressure and temperature conditions.
In turbocharged diesel engines, the problem of turbo lag
arises during the transient operating conditions. This prob-
lem arises from the lack of air induction due to the slower
response of the turbocharger during a transient. To meet the
requirement of complete combustion, sufficient air should be
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supplied to the engine. Hence, a good air injection system is
important to achieve higher diesel engine performance [1].

The developments in CI engine technologies have led to
the increase in the demand of fossil fuels causing the rapid
depletion of fossil fuels reserves [2]. Recent estimates for
fossil fuel predict that the fossil fuels may be completely
depleted in the coming 45years [3]. Fuel saving in the trans-
portation sector is a critical issue across the globe [4]. In
addition, the transport sector is undergoing rapid transfor-
mation due to stringent emission regulations in most of the
developed countrieswith a target of improving fuel efficiency
of the vehicles [5,6]. Turbocharging is considered as themost
common boosting method used in the automotive industry.
The reliability, widespread availability and excellent thermal
efficiency of turbocharged diesel enginemake them the prime
mover for small and medium sized vehicles [7].

In turbocharged diesel engines, the heat that is gener-
ally lost in exhaust gases is recovered for compressing the
fresh air into the engine cylinders. Turbocharger boosts the
power output of the engine with the same displacement vol-
ume of the engine by providing intake air with increased
density and hence increased mass. At high load transient
conditions, faster response of the turbocharger is needed for
the improvement in the drivability of vehicles with diesel
engines. However, turbochargers have their own inefficien-
cies and there are associated problems such as the turbo lag.
The turbo lag refers to the time required for the exhaust sys-
tem and turbocharger to generate the required boost. When
sudden load change is applied at lower engine speeds with
rapid acceleration, the turbochargermust also accelerate to its
newsteady state.But the turbocharger does not respond effec-
tively as compared to its naturally aspirated counterparts. The
reasons for turbo lag are the inertia of the turbocharger rotor
and the compressibility of exhaust gas within the engine [8].
Diesel engine performance is mostly influenced by turbo lag
[9,10]. It leads to poor in-cylinder physical condition which
causes deterioration of fuel economy and pollutant emissions
[11–13].

Turbo lag is a common phenomenon in turbocharged
diesel engine, especially during the rapid transient condi-
tions. For the improvement in transient response of tur-
bocharged engine, the reduction in turbo lag is considered
vital. So far, three main technologies have been used for the
reduction in turbo lag: electric torque assistance, air injec-
tion system and by the method of reducing the inertia of the
compressor.

Lee and Choi [14] performed an experimental study to
investigate the effect of air injection into the intake mani-
fold. Air injection into the intake manifold during the rapid
acceleration greatly improves the combustion performance
of turbocharged diesel engine. The work is performed by
physical testing which is costly and time-consuming. Air
injection technology is still under development, and there are

some technological challenges that encourage further inves-
tigations to be performed. The findings of simulation based
investigations are equally important tomodel the optimal real
systems.

The transient response can be improved by reducing the
inertia of the compressor. In a study byGilkes [15], the inertia
values corresponding to the original compressor were sys-
tematically varied and their effect on turbo lag was analyzed.
The pressure response of turbochargers with different iner-
tia values is quantitatively analyzed, and the result shows
that delay in the turbocharger response is reduced by reduc-
ing the inertia of compressor. Moreover, they compared the
active method of injecting air into the inlet manifold and pas-
sive method of reducing the inertia of the compressor wheel
and the results show that both methods reduce turbo lag;
however, the active system produces superior results. But
the turbo lag reduction achieved by this method is found to
be very small. Moreover, reductions in inertia are difficult to
achieve in practice.

During the operation of CI engines, the air–fuel ratio
should be maintained within tight limits to obtain maximum
engine output. During the turbo lag, this ratio changes and
hence the quantity of air available may not be sufficient to
meet the torque demand. During the period of low speed
and fast acceleration, the air can be injected using different
strategies to improve the air supply during transient operation
of the turbocharger. Gilkes et al. [16] analyzed the effect of
injecting air either at the inlet manifold or at compressor or
simultaneously both at the manifold and compressor which
is also known as two-point injection system. They performed
a parametric study analyzing four parameters that are vehicle
speed, outlet pressure of compressor, turbine inlet tempera-
ture and driver demand. It is found that the transient response
of the turbocharger as well as the overall performance of the
engine was improved using air injection systems. With air
injection system, the turbo lag is reduced by 71% in achiev-
ing the vehicle response of 30km/h. However, two-point air
injection has shown small improvement.

A common rail direct injection (CRDI) engine was taken
into consideration for air flow rationalization as well as turbo
lag reduction [17]. The authors proposed a strategy for air
injection directly into the combustion chamber. Accumulator
and pressure regulator valve are the two additional compo-
nents in the proposed system. At high engine speed and low
torque demand conditions, the pressure regulator allows the
high-pressure air in the inlet manifold to flow into the accu-
mulator, to be stored there for later use during the turbo
lag. So, during low inlet manifold pressure when the torque
demand is high, the pressure regulator valve allows the air
flow from the accumulator to the inlet manifold. Hence, the
accumulator supplies the air according to the torque demand
and balances acceleration and deceleration.
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Ceislar [18] examined the effect of air injection at var-
ious locations within the engine system and compared the
results to establish the optimal injection location. The results
revealed that air injection at exhaust manifold overcomes
the problem of compressor surge while improving the tran-
sient response. In this investigation, the air injected at exhaust
manifold is adjusted by a control valve and is stored in a com-
pressed gas tank. The gas tank is recharged during the engine
overrun when the pressure in the exhaust manifold is high.
So, the compressed gas is collected in the tank during brak-
ing to be used later for assistance during a tip-in (acceleration
phase). The system design for this functionality is very sim-
ple as it requires only a compressed gas tank, an additional
exhaust manifold connection and a control valve. Standard
diesel EGR/VGT is included in engine air path for the braking
exhaust energy storage (BREES). The transient response of
BREES is analyzed when the turbo lag is more pronounced,
i.e., in high gears. The study concluded that this strategy of
air injection offers better transient performance than intake
manifold. Furthermore, larger amount of air can be injected
without exceeding compressor surge limit. It is worth not-
ing that time to torque during third gear tip-in acceleration
is reduced by 60%. However, the recharging of BREES is
slow, demanding the clutch to be disengaged for about 3 s.
Also, the volume of gas tank is relatively large for automotive
applications.

Computer simulations play important role in predicting
the performance of engine systems. Lotus Engine Simulation
Software is used in a study byMishra and Saad [8] to perform
investigations for the transient response of the turbocharged
diesel engine under the transient event of rapid change in
fueling rate. Findings indicate that with torque assistance, the
transient response of the engine is significantly improved.

In a recent study by Giakoumis and Tziolas [19], a
GT-Power model is constructed for a variable geometry tur-
bocharged (VGT) truck diesel engine. Turbocharger as well
as engine performanceparameters are investigated.The study
highlights benefit of VGT as compared to fixed-geometry
operation in terms of higher boost pressure and air supply
to the engine cylinders. An instrumental test bed was set up
by Rakopoulos et al. [20] to investigate the key engine and
turbocharger parameters. A variety of starting conditions are
taken into consideration. The results indicate that turbo lag
is the major contributor for increased pollutant emissions in
all the cases.

The effect of oxygenated fuels on engine performance
under transient and steady-state conditions is studied by Zare
et al. [21]. Engine performance parameters were monitored
during acceleration, load increase and steady-state operation
conditions on a custom test setup. The study shows that the
engine behavior during transient operation is different from
steady-state operation. Comparing the oxygenated fuels with
that of diesel, lower IMEP, BMEP and FMEPwere observed.

Higher indicated torque, maximum in-cylinder pressure and
maximum rate of pressure rise are found with oxygenated
fuel during transient operation. However, during steady state,
these three parameters are found to be lower for oxygenated
fuels.

In another study by Zare et al. [22], effect of oxygenated
fuels on transient and steady-state performance is investi-
gated on both hot-start and cold-start operations of diesel
engine. The study concludes that the increasing or decreasing
trend of different parameters while changing the fuel cannot
be determined by only one fuel property. Rather, it depends
on conditions such as hot start or cold start.

Fang [1] employed air injection technique to improve the
turbocharger response of marine diesel engine. The results
of the study demonstrate that additional air injection helps to
stop a marine engine faster, in case of sudden danger.

In most of the literature reviewed, the investigations are
undertaken for light-duty and medium-duty vehicles. How-
ever, the effect of air injection on the response of heavy-duty
vehicles is scarcely reported. Therefore, the objective of this
study is to investigate the effect of air injection at intakemani-
fold on the response of heavy-duty engine under the transient
conditionof rapid acceleration andmore specifically to assess
the potential improvements in the response of turbochargers.
Furthermore, it is proposed to quantify the effects of accel-
eration time and injection pressure on the turbo lag.

In the present study after validating the Ricardo wave
model with the real engine, additional air is injected at intake
manifold to enhance the inlet mass flow rate at the moment
of engine acceleration. This optimizes the combustion pro-
cess inside the cylinder andproduces increased torque output,
therefore managing the problems caused by the turbo lag.

2 SystemModeling

Currently within the engineering sector in particular, com-
puter simulations are gaining widespread attention to model
complex real-world problemswhichotherwise require expen-
sive experimental setups. Ricardo wave is a 1D engine and
gas dynamic simulation software package commonly used
worldwide. In thismodel, the combustion process is modeled
by Diesel Wiebe combustion model, which is an appropriate
heat release model. For heat transfer process, the Woschni
correlation model is used. The Woschni model expresses the
convective heat transfer coefficient as given by Eq. (1) [23]:

hg = 0.0128D−0.20P0.80T ∗0.53ν0.80c Cenht (1)

where D—cylinder bore; P—cylinder pressure; T—cylinder
temperature;vc—characteristic velocity;Cenht—user entered
multiplier (For diesel jet combustion sub-model Cenht=1).
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Table 1 Engine block specifications

Engine type 4 stroke diesel

Stroke 132mm

Bore 103mm

Number of cylinders 4

Combustion system Direct injection

Compression ratio 18.3:1

Connecting rod 144mm

Displacement 4.399L

In the present study, a four cylinder, four stroke, tur-
bocharged diesel engine available at the Advanced Automo-
tive Laboratory of University of Huddersfield, UK, is used
to validate the engine model constructed using Ricardo wave
simulation software. The description of the diesel engine is
provided in Table 1. The engine specifications provided are
applicable to heavy-duty diesel engine [24].

Wave build is a GUI interface to build a wave model.
A fully connected turbocharged engine model is shown in
Fig. 1. Elements representing the different engine compo-
nents are connected by ducts. The components are available

Table 2 Basic valve parameters

Intake valves per cylinder 2

Intake valve diameter 36.2mm

Exhaust valves per cylinder 2

Exhaust valve diameter 33.5mm

in the elements menu, and they are dragged from the menu
to construct the model as per the requirement. Cylinders are
selected from the flow element, and as per Table 1, bore is
taken as 103mm, stroke as 132mm and compression ratio as
18.3:1. For intake and exhaust valves, the basic valve param-
eters are entered as shown in Table 2 [25]. The intake and
exhaust manifolds aremodeled using ambient, ducts, orifices
and junctions.

From the engine general panel, engine type is chosen
as diesel and the specifications are entered as described in
Table 1. Diesel Wiebe is chosen as the combustion model,
andWoschni model is chosen for heat transfer. Fuel injectors
are added to the model. From the turbo junction flow ele-
ment, compressor and turbine are added on the canvas and a
turbo shaft is selected from the mechanical element to con-

Fig. 1 Turbocharged engine model
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Fig. 2 Wave coupled Simulink
model

nect the compressor and turbine. Compressor is connected
to the intake manifold, and the turbine is connected with the
exhaust manifold. Turbocharger is modeled with its perfor-
mance maps. Ricardo wave provides preprocessed standard
compressor and turbine map files that are used in the present
investigations [23]. The maps consist of a four-dimensional
dataset: rotational speed, mass flow rate of the gas, pressure
ratio and efficiency. The performance maps need preprocess-
ing before they can be used byWAVE. There exists a routine
in WAVE Build that has an algorithm to convert a perfor-
mance map into a TCMAP object that WAVE uses to model
both the compressor and the turbine.

2.1 Control System

To regulate the air injection pressure, a control system is con-
structed using Simulink. Ricardo wave software has limited
control system capabilities when compared to other dedi-
cated control packages such as Simulink. However, the wave
package includes an interface to Simulink [26]. The con-
trol system in Simulink coupled with wave model is shown
in Fig. 2. Simulink accesses the wave signal through sen-
sors and actuators. Signals from the sensors are sent “Out of
WAVE,” whereas the signals to the actuators are sent “Into
WAVE.” In Simulink, Mux block is used to create a vector
of input signals, while the Demux block is used to split the
vector of output signals [23].

The air injection system is modeled by the addition of
third ambient. Air is supplied through an extra ambient into
the intake manifold. The mass flow of air is regulated by an
orifice. The air with injection pressure P1 is passed through
an orifice, and the mass flow of air through the orifice can be
computed using Eq. (2) as given below [18]:
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where P1—pressure before the orifice; P2—pressure after
the orifice; A—orifice area; T—gas temperature (K) at the
orifice inlet; R—gas constant; γ—ratio of specific heats.

The energy supplied/sec through air injection can be cal-
culated as: , where ṁ is the mass flow rate of the air

passing through the orifice and ρ is the air density.

3 Results

The results obtained after carrying out simulations of the
proposed system over a wide range of operating conditions
are presented here. Real engine is simulated using Ricardo
wave for steady-state and transient operating conditions.
Based on the experimental data for steady state, the Ricardo
wave model is calibrated for engine performance parameters
such as brake torque, Brake specific fuel consumption, brake
power and brake thermal efficiency. The wave model is then
modified to include air injection system at intake manifold.
The control system is formulated using the co-simulation
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of Ricardo wave with Simulink. The investigations are per-
formed for various turbocharging parameters.

3.1 Validation with Real Engine

Steady-state testing is a useful tool for cross-checking the
available measurements in addition to the verification of
experimental setup. The test results for the steady state are
collected from the real CI engine, and these results are used to
validate theRicardowavemodel. It is assumed that the 1Dgas
dynamic code used in Ricardo wave has sufficient prediction
capabilities to yield the reliable results. The nominal working
range of the engine used in the investigations is 1000–
2200 rpm. Engine performance parameters are chosen for
validationofRicardowavemodelwith the real data. They are:

1. Brake torque
2. Brake specific fuel consumption (BSFC)
3. Brake power and brake thermal efficiency

The validation of different engine performance parameters
as a function of engine speed is shown in Fig. 3a–c. Fig-
ure 3a depicts that initially torque rises at low engine speeds
and attains the maximum value of 476Nm at 1200 rpm
and then gradually decreases with the increase in engine
speed. Ricardo wave data have been analyzed using nonlin-
ear regression, and the following equation has been obtained
with R2 = 0.99

T = 4E − 07S3 − 0.002S2 + 3.3208S − 1276.4 (3)

where T is the brake torque and S is the engine speed in
rpm. Brake torque values using the equation above and those
obtained from the experimental data have been plotted. It can
be clearly observed from Fig. 3a that the predicted values of
brake torque by Ricardo wave model are in good agreement
with the experimental data.

Similarly, BSFC values predicted by Ricardo wave model
can be described by the following equation with R2 = 1.0:

F = E − 13S4 − 7E − 10S3 + 2E − 06S2

−0.002S + 1.02 (4)

where F is the brake specific fuel consumption and S is the
engine speed in rpm. Calculated values of BSFC were also
satisfactory as shown in Fig. 3b. The validation of Ricardo
wave with experiment shows a good agreement between the
regression line values and experimental data for BSFC. The
increase in fuel consumption at lower engine speed is due to
the increased time for heat losses from the gas to cylinder
and piston wall [27]. The lowest value of specific fuel con-
sumption is 0.201kg/kWh at 1800 rpm. Engine speed plays
an important role for the fuel consumption in the engine.

Fig. 3 Validation of simulated values of performance parameters (brake
torque, BSFC, brake thermal efficiency and brake power) with experi-
mental data

As the speed increases, the fuel consumption also increases
due to increase in friction power, and hence, the efficiency
decreases.
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Table 3 Comparison of Ricardo wave results with experimental data for performance parameters

Engine speed (rpm) Brake power (kW) Brake torque (Nm) BSFC (kg/h)

Experiment Ricardo Experiment Ricardo Experiment Ricardo

900 34.72 ± 0.37 27.00 371.75 ± 3.77 360.1 0.22 ± 0.008 0.228

1200 60.92 ± 1.48 57.50 476.45 ± 2.66 471.1 0.20 ± 0.005 0.201

1500 74.97 ± 0.60 74.54 471.05 ± 3.37 475.3 0.20 ± 0.0 0.200

1800 81.25 ± 0.58 79.58 422.70 ± 2.34 425.2 0.20 ± 0.001 0.201

2100 88.42 ± 0.40 77.52 397.72 ± 2.06 394.49 0.20 ± 0.002 0.201

In the same manner, brake power values predicted by
Ricardo wave model at different engine speeds are plot-
ted and a nonlinear regression equation was developed with
R2 = 0.99:

P = −6E − 05S2 + 0.2243S − 124.8 (5)

Figure 3c shows the variation of brake power and brake ther-
mal efficiency with respect to engine speed. Good agreement
is obtained for both the parameters between the simulated and
measured values. It is observed that the brake power increases
with an increase in engine speed. The maximum power pro-
duced by the engine is about 79.58kW at around 1800 rpm.
Brake thermal efficiency initially increases up to 1200 rpm,
and then it becomes constant.

The quantitative measure of the agreement between the
experiment and the simulation is presented in Table 3. It
can be noted that Ricardo wave satisfactorily reproduces the
experimental data for all the chosen performance parameters.
Henceforth, the calibrated wave model is expected to be able
to predict the transient behavior of the chosen heavy-duty
compression ignition (CI) engine since the Ricardo wave has
sufficient prediction capabilities to yield the reliable results
for transient simulations.

3.2 Evaluation of Air Injection

3.2.1 Acceleration Tests

Acceleration tests are best representative of transient opera-
tion of heavy-duty engines, and turbo lag is more prominent
during the acceleration at low engine speeds. Further, from
Fig. 3 it can be noted that the torque performance of tur-
bocharged diesel engine is poor at 1000 rpm engine speed.
For these reasons, simulations are performed at 1000 rpm
engine speed with and without air injection during the tran-
sient conditions of rapid acceleration. During this time, the
engine speed is increased from 1000 to 1700 rpm. Acceler-
ation time and air injection pressure are the two transient
performance factors for which the turbocharger response is
measured.
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Fig. 4 Variation of brake torque with injection pressure

The time to acceleration is taken as 1 s and 2s as they
correspond to the case of rapid acceleration. To analyze the
effect of varying the injection pressure, the simulation of
air injection is first performed to establish its effect on the
engine performance factors. Figures 4 and 5 show that the
engine performance factors such as brake torque and brake
power have noticed significant improvement with the injec-
tion pressure up to 2.5bar. Increasing the injection pressure
after 2.5bar does not bring significant improvement in these
engine performance factors. So the injection pressures of
1bar, 2bar and 2.5bar are chosen to quantify the effect of air
injection on the response characteristics of the turbocharger.

The major parameters investigated are the turbocharger
response parameters such as compressor exit pressure (CEP),
turbine inlet pressure (TIP) and turbine inlet temperature
(TIT). These parameters indicate the output response of the
turbocharger. So, these are taken as a measure of transient
response of the turbocharged engine.

For the sake of studying the effect of acceleration time
and injection pressure, three tests are carried out as shown in
Table 4. Test 1 presents the case of no air injection and only
the acceleration time is varied by 1s and 2s. Test 2 is taken
as the case of more rapid acceleration with the speed change
from 1000 to 1700 rpm in 1s and the injection pressure is
varied by 1bar, 2bar and 2.5bar. Finally, test 3 highlights the
comparative improvement in turbo lag reduction for 1 s and
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Fig. 5 Variation of brake power with injection pressure

Table 4 Test cases

Tests Turbocharger response

Acceleration time Air injection pressure

Test 1 Varied Not applied

Test 2 Constant Varied

Test 3 Varied Constant

2 s injection duration, respectively, for the injection pressure
of 2.5bar.

3.2.1.1 Test 1 In the first test, the turbocharger response
parameters are observed for the acceleration times of 1 s
and 2s, respectively, for the speed change from 1000 to
1700 rpm. Figure 6 depicts the effect of acceleration time
on the response parameters of the turbocharger such as com-
pressor exit pressure (CEP), turbine inlet pressure (TIP) and
turbine inlet temperature (TIT). The values are plotted in
Fig. 7 for comparative analysis. Similar trends are observed
for turbo lag for all the chosen parameters of the turbocharger.
For 1 s acceleration time, the turbo lag values are found to
be 6.4 s, 6.8 s and 8.0 s for CEP, TIP and TIT, respectively.
On the other hand, the turbo lag values are 6.0 s, 6.0 s and
6.8 s for CEP, TIP and TIT, respectively, for 2 s acceleration
time. This indicates that a decrease in time duration for accel-
eration from 2 to 1s increases the turbo lag, and hence, 1 s
corresponds to more rapid acceleration. The finding is con-
sistent with the fact that turbo lag arises due to the delayed
response of the turbocharger and the faster is the transient
event, comparatively slower will be the response. Based on
this finding, 1 s time duration for acceleration will be consid-
ered as the time duration for rapid acceleration for test 2.

3.2.1.2 Test 2 As per the investigations carried out in test
1, it should be noted that 1 s acceleration time corresponds
to rapid acceleration for which the improvement in transient
performance needs to be measured. So, in this test: The time
for acceleration is taken as 1 s and the effect of air injection

Turbine inlet pressure response 
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Fig. 6 Effect of acceleration time on response parameters

pressure is measured on turbocharger response parameters
such as CEP, TIP and TIT. The cases of additional air injec-
tion are compared with that of no injection. In the present
investigation, the injection pressures considered are 1bar,
2bar and 2.5bar to observe the optimum improvement in
transient response.

When additional air is injected at intake manifold, more
air is supplied to the cylinder that optimizes the combustion
processes. The consequence is the increase in exhaust energy

123



Arabian Journal for Science and Engineering (2019) 44:5863–5875 5871

TITTIPCEP
2 sec1 sec2 sec1 sec2 sec1 sec

9

8

7

6

5

4

3

2

1

0

Fig. 7 Variation of response parameters with acceleration time

which in turn increases turbine inlet pressure. This causes the
turbocharger to rotate faster yielding improved turbocharger
response [1].

The effect of air injection is noticeable as shown in Fig. 8.
Initially, the parameters show an initial delay in response
before reaching the steady state. The recovery time is signif-
icantly reduced as compared to that of no air injection for all
the parameters. Turbo lag decreases, and thefinal steady-state
values are also improved with the increase in air injection
pressure. The comparative reduction in turbo lag with varied
air injection pressure for each parameter is shown in Fig. 9.

Although each of the selected injection pressure is suf-
ficient to improve the transient performance as shown in
Fig. 8, nevertheless it is important to find the optimum
value of the injection pressure. So, in addition to the per-
formance improvement evaluation with air injection, it is
worth calculating that how much energy is imparted with
the air injection. Turbo lag reduction with minimum energy
required by air injection will be an additional source of
information for selecting the optimum injection pressure.

(a) Compressor exit pressure response (b) Turbine inlet pressure response

(c) Turbine inlet temperature response
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Fig. 8 Effect of air injection pressures on response parameters (CEP, TIP and TIT)
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Fig. 9 Variation of response parameters with air injection pressures for
turbo lag

Figure 10 shows the reliance of turbo lag reduction on air
assist pressure and in turn the energy required for each of

Table 5 Turbo lag reduction per unit energy corresponding to air injec-
tion pressure for turbocharger response parameters (CEP, TIP and TIT)

Injection
pressure (bar)

Turbo lag reduction per unit energy

CEP TIP TIT

1 0.290 0.392 0.555

2 0.102 0.122 0.146

2.5 0.032 0.034 0.040

the selected performance parameter. Higher the injection
pressure, more energy is required to significantly reduce the
turbo lag. For comparative analysis, the turbo lag reduction
per unit energy corresponding to the injection pressure is
presented in Table 5. It can be concluded from the table
that the maximum improvement in turbo lag reduction is
brought by air injection corresponding to 1bar pressure.

(a) Compressor exit pressure (b) Turbine inlet pressure 

(b) Turbine inlet temperature 
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Fig. 10 Dependency of turbo lag reduction on air-supply parameters for CEP, TIP and TIT
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Fig. 11 Effect of air injection on response parameters with variable
acceleration time

Hence, 1bar air injection is the optimum injection pressure
with turbo lag reduction (in fraction) per unit energy as 0.290,
0.392 and 0.555 per Joule for compressor exit pressure,
turbine inlet pressure and turbine inlet temperature (TIT),
respectively.

3.2.1.3 Test 3 In this test, 1bar pressure is taken as the opti-
mum injection pressure as found in test 2. The response
characteristics are observed for acceleration time of 1 s and
2s, respectively, for the speed change from 1000 to 1700 rpm
as shown in Fig. 11. As per the comparative analysis illus-
trated in Fig. 11, the turbo lag quantification for the air
injection of 1bar highlights a remarkable reduction in turbo
lag for 1 s transient as compared to that of 2 s and this differ-

(a) Compressor exit pressure (b)  Turbine inlet pressure

(c) Turbine inlet temperature 
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Fig. 12 Rate of change characteristics for response parameters (CEP, TIP and TIT)
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ence is more perceptible when the rate of change in response
parameters is plotted as shown in Fig. 12.

The figure shows that faster response is observed for 1 s
duration when air injection is applied. Hence, more improve-
ment is achieved where the turbo lag is more prominent (that
is for 1 s acceleration time as reported in test 1). This ensures
that the air injection at intake manifold greatly improves the
transient response of turbocharged diesel engine for the event
of rapid acceleration.

4 Conclusions

In the present study, the real engine is modeled using Ricardo
wave simulation software; and after validation using the
steady-state simulations, the transient performance of the
turbocharged diesel engine is investigated. Air injection
at intake manifold is simulated to improve the transient
response. Based on the results obtained from this study, the
following conclusions are drawn for this specific heavy-duty
diesel engine:

1. With air injection system, the response interval of the
turbocharger is significantly reduced.

2. The turbocharger response parameters such as compres-
sor exit pressure (CEP), turbine inlet pressure (TIP)
and turbine inlet temperature (TIT) increase with the
increase in air injection pressure and 2.5bar injection
pressure brings the maximum improvement in the tran-
sient response.

3. The amount of energy imparted for air injection should
not be neglected while evaluating the effectiveness in
reducing the turbo lag for the improvement in transient
response. Greater reduction in turbo lag can be achieved
by applying higher assist pressure up to 2.5bar but at the
cost of compromised energy imparted per second.

4. 1bar is the optimum injection pressure with turbo lag
reduction per unit energy as 29.0%, 39.2% and 55.5% per
Joule for compressor exit pressure, turbine inlet pressure
and turbine inlet temperature (TIT), respectively.

5. Turbo lag is more prominent when the acceleration time
is 1 s than that for 2 s.With the application of air injection,
faster recovery time is observed for 1 s rapid acceleration
than that of 2 s.

The study demonstrates that additional air injection at intake
manifold is an effective tool for achieving the improvement
in the transient response of heavy-duty turbocharged diesel
engine.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm

ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
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