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ABSTRACT

Power deterioration is a major problem for diesel engines operating at high altitudes. This problem stems from
the limited availability of turbocharger energy, which is not enough to increase the boost pressure to the required
level. In this study, a control strategy is introduced in order to achieve engine power recovery at different altitudes.
It is shown that as the altitude increases from 0 to 4500 m, the required boost pressure ratio increases from 2.4 to
4.3. The needed turbocharger energy should be increased accordingly by 240%, and the TCC (turbine character-
ization coefficient) should be adjusted within wide ranges. A 12% decrease in the TCC can lead to a rise of the
intake air pressure, which can compensate the pressure decrease due to a 1000 m altitude increase. The fluctuation
range of boost pressure was within 14.5 kPa for variations in altitude from 0 to 4500 m.
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Notations
A Equivalent turbine area, cm2

K Adiabatic exponent
_m Mass flow rate, kg s−1

P Pressure, kPa
R Gas constant, J K−1

T Temperature, K
D Diameter, cm
N Number of cylinder

Subscripts
0, 1, 2... States
00, 10, 20... Total states
e Exhaust gas
T Turbine
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Abbreviations
TCC Turbine characterization coefficient
VGT Variable geometry turbocharger

1 Introduction

Diesel engine is the main power of engineering machineries and heavy vehicles, and has the request to
improve the power and emission performance [1–3]. Plateaus are distributed widely all over the world, and
engineering machineries and heavy vehicles often need to operate at plateaus with variable altitudes. It is well
recognized that altitudes have significant effects on the performances of engines [4]. As altitude increases, the
density and pressure of atmosphere decrease rapidly, leading to less air flows into engine cylinder. As a
consequence, the performances of the engine will significantly deteriorate and may not meet the
requirements of vehicle operation at different altitudes [5,6]. Therefore, it is necessary to improve the
performances of engines under high altitudes.

Many studies regarding the influences of altitude on the performances of diesel engines were conducted
by numerical simulations and thermodynamic analyses. For example, Dennis et al. [7] compared the
performances of turbocharged diesel engines at various altitudes, and then adopted part-load curves
obtained on plains to predict the performances of engines at various altitudes. Ángel et al. [8] evaluated
the effects of altitudes on the engines’ performances, emissions, and thermodynamic diagnoses under
real-world driving conditions. Zhu et al. [9] adopted a genetic algorithm to optimize fuel injection
parameters of diesel engines, resulting in the enhanced performances of engines on plateaus. Humans
et al. [10] and Chaffin et al. [11] analyzed the influences of different altitudes on emissions characteristics
for a naturally aspirated diesel engine and a turbocharged diesel engine, respectively. Zhang et al. [12,13]
studied the control strategy of two-stage turbocharging system for different altitude. The above studies all
suggest that altitudes have significant effects on the performances of diesel engines.

Turbocharging technology is an effective method to improve the air supply to diesel engines, and then to
increase the boost pressure and the recovery of the engine power at high altitudes [14]. The available energy
to the turbine is the key factor that affects the boost pressure and the power capability of turbine. Normally,
turbocharge systems can provides enough turbocharger energy for boost pressure recovery at a fixed altitude,
but it is difficult for them to provide optimum turbocharger energy when the operating altitude changes over a
wide range [15]. Meanwhile, the demanded energy and the available energy of turbochargers cannot achieve
a balance, when the operating condition deviates from the matching point of turbocharge system under
variable altitudes. To reduce this imbalance, the turbocharger energy should be regulated according to the
equivalent turbine areas at different altitudes [16]. However, the turbocharging system with a fixed
equivalent turbine area cannot satisfy the intake air demand under all operating conditions, whether it
operates at the low or the high altitudes. Therefore, the control of turbocharger energy needs to be further
investigated to achieve high performances of engines at different altitudes.

Studies [17–20] have been conducted to investigate the engine torque recovery at high altitudes. It is
found that the increase of the actual boost pressure is the most efficient way to improve the performances
of turbocharged diesel engines at high altitudes. The boost pressure can be optimized by using the
turbocharging system control method. Zhang et al. [21] adopted the variable geometry turbocharger
(VGT) technology to improve the dynamic performances of the engine at different altitudes, and further
investigated the control strategies of a VGT system under different operating conditions. Liu et al. [22]
numerically compared the performances of a one-stage and a two-stage turbocharged diesel engines at
different altitudes. It was found that the two-stage turbocharging system can improve the plateau
performances of diesel engines. Shi et al. [23] analyzed the performances of a diesel engine with a two-
stage sequential boosting system at different altitudes. The results showed that a good match of the
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turbocharging system would contribute to a power recovery of 80% even at high altitude (5.5 km). Katrašnik
et al. [24] proposed an air management strategy based on the numerical model to carry out the performances
optimization of a turbocharged diesel engine. The above numerical simulations or thermodynamics analyses
of engines at high altitudes are usually based on the simple turbo model. However, the accuracy of the simple
turbo model will drop dramatically when the altitude is more than 4000 m (the corresponding expansion ratio
of turbine will always exceed 3.5).

Studies have also shown that a fixed turbocharger cannot meet the intake air demand of engines at
different altitudes [25]. For single-stage turbocharging systems operating at high altitudes, the
turbocharger tends to be overspeed, and then the efficiency will decrease greatly due to turbo blocks [26–
28]. Ghazikhani et al. [29] conducted a series of experiments, to study the intake air flow and soot
emissions at different altitudes by changing the opening of the waste-gate valve. Li et al. [30] analyzed
the relationships between the matching speed, the pressure ratio distribution, and the plateau adaptability
for a two-stage turbocharging system. It was found that the matching point and the required total pressure
ratio collectively determine the equivalent turbine area. Yang et al. [31] studied the altitude adaptability
of a turbocharged diesel engine based on three limits: the maximum cylinder pressure, turbocharger speed
and exhaust temperature.

From the above analyses, the following remarks are drawn: (1) Turbocharger has a remarkable impact on
engine torque, it is difficult for the fixed turbine to achieve good performances of engines at both low and
high altitudes. (2) The available energy of turbocharger, which is determined by the power capability of
turbine, is the critical factor for boosting pressure recovery to maintain engine torque at high altitudes.
However, existing studies have seldom cared about the effects of turbine’ power capability on
turbocharger energy and pressure boost at different altitudes. As the power capability of turbine is closely
correlated to the turbocharger energy, hence, it can be used as a criterion to control the boost pressure at
different altitudes. Nevertheless, when the turbocharger energy is designed for the engine at high altitude,
it tends to make the in-cylinder pressure easily exceed the limit at low altitude. In contrast, when the
turbocharger energy is suitable for the engine at low altitude, it will easily result in combustion
deterioration at high altitude due to the insufficient intake air. This study tries to deal with this conflict,
and intends to recover boost pressure and improve the engine power at different altitudes. In this paper,
the effects of the power capability of turbine on turbocharger energy and engine power are investigated,
and a control strategy of turbocharger energy is proposed to keep the boost pressure a constant at
different altitudes.

2 Simulation and Experimental Verification

2.1 TCC Model of Turbocharging System
In the matching process of diesel engine and turbocharging system, the turbine is usually abstracted as a

nozzle model. There are two types of nozzle models: single-nozzle model and two-nozzle model. The single-
nozzle model can provide reasonable results for radial turbines within moderate expansion ratios. However, it
will be easily choked when the expansion ratio exceeds 1.9, and then cannot provide accurate results [32]. In
fact, the actual expansion ratio of a radial turbine might exceed 3.5 at high altitudes. This suggests that the
simple single-nozzle model is inappropriate for turbine matching. To overcome this shortcoming, Payri et al.
[33,34] proposed a new turbine model which consists of two nozzles and an intermediate volume. In this
model, two expansion processes take place sequentially in the stator and the turbine rotor. It shows a
better agreement with the actual expansion process at high expansion ratios. The schematic diagram of
the two-nozzle radial turbo model is shown in Fig. 1.
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Figure 1: Schematic diagram of the two-nozzle radial turbo model

At high expansion ratios, the two-nozzle turbine model shows high accuracy because it has considered
the reaction degree of the turbine. The reaction degree is defined as the ratio of the rotor’s static enthalpy drop
to the stage’s total energy conversion, and it can be written as

� ¼ h1 � h2
h00 � h20

(1)

where, � is the reaction degree of turbine; h is enthalpy; the subscripts 0, 1 and 2 at the first position represent
the inlet of stator, outlet of stator and outlet of rotor, respectively; the subscript 0 at the second position
represents the stagnation enthalpy.

The working fluid in the turbine can be considered as perfect gas, then the outlet pressure of the stator is
calculated as follows:

T1
T0

¼ ð1� �ÞT2
T0

þ � (2)

Assuming a polytropic expansion process for the gas in the turbo model, yields

P2

P0
¼ P2

P1

P1

P0
¼

�
T2
T1

� g
g�1

�
T1
T0

� k
k�1 ¼

�
T2
T0

� n
n�1

(3)

where, k, g are the polytropic exponents of stator and the turbine rotor, respectively; n is the polytropic
exponent of the turbo model.

Substituting Eq. (2) into Eq. (3), yields

k

k � 1
¼ g

g � 1
þ

�
n

n� 1
� g

g � 1

�
ln
T2
T0

ln

�
ð1� �ÞT2

T0
þ �

� (4)

From Eq. (3), the polytropic exponent n can be calculated as follows:

n

n� 1
¼ ln p2 � ln p0

ln T2� ln T0
(5)

According to the design rules of radial turbines, the reaction degree is usually set to be 0.5 [28].
Assuming that the gas expands adiabatically in the turbine rotor, then the polytropic exponent equals to
the adiabatic exponent c (i.e., g ¼ c). Considering this assumption and substituting Eq. (5) into Eq. (4),
yield the polytropic exponent k as follows:
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k
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¼ c
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þ
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�
ln
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� (6)

Using the polytropic process hypothesis and considering Eq. (2), we obtain the pressure ratio of the
turbine stator as follows:

p1
p0

¼ ½ð1� �ÞT2
T0

þ �� k
k�1 (7)

From Eq. (7), the outlet pressure of the turbine stator and the reaction degree of the turbine can be
calculated to determine the expansion ratio of the stator and the turbine rotor.

As suggested by Payri [26,27], the equivalent flow area of the nozzle As can be written as

As ¼
m

ffiffiffiffiffiffiffiffiffiffiffiffi
RcT00
p00

r
1

c

�
p00
p1

�1
c

:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

c� 1

�
1�

�
p1
p00

�c�1
c

s � (8)

where, m is the mass flow rate of the exhausted gas, p00 and T00 represent the total pressure and total
temperature at the turbine inlet, respectively; p1 is the pressure of the volume between the stator and
rotor; and R is the gas constant.

In the matching process of turbocharging system, the turbine energy mainly depends on the equivalent
area of the turbine. Considering the fact that the demand value of the equivalent area is positively correlated
with the displacement of the diesel engine, a dimensionless coefficient named TCC (turbine characterization
coefficient) is proposed to replace the equivalent area of the turbine as follows:

TCC ¼ND2p
4As

(9)

where, N is the number of cylinders connected to one turbine, andD is the averaged diameter of the cylinders.

The dimensionless coefficient TCC is appropriate for different engines, as it is associated with the
displacement of diesel engine and the evaluation criterion of turbine energy control.

2.2 Engine Simulation and Experimental Verification
In this subsection, a four-stroke turbocharged diesel engine (model number: D6114), which is applied to

engineering machineries and heavy vehicles at 0~4500 m altitudes, is selected for numerical and experimental
studies, to analyze the effects of the turbines’ power capability on the turbocharger energy and the engine power
at different altitudes. The main parameters of the engine are listed in Table 1. In the following context, the
numerical simulation method is firstly introduced, and then is validated by the experiment.

Table 1: Specifications of the D6114 diesel engine

Type Diesel Engine, Water-cooled, Cylinder-in-line

Number of cylinder 6

Bore 114 mm

Stroke 135 mm

Displacement 8.26 L

Compression ratio 17.7
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2.2.1 Setup of Engine Simulation
The engine simulation model is established in GT-Power software developed by Gamma Technologies.

Fig. 2 shows the simulation model of the turbocharged diesel engine. In this simulation model, the intake and
exhaust pipes are modeled by the one-dimensional simplified model. The turbine and the compressor are
modeled with the experimental data of the characteristic maps provided by the manufacturer. The DI-
Wiebe combustion model, which is reliable for different ambient conditions, is used to predict the
combustion processes under different operating conditions. The specific fuel injection parameters are
shown in Table 2. In the simulation, the fuel injection pressure of the rated load is fixed at 180 MPa for
variable altitudes, and the intake pressure is adjusted according to the real air pressure at different altitudes.

Figure 2: Simulation model of the turbocharged diesel engine
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2.2.2 Experimental Verification
Experiments are carried out to verify the accuracy of the engine model. Fig. 3 illustrates the sketch of the

experimental test bench. The 1PH8228-1HF40-0BB2-Z dynamometer from SIEMENS is used to measure
the power output of the engine. The RCCS30 transient fuel mass flow meter from ROTA YOKOGAWA
is adopted to measure the fuel flow rate. An NI data-acquiring system is used to measure the pressure and
temperature, in which the pressure sensors in air path line are the HALO-XQ-WG pressure transmitters,
and the temperature sensors are the PT100 thermoelectrical resistances. The measurement accuracies of
the parameters are listed in Table 3.

Table 2: Injection parameters of the D6114 diesel engine

Speeds (rpm) Fuel injection quantity
for cycle (mg)

Injection time
(°CA ATDC)

1300
1400

89.7
89.2

−10
−10

1600
1800

82.5
81.8

−10
−10

2000 76.8 −10

2200 70.7 −10

Intercoller

Exhaust Pipe

Intake pipe

Diesel 
engine

T CT

Compressor
TCC=71.4
Turbine 

Data
acquisition

system

Turbine bypass 
valve

P and T of environment

P and T before intercooler ·
··P and T after turbine

·P and T before turbine

·
P and T after intercooler

DynamometerSpeed 
Torque T

Figure 3: Schematic diagram of test bench

Table 3: The accuracies of the measured parameters

Measured parameters Accuracies

Pressure � �0.2% FS

Temperature � �0.5% FS

Air flow rate � �0.5% FS

Fuel flow rate � �0.5% FS

FDMP, 2023, vol.19, no.4 965



The prediction of the pressure in the cylinder is critical to engine performance simulation. Fig. 4
compares the pressure in the cylinder at different altitudes between the simulation and the test results. It
is clear from the figure that the simulation results agree well with the test results for different altitudes,
and the maximal error between the simulation and the test results is less than 2.26 bar. Thus, the selected
and calibrated combustion model is reliable for combustion simulation at different altitudes.

Fig. 5 shows the relative errors of the main performance parameters between the simulation and the test
results. It is found that the relative errors of these main performance parameters are all within 5%. This suggests
that the simulation model is reliable and robust. Therefore, the simulation model can be used to study the effects
of the turbines’ power capability on turbocharger energy and engine power at different altitudes.

3 Turbocharger Energy Analyses

The power capability of turbine not only determines the expansion ratio, but also dominants the turbocharger
energy and then affects the boost pressure. Hence, the effects of the power capability of turbine on the
turbocharger energy at different altitudes are analyzed based on the constructed simulation model.
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3.1 Requirements of Turbocharger Energy
As the altitude increases, the density and pressure of atmosphere decrease rapidly. The compression

energy must be increased to maintain a constant boost pressure and air flows at different altitudes. Fig. 6
shows the required boost pressure and compression energy at different altitudes. The demanded boost
pressure ratio increases from 2.4 to 4.3 when the altitude increases from 0 to 4500 m. As the boost
pressure increases, the energy provided by turbine should be also improved. Assuming that the
compression energy is 100% for the speed of 1000 r/min at the sea level (baseline value), the
compression energies under other conditions are all quantified relative to the baseline value. As illustrated
in Fig. 6, for the constant speed (1000 r/min), the required compression energy increases to 240% at the
altitude of 4500 m. On the other hand, in terms of the constant altitude (0 m), the required compression
energy improves to 183% at the speed of 1800 r/min. It is found from the figure that the required
compression energy varies dramatically to maintain the demanded boost pressure ratios under different
engine speeds and altitudes.

3.2 Turbocharger Energy vs. Turbine Power Capability
The turbocharger energy is mainly determined by the power capability of turbine. In order to use the

power capability of turbines to control the turbocharger energy, the effect of the power capability of
turbine on the turbocharger energy should be analyzed.

Fig. 7 shows the effects of the TCC on the expansion ratio and the turbocharger energy at different
altitudes. It is clear from the figure that for a fixed TCC, the expansion ratio and the turbocharger energy
increase with the altitude. Increasing TCC yields higher turbocharger energy and expansion ratio, which
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can provide sufficient turbocharger energy and is suitable for engines operating at high altitudes. In contrast,
reducing TCC results in a lower expansion ratio, which is able to avoid excess boost pressure and is
appropriate for engines operating at low altitudes. Consequently, a fixed TCC cannot provide acceptable
turbocharger energy for different altitudes. The turbocharger energy should be changed within a wide
range to provide sufficient energy for boost recovery. As the altitude increases from 0 to 4500 m, the
TCC should be increased to satisfy the required energy.

Fig. 8 shows the TCC ratio (the ratio of the required TCC to the designed TCC) vs. the altitude for different
overall efficiencies. As the overall efficiency changes from 0.42 to 0.54, the TCC ratio jumps from 0.68 to
1.88 in the altitude range of 0 to 4500 m. To maintain a constant boost pressure at different altitudes, the
TCC should be reduced when the overall efficiency increases. For a specific overall efficiency, considering
the exhaust energy of the boost pressure recovery, the required TCC needs to be increased with the altitudes.

For a fixed turbocharge system, the TCC cannot be changed as the altitudes. In this case, the boost
pressure is difficult to be recovered unless the overall efficiency is decreased. Therefore, a better way to
boost pressure recovery is to design a turbine system that can adjust TCC within wide ranges and
maintain the overall efficiency a constant under variables altitudes.
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3.3 Maximum Operation Altitude vs. Turbine Power Capability
The maximum operating altitude is determined by the turbocharger energy and the acceptable excess air

ratio. The turbocharger energy is determined by TCC, which reflects the adaptability of turbocharge. The
excess air ratio represents the adaptability of combustion. Fig. 9 shows the maximum operating altitude
vs. the acceptable excess air ratio under the different TCCs. It is clear that the maximum operating
altitude shows an upward trend with the increase of TCC and the decrease of the excess air ratio. The
decrease of TCC by about 12% will increase the intake air pressure, which can compensate the pressure
decrease due to the altitude increase by 1000 m. If the acceptable excess air ratio can be decreased by
0.1 through the combustion optimization, the operating altitude is also able to increase by approximately
1000 m. However, this is usually difficult to be achieved.
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4 Engine Power Analyses

4.1 Boost Pressure Recovery
In this subsection, the effects of the turbine’s power capability on the boost pressure recovery at different

altitudes are analyzed. Fig. 10 shows the boost pressure vs. engine speeds and altitudes under large and small
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TCCs. As illustrated in the figure, when the engine speed exceeds 1600 r/min, the boost pressure can be
maintained at the pressure corresponding to the sea level due to sufficient turbocharger energy. However,
differences can be observed at low engine speeds and high altitudes. When the TCC is small, the boost
pressure decreases rapidly as altitude increases at low speeds, because a small TCC cannot provide
sufficient exhaust energy to achieve boost pressure recovery. At 1400 r/min, the boost pressure drops
from 200 to 147.6 kPa (by about 26%) as the altitude increases from 0 to 3000 m. In contrast, when the
TCC is large, the boost pressure can be effectively recovered even though at low speeds and high
altitudes. At 1300 r/min, the boost pressure drops from 183.5 to 178 kPa (by around 3%) when the
altitude increases from 0 m to 3000 m. As the speed increases to 1400 r/min, the boost pressure is fully
recovered to the level at 0 m altitude due to the high exhaust energy.

Figure 10: Boost pressure vs. engine speeds and altitudes under different TCCs
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4.2 Engine Power
The effects of TCC on engine power at different altitudes are analyzed. Fig. 11 shows the rates of torque

recovery vs. the altitudes under different TCCs.

As illustrated in the figure, when the TCC is small, the recovery of output torque decreases with the
increase of the altitude, and the maximum loss of output torque occurs at low engine speeds. If the
altitude is less than 2000 m, the torque recovery can exceed 85%. As the altitude increases to 3000 m,
the torque loss reaches about 25% under the rated speed condition. This is due to the facts that the
turbocharger energy is reduced and the boost pressure drops greater at lower engine speeds and higher
altitudes. In contrast, when the TCC is large, the output torque recovery is increased with almost no loss,
because a large TCC will lead to a rapid increase of turbocharger energy. The maximum gap between the
target torque and the actual torque is smaller than 0.5%, which is acceptable in engineering applications.
Therefore, a large TCC is more suitable at high altitudes, as it can provide sufficient turbocharger energy
for engine torque recovery.

TCC is an effective parameter for controlling the turbocharger energy and the boost pressure, which can be
applied to achieve engine power recovery over a wide range of altitudes. A small TCC is suitable for low altitudes
to avoid overcharging, while a large TCC is preferred at high altitudes to provide sufficient boost pressure.

The value of TCC is adjusted by the wastegate of turbocharging system. Fig. 12 shows the TCC vs.
engine speeds under different altitudes, in which the limits of the in-cylinder pressure, the turbocharger
speed and the exhaust temperature are 180 bar, 180000 r/min and 750°C, respectively. As illustrated in
the figure, when the altitude decreases, the wastegate gradually opens and the value of TCC decreases.
The minimum TCC occurs under the rated speed condition of the sea level (the altitude is 0 m).
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4.3 Control Strategy of Turbocharging System
The influences of TCC on the performances of turbocharger and diesel engine have been discussed in

above sections. The turbocharger energy can be adjusted by changing the value of TCC, as a result, the power
recovery of diesel engine can be achieved under variable altitudes, as Fig. 13 shows schematic diagram of the
control model for turbocharging system. In this model, the ideal target boost pressure is determined by the
engine operating condition. A feedback regulation strategy is designed to control the TCC more accurately.
An Anti-windup treatment is added to avoid extreme valve opening.

Fig. 14 shows the control results under different altitudes. It is clear that the TCC value generally shows
an upward trend with the increase of the altitude. As the altitude increases from 0 to 4500 m, the fluctuation
range of the intake pressure is always less than 14.5 kPa. This suggests that the proposed control model can
achieve a better recovery of boost pressure at different altitudes.

Figure 13: Schematic diagram of the control model for turbocharging system
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5 Conclusions

The effects of the power capability of turbines on turbocharger energy and diesel engine power at different
altitudes are investigated. The numerical simulation method, which is validated by the experiment, is utilized to
estimate the turbine performances for the simulation cases with variable TCC. The following conclusions are drawn:

1) The turbocharger energy is closely related to the TCC. When the TCC increases, the turbine inlet
pressure will rise rapidly, which improves the turbocharger energy. As the altitude rises, the TCC
needs to be increased to achieve high energy and boost recovery.

2) The engine torque is also correlated to the TCC at different altitudes. As the altitude rises, the
compression ratio is demanded to increase to maintain the boost pressure. At high altitudes, a
small TCC will decrease the engine torque due to the reduced boost pressure, especially at lower
speeds of engine. A large TCC can maintain the boost pressure and torque of the engine at
different altitudes due to the adequate energy provided by the turbine.

3) To make the performance of diesel engine recover as much as possible, the designed TCC should be
large. Therefore, the engine power, which shows good recovery performance at the highest altitude,
and can be switched to a smaller value at lower altitudes. Specifically, when the altitude changes from
0 to 3000 m, the TCC should be increased from 58.8 to 76.9 (improved by 30%).

4) The TCC is used as the energy regulation measurement to realize the effective recovery of boost
pressure under variable altitudes. The fluctuation range of boost pressure is within 14.5 kPa for
diesel engines when the altitude ranges from 0 to 4500 m.

5) The TCC control is an effective method to improve the high-altitude adaptability of the
turbocharging system. The future studies will be focused on the methods to achieve a wider range
of the TCC, and to control the TCC more accurately at different altitudes. These will improve the
engine power, the fuel efficiency and the quality of emissions.
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