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Abstract. The turbine, a key component of a turbocharger, is usually characterized by steady flow solutions.
This method seems to be physically unrealistic as the fluid flow within a turbine is strongly unsteady due to the
pulsating nature of the flow in the exhaust manifold of a reciprocating engine. This paper presents a new 1D gas
dynamic code, written in the FORTRAN language, to characterize a radial turbine of one turbocharger
embedded to a small gasoline engine. This code presents the novelty of meanline-1D coupling and the feature of
numerical schemes choice. In this study, the turbocharger turbine is simulated with six different finite difference
schemes. The computed distribution of the downstream mass flow rate, from the different cases, is compared to
test data in order to choose the most suitable scheme. Test data are gathered from a developed test facility.
Based on the computed results, unsteady performance of the turbine has been computed and discussed for the
different schemes at two engine frequencies of 50 and 83.33Hz. The results showed a significant impact of the
numerical scheme on the 1D prediction of the turbine performance. Results indicated that the MR2LW finite-
difference scheme has led to the minimum deviation of the numerical results to test data compared to the other
considered schemes.
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1 Introduction

Stringent emission regulations are pushing more and more
manufacturers to produce green engines. Downsizing
technics are among alternative approach to reduce the
emissions of internal combustion engines (ICE). This
method requires the embedding of advanced technological
components such as multistage and variable geometry
turbochargers, Exhaust Gas Recirculation (EGR), direct
injection, Diesel Particulate Filter (DPF), and catalytic
converters. It is widely understood that turbocharging is a
beneficial system, applied in both gasoline and diesel
engines, for power improvement and exhaust emissions
reducing. Moreover, a viable management of a turbocharg-
ing system yields to accomplish an appropriate engine
torque for better vehicle drivability [1]. The centripetal
turbine, a key component of a turbocharger and linked to a
centrifugal compressor by a shaft, recovers partially the
engine exhaust gas energy and converts it to a rotational
energy to drive the compressor. Then, the compressor
etata.ahmed.enib@gmail.com
forces the extra air into the combustion chamber providing
a high boost pressure at the engine intake. The turbo-
charger turbine stages operate under time fluctuating inlet
condition, originated from reciprocating motion of the
engine pistons and their head valves closure and opening.
Thus, the flow entering the turbine is of a pulsating nature
whose form significantly depends on the engine speed, then
cylinder number, and displacement. Romagnoli and
Martinez-Botas [2] showed a good ability of the meanline
as a fast and simple tool for the prediction of turbocharger
mixed flow turbines characteristics under steady flow
conditions. Ketata and Driss [3] performed a CFD analysis
for investigating the flow structure within a turbocharger
volute of a mixed flow turbine under various steady flow
conditions. Several researchers investigated the effect of
the pulsating flow on the turbine performance showing that
the turbine unsteady map greatly deviates from its steady
characteristic especially at lower pulse frequency [4–11]. In
addition, the unsteady character of the turbine has been
found sensitive to the pulse frequency [12,13]. Ketata et al.
[14] focused on the impact of the wastegate valve opening
on the performance of a radial turbine. In another study,
Ketata et al. [15] experimentally studied the impact of the
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Fig. 1. Test rig overview.
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flow frequency on the efficiency of a radial turbine of an
automotive turbocharger. The quasi-steady assumption of
the turbinepresents amajordisadvantage that does not take
into account the flow dynamics, heat transfer, and
mechanical losses depending on the engine condition [16].
Actual 1D-turbine models consist of simplifying the turbine
volute geometry to a set of straight and taperedducts in such
away that the hysteresismass flow loop becomes close to the
real emptying-and-filling phenomenon [12,13,17,18]. How-
ever, the rotor has been modeled as a boundary condition
based on the steady map of the turbine. One method,
proposed by Benson et al. [19], is to model the turbine as
either a constant pressure boundary or a variable pressure
boundary. Another method is used by Costall [17] and is
based on the pressure loss boundary of Benson et al. [19].

This present paper studies the effect of a finite difference
scheme on the numerical results of one turbocharger radial
turbine operating on a small gasoline engine. Moreover, 1D
commercial codes, based on the steady statemap, arewidely
used by the industry for the turbine simulations. However,
these codes require performing experiences to obtain the
turbinemap.Toovercome thisdrawback, thepaper suggests
a new 1D-meanline coupling method for the turbine steady
map building. This code is written in the FORTRAN
language and it is based on the unsteady Euler equations.
The computed results of the downstreammass flow rate are
compared to test data for validation of the calculation
method. The turbine performance and flow characteristics
are computed and discussed for two engine frequencies using
six different finite difference schemes. The results confirm a
high unsteadiness of the flow within the turbocharger
turbine. In addition, the results show that the choice of the
numerical scheme is an important criterion affecting the
numerical results accuracy.

2 Test rig description

It is suitable to characterize the turbocharger turbine
under pulsating flows from a reciprocating engine exhaust
rather than under steady flow conditions. For this end, a
test rig of a radial turbocharger turbine is built in the
National School of Engineers of Sfax. Figure 1 shows an
overview of the test rig. It consists of a turbocharger
turbine, embedded to a gasoline four-stroke engine having
a cylinder capacity of 1.39 L. The test facility is equipped
with an acquisition unit which converts data from the
different sensors to numerical ones recognized by the
computer. In fact, the acquisition unit is composed of a
series of electronic oscilloscopes, for the pressure measure-
ments, and temperature and torque acquisition cards
linked to the computer. The turbine and engine speeds are
measured with inductive position sensors. All measured
unsteady pressures are obtained using piezo-resistive
sensors. However, unsteady temperatures are acquired
with thermocouples of the type “K”.

3 Computational approach

This section provides a brief description of the computa-
tional method based on a 1D solution. A code is developed
in our laboratory and written in the FORTRAN
language. The turbocharger turbine is considered as a
set of duct as proposed by Whitfield et al. [20]. Then, the
1D model includes three pipes: a straight pipe for the inlet
duct, a tapered pipe for the volute, and a straight pipe
for the exit duct. However, the rotor is modeled as a
boundary condition. Figure 2 shows the 1D turbine model
as well as the flow chart of the developed FORTRAN
solver. The inlet pipe length is 550mm. The volute
pipe of 100mm of length is taken equal to its mean path
distance from the inlet throat area to the cross-section
defined by an azimuthal position of 180°. Exit pipe
has 300mm of length. The discretization length is fixedto
10mm. In this study, two engine speeds are investigated:
3000, and 5000 rpm. These speeds correspond, respective-
ly, to the following frequencies: 83.33Hz and 50Hz.
The turbine speed is set equal to its time-averaged
value of 84476.17 rpm for 50Hz and of 113870.23 rpm
for 83.33Hz. These values have been obtained from
experiments.

The turbine flow can be governed by the Euler
formulations in their conservative form, describing a
one-dimensional compressible, unsteady, and non-home-
ntropic gas flow [17]. These equations form a non-linear
hyperbolic differential equation system as follows:

∂W
∂ t

þ ∂F
∂x

þ C ¼ 0: ð2Þ

These governing equations consist of the continuity,
momentum and energy equations. In equation (1),
W is the state vector of the solution, F is the flux
vector, and C is the source term including the effect of
heat transfer, area changes, and friction. The conserva-
tion law system is commonly arranged in the vector form
as follows:



Fig. 2. A view of (a) the 1D turbine model and (b) the solver flow chart.
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In this study, four finite difference discretization
schemes, which are the Lax-Friedrichs (LF), MacCormack
two-step Lax-Wendroff (M2LW), Richtmyer two-step
Lax-Wendroff (R2LW), and Modified Richtmyer two-step
Lax-Wendroff (MR2LW) methods, have been considered
for building the 1D code to simulate the turbocharger
turbine. To ensure the convergence of these methods, a
Total Variation Diminishing flux limiter (TVD) terms, as
proposed by Davis [21], have been introduced in these
schemes. More details about these schemes are available in
the literature [22].
Fig. 3. Comparison of (a) the mass flow rate and (b) the total-to-
static efficiency with test data at 83.33Hz of the engine rotation
frequency.
4 Results and discussion

4.1 Validation

In this study, the distributions of the downstream mass
flow rate and the Total-to-Static (TS) efficiency have been
plotted for the validation of the numerical model. An FFT
filter has been applied to the measured profiles to suppress
the existing white noise, coming essentially from the
eventual vibration and the surrounding environment of the
test rig. Figure 3 compares the predicted results to test data
in terms of both the downstreammass flow rate and the TS
efficiency at 83.33Hz of the engine frequency. From these
results, it has shown a good match between the predicted
results and test data for both the downstream mass flow
rate and the TS efficiency over the engine rotation period.
Also, it has been observed that the peak values of the mass
flow rate and the TS efficiency occur just after the top dead
center of each stroke. Figure 4 depicts the computed Mean
Absolute Percentage Error (MAPE) for both the TS
efficiency and the downstream mass flow rate for one
rotation at 83.33Hz of the engine frequency. From these
results, the gap between the predicted and test data is in
acceptable range which can confirm a good ability of the
developed 1D gas dynamic code to simulate the turbo-
charger turbine.

The gap between the predicted and test data of the TS
efficiency is always greater than that of the downstream
mass flow rate for all considered schemes. It is obvious that
the accuracy of the efficiency prediction is less sensitive to
the choice of the finite-difference scheme compared to that
of the mass flow rate. In addition, results showed that the
MR2LW finite-difference scheme has led to better accuracy
of the mass flow rate and TS efficiency prediction compared
to other considered schemes. In fact, minimum values of
the MAPE of the predicted results, about 0.3% for the
downstream mass flow rate and 2.2% for the TS efficiency,
have been recorded for the case of the MR2LW finite-
difference scheme.

4.2 Steady performance

Figure 5a depicts the distribution of the MFP against the
TS expansion ratio and the turbine rotational speed. From
these results, it has been noted that the MFP decreases
with the rise of the rotational speed. In addition, the
reduced mass flow increases with a non-linear slope as the
turbine expansion ratio grows. For expansion ratios greater
than 2, the reduced mass flow practically stills at the same
level. This fact can be explained by an occurring choking
flow, in which the Mach number attains its maximum
values, at higher expansion ratios. Figure 5b shows the



Fig. 4. Mean absolute percentage error of the predicted (a) mass
flow rate and (b) total-to-static efficiency at 83.33Hz of the engine
rotation frequency.

Fig. 5. Distribution of the (a) MFP and (b) total-to-static
efficiency from the meanline solution under steady flow condi-
tions.
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distribution of the TS efficiency versus the blade tip speed
ratio and the rotational speed. From these results, the TS
efficiency distribution presents a quasi-hyperbolic shape as
a function of the blade tip speed ratio for all considered
rotational speeds. The peak TS efficiency occurs at a blade
tip speed ratio of 0.7. Close values of the peak efficiency,
near to 0.7, have been obtained for the different rotational
speeds. With the exception of the optimum operating
point, the TS efficiency increases gradually as the
rotational speed brings up at weak values of the isentropic
velocity.

4.3 Unsteady performance

Figure 6 illustrates the distribution of the MFP against the
TS pressure ratio during one engine stroke for the
considered numerical schemes. From these results, it has
been observed that the MFP presents a hysteresis loop as a
function of the TS pressure ratio. This shape can be
explained by the mass flow accumulation and discharge
phenomenon within the turbine relevant to the pulsating
nature of the engine exhaust gas. Moreover, the MFP
hysteresis loop, at 50Hz of the engine frequency, has been
found larger than at a frequency of 83.33Hz. Thus, it can be
deduced that the MFP hysteresis loop grows with the
decline of the engine frequency. In addition, it has been
noted that the MFP prediction is highly sensitive to the
numerical scheme. Excepting the MR2LW-TVD scheme,
similar shapes of the MFP hysteresis loop have been
obtained but, with different values of the MFP. In fact, the
MR2LW with TVD leads to an over-prediction of the
hysteresis loop compared to other tested schemes. Figure 7
shows the distribution of the turbine TS efficiency against
the blade tip speed ratio (BTSR) during one engine stroke
for the considered numerical schemes. Also, the TS
efficiency presents a hysteresis loop, as a function of the
blade tip speed ratio. This hysteresis loop becomes small



Fig. 6. Unsteady mass flow parameter distributions at (a) 50Hz
and (b) 83.33Hz of the engine rotation frequency.

Fig. 7. Unsteady total-to-static efficiency distributions at
(a) 50Hz and (b) 83.33Hz of the engine rotation frequency.
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and fattened with an increasing engine rotation frequency.
Maximum values of the TS efficiency characteristic of
optimum conditions have been recorded at lower velocity
ratios. An increase of the peak efficiency has been observed
as the engine frequency decreases from 83.33Hz to 50Hz.
Thus, the turbocharger turbine is more efficient at lower
engine frequencies. The numerical scheme has been found
less influential on the efficiency prediction compared to its
effect on the MFP estimation. Practically, similar TS
efficiency hysteresis loops have been achieved for the
different schemes with minor discrepancies. Furthermore,
it has been highlighted that the turbine achieves higher
blade tip speed ratios when the engine frequency decreases.
For example, the maximum blade tip speed ratio is near to
0.85 at a frequency of 50Hz and it decreases to be near to
0.55 at a frequency of 83.33Hz. Figure 8 shows the
distribution of the actual torque of the turbine shaft against
the engine crankshaft angle during one engine rotation
for the considered frequencies. The zero degree matches
with the top dead center of the first piston. From these
results, it is noticeable that the numerical scheme has not a
significant effect on the prediction of the turbine torque as
similar distributions have been found. Peak torque value
occurs just after the combustion and it matches well with
the exhaust valve opening of the active cylinder. After the
closure of the active exhaust valve, the turbine torque
decreases to attain its minimum values. In addition, it is
worth noting that the peak torque seems to be insensitive to
the engine frequency as similar values have been recorded
for both frequency cases. However, the engine frequency
influences the minimum torque to be achieved. Its value
increases with the growth of the engine frequency. The
minimum torque is about 0.015 Nm at a frequency of
83.33Hz and about 0.0025 Nm at a frequency of 50Hz. This



Fig. 8. Unsteady distributions of the torque on the turbine shaft
at (a) 50Hz and (b) 83.33Hz of the engine rotation frequency.
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torque difference due to the frequency change contributes to
an eventual lag on the reaction of the turbocharger
compressor, related to the turbine through a shaft, during
the engine transition from lower to higher engine frequency.
Besides, the fluctuating nature of the torque further disturbs
the rotation of the compressor wheel by creating a
discontinuity in the time of the air compression process.

5 Conclusion

In this paper, the unsteady behavior of a turbocharger
radial turbine, operating on a small gasoline four-stroke
engine, was investigated with a developed 1D gas dynamic
code, written in the FORTRAN language. The 1D
numerical solutions, based on the turbine steady map,
are carried out for six different finite difference methods. A
new 1D-meanline method is proposed to build the turbine
steady map instead of performing tests for the turbine
boundary treatment. The turbine is tested for two frequen-
cies of 50Hz and 83.33Hz with a developed test rig in the
National School of Engineers of Sfax. The comparison
between the computed and experimental results showed a
good agreement for the different finite-difference schemes.
This result ensures the validity of the developed code for
turbocharger turbines gas dynamic simulations. In addition,
the results showed that the MR2LW scheme has led to
minimumdeviations of the predicted performance results to
test data. The results proved a mass flow accumulation and
discharge phenomenon within the turbine. This phenome-
nonhas led toa significantdeviationof thedistributionof the
unsteady total to static efficiency and mass flow parameter
from their steady-state ones. In fact, both mass flow
parameter and TS efficiency present a hysteresis loop as a
function of the total to static pressure ratio and the blade tip
speed ratio, respectively. These hysteresis loops become
larger as the engine frequency decreases. The numerical
scheme is significantly influential on the distribution of the
turbine mass flow parameter and efficiency. The torque
considerably decreases with the decline of the engine speed.
This fact may disturb the compressor wheel, driven by the
turbine shaft.

Nomenclature
C
 Source term, or rotor boundary constant

e0
 Stagnation internal energy

F
 Flux vector ffiffiffiffip

MFP
 Mass flow parameter (kg s�1 K Pa�1)

S
 Area (m2)

t
 Time (s)

u
 Velocity (m.s�1)

W
 State vector

hTS
 Total-to-static efficiency (dimensionless)

r
 Density (kg.m�3)

Dt
 Time step (s)

Dx
 Spatial discretization length (m)
Subscript
0
 Stagnation point

1
 Turbine inlet

2
 Turbine outlet

TS
 Total-to-Static
Abbreviation
BTSR
 Blade tip speed ratio

CFD
 Computational fluid dynamics

EGR
 Exhaust gas recirculation

FFT
 Fast fourier transform

LF
 Lax-Friedrichs

MAPE
 Mean absolute percentage error

M2LW
 MacCormack second order Lax-Wendroff

MR2LW
 Modified Richtmyer second order Lax-Wendroff

R2LW
 Richtmyer second order Lax-Wendroff

TVD
 Total variation diminishing
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