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Abstract: Surge is a phenomenon that limits the operating range of the compressor at low engine
speeds and high boost pressure in turbocharged powertrains. This article assesses two prototype
turbochargers of variable geometry orifice (VGO) which compensate for the limitation of the boost
pressure at low engine speeds. The VGO prototypes modify the inlet compressor section, extending
the compressor characteristic map into lower mass flows (surge limit region). The VGO turbochargers
analyzed are also both equipped with variable geometry turbine (VGT) technology. The experiments
focus on low-end torque operation ranges in steady and transient engine running conditions. The
experimental results are used to validate a 1D physical model. From the modelling perspective, a
comprehensive study of the VGO-VGT prototypes is assessed. Results reveal the benefits of VGO
technology in terms of attaining higher boost pressure, improved compressor efficiency, and overall
engine performance at low engine speeds.

Keywords: surge; turbocharging systems; variable geometric orifices; steady state; transient opera-
tion; engine performance

1. Introduction

Developing the compressor for a wide flow range is essential for improving the
internal combustion engine (ICE) operation at low engine speeds. Surge is a phenomenon
that limits the operating range of the compressor at low air mass flow rates/low engine
speeds. Surge and rotational stall in axial flow compressors were studied by Greitzer et al.,
theoretically in [1] and experimentally in [2], to provide a non-dimensional parameter on
which surge, or stall response depends. Surge mitigation is possible by changing piping
geometry or using air filters, flow straighteners, or inlet air throttling upstream of the
compressor. Researchers from [3] presented an extended version of the Greitzer surge
model, and results show that surge is a system-dependent phenomenon influenced by
compressor aerodynamics and boundary conditions. Extensive research in the transonic
state has also been carried out, experimentally and using calculation, to explain the lower
compressor performance. For example, using particle image velocimetry (PIV) studies,
Brandstetter et al. [4] revealed blade vibration correlated with an axial velocity around the
blade leading edge. Under the same flow condition, computational fluid dynamics (CFD)
analyses presented by Szymanski et al. in [5] showed high flow separation and losses in
the hub region, resulting in an 18% decrease in compressor discharge pressure.

The development of map-based compressor range extenders has been a prime focus
for research, either to bypass the flow at stall/higher mass flow rates or streamline the flow
at surge/low mass flow rates. One such concept of variable inlet guide vanes (VIGV) has
been analyzed extensively, using experimental and CFD simulation analysis [6]. Several
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researchers have taken the knowledge available from the design and development of aero-
nautical applications to study different compressor configurations. These configurations
include variable stator vanes (VSV) and VIGV, which can be used efficiently near surge and
stall. With the available resources from VIGV and VSV, Bringhenti et al. [7] analyzed the
different compressor configurations, including variable nozzle guide vane (VNGV) and
variable geometry compressor (VGC). Simulation analysis performed by Bringhenti et al. [7]
shows that VGC and VIGV can be used for automotive applications to perform near surge
and stall. Other studies carried out by Canova et al. [8] in 0D and Herbst et al. [9] in 1D
analyzed automotive diesel engines with VGC and VIGYV, respectively, and highlighted the
benefits of such systems near surge. The available knowledge was then used to develop a
compressor with variable geometry for gasoline engines. 1D and 3D simulations were used
to calculate and identify potential losses and constraints over a fixed geometry compres-
sor, and results are depicted in [10]. Researchers such as Stuart et al. [11] eliminated the
use of inlet pre-whirls guide vane and implemented an electrically driven axial flow fan
upstream of the compressor. By doing such an operation, the inlet pre-whirls generation
is entirely regulated by the fan and aided in efficiently generating large pre-whirls at low
mass flow rates.

Other studies dealing with laser droplet anemometry (LDA) were performed on VIGV
to study the pre-rotational flow generated by VIVG, and its effect on compressor perfor-
mance is analyzed and detailed in [12]. The objective in [13] was to extend compressor
performance using VIVG in the transient engine running conditions at low-end torque. For
this purpose, a curved wall cavity technique was studied in [13] and shows a 30% extension
beyond the surge limit compared to conventional VIVG. CFD studies on VIGVs conclude
that under high mass flow rates, flow separation occurs on the splitter’s surface, while at
low flow rates, flow separation occurs on the suction surface along the main blades [14].
Other studies of inlet pre-whirl using RANS (Reynolds Average Navier Stoke) were studied
by Zheng et al. [15]; results show that variable inlet pre-whirl increases the stable operation
of the compressor near surge, and an improvement in torque of 42% is estimated. Exper-
imental and model-based assessments were conducted by Galindo et al. [16]; changing
the pipe dimension upstream of the compressor, both showed differences in amplitude
and frequency of pressure pulses when the compressor is operating near the deep surge
limit. The same concept of bent pipes was assessed using CFD by Hellstrom et al. [17]
to investigate an unsteady flow field and its effects on inflow pulsations. The idea of a
lumped parameter model used for the prediction of the impact of piping systems on surge
characteristics in centrifugal compressors was presented by Tamaki et al. [18]. PIV and
Large Eddy Simulation (LES) were performed on ported shroud compressor to assess flow
separation in the inlet and outlet of the compressor housing, as described in [19]. Using
an artificial neural network (ANN) and regression analysis, researchers in [20] predicted
and analyzed the non-uniform distorted flow occurring at transonic compressor operating
conditions using CFD. The CFD assessment results provided a robust modeling tool for
predicting pressure distortion at the tip and hub branch in such operating conditions.

Dual entry compressor concepts were also assessed, looking for an improvement
in compressor performance and surge mitigation; such systems have shown compressor
stability at different altitudes by increasing the strength at the inlet boundary, as mentioned
in [21]. Variable geometry orifices (VGO) were assessed for improvements in compressor
performance at low-end torque. Results show about 3% improved compressor efficiency
at low mass flow rates. Furthermore, the VGO had to be deactivated at higher mass
flow rates as VGO induced flow losses and degraded the compressor performance, as
shown by Zhao et al. [22]. New generation turbocharged powertrains need to meet the
future emission standards described by Serrano et al. [23] and lay a path for upcoming
engines and range extenders, such as the two-stroke Direct Injection (DI) engine presented
in [24]. Extensive research is also available on the performance of turbines proposed by
Serrano et al. [25] and in extreme off-design conditions [26].
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The existing literature is particularly limited to the analysis of compressor technologies
using a modeling approach, such as CFD simulations. However, very little experimental
information is included. In addition, the impact of the technology on a realistic application
has not been evaluated. In this study, the innovation lies firstly in testing and evidencing the
influence of the VGO technology on compressor maps from an experimental perspective.
Following this line of investigation, the differences are evaluated in the context of a state-of-
the-art automotive engine, using an experimental approach. Finally, part of the innovation
and contribution to this field of this study is evidenced in the development of a 1D engine
and turbocharger modelling, based on which further analysis can be performed regarding
steady state and transient operation. In summary, this study contributes to understanding
in which scenarios it would be interesting to use this technology and quantifies its impact.
Two compressor prototypes in steady state and at heavy transient operation are assessed.
Not only are the compressor improvements evaluated but also the side effects on engine
operation. An analysis of engine behavior is first attempted from an experimental point of
view. A modeling methodology is proposed to overcome the experimental uncertainties
and variability.

For this, a description of the method followed is included in Section 2. In Section 2.1,
detailed information on the experimental setup in both steady state and transient engine
operation is provided. In Section 2.2, the results of model development and validation
results are presented. Results regarding steady states and transients modeling are shown
in Sections 3.1 and 3.2. Finally, the conclusions about the primary outcomes of this study
are outlined.

2. Method

The VGO mechanisms in the turbochargers analyzed consist of adjusting a set of
vanes upstream of the compressor’s wheel. This mechanism is a binary one, either fully
open or fully closed. The available “open” configuration is the default one, which would
correspond to the standard version of the compressor (without the VGO technology). In
other words, the VGO geometry provides the flexibility to configure the “closed” setup, in
which the operating range is widened towards lower mass flows; in other words, the surge
is delayed. Identifying the benefits of this technology is the main purpose of this work.

To evaluate both VGO prototypes, first, an experimental engine campaign was per-
formed with TC—1 (TurboCharger—1). This paper presents a detailed description of the
experimental test setup, turbocharger limits, and the data collected in Section 2.1. Results
deal with transients and low-end torque operation.

A 1D engine model was built and validated based on the experimental data; this is
shown in Section 2.2. These activities dealt exclusively with the TC—1 unit and employed
the GT-Power software.

Section 3, “Results and Discussion”, proposes a modeling campaign dedicated explic-
itly to analyzing and quantifying the VGO technology’s potential improvements in the
context of new-generation diesel engines. To enhance the robustness of the study, a second
turbocharger (TC—2) was used. TC—2 was also equipped with VGT and VGO technologies.
The engine model is common to both turbocharger units, and the only difference in the
modeling activities lies in the turbocharger element. For this prospective modeling, two
separate studies were conducted: the so-called “steady state extended boost” and the “tran-
sient operation for extended boost”. In the results, variables such as compressor efficiency,
boost pressure, BMEP (Brake Mean Effective Pressure), and turbine efficiency were used
and easily established, due to the capabilities of the model.

Finally, the conclusions about the primary outcomes of this study are outlined. Figure 1
provides the schematic overview of the work performed for this study.
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Figure 1. Scheme of the work developed in this study.

2.1. Experimental Setup

The engine used for this application is a new generation 4-cylinder, 2-L displacement,
direct injection, and turbocharged compression ignition automotive application engine.
This engine is already homologated and commercialized, and hence is already part of
pollutant emissions legislation. However, in line with the idea of minimizing greenhouse
gas emissions, the engine is being upgraded from several perspectives, as evidenced in this
study, from the turbocharger point of view. Some of the main specifications of the engine
are included in Table 1. INCA software from ETAS company controls the engine actuators,
such as injectors and VGT. Figure 2 shows the schematic layout of the engine test setup. It
comprises a water-charge air cooler (WCAC) in the inlet manifold. Although an exhaust gas
recirculation (EGR) control is not included in this work, the engine contains a low-pressure
exhaust gas recirculation loop. The information related to the sensors employed in this
study is provided in Table 2.

Table 1. Engine specification.

Engine Type 4 Stroke Compression Ignition
N° of cylinders 4
Bore to Stroke 84 x 90 (mm)
Compression ratio 15.45
Turbocharged Yes (VGT)
EGR Yes (low and high pressure)
Injection system Direct injection (common rail)
Charge cooling Water charge air cooling
Diesel Particle Filter (DPF)
After-treatment Diesel Oxidation Catalyst (DOC)

Selective Catalytic Reduction (SCR)
Variable Valve Technology No




Appl. Sci. 2022,12, 12869 50f19

F*O OO0OO0H 5
7 Y
0 3
<
)
-
2
=
T urboen
urbocnarger
VIC VGT
\L 4
>
g
v =
e g5
ge
EGR Cooler =
1 T EGR Valve ®5
Inlet
v
Outlet
Figure 2. Schematic layout of the engine test bench.
Table 2. Engine test bench instruments.

Variable Equipment Range Accuracy
Speed Dynamometer 6000 RPM 0.03% fs
Torque Dynamometer +415 Nm 0.05% fs

Cylinder Pressure AVL ZI33 0 to 250 bar 0.3% lin.

Amplifier Kistler 5011B +10V -

Air Flow AVL Flowsonix Air 20to 720 kg/h 2%

Fuel Flow AVL 733S Fuel Meter 0-150 kg/h 0.2%

Temperature K-type Thermocouple —200 to 1250 °C 15°C
Mean Pressure Kistler Piezo-Resistive Transmitters 0-10 bar 0.2% lin.

Gases Analysis Horiba mexa 7100 DEGR - 14 fs.

Several boost pressure operations in full load conditions have been conducted with
Turbocharger 1 (TC—1) at constant engine speeds (1000 and 1500 RPM). In these tests,
the VGT position was closed, until at least one thermomechanical limitation was reached.
The results of the experiments are shown in Figure 3, dealing with BMEP, compressor
outlet temperature, turbine inlet pressure, break specific fuel consumption (BSFC), and
compressor inlet temperature as a function of the achieved boost pressure. The limitations
taken into account are detailed in Table 3. These limitations had to be considered during
the experiments and in the last modeling activities. Surge represents another limitation in
addition to the ones in Table 3.
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Figure 3. Results of Experiments for TC—1: BMEP (A), Compressor outlet temperature (B), Turbine
inlet pressure (C), BSFC (D), Compressor inlet temperature (E), and Turbocharger Speed (F).

Table 3. Engine limitations.

Variable Value Units
Engine BMEP 26 bar
Turbine inlet pressure (p3) 4.5 bar
Boost pressure (p2) 35 bar

TC speed 250 kRPM
Turbine inlet temperature 850 °C
Compressor outlet temperature 205 °C
p3-p2 (pressure difference) 1 bar

As depicted in Figure 3, higher boost pressure was achieved at 1000 RPM with the
closed VGO configuration, due to the extended margin in the surge line. In other words, for
the same engine speed, surge occurred at lower boost pressure at the open configuration,
limiting the achieved boost and BMEP. Furthermore, in the closed series, turbine inlet pres-
sure was systematically lowered along the complete 1000 RPM series. All these differences
are presumably attributed to the VGO impact on the TC performance. First, the efficiency
improvement in the compressor at the low-end operative range diminishes the required p3
(with respect to the open configuration). Secondly, the retarding surge line therefore allows
for an even slightly higher boost in combination with lower engine backpressure. All this
directly impacted BMEP, which was slightly higher (about 0.6 bar higher). As a result,
BSFC values also showed subtle benefits towards the closed configuration; in the best
cases, 2 g/kWh improvement was achieved. No significant turbocharger speed differences
were observed. The atmospheric conditions all support the previous discussion: despite
higher T1 values in the closed series (which imply higher compressor inlet temperature),
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a lower compressor outlet temperature takes place, compared to the open series, which
is in line with the improved efficiency of the compressor (at closed configuration) in such
operative conditions.

However, for 1500 RPM, a lower boost (hence, lower BMEP) was achieved in the
closed configuration. The reason is that the compressor outlet temperature limit of 200 °C,
shown in Figure 3B, was reached at a lower boost pressure level. This could be attributed to
the unequal ambient temperature. The results of the temperature differences or compressor
efficiency (or a combination of both) can be seen in Figure 3E. However, the turbine inlet
pressure differences were negligible, as well as BSFC figures. Also, TC speed differences did
not show any discrepancy. This shows that no change in the turbine-compressor matching
emerged because of the VGO operation (at least for the mass flow range analyzed). In any
case, the conclusions may be biased by dispersions arising during the experiments and
reducing testing productivity. This is the primary motivation for developing an engine
model to overcome this problem.

TC—1 operates with the compressor orifices as fully open or fully closed. The switching
between the positions is carried out manually, and a dedicated actuator is used for locking
the part. A schematic layout of the VGO technology is depicted in Figure 4. Figure 4A shows
the VGO architecture in an open configuration, while Figure 4B shows VGO technology
in the closed position. As Figure 4 shows, the minimum diameter at the compressor inlet
(c) was restricted in the closed configuration (o > ). Following the procedure explained
in [27], the compressor maps in the respective configuration were obtained. The resulting
maps for TC—1 under open and closed configurations are included in Figure 5, as well as
the speed and efficiency maps. Furthermore, Figure 5 includes, in black dotted format, the
experimental information constituting the compressor map for the closed configuration.
The closed VGO map has also been translated into the open map plots to show the impact
of this mechanism on the open configuration (the default one). The information outside of
the dotted area in the closed configuration corresponds to extrapolated information.

The experimental points regarding the engine test bench have also been included in
the compressor maps. The surge limit was reached in the 1000 RPM series (red asterisks for
closed and blue circles for open). However, for the closed configuration, the surge limit
was slightly less restrictive and allowed for a further boost in the low-end engine speed, as
previously described in Figure 3.

The open configuration of the compressor showed a wider operative area, specially
extended at high, corrected mass flows. The open configuration also showed that the maxi-
mum efficiency operative area is wider. In all, Figure 5 shows that the closed configuration
is mainly developed for the left side area of the compressor operative map, aiming to retard
the surge line, and improving the efficiency at the low-end. This is the reason why this
study mainly focuses on the low-end working conditions at both transient and steady-state
operations.

The second prototype of VGO TC was also evaluated in this study. This TC is labeled
TC—-2 and also employs VGT technology. TC—2 maps come from the supplier. As for
the TC—1, the maps were adiabatized considering testing standards for diesel engines as
per SAE J1826. The resulting maps for closed and open configurations are depicted in
Figure 6. The black dotted series, which corresponds to the experimental data for the closed
configuration, is also included in the open maps, for purposes of comparison.

Here, the trends and conclusions observed at TC—1 were confirmed: the closed
position of the mechanism extended the operative map towards lower mass flows and the
efficiency in such area. However, the closed position restricted the inlet section, limiting
the maximum compressor mass flow. As in TC—1, TC—2 shows the efficiency drop in the
closed configuration and high mass flows.

Regarding the transient tests, a harsh transient was forced by performing a pedal shift
from 2 bar BMEP to full load. Figure 7 shows the case of the lower speed transient, where
some improvement can be observed for the closed series regarding turbine inlet pressure:
substantially lower p3 was required for similar engine output. Also, the compressor outlet
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temperature was lower in the case of the closed configuration, which could be attributed to
either the compressor efficiency, ambient boundaries or a combination of both effects.

(A)

Volute
Casing

Diffuser

Volute
Casing

Figure 4. Isometric view and schematic view of (A) VGO in open configuration and (B) VGO in
closed configuration.
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Figure 5. TC—1 compressor maps: (A,B) for closed configuration and (C,D) for open configuration.
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Two main parameters were considered for evaluating the transient response: the time

to achieve 90% of BMEP, and the integrated

area regarding torque evolution as a function



Appl. Sci. 2022,12, 12869

10 of 19

of time. For the second, BMEP can be directly converted into torque according to (1), where
n corresponds to the engine speed, Vp corresponds to cylinder displacement, and i to
the number of power strokes per engine revolution, which is 0.5 in the case of a 4-stroke
engine. The result from Equation (1) was applied at each time step and was then integrated
and multiplied by engine speed, as Equation (2) shows, resulting in the developed work
through the considered time.

The integrated area was considered between the tip-in start until 4 s later, to ease the
comparison between closed and open series.

T— BMEP

i Vb 1)
to+4

W =n T dt 2)
j

Regarding BMEP evolution, a slight advantage of 0.1 s was identified towards the
closed configuration at 1000 RPM, but no benefit was identified at 1500 RPM. Finally,
integrating the trapped area below BMEP evolution showed an absolute improvement of
1.17 k], representing a 1.5% improvement of the closed VGO configuration over the open
one and in terms of work developed through the maneuver. A summary is included in
Table 4 for both transient evolutions.

Table 4. Summary of experimental transient operation performance.

Speed Confieuration Time to 90% Work in 4s

(RPM) 8 ®) )
1000 Open 1 78.05
1000 Closed 0.9 79.22
1500 Open 3.6 193.67
1500 Closed 3.6 193.91

The differences identified may be attributed not only to the compressor technology
but also to other uncontrolled variables, such as environmental boundaries or VGT control,
which is purposely developed for the VGO open configuration while not explicitly adapted
to the VGO closed design. All the previously established attributes may impact on the
differences to some extent, motivating the complete engine model development.

2.2. Model Development and Validation

This section consists of three subsections providing information related to the devel-
oped model in the GT-Power software and its corresponding validation using experimental
results from steady states and transients.

2.2.1. Model Description

The engine model developed for this application uses the GT-Power software stack.
The modeling of the turbocharger in this tool is implemented using compressor and turbine
templates. These templates are called map-based 0D elements, with the flexibility for
choosing between open/closed compressor maps. Hence, from the modeling perspective,
it would be easy to identify the differences, guaranteeing complete control regarding the
rest of the simulation.

For the combustion profile, a simple, non-predictive approach was considered by
imposing the burnt rate as a function of the crank angle or time [s]. The Wiebe function
defines this heat release [28]. The function uses the parameters such as the Wiebe exponent,
start of combustion, and combustion duration to replicate the experimental in-cylinder
pressure profile. Furthermore, the combustion processes obtained are used to train an
artificial neural network (ANN) to overcome the limitation of predicting the combustion
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profile during the later prospective analysis. The ANN uses parameters such as engine
speed, trapped mass, in-cylinder pressure, and temperature at inlet valve closer crank angle
position as inputs to predict the 50% burnt rate, burning duration from 10% to 90%, and
the Wiebe exponent. This information is provided to attain the heat release rate (HRR) for
the extended boost study. Detailed information on the model procedure development and
robustness can be read in [29]. The information on the air-to-fuel ratio is directly available
from the data acquired from the test bench, which is used in the modelled injector settings
to provide fuel mass in order to attain desired peak in-cylinder pressures.

To obtain the experiment’s intake temperature, a dedicated WCAC was implemented,
using the experimental inlet and outlet temperature of the cooler and guaranteeing a
good prediction of the intake manifold by adjusting a heat transfer multiplier. In addition,
heat transfer effects through the exhaust manifold were fitted, in order to obtain accurate
temperature predictions. For this purpose, a set of heat transfer multipliers had to be used,
again, following the proposed methodology in [29]. Once these multipliers were identified,
they were held constant throughout the simulation assessment. Further explanation of the
procedure is detailed in [30] to understand the number of variables considered during the
fitting process.

2.2.2. Model Validation under Steady State Operation

The 1D model used for this investigation was validated using the previously explained
experimental data. For the validation, information related to exhaust manifold pressure,
BMEDP, BSFC, and compressor outlet temperature are shown in Figure 8. The X-axis refers
experimental data, while the Y-axis shows the modeling predictions. Figure 8 includes a
£5% error in the dotted line (a continuous black line corresponds to the perfect agreement).
This model validation was carried out for TC—1, taking advantage of the working points
in Figure 3.
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Figure 8. Simulation data compared to testing data at 1000 and 1500 RPM: turbine inlet pressure (A),
BMEP (B), BSFC (C), and compressor outlet temperature (D).
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First, Figure 8A, dealing with turbine inlet pressure (p3), shows a high accuracy in
prediction, which is an indication of good practice in predicting the turbine and com-
pressor efficiencies and their corresponding temperature boundaries. Any overpredicted
turbocharger efficiency would lead to systematic underpredictions in the required p3 for a
given boost pressure. Another indicator of accurate compressor efficiency is the compressor
outlet temperature (T2), which, in any case, is close to the perfect agreement, as seen in
Figure 8B.

BMEP and BSFC were selected as the primary variables for the assessment of modeling
practices. BMEP and BSFC are good combustion modeling indicators and allow for the val-
idation of the developed ANN. Overall, observing the results depicted in Figure 8, it can be
concluded that the model developed is thermofluid-dynamically stable and representative
of the engine performance; hence, it is acceptable for use in further prospective studies,
such as in this study.

2.2.3. Transient Model Validation

The experimental data were also used in transient engine running conditions to vali-
date the developed 1D tool. Figure 9 gives information on the transient profile comparison
between the experimental and the simulation results. As mentioned earlier, the tip-in simu-
lates an abrupt load demand, from 2 bar BMEP to full load, until an almost steady-state
operation is achieved.
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Figure 9. Simulation data compared to testing during sudden transient demand at 1500 RPM: Boost
pressure (A), Air mass flow rate (B), Turbine inlet pressure (C), and BMEP (D).

The strategy consisted of imposing a constant engine speed operation (as for the
experiments). The experimental boost was the simulation target through the calculation
managing the VGT position, imposed according to the procedure followed in [25]. The
simulation in Figure 9 shows a 1500 RPM engine speed in open VGO mode. During
the initial low load (corresponding to approximately 30 Nm), the desired boost pressure
attained in the experiment and simulation is about 1.18 bar. Due to achieving similar boost
pressure in both experimental results and simulation prediction, the relative error in mass
flow rate at low load was almost negligible. The model p3 prediction was highly accurate.
No errors were identified during the low steady state before the full-load demand.
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Once the load demand started (approximately at 1.1 s), until second 2, the model
perfectly targeted the desired boost, air mass flow, and BMEP. After 2.1 s, there was some
mismatch regarding boost pressure. The model evolution was not as fast as the experiments,
which is attributed to a possible mismatch in VGT management, which is also reflected in p3
growth. In summary, the relative error in the exhaust manifold pressure was lower than 5%.

Finally, as the engine reaches stability at full-load conditions, model prediction pro-
vided accurate results regarding boost (which converges with the experimental value), with
the subsequent proper air mass flow and BMEP prediction.

3. Results and Discussion
3.1. Steady State (Low-End Torque)

This study focuses on the VGO impact on the low-end torque, using the developed
and validated engine-TC model. Simulations are performed at 1000 and 1500 RPM in this
section. The methodology followed consists of performing iso-boundary and iso-AFR (Air
to Fuel Ratio) calculations; hence, the differences arising would be solely attributed to
compressor performance differences. The VGT is imposed to follow a sequence of steps,
with sufficient time between each step, to guarantee stabilization. Each stage corresponds
to another 1% VGT closure. Consequently, it would be possible to identify within a 1% VGT
resolution the variables that imply the boost limitation and the corresponding performance.
Figure 10A represents the procedure explained for the VGT management, and the resulting
boost pressure sequence is plotted in Figure 10B.
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Figure 10. VGT management for extended boost study and resulting boost pressure. Cases dealing
with TC—1, 1500 RPM, closed and open configuration: VGT actuator (A), Boost pressure (B), Tur-
bocharger Speed (C), Turbine inlet pressure (D), Compressor outlet temperature (E), and BMEP (F).

Following this line of investigation, thermomechanical limitations are identified for
each compressor configuration and engine speed. In the example of 1500 RPM and TC—1
(in both configurations), it is shown that TC speed limitation (see Figure 10C) and turbine
inlet pressure (see Figure 10D) were under safe operation. Furthermore, at 1500 RPM, the



Appl. Sci. 2022,12, 12869

14 of 19

surge margin was far from being reached. The compressor outlet temperature was the
unique limitation for both configurations, as observed in Figure 10E, where both series
approach the thermo-mechanical constraint (dashed string). Having reached the value of
205 °C, the boost achieved by the open configuration is about 2.9, while the closed is about
2.87. BMEP figures are 27.75 and 27.32 bar, respectively.

In this case, the limitation for TC—1 is the same as in the experiments: the compressor
outlet temperature. However, at this point, the differences are only motivated by the
compressor configuration and not by the boundary conditions, which are assumed to be
the same for both simulations. These differences originated from the compressor efficiency
maps. At the selected “maximum performance points”, the open configuration provides
0.35% higher efficiency, which is the reason why a slight boost is achieved for the same
T2 limitation.

The same analysis is repeated for 1000 RPM; however, in this case, the limitation is the
surge phenomena, which appears sooner for the open configuration, imposing a more re-
strictive boost (1.44 bar) compared to the closed setup maximum boost (1.53 bar). In BMEP
terms, the expected improvement is about 0.94 bar (from 13.05 bar to 13.99 bar). A summary
of the best performance and the limitation for each configuration is included in Table 5.
Compared to the experimental differences in Figure 3, differences are slightly more signifi-
cant here than in the experiments, due to the iso-boundary conditions, which do not favor
the open configuration, unlike in the experiments (where a cooler environment occurred).

Table 5. Extended boost analysis for TC—1 in steady state operation.

Speed . . . Maximum Maximum T

(RPM) TC Unit Configuration BMEP (Bar) Boost (Bar) Limitation
1000 TC-1 Closed 13.99 1.53 Surge
1000 TC-1 Open 13.05 1.44 Surge
1500 TC-1 Closed 27.32 2.87 T2
1500 TC-1 Open 27.75 29 T2

Similar conclusions are identified for the TC—2 but with slightly different absolute
results, which gives an idea of the robustness of the findings achieved for TC—1. A
summary of the results for TC—2 is included in Table 6. To sum up, in the TC-2, at
1000 rpm, 0.72 bar BMEP improvement in the closed configuration is found, whereas a
decline of 0.37 bar BMEP is found at 1500 RPM.

Table 6. Extended boost analysis for TC—2 in steady state operation.

Speed Maximum Maximum

(RPM) TC Unit Configuration BMEP (Bar) Boost (Bar) Limitation
1000 TC-2 Closed 13.91 1.51 Surge
1000 TC-2 Open 13.19 1.44 Surge
1500 TC-2 Closed 27.87 2.86 T2
1500 TC-2 Open 28.24 2.87 T2

This all shows that a potential benefit of 0.94 bar can be expected, but only at low
engine speeds. It would be interesting to identify the transition from closed to open
configuration in the engine map since, at some point, it may represent a decline. This
would be expected to happen between 1000 and 1500 RPM.

3.2. Transient Engine Performance Assessment

The following assessment regarding transient engine running condition is proposed
to analyze further the potential benefits of using VGO technology. Here, the tip-in pedal
position changes from 2 bar BMEP to full load in a second. The following tip-out is modeled
before tip-in: AFR changes from a constant value of 16 to a pulse width modulation (PWM)
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value which varies from 85 to 16, as shown in Figure 11A. Likewise, the VGT rack position
is changed from 85% VGT opening to 40%, as shown in Figure 11B. This transient profile
is maintained for both VGO configurations and engine speeds. The objective relies on
keeping the same VGT evolution to avoid any impact from the experimental VGT signal
evolution since, as previously stated, the actual VGT controller was explicitly developed
for the open configuration of the VGO. Also, no boundaries dispersion or initial working
conditions affect the simulation.
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Figure 11. Initial conditions for transient engine response: Air to Fuel Ratio (A), and Rack Position (B).

The information in Figures 12 and 13 shows the results for tip-in engine running
conditions at 1000 and 1500 RPM engine speeds, respectively. Red solid lines provide
information on engine performance with VGO architecture in the closed position. In
contrast, solid blue lines show results in VGO open condition. The area plot shows the
percentage differences between VGO closed and open configurations through the running
simulation time (see Equation (3)).

VGOqiosed — VGOopen
VGOopen

% Difference = * 100 3)

At 1000 RPM, plotted in Figure 12, as soon as the transient starts, an improvement in
BMEP becomes evident, reaching a peak value of 4.6%. BMEP differences originating in
boost differences, as Figure 12B shows in absolute terms, and Figure 12F in a percentage.
As the boost pressure increases, so does the intake air charge. As both simulated series
are assessed under the same AFR evolution, more fuel is injected, leading to the enhanced
engine BMEP performance in the VGO closed configuration. This is purely attributed to the
differences in the compressor maps depending on the setup. In the closed VGO in particular,
the compressor operates at a more efficient region in the map, thus leading to a compressor
efficiency improvement of 8% in VGO closed configuration over VGO open architecture,
as shown in Figure 12C,F. However, Figure 12H shows that the closed configuration leads
to some decline in the turbine efficiency (oscillating between 0% and —1.6%). Overall,
considering the compressor and turbine performance benefits and drawbacks, there is an
improved global performance in engine response.

Similarly, at 1500 RPM, engine speed improvements in the transient simulation can
be observed in Figure 13. Similar conclusions can be drawn: improved BMEP response,
motivated by more considerable boost pressure (and more injected fuel), is supported by
the compressor efficiency improvement when the VGO is closed. Enhanced compressor
efficiency reaches a peak improvement of about 4%. In this case, the turbine efficiency
differences are almost negligible, barely reaching a difference of 0.28%.

In summary, Table 7 shows the peak BMEP achieved, and the time taken to reach 90%
of the final BMEP at VGO open configuration, which is the most restrictive. Table 7 shows,
for 1500 RPM, that the open VGO takes 3.36 s to reach 90% of its steady state torque, while
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the closed VGO takes 3.24 s to achieve the exact value of BMEP. An improvement of 0.12 s
is achieved with the closed configuration at 1500 RPM and 0.3 s at 1000 RPM.
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Figure 12. Transient engine performance assessment at 1000 RPM: BMEP (A), Boost Pressure (B),
Compressor Efficiency (C), Turbine Efficiency (D), Percentage difference in BMEP (E), Boost Pressure
(F), Compressor Efficiency (G), and Turbine Efficiency (H).
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Figure 13. Transient engine performance assessment at 1500 RPM: BMEP (A), Boost Pressure (B),
Compressor Efficiency (C), Turbine Efficiency (D), Percentage difference in BMEP (E), Boost Pressure
(F), Compressor Efficiency (G), and Turbine Efficiency (H).
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Table 7. Extended boost analysis for TC—1 in transient operation.

Speed Configuration Maximum BMEP Time to 90% BMEP Open Work in 4s

(RPM) (Bar) (s) (KJ)
1000 Open 12 3.36 75.68
1000 Closed 13 3.24 76.87
1500 Open 24 2.28 187.10
1500 Closed 25 1.98 193.30

Computing the overall developed work according to Equation (2), there is an improve-
ment of 1.19 kJ and 6.2 kJ at 1000 RPM and 1500 RPM, respectively. In relative terms, using
Equation (3), 1.52 % and 3.21 % improvements in the energy produced can be obtained
thanks to the impact of the VGO technology.

4. Conclusions

The main objective of this study was to assess the VGO technology to attain a better
performance at low engine speeds in either steady state or transient working conditions.
First, comparison of sole compressor maps is included to illustrate two VGO prototypes
and how the closed vs. open configurations differ in efficiency and pressure ratio terms.

For this study, both experimental and modeling-based assessments were performed.
Experiments were conducted at 1000 and 1500 RPM to develop and validate a 1D gas
dynamics model in GT-Power software.

An extended boost pressure study in steady state and transient analysis was estab-
lished, taking advantage of the robust model and understanding the potential benefits of
using VGO architecture. These model assessments were conducted to avoid engine tests
operating beyond the engine, turbocharger, or test bench’s safety limits, and to avoid any
bias from changes in the scope of the experiments, such as environmental conditions.

The modeling assessment includes VGO prototypes under two main operating con-
ditions: steady states at low-end and sudden tip-ins to analyze differences in transient
response. As a result of the study, the following points were deduced:

e VGO closed configuration extended the operating characteristic map into lower mass
flow rates stable operative range (retarding surge). In other words, the closed VGO
improves surge margin and compressor efficiency. In the experiments, VGO closed
configuration showed an improvement of approximately 0.6 bar BMEP higher at
1000 RPM. The model showed slightly improved behavior (with respect to the experi-
ments), reaching a gain of 0.94-0.72 bar BMEP (depending on the TC unit) for the open
configuration. The main difference between the experiments and the model relies on
the daily dispersion of the experiments, which is avoided in the modeling stage.

e  However, no benefits were identified at 1500 RPM, where T2 was the limitation for
engine output. The closed VGO configuration efficiency was predicted to be lower
than the open one, about 0.35%, in both theTC units analyzed. The differences in the
model were about 0.43-0.37 bar less BMEP under the closed configuration, depending
on the TC prototype.

e Transients at sea level showed improved breathing capabilities of the engine using
VGO-closed by improving engine response at 1000 RPM and 1500 RPM. In this analysis,
a VGT evolution profile was fixed (and the same) for both VGO configurations to avoid
any impact on the results coming from any kind of VGT control. In conclusion, the
time to achieve the same BMEP was reduced in the closed configuration, about 0.12 s
and 0.3 s (at 1000 and 1500 RPM, respectively), while the engine output evolution also
showed a 1.5-3.2 % improvement in produced work, which, in any case, represents
the engine’s drivability under highly transient demand.
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Nomenclature

AFR Air-to-Fuel Ratio

ANN Artificial Neural Network

BMEP  Brake Mean Effective Pressure
BSFC Brake Specific Fuel Consumption
CFD Computational Fluid Dynamics

DI Direct Injection
HRR Heat Release Rate
ICE Internal Combustion Engine

LDA Laser Droplet Anemometry
LES Large Eddy Simulation

pPIv Particle Image Velocimetry
PWM Pulse Width Modulation
TC—1  Turbocharger 1

TC-2 Turbocharger 2

VGC Variable Geometry Compressor
VGO Variable Geometry Orifices
VGT Variable Geometry Turbine
VIGV Variable Inlet Guide Vane
VNGV  Variable Nozzle Guide Vane
VSV Variable Stator Vane

WCAC  Water Charged Air Cooler
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