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The U.S. Department of Energy Supertruck 2 program placed emphasis on
development of heavy-duty trucks with high freight efficiency using
commercially realizable technology suites. This paper describes the research
and development process used to pursue a high thermal efficiency heavy-duty
engine under Supertruck 2. The team focused on over-expanded engine cycles
and advanced piston designs. This paper describes how single-cylinder engine
studies using thermal barrier coated pistons, high compression pistons, and over-
expanded cycles informed the development process of a multi-cylinder
demonstration engine that achieved 49.9% peak thermal efficiency. While
tailoring the injection strategy and other control parameters optimized the
demonstration engine, more than half of the efficiency improvement came
from the over-expanded cycle.
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1 Introduction

In 2023, the transportation sector accounted for 38.7% of the United States’ carbon
dioxide (CO,) emissions from fossil fuel combustion (United States Energy Information
Administration, 2024), and long-haul trucking was responsible for 49% of consumption of
on-road diesel fuel (Walker, 2023).

In response to the large fraction of transportation energy consumption by the long-haul
heavy-duty vehicle sector, the U.S. Department of Energy instituted the Supertruck program
to dramatically increase the freight efficiency of heavy-duty long-haul trucks (United States
Department of Energy, 2016b). The objectives of the Supertruck program included both
increasing the freight efficiency of long-haul trucks (measured as ton-miles/gallon of fuel)
and increasing the peak thermal efficiency of the diesel engine. Adoption of technologies
explored during the Supertruck program in production heavy-duty trucks has led to billions
of dollars in fuel savings for fleet operators and millions of tons of CO, emissions avoided
(United States Department of Energy, 2016a).

Supertruck 1 outlined a number of goals, including demonstration of a 50% increase in
freight efficiency as compared to a 2009 baseline vehicle, achievement of a 50% brake
thermal efficiency (BTE) in a new heavy-duty diesel engine, and identification of a pathway
that yields a 55% BTE engine (United States Department of Energy, 2009). The Volvo
Supertruck I team produced a demonstration vehicle meeting these targets and developed a
technology pathway for a high efficiency engine, as described by O’Connor et al. (2017).

In Supertruck II, the DOE placed emphasis on “creating and enhancing technology
suites that can be more cost-effective for end users to purchase and operate and places less
emphasis on technology solutions with no credible pathway to cost-competitive commercial
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adoption in realworld applications.” Thus, in Supertruck 2, the
DOE’s specific focus was on technologies that are commercially
realizable and leading to high efficiency with level or reduced total
cost of ownership (United States Department of Energy, 2016b).
This paper describes the research and development process used
to pursue a high thermal efficiency heavy-duty engine under the
Volvo Supertruck 2 program, through collaboration between the
University of Michigan and Volvo Trucks. To maximize brake
efficiency, the team focused on both maximizing engine cycle
efficiency and minimizing parasitic losses. The team evaluated
increases in compression ratio (CR), over-expanded engine cycles
(i.e, Miller cycle), and piston thermal barrier coatings (TBCs) as
strategies to maximize engine cycle efficiency. The systematic
approach to achieving product improvements, such as improving
the efficiency of heavy-duty diesel engines involves pursuing a
system engineering approach with phases of innovation,
development and optimization, e.g., as described by Stanton
(Stanton).

achieving higher thermal efficiency engines requires addressing

From a standpoint of engine thermodynamics,
the pathways by which thermodynamic availability is destroyed
or irreversibilities are present in the engine. Combustion itself is
inherently irreversible (Dunbar and Lior, 1994; Stanton, 2013).

Increases in compression ratio improve closed cycle efficiency by
increasing the potential for work extraction during the expansion stroke
(Stanton). To that end, researchers using Volvo piston geometries
showed that a >1% thermal efficiency improvement can be achieved
with a compression ratio increase (Cung et al, 2022). However,
increases in compression cause increases in peak cylinder pressures
and temperatures, which lead to durability concerns and higher friction
loss and NOx emissions (Mohiuddin et al., 2021). These factors have
typically limited the diesel compression ratios to less than 20, despite the
fact that more net efficiency may be achieved at higher compression
ratio (CR) (Heywood, 2018).

The team also investigated Miller cycle strategies to improve
efficiency. Miller cycle refers to engine operation with a higher
effective expansion ratio than compression ratio, practically achieved
by early or late intake valve closing. By increasing expansion work relative
to compression work, and reducing the demand for backpressure to drive
exhaust gas recirculation (EGR), improved closed cycle efficiency can be
achieved (De Ojeda, 2010; Vos et al., 2019). Miller cycle strategies also
reduce peak cylinder pressures and temperatures, thus abating one major
drawback of increasing compression ratio. However, depending on the
choice of experimental constraints on air handling, reductions in
efficiency have been observed with Miller cycle implementation in
several cases (Wang et al., 2005; Benajes et al., 2009). Previous work
by this team investigated the relationship between Miller cycle, air
handling, and efficiency, considering early and late intake valve
timing (EIVC and LIVC) strategies (Garcia et al, 2020), and
“extreme” Miller cycle with very late LIVC valve timings (Garcia
et al, 2023). It was found that, in order to improve efficiency with
Miller cycle, the reduction in volumetric efficiency as IVC is delayed
demands much greater turbocharger efficiencies.

Finally, thermal barrier coatings (TBC) are also considered. TBCs
improve engine efficiency in principle by reducing heat transfer out of
the working cylinder, and thereby increasing the enthalpy which acts on
the piston during the expansion stroke. By reducing heat transfer out of
the cylinder, TBCs can also abate the high heat transfer losses associated
with increased compression ratios. However, much like Miller cycle
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strategies, TBC usage can compromise volumetric efficiency. Therefore,
coatings with favorable “thermal swing” characteristics are necessary to
achieve a practical efficiency benefit (Bryzik and Kamo, 1983).
Durability concerns have also hampered the uptake of TBCs, since
the (typically ceramic) coatings tend to flake off the piston after repeated
exposure to the extreme in-cylinder environment in a diesel engine.
Recent state-of-the-art TBC research has investigated porosity
(Somhorst and Oevermann, 2024), bond coatings (Velusamy et al,
2024), and material layering strategies (Raja et al.,, 2023), all targeting
improvements in efficiency and durability.

The single-cylinder engine studies of thermal barrier coated pistons,
high compression pistons and over-expanded cycles informed the
development process of a multi-cylinder heavy-duty diesel engine.
While each of these approaches can increase efficiency independently,
synergistic effects on efficiency were especially sought, with the
demonstrator engine achieving 49.9% peak thermal efficiency.

2 Materials and methods
2.1 Single-cylinder engine studies

The research engine used to conduct the experiments at the
University of Michigan in this study is an 11 L six-cylinder Volvo
MDI11 heavy-duty direct injection diesel engine that has been
converted into a single-cylinder research engine (SCRE) by
deactivating cylinders 1-5. The original unit injector for the
firing cylinder has been replaced with an electronically controlled
common rail injector. The conventional camshaft-rocker valve train
has been replaced with an electro-hydraulic Lotus Active Valve
Train (AVT) system that allows full control over intake and exhaust
valve timing, lift, and velocity (Louis, 2014).

The EGR fraction is calculated from the ratio of CO, levels
measured in the intake and exhaust streams. Engine-out soot
emissions were obtained using an AVL 415 smoke meter while a
Horiba MEXA ONE emissions bench was used to measure CO, CO,,
0O,, NOx, and THC.

An AVL Indimaster and Indicom indicating system was used as
the data acquisition hardware and software, respectively, for
recording high speed signals. The cylinder pressure data was
obtained at a resolution of 0.1 crank angle degrees (CAD) with
an AVL GHI4P pressure sensor and an AVL 416 crank angle
encoder. The pressure trace for each experiment was obtained
from the averaged values of 200 cycles at a 2 kHz cutoff frequency.

This experimental facility has been described in detail in prior
work (Garcia et al., 2020; Garcia et al., 2023; Garcia, 2021). This
experimental facility enabled exploration of high IMEP combustion
processes with innovative fuel injection, combustion chamber and
valve timing strategies to support the Volvo Supertruck II team’s
pursuit of high thermal efficiency engines.

The experimental results here are analyzed in part using energy
breakdown diagrams, as in previous publications (Garcia et al., 2020;
Garcia et al,, 2023; Garcia, 2021). The fraction of the energy input to
the cycle (ie., fuel energy) which “flows” to the brake, friction,
pumping, heat transfer, and exhaust are computed using the
following equations, expressed in mean effective pressure units.
In all reported data, net IMEP was experimentally fixed by
tuning injection duration. Brake torque measurements are not
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TABLE 1 Operating conditions for A75 operating point.

Engine speed [RPM] 1,160
Engine load (nIMEP) [bar] 17.6
Engine coolant temperature ['C] 90
Intake plenum temperature [°C] 35
Intake manifold absolute pressure [kPa] 261
EGR fraction (Yzgr) [%] 20.0
Fuel rail pressure [bar] 1,253
Start of injection timing ["aTDC] -6.7
Intake valve opening timing ["aTDC] 350 @0.35 mm lift
Intake valve closing timing [*aTDC] -164 @0.35 mm lift
Exhaust valve opening timing ["aTDC] 154 @0.35 mm lift
Exhaust valve closing timing ["aTDC] 354 @0.35 mm lift

TABLE 2 Thermal barrier coated piston properties.

TBC A TBCB TBCC

Ceria stabilized Alumina (aAl,O3)

zirconia

Thermal layer composition

Passive layer composition Nickel-based alloy Hercynite (FeA,0,)

Total coating thickness [pm] 400 35 70
Thermal conductivity [W/m K] 0.8 0.5

Geometric compression 16.74

ratio [-]

TABLE 3 Intake valve closing strategies.

Intake valve strategy

Intake valve closing timing

EIVC40 —-204° aTDC
CIVC ‘ -164" aTDC
LIVC60 ‘ —-104° aTDC

reported, since the engine has excess friction from the five
deactivated cylinders. Instead, FMEP is estimated using a Chen-
Flynn friction model (Chen and Flynn, 1965), and BMEP is thus
estimated as net IMEP less FMEP.

2mQruv
Fuel MEP = ———
uel NV,
Tex - Tam
EXMEP = My (Texn — Tamb)
Va

FMEP = C; +(Cy# Peyipax ) = (C3 %5,) +(Cy % S))
HTMEP = Fuel MEP — EXMEP — PMEP — nIMEP
Table 1 lists the operating conditions for the nominal
A75 operating point the SCRE experiments were conducted at.

Tables 2, 3 describe the thermal barrier coatings and valve timing
strategies considered in this study, respectively.
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2.2 Multi-cylinder engine testbed

Six-cylinder engine testing was conducted in Volvo’s Hagerstown,
Maryland engine development lab using a 725 horsepower GE DC
dynamometer, coriolis fuel flow measurement, two Horiba emissions
benches, AVL 483 soot measurement, and an AVL X-ION indicating
measurement system with six Kistler 6045A cylinder pressure sensors.
Testing was also conducted at Southwest Research Institute (SWRI) in San
Antonio, Texas using a 600 horsepower Midwest eddy current
dynamometer, coriolis fuel flow measurement, a Horiba emissions
bench, an AVL 415 smoke meter, and a National Instruments based
indicating measurement system. At both Volvo and SwRI labs, 48V
components were powered by a Keysight RP7945A (80 V, +250 A,
10 kW) bi-directional power supply and current measurements were
recorded in test data.

3 Results and discussion

The first three sections describe laboratory scale studies with
the MDI11 SCRE at the University of Michigan Auto Lab. These
studies were designed to inform the collaborative process
undertaken by the University of Michigan and Volvo Trucks.
The fourth section highlights Volvo’s development efforts for
their  freight and BTE
demonstration engines.

efficiency optimized optimized

3.1 Influence of TBC pistons on fuel
consumption and volumetric efficiency
barrier

Three thermal (TBCs)

composition and thickness listed in Table 2 were utilized in

coatings of varying
this study, in conjunction with Volvo’s wave piston design
(Eismark et al., 2019; Eismark and Balthasar, 2013). The
experiments were carried out at the A75 condition (described
in Table 1), an operating condition representative of the medium
load-low speed portion of a Class 8 truck engine’s
speed-torque map.

Figure 1 displays cycle average results of 10 key engine
performance metrics for the uncoated wave and the three TBC
pistons examined under the A75 condition with fuel injection
pulse width adjusted to fix nIMEP at 17.6 bar. Figure 1A shows
the relative change in ISFC compared to the uncoated baseline wave
piston at A75. The TBC A piston increased ISFC by 1.2% while the
TBC C piston increased ISFC by only 0.6% at A75. The TBC B piston,
however, improved ISFC by 0.2% at A75.

TBC performance was highly dependent on volumetric
efficiency, which was

determined by temperature swing

characteristics. Cases with volumetric efficiency penalties
increased the heat transfer gradient between the combustion
gasses and combustion chamber due to reduced cylinder
dilution. The insulative properties of each TBC are what
determined how each coating responded to the aforementioned
change in heat transfer gradient, and that variable response leads to
the varying results on the impact TBCs have on fuel conversion
efficiency found in this study, and others (Assanis et al., 1991;

Sombhorst et al., 2019).
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Cycle average results of 10 key engine performance metrics for the uncoated wave and the three TBC pistons at A75. (A) Relative change in ISFC
compared to the uncoated wave piston (AISFC), (B) mass air flow (m,;), (C) air-to-fuel equivalence ratio (\), (D) timing of CA50, (E) peak cylinder pressure
(Peyt, max). (F) relative change in indicated specific NOx emissions compared to the uncoated case (AISNOy), (G) filter smoke number (FSN), (H) change in
intake manifold temperature relative to the uncoated case (ATn7), (I) timing of CA90 and (J) exhaust temperature (Texn).

The thinner coating on the TBC B piston results in operating at
ISFC parity with the baseline piston due to a minimal reduction in
volumetric efficiency, keeping the increase in heat transfer gradient
at a minimum. The superior insulative properties of the thicker
coating on the TBC C piston fail to prevent ISFC from increasing
by 0.6% because of extended combustion duration at the
tested condition.

Overall, the influence of the wave piston’s bowl geometry on
late soot oxidation is robust enough to prevent increased PM
emissions from the TBC pistons at the tested condition. These
experimental results suggest that thermal efficiency benefits from
TBC pistons are best realized at engine operating conditions with
higher combustion temperatures, where the insulative properties
of the TBC may better minimize heat transfer losses compared to
an uncoated piston.

Frontiers in Thermal Engineering

3.2 TBC piston with Miller valve strategies to
simultaneously reduce fuel consumption
and NOx emissions

In this section, the effects of pairing a TBC piston with Miller
cycle strategies are investigated to build on the findings of Garcia
et al. (2023). Miller cycle strategies require high boost to induct
sufficient oxygen into the cylinder due to their inherent volumetric
efficiency penalties. The experiments in this section investigate the
impact of varying boost under fixed and variable turbocharger
efficiencies. By using the variable turbocharger -efficiency
constraint, this experiment investigated the that impact NOx
control via IVC modulation has on fuel conversion efficiency and
identified the IVC strategy best suited for high boost applications.

This section also highlights key differences between EIVC and LIVC

frontiersin.org


https://www.frontiersin.org/journals/thermal-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fther.2024.1517404

Garcia et al.

10.3389/fther.2024.1517404

| P I--rllg-c_--' : :‘léa—se-liﬂe-—. | :"l'c—'—- : [ —————— - .—-rllg.c___ i
e e e
T L

—ost | | 1 i i} ¥ L
% ! -1.2% ! 1 -1.5% 1 I! 32.3% ! 1 -0.6% ! 1 ! 16% | 1 -1.7% i
= P ;! | 1 | |
) | :
0 0.6 - | I! _
Q | !
5 ! .
i) I ;
S04l . : |
g 1 0.0% 3879 | ! :
ss ] I I
Z U 1Heat Transfer I I
0.2 -Exhaust I |
L ieee;Pumping |
Friction I !
L —_ IBrake Work | I
0 L
EIVC40 CIVC LIVC60
-204 -164 -104

IVC Timing [°aTDC]|

FIGURE 2

Normalized energy breakdown for each IVC timing strategy at ISNOx ~ 100%. Red data labels correspond to the total percentage of energy the
baseline case expended in heat transfer, exhaust, pumping, and friction losses and towards brake work. Black data labels represent the percent change

relative to the baseline value of that respective energy pathway.

strategies of equivalent volumetric efficiency to identify the
approach best suited for Volvo’s demonstrator engine.

Each experiment uses the SCRE detailed in Section 2.1 and the
A75 operating condition described in Table 1. The IVC strategies
are as listed in Table 3. Finally, the baseline uncoated wave piston
and the TBC B piston from the previous section were each used, as
this piston resulted in the greatest ISFC improvement (TBC B
from Section 3.1).

3.2.1 Influence of turbocharger efficiency on
optimal Miller cycle application

The two sets of experiments conducted in this section explore the
influence turbocharger efficiency has on engine performance when
utilizing Miller cycle strategies. The first set of experiments highlight
the fuel consumption improvement possible when leveraging the
NOx emissions benefit of Miller cycle profiles and a TBC piston.
For this set of experiments, the turbocharger efficiency (#rc) of the
Miller cycle cases exceed that of the conventional (CIVC) case. As
such, the second set of experiments analyzes all intake valve timing
strategies at the same elevated #rc constraint to fairly assess their
performance under elevated boost conditions.

For the first data set, all actuator settings were set as outlined in
Table 1, with Yggr fixed at 20% and fuel rail pressure set to 125 MPa.
Fuel injection pulse width was again adjusted to match the baseline
load (nIMEP = 17.6 bar). Intake manifold pressure was adjusted for
each IVC strategy such that I SI/\I?)X =100 * 11%. The intake manifold

Frontiers in Thermal Engineering

absolute pressures for each IVC strategy that met this NOx criteria
were CIVC at 260 kPa, LIVC60 at 320 kPa, and EIVC40 at 300 kPa.
Figure 2 provides a breakdown of the energy pathways for each
IVC strategy, as described in Section 2.1, when subjected to the
prescribed baseline NOx threshold. The total height of the stacked
bars corresponds to the normalized fuel energy, such that the change
in height of the stacked bars corresponds to a change in indicated
efficiency. With the uncoated piston, LIVC60 has the optimal
balance of heat transfer benefits and exhaust, pumping, and
friction losses that allow for superior fuel consumption over the
other cases. The heat transfer and exhaust tradeoff of the Miller cycle
profiles is further improved with the TBC piston such that
LIVC60 operates utilizing 2% less fuel than the baseline case.
Similar levels of closed cycle efficiency improvements were
observed with LIVC strategies previously (Vos et al.,, 2019).
Operating at NOx parity with the Miller cycle profiles at more
dilute conditions than the CIVC case is enabled by leveraging the
lower peak cylinder temperatures corresponding with the reduction
in effective compression as IVC is varied. Operating under much
leaner conditions also allowed the Miller cycle strategies to offer
superior fuel consumption over the CIVC case. However, the #r¢c
requirement of the Miller cycle cases exceeded those of the CIVC
case. Therefore, a constant #r¢ constraint was applied in the next
experiment. For the second data set, all actuator settings were as set
previously, except intake manifold pressure was adjusted such that
fitc = 65.4 + 1.1%. The intake manifold absolute pressures for each
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FIGURE 3

Normalized energy breakdown for each IVC timing strategy at n1c = 65.4%. Data labels represent the percent change relative to the baseline value of

that respective energy pathway.

IVC strategy that met these #rc criteria were CIVC at 320 kPa,
LIVC60 at 350 kPa, and EIVC40 at 340 kPa.

Figure 3 presents the total fuel energy utilized by each IVC strategy
to match the baseline load, now all operating at the prescribed #1¢
constraint (i, at fixed turbocharger efficiency). Whereas in the
previous data set utilizing Miller cycle profiles reduced heat transfer
losses over the CIVC case, the prescribed #r¢ constraint counteracts
that benefit due to poorer thermodynamic properties from operating at
a lower air-to-fuel equivalence ratio. The EIVCA40 case does not increase
heat transfer losses over the CIVC case, but the LIVC60 case does. All
TBC piston Miller cycle cases again decrease heat transfer losses
compared to their uncoated counterpart.

The optimum IVC strategy under constant #yc, is ETVC40 for the
uncoated piston. This optimum exists due to the tradeoff between
operating at unfavorable thermodynamic properties and reducing
heat transfer losses. This balance minimizes any decrease in thermal
efficiency such that fuel consumption is on par with an equivalent
high #rc conventional IVC case, but with 20% lower NOyx emissions.

The TBC piston shifts the heat transfer and exhaust tradeoff of the
Miller cycle profiles such that the optimum IVC timing becomes
LIVC60, obtaining a simultaneous 0.5% BSFC and 20% NOx
emissions ~ improvement over an equivalent high 7
conventional IVC case.

While the integrity of the coating was never compromised in the
SCRE testing, the conclusion of this testing campaign was too late
into the development cycle of Volvo’s demonstrator engine for a

proper degradation study. Thus, this TBC technology was ultimately
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omitted from Volvo’s demonstrator engine out of an abundance of
caution pertaining to the coating’s longevity.

3.3 High compression ratio piston effects on
fuel consumption

In addition to TBC pistons, pistons with increased compression
ratio were also considered to maximize the demonstrator engine’s
efficiency. To inform the choice of compression ratio for the
demonstrator engine, the University of Michigan was tasked with
identifying the challenges and benefits of increasing the geometric
compression ratio of the MD11 SCRE. The experiments conducted in
this section investigate the effects of increasing compression ratio from
16.74:1 (16.7CR) to 19:1 (19CR). In addition, the effect of achieving the
same peak cylinder pressure as the 19CR piston by increasing intake
manifold pressure with the 16.7CR piston is also investigated.

All actuator settings were set as outlined in Table 1. Fuel
injection pulse width was adjusted to match the baseline load
(nIMEP = 1.76 MPa). With the 16.7CR piston, the additional
data point was recorded with intake manifold pressure increased
from 261 kPa to 300 kPa, thus matching P, jnay of the 19CR piston.

3.3.1 Increasing cylinder pressure with increased
compression ratio vs. increased boost

Figure 4 shows cycle average results for 12 key engine
performance metrics at the A75 operating condition when

frontiersin.org
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Cycle average results of 12 key engine performance metrics for the 16.7CR and 19CR wave pistons at the A75 operating condition, with an additional

16.7CR data point reported operating at the equivalent Pey; max as the 19CR

wave piston. (A) Relative change in indicated specific NOy emissions

compared to the baseline piston (AISNOx), (B) relative change in ISFC compared to the baseline piston (AISFC), (C) gas exchange efficiency (yge), (D) gross
indicated thermal efficiency (i, ), (E) relative change in BSFC compared to the baseline piston (ABSFC) (F) peak cylinder pressure (Peyi, max). (G) filter
smoke number (FSN), (H) air-to-fuel equivalence ratio (\), (I) pumping mean effective pressure (PMEP), (J) timing of CA50, (K) timing of CA90 and (L)

exhaust temperature (Texn).

increasing the compression ratio from 16.74:1 to 19:1. Figure 4B
shows that the 19CR case and boosted 16.7CR case improved
nISFC by 1.8% and 1.6%, respectively, compared to the baseline
case. Improvements are also reported for BSFC relative to the
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baseline case, but these are substantially smaller. Both the boosted
16.7CR and 19CR cases suffer from increased friction losses
associated with their high peak cylinder pressures, as shown
in Figure 4F.
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TABLE 4 Operating conditions for A75 operating point.

10.3389/fther.2024.1517404

Compression Intake valve Intake manifold Overall turbocharger EGR fraction Calibration
ratio [-] closing absolute efficiency (yrc) (Yegr) [%] [nominal/

strategy [-] pressure [kPa] optimized]
16.74:1 CIVC 26 55 20 N

EIVC40 29

LIVC60 29

CIVC 2.8 59 o

EIVC40 32 61

LIVC60 35 65
19:1 CIve 26 55 20 N

EIVC40 2.8 16

LIVC60 2.8 16

CIVC 2.8 58 2 o)

EIVC40 3.0 19

LIVC60 3.0 18

Figures 4C, I show that pumping losses also increase when
elevating intake manifold pressures to increase the engine’s peak
cylinder pressure. For the boosted 16.7CR case, these losses reduce
the fuel consumption benefit that would have resulted from advanced
combustion phasing, Figures 4], K, achieved from operating with a
leaner charge. Thus, while gross indicated efficiency was maximized
with the boosted 16.7CR case, net indicated and brake specific fuel
consumption were minimized with the 19CR piston.

While both the 19CR and boosted 16.7CR case improve BSFC, these
fuel consumption improvements come with NOx penalties. The 19CR
case suffered a 27% NOx penalty over the baseline, while the boosted
16.7CR case incurred a more substantial 48% NOx penalty as shown
in Figure 4A.

Altering piston design to increase compression ratio can cause
volumetric efficiency penalties that result in richer operation and
increase PM emissions. Despite much leaner operation, as shown in
Figure 4H, the boosted 16.7CR case only decreased the FSN by 21% while
the 19CR managed a 37% reduction in FSN over the baseline while
operating at the baseline lambda, as shown in Figure 4G. This indicates
the higher compression ratio design did not impact volumetric efficiency
nor alter the late burn soot oxidation characteristics of the piston bowl.

Finally, Figure 41 shows operating the 19CR piston increases the
exhaust temperature by 10°C despite the improved efficiency. On the
other hand, the boosted 16.7CR case decreases exhaust temperature by
52°C. This substantial decrease in exhaust gas temperature (and
therefore enthalpy) may prevent the turbocharger from producing
the additional 0.4 bar of boost supplied at this operating point.

3.3.2 Miller cycle with high intake boost and
increased compression ratio for improved
efficiency and emissions

The results in Section 3.3.1 demonstrate the challenges and
benefits of increasing compression ratio, with improved fuel
consumption and PM emissions obtained at the expense of
increased NOx emissions. It was shown that simply leveraging
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advances in turbocharging technologies to elevate boost pressures
obtained a comparable fuel consumption benefit. However, the
elevated boost pressure condition diminished the PM emission
benefit and exacerbated the NOx emission penalty observed with
the high CR piston. Previous literature has shown that Miller cycle
applications in this SCRE platform improve engine performance
over conventional valve timings at the elevated cylinder pressures
resulting from high boost (Garcia, 2021). Thus, Miller cycle
operation with the combination of elevated compression ratios
and elevated boost was investigated further.

Given that the objective of SuperTruck is improved fuel
efficiency, the decision was made to accept the NOx emissions
penalty associated with increasing compression ratio as the upper
limit in this phase of testing. The experiments conducted in this
section investigate the pairing of EIVC and LIVC profiles with high
boost levels using both the baseline 16.7CR and 19CR pistons to
maximize fuel consumption improvement from increasing
compression ratio without exacerbating the associated NOx
emissions penalties.

For each piston and IVC timing, two sets of actuator settings

“nominal” and “optimized”) were tested. The process to select actuator

settings was carefully designed to investigate key aspects of Miller cycle
and high compression operation. First, the CIVC 16.7CR and 19CR
cases were the baseline cases for their respective pistons, as in Section
3.3.1, where 5rc was 55% * 1%. For each Miller cycle case with the
16.7CR piston, intake manifold pressure was varied to meet the #pc
target. NOx emissions were allowed to vary freely, as the Miller cycle
operation reduced their level well below the 19CR level. For the 19CR
piston Miller cycle cases, both intake manifold pressure and EGR
fraction were varied to fix nrc and match the CIVC ISNOx
emissions of 4.3 + 0.3 5%

Different actuator settings were chosen for the optimized
conditions. For the 19CR piston, #c was increased from 55% + 1%
to 58% =+ 1%, with boost and EGR fraction again tuned to meet this

constraint and the ISNOx constraint. The increased #rc of 58% + 1%
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was prescribed as an upper bound to match the capabilities of the state-
of-the-art turbocharger systems. The optimized 16.7CR cases, on the
other hand, were not constrained to a #y¢ target. Instead, boost was
increased until the ISNOx constraint was reached with EGR fraction
fixed. In this way, #1c was allowed to vary to gain an understanding of

10.3389/fther.2024.1517404

the performance needed by next-generation turbocharger systems to
obtain maximum efficiency out of Miller cycle operation. All actuator
settings are summarized in Table 4.

Figure 5 shows cycle average results for 10 key engine
performance metrics at the A75 operating condition for the

| B 167CR [ 16.7CR Opt

B 19CR [ 19CR Opt|

—264 —164 —164
IVC Timing [°aTDC]

FIGURE 5

—264 —164 —164
IVC Timing [°aTDC]

Cycle average results of 10 key engine performance metrics for the 16.7CR and 19CR wave pistons at the A75 operating condition, with an additional
16.7CR data point reported operating at the equivalent Pey; max as the 19CR wave piston. (A) Indicated specific NOy emissions (ISNOy), (B) relative change
in ISFC compared to the baseline 16.7CR piston (AISFC), (C) peak cylinder pressure (Peyi,max). (D) timing of CAS50, (E) pumping mean effective pressure
(PMEP), (F) filter smoke number (FSN), (G) relative change in BSFC compared to the baseline piston (ABSFC), (H) air-to-fuel equivalence ratio (\), (1)

timing of CA90 and (J) exhaust temperature (Texn).
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16.7CR and 19CR pistons under the sweep of intake valve timings,
with nominal and optimized actuator settings. The 16.7CR piston
operating with LIVC60 under the nominal calibration yields the ideal
combination for minimizing NOx emissions, as shown in Figure 5A.
This benefit is achieved at the expense of the increased PM emissions
shown in Figure 5F, but Figure 5G shows BSFC remains unchanged.
The optimized 16.7CR piston cases were significantly diluted, as
shown in Figure 5H, before reaching the prescribed NOx emission
threshold of 4.3 %
advancement of combustion phasing (Figure 5D) and duration

This charge dilution allowed for the significant

(Figure 5I). However, the friction (as indicated by peak cylinder
pressures in Figure 5C) and pumping losses (Figure 5E) incurred,
particularly with LIVC60, ultimately stifle brake efficiency gains.
Comparing ISFC, Figure 5B, against BSFC shows how substantial
these losses can be, erasing up to a 1% fuel economy improvement.
Minimizing BSFC required operating with the 19CR piston.
Operating at the prescribed NOx emission threshold resulted in all
tested IVC timings reducing BSFC by 2% over the baseline case with
their respective optimized calibrations.

Miller cycle lends itself to minimizing peak cylinder pressures that
would otherwise be detrimental to efficiency increases as higher

48.0
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& 234
<
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FIGURE 6
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compression ratios are utilized. Furthermore, Miller cycle timings
can preserve NOx emissions at baseline levels with lower EGR
levels, simplifying the maintenance intervals associated with EGR
systems. Finally, utilizing Miller cycle timings prevent exhaust
temperatures from decreasing below baseline levels, as shown in
Figure 5]. This is crucial for ensuring the optimal performance of
exhaust aftertreatment systems. These key observations motivated the
decision to utilize Miller cycle timings in Volvo’s demonstrator engine,
the development of which is described in the following section.

3.4 Volvo high efficiency engine
demonstration

The Volvo SuperTruck 2 program developed two heavy duty diesel
engine specifications, referred to as the freight efficiency optimized
(ST2-FE) and the BTE optimized (ST2-BTE) engines. The ST2-FE
engine was developed towards integration into a lightweight,
aerodynamic vehicle, requiring prioritization of compact dimensions,
lightweight, and drivability in addition to fuel consumption; the Volvo
D11 engine was selected as the basis for this specification. The ST2-BTE

260
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Example simulation result for ST2-FE 11L EGR Pump engine, showing effect of Miller cam specification and compression ratio on engine
performance. For each point, engine calibration and scaling of turbomachinery are also optimized.
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1-D simulation DOE optimization result example for ST2-BTE engine evaluating three compression ratio specifications as a function of camshaft
profile, sizing of turbo compressor, high-pressure turbine, and low pressure turbine.

engine specification was developed as a test-cell only demonstrator,
enabling hardware selection prioritizing BTE without specific
requirements for vehicle integration or drivability; the Volvo D13TC
with its integrated turbocompound system was selected as the basis for
this engine.

3.4.1 Hardware downselection by simulation

The overexpansion concept demonstrated by the University
of Michigan, combining a high geometric compression ratio
with Miller inlet valve timing and an efficient turbo system, was
identified as a foundational concept for both ST2 engine
specifications. Simulations were used to reduce the scope of
physical testing. These 1-D engine and powertrain simulations
used GT-Power (Gamma Technologies) to model components
and configurations. An EGR Pump component was added to
both the 11L ST2-FE and 13L ST2-BTE models. 1-D DOE
evaluations varied engine calibration against hardware
variations of Miller IVC timing, piston compression ratio,
turbine and compressor sizing. An example evaluation of the
ST2-FE engine is shown in Figure 6, the ST2-BTE engine is

shown in Figure 7.

3.4.2 Combustion system development
testing — Freight efficiency engine

Starting with a Volvo 11L engine platform, a test campaign was
executed to define the ST2-FE combustion system specifications,
summarized in Figure 8.
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3.4.2.1 In-cylinder

Several variations of Volvo’s wave piston concept, which
utilizes dividing features to enhance the interactions between
sprays, were evaluated in CFD with compression ratios within the
suggested range from earlier 1-D simulations and single
cylinder testing.

The prototype pistons were tested on a mule engine in a
methods
characterize the performance of each bowl using a reference

campaign utilizing Design of Experiments to
injector specification. Alternative fuel injector nozzles were tested,
varying flow rate and spray angle.

The test campaign led to the selection of a high compression
ratio bowl design with a moderate injector nozzle specification. In
this test, the fuel consumption benefits 20:1 compression ratio
were moderate relative to designs with lower compression ratio,
however simulation indicated that 20:1 was the favorable path for
integration with the intended combination of EGR Pump, high
performance turbo, and Miller camshaft - some of the frictional
and cylinder pressure challenges introduced by the high CR would
be relieved and the system would enjoy the benefits of high

expansion ratio.

3.4.2.2 Turbomachinery

The 11L basis engine was updated with a EGR Pump, a 48V
powered positive displacement pump produced by Eaton. The
variable geometry turbocharger (VGT) was replaced with a high
efficiency fixed geometry turbocharger (FGT) with a pulse-utilizing
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FIGURE 8

Summary of test campaign for selection of 11L ST2-FE in-cylinder combustion hardware.

double-inlet design, with initial housings sized based on 1-D
simulation. Figure 9 highlights the primary updates to the
system. Photos of the configuration are shown in Figure 10.

The efficient turbocharger coupled with EGR Pump enabled
the engine to maintain the BSNOx level of the reference 11L while
operating at an elevated air-fuel-ratio (AFR), improving gross
indicated thermal efficiency by shorter combustion durations
and reduced in-cylinder heat losses. The faster heat release rate
did increase engine-out NOx emissions, requiring increased EGR
flow to maintain NOx parity with VGT reference. Despite
elevated EGR requirement, FGT with EGR Pump improved
engine open-cycle efficiency (OCE). The result of these
improvements to pumping and combustion performance was
an increase of ~1.2% BTE points.

The previously selected piston and injector package was
applied, and turbine trim adjustments were evaluated to balance

<

EGR Valve

D93
ftic

EGR Pump)ﬁ:ﬁ

EGR Cooler
FIGURE 9

High efficiency turbocharger and 48V EGR Pump applied to
exhaust circuit of ST2-FE engine.
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the increase in peak cylinder pressure. The increased
compression ratio and bowl wupdates improved gross
Indicated Thermal Efficiency (gITE) and resulted in a
significant improvement of 0.76% BTE at the max efficiency
engine operating point. However, a larger turbine trim and
some wastegate flow at high load was necessary to control
peak cylinder pressure within engine design limits. This
compromise to turbo system efficiency coupled with higher
FMEP losses moderated the efficiency increase to +0.3%
BTE points at full load. This compromise was anticipated
in this step, as the high compression ratio was intended
to be paired with a Miller camshaft to fulfill the
overexpansion strategy.

3.4.2.3 Camshaft

Three Miller camshafts, designed based on University of
Michigan testing and 1-D simulation, were produced as described
by Figure 11.

The EIVC camshaft worked well on the ST2-FE engine, enabling
a smaller turbine trim to be restored and reduced wastegate
requirement at high load. Open cycle efficiency improved and
charge temperature at start-of-combustion was reduced by
moving compression work from the piston to the turbocharger
and charge-air-cooler, thus requiring a lower EGR fraction to meet a
target BSNOx value. The EIVC cam package delivered 0.34% BTE.
The LIVC camshaft allowed further VE control without reducing
valvelift or violating valvetrain kinematic requirements, and
produced an additional 0.28% BTE.

An additional development
throughout the engine operating range through reduction of

step improved efficiency
parasitic losses, improved charge cooling, and reduced exhaust
backpressure; these improvements were not as impactful at the
max efficiency operating point, where the delta was a

minor 0.20% BTE.
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FE engine test cell installation, highlighting Eaton 48V EGR Pump mounted on cold side of engine, high efficiency turbocharger on hot side

of engine.

The ST2-FE hardware selection process is represented in
Figure 12. The progress in efficiency culminating in a 2.79% BTE
improvement is plotted in Figure 13.

The ST2-FE development led to a measured 2.79% BTE
improvement at the max efficiency operating point. The ST2-FE
engine package then underwent characterization and calibration
activities to comply with legislated emissions levels, namely, a limit
of 0.20 g/bhph BSNOx on the composite FTP cycle and 1065 RMC
cycle, while maximizing in-vehicle fuel efficiency and drivability.
The lessons learned from this application of an overexpansion
concept would then be applied to the 13L turbocompound ST2-

High VE

‘HVE LIVC x2

IN Valve Lift (mm)

degCAATDC | |

EIVC closed during end
of intake stroke

LIVC open during start of
compression stroke

FIGURE 11
Reference and Miller camshaft profiles tested on ST2-FE engine.
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BTE engine with hardware targeting max efficiency for

narrowband operation.

3.4.3 Combustion system development
testing — BTE engine

Starting with a Volvo 13L turbocompound engine platform, a
test campaign was executed to define the ST2-BTE combustion
system specifications.

3.4.3.1 In-cylinder

Volvo’s wave piston concept was further developed to maintain
good mixing characteristics while being constrained to smaller bowl
volume to meet the high compression ratios proposed by 1-D
simulation. CFD was used to iterate bowl shapes, and a
prototype piston was evaluated on a Volvo single cylinder engine
which confirmed heat release characteristics had not been
compromised by the small bowl volumes.

3.4.3.2 Combustion system

Volvo built a 13L turbocompound engine utilizing the latest
production intent technology and applied the 48V EGR Pump
to begin BTE development testing. Figure 14 shows the
installation.

Application of the EGR Pump and an elevated cylinder
pressure limit produced a ~0.5% BTE increase. Based on 1-D
simulation, several high pressure (HP) and low pressure
(LP) nozzles were produced to vary the flow characteristics.
Example nozzles are shown in Figure 15. Enabled by the EGR
Pump, a LP turbine nozzle with higher flow capacity resulted in
a greater expansion ratio across the HP turbine, improving
open cycle efficiency and yielding an incremental BTE
step of 0.1%.

The 23:1 piston and injector package selected through
simulation and single cylinder testing was applied in conjunction
with a reciprocating assembly developed to withstand high peak
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Test items and resultant FE engine specifications from engine development campaigns.
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48V coolant pump
Charge cooler

Development path leading to 2.79% BTE increase on 11L ST2-FE engine. Accounting for 48V power consumption adjusts the delta to 2.59% BTE.

cylinder pressures in exchange for a small FMEP penalty. The prior
simulation and testing suggested that the significant increase in
geometric compression ratio (more than 4 points) would benefit
from Miller cycle volumetric efficiency reduction to moderate peak
cylinder pressures and associated friction penalties. An EIVC
camshaft was installed with no turbomachinery adjustments, and
BTE performance loss of more than 0.5% was observed. As planned
during simulation phase, turbine nozzles were trimmed to
accommodate the reduced exhaust mass flow, recovering lambda
and open-cycle efficiency. However, BTE net improvement of the
overexpansion package was only 0.14%. Gross indicated thermal
efficiency was lower than anticipated, suggesting that the valve lift
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profile may be causing an unexpected in-cylinder charge
motion change.

The test campaign maintained the overexpansion concept
but moved from the EIVC to a LIVC Miller camshaft; an
observed restoration of gross indicated thermal efficiency led
to a large BTE step of 0.28%, confirming that the tested EIVC
profile was not suitable for this concept. A divided inlet
manifold was applied, developed to counter the charge
reversion through the inlet port caused by IVC during the
compression stroke; an improvement in cylinder-to-cylinder
IMEP variance was observed in conjunction with an additional
~0.1% BTE gain.
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N
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N

FIGURE 14
BTE Optimized 13L installation with exhaust aftertreatment at Volvo lab

FIGURE 15
Flow-adjusting nozzles for low pressure turbine (A), high
pressure turbine (B).

Reduction of parasitic losses produced a large step of 0.60%
BTE by application of a 48V electric coolant pump and
adjustments to the oil system. A final series of tests resulted in
0.71% BTE increase through adjustments to fuel rail pressure,
injection strategy, improvements to exhaust backpressure and
charge cooling. Permitting 290 bar Pcyma Was useful for
extending full load torque, but did not improve max BTE. The
hardware selection process is represented in Figure 16. The
progress in efficiency culminating in a 2.42% BTE improvement
is plotted in Figure 17.
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The over-expansion concept development was a key factor in the
ST2-BTE engine architecture, accounting for nearly half of the
thermal efficiency improvements.

4 Summary and conclusion
4.1 Summary and outcomes

This paper describes the research and development process
used to pursue a high thermal efficiency heavy-duty engine
under Supertruck 2. The team focused on over-expanded
engine cycles and advanced piston designs. This paper
describes how single-cylinder engine studies using thermal
barrier coated pistons, high compression pistons, and over-
expanded cycles to inform the development process of a
multi-cylinder demonstration engine that achieved 49.9%
peak thermal efficiency. The technology suites explored in
this work focus substantially on improving the closed cycle
efficiency through a combination of Miller cycle and increased
which be
complementary, via limiting peak cylinder pressures that

compression  ratio, were determined to
would normally accompany increased compression ratio.
Improving the open cycle efficiency and reducing parasitic
losses via electrification of accessories also contributed to the
efficiency gains. The systematic approach pursued in this work
shows the benefits of linking exploratory studies (innovation),
studies and and

component integration (development)

numerically driven design development (optimization).
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ST2-BTE development
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Development path leading to 2.42% BTE increase on 13L turbocompound ST2-BTE engine. Accounting for 48V power consumption adjusts the

delta to 2.33% BTE.

4.2 Conclusion

The single-cylinder engine studies showed that thermal
barrier coated pistons alone would not provide meaningful
efficiency improvements, but paired with over-expansion
provide a viable pathway towards increasing efficiency. It was
also shown that the benefits of increasing compression ratio
could be largely preserved without the associated drawbacks
Greater

when paired with over-expansion. turbocharger
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efficiency was shown to be key to achieving the increased
efficiency of this combination.

Building on the lessons learned with the single-cylinder
studies, the multi-cylinder demonstrator engine showed that
combining optimization of fuel rail pressure, fuel injection
strategy and valve timing control gave the best outcomes with
regard to thermal efficiency. Remarkably, application of the over-
expansion cycle accounted for more than half of the thermal
efficiency improvement observed.
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Nomenclature

Nrc

A
‘aTDC
BMEP
BSFC
BTE
CA50
CA90
CIvC
CR
EGR
EIVC
EXMEP
FMEP
FSN
gITE
HTMEP
IMEP
ISFC
ISNOx
IvC
LIVC
MEP
nIMEP
PMEP
Peytmax
SCRE

TBC

Yecr

Turbocharger efficiency

Air-to-fuel equivalence ratio

crank angle degrees after top dead center
Brake mean effective pressure

Brake specific fuel consumption

Brake thermal efficiency

Crank angle at which 50% of total fuel has been burned
Crank angle at which 90% of total fuel has been burned
Conventional intake valve closing
Compression ratio

Exhaust gas recirculation

Early intake valve closing

Exhaust mean effective pressure

Friction mean effective pressure

Filter smoke number

Gross indicated thermal efficiency

Heat transfer mean effective pressure
Indicated mean effective pressure
Indicated specific fuel consumption
Indicated specific NOx emissions

Intake valve closing

Late intake valve closing

Mean effective pressure

Net indicated mean effective pressure
Pumping mean effective pressure

Peak cylinder pressure

Single cylinder research engine

Thermal barrier coating

Exhaust gas recirculation fraction
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