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ARTICLE INFO ABSTRACT
Keywords: Hydrogen (H>) internal combustion engines may represent cost-effective and quick solution to the issue of the
Hydrogen combustion road transport decarbonization. A major factor limiting their competitiveness relative to fuel cells (FC) is the

Direct injection

lower efficiency. The present work aims to demonstrate the feasibility of a Hy engine with FC-like 60%+ brake
Compression ignition

¢ thermal efficiency (BTE) levels using a double compression-expansion engine (DCEE) concept combined with a
Hydrogen engine . . L | | . . ) .
High efficiency high pressure direct injection (HPDI) nonpremixed Hy combustion. Experimentally validated 3D CFD simulations
CFD are combined with 1D GT-Power simulations to make the predictions. Several modifications to the system design
and operating conditions are systematically implemented and their effects are investigated. Addition of a cata-
lytic burner in the combustor exhaust, insulation of the expander, dehumidification of the EGR, and removal of
the intercooling yielded 1.5, 1.3, 0.8, and 0.5%-point BTE improvements, respectively. Raising the peak pressure
to 300 bar via a larger compressor further improved the BTE by 1.8%-points but should be accompanied with a
higher injector-cylinder differential pressure. The A of ~1.4 gave the optimum tradeoff between the mechanical
and combustion efficiencies. A peak BTE of 60.3% is reported with H2DCEE, which is ~5%-points higher than
the best diesel-fueled DCEE alternative.

and currently high cost of manufacturing [4] and ownership [5]. On the
other hand, Hy ICEs may produce significant NOx emissions, which
require strict limitations on the combustion system design, and poten-
tially the use of complex aftertreatment systems.

Hj ICEs operating on the port fuel injected (PFI) spark-ignition (SI)
principle, being at a higher technology readiness level, are relatively
well studied [6-13]. However, they are limited in power density and
maximum load due to the displacement of air by the Hj gas in the engine
intake, and in efficiency owing to Hy fuel’s proclivity to preignition and
knocking [14-16]. Direct-injection (DI) Hy fueling systems [16-19] can
improve the power density but cannot address the efficiency issue. The

1. Introduction

Hydrogen (Hy) fuel is once again viewed as a promising energy
carrier that could enable a rapid decarbonization of the transport sector.
As of 2022, an unprecedented momentum in the field of Hy technologies
is observed on a global scale, driven by strong economic and political
forces. Approximately USD 500 billion in investments is expected by
2030, based on ~ 360 large-scale projects globally announced across the
value chain [1]. About 30%, or USD 150 billion is associated with
mature projects, which have already passed the final investment deci- high knocking tendency is caused by Hy's low ignition energy (e.g.,
sion or are under construction, commissioning, or operation. 0.017 mJ for H, versus 0.29 mJ for CH, [7]), wide flammability range

For the transport applications, to convert the chemical energy bound (e.g., 0.10 < @ < 7.14 for Hp versus 0.50 < ¢ < 1.67 for CHs [20,211),
in the H; fuel into useful mechanical work, either a fuel cell (FC) system and high flame speeds (e.g., ~230 cm/s for Hy versus 42 cm/s for CH, at
or an internal combustion engine (ICE) system can be used. FC vehicles ambient conditions and ¢ = 0.6-0.7). This often necessitates the use of

currently have the advantage of a higher thermal efficiency and no very lean fuel-air mixtures, which limits the engine efficiency and load
tailpipe emissions, while facing issues with FC stack durability and even with DI fueling systems in the SI mode.

lifespan [2], high cooling and “engine-braking” power requirements [3],
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Nomenclature GE gas exchange
GIW gross indicated work
Definitions/Abbreviations HP high-pressure
%-point percentage point HPDI high pressure direct injection
AMR adaptive mesh refinement HTM heat transfer multiplier
aTDC after top dead center ICE internal combustion engine
BMEP  brake mean effective pressure IvC inlet valve closing
BTE brake thermal efficiency LP low-pressure
CA° crank angle degrees NIW neat indicated work
CAC charge air cooler PCP peak cylinder pressure (with combustion)
CFD computational fluid dynamics PMP peak motoring pressure (without combustion)
CI compression ignition SCR selective catalytic reduction
CR compression ratio SOI start of injection
DCEE double compression-expansion engine TDC top dead center
EGR exhaust gas recirculation Y specific heat ratio
EVC exhaust valve closing Neomb combustion efficiency
FC fuel cell A air-fuel equivalence ratio
thermal efficiency (BTE) comparable to that with FC powertrains
Combustor Injector Combustor operating at low-to-medium loads, up to ~60% BTE. In this study,
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Fig. 1. 1D GT-Power model layout for the double compression-expansion en-
gine (DCEE).

In our previous studies, we have shown that a compression-ignition
(CD) nonpremixed combustion of Hy can be used instead of the SI
approach in H ICEs to eliminate knocking and enable higher efficiencies
and power densities [22-24]. Other authors have also demonstrated
successful CI Hy engine operation experimentally [25-29] and numeri-
cally [30-32]. Building upon this knowledge, the present work will
demonstrate that Hy ICE based powertrains may also match and even
surpass FC based powertrains in efficiency. This will be achieved with
the help of a double compression-expansion engine (DCEE) concept that
would use, as its base platform, a slightly modified Volvo D13 heavy-
duty engine fueled with Hy. This combination (Hy + DCEE) has
already been introduced in [33], and its most important benefits over
the conventional diesel combustion were highlighted to be the
following: (1) net molar expansion due to the Hy injection at TDC, which
contributes additional 2-4% of fuel energy to useful work, (2) the lack of
soot-NOx tradeoff allows for extreme NOx minimization strategies, as
well as reduced jet momentum to minimize wall heat transfer losses, (3)
possibility of using selective catalytic reduction (SCR) systems with Hy
as a reducing agent instead of ammonia to greatly simplify the system.
The present work will focus on improving the H2DCEE system efficiency
at a high-load operating point (~45 bar BMEP), achieving a brake

several modifications are systematically implemented, and the effects of
each are carefully studied.

The operating principle of the DCEE system that would enable FC
levels of thermal efficiency is described in the following. The concept
consists of three dedicated cylinders: compressor, combustor, and
expander units. The compressor charges the low-pressure (LP) accu-
mulator tank, which then feeds the combustor unit. The combustor is a
regular heavy-duty Volvo D13 engine with only few modifications
which are described in Section 2. The exhaust gases from the combustor
unit are passed into the high-pressure (HP) accumulator tank, which
then feeds the expander unit. The operating principle is overall similar
to a regular turbocharged diesel engine. The difference is that the
compressor and expander are piston machines, which has a few
important advantages. These include the possibility of large pressure
ratios over the compressor, hence high boosting levels for the combustor
unit at lower compression ratios (CR), which allows for more flexibility
in optimizing the system for higher efficiency and lower emissions.
Piston compressors also allow for high levels of humidity, which enables
the use of a long-route exhaust gas recirculation (EGR) system with Hy
combustion for further improved efficiency. For the expansion, the two-
stage process (first in the combustor, then in the expander) also allows
for better optimization, easier and more effective heat insulation, and
overexpansion for improved thermodynamic efficiency. The highly
effective insulation of the second-stage expansion is possible owing to
the expander unit’s special design, while the combustor unit can also be
minimized in size to limit heat losses. The sustained high temperatures
in the HP tank also allows for more effective and cheaper aftertreatment
systems, while the expander unit can even be used for ammonia in-
jections. Multiple experimental and computational studies [33-38] have
demonstrated that the DCEE fueled with diesel can achieve about 55%
BTE.

The present article aims to computationally implement several sys-
tem modifications primarily targeted at maximizing engine efficiency
within certain operational and emission limits. This has not been
attempted before, as the previous H2DCEE study [33] only focused on
preliminary screening of the system performance. The current paper
starts by providing a detailed description of the H2DCEE system setup
and operating conditions (Section 2) and a description of the 1D CFD
system model and 3D CFD combustion cylinder model (Sections 3 and 4,
respectively). Then, the sector modeling approach is validated against
the full-geometry full-cycle simulations (Section 5). Subsequently, the
details of the different parametric cases of the study are given in Section
6. The results of the parametric studies are presented and discussed in
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Section 7, starting from the effects of each modification on the system at
lower pressures (Sections 7.1-7.6). Subsequently, the effects of raising
the peak system pressures on the combustion system are studied in detail
in Section 7.7, while the effects on the entire DCEE system are studied in
Sections 7.8. Finally, the H2DCEE is compared to its diesel equivalent in
Appendix B, and all the notable conclusions of this work are summarized
in Section 8.

2. DCEE system setup and operating conditions

As shown in the system layout diagram in Fig. 1, the DCEE consists of
three dedicated cylinders: compressor, combustor, and expander units,
all connected to a single crank mechanism, and their phasing is offset by
180°. Figure C. 1 in the Appendix also provides the layout as it appears
in the GT-Power software GUIL. The compressor and expander are two-
stroke machines, while the combustor is assumed to be identical to the
regular four-stroke Volvo D13 heavy-duty engine. The compression ratio
(CR) of the combustor unit in the DCEE concept is 11.7:1, as opposed to
17:1 in the standard D13 engine. This is because more work production
is allocated to the low-pressure part of the cycle, i.e., expander. For
combustion cylinder specifications, see Table Al in the Appendix.
Ignition is achieved via higher intake temperatures (at least 420 K at
BDC) with less or no intercooling, and neat hydrogen pilot injections,
which help achieve ignition at lower temperatures (for details, see [23]).

A high-pressure direct-injection (HPDI) gas injector is computa-
tionally incorporated into the system. The injector nozzle was modified
from the original natural gas version to compensate for hydrogen’s
lower density, as well as to optimize the combustion system for jet
mixing dominated nonpremixed Hy combustion. The number of nozzle
orifices was increased up to 12, the umbrella angle was set at 154°, and
the orifice diameter was set at 1 mm. The H fuel injection rate profile
was assumed to be the same in all cases for better comparison, and the
profile was taken from the Generation 4 DICI Hy combustion case in
Babayev et al. [24]. The injection rate corresponds to approximately 70
bar differential pressure between the injector and the cylinder. All these
modifications helped improve the nonpremixed Hy combustion process,
achieving higher heat release rates and lower wall heat transfer. For
details on the optimization approach, refer to [24]. The injection rate is
shown in Fig. 7, where the pilot SOI is at —10 CA° aTDC at lower cyl-
inder pressures and —2 CA° aTDC at higher pressures. The main injec-
tion SOI is always at TDC, and the injection duration is 9.2 CA°.

The geometrical CR of the compressor and expander units is 158:1.
The high-CR pistons can be coupled with a cam-less variable valve
actuation system [39] to ensure precise and safe operation. Note that,
the intake valve closing (IVC) timing of the compressor and exhaust
valve closing (EVC) timing of the expander are set late in the cycle,
during the compression stroke. This limits the effective CR (pressure-
based) of the units at approximately 15:1 and prevents excessively high
peak pressures, while simultaneously minimizing the compression and
unconstrained expansion losses by allowing for the high geometrical CR.
The bore size of the compressor and expander units is adjusted for each
generation of the DCEE system, and the details are given in Table Al.
The stroke for the compressor and expander is the same as for the
combustor at 158 mm.

A charge air cooler (CAC) and a low-pressure (LP) accumulator tank
are installed between the compressor exhaust and combustor inlet ports.
A high-pressure (HP) accumulator tank and an oxidation catalyst are
installed between the combustor exhaust and expander intake ports. The
oxidation catalyst would eliminate the potential Hy slip from the
combustor, and thus providing additional enthalpy to be converted to
work by the expander unit. The catalyst could also be directly incor-
porated into the HP tank, but for the current simulations, it is assumed to
be just upstream due to the model limitations. The combustor exhaust
temperatures are also higher than in conventional heavy-duty engines,
consistently reaching around 900 °C, thus allowing the use of cheaper
catalytic converters with high effectiveness [33,40].

Energy Conversion and Management 264 (2022) 115698

The LP and HP tanks have a volume of 32.4 L each, which is large
enough to dampen large pressure fluctuations in the system. Section 3
will provide the details of the 1D model used to simulate the DCEE
system.

3. DCEE system 1D model description

The entire DCEE system in this work is modeled in 1D using the GT-
Power engine simulation software [41]. The layout of the model is
presented in Fig. 1. Each cylinder is represented by an engine cylinder
object. However, the combustor unit is modeled differently compared to
the compressor and expander. It includes a combustion object, which
imposes precalculated heat release rate and fraction of fuel burned
(combustion efficiency). These are taken from the 3D CFD simulations of
Hs combustion, which are described in more detail in Section 4. The heat
transfer and friction loss modeling are described in Sections 3.1 and 3.2,
respectively. The results of the 1D GT simulations of the combustion
cylinder were calibrated against the 3D CFD data, as described in Section
3.3.

3.1. Heat transfer modeling

3.1.1. Heat transfer correlations

Heat transfer in all connecting pipes and ports is modeled using the
Colburn correlation [42,43], which is known to be accurate for a fully
developed turbulent flow in a conduit. Convective heat transfer in the
cylinders is modeled using the Woschni correlation [41,44], which is the
most commonly used model for 0D/1D simulations. In accordance with
[44], the radiation heat transfer is assumed to be proportional to the
burning rate, hence is lumped into the convection equation.

3.1.2. Heat transfer multipliers

A heat transfer multiplier (HTM), which appears as a factor in the
convective heat transfer coefficient equation, is commonly used to fit the
1D simulation results to more reliable 3D CFD and experimental data. In
this work, the HTM for the combustion cylinder is chosen based on the
results of diesel engine experimental data and high-fidelity 3D CFD
simulations of hydrogen combustion. The fitted HTMs vary for different
cases and are given in Table A2. The HTM for the combustor intake ports
is set at 1.5, while the exhaust ports are assumed to be insulated with
ceramic inserts (HTM = 0.1). For the compressor and expander units, the
cylinder HTM is assumed to equal 1.0 in the uninsulated cases, and 0.1
in the insulated ones. For the connecting pipes, the HTM is set at zero,
assuming their effective insulation.

3.1.3. Wall temperatures

The wall temperature for the combustion cylinder is set at 527, 467,
and 337 °C for piston, head, and liner, respectively. These values were
deduced from the diesel engine experimental data and are the same in
the 3D CFD simulations. The assumption of unchanged wall tempera-
tures between the diesel and different versions of CI Hy concept is
justified by the fact that the wall temperatures can be controlled by
adjusting the coolant flow as to keep them at the highest structurally
permissible values. For example, if wall heat flux is lower with a certain
concept, the coolant flow would also be reduced to stabilize the tem-
peratures at a higher point. This is done to limit heat transfer and
improve engine efficiency. The piston temperature for the compressor
unit is set at 87 °C — the same as for the oil, while the liner and head
temperatures are set at the cooling water temperature of 82 °C. For the
expander unit, owing to its higher operating temperatures compared to
the compressor unit, the wall temperatures are calculated using a finite-
element solver available in the GT-Power software [41], which takes
into account the materials and shape of the cylinder-piston-head as-
sembly, as well as the adjacent valves and ports.
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Fig. 2. Combustor unit in-cylinder pressure (left) and accumulated heat transfer (right) to all cylinder walls (including valves) for the 1D GT-Power and 3D Converge

CFD models of Case 1.

3.2. Friction loss estimation

Friction mean effective pressure (FMEP) — a nondimensionalized
estimate of the friction losses — is modeled in this work using a simple
correlation taken from [36] and given in Eqn. (1).

FMEP = C;,*PCP (@)

where PCP is the peak cylinder pressure and Cy, is the correlation co-
efficient equal to 0.006. The choice of this modelling approach is justi-
fied in [33,36], and its appropriateness is validated by comparing the
results of the FMEP estimations with the experimentally measured data
available in the literature [45-50] for medium- and heavy-duty CI en-
gines operating at high load, high-pressure (=200 bar), and low speed
(1200 RPM) conditions. Engine speed was not included in the correla-
tion because it was kept equal in all simulated cases.

3.3. Combustion cylinder 1D model calibration

The 1D GT model of the combustion cylinder of the DCEE was cali-
brated against the experimentally validated high-fidelity 3D CFD
simulation results. Both closed-cycle sector geometry and open-cycle full
geometry 3D simulations were used. The sector geometry validation is
presented in Section 5. The 1D GT model calibration is carried out by
adjusting the displacement of the compressor and expander units, the
CAC cooling load, the IVC timing of the expander, and the combustor
unit wall HTM in the different parts of the cycle individually (see
Table A2). The following metrics were used to achieve the fit:

. Heat release rate and in-cylinder pressure

. In-cylinder temperature

. In-cylinder trapped mass

. Global equivalence ratio

. Wall heat transfer in the closed and open parts of the cycle

g b whN =

For more details on the model calibration, refer to [33], where a
similar calibration work was performed by the authors. Section 4 will
now zoom in on the combustor unit of the DCEE, which was modeled
using 3D CFD simulations with the boundary conditions from the 1D

model.
4. Combustion cylinder 3D model description

The combustion cylinder of the DCEE in this work is modeled uti-
lizing high-fidelity 3D CFD simulations carried out using the CONVERGE
CFD solver [51], version 3.0.13. The numerical setup is largely based on
our previous works [22-24,33], which demonstrated its computational
efficiency, grid independence, and validity with respect to experimental
results from constant-volume chamber and all-metal engine tests.

Simulations of both cylinder sector and full cylinder geometry with
valves and ports were carried out. The full-geometry simulations were
used to assess the applicability of the sector assumptions (see Section 5),
while the sector simulations, owing to their computational efficiency,
were used to predict the effects of the proposed system modifications. To
model the high-pressure direct Hy injections, the nozzle inner volume of
an HPDI natural gas injector [52] is included in the computational
domain. The injection process was validated in [22].

A structured cut-cell Cartesian mesh with a base cell size of 2 x 2 x 2
mm and adaptive mesh refinement (AMR) of scale 3 (down to 0.25 mm)
is applied to the cylinder region. The refinement criteria are velocity,
temperature, and Hy species mass fraction to capture the effects of hy-
drogen’s high diffusivity. Additional AMR of scale 4 is applied to cyl-
inder walls to accurately model heat transfer. The intake and exhaust
port regions have a base cell size of 4 mm with the AMR of scale 3 (down
to 0.5 mm). Additional mesh embeddings of 0.25 mm are applied to the
intake and exhaust valve angles — the parts of the valves that are in
contact with the valve seats. Also, mesh embeddings of 0.25 mm are
applied immediately downstream of the nozzle orifices to ensure that
the initial phase of the jet development is captured. The total number of
cells in the domain reaches around 1 million in the sector and 10 million
in the full geometry simulations.

For turbulence modeling, an RNG k-e model is used with standard
coefficients. The Redlich-Kwong-Soave (RKS) equation of state is
adopted with species-specific critical conditions and acentric factors.
The species diffusion calculations include the mixture-average binary
diffusion assumption. The Hy combustion is modeled using the SAGE
detailed chemistry solver with a detailed kinetic mechanism of Hj
oxidation at high temperatures and pressures (Burke et al. [53]). A
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Fig. 3. Injection rate, in-cylinder pressure, and rate of heat release (left), and in-cylinder mean and maximum temperature (right) for the sector- and full-geometry

3D Converge CFD simulations of Case 1.

variable time-step algorithm is utilized for time integration with the CFL
limits of 0.3, 2.0, and 50.0 for convection, diffusion, and Mach phe-
nomena, respectively.

Section 5 will now discuss the sector geometry modeling in com-
parison to the full geometry modeling and justify the use of the former
for the purposes of this study.

5. Validation of the sector- against full-geometry modeling

The first step in the research approach is to answer the question of
the applicability of the sector modeling approach, especially with
regards to the effects of the real gas exchange process as opposed to the
homogeneous quiescent charge assumption with the sector. In this sec-
tion, a full engine geometry simulation with gas exchange and com-
bustion is analyzed and compared to the sector simulation.

Figure 2 (left) shows that the exhaust stroke is captured very well by
the GT-Power model. Considering this, the deviations during the intake
stroke between the 3D CFD and 1D GT models are likely due to the
acoustic effects (pressure waves) captured by the latter in the presence
of the compressor and the LP tank, while the former assumes a constant
pressure on the intake. The lack of acoustic effects in the 3D CFD case
was compensated by adjusting the inflow boundary pressure to match
the in-cylinder pressure in the GT case at IVC.

5.1. Wall heat transfer during gas exchange

Another important factor that the full geometry simulation can shed
light to is the heat transfer to the cylinder walls during gas exchange.
Fig. 2 (right) shows that in the closed-cycle part, the heat transfer in 1D
GT model matches exactly with the 3D CFD sector simulation, which is
expected considering that the 1D model has already been calibrated.
However, the full-geometry simulation shows a higher wall heat transfer
rate during the gas exchange, both in the intake and exhaust strokes.
Most of the difference is caused by the heat transfer to the valves, which
is not captured well by the 1D model. Attempting to match the valve
heat transfer would require a very large adjustments to the HTMs, which
are normally not recommended.

On the other hand, despite the discrepancies described above, the

final accumulated loss of heat to the walls over the entire cycle in 1D
model matches well with the 3D model. This is firstly because the valve
heat transfer still represents a small proportion of the total wall heat
transfer, which instead is dominated by the piston, head, and liner
shortly after the TDC (as seen in Fig. 2, these are well matched). Sec-
ondly, the larger heat transfer to the walls during the exhaust stroke is
compensated by the larger heat transfer from the walls to the in-cylinder
gas during the intake. Thus, it is concluded that the HTMs chosen based
on the sector geometry provide a satisfactory match between the 3D
Converge CFD and 1D GT-Power simulation results.

5.2. Ignition and combustion

Figure 3 (left) compares the heat release and pressure traces of the
full-geometry open-cycle 3D CFD simulation and the corresponding
sector simulation. Some notable differences are clearly observed: the
heat release rate in the former is initially lower, but later, closer to the
CA50, becomes higher. This is explained in the following.

First, the ignition and combustion of some of the Hj jets in the full-
geometry case are delayed. This is caused by a slightly heterogeneous
distribution of temperature in the cylinder with the actual gas exchange
process modeled. This is illustrated in Fig. 4, where the intake-port side
of the cylinder clearly exhibits lower temperature 10 CA° before TDC,
which is explained by the colder intake air displacing the hotter re-
siduals from the intake side toward the exhaust side of the cylinder. As a
result, the pilot plumes on the intake side did not ignite on time, which
led to a delayed ignition and combustion of several main jets, as shown
in Fig. 4 (bottom).

Because the sector simulations do not cover the gas exchange pro-
cess, there are no regions with significantly colder intake gas, and thus
all pilot plumes ignite at the same time. Note that, in the full-geometry
simulation, due to the delayed ignition of some of the jets, premixed
combustion accounts for a larger proportion of heat release, thus briefly
leading to a higher peak in the RoHR trace. Another factor that led to a
generally lower heat release rate during the injection process in the full-
geometry case is the closer proximity of the piston to the injector nozzle,
and hence, less space for the jet development and more jet-piston in-
teractions compared to the sector case. The TDC position of the piston is
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Fig. 4. Cylinder temperature slices for the full-geometry 3D Converge CFD simulation of Case 1. Note the difference in the range of the two colorbars.

higher with the full engine geometry due to the more complex shape of
the cylinder head, and especially the valve seat recesses, which add
more dead volume to the cylinder, and hence must be compensated by
the piston position to attain the same compression ratio.

These results, first, suggest that the minimum target temperature
that was chosen based on the sector simulations might not be high
enough in an actual engine due to a certain level of heterogeneity of the
trapped charge. Approximately 50 K higher TDC temperature might be
required for reliable ignition. On the other hand, the more optimized
versions of the DCEE with removed CAC are not expected to exhibit
these issues because the peak cylinder temperatures before fuel injection
would be above 1250 K, far beyond the ignition point of Hy (Section 7.2
onward).

The above results also suggest that, when optimizing the piston
shape for the jet mixing dominated combustion, a greater care must be
given to the dead volumes, such as valve recesses, even at the CR as low
as 11.5:1. Considering that combustion in this concept is non-premixed

and the reacting jets are never in contact with the piston crevices, the
dead volumes may be compensated in the sector simulations by adopting
artificially deep crevices.

5.3. Post-combustion during exhaust stroke

Fig. 3 (right) shows that the gas temperature in the full-geometry
case during the exhaust stroke can locally be approximately 100 K
higher than the average, and reaches around 1150 K, which is generally
high-enough for Hj ignition. Thus, it is possible that the remaining Hy
that did not mix with O, during the expansion stroke may eventually mix
and burn during the exhaust stroke, likely in the exhaust ports, as long as
the global A is above 1. For cases with higher exhaust temperatures, i.e.,
non-intercooled and high-pressure cases, the post-combustion of Hj in
the exhaust ports is even more likely. This suggests that the catalytic
burner incorporated in the HP tank of the DCEE might not be necessary.
However, considering the limitations of the 1D model, the burner was
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Names of the different cases, their purpose, fixed and changed parameters, and the cases they are compared to. The red frame around a parameter in the third column
indicates that it was changed compared to the case indicated in the fourth column. All the parameters that are not highlighted are fixed.

Case name  Investigation of the Changed and fixed Compar Case name  Investigation of the Changed and fixed Compar
effects of ... parameters edto ... effects of ... parameters edto ...
Case 1 Case 11 Combustion efficiency Bomr  CR Case 8
The reference case versus engine load
& Bup HTMs T,
'exp in comb
Case 2 Implementation of a B CR - ) Case 1 Int, PMP
catalytic burner - . * IE'
Bep HIMs Ty Neoms Case 12 Higher combustor CR » [pcp Case 10
3 d load at fixed
Int, m PMP pressure an
* ! lambda (1.16) — Boosted
Case 3 Removal of the B CR i\ pCP Case 2 LP side Int, m
intercooling at fixed PMP — § * IE' -
Bexy HTMs Neomd Case 13 Higher combustor CR PCP Case 12
d load at
It PMP pressure an
? E higher lambda (1.36) — Bexp T
Case 4 Removal of the Beomer  CR A pCP Case 2 Boosted LP side Nty E
intercooling at fixed :
compressor size Bex,  HTMs Neomb Case 14 Higher comhb;uiltorl ” -m CR -)\ pCP Case 13
t er lambda
Int, m [PuP] pressure at hig !
o m [pwe] (1.67) — Boosted LP side Be  HTMs
Case 5 Insulation of the expander CR A PCP Case 3 Int, E
compr o
at fixed PMP
By HIMs Ty Neoms Case 15 Higher combustor A PCP Case 13
Intys PMP pressure — 1pcreased CR
bz E of the HP side BILE e
Case 6 Insulation of the expander B, CR -)\ pPCP Case 4 Int, m
at fixed compressor size o - ) ) * E -
Bep HIMs Ty Neoms Case 16 Reintroduction of the CR A PCP Case 13
intercooling at higher
Ini m, PMP
oo ! pressures at fixed PCPs Bep HTMs Neomy
Case 7 Condensation of water in CR Case 5 Intar El PMP
the EGR cooler at fixed
PMP Be,  HTMs Neomd Beompr = compressor bore
Bexp = expander bore
In PMP exp _ '
. ) e IE Intey, = expander intake valve event duration
Case 8 Condensation of water in Bemer  CR A PCP Case 6 CR = combustor compression ratio
the EGR cooler at fixed o HTMs = combustor wall heat transfer multipliers
compressor size Bess s Tleoes me = injected fuel mass
Inte, EI A = air-fuel equivalence ratio
o Ti, = combustor intake gas temperature
Case 9 Shifted LP/HP crossover Case 7 = :
point at fixed PMP [Boner| CR A | PcP PMP = peak motoring pressure
Bewy HIMS Ty Neoms PCP = peak cylinder pressure (after combustion)
TNeomb = combustion efficiency
[ ] ewe
Case 10 Shifted LP/HP crossover Bemyr  CR » [pcp Case 8
point at fixed compressor
size Bep HTMs | T, Neomd
(o]

kept ensuring complete combustion.

With all the important modeling details now discussed, the following
Section 6 will describe the research approach taken in this work with
details on the parametric cases simulated.

6. Parametric study cases

This section elaborates on the parametric studies performed in this
work. The goal is to achieve the maximum system brake thermal effi-
ciency, while taking into account the practical limitations of the DCEE
concept and its base engine (Volvo D13). These limitations include the
bore of the combustor unit, the stroke of the combustor, compressor and
expander units, the peak cylinder pressures, combustor intake and
exhaust temperatures, etc. [36] A total of 17 different cases are
compared; each one is designed to investigate the effects of different
modifications to the system. The case names, objectives, as well as the
fixed and varied parameters are summarized in Table 1. Some notable
modifications include: Case 2 — implementation of a catalytic burner in
the combustor exhaust to reduce/eliminate unburned fuel and provide
extra enthalpy for the expander unit; Case 3 and 4 — removal of the
intercooling after the compressor to reduce the heat losses and provide

more heat for H; ignition; Case 5 and 6 — insulation of the expander unit
to reduce heat losses; Case 7 and 8 — condensation and removal of water
from the EGR cooler to increase the specific heat ratio (y) and improve
the cycle thermodynamic efficiency; Case 9 and 10 - raising/lowering
the LP/HP crossover point to find an optimum allocation of work be-
tween the LP and HP sides of the system; Case 11 - finding a favorable
tradeoff between combustion efficiency and engine load in terms of
global equivalence ratio (A); Case 12, 13, and 14 — further boosting of the
combustor unit up to a PCP of 300 bar at different A to further improve
the cycle thermodynamic efficiency and find an optimum A; Case 15 —
increase in the CR of the combustor unit as the alternative strategy to the
previous for improved thermodynamics; Case 16 — reintroducing the
intercooling to find out whether the low-pressure heat loss tradeoffs still
persist at the PCP of 300 bar. Note that the LP/HP crossover point is the
pressure at which the exhaust gas from the combustor is passed into the
HP tank and the expander unit. Many parametric cases are studied in
pairs, with a fixed compressor size and a fixed peak motoring pressure
(PMP - before combustion). These are the two optimization alternatives,
where the former case is generally more applicable when the pressures
are not near 300 bar (dictated by the structural limitations), while the
latter becomes more relevant in the vicinity of the maximum pressure
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Fig. 5. Different components of the DCEE system energy flow for Cases 1-6. PMP stands for peak motoring pressure.

limits. For details on the engine specifications and operating conditions,
refer to Tables Al to A3 in the Appendix.

e In Appendix B3. DCEE fueled by hydrogen versus diesel, the best Hy
DCEE configuration is also compared to the diesel-fueled variant to
show the potential of the Hy fuel against the current state of the art.

With all parametric cases defined, Section 7 will now present and
discuss the results of the study.

7. Results and discussion

Many results in this section are presented in the form of energy flow
bar charts, such as those presented in Fig. 5. These show how much of
the fuel energy entering the combustor unit is converted into the gross
indicated work (GIW) on the piston, how much of it is then lost to the gas
exchange (GE) losses in the combustor unit, how much was needed to
compress the air for combustor boosting, and how much of the
compression and combustion energy is then recovered by the expander
unit. The net work produced by the low-pressure (LP) part of the system
is then defined according to Eqn. (2).

prork = NIWcompr + lecxpan + GEWcomb (2)

where LPy,ok is work produced in the low-pressure part of the system,
NIWcompr is compressor net indicated work (negative), NIWexpan is
expander net indicated work (positive), and GEW o is combustor gas
exchange work (negative). Note that the combustor pumping losses are
included in the definition of the LP work. This is because combustor
pumping is largely a function of the low-pressure part of the cycle.

Finally, after considering the HP and LP indicated piston work, the
chart presents the net indicated system work (NIW), from which the
friction (+parasitic) losses are subtracted to arrive at the system brake
thermal efficiency (BTE).

7.1. Addition of a burner (Case 2, 3D CFD)
The first step to improve system BTE is to recuperate some of the

incomplete combustion losses from the combustor unit by using a cat-
alytic burner in the HP tank. The results of this modifications are

presented in Fig. 5, first column. The total system BTE increased by
1.5%-points, which means that approximately half of the incomplete
combustion losses are recouped in the LP part of the system (see
“Combustion efficiency” in Table A3). In the presence of the burner, the
combustor lambda reduced from 1.20 to 1.15 due to the smaller oxygen
concentration in the residual and EGR gases. However, it proved to be
inconsequential for the final efficiency.

7.2. Removal of the intercooling (Cases 3 and 4)

The removal of the intercooling, depending on how it is done, may
improve the system BTE. When the combustor PMP is fixed at around
150 bar (Case 3 in Fig. 5), the removal of the intercooling has no effect
on the BTE. In this case, as the intake temperature is raised, the air mass
trapped in the combustion cylinder reduces, and to keep constant
lambda, the fueling must also be reduced. This leads to a lower
combustor GIW. On the other hand, less energy is lost in the LP part of
the cycle as the CAC loss and compressor negative work reduce. This
results in a higher LP work, which compensates for the lost HP work. As
a result, the system BTE stays unchanged.

Instead of maintaining constant PMP, if the compressor size is kept
unchanged compared to Case 1 and Case 2, the system sees a 0.5%-point
BTE increase in Case 4 (see Fig. 5, second column). In this case, the
combustor performance is still slightly compromised but the entire LP
part of the cycle produces significantly more work. Because the overall
mass flow rate through the entire system and amount of fuel injected is
now back at the Case 2 levels, but the CAC losses are now eliminated,
more energy is transferred to the expander unit and put to effective use.

It is evident that, to claim the efficiency benefits with Case 4 having
eliminated intercooling, the reduction in the intake gas density must be
compensated for by higher pressure levels (at the same geometrical CR
and displacements). The removal of the intercooling in Case 4 leads to a
10% increase in the PMP through a higher combustor inlet pressure but
causes no alteration in lambda. This is because the combustor-trapped
mass did not increase (compared to Case 2), as the increase in pres-
sure was not due to the higher mass flow rate but due to the increased
inlet temperature (consider the ideal gas law). This also caused a higher
combustor wall heat transfer but was overall compensated for by the
expander positive work.
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Fig. 6. Different components of the DCEE system energy flow for Cases 7-11. PMP stands for peak motoring pressure.

As such, we also see a tradeoff between the better thermodynamics of
the combustor unit compared to the expander (higher temperatures),
and larger wall heat losses at the higher temperatures.

7.3. Insulation of the expander (Cases 5 and 6)

Insulation of the expander with the convective heat transfer multi-
plier of 0.1 led to a 1.3% increase in the system BTE both for the case
with a fixed combustor PMP and fixed compressor size (see Fig. 5, third
column). The effects of this change are more unidimensional. A very
large reduction in the expander heat transfer loss is observed, in the
range of 3% of the total fuel energy. Some of the saved work is then lost
to the expander exhaust, but most of it is put to effective use. The im-
provements are attributed to the LP part of the system. The tradeoff
between the thermodynamics and the wall heat losses also shifted more
favorably toward the LP side as the expander is well insulated. Note that
the compressor unit could also be insulated; however, this was previ-
ously shown to yield insignificant efficiency improvements due to the
extremely low heat loss in the compressor compared to other compo-
nents of the system (for details, refer to [33]).

7.4. Water condensation in the EGR cooler (Cases 7 and 8)

A limitation of the previous models is that no condensation of water
was modeled in the EGR cooler, even though the temperature reduced
from 600 to 700 K down to almost ambient. In this subsection, the water
condensation in the EGR cooler is taken into account, and its effects are
discussed. In Case 7, out of approximately 13.7% water content by mass
in the expander exhaust, over 90% is condensed out and removed in the
EGR loop. As a result, more air, with a higher specific heat ratio (y), is
drawn in and compressed by the compressor unit.

In Case 7, to maintain a PMP of 150 bar, the compressor size had to
be reduced even compared to Case 5 in order to account for the higher y.
The total mass flow rate though the system (hence, combustor trapped
mass) reduced. However, because the water in the intake is substituted
with air, A is not affected, and the fueling remained the same (as in Case
5). As shown in Fig. 6, the resultant system BTE in Case 7 did not change
significantly compared to Case 5 with the PMP fixed at 150 bar.
Comparatively more work is produced in the HP part (combustor)

because the difference in y is compensated by the smaller LP part of the
system, which also produced less work as a result.

On the other hand, if the compressor size is kept the same as in Case 5
(or 3,2, and 1), the system BTE sees a 0.8%-point increase in Case 8. This
is achieved largely via a higher combustor work (HP part of the system).
The combustor GIW increased due to the higher pressure and tempera-
ture levels caused by a higher vy, as well as due to a higher fueling.
However, the heat transfer losses in the combustor also increased, even
though the resultant GIW is still higher than before.

It may also be argued that, previously, the total DCEE efficiency and
the proportion of work produced in the HP part were underpredicted for
the chosen total engine displacement, because with the updated model
(that considers water condensation), the compressor size is significantly
smaller.

7.5. Shifted LP/HP crossover point (Cases 9 and 10)

To investigate the effect of the combustor exhaust / expander intake
crossover point, the expander inlet valve event duration is reduced, thus
increasing the resistance, and raising the pressure, and consequently, the
crossover point. This is done, again at either fixed PMP or fixed
compressor size, and the results are presented in Fig. 6 (second column).

At fixed PMP (Case 9), the raised crossover point does not affect the
BTE significantly. The system energy distribution stays largely un-
changed; only the combustor pumping work is transformed into work on
the expander piston. The HP tank temperature was not affected signif-
icantly either, because the risen pressure is compensated by the lower
load. Overall, it is seen that shorter expander intake event, and thus
higher crossover point, is not worthwhile pursuing when the PMPs are
limited.

On the other hand, when the compressor displacement is kept con-
stant, the HP tank and expander inlet pressures increased from 9.1 bar
(Case 8) to 11.5 bar (Case 10). As a result, the system BTE increased by
0.3% points. The improvement comes from the LP part of the cycle,
which sees a 0.5%-point increase in the useful work, while the
combustor performance stayed largely unchanged.

Important factor enabling the improvement is the combustor’s
relatively low heat transfer loss during the gas exchange, which does not
put a prohibitively high price on the higher crossover point. This is
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because the combustor’s exhaust ports are insulated with ceramic in-
serts. Additionally, as mentioned previously, the low heat losses in the
expander make the system efficiency to favor the higher crossover point.
However, the higher crossover point also causes elevated HP tank
temperatures, thus it might be more worthwhile from a practical
standpoint to shift the HP-LP work balance toward the former to limit
HP tank temperatures and make the design of the valve system simpler.
Note that the combustor work did not significantly decrease because
the combustor’s intake pressure was allowed to increase with the higher
expander crossover point, thus increasing the system effective
compression ratio, which ultimately enabled the higher efficiency.
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Fig. 9. Fuel energy distribution between the gross indicated work (GIW),
exhaust energy, heat transfer (HT) and incomplete combustion losses for the
combustion cylinder of the DCEE at a PCP of 300 bar and different air
excess ratios.

7.6. Combustion efficiency versus load (Case 11)

In Case 11, the global A was increased to ~ 1.4 by injecting less fuel.
This is expected to reduce the percentage of unburned fuel in the
combustor down to only 0.1%, considering the results of the CFD sim-
ulations presented in Section 7.7.2. This case is now compared to Case 8
to assess the importance of a higher combustion efficiency compared to
a higher engine load.

From Fig. 6, it is seen that the combustor GIW in Case 11 increased by
1.3%-points, while the LP work reduced by 0.8%-points. This, together
with a slightly higher percentage of friction loss caused by the lower
engine load, leads to only 0.3%-point improvement in the system BTE.
The higher efficiency can be explained by the better thermodynamics
associated with the heat addition at higher temperatures in the
combustor, as opposed to that at lower temperatures in the catalytic
burner (LP part).

Another important difference is the HP tank temperatures, which are
approximately 80°lower in Case 11 with the higher combustion effi-
ciency compared to Case 8. Thus, it is also better from the practical
standpoint to maximize combustion efficiency at the expense of the
engine load. Note that the engine brake power in Case 11 reduced by
10% compared to Case 8 (Pprake, Case 11 = 70.9 KW versus Pprake, Case 8 =
79.0 kW for the single-combustor configuration of the DCEE).

7.7. Effects of a higher operating pressure on the hydrogen combustion
cycle (boosted LP side)

To further improve the engine efficiency, the maximum combustion
cylinder pressures can be increased, reaching 300 bar. This is the Volvo
D13 engine’s reported pressure limit. The PCPs can be increased in two
ways, by modifying the LP side or the HP side. The operating pressures
of the HP side (the combustor unit) can only be increased by installing a
piston with a higher CR; other means, such as changing the displacement
of the unit, would necessitate costly modifications or a complete rede-
sign of the base engine. Alternatively, the PCPs can be increased via the
LP side by implementing a larger compressor and expander units. The
latter option is investigated using 3D and 1D CFD simulations and dis-
cussed in this subsection. The alternative scenario with the increased
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aTDC, to coincide with the pilot ignition timing in Case 1. This is done to
Table 2

Combustion cylinder intake air composition and EGR specific heat ratio for
Cases 1 and 12.

Case 1 Case 12
Yoo, int 0.1311 0.1229
Yn2, int 0.7580 0.8534
Y20, int 0.1109 0.0237
YEGR 1.3778 1.3961

combustor CR is explored in Appendix Bl. DCEE system at higher
pressure (increased CR of the HP side).

7.7.1. Hydrogen jet dynamics

Case 1 vs Case 14.

Fig. 7 shows that Case 14 with a boosted intake and maintained in-
jection rate has a lower heat release rate compared to the low-pressure
alternative, Case 1. This is explained by the slower jet penetration and
plume radial dispersion or growth in the former. These are deduced from
the jet tip penetration and piston contact timing shown in Fig. 7. The
lateral and axial contact definitions are further clarified in Fig. 8.

The slowed jet penetration and growth are caused by the higher in-
cylinder charge density at higher pressures in Case 14, which inflicts a
larger resistance on the jet. The charge density at TDC is 56.3 kg/m®
versus 40.4 kg/m? for Case 14 and Case 1, respectively. As also shown in
Fig. 8, the resultant reacting plume size is significantly smaller with Case
14, while its temperature is higher (more on that in the following).

Note that, combustion modeling in Case 14 is turned on at —2 CA°

Case 12

Case 13

make sure that an earlier ignition in the former, caused by the higher
temperatures, would not affect the comparison.

Case 1 vs Case 12.

The second high-pressure case that is simulated for comparison with
Case 1 is Case 12, which has a maintained global A of 1.16, thus larger
amount of injected fuel and higher injection rate. As seen in Fig. 7, the
pilot plume ignites in<1 CA° in Case 12, owing to the higher in-cylinder
charge temperatures (see combustor inlet T in Table A3). The heat
release rate is also expectedly higher due to the larger fuel amount. The
main jet penetration and growth in Case 12 are very similar to those for
Case 1. This suggests that the higher injection rate, and hence inflow jet
momentum, in Case 12 compensates for the larger resistance by the
denser in-cylinder charge, yielding similar jet development to Case 1.
However, the injection pressure is now approximately 320 bar, which
means that the differential pressure between the injector and the cyl-
inder at TDC increased to about 100 bar, as opposed to 70 bar in Case 1.

7.7.2. Thermodynamic losses

Case 1 vs Case 14.

Continuing the comparison between Case 1 (low pressure) and Case
14 (high pressure, same fueling), Fig. 9 shows that the gross indicated
efficiency of the combustion cylinder is 2.2%-points higher in the latter
case. This is achieved via the reduced incomplete combustion and
exhaust losses, which in turn are improved by the larger air excess ratio
(A = 1.67 instead of 1.16) at the same fueling rate.

On the other hand, the heat transfer losses in Case 14 increased by
22%, or 1.2%-points. This increase is explained by the near-wall mean

Case 14

70% | A=1.16 NIW 70%  A=1.36

60% 60%

50% 50%

Combustor GE

40% 40%

Fuel energy
Fuel energy

30% 30%

Expanderwork

20% 20% |

Compressor

10% 10%

2

N
2 2
2 ]
s E}
a 2
E E
S s
3 S

System BTE
Combustor GIW
Combustor NW

0% 0%

NIwW 70% - A=1.67 Niw
63.2% 3.8% §
60% k

50%

| combustor GE

40%

30%

Expanderwork
Fuel energy

5
H
S
@
@
2
-
3
3
o

Expander work

20%

H
S
@
@
2
s
E
]
o

10%

System BTE

Combustor GIW
Combustor NW
System BTE

0%

Fig. 11. Different components of the DCEE system energy flow at a PCP of 300 bar with varied air excess ratio and engine load.



R. Babayev et al.

66
63.2%
64 L -
,.9"0"0“0
62 - System net ]
indicated efficiency o ‘)4)00 o
§ Q7 Moll=s
~ 60 0'_0..0..9 R
S ssl 0O a-8-ar 60.3% |
> 58 a
g G g-a-8
L B System brake _
< 56 QB
° thermal efficiency
S salm ]
Z 54
48 | Combustor gross
46 - indicated efficiency QQO- ]
4to. .0 e 0, "0
-:.0.' “0"0“0" ..0..0---0 . g
L N - B

e"\ DS 9 " 9 9 A O e‘b O N >0 oD
D oD o2 P P oD D oD P L @
D e e Ve Ve 02 9 02 9 02 2 2
CTOT OO OO O OO o R P
Fig. 12. Progression of the combustor unit gross indicated efficiency, and the
DCEE system net indicated and brake thermal efficiency.

temperatures (Tmean) and convective heat transfer coefficient (heony),
and accumulated heat transfer (Q) to each cylinder wall presented in
Fig. 10. In the expansion stroke, during the injection and combustion,
the hcony is significantly lower for Case 14, while the near-wall Tpean is
generally higher. As a result, after TDC, these two counteracting factors
balance each other, giving no appreciable net difference in the expan-
sion stroke heat transfer. However, during the compression stroke, the
temperatures in Case 14 are significantly higher, while heat transfer
coefficients are approximately equal. As a result, the higher heat transfer
losses are attributed to the wall heat loss during the compression stroke.

Case 1 vs Case 12.

Figure 9 shows that the fraction of unburned fuel losses is about
twice as high with Case 12 compared to Case 1. Considering that the jet
development and global equivalence ratio are almost identical for the
two, the reason for the higher losses must be related to the reaction
equivalence ratio — essentially the concentration of O, in the cylinder. As
shown in Table 2, Case 12 exhibits a considerable reduction in the Oy
mass fraction in the combustion cylinder intake gas, which despite the
constant air—fuel equivalence ratio, still leads to a lower reaction air—fuel
equivalence ratio, which is more directly linked to the combustion ef-
ficiency. This is caused partly by the implementation of the catalytic
burner in the HP tank, which makes the unburned H, react with O, thus
reducing the amount of the latter in the EGR gas. However, this proved
to have relatively minor effect compared to the removal of water from
the EGR cooler in Case 12. Recall that the water condensation has been
modeled starting from Case 7.

The removed HoO would be substituted by No, as the only remaining
species, Oy, would be almost completely consumed by the combustion.
Since H0 has significantly lower y compared to No, the EGR gas devoid
of HoO would have higher y (see Table 2). As a result, the EGR portion of
the intake gas in the combustion cylinder of the Case 12 has a higher
partial pressure, and hence, a larger contribution to achieving a certain
PCP (300 bar in this case). This necessitates a reduction in the overall
mass flow rate through the system to maintain a constant volumetric
flow rate and PCP, hence less fresh air and lower O concentration.

The wall heat transfer in Case 12 exhibits very similar trends as that
in Case 1, as shown in Fig. 10, albeit the values are considerably higher
in the former owing to the higher temperatures. The similar trends are
explained by the almost identical jet development, as explained in
Section 7.7.1. It is also observed in Fig. 10 that the wall heat losses are
dominated by the piston heat transfer, followed by the cylinder head,
and finally the cylinder liner.

12
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7.7.3. NOx emissions

The potential NOx emissions from the combustor unit of the DCEE
are estimated in this work using the extended Zeldovich mechanism.
Table A4 shows the results at low (Case 1) and high pressures (Cases 12,
13, and 14). These are only combustor-out emissions which assume no
aftertreatment.

Overall, manageable amounts of NOx are reported. Note that the per-
formance of the Zeldovich mechanism in hydrogen combustion engines
has been questioned in the literature due to the fact that it was formu-
lated for hydrocarbon fuels [54]. Thus, an improved NOx estimation
methodology will be attempted in a future study.

7.8. DCEE system at higher pressure and engine load (boosted LP side),
3D CFD supported

Case 12 vs Case 13 vs Case 14.

In the previous sections, when discussing the higher-pressure (300
bar PCP) cases, either the injected fuel amount (Case 14) or the lambda
was fixed (Case 12) compared to the lower-pressure Case 1. Case 12 had
lower lambda, and hence high incomplete combustion losses but high
engine load, while Case 14 had higher lambda, hence almost no
incomplete combustion losses, and higher gross indicated efficiency, but
lower engine load. It is not obvious from the combustion cylinder
analysis alone which scenario would be better for the entire DCEE sys-
tem, and if there is a better “sweet spot” with respect to the global
equivalence ratio selection.

In this section, three cases with different A’s are compared in the
context of the entire DCEE system by imposing the 3D CFD simulation
results in the 1D GT-Power model of the powertrain. The results are
presented in Fig. 11. It was already concluded in Section 7.6 that
sacrificing the engine load in favor of improved combustion efficiency
may be preferred at lower pressures from the system efficiency and
practical standpoints. Likewise, at the PCP of 300 bar, Case 13 with A =
1.36 seems to offer the optimum tradeoff between the engine load, and
hence mechanical efficiency, and combustion efficiency, achieving a
BTE of 60.3%. The lower-A Case 12 suffers from too low combustion
efficiency and shows the lowest system BTE among the three cases. Case
14, on the other hand, shows good thermodynamic efficiency, achieving
the NIW as high as Case 13, but the lower engine load results in the
larger fraction of fuel energy lost to friction, which reduces the BTE by
0.9%-points compared to Case 13.

Case 13 vs Case 11.

Comparing the high-pressure Case 13 (Fig. 11, middle) with the low-
pressure Case 11 (Fig. 6), it is seen that the system BTE is almost 1.8%-
points higher in the former, with a 68 bar increase in the PCP. The global
A in the boosted case is approximately equal to that of the low-pressure
case, thus the fueling is also higher in the former, which results in only a
marginal increase in the proportion of friction losses despite the higher
pressures. The combustor gross indicated efficiency is largely un-
changed, while the LP work is 1.8%-points higher with Case 13, giving
the final efficiency improvement. This was expected, as the operating
pressure was increased via a larger LP side of the system — combustor
boosting.

Case 15 tests the system response and performance to increasing
operating pressures via increased compression ratio of the combustor
unit instead of its boosting. The results proved this strategy to be inferior
compared to the boosting. For details, refer to the Appendix B1. DCEE
system at higher pressure (increased CR of the HP side). Case 16
investigated the effects of reintroduced intercooling at the higher pres-
sures, and the results are presented and discussed in the Appendix B2.
Reintroduction of the intercooling at higher pressure with a restricted
PCP. Again, it is still preferable to avoid intercooling at these pressures.
Finally, Appendix B3. DCEE fueled by hydrogen versus diesel, compares
the hydrogen combustion to diesel combustion in the DCEE.
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8. Summary and conclusions

This computational study investigated a double compression-
expansion engine (DCEE) concept fueled by hydrogen (Hj), with a
number of potential ways to maximize its efficiency, and the resulting
powertrain brake thermal efficiency (BTE) levels. The results were also
compared to a diesel version of the same engine. The computations were
performed in 1D and 3D using the GT-Power and Converge CFD solvers,
respectively. Fig. 12 presents the final predicted efficiencies for all
simulated cases sorted in an ascending order of their BTE.

The following conclusions were drawn in this study:

1. A catalytic burner in the exhaust of the combustion cylinder may
enable the low-pressure (LP) part of the system to recoup
approximately half of the energy lost to incomplete combustion
in the combustor unit. In our case, this yielded 1.5 percentage
points improvement in the system efficiency.

2. The removal of intercooling after the compressor may improve
the system efficiency by 0.3-0.5 percentage points, depending on
the pressure levels. This is achieved via a larger LP work.

3. Expander unit insulation may improve the system efficiency by
1.3 percentage points. The compressor insulation is unnecessary
as its benefits are marginal.

4. Condensing the water out in the EGR cooler also gives additional
0.8 percentage points increase in the system efficiency when the
peak cylinder pressures (PCP) in the combustor are not restricted.
The improvements are achieved via improved combustor unit
performance (HP side).

5. Raising the HP-to-LP crossover pressure by 25% with no re-
strictions on the system PCP gave 0.3 percentage points
improvement in the system efficiency. This is possible owing to
the effective insulation of the expander unit and combustor’s
exhaust ports. However, this also caused 30 K higher HP tank
temperatures, the risks of which should be carefully considered.

6. The system efficiency may be further improved by raising the
pressures in the combustion cylinder closer to the base engine’s
structural limits (300 bar PCP in our case). The system efficiency
improvements may reach 1.8 percentage points. The higher
pressures should be achieved via a larger LP part of the system,
thus effectively further boosting the combustor intake, instead of
increasing the compression ratio of the HP side.

7. Higher charge densities at 300 bar PCP significantly slow down
the H, jet penetration and growth, which in turn cause lower heat
release rates and larger incomplete combustion losses with the
same injection rate. Thus, the injection rate should be increased
with the higher PCPs, ideally via higher injector-cylinder differ-
ential pressures (increased from 70 to 100 bar in our case).

8. Wall heat transfer losses increase by up to 30% at the PCP of 300
bar compared to ~ 200 bar, which is mostly due to the overall
higher in-cylinder temperatures. Both the compression and
expansion strokes make contributions to the larger loss.

9. Due to the intrinsically more difficult mixing with DICI Hy com-
bustion compared to diesel, the air-fuel equivalence ratio (A) of
1.2 is too low for Hy combustion from the system efficiency and
HP tank temperature standpoints. Here, the most important fac-
tor is the combustion efficiency — minimization of unburned Hy. A
) of about 1.4 seems to offer the optimum tradeoff between the
engine load, hence mechanical efficiency, and combustion effi-
ciency, enabling a BTE of 60.3% at the PCP of 300 bar with CI
H, combustion.
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10. In general, the most important factors for the system BTE were
found to be complete combustion and higher pressures in the
combustion cylinder, and engine load.

11. The DCEE system with all the implemented improvements was
also tested with diesel fuel. The results showed that the CI Hy
version of the DCEE is likely to achieve in the range of 5-6 per-
centage points higher brake thermal efficiency compared to the
diesel counterpart, which is mostly due to the net molar expan-
sion with Hj injections at TDC and ~ 50% lower heat transfer
losses at these pressures.
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Appendix A

(See Tables Al to A4).

Fuel system
Nozzle orifice #

Table Al

Combustion cylinder and injector specifications.
Cylinder bore 131.0 mm
Stroke 158.0 mm
Con. Rod length 267.5 mm
Crank offset 0.0 mm
Compression ratio 11.5:1

Common-rail direct-injection
12

Orifice diameter 1 mm

Injector umbrella angle 154°

Pilot injection timing —10 CA° aTDC

Pilot injection duration 70 ps (0.5 CA° at 1200 RPM)
Pilot injection target fuel mass 1.5 mg

Main injection timing 0 CA° aTDC

Main injection target mass
EGR rate
Engine speed

See Table A. 2
48%
1200 RPM




R. Babayev et al.

Table A2
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DCEE system geometrical and operational settings for different cases. The arrows illustrate the order of comparison. The parameters that differ significantly between
the cases being compared are highlighted in bold.

v

v

— +t— /1

v

v

Case Case Case Case Case Case Case Case Case Case Case Case Case Case Case Case
b 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
t I | t | It | t I |
Compressor 170 170 163 170 162 170 152 170 149 170 170 188 192 205 170 194
bore [mm]
Expander 230 230 230 230 230 230 230 230 230 230 230 260 260 260 230 260
bore [mm]
Expander 53 53 58 53 53 53 53 53 47 47 53 47 47 47 47 47
intake event
duration
[cad]
Compression  11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 15.0 11.7
ratio [-]
Compression 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
HTM [-]
Expansion 0.4 0.4 0.4 04 0.4 0.4 0.4 04 04 0.4 04 0.39 0.35 0.35 035 0.35
HTM [-]
Injected fuel 101.1  101.1  93.5 101.1 934 O1NIEN O35 1133 88.1 1131 1011 137.7 131.8 1003 103.7 134.6
mass [mg]
Injection ~220  ~220  ~220 @ ~235  ~220 ~240  ~225 ~270 ~220 ~275 ~260 ~310 ~330 ~300 ~350 ~330
pressure
[bar]
Global A [-] 1.20 1.15 1.15 1,15 I1J15 1.17 1.17 1.17 1.17 1.17 1.42 817 1.36 2.38 136 1.36
Table A3

Predicted DCEE system parameters for different cases. The arrows illustrate the order of comparison. The parameters that differ significantly between the cases being

compared are highlighted in bold.

¥ | v S E— ! — v v I
Case Case Case Case Case Case Case Case Case Case Case Case Case Case Case Case
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
t | | t e ! | t | |

Combustorinlet T ~ 421.2 421.5 502.3 514.4 500.6 515.1 492.9 526.3 493.4 536.0 5234 559.6 563.4 575.0 531.3 516.9
K]
Combustor inlet P 5.49 5.58 5.85 6.43 5.87 6.54 5.26 6.75 524 7.21 6.62 8.57 8.82 9.54 7.00 8.47
[bar]
Combustion 97.2 972 &2 /7% 02, 955 2 Of/A2; 97.2 o2 99.9 94.0 99.7 100.0 99.7 99.7
efficiency [%]
Combustor 8415.8 8454.0 7758.6 8366.9 77742 8502.6 7344.7 8911.9 7138.5 9174.1 8897.0 10810.7 11176.7 12406.6 8996.5 1149¢
trapped mass [mg]
Combustor PMP  148.91 150.97 151.24 165.42 151.61 168.40 154.15 195.58 152.24 206.18 191.07 228.66 235.39 256.15 257.00 232.0
[bar]
Combustor PCP  200.82 202.89 196.50 213.96 196.75 216.54 191.23 238.63 186.23 247.44 228.40 293.68 295.74 289.75 305.22 295.6
[bar]
HP tank and 10232 1070.4 1106.5 1115.1 1108.2 1111.3 1165.0 1188.1 1192.2 1219.4 1110.7 122742; 1150.0 955.9 1125.8 1123.
Expander inlet T
K]
HP tank and 7.63 8.18 7.57 8.23 7.74 8.49 7.34 9.11 8.74 11.47 8.66 11.03 10.74 10.00 10.56 10.86
Expander inlet P
[bar]
Expander  Tgyo 627.9 654.2 684.8 691.7 719.7 722.0 749.3 766.6 720.3 733.1 703.5 741.1 685.3 550.3 668.3 664.6
K]
Expander  Pevo 1.23 128 1.24 135 1.30 1.43 1.23 1.53 1.14 1.44 139 141 134 1.19 131 1.33
[bar]

14
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Table A4
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Specific NOx emissions estimated from 3D CFD simulations using the extended Zeldovich mechanism.

Specific NOx emissions [g/kWh]

Case 1 (BTE = 54.1%)

Case 12 (BTE = 58.7%)
Case 13 (BTE = 60.3%)
Case 14 (BTE = 59.4%)

0.1
0.7
1.9
2.0

Appendix B

B1. DCEE system at higher pressure (increased CR of the HP side).

Case 15 vs Case 13.

Alternative way of increasing the peak pressure of the system is via
higher compression ratio of the combustion cylinder (HP side), instead
of LP side displacement. Fig. Al (see the Appendix) shows that the
system BTE in this scenario is 0.9%-points lower compared to Case 13.
The results are very similar to Case 14 in that the NIW is the same as in
Case 13, while the BTE is lower due to the larger proportion of fuel
energy lost to friction. This is, again, caused by the lower air flow rate
through the system at the fixed A (=1.36), which necessitates lower
fueling and engine load.

Another issue with the use of a higher compression ratio piston in the
combustion cylinder is the limited space for Hy jet development. A
higher CR would lead to more jet-wall interactions, hence more flame
quenching, slower combustion, and larger heat transfer losses. Thus, it is
advisable to boost the combustion cylinder via larger LP side displace-
ment for achieving higher operating pressures and BTEs.

B2. Reintroduction of the intercooling at higher pressure with a
restricted PCP.

Case 16 vs Case 13.

It was argued previously by Lam et al. [55] that intercooling im-
proves the combustor indicated efficiency. This is because, with the
lower intake temperatures the gas density increases, thus raising the A
and allowing for higher fueling. In [33] the benefits of intercooling were
shown to be smaller than the losses associated with the lost heat because
the intake pressures were allowed to change freely. However, now the
PCP, and hence the intake pressure, are limited (PCPp,ox = 300 bar), thus
the benefits of intercooling might overweight the drawbacks. This is
tested in Case 16, and the results are presented in Fig. A2 (see the Ap-
pendix). In this case, the combustor unit intake temperature is limited at
250 °C instead of the previously attained 300 °C with Case 13.

The results show that, even though the gross indicated efficiency of
the HP side increased as expected in Case 16 with intercooling, the LP
work reduced significantly due to heat rejected by the CAC. The pro-
portion of friction losses reduced marginally owing to the higher engine
load; however, the negative effects override the positive, leading to
0.3%-points lower system BTE compared to Case 13. This shows that it is
still preferable from the efficiency standpoint to avoid intercooling in
the DCEE even when the PCP is limited at 300 bar.

B3. DCEE fueled by hydrogen versus diesel.

In this section, the hydrogen combustion Case 13 with the best sys-
tem efficiency of 60.3% is compared to equivalent diesel version. The
PCP is maintained at around 300 bar. Two diesel cases are considered,
the first one with the same HTMs and combustion efficiency as in the
hydrogen Case 13, and the second one with these parameters adjusted.
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The adjusted values for the HTMs are taken from [33], and they are close
to unity in the expansion stroke. The adjusted combustion efficiency is
assumed to equal 99.9%, in accordance with the previously reported
values for diesel.

The first diesel case with fixed HTMs and combustion efficiency is
used to analyze the effects of the changed fuel only, while the second
diesel case is used for more realistic system efficiency estimations.
Fig. B1 suggests that using liquid diesel fuel instead of gaseous hydrogen
in itself leads to 1.5%-point reduction in the system BTE. This demon-
strates the benefit of having to inject a large mole number of the low-
density hydrogen at TDC, which leads to a net molar expansion. The
amount of work generated by these additional moles was estimated in
[23] to be in the range of 2-4% of the injected fuel chemical energy.
Injecting diesel also adds more moles but the number is 30 times smaller
than with Hy [23], giving no appreciable difference. However, diesel
combustion has a molar expansion ratio of 1.056 [56], which also pro-
vides molar expansion work, but its contribution is estimated to be half
of that from the Hy injections at TDC [23]. Considering the proportion of
the brake system work generated in the combustor unit, the 1.5%-points
higher efficiency with hydrogen seems to agree well with the previous
conclusions on the mole number effects. Another contributing factor,
albeit a smaller one, is the heat of vaporization of the liquid diesel fuel,
which is estimated to be in the range of 0.7% of the injected fuel energy.
The loss of heat in the cylinder due to vaporization is avoided with the
gaseous Hj fuel, thus giving additional contribution to the improved
efficiency, even though some of it is lost to the heating of the Hy gas by
the hotter in-cylinder air.

The second diesel case with more realistic HTMs and combustion
efficiency is estimated to yield 5.8%-points lower system BTE compared
to the Hj case. Apart from the molar and fuel vaporization/heating ef-
fects, the difference is largely due to the heat transfer losses in the
combustion cylinder with diesel, which are in the range of 14.7% of the
total fuel energy versus 7.5% with Hjy. This also demonstrates the
importance of the combustion system optimization path that was
developed specifically for DICI Hy engines in Babayev et al. [24] for
achieving a BTE close to or above 60%. These levels of wall heat transfer
are not realizable with conventional diesel combustion as that would
require drastically lowering the injection pressures, which would lead to
slower burning, hence lower efficiency, and unacceptable soot emis-
sions. Furthermore, a maximum BTE of 55% was reported in [33] with
the diesel combustion, which suggests that the diesel version of the
DCEE does not respond equally favorably to the system improvements
recommended in this work for the H, combustion.
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Fig. Al. Different components of the DCEE system energy flow at a
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PCP of 300 bar achieved via increased CR of the combustor unit (Case 15).

Fig. A2. Different components of the DCEE system energy flow with reintroduced intercooling at a PCP of 300 bar (Case 16).

Cl Diesel — adjusted HTMs and Neomp

70%

60%

50%

40%

Fuel energy

30%

20%

10%

0%

z
o
S
S
]
=
2
=
o
o

Niw
63.2%

Combustor GE

Expanderwork

Compressorwork

Combustor NW

System BTE

70%

60%

50%

40%

Fuel energy

30%

20%

10%

NIW

Combustor GE

Expander work

Compressor work

H

N K
s s
® ®
= =
2 a2
= =
S S
o o

System BTE

0%

Fuel energy

70%

60%

50%

40%

30%

20%

10%

0%

NIwW

Combustor GE

Expander work

€
S
z
o
@
@
e
a
E
o
O

Combustor GIW
Combustor NV
System BTE

Fig. B1. Different components of the DCEE system energy flow at a PCP of 300 bar with diesel versus hydrogen as fuel.

16



R. Babayev et al.

Appendix C

(See Fig. C1).

Energy Conversion and Management 264 (2022) 115698

Fig. C1. The 1D model layout in the GT-Power software GUI.
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