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ARTICLE INFO ABSTRACT
Keywords: The use of hydrogen in internal combustion engines may pose several issues and concerns, above all if, with the
Two stroke internal combustion engine aim to reach near zero emissions, the adoption of lean mixtures is considered: in this condition, the engine power
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thermodynamic simulation
1D modelling

Uniflow scavenging
Longitudinal scavenging

density may reveal too low and seriously limit the implementation in sport cars. A possible solution to this
problem may be offered by the 2 stroke engines, above all in the opposed piston configuration, whose charac-
teristic of high-power density may allow sport car requirements to comply with hydrogen fuel. As widely known,
the first step for performance verification and optimization is represented by thermodynamic simulations,
usually performed with an in-cylinder zero-dimensional (0D) approach coupled with a two-zones combustion
model. Opposed-piston two-stroke (OP2S) engines feature a longitudinal scavenging process that strongly in-
fluences overall performance and emissions. Conventional scavenging modelling approaches rely on 0D for-
mulations fundamentally based on blending the perfect mixing and the perfect displacement models, or on the
“scavenging curve” (also called “scavenging profile”) obtained by means of extensive three-dimensional
computational fluid dynamics (3D CFD) simulations. These approaches however cannot capture the axial evo-
lution of the longitudinal gas exchange typical of OP2S. This paper presents an innovative one-dimensional (1D)
scavenging model developed to introduce axial resolution in the scavenging process of OP2S engine while
remaining compatible with system-level simulations. The proposed model is fully specified through explicit
governing equations and introduces axial resolution through a continuous dilution-front formulation, avoiding
the need for proprietary 1D toolchains and CFD-derived closure quantities. The model couples a full-cycle
thermodynamic solver, which provides the in-cylinder state at port opening, with a 1D two-zone dilution
formulation describing the interaction between fresh charge and residual gases. The model proposed only re-
quires the identification of two scalar parameters to correctly predict scavenging parameters. The model cali-
bration was performed using experimental scavenging and trapping-efficiency data from a reference OP2S
engine, by minimizing the mean-square error across multiple intake-pressure levels. As an overall result, the
model demonstrated accurate reproduction of measured scavenging and trapping efficiency.

Symbols and abbreviations (continued)
Cp,a0 intake ambient specific heat at constant pressure (J/Kg-K)

a Wiebe function efficiency factor Cp,res residual gases specific heat at constant pressure (J/Kg-K)
Apiston Piston crown surface area (mm?) Ga,out fresh charge exhaust flow (Kg/s)
B Cylinder bore (mm) Gin intake mass flow (Kg/s)
BDC Bottom Dead Centre Gout exhaust mass flow (Kg/s)
CA Crank Angle Gres,out residual gases exhaust flow (Kg/s)
CAD Crank Angle Degree hy(9), ha(9) port height (mm)
Cq discharge coefficient Hi Fuel lower heating value (MJ/Kg)
Cp specific heat at constant pressure (J/Kg-K) hy convective heat transfer coefficient (J/m?K)
Cpa fresh charge specific heat at constant pressure (J/Kg-K) iin inlet total specific enthalpies (J/Kg)
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(continued)
iout outlet total specific enthalpies (J/Kg)
k Isentropic coefficient (J/Kg-K)
ka fresh charge isentropic coefficient
Kres residual gases isentropic coefficient
L total length of the cylinder (mm)
m Wiebe function shape coefficient
m, fresh charge mass (Kg)

Ma scavenged
Ma trapped
MAP

MFB

Mfyel

Mmp2

Mmp20

Ta
TDC
Tres
Twall

\%
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va

vC

Vres
Viot

X

Xh2
XH20
Xn2
Xo2
X515 Xs2
y

61, 62
Adpurn
rIS
3
Y
b
Ve,
9
8i,c
Yinj
Si,s
RN

My

Pg
Po
pa
Peff

Pres

fresh charge scavenged mass (Kg)
fresh charge trapped mass (Kg)
intake Manifold Absolute Pressure (bar)
Mass Fraction Burnt

fuel mass (Kg)

hydrogen mass (Kg)

water mass (Kg)

nitrogen mass (Kg)

oxygen mass (Kg)

residual gases mass

Mean Square Error

total in-cylinder mass (Kg)

engine speed (rpm)

Opposed Pistons 2 stroke
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pressure (bar)

upstream nozzle total pressure (bar)
exhaust pressure (bar)

total heat received by the in-cylinder gas (J)
heat transferred to the wall (J)

heat released by the combustion (J)
crank radius (mm)

specific gas constant (J/Kg-K)

fresh charge gas constant (J/Kg-K)
residual gases constant (J/Kg-K)
stroke (mm)

wall surface area (mmz)
temperature (K)

intake ambient temperature (K)
fresh charge temperature (K)

Top Dead Centre

residual gases temperature (K)

wall temperature (K)

displacement (L)

swept volume by each piston (L)
fresh charge volume (L)

geometric clearance volume (L)
residual gases volume (L)

total volume (L)

scavenging model coordinate (mm)
hydrogen mass fraction

water mass fraction

nitrogen mass fraction

oxygen mass fraction

piston position (mm)

delivery ratio

port coverage ratio

combustion duration (deg)

trapping efficiency

crank angle (deg)

max intake port opening angle (deg)
max exhaust port opening angle (deg)
exhaust port closing angle (deg)
start of combustion angle (deg)
intake port closing angle (deg)

fuel injection duration (deg)

start of intake fresh charge flow (deg)
crank angle offset (deg)

scavenging efficiency

connecting rod-to-crank radius ratio
geometric compression ratio
upstream nozzle density (Kg/m%)
fresh charge density inside the cylinder (Kg/m?)
effective compression ratio

residual gases density (Kg/m®)

gas density at the exhaust port (Kg/m®)
slope variation constant (1/Kg-mm)
fresh charge volumetric fraction
scavenging model slope (1/mm)
initial scavenging model slope (1/mm)
angular velocity (deg/s)
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1. Introduction

The climate crisis of recent decades led regulatory authorities to
issue increasingly stringent emissions regulations. This has resulted in
increased efforts by the scientific community to search for innovative
solutions to comply with such standards [1]. The use of green hydrogen
in internal combustion engines by the automotive industry therefore
represents a valid alternative to traditional fuels. These engines have
shown excellent potential in terms of emissions, achieving nearly zero
emissions when operating with very lean mixtures: although the absence
of carbon in the combustion process does not eliminate all pollutants,
maintaining a lean mixture significantly reduces combustion tempera-
tures, resulting in an almost complete suppression of nitrogen oxide
(NOx) formation [2]. However, the combination of high air-to-fuel ratios
and the low density of hydrogen results in low specific power output in
conventional four-stroke engines, making it unattractive for automotive
applications. A solution to this issue can be found in the use of opposed-
piston two-stroke (OP2S) engines [3]. This engine architecture was
introduced in the 1950s by the German engineer Witting, who devel-
oped one of the first prototypes powered by gas [4]. It was subsequently
employed in various industrial applications, before falling into disuse in
the 1970s due to increasingly strict pollution regulations. More recently,
thanks to technological advances in materials, fuelling systems, and
modern analytical tools, companies such as FEV, Eco Motors, and
Achates Power have demonstrated the suitability of this engine config-
uration in present-day applications [5-10]. One of the defining features
of opposed-piston two-stroke engines is their unidirectional scavenging
process, which is considered among the most efficient for two-stroke
engines [11]. The scavenging process consists of three main phases:
the blowdown phase, in which the opening of the exhaust port rapidly
reduces the internal cylinder pressure by discharging residual combus-
tion gases; the scavenging phase, during which the residual gases are
progressively replaced by fresh charge; and finally, the blow-fill phase,
in which an additional amount of fresh air is introduced—typically
through supercharging systems—until the intake port is fully closed
[12]. The performance of this process is assessed through specific pa-
rameters such as trapping efficiency, scavenging efficiency, and delivery
ratio, which are fundamental to quantifying the amount of fresh air
retained in the cylinder and predicting the engine's overall performance
[11,13]. When the performances of 2 stroke engines are evaluated by
means of zero-dimensional simulations, the perfect mixing model is
frequently adopted for the calculation of scavenging and trapping effi-
ciency. However, when the scavenging process is longitudinal (i.e. the
gas mainly flows from bottom to top of the cylinder, or vice-versa) or the
cylinder length is notable with respect to the bore, the perfect mixing
approach becomes quite unreliable; as example Fig. 1 shows the scav-
enging efficiency experimentally measured on an opposed piston 2S
engine [14], compared to prefect mixing and prefect displacement
models predictions; as can be observed, when uniflow processes are
involved, the perfect mixing (which assumes a continuous and uniform
mixing of fresh gas and residual gas) strongly underestimate the scav-
enging performances, which instead reveals consistent with a perfect
displacement process.

Relevant 0D models, including blended formulations of perfect
mixing and perfect displacement as well as three-zone or multi-stage
schemes, have been proposed in the literature and provide useful
global estimates of the scavenging process in two-stroke engines
[14-19]. However, their intrinsic lack of axial resolution limits their
applicability to high stroke-to-bore ratio geometries involved in longi-
tudinal scavenging and, above all, in OP2S engines; moreover these
models rely on the calibration of several empirical parameters (up to five
in the case of uniflow scavenging) further undermining their predictive
capability, leading to a systematic overestimation of scavenging per-
formance compared with experimental data [20].

In the broader two-stroke literature, one-dimensional (1D)
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Fig. 1. Scavenging efficiency in a 2-stroke opposed-piston engine: theoretical vs experimental data [14].

commercial tools such as GT-POWER and Ricardo WAVE (which provide
robust gas-dynamics solvers but require proprietary toolchains and
model structures that are not reproducible from the open literature)
have been frequently employed to simulate gas flows in the intake and
exhaust ducts for engine design and performance optimisation: in these
studies, however, the in-cylinder scavenging process has been described
by well-known 0D models [21] or by means of the “scavenging curve”
(also referred to as “scavenging profile”) obtained by means of extensive
three-dimensional computational fluid dynamics (3D CFD) simulations
[22].

The same approach has been followed in the field of OP2S engines,
where commercial 1D simulation platforms (GT-POWER, AVL BOOST)
have been coupled to 0D scavenging models based on blended formu-
lations of perfect mixing and perfect displacement [23,24]. It is also
worth highlighting that, since these commercial platforms do not sup-
port the opposed-piston cylinders as a native configuration, the OP2S
engine has been implemented by means of “equivalent-cylinder” rep-
resentations or customised piston-motion profiles, which further re-
duces portability outside the original software environment. In these
mixed 1D-0D setups, 3D CFD simulations are frequently employed to
calibrated discharge/flow coefficients and/or synthetic scavenging
profiles, thus increasing the development effort and limiting the pre-
dictive robustness when extrapolating across operating conditions. 1D
tools implementation linked to CFD simulations have been also used to
supply initial/boundary conditions for the scavenging phase or to
identify mixing/entrainment coefficients. This approach makes neces-
sary turbulence-related quantities [25] (e.g., turbulence intensity or
length scales, swirl/tumble metrics, or eddy-viscosity surrogates) that
are not directly available from a 0D cycle solver and require time-
consuming calibration. In practice, these 1D frameworks are often co-
simulated or tuned by means of 3D CFD [26].

Dealing specifically with OP2S engines, high-fidelity studies show
that 3D CFD resolves jet development and in-cylinder mixing and is
therefore widely used to investigate the effects of port geometry (height,
angle) and flow organization (e.g., swirl level) on short-circuiting and
residual-gas distribution [22-27]. A representative example is the work
by Yang et al. [28], where the scavenging process of the an opposed-
piston diesel engine is characterized through a “scavenging curve”
pre-determined performing several 3D CFD simulations; although highly
informative, this approach still relies on CFD to generate the core
scavenging dataset. As widely seen, however, the computational cost of
CFD often forces iterative coupling with 1D commercial tools, limiting
rapid sweeps or real-time use. Accordingly, CFD is often reserved to a
limited set of operating points and used to build or validate simplified

models, rather than to cover wide parametric maps at system level
[14,22,23].

Despite the extensive literature on 0D scavenging correlations, on
the implementation of commercial 1D tools and on 3D CFD in-
vestigations, the open literature still lacks a stand-alone and fully
explicit 1D model suitable for predictive simulations of in-cylinder
uniflow scavenging processes and that can be directly implemented in
a system-level environment and coupled transparently with a custom
full-cycle OD thermodynamic solver, without requiring proprietary 1D
software access and without relying on CFD-derived closure quantities
or CFD-generated scavenging profiles [14,22-27]. This gap is especially
relevant for hydrogen-fuelled OP2S studies, where fast, repeatable, and
transparent simulation tools are needed to support early-stage archi-
tecture screening and scavenging-system assessment over multiple
operating conditions. This lack motivated the authors to explore the
application of the 1D approach, which add an axial degree of freedom
without the cost of full 3D CFD, to study and describe the scavenging
process of OP2S engines. This paper presents an original 1D scavenging
model for OP2S engines that is fully specified in the manuscript through
a compact set of explicit governing equations and can be directly
implemented in system-level simulation environments (e.g., MATLAB/
Simulink) without requiring CFD coupling or CFD-derived closure
quantities. The fresh-charge penetration is represented through a linear
axial dilution front along a continuous cylinder coordinate and is
coupled to the full-cycle OD thermodynamic solver via mass and energy
conservation. Compared with commonly adopted multi-zone ap-
proaches, which describe stratification through lumped control volumes
and typically involve additional empirical mixing parameters, the pro-
posed formulation provides an explicit axial degree of freedom while
keeping the calibration effort minimal. In particular, only two scalar
parameters (yo and ¢) are required. The model is calibrated using
experimental scavenging and trapping-efficiency data available for the
opposed-piston diesel engine developed by the Beijing Institute of
Technology [14], and its predictive capability is assessed over multiple
intake-pressure levels. The proposed framework is intended to enable
fast parametric studies and design-space exploration of OP2S scavenging
at system level, while maintaining full transparency of the governing
equations and a minimal calibration burden.

2. Engine models
The newly proposed scavenging model has been developed within a

full-cycle zero-dimensional thermodynamic model of a two-stroke
opposed piston engine, encompassing compression, combustion, and
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expansion phases. The necessary initial thermodynamic conditions for
the scavenging process simulation were hence obtained as the finishing
gas condition at the end of the full-cycle simulation. Both scavenging
model and full-cycle simulation model were implemented in Matlab
Simulink environment. The model was integrated using the variable-
step ode45 solver. At the transition between the 0D full-cycle formula-
tion and the 1D scavenging formulation, small discontinuities were oc-
casionally observed in the in-cylinder pressure signal used by the nozzle-
flow relations for the intake and exhaust mass-flow calculations. To
prevent non-physical spikes in the computed mass flow rates and ensure
robust numerical integration, a saturation/limiting block was applied to
the in-cylinder pressure input of the nozzle-flow equations. With this
approach, no solver divergence was encountered over the investigated
operating conditions. The simulations were run on a machine equipped
with an AMD Ryzen 97940HS (up to 5.2 GHz) and 16 GB DDR5 RAM. As
convergence criterion, each simulated in-cylinder pressure cycle was
compared to the previous one, computing the pressure difference at each
crank angle position (360 values for each cycle). The maximum value of
this pressure difference was assumed as the convergence parameter, and
the simulation result was considered as the final solution when the
maximum pressure difference revealed to be lower than 100 Pa. The
simulation time was measured in MATLAB using a tic/toc timing logic.
On average, the solution reached periodic convergence after 6 complete
simulated engine cycles and the average clock time per simulated cycle
was 21.2 s.

2.1. Engine geometry

Fig. 2 reports a simple representation of the OP2S engine geometry
considered in this paper. As can be seen, the single cylinder is endowed
of two pistons, each one connected to its crank mechanism. The intake
and exhaust ports are located on the two opposite sides of the cylinder,
thus producing a longitudinal scavenging process, also known as uni-
directional flow (or uniflow). In the assumed geometric scheme, the
intake-side (1) is positioned on the left, while the exhaust-side (2) is on
the right.

The instantaneous in-cylinder volume can be evaluated, as function
of the crank angular position 6, as the difference between the total
volume inside the cylinder Vi, and the volume swept by each piston:

V(0) = Vier — V1(0) — V(0 + 6;) (@H)

7B?
Vi = 27,5 + Ve )
where B is the cylinder bore, S is the piston stroke and V. is the geometric
clearance volume (i.e. the in-cylinder volume portion which is not
crossed by the two pistons). Subscripts 1 and 2 refer to the intake-side
and exhaust-side respectively, while s represents the crank-angle

Applied Thermal Engineering 290 (2026) 129932

phase offset between the two crank mechanisms. The volume V;(6)
swept by each piston can be calculated using the standard trigonometric
formulation derived for crank-slider kinematics:

Xa(0)=r {l —cos(6) +lll (1 —\/1 — pzsin®(0) > } 3)

X2(0)=r1 {1 —cos(0+ 6;) +% (1 — /1 = u2sin?(0 + 0) ) } @
2

Vi(e) = Apixton -X”-(Q) = %xﬂ-(a) 5)

Being x;;(0) the position of the i-piston, y the connecting rod-to-crank
radius ratio and Apison the pistons surface area. In OP engines, intake and
exhaust ports are machined into the cylinder wall and are uncovered by
the reciprocating motion of the pistons, eliminating the need for valves.
Intake ports are specifically inclined with respect to the radial direction
(typically between 10° and 20°) to induce a swirling motion inside the
combustion chamber, enhancing air-fuel mixing and promoting more
rapid and uniform combustion [26]. With reference to the generic the i-
port, h;(6;) is its instantaneous axial height (the maximum value h; oy is
reached when the port is completely open), f; is the circumferential port
coverage ratio and A; the ports areas modelled as a function of the pis-
tons position; it derives that, for the intake port is:

Ay = 7-B-p,hy (6) 6
hl (0) = Xs1 (Hi.c) — Xs1 (0)

hl.max = Xs1 (Hi,c) — Xs1 (eﬂ)

where 0, represents the crank angle at which the intake port is fully
open, whereas 0; . corresponds to the angle at which the intake port is
fully closed by the piston. As regards the exhaust port, similar equation
may be used:

Az = ﬂBﬂzhz(g) (8)
h2 (9) = Xs2 (Ge,c) — Xs2 (9)

hz,max = Xs2 (ge,c) — Xs2 (Hb)

6y denotes the crank position when the exhaust port is fully open, while
0,,c indicates the crank position for the complete closure. When dealing
with opposed-piston engines, it is common to refer to the effective
compression ratio, peg This differs from the geometric compression
ratio, pg, due to the presence of intake and exhaust ports, as well as to the
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Fig. 2. Schematic representation of the geometry adopted for the 2 strokes opposed piston engine.
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crankshaft phase difference between the two pistons. The presence of
intake and exhaust ports implies that no actual compression occurs if
both ports are not completely closed. Consequently, the compression
process starts later with respect to the BDC (as therefore happens in four
strokes engines due to the inlet valve closure delay), resulting in a lower
effective compression ratio. Additionally, the crankshaft phase offset 6;
between the two pistons influences the minimum in-cylinder volume
achieved during the cycle, thus further modifying the effective
compression ratio p.g compared to the geometrical ratio pg.

The geometry parameters adopted in this paper are based on the
opposed-piston engine developed at the Beijing Institute of Technology
presented by Xie et al. [14,22], since it provides some experimental
measurements related to the scavenging process that have been
employed in the present paper for the identification of the model
parameters.

Although the geometry implemented in the model reproduces the
main dimensional features of Xie's OP2S [14,22], including cylinder
volume and effective compression ratio, minor differences in the overall
layout required a tuning of port heights and timings: the curves in Fig. 3
represent the adopted port areas as function of crank position. These
adjustments were necessary to ensure that the resulting effective
compression ratio and the overall port area remained close to those of
the reference engine, maintaining physical consistency with the
benchmark configuration. The numerical models are both based on the
engine parameters summarized in Table 1.

2.2. Thermodynamic model

To determine the key thermodynamic properties of the engine cycle,
the authors followed the approach usually adopted for zero-dimensional
thermodynamic simulations in internal combustion engines [29]. This
methodology is based on the first law of thermodynamics and the mass
conservation principle, both expressed as functions of the crank angle
and applied to the control volume of the cylinder:

@ _ k -1 @ _ k de Gin'iin - Gout'iout
a0~ V(o) |do k-1""de p

(10

dmtot _ Gin — Gout
a ®

1D
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Table 1
Main engine parameters.
Parameter Symbol Value Unit
Bore B 100 mm
Stroke S 110 mm
Displacement v 1.8 L
Engine speed N 1200 rpm
Crank-angle offset between pistons 05 9.7 deg
Connecting rod-to-crank radius ratio u 0.290 -
Geometric compression ratio P 22 -
Effective compression ratio Peff 15.80 -
Intake port closing angle ;¢ 46 deg aBDC
Max intake port opening angle Oq 0 deg aBDC
Max exhaust port opening angle O 9.7 deg bBDC
Exhaust port closing angle Occ 44.3 deg aBDC
Max intake port height h1 max 21.0 mm
Max exhaust port height ha max 28.0 mm
Intake port coverage ratio P 0.754 -
Exhaust port coverage ratio Pa 0.724 -
where:
e my, is the instantaneous in-cylinder mass
e Gin and G,y are the mass flow rates entering and leaving the cylinder
e 0 is the crank angle
e o is the angular velocity of the engine
e 5Q is the net heat received by the in-cylinder gas
e p is the in-cylinder pressure
e V is the instantaneous in-cylinder volume
e iy, iy are the total specific enthalpies of the incoming and outgoing

flows

e T is the average in-cylinder gas temperature

e k is the ratio of specific heats, dependent on gas temperature and
composition

2.2.1. Net heat introduction

The net heat received by the gas 5Q is comprised of two main com-
ponents, the heat transferred to the cylinder walls 5Qy,qis and the gross
heat released by the combustion §Q.omp:
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Fig. 3. Ports area as function of crack position (referred to the BDC of piston 1).
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6Q = 3Qcomb + 6Quaiis 12)

The elementary heat transferred to the wall during the elementary
crank rotation dé has been evaluated as:

do
5Qwalls = hw'swall'(Twall - T) ; (13)

where:

e h,, is the convective heat transfer coefficient, calculated using the
Woschni correlation [30]

e Syai is the in-cylinder surface area

e T and T,y are the gas and wall temperatures respectively

It is worth noting that, even if not expressly developed for two stroke
engines, the Woschni model is currently the most widely adopted for
instantaneous in-cylinder wall heat transfer calculation in zero-
dimensional simulations [8,11,12,17,23].

As instead regards the heat released by the combustion:

dMFB
6Qcomp = H;-myye)- (W) do 14

where:

e H; is the lower heating value of the fuel (hydrogen in this case)
e My, is the injected fuel mass

o dMIB js the mass fraction burn rate

As already mentioned, the main focus of this paper is the develop-
ment and validation of a new, one-dimensional scavenging model for 2
strokes opposed piston engines; the simulation of the entire cycle has not
the claim to give a reliable prediction of the engine performance but the
only purpose to fairly produce the residual gas that interacts with the
fresh charge during the scavenging process; according to this consider-
ation, the authors adopted the simple, non-predictive, mass fraction
burn (MFB) model widely adopted for such kind of simulations, i.e. the
Wiebe function:

() ]
A,
MFB(0)=1—e o (15)
Whose derivative is:
m+1

dMFB  (m+1) (6—6)\" {*a<ff‘ ) }

—a i e burn 16)

do ABpurn \AOpurm

Being a and m the efficiency factor and the shape coefficient of the
Wiebe function, ¢; the crank angle at the start of the combustion, and
AOp,m the combustion duration (in crank angles). The values adopted for
the combustion and the wall heat transfer models are summarized in
Table 2.

2.2.2. Working fluid properties

The accurate modelling of the thermodynamic cycle requires a
proper representation of the working fluid, which in the present case is
treated as a gas mixture. The key thermophysical properties of interest,

Table 2

Wall heat transfer and combustion model parameters.
Parameter Symbol Value Unit
Average wall temperature Tw 500 K
Wiebe efficiency factor a 5 -
Wiebe shape coefficient m 2 -
Combustion duration AbOpurn 50° deg
Start of combustion 0; 22.5° deg bTDC

Lower Heating Value (hydrogen) H; 120 MJ/kg

Applied Thermal Engineering 290 (2026) 129932

such as specific heat at constant pressure c;, specific gas constant R, and
the isentropic exponent k, are not assumed constant but considered to
vary dynamically as functions of temperature and chemical composi-
tion. For each parameter, a mass based averaging calculation was fol-
lowed taking into consideration all the chemical species composing the
mixture. The constant pressure specific heat of the mixture was then
computed as:

Comix = Zcp,i'xi a7n
i

where X; represents the mass fraction of the i-species and ¢;, ; its constant
pressure specific heat. A similar formulation was adopted for the
computation of the gas constant R".

Ry =Y R-X; 18)
i

It derives that isentropic exponent kp;, of the mixture can be ob-
tained as:

Cp,
Kinie = 10— 19
Comix — Rmix
The calculation of the mass fractions X; of each single chemical
species inside the cylinder was performed following its mass variation
inside the cylinder:

[ Giin — Giou dm;
m,-_/Tdeﬂ:/(dg)de 20)

The first term accounts for the net contribution due to the difference
between the incoming and the outgoing flows of species i through the
ports; the second term, instead, accounts for the change caused by the
combustion, if the generic species i is involved in the air-fuel reaction.
Air was modelled as a binary mixture composed of oxygen and nitrogen,
whose incoming mass flow rates were computed as:

Giin = GinXiair (21

Assuming dry air with a molar composition of 21% Oz and 79% Na,
and molar masses of 31.9988 g/mol and 28.0134 g/mol (for Oz and N,
respectively), the resulting mass fractions are:

Xo,4p = 0,233 Xy, = 0,767

Hydrogen was supposed to be introduced thorough direct injection
over a specified crank angle interval 6;,. The total injected mass of
hydrogen was hence given by:

mHN-n :/ GHZ(G)dg (22)
Oinj

where the Gy represents the injector hydrogen mass flow.

The rates of variation of oxygen, hydrogen and water vapor during
the combustion process were deduced by assuming a complete reaction;
as a result, the rate of formation of water vapor and the rate of reaction
of oxygen were both computed based on the rate of reaction of
hydrogen:

dezo - de2

o~ O do @3)
dTT'lo2 - de2

o~ % @9

The hydrogen reaction rate, in turn, was simply related to the fuel
burn rate:
dmy, dMFB
=my, —— 25
do Hain do (25)
The above relations allow defining the governing equations for the
time evolution of each species' mass fraction X;. The accuracy of the
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model was further improved by including also the temperature depen-
dence of the specific heat. This dependence is described through poly-
nomial expressions obtained from the NIST database [31], enabling
realistic computation of ¢, across the engine's full operating temperature
range. This aspect is particularly relevant during combustion and
expansion, where steep temperature gradients significantly influence
internal energy and pressure evolution.

2.3. Inlet and exhaust mass flow

The mass flow rates Gi; and Gy through the ports were computed
using nozzle flow equations, both for the subcritical and the critical
conditions, endowed of proper discharge coefficient for real mass flow

evaluation:
ok 2 ktl
k k
G=Cq-A(O)\| ——=DoPo" {(5) - (5) } for subcritical flow,i.e. P
k - 1 0 0 Po
_k_
2 k1
><k+1>
(26)

G = Cg-A(6)

_k_
k-1
for critical flow, el < <i>
Do k+1

(27)

The variables with subscript “0” refer to stagnation conditions up-
stream of the nozzle, Cy is the discharge coefficient, A(6) is the nominal
flow area, function of crank position 0, and p is the gas density. To
compute the mass flow through the exhaust ports, it is necessary to
evaluate the average thermodynamic properties of the gas species exit-
ing the cylinder. Specifically, the average density ps and the average
isentropic exponent k; of the gas mixture (composed by fresh charge and
residual gas) must be determined, as they are used to calculate the
outflow rate from the cylinder. This calculation will be discussed further
on. Table 3 reports the values adopted for the parameters involved in the
calculation of mass flows.

2.4. Scavenging model

As already mentioned, in opposed-piston engines, both intake and
exhaust ports are integrated directly into the cylinder structure at its
opposite ends. This configuration results in a scavenging dynamic that is
predominantly axial and is usually referred to as unidirectional flow
(uniflow) or longitudinal scavenging. As previously discussed, the
“perfect mixing model”, frequently adopted for 2-stroke engines, reveals
quite inadequate to describe the uniflow scavenging process of an
opposed piston engine, giving, as a result, a an unreliable prediction of
the scavenging efficiency, as shown in Fig. 1. This led the authors to
develop the original simple one-dimensional scavenging model here
presented. The following considerations and assumptions guided the
development of the model: when the fresh charge enters through the
intake ports, it starts a simultaneous action of mixing and displacement
of the residual gas toward the exhaust ports (located at the opposite
end); at the beginning of the scavenging process, the fresh charge
admitted into the cylinder accumulates near the intake ports, and the

Table 3

Flow-related parameters.
Parameter Symbol Value Unit
Intake pressure MAP 1,106-1,200 bar
Exhaust ambient pressure De 1,1 bar
Intake ambient temperature Tao 350 K

Ports discharge coefficient Cq 0,7 -
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outgoing flow involves only the residual gas; during the scavenging
process, the fresh charge advances along the axis of the cylinder, pro-
gressively pushing and mixing with the residual gases; it may also reach
the exhaust ports, where it is eventually expelled together with residual
gas. According to these considerations, and differently from the theo-
retical perfect mixing model, the fresh charge distribution along the
cylinder was not considered uniform and was assumed to depend on the
instantaneous flow conditions; on the generic normal section of the
cylinder, instead, the fresh charge distribution was assumed be uniform.
In the model developed, the two gases involved in the scavenging pro-
cess, i.e. fresh charge and residual gas, are assumed to remain separated,
sharing the same pressure (whose variation propagates at the speed of
sound, i.e. almost instantaneously to the whole cylinder volume) but
retaining their distinct temperature (whose variation instead does not
propagate rapidly) and gas constants, which means also different den-
sity, specific heats, etc..: for this reason, the model developed may be
considered a two-zones scavenging model. As represented in Fig. 5, the
conceived model allows the simultaneous presence of three different
situations within the cylinder volume, i.e. a portion with only fresh
charge, a portion with a dilution of the two gases, and a portion with
residual gas only. Moreover, with the aim to make the model simple to
manage, the authors assumed that, in the volume portion where the two
gases are simultaneously present, the distribution of each gas varies
linearly along the cylinder axis. This assumption has been mathemati-
cally implemented into the model by means of the parameter y,(x),
defined as the local volumetric fraction of the fresh charge in the cyl-
inder section at the generic position x:

7 (x)
N V[Ot (x)

_ Va(x)
= Vel + Vo) 8)

Xa(%)

As reported in Fig. 5, the coordinate x along the cylinder axis was
adopted for the representation of the gas distribution, with the origin (x
= 0) set at the crown of piston 1 and the end at the crown of piston 2 (x
= L), being L the total length of the gas cylinder (distance between
pistons). It is worth highlighting two particular values of the coordinate
x, i.e. the axial position x; and x, at which the fresh charge concentra-
tion starts and stop its linear variation, as shown in Fig. 5; the molar
fraction values y,; and y4» correspond to the two particular position x;
and x2. The situation depicted in Fig. 5 allows distinguishing three
different portions of the cylinder volume:

e From the crown of piston 1 to xj, the fluid is purely fresh charge =
¥a(x) =1 for 0 < x < x;.

e From x; to x; the fresh charge concentration linearly decreases from
Ya1 =110 yq2=0.

e From x; to L the fluid is composed entirely by residual gases, i.e.
Ya(x) =0 for xo < x < L.

The exhaust ports, whose opening is controlled by the motion of
piston 2, is located at the coordinate x3 and has a variable axial height
hy(0); it derives that:

L =X +hy(65) 29

During the scavenging process, if x, reaches the coordinate x3, the
fresh charge starts to be expelled through the exhaust ports.

Indeed, the assumption of a linear variation of the fresh charge
concentration along the cylinder axis is a simplified representation of a
more complex phenomenon, which may be studied with higher accuracy
and detail by means of the more sophisticated tool represented by 3D
CFD, but at the cost of calculation times which are order of magnitude
higher than the calculation times required by the model here proposed
(to give an idea, the average clock time for every complete engine cycle
simulated by the proposed model was 21.2 s). Fig. 6 shows some results
of 3D CFD simulations performed on the same engine considered in this
study [14]: the three pictures refer to three different moments (i.e. at
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140°, 160° and 180° CA after TDC) and reproduce the in-cylinder
dilution between fresh charge (coloured in blue and associated the
value of 0 by the included colormap) and residual gas (which instead is
represented in red and corresponds to the value of 1).

As can be noted, a diagram is overlapped to each picture, reporting
the progress of the residual gas dilution (white dots) along the cylinder,
calculated by means of a colour recognizing algorithm expressly
developed in MATLAB (intake and exhaust ducts are excluded). It can be
noted that in the initial phase of the scavenging process (at 140° CA after
TDC, i.e. 40° CA before BDC), the fresh charge is concentrated in the
intake side of the cylinder, while only residual gas leaves the cylinder:
this situation corresponds to a perfect displacement, as confirmed by the
high scavenging efficiency values reported in Fig. 1 for the lower de-
livery ratios. As shown by the dashed broken line, in this case approxi-
mating the residual gas distribution along the cylinder axis by means of a
linear approach is not far from real.

Proceeding with the scavenging process, at 160° CA after TDC, a
higher fresh charge mass has entered the cylinder and is moving toward
the exhaust side; in this situation only residual gas is still flowing away
through the exhaust ports; as can be noted, this time the linear
approximation depicted by the dashed line has a more marked deviation
from the real distribution. In the third picture (referring to 180° CA after
TDC, i.e. at BDC) the fresh charge has almost filled the cylinder (the
residual gas dilution varies from 0 to 0.13) and the linear approximation
represented by the dashed broken line is again near the real distribution.

This brief analysis just carried out on the three pictures reported by
reference [14] does not aim at demonstrating the admissibility of the
linear approach proposed in this paper, but rather has the meaning to
show that the assumption of a linear variation of the residual (and fresh)
charge concentration along the cylinder is not too far from the real
situation.

2.4.1. Modelling the progressive dilution

The coordinates x; and x» evolve during the scavenging process as a
function of both the fresh charge mass entering the cylinder and the
mass leaving through the exhaust ports. The variation of the axial
dilution profile is governed by the function y,(x) , whose slope between
x7 and x5 is  (normally negative) and represents the linear variation of
fresh charge concentration along the cylinder axis. This slope obviously
changes during the scavenging process, due to several reasons: it spon-
taneously tends to zero because of the natural tendency of the two gas to
mix uniformly and may be altered by the rate at which in-cylinder mass
leaves the cylinder. To account both effects, the evolution of the slope y
was modelled as function of the crank position:

0 0
Gou
w0 =vo st [ % do—yy+ 2 [ Gusao 30)

Ois Ois

where y, is the slope initial value and ¢ is a constant parameter that
governs the variation of the slope as a function of the mass flowing out
from the cylinder during the scavenging phase. 6; is the crank angle at
which the inflow begins.

The parameter y is re-initialized to its initial value v at the begin-
ning of each scavenging event. Eq. (30) therefore governs the evolution
of the dilution slope only during the scavenging phase within a given
engine cycle, as a function of the cumulative exhaust mass flow rate
during that phase.

The instantaneous evaluation of each parameter related to gas dis-
tribution inside the cylinder is obtained by the application of the system
governing equations, which are:

e Mass conservation
e First law of thermodynamics in differential form
o Ideal gas law
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For clarity, the subscript “a” refers to quantities associated with the
fresh charge zone, “res” instead refers to the residual gases, while “s”
denotes the mixture of fresh charge and residual gas. A secondary
subscript “0” indicates the initial conditions.

Considering mass conservation, the amount of fresh charger inside
the cylinder m, must corresponds with the difference between the fresh
charge entered through the intake ports and the fresh charge left out
from the exhaust ports:

0
ma(0) = / G —Gaow gy where  Goou = Gou T 22 31
Ois % Ps
Where G, expresses the fresh charge entering the cylinder, G,y the
mass flowing out, whose portion of fresh charge is indicated as G, o, and
is obtained by multiplying for the average concentration of fresh charge
in the exhaust flow (7; calculated in Eq. (43)) and for the gas density
ratio, being p; the density of the gas mixture at the exhaust ports:

Ps :pa'ﬁ+/}res'(1 7%) (32)

Using the perfect gas law, the same fresh charge mass (m,) inside the
cylinder may be related to its temperature Ty, its pressure p and to the
volume it takes V,, through its gas constant R:

p-Va =R, Tamq (33)
assuming a uniform pressure in the whole cylinder volume (i.e. pq = Pres

= p). The same considerations apply to the residual gas mass My, so
that:

Myes (9) = Mot (ge.o)

s

6
G,
- / %Mtd@ where Gres,out = Gout'(l _XaBL)'%
Oco

(34

being m(0e,0) the total in-cylinder mass when the exhaust ports open
(at crank position ), and Gres,ous the residual gas flow leaving the
cylinder, evaluated as portion of the mass flow out G, by means of the
average concentration y,3; and the gas densities. The mass conservation
equations are then completed by the overall mass balance:

Myor (0) = Mg (0) + Myes(0) (35)

where my,, represents the total mass inside the cylinder. The scavenging
model equations are combined with the volume related equations:

V(0) = Va(6) + Vies(6) (36)

a_v _ aVa aVres
00 00 ' 00

As mentioned before, also the First Law of Thermodynamics, whose
general expression is reported in Eq. (10), was employed to properly
complete the set of equations necessary to simulate the scavenging
process. Its application to the fresh charge mass (m,) allows computing
the in-cylinder pressure:

37)

0p ka -1 Gin'Tao'Cp‘aO - Ga.out'cp.a'Ta

P _ ka 9Va
0 V, o

V, 00 (38)

While the application to the residual gas mass (mys) allows
computing the in-cylinder residual gas volume Vs
aVres 1 Gres.out'cp.res'Tres kres -1 _ Vres ap

o - p o ko ke p 0 39

The system of equations is closed through the application of the ideal
gas law to both gas types. This system of equations captures the evolu-
tion of composition and thermodynamic properties along the cylinder
axis during the scavenging process, effectively modelling the progressive
dilution of residual gases by the incoming fresh charge. As example,
Fig. 4 shows the simulated inlet and outlet mass flows as a function of



E. Pipitone and M. Giannone

0.4

0.35

o
w
o

.
N}
13

o
[N}
(=

o
o

Mass Flow Rate [Kg/s]
[6)]

o
i
o

0.05

Applied Thermal Engineering 290 (2026) 129932

0.90
0.80
0.70
0.60
0.50

0.40 !

Xa3L

0.30

0.20

0.10

0

-20

-10

0 30 40

Crank Angle [deg]

Fig. 4. Inlet and outlet mass flow, comparing with ¥;. (MAP = 1,14 bar, crank angles referred to pistonl BDC).

crank position, together with the average fresh charge concentration
evaluated between x3 and L.

For clarity of presentation, it is worth analysing some generic case
that could occur during the scavenging process. The first possible case is
represented in Fig. 5, where the fresh charge enters the cylinder, but the
dilution front has not yet reached the exhaust ports, i.e. x; > 0 and xz <
X3. Since yq1 = ya(x1) and yq2 = ya(x2) represent the fresh charge con-
centrations at x; and x, respectively, the volume V, occupied by the
fresh charge mass can be calculated as:

V, = E-B2~x1 Fa + Z~Bz-(x2 _ xl).m (40)
4 4 2
In the case depicted in Fig. 5.
Xa =1landy, =0.
The volume occupied by the fresh charge hence becomes:
n Xy — X
Vo= Z~132-(x1 +2 1) (41)

Combining this formulation with the perfect gas low applied to the
fresh charge mass it is possible to find the coordinates x; and x,:

TR, 1
7B? X — X , _MalaRy 1
PG (n+ =5 —malk, ST
= 4 (42)
W:Za27)(al — -1 1
X2 — X1 X2 — X1 x1:X2+17/

The slope y is obtained by means of Eq. (30) once the two model
parameters o and ¢ have been identified.

A second possible case is reported in Fig. 7, where the dilution front
exceeds the exhaust port position, i.e. x; < x3 and x3 < xz < L. In this
case a portion of the fresh charge begins to escape through the exhaust
ports.

Also in this case is y,; =1 and y,, =0

If y,; indicates the fresh charge concentration y, at the axial coor-
dinate x3 (corresponding to the exhaust port), the outflowing mass of
fresh charge can be computed using the average fresh charge concen-
tration between x3 and L:

L
[ a0 ax
m:ﬁ 43
TR, 1
nB? X2 — X , _Malally 1
P (0 +75) = mTR, TR 2y
Py
W:ZaZ*XM M3 Ha __—1 X1 1 (44
Xy — X1 X3 —X] Xo—X1 X3—X1 X1:X2+$
T =22 =% -yl —x) e )]
2h2 XaiiL - 2h2
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L
g:)t:tlg) 4%k lt‘ »g’;]:ta('is)t In this case the position xz is known (=L), hence, as reported in Eq.
45), the fresh charge mass balance is employed to evaluate the con-
’ I ( El
r// = /////// centration ygo.
Piston 1 . Piston 2 The model also allows to face the situation in which the coordinate
. : x1 exceeds x3. This may be represented by two alternative configura-
tions to Cases II and III that will be shown here.
- Case Ila: x; > xgand x; < xz < L
V//] | - o MR, 1
i : T Xo — X , = -
chargsbnly . mixed gases ) : P (X1 +=2 5 1) =m,T.R, : pﬂ_Bz 2y
4
) | 1
¢ w=— > 1
Xo — X1 X, = X2 + a
_*[(x x3) + 2—x1]1 Xy —x17 1
Hazp = | X1 — X3 2 hy XL = [(X1—X3)+ 2 l]—
2 h2
: L (46)
[ X, L. X
Case Illa: x; > xgand x; = L
Fig. 5. Schematic representation of the two-zone scavenging model.
Case III: x; < x3,x3 =L
Since x, reaches its maximum value, i.e. L, this creates the condition
in which y,, > 0.
1 1 1 m,T.R,
7B? 1— o)L —x , e e e e A
Py x1+xa2(L—x1)+% =m,TaR, v v 2p | 2y 7B
4
yofe=l o=l Yoo = 1
L—x1 Xx3—x - & (45)
Kazs —Xa2)h2 _
Zasha + 22 x =L Ha—1
Aol = p— y
2
_Xat 1 4wlxs —xi)
oL == o
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Fig. 6. Residual gas concentration according to CFD 3D results (courtesy of Elsevier, [14]).
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It must be pointed out that in Fig. 7, Fig. 8, Fig. 9 and Fig. 10, the
coordinate x3 has been intentionally shifted toward the origin to
enhance the visualization of the respective cases.

2.4.2. Chemical composition at the end of the scavenging process

During the scavenging process, the gas composition inside the cyl-
inder is defined separately for the two zones: in the region occupied by
the fresh charge, the fluid is assumed to consist solely of air, modelled as
a binary mixture of oxygen and nitrogen with constant mass fractions; in
the residual gas zone, instead, the composition reflects that of the
working fluid from the previous cycle. At the end of the scavenging
phase, when all the ports get closed, it is assumed that the entire cylinder
contents undergo instantaneous and complete mixing. The resulting gas
composition is therefore computed as a mass-weighted average of the
chemical species present in the two contributions: the trapped fresh
charge and the residual gases retained in the cylinder. This averaged
composition is then used as the initial condition for the subsequent
compression phase, providing a coherent link between the scavenging
process and the continuation of the thermodynamic cycle.

3. Model Calibration

As shown through the equations describing the scavenging model
and the calculation procedure, the values of two parameters are neces-
sary to start the simulation, i.e. o and ¢: the first represent the initial
value of the slope of the linear dilution inside the cylinder, while the
second account for the slope variation due to mass flowing outside the
cylinder. A proper identification of these two parameters is fundamental
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Fig. 7. Scavenging process: Case IL

11

for a reliable simulation of the scavenging process. A calibration pro-
cedure was then carried out by the authors with the aim to allow the
model reproducing experimental data related to the scavenging process.
For this purpose, reference was made to the experimental data published
for the opposed-piston engine developed by the Beijing Institute of
Technology [14]. Experimental data points for scavenging efficiency
and trapping efficiency as a function of the delivery ratio were used. The
scavenging efficiency, denoted as 1,, is defined as the ratio between the
mass of air trapped in the cylinder at the end of the scavenging process
and a reference mass, calculated as the product of the air density at the
delivery conditions and the swept volume of the cylinder at exhaust and
intake ports closure. The delivery ratio, denoted as y, represents the total
mass of air that has passed through the cylinder during scavenging,
again normalized by the reference mass. Finally, the trapping efficiency
n, represents the efficiency of the scavenging process and is expressed as
the ratio between the mass of air trapped in the cylinder and the total
mass of air employed for the scavenging: it can be hence evaluated as:

=~ (48)

Fig. 11 reports the experimental data extracted from [14] and
employed in this paper for the model calibration.

The quantities of fresh charge that transit through and are trapped in
the cylinder during scavenging were calculated using the following in-
tegrals:

0;. 0:
i« G — G ic G,
Mg trapped = / 2 P 2o do Mg scavenged = / = do (49)
6, 6,
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Fig. 8. Scavenging model Case IIL
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Fig. 11. Experimental data and fitting curve employed for model calibration.

For the calibration of the model, it was necessary to compare the
model predicted scavenging and trapping efficiencies with the experi-
mental measured values for the same delivery ratios. Since the model
inputs are represented by the boundary conditions (pressure and tem-
perature at inlet, pressure at outlet, engine speed of revolution) and the
thermochemical properties of the gas, the delivery ratio cannot be
imposed as input parameter, but may only be obtained as an output
result of the simulation (it can be calculated once the scavenging process
is finished). Performing simulations at different inlet pressure values
produces different delivery ratios, which however cannot be identical to
the experimental delivery ratios reported for the reference engine [14].
For this reason, the experimental scavenging efficiencies have been
interpolated by means of a proper fitting curve, which allowed obtaining
a reliable reference value for each delivery ratio obtained by the simu-
lations. Several different mathematical model have been considered and
the best agreement was found using a Weibull function (also reported in

12

Fig. 11), which has a mathematical expression similar to the perfect
mixing equation:

Jy = a—yel ) (50)

For each delivery ratio, the reference trapping efficiency 5, was
calculated from Eq. (48) based on the reference scavenging efficiency
obtained by the regression curve of Eq. (50). Table 4 resumes the co-
efficients of the interpolating function, while Fig. 11 shows the

Table 4
Regression coefficients of the interpolating function.

Parameter Weibull Model ()
a 0,97787

4 0,97549

8 0,0019647

e 1,4983
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Fig. 12. Colormap of Scavenging efficiency MSE.

experimental values and the reference curve employed for the model
calibration.

As highlighted by Y. Liu [14] and shown in Fig. 11, the experimental
data exhibit considerable scatter for delivery ratio values exceeding
140%. It is worth noting that the use of a fitting curves for the model
calibration procedure allowed also to overcome the inconsistencies
deriving from the data dispersion observed in the experimental data.

A further consideration must be made on the calibration based on
experimental data from a diesel-fuelled OP2S engine. It may be argued
that a different fuel may involve different thermochemical properties or
different temperatures of the residual gas, which in turn may affect the
scavenging process. The scavenging process, however, is primarily
governed by port geometry, piston kinematics and pressure ratios be-
tween intake, cylinder and exhaust, while a secondary effect may be
played by different residual gas properties or temperatures. Given the
operating conditions considered in the paper, the in-cylinder pressure at
the beginning of scavenging is comparable across different fuelling
strategies, and therefore no major differences in the dominant scav-
enging dynamics are expected solely due to the residual-gas properties
or temperatures. Moreover, the engine cycle simulations were carried

500000

450000

@

400000

out considering a lean air-hydrogen mixture, which implies that the
composition of the residual gas obtained by the combustion of hydrogen
is not too much different from the residual gas composition obtained by
the Diesel combustion of reference [14]. As example, considering a
relative air-fuel ratio A = 1.5, it would result that the maximum differ-
ence in the isentropic coefficient of the two different residual gases
would not exceed 1%, while the difference in terms of perfect gas law
constant (R' = p v/T) is only 6%.

4. Results

For the model calibration, a parametric analysis was conducted in
the (y,, ¢) space. The parameters were varied within the ranges y, €
[-10,—2]and ¢ € [1.410°,7.0010°], each discretized into 12
equally spaced values, yielding a total of 144 combinations. For each
couple of parameters (y,,¢), a series of simulations were performed
considering 10 different values of intake pressure (MAP), generated
according to a quadratic increasing law within the interval [1.106 bar,
1.2 bar], with the aim to obtain ten different delivery ratios. Each set of

107
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Fig. 13. Contour map of scavenging and trapping efficiency MSE.
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Fig. 14. Scavenging efficiency as function of delivery ratio: comparison between the model prediction and the experimental data.
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Fig. 15. Trapping efficiency as function of delivery ratio: comparison between the model prediction and the experimental data.

simulation produced a characteristic curve describing the behaviour of
the scavenging efficiency and trapping efficiency as a function of the
delivery ratio. The non-uniform distribution of MAP values within the
specified range was adopted to improve resolution of the scavenging
efficiency curve at low delivery ratios. In this interval, even slight
changes in MAP caused sharp increases in delivery ratio, thus requiring a
denser discretization to accurately capture the model's response. To
quantify the model's accuracy with respect to experimental data, the
mean square error (MSE) was computed, and the results were visualized
as a three-dimensional map over the entire parameter space, as shown in
Fig. 12.

As can be observed, the surface obtained showed a clear minimum
error region. The minimum MSE was found in correspondence to the
parameters value y, = —6.735 and ¢ = 405818, as also confirmed by
the contour map focused on the minimum error region reported in
Fig. 13

As mentioned, the minimum MSE was determined comparing the
scavenging efficiencies predicted by the proposed model with the
scavenging efficiencies resulting from the fitting curve, for the same
delivery ratios. A direct comparison between the model outputs and the
experimental measurements of reference paper [14] is hence necessary
to further appreciate model prediction accuracy; to this purpose, Fig. 14
shows the comparison between the scavenging efficiency evaluated

14

through the model proposed (calibrated by means of the two optimal
parameters values) and the experimental values reported in [14]; Fig. 15
instead reports the comparison between model prediction and experi-
mental data in terms of trapping efficiency: as can be deduced by both
graphs, a very good agreement was obtained.

Although a very good agreement has been obtained between model
prediction and real experimental data, it must be pointed out however
that the model calibration was performed on the basis of a single
experimental data set referring to a single engine: the validity or reli-
ability of the proposed model in predicting scavenging efficiencies of
different engines should be hence properly verified. It is expected that
the two free model parameters (yo, ¢) may have variations due to
different engine geometrical aspects (port areas, bore/stroke ratios,
etc..). Understanding the sensitivity of the model parameters to the ge-
ometry would require hence the availability of several experimental
data set from different engines, characterized by significative geomet-
rical differences.

5. Conclusions
This study focuses on the modelling of the scavenging process in an

opposed-piston two-stroke (OP2S) engine. Wide literature research
revealed the absence of references concerning the application of one-
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dimensional (1D) approaches to the in-cylinder longitudinal (or uni-
flow) scavenging process, typical of engine geometries characterized by
a high stroke-to-bore ratio, such as in OP2S engines. The paper presents
an original 1D scavenging model for OP2S engines that couples full
thermodynamic cycle calculations. The main characteristic of the model
is a linear progressive-dilution scheme adopted to reproduce the fresh
charge dilution and penetration inside the cylinder during the mass-
exchange (scavenging) process. The model was implemented in MAT-
LAB/Simulink and calibrated by means of experimental data available
for a diesel OP2S engine developed at the Beijing Institute of Technology
[14]. Overall, the work provides a transparent modelling alternative to
perfect-mixing OD correlations and CFD-intensive workflows by deliv-
ering axial scavenging resolution with a compact two-parameter
formulation that is directly implementable at system level. The main
outcomes are here summarized:

e Thermodynamically consistent initial conditions:

A complete cycle (compression, combustion, expansion) was
simulated to supply consistent pressure and temperature values at
the start of the scavenging process.

Efficient two-parameter formulation

In the model proposed, the progressive replacement of residual
gases by fresh charge is captured by means of only two scalar pa-
rameters, the initial value y,, of the linear distribution slope, and the
slope variation coefficient ¢, allowing the model to describe the key
features of OP2S scavenging without resorting to three-dimensional
CFD.

Systematic parametric calibration

144 different combinations of the two calibrating parameters
(yo, ¢) were explored, taking into consideration ten intake-pressure
levels each time. The resulting mean square errors (MSE) evaluated
both for the scavenging and trapping efficiencies with respect to
reference curves, were mapped over the entire parameter space; the
minimum global error was obtained with y, = —6.735 and ¢ =
405818.

High predictive accuracy at minimal cost

The calibrated model reproduces the experimental trends of
scavenging and trapping efficiencies with very good agreement,
while demanding computational resources orders of magnitude
lower than full CFD calculations-making it suitable for extensive
design sweeps and real-time applications.

Limitations

The model has been calibrated through a single set of experimental
data; the availability of additional datasets would be useful to extend
and confirm its validity and reliability.

In conclusion, the proposed approach offers a practical balance be-
tween reliability of the results and computational speed, providing an
effective tool for preliminary design, optimisation, and control devel-
opment of future opposed-piston two-stroke engines.
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