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ABSTRACT 

A 10cc single-valve, reverse uniflow 2S engine is being 
developed to power a compact compressor system; the 
output from this device could be hydraulic or pneumatic 
power.  In this design a free piston is used to directly 
compress the power fluid.  In the initial configuration 
fresh charge will be delivered through a single, dual-
acting spring-loaded poppet valve located in the center 
of the cylinder and the burned charge is exhausted 
through symmetrically-arranged ports located at the 
bottom section of the cylinder; two combustion 
chambers exist on opposite ends of the piston.  Of 
particular interest in the early stages of the engine 
development is the gas transfer system; proper cylinder 
scavenging is required to ensure adequate engine 
operation.  An initial design is being investigated using 
the commercial computational fluid dynamics software 
suite, STAR-CD/ESICE.  This report will document some 
initial simulations and indicate areas requiring further 
refinement.  Unique features of the reverse-flow 
arrangement are highlighted 

INTRODUCTION 

A novel, reverse uniflow two-stroke (2S) engine is being 
developed to power a compact compressor system; the 
output from this portable device could be hydraulic or 
pneumatic power.  Personal-size devices are envisioned 
but the configuration could be extrapolated to large sizes 
for automotive type applications.  The preliminary design 
utilizes a free piston to directly compress the working 
fluid.  Free piston geometries have received significant 
attention in recent years as alternatives to crankshaft 
driven configurations [1-10].  Multiple arrangements are 
possible; one considered here utilizes combustion at 
alternating ends of the device to drive a single piston 
back and forth; the power fluid will be compressed in an 
annular region of the oscillating piston.  On the gas-side, 
fresh charge is compressed in one of the combustion 
chambers while burned charge is expanded in another.  
The fresh gases are delivered through a single dual-
acting, spring-loaded poppet valve located in the center 
of the cylinder crown.  The pressure differential between 
the cylinder and the intake manifold, and the spring’s 
mechanical characteristics govern the valve opening and 
closing.  The burned charge is exhausted through ports 
located at the bottom section of each cylinder.  This  

 
Figure 1 – Preliminary engine configuration – gas-side volume 

(one side only) 

unique scavenging system is termed reverse uniflow and 
is similar to arrangements proposed in Refs. [11-18].   

Figure 1 illustrates a preliminary configuration of the 
engine, with one combustion chamber depicted.  The 
compressor (power fluid) side is not considered in this 
report.  The initial design is being configured to employ 
upstream fuel mixing; packaging requirements limit the 
use of direct in-cylinder injection.  The reverse uniflow 
arrangement provides a novel means of charge 
replacement, however, achieving effective scavenging at 
high speed (the piston’s small mass will result in an 
operating frequency near 200Hz (12,000RPM)) without 
the use of manifold directed porting, as is employed in 
many 2S arrangements, may be challenging.  One 
opportunity to affect the in-cylinder dynamics may be 
through the use of a swirl-generating manifold 
arrangement, similar to those used for small bore, direct 
injection (DI) engines [19-24].  This option will be briefly 
discussed later in this paper.  Ignition of the charge 
could be achieved through a glow plug (as discussed in 
Refs. [25,26]), or by using homogeneous charge 
compression ignition (HCCI), both of which do not 
require a controlled/timed ignition source.  The gas 
transfer process is critical towards achieving adequate 
charge preparation and engine operation, while 
minimizing fuel loss and unacceptable pollutant 
emissions. 

The objective of this work was to begin the development 
of the engine with particular focus on the scavenging 
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system.  A commercial computational fluid dynamics 
(CFD) software suite, STAR-CD/ESICE was used as the 
primary tool.  Global scavenging parameters including 

the scavenging efficiency (�sc) and delivery ratio (�) are 
used as metrics to evaluate the performance of the initial 
designs.  Visualization of the in-cylinder charge motion 
through the gas transfer and compression processes 
allows sources of short-circuiting and the mixture quality 
near the start of combustion (SOC) to be evaluated.  
Based on the results, modifications of the initial design 
will be suggested. 

BACKGROUND 

Free piston engines have received considerable 
attention in recent years due to mechanical advantages, 
improved powerplant efficiency (especially for platforms 
which don’t require shaft power), and increased 
capabilities of control systems.  Examples of recent free 
piston thrusts can be found in Refs. [1-10].  Free piston 
designs generally require two-stroke charge 
replacement because it is difficult/expensive to drive the 
piston(s) in a pumping mode without mechanical 
linkages. 

Computational tools have frequently been used in the 
development of charging systems for modern engines, 
including 2S engines [27-36].  Possible methods include 
1D gas dynamic models, multi-dimensional Navier-
Stokes models, and partially or fully coupled 1D-3D 
software.  Gas dynamic models enable the effects of 
pressure waves through the manifold system to be 
investigated.  These models are particularly useful for 
geometries where the piping configuration is a constraint 
for the design, and for designs operating over a large 
frequency-power space, where tuning can be 
challenging.  Multi-dimensional models allow the in-
cylinder flow fields to be investigated.  These are 
advantageous when developing new scavenging and 
combustion chamber designs, especially where the 
relation between charging and short-circuiting is not well 
established.  Multi-dimensional CFD models however, 
can be time consuming to set up and costly to run; 
adequate mesh resolution can be difficult to achieve.  In 
addition, these models rely on the application of 
boundary conditions (BC) at the inlets and exits of the 
computational domain which may or may not be realistic.  
A critical value is the time varying manifold pressure; 
experimental, computed and simplified isobaric 
conditions have historically been used.  Coupled 1D-3D 
approaches integrate these models’ capabilities and 
provide a more comprehensive (and accurate) 
evaluation of a particular design.  However, more 
parameters, and foreknowledge of the design 
configuration must be available. 

Experimental gas transfer, or scavenging rigs have 
sometimes been used in conjunction with computational 
tools [37-44].  Single-shot and steady flow rigs can allow 
the charging performance to be evaluated under engine 
simulated conditions.  Single-shot devices include the 
dynamic nature of the piston, but cycle-to-cycle coupling 

is lost and liquid-phase fluids are often utilized to 
improve the visualization capabilities through the 
scavenging process.  Steady flow rigs can allow the 
induction system to be parameterized under constant 
pressure-drop, constant-lift operating conditions.  For 
these apparatuses the flow and/or friction coefficients 
are often reported, sometimes with accompanying flow 
visualization.  Entrainment regions and other potential 
problem areas can sometimes be spotted. 

A combined numerical and experimental approach is 
being pursued in the development of this small-scale 
engine.  Multi-dimensional simulations have been 
conducted due to the novelty of the reverse uniflow 
arrangement; these are expected to indicate the 
potential of the proposed configuration.  This report 
describes the CFD set up and some initial simulations; 
the unique flow characteristics of the scavenging system 
are discussed.  A companion report describes a steady 
flow rig that has been constructed to evaluate various 
swirl-generating intake manifold configurations [45]. 

The remainder of this paper is organized as follows.  
Details of the computational setup and simulation are 
provided in the next section with sample CFD results 
presented after that.  The capabilities of the initial 
configuration and the potential of the reverse uniflow 
scavenging arrangement are then discussed with 
possibilities for future design modifications listed after 
that. 

COMPUTATIONAL SETUP 

The commercial software suite, STAR-CD/ESICE was 
used as the primary tool [46].  A 0D free piston dynamics 
(FPD) code was first used to estimate the initial port and 
valve configuration (i.e., size and timings).  The FPD 
code was developed previously to characterize the 
operation of a free piston electrical generator [1]; it 
couples the kinematics of the free piston to the pressure 
dynamics of an internal combustion engine.  The initial 
port/valve size and timings were incorporated into the 
CFD mesh and simulation.  The computational domain 
was constructed using the ESICE and PROAM modules 
of the STAR-CD suite.  The mesh included the entire 
cylinder volume and sections of the intake and exhaust 
manifolds; 300,000 hexahedral and tetrahedral cells 
were used.  A straight intake manifold was employed for 
the initial simulations, and only one of the combustion 
chambers was modeled.  The mesh density was refined 
in regions of large temperature, pressure, and 
momentum gradients, including near the intake valve 
seat and exhaust ports.  An image of the mesh at bottom 
dead center (BDC) is illustrated in Figure 2; the surface 
mesh and a cutaway section of the cylinder volume are 
shown here.  Details of the engine specifications used 
for these simulations are listed in Table 1.  A large bore 
to stroke ratio is used to minimize possible interference 
during the free piston engine’s operation. 

In the operating engine the spring-activated, dual-acting 
valve will utilize a stubbed geometry, as shown in Figure  
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Figure 2 – Computational domain; piston at BDC 

 
Figure 3 – a) Dual-acting stubbed valve and b) valve geometry 

used for CFD simulations 

Table 1: Engine specifications 

Bore [mm] 15 

Stroke [mm] 62 

TDC volume [mm
3
] 540 

Trapped volume [mm
3
] 9,220 

Swept volume [mm
3
] 10,860 

Compression Ratio 17:1 

Operating frequency [Hz / RPM] 200 / 12,000 

Intake equivalence ratio 0.75 

Inlet pressure [bar] 1.5, nominal 

Exit pressure [bar] 1.0 

Number of intake valves 1 

Intake valve diameter [mm] 8 

Intake valve lift [mm] 2.4 

Number of exhaust ports 4 

Exhaust port height [mm] 11.4 

Exhaust port width [mm] 8.9 

EPO – EPC [CAD] 118 – 242 

IVO – IVC [CAD] 130 – 230 

 
3a.  This will allow the valve to close without completely 
seating; seating will occur when the pressure differential 
across the valve actuates the spring located within the 
valve stem.  The spring will be designed to open and 
close the valve based on the desired timings and the 
working cylinder pressures within the opposing 

combustion chambers.  The design of this component is 
beyond the scope of this paper.  For this initial series of 
simulations however a conventional type poppet valve 
geometry (shown in Fig. 3b) and lift history was used; 
future CFD runs expect to incorporate the stubbed 
geometry into the mesh, though this will require 
modifications to the STAR-CD/ESICE software. 

The simulations were computed over a number of 
engine cycles, from 3 to 7, depending on the initial 
conditions used, in order for the calculations to become 
consistent.  This is due to the significant coupling that is 
present in 2S engines (relative to 4S devices); the 
blowdown conditions (at the end of the expansion 
processes) drive the scavenging process which in turn 
affects the heat release on the next cycle, and then the 
expansion & blowdown conditions, etc.  The piston 
motion was defined by a conventional crankshaft-driven 
trajectory, even though this configuration will be for a 
free piston.  Future computations expect to incorporate a 
coupled free piston profile, meaning the trajectory will be 
dynamically determined based on the in-cylinder and 
power fluid conditions.  Compared to a free piston profile 
however, the scavenging time (absolute) is about 20% 
greater for the crankshaft-driven trajectory, due to the 
lower deceleration / acceleration rates of the piston near 
BDC – this means that the intake and exhaust timings, 
to allow for adequate charge replacement, will need to 
be increased for more realistic piston trajectories.  The 
flow characteristics for this geometry however, should be 
quite similar for the different piston trajectories (under 
the constraint that the scavenging times are similar, as 
discussed in Ref. [5]). 

Constant pressure conditions were applied at the inlet 
and exit boundaries; these BC’s can be improved for 
future runs towards more realistic simulations, such as 
when the initial manifold design is completed. With this 
modification the port/valve timings may need to be 
adjusted to achieve comparable scavenging 
performance.  The standard �-� turbulence model was 
employed with no-slip and law-of-the wall conditions 
applied on all solid surfaces.  The temperatures of the 
piston, head, valve and cylinder wall were all set to 500K 
for the runs.  The fluid solver uses the PISO algorithm 
with an average of 5 corrector stages at each iteration; 
an under-relaxation factor of 0.8 was used for pressure 
correction.  All flow variables (except density) were 
solved using an upwind differencing scheme; central 
differencing was used for density.  A time split method 
was used for the chemistry solver due to the stiffness of 
the PDE’s. 

For this investigation, the combustion process was 
computed using a homogeneous reactor model (in order 
to simulate HCCI combustion), meaning that within each 
computational cell in the cylinder the heat release 
process is governed by kinetic reactions; sub-grid scale 
inhomogeneities and turbulent mixing are not taken into 
account.  The rate of heat release is determined by 
solving a set of coupled kinetic equations.  For these 
runs a single, irreversible reaction was employed using 
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propane as the fuel; future work can use more detailed 
mechanisms.  Equations 1 and 2 present the global 
reaction mechanism and the rate equation used.  Table 
2 lists the rate constants for Eq. (2).  These are based 
on parameters suggested by Westbrook and Dryer [47], 
but were modified due to limitations with StarCD’s 
solver.  Large mass fraction exponential values (m, n in 
Eq. (2)) can lead to high stiffness of the simulation which 
causes the code to crash under dynamic conditions (i.e., 
transient engine processes with significant in-cylinder 
stratification of temperature and species).  The mass 
fraction exponentials and the pre-exponential constant 
were adjusted to achieve stable simulations while 
maintaining ignition delays close to the original 
parameters.  (For the operating conditions here 
(equivalence ratio~0.75, Pig~40bar, Tig~1000K) the 
ignition delay is ~40% longer, which results in a shift in 
SOC by about +20CAD at 12,000RPM.) 

3 8 2 2 2C H 5O 3CO 4H O� � �                                  (1) 

� � � �3 8 m n

a u 3 8 2

d C H
A exp E R T [C H ] [O ]

dt
	 
 
          (2) 

Table 2: Rate constants for propane oxidation 

A 28.5E+11 [(mol/cm
3
)/s] 

Ea 125.5  [kJ/mol] 

m 0.75 

n 1.00 

 
The simulations were initialized at 115 crank angle 
degrees (CAD), 3 CAD before exhaust port opening 
(EPO); this allowed the simulations to converge on a 
consistent (cycle-to-cycle) solution quicker than if the 
initial starting point were set to anywhere else in the 
cycle.  The port and valve timings are listed in Table 1.  
The initial runs were simulated using an operating 
frequency of 200Hz (12,000RPM); this is based on the 
results from the 0D FPD code (a piston mass of 12g, 
and an electrical-type resistance to piston motion was 
assumed – the power fluid compression dynamics were 
not modeled in the FPD code). 

SCAVENGING PARAMETERS 

The scavenging efficiency and delivery ratio are primary 
metrics used for evaluation of 2S engine systems; these 
are defined in Equations (3) and (4), respectively.  The 
trapping efficiency is also evaluated and this is defined 
in Eq. (5). 

sc

mass of delivered charge retained

mass of trapped cylinder charge
� 	         (3) 

mass of delivered mixture per cycle

reference mass
� 	         (4) 

tr

mass of delivered charge retained

mass of delivered charge
� 	         (5) 

For these simulations, the scavenging parameters were 
calculated by tracking the fuel flow through the 
computational mesh.  Boundary interfaces at the intake 
valve curtain and the exhaust port were used to 
determine inflow to and outflow from the cylinder 
volume.  Since it was assumed that all of the fuel will be 
consumed during the combustion cycle, this approach 
allows relatively easy computation of the scavenging 
parameters.  Previous studies have used a switching 
algorithm where ‘fresh charge’ and ‘residual charge’ are 
stored as different species with ‘fresh charge’ switched 
to ‘residual charge’ after the ports and valves close [5, 
48].  This is difficult to implement in a commercial code 
like STAR-CD/ESICE and thus the fuel tracking method 
was employed.  This method is similar to scavenging 
measurements in operating engines (where a reactant or 
product specie like O2 or CO2 is used [49-54]), and it 
assumes that the fresh fuel & air mixture mixes and 
diffuses at similar rates.  The calculation for �sc is 
presented in Eq. (6) for reference; yfuel,in is the mass 
fraction of fuel in the intake stream, for propane / air with 
an intake equivalence ratio of 0.75 this is 0.0458. 

� �
� 	 fuel cyl1

sc fuel,in

total cyl

(m )
1+ y

(m )
                                    (6) 

The reference mass used in Eq. (4) is taken as the 
trapped cylinder volume multiplied by the ambient (i.e., 
atmospheric) density as opposed to the inlet density. 

COMPUTATIONAL RESULTS 

The computed charging dynamics and engine operating 
behavior are discussed in this section; computation 
times averaged about 6 days (at each operating point) 
with the calculations distributed over 8 processors per 
run.  A sweep of charging pressures from 1.2 to 2.1bar 
was used to achieve various delivery ratios for the 
reverse-uniflow configuration.  Figure 4 plots the 
scavenging and trapping efficiencies versus delivery 
ratio for four cases, using intake pressures of 1.2, 1.5, 
1.8 and 2.1bars and exhaust pressure of 1.0bar.  Also 
included in this plot are the theoretical limits for the 
perfect displacement and perfect mixing models for 
reference; the target operating range for the engine is 
highlighted as well. 

As can be seen, the scavenging performance for the 
initial configuration of the engine lies between the two 
theoretical curves, as might be expected.  It is slightly 
reduced from the performance expected from a 
conventional uniflow engine, and lower than the design 
target.  The typical rolloff in �sc is seen at higher delivery 
ratios as entrainment and short-circuiting issues become 
problematic.  Future work will attempt to shift the 
scavenging curves towards the target region. 
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Figure 5 plots the intake and exhaust mass flow rates for 
the four cases; positive mass flow indicates flow into the 
cylinder while negative flow rates indicate charge leaving 
the cylinder.  A number of features are evident from the 
curves in this plot.  First, it can be seen that the 
blowdown process is more intense for the higher 
charging pressure runs.  This is due mainly to the higher 
scavenging efficiencies achieved for these cases which 
results in higher combustion pressures and higher 
ensuing blowdown pressures.  The pressure at EPC for 
each of the four cases is nearly identical (as seen in Fig. 
6), indicating that the variation in blowdown pressure is 
primarily a function of the concentration of the fuel 
trapped in the cylinder. 

Next in Fig. 5, the slight back flow that develops through 
the cylinder as the intake valve is opened can be seen.  
This flow reversal is due to the higher pressure of the 
cylinder charge relative to the intake manifold and 
results in a delay of delivery of the fresh charge to the 
cylinder.  It is interesting to note that the flow dynamics 
(i.e., intake and exhaust flow rates) are quite similar 
across the three higher pressure cases during the 
backflow process.  Future runs should work to adjust the 
valve / port timing to ensure adequate blowdown before 
IVO. 

Finally in Fig. 5 it can be seen that through a good 
portion of the charging process (167-206CAD) the intake 
and exhaust flow rates are nearly steady.  This 
characteristic indicates a restriction in the flow path, with 
this possibly being in the valve region.  Indeed, as seen 
in the companion experimental report [45], the thick 
stem of the spring-loaded valve constrains the flow 
geometrically after a non-dimensional lift (L/Dv) of 0.17.  
The lift used for these simulations was 2.4mm, which 
corresponds to a non-dimensional value of 0.3.  Through 
a good portion of the valve lift therefore, there is no 
benefit to higher lifts. 

Figures 6 and 7 plot the average cylinder pressure and 
average temperature versus cylinder volume, 
respectively, on a log-log scale for the four different 
cases.  The compression ratio across these runs were 
set to 17:1; this was done in order to ensure ignition 
across each of the startup engine cycles, even though 
over-compression after combustion (during operation) 
can lead to significant heat loss from the charge.  A 
number of features are evident in these figures.  First, 
the pressure history through much of the compression 
stroke for each of the runs is nearly identical.  Departure 
of the traces occurs as the ignition timing is shifted due 
to the differences in charge temperature (as seen in Fig. 
7).  During expansion the 2.1bar charging case has the 
highest pressure due to the greatest heat released for 
this case, as discussed earlier.  The shift in average 
charge temperature between the runs explains the 
differences in SOC. 

   

 
Figure 4 – Computed scavenging and trapping efficiencies over 
a range of delivery ratios using the initial configuration with 
charging pressures of 1.2, 1.5, 1.8 and 2.1bar, and an intake 
equivalence ratio of 0.75. 

 

 
Figure 5 – Computed intake / exhaust mass flow rates for the 
initial configuration with charging pressures of 1.2, 1.5, 1.8 and 
2.1bar, and an intake equivalence ratio of 0.75. 

 

 
Figure 6– Log pressure versus log volume for initial 
configuration with charging pressures of 1.2, 1.5, 1.8 and 
2.1bar, and an intake equivalence ratio of 0.75. 
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Figure 7– Log temperature versus log volume for initial 
configuration with charging pressures of 1.2, 1.5, 1.8 and 
2.1bar, and an intake equivalence ratio of 0.75. 

Finally from Figs. 6 & 7, it can be seen that there is 
significant curvature present through both the 
compression and expansion strokes (during the port/ 
valve closure period), indicating that there is significant 
heat transfer to / from the trapped cylinder charge, with 
this due to the large surface area to volume ratio present 
in this small configuration.  The issue of heat loss can 
also be seen in the counter-clockwise looping behavior 
of the pressure and temperature traces near TDC. 

Figure 8 illustrates additional results from the 
simulations where spatial distributions of the fuel mass 
fraction are plotted through the scavenging process for 
the 1.5bar charging pressure case.  A cut plane is 
imaged parallel to the intake flow, and colors on the 
plane indicate the strength of the in-cylinder charge; 
these run from 0.0 (blue) to 0.0458 (red), or an 
equivalence ratio from 0-0.75.   Times of 145CAD 
through 245CAD are presented.  Through these images 
the issue of backflow into the intake manifold can be 
seen.  Recirculation and entrainment below the valve 
are also visible, as is the incomplete penetration of the 
fresh charge into the cylinder (which limits the cylinder 
flushing).  Finally, it appears that a torroidal vortex is 
generated along the cylinder wall during the intake 
process; this affects the ensuing in-cylinder dynamics 
through the compression process (as seen in Fig. 10). 

Figure 9 accompanies Fig. 8 where the temperature 
contours along the same cut planes are illustrated 
through the scavenging process.  The issues of 
backflow, recirculation / entrainment, incomplete 
penetration and torroidal vortex generation are also 
visible here. 

Figure 10 illustrates the development of the in-cylinder 
flow during the compression process, towards the 
combustion / heat release event.  Here the same cut-
plane is used though the temperature scale has been 
modified from Fig. 9.  It can be seen that during the 
compression process, the torroidal vortex rotating along  

 
Figure 8 – Contours of predicted fuel mass fraction through the 
scavenging process, imaged on a cut plane parallel to the 
intake flow, for a nominal charging pressure of 1.5bar and an 
equivalence ratio of 0.75. 

the wall works to bring the high temperature, residual 
gases from the piston crown towards the valve region.  
This hot core of entrained residuals & fresh charge is the 
first part of the mixture to ignite, with the rest of the 
charge following it.  Pressure waves are then initiated 
from this region. 

SUMMARY AND CONCLUSIONS 

The operating cycle of a novel, reverse-uniflow 2S 
engine has been simulated using the commercial 
software package, StarCD/ESICE.  For an initial 
configuration which includes a single, dual-acting, 
centrally located intake valve, and four circumferentially 
located exhaust ports, the effects of the scavenging 
process on the in-cylinder dynamics have been 
illustrated.  Due to non-optimal port and valve timings a 
fairly low scavenging efficiencies were realized; backflow 
into the intake manifold delayed the introduction of fresh  
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Figure 9 – Contours of predicted temperature through the 
scavenging process, imaged on a cut plane parallel to the 
intake flow, for a nominal charging pressure of 1.5bar and an 
equivalence ratio of 0.75 

charge into the cylinder, and there is a significant flow 
restriction due to the wide, non-conventional valve stem  
geometry.  The centrally-located intake valve, tightly 
packaged into the cylinder head results in a large 
entrainment region beneath the valve, and the 
generation of a torroidal vortex along the cylinder wall.  
The vortex can work to transport the hot residual gases 
stratified near the piston crown, toward the cylinder head 
during the compression process. 

These non-optimal flow characteristics limit the potential 
of the scavenging process and should possibly be 
addressed in the further development of the engine.  
Future work will include variations in the engine 
operating frequency, valve lift/timing, and port 
height/width in attempt to improve the cavenging 
performance towards the design goals.  In addition, 
manifold-directioning (e.g., see Ref. [45]) may enable 
modification or control of the in-cylinder flow patterns 
which could address the valve recirculation problem.   

 
Figure 10 – Contours of predicted temperature through the 
compression process, imaged on a cut plane parallel to the 
intake flow, for a nominal charging pressure of 1.5bar and an 
equivalence ratio of 0.75; note the change in scale from Fig. 8. 
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