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� Experimental results from

hydrogen powered free piston en-

gine generator.

� Comparison of results from two-

stroke and four-stroke mode of

operations.

� For similar operating conditions

four-stroke performed better than

two-stroke mode.

� Maximum power output was

650 W with negligible NOx

emission.
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In this work, we present the experimental results obtained from hydrogen fuelled spark-

ignited dual piston free-piston engine generator (FPEG) prototype operated in two-stroke

and four-stroke mode. The FPEG testing was successfully conducted at 3.7 compression

ratio, engine speed between 5 Hz and 11 Hz and with different equivalence ratios. The FPEG

technical details, experimental set-up and operational control are explained in detail.

Performance indicators show that both equivalence ratio and engine speed affect the en-

gine operation characteristics. For every set of specified FPEG parameters, appropriate

range of equivalence ratio is recommended to prevent unwanted disturbance to electric

generator operation. Both two-stroke and four-stroke cycle mode were tested, and the
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Electric vehicle range-extender
Hydrogen

Hydrogen combustion

Thermodynamic description

NOx emissions
results showed different combustion characteristics with the two thermodynamic cycles.

Four-stroke cycle mode could operate with indicated thermal efficiency gain up to 13.2%

compared with the two-stroke cycle.

© 2020 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

In 2016, energy consumed by the transportation sector

accounted for 19.5% of total world energy consumption [1]

with crude oil-based fuels accounting for 94% [1,2]. World

crude oil reserves are not infinite and the associated envi-

ronmental impact of continuous use of crude oil-based fuels

for transportation at the current rate is an international

concern. Studies carried out by EXXONMOBIL [1] and BP [2]

indicated that there will be a continuous growth in energy

demands for transportation sector in the near future. At the

current rate of consumption of crude oil-based fuels, the

world crude oil reserves can only last for 50 years [3].

Consequently, some alternative automotive technologies

have been proposed to tackle the environmental impact of

emissions from crude oil-based fuels, and adopting alterna-

tive fuels is one of them [4]. Hydrogen is an alternative

transportation fuel, it is the most abundant element on earth,

and can therefore be considered as a potential “endless” en-

ergy source [5]. Hydrogen has the advantages of high effi-

ciency and ultra-low emissions for internal combustion

engine applications [6]. As a result of advantages offered by

hydrogen fuel, it is considered by some as an ideal fuel to

power arising technologies like the free-piston engine

generator.

The free-piston engine generator (FPEG) is a linear internal

combustion engine coupled with a linear electric generator.

The FPEG considered in the present work is dual piston type.

The piston assembly has a free linear motion between top

dead centre (TDC) and bottom dead centre (BDC) and the

piston assembly motion is controlled by gas and load forces

acting upon it, therefore the requirement for a crankshaft

mechanism is eliminated [7]. The FPEG has some advantages

over traditional internal combustion engine (ICE). It has a

simple mechanical structure with very few moving parts; this

makes it compact with a high power-density [8]. A FPEG

operateswith a variable compression ratio; thismakes the use

of conventional gasoline fuel or alternative fuels such as

hydrogen possible, and therefore can support emissions

reduction without major hardware modifications [9].

Due to the elimination of crankshaft mechanism; there are

no side forces between the piston and cylinder liner, and

because fewer moving parts exist in FPEG, frictional losses are

lower [10]. In free-piston engines, the piston can spend less

time at TDC relative to the crank-shaft-driven piston, this

shorter residence time at TDC could be attractive in terms of

mitigating against heat transfer losses and NOx formation,

because shorter time at higher temperature is desirable for

lower heat transfer loss and less NOx formation [11,12].
Many engine researchers and developers are interested in

using FPEG as an advanced power sources, which could offer

increased performance and reduced emissions over conven-

tional ICEs [13,14]. It is expected that the FPEG will suffer less

thermal and machine losses compared with the current

hybrid electric vehicle systems (HEVs) [15], and the prospects

of high efficiency of a linear generator combined with the

simple structures of a free-piston engine are prompting more

interest in researchers towards FPEG development, especially

for HEVs [13]. Configurations of FPEG can be categorised into

four different types: single-piston engine configuration, dual-

piston engine configuration, opposed-piston engine configu-

ration and four-cylinder complex configuration [16]. In this

research, a first-of-its-kind hydrogen-fuelled dual-piston FPEG

is experimentally investigated in both two-stroke and four-

stroke thermodynamic cycle.

The state-of-the-art

The concept of a modern free-piston engine was first pro-

posed by Pescara [17] for air compression applications and a

patent for spark ignition and compression ignition types were

registered in 1925 and 1928 respectively. Recently there have

been a renewed interest by researchers in development of

FPEG and different research groups have reported on different

prototypes model and experimental results.

Toyota Central Research and Development Labs Inc. re-

ported stable operation of single-cylinder spark ignition FPEG

prototype. This FPEG comprises a two-stroke combustion

chamber at one end, a gas spring chamber at the opposite end

and a linear generator configured in-between the combustion

and gas spring chambers. In the course of the experiment,

several abnormal combustion events were observed but the

operation was reported to be continuously robust [18].

Researchers at West Virginia University presented the

design and operation of a spark ignited dual-cylinder dual-

piston FPEG prototype. The prototype was reported to have

achieved 316 W power output at frequency of 23.1 Hz and

50 mm maximum stroke [19]. Nevertheless, researchers from

Beijing Institute of Technology and Shanghai Jiao Tong Uni-

versity China developed a compression ignition dual-cylinder

dual-piston FPEG prototype and a successful combustion was

reported [20].

A Sandia National Laboratory research team [21] developed

a single-cylinder opposed-piston FPEG prototype to investi-

gate its potential use for HEVs. The opposed-piston FPEG

prototype consisted of a centrally located combustion cham-

ber, the linear generators were configured at each ends of the

combustion chamber and two bounce chambers positioned at

each ends of the generators. The prototype is driven from a
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central combustion chamber, the bounce chamber served as

energy storage to provide compression work for the next

cycle. The prototype employed compression ignition com-

bustion and hydrogen used as main fuel constituent. A suc-

cessful low equivalence ratio (0.04e0.25) hydrogen

homogenous charged compression ignition (HCCI) combus-

tion was reported. However, hydrogen/air mixtures were

ignited with compression ratios ranging from 20:1 up to 70:1.

Indicated thermal efficiencies between 50% and 55% were

reported. Due to some reported difficulties in controlling some

engine parameters, the prototype operation proved insuffi-

ciently robust. Similarly, a two-stroke dual-cylinder dual-

piston FPEG prototype was experimentally investigated on

performance of hydrogen in HCCI mode [22]. It was reported

that at compression ratio between 17 and 50, equivalence ratio

of 0.319 and initial charge temperature of 22 �C, the engine

achieves a cycle thermal efficiency of 55%. The exhaust

analysis indicated NOx emission less than 500 ppm and CO

less than 40 ppm. The major cause of this high thermal effi-

ciency is nearly constant volume combustion at high

compression ratio [22].

Woo and Lee at Korea Institute of Energy Research devel-

oped and investigated the performance characteristics of a

hydrogen fuelled two-stroke spark-ignited FPEG, the proto-

type is of dual-cylinder dual-piston configuration. The re-

searchers adopted the so-called reverse uniflow scavenging

and the prototype was successfully operated at 25 Hz. It was

suggested that to have a reliable and stable operations in

FPEG, a viable control system is needed to address the un-

certainty of piston motion. The reported results show that

optimum power is achieved when fuel is supplied before the

exhaust port opens and then the intake valve opens at BDC.

The engine achieved power output above 13 MPa of IMEP [23].

Numerical model researches of hydrogen fuelled FPEG,

exploring different combustion methods have been also pre-

sented. A research team at Chongqing Jiao Tong University,

numerically investigated the performance of a spark-ignited

hydrogen fuelled FPEG [24] and hydrogen fuelled FPEG with

pilot-ignition technology [25]. The simulation results indi-

cated that hydrogen fuelled free-piston engine moves with

higher velocity and acceleration around the TDC, operates

with higher peak combustion pressure and has a longer

combustion duration compared to a corresponding conven-

tional hydrogen engine. However, the simulation results show

that in a spark-ignited FPEG, hydrogen combustion rate is

slower and exhibits shorter ignition delay compared with

pilot-ignited FPEG. The researchers posited that rapid

hydrogen combustion in pilot ignited FPEG will enhance the

level of constant volume heat release around the TDC, this

results in more indicated work and higher indicated thermal

efficiency. The pilot-ignited FPEG favours higher system fre-

quency, higher compression ratio, more power generation, as

well as more NOx emission compared with the spark-ignited

system [25].

Zhang and Sun [5] numerically studied trajectory-based

combustion control for hydrogen fuelled FPEG. The re-

searchers adopted HCCI combustion and established that the

minimal engine compression ratio to ignite hydrogen fuel in a

trajectory based HCCI combustion is 22:1. Though, at opti-

mised piston motion trajectories; based on higher work
output and reduced emissions simultaneously as target, the

results achieved engine thermal efficiency of 55.7% and NOx

emission less than 57 ppm.

In this work, we present the experimental set-up and first

results obtained from a spark-ignited dual-piston FPEG oper-

ating with hydrogen fuelling in both two-stroke and four-

stroke mode. It demonstrates the potential of operating with

hydrogen fuel and the advantages and disadvantages of

different thermodynamic gas-exchange cycles in FPEG. The

performance, combustion and emissions characteristics were

evaluated experimentally.
Experimental work

Instrumentation

Fig. 1 shows a schematic configuration of FPEG prototype and

Fig. 2 is photograph of the actual prototype developed at

Newcastle University. The main components are the internal

combustion chambers and linear electric generator. The pro-

totype is comprised of two internal combustion cylinders

located at opposite ends, each with its corresponding com-

bustion chamber. Each of the combustion chambers have

independently controlled gas inlet and exhaust valves

(labelled - 5 & 6), spark electrode (labelled - 1) and piston

(labelled - 2). The linear electric machine (labelled - 8) which

can be either operated as a motor or a generator is located

between the two cylinders. The two pistons are rigidly con-

nected using the piston-mover assembly (labelled - 7), the

piston-mover assembly and is the only significant moving

part of the system. Port fuel induction system (labelled - 9) was

used to supply hydrogen fuel into the engine cylinder. During

starting process, the linear electric machine runs as a motor,

oscillating the piston-mover assembly until the air-fuel

mixture in the combustion chamber attains the required

conditions for spark-ignition. The linear electric machine

continues to run as a motor until stable operation is achieved.

However, once the engine is operating at steady-state the

“motor” mode will be switched to “generator” mode. Com-

bustion occurs alternatively in the combustion chambers and

oscillates the piston-mover assembly. The oscillatory motion

of the piston-mover assembly is converted into electrical en-

ergy by the linear electric generator. The inlet and exhaust

valves are controlled by a linear actuated valve control

system.

Many of the reported FPEG prototypes operate on a con-

ventional two-stroke thermodynamic cycle. In dual-piston

two-stroke FPEG configuration, the power stroke takes place

alternately in each cylinder, and it drives the compression

stroke of the other cylinder. However, this prototype config-

uration can operate in either two-stroke or four-stroke cycle

by simply adjusting its control parameters. By adjusting the

intake/exhaust valve timing, the working mode of the linear

electric generator and carrying out the intake and compres-

sion strokes separately from the expansion and exhaust

strokes, the FPEG prototype used can operate on either a two

or four-stroke cycle.

In two-stroke cycle operation, compression and power

strokes occur alternately in each cylinder and the linear
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Fig. 1 e Prototype schematic configuration.

Fig. 2 e Actual FPEG prototype in Newcastle University.
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electric generator is continuously operated as a generator all

through the cycle.

1. Compression stroke: it is initiated when both intake and

exhaust valves are closed, the airefuel mixture in the cyl-

inder is compressed until it attains the required compres-

sion ratio. The power stroke starts towards the end of

compression stroke and the timing of combustion is initi-

ated using a timed spark event, the spark ignites the

airefuel mixture and expansion follows.

2. Expansion stroke: the piston-mover assembly is forced to

move backwards by the high-pressure expanding gas; this

backward movement of the piston-mover assembly leads

to compression in the opposite cylinder. The exhaust

valves are opened towards the end of power stroke and the

burnt gas exits the cylinder. The intake valves are opened

at BDC and fresh charge is drawn into the cylinder.

The four-stroke thermodynamic cycle of FPEG is similar in

principle with a traditional four-stroke engine, where each

cylinder requires a total of four strokes to complete a single

power stroke. Four-stroke operation in a FPEG comprises four

different processes in the following sequence:
1. Intake stroke: it commences when the piston approaches

TDC and the intake valves are opened, the stroke is

completed by closing the intake valves when the piston is

at BDC.

2. Compression stroke: compression stroke is initiated at BDC

when both the intake and exhaust valves are closed. The

airefuel mixture in the cylinder is compressed until it at-

tains the required conditions for ignition or required en-

gine compression ratio at TDC with initiation of spark and

flame propagation.

3. Power stroke: the high pressure burnt gases drives the

piston-mover assembly from TDC towards BDC, and the

linear electric generator converts part of the kinetic energy

of the piston-mover assembly to electricity.

4. Exhaust stroke: this stroke is initiated by opening exhaust

valves at BDC and is terminated when the exhaust valve is

closed at TDC.

In a dual-cylinder FPEG operating in two-stroke mode,

there are two power strokes in every oscillating cycle, there-

fore the electric machine generally works as a generator.

However, in the same configuration in four-stroke mode,

there is only one single power stroke in every oscillating cycle.

https://doi.org/10.1016/j.ijhydene.2020.02.072
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Table 2 e FPEG prototype specifications.

Parameters [Unit] Value

Moving mass [kg] 7.0

Maximum stroke [mm] 40.0

Actual stroke [mm] 34.0

Effective bore [mm] 50.0

Intake valve diameter [mm] 20.0

Exhaust valve diameter [mm] 18.0

Valve lift [mm] 4.0

Number of cylinders [�] 2

Nominal target compression ratio 3.7
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Consequently, electricity is produced only during the power

stroke and the linear electric machine works as a motor to

drive the non-power strokes. The comparison of two-stroke

and four-stroke cycles sequence of steps for each cylinder

and the correspondingmode of operation of the linear electric

generator are summarised in Table 1.

Experimental procedure

The specifications of the FPEG are given in Table 2.

The experimental methodology can be summarised as

follows:

1. Valve timing: The intake and exhaust valves are of poppet

valve type with adjustable lift, an electro-pneumatic sys-

tem based on a Festo actuator is employed to control the

opening and closing timing of the intake and exhaust

valves. This valve actuation system has been tested suc-

cessfully, with a less than 8 ms opening latency (signal to

being fully open) and a 20 ms closing latency. This means

that the FPEG system can operate with valves with opera-

tional speeds in excess of 10e15 Hz.

2. Gas flowrate were controlled using thermal mass flow

meters fed by the laboratory compressed airline (6 bar) and

a 200-L hydrogen tank. The flowmeters were supplied by

Aalborg at 50 l/min (GFC37) for hydrogen and 500 l/min

(GFC67) for air. Well upstream of the intake ducts, the

hydrogen and air were mixed to the desired air/fuel

composition.

3. Piston position and electric machine control: The piston

positions were measured using a variable inductor

displacement sensors and encoder attached to the mover

magnet inside the linear generator. A Moog linear motor

(Model 50204D) was used for an electrical machine, this

selection was mainly based on its capability to provide

sufficient force during the starting process. A Parker model

Compax3H was used as the motor drive, this system

needed to be configured using C3 Manager Software via

RS232 connection via a master computer. The motor was

driven via a sinusoidal electrical commutation of three-

phase coils. The mover's position, velocity, and accelera-

tion information are provided by the linear encoder, and

these were used as feedback to the mover's master control

system.

4. In-cylinder pressure: The dynamic in-cylinder combustion

chamber pressures were measured by AVL (Model ZI21)

piezoelectric transducers sensors mounted in Bosch-

supplied spark plugs.

5. The ignition system used in this prototype is a capacitor

discharge ignition system, which consists of a 12 V battery,
Table 1 e Comparison of two-stroke and four-stroke engine cy

Two-stroke

Right cylinder Left cylinder L

Stroke / gas exchange þ compression power þ gas exchange

Stroke ) power þ gas exchange gas exchange þ compression

Stroke / gas exchange þ compression power þ gas exchange

Stroke ) power þ gas exchange gas exchange þ compression
oscillator-transformer-rectifier circuit, capacitor, coil, and

spark plug. The 12 V battery is stepped to high voltage

(20 kV) by the ignition system.

6. Temperatures: Combustion chamber intake and exhaust

temperatures were measured with type K thermocouples.

7. Emissions: Emissions were measured using a Testo 350-XL

exhaust gas analyser and mainly focused on the quantifi-

cation of nitrous oxides.

8. Data acquisition and control: These were implemented

using the National Instrument CompactRIO system, the

program for monitoring, control and display of the real-

time signals is developed in LabVIEW. All actuators and

sensors are connected to I/O modules on the CompactRIO

system for data collection. The collected data is tempo-

rarily stored in the CompactRIO memory and then

streamed to the host PC. The measured piston displace-

ment and combustion chamber pressure were used as

feedback signals to control the intake and exhaust valve

timings. Data analysis were performed using a MATLAB

script written to read measurements and scale the

measured quantity to basic engineering units.

9. Performance calculations: the indicated work is computed

as the integral of measured in-cylinder pressure and vol-

ume in both cylinders per cycle. The indicated efficiency is

calculated as indicated work per cycle divided by the fuel

energy delivered per cycle while the indicated power is

calculated as the rate of work done per cycle.
Results and discussion

A conservative approach was adopted in the selection of the

prototype piston stroke and engine speed, this was done to

minimise the risk of impact between valves, the piston head

and the cylinder end and to support the improved control

strategy adopted. The linear electric machine was used as an

active controller to control the piston movement according to
cles.

Four-stroke

inear machine Right cylinder Left cylinder Linear machine

generator air intake air exhaust motor

generator compression air intake motor

generator power compression generator

generator air exhaust power generator
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a pre-set sinusoidal displacement profile. The target piston

displacement profile is a sinusoidal wave function with am-

plitudes of 17.0 mm and �17.0 mm. The pre-set piston stroke

is 34.0 mm, the clearance from the cylinder head yielded a

corresponding compression ratio of 3.7. An operating speed of

5 Hz was selected for the testing, which corresponds to 300

cycles per minute. The FPEG prototype was operated accord-

ing to both two-stroke and four-stroke thermodynamic cycle;

the valve timings and spark ignition initiation were controlled

based on piston displacement and velocity feedback. During a

series of engine tests, data were collected over 30e60

consecutive sequential combustion cycles and post-

processed. The baseline operating parameters are set out in

Table 3.

Two-stroke operation e influence of equivalence ratio

Combustion analysis
The in-cylinder pressure development, spark initiation event

and valve timing events for a complete two-stroke cycle at

engine operating frequency of 5 Hz, air supply at 120 STL/min

and hydrogen supply at 22 STL/min are shown in Fig. 3a.

While Fig. 3b shows the mean in-cylinder pressure, spark

initiation event and valves operation with percentage of

piston's total swept volume for a complete two-stroke cycle

with the same operating parameters as Fig. 3a. The in-

cylinder peak pressure position is the point of maximum

conversion of fuel chemical energy to mechanical energy in

FPEG, for optimal energy conversion and improved engine

efficiency, the position of in-cylinder peak pressure to the

piston TDC is important. It is desirable for the peak pressure

position to be very close to the TDC during power stroke. The

mean in-cylinder pressure for a complete two-stroke cycle at

different equivalence ratios are shown in Fig. 3c. It is evident

from Fig. 3c that the higher the equivalence ratio, the closer

is the in-cylinder peak pressure position to the TDC in power

stroke. Lower equivalence ratio results in a lower in-cylinder

pressure values, whereas their pressure peaks are attained

further away from TDC in power stroke when compared with

higher equivalence ratio. A slight difference on the duration

of combustion and ignition delay were found at different

equivalent ratio, it can be observed in Fig. 3c, that combus-

tion is more rapid at higher equivalence ratio when

compared to lower equivalence ratio scenario. The ignition

delay is shorter in higher equivalence ratio combustion and
Table 3 e Main operating parameters.

Parameters [Unit] Value

Operational speed [Hz] 5.0

Reference Position (Ref) [mm] 15.0

Two-stroke Four-stroke

Top Dead Centre (TDC) [s aRef] 0.059 0.064

Bottom Dead Centre (BDC) [s aRef] 0.160 0.163

Spark Timing [s aTDC] �0.014 �0.021

Inlet Valve Open (IVO) [s aTDC] �0.034 �0.017

Inlet Valve Close (IVC) [s aTDC] 0.006 0.114

Exhaust Valve Open (EVO) [s aBDC] 0.039 �0.009

Exhaust Valve Close (EVC) [s aBDC] 0.077 0.112
longer in lower equivalence ratio combustion (Fig. 3c). For

complete fuel combustion and optimal energy conversion, it

is desirable for the combustion to start very close to the

piston TDC in the power stroke. It can be seen in cases of

higher equivalence ratio that combustion occurs closer to

the piston TDC and further away from the TDC at lower

equivalence ratio.

The piston velocity and displacement profiles are shown

in Fig. 3d for different equivalence ratios. As noted in Fig. 3c,

themagnitude of peak in-cylinder pressure is proportional to

the equivalence ratio. The in-cylinder gas pressure forces

exerted on the piston is proportional to the equivalence

ratio, this can be observed in piston position profile deviation

from a pre-set position profile immediately after TDC in

Fig. 3d and this deviation from a pre-set position profile leads

to a surge in piston velocity after the TDC. This sharp in-

crease in piston velocity is proportional to the equivalence

ratio. It implies that the linear generator will extract more

power to counter the surge in piston velocity and tomaintain

the pre-set displacement profile. The response of the linear

generator due to velocity surge is observed by the sudden

drop in piston velocity just after the surge (Fig. 3d). The surge

in piston velocity is a disturbance to the electric generator

operation; therefore, an optimised equivalence ratio for a set

of engine parameters is required for a smooth operation of

the engine.

Performance analysis
The influence of equivalence ratio (hydrogen fuel loading) on

the performance of FPEG prototype operated in two-stroke

mode at frequency of 5 Hz are evaluated and presented in

this section. The in-cylinder peak pressure at different

hydrogen flow rates (fuel-air equivalence ratios) for a two-

stroke thermodynamic cycle is shown in Fig. 4a. The in-

cylinder peak pressure value increases with increase in

equivalence ratio. With higher equivalence ratio, the peak

pressure in the combustion chamber is found to be higher

and shows a linear relationship with the equivalence ratio.

This is expected because the quantity of fuel supplied to the

combustion chambers translates to energy available after

combustion because of superior burning properties of

hydrogen fuel. Fig. 4b shows the peak pressure timing at

different equivalence ratios. It is important to note that the

spark initiation event occurs at the same timing irrelevant of

the equivalence ratio. The time it takes for the in-cylinder

pressure to attain maximum pressure has a negative corre-

lation to the equivalent ratio: with higher equivalence ratio,

the combustion chamber peak pressure timing is found to be

lower and shows a negative linear relationship with the

equivalence ratio. It is evident from Figs. 3c and 4a that

higher equivalence ratio results in higher in-cylinder peak

pressure value. We found that the combustion become more

stable from equivalence ratio of 0.4365 (22 STL/min hydrogen

flowrate) and above as apparent from Fig. 4b; the level of

fluctuations on the peak pressure timing at 0.4365 equiva-

lence ratio and above start to decreasewhen compared to the

earlier equivalence ratios. Less variations on peak pressure

timing is an indication that shows that combustion is more

stable.
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Fig. 3 e In-cylinder pressure development for two-stroke cycle mode.
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The relationship between work done and indicated effi-

ciency with varying equivalence ratio are shown in Fig. 4c and

4d respectively. It is expected that with higher equivalence

ratio, the work done will be higher and that work done will

exhibit a linear relationship with the equivalence ratio. Rather

the work done was found to be nearly a constant irrespective

of the equivalence ratio. The engine indicated efficiency drops

gradually despite having a higher peak in-cylinder pressure at

higher equivalent ratio. With higher equivalence ratio, the

indicated efficiency is found to be lower, and shows a negative

linear relationship with the equivalence ratio. Maximum

indicated efficiency obtained for two-stroke cycle was 32.3% at

0.377 equivalence ratio, corresponding to 19 STL/min

hydrogen flowrate. The results show that the equivalence

ratio has a significant effect on the performance of FPEG.

Four-stroke operatione influence of increasing speed

Combustion analysis
The in-cylinder pressure development, spark initiation event

and valve timing events for complete four-stroke cycle are

shown in Fig. 5a. While Fig. 5b shows the mean in-cylinder

pressure, spark initiation event and valves operation with

percentage of piston's total swept volume for a complete four-
stroke cycle mode of operation. In-cylinder pressure profile is

among the important parameters in thermodynamic analysis

of internal combustion engine, and it is a typical indicator of

the combustion process, which can be used to evaluate the

efficiency of chemical to mechanical energy conversion in the

engine.

Performance analysis
The FPEG prototype is further investigated to understand the

impact of varying frequency (speed) on system performance.

The effects of operational frequency on peak pressure, peak

pressure timing, indicated work, indicated power and indi-

cated efficiency at equivalence ratio of 0.4365 (at 11 STL/min

hydrogen flowrate and 60 STL/min air flowrate) are pre-

sented in Fig. 6. The operating frequency was varied from the

operational base frequency of 5 Hze11 Hz, while the other

FPEG operational variables were kept the same. Increase in

operating frequency lead to a decrease in magnitude of peak

pressure as seen in Fig. 6a. This behaviour is expected

because less quantity of fuel is available for combustion at

every frequency increment when the fuel flowrate is con-

stant. Fuel content in the combustion chamber is propor-

tional to the energy content from combustion gases; which

in this case, is indicated by the in-cylinder pressure. The
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Fig. 4 e Impact of equivalence ratio on performance for two-stroke cycle mode.

Fig. 5 e In-cylinder pressure development for four-stroke cycle mode.
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peak pressure timing (Fig. 6b) decreases with increase in

frequency, it is expected that the peak pressure timing will

increase when the quantity of fuel available for combustion

become lesser in cases of increased frequency but rather the

opposite trend is observed, this is due to influence of

increased engine speed on FPEG combustion. Indicated work
and indicated efficiency decreased as the frequency

increased as shown in Fig. 6c and 6e respectively, however

the indicated power increased with increase in operational

frequency (Fig. 6d). The highest indicated efficiency achieved

for four-stroke cycle was 45.5% at 6 Hz, which was 13.2%

greater than the indicated efficiency achieved for two-stroke

https://doi.org/10.1016/j.ijhydene.2020.02.072
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Fig. 6 e Influence of speed on performance for four-stroke cycle mode.
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cycle mode. An increase in indicated power output and

decrease in indicated efficiency was observed as a function

of increasing frequency (operating speed) this is most likely

associated with a reduction in the efficiency of the gas ex-

change process. This was because the control system fixed
the valve timing signal time, however in practice there is a

real-time delay in this actuation. Thus with increasing

speed, the fixed valve timing needs there is scope for further

optimisation. The FPEG achieved power output of 650 W at

11 Hz.
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Fig. 7 e Pressure development in a mean two-stroke and

four-stroke cycle.
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Comparison of in-cylinder pressure development in two and
four-stroke mode of operation

The in-cylinder pressure for a two-stroke thermodynamic

cycle and in-cylinder pressure during compression stroke

and power stroke for a four-stroke thermodynamic cycle are

shown in Fig. 7. The both cycles (two thermodynamic cycles)

were operated at the same equivalence ratio of 0.4365 and

frequency of 5 Hz. Spark initiation event is programed to

commence when the in-cylinder charge reaches a pre-set

threshold of 5 bar, both in the two-stroke and the four-

stroke thermodynamic cycle. The four-stroke cycle mode

exhibits slightly higher peak in-cylinder pressure and higher

overall in-cylinder pressure from the peak pressure position
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to the BDC when compared to the two-stroke cycle mode. It

can be observed that combustion is longer in four-stroke

cycle compared to the two-stroke cycle, and the reason for

higher in-cylinder combustion pressure and longer com-

bustion time observed in four-stroke cycle is because of su-

perior charge mixture capability and higher scavenging

efficiency inherit in four-stroke cycle process. In four-stroke

mode, the FPEG produced 13% more indicated efficiency as

compared to two-stroke mode of operation. The outcome of

lower efficiency in two stroke than in four stroke mode also

confirmed by the Woo and Lee in one of their FPEG research

paper [23].

Emission from FPEG

This section describes the emission characteristic of FPEG

in two-stroke and four-stroke mode of operation with the

use of hydrogen fuel. The chemical reaction of hydrogen

fuel and air leads to complete combustion with the release

of heat along with water vapour and nitrogen oxides as a

main pollutant. Engine out NOx emissions are plotted in

Fig. 8. The nitrogen oxides emission analysis from the FPEG

at operating frequency of 5 Hz and equivalence ratio of

0.4365 is shown in the figure. The two-stroke mode of FPEG

produces NOx emission of 44 ppm, which is lesser than the

four-stroke mode NOx emission of 84 ppm. This is mainly

due to in-cylinder temperature, which is more in four-

stroke cycle than two-stroke cycle. It further confirms

that at equivalence ratio below 0.5; that is the NOX emis-

sions critical limit, NOX emissions from hydrogen com-

bustion in internal combustion engine is extremely low

without implementing any after-treatment measures [26].

The low NOX emission can be attributed to the relatively

low engine compression ratio of 3.7, which gives rise to low

temperature combustion. The similar trend of low NOX

emission in free-piston hydrogen engine generator has

been reported by Yuan et al. [24].
 

ekorts-ruoF
e of operation

ons from FPEG.
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Conclusions

In this paper, the experimental results obtained from

hydrogen fuelled spark-ignited dual piston free-piston engine

generator (FPEG) prototype operated in two-stroke and four-

stroke mode are presented and analysed. It is found that:

➢ Performance indicators show that both equivalence ratio

and engine speed affect the engine operation characteris-

tics. The peak pressure value in the combustion chamber

shows a positive linear relationship with the equivalence

ratio, while the peak pressure timing shows a negative

linear relationship with the equivalence ratio. Both the in-

cylinder peak pressure and peak pressure timing shows a

negative correlation with the engine speed.

➢ The results from both two-stroke and four-stroke cycle

mode showed different combustion characteristics with

the two thermodynamic cycles. Four-stroke cycle mode

can operate with indicated thermal efficiency gain up to

13.2% compared with the two-stroke cycle.

➢ In every set of specified FPEG operation parameters,

appropriate range of equivalence ratio is recommended to

prevent unwanted disturbance to electric generator oper-

ation. The FPEG achievedmaximumpower output of 650W

at 11 Hz.

➢ The four-stroke mode of FPEG operation produces more

NOx emissions compared to two-strokemode of operation.

The investigation also confirms that, the NOx emission is

minimal at equivalence ratio less than 0.5.
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