Mechanical

Emre Arabaci! and Muhammed Akar?

! Automotive Engineering Department, Faculty of Technology, Pamukkale University, Denizli, 20160, Tiirkiye
2 Automotive Engineering Department, Graduate School of Natural and Applied Sciences,
Pamukkale University, Denizli, 20160, Tiirkiye

Emre Arabaci (earabaci@pau.edu.tr)

Received: 8 November 2024 — Revised: 17 February 2025 — Accepted: 19 March 2025 — Published: 21 July 2025

In this study, a compact, single-cylinder, spark-ignition, four-stroke engine commonly used in power
generators is converted into a six-stroke engine. This conversion employed the free-stroke Kelem model, one of
the six-stroke engine approaches described in the literature, which required modifications only to the camshaft.
Without modification to the original crankshaft gear, a fixed-ratio epicyclic gear was applied to the camshaft
gear to achieve the necessary speed ratio between the crankshaft and camshaft. Following the verification of the
engine’s original camshaft dimensions, new cam profiles were designed using a two-circular-arc cam profile.
The cam lobes and cam gear were manufactured and assembled separately. During the experiments, a resistive
load bank with a capacity ranging from 400 to 4000 W was employed to load the power generator and assess the
engine’s performance parameters. Fuel consumption, oil temperature, and exhaust gas temperature were mea-
sured, from which thermal efficiency, specific fuel consumption, and fuel consumption per cycle were calculated.
The results showed that oil temperature decreased by 3.1 %, exhaust gas temperature decreased by 15.4 %, and
thermal efficiency increased by 15.8 %. However, fuel consumption per cycle in the six-stroke engine increased
by 29.9 %, indicating a higher engine load demand to achieve the desired power output. This study uses the
original dimensions and characteristics of the test engine as a reference. No further modifications were made
apart from the camshaft adjustment. The experimental findings demonstrate that four-stroke engines can be suc-
cessfully converted into six-stroke engines, achieving improved fuel economy at the expense of reduced power
output. The implementation of an epicyclic gear system into the camshaft gear without any modification to the
crankshaft gear, along with the experimental validation of the model’s usability, distinguishes this study from the
existing literature.
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Internal combustion engines have been the primary energy
conversion system for both mobile and stationary appli-
cations since the 1890s owing to their high-power den-
sity, energy efficiency, reliability, and cost-effectiveness (Van
Basshuysen and Schifer, 2016). With advancements in tech-
nology, internal combustion engines have been continuously
improved to satisfy environmental, performance, and eco-
nomic criteria. However, a key drawback of internal combus-
tion engines that rely on fossil fuels is the pollutant emissions
resulting from the combustion process. In response, both de-

veloped and developing countries have implemented strin-
gent regulations to mitigate these emissions (Winkler et al.,
2018; Uyumaz et al., 2024). A recent trend in the transporta-
tion industry is the shift from internal combustion engine ve-
hicles to battery electric vehicles, which are regarded as a
potential solution to critical issues such as climate change
and the energy crisis. Unlike conventional internal combus-
tion engine vehicles, battery electric vehicles utilize electri-
cal energy as fuel, offering significant advantages. While it
is estimated that the total life cycle carbon footprint could be
reduced by up to 40 % with the adoption of electric vehicles
over internal combustion engine vehicles, several challenges



remain. These include battery production, electricity genera-
tion, charging infrastructure, energy transfer time, range lim-
itations, battery disposal, and vehicle safety, all of which con-
tinue to be topics of active debate (Fenfeo Automation Pri-
vate Limited, 2024; Desreveaux et al., 2023; Farzaneh and
Jung, 2023).

According to the Internal Combustion Engine Market
Size, Share, and Trends Analysis Report published in
November 2023, global demand for internal combustion en-
gines was approximately 182000 units in 2022 and is pro-
jected to grow at a compound annual growth rate of 9.2 %
through 2030 (Grand View Research, 2024). Despite a de-
cline in the popularity of internal combustion engines within
the transportation sector, demand for these engines remains
strong, primarily driven by the agriculture, construction,
mining, and power generation industries. Hybrid electric ve-
hicles, which integrate an internal combustion engine with an
electric motor, constitute a notable improvement in the trans-
portation industry. These vehicles inherently produce fewer
emissions, have a lower carbon footprint, and offer reduced
operational costs compared to conventional internal combus-
tion engine vehicles. Additionally, hybrid electric vehicles
provide superior fuel efficiency and lower operating costs
(Verma et al., 2021; Zhang et al., 2020).

In hybrid electric vehicles, advanced engines using Atkin-
son cycle technology are employed to enhance fuel economy
and reduce pollutant emissions (Asef et al., 2024). Atkinson
cycle engines achieve higher energy efficiency by extending
the expansion stroke relative to the compression stroke. Al-
though they are structurally similar to conventional Otto cy-
cle engines, Atkinson cycle engines feature modified valve
timing that allows for a longer power stroke than the com-
pression stroke. This extended power stroke improves energy
efficiency but results in reduced power output (Feng et al.,
2016; Ozdemir et al., 2022). Consequently, the displacement
of Atkinson cycle internal combustion engines used in hy-
brid electric vehicles is generally larger than that of internal
combustion engines in conventional vehicles. Six-stroke en-
gines are primarily designed to improve fuel economy (Yang
etal., 2023; Arabaci et al., 2015; Conklin and Szybist, 2010).
Given their potential benefits, six-stroke engines are antici-
pated to emerge as a viable alternative to the Atkinson cycle
engines currently used in hybrid electric vehicles.

Six-stroke engines, classified as internal combustion en-
gines, serve as an alternative to the two-stroke and four-
stroke engines commonly used today. Structurally, they
closely resemble four-stroke engines. The primary objec-
tive of six-stroke engines is to enhance efficiency and fuel
economy. Broadly, six-stroke engines are categorized into
two main approaches: the single-piston approach and the
opposed-piston approach (Arabaci et al., 2015; Arabaci and
Icingiir, 2016). As this study focuses on the single-piston ap-
proach, the literature review is limited to six-stroke engines
employing this design. In the single-piston approach, two ad-
ditional strokes are incorporated into the conventional four-

stroke cycle. A historical analysis of engine technology re-
veals that six-stroke engines are nearly as old as many of the
engine technologies in use today (Fig. 1).

According to the historical timeline of engine technology,
the principle of the six-stroke cycle was initially introduced
by Griffin in 1889 (Griffin, 1889; Gabora, 2013; Arabaci and
R;ing'ur, 2016). In 1913, Schimanek aimed to enhance the
power stroke’s effect by increasing the volumetric efficiency
of the internal combustion engine. To achieve this, they in-
troduced a novel six-stroke cycle, which in turn inspired fur-
ther research in the field. In their study, the charge entering
the cylinder was compressed, routed to a pre-chamber, and
then pressurized back into the cylinder (Schimanek, 1913).
In 1917, Liedtke proposed an engine concept that combined
features of both internal combustion and steam power. Their
study suggested that the waste heat in the cylinder, specifi-
cally from the inner wall and piston surface, generated dur-
ing combustion and not directly converted into useful power,
could be utilized to create an additional power cycle using
steam. For this cycle to function, the crankshaft needed to
complete three full revolutions per cycle (Liedtke, 1917).
Leonard Dyer significantly advanced the concept of six-
stroke engines in 1920. Their study identified three main
objectives: increasing thermal efficiency by recovering heat
produced during gas expansion, optimizing the gas exchange
process and alleviating the burden on the cooling system
(Dyer, 1920). The single-piston six-stroke engine model ref-
erenced in various studies is based on Dyer’s patent. While
structurally similar to four-stroke engines, this six-stroke
concept differs primarily in valve timing and the use of a
water injection system designed to recover waste heat. Func-
tionally, it operates as a combination of an internal combus-
tion engine and a steam engine, incorporating two additional
strokes beyond the conventional four-stroke cycle. Following
Dyer’s study, numerous patents related to six-stroke engine
concepts have been developed. One of the most significant
contributions in this field is the research conducted by Kelem
and Kelem (hereafter referred to as Kelem). Unlike Dyer’s
approach, which focused on waste heat recovery through wa-
ter injection, Kelem’s research aimed to reduce residual gas
concentration within the cylinder and cool the cylinder in-
terior by implementing two additional free strokes. This ap-
proach not only reduced the demand for engine cooling but
also improved engine performance by increasing volumetric
efficiency (Kelem and Kelem, 2010).

The fundamental difference between the studies of Dyer
and Kelem resides in their valve timing strategy. In both con-
cepts, the cycle is completed in three crankshaft revolutions.
Consequently, while the angular velocity ratio between the
crankshaft and the camshaft is 3: 1, the engine’s operating
characteristics can be adjusted through an appropriate cam
profile. This section compiles significant studies conducted
using the engine concepts of Dyer and Kelem. Both Dyer’s
and Kelem’s engine concepts are six-stroke engines employ-
ing a single-piston approach. Due to the structural similar-
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ities between six-stroke and four-stroke engines, the transi-
tion from four-stroke to six-stroke engines has consistently
attracted interest (Arabaci et al., 2015; Arabaci and Igingiir,
2016; Conklin and Szybist, 2010; Gupta et al., 2018; Ra-
jput et al., 2019, 2020, 2021). Six-stroke engines are devel-
oped by modifying the valve mechanisms of four-stroke en-
gines, thereby extending the cycle. The primary objective of
this conversion is to increase thermal efficiency (Arabaci et
al., 2015; Arabaci and k‘ingﬁr, 2016; Conklin and Szybist,
2010).

Theoretical studies have shown that thermal efficiency can
significantly improve, particularly through exhaust heat re-
covery via direct water injection (Conklin and Szybist, 2010;
Chen et al., 2015). The thermal efficiency in this context
varies depending on the water injection parameters. The ap-
plication of free strokes, as seen in the Kelem model, also
theoretically enhances thermal efficiency in place of ex-
haust heat recovery. This suggests that six-stroke engines
are well suited for hybrid electric vehicles, where maximiz-
ing thermal efficiency outweighs power density requirements
(Arabaci, 2021). The conversion of gasoline-powered four-
stroke engines to six-stroke engines through water injection
and exhaust heat recovery has been reported to yield an ap-
proximate 9 % increase in thermal efficiency under optimal
water injection parameters. Additionally, the impact of water
injection and exhaust heat recovery on engine performance
has been estimated to be approximately 10 % (Arabaci et al.,
2015). However, while thermal efficiency increases in six-
stroke engines, power output is typically reduced due to the
longer cycle duration. Alongside this transition, the engine
cooling load also decreases significantly. The cylinder wall
and exhaust gas temperatures in six-stroke engines are lower

compared to those in four-stroke engines, which can be ex-
ploited as an advantage for enhancing engine performance.

By employing alternative crank mechanisms, the power
stroke can be mechanically extended (Arabaci and Kilig,
2018). Alternative fuels such as acetylene, ethanol, and
methanol can be utilized (Gupta et al., 2018; Kanna and
Pinky, 2020). Both Dyer and Kelem models continue to in-
spire theoretical and experimental studies on six-stroke en-
gine conversions. Particularly for applications where fuel
economy is a priority, six-stroke engine concepts remain a
subject of ongoing development and research.

Based on the literature review, no experimental studies
have been conducted on six-stroke engines using the Kelem
model. However, for the implementation of exhaust heat re-
covery with water injection, an additional water injection
control system must be developed. The six-stroke engine
model proposed by Kelem is less efficient than Dyer’s but of-
fers a practical approach for converting four-stroke engines
into six-stroke engines (Fig. 2). Additionally, the Kelem
model may be further improved by adopting various gas ex-
change strategies (Arabact, 2022).

In converting four-stroke engines to six-stroke engines,
compact single-cylinder engines are commonly preferred.
The primary modification in this process involves adjust-
ing the crank-to-cam angular velocity ratio. Previous stud-
ies have shown that to alter this ratio from 2:1 to 3: 1, the
crank gear is downsized, and the cam gear is enlarged accord-
ingly (Yang et al., 2023; Thatoi and Gaur, 2023; Gupta et al.,
2018; Arabaci et al., 2015). While this conversion is consid-
ered practical, enlarging the camshaft is not always feasible,
particularly in compact engine designs. Additionally, since
the crankshaft—camshaft center distance cannot be altered,
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both cam and crank gear dimensions generally require mod-
ification.

As an alternative, using an epicyclic gear for the camshaft
allows the crank-to-cam angular velocity ratio to be adjusted
from 2: 1 to 3: 1 without altering the crank gear dimensions
(Arabaci and Icingiir, 2021). This enables the conversion
of four-stroke engines into six-stroke engines by modifying
only the camshaft architecture. According to the literature
review, no experimental studies have investigated the appli-
cation of epicyclic gearing on the camshaft. In this study, a
compact four-stroke spark ignition engine from a power gen-
erator was converted into a six-stroke engine following the
Kelem model. For the conversion, the cam gear was replaced
by an epicyclic gear system, and the camshaft was redesigned
as a multi-component assembly along with the cam lobes.
The generator was subjected to electrical (resistive) load-
ing, and performance data were recorded for both four-stroke
and six-stroke engine configurations. The results were sub-
sequently compared and analyzed (Yang et al., 2023; Thatoi
and Gaur, 2023; Gupta et al., 2018; Arabaci et al., 2015).

Modern vehicles equipped with Atkinson cycle engines
exhibit a higher geometric compression ratio compared to
conventional engines. However, various valve timing strate-
gies are employed to reduce the effective compression ratio,

resulting in a high-efficiency engine with an extended expan-
sion process. In the proposed approach of this study, only
the camshaft and, consequently, the valve timing strategy are
modified to achieve a high-efficiency engine comparable to
an Atkinson cycle engine. In this respect, while an Atkinson
cycle engine requires modifications to both the valve tim-
ing strategy and the engine’s geometric design to accommo-
date a high compression ratio, the six-stroke engine concept
achieves this efficiency-focused approach solely through the
redesign of the camshaft. Due to this expected design advan-
tage, it is claimed that the proposed six-stroke engine concept
has the potential to be utilized in hybrid electric vehicles.

To facilitate the conversion of the four-stroke engine to a
six-stroke engine, modifications to the cam gear and adap-
tations of the valve timing were introduced. These two fun-
damental changes to the camshaft are thoroughly discussed
below. Subsequently, a new camshaft was fabricated in align-
ment with these modifications. During the production of the
camshaft, the cam gear and the shaft incorporating the cam
lobes were manufactured separately and subsequently joined



Technical specifications of the power generator (Honda

Engines, 2024).

Specification Value
Brushless AC  Maximum power 5.5kVA
alternator Nominal power 5.0kVA

Voltage 230V AC

Frequency 50Hz

Cos ¢ (resistor) 1.0

Type Monophase

Nominal speed 3000 rpm
Four-stroke Volume 389 cc
gasoline Bore x stroke 88 x 64
engine Maximum net power  8.7kW @ 3600 rpm

Net power
Maximum net torque
Net torque
Compression ratio
Fuel-Air mixture
Ignition

6.7kW @ 3000 rpm
26.4Nm @ 2500 rpm
21.3Nm @ 3000 rpm
8.2:1

Carburetor

Digital CDI

using a screw connection. An experimental setup was estab-
lished to evaluate the engine performance parameters.

A portable gasoline-powered generator was used in the ex-
periments. This power generator consists of an internal com-
bustion engine coupled with a brushless AC alternator. In the
setup, the alternator functioned as an engine dynamometer,
allowing for constant-speed, variable-load tests. To adapt the
engine for the experiments, several modifications were made
to its internal components. The technical specifications of the
power generator are provided in Table 1.

The experimental setup included a resistive load (Fig. 3).
The resistors were mounted on aluminum pipes with an outer
diameter of 50 mm. Water from a 100L tank was circu-
lated through the aluminum pipes using a pump, facilitat-
ing heat transfer from the resistors to the water. To achieve
the desired electrical load, all resistors were controlled by a
load controller implemented with a 16-channel relay mod-
ule and a microcontroller (Atmega 32U4). During the exper-
iments, all electrical data were measured with a multimeter.
The engine speed was maintained at a constant 3000 rpm
via a mechanical speed governor integrated into the inter-
nal combustion engine. This centrifugal governor operates
within specified tolerances, which may result in deviations
depending on the load conditions. To verify the engine speed,
a non-contact tachometer (Uni-T 372; accuracy: +0.04 %,
precision: 1rpm) was used. If significant deviations were
detected, adjustments were made using the governor con-
trol arms. Temperature measurements for the cylinder wall,
exhaust, and oil were conducted with K-type thermocou-
ples (Uni-T UT325F; accuracy: £0.2 % + 0.5 °C, precision:

0.1 °C). Fuel mass consumption was measured using a preci-
sion scale (Radwag WTC 2000; precision: 0.01 g, accuracy:
40.03 g) and a digital stopwatch (Kalenji Onstart 110; pre-
cision: 0.01 s, accuracy: £0.02 s). Additionally, a multimeter
(HP 760C; voltage precision: 1V, voltage accuracy: £2.5 %,
current precision: 0.01 A, current accuracy: £2 %) was used
to monitor the resistive load and collect electrical data.

Errors in the experiment can stem from factors such as ob-
servation, operating temperature, instrument types, calibra-
tion of measurement devices, and testing procedure. The ac-
curacy of the experiment is quantified in terms of uncertainty.
Total uncertainty is calculated as the square root of the sum
of the squares of the uncertainties associated with each mea-
surement device (Holman, 2021; Huang et al., 2015; Nayyar
et al., 2017). Accordingly, the total uncertainty has been de-
termined to be 3.22 %.

In all experiments, the procedure outlined in Fig. 4 was
followed. Once the generator reached steady-state operating
conditions, a load was applied using a resistive load bank.
After applying the load, steady-state data were recorded. To
verify the accuracy of the measurements, the generator was
briefly operated without load, and the recorded data were
checked. After all data were collected, the load was adjusted
using the resistive load bank, and the next test conditions
were initiated.

Since the engine used in the experimental study operates
at a constant speed of 3000 rpm, a variable load test was con-
ducted. During this test, a resistive power (Prgs) was ap-
plied in 10 stages, ranging from 400 to 4000 W, with safety
measures ensured throughout. One of the fundamental per-
formance parameters, specific fuel consumption (sfc), is cal-
culated as follows:

1037
sfc = ﬂ

Pice M
Here, miyel (g h1) represents the fuel consumption rate. A
measurement period of 4 min was established to determine
fuel consumption, during which the initial fuel mass (m;) and
final fuel mass (mys) were recorded. Consequently, mifye] was
calculated as follows:

Mifuel = 15 (mj —my). ()

The mechanical efficiency () between the internal com-
bustion engine and the alternator in the generator is consid-
ered to be around 0.95. For resistive loads, cosg is taken to
be 1. Based on these assumptions, Picg can be calculated as
follows:

PRrEs
Picg = —. 3)
Nm
Another fundamental performance parameter is brake ther-
mal efficiency:
3600 Prgs 3.6

- Nm X Hifgel X LHV - Nm x sfc x LHV'

1t “)
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In this context, LHV refers to the lower heating value of the
fuel, which is estimated to be about 44 000 J g~! for gasoline.
A key distinction between four-stroke and six-stroke engines
is the number of cycles completed at a constant engine speed.
Therefore, to evaluate and compare the performance of both
cycles, fuel consumption per cycle (mg per cycle) is calcu-
lated as follows:

106n"lfue1 X c
Meycle = ~Znn - (5)
3600 x n
Here, n represents the engine speed (rpm) and c indicates the
number of crankshaft revolutions required to complete one
cycle. For four-stroke engines, ¢ = 2, whereas for six-stroke
engines, ¢ = 3.

Epicyclic gearing, also known as a planetary gear set, con-
sists of three primary components: the sun gear, ring gear,
and planet carrier. The terminology related to epicyclic gear-
ing is illustrated in Fig. Sa. Figure 5b and c depict the com-
plete schematic and gear set diagram of an epicyclic gearing,
respectively, while Fig. 5d illustrates the speed relationships
between the components.

establish the motion relationship between the sun gear and
the ring gear. A key limitation of epicyclic gearing concerns
the number of teeth on the gears. When denoting the number
of teeth for the sun gear, ring gear, and planet gear as Zg, ZR,
and Zp, respectively, the following condition must hold:

Zr =Zs+27Zp. (6)

Here, the number of planet gears, denoted as Np, is another
critical parameter in the design of planetary gear systems.
The following relationship is used to determine the optimal
configuration of the planetary gear system:

(Zs + Zr)
Np
When the center-to-center distance between the sun gear and
the planetary gear is denoted as A, the distance between the

two planetary gears is represented by L, and the gear module
is designated as M, the following condition must be satisfied:

=(ZS+ZR)§=Z- )

M
L =2Asing = T(ZS + ZR) > 2ZpM
=(Zr—Zs)M. 8)

The equations above are essential for defining the dimen-
sions of an epicyclic gearing. Unlike conventional gear sys-
tems, which typically have a single input-and-output shaft,
epicyclic gearing consists of three interconnected compo-
nents, each with distinct speeds and rotational directions.
These components correspond to the sun gear shaft, ring gear
shaft, and planet carrier shaft. Given the angular velocities of
the sun gear, ring gear, and planet carrier are ws, wr, and wc,
respectively, the following relationship is obtained:

wc (Zr + Zs) = wrZR +ws Zs. )
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In this configuration, when any two of the three compo-
nents serve as the input and output, the third component
must remain “fixed”. In a conventional four-stroke engine,
the camshaft gear drives the crankshaft gear with a gear ra-
tio of GR =2:1 (Fig. 6a). However, in a six-stroke engine,
when the camshaft gear drives the crankshaft gear, the gear
ratio should be GR = 3:1 (Fig. 6b). Maintaining a constant
center-to-center distance Cg4, the camshaft gear in the six-
stroke engine will be § larger compared to that in the four-
stroke engine. This size difference may introduce signifi-
cant assembly challenges, particularly when converting four-
stroke engines to six-stroke operation.

The method proposed in this study involves adding
epicyclic gearing to the camshaft without modifying the
crankshaft gearing (Fig. 6¢). In this way, while maintaining
a constant center-to-center distance C4, the camshaft in the
six-stroke engine remains the same size as that in the four-
stroke engine. The key difference here is that the ring gear
in the epicyclic gearing, originally an internal gear, is recon-
figured to function as both an internal and an external gear.
Consequently, the crankshaft engages with the external por-
tion of the ring gear, designating the ring gear (internal gear)
as the input in the epicyclic gearing. In this setup, either the
sun gear or the planet carrier must serve as the output.

When the crankshaft rotates at a speed of we, the ring gear
rotates at a speed of wr = (1/2)wg. Under these conditions,
the camshaft speed in a six-stroke engine should be (1/3)wEg.
Using Eq. (8), when the sun gear is fixed (ws = 0), the con-
dition Zr + Zs = 2: 1 is met. Here, the number of teeth for
the ring gear, sun gear, and planet gear are designated as 40,
20, and 10, respectively. According to Eq. (6), the number of

Fixed H——+HS Output
Input —4— |c
C o
P

T
—>Output —

R

(c) Gearset Diagram

WR

we

wg= ZR ZS

(d) Velocity diagram

planetary gears, Np, is set to 4, with a pressure angle 8 = 45°.
Checking the condition in Eq. (7) confirms that it is satisfied
for a gear module M = 1.7. This M value is selected based
on the size of the cam gear from the original four-stroke en-
gine.

In the designed cam gear assembly, MR106ZZ miniature
bearings were incorporated into the planetary pinion gears,
while 6702Z7Z bearings were used to support the connec-
tion between the planet carrier and the ring gear. An M12
screw thread was machined to secure the camshaft at the
planet carrier output. M4 bolts and nuts were employed for
assembling all components. The prototype of this cam gear
was initially manufactured using an FDM 3D printer with
PLA filament. Following assembly tests on the engine, the
gears intended for experimental use were produced using
a closed-cabinet FDM printer with PAHT CF15 filament
(polyamide with 15 % carbon fiber) (see Fig. 4d). PAHT-
CF filament is a specialized material that offers high tensile
strength (103.2 MPa at 5 mm min~!), high impact resistance
(Izod impact strength: 18.1kJ m~2), and high service tem-
perature (Vicat softening point of 192 °C under a 50 N load),
making it suitable for this type of gear production (BASF,
2024).

The original camshaft includes an exhaust decompression
system, a mechanism that reduces engine compression by
keeping the exhaust valve open during the pull start, which
helps the engine start more smoothly. However, due to the
space limitations caused by the cam gear modification, it was
not possible to include this system in the camshaft designed
for the six-stroke engine. As a result, the exhaust decompres-
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sion system was excluded from the modified camshaft de-
sign.

The key step in modifying the camshaft for converting a four-
stroke engine to a six-stroke engine lies in adjusting the valve
timing. Both intake and exhaust cam profiles, as well as their
angular positions on the camshaft, are critical. To measure
the profile over the camshaft lobes, a specially manufactured
cam profile measurement device was employed (Fig. 7a).
This device, equipped with a rotary encoder, collects 1000
data points per rotation. A dial indicator on the device en-
ables high-precision measurements with 0.01 mm accuracy.
Data from the dial indicator are captured for each rotary en-
coder signal and transmitted to a computer through the ECU,
allowing for the generation of the cam lift graph (Fig. 7b).
This process was conducted for both intake and exhaust cam
lobes, resulting in detailed cam profiles (Fig. 7c¢).

To adapt the cam profiles for the six-stroke engine, it is es-
sential to model the original cam profiles first. The cam fol-
lower used in the experiments was designed with a flat sur-
face. For this reason, a two-circular-arc cam profile model,
which has been tested for simplicity and reliability, was cho-
sen for the flat-surfaced follower (Arabaci, 2019; Grohe,
1990).

For the design of two-circular-arc cams, the following re-
lationships exist (Arabact, 2019):

|IMM|=by=r—r, (10)

IMM3| =by =r —r + Smax, 11

Omax Zelmax‘i‘eZmaXv (12)
b2_ _ 2

by 2 (r—r2) (13)

- 2(r —rp —bycosh)’

When a flat-faced follower is used, continuous tangential
contact is maintained. The contact between the follower and
cam takes place at the first arc (AB), the second arc (BC),
or the heel (Fig. 8a). The motion of the flat-faced follower
takes places only along cam arcs AB and BC. The motion
equations for the flat-faced follower are as follows (Grohe,
1990):

(14)
5)

SAB = b1 (1 — COS@l),
SBC = Smax — b2(1 — COSGQ).

The primary dimensions here are r and smax. The critical di-
mension, however, is b, which is determined through a trial-
and-error method. To determine b, the average lift s,,e can
serve as a reference. Ideally, s,ve should be maximized within
the specified boundary conditions. The expression for the av-
erage lift is given as follows (Arabaci, 2019):

Omax
Save = s(0)do
max
0
1 gl‘max 0
= f sapdf + / sgcdd (16)
emax
0 02,max

Here, the choice of b, affects the angular values 01 nax and
02 max. thereby altering the motion characteristics of the fol-
lower. Additionally, for translating follower mechanisms, it
is recommended that the acceleration at the peak of the cam,
where the follower changes direction, should ideally not ex-
ceed 300 ms—2 (Grohe, 1990). Therefore, the value of b, is

limited by the maximum acceleration, amgx-
2
Amax = —@°by a7

Thus, b2 max = 12.16 mm. Another factor in determining by
is the velocity of the follower at the moment it first moves
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the valve. According to the workshop manual for the test en-
gine, the clearance values for the intake and exhaust valves
are specified to be 0.15 and 0.20 mm, respectively. On the
original cam, the angular clearance values (6;) for the intake
and exhaust valves are measured to be an 11° camshaft an-
gle (CSA) and a 13° CSA, respectively. For initial contact
at these angular values, it is recommended that the follower
speed does not exceed 800 mms~!.

The value of b was first determined using Eq. (13) for the
condition where by = by max followed by checking the clear-
ance values based on Eq. (14). For by = by max, the calculated

https://doi.org/10.5194/ms-16-359-2025

clearance values for the intake and exhaust valves were 0.27
and 0.38 mm, respectively. Since these values did not meet
the specifications outlined in the manual, a trial-and-error ap-
proach was used to adjust b, to 8 and 7.5 mm for the intake
and exhaust cams, respectively. The equation for calculating

follower speed at initial contact is provided below:
Ve = wbq siné,. (18)

Accordingly, the v, values were calculated to be 250.12 and
271.73 mm s~ ! for the intake and exhaust followers, respec-
tively. The resulting cam profiles from these calculations

Mech. Sci., 16, 359-374, 2025



are illustrated in Fig. 8c. Based on Eq. (16), the s,y. val-
ues for the original cam profiles were determined to be 2.19
and 1.95 mm, respectively. In the redesigned profiles, these
values increased by approximately 45 %, reaching 3.17 and
2.83 mm, respectively.

Figure 9 shows the motion characteristics of the follower
for both the original and the newly designed cam profiles.
Although the peak values of velocity and acceleration in the
redesigned cam profiles are higher compared to the original,
they remain within acceptable limits.

The two-circular-arc cam model used in this study was
also applied to the cam profiles of the six-stroke engine. It is
well known that a full revolution of the camshaft governs all
strokes in the cycle. Theoretically, a stroke on the camshaft
occurs at 90° CSA in a four-stroke engine and at 60° CSA in
a six-stroke engine (Fig. 10). Consequently, the angular ratio
between these two engine types is 3/2 (Fig. 10).

In practical applications, valves open early and close late
to optimize gas exchange efficiency. In a four-stroke engine,
the maximum angles (6ax) for the intake and exhaust cams
were previously determined to be 97.5 and 96.0° CSA, re-
spectively (see Fig. 10). Applying a 3/2 angular ratio, the
Omax values for the intake and exhaust cams in the six-stroke
engine are calculated to be 65 and 64° CSA, respectively.
Since this study adopts the Kelem model for the six-stroke
engine, the exhaust valve remains open for three strokes.
Consequently, the exhaust cam opens at an initial 64° CSA
and reaches maximum lift (spax) and closes at a final 64°
CSA. During this period, the exhaust valve remains fully
open. On the original cam, the clearance angles (6;) for the
intake and exhaust valves were measured to be 11 and 13°
CSA, respectively. By applying the same 3/2 angular ratio,
the clearance angles required to transmit motion to the fol-
lower in the six-stroke engine are calculated to be 7.33° CSA
for the intake valve and 8.67° CSA for the exhaust valve (see
Fig. 11).

Based on the angular values shown in Fig. 11, cam pro-
files for the six-stroke engine were designed using the two-
circular-arc cam model. Initial trials for developing the six-
stroke cam profile began with a base circle radius of r =
13mm as in the original cam profile. However, standard
clearance values could not be met within the angular con-
straints for both intake and exhaust cam profiles. Conse-
quently, through a trial-and-error approach, the intake valve
radius was adjusted to r = 16 mm and the exhaust valve ra-
dius to r = 18 mm. This increase in the base circle radius re-
quired the modification of the connecting rod between the
follower and rocker arm to accommodate the new dimen-
sions. Final adjustments were made using the adjustment
screw within the rocker mechanism. As shown in Fig. 11,
since the exhaust valve remains open for a total of three
strokes, a peak interval rather than a distinct peak is assumed.
Under such force-intensive conditions, significant wear is an-
ticipated due to prolonged contact between the cam and fol-
lower.

Figure 12 presents the cam profiles designed for the six-
stroke engine along with their respective motion characteris-
tics. At a reference engine speed of 3000 rpm, the camshaft
speed is 1500 rpm in the four-stroke engine and 1000 rpm
in the six-stroke engine. The lower camshaft speed in the
six-stroke engine, compared to the four-stroke engine, con-
tributes to improved motion characteristics.

The cam lobes, after the completing their design pro-
cess, were manufactured from DIN 42CrMoS4 steel and
mounted onto an M12 threaded rod using nuts. The assem-
bled camshaft was then integrated into the cam gear, which
was designed with epicyclic gearing, preparing the setup for
experimental testing

To assess the impact of the two-circular-arc cam model on
engine performance, a dedicated camshaft was manufactured
for the four-stroke engine incorporating an epicyclic gear
train. In this setup, a lock pin secured the ring gear and planet
carrier, ensuring the direct transmission of the ring gear’s
motion. This design allowed for a straightforward compari-
son of the effects of both the two-circular-arc cam model and
epicyclic gearing on the newly produced camshaft. Experi-
mental fuel consumption data, collected over a 400-4000 W
resistive load range at an engine speed of 3000 rpm, are pre-
sented in Fig. 13. The results indicate a 3.4 % average in-
crease in fuel consumption with the modified camshaft. This
increase is likely due to minor deviations in the original cam
profile, design constraints of the two-circular-arc cam model,
manufacturing tolerances in the epicyclic gearing, and gen-
eral production limitations.

This study compares the fundamental performance metrics
of a four-stroke engine with its original camshaft to those of a
six-stroke engine modified with epicyclic gearing and a two-
circular-arc cam model. Key parameters measured include
fuel consumption, oil temperature, and exhaust gas tempera-
ture, while thermal efficiency, specific fuel consumption, and
fuel consumption per cycle were calculated to further evalu-
ate performance.

The relationship between fuel consumption and applied
resistive load is illustrated in Fig. 14. Following the con-
version to a six-stroke configuration, fuel consumption de-
creased by approximately 13.4 %. This reduction is attributed
to the longer cycle length of the six-stroke engine, which
is 50 % greater than that of the four-stroke engine. As a re-
sult, the number of cycles per minute and, consequently, fuel
consumption, decreased. At 3000 rpm, the four-stroke engine
completes 1500 cycles min~!, whereas the six-stroke engine
completes 1000 cycles min~!. While this conversion led to a
33.3 % reduction in cycle frequency, fuel consumption de-
creased by only 13.4 %. These findings suggest that to main-
tain the required power output in the experiment, the six-
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stroke engine’s fuel consumption, and therefore its load, must
be comparatively higher.

Figure 15 illustrates the change in oil temperature in re-
lation to the applied resistive load. After converting from a
four-stroke engine to a six-stroke engine, a decrease of ap-
proximately 3.1 % in oil temperature was observed. At first

glance, this decrease might seem more significant. However,
since the six-stroke engine generates the same power as the
four-stroke engine at a higher operating load, it is expected
that the oil temperature will not change drastically. To evalu-
ate the oil temperature more accurately, it should be consid-
ered in conjunction with specific fuel consumption or thermal
efficiency data. In the six-stroke engine, the oil temperature
ranges from 326 to 412 K, while in the four-stroke engine, it
ranges from 336 to 425 K. As anticipated, the oil temperature
increases as the resistive load rises.

Figure 16 presents the changes in exhaust gas tempera-
ture in response to the applied resistive load. After convert-
ing from a four-stroke to a six-stroke engine, the exhaust gas
temperature decreased by approximately 15.4 %. This reduc-
tion is expected as the average exhaust temperature naturally
drops due to the additional free strokes following the exhaust
stroke in a six-stroke engine. In the six-stroke cycle strat-
egy used in this study, exhaust gases are expelled through
the exhaust line during the exhaust stroke. During the first
free stroke, the cylinder intakes a mixture of gases (initially
residual exhaust gas followed by air) from the exhaust line.
Finally, during the second free stroke, the gas in the cylinder
is expelled through the exhaust line. During these strokes,
the temperature of the exhaust gases in the line decreases
slightly. It is important to note that the exhaust tempera-
ture here represents an average value and does not capture
the peak temperature of the exhaust gases immediately af-
ter combustion. Nevertheless, the exhaust temperature of the
six-stroke engine remains lower than that of the four-stroke
engine.

Figure 17 illustrates the variation in thermal efficiency
relative to the applied resistive load. After the transition
from a four-stroke to a six-stroke engine, thermal efficiency
increased by approximately 15.8 %. This improvement is
mainly attributed to the six-stroke engine’s operation under
higher loads compared to the four-stroke engine as thermal
efficiency tends to improve with increased engine load. Ad-
ditionally, another factor contributing to the boost in ther-
mal efficiency is the reduction in in-cylinder temperature and



400

200
0

v(m/s)
o
a(m/s?)

-200

-400

v (m/s)
Nk o RN

C le (°
w=33 331 rad=1000 rpm " "€ ()

(b) Exhaust Cam

120.0°

(c) Designed cam profiles
(Six-stroke engine)

Cam motion characteristics and cam profile dimensions for six-stroke engine.

1600

R?=0.9907

1400 f

= —
(=3 N
(=3 [=3
(=} o
}
t

x
(=3
S
I
T

Two -circular arc cam (g/h)

[N
(=3
S
I
T

Q.o O Fuel consumption (g/h)

S
=)
S

800 1000 1200
Original cam (g/h)

1400 1600

Fuel consumption comparison for the original camshaft
and produced camshaft in four-stroke engine.

1600
E Y |
1400 + L
= F FRRtLy JURRES 7 §
51200 ¢ e e
5 1000 -
2
£ 800
2
§ 600
E 400 +.. = Four-stroke
200 -- A Six-stroke
0
400 800 1200 1600 2000 2400 2800 3200 3600 4000

440 T
[
420 + -
; I A
ga00+ g A e A
e P e
2380 + =
©
g :
£360 1
b F
= 340 +
© o ® Four-stroke
A
320 + A Six-stroke
300 f f I e e R
400 800 1200 1600 2000 2400 2800 3200 3600 4000
Resistive load (W)
The comparison of oil temperature.
1000
E L e L
o 950 ¢ e
% 900 F e LI
g E e = e
® 850 F e ) A At A
= F ettt o Vet
S £ e At
B0 g
SOT750 F e &
< E e
2 700 £ et
E 650 " ...... + = Four-stroke
& 600 & e A Six-stroke
550 £ } } o ST T
400 800 1200 1600 2000 2400 2800 3200 3600 4000

Resistive load (W)

Resistive load (W)

The comparison of fuel consumption.

residual gas, which occurs due to the free strokes in the six-
stroke cycle. This decrease may enhance both volumetric and
combustion efficiency, resulting in a corresponding increase
in thermal efficiency.

Specific fuel consumption is a key indicator of engine per-
formance. Figure 18 illustrates the variation in specific fuel

The comparison of exhaust gas temperature.

consumption with increasing resistive load. After converting
from a four-stroke to a six-stroke engine, specific fuel con-
sumption decreased by approximately 13.4 %. The advan-
tages of the six-stroke engine are particularly evident at low
and medium resistive loads. Notably, in the 2400-3600 rpm
range, the specific fuel consumption values for both engines
are quite similar. However, the fuel consumption advantage
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observed at lower resistive loads diminishes as the resistive
load increases.

When comparing engines with different working cycles, as
in this study, it is essential to evaluate fuel consumption on a
per-cycle basis. This comparison is the most meaningful un-
der constant resistive load and fixed engine speed conditions.
The cam profiles that control stroke formation in both four-
stroke and six-stroke engines exhibit similar characteristics.
However, due to the engine’s premixed operation (enabled
by the carburetor), the air—fuel mixture is drawn in during
the intake stroke, with its volume regulated by the carbure-
tor’s throttle valve. Therefore, per-cycle fuel consumption is
a key parameter in assessing engine performance.

Figure 19 illustrates the relationship between fuel con-
sumption per cycle and the applied resistive load. As ex-
pected, per-cycle fuel consumption increases as the load
rises. However, since the six-stroke engine completes fewer
cycles per unit time than the four-stroke engine at a constant
speed, it consumes more fuel per cycle to maintain the same
power output. For instance, while a four-stroke engine con-
sumes 255 mg of fuel under a 3600 W resistive load, the six-
stroke engine reaches a similar consumption level (254 mg)
at only 2400 W. These results indicate that for a six-stroke en-
gine to achieve comparable performance to a four-stroke en-
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gine, its per-cycle fuel consumption must be approximately
29.9 % higher.

Previous studies on converting Otto cycle engines to
Atkinson cycle engines have shown that increasing the ge-
ometric compression ratio and adjusting the valve timing can
reduce specific fuel consumption by 8 %—12 % (Feng et al.,
2016; Cinar et al., 2021; Niu et al., 2020; Bowyer et al.,
2021). While Atkinson cycle engines achieve high efficiency
through an extended expansion process, this conversion re-
quires modifications to both the valve timing and the engine’s
geometric design. In the proposed six-stroke engine concept,
similar performance and efficiency are achieved solely by re-
designing the camshaft. Although the cam gear mechanism
has a complex structure, this modification is considered to
be a simpler process compared to altering the engine’s ge-
ometric compression ratio. This design advantage enhances
the potential of six-stroke engines for use in hybrid electric
vehicles.

In this study, a camshaft modification is performed to enable
the conversion of a four-stroke engine to a six-stroke engine.
The Kelem model, a six-stroke engine strategy known for
incorporating free strokes, was employed. To achieve the re-
quired angular velocity differential between the crankshaft
and camshaft, a novel model was applied. In this model,
the crankshaft gear remained unchanged, while the camshaft
gear was configured with fixed-ratio epicyclic gearing. This
setup facilitated the desired speed variation necessary for the
six-stroke operation.

Converting a four-stroke engine to a six-stroke engine is
a complex and challenging process. For this study, the mod-
ification was applied to a conventional single-cylinder, air-
cooled engine commonly used in power generators. A sig-
nificant challenge was the compact assembly of the alternator
and engine, making disassembly and reassembly more diffi-
cult. Each minor adjustment to the camshaft required detach-



ing and reattaching the alternator, substantially slowing the
progress of the experiments.

For the conversion of the conventional four-stroke engine
to a six-stroke engine, the original camshaft dimensions were
accurately determined, with particular focus on the intake
and exhaust cam profiles and valve timing. To achieve precise
measurements, a straightforward experimental setup was em-
ployed to capture the cam profiles, which were then adapted
into a mathematical model known as the two-circular-arc
cam model for the six-stroke engine.

A hybrid manufacturing approach was employed, design-
ing the camshaft in three main parts. Due to the high preci-
sion required in producing cam gears, 3D-printing technol-
ogy was utilized to produce components, which were then
assembled with miniature bearings and steel shafts for stabil-
ity. The cam lobes were manufactured using DIN 42CrMoS4
steel, and the camshafts performed reliably throughout test-
ing.

To load the engine, a 4000 W resistive load cell was de-
signed, applying increments of 400 W to the generator while
measuring fuel consumption, oil temperature, and exhaust
gas temperature. Thermal efficiency, specific fuel consump-
tion, and fuel consumption per cycle were calculated, with an
overall experimental uncertainty of 3.22 %. Theoretical anal-
ysis indicated that increasing the number of strokes per cycle
by 50 % (introducing free strokes) resulted in a 33.33 % re-
duction in cycle frequency per unit time. To maintain power
output, the engine load (throttle opening) had to be increased.
Although higher fuel consumption was observed due to the
increased load, thermal efficiency improved, leading to a
13.4 % decrease in specific fuel consumption, marking a sig-
nificant efficiency gain. However, a reduction in peak power
was noted, accompanied by lower oil and exhaust gas tem-
peratures due to the extended cycle time. Additionally, ther-
mal efficiency increased by 15.8 %, while fuel consumption
per cycle increased by 29.9 %. While this study primarily fo-
cused on fundamental performance parameters, in-cylinder
pressure variation, intake and exhaust pressure fluctuations,
exhaust emissions, vibration, and acoustic emissions were
not examined. Furthermore, as the generator operated at a
constant speed, the engine speed characteristics were not as-
sessed.

This research was conducted using the measurements and
characteristics of the original test engine as reference with-
out further modifications. Parameters such as valve timing
and cam profile movement characteristics for six-stroke op-
eration were not analyzed, leaving room for future studies
to explore alternative six-stroke strategies. Additionally, inte-
grating epicyclic gearing into the camshaft while maintaining
the original crankshaft gear posed challenges due to space
constraints, particularly in compact engines. Future studies
may consider positioning this gear mechanism outside the
engine to overcome such limitations.

The six-stroke engine approach presented here is one of
the simplest methods in the literature. However, its applica-

bility to both premixed and direct-injection engines is a sig-
nificant advantage. Nonetheless, the continuous opening of
the exhaust valve may cause flow disruption in the exhaust
system, which should be taken into consideration. Therefore,
in future studies, alternative approaches developed as substi-
tutes for this method could also be evaluated (Arabaci and
Icingiir, 2016). The main innovation in this study lies in the
novel approach to the cam gear. For future research, the ap-
plicability of variable valve timing strategies used in Atkin-
son cycle engines to six-stroke engines could be explored.
Additionally, to leverage the advantages of four-stroke en-
gines, a series of design modifications to the camshaft could
enable the development of a dual-cycle engine capable of op-
erating in both four-stroke and six-stroke modes.

In this study, the change in engine performance is exam-
ined without altering the valve timing characteristics. How-
ever, in future studies, the impact of different valve timing
characteristics on engine performance in the six-stroke en-
gine concept can be analyzed in detail. In particular, the
potential effects of various valve timing strategies on com-
bustion efficiency, power output, and emission levels can be
investigated. Furthermore, the application of this study to
multi-cylinder engines can also be explored while consider-
ing the possible advantages and design requirements. This
would allow for a more comprehensive evaluation of how
the six-stroke engine concept performs across different en-
gine configurations.

In conclusion, this study demonstrates that a four-stroke
engine can be successfully converted to six-stroke operation,
achieving fuel savings at the cost of reduced power output.
The implementation of epicyclic gearing for the camshaft
while preserving the original crankshaft gear, along with the
experimental validation of this approach, underscores its po-
tential and highlights its advantages over existing methods in
the literature.
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