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Abstract: Facing the future, whether working alone or with electric motors, a new type of variable
compression ratio (VCR) engine that can achieve a high thermal efficiency under heavy load conditions
is necessary. Hence, we propose a dual shaft control variable compression ratio (DSC-VCR) engine
based on a gear-driven eccentric sleeve. With the improved position of gears, DSC-VCR allows for
double larger gears to share the load, and the engine can operate with a larger eccentric size and a
narrower adjustment range compared to other similar mechanisms. This helps to reduce the difficulty
of chamber shape design, avoid collisions between valves and piston, and above all, makes the engine
operate with a larger overexpansion ratio (OER, the ratio of expansion stroke and compression stroke)
under all conditions to improve engine efficiency. Based on a 1.5 T four-cylinder engine, the OER
can be increased to over 1.16 with the eccentric size of 6.5 mm. According to the theoretical thermal
efficiency calculation while considering turbocharging, the per millimeter increase of eccentric size
improves the theoretical efficiency by 0.0025-0.006. The predictive simulation presented that the
reduction of residual gas helps to increase the compression ratio (CR) from 9.5 to 10.1 under a full
load condition. Larger OERs and CRs help to reduce brake specific fuel consumption (BSFC) by
6%—8%. In the case of a 75% load, about 3.51% of efficiency increase was realized. All of these prove
that DSC-VCR is a high-efficiency potential mechanism for the future.

Keywords: variable compression ratio; overexpansion ratio; theoretical thermal efficiency;
heavy-load efficiency

1. Introduction

Currently, automotive engines are simultaneously developing towards a high self-efficiency and a
high electrification. With the development of energy-saving technologies (Miller cycle, high tumble
system, lean combustion, and fuel upgrading), engine thermal efficiency itself is improving. Variable
compression ratio (VCR) engines show advantages when combined with the technologies shown
above. The mass-produced variable compression turbocharging (VC-T) engine of Nissan realizes
nearly 40% of brake efficiency with the combination of VCR, the Miller cycle, and a tumble valve [1].
In spark-assisted homogeneous charge compression ignition (HCCI), which is the combustion system
of a Volkswagen, the compression ratio (CR) plays an important role [2]. Engines achieve an efficiency
of 45% for both Toyota [3] and Honda [4] cars that operate with the Miller/Atkinson cycle and a high
exhaust gas recirculation (EGR) rate. The key to expand the lean burn limit includes a high CR, a high
tumble, and an improved ignition system. For many alternative fuel engines, such as bio-diesel [5-7]
and methanol [8] engines, a VCR is also an essential way to improve thermal efficiency and ensure
normal operation under heavy load or cold start conditions. For future automotive engines, it is
necessary to integrate the technologies above to comprehensively improve engine performance. To sum
up, the VCR engine does have a great potential for further development.
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On the other hand, the involvement of electric motors makes up for the shortcomings of the
part-load efficiency of traditional internal combustion engines. However, problems of electric cars like
high cost, poor endurance, and slow charging speeds have not yet been properly solved [9]. Therefore,
a combination of traditional engines and electric motors might become the mainstream in the transition
period. In hybrid electric vehicles (HEVs) such as those made by Toyota and Honda [10-12], traditional
engines usually work under heavy load conditions. As a result, one of keys to prolong the traditional
engine industry is to improve the heavy-load efficiency when combined with electric motors.

Many researchers have focused on VCR development. Charles Mendler adjusted the CR by
mounting the crankshaft in an eccentric “crankshaft cradle” that pivoted 10 degrees to raise and
lower the crankshaft [13]. J. A. C. Kentfield realized the VCR and variable stroke through a multi-link
mechanism [14]. Dennis N. Assanis et al. used the pressure reactive piston to adjust the CR [15].
Alberto Boretti and Joseph Scalzo presented a new design of a variable compression ratio engine with a
multi-link mechanism [16]. For Honda, a dual-piston system can adjust the CR with a hydraulic system
and a spring [17]. A new approach of a self-controlling variable compression ratio connecting rod was
used by Frank Stefan Will and Dylan Mayson [18]. Kleeberg, H. (FEV) realizes the VCR by inserting
an eccentric sleeve at the position of piston pin to change the position of piston [19]. Duchemin, M.
and Collee, V. (MCE-5) realize the VCR with a large gear with mechanical loss reduction [20]. For the
Nissan VCR engine mentioned above, a triangle component is used to change the piston movement
and the CR [1]. However, traditional VCR engines have only shown obvious energy-saving effects for
new European driving cycles (NEDCs) or worldwide-harmonized light vehicle test cycles (WLTCs),
in which part load conditions account for the majority. However, this is inconsistent with real drive
emission (RDE) that contain a wider range of operating conditions.

It is noteworthy that one kind of VCR mechanism rotates the eccentric sleeve inside the connecting
rod big end through a gear system. This has the effect of overexpansion, with the expansion stroke
larger than the compression stroke, which has the potential to improve the thermal efficiency under
heavy load conditions. Leithinger S. F. realized the control of an eccentric sleeve through a set of
internal gear transmission systems [21]. However, the processing of an internal gear is complex, and its
cost is high. The rotation directions of eccentric sleeves and crank pins are opposite, which causes
great friction loss. Gomecsys added a pair of intermediate gears in their gear system and named the
new mechanism the Goengine [22]. After decreasing the gear load by optimizing the eccentric phase,
Gomecsys reduced fuel consumption by 8% in WLTCs at a low cost with a 2—4 mm eccentric size and a
maximum overexpansion ratio (OER, the ratio of the expansion stroke to the compression stroke) of
1.09 [23,24]. However, the way of putting the control shaft in the center of crankshaft limits the size of
transmission gears. For some engines with high-overlap cranks, there may be no space for gears at all.
Therefore, the eccentric size cannot be increased because of the low gear strength. The overexpansion
ratio is at a low level, so the thermal efficiency under a heavy load cannot be obviously improved.

In order to increase the OER and further improve the thermal efficiency of an engine under heavy
load conditions, we propose the concept of the dual shaft control (DSC)-VCR [25], which places the
transmission gears on both sides of the crank pin. Thus, double larger gears with a higher strength
can be applied to the DSC-VCR. After slightly changing the crank structure, the eccentric size of the
DSC-VCR can be increased to 6.5 mm based on a 1.5 T spark ignition (SI) engine. Compared to other
VCR mechanisms, the DSC-VCR has many advantages, as shown below.

1. A larger eccentric size increases the max of the OER to 1.17, which increases engine efficiency.
A larger eccentric size narrows the adjustment range of the eccentric sleeve for the same variation
range of the CR and keeps the OER over 1.15 for all conditions.

3.  The narrower adjustment range of the eccentric sleeve reduces the difficulty of designing the
chamber shape and avoids the collision between valves and piston.

4. Simultaneously, a reduction of the residual gas fraction is helpful to increase the minimum CR
from 9.5 to 10.1 under full load conditions, as Mazda [26] and Toyota [27] verified.
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All advantages above are presented in this paper. A higher OER and CR help to improve engine
efficiency under heavy load conditions, which are verified by theoretical thermal efficiency calculation
and a predictive simulation based on the software of AVL-BOOST. The rest of this paper is divided
into four parts. Section 2 shows the design of the DSC-VCR. Section 3 shows the theoretical thermal
efficiency calculation of a turbocharged DSC-VCR engine. Section 4 presents a predictive simulation
based on AVL-BOOST. Section 5 is the conclusion.

2. Design of DSC-VCR

As Figure 1 below shows, the main transmission gear (gear 1) is fixed on the eccentric sleeve for
the DSC-VCR. Gear 2 and gear 3 are placed on both sides of the crank pin. Gear 2 drives gear 1, and
gear 4 (coaxial with crankshaft) drives gear 3. The total transmission ratioi (i = ;—; * ;—i) is equal to 2.
Gear 4 is driven by worm gearing and a motor. When the engine works without CR adjustment, gear 4
is fixed and the eccentric sleeve rotates at half the speed of crank because of the transmission ratio.
When changing the CR, the motor drives worm gearing and gear 4. Therefore, gear 3, gear 2, gear 1,
and the eccentric sleeve rotate, and the piston position is changed.

L’ J Piston

- Gear 1
“Fplds / g e
SN Gear 4
1 i’ y/’
d /
Connecting rod
Eccentric sleeve fixed
on Gear 1 Gear 2
Gear 3
o (When ¢=0)
Crank Motor\
\ Worm
[ / ' Gearing

Eccentric sleeve

Figure 1. Force analysis and gears position of the dual shaft control variable compression ratio
(DSC-VCR).

The load of the transmission gear is same as that of the eccentric sleeve, which mainly depends on
the eccentric size and the initial eccentric phase. The load T of gear 1 can be calculated according to
Equation (1).

Fp

T:
cos 3

Xchos(ocO—B—g) (1)

In Equation (1), g is the initial eccentric phase, which is the angle between the eccentric sleeve
and the horizontal direction at compression top dead center (TDC) (¢ = 0°). Fp is the net force of
piston, which is the summary of the gas force, and inertia force. 3 is the angle between the connecting
rod and the vertical direction. d is the eccentric size.

A larger eccentric size is helpful to improve thermal efficiency. The load of the transmission gear is
the key limit to the increase of eccentric size. In Section 1, three methods of engines realizing VCR with
eccentric sleeve are mentioned. Figure 2 shows a comparison of gear positions for the DSC-VCR and
other designs for engines with different crank overlap engines [24]. For the DSC-VCR, we improved
the position of the gears (gears 2 and 3) to both sides of the crank, so two gears are allowed to share the
gear load in this case. Meanwhile, there is enough space to increase the size of the gears. However,
for other designs, only one gear can be placed in the middle of the crank shaft, and there is limited
space for larger gears, especially for a crank with a high overlap. Therefore, a larger eccentric size of
the DSC-VCR can be used to enhance the effect of overexpansion. The maximum eccentric size of the
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DSC-VCR can be increased to 6.5 mm after slightly changing the structure of crankshaft. With a larger
eccentric size, the max of the OER can be increased linearly, as shown in Figure 3.
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HE 6
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Crank with
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Figure 2. Comparison of gear position for the DSC-VCR and other designs in different crank overlap
engines [24].
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Figure 3. Variation of the overexpansion ratio (OER) with different eccentric sizes.

Meanwhile, a larger eccentric size is helpful for reducing the adjustment range of the eccentric
phase for the same CR range. For example, to change the CR from 10.1 to 17.9, the xg for other designs
needs to vary from —45° to 45° in our conservative estimate [24]. However, for the DSC-VCR, «( only
needs to vary from —17° to 18°. On the one hand, the reduced o variation range helps the engine
operate with a higher OER under all conditions, as shown in Figure 4; on the other hand, the reduced
g results in a reduced height difference between the compression TDC and the exhaust TDC under
a full load condition. Hence, for the DSC-VCR, the clearance between the piston and the cylinder
head at the compression TDC is much less, as shown in Figure 5, and more volume belongs to the
chamber. Therefore, it is much easier to design the combustion chamber shape, and at the exhaust TDC,

the clearance between the piston and the cylinder head for the DSC-VCR is larger, which is helpful for
the avoidance of valve collision.
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Figure 5. Piston position at top dead center (TDC) under a full load condition for the DSC-VCR and
the other design.

We described the gear design of the DSC-VCR in this section. With the improved position of
gears, the DSC-VCR allows for double, larger size gears to share the load, and the engine can operate
with a larger eccentric size and a narrower adjustment range. This helps to reduce the difficulty of
chamber shape design, avoids the collision between the valves and the piston, and, above all, makes
the engine operate with a larger OER under all conditions.

3. Theoretical Thermal Efficiency Calculation of DSC-VCR

One of main advantages of the DSC-VCR is the large OER brought by the large eccentric size, the
influence of such on the thermal efficiency of can be preliminarily presented through the theoretical
thermal efficiency. Theoretical thermal efficiency calculations usually do not take turbochargers into
account, thus underestimating their results. The influence of turbochargers is taken into account in this
paper, and the following assumptions are made.

1.  The internal thermal system of the engine, the inner circulation of the turbocharger, and the
inter-cooler are regarded as a closed system.
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2. The combustion process is simplified to a constant volume process. A vibe combustion model
based on AVL-BOOST is used as an auxiliary measure to get the related parameters during the
whole calculation. The rate of heat release is adjusted to a quite large value, which approximates
to a constant volume process.

3.  The compression and expansion strokes approximate to adiabatic processes. The heat transfer
coefficient in the auxiliary model is set to 0.

4. The mixture is considered as the ideal gas, and the physical property remains unchanged.

5.  Friction loss is not taken into account during the whole calculation.

The theoretical cycle of the DSC-VCR is shown in Figure 6 below. In Figure 6, the cycle a-b—c-d-e
is the process in the cylinder that refers to adiabatic compression, constant volume heating, adiabatic
expansion, and constant volume releasing in sequence. Q; refers to the heat of the constant volume
heating, and Q, refers to the heat of the constant volume releasing. The cycle f-g—h-i is the process
in the turbocharger that refers to constant pressure heating, adiabatic expansion, constant pressure
releasing, and adiabatic compression in sequence. Qq refers to the heat of the constant pressure heating,
and Qs refers to the heat of the constant pressure releasing. F-a is the process in the inter-cooler, and Qs
refers to the heat of the gas temperature decrease.

Q1
=>
b
Q4
d=9>2f & g
a Qe \. :
o Hos'
o] >
A%

Figure 6. Theoretical cycle of the DSC-VCR with turbocharging.

The theoretical efficiency can be calculated with Equation (2). In the equation, ¢ is the compression
ratio of the engine. p is the OER. A is the pressure rise ratio, which is equal to %. T is the compression
ratio of the compressor. ¢ is the volume ratio of the turbine. W is the ratio of temperature decrease of
the intercooler.

(% —p+kp- k) + ka(nc% - 1)(@ ~1)
e (A-1)

Take the 1.5 T four-cylinder engine as the base engine, with a bore of 77 mm, a stroke of 80.5 mm,
and a compression ratio of 9.5. For the DSC-VCR, the casesof d =0, 2, 4, 6, 8, 10, 12, and 14 mm are
considered. Take the case of d = 4, 8, and 12 mm as an example; the main parameters of the DSC-VCR
are shown in Table 1. In order to keep the same intake stroke under the full load condition with a CR
of 9.5, the crank radius needs to increase according to the different eccentric sizes. For each eccentric
size, the CR varies from 9.5 to 17.5 by adjusting «p. Meanwhile, all the parameters of the DSC-VCR
such as the stroke length, the expansion ratio, and the OER change, too. The variation of the OER with
different d and ER values for the CR = 13.5 is shown in Figure 7. In the case of a constant CR, ER, and
OER of the engine increase linearly with the increase of d.

@)

NMpsc-vcr = 1 -
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Table 1. Parameters of the DSC-VCR with different (eccentric size) d values.

o Crank Radius Intake
d (mm) ap(®) CR ER (mm) Stroke (mm) OER
—45 9.5 10.23 40.25 80.5 1.076
4 -2 13.5 14.91 40.25 76.64 1.105
18 17.46 19.17 40.25 75.46 1.098
-15 9.5 11.42 43.08 80.56 1.202
8 4 13.5 16.13 43.08 77.62 1.203
16 17.5 21.53 43.08 76.42 1.191
-11 9.5 12.45 44.99 80.49 1.31
12 2 13.6 17.76 44.99 77.57 1.306
9 17.6 23.07 44.99 76.25 1.296
1.4
d=14mm
1.3
1.2 d=10mm
E d=8mm
=) d=6mm
1.1 s
/4mm
1 ” d=2mm
d=0mm
0.9 T
13 14 15 16 17 18 19

Expansion ratio
Figure 7. Variation of the OER with different d values and the ER for a CR = 13.5.

The main parameters of Equation (2) under different load conditions are shown in Table 2 below.
For 50%, 30%, and 10% loads, 7., W, and ¢ are 1, which means the turbocharger does not work. Other
parameters are calculated according to the AVL-BOOST model.

Table 2. The main parameters of Equation (2).

Engine Load 100% 75% 50% 30% 10%
A 4415 3.862 4.441 4.099 3.377
e 2.01 1.57 1 1 1
w 12 1.129 1 1 1
0] 1.58 1.6 1 1 1

The theoretical thermal efficiency of the DSC-VCR with variations of the ER under different engine
loads and CRs is shown in Figure 8. In the case of a constant CR for each curve, the theoretical efficiency
of the engine is significantly improved with the increase of d. For the CR of 9.5, the efficiency can be
improved by 0.0035-0.006 per millimeter increase of d. For a CR of 17.5, the efficiency can be improved
by 0.0025-0.004 per millimeter increase of d. For the 100% and 75% loads in the absence of knock,
the efficiency is higher because of the turbocharger. For the conditions without boosting, the efficiency
is only influenced by A for different load conditions. Therefore, to further improve engine efficiency,
increasing the engine load and the CR with knock avoidance and by using a larger d to increase the ER
is quite an effective measure.
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Figure 8. Theoretical efficiency of the DSC-VCR with different engine loads, CRs, and ERs.

4. The Predictive Simulation

Research by Gomecsys confirmed the feasibility of the Goengine and its considerable effect in
reducing fuel consumption with smaller eccentric sizes. Hence, we built a predictive model of the
DSC-VCR based on AVL-BOOST to show further efficiency improvement due to the larger OER under
heavy load conditions.

4.1. Model Description

4.1.1. Model of Base Engine

The main dimensions of the base engine are shown in Table 3.

Table 3. Main dimensions of the base engine.

Stroke (mm) 80.5
Bore (mm) 77
No. of cylinders 4
Displacement (L) 1.5
Compression ratio 9.5
No. of valves 4
Valve train type DVVT

The combustion process is described by fractal model. For the heat transfer, the Hohenberg model
is used [28]. We simulated three cases under high load conditions, including the maximum torque
case with 1750 rpm (case 1), the maximum power case with 5500 rpm (case 2), and the high efficiency
case with 2300 rpm and a 75% load (case 3). According to the experimental data, the torque and brake
specific fuel consumption (BSFC) were validated as below in Figure 9. The highest octane number
(ON) of the base engine in case 1 was 111.7. Thus, 112 was considered as the knock limit number.
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Figure 9. Torque and brake specific fuel consumption (BSFC) validation of the base engine model.

4.1.2. Model of DSC-VCR

Based on the base engine model, we built the model of the DSC-VCR by only changing the piston
movement and the CR while the keeping boundary conditions and other parameters not mentioned
(such as the excess air ratio and boost pressure) unchanged. Two assumptions were made at first.
(a): For the combustion model, the DSC-VCR keeps the same parameters as the base engine model.
(b): The mechanical friction was calculated according to F¢ = f X F, where F is the joint load, and f is
the friction coefficient validated by friction of the base engine that keeps constant in the same joint of
the DSC-VCR.

The DSC-VCR model is established in three steps:

Step 1: The DSC-VCR has unconventional piston movement because of the eccentric sleeve.
In AVL-BOOST, ‘User Defined Piston Motion’ is used to define the piston movement of the DSC-VCR.
The CR of the DSC-VCR for each case should be increased until the calculated ON approaches 112.
The variation of the ON and the CR in this step is shown below in Figure 10.

115.0 - —+ Base engine
7z, 110.0 - : =#-DSC-VCR(pistion movement replacement)
o ) DSC-VCR(CR increased)
105.0 —
100.0
95.0
14.0
90.0
- 12.0
g 10.0 ©
- 8.0
- 3500 -
=
Z 3000 <<
3 2500
8 200.0
&
A 150.0
1 2 3

case

Figure 10. Variation of the octane number (ON), the CR, and the BSFC for different engines in step 1.

Step 2: The rate of heat release for the DSC-VCR must be different due to the variation of
residual gas fraction, the CR, and turbulence. Therefore, the ignition timing (IT) must be optimized.
By monitoring the ON and not allowing it to exceed 112, we can avoid knock while adjusting the IT
and the CR. The details of the optimization are shown in Figure 11. For cases 1 and 3, we chose the
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IT and the CR with the lowest BSFC. For case 2, with further consideration of nitrogen oxide (NOX)
generation and exhaust temperature, the IT of —17 deg was chosen.
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Figure 11. The CR and ignition timing (IT) optimization in step 2.

Case 3 was one of the common working conditions of HEVs; therefore, we added another case
(other design) with an eccentric size of 4 mm, which is the maximum size among all of the similar
mechanisms we could find in reference [23]. To compare with the (DSC-VCR’s) similar mechanism,
the advantage of the DSC-VCR could be presented more obviously.

During steps 1 and 2, the way to adjust the CR for the DSC-VCR is to change o by rotating the
eccentric sleeve. Meanwhile, the stroke length is different, which is shown in Figure 12 below. For the
CR adjustment range from 10.1 to 17.9, op needs to vary from —16° to 17°. In case 1, the engine was
under the full load, and with the increased crank radius of 42.48 mm, the intake stroke of the DSC-VCR
was the same as that of the base engine. For other cases, the engine load was lighter, so the intake
stroke was shorter, which realized auto-downsizing.

_—€ompression ———__
—Expansion I S /
—Exhaust | —
90 —
—Intake 1
é ~
ase engine stro =
)
5
185 =
==
©
13
S
7]

Case 1 Low load ~
CR=10.1 CR=17.9
-90 30 45 60 75 a0

Figure 12. Variation of stroke length with .
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Thus far, the piston movement for each case of the DSC-VCR was confirmed. They are shown in
Figure 13 below.

0.5 -
—DBase engine

y /N DSCACR Case 243
bas // \\\ —Other design / m
/ A\ o\
/ \ /[ \
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o
\

=3

= o
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\
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Crank angle

Figure 13. Piston movement for the base engine, the DSC-VCR, and the other design [23].

Step 3: Another effect of overexpansion is the temperature decrease of the exhaust gas. Under
high speed and high load conditions, to ensure the normal operation of turbines and catalysts, it is
usually necessary to enrich the mixture to reduce the exhaust temperature. However, it is unnecessary
for the DSC-VCR, as the overexpansion decreases the exhaust temperature. Therefore, the excess air
ratio of the DSC-VCR could be increased from 0.831 to 0.850 in case 2. This helped to reduce the BSFC
by about 2.21%.

4.2. Results and Discussions

4.2.1. Results

Figure 14 shows the results comparison of the torque and the BSFC between the base engine and
the DSC-VCR for three cases. The DSC-VCR improved about 6.57%, 4.81%, and 6.19% of torque, and it
saved about 6.19%, 8.07%, and 8.67% of the BSFC compared to the base engine for each case.

250 350
H Base engine ®DSC-VCR

B Base engine BDSC-VCR

- w
n =
=) S

Torque (Nm)
S
=l

BSFC (g/kwh)

wn
=

El

Casel Case2 Case3 Casel Case2 Casel

(a)Torque comparison (b) BSFC comparison

Figure 14. Comparison of torque and the BSFC for the base engine and the DSC-VCR.

Figure 15 shows the comparison of the energy balance in case 3. The total energy for the DSC-VCR
and the other design was less than that of the base engine, because the shorter intake stroke and higher
average piston speed resulted in a decrease of the total mixture mass. However, about 3.51% and
2.61% improvements of the brake thermal efficiency of the DSC-VCR and the other design was realized
because of larger the OER and the CR.
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Figure 15. Comparison of energy balance in case 3.
4.2.2. Improved Knock Resistance

In AVL-BOOST for gasoline engines, a knock model calculates the minimum octane number
required for engine operation free of knock. The threshold for the onset of knock is exceeded if the
integral fot #(t)dt is larger than one before the end of combustion is reached, in which Tjp is the
ignition delay at the unburned zone’s condition. The ignition delay T;p for the knock model depends
on the octane number of the fuel and the gas condition, which can be calculated below:

3800

Tip = 17.68+ON>4024p 1 74e Tusz 3)

In Equation (3), p,. is the gas pressure, and Typyz is the temperature of unburned zone, which is
the same as the mean temperature during the intake and compression stroke [28].
Therefore, ON can be calculated as below:
Tm
dt} 4)

1 ftSS%MBF ( Pe )1'7 ( 3800)
* *exp|—
1768 Jieoe PRef Tusz

As shown in Figure 13, for the DSC-VCR, the volume at the exhaust TDC was smaller than that at
the compression TDC, which means that the piston rose higher at the exhaust TDC to push residual
gas out of the cylinder. In case 1, the percentage of residual gas of the base engine was 5.63%, but for
the DSC-VCR without an increased CR (the red one in Figure 10), the residual gas percentage was
2.62%. Hence, the mean mixture temperature of the DSC-VCR was about 25 K lower than that of the
base engine during the intake and compression stroke, as shown in Figure 16. Therefore, the calculated
ON was lower than that of the base engine, and the CR could be increased through step 1.

ON = 100*{
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Figure 16. Comparison of the in-cylinder temperature and ON for different engines in case 1.

4.2.3. Effect of Over Expansion

The overexpansion of the DSC-VCR can be regarded as another way to make use of the exhaust
energy. Compared with turbocharging, which also recycles exhaust energy, the energy utilized by
overexpansion is on a higher grade. Therefore, the entropy increase in the cycle is smaller, and the
thermal efficiency is higher. Compared with the Miller cycle, of which expansion ratio also larger
than the CR, overexpansion does not cause the problem of intake mass reduction. Furthermore,
overexpansion can be combined with turbocharging and the Miller cycle to further improve engine
efficiency. The pressure-volume (P-V) diagram in Figure 17 shows that, in case 3, the DSC-VCR gained
more power output than the base engine with the same boost pressure. For the other design, the effect
of overexpansion is less obvious. Another advantage of overexpansion is the temperature decrease of
exhaust gas, which helps to avoid the enrichment of mixture, as presented in step 3 above.

100
90 —Base engine
“\ —DSC-VCR
80 ( \ Other design
70 |

o | \\\\ — -
|\ R
- (= *

Pressure (bar)

10 — 1
ol = — ———
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Volume (L)
Figure 17. Comparison of pressure-volume (P-V) diagram for different engines in case 3.

4.2.4. Mechanical Loss

For the DSC-VCR, the mechanical loss is focused on the friction of the bearings, and the friction
between the piston and the liner. Figure 18 shows each component of friction power in case 3.
The internal bearing of connecting rod big end was the main reason for the increase of mechanical
loss for the DSC-VCR. Different from the base engine, the DSC-VCR had two half-speed big-end
bearings. The outside bearing, between the eccentric sleeve and the big end, was 43.5% larger than
that of the base engine. The load of the inner bearing (between the eccentric sleeve and the crank pin)
was 85% higher than that of the base engine because of the increase of the inertia mass (two bearings,
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big end, and eccentric sleeve). The increase of bearing size and load led to the increase of friction loss.
Furthermore, the friction of additional the needle bears for gear 2 and 3 could not be neglected under
high-speed conditions. The reason for the friction increase of the DSC-VCR between the piston and the
liner was the larger crank radius, which led to an average stroke length that was 5.65% larger than that
of the base engine. We increased the length of the connecting rod to mitigate the influence; however,
the friction loss was still increased by 3.85%.

3.5
Bearings  ®Piston and liner  ® Others
3
.59
2.5

2

1.5

1

Friction power (KW)

0.5

0.576 0.591 0.581
j T E

Base engine DSC-VCR Other design

0

Figure 18. Comparison of engine friction power in case 3.

Assumption (b) presented that the friction coefficient f of the DSC-VCR is the same as that of the
base engine in the same joint, which means that we only considered the influence of joint load F on the
friction. In fact, both joint load and speed have a great influence on f. Sander D.E. showed an increase
in the friction coefficient with a higher oil pressure or a higher speed [29]. Considering the increase
of joint load and the decrease of speed for DSC-VCR bearings, the variation of friction coefficient is
difficult to estimate without further studies. However, with the development of an engine lubrication
system and bearings friction-reducing technology, the friction coefficient of the DSC-VCR is likely to
be lower than that of the base engine.

4.2.5. Comparison of Simulation Results

As shown in Figure 8, the theoretical thermal efficiency of the DSC-VCR increased by 5.5% under
the 75% load condition compared to the base engine. The theoretical efficiency calculation did not take
into account the time loss of combustion, heat transfer loss, and mechanical friction loss. Therefore,
the thermal efficiency increase was larger than our simulation results, which confirmed that our
simulation did not overestimate the effect of the DSC-VCR.

According to the data given by Gomecsys, under the 75% and 100% load conditions, the fuel
consumption of the Goengine can be reduced by 4.2% compared with the base engine, and the
overexpansion effect (OER = 1.07 for CR = 8) accounts for about 3.5% [30]. In our simulation, DSC-VCR
could reduce fuel consumption by 8.67% (case 3, 75% load) and 6.19% (case 1, full load). There are
two main reasons for the difference. One is that Goengine pursues the power output. By increasing
the boost ratio, the engine reaches the knock limit instead of pursuing higher thermal efficiency by
increasing the CR like the DSC-VCR. As seen in the red one shown in Figure 10, the intermediate
calculation cases of the DSC-VCR, which only replaced the piston motion rule and did not improve the
CR, were similar to Goengine. The fuel consumption of the two intermediate cases could be reduced
by 4.4% and 4.8%. The other reason is that for the DSC-VCR, the eccentric size (6.5 mm) was larger,
and the OER was more than 1.15. The effect of the larger OER was verified according to the theoretical
efficiency calculation.

For this section, a predictive model was used to show the main advantages of the DSC-VCR with
a large eccentric size. It can reduce fuel consumption by 6%-8% at full load, and thermal efficiency can
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reach 40.49% at a 75% load. The final brake efficiency does not seem to be remarkable, because the
research object was a port fuel injection (PFI)-turbocharged engine with the highest thermal efficiency
of only 36.98%. In order to eliminate the interference of other unrelated factors, the simulation process
adopted in this paper was carried out under the same conditions as the base engine as close as possible.
That is to say, depending on the change of the DSC-VCR mechanism alone, the brake efficiency can be
increased by 3.51%. Combined with other energy-saving technologies such as direct injection, high
tumble flow, and stratified or homogeneous lean combustion, the brake efficiency of the DSC-VCR can
be expected to achieve 45% or higher.

5. Conclusions

Compared with conventional VCR engines, the DSC-VCR shows a high efficiency potential under
heavy load conditions because of overexpansion. We presented the design of the DSC-VCR, theoretical
thermal efficiency calculation, and a predictive modeling study in this paper. The conclusions are
shown below.

1.  With the improved position of gears, the DSC-VCR allows double, larger size gears to share the
load, and the engine can operate with a larger eccentric size and a narrower adjustment range.
This helps to reduce the difficulty of designing the chamber shape, avoids the collision between
the valves and pistons, and, above all, makes the engine operate with a larger OER under all
conditions. Based on the 1.5 T four-cylinder engine, the OER can be increased to over 1.16 with
an eccentric size of 6.5 mm.

2. According to the theoretical thermal efficiency calculation that considers turbocharging, the per
millimeter increase of the eccentric size would improve the theoretical efficiency by 0.0025-0.006.
To further improve engine efficiency, increasing the engine load and compression ratio by avoiding
knock and using larger eccentric size to increase expansion ratio are the most effective measures.

3. The predictive simulation presented the main characteristics of the DSC-VCR. Based on the 1.5T
four-cylinder engine, the reduction of residual gas helps to increase the CR from 9.5 to 10.1 under
the full load condition. A larger OER and CR help to reduce the BSFC by 6%-8%. In case of a 75%
load, an efficiency increase of about 3.51% was realized.

4. The maximum brake efficiency of the DSC-VCR was 40.49% under the 75% load condition. The final
efficiency did not seem to be remarkable, because the base engine was just a turbocharging PFI
engine with an efficiency of 36.98%. However, the simulation result showed enormous potential
for the efficiency improvement of the DSC-VCR under high load conditions. Furthermore,
by combining it with other energy-saving technologies such as direct injection, high tumble flow,
and stratified or homogeneous lean combustion, the brake efficiency of the DSC-VCR can be
expected to achieve even 45% or higher.
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Acronyms
VCR variable compression ratio
DSC-VCR double shaft controlled variable compression ratio
VC-T variable compression turbocharging
OER overexpansion ratio
CR compression ratio
BSFC brake specific fuel consumption
HCCI homogeneous charge compression ignition
EGR exhaust gas recirculation
HEV hybrid electric vehicle
NEDC new European driving cycle
WLTC worldwide-harmonized light vehicles test cycle
RDE real drive emission
TDC top dead left
ER expansion ratio
ON octane number
IT ignition timing
TKE turbulent kinetic energy
PFI Port fuel injection
Symbols
T the gear load
Fp the summary force of the gas force and inertia force on the piston
B the angle between connecting rod and vertical direction
d eccentric size
ag the angle between eccentric sleeve and horizontal direction at compression TDC
i transmission ratio
&c CR
k specific heat ratio
pressure ratio
P OER
0] the volume ratio of the turbine
Tl the compression ratio of the compressor
TiD ignition delay at the unburned zone’s condition
W the ratio of temperature decrease of intercooler
Pe the gas pressure
Tusz he temperature of unburned zone
Fy Friction
f friction coefficient
F joint load
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