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a b s t r a c t

In this paper, a new combined cycle of asymmetric twin-scroll turbocharged diesel engine cycle and
inverse Brayton cycle (IBC) for use is proposed. The use of a single asymmetric twin-scroll turbocharged
diesel engine cycle is simple in structure and can improve the trade-off between low fuel consumption
and nitrogen oxide emissions; however, both the engine exhaust gas recirculation (EGR) rate and the
exhaust energy utilization should be further improved. A test bench experiment was performed to
validate the numerical models of the single-cycle and combined-cycle approaches. Based on the models,
the influence laws of the critical system parameters (turbine asymmetry and the IBC turbine throat area)
on the engine performance characteristics were studied. The combined cycle was found to achieve
improvements in both the engine EGR rate and the power. Given the same EGR rates at different engine
speeds, the power improvement of the combined cycle was found to increase with increasing engine
speed and decreasing turbine asymmetry, reaching a maximum of 5.00%. Moreover, further power im-
provements with an increasing IBC turbine throat area were observed, with the maximum power
improvement of 5.78%. Compared with the power turbine, the combined cycle can utilize more waste
heat at low and medium engine speeds; thus, the combined cycle is well-suited for use in heavy-duty
diesel engines. The new combined cycle described in this report has great potential to provide sub-
stantial gains in both engine emissions and energy.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Achieving high fuel economy and reduced exhaust emission
levels are the major challenges of today's automobile industry [1].
During the last two decades, the large amount of fuel consumed by
engines has led to the generation of a considerable amount of
environmental pollution. Nowadays, energy conservation and
emission reduction are very significant tasks to complete [2].
Compared with Euro 1 emissions legislation, Euro 6 has reduced
nitrogen oxide (NOx) by 95% [3]. To meet strict regulations on
emissions and fuel consumption, some ways like exhaust gas
recirculation (EGR), turbocharging technologies, and exhaust re-
covery systems are chosen [4,5].

The EGR technique is one of the most effective methods
currently available for reducing NOx emissions in internal com-
bustion engines [6,7]. The EGR introduces part of the exhaust into
the cylinder for combustion, reducing the oxygen content of the
ng).
mixture [8,9]; with increasing EGR rates, the in-cylinder pressure
peak decreases and the heat release for the combustion is delayed
[10,11]. Roy et al. [12] concluded that turbocharging and EGR sys-
tem control had a lot of improvements for emissions and fuel
economy; the control approach decreased NOx by over 50% relative
to Euro 5. Currently, many turbocharging technologies, including
variable geometry turbine (VGT), two-stage turbocharging, and
asymmetric twin-scroll turbine (ATST) are widely combined with
EGR in diesel engines.

VGTs and two-stage turbochargers are the two mature tech-
nologies currently used for recycling waste energy and driving EGR
[13,14]. An engine equippedwith a VGT has small movable blades to
guide incoming exhaust through turbine blades. The blades angles
change to optimize the exhaust flow [15,16]. Hatami et al. [17]
carried out the optimization design of VGT blade geometry by
applying the central composite design based on the experimental
design, which exhibited an isentropic efficiency of 76.31%. An
experimental study was conducted with a heavy-duty commercial
diesel engine to investigate the coupling between dual loop EGR
and VGT, and the results demonstrated that VGT and high pressure
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Fig. 1. Models of symmetric and asymmetric twin-scroll turbines.

D. Zhu, X. Zheng / Energy 179 (2019) 581e592582
EGR both significantly influenced turbocharger efficiency [18].
Moreover, the two-stage turbocharging is made up of two turbo-
chargers that can be used for engine fuel consumption and NOx
reductions while achieving power upgrades [19,20]. The two-stage
turbocharging approach offers flexibility to meet the requirements
in the entire operating range of the engine versus the single-stage
turbocharging [21,22]. However, both technologies described above
have very complex control systems. For the same production vol-
ume, the cost of a typical VGT is from 270% to 300% the cost of the
same-size, fixed-geometry turbocharger [23,24]. Two-stage turbo-
charging systems also have larger flow passage volume and more
metal surfaces than single-stage systems [25].

The ATST is a new and promising turbocharging technology that
can be used tomeet the stringent targets for exhaust gas emissions.
Originally, the twin-scroll turbine was proposed in 1954 [26] to
improve the potential of the pulsating turbine operating mode. The
practical benefit of a twin-scroll turbine is the reduction of the
engine transient period and the enhancement of the exhaust gas
pulse energy utilization rate [27]. This design goes beyond the
traditional turbocharger design, which typically only accounts for
steady-flow performance and enables improvement of the turbo-
charger design to achieve enhanced pulsed-flow turbine perfor-
mance [28,29].

In the last century, the ATST was first implemented by Daimler-
Benz to ensure the overall fuel consumption increase is as low as
possible for the 6-cylinder truck engines equipped with an EGR
system [30]. Daimler has launched the ATSTs for all its new diesel
engines that are to meet the Euro 6 emission standard [31]. The
heavy-duty diesel engines equipped with ATSTs include the 14.8L
OM472, 12.8L OM471, 15.6L OM473 and 10.7L OM470 [32], which
have NOx emissions and fuel economy advantages [33]. Typically,
the asymmetric twin-scroll turbocharged engine has one EGR cir-
cuit linked with the small volute to drive the EGR [34]. In Ref. [35],
an experimental investigation of an asymmetric turbocharged
diesel engine was performed. The results showed the following:
compared to the symmetric twin-scroll turbine, the ATST had great
potential for lower fuel consumption and emissions. Therefore, the
ATST is a well-accepted choice for waste energy recovery and
emissions decrease. Moreover, Zhu et al. [36] presented a new ATST
with two wastegates (WGs), resulting in the maximum fuel econ-
omy improvement of 2.91% compared with the ATST with one WG.

To further improve fuel economy and reduce emissions, the
inverted Brayton cycle (IBC) is one of the available technologies that
can be used [37]. The IBC has been studied regarding its use in
various applications for a number of years. In 1984, Wilson pro-
posed and explained the operation of an IBC that consisted of
totally inversed processes compared with the traditional Brayton
cycle (BC) [38]. Agnew et al. [39] and Bianchi et al. [40] found that
with higher inlet pressures in the IBC system, the energy efficiency
could be enhanced. Zhang et al. [41] established a thermodynamic
model IBC system and found that the power output reached a
maximum as a function of the IBC compressor inlet pressure. As
reported in Reference [42], regenerative BC and IBC were modified
by partially bypassing the airflow entering the regenerator; the
results showed that, from an operational point of view, more
favorable output power with reasonable thermal efficiency could
be generated by adjusting the bypass mass flow ratio. Chen et al.
[43,44] validated a 1D model of a downsized spark ignition (SI)
engine that was built as the baseline model to quantify the per-
formance improvement; the experimental results showed that the
system can generate a specific work of up to 17 kJ/kg, which proved
out that the IBC system could achieve positive energy improve-
ments compared with the engine with no IBC. The mechanical
energy from the IBC turbine is useful. For example, it can be used to
feed batteries which can supply energy to electric units like
superchargers, start and stop systems or other electric units in the
vehicle.

This work represents the first presentation of a combined cycle
involving an asymmetric twin-scroll turbocharged diesel engine
cycle and an IBC. Compared with the single cycle (only asymmetric
twin-scroll turbocharged diesel engine cycle) and the power tur-
bine, the combined cycle has higher EGR rate and improved
exhaust energy utilization. This paper mainly describes the study of
the influences of the critical parameters and exploits the potential
of the combined cycle; the study consists of three parts. First, the
combined cycle system is operated and analyzed, an engine
experiment of an asymmetric twin-scroll turbocharged engine is
presented, and the numerical models are validated. Second, both
effect laws of the asymmetric turbine asymmetry and the IBC tur-
bine throat area on the engine performance are investigated.
Finally, the potential of the combined cycle is discussed compared
with the power turbine.
2. System analysis

2.1. Asymmetric twin-scroll turbocharging system

Normally, the asymmetric twin-scroll turbocharging system
providesmore energy recovery and less NOx to internal combustion
engines [35]. This system is well-accepted for multi-cylinder diesel
engines. The models of symmetric and asymmetric twin-scroll
turbines are shown in Fig. 1. The conventional symmetric twin-
scroll turbine is designed to make full use of the impulse energy
and has two identical scrolls that generally exhibit an approxi-
mately symmetric exhaust gas flow behavior [45]. For the asym-
metric twin-scroll turbine, the two scrolls have different throat
areas. A parameter called turbine asymmetry (ASY) can be defined
as the ratio of the large scroll throat area (TAl) and the small scroll
throat area (TAs).

ASY ¼ TAs

TAl
(1)

During the on-engine application, the different entries of a
multiple-scroll turbine are meant to be connected to different en-
gine cylinder groups of alternating firing order (shown in Fig. 2).
Usually, a high exhaust gas back-pressure can be achieved for
driving a high EGR rate in the turbine small scroll. Moreover, the
turbine large scroll is not linkedwith the EGR circuit and can realize
a lower average back-pressure, which is better for pumping loss



Fig. 2. A schematic of a 6-cylinder asymmetric twin-scroll turbocharged diesel engine.
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and fuel consumption reduction. Generally, the pressures of the
engine intake (pi), the turbine small scroll (ps) and the large scroll
(pl) satisfy the following relationships:

ps > pi (2)

pl < pi (3)

AWG device is attached to the turbine large scroll. At low engine
load conditions, the WG is fully closed, and all exhaust gas will
boost turbocharging. Because of the reduced volute area, the small
scroll still has enough pressure to drive EGR. As the engine load
increases, the exhaust energy will push the WG open gradually to
prevent the over boost-pressure condition.

2.2. IBC system

The IBC system is a promising technology to further recovery of
engine waste energy. For a single-stage IBC system (Fig. 3), three
components (a compressor, a heat exchanger and a turbine) are
used. The main processes are given as follows:

First, in the turbine, the waste gas is further expanded to sub-
atmospheric pressure. On the one hand, the power of the turbine is
partially utilized for compression work in the compressor, and on
Fig. 3. A schematic diagram of a single-stage IBC system.
the other hand, the turbine has the mechanical energy left over
which can be exported by a shaft. Therefore, giving the turbine
isentropic efficiency (ht), the specific work of the turbine is defined
as:

Pt ¼ mðh1 �h2Þht (4)

Next, the heat exchanger cools the exhaust gas from the turbine;
such cooling is beneficial to reduce the energy consumption of the
compressor. The cooling efficiency (ε) (defined as Eq. (5) according
to Fig. 3) and the pressure loss of the heat exchanger are two sig-
nificant parameters that mainly depend on the heat exchanger
design.

ε ¼ T2 � T3
T2 � T0

(5)

Finally, the exhaust gas is boosted to the environmental pres-
sure by the compressor. The waste power of the compressor is
given by

Pc ¼ mðh4 � h3Þ
hc

(6)

Hence, the power of the IBC system can be described as (me-
chanical efficiency hm):

PIBC ¼ Pthm � Pc (7)

2.3. An asymmetric twin-scroll turbocharged diesel engine
combining an IBC system

This work first presented a combined cycle of the asymmetric
twin-scroll turbocharged diesel engine cycle and the inverse
Brayton cycle. The schematic of a 6-cylinder asymmetric twin-
scroll turbocharged diesel engine combining inverse Brayton cy-
cle system is shown in Fig. 4. The combined cycle will further
reduce NOx emissions and increase both dynamic and fuel economy
performances. The temperature-entropy diagram of the diesel en-
gine with the combined cycle is shown in Fig. 5. The air first is
boosted in the compressor (C1) (1e2), and then cooled (2-2’) in the
intercooler. After entering the cylinders, it is pressured and burned
to do work (3-4-5). When the exhaust gas is expanded in the ATST
(5e6), it goes to the IBC system, and the exhaust energy can be
Fig. 4. A schematic diagram of a 6-cylinder asymmetric twin-scroll turbocharged
diesel engine combining an IBC system.



Fig. 5. Temperature-entropy diagram of the asymmetric twin-scroll turbocharged
diesel engine combining an IBC system.
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further recovered (6-7-8-9). Clearly, at the state 6, the exhaust gas
expanded in the asymmetric twin-scroll turbine still carries a good
deal of thermal energy, and it can be further recovered by the IBC
system. Meanwhile, in the combined cycle, the EGR rate is also
adjusted by the EGR valve.
3. Experimental and simulation methods

In this work, an experiment was conducted on a water-cooled,
12.55 L, 4-valve, 6-cylinder diesel engine equipped with an asym-
metric twin-scroll turbocharging system (ASY¼ 53%) and an
intercooled EGR system. The enginemaximum torque and the rated
power are 2380 Nm (1000e1400 rpm) and 351 kW (1900 rpm),
respectively. The detailed test engine specifications are listed in
Table 1. According to the schematic in Fig. 2, the whole experi-
mental engine system was established on a dynamometer test
bench. The primary testing tools are given in Table 2. The test en-
gine operated at full load and at various speeds.

According to the experiment, Fig. 6 presents the engine simu-
lation model that was developed and validated using the engine
cycle simulation software (GT-SUITE v7.3.0). GT-SUITE, a registered
trademark of Gamma Technologies, is commonly used for turbo-
charger matching and engine cycle simulation. GT-POWER is a
significant part of GT-SUITE, and used to establish the engine nu-
merical models. This software covers six aspects of the engine body,
drive system, cooling system, fuel supply system, crankshaft
mechanism, and valve mechanism. Meanwhile, it uses the finite
volume method for fluid calculation, and has a powerful auxiliary
modeling pre-processing tool, a wealth of combustion models and
Table 1
Test engine specifications.

Items Valu

Engine type Inlin
Number of valves per cylinder 4 (2
Bore 129
Stroke 160
Displacement 12.5
Compression ratio 18.2
Cooling system Wat
Rated power 351
Maximum torque 238
Air intake system Inte
EGR system Inte
control functions, to effectively calculate engine torque, power,
brake specific fuel consumption (BSFC) and other parameters.

In the model, the connecting pipes are simulated according to
the experimental pipes. The length and shape are exactly the same,
and the heat transfer and friction multipliers are set on the basis of
the materials. For the EGR system, the model has one EGR circuit
with the turbine small volute. The exhaust flow can be adjusted by
the EGR valve, and meanwhile it must be cooled in the EGR cooler
before back to the cylinders. In the asymmetric twin-scroll turbo-
charger model, an orifice joins the two entry pipes at the turbine
inlet, and it can model backflow [46]. The compressor and turbine
(ASY¼ 53%) maps are input, which are from turbocharger experi-
ments shown in Fig. 7. For the engine system, it is a 6-cyclinder
diesel engine with direct injection. The experimental engine
operating conditions are presented in Table 3; these conditions
were entirely adopted in the numerical models. The in-cylinder
heat transfer is very significant, and the empirical WoschniGT
(Eq. (8) and (9)) is applied. WoschniGT, a heat transfer model
available in GT-POWER, has been used to model in-cylinder heat
transfer. It indicates that the in-cylinder heat transfer will be
calculated by a formula which closely emulates the classical
Woschni correlation without swirl [47]. WoschniGT consists of two
parts. First, the instantaneous average heat transfer coefficient for
the working gas and chamber wall (ag) can be calculated by Eq. (8).
Then, the heat exchange for the gas and wall per unit engine crank
angle (dQwd4 ) is naturally obtained using Eq. (9). The two formulas
above will be used to calculate heat transfer from the engine cyl-
inders and crankcase, which are very crucial for the engine output
power and fuel consumption.

ag ¼820p0:8T�0:53D�0:2
�
C1Cm þ C2

TaVs

paVa
ðp� p0Þ

�0:8

p; T� the working gas pressure and temperature

D� the cylinder diameter

Cm � the average piston speed

C1 � the gas velocity coefficient

pa; Ta;Va � the working gas pressure; temperature and cylinder

volume at the beginning of compression; respectively

p0 � the cylinder pressure of the inverted engine
(8)
e and unit

e 6-cylinder DI diesel
inlet/2 exhaust)
mm
mm
5 L
:1
er cooled
kW @1900 rpm
0 Nm @1000e1400 rpm
rcooled asymmetric twin-scroll turbocharger (ASY¼ 53%)
rcooled EGR



Table 2
Test instrument specifications.

Instruments Types (range and accuracy)

Eddy current dynamometer C 500 (0e4000 Nm and 0e720 kW; ±10 rpm and ±1.25 Nm)
Fuel consumption measuring instrument AVL735S (0.1e110 kg/h, 0.12%)
Data acquisition system PUMA OPEN 1.2
Intake system Sensyflow P/4000 (±5mg)
Coolant constant temperature control device AVL553 (70e120 �C)
Gas emission analyzer MEXA-7100DEGR
Fuel constant temperature control device AVL753 (15e80 �C)
Environment simulation system ACS2400 (298 ± 1 K and 100 ± 1 kPa)

Fig. 6. Simulation model of the asymmetric twin-scroll turbocharged diesel engine.

Fig. 7. The test asymmetric twin-scroll turbocharger maps: (a) turbine and (b)
compressor.
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dQw
d4

¼
X3
1

dQwi
d4

¼1
q

X3
1

ag ,AiðT � TwiÞ

q� the angular velocity

A� the heat transfer area

Tw� the average wall temperature and¼1;2 and 3 respectively

represent the cylinder head;piston and cylinder liner:
(9)

The most essential difference lies in the treatment of the heat
transfer coefficients during the period when the valves are open; in
this period, the heat transfer is increased by inflow velocities
through the intake valves and by backflow through the exhaust
valves. The heat transfer coefficient calculated using this model will
decrease to zero as the engine speed decreases to zero. For all
multi-zone combustion models, the convection temperature eval-
uation is calculated according to Eq. (10).

Tg¼ Tb
�
mb

mt

�n

þ Tu
�
1�

�
mb

mt

�n�

Tg � the effective gas temperature

Tb� the burned zone temperature

Tu� the unburned zone temperature

mb � the burned mass

mt � the total mass

(10)

In which n is the weighting exponent that is calculated from
linear to quadratic and the weighting exponent as follows:
n¼1þ
�
mb

mt

�2

(11)

In Fig. 8, the validation of the engine performances are pre-
sented, including the turbine large scroll pressure, the small scroll
pressure, the engine power, the EGR rate and the BSFC. The abscissa
is the relative engine speed (RES), which is dimensionless to the
maximum engine speed at the full load (1900 rpm). The ordinate is
the engine relative performance, which is nondimensional to the



Table 3
Experimental engine operating conditions.

Speed (rpm) Power (kW) Atmospheric pressure (kPa) Atmospheric temperature (K) Atmospheric humidity (%) Fuel mass (kg/h)

800 152 99.34 298.4 39.9 30.92
1000 250 99.31 298.6 40.7 48.72
1100 275 99.33 298.5 40.9 52.76
1200 300 99.33 298.1 40.8 57.68
1300 325 99.33 298.5 40.8 63.00
1400 350 99.30 298.6 40.8 68.85
1600 351 99.34 298.7 39.9 71.07
1900 350 99.37 298.8 38.4 75.52

Fig. 8. Comparison of the simulation and experimental data: (a) large scroll pressure; (b) small scroll pressure; (c) engine power; (d) EGR rate and (e) BSFC.
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experimental value at 800 rpm. The simulation results were found
to agree well with the experimental data. For this study, the dif-
ferences are considered to be acceptable.

This paper presents a proposed asymmetric twin-scroll turbo-
charged diesel engine combining an IBC system. The asymmetric
twin-scroll turbocharging system is adopted to boost the intake gas
and drive the EGR while achieving a lower fuel consumption, and
the IBC system can further increase the utilization rate of the waste
energy. Based on the model of Fig. 6, the numerical model of the
engine system equipped with the combined cycle is established, as
shown in Fig. 9. In particular, the diesel engine system and the
asymmetric twin-scroll turbocharging system remain unchanged.
In the IBC system, the compressor and the turbinemaps are entered
into the model by multiplying the turbocharger maps in Fig. 7. The
heat exchanger can accurately control the outlet temperature by a
PID device, and the effectiveness is 0.85.
4. Comparison of the combined cycle with the single cycle

In the combined cycle, the ASY of the asymmetric twin-scroll
turbine and the throat area of the IBC turbine are two significant
parameters used in the whole system matching process. In this
section, the engine cycle simulation results of the combined cycle
and single cycle are compared. To fully exploit the potential of the
combined cycle, the effects of the two aforementioned critical pa-
rameters on the engine performances will be explored, and a
comparison between the IBC and the power turbine will be
discussed.
4.1. Influences of the key parameters on the engine performance

4.1.1. ASY of the asymmetric twin-scroll turbine
As mentioned earlier, ASY is a crucial parameter that charac-

terizes the interrelationship of the two scrolls. In the combined
cycle, the ASY determines the distribution of the exhaust flow for
the two turbine volutes. In the asymmetric twin-scroll turbine
model, the parameter “Map Fraction for Entry 1” (MF), which is set
according to the turbine ASY (Eq. (12)), shows the difference be-
tween the throat areas of the two volutes. In the IBC turbine model,
the turbine “Mass Multiplier” (TMP) represents the size of the
throat area relative to the input map.
Fig. 9. Model of the asymmetric twin-scroll turbocharged diesel engine combining an
IBC system.
MF ¼ ASY
1þ ASY

(12)

First, based on the models of the single cycle (Fig. 6) and the
combined cycle (Fig. 9), engine cycle simulations were conducted.
While ensuring that the two EGR valves remain fully open and the
boost-pressure remains the same, both models were operated at
full engine load while the ASY was changed from 40% to 70%.
Moreover, the parameter TMP remained unchanged, and the value
was set to 1.5. The output power of the engine is almost unchanged
because of the same boost-pressure. The EGR rate differences be-
tween the combined cycle and the single cycle at different ASY from
40 to 100% RES are presented in Fig. 10. The results show that the
engine speed and the ASY have great effects on the EGR rate. With
the engine speed rising, the combined cycle has a higher EGR rate
compared with that of the single cycle. At the low-range of the
engine speed, the WG of the asymmetric twin-scroll turbine is
completely closed as a means to boost the intake gas; therefore, in
the combined cycle, the exhaust gas energy is rarely assigned to the
IBC turbine and has little impact on the EGR rate. Beyond the engine
maximum torque point, more exhaust energy from the WG of the
asymmetric twin-scroll turbine is gradually produced, and the IBC
turbine converts more exhaust heat intomechanical energy. Hence,
the IBC turbine operates to influence both the outlet pressure of the
asymmetric twin-scroll turbine and the EGR rate. Moreover, a
smaller ASY creates further EGR rate improvements because the
driving EGR pressure increases as ASY decreases. Taking two engine
speeds as an example, the pressure differences between the intake
and the small scroll in the combined cycle and single cycle versus
the ASY range of 40e70% are shown in Fig. 11(a) (100% RES: the
rated power point) and Fig. 11 (b) (58% RES: the maximum torque
point). A large ASY corresponds to a larger throat area of the turbine
small scroll; therefore, the small scroll pressure decreases with
increasing ASY. The greater intake and the small scroll pressure
difference in the combined cycle achieves maximum values of
1.63% (at 100% RES) and 0.72% (at 58% RES); thus, the maximum
EGR difference is 2.96% at 100% RES (Fig. 10).

To exploit the potential of the combined cycle, it is necessary to
achieve the same EGR rates at different engine speeds for the two
types of cycles. First, the ASY of the single cycle is changed and the
EGR rate is made the same as the combined cycle at the maximum
torque point, because the it is the most demanding [35]. Generally,
Fig. 10. The EGR rate differences between the combined cycle and the single cycle at
40e70% ASY and 40e100% RES.



Fig. 11. The pressure differences between the intake and the small scroll in the
combined cycle and single cycle versus the ASY range of 40e70%: (a) RES¼ 100%; (b)
RES¼ 58%.

Fig. 12. EGR rates with engine speeds at ASY¼ 50% and TMP¼ 1.5 of the combined
cycle when the EGR rate at the maximum torque point is the same.
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the ASY of the single cycle must be decreased to increase the EGR
rate. At ASY¼ 50% and TMP¼ 1.5 of the combined cycle, the EGR
rates with engine speeds when the EGR rate at the maximum tor-
que point is adjusted to be the same are shown in Fig. 12. The two
types of cycles are found to have different rising rules. The single
cycle has smaller ASYand therefore has a higher EGR rate under the
maximum torque point. Conversely, at the mid-range and high-
range speeds, the single cycle presents the characteristic that the
EGR rates of the combined cycle exceed those of the single cycle. To
ensure the same EGR rate at different engine speeds, the EGR valve
opening degree (OPD) must be properly set. In Fig. 13, at low
speeds, the EGR valve of the combined cycle and the single cycle is
fully open and partially open, respectively. The regulation law is the
opposite beyond 58% RES.

For 40e70% ASY in the combined cycle, the ASY correspondence
in the single cycle is presented in Fig. 14. Each point on the line
indicates the two types of cycles have the same EGR rate at the
maximum torque point. Given the same EGR rates by changing
OPD, Fig. 15 suggests that power improvement PI of the combined
cycle is achieved at 40e70% ASY and 40e100% RES compared with
the single cycle. According to Eq. (7), the power improvement is
defined as follows:

PI¼ Pcc þ PIBC � Psc
Psc

� 100% (13)

where Pcc is the power of the engine with the combined cycle, and
Psc is the power of the engine with the single cycle. The result
shows that the combined cycle has a better dynamic property
compared with the single cycle. A smaller ASY will improve the PI.
For the single cycle, the gas exchange condition will deteriorate
when the ASY decreases while the redundant exhaust gas energy
will be recovered in the IBC system.Meanwhile, at low speeds, most
of the exhaust energy needs to pressure the intake gas. With
increasing engine speeds, the exhaust gas temperature will rise,
and more exhaust energy will boost the IBC system, and therefore
PI will increase. The PI value is in the range of about 1.00% and
5.00%, and reaches a maximum value at 40% ASY and 100% RES.

4.1.2. IBC turbine's throat area
For the performance of the engine with the combined cycle, the

IBC turbine's throat area determines the back-pressure of the ATST
and the power improvement of the IBC system. Thus, it is very
Fig. 13. OPD relationship at ASY¼ 50% and TMP¼ 1.5 of the combined cycle when the
EGR rates are the same at different engine speeds.



Fig. 14. ASY correspondence of the combined cycle and the single cycle at the same
EGR rates.

Fig. 15. Power improvements of the combined cycle at 40e70% ASY and 40e100% RES
compared with the single cycle.

Fig. 16. The EGR rate differences between the combined cycle and the single cycle at
1.2e1.8 TMP and 40e100% RES.

Fig. 17. The pressure differences between the intake and the small scroll in the com-
bined cycle and single cycle versus the TMP range of 1.2e1.8: (a) RES¼ 100%; (b)
RES¼ 58%.
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significant to study the effect of the IBC turbine's throat area on the
engine performance. The value of TMP reflects the turbine size.

In the models of the combined cycle, only the TMP is changed;
the turbine expansion ratio and efficiency remain unchanged. In
Fig. 16, the EGR rate differences between the combined cycle and
the single cycle at 1.2e1.8 TMP and 40e100% RES when the ASY is
fixed to 50% are illustrated. The results suggest that a smaller TMP
will bring improvements to EGR rates, and the maximum EGR rate
difference reaches 3.66%. A smaller TMP indicates that the whole
exhaust passage throat area decreases to increase the exhaust back-
pressure. The pressure difference of the small scroll and the intake
reduces with the increasing of TMP in the two types of cycles are
shown in Fig. 17. The condition of 100% and 58% RES maximizes the
values of 3.07% and 1.24%, respectively. In the simulation models,
the engine intake gas pressure is controlled by a PID device. If the
boost-pressure exceeds the set point, then the PID device will
command the turbineWG to open. In other words, the IBC turbine's
throat area has great influence on the engine exhaust back-
pressure.

To ensure the same EGR rate at the maximum torque point, the



Fig. 18. ASY of the single cycle versus 1.2e1.8 TMP at the same EGR rates.
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single cycle must decrease ASY for a higher EGR rate. When the ASY
is 50% in the combined cycle, the ASY of the single cycle versus the
TMP is given as shown in Fig. 18. It is clearly demonstrated that the
ASY of the single cycle grows almost linearly with the TMP of the
combined cycle, and a TMP growth of 0.1 will require the single
cycle ASY to increase by approximately 1.7%. Similarly, when the
EGR rate is at the maximum torque point in the two types of cycles,
the OPD is adjusted to achieve the appropriate EGR rates over the
entire range of operating conditions. The PI between the two cycles
at different TMP settings is shown in Fig. 19. As already mentioned,
the PI will go up with increasing engine speeds. Meanwhile, a
smaller TMP makes the gas exchange condition worse, thereby
reducing engine performance. The PI value is in the range of about
0 and 5.78%, and reaches a maximum value at 1.8 TMP and 100%
RES. However, for the combined cycle, the TMP should be chosen
properly to achieve the balance between the EGR rate and the
system power.

4.2. Discussion of the combined cycle and the power turbine

At present, a turbo-compounding system is a promising
Fig. 19. Power improvements of the combined cycle at 1.2e1.8 TMP and 40e100% RES
compared with the single cycle.
technology for use in the exhaust energy recovery and enhancing
fuel economy. Turbocharging comes in many forms; one form,
named the power turbine, can be placed with the turbocharger
turbine in series or in parallel, or even integrated with the turbo-
charger [48,49]. In Fig. 20 (a), a 6-cylinder asymmetric twin-scroll
turbocharged diesel engine combining a power turbine system in
series is presented. Hountalas et al. [50] performed a thorough
investigation using modeling to estimate the potential of energy
recovery from the exhaust of a heavy-duty diesel engine using
turbo-compounding. Mamat et al. [51] found the low pressure
available to the exhaust gases expanded in the main turbocharger
and that a constant rotational speed is required by the electric
motor; their findings motivated the design of a new turbine that
provided a high performance at lower pressures.

Based on Fig. 6, the GT-POWER model of the engine with the
power turbine is developed in Fig. 20 (b). Under the same EGR rate
and 50% ASY, the power improvements of the power turbine and
the combined cycle are shown in Fig. 21. It can be known the
combined cycle have power advantages versus the power turbine.
At low speeds, the power turbine has almost no power revenue,
and meanwhile it has the maximum power improvement of 3.95%
which is also lower than the combined cycle. In the power turbine
system, the power turbine operation requires that the inlet
Fig. 20. A 6-cylinder asymmetric twin-scroll turbocharged diesel engine combining a
power turbine system: (a) the schematic diagram, and (b) the GT-POWER model.



Fig. 21. Power improvements of the power turbine and the combined cycle under the
same EGR rate and 50% ASY.
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pressure (p3) be higher than atmospheric pressure (p0). Generally,
the power turbine plays a significant role at the high-range of the
engine speed, because at low and medium speeds, most of the
exhaust energy is used to boost the intake gas. However, in the IBC
system (Fig. 4), p3 could be smaller than p0 because the system
produces an under atmospheric pressure condition.

(1) When p3 � p0, the power turbine cannot operate and the IBC
turbine can achieve further absorption of both waste heat
pressure energy.

(2) When p3 > p0, the expansion ratio of the power turbine (p3
p0
)

and the expansion ratio of the IBC turbine (p3
p4
) have the

following relationship:

p3
p0

� p3
p4

(14)

Therefore, the IBC system has better performance, especially at
the low-speed of an engine; this characteristic is very important for
heavy-duty diesel engines, which have high requirements for the
low-speed torque.
5. Conclusions and remarks

A new combined cycle involving the asymmetric twin-scroll
turbocharged diesel engine cycle and the inverse Brayton cycle
was first proposed to achieve engine performance improvements.
To adequately excavate its potential on energy and emissions, this
study established and validated the two numerical models of the
combined cycle and the single cycle according to experimental
results. The engine performances were compared under the
changes of the two important parameters of the degree of asym-
metric turbine asymmetry and the IBC turbine's throat area, and
the advantage of the combined cycle compared with the power
turbine was also discussed. The most significant results are the
following:

(1) The turbine ASY has a great effect on the engine perfor-
mances of the combined cycle and the single cycle. The
former engine was found to have an improvement EGR rate
compared to the latter engine at different values of ASY.
Given the same EGR rates at different engine speeds, the
power improvement of the combined cycle increases with
increasing engine speed and decreasing ASY, reaching a
maximum of 5.00% at 40% ASY and 100% RES.

(2) The IBC turbine throat area influences the power distribution
in the combined cycle. A smaller throat area produces a
higher pressure difference between the small scroll and the
intake, resulting in higher EGR rates. Further power im-
provements are achieved with increasing throat area when
the EGR rates of the combined cycle and the single cycle are
adjusted to be the same, reaching the maximum value of
5.78% at 1.8 TMP and 100% RES.

(3) Compared with the single cycle and the power turbine, the
combined cycle has certain advantages. Improvements in the
EGR rate and power are achieved between the combined and
single cycles. Additionally, the IBC system can utilize more
waste heat at lowandmedium engine speeds than the power
turbine, making it well-suited for use in heavy-duty diesel
engines.

The results of this study showed that the combined cycle had
more improvements on engine EGR rate and output power.
Different operations of the engine will be planned for further study
and test to reduce engine emissions and increase energy efficiency.
More research will be needed if engineering applications are to be
implemented.
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Nomenclature

h: enthalpy (kJ/kg)
m: mass flow rate (kg/s)
rpm: revolutions per minute
rps: revolutions per second
P: power (kW)
h: isentropic efficiency

Subscripts

c: compressor
i: engine intake
l: turbine large scroll
s: turbine small scroll
t: turbine

Abbreviations

ASY: turbine asymmetry
ATST: asymmetric twin-scroll turbine
BC: Brayton cycle
BSFC: brake specific fuel consumption
C: compressor
DI: direct injection
EGR: exhaust gas recirculation
IBC: inverse Brayton cycle
NOx: nitrogen oxides
OPD: opening degree of the EGR valve
PI: power improvement
RES: relative engine speed
SI: spark ignition
T: turbine
TA: throat area
TMP: IBC turbine “Mass Multiplier”
VGT: variable geometry turbine
WG: wastegate
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