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To enhance thermal efficiency and increase performance of an internal combustion engine, a novel concept of coupling a conventional engine with a secondary
4-stroke cylinder and direct water injection process is proposed. The burned gases after working in a traditional 4-stroke combustion cylinder are transferred to
a secondary cylinder and expanded even more. After re-compression of the exhaust gases, pre-heated water is injected at top dead center. The evaporation of
injected water not only recovers heat from exhaust gases, but also increases the
mass of working gas inside the cylinder, therefore improves the overall thermal
efficiency. A 0-D/1-D model is used to numerically simulate the idea. The simulations outputs showed that the bottoming cycle will be more efficient at higher engines speeds, specifically in a supercharged/turbocharged engine, which have
higher exhaust gas pressure that can reproduce more positive work. In the modeled supercharged engine, results showed that brake thermal efficiency can be
improved by about 17%, and brake power by about 17.4%.
Key words: internal combustion engine, water injection waste heat,
secondary cylinder

Introduction

General trends nowadays are moving toward optimizing internal combustion engines
and increasing fuel efficiency, due to the inadequacy of HC fuel resources and rigorous emission regulations [1, 2]. It has been shown that a great portion of fuel heat energy is wasted
through exhaust gases [3], so if we can recover some part of it, we can enhance overall thermal
efficiency [4]. Many successful researches have been conducted in an attempt to recover the
contained energy in exhaust gases and turn that into useful work. Dyer [5] noted that the efficiency of an internal combustion engine can be increased by using waste heat. It was also noted
that exhaust system can be improved and cooling system can be simplified with 6-stroke engine.
Conklin and Szybist [6] proposed a six-stroke internal combustion engine cycle with water injection for in-cylinder exhaust heat recovery which has the potential to significantly improve the
engine efficiency and fuel economy. The design added two extra strokes to the conventional
4-stroke engines to recompress a portion of exhaust gases. They proposed to trap some exhaust
gases after the exhaust stroke. After recompression, the water is injected and expands through
––––––––––––––
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evaporation, which results in recovery of wasted heat energy that would have been exhausted to
atmosphere before and producing more positive work. Many patents are registered trying to
manipulate this idea to achieve higher efficiencies [7-11]. An experimental work which is done
by Arabaci et al. [12] showed that brake specific fuel consumption (BSFC) is decreased by 9%
and power output increased by 10% in a 6-stroke engine. In another study, Keromnes et al. [13]
developed a 5-stroke turbocharged (TC) engine which consists of two high pressure cylinders
and a secondary low pressure expansion cylinder. The combustion cylinder has lower compression ratio which allows turbocharging. The transferred exhaust gases expand more in the low
pressure secondary cylinder. By incorporating this idea, an experimental model was developed.
The results show an increase in thermal and fuel conversation efficiency. The fuel conversion
efficiency of 36.1% was achieved, and the optimum BSFC was below 217 g/kWh. Liu et al.
[14] proposed a secondary expansion cylinder, which has the potential to let the exhaust gas further expand inside for energy recovery. The expanders have no intake valve and always open to
the exhaust manifold of firing cylinders and the expanders work as two stroke: expansion and
exhaust. Their analysis showed that the idea is only applicable to the high load condition of
heavy engines with high boosted pressure and the energy recovery potential is very limited. Lu
et al. [15] proposed a 2/4 strike switchable secondary expansion internal combustion engine. By
varying the valve timing, the expansion cylinder could switch its working mode between 2- and
4-stroke to obtain optimum energy conversion efficiency in different engine speeds. Their experiment results showed that the proposed engine could save fuel up to 10-18% in all frequently
used working condition of a general internal combustion engine.
Bottoming cycles utilization, e. g. Rankine cycles [16, 17] or Brayton air cycles is
another example of waste heat recovery from exhaust gases. The first one includes various
forms of Rankine cycles. Yu et al. [16] simulated a model based on an actual organic Rankine
cycle (ORC) bottoming system of a Diesel engine. Their results indicated that approximately
75% and 9.5% of wasted heat from can be recovered, respectively, from exhaust gases and
jacket water. They also concluded that the thermal efficiency of that particular Diesel engine
could be improved up to 6.1%. Liu et al. [18] showed that famous automotive companies,
Honda and BMW for instance, are working on such cycles, reporting that they have cut the
fuel consumption by 10%. The same results have been reported for Cummins by using these
cycles in their commercial trucks. In another study, Fu et al. [19] used Rankine cycle in an
open steam power cycle. By using exhaust gases heat, steam is produced and then injected into expansion cylinder and expands in the cylinder. Their research demonstrated that exhaust
gas temperature was the limiter of recovery process, and that the engine thermal efficiency
could be improved by 6.3% at 6000 rpm. In another study, Fu et al. [20] studied on exhaust
heat recovery by using a steam-assisted turbocharger. It is expected that engine brake torque
increased by 25%.
In this paper, it is proposed to combine two different techniques in exhaust heat recovery: secondary cylinder and water injection. The exhaust gases from a traditional 4-stroke working cycle are transferred to a secondary 4-stroke cylinder to be expanded even more. Also by
recompression of the exhaust gases (in the coupled cylinder) and water injection process at TDC,
expansion of the resulting steam/exhaust mixture results in the overall engine thermal efficiency
improvement. In fact, working fluids go through 8-strokes in two continuous 4-stroke cylinders.
To increase recovering efficiency, injected water is preheated by using jacket water
and exhaust gases to recover heat from these two heat sources. The overall effect of this idea
was investigated on engine performance in a commercial 4-cylinder spark ignition internal
combustion engine in both naturally aspirated (NA) and supercharged (SC) operation modes.
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To find the upper boundary potential of this idea, the engine is considered to work in full load
condition. In this mode, exhaust gases have more potential to evaporate water in order to increase power, thermal efficiency, and energy recovery limit.
Principles
Principles of bottoming cycles

The fuel conversion efficiency of an internal combustion engine is calculated by dividing mechanical power delivered by the engine (which is calculated from the torque, T, and
rotation speed, ω) with the fuel chemical power, calculated from mass flow rate of fuel, ṁf,
and the lower heating value, (LHV) [21]:
Tω
ηf =
(1)
m f LHV
The maximum fuel conversion efficiency of an internal spark ignited combustion
engine is about 30-33% [22]. Thermal losses are the main source of the engine power losses.
For most of the engines, about one third of the fuel energy is lost through in-cylinder heat
transfer and another one third of the fuel energy is lost in the exhaust gases [6]. Insulating cylinders walls is not an effective way to reduce heat transfer loss, because it increases incylinder temperature and increases exhaust energy loss [4]. Recovering waste heat from exhaust gases and enhancing expansion ratio are other ways to improve efficiency.
Exhaust heat recovery or exhaust energy recovery (EER) is divided into two subcategories: direct and indirect. Direct exhaust heat recovery methods are dependent upon the
pressure energy of exhaust gases, and is achieved by re-expansion of the gases through expanders. Because of limited expansion ratio and operation speed range of engines, re-expansion of
exhaust gases has a great potential to make gases expand further in order to recover waste heat
energy. The reason for that is that higher compression ratio means higher overall compression
ratio, ϵ, which ends in higher thermal efficiency, as it described in eq. (2):

ηT = 1 −

1



γ −1

(2)

However, due to the kinematics of the pistons, the compression ratio is the same for
both expansion and compression process. In an internal combustion engine compression ratio is
limited by the mechanical stress and knock phenomenon. So having higher expansion ratio during expansion process is another way of increasing thermal efficiency. Various methods are invented to use this kind of energy: including turbocharging, secondary expansion cylinders, etc.
On the other hand, indirect methods depend on exhaust gases heat energy and are
based on bottoming thermodynamic cycles. The exhaust gases extracted heat is transferred indirectly by heat transfer to a secondary cycle, which is then used to run a bottom cycle. These
methods rely on secondary cycles which couple with the exhaust system. In order to reduce
the resulting back pressure, special attention is required in designing these cycles to prevent
any major power loss [14].
The basics of secondary expansion
with water expansion

If one can use a method in which both thermal and pressure energy of exhaust gases
are recovered, a big portion of waste heat energy can be converted into useful work. In this pa-

Nassiri Toosi, A., et al.: Exhaust Gas Heat Recovery through Secondary …
THERMAL SCIENCE, Year 2017, Vol. 21, No. 1B, pp. 729-743

732

per, by using a secondary cylinder, the exhaust gases can expand more and hence more pressure
energy is converted into useful work. Furthermore, by using water injection and its evaporation,
heat energy of exhaust gases is recovered too. It is tried to modify 6-stroke engines by using a
secondary cylinder to re-compress and re-expansion of exhaust gases from a traditional 4-stroke
engine. Unlike the 6-stroke engines which all strokes occur in one cylinder, the idea is to reexpand the exhaust gases even more and use most of the exhaust gases in a geometrically optimized secondary cylinder to achieve higher recovery efficiency and higher power output. The
goal is to optimize secondary cylinder, both from compression ratio and volume point of view.
Also by optimizing the effective parameters, like valve timings in both cylinders and the transfer ports (connecting exhaust port of first cylinder to the inlet port of secondary cylinder), the
existed back-pressure will be minimized. In the following sections, the bottom cycle is analyzed
separately from two viewpoints: secondary expansion and water injection.
Secondary expansion

The expander device can be a special expander (turbines for example, or cylinders in
this context) that is mounted at the end of exhaust system. In the bottoming cycle, the engine
exhaust gases are expanded more in the expander cylinder to produce work (expansion work).
Figure 1 shows the general concept of secondary expansion cycle, in which some of the cylinders are considered only to re-expand exhaust gases. Figure 1(a) depicts the base 2-cylinder
engine with no expander cylinders. That is to say, the base engine is a 4-cylinder engine that
is converted into a 2-cylinder for our study. More information is given in the next section
about the base engine. Figure 1(b) depicts the base engine with two expander cylinders. Cylinders #1 and #2 are combustion cylinders, and #3 and #4 are the expander cylinders. It can be
seen in the figure that the inlet ports of the expanders are directly connected to the exhaust
ports of the combustion cylinders through the transfer port.

Figure 1. Schematic of (a)conventional and (b) modified engine (with secondary cylinders)

The combustion cylinders are acting parallel and similar with each other except for a
relative 360° crank angle (CA) spark ignition delay. The expander cylinders work in 4-stroke
mode with –180 °CA or 540 °CA delay relative to their correspond combustion cylinders. In
other words, when the combustion cylinder works in exhaust stroke, the corresponding expander cylinder must be in intake stroke. The operating order of the cylinders is shown in tab. 1. The
important fact that needs special attention is the design and the volume of the transfer port. This
pipe which connects two cylinders with two different pressures, reduces the compression ratio
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so as for the exhaust gases to expand while being transferred through the pipe, without producing any useful work. Great attention is needed in designing this port, because this volume is accounted as dead volume in the global expansion ratio [13]. Furthermore, the design of the port
directly influences the gas stream. Critical parameters like the volume and the length of the pipe
are needed to be carefully optimized, which will be presented in the section Optimization.
Table 1. Operating order of bottoming cycle with secondary cylinders, fig. 1(b)
Stroke 1

Stroke 2

Stroke 3

Stroke 4

Cylinder 1

Exhaust

Intake

Compression

Expansion

Cylinder 2

Intake

Compression

Expansion

Exhaust

Cylinder 3

Compression

Expansion

Exhaust

Intake

Cylinder 4

Expansion

Exhaust

Intake

Compression

Water injection

There are many applications for water injection in internal combustion engines literatures. For example, using this idea helps to reduce NOx pollutant in heavy Diesel engines which
can easily satisfy pollution standards like Euro V [23]. Also, water injection can be used to increase stability in higher compression ratios in gasoline direct injection (GDI) engines [24-26].
The charge cooling effect of the water injection evaporation is used to reduce in-cylinder temperature and pressure. This allows for more efficient spark timings, due to reduced knock sensitivity [24, 25]. There is also another application in
controlling hydrogen engines to control the burning rate under heavy working condition [27]. The
point is that the injected mass is about 30-50% of
injected fuel and the engine does not benefit
enough from expansion work which is caused by
water evaporation [27].
In the current bottoming cycle, water injection is done at TDC in the secondary cylinder.
After the injection of water into the compressed
burnt hot gases, water droplets are vaporized by
using waste heat energy of gases from previous Figure 2. The effect of water injection on the
cylinder [28]. A slight increase in-cylinder pres- secondary cylinder pressure
sure is noticeable when the water has instantly
vaporized, fig. 2. Also, the vaporization of water droplets is done instantly after injecting water on warmer surfaces. This process is called Leidenfrost effect [29, 30]. So the second expansion stroke is acquired. The evaporated water enhances the cylinder pressure which ends
in improving efficiency and enhancing output work. Actually, water injection process improves the efficiency of cycle in two ways:
– First, injected water (in both liquid and vaporized states) increases the working mass of the
cylinder and turns the heat of hot gases into in-cylinder pressure which results in positive
output work. As we know, output temperature of exhaust gases can reach up to 900 °C at
high load operation in spark ignition engines [21]. In normal conditions this huge source
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of heat is discharged into the atmosphere. But with this method we can use this energy
source to evaporate water, but a 300 °C limitation exists, which will be discussed later.
– Second, the injected hot water contains recovered energy from waste heats. It is obvious
that the specific enthalpy of injected water is increased with increasing water temperature.
Therefore, higher injected water temperature leads to elevated cylinder pressure and hence
the output power.
As previously mentioned, increasing injected water temperature leads to increased cycle efficiency. Wu et al. [27] showed that by increasing injected water temperature, evaporation
duration and its start lag will be minimized. By preheating water, injected water reaches its saturation temperature and its in-cylinder evaporations takes less time. It is possible to preheat water up to 100 °C easily, using water to
water heat exchangers, especially as jacket
water temperature is normally at 105 °C. Also by using gas to liquid heat exchangers, it
is possible to heat water up to 200 °C under
pressure [27]. So the proposed cycle can recover heat from two sources: jacket water (by
pre-heating the water) and exhaust gases (by
pre-heating and in-cylinder water vaporizaFigure 3. Schematic view of an engine with
tion). Figure 3 schematically illustrates the
secondary cylinder and water injection [27];
firing cylinder along with the secondary cyl1 – fuel, 2 – feed water pump, 3 – water source,
inder and water injection. In this study, the
4 – combustion cylinder, 5 – expansion cylinder with
st
water injection temperature is considered to
water injection, 6 – 1 feed water heater,
nd
be from 0 °C to 200 °C in order to examine
7 – 2 feed water heater
the effect of injected water temperature on
the cylinder output work. Also, the 200 °C temperature is assumed to be achievable to show the
upper boundary potential of the idea.
Modeling
Calculation method

In this study, simulation is based on an object-based code program, called GT-Power. This program is capable of simulating a wide range of issues related to vehicle and engine performance. The solution is based on 1-D fluid dynamics, representing the flow and
heat transfer in the piping and other flow components of an engine system. Furthermore, the
code contains many other specialized models required for system analysis [31].
To model the base engine, basic parameters of the engine, including its geometry
and specifications, should be measured experimentally. In this research, the required data are
provided by the engine producer.
Boundary conditions

In this section, the aim is to use the parameters as realistic and precise as possible
in order to build up a realistic solution. To start the simulation, a base engine is needed.
The selected engine for the study is a four cylinder NA 1.7 liter engine, named EF7, developed and produced by Iran Khodro Company, Theran, Iran (IKCO). The SC engine is numerically and experimentally developed in another study [32]. In the GT-Power SC
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model, the boosting pressure was pro- Table 2. Basic specification of the base engine, EF7
vided by a micro-motor driven comBasic feature and dimensions
pressor and it can provide up to 2 bar
78.6 mm
absolute pressure in the intake mani- Cylinder bore
fold, based on the engine speed. The Stroke
85 mm
experimental data which are needed Stroke/bore ratio
1.08
for the model calibration are available
11.2/10
to the authors [32, 33] and the specifi- Compression ratio (NA/SC)
cations of the engine are given in
133.5 mm
tab. 2. First, the NA engine is used to Connection rod length
show the effect of the bottoming cy- Bore spacing
84 mm
cle. Finally, the SC engine is used to Crank radius to con rod length ratio
0.368 mm
evaluate the effect of the intake presReal capacity
1650 cm3
sure on the bottoming cycle.
The boundary conditions for Main bearing diameter
50 mm
calculating aforementioned idea are Pin bearing diameter
45 mm
listed in tab. 3. After validation, the
DOHC, tappets
revolution rates of 1000 rpm (idle Valve train
with HLA
speed), 3000 rpm (maximum torque
Belt drive
speed), and 5000 rpm (maximum Valve train drive
speed) are going to be studied under
full load conditions.
Table 3. Initial and boundary conditions
The existed constraint is to save
24.24 °C
the temperature of secondary cylinder Intake temperature
Pure air
exhaust gases at the end of expansion Intake air compound
(N2 76.7, O2 23.3%)
process above 300 °C for two main
reasons: first to hold the temperature Intake pressure (NA)
1.0156
of gases above their dew point (to
Compressor pressure ratio (SC)
2:1
prevent condensation) and prevent
Woschni-GT
secondary problems like corrosion. Wall heat transfer model
Second, to maintain the ability of the Constrains: temperature at the end of
> 300 °C
gases to pre-heat the injected water the secondary expansion
up to 200°C, as described previously.
Simulation

A GT-Power model with the secondary cylinder concept is devised. It is worth mentioning that if we add a secondary cylinder for each conventional combustion cylinder, we
would have an 8-cylinder engine which eventuates in a very complicated system. So for the
sake of simplicity, we modified and used two of the main combustion cylinders as secondary
cylinders. In other words, the model consists of a 2-cylinder engine, each cylinder coupled
with a secondary cylinder each. Figure 4 shows the GT-Power model for the proposed engine
with secondary cylinders.
The parameters in this simulated model corresponded to the base engine, EF7, as
showed in tab. 2. As can be realized from fig. 4, cylinder #1 and #2 are the firing cylinder,
and cylinder #3 and #4 are the secondary cylinder. The inlet valves of the secondary cylinders
and exit valves of the conventional cylinders are connected by the transfer port. The optimized values of the valve timings are presented in the section Optimization.
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Figure 4. The GT-Power model for the proposed engine with the secondary cylinder

It is obvious that adding the secondary cylinders and their water injectors leads to an
increase in the number of the required parameters including mass, the spray timing, and the
temperature of the injected water, geometry and compression ratio of the secondary cylinders,
lift and the timing of the intake and exhaust valves, as well as, volume, length and geometry
of the transfer port, etc. In order to make use of the maximum potential of the idea, it is required to optimize each part of the system efficiently.
Base model validation

To validate the model, important engine performance parameters like brake power
and BSFC (total fuel mass flow rate divided by total brake power of the engine) for the NA
engine and in-cylinder peak pressure and break torque for the SC engine were verified by the
experimental data. Figures 5 and 6 illustrate the validated output data for NA engine and figs.
7 and 8 for SC engine.

Figure 5. Brake power vs. engine speed (rpm)
for validating NA engine

Figure 6. The BSFC vs. engine speed (rpm)
for validating NA engine
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Figure 7. Maximum in-cylinder pressure vs.
engine speed (rpm) for validating SC engine
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Figure 8. Brake torque vs. engine speed (rpm)
for validating SC engine

The results show reasonable agreement between simulated model and experimental data, so the engine model is assumed to be sufficiently reliable to be used in the following study.
Optimization

Optimizations are carried out using GT-Power optimization tool, however, valve
timings are optimized using genetic algorithm (GA) through coupling GT-Power with
MATLAB SIMULINK. Every single pair of newly added parameters is optimized to ensure
using the maximum potential of the engine.
Ultimately, the performance parameters of
the base engines (NA and SC) are compared with the new 2-cylinder model under
various conditions defined by multiple output parameters. Although most of the parameters are optimized, only the most important and effective ones are presented in
this section. Figure 9 shows the optimization of the transfer port. As the length of
the pipe is shortened, the output power increases. Such a result was predictable, because as the length of the pipe increases,
Figure 9. Transfer port length vs. brake power
the gases are more expanded while passing
the transfer port, which end in less exhaust
pressure and less expansion work by the secondary cylinder. As a dead volume, the length of
the port should be as short and as logical as possible, because very small pipe lengths are not
applicable in the reality and are restricted by geometry of the engine.
In our case, having considered the geometry of the engine block, the minimum
length of the transfer port was considered to be about 20 mm.
The volume of the secondary cylinder directly affects the output results, so it should
be optimized precisely. Figure 10 illustrates the result of the optimization. As can be seen, the
output power reaches its maximum point, where the secondary cylinder’s volume is almost
twice as much as the combustion cylinders. Increasing the secondary cylinder volume increases the trapped exhaust gases volume (less back pressure for upstream cylinder) and also
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reduces the compression work. But large
volumes lead to increasing the friction surfaces and lowers the output works.
Valve timings are one of the most important parameters in optimizing the model.
Since inlet valves and exhaust valves affects the cylinder trapped mass simultaneously, double parameter optimization is
needed. To do so, MATLAB is linked
through SIMULINK to use MATLAB’S
GA optimization tool. The valve timings
directly influence the ignition cylinder back
Figure 10. Volume (bore) of the secondary cylinder
pressure and the cylinder trapped mass and
vs. brake power
having a precise optimization, minimizes
the backpressure. Figure 11 shows the optimized results for secondary cylinder valve timings.
There is a 30 °CA overlap
period in the valve timing of 3
valves during the exhaust gases
transferring process. During this
period, the exhaust valve of the
firing cylinder, inlet and exhaust
valves of the secondary cylinders
are open, which helps to expel
the exhaust gases directly from
the ignition cylinder to the secondary cylinder, fig. 11. Nevertheless, the mass of the trapped
gases in the secondary cylinder is
less than the total mass of the firFigure 11. Optimized valve timings (optimized by
ing cylinder exhaust gases. HowMATLAB'S GA)
ever, the expansion ratio of the
trapped mass in the secondary
cylinder is more than the combustion cylinder expansion ratio, due to its larger volume. So
the trapped gases in the secondary cylinder are further expanded to form a Miller cycle. This
process helps to increase the engine thermal efficiency.
The last parameter to be optimized is water injection timing. It was mentioned before that ideally the injection should be done at TDC. But as we know, this can not be happened, due to the injectors’ mass flow rate limitation. So, injection process should be started
bTDC. If the water injection process starts so early, compression work increases due to increasing in-cylinder working mass and in-cylinder pressure due to water evaporation. On the
other hand, late water injection process leads to decreasing the produced work, since the water
vaporization (and hence increase in the in-cylinder pressure) occurs once the cylinder has experienced expansion. Figure 12 shows the variation of the engine output power with different
water injection timings. The optimized CA for each engine speed as well as engine type (NA
or SC) is different, due to the mass of injected water. For instance, the optimum value at 5000
rpm for NA engine is found to be 35° bTDC.
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Results and analysis

Figures 13-17 compare the output results of
the base NA engine (EF7) with the output results
of modified engine (with secondary cylinder and
water injector) in NA operation mode and full
load condition. Comparing the outputs between
these two engines, it can be noted that the brake
power output has increased by 19% and also that
BSFC has decreased by 15% at high engine
speeds (5000 rpm). We must say, these results
are not similar in low engine speeds. As can be
seen, in low engine speeds, not only brake power
Figure 12. Optimization of water injection
decreases but BSFC increases as well. The rea- timing for NA engine at 5000 rpm
son originates from the fact that at high engine
speeds and thus higher energy levels, exhaust gases mass flow rate is higher and hence are capable of vaporizing more water, so that the friction of the secondary cylinder becomes
negligible. However, it is obvious that the produced work by the secondary cylinder can not

Figure 13. Brake power vs. engine speed
for NA engines

Figure 14. Brake torque vs. engine speed
for NA engines

Figure 15. Brake efficiency vs. engine speed
for NA engine

Figure 16. Comparison of trapped mass
in both NA mode and SC mode in secondary
cylinder (both at 5000 rpm)

740

Nassiri Toosi, A., et al.: Exhaust Gas Heat Recovery through Secondary …
THERMAL SCIENCE, Year 2017, Vol. 21, No. 1B, pp. 729-743

overshadow the extra friction in lower engine speeds. This leads to reduced net power and increased engine BSFC. Secondly, the exhaust pressures of the combustion cylinders are higher
for higher loads, which can be expanded more to produce more work. But for lower loads, the
produced work is so low that can not overcome the secondary cylinder friction. So, if the secondary cylinder’s overall expansion work (exhaust gases re-expansion and expansion of
steam/gases) is greater than the sum of negative compression work and the additional friction
work, the secondary cylinder’s overall power output will be positive. At higher speeds, secondary cylinder produces more power than is required to overcome compression work and its
friction, which results in higher power and lower BSFC of the engine.
According to the discussion, it is expected
to have higher engine thermal efficiency in
higher speeds and lower thermal efficiency in
lower speeds, as can be seen in fig. 17.
As previously described, the problem of
power reduction at lower speeds stems from
lower energy content of the exhaust gases that
leads to lower water evaporation and overweighting the cylinder friction. It is clear that
these results are obtained in full load condition,
but in normal engine operation, which most of
the time engine works in part load condition
and low engine speeds, the bottoming cycle
Figure 17. Diagram of injected water mass vs.
achievement and energy recovery potential are
brake power at 5000 rpm (NA engine)
very limited.
In order to obviate this problem, we run a series of simulations based on the same
bottoming cycle for the base SC engine. After the necessary optimizations as for the NA engine, we ensure that the system uses its maximum potential to recover waste heat. The point is
that in the SC engine, larger mass flow rate of exhaust gases are available at higher pressures,
so the secondary cylinder deal with larger amount of gases with higher inlet pressure, as illustrated in fig. 16.
Higher trapped mass in the secondary cylinder means higher ability to evaporate
more water, but also higher work is needed to compress the exhaust gases. So a tradeoff has to
be made between the amount of the trapped mass and the negative work needed to compress
the trapped mass. Overlap of cylinder valves is the key to trap optimum amount of the exhaust
gases in the cylinder. The next criterion is the amount of injected water. Technically we can
inject as much as water into the secondary cylinder to be evaporated. But there exists an optimum mass of injected water based on the energy content of the gases as well as gas/steam
temperature before the exhaust gas opening. But does higher mass of injected water always
increase output power?
Figure 17 shows the engine brake power vs. injected water mass. We found out that at
any rpm, there is an optimized value for injected water mass in which the engine power output
reaches its maximum. The reason is that the in-cylinder gases reach their dew point at a specific
mass and become saturated and by increasing the amount of injected water mass, the excessive
water can not be evaporated anymore. Also, the excessive amount of water makes the vaporized
water condensed, which leads to decreased in-cylinder pressure and lowering output work. Furthermore, condensation should be avoided, because of secondary problems like erosion and oth-
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er technical problems which are likely to arise.
So an appropriate and optimized amount of water mass should be obtained for each engine
speed and working condition.
Figure 18 shows the effect of water injection on the in-cylinder gases temperature. As
stated before, the in-cylinder temperature is
kept above 300 °C to avoid condensation.
Figures 19 and 20 compare the results of
the base SC engine with the results of the modified engine (with the bottoming cycle). It can
be seen in fig. 19 that, in comparison with NA
Figure 18. The effect of water injection on the
engine, the problem of decreased power in low- in-cylinder temperature in SC engine (full load
er speeds is resolved and the power increases in condition at 5000 rpm)
all speeds. The gained results were expected,
since the inlet pressure for the secondary cylinder is increased which results in higher
re-expansion work, higher water evaporation ability and higher output power. For example,
even at 1000 rpm, the brake power has increased by 4%. At 3000 and 5000 rpm, the brake
power increases by 11 and 17%, respectively.
Since the brake power increases in all engine speeds, we expect to have lower BSFC
in all engine speeds as well. It is also noteworthy to mention that the increased power is
gained by no extra fuel just by recovering waste heat. So it is obvious that system efficiency
can be improved by the same logic.
Figure 20 illustrates the efficiency improvement over all engine speeds. The engine
efficiency is increased by +17% at 5000 rpm and +11% at 1000 rpm.

Figure 19. Diagram of brake power vs. engine
speed for SC engine

Figure 20. Diagram of system brake efficiency vs.
engine speed for SC engine

According to presented analysis and results, it can be deduced that the bottoming
cycle is more effective when the engine operates in boosted operation modes, e. g. TC or SC
engines. So it is more applicable to high load conditions of boosted engines. Although the
original idea of this type of engine is for automotive applications, the NA engine may be more
suitable for power generation in industries and commercial buildings, when a permanent
source of water is available and it can be operated constantly in full load operating mode and
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higher engine speeds. On the other hand, SC engine with bottoming cycle is more promising
and covers most frequently-used condition for a general vehicle boosted engine, which makes
it applicable to automotive applications.
Although Liu et al. [14] showed that simple expanders have very limited effective
work range and energy recovery potential, but the current results show that our set-up can be a
simple and effective way to recover waste heat when accompanied by water injection concept.
Conclusions

•

•
•
•
•

•

In the present study, a novel idea is utilized to combine a secondary cylinder with water
injection concept in order to recover the waste engine heat from two sources, namely, the
exhaust gases heat and the cooling water. A secondary cylinder is used to re-expand exhaust gases even more and to recompress them to prepare them for water injection. A direct water injector is used to inject water at TDC. By evaporating the injected water, injected into the hot compressed exhaust gases, the working mass of the expander and its’
in-cylinder pressure is increased to increase the engine output power. A 0-D/1-D model is
set-up to simulate the idea. The individual system parameters have been optimized to ensure using the system maximum potential. The results showed that in NA engine the bottoming cycle can only improve system efficiency at high engine speeds. At low engine
speeds, friction forces are dominant and the net power generally decreases due to the low
energy content of the exhaust gases.
A solution for reduction of net power at lower engine speed is to use the same idea in a
boosted engine.
In SC engine, higher inlet pressures cause the exhaust pressure (and so as enthalpy) to be
higher. So in lower engine speeds, the gases have higher re-expansion ability and higher
content of energy in order to evaporate more amount of water in the secondary cylinder.
These results demonstrate that the idea of using a secondary cylinder with water injection
can improve system efficiency and lower BSFC in all engine speeds in SC engines.
It is expected that this concept acts more efficiently in boosted heavy Diesel engines,
which have higher compression ratios and their full load operations stretch over longer
periods of time. Also, using the aforementioned bottoming cycle for power generators in
industries and commercial buildings is proposed.
To have more precise picture of new engine performance, the cost of increasing the temperature of injected water (using cooling water), as well as, the effect of water and added
tools masses on automotive total mass and performance should be studied.
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