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Abstract: Water injection strategy is considered a promising technique to improve the performance 
of boosted engine and reduce the NOx emission via the latent heat of water vaporization. Numerous 
research on water injection has been conducted on in-cylinder and intake port water injection. 
However, the water injection focusing on the spark ignition (SI) engine exhaust system is still lacking. 
This study proposed a pre-turbocharger turbine water injection (PTWI) concept to reduce the turbine 
inlet temperature. This was done so that the stoichiometric engine operation could be achieved at 
a medium-high load and engine speed without resorting to a fuel enrichment strategy to reduce 
the exhaust gas temperature. This study aims to investigate the effect of injecting water into the 
exhaust gas at the pre-turbine of a turbocharged spark ignition engine. This study experimented on a 
1.3-L 4-cylinder turbocharged engine to collect engine data for computational fluid dynamics (CFD) 
baseline model validation. A one-dimensional engine model was then developed based on the 1.6-L 
4-cylinder turbocharged engine experiment using AVL BOOST software. The CFD model was used 
to investigate the effects of water injection pressure, pipe diameter, and water injector location. The 
CFD results showed that a 50 mm connecting pipe with 4 bar of injection pressure gives the largest 
reduction in exhaust temperature. The CFD results were then applied to the one-dimensional engine 
model. The engine model simulation results showed that the fuel consumption could be reduced up 
to 13% at 4000 rpm during wide-open throttle and 75% engine load. The PTWI is a new approach, 
but this study has proved the potential of using water injection at the pre-turbine turbocharger to 
reduce the fuel consumption of a turbocharged SI engine.

Keywords: water injection; spark ignition engine; turbocharger; fuel consumption; CFD; en
gine performance

1. Introduction
1.1. Background

Vehicle emission regulation is crucial to tackle air pollution globally. The automotive 
markets have proposed an ambitious reduction in CO2 limit for both light and heavy-duty 
vehicles for the coming decade. The emission regulations will only becoming stricter year
by year. Car manufacturers must find every possible way to gradually reduce the CO2 
emissions of their fleet every year to comply with the regulations. Due to the stringent 
emission standard, engine downsizing has been the engine design trend for the past decade.
This momentum is expected to continue for the coming years. Turbochargers are nowadays 
being used to compensate for the power loss from the downsized engines. The boosted 
engine can produce a flatter torque curve that improves the performance and efficiency
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at part load operation [1] . However, this downsized boosted engine has some drawbacks 
to overcome.

Firstly, the compressed intake air causes the boosted engine to operate at higher 
indicated mean effective pressure (IMEP). This promotes engine knocking in the combustion 
chamber, which will damage the engine if it occurs for a prolonged period. Compression 
ratio (CR) reduction and spark retard are required to prevent engine knocking, leading to 
the deficit in engine efficiency. Hence, engine knocking is the limiting factor of extracting 
potential performance from a high power density engine [2]. The CR of a naturally aspirated 
SI engine is typically at 10.5:1 and up to 13.5:1. However, for a boosted SI engine, the CR 
must be lowered to 8:5 to 9.5:1 typically, mainly to avoid engine knocking. This limits the 
potential of the engine performance and thermal efficiency.

Water injection (WI), such as port W I and direct WI, are proven to mitigate engine 
knocking effectively [3]. This is because the latent heat of vaporisation, which converts 
water from liquid to vapour, absorbs the heat. With that, permissible knock-free spark 
timing can be advanced to utilise the crank angle of power stroke as much as possible. 
Consequently, the thermal efficiency of the engine will be improved. Additionally, the 
colder intake air has a higher density. In the case of port WI, more air will be drawn into 
the combustion chamber.

The exhaust gas temperature may also exceed 900 ° C, which will cause the exhaust 
manifold and turbocharger turbine side to reach an extreme temperature. The turbine inlet 
temperature (TIT) is the critical parameter that needs to be maintained below 930 ° C so 
that it is below the permissible thermal limit of the turbine vane and catalytic converter. 
Fuel enrichment is the commonly used method to control the temperature of combustion 
and exhaust gas. Thus, the fuel consumption of a small displacement boosted engine is 
higher during high load engine operation. One of the limiting factors of the performance of 
a boosted engine is the turbocharger TIT. Therefore, fuel enrichment is required to control 
the exhaust temperature. However, this method impacts fuel economy. As mentioned 
before, WI can maintain the combustion temperature, which means it can reduce the fuel 
consumption of the engine. It also allows the engine to potentially run at stoichiometric 
conditions, which eliminates the harmful gas in the exhaust gas and reduces brake specific 
fuel consumption (BSFC) while maintaining the performance.

1.2. Strategies o f Water Injection (WI)

WI was first applied on aircraft engines, acting as an anti-detonation agent or internal 
coolant to reduce engine knocking. The topic raised the interest of aeronautics researchers 
back in the 1940s. In 1943, Rothrock et al. introduced water to the intake air for knock 
suppression [4] . The water allowed the aircraft engine to operate above the permissible 
limit while increasing the IMEP. In 1946, Wright Aeronautical Corporation concluded that 
pure water addition offers the best engine cooling while water-methanol permits the most
significant output.

WI once appeared in the automotive industry during the demanding era of high- 
performance vehicles in the 1980s. However, the implementation was in low numbers. 
Saab 99 Turbo and some Chrysler models with large displacement engines were the few 
examples that received the W I treatment [5] . With the introduction of an intercooler for 
a turbocharged engine, WI seemed to be redundant to cool down the charge air. Since 
then, WI is only available in aftermarket tuning kits, such as Nostrum Energy and AEM 
to boost engine performance [5] . Until 2015, Bosch co-developed a port water injection 
(PWI) system with a well-known luxury car manufacturer, BMW, and implemented it on 
their limited-edition sports car, the BMW  M4 GTS [6]. The system provides an additional 
50 horsepower out of the already powerful standard engine. Besides, Rolf Bulander from 
Bosch even claimed that their WI system allowed the engine to run at stoichiometric 
conditions, providing a 13% reduction in fuel [7].

In general, WI is a promising technology for knock suppression in the small-boosted 
engine. Followed by allowable spark advance, more power can be extracted from the engine.
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WI can also reduce the combustion temperature, which effectively reduces NOx emissions. 
Besides, WI can also replace or reduce the fuel enrichment application, which reduces the 
BSFC of the engine [5]. This also allows the engine to operate on stoichiometric combustion. 
From here, WI is a technique that can be expected to improve engine performance without 
compromising fuel consumption. Furthermore, the reduction of NOx encourages the 
implementation of WI to meet the future exhaust emission standard.

WI strategies can be categorised into pre-combustion WI, direct WI (DWI), and post
combustion WI. Every design has its respective advantages and disadvantages. Under 
pre-combustion WI, there are port WI and intake manifold WI. Port WI is the most proposed 
strategy due to its versatility and easy installation. With few modifications, the gasoline fuel 
injection system can be directly used for water injection. Direct WI has been increasingly 
proposed in recent years due to the more precise water spray and evaporation control, just 
like direct fuel injection.

On the other hand, post-combustion WI was only proposed in the compression igni
tion (CI) engine. As the name suggested, the injected water does not involve combustion 
compared to the other two W I strategies. After all, post-combustion W I is the least ex
ploited W I strategy. W hen this paper was written, there were very few reports on the 
implementation of WI at the exhaust manifolds of CI engines to be found. However, there 
were even fewer applications of this for SI engines.

I.2.1. Pre-Combustion Water Injection

Pre-combustion W I injects liquid water or steam into the intake air stream before 
entering the combustion chamber. The injection point can be located at the intake manifold 
runners, right before the intake valves, as well as the upstream and downstream of the 
turbocharger compressor [5] . Most of the patent applications start with pre-combustion 
WI. This is the most proposed and published concept, probably due to its feasibility. Only 
pre-combustion WI reaches production in both the aviation and automotive industries.

Most research on pre-combustion WI has been conducted using experimental work. 
Iacobacci et al. [1] concluded that 20% water to fuel mass fraction increases the IMEP by up 
to 7.3% at 3500 rpm. In this context, the ignition timing can also be advanced to achieve the 
maximum brake torque (MBT). Worm et al. [8,9] stated that, with stoichiometric combustion 
and the advancement of combustion phasing, port WI allows up to a 35% increase in full 
load thermal efficiency.

Tornatore et al. [3] reported that with a 0.2 water-to-gasoline mass fraction, the in
dicated specific fuel consumption could be reduced by 12% with the engine running 
stoichiometrically (A = 1) with optimised ignition timing. With 25% of water to gasoline 
mass flow rate, Karagoz et al. [10] found out that intake manifold W I increases the ther
mal efficiency and brake power of the hydrogen-enriched gasoline engine by 5.9% and
II.7% , respectively.

From the perspective of emissions, WI provides a significant amount of emissions 
reduction, as reported by Brusca et al. [11], Miganakallu et al. [12], and Luca et al. [1]. The 
hydrogen-fuelled SI engine is known to have high NO production due to rapid combustion. 
However, Subramanian et al. [13] found out that WI significantly reduces the NO level 
from 7670 to 2490 ppm at full load operation with an equivalence ratio of 0.82. Similarly, 
though the hydrogen addition can increase the NOx emissions by 141.1%, W I reduces 
the disadvantage to 82.7%, as found by Karagoz et al. [10]. This is mainly due to the 
heat absorption ability of water via the latent heat of vaporisation, which lowers the 
combustion temperature.

A  detailed 3D computational fluid dynamic (CFD) simulation was carried out by 
Alessandro et al. [14] to determine whether W I can further enhance fuel efficiency. The 
study investigated different operating conditions (2000 rpm, 4000 rpm, and 7000 rpm) 
and reported that BSFC improved by 2%, 10%, and 22%, respectively. Berni et al. [15] 
used a similar approach and obtained an almost 20% BSFC reduction. Battistoni et al. [16] 
evaluated the knock suppression capability of port WI via multi-cycle CFD simulation.
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With a 30% water to fuel mass ratio, the study concluded that the nozzle design, injection 
pressure, location, and targeting of the injected water are critical parameters for a WI system. 
Bozza et al. [17] concluded that ported WI has significant potential for knock suppression 
and improved fuel consumption at high loads, but not during knock-free engine operation.

Besides injecting pure water, a mixture of water and methanol or pure methanol 
port injection was found to improve combustion in terms of knock reduction and reduc
tion of BSFC, as demonstrated by Berni et al. in their other study [15]. However, the 
researchers concluded that pure WI is the best strategy, giving the lowest indicated specific 
fuel consumption.

To understand the application of WI in real-world applications, studies were conducted 
based on the Worldwide Harmonized Light Vehicle Test Cycle (WLTC) using A-segment 
vehicles [17- 20]. The studies found out that the potential of W I is insignificant because 
the engine was mainly operating under part load without knock events. However, the 
results show fuel consumption reduction at high vehicle speed regions in fuel-saving at 
knock-limited operations, such as during high load conditions.

1.2.2. Direct Water Injection (DWI)

Comparable to the gasoline direct injection (GDI) system, DWI sprays the water 
directly into the combustion chamber. It is also known as internal cooled ICE in one of the 
earliest implementations of DWI on ICE by Kroll in 1976; similar inventions which came 
after in the year 1980s and 1990s are [21- 24].

Experimental and simulation studies on direct WI have been substantially conducted 
in recent years [20,25- 29] Water was injected separately at the compression stroke and 
expansion stroke, as demonstrated by Wei et al. [25,28] in their numerical analysis. They 
found out that WI at the end of the compression stroke reduces the in-cylinder pressure, 
which causes the required compression work to reduce. As liquid water was injected 
during the expansion stroke, the latent heat of vaporisation of the injected water can absorb 
the heat, thus, decreasing the in-cylinder pressure. However, when the liquid water is 
converted into steam, the in-cylinder pressure increases due to the steam volume, increasing 
the power output. Further studies have also found that direct WI reduces the heat loss to 
the cylinder wall and piston head, reducing NOx and soot emissions.

DWI reduces the heat losses compared to port WI because it introduces the water right 
before combustion [5] . The convection heat transfer to the cylinder wall, valves, cylinder 
liner, and piston head is also an energy wastage, and the heat flux transferred can be as high 
as 10 MW /m2 [28,30]. Thus, the cooling effect of the water can reduce energy losses and 
improve engine efficiency. The lower in-cylinder temperature also reduces the tendency 
to knock.

From an environmental standpoint, DWI reduces the NOx emission by 34.6% on 
average, as concluded by Ming et al. [25]. It shows the production comparison between the 
mean soot emissions and carbon dioxide production with various amounts of water being 
injected ranging from 5% to 25%. It was concluded that 15% water to fuel mass was the 
optimum injection amount that finds a balance between engine performance and emissions, 
including NOx, CO2, HC, and soot.

As a whole, DWI enhances the benefits obtained from pre-combustion W I in terms 
of performance, fuel consumption and emissions. This is mainly because the amount 
of injected water is more instantaneous and accurate, allowing better optimisation of 
combustion pressure and temperature. The heat transfer reduction enhances the cooling 
effect. One of the downsides to DWI is the complexity of the engine and system design 
compared to the pre-combustion WI.

1.2.3. Post-Combustion Water Injection

There are few studies on post-combustion W I in a gasoline engine. There are a few 
concepts for the CI engine, but the working principles are different. Post-combustion WI 
injects water in the flow of exhaust gases for exhaust gas heat recovery. The WI technique
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has been established in a CI engine primarily to control the NOx emission [31,32]. Therefore, 
this section extends the discussion to post-combustion WI in a CI engine because there is a 
research gap for SI engines. Future research can generate some ideas from the application 
in the CI engine.

Taylor et al. [33] proposed a solution in which the coolant passage passes through the 
exhaust manifold to reduce the exhaust gas temperature. Instead of using fuel enrichment 
to reduce and control the temperature, the proposed method can reduce the need for 
additional fuel consumption during high engine speeds. The exhaust gas temperature is 
expected to be reduced up to 160 °C when it reaches the turbocharger turbine inlet [34]. 
The Volkswagen EA888 engine was designed with this solution. Even if this is not a WI 
system, it is worth mentioning as it uses w ater's high specific heat capacity to cool down 
the exhaust gases.

Prior studies on pre-combustion and DWI date only from 2016. The effects of exhaust 
manifold WI on the combustion and emissions characteristics were demonstrated by Farag 
et al. and Nour et al. [32,35]. The studies utilised the latent heat of the exhaust gas to 
vaporise the injected water. By overlapping the exhaust valves during the intake stroke, 
the vaporised water was pushed back into the cylinder to mix with the intake air for the 
upcoming combustion event. This prevents the cooling effect in the cylinder, reducing the 
apparent heat release rate (AHRR) and power output.

Farag et al. [32] compared engine performance and emissions between the intake 
manifold WI and exhaust manifold WI. In contrast, Nour et al. [35] focused on enhancing 
emission reduction without sacrificing the engine performance. The water consumption of 
the intake manifold WI needed to be twice as high as the direct WI to yield the same result. 
Both claimed that the exhaust manifold W I is a better injection strategy.

Farag et al. [32] and Nour et al. [35] applied the WI with 10% and 25% exhaust gas 
circulation (EGR). The drawback of an EGR is compensated by the WI. It is difficult to 
reduce NOx emissions and soot together; exhaust manifold WI reduces the NOx emissions 
significantly by 85% but produces higher soot than a conventional CI engine.

WI allows the IMEP to increase by 2.6% with a 10% EGR ratio in terms of engine 
performances. With the EGR ratio increased to 25%, the IMEP increased to 11%. The BSFC 
is increased between 5% to 19% compared to the EGR without WI.

Exhaust manifold WI is found to have significant benefits when applied to a CI engine. 
Based on the results, exhaust manifold WI is more recommendable due to its advantage in 
recovering the waste exhaust heat and balancing out the fuel consumption and emissions 
while retaining performance. Based on the available studies related to WI, post-combustion 
WI for SI engine is recommended for further studies.

1.3. Objective o f  Research

In this research, an investigation toward a newly proposed post-combustion WI 
strategy was carried out, known as pre-turbocharger turbine water injection (PTWI). The 
PTWI is used to cool down the TIT instead of the combustion chamber, enabling the engine 
to run at stoichiometric (A = 1) conditions. This research will focus on the effects of the 
PTW I on the performance and fuel consumption of a spark ignition (SI) engine across the 
operating state. The objectives of the research are to characterise the behaviour of liquid 
water and exhaust gas in PTWI using three-dimensional (3D) computational fluid dynamics 
(CFD), and to investigate the effects of pre-turbine water injection on fuel consumption and 
engine performances using a one-dimensional (1D) simulation.

2. M aterials and Methods
2.1. General Concept o f  PTWI

The water is injected into the exhaust pipe to mix with the exhaust gas before entering 
the turbocharger turbine. The add-on components to the standard turbocharged gasoline 
engine are a water injector, water pump, and a water reservoir. The water tank is fitted 
with the heating element to heat the water reservoir when it is necessary. The electrical
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water pump supplies the water to the injector. A regulator is fitted along the delivery line 
to control the water pressure. Fine water spray is recommended to promote vaporisation 
and mixing with the exhaust gas. The latent heat of vaporisation will absorb the heat and 
potentially reduce fuel enrichment application during high load and high-speed engine 
operation. Stoichiometric combustion may even be possible, reducing fuel consumption 
and emission without substantial performance penalty.

2.2. Methods o f Research

This study covers simulation and experiments to propose a new water injection 
strategy for a gasoline engine. The purpose of the experiment in this study was to validate 
the simulation model. The experiment was conducted on an engine test bench, and the 
modification was done at the turbocharger turbine upstream. All the sensitivity cases 
were investigated through the validated simulation models. 3D CFD simulation focuses 
on the water spray behaviour in the hot exhaust gas stream. The parametric study was 
conducted on the injector pressure (4 bar, 7 bar, 9 bar), the diameter of the turbine inlet 
connecting pipe (30 mm, 40 mm, 50 mm), and the distance of the injector from the turbine 
inlet (150 mm, 250 mm, 450 mm). For the 1D engine simulation, the engine model was 
developed based on an existing engine setup specifications on the test bench. The baseline 
model was then validated with engine testing results. The baseline engine model will then 
use the results from CFD to investigate the effect of PTWI on the engine performances and 
fuel consumption during 3000 rpm, 4000 rpm, and 5000 rpm, and at 100%, 75% and 50% of 
engine load.

2.3. Experimental Setup

Engine testing in this study was merely to validate the 3D CFD simulation model 
before any sensitivity studies could be applied to the model. The TIT predicted by the CFD 
model was then validated with the experimental data logged from the thermocouple. The 
experimental work consisted of a test-rig setup, instrumentation and calibration of sensors, 
data acquisition, and post-processing.

The engine test bench consisted of a 1.3 L IAFM engine with a turbocharger mounted 
to the exhaust manifold system. The stock engine was equipped with all the essential 
sensors connected to the data acquisition system. The engine was controlled by the stock 
engine control unit (ECU). Figure 1 shows a detailed overview of the PTW I experiment 
setup. The WI system consisted of a water tank with a heater matrix, electric water pump, 
water pressure regulator, water flow meter, and was completed by a water injector.

Two experiment setups were carried out to strengthen the validation of the CFD 
model. The water injector was mounted 0.3 m from the turbine inlet in the first setup. The 
engine speeds tested in the first setup were 2500 rpm and 3000 rpm at wide open throttle 
(WOT). In the second setup, the water injector was placed closer to the exhaust manifold 
(1.8 m away from the turbine inlet), operating at 4500 rpm at WOT. In both setups, the 
exhaust downstream passed through a set of thermocouples and pressure transducers. The 
water and exhaust gas mixture flowed through another set of thermocouples and pressure 
transducers right before the turbine inlet.

A dual spray fuel injector was used to inject water regulated at 4 bar. Water at an 
ambient temperature of 27 °C was supplied using an industrial electrical water pump 
capable of 10 bar. The injector was connected to a power supply and operated via a switch. 
The injector was set to be continuous at 100% duty cycle. In both setups, the injector was 
angled at 45°, pointing toward the downstream of the exhaust gas flow. Table 1 shows the 
important specification of the main equipment used in the experiment.
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Figure 1. Schematic diagram of the experiment setup. 

Table 1. Equipment specification.

Equipment Specification

BOSCH
#A280436277-359

Dual spray angle24°
Injector Maximum flow 155 g/min

Maximum injection time 2.5 m/s
Maximum pressure 4 bar

4-hole with 200 |j.m

ICO JINE
#TYP-2000 KJElectrical water pump Flow 2.2 LPM

Pressure 10 bar

BORG WARNERTurbocharger #KP39

Engine

PROTON 1.3 L Campro IAFM 
Naturally aspirated 4-cylinder 

Max torque 120 Nm at 4000 rpm 
Max power 70 kW at 6000 rpm

2.4. 3D CFD Simulation Setup

The steady-state CFD simulation was used to understand the flow behaviour of mixing 
injected water with exhaust gas before entering the turbine. Besides, the study can also see 
the length required for both mediums to mix well. The nume rical model was solved by 
using ANSYS CFX 15.0 commercial software. This is a multiphase flow because there is 
more than one fluid present. There are two main multiphase flow approaches in ANSYS 
CFX: Eulerian-Eulerian (EE) and Lagrangian-Eulerian (LE) particle tracking.

The study implemented the LE approach to solve tire multiphaae flow for this research. 
This is because Lagrangian tracking can capture each representative particle's trajectory, 
mean diameter, and aver aged temperature as a dispersed phase. Meanwhile, the continuous 
phase gas mixture must be computed by the Eulerian model. The tracking was carried out 
by forming a set of ordinary differential equations in time for each particle, consisting of

Engine

Exhaust
manifold
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equations for the position, velocity, temperature, and masses of species. Each particle is 
tracked from their injection point until escaping from the domain. The method integrates 
the three-dimensional trajectories of the particles based on the forces acting on them from 
the surrounding fluid and other sources [36,37].

The particles mentioned here was the representative particles, whereby the actual 
number of particles represented by these representative particles is called particle number 
rate. The particle number rate was determined from the mass flow rate assigned to the 
representative particle divided by the mass of an actual particle. LE was used instead of EE 
because it offers complete information on the behaviour of each particle. Even though LE 
requires very high computer resources when tracking a large number of particles, this was 
not the case here. Besides, LE also provides better details of mass and heat transfer.

The particle displacement is calculated using forward Euler integration of the particle 

velocity over timestep, St. From the =  Up, the particle displacement is given as:

where the subscripts o and n refer to old and new values, respectively. Up is initial particle 
velocity. In forward integration, the particle velocity calculated at the start of the timestep 
is assumed to prevail over the entire step. At the end of the timestep, the new particle 
velocity is calculated using the analytical solution to the particle momentum equation:

The right-hand side of Equation (2) are all the forces acting on the particle, including 
drag force (FD), buoyancy force (FB), rotation force (FR), virtual or added mass force (FVM), 
and pressure gradient force (Fp). Refer to ANSYS CFX Theory Guide [36] for the detailed 
equation of each force.

In general, the transport equation is written as:

where $  is a generic transported variable, subscript f  indicates the value of the variable in 
the surrounding fluid, t  is a linearisation coefficient, and R is a general non-linear source. 
In the calculation of forces and values for t  and R, many fluid variables, such as density, 
viscosity, and velocity, are needed at the position of the particles. These variables are 
always obtained accurately by calculating the element in which the particle is travelling, 
calculating the computational position within the component, and using the underlying 
shape functions of the discretisation algorithm to interpolate from the vertices to the 
particle position.

The interphase transfer in this research is two-way coupling instead of one-way 
coupling. One-way coupling is typically used in the flow whereby the dispersed phase 
has low particle loading, where the effect of the particle on the continuous fluid flow is 
negligible. Two-way coupling enables the dispersed particle and the continuous flow to 
influence and exchange momentum with each other. Therefore, the two-way coupling is 
more suitable in the CFD model.

The liquid evaporation model in ANSYS CFX was used to compute the particles with 
heat and mass transfer. The model used two mass transfer correlations depending on 
whether the droplet is above or below the boiling point. The boiling point is determined 
through an Antoine equation, a vapour pressure equation that describes the relation 
between vapour pressure, Pvap and temperature for pure components. The particle is

x'p, =  x0p +  Up St (1)

p
m p—JT  =  FD +  FB +  FR +  FVM +  FP (2)

(3)
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boiling if Pvap is greater than ambient pressure. When the particle is above the boiling point, 
the mass transfer is determined by:

dm p _  Qc +  Qr
dt H (4)

where H  is the latent heat of evaporation of the particle, while Qc and Qr are the convective 
and radiative heat transfer, respectively.

When the particle is below the boiling point, the mass transfer is given by:

«  =  n d p P D S h WG M t - x V J  (5)

where dp is the droplet diameter, pD  is the dynamic diffusivity of the component in the 
continuum, Sh is the Sherwood number, Wc and WG are the molecular weights of the 
vapour and the mixture in the continuous phase, respectively, X}V is the equilibrium vapour 
mole fraction of the evaporating component at the droplet surface, and XvVap is the mole 
fraction of the evaporating component in the gas phase.

The mass source to the continuous fluid is obtained from:

dS dmp (6)
dt dt

The spray droplet breakup and collision were not considered for this research because 
the particle mass loading is relatively low. Mass loading is the ratio of the mass flow rate of 
the particle to the mass flow rate of the fluid. A standard particle wall interaction was used 
to describe the action of a particle when they hit the wall, instead of the advanced interaction 
model available in CFX, such as the Elsaesser and Stick-to-wall models. This is because 
Elsaesser is only valid for gasoline and aluminium in ICE applications. Moreover, these two 
advanced interaction models compute the wall film, valid only in a transient simulation.

For standard particle-wall interaction, the momentum changes of the droplet when 
hitting the wall is determined by the perpendicular and parallel coefficient of restitution. 
The coefficient value of 1 represents the elastic collision. The parallel coefficient should 
always be 1, while the perpendicular coefficient depends on the particle material. In this 
case, the water droplet will cause a wall wetting phenomenon, so this study defined the 
perpendicular coefficient of restitution as 0 to eliminate any particle reflection. To better 
understand the model, please refer to the illustration in Figure 2.

PerpendicularRestitution Coefficient = 0.5 
Parallel Restitution Coefficient = 0.75 
Impact angle in radians = 0 4

Wall Normal

\<------------------------------ ---------------------------- ►>
12.8 m/s 1 9.8 m/s

Figure 2. Waterparticle reaction when hitting the wall. Reproduced from [36].

In the LE simulation, the turbulence model was applied to the continuous phase. The 
turbulence can affect the particles through particle dispersion force, but tine influence of 
particles to the continuous phase is not more than the -velocity field of the continuous phase.
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"The; exhaust gas was computed as a turbulence flow. In this re search, the study selected 
the iwo-e quation k-epsilon (  — e) tuobulent mod el to solve the Reynold stress term of the 
Reynold-averaged Navier-Stokes (RANS) equation. "this is because it i s applied widely 
and c an predict turbulence flow in a pipe with su(finient accuracy.

In CFX 15.0, scalable wall functions are used instead of the veal) function, which is 
vory sensitive to the near-wall mnsh refinement. The boundary loyer can b e  broken down 
into a viscous sublayer, log-layer, and outer layer. The first cell height must b t  in the log 
law layer. Thus, re fitting mesh does not oroduce an accurate result. U sing the scalable wall 
funation, on the other hand, the program will ignore the cell before y+ = 11.06, if the first 
layer of the prism height is m the visnour sublayer. The (scalable wall function allows the 
study do refine the prism size without worrying about it falling under the viscous sublayer 
and allows consistent meshing for all the boundary conditions involved in this research.

The 3D cylindrical domain with different domain diameters was modelled using 
computational aid design softwase. The geometry was then imported into CFD c ommercial 
software for the meshing proces s. The geometry was simplified wtthout some sort of 
protrusion for the injector, as shown in Figure 3. Adler the mesh refinemtnt, -he model was 
transferred to ANSYS CFX Pre fo set up) the boundary conditions and subsequently solve 
the model. Finally, the post-processing was accomplished by ANSYS CFD-Post.

(a) (b)

Figure 3. (a) Cylindrical domain for fluid flow computation; (b) Meshing at the cross sectional of 
cylindrical domain.

Figure 4 showcases the average cross-sectional temperature of a 50 mm cylindrical 
domain obtained from the solved model for different mesh sizes. The mesh size chosen is 
enough to predict the temperature that is 1% different from the temperature predicted by 
the finer mesh.

Number of nodes

Figure 4. Mesh independence analysis.
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The refined mesh was then transferred to ANSYS CFX Pre for boundary condition 
definition. At the inlet boundary, the mass flow rate and temperature were specified based 
on the experimental data. The flow of air is normal to the inlet boundary. The exhaust gas 
was set to be a continuous flowing gas mixture. The pressure of the turbine inlet from the 
experiment is applied to be the average static pressure across the outlet boundary plane. 
For the wall, the no-slip boundary condition was specified. The heat transfer at the wall 
was computed as adiabatic. The pressure, velocity, and flow rate at the boundaries was 
calculated by the Bernoulli equation. It is always important to set the buoyancy force in 
multiphase flow, including particle tracking. This is due to the density difference of the 
two phases involved. This study calculated the density of exhaust gas from the ideal gas 
equation before inputting it for numerical calculation.

The injection particles were specified to be fully coupled with the gas mixture. The 
drag force of the representative particle was computed by Schiller-Naumann equation. 
The heat transfer, on the other hand, was calculated by the Ranz-Marshall model. The 
particle injection region was set as a cone shape. The radius of the plane and dispersion 
angle were based on the injector specification used in the experiment. The temperature and 
pressure of injected water were obtained from the experimental data. The injection point 
was located 50 mm after the domain inlet to match the distance between the injector and 
pressure transducer before it.

After the baseline CFD model was validated, the study conducted a few sets of 
sensitivity studies to investigate the effect of the PTW I on the TIT. They are the water 
injection pressure, the diameter of the turbine inlet connection pipe, and the distance 
of the injection point from the turbine inlet. All the sensitivity studies focused on the 
effect of PTWI at 3000 rpm, 4000 rpm and 5000 rpm at 100%, 75% and 50% engine load. 
This is because fuel enrichment is inevitable at the m edium -high engine speed and load 
operation. Table 2 explains the combination of numerical simulation cases done in the 
research. Before that, the study set the three diameter sizes of the turbine inlet connecting 
pipe in the 1D engine model to obtain the temperature and pressure from the cases. The 
data obtained were plugged into the boundary condition of the air inlet in the CFD model 
for further action.

Table 2. Operating condition cases for sensitivity study.

Manipulated Variables Unit

Injecting pressure 4 bar, 7 bar, 10 bar
Distance from turbine 150 mm, 250 mm, 450 mm

Diameter of turbine connecting pipe 30 mm, 40 mm, 50 mm

After analyzing the results from the sensitivity studies, the study determined the most 
effective PTWI setup, at least based on the viability of the concept onto the automotive 
engine. The temperature drop (AT) was transferred to the 1D engine model to investigate 
its effect on the engine as a system.

2.5. 1D Engine Modelling o f SI Turbocharged Engine

To investigate the effect of pre-turbocharger turbine water injection on the engine 
system, the temperature reduction obtained from the CFD simulation was plugged into 
the engine model. The study utilised AVL BOOST (AVL List GmbH), commercial 1D 
engine simulation software. The engine model is comprised of all the main components, 
such as throttle, cylinder, engine, plenum, injectors, turbocharger, intercooler, and air 
filter. Measuring points (MP) were placed at the exact location where the transducers were 
installed in the test bench engine. All the engine components in the engine model were 
arranged as close as possible to the engine test bench setup.

Due to the nature of the 1D simulation, the input data is crucial to ensure the result 
accuracy. Therefore, the precise dimensions of the intake and exhaust connection pipe were
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first measured. The specifications of main components are all based on the manufacturer 
specification. The main specification is shown in Table 3 .

Table 3. Engine model specification.

Engine Parameters Specification

Number of cylinders 4
Displacement 1561 cc
Firing order 1-3-4-2

Bore 76 mm
Stroke 86 mm

Compression ratio 9.5:1
Intake valve diameter 30 mm

Intake cam lift 7.51 mm
Exhaust valve diameter 25 mm

Exhaust cam lift 7.92 m

2.5.1. 1D Numerical Modelling of the SI Engine 
Connecting Pipes

The connecting pipes are the most used components in the engine model, so it is 
crucial to make sure that the numerical model can capture the flow, covering the whole 
engine operating map. Instead of three-dimensional flow like the CFD model, all the fluid 
flows were solved as one-dimensional or one-directional in the engine model. The Euler 
equation was used to capture the one-directional flow. Besides, the fluid in the pipes was 
solved as the gas state. The equation is shown below:

dU dF(U ) 
dt +  dx

s ( u ) (7)

where U and F  represent the state vector and flux vector, respectively, which are shown as:

U

p
p-u

p-cv-T +  2 -p-u2 
p-wj

(  p-u \
2

\
(8)

F
p -u  

u-(E  +  p) 
\ p-u-wj

(9)

/
The energy, E in the flux vector is represented by:

E — T1 I 1 2p-cv-T +  2 -p-u2 (10)

The source term, S (U ) in Equation (7) contains two different source terms which are 
best to be described as:

S(U ) =  Sa ( F ( U ) ) +  S r (U)  (11)

SA is the source caused by axial changes in the cross-section of the pipe, while SR( U ) 
takes into account the homogeneous chemical reaction, heat and mass transfer term between 
the gas and solid phase as well as friction. Both source terms are given by:

/

SA ( f ( u ) )  = -  A  ■ f  ■

0

F + p 
0 
0

(12)
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Sr (U)

\MWj •

0
_ fr V qw 

V
^ Rhom v

i j  •ri) /

(13)

Heat Transfer

The convective heat transfer between the gas and the pipe wall is modelled via the 
Nusselt approach:

Nu
a gw ̂ dhyd

Ag (14)

where agw represents the heat transfer coefficient between gas and wall, dhyd stands for 
hydraulic diameter (which depends on the inner diameter of the pipe), and Ag is the thermal 
conductivity of the gas.

The Nusselt number can be viewed as a dimensionless convection heat transfer coeffi
cient, which represents the ratio of convection to conduction across the same fluid layer [38]. 
A large Nusselt number indicates that the convection is more effective, while a Nu of 1 
shows that the heat transfer is purely by conduction within the same fluid layer. In this 
research, the study used the Reynold analogy, which is shown as follows, assuming the 
flowing gas is an ideal gas:

dhyd 0.019
Nu Ag

-•p^u^p (15)

All the parameters in Equation (15) that lead to a Nusselt number can be obtained 
easily. It was then brought to Equation (14) where the heat transfer coefficient can be 
obtained. Consequently, the convective heat transfer was quantified.

Turbocharger

The most important turbocharger elements are the compressor and turbine maps. 
They are also known as the performance map, whereby different turbocharger models have 
different performance maps, provided by the manufacturer. AVL BOOST version 2016 and 
above have BOOST Turbocharger Tool, a dedicated tool for performance map generation. 
The study utilized the validated performance map from the engine testing bench on the 
engine model in the research.

The power provided by the turbine (PT) is determined by the turbine mass flow 
rate and the enthalpy difference over the turbine, from Equation (17). In the following 
equations, subscripts 1 and 2 represent the inlet and outlet of the compressor, respectively, 
while subscripts 3 and 4 indicate the inlet and outlet of the turbine.

Pt — miT •qm • fa  — h4) 

h3 — h4 — Vs, T <p •TV
p3

(16)

(17)

On the other hand, the power consumption of the compressor (Pc) relies on the mass 
flow rate in the compressor and the enthalpy difference over the compressor from Equation 
(19). The latter is influenced by the pressure ratio, the inlet air temperature, and the 
isentropic efficiency of the compressor.

Pc — mc • f a  — h \) 

1
h2 — h\ — — •cp •T1

n s, c

k—1
p i )  k — 1 
p1

(18)

(1 9 )

8
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For this research, the full model compressor was chosen for its integration of mechani
cal network and rotor speed dynamically. The overall efficiency of the turbocharger (yTC) 
is defined as follows:

where ym,TC is the mechanical efficiency of the turbocharger.
The study also used the internal boost pressure controller to specify the target com

pressor pressure ratio based on the pressure ratio obtained from the engine testing bench.

The thermodynamic calculation in the cylinder is based on the first law of thermody
namics, which states that the total energy of the system during a process is equal to the 
difference between the total energy entering and the total energy leaving the system during 
that process. In this case, the change of internal energy in the cylinder is equal to the sum 
of piston work, fuel heat input, wall heat losses, and the enthalpy flow due to blow-by.

2.5.2. Heat Transfer in the Combustion Chamber

The heat transfers to the wall of the combustion chamber, such as cylinder head, piston 
and cylinder liner, is calculated from:

where Qwi is the wall heat flow, A i is wall surface area, Tc is the gas temperature in the 
cylinder, and Twi is wall temperature. The wall mentioned here is the wall of the combustion 
chamber. In this research, the heat transfer coefficient (aw) in the cylinder was obtained 
from the heat transfer model (Woschni model). It is one of the most widely used models, 
which performs well for traditional fossil fuels, as was used in [39]. For the high-pressure 
cycle, the model is summarized as follows:

where Ct =  2.28 +  0.308■ ̂  and C2 =  0.00324.cm
For the gas exchange process, the heat transfer coefficient (aw) is obtained from the 

equation below:

where C3 =  6.18 +  0.417-ĉm

Port Heat Transfer

On the other hand, the modified Zapf heat transfer model, Equation (24) is used in

exchange process, it is crucial to take the heat transfer of the ports into account. This is 
because the heat transfer could be a lot higher than that in a simple pipe flow, due to the
high heat transfer coefficients and temperatures in the region of the valves and valve seat.

In this context, the heat transfer coefficient, ap , depends on the direction of the flow.
For the flow out from the cylinder (exhaust port), the formula is:

VTC =  Vm,TC ns,T ■Vsc (20)

Cylinders

(21)

0.8
(22)

(23)

the BOOST code to predict the heat transfer at intake and exhaust ports. During the gas

(24)

(2 5 )

where C4 =  1.2809, C5 =  7.045T10-4 , and C6 =  4 .803540-7
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For the flow into the cylinder (intake port), the formula is:

C7 +  C8 ■Tu -  C9'Ti T 033 m 068 d -16 1 -  0.765- ̂
h7)i

(26)

where C7 =  1.5132, C8 =  7.1625-10-4 , and C9 =  5.3719-10-7

Combustion

The simplest method for BOOST code to predict the combustion characteristic is to 
directly specify the rate of heat release (ROHR). The option to input ROHR is via a curve 
table, single Vibe Function, Double Vibe function, and Vibe Two Zone. For accurate engine 
simulation, the actual heat release characteristic of the engine obtained from the measured 
cylinder pressure history was matched as accurately as possible.

The Vibe function is often used to approximate the actual heat release characteristics of 
an engine. The study was required to define the start and duration of combustion, and the 
parameters "m " and "a " , which are the Vibe function shape parameter and Vibe function 
parameter, respectively.

However, the cylinder pressure data was unavailable, so the study used the standard 
shape parameter "m " of 2 suggested by the BOOST User Manual, based on the type of 
engine and its operating range. Figure 5 provides a better illustration of how the shape 
parameter "m " affect the rate of heat release before and after the top dead centre (TDC). The 
parameter "a " is a constant of 6.9, which characterizes the completeness of the combustion.

a p

Crankangle (degree)

Figure 5. Influence of shape parameter "m", starting with m = 0.4 on the left. Reproduced from [40]. 

2.5.3. Engines

The Patton, Nitschke, and Heywood (PNH) model was chosen to calculate the friction 
losses associated with the main bearing, the valve train, piston group, and auxiliary 
components. The total friction mean effective pressure (FMEP) is calculated as follows:

FM EPt o t  =  (FM EPcs  +  F M EPp  +  FM EPVt  +  FM EPa u x  +  F M E Pip ) - (  vT°il j  (27)
VvToil=90°C/

The last term takes the effect of a changing oil viscosity as a function of oil temperature. 
For the specific friction contribution of each FMEP (crankshaft, reciprocating; piston group, 
valve train, and the auxiliary and injector pump), refer to BOOST™  Thepry.

Engine Model Setup

Figure 6 presents the 1D engine model developed. System boundaries (SB1 and SB2) 
were set baseE on the surrounding; condition of the experiment. The PNH model was used



Sustainability 2023,15, 4559 16 of 36

to calculate the friction loss in the engine associated with the main bearings, valve train, 
pistons, etc. The convective heat transfer between the gas and pipe wall was modelled 
by the Reynold analogy approach. The heat transfer factor and wall temperature at the 
connector pipe were tuned to yield the predicted temperature that matches the experimental 
temperature data.

Figure 6. 1D engine model.

The flow coefficient on the other hand was used to tune the pressure and mass flow of 
the throttle position across the operating range. The fuel injectors (I1, I2, I3, and I4) injected 
the fuel based on the mass flow rate of the intake air. The ECU controllel that air-fuel 
ratio (AFR), variable intake valve timing (VVT), and ignition timing. The engine speed 
and throttle position were set as the; tunction at ECU to control the AFR, VVT, and ignition 
timing. All the parameters at ECU were ob tained from the eape riment. The AFR mspping 
and flnw coefficient are shown in Figures 7 and 8 .
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T h ro ttle  P o s tit io n  (% )

Figure 7. Flow coefficient across all throttle positions.

Throttle Position (%)
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Figure 8. AFR map (legend indicates engine speed in rpm).

The single Vibe function was used to describe the combustion process in the cylinder 
via the rate of heat release. "The combustion dbeation was set between 50 to 59 CAD 
depending on the engine speed, bosed on the AVL BOOST user manual. The heat transfer 
to the wall of the combustion chambe r, such as cylinder head, piston, and chlinder liner was 
calculated using the Woschni msdel. The wall temperature was unavailable in experimental
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data. Therefore, it is taken from the similar tutorial model available in AVL resources. The 
same goes for the flow coefficient of intake and exhaust valves, which are illustrated in 
Figure 9 . The inner valve seat diameter was used to define the normalized valve lift. The 
valve lift profile of intake and exha ust valves were based on the experiment setting, shown 
in Figure 10.

N o rm alized  V alv e  L ift

Figure 9. Flow eoefficient of intake and exhaust valves [41].

Crank Angle (deg)

Figure 10. Valves lift profile based on the engine test bench.

After inputting all the data for engine components, the simulation control was defined. 
The target average c ell size of spatirl pipe disoretization is 30 mm. The governing equation 
of every parameter in the model was numerically solved at each cell. The engine model 
operating cenditions were WOT, 75%, 50%, and 25% cf the load from 1000 rpm to 5000 r°m  
with 500 rpm steps. This was to make sure the repeatability of the tunedmodel.
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Engine Model Validation

To validate the model, all the crucial engine parameters at different loads and engine 
speeds from the simulation were compared with experimental data. Those crucial parame
ters were engine torque , pressure; and temperature of turbocharger inlet and outlet, intake 
airflow, and exhaust pressure and temperature. The comparison graphs are plotted for 
each parameter so that the variation of simulation and experimental data can be observed. 
The study tuned the model until the variation of all the crucial parameters were below 5%.

Lambda 1 Engine Operation

"The stoichiometric AFR of gasoline; is 14.7. However, it was impossible to maintain it 
at 14.7 when the engine operated at high load and high rpm cmnditions. This is because 
the material of the turbine vane has a lower permissible thermal limit. Hence, the fuel 
enrichment was applied to control the turbine inlet temperature, maintaining io below 
930 °C in this case.

The CFD) analysis shows that the pre-turbine water injection was proven to redece the 
turbine inlet temperature by some maegin, ranging  from 40 °C to 70 °C depend-ng on the 
operating poinO. Therefore, Lambda 1 stoichiometric condition is pessible by reducing the 
fuel enrichment. Determining the best possible rttting jrom the CFD result, the tempera ture 
reduction by those settings were transferred into the engine model. To accompiish this, 
the heat transfer coefficient of the turbine inlet connecting pipe was tuned to match the 
flow temperature ot the turbine inlet connecting pipe predicted by the engincmodel to the 
CFD m odel.

The .AFR) map of the ECU in the engine model was set to stoichiometric combustion. 
The fuel consumption and engine performance across the selected operating points were 
tabulated and plotted into a series of graphs for comparison.

3. Result and Discussion
3.1. 3D CFD Model Validotion

The CFD baseline model was validated over two experimental setups. Figure 11 
indicates the exhaust temperature reduction of 80 to 100 °C after PTWI. The location of the 
injector, water temperature, and some other parameters were different in the setup that 
operated at 4500 rpm, whjch caused a lowee exhaust temperature compared to 3000 rpm. 
Nevertheless, the sim ulationresult represented ley the red line achieved good agreement 
with less than 5% of relative error, despite the differences in both setups.

■ (EXP) With PTWI ■ ■(EXP) Without PTWI (SIM) Without PTWI

U

3CZS-iOO,
gT

E

Engine Speed (rpm)

Figure 11. Comparison of exhaust temperature after PTWI for both experiment setup.
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3.2. 1D Engine Model Validation

Tlie engine model validation was carried out over the wide operating ranges, from 
a000 tpm  to 5000 rpm, over 100%, 75% and 50% of load. The important parameters were 
plotted on rhe graph against engine speed to compare the simulation and experimental 
data. Te emphasis, thee experimental data used was provided by engine testing carried out 
in LoCARtic. This procedure was repeated for 50% and 75% engine load. Figures 12- 14 
showthe comparison of the results between experiment and simuletion running; a t different 
loads, 100%, 75% and 50% The black plot indicaies experiment data while the red plot 
indicates simulation data. Almost all the simulation results had been tuned and exhibited 
good egreement with experimeRtal data, with the deviation within 5% . Hence, the baseline 
engine model was validated for further action.

M easured
P redicted

(Engine Speed (rpm) Engine Speed (rpm)

Pressure ai Turbine Inlet Pressure ai Turbine Outlet

Engine Speed (rpm) Engine Speed (rpm)

Figure 12. Cont.
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Figure 12. Comperison of experimental and simulation result running at 100% load.
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Figure 13. Comparison of experimental and simulation result running; at 75% load.
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Fioure ie. pomparison of experimantal and simulation result running at 50% load.

3.3. CFD Parametric Studies

Figure 15 shows the trajectory of computed particles in the exhaust gas. It can be 
observed that the particles are capable of penetrating the exhaust gas. However, the spray 
penetration tip collides with the wall after a certain length due to the buoyancy force 
defined in the CFD numerical model. Water dropleti will not bounce back when they 
collide with the domain wall, because thi s is the nature of water, and it is known as wall 
wetting. The wall wetting can Ire seen in Figure 16 where the water mass fraction at the 
bottom of the domain increased after it reached a steady-stote condition.

The initial temperature of injected water was 27 ° C. Based on Figure 15, however, 
the average temperature of water droplets increased from the injection point: to the spray 
peneiration tip. "This is because tde liquid water dropl et absorbed the thermal energy of 
exhaust gas via forced convection. The enthalpy of the exhaust was transferred to the water 
droplets to heat the droplet surface and ihen vaporize them into vapour. Thus, it can tie 
concluded that the water spray had a coolingeffect on the exhaust gas by comp aring the 
particle tracking; in Figure 15 and ihe temperature contour in Figure 17.

H20I.Averaged Temperature 
H20L Temp [K]

A N S Y S
R15.0

% %

0 0

0.080 (m)
□

Figure 15. Particle tracking, showing the trajectory? of the water droplets and the averaged change in 
temperature of the droplet.
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H20.Mass Fraction 
H20 Mass Frac Cont A N S Y S
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0.050 0.100 (m)
□
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Figure 16. Mass fraction of water after reaching a steady state.
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Figure 17. Temperature contour of the exhaust gas flow at 100% load, 3000 rpm, and 4 bar injec
tion pressure.

The average particle size was estimated at 268 microns when the injection pressure is 
4 bar, based on Equation (9). Figure 18 presents the averaged droplets diameter as a body 
instead of particle track. It can be observed that the average particle diameter near the 
exhaust gas flow decreased, showing that the evaporation of liquid water droplet occurs. 
The droplets will exhibit gas like properties when the diameter is less than 100 microns [42]. 
Since the initial water droplet size is substantially larger than 100 microns, it might require 
a longer penetration length to let the liquid water droplet change its state. In this context, 
a higher injection pressure should increase the water droplet fineness to allow better 
mixing and evaporation [43]. However, penetration tip length and wall wetting are the
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critical parameters to be optimized together with the injection pressure to decrease the 
evaporation time.

Figure 18. Contour of the averaged mean particle diameter when mixing with exhaust gas.

To better understand the spray cooling behaviour, the study compared the temperature 
contour between different engine speeds while keeping other variables controlled (as shown 
in Figure 19). As the exhaust flow increases, the drag force increases as well, which increases 
khe spray penetration tip length. This also reduces the wall wetting phenomena, whikh 
improve s the cooling effieiency, even though it might require a longer turbine connecting 
pipe, which affects the feasibility with limited space in the engine bay of an automobile. 
In Figure 19, the; exhauct temperature at 4000 rpm is slighrly lower than 3000 rpm due to 
excessive fuelling to maintain turbine inlet temperature during the engine testing.

100% load, 3000 rpm, 4 bar, 30 mm

100% load, 4000 rpm, 4 bar, 10 mm

100% load, 5000 rpm, 4 bar, 10 mm

Figure 19. Temperature contour comparison for different engine speeds.
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3.3.1. Injection Pressure

The injection pressure lias a direct relationship with droplet size. The higher the 
pressure, the finer the droplet producod. Besides, injection pressure also influences the 
initial velocity of the droplet leaving the nozzle. Therefore, a higher-pressure spray has 
stronger penetration energy. The temperature contour is satisfied to represent the trajectory 
of the water droplet. All the operating points in Figure 20 are running in the 30 mm 
diameter domain. In this case, the study chose the highest and lowest exhaust gas flow as a 
comparison. They are W OT running at 5000 rpm and 50% throttle running at 3000 rpm. 
The figure shows that higher injection pressure is not the most effective to cool down the 
exhaust gas.

High injection pressure increased the momentum of tire particles, which increases the 
penetrati on eneegy. As the initial velocity of the p articles increases, its relative velocity with 
the exhaust flow decreasefti This leads the droplets to reach the bottom of the pipe quicker 
with shortew penetration tip length. Hence, a larger percentage of pariicler collide at the 
pipe wall, deteriorate she cooling effitiency. This reduces the droplet evaporation time and, 
thorefore, the temperature drop at 10 bar of injection is generally lower than that of 4 bar.

(a) 100% load, 5000 rpm, 4 bar, 30 mm

(b) 100% load, 5000 rpm, 7 bar, 30 mm

(c) 100% load, 5000 rpm, 10 bar, 30 mm

(d) 50% load, 3000 rpm, 4 bar, 30 mm

(e) 50% load, 3000 rpm, 7 bar, 30 mm

(f) 50% load, 3000 rpm, 10 bar, 30 mm

Figure 20. Temperature contour comparing the droplet penetration at the highest and lowest ex
haust flow.
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However, the study suggested that the optimization of the injection pressure and 
spray angle biased on the exhaust gas flown is crucjal to improve the cooling efficiency 
while maintatning the turbine inlet p ipt length within the practical limit. With o higher 
injection pressure; that pro duces particles of f5 0 microns, the wa tier consumption for PTWI 
can also be reduced. This is because Ihe lo trl ruriace area and sime available for droplet 
evaporation increased, which converted lo a largxr TIT reduction. Besides, the finer partfcles 
have smaller momentum and are highly influenced bye tire drag force oi glee; ephaust gas, 
consequently, reducing ihe wall wetting phenomena due to the longer spray penetration 
tip. Though, the length required for the mixing might increase.

3.3.2. Dmmeter of Terlcixe M e t Connecting Pipe

From F ^ e re  2 1, it can lee observed that the cooling effect is effective in the pipe of 
m0 m m diam eter. In the larger pipe, the jength of the spray penetration tip was longer 
due to the long vertical space. Therefore, less percentage of water was wasted wetting 
the wal^ improving the coo°ixg efficiency. Besides° the air velocity reduces when the pipe 
diameter increases based on Bernoulli's principle. In rteady-state evaporation, the relative 
velocity does not affett the forced convection temperature of the droplet [43]. Re ferring to 
Tablets ° -6 , the TIT d rop in the 50 mm diameter pipe is higher, probably due to the rehuced 
weR wetting phenomena.

(a) 100% load, 5000 rpm, 4 bar, 30 mm

(b) 100% load, 5000 rpm, 4 bar, 40 mm

(c) 100% load, 5000 rpm, 0 bar, 50 mm

Figure 21. Temperature contour comparing between different pipe diameters (30 mm, 40 mm and 
50 mm).

Table 4. Temperature drop taken at various locations at the domain cross-section (30 mm diameter).

Engine Load 100°%

Injection Pressure (bar) 4 7 10

Distance after the Injection Point (mm)

Engine Speed (rpm) 150 250 450 150 250 450 150 250 450

3000 55.39 59.08 57.07 52.25 55.64 54.34 50.09) 54.22 53.41
4000 48.77 51.97 50.18 45.80 48.86 47.46 44.32 47.2 46.02
5000 47.01 50.88 49.18 44.17 47.08 45.66 42.47 45.28 44.05
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Table 5. Temperature drop taken at various locations at the domain cross-section (40 mm diameter).

Engine Load 100%

Injection Pressure (bar) 4 7 10

Distance after the Injection Point (mm)

Engine Speed (rpm) 150 250 450 150 250 450 150 250 450

3000 69.65 69.81 75.49 66.57 66.77 70.14 64.96 65.06 66.72
4000 72.66 72.52 80.21 56.83 56.86 61.57 55.06 55.18 58.77
5000 58.67 58.67 65.92 54.7 55.02 60.46 53.34 53.57 57.87

Table 6. Temperature drop taken at various locations at the domain cross-section (50 mm diameter).

Engine Load 100%

Injection Pressure (bar) 4 7 10

Distance after the Injection Point (mm)

Engine Speed (rpm) 150 250 450 150 250 450 150 250 450

3000 101.5 100.4 91.17 97.41 96.04 82.7 95.48 93.37 74.65
4000 87.32 86.36 80.06 82.79 82.11 74.84 80.51 79.7 69.95
5000 85.34 82.88 78 79.25 78.33 72.97 76.98 76.14 69.05

3.3.3. Injection Distance from Turbine Inlet

As seen in Figure 22, the maximum cooling area across the cross-sectional area dropped 
to the bottom of the pipe as the distance is farther away from the injection point. This is 
because the density of the water is higher than the exhaust gas. This also explained why the 
average temperature drop is reduced after 150 mm from the injection point in the 50 mm 
pipe (as shown in Table 6).

From the results above, we can highlight that spray penetration tip control is crucial 
where a control system should be required to adjust the injection quantity of the injector 
based on the exhaust flow. Depending on the injector specification, the injection pressure 
needs to be optimized to improve the cooling efficiency and reduce the length required to 
vaporize the liquid water droplet. This is important because the excess water may cause 
turbine malfunction due to corrosion.

3.4. PTWI as an Enabler o f Stoichiometric Operation

There were 81 operating points studied in the CFD analysis. The study chose the cases 
in which the temperature drop of the exhaust are the highest. Referring to Tables 4- 6, their 
highest temperature drop for the selected operating point is when the water was injected 
into the exhaust gas flowing through a 50 mm diameter pipe.

Before the implementation of PTWI, the engine needs to run with a rich mixture at 
medium to high loads and engine speeds to control the exhaust temperature, so that it 
does not exceed the permissible thermal limit of the catalytic converter and turbine vane. 
However, PTWI reduces the TIT and thus enables the engine to run at stoichiometric 
combustion (A = 1).

3.4.1. Effect of PTWI on the Fuel Consumption

Figure 23 indicates that the fuel consumption reduction is substantial when the engine 
is operating with 4500 rpm and 5000 rpm at WOT and 75%. At 4000 rpm with 75% load, the 
fuel consumption reduction is the highest (13.67%). For both full load and 75% load, the 
fuel consumption is minimal at 3000 rpm. This is because a significant fuel enrichment was 
not required at medium speed. This can be seen for 50% load where the fuel consumption 
remains almost the same as it before PTWI implementation.
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Location of the 
Cross-Section 

(mm)

150

250

450

Operating Points 

50 mm pipe, 3000 rpm, 10 bar 30 mm pipe, 5000 rpm, 10 bar

Figure 22. Temperature contour at different distances of cross-sections after the injection point. 
(a-c) for 50 mm pipe and 3000 rpm at 150, 250 and 450 mm, respectively and (d-f) for 30 mm pipe 
and 5000 rpm at 150, 250 and 450 mm, respectively.
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Figure; 23. Comparison of fuel consumpoon before and after PTWI across the medium to higg engine 
speed og 3000 rpm to 5000 rpm at: (a) 100%, (b) 75%, and (c) 50% load.

3.4.2. Effect of PTWI on the Engine Performance

In theory, the engine performance will remain the same, switching from rich combus
tion to stoichiometric aombustion. However, as seen in Figure 24, there was a slight drop in 
perform ance up to 4.5% when the engine is running at 5000 rp mi with 75% and 50% load. 
This slight performance drop was due to the excessive cooling; effect from the PTWI in this 
research, which reduces theefficiency of the turbine. The lamb da (A) was tuned during; the 
engine testing to cap the exhaust temperature at 930 °C via fuel enrichment. Therefore, at 
the engine operating point where puel enrichment wat applied, tht turbine work is already 
at the maximum the system can produce. Hence, with proper tuning and optimiration 
of the injection quantity to control the temperature drop based on the exhaust flow, the 
performance could be maintained.
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Figure 24. Comparison of torque before arid after PTWI with medium to high engine speeds of 
3000-5000 rpmat: (a) 100%, (b) 75%, and (c) 50% load.

4. Conclusions

The proposed PTWI concept as an enabler of stoichiometric combustion was investi
gated!. The experiment was conducted with a 1.a L tdrbocharged 4-cylinder engine with 
the exhaust pipe modification to adopt PTWI. CFD commercial softwsre, ANSYS CFX, was 
utilized to set up a numerical model that is capableof predicting ihe exhaust temperature 
after WI. Using the 1D engine simulation roftware, AVL BOOST, the engine model was 
developed, tuned, and verified by the? available experimental results from another 1.6 L 
engine on the engine test bench. The sensitivity study was corried out frr the CFD model 
by using these parametera. They are water injection pressure, injection locetion, and the 
diameter of the turbine inlet connecting pipe. "The ruel enrichment was appjied during the 
engine testing. Therefore, the cooling effect of the PTWI replacea the fuel as the medium to 
control the exhaust gas temperature. Since the PTWI had controlled the TIT, the TIT is no 
longer constraining the engine from running at stoichiometric combustion.

Gauge water injection pressures of 4 bar, 7 bar, or 10 bar, are all capable of penetrating 
the exhaust flow across the medium-high load and engine speed. Notably, 4 bar of injection 
pressure seems to cool down the TIT the most because of the lesser percentage of wall 
welling. The spray angle and injecOion quantity are the critical parameters that are required 
to be optimized with the exhaurt flow. Exhaust e as ihat flows through a 50 mm diameter 
pipe received the most temperature reduction. The lower relative velocity between exhaust

0
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gas and water droplets in the 50 mm pipe allows the forced convection to take place 
more effectively.

The fuel consumption is reduced because PTWI had enabled the engine to run at 
stoichiometric conditions. This is realized by the reduction of fuel enrichment, as the 
water replaced the fuel as the cooling agent of the exhaust gas. During WOT, the fuel 
consumption was reduced by up to 13% and 5% at 4000 rpm and 5000 rpm, respectively. 
For both 100% and 75% engine load, the fuel consumption reduction at 3000 rpm was 
minimal, because a smaller degree of fuel enrichment was applied during engine testing. 
At 50% engine load, the fuel consumption reduction was only noticeable at 5000 rpm, when 
it was reduced by 9.5%.

PTWI requires additional length for the connecting pipe to the turbine, which will 
influence the response of the turbine if the length is not optimized. Therefore, higher 
injection pressures that will produce finer particles could potentially cool down the turbine 
inlet temperature even more with a shorter mixing length.
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Abbreviations

1D One-dimensional
3D Three-dimensional
AFR Air Fuel Ratio
BSFC Brake Specific Fuel Consumption
CI Compression Ignition
CFD Computational Fluid Dynamics
CO2 Carbon Dioxide
CR Compression Ratio
DWI Direct Water Injection
ECU Engine Control Unit
EE Eulerian-Eulerian
EGR Exhaust Gas Circulation
EXP Experimental
FMEP Friction Mean Effective Pressure
GDI Gasoline Direct Injection
HC Hydrocarbon
ICE Internal Combustion Engine
Ii Injector-i
IMEP Indicated Mean Effective Pressure
LE Lagrangian-Eulerian
MBT Maximum Brake Torque
NO Nitrogen Monoxide
NOx Nitrogen Oxide
PNH Patton, Nitschke and Heywood
PTWI Pre-turbocharger Turbine Water Injection
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PWI
ROHR
SBi
SI
SIM
TDC
TIT
VVT
WI
WLTC 
Greek and
agw
Up
aw
Vtc 
Vm, TC 
ls,T 
Vs,c
A
Ag
pf
<pp
St
p
pD
T
vToil
£

Ai
a
Ci
cm
cp
dp
Dhyd
dvi
E
F
FMEPaux
FMEPCS
FMEPIP
FMEPp

FMEPtot
FMEPvt

Fd
f b
f r
f vm
Fp
h
H
m
mp
n
Nu
o
p

Port Water Injection 
Rate of Heat Release 
System Boundary-i 
Spark Ignition 
Simulation 
Top Dead Centre 
Turbine Inlet Temperature 
Variable Intake Valve Timing 
Water Injection 
Light Vehicle Test Cycle 

Roman Symbols
Heat transfer coefficient between gas and wall
Heat transfer coefficient
Heat transfer coefficient
Total efficiency of turbocharger
Mechanical efficiency of turbocharger
Isentropic efficiency of turbine
Isentropic efficiency of compressor
Lambda
Thermal conductivity of the gas 
Transported variable, fluid 
Transported variable, particle 
Timestep 
Density
Dynamic diffusivity
Linearisation coefficient
Oil viscosity as a function of oil temperature
Turbulence dissipation rate
Wall surface area
Vibe function parameter
Constant-i
Mean piston speed
Specific heat capacity of the wall layer
Droplet diameter
Hydraulic diameter
Inner valve seat diameter
Energy in the flux vector
Flux vector
Auxiliary loss friction mean effective pressure
Crank shaft friction mean effective pressure
Injection pump friction mean effective pressure
Piston friction mean effective pressure
Total friction mean effective pressure
Valve train friction mean effective pressure
Drag force
Buoyancy force
Rotation force
Virtual or added mass force
Pressure gradient force
Specific enthalpy
Latent heat of evaporation of the particle
Vibe function shape parameter
Particle mass
New values
Nusselt number
Old values
Pressure
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Pc Power consumption of compressor
Pvap Vapour pressure
Qc Convective heat transfer
Qr Radiative heat transfer
Qwi Wall heat flow
R General non-linear source
Sa Source caused by axial changes in the cross-section of the pipe
Sh Sherwood number
T Temperature
Tc Gas temperature in the cylinder
Twi Wall temperature
U State vector
Up Particle velocity
V Velocity
Wc Molecular weights of the vapour in the continuous phase
Wg Molecular weights of the mixture in the continuous phase
x Particle displacement
XV Equilibrium vapour mole fraction of the evaporating component at the droplet surface
x Vva p Mole fraction of the evaporating component in the gas phase
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