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ABSTRACT 
Homogeneous Charge Compression Ignition (HCCI) 

combustion has the potential for high efficiency with very low 

levels of NOx and soot emissions. However, HCCI has thus far 

only been achievable in a laboratory setting due to the following 

challenges: 1) there is a lack of control over the start and rate of 

combustion, and 2) there is a very limited and narrow operating 

range. In the present work, the injection of water directly into the 

combustion chamber was investigated to solve the 

aforementioned limitations of HCCI. This new advanced 

combustion mode is called Thermally Stratified Compression 

Ignition (TSCI).  

A 3-D CFD model was developed using CONVERGE CFD 

coupled with detailed chemical kinetics to gain a better 

understanding of the underlying phenomena of the water 

injection event in a homogeneous, low temperature combustion 

strategy. The CFD model was first validated against previously 

collected experimental data. The model was then used to 

simulate TSCI combustion and the results indicate that injecting 

water into the combustion chamber decreases the overall 

unburned gas temperature and increases the level of thermal 

stratification prior to ignition. The increased thermal 

stratification results in a decreased rate of combustion, thereby 

providing control over its rate. The results show that the peak 

pressure and gross heat release rate decrease by 37.8% and 

83.2%, respectively, when 6.7 mg of water were injected per 

cycle at a pressure of 160 bar. Finally, different spray patterns 

were simulated to observe their effect on the level of thermal 

stratification prior to ignition. The results show that symmetric 

patterns with more nozzle holes were generally more effective at 

increasing thermal stratification. 

INTRODUCTION 
Internal combustion (IC) engines play an important role in 

transportation and stationary power generation. US Government 

projections for the transportation sector indicate that the IC 

engine will remain the dominant prime mover for the next 

several decades [1]. For this reason, it is paramount to achieve 

both high efficiency and low levels of harmful emissions from 

IC engines. Low temperature combustion (LTC) is one potential 

technology that achieves high efficiency with low levels of 

harmful emissions. Homogeneous Charge Compression Ignition 

(HCCI) is one example of an LTC mode, which combines the 

favorable characteristics of both diesel and spark ignition (SI) 

engines. However, HCCI suffers from a lack of control over the 

start and rate of combustion, which results in a limited operating 

range.  

In recent years, research has focused on strategies to control 

the start of ignition and heat release in HCCI. One such strategy 

that has been investigated is exhaust gas recirculation (EGR) [1-

6]. Yao et al. [2-4] indicated that the EGR rate is an important 

parameter for controlling HCCI combustion. They showed that 

by adjusting the external, cooled EGR rate, the ignition timing 

and combustion duration can be regulated to some extent. Yap et 

al. [5] combined inlet charge boosting with internal, hot EGR in 

a single cylinder engine to extend its upper load HCCI limit. 

Cairns and Blaxill proposed employing both internal and 

external EGR in order to expand the upper load limit [6]. They 

were able to extend the upper load limit by 20-65% when higher 

external EGR fractions were considered. Another strategy for 

controlling heat release in HCCI is Variable Compression Ratio 

(VCR). Heyvonen et al. [7] combined VCR and inlet air 

preheating by exhaust heat  recovery in an attempt to expand the 



 2 Copyright © 20xx by ASME 

operating range in their HCCI engine. However, the application 

of VCR has been limited since it requires complex hardware and 

engine designs. 

Another strategy aimed at controlling LTC heat release that 

has been explored in the literature is charge stratification. Charge 

stratification is a method that creates areas with varying 

equivalence ratios in the cylinder. Charge stratification can be 

achieved by direct injection of fuel in the combustion chamber 

at different timings during compression. Aroonsrisopon et al. [8] 

used this technique in HCCI in an experimental study on a 

Cooperative Fuel Research (CFR) engine in order to expand the 

operating range. They used two injectors; one in the intake 

system to create an overall homogenous mixture and one in the 

combustion chamber to control the level of stratification by 

changing the relative mass injected by each injector and/or the 

injection timing. Although this strategy expanded the HCCI 

operating range, it reduced combustion efficiency and increased 

NOx, UHC, and CO emissions [9].  

Many of the LTC strategies have attempted to use charge 

stratification to control the heat release process including 

Premixed Charge Compression Ignition (PCCI) [10-12], 

Gasoline Compression Ignition (GCI) [13-15], Gasoline Direct 

Injection Compression Ignition (GDCI) [16], Partial Fuel 

Stratification (PFS) [17], and even Reactivity Controlled 

Compression Ignition (RCCI) [18-20]. While these combustion 

modes have demonstrated success in terms of controllability and 

expanded operating range, the intentional mixture 

inhomogeneity has an inherent risk of elevated soot and NOx 

emissions.  

Recently Lawler et al. [21] proposed a new approach, called 

Thermally Stratified Compression Ignition (TSCI), which 

introduces a forced thermal stratification in HCCI by using direct 

injection of water into the combustion chamber. Injecting water 

directly into the combustion chamber affects the level of thermal 

stratification, and therefore allows control over the LTC heat 

release process. The experimental results indicated a gross IMEP 

range expansion from 2.3-3.6 bar in pure HCCI to 2.3-8.4 bar in 

TSCI. Additionally, the results showed that by adjusting the 

amount of injected water, the combustion phasing and burn rate 

can be varied, providing control over both the start and rate of 

heat release. In the current work, Computational Fluid Dynamics 

(CFD) modeling is used to provide insight into the effects of 

water injection pressure and spray characteristics on TSCI 

combustion.  

Water injection has been previously investigated in diesel 

engines to reduce NOx emissions [22-28]. Bedford and Rutland 

[22] used CFD modeling to study the effect of water injection in 

a diesel engine and found that the vaporization of water reduced 

the production of both NOx and soot emissions at low loads. 

Hountalas et al. [26] investigated two different technologies of 

water injection to reduce NOx emissions in a heavy duty diesel 

engine: water-fuel emulsions and the injection of water into the 

intake manifold. They suggested that the water emulsion was 

more effective at reducing NOx compared to intake manifold 

injection; however, it incurred a penalty in soot and brake 

specific fuel consumption (BSFC). Water injection has also been 

shown to reduce NOx emissions in SI engines [29, 30]. 

Additionally, water injection has been experimentally 

investigated in advanced combustion concepts such as HCCI and 

PCCI [31-34]. These studies concluded that water injection can 

control ignition timing, decelerate the heat release process, and 

expand the operating range in advanced combustion engines. 

In the present work, a 3D CFD model of an HCCI engine is 

utilized to investigate the underlying phenomena that occur due 

to water injection. The model is first validated against 

experimental data from Lawler et al. [21] for both pure HCCI 

without water injection (WI) and for TSCI with WI. Second, the 

effect of injection pressure on combustion is investigated. 

Finally, different spray patterns are simulated to understand their 

effects on thermal stratification in HCCI.  

3D CFD MODEL DEVELOPMENT AND VALIDATION  
In this paper, a 3D CFD model was developed using  

CONVERGE CFD [35] coupled with detailed chemical kinetics. 

The mechanism presented by Liu et al. [36] was utilized. It was 

developed for primary reference fuel (PRF) oxidation and 

consists of 41 species and 124 reactions. The ignition delay of 

the mechanism developed by Liu et al. [36] was validated against 

shock tube experiments and the species evolution was validated 

against jet-stirred reactor and flow reactor experimental data for 

HCCI-relevant conditions. The mechanism was then validated in 

an HCCI engine using a 3D CFD model developed in KIVA-3V 

[37] for PRF73 and PRF70 and its ability to predict HCCI 

combustion was showcased.  

In all of the simulations presented in this paper, a blend of 

10% n-heptane and 90% isooctane was selected as the fuel. The 

simulations were performed of a single cylinder of a production 

4-cylinder 2.0L engine manufactured by General Motors (type 

LNF). This was the same engine that was used in the 

experimental work of Lawler et al. [21]. The production engine 

needed some modifications to enable HCCI combustion and 

conduct the experiments including NVO camshafts and a higher 

compression ratio piston. For more information on the 

experimental setup, please refer to [21]. Table 1 summarizes the 

engine specifications, including the engine speed which is 2000 

rpm for all the results presented in this paper. 

TABLE 1. ENGINE SPECIFICATIONS 

Bore 86 mm 

Stroke 86 mm 

Connecting rod length 145.5 mm 

Compression ratio 12.5:1 

Valve timings IVO -276°, IVC -150°, EVO 

148°, EVC 274° 

Fuel PRF90 

Engine speed 2000 rpm 

 

The fuel and air were inducted into the combustion chamber 

through the intake runner and the side-mounted direct injector 
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was used to inject water directly into the combustion chamber. 

Initial conditions for the simulations, including the equivalence 

ratio and combustion chamber pressure, temperature, and EGR 

fraction were taken from the experimental data, then adjusted 

slightly during the validation process to achieve good agreement. 

Additionally, a few of the sub-model constants have been tuned, 

while most of them were kept at their default values. These 

adjustments could be due to the uncertainty in the experimental 

data in determining quantities like the internal residual gas 

fraction or bulk cylinder temperature and due to uncertainty in 

the sub-models. Some of the inputs to the CFD simulation are 

compared to their experimental counterparts in Table 2. 

Simulations were performed for three consecutive cycles and the 

results at the end of each cycle were mapped for each mesh cell 

to initialize the next cycle.  

In this work, a Reynolds-Averaged Navier-Stokes (RANS) 

approximation is used to solve the Navier-Stokes equations 

coupled with the renormalization group (RNG) k-ε turbulence 

model [38, 39]. The Kelvin-Helmholtz and Rayleigh-Taylor 

(KH-RT) [40-42] model is used to solve the breakup of the water 

spray droplets. For the calculation of drop drag coefficient, the 

dynamic drop drag model of Liu et al. [43] is used. Collison 

between spray droplets is simulated through the No Time 

Counter (NTC) method [44]. In addition, a wall film sub-model 

is used to model interaction of liquid drops with solid surfaces 

[35]. This model predicts different outcomes due to drop/wall 

interaction including wall film depositing, drop rebounding, drop 

splashing, and film stripping. Finally, for droplet evaporation, 

the Chiang et al. [45] correlation is used. 

The SAGE combustion model [46] is coupled with the 

multi-zone model of Babajimopoulos et al. [47], which has 

shown significantly lower computational cost while maintaining 

accuracy [48]. Law of wall boundary conditions are used for 

velocity and temperature and the O’Rourke and Amsden [37, 49] 

law of wall model is used to model the flow field adjacent to the 

wall. A base orthogonal cut-cell grid of 4 mm is utilized while 

the mesh size is reduced around the intake and exhaust valves to 

0.5 mm, in the entire combustion chamber to 1 mm, and around 

the injector to 0.25 mm. Additionally, adaptive mesh refinement 

(AMR) is used to refine the mesh at the regions of the flow field 

with high sub-grid values of temperature, velocity, and HO2, OH, 

CO, and O2 species mass fraction. 

Figure 1 shows a view of the CFD model. The 

computational domain included three distinct regions: the intake 

port, exhaust port, and combustion chamber, each of which was 

initialized separately. The inter-region boundaries (valves and 

valve seats) were used for flow control between the ports and the 

combustion chamber. 

The CFD model described above was validated against two 

different conditions: 1) Pure HCCI without water injection, and 

2) TSCI with water injection. The operating conditions for these 

two validation cases are listed in Table 2. 
  

 

 

 

Figure 1. Schematic of the CFD engine geometry  

TABLE 2. OPERATING CONDITION OF 2 VALIDATED CASES 

 Pure HCCI TSCI with 

water injection 

 Simulation wall 

temperature 

430 K 430 K 

Experiment wall 

temperature 

Not Directly 

Measured 

Not Directly 

Measured 

 Simulation intake 

temperature 

373 K 388 K 

Experiment intake 

temperature 

403 K 433 K 

Simulation 

equivalence ratio 

0.74 0.74 

Experiment 

equivalence ratio 

0.74 0.74 

Simulation residual 

rate 

0.45 0.44 

Experiment residual 

rate 

0.41 0.4 

Validation of Pure HCCI 
A thorough validation of the computational results was 

performed against the previously collected experimental data in 

[21]. The comparison between CFD simulation results and 

experimental data for pure HCCI without water injection (WI) is 

shown in Figure 2. The engine speed was 2000 rpm and the load 

was 3.7 bar gross IMEP. 

Figure 2 indicates good agreement between the CFD 

simulation and the experimental results, which provides 

confidence in the ability of the model to capture pure HCCI 

combustion. 

 

Side-Mounted Injector

Jia 2012 PRF Mechanism [36]

• 41 species, 124 reactions

• Validated against HCCI

• Used to simulated PRF90

Converge 3D CFD Model

• 3 Regions: Intake Port, Exhaust Port, 

and Cylinder

• Used to simulate multiple, full,

consecutive cycles
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Figure 2. Comparison between the CFD model and 
experimental results for pure HCCI without water injection  

Validation of TSCI with Water Injection 
A comparison between CFD and experimental data for TSCI 

with water injection is plotted in Figure 3. The mass of water 

injected per cycle was 6.7 mg at a start of injection (SOI) timing 

of -50° crank angle degrees (CAD) after top dead center (aTDC) 

and the injection duration was 11.5 CAD. The specifications of 

the injector are listed in Table 3. The engine speed was 2000 rpm 

and the load was about 3.7 bar gross IMEP.  

 

Figure 3. Comparison between the CFD model and 
experimental results for TSCI with water injection 

TABLE 3. INJECTOR SPECIFICATIONS 

 Default Values Range 

Number of nozzle holes 6 1-6 

Injection spray type 
Solid cone 

spray 
 

Nozzle diameter 0.2 mm  

Spray cone angle 26°  

Injection duration 11.5 CAD 4-11.5 CAD 

SOI -50° aTDC  

Injected water pressure 19.3 bar 19.3-160 bar 

Injected water temperature 295 K  

Mounting type Side-mounted   

The column of “Default Values” in Table 3 describes the 

default configuration that was used to collect the experimental 

data and is therefore used in Figure 3 to validate the CFD model 

in TSCI. The “Range” column in Table 3 describes the range of 

each particular parameter that will be explored in this paper. 

Figure 3 shows very good agreement between the simulation and 

the experimental results, providing confidence in the ability of 

the model to accurately capture TSCI. Comparing Figure 2 to 

Figure 3, the peak pressure and heat release rate are reduced in 

TSCI. The previous experimental work suggested that this is due 

to the evaporative cooling effect of the water injection which 

introduces a forced thermal stratification [21]. Water droplets 

evaporate and absorb heat from the surrounding mixture, thereby 

cooling the nearby regions and resulting in increased thermal 

stratification and lower heat release rates. In this way, TSCI uses 

water injection to control the start of combustion and the heat 

release rate in LTC. With this significantly enhanced control, 

TSCI is able to considerably extend the operating range 

compared to pure HCCI [21]. 

RESULTS AND DISCUSSION 
Following the validation effort in both pure HCCI and TSCI, 

simulations were performed to investigate the effects of water 

injection, including the injection pressure and the spray pattern, 

on ignition and heat release in TSCI.  

Effect of Water Injection Pressure on Combustion 
Simulations were performed for pure HCCI without water 

injection (WI) and TSCI with WI with varying injection pressure 

to study the effect of water injection pressure on combustion. For 

all TSCI with WI injection cases, the mass of injected water was 

kept constant (6.7 mg) while the injection duration was varied to 

compensate for the changing injection pressure.  

Figure 4 indicates that injecting water into the combustion 

chamber at 19.3 bar retards the combustion phasing by 5.7 CAD 

(CA50 changes from 0.4° CAD to 6.1° CAD), decreases the peak 

pressure from 52 bar to 42.1 bar (19.2%), and reduces the 

maximum heat release rate (HRR) from 132 J/CA to 48.5 J/CA 

(63.2%). This behavior was attributed to the evaporative cooling 

effect of the water injection. The water droplets evaporate and 

absorb energy from the surrounding mixture, which reduces the 



 5 Copyright © 20xx by ASME 

in-cylinder temperature. The aforementioned reduction in 

temperature also results in increased thermal stratification (as 

will be discussed in more detailed in Figures 5, 6, and 7). This 

demonstrates how water injection can be used to control both the 

start and the rate of heat release in LTC.  

 

 

 

Figure 4. Effect of water injection pressure on a) the 
cylinder pressure and b) heat release rate 

Figure 4 also shows that increasing the pressure of injection 

results in lower peak cylinder pressure and peak HRR, and also 

further retards the start of combustion. Increasing the injection 

pressure amplifies the effects of water injection by further 

increasing the level of stratification due to better breakup and 

evaporation of the water droplets, which is in agreement with 

previously published studies on gasoline sprays indicating that 

higher injection pressure in a gasoline direct injection (GDI) 

engine improved the spray breakup process and its evaporation 

rate [50-52]. The peak HRR reduced by 63.2%, 71%, 76.4%, 

79.7%, 82.5%, and 83.2% for injection pressures of 19.3, 40, 60, 

80, 120, and 160 bar, respectively, when compared to the pure 

HCCI case. The peak pressure decreased by 19.2%, 27.5%, 

32.5%, 35.1%, 37.2%, and 37.8% compared to pure HCCI. 

Figure 5 illustrates the effect of injection pressure on the 

mass-temperature distribution prior to combustion at -11° CAD 

after top dead center (aTDC) for the maximum and minimum 

injection pressures compared against the pure HCCI case. This 

specific timing, -11° CAD, was chosen because it is before the 

start of heat release, which would begin to affect the mass-

temperature distribution. The mass probability density functions 

(PDFs) shown in Figure 5 represent the density of mass at a given 

temperature. The mass PDF is calculated from the CFD results 

of the temperature and mass in each mesh cell at a specific CAD 

(in this case -11° CAD). The mass-temperature distributions in 

Figure 5 are filtered with a weak filter that helps interpret the 

results. A more thorough discussion of the filtering of the CFD 

mass-temperature distributions is included in the appendix.  

Figure 5 shows that water injection reduces the mass density 

at high temperatures and distributes that mass over a larger range 

of lower temperatures. The reduced in-cylinder temperatures, 

which result from the evaporative cooling of the WI, retards 

combustion phasing, while the broader mass-temperature 

distribution reduces the heat release rate. Increasing the pressure 

of injection decreases the in-cylinder temperatures further and 

amplifies the effect of WI on the width of the mass-temperature 

distribution. 

 

Figure 5. The in-cylinder mass-temperature distribution 
prior to ignition represented as mass probability density 
functions (Mass PDFs) versus temperature for different 

injection pressures 
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Figure 6. Effect of water injection pressure on cut-plane temperature distribution  

 

Figure 6 shows a 2D cut-plane diagram of the temperature 

distribution in the cylinder at -11° CAD aTDC for the three cases 

shown in Figure 5. As shown in Figure 6, increasing the injection 

pressure results in lower temperatures overall, but also results in 

a less homogenous temperature distribution and increased 

thermal stratification.  

The thermal width, which is another metric for quantifying 

the level of thermal stratification, is shown in Figure 7 for the 

different injection pressures. The thermal width is defined as the 

temperature distance between the 10% and 90% locations (or 

25% and 75%, respectively) on the mass-temperature 

distribution. As demonstrated in Figure 7, WI at 19.3 bar 

increases the 10%-90% and 25%-75% thermal width by 54% and 

35% at -10° CAD, respectively, compared to the pure HCCI case. 

Moreover, increasing the injection pressure increases the thermal 

widths further. Interestingly, the 10%-90% thermal widths for 

the 19.3 bar injection pressure case increase at a constant rate 

from SOI to -10 CAD aTDC, when the heat release process 

begins; however, the higher injection pressures increase at a 

much faster rate, and reach an inflection point between -25 and -

20 CAD aTDC. The reason for this discrepancy is that at lower 

injection pressures, the breakup and evaporation processes 

happen more slowly, causing a shallower slope of the thermal 

width curve versus crank angle. At higher injection pressures, 

the breakup and evaporation processes happen much more 

quickly, causing the steeper slope of the thermal widths at higher 

injection pressures. 

There is an analytical post-processing technique called the 

Thermal Stratification Analysis (TSA) which can determine a 

mass-temperature distribution and thermal width from the 

experimental data and heat release characteristics (see [21, 53-

56] for more details on the analytical post-processing technique). 

The 25%-75% thermal width for the pure HCCI case and the 19.3 

injection pressure from the experimental and the TSA technique 

were 56 K and 67 K [21] which agree very well with the values 

at -10 CAD from the CFD of 53 K and 69 K. The good agreement 

between the CFD and the experimental thermal widths provides 

confidence in the accuracy of the results and the analysis. 

 

 

Figure 7. Thermal widths as a function of crank angle for 
different injection pressures 

Figure 8 shows the amount of gaseous water due to 

evaporation for the various injection pressures as a fraction of 

the total injected water. As the injection pressure increases, the 

water droplets evaporate more quickly. This figure proves that 

increasing the injection pressure results in faster breakup and 

evaporation of the droplets, which helps explain the trends seen 

in the thermal widths in Figure 7. 

Injector Direction
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Figure 8. The effect of injection pressure on the fraction of 
gaseous water versus CAD 

As indicated in Figure 4, water injection decreases the heat 

release rate and delays the start of combustion. The following 

study was performed to decouple the effects of water injection 

and combustion phasing to better understand the effects of water 

injection alone on the rate of heat release. To achieve this goal, 

the initial temperatures at IVO in the case of pure HCCI without 

water injection and TSCI with water injection with Pinj = 160 bar 

were adjusted to match the CA50 to the TSCI case with water 

injection at Pinj = 19.3 bar. The mass of injected water was 6.7 

mg for both Pinj = 19.3 bar and Pinj = 160 bar. Figure 9 shows the 

pressures, heat release rates, and mass fraction burned curves for 

the three aforementioned cases with matched CA50. Figure 9 

indicates that water injection reduces the peak HRR and peak 

pressure even when CA50 is kept constant. Water injection at a 

pressure of 19.3 bar decreases peak HRR and peak pressure by 

43% and 10%, respectively, compared to the pure HCCI case 

when the same combustion phasing is considered. Increasing the 

injection pressure to 160 bar results in a further reduction of the 

peak HRR and peak pressure (57% and 16%). Also shown in 

Figure 9 is the mass fraction burned curves which show that WI 

results in longer 10%-90% burn duration, even when the CA50 

combustion phasing is constant.  

Effect of Spray Pattern on Combustion 
The water spray characteristics are analyzed in more detail 

in this section, including varying the number of nozzle holes and 

the arrangement of the nozzle holes (Figure 10). Details of the 

injection event are listed in Table 4. Within the same number of 

nozzle holes, all of the injection parameters were kept constant. 

However, when the number of holes changed (for example, from 

6 to 4 to 3 to 2 and finally to 1), the discharge coefficient was 

adjusted such that the mass, duration, and pressure of injection 

were constant for all cases. 

TABLE 4. INJECTION SPECIFICATIONS 

SOI -50° CAD 

Injected water mass 2.5 mg 

Injected water pressure 80 bar 

 

 

Figure 9. The effect of water injection pressure on the a) 
cylinder pressure and heat release rates and b) mass 
fraction burned for pure HCCI and TSCI with matched 

CA50s 

Effect of the number of nozzle holes on combustion: In this 

section, injectors with 1 through 6 nozzle holes are compared to 

understand the effect of the number of nozzle holes on thermal 

stratification and combustion. For the 2-, 3-, and 4-hole injector, 

one representative pattern of each is shown to simplify the 

comparison. The difference between the patterns are considered 

in more detail in the subsequent subsections.  

Figure 11 shows the heat release rates for the nozzle hole 

number comparison. Increasing the number of nozzle holes from 

1 to 4 decreased the peak heat release rate due to a better 

distribution of water throughout the combustion chamber. 

Further increasing the number of nozzle holes to 6 did not 
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significantly affect the heat release rate profiles. The reductions 

of peak heat release rate for 1, 2, 3, 4, and 6 nozzle holes are 

36.8%, 39.2%, 46.1%, 50%, and 47.6%, respectively, compared 

to pure HCCI.  

 

 

Figure 10. Schematic of spray patterns viewed from a plane 
perpendicular to injector axis 

Figure 12 shows the fraction of total injected water that is 

trapped in the wall film (i.e. the layer of liquid water adhered to 

the wall) as a fraction of the total injected mass for the different 

number of nozzle holes. Increasing the number of nozzle holes 

reduces the mass of water trapped in the wall film due to better 

breakup and evaporation and decreased spray penetration. With 

a higher fraction of mass in the wall film, there is a smaller 

fraction of water that contributes to increasing thermal 

stratification. The wall film mass for the 1-hole and 2-hole 

injectors at TDC is 21% and 13% of the total injected mass 

respectively.  

Overall, increasing the number of nozzle holes broadened 

the temperature distribution and increased the thermal 

stratification. This effect is most significant when the number of 

nozzle holes increases from 1 to 2 to 3, with only small 

differences between the cases with 3, 4, and 6 nozzle holes. The 

10%-90% and 25%-75% thermal widths are shown for the 

comparison of the number of nozzle holes in Figure 13. Both 

thermal widths increased with the number of nozzle holes. This 

increase was more prevalent before -20° CAD aTDC for the 

10%-90% thermal width and before -17° CAD aTDC for the 

25%-75% thermal width, but dissipated closer to TDC. 

 

 

Figure 11. Effect of the number of nozzle holes on the heat 
release rates 

 

Figure 12. Fraction of injected water trapped in the wall film 
for the nozzle hole number comparison 
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Figure 13. Thermal widths for the nozzle hole number 
comparison  

6-hole and 4-hole Pattern Comparison: An injector with 6 

nozzle holes and two different injectors with 4 nozzle holes were 

investigated as shown in Figure 10. The only difference between 

Patterns 1 and 2 of the 4-hole injectors is the location of the 

nozzle holes where Pattern 2 is rotated 45° in the plane 

perpendicular to nozzle axis compared to Pattern 1. 

The heat release rates for the three different spray patterns 

are shown in Figure 14. According to this figure, the heat release 

rates for these three different patterns are very similar. The peak 

heat release rate reduced using the 6-hole, 4-hole Pattern 1, and 

4-hole Pattern 2 by 48%, 50%, and 47% respectively compared 

to pure HCCI without water injection. The 4-hole Pattern 2 has 

the highest peak heat release rate, and has the narrowest width of 

the heat release, although the differences are very subtle. It was 

thus concluded that for injectors with larger number of nozzle 

holes, the effect of water injection on ignition and heat release 

rate of TSCI does not depend on the arrangement of the nozzle 

holes.  

Figure 15 shows the mass PDF for the three spray patterns 

in the last row of Figure 10. According to Figure 15, the mass-

temperature distribution has almost the same width in all 3 

different patterns. The strong peak that exists in the 4-hole 

Pattern 2 is not as severe in the 6-hole pattern or the 4-hole 

Pattern 1. Additionally, the width of the mass-temperature 

distribution for the 4-hole Pattern 2 is slightly narrower than the 

other two patterns, which is consistent with the subtle differences 

seen in the heat release rates. 

 

Figure 14. Effect of water injection spray pattern on heat 
release rate in the 4-hole and 6-hole injectors 

 

Figure 15. Effect of water injection spray pattern on the 
mass-temperature distribution prior to ignition for the 4-

hole and 6-hole injectors 

3-hole Pattern Comparison: Injectors with 3 nozzle holes were 

simulated using three different spray patterns, including one non-

symmetric (Pattern 1) and two symmetric (Patterns 2 and 3). The 
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second row of Figure 10 shows a schematic of these three 

patterns. 

Figure 16 shows the effect of the three spray patterns 

described above on the heat release rate. Pattern 3 reduces the 

peak heat release rate further than Patterns 1 and 2. It is also 

noticeable that the difference between the peak heat release rates 

of the non-symmetric Pattern 1 and symmetric Pattern 2 is very 

small (Pattern 2 is only slightly more effective at decreasing the 

peak heat release rates), while the difference between the two 

symmetric patterns is more significant. The peak heat release rate 

is reduced by 39.9%, 41.33%, and 46.1% using spray Patterns 1, 

2, and 3, respectively, compared to pure HCCI without water 

injection.  

 

Figure 16. Effect of water injection spray pattern on 
combustion for the three nozzle hole injectors 

Figure 17 shows the mass-temperature distribution for the 

three different 3-hole injectors at -11 CAD aTDC. As can be seen 

in Figure 17, the mass-temperature distribution resulting from 

Pattern 3 is the broadest with the lowest peak in the distribution. 

This feature of the mass-temperature distribution is responsible 

for the lower peak heat release rate shown in Figure 16. 

 

2-hole Pattern Comparison: The effect of water injection on 

ignition and heat release was also simulated for three different 

spray patterns using a 2-hole injector including one non-

symmetric (Pattern 1) and two symmetric (Patterns 2 and 3). 

Figure 18 shows the heat release rate for the three different 

spray patterns described in the first row of Figure 10, and 

indicates very small effect of the spray pattern on ignition and 

heat release when a 2-hole injector is used. Pattern 2 is slightly 

more effective at reducing the peak, while Pattern 3 appears to 

be slightly more successful at broadening the width of the heat 

release rate. The mass-temperature distributions shown in Figure 

19 exhibit only small differences but Pattern 3 has a somewhat 

broader mass-temperature distribution than Patterns 1 and 2, 

which explains its marginally longer heat release duration. 

 

Figure 17. Effect of water injection spray pattern on maas-
temperature distribution for the 3-hole injector comparison 

 

Figure 18. Effect of water injection spray pattern on heat 
release for the 2-hole injector comparison   
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Figure 19. Effect of water injection spray pattern on mass-
temperature distribution for the 2-hole injector comparison 

CONCLUSIONS 
A 3D CFD model of a low temperature combustion HCCI 

engine was developed to investigate the effect of water injection 

on combustion, utilizing a new advanced combustion concept 

called Thermally Stratified Compression Ignition (TSCI). The 

CFD model was validated against experimental data for both 

pure HCCI without water injection and TSCI with water 

injection. The following conclusions can be drawn: 

1. Direct injecting water into the combustion chamber 

increases the level of thermal stratification prior to 

ignition and provides a means to control the start and rate 

of combustion in LTC. 

2. Increasing the water injection pressure amplifies the 

effects of water injection, further delaying the start of 

combustion and reducing the peak pressure and heat 

release rate.  

3. The reduced heat release rates and cylinder pressures as 

the water injection pressure increased were attributed to a 

significantly broader mass-temperature distribution, 

which stemmed from better breakup and increased 

evaporation rates at higher injection pressures.  

4. Increasing the number of injector nozzle holes from 1 to 

4 results in a broader mass-temperature distribution and 

increases the thermal stratification due to a reduced 

portion of injected water adhered to the wall, as well as 

better breakup and evaporation. 

5. For an injector with the same number of nozzle holes, the 

spray pattern only slightly affects the level of thermal 

stratification, where symmetric patterns exhibited faster 

breakup and evaporation.   

TSCI is a new low temperature combustion concept that offers 

the ability to control both the start and rate of combustion on a 

cycle-by-cycle basis without any risk of soot or NOx 

emissions. These results and conclusions help to better 

understand the spray characteristics and their effects on the 

temperature distribution and heat release process in TSCI.  

ACRONYMS 
aTDC – after Top Dead Center 

BMEP – Brake Mean Effective Pressure 

CA10-90 – Burn duration 

CA50 – Crank Angle of 50% burned location 

CAD – Crank Angle Degrees 

CFR – Co-operative Fuel Research 

CO – Carbon Monoxide 

DI – Direct Injection 

EGR – Exhaust Gas Recirculation 

EVC – Exhaust Valve Closing 

GCI – Gasoline Compression Ignition 

GDCI – Gasoline Direct Injection Compression Ignition 

GDI– Gasoline Direct Injection 

HCCI – Homogeneous Charge Compression Ignition 

HRR – Heat Release Rate 

IMEP – Indicated Mean Effective Pressure 

IVC – Intake Valve Closing 

IVO – Intake Valve Opening 

LTC – Low Temperature Combustion 

NOx – Oxides of Nitrogen (NO or NO2) 

PCCI – Premixed Charge Compression Ignition 

PDF – Probability Density Function  

PFS – Partial Fuel Stratification 

Pinj – Injection Pressure 

PRF – Primary Reference Fuel 

RCCI – Reactivity Controlled Compression Ignition 

SI – Spark Ignition 

SOI – Start of Injection 

TDC – Top Dead Center 

TSCI – Thermally Stratified Compression Ignition  

UHC – unburned Hydrocarbon 

VCR – Variable Compression Ratio 

WI – Water Injection 
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APPENDIX  
Comparison of Filtered and Unfiltered Mass-Temperature Distributions: The figure below shows a comparison between (a) the raw 

mass-temperature distribution data from CFD and (b) the results of the mass-temperature distribution after using a weak Butterworth 

filter. This filter was only used for better visualization of the results. As shown in this figure, the difference between the raw and filtered 

data is very small and the filter that was chosen such that it preserves the peaks in the original data, while providing a smoother 

appearance that is easier to interpret. 

 

Figure A1. Comparison of filter and unfiltered mass-temperature distribution  

   

 

 

 

 

 

 

 


