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Abstract

In recent years, improved combustion controllability in terms of in-cylinder re-

activity stratification by using two different fuels led to introduction of dual-fuel

reactivity controlled compression ignition (RCCI) strategy. This strategy has the

potential to operate with a single low reactivity fuel and direct injection (DI) of

the same fuel blended with a small amount of cetane improver. In the present

study, a numerical investigation was conducted to simulate a single-fuel RCCI

engine fueled with isobutanol - isobutanol+20% di-tert-butyl peroxide (DTBP)

with an optimal injection strategy. Firstly, the effects of start of injection (SOI)

timing, injection pressure, spray cone angle, and DI fuel ratio are explored. Sec-

ondly, the effect of DI fuel ratio reduction is discussed in each best case in order

to decrease the high DI requirement. The results showed that -88° ATDC SOI,

1400 bar injection pressure, and 45° spray cone angle case can improve the per-

formance and emissions compared to the baseline case (SOI=-58° ATDC, spray

angle=72.5°, injection pressure=600 bar). Moreover, it was found that by advanc-

ing the SOI timing to -88° ATDC, a 20% reduction in DI ratio, 3.3% increase in

gross indicated efficiency (GIE) together with reductions in CO, and NOx emis-

sions by 3.56 and 0.254 g/kW-hr, could be achieved, respectively.
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1. Introduction

The concerns on energy security, greenhouse gas emissions (GHGs), and com-

bustion generated pollutant emissions have a considerable impact on the future

development of internal combustion (IC) engines. In order to reduce both envi-

ronmental and economic costs of IC engines, combustion research has been led

to investigations of advanced combustion strategies based on low temperature

combustion (LTC) [1], which have the potential to achieve simultaneously low

emissions of both nitrogen oxide (NOx) and soot while maintaining high thermal

efficiency [2, 3]. The LTC strategy includes homogeneous charge compression

ignition (HCCI), partially premixed compression ignition (PPC), and reactivity

controlled compression ignition (RCCI) [4].

In order to overcome the disadvantages of HCCI and PPC strategies in terms

of direct combustion rate control, RCCI combustion has been introduced [5]. In

RCCI combustion, a low reactivity fuel (i.e., gasoline) was premixed through port

injection and a high reactivity fuel (i.e., diesel) is directly injected into the com-

bustion chamber; thus, more effective control over ignition timing and combus-

tion rate can be achieved by adjusting the ratio of two fuels and the start of

injection (SOI) of the direct-injected fuel [6].

In view of the attraction of RCCI combustion in terms of reactivity controlled,

many researchers have devoted their attention to investigation of alternative fu-

els [7]. Despite of conventional low and high reactive fuels (i.e., gasoline and

diesel, respectively), various types of fuels can be used with dual-fuel RCCI [8].

Some researches has contributed their own focus on the low reactivity fuels have

included gaseous fuels namely natural gas [9–11], syngas [12], alcoholic fuels

like ethanol [13–15], methanol [13, 16, 17] and butanol [18, 19], and the others

focused on the high reactivity fuels such as biodiesel [20–22].

In order to enable RCCI strategy for commercial applications, efforts have
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been made to investigate single-fuel RCCI by utilizing a single fuel tank with a

low reactivity fuel, together with a small secondary tank for a cetane improver. In

these studies, a low reactive fuel was used as a port fuel injection (PFI), as well

as DI fuel when doped with a small amount of cetane improver [13]. Another

way towards commercialization is to achieve single-fuel RCCI using a mixture

of reformer gas and high reactive fuel [23, 24]. Some recent studies regarding

single-fuel RCCI strategy found in the literature are presented in Table 1.

Table 1: Previous studies on single-fuel RCCI strategy

The LRF is fixed

HRF: LRF + cetane improver (DTBP/2EHN

The HRF is fixed

LRF: HRF + reformer gases

• Gasoline + DTPB - HD engine (Split-

ter 2010) [25]

• Gasoline + 2-EHN – HD engine (Han-

son 2011) [26]

• E10 (i.e. 10% ethanol+90% gasoline) +

2-EHN - LD engine (Kaddatz 2012) [27]

• Syngas + Diesel – HD engine

(Chuahy 2017) [24]

• Gasoline/Ethanol/Methanol + DTBP/2

- EHN – LD engine – (Dempsey

2013)[13]

• Syngas + Diesel – HD engine

(Xu 2018) [28]

• Gasoline + 2-EHN – Multi-cylinder

LD engine (Dempsey 2015)[29]

• Isobutanol + DTBP – HD engine

(Wang 2015 & Delvescovo 2015) [18, 19]

DTBP and 2-ethylhexyl nitrate (2-EHN) are two of the most widely used

cetane improvers in IC engine research. Splitter et al. [25] performed the exper-

iments on a heavy-duty RCCI engine using a small percentage of 3.5%, 1.75%,

and 0.75% volume fraction of DTBP as a cetane improver with port injection
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gasoline stream at 6 and 9 bar IMEP, owing to make a comparison between of

single (gasoline/gasoline +DTBP) and dual (gasoline/diesel) fueling strategies of

RCCI. Results of these experiments revealed that the performance and the emis-

sions level were somewhat similar to dual-fuel case, means that a small amount

of DTBP ( 0.2% of the total fueling) is able to increase the reactivity, but the low

temperature heat release (LTHR) of single fueling dropped and advanced. The

dropped LTHR caused a reduction in the compression work, therefore yielded an

increased gross thermal efficiency (GIE) by 1%.

Hanson et al. [26] carried out a study on gasoline-gasoline+3.5% 2-EHN as a

single-fuel case and then compared with gasoline-diesel as a dual fuel in a heavy-

duty RCCI engine at low load. Their findings were in agreement with the Splitter

et al. [25] one’s, and it was also perceived the single-fuel strategy is faster than

dual-fuel strategy in terms of the high temperature heat release (HTHR) event.

To characterize the effects of 2-EHN and DTPB, Dempsey et al. [13] stud-

ied single-fuel RCCI combustion in a light-duty engine using gasoline, methanol

and ethanol. The study showed that alcoholic fuels require higher amounts of

cetane improver than conventional gasoline to be considered as a proper high re-

active fuel. It was also shown that methanol has better response than ethanol to

the cetane improver. Moreover, 2-EHN compared to DTBP was more capable of

achieving a doped version with conventional gasoline while increasing NOx due

to its chemical structure.

Recently, Ansari et al. [30] conducted an experimental study of diesel-natural

gas RCCI to explore the impact of high reactive fuel on combustion performance

and emissions using two diesel fuel with different cetane numbers. They found

that cetane number has the prominent role in RCCI performance by increas-

ing the reactivity gradient within combustion chamber. Utilizing a high cetane

number diesel as a replacement for a traditional diesel fuel resulted in a 2% en-

hancement in brake thermal efficiency and a reduction of 3 and 14 g/kWh in CO

and HC emissions, respectively.

Iso-butanol is an oxygenate bio-drive fuel with high oxygen content resulting

in negligible soot emissions, which makes it an ideal candidate for RCCI com-
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bustion [31]. Wang et al. [18] and Delvescovo et al. [19] investigated the use of

isobutanol as low reactive fuel and a mixture of that doped by 20% volume frac-

tion of DTBP as high reactive fuel in a HD RCCI engine 2.44 L by means of ex-

perimental and numerical studies. Both studies indicated that single-fuel RCCI

is achievable by isobutanol accompanied with DTBP as CN improver, but this

fueling needs a higher amount DI compared with gasoline-diesel and isobutanol-

diesel fueling; this is due to higher octane number of isobutanol. Also, increasing

DI amount increased NOx and CO emissions, which can be mitigated through

optimizing injection strategy.

Although isobutanol as the low reactivity fuel of RCCI combustion mode has

been studied by some researchers, its use in a single-fuel mode together with

a cetane improver has not been addressed before. In the present work, a CFD

study, was conducted using CONVERGE CFD software, and was validated against

available experimental results. The aim of the current study is to determine

an optimal injection strategy to minimize the high DI fuel amount in an RCCI

engine fueled with isobutanol/isobutanol+ 20%DTBP. The effects of injection pa-

rameters such as injection pressure, spray cone angle, and start of injection are

invetigated. The information presented in this paper has relevance to future

single-fuel RCCI concepts more suitable for vehicular applications.

2. Numerical methodology

2.1. Case study

The experimental data of a RCCI engine fueled with isobutanol - isobutanol

+ DTBP was acquired from Delvesevoco et al. [19] as a basis for numerical inves-

tigation. A caterpillar 3401E Single Cylinder Oil Test Engine (SCOTE) with a

6-hole injector was used. The specifications of engine and injector, and operation

conditions are presented in Table 2 and Table 3, respectively. Physical properties

of iso-butanol and DTBP, which would be needed to use in spray sub-models, are

presented in Table 4.
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Table 2: Engine and injector specifications [19]

Engine

Displacement (L) 2.44

Bore × Stroke (mm) 137.2×165.1

Connecting Rod Length (mm) 211.6

Compression Ratio 14.88:1

Piston Bowl Shape Bathtub

Swirl ratio 0.7

Intake Valve Closing (IVC) -143° ATDC

Exhaust Valve Opening (EVO) 130° ATDC

Injector

Number of holes 6

Nozzle diameter (mm) 250

Included Spray angle 145◦

2.2. Computational model

In the current study, CONVERGE CFD tool [32] is employed to perform the

computational modelling of the RCCI combustion. The PFI iso-butanol with air

is assumed to be a well-mixed charge at intake valve close (IVC), and the iso-

butanol with a small percent of cetane improver DTBP is injected directly. In

CONVERGE, the spray process modeling, which is based on the Lagrangian-

Drop and Eulerian-Fluid (LDEF) framework, is split into the physical sub-models

including break-up, droplet collision, wall interaction, and vaporization. Another

physical sub-model is considered to capture of turbulence flow. The physical sub-

models were used in this study, is presented in Table 5.

In order to model the combustion process, the SAGE detailed kinetic solver

[41] was applied to perform chemistry reaction calculations, integrated with a

multi-zone model [42] for reducing run-time of simulations at each case. The

detailed chemical mechanism proposed by Wang et al. [43], which includes 108
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Table 3: Operating condition [19]

IMEP (bar) 6.5

Engine Speed (RPM) 1300

Intake pressure (bar) 1.38

Intake temperature (°C) 40

EGR ratio (%) 0

Total fuel (mg) 97

Premixed fuel mass fraction (%) 40.6

First/second DI mass fraction (%) 67/33

DTBP mass fraction (% total DI mixture) 20

First SOI (°ATDC) -58

Second SOI (°ATDC) -37

Injection pressure (bar) 600

Table 4: Properties of iso-butanol and DTBP [18]

iso-Butanol DTBP

Molecule formula C4H9OH C8H18O2

Oxygen content ( % weight) 21.6 21.88

Density (g/cm3 at 20°C) 0.802 0.796

Lower heating value (MJ/kg) 32.96 33.80

Boiling point (°C) 107.89 109-111

species and 435 reactions, was used to represent DTPB and iso-butanol chem-

istry pathways. NOx emissions were predicted through a mechanism in which 4

species and 12 reactions are included. Also, soot emission was determined by a

two-step phenomenological Hiroyasu soot model [44].
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Table 5: Physical sub-models

Sub-models Models

Spray break-up Hybrid KH-RT [33, 34]

Droplet collision No time counter (NTC) [35]

Drop drag Taylor Analogy breakup (TAB) [36]

Wall film formation O’Roruke model [37]

Vaporization Frossling Correlation [38]

Turbulence Modified RNG k-epsilon [39]

Wall heat transfer Han and Reitz model [40]

2.3. Model Validation

Due to 6-hole injector, a 60-degree sector was taken into consideration for im-

provement of run-time calculations, as depicted in Figure 1. The base grid size

was set to 1.4 mm in all three directions and an adaptive mesh refinement (AMR)

with a scale of 2 for both temperature and velocity was used to capture the un-

predictable changes due to the possibility of high gradients in some in-cylinder

regions. In addition, a fixed embedding with a scale of 3 was employed to provide

an extra resolution grid at near nozzle region for reducing mesh-dependencies of

spray modeling process. Based on a work by Senecal et al. [45], a minimum cell

size of 0.25 mm, which was obtained in this study, can offer an adequate resolu-

tion for RANS-based spray simulations. All the simulations were performed from

IVC to EVO.

Figure 2 shows the comparison between the average in-cylinder pressure

and the corresponding heat release rate (HRR) predicted with current numeri-

cal model and experimental data. As depicted, the simulation of computational

model is capable of capturing the start of combustion (SOC) and fairly accurately

following the experimental pressure trace, though there are still differences that

could be related to the uncertainty in the IVC temperature and the assump-

tion of mixture homogeneity. For further validation of the computational model,
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the results of predicted and experimentally investigated engine performance and

emissions, and also absolute error produced from the difference between those

values are given in Table 6. As shown, the parameters related to performance

are predicted reasonably well, but due to the use of a reduced kinetic mechanism,

the emissions are under predicted. Accordingly, the simulated performance and

emissions are within 3% and 8% error of the experimental, respectively. Over-

all, computational model can predict the features of an isobutanol – isobutanol +

DTBP RCCI combustion.

Table 6: Performance and engine-out emissions comparison between experimental data [19] and cur-

rent numerical model, with resulting absolute errors.

Performance Emissions

IMEP

(bar)

Combustion

eff. (%)

GIE

(%)

PPRR

(bar/deg)

NOx

(g/kW-h)

HC

(g/kW-h)

CO

(g/kW-h)

Soot

(g/kW-h)

Exp. 6.5 94.9 47.8 7.1 0.3 3.8 26.9 -

Sim. 6.3 92.83 47.9 7.8 0.27 1.96 19.1 0.0354

Absolute Error 0.2 2.07 0.1 0.7 0.03 1.84 7.8 -

3. Result and Discussion

Obtaining the optimal injection strategy that results in the reduction of DI

fuel amount while maintaining high thermal efficiency and low emissions, re-

Figure 1: Computational geometry for the bathtub piston shown at +3° ATDC.
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Figure 2: Comparison of experimental and predicted in-cylinder pressure and HRR.

quires a detailed analysis of the effect of each injection parameter. For this pur-

pose, the effects of SOI timing, injection pressure, spray angle and DI ratio are

discussed in the following sections. It should be noted that according to work

by Higgen et al. [46], addition of cetane improvers has a negligible effect on

the physical spray and combustion processes, and the primary effect of those is

to diminish the chemical auto-ignition delay time due to increased reactivity of

fuel; thus, this can help to isolate the optimal strategy injection from the effect

of DTBP. Therefore, in this research, the amount of cetane improver is kept con-

stant in all simulations.

3.1. Effect of SOI

In this section, the effects of injection timing on performance and emission

are explored by sweeping start of injection (SOI) from -88° to -28° ATDC with

a step of 10 crank angle degree (CAD), as all simulations used a fixed injection

dwell of 21° between the first and second injection timing. It should also be noted
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that the provided results consist of a constant global equivalence ratio of 0.33

and a fixed DI fuel ratio.

The variation of in-cylinder pressure and the corresponding HRR for the

sweep of SOI is shown in Figure 3. As seen, the start of combustion (SOC) is

advanced and the combustion duration is decreased by sweeping SOI from the

baseline to -88° ATDC. Also, increasing the level of premixing leads to maximum

peak pressure at SOI timing of -88° ATDC.

On the other hand, retarding SOI from the baseline to -38° ATDC also results

in an advanced SOC, but the combustion duration and the peak pressure do not

change significantly. At SOI timing of -28° ATDC, the second injection event,

which affects the SOC, is proceeding to introduce the mixing-controlled combus-

tion because the mixing time is decreased for the mixture of isobutanol, air, and

isobutanol doped with DTBP. Besides, it can be seen from the HRR result that

initial rapid combustion occurs to shape HRR like an uncontrolled combustion

phasing (i.e., premixed phase) of conventional diesel.
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Figure 3: In-cylinder pressure and HRR for the injection SOI timing sweep cases.

Figure 4 shows the evolution of in-cylinder equivalence ratio distribution for
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Figure 4: Evolution of local equivalence ratio distribution for the injection SOI timing sweep cases at

-4, 0, and 15°ATDC.

each case. As seen from the results, at -4° ATDC, by sweeping the SOI timings

to near-TDC, the local equivalence ratio distribution is shifted from the bowl to

the liner wall as a result of the spray impingement with different regions at a

fixed spray cone angle of 72.5°. In addition, mixing time is decreased that leads

to stratify the local equivalence ratio and the reactivity. At SOI of -28° ATDC,

because of lower reactivity of iso-butanol doped with DTBP than diesel fuel [19],

as a high reactive fuel, the equivalence ratio contour indicates an increase in the

level of incomplete combustion to explain the presence of richer regions even af-

ter the combustion event, as seen at 15° ATDC. Hence, it is expected to have a

high amount of UHC, as shown in Figure 5. Thus, it is interesting to note that the

retarding of a direct-injected fuel, especially which has a less reactivity similar

to isobutanol+20% DTBP used in this study, would result in poor mixing of the

fuel and incomplete combustion. Advancing SOI timing to -88° ATDC, divides the

distribution of local equivalence ratio into two separate regions within the com-

bustion chamber, increases the portion of region that is close to bowl, and also
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produces a leaner mixture that results in a reduction in CO and NOx emissions,

as will be shown in the following.

Figure 5 shows performance and emissions variations for each sweep based

on comparison to the limits of the Environmental Protection Agency’s (EPA) 2010

for the emissions related to the heavy duty engine (i.e., 0.26, 0.013, 20.9, and 0.2

g/kW-hr for NOx, soot, CO, and UHC, respectively). As indicated, the SOI of -

88° ATDC produces the highest GIE and combustion efficiency, with a maximum

efficiency of 51.3 and 0.96, respectively, and the relatively lower emissions com-

pared with the other cases. It can be shown that if both spray impingements on

the liner wall occur at the early SOI timings (i.e., from SOI of -88° to -68° ATDC),

the discrepancies in the performance and emissions are minimal, having a 1 /10

°(combustion−duration)/°SOI . However, retarding the SOI from -68° to -48° ATDC

leads to a substantial drop in the GIE at approximately constant combustion du-

ration. The SOI of -48° ATDC shows the highest amount of CO emissions because

there is an inability to oxidize CO due to accumulation of DI fuel in the cooler re-

gions, as previously shown in Figure 4. In addition to this, the cooling effect of

isobutanol is increased by retarding of SOI timing, therefore, it could have an ad-

verse impact on CO. All cases exhibit the RI under the limit (i.e., <5Mw/m2)[47],

except in the SOI of -28° ATDC due to the sudden combustion. Here, the ringing

intensity (RI) is the measure of the noise of combustion and is calculated by the

Eng’s correlation [48], as follows:

RI(MW /m2)= 1
2γ

(0.05(dP/dt)max)2

Pmax

√
γRTmax (1)

Where γ is the ratio of heat capacity of the gas, (dP/dt)max is the maximum

pressure rise rate, Pmax is the maximum of in-cylinder pressure, R is the ideal

gas constant, and Tmax is the maximum in-cylinder gas temperature that is cal-

culated during the simulation.

Also, by retarding SOI from -88° to -58° ATDC, the NOx emissions increase

slightly, but further retarding leads to a sharp increase in NOx emissions due to

the presence of rich regions and impingement of the direct injected fuel to the hot

bowl surface. These results have a deviation from earlier studies such as Nazemi
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Figure 5: Performance and emissions variations as a function SOI timing sweep.
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and Shahbakhti [49], which showed that advancing start of injection timings

from the conventional dual-fuel RCCI baseline (i.e., -58° ATDC) could decrease

NOx. However, it occurred at the expense of CO, HC and also soot emissions. The

discrepancies are due to differences in base fuels and piston bowl profile.

At this point, it would be suggested to have better performance and lower

emissions at early injection timings when the amount of DI fuel is relatively

high.

3.2. Effect of spray cone angle

The effects of spray cone angle were explored by changing the angle from 45°

to 80° with a 5° degree step. Spray cone angle is defined as the angle between the

cylinder axis and the cone axis of injected parcels that is the half of included an-

gle. Figure 6 demonstrates the in-cylinder pressure and the corresponding heat

release rate for the abovementioned changes; as seen, the onset of combustion

is obviously retarded, and the peak of pressure and HRR is suppressed by in-

creasing the cone angle from 45° up to 65°. However, the pressure and HHR are

confined to a similar range for angle of 70° to 80°, and there is also no discernible

change for the peak of those cases, as shown. In all cases, the narrowest angle

has the maximum peak of pressure and heat release rate because of better mix-

ing of high reactive fuel with air, which results in better consuming of the fuel

that leads to a reduction of UHC, as will be shown in the following.

Injection timings of a traditional dual-fuel RCCI, which was adapted from

Koci et al. [50] finding for highly dilute LTC, is based on spray targeting of both

squish and bowl regions to reduce engine-out CO and HC emissions. While the

current bathtub piston bowl compared with stock piston have a negligible squish

region [51], there is a need for a better understanding of the distribution of DI

fuel parcels in both injections by altering spray cone angle. Figure 7 shows the

interaction between the spray plume and the combustion chamber walls in both

injection events for each case. At the first injection event, at -58° ATDC, spray

plumes corresponding to the narrowest angle until angle of 55° reside within the

piston bowl. Spray cone angle of 60° injects parcels into the crevice regions di-
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Figure 6: In-cylinder pressure and HRR for the variation of spray cone angle.

rectly; also, wider angles than 60° penetrate parcels into the cylinder wall. At the

second injection event, at 37° ATDC, each spray plume subsequently impinges on

the piston wall by increasing the angle up to the baseline, respectively. However,

either angles of 75° or 80° still target outside of the piston bowl surface. As a gen-

eral result, determining the spray targeting can have a key role in combustion

and its corresponding emissions. This role could be seen in Figure 9.

Figure 7: Interaction of the spray targeting and the walls for both of fuel injection event in isobutanol

+ isobutanol+20% DTBP RCCI case.

In order to realize visually how the distribution of parcels affects the mixing
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Figure 8: Evolution of local equivalence ratio distribution for the varied spray cone angle cases at -4°,

0°, and 15° ATDC.

process, Figure 8 shows the evolution of equivalence ratio distribution on a cut

plane coincident with the spray axis, the piston, and the liner walls, at various

crank angles for all cases. As seen, the narrowest angle case tends to develop the

equivalence ratio from the liner wall towards near to the center of piston bowl,

and this tendency is decreased by increasing the angle. It could be noted that

having more high reactivity fuel within the piston bowl surface creates a mixture

rich enough to attain complete combustion due to higher piston surface tempera-

ture [49, 52], as seen from HRR results. In accordance with Figures 7 and 8, the

cases associated with spray angle of 60° and 65° have the higher amounts of high
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reactivity fuel within the crevice regions, which have the lowest temperature, re-

sults in more mixing time (i.e., ignition delay). However, this added mixing time

causes a negative effect on combustion, leading to lower peak in-cylinder pres-

sure. A significant portion of high reactive fuel parcels impinge on the cylinder

wall and the rest of those accumulate within the crevice regions by increasing

angle from 65°. Consequently, an improvement is observed in combustion due to

the reflection of parcels into the center of cylinder that makes a more uniform

mixture.

Accordingly, Figure 9 shows the performance and emissions characteristics

as a function of spray angle. From the performance standpoint, a similar trend

occurs for GIE, RI, and combustion efficiency, while the duration of combustion

is almost the exact opposite of that. As a results, the highest efficiencies happen

wherever the spray angle avoids the range of 60° to 70°. However, the lowest

values of RI lie within this range that could induce a RI-GIE trade-off. In ad-

dition, Figure 9 shows that the mentioned range could produce high unburned

hydrocarbon, CO, and soot emissions. It can also be seen that NOx emissions

drop because increasing spray angle prevents direct-injected fuel from high tem-

perature regions (i.e., piston surface).

In summary, for the baseline injection timings, angles from 45° to 55° keep

both injected high reactive fuel within the piston bowl region, but total high reac-

tivity fuel quantity separates into different regions by increasing the angle from

55°. These results are not in close accordance with Nazemi et al. [49] due to

different piston bowl geometry used in this study.

3.3. Effect of injection pressure

To gain further insight into the achievement of the optimal injection strategy,

the effects of important injection parameters is related to injector characteris-

tics are considered. In this section, the effects of injection pressure are explored

by increasing from the baseline to p=1600 bar. For the same amount of deliv-

ered direct-injected fuel, duration of injection is decreased by increasing injec-

tion pressure, in each case. Figure 10 shows the results of in-cylinder pressure
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Figure 9: Performance and emissions variations as a function of varied spray cone angle.
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and HRR for the mentioned variations of injection pressure. As seen, the trends

for pressures and HRR are somewhat similar in all cases, but there is a visible

change in the case of 1600 bar, so need to consider in following.
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Figure 10: In-cylinder pressure and HRR for the variation of injection pressure.

Figure 11 shows the performance and emissions variations versus injection

pressure. It is seen that the GIE can achieve its peak value of over 49% with the

injection pressure of 1600 bar. Combustion efficiency is enhanced steadily until

the injection pressure of 1400 bar due to improved oxidization of CO and UHC,

as shown. However, the result shows a reduction in combustion efficiency at the

injection pressure of 1400 compared to 1600 bar, because UHC is increased sud-

denly by a factor of 2, even with a 15% reduction in CO. In order to justify this

behavior, Figure 12 demonstrates the temperature and local equivalence distri-

butions. As can be seen from temperature distribution at 15° ATDC, the pre-

mixed charge of isobutanol and air within the crevice volume is communicated

with the surrounding cooler regions during the expansion stroke, so UHC can-
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Figure 11: Performance and emission variations as a function of injection pressure.
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not oxidize, and results in an incomplete combustion in p=1600 bar. It should

be noted that UHC emissions tend to form near the crevice regions in the piston

bowl geometry used in the current study.

Figure 12: Evolution of temperature and local equivalence ratio distributions for the varied injection

pressure cases at 4°, and 15° ATDC.

Also, the trends for emissions show that the soot emissions remain fairly con-

stant by increasing the injection pressure, while NOx emissions are reduced by

about 0.14 g/kW-hr from the baseline, due to the higher level of homogeneity. In-

creasing the injection pressure decreases the duration of injection timing, there-

fore results in higher mixing time (i.e., longer ignition delay) [53]. As seen at

4° ATDC, the temperature contour shows a significant longer ignition delay at

p=1600 bar among all cases. but ,as seen from Figure 12 and HRR result, combus-

tion duration is shortened that combustion is terminated sooner than the other

cases, which yields an increased RI and peak value of HRR. Therefore, HCCI-like

combustion could be achieved for increasing the injection pressure further than

of 1400 bar.

These results suggest that, for the fixed baseline conditions and piston bowl

geometry, increasing the injection pressure can improve GIE, combustion effi-
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ciency, and engine-out emissions, if the injection pressure does not exceed 1400

bar, which means that it should prevent the charge preparation from being an

overly well-mixed charge similar to HCCI.

3.4. Effect of DI ratio

In this final section, the effects of DI ratio on the baseline case are discussed.

The ratio between the amounts of isobutanol+20% DTBP, as the direct-injected

fuel, and the amounts of premixed isobutanol plus isobutanol+20% DTBP, as

the total fuel, is defined as DI ratio. As previously mentioned, DI ratio for the

baseline case is near 60%, and the decrease is conduced at 10%, 20%, 25%, and

30%. Based on the results of the previous sections, the best cases are SOI of -88°

ATDC, injection pressure of 1400 bar, and spray angle of 45°.

Figure 13 shows the in-cylinder pressure and HRR in each case. As expected,

the misfiring happens below a particular DI ratio due to the lack of the presence

of a strong ignition source. As seen from Figures 13a and 13b, while the com-

bustion duration lengthens, the premixed isobutanol does not achieve complete

combustion when the DI ratio is below 40% in the baseline and 1400 bar injec-

tion pressure cases. As can be seen in Figure 13c, there is a similar combustion

phasing to the baseline case in -88° ATDC SOI case for the DI ratio of 50% while

improved peak pressure rise rate is visible. Similarly, the 45° spray angle case for

DI ratio of 40% is the one most resembling the baseline HRR, as seen in Figure

13d.

The temperature and equivalence ratio distributions are shown in Figures 14

and 15 at 4° and -4° ATDC, respectively. Note that, the combustion is retarded

by decreasing the DI ratio, therefore, decreasing GIE is to be expected. In the

baseline case, the accumulation of richer regions within the crevice regions is in-

creased by decreasing DI fuel that leads to deterioration of combustion efficiency,

as seen from equivalence ratio distribution. The -88° ATDC SOI case suggests

that richer regions are away from the crevice regions, so the higher UHC is ex-

pected compared to the 45° spray angle case.

To summarize the results, Figures 16 and 17 show the performance and emis-
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Figure 13: Effects of decreasing of DI ratio on in-cylinder pressure and HRR corresponding

to (a) the baseline case, (b) -88° ATDC SOI timing case, (c) 1400 bar injection pressure

case, and (d) 45° spray angle case
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Figure 14: Temperature distribution for each case at 4° ATDC.

Figure 15: Local equivalence ratio distribution for each case at -4 °ATDC.

sions variations as a function of DI ratio, respectively. Decreasing the DI ratio

decreased the GIE and combustion efficiency, but the 45° spray angle case shows

a negligible variation across the decreased range of DI ratio. Also, this trend can

be seen in the -88 °ATDC SOI case before the DI ratio of 35%. Additionally, note

that the noise of combustion (i.e., RI) is also decreased because decreasing the DI

ratio causes an extended combustion duration. Also, it is obvious that a reduc-

tion trend of NOx is observed in all cases, while this trend is too intense in the

45° spray angle case to bring NOx below the limit EPA 2010. As expected from
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the result of combustion efficiency, the increasing of CO and UHC increases the

level of incomplete combustion while CO and UHC remains relatively constant

in the spray angle case. That is, spray angle of 45° could be provided the ben-

efit of reducing NOx emissions while maintaining high performance and other

emissions by reduction of DI ratio. Nevertheless, NOx is still high relative to the

baseline case. Also, the -88° ATDC SOI case with DI ratio of 40% compared to

the baseline case indicates an improved GIE of 3.5%, reduced CO and NOx by

3.56 and 0.254 g/kW-hr, respectively, while combustion efficiency is held nearly

constant. As a consequence, a 20% reduction of DI ratio is achievable by two

cases corresponding to the SOI of -88° ATDC and spray angle of 45°.

4. Conclusions

In the present study, a single-fuel RCCI fueled with isobutanol and isobu-

tanol+20% DTBP was investigated numerically by using CONVERGE CFD tool.

To summarize the major findings from this numerical investigation, the follow-

ing conclusions can be drawn:

1. The SOI timing was swept in order to recognize the effects of each sweep

on the performance and emissions characteristics. The chosen appropriate

range for these sweeps is between -68° and -88° ATDC in which efficiency

and emissions characteristics are better than the base and late SOI tim-

ings cases. Among all simulation cases, it was found that the maximum

GIE and combustion efficiency values (i.e., 51.3%, and 96.2%) belong to

SOI of -88° ATDC, which are about 7%, and 3.7% higher than the base

case(i.e., SOI=-58° ATDC), respectively; Also, NOx and CO decreased by

about 0.13 and 10 g/kW-hr, respectively. Overall, it can be drawn that the

gross indicated efficiency, combustion efficiency, ringing intensity, and CO,

and NOx emissions have much more sensitivity to SOI timing variations.

2. It was shown that the increasing injection pressure gradually increased

GIE due to decreased heat losses, but the much more mixing time which
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related to the injection pressure beyond 1400 bar led to the combustion

similar to HCCI, and also form a substantial UHC, therefore, a reduction of

combustion efficiency. It was also indicated a slight continuous reduction in

CO emissions while soot emissions and RI were remained fairly unaffected

by increasing the injection pressure.

3. The results for the variations of spray cone angle showed that the location

of each spray targeting on any regions of cylinder chamber walls played a

leading role in mixing, and, in consequence, combustion, for a certain SOI

timing, and piston bowl geometry; By varying both of them, it is needed to

consider the spray targeting again. For the current piston bowl geometry

used in this study, it was shown that the range of spray cone angle between

60° and 70° causes the accumulation of significant portion of fuel parcels

within the crevice regions, and led to incomplete combustion. It was also

seen that the combustion duration is more sensitive to variation of spray

cone angle.

4. It was shown that a reduction of 20% in DI ratio can be achieved with the

-88° ATDC SOI and 45° spray angle cases while improved GIE is also ob-

tained, compared to the baseline case; however, the corresponding CO and

NOx are improved only with the -88° ATDC SOI case. Therefore, the less

gradient of isobutanol and isobutanol with cetane improver that resulted

in high DI requirement could be reduced with altering the injection strat-

egy such that the implementation of the single-fuel RCCI fueled isobutanol

and isobutanol+20% DTBP is more practical.

The authors believe that the results provide an excellent insight into single-

fuel RCCI combustion which can be further used to optimize the injection strat-

egy.
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