
 
Article citation info:  

PIELECHA, I., SIDOROWICZ, M. Effects of mixture formation strategies on combustion in dual-fuel engines – a review. Combustion 

Engines. 2021, 184(1), 30-40. https://doi.org/10.19206/CE-134237 

30 Received 18 February 2021; Received in revised form 12 March 2021; Accepted 12 March 2021   

 Available online 13 March 2021 
 This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/) 

Ireneusz PIELECHA   
Maciej SIDOROWICZ  

 

 

Effects of mixture formation strategies on combustion in dual-fuel engines 

– a review  
 

The article presents an overview of technical solutions for dual fuel systems used in internal combustion engines. It covers the histor-

ical and contemporary genesis of using two fuels simultaneously in the combustion process. The authors pay attention to the value of the 

excess air coefficient in the cylinder, as the ignitability of the fuel dose near the spark plug is a critical factor. The mixture formation of 

compression ignition based systems are also analyzed. The results of research on indirect and direct injection systems (and their combi-

nations) have been presented. Research sections were separated based to the use of gasoline with other fuels or diesel oil with other 

fuels. It was found that the use of two fuels in different configurations of the fuel supply systems extends the conditions for the use of 

modern combustion systems (jet controlled compression ignition, reactivity controlled compression ignition, intelligent charge compres-

sion ignition, premixed charge compression ignition), which will enable further improvement of combustion efficiency. 

Keywords: dual fuel engine,  excess air coefficient, multi-fuel mixture forming 

 

 

1. Introduction 
Combustion engines are the key element in global 

transport nowadays. Since decades they have been subject-

ed to improvements, which increase their efficiency. One of 

the development path of this power source is the research 

on supplying them with different fuels. 

The main aim of this article is to put together the dual 

fuel technology applications and their critical review. 

The overview has been divided into three groups: 

‒ historical solutions using dual fuel supply, 

‒ modern dual fuel systems in a mixed configuration 

(using both direct and indirect injection), 

‒ modern dual fuel systems using a direct injection only. 

In this review the main emphasis was put on the excess 

air coefficient value inside a combustion chamber. The 

overview contains the results of author’s original research 

concerning dual direct injection system supplying various 

light hydrocarbon fuels. 

2. The history of dual-fuel systems 
Dual fuel supply systems in combustion engine were 

first invented in the United States in 1944, when Barnaby 

and Russell [4] patented a technical solution enabling sta-

tionary engines, usually operating on gas fuel, to also be 

supplied with an additional liquid fuel. The purpose of this 

solution was to supplement the temporary shortages of 

gaseous fuel in the combustion chamber, which could dis-

rupt the continuity of engine operation. 

The use of the dual-fuel supply system in diesel traction 

engines had its beginnings only a couple of years later, as it 

was tested already in 1946. Then, in the pages of the Popu-

lar Mechanics magazine [42], the concept by the Socony-

Vacuum Oil Company was presented, in which a carburetor 

system was used, mixing two different fuels fed from two 

separate tanks with air. The authors of the design employed 

this solution to use two types of gasoline with different 

octane numbers. They showed that the use of gasoline with 

an octane number of 70 for 95% of the test run was suffi-

cient to prevent knocking, whereas the commonly used 

gasoline at that time was the more expensive type with an 

octane number of 80. Even then, the economics of transport 

played a significant role in the development of these new 

technologies. 

In addition to the cost-effectiveness of using different 

fuels simultaneously to power engines, other aspects were 

also analyzed, such as the environmental impact or increas-

ing performance in different operating conditions. 

One of the classic applications of a dual-fuel system is 

the simultaneous use of natural gas and diesel oil in com-

pression-ignition (CI) engines. The main energy carrier in 

this system is natural gas supplied by indirect injection, 

while a small dose of diesel fuel ensures compression-

ignition of the mixture can be reliably achieved. 

Such modification of the classic compression ignition 

diesel engine brings with it a number of advantages. Me-

thane (the main component of natural gas) is cheaper than 

diesel oil, that it partially replaces. In addition, its combus-

tion, provided the right conditions, results in a smaller 

amount of carbon dioxide and nitrogen oxides being pro-

duced as well as an increase in the indicated pressure at full 

engine load [38]. Due to the different densities of the fuels 

used in this system, it is not possible to premix them, there-

fore they are supplied by separate systems. 

There are many publications (including [6, 35, 41]) on 

premixing fuels before feeding them to the proper supply 

system. This method is suitable for fuels with a similar 

chemical composition and physical state. At the same time 

research mainly focuses on the influence of different pro-

portions of fuels in the mixture on the increase of combus-

tion efficiency [10, 13, 32], engine knock reduction [3, 28, 

40] and the emission of harmful compounds in exhaust 

gases [1, 17, 24]. 

In Brazil [11] the FlexFuel system is widely used in 

passenger cars. It is possible to fill the vehicle's fuel tank 

with more than one type of fuel, most commonly unleaded 

gasoline along with ethanol. It is possible thanks to the 

constant adaptation of the engine control algorithm to the 

quality of the supplied fuel or fuel mixture. 

Xu et al. [44] have proven that the addition of natural 

gas as a second fuel to power a diesel engine increases the 

engine's resistance to knock combustion, which may allow 

http://orcid.org/0000-0001-7340-635X
http://orcid.org/0000-0003-1221-0366


 

Effects of mixture formation strategies on combustion in dual-fuel engines – a review 

COMBUSTION ENGINES, 2021, 184(1) 31 

the use of a higher compression ratio. Moreover, an in-

crease in indicated thermal efficiency was observed, as well 

as a reduction in CO and HC emissions at the expense of 

increased emissions of soot and nitrogen oxides. 

Lata et al. [25] observed the dependence of the combus-

tion parameters on the type of admixing gas fuel in the 

engine originally powered with diesel oil. A 30% share of 

LPG (liquified petroleum gas – a mixture of propane and 

butane) in the fuel mixture resulted in an increase in the rate 

of pressure rise by 1.37 bar/°CA, the maximum pressure in 

the combustion chamber by 6.95 bar and the combustion 

time by 5°CA. The same proportion of hydrogen in the fuel 

mixture resulted in an increase in these indicators by 0.82 

bar/°CA, 8.44 bar and 5°CA, respectively. The mixture of 

three fuels: diesel oil, LPG and hydrogen resulted in an 

increase in the rate of pressure increase by 0.88 bar/°CA. 

and maximum pressure by 5.25 bar, and a reduction of the 

combustion time by 4°CA. 

Yüksel et al. [46] added hydrogen to a gasoline engine 

in their research. It was found that the thermal losses to 

heating the coolant were decreased, while the losses due to 

exhaust gases did not change, compared to the use of only 

gasoline for engine supply. 

Commonly known are dual indirect injection systems 

(PFI-PFI), but they are mainly used to deliver one fuel 

simultaneously (mainly motorcycle engines) or in a classic 

configuration of an engine powered by unleaded gasoline 

with a 4th generation LPG system [33]. 

A dual fuel injection system is defined in this paper as  

a system that supplies two different fuels via separate sup-

ply systems to the intake manifold or directly into the com-

bustion chamber. The previously mentioned dual-fuel sys-

tem: natural gas-diesel oil meets this criteria, because, due 

to the physicochemical properties of fuels, it is not possible 

to create a stable fuel mixture before delivering them to  

a controlled combustion process. To implement such a sys-

tem, the PFI-DI system (port fuel injection-direct injection) 

is used. One fuel (natural gas) is delivered through the 

injection system to the intake manifold and the other (die-

sel) is delivered directly to the cylinder.   

The PFI-DI system is also used for other fuel configura-

tions, e.g. unleaded gasoline-LPG, as well as for an injec-

tion of a single fuel type from both systems. 

3. Effect of the excess air coefficient in the  

cylinder of a dual-fuel direct and indirect  

injection systems 

3.1. Injection of diesel fuel and natural gas  

The use of two fuels in the form of diesel oil in combi-

nation with gaseous fuels is a subject of intensive research 

and wide industrial implementation. Diesel fuel is delivered 

directly and a part of its base dose is replaced by one of the 

gaseous fuels (LPG, CNG) supplied to the inlet duct. 

Dose division is also analyzed when using dual fuel in-

jection. Gilowski and Stelmasiak [14] proved that splitting 

the dose of diesel oil in a dual-fuel system (with natural 

gas) has a positive effect on increasing the efficiency of the 

engine for low and medium engine loads (by 1–3%) and 

may improve the durability parameters of the engine by 

limiting of the rate of combustion pressure increase. How-

ever, the cited research lacks the direction of further im-

provement possibilities of the combustion efficiency, hence 

it is impossible to clearly state about the potential of the 

used technology. 

Research on creating a mixture in this way (natural gas 

– PFI, diesel fuel – DI) was carried out by, among others 

You et al. [45]. Various conditions of natural gas injection 

into the inlet channel were analyzed – Fig. 1a. It was found 

that increasing the gas injection advance, at different values 

of the excess air coefficient, first improves and then wors-

ens the engine operating stability identified by CoV(IMEP) 

– Fig. 1b). The best conditions for the combustion process 

occur at gas injection angles in the crank angle range of 

300–350° before TDC, regardless of the excess air coeffi-

cient value. Increasing the share of fuel in the dose (reduc-

ing  value towards the stoichiometric mixture) leads to an 

improvement in the quality of the combustion process as 

indicated by the CoV (IMEP). The research points that 

during formation of multi-fuel mixture the optimal condi-

tions of both fuels injection exist. 

Another outcome of these studies was the conclusion 

that greater homogenization of the CNG and air mixture, 

achieved by placing the CNG injector further away from 

the intake valve, improves the combustion quality and low-

ers exhaust emissions. There is a growing trend towards 

analyzes related to the injection of two liquid fuels, with 

diesel oil being the main fuel.  

 
a) 

 
b) 

 

Fig. 1. Analysis of gas injection (a) and combustion process conditions (b): 
CNG injection into the inlet channel and DF injection into the cylinder at  

 different values of the excess air coefficient [45] 
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3.2. Injection of diesel fuel and gasoline  

Research on this application was conducted by Lee et al. 

[26]. Using a single-cylinder 395 cm
3
 engine, they analyzed 

the combustion process when powered by direct diesel injec-

tion and indirect gasoline injection. The research used engine 

operation modes generating high indicated efficiency of 

about 45%. This value was obtained by combining diesel fuel 

injection and a large mass fraction of gasoline (up to 70%) – 

Fig. 2. Injection of diesel fuel at the angle of 6°CA before 

TDC resulted in a typical heat release rate and was similar to 

the values observed when done with gasoline – Fig. 2a.  

Increasing the DF injection advance angle results in  

a different heat release rate characteristic – Fig. 2b. This is 

due to injection of DF, which extends the mixing phase of 

the two fuels. This results in the appearance of the second 

peak of the heat release rate (at around 368°CA) and a rapid 

increase in cumulative heat release. 

Significant advance of the DF injection results in RCCI 

combustion – Fig. 2c. In relation to the DF injection itself, 

this causes the maximum cumulative heat release being 

reached before TDC, which leads to a faulty combustion 

process. In a dual-fuel system, the combustion center 

(CA50) is observed at around 8°CA after TDC. This is due 

to the significant advance of DF injection, amounting to 

about 50°CA. However, there are visible areas of low-

temperature heat release – indicated as a slow increase in 

the observed heat release rate. The heat release rate is 

slowed down and at the same time it is the lowest among 

the three variants of DF injection. The tests were carried out 

for three values of the excess air coefficient:  = 1.72, 2.72 

and 2.77. The maps showing the three engine operation 

modes described above were shown in Fig. 3. 

Applying two basic fuels simultaneously clearly shows 

the potential of increasing the combustion efficiency. Com-

bining this solution with RCCI system requires further 

research on elaborating the implementation potential in 

transportation sector. 

3.3. Injection of gasoline with other fuels 

The research on dual-fuel systems where the base fuel is 

gasoline and supplied additionally with alcohols has been 

analyzed quite thoroughly in the literature. Especially in 

terms of the excess air coefficient being  = 1. Kalwar et al. 

[22] is an example of such studies. However, in this case, it 

is not possible to analyze changes in the excess air coeffi-

cient and make it dependent on the conditions and amount 

of individual fuels injected.  

In SI engines, the topic currently being explored is the 

use of LPG in combination with gasoline injection or its 

complete replacement in the engine supply [36]. Mitukie-

wicz et al. [31] carried out research on creating a mixture of 

LPG with air (via indirect injection) and using it to replace 

gasoline supplied to the engine (via direct injection). When 

determining the dose of LPG fuel to be supplied, the au-

thors made an assumption that the engine would operate at 

the same global excess air coefficient as for gasoline alone. 

Research on the possibilities of creating a stratified mix-

ture with the use of LPG was carried out by Boretti and 

Watson [8]. The authors found that combustion of the strat-

ified mixture with the use of direct LPG injection is possi-

ble and leads to a reduction in fuel consumption at full 

engine load, with a global excess air coefficient of  = 1.65. 

However, they assume that enabling the LPG engine to 

work for lean mixtures under all load conditions would be 

possible with the use of turbulent ignition and a pre-

chamber. The formation of a mixture in such a chamber is 

distinct from the formation of a stratified mixture in the 

combustion chamber as the aim is to create a homogeneous 

mixture in a smaller volume. 

The popularity of applying LPG results from the low 

price of this fuel and the possibility of relatively easy adop-

tion of the original single fuel supply system. 

Research conducted by Ji et al. [20] concerned petrol 

and hydrogen fuel supply systems with indirect injection of 

both fuels. Combustion was carried out until the content of 

hydrogen reached 6%. It was found that the engine's ther-

mal efficiency increased significantly from 26% (using 

gasoline) to over 31% with the addition of 6% hydrogen. At 

the same time, the use of lean mixtures was increased from 

1.5 (petrol) to over 1.65 (petrol + hydrogen  6%) – Fig. 

4a). The use of hydrogen, despite making the fuel mixture 

more lean, improves the stability of the combustion pro-

cess. It has been shown that in the entire range of hydrogen 

combustion at 6% of content the CoV(IMEP) does not 

exceed 1% – Fig. 4b. Despite the fact that the research 

direction on the enriching the mixture with hydrogen seems 

promising, the authors did not take into account the changes 

adopting the ignition point to the lambda value of the mix-

ture. It can lead to the illusory observation of the loss of 

combustion stability of lean mixture without hydrogen. 

An analysis of gasoline and hydrogen injection using 

the indirect and direct injection technique was carried out 

by Sun et al. [39]. Two variants of fuel injection were used 

in that research: indirect and direct injection with gasoline 

(PFI + GDI), and indirect injection with gasoline with di-

rect injection of hydrogen (PFI + HDI  hydrogen direct 

injection). In both cases, the observed value of the excess 
 

 

a) b) c) 

   

Fig. 2. Combustion process conditions for single-fuel and dual-fuel (DF and gasoline) for an engine with different fuel supply modes: a) mode  
 1, b) mode 2, c) mode 3 (reproduced from [26]) 



 

Effects of mixture formation strategies on combustion in dual-fuel engines – a review 

COMBUSTION ENGINES, 2021, 184(1) 33 

a) b) c) 

 

Fig. 3. Dual-fuel engine operating points maps: diesel and gasoline at different values of the excess air coefficient: a)  = 1.72, b) = 2.72,  

 c)  = 2.77 (reproduced from [26]) 

a) b) 

      

Fig. 4. Change of dual-fuel engine operating indicators: a) thermal efficiency, b) engine combustion instability coefficient [20] 

 

air coefficient was the resultant value of  = 1. It was found 

that the increase in the share of direct gasoline injection in 

the PFI + GDI system led to a slight decrease in the engine 

power output (by about 2%). However, when using the PFI 

+ HDI system (with direct hydrogen injection), an increase 

in power of up to 5% was found in the same scenario. This 

is mainly due to the need to allow the fuel dose time to mix 

(gasoline fed in the compression stroke), where reducing  

 

 

Fig. 5. The change in engine power output as a result of different dual fuel  

 engine supply methods [39] 

that time leads to a deterioration of the combustion process 

– Fig. 5. 

Slightly different studies were published by Huang et al. 

[19]. They performed ethanol direct injection (EDI) and 

gasoline port injection (GPI). By comparing direct gasoline 

injection and EDI + GPI injection methods, the distribution 

of the excess air coefficient was analyzed (Fig. 6).  

Knowing that the ignitability of the fuel dose in the vi-

cinity of the spark plug is a critical factor, and the value of 

the excess air coefficient was 2 <  < 0.66 [27], analyzes of 

the spark plug cross-section were performed. 

It was found that during the combustion of just gasoline 

injected into the intake duct (GPI), the value of the excess 

air coefficient in the vicinity of the spark plug was  = 1.15.  

In the case of EDI + GPI injection, this value was  =  

= 1.66. Both are within the above-mentioned critical flam-

mability range of the fuel dose in a SI engine.  

Similar studies were conducted by Guo et al. [16] using 

a mixture of acetone, butanol and ethanol as fuel, and with 

the second fuel being gasoline. Direct and indirect injection 

methods were also used. The following variants were ana-

lyzed: a) ADI + GPI – acetone and others as direct injection 

(ADI – acetone direct injection) and indirect petrol injec-

tion (GPI), b) API + GDI (gasoline direct injection) and c) 

GDI + GDI. 

The research was carried at 50% share for each fuel (en-

ergy differences were up to 0.56%). It was found that for 

each of the mixtures it is possible to carry out the combus-
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tion process in the lambda range of  = 0.9–1.3. The most 

critical is burning lean mixtures; the lowest CoV(IMEP) 

values were found in the GPI + ADI configuration, reach-

ing below 1.3%. Also in this fuel supply configuration, the 

highest values of torque and the highest value of thermal 

efficiency were obtained. This configuration was also the 

best in terms of the number and mass of solid particles 

emitted (especially when burning lean mixtures for  =  

= 1.3).  

 
a) b) 

 

Fig. 6. Distribution of gasoline and ethanol mass (a) in the combustion cham-

ber, and the excess air coefficient (b) when supplying the engine with  gasoline  

 (GPI) and ethanol with gasoline (EDI + GPI) (reproduced from [19]) 

 

3.4. Injection of methanol with other fuels 

The research on dual fuel supply, in which the primary 

fuel was methanol (direct injection) with the addition of 

hydrogen (PFI) was conducted by Gong et al. [15]. Know-

ing the general properties of hydrogen related to increasing 

the combustion rate, especially in combination with lean 

mixtures, it was used as an additive in a small quantity (3–

6%). A strategy of delayed injection of methanol into the 

cylinder was used. It was found that the addition of hydro-

gen (in the 3–6% range) extends the possibilities of burning 

lean mixtures from  = 1.6 when burning pure methanol to 

 = 2.2. The necessity to adjust the ignition angle depend-

ing on the excess air coefficient was also confirmed. With  

a 6% addition of hydrogen and at  > 2 the CoV(IMEP) 

value was found to be below 3.5%.  

4. Effect of the cylinder excess air coefficient  

in a dual fuel DI system  

4.1. Injection of gasoline with other fuels 

Previous solutions of gasoline and ethanol injection 

concern mainly mixtures of E85 (ethanol – 85% and gaso-

line – 15%) and E15 (gasoline – 85% and ethanol – 15%) 

[4]. The research of dual-fuel direct injection systems of 

gasoline and ethanol was conducted by Kang et al. [23]. 

The analyzes include supply with a stoichiometric mixture. 

Despite this, it was possible to vary the size of the doses of 

individual fuels in order to obtain the stoichiometric mix-

ture as needed (Table 1). 

The fuel doses presented in the table were used in ex-

perimental studies. Increasing the proportion of ethanol 

makes it possible to increase the start of ignition angle. This 

leads to an increase in combustion pressure and an increase 

in BMEP (Fig. 7).  

Studies have also shown that increasing the proportion 

of ethanol reduces the CoV(IMEP). In the absence of etha-

nol, this ratio was approximately 4%. Increasing the pro-

portion of ethanol to 10% resulted in a 50% reduction in 

CoV(IMEP) value. A further increase in the share of etha-

nol lead to this indicator reaching the value of 1–1.5% (with 

the permissible limit value being 1.5%).  
 

Table 1. Energy shares of fuels in gasoline-ethanol blends [23] 

Ethanol 
share 

Energy content 
in gasoline 

Energy content 
in ethanol 

Total energy  
in the fuel 

[%] [MJ] [MJ] [MJ] 

0 75.80 0 75.80 

10 67.86 8.13 75.99 

25 56.59 19.69 76.25 

50 34.26 42.51 76.78 

75 19.01 58.12 77.13 

100 0 77.58 77.58 

 
a) 

 
 
b) 

 

Fig. 7. Indicator tests: a) cylinder pressure curve, b) changes in BMEP as  
 a function of the start of ignition angle (reproduced from [23]) 

 

The injection strategy of gasoline direct injection plus 

ethanol direct injection mode can further expand engine 

load range compared with the conventional direct injection. 

The reason is that the fuel latent heat of vaporization is 

more efficiently used to reduce fuel dose air temperature 

and increase the volumetric efficiency when both gasoline 

and ethanol are injected directly into cylinder. 
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Gasoline direct injection plus ethanol direct injection 

mode can increase the mean effective pressure and thermal 

efficiency simultaneously. 

The authors of the following article conducted the re-

search on the novel method of mixture forming using two 

different hydrocarbon fuels. The original dual direct injec-

tion tests relied on the injection of gasoline and other fuels 

(ethanol, n-butanol and n-heptane). The tests were carried 

out with the use of a rapid compression machine (Fig. 8).  

 

 

Fig. 8. The RCM head adjusted for the dual-fuel injection system 

 

Fuel was supplied by two high-pressure injection pumps 

from the BMW M4 GTS. The original system was modified 

by disconnecting the cable connecting the two pumps, 

which made it possible to supply the system with two dif-

ferent fuels independently (Fig. 9). The system enables 

independent fuel pressure adjustment in the range of 5–30 

MPa.  

 

 

Fig. 9. High pressure pump stand with a fuel pressure regulation system 

 

The tests were carried out in the form of injecting the 

same fuel (Fig. 10a) and different fuels with the two injec-

tors (Fig. 10b). 

The observed heat release loss results from the specifici-

ty of operation of such a system and the heat escape. The 

symmetrical piston movement causes the phenomenon, that 

the heat release rate is always positive [e.g. 37]. However, 

the application of a slider system, in which the typical 

cranking system does not exist, causes the different heat 

release rate course – it is in a certain portion of combustion 

– negative. The negative values of dQ lead to the heat re-

lease loss. Such results can be obtained in research using an 

RCEM without typical cranking system [e.g. 21, 43]. 

Based on the conducted research, it was found that 

among the analyzed fuel configurations, the gasoline +  

n-butanol fuel supply configuration was the most efficient; 

the efficiency value for this test case was 27.8% and was 

higher by 6.1% than for the base configuration, i.e. with the 

use of gasoline only. 

 
a) 

 
 
b) 

 

Fig. 10. Effect of fuel type on heat release: a) injection of the same fuel, b)  

 injection of different fuels  

 

The combustion of gasoline and n-butanol mixture in re-

lation to the combustion of gasoline alone resulted in: 

– maximum combustion pressure in the cylinder being 

10% higher; changes observed for other fuel mixtures 

reached values up to 4%, 

– the pressure increase being 17% greater; combustion of 

the other analyzed mixtures indicates changes in this 

value of up to 7% in comparison, 

– maximum heat release rate being 22% greater; where 

other fuel mixtures generated smaller differences of up 

to 8% at most, 

– the maximum amount of total heat released being 22% 

higher; changes of this indicator for other fuel mixtures 

compared to gasoline were: 13% (for petrol and ethanol) 

and 8% (for petrol and n-heptane). 
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4.2. Injection of diesel fuel with other fuels 

Simulation tests with the use of DF and LPG fuels were 

conducted by Boretti [7]. The validation was used only for 

diesel injection in the engine. The other studies in the dual-

fuel system were not validated. Simulation analyzes were 

performed with the use of the WAVE software, obtaining 

maps defining the shares of DF and LPG fuels.   

Therefore, it was possible to create maps of the excess 

air coefficient values, which were shown in Fig. 11. It 

shows that with increasing engine load, the share of LPG 

fuel increases and the share of diesel fuel decreases. At the 

same time, the excess air coefficient decreases, and in the 

conditions of the full power characteristics it takes values in 

the range  = 1.1–1.2. 

Despite considerable design difficulties, Long et al. [30] 

used a dual-direct injection system in a compression igni-

tion engine. This solution uses a premixed charge system 

prepared by the main pre-injection blended fuels of diesel 

and ethanol-gasoline. The system called Jet Controlled 

Compression Ignition (JCCI) was shown in Fig. 12. The 

tests were carried out with a single-cylinder engine with  

a cylinder diameter of 86 mm and a compression ratio of 

15.5. The typical compression chamber of the diesel engine 

has been replaced with a flat chamber to fit the premixed 

combustion mode. The fuel used was a mixture of gasoline 

and ethanol with diesel fuel constituting 15% (D15) or 30% 

(D30) fuel share by mass. The injection system was 

equipped with two fuel injection pumps operated inde-

pendently. The fuel injection pressure in the pre and main-

injection systems was maintained at 60 MPa (in the case 

where the engine load was over 50%, the fuel injection 

pressure was increased to a maximum of 90 MPa). Diesel 

oil was supplied by the central injector (fuel injection direc-

tion being in line with the piston movement). The injector 

placed at an angle supplied the mixture of D15 or D30 at an 

angle of 10 degrees – Fig. 13.  
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Fig. 11. Simulation analysis of the excess air coefficient overlayed on the general characteristics of an engine using a combined DF and LPG injection:  

 a) LPG energy share, b) Diesel fuel energy share, c) excess air coefficient, d) engine power (reproduced from [7]) 

 

 

Fig. 12. Diagram of the JCCI combustion system design (reproduced  

from [30]) 

The experimental results and analysis demonstrated that 

the fuel JCCI mode with dual-direct injection strategy could 

effectively and robustly control the combustion event and 

emissions of premixed combustion mode. 

Dual-fuel direct fuel injection systems currently apply – 

apart from the examples presented above – also to the injec-

tion of methanol and DF [12] as well as to n-butanol in 

combination with biodiesel [47]. The comprehensive re-

view of different variants of powering systems and fuels 

has been put together by Saiteja and Ashok in [2]. In the 

paper by Ning et al. [34] from 2020, 10 additional publica-

tions on direct injection of two different fuels were cited, 

for DF and methanol mix. Simulation studies using diesel 

oil and n-butanol fuel were conducted by Cai et al. [9]. 

Various combustion systems were implemented with the 

simulation apparatus: 
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HCCI: n-butanol (PFI) 

PCCI: n-butanol in-cylinder early single injection  

RCCI: n-butanol (PFI) + diesel (DI) 

DI
2
: n-butanol (DI) + diesel DI. 

An example comparison of pressure curves in a cylinder 

was shown in Fig. 14. 

 
a) 

 
b) 

 

Fig. 13. Changes in cylinder pressure and heat release rate: a) during main  
 injection, b) during pre-mixed combustion (reproduced from [30]) 

 

 

 

Fig. 14. In-cylinder pressure, heat release rate, temperature, CO, and CO2 
 emission characteristics for representative cases of DI2 and RCCI (repro- 

 duced from [9)] 

The reason for the differences in incomplete combustion 

between the two strategies is primarily related to the differ-

ent fuel delivery strategies. In RCCI, part of the premixed 

n-butanol distributes itself within the low temperature 

squish region near the liner, which cannot be completely 

oxidized due to its too low local equivalence ratio. By con-

trast, n-butanol and diesel with different injection timings 

and spray angles are directly injected into the cylinder in 

DI
2
 by two separate nozzles, hence the in-cylinder distribu-

tion of the fuel/air mixture can be effectively modulated. As 

indicated in Fig. 15 for DI
2
, the fuel within the squish re-

gion can also be well oxidized. 

 

 

Fig. 15. Comparison of the in-cylinder temperature distribution between  
 the representative cases of DI2 and RCCI at CA50 (reproduced from [9]) 

 

In studies conducted by Dong et al. [12] analyzes of the 

injection of methanol (injected centrally in the cylinder) 

and diesel fuel (non-axial injection) were performed. 

Changes in the excess air coefficient were not analyzed. 

The research was conducted in the aspect of replacing die-

sel fuel with methanol in the range of 45% to 95%. The 

research results were summed up in Fig. 16. 

 

 

Fig. 16. Summary of studies on direct injection of MeOH and DF (repro- 

 duced from [12]) 

 

Similar studies were also conducted by Huang et al. 

[18]. Direct injection of two fuels was used; those being 

methanol and biodiesel. The tests were carried out in the 

ICCI (Intelligent Charge Compression Ignition) system. 

This combustion mode was proposed to realize flexible 

stratifications of concentration and reactivity with the best 

gradient in accordance with the engine operating condi-

tions. In ICCI mode, most of low-reactivity fuel is directly 

injected during the intake stroke with a single or multiple 

stage split injection. Then, the rest of low-reactivity fuel 

and high-reactivity fuel are directly injected in succession 

to establish crossed stratifications of the equivalence ratio 

and reactivity in the cylinder. 

The analysis of the combustion pressure change with the 

use of methanol and biodiesel was shown in Fig. 17. 
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Fig. 17. Effects of fuels injection timings on the in-cylinder pressure and  

 heat release rate (methanol energy ratios = 30%) (reproduced from [18]) 

 

Fueling the internal combustion engine with hydrogen 

and diesel fuel in the hydrogen-diesel dual direct injection 

(H2DDI) system was presented by Liu et al. [29]. Hydrogen 

was injected into the cylinder at a pressure of 20 MPa. The 

tests were carried out on a single-cylinder engine (adapted 

from a four-cylinder engine) with a modified compression 

ratio to 17.4. 

The results of supplying the engine with hydrogen and 

diesel oil were shown in Fig. 18.  

As a result of the conducted research, it was found that: 

‒ Direct injection of hydrogen into the cylinder results in 

up to 10% increase in the end-of-compression pressure, 

which is associated with additional compression work. 

At later injection timings, this effect is less pronounced. 

‒ Under the conditions of this work, the shape of the 

apparent heat release rate (aHRR) resembles that of the 

baseline diesel combustion, except when hydrogen is in-

jected late resulting in insufficient mixing time, in 

which case slower aHRR indicative of a hydrogen mix-

ing controlled combustion is observed. 

 

 

Fig. 18. Effect of hydrogen injection timing on in-cylinder pressure and 

apparent heat release rate (aHRR) at selected hydrogen energy fractions of  

 20% (left) and 50% (right) (reproduced from [29]) 

5. Conclusions 
Direct dual-fuel injection has already been implemented 

with various fuels. These systems can be classified accord-

ing to the dominant fuel: 

‒ gasoline with/without other fuels, 

‒ diesel fuel with/without other fuels, 

‒ hydrogen with/without other fuels. 

The variety of these solutions in connection with the 

possibility of also using indirect injection causes the im-

plementation of combustion systems to be: 

‒ homogeneous (HCCI): PFI, 

‒ stratified (PCCI): PFI + DI, 

‒ reactivity stratification combustion (RCCI): PFI + DI. 

The search for new combustion systems contributes to 

increasing the internal combustion engines efficiency, the 

possibility of achieving better combustion process control 

(including controlling the excess air coefficient in the cyl-

inder), as well as intensifying development works in the 

field of alternative fuels (butanol, methanol, hydrogen) as 

well as synthetic fuels. 

 

Nomenclature 

ADI  acetone direct injection 

CI compression ignition 

CNG compressed natural gas 

CoV coefficient of variation 

D30 diesel (30%) 

DI direct injection 

DI
2
 dual direct injection 

EDI  ethanol direct injection 

G70 gasoline (70%) 

GDI  gasoline direct injection 

GPI  gasoline port injection 

H2DDI  hydrogen-diesel dual direct injection 

IMEP indicating mean effective pressure 

JCCI jet controlled compression ignition  

LPG liquified petroleum gas 

MAP manifold air pressure 

MeOH  methanol 

MFB mass fuel burn 

NG natural gas 

PFI port fuel injection 

RCCI reactivity controlled compression ignition 

SI spark ignition 

SOI start of injection 

TDC top dead centre 

 excess air ratio 
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