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a b s t r a c t 

Jet Propellant-8 (JP-8) is used as a fuel for standard CI engine instead of diesel oil, especially in military 

applications on a large scale. For all such applications, the engine regulation parameters are optimal for 

diesel oil. The properties of kerosene-type fuel, encourage to test different strategies of mixture creation 

and combustion modes which could be more effective for JP-8 than these elaborated for diesel oil. The 

paper describes an experiment focused on finding an injection strategy for effective application of JP-8 to 

a CI engine with low compression ratio. To find an effective way of JP-8 application, the search described 

in the paper started from the investigation of Low Temperature Combustion (LTC) possibilities, including 

Homogeneous Charge Compression Ignition (HCCI) engine operation. It led to Partially Premixed Com- 

bustion (PPC) with the injection synchronised with the start of mixing controlled phase of combustion. 

It is also presented how small changes in the injection sequence could heavily influence the combustion 

phases and very significantly modify the combustion process. For the tests, a naturally aspirated AVL re- 

search engine equipped with a common rail system was adapted. The low compression ratio (CR = 12:1) 

was applied. The experiment excluded Exhaust Gas Recirculation (EGR) and mixture dilution with the air. 

The paper contains the comparison of JP-8 combustion parameters, engine performance and emissions 

parameters obtained for different injection strategies. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Jet Propellant 8 (JP-8) is a military kerosene-type aviation tur- 

ine fuel with Fuel System Icing Inhibitor (FSII). The fuel prop- 

rties allow JP-8 to be used as a unified NATO fuel (NATO code 

-34). It is also used as fuel for IC engines, especially for heavy 

uty CI engines [1] . The literature on fuelling of CI engine with 

P-8 describes experiments conducted on CI engines with typical 

ompression ratio (CR) in the range of 15:1 - 18:1, equipped with 

uel systems designed for diesel oil injection [2 , 3] . The injection 

trategies utilised for JP-8 are usually optimal for diesel oil fuelling, 

ut the simple replacement of diesel oil with JP-8 leads to engine 

erformance reduction and modifies its emissions [4] . The com- 

ustion process, especially combustion phasing strongly affects en- 

ine efficiency, fuel consumption, and emissions. The studies on its 

ontrol, especially for lower octane fuels and those with different 

han diesel oil properties are critical for their practical application 
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or IC engines. [5] . An optical engine study confirms that the au- 

oignition chemistry of hydrocarbon fuels may be significantly in- 

uenced by the transient fluid-mixing processes at the end of in- 

ection. These results lead to use multi-pulse fuel injection strat- 

gy to control the combustion rate and phasing of low-reactivity 

et fuels [6] . The effects of the multiple injection strategy with 

wo pilot doses on the emissions and combustion characteristics 

f a JP-8 fuelled light-duty diesel engine (four cylinders, 2199cc, 

R = 16:1) are described in [7] . Two different injection modes (sin- 

le injection and multiple injections with two pilots) were applied 

o observe the difference in the ignition delay between JP-8 and 

iesel oil. The injection pressure was set to 628 bar for 1500 rpm, 

nd 882 bar for 20 0 0 rpm. Generally, the combustion process of JP- 

 appeared later than that of diesel oil, when the injection strategy 

as the same. For the single injection mode, the difference in the 

gnition delay between using JP-8 and diesel oil was significant, but 

t decreased when the pilot injection was applied. The reason was 

hat the burning of the pilot injections increased the cylinder tem- 

erature before the primary combustion, so the effect of the low 

eactivity of JP-8 was diminished. The Authors of [8] analysed the 

ombustion process of JP-8 using direct imaging and two-colour 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

JP-8 jet propellant-8 

CR compression ratio 

CN cetane number 

LTHR low temperature heat release 

PPC partially premixed combustion 

HCCI homogeneous charge compression ignition 

ITHR intermediate temperature heat release 

IS injection strategy 

CA, α crank angle (deg) 

TDC top dead centre 

BTDC before top dead centre 

ATDC after top dead centre 

p cylinder pressure (bar) 

T temperature (K, °C) 

dp/d α the rate of cylinder pressure rise (bar/deg) 

dQ/d α the rate of heat release (kJ/m 

3 deg)) 

MBF 50 50% mass fraction burnt 

HC hydrocarbons 

THC total hydrocarbons 

CO carbon monoxide 

PM particulate matter 

NO x nitrogen oxides 

BMEP brake mean effective pressure (bar) 

IMEP indicated mean effective pressure (bar) 

ηth engine thermal efficiency (-) 

CV IMEP coefficient of variation of indicated mean effective 

pressure (%) 
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hermometry and compared with diesel oil. For this research AVL 

ingle cylinder, naturally aspirated CI engine (CR = 17:1) equipped 

ith a common rail system was used. From the analysis of the 

ame images, the Authors concluded that the superior vaporisation 

haracteristics of JP-8 accelerated the late-stage combustion of JP- 

 and premixed combustion was predominant in JP-8 burning. The 

nalysis confirmed a faster oxidation process of JP-8 combustion 

han of diesel oil. Analysis of the flame geometric characteristics 

howed that the later stage of the combustion with JP-8 has less 

et structure compared to diesel oil. 

The paper [9] describes some results of the measurements of 

he liquid-phase penetration length, vapour penetration, and igni- 

ion delay made in an optically-accessible combustion vessel over 

 range of high-temperature and high-pressure operating condi- 

ions applicable to a diesel engine. The results showed that the 

iquid-phase penetration of JP-8 is lower than that of diesel oil, 

wing to the lower boiling point temperature of JP-8 and the fact 

hat the vaporisation is faster. High-speed shadowgraph imaging 

howed that a cool flame precedes ignition for both diesel oil and 

P-8, but the cool flame heat release is delayed for JP-8. The inves- 

igation described in [10] confirmed that JP-8 had a shorter spray 

ip penetration and a wider spray angle than diesel fuel mainly 

ue to the faster vaporisation characteristic of JP-8. The peak of 

he rate of heat release was higher, and the premixed burn portion 

as more significant for JP-8 due to its high mixing rate caused by 

he faster vaporisation characteristics. There are several calibration 

arameters that can be adjusted to maintain engine performance. 

hese include fuel injection parameters, such as injection timing, 

ail pressure, and injection strategy (single or multiple pulses per 

ngine cycle), and inlet air flow parameters, such as intake man- 

fold temperature and pressure. Currently, the engine control unit 

ECU) of a military CI engine may control one or more of these pa-

ameters based on the sensor inputs of inlet manifold conditions, 
2 
ngine speed, and the torque required (i.e., accelerator pedal posi- 

ion) to achieve the optimal combustion phasing at a given condi- 

ion [5] . From the point of flexible usage of military vehicles ap- 

lication of fuels with different properties is very important. Addi- 

ionally, emission standards also affect engine construction and its 

ontrol systems. Caterpillar’s Advanced Combustion Emissions Re- 

uction Technology (ACERT) engines, including the C7 engine used 

n the Family of Medium Tactical Vehicles (FMTV), have an open- 

oop controller that adjusts certain calibration parameters to min- 

mise U.S. Environmental Protection Agency (EPA) regulated emis- 

ions. This ECU has the capability to adjust injection timing and 

trategy based on fuel properties [11] . The experiment described 

n the paper was focused on finding an effective injection strategy 

or fuelling of CI engine with JP-8 for the low compression ratio 

f the engine. In the future the engine with a low CR could be a

ase for the development of multi-fuel IC engine, what will be the 

ubject of further work. 

. Homogeneous stratification 

There are many concepts of what is called by Rakesh Kumar 

aurya in [12] "homogeneous stratification". He used this term in- 

tead of "homogeneous mixture" for Homogeneous Charge Com- 

ression Ignition (HCCI) combustion of highly reactive fuels in a CI 

ngine. Several publications report the usage of early direct injec- 

ion to achieve this process for diesel oil [13 , 14] . From fuel auto-

gnition point of view, HCCI combustion is categorised into single- 

tage ignition and two-stage ignition process. Two-stage ignition 

uel has a separate region with a small heat release in the low- 

emperature regime around 10–20 crank angle degree (CAD), be- 

ore the main heat release in the high-temperature regime. The 

ime delay between two stages of the heat release is known as 

negative temperature coefficient region" [15] . The primary auto- 

gnition process is not instantaneous. In two-stage auto-ignition 

uels, Low Temperature Heat Release (LTHR) or "cool-flame" oxi- 

ation reactions take place at the start of the ignition when the 

emperature is in the range of 760–880 K before attaining the Inter- 

ediate Temperature Heat Release (ITHR) phase [16] . Lower octane 

uels (less auto-ignition resistant) such as diesel oil, n-heptane, and 

ME exhibit a two-stage ignition [12] . JP-8 belongs to this group. 

he HCCI engine operation by two-stage ignition fuels needs lower 

harge preheating or lower compression ratios because LTHR raises 

he charge temperature in the cylinder [17] . Reduction of compres- 

ion ratio (CR) reduces charge temperature during the compression 

troke of the engine. The lower CR allows completing injection of 

he fuel before its ignition [18] . Because combustion of homoge- 

eous or nearly homogeneous mixtures involves simultaneous heat 

elease in a spatially vast region, so-called diesel knock appears. It 

imits the maximum engine load. For the HCCI engine operation, 

 bar of Indicated Mean Effective Pressure (IMEP) is reported as 

he maximum achieved in a naturally aspirated HCCI engine us- 

ng well-mixed fuel-air mixture [12] . In [19] , the effect of reduc- 

ng CR on an HCCI combustion was analysed. The paper reported 

hat reduction of CR from 18:1 to 12:1 reduced the knocking of 

he engine and allowed to increase maximum IMEP from 2.7 bar to 

.5 bar. 

The usage of combined port and direct fuel injection system 

escribed in [20] enabled to create homogeneous charge in a CI 

ngine. The port fuel injection was mainly for creating a homo- 

eneous mixture. The in-cylinder injection was used to ignite the 

omogeneous charge (similar to dual fuelling of CI engine fuelled 

ith gas and pilot dose of diesel oil). The homogeneous mixture 

ould also be created only by a direct injection system. For di- 

ect injection, the characteristics of the fuel spray play an essen- 

ial role. A high-pressure common rail injection system, optimised 

or diesel oil, gives a possibility of a direct fuel impingement on 

https://www.epa.gov/pm-pollution/particulate-matter-pm-basics
https://www.sciencedirect.com/topics/engineering/fuel-injection
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Table 1 

JP-8 vs diesel oil properties [35] . 

Property JP-8 Diesel oil 

Approximate formula C 11 H 21 C 12 H 23 

Cetane number 45 50 

Liquid density at 15 °C (kg/m 

3 ) 804 831 

Low heating value (MJ/kg) 42.8 43.2 

Kinematic viscosity at 313 K (mm 

2 /s) 1.27 2.35 

Sulfur content (mg/kg) 3000 350 

Flash point ( °C) 57 66 

Cold filter plugging point ( °C) −54 −31 

Distillation ( °C) 

- start 167 178 

- 50% 202 255 

- end 238 353 
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he combustion chamber surfaces when a different fuel is applied. 

t is possible because the change of fuel changes characteristics of 

he fuel spray. Especially designed injector described in [21] forms 

 hollow-cone sheet spray rather than a liquid jet, and the atomi- 

ation efficiency is high (small droplets are produced). The droplet 

auter mean diameter (SMD) ranged from 15 to 30 μm but also, in 

his case, characteristics of the fuel spray depend on fuel. 

The physical properties of fuel have a profound influence on 

he nozzle flow and spray characteristics that were explained in 

22] with the use of different fuels. A narrow fuel spray angle and 

 dual injection described in [23] shows positive results of injector 

daptation. The fuel injection angle was narrowed from 156 deg of 

he conventional diesel engine to 60 deg, while the compression 

atio was reduced from 17.8:1 to 15:1 to prevent the early igni- 

ion of the homogeneous mixture. The results show that the NO x 

missions were significantly reduced as the injection timing was 

dvanced beyond 30 deg BTDC and the IMEP indicated a modest 

ecrease although the injection advanced to 50–60 deg BTDC in the 

ase of the narrow spray angle configuration. 

Far better performance of a CI engine fuelled with diesel oil 

re obtained for Partially Premixed Combustion (PPC) strategies re- 

lised with the use of modern fuel injection systems and control of 

njection. In these cases, engine performance parameters are better, 

ut emissions, especially NOx emission, is higher than for HCCI op- 

ration. Generally, it is difficult to achieve satisfying results in both 

reas. 

For PPC mode, fuel is directly injected to the combustion cham- 

er, and a stratified premixed charge is burnt. The PPC heat release 

rocess includes four phases: 

• ignition delay, 

• low-temperature reaction, 

• premixed combustion phase, 

• late mixing controlled phase. 

There are some ideas and practical solution elaborated for 

I engine fuelled with diesel oil. "Modulated Kinetics" process 

eveloped by Nissan Motor Company [24] , Toyota Uniform Bulky 

ombustion System (UNIBUS) [25] and AVL Homogeneous Charge 

ate Injection (HCLI) [26] are the best-known examples of what 

s called "Premixed Compression Ignition Engine (PCIE)" [27] . In 

omogeneous Charge Intelligent Multiple Injection Combustion 

ystem (HiMICS) described in [28] , the pre-mixture is formed 

y a preliminary injection performed during the period from the 

arly stage of the induction stroke to the middle stage of the 

ompression stroke. The concept is based on premixed combustion 

ombined with multiple injections. EGR which extends the ignition 

elay and a modified swirl of charge in an improved combustion- 

owl geometry are very significant. It alters and controls this type 

f combustion. The complex information about the effect of the 

wirl ratio, and fuel injection parameters on CO emission and fuel 

onversion efficiency for high-dilution, low-temperature combus- 

ion in a CI engine are included in [29] . The MULINBUMP process 

so-called BUMP combustion chamber with some unique bump 

ings) is an example of a flash mixing technology. In this concept, 

n advanced start timing of a multi-pulse injection together with 

he main injection give much higher air/fuel mixing rate than in 

 conventional DI diesel engine [30] . The results of engine exper- 

ments and CFD simulation presented in [31] show that premixed 

ixture preparation could be controlled by setting the parameters 

f a multi-pulse injection at a specific engine operating condition. 

equentially, the phase and the rate of the heat release could be 

ontrolled. Also, the injector construction is significant. The exper- 

mental results described in [32 , 33] indicate that reducing nozzle 

one angle, increasing injection pulse number, and advancing the 

njection timing are the effective ways for NO x emission reduction 

nd lowering the level of HC and CO emissions. 
3 
. JP-8 as fuel for CI engine 

JP-8 is a kerosene-type reactive fuel (CN = 45). Typical JP-8 dis- 

illation curves start from 165 °C and finish at 267 °C, but a usual 

romatics level is 17.3% by volume [34] (standard diesel oil con- 

ains 4%–5% vol. of aromatics) ( Table 1 ). It is the reason for the re-

uction of the cetane number of JP-8. Its properties are described 

n Table 1 . 

The application of JP-8 as fuel for CI engine is affected by char- 

cteristic phenomena described in the literature: 

1. liquid-phase penetration of JP-8 is lower than that of diesel 

oil, 

2. oxidation process of JP-8 is faster than diesel oil, so pre- 

mixed burn portion in the premixed combustion phase is 

more significant due to its superior mixing rate through 

more rapid vaporisation characteristics, 

3. premixed combustion is predominated. 

4. superior vaporisation characteristics of JP-8 accelerate late 

stage combustion. 

Despite the possible application of JP-8 instead of diesel oil, 

ome published results show that JP-8 could not easily tolerate 

igher CRs because of the dominant premixed combustion phase. 

till, its properties enable us to experiment with different types of 

ombustion strategies. 

. The experiment 

The experiment aimed to test some fuel injection strategies 

hich ensure the possible control of the combustion process of 

P-8 in CI engine with the low compression ratio. Adequate fu- 

lling should ensure maximum engine performance and the low- 

st possible engine emissions. The organisation of the combustion 

rocess, which is key to an effective fuel energy conversion, must 

ake into account specific properties of JP-8 . 

For the tests naturally aspirated AVL research engine with 

 common rail system was adapted. A low compression ratio 

CR = 12:1) limited the temperature during a compression stroke. 

GR and turbocharging were excluded. The key assumption in 

he experiment was to limit the rate of cylinder pressure rise to 

 bar/deg. The Authors of [36] concluded that lower cetane num- 

er fuels showed more knock tendency than higher cetane number 

uels for the tested aviation diesel engine. In this study, the rec- 

mmended limit of the rate of cylinder pressure rise for aviation 

iesel engines was 10 bar/deg, so the limit of 8 bar/deg was safe for 

he engine run. The mass of fuel dose per cycle and its injection 

arameters were regulated to achieve the maximum engine load 

nd possible high thermal efficiency without diesel knock. How- 

ver, some points with a higher rate of cylinder pressure rise were 

lso examined just for comparison. 
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Fig. 1. Test stand. 

AVL 5402 engine, 2) fuel tank, 3) electric fuel pump, 4) fuel filter, 5) high-pressure fuel pump, 6) rail, 7) fuel pressure sensor, 8) injector, 9) controller of the common rail 

supply system, 10) crankshaft speed sensor. 
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Table 2 

Engine characteristics. 

Model AVL 5402 

Type naturally aspirated direct injection (common rail) 

Number of cylinders 1 

Displacement [cm 

3 ] 511 

Bore / stroke [mm] 85.01 / 90.00 

Cycle four stroke 

Compression ratio 12:1 

Maximum power [kW] ca.16 

Maximum speed [rpm] 4200 

Inlet valve: 

open 346.0 CA 

close 586.5 CA 

Exhaust valve: 

- open 128.5 CA 

- close 376.5 CA 

Nozzle type DLLA 162 P 2160 

t

b

C

P

a

f

4

b

e

The engine was equipped with the test equipment which was 

pecified following the Directive of European Parliament and Eu- 

opean Council 1999/96 dated 13 December 1999, as well as Reg- 

lation (EC) No 715/2007 of the European Parliament and of the 

ouncil, dated 20 June 2007 and Commission Regulation (EC) No 

92/2008 of 18 July 2008 ( Fig. 1 ). 

For each tested point, 100 cycles of in-cylinder pressure were 

egistered, and the parameters which describe the combustion 

rocess were calculated [37] . Additionally, exhaust gas analysis 

as done. All measurements were made for an engine speed 

 = 1200 rpm. It was a speed which enabled to get maximum en-

ine torque. 

During the experiment, a few injection strategies were tested, 

hich enable to realise different combustion strategies. The im- 

ortant point in the experiment was the measurement of fuel 

onsumption. Accurate control of individual fuel pulse delivery is 

uite complicated, particularly for short injection pulses. There are 

ome reasons for that (the injector characteristic, the fluctuation 

f pressure in common rail during the engine run, fuel tempera- 

ure change, e.t.c.). Although the fuel delivered in each pulse is not 

xactly proportional to the electric pulse duration, the pulse du- 

ation was the base of calculating the mass of each fuel dose in- 

ected to the cylinder. To increase the accuracy of determination of 

he mass of a single dose, the preliminary injection tests were per- 

ormed. Before the measurement of the investigated point of the 

ngine run, a few small doses (which form the preliminary dose) 

ere injected only, and the calculation of the mass of a single dose 

as more accurate because the duration of all pulses was the same 

low load for 1200 rpm). During the test, the temperature stabiliza- 
4 
ion was applied. The fuel temperature was maintained on 20 °C 

y the AVL Fuel Temperature Control module. 

The trial started from the investigation of JP-8 Low Temperature 

ombustion (LTC) and the possibilities of its realisation. It led to 

artially Premixed Combustion with the impact of the fuel jet on 

 developing flame in the premixed combustion phase. Tests per- 

ormed on individual injection strategies are described in Sections 

.1 - 4.4 , and a comparison of the results obtained, including com- 

ustion process parameters as well as engine performance and 

missions in Section 5 . 

Table 2 . 
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Table 3 

Parameters of examined injection strategies. 

Injection 

strategy (IS) 

Fuel dose per cycle 

(mg/cycle) 

Dose division 

(mg) 

Injection timing 

(deg BTDC) 

Injection 

pressure (bar) 

Inlet air 

temperature ( °C) 

Preliminary 

dose 

Main dose Preliminary 

dose 

Main dose 

IS 1 14.7 – 3 × 4.9 – 80 / 60 / 

50 

800 40 

IS 2 22.7 3 × 1.33 18.7 35 / 30 / 25 8.5 800 35 

IS 3 22.7 3 × 1.33 18.7 30 / 25 /20 8.5 800 35 

IS 4 22.7 3 × 1.33 18.7 25 / 20 / 15 8.5 800 35 

IS 5 22.7 3 × 1.33 18.7 30 / 25 / 20 8.5 800 35 

IS 6 22.7 2 × 1.33 20.3 25 / 20 8.5 800 35 

IS 7 22.7 2 × 1.33 20.3 30 / 20 8.5 800 35 

IS 8 22.7 2 × 1.33 20.3 25 / 20 8.5 800 35 

Fig. 2. Injection strategy for HCCI realisation (IS1). 
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.1. HCCI engine operation (injection strategy no. 1) 

Combustion of homogeneous or nearly homogeneous mixtures 

nvolves simultaneous heat release in a spatially large region. For 

igher engine load diesel knock appears and limits the maximum 

oad, so the mass of the fuel dose per cycle was limited to confine

he rate of cylinder pressure rise to 8 bar/deg. The high injection 

ressure p in = 800 bar was applied to ensure the mixture homo- 

eneity. After some tests, which also involved CO and Total Hydro- 

arbon (THC) emissions analysis, the dose of the fuel injected per 

ne cycle was set at 14.7 mg/cycle. The dose was divided into three 

qual injections per cycle (3 × 4.9 mg/cycle) ( Table 3 ). The lower 

ammability limit, experimentally determined for the kerosene- 

ased aviation fuel/air mixture for 400 K is F/ A = 0.037 (air excess 

atio λ= 1.83) [38] . The dose of JP-8 used in this part of the ex-

eriment created the homogeneous mixture composition close to 

he lower flammability limit ( λ= 1.8). The injections of divided fuel 

ose were set at 80 deg/ 60 deg/ 50 deg BTDC ( Fig. 2 ). The inlet air

emperature was maintained at 40 °C. 
Fig. 3. The rate of heat release (a) and its fragm

5 
For the injection strategy no 1 (IS1), two-stage ignition with 

eparate regions with a small heat release in the low-temperature 

egime and the main heat release in the high-temperature regime 

ere observed. The second stage of the HCCI process showed a 

udden, characteristic heat release in a short time and a corre- 

ponding, abrupt pressure rise ( Fig. 3 a). Half of the fuel energy 

50% Mass Fraction Burnt) was released up to 11 deg ATDC. 

The low CR = 12 caused the low ambient cylinder temperature 

uring the compression stroke, especially during the injection of 

ivided preliminary dose, which contributed to a prolonged self- 

gnition of the homogeneous mixture. At the moment of injection, 

he ambient temperature in the cylinder was lower than the end- 

oiling temperature of the heavy fractions of the fuel. It was about 

00 K at 80 deg BTDC, 460 K at 60 deg BTDC and 490 K at 50 deg

TDC. The first stage of the combustion started when the ambient 

ylinder temperature was about 560 K. It took nearly 40 CA deg to 

nitiate the low-temperature heat release (LTHR). The LTHR raised 

he charge temperature in the cylinder to 620 K, but it was still a 

ow value in comparison to that reported in the literature for less 

eactive fuels than JP-8 ( Fig. 4 a). Low cylinder temperature caused 

ow NO x emission (260 ppm). PM emission was 3 mg/m 

3 . 

The low ambient temperature in the cylinder influenced the To- 

al Hydrocarbons (THC) and CO emissions. For the engine operation 

n the lean operation limit, the IMEP reached 0.42 MPa (0.5 MPa is 

eported as the maximum achieved in a naturally aspirated HCCI 

ngine using well mixed fuel-air mixture [12] ). Generally, a higher 

ntake temperature advances combustion and largely reduces the 

ngine thermal efficiency, since self-ignition is advanced, which 
ent (b) for injection strategy no. 1 (IS1). 
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Fig. 4. Ambient cylinder temperature (a) and cylinder pressure diagram (b) and for injection strategy no.1 (IS1). 
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Fig. 5. Injection strategies (IS2, IS3, IS4) for PPC with retarded injection of a main 

dose. 
auses a significant negative work on the piston. Because the cylin- 

er temperature was relatively low during the compression, it was 

ossible to realise the HCCI process without mixture dilution with 

GR getting IMEP = 0.42 MPa. 

The nozzle used in the experiment was not optimised for JP-8. 

he cone angle of the nozzle used in the test was 162 deg. It was

ossible that fuel droplets reached the cylinder wall and created an 

dditional emission of THC and a drop of engine thermal efficiency 

th. It also could be a reason for local inhomogeneity of the mix- 

ure composition. It also could contribute to the cycle by cycle vari- 

tion of the combustion process, but it was not confirmed. For the 

xperimental data, the Coefficient of Variation of Indicated Mean 

ffective Pressure (CV IMEP ) was calculated (CV [%] = standard devi- 

tion of dataset/mean of data set). The value of CV IMEP obtained 

n the experiment was 1.97% and was lower than the acceptable 

iterature limit, which is 3.5% [12] . 

.2. PPC mode with retarded injection of the main dose (injection 

trategies no. 2, 3, 4) 

The test of HCCI operation showed its limitations, which were 

elatively low IMEP and very high CO and THC emissions. The 

ncrease of the engine load demanded a larger fuel dose and a 

ew injection strategy. The fuel dose was set at d 2 = 22.7 mg/cycle, 

o the mixture was richer ( λ= 1.37) than for HCCI operation 

 λ= 1.8). The fuel dose d was divided into two parts. The first,
2 

6 
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Fig. 6. The rate of heat release and its fragment for injection strategies no. 2 (IS2) (a) (b), no. 3 (IS3) (c) (d), no. 4 (IS4) (e) (f). 

Fig. 7. Injection strategy no. 5 (IS5). 
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7 
reliminary dose was set at 4 mg/cycle, and the second, main 

ose at 18.7 mg/cycle. The preliminary dose was divided into 

hree (3 × 1.33 mg/cycle). The three sets of preliminary dose injec- 

ion timing were tested (35/30/25 deg BTDC, 30/25/20 deg BTDC, 

5/20/15 deg BTDC). The injection timing of the second dose was 

elayed and set at a fixed position – 1.5 deg BTDC ( Fig. 5 ). It con-

nes the rate of cylinder pressure rise. The earlier injection of the 
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Fig. 8. The rate of heat release (a) and its fragment (b) for injection strategies no. 5 (IS5). 
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ain dose (the injection timing 3 deg and 2 deg BTDC) was tested. 

t resulted in a much higher rate of cylinder pressure rise than 

 bar/deg. 

For the three tested cases, the most dominant phenomenon was 

he long ignition delay. It is possible to observe a long cool flame 

hase (low temperature reaction). Two characteristic points are 

arked on the rate of heat release diagrams ( Fig. 6 b,d,f). Point “A”

the start of injection of the main dose and point “B” – the start 

f the premixed combustion phase. For the three tested injection 

trategies, the start of the premixed combustion phase took place 

fter or precisely at the end of the main fuel injection (point B in

ig. 6 b,d,f). The rate of heat release in the premixed combustion 

hase was high, and a higher ambient cylinder temperature than 

CCI mode was observed. The late mixing controlled phase was 

isible, but it was limited. The change of injection timing of the 

ivided preliminary dose did not significantly influence the heat 

elease process, especially did not shift the position of the maxi- 

um of the rate of heat release and the position of the maximum 

ylinder pressure. The maximum cylinder pressure was observed 

t 13 - 16 deg ATDC. 

It was possible to get higher IMEP (7.5 bar) than for HCCI oper- 

tion, but the engine thermal efficiency was 37%, and it was only 

bout 2% higher than for the combustion of a homogeneous mix- 

ure. In comparison with HCCI operation NO x emission rises to 

0 0 0–120 0 ppm. CO and THC emissions dropped significantly, but 

till, high levels were registered (1200 – 1950 ppm of CO and 420 - 

50 ppm of THC). PM emission was 18–25 mg/m 

3 . It was interest- 

ng that for injection strategy no. 4 with the latest injection of the 

ivided preliminary fuel dose (25/20/15 deg BTDC) the PM emis- 

ion dropped to 4 mg/m 

3 . 

.3. PPC with the main fuel dose injection during the start of 

remixed combustion phase (injection strategy no. 5) 

For injection strategies no. 2 – 4 the early injection of the main 

ose (3 deg – 2 deg BTDC) was impossible because of the very high 

ate of cylinder pressure rise. During the test, it was observed that 

he correlation of the flame development phase at the beginning 

f the premixed combustion and the injection of the main dose 

onfines the rate of heat release and as a consequence the rate of 

ylinder pressure rise. 

For strategy no. 5 the mass of the preliminary dose and its di- 

ision into three (3 × 1.33 mg/cycle) has remained. The injection 

iming of the preliminary dose was set at 30/25/20 deg BTDC. The 
8 
ass of the main dose remained the same as for IS2, IS3 and IS4 

18.7 mg/cycle) and its injection timing was set at 8.5 deg BTDC. 

he injection strategy is shown in Fig. 7 

The change of the injection strategy had a very significant in- 

uence on the heat release in the engine cylinder. In comparison 

ith injection strategies no. 2 - 4, the ignition delay shortened sig- 

ificantly. The rate of heat release dropped, and the late mixing 

ontrolled phase became more significant. The low-temperature re- 

ction phase had gone smoothly into the premixed combustion 

hase without a decrease in the curve of the rate of heat release 

n between the low-temperature reaction and the premixed com- 

ustion phase, what was observed for injection strategies no. 2 –

 ( Fig. 8 ). Point “A” ( Fig 8 b - the start of the injection of the main

ose) is located just in the same angle position where the rate of 

eat release starts to rise in the low temperature reaction phase. 

oint “B” ( Fig. 8 b - the start of the premixed combustion) is lo- 

ated precisely in the middle of the injection of the main dose 

hase. The set of the signals from the injector and the heat release 

iagram show that the injected fuel must influence the developing 

ame and influence the premixed combustion phase. Additionally, 

he late mixing controlled phase became a significant part of the 

ombustion process, which had a positive effect on engine perfor- 

ance. The maximum rate of heat release is far lower than for 

he PPC process realised by injection strategies no. 2 – 4 (p. 5.2), 

nd it is the same as for HCCI (p. 5.1), but for a 55% higher fuel

ose. 

The strategy enabled to rise the engine thermal efficiency ( ηth ) 

p to 40%, for much higher engine load in comparison with HCCI 

ngine. IMEP raised to 0.79 MPa, but for HCCI mode it was pos- 

ible to get only 0.42 MPa. The engine cycle was very repetitive. 

he value of CV IMEP obtained for injection strategy no. 5 was 0.77% 

nd was much lower than the acceptable literature limit (3.5%). 

or this injection strategy emission of CO dropped to 560 ppm, 

ut THC was 530 ppm. PM emission was 24 mg/m 

3 . NOx emission 

1390 ppm) was much higher than for HCCI mode and also higher 

han PPC mode for IS2–4. The reason is the relatively high share of 

he late mixing controlled phase of combustion. In this phase, the 

ocal temperature around burning fuel droplets is high enough, and 

he period of droplets vaporisation is long enough to create a high 

mount of NO x . The rise of the ambient cylinder temperature con- 

rms this phenomenon. The comparison of the rate of heat release, 

mbient cylinder temperature and cylinder pressure diagrams for 

njection strategies no. 2 – 4 and 5 are presented in Fig. 9 . 
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Fig. 9. The comparison of the rate of heat release (a), ambient cylinder temperature (a) and cylinder pressure diagram (b) for injection strategies 2–5 (IS2, IS3, IS4, IS5). 

9 



G. Pawlak, T. Skrzek and P. Płochocki Fuel Communications 7 (2021) 10 0 014 

Fig. 10. Injection strategies 6–8 (IS6, IS7, IS8) for PPC realised by injection of three 

fuel doses per cycle. 
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.4. PPC engine operation with a small preliminary dose (injection 

trategies no. 6, 7, 8) 

To check the influence of the mass of divided preliminary dose 

nd confirm the positive effects obtained for the main dose injec- 

ion during the development of the flame in the premixed com- 

ustion phase, an additional experiment was performed. 

One out of the three small doses from the divided preliminary 

ose was switched off one by one (three tested cases – IS6, IS7, 

S8) ( Fig. 10 ). The main dose was increased by the mass of the

mall dose, which was switched off. So, the preliminary dose was 

.66 mg/cycle, and the main dose was 20.3 mg/cycle. The rest of 

he conditions remained the same. 

The lack of one of the initial dose changed the heat release pro- 

ess described in p. 5.3. The premixed combustion phase started 

ust after the injection of the main dose ( Fig. 11 ) not like for IS5,

here the process started in the middle of the injection of the 

ain dose. This small change in the injection process had a very 

ignificant influence on the rate of heat release. The maximum rate 

f heat release raised up to 173–190 [kJ/m 

3 deg], and as a result, 

he rate of cylinder pressure rise reached an unacceptable value of 

1.0–12.3 bar/deg. 

The significant modification of the heat release process influ- 

nced engine performance. The IMEP dropped to 0.71–0.75 MPa, 

nd CO emission rose about 10%. THC decreased by 10%, but the 

rop of PM was about 40%. The NO x emission increased slightly 

n comparison to injection strategy no. 5 (IS5). The experiment 

howed that smaller than in IS5 the preliminary dose divided into 

wo small doses (2 × 1.33 mg/cycle) could be too small to develop 

he premixed combustion phase. Only the main dose injection 

tarted this part of the combustion process. 

. Comparison of parameters of the combustion process, 

ngine performance and emissions for all examined injection 

trategies 

Table 3 shows the set of parameters of the examined injection 

trategies. Fig. 12 illustrates the comparison of the rate of heat re- 

ease, the ambient cylinder temperature and cylinder pressure di- 

grams for all of the tested injection strategies whereas Fig. 13 

hows the comparison of chosen combustion process parameters, 

ngine performance. Fig. 14 gives information of engine emissions. 

The basic assumption in the experiment was to limit the rate 

f cylinder pressure rise to 8 bar/deg. The dose of JP-8 per cy- 
10 
le, division of the dose of the fuel injected per one cycle and 

njection timing was optimised not to cross the limit. The dose 

 1 = 14.7 mg/cycle for HCCI mode and the dose d 2 = 22.7 mg/cycle 

or injection strategies which realised PPC mode was applied. For 

his assumption, the IMEP and the engine thermal efficiency ηth 

as the highest, whereas CV IMEP was the lowest for the injection 

trategy no. 5 (IS5). It was PPC mode with the injection of the main 

ose of the fuel during the start of the mixing controlled phase 

f combustion. The injection strategy no. 5 resulted in a similar 

hape of the rate of heat release diagram for a premixed combus- 

ion phase to the heat release diagram obtained for the HCCI mode, 

ut in this case, the rate of heat release can be confined, but com- 

ustion could be controlled. 

The results show how very small changes in the division of the 

uel dose and its injection timing could modify the heat release 

iagram and as a result, the engine performance and emission. 

he difference between the injection strategy no. 5 (IS 5) and the 

trategies 6–8 is the 5.8% reduction of the initial dose and the in- 

rease of the main dose by the same percentage. For the smaller 

reliminary dose (IS6, IS7, IS8) the engine thermal efficiency ηth 

as nearly the same as for IS5 and THC and PM emissions were 

ven lower, but the rate of cylinder pressure rise was not accept- 

ble. For injection strategies no. 2 - 4 (IS2, IS3, IS4) it was possible 

ot to cross the limit of the rate of the cylinder pressure rise. The 

remixed combustion phase was dominant (late mixing controlled 

hase was not significant) but the emission of CO was high, so the 

ngine thermal efficiency ηth was low. 

The injection strategy no. 5 (IS5) gave the possibility to control 

he combustion process. The fuel injection during the flame de- 

elopment in a premixed combustion phase probably accelerates 

he oxidation process. As a result, the lowest CO emission for this 

trategy was observed. It could be caused by additional turbulisa- 

ion of the air-fuel mixture and its better mixing. The significant 

resence of the late mixing controlled phase, which could also be 

nother consequence of mixture turbulisation has a negative in- 

uence on NOx emission. The possible solution to confine the late 

ixing controlled phase is a higher injection pressure as well as an 

djustment of the spray injection angle (injector nozzle exchange). 

O x emission could be restricted by limited EGR application. 

JP-8 allows us to realise HCCI engine operation, but the IMEP 

s limited, and CO, as well as THC emissions, are very high. In this 

ase, it is necessary to ensure that the fuel droplets do not reach 

he cylinder wall and evaporate from its surface. The early com- 

on rail injections require a carefully chosen fuel injector nozzle 

o minimise the fuel wall-wetting that also could lead to an addi- 

ional THC emission and contribute to the combustion inefficiency. 

n HCCI operation case, higher values of inlet air temperature could 

onfine CO and THC emissions. For all tested injection strategies, 

he emissions of THC and CO for PPC modes were far lower than 

or HCCI mode, but HCCI mode resulted in much lower emissions 

f NO x and PM. 

. Summary 

The experiment allows us to find an effective realisation of Par- 

ially Premixed Combustion (PPC) of JP-8 in CI engine with a low 

R. The proposed injection strategy (IS5) with the impact of the 

njected fuel on the developing flame in the premixed combustion 

hase enables to control the combustion process and makes it effi- 

ient. It is possible to confine the rate of heat release and, as a re-

ult, to confine diesel knock without EGR or air dilution. Despite a 

ow compression ratio (CR) the proposed injection strategy enables 

s to get a high engine load for a high thermal efficiency, which is 

imilar to that of contemporary SI engines. The proposed injection 

trategy could be developed and applied in practice, especially for 

ulti-fuelling of IC engine. 
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Fig. 11. The rate of heat release and its fragment for injection strategies no. 6 (IS6) (a) (b), no. 7 (IS7) (c) (d), no. 8 (IS8) (e) (f). 
11 
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Fig. 12. The rate of heat release (a), ambient cylinder temperature (b) and cylinder pressure (c) diagrams for all tested injection strategies. 
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Fig. 13. The comparison of combustion process parameters and engine performance for all examined injection strategies (a) the rate of cylinder pressure rise, (b) MBF 50 , (c) 

IMPE, (d) CV IMEP , (e) engine thermal efficiency ηth , (e) exhaust gases temperature T EXH . 
13 
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Fig. 14. The comparison of engine emissions for all examined injection strategies: Total hydrocarbons THC (a), CO (b), NO x (c), and PM emission (d). 

R

 

 

 

 

 

 

 

 

 

 

[

 

 

[

[

[  

[  

[

[

[

[

[  

[  

[

[  

[  
eferences 

[1] MIL-DTL-83133K, detail specification: turbine fuel, aviation, kerosene type, JP-8 

(NATO F-34), NATO F-35, and JP-8 + 100 (NATO F-37), 2018. 
[2] Lee J , Bae C . Application of JP-8 in a heavy duty diesel engine. Fuel

2011;90(5):1762–70 . 
[3] Sarosh A , Shahan M , Javaid S . Feasibility assessment of running JP-8 fuel in

diesel engine. In: Conference paper: international conference on aerospace sci- 

ence and engineering (ICASE); 2015 . 
[4] Fernandes G , Fuschetto J , Filipi Z , Assanis D , McKee H . Impact of military JP-8

fuel on heavy duty diesel engine performance and emissions. In: Proceedings 
of the institution of mechanical engineers, part D: journal of automobile engi- 

neering, 221; 2007. p. 957–70 . 
[5] Tess M , Gingrich E , Stoll S . Combustion strategies for low-cetane fuels. In: Pro-

ceedings of the ground vehicle systems engineering and technology sympo- 
sium (GVSETS), NDIA, Novi, MI, Aug. 13-15; 2019 . 

[6] Musculus M., Eagle W., Malbec L. - M. Ignition behavior report for TARDEC fuel

#1 between 750 and 10 0 0K in the Sandia 2.34L single-cylinder optical engine,
Sandia National Laboratories Report SAND2015-4227, 2015. 

[7] Jungyeon L , Sanghyun C , Hoimyung C , Kyoungdoug M . Emission reduction po-
tential in a light-duty diesel engine fueled by JP-8. Appl Energy 2015;89:92–9 . 

[8] Jinwoo L , Heechang O , Choongsik B . Combustion process of JP-8 and fossil
Diesel fuel in a heavy duty diesel engine using two-color thermometry. Fuel 

2012;102:264–73 . 

[9] Pickett L , Hoogterp L . Fundamental spray and combustion measurements of 
JP-8 at diesel conditions. SAE Int J Commer Veh 2009;1(1):108–18 . 

[10] Jinwoo L , Choongsik B . Application of JP-8 in a heavy duty diesel engine. Fuel
2011;90:1762–70 . 

[11] Hansen G , Yost D , Frame E . “Tactical/combat engines cetane window evalua-
tion”. US Army TARDEC Fuels and Lubricants Research Facility Southwest Re- 

search Institute; 2013. Interim Report TFLRF No. 436 . 

12] Maurya RK . Characteristics and control of low temperature combustion engines 
employing gasoline, ethanol and methanol. Springer; 2018 . 

[13] Mingfa Y , Zhaolei Z , Haifeng L . Progress and recent trends in homoge-
neous charge compression ignition (HCCI) engines. Prog Energy Combust Sci 

2009;35:398–437 . 
[14] Bendu H , Murugan S . Homogeneous charge compression ignition (HCCI) com- 

bustion: mixture preparation and control strategies in diesel engines. Renew 

Sustain Energy Rev 2014;38:732–46 . 
[15] Zhao F., Asmus T.W., Assanis D.N., Dec J.E., Eng J.A., Najt P.M. Homogeneous 

charge compression ignition (HCCI) engines: key research and development is- 
sues. SAE PT-94; 2003. 

[16] Saxena S , Bedoya ID . Fundamental phenomena affecting low temperature com- 
bustion and HCCI engines, high load limits and strategies for extending these 

limits. Prog Energy Combust Sci 2013;39(5):457–88 . 

[17] Mehl M., Pitz W., Sjöberg M., Dec J. Detailed kinetic modeling of low- 
14 
temperature heat release for PRF fuels in an HCCI engine. SAE technical paper 

2009-01-1806 2021. 
[18] Gan S , Ng HK , Pang KM . Homogeneous Charge Compression Ignition (HCCI) 

combustion: implementation and effects on pollutants in direct injection 
diesel engines. Appl Energy 2011;88:559–67 . 

[19] Peng Z , Zhao H , Ma T , Ladommatos N . Characteristics of homogeneous charge

compression ignition (HCCI) combustion and emissions of n-heptane. Combust 
Sci Technol 2005 . 

20] Gowthaman S , Sathiyagnanam AP . Effects of charge temperature and fuel in- 
jection pressure on HCCI engine. Alexandria Eng J 2016;55:119–25 . 

21] Lee K , Reitz RD . Investigation of spray characteristics from a low-pressure com- 
mon rail injector for use in a homogeneous charge compression ignition en- 

gine. Meas Sci Technol 2004;15:3 . 

22] Agarwal AK , Som S , PCh Shukla , Goyal H , Longman D . In-nozzle flow and spray
characteristics for mineral diesel, Karanja, and Jatropha biodiesels. Appl Energy 

2015;156(15):138–48 . 
23] Kim MY , Lee CS . Effect of a narrow fuel spray angle and a dual injection con-

figuration on the improvement of exhaust emissions in a HCCI diesel engine. 
Fuel 2007;86(17–18):2871–80 . 

24] Kimura S., Aoki O., Ogawa H., Muranaka S. et al. New combustion concept for 

ultra-clean and high-efficiency small DI diesel engines. SAE technical paper 
1999-01-3681 2021. 

25] Hasegawa R , Yanagihara H . HCCI combustion in DI diesel engine. SAE Trans 
2003;112:1070–7 . 

26] Jacobs T., Bohac S., Assanis D., Szymkowicz P. Lean and rich premixed com- 
pression ignition combustion in a light-duty diesel engine. SAE technical paper 

2005-01-0166 2021. 

27] Jarosinski J , Veyssiere B . Combustion phenomena: selected mechanisms of 
flame formation, propagation, and extinction. CRC Press, Taylor & Francis 

Group; 2009 . 
28] Yokota H., Kudo Y., Nakajima H., Kakegawa T., et al. A new concept for low

emission diesel combustion. SAE technical paper 970891; 1997. 
29] Kook S , et al. The effect of swirl ratio and fuel injection parameters on CO

emission and fuel conversion efficiency for high-dilution, low-temperature 

combustion in an automotive diesel engine. SAE Trans 2006;115:111–32 . 
30] Su W.H., Lin T.J., Pei Y.Q. A compound technology for HCCI combustion in a 

DI diesel engine based on the multi-pulse injection and the BUMP combustion 
chamber. SAE paper 2003-01-0741 2021. 

31] Liu B , Su W , Wang H , et al. Characteristics and energy distribution of mod-
ulated multi-pulse injection modes based diesel HCCI combustion and their 

effects on engine thermal efficiency and emissions. Front Energy Power Eng 

China 2007;1:420–7 . 
32] Su WH , Lin TJ , Zhao H , Pei YQ . Research and development of an advanced com-

bustion system for the direct injection diesel engine. Proc IMechE Part D:J Au- 
tomob Eng 2005;219(2):241–51 . 

http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0002
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0002
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0002
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0003
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0003
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0003
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0003
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0004
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0004
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0004
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0004
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0004
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0004
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0005
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0005
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0005
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0005
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0007
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0007
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0007
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0007
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0007
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0008
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0008
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0008
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0008
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0009
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0009
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0009
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0010
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0010
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0010
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0011
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0011
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0011
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0011
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0012
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0012
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0013
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0013
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0013
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0013
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0014
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0014
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0014
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0016
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0016
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0016
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0018
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0018
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0018
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0018
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0019
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0019
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0019
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0019
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0019
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0020
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0020
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0020
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0021
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0021
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0021
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0022
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0022
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0022
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0022
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0022
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0022
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0023
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0023
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0023
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0025
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0025
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0025
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0027
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0027
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0027
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0029
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0029
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0029
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0031
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0031
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0031
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0031
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0031
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0032
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0032
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0032
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0032
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0032


G. Pawlak, T. Skrzek and P. Płochocki Fuel Communications 7 (2021) 10 0 014 

[  

[

[  

[  

 

[

[

33] Kim HJ , Park SH , Lee CS . Impact of fuel spray angles and injection timing on
the combustion and emission characteristics of a high-speed diesel engine. En- 

ergy 2016;107:572–9 . 
34] Handbook of aviation fuel properties. CRC report No. 635, third edition; 2004. 

35] Karczewski M , Szczech L . Influence of the F-34 unified battlefield fuel with
biocomponents on usable parameters of the IC engine. Ekspl Niezawodno ́s ́c - 

Maint Reliab 2016;18:358–66 . 
15 
36] Meininger RD , Chol-Bum M Kweon , Szedlmayer MT , Khanh Q Dang , Jack-
son NB , Lindsey ChA , Gibson JA , Armstrong RH . Knock criteria for aviation

diesel engines. Int J Engine Res 2016;18(7):752–62 . 
37] Heywood JB . Internal combustion engine fundamentals. International editions. 

Singapore: McGraw-Hill; 1988 . 
38] Li A. Flammability limits of alternative aviation fuels. Open access theses. 869; 

2016. 

http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0033
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0033
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0033
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0033
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0035
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0035
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0035
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0036
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0037
http://refhub.elsevier.com/S2666-0520(21)00007-8/sbref0037

	The examination of injection strategies of jet propellant-8 for compression ignition engine with a low compression ratio
	1 Introduction
	2 Homogeneous stratification
	3 JP-8 as fuel for CI engine
	4 The experiment
	4.1 HCCI engine operation (injection strategy no. 1)
	4.2 PPC mode with retarded injection of the main dose (injection strategies no. 2, 3, 4)
	4.3 PPC with the main fuel dose injection during the start of premixed combustion phase (injection strategy no. 5)
	4.4 PPC engine operation with a small preliminary dose (injection strategies no. 6, 7, 8)

	5 Comparison of parameters of the combustion process, engine performance and emissions for all examined injection strategies
	6 Summary
	References


