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Abstract: The worldwide emission regulations for compression ignition (CI) engines have become 
more stringent driven by global warming issues and public health concerns. A promising solution to 
decrease greenhouse gas and emissions from CI engines is gasohol considered as a fuel-replacing 
diesel. The objective of this study is to study effect of gasohol on fuel injection characteristics of a 
common rail injection system used in CI engines. Gasohol E85, containing 85% ethanol and 15% 
gasoline, is tested and conventional diesel is a reference fuel. An injection measurement device based 
on Zeuch method was used for investigating the injection characteristics including injected amount and 
discharge coeffi cient. Gasohol were injected with both single and double injection strategies at a constant 
injection pressure of 450 bar into a back-pressure of 40 bar. The fi ndings of this study clearly show that 
injection characteristics of gasohol were signifi cantly differed from those of diesel, due to physical 
properties changed. At the same injection conditions, injected fuel rate are different. 
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1.  Introduction
Nowadays, the stringent emission regulations drive 

the development in internal combustion engines. For the 
diesel engines, it is diffi cult to meet the stringent regula-
tions, because of the simultaneous reduction of soot and 
oxide of nitrogen. With this issue, the homogeneous charge 
compression ignition (HCCI) was proposed to operate with 
a fully premixed and lean charge resulting ultralow soot 
and NOx (Thring, 1989). Though HCCI has potential to 
control the emissions, the effi ciency at high load suffered 
from combustion controllability and excessive rate of heat 
release (Hasegawa and Yanagihara, 2003 ; Sjöberg and 
Dec, 2006 ; Yao et al, 2009) . To eliminate the limitation 
at high load of HCCI, the partially premixed combustion 
(PPC) was introduced. PPC allows partially premixed air-
fuel charge. The advantages are a better fuel-air mixing 
compared to diesel engines, and a better combustion con-
trollability at extended load compared to diesel engines, 
resulting in high effi ciency and low emissions. Recent 

works showed that PPC could be operated effi ciently in a 
wide range of engine load with the high octane number 
petroleum based fuels (Johansson, 2015 ; Noehre et al, 
2015 ; Hanson et al, 2009 ; Kalghatgi et al, 2006 ; Kalghatgi 
et al, 2007 ; Hildingsson et al, 2010 ; Manente et al, 2011). 
The fuel for PPC is a gasoline with octane number in the 
range of 70 [11]. Ethanol-gasoline blended fuel, known as 
gasohol, is considered as a more sustainable and friendly-
environmental energy compared to the conventional 
gasoline. Gasohol can reduce consumption of petroleum-
based fuel and greenhouse gas emissions. For PPC, gasohol 
showed the promising and positive results at high and half 
load (Manente et al, 2009a ; Manente et al, 2009b ; Manente 
et al, 2010; Dec et al, 2015). Nevertheless, PPC at low load 
meets late combustion phasing, high hydrocarbon 
emissions and high cycle-to-cycle variation (Manente et 
al, 2011). To overcome the principal diffi culties on PPC at 
low loads, the fuel injection strategy (Kaiadi et al, 2013; 
Rousselle et al, 2013; Labreche et al, 2009; Munsin et al, 
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2017) is one of solution by changing local temperature and 
equivalence ratio in the combustion chamber. Some works 
(Kaiadi et al, 2013; Rousselle et al, 2013; Labreche et al, 
2009) showed that double injection strategy should be 
favored for PPC at low loads. It showed good controllability, 
high efficiency, low emissions and low level of combustion 
noise. 
 PPC is intensively studied using the common rail 
injection system that is only possible to perform the 
multiple fuel injection schemes. In this combustion regime, 
fuel is early injected during the compression stroke to form 
a partially premixed air-fuel charge. With early injection, 
high injection pressure is not necessary for PPC, because 
it has enough time for mixing. In addition, high injection 
pressure enhances impinging on the walls caused high HC. 
To operate PPC with alternative fuels replacing conventional 
petroleum-based fuels, the measurements of injection 
characteristics, i.e. injection delay, injection rate and 
discharge coefficient, are required. Change of fuel 
properties results the different fuel injection characteristics 
in the common rail injection system. Fuel injection 
characteristics can be obtained by using Zeuch method, 
which injects fuel into a constant volume chamber filled 
with the same fuel at a certain pressure, and fuel pressure 
trace is used to calculate the rate of injected fuel. Zeuch 
method showed the precise and acceptable results (Bower 
and Foster, 1991). From previous studies, most of them 
focused on the injection measurement of diesel (Ikeda et 
al, 2001; Benajes et al, 2005; Marcic, 2006) biodiesel 
(Srichai et al, 2018) and some on high octane number fuels, 
e.g. gasoline (Payri et al, 2012) and ethanol (Munsin, 2015). 
However, there is no work, which investigate the injection 
characteristics of gasohol using the common rail injection 
system, especially at the low injection pressure. A 
knowledge gap exists in this area. Therefore, the objective 
of this work is to investigate injection characteristics of 
gasohol using the common rail injection system. The results 
are expected to be relevant to PPC operation and provide 
extended data in the area of analysis on the injection 
characteristics of gasohol.

2.  Methodology
Injection characteristics including injection rate, 

injection delay and discharge coefficient are studied. 
Injection rate measurements are performed by Zeuch’s 
measuring method (Bower and Foster, 1991; Marcic, 
2006). With this method, the test fuel is injected into a 
constant volume chamber filled with test fuel at a certain 
pressure. The chamber pressure is increased in proportion 
to the injected fuel. Using bulk modulus of elasticity of the 
fuel and the conservation of mass, injection rate can be 
estimated by Eq. (1).

  (1)
where 
	    Fuel density (kg/m3)
 V  Chamber volume (m3)
 K  Modulus of compressibility (Pa)
 dP/dt Rate of pressure changed (Pa)

 

 A typical fuel injection rate profile can be divided 
into four stages, i.e. injection delay, needle opening (tran-
sitional zone), stabilized zone and needle closing (transi-
tional zone). The injection delay is the period between start 
of energizing (SOE), i.e. supplying voltage for injector, 
and start of injection (SOI) where injection rate recover 
from the negative value. More details of injection rate are 
explained in (Munsin et al, 2015).

2.1 Experimental Setup
 A system using Zeuch method for fuel injection rate 
is shown in Fig. 1. It consists of common rail injection 
system, hand pump, constant volume chamber and data 
acquisition. For common rail injection system, pump is 
driven by a motor to generate high pressure and deliver 
fuel to the common rail and injector. Then the injector is 
energized by a controller with the setting conditions, e.g. 
injection pressure, energizing time and dwell time. 
 Before the experiments using test fuels, the modulus 
of compressibility was calibrated with a pneumatic driven 
plunger (Munsin, 2015). To find injection rate, test fuel is 
filled into the constant volume chamber by hand pump 
until reach the desired pressure measured by a static 
pressure transducer. Then test fuel is injected by an injector, 
resulting in a steep pressure rise measured by a dynamic 
pressure transducer. The injection rate (dm/dt) can be 
calculated by replacing the measured dynamic pressure 
trace in Eq. (1). 

2.2. Experimental condition
Table 1 shows the experimental conditions. To focus on 
the effect of fuel on injection characteristics under  
partially premixed combustion condition with low injection 
pressure, back-pressure (pressure in the chamber) and fuel 
injection pressure were kept constant at 4 MPa and 45 MPa, 
respectively, and were used consistently for all experiments. 
Test fuels are diesel and gasohol E85, which is a blended 
fuel between 85% ethanol and 15% gasoline. Properties of 
test fuels are shown in Table 2. Test fuels are injected via 
a six hole nozzle with diameter of 0.14 mm. The single and 
double injection strategies are used. The injection signal 
for both strategy is shown in Fig. 2. For double injection 
strategy, the first injection and dwell time are varied. The 
results of fuel injection were averaged from 10 tests to 
analyze uncertainty and repeatability. 
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Fig. 1 Fuel injection meter using Zeuch method.

Fig. 2 Injection signal for different injection strategy.

Table. 1 Experimental conditions

Surrounding condition Value Unit
Back-pressure: Pb 4 MPa
Injection conditions
Nozzle hole no. 6 holes
Hole diameter: f 0.14 mm
Injection pressure: Pinj 45 MPa
Test fuels Diesel/E85 -
Injection strategy
Single injection
- Energizing time 1, 2 ms
Double injection
- 1st Energizing time 1, 1.5 ms
- Dwell time 1, 2 ms
- 2nd Energizing time 1 ms

Table 2. Properties of test fuels 

Test 
Fuels

Density
@40oC
(kg/m3)

Viscosity
@40oC
(cSt)

Modulus of 
compressibility at 

4 MPa
(GPa)

Diesel 820 2.38 1.27
E85 767 1.09 1.09

3. Results and Discussions
In this section, the results concerning the experimental 
setup mentioned above are presented. Test parameters in 
Table 1, i.e. test fuels and injection strategy, for all tests 
have been carried out. For single injection, energizing time 
is varied, while double injection varied 1st energizing time 
and dwell time.

3.1 Single Injection
 Injection rates of test fuels using single injection with 
the different energizing times of 1 and 2 ms at a constant 
injection pressure of 45 MPa and a constant back-pressure 
of 4 MPa are shown in Fig. 3 (a) and (b), respectively. The 
time after start of energizing is used as the time scale 
because it is convenient to measure the injection delay 
(hydraulic delay) of each fluid. With energizing time of 1 
and 2 ms, diesel and E85 have the different injection delays 
caused by differing modulus of compressibility as shown 
in Table 2. E85 needs more time to raise the injector needle 
due to the higher compressibility of E85, resulting in the 
longer injection delay and shorter injection duration. 
 In comparison at the end of the injection rates, the 
closing of injection is faster in case of E85. This can be 
explained by the value of viscosity. With lower viscosity 
of E85, when the needle goes down to the initial position 
after finishing the energizing process, less viscous forces 
against the closing of the injector compared to diesel. In 
case of diesel, longer time is required to stop the injection, 
because higher viscous forces of diesel slows down the 
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needle movement. This work shows the similar results to 
previous work (Payri et al, 2012) that investigate the effect 
of gasoline on injection characteristics using common rail 
injection system with high injection pressures.

3.2 Double Injection
Injection rates of test fuels using double injection with the 
different 1st energizing times and dwell time were tested at 
a constant injection pressure of 45 MPa and a constant 
back-pressure of 4 MPa.
 Fig. 4 shows the injection rate of diesel and E85 using 
double injection strategy with 1st energizing time of 1 ms, 
dwell time of 1 ms and 2nd energizing time of 1 ms. The 
similar results to single injection are observed for both 
fuels. E85 has longer injection delay and faster needle 
closing for 1st injection. However, at 2nd injection, there are 
no longer different for both fuels at needle closing, but E85 
injection rate rises faster than that of diesel.
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Fig. 3  Injection rate of diesel and E85 with (a) energizing 
time of 1 ms and (b) energizing time of 2 ms

 In Fig. 5, increase of 1st energizing time to 1.5 ms 
increases the 1st injection duration as expected, while dwell 
time and 2nd emerging time are kept constant, but the duration 
of stop of injection is shorten. It could be explained that 
the needle is fully opened by the 1st energizing time of 1.5 
ms, and dwell time of 1 ms is too short for complete closing 
of needle before another injection started. It seems to be 
plenty to shorten the duration of stop of injection and  
increase the 2nd injection duration for both fuels. It clearly 
observed that the needle opening and closing is signifi-
cantly faster in the case of E85.
 Fig. 6 shows effect of dwell time. When dwell time 
is prolonged, the 2nd injection durations and injection rates 
of test fuels are smaller. It is not clear why smaller injection 
duration and rate occurred. It may be postulated that with 
long dwell time, complete closing of needle is occurred, 

and it cause large fluctuation on fuel pressure in pipe, re-
sulting to rate and duration of 2nd injection.
 Effect of fuels for double injection strategy can be 
summarized that E85 has 

Double injection Diesel vs E85
Duration 1-1-1 ms
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Fig. 4  Injection rate of diesel and E85 using double injec-
tion with 1st energizing time of 1 ms, dwell time of 
1 ms and 2nd energizing time of 1 ms.

Single injection Diesel vs E85
Duration 1.5-1-1 ms
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Fig. 5  Injection rate of diesel and E85 using double 
injection with 1st energizing time of 1.5 ms, dwell 
time of 1 ms and 2nd energizing time of 1 ms.

Single injection Diesel vs E85
Duration 1-2-1 ms
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Fig. 6  Injection rate of diesel and E85 using double 
injection with 1st energizing time of 1 ms, dwell time 
of 2 ms and 2nd energizing time of 1 ms.

 longer injection delay in the 1st injection for all test 
compared to diesel, while there is no different for injection 
delay of both fuels in the 2nd injection. Comparing to diesel, 
E85 insignificantly changed both 1st and 2nd injection 
duration, but has slightly higher injection rate.
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4.  Conclusion
This study presents a comparison between diesel and 
gasohol E85 on the injection behavior using Zeuch method. 
The major findings are the different injection rates. For 
single injection, E85 changes not only hydraulic delay but 
also injection duration and closing period. Longer hydraulic 
delay and shorter injection duration compared to diesel are 
caused by lower modulus of compressibility of E85. 
 For double injection with variation of 1st energizing 
time and dwell time, the injection characteristics of E85 
and diesel showed the similar results to single injection. 
Increase of 1st energizing time decreases needle closing 
time. The needle opening and closing for both injection are 
significantly faster in the case of E85. Longer dwell time 
is insignificant effect on 2nd injection rate.

5.  Acknowledgement
The financial support of the research work from the Energy 
Policy and Planning Office (EPPO), Ministry of Energy of 
Thailand is gratefully acknowledged. The authors also 
thank Mr. Wasin Wongkum (Maker Asia Co., Ltd.) for his 
help during controller setup.

6.  References
Benajes J, Payri R, Molina S, Soare V. (2005). Investigation 

of the influence of injection rate shaping on the spray 
characteristics in a diesel common rail system 
equipped with a piston amplifier, Journal of Fluids 
Engineering, Transactions of the ASME, vol. 127, 
pp. 1102 – 1110.

Bower, G. and Foster, D. (1991). A Comparison of the 
Bosch and Zuech Rate of Injection Meters, SAE 
Technical Paper 910724,doi: https://doi.org/10.4271/ 
910724.

Dec, J., Yang, Y., Dernotte, J., and Ji, C. (2015). Effects of 
gasoline reactivity and ethanol content on boosted, 
premixed and partially stratified low-temperature 
gasoline combustion (LTGC), SAE International 
Journal of Engines, vol.8(3), pp. 935 – 955.

Hanson, R., Splitter, D., and Reitz, R. (2009). Operating a 
heavy-duty direct-injection compression-ignition 
engine with gasoline for low emissions, SAE Techni-
cal Paper 2009-01-1442, doi:10.4271/ 2009-01-1442.

Hasegawa, R., and Yanagihara, H. (2003). HCCI combus-
tion in di diesel engine, SAE Technical Paper 2003-
01-0745, doi:10.4271/2003-01-0745.

Hildingsson, L., Johansson, B., Kalghatgi, G., and Harri-
son, A. (2010). Some effects of fuel autoignition 
quality and volatility in premixed compression igni-
tion engines, SAE International Journal of Engines, 
vol.3(1), pp. 440 – 460.

Ikeda, T., Ohmori, Y., Takamura, A., Sato, Y., Jun, L and 
Kamimoto, T. (2001). Measurement of the rate of 
multiple fuel injection with diesel fuel and DME. 
SAE Technical Paper 2001-01-0527. doi: https://doi.
org/10.4271/2001-01-0527.

Johansson B. (2005). High-load partially premixed com-
bustion in a heavy-duty diesel engine, paper pre-
sented in the Diesel Engine Emissions Reduction 

(DEER) Conference Presentations 2005, Chicago, 
USA.

Kaiadi, M., Johansson, B., Lundgren, M., and Gaynor, J. 
(2013). Experimental investigation on different injec-
tion strategies for ethanol partially premixed com-
bustion, SAE Technical Paper 2013-01-0281, 
doi:10.4271/2013-01-0281.

Kalghatgi, G., Risberg, P., and Ångström, H. (2006). Ad-
vantages of fuels with high resistance to auto-ignition 
in late-injection, low-temperature, compression igni-
tion combustion, SAE Technical Paper 2006-01-
3385, doi:10.4271/2006-01-3385.

Kalghatgi, G., Risberg, P., and Ångström, H. (2007). Par-
tially pre-mixed auto-ignition of gasoline to attain 
low smoke and low nox at high load in a compression 
ignition engine and comparison with a diesel fuel, 
SAE Technical Paper 2007-01-0006, doi:10.4271/ 
2007-01-0006.

Labreche, A., Foucher, F., and Rousselle, C.M. (2009). 
Impact of the second injection characteristics and 
dilution effect on gasoline partially premixed com-
bustion, SAE Technical Paper 2014-01-2673, 
doi:10.4271/2014-01-2673.

Manente V., Johansson, B., and Tunestal, P. (2009). Half 
load partially premixed combustion, ppc, with high 
octane number fuels. gasoline and ethanol compared 
with diesel, paper presented in the Symposium on 
International Automotive Technology (SIAT) 2009, 
Pune, India.

Manente, V., Johansson, B., and Tunestal, P. (2009). Par-
tially premixed combustion at high load using gaso-
line and ethanol, a comparison with diesel, SAE 
Technical Paper 2009-01-0944, doi:10.4271/2009-
01-0944.

Manente, V., Tunestal, P., Johansson, B., and Cannella, W. 
(2010). Effects of ethanol and different type of 
gasoline fuels on partially premixed combustion 
from low to high load, SAE Technical Paper 2010-
01-0871, doi:10.4271/2010-01-0871.

Manente, V., Johansson, B. and Cannella, W. (2011). Ga-
soline partially premixed combustion, the future of 
internal combustion engines?, International Journal 
of Engine Research, vol.12, 194 – 208.

Marcic, M. (2006). Sensor for injection rate measurements, 
Sensors, vol. 6, pp. 1367 – 1382. 

Munsin, R., Laoonual, Y., Jugjai, S., Matsuki, M. and 
Kosaka, H. (2015). 

Effect of glycerol ethoxylate as an ignition improver on 
injection and combustion characteristics of hydrous 
ethanol under CI engine condition. Energy Conver-
sion and Management, vol. 98, 282–289.

Munsin, R., Pinazzi, P., Foucher, F., Truedsson, I. and 
Rousselle, C.M. (2017). Effect of fuel injection ratio 
on partially premixed combustion of ethanol blends, 
paper presented in the 8th TSME International Con-
ference on Mechanical Engineering, Bangkok, 
Thailand.

Noehre, C., Andersson, M., Johansson, B., and Hultqvist, 
A. (2006). Characterization of partially premixed 



 Injection Characteristics of Gasohol using a Common Rail Injection System 21Vol. 5 No. 1  January-June 2019

combustion, SAE Technical Paper 2006-01-3412, 
doi:10.4271/2006-01-3412.

Payri, R., García, A., Domenech, V., Durrett, R., Plazas, 
A. H. (2012). An experimental study of gasoline ef-
fects on injection rate, momentum flux and spray 
characteristics using a common rail diesel injection 
system. Fuel, vol. 97, pp. 390 – 399.

Rousselle, C.M., Foucher, F., and Labreche, A. (2013). 
Optimization of gasoline partially premixed combus-
tion mode, SAE Technical Paper 2013-01-2532, 
doi:10.4271/2013-01-2532.

Sjöberg, M., and Dec, J. (2006). Smoothing HCCI heat-
release rates using partial fuel stratification with 
two-stage ignition fuels, SAE Technical Paper 2006-
01-0629, doi:10.4271/2006-01-0629.

Srichai, P., Ewphun, P. P., Charoenphonphanich, C., Karin, 
P., Tongroon, M., and Chollacoop, N. (2018). Injec-
tion characteristics of palm methyl ester blended with 
diesel using zuech’s chamber, International Journal 
of Automotive Technology, vol. 19(3), pp. 535 – 545.

Thring, R. (1989). Homogeneous-charge compression-
ignition (HCCI) engines, SAE Technical Paper 
892068, doi:10.4271/892068.

Yao, M., Zheng, Z., and Liu, H. (2009). Progress and recent 
trends in homogeneous charge compression ignition 
(HCCI) engines, Progress in Energy and Combustion 
Science, vol.35, pp. 398 – 437.


