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Abstract: This study investigates a preliminary injection characterization of the injection rate and the
injection quantity behavior in a high-pressure common rail injection system used in a heavy-duty
engine. The injection rate meter and the injection quantity meter used in the test meter measuring
systems were jointly connected under the Zeuch method measurement principles at a constant volume
chamber and under the Bosch method measurement principles at a long pipe flow. The trade-off
trend for the injection rate and the injection quantity was observed according to the injection pressure.
As expected, fuel injection with pilot injection affected the spray quantity and the injection evolution
of subsequent fuel injection without pilot injection in dimethyl ether and diesel fuel. The pressure
variations in the initial injection duration (2000–6000 µs) of the main and pilot injections for diesel and
DME were similar. However, after 7000 µs, the pressure of DME increased more rapidly compared
to that of diesel. This finding was the result of the rapid density changes caused by the nature of
compressive fluid. Therefore, the DME supply pump was expected to require a higher drive energy
by approximately 20% compared to that of the diesel supply pump.

Keywords: injection rate; injection quantity; Zeuch method; Bosch method; pilot injection;
main injection; dimethyl ether (DME); solenoid respond loss; ECU (Electric Control Unit); BTDC
(Bottom top dead center); TWV (Two way valve)

1. Introduction

The use of the current diesel injection pump or common rail system as the injection device for
dimethyl ether (DME), which is a compressive oil, poses many problems. One of the major problems
is the lubricity of DME being lower than that of diesel by more than 50%, which can cause sticking
between the plunger and the barrel in a mechanical pump, sticking of a plunger in a high-pressure
supply pump of a common rail system, and sticking of an injector in a solenoid valve and a nozzle
in a needle valve. Studies are being actively conducted to improve the existing injection devices or
develop new ones and solve these problems [1–3]. A previous study showed that the fuel injection
system of the common rail type can independently control the injection amount by pressure, injection
duration, and timing from the revolutions per minute (rpm) and load factor of the engine, thereby
improving power and reducing emissions [4]. To control ignition timing, exhaust gas recirculation rate
and operating regions in a premixed DME HCCI (Homogeneous Charged Compression Ignition) was
realized on the ultra-low NOx and smokeless emission with induced DME as the main fuel [5–8] and
investigated on the effects of the combustion phasing with exhaust gas recirculation loop for external
EGR (Exhaust Gas Recirculation) [9].
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Furthermore, pilot injection—which is a characteristic of the common rail system—can shorten
the ignition delay and increase the heat generation rate, thereby reducing combustion noise and
nitrogen oxide emissions [10]. The research on the effects of the spray angle and injection strategies
(single injection, multi-injection, etc.) on the combustion characteristics [11–14] which are composed of
particle size distribution [13], spray characteristics in a various pressure condition [14–16], combustion
and emission performances, and EGR rate [17]—was investigated via numerical and experimental
methodologies. Homogeneous charge compression ignition (HCCI) and bulk combustion were
also investigated. The results, including those of diesel high-pressure injection and the effects of
injection timing (e.g., pre-injection pilot-injection, main-injection, after-injection, and post-injection) on
the engine, had been sufficiently reported. However, no satisfactory research results have yet been
presented as regards the development and projection of specific injection systems for fuel supply
according to the fuel characteristics, especially regarding DME. The injection rate and the injection
quantity were measured using the Bosch tube method and the Zeuch method for measuring the
injection rate of fuel due to the characteristics of DME fuel. The fuel injection rate characteristics were
analyzed using the Bosch tube method and it was difficult to measure the fuel volume by using the
fuel quantity as DME fuel changes from its atmospheric pressure to its gaseous state. In this study,
the key is to measure the injection rate and the injection quantity of compressed DME fuel.

In this study, we apply DME and diesel fuels to a common rail injection system and examine the
pilot injection rate according to the injection pressure and timing when the fuels are injected using
an injector with an injection rate meter and an injection quantity chamber meter (model: CATEL-R01)
produced and installed in our institution. Furthermore, the cause of the decreasing injection quantity
due to response loss and friction loss generated while the needle valve is activated by fuel spill is
investigated as a result of the activation of the solenoid valve by the TWV pulse from the ECU.

2. Experimental Apparatus and Methodology

2.1. Experimental Setup

Table 1 lists the specifications of the injection rate meter and the quantity meter used in this
experiment. Figure 1 shows the schematic. The injection rate meter used the Bosch method, while the
injection quantity meter used the Bosch–Zeuch method, applied the Zeuch method and combined
a flexible plastic hose. The Bosch tube rate of the injection meter [18,19] records the injection rate by
measuring the pressure curve which is produced by injection as it injected into a length of compressible
fluid. The Zeuch method [20–22] records the pressure of a constant volume chamber as an injection
into the chamber occurs. When the mass of fuel in the chamber increases, the pressure of chamber must
increase. In this paper, the principles of Bosch–Zeuch method are applied. Due to the characteristics
of DME fuel, it is difficult to measure the exact injection quantity because it changes from room
temperature to the gas phase. The injection amount in the chamber was measured using Zeuch method
and Bosch tube method. The injection quantities of diesel and DME accumulated in a static chamber
for 60 s were weighed using a scale.

Table 1. Injection rate and quantity meter specifications.

Instument Items Specifications

Rate meter
Max. pressure 100 MPa

Pipe length 6000 mm

Quantity meter Chamber volume 1500 mm3

Max. pressure 5–25 MPa
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Table 3 lists the specifications of the common rail system. Figure 2 shows a photograph of the 
experimental rig diagram of the overall system. It was installed in the test bench after the injection 
rate meter and the injection quantity meter were combined with the common rail system. 
  

Figure 1. Schematic of the experimental setup.

Table 2 shows the specification of DME and diesel fuel properties.

Table 2. Properties of DME and diesel fuels.

Division. Unite DME Diesel

Liquid density kg/m3 667 831
Cetane number >55 40–55
Octan number - -

Chemical structure (CH3)2O -
Stoich.A/F Rate kg/kg 9.0 14.6

Boiling point (760 mmHg) ◦C −25 180/370
C wt % 52.2 86
H wt % 13 14
O wt % 34.8 0

Velocity of sound: a m/s 980 1330
Kinematic viscosity (Liquid): V cSt <1 3

Modulus of elasticity N/m2 6.37 × 108 1.49 × 109

Cavitation factor K 0.1 0.68
Low calorific value(LCV) MJ/kg 28.8 42.7

Ignition limite λ 0.34/ 0.48/
Vapor pressure kPa 530 -

Mol.wt g/mol 46.069 170
Autoignition temperature ◦C 235 250

Maximum explosion pressure Bar.m/ 7.9 -
Maximum laminar burning velocity m/s 0.54 -

Liquid specific heat kJ/kg·k - 2.2
Gaseous specific heat kJ/kg·k 2.99 1.7
Heat of vaporisation kJ/kg 467.23 300

Table 3 lists the specifications of the common rail system. Figure 2 shows a photograph of the
experimental rig diagram of the overall system. It was installed in the test bench after the injection rate
meter and the injection quantity meter were combined with the common rail system.
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Table 3. DME common rail specifications.

Items Items Specifications Dimension

Supply pump Gas booster Bore × stroke (mm × mm) ϕ 29 × 64
Liquid pump Bore × stroke (mm × mm) ϕ 15 × 64

Injector
PVC Solenoid (V) 24

Needle lift Lift (mm) 0.21
Injection hole Diameter (mm) ϕ 0.21 × 5

Common rail Pressure (MPa) 100
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Figure 2. Photograph of the experimental rig.

2.2. Experimental Conditions

Figures 3 and 4 show the injection conditions of the two-way valve pulses of the ECU during an
injection duration without and with pilot injection, respectively, for DME and diesel fuels injected
from an injector by a manual controller using the experimental conditions in Table 4.

Table 4. Experiment condition.

Experimental Conditions Control Specification

Pump revolution 900 rpm
Pilot injection duration 0.313 ms

Main inj. timing BTDC 14◦

Pilot inj. timing BTDC 25◦

Injection pressure 50 MPa
Nozzle hole specification

(Nozzle diameter × hole number) ϕ 0.22 (mm) × 6 holes

Chamber pressure 5–15 MPa
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3. Results and Investigations

3.1. Injection Pressure in Accordance with Injection Duration

Figure 5 shows the line pressures between the fuel rail and the injector during the main injection
period of diesel and DME. The initial pressure variations were similar, but the pressure of DME
increased more rapidly than that of diesel after 7000 µs because of the rapid change in density caused
by the nature of the compressive fluid. This result suggested that the DME supply pump required 20%
more energy compared to the diesel supply pump.Energies 2018, 11, x FOR PEER REVIEW  6 of 12 
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Figure 6 illustrates the result of the pilot injection under the conditions of Figure 1. DME and
diesel were injected under the same conditions. However, DME was injected 200 µs earlier than diesel,
showing that DME with a fuel density lower than that of diesel at a constant pressure condition would
result in earlier fuel spill and fuel injection.
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3.2. Needle Lift Variations in Accordance with Injection Timing

Figure 7 shows the needle lift operation times according to the main injection duration for DME
and diesel. The needle lift variation in a fixed injection duration was 0.25 mm for diesel and 0.35 mm
for DME, indicating that DME had a larger fuel consumption per unit time than diesel for fuel supply
to the engine.

Figure 8 depicts the needle lift operation times by fuel spill with TWV (Two-way valve) pulse
generation according to the pilot and main injection durations for DME and diesel. This figure
illustrates that the needle lift operation time was lower for the pilot injection quantity during the pilot
injection of diesel and DME. In other words, the main injection quantity when the fuel supply quantity
was constant was lower by the pilot injection quantity, showing a close relationship between fuel
consumption and the brake thermal efficiency of the engine.Energies 2018, 11, x FOR PEER REVIEW  7 of 12 
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3.3. Injection Rate and Amount in Accordance with Changing Pilot and Main Injection Timing

Figure 9 shows the injection rates expressed by the injection quantity per unit time of injection
by the needle lift operation resulting from the fuel spill with the TWV pulse according to the pilot
and main injection durations for DME and diesel. The injection quantity for an injection duration of
60,000 ms (6 × 107 µs) was 30,000 mg for DME and 8000 mg for diesel. These results were obtained
based on the measurement results of the injection quantity.

The injection quantity in the case of DME is increased more than that of diesel. The reason
is that the low heating value of diesel is higher than that of DME. This result suggests that the
injection duration when DME was used as a substitute fuel for diesel can be delayed by approximately
20%, and the injection quantity can increase by 30%, which can lead to increased fuel consumption.
This value corresponded to the fact that the low heating value of DME was lower by approximately
40% than that of diesel.
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3.3.1. DME Injection Quantity by Trend Line

Figures 10 and 11 show the pilot and main injection quantities of DME obtained by applying
equations according to a detailed trend line for the measured injection quantity pulses in Figure 9.
The purpose of injection according to such a trend line was to separately examine the injection rate
and the quantity for pilot and main injections in multiple injections. The following equations express
the abnormal compressive fluid under a single pressure according to a trend line

.
QD = A·Vp (1)

P(t) = a·ρ·Vp (2)

where the injection rate
.

QD is proportional to pressure P(t) and, thus, can be expressed as follows as
a time change for the inner pressure of the pipe

.
QD =

dQD
dt

= A·P(t)
ρ·a (3)

Q =
A
ρa

·
∫ t1

t0

P(t)dt (4)

P(t) =
(

a0 + a1t + a2t2 + a3t3 · · ·
)

dt (5)

where, A is section area of tube, ρ is fuel density, Vp is liquid velocity, and a is velocity of sound.Energies 2018, 11, x FOR PEER REVIEW  9 of 12 
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3.3.2. Diesel Injection Quantity by Trend Line

Figures 12 and 13 depict the pilot and main injection quantities for the pilot and main injection
durations of diesel. The diesel pilot injection duration was approximately between 2700 µs and 3200 µs.
Thus, the total injection period was approximately 500 µs, which was similar to the DME injection
duration between 2500 µs and 3000 µs. However, the injection start point of DME was earlier by 200 µs,
indicating that the spill of the injector solenoid valve and the needle lift started earlier. The injection
timing of DME occurred earlier than that of diesel because the liquid density and the kinematic
viscosity of DME were lower by 20% and 30%, respectively, than those of diesel. Furthermore, the main
injection timing and duration also showed similar trends.
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Figure 13. Injection rate characteristic for only the main injection quantity of the pilot and main
injection durations for diesel.

4. Conclusions

The effects of the TWV pulse, pressure variations, and nozzle needle lift by fuel spill, injection
rate by injection pressure, and injection quantity according to the injection rate on the pilot and main
injections were examined herein before application to the experimental engine to obtain the basic data
required for engine experimentation in the future. We particularly examined the optimum injection
pressure, needle lift, pilot injection rate, main injection quantity, and injection timing according to the
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injection duration when the current high-pressure electronic common rail was applied to an engine
using a high-pressure fuel injection system by a common rail. The conclusions obtained from this
study are summarized as follows:

1. The pressure variations in the initial injection duration (2000–6000 µs) of the main and pilot
injections for diesel and DME were similar. However, after 7000 µs, the pressure of DME increased
more rapidly compared to that of diesel. This finding was the result of the rapid density changes
caused by the nature of compressive fluid. Therefore, the DME supply pump was expected to
require a higher drive energy by approximately 20% compared to that of the diesel supply pump.

2. The maximum variation during the needle lift operation was 0.25 ms for diesel and 0.35 ms for
DME. Thus, that of DME was higher by 0.1 m or 29% because DME had a higher fuel consumption
per unit time for fuel supply to the engine based on weight than diesel.

3. The TWV pulse and the injection start time showed a difference of 1 ms in the injection rate
according to the injection pressure. Unlike the mechanical supply pump that used a mechanical
advancer, the common rail system was activated by the injector solenoid based on the ECU pulse.
Thus, a difference between the electronic speed and the mechanical speed was observed, and the
ECU program will have to consider the advancer.

4. The solenoid response decreased as the needle lift operation time increased, resulting in a loss of
the discharge flow. Although the injection duration and quantity were changed by the injection
pressure, they were also changed by the injection duration. Thus, this characteristic must be
considered when applying the common rail injection system. Furthermore, the larger the needle
lift, the greater the loss of the injection quantity.

5. The typical method of measuring the injection quantity per unit time of DME is to measure the
injection quantity accumulated in a pressure vessel. However, one problem encountered in this
method is that the chamber vessel, connecting parts, and valves can be damaged because of the
chamber pressure being increased by the cumulative injection quantity.

6. Based on the injection rate and quantity measurement experiment for DME in this study,
we propose the Bosch–Zeuch injection rate measurement method, which combines the Bosch and
Zeuch methods.
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