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Highlights
Fuel temperature effects on injector needle motion and injection velocity are
investigated.

X-ray imaging technique is used to analyze the transient needle and flow
dynamics.

Increased fuel viscosity in cold conditions decreases the needle rising speed and
injection velocity.
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Increased fuel bulk modulus in cold conditions increases the needle closing
speed.

Injection duration and injection velocity exert near equivalent contribution to the
injection mass.

Abstract
Real driving emission (RDE) test conducted in sub-zero temperature conditions has been
acting as a severe emission regulation over the existing test methods for diesel engines. In
order to cope with this tightened regulation, many studies have been conducted to interpret
the factors causing the deteriorated diesel engine combustion in cold operation conditions.
The deteriorated fuel injection performance has been regarded as one of the key contributing
factors but the governing mechanisms are not thoroughly understood so far. This study aims
to provide a comprehensive understanding of the effects of fuel temperature including sub-
zero conditions on fuel injection performance by measuring the transient needle motion and
injection velocity of a diesel injector using synchrotron X-ray imaging techniques. The factors
causing the deteriorated injector performance and their contributions are discussed
thoroughly based on the results. The results showed that the injection duration was shortened
as the fuel temperature decreased as a result of decreased needle opening speed and increased
needle closing speed. The increase of fuel viscosity and bulk modulus was discussed as the
main factors associated with these results. The total injection mass was reduced by lowering
the fuel temperature not only by the shortened injection duration but also by the decreased
injection velocity. These factors exerted near equivalent contribution to the reduced injection
mass at low fuel temperatures.
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1. Introduction
Diesel engines are known to generate relatively high thermal efficiency compared to other
internal combustion engines. Like all engines, diesel engines’ performance is greatly affected
by the outside temperature while driving, resulting in a lower fuel economy and increased
emissions in sub-zero weather conditions [[1], [2]–3]. Recently, emission regulations for diesel
engines are increasingly strengthened. In particular, over the introduction of
WLTP(Worldwide Harmonized Light-duty Vehicle Test Procedure), RDE(Real Driving
Emission) regulation has been phased in, and the criteria have become further strict [4]. Since
the RDE regulation includes real-road driving tests in sub-zero weather conditions, it is
necessary to identify the factors yielding the deteriorated engine thermal efficiency and
emission characteristics in sub-zero temperatures and analyze the causes in detail. During the
cold operation, the high frictional loss due to the increased viscosity of lubricant can be the
factor that reduces the engine thermal efficiency. The poor combustion in low-temperature
engine cylinders can also be the factor that increases emissions [5]. In addition, when the
injector is operated at a low temperature, the low fuel temperature can cause a decrease in the
injection mass and deterioration of the spray atomization and mixing performance [[6], [7]–8],
which have adverse effects on the engine combustion.

The injection rate measurement results from previous studies have shown a decrease in the
injection mass at low fuel temperatures that attributed to the decrease in the injection
duration and flow performance. As the fuel temperature decreased, the injection start timing
was delayed but the end timing was advanced so that the injection duration became shorter
[6–8]. The spray atomization and mixing characteristics have been evaluated by macroscopic
spray structures such as spray tip penetration and spray angle. As the fuel temperature
decreased, the spray penetration increased with a narrower spray angle revealing the
deteriorated atomization and mixing performance. Increased fuel viscosity and surface tension
at low fuel temperatures have been regarded as the main causes of the trends mentioned
above, which slow down the needle motion, decrease the flow performance and deteriorate the
liquid breakup and droplet atomization [6,8].

More detailed studies of transient in-nozzle needle motion governing the transient injection
rate profile have been conducted using a one-dimensional (1-D) flow simulation software
(AMESim) to reveal the factors governing the trends mentioned above especially regarding the
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reduced injection mass in low fuel temperatures [9,10]. In the studies, the pressure balance
across the needle and the viscous friction between the needle and surrounding fuel were
considered as the main parameters affecting the transient needle motion in various fuel
temperatures. The numerical studies revealed that lowering the fuel temperature reduced the
needle opening speed and peak needle lift while the needle closing speed remained unvaried,
which were responsible for the reduced injection duration in low fuel temperatures. They
raised the increased fuel viscosity and the corresponding increase in viscous friction as the
main factor associated with the reduced needle opening speed in low fuel temperatures. The
increased fuel viscosity at low fuel temperatures could also alter the pressure difference across
the needle but this effect was claimed to be less significant. Although the numerical studies
have provided advanced insights on the fuel temperature effects on the transient needle
motion associated with the reduced injection mass in low fuel temperatures, there are still
uncertain and missing discussion points. First, the adequacy of needle motion prediction
results has been examined indirectly using the injection rate measurement results that need to
be further examined using the practical needle motion data to reach concrete understandings.
Second, the previous studies have only focused on the fuel temperature effects on needle
opening behavior but less attention has been paid to the needle closing behavior. Third,
although the previous studies have investigated the fuel temperature effect in various injection
pressures, there has been insufficient discussion of how the fuel temperature effect appears
differently in different injection pressures. Last, although the decrease of fuel mass at low fuel
temperatures can be caused by the slower needle motion and decreased flow performance, the
contribution of each factor has not been thoroughly characterized.

In this study, the transient needle motion and the injection velocity (a representative factor of
flow performance) of the latest generation diesel injector are measured in various fuel
temperatures and injection pressures. For the measurements of transient in-nozzle needle
motion and injection velocity at the nozzle exit, an X-ray phase-contrast imaging technique
suitable for grasping the internal structure of a high-density object and the high-speed jet
dynamics is used, which details will be explained in the following section. Based on the
results, the factors affecting the transient needle motion and injection velocity in various fuel
temperatures and their contributions to the fuel injection mass are discussed. The database
and knowledge established in this study would assist in the advanced modeling of the needle
and flow dynamics of diesel injection in real-driving conditions as well as the fundamental
understandings of the associated phenomena.
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2. Methods and experiments

2.1. X-ray phase-contrast imaging (XPCI)

Conventional light sources used for fuel spray analysis have limits to the analysis of optically
dense near-nozzle spray region due to the severe scattering and absorption of the light from a
large number of liquid droplets. To resolve the difficulties, the XPCI using the synchrotron X-
ray sources which have an atomic-level wavelength and high-energy, and sub-nanosecond
pulses has been applied to visualize and analyze the structure and dynamics of in-nozzle
components and dense liquid sprays in the near-nozzle region [[11], [12]–14]. When an X-ray
beam passes through an object, both absorption and phase-shift occur. The X-ray beam
intensity is attenuated by the absorption of the object. Also, the diffracted X-rays generate the
interference fringe patterns along the object boundaries having different densities. The XPCI
records both intensity attenuation and the interference fringe patterns so that the internal
structures of the nozzle and dense liquid sprays in the near-nozzle region can be imaged.

2.2. Experimental setup

A schematic diagram of the experimental setup for the XPCI and the applied X-ray pulse
pattern are shown in Fig. 1. Further details of the setup can also be found in many previous
papers [[15], [16], [17]–18]. The Hybrid-singlet beam mode of Advanced Photon Source (APS)
has an irregular X-ray pulse pattern generated for each cycle with a 3.682 μs period. Each cycle
contains a single-bunch with a 150 ps duration and 16 mA current, and 8 groups of 7
consecutive bunches (8 septets) separated with 11 mA current per group and periodicity of 68
ns. To protect the imaging system from the heat load of X-ray beams, a mechanical shutter is
used to allow the beam to pass through the shutter only at the imaging instant (8 ms opening
duration). The XPCIs formed after penetrating the injector nozzle or dense fuel sprays are
converted to visible light images by a scintillator crystal (LuAg:Ce), which are then reflected by
a 45° mirror and captured by a high-speed camera (Model SA-Z, Photron). In the experiments,
the camera frame rate of 67889 Hz (one-fourth of synchrotron revolution frequency) is
adopted to record the transient needle motion and near-nozzle spray images during an
injection event.
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Fig. 1. Experiment setup of X-ray phase-contrast imaging and applied X-ray pulse pattern.

Different X-ray pulses are received by the camera to obtain the needle and near-nozzle spray
images due to different transmittances of injector nozzle and liquid fuel against the X-ray. The
8 septets with a total electron current of 88 mA and a length of 472 ns are received for the
imaging of needle inside the nozzle, while 2 septets are received for the double-exposed
imaging of near-nozzle fuel sprays for the injection velocity analysis. The detailed analysis
methods of the needle motion and injection velocity using the obtained X-ray images are
described in the following sections.

As a window of the spray chamber, the Kapton window with a high X-ray transmittance was
used. In order to obtain an X-ray image at the target position, the positions of the chamber
and high-speed camera were controlled with a high-precision traverse system. A chiller system
was used for the fuel cooling, and an electronic high-pressure pump and common rail were
used for precise pressure control.

https://www.sciencedirect.com/topics/engineering/injection-velocity
https://www.sciencedirect.com/topics/engineering/chiller


Page 7 of 26

2.3. Analysis of needle motion and injection velocity using X-ray images

Fig. 2a shows the nozzle shape and needle image taken by receiving the 8 septets from the
camera (refer to Fig. 1). For the needle motion analysis, the needle images are obtained from
the start of the injection trigger signal (before the actual start of injection) to the end of
injection with an imaging frequency of 67889 Hz during an injection event. The needle lift at a
certain time during the injection can be quantified by the cross-correlation analysis of the
needle image taken at that time and taken before the injection. First, the needle tip region is
cropped in the needle image taken before the injection (base window). A window having the
same size and location as the base window (searching window) is set in the needle image taken
at a certain time during the injection. Then the gray-scale correlation factor of the search
window and base window is calculated in turn by shifting the location of the search window
vertically to an upward direction. The location of the search window having the maximum
correlation factor is detected and the needle lift can be obtained finally by calculating the
relative vertical location of the search window against the based window. More details of the
needle motion analysis method can be found in a previous study [18–20].

Fig. 2. Illustration of the X-ray image analysis method to derive the needle motion and local
axial velocity of the spray: (a) Cross-correlation analysis for the needle motion measurement,
(b) Auto-correlation analysis for the velocity measurement.

In order to measure the injection velocity, the local axial velocity of the spray is measured at a
region of interest about 0.5 mm from the nozzle outlet. To derive the local axial velocity of the
spray, a double-exposed X-ray spray image is captured using 2-septets shown in Fig. 1. Then,
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as presented in Fig. 2b, an auto-correlation analysis is performed in the region of interest
(ROI) of the spray image. The displacement vector of the imaged features during the 68 ns
time interval can be obtained by detecting the relative location of the displacement peak with
respect to the center self-correlation peak. To obtain the injection velocity, the ROI is placed to
the spray center region where the axial velocity is the highest. Due to the line of sight nature of
the X-ray images, the information of all liquid features along the beam path is projected to the
detector plane, which makes it difficult to tell the velocity of which location is derived from
the auto-correlation analysis. Despite this limitation, the previous studies have shown that the
velocity results obtained from the X-ray image analysis present the velocity of the largest
features in the beam path, which normally exist in the middle of the beam path in the spray
region [13]. Due to the line of sight nature of the X-ray images, the images of adjacent jet
plumes can appear to be overlapped especially for the nozzles with a large number of holes
like a diesel injection nozzle. A plume which jet axis is not overlapping with the others is
selected for the injection velocity analysis (lower jet in Fig. 2b). This jet axis is not
perpendicular to the X-ray beam path and has an inclination angle (θ) of 43°. As a result, the
derived velocity from the projected X-ray image will underestimate the actual velocity. Hence,
the derived velocities from the X-ray images are corrected by dividing the velocity as the factor
of cos43° (0.731).

2.4. Experimental conditions

Table 1 presents the applied experimental conditions. A commercial solenoid-driven 10-hole
diesel injector with a nozzle hole diameter ( ) of 0.119 mm was used as the test injector.
According to previous investigations, modern commercial diesel injectors have minor hole-to-
hole flow variations [15]. Hence, the spray injection velocity was measured only for one hole of
the 10-hole injector. The needle motion was measured under all combinations of injection
conditions (four injection pressures and three fuel temperatures), while the injection velocity
was measured under all conditions except the injection pressure of 40 MPa. The zero and sub-
zero fuel temperatures of 273 K (0°C) and 243 K (-30°C) were created by soaking the fuel
injector into the cooling jacket covering the whole injector in which the coolant (glycerol) is
recirculating continuously. The coolant temperature was set and kept constant by a chiller
system. The first fuel injection was performed after the injector was cold-soaked for a long
time (several minutes) so that the fuel temperature inside the injector could be regarded as the
coolant temperature. The consecutive injections were then performed with a 0.33 Hz
frequency. A preliminary investigation was performed by comparing the needle motion and
injection velocity of the first shot to those of the shots during consecutive injections. The
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needle motion and injection velocity results confirmed that applying the injection frequency
of 0.33 Hz does not change the fuel temperature during the consecutive injections. Since the
needle motion and injection velocity were not varying significantly by the ambient gas
pressure in diesel engine-like conditions due to high injection pressures up to well over 200
MPa [21], the ambient gas (nitrogen) remained as the atmospheric pressure with a gas density
of 1.25 kg/m . The US No. 2 diesel was used as the test fuel. The dynamic viscosity ( ) and
density ( ) of the test fuel as a function of fuel temperature and injection pressure are
presented in Fig. 3, which are obtained from a previous paper [22].

Table 1. Experimental conditions.

0.1

(Atmospheric)

243, 273, 313 1.25 (N ) 2 10-

hole

0.119

3

Injection Pressure

(MPa)

Ambient

Pressure

(MPa)

Fuel

Temperature

(K)

Ambient gas

density (kg/m )3

Injection

duration (ms)

Nozzle

type

Hole

diameter

(mm)

40, 80, 100, 160 (For

needle motion)
2

80, 100, 160 (For

injection velocity)
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Fig. 3. Kinematic viscosity and density of US No. 2 Diesel as function of temperature and
injection pressure [22].

3. Result and discussion
In this section, the results of transient needle motion, and needle opening and closing speeds
are presented first under various fuel temperatures and injection pressures. Subsequently,
results of the injection velocity and flow performance at the nozzle exit are presented in the
same conditions. Finally, the factors affecting the reduced injection mass in the low fuel
temperature conditions and the contributions of each factor are discussed based on the
results.

3.1. Fuel temperature effects on transient needle motion

Four graphs in Fig. 4 show the fuel temperature effects on the transient needle motion in the
injection pressure conditions of 40, 80, 100, and 160 MPa. The start and the end timing of
needle motion and the period of needle motion (injection duration) for the conditions are
presented in Fig. 5. The results show that the start timing of the needle motion does not vary
by the fuel temperature although previous studies have reported the increased injection delay
at low fuel temperatures [6–8]. It can be due to the advanced response performance of the
latest generation diesel injectors. On the other hand, as the fuel temperature decreases, the
peak needle lift decreases and the injection terminates earlier indicating the shortened needle
motion period (injection duration) in the low fuel temperatures. This trend becomes more
obvious as the injection pressure increases.
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Fig. 4. Fuel temperature effects on the time trace of needle lift after the start of injection
command (SOC) for each injection pressure (Since the shot-to-shot deviation of needle lift is
less than 5 μm in standard deviation, error bars are not presented in the graphs.).

https://www.sciencedirect.com/topics/engineering/injection-pressure


Page 12 of 26

Fig. 5. Fuel temperature effects on the start and the end timing of needle motion (left) and the
needle motion period (right) under various injection pressures.

As shown in the left-side image of Fig. 6, the needle motion has transient regimes in the initial
and the end stage in the needle lift regime below 100 μm. In the transient regimes, the needle
opening and closing speed are not constant with time. Beyond the transient regimes, the
needle moves up and down with a constant speed, which is defined as the steady-state of
needle motion [19]. The needle opening and closing speeds during the steady-state of the
needle motion are measured in various fuel temperatures and injection pressures and the
results are presented in Fig. 6. The previous numerical studies have predicted that the needle
motion is dominantly influenced by the fuel viscosity, and the needle motion becomes slower
as the fuel temperature decreases as a result of the increased fuel viscosity [9,10]. The trend of
the needle opening speed in Fig. 6 is in accordance with that of the previous predictions.
However, the trend of needle closing speed appears in a reverse way showing the increased
needle closing speed with the decrease in the fuel temperature. These trends appear more
significantly as the injection pressure increases.
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Fig. 6. Effects of fuel temperature and injection pressure on the needle opening and closing
speed during the steady-state of the needle motion (Since the shot-to-shot deviation is smaller
than the symbol size, the error bars are not presented in the graphs.).

In order to understand the governing mechanisms associated with the results trend above, the
operation mechanism of the injector needle should be understood first. Fig. 7 shows a simple
sketch of the injector cross-section and the forces acting on the needle. The needle opening
and closing timing and the transient needle behavior are determined by the balance of forces
acting on the needle. The first force is induced by the fuel pressure difference between the
upper and lower part of the needle ( ). Before the injection, the fuel pressure in the upper
part of the needle (pressure control chamber) is equivalent to the rail pressure while the
pressure in the lower part of the nozzle (nozzle sac) is ambient pressure. Once the electric
current is supplied to the injector solenoid, the fuel passage in the top part of the pressure
control chamber (OA orifice) opens, and the fuel pressure in the control chamber starts to
decrease. As a result, the needle lifts up and the pressure in the nozzle sac increases that can be
exerted as the needle lifting force. Once the electric current supply to the solenoid is cut, the
passage of OA valve closes, and the fuel flow through the OZ orifice refills the pressure control
chamber accompanying the pressure rise. As a result, the needle is pushed downward. The
second force is the viscous friction between the needle and the surrounding fuel ( ). The
viscous friction is a function of fuel viscosity and the relative velocity between the needle and
fuel that would increase with the increase of the two factors.
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Fig. 7. Simplified sketch of the injector and the schematic diagram showing the fuel
temperature effects on the force balance across the needle.

As claimed in the previous study, the slow needle opening speed at low fuel temperatures can
result from increased needle viscous friction. The magnitude of viscous friction increase upon
the decrease of fuel temperature would appear larger at high injection pressures due to the
faster needle rising speed. It can be associated with the more obvious fuel temperature effect
on the needle opening speed in high injection pressure conditions, as shown in Fig. 6.
However, the needle closing speed shows a totally reverse trend with the needle opening
speed. It is opposite to our intuition based on the viscous friction, which implies that there is
another physical factor affecting the transient needle dynamics. Here, we raise the bulk
modulus of fuel as an additional factor to explain the reason for increased needle closing
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speed at low fuel temperatures. In general, the bulk modulus of fuel increases upon the
decrease of fuel temperature and the increase of fuel pressure [23]. When the OA orifice is
blocked and the fuel flows into the pressure control chamber through OZ orifice, the fuel with
lower temperatures would be more difficult to be compressed due to its high bulk modulus so
the local pressure can increase more substantially. This can also be explained based on Eq. (1)
which describes the pressure change in the pressure control chamber ( ) as a function of
bulk modulus of the fuel ( ) and rate of fuel volume change in the pressure control chamber 

.

Here, the pressure in the pressure control chamber can be calculated by a numerical method
as shown in Eq. (2) with simple assumptions.

A previous study performed with a nozzle having the almost identical geometry with the
current study found that the flow discharge coefficient of OZ orifice is insensitive to the fuel
viscosity in the range of 2.4 to 22.5 mm /s in high injection pressure conditions of diesel
injectors [10]. Therefore, regardless of the fuel temperature,  can be expressed
simply as the product of volume flow rate and time-based on Bernoulli's equation as shown in
Eq. (3)

where A is the area of OZ orifice. Then, substituting  into Eq. (2) gives Eq. (4)

Here,  is the fuel volume in the pressure control chamber. A simple calculation showing the
pressure rise in the initial stage of needle closing is performed. For the simplicity of
calculation,  is fixed at the initial volume of the chamber. Also, it is assumed that the initial
pressure  is 0 when n=1. Based on Eq. (4), after the OA orifice is closed, the pressure inside
the pressure control chamber over time was calculated with 1 μs interval and shown in Fig. 8.
From this result, it is confirmed that  can be a sole function of Bulk modulus and is elevated
with the decrease of fuel temperature. Thus, it can push the needle more strongly downward
at low fuel temperatures in the initial stage of needle closing. This effect would be more

(1)

(2)

2

(3)

(4)

https://www.sciencedirect.com/science/article/pii/S0017931021009431?dgcid=coauthor#bib0023
https://www.sciencedirect.com/topics/engineering/discharge-coefficient
https://www.sciencedirect.com/science/article/pii/S0017931021009431?dgcid=coauthor#bib0010
https://www.sciencedirect.com/topics/engineering/bernoullis-equation
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obvious at high injection pressures due to the higher bulk modulus, which can be associated
with the trend of needle closing speed in Fig. 6. In addition, the fuel temperature effect on
needle viscous friction would be less obvious during the needle closing since the direction of
fuel flow is the same as the direction of needle movement. The effects of bulk modulus and
viscous friction would appear simultaneously and the former effect is more dominant and
reflected in the trend of needle closing speed.

Fig. 8. Pressure change in the pressure control chamber with time after the start of needle
closing stage.

3.2. Fuel temperature effects on flow performance

Fig. 9 shows the time trace of injection velocity at the nozzle exit at different fuel temperatures
and injection pressures. It can be seen from the result that the injection duration and injection
velocity are both reduced as the fuel temperature decreases. As shown in Figs. 4 and 5, the
decrease of the needle motion period contributes to the shortened injection duration. The
slower injection velocity in low fuel temperatures can result from the increased flow loss in
nozzle orifices owing to viscous friction and the increase in the fuel density. It should be noted
that the increased fuel density reduces the flow velocity at the orifice exit based on the
Bernoulli equation [24,25].

https://www.sciencedirect.com/topics/engineering/bernoulli-equation
https://www.sciencedirect.com/science/article/pii/S0017931021009431?dgcid=coauthor#bib0024
https://www.sciencedirect.com/science/article/pii/S0017931021009431?dgcid=coauthor#bib0025
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Fig. 9. Injection velocity at the nozzle outlet with time after injection command at different
fuel temperatures and injection pressures.

Fig. 10 shows the steady-state velocity coefficient ( ) as a function of Reynolds number ( )
calculated for each test condition in order to discuss the sole effect of fuel viscosity on
injection velocity by excluding the effect of fuel density. The definitions of  and  are given
in Eqs. (2) and (3).

where, the  and  denote the actual injection velocity during the steady-state (middle of
injection) and the ideal injection velocity estimated by the Bernoulli equation, respectively.
The  is a mean value during the steady-state injection from 1.0 to 1.5ms after the start of
injection command(SOC). The result in Fig. 10 shows that in high  conditions, a gentle
decrease of  is observed as the  decreases. This decrease becomes more abrupt when the 

 becomes lower than ca. 5000 indicating the effect of fuel viscosity on flow performance is
critical in this low  regime. The fact that should be paid attention to here is that the  at
243 K is in the regime of abrupt  decrease regardless of injection pressure.

(2)

(3)

https://www.sciencedirect.com/topics/engineering/injection-velocity
https://www.sciencedirect.com/topics/engineering/outlet-nozzle
https://www.sciencedirect.com/topics/engineering/injection-pressure
https://www.sciencedirect.com/topics/engineering/reynolds-number
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Fig. 10. Steady-state velocity coefficient at the nozzle outlet at different fuel temperatures and
injection pressures as a function of Re.

3.3. Contribution of factors to the injection mass decrease in low fuel temperatures

The decrease of the injection velocity and injection duration leads to the reduction of the total
injection mass in low fuel temperatures. In Fig. 11, the contributions of each factor to the
reduction of total injection mass in low fuel temperatures are compared in the injection
pressure of 160 MPa. The injection rate is obtained by multiplying the X-ray injection velocity
to the cross-sectional orifice area at the nozzle exit with an assumption that the flow
contraction by the cavitation formation is negligible. This assumption can be valid since the
modern diesel injectors suppress the formation of geometric cavitation by applying the taper
degree (K-factor) of around 2 or even higher [26]. The total injection mass is then obtained by
integrating the time trace of the injection rate.

https://www.sciencedirect.com/topics/engineering/outlet-nozzle
https://www.sciencedirect.com/topics/engineering/injection-pressure
https://www.sciencedirect.com/topics/engineering/injection-rate
https://www.sciencedirect.com/topics/engineering/cavitation
https://www.sciencedirect.com/science/article/pii/S0017931021009431?dgcid=coauthor#bib0026
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Fig. 11. Governing factors and their contributions to the reduced injection mass in the lowered
fuel temperatures.

The result of the injection mass exhibits that if assuming the injection mass at 313 K as 100%,
the total injection mass decreases to 82.5% and 76.1% at 273 K and 243 K, respectively. In a
similar fashion, if setting the injection velocity and injection duration at 313 K as 100%, they
decrease to 91.2 and 90.5% at 273 K, and to 87.6 and 85.4% at 243 K. The percentages of
injection mass at 273 K and 243 K are almost equivalent to the multiplication of the reduced
percentages in 'Decrease in injection velocity' and ' Shortening of injection duration' at each
temperature. These results indicate that the decreased injection velocity and reduced injection
duration contribute near equally to the reduced injection mass in low fuel temperatures. It
indicates that both effects need to be carefully considered when characterizing the fuel
temperature effects on fuel injection performance.

4. Conclusion
In this study, the transient needle motion and the injection velocity at the nozzle exit are
measured under various fuel temperatures (from 243 K to 313 K) and injection pressures (from

https://www.sciencedirect.com/topics/engineering/injection-velocity
https://www.sciencedirect.com/topics/engineering/nozzle-exit
https://www.sciencedirect.com/topics/engineering/injection-pressure
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•

•

•

•

40 MPa to 160 MPa) using the X-ray phase-contrast imaging technique to unveil the governing
factors and their contributions to the reduced injection mass in low fuel temperatures. The
key findings of the current study are summarized below.

The start time of the needle motion does not vary significantly by the fuel temperature in
the range of 243 to 313 K that can result from the sufficiently high needle response of the
latest generation diesel injectors.

The needle opening and closing speeds vary depending on the fuel temperature. The
needle opening speed gets slower upon the decrease of fuel temperature, which can be
attributed to the increased viscous friction between the needle and surrounding fuel. This
reduces the maximum needle lift. Meanwhile, the needle closing speed increases slightly at
low fuel temperatures supposedly due to the increase of fuel bulk modulus that promotes
the pressure rise in the pressure control chamber. This slower needle opening speed and
faster needle closing speed reduce the needle motion period (injection duration) as the fuel
temperature decreases. These trends appear more significant at high injection pressures.

The injection velocity decreases significantly upon the decrease of fuel temperature as a
result of the increased fuel density and viscosity. The fuel viscosity effect becomes more
obvious when the fuel temperature and injection pressure are sufficiently low so that the
Re becomes lower than a critical value (ca. 5000 in the current injector).

The reduced injection duration and injection velocity contribute to the reduced injection
mass at lowered fuel temperatures, and the contribution of these two factors upon the
reduced injection mass is almost equivalent within 2% difference. Thus, it was concluded
that both effects need to be carefully considered when characterizing the fuel temperature
effects on the injector performance.

It is emphasized at the last that understanding the fuel temperature effects on transient needle
motion using the practical measurement data is critical to validate and advance the prediction
accuracy of previous 1-D models as well as to provide useful knowledge to the injector and
engine designers.
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