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Precise control of needle lift provides one possibility to control the diesel spray and
combustion process actively. However, most studies of needle lift focus on internal
flow or near nozzle spray. Little work has been performed on its effects on reacting
spray. In this work, one way to change the needle lift profile of a solenoid injector
has been developed and the relationship between needle lift and reacting spray has
been investigated. The needle movement was detected with an optical nozzle. In
addition, the visualization of reacting sprays of the same injector equipped with a
single hole nozzle was conducted in a combustion chamber. Some simulations were
also performed to assist the analysis. The results show that the needle lift profile
can be regulated by changing the thickness of an adjusting pad. It seems the differ-
ent needle lift profiles do not bring in significant influences on reacting spray char-
acteristics. The CFD results indicate that it is mainly caused by the similar internal
flow characteristics which do not show strong variation when needle lift is higher
than 0.1 mm. However, the discharge coefficient and velocity coefficient decrease
sharply when needle lift is smaller than 0.05 mm because of the “throttle” effect.
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Introduction

Fuel-air mixing plays a significant role in Diesel engine combustion process. The
complexity of this phenomenon has been a significant challenge to the researchers boosting
investigations in this area. Precise control of injection event contributes greatly to the opti-
mization of fuel-air mixing process, as well as engine performances and pollutant emissions
[1, 2]. In the last few decades, substantial experimental and computational works have been
made in order to achieve the ideal sprays. Nowadays, the injection timing and fuel quantity
distribution can be controlled in a flexible way by means of the high pressure electronical-
ly controlled common rail systems. Thanks to that, various injection rate shapes [3, 4] and
multiple injection strategies [5, 6] have been studied to get a better fuel-air mixing and more
homogeneous combustion. The effect of nozzle geometry (such as conicity, inlet rounding,
nozzle hole numbers) on mixture formation and combustion of the diesel spray has also been an
interest field to the research community and the automotive manufacturer [7]. In addition, the
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cavitation inside the nozzle could bring a significant influence on diesel spray development, as
well as combustion process, which has also been investigated a lot in recent years in order to
control the spray actively [8-11].

Besides aforementioned methodologies, a better understanding of the effects of nee-
dle lift on spray development could provide another possibility to control fuel-air mixing and
combustion process more effectively. Some studies on the needle lift movement have been
carried out experimentally. Most of them were performed by means of X-ray phase-enhanced
imaging [1, 12]. However, most of them focus on internal flow or near-nozzle dense sprays
and the cost for these experiments are quite expensive. Some numerical works have also been
carried out on the influence of needle lift on the internal flow and cavitation phenomenon
[13, 14]. They found that the main flow features as well as cavitation appearance present differ-
ence at different partial needle lifts. In addition, a few works also studied the effects of needle
lift on non-reacting spray characteristics. Payri et al. investigated the needle lift profile influ-
ence on liquid length [15] and vapor phase penetration [16] of non-reacting sprays through a
piezoelectric injector equipped with a multi-hole nozzle. In their studies, the needle position
is believed to be regulated by changing the charge applied to the piezo-stack. Nevertheless,
the real needle movement was not detected. As mentioned previously, the target of studying
needle lift is to control fuel-air mixing and consequent combustion process more effectively.
However, it can be found from previous literatures that the studies on needle lift are limited to
needle motion and internal flow of piezoelectric injectors. No information is found for solenoid
injector because its needle lift is not able to be controlled as flexible as piezoelectric injector.
Furthermore, to the best of our knowledge, no study has been done on the effects of needle lift
on combustion process. Thus, it will be very important to link the needle lift measurement and
reacting spray characteristics.

Materials and methods

The experimental measurements of this study can be divided into two parts: needle lift
visualization and spray visualization. The injector performed in these two kinds of tests is the
same one, a solenoid BOSCH injector. The only difference is an optical nozzle tip is used to vi-
sualize needle movement, while a normal metal nozzle is used for spray visualization. It needs
to be pointed out that two holes have been produced for optical nozzle because the material
is too easy to be broken with a
single hole. In order to change
the maximum needle lift, NL .y,
an adjusting pad was mount-
ed between needle and rod as
shown in fig. 1. Thus, the NL,,
can be regulated by changing
Figure 1. Schematic of adjusting pad position the thickness of the pad.
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In this part, in order to capture the transient needle movement, the metal nozzle tip of
injector was cut and replaced by a real-size optical acrylic nozzle tip, considering its good light
transmittance (> 92%), good compression resistance and similar refractive index (1.49) to diesel
fuel (around 1.475). The schematic of this visualization system is presented in fig. 2. A LED was
applied as the light source and a high speed CMOS camera equipped with a long distance micro-
scope (QM-1, QUESTAR) was placed at the opposite side running at 100000 frames per second,
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fps, to record the needle movement. A common
rail injection system was applied to supply high
pressure fuel, while the ambient pressure of all
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Figure. 2 Schematic of visualization

a maximum pressure of 6 MPa. It is equipped  system for needle lift [8]

with four optical windows (92 mm in diameter)
placed orthogonally with a thickness of 76 mm.
The detailed information of this chamber can be
found in reference [17, 18]. The same fuel injec-
tor as mentioned previously was also used here
equipped with a single hole nozzle in 120 um
diameter. The injector was placed at the center
of the main port of CVCC. A high speed Schlie-
ren imaging and OH" chemiluminescence were
performed in this test rig to record spray geom-
etry and flame lift-off length (LOL), respective-
ly. The schematic of this CVCC and optical ar-
rangement are shown in fig. 3.
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Figure 3. The CYVCC and optical arrangement

High speed Schlieren imaging

The actual Schlieren optical set-up is shown in fig. 3. A point light obtained from a
lamp was collimated by a spherical lens (= 600 mm) which directs it through the combustion
chamber. Another same spherical lens was placed on the other side of the chamber to focus
the light on a Fourier plane. A diaphragm (6 mm) was used as Schlieren stop so that the light
is later collected by a high speed-CMOS camera (Phatron SA-Z) running at 60000 fps. As for
the reacting spray measurement, in order to eliminate the soot radiation effect, a bandpass filter
(410-490 nm) was placed in front of the Schlieren stop, as shown in fig. 3 and the shutter time is
reduced to 1.25 ps compared with 3.47 ps for non-reacting spray, while the other settings were
kept the same with non-reacting one.

In addition, ignition delay (ID) was also obtained from Schlieren images based on the
analysis on the total intensity increment within the spray between each two following images
[19, 20], where the corresponding time of the peak of the total intensity increment was defined
as ID.

The OH* chemiluminescence

The LOL was measured by recording the signal from OH" chemiluminescence, being
a marker of the diffusion flame limits. A schematic of the actual optical set-up is also shown
in fig. 3. The time-averaged light emission near 310 nm dominated by OH chemiluminescence
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was acquired with an intensified charge-coupled device camera (Nikon Hisence MK) fitted with
a 310 nm band-pass filter (10 nm FHWM) and a UV lens (Nikkor 105-mm f/2.8). Time-averag-
ing images were accomplished by using a constant intensifier gating time window synchronized
with the injection between 2.5 and 4.0 ms after the start of the injections (ASOI): in this way
the shot-to-shot deviation was reduced. Once images are captured, the post-processing follows
the approach presented in [21, 22].

Test plan

The operating points for need lift visualization are summarized in tab.1. Besides
the original needle lift evolution (NLOR, without mounting any pads), four pads with differ-
ent thickness have been mounted in the injector to obtain four different maximum needle lift
(NLO.1, NL0.2, NLO0.3, and NL0.4). The NL,,., presented in tab.1 is just an approximate value
which can be a little different with different injection pressure, while the NL,,., of NLOR case
cannot be detected because it exceeds the limitation of optical access. Three injection pressures
have been performed for each operating point, with an energizing time (ET) 2 ms. It needs to
be noted that the injection pressure for needle lift visualization is relatively lower than those for
spray visualization tests because the optical nozzle tip is too fragile to support high hydraulic
pressure. An averaged needle moving curve out of five repetitions has been obtained for each
operating point.

Table 1. Test plan of needle lift visualization

Operating point | Thickness of pad [mm] | NL. [mm] | ET [ms] | P, [MPa]
NLO.1 0.8 ~0.1 2 50/60/70
NLO.2 0.7 ~0.2 2 50/60/70
NLO0.3 0.6 ~0.3 2 50/60/70
NL0.4 0.5 ~0.4 2 50/60/70
NLOR - >0.6 2 50/60/70

The investigated operating conditions for spray visualization are summarized in
tab. 2. The parametric variation in injection pressure, pi,, and ambient temperature, 7,, were
performed by injecting the fuel into pure nitrogen or into a 18% oxygen exhaust gas re-circu-
lation environment mixed with nitrogen, while the ambient density, p,, was kept constant as
21.4 kg/m*. As mentioned previously, a common rail solenoid injector equipped with a single
hole nozzle (d, = 120 um) was applied in this study and fuel used for both spray and need lift
visualization is commercial diesel (China's Diesel No. 0). Two different NL,,,, cases (NLOR,
NLO0.1) have been carried out for all operating points presented in tab. 2. In order to have the
same injection duration (around 4 ms), the ET was set as 2.1 and 3.5 ms for NLOR and NLO.1,
respectively. In order to improve the statistical reliability of the results presented, ten injection
cycles were recorded for each operating condition.

Table 2. Test plan of spray visualization

T, [K] Pinj [MPa] palkgm™] P. [MPa] O, [Vol.%]
890 110 21.4 5.49 18
850 70, 110,150 214 5.41,5.25 0,18
810 110 214 5 18




Xuan, T., et al.: Optical Study on Needle Lift and its Effects on Reacting ...
THERMAL SCIENCE: Year 2021, Vol. 25, No. 5B, pp. 3763-3773 3767

Results
Needle lift movement

The effects of adjusting pad on needle lift are presented in fig. 4, where the move-
ment curves have been fitted by linear functions. It can be observed that the needle of NLOR
case has started closing before it reaches the optical limitation with present injection pres-
sure and ET. The experimental images corresponding to fig. 4(a) at the time of needle closing
are shown in fig. 4(b), where the black areas with the nozzles are caused by string cavitation
[8, 23] or geometry cavitation [9, 10, 24]. In other words, in terms of inclined-hole nozzles,
different NL,., could lead to different internal flow characteristics, which could bring an im-
portant influence on subsequent spray evolution. However, owing to the mechanical limitation
of CVCC, a single vertical-hole nozzle was conducted preliminarily for spray analysis in later
section. It can be found from fig. 4 that the maximum needle lift can be controlled well by
changing the thickness of the adjusting pad.

0.6

Start of closing

0.4
NLO3
NLO.2

Needle lift [mm]

0.2+ NLOR

NLO.4

il NLO.1

0 3 4
(a) Time [ms] (b)

Figure 4. Effects of adjusting pad on needle lift (P;,;= 70 MPa); (a) needle lift movement
evolution and (b) needle lift at the start of closing

As shown in fig. 4(a), with higher NL,,, it seems the needle opening speed is a little
faster. However, the time needed for reaching the NL,,, is still a little later because of longer
displacement. On the other hand, the difference of NL,,., does not bring a significant influence
on the starting time of needle closing with the same injection pressure and ET, namely, the
mechanical delay to the electronic signal is kept same. One interesting phenomenon can be
observed from fig. 4(a) that movement lines for needle closing are almost parallel. Thus, the
time needed for needle closing as a function of 2—

NL,.x under all operating points are presented - -

in fig. 5. It shows a pretty linear relationship % 1.6

between the closing time and NL,,,. As a con- % i °

sequence, it can be summarized that the higher & 1'2__ € Equation v=2.752x
NL,.x leads to a faster needle opening speed, E 08— R'=0.996

but it does not have significant effects on nee- 5 - $

dle closing speed. It can also be discovered — g 04

that, in order to keep the same injection dura- =~ 7

tion, a longer ET is needed for smaller NL,,,. 0 ! 7 0'2 ! 0'4 d ols ! ols
This is the reason why the ET of NLO.1 and ' " Needleliftmm]

NLOR for later spray measurements are set as  Figure 5. Time of needle closing process
different. with VL.
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The effects of injection pressure on needle lift movement for NLO.1 and NLOR cases
are presented in fig. 6. It can be seen that a higher injection pressure results in a higher NL,,.x
and a faster opening speed because of the higher hydraulic force. However, the start of needle
closing time is different, where an earlier starting time can be observed for the case with lower
injection pressure. Additionally, as mentioned previously, a lower NL,,, results in a shorter
closing time. Thus, lower injection pressure will lead to a shorter injection duration when keep-
ing the same ET.
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Figure 6. Effects of injection pressure on needle lift movement; (a) NL0.1 and (b) NLOR

Effects of maximum needle lift
on spray characteristics

In this section, NLO.1 and NLOR cases are compared to study the effects of NL .
on spray characteristics. A time sequence of reacting spray contours of these two cases under
operating condition P;,;= 100 MPa, 7,= 850 K, O, = 18% are presented in

Figure 7, where the contours are derived from 50% probability maps of schlieren
images. The detailed information about the processing methodology for these contours can
be referenced from [25]. As shown in fig. 7, it seems that the NL,,, does not create significant
influence on macroscopic spray geometry, no matter at the time position before autoignition
(0.61 ms ASOI) or quasi-steady diffusion combustion period (2.41 ms ASOI). Only a slight
radial difference can be observed between 20-30 mm, which could be caused by experimental
uncertainty. The spray tip penetration at four different time positions are also quite similar.

The temporal evolution of spray tip penetration averaged over 10 repetitions as well
as corresponding standard deviation are presented in fig. 8 when the ambient temperature is
at 850 K. The solid lines represent NLO.1 cases and dashed lines represent NLOR cases. The
penetration curves of some cases become flat at the end of time window because it reaches
the limitation of optical access. It is consistent with the spray contours as shown in fig. 7 that
penetration curves are almost overlapping each other with different VL., under both inert con-
ditions and reacting conditions. It is well known that the spray penetration is mainly depended
on spray momentum flux. Thus, the similarity of inert spray penetration with different VL
indicates that the spray momentum flux should be similar. However, the results are inconsistent
with previous work presented by Payri et al. [16] where a faster vapor penetration and higher
mass-flow rate are observed with higher needle lift. One possibility for this difference is that a
multi-hole piezoelectric injector was applied in their study instead of using the vertical single
hole solenoid injector, where the effects of needle lift position on internal flow characteristics
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for inclined holes could be different. As presented in
fig. 4(b), the cavitation phenomenon is quite different
at different needle positions.

However, the internal flow of single hole nozzle
is not able to be carried out because of experimen-
tal limitation. Thus, the relationship between internal
flow and spray characteristics for vertical hole noz-
zles will be discussed by means of simulation in later
section. Furthermore, the similarity on penetration of
reacting sprays indicates the ID should also be similar
because of significant influence of ID on spray pene-
tration, proved by previous research [25].

The effects of NL,., on ID and LOL with para-
metric variations are shown in fig. 9, where these ver-
tical bars represent standard deviations of cycle-to-cy-
cle variations. It can be seen from figs. 9(a) and 9(b).
that the ID decreases with higher injection pressure
and higher ambient temperature, meanwhile, the LOL
increases with higher injection pressure and decreases
with higher ambient temperature as show in figs. 9(c)
and 9(d), which is consistent with previous research.
However, there is no remarkable difference on both
ID and LOL with different NL,,, except the low tem-
perature case because of unsteady flames where much
higher standard deviations can be observed. It can be
speculated that this similar ID and LOL are mainly
contributed by similar spray dynamics as shown in
figs. 7 and 8, where the evolution of fuel-air mixture
fraction should be quite similar. As a consequence, it
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Figure 7. Temporal evolution of reacting
spray contours obtained from Schlieren
techniques, the blue color and red color
represent NL0.1 and NLOR cases,
respectively, (P;,;=100 MPa, T,= 850 K,
0,=18%)

can be concluded that under the same injection duration the maximum needle lift does not have
a significant influence on spray dynamics, autoignition process and flame structure within pres-

ent range of NL .
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Figure 8. Temporal spray tip penetration averaged over repetitions, the solid lines
and dashed lines represent NL0.1 and NLOR cases, respectively, (7, = 850 K);

(a) inert sprays and (b) reacting sprays



Xuan, T., et al.: Optical Study on Needle Lift and its Effects on Reacting ...

3770 THERMAL SCIENCE: Year 2021, Vol. 25, No. 5B, pp. 3763-3773
1600 — 1600 —
= - —8— NLOR — . —8— NLOR
3 —&— NLO.1 e —&— NLO.1
o 1200 5 1200
800— 5’\ 800 —
400 400
0 T T T T T T T T T 1 0 T T T T T T T T T |
60 80 100 120 140 160 800 820 840 860 880 900
(a) P, [MPa] (b) T,IK]
60 60—
— . —8— NLOR — 4 —8— NLOR
E —&— NLO.1 g —&— NLO.1
g 40— g 40—
- -
207 g____-;__i’—-—‘;—’——’,:! 20—
0 T I T I T I T I T I 0 T I T I T I T I T I
60 80 100 120 140 160 800 820 840 860 880 900
(c) P, [MPa] (d) T.IK]

Figure 9. Effects of NL,,., on ID and LOL with parametric variations; (a) ID with P, variation,
(b) ID with T, variation, (c) LOL with P;,; variation, and (d) LOL with 7, variation

Discussion

In order to have a better understanding of the effects of NL,,,, on spray characteristics,
aforementioned series of numerical simulations of the internal nozzle flow for this injector with
fixed injection pressure (P;,; = 110 MPa) and back pressure (P, = 5 MPa) has been performed
by means of a commercial CFD software. All simulations were performed as steady-state flow,
since the needle lift was kept constant as NL,,. The Renormalization Group (RNG) k-¢ mod-
el is employed for computing the turbulent kinetic energy, &, and the turbulent dissipation, .
The Zwart-Gerber-Belamri (ZGB) cavitation model based on the Rayleigh-Plesset equations
is applied in this study to describe the mass transfer through the interface of the vapor and the
liquid. Six different NL,,, cases have been simulated: 0.03 mm, 0.05 mm, 0.07 mm, 0.1 mm,
0.4 mm, and 0.9 mm. The cell numbers of the meshes vary from 2.6 - 10° to 2.9 - 10° according
to different NL,,,, cases.

The flow coefficients of the nozzle, namely, discharge coefficient, Cy, velocity coeffi-
cient, C,, and area coefficient, C,, are calculated:

me me

Y e 1
my,  A\2p AP M

Cy=
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where ¢ 1s the calculated exit fuel mass-flow, riy, — the theoretical exit fuel mass flux, AP — the
pressure drop between injection pressure and back pressure, V,,, — the averaged flow velocity
over nozzle orifice area, and Vy, — the theoretical velocity by applying Bernoulli equation be-
tween inlet and outlet of the nozzle hole and assuming the inlet velocity is negligible.
Consequently, these three flow coefficients of different VL., cases are obtained as
shown in fig. 10 based on simulated averaged flow velocity and mass flux at the nozzle exit.
It can be found that discharge coefficient and velocity coefficient behave as a knee shape with
NL,.x and they become almost flat when NL,,,, is greater than 0.1 mm, while the area coefficient
is almost kept constant within the scope of simulated NL,,,. As a consequence, it can be used
to explain the similar spray characteristics for aforementioned NLOR and NLO.1 case. How-
ever, the velocity coefficient decreases sharply with lower NL,,,, when NL,,, is smaller than
0.1 mm which is mainly caused by the pressure

drop across the needle seat. Apparently, there is * ) o

a significant pressure drop for the smallest NL,., &

case (0.03 mm) compared to the other two cas- g 7

es, because the gap across the needle seat is too 3 ]|

small and behaves as a throttle. It can be specu- g %]

lated that the spray characteristics would become =

quite different if such low NL,,. used for spray S — E
visualization. However, the application of such : ==

low NL,.x in real engines will be meaningless, O e e e A L |\ s m e s s e |

0 005 01 015 02 04 06 0.8 1

because it will result in a quite small penetration N
o [MIM]

velocity and super long injection duration when
keeping the same injected fuel mass which will
lead to a poor fuel-air mixing and low combus-
tion efficiency.

In present study, all the spray measurements were conducted with a vertical hole noz-
zle which has almost the same cavitation area with different NL,,,,, as presented in fig. 10 where
the area coefficient, C,, is almost constant. However, the different position of needle lift could
bring an important influence on the cavitation phenomenon for inclined hole nozzle or realistic
commercial multi-hole nozzle, which could result in a significant difference on spray character-
istics. Thus, current work presents a methodology and first step analysis on the effects of needle
position on reacting spray characteristics with vertical hole nozzle, which provides a useful
reference for further relevant study for inclined hole nozzles.

Figure 10. Flow coefficients as a
function of VL,

Conclusions

The needle lift profiles of a solenoid injector and its reacting spray characteristics
have been able to be linked in this study. The needle movement under atmosphere pressure was
measured by using an optical nozzle tip and high speed imaging. After that, the spray visual-
ization tests of the same injector equipped with a vertical single hole nozzle were carried out
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in a CVCC. The most relevant observations and conclusions of this study are summarized as

foll

OWS.
The needle lift profile of a solenoid injector has been successfully regulated by means of
changing the thickness of an adjusting pad between the needle and rod within the injector.
The difference on NL,,., does not create a significant influence on starting time of needle
closing and the closing time needed is proportional to the value of NL,,,, when keeping the
same injection pressure.

Within presented experimental range of maximum needle lift, the difference on the needle
lifting process and NL,,., do not bring a significant difference on spray tip penetration, ID
and flame LOL for this vertical single hole injector. It is mainly contributed by the similar
spray momentum flux and evolution of fuel-air mixture fraction, which are caused by simi-
lar characteristics of internal flow within the nozzle.

The simulated results show that the discharge coefficient and velocity coefficient of internal
flow behave as a knee shape as a function of NL,,,,. They keep almost flat when NL,,. is
greater than 0.1 mm and decrease sharply when it is smaller than 0.05 mm because of the
throttle effect. However, the caviation area within the nozzle is almost kept constant within
the scope of simulated NL,,,,.
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