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Abstract. In modern spark ignition engines, precise delivery of fuel with gasoline direct injection has
become increasingly important in the effort to meet ever stricter efficiency and emissions regulations.
Use of multiple small close-coupled injections has become more common in attempt to precisely control
fuel distribution in the cylinder, but these strategies are hindered by nonlinear injection effects due to
operation in the ballistic region of the solenoid-operated valve and due to armature bounce at the end
of injection. Understanding the internal dynamics of the injector is crucial to minimizing and controlling
non-linearity and shot-to-shot variation, but the experimental techniques available to date are capable
only of tracking the position of either the top of the needle (via laser sensors or by monitoring current
and voltage in the solenoid coil) or the bottom of the needle (via transparent nozzles or high-speed x-
ray imaging). A complete picture of the axial and radial motion of valve needle has until now remained
elusive. In this work, we present high-speed ensemble neutron transmission imaging of an entire 8-hole
gasoline direct injector operating at 200 bar, allowing for both visualization and quantification of the
actuation dynamics including lift and wobble of the valve ball, oscillation and bending of the valve needle,
lift, rocking, and bounce of the armature, compression of the springs, and radial swelling of the solenoid
during energization. Because neutrons offer high penetration through the metal injector while also being
sensitive to the 'H nuclei in fuel molecules, it is also possible to simultaneously see the fluid dynamics
of the injection process, including filling of the sac volume, emanation of the spray through the nozzle
holes and into the downstream gas, and the formation and evolution of fuel films on the tip of the injector
and the walls of the spray container.

Notation

CcT computed tomography

DOE  Department of Energy

EOE  end of energization

GDI  Gasoline direct injection

HFIR High Flux Isotope Reactor
MCP  microchannel plate

ORNL Oak Ridge National Laboratory
PM  particulate matter

SOE  start of energization

1. Introduction

Over the last decade, spark ignition engines have undergone a shift toward downsizing, turbocharging,
and gasoline direct injection (GDI) in order to meet increasingly stringent fuel economy regulations [1].
GDI offers multiple benefits including charge cooling and the ability to tailor the delivery of the fuel into
the cylinder to optimize the combustion process. However, high spray penetration with GDI can lead to
wall films which cause high levels of particulate matter (PM), especially during cold start [2].

One method to reduce PM formation is to split the fuel delivery into multiple smaller injections, which
reduces the spray penetration and formation of wall films [3]. However, this leads to additional
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challenges. The use of multiple injections requires a smaller minimum injection quantity, while the trend
towards downsizing and turbocharging requires a larger maximum injection quantity to meet the higher
load per cylinder. It is also generally desirable to place the multiple injections as close together as
possible to achieve a homogenous fuel—air mixture before combustion. These requirements can lead to
operation in the nonlinear range of the injector due to short injections which end before the needle is
fully open and due to close-coupled injections which occur in the ballistic region of the solenoid-operated
valve.
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armature
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Figure 1. Sagittal and transverse cut planes from neutron CT reconstruction of a gasoline direct injector show
internal components and geometry

Cut planes from a neutron computed tomography (CT) reconstruction of an 8-hole gasoline direct
injector [4], shown in Figure 1, illustrate its internal features and construction. Fuel flow is controlled by
a valve ball, which is compressed against the valve seat by a spring when closed. To open the injector,
current is passed through the solenoid coil, generating a magnetic field which creates vertical force on
the armature, causing the entire valve needle assembly to lift. If the solenoid armature is still in motion
from the closing of a previous injection when a subsequent injection begins, significant nonlinearity in
total fuel quantity may be observed as dwell time between injections is modified. Additionally, the
armature may bounce upon closing, resulting in unintended fuel delivery.

Several methods have been developed to reduce nonlinearity and/or armature bounce, including
optimization of the electromagnetic geometry [5], armature mass reduction [6], non-rigid coupling of the
armature to the needle [7], and modulation of the current waveform [7, 8]. Measurement of motions of
the internal components is critical to understanding and improving injectors. The most common
measurement of interest is the axial motion, or lift, of the armature and/or valve needle. Armature lift can
be measured by using the solenoid itself as a sensor by analysis of the voltage and current waveforms
[9]. Needle lift at the top of the needle has been measured by laser Doppler vibrometry [10], and lift and
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wobble (radial motion) of the check ball have been observed via optically transparent nozzles [11, 12]
and x-ray imaging [13, 14]. However, it is not possible to make an entire injector optically transparent
due to the high fuel pressure, and the thick metal cross section of the solenoid makes x-ray imaging
challenging. A full accounting of the internal dynamics of injectors has not yet been achieved.

Unlike photons, which interact primarily with the electrons in matter, neutrons interact primarily with
atomic nuclei, and therefore have high penetration through most materials including many metals.
Neutron interactions are isotope-specific, and 'H has a particularly high incoherent scattering cross
section, which means that neutrons are sensitive to any hydrogenous material, including hydrocarbon
fuel. This makes neutron imaging an ideal tool for studying the fluid and mechanical dynamics inside
fuel injectors, as neutrons can easily penetrate the metal injector while having high contrast to the liquid
fuel inside. In recent work, we demonstrated that high-speed neutron imaging could resolve oscillatory
motions of an injector needle on the order of 5 um at 5 ys time scale [15]. However, the field of view in
that effort was restricted to only the very end of the needle near the valve ball. In this work, we extend
the field of view to cover the entire injector, offering a complete picture of the internal mechanical
dynamics while simultaneously imaging the internal and external fluid dynamics.

2. Experimental setup

2.1 Neutron imaging

High-speed neutron imaging was performed at the CG-1D cold neutron imaging beamline [16] at the
High Flux Isotope Reactor (HFIR), a Department of Energy user facility operated by the Oak Ridge
National Laboratory (ORNL). A 1°B-doped microchannel plate (MCP) detector with 2 x 2 Timepix readout
was used. The MCP detector has 512 x 512 pixels with 2.8 x 2.8 cm field of view, a physical pixel size
of 55 uym, and 1 ps timing capability [17]. The instrument has an adjustable aperture, which was set to
16 mm, and a fixed aperture-to-detector distance of 6.59 m, resulting in an L/D ratio of 412.

One of the biggest challenges with neutron imaging of dynamic processes is the relatively low flux of
neutrons. Single-shot measurements of dynamics inside injectors, which occur at ys to ms timescales,
are not possible with existing neutron sources. However, high temporal resolution can still be achieved
by making cyclic ensemble measurements. In this case, we operated the injector in synchronization with
the MCP detector at an injection frequency of 50 Hz to make ensembles consisting of ~5—6x10° injection
events for each movie. As described in previous work [15], ensemble image sequences were acquired
in a series of shutters with time bin sizes ranging from 5.12 ys to 20.48 us. The raw data, which is in the
form of neutron counts per pixel per time bin, were overlap corrected [18], re-binned to 20.48 pus
(equivalent to 48,828 frames/s), and normalized to count rate to account for the variation in number of
successfully acquired shutters. The resulting image sequences were further processed with a 10 kHz,
zero-phase, second-order Butterworth lowpass filter in the temporal domain.

2.2 Spray rig

An 8-hole gasoline direct injector was mounted in a spray rig developed specifically for neutron imaging,
pictured in Figure 2. The inlet of the injector was connected to a heated fuel rail via a high-pressure
rotary union, and a rotation mount with a custom adapter allowed the injector to be rotated precisely to
any desired angle. The outlet of the injector was fitted into a thin-walled aluminum tube, which is highly
transparent to neutrons. The aluminum tube was connected to a stainless steel tee fitting which was
continuously purged with nitrogen gas at a fixed rate provided by a mass flow controller. A pilot-operated
backpressure valve located downstream of the tee controlled the pressure of the environment inside the
aluminum tube.

The spray rig was mounted on a 3-axis positioning stage at the CG-1D instrument. The stage allowed
the injector to be positioned directly in front of the MCP detector and allowed for translation of the injector
to different positions, at it is too large to fit entirely within the field of view of the detector. Boron
impregnated rubber was used to shield all parts of the spray rig except for the injector itself, which was
open to air in order to provide an unobstructed view for the neutron beam, as shown in Figure 2C. All
connections to the spray rig, including fuel supply, sweep gas supply, exhaust vacuum line, and
electrical signals were made with flexible hoses and wiring in order to allow unimpeded movement of
the spray rig on the positioning stage.

A diagram of the gas flow path is shown in Figure 3. The majority of the equipment for the experiment
was located outside of the instrument radiation shielding, denoted as “cage” in Figure 3, to minimize
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neutron activation. The nitrogen sweep gas was provided by cryogenic cylinders located outside of the
building on a gas manifold to enable seamless switching between cylinders. After passing through the
mass flow controller, the nitrogen passed through a flexible heated hose before entering the spray rig,
which allowed for control of the gas temperature downstream of the injector. All components
downstream of the mixing tee, including the backpressure regulator and the exhaust vacuum line, were
heated to prevent condensation of fuel in the exhaust flow path, which passed out of the instrument and
into a fuel recovery system. This system used a cold trap operated at —45 °C to condense the fuel out
of the exhaust. The recovered fuel was then returned to the fuel system, which operated in a closed
loop to minimize fuel quantity in the building.

g

Figure 2. Experimental setup. A: Model of the injector spray rig. B: View of spray rig from behind. C: View of
spray rig from front (approximate neutron perspective). D: Spray rig installed at CG-1D on 3-axis positioning stage

2.3 Operating conditions

The injector was operated at 50 Hz with a single injection per cycle and a commanded duration of 680
Js per injection. The fuel was iso-octane (CgH1g, 2,2,4-trimethylpentane) and was supplied at 200 bar
and 90 °C. The nitrogen sweep gas was supplied at 60 °C, and pressure downstream of the injector
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was maintained at 100 kPa to emulate conditions of injection early in the compression stroke of a GDI
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Figure 3. Spray rig gas flow path and fuel recovery diagram

3. Methodology

Neutron imaging is a form of transmission radiography. As a neutron beam passes through a sample, it
is attenuated according to the Beer—Lambert law:

T=—=¢2d 1)

Here Iy is the incident intensity, I is the transmitted intensity, X is the macroscopic attenuation
coefficient, and d is the path length. For a sample comprised of multiple materials or phases (A, B, C,

)

T = L = e—(Zada+Zpdp+icdct-) (2)

lo

where each phase may have a different attenuation coefficient and path length. An example of a neutron
transmission image for the fuel injector used in this study is shown in Figure 4. As shown in Figure 4A,
the field of view of the MCP detector does not cover the entire injector; therefore the injector was
translated to three different positions, and the resulting images were stitched together to produce the
linear-scaled transmission image in Figure 4B and the log-scaled transmission image in Figure 4C.
Because the injector was filled with fuel, which strongly attenuates neutrons, the inside of the injector
appears almost black in the linear-scaled image. However, due to the high contrast between fuel and
steel, the internal components become visible when presented in log scale.

For the stitched transmission image in Figure 4, each of the three positions was normalized against
an “open beam” (Ip) image in which no sample is present. All images were acquired with 60 s exposure
time. In principle, this same normalization approach could be used in high-speed imaging. However,
much of the dynamic behavior inside the injector occurs at length scales below the 55 ym pixel size of
the MCP detector and will not be readily apparent in a transmission image. To overcome this, we instead
normalize our high-speed image sequence against a frame or set of frames from the same sequence.
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Figure 4. A: Detector field of view compared to injector model. B: Linear-scaled transmission image of stitched
radiographs. C: Log-scaled transmission image reveals internal features of injector

As described in our previous work [15], this results in an image

II(—t) = e~ [Za(@a(®)—darer) +Ep(dp(D)—dp,rep) +Zc(dc()—dcren) + ] (3)
ref

which essentially represents how the path lengths through each phase have changed in the dynamic
image I(t) compared to the reference image Ir, weighted by the attenuation coefficient of each phase.
This can be simplified by assuming that there are only two moving phases. For our injector, these may
be the armature (phase A) and the fuel around the armature (phase B). If we assume that the housing
of the injector (phase C) is static, then the distance that a given neutron must travel through the housing
and the air around the housing will be the same in both the dynamic and reference images, so all the
path length difference terms other than A and B will drop out in Equation (3). This assumption also
means that the total length through A and B is conserved:

dA,ref + dB,ref = dA (t) + dB(t) (4)

By substituting Equation (4) into Equation (3) and taking the natural logarithm, we obtain

T(t
08 (72) = (55— 24 ® — dared) (5)

This image is a map of how the path length through phase A changed, scaled by the attenuation
coefficient difference between the phases A and B. This image can then be analyzed according to the
approach described in our previous work [15], in which the geometry and attenuation coefficients of the
internal components of the injector are extracted from a neutron CT scan and are then used to create a
model of how the path length seen by each pixel on the detector would change if the geometry were
displaced by a given amount. This model can then be fit to the log-normalized image described in
Equation (5) to estimate the displacement that best fits the data.

The geometry of the solenoid armature and the valve ball were modelled based on the CT scan of
the injector shown in Figure 1. Two-dimensional path length models were developed for each following
the approach described in our previous work [15]. The models are illustrated in Figure 5, with the
armature displaced horizontally by 0.25 px and vertically by 0.5 px, and the valve ball displaced
horizontally by 0.1 px and vertically by 0.5 px. The distance maps of the reference and displaced
geometry are visually indistinguishable, but in the distance difference map, the displacement is readily
apparent. Note that the distance difference d(t) — dyf is an order of magnitude larger for the armature
than the valve ball due to the steep gradient in path length at the edges of the armature. For simplicity,
the internal holes in the armature shown in Figure 1 have been ignored, with the armature modeled as
a solid body. This is addressed by fitting only the edges of the armature to the data.
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Figure 5. Path length models for solenoid armature and valve ball

Attenuation coefficients were extracted from the neutron CT scan and are shown in Table 1. The
values measured within the solid components (2£4) are effectively constant, whereas the values for the
fuel surrounding the components (2p) will vary with path length due to beam hardening, as discussed in
our previous work [15]. There it was shown that selecting a representative value of £z based on the
average path length produces good results, but there is uncertainty in the fit due to uncertainty in the
absolute value of Zp, which is affected not only by beam hardening by also by incoherent scattering,
which will vary with sample-to-detector distance. Here we have included upper and lower bounds on Zp
based on the path length range in each component to provide an estimate of the uncertainty in the fit.

Table 1. Attenuation coefficients used in model. Upper and lower bounds for fuel attenuation coefficient due to
beam hardening shown in parentheses

Component

Solid: 24 [em™]

Fuel: Zg [cm™]

Xp—2Xy [cm‘1]

Solenoid armature

0.6

4.1 (3.71, 4.49)

3.50 (3.11, 3.89)

Valve ball

1.0

4.24 (3.99, 4.49)

3.24 (2.99, 3.49)

4,

Selected images from the high-speed image sequence are shown in Figure 6. The injector was imaged
in two positions to cover the region of interest. The upper position, which includes the solenoid, was
formed as the ensemble of 6.38x%108 injection events, while the lower region, which includes the valve
ball and spray, was formed as the ensemble of 4.89x108 injection events. The two regions overlap by
~3 mm and were not stitched together in the images shown. The sequence is displayed using two
normalization approaches, both of which use a reference image generated by taking the median of the
10 images immediately preceding start of energization (SOE). The first normalization, shown in a
sequential black and white colormap, is formed by subtracting 95% of the reference image I.r from the
time series image I(t), and is purely qualitative in that it allows for visualization of the changes in intensity
while preserving a faint image of the injector. The second normalization, shown in a diverging red, white,
and blue colormap, is the log-ratio described in Equation (5) and was used to perform the model fits of
the solenoid armature and valve ball displacement.

Results and discussion
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Figure 6. Normalized high-speed neutron images of gasoline direct injector dynamics




Measurement of needle and armature dynamics in a gasoline direct injector by high-speed neutron imaging 9

o
ST ; : ;
E s
- w
-
E]J—'). t:g C S—— | T T T T
c
- 100 T T T T T T
4 Line Styles Line Colors
3 ° Fit Armature
- o Ball _
Fit 95% C.1. a
Ball (film rem.)
% 50 - Inj. Command ||
E Inj. Current
©
= 25+
<
0F =

-25 | | | | | _| 77777777
£ 6 T T T T T T T
E‘ 4+ _
a
© e i
= o ™ e i
©
]
o 2 \|/ ! ! = ] | 1 |

0 0.5 1 1.5 2 2.5 3 3.5 4

Time [ms]

Figure 7. Results of solenoid armature and valve ball displacement model fitting

The injector energization command and current profile, and the fits of axial lift and radial wobble of
the solenoid armature and valve ball are shown in Figure 7 with annotations corresponding to the
selected images shown in Figure 6. The shaded region behind each curve corresponds to the 95%
confidence interval associated with the displacement model fit, while the dashed lines correspond to the
range due to uncertainty in the attenuation coefficients. There are several results of note:

Image 1 (1.00 ms): At SOE, the log-ratio image is flat, indicating no change relative to the reference
image. However, note the presence of increased noise within the injector, where the total neutron count
rates are lower due to their passage through the strongly attenuating fuel.

Image 2 (1.29 ms): The armature lifts 22 ym before any motion is observed in the valve ball. This is
presumed to be due to the long valve needle, which can deflect slightly to store compressive energy
much like a spring. Variations are also observed in the housing around the solenoid.

Image 3 (1.54 ms): At peak injector current, the armature lift is 74 uym, while the valve ball lift is 41
um. The fuel spray plumes can be seen emanating from the nozzle holes, and the motion of the
compression spring above the armature is also visible. The variations in the solenoid and housing are
now stronger and will be discussed subsequently.

Image 4 (1.76 ms): Peak lift occurs just after end of energization (EOE), with armature lift reaching
83 um and valve ball lift reaching 52 to 55 ym. The spray plumes can be seen impinging on the inner
surface of the aluminum tube, and fuel film is developing around the tip of the injector, as indicated by
the horizontal red bands in the log-ratio image.

Image 5 (2.03 ms): Both the armature and valve ball are closing, and heavy film development can
be seen around the injector tip. The location of impingement on the aluminum tube has also climbed up
due to a low-pressure recirculation zone behind the spray. The blue horizontal band above the valve
ball indicates that a fuel film which was present in the reference image has been pulled down to the
location indicated by the red horizontal band centered on the valve ball. The presence of this film
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interferes with the valve ball displacement model, and an additional fit is shown in Figure 7 by the red
curve in which the film has been (partially) removed from the images, as described in the next section.

Image 6 (2.23 ms): The valve ball is now completely closed, and no spray is seen. However, the
armature does not close, but reaches a minimum lift of 8 um.

Image 7 (2.54 ms): The armature bounces back up to 22 ym and shifts to the right by 5 um. The
valve ball fit performed on the image with fuel film indicates a lift of 21 um, but no spray is visible in the
image, and this is believed to be a spurious result. The valve ball fit performed on the image with the
fuel film removed indicates ~0 um lift. Heavy bands of fuel film are seen both around the injector tip and
the inner circumference of the aluminum tube.

Image 8 (3.77 ms): The armature settles rather slowly, requiring 1.54 ms to fully close after reaching
its initial minimum in Image 6. The fuel films continue to slowly dissipate beyond this point.

While not readily apparent in these still images, the valve needle can also be seen to oscillate during
injection when the image sequence is played as a movie.

Examples of the solenoid armature and valve ball fits are shown in Figure 8. Because the internal
features of the armature were not modeled, the center of the armature was ignored in the fit, which used
only the sides and the bottom edge to compute displacement. Similarly, the sac volume below the valve
ball involves three phases (valve ball, fuel, nitrogen) and was cropped out of the images used in the
valve ball displacement fits. As shown in Figure 8, the armature fit to image 7 and the ball fit to image
3 both do an excellent job of matching the data, leaving little if any structure in the residual. However,
once fuel films begin to develop around the outside of the injector tip, they interfere with the valve ball
fit, as seen in the fit of image 5. This was accounted for by developing a model which assumes that a
horizontally symmetric film of constant radius exists in the image, and then fitting the radius and film
thickness to the data one line at a time, as shown for image 5 in Figure 8. This approach does remove
much of the film from the image, but there are artifacts in the residual image due to the asymmetry of
the film. As shown in Figure 7, this approach does remove the positive bias in the valve ball lift beyond
2 ms but ends up resulting in a negative bias beyond 2.5 ms. The presence of the film and the associated
higher noise in that region of the image is likely also the reason for the slowly increasing fitted value of
ball radial wobble beyond 2 ms. The best approach to deal with the fuel film would be to seal the end of
the injector in the tube so that film cannot develop around the injector, but that was beyond the scope
of this work.

The variations observed in the solenoid during energization in Figure 6 merit further discussion.
Neutrons have a magnetic moment and will undergo precession at the Larmor frequency when passing
through a magnetic field. This property can be used to enable imaging and tomography of magnetic
fields by spin-polarizing the neutron beam [19, 20]. However, because neutrons do not have charge,
their trajectory is not altered by passing through a magnetic field, and because we are using unpolarized
neutrons, there should be no change in total neutron count rate due to interaction with the magnetic
fields in the energized solenoid.

When the coil is energized, a magnetic field develops around the coil, which passes through the
magnetic core, the external housing, and the armature [7], as illustrated in Figure 1. This field creates
both axial and radial forces within the coil, which tend to compress the coil in the axial direction and
expand the coil in the radial direction [21]. Additionally, the electrical resistance of the coil leads to Joule
heating which in turn causes thermal expansion of the coil [22]. Cyclic compressive stresses and high
temperature can lead to degradation of the insulation between the coil wires, which is the leading cause
of solenoid failure. The normalized images 2, 3, and 4 of Figure 6 show the entire coil, magnetic core,
and housing expanding radially outward. Though not pursued in this work, quantitative analysis of this
expansion could be a valuable tool for validation of finite element models investigating solenoid lifetime
and reliability.
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5. Conclusions

We have demonstrated that high-speed neutron imaging can enable visualization of the internal
mechanical dynamics of an entire gasoline direct injector, and our recently developed attenuation model
allows for the quantification of motions of components such as the solenoid armature and valve ball at
subpixel scales of the order of 1 ym in both axial and radial directions. It is also possible to see dynamics
such as the swelling of the solenoid during energization, the development of the fuel spray both inside
and outside the injector, fuel impingement on internal surfaces, and the development and transport of
fuel films, all through solid metal components. Future prospects for this approach may include validation
of electromagnetic and hydromechanical models of solenoid actuators and visualization of hydrogenous
sprays and films inside dense metallic objects such as internal combustion engines, oil-lubricated
compressors, multi-phase heat exchangers, and many other applications [23].
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