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Featured Application: The flow characteristics of the injectors from gas-fueling systems of automo-
bile engines under pulsating flow were determined. The approximating equations and the results
of statistical treatment are presented. Possible causes of discrepancies by the indirect method are
given and verified. The results are applicable to the calculation of fuel systems, as well as whole
internal combustion engines and the practical implementation of component selection.

Abstract: Despite the growing share of electrically powered vehicles, internal combustion engines are
still one of the primary sources of propulsion in transportation. One way to decarbonize engines is to
use alternative fuels, where liquefied petroleum gas (LPG) accounts for a large share. Popular car gas
systems are LPG indirect vapor phase injection systems, in which the low-pressure gas-phase injector
is the actuator. The purpose of the research and analysis presented in this paper is to determine the
flow characteristics of three injectors that are structurally different depending on the diameter of the
outlet nozzle bore. The tests are conducted, which is new, with pulsed operation of the injector, which,
as it turned out, helps explain the discrepancies found. The obtained characteristics are fitted with a
polynomial of the second degree, obtaining high-quality indices. In the group of three tested injectors,
the average values of volumetric flow rate decreases relative to the maximum by 19.6 and 35.8%.
Differences in opening times of 29.3 and 36.6%, respectively, are cited as one of the main reasons for
this. Closing times are similar to each other. In addition, the injector with the highest volumetric flow
rate and the shortest opening time obtains 1.8 and 9.94% lower average cycle pressures measured at
the outlet of the injector nozzle. The differences in opening times and average cycle pressures are
considered as possible reasons for the differences in flow characteristics. The obtained characteristics
are applicable to engine conversions and calculations.

Keywords: combustion engine; car engine supply system; alternative fuels; low-pressure gas-phase
injector; outlet nozzle; flow characteristic; research

1. Introduction

The gradual reduction in CO2 emissions from transportation will result in the phasing
out of internal-combustion-only vehicles in the near future (around 2035). In 2018, the
CO2 emission level of a vehicle controlled under approval could not exceed 120.5 g·km−1,
from 2020 it was only 95 g·km−1. Further regulations indicate a reduction of 15% in 2025
and 37.5% in 2030. The soon-to-be-planned EURO VII emission standards will most likely
exclude the use of internal-combustion-only engines for propulsion [1]. As emissions are
lowered, type-approval tests are being modified, no longer relying solely on laboratory
tests (NEDC, WLTC) but mandating on-road testing (RDE) [2]. There are many ways
to reduce the emissions performance of internal combustion engines, including the use
of fuels with lower carbon content [3,4], changes in the organization of the combustion
process [5–7] or eco-driving [8]. All of these activities are a part of a worldwide trend
referred to as GHGs [9]. Additionally, legal norms are being created for alternative fuels
(CAFÉ, AMFA [10]), but it is CO2 emissions (CARB-CAR) that determine all actions [11].
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Internal-combustion-only drives are being replaced by hybrid powertrains [12,13],
or pure electric drives [14,15]. The charging network for these types of vehicles is being
expanded, making them more competitive, especially in short-haul transportation. Drives
using H2 [16,17] or compressed air [18,19] are also emerging [20].

Among the most popular alternative fuels used in transportation are LPG [21,22],
CNG [23,24], and LNG [25,26]. One obstacle to converting modern internal combustion
engines to alternative fuels, especially LPG, are direct injection systems using piezoelectric
injectors [27]. Systems already exist that use gasoline injectors to inject LPG in the liquid
phase [28,29], making the gas supply system very simplified. The gas controller here starts
switching the type of fuel, while the operation of the injector is still controlled by the
gasoline module. An unusual solution was proposed by one of the companies producing
gas supply systems. To convert the engine to run on LPG, a system was created that
is a combination of direct injection of LPG in the liquid phase (with gasoline injectors)
and indirect injection of the vapor phase with additional injectors [30]. The vast majority
of engines in service use LPG indirect vapor-phase injection systems. The market for
manufacturers of components for such power systems is constantly developing. LPG and
CNG supply are used in the conversion of working machinery engines [31,32].

A wide variety of methods can be used in the study of the injectors of different fuels,
depending on the purpose adopted. High-speed cameras [33–35], optical lasers [36–38], and
a combination of high-speed cameras and optical lasers [39] are mainly used to observe the
injection process. There are also trials using X-ray [40,41], heat flow sensors [42], and light
fluorescence absorption [37,43,44]. The methods, too, are very complicated but give precise
results depicting the process. The mass flow meter and schlieren imaging method [45],
optical sensors [46], long-range microscopy [47], current in the power line [48,49], acceler-
ation sensors [49,50], and pressure sensors [48,49] are used to evaluate injector response
times. The [51] presents the results of experimental studies and numerical analyses of diesel
atomization from single- and multi-hole injectors. The laser absorption scattering technique
was used in the experiments. The Eulerian Langrangian two-phase fluid framework was
used in the calculations. In [52], on the other hand, to measure the concentration of droplets
and vapor inside the atomized fuel, a two-wavelength, second- and fourth-harmonic wave-
length Nd:YAG laser absorption-scattering technique was used for dimethylnaphthalene
as fuel. In detail, the test methods are described in [53] where you can find a range of
information on testing fuel systems with different actuation systems. If it is possible to
fix the measurement system, injector lift is assessed using lift sensors [49,54]. In dosage
measurements, the most popular methods are the gravimetric method [55,56] and ‘fuel
tank refill’ method [55].

The determination of the characteristics of the low-pressure gas-phase injector can be
realized on the basis of the standards provided for low-pressure gasoline injectors SAE J1832
and J2715 [57], as there are no standards dedicated to them. The SAE standards are largely
applicable to gasoline injectors, but the difference in fuel state is the main discrepancy. The
basic characteristic of an injector is its volumetric/mass flow rate depending on the length
of the pulse controlling its opening (opening time). Such characteristics are the subject of
many studies and are also included in manufacturers’ technical materials. In the technical
materials of gas injectors, the dependence of the volumetric flow rate on the diameter of the
outlet nozzle bore is placed very rarely. If such information is given, it is with the injector
fully open, which does not fully reflect the performance of the pulse injector. More often,
manufacturers state that the maximum power of one cylinder depends on the diameter
of the outlet nozzle bore, which also raises some doubts. Engines have widely varying
single-cylinder horsepower because of many factors, such as variable valve timing, intake
manifold lengths, supercharging, and others. Fuel consumption is important here, and this
determines fuel requirements. A research gap appears here, which is worth addressing in
the course of research.

The purpose of this study was to determine the flow characteristics of the low-pressure
gas-phase injectors of different designs. In basic terms, such characteristics are determined
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as a function of the injector opening time. In this case, the input variable was defined as the
diameter of the outlet nozzle bore. The topic analyzed is very important because, in the case
of converting an engine to gas power, when the injector opening time proves insufficient,
then the diameter of the outlet nozzle bore should be increased. The research gap in this
area was considered to be how injectors respond to variation in nozzle bore diameter and
what may lie behind the causes of any discrepancies. The available (very modest) literature
reports present the issue only for the case of a fully open injector. Therefore, it is very
valuable from the cognitive point of view to conduct tests with cyclic operation of the
injector, i.e., at a certain time and frequency of opening.

2. Materials and Methods
2.1. Research Objects

Three types of the low-pressure gas-phase injectors were used in the study: AC W01-4
(Figure 1a), Barracuda 115 (Figure 1b), and Matrix HS 211.20 (Figure 1c). The selected
injectors were characterized by different designs in relation to each other. The AC W01-4
injector is a plunger injector with transverse gas flow. The Barracuda 115 injector, on the
other hand, is also a plunger injector, with the difference that the gas flow occurs along
the plunger. The Matrix HS injector has a flow control element in the form of a plate. The
injectors shown in Figure 1 are among the very popular in Poland and Europe. They are
commonly used in alternative power systems for cars.
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Figure 1. Tested gas injectors: (a) AC W01-4; (b) Barracuda 115; (c) Matrix HS 211.20.

The basic technical data of the tested injectors are presented in Table 1.

Table 1. Basic technical data of the tested injectors. Data taken from Refs. [58–60].

Parameter AC W01-4 Barracuda 115 Matrix HS 211.20

Type of injector plunger, cross flow plunger, longitudinal flow flap
Max. flow at continuous opening 125 LN/min 115 LN/min 95 LN/min

Max. performance 39 kW 33 kW 30 kW
Coil resistance 2 Ω 1.9 Ω 2 Ω
Opening time 2.3 ms 1.9 ms 1.0 ms
Closing time 1.4 ms 1.2 ms 1.0 ms

Max. working pressure 4.5 × 105 Pa 4.5 × 105 Pa 3.0 × 105 Pa
Operating temperature (−20 . . . + 120) + 273.15 K (−20 . . . + 120) + 273.15 K (−20 . . . + 120) + 273.15 K

The subject variation in the diameters of the outlet nozzle bore was realized by gradual
reaming. For this purpose, calibrated drills with gradations of 0.2 mm were used. Figure 2
shows the outlet nozzles of the injectors (from below: AC W01-4; Barracuda 115; Matrix HS
211.20).
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In the case of the Matrix injector nozzles, it was not possible to achieve a diameter of
3.1 mm by the drilling method. Therefore, in the last case, the injector was left without a
nozzle, finding that the spigot diameter was 0.07 mm larger than the required 3.1 mm.

Verification of the diameters of randomly selected nozzles was carried out. For this
purpose, a FALCON microscope (Figure 3a), based on a 5:1 CCD camera, incremental lines
of the X, Y, Z axes–1 µm, and software with a QC5000VED edge sensor (Figure 3a) was
used. The average value of the deviations was 0.058 mm.
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2.2. Research Equipment

The test stand used in the test course is shown in Figure 4. For safety reasons, the
tests were conducted using air instead of gas. Compressed air was the source of supply
1. It further passed through air preparation system 2 to buffer tank 3. From buffer tank
3, the air flowed through mass flow meter 4 to the tested injector 5. The mass flow meter
was retrofitted with a converter 9. An electro-valve control system 6 was responsible for
shaping the pulses that controlled the cyclic operation of the injector. A pressure gauge
with pressure converter 7 and thermometer gauge with converter 8 were placed in tank 3.
Electrical signals from the pressure, thermometer, and mass flow converters were sent to a
measurement card 10 and further to a laptop with software 11.
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Figure 4. The stand structure diagram: 1—air supply; 2—air preparation system; 3—buffer tank;
4—mass flow meter; 5—tested injector; 6—electro-valve control system; 7—pressure gauge or pres-
sure convertor; 8—thermometer gauge or thermometer convertor, 9—mass flow convertor; 10—
measurement card; 11—laptop with software.

Figure 5a,b show the practical implementation of the test stand. In addition to the
application under study, this test stand is also used to determine the functional parameters
of gas injectors (opening and closing times [49], non-repeatability [61], and irregularity [62]
dosage). In addition to the equipment described in the caption of Figure 5, the bench was
equipped with electrical power supplies and analog indicators. The parameters of the
measurement equipment are presented in Table 2.
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Figure 5. Tested gas injectors: (a) front view; (b) rear view; 1—air supply; 2—air preparation
system; 3—buffer tank; 4—mass flow meter; 5—tested injector; 6—electro valve control system;
7—pressure gauge or pressure convertor; 8—thermometer gauge or thermometer convertor, 9—mass
flow convertor; 10—measurement card; 11—laptop with software.

Table 2. Parameters of the measurement equipment used in the experiments.

Parameter Measurement Device Response Time Range Output Signal Accuracy

Pressure MPXH6400A <1 ms (20 . . . 400) kPa (0 . . . 5) V 0.25%

Temperature
1-TTP002-K-1,5-150-

M10x1
and TS-2000-SO-2

<0.25 s (−200 . . . +1350)
+273.15 K (0 . . . 10) V (±1.5)/0.2%

Flow meter BRONKHORST
F-113AC-M50-ABD-00-V <2 s (0 . . . 300) LN/min (0 . . . 10) V 0.5%

Record DAQ-6024E measurement card (12-bit resolution) and the LabVIEW software bandwidth
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2.3. Research Method

Before carrying out the measurements, the injectors under test were turned on for 5 min
for them to reach their nominal operating temperature. According to the manufacturer’s
recommendations, the flow meter and other test equipment were also prepared.

By analyzing the literature reports on the average opening time of the injector, its oper-
ating frequency, and gas pressure in normalized and non-normalized driving cycles [63,64],
they were found to be timp = 5 ms, pgas = 1 × 105 Pa, and n = 2000 min−1, respectively (in the
case of a four-stroke engine, this would be f = 16.67 Hz).

On this basis, the input data in the control module and the settings of the input devices
were adopted. The sampling of the measurement card was set to 0.1 s, which gave 80 points
for a measurement time of 8 s. This was a sufficient number of points (above 31) for
statistical evaluation [65]. It was decided not to increase the measurement time because of
the fear of possible fluctuations in supply pressure caused by the operation of the controller.
With an 8 s test at 16.67 Hz, the result was an average of about 133 injector opening cycles.
The electrical supply voltage of the injector was U = 14 V, the temperature in the test room
was Ta = (21 + 273.15) K, and the atmospheric pressure was pa = 1.01 × 105 Pa.

3. Results

Tests were conducted starting with the smallest diameter of the discharge nozzle. After
converting the electrical signals by the coefficients characterizing the measuring devices,
unit sets of results were obtained (Figure 6a). For statistical processing of the measurement
results, special software was created in the MATLAB/Simulink GUI environment [66]. It
allowed the determination of average values and evaluation of the nature of the scatter of
measurement points. Figure 6b shows example histograms and box plots evaluating the
values of volumetric flow rate, air pressure, and temperature in the supply line. In addition,
Gaussian fits (red curves) were plotted on the histograms. In addition to visualization in
the form of graphs, the software determined for volumetric flow rate mean value, variance,
standard deviation, asymmetry factor, kurtosis, max value, and min value. For air pressure
and temperature, it was limited to mean, max, and min value.
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Figure 6. Example test results (a) and their statistical treatment (b) from the measurement of a Matrix
211.20 injector with a nozzle of 2.7 mm internal diameter.

3.1. AC W01-4 Injector

Preliminary analysis of the flow measurement results indicated that they were char-
acterized by non-constant variance (Tables 3–5). The variation of the volumetric flow
rate (Q) as a function of the diameter of the outlet nozzle bore (don) indicated a nonlinear
trend. For this reason, it was decided to use flow-characteristic matching through nonlinear
regression [65,67]. The study was conducted using the same test apparatus, so weighted
fitting using the Levenberg–Marquardt method was possible [68,69]. Minimization of the
squared deviations in this method was conducted iteratively starting from the initial values
of the assumed model.
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Table 3. AC W01-4 injector flow test results with statistical analysis (Q, LN/min).

Parameter\Diameter 1.5 mm 1.7 mm 1.9 mm 2.1 mm 2.3 mm 2.5 mm 2.7 mm 2.9 mm 3.1 mm

Mean 2.144 2.855 3.312 4.034 4.759 4.995 5.193 5.301 5.310
Variance 0.016 0.015 0.016 0.014 0.022 0.014 0.021 0.023 0.017

Standard deviation 0.126 0.121 0.124 0.119 0.149 0.120 0.145 0.150 0.132
Asymmetry factor 0.049 −0.298 0.081 −0.409 0.142 −0.047 −0.134 −0.231 0.041

Kurtosis 2.269 3.109 2.313 2.589 2.196 1.798 2.574 2.277 1.934
Max value 2.344 3.076 3.516 4.248 5.127 5.273 5.420 5.566 5.566
Min value 1.904 2.490 3.076 3.809 4.541 4.834 4.834 4.981 5.127

Median 2.121 2.832 3.289 4.012 4.731 4.973 5.166 5.282 5.276

At pressure
×105 Pa

0.995 +0.012 1.027 +0.016 0.980 +0.016 1.016 +0.035 0.995 +0.032 1.018 +0.017 1.003 +0.032 1.008 +0.035 1.019 +0.027
−0.015 −0.019 −0.019 −0.036 −0.031 −0.034 −0.034 −0.032 −0.027

At temperature
+273.15 K 22.155 +0.639 22.902 +0.575 22.391 +0.694 22.815 +0.564 22.404 +0.682 22.327 +0.564 20.945 +0.676 22.565 +0.619 21.910 +0.492

−0.436 −0.499 −0.673 −0.608 −0.587 −0.510 −0.593 −0.455 −0.582

Table 4. Barracuda 115 injector flow test results with statistical analysis (Q, LN/min).

Parameter\Diameter 1.5 mm 1.7 mm 1.9 mm 2.1 mm 2.3 mm 2.5 mm 2.7 mm 2.9 mm 3.1 mm

Mean 2.371 3.043 3.915 4.261 4.953 5.563 6.004 6.363 6.572
Variance 0.019 0.016 0.015 0.021 0.018 0.019 0.017 0.015 0.018

Standard deviation 0.136 0.128 0.123 0.144 0.134 0.136 0.131 0.121 0.133
Asymmetry factor 0.288 −0.128 −0.218 −0.095 −0.320 −0.238 −0.083 0.269 −0.233

Kurtosis 2.184 2.218 2.478 2.194 3.151 2.188 1.990 2.545 2.089
Max value 2.637 3.223 4.102 4.541 5.273 5.859 6.299 6.592 6.738
Min value 2.197 2.783 3.662 3.955 4.541 5.273 5.713 6.152 6.299

Median 2.3459 3.0195 3.8919 4.2341 4.9281 5.5375 5.9797 6.3404 6.5468

At pressure
×105 Pa

1.000 +0.015 1.002 +0.009 1.005 +0.018 0.987 +0.013 1.009 +0.014 0.994 +0.021 0.997 +0.015 0.995 +0.047 0.991 +0.036
−0.012 −0.015 −0.013 −0.030 −0.021 −0.025 −0.025 −0.046 −0.042

At temperature
+273.15 K 22.081 +0.712 22.242 +0.551 22.744 +0.537 22.312 +0.481 22.086 +0.707 21.720 +0.585 21.548 +0.562 21.172 +0.547 21.466 +0.546

−0.656 −0.524 −0.537 −0.496 −0.563 −0.490 −0.610 −0.625 −0.529

Table 5. Matrix HS 211.20 injector flow test results with statistical analysis (Q, LN/min).

Parameter\Diameter 1.5 mm 1.7 mm 1.9 mm 2.1 mm 2.3 mm 2.5 mm 2.7 mm 2.9 mm 3.1 mm

Mean 3.100 3.929 4.583 5.350 6.321 6.597 7.028 7.236 7.341
Variance 0.021 0.016 0.013 0.019 0.022 0.021 0.020 0.020 0.016

Standard deviation 0.145 0.125 0.115 0.138 0.148 0.145 0.142 0.141 0.128
Asymmetry factor −0.329 −0.397 0.249 −0.302 −0.079 0.164 −0.203 −0.014 −0.450

Kurtosis 2.421 2.604 2.723 2.546 2.276 2.470 2.286 2.377 2.556
Max value 3.369 4.102 4.834 5.566 6.592 6.885 7.324 7.471 7.617
Min value 2.783 3.662 4.395 4.981 6.006 6.299 6.738 6.885 7.031

Median 3.073 3.906 4.562 5.325 6.293 6.570 7.001 7.210 7.317

At pressure
×105 Pa

1.007 +0.016 1.012 +0.015 0.997 +0.026 0.989 +0.026 0.999 +0.039 0.994 +0.045 0.997 +0.034 0.997 +0.030 0.980 +0.032
−0.027 −0.020 −0.033 −0.044 −0.039 −0.041 −0.036 −0.036 −0.046

At temperature
+273.15 K 22.101 +0.497 21.743 +0.561 21.658 +0.647 21.594 +0.613 21.465 +0.645 21.757 +0.646 21.534 +0.673 21.619 +0.784 21.497 +0.515

−0.577 −0.513 −0.622 −0.657 −0.625 −0.624 −0.695 −0.681 −0.559



Appl. Sci. 2023, 13, 1700 8 of 16

Analyzing the results of the AC W01-4 injector presented in Table 3, it was found that
the values of Q mean and median are close to each other, which indicates the correctness
of the inference. The values of standard deviation are within the limits of (0.119. . . 0.150),
which is sufficient to evaluate the shape of the flow characteristics. Positive kurtosis values
indicate leptokurtic distribution. Asymmetry factor showed left and right skewness. The
values of skewness, as well as kurtosis, are acceptable for further analysis [65]. Based on
the average Q values, the flow characteristics of the W01-4 AC injector were determined
(Figure 7a). The shape of the characteristics was fitted with a second-degree polynomial
using the method described above. The identification of significant coefficients resulted in
an equation in the form of Equation (1).

Q = −1.377 d2
on + 8.396 don − 7.447. (1)
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Figure 7. AC W01-4 injector flow test results with statistical analysis—graphical interpretation:
(a) flow characteristic; (b) standardized residuals; (c) pressure and temperature in supply line.

At nine characteristic points, the root mean squared error was 0.292, with an adjusted
R2 = 0.988. The determined coefficients of the polynomial were significant, pvalue = 7.550× 10−7.
Figure 7a also shows the confidence intervals of the coefficient estimates in the nonlinear
regression model. The sharpest points were observed at don of 1.9 mm and 2.3 mm. However,
they are within the range defined by the confidence limits.

Analyzing the standardized residuals at individual Q points (Figure 7b), a range of
scatter (−1. . . 1) is evident. The nature of the scatter is irregular and reaches maximum
values at don of 1.9 and 2.3 mm. There was no correlation between the value of standardized
residuals and the diameter of the outlet nozzle bore, which could suggest problems with
the measurement range of the test equipment. The pressure and temperature fluctuations
(Table 3 and Figure 7c) were negligible (pair = 0.070 × 105 Pa and Tair = (1.367 + 273.15) K),
and thus should not affect the shape of the flow characteristics.

3.2. Barracuda 115 Injector

In the case of the Baracuda 115 injector (Table 4), as in the case of the AC injector, the
values of Q mean and median were found to be close to each other, indicating the correctness
of the inference. The values of standard deviation are within the limits (0.123. . . 0.144), so
they will not substantially affect the evaluation of the shape of the flow characteristics.
Positive values of kurtosis indicate leptokurtic distribution. The asymmetry factor mostly
showed left skewness. The values of skewness, as well as kurtosis, are acceptable for further
analysis [65]. The flow characteristics of the Barracuda 115 injector are shown in Figure 8a.
The shape of the characteristic was fitted as before with a second-degree polynomial. The
identification of significant coefficients resulted in an equation in the form of Equation (2).

Q = −0.789 d2
on + 6.318 don − 5.3624. (2)
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Figure 8. Barracuda 115 injector flow test results with statistical analysis—graphical interpretation:
(a) flow characteristic; (b) standardized residuals; (c) pressure and temperature in supply line.

At nine characteristic points, the root mean squared error was 0.226, adjusted R2 = 0.995.
The determined coefficients of the polynomial were significant, pvalue = 4.170× 10−8. Figure 8a
also shows the confidence intervals of the coefficient estimates in the nonlinear regression
model. The sharpest points were observed at don of 1.9 mm and 2.1 mm. However, they are
within the range defined by the confidence limits.

Standardized residuals at individual points of Q (Figure 8b) ranged from (−1. . . 1).
The nature of the scatter is irregular and reaches maximum values at don of 1.9 mm and
2.1 mm. As in the case of AC injector W01-4, there was no relationship between the value
of standardized residuals and the diameter of the outlet nozzle bore. The pressure and
temperature fluctuations (Table 4 and Figure 8c) were negligible (pair = 0.094 × 105 Pa and
Tair = (1.367 + 273.15) K), and thus should not affect the shape of the flow characteristics.

3.3. Matrix HS 211.20. Injector

The results of the Matrix HS 211.20 injector (Table 5), similarly to the previous two,
showed that the values of Q mean and median are close to each other, which indicates
the correctness of the inference. The values of standard deviation are within the limits
(0.128. . . 0.148), by which they will not fundamentally affect the evaluation of the shape of
the flow characteristics. Positive values of kurtosis indicate leptokurtic distribution. The
asymmetry factor mostly showed left skewness. The values of skewness, as well as kurtosis,
are acceptable for further analysis [65]. Following the pattern of previous analyses, the flow
characteristics of the Matrix HS 211.20 injector were fitted with a second-degree polynomial
(Figure 9a), obtaining significant coefficients as written in Equation (3).

Q = −1.404 d2
on + 9.212 don − 7.663. (3)
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Figure 9. Matrix HS.211.20 injector flow test results with statistical analysis—graphical interpretation:
(a) flow characteristic; (b) standardized residuals; (c) pressure and temperature in supply line.
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At nine characteristic points, the root mean squared error was 0.320, with an adjusted
R2 = 0.982. The determined coefficients of the polynomial were significant, pvalue = 2.590× 10−7.
Figure 7a also shows the confidence intervals of the coefficient estimates in the nonlinear
regression model. The sharpest points were observed at don of 1.9 mm and 2.3 mm. However,
they are within the range defined by the confidence limits.

Standardized residuals at individual measurement points are shown in Figure 9b,
where scatter within (−1. . . 1) is evident. The nature of the scatter is irregular and reaches
maximum values at don of 1.9 mm and 2.3 mm. As in the previous two cases, there was no
relationship between the value of standardized residuals and the diameter of the outlet
nozzle bore. The pressure and temperature fluctuations (Table 5 and Figure 9c) were
negligible (pair = 0.091 × 105 Pa and Tair = (1.478 + 273.15) K), and thus should not affect
the shape of the flow characteristics.

4. Discussion

Compiling the test results in graphical form, Figure 10a was obtained. All of the tested
injectors showed an increasing trend with an “inflection” near the maximum values. The
Barracuda 115 injector has the characteristic with the least degree of curvature. The studies
presented in the paper are among the first on the subject, so it is difficult to find literature
reports for comparison. The only data we can find are the rarely posted information in
manufacturers’ technical materials.
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Figure 10. Summary of research results: (a) flow characteristic; (b) percentage differences to the
Matrix HS 211.20 injector.

Figure 11a shows the dependence of volumetric flow rate on injector nozzle bore diameter
for the Barracuda injector [70] (supply pressure pair = 1 × 105 Pa). The difference here is that
the injector was continuously open, rather than cycled open at a preset time and frequency
as in this study. There are differences in Q values, but the trend of increments in both
cases is preserved. For the other injectors studied, unfortunately, no comparative data was
found. In manufacturers’ technical materials, information regarding the predicted maximum
power Pmax obtainable from one cylinder at different don diameters can be found more often
than information regarding Q values. Figure 11b shows the dependence of Pmax on don for
Barracuda 115 [70] and AC W01-4 [58] injectors (supply pressure pgas = 1 × 105 Pa). Here, too,
an upward trend of a comparable nature to the study’s results is evident (except for the last
point in the case of the AC W01-4 injector).
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Figure 11. Comparative data: (a) maximum flow; (b) power from one cylinder. Based on Refs. [58,70].

Analyzing the aggregate results shown in Figure 10a, the issue of Q differences at the
same don points for different injectors remains to be clarified. Keep in mind that the same
supply pressure value (pair = 1 × 105 Pa) and the same don hole diameters are the main flow
restriction. The highest Q values were obtained for the Matrix HS 211.20 injector, on average
the volumetric flow rate was 17.3% higher than the Barracuda 115 injector and 26.7% higher
than the AC-W01-4 injector (Figure 10b). Different injector opening and closing times are
seen as a possible reason for the differences in Q values under the same test conditions
for the different injectors. It is uncertain at this point whether the manufacturers (Table 1)
meant the same thing by opening and closing times, i.e., whether it includes the response
(delay) time or only the opening and closing times.

Therefore, it was decided to conduct additional tests to confirm the values of opening
and closing times for the tested injectors. The test stand, as mentioned earlier, had the
ability to determine these times. The cyclicality of the injector was assumed according to
the basic tests, timp = 5 ms, f = 16.67 Hz, supply air pressure pair = 1 × 105 Pa, and diameter
don = 2.9 mm. Additional equipment included:

• Oscilloscope RIGOL MSO4014 (bandwidth—100 MHz; real time sample rate—up to
4 GSa/s; vertical resolution—8 bit; frequency—1 kHz);

• Voltage meter RIGOL RP1500A (bandwidth ~150 MHz; damping factor—10:1; maxi-
mum input voltage—CAT II 300V AC);

• Pressure sensor MPXH6400A (response time < 1 ms; range (20 . . . 400) kPa; output
signal (0 . . . 5) V; accuracy 0.25%).

Measuring the pressure at the outlet of the injector nozzle as an indirect method for
evaluating opening and closing times is widely used by manufacturers and, as shown
in [49], yields results comparable to direct methods, particularly for opening times.

Comparing the results of the additional tests shown in Figure 12 and in Table 6,
differences between the injectors are apparent. While the closing times are similar and
within (1.64. . . 1.88) ms, the opening times are different. The times quoted by the injector
manufacturers (Table 1) also differ from those determined in additional tests (Table 6). The
implication is that manufacturers can only determine the opening and closing times based
on the process itself, ignoring the response times. The Matrix HS 211.20 injector had the
shortest opening time (calculated from the start of the control pulse), which is 1.54 ms. The
Barracuda 115 injector’s time was 29.3% longer (2.18 ms), as was the AC W01-4 injector’s
one, with an elongation of 36.6% (2.45 ms). The pressure waveforms shown in Figure 12
show lower values for the Matrix HS 211.20 injector, which translated into lower average
pressure per cycle (Table 6). In this case, the AC W01-4 injector’s pressure was 1.8% higher,
while the Barracuda 115 injector’s one was 9.94% higher.
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Figure 12. Pressure waveforms at the outlet of the injector nozzle as a response to the control impulse.

Table 6. Comparison of injector opening and closing times determined from additional tests with
manufacturers’ data from Table 1 and cycle mean pressure.

Parameter
AC W01-4 Barracuda 115 Matrix HS 211.20

Manuf. Measur. Manuf. Measure. Manuf. Measur.

Opening time 2.30 ms 2.43 ms 1.90 ms 2.18 ms 1.00 ms 1.54 ms
Closing time 1.40 ms 1.88 ms 1.20 ms 1.68 ms 1.00 ms 1.64 ms

Cycle mean pressure 1.911 × 104 Pa 2.089 × 104 Pa 1.878 × 104 Pa

All this helps indirectly explain the differences in volumetric flow rate of the tested
injectors when using nozzles with the same bore diameter. The supply pressure was
maintained at 1 × 105 Pa. An increase in supply pressure increases the maximum values at
the outlet while increasing the opening time and decreasing the closing time, as shown in
study [71].

The maximum stroke of the actuator (plunger, plate) and the resulting relationship
of the flow field within the injector valve and the flow field in the outlet nozzle bore may
be responsible for the nature of the “inflection” of the flow characteristic (Figure 10a).
Unfortunately, the stroke of the actuators is not given in the manufacturers’ technical
materials, so it requires further research.

The overall study showed a significant effect of the diameter of the outlet nozzle bore
don of the injector on its flow characteristics. In addition, it was proven that the volumetric
flow rate Q is also affected by the process of opening and closing the injector, so that
different injectors with the same nozzle diameter have different Q. The topic addressed in
the study requires further research, especially in the aspect of the effect of actuator pitch on
flow characteristic.

5. Conclusions

Although transportation is increasingly using electric and hybrid propulsion, internal
combustion engines are still the main source of propulsion. The use of alternative car-
power systems, particularly LPG, is cited as one method that promotes reductions in toxic
emissions and fuel costs. In this type of system, the executive element responsible for fuel
dosage is the low-pressure gas-phase injector. If the conversion of an internal combustion
engine to gas power indicates the need to increase the diameter of the outlet nozzle bore,
it is important to know the flow characteristics with respect to this variable. Injector
manufacturers present such characteristics for a continuously open injector, which is not
practical, since the injector cycles at a certain frequency and time of opening. Therefore,
which is new, it was decided to determine the flow characteristics of structurally different
injectors operating at a certain frequency and time of opening depending on the diameter
of the nozzle bore. Based on the research and analysis carried out, it was found out that:
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• There are discrepancies in the flow characteristics of the tested injectors at the same
diameters of the outlet nozzle bores;

• Flow characteristics can be successfully fitted by a second-degree polynomial obtaining
high-quality values.

• Highest volumetric flow rate values were obtained for the Matrix HS 211.20 injector;
on average, it was 19.6% higher than the Barracuda 115 injector and 35.8% higher than
the AC-W01-4 injector;

• Shortest opening time (calculated from the beginning of the control pulse) was ob-
tained for the Matrix HS 211.20 injector and was 1.54 ms; the Barracuda 115 injector‘s
time was longer by 29.3% (2.18 ms), while the AC W01-4 injector’s time was longer by
36.6% (2.45 ms);

• The closing times of the tested injectors (calculated from the control pulse fade) were
very similar (1.64. . . 1.88) ms;

• Injector nozzle outlet pressure waveforms showed lower values for the Matrix HS
211.20 injector, which translated into lower average cycle pressure; the AC W01-4 injec-
tor’s pressure was 1.8% higher, and the Barracuda 115 injector’s one was 9.94% higher;

• Studies of opening and closing times and nozzle outlet pressure waveforms allowed
an indirect explanation of the differences in volumetric flow rate of the tested injectors
when using nozzles with the same bore diameter.

In the next stage, it is planned to continue research on the determination of flow
characteristics with different variables, such as supply pressure and actuator stroke.
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Abbreviations and Acronyms
The following abbreviations and acronyms are used in this manuscript.
AMFA Alternative Motor Fuels Act
CAFÉ Corporate Average Fuel Economy
CAI Controlled Auto-Ignition
CARB-CAR California Air Resources Board and validated by the Climate Action Reserve
CNG Compressed Natural Gas
CO2 Carbon dioxide
GHGs Greenhouse Gases
H2 Hydrogen
HCCI Homogeneous Charge Compression Ignition
LNG Liquefied Natural Gas
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LPG Liquefied Petroleum Gas
NEDC New European Driving Cycle
PWM Pulse-Width Modulation signal
RCCI Reactivity Controlled Compression Ignition
RDE Real Driving Emissions test
WLTC Worldwide Harmonized Light vehicles Test Cycle
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