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Abstract. During the time when exhaust toxicity effects have an important role in the means of transport,
engines are very often converted to be supplied by alternative fuel. The most popular alternative fuels used in
transport vehicle engines are liquefied petroleum gas and compressed natural gas. In both cases, the fuel dosage
component is the low pressure gas injector. There are many design constructions for these injectors, i.e. plunger,
plate or membrane. The most popular are plunger injectors. In the course of mathematical modelling of the
combustion engine fuel supply system operation, it is necessity, among other things, to determine the flow
parameters of components, mainly the values of flow factors. The article presents the results of plunger injector
experimental flow tests at various opening levels. For this purpose, the original laboratory stand and flow meter
were used. An original method for determining the cross-section flow area for a plunger valve has been
proposed. The determined coefficient is universal and it is used in the case of plunger injectors. Tests at varying
degrees of opening are static, because the flow is steady and the plunger is stationary. An attempt was made to
validate the results of static tests under dynamic conditions. For this purpose, our own research method was
used, consisting of emptying the tank with a pressure sensor mounted under dynamic injector operation. The
results of measurements are flow pressure graphs. They reflect the cyclical operation of the injector. In the final
stage experimental and model waveforms were compared (mean absolute percentage error did not exceed 0.5%).
Theoretical values were calculated on the basis of a simplified flow model, taking into account the coefficient
and field of free flow from static tests. As a result, the applicability of the parameters obtained from static tests
for dynamic applications was assessed.
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Introduction

From 2021, phased in from 2020, the EU fleet-wide average emission target for new cars will be
95 gCO,-km™. This emission level corresponds to a fuel consumption of around 4.11-(100 km)™" of
petrol or 3.6 1-(100 km)"! of diesel [1]. The driving tests according to which the vehicle emissions are
assessed have also been modernized: the World Harmonized Light Vehicle Test Procedure (WLTP)
[2] and the Real Driving Emissions (RDE) [3]. There are ongoing works on the emission limits for the
engines of the machines and non-road vehicles [4; 5]. The latest emission restrictions decrease the
possibility to correct the combustion process [6-11]. A certain solution to this situation is use of fuels
with reduced carbon content [12-15] or systems supporting combustion engines (hybrid drives) [16;
17]. Electric drives [18], pneumatic drives [19], or H, fuel [20; 21] are becoming increasingly popular.

One of the most popular sources of alternative power supply on the EU roads is the liquefied
petroleum gas (LPG) vapour injection system [12]. The component element of this type of power
supply is a low pressure gas-phase injector. There are various design solutions of the injectors, where
the valve element can be a plunger, plate, flap and membrane. The most common are plunger
injectors, which differ from each other in design details. In the majority of cases, the movement of the
piston is performed by an electromagnetic system. Researches are being conducted on the use of
multilayer materials, piezoelectric materials [22-25] and assessment of the wear processes [26; 27].

The determination of the flow characteristics of pneumatic elements is necessary for building of
various types of systems or mathematical modelling. For this purpose, standardised methods are used
[28], primarily regarding the determination of sound conductivity and critical pressure ratio according
to ISO 6358, dimensional coefficients according to ANSI/(NFPA) T3.21.3 or PN-EN 60534-4 [29].
The presented methods specify a pressure ratio during the test at a level of 6.5+0.2e5 Pa, which is
situated outside the low pressure gas injector operating range of (1-1.2)e5 Pa. In addition, the
previously presented testing methods involve a defined opening of the test element, which in the case
of a low pressure gas injector is not adequate, as it is a component with impulse operation. The gas
injector manufacturers usually specify the maximum flow in the technical specifications, however,
since some time, they also make the flow value dependent on the injection time [30]. The list of
research methods of injectors of various fuels can be found in [31]. In determining the flow
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characteristics, the evaluated parameters are usually the mass and volumetric flow rate. The various
types of the flow coefficient or factor are also determined, which are the basis for calculating the mass
or volumetric flow rate. The general classification of the research methods are the direct and the
indirect methods [29]. In the direct tests, the volumetric air mass or volumetric flow rate flowing
through the tested element under specified supply conditions is measured. Indirect tests, in turn, are
the determination of the significant parameters that are used in the standardized procedures or own
methods of the numerical identification. As an example, the registration of the pressure changes in the
tanks acting as flow meters can be done [29]. Basing on this, the flow factor can be determined using
the adopted mathematical model [32]. As it was demonstrated in [33], the differentiation of the flow
function at the identification of throughputs has an impact on the final result. There are several indirect
methods and these are mainly the tank methods, in which the tanks are filled or emptied while flowing
through the test element. The following methods can be distinguished: emptying the tank to the
atmosphere [32], flow from the tank to the tank [29; 33; 34], filling the tank from the atmosphere [35].
The advantage of the tank methods is shorter testing time and lower air consumption. The usage of the
pressure transmitters, instead of the expensive flow meters, also appeals for these methods. However,
the necessity of using specific software which is able to solve differential equations proves the
disadvantage of these methods. As the research [33; 34] has demonstrated, it is possible to obtain a
high degree of compliance of the theoretical courses with the reality. An unquestionable advantage of
the tank methods is the evaluation of the flow parameters in a determined pressure range, rather than
as it is in the standardized methods, at one point.

The purpose of this study is to determine the flow factor value at flow through the valve element
of the low pressure gas injector.

Materials and methods

The object of the analysis was the Valtek Rail Type 30 low pressure gas injector (Fig. 1). The
injector represents a group of the plunger injectors. At rest, without the power supply, the plunger / is
pressed by the spring 2 to corps 3 using the limiter 4. By powering the coil 5 and closing the
electromagnetic circuit jumper 6, the plunger / starts moving into the pilot 7 and gas flows from the
inlet nozzle § to the outlet nozzle 9. The operation of the injector is impulsive and depends on the
power supply conditions.

a)

Fig. 1. Valtek Rail Typ 30 gas injector: a — photo; b — CAD model (description in the main text)

Basic technical data of the tested injectors Valtek are presented in Table 1.

Table 1
Basic technical data of the Valtek Rail Typ 30 gas injector [30]
Parameter Unit Value
Coil resistance Q 3
Plunger displacement mm 0.4
Nozzle size mm min. 1.5/max. 3.5
Opening time ms 33
Closing time ms 2.2
Max working pressure Pa 4.5e5
Operating temperature °C —20-120
Operating voltage range | VDC 12
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The test stand (Fig. 2) was used to determine the flow characteristics of the gas injectors [32]. In
this case, two types of tests were carried out. In both variants, the compressed air from the air supply /
was supplied through the air preparation system 2 to the buffer tank 3 and further to the electro valve
control system 4. In the static measurements, the electro valve 4 was open and the air flowed through
the flow meter 6 to the research injector 7, in which the valve opening value was changed every time
in continuous flow. In the dynamic measurements, following opening the electro valve 4 the air tank 5
equipped with a pressure gauge or the pressure convertor 8§ was filling. Upon filling the air tank 5
electro valve 4 was closing the air supply. The cyclic operation of the injector 7 was started, as a result
of which the air tank 5 was cyclically emptied. The pressure recorded as a result of emptying the air
tank 5 was used for dynamic validation.

Fig. 2. Structural schematics of the test stand (description in the main text)

Parameters of the measurement equipment are presented in Table 2.

Table 2
Parameters of the measurement equipment
Parameter Measurement device Response time Range (Accuracy)
Pressure MPXH6400A <1ms (20-400)e3 Pa (£0.25 %)
Flow meter | BRONKHORST F-113AC-M50 | <2s (0-500) I, min”" (0.5 %)
Record DAQ-6024E LabView — acquisition frequency of 1 ms using a DAQ-6024E
measurement card (12 bit resolution) and the LabVIEW software bandwidth

Results and discussion

In the static research, the plunger stroke was adjusted using the instrument presented in [36]
(accuracy 0.01 mm). Every time the plunger stroke was set, the injector was mounted on a stand
(Fig. 2) and the electronic system based on the STAG AC LLC gas controller forced the injector to
open continuously. It was necessary to modulate the control signal using the PWM (Pulse-Width
Modulation) to prevent the injector from overheating. The reading was made 5 s after the start of the
measurements to include the response time of the flow meter. Measurements were repeated 3 times,
the average values are presented in Fig. 3 (air pressure 1.25e5 Pa). The working range of the plunger
stroke (0-0.4) mm was also determined.
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Fig. 3. Flow characteristics of the research injector

The volumetric flow rate Q value variability (Fig. 3) is described by a function characteristic for
the first-order inertial object. The conformity of the experimental results with the approximation
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function is visible, which is confirmed by the value of the coefficient of determination R* = 99.93%.
Maximum value of the volumetric flow rate Q,,.x =120+2.5 l,min”.

The flow through the opening injector valve (Fig. 3) can be divided into two phases. In the first
one, a significant increase in the volumetric flow rate takes place, in the second one, a small one with a
tendency to stabilise. As it can be observed in Fig. 3, the designers assume the opening range of the
injector situated in the first phase. It is also a result of the necessity to obtain the appropriate opening
and closing times to ensure proper cooperation with the engine control module. Stabilisation of the
volumetric flow rate Q for the value of 42 > 0.8 mm was visible.

Evaluating the flow characteristics of the injector (Fig. 3), it can be observed that describing the
flow area A as a proportion of the lift 4, it was not able to represent the real process, even within the
operating range of 0.4 mm. Therefore, a way of describing the flow capacity by determining the
maximum value of the flow area A.,,x and considering the variability of the flow factor C was adopted.

Fig. 4. Dimensions of the injector valve

In the investigated injector (Fig. 4), a nozzle with a diameter of d, = 3.2 mm was mounted at the
outlet and this value was taken as a representative for the calculation of the maximum flow area. When
calculating the maximum value of the flow area A« as the area of the injector outlet d = 4 mm and as
the side wall of a cylinder with diameter d and height 2 = 1 mm, the same value of A,x = 12.57 mm>
is obtained. In turn, by analysing the shape of the function in Fig. 3, a stabilisation for # > 0.8 mm is
visible. It indicates that the flow is constrained by the nozzle diameter d,. Therefore, the maximum
flow area was finally calculated according to the nozzle diameter and it amounted to A,,x = 8.04 mm?,
which is in compliance with the 0.8 mm high cylinder side wall.

Two methods were used to determine the flow factor value. In the first one the drag flow
coefficient Cp value was calculated using the literature reports [37-40] (1):

c, = ! (1)

4
2Apsmtic [MLJQ + dn 9
p 4Q dupstream

where  Apgi. — pressure decrease on the flow element, 1.25¢e5 Pa;
o — air density, 1.2 kg-m™;
d, —nozzle diameter, 3.2 mm;
O — volumetric flow rate, m3-s'1;
d,psiream — diameter of the preceding element, 6 mm.

In the second method, a dependence describing the mass flow of the air flowing through the
pneumatic drag (in this case the gas injector) was used [32; 41; 42].

The basic simplifying assumptions of this model were:

e the air was regarded as a thermodynamically ideal gas (i.e. obeying the Clapeyron law), while
being viscous and compressible;

the flow takes place without internal friction and heat exchange with the surroundings;

the state of the air is constant in a given volume and depends on time;

the joints of the individual elements of the tested object are perfectly airtight;

the air properties were assumed to be uniform both in the local volume and in the entire cross-
section of the flow through the local resistance;

¢ the air temperature was constant in the process.
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By transforming the dependence on the mass flow rate and considering air density at the
volumetric flow rate, the flow factor C; was determined [43] (2).

Cf — Q p — (2)
Amax pt l//maxb pr pt
RT bp,—p,

t

where p, — tank pressure, Pa;
R — gas constant, 287.15 J'kg"-K™;
T, — air temperature, 293.15 K;
Wmax — max. value of the St™ Venant and Wanzel function, 0.587;
b — factor of the Metlyuk-Avtushko function, 1.45;
P. — atmospheric pressure, 1e5 Pa.

Calculated from equation (1) and (2), the Cp and C; values indicated various maximum values
(Fig. 5). In the case of the drag flow coefficient Cpg.x =0.5384, whereas the flow factor
Cimax = 0.6772, gives about 20% of the difference. Considering the fact that at a further stage the
model description coinciding with the methodology of C; determination was used, the flow factor was
applied for the further analyses.
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Fig. 5. Calculated values of the flow coefficient/factor

The differential equation describing the process of the air flow from the tank to the atmosphere

through the local drag (taking into consideration the simplifying assumptions presented earlier) took
the form (3):

dp, __KRT, (0 g )Py PP 3)
f ‘max / max
dr \JRT, bp, = p.

t

where V, — volume of tank with pipe, 0.89¢-3 m’;
Kk — adiabatic exponent, 1.4.

The value of the conductance (CyAn,) includes the constant maximum value of the flow area
A =8.04 mm?, and the variable value of the flow factor Crdescribed in the plunger lift function (4):

—h
C,=Cp|1- 4
! f‘““( eX[{—0.1984h+0.2955D @

The course of the injector opening (displacement /) was described basing on the results of the
tests presented in [44; 45] in the absolute values of the dependence [46] (5):

lztz; 0<t<0
t

14

L(z): L 1, <t<t +t, &)

1
-5t g, 41, <1<y,

inlet

c

where ¢, — opening time, 3.3 ms;
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t. — closing time, 2.2 ms;

t;, — full open time, t;pui5e — 1, = 26.7 ms;
timpuise — impulse time, 30 ms;

tinter — Inlet time, tippusse + 1. = 32.2 ms.

The validation was performed for 10 injector opening cycles with a frequency of 1000 min™. The
initial condition of the pressure in both test variants was set to pyu = 1.25€5 Pa + p,,.

The simulations were carried out using the Matlab-Simulink environment. The differential
equation (3) was solved numerically with the implicit trapezoidal method combined with reverse
differentiation (time step 0.1 ms).

Experimental tests were performed on the test stand presented in Fig. 2, inducing a cyclic
operation of the injector with STAG AC LLC system. Due to the long opening time, which was
30 ms, after 5 ms further power supply in the cycle was modulated with PWM signal.

Fig. 6 presents the input courses describing the operation of the injector in terms of one cycle, as
well as 10 cycles, and a comparison of the pressure course in the tanks for the experimental and model
variant. The conformity of the pressure courses is visible, which is evidenced by the percentage
discrepancy graph, which values rarely exceed 0.5%.
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Fig. 6. Results of the dynamic validation

In the overall assessment of the validation two indicators were used — mean absolute percentage
error (6):

MAPE =100] MEAN | Pt~ Prew| | ©6)
l’/exp
and the maximum percentage error (7):
— pr mod — prexp
MaxPE =100| MAX | =22l g )
prexp

The values were respectively MAPE = 0.33%, and MaxPE = 0.76%, indicating the compatibility
of the model course with the experimental. It demonstrated the correctness of the adopted
methodology for determining the flow factor C, for the gas injector valve and the possibility of
applying it in the pulsating flow modelling. The occurring variations in the tank pressure courses are
probably caused by the flow function adopted in the mathematical model. In the case of the
mathematical descriptions presented in the article, the factor of the Metlyuk-Avtushko function was
assumed at the level of 1.45, where originally it was 1.13. The difference results from the fact that the
original value refers to continuous flows rather than the flows interfered by the impulse action of the
gas injector.
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Conclusions

1. The study presented the methodology of determining the flow factor for a low pressure gas
injector.

2. In the first part, the plunger position was determined in a static method and the volumetric flow
rate was determined. Determining the flow area allowed to determine the coefficient and flow
factor. The maximum value of the drag flow coefficient was 0.5384, whereas the one of the flow
factor was 0.6772, which gives about 20% difference.

3. Functions describing the coefficient and factor in relation to plunger elevation are presented,
based on the first-order inertial object.

4. In the second part of the study, dynamic validation was conducted. Ultimately, model courses
were compared with the experimental ones demonstrating the similarity, mean absolute
percentage error did not exceed 0.5%.

5. The usefulness of the flow factor values obtained from static tests for the dynamic applications
was proven.

6. The determined flow factor values can be used in the course of calculating the operation of the
components of the alternative fuel supply of the combustion engines.
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