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Abstract. The paper presents the results of numerical calculations using Computational Fluid Dynamics. The
research includes the low pressure gas injector, where the outlet nozzle diameter was adopted as the variable.
The gas injector is a component of the alternative fuel supply system for internal combustion engines. It might be
used in both liquefied petroleum gas and compressed natural gas supply systems. One of the parameters that can
be regulated during the conversion of the engine from the classic to the alternative fuel system is the outlet
nozzle diameter, which limits the flow through the injector. If the capabilities of the fuel supply and engine
control unit do not give satisfactory results, then the diameter of the injector nozzle might be corrected. The
problem is important, because at the moment there is a special emphasis on the composition and overall
emissions, therefore the supply system must be efficient and operate with the assumed accuracy. In the article,
numerical calculations were carried out using software dedicated to flow calculations, according to the adopted
scenario, in terms of specific boundary conditions. For formal reasons, it was necessary to simplify the solid
model. Simplifications did not have a significant impact on the final results, but they allowed to reduce the
simulation time. Finally, it was decided to validate the results of numerical calculations on a real object. For this
purpose, experimental tests were carried out at the original stand using a flow meter, where it was possible to
exchange outlet nozzles with different diameter. The results of numerical calculations were compared with the
results of experimental studies. There are clear similarities between them, the mean prediction error value was
6.58 %. An important feature of numerical calculations is the possibility, apart from quantitative and qualitative
assessment, to achieve data, which is difficult or even impossible to gather by the experimental method.
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Introduction

The most popular alternative power supply systems for spark-ignition engines in Europe are the
liquefied petroleum gas (LPG) systems [1; 2]. A sequential vapour phase injection system dominates
among them. These are additional fuel systems installed from scratch in the car, which in the control
system use the original control signals of the petrol injectors [3]. The control based on the signals from
the gasoline Engine Control Unit (ECU) causes that this type of the systems is mostly universal [4]. A
continuous development of the petrol supply systems combined with the introduction of direct
injection [5] and the emission limitations of vehicles in the approval process [6-9] caused departure
from the LPG vapour phase injection systems. However, a large proportion of cars equipped with this
type of the power supply systems are still in use, the modifications are constantly carried out. New
design solutions are being developed for the low pressure gas injectors, which despite their highly
advanced design have functional parameters significantly different from the gasoline injectors. A great
expectation is associated with the use of the piezoelectric drives [10-13]. Mathematical models
describing the operation of the LPG powered combustion engine are also created, in analytical terms
[14; 15], as well as using Computational Fluid Dynamics (CFD) [16; 17].

In the general case, the examination of the low pressure gas injectors can be divided into
experimental and simulation tests. The experimental methods referring to the flow and functional
parameters are presented in [18], electrical parameters in [19; 20], or in terms of overall operation [21-
23]. Considering the operation specificity of a gas injector, for determining its flow characteristics, the
standardised method applicable to petrol injectors can be used [24; 25]. The results of the experimental
research are essential to initiate calculations relating to the functioning of the fuel system [26-29]. The
experimental research requires building original test stands equipped with the necessary software,
what makes them expensive. In addition, each time it is necessary to build a prototype solution of the
injector and test it on the stand [18; 30; 31]. Therefore, the calculation methods are constantly
developed, where it is possible to perform the initial testing of the prototypes in virtual conditions. In
the calculation methods of the injectors for different fuels, two ways of proceeding are visible. In the
first one, own mathematical models of electrical circuits, mechanical part, as well as the flow part are
built, modelled on various types of electrovalves [32-37], which requires the introduction of a great
number of characteristic coefficients. Solutions of the mathematical dependencies, similarly as in the
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general issues of mechanics, are solved with the use of the dedicated software for analytical or
numerical calculations [38-43]. An alternative to this procedure is use of a specialized software, based
on the finite element method (FEM) [44-46] or CFD [47-49].

The purpose of the study is to determine numerically the effect of the outlet nozzle diameter on
the flow properties of the low pressure gas injectors. In the course of the gas supply system
calibration, the base diameter of the outlet nozzle often is increased, thus improving the flow
capabilities of the injector. It will be important to determine the functional dependence of the
volumetric flow rate on the outlet nozzle diameter by means of computer simulation.

Materials and methods

The object of the analysis was the Valtek Rail Type 30 low pressure gas injector (Fig. 1). Itis a
piston-type injector, where the opening is realized by the electromagnetic field of the circuit with a
coil. During calibration of the gas supply system, depending on the configuration and demand of the
engine, it may be necessary to increase the diameter of the outlet nozzle d,,.

Fig. 1. Valtek Rail Typ 30 gas injector: / — plunger; 2 — spring; 3 — corps; 4 — limiter; 5 — coil;
6 — electromagnetic circuit jumper; 7 — pilot; 8§ — inlet nozzle; 9 — outlet nozzle; d, — nozzle diameter

Basic technical data of the tested injectors Valtek Rail Typ 30 are presented in Table 1.

Table 1
Basic technical data of the Valtek Rail Typ 30 gas injector [50]
Parameter Unit Value
Coil resistance Q 3
Plunger displacement mm 0.4
Nozzle size mm min. 1.5/ max. 3.5
Opening time ms 3.3
Closing time ms 2.2
Max working pressure Pa 4.5e5
Operating temperature °C -20...120
Operating voltage range | VDC 12

The basic equations used for the mathematical description of the flow phenomena related to

possibly most general model of fluid (for 3D space) and based on three main principles of mechanics
are as follows [51]:

e for the principle of mass conservation (the continuity equation):

a—p+div(pu):0 (1)
ot

e for the principle of momentum and angular momentum conservation:
p?;; = pF +divS 2)

e for the principle of energy conservation

731



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 20.-22.05.2020.

2
pjt(ch +uzj = pFu+ pg+div(IgradT)+div(Su) @

where ¢ —time;
u — fluid velocity;
p — fluid density;
F —body force for mass unit;
S — stress tensor;
C, — specific heat capacity with fixed volume;
T — temperature;
g — unit output of internal source of heat;
I’ — thermal conductivity.

In numerical calculations, SolidWorks Flow Simulation with a calculation algorithm based on
Navier-Stokes equations was used. The equations are complemented by the fluid state equation
describing its nature and empirical dependence of the fluid viscosity and thermal conductivity on
temperature. It was necessary to create and introduce the geometry, boundary conditions and initial
conditions for the investigated case. For the purpose of performing numerical calculations, the model
has been simplified within the top part of the plunger, elements not involved in the flow such as the
coil, electromagnetic circuit jumper and the spring have been removed (Fig. 2). The boundary
conditions for the flow of the medium, which was air, were set at the injector inlet
pin = 1.25e5 Pa + p,, at the outlet p,=1.01325e5 Pa, the mesh was automatically generated at the
level 5 of SolidWorks. At the inlet, the plane for determining goals of the volume flow rate was
defined.

a) b) ¢)

Total Pressure
226325 Pa

Refinement level []

Enviranment Pressure
101325 Pa

Refinement level [] Mesh 1

Mesh 1

Fig. 2. Model of an injector simplified for the research and boundary
conditions (a), mesh (c¢), analyzed plane (c)

The test stand (Fig. 3) was used to determine the flow characteristics of the gas injectors [31].
Considering the specificity of the gas injector operation, tests at continuous opening describe the
maximum possibilities. The injector operates cyclically during operation in the supply system, with a
specified frequency and opening time [31]. It is not difficult to model this process in tests, whereas
measuring devices, such as flow meters, measure the averaged value over a specific period of time and
are not able to assess it per single cycle. Therefore, when using the flow meters, the test shall be
performed with a maximum opening in a time period longer than the response time of the flow meter.
In determining the flow parameters at the stand (Fig. 3), after filling the buffet tank to a specified
pressure and maintaining continuous supply by the air preparation system, full-opening of the research
injector was launched using the STAG AC LLC based opening pulse induction system. Using the
BRONKHORST F-113AC-M50 flow meter and multimeter, the volumetric flow rate was obtained.
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Fig. 3. Structural schematics of the test stand: / — air supply; 2 — air preparation system; 3 — buffer
tank; 4 — flow meter BRONKHORST F-113AC-M50 (response time < 2 s, range (0...500) l,-min”,
accuracy 0.5 %); 5 — multimeter; 6 — research injector; 7 — STAG AC LLC based opening pulse
induction system

Results and discussion

A series of numerical calculations was conducted for the outlet nozzle diameter (1.5-3.1) mm,
with the same boundary conditions and maximum opening of the injector 0.4 mm. Each time the
software generated a finite element mesh and searched for established conditions at 89 iterations. The
results of the numerical determination are presented in Table 2.

Table 2
Results of the numerical determination

@, Fliud cells Fluid ce'l Is Iterations Q.’ 1
mm cont. solids 1,-min
1.5 49,907 26,393 36.938
1.7 50,089 26,435 46.880
1.9 50,138 26,438 55.661
2.1 50,381 26,581 65911
2.3 50,576 26,625 89 75.840
2.5 50,716 26,675 84.992
2.7 51,024 26,771 92.939
2.9 51,276 26,813 98.105
3.1 51,508 26,859 99.750

Numerical determination beyond the quantification of flow parameters in the form of the
volumetric flow rate allows for a qualitative assessment, which cannot be obtained in the experimental
studies.

d,=1.5mm d,=1.9 mm d,=2.3 mm d,=2.9 mm
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Cut Plot 1: contours Cut Plot 10 contours Cut Plot 1: contours Cut Plot 1: contours

Fig. 4. Results of the numerical determination — pressure in analyzed plane
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Changing the outlet nozzle diameter affects on the pressure distribution in the section injector
valve — outlet nozzle in analyzed plane. Increasing the outlet diameter equalizes pressures in this
section (Fig. 4). With larger diameters, the opening level of the injector has a greater effect on the flow
rate than the nozzle diameter. Unfortunately, increasing the opening level (piston stroke) adversely
affects on the opening and closing times, as a result of which the injector cannot realise short injection
times. The situation is opposite for the velocity (Fig. 5). Increasing the diameter of the outlet reduces
the velocity of the air flow. At larger diameters, an increase in the flow velocity around the injector
valve is visible, which confirms the assumption of the dominant influence of the opening level of the
injector valve on the outlet nozzle diameter.

d,=1.5 mm d,=1.9 mm d,=23mm d,=2.9 mm

372122 372122 372.122 372122
1112 341,112 341.112 341.112
310102 310102 310.102 310.102
278092 278082 279.082 278.082
248 081 248081 248.081 2458.081
217071 217071 217.071 2117071
186061 186.081 186.081 186.061
145.051 155.051 188.051 155.091
124 041 124 041 124.041 124041
§3.031 93.031 43.031 93.031
§2.020 62.020 62.020 52.020
31.010 31.010 3100 31.010
0 1] 0 il
velocity[m-s™] Welocity [m-s ] velocity[m-s ™) Velacity [m-s™']
Cut Plot 1: contours Cut Plat 1: contours Cut Plot 1: contours Cut Plot 1: contours

Fig. 5. Results of the numerical determination — velocity in analyzed plane

Subsequently, experimental tests were carried out under the same input conditions as in the
numerical determination. The measurement accuracy of the nozzle diameter was 0.01 mm and the one
of the volumetric flow rate 2.5 I,-min™". As it can be seen in the results statement (Fig. 6), numerical
determination is not able to model the real conditions. The discrepancy in the middle part of the
examined scope is visible, and the character of changes in the volumetric flow rate is more linear. The
maximum value of the volumetric flow rate form calculation was 99.750 1,-min”’, whereas the one
from the experimental measurement was 99.60212.5 1, min”". For comparison, both flow
characteristics were approximated using the method of least-squares with a polynomial of 3rd degree,
demonstrating a correct match. The coefficient of determination was above 99 %. The least-squares
method can be easily implemented and the average values of the coefficients represent the trend of
change.

110 1 y =-26.305x% + 159.72x - 142.14
100 1 R% =0.9907
90
= 80
g 70
S 60
50
y =+11.95x% + 97.764x - 83.262
40 R?=0.9953
30 T T T T T T T T 1
15 17 19 21 23 25 27 29 31
d, mm

Fig. 6. Results of the experimental validation

In the overall assessment of the validation indicators percentage error (PE) was used:
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Qmod - Qexp

exp

PE =100 , % (6)

where  QOpnoq — volumetric flow rate for numerical determination;
Qexp — volumetric flow rate for experimental determination.

As already mentioned, the greatest discrepancies were obtained in the central part of the examined

range, where for d, = 2.3 mm the maximum error value was maxPE = 12.61 % (Fig. 7). In general, for
the whole tested range, the error value was meanPE = 6.58 %.

14
12
10 —

PE, %

S N B O
1

‘ ninimsmnls

1.5 1.7 19 21 23 25 27 29 31
d, mm

Fig. 7. Percentage error

Basing on the comparison of the flow characteristics (Fig. 6), it should be concluded that further

analysis of the influence of various parameters on the numerical determination results is necessary.
Primarily it is concerned with the mesh and how to obtain the volumetric flow rate. Obviously, the
densification of the mesh gives a more accurate qualitative assessment of the flow, but significantly
increases the calculation time. In [51], a method of flow properties assessment based on pressures at
selected points of the numerical model was proposed, which could be used as a basis for comparisons
with the method presented in this study.

Conclusions

1.

2.

The study presented the numerical determination of the low pressure gas injector flow
characteristics depending on the outlet nozzle diameter.

The calculations used the SolidWorks Flow Simulation software, where as a base a simplified
solid model of the plunger injector was used. The maximum value of the flow rate was
99.750 1,-min"".

The flow characteristics determined with a variable outlet diameter were compared with the
experimental characteristics (maximum value of the flow rate was 99.6021+2.5 1,-min™"). For the
whole tested range, a mean prediction error value was 6.58 %.

An analysis of pressure and velocity distribution in the selected flow plane was also conducted,
indicating the scope of influence of the nozzle diameter and the injector valve lift on the flow
characteristics.

The determined flow characteristics, both computational and experimental, can be used in the
calculation of the alternative fuel supply of the combustion engines.

The numerical calculations using computational fluid dynamics are an alternative to experimental
research. They do not require building the test stands or real research objects. Functional
evaluation is already possible during the prototype design.
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