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Simplification of the procedure for testing common rail fuel injectors

The paper presents a simplified methodology for generating the characteristic curve of fuel doses for common rail injectors, which
consists in limiting the number of measurements on the test bench and calculating missing data using predefined (array) functions of the
Microsoft Excel spreadsheet. This allows checking the method of fuel delivery in a wide spectrum of predefined pressures and atomiser
opening times, while reducing the arduousness and time-consumption of the active experiment phase. The proposed solution is
particularly useful in problematic situations when standard manufacturer's tests, referred only to selected work points, make it
impossible to clearly assess the technical condition of the injector.
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1. Introduction Electrical connection

All tests of fuel injection apparatus requiring the dis-
mantling of its actuators from the engine belong to invasive
methods [13]. The most reliable and precise way to diag-
nose fuel injectors are test-bench tests, which are performed
on dedicated test benches [11]. They are universal bench
devices equipped with single or multiple measuring chain
systems. They can be compact in design or modular, ena-
bling the installation of equipment compatible with the
capabilities and the profile of operations of a given car
workshop or service company. The benches have all the Ball valve
necessary adapters and connectors, both for fixing the fuel
injector and connecting the hydraulic and electric lines. This
allows not only for diagnostic tests, but also for thermochem-
ical flushing, i.e. the process of internal cleaning under high
pressure and at elevated detergent temperature [12].

Standard tests of the common rail fuel injector are per-
formed in automatic cycles or, much less often, with manu-
al settings. Usually they include several operating points for
different pressures of the supplied fuel and atomiser open-
ing (actuation) times, according to the manufacturer's re-
commendations [8]. Unfortunately, many years of work-
shop and laboratory practice indicates that such measure-
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ments may prove to be insufficient, primarily due to im-
proper fuel dosing in other areas of engine operation. De- Fuel feed channel
tection of these irregularities is possible, but after preparing
the full characteristics of the fuel doses. Despite the un- Guide plunger
doubted benefits, this function is rarely used, only in justi- | =
fied cases, which results from the arduousness and time-
consumption of the test phase. As a result, the process of Neddle spring
checking a set from one engine becomes problematic and L sl
economically unjustified. Therefore, an own methodology I o
was proposed, the idea of which is based on limiting the fﬁabﬂmrpm

number of measurements to the necessary minimum and
calculating the remaining data in the environment of a pop-
ular spreadsheet.

2. Methods

2.1. Test object and test beds

The test was carried out on the example of a Bosch
CRI1 electromagnetic fuel injector (Fig. 1), which was
dismantled from a Fiat 1.3 JTD 16V MultiJet diesel engine
with an operating mileage of 158,000 km. Fig. 1. CRI1 Bosch fuel injector design
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Fuel injectors of this type are commonly used in the
combustion engines of passenger cars, working at maxi-
mum fuel injection pressures of up to 140 MPa [16]. Be-
cause the manufacturer has made available the technology
for their diagnostics, while offering a set of original spare
parts, they can be regenerated to almost full extent [14].

Fig. 3. Microscope Meiji FL150/70 [19]

The following systems and instrumentation were used in
the repair process:

— STPiW-3 test bench (Fig. 2),

— 3-phase Bosch gear (CRR 120 pneumatic generator and
CRR 220 electric generator, CRR 420 digital sensor,
LAB/SM135 power supply, CRR 320 torque wrench),

— Meiji FL150/70 microscope (Fig. 3),

— MIC-40700 multimeter,

— ultrasonic baths (Carbon Tech Ultrasonic Bath S15/C2,
Elmasonic S10H),

— vices and gear required for the disassembly and assem-
bly phase.

In order to prepare a full characteristics of the fuel doses
in a simplified way, measurements on the test bench were
carried out at the predefined actuation times (main nodes) t
[us]: 200, 300, 600, 1200. The obtained test results were

entered into a Microsoft Excel spreadsheet, after which the
missing data were estimated in indirect points.

2.2. Predefined (array) functions

For the calculation of fuel injector fuel doses d that were
not included in the experiment phase, predefined functions:
LINEST and TREND, were used. The first of them allows
you to fit a straight line to a set of points, but it can be suc-
cessfully used to determine the coefficients in the multiple
regression equation in the form of a polynomial. For this
purpose, a column of t-values raised to the appropriate
power is prepared for each word, or array operations are
used, but the order of the exponents should be reversed by
creating the following formula:

= SUM(LINEST (known_d's; known_t's"{1\2} *

t*{2\1\0}) @

On the other hand, the TREND function is used directly
for data interpolation (e.g. polynomial, rational), hence the
following expression is used to calculate its value at any
selected point of the discrete interval:

= SUM(TREND(known_d’s; known_t's"{1\2});
t{1\2}) )

In the next step, the addresses of the cells in which the
results of the measurements were entered are substituted,
i.e. the ranges of data known_t’s and known_d’s, as well as
the value of the sought indirect argument t.

Formulas (1) and (2) can be used interchangeably be-
cause they offer the same quality of approximation [5]. In
addition, when dividing a discrete area into two parts, low
degree polynomials are used to create the so-called spline
[6]. In this way, the risk of interference and oscillation
(local extremes) that could occur with a single interpolation
function [4] is eliminated.

3. Analysis results and discussion

3.1. Preliminary tests

Before starting the tests on the STPiW-3 test bench, the
fuel injector was dismantled into its components, which
were subjected to baths in ultrasonic baths and thoroughly
dried.

During the microscopic examination, traces of initial
frictional wear of the surface of plunger and barrel assem-
blies were found, which due to increased resistance limited
the dynamics of the operation of the needle with the atom-
iser (Fig. 4). This negatively affects the fuel delivery pro-
cess and uneven engine operation, in particular at idle or
when setting low loads [7]. This type of defect is found
very often and is detected even at low operational mileage
[1]. In addition, valve seat deformation (Fig. 5) was ob-
served, which leads to an overestimation of the volume of
fuel going to the overflow. The occurrence of this malfunc-
tion results from various reasons, including the wrong ball
travel [22]. However, this parameter was checked after the
plunger and barrel assembly, guide piston and control valve
assembly were replaced. Both in the mechanical AH (Ger.
Ankerhub) and electric AHe (Ger. Ankerhub elektrisch)
tests, the result was 0.051 mm, which is within the manu-
facturer's acceptable range (0.0030-0.060 mm) [18]. Then
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the fuel injector was mounted on the STPiW-3 bench,
where it successfully passed the approval procedures, in-
cluding leakage and electrical tests.

Fig. 4. Friction wear traces on the needle

Fig. 5. Valve seat deformation

3.2. Main tests

Table 1 presents the results of measurements carried out
on the test bench. The data obtained in the calculation pro-
cess is also specified, the course of which is discussed on
the example of selected fuel doses at fuel injection pressure
Pinj = 140 MPa.

The introduction of cell addresses in formulas (1) and
(2) allowed to estimate the value of interpolation polynomi-
al for the first indirect argument t = 250 ps:

7.6 = SUM(LINEST(5.8:36.6; 200: 600" {1\2} *

250"{2\1\0}) €))
or
7.6 = SUM(TREND(5.8: 36.6; 200: 600{1\2});
2507 {1\2}) @)

The fuel doses for the remaining atomiser opening times
were calculated in a similar way. However, in the case of
the second discrete interval, the formula was simplified due
to the smaller number of measuring points. In this aspect,

the predefined functions are much more flexible than the
classic interpolation methods that are being implemented in
a spreadsheet environment [9]. Hence for t = 1000 ps we
obtained:

52.4 = SUM(LINEST(36.6: 60.3; 600: 1200"{1} *

1000{1\0}) (5)
or
52.4 = SUM(TREND(36.6: 60.3; 600: 1200°{1});
10007{1}) (6)

For obvious reasons, conducting two-way calculations
is not required, but it does not pose any major difficulties
and allows you to control the results obtained at every stage
of this process. The correctness of the formulas can also be
checked in another way, namely by substituting any select-
ed root node. In this case, the value of the interpolating
function must be equal to the measurement result at this
point [3]. For example, for t = 1200 ps, we obtained:

60.3 = SUM(LINEST(36.6: 60.3; 600: 1200*{1} *

12007{1\0}) @)
or
60.3 = SUM(TREND(36.6: 60. 3; 600: 1200~{1});
12007{1}) 8)

Figure 6 shows the characteristic curve of fuel doses for
the tested injector d = f(t), which were generated based on
all results. By contrast, the measured points are marked in
colour, and the calculated points are left without any fill.

The shape and course of individual curves should be as-
sessed positively because they do not overlap or intersect
the entire working area in question [20]. This indicates that
there are no irregularities in the fuel delivery process [2]. In
addition, the implementation of pre-defined functions sim-
plified the active experiment phase and enabled the estima-
tion of correct fuel doses values at any atomiser opening
time. For example, according to Bosch diagnostic coordi-
nates, the pilot dose VE (Ger. Voreinspritzung) and idling
LL (Ger. Leerlauf) should be within 0.3-4.1 mm¥inj at
t =260 ps, pip = 80 MPa and 0.3-3.9 mm¥inj at t = 420 ps,
Pinj = 30 MPa [15]. In both cases these requirements were
met because the values dyg = 3.9 mm3/inj and d, = 2.3
mm?®/inj were obtained.

It is worth emphasising that the detection of irregularities
in this area would require the dismantling of the fuel injector
again and fuel delivery correction. In addition to adjusting
the ball travel, the air gap between the control unit disc and
the coil body, the needle travel, and the valve spring force
should be checked. The steps included in respective stages
regulation match the standard Bosch procedures.

4. Conclusions

Despite the variety of diagnostic methods, more and
more often directed at conducting measurements under the
conditions of real operation on the engine, the basis of
modern research laboratories are test benches. They enable
a comprehensive assessment of common rail fuel injectors,
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Table 1. Results of test-bench test and calculations for CRI1 Bosch injector

Injection pressure, Fuel dose
Pini [MPa] d [mm¥inj.]
Lp. Actuation
time, 140 120 100 80 60 40 30
t [ps]
1 200 58 52 45 31 1,7 0,2 0,1
2% 250 7,6 6,2 51 38 24 0,8 0,4
3 300 9,9 7,8 6,4 49 35 15 0,8
4* 400 16,4 13,1 11,0 8,7 6,6 3,5 2,0
5 600 36,6 32,0 28,3 22,2 16,8 9,7 57
6* 800 445 40,2 36,1 29,7 24,1 16,2 11,9
I 1000 52,4 48,5 449 37,2 31,3 22,6 18,2
8 1200 60,3 56,7 53,2 447 38,6 29,1 244
* analytically estimated data
d [mm?¥/injection]
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Fig. 6. Fuel doses characteristic curve for the injector tested

indicating at the same time areas of their incorrect operation
[10]. Therefore, improving test procedures seems to be the
most reasonable, taking into account technical criteria (ac-
curacy, repeatability, durability), as well as economic ones
(cost, efficiency, labour consumption). The proposed meth-
odology can be useful to meet them, as it has been used in
laboratory and workshop practice.

One of the most important advantages of a spreadsheet
is the ability to automatically recalculate all formulas after
changing the input variables [21]. In this way, a quick pre-

view of their effect on the final results is obtained, which,
with a wide set of implemented predefined functions, gives
a very useful tool for processing and presenting data. In the
analysed case, two of them were used, simplifying the ac-
tive experiment phase by eliminating 28 measuring points.
In addition, calculations in the digital environment did not
require the presentation of the final form (formulas) of
interpolation polynomials, but only an estimate of their
values for each indirect argument.

Nomenclature

AH  mechanical measurement of ball travel (Ger. An-
kerhub)

AHe electrical measurement of ball travel (Ger. Ankerhub
elektrisch)

d fuel dose

CRI1 first generation common rail injector made by Bosch
JTD multiJet Turbo Diesel

LINEST predefined linear regression function
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LL
pinj
t

idling dose (Ger. Leerlauf)
injection pressure
actuation (atomiser opening) time

TREND predefined interpolating function

VE

pilot dose (Ger. Voreinspritzung)
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