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Optical tests as the basis for formulating mathematical models of the opening
delay of CIDI injectors

The main objective of this research was an attempt to evaluate the delay times of the actual needle opening of the diesel injectors in
relation to the time of triggering the current control signals opening the solenoid and piezoelectric high-pressure injectors of diesel
engines. The conducted tests take into account the variability of fuel injection pressure and backpressure prevailing in the operational
chamber of the engine. To determine accurately the time of actual injection start, the optical tests analysing the image of the injector tip
were used. Such high resolution images were obtained by high-speed recording with a frequency of 250 kHz (At = 0.004 ms). Based on a
comparison of the results obtained, it was found that the maximum delay time of fuel injection for a piezoelectric diesel injector is about
12% shorter than for a solenoid injector.

Experimentally obtained results of the injection time delay were used as a basis to formulate mathematical models describing the
delay of the real fuel injection in relation to the signal controlling the opening of the diesel injectors. These models take into account the
dependence of the injector reaction from the injection pressure and the backpressure in the operational chamber of the engine. The
correctness of the obtained models is confirmed by acceptable values of the determination coefficient (for solenoid injector — 0.6, for

piezoelectric injector — above 0.8 — for correlation of injection delay and backpressure).
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1. Introduction

High pressure liquid fuel injection used in common rail
system requires precise dosing of fuel through the injectors.
Currently solenoid or piezoelectric injectors are used both
in spark-ignition and diesel engines. Petrol injection sys-
tems operate at lower values of injected fuel pressure than
CI engine systems, but fuel injection times are similar. This
tendency causes that the requirements of engine injectors
with SI and CI are similar. They should demonstrate short
response time to input signals (controlling signals) and, at
the same time, short closing times of injectors with high
repeatability of the voltage-current signals.

The studies on the two types of injectors were conduct-
ed by Yu et al. [7], where the base fuels were kerosene and
diesel. Using only electrical signals triggering injector (con-
trol signal) and changes in the flow of fuel from the injec-
tor, the fuel flow delay was specified. Permanent delay
values regardless of the fuel injection pressure (were ob-
tained 60 or 100 MPa). For piezoinjectors this time
amounted to 0.45 ms, while for electromagnetic injectors to
0.55 ms. In addition, a significantly higher fuel flow rate at
lower pressures of injected fuel were observed. It was stat-
ed that such an increase in the rate of the fuel flow brings
tangible benefits in actual engines in the form of better
atomization and evaporation of the fuel. Optical studies of
the authors concerned only observation of the development
of fuel spray planes and not delay assessment of fuel flow
from the injector.

Research carried out by Zhou et al. [8] concerned the
possibility of determining fuel flow rate for each of the
little openings in the injector. The studies used a conven-
tional injection system with a serial pump used in CI en-
gines of the off-road vehicles. Based on the results of the
fuel flow, the diversity of the fuel flow time for individual
openings can be determined. Those differences amount to

2 degrees of rotation of the pump shaft at the speed range
for this pump of 800—-1000 rpm.

In research conducted by Salvador et al. [3] the opening
delay was specified as the difference of the time of injector
triggering (start of energizing) and the flow of fuel from the
injector was determined in the system for measuring fuel
flow rate (start of injection). The tests were conducted for
fuel pressures ranging from 30 to 180 MPa and at different
fuel temperatures. It was shown that with increasing fuel
pressure the injection delay decreases. It amounts to 0.24-
0.28 ms. This delay increases with decreasing fuel tempera-
ture. At fuel temperature of 253 K and P;,; = 40 MPa it is
about 0.35 ms.

Optical studies on piezoelectric injectors were conduct-
ed by Magno and et al. [2]. These studies focused on the
analysis of the difference in the rate of fuel flow from a
new injector and an injector contaminated by long-lasting
operation. Injection rate measurements have proven to be a
useful tool to demonstrate that a contaminated injector
operates with a delay in relation to the new injector. It was
also found that both injectors inject a similar amount of
fuel, but with altered characteristics of the injection. In fact,
contaminated injector injects a bigger amount of fuel as a
pilot dose, but smaller as the main dose. The studies didn't
analyze, however, the delay of the fuel flow from the injec-
tors.

Duan et al. [1] while conducting test on the new type of
electromagnetic injectors obtained a hydraulic delay of
0.406 ms (at Py,; = 250 MPa, and energizing time = 1.5 ms).
Compared to currently produced injectors, the hydraulic
delay values were reduced by 11.5% (Cummins injector)
and 24.8% in relation to the Bosch injector (for which the
studies with the same values of configurable parameters
were conducted).

Analysis of the literature showed a large number of pub-
lications concerning the determination of:
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1) electrical signals parameters,

2) hydraulic parameters of piezo- and solenoid injec-
tors; however, there is a lack of works indicating the as-
sessment of the actual beginning of the flow from the injec-
tor while taking into account the electric and hydraulic
delay in relation to the emergence of electrical signals con-
trolling the beginning of the injection.

Previous works of the authors of this article [4-6] con-
cerned the initial research to this problem. Optical tests
conducted within these studies on the delay of hydraulic
flow of fuel were carried out at the filming speed of 50 kfps
(thousands of images per second). They confirmed the
applicability of optical testing to determine the time of the
start of fuel flow from the injector; it is recommended,
however, to use a higher time resolution. More accurate
research with an increased rate of filming for injectors in CI
engines were partly completed in the current studies, in
which the speed of filming has been greatly increased up to
250 kfps.

2. The research problem

The aim of this publication is the elemental analysis of
the impact of injection parameters on the fuel injection
delay (fuel pressure and air backpressure). On the basis of
this analysis the mathematical description of the fuel injec-
tion delay relating to high-pressure electromagnetic and
piezoelectric diesel injectors was developed. The acquisi-
tion of such a model is crucial in terms of issues concerning
controlling combustion engine with the CIDI.

3. Research methodology

It was decided that the above formulated task would be
resolved with the use of experiment involving optical
methods. A constant volume chamber (CVC) was used to
simulate the backpressure in the cylinder during fuel injec-
tion, as well as the combination of the system for measuring
fast-varying process and the high-speed camera for fast
registration of photos. Such a combination of apparatus for
the acquisition allowed conducting synchronized measure-
ments of the electrical signals at the injector and the obser-
vation of the physical appearance of drops in the measuring
chamber. So prepared test bench is shown in Fig. 1. Param-
eters of the tested injectors are shown in Table 1, and the
technical specifications of the recording apparatus are
shown in Tables 2 and 3. For the purpose of these tests the
frequency of 250 kHz (At = 4 ps) was used for recording
optical tests and of 500 kHz (At = 2 ps) for recording elec-
trical signals. To connect and synchronize both data types a
flash light of diode was used.

Fig. 1. Diagram of the test bench for optical analysis of the delay of fuel
injection

As a control apparatus a sequencer was used generating
a TTL signal (0-5 V) on the basis of which the systems
triggering injection, the camera and the diode are con-
trolled. For the tests were used two different injector com-
mon rail systems: the first was the piezoelectric injector, the
other — solenoid injector (both by Bosch). Parameters of the
injectors tested are presented in Table 1.

Table 1. Characteristics of the injectors

Parameter Solenoid Piezoelectric
Static flow 520 cm*/min 705 cm®/min
;Apl;i]e of the cone of fuel 162 deg _
Number of orifices 9 8

Fuel injection pressure 25-180 MPa up to 200 MPa

Table 2. Details of the optical setup and devices employed to evaluate the
fuel injection delay

Camera LaVision High Speed Star 5
Light source Halogen lamp — 2 X 500 W
Camera lens Nikon Nikkor

Lens features 50mm-1f/1.4
Image size (pix) 128 x 16

Frame rate (fps) 250,000

Test repetitions 2

Table 3. Details of the fast-varying setup and devices employed to evaluate
the fuel injection delay

System AVL Indimodule
Analog input channels 8 (0-10V)
Maximum sampling rate 800 kHz

Software AVL Indicom - recording system
AVL Concerto — data analysis system

64 MB

On board memory

For such configured test bench test points that corre-
sponded to the operation points of the injector during sup-
plying the combustion engine were selected. The injection
pressure, injector opening time (due to the difference of
injector parameters, it was decided to use the longer open-
ing times of opening for electromagnetic injector) and
backpressure of the medium into which fuel was injected
were subjected to analysis. The range of variation of these
parameters is shown in Table 4. Each test point was repeat-
ed to confirm the result obtained.

Table 4. Points of measurements

IParameter Value

Injection pressure Pjy; 30-120 MPa; AP = 30 MPa

IBack-pressure in the CVC Py 2.5-4 MPa; AP = 0.5 MPa

[Energizing time ET 0.2; 0.4; 0.6 ms for piezo-injector

0.3; 0;5; 0.7 ms for solenoid injector

INo. of iterations

2 for each point

Delay for these tests was defined as a component of
two factors. The first was the time of current rise in the
system (defined as electrical delay — t., Fig. 2) and the
other — the appearance of drops in the chamber, called a
hydraulic delay — t;,. Only the sum of these two delays
gives a complete picture of the entire delay between the
injection request signal and its physical realization (ac-
cording to Eq. 1).
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W=+t

ey

Synchronization of the tests (optical and electrical)
made it possible to determine the total time of delay in
operation of injectors (tq): electrical delay is defined as the
time between the appearance of the TTL control signal, and
the beginning of the current rise (I;;;) in the system (Fig. 2).
The hydraulic delay is defined as the time from the moment
of the current rise to the appearance of the first drops in the
measuring chamber. So defined hydraulic delay time, due
to the need of the use of two separate methods of recording
(electric signal and photos) is described by Eq. 2.

L=+

~

2)

The course of the current-voltage characteristics of the
investigated piezoelectric injector of diesel is shown in
Fig. 3.

The time from the moment of current rise until the mo-
ment the diode flash was defined as t;. This interpretation
made it possible to combine optical tests and registration of
electrical signals.

The method of processing the results of optical tests is il-
lustrated in Fig.4. First, the background image was subtracted
in order to remove random reflections. Then the frame with a
lit diode was found — from this frame the time in optical tests
was measured. The other important recorded frame is the
moment of fuel flow from the injector (100 ps in Fig. 4). The
time between these frames is marked as t,. The sequence
showing the determination of the time t, is presented in Fig. 4.
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Fig. 2. A method for determining the electric delay for solenoid injector
(based on data from solenoid injector: ET = 0.5 ms, Py,j = 120 MPa,
Py, =40 MPa)
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Fig. 3. A method for determining the time t; for the hydraulic delay (based on
data from piezoelectric injector: ET = 0.6 ms, Py,; = 30 MPa, P, = 25 MPa)
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Fig. 4. Optical research algorithm to achieve time t, (based on data from solenoid injector: ET = 0.5 ms, P;,; = 120 MPa, P, = 40 MPa)

4. Investigation of injection delay for piezo-
and solenoid injectors

The tests carried out indicated the difference in the de-
lay of both electromagnetic and piezoelectric injectors.
Basing on the analysis of the obtained results, the factors
were defined and their influence on the delay of injection.
In the analysis the difference of the results at a level of 4 pus
(resulting from the frequency of recording) should be treat-
ed as the same result due to the measurement uncertainty.
The effect of such assumptions is demonstration of actual

trends arising from the phenomena taking place during
injection. A summary of the results obtained is shown in
Fig. 5 for the solenoid injector and in Fig. 6 for piezoelec-
tric injector. In the summary, the points with the same en-
ergizing time of the injection were located in one chart,
allowing analysis the influence of injection pressure and
back pressure (Fig. 7, Fig. 8).

Based on the results obtained, the operation of the elec-
tromagnetic injector can be assessed showing higher re-
peatability in relation to the piezoelectric injector. The
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increase of the injection pressure was indicated as the main
value determining an injection delay for electromagnetic
injector. Comparing the test points it can be concluded that
there is a significant randomness in operation of the piezoe-
lectric injector. The analysis failed to show a trend for the
impact of the triggering signal duration on the injection
delay. It is possible to characterize the results for both in-
jectors at injection pressure of 30 MPa — for this scope in
both cases the increasing backpressure has influence on
reduction of the delays.

The above-presented methodology of analysis was con-
sidered inadequate; therefore, it was decided to complement
it with additional assessment tools based on mathematical
statistics in order to obtain a more comprehensive assess-
ment of the results obtained.

It was decided to use, subsequently:

— amean value,
— medium value,
— dominant value.

After complementing the analysis with the indicated sta-
tistical options, again the summary of the results was car-
ried out, but in this case adopting different criteria for the
presentation of data. Summary to verify the impact of the
injection time on the delay is shown in Figs 7 and 8, respec-
tively, for solenoid and piezoelectric injector.
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Fig. 5. Analysis of the times of injection delay at variable pressure of fuel
injection and backpressure of air during solenoid injector operation

The summary for electromagnetic injector does not
show any higher impact of the time of input signal of injec-
tion opening on the injection delay, which is a problem
while defining the relationships. Overlapping of statistical
values marked on the graphs with horizontal lines (Figs 7
and 8) confirms the inability to indicate the specific de-
pendencies. However, a tendency for the lowest and highest
injection pressure is visible, indicating that the increase of
the backpressure in the chamber causes the acceleration of
the injector opening. Two middle pressure injection set-
tings, however, do not confirm this dependency.
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Fig. 6. Analysis of the times of injection delay at variable pressure of fuel
injection and backpressure of air during piezoelectric injector operation
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Fig. 7. Comparison of the times of fuel injection delays for electromagnet-
ic injector for constant fuel injection pressure at variable backpressure and
different energizing time

For a piezoelectric injector there is also no clear trend
indicating the impact of input signal time on the injector
response. This type of data presentation (Figs 7, 8) indicates
the trends mentioned earlier in the positive influence of
backpressure on the value of injection delay.
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Fig. 8. Comparison of the times of fuel injection delays for piezoinjector
for the constant fuel injection pressure at variable backpressure and differ-
ent energizing times

5. An attempt to describe in mathematical terms
the fuel flow delay

5.1. The impact of the fuel pressure on the delay of fuel
outflow

The next stage of the study was an attempt at a mathemati-
cal description enabling obtaining the estimated value of the
injection delay without the necessity to conduct tests. For this
purpose the results were summarized and an attempt was made
to assign the function best reflecting a trend that occurs be-
tween the fuel outflow delay and injection control parameters.

The first selected value, in relation to which the analysis
was performed, was the injection pressure (for constant ener-
gizing time and backpressure) shown in Figs 9 and 10, for
electromagnetic and piezoelectric injector, respectively. This
analysis was presented for the mean, dominant and median
value of injection delay time obtained from investigations. As

the describing dependencies of this relation were selected
linear, power and polynomial functions. For so selected func-
tions the coefficient of determination was determined and, on
this basis, the correctness of the description of this phenome-
non with the use of indicated functions was estimated.

In all cases of results achieved for an electromagnetic
injector, the power and polynomial functions produce a
similar value of the coefficient of determination. The high-
est value was obtained for mean values described by the
polynomial function of degree 2 and it amounted to R
0.977. Matching at this level is satisfactory for polynomial
and exponential functions.

The same analysis procedure was performed for piezo-
injectors. In this case, the descriptions of the linear and
power functions were characterized by a coefficient of
determination the values of which pointed out to insuffi-
cient the phenomenon description using these functions.
Again, as in the case of electromagnetic injector, the best
match was obtained using a polynomial function, however,
the best match was obtained on the basis of the dominant,
where R” = 1. For piezoelectric injectors, the analysis using
various statistical measures indicates different characteris-
tics of the dependency, which confirms the previous con-
clusion indicating the randomness of the injector operation.

The data analysis indicated the trend of changes for the
electromagnetic injector was shown in Fig. 11. For the
lowest injection pressure, the greatest differences were
found for points with extreme backpressure values in the
test chamber. This area alone has a clear tendency to show
dependence on the backpressure.

It was assumed that the fuel injection time does not af-
fect the opening delay of the electromagnetic injector. In
this aspect, the opening delay of the injector t; was related
to the fuel pressure Pj,; and the back pressure of the me-
dium P, (Fig. 11).

Due to the specificity of injection delay time, analysis
was divided into two stages:

1) for injection pressure of 30 MPa — within this scope
only the dependence on the back pressure of the medium
was shown;

2) for injection pressure above 30 MPa: within this scope
the mathematical relationship between both, the fuel pressure
and the pressure of the medium was determined. The results of
these tests are presented in the following sections.
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Fig. 9. Determination of mathematical models for electromagnetic injectors flow delay based on: a) mean values, b) values of the median, c) values of
dominant, assuming independence of delay time from the time of the injection and backpressure
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empirical equation describing the injection delay for the
indicated area of operation of the injector.

5.3. A mathematical formula of the of fuel outflow
dependency from the injector

Based on the previous analyzes performed within the
study and the information that delay at low pressure values
mainly depends on the value of backpressure of the medi-
um, its mathematical form was determined.

For both types of injectors one type of equation was
adopted, taking into account the value of backpressure of
the medium (at a constant fuel pressure Pi,; = 30 MPa)
supplemented with the following coefficients: slope of line
‘a’ and exponent ‘b’. The general equation is proposed
arbitrary in the following form:

3

_ b
taepinj = 30 MPa) = @ * Py

Fig. 12. Analysis of the change of fuel injection delay during changing the
backpressure of the medium (P;,; = 30 MPa) on the basis of the average
values of fuel injection using injectors: a) solenoid, b) piezoelectric

Determination of 'a' and 'b' coefficients requires the use
of pseudo-optimization methods (which are here accepted
as searching for proper function form and determination as
the function’s parameters). The optimization criteria are
presented in the form of a decision to be minimized f(U),
expressed as the sum of squares of differences of the indi-
vidual values of delays of fuel flow dependent only on the
backpressure of air, designated experimentally and based
on equation (3).

A mathematical model contains the decision variables,
constraints, and decision-making function:

— decision variables: a, b — coefficients of the equation (3),
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— constraint (designating the range of acceptable solu-
tions): a, b # 0, values can be negative and positive, ex-
cluding zero (such value eliminates the equation),

— decision-making function: U(a, b) fulfils the constraint,
for which the decision-making function f(U) reaches a
minimum:

n

£(0) =" ((tg)e; = (tg);)*  min 3)

i=1

where (tg) — is the calculated delay value for given data of
the parameters Py, (t3); — means a test value of the delay for
the same values of Py; i — is a subsequent value.

Using a solver implemented in MS Excel, a nonlinear
solution to the task with nonlinear constraints was obtained.
As mentioned earlier for this case only data used for injec-
tion pressure 30 MPa were used.

This procedure is presented in Fig. 13, where the de-
pendence (3) is considered as the optimization criterion of
the equation. The coefficient of determination value for the
piezo-injector was found to be satisfactory for the result
obtained. In case of the electromagnetic injector, the result
is unsatisfactory even to estimate the injection delay. After
obtaining the results and their qualitative assessment, it was
decided to move on to the next stage in which the empirical
equation was extended by the injection pressure parameter.

Analysis of fuel injection delay at higher pressure val-
ues (Fig. 14) of fuel makes it possible to make the delay
time dependent on two parameters: fuel pressure and back-
pressure of the medium. Using function:

b
tapinj>30mpyy =&+ Py - Pinjc %)

and the optimization criterion given in equation (4), the
coefficients "a" "b" and "c" were determined making it
possible to determine the correlation between experimental
and calculated delay values. Coefficient of determination is
R? = 0.94, indicating a good match of the obtained coeffi-
cients with the experimental fuel injection delay.

0.200
P, = 60-120 MPa <
0.195 { P,=2.5-4.0 MPa V.
ti,; = 0.3-0.7 ms O O 4 2
0.190 /
electromagnetic
0.185 injector
o
E
S 0.180
m©
o
T 0175
&
0.170
O y =0.9395x + 0.0109
0165 |/ R?=0.9411
’
0.160 ¥
0.16 0.17 0.18 0.19 0.20
t-d [ms]

Fig. 14. Dependency of experimentally and analytically determined delay
of fuel injection from electromagnetic injectors from fuel pressure and
backpressure of the medium (conditions of analysis are given in the figure)

Table 5. The parameters characterizing fuel injection delay for diesel
engines: piezo- and solenoid injectors

Electromagnetic Piezoinjector
injector
Maximum injection delay 0.27 ms 0.24 ms
Delay ratio EM/P (P/EM) 1.125 (1) 1 (0.888)
Increase Aty if APy, increase B . B .
by 0.5 MPa 7.35 us 13.0 us

Equation of injection delay

ta=0.3112-P, 1

ty = 0.3387-P, 7

0.28 =
P,y =30 MPa L’
P, =2.5-4.0 MPa ’
t;,;=0.3-0.7 ms e
d
4
026 | | clectro o LA
injector
— Vé
)
E
3]
E
g
= 024
L7 y =0.6157x + 0.0962
.7 R%=0.6154
d
0.22 T T
0.22 0.24 0.26 0.28
t-d [ms]
0.26 >
Piy = 30 MPa L’
P, = 2.5-4.0 MPa ,
t;,; = 0.2-0.6 ms
0.24
m
£
5 0.22
El
2
0.20
y =0.8313x + 0.0369
R?=0.8328
0.18 T T
0.18 0.20 0.22 0.24 0.26

t-d [ms]

Fig. 13. The dependency of the fuel injection delay determined experimen-
tally and analytically (conditions of the analysis are given in the figure;
equation for electromagnetic injector: tq = 0.3112.P,*'*"; equation for

piezoinjector: tg = 0A3387~Ph’0'378)

(only for P;y,; = 30 MPa)
Coefficient

of determination, R* 0.6154 0.8328
Equation of injection delay | tq = 0.469-P, "¢ ]
(for Pii> 30 MPa) P, no correlation
Coefficient 0.9411 B

of determination, R?

Full analysis of the parameters of fuel injection delay
and the process of optimization are presented in Table 5. A
higher coefficient of determination was obtained when
mathematical dependence was created for piezo-injectors,
with the dependency of injection delay time only from
backpressure (at injection pressure of 30 MPa).

The dependency describing the injection delay from the
fuel pressure and the backpressure of the medium was de-
termined only for electromagnetic injectors for the fuel
pressure range above 30 MPa.

6. Summary

An electric and optical analysis of the gasoline injection
delay makes it possible to determine the parameters charac-
terizing the process. The use of averaged data indicates that
any increase in air pressure AP, by 0.5 MPa results in an
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increase in the operating delay of the electromagnetic injec-

tor by 5.65 ps. Using experimental research, the mathemat-

ical dependence of the delay in injector operation time from

the air backpressure was determined, as shown in Table 5.

These equations were obtained for relatively high values of

coefficients of determination, which means a large conver-

gence with the results of experimental research.

As the results of experimental studies different times of
fuel injection delay relating to electromagnetic and piezoe-
lectric injectors were obtained.

Experimental studies allowed some observations and
conclusions to be made regarding diesel fuel injectors:

1. A delay in opening the injectors can be described with the
use of mathematical models in which the fuel pressure and
backpressure of the medium are taken into account. The
operation analysis of the solenoid injectors supplying die-
sel fuel indicates the reduction of the fuel flow delay time
from the injector with the increasing fuel pressure (within
the range from 30 to 120 MPa). Delay of diesel fuel flow
from piezoelectric injectors is reduced only in the range of

30-60 MPa. For further increasing fuel pressure, the delay
is constant or slightly increased.

At a pressure of 30 MPa the delay time for solenoid
injectors of diesel fuel is proportional to the backpres-
sure of air. Any increase in the backpressure of the air
APy, by 0.5 MPa decreases the time of fuel flow delay by
7.35 ps.

At low values of fuel pressure (30 MPa) the delay time
for piezoelectric injectors of diesel fuel is proportional
to the backpressure of air. Any increase in the backpres-
sure of the air AP, by 0.5 MPa decreases the time of fuel
flow delay by 13.0 ps.

Delay of fuel flow from diesel fuel injectors at fuel
supply pressure above 30 MPa is described by the de-
pendence using Pi,; and P, and as a result the high com-
patibility of the equation with the experimental results
was obtained. Unfortunately, this dependence could on-
ly be determined for electromagnetic injectors.

Nomenclature

CI
CNG
cvcC
DI
ET
LPG

compression ignition
compressed natural gas
constant volume chamber
direct injection
energizing time (= tiy))
liquefied petroleum gas

Py,
Pinj
SI
[

th

back pressure
injection pressure
spark ignition

total time of delay
electrical time delay
hydraulic delay time
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