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Abstract. Spread and evolution of Common Rail (CR) injection systems enable to influence injection events more effi-
ciently than ever, while injection mass flow rate during an injection event crucially affects the combustion process. A meas-
urement device based on the work of Bosch was set up, and measurements were made with different boundary conditions
to explore the capabilities of the measurement system and to validate a detailed model of a CR injector. The main finding
of this research work is, that orifice size had no noticeable effect on the measured injection rate traces, while it was stated
in the original work that a small orifice is needed to terminate the measuring tube to maintain stable measurement condi-
tions. Moreover, the backpressure level in the measuring system has a significant effect on the measured injection traces. If
pressure in the measuring tube is low, gradient at the injection rate rise is lower, while if the pressure is comparable with
that of a combustion chamber maximal compression pressure, measurement of higher doses is unaccomplishable due to
the long pressure decrease time in the measuring tube after the end of the injection. Based on the results of the investiga-
tion, it can be stated that the Bosch-type injection rate measurement method does not give back the exact injection rate
shape, a supplementing method would be necessary to calculate real nozzle flow rate.

Keywords: diesel injector, common rail injector, injection rate measurement, injection rate meter, Bosch method, effects

of boundary conditions.

Notations

Abbreviations:

CR - common rail;

ECU - engine control unit;
ID - internal diameter;
IC - internal combustion;
SS — stainless steel.

Variables and functions:
A — cross-sectional area of the tube [m?2];
¢ - speed of sound in the medium (diesel fuel) [m/s];
d(x) — standard normal distribution function of x;
m — mass of the measuring medium [kg];
n — sample size [pc];
p - pressure of the measuring medium [Pal];
P(x) - probablility function of x incidence [-];
q - volume of the measuring medium [m3];
r, — value of the n-th sample;
t — time [s];
u - flow velocity of the measuring medium [m/s];

x — set of incidents;

d - reliability [-];

k — complementary probability (x = 1 - «) [-];
T — probability value [-];

€ — accuracy [-];

p - density [kg/m3].

Introduction

Modern diesel fuel injection systems used in road vehicles
have to fulfill stringent requirements owing to the newer
and stricter worldwide emission standards (Zo6ldy 2019).
Fuel quantity, timing and regulation have to be very accu-
rate in all engine operating points. Engines are designed to
treat average diesel fuel according to the standards (Zoldy
2020). Fuel injection during one engine cycle is split into
2...7 parts to maintain the desired burn rate and through
this engine performance and raw emission (Hiwase et al.
2013; Agarwal et al. 2013). This flexibility in injection
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timing, pressure and length (Juri¢ et al. 2019) could only
be achieved with the appearance of CR injection systems,
which separate pressure generation from fuel metering
(Stumpp, Ricco 1996).

The curve of injection mass flow rate plotted against
time or crankshaft angle is usually referred to as the “in-
jection rate”. The integration of this plot gives the dosage,
which determines the power output of the engine. Injec-
tion rate crucially affects the combustion process; this is
the reason why some research effort was put in injection
rate shaping (Ghaffarpour, Baranescu 1996; Benajes et al.
2005; Rottmann et al. 2009). With the ability to influence
mass flow rate during an injection event, it is now more
important than ever to be able to measure the mass flow
rate of CR injector nozzles during an injection process.

First attempts to measure flow rate were using rotating
calibrates and stroboscopic techniques, so the injections
were divided into several sections, and fuel was collected
into individual beakers. Later more methods were pub-
lished, including the use of electrical charges conveyed by
the fuel particles (Straubel 1955) and utilization of pis-
ton movement measurement caused by the injected fluid
volume (Zeuch 1961). Calibration, instrumentation and
use of these systems turned out to be very complicated,
so they did not become popular. Bosch (1966) proposed
a new system based on the measurement of the pressure
wave generated by the spray injected into a length of a
compressible fluid. Experiments showed that the accura-
cy of both the Bosch and Zeuch methods is satisfactory;
they predict similar magnitude and shape of the injection
rate (Bower, Foster 1991; Takamura et al. 1992), although
Bosch’s method is easier to use in the research field. Other
works were also dealing with injection rate measurements
based on pressure change (Marci¢ 2003; Marcic 2006),
where the spray of the injector nozzle generated pressure
rise in a chamber, not in a tube. A membrane with strain
gauges was used to record pressure change; hence it had a
similar layout to Bosch’s system. It was able to measure the
flow rate of the individual nozzles, because it had a sepa-
rate chamber for each nozzle. It is worthwhile to mention
that Marcic first worked on a measurement device based
on electric charge deposits generated by fuel flow and
temperature changes in the measuring electrodes (Mar¢i¢
1999). This latter device was also compared to a Bosch
fuel meter. Another very similar method was proposed
by Blevins and Wagner (1999); the difference to the Bosch
method was a strategically placed orifice close to the injec-
tor nozzles. Although the Bosch method was accepted as
a reliable measurement device, it still had problems. Ar-
coumanis and Baniasad (1993) pointed out that the Bosch
method gives higher fuel quantity per injection than the
Zeuch, while Payri et al. (2008) provided a methodology
to deal with this so-called “cumulative phenomenon”. Oth-
ers, like Postrioti et al. (2014), used the Zeuch method for
the analysis of a CR injection system and to define the
exact starting time of injection.

Based on the extensive literature available for the
Bosch method, this type of device was chosen to be built.

The purpose of the work was to validate a detailed model
of a CR injector. Before building an actual measurement
system based on Bosch (1966), a sensitivity analysis was
carried out with the help of simulation tools to understand
better the inner processes of the measurement method
(Vass, Németh 2013). In that work, it was shown that by
changing the geometrical parameters of the device, the
measured injection rate would also change, although the
excitation (the injection rate trace) remains the same. As
an outcome, a parameter set was defined by the simula-
tions to get accurate results for the forthcoming measure-
ments. After this, a measurement device was set up, and
measurements were made with different boundary condi-
tions. This way, the capabilities of the measurement sys-
tem could be explored, and a detailed simulation model
of a CR injector could be validated. It turned out that not
only the geometrical, but the boundary conditions also
crucially affect the measured injection rates.

In this work, the effect of the change of the bound-
ary conditions will be presented and analyzed, and a set
of boundary condition values will be chosen to maintain
accurate measurement results, which can be compared
against simulation data later. By the comparison between
the simulated injection rate meter values and the measure-
ment data, one can define the exact nozzle flow rate.

1. The Bosch method for injection
rate measurement

When injection occurs into a length of compressible fluid,
it creates pressure waves. The principle of this method is to
record the change of the pressure in time, from which the
volume or mass flow rate of the injection event might be
calculated. The concept is based on the pressure-velocity
equation valid for a single pressure wave in an instationary
flow pattern (Bosch 1966):

p=c-p-u (1)

If Equation (1) is combined with the continuity equa-
tion, the governing equation of the Bosch method is given
(Bower, Foster 1991):

Y _Ap @
at  cp’

Equation (2) shows that the instantaneous volumetric
flow rate can be calculated from the cross-sectional area
of the tube, the instantaneous pressure level, the speed of
sound in the fluid and the density of the fluid. Equation
(2) can be easily transformed to mass flow rate by multi-
plication with the density:

dm _A-p

dt c 3)

Equation (3) tells that instantaneous mass flow rate is
proportional to the pressure and the cross-sectional area,
while inversely proportional to the speed of sound. The
speed of sound in a fluid is the function of compressibility
and density, but because the pressure change during the
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operation of the injection rate meter is limited, the change
of these factors can be neglected (Bosch 1966). Therefore
the change of the mass flow rate depends only on the
change in the pressure.

Figure 1 shows the Bosch injection rate meter, which
consists of five main parts. It is filled with diesel fuel as a
measuring medium. The first and most complicated part
of the assembly is the injector mount. It contains the in-
stallation interface of the injector, the pressure transducer,
the high-pressure inlet (if needed), the low-pressure out-
let (if needed) and the mounting of the measuring tube.
Bosch initially used a strain gauge on a reduced cross-
sectional part of the injector mount, but in this work, a
pressure transducer is used with its adherent amplifier and
data acquisition system. The measuring tube is an equally
important part of the system. The ID of the tube will pre-
determine the pressure raise in the fluid, and its length
will define the time in which the reflected pressure wave
reaches the transducer. The geometric parameters together
define the internal volume of the tubing, which affects the
attenuation of the pressure waves (wall and internal fric-
tion of the fluid).

Pressure waves are reflected back and forth between
the injector nozzle and the termination of the measuring
tube, transporting fuel in and out of the tube. Fuel exits
the measuring tube depending on the end forming of the
tube. If the pressure wave reflected from the termination
of the measuring tube would be negative, then more fuel
would leave the measuring tube than the injected volume,
causing unstable conditions in the system, which is not
allowed. As a result, an orifice plate or a throttle valve is
needed at the end of the measuring tube; thus the size of
the orifice may be adjusted according to the magnitude of
the injected mass.

The orifice is connected to the so-called follower or
following tube and an adjustable check valve. The length
of the following tube is not critical, although it has some
effect on the measured rate shape (Vass, Németh 2013).

Following tube

A\

Injector

Injector
mount Pressure

i sensor [f’] Adjustable
bl orifice

E:I Check valve

Figure 1. Schematic of the Bosch-type injection rate meter
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The check valve with the following tube makes the injec-
tion observable under conditions that are similar to those
in IC engines. So if the backpressure is set to the maximal
compression pressure occurring in the combustion cham-
ber of the IC engine, the pressure difference between the
two sides of the orifice holes will be the same as in an
engine. Also, if the ID of the measuring tube is selected
to make the pressure rise in the tube comparable to the
maximal combustion pressure in a given engine, then the
injection process will also be similar to the one in the IC
engine. The schematic of the Bosch-type injection rate
meter is presented in Figure 1.

2. Measurement setup

In research by Vass and Németh (2013) a best tradeoff
parameter set was determined based on simulations; the
measuring device was built according to these values. Ta-
ble 1 shows the geometric sizes of system elements; the
pressure transducer was placed 20 mm downstream of the
injector nozzle.

The injector used in the measurement was Bosch
CRIN1 CR injector for commercial vehicles, information
about the injector and its working principles, internal
parts can be found in researches by Vass, Németh (2013)
and Zoldy, Vass (2018). Fuel supply and backflow struc-
ture in commercial vehicle CR injectors is more compli-
cated than those for passenger cars. Both the supply and
backflow connection is realized inside the cylinder head,
using special connecting surfaces to prevent leakage. Man-
ufacturing such an injector mount would be complicated;
hence a suitable cylinder head was used in which the in-
jector was mounted.

The injector was connected to the high-pressure sys-
tem of a four-cylinder turbocharged diesel engine installed
on an engine test bench via a flexible high-pressure hose
(Bardos et al. 2014). This meant that during the meas-
urement the engine ran with three cylinders, while the
electric and hydraulic connections of the 4th cylinder
were driving the injector of the Bosch meter. Therefore,
injections occurred periodically in the measuring tube,
which gave continuous excitation to the fuel column in-
side the system. A current clamp was used to record injec-
tor current and a line pressure sensor was mounted on the
rail tube to measure injection pressure. The injector was
equipped with a needle lift sensor measuring the control
piston motion. Figure 2 shows the test bench layout.

The cylinder head was modified to accept the meas-
uring tube from the bottom side (valve seat side) of it.
The fitting made to connect the cylinder head and the

Table 1. Size of system elements

Part ID [mm] | Length [mm] | Pressure [MPa]
Measuring tube 16 1500 5
Throttle valve adjustable - 5
Following tube 7 1000 5
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Rail tube

—

Rail pressure sensor

Injector with needle lift sensor

Following tube
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=7

\

Engine Current clamp

Pressure sensor

Check valve

Adjustable orifice

Cylinder head

Figure 2. Test bench layout

measuring tube contained the pressure transducer, which
was an AVL SL-31D-200 full bridge strain gauge sensor
with 0...20 MPa measuring range and 100 kHz natural
frequency. The measuring and following tubes were made
from 316 SS. Fittings to connect the parts were chosen to
avoid ID changes. As a variable orifice, a SS quarter-turn
instrument plug valve was used, while the check valve was
a 316 SS backpressure regulator, with a regulation range of
0...13.7 MPa, equipped with a pressure gauge filled with
glycerin to attenuate oscillation of the indicator.

To measure different injection pressures and excitation
times, different engine operation points were set on the
test bench. Table 2 presents four engine operating points,
which cover injected masses from partial to full load, so
that the measuring system could be tested on a wide range
of excitations. All measurements were made at 1500 min!
engine speed, except for the full load point, where the
engine was not capable of a 400 N-m torque output. To
make load steps consistent, the speed was lowered to 1400
min~!, but this did not make any change to the results,
since data was recorded as a function of time, not crank-
shaft position.

Engine operation points were used to compare dif-
ferent boundary conditions of the injection rate meter.
There are two possible values to set: the size of the ori-

Table 2. Engine operating points for the injection
rate measurements

. Engine Engine Rail Excitation
Operation d .
oint spee torque pressure time
P [min!] | [N-m] [MPa] [ms]
1 1400 400 89 2.7
2 1500 300 68 2.55
3 1500 200 54 1.9
4 1500 100 45 1.15
Table 3. System parts and their setting
for different measurements
Part Settings
Plug valve [°] 0 45 60
Pressure regulator [MPa] 0.1 3 6

fice between the measuring and following tubes, and the
backpressure in the tubes. To see the effects of each, three
different backpressures and orifice areas were measured
for each operating point. This means that each operation
point was measured with three backpressures and each
backpressure with three orifice cross-sections. Altogether
this means 36 measurements; for brevity, only the most
characteristic traces will be presented for each boundary
condition (Table 3).

3. Results and discussion

Each measurement was made recording a 10 s time seg-
ment while the engine was set to the actual operating
point and boundary conditions were adjusted for the
injection rate meter. The data contained a considerable
amount of noise that made it impossible to select a given
injection rate trace from the time interval. Different filter
types were tried, but the results were not satisfying due to
the phase shift and smoothing effects. The solution was to
cut a time window for each injection event based on the
needle lift sensor values. So, when the needle lift reached
a particular value, a 3.5 ms window was cut from the pres-
sure-time trace and the time segments created thus were
projected on each other. In such a wise, a mean pressure
value could be calculated for every time instance, which
gave the pressure curve that could be used for injection
rate calculation. Figure 3 shows 100 needle lifts and pres-
sure traces that were used to calculate the average.

The needle lift profiles in Figure 3 show the deviation
between individual injections, as the beginning of the nee-
dle lifts vary approximately 0.2 ms. Sensor drift is also pre-
sent, during a 10 s measurement zero level of the needle
lift changed approximately 30 pm. Noise in the pressure
data was an issue, but the described method gave satisfac-
tory results, as described in the following paragraph.

To justify the number of samples in these measure-
ments, we can use the central limit theorem. Its states
that as sample size n gets larger, the distribution of the
difference between the sample average r,,/n and its limit
€, when multiplied by the factor Jn, approximates the
standard normal distribution. Expressed mathematically
(Medvegyev 2016):
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Figure 3. 100 needle lift and pressure traces for 1400 min™!,

400 N-m, 0°, 0.1 MPa measurement point
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If we want to keep the averaged injection rate accurate,
€ error has to be smaller than 10% (¢ = 0.1). In order to
have a high probability, & = 0.05 will be used. Substituting
these values in Equation (5):

cb(z- n-s):l—gzo.ws. (6)

From this, the n needed sample number can be cal-
culated:

2-\/n-£=1.96, n=96. (7)

Thus if more than 96 samples are used, than the cal-
culation will have at least a 90% accuracy with more than
95% reliability. This criterion was fulfilled, because for
each calculation at least 112 measurement samples were
used.

3.1. Effect of tube pressure

According to Bosch (1966), back pressure level would
serve to adjust pressure in the fluid to match conditions
of the combustion chamber. If done so, the pressure dif-
ference between the two sides of the nozzle holes of the
injector is consistent with regular operation, so that the
injection rate is similar to the one that would be measured
in the engine. Figures 4-7 show the effect of the pressure
level in the measuring tube on the injection rate measure-
ment for all four engine operating points. Figures 4 and 5
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show full and high load conditions respectively; the same
effects can be observed on both. Between the 0.5...1 ms
time interval, the measured injection rate on 0.1 MPa back
pressure legs behind the higher pressure levels consider-
ably. This implies that rest pressure in the system has a
considerable effect on the gradient of the pressure rise in
the first phase of the injection process. With higher pres-
sures, the fluid length is “prestressed”; it has a higher bulk
modulus so that pressure rise due to the injected fuel vol-
ume is steeper. The prestress of the check valve spring may
have an additional effect on this process. As at 0.1 MPa
the pretension of the spring is almost zero, while at 3 and
6 MPa it is much higher, part of the energy transmitted
to the fluid is turned to open the check valve and move
the closing piston against the spring in the check valve
assembly.

It is worth to notice that all injection rate traces be-
longing to an engine operation point have very similar
value at the steady-state part, where the maximal injection
mass flow has been reached. This means that backpressure
level does not affect the measured mass flow value during
steady-state conditions, only in the transients.

250

1 200

1150

1100

Injection rate [g/s]
Needle lift [um]

150

0° 0.1 MPa
——— 0°3.0MPa |0
% 0°,6.0 MPa
needle lift
-5 . . . . . . -50
0 0.5 1.0 1.5 2.0 2.5 3.0 35

Time [ms]

Figure 4. Measured injection rates and needle lift for 1400 min~1,

400 N-m, 0° plug valve state, with different backpressures
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——— 0°3.0 MPa 120
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0r 10
-5 s s L
-0.5 0 0.5 10 15 2.0 2.5 3.0 3.5

Time [ms]

Figure 5. Measured injection rates and needle lift for 1500 min™!,

300 N-m, 0° plug valve state, with different backpressures
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Figure 6. Measured injection rates and needle lift for 1500 min~1,

200 N-m, 0° plug valve state, with different backpressures

The most significant differences between the differ-
ent pressures appear at the end of the injections. Here at
0.1 MPa the measurement follows the movement of the
control piston of the injector closely, but at higher pres-
sures, the measured injection rate does not drop with the
closing of the needle. This is again due to system bulk
modulus and the pretension of the check valve spring. As
the pretension is higher and higher in the valve spring, it
will act as a higher and higher choke on fluid flow during
the opening (pressure reducing to rest value) phase of the
operation. It is not presented in the figures, but pressure
decrease to the rest value took approximately 100 ms be-
tween injections, which is a two orders higher time inter-
val than injection duration. This suggests that this particu-
lar system with this particular check valve is not able to
indicate the correct mass flow rate at higher injected dos-
age, although this inaccuracy changes on medium to low
loads (Figures 6 and 7). Figure 6 shows medium engine
load (200 N-m), where there is still a noticeable difference
between the first, rising part of the injection rates, but it
completely disappears at low load (100 N-m) and all rate
traces show the same injection rate shape.

Considering every case, the 0.1 MPa (environmental)
backpressure can indicate the injection rate in all load
cases, but the rising transient part of the trace is not ac-
curate enough.

3.2. Effect of plug valve position

Originally Bosch terminated the measuring tube with an
orifice, which reduced the flow area to a 1...2 mm cali-
brated hole. It was needed to stabilize pressure waves in
the tube and eliminate negative reflections, which could
disturb the measurement process. In this case, an adjust-
able plug valve was used, which was proposed in the origi-
nal work by Bosch (1966) as well.

Figures 8 and 9 illustrate the effect of three different
orifice cross-sectional areas. At 0° the valve was fully open,
so it had the cross-sectional area of the ID 7 mm follow-
ing tube. At 45° it was reduced to half, while 60° had the
smallest cross-sectional area, where the system was still

50 . . - - - . 140

45

0° 0.1 MPa
——— 0°3.0 MPa
0° 6.0 MPa
needle lift

1120
40 [

35 | 1100

30 {80
25

20

Injection rate [g/s]
Needle lift [um]

120

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Time [ms]

Figure 7. Measured injection rates and needle lift for 1500 min~1,

100 N'm, 0° plug valve state, with different backpressures

stable at the highest dosages. More closing would result
in excessive pressure rise due to the choking effect of the
small orifice cross-sectional area.

Figure 8 shows that there is practically no effect of the
orifice size on the measured injection rate. All three traces
run together at the full load engine operating point; only
the degressive rising of the injection rate can be observed
(Payri et al. 2008), which is the result of the 0.1 MPa
backpressure. The same can be told about Figure 9,
where medium engine load is illustrated with all plug
valve positions.

In conclusion, it can be stated that the orifice size has
no considerable effect on the measured pressure traces up
until the point where the small cross-sectional area re-
duces the flow rate in the tube so much that it chokes the
system and circumvent the measurements.

3.3. Effect of different engine operating points

During the measurements, engine speed was 1400 and
1500 min~}, so the excitation frequencywas 11.6and 12.5Hz,
respectively. These excitation frequencies did not spoil
the measurement data, all injections were separable and
the effect of the reflections could be eliminated with the
mean value calculation detailed at the beginning of Sec-
tion 3. It is worth to mention here, the noise present in
the measurement data was not from the oscillations, but
from relatively high noise of the pressure transducer and
the data acquisition system.

Figures 10 and 11 compare the different injection
lengths and pressures measured with the rate meter. In Fig-
ure 10, it can be noticed that with growing injection pres-
sure, the measured pressure gradient rises as well, while
the high and full load cases (300 and 400 N-m respec-
tively) differ almost only in the injection length. Although
the measured injection rate rise is not as steep as in Fig-
ure 11, where the 3 MPa backpressure is presented, every
injection reaches steady-state values. The 3 and 6 MPa
backpressures are not applicable for higher doses, because
that makes fuel flow and pressure equalization in the sys-
tem very slow.



Transport, 2021, 36(4): 297-304

50 T T T T T T T 250

0° 0.1 MPa

— — — 45°0.1 MPa
60° 0.1 MPa

——— needle lift

45

e

40 200

351

w [
B 301 1150 g
] =
5] 25 F =
= =
S 2t {100 =
k3] 5
2 ]
g 15 Z

10 b 450

5F

ot 40

-5

-0.5 0 0.5 1.0 1.5 2.0 2.5 3.0 35

Time [ms]

Figure 8. Measured injection rates and needle lift
for 1400 min~1, 400 N-m, 0.1 MPa backpressure value,
with different plug valve positions
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Figure 10. Measured injection rates of the four engine operating
points with 0° plug valve position, 0.1 MPa backpressure

Another phenomenon can be noticed in Figures 10
and 11 - the 100 N-m load case has negative mass flow
rate measured, due to the negative pressure waves reflected
from the cross-sectional area change between the measur-
ing and following tube. This is another reason why higher
pressures are to be avoided in this measurement system.

Conclusions

In this work, the effect of different boundary conditions
was investigated in a Bosch-type injection rate meter.
Pressure and through this, injection rate shapes give use-
ful information of the injection, although effects of the
backpressure and orifice size have a considerable effect on
the measured traces.

The noise of the pressure sensor and data acquisition
system was eliminated with the mean value calculation of
100 consecutive injections in every corresponding time in-
stance. This method made measurement cases comparable
and the injection rate meter appropriate for the validation
of a detailed CR injector model.

303
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Figure 9. Measured injection rates and needle lift
for 1500 min~1, 200 N-m, 3 MPa backpressure,
with different plug valve positions
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Figure 11. Measured injection rates of the four engine operating
points with 0° plug valve position, 6 MPa backpressure

In the original work of Bosch, it was stated that the
level of backpressure is for the setting of the pressure dif-
ference between the injector and the ambient medium to
reproduce normal working conditions. Main finding of
this research work is, that in this measurement system
the pressure level has a significant effect on the measured
injection traces: if the pressure is low, the gradient at the
injection rate rise is lower; while if the pressure is compa-
rable with that of a combustion chamber maximal com-
pression pressure, measurement of higher doses is unac-
complishable due to the long pressure decrease time after
the end of the injection.

According to our results presented here, the size of
the orifice between measuring and following tubes had
no noticeable effect on the measured traces, while it was
stated in the original work that a small orifice is needed to
terminate the measuring tube in order to maintain stable
measurement conditions.

Based on the results of the investigation, a new meth-
od shall be developed for injection rate determination, be-
cause due to the change of the measured traces with differ-
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ent boundary conditions, it is not clear which one would
give more reliable information about the injection event.
In this new method, the correct injection rate is gathered
by simulation tools, where the complete injection rate me-
ter would be simulated together with the injector. In such
a method, only the simulated injection rate meter values
would have to agree with the corresponding measurement
results, while the exact injection rate could be determined
from the simulated injection rate of the injector itself.
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