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Abstract

In this paper, a micromachined mass flow sensor mounted on a high pressure stable substrate is presented to measure on board the different
injection quantities needed in modern direct injection (DI) systems for optimum performance of the engine. To detect the injection end/begin
as well as the injection rate as precisely and fast as possible, the sensor is completely integrated into the nozzle body close to the injection holes
for the first time. The thermal measurement principle is chosen, as gasoline and diesel fuel quantities can be detected and therefore, the use of
this present flow sensor is not restricted to one of these different types of combustion engines. The fabrication process of the molybdenum
(Mo) thin film sensors on an LTC (low temperature co-fired) ceramic chip is described. Additionally, FEM simulations concerning the velocity
profile in the injection nozzle are performed and the electrical heating power of the hot film anemometer at different overheat ratios is
analytically calculated. Finally, the injection rate measurements up to 60 MPa (600 bar) with the nozzle-integrated thin film sensor are
presented and their additional information compared to signals gained from an injection amount indicator (EMI), which is part of the high-

pressure hydraulic test bench, are discussed. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the last years, increasing sales quantities for gasoline as
well as diesel passenger cars, which are equipped with a
direct injection (DI) system, have been reported [1,2]. This is
mainly due to both a permanently increasing fuel price and a
growing awareness of the public for environmental problems
[3]. Consequently, fuel economy has become a major selling
point for car buyers desiring simultaneously a reduced CO,
emission and a higher output power in the new developed
automobiles. But, under all these different DI systems,
which are developed to series by the leading car manufac-
turers, the common rail (CR) injection concept has gained
much attention because it offers a fuel injection pressure
ranging nowadays for diesel engines up to 1350 bar
(135 MPa) being almost independent of load condition,
number of revolutions of the camshaft or the geometry of
the cam [4]. Therefore, pilot and post injections consisting
only of very small fuel quantities, but strongly needed for an
optimum performance of the engine, can be realized, espe-
cially when a high dynamic piezo-electric driven actuator
instead of a magnetic valve is used [5]. To take advantage of
the significant potential on the area of injection technology
for a further development of the engine, an on-board mass
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flow sensor is recommended enabling a closed-loop control
of the injection rate. This could allow to inject in a repro-
ducible and controlled way even very small fuel quantities.
Therefore, a micromachined hot film anemometer placed on
a pressure stable ceramic substrate is integrated in the nozzle
body close to the injection holes for the first time. This
present paper mainly focuses on FEM (finite element
method) simulations performed with the software tool Flo-
tran/ANSYS 5.5 on the velocity field in the nozzle. There-
fore, analytical calculations allow to estimate the maximum
electrical heating power P of the micromachined flow sensor
during operation at a possible fuel injection pressure of
135 MPa for diesel engines. Finally, first injection rate
measurements at different drive pulses up to 60 MPa, per-
formed with the nozzle integrated flow sensor, are compared
to waveforms, gained from an injection amount indicator
(EMI), which is part of a high-pressure hydraulic test bench
and yields a completely different measurement technique of
the injection rate.

2. Fabrication process of the micromachined
hot film anemometer

The thermo-resistive measurement principle has been
realized using an electrically heated thin film sensor. This
type of flow sensor can be fabricated in a batch process and
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requires no moving parts as the micro turbine sensor (MTS)
[6]. Therefore, it is very well suited for the application in
gasoline as well as diesel engines. Especially for the
present application, the hot film anemometer has to be
placed on a pressure stable substrate, which is electrically
isolating and, with regard to a latter mass production, as
cheap as possible. An LTC (low temperature co-fired)
ceramics is used, because the fabrication process of the
latter allows in addition the integration of electrical feed-
throughs with a low resistivity (see Fig. 1). The sintered
thick film paste exhibits ohmic behavior and adds in the
present design a negligible parasitic resistance of about
100 mQ to the sensor resistance of about 115 Q at room
temperature. In Fig. 2, a schematic overview of the funda-
mental technology steps necessary to realize a multilayer
glass—ceramic substrate is given, whereas a more detailed
description of the latter can be found in [7]. The original
soft state of the foil (“‘green tape’), basically a ceramic
powder held together in sheet form by a temporary organic
binder, is first pre-baked at about 120 °C to effuse part of
the latter. Next, the tape is cut into size and additionally,
orientation marks are created for aligning the subsequent
process steps to each other. Vias holes are mechanically
punched or via lasers drilled into each layer and filled with
a conductive metal paste by screen printing technique. A
possible printing of conductors is also performed by stan-
dard thick film screen printing on each foil, whereas the
pastes are specially designed to have almost the same
shrinkage of about 12% as the tape. The lamination process
comprises a sophisticated pressure as well as heat treatment
to the assembly to prepare the different layers for the
sintering process in an air furnace. Co-firing is performed
between peak temperatures of about 850 °C, preceding a

complete organic burnout between 200 and 500 °C, respec-
tively. At least, all electrical components are electrically
tested by a 100% final inspection. To simplify the handling
of the sample, the ceramic plate with final dimensions of
58 mm x 58 mm is cut into nine pieces, having up to 16
chips, as schematically shown in Fig. 3a. Before the 110 nm
thick molybdenum (Mo) thin film is e-beam evaporated on
the glass—ceramic substrate, the surface roughness is
reduced by mechanical polishing with three different emul-
sions, having different grain sizes of 3 and 1 um, respec-
tively, from about +850 um (+22%) by more than one
order of magnitude to about +70 nm (£27%). This repre-
sents the lowest values achieved in this work on LTCC
glass—ceramic tapes, as they are composite materials of
about 50% ceramic filler (mostly Al,O3) and 50% glass,
respectively [8]. As Al,O5 particles are uncontrolled and
detached during the different polishing procedures, the
surface roughness is inhomogeneous over the surface,
verified with SEM (scanning electron microscope) pictures
(see Fig. 3b), but acceptable for our application. It should
be noted that due to different shrinkage coefficients of the
green foil and the conductive thick film paste, bumps with a
height of about 3.5 pm occur above the electrical feed-
throughs after the co-firing process, as shown in Figs. 3b
and 4a, respectively. After the complete polishing proce-
dure, however, a trough with rounded edges was measured
at this location, as the feedthroughs are polished faster than
the surrounding LTC-ceramics (see Fig. 4b). Next, the
resulting sensor structures are protected by a 6 um thick
photo resist (AZ4562) for the wet-etching process in aqua
regia at room temperature. Finally, the sensor chips are
cut out of the glass—ceramic plate with the desired dimen-
sions by an in-house available ultrasonic milling process

Electrical
Feedthroughs

Fig. 1. Top view of two thin film sensors (width w = 100 um, length L, = 1.4 mm), separated by a 10 um gap. The small picture shows the backside of the
ceramic chip (2.2 mm in diameter) with the four integrated electrical feedthroughs contacting the two sensors on the front side.
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Fig. 2. Schematic flow chart, yielding the most important technology steps
to fabricate an LTC (low temperature Co fired) ceramics.

operating at 20 kHz. For a detailed overview, the whole
fabrication process is summarized in a schematic flow chart
in Fig. 3b.

3. FEM simulations and analytical calculations

In this section, the electrical heating power P of the thin
film anemometer is estimated by an analytical model
describing a flat plate exposed to turbulent flow. Therefore,
in a first step, finite element method (FEM) calculations,
employing the software tool Flotran/ANSYS 5.5, are per-
formed and the velocity field close to the nozzle body at a
maximum rail pressure of 135 MPa for diesel injection
systems is calculated. Thus, the heat transfer coefficient 4,
which determines the energy loss into the moving fluid, can
be analytically deduced. Fig. 5 shows a schematic picture
of the geometry used for the present FEM simulations.

To save computation time, 2D simulations, using the standard
element type Fluid141, have been done. A constant pressure
of 135 MPa is applied over the whole cross-section of the
gap between the nozzle body and the needle representing
the high-pressure side of the injection system. At the injection
hole, a pressure of 6 MPa arising from the combustion
process is assumed. Only these two boundary conditions
at the inlet and the outlet respectively are needed if incom-
pressible flow is studied as in the present case. As high fuel
velocities in the nozzle and hence high Reynolds numbers
are expected, the standard k—¢ model is used to assume
the turbulence energy as well as the turbulent dissipation
which are not experimentally known. The nozzle body and
the needle are regarded as fixed in these steady state con-
siderations and modeled by the boundary condition
vy = v, = 0. Additionally, the model is made large enough
to place the sensor sufficiently far away from the inlet to
exclude any influences arising from a non-developed velo-
city profile. Fig. 5 also yields the loss of pressure across the
considered inner geometry of the nozzle, where a region
with negative pressure occurs at the sharp edge where the
injection hole starts. This is due to the limited physical
model implemented in Flotran/ANSYS 5.5 regarding a
possible changing state of aggregation of the fluid. But, this
location with a negative pressure indicates a sever cavitation
problem due to a strong change of flow direction. To
demonstrate that all these simplifications and assumptions
still lead to useful results, the FEM calculations are com-
pared to experimental data on measured injection velocities
carried out with a Bosch-type rate of injection flow bench
at 120 MPa [9]. A rough estimation yields the injection
velocity of the fuel vi3smp, at 135 MPa from viygmp, =
450 m s~ according to [10]:

D .
Vo, = 4/ —2vp] with p;, = p, (1a)
P1
135 MPa
= =) 2~ 480ms ™! 1b
V135 MP: lZOMPaVuOMP ms (1b)

where p, and p, denote the densities of the fluid at pressures
p1 and p,, respectively. The fuel velocities calculated with
the FEM software tool yield a maximum value of about
390 m s~ at the injection hole, as shown in Fig. 6. Differ-
ences of the measured and via FEM calculated results may
arise from the assumptions made in both cases as well as
different material parameters used for the fuel, slightly
different geometries and boundary conditions. Despite our
simple model, however, this deviation of less than 23%
supports the assumption that the velocity profile of the fuel at
the position of the mass flow sensor is sufficiently well
determined. The resulting fuel velocities across the cross-
section of the gap between needle and nozzle body are
shown in Fig. 7. As expected, the velocity profile is almost
perfectly rectangular with a maximum value of about
118 m s~ '. For the present measurement principle, however,
the fuel velocities close to the nozzle body mainly influence
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Fig. 3. (a) Schematic top view on the present design of the LTC ceramic plate; (b) schematic flow chart of the fabrication process of the hot film anemometer.
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Fig. 4. (a) Step height measurement done across the unpolished surface of the electrical feedthroughs; (b) step height measurement done across the surface of
the electrical feedthroughs after the polishing procedure.
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Fig. 5. Calculated loss of pressure across the inner geometry of an injection nozzle. The gap between needle and nozzle wall is 300 pm and the diameter of
the injection hole is 150 pm. All material parameters (see the text) for the fluid are assumed to be constant at an ambient temperature of 80 °C.
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Fig. 6. Absolute value of the calculated velocity profile in the nozzle at an inlet pressure of 135 MPa and an outlet pressure of 6 MPa, respectively. All data

are given in SI units.

the heat transfer coefficient 4 and hence the heat loss to
the moving fluid. This detailed investigation requires a
fine and mapped meshing close to the wall to get in addition
an acceptable convergence of the calculated quantities
(e.g. pressure and velocity of the fluid). The velocity in x-
direction, according to global Cartesian coordinate in Fig. 5,
is additionally shown in the inset of Fig. 7. In distances
below 1 um from the nozzle body fuel velocities of more
than vin 135Mpa = 6 M s~ ! occur which lead to high sensor

signals during operation via an effective and fast cooling of
the thin film resistor. The velocity in y-direction close to the
nozzle body at the given position of the sensor is more than
300 times smaller than the x-component and hence can be
neglected. With the knowledge about the velocity profile at
the present sensor position, the electrical heating power P
can be estimated assuming for this type of mass flow sensor a
flat plate exposed to turbulent flow. In addition to the
formula presented for this case in relevant literature [11],
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Fig. 7. Absolute value of the calculated velocity profile v across the gap at the marked position of the mass flow sensor (see Fig. 5). A detailed view on the
velocity component in x-direction close to the nozzle body and for the present hot film anemometer mainly responsible for the heat transfer to the fluid is

depicted in the inset.
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the heat loss to the robust LTC-ceramic substrate has to be
taken into account. From previous published measurements
with an IR imaging system, this part of the total heat flow
from the thermal sensor can be determined [12]. Neglecting
any radiation and free convection terms to the environment,
the following slightly modified equation is gained

p 2d
P=Ul = {—f0.664f/M1 [Z08% 04,1, + A)
w if V¢

+ zkﬁ} (T, — Ty) (2)
dy

where Uy is the voltage across the thin film sensor, I the
current through the thin film sensor, p; the fluid density
(=848 kg/m?), v; the dynamic viscosity (= 5.3x107°
m?s 1), s the heat conductivity of the fluid (=0.11 W
m 'K™"), ¢ the specific heat capacity of the fluid
(=2300T kg ' K™"), d, the thickness of the thin film
(=100 nm), L¢ the length of the thin film sensor (=1.4
mm), w the width of the thin film sensor (=100 pm), A
the area of the thin film sensor (=L.w), T, the ambient fluid
temperature, T, the temperature of the thin film sensor, 4, the
heat conductivity of the LTC-ceramics (=3 W m™ ' K™Y, dy
the characteristic penetration depth of the static temperature
field into the LTC-ceramics (=130 pm) [12].

It should be noted that the fluid density and the dynamic
viscosity are considered at an ambient temperature of 80 °C
and the values for the sensor design for these calculations are
taken from the layout used to fabricate the hot film anem-
ometer presented in Fig. 1. Mainly due to the high velocities

22 r————r——r——1T—— T 1T
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Electrical Heating Power P [W]

Velocity of the Fluid v [m/s]

Fig. 8. Electrical heating power P vs. velocity of the fuel v at different
sensor temperatures 7T according to Eq. (2). Note that a certain offset
occurs at v=0m s~ due to the heat loss to the LTC-ceramics.

and the pressure stable ceramic substrate, the electrical
heating power, as shown in Fig. 8, is relatively high com-
pared to thermal mass flow sensors on a membrane structure
for gas detection [13]. On the other hand, a sensor tempera-
ture below 200 °C is recommended to minimize dirt deposits
from the fuel on the hot film anemometer leading to
enhanced drifts of sensor constants [14]. Therefore, at
Vmin,135MPa = 6 M st representing the minimum calculated
fuel velocity at the nozzle body and at a maximum tem-
perature difference of 120 °C at T, = 80 °C, P of about
1.8 W must be supplied to the thermal mass flow sensor,
according to Fig. 8.
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Fig. 9. Schematic overview of the injection test bench.
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4. The high pressure hydraulic test bench

For the hydraulic evaluation of injection systems, volume
measurements have to be performed at an injection test
bench. Therefore, a complete injection system is setup with
all motor boundary conditions. The test bench can be
subdivided into the following main components:

e injection system,;

e clectric motor (propulsion of the high-pressure pump);

e sensors for number of revolutions, rail pressure, needle
stroke and temperature;

e control unit for the injection system;

e test bench control system;
e injection amount indicator (EMI);
e measurement data recording (IMAD).

The main component of the injecting test bench is the
injection amount indicator (EMI). With the latter, it is possible
to measure the quantity brought in per injection temporally
dissolved. By differentiating the measured signal the inject-
ing rate is gained. The measurement data recording (IMAD)
controls the test bench and is connected by an interface with
the control unit of the injection system. Because of the
coupling of the test bench with the injection system, it is
possible to perform injection quantity measurements with

vee
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Fig. 10. Circuit diagram showing the mass flow sensor in the Wheatstone bridge and the subsequent electronic readout. V.. is 5 V and the voltage drop across

the sensor is measured to be 3.5 V at the operating point.
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Fig. 11. Amplified (gain G = 2) and filtered sensor signal at fypen = 5 ms with an amplitude of about 19 mV at 20 MPa.
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Normalized Injection Rate r
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Fig. 12. Normalized injection rate r vs. time ¢ at a drive pulse of
topen = 5 ms at 20 MPa, determined with the injection amount indicator
(EMI/IMAD).

characteristic maps. An overview of the injection test bench
is shown in Fig. 9. The fuel quantity, coming out of the
nozzle at each stroke, is determined inductively by a moving
piston in a water cooled coil. As the displacement of the
piston is proportional to fuel quantity, a subsequent differ-
entiation yields the injection rate r. On the rear side of the
piston a nitrogen pad exists to simulate the compression
pressure arising in the engine. After each injection, the
measuring chamber is emptied using a drain valve.

5. Injection rate measurements and hydraulic
simulations of the injection rate up to 60 MPa

In this section, the first injection rate measurements at rail
pressures up to 60 MPa at different drive pulses, carried out

with the design of the mass flow sensor, presented in Section
2, and performed at the high pressure test bench, are pre-
sented. In a further step, these injection rate measurements
are compared to the data, gained from the EMI/IMAD
system (see Section 4). The signals of the micromachined
sensors are read out by a Wheatstone bridge followed by an
amplification and filtering unit, whereas the latter is
designed to have its corner frequency (—3 dB) at about
100 kHz. This effectively reduces in the electronic readout
the electronic noise arising mainly from the high-pressure
pump unit, but has negligible influence on the sensor signals
below 1kHz. A schematic circuit diagram is shown in
Fig. 10. Fig. 11 shows at a rail pressure of 20 MPa the drive
pulse to open the magnetic valve as well as the resulting
change resistance of the micromachined hot film sensor,
represented by the diagonal bridge voltage due to the fuel
mass flow. Pressure waves occurring during and after the
injection pulse are clearly measurable and arise from the fast
acceleration and deceleration at the injection begin and end,
respectively. In Fig. 12, the corresponding waveform of the
EMI/IMAD system at a rail pressure of 20 MPa and a drive
pulse of 5 ms is shown. Especially these information about
the flow condition, concerning the time after the nozzle is
closed by the needle, are experimentally gained with such a
nozzle-integrated flow sensor, as the EMI/IMAD system
provides only a signal of the injection rate, when a net mass
flow exists out of the nozzle. The high frequency oscillations
in Fig. 12, however, result mainly from a non-optimized
damping of the moving piston in the coil and are super-
imposed to the pressure waves, affecting the injection rate
[15]. The rise time t,;s. defined as the time period until the
curves of all three different techniques to determine the
injection rate have reached 90% of their full output swing, is
for the mass flow sensor about 0.6 ms (see Fig. 11) and about
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Fig. 13. Amplified (gain G = 2) and filtered sensor signal at fopen = 1 ms with an amplitude of about 24 mV at 60 MPa.
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Fig. 14. Normalized injection rate r vs. time ¢ at a drive pulse of #,pen = 1 ms at a rail pressure of 60 MPa, determined with the injection amount indicator

(EMI/IMAD).

1.1 ms for the EMI signal (see Fig. 12) at 20 MPa, respec-
tively. But, regarding the measurement technique of the
latter, where the displacement of a piston in a coil is read
out inductively, a higher rise time is expected than for the
robust hot film anemometer due to the integration of the
latter directly into the injection nozzle. The low ., asso-
ciated with the mass flow sensor, shows its high sensitivity to
the accelerated fuel column due to its small mass and
enables with an equivalent fall characteristic at the closing
of the valve a fast and precise detection of the injection begin
and end, respectively. Additional to the wavy characteristics,
the signal height of the micromachined mass flow sensor is
slightly decreasing during injection, which is in this graph
equivalent with a subsequent heating of the thin film resistor
(see Fig. 11). This is due to the thermal time constant 7 of the
underlying LTC-ceramic substrate being in the 3—4 ms range
[16] and which heats during operation the presently cooler
sensor. This phenomenon is of course also observed, when
the fuel injection pressure is increased to 60 MPa and
simultaneously the drive pulse is decreased to 1 ms, as
shown in Fig. 13. Again, a decreasing height of the sensor
signal is measured during injection and pressure waves in the
nozzle prevent after the closing procedure the Wheatstone
bridge signal to reach the working point not before a time
span of about 20 ms. The rise time 7, is measured at a rail
pressure of 60 MPa to about 0.4 ms by the micromachined
flow sensor (see Fig. 13) and to about 0.6 ms by the EMI/
IMAD system (see Fig. 14). The shorter values for fg
compared to a fuel pressure of 20 MPa are due to a faster lift
of the needle by higher hydraulic forces and also an
enhanced heat transfer from the hot film anemometer into
the fluid by higher fuel velocities. The electrical heating
power P = 100 mW corresponds for this present sensor
design to a thin film temperature of about 70 °C at a
closed-loop controlled fluid temperature of 40 °C. For the
first tests, a low heating power was chosen to prevent the thin

film resistor from an early failure. According to [17], the
change in sensor resistance AR can be calculated via the
amplitude of the diagonal bridge voltage. As material para-
meters of thin films strongly differ from those measured at
large, crystalline samples (bulk) [18], the temperature coef-
ficient of resistance of 100 nm thick molybdenum thin films
between room temperature and 200 °C on the glass—ceramic
substrate are determined to o473 = 9.3 x 1074 K~! [12].
Finally, the change in sensor temperature AT during opera-
tion can be calculated to about 10K at 200 bar
(fopen = Sms) and about 13 K at 600 bar (fopen = 1 ms),
respectively. Note, that the increased signal height at
60 MPa, compared to a rail pressure of 20 MPa, is due to
a higher convective heat transfer into the fluid and hence, to
higher decrease in sensor temperature.

6. Conclusion

In this work, a description of the fabrication process of a
thermal mass flow sensor, designed to operate under high-
pressure environmental conditions, is presented. FEM simu-
lations are performed with the software tool Flotran/ANSYS
5.5 to calculate the velocity profile in the injection nozzle at
a fuel pressure of 135 MPa. Comparing these results of the
fuel velocities at the injection holes to those, which are
measured at the tip of the nozzle with a Bosch-type rate of
injection flow bench, a quite good correspondence is gained
despite the simplifying assumptions in the FEM simulations
regarding the pressure-dependency of the density and the
viscosity of the fuel. Assuming, that the velocity profile at
the position of the hot film anemometer is also correctly
determined with the FEM simulations, the electrical heating
power during operation can be analytically calculated. The
latter is for a maximum overheat ratio (7/T, < 2.5) in oil
atmosphere at an ambient temperature of 7, = 80 °C well
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below 2 W for the discussed sensor design (Ag = 1.4 X
1077 mz), which is feasible on board of an automobile.
Injection rate measurements at 20 and 60 MPa at different
drive pulses of 5 and 1 ms, respectively are presented and
discussed. A comparison of these measurements to those,
performed with an amount injection indicator (EMI) demon-
strates the high performance of the hot film anemometer
during operation. Outstanding advantages of the nozzle
integrated thin film sensor are its fast response to any
changes of the fuel mass flow in the nozzle compared to
the mechanical setup of the EMI/IMAD system and the
possibility, to gain experimentally information about
the flow condition in the nozzle even after the end of the
injection pulse, when no net mass flow exists out of the
injection holes. This demonstrates for the first time, that it is
technologically feasible to integrate micromachined flow
sensors directly into the body of a common rail injection
nozzle, to close loop control in a further step the injection
quantity. Future work has mainly to focus on a proper
passivation layer to minimize dirt deposit from the fuel
on the surface of the thermal sensor as well as lifetime test
in diesel/gasoline atmosphere. These first results, however,
demonstrate the excellent performance of this measurement
technique for high-pressure automotive applications and it is
believed, that such robust sensors will substantially con-
tribute in the future to a further optimization of the combus-
tion process.
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