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A new method to calibrate flow meters under dynamic conditions has been developed, based on the generation of
variable reference flow rates using an automotive injection system.

The method was tested with different flow profiles, including both idealized flow time-histories (sinusoidal
and sawtooth waves) and actual fuel flow rate profiles recorded during WLTP (Worldwide harmonized Light
vehicles Test Procedure) automotive type-approval tests. To demonstrate the effectiveness of the method, some

results obtained with a Coriolis flow meter are presented. Compared with other methods such as those based on
valves or volumetric pistons, the reference flow rate profiles obtained by the proposed approach feature dynamic
characteristics (mainly flow oscillation time and gradients) that can be easily tailored to specific applications.
The method has a high potential in evaluating the dynamic response of flow meters, which can be very different
from that obtained with constant flow calibration.

1. Introduction

The response of flow meters, as is normally the case for many
measuring instruments, depends on the working conditions. One of the
main measurement problems with flow meters concerns the unsteady
flow conditions, as many applications show a strong flow rate variation
over time. In general, in case of unsteady condition, the metrological
traceability of the instrument cannot be limited to knowing the sensi-
tivity of the instrument, which is obtained in the steady-state regime, but
it is necessary to know the dynamic behavior that is the frequency-
dependent response of the instrument [1]. However, it is only since a
few decades that the metrology community has made the necessary
support to provide traceability through dynamic calibrations. An
important initial contribution was achieved with research program
EMRP from the European Association of National Metrology Institutes
(EURAMET) “INDQ9 — Traceable Dynamic Measurement of Mechanical
Quantities” [2], which had the objective of establishing traceability for
dynamic mechanical quantities, in particular: force, torque and
pressure.

The need to obtain information on dynamic response is also of great
interest for the flow meters, already in the 1990 s the first studies began
[31, and several studies have modeled the dynamic response of different
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flow meter technologies [4,5]. Although these works represent a first
approach to dynamic calibration, from a metrological point of view they
are lacking of the uncertainty evaluation.

However, a first metrological approach to dynamic calibrations of
flow meters is quite recent, the first project at European level between
NMIs was in 2018 with the EMPIR (European Metrology Programme for
Innovation and Research) project 17IND13 “Metrology for real-world
domestic water metering — MetroWaMet” [6]. An aspect of this proj-
ect dealt with the calibration of domestic water meters in conditions
close to real-world. In this framework, several NMIs set up calibration
facilities capable to realize flow profiles similar to those of domestic
meters. Such calibration systems were realized using fast-acting valves,
fast piston position changes and cavitation nozzles [7,8]. The metro-
logical consistency concerning dynamic flow profile capability of the
dynamic test rigs was assessed by a comparison [9].

However, interest in the field of dynamic flow measurement is very
wide and there are applications where the dynamic flow rate is much
more significant than water meters. Among the most challenging ap-
plications, where it is important to know the flow rate with very rapid
variations, there is the fuel delivery in internal combustion engines, both
for direct and in-direct fuel injection configurations. The study of the
fuel flow profile, which describes the variation in the mean fuel mass
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flow over time, is of considerable interest, as it potentially influences the
engine performance, consumption and emissions during the engine
operating point transients.

To control the vehicles emission, the type-approval tests, in terms of
both emission and fuel consumption, are required. The European
legislation has introduced the WLTP (Worldwide harmonized Light ve-
hicles Test Procedure) and more recently the RDE (Real Drive Emis-
sions), which are representatives of the vehicle actual on-road operation
[10]. These new tests lead to problems in terms of measuring fuel flow,
being characterized by relatively abrupt powertrain load and fuel rate
transients, which are flow conditions far different from the constant fuel
flow conditions in which flow meters are normally calibrated.

In this regard, the recent EMPIR project 20IND13 “Sustainable
advanced flow meter calibration for the transport sector — SAFEST” [11]
focused on establishing a traceable metrology infrastructure and pro-
cedures to evaluate the measurement performance of fuel flow meters
under dynamic condition.

Many of the laboratories involved in this project had already
participated in the MetroWaMet project. Thus, they used the same
techniques as those used for the dynamic calibration of water meters to
create the reference flow profiles for calibration, adapting the facilities
so as to reduce the minimum flow rates.

For the SAFEST project a new method for generating reference flow
profiles has been proposed by the University of Perugia and Istituto
Nazionale di Ricerca Metrologica (INRIM), based on the use of auto-
motive fuel injectors. This allows the control of the rail pressure and, by
controlling the injectors actuation frequency and duration, the amount
of fuel, to reproduce the assigned test flow rate profile to be used for the
flow meters calibration.

The new method to generate dynamic profiles by the use of injectors
for flow meter dynamic calibration is described. Following details of this
approach are provided along with examples of different profiles gener-
ated. Moreover, the analysis of the results is reported describing the
advantages obtained with the injectors, e.g. better repeatability, faster
response, compared with the other methods.

2. The use of injectors to generate reference flow rates

As the fuel injection rate is essential for improving engine perfor-
mance, and controlling emissions, several studies on the hydraulic
characterization of injectors can be found in the literature: a recent re-
view can be found in the paper of Mata et al. [12].

From the steady Bernoulli equation, the basic model for an injector
nozzle, in steady flow conditions the mass flow rate g, flowing through
the injector can be evaluated by:

G = CeA\/2pp &)

where A is the cross-sectional area of the orifice, Cq is the dimensionless
discharge coefficient, p is the liquid density, Ap the pressure drop across
the injector.

The injected fuel mass can be obtained by multiplication of the mass
flow rate qr, and the effective injection time Tiy;.

However, the model (1) is difficult to characterize, as:

- the parameter C4 depends on many factors, among which the details
of the needle and its seat design, the effective pressure drop, the
eventual trigger of cavitation phenomena [13];

- the effective injection time Tj,; does not correspond exactly to the
energizing timing T, of the coil;

- the flow rate g, is not constant for the whole energizing time Te.

Currently, there are two main types of injectors commonly used in
fuel injection systems for internal combustion engines: electromagnetic
and piezoelectric. The study was carried out with electromagnetic in-
jectors, which are high speed on/off solenoid valves consisting of a
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needle-controlled nozzle that is opened by energizing a coil.

For a more precise model, the dynamic of the high speed solenoid
valve could be divided into the electrical circuit model, the magnetic
circuit model and the of mechanical components and of the hydraulic
flow, resulting in the so called 0-D1D lumped parameter approach. In
this context various physical models have been developed [14-16],
however very often modeling based on experimental measurements, is
enough [17].

The proposed methodology to generate flow profiles consists in
dynamically driving an adequate number of injectors at a constant fre-
quency using a PWM (Pulse Width Modulation) strategy to obtain the
desired flow rate. While in a normal engine control system the injector
actuation strategy (single or multiple actuation depending on the engine
type and operating condition) is repeated once per engine cycle and
hence at variable frequency, in the present application the actuation
frequency could be in principle arbitrary. Hence, the frequency can be
chosen so as to minimize flow pulsations as much as possible. Further,
for the present laboratory application all the influencing parameters
such as fluid pressure and temperature can be easily controlled.
Consequently, the generation of an assigned flow rate relies on the hy-
draulic characterization of each of the used injectors in terms of ener-
gizing time vs. flow in the prescribed operating conditions defined by
the constant actuation frequency, fluid temperature and pressure.

In such a way, the key point for the characterization of the injector in
flow rate is the energizing time T. and the difference between the
energizing time T, and the actual injection duration Ti,j and how this
difference is affected by the working conditions.

A study to estimate the injector opening and closing delay times with
respect to the energizing and de-energizing time of the coil was per-
formed by using the method proposed in [18]. Based on the analysis of
the control current of the injector and the voltage at the terminals of the
transistor that drives the injector, it is possible to evaluate the opening
and closing time of the needle: an example is shown in Fig. 1, showing
the current and voltage waveform where the time base is 1 ms, the y-axis
resolution is 5 V for the voltage and 100 mA for the current.

The electric circuit of the injector can be schematized as a RL circuit
and the movement of the needle produces a change in the inductance. By
observing the change in the derivative of the current waveform (yellow
curve in Fig. 1), the actual opening timing of the injector can be deter-
mined. In addition, the analysis of voltage decay (green curve in Fig. 1)
allows to observe that the change in the derivative of the waveform
defines the actual point of the closing movement. In particular, the first
change of derivative of the current curve defines the moment at which
the needle begins to rise, evidencing the opening delay with respect to
the start of the logic command. While the second change of derivative
defines the moment of maximum opening of the needle, the difference of
this time with the opening delay defines the valve opening time. Simi-
larly, from the derivative of the tension, the timings of start of closure
(valve closing delay) and end of closure of the needle (the valve closing
time) are observed.

Since the flow rate transition during the opening time is similar but
opposite to the flow rate transition during the closing time, the injection
time Tiy,;, defined as the time in which the flow rate is constant, can be
approximately considered as the difference between the closing start
time and the opening start time. For example from Fig. 1 a) it is observed
that the energizing time is 5 ms, the valve opening delay is about 1.4 ms
and the valve closing delay is about 0.5 ms.

The characteristics of the injectors can be verified from these mea-
surements. For example, it can be seen that injectors of the same model
have different dynamic response. Fig. 1 b) shows the curves obtained for
another injector nominally identical to the one of Fig. 1 a) at the same
working conditions. It is noted that the injector in Fig. 1 b) has the
opening and closing delay shorter than the injector in Fig. 1a), as it is
also evident in the opening and closing times.

In addition, the opening and closing delays are not constant under
different working conditions, for example:
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Fig. 1. Example of current waveform (yellow) and voltage at the terminals of the transistor (green), for two nominally identical injectors a) and b) respectively.

— the increase in supply voltage reduces the opening delay Since the
achievement of the current level producing the needle lift is faster;

— the effect of upstream pressure is also observable, increasing the
pressure the opening delay increases and the closing delay decreases;

- as indicated in [14], the fluid viscosity and consequently the tem-
perature affect opening and closing times.

These mentioned are effects that can be controlled by keeping con-
stant the working conditions of the supply voltage and the fluid tem-
peratures and pressures.

Having defined the working conditions, the calibration of the in-
jectors is done by correlating the injected quantity with the energizing
time. The test can be performed by keeping the supply frequency con-
stant and changing the duty cycle to obtain the desired energizing time.
The mass (or volume) injected can be measured using a flow meter or,
for more accurate measurements, using a balance.

Fig. 2 shows a typical calibration curve of the quantity delivered in
terms of flow rate for different energizing times T,, obtained with a
solenoid injector used in a medium-sized car, which is driven with a
frequency of 20 Hz, temperature of 20 °C and Ap = 0.4 MPa. These
calibration curves can also be obtained for several injectors controlled in
parallel. From these calibration curves, which express the injected
quantity as a function of energizing time, it would be possible to
calculate the number of injectors to be used and their energizing time as
a function of the required flow rate.
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The calibration curves (e.g. Fig. 2, blue dots) show a two-zone
operation, corresponding to the so-called ballistic and linear operation
of the injector, that differs in the slope variation: the one for small T,
and a linear zone in which the injected quantity becomes linearly pro-
portional to the T, [10]. This behavior can be clearly observed from the
voltage and current curves of the injector. From Fig. 3 a), the opening of
the injector is achieved with T, = 1.6 ms, in which the needle starts to
move, but does not reach the maximum opening, and Ti,; = 0.3 ms
(Fig. 2 red dots). By increasing the energizing time, the opening delay is
kept constant, while the needle stroke and thus the injection time in-
creases. In Fig. 3 b) at the energizing Te = 1.75 ms, the valve reaches the
maximum opening, with about Tiy; = 0.75 ms. Starting from this ener-
gizing time, the opening and closing times reach the maximum value
and are held constant, consequently, the difference between T, and Tiy
remains constant, of about 1 ms, therefore the linearity zone between T,
and the mass flow rate is reached.

Another effect observed is that the current in the coil depends on the
resistance of the coil, which depends on its temperature. Consequently,
as the coils have a non-negligible maximum electrical power, of about
12 W, the injector heats up depending on the duration of the energizing
time and the control frequency. It is evident that equivalent excitation
duration T, but different frequencies, results in different currents, as
increasing the frequency increases the temperature of the coil and thus
reduces the current. For example, from Fig. 4, with frequencies of 20 Hz
(Fig. 4a)) and 80 Hz (Fig. 4b)), both with a T, = 2.5 ms, a decrease of

® [ ]

9 L]

® L ]
[ ]
[ ]
]
[ ]
2 25 3 35 4 4.5
T/ms

Fig. 2. Example of characterization of an injector: flow rate q as a function of times T, (blue dots) and Tjy; (red dots).
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Fig. 4. Waveforms with T. = 2.5 ms, at different frequencies: a) 20 Hz and b) 80 Hz.

about 40 mA can be observed. Moreover, the current value at which the
valve opens decreases with increasing temperature, and the difference in
the opening delay is approximately 0.02 ms. Probably the injector
temperature affects the fluid temperature, which changes the response
characteristics of the needle, due to the reduction of the liquid viscosity.
This effect is also evident, with similar behavior, for short energizing
times, when the needle is not completely open. As a result, the variation
in temperature due to self-heating, causes relative differences in the
injection times that become negligible as energizing times increase. This
effect has to be taken into account, as the calibration of the injectors is
performed at constant energizing times, consequently the temperature
and resistance of the injectors are constant, whereas in the process of
generating the test flow profile, the energizing times are variable.

3. Generation of the flow rate profiles

As shown in Section 2, keeping the pressure drop constant, at
different flow rates, by means of a regulating valve, it is possible to
determine the flow rate in mass injected as a function of time T,. The
calibration curves can be obtained for single or several injectors
controlled simultaneously or in a phase-shifted way so as to reduce flow
pulsations and pressure in the upstream common rail. From these cali-
bration curves, which express the injected quantity, or the flow rate as a
function of energizing time at a given pressure drop, it would be possible
to calculate the number of injectors to be used and their energizing time
as a function of the required flow rate for the calibration of the flow
meter. However, this approach would be impractical, since in the case of

the generation of extreme variations in flow rate, it would not be
possible to keep the pressure drop of the injectors constant. For this
reason, the approach is not to calibrate the injectors alone, but in series
with the flow meter to be calibrated. In this way, only the upstream
pressure is kept constant and the calibration also considers the pressure
drop due to the flow meter.

Fig. 5 shows the hydraulic scheme adopted for the tests at INRIM,
where the flow meter is placed upstream of the injectors, which have the
outlet at atmospheric pressure. With this approach, the pressure varia-
tions are easily controlled, even for abrupt variations in flow rate, as the
pressure downstream of the injectors is constant at atmospheric pressure
and the upstream pressure will vary, but only slightly if a pressure tank
with a sufficiently large volume and a fast regulation control is used.
With this method, however, it is necessary to calibrate the injectors
every time a new flow meter is to be calibrated, as the calibration of the
injectors will depend on the pressure drop on the flow, which depends
on the type of flow meter.

For the realization of the flow rate profile, the energizing time can be
modified either by changing the frequency or the duty cycle. However,
the frequency should not be too low in order to achieve flow rates that
are not too fluctuating. Although there is no limit for high flow rates, as
it would be sufficient to increase the number of injectors, there is a limit
for the minimum flow rate. The latest, for a given pressure drop, depends
on the type of injector, the minimum duration of injection time, and the
minimum drive frequency, which must be adequate to not generate
excessive pulsation and to operate outside the ballistic zone. Minimum
values of about 10 Hz can be considered adequate. Another limitation of
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Fig. 5. Scheme of the INRIM bench for dynamic flow meters calibration.

the use of injectors is due to their construction characteristics, for which
their use with lubricating liquids, such as fuels or oils, is preferable.

In practice, the approach of using injectors to generate variable flow
profiles is as follows:

- define the profile to be implemented, and establish the timing, that is
the time resolution for the profile;

set the working conditions, i.e., temperature and fluid pressure;

- define the frequency range of the injector drive;

depending on the characteristics of the injectors, set the flow rate
ranges and for each, the number of injectors to be operated;

carry out the calibration of the injectors (together with the flow
meter) at constant flow rates to determine for each defined flow rate
range, the duty cycle as a function of drive frequency and flow rate;
in case of calibration with flow rate requiring many injectors, their
calibration must be carry out by controlling all the injectors, fixing
an even phase shift among them to obtain a flow rate as constant as
possible.

The reference flow rate for the injectors calibration can be measured
gravimetrically by weighing the totalized liquid for a certain test time at
a constant flow rate. The reference flow rate can also be determined by
means of the flow meter to be dynamically calibrated, in which case the
flow meter must first be calibrated at a constant flow rate. This approach
can be adopted by checking in advance that the constant-frequency
injector drive does not affect the flow meter measurement.

For the dynamic calibration of the flow meter:

according to the required flow rate, calculate the frequency and duty
cycle of each injector for each command pulse according to the
calibration curves and establish the timing;

start the test by driving the injectors dynamically with the calculated
frequency and duty cycle.

In the case of flow profiles in which the flow rate at the beginning or
at the end is non-zero, it is preferable to install a diverter valve in order
to minimize the transients.

4. The experimental apparatus
At INRIM in the framework of the SAFEST project, a new calibration

bench has been developed in order to calibrate flow meters in static and
dynamic operating conditions, with liquids different from water. The

liquid used is the oil FUCHS VISCOR1487 AW-2, which is in conformity
with the standard Calibration liquid ISO 4113 [19]. The bench cali-
bration is based on the gravimetric method. In Fig. 5 the bench layout is
schematically illustrated. The pressure is generated using a pressure
vessel of 20 L, which pressure is kept constant through compressed air
regulated by a control valve, from 0.3 MPa up to0.6 MPa. In addition, a
regulating valve located downstream of the flow meter can be used to
keep the oil pressure constant upstream of the injectors, or to control the
flow rate, e.g. during the calibration at constant flow rate. Downstream
of the regulating valve there are four gasoline injectors (coil supply 12
V), used to generate the dynamic flow rate profiles, shown in Fig. 6. The
injectors can be bypassed allowing to calibrate the flow meter at a
constant flow rate, by modulating the valve downstream of the flow
meter. The bench can operate in two different methods, by the “standing
start and stop method” and the “flying start and stop method” defined
from the use of the diverter valve. The system is equipped with a balance
with a capacity of 10 kg and a resolution of 1 mg, which allows the

Fig. 6. Photograph of the injectors system.
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calibration of both flow meters and injectors at a constant flow rate. The
bench is as well equipped with thermostated bath, thermometers and
pressure transducers to measure the temperature and pressures with
uncertainty of 0.05 °C and within0.0001 MPa, respectively. The control
is performed by a National Instrument (NI) system, and the software was
developed in LabVIEW environment.

The injectors are driven with a NI module 9401, which provides the
adjustment of the frequency and duty cycle of the four injectors, inde-
pendently; the outputs of this card control the mosfet transistors that
drive the injectors. The injectors installed are typical for a medium-sized
car, the maximum flow rate achievable for each injector with an up-
stream pressure of 0.4 MPa is around 8 kg/h.

The tests shown in this work were performed using a constant control
frequency of 20 Hz. With such a frequency, by selecting the injector with
the shortest opening time, the minimum flow rate was about 0.03 kg/h.
The programming of the sequence of pulses to be generated to realize the
required profile is done by means of a software that allows a dynamic
variation of the duty cycle of each injector with the desired timing. The
tests presented in the paper were performed with a time resolution of
100 ms, which was the same time resolution of the profile to be gener-
ated. In order to smooth out the pulsations, the injectors are controlled
in sequence with an equispaced delay between them. To achieve the
desired flow rate, one or more injectors and different duty cycles can be
used. The measurements obtained for a single injector and for multiple
injectors define different flow rate ranges. For the tests of this work, one
injector was used for flow rates up to 1 kg/h and two injectors between
1 kg/h and 5 kg/h.

For the calibration, the test time at constant duty cycle must be long
enough so that the relative weighing uncertainty is negligible compared
to the required uncertainty. The reference of the flow rate can be
determined by measuring the mass totalized in the test, by using the
balance, or from the flow meter, provided that its calibration was pre-
viously performed at constant flow rate. With the latter mode, the un-
certainty is slightly higher than with the balance, but it is considerably
faster, as it is made by recording the average flow rate of the test period.

For each flow rate range the measurements are fitted with a poly-
nomial to obtain the duty cycle value as a function of the flow rate. For
low flow rates a third-degree polynomial is normally used, for the higher
flow rate zone a straight line is sufficient. In order to generate the flow
rate profile for the dynamic calibration of the flow meter, the parameters
of the polynomials are then introduced into the software, which,
depending on the profile to be generated, calculates for each injector all
the duty cycle values to be sent to the injectors, at each instant of time
defined by the timing.

Since, as already shown in section 2, it is important to keep the
injector at a temperature as constant as possible. For this reason even
when an injector has to be kept closed, it is still energized, but with a
duty cycle such that it does not cause it to open.

In the case where the start flow rate of the profile is non-zero, the
injectors are controlled to generate the initial flow rate before the start
of the test. At the start of the test, the diverter is switched to the balance,
and the injectors begin to be controlled with the specified timing. At the
end of the test, the injectors are switched off and the diverter is switched
to the storage tank.

5. Calibration results and uncertainty evaluation

The proposed method and the calibration facility have been vali-
dated with the measurement comparison carried out by the partners of
the EMPIR SAFEST project [20] and with additional tests with different
flow rate profiles: some results are shown in this paper. The comparison
of the results obtained using different types of systems for the realization
of dynamic flow profiles, showed that the system realized by INRIM,
with injectors, has achieved better results than the other methods
[21,22]. This is a consequence of the fast response time of the injectors
and their extremely high repeatability in the timing control, which
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cannot be achieved with the other systems that use for example sonic
nozzles with valves or piston devices. However, at present, the system is
limited to the maximum flow rate of approximately 30 kg/h.

The main objectives of the tests were to verify:

- the response of the flow meters with different profiles, comparing the
results obtained with constant flow rate;

- The agreement among the actual profile produced by the injector and
the target one.

All profiles were generated with a timing of AT = 100 ms, so the
function generated is discrete and is represented by a series of flow rate
values Qprof, ;, With i = 1..n, where n = T/AT and T defines the duration of
the test. During the tests, the instantaneous flow rates Q; at the time t;,
recorded by the analog output of the flow meter, were acquired with a
timing of At = 20 ms.

Initially the flow meter is calibrated at constant flow rate, deter-
mining the relative error of the flow meter Epyr for different flow rates:

Mpyr — M
Epur = Z'buT — TPREF )

Mggr

where mpyr is the mass totalized by the flow meter and mggr is the
reference value determined from the balance over the duration of the
test.

For the dynamic calibration, the profile with variable flow rates of a
defined duration is generated, and the parameters analyzed have been:

1) The relative dynamic error Ep;; of each test, as defined in equation
(2), which provides an estimate of the dynamic response of the flow
meter.

2) The relative error Eggr determined by:

Mggr — MpROF
Epgp = ———— 3)
MpRror

which provides an estimate of the goodness of the flow profile genera-
tion, where mggp is the mass determined by the balance, and mpror the
reference mass calculated from the reference profile, determined by the
integral of the theoretical flow rate profile defined from the values
Qprof,i- The authors are aware that Ergr is not a rigorous estimate of
goodness of the flow profile generation, since, being based on the total
mass generated, there is certainly some compensation for errors in the
generated profile, in the sense that errors in defect in the upward flow
rate phases could be compensated for by errors in excess in the down-
ward flow rate phases. However, by running tests with different profiles,
a reasonable estimate of the goodness of the flow profile generation can
be obtained.

Both the uncertainties u(Ep,;) and u(Eggr) depend on the uncertainty
u(mger), which depends on the flow profile generation method. The
description of the evaluation is given in section 5.1. The uncertainty
contribution u(mpyr) is evaluated by the resolution r of the output pulse
generation of the flow meter (r/2v/3). Since the value mpgor is the
reference value, the associated uncertainty is null.

3) The estimation of errors Eq; is carried out evaluating the response
delay Ad, between the reference flow rate Qr; and the recorded
flow rate Q;, so that k = Ad/At. The errors Eqg; of the instantaneous
measured flow rate Q;, at the time t;, determined by:

Eqj = Qi — Qprofjtk “4)

from which the mean value E, of the values Eq; and the associated
standard deviation s(Eq) are determined.

In general, the value Ad depends on effects due to the flow meter
under test and partly also on the generation method used, the hydraulic
circuit, and the acquisition of the flow rates Q;. Regarding the flow
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meter, the delay may be due to the type of measuring principle used and
also to the necessary filters used on the signal of the sensor. Other delays
are due to the flow rate calculation and the subsequent generation of the
output signal. These delays consist of a constant part depending on the
data process and a variable part depending on the frequency spectrum of
the measured flow rate, the latter being certainly less significant.

By testing different flow meters, it was observed that this delay Ad is
highly dependent on the type of flow meter, differences can exceed times
of 0.5 s. In addition, as this delay depends on many factors, it is
complicated to estimate the different contributions to the delay value
Ad. As a first approximation, the results shown were determined by
considering the Ad value constant for the whole duration of the test, the
value was determined so as to obtain the minimum value of s(Eq).

5.1. Uncertainty ofmggs

The uncertainty of the reference value u(mggr) depends on the
response of the injectors used to generate the flow profile and the
method used to calibrate them.

In the case where the injectors are calibrated by means of the flow
meter, which is the method used in the tests shown, the uncertainty
contributions are:

e Uncertainty calibration of the flow meter at constant flow rate
(urcar)-

The errors Epyr are used to correct the analog output, the associated
uncertainties u(Epyr) are therefore considered. An additional uncer-
tainty is also considered as the errors are not constant over the entire
flow rate range, and it is therefore necessary to interpolate the error
values.

e Uncertainty of the analog output (uan).

The injector calibration curve that provides the duty cycle values as a
function of flow rates is obtained from the analogue output. The un-
certainty uay considers the stability of the analogue output of the flow
meter, but also that of the acquisition card.

e Uncertainty of the calibration curve of the injectors (ujcar).

Injector calibration curves are obtained by fitting the values of flow
rate and duty cycle. This uncertainty considers the uncertainty of the fit
and its repeatability.

Since, as described in the previous sections, the conditions of use of
the injectors do not correspond exactly to those of calibration, the
following additional contributions of uncertainty must be taken into
account:

e Uncertainty due to the temperature and pressure of the fluid (ug).

The injectors are calibrated with constant duty cycles and the fluid
temperature and pressure are constant. In the profile generation the
temperature and pressure are no longer perfectly constant, and no cor-
rections are applied to the calibration curves, so that additional un-
certainties are taken into account, in particular for the variations of Ap
and p of Equation (1).

e Uncertainty due to the self-heating of injectors (usy).

Since the calibration of the injectors is performed at a constant duty
cycle, the injector temperature is constant. When used for the profile
generation, as described in Section 2, the self-heating of the injector
causes a change in the injector response. An uncertainty is taken into
account for this effect.

From the above contributions, the overall calibration uncertainty of
the flow rate due to the injectors u;(Qprof) is determined as:

Ui (Qprof) = \/ Ubcar, + Uay + Ufear, + Uf + Uy ()

Associating with each flow rate Qyor; value of the profile to be generated
is the corresponding calibration uncertainty u;(Qprof;). The total uncer-
tainty of the mass totalized in the test, associated to the injectors, ur,
can be obtained as mean of the values u;(Qpor;) (neglecting the uncer-
tainty of the test time).
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The uncertainty of the totalized reference mass u(mggr) also depends
on contributions that are not related to the calibration of the injectors:

e Delays due to injector opening and closing times (up).

The delays limit the dynamic response of the injectors. It follows that
an uncertainty has to be considered in relation to the frequency spec-
trum of the profile to be realized. This value was experimentally eval-
uated so that the error value Egrgr was consistent with its associated
expanded uncertainty U(Eggr).

o Weighing uncertainty (uw).

The total mass of each test is measured using a balance. The main
contribution depends on the synchronization of the diverter with the test
time duration and the dripping at the end of the test.

e Repeatability uncertainty (ug).

The uncertainty ug is determined by the standard deviation s of the
error Ergr obtained by repeating the test several times.

In conclusion, the uncertainty u(mggr) is given by

u(mREF) =1/ uIZT + UZD + u%\l + ué 6)

6. Test profiles and results
The results presented are related to four different profiles:

- The profile “Car n1”, which was used in the comparison carried out
in activity A4.1.3 of the EMPIR SAFEST, representing a flow rate
profile obtained in WTLP tests [20], with variations up to about 4 kg/
h.

- Two sine wave profiles, where the amplitude of the variation is be-
tween 1 kg/h to 5 kg/h with frequencies of 0.1 Hz and 0.3 Hz.

- One sawtooth profile, where the amplitude of the variation is be-
tween 0 kg/h to 5 kg/h with a ramp duration of 18 s.

The profiles are shown in Figs. 8, 9 and 10. The values of mpror and
the duration T for the four profiles are shown in Table 1.

A Siemens Coriolis flow meter DN 1.5, with measurement range of
0-30 kg/h was used to perform the tests with all four profiles. In the
tests, the pulse digital output and the 4-20 mA analogue output were
acquired to record the total mass mpyr and the instantaneous flow rate
Qj, respectively. As the digital output was set at 2 mg/pulse, the un-
certainty u(mpyr) is negligible for all profiles. The tests were carried out
with an upstream pressure of 0.4 MPa and at a temperature of about
23 °C. Test results were obtained with 5 repetitions.

6.1. Results at constant flow rate
At constant flow rate the results for the relative error Epyr, obtained

with pulse digital output, are shown in Fig. 7, where the error bars are
the expanded uncertainties. The calibration uncertainty u(Epyr) ranges

08

0 2 4 6 8 10
g/ kgh'

Fig. 7. Results of the flow meter calibration at constant flow rate from 0.2 kg/h
to 10 kg/h. Error bars in red are the expanded uncertainty U(Epyr) = 2u(Epur),
and error bars in black are the expanded uncertainty UI(QPrOf) = 2uy(Qprof)-



R. Romeo et al.

4.0
3.5
3.0
25
20
1.5

q/kg/h

1.0
0.5
0.0
-05
-1.0
-1.5

Measurement 256 (2025) 118129

20 40 60 80 100 120 140 160 180
tls

Fig. 8. Flow rate for “Car 1" profile: reference profile (red line), measurements (blue line) and residuals (yellow line).
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Fig. 9. Flow rate for “Sine 0.1 Hz” profile: reference profile (red line), measurements (blue line), and residuals (yellow line). For reason of visual clarity the plot

reports only 60 s.
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Flow rate for “Sawtooth” profile: reference profile (red line), measurements (blue line) and residuals (yellow line).



R. Romeo et al.

Table 1

Definition of profiles with values of total reference mass mpror and test time T.
Profile Mpror/ § T/s
Car 1 43.55 179.81
Sine 0.1 Hz 147.68 175.01
Sine 0.3 Hz 146.50 175.01
Sawtooth 124.17 180.01

from 0.11 % to 0.03 %, considering the interpolation, the uncertainty
urpcaL, ranges between 0.04 % and 0.02 %.

The analogue output was adjusted so that the value was aligned with
the flow rate value obtained from the pulse digital output. Thus, at the
same flow rate, the error of the analogue output can be considered
similar to that calculated with the pulse output. However, to account for
the adjustment and the repeatability of the analogue output, the un-
certainty of the analogue flow rate was uay = 0.05 %, and the contri-
bution wuca, was estimated between 0.04 % and 0.03 %. The
contribution for ur depends on the different conditions of the fluid
during calibration and using of the injectors and also on the stability on
the working condition. Considering that the pressure variations are
within 0.003 MPa and the temperature variations are within 0.5 °C,
which have effects on the density, from Equation (1) the value ur = 0.02
% was estimated. As described in Section 2, the contribution for ugy is
more significant for the very low value of the duty cycle. From the
experimental measurements, it was observed that the maximum current
variation during the test was less than 10 mA, according to section 2
could produce an injection time variation of less than 5 ps. The contri-
bution for ugy was estimated to be variable from 0.15 % at 0.2 kg/h to
0.02 % at 10 kg/h. From Equation (5), the values for u(Qpror) ranges
from 0.2 % to 0.08 %, the values are shown in Fig. 7. The contribution
associated to the weighing uncertainty wasuy = 0.035 g.

6.2. Results under dynamic conditions

The results obtained for the dynamic profiles introduced in Section 6
are following analyzed. For all profiles, it was observed that the delay
Ad was approximately between 540 ms and 560 ms. After this correction
due to the shift, the errors Eq; were evaluated.

Profile “Car 1”.

For “Car 1” profile, ujr = 0.12 % and, as mpror = 43.55 g, the relative
contribution for the weighing is uw = 0.08 %. This profile presents
considerable flow variations, so the uncertainty due to the dynamic
response of the injectors wasup = 0.1 %, and the repeatability of Eggr
wasug = 0.15 %, it therefore results that U(mggr) = 0.40 %. For this test,
the ugp and uw contributions are not so negligible due to the small
totalized mass, thus for profiles with quantities above 100 g would be
less than 0.3 %.

Fig. 8 shows an example of the errors Eq; detected, it can be seen that
the negative errors are more pronounced, which is due to the fact that
the injectors are unable to generate extreme peaks or that the analogue
output is damped and cannot measure the extreme changes in flow rate.
The results obtained are shown in Table 2. The measured total mass is
quite consistent with the theoretical one, Eggr = 0.44 % and U(Ergr) =
0.40 %.

Considering the errors Epyr, obtained in the constant flow rate
calibration, according to the reference profile the error should have been
0.02 % with an expanded uncertainty of 0.11 %, as Ey; = 0.2 %, the
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difference between static and dynamic calibration is therefore approx-
imately 0.2 %.

Profile “Sine 0.1 Hz” and “Sine 0.3 Hz".

For the two sine profiles uir = 0.08 %, as approximately mpror = 147
g the relative contribution for the weighing is uy = 0.03 %. For these
profiles the flow rate variations are quite smooth, the uncertainty due to
the dynamic response of the injector is up = 0.025 % at 0.1 Hz and 0.05
% at 0.3 Hz. As a result U(mggr) = 0.23 % at 0.1 Hz andU(mggr) = 0.25 %
at 0.3 Hz.

Fig. 9 shows an example of the errors Eq; detected. The results ob-
tained are shown in Table 3 and 4. As expected, increasing the frequency
an increase of the standard deviation of the residuals is noted. The time
shift of the residual is likely to be due to the volumes upstream and
downstream the injectors. Their sizing is the result of a trade-off be-
tween the required dynamic response of the system and the stability
during constant flow operation. The measured total mass is consistent
with the theoretical one, Eggr is about —0.1 % and U(Ergr) = 0.25 %, for
both the profiles.

For both the profiles, considering the errors Epyr obtained in the
constant flow rate calibration, the error should have been 0.02 % with
an expanded uncertainty of 0.10 %. Since Ep; is between 0.10 % and
0.16 %, the difference between static and dynamic calibration is
therefore less than the case of the “Car 1” profile. However, as in “Car 17,
the dynamic error is higher than the one would be obtained by consid-
ering only the static calibration. It is also noted that compared to the
“Car 1” profile the repeatability of the dynamic error Ep; is signifi-
cantly improved (less than 0.03 %), which demonstrates the excellent
accuracy of the injectors control.

Profile “Sawtooth™.

For the “Sawtooth” profile u;r = 0.09 %, as approximately mpror =
124 g the relative contribution for the weighing is uw = 0.03 %. For this
profile for the uncertainty due to the dynamic response of the injector a
contribution up = 0.075 % was associated. Therefore the uncertainty
results U(mggr) = 0.33 %. The measured total mass is consistent with the
theoretical one, Eggr = 0.26 % and U(Ergr) = 0.33 %. The results are
summarized in Table 5.

As with the “Car 1” profile, there is an increase in the error Eggp, this
is probably due to the fact that for both the “Car 1” and “Sawtooth”
profiles there are extreme variations in flow rate, so the injectors have
more difficulty generating the profile, particularly during the closing
phases.

Fig. 10 shows that the measurement (blue line) is unable to accu-
rately reproduce the falling edge of the sawtooth waveform (red line).
The spike of the residuals (yellow line) is due to flow rate inertia
(depending on the volume of liquid between the injectors and the
sensor) and also to the analogue flow rate output of the flow meter,
which are normally filtered to dampen the noise of the measurement.
For this reason there are positive peaks on the errors Eq (yellow line of
Fig. 10), corresponding to the zero flow rate. This effect is also clear by
considering the value of Eggr which is higher than the values obtained
for the other profiles.

Considering the errors Epyr, obtained in the constant flow rate
calibration, according to the reference profile, the error should have
been 0.06 % with an expanded uncertainty of 0.11 %. In contrast to the
results obtained in the other tests, the dynamic calibration error is
negative Ey;r = — 0.17 %, and the difference from previous values is up
to about 0.4 %, which exceeds the expanded uncertainty. This effect
could be due to a different response of the flow meter caused by the

Table 2
Results obtained with profile “Car 1”, mean values and standard deviation s are shown.
mpyr/ § mper/ g T/s Epur/ UEpyr)/ Egrgr/ U(Eggr) / % Eq/kgh™ s(Eq)/
% % % kgh™?
Mean value 43.826 43.740 179.812 0.20 0.40 0.44 0.40 0.007 0.08
S 0.071 0.105 0.001 0.12 0.15 0.001
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Table 3
Results obtained with profile “Sine 0.1 Hz”, mean values and standard deviation s are shown.
mputr/ § mger/ § T/s Epur/ UEpyr) / % Eggr/ % U(Eggr) / % Eq/kg h! s(Eq)/
% kgh!
Mean value 147.830 147.587 175.013 0.16 0.23 —0.06 0.23 0.020 0.05
S 0.080 0.119 0.003 0.02 0.08 0.002
Table 4
Results obtained with profile “Sine 0.3 Hz”, mean values and standard deviation s are shown.
mpur/ § Mger/ § T/s Epur/ UEpyr) / % Erer/ % U(Ergr) / % Eq/kgh™! s(Eq)/ kg h™?
%
Mean value 146.499 146.359 175.010 0.10 0.25 —0.10 0.25 0.048 0.17
S 0.114 0.097 0.001 0.03 0.07 0.003
Table 5
Results obtained with profile “Sawtooth”, mean values and standard deviation s are shown.
mpur/ g Mmger/ 8 T/s Epur/ UEpyr) / % Eggr/ % U(Erer) / % Eq/kgh™! s(Eq)/ kg h™?
%
Mean value 124.278 124.490 180.010 -0.17 0.33 0.26 0.33 0.025 0.22
s 0.037 0.175 0.001 0.12 0.12 0.005

falling edge of the sawtooth. This behavior deserves future investigation.
7. Conclusions

A new method for the realization of variable flow rate profiles for the
dynamic calibration of flow meters was presented. The method is based
on the calibration of injectors, which in turn are used to generate
reference flow rates. The method provides traceable reference standard
profiles, to which an uncertainty is associated. The evaluation method is
described. Thanks to the fast response time of the injectors and the
excellent control accuracy, the results obtained are better than other
systems that use for example sonic nozzles with valves or piston devices.
Examples of calibration with different flow rate profiles were presented.
The analyzed profiles were a typical flow rate profile of WTLP tests, two
sine waves with different frequency, and a sawtooth waveform. The
uncertainty achieved is about 0.3 % independently of the profile real-
ized, with test repeatability values less than 0.05 %. Performing tests on
a Coriolis type flow meter with different flow rate profiles, it was shown
that the results of dynamic calibration are different from static calibra-
tion and also depend on the type of flow rate profile. At present the
method is implemented with a calibration bench, specifically equipped
with four injectors, able to obtain flow rates up to 30 kg/h. Future de-
velopments will aim to extend the flow rate range and improve the
uncertainty, for example through the use of piezoelectric type injectors,
which are less affected by temperature variations due to self-heating
compared to injectors with solenoids.
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