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Abstract

®
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This paper presents a computational model written in Modelica for the high pressure piston
prover (HPPP) used as the national primary standard for high pressure natural gas flow
metering in Germany. With a piston prover the gas flow rate is determined by measuring

the time a piston needs to displace a certain volume of gas in a cylinder. Fluctuating piston
velocity during measurement can be a significant source of uncertainty if not considered in
an appropriate way. The model was built to investigate measures for the reduction of this
uncertainty. Validation shows a good compliance of the piston velocity in the model with
measured data for certain volume flow rates. Reduction of the piston weight, variation of the
start valve switching time and integration of a flow straightener were found to reduce the
piston velocity fluctuations in the model significantly. The fast and cost effective generation of
those results shows the strength of the used modelling approach.

Keywords: Modelica, modelling dynamic physical systems, high pressure piston prover,

high pressure natural gas flow metering
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1. Introduction

Natural gas is one of the worlds most frequently used energy
carriers and transported over large distances in high pres-
sure pipelines or as liquefied natural gas using ships. For
the trade with natural gas the uncertainty of the gas flow
meters is of major importance. The uncertainty depends on
the calibration chain and increases with every calibration
step. Therefore the German national metrological institute

© 2016 IOP Publishing Ltd  Printed in the UK
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Physikalisch-Technische Bundesanstalt uses a high pressure
piston prover as a national primary standard for the calibra-
tion of high pressure natural gas flow meters. Other primary
standards for high pressure natural gas metering are for
example PVTt-standards or gravimetric standards. PVTt-
standards measure the pressure and temperature in a known
volume to determine the mass that has flown though a transfer
standard in the only inlet during a certain time. Gravimetric
standards weigh the gas. International comparisons of the
national standards ensure the consistency and accuracy of the
measurements.

2. Modelica

Modelica is a non-proprietary, equation-based and object-
oriented modelling language [1]. It can be used to assess
dynamic physical systems, described as a set of ordinary
differential, algebraic and discrete equations. Modelica is
therefore not limited to any physical or technical domain.
The first specification was published in 1997. The non-profit
Modelica association is responsible for the development and
publication of the Modelica language as well as the Modelica
standard library. The Modelica standard library is a standard-
ized and free library, currently consisting of 1360 models and
1280 functions from a wide range of engineering domains.

Modelica models are highly reusable because they are
equation-based and object-oriented. This allows us to build
on previous work, which is essential when developing com-
plex models. For the model presented in this paper it was pos-
sible to use several components from the Modelica Standard
Library containing equations from various physical domains,
such as tribology, thermodynamics and fluid flow. Parts of the
model, such as the medium description, are replaceable due
to the object-orientation of Modelica which allows for easy
modification.

As Modelica is equation-based, physical equations can be
inserted in the model directly minimizing errors during the
modelling process. The conversion from the physical equa-
tions to the solving algorithm is automatically done by the
Compiler.

Several simulation tools based on Modelica are available.
One of them is Dymola®[2], which was used to develop and
evaluate the model described in this paper. It is possible in
Dymola® to build up models directly in the Modelica Language
and connect those models or any other model graphically.

3. High pressure piston prover

The HPPP is operated and owned by the German national
metrological institute Physikalisch-Technische Bundesanstalt
(PTB) and currently installed on the calibration site for gas
flow meters pigsar™ in Dorsten, Germany.

The HPPP can be operated with inlet pressures up to 90 bar
and flow rates up to 480 m? b1 [3].

The central element of the HPPP is a piston in a cylinder.
Indicators are mounted on the cylinder to signal the piston
position. Pressure and temperature are measured downstream

of the cylinder. Some other components are needed for the
calibration of transfer standards and have to be considered
here as their dynamic behaviour has an effect on the piston
motion, such as the transfer standards themselves, several
valves and a nozzle bank.

The whole calibration set-up is shown in figure 1.

The closing of start valve 2 commences the running-in
phase (start valve 1 is already open as it is only needed to
prevent movement of the piston in between calibration runs
due to the pressure drop across start valve 2). The motion
of the piston is indicated by the piston position indicator a;.
The measurement phase starts as the piston passes indicators
a, by, cr and ends as the piston passes the indicators ay, by, c4.
The volume flow rate is determined as stated in equation (1)
from the volume in between the indicators Vpp and the time
span Afpp as given by the piston position indicator signals. It
is therefore traceable to standards of length and time.

Vep = (1)

Turbine meters (TM) are currently used as transfer stand-
ards. TM measure the mass flow rate using the rotational
speed of a turbine inserted in the fluid flow. The rotational
speed of the turbine is metered by counting magnetically
induced discrete signals. The volume flow rate Vv can be
determined using a relationship between the number of sig-
nals per time period indicated by the TM and the volume
flow rate, known from previous calibration of the TM. Two
TM are connected in a row to minimize random measuring
errors. The pressure at the TM is measured at their refer-
ence point and the temperature 2 diameters downstream of
the TM.

The nozzle bank is used to set the flow rate. The critical
nozzles are not necessary for the operation of the HPPP but
provide the advantage of decoupling the calibration set-up
from pressure fluctuations downstream of the nozzle bank. It
consists of several critical flow nozzles in parallel connection.
The pressure downstream of the nozzles is always low enough
to ensure critical flow in the nozzles.

The 4-way valve is needed to revert the gas flow direction
and move the piston back to its starting position after each
calibration run. The check valve is used to prevent gas from
flowing past the piston during the start of the reverse move-
ment and a safety valve is included to prevent high forces on
the piston at the end of the piston reverse movement.

The HPPP is further described in detail in the [3, 4] as well
as the calibration facility pigsar™ [5, 6].

4. Calibration uncertainty

The result of a calibration run is the relative deviation f of the
corrected volume flow rate indicated by the TM Vry; and the
corrected volume flow rate indicated by the HPPP Vpp as
shown in equation (2).
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Figure 1. Scheme of the high pressure piston prover. ay, as: Position Indicator. a,, b, co: Measurement Start Indicator. a;: Half-Way

Indicator. ay, by, c4: Measurement Stop Indicator.

Several corrections are used in equation (2) to improve the
calibration accuracy.

1. The volume flow rate indicated by the turbine meters Vim
is corrected as shown in equation (3) to prevent an error
caused by the discrete nature of the TM signals. Atpp is
the duration of the measurement phase as determined
from the piston position indicator signals. Azry is the
time span from the first TM signal after the start of the
measurement phase to the first TM signal after the end of
the measurement phase.

Atpp

It™

Vim = Viu 3)

. The temporal mean density over the measurement phase
at the piston prover ppp and at the TM pr,,, both deter-
mined from measured pressure and temperature, are used
to take the density changes along the gas flow direction
into account as shown in the first term of equation (4).

Vencl Ps — PE
Atpp

V;P = VPP I?PP +
PT™M

- “)

Ptm

. The temporal change of the stored mass in between the
cylinder and the TM during the measurement phase is
taken into account as shown in the second term of equa-
tion (4), with Vi being the enclosed volume, pg the

spatial mean density in the enclosed volume at the start of
the measurement phase and py; the spatial mean density in
the enclosed volume at the end of the measurement phase.

Several possible errors in the calibration process lead to
the measurement uncertainty of the calibrated TM. These are

1. uncertainty in the determination of the volume in between
piston position indicators,

. uncertainty in the determination of the mean density,

. repeatability of the TM measurement,

. leakage between piston and cylinder,

. dynamic error of the TM,

. uncertainty in the determination of the stored mass in the
enclosed volume.

AN BN

The dynamic error of the TM is a consequence of the incor-
rect measurement of fast fluctuating volume flow rates due to
turbine inertia. This error can be diminished using a math-
ematical correction method [7], but the correction method as
well has uncertainties.

The resulting uncertainty of the calibrated transfer stand-
ards is 0.06% [4, 6]. The last two listed errors combined lead
to an uncertainty of 0.035% [7]. They are of dynamic nature
and a consequence of piston velocity fluctuations. Figure 2
shows the measured data for such piston velocity fluctuations
in the measurement phase.
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Figure 2. Relative deviation of the measured piston velocity from
it’s mean velocity Av over the normalized measuring time.

The model is built to assess the dynamics of the HPPP
and to find ways to reduce the piston velocity fluctuation and
therefore also the measurement uncertainty of the HPPP.

5. Description of the model

A graphical representation of the model is shown in figure 3.
Several general assumptions were used in the model.

. Pressure losses are proportional to the dynamic pressure,

. the gas flow is one dimensional,

. the system is adiabatic,

. potential energy of the gas can be neglected,

. no leakage occurs,

. the heat transfer in the gas can be neglected in comparison
to convective energy transport.

[ R R R

The gas at the inlet to the HPPP is assumed to have a con-
stant temperature and pressure. This is consistent with meas-
urement data and is modelled using a supply volume of infinite
size. Equations (5) and (6) set these boundary conditions with
Tin being the inlet temperature and pyy the inlet pressure.

Tin = const. 5)

PNy = const. 6)

The nozzle bank sets the other boundary condition. The
used nozzles comply with ISO 9300 [8]. The nozzles are
modelled using a constant critical volume flow rate Vy through
all nozzles as shown in equation (7).

Vi = const. (7

The valves have a linear opening function Y(¢) and the mass
flow riry is proportional to the pressure drop across the valve
Apy as shown in equation (8) with 7y and Apy, being the
nominal mass flow and pressure drop.

ity = Apy— A Y1) (8)

The start valves are used in the model to eliminate the influ-
ence of guessed initial conditions on the piston movement, as
the stationary flow condition at the beginning of the running-

in phase is not known.

The HPPP is used to meter natural gas flow. Due to the
high pressure and the high precision a real gas model is nec-
essary. A Modelica implementation of GERG 2008 with a
constant gas composition out of 10 molecules is used. GERG
2008 derives the equation of state for natural gas from the free
energy. It is described in detail in the references [9, 10].

The enclosed gas volumes in the measuring cylinder
change with piston movement. They can store mass m and
internal energy mu as stated in equations (9) and (10). The
volumes have i inlets or outlets. 4 is the specific enthalpy, v
the mean velocity in a cross area A, p the static pressure and
V the Volume. The pressure losses at inlets and outlets Ap are
considered using constant coefficients ¢, as shown in equa-
tion (11) with g being the mean density. No gradient for the
thermodynamic state and no fluid friction is considered in the
volumes.

dm "

e glm ©
—(mu) Zm[h + )—l—pV (10)
Ap = CAgﬁx (11)

The position of the piston is determined from the equa-
tion of motion (12) with Fgp being the friction force on the
piston, App the pressures difference across the piston, Ap
the piston cross area, mp the piston weight and ap the piston
acceleration.

0 for

AppAp — Frp

|Fe.p| 2 [Appp |Ap

ap =

for |Fepl < |Dpppldr 2
mp
The friction force on the piston is described as the sum of
velocity independent Coulomb friction F¢, velocity propor-
tional friction Fpvp and Stribeck friction Fse *"® as stated in
equation (13).

Fr = Fc + Fpvp + I‘ﬂseikVP (13)

The coulomb friction F¢ is modelled as a function of the
piston position sp. This function is determined by measuring
the power consumption of a linear motor moving the piston
slowly through the cylinder. Measured data is only available
for 80% of the cylinder length. After that the coulomb friction
is assumed constant.

The velocity proportional friction Fp was determined
from measuring the pressure difference across the piston for
different piston velocities and by linear interpolation of the
measured data points.

The pipes can store mass m, internal energy mu and
momentum my as stated in equations (14)-(16). A finite
volume discretisation in the direction of fluid flow is used.
Each finite volume reaches from cross area i to cross area
i 4+ 1. In equations (14)—(16) rir is the mass flow, 4 the specific
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Figure 3. Graphical top-layer representation of the computational model as displayed in Dymola®.
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Measuring Time in s

Figure 4. Relative deviation of the piston velocity from the

mean velocity Av in the model for different relative solver
tolerances using Dassl. —— TOL = 1074 ----TOL = 10 ®and
TOL = 105,

enthalpy, v the mean velocity, A the cross area, p the pressure
and FF the pipe friction force.

dm . .
— = Hy; + Mg

at (14)

d . . 1
a(mu) = 1iih; + My ihiv + E(VA(PL'H —p)+vFp)  (15)

d . .

o) = mulvil 4 ialvieal = APy —p) — F (16)
The turbine meters are modelled using a constant pressure

loss coefficient ¢p,, as stated in equation (17) with Ap,, being

the pressure loss, p the spatial mean density and vs the mean

velocity in the cross area A.

2

Appy = CTM%VA (17

The pressure loss coefficient (g, is taken from measure-
ments. The relation between the indicated volume flow rate
vind and the true volume flow rate Viy in the TM can be
modelled as shown in equation (18) [7]. The time constant 7
is modelled as stated in equation (19) using a linear relation
between the time constant and the initial mass flow nc as
approximately found in measurement.

- ind VTM

-ind Voim —

d
E(VTM) = (18)

T = ki (19)

6. Verification

As measure for the verification and validation, the relative
deviation of the piston velocity from it’s mean velocity in
the measurement phase Av, is used. Av represents the piston
velocity fluctuations and is calculated as shown in equa-
tion (20) using the piston velocity vp and the mean piston
velocity vp determined from the distance Al and the duration
of the measurement phase At. For an easy comparison of dif-
ferent volume flow rates a normalized time ¢, is used in the
figures. It is determined as in equation (21) from the time f,
the start time of the measurement phase #; and the duration of
the measurement phase Az.

Al

vp —V .
P P with Vp = Z
t

Ay=-L—"P

o (20)

r— 1
At

For the time-integration the Solver Dassl included in
Dymola® is used with a relative tolerance of 107¢ [2].

h =

2n
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Figure 5. Relative deviation of the piston velocity from the mean

velocity Av in the model over the measuring time for different inlet
pressures. —— ppy = 50 bar. - - - - pyy = 20 bar.
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Figure 6. Relative deviation of the piston velocity from the mean
velocity Av in the model over the measuring time for different

volume flow rates. W=100m’h'----W=25m’h".
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Figure 7. Comparison of the relative piston velocity deviation Ay
over the normalized measuring time in the model and in measured
data for a volume flow rate of 100 m® h~! and an inlet pressure of
20 bar. Simulation - - - - Measurement.

A further decrease of the relative tolerance does not change
the model trajectory as shown in figure 4. No major change in
the trajectories is detected when using other high order vari-
able step solvers implemented in Dymola®.

Due to calculation time constraints it is not possible to use
a high number of finite pipe volumes in conjunction with real
gas behaviour. Here 4 discrete volumes in the first pipe and 2
volumes in the 2nd and 3rd pipe are used.

The verification of the model shows an increasing frequency
and decreasing deflection of the relative piston velocity devia-
tion for increasing inlet pressures as shown in figure 5.

Avin %

| | | |
0 0.2 0.4 0.6 0.8 1
Normalized Measuring Time
Figure 8. Comparison of the relative piston velocity deviation Ay

over the normalized measuring time in the model and in measured
data for a volume flow rate of 25 m® h™! and an inlet pressure of

20 bar. Simulation - - - - Measurement.
3
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Figure 9. Maximum deviation of piston velocity from mean
velocity in measuring phase for different piston weights.

Due to a shorter duration of the running-in phase, the
piston velocity fluctuation resulting from piston acceleration
remains active during the measuring phase for higher volume
flow rates as shown in figure 6.

7. Validation

The model accuracy is highly relevant due to the low measuring
uncertainty of the high pressure piston prover. It depends on
the uncertainty of the measured parameters used for the cali-
bration of the model, the mentioned general assumptions, the
simplified mathematical description and the accuracy of the
numerical algorithm.

Measured data for the piston velocity is used to validate
the model. The piston velocity was measured for volume flow
rates up to 100 m®> h™! using a laser distance measurement
system.

The model validation shows relatively good accordance
of the piston velocity fluctuations with measurement data
for a volume flow rate of 100 m®> h™!, as shown in figure 7.
The ground oscillation as well as the superimposed high fre-
quency oscillation show similar characteristics for a volume
flow rate of 100 m?h~!. This is also valid for different inlet
pressures.

For lower volume flow rates the model is not able to repro-
duce the measured piston velocity fluctuations. As an example
the piston velocity fluctuation in the model is compared with
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Figure 10. Maximum deviation of piston velocity from mean

velocity in measuring phase for different switching times of start
valve 1.
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Figure 11. Maximum deviation of piston velocity from mean
velocity in measuring phase for different pressure loss coefficients
in pipe 1.

measurement data for a volume flow rate of 25 m’h™! in
figure 8. It can be seen, that the high frequency fluctuation
in the measured data is not present in the model for a volume
flow rate of 25 m*h™ L.

Measuring uncertainties of the parameters used for model
calibration and of the data used for validation might play an
important role for low volume flow rates, as the mean velocity
is lower. Also the used friction model for the piston is pre-
sumed to not be accurate enough for low volume flow rates.
But as a volume flow rate of 25 m* h™! is at the lower end of
the high pressure piston prover operating area, this deficiency
can be accepted.

8. Results

The model is used here to evaluate three different ways to
reduce the piston velocity fluctuations in the measuring phase.
The maximum deviation of the piston velocity from it’s mean
velocity Avpax s used as a measure for the piston velocity
fluctuations. The mean piston velocity deviation would not be
an adequate measure, as it does not limit the important piston
velocity deviation at the start and end of the measurement
phase, whereas the maximum piston velocity deviation does.

The results are shown for a volume flow rate of 100 m> h!
and an inlet pressure of 20 bar. The solver is set according to
verification and validation.

Figure 9 shows the maximum relative deviation of the
piston velocity from it’s mean velocity in the measuring phase
for different piston weights. A lower piston weight leads to
lower maximum piston velocity fluctuation in the model.
The real piston weight is 21.7kg. Reducing the piston weight
by 50% would lead to a significant drop of the piston velocity
fluctuations. A way to achieve this reduction can be a change
of the piston material from aluminum to fiber reinforced
polymers.

Another way to reduce the piston velocity fluctuations in
the model is shown in figure 10. As can be seen, the switching
time of start valve 1 has a strong influence on the maximum
deviation of the piston velocity from its mean velocity
during the measuring phase below a switching time of 0.4 s.
The switching time could be adopted to other volume flow
rates using a controller.

Figure 11 shows the maximum relative deviation of the
piston velocity from it’s mean velocity in the measuring phase
as a function of the pressure loss coefficient of pipe 1. A sig-
nificant reduction of the piston velocity fluctuations can be
achieved for higher pressure loss coefficients. A possibility to
raise the pressure loss coefficient would be the integration of
a flow straightener. The error due to a higher pressure loss
between the HPPP and the TM can be avoided using correc-
tion step 2 as described in section 4.

9. Conclusions

Three independent measures to reduce the piston velocity
fluctuations of the high pressure piston prover were identi-
fied using the developed model. A significant reduction of the
maximum piston velocity fluctuation during the measuring
phase was found achievable by lowering the piston weight,
an appropriate setting of the start valve switching time and
the integration of a flow straightener. These measures are
expected to reduce the high pressure piston prover measuring
uncertainty and can be realized with low effort.

As the computational model presented in this paper is
written in Modelica, it was possible to reuse models from
the Modelica Standard Library keeping the modelling time
and cost low. The results show, that a modelling approach, as
chosen in this work, can be very cost and time effective.
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