napedy i sterowanie

Szacowanie niepewnosci ilosci energii cieplnej w ukladach
pomiarowych z przeptywomierzami zwezkowymi

Evaluating the uncertainty of the amount
of thermal energy for metering systems
with differential pressure flowmeters

Oksana Byts, Igor Kurytnik, Fedir Matiko, Leonid Lesovoy, Halyna Matiko

Introduction

Accurate metering of thermal energy is a necessary condition
for its efficient and economical use, as well as allows to identify
and to eliminate the disadvantages of heat generating facilities
and thermal networks. Automated systems based on micropro-
cessor calculators are used for accurate metering the amount
of thermal energy. Such systems realize the calculation of the
amount of thermal energy in real time, taking into account
changes in the thermo-physical parameters of the heat carrier.

The measuring transducers of heat carrier flowrate are the
important components of thermal energy metering systems.
The differential pressure flowmeters on the basis of standard
primary devices are often used to meter the heat carrier flow-
rate in pipelines of large diameters.

The measurement results of the amount of thermal energy
are the subject of commercial calculations between its supplier
and the consumer. Therefore, it is important not only to obtain
the measured value of the amount of thermal energy, but also
to characterize the uncertainty (error) of this value. Therefore,
developing dependencies for evaluating the uncertainty of ther-
mal energy is an important task to be solved for organizing
accurate metering of thermal energy, in particular for metering
systems based on differential pressure flowmeters.

Analysis of the recent publications and research
works on the problem

According to the normative documents defining the rules
of metrological activity (in particular, in Ukraine the Law ,,On
metrology and metrological activity” [1]), thermal energy
metering refers to the sphere of legislatively regulated metrol-
ogy. This type of activity is the subject of state regulation
regarding the measuring procedure, units of measurement
and characteristics of measuring equipment. According to the
requirements of the Law [1], the measurement results can be
used in the field of legislatively regulated metrology, provided
that the corresponding error characteristics or uncertainty of
the measurement result is known for such results.

The technical and metrological characteristics of thermal
energy meters are normalized in accordance with the require-
ments of the ,Technical Regulation of Measuring Equipment”
[2], developed on the basis of Directive 2014/32/EC of the
European Parliament and the Council [3]. In particular, the
metrological characteristics of measuring equipment that are
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the part of a commercial meter of thermal energy must meet
the requirements of DSTU EN 1434-1: 2019 (EN 1434-1: 2015
+ A1:2018,IDT) [4]. According to [4], the limits of the permis-
sible values of the relative error of the thermal energy meters
are defined as the sum of the limits of the permissible relative
errors of their components (calculator, flowrate transducer and
a pair of temperature transducers). However, there is no meth-
odology in [4] for evaluating the uncertainty of the measured
value of the amount of thermal energy.

The standard DSTU GOST 8.586.5: 2009 [5] regulates the
technique for evaluating the uncertainty of the measurement
result of the flowrate for the automated systems of thermal
energy metering, in which the differential pressure flowme-
ters are used for metering the mass or volume of the heat car-
rier. The technique, presented in standard [5], is based on the
guidelines of the international standard ISO 5168 [6]. However,
there isn't any technique for evaluating the uncertainty of the
measurement result of the amount of thermal energy by such
systems in the sources known to the authors. So developing the
technique for evaluating the uncertainty of the measurement
result of the amount of thermal energy by automated metering
systems is the subject of research in this paper.

Theoretical material and research

Metering the amount of thermal energy is carried out by the
indirect method based on the calculated values of the heat car-
rier parameters (in particular enthalpy) and the measured val-
ues of the flow parameters. Therefore, in order to evaluate the
uncertainty of the amount of thermal energy, first of all it is
necessary to evaluate the uncertainty of the methods used to
calculate the heat carrier parameters and the uncertainty of the
measured values of the flow parameters (temperature, pressure,
flowrate). The resulting dependence for evaluating the uncer-
tainty of the measured value of the amount of thermal energy
should be based on the equation for calculating the amount of
thermal energy that is implemented in the automated metering
system, and also should take into account the uncertainties of
all components of this equation.

The amount of thermal energy flowing through the section
of the pipeline over a period of time is determined by integrat-
ing the product of the heat carrier flowrate and enthalpy. In the
metering system with two flowmeters installed in the supply
and return pipelines, the amount of thermal energy transmitted
to the consumer or received from the source during this time
interval, is calculated as the difference between the amount of
energy transmitted by the supply pipeline and returned by the
return pipeline [7]:

W= tj-qmlhldt —tj‘qmzhzdt (1)

fy )

where W is the amount of thermal energy transmitted from
the source or received by the consumer; g1, g,.» are the mass
flowrates of the heat carrier in the supply and return pipelines
respectively; h, h, are the specific enthalpies of the heat carrier
in the supply and return pipelines; t = #; — t; is the time interval
for calculating the amount of thermal energy.
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If we consider metering the amount of thermal energy over
a short time interval during which the heat carrier flowrates
and enthalpies can be considered conditionally constant, then
we obtain a simplified dependence for calculating the amount
of thermal energy:

W =M h —M,h, )

where M, M, are the masses of the heat carrier passed over the
analyzed time interval through the cross section of the supply
and return pipelines respectively.

A simplified approach is often used to calculate the measur-
ing error of the amount of thermal energy by equation (2) (see
[7], [8]), which is to differentiate the dependence of the amount
of thermal energy from the input parameters. Applying this
approach to dependence (2), we obtain:

AW dM,h + Mdh —(dM,h, + M,dh,)
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Formula (3), as well as formulas for calculating the measuring
errors of the amount of thermal energy obtained for the other
equations for calculating the amount of thermal energy using
such simplified approach, is presented in documents [7], [8].

The current methodology for evaluating the accuracy of
a measurement result involves evaluating the uncertainty of
this result [9]. When evaluating uncertainties, information
about the main and additional components of the measure-
ment error, or the main and additional components of the
uncertainty caused by the appropriate measuring equipment,
should be provided, as well as information on the distribution
of the external impact values. However, it is often necessary to
evaluate the uncertainty of a measurement result without some
components of this information. In particular, such situation
is common when evaluating the uncertainty of the measured
value of thermal energy. Therefore, in this work, dependencies
for calculating the uncertainty of the amount of thermal energy
and dependencies for evaluating the uncertainty of its argu-
ments are obtained using the following assumptions:

all significant systematic phenomena are taken into account

in the measurement results;

the mathematical expectation of the sensitivity factor is its

normalized maximum allowable value;

there is no correlation between the input variables of the flow

equation and the equation of the amount of thermal energy;

the probability distribution of the measured values corre-
sponds to the normal Gauss law.

As it is shown above, the amount of thermal energy is a func-
tion of the flowrate of the heat carrier and its enthalpy, which
are the functions of the measured parameters of the heat carrier
(pressure, temperature). So, in order to evaluate the resulting



uncertainty of the amount of thermal energy it is necessary to
evaluate the impact of the uncertainties of the measured param-
eters of the heat carrier and the characteristics of the measuring
equipment on the resulting uncertainty. For this purpose it is
necessary to analyze the functional dependences of the heat
carrier flowrate and enthalpy on heat carrier parameters.

In thermal energy metering systems based on differential
pressure flowmeters with standard primary devices used to
measure the heat carrier flowrate, the mass flowrate of the fluid
is calculated by the formula [5]:

q, = 0,251d*CEK K ¢ (28pp)™ (4)

where d is the diameter of the opening of primary device at the
operating temperature of the fluid; C is the leakage factor; E is
the coefficient of entry speed; Ky is the correction factor that
takes into account the roughness of the inner surface of the
measuring pipeline; K, is the correction factor that takes into
account the inlet edge sharpness of the orifice plate; € is the
expansion factor; Ap is the differential pressure on the primary
device; p is the density of the fluid.

The known approaches described in ISO 5168 are used in
order to obtain the uncertainty of the measured value of flow-
rate [6]. In particular, the impact factors of the uncertainties of
the input parameters on the combined uncertainty of the mea-
sured flowrate can be found according to [6] by the formula:

. Oy x
¢ =<t (5)
ox, y
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where Cj is the dimensionless impact factor of uncertainty of
parameter x; on uncertainty of output value y.

Then, provided that impact factors of all input parameters
are known and input parameters are uncorrelated, the relative
total uncertainty of the output value u.(y) can be calculated by

N

u'.(y)=, > [Cu'(x)T (6)

i=1
where u/(x;) is the relative uncertainty of the input parameter x;.
Applying the approaches of ISO 5168 [6] to evaluating the
combined standard uncertainty of flowrate calculated by equa-

tion (4), we obtain the following uncertainty equation of the
measurement result of the fluid flowrate [5]:
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where u; is the relative standard uncertainty (below - uncer-
tainty) of the implementing of dependence (4) by the flowrate
calculator; u', — uncertainty of measurement result of leakage
coefficient; u’x, is the uncertainty of the measurement result of
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the correction factor, which takes into account the roughness of
the inner surface of measuring pipeline; u, is the uncertainty
of the measurement result of the correction factor, which takes

into account the inlet edge sharpness of the orifice plate; f is

the relative diameter of the opening of primary device; u'p is the

uncertainty of the measurement result of the internal diameter
of the measuring pipeline or the inlet of the Venturi pipe at the

operating temperature of the fluid; u/; is the uncertainty of the

measurement result of the diameter of the opening of the orifice

plate at the operating temperature of the fluid; u5, is the uncer-
tainty of the measurement result of the differential pressure on

the primary device; u, is the uncertainty of the measurement
result of the fluid density.

The equations presented in the IAPWS report [10] or simpli-
fied equations (for example in [11]) are often used to calculate
the enthalpy of a heat carrier in thermal energy metering sys-
tems and for the automated design of such systems. The devia-
tions between the enthalpy values calculated by equations [10]
and [11] are inconsiderable.

The equation for evaluating the enthalpy uncertainty is
obtained by considering the enthalpy as a value (y), which is
determined by the indirect method and related functionally
y = F(y1, y5 ..., ys) to the measured parameters (y;) (for example,
temperature and pressure):

05
u'v _|:uMF+ZC ”'2} (8)

where u) is the relative methodical uncertainty of functional
dependence; uy, is the uncertainty of the measurement result
of the i-th parameter; Cj, is the relative impact factor of change
of the i-th measured parameter on the value (y), which should
also be determined by the formula (5).

Applying the equation (8) to the dependence of the
enthalpy on the pressure and temperature of the water (steam)
h = F (p, T)) the equation of the relative uncertainty of the
enthalpy is obtained:

5705
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where u)y, is the methodical uncertainty of the dependence
h = F(p, T); ujy, = 0,15% [12]; Cyr is the relative impact factor
of the uncertainty of the measured value of the water (water
vapor) temperature on the enthalpy uncertainty; C, is the rela-
tive factor of the uncertainty of water (water vapor) pressure
on the enthalpy uncertainty; ur is the relative standard uncer-
tainty of water (water vapor) temperature; u, is the relative
standard uncertainty of measurement result of water (water
vapor) pressure.

The authors analyzed the dependencies C,r = Fi(p, T) and
Cyp = F(p, T) [12] and found that the dependence Cyr = F(p, T)
with accuracy sufficient for practical problems can be repro-
duced only as a function of temperature, and the dependence
Cyp = Fy(p, T) must take into account the changes of temperature
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and pressure of the heat carrier. The simplified dependences
Cyr = F\(T) and Cy, = F,(p, T) were developed by approximat-
ing the values of Cy;, Cy,, calculated using the equations [10].
A cubic polynomial was used as an approximating function.
Simplified dependencies look like:

C,, =1.34710° —19.87540° +96.85850 —158.4162  (10)

C

hp

-1.71630-2.6647),0 =7 /100,K

=0.06p(=0.02650° +0.36950" —
(11)

The simplified dependencies, developed by the authors, are
proposed to be used to determine the impact factors of the
uncertainties on the temperature and pressure of water (water
vapor) on the uncertainty of enthalpy for the pressure range
from 0 to 5 MPa and temperature range from 300 to 550 K.
Relative deviations of values Cy,r, Cj, obtained by (10), (11) from
the values obtained by the formulas [10] are respectively 0,48%
and 0,56% for the temperature changes from 300 K to 550 K.

Applying the formulas (5) and (6) to evaluate the combined
standard uncertainty of the amount of thermal energy calcu-
lated by equation (1), we obtain the following equation

\/u +Clul* + Couy > + Cul,)” + Cluyy? (12)

lql

where u; is the uncertainty of the measured value of the time
interval during which the amount of thermal energy is calcu-
lated; u,, ug, are the uncertainties of the measurement results
of the flowrate of heat carrier in the supply and return pipe-
lines, respectively; 1, uj,, are the uncertainties of measurement
results of enthalpy of the heat carrier in the supply and return
pipelines, respectively; C,, C,, Cs, C, are the impact factors to
be calculated from the formulas:
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The relative expanded uncertainty of the measurement result
of the amount of thermal energy at 95% confidence level should
be calculated by the formulas [5], [9], [13]:

U', =2uy, (14)

It is advisable to compare the value of the relative error of
the amount of thermal energy calculated by formula (3) and
the value of the relative expanded uncertainty of the amount of
thermal energy Uy calculated by (14). We have made the fol-
lowing comparing for a thermal energy metering system that
implements equation (1) for the average-hour values of the heat
carrier parameters presented in Table 1.
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Table 1. Heat carrier parameters in the pipelines of the acting metering system

o [ e

1 | The heat carrier temperature in the supply pipeline T,, °C 92,7
2 | The heat carrier temperature in the return pipeline T, °C 54,8

3 | The heat carrier pressure in the supply pipeline p,, MPa 0,8306
4 | The heat carrier pressure in the return pipeline p,, MPa 0,5374
5 | The heat carrier flowrate in the supply pipeline q4, t/h 204,813
6 | The heat carrier flowrate in the return pipeline qg,, t/h 200,00

The uncertainties in equation (12) are calculated as follows:
uncertainty of the heat carrier flowrate — according to equa-
tion (7), uncertainty of enthalpy - according to equation (9).
The values of the relative error of enthalpy calculating and the
error of flowrate measuring are assumed to be equal in modulus
to the corresponding expanded uncertainty values, calculated
using standard uncertainty values by formulas similar to (14):
|6M1| = U |8h1| = Ups |5M2| = U |8h2| = Upp.

However, the relative error value can be both positive and
negative, so we compared the sets of the error components with
positive and negative values.

The comparing results are presented in table 2.
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The relative errors of all components in the first set have are
positive. The relative error of the amount of thermal energy §,,
is minimal for such a set of input parameter errors, since com-
pensation for the impact of errors of individual parameters is
achieved, in particular, errors of flowrate and enthalpy in the
supply pipeline are compensated by the errors of these param-
eters in the return pipeline (see the formula (3)). In the second
set the relative errors of the return flow parameters are negative.
This leads to a significant increase in the relative error of the
amount of thermal energy §,, calculated by formula (3). The
same increase in the modulus of energy error §,, is observed
for the third set of errors, in which the errors of the direct flow
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Table 2. Comparison of the relative error and the uncertainty of the measured value of thermal energy

The value of the relative error of the input parameters, % The relative error of the The texpanded relative
amount of thermal energy uncertainty of the amount of
S % thermal energy
o= Uw, %
1 +1 +0,85 +1 +1,23 1,32 311
2 +1 +0,85 - -1,23 741 311
8 -1 -0,85 +1 +1,23 -741 311
4 +1 +0,85 — +1,23 4,05 311
5 -1 +0,85 +1 +1,23 -341 311

parameters are negative. In the fourth and fifth sets, the thermo-
couples have well-matched characteristics, so the enthalpy errors
have the same sign, the heat carrier flowrate errors have different
signs. Here, the resulting error §,, becomes intermediate.

Therefore, the value of the relative error of the amount of
thermal energy §,, calculated by (3) depends on the sign of
the relative errors of the input parameters. It is not possible to
determine the sign of relative errors in practical application
of formula (3), since the manufacturers give the accuracy (the
ranges of the reduced error) for most measuring transducers
of pressure, temperature, flowrate. The sign of relative error for
each individual measurement cannot be determined. There-
fore, it is very difficult to apply formula (3) for calculating the
measurement error of the amount of thermal energy in acting
metering systems.

The common practice for evaluating the combined stan-
dard uncertainty of the amount of thermal energy was applied
to obtain formula (12), which meets the recommendations
[6, 9]. Using the dependence (12) makes it possible to evaluate
the uncertainty of the amount of thermal energy, taking into
account the uncertainties of the input parameters. Therefore,
in our opinion, dependence (12) should be used to character-
ize the measurement result of the amount of thermal energy in
metering systems that realize the equation (1).

Conclusions

Therefore, evaluating the uncertainty of the measurement
result of the amount of thermal energy by means of a meter-
ing system based on differential pressure flowmeters, which
implements the equation (1), is proposed to be carried out by
the following method:

1) to calculate the uncertainty of the flowrate of the heat car-
rier in the supply u;, and return ug, pipelines, respectively,
according to the equation (7);

2) to calculate the uncertainty of the enthalpy of the heat car-
rier in the supply u},; and return u}, pipelines, respectively,
by the formulas (9), (10), (11);

3) to calculate the value of the combined standard uncer-
tainty of the amount of thermal energy by equation (12);
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it is proposed to calculate the values of the impact factors
according to formulas (13) based on the nominal values of
the heat carrier parameters;

4) to calculate the value of the relative expanded uncertainty of
the amount of thermal energy by formula (14).

The approaches proposed by the authors make it possible
to develop dependencies for evaluating the uncertainty of the
measured value of the amount of thermal energy for systems
of different configuration that implement the measuring equa-
tions different from equation (1).

Equations (9)-(11), (12), developed in this work, can be used
to evaluate the uncertainty of the measurement result of the
amount of thermal energy for systems with different types of
flowmeters.
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HUGRO - Dtawice do kabli.

BREVETTI — Tworzywowe i stalowe prowadniki kabli.

CATTRON - Przemystowe systemy zdalnego sterowania radiowego.
MICRO DETECTORS - Szeroka gama czujnikow.

MARECHAL - Wtykowe ztgcza przemystowe i dekontaktory (z wbudowang funkcjg roztgczeniowg

).

www.nowimex.com.pl
info@nowimex.com.pl

)

7] MARECHAL

T= TEXELCO
F TEXELLCC ELECTRIC

AL

EXCATTRON  Micro Detectors

ELEKTROKONTAKT



