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Natural gas plays an important role for worldwide energy supply. For
billing purposes precise metering of volume and superior calorific value are
very important. At present, only a few institutions worldwide are able to
determine the superior calorific value (SCV) of gases and their mixtures with
an uncertainty of less than 0.2%. Calculations of SCV’s of natural gases
using the data of ISO 6976 provides a similar uncertainty as experimen-
tal approaches. For this reason a GERG (Groupe Européen de Recherches
Gaziéres) project was initiated to develop a new reference calorimeter for
determining the SCV of flammable gases (natural gases), based on the princi-
ple of Rossini for a combustion calorimeter. The purpose of such a reference
calorimeter is to determine the SCV of pure gases and gas mixtures with
an uncertainty of less than 0.05%. The overall uncertainty budget for the
SCV is mainly influenced by the mass determination and temperature mea-
surement. An automated weighing and calibration device is used to measure
the mass of the combusted gas with an experimental uncertainty of approx.
0.015%. In addition to the experiment, the flow and temperature field in
the calorimeter were simulated. These simulations help to reduce each of the
combined uncertainties for the combustion and calibration experiment result-
ing from the temperature measurement. The determination of the adiabatic
temperature rise is performed analytically. The assumptions made by early
investigators were carefully reconsidered for the first time. The analysis of the
temperature—time curves considers (a) the method of evaluation, (b) the inter-
val length of the main period, (c) the location of the heat release during the
calibration experiment, and (d) the temperature sensor location.
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1. INTRODUCTION

Energy measurement is one of the central tasks in the gas industry.
Compared with the measurement and billing of electrical energy, determin-
ing the energy contained in a gas involves a much greater effort and is far
more complex because fluid mechanics and the thermodynamic and calo-
rific properties of natural gases have to be taken into account.

A brief overview is given of existing methods to measure the calorific
value in the gas industry. Improved standards for verification are necessary
to reduce the uncertainty in calorific value measurements and the uncer-
tainty in calorific reference data. For this purpose the project to develop
an improved reference calorimeter was launched.

In a feasibility study the possibility of reliably verifying results of
direct or indirect measurements of the calorific value by way of a trace-
ability chain was discussed and the possibilities of developing a reference
calorimeter [1] was investigated. As a result, six partners finally agreed to
develop an isoperibolic combustion calorimeter based on the principle of
a Rossini combustion calorimeter [2,3]. The concept for such a reference
calorimeter has been developed by PTB and cross-checked by the members
participating in the project. The main module of the mass determination
system as well as the module of the burner system immersed in a calorim-
eter with a constant jacket temperature was designed and has been tested.

The assumptions in determining the adiabatic temperature rise from
the temperature measurement during the experiment and the calibration
which contribute mainly to the total uncertainty budget of the calorime-
ter have been analyzed. A simulation of the flow and temperature field in
the burner helped to characterize these contributions.

1.1. Calorific Value Determination

At large gas receiving or delivery stations, the superior calorific value,
Hg, is either measured with a calorimeter or determined by composi-
tional analysis using a process chromatograph [4,5]. The calorific value
is measured together with the metered volume. In other cases a con-
stant gas quality and, therefore, calorific value is assigned to a certain
regional district with several delivery stations and measured only once.
The uncertainty of the calorific value measured under field conditions is
between 0.3% and 0.5%. Other field instruments may use indirect combus-
tion methods [5,6] or inferential/correlative methods with further increased
uncertainty [5,7,8].

The uncertainty of calorific values determined with field instruments
or calculated from compositional analysis has only marginally improved
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over the past decades. The reason for this is that all these instruments
or measuring devices need to be calibrated. Primary standards or primary
reference materials used to realize a traceability chain achieves at present,
an uncertainty of about 0.2%. Even the calorific value of pure components
proposed in ISO 6976 [4] derived from measurements made in the 1930s
and 1970s have an uncertainty of at least 0.1% (2k). Moreover, the “uncer-
tainty” given, e.g., of methane, reflects only the repeatability of the mea-
surements. Possible systematic errors of measurements conducted in the
past cannot be traced back.

A traceable reference calorimeter will improve the situation and
reduce thereby the risk associated with high uncertainty in field energy
measurement. Depending on the long-term stability and repeatability of
field instruments, an uncertainty of 0.15-0.3% can be achieved.

2. DEVELOPMENT OF A COMBUSTION REFERENCE
CALORIMETER

2.1. Scope

A GERG working group was set-up in 2002 to develop the new
combustion reference calorimeter on the basis of the Rossini principle.
The working range of the new calorimeter was set for calorific values of
42-56kJ-g~! on a mass basis or approximately 32-48MJ-m~—> on a
volumetric basis (the metered volume may be taken at 273.15K and
101.325kPa). The calorimeter was designed for natural gases (mixtures of
hydrocarbons, inert gases, nitrogen (up to 15%) and carbon dioxide (up to
10%)), and for synthetic natural gases as well as for pure gases (methane,
ethane, propane, and butane). The calorific value may be given for a ref-
erence temperature of 298.15K for the combustion process.

The project is divided into two parts. Part 1 deals with the devel-
opment of a reference calorimeter. In Part 2 the uncertainty of less than
0.05% at a confidence level of 95% (k=2) is demonstrated for the calorim-
eter.

E.On Ruhrgas will apply for the reference calorimeter to be accred-
ited by the Deutscher Kalibrierdienst (DKD, German Calibration Service).
An international comparison involving other high-accuracy calorimeters
developed at the Physikalisch-Technische Bundesanstalt (PTB, Germany)
and the Laboratoire National D’Essais (LNE, France) is planned and will
enhance and support international acceptance for the new GERG refer-
ence calorimeter.
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2.2. Concept of the New Combustion Reference Calorimeter

In a feasibility study Advantica Technologies (United Kingdom), PTB
(Germany), E.On Ruhrgas AG (Germany), and Snam Rete Gas (Italy)
investigated the possibilities of developing a reference calorimeter. The fea-
sibility study suggested that an uncertainty of 0.05% can be achieved for
the Rossini type combustion calorimeter [1]. The study suggested improve-
ments and refinements to former calorimeters operating on the Rossini
principle (see Table I). Figure 1 shows the components needed for the
periphery of the calorimeter.

The gas is supplied to a balance to weigh the amount of gas used
for combustion, which approximates the mass of the burnt gas, mg,s. To
avoid buoyancy corrections to the weighing result, this balance is placed
in a vacuum chamber, which may be evacuated to a pressure of less than
I mbar. A calibration robot allows weighing results to within an uncer-
tainty of 0.015% and traceability back to the international standard of

Table I. Comparison of Main Components of Apparatus with Previous Investigations
GERG pro-
Pittam and ject (solution
Rossini [2] Pilcher [3] OFGEM[11] examined)
Mass — produced — produced — weighing by — weighing by
determination water CO, difference difference
(automatically)
Gas analysis - COy — water — CO - analyzer - CO-, ChHpy-,
absorption absorption water absorp- NO analyzer
tubes tubes tion tubes — water absorp-
tion tubes
Temperature — standard — standard — standard — thermistor
measurement platinum platinum platinum — standard
resistance resistance resistance platinum
thermom- thermometer thermometer resistance
eter thermometer
Calibration — electrical — burning — electrical — electrical
(heating hydrogen (heating tube) (heating
tube) and oxygen wire wound
around the
burner)
Operating — isoperibolic - isoperibolic — isoperibolic — isoperibolic

conditions
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Fig. 1. Planned Rossini calorimeter including periphery.

mass as has been explained in detail in Refs. 9 and 10. The gas is fed
to the burner, which is placed in a calorimeter. The heat of combustion,
Hs, causes a temperature increase, AT,4 comb, in the calorimeter. Multiply-
ing this temperature rise by the heat capacity, Ccal comb, Of the calorime-
ter, gives the amount of energy released. K is the energy correction value
explained in a later section.

Mgas Hy— K _ Ccal,combATad,comb

= 1

Eelec Ccal,elecATad,elec ( )
The calorimeter is operated as a heat comparator. Measured tempera-
tures are the indicators of the heat comparator, and the correspond-
ing calculated adiabatic temperature rises AT,q are the measures for this
kind of instrument. This means that the amount of heat released in the
combustion experiment is about the same as the heat released during elec-
trical calibration. The quantitative expression of the equality of both pro-
cesses is given by the ratio of the adiabatic temperature rises, AT,q, for
both processes. The heat capacity of the calorimeter is determined from an
electrical calibration, where the electrical energy, Egec, leads to the same
temperature increase, ATyqclec, @s in the combustion experiment. In this
case it is assumed that Cgyjelec and Ceal comp are about equal.

The method used to calculate the adiabatic temperature rise in the
calorimeter during combustion or calibration will be discussed in detail
later. The uncertainty of the temperature rise for these two experiments
contributes essentially to the overall uncertainty of the calorimeter.

Other corrections to compensate for imperfect processes have only
minor effects on the overall uncertainty, such as side reactions coupled
to the combustion of gases, which produces residual hydrocarbons, carbon
monoxide, nitrogen oxides, and fractions of water leaving as vapor or con-
densing as liquid in the calorimeter. Water leaving the calorimeter as vapor
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Fig. 2. Schematic diagram of the calorimeter.

results in an energy loss, water condensing inside the calorimeter changes
its heat capacity. Although of minor importance, they are accounted for in
the evaluation of the experimental results.

2.3. Design of Calorimeter and Burner

The combustion of the sample gas takes place inside the burner.
The heat of combustion is transferred from the burner assembly to the
heat exchange fluid (water) with which the calorimeter vessel is filled (see
Fig. 2). The calorimeter vessel is surrounded by a 10-mm wide air gap and
then by a thermostatic water jacket. To minimize heat transfer due to radi-
ation between the calorimeter vessel and the thermostatic water jacket, the
surfaces are electrolytically polished. The sample gas, oxygen, and argon
are supplied to the burner. Argon does not participate in the reaction, but
it serves to stabilize the flame and improve the combustion properties of
the fuel gas [11]. The flame thus is lifted, and deposits at the burner tip
are avoided [12]. A 50-Q2 heater was designed as a winding wire around
the calorimeter burner for electrical calibration. This arrangement in the
immediate vicinity of the burner closely approximates the energy source
during the combustion experiment. The effect of slight differences in the
two heat sources on the temperature rise and field in the calorimeter will
be discussed later.

3. THEORY OF THE ADIABATIC TEMPERATURE RISE

The adiabatic temperature rise is the temperature increase in the cal-
orimeter under the condition that the heat of combustion is completely
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released and stored in the calorimeter, i.e., the calorimeter has an adiabatic
wall which prevents any heat exchange with the surroundings. The adia-
batic temperature rise is used to determine the heat capacity of the cal-
orimeter by electrical calibration as well. The temperature rise by the
combustion and the calibration experiment determines the calorific value
(see Eq. (1)). Therefore, most attention is focused on measuring these
quantities.

3.1. Temperature Rise in an Adiabatic Calorimeter

To establish an adiabatic wall, the jacket temperature would need to
be heated to the actual temperature of the calorimeter. Thus, heat flow-
ing between the calorimeter and its surroundings would be negligible. The
temperature increase, AT,q, would be directly determined by measuring
the initial temperature in the calorimeter bath at the beginning of the
experiment, Tp,;, when the gas is ignited, and the final temperature, Ty,
at its end.

ATy =Tt — T (2)

By measuring the temperature difference between the jacket and calo-
rimeter, the adiabatic jacket/wall may in principle be controlled. Therefore,
a sensor with a short response time would be necessary. For a reference
calorimeter the temperature difference would need always to be < 0.5mK
which is extremely difficult to realize. The temperature rise in a calorim-
eter with adiabatic surroundings could then be measured with a standard
platinum resistance thermometer attached to a resistance bridge with high
resolution and accuracy.

3.2. Adiabatic Temperature Rise in an Isoperibolic Calorimeter

A strictly adiabatic calorimeter in this application is evidently imprac-
tical. Instead we have chosen to operate the calorimeter in an isoperi-
bolic configuration, i.e., a calorimeter with an isoperibolic jacket. The
temperature rise in such a calorimeter is measured with a standard plati-
num resistance thermometer attached to a resistance bridge with high res-
olution and accuracy or a thermistor with fast response. In this case the
calculation of the adiabatic temperature rise must be corrected for the
energy exchanged with the surroundings. The following equation gives
the energy balance for the experiment:

dT. . . . . . . .
mcalcp,cald_‘;a = Qprod + Ocond + Oconv + Orad + ans + Ostir + Qign (3)



New Combustion Reference Calorimeter for Natural Gases 227

where
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Fig. 3. Two-body model of an isoperibolic
calorimeter.

is the mass of the calorimeter,
is the specific heat capacity of the calorimeter,
is the temperature of the calorimeter (volume averaged),

is the heat flux due to production (combustion, electrical heat-
ing) within the calorimeter,

is the heat flux due to conduction between the calorimeter and
water jacket,

is the heat flux due to convection (air gap between calorimeter
and water jacket),

is the heat flux due to radiation,

is the heat flux due to enthalpy differences of inlet and outlet
gases,

is the heat flux due to production (stirrer) within the calorimeter,
and

is the heat flux due to production (ignition) within the calorim-
eter.

Using an isoperibolic calorimeter, the adiabatic temperature increase may
be determined by the Regnault-Pfaundler method [13]. The method is based
on the assumption of a two-body model of a calorimeter (Fig. 3). The two
bodies are the inner calorimeter and the water jacket. Both bodies are con-
nected via heat transfer processes of conduction, convection, and radiation.
The outer water jacket remains at a constant temperature, Tj.

For small temperature differences the heat transfer of the calorimeter
with its surroundings, following, e.g., the combustion experiment, may be
given by the relation:

Qheat transter = K (To — Tea1 (1)) 4)
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Fig. 4. Determination of the adiabatic temperature rise.

where

« 1s the heat transfer coefficient for the calorimeter with surround-
ings,

Ty is the temperature of the water jacket, and

Tear 1s the temperature of the calorimeter (surface averaged).

In this case all heat transfer mechanisms are considered to show lin-
ear behavior and can be described with the heat transfer coefficient, «.
Thermal isolation in the air gap reduces heat flux by conduction and con-
vection. Conducting the gas pipes through a thermostat minimizes heat
flux due to enthalpy differences.

4. DETERMINATION OF THE ADIABATIC TEMPERATURE RISE

Usually an experiment starts at a temperature inside the calorime-
ter below Ty. Due to the heat transfer between both bodies, the temper-
ature of the calorimeter increases slightly. This period is called the initial
period. After some minutes the combustion starts and this leads to a high-
temperature increase during the so-called main period. After the burner is
switched-off, the temperature of the calorimeter increases further slightly
due to heat transfer. After the heat is completely released and distributed,
the final period starts. A schematic temperature-time curve of a combus-
tion experiment is shown in Fig. 4.

4.1. Procedure to Determine the Adiabatic Temperature Rise

Compared to the adiabatic calorimeter, an additional temperature
correction term, ATy, describing the heat exchange with the surroundings
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is added in order to determine the adiabatic temperature rise in an isoperi-
bolic calorimeter as exposed by

ATyq =Tinr — Tinj — ATex (5)

The heat balance in Eq. (3) divided by mcyjcp cal is used to determine the
adiabatic temperature difference, AT,q.

chal ()

di =u(t) + ugir + k(To — Tear1 (1)) (6)

where

u(t) is the temperature rate due to heat production (combustion,
enthalpy differences, and ignition),

ugir 18 the temperature rate due to heat production (stirrer), and

k is the cooling constant of the calorimeter (=« /(mcaiCp.cal))

On the left-hand side of Eq. (6), T, means the volume averaged tem-
perature of the calorimeter. However, as has been mentioned before, the
heat transfer depends on the temperature difference between the water
jacket temperature Ty and the surface averaged temperature. For an ideal
calorimeter the volume averaged temperature equals the surface averaged
temperature. In reality both temperatures may slightly differ. For the deter-
mination of AT,q the temperature is measured at the location of the sen-
sors as representative of both averaged temperatures. Due to technical
constraints, it is only possible to minimize temperature gradients, but they
will still remain at a certain level. The uncertainty arising from this fact is
a question of carrying out electrical calibration and combustion identical
in such a way that the temperature fields of both processes are equal as a
function of time.

The value of the cooling constant, k, in Eq. (6) governs the heat
transfer between the calorimeter and its surroundings. k is a constant
of the calorimeter. Applying Eq. (6) to the initial and final periods of
the experimental temperature-time curve only allows calculation of the
k-value. Under these restrictions, u(z) is zero and ugir, the temperature
rate due to heat production by the stirrer, is constant. Moreover, Ty, the
temperature in the water jacket, is constant. Therefore, Ty, the tempera-
ture of the calorimeter bath at infinite time, may be defined by

Im 7T :0=ugi +k(Tp — To) @)
1—00

Thus, the temperature during the initial and final period for the combus-
tion or calibration experiment follows the relation,
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dT.
— - =k(Too = Tear(1) ®)
t
Using Eq. (8) an exponential analytical expression for the initial and final
periods may be obtained. For the initial period (subscript i), it follows that

Ti(t) =Too — (Too — Tini)eXp(—k(t — ti)) )

where

Tmi 1s the temperature at the beginning of the main period (end of
initial period) and

tmi 1s the time at the beginning of the main period.

In a new analytical approach, the constants k and T, are determined
by a simultaneous regression of the temperature-time data in the initial
and final periods. This analytical fitting procedure of the temperatures
Ti(t) and T;(¢) is applied for the first time. The temperature correction
term, AT, for the main period can now be calculated assuming constant
values for k and Ty during the whole experiment:

Imf

ATo =k / (T — Teat (1))d1 (10)
Imi

Thus, all information is available to determine the adiabatic temperature
rise. Equations (9) and (10) are derived under the following assumptions:

(a) The heat transfer due to convection or radiation is small.
(b) The temperature, Ty, and the quantities k and u are constants.

(¢) The measured temperatures, 7;(t), Tcai(¢), and Ty (), are assumed
to be the averaged temperatures of the calorimeter. No distinction
is made between surface or volume averaged temperatures.

The uncertainties arising from these assumptions will be discussed below.
The measured temperature-time curve is analyzed through Egs. (9) and
(10) using the Simpson rule for numerical integration during the main
period, i.e., the combustion period. AT,q is given by Eq. (5).

4.2. Temperature Measurement

The temperature measurements must be sensitive and have fast
response to temperature changes. In the past [2,3,9] resistance thermom-
eters were often used in isoperibolic combustion calorimetry following the



New Combustion Reference Calorimeter for Natural Gases 231

Rossini principle. However, due to the sluggish response of the platinum
resistance thermometer, they can be used reasonably in the initial and
final periods only. In this study, the fast temperature rise during the main
period is measured with a fast response thermistor sensor. In our arrange-
ment, the thermistor is calibrated against the traceable Pt25 resistance
thermometer in situ at each experimental run using balanced Pt25 data of
the initial and final periods.

Before the experimental run starts, the calorimeter is cooled to 23°C
and the temperature in the water jacket is set to 26.8°C. After an
equilibration interval of about 1h, the initial period starts and lasts for
approximately 30 min. During the initial period, no gas flows through the
calorimeter. When the calorimeter temperature has reached 23.5°C, the gas
flow and ignition start simultaneously. Combustion continues for about
25min. The start time of the main period t#,,; is the time of ignition. In
an electrical calibration this time corresponds to the time of switching the
electrical heater on. Immediately after extinction of the flame during the
main period, the gas flow through the calorimeter is stopped and all valves
are closed.

5. CALCULATION OF THE CALORIFIC VALUE

After the description of the experimental set-up and operation proce-
dures, the formal method for evaluation of the superior calorific value, Hg,
shall be described in detail. As already mentioned, the principle of the gas
calorimeter is based on the heat comparator method.

This method is expressed by the ratio of the chemical energy released
during the combustion of the respective fuel gas to the electrical energy
released during a calibration run;

Ecomb . Ccal,combATad,comb (11)
E elec Ccal, elec A Tad, elec

The combustion energy, E.omp, may be expressed by the product of
the mass of the burnt gas, mg,s, and the superior calorific value, Hs, (cor-
rected by the energy correction term K). Inserting this information into
Eq. (11) leads to the following equation:

Mgas Hs— K _ Ccal,comb ATad,comb
E elec Ccal, elec A Tad, elec

(12)

This equation may directly be solved for the superior calorific value,
Hg:
EelecCcal,combATad,comb + K

Hy=
Mgas Ceal Jelec ATyg Lelec Mgag

(13)
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The first assumption, prerequisite, of the heat comparator model (see
Egs. (11) or (12)) is that the calorimeter may be operated as a comparator,
i.e.,, the amount of heat released in the combustion experiment is about
the same as the heat released during electrical calibration. This assump-
tion requires that the numerator, Ccal combATad comb, and the denomina-
tor, Ceal elecATad clec, ON the right-hand side of Eq. (12) are about equal.
The second assumption is that the heat capacities of both processes are
nearly the same. Therefore, it is necessary that the calorimeter is not
changed between a calibration and a combustion run, and the calorimeter
is operated at the same conditions (same absolute temperatures, temper-
ature rises, stirrer speeds, etc.). Then the only systematic difference other
than the energy correction, K, is the condensation of water vapor inside
the burner-heat exchanger system. This water formed by the combustion
process leads to a significant additional heat capacity as a function of time
during the main period. For these reasons the most important requirement
is the equality of the adiabatic temperature rises AT,q of the combustion
and respective calibration experiment.

As a result, the right-hand side of Eq. (12) may be expressed as a
dimensionless factor, F, which can be divided into a factor F¢ (contribu-
tion of the heat capacities) and a factor Fa7,, (contribution of the adia-
batic temperature rises);

F= Ceal,combATad, comb
Ccal, elec A Tad, elec

=FcFar, (14)

whereas the experiments have to be carried out in the same operating
point indicated by

Far,=1 (15)

Equations (14) and (15) show clearly the two influences on the “iden-
tity” of the combustion and calibration processes. Due to the experimen-
tal temperature—time curves, Far,, can be matched equal to 1. The value
of Cealclec 1s determined by the electrical calibration run. However, the
value of Ceyicomb implemented in the factor Fc cannot be determined
experimentally. To overcome this problem, at least two conditions must
be fulfilled: first, the calorimeter system must not change between the
combustion and calibration experiment (the amount of water must be
constant, the mechanical parts must be the same and in the same posi-
tion). Second, the sum of the heat capacities of the calorimeter compo-
nents should not change significantly with temperature and time under
the experimental conditions. This has been proven by the calculation of
the respective temperature-induced change of ¢, of the main components,
water, steel, and glass. Therefore, the second condition is fulfilled. The first
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condition is also fulfilled, because the respective combustion and calibra-
tion run is operated at as similar conditions as possible directly successive
in time (usually, both experiments in 2 days). This means that Fc is very
close to 1 (e.g., 1.0004) as a matter of principle.

Using the dimensionless factor F, Eq. (13) can be expressed as

Eglec F K
Hy= elec +

(16)
Mgas Mgas

At this point important additional information must be pointed out
with respect to the ratio F. Due to the progressive condensation of
water with mass mcond,H,0 during combustion inside the burner glass
vessel, the heat capacity of the calorimeter increases during the combus-
tion experiment. This change is included in Ccyj comb.f, the heat capac-
ity of the calorimeter at the end of the main period or in the final
period. During the initial period or at the beginning of the main period,
Ceal.comb.i = Ceal.clec. Therefore, in the calculation of the heat of combus-
tion, Ceal.combATad.comb, 1N Eq. (12), a time averaged value for the heat
capacity, Ccal comb, Mmatches the time-dependent condensation of water dur-
ing the combustion process;

Ccal,comb ~ Ccal,elec + Whcond,H,OCp,H,O (17)

The factor w has to be calculated for each combustion run and can be
found in a range between 0.5 and 0.8.

The heat capacity of the calorimeter is determined by the electrical
calibration experiment;

Eelec
C =— 18
cal,elec ATad,elec ( )
The electrical energy is determined as the sum of i time intervals At; (253);
Uneat,i Uref. i
Eelec = Z —helaet,z ref.i Ati (19)
i ref,i

where
Uheat 18 the voltage drop at the electrical heater and
Urer 1s the voltage drop at the reference resistance Rief.

The adiabatic temperature rises AT,q in Eq. (14) are determined as
described above (see Eq. (9)).

The correction term, K, for the determination of the calorific value in
Eq. (16) accounts for the following contributions:

K=Ey+E;—E; (20)
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E; is the ignition energy,

Ey is the energy term due to water vapor leaving the calorimeter,
and

E, is the energy due to temperature differences of the gases between
in- and out-flow of the calorimeter.

So far, the procedure to evaluate the calorific value, Hs, has been
described. However, during the development of the reference calorime-
ter, it became evident that additional influences play an important role in
determining the absolute value and the uncertainty budget of the calo-
rific value. To handle these contributions in an analytical form is extremely
difficult. Therefore, separate investigations helped to quantify the following
uncertainty contributions:

o uncertainties arising from the type of mathematical model for cal-
culating AT,gq,

o variation of the time interval length Aty in these calculation pro-
cedures,

o position of the temperature sensor in the calorimeter, and

o position of the electrical heat release in the calibration experiment.

In addition to the classical error propagation law, the correspond-
ing uncertainties have to be taken into account as uncertainty increments.
Besides experimental variations, a computer simulation of the calorimeter
gives additional insight into the behavior of the system, especially for the
temperature and flow field.

6. SIMULATION OF FLOW AND TEMPERATURE FIELD

The operation of the calorimeter and the evaluation of results, in par-
ticular, depend on some conditions to be fulfilled with a high degree of
accuracy. As indicated above, the heat balance on the inner calorimeter
vessel is governed by Eq. (7). This equation relates the time derivative of
the volume averaged calorimeter temperature to the heat transfer between
the inner and outer calorimeter vessels, the exchange of enthalpy by add-
ing and withdrawing gases, and the heat production by combustion and
dissipation of the kinetic energy introduced by the stirrer. The heat trans-
fer between the calorimeter and water jacket is calculated from a global
heat transfer coefficient multiplied by the difference of the jacket temper-
ature and the surface averaged calorimeter temperature.



New Combustion Reference Calorimeter for Natural Gases 235

This approach implies that the temperature distribution is homoge-
neous inside the calorimeter and that the heat transfer coefficient is con-
stant during the complete process. Both the requirements must hold for
combustion as well as for calibration cycles. Additionally, the thermal
properties of both types of cycles must match closely.

In order to verify whether these conditions are met with sufficient
accuracy, numerical simulations of the flow and of thermal processes were
performed. The simulations provide detailed information that is difficult
to obtain experimentally. This, however, requires the physical process to be
modeled as close to reality as possible.

The numerical model comprises the inner and outer calorimeter ves-
sels. At the surface of the outer vessel, the temperature was assumed to
be constant and equal to the temperature of the water jacket. The numer-
ical results presented below were calculated assuming a temperature, 7y =
300K. The actual geometry and its numerical counterpart are identical
except for a few differences.

(a) In order to avoid an exceedingly high number of computational
nodes and unduly high-computational times, the motion of the stirrer was
not modeled. Instead, the problem was simplified by replacing the stir-
rers inside the stirrer channel with interfaces that allow for specifying the
pressure jump and the swirl generated by the propellers (fan interfaces
are an option of the numerical solver FLUENT employed here). The fan
boundary conditions, pressure jump and swirl, were measured prior to the
simulation and estimated from the shape of the propeller.

(b) Methane combustion was treated assuming a two-step reaction
mechanism:

CHy4 +1.50, — CO+2H,0
CO+0.50, — CO,

(¢) The only physical effect that was impossible to be taken into
account was condensation of the water vapor generated by the above
chemical reactions. Since water leaves the numerical model in the gaseous
form, the heat of condensation is not released. Thus, heat transfer from
the flue gases to the calorimeter water is less than in reality.

Since the geometry of the calorimeter is fairly complex, about 4 million
computational nodes were required to properly resolve the computational
domain. The simulations have to account for the heating of the reser-
voir and, thus, had to be run in the unsteady mode. Due to the large
computational grid and the complicated physics, each second simulated
requires 6 h of physical time when the job is run on four processors of a
V880 Fujitsu Siemens computer server. The simulation provides detailed
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Fig. 5. Velocity distribution (in m-s~!) in the symmetry plane
of the calorimeter during combustion. All velocities above
0.20m-s~! are indicated in red.

information on the velocity, temperature, and concentration fields. Addi-
tionally, heat fluxes by radiation and convection as well as similar quanti-
ties can be evaluated.

Figure 5 shows an example of a contour plot of the velocity distri-
bution in the vertical symmetry plane of the calorimeter. The swirl gen-
erated by the stirrers was supposed to be removed by flow straighteners
introduced into the stirrer channel. The simulated image shows that the
water emanating from the channel exit generates a jet-like flow. The jet
is deflected upwards by the wall opposite to the stirrer channel and splits
into two main streams. One of them passes along the cooling coil and the
burning chamber in the vertical direction. The second one impinges on
both devices and receives energy from the heated surfaces. Thus, elevated
temperatures prevail in the space between the heater and stirrer channel
(cf. Fig. 6). The velocity, however is fairly low there, since this region is
located in the wake of the burning chamber.

Figure 6 shows the temperature distribution in the vertical symmetry
plane of the calorimeter during combustion. The simulation reveals that
the temperature distribution in the calorimeter water varies by +0.1 K.
The water jacket temperature was set to 7y = 300K. For the instant
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Fig. 6. Temperature distribution (in K) in the symmetry plane
of the calorimeter during combustion. Areas with temperatures
above 301.5K and below 300K are blank.

considered in Fig. 6, the following temperatures are calculated from the
numerical data:

the volume average of temperature is Tcal,volum =301.066K,
the surface averaged temperature is Tcalysurfa=301.155 K,
the temperature of the Pt25 was found to be Tpiyps=301.163 K, while

the thermistor was at a fairly low temperature Tinerm = 300.509 K.

The combustion process started at an initial temperature 7;,; =300 K. The
thermistor position is in the vertical symmetry plane between the burner
and the stirrer. Therefore, it is located in the low velocity area between
the stirrer channel and burning chamber and heats up slower than, for
instance, the Pt25, although it has a shorter response time to temperature.
The Pt25, however, is positioned in front of the thermistor at about 2/3
of its distance to the wall of the calorimeter vessel. Therefore, it follows
closer to the average calorimeter temperature as it is directly exposed to
the flow.

The temperature distribution in the calorimeter with electrical heat-
ing in Fig. 7 results in a simulation starting at the same identical initial
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Fig. 7. Temperature distribution (in K) in the symmetry plane
of the calorimeter during electrical heating. Areas with temper-
atures above 301.5K and below 300K are blank.

temperature distribution as in the combustion simulation. The same heat
input was now introduced by an electrical heater with a heating coil placed
in the upper part of the calorimeter between the combustion chamber and
the heat exchanger. As the velocities in the wake of the combustion cham-
ber are small, the high heat input into this region by the electrical heater
cannot sufficiently be distributed in the calorimeter by convection; there-
fore, locally high temperatures occur. The following numerical results are
obtained.

The temperatures at the Pt25 and the thermistor locations are the
same as before, whereas the averaged temperatures differ slightly:

the volume average of temperature is Tcal,volum:301-086 K,

the surface averaged temperature is Tcaleurfa=301.181 K,

As indicated above, the outer surface temperature of the calorime-
ter vessel governs the heat transfer between the calorimeter and water
jacket. When employing Eq. (7) for the evaluation of the calorific value
from experiments, it is desirable for the surface temperature to match
the volume-averaged temperature of the calorimeter as closely as possible.
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When employing the energy comparator method to analyze the calorim-
eter results, the combustion and electrical calibration process need to be
very closely matched. From the numerical results the surface averaged
temperature is about 0.1 K higher than the volume averaged value. The
numerical results for the electrical calibration process are approximately
0.02 K higher than for the combustion process. This results from a numeri-
cal simulation which used a value of 2W for the combined convective and
radiative heat flux from the inner to the outer calorimeter vessel. Mean-
while, this value for the actual calorimeter setup is reduced to approxi-
mately 1 W.

Due to the results of the simulation, the conventional calorimetric
practice to measure the temperature at one certain position inside the cal-
orimeter is questionable. Is there any difference for the calorific value, if
another position for the temperature sensor is chosen? What happens if
instead of a position inside the calorimeter can (i.e., a temperature in the
volume) the temperature is measured on the surface of the calorimeter
can? In addition, it can be seen from the simulation that the position of
the heat source (i.e., burner or electrical heater) result in different tem-
perature fields. For this reason there is also the question whether differ-
ent positions of the electrical heat release lead to different results for the
calorific value? These questions can be answered only by experiment. Cor-
responding investigations were carried out to vary the location of the
temperature sensor and also the heat release. Through the use of such
experiments, uncertainty contributions can be determined which are due
to the experimental calorimetric procedure. To investigate the effects of
heater and temperature sensor positions, combustion runs and correspond-
ing electrical calibration runs have been carried out with the prototype cal-
orimeter. Due to the fact that the repeatability of the results of this proto-
type has not reached the final intended state, at this stage the results can
be understood as an estimate only.

7. PROCEDURE-DEPENDENT UNCERTAINTIES

The determination of the calorific value is influenced by additional
uncertainties which to the best of our knowledge have not been considered
in the past. However, they have some influence on the correct determina-
tion of Hy:

7.1. Uncertainty due to the Analytical Model

The values of the adiabatic temperature rise AT,q depend on the
choice of the analytical model. In the past, modified versions of the
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Regnault-Pfaundler method or the comparison of equal areas called “the
Dickinson method” [14] have been typically applied. In this work the adia-
batic temperature rise is determined analytically by fitting the temperatures
of the initial (7j(¢)) and final period (7;(¢)) simultaneously to an exponen-
tial function due to the solution of the partial differential equation (Eq.
(8)). The conventional approach of using a linear regression for the ini-
tial and final periods is in contrast to the mathematical solution and is not
considered further.

The temperature correction term, AT, describing the heat exchange
with the surroundings is determined by a numerical integration of the
main period. The numerical integration can be performed using the Trap-
ezoidal rule or the Simpson rule. The latter is known to be 100 times more
precise than the Trapezoidal rule. We have applied a set of 12 different
analytical models for the evaluation of AT,q. Table II summarizes the 12
applied methods.

Method number 10 applied by the Office for Gas and Electricity Mar-
kets (OFGEM, UK) uses a linear regression of the data of the initial and
final periods for the determination of k. Then the time axis is transformed
into an exponential scale and T, is determined by extrapolation.

When using the physically reasonable methods 1 and 7 (e.g., simul-
tanecous exponential fit of the initial and final periods, integration using
the Simpson rule), the ratios of the calculated adiabatic temperature rises
for combustion and electrical calibration differ by 1.4 x 10™* at a maxi-
mum. At this time it cannot be decided whether method 1 or 7 should
be preferred. This will be a task of subsequent investigations. From this
value (considered as a rectangle distribution), the corresponding uncer-
tainty 8 Fnodel Was calculated and is displayed in Table III.

7.2. Uncertainty due to Variation of Time Interval Length in Data
Analysis

The variation of the arbitrarily chosen interval length of the main
period (Atyg) is implemented by N calculations of AT,y (combustion as
well as calibration experiment) varying Aty in a stepwise addition of
100s around a physically reasonable value of Afyr. In Eq. (21), combi-
nations of ratios AT,d comb/ATad clec—adiabatic temperature rises of com-
bustion and calibration—are used by varying the interval length (time
Atyr) of the main period from i=1...N (N=15):
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Table II. Comparison of Applied Analytical Models for the Determination of AT,q4
Determination of
Fit of T-data: k, T ATex (integration

Method initial/finalperiod method)

1 equal areas (Dickinson) simultaneous exponential: equal areas
ki, ke, Too £
2 equal areas (Dickinson) separate exponential: kmean, equal areas
Too,mean (arithm. mean)
3 equal areas (Dickinson) separate exponential: equal areas
k(t,T), Too(t, T)
4 Regnault/ Pfaundler simultaneous exponential: trapezoidal
ki, ke, Too £
5 Regnault/ Pfaundler separate exponential: trapezoidal
kmean, Too,mean (arithm.
mean)
6 Regnault! Pfaundler separate exponential: trapezoidal
k(t, T), Too(t, T)
7 Regnault/ Pfaundler simultaneous exponential: Simpson-rule
ki ke, Too is Toof
8 Regnault/ Pfaundler separate exponential: Simpson-rule
kmean, Too,mean (arithm.
mean)
9 Regnault/ Pfaundler separate exponential: Simpson-rule
k(t,T), Too(t, T)
10 OFGEM k: linear regression, trapezoidal
To: extrapolation
11 Regnault/ Pfaundler simultaneous linear: trapezoidal
ki kp s Too i» Too,
12 Regnault/ Pfaundler simultaneous linear: trapezoidal
ki ki, T i» Too £ two data
points per period
Table III. Procedure-Dependent Uncertainty Contributions
Uncertainty contributions to HS
Uk=1)
8 Finodel 2.2kJ -kg™!
8FA Ly 2.9kJ-kg™!
8 Fsensor position 1.6kJ- kgil
3 Fheater position 1.6kJ- kgil
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1
FATad = N(ATad‘comb 1 /ATad,elecl +-- 4 ATad,combN/ATad,elecN) (21)

The values of the ratio differ by 1.8 x 10~* at a maximum. Con-
sidering for this value a rectangle distribution, an additional uncertainty
8 Fatms Was calculated.

7.3. Uncertainty due to the Location of the Temperature Sensor

Varying the location of the temperature sensor may directly demon-
strate temperature inhomogeneities as has been shown by the computer
simulation. Here, the temperatures inside the calorimeter and the tempera-
ture on the surface of the calorimeter were measured simultaneously with
a resistance thermometer and with a calibrated copper wire, respectively.
The ratios for the adiabatic temperature rise differ by 1 x 10~*. From this
value considering a rectangle distribution, the uncertainty & Fgensor position
was calculated (Table III).

7.4. Uncertainty due to the Location of Heat Release

A key factor of the application of the heat comparator model is
the equality of the combustion and calibration experiment and the cor-
responding heat capacities. Experiments were carried out by splitting the
heat release (100% or 90% were released by the original heater in com-
bination with 0% or 10% released by an additional heater located in the
cooling finger position). These experiments led only to a difference of
1 x 10~ for the ratios of the adiabatic temperature rise. Again, this differ-
ence was considered as a rectangle distribution to calculate the uncertainty
SH heater position (Table III).

Table III shows the investigated absolute uncertainty contributions
related to the calorific value of methane (55515.18kJ-kg~! [4]) accord-
ing to the GUM guide [15]. The four considered absolute uncertainties
together result in a relative uncertainty of 0.015% (k=2, i.e. at a confi-
dence level of 95%). This is only a part of the total uncertainty budget.
However, it shows, that these contributions play a significant role and can-
not be neglected.

8. CONCLUSION AND OUTLOOK

A new state-of-the-art reference gas combustion calorimeter was set-
up and a corresponding computer simulation of the temperature and flow
fields was carried out. From the computer simulation it has been shown
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that the temperature field shows inhomogeneities, which were not taken
into account in previous investigations. For this reason, experiments vary-
ing the temperature sensor position and the electrical heater position were
carried out to estimate related uncertainties for the calorific value. In addi-
tion, different mathematical procedures for the data analysis of the tem-
perature-time curves have been investigated. It has been shown that a
procedure-dependent uncertainty results due to the type of mathematical
model used. Also, the change of the length of the main period yields
an additional uncertainty. Considering the calorific value of methane, the
mentioned uncertainties may contribute as much as 0.015% to the uncer-
tainty of the calorific value. Finally, this investigation shows that the con-
sidered uncertainty contributions, which have not been considered in the
past, may contribute an important amount to the targeted overall uncer-
tainty of 0.05% for the calorific value. In addition, all the other uncer-
tainty contributions related to the experimental quantities have to be taken
into account. These will be calculated when a sound basis of experimental
runs has been carried out.
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