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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The preecedures—tsed—to—developth ment-and-these—ntendedfor-its—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as well ‘as’information about ISO's adhefence to the
World Trade Organization (WTO) principles in the Techtiical Barriers to Trade (TBT), see wiww.iso.org/
iso/fpreword.html.

This|document was prepared by Technical Committee ISO/TC 300, Solid recovered fuels, in cpllaboration
with| the European Committee for Standaydization (CEN) Technical Committee CEN/TC 343, Solid
Recoypered Fuels, in accordance with the Agreement on technical cooperation between 150 and CEN
(Viemna Agreement).

Any feedback or questions on this document should be directed to the user’s national standpards body. A
complete listing of these bodies€an be found at www.iso.org/members.html.
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Introduction

This document is based on EN 15400 [11.

The result obtained is the gross calorific value of the sample analysed at constant volume with all the
water of the combustion products as liquid water. In practice, solid recovered fuels are burned at a
constant (atmospheric) pressure and the water is either not condensed (removed as vapour with the
flue gases) or condensed. Under both conditions, the operative heat of combustion to be used is the net
calorific value of the fuel at constant pressure. The net calorific value at constant volume can also be
used; Formulas are given for calculating both values.

General pri1|1ciples and procedures for the calibrations and the solid recovered fuels experiments are
presented in the main part of this document, whereas those pertaining to the use of a particulaityjpe of
calorimetri¢ instrument are specified in Annexes A to C. Annex D contains the formulae to ¢alculatle the
removed ash contributors. Annex E contains checklists for performing calibration and fuelexperinients
using specifiied types of calorimeters. Annex F gives examples to illustrate some of thécalculations.
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Solid recovered fuels — Determination of calorific value

WARNING — Strict adherence to all of the provisions specified in this document should ensure
against explosive rupture of the combustion vessel, or a blow-out, provided that the vessel is of
standard design and construction and in good mechanical condition.

1 Scope

This|document specifies a method for the determination of gross calorific value of(Solid recovered
fuels| at constant volume and at the reference temperature 25 °C in a combustionsvessel|calorimeter
calibjrated by combustion of certified benzoic acid.

2 Normative references

The following documents are referred to in the text in such a way thiat some or all of their content
constitutes requirements of this document. For dated references, only the edition cited [applies. For
unddted references, the latest edition of the referenced document(including any amendments) applies.

ISO 10304-1, Water quality — Determination of dissolved anions by liquid chromatography of ions —
Part|l: Determination of bromide, chloride, fluoride, nitrate, nitrite, phosphate and sulfate

ISO 16993, Solid biofuels — Conversion of analytical results from one basis to another
ISO 41637, Solid recovered fuels — Vocabulary

ISO 41644, Solid recovered fuels — Methods for, the determination of biomass content
I1SO 41646,9S0lid recovered fuels — Sample preparation

ISO 21660-3, Solid recovered fuels —-Determination of moisture content using the oven dry method —
PartB: Moisture in general analysiS:sample

EN 15358, Solid recovered fuels — Quality management systems — Particular requiremepts for their
application to the production of solid recovered fuels
3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 21637 and the follpwing apply.

ISO gnd JEG-maintain terminological databases for use in standardization at the following gddresses:

— ISO-Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at http://www.electropedia.org/

31

gross calorific value at constant volume

absolute value of the specific energy of combustion, in Joules, for unit mass of a solid recovered fuel
burned in oxygen in a calorimetric combustion vessel under the conditions specified

Note 1 to entry: The products of combustion are assumed to consist of gaseous oxygen, nitrogen, carbon dioxide
and sulfur dioxide, of liquid water (in equilibrium with its vapour) saturated with carbon dioxide under the
conditions of the combustion vessel reaction, and of solid ash, all at the reference temperature (3.4).

1) Under preparation. Stage at the time of publication: ISO/DIS 21646:2021.
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net calorific value at constant volume
absolute value of the specific energy of combustion, in Joules, for unit mass of a solid recovered fuel
burned in oxygen under conditions of constant volume and such that all the water of the reaction
products remains as water vapour (in a hypothetical state at 0,1 MPa), the other products being, as for

the gross ca

3.3

lorific value, all at the reference temperature (3.4)

net calorific value at constant pressure
absolute value of the specific heat (enthalpy) of combustion, in Joules, for unit mass of a solid recovered
fuel burned in oxygen at constant pressure under such conditions that all the water of the reaction

products rej
all at the ref]

3.4

reference t
internationd
temperatursg

Note 1 to ent

(g- K.

3.5
effective hd
amount of e

3.6

corrected t
change in c4
vessel calor

Note 1 to ent}

Note 2 to ent
thermistor t}
established b
can be expre
conditions b

Note 3 to ent

Note 4 to er]
association t

3.7
removed as
rac

Malns as water vapour (at U,1 MPaJ, the other products being as 0T the gross calorilic v
brence temperature (3.4)

Pmperature
1 reference temperature for thermo-chemistry of 25 °C is adoptednrds the refej
p for calorific values (see 9.7)

at capacity of the calorimeter
hergy required to cause unit change in temperature of.the calorimeter

emperature rise
lorimeter temperature caused solely by the processes taking place within the combu
meter

y: Itis the total observed temperature rise eorrected for heat exchange, stirring power etc. (se¢
ermometer, frequency of a quartz crystal resonator etc., provided that a functional relations
etween this quantity and a change in temperature. The effective heat capacity of the calorimeten
sed in units of energy per stich'an arbitrary unit. Criteria for the required linearity and closen
tween calibrations and fueljexperiments are given in 9.3.

Fy: A list of the symbolstused and their definitions is given in Annex G.

try: Annex | expldins additional relevant terms that could be of interest, more specifica
Annex D. The/terms can provide some clarification in certain cases.

h contributors

coarse inert

alue,

ence

'y: The temperature dependence of the calorific value of solid recovered faels is small [less than 1 ]/

stion

)%).

I'y: The change in temperature canpeeéxpressed in terms of other units: resistance of a platinim or

hip is
(3.9)

PSS in

[ly in

material (i e metals g];\cc’ stones tiles pf{‘) removed from the camp]p before preparag

tion,

in order to avoid damage to the preparation equipment

Note 1 to entry: The removed ash contributors (rac), after sample pre-drying, are taken into account for the
calculation of the ash, carbon, hydrogen, nitrogen and sulfur content in the analysed sample.

Note 2 to entry: See Annex D for further information.

4 Principle

4.1 Gross calorific value

A weighed portion of the analysis sample of a solid recovered fuel is burned in high-pressure oxygen
in a combustion vessel calorimeter under specified conditions. The effective heat capacity of the

2
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calorimeter is determined in calibration experiments by the combustion of certified benzoic acid under
similar conditions, accounted for in the certificate. The corrected temperature rise is established from
observations of temperature before, during and after the combustion reaction takes place. The duration
and frequency of the temperature observations depend on the type of calorimeter used. Water is added
to the vessel initially to give a saturated vapour phase prior to combustion (see 9.2.1 and 10.2.2),
thereby allowing all the water formed, from the hydrogen and moisture in the sample, to be regarded
as liquid water.

The gross calorific value is calculated from the corrected temperature rise and the effective heat
capacity of the calorimeter, with allowances made for contributions from ignition energy, combustion of
the fuse(s) and for thermal effects from side reactions such as the formation of nitric acid. Furthermore,
a corfrection 1s applied to account for the dilference in energy between the aqueous sulfuriclacid formed
in the combustion vessel reaction and gaseous sulfur dioxide, i.e. the required reaction product of sulfur
in the solid recovered fuel. The corresponding energy effect between aqueous and gaseous hydrochloric
acid fan be negligible for solid recovered fuels of mainly biomass origin.

bnds on the
tion and the

The
samy

corresponding energy effect between aqueous and gaseous hydrochlerie acid dep
le characteristics, e.g. the content of inorganic and organic chlorine, mineral composi

actu

1l pH-value in combustion vessel liquid. At the present time no values.are available for {

his chlorine

corr¢ction. Attention should be paid to the extremely high chlorine content in the test sanjple because
e.g. BVC fractions can affect the calorific value significantly.

Automatic equipment may be used if the method is validated by parallel measurements. Thjis automatic
equipment shall fulfil all the requirements regarding sample size, heating procedure, temperature,
atmdsphere, and weighing accuracy. Deviations from this paragraph shall be reported and justified.
NOTH Annex H shows a flow chart for a routine determination of calorific value.

4.2 | Net calorific value

The
recoy
onth

het calorific value at constant volume and the net calorific value at constant pressurg
Fered fuel are obtained by calculationfrom the gross calorific value at constant volume
e analysis sample. The calculation pfthe net calorific value at constant volume requires

aboult the moisture and hydrogen contents of the analysis sample. In principle, the calculati

of the solid
determined
information
bn of the net

caloiific value at constant pressure also requires information about the oxygen and nitrogen contents
of the sample.

NOTH Annex H shows d flow chart for a routine determination of calorific value.

5 Reagents

5.1 | Oxygen;.at a pressure high enough to fill the combustion vessel to 3 MPa, pure with ah assay of at
least|99,5 9%%-volume fraction, and free from combustible matter.

NOTH Oxygen made by the electrolytic process can contain up to 4 % volume fraction of hydrogen.

5.2 Fuse

5.2.1 Ignition wire, of nickel-chromium 0,16 mm to 0,20 mm in diameter, platinum 0,05 mm to

0,10 mm in diameter, or another suitable conducting wire with well-characterized thermal behaviour
during combustion.

5.2.2 Cotton fuse, of white cellulose cotton, or equivalent, if required (see NOTE 1 of 9.2.1).

5.3 Combustion aids, of known gross calorific value, composition and purity, e.g. benzoic acid,
n-dodecane, paraffin oil, combustion bags or capsules.

© ISO
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5.4 Standard volumetric solutions and indicators, only for use if analysis of final combustion vessel
solutions is required.

Barium hydroxide solution, c[Ba(OH),] = 0,05 mol/l.
Sodium carbonate solution, c¢(Na,C053) = 0,05 mol/l.

Sodium hydroxide solution, c(NaOH) = 0,1 mol/L.

ochloric acid solution, ¢c(HCI) = 0.1 mol/L

5.4.1

5.4.2

5.4.3

5.4.4 Hy
5.4.5 Scre

of xylene cyj

5.4.6 Phe
volume fracf

5.5 Benz(
traceable to

NOTE1 B¢
calorimeter. ]

e.g. n-dodecapne, are used. Test substances are mainly used to prove that'certain characteristics of a sampl

burning rate

NOTE 2
aspects accol

NOTE 3
other than [
atmosphere 3

The benzoid
from these
energy of cd
be adopted

6 Labor;
The laborat

a) A labor

simulta

Amnnex K shows an environmental checklist (see Table K.1) that indicates possible environm

The benzoic acid is burned in the form of pellets. It is usually used without drying or any treat

ened methyl orange indicator, 1 g/l solution: dissolve 0,25 g of methyl orange @nd 0
inole FF in 50 ml of ethanol with a volume fraction of 95 % and dilute to 250 ml-with w

nolphthalein, 10 g/l solution: dissolve 2,5 g of phenolphthalein in 250/t ethanol w
ion of 95 %.

ic acid, of calorimetric-standard quality, certified by (or with certification unambigu
a recognized standardizing authority.

nzoic acid is the sole substance recommended for calibration”of an oxygen-combustion ¥
For the purpose of checking the overall reliability of the calorimetric measurements, test subst3

or chemical composition, do not introduce bias in the results.
ding to the analysis of solid recovered fuels to:take into account.

elletizing; the sample certificate provides information. It does not absorb moisture fror
trelative humidities below 90 %.

acid shall be used as close tg certification conditions as is feasible; significant depar
conditions shall be accounted for in accordance with the directions in the certificate
mbustion of the benzoic aeid, as defined by the certificate for the conditions utilised,
n calculating the effective heat capacity of the calorimeter (see 10.2).

atory conditions

bry for the.détermination of calorific value shall meet the following conditions.

heously in the same room.

15 g
hter.

ith a

busly

ressel
nces,
E, e.g.

ental

ment
n the

ures
The
shall

atory~for the determination of calorific value should not carry out other test items

b)

exceed 1 °C per measurement, and the room temperature should be in the range of (15-30) °C.

<)

source and fan, etc.

d)

from direct sunlight.

The room temperature should remain relatively stable, the change of room temperature should not

There should be no strong air convection in the room, so there should be no strong heat source, cold

The experiment should avoid sunlight, otherwise the calorimeter should be placed in a place free

© ISO 2021 - All rights reserved
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7 Apparatus
7.1 General

7.1.1 Calorimeter (see Figure 1), consists of the assembled combustion vessel (7.1.2), the calorimeter
can (7.1.3 ) (with or without a lid), the calorimeter stirrer (7.1.4), water, temperature sensor, and
leads with connectors inside the calorimeter can required for ignition of the sample or as part of
temperature measurement or control circuits. During measurements the calorimeter is enclosed in a
thermostat (7.1.5). The manner in which the thermostat temperature is controlled defines the working
principle of the instrument and hence the strategy for evaluation of the corrected temperature rise.

2

4 | —7
—R— L

\
\ u] <& 7
& Z
Key
1  dtirrer (7.1.4) 5 calorimeter can (7.1.3)
2 thermostatlid 6  thermostat (7.1.5)
3  ipnition leads 7  combustion vessel
4 thermometer

Figure 1="Classical-type combustion vessel calorimeter with thermostat

In aneroid systems (systems without a fluid) the calorimeter can, stirrer and water are replaced by a
metdl block. The combustion vessel itself constitutes the calorimeter in some aneroid systems.

In cpmbustion vessel calorimetric instruments with a high degree of automation, especially in
the qvaluation of the results, the calorimeter is in a few cases not as well-defined as thd traditional,
classical-type calorimeter. Using such an automated calorimeter is, however, within the scope of
this document as long as the basic requirements are met with respect to calibration conditions,
comparability between calibration and fuel experiments, ratio of sample mass to combustion vessel
volume, oxygen pressure, vessel liquid, reference temperature of the measurements and repeatability
of the results. A print-out of some specified parameters from the individual measurements is essential.
Details are given in Annex C.

Asthe room conditions (temperature fluctuation, ventilation etc.) can have an influence on the precision
of the determination, the manufacturer's instructions for the placing of the instrument shall always be
followed.

Equipment, adequate for determinations of calorific value in accordance with this document, is
specified in 7.2 to 7.4.

© IS0 2021 - All rights reserved 5


https://standardsiso.com/api/?name=12dbed3cdaaea13263cef940add61b8f

ISO 21654:2021(E)

7.1.2 Combustion vessel, capable of withstanding safely the pressures developed during combustion.
The design shall permit complete recovery of all liquid products. The material of construction shall resist
corrosion by the acids produced in the combustion of solid recovered fuels. A suitable internal volume of
the combustion vessel would be from 250 ml to 350 ml.

WARNING — Combustion vessel parts shall be inspected regularly for wear and corrosion;
particular attention shall be paid to the condition of the threads of the main closure.
Manufacturers' instructions regarding the safe handling and use of the vessel shall be observed.
Take into account any local regulations regarding the safe handling and use of the vessel. If more
than one combustion vessel of the same design is used, it is imperative to use each vessel as a
complete unit. Swapping of parts can lead to a serious accident.

7.1.3 Cald
amount of
the water i
is in good tH
undefined h

rimeter can, made of metal, highly polished on the outside and capable of holdir
vater sufficient to completely cover the flat upper surface of the combustion vessel Y
being stirred. A lid generally helps reduce evaporation of calorimeter waterybut unl
ermal contact with the can it lags behind in temperature during combustien; giving rj
at exchange with the thermostat and a prolonged main period.

g an
while
PSS it
se to

7.1.4 Stir} d/or
bn of
h the

e the

er, working at constant speed. The stirrer shaft should have a low=heat-conduction ar
a low-mass pection below the cover of the surrounding thermostat (7.1.5) to.minimise transmissi
heat to or frpm the system; this is of particular importance if the stirrer shaftis in direct contact wif
stirrer motdr. If a lid is used for the calorimeter can (7.1.3), this sectiofi of the shaft should be aboy
lid.

NOTE The rate of stirring for a stirred-water type calorimeter is.determined large enough to make surg that

hot spots do
such that the

7.1.5 The
approximats

The mass o
outbalance

hot develop during the rapid part of the change in temiperature of the calorimeter. A rate of stj
length of the main period can be limited to 10 min er less is usually adequate (see Annexes A a

rmostat (water jacket), completely surrounding the calorimeter, with an air g4
ly 10 mm separating calorimeter and thermostat.

ff water of a thermostat intended-for isothermal operation shall be sufficiently lar
thermal disturbances from the ‘outside. The temperature should be controlled to w

rring
hd B).

p of

be to
ithin

pstat
a for

+ 0,1 K or better throughout the experiment. A passive constant temperature (“static”) therm
shall have alheat capacity large enough) to restrict the change in temperature of its water. Criter
satisfactory|behaviour of this type af water jacket are given in Annex B.

NOTE1 Fd
annular jackd

r an insulated metal‘Static jacket, satisfactory properties are usually ensured by making a|wide

t with a capacity fep water of atleast 12,5 1.

NOTE2 (g
static-jacket

lorimeters .surfounded by insulating material, creating a thermal barrier, are regard¢d as

ralorimeters!

[f the therm ould
be of low m nt to
maintain th Jater
after the charge has been fired. If in a steady state at 25 °C, the calculated mean drift in temperature of

the calorimeter shall not exceed 0,000 5 K/min (see A.3.2).

pstat{(water jacket) is required to follow closely the temperature of the calorimeter, it s}
hss.and preferably have immersion heaters. Energy shall be supplied at a rate sufficig

tamnaratura nfthovatarin thatharmaoctat o vrithin 01 K afthat afthao calarimator
CtE P e ratur E- Ot E vy ot Cr i e E e e i oSt e to vy e Uy T Ottt Ot - Cont o et v

7.1.6 Temperature measuring instrument, capable of indicating temperature with a resolution of at
least 0,001 K so that temperature intervals of 2 K to 3 K can be determined with a resolution of 0,002 K
or better. The absolute temperature shall be known to the nearest 0,1 K at the reference temperature of
the calorimetric measurements. The temperature measuring device should be linear, or linearized, in its
response to changes in temperature over the interval it is used.

As alternatives to the traditional mercury-in-glass thermometers, suitable temperature sensors are
platinum resistance thermometers, thermistors, quartz crystal resonators etc. which together with
a suitable resistance bridge, null detector, frequency counter or other electronic equipment provide
the required resolution. Because of environmental aspects mercury (thermometers) should be the last

6 © IS0 2021 - All rights reserved
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option due to disposal concerns according the Minamata treaty. The short-term repeatability of this
type of device shall be 0,001 K or better. Long-term drift shall not exceed the equivalent of 0,05 K for a
period of six months. For sensors with linear response (in terms of temperature), drift is less likely to
cause bias in the calorimetric measurements than are non-linear sensors.

Mercury-in-glass thermometers which conform to ISO 651[2], IS0 652[3],1SO 1770[4] or ISO 1771[5] satisfy
the requirements, but only to be used if no other options are available. A viewer with magnification
about 5x is needed for reading the temperature with the resolution required.

A mechanical vibrator to tap the thermometer is suitable for preventing the mercury column from
sticking (see 9.4). If this is not available, the thermometer shall be tapped manually before reading the
temperatire:

7.2 | Auxiliary equipment

7.2.1 Crucible, of silica, nickel-chromium, platinum or similar unreactive matesial.

The ¢rucible should be 15 mm to 25 mm in diameter, flat based and about20'mm deep. Silica crucibles
should be about 1,5 mm thick and metal crucibles about 0,5 mm thick.

If snpears of unburned carbon occur, a small low-mass platinum0r nickel-chromium ¢rucible, for
exanpple 0,25 mm thick, 15 mm in diameter and 7 mm deep, may.lie used.

7.2.21 Ancillary pressure equipment
7.2.2.1 Pressure regulator, to control the filling of:the€ combustion vessel with oxygen.

7.2.2.2 Pressure gauge (e.g. 0 MPa to 5 MPa);t0’indicate the pressure in the combustion yessel with a
resolution of 0,05 MPa.

7.2.21.3 Relief valve or bursting disk;eperating at 3,5 MPa, and installed in the filling ling, to prevent
overfilling the combustion vessel.

CAUTION — Equipment for high-pressure oxygen shall be kept free from oil and grease (high
vaatlm grease recommended by the manufacturer may be used according to th¢ operating
manpal of the instrument). Do not test or calibrate the pressure gauge with hydrocarnbon fluid.

7.2.3 Ignition cireuit

The ¢lectrical supply shall be 6 V to 12 V alternating current from a step-down transfornl];er or direct
current frombatteries. It is desirable to include a pilot light in the circuit to indicate if current is flowing.

Where the(firing is done manually, the firing switch shall be of the spring-loaded, usually open type,
locatedin such a manner that any undue risk to the operator is avoided (see warning in 9.4).

7.3 Balances

7.3.1 Balance for weighing the sample, fuse, with a resolution of atleast 0,1 mg; 0,01 mg is preferable
and is recommended if the sample mass is of the order of 0,5 g or less (see 9.2.1).

7.3.2 Balance for weighing the calorimeter water, with a resolution of 0,5 g (unless water can be
dispensed into the calorimeter by volume with the required accuracy, see 9.3).

7.4 Thermostat (optional), for equilibrating the calorimeter water before each experiment to a
predetermined initial temperature, within about +0,3 K.
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8 Preparation of test sample

The solid recovered fuel sample used for the determination of calorific value shall be the general
analysis sample (ground to pass a test sieve with an aperture of 1,0 mm) prepared according to the
procedure given in ISO 21646.

The preparation of test sample for determining calorific value of biomass/non-biomass part of SRF shall
be carried out in accordance with ISO 21644.

Due to the low density of solid recovered fuels they shall be tested in a pellet form. Press a pellet with
amass of (1 + 0,1) g with a suitable force to produce a compact test piece. Alternatively, the test may be
carried out

Baaawurdaor faomaa locad 130 o oo b ot oo o ool
T POV atT 10T, Cro St a CoToasStroTr oag O Capsurt:

NOTE1 Fq
toamassint

r sample materials containing high content of plastics or rubber, the mass of the sample-isireduced
he range from 0,4 gto 0,8 g.

NOTE 2
(see 9.2.2).

Far sample materials containing a mass fraction of ash 230 % on dry basis, a combustion aid is used

For sample haterials, the mass of the sample may be reduced depending on the calorimeter specificgtion.

The sample ghall be well-mixed and in reasonable moisture equilibrium with-the laboratory atmosphere.
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until moisty
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e content shall either be determined simultaneously with the weighing of the samplg
hation of calorific value or the sample shall be kept in a small, effectively closed cont
re analyses are performed, to allow appropriate corrections for moisture in the ang

e content of the analysis sample shall be determinéd in accordance with ISO 21660-3.

metric procedure

ral

etric determination consists of two separate experiments, combustion of the calibr
penzoic acid) and combustion of the solid recovered fuels, both under same speq
[he calorimetric procedufte)for the two types of experiment is essentially the same. In
similarity is a requiremént for proper cancellation of systematic deviations causeq
uncontrolled heat léaks not accounted for in the evaluation of the corrected tempers:

ent consists of quantitatively carrying out a combustion reaction (in high-preg

e caused by the total combustion vessel process.

hture measurements required for the evaluation of the corrected temperature rise §
b ‘a’fore period, a main (= reaction) period, and an after period as outlined in Figure 3

s for
hiner
lysis

htion
ified
fact,
1, for
hture

sure

combustien vessel) to defined products of combustion and of measuring the chanige in

are
. For

the adiabatic type calorimeter, the fore and after periods need, in principle, be only as Iong as required
to establish the initial (firing) and final temperatures, respectively (see Annex A). For the isoperibol
(isothermal jacket) and the static-jacket type calorimeters, the fore and after periods serve to establish
the heat exchange properties of the calorimeter required to allow proper correction for heat exchange
between calorimeter and thermostat during the main period if combustion takes place. The fore and
after periods then have to be longer (see Annex B).

The power of stirring shall be maintained constant throughout an experiment which calls for a
constant rate of stirring. An excessive rate of stirring results in an undesirable increase in the power of
stirring with ensuing difficulties in keeping it constant. A wobbling stirrer is likely to cause significant
short-term variations in stirring power.
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Figure 2 — Time-temperature curye'(isoperibol calorimeter)

hg combustion, the combustion vessel head will become appreciably hotter than other
], and it is important to have enough well-stirred water above it to maintain reasq
erature gradients in the calorimeter water during the rapid part of the rise in temp
bid systems, the particular design determines to what extent hot spots can develop (s¢

in solid recovered fuels can pefsistently burn incompletely; “exploding” and/or leav

Contain significant amounts @f unburned sample or soot. By adding known amounts of
rial (e.g. benzoic acid, n-dedecane or paraffin oil), by using bags or capsules or cotto

fing the distilled water/frem the combustion vessel, or by using a lower oxygen filli
combustion can in mestinstances be achieved.

huxiliary material’shall be chemically stable, have known composition and purity, a
bure and a wellcestablished energy of combustion; the energy should be known to with
articular material used. The amount used should be limited to the minimum amount
ve complete combustion of the sample. It should not exceed an amount that contribute
energy-invan experiment. The optimum proportion of the sample to auxiliary material
roperties of the fuel and needs to be determined by experiment.

g
|

orrectly accounted for; this is particularly important if a hydrocarbon oil is used, a

energy of combustion is considerably higher than that of the solid recovered fuel.

9.2

Preparing the combustion vessel for measurement

9.2.1 General procedure

parts of the
nably small
erature. For
e Annex C).

ing residues
an auxiliary
h fuse, or by
g pressure,

low vapour
n 0,10 % for
required to
s half of the
depends on

its ¢ontribution

s its specific

Weigh the sample pellet, or the filled combustion bag or capsule, in the crucible (7.2.1), with a weighing
resolution of 0,01 % or better. For 1 g samples (see 10.2 and 11.2), this means weighing to the nearest
0,1 mg. Weigh the combustible fuse and/or ignition wire either with a precision comparable with that
for weighing the sample, or keep its mass constant, within specified limits, for all experiments (see 10.4

and

10.6.1).
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Fasten the ignition wire securely between the electrodes in the combustion vessel calorimeter (7.1.2)
(see also NOTE 1 in this subclause). Check the resistance of the ignition circuit of the combustion vessel;
for most vessels it shall not exceed 10 ), measured between the outside connectors of the vessel head,
or between the connector for the insulated electrode and the vessel head.

Tie, or attach firmly, the fuse (if needed, see NOTE 1 in this subclause) to the ignition wire, place the
crucible in its support and bring the fuse into contact with the sample pellet or capsule. Make sure
that the position of the crucible in the assembled combustion vessel is symmetrical with respect to the
surrounding vessel wall.

If the ignition wire is combustible as well as electrically conducting, an alternative procedure may be

adopted. Al
mounting o
some types
above the s4

Care should
crucible is u

NOTE1 A
combustion

refer also to ;nanufacturer's instructions.

Add a defing
always be €3

NOTE2  Aj
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9.2.2 Using combustion aids

The followiy

a) Liquidd
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[ the crucible, the loop shall be brought in contact with the sample pellet or capstilg
pf calorimeters, the ignition process is better checked if the wire is kept at a small\dist
mple pellet.

be taken to prevent any contact between ignition wire and crucible, in particular, if a
sed since this would result in shorting the ignition circuit.

special fuse is superfluous under these conditions. The resistance of(the ignition circuit

essel will be increased by a small amount only. For closer details of préparing the combustion ¥

d amount of distilled water to the combustion vessel calorimeter (7.1.2). The amount
kactly the same in both calibration and in determinatiens(see 10.2.1 and 10.2.2).

amain principle for solid recovered fuels, (1,0 £ 0,1) mldistilled water is added into the comby
some solid recovered fuels (and some calorimeters)*the complete combustion can be achiev|
distilled water from the vessel or by using a combiistion aid. In some cases, the total absorpt
ombustion products can provide the use of a langer amount of distilled water (e.g. 5 ml).

le combustion vessel calorimeter (7Z.1.2) and charge it slowly with oxygen to a pre;j
) MPa without displacing the original air or, flush the vessel (with the outlet valve
Cturer's instructions) with oxygen-for about 30 s, close the valve slowly and charg
e pressure of (3,0 + 0,2) MPa. The/same procedure shall be used both in calibration a
pns. If the combustion vessehis inadvertently charged with oxygen above 3,3 MPa, di
begin again.

— Do not reach overthe combustion vessel calorimeter during charging.

1g combustion aids may be used.

ombustion aid: after the mass of the sample pellet has been determined, the auxiliary |

tion vessel calonimiéter (7.1.2) is now ready for mounting in the calorimeter can (7.1.3).
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o be

material

absorbed, and determined precisely by weighing.

b)

without combustion bags or capsules.

NOTE 1

Solid combustion aid: solid combustion aids (benzoic acid recommended) should not be used

It can be difficult to achieve a homogenous mixture of sample and combustion aid before pressing

the test pellet.

Combustion bags or capsules: combustion capsules or bags, or combustible crucibles with precisely
known calorific value (gelatine, aceto butyrate, polyethylene or a thin and homogeneous paper
such as rice paper, india paper or gampi paper) may be used as combustion aids (as such or with e.g.
benzoic acid) according to the manufacturer's instructions. They shall be weighed precisely before
filling (see also 9.1). The sample and the combustion aid like benzoic acid shall be mixed cautiously
in the bag or capsule before testing.
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NOTE 2  Gampi paper is a paper made from the fibre of the gampi plant (Diplomorpha sikokiana honda or
Wikstroemia sikokiana).

9.3 Assembling the calorimeter

Bring the calorimeter water to within +0,3 K of the selected initial temperature and fill the calorimeter
can (7.1.3) with the required amount. The quantity of water in the calorimeter shall be the same to
within 0,5 g or better, in all experiments (see 10.6.1). Make sure that the outer surface of the can is dry
and clean before the latter is placed in the thermostat (7.1.5). Mount the combustion vessel (7.1.2) in the
calorimeter can containing the correct amount of water after the can has been placed in the thermostat.

Y, y p
ustion vessel (7.1.2) is then mounted in the calorimeter can (7.1.3) before this is weig
. The total mass of the calorimeter can, with the assembled combustion vessel anidthe
, shall be within the limiting deviation of 0,5 g or better in all experiments.

calorimeter

ssembled calorimeter shall contain enough water to cover completely the flat upper syirface of the

ustion vessel head and cap.
igh the water to within 0,5 g if the effective heat capacity is in the order of 10 kJ/K.

overed with
the exposed

ts.

Cool
instr
5 mi
jacke
depe

ng water, temperature controls, stirrers; étc. are turned on and adjusted, as out
ument's manual. Make sure that the calerimeter stirrer (7.1.4) works properly. A per
h is usually required for the assembled calorimeter to reach a steady state in the th
t, irrespective of the type of calorimeter. The criteria for when steady state has bg
nd on the working principle of the)calorimeter (see Annexes A and B).

9.4 | Combustion reaction@nd temperature measurements

Star{ taking temperature teadings, to the nearest 0,001 K or better, as soon as the calog
reached steady-state conditions. Readings at 1 min intervals usually suffices to establi
rate jof the fore periéd)or check the proper functioning of an adiabatic system. If a merg
thermnometer is used for the temperature measurements, tap the thermometer lightly fo
before each reading and take care to avoid parallax deviations.

b the cause
erroneous

ined in the
iod of about
ermostat or
en attained

rimeter has
sh the drift
ury-in-glass
r about 10 s

At the end-of the fore period, if the initial temperature T; has been established, the c
initigted(by firing the fuse. Hold the switch closed only for as long as it takes to ignite the f

the qurent is automatically interrupted as the conducting wire starts burning or partia

bustion is
se. Usually,
ly melts. As

long as the resistance of the ignition circuit of the combustion vessel calorimeter is Kept at its usual low
value, the electrical energy required to initiate the reaction is so small that there is no need to measure
and account for it separately.

WARNING — Do not extend any part of the body over the calorimeter during firing, nor for 20 s
thereafter.

Continue taking temperature readings at 1 min intervals. The time corresponding to T; marks the
beginning of the main period. During the first few minutes after the charge has been fired, if the
temperature is rising rapidly, readings to the nearest 0,02 K are adequate. Resume reading temperatures
to the nearest 0,001 K or better as soon as is practicable, but no later than 5 min after the beginning of
the main period. Criteria for the length of the fore, main and after periods, and hence the total number
of temperature readings required, are given in Annexes A and B.
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9.5 Analysis of products of combustion

At the end of the after period, if all the required temperature readings have been completed, remove the
combustion vessel (7.1.2) from the calorimeter, release the pressure slowly (following manufacturer's
manual) and dismantle the vessel. Examine the interior of the combustion vessel, the crucible (7.2.1)
and any solid residue carefully for signs of incomplete combustion. Discard the test if unburned sample
or any soot deposit is visible. Remove and measure any pieces of combustible ignition wire which have

not reacted

NOTE

during the combustion process.

Another symptom of incomplete combustion is the presence of carbon monoxide in the combustion

vessel gas. Slow release of the gas through a suitable detector tube reveals any presence of carbon monoxide

and indicates
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Lo a deviation of about 10 J.

Fthe combustion vessel head, the electrodes and the outside of the crucible are’also wa

f calibration experiments, determine the formed nitric acid from the combined combu
ings either by ion-chromatography (as nitrate) as specified in SO “10304-1 or d
d washings to about 50 ml and analyse for nitric acid, e.g. by titration with the so
plution (5.4.3) to a pH value of about 5,5 or by using the screened methyl orange sol
indicator.

” and/or nitric acid corrections are based on the actual amounts formed in the combu
ss, the vessel washings from fuel combustions shall be;ianalysed by the procedure speq
this subclause or by an equivalent method. If the sulfur content of the solid recovered

essel

ntents of the combustion vessel into a beaker with distilled water. Make stre that the

hed.

stion
ilute
dium
1ition

stion
ified
fuels

itted
acid

and the nitr]
(see 11.1). S
and nitric aq

a)

ic acid correction are known, analysis of the final €¢ombustion vessel liquid may be om
pe 11.3.2 for experimental formulae to calculate‘the correction calorific value of sulfuy
id.

Determjfne the amounts of nitric and sulfuric acid formed (as nitrate and as sulfate, respectivel
ion-chr¢omatography as specified in ISO 10304 -%:

y) by

b) Dilute the combined combustion vessel washings to about 100 ml. Boil the washings to

carbon dioxide and titrate the solution with barium hydroxide solution (5.4.1) while it is sti
using the phenolphthalein solution.(5.4.6) as an indicator. Add 20,0 ml of the sodium carbq
solution] (5.4.2), filter the warm'solution and wash the precipitate with distilled water. If
titrate the filtrate with the hydrochloric acid solution (5.4.4), using the screened methyl or

solutior] (5.4.5) as an indicater ignoring the phenolphthalein colour change;

expel
1 hot
nate
cold,
ange

If the suylfur content of-the solid recovered fuel is known, the boiled combustion vessel washings
may be|titrated, whilestill hot, with a simplified method using sodium hydroxide solution (§.4.3)
and phenolphthalein-as an indicator (5.4.6) or by any equivalent method.

9.6 Corre¢ctedtemperature rise 6

9.6.1 Observed temperature rise

The temperature at the end of the main period T; gives, together with the initial or firing temperature
T, the observed temperature rise T; - T;.

9.6.2 Isoperibol and static-jacket calorimeters

In addition to the rise in temperature caused by the processes in the combustion vessel calorimeter,
the observed temperature rise contains contributions from heat exchange between calorimeter and
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thermostat and from stirring power. Allowance for heat exchange is made by the so-called heat leak
correction AT, which includes the contribution from stirring power, i.e.

T, =T, =0+AT,

and hence

0=(T,~T,)-AT,

ex

)

(2)

There are various ways of evaluating the term AT,,. The most common procedures used are the

RegrmauitPfaumdteramd the Dickimsomrextrapotation methods——————————— ]
NOTH The Regnault-Pfaundler method automatically accounts for variations in the(timeftemperature
relatijonship for different types of samples and is hence the more reliable of the two methods,
Detajled instructions for the numerical evaluation of AT,,, and the corrected(¢¢mperaturg rise 6 for
isopéribol and static-jacket calorimeters are given in Annex B and shall be cartied out accordingly. The
resulting formulae for AT, are summarized as follows:
a) Regnault-Pfaundler method (see B.5.2):
9 9 (G-Tp)
ZSTEX = (tf - tl) ng +ﬁ X |nX Tl’nf _T_ZT]( (3)
mf mi k=1
where
gi is the drift rate in the fore (initial rating)\period, in Kelvin per minute;
gr is the drift rate in the after (final ratihg) period, in Kelvin per minute;
Tmi  is the mean temperature in th¢fere period, in degrees Celsius;
Tme  is the mean temperature in-the after period, in degrees Celsius;
T (= Ty) is the temperature at the beginning of the main period (the time for ignition), in degrees
Celsius;
Tt (= T,) is the temiperature at the end of the main period, in degrees Celsius;
T,  are the sugcessive temperature readings taken at 1 min intervals during the main period
(T3, being the temperature one minute after the beginning of the main period and T, = T¢), in
degrees Celsius;
f; is-the time at the beginning of the main period (time of ignition), in minutes;
. isthe time atthe end of the main pnrinr‘l’ in minutes;
n is the number of 1 min intervals in the main period;
k k=1,..,n-1.
b) Dickinson extrapolation method (see B.5.3):
ATengi(tx _ti)+gf (tf _tx) 4)
where
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rise (T¢ - T;), in minutes;

is the time, where the change in temperature (T, - T;) is 0,6 times the observed temperature

gy 9¢ are,inprinciple, the driftrate at t; and ¢, respectively, as calculated for the Regnault-Pfaundler
method, in Kelvin per minute.

Alternativel

y, temperature may be expressed in some arbitrary unit throughout (see 10.6.1).

9.6.3 Adiabatic calorimeters

In adiabatic systems, heat exchange is by definition negligible. It is, however, common practice to

compensate
Annex A). T}
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9.6.4 Thedrmometer corrections

If a mercury
thermometd

9.7 Refer

The temper
the individu

10 Calibr

10.1 Prind

Combustion|
water serve
units of ene
extended p4
allows for (
establishing

for the stirring power by an offset in temperature in the adiabatic control system
e corrected temperature rise 8 then becomes:

Jer is otherwise manifested as a constant drift in temperature throughpiit the experi
corrected for, but can prolong the total period of temperature observations.

5 are given in Annex A and shall be carried out accordingly.

-in-glass thermometer is used, the corrections specified in the certificate issued wit
r shall be applied to the observed initial temperature T, and the final temperature T}.

ence temperature

nture at the end of the main period, the'final temperature T, is the reference temperaty
al experiment.

htion

iple

of certified benzoic’acid under specified conditions to gaseous carbon dioxide and 1
s to make a change in temperature of the calorimeter of one unit interpretable in de
"gy. The classiedl type of combustion vessel calorimeter can be maintained unchanged
riods of time in terms of mass (heat capacity), geometry and heat exchange surfaces.
alibration’ of the instrument to be carried out as a separate series of measuremn
the effective heat capacity € of the calorimeter.

This calibr

(see

(5)

ment

tructions for the numerical evaluation of the corrected tempekature rise 6 for adiabatic

h the

re of

quid
fined
over
This
ents,

bther

changes in the system are correctly accounted for. Some of the fully automated calorimetric instruments
are, however, physically less well-defined and therefore require more frequent calibrations, for some
systems even daily.

Systematic deviations can arise, for example from evaporation of calorimeter water, from uncontrolled
heat exchange along various paths and/or imperfections and lag in an adiabatic temperature control
system during the reaction period. Cancellation of this type of deviation depends largely on the
similarity between the calibration experiments and combustion of the fuel samples with respect to
time-temperature profile and total change in temperature of the calorimeter. Systematic variation in
the mass of benzoic acid used in the calibration experiments is an expedient way of establishing the
requirements for “similarity” for a particular calorimetric system (see 10.3).
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10.2 Calibration reference

10.2.1 Certification conditions

The certificate value for the energy of combustion of benzoic acid refers to a process where the
mass of sample and initial water, respectively, is 3 g/1 of free vessel volume, the initial pressure of
oxygen is 3,0 MPa and the reference temperature is 25 °C. The products of combustion are defined
as gaseous carbon dioxide, liquid water and an equilibrium amount of carbon dioxide dissolved in the
aqueous phase. Any nitric acid formed is corrected for by the energy for the process, where the acid is
decomposed to form liquid water and gaseous nitrogen and oxygen. If calibrations are performed under
different conditions, the certificate value shall be adjusted. A numerical expression to correct for such
devigtions is given in the certificate.

10.2{2 Calibration conditions

The |calibration conditions determine the overall calorimetric conditions, for“the subgequent fuel

detel
refen
with
redu

‘minations. For combustion vessels with an internal volume of about 300 ml, 1 g o
ence and 1 ml of water initially in the vessel are usually used (see 9.2.1). For combus
a volume nearer to 200 ml, 0,6 g of benzoic acid are preferable; the'amount of water sh
red accordingly (both in calibration and in determinations).

Annex E for checklists for performing calibration and fuelxexperiments using specif]
imeters. Annex F gives examples to illustrate some of thée/dlculations.

See |
caloq]

NOTH
from
temp

1  The correction terms (per gram of benzoic acid) for¥'deviations from certificate condi
a typical benzoic acid certificate, are for the initial préssure, mass of sample, mass of water ¢
erature of the experiment, respectively 5 J/MPa; 1,1%/g'171; 0,8 ] /g-1"1 and -1,2 ] /K.
NOTE 2  Aslongas the initial pressure of oxygen andthe reference temperature are kept within (3
D5 + 2) °C, respectively, the departure from certification conditions caused by pressure and/or
igtions is within +3 ]J/g and therefore is not to-be accounted for.
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A plot of € values, as a function of mass of calibration reference used, reveals whether there is a
significant trend in the effective heat capacity for a particular calorimeter. In this test, the calibration
reference mass should be varied from 0,7 gto 1,3 g, or an equivalent relative amount, and a minimum of
eight experiments should be performed. There is no need to vary the initial amount of water in the
combustion vessel calorimeter (7.1.2).

A convenient way of checking a system already calibrated by combustion of, for example 1,0 g samples
is to use the benzoic acid as an unknown. The mean values from triplicate runs on 0,7 gand 1,3 g sample
masses, respectively, are compared with the certificate values. This usually suffices to ascertain
whether the effective heat capacity is constant for the range of heat produced. Deviations are generally
expected to be in the direction of “low” calorific values for larger sample masses, equivalent to obtaining
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an ¢ value on the high side if derived from large samples. Using benzoic acid as a test substance is
particularly useful in checking the performance of highly automated systems.

The required range for a verified (validated) value of € depends on the total variation in calorific value
of the fuels usually analysed. A moderate trend in €, e.g. +0,3 % for a +30 % variation in the observed
temperature rise, can be compensated for by expressing the effective heat capacity ¢ as a function of
(T¢ - T}) over some defined range. Similarly, if a non-linearized temperature sensor is used, € may be
expressed as a (linear) function of (T; - T)), provided stringent criteria are also established for how
much T;or T; is allowed to vary.

Deviation of € from a constant value, as discussed here, is caused by the physical design of the

calorimeter
examinatior
out if the inj
if changes in
on a more

prescribed ¥

10.4 Ancil

In addition
combustion

aud/un DhUl thlllillsD ill thC tCllll}Cl ﬂtul A4 LUlltl U} Uf thc illbtl uulcut. FUI d lJCll ti\,u}cu ]
| of the applicable range of € from a given set of calibration conditions should bg,ca
trument is new or has been subjected to major repair or moved to a different loation
the temperature control system have occurred. Some adiabatic systems need,to be che
regular basis (see Annex A). Some automated calorimeters require calibration w
rariation in sample mass, which shall be carried out according to Annex G.

Jary contributions

of the fuse(s) and the formation of nitric acid (from “air” siitrogen in the gaseous pH

The contribution from a fuse is derived from the amount involved“and the appropriate ener

combustion

Any fuse wire which has not reacted shall be taken into account, i.e. subtracted fror

initial amoujnt.

The amount]
acid-base tif

of nitric acid formed is determined on the finab¢ombustion vessel solution, for examp
ration (see 9.5).

t-up,
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to the energy from combustion of benzoic acid (5.5), there @re contributions from the

ase).
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n the
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In most sygtems the contribution from the fuse(s) ctan be kept nearly the same in all experiments
(fuel and calibration) and can consequently be assigned a constant value. For a given combuftion
vessel configuration, the amount of nitric acidformed in calibration experiments is approximjately
proportiongl to the amount of benzoic acid (5.5) burned.

10.5 Calibration procedure

rried
1se 9

For the ordi
out. The sar
shall be foll
water are g
combustion
experiment

nary series of calibrations, five satisfactory combustions on benzoic acid shall be ca
hple shall be burned:as pellets (see 5.5). The calorimetric procedure specified in Clai
bwed. Recommendations concerning sample mass and initial amount of combustion viessel
ven in 10.2.2.dt)is advantageous to use a crucible (7Z.2.1) of low mass for the benzoid acid
5. The initiak temperature shall be chosen such that the reference temperature of the
(definedcas T}, see 9.7) is within the chosen range for the reference temperature.

lessel
hiled

The design
water, refer
procedure f

pf thé>ealibration experiment, in terms of oxygen pressure, amount of combustion V|
encetemperature, duration of the fore, main and after periods etc., defines the det]

hrephcnannnt fiinl oo hictinn e
SF-5HBSegue Rt THer€omBuSHORS:

If the effective heat capacity € of a calorimeter cannot be regarded as constant over the required
working range but needs to be expressed as a function of (T - T;) (see 10.3), the number of calibration
experiments shall be increased to eight or more. The mass of sample for the individual experiments
shall be chosen to yield values for the change in temperature over the entire intended working range,
with a few replicate measurements around the end points, to define the slope of the € versus (T; - T))
relationship.
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10.6 Calculation of effective heat capacity for the individual experiment

10.6.1 Constant mass-of-calorimeter-water basis

For systems where the quantity of water in the calorimeter vessel is kept the same in all experiments, €
is calculated as follows:

my, X qV,ba + quse + Qign + QN
€= . (6)

My,  isthe mass of benzoic acid (5.5), in grams;

qypa  isthe certified gross calorific value at constant volume, for the benzoicacid (5.5)((see 10.2.1),
in Joules per gram;

Qf,sc s the contribution from combustion of the fuse, in Joules;
0ig,  is the contribution from oxidation of the ignition wire (5.1, in Joules;
On is the contribution from formation of nitric acid (fromliquid water and gaseous nitrogen and
oxygen, see 9.5 and 10.2.1), in Joules;
D is the corrected temperature rise, in Kelvin orin an arbitrary unit (see 3.6 and P.6).
NOTH € is usually expressed in Joules per Kelvin.uf '@ is expressed in arbitrary units, € [is, of course,

exprégssed in Joules per this arbitrary unit, e.g. Joules per,Ohm.

The ¢ontribution from combustion of the cotton fuse (5.2.2) is 17 500 ]J/g and from a nickgl-chromium
wire[6 000 J/g. Platinum wire melts and resolidifies and gives no net contribution.

If the sum Qfq. + Qjgy is nearly the same; within a few Joules, in all experiments, it may bp assigned a
consfant value. It is not generally recommended to incorporate Qg + Qjgy in the value of g, unless it is
in itdelf small and the variation in\@ “is less than 20 %.

For the formation of nitric acid“from liquid water and gaseous nitrogen and oxygen, the contribution is
60 J//mmol.

Qy in Joules is calculated from the found mass fraction of nitrate, w( )’ expressed in|milligrams,

NO,
determined by ion:chromatography using the following formula:

Gy = 0,97 X W(Noy) (7)

or

from the titration result of [c(NaOH) = 0,1 mol/1], in millilitres, using the following formula (see 9.5):

Q= 6,0 X Vyrrr (8)

where

Vrrrr 1S the titration volume in millilitres.
10.6.2 Constant total-calorimeter-mass basis

If the system is operated such that the calorimeter can (Z.1.3) with the assembled combustion vessel
(7.1.2) and the water always has the same total mass, the amount of water in the can will vary slightly,
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depending mainly upon the mass of the crucible (7.2.1) used. It is then convenient to define g;as the
effective heat capacity for the hypothetical calorimeter with no crucible in the combustion vessel, as

given by the following formula:

Eg= Egt My X Cpy o 9)
where

€ is equal to € as defined in 10.6.1;

me, [s the mass of the crucible used 1n the calibration experiment (see NOTE In this subclduse),

in grams;
Cpa is the specific heat capacity of water, in Joules per gram per Kelvin [if the &, values dre in
PA9 Toules per Kelvin; it is equal to 4,18 ] /(g - K) at 25 °C].

If arbitrary [units of temperature” are used, the value of ¢, ,, shall be adjusted accordingly. The relption
between thq Kelvin and the unit utilised need only be known to within +10 % forthis purpose.
NOTE In|Formula (9) the second term is derived from:

Mg X (Cp,aq - Cp,cr) + Msample X (Cp,aq - Cp,sample)
where

Cper is the specific heat capacity of the crucible, inrJoules per gram per Kelvin;

Cp,sample is the specific heat capacity of the samplé, in Joules per gram per Kelvin;

msample is the mass of the sample, in grams.
The second part of the expression in the NOTE may be incorporated in &, without loss in accuragy, as
its value wi]l not vary significantly between-calibration and fuel experiments. The expression is|then
reduced to:

Mgy X (ﬂp.aq - Cp,cr)
which in most cases may be Simiplified to m, qas given in Formula (9). However, if a wide varigty of
crucibles arg used, the heat ¢apacity of the Cruc1ble may have to be accounted for. For instance, if4 10 g
platinum criicible is used\for the calibration experiments and a 10 g quartz crucible is used for th¢ fuel
combustiong, a deviation of 6 J/Kis introduced if c, .. is not taken into account, corresponding to 1§ for
a 3 K temperature Fise. The correct formula is then:

80 = 80 1 mrr X (Cp aq _ C_n rr) (10)

The specific heat capacities for platinum, quartz and steel are 0,133 J/(g - K), 0,74 J/(g - K) and 0,45 ]/
(g - K), respectively.

10.7 Preci

sion of the mean value of the effective heat capacity ¢

10.7.1 Constant value of &

Calculate the arithmetic mean
calibration experiments, £ (see

and the standard deviation from the results of the indiv
10.6.1) or g, (see 10.6.2), respectively. The standard deviation

1.

idual
shall

notexceed 0,20 %. All results from the current series of calibrations shall be included in the calculations;
only experiments with evidence of incomplete combustion shall be discarded.

18
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Provided the precision requirement is met, the arithmetic mean ;) or €0(n)’ respectively, is regarded as

the value for the effective heat capacity of the calorimeter.

If the precision requirement is not met, the cause for the unsatisfactory results shall be identified and
corrected, and a new series of calibration experiments shall be performed.

10.7.2 ¢ as afunction of the observed temperature rise

If € cannot be regarded as constant, list the individual values of £ (see 10.6.1) or g, (see 10.6.2),

respectively, together with the corresponding values for the observed temperature rise (T; - T;), for
clarify denoted AT. FIt the results to a straight line by linear regression with AT as the jndependent
varigble. In addition to calculating the coefficients a and b for:

d=a+bx AT (11)

the ¢stimate of the variance s about the line shall be calculated. For conyenience, & may be used
instdad of AT.

The standard deviation s shall not exceed 0,20 %. Only results fromyéxperiments with|evidence of
incomplete combustion may, and shall, be discarded in the calculatiéns.

Provjided the precision requirement is met, € as defined above isregarded as the value for the effective
heat|capacity of the calorimeter to be used in the calculations of the calorific values for the fuels. The
valid working range in terms of the observed temperaturewise shall be clearly specified.

If th¢ precision requirement is not met, the cause fot‘the unsatisfactory results shall be identified and
corre¢cted, and a new series of calibration experiments shall be performed.

10.8 Repetition of the determination ofeffective heat capacity

If any significant part of the system is:.changed, the determination of the mean effective heat capacity
shall|be repeated (see 10.3). The repeating determination shall be carried out in intervals not longer
than|six months.

It is recommended, especially'on a new system, to check the calibration regularly by performing a few
monthly experiments using benzoic acid as a test substance (see 10.3).

Where a change to the.System is not involved, the new mean value of s shall be within 0[15 % of the
prevjous value. If thedifference is greater than 0,15 %, experimental procedures shall be eyamined and
the cpuse of the problem identified and dealt with.

11 Gross calorific value

11 1 Canoral
. oCrnCrar

The calorimetric conditions for the solid recovered fuel combustions shall be consistent with those of the
calibration experiments (see 9.2.1,10.2.2 and 10.5). With the calorimetric procedure under satisfactory
control, ascertaining complete combustion of the solid recovered fuels is the most important issue.

Some solid recovered fuels might be difficult to burn completely in the combustion vessel and may have
to be burned with a combustion aid or by using a combustion bag or capsule, with well-established
energy of combustion, or by omitting the distilled water from the vessel (see Clause 8 and 9.2) or by
reducing the oxygen pressure.

The combustion vessel washings for sulfuric and nitric acid shall be analysed using procedures
specified in 9.5 or a constant value for nitric acid (see below) together with a typical or default value for
sulfur shall be used for corrections (11.3.2, E.4).
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Nitric acid formation is largely dependent on the combustion temperature and enhanced by the
nitrogen content of the sample. The nitric acid correction is usually different for fuel and benzoic acid
combustions, respectively, and may also vary significantly for different types of solid recovered fuels.

The variation in the correction for nitric acid might be with solid recovered fuels having low nitrogen
content on the borderline of significance. If the sulfur content is determined separately on the sample,
the nitric acid correction may be assigned a constant per-gram-of-sample value. A similar strategy shall

then be adopted for the calibration experiments.

11.2 Combustion

Duplicate cd
(see Clause

the sample {
is within th

B) and a pellet shall be pressed or capsule shall be used. The mass of the sample buing
ogether with combustion aid or capsule) shall be such that the observed temperatursg

shall be follpwed, with the same calorimetric conditions as in the calibration experiments (see 10.}

Usually a m
falls outside
the valid ter
10.3).

11.3 Calcu

11.3.1 Gen

The energy

iss of about 1 g of solid recovered fuel sample is adequate. If the observed temperaturg
the valid range for €, the sample size of the solid recovered fuels shall be adjusted to
nperature rise range or the calibration shall be confirmed for the'extended range of ¢

lation of gross calorific value

eral

change for the total combustion vessel process’is given by the effective heat capag

multiplied By the corrected temperature rise 6. To-derive the energy of combustion of the

recovered f
from € x
quantity an

Moreover, s
(71.2), whe
(see 4.1). TH
aqueous sul

The derived|

el sample, the energy contributions from all the ancillary reactions shall be subtrg
(see 10.4). If a combustion aid is used, its contribution is usually the largest anc
| shall be accurately accounted for.

hlfur in the sample quantitativelyyields sulfuric acid in the combustion vessel calorin
reas the required state of sulfur for the calorific value of the fuel is gaseous sulfur di
is is accounted for by a terym representing the decomposition, at constant volume, d
Furic acid into gaseous sulfur dioxide and oxygen, and liquid water.

calorific value for, thesolid recovered fuel is the gross calorific value at constant voluy

11.3.2 Conistant mass-of-calorimeter-water basis

Calculate th
into the foll

g

e gross.€alorific value at constant volume from the individual experiment by substit
wing fermula:

mbustions shall be made. A representative sample shall be taken from the analysis sample

d (or
b rise

e range of the calibration experiments. The calorimetric procedure specified|in-9.2.1 fo 9.6

.2).
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meet
(see

ity €
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(X0 = Qpyge = Qion = O =1, X qy 5

d

qV,gr =
where

qV,gr

€(n)

Qs

20

my my

(12)

is the gross calorific value at constant volume of the fuel as analysed, in Joules per gram;

is the mean value of the effective heat capacity of the calorimeter as determined in the cali-
brations (see 10.6.1), in Joules per Kelvin, or, alternatively, in Joules per some arbitrary unit

(see NOTE in 10.6.1);

is the correction for taking the sulfur from the aqueous sulfuric acid to gaseous sulfur
ide, in Joules;

diox-
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my is the mass of the sample of the fuel, in grams;
m, is the mass of the combustion aid (if relevant), in grams;

qy2 is the gross calorific value at constant volume of the combustion aid (if relevant), in Joules
per gram;

0, quse' Qign and QN see 10.6.1.

If no buoyancy correction is applied to m,, care shall be taken to ensure that gy, is valid for “per gram
weighed in air”.

The |energy quantities required to calculate the contributions from cotton fuse (5:2|2), ignition
wire|(5.2.1) and formation of nitric acid are given in 10.6.1. Specific heat capacities forwater and some
cominon crucible materials are given in 10.6.2.

To adcount for the reaction where sulfuric acid decomposes into liquid water andgaseous sulfur dioxide
and ¢xygen, the correction is 302 J/mmol, equivalent to 9,41 J/mg of sulfurywhich in turn ¢orresponds
to a {g/m, value of 94,1 ] /g of sample for 1 % of sulfur in the analysis sample.

05 = 94,1 x w5 xm (13)

whete, w(g) is the mass fraction of sulfur in the sample (as analysed), in percent.

If the analytical procedures specified in 9.5 are used, the ¢ontributions from sulfuric and nitric acids
are given by the following.

a) Determination by ion-chromatography:

). = 3,14 X 14
s W(so,) (14)
) =
Qy = 0,97% W(nos) (15)
wherfe, W(so,) is the mass fraction.of sulfate and W(NO )the mass fraction of nitrate found, tespectively,
4 3

in milligrams.

b) Titration with barium hydroxide and hydrochloric acid:

0 =15,1(V, + 1,<520,0) and, (16)
0\ =6,0(20,0-V, ), respectively (17)
where

V, isthe volume fraction used of the barium hydroxide solution (5.4.1), in millilitres;
V, is the volume fraction used of the hydrochloric acid solution (5.4.4), in millilitres.
c) Titration with sodium hydroxide:

The corrections for nitric acid and sulfuric acid are calculated using a combined correction Qy s instead
of Qy together with an additional correction for sulfur (Qg ,q4) in the formula of gy, (one part of Qs,
namely 2 x 60 ]/mmol is included in Qy s; the additional correction needed is 302 - 2 x 60 = 182 J/mmol
which is equal to 5,7 ]/mg sulfur in the sample).

Ons=6,0xV (18)
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Q52dd =57 X W(g) X My (19)
where
V is the volume fraction used of sodium hydroxide solution (5.4.3), in millilitres;

W(s) is the mass fraction of sulfur of the sample as analysed, in percent.

The certification-condition value may be used for benzoic acid utilised as a combustion aid, provided
1 ml of water is used initially in the combustion vessel. For larger amounts of water, it is recommended

to ad' st thf Bar—graxa xzaliin 1 S an o d o o0 it o n o o A f oot b e T ol Aot
ju ¢per-gramvaluethaccordance with-the amounteofwatertermin-thecertifieate:

The mean vjalue of duplicate determinations is regarded as the gross calorific value for the anglysis
sample of the solid recovered fuel.

11.3.3 Conistant total-calorimeter-mass basis

Calculate the gross calorific value at constant volume from the individual experiment by substitiiting
into the follpwing formula:

g, X 0 — quse_ Qign_ QN_ m, X Ay » _Q_S

Qy or = (20)
8r
my my
where
g, idderived from g, = €o(n) ~ Mer * Cpags
m.. igthe mass of the crucible in the individual experiment, in grams.

In this case,|the mean value of the effective heat capacity €0(n) is the one derived from the individupl ¢

results (see[10.6.2) and represents the calorimeter without a crucible. The value of ¢ valid for the aftual
fuel experinpent is:

€e= Eo(h) ~ Mer X Cpagq (21)
where
me, is the massoof the crucible used in the fuel combustion, in grams;

eo(n), Claq See 10:6.2.

If the heat cppacitycof the crucible has been taken into account (see NOTE in 9.6.2) in computing the &,

values, (¢, o4 7Cp.r) shall be substituted for ¢, ,, in the calculations of &, .

g, replaces g, in Formula (12) in 11.3.2 for the calculation of the gross calorific value at constant

volume for the solid recovered fuels sample from an individual experiment. The mean value of duplicate
determinations is regarded as the resulting value for the analysis sample of the solid recovered fuels.
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11.3.4 ¢ as afunction of the observed temperature rise

If it is required that the effective heat capacity of the calorimeter is expressed as a function of the
observed temperature rise (see 10.3 and 10.7.2), €n) in Formula (12) and €0(n) in Formula (21),

respectively, shall be replaced by:

€=a+bxAT (22)

where the coefficients a and b are derived from the calibrations (see 10.7.2). AT is the notation for the
observed temperature rise (T; - T;), in Kelvin or the arbitrary unit used, for the actual fuel experiment.

F H ra) L, d £ d oL AT [ 10 7922
Or IIVCITICIICUT, U lua_y T uostTu IiiotCau vl 41 LDUC LU.I.L.J.

The mean value of duplicate determinations is regarded as the resulting value for the-analysis sample
of the solid recovered fuel.

11.4{ Expression of results

As the moisture content of the actual analysis sample is of interest mevely in connectipn with the
calcylation to other bases, it is recommended to calculate a value for the gross calorific valug at constant
volume for the dry fuel (dry basis, in dry matter), using the following.formula:

100
V,gr,d qV,gr (100_Mad ] ( )

where

(Y

Qygra  isthe gross calorific value at constantvolume of the dry (moisture-free) fuel, {n Joules per
gram;

M.q is the mass fraction of moisture in the analysis sample, in percent;

[vgr see 11.3.2.

The ralorific value at constantwolume required for any particular moisture content bgsis gy, is
deriyed by the following formula:

V,grM =qV,gr,d X (1 . O'OIM) (24)

(Y

wherte M is the mass fraction of moisture, expressed in percent, for which the calorific valud is required,
usually for the fuelas sampled or as fired (total moisture content as received, M, ), and

100 — M,

1 - 0001 M )=
ar) 100

(25)

The result shall be reported to the nearest multiple of 10 J/g WIth unambiguous statements concerning
the states constant volume, gross (liquid water), and moisture basis (dry, and also “as sampled” if it is
reasonable).

11.5 Calculation to other bases

For the calculation of results to other bases, EN 15358 and ISO 16993 shall be followed. The calculation
of removed ash contributors shall be carried out according to Annex D.
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12 Precision

12.1 Repeatability limit

The maximum difference to be expected between two independent single test results of one laboratory
at a confidence level of 95 % will not exceed the repeatability limit in more than 5 % of cases when
measuring the same measurand in the same medium, using the same facilities and fulfilling all
requirements of the test method (interlaboratory testing).

Precision data derived from the interlaboratory test are given in Annex [.

12.2 Reproducibility limit

The maximpm difference to be expected between two independent single test results'of diffgerent
laboratorieq at a confidence level of 95 % will not exceed the reproducibility limit inmere than 5 %
of cases when measuring the same measurand in the same medium, each laboratorysing theirjown
facilities andl fulfilling all requirements of the test method (interlaboratory testing):

Precision ddta derived from the interlaboratory test are given in Annex I.

13 Calculation of net calorific value at constant pressure

13.1 Genefal

The main difference between the gross and net calorific valuesis related to the physical state of water
in the reactjon products (compare definitions 3.1 to 3.3). The calorific value of the fuel most commnonly
used for praftical purposes is the net calorific value at copstant pressure for the fuel with some spegified
moisture content. This value may be derived from the\gross calorific value at constant volume for the
dry sample,|provided that the total hydrogen contént of the moisture-free sample can be deternined
by experime¢nt or, for the particular solid recovered fuel, reliably estimated. In addition, the oxygen
and nitrogen contents of the moisture-free sample shall be “added” to the gaseous phase of the product
system and phould, in principle, be taken into-account. For this purpose, the nitrogen may be included in
the term for|oxygen.

NOTE The net calorific value at (conistant volume (3.2) for the solid recovered fuels at some spefified
moisture level is easily calculated, phice a measure of the hydrogen content is available. In this case, the oxygen
and nitrogen|content is of no consegtence.

13.2 Calculations

The net calprific valug' at constant pressure (3.3) at required moisture levels is calculated by the
following formulas:For calculations to other bases, follow ISO 16993.

Net calorifiq value at constant pressure for a dry sample (dry basis, in dry matter) is calculated by

Gpmeta= Gy gra + 615 X Wypa = 0,8 X[ Wig\q + Wina | = 218,3 X Wiy (26)
=y gra— 2122 X Wq— 0,8 X [Wig)q + Wiy | (27)

The expression 0,8 x [W(O)d + W(N)d] in Formula (27) may be neglected by equating to zero if the sum

of mass fractions of oxygen and nitrogen in the solid recovered fuel concerned is less than 10 %.
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Net calorific value at constant pressure at a required moisture content M (e.g. as received, M,,
whereupon the symbol of calorific value is g, . o,) is calculated by:

Gpmet =Gy gra— 212.2W40 = 0,8[W(g)+ Wiy |} X (1 = 0,01M) - 24,43M

4p net dx(l_O,OlM)—24,43><M

(28)

(29)

where
o rret ML the net calorific value at constant pressure, of the solid recovered fuel with moisture
content M; (usually as received M, ), in Joules per gram;

Yygrd is the gross calorific value at constant volume, of the moisture-fre€)fuel (fee 11.4), in
Joules per gram;

Wiyd is the mass fraction of hydrogen of the moisture-free (dry) solid recovered fugl (including
the hydrogen from the water of hydration of the mineral mattér as well as the hydrogen
in the solid recovered fuels substance), in percent;

I:(O)d is the mass fraction of oxygen of the moisture-free salid recovered fuel, in p¢rcent;

(N)d is the mass fraction of nitrogen of the moisturesftee solid recovered fuel, in percent;

M is the mass fraction of moisture for which.the calculation is required, in percent (on the
dry basis, M = 0; on the air-dried basis, =M,  (see 11.4); on the as-samplef or as-fired
(as received, ,,) basis, M = M, (total moisture content as received).

The ¢nthalpy of vaporization (constant pressure) for water at 25 °C is 44,01 k]J/mol. This ¢orresponds
to 218,3 J/g for a mass fraction of hydrogen of*+ % in the solid recovered fuel sample or 24,43 J/g for a
masq fraction of moisture of 1 %.

Rem|nder: The removed ash contributots’(rac), after sample pre-drying, must be taken intq account for
the cplculation of the ash, carbon, hydrogen, nitrogen and sulfur content in the analysed sample.
NOTE1  [w(g)q + wnyal can bederived by subtracting from 100 the percentages of ash, carbon, liydrogen and
sulfuf.

NOTE 2  The net calorificvalue at constant volume is calculated from the following formula:

whet

o

q V ,net,M = I:qV,gr,d

=206 W) | x (1 - 0,01M) - 23,05

e

[umer 1S the net calorific value at constant volume, of the fuel with a moisture content

(30)

of M, in

Joules per sram:
] perg

for the other symbols see above.

14 Test report

The test report shall include the following information:

a)

b) an identification of the solid recovered fuel and the sample tested;

A

© ISO

areference to this document, i.e. ISO 21654:2021;
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an identification of the laboratory performing the test and the date when the test was undertaken;
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d)

f)
g)

26

test results with reference to the state(s) valid for the calorific value(s):

— gross calorific value (at constant volume) of dry solid recovered fuel (dry basis, in dry matter)
(Gygr,a) (see 11.4);

— net calorific value (at constant pressure) of dry solid recovered fuel (dry basis, in dry matter)
(Gpneta) (see 13.2);

— net calorific value of the moist solid recovered fuel (as sampled or as received, ,.) (q net,ar) (S€€
13.2);

values of hydrogen, oxygen, nitrogen, sulfur, chlorine used to calculate gross calorific value and net
calorifi¢ value (the reference shall be mentioned);

content|of removed ash contributors, in weight percent;

any unysual features noted during the determination.
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Annex A
(normative)

Adiabatic combustion vessel calorimeters

Principle

Inat

theriostat (water jacket) (7.1.5). Heat exchange takes place via common boundaries,
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ruly adiabatic calorimeter, there is no heat exchange between the calorimeter andits's

being a net difference in temperature. Ideally, therefore, the whole of the outside sy
imeter can, including the lid, should have a uniform temperature which'at all timg
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at are facing the calorimeter. Without any difference in temperature, i.e. with zero tH
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ributions, from thermometer probe self-heating and from conduction of heat along the {
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| negative thermal head to balance, i.e. to offset, this upward drift in temperature.

Sources of deviation for the real calorimeter

r adiabatic conditions are difficult to achieve.in practice, in particular during the rapi
n calorimeter temperature upon ignition ofthe sample. The design of the thermosta
Fay it is operated determines how effectively it responds to the change in calorimeter

e calorimeter itself has no lid, its ¥pper heat exchange properties are largely detern;
ce of the calorimeter water together with the surface of, for example, combustion

pration of calorimeter water during the main period, accompanied by a corresponding
magnitude of this deviation is mainly a function of how much the thermostat lid lag
erature during the.main period.

5s special precatitions have been taken in its design and mounting, a calorimeter 1j
or thermal €ontact with the calorimeter itself. It then lags behind in temperature
nce, be reSponsible for uncontrolled heat leakage from the thermostat. It can also
required\for the calorimeter to reach thermal equilibrium or steady state. On the othg
ents a-net heat loss from evaporation of calorimeter water since this will condense on
d,-Testoring the evaporation energy to the calorimeter. In fact, the condensing wate

thermaltequilibrium of the lid with the rest of the calorimeter
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To minimise heat exchange caused by temporary temperature differences that cannot be prevented
entirely, it is important to keep the outside surface of the calorimeter, and the “inside” of the thermostat,
clean (polished) and dry. Generally, deviations and insufficiencies that differ or vary between calibration
and fuel experiments are the ones that in the end affect the accuracy of the final results.

A.3 Adiabatic conditions

A.3.1 Thermostat

If the thermostat is heated by passing an electrical current directly through the thermostat water, care
shall be taken to keep the salt concentration (usually Na,C0) at the specified level in order to maintain
the heating power about the same in all experiments. A diminishing salt concentration can significantly
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hamper the heating rate, eventually leading to difficulties in achieving adiabatic conditions during the
combustion of the sample.

Inadequate adiabatic control during the first half of the main period is easily overlooked. Irrespective of
the mode of heating the thermostat, checks should be made at regular intervals (weekly) to ascertain,
for example, that the time it takes for the thermostat to catch up with the rapidly rising calorimeter

temperature during combustion does not gradually increase.

A.3.2 Adiabatic control

The controls for achieving adiabatic conditions shall be adjusted as prescribed in the instrument's

manual. In
calorimeter
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temperature at the final temperature of the experiments (see A.5).
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by following the temperature over a 5 min to 10 min period-iti.excess of the normal dur
iment. A drift rate of 0,001 K/min or more at the final t€mperature shall be eliminate
bf the control settings, or corrected for (see 7.1.5 and AS).

1l steady state and length of the main period

Fium period serves to let the various components of the assembled calorimeter {
emperature. Simultaneously, the adiabatic controls work to bring the thermostat f
hperature, close to that of the calorimeter. Let a few minutes pass after the controls
at the temperature of the thermestat and of the calorimeter are about the same b
ngs of the calorimeter temperatine at 1 min intervals.

becutive readings yield the saime value, within 0,001 K or better, or if they all change b
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The length of the main period is determined in a series of calibration experiments where readings
of temperature are taken at 1 min intervals from the time of firing the charge in each experiment.
From these observations, note the time, in minutes, from the time of firing until the second of three
consecutive readings that do not differ by more than 0,001 K is reached. The largest of these specific
times from five calibration experiments defines the length of the main period. It shall not exceed 10 min,
nor shall the time periods evaluated from the individual experiments differ by more than 2 min.

If usual operation involves a slight drift of the final temperature of the experiment, the requirement
of “constant temperature” changes to one of constant drift rate to within 0,001 K/min for three
consecutive 1 min intervals.
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A.5 Correction for drift at the final temperature

If the adiabatic controls are set to give zero drift at the final temperature, the corrected temperature
riseis 6 = T;- T; (see 9.6.3) where T, is the calorimeter temperature at the time of firing the charge and
T¢is the temperature at the end of the main period.

Alimited driftin temperature prior to ignition of the sample need not be accounted for in the calculations.
Significant drift at the end of and beyond the main period shall, however, be taken into account. It may
be regarded as a constant contribution throughout most of the main period. A reasonable approach is
to make a correction commencing 1 min after ignition of the sample. The drift rate should, in principle,
be determined for the individual run. But insofar as the final drift rate has been established as constant
over [eXtended periods of TiMe for a defined range of fiat temperature, the correction maylbe based on
such(a fixed rate.

NOTH
devidg
of thd

n, result in a
nlorific value
made in the

1 A drift rate of 0,001 K/min unaccounted for would, with a main period of about/10 m
tion of approximately 0,01 K. For ¢ values of about 10 kJ/K, the resulting deviatienin the c
fuel would be in the order of 100 ]/g. If exactly the same deviation from the saie source if

calibi
as thg

The
corrg

ations and in all fuel experiments, it will of course be of no consequence for the final result, a
b variation in 6 stays within about +30 %.

inal drift rate g; in K/min, shall be determined over a time period-that is at least half
bction is supposed to cover. For a main period of 9 min, this givés'a rating period of 4 nj

least as long

of what the
in.

NOTH
10.6.

2 If the total temperature change of the calorimeter is expressed in units other than tem
), g¢is the corresponding per minute value of that unit.

berature (see

The
folloy

corrected temperature rise 8, corrected for drift,at the final temperature, is calcu
ving formula:

ated by the

§=T, ~T, — g, x(At-1) (A1)

whel|

At is the length of the main period, in minutes;

¢ is calculated from Formiifa (A.2)

Tia~Th

fra
a

Yr (A.2)

where,

™

g IS Wietemperature a minutes after the end of the main period.

Another‘way of evaluating g, is as the slope of a linear regression fitting of time-temperat
at 1 miwintervals from the end of the main period onwards.

\Ilre readings

A.6 Strategy for checking on bias

For adiabatic combustion vessel calorimeters, the main source for systematic deviation in the
measurement is related to difficulties in maintaining adiabatic conditions during the rapid part of the
temperature change in the calorimeter. This is manifested as an upward trend in the values obtained
for the effective heat capacity with increasing sample mass. Fast-burning samples, such as paraffin
oil, usually aggravate this problem and this type of heat-leak deviation cannot be cancelled between
calibration and fuel experiments.

In most calorimeters, a check on temperature lag in the thermostat as a function of sample mass and
type is readily made. The change in thermostat temperature upon ignition of the sample is measured
for about 3 min and plotted as a function of time together with time-temperature values for the

© IS0 2021 - All rights reserved 29


https://standardsiso.com/api/?name=12dbed3cdaaea13263cef940add61b8f

ISO 21654:2021(E)

calorimeter. For adiabatic calorimeters, readings of calorimeter temperature are, in fact, not required
during the first part of the main period for other than diagnostic purposes. For the check on thermostat
lag, they are required at a frequency sufficient to outline the features of the time-temperature curve.

No particular calibration of the thermostat thermometer is required, but it shall have a response time
comparable to that of the calorimeter thermometer. On the graph, the two temperature “scales” are
simply made to coincide at the time for ignition of the sample. The two temperatures should of course
be close at the upper end where the system is approaching thermal equilibrium. The area between the
two curves is a measure of potential heat leak, and a significant increase of this area as a function of
sample mass, i.e. of 8, or sample type for comparable values of 8, indicates that there is a risk of
systematic deviation in the determinations of calorific value. Special care is then required to restrict
the variatiofTIn heat evolved per experiment to a sate level and range.
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Annex B
(normative)

Isoperibol and static-jacket combustion vessel calorimeters

Principle

The
of th
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e surrounding thermostat is kept constant throughout the experiment by active
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mperature remains nearly constant during measurements. In both cases there is a
een the calorimeter itself and the thermostat. Calorimeters surrounded.by thermall
rial behave largely as static-jacket calorimeters.

exchange between calorimeter and thermostat takes place via common boundaries
being the thermal head. Ideally, the whole of the outside surface of the calorimeter cz
d, should have a uniform temperature equal to that measured by the temperature s
imeter. The temperature of the inner wall of the thermestat well and lid facing the
Id remain constant and uniform throughout the experiment.

ake it possible to evaluate and correct for the actual heat exchange, the calorimete
behave in conformity with Newton's law of cedling, i.e. the heat flow between calo|

thermostat shall be directly proportional to the agtual temperature difference for a suffi

emperature
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flow of heat
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calorimeter

- as a whole
rimeter and
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rangf of thermal head. For the calorimeter this is¢expressed as:
d
__qzk(T, —T) (B.1)
it J
whertte
g is the heat flow-into the calorimeter;
d¢
T; is the jackettemperature;
T is the'calorimeter temperature;
T; - T) dsyhe thermal head;
k is the Newton's law cooling constant.
In Fdrmrula (B1) dg (heat change} may be replaced by c-dT (heat capacity x temperaturel change). As

the heat capacity of the calorimeter € can be regarded as constant over the temperature range of an
experiment, the formula then becomes:

dg _

E_G(T]. ~T)+P, (B.2)
where
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dg  isthe rate of temperature change (drift) in the calorimeter caused by the flow of heat;
de

G is a constant generally referred to as the specific rate constant;
P, isthe power of stirring.

The requirement that the power of stirring shall be constant throughout an experiment (see 9.1) allows
dg/dt to be expressed as:

dgq/dt=G(T_-T) (B.3)
where
T, is the temperature that the calorimeter would eventually attain if left running for an

extended period of time;

Gand T}, are evaluated from the time-temperature measurements of the rating periods, the fore
and the after period, respectively (see Figure 2 in 9.1).

The contribjution from heat exchange to the total observed temperature-tise in the main peripd is
obtained by|integration using the time-temperature readings (7, t) of thé.main period:

ty ty
ATeX:J(dT/dt)dt:JG(TM ~T)dt (B.4)
t. t.

B.2 Sourges of deviation for the real calorimeter

Making the|isothermal jacket of an isoperibol calépimeter behave as required in terms of conptant
and uniformp temperature presents no real problem, provided that the thermostat fluid is circujated
through the|thermostat lid at a reasonable rate:

In a static-jacket calorimeter, the thermestat temperature will change slightly during an experiment,
with a somewhat different profile ifthe calorimeter temperature rises upon firing the charge.
The thermal capacity of the thermostdt shall be such that for a specific rate (cooling) constant| G of
0,002 0 minfl, the rise in temperature of the jacket water is less than 0,16 K from the time of firing the
charge to the end of the after period; for a specific rate constant of 0,003 0 min-1, it shall be less|than
0,11 K. The ¢lrift in temperatuse of the thermostat is proportional to the thermal head.

A calorimeter lid in poof thermal contact with the main part of the calorimeter lags behind if the
temperatur¢ changessapidly in the main period, and can give rise to an unpredictable heat exchange
with the thermostat.”It can also prolong the time required for the calorimeter to reach thgrmal
equilibrium| orsteady state. On the other hand, a lid prevents a net heat loss from evaporatipn of
calorimeter water since thlS w1ll condense on the 1n51de of the lid, restorlng the evaporatlon energy to
the calorim e
the calorlmeter The ch01ce of thermostat temperature affects the evaporation losses if the calorimeter
has no lid.

Variations in heat exchange properties are minimised by keeping the outside surface of the calorimeter
and the “inside” of the thermostat clean (polished) and dry. The specific rate constant G then should
not vary by more than #3 % from one experiment to the other. Larger deviations can, for example, be
indicative of stirrer malfunction. It should be emphasized that the deviations which really affect the
accuracy of the final results are those that differ or vary between calibration and fuel experiments.
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B.3 Choice of jacket temperature

It is good calorimetric practice to run the thermostat of an isoperibol calorimeter at a temperature that
is 0,2 Kto 0,4 K higher than the final temperature of the calorimeter. In this way the calorimeter will be
the colder part throughout the experiment, hence minimising evaporation losses. This is particularly

important if the calorimeter has no lid.

The same argument applies to static-jacket calorimeters.
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meant to vary over a wide range, it is advisable to determine the length of the main period at the larger
values of 6.

The duration of the after period should be 5 min to 7 min in order to establish the final drift rate g; well
enough for the calculation of the correction for heat exchange AT,,. For an increase in temperature with
time, g¢ has a positive value (> 0).
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B.5 Calculation of the corrected temperature rise B

B.5.1 General

The observed temperature rise, T; — T, is the sum of 6, the change in temperature caused by the
processes in the combustion vessel calorimeter, and AT,,, the contribution from heat exchange with the
surrounding thermostat (including the contribution from stirring power). The time-temperature
readings taken during the fore, main and after periods contain the information required for the

evaluation of AT,,, and hence 6 from Formula (B.5):
0=T.—T,—AT,, (B.5)

The rating periods yield

dT)
9= 4| |76 (T ~Tm) (B.6)
and
dT|
96| 4 | =0T ~Tont) (B.7)
utilised in the calculation of the specific rate constant
=919 (B.8)
T TTmi
where
J; ig the drift rate in the fore (initial rating)period, in Kelvin per minute;

s ig the drift rate in the after (final fating) period, in Kelvin, per minute;
i§the mean temperature in the after period, in degrees Celsius;

i the mean temperature'in’the fore period, in degrees Celsius.
Temperature may be expressedin some arbitrary unit throughout (see 10.6.1).

g; and g¢ arg preferably evaluated as the slope of a linear least-squares fitting of the time-temperature
values of th¢ fore and after periods, respectively. Alternatively, they are taken as the mean values ¢f the
1 min tempgrature ificrements in the rating periods.

B.5.2 Reglnault-Pfaundler method

For time-temperature readings in the main period all taken at equal time intervals (e.g. 1 min), AT,
may be expressed as:

te
AT, =G [[(T,~T)de=[g+G (T =Ty (-, (B9)

where T, (the integrated mean temperature) is calculated from the following formula:

Ty+T, 2
T zl[ > ”+2Tk} (B.10)
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k=1,..n-1
where
n is the number of 1 min intervals in the main period;
T, (= T;) is the temperature at the beginning of the main period;
T, Ty s Ty ..T, are the successive temperature readings taken during the main period, T,,(= T¢)
being that at the end;
g; and t; are the times at the beginning and end of the main period, respectively.
B.5.3 Dickinson extrapolation method
In the Dickinson extrapolation method, the objective is to find a time ¢, such that:
t
§i (t,—t)+9; (¢—t, ) =G [ (T.-T)de=AT,, (B.11)
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is accomplished if the hatched areas a and b in Figure-B.1 are of equal size. Th
erature rise 8 becomes:

=T, ~T,—g; (t, —t; )= g (¢ —t, )=T; *~T; *

e g; and g¢represent, in principle, the drift rates dt ¢; and ¢, respectively.

combustion reaction, the time-temperature curve is close to being an exponential W

e corrected

(B.12)
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Annex C
(normative)

Automated combustion vessel calorimeters

C.1 The instrument
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fically they have a small heat capacity, leading:to large changes in calorimeter temperd
ting the measurement of 8 with a relativelyZhigh resolution. Conversely, large values
Fease the risk for introducing systematic deviation in aneroid systems aggravate

sure is to limit the sample mass,bearing in mind that for smaller samples parti
all be given to their being representative.

ses, well-defined stable calerimetric systems allow operation in dynamic mode, i.e. aly
bs into the main period it is possible to predict the final outcome of the experiment in t

of 8, withoyt any loss in accuracy ofthe results.

C.2 Calib

The effectiv]
reference to

The instrun
volume, init
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ration

e heat capagity € shall, in principle, be determined as specified in Clause 10 with parti
10.2, 1044 and 10.5.

entmanufacturer may specify combustion vessel conditions (ratio of sample mass to vj
dlvessel water, oxygen pressure) that deviate significantly from those defined in 10.}

that

basic requirements regarding a physically well-defined calorimeter, as well as instrunpents

ually
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d not
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ed.
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type.
ture,
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n achieving uniform calorimeter surfdce temperature during combustion of the sample. A
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eady
erms

rular

lessel
.1, If

ustion vessel conditions cause changes 1n the energy ol combustion of the calibration

reference (benzoic acid) larger than +5 J/g (see 10.2.2), it shall be possible to adjust any preset value for
benzoic acid, i.e. to input the correct value for the calculations of ¢ .

Recommendations to exclude the initial amount of water in the combustion vessel should primarily be
disregarded. The amount, however, may be kept quite small (or even zero) but should be the same both
in calibration and in all experiments.

The reference temperature of the experiments (equal to the final temperature T of the main period)
should be kept the same, within #1 K, in all experiments. If necessary, it may be chosen arbitrarily
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within #10 K from 25 °C without seriously affecting the numerical values of the determinations of
calorific value. A deviation in excess of +5 K from 25 °C should be quoted with the test result.

NOTE 1
25°C.

Ancillary quantities given in 10.6.1, 10.6.2 and 11.3.2 refer, in principle, to states and reactions at

Some instruments call for calibration using samples differing by about a factor of 2 in mass. Correctly
implemented, this offers considerable flexibility for subsequent fuel measurements. Establishing a valid
working range for the effective heat capacity € is always required (see 10.3). If the range is narrow in
terms of the amount of heat released, special attention shall be given to performing all experiments

within these limits.

For instruments that require frequent calibration, some manufacturers provide benzoic
of apgpropriate mass with an assigned value for the energy of combustion. As a rule-thes
not qualify as the calibration reference (see 5.5 and 10.2) but are convenient fof |every
alterpative is to check the calibration by making a series of measurements on.a\pélletise
certified benzoic acid at regular intervals and whenever a new batch of themranufactu
is used. The mean value from a series of five combustions, with the sample mass of ab
throyighout, shall not differ by more than £50 J/g from the certified valug, yecalculated if
the actual combustion vessel conditions.

NOTHE 2  Some instruments require preconditioning by combustion,of\a few samples before y
resulfs. Almost any benzoic acid (pelletised) or combustion aid (see 9<)‘can be used for this purpos
from|these conditioning runs should be disregarded.

Combustion of certified benzoic acid as an “unknown” is generally the most convenient way
the performance of a calorimeter (see 10.3).

C.3 | Precision requirements for calibrations

The yalues of € for the individual calibratiep’experiments should be printed or displayed
can e manually recorded (in Joules perKelvin or in arbitrary units together with 8 in
Gengdrally, the precision requirements-for ¢, as given in 10.7, apply.

Somyd
valug
such
the f

b systems compensate for significant drift by using the mean of the previous mean v
 for € from the latest calibration experiment as the measure for the effective heat
a case, the individual values of ¢ for a series of calibration experiments cannot be useq
recision characteristics of the measurements. Instead, a series of individual measure
certified benzoic acid as’the sample shall be performed over a period of one day or, at th
days| For a series offive benzoic acid combustions, the standard deviation shall not exceed
mean value shallnotdiffer by more than +50 ]/g from the certificate value (see C.2).

C.4
The (

Comparability of calibration and fuel experiments

onditions specified in 11.1 to 11.3 apply, including arguments about whether thermal c

acid pellets
e pellets do
day use. An
d sample of
'er's sample
t the same
plicable, to

elding stable
b. The results

of checking

so that they
hese units).

hlue and the
capacity. In
| to evaluate
ments using
e most, two
0,20 %. The

bntributions

from combustion of the fuse and/or side reactions, such as the formation of nitric acid, need to be taken

into account in the evaluations (see 10.6.1).

In the calculation procedures of automated instruments there are usually no provisions to allow

specifically for the use of crucibles of widely different material and mass.

In aneroid systems or systems working on a constant mass-of-water basis, the deviat
disregarding a difference in heat capacity of individual crucibles is:

OxAc
E=
my

where
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ed in combustion of the fuel;

the mass of fuel burned.

is the difference in heat capacity (m,, x ¢, ) of the crucible used in the calibrations and that
us

For calorimeters working on a constant total-calorimeter-mass basis (see 10.6.2), the deviation ¢ is
estimated by:

0><AmCr XC

E=

Achieving a
usually wor

C.5 Docu

The evaluat
principle, bg
unit.

The printed
verify the c3
formulae ug
calculations
alterations i
used for the
applied for i

The referen

C.6 Prec

The precisid
stated in Cl{

38
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€.2)

complete combustion is the first priority. Optimizing the overall conditions to achiev
thwhile.

mentation and print-out

ion of the gross calorific value at constant volume gy, for the analysis sample shg
in accordance with 11.4. The value shall be given in Joules per granmi.or another conve

or otherwise recorded information on the individual experiment shall allow the us
llculations starting from values of 6, €, mass of sample,fuse and any combustion aid|
ed should be given in the manual itself or in an annex® Ancillary quantities used i
shall be unambiguously identifiable, and it shall.be possible to make the nece:s
[n the program required by changes in procedure, including a change in the numerical Y
energy of combustion of the calibration referen¢e in calibration experiments. Correc
onition energy, side reactions etc. shall be clearly stated.

Ce temperature of the experiment shall be“identified to the nearest 0,2 K.

sion requirements for fuel'experiments

n requirements in terms of repeatability limit of the results of duplicate measurement
use 12.

b it is

1], in
nient

er to
. The
n the
sary
ralue
tions

S are
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Annex D
(normative)

Removed ash contributors

D.1 Calorific value including removed ash contributors (i.e. included and not

taken out)

This
ash (
Thus
detel

whet

/Itot

rac

I/Iad

Vltot

section explains determination of calorific value before removing the ash contyibuto
ontributors are still in the sample. One must be aware of the reference state.for the
, it is important to use the correct moisture content expression. Formula (D.]
'mining the total moisture content of the sample.

ula (D.2) considers determining the gross calorific value of the “as received” sampl
) on a complétely dry basis.

V grardb — 100 — Mt . 'CIV,gr,ad,db
0

(100 -M, -4,

= Mp + Mad 100
. . . . mrac
is the mass fraction of removed ash contributors, in percent; A= 100 -——=, ¢
mar
m,. is the mass of a sample of materiakas received, in g;

mrac

is the mass fraction of water removed after first drying (if applicable) of the genera
sample before removing agh contributors, in percent;

is the moisture contentief the sample as analysed (i.e. as determined, ad), after r
contributors, in percent;

is the mass of the removed ash contributors from the received sample, in g;

's. Thus, the
calculation.
) considers

(D.1)

vhere:

U

as-received

bmoving ash

is the total moisture content of the sample as received, before removing ash conftributors, in

percent.

100 - Mtot B Arac

e (including

(D.2)

where

qygrardp 1S the gross calorific value of the “as received” sample on a dry basis, but with total “removed

ash contributors” within the sample, in Joules per gram;

qv,gr,ad,ab 1S the gross calorific value of the “as determined” sample on a dry basis, in Joules per gram;

A

rac

m
is the mass fraction of removed ash contributors, in percent; 4 = 100 -—2<,

ar

© IS0 2021 - All rights reserved
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Mtot

m is the mass of a sample of material as received, in g;

ar

m is the mass of the removed ash contributors from the received sample, in g;

rac

is the total moisture content of the sample as received, before removing ash contributors,

in percent.

Formula (D.3) considers determining the gross calorific value of the “as received” sample (including

“rac”)onat

qV ,gr,ar,
where

qV,gr,ar,w

qV,gr,ad,d

A

rac

MtOt

Formula (D

otal wet basis.

:100 B Mtot _Arac >

D.3)

D

100 Ty prad,ab

moved ash contributors” within the sample, in Joules per gram;

is the gross calorific value of the “as determined” sample on a dry/basis, in Joules per g

mrac

is the mass fraction of removed ash contributors, in percent;~A .= 100 - , wher

ar

m is the mass of a sample of material as received, if g;

ar

m is the mass of the removed ash contributoxs from the received sample, in g;

rac

is the total moisture content of the sample as réceived, before removing ash contriby
in percent.

4) considers determining the net calorific value at constant pressure of the “as rece

sample (including “rac”) on a completely dry basis.

_ 100 - Mtot - Arac

is the gross calorific value of the “as received” sample on a wet basis, hut-with tota| “re-

ram;

tors,

ved”

qp,net,ar, b — 100 — M 'qp,net,ad,db (D.4)
tot
where

Qpnetargp 1S the netcalorific value at constant pressure for the “as received” sample on a dry basis,
but with tetal“removed ash contributors” within the sample, in Joules per gram;

Qpnetadpip 1S the iet calorific value at constant pressure, of the "as determined” sample on g dry
basis, with total “removed ash contributors” (stones, metals, etc. ) within the sample,
inJoules per gram;

Arac TR | £ o c 1 1 ] + . + 4 —_an mrm‘ 1 .
IS T ITIASS ITdULIOIT O I'THIOVEU d5IT COIILITOULOLS, TIT PETCCIIL, Arac = 1UU - , wirere:

mar

m,,. is the mass of a sample of material as received, in g;
M, 1sthe mass of the removed ash contributors from the received sample, in g;

M, is the total moisture content of the sample as received, before removing ash contributors,

40

in percent.

© ISO 2021 - All rights reserved


https://standardsiso.com/api/?name=12dbed3cdaaea13263cef940add61b8f

ISO 21654:2021(E)

Formula (D.5) considers determining the net calorific value at constant pressure of the “as received”
sample (including “rac”) on a total wet basis.

_100 ~ Mg — Anac . _1L Miot (D.5)
qp,net,ar,wb - 100 qp,net,ad,db vap 100 '
where
Qpnetarwb 1S the netcalorific value at constant pressure, of the general sample "as received”, without
drying (with total moisture content), and with total “removed ash contributors” within
the sample, in Joules per gram:
Gpnet,ad,dp 1S the net calorific value at constant pressure, of the "as determined; samlple on adry
basis, with total “removed ash contributors” (stones, metals, etc.) within the sample, in
Joules per gram;
Arac i 3 3 : mrc C
is the mass fraction of removed ash contributors, in percent;| A, .= 100 -—=, where:
m
ar
my, is the mass of a sample of material as received,in g;
me,. is the mass of the removed ash contributers from the received sample, in g
Mo, is the total moisture content of the sample as réceived, before removing ash dontributors,
in percent;
Lyap is the latent heat of vaporisation of water at room temperature, in Joules per gram, ex-

ample 2443 ]/g at 25 °C.
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Annex E
(informative)

Checklists for the design and procedures of combustion

experiments

E.1 Intrdg

This annex ¢
of a calorif
Formulae, id

The genera
of combust
calorimeter
vessel-calor

Numbers in
calorimetriq
10.6. The ey
11.4. Additi

— Annex/
Annex H

Annex (

E.2 Choi

Calibration
10.3 for gen

Combustion

Mass of ben

Mass of combustion-vessel water, m

Initial press

duction

ontains checklists intended as aids in setting up and carrying out a complete determin
c value, including calibration of the instrument, using a specified typecof*calorin
entical to those given in the main text, are repeated here for clarity.

experimental conditions are defined in E.2 which is common tp~the use of all {

5, E.4 applies to isoperibol calorimeters and E.5 deals with the highly automated combu
imetric systems. Static-jacket calorimeters can be treated asisoperibol systems.

parentheses refer to clauses or subclauses in the main¢text or Annexes A to C. The
procedure is specified in Clause 9. The calibration procedures are specified in 10.5
perimental and calculation procedures for the fuekeombustions are specified in 11
nal information required for the particular type oficalorimeter is given in:

L and E.3 for adiabatic calorimeters;
b and E.4 for isoperibol or static-jacket calorimeters;

| and E.5 for automated combustion vessel calorimeters.
ce of general parameters

bral calibration requirements):

vessel volume, I in litres

combustion vessel’

voic acid, my,»in grams

ag in grams (Vaq, in millilitres, can be substituted for m,

ute,of oxygen, p,, in megapascals

conditions, the basis for-the conditions of subsequent fuel experiments (see 10.2.4

htion
leter.

ypes

jon vessel calorimeters. E.3 contains information pertinent to~the use of adiapbatic

stion

basic
} and
.2 to

and

Reference temperature,

T,

ref’

in degrees Celsius

Calculation of the combustion vessel condition value of benzoic acid:

This value is used in the calculations of the effective heat capacity of the calorimeter, & (consult the

particular b

Certificate value of benzoic acid, in Joules per gram=

(mba/Vcombu

enzoic acid certificate; see also 10.6.1 and 10.6.2).

(see 10.2.1)

stion vessel), I grams per litre — 3,0 g/1=

(Vaq/ Veombustion vessel), in millilitres per litre — 3,0 ml/1=

42
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T,

ref’

Adjustment to certificate value, in Joules per gram
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n megapascals — 3,0 MPa =

in degrees Celsius — 25 °C (see 9.7)

This yields qyy,,, in Joules per gram =

Amount of calorimeter water (9.1 and 9.3; not relevant for aneroid systems):

a)
Mas

Constant mass-of-calorimeter-water basis (see 9.3; 10.6.1; 11.3.2):

(according to the formula in the certificate)

q of calorimeter water = g

Or alfernatively for

b)

Mas
tion

Constant total-calorimeter-mass basis (see 9.3; 10.6.2; 11.3.3):

4 of (calorimeter + water + assembled combus-= g
Vessel)

Additional parameters to consider:

I[gnitjon wire (fuse): l = cm or constant Q

=] (see 10.4; 10.6.1)

wire ign

Fuse Mese = g or constant Q.. =J (see 10.4; 10.6.1)

Decigle whether the correction for nitric acid Qy needs to be determined by analysis for th
expefiment or assigned a constant per-gram vatue (not necessarily the same for calibrati

and

E.3

E.3.

fuel experiments, respectively) or per-experiment value (see 10.4; 11.1).

Adiabatic calorimeters

1 Determination of the corrected temperature rise 6

Mak¢ the necessary adjustments to achieve adiabatic conditions (see A.3.1; A.3.2).

Estirmate the heat capacity of the system and, from the choice of mass of sample, make a

the expected temperdture rise At in order to determine the starting temperature (7., - AT).

Detefmine what thie conditions are for an initial steady state (see A.4).

Make a series.ef experiments to determine the length of the main period (see A.4; 9.2 to 9.5

From thie.tfime-temperature measurements (t;, T;) for a set of benzoic acid combustions, ¢
corr¢cted temperature rise 6 for the individual experiments (see A.5) by:

e individual
bn reference

rediction of

- 10.5).

alculate the

0 =T;-T;

For a significant (but limited) drift at the end of the main period, 6 is derived by (see A.5):

E.3.

0 = T,~T,—g; (At-1)

2 Evaluation of the effective heat capacity &

Calculate the effective heat capacity ¢ for the individual experiments.

© IS0 2021 - All rights reserved
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For alternative E.2 a), the constant mass-of-calorimeter-water basis (see 10.6.1), € is calculated by:

m.. Xq +Q +Q.__ +0Q
= ba V,ba efuse ign N (E.3)

For alternative E.2 b), the constant total-calorimeter-mass basis (see 10.6.2), ¢, is calculated from:

€y = & + My X Cp g (E.4)
where

g, is equal to € as defined above;

me, is the mass of the crucible used in the individual calibration experiment. Compate NOTE in

10.6.2.

Calculate the mean value g or g, respectively, and make sure that the precision requirements are
met (see 10.[).

The system|is now calibrated and the main calorimetric parameters set for'subsequent combuption
measurements on fuel samples.

Ancillary quantities required in the calculations are given in 10.6.1

E.3.3 The gross calorific value at constant volume qy, ;.

Perform the|fuel combustions in accordance with the instruetions in 11.2 and 11.3. @ is calculated ip the
same way a$ for the calibrations (see A.5).

For alternative E.2 a), a calorimeter operated on thé'constant mass-of-calorimeter- water hasis,
calculate the calorific value (see 11.3.2) by:

&n) X0 = Qree ~ Qign —Qy — My % 2 _Q_S

my my

qV,gr = (E.5)

For alternatjve E.2 b), a calorimeteroperated on the constant total-calorimeter-mass basis, calculate
the calorifiqvalue (see 11.3.3) by

g x 6 _quse _Qign _QN -m ><qV,Z _Q_s

Ay or = (E.6)
.8r
my my
where
g, ig detived from g, = &y, = M X € a5
m.,. is the mass of the crucible in the individual experiment, in grams.

Always use the crucible best suited for the particular sample under investigation.

Ancillary quantities required in the calculations are given in 10.6.1 and 11.3.2.

E.4 Isoperibol calorimeters

E.4.1 Determination of the corrected temperature rise 8

Set the jacket temperature to the value chosen for the experiments (see B.3).
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Estimate the heat capacity of the system and, from the choice of mass of sample, make a prediction of
the expected temperature rise AT in order to determine the starting temperature (7..;- AT).

Investigate what the conditions are for an initial steady state and decide upon the length of the fore or
initial rating period (B.4.1).

Make a series of experiments to determine the length of the main period (see B.4.2; 9.2 to 9.5; 10.5).

From the time-temperature measurements (¢, T;,) for a set of benzoic acid combustions,
calculate the corrected temperature rise 6 for the individual experiments, utilising either the
Regnault-Pfaundler [see a)] or the Dickinson method [see b)].

a) Regnault-Pfaundier method (B.5.1; B.5.2)

Determine the drift rates g; and g; and the mean temperatures T_. and T_, of thesfating|periods and
calcylate the specific rate constant G by:

G=—Ji 9 (E.7)
Tmf - Tmi
Ther] calculate T, (the integrated mean temperature) and AT,,, (the‘contribution from heat exchange)
by:
Ty+T, =
ZT (E.8)
and
t
AT, =G [(T.-T)dt = [g; +G(Tye — Tl % (¢ — ) (E9)

&

Finally, calculate 6 by:
@=T.-T,—AT,, (E.10)

1

b) Dickinson extrapolation‘method (see B.5.1; B.5.3)

Record a graph of the tilme-temperature (¢;, T};) values of the main period and determine [the time for
T, + 0,6 x (T¢ - T;). This‘time is taken as t,. Determine the drift rates, i.e. the slopes of the rafing periods,
as follows:

g, = (dT¥dt), and g, = (dT/dt), (E.11)

Then calculate 6 by:

0 =T; -T,~g; (t,—t;)=g; (& —t,) (E.12)

NOTE The extrapolation time t, for the fuel experiments is likely to differ from that for the calibrations.

E.4.2 Evaluation of the effective heat capacity ¢

Calculate the effective heat capacity for the individual experiments using the appropriate formula
[alternative E.2 a) or E.2 b)] as given in E.3.2.

Calculate the mean value g, or &y, respectively, and make sure that the precision requirements are
met (see 10.7).
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The system is now calibrated and the main calorimetric parameters set for subsequent combustion

measureme

nts on fuel samples.

E.4.3 The gross calorific value at constant volume gy,

Perform the fuel combustions in accordance with the instructions in 11.2 and 11.3. @ is calculated in the
same way as for the calibrations.

Calculate the calorific value using the appropriate formula [alternative E.2 a) or E.2 b)] as given in E.3.3.

E.5 Auto

Operate the

. .
I
—

derived aut¢matically by the system.

Make sure t

the combustion vessel conditions utilised (see E.2) in the evaluation of the calibration‘constant.

Make sure t

hat the precision requirements are met. If necessary, check the system by burning be

acid as an upknown. Any restrictions set by the manufacturer, on the amount of sample burned, sh

adhered to.

Define the vplid working range for subsequent measurements.

Make a che

ck on the calculations with respect to fuse wire and nitric acid corrections. Unles

correction for sulfuric acid to sulfur dioxide (Qs/m,) is already taken care of by the system, us

value given

n11.3.2.

calorimeter according to the instructions. The corrected temperature rise 8cislus

ually

hat the correct value is used for the energy of combustion of the calibrationteference ynder

nZzoic
11l be

the
the

AL
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Annex F
(informative)

Examples to illustrate the main calculations used in this document
if an automated (adiabatic) combustion vessel calorimeter is used
for determinations

F.1 | Gross calorific value at constant volume

a) (alibration data:

No | my, [g] T [K] T¢[K] 6 [K] Qruse Ul Qign [J1 NaOH{mI]  Qy [JI| & [J/K]
1 1,0282 1,059 4,102 3,043 0 21,5 6,5 39,0 8 962
2 11,0525 0454 3,568 3,114 0 21,5 59 35,4 8963
3 11,0019 0892 3,859 2,967 0 21,5 6,4 38,4 8957
4 1,0229 0942 3970 3,028 0 21,5 5,7 34,2 8959
5 1,0146 0,373 3,375 3,002 0 21,5 6,4 38,4 8 964
average £, 8961

QypaT 26 465]/8

1 = 10 cm of ignition wire; of which 8 cm is burned (g, = 2,69 ]J/cm)

wire
No fyse, cotton, etc., was used.
NaOH, [c = 0,1 mol/1]

b) C(orrected temperature rise 8

Difference of jinitial and final temperatures (T; - T;) or directly read temperature rise 6 (seq above).

c) (Calculation of the effective heat capacity &

The effective heat capacity ¢ is derived from the total energy change of the overall combystion vessel
process; for example:

(1,028 2 x 26 465 + 21,5 +39,0) divided by 6 (3,043), i.e. £ = 8 962 J/K.

d) Calculation of the gross calorific value gy,

For the combustion of about 1 g of a solid recovered fuel sample the parameters of the experiment were:
m;=11924g Qpee=0

lyire =8 cm Qign = 21,5]

0=2,630K Qys=294]
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The nitric acid correction (and a part of the sulfuric acid correction) was determined by titration with
NaOH (method c) as Qy s.

The “combu

stion energy” from the solid recovered fuel sample is derived from (g,

x @) minus the

contributions from the ignition wire and the formation of nitric acid, i.e. (21,5 + 29,4) ], divided by the
mass of the solid recovered fuels sample m;.

Hence

8961x2,630-21,5-29,4

=19722 where € was used as €
1,1924 /g (n)

(F.1)

The mass fr
account for
my = (57 x

calorific val

The mass f]
40,0 %; the
basis, in dry

4y ,gr,d

For the orig
volume is:

qV,gr,ar

F.2 Gros
If the solid

in the combustion vessel, the volume of the system would change. The hydrogen in the fuel, rea

with gaseod
containing

=19721x 100
100

20 330 x (1-0,01 x 40,0)= 12198 J/g or 12,20 MJ/kg

hction of sulfur of the solid recovered fuels analysis sample was 0,02 %. The correcti
the reaction from aqueous sulfuric acid to gaseous sulfur dioxide is 0,02 x 57 =1 J/g

e at constant volume for the analysis sample, gy,

action of total moisture as received (M, ) for the solid recovered fuels*in question|
mass fraction of moisture of the analysis sample (M,4) was 3,0 %. Eorythe dry sample
matter) the gross calorific value at constant volume is:

0]/g= 20330 ]J/g or 20,33 MJ/kg

)

inal (moist, as received) solid recovered fuels sample.the gross calorific value at con

5 calorific value at constant pressure

recovered fuel was burnt in oxygen at constant pressure, instead of at constant vo

s oxygen to give liquid water,\causes a decrease in the volume of the system. If the ca
n solid recovered fuel réacts with gaseous oxygen, an equal volume of gaseous cq

S x m;)/m;), which is to be subtracted from 19 722 ]/g, yielding 19 721 ]/g as/the g

On to

(Qs/

PTOSS

was
(dry

(F.2)

stant

(F.3)

lume
cting
rbon
rbon

dioxide is fqrmed and hence no change in volume occurs in combustion of the carbon. The oxygen and

nitrogen in {
the gaseous

Ang =0

~

where Wiy
the solid req

he solid recovered fuel both give rise to an increase in volume. The change in the volui
phase for the combustion reaction can be expressed as:

0,5xw, w, w
’ H
D1x| — Gl + ©) + L) moles per gram of sample
2,016 31,999 28,013
w(gj alld w(y, are the total percentages of hydrogen, oxygen and nitrogen, respective

me of

(F4)

ly, in

overed fuel solid material in the state specified for the conversion from a constant vo

lume

calorific val

The An, value is to be multiplied by

in energy.

ue Lo 4 COIIStdIt pressure vatue.

T..sto interpret the volume change in terms of the associated change
T..rin this context is the reference temperature for calorific values, i.e. 298,15 K (25 °C).

For convenience, the dry state values are used to show the relation between the gross calorific value at
constant pressure and that at constant volume:

qp,gd,d

where w4

contrlbutlons

Wm)ar W(o)d
be the same

48

=y gra +{6,15 X Wgp)q — 0,8><[ W0y W, N)d]}l/g

f‘o)d and w(y)q have the same significance asin 12.2. wy), W(o) and wpy
r

and wy
as that

)

%or oxygen since the term as such is small.

(F.5)

do not contain any
om the mmeral matter of the fuel sample. The uncertainty intro uced by substituting
a1s, however, negligible. The coefficient for wyg, strictly, is 0,9 but can be taken to
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