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Foreword

ISO (the Internptional Organization for Standardization) is a worldwide
federation of ngtional standards bodies (ISO member bodies). The work
of preparing International Standards is normally carried out through ISO
technical comnjittees. Each member body interested in a subject for
which a technigal committee has been established has the right to be
represented on [that committee. International organizations, governmental
and non-governinental, in liaison with ISO, also take part in the work. 1ISO
collaborates clogely with the International Electrotechnical Commission
(IEC) on all matters of electrotechnical standardization.

Draft Internatiomal Standards adopted by the technical committees are
circulated to thel member bodies for voting. Publication as an International
Standard requirgs approval by at least 75 % of the member bodies casting
a vote.

International Stgndard ISO 1928 was prepared by Technical Committee
ISO/TC 27, Solid mineral fuels, Subcommittee SC 5, Methods of
analysis.

This second |edition cancels and replaces theQ© first edition
(ISO 1928:1976), which has been technically revised.

Annexes A, B apd C form an integral part of this International Standard.
Annexes D, E, Hand G are for information only.



https://standardsiso.com/api/?name=7e60ef157977c5d77106edc4c3bc3c47

INTERNATIONAL STANDARD © ISO

ISO

1928:1995(E)

Solid mineral fuels — Determination of gross calorific
value by the bomb calorimetric method, and

calcu

WARNIN
should e
proper d

1 Scoq

This Interpational Standard specifies a method for the determination of the gross calorific value of

fuel at co
of certifie

The resulf]
combustid
is not con
combustig

may also

General p

[ation of net calorific value

5 — Strict adherence to all of the provisions prescribed in this International Stand
sure against explosive rupture of the bomb, or a blow-out, provided that the bom
sign and construction and in good mechanical condition.

e

stant volume and at the reference temperature 25°C in a bomb calorimeter calibrated
i benzoic acid.

obtained is the gross calorific value of the-analysis sample at constant volume with all tH
n products as liquid water. In practice, fuel is burned at constant (atmospheric) pressure
densed but is removed as vapour with the flue gases. Under these conditions, the op
n is the net calorific value of the(fuel at constant pressure. The net calorific value at ca
be used; formulae are given for calculating both values.

rinciples and procedures forthe calibrations and the fuel experiments are presented in

rd
is of

a solid mineral
by combustion

e water of the
and the water
erative heat of
nstant volume

the main text,

whereas fhose pertaining to the-use’of a particular type of calorimetric instrument are described i annexes A to

C. Annex

imeters. A

2 Norr

The folloV

Internatio

D contains checklists-for performing calibration and fuel experiments using specified
nnex E gives examples to illustrate some of the calculations.

native.-references

ving\standards contain provisions which, through reference in this text, constitute pro
pal-Standard. At the time of publication, the editions indicated were valid. All standards

types of calor-

visions of this
are subject to

revision, and parties to agreements based on this International Standard are encouraged to investigate the possi-
bility of applying the most recent editions of the standards indicated below. Members of IEC and ISO maintain
registers of currently valid International Standards.

ISO 331:1983, Coal — Determination of moisture in the analysis sample — Direct gravimetric method.

ISO 651:1

ISO 652:1

ISO 687:1

SO 1170:

975, Solid-stem calorimeter thermometers.
975, Enclosed-scale calorimeter thermometers.
974, Coke — Determination of moisture in the analysis sample.

1977, Coal and coke — Calculation of analyses to different bases.
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3 Definitions

For the purposes of this International Standard, the following definitions apply.

o~ P P ~ PR T

ific value at constant volume: The absolute value of the specific energy of combustion, in

or
joules, for unit mass of a solid fuel burned in oxygen in a calorimetric bomb under the conditions specified. The
products of combustion are assumed to consist of gaseous oxygen, nitrogen, carbon dioxide and sulfur dioxide,

of ||nu!r| water (in equilibrium with its vapour) saturated with carbon dioxide tinder the conditions of th

reaction, and of solid ash, all at the reference temperature.

e UUIIIU

3.2 net calorific value at constant volume: The absolute value of the specific energy of comblstion, |in joules
for unit mass of the fuel burned in oxygen under conditions of constant volume and such thatyall the walter of the
reaction produdts remains as water vapour (in a hypothetical state at 0,1 MPa), the other préducts being ps for the

gross calorific alue, all at the reference temperature.

3.3 net calorific value at constant pressure: The absolute value of the specific.heat (enthalpy) of combustion,
in joules, for urfit mass of the fuel burned in oxygen at constant pressure under sGgh conditions that all the water
of the reaction products remains as water vapour (at 0,17 MPa), the other products being as for the grosp calorific
value, all at the|reference temperature.

3.4 reference| temperature: The international reference temperature~for thermochemistry of 25 °C ig adopted
as the reference temperature for calorific values (see 8.7).

NOTE 1 The t¢mperature dependence of the calorific value of coal encoke is small [about 1 J/(g-K)].

3.5 effective heat capacity of the calorimeter: The amount of energy required to cause unit change in tem-
perature of the|calorimeter.

3.6 corrected| temperature rise: The change incalorimeter temperature caused solely by the procesges taking
place within th¢ combustion bomb. It is the total observed temperature rise corrected for heat exchangp, stirring
power, etc. (8.9).

NOTE 2 The dhange in temperature may.be expressed in terms of other units: resistance of a platinum or [thermistor
thermometer, frgquency of a quartz crystal resonator, etc., provided that a functional relationship is established between this
quantity and a chiange in temperaturesThe effective heat capacity of the calorimeter may be expressed in units of ¢nergy per
such an arbitrary |unit. Criteria for the‘fequired linearity and closeness in conditions between calibrations and fuel eperiments
are given in 9.3.

A list of the symbols us€djand their definitions is given in annex F.

4 Principle

4.1 Gross calorific value

A weighed portion of the analysis sample of the solid fuel is burned in high-pressure oxygen in a bomb calorimeter
under specified conditions. The effective heat capacity of the calorimeter is determined in calibration experiments
by 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 bomb initially to give a saturated vapour phase prior to combustion, 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 ther-
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mal effects from side reactions such as the formation of nitric acid. Furthermore, a correction is applied to account
for the difference in energy between the aqueous sulfuric acid formed in the bomb reaction and gaseous sulfur
dioxide, i.e. the required reaction product of sulfur in the fuel.

4.2 Net calorific value

The net calorific value at constant volume and the net calorific value at constant pressure of the fuel are obtained
by calculation from the gross calorific value at constant volume determined on the analysis sample. The calculation
of the net calorific value at constant volume requires information about the moisture and hydrogen contents of the
analysis sample. In principle, the calculation of the net calorific value at constant pressure also requires information
about the oxygen and nitrogen contents of the sample.

5 ReaJents

5.1 Oxygen, at a pressure high enough to fill the bomb to 3 MPa, pure with an assay| of at least 99,5 % (V/V),
and free ffom combustible matter.

NOTE 3 |Oxygen made by the electrolytic process may contain up to 4 % (V/V) of hydregen.
5.2 Fuseg

5.2.1 Ignition wire, of nickel-chromium 0,176 mm to 0,20 mm in diameter, platinum 0,05 mm to 0,10 mm in di-
ameter, of 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 8 to 8.2.1).
5.3 Crugdible lining material, for coke only.

5.3.1 Papte, of fused aluminosilicate cement passing a 63 pm test sieve and suitable for use up td a temperature
of 1 400 IC, mixed with water.

5.3.2 Aluminium oxide, fused, of-apalytical reagent quality, passing a 180 pm test sieve and retained on a
106 um tgst sieve.

5.4 Starnjdard volumetric.solutions and indicators, only for use when analysis of final bomb polutions is re-
quired.

5.4.1 Barium hydroxide solution, ¢[Ba(OH),] = 0,05 mol/l.

5.4.2 S(]dium carbonate solution, ¢(Na,CO3) = 0,05 mol/l.

5.43 Sodium hydroxide solution, ¢(NaOH) = 0,1 mol/l.
5.4.4 Hydrochloric acid solution, ¢(HCI) = 0,1 mol/l.

5.45 Screened methyl orange indicator, 1 g/l solution.

Dissolve 0,25 g of methyl orange and 0,15 g of xylene cyanole FF in 50 ml of 95 % (V/V) ethanol and dilute to
250 ml with water.

5.4.6 Phenolphthalein, 10 g/l solution.
Dissolve 2,5 g of phenolphthalein in 250 ml of 95 % (V/V) ethanol.
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5.5 Benzoic acid, of calorimetric-standard quality, certified by (or with certification unambiguously traceable to)
a recognized standardizing authority.

NOTE 4  Benzoic acid is the sole substance recommended for calibration of an oxygen-bomb calorimeter. For the purpose
of checking the overall reliability of the calorimetric measurements, test substances, e.g. n-dodecane, are used. Test sub-
stances are mainly used to prove that certain characteristics of a sample, e.g. burning rate or chemical composition, do not
introduce bias in the results. A test substance shall have a certified purity and a well-established energy of combustion.

The benzoic acid is burned in the form of pellets. It is normally used without drying or any treatment other than
pelletizing; consult the sample certificate. It does not absorb moisture from the atmosphere at relative humidities
below 90 %.

The benzoic acid shall be used as close to certification conditions as is feasible: significant departures from these
conditions shall|be accounted for in accordance with the directions in the certificate. The energy of Garnbustion
of the benzoic gcid, as defined by the certificate for the conditions utilized, shall be adopted in caleylating the ef-
fective heat cappcity of the calorimeter (see 9.2).

6 Apparatus

6.1 General

The calorimetey (figure 1), consists of the assembled combustion bomb, the calorifgter can (with or withput a lid),
the calorimeter Btirrer, water, temperature sensor, and leads with connectors-tside the calorimeter can required
for ignition of the sample or as part of temperature measurement or contdl circuits. During measurements the
calorimeter is erjclosed in a thermostat. The manner in which the thermostat temperature is controlled defines the
working principlg of the instrument and hence the strategy for evaluatioh’of the corrected temperature rise.

In aneroid systems (systems without a fluid) the calorimeter can, stirrer and water are replaced by a mefal block.
The combustion|bomb itself constitutes the calorimeter in sometaneroid systems.

In combustion dalorimetric instruments with a high degree of automation, especially in the evaluation df the re-
sults, the calorimeter is in a few cases not as well-definedas the traditional, classical-type calorimeter. Uging such
an automated cplorimeter is, however, within the seope of this International Standard as long as the pasic re-
quirements are met with respect to calibration conditions, comparability between calibration and fuel expdriments,
ratio of sample rpass to bomb volume, oxygen pressure, bomb liquid, reference temperature of the measdrements
and repeatability of the results. A print-out_efisome specified parameters from the individual measuretents is
essential. Detail$ are given in annex C.

Equipment, adequate for determinations of calorific value in accordance with this International Standard, |is speci-
fied below.

6.2 Calorimeteér with thermostat

6.2.1 Combustion bomb; capable of withstanding safely the pressures developed during combustion.| The de-
sign shall permit complete recovery of all liquid products. The material of construction shall resist corrosidn by the
acids produced |in~the combustion of coal and coke. A suitable internal volume of the bomb would [pbe from
250 ml to 350 -

WARNING — Bomb 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 and any local regu-
lations regarding the safe handling and use of the bomb shall be observed. When more than one bomb
of the same design is used, it is imperative to use each bomb as a complete unit. Swapping of parts may
lead to a serious accident.
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Figure 1 — Classical-type bomb combustion calorimeter with thermostat

6.2.2 Calorimeter can;-tade of metal, highly polished on the outside and capable of holding an §mount of water
sufficienf to completely-cover the flat upper surface of the bomb while the water is being stirred. A lid generally
helps redluce evapaoration of calorimeter water, but unless it is in good thermal contact with the can it lags behind
in tempa@rature during combustion, giving rise to undefined heat exchange with the thermostat and a prolonged
main petiod.

6.2.3 Stirrer—norking-at-constan stirror-shatt-should-have-alow-heat-conduectionand/or a low-mass
section below the cover of the surrounding thermostat to minimize transmission of heat to or from the system;
this is of particular importance when the stirrer shaft is in direct contact with the stirrer motor. When a lid is used
for the calorimeter can, this section of the shaft should be above the lid.

NOTE 5  The rate of stirring for a stirred-water type calorimeter should be large enough to make sure that hot spots do not
develop during the rapid part of the change in temperature of the calorimeter. A rate of stirring such that the length of the main
period can be limited to 10 min or less is usually adequate (see annexes A and B).

6.2.4 Thermostat (water jacket), completely surrounding the calorimeter, with an air gap of approximately
10 mm separating calorimeter and thermostat.

The mass of water of a thermostat intended for isothermal operation shall be sufficiently large to outbalance
thermal disturbances from the outside. The temperature should be controlled to within + 0,1 K or better
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throughout the experiment. A passive constant temperature ("static”) thermostat shall have a heat capacity large
enough to restrict the change in temperature of its water. Criteria for satisfactory behaviour of this type of water
jacket are given in annex B.

NOTES

6 For an insulated metal static jacket, satisfactory properties are usually ensured by making a wide annular jacket with a ca-
pacity for water of at least 12,5 |.

7 Calorimeters surrounded by insulating material, creating a thermal barrier, are regarded as static-jacket calorimeters.

When the thermostat (water jacket) is required to follow closely the temperature of the calorimeter, it should be
of low mass and preferably have immersion heaters. Energy shall be supplied at a rate sufficient to maintain the
temperature of fhie water In the thermostat to within U,T K of that of the calorimeter water afier the charge has
been fired. When in a steady state at 25 °C, the calculated mean drift in temperature of the calorimétef|shall not

exceed 0,000 5[K/min (see A.3.2).

6.25 Temperature measuring instrument, capable of indicating temperature with a resolution of at least

0,001 K so that
absolute tempsg
measurements.
temperature ov

As alternatives

br the interval it is used.

temperature intervals of 2 K to 3 K can be determined with a resolution of ‘9,002 K or be
rature shall be known to the nearest 0,1 K at the reference temperature of the ca
The temperature measuring device should be linear, or linearized, in-its response to cH

to the traditional mercury-in-glass thermometers, suitable témperature sensors are pla

tter. The
orimetric
anges in

inum re-

psistance
he short-
quivalent
ess likely

sistance thermpmeters, thermistors, quartz crystal resonators, etc. which together with a suitable r
bridge, null detgctor, frequency counter or other electronic equipment. provide the required resolution. T
term repeatability of this type of device shall be 0,001 K or better. Lopg:term drift shall not exceed the d
of 0,05 K for a period of six months. For sensors with linear resparse (in terms of temperature), drift is |
to cause bias in[the calorimetric measurements than are non-lin€ar sensors.

Mercury-in-glas
ments. A viewe

thermometers which conform to ISO 651AISO 652, 1ISO 1770 or ISO 1771 satisfy thq
r with magnification about 5x is needed\for reading the temperature with the resolution

require-
required.

A mechanical v
If this is not ava

brator to tap the thermometer is suiitable for preventing the mercury column from sticking
ilable, the thermometer shall be tapped manually before reading the temperature.

(8.4).

6.2.6 Ignition|circuit

The electrical syipply shall be 6 V to 12\V- alternating current from a step-down transformer or direct curtent from

batteries. It is desirable to include &pjlot light in the circuit to indicate when current is flowing.

Where the firing is done manually; the firing switch shall be of the spring-loaded, normally open type, |
such a manner that any undu€ Tisk to the operator is avoided (see warning in 8.4).

bcated in

6.3 Crucible, ¢f silicanickel-chromium, platinum or similar unreactive material.

For coal, the cfuCible should be about 26 mm in diameter, flat based and not more than 20 mm degp. Silica
crucibles shoul . A‘Tow-mass shallow crucible of
nickel-chromium foil about 0 25 mm thick is recommended when testmg high-ash coals, in order to reduce any
error from incomplete combustion.

For coke, the nickel-chromium crucible, as described for use with coal, may be lined with a paste of fused
aluminosilicate cement (5.3.1). After drying at 50 °C to 60 °C, the excess cement shall be scraped off to leave a
smooth lining about 1,5 mm thick; the crucible shall then be incinerated at 1 000 °C for 2 h. Before use, 0,3 g of
aluminium oxide (5.3.2) shall be spread over the base of the lined crucible and compacted with the flat end of a
metal rod.

For benzoic acid, either of the crucibles specified for coal is suitable. If smears of unburned carbon occur, a small
low-mass platinum or nickel-chromium crucible, for example 0,25 mm thick, 15 mm in diameter and 7 mm deep,
may be used.
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6.4 Ancillary pressure equipment
6.4.1 Pressure regulator, to control the filling of the bomb with oxygen.

6.4.2 Pressure gauge (e.g. 0 MPa to 5 MPa), to indicate the pressure in the bomb with a resolution of
0,05 MPa.

6.4.3 Relief valve or bursting disk, operating at 3,5 MPa, and installed in the filling line, to prevent overfilling
the bomb.

CAUTION — Equipment for high-pressure oxygen shall be kept free from oil and grease. Do not test or
calibrate the pressure gauge with hydrocarbon fiuid.

6.5 Timer, indicating minutes and seconds.
6.6 Balpnces

6.6.1 Bplance for weighing the sample, fuse, etc., with a resolution of at least 0,1 mg; 0,01 g is preferable
and is recommended when the sample mass is of the order of 0,5 g or less (See 8.2.1).

6.6.2 Bplance for weighing the calorimeter water, with a resolution-0f*0,5 g (unless water can be dispensed
into the ¢alorimeter by volume with the required accuracy, see 8.3).

6.7 The¢rmostat (optional), for equilibrating the calorimeter water before each experiment to g predetermined
initial terhperature, within about + 0,3 K.

7 Preparation of test sample

The coalland coke used for the determination of calorific value shall be the analysis sample grour|d to pass a test
sieve with an aperture of 212 um. In some circumstances, it has been shown that a maximum| particle size of
250 um is acceptable for low and medium rankcoals.

The sanmple shall be well-mixed and in-reasonable moisture equilibrium with the laboratory atmosphere. The
moisturel content shall either be determined on samples weighed within a few hours of the time that samples are
weighed|for the determination of calorific value, or the sample shall be kept in a small, effectively ¢losed container
until moisture analyses are performed, to allow appropriate corrections for moisture in the analysis sample.

Determirjation of the moisturé-content of the analysis sample shall be carried out by one of the méthods specified
in ISO 331 or ISO 687.

8 Calorimetric procedure

8.1 Gedneral

The calorimetric defermination consists of two separate experiments, combustion of the calibrant (benzoic acid)
and combustion of the fuel (coal or coke), both under specified conditions. The calorimetric procedure for the two
types of experiment is essentially the same. In fact, the overall similarity is a requirement for proper cancellation
of systematic errors caused, for example, by uncontrolled heat leaks not accounted for in the evaluation of the
corrected temperature rise 6.

The experiment consists of carrying out quantitatively a combustion reaction (in high-pressure oxygen in the bomb)
to defined products of combustion and of measuring the change in temperature caused by the total bomb process.

The temperature measurements required for the evaluation of the corrected temperature rise 6 are made during
a fore period, a main (= reaction) period, and an after period as outlined in figure 2. For the adiabatic type calor-
imeter, the fore and after periods need, in principle, be only as long as required to establish the initial (firing) and
final temperatures, respectively (see annex A). For the isoperibol (isothermal jacket) and the static-jacket type
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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 when
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 diffi-
culties in keeping it constant. A wobbling stirrer is likely to cause significant short-term variations in stirring power.

tj(jacket)

S

Tgmperature

Fore period Main period After period

ti Ignition

Time

Figure 2 — Time-temperature curve (isoperibol calorimeter)

During combustipn, the bomb head will become .appreciably hotter than other parts of the bomb, and it is im-
portant to have [enough well-stirred water abeve it to maintain reasonably small temperature gradients in the
calorimeter watdr during the rapid part of-the rise in temperature. For aneroid systems, the particular design de-
termines to what extent hot spots may-deévelop (see annex C).

Certain less reaqtive fuels may persistently leave residues that contain significant amounts of unburned sample
or soot. By mixing these samples-with known amounts of an auxiliary material, clean combustions can [in most
instances be achieved. Wrapging samples in tissue or rice paper, in addition to providing a combustion aid, gives
an opportunity tq affect the.gonfiguration of the sample in the crucible at the moment of ignition.

The auxiliary material ishall be chemically stable, have a low vapour pressure and a well-established ef ergy of
combustion; the lenergy should be known to within 0,10 % for the particular material used. Benzoic acid appears
to be the ideal cdmpound even though for example n-dodecane or paraffin-oik being-iguids—are-easierte-distribute

oo

evenly. The amount used should be limited to the minimum amount required to achieve complete combustion of
the sample. It should not exceed an amount that contributes half the total energy in an experiment. The optimum
proportion of sample to auxiliary material depends on the properties of the fuel, and needs to be determined by
experiment.

When the auxiliary material is a liquid, it may wet the sample more thoroughly if it is added to the crucible before
the fuel sample.
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8.2 Preparing the bomb for measurement

8.2.1 General procedure

Weigh the sample, in the crucible

2

<

aor hattar

. . 4 c
cr with a resclution of 107, or better. For

v

experiments (see 9.4 and 9.6.1).

1 ~ anarmnla
g Saimipie
10.2) this means weighing to the nearest 0,1 mg. Weigh the combustible fuse and/or ignition wir
precision comparable with that for weighing the sample, or keep its mass constant, within specified limits, for al

s {see 9.2 and
e either with a
|

Fasten the ignition wire tautly between the electrodes in the bomb. Check the resistance of the ignition circuit of
the bomb; for most bombs it should not exceed 5 Q to 10 Q, measured between the outside connectors of the

bomb he

Tie, or a
with the
spect to

NOTE 8
A longer
is brough
when the
wire and

amount o

Add the

tach firmly, the fuse to the ignition wire, place the crucible in its support and bring-fhe
sample. Make sure that the position of the crucible in the assembled bomb will be sym
the surrounding bomb wall.

When the ignition wire is combustible as well as electrically conducting, an alternative procedurd
iece of wire, enough to make an open loop, is connected to the electrodes. After)mounting of the
close to the sample, for pellets in contact with the sample. (In some cases, thig ignition process i
wire is kept at a small distance above the sample.) Care should be taken.to prevent any contac

nly.

prescribed amount of distilled water to the bomb, for-example (1,0 + 0,1) ml for 1 g

9.2.2). A
the orig

WARNI

The bom

822 U

Use a lo
correctly|

combustjon is considerably highér than that of the fuel.

When th
benzoic
mixture
flat, polis

1

ssemble the bomb and charge it slowly with oxygen4o a pressure of (3,0 + 0,2) MPa w
al air. If the bomb is inadvertently charged with oxygen above 3,3 MPa, discard the test

G — Do not reach over the bomb during charging.

b is now ready for mounting in the calerimeter can.

sing a combustion aid

w-mass crucible. Weigh thieyauxiliary material as accurately as possible so that its con
accounted for; this is particularly important when a hydrocarbon oil is used as its sp

e auxiliary materiahis for instance rice paper or a liquid, it is weighed before the fuel sar
beid last whenhit is used as the combustion aid. Mix the solid materials without rema
check by weighing). Compact the mixture by tapping the bottom of the crucible against
hed rod.€an' be used for additional compression of the mixture.

8.3 Aqsembling the calorimeter

se into contact
metrical with re-

may be adopted.
crucible, the loop
5 better controlled
between ignition

crucible, in particular when a metal crucible is used since this would sesult in shorting the ignitiof circuit. A special
fuse is styiperfluous under these conditions. The resistance of the ignition cirelit of the bomb will be inc

eased by a small

of sample (see
thout displacing
and begin again.

tribution can be
ecific energy of

nple. Weigh the
ving any of the
a clean table. A

Bring the calorimeter water to within 4+ 0,3 K of the selected initial temperature and fill the calorimeter can with
the required amount. The quantity of water in the calorimeter can shall be the same to within 0,5 g or better, in
all experiments (see 9.6.1). Make sure that the outer surface of the can is dry and clean before the latter is placed
in the thermostat. Mount the bomb in the calorimeter can, after the can (containing the correct amount of water)
has been placed in the thermostat.

Alternatively, the system may be operated on a constant total-calorimeter-mass basis (see 9.6.2). The bomb is then
mounted in the calorimeter can before this is weighed with the water. The total mass of the calorimeter can, with
the assembled bomb and the calorimeter water, shall then be within the 0,5 g or better limit in all experiments.

The assembled calorimeter shall contain enough water to well cover the flat upper surface of the bomb head and
cap.
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NOTE 9  Weighing the water to within 0,5 g applies when the effective heat capacity is in the order of 10 kJ/K.

Check the bomb for gas leaks as soon as its top becomes covered with water. If the gas valves are not fully
submerged, check for leaks with a drop of water across the exposed opening. Connect the leads for the ignition
circuit and mount the thermometer.

WARNING — If gas escapes from the bomb, discard the test, eliminate the cause of leakage and begin
again. Apart from being a hazard, leaks will inevitably lead to erroneous results.

Cooling water, temperature controls, stirrers, etc. are turned on and adjusted, as outlined in the instrument manual.
Make sure that the calorimeter stirrer works properly. A period of about 5 min is normally required for the as-
sembled calorimeter to reach a steady state in the thermostat or jacket, irrespective of the type of calorimeter.
The criteria for vhen steady state has been attained depend on the working principle of the calorimeter] (see an-
nexes A and B).

8.4 Combustion reaction and temperature measurements

Start taking temperature readings, to the nearest 0,001 K or better, as soon as the“ealorimeter has|reached
steady-state conditions. Readings at 1 min intervals normally suffice to establish the\drift rate of the fote period
or check the prpper functioning of an adiabatic system. When a mercury-in-glas§ thermometer is used for the
temperature megsurements, tap the thermometer lightly for about 10 s before-@dch reading and take card to avoid
parallax errors.

At the end of the fore period, when the initial temperature  has beentestablished, the combustion is initiated by
firing the fuse. Hold the switch closed only for as long as it takesto ignite the fuse. Normally, the durrent is
automatically interrupted as the conducting wire starts burning or ‘partially melts. As long as the resistang¢e of the
ignition circuit of the combustion bomb is kept at its normal low-Value, the electrical energy required to inltiate the
reaction is so small that there is no need to measure and accaunt 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 infenvals. The time corresponding to t, marks the beginning of the
main period. Dufing the first few minutes after the charge has been fired, when the temperature is rising rapidly,
readings to the pearest 0,02 K are adequate;xResume reading temperatures to the nearest 0,001 K or etter as
soon as is practicable, but no later than §min after the beginning of the main period. Criteria for the length of the
fore, main and gfter periods, and henge, the total number of temperature readings required, are given in [annexes
A and B.

8.5 Analysis [of products of combustion

At the end of the after.period, when all the required temperature readings have been completed, remove the bomb
from the calorimletef.release the pressure at a moderate rate and dismantle the bomb. Examine the interibr of the
bomb, the cruciple_and any solid residue carefully for sians of incomplete combustion. Discard the tekt if un-
burned sample or any soot deposit is visible. Remove and measure any unreacted pieces of combustible ig-
nition wire.

NOTE 10  Another symptom of incomplete combustion is the presence of carbon monoxide in the bomb gas. Slow release
of the gas through a suitable detector tube reveals any presence of carbon monoxide and indicates the concentration level.
0,1 mi/l of carbon monoxide in the combustion gas from a 300 mi bomb corresponds to an error of about 10 J.

Wash the contents of the bomb into a beaker with distilled water. Make sure that the underside of the bomb head,
the electrodes and the outside of the crucible are also washed.

In the case of calibration experiments, dilute the combined washings to about 50 mi and analyse for nitric acid,
e.g. by titration with the sodium hydroxide solution (5.4.3) to a pH of about 5,5 or by using the screened methyl
orange solution (5.4.5) as an indicator.

10
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When the “sulfur” and/or nitric acid corrections are based on the actual amounts formed in the bomb process, the
bomb washings from fuel combustions are analysed by the procedure described in the next paragraph or by an
equivalent method. If the sulfur content of the fuel and the nitric acid correction are known, analysis of the final
bomb liguid may be omitted (see 10.1).

Dilute the combined bomb washings to about 100 ml. Boil the washings to expel carbon dioxide and titrate the
solution with barium hydroxide solution (5.4.1) while it is still hot using the phenolphthalein solution (5.4.6) as an
indicator. Add 20,0 ml of the sodium carbonate solution (5.4.2), filter the warm solution and wash the precipitate
with distiiiled water. When cold, titrate the fiitrate with the hydrochioric acid solution (5.4.4), using the screened
methyl orange solution (5.4.5) as an indicator, ignoring the phenolphthalein colour change.

8.6 Cqrrected temperature rise 6

8.6.1 bserved temperature rise

The temperature at the end of the main period % gives, together with the initial orfifing tempetature t, the ob-
served temperature rise % — 1,

8.6.2 Isoperibol and static-jacket calorimeters

In additign to the rise in temperature caused by the processes in the{¢ombustion bomb, the obseryed temperature
rise confains contributions from heat exchange between caloriméter and thermostat and from sfjirring power. Al-
lowance|for heat exchange is made by the so-called heat-leak correction At,,, which includes the dontribution from
stirring dower,

e k—1=0+ Aty
and henge

0=|x—1)— At

ex

There arg various ways of evaluating the tetm At,,. The most common procedures used are the Regnault-Pfaundler
and the Dickinson extrapolation methods.

NOTE 11| The Regnault-Pfaundler method automatically accounts for variations in the time-temperature rglationship for dif-
ferent tyges of samples and is hepee the more reliable of the two methods.

Detailed|instructions for the numerical evaluation of Az, and the corrected temperature rise 6 fqr isoperibol and
static-jacdket calorimeters are given in annex B. The resulting equations for At,, are summarized ap follows:

Regnault-Pfaundlerimethod (see B.5.2)

k=n-1
Atex=(rf—ri)ng+%x nxtmf—(ti—-;i)—— P b
where
& is the drift rate in the fore (initial rating) period, in kelvins per minute;
& is the drift rate in the after (final rating) period, in kelvins per minute;
b is the mean temperature in the fore period, in degrees Celsius;

mf IS the mean temperature in the after period, in degrees Celsius;

3 (= 1) is the temperature at the beginning of the main period (the time for ignition), in degrees Celsius;

k (=1, is the temperature at the end of the main period, in degrees Celsius;

1"
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I

period (¢, being the temperature one minute after the beginning of the main period and ¢, = ¢);

T
T¢

n

is the time at the beginning of the main period (time of ignition), in minutes;
is the time at the end of the main period, in minutes;

is the number of 1 min intervals in the main period.

Dickinson extrapolation method (see B.5.3)

) + gt — 1)

Atex = gi(Tx -
where
T, is the
rise
g and g rep
as fo
NOTE 12  Altern

8.6.3 Adiabati

In adiabatic syst
the stirring pow
perature rise 0 t

0 =t—1

Stirring power i
corrected for, by

Detailed instruct]
given in annex A

8.6.4 Thermor

When a mercu
thermometer sh

8.7 Referenc

The temperaturg
vidual experimer

time, in minutes, where the change in temperature (¢, — ¢) is 0,6 times the observed,tem|
e — 1);

]
fesent, in principle, the drift rate, in kelvins per minute, at t; and 1; respectively: They are ¢
[ the Regnault-Pfaundler method.

atively, temperature may be expressed in some arbitrary unit throughout (see©.6.1).
c calorimeters
ems, heat exchange is by definition negligible. It is, however{common practice to compe

br by an offset in temperature in the adiabatic control systém (see annex A). The correc
hen becomes

otherwise manifested as a constant drift in_temperature throughout the experiment and
t may prolong the total period of temperature observations.

ons for the numerical evaluation of thejcorrected temperature rise 6 for adiabatic calorimg
\.

heter corrections

y-in-glass thermometer, IS used, the corrections specified in the certificate issued
hll be applied to thecobserved initial temperature ¢ and the final temperature #.

b temperature

at the end of the main period, the final temperature ¢, is the reference temperature of

—+

9 Calibration

9.1 Principle

© ISO

are the successive temperature readings, in degrees Celsius, taken at 1 min intervals during the main

perature

hlculated

hsate for
ed tem-

is easily

pters are

vith the

the indi-

Combustion of certified benzoic acid under specified conditions to gaseous carbon dioxide and liquid water serves
to make a change in temperature of the calorimeter of one unit interpretable in defined units of energy. The
classical type of combustion calorimeter can be maintained unchanged over extended periods of time in terms of
mass (heat capacity), geometry and heat exchange surfaces. This allows for calibration of the instrument to be
carried out as a separate series of measurements, establishing the effective heat capacity ¢ of the calorimeter.

This calibration constant & should not change significantly over time, provided minor repairs or other 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.

12
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Systematic errors may 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 error 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 9.3).

9.2 Calibrant

9.21 C

ertification conditions

The cert
and initig
erence t
an equili
by the €
oxygen.
merical

9.2.2 (Calibration conditions

The calih
bombs W
used. Fo
then be

NOTES

13 The
acid certit
spectively

14 As |
(25 £ 2)
within +

15 If lar
fication ¢
5,0 ml of
in the fra

16 Whe

expression to correct for such deviations is given in the certificate.

Ticate value tor the energy oif combustion ot benzoic acid refers to a process where the
| water, respectively, is 3 g/l of free bomb volume, the initial pressure of oxygen is_8)0-N\
bmperature is 25 °C. The products of combustion are defined as gaseous carbon dioxide,
brium amount of carbon dioxide dissolved in the aqueous phase. Any nitric acid formed
nergy for the process, where the acid is decomposed to form liquid water, and gaseo
When calibrations are performed under different conditions, the certificate value shall be

ith an internal volume of about 300 ml, 1 g of calibrant and T°ml of water initially in the bo
r bombs with a volume nearer to 200 ml, 0,6 g of benzoi¢ acid is preferable; the amount
reduced accordingly.

Correction terms (per gram of benzoic acid) for deviations from certificate conditions, quoted fronf
5 J/MPa; 1,1 J/g-1™'; 0,8 J/g-I" " and — 1,21J/K.

pbng as the initial pressure of oxygen and the reference temperature are kept within (3,0
C. respectively, the departure from. certification conditions caused by pressure andjor tempera
B J/g and need not be accounted-for.

her amounts of water, e.g. 65.ml/g of calibrant, are used, this is usually the most significant deviat
bnditions. For a 300 ml bomb this causes an increase in the certified value of 11 J/g. If 1,0 g of
water are used in a 2000mI bomb, the certified value increases by 20 J/g. The change is mostly caug
tion of carbon dioxide dissolved in the bomb liquid.

N the total heaticapacity of the calorimeter is small, for example in aneroid systems, the sample 1

mass of sample
/IPa and the ref-
liquid water and
is corrected for
us nitrogen and
adjusted. A nu-

ration conditions determine the overall calorimetric conditiops'for the subsequent fuel determinations. For

mb are normally
of water should

a typical benzoic

icate, are for the initial pressure, mass of samiple, mass of water and reference temperature of the experiment, re-

+ 0,3) MPa and
ture deviations is

on from the certi-
benzoic acid and
ed by an increase

nass may have to

be reducdd in order/to, limit the total change in temperature (see annex C).

9.3 V1Iid working range of the effective heat capacity ¢

It ought to be possible to vary the amount of calibrant at least + 25 % without getting a significant trend in the
values obtained for the effective heat capacity. If this is not the case, the working limits for a constant value of ¢
shall be defined in terms of total temperature rise measured. All subsequent measurements of calorific value shall
be kept within these limits.

A plot of ¢ values, as a function of mass of calibrant used, reveals whether there is a significant trend in the ef-
fective heat capacity for a particular calorimeter. In this test the calibrant mass should be varied from 0,7 g to
1,3 g, or an equivalent relative amount, and a minimum of 8 experiments should be performed. There is no need
to vary the initial amount of water in the bomb.

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 g and 1,3 g sample masses, re-
spectively, are compared with the certificate values. This normally suffices to ascertain whether the effective heat

13


https://standardsiso.com/api/?name=7e60ef157977c5d77106edc4c3bc3c47

ISO 1928:1995(E) © 1SO

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 ¢ values on the high side when 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
normally analysed. A moderate trend in ¢, e.g. + 0,3 % for a + 30 % variation in the observed temperature rise,
may be compensated for by expressing the effective heat capacity ¢ as a function of (4 — ) over some defined
range. Similarly, if a non-linearized temperature sensor is used, ¢ may be expressed as a (linear) function of
(t — ), provided stringent criteria are also established for how much # or ¢ is allowed to vary.

Deviation of ¢ from a constant value, as discussed here, is caused by the physical design of the calorimeter
and/or shortcomings in the temperature control of the instrument. For a particular set-up, examination.of| the ap-
plicable range of|e from a given set of calibration conditions should be carried out when the instrumett, is| new or
has been subjected to major repair or moved to a different location, and when changes in the temperaturd control
system have occjrred. Some adiabatic systems need to be checked on a more regular basis (se€annex A). Some
automated calorimeters require calibration with a prescribed variation in sampie mass (see ammex C).

9.4 Ancillary contributions

In addition to thg energy from combustion of benzoic acid, there are contributions from combustion of tha fuse(s)
and the formatiop of nitric acid (from “air” nitrogen in the gaseous phase). Thecontribution from a fuse is|derived
from the amount|involved and the appropriate energy of combustion. Any unfeacted fuse wire has to be taken into
account, i.e. subfracted from the initial amount.

The amount of nftric acid formed is determined on the final bomb spldtion, for example by acid-base titratjon (see
8.5).

In most systemg the contribution from the fuse(s) can be kept-hearly the same in all experiments (fuel and cali-
bration) and can ponsequently be assigned a constant value, For a given bomb configuration, the amount|of nitric
acid formed in cqlibration experiments is approximately proportional to the amount of benzoic acid burned.

9.5 Calibratign procedure

For the ordinary|series of calibrations, five satisfactory combustions on benzoic acid shall be carried qut. The
sample shall be purned as pellets (see 5'5). The calorimetric procedure described in clause 8 shall be followed.
Recommendations concerning sample.mass and initial amount of bomb water are given in 9.2.2 . It i§ advan-
tageous to use g crucible of low mass’ for the benzoic acid combustions. The initial temperature shall be|chosen
such that the reference temperature of the experiment (defined as #, see 8.7) is within the chosen rangq for the
reference tempefature.

The design of tIe calibration experiment, in terms of oxygen pressure, amount of bomb water, rierence
temperature, dyration of the fore, main and after periods, etc., defines the detailed procedure for sub-
sequent fuel comhbustions.

When 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 (4 —#) (see 9.3), the number of calibration experiments shall
be increased to eight or more. The mass of sample for the individual experiments is 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 (4 — ) relationship.

9.6 Calculation of effective heat capacity for the individual experiment

9.6.1 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 calcu-
lated as follows:

14
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_ Mya X Gy ba + quse + Qign + QN
0

&

where
my, is the mass, in grams, of benzoic acid (5.5);

qva IS the certified gross calorific value at constant volume, in joules per gram, for the benzoic acid (see

a9 1)
J.L. ],

Onse 18 the contribution from combustion of the fuse, in joules;

Oign—1s the contribution from oxidation of the ignition wire,_in joules;

On is the contribution from formation of nitric acid (from liquid water and gaseous-fitrogen and oxygen,
see 9.2.1), in joules;

0 is the corrected temperature rise, in kelvins or in an arbitrary unit (see 3.6.and 8.6).

¢ is normally expressed in joules per kelvin. When 6 is expressed in arbitrary(units, ¢, wiil, of codrse, be expressed

in joules per this arbitrary unit, e.g. joules per ohm

The contribution from combustion of a cotton fuse is 17 500 J/g and from a nickel-chromiun| wire 6 000 J/g.
Platinun} wire melts and resolidifies and gives no net contribution.

When the sum Qys + Qign is nearly the same, within a few joulesin all experiments, it can be asgigned a constant
value. Itfis not generally recommended to incorporate Qs + Qg7 in the value of ¢, unless it is i itself small and
the varigtion in 6 is less than 4+ 20 %.

For the[ formation of nitric acid from liquid water and gaseous nitrogen and oxygen, thd contribution is
60 J/mmol, for example equivalent to 6,0 J/ml of saditm hydroxide [c¢(NaOH) = 0,1 mol/I] used in titrating the
bomb sglution (see 8.5).

9.6.2 (onstant total-calorimeter-mass/basis

When the system is operated such that the calorimeter can with the assembled bomb and the Water always has
the samge total mass, the amount.of)'water in the can will vary slightly, depending chiefly upon [the mass of the
crucible Jused. It is then convenient'to define ¢, as the effective heat capacity for the hypothetical |calorimeter with
no cruciple in the bomb, as given by the following equation:

€y =& + My X Cpaq

. is equal'to ¢ as defined in 9.6.1;

m | ~is'the mass, in grams, of the crucible used in the calibration experiment (see note 18);

»aq 1S the specific heat capacity of water, in joules per gram kelvin, when the ¢ values are in joules per
kelvin. At 25 °C it is equal to 4,18 J/(g-K).

When arbitrary “units of temperature” are used, the value of Cy,aq Shall be adjusted accordingly. The relation be-
tween the kelvin and the unit utilized need only be known to W|th|n + 10 % for this purpose.

NOTE 18  In the equation for ¢,, the second term is derived from

Mg, X (Cp,aq pcr) + Msample X (¢ Cp.aq cp,Sample)

The second part of this expression may be incorporated in ¢, without loss in accuracy, as its value will not vary significantly
between calibration and fuel experiments. The expression is then reduced to

Mee X (Cpaq — Cper)

15
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which in most cases may be simpified to mg, x ¢, .4 as given in the equation for ¢,. However, when a wide variety of crucibles
are used, the heat capacity of the crucible may have to be accounted for. For instance, if a 10 g platinum crucible is used for

the calibration experiments and a 10 g quartz crucible is used for the fuel combustions, an error of 6 J/K is introduced if Cper 1S
not taken into account, corresponding to 18 J for a 3 K temperature rise. The correct equation is then

& = & + Mg X (Cp,aq - Cp,cr)
The specific heat capacities for platinum, quartz and steel are 0,133 J/(g-K), 0,74 J/(g-K) and 0,45 J/(g-K), respectively.
9.7 Precision of the mean value of the effective heat capacity ¢
9.7.1 Constant value of ¢
Calculate the arithmetic mean ¢, and the standard deviation from the results of the individual-calibration exper-
iments, ¢ (see 9.p.1) or ¢, (see 9.6.2), respectively. The standard deviation shall not exceed 0,20 % All resuylts from
the current serigs of calibrations shall be included in the calculations; only experiments with~evidence of incom-
plete combustion may, and shall, be discarded.
Provided the prgcision requirement is met, the arithmetic mean £(n) OF &yn) respectively, is regarded as the value
for the effective|heat capacity of the calorimeter.
If the precision fequirement is not met, the cause for the unsatisfactory results shall be identified and cgrrected,
and a new serie$ of calibration experiments shall be performed.
9.7.2 ¢ as a function of the observed temperature rise
When ¢ cannot be regarded as constant, list the individual values of ¢ (see 9.6.1) or ¢, (see 9.6.2), respectively,
together with the corresponding values for the observedctemperature rise (4 — ¢), for clarity denoted A4 Fit the
results to a straight line by linear regression with At as the independent variable. In addition to calculating the co-
efficients a and b for

E=a+bxAt
the estimate of the variance s about the lié)shall be calculated. For convenience, 0 may be used instead of At.
The standard dgviation s shall not exceed 0,20 %. Only results from experiments with evidence of ingomplete
combustion may], and shall, be discarded in the calculations.
Provided the prgcision requirement is met, & as defined above is regarded as the value for the effective |heat ca-
pacity of the calgrimeter to be‘used in the calculations of the calorific values for the fuels. The valid working range
in terms of the gbserved<4emperature rise shall be clearly specified.
If the precision fequirement is not met, the cause for the unsatisfactory results shall be identified and c¢rrected,
and a new serieg ©f)calibration experiments shall be performed.

9.8 Redetermination of the effective heat capacity

When any significant part of the system is changed, the mean effective heat capacity shall be redetermined (see

9.3). It shall also

NOTE 19

be redetermined at intervals not longer than 6 months.

experiments using benzoic acid as a test substance (see 9.3).

It is recommended, especially on a new system, to check the calibration regularly by performing a few monthly

Where a change to the system is not involved, the new mean value of ¢ shall be within 0,15 % of the previous
value. If the difference is greater than 0,15 %, experimental procedures shall be examined and the cause of the
problem identified and dealt with.
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10 Gross calorific value

The calorimetric conditions for the fuel combustions shall be consistent with those of the calibration experiments
(see 9.2.2 and 9.5). With the calorimetric procedure under satisfactory control, ascertaining complete combustion

of the fuel is the most important issue.

Fuels with a low content of volatiles, e.g. coke, tend to be difficult to burn completely in the bomb and may have
to be burned in a crucible of low mass, preferably in poor thermal contact with the crucible support. An alternative
strategy, partlcularly useful wnth coke is to mix the fuel sample with a combustlon aid, e.g. benzoic acid or a

hydrocarban oi combustion (see
8.1 and B.2.2).

The varigtion in the correction for nitric acid is often on the borderline of significance. Whan-the [sulfur content is
determimned separately on the sample, the nitric acid correction may be assigned a censtant pef-gram-of-sample
value. Alsimilar strategy shall then be adopted for the calibration experiments. As pitri¢’acid fornpation largely de-
pends on the combustion temperature and is enhanced by nitrogen in the samplée, the nitric dcid correction is
normallyl different for fuel and benzoic acid combustions, respectively. It may-also vary significdntly for different

types off fuels.

When apalysis of the bomb washings for sulfuric and nitric acid is required, the procedure described in 8.5, or an
equivalent one, may be used.

10.2 Coal combustions

Duplicatp combustions shall be made. A representative 'sample shall be taken from the analysis sample (see
clause 7), which is used without further pretreatment, The amount shall be such that the obseryved temperature
rise is wWithin the range of the calibration experiments.~The calorimetric procedure described in $.2.1 to 8.6 shall
be followed, with the same calorimetric conditions~as in the calibration experiments (see 9.2.2).

Usually | g of coal is the appropriate test portion. For high-ash coals the use of for example 0,75|g of sample and
a shalloyv, low-mass crucible (foil) usually(facilitates complete combustion. If the observed temperature rise falls
outside fhe valid range for ¢, the calibration shall be confirmed for the extended range (see 9.3).

10.3 (oke combustions

The same general conditions-as’prescribed for coal (see 10.2) apply for coke. The use of a lined|crucible (6.3), or
something equivalent, iscdécommended. The coke sample shall be distributed evenly in the frucible. Certain
unreactiye cokes may.persistently leave residues that contain significant amounts of unburned|sample or soot.
Optimum conditions.for clean combustions may be investigated by varying the amount of samplg.

NOTE 20| Lowersample mass and the addition of one or two drops of distilled water to the sample after yeighing may lead
to complete comibustion of some cokes that are difficult to burn.

A superier-strategy-ray-be-to-use—a-combustionaid-to-promote—completecombustiorofthe—sarmple (see 8.2.2).
The optimum proportion of combustion aid to coke sample depends on the properties of the particular coke and
needs to be determined by experiment.

The nitric acid correction for coke is usually smaller than that for most coals. When an auxiliary material is used,
the correction for nitric acid per experiment will normally be larger than in combustions with coke alone.

10.4 Calculation of gross calorific value
10.4.1 General

The energy change for the total bomb process is given by the effective heat capacity ¢ multiplied by the corrected
temperature rise 6. To derive the energy of combustion of the fuel sample, the energy contributions from all the
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ancillary reactions shall be subtracted from & x 6 (see 9.4). When a combustion aid is used, its contribution is
usually the largest ancillary quantity and shall be accurately accounted for.

Moreover, sulfur in the sample quantitatively yields sulfuric acid in the bomb, whereas the required state of sulfur
for the calorific value of the fuel is gaseous sulfur dioxide (see 4.1). This is accounted for by a term representing
the decomposition, at constant volume, of the aqueous sulfuric acid into gaseous sulfur dioxide and oxygen, and

liquid water.

The derived calor

ific value for the fuel is the gross calorific value at constant volume.

10.4.2 Constant mass-of- -
Calculate the grgss calorific value at constant volume from the individual experiment by substitutingyinto|the fol-
lowing equation:
€n) X ) — quse - Qign - QN — My X gy Qs

Qvgr = m T my
where

dvq IS the|gross calorific value at constant volume of the fuel as analysed, if-joules per gram;

¢ny IS thejmean value of the effective heat capacity of the calorimeter@as determined in the calibratigns (see

9.6.1){ in joules per kelvin, or, alternatively, in joules per some drbitrary unit (see note 17):

0Os is the |correction for taking the sulfur from the aqueous sulfuric acid to gaseous sulfur dioxide, if joules;

m, is the|mass, in grams, of the sample of the fuel;

my is the|mass, in grams, of the combustion aid (if relevant);

qvz is thelgross calorific value at constant volume of the combustion aid (if relevant), in joules per gram:;

0, Otyser Qign pNd Oy are defined in 9.6.1.
NOTE 21 When ho buoyancy correction is applieeto m,, care shall be taken to ensure that qy , is valid for “per gram pveighed
in air"”.
The energy quantities required to caleulate the contributions from fuse, ignition wire and formation of nifric acid
are given in 9.6.1f Specific heat capacities for water and some common crucible materials are given in 9.4.2.
To account for the reaction where sulfuric acid decomposes into liquid water and gaseous sulfur diox|de and
oxygen, the corregtion is 302\dfmmol, equivalent to 9,41 J/mg of sulfur, which in turn corresponds to a QOs/m, value
of 94,1 J/g of sarpple for\1\% of sulfur in the analysis sample.
When the analytifal‘procedure described in 8.5 is used, the contributions from sulfuric and nitric acids are given
by

Qs =15,1(\,

+V, —20,0) and

On =6,0(20,0 —V,), respectively,

where
Vi is the
v, is the

volume used, in millilitres, of the barium hydroxide solution (5.4.1):;

volume used, in millilitres, of the hydrochloric acid solution (5.4.4).

The certification-condition value may be used for benzoic acid utilized as a combustion aid, provided 1 ml of water
is used initially in the bomb. For larger amounts of water, it is recommended to adjust the per-gram value in ac-
cordance with the amount-of-water term in the certificate.
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The mean value of duplicate determinations is regarded as the gross calorific value for the analysis sample of the

fuel.

10.4.3

Constant total-calorimeter-mass basis

In this case, the mean value of the effective heat capacity £xn) IS the one derived from the individual ¢, results (see
9.6.2) and represents the calorimeter without a crucible. The value of ¢ valid for the actual fuel experiment is

&, =

where

So(n) - mcr X Cp'aq

mCI'

NOTE 22

¢, replades g, in the equation given in 10.4.2 for the calculation of the gross calorific value at con

the fuel|sample from an individual experiment. The mean value of duplicate determinations is re
sulting Malue for the analysis sample of the fuel.
10.4.4 [c as a function of the observed temperature rise
When it|is required that the effective heat capacity of the calorimmeter is expressed as a function
tempergture rise (see 9.3 and 9.7.2), ¢, in the equation in.1074.2 and Eony IN the equation in 10.4
shall be|replaced by
E=h+bxAt

where

the qoefficients a and b are derived from-the calibrations (see 9.7.2):

At is|the notation for the observed temperature rise ( — ), in kelvins or the arbitrary unit use

fuel experiment. For convenience)® may be used instead of At (see 9.7.2).
The megn value of duplicate determinations is regarded as the resulting value for the analysis sa
10.5 Hxpression of{results
As the moisture gontent of the actual analysis sample is of interest merely in connection with t
other bapes, it is-reCommended to calculate a value for the gross calorific value at constant volumse
using the following equation:

rs—themass, i grams, of thecrucibte used-mthefuetcombustion:

the other symbols are defined in 9.6.2.

aq IN the calculations of «,.

If the heat capacity of the crucible has been taken into account (see note 18 to 9.6:2)in compliting the g, values,
(¢5,ag — Gpf) Shall be substituted for c,

stant volume for
parded as the re-

of the observed
.3, respectively,

bd, for the actual

mple of the fuel.

he calculation to
for the dry fuel,

100

qV,QI’,d = V,gr 100 - M

where

dv.gra IS the gross calorific value at constant volume of the dry (moisture-free) fuel, in joules per gram;

M

Qv,gr

is the moisture in the analysis sample, in percentage by mass;

is defined in 10.4.2.

The calorific value at constant volume required for any particular moisture basis Gv.grm IS derived from the following

equation

qV,gr.m = qV,gr,d X (1 - O,O1MT)
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where My is the total moisture content, in percentage by mass, for which the calorific value is required, normally

for the fuel as sampled or as fired, and (1 — 0,01M;) =

100 — M;
100

The result shall be reported to the nearest multiple of 10 J/g with unambiguous statements concerning the states

constant volume

10.6 Calculat

, gross (liquid water), and moisture basis (e.g. dry or “as sampled”).

ion to other bases

For the calculation of results to other bases, refer to ISO 1170.

11 Precisio

11.1 Repeat

The results of d
apparatus within

11.2 Reprodt

The means of th
portions taken f
300 J/g.

12 Calculation of net calorific value at constant pressure

12.1 General

The main differd
reaction product
purposes is the
value may be deg
hydrogen conter]
estimated. In ad
of the product s
cluded in the ter

NOTE 23 Then
culated, once a m
quence.

bility limit

iplicate determinations, carried out in the same laboratory by the same opegrator with the same

a short interval of time on the same analysis sample, shall not differ by more than 120 J

jcibility limit

e results of duplicate determinations carried out in each of)'two laboratories, on repres
om the same sample at the last stage of sample preparation, should not differ by m

nce between the gross and net calorific values is related to the physical state of watd
5 (compare definitions 3.1 to 3.3). The calorific value of the fuel most commonly used for

/9.

entative
bre than

er in the
practical

het calorific value at constant pressure for the fuel with some specified moisture contgnt. This

rived from the gross calorific)value at constant volume for the dry sample, provided that
t of the moisture-free sample can be determined by experiment or, for the particular fuel
fition, the oxygen and\nitrogen contents of the moisture-free sample “add” to the gaseol
ystem and should,\in“principle, be taken into account. For this purpose the nitrogen ma
m for oxygen.

bt calorific value at constant volume (see 3.2) for the fuel at some specified moisture level is as 4
pasure of the hydrogen content is available. In this case, the oxygen and nitrogen content is of 1

the total

reliably
s phase
y be in-

pasily cal-
0 conse-

12.2 Calculations

The net calorific value at constant pressure may be calculated by the following formula. This formula takes account

of any change in

moisture level that may be required. For calculations to other bases, see ISO 1170.

q[;,net,m = {qV,gr,d — 212W(H)d —_ O,8[W(O)d + W(N)d]} X (1 —_ 0,01MT) —_ 24,4MT

where

9p.netm

M,

Qv gr,d

10.5);
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is the net calorific value at constant pressure, in joules per gram, of the fuel with moisture content

is the gross calorific value at constant volume, in joules per gram, of the moisture-free fuel (see
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w(H)4 is the hydrogen content, in percentage by mass, of the moisture-free (dry) fuel (including the hy-
drogen from the water of hydration of the mineral matter as well as the hydrogen in the coal sub-
stance);

w(O)y4 is the oxygen content, in percentage by mass, of the moisture-free fuel;

w(N)y is the nitrogen content, in percentage by mass, of the moisture-free fuel;

M; is the total moisture content, in percentage by mass, for which the calculation is required. On the
dry basis, My = 0; on the air-dried basis, My = M (see 10.5); on the as-sampled or as-fired basis, M;

is the total moisture.

NOTES

24 m(Q)y + w(N),] may be derived by subtracting from 100 the percentages of ash, carbon, hydroged-and

25 The|net calorific value at constant volume may be calculated from the following equation:
Qv,nelm = [qv,gr,d - 206W(H)d] X (1 - 0'01MT) - 23,0M-|-

where g ... o is the net caiorific vaiue at constant voiume, in jouies per gram, of the fuéi'with a moisture
other syimbols are defined above.

13 Test report

The test report shall include the following information:

a) an identification of the sample tested;

b) a reference to this International Standard;

c) the fesults with reference to the state(s) valid for the calorific value(s);

d) any|unusual features noted during the determination.

sulfur.

content of M;. The
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Annex A
(normative)

Adiabatic bomb calorimeters

A.1 Principle

c calarimeter there is no heat nvnh:nno between the calorimeterand-ts-surreunding—ther

© |SO

In a truly adiabati
(water jacket). H
temperature. Ide
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temperature, i.e.
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Pat exchange takes place via common boundaries, the driving force being a net differ]
lly, therefore, the whole of the outside surface of the calorimeter can, including the id,
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mperature which at all times dunlly ainl exXperiment is to be matched Uy uu—: also unifort

with zero thermal head, there is no net flow of heat between calorimeter and thermosta

ever, there will still be a slow rise in calorimeter temperature caused mainly by the stirrina.oos
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shaft, ignition lea
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A.2 Sources

Truly adiabatic cg
imeter temperaty
mines how effe
uncontrolled heat
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ve contributions, from thermometer probe self-heating and from condtiction of heat alon
s, thermometers, etc. For convenience, “adiabatic” calorimeters are often operated with
head to balance, i.e. offset, this upward drift in temperature.

of error for the real calorimeter

nditions are difficult to achieve in practice, in particular'during the rapid part of the rise |
re upon ignition of the sample. The design of thexthermostat and the way it is operate
tively it responds to the change in calorimeter temperature and hence also the ex
exchange.

When the calorinpeter itself has no lid, its upper heat exch@nge properties are largely determined by the

of the calorimetef

such an “open”
period, accompan

water together with the surface of, for.example, bomb parts extending above the watg
alorimeter there is always some ungontrolled evaporation of calorimeter water during tf
ied by a corresponding “heat loss*“~The magnitude of this error is mainly a function of ho

the thermostat ljd lags behind in temperature during the main period.

Unless special pr
contact with the
uncontrolled heat
thermal equilibriu
imeter water sing
In fact, the conds

To minimize heat
important to keeq
dry. Generally, er

pcautions have been taken jn'its design and mounting, a calorimeter lid is usually in poor
calorimeter itself. It then-lags behind in temperature and may, for instance, be respons
leakage from the thermostat. It may also prolong the time required for the calorimeter t
M or steady-staté~On the other hand, a lid prevents a net heat loss from evaporation d
e this will copdense on the inside of the lid, restoring the evaporation energy to the calo
nsing waterassists the thermal equilibration of the lid with the rest of the calorimeter.

exchange ‘caused by temporary temperature differences that cannot be prevented entirg
the outside surface of the calorimeter, and the “inside” of the thermostat, clean (polish

rmostat
ence in
should
n, tem-

ner wall of the thermostat well and lid that are facing the calorimeter. Without any diffefence in

t. How-
AA+ I ANA
UILlUlIdl

y stirrer
a small

n calor-
l deter-
tent of

surface
r. With
€ main
v much

thermal
ible for
D reach
f calor-
imeter.

ely, it is
ed) and

orsyand insufficiencies that differ or vary between calibration and fuel experiments are th

e ones

that in the end af

A.3 Adiabati

eCl the accuracy o1 the Tinal results.

¢ conditions

A.3.1 Thermostat

When 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,CO5) at the specified level in order to maintain the heating
power about the same in all experiments. A diminishing salt concentration may significantly hamper the heating
rate, eventually leading to difficulties in achieving adiabatic conditions during the combustion of the sample.
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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 manual. In par-
ticular, select that setting of the bridge circuit that results in zero or minimum drift in calorimeter temperature at
the final temperature of the experiments (see A.5).

NOTE 26 _ Non-linear sensors are often used in the temperature control circuits. Unless the two sensors are perfectly
matched, |t is not possible to obtain zero drift in temperature over the whole of the selected working rangde, |Neither is it then
possible tp achieve zero thermal head over the whole range with one bridge setting. Imperfectly matéhed|sensors also put
restrictions on the acceptable variation in the final temperature of the experiments.

In a welljbehaved calorimeter, the adiabatic control settings usually need little or noshort-term adjustment. This
shall, hoyvever, be verified by regularly checking the drift rate at the final temperature, for example by following
the templerature over a 5 min to 10 min period in excess of the normal duration ©f)the experimentt. A drift rate of
0,001 K/rpin or more at the final temperature shall be eliminated by adjustment.cPthe control settings, or corrected
for (see 6.2.4 and A.5).

A.4 Injtial steady state and length of the main period

The equilibration period serves to let the various components of.the assembled calorimeter reach|a uniform tem-
perature.[Simultaneously, the adiabatic controls work to bring the thermostat to its working temparature, close to
that of the calorimeter. Let a few minutes pass after the<gontrols have indicated that the temperature of the
thermostpt and of the calorimeter are about the same before taking readings of the calorimeter temperature at
1 min intgrvals.

When thfee consecutive readings yield the same “value, within 0,001 K or better, or when they all change by the
same (limited) amount (constant drift rate) the charge may be fired.

NOTE 27 | The expected duration of the combined equilibration and fore period for most adiabatic systemslis in the order of
8 min to 10 min. However, subjecting any part of the calorimeter to substantially deviating temperatures il between exper-
iments mdy significantly prolong the time for thermal equilibration of the calorimeter.

Dependirlg on the type of samplé, the combustion in the bomb takes from about 10 s to 25 s. Thee time required
for the tgtal amount of heat\released to become uniformly distributed, i.e. for all parts of the calofimeter to attain
a uniforn temperature, is-ptimarily a function of stirring pattern and stirrer efficiency. The main pdriod shall cover
this temperature equalization time but there is no merit in making it longer than necessary.

The length of the.fmain period is determined in a series of calibration experiments where readings|of temperature
are takenfat 1 min intervals from the time of firing the charge in each experiment. From these obs ervations, note
the time,|in Minutes, from the time of firing until the second of three consecutive readings that @lo not differ by
more thap 0,001 K is reached. The largest of these specific times from five calibration experimehts defines the
length of the main period. It shall not exceed 10 min, nor shall the time periods evaluated from the individual ex-
periments differ by more than 2 min.

When normal 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.

A5 Correction for drift at the final temperature
When the adiabatic controls are set to give zero drift at the final temperature, the corrected temperature rise is

6 =1 — 1 (see 8.6.3) where ¢ is the calorimeter temperature at the time of firing the charge and % is the tempera-
ture at the end of the main period.
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A limited drift in temperature prior to ignition of the sample need not be accounted for in the calculations. Signifi-
cant 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 com-
mencing 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 final temperature, the correction may be based on such a fixed rate.

NOTE 28 A drift rate of 0,001 K/min unaccounted for would, with a main period of about 10 min, result in an error in 8 of
approximately 0,01 K. For ¢ values of about 10 kJ/K, the resulting error in the calorific value of the fuel would be in the order
of 100 J/g. If exactly the same error from the same source is made in the calibrations and in all fuel experiments, it will of
course be of no consequence for the final result, at least as long as the variation in 8 stays within about + 30 %.

The final drift rdfe g; N K/min, shall be determined over a ime period that is at least half of what the corfection is
supposed to cover. For a main period of 9 min, this gives a rating period of 4 min.

NOTE 29 Whep the total temperature change of the calorimeter is expressed in units other than température ($ee 9.6.1),
g is the correspopding per minute value of that unit.

The corrected temperature rise 6, corrected for drift at the final temperature, is calculated from the equgtion

6=t —|g x (a1 — 1)

where
At is thie length of the main period, in minutes;
& is cdlculated from the equation
o = U aa_ i

where  , , is the temperature 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-temperature readings|at 1 min
intervals from the end of the main period onwards:

A.6 Strategy for checking on bias

For adiabatic cgmbustion calorimeters, the' main source for systematic error in the measurement is relatied to dif-
ficulties in maintaining adiabatic conditions during the rapid part of the temperature change in the calorimpter. This
is manifested gs an upward trend\in/the values obtained for the effective heat capacity with increasin sample
mass. Fast-burfing samples, such’/as paraffin oil, usually aggravate this problem and this type of heat-leak error
may not cancel|between calibration and fuel experiments.

In most calorinpeters, alcheck 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 funiction, of time together with time-temperature values for the calorimeter. For adiabatic caldrimeters,
readings of caldqrimeter temperature are, in f i i ' i i ther 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 plot, the two temperature “scales” are simply made to co-
incide 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 6, or sample type for com-
parable values of 6, indicates that there is a risk of systematic error in the determinations of calorific value. Special
care Is then required in restricting the variation in heat evolved per experiment to a safe level and range.
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Annex B
(normative)

Isoperibol and static-jacket bomb calorimeters

B.1 Principle

The characteristic feature of isoperibol calori

thermost
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in conformity with Newton's law of cooling, i.e. the heat flow between calorimeter and thermostat

proportio
this is ex

dq |
dr |

where

dg
dr

In the abgve equation'dg (heat change) may be replaced by c,dr (heat capacity x temperature chan

capacity
equation

s a thermal capacity such that, even without active control, its temperature remajns
pasurements. In both cases there is a flow of heat between the calorimeter itself and
ers surrounded by thermally insulating material behave largely as static-jacket-calorimetél

nange between calorimeter and thermostat takes place via common boundaries, the dri
nal head. Ideally, the whole of the outside surface of the calorimeter can, including the
temperature equal to that measured by the temperature sensor in the’ calorimeter. The
wall of the thermostat well and lid facing the calorimeter should remain constant and unif
iment.

it possible to evaluate and correct for the actual heat exchange, the calorimeter as a wh

hal to the actual temperature difference for a sufficiently'large range of thermal head. For
pressed as

k(G —1)

is the heat flow into the calorimeter;
is the jacket temperature;
is the calorimeter temperature;

) is the thermal head;

is the Newton's law cooling constant.

pf the_calorimeter ¢ can be regarded as constant over the temperature range of an g
then.becomes

dt

i i j he surrounding
bt is kept constant throughout the experiment by active control. The thermostat of a_sta ic-jacket calor-

nearly constant
the thermostat.
rs.

ing force being
id, should have
temperature of
orm throughout

ble shall behave
shall be directly
the calorimeter

ge). As the heat
xperiment, the

dt

where
dr

T

G
P

st

=G(tj—t) + P,

is the rate of temperature change (drift) in the calorimeter caused by the flow of heat:
is a constant generally referred to as the specific rate constant:

is the power of stirring.
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The requirement that the power of stirring shall be constant throughout an experiment (see 8.1) allows dt/dt to
be expressed as

dt/dt = G(t,, — 1)

whara
VVIITI O

t. is the temperature that the calorimeter would eventually attain if left running for an extended period
of time;

G and 1, are evaluated from the time-temperature measurements of the rating periods, the fore and the after
period, respectively (see figure2 in 8.1).

The contributioff from heat exchange 1o the total observed temperature rise in the main period is obtaifjed by in-
tegration:

using the time-femperature readings (1, t) of the main period.
B.2 Sources of error for the real calorimeter
Making the isothermal jacket of an isoperibol calorimeter behave as requirdd)in terms of constant and uniform

temperature prg¢sents no real problem, provided that the thermostat fluid_is. circulated through the thermostat lid
at a reasonable(rate.

In a static-jackeft calorimeter, the thermostat temperature will change~slightly during an experiment, witH a some-
what different profile when the calorimeter temperature rises upon firing the charge. The thermal capacjty of the
thermostat shall be such that for a specific rate (cooling) constaht G of 0,002 0 min~ ", the rise in temperature of
the jacket watef is less than 0,16 K from the time of firing the charge to the end of the after period; for & specific
rate constant of 0,003 0 min~’, it shall be less than 03 K. The drift in temperature of the thermostpt is pro-
portional to the[thermal head.

A calorimeter ligd in poor thermal contact with thesmain part of the calorimeter lags behind when the temperature
changes rapidly| in the main period, and may give rise to an unpredictable heat exchange with the therqostat. It
may also prolorg the time required for the calorimeter to reach thermal equilibrium or steady state. On the other
hand, a lid previents a net heat loss from evaporation of calorimeter water since this will condense on the inside
of the lid, restgring the evaporation €nergy to the calorimeter. In fact, the condensing water assists thé thermal
equilibration of fthe lid with the rest’af the calorimeter. The choice of thermostat temperature affects the evap-
oration losses when the calorimeteér has no lid.

Variations in heat exchange,properties are minimized by keeping the outside surface of the calorimetef and the
“inside” of the thermostat'clean (polished) and dry. The specific rate constant G then should not vary by more than
+ 3 % from ong expefitent to the other. Larger deviations may, for example, be indicative of stirrer malfunction.
It should be enpphasized that the errors which really affect the accuracy of the final results are those that differ
or vary between ‘ealibration and fuel experiments.

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 K to
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 minimizing evaporation losses. This is particularly important when the calor-
imeter has no lid.

The same argument applies to static-jacket calorimeters.
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B.4 Rating periods

B.4.1 Initial steady state and fore period

A few minutes should be allowed to let the various components of the assembled calorimeter reach a uniform
temperature after turning the stirrer on, before readings of temperature are taken at 1 min intervals. The initial
rating period, the fore period, in principle begins as soon as the calorimeter reaches a steady state in terms of
temperature drift rate. For successive 1 min intervals, the temperature increments should then not differ by more
than 0,002 K/min or the average difference should not exceed 0,001 K/min. A fore period of 5 min (6 readings;
5 increments) should suffice to establish the value of (dr/dr); = g, the initial drift rate. For an increase in tempera-
ture, g has a positive value (> 0).

NOTE 30 | The calorimeter temperature, as a function of time as a whole, is an exponential going asymptotlcally to z,.. How-
ever, durirjg rating periods of 10 min or less, the curvature is negligible except in cases of a large thermal head, in excess of
5 K, in combination with a large value for the specific rate constant, greater than 0,005 min~".

The charge is fired directly upon taking the last reading of temperature in the fore pefiod’(see 8.4)

B.4.2 After period and length of the main period

The final |rating period (the after period) begins when all parts of the calofimeter have attained b uniform tem-
perature after combustion of the sample, i.e. when the calorimeter has‘teached a new steady stpte in terms of
temperat{ire drift rate. The time required for the total amount of heatreléased to become uniform y distributed is
primarily @ function of stirring pattern and stirrer efficiency. The durdtion of the main period shall be|chosen so that
temperatiire equalization is ensured, but there is no merit in making the main period longer than necessary.

The main|period begins at the last reading of temperature iththe fore period and ends with the beginning of the
after peripd. The latter is determined in a series of calibration experiments and is taken as the tife when, for a
subsequent 5 min period, the average deviation of thesifdividual 1 min temperature increments is| not more than
0,001 K/min. The mean of the length of time for the main period determined from five calibratioh experiments,
rounded tp the nearest minute, defines the length of the main period. It shall not exceed 10 min. Ndr shall the time
intervals gvaluated from the individual experiménts differ by more than 2 min.

The length of the main period shall be the same in the calibration and in the fuel experiments. When 8 is meant
to vary oVer a wide range, it is advisable to determine the length of the main period at the larger \alues of 6.

The duratjon of the after period should be 5 min to 7 min in order to establish the final drift rate g well enough
for the cglculation of the correction for heat exchange At,. For an increase in temperature with| time, g has a
positive vplue (> 0).

B.5 Calculation_of-the corrected temperature rise 6

B.5.1 General

The obsefvéd temperature rise, % — #, is the sum of 6, the change in temperature caused by the pfocesses in the
combustion bomb, and Af,,, the contribution Trom 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 Az, and hence 8 from the equation

0= =t — Aty
The rating periods yield

&= (%) =Gt — 1)

and
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dr
dt

5= ()

utilized in the ca

=Gt

(oo}

- tmf)

Iculation of the specific rate constant

G = & T &f
It = Iy
where
& is the drift rate in the fore (initial rating) period, in kelvins per minute;
& is the drift rate in the after {final rating) period, in kelvins, per minute;
tn  1s the mean temperature in the after period, in degrees Celsius;
fni is the mean temperature in the fore period, in degrees Celsius

Temperature may be expressed in some arbitrary unit throughout (see 9.6.1).

g and g are pre
fore and after g
increments in th

B.5.2 Regna

For time-tempe
pressed as

Aty = Gr'(z

T
where ¢, (the i

[

1
m =

where

to( = t) is the temperature at the“beginning of the main period;

by by o B

the end;

7, and 14 are

erably evaluated as the slope of a linear least-squares fitting of the timeftemperature valu
eriods, respectively. Alternatively, they are taken as the mean values-of the 1 min tem
e rating periods.

ult-Pfaundler method

[ature readings in the main period all taken at equal time' intervals (e.g. 1 min), At,, M3

L, — )0t = [g + G(tms — )] X (14— 1))

tegrated mean temperature) is calculated\from the following equation:

=n-1

o

k=1

+

k
In
+
2

.., 1, are the sdceessive temperature readings taken during the main period, ¢,( = %) bein

the times.dt the beginning and end of the main period, respectively.

B.5.3 Dickinfon extrapolation method

© ISO

es of the
perature

y be ex-

g that at

In the Dickinson extrapolation method, the objective is to find a time 1, such that

&t —m) +

gi(t = %) = G (1, — ) = ar,

tl

This is accomplished when the hatched areas a and b in figure B.1 are of equal size. The corrected temperature

rise 8 becomes
0 =t4—1—

where g and g

28
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For a combustion reaction, the time-temperature curve is close to being an exponential which means that 1, is the
time associated with the temperature where the change in temperature (1, — z) is 0,6 times the total (observed)

temperature rise (4 — ). The quantity (r, — 7)) varies with the kinetic behaviour of the combustion reaction of the
type of sample studied.

te

Temperature, t

te

tx

t % a

; Ty T Time, 1

Figure B.1 — Dickinson extrapolation
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Annex C
(normative)

Automated bomb calorimeters

C.1 The instrument

Among the vari
basic requirem
iour has to be d
for example in

reliable results.
periods of time.

There is no par]
calorific values

is aware of and
requires more f

Aneroid calorim
imeter water, th
systems but mg
to large change
ution. Converseg
aggravated by d
A countermeas
be given to the

In certain caseg
minutes into th
any loss in accy

C.2 Calibra

nts regarding a physically well-defined calorimeter, as well as instruments whose therm
scribed empirically. The former type of instrument usually demands less in terms of-comj
he amount of heat released in calibrations and in fuel experiments, respectively, in orde
Also, the effective heat capacity ¢ of a well-defined calorimeter as a rule remairs constant

icular reason to assume that instruments with a less well-defined calofimeter could nof]
With the required accuracy, provided that the repeatability is withincsome set limits and
adheres to restrictions in the choice of operating conditions. Normally a calorimeter of
equent calibrations, in some cases every day that it is used.

eters (see 6.1) are convenient for automated operation as, they require no apportioning
ereby also eliminating evaporation errors. They are usually operated as adiabatic or quasi;
y equally well be of the isoperibol type. Characteristically they have a small heat capacit
S in calorimeter temperature, thus facilitating the“measurement of # with a relatively h
ly, large values of 8 tend to increase the risk foriintroducing systematic error, in aneroid
ifficulties in achieving uniform calorimeter surface temperature during combustion of thg
ire is to limit the sample mass, bearing n"mind that for smaller samples particular atten
r being representative.

. well-defined stable calorimetric( systems allow operation in dynamic mode, i.e. alrea
e main period it is possible to.predict the final outcome of the experiment in terms of 6
racy of the results.

tion
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Ifil all the
bl behav-
barability,
r to yield
bver long

produce
the user
this kind

of calor-
adiabatic
, leading
gh resol-
systems
sample.
tion shall

ly a few
without

The effective he¢at capacity ¢ shall7in principle, be determined as specified in clause 9 with particular ref¢rence to

9.2, 9.4 and 9.5

The instrument
water, oxygen (
changes in the
possible to adju

manufacturer may specify bomb conditions (ratio of sample mass to bomb volume, inif
ressure)-that deviate significantly from those defined in 9.2.1. When these bomb conditio
energy of combustion of the calibrant (benzoic acid) larger than + 5 J/g (see 9.2.2), it

ial bomb
ns cause
shall be

st.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 bomb should be disregarded (see 4.1). The
amount, however, may be kept quite small but should be the same in all experiments.

The reference temperature of the experiments (equal to the final temperature # of the main period) should be kept
the same, within + 1 K, in all experiments. If necessary, it may be chosen arbitrarily within + 10 K from 25 °C
without seriously affecting the numerical values of the determinations of calorific value (see 3.4). A deviation in
excess of + 5 K from 25 °C should be quoted with the test result.

NOTE 31  Ancillary quantities given in 9.6.1, 9.6.2 and 10.4.2 refer, in principle, to states and reactions at 25 °C.

Some instruments call for calibration using samples differing by about a factor of 2 in mass. Correctly im-
plemented, this offers considerable flexibility for subsequent fuel measuements. Establishing a valid working range
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for the effective heat capacity ¢ is always required (see 9.3). When 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, the manufacturer may provide benzoic acid pellets of appropriate
mass with an assigned value for the energy of combustion. As a rule these pellets do not qualify as the calibrant
(see 5.5 and 9.2) but are convenient for everyday use. An alternative is to check the calibration by making a series
of measurements on a pelletized sample of certified benzoic acid at regular intervals and whenever a new batch
of the manufacturer's sample is used. The mean value from a series of five combustions, with the sample mass
about the same throughout, shall not differ by more than + 50 J/g from the certified value, recalculated when

applicable, to the actual bomb conditions.

NOTE 32  Some instruments require preconditioning by combustion of a few samples before yielding stable results. Almost
any benzoifacid {peffetized) or combustion aid (See 8.T) may be used for this purpose. The results from these fonditioning runs
should be flisregarded.

Combustipn of certified benzoic acid as an “unknown” is generally the most convenient.way df checking the
performance of a calorimeter (see 9.3).

C.3 Precision requirements for calibrations

The value
manually
requiremq

Some sys
¢ from th
vidual val
of the me|
be perfor
standard

tificate va

C.4 Cd

The cond

s of ¢ for the individual calibration experiments should be printed. or displayed so th
fecorded (in joules per kelvin or in arbitrary units together with €,in these units). Generall
nts for ¢, as given in 9.7, apply.

tems compensate for significant drift by using the mean,of the previous mean value an
p latest calibration experiment as the measure for the effective heat capacity. In such a
les of ¢ for a series of calibration experiments canrot be used to evaluate the precision
psurements. Instead, a series of individual measurements using certified benzoic acid as t
med over a period of 1 day or, at the most, -20days. For a series of five benzoic acid co
leviation shall not exceed 0,20 %. The mean‘value shall not differ by more than + 50 J/
ue (see C.2).

mparability of calibration and fuel experiments

tions specified in 10.1 to 10:3"apply, including arguments about whether thermal con

combustipn of the fuse and/or side-reactions, such as the formation of nitric acid, need to be take

in the evy

In the cal
the use o

In aneroid

luations (see 9.6.1).

ulational procedurés-of automated instruments there are normally no provisions to allow|
crucibles of widely different material and mass.

systems onsystems working on a constant mass-of-water basis, the error from disregardi

it they can be
, the precision

d the value for
case, the indi-
characteristics
he sample shall
mbustions, the
j from the cer-

tributions from
bn into account

specifically for

ng a difference

in heat capacity of.individual crucibles is
6x4C
m
where
AC is the difference in heat capacity (m, x ¢, ) of the crucible used in the calibrations and that used in

m

combustion of the fuel;

is the mass of fuel burned.

For calorimeters working on a constant total-calorimeter-mass basis, the error is estimated by

6 x Amg, x ¢, ,

q
m; (see 9.6.2).
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Getting clean combustions is the first priority. Optimizing the overall conditions to achieve it is usually worth-
while.

C.5 Documentation and print-out

The evaluation of the gross calorific value at constant volume gy o for the analysis sample shall, in principle, be in
accordance with 10.4. The value shall be given in joules per gram or another convenient unit.

The printed or otherwise recorded information on the individual experiment shall allow the user to verify the cal-
culations starting from values of 6, ¢, mass of sample, fuse and any combustion aid. The equations used should
be given in the manual itself or in an annex. Ancillary quantities used in the calculations shall be unambiguously
identifiable, and-it shall be possible to make the necessary alterations in the program required by changes in pro-
cedure, including a change in the numerical value used for the energy of combustion of the calibrant jfdalibration
experiments. Cprrections applied for ignition energy, side reactions, etc. shall be clearly stated.

The reference temperature of the experiment shall be identified to the nearest 0,2 K.

C.6 Precisipn requirements for fuel experiments

The precision rgquirements in terms of repeatability limit of the results of duplicate measurements are|stated in
clause 11.
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Checklists for the design and procedures of combustion experiments

D.1 Introduction

This annex
calorific v

those givs

The gene

imeters. [D.3 contains information pertinent to the use of adiabatic calorimeters, D.4 applies to i
imeters apd D.5 deals with the highly automated bomb-calorimetric systems. Staticjacket calorir

treated as

Numbers
Standard.
9.5 and 9
10.4. Add

— Annex
— Annex

— Annex

D.2 CHh

Calibratid
calibration

Bomb vg
Mass of
Mass of
Initial prg
Refereng

Calculation of the bomb condition value of benzoid acid:

This value

n in the main text, are repeated here for clarity.

al experimental conditions are defined in D.2 which is common to the use of‘all types

isoperibol systems.

in parentheses refer to clauses or subclauses in the main text or-annexes A to C of th
The basic calorimetric procedure is descirbed in clause 8. Thécalibration procedures a
6. The experimental and calculational procedures for the~fugl combustions are speci
tional information required for the particular type of caloriméter is given in

A and D.3 for adiabatic calorimeters
B and D.4 for isoperibol or static-jacket calorimeters

C and D.5 for other types of calorimeters

oice of general parameters

n conditions, the basis for the ¢onditions of subsequent fuel experiments (see 9.2.2 and
requirements):

lume, Viomp: in litres =
benzoic acid, my,, in-grams =

bomb water, m,ingrams = (Vaq in millilitres, may be subst

@
ssure of oxygen/ po, in megapascals =

e temperature, 1,4, in degrees Celsius =

rmination of a
ns, identical to

of bomb calor-
soperibol calor-
neters may be

is International
e described in
fied in 10.2 to

9.3 for general

tuted for m,)

1soused in the calculations of the effective heat capacity of the calorimeter, ¢ (consul

I the particular

benzoic acid certificate; see also 9.6.1 and 9.6.2).

Certificate value of benzoic acid, in joules per
= (9.2.1)
gram
(MpalVoomp) . in grams per litre — 3,0 g/l =
(Vag/Voomb) . in millilitres per litre — 3,0 ml/l =
Po. In megapascals — 3,0 MPa =
ter in degrees Celsius — 25 °C = (8.7)
Adjustment to certificate value, in joules per gram = (in accordance with the equation in the certificate)

This yields gy, In joules per gram =
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Amount of calorimeter water (8.1 and note 9 to 8.3; not relevant for aneroid systems):

a)

Mass of calorimeter water =

Or alternatively

b)

Mass of (calorimeter + water + assembled bomb) =

Additional par
Ignition wirg
Fuse:

Decide whethe
or assigned a ¢
or per-experim

D.3 Adiabs

D.3.1

Make the nece

Estimate the h

pected temperature rise At in order to determine the starting.témperature (1,4 — Af).

Determine whd
Make a series

From the time-
temperature ris

0=t —1

For a significan

0=1—1-

D.3.2 Evaluation of the effective heat capacity ¢

Calculate the e

Determination of the corrected temperature rise 0

Constant mass-of-calorimeter-water basis (8.3; 9.6.1; 10.4.2):

g

for

Constant total-calorimeter-mass basis (8.3; 9.6.2; 10.4.3):

g

ameters to consider:

© ISO

(fuse): Iy = cm or constant Oy, J (9.4; 9.6.1)

Miyse = 0 or constant Qs J (9.4, 9.6.1)

I the correction for nitric acid Qy needs to be determined by analysis for the individual e
bnstant per-gram value (not necessarily the same for calibrant and fuel(experiments, res
ent value (9.4; 10.1).

tic calorimeters

5sary adjustments to achieve adiabatic conditions (A.Gi1; A.3.2).

bat capacity of the system and, from the choicerof mass of sample, make a prediction

t the conditions are for an initial steady state (A.4).
bf experiments to determine the length of the main period (A.4; 8.2 to 8.5; 9.5).

temperature measurements (g, %) for a set of benzoic acid combustions, calculate the
e 0 for the individual experiments (A.5).

t (but limited) drift-at<the end of the main period, 8 is derived from (A.5)
g x (At — 1)

ffeCtive heat capacity ¢ for the individual experiments.

periment
pectively)

bf the ex-

corrected

For alternative

D.2a), the constant mass-of-calorimeter-water basis (9.6.1), ¢ is calculated from

My X Gy ba + quse + Qign + QN

£ =

For alternative

€y = &, T Mg X Cy g

where

€

*
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D.2b), the constant total-calorimeter-mass basis (9.6.2), ¢, is calculated from

q

is equal to ¢ as defined above;
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me, is the mass of the crucible used in the individual calibration experiment. Compare note 18 in 9.6.2.
Calculate the mean value £n) OF &) respectively, and make sure that the precision requirements are met (9.7).

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

Ancillary quantities required in the calculations are given in 9.6.1.
D.3.3 The gross calorific value at constant volume Qv

Perform the fuel combustions in accordance with the instructions in 10.2 and 10.3. 0 is calculated in the same
way as for-the-calibrations-

For alternptive D.2a), a calorimeter operated on the constant mass-of-calorimeter-water basis, calculate the
calorific value (10.4.2) from

&n) X 6 — quse - Qign - QN —my X gy, Qs
Qy,gr 7 m, - m,

For alternative D.2b), a calorimeter operated on the constant total-calorimeter-mass basis, calculate the calorific
value (10.4.3) from

&0 X 0 = Qruge = Qign = O — M2 X Gy _&

Qv,gr my m
where
g, is derived from e, = gy — Mg X €, 5

m, | is the mass, in grams, of the crucible in the.iddividual experiment.
Always uge the crucible best suited for the particuldr’sample under investigation.

Ancillary quantities required in the calculations-are given in 9.6.1 and 10.4.2.
D.4 Isqperibol calorimeters

D.4.1 Determination of the corrected temperature rise 0

Set the jag¢ket temperature to.the value chosen for the experiments (B.3).

Estimate fhe heat capacity/of the system and, from the choice of mass of sample, make a predidtion of the ex-
pected tefnperature rigse"Ar in order to determine the starting temperature (f — At).

Investigat¢ 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 ser T € main perio

From the time-temperature measurements (t,, %) for a set of benzoic acid combustions, calculate the corrected
temperature rise 8 for the individual experiments, utilizing either the Regnault-Pfaundler or the Dickinson method.

Regnault-Pfaundler method (B.5.1; B.5.2)

Determine the drift rates g and g and the mean temperatures ¢, and 1, of the rating periods and calculate the
specific rate constant G according to

8i — &

bnf = Imi

G =

Then calculate ¢, (the integrated mean temperature) and At,, (the contribution from heat exchange) according to
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and

Atex = Gr'(’m - t)dT = [gf + G(tmf - tm)] x (Tf - Ii)

T

Finally, calculate 8 from

0=t—1-

Aty

© ISO

Dickinson extljapolation method (B.5.1; B.5.3)

Make a graph
t+ 0,6 x (& —¢

g = (dt/dr),
Then calculate

0=t—1—

NOTE 33 The

of the time-temperature (t,, t) values of the main period and determine" the
This time is taken as 1,. Determine the drift rates, i.e. the slopes of the ratingperiods, a

and g = (dr/dr);

b from
&ilty — ) — &lrs — 7,)

pextrapolation time t, for the fuel experiments is likely to differ frof’that for the calibrations.

D.4.2 Evaluation of the effective heat capacity ¢

Calculate the s
D.2a) or D.2b)]

Calculate the m

The system is 1

on fuel samples.

D.43 Theg

Perform the fu
way as for the

Calculate the c3

ffective heat capacity for the individual experiments using the appropriate equation [a
as given in D.3.2.

ean value g, or g, respectively, and make sure that the precision requirements are mq

ow calibrated and the main calorimettic parameters set for subsequent combustion meas

ross calorific value at constant volume g,

b| combustions in acgdrdance with the instructions in 10.2 and 10.3. 9 is calculated in 1
Calibrations.

lorific value using the appropriate equation [alternative D.2a) or D.2 b)] as given in D.3.3

D.5 Automated bomb calorimeters

Operate the ca

orimeter according to the instructions. The corrected temperature rise 6 is usually deri

time for
5 follows:

Iternative

1 (9.7).

Lirements

he same

ed auto-

matically by the

system.

Make sure that the correct value is used for the energy of combustion of the calibrant under the bomb conditions

utilized (D.2) in

the evaluation of the calibration constant.

Make sure that the precision requirements are met. If necessary, check the system by burning benzoic acid as
an unknown. Any restrictions set by the manufacturer, on the amount of sample burned, shall be adhered to.

Define the valid working range for subsequent measurements.

Make a check on the calculations with respect to fuse wire and nitric acid corrections. Unless the correction for
sulfuric acid to sulfur dioxide (Qs/m,) is already taken care of by the system, use the value given in 10.4.2.
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Examples to illustrate some of the calculations used in this International

Standard

E.1 Gross calorific value at constant volume

E.1.1 IsteriboI calorimeters

Parameters from a calibration experiment:

my,=0,937 2 g
Myyse = 0/003 4 g

The charpe was fired at 5,0 min.

5,95 ml ¢

f sodium hydroxide [¢(NaOH) = 0,1 mol/I] solution was

used in the titration of nitric acid.

Oruse =69 J

Qign =0y

Oy=357J

Gy ba = 26

465 J/g

Calculatidn of the corrected temperature rise-§

The initial fand final rating periods are fram 0 min to 5 min and from 15 min to 23 min, respectivel

Hence, the main period starts at 5,0-min and ends at 15,0 min. A least-squares fit of the initial 4

periods, rg

g = 0,006 16 K/min
g = 0,000 63 K/min

From thesk values the Spécific rate constant G is calculated (B.5.1):

G=2

Next, ¢, is

spectively, yields (B.5.1)

22 x 10 min~ ",

calculated for the Regnault-Pfaundler calculation of Az, (B.5.2):

t =2U45795°C

i = 22,399 8 °C (at 2,5 min)
tns = 24,888 5 °C (at 19 min)

7 (mMin)

O/Bs WN — O

55

(o]

6.5

© 00

—_
o

t (°C)
22(384 3
22,390 7
22,396 7
22,402 8
22,409 2
22,415 1
22,828 8
23,655 7
24,222 0
24,496 2
24,748 8
24,842 4
24,868 9

7 {min)
11
12
13
14
15
16
17
18
19
20
21
22
23

4=22,4152°C (at 5 n
4= 24,8860 °C (at 15

t (°C)
24,879 1
24,883 0
24,884 6
24,885 5
24,886 0
24,886 7
24,887 2
24,887 8
24,888 3
24,889 0
24,889 7
24,890 4
24,891 1

, in this case.
nd final rating

nin)
min)

Insertion of 7., in the equation in B.5.2 together with the values for g, 1. and G, allows the contribution for heat
exchange to be derived:

Aty =

0,013 2 K.

0 then becomes

0 =t;— 1, — Aty = (24,886 0 — 22,415 2 — 0,013 2) K = 2,457 6 K
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