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Foreword 

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

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

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

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

Annexes A, B and C form an integral part of this International Standard. 
Annexes D, E, F and G are for information only. 
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INTERNATIONAL STANDARD 0 ISO ISO 1928:1995(E) 

Solid mineral fuels - Determination of gross calorific 
value by the bomb calorimetric method, and 
calculation of net calorific value 

WARNING - Stritt adherence to all of the provisions prescribed in this International Standard 
should ensure against explosive rupture of the bomb, or a blow-out, provided that the bomb is of 
proper design and construction and in good mechanical condition. 

1 Scope 

This International Standard specifies a method for the determination of the gross calorific value of a solid mineral 
fuel at constant volume and at the reference temperature 25 “C in a bomb calorimeter calibrated by combustion 
of certified benzoic acid. 

The result obtained is the gross calorific value of the analysis Sample at constant volume with all the water of the 
combustion products as liquid water. In practice, fuel is burned at constant (atmospheric) pressure and the water 
is not condensed but is removed as vapour with the flue gases. Under these conditions, the operative heat of 
combustion is the net calorific value of the fuel at constant pressure. The net calorific value at constant volume 
may also be used; formulae are given for calculating both values. 

General principles and procedures for the calibrations and the fuel experiments are presented in the main text, 
whereas those pertaining to the use of a particular type of calorimetric instrument are described in annexes A to 
C. Annex D contains Checklists for performing calibration and fuel experiments using specified types of calor- 
imeters. Annex E gives examples to illustrate some of the calculations. 

2 Normative references 

The following Standards contain provisions which, through reference in this text, constitute provisions of this 
International Standard. At the time of publication, the editions indicated were valid. All Standards are subject to 
revision, and Parties to agreements based on this lnternational 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: 1975, Solid-Stern calorimeter thermometers. 

ISO 652: 1975, Enclosed-scale calorimeter thermometers. 

ISO 687:1974, Coke - Determination of moisture in the analysis Sample. 

ISO 1170:1977, Coal and coke - Calculation of analyses to different bases. 
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ISO 1770: 1981, Solid-stern general purpose thermometers. 

l SO 177 1: 198 1, Enclosed-scale general purpose thermometers. 

3 Definitions 

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

3.1 gross calorific value at constant volume: The absolute value of the specific energy of combustion, in 
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 liquid water (in equilibrium with its vapour) saturated with carbon dioxide under the conditions of the bomb 
reaction, and of solid ash, all at the reference temperature. 

3.2 net calorific value at constant volume: The absolute value of the specific energy of combustion, in joules, 
for unit mass of the fuel burned in Oxygen under conditions of constant volume and such that all the water of the 
reaction products remains as water vapour (in a hypothetical state at 0,l MPa), the other products being as for the 
gross calorific value, 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 unit mass of the fuel burned in Oxygen at constant pressure under such conditions that all the water 
of the reaction products remains as water vapour (at 0,l MPa), the other products being as for the gross calorific 
value, all at the reference temperature. 

3.4 reference temperature: The international reference temperature for thermochemistry of 25 “C is adopted 
as the reference temperature for calorific values (see 8.7). 

NOTE 1 The temperature dependence of the calorific value of coal or coke 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 in calorimeter temperature caused solely by the processes taking 
place within the combustion bomb. lt is the total observed temperature rise corrected for heat exchange, stirring 
power, etc. (8.6). 

NOTE 2 The Change in temperature may be expressed in terms of other units: resistance of a platinum or thermistor 
thermometer, frequency of a quartz crystal resonator, etc., provided that a functional relationship is established between this 
quantity and a Change in temperature. The effective heat capacity of the calorimeter may be expressed in units of energy per 
such an arbitrary unit. Criteria for the required linearity and closeness in conditions between calibrations and fuel experiments 
are given in 9.3. 

A list of the Symbols used and 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 differente 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 Reagents 

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

NOTE 3 Oxygen made by the electrolytic process may contain up to 4 %  (WV) of hydrogen. 

5.2 Fuse 

5.2.1 Ignition wire, of nickel-chromium 0,16 m m  to 0,20 m m  in diameter, platinum 0,05 m m  to 0,lO m m  in di- 
ameter, or another suitable conducting wire with weil-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 Crucible lining material, for coke only. 

5.3.1 Paste, of fused aluminosilicate cement passing a 63 Pm test sieve and suitable for use up to a temperature 
of 1 400 “C, mixed with water. 

5.3.2 Aluminium Oxide, fused, of analytical reagent quality, passing a 180 Pm test sieve and retained on a 
106 Pm test sieve. 

54 . Standard volumetric solutions and indicators, only for use when analysis of final bomb solutions is re- 
quired. 

5.4.1 Barium hydroxide Solution, c[Ba(OH),] = 0,05 mo 

5.4.2 Sodium carbonate Solution, c(Na,CO,) = 0,05 mo 

5.4.3 Sodium hydroxide Solution, c(NaOH) = 0,l mol/l. 

5.4.4 Hydrochlorit acid solution, c(HCI) = 0,l mol/l. 

5.4.5 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 %  (WV) 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 %  (WV) ethanol. 
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55 . Benzoic acid, of calorimetric-Standard quality, certified by (or with certification unambiguously traceable 
a recognized standardizing authority. 

td 

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. ndodecane, 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 weil-established energy of combustion. 

The benzoic acid is burned in the form of pellets. lt is normally used without drying or any treatment other than 
pelletizing; consult the Sample certificate. lt 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 combustion 
of the benzoic acid, as defined by the certificate for the conditions utilized, shall be adopted in calculating the ef- 
fective heat capacity of the calorimeter (see 9.2). 

6 Apparatus 

6.1 General 

The calorimeter (figure 1), consists of the assembled combustion bomb, the calorimeter tan (with or without a lid), 
the calorimeter stirrer, water, temperature Sensor, and leads with connectors inside the calorimeter tan required 
for ignition of the Sample or as part of temperature measurement or control circuits. During measurements the 
calorimeter is enclosed in a thermostat. The manner in which the thermostat temperature is controlled defines the 
working principle of the instrument and hence the strategy for evaluation of the corrected temperature rise. 

In aneroid Systems (Systems without a fluid) the calorimeter tan, stirrer and water are replaced by a metal block. 
The combustion bomb itself constitutes the calorimeter in some aneroid Systems. 

In combustion calorimetric Instruments with a high degree of automation, especially in the evaluation of the re- 
sults, the calorimeter is in a few cases not as weil-defined as the traditional, classical-type calorimeter. Using such 
an automated calorimeter is, however, within the scope of this International Standard as long as the basic re- 
quirements are met with respect to calibration conditions, comparability between calibration and fuel experiments, 
ratio of Sample mass to bomb volume, Oxygen pressure, bomb liquid, reference temperature of the measurements 
and repeatability of the results. A print-out of some specified Parameters from the individual measurements is 
essential. Details are given in annex C. 

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

6.2 Calorimeter 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 corrosion by the 
acids produced in the combustion of coal and Coke. A suitable internal volume of the bomb would be from 
250 ml to 350 ml. 

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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Thermostat Lid 

? 

Stir 

Igni tion leads 

Thermometer 

Calorimeter tan 

Thermostat 

Figure 1 - Classical-type bomb combustion calorimeter with thermostat 

6.2.2 Calorimeter tan, made of metal, highly polished on the outside and capable of holding an amount of water 
sufficient to completely cover the flat upper surface of the bomb while the water is being stirred. A lid generally 
helps reduce evaporation of calorimeter water, but unless it is in good thermal contact with the tan it lags behind 
in temperature during combustion, giving rise to undefined heat exchange with the thermostat and a prolonged 
main period. 

6.2.3 Stirrer, working at constant Speed. The stirrer shaft should have a Iow-heat-conduction and/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 importante when the stirrer shaft is in direct contact with the stirrer motor. When a lid is used 
for the calorimeter tan, 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 tan 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 -1: 0,l K or better 

5 
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throughout the experiment. A passive constant temperature (“static”) thermostat shall have a heat capacity large 
enough to restritt 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 1. 

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 the water in the thermostat to within 0,l K of that of the calorimeter water after the Charge has 
been fired. When in a steady state at 25 “C, the calculated mean drift in temperature of the calorimeter shall not 
exceed 0,000 5 K/min (see A.3.2). 

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

As alternatives to the traditional mercury-in-glass thermometers, suitable temperature Sensors are platinum re- 
sistance thermometers, thermistors, quar-tz crystal resonators, etc. which together with a suitable resistance 
bridge, null detector, frequency counter or other electronie equipment provide the required resolution. The short- 
term repeatability of this type of device shall be 0,001 K or better. Long-term drift shall not exceed the equivalent 
of 0,05 K for a period of six months. For Sensors with linear response (in terms of temperature), drift is less likely 
to Cause bias in the calorimetric measurements than are non-linear Sensors. 

Mercury-in-glass thermometers which conform to ISO 651, ISO 652, ISO 1770 or ISO 1771 satisfy the require- 
ments. A viewer with magnification about 5x is needed for reading the temperature with the resolution required. 

A mechanical Vibrator to tap the thermometer is suitable for preventing the mercury column from sticking ( 8.4). 
If this is not available, the thermometer shall be tapped manually before reading the temperature. 

6.2.6 Ignition circuit 

The electrical supply sh all be 6 V to 12v alternating curren t from a Step-down 
batteries. lt is desirable to include a Pilot ight in the circuit to indicate when CU 

transfo 
rrent is 

rmer or direct current from 
flowing. 

Where the firing is done manually, the firing switch shall be of the spring-loaded, normally open type, located in 
such a manner that any undue risk to the Operator is avoided (see warning in 8.4). 

6.3 Crucible, of silica, nickel-chromium, platinum or similar unreactive material. 

For coal, the crucible should be about 25 mm in diameter, flat based and not more than 20 mm deep. Silica 
crucibles should be about 1,5 mm thick and metal crucibles about 0,5 mm thick. A low-mass shallow crucible of 
nickel-chromium foil about 0,25 mm thick is recommended when testing 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 0% 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. 

6 
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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 fluid. 

6.5 Timer, indicating minutes and seconds. 

6.6 Balances 

6.6.1 Balance for weighing the Sample, fuse, etc., with a resolution of at least 0,l mg; 0,Ol mg 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 Balance for weighing the calorimeter water, with a resolution of 0,5 g (unless water tan be dispensed 
into the calorimeter by volume with the required accuracy, see 8.3). 

6.7 Thermostat (optional), for equilibrating the calorimeter water before each experiment to a predetermined 
initial temperature, within about + 0,3 K. - 

7 Preparation of test Sample 

The coal and coke used for the determination of calorific value shall be the analysis Sample ground to pass a test 
sieve with an aperture of 212 Pm. In some circumstances, it has been shown that a maximum particle size of 
250 Fm is acceptable for low and medium rank coals. 

The Sample shall be well-mixed and in reasonable moisture equilibrium with the laboratory atmosphere. The 
moisture 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 closed Container 
until moisture analyses are performed, to allow appropriate corrections for moisture in the analysis Sample. 

Determination of the moisture content of the analysis Sample shall be carried out by one of the methods specified 
in ISO 331 or ISO 687. 

8 Calorimetric procedure 

8.1 General 

The calorimetric determination 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 8. 

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 8 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 

7 
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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 Iikely to Cause significant shot-t-term variations in stirring power. 

aJ L 3 t 
d e 
a 
5 Pf 
l- 

fj (jacketl 

Fore period 

‘Ignition 

After period 

Time 

Figure 2 - Time-temperature curve (isoperibol calorimeter) 

During combustion, the bomb head will become appreciably hotter than other Parts of the bomb, and it is im- 
portant to have enough weil-stirred water above it to maintain reasonably small temperature gradients in the 
calorimeter water during the rapid part of the rise in temperature. For aneroid Systems, the particular design de- 
termines to what extent hot spots may develop (see annex C). 

Certain less reactive 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 tan in most 
instances be achieved. Wrapping samples in tissue or rice Paper, in addition to providing a combustion aid, gives 
an opportunity to affect the configuration of the Sample in the crucible at the moment of ignition. 

The auxiliary material shall be chemically stable, have a low vapour pressure and a weil-established energy of 
combustion; the energy should be known to within 0,lO % for the particular material used. Benzoic acid appears 
to be the ideal compound even though for example n-dodecane or Paraffin Oil, being liquids, are easier to distribute 
evenly. The amount used should be limited to the minimum amount required to achieve complete combustion of 
the Sample. lt 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, with a resolution of 2 Parts in 104, or better. For 1 g samples (see 9.2 and 
10.2) this means weighing to the nearest 0,l mg. Weigh the combustible fuse and/or ignition wire either with a 
precision comparable with that for weighing the Sample, or keep its mass constant, within specified limits, for all 
experiments (see 9.4 and 9.6.1). 

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 I(Tz to 10 Q, measured between the outside connectors of the 
bomb head, or between the connector for the insulated electrode and the bomb head. 

Tie, or attach firmly, the fuse to the ignition wire, place the crucible in its support and bring the fuse into contact 
with the Sample. Make Sure that the Position of the crucible in the assembled bomb will be symmetrical with re- 
spect to the surrounding bomb Wall. 

NOTE 8 When the ignition wire is combustible as weil as electrically conducting, an alternative procedure may be adopted. 
A longer piece of wire, enough to make an open loop, is connected to the electrodes. After mounting of the crucible, the loop 
is brought close to the Sample, for pellets in contact with the Sample. (In some cases the ignition process is better controlled 
when the wire is kept at a small distance above the Sample.) Care should be taken to prevent any contact between ignition 
wire and crucible, in particular when a metal crucible is used since this would result in shorting the ignition circuit. A special 
fuse is superfluous under these conditions. The resistance of the ignition circuit of the bomb will be increased by a small 
amount only. 

Add the prescribed amount of distilled water to the bomb, for example (1,0 + 0,l) ml for 1 g of Sample (see 
9.2.2). Assemble the bomb and Charge it slowly with Oxygen to a pressure of (3,0 k 0,2) MPa without displacing 
the original air. If the bomb is inadvertently charged with Oxygen above 3,3 MPa, discard the test and begin again. 

WARNING - DO not resch over the bomb during charging. 

The bomb is now ready for mounting in the calorimeter tan. 

8.2.2 Using a combustion aid 

Use a low-mass crucible. Weigh the auxiliary material as accurately as possible so that its contribution tan be 
correctly accounted for; this is particularly important when a hydrocarbon oil is used as its specific energy of 
combustion is considerably higher than that of the fuel. 

When the auxiliary material is for instance rice Paper or a liquid, it is weighed before the fuel Sample. Weigh the 
benzoic acid last when it is used as the combustion aid. Mix the solid materials without removing any of the 
mixture (check by weighing). Compact the mixture by tapping the bottom of the crucible against a clean table. A 
flat, polished rod tan be used for additional compression of the mixture. 

8.3 Assembling the calorimeter 

Bring the calorimeter water to within k 0,3 K of the selected initial temperature and fill the calorimeter tan with 
the required amount. The quantity of water in the calorimeter tan 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 tan is dry and clean before the latter is placed 
in the thermostat. Mount the bomb in the calorimeter tan, after the tan (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 tan before this is weighed with the water. The total mass of the calorimeter tan, 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 IO 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 Ieaks 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 resch a steady state in the thermostat or jacket, irrespective of the type of calorimeter. 
The criteria for when steady state has been attained depend on the working principle of the calorimeter (see an- 
nexes A and B). 

84 . Combustion reaction and temperature measurements 

Start taking temperature readings, to the nearest 0,001 K or better, as soon as the calorimeter has reached 
steady-state conditions. Readings at 1 min intervals normally suffice to establish the drift rate of the fore period 
or check the proper functioning of an adiabatic System. When a mercury-in-glass thermometer is used for the 
temperature measurements, tap the thermometer lightly for about 10 s before each reading and take care to avoid 
parallax errors. 

At the end of the fore period, when the initial temperature ti has been established, the combustion is initiated by 
firing the fuse. Hold the switch closed only for as long as it takes to ignite the fuse. Normally, the current is 
automatically interrupted as the conducting wire Starts burning or partially melts. As long as the resistance of the 
ignition circuit of the combustion bomb is kept at its normal low value, the electrical energy required to initiate the 
reaction is so small that there is no need to measure and account for it separately. 

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

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

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 calorimeter, release the pressure at a moderate rate and dismantle the bomb. Examine the interior of the 
bomb, the crucible and any solid residue carefully for signs of incomplete combustion. Discard the test 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,l ml/l of carbon monoxide in the combustion gas from a 300 ml 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 ml and analyse for nitric acid, 
e.g. by titration with the sodium hydroxide solution (504e3) to a pH of about 5,5 or by using the screened methyl 
orange Solution (5.4.5) as an indicator. 
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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 liquid 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,O ml of the sodium carbonate Solution (5.4.2), filter the warm Solution and wash the precipitate 
with distilled water. When cold, titrate the filtrate with the hydrochloric acid Solution (5.4.4), using the screened 
methyl orange Solution (5.4.5) as an indicator, ignoring the phenolphthalein colour Change. 

8.6 Corrected temperature rise 8 

8.6.1 Observed temperature rise 

The temperature at the end of 
served temperature rise tf - ti. 

the main period lf gives, together with the initial or firing temperature 4, the ob- 

8.6.2 Isoperibol and static-jacket calorimeters 

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

i.e. ff - ti = 6 + Atex 

and hence 

8 = (tf - ti) - Alex 

There are various ways of evaluating the term Alex. The most common procedures used are the Regnault-Pfaundler 
and the Dickinson extrapolation methods. 

NOTE 11 The Reg nault-Pfaundler meth od au tomatically accounts for Varia 
ferent types of samp les and is hence the more reliable of the two methods. 

tions in the time-te mperatu re relationship for dif- 

Detailed instructions for the numerical evaluation of Alex and the corrected temperature rise 0 for isoperibol and 
static-jacket calorimeters are given in annex B. The resulting equations for Alex are summarized as follows: 

Regnault-Pfaundler method (see B.5.2) 

(4 + tf> k=n-1 

Atex = (~f - Ti) X gf + tgi 1 7 X 
mf mi 

n x tmf - - - 
2 c tk 

k=l 

where 

8 is the drift rate in the fore (initial rating) period, in kelvjns per mtnute; 

gf is the drift rate in the after (final rating) period, in kelvins per minute; 

t mi is the mean temperature in the fore period, in degrees Celsius; 

t mf is the mean temperature in the after period, in degrees Celsius; 

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

tf ( = tn) is the temperature at the end of the main period, in degrees Celsius; 

11 
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tk are the successive temperature readings, in degrees Celsius taken at 1 min intervals during the main 
period (tl being the temperature one minute after the beginning of the main period and t,-, = tf); 

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; 

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

Dickinson extrapolation method (see 8.5.3) 

*$x = giCzx - zi> + gf(zf - zx) 

is the time, in minutes, where the Change in temperature (tx - ti> is 0,6 times the observed temperature 
rise (t. - t,> ; 

gi and gf represent, in principle, the d 
as for the Reg nault-Pfau ndler 

rift rate, in kelvins per minute, at Ti and Tf respectively. They are calculated 
method 

NOTE 12 Alternatively, temperature may be expressecf in some arbitrary unit throughout (see 9.6.1). 

8.6.3 Adiabatic calorimeters 

In adiabatic Systems, heat exchange is by definition negligible. lt is, however, common practice to compensate for 
the stirring power by an offset in temperature in the adiabatic control System (see annex A). The corrected tem- 
perature rise 0 then becomes 

Stirring powe is otherwise ma nifested as a CO 
corrected for, but may prolong the total period 

nstant drift in temperature throu 
ture observatio ns. 

ghout the experiment and is easily 
of tempera 

Detai led instructions for the numerical evaluation 
given in annex A. 

of the corrected temperature rise 8 for adiabatic calorimeters are 

8.6.4 Thermometer corrections 

When a mercury-in-glass thermometer is used, the corrections specified in the certificate issued with the 
thermometer shall be applied to the observed initial temperature ti and the final temperature tf. 

8.7 Reference temperature 

The temperature at the end of the main period, the final temperature tf, is the reference temperature of the indi- 
vidual experiment. 

9 Calibration 

9.1 Principle 

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 tan 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 E of the calorimeter. 

This calibration constant E 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 weil-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 

9.2.1 Certification conditions 

The certificate value for the energy of combustion of benzoic acid refers to a process where the mass of Sample 
and initial water, respectively, is 3 g/l of free bomb volume, the initial pressure of Oxygen is 3,0 MPa and the ref- 
erence temperature is 25 “C. The products of combustion are defined as gaseous carbon dioxide, liquid water and 
an equilibrium amount of carbon dioxide dissolved in the aqueous Phase. Any nitric acid formed is corrected for 
by the energy for the process, where the acid is decomposed to form liquid water and gaseous nitrogen and 
Oxygen. When calibrations are performed under different conditions, the certificate value shall be adjusted. A nu- 
merical expression to correct for such deviations is given in the certificate. 

9.2.2 Calibration conditions 

The calibration conditions determine the Overall calorimetric conditions for the subsequent fuel determinations. For 
bombs with an internal volume of about 300 ml, 1 g of calibrant and 1 ml of water initially in the bomb are normally 
used. For bombs with a volume nearer to 200 ml, 0,6 g of benzoic acid is preferable; the amount of water should 
then be reduced accordingly. 

NOTES 

13 The correction terms (per gram of benzoic acid) for deviations from certificate conditions, quoted from a typical benzoic 
acid certificate, are for the initial pressure, mass of Sample, mass of water and reference temperature of the experiment, re- 
spectively 5 J/MPa; 1 ,l J/g=l-‘; 0,8 J/g=l-’ and - 1,2 J/K. 

14 As long as the initial pressure of Oxygen and the reference temperature are kept within (3,0 + 0,3) MPa and 
(25 + 2) “C, respectively, the departure from certification conditions caused by pressure and/or temperature deviations is - 
within & 3 J/g and need not be accounted for. 

15 If larger amounts of water, e.g. 5 ml/g of calibrant, are used, this is usually the most significant deviation from the certi- 
fication conditions. For a 300 ml bomb this Causes an increase in the certified value of 11 J/g. If 1,O g of benzoic acid and 
5,0 ml of water are used in a 200 mf bomb, the certified value increases by 20 J/g. The Change is mostly caused by an increase 
in the fraction of carbon dioxide dissolved in the bomb liquid. 

16 When the total heat capaci ty of the calorimeter is small, for example 
be reduced in Order to limit the total Change in temperature (see annex C). 

in aneroid Systems, the Sample mass may have to 

9.3 Valid working range of the effective heat capacity E 

lt 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 E 
shall be defined in terms of total temperature rise measured. All subsequent measurements of calorific value shall 
be kept within these Iimits. 

A plot of E 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,O 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 cer-tificate values. This normally suffices to ascertain whether the effective heat 

13 
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capacity is constant for the range of heat produced. Deviations are generally expected to be in the direction of 
“10~” calorific values for larger Sample masses, equivalent to obtaining E values on the high side when derived 
from large samples. Using benzoic acid as a test substance is particularly useful in checking the performante of 
highly automated Systems. 

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

Deviation of E 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 instrument is new or 
has been subjected to major repair or moved to a different location, and when changes in the temperature control 
System have occurred. Some adiabatic Systems need to be checked on a more regular basis (see annex A). Some 
automated calorimeters require calibration with a prescribed Variation in Sample mass (see annex C). 

9.4 Ancillary contributions 

In addition to the energy from combustion of benzoic acid, there are contributions from combustion of the fuse(s) 
and the formation of nitric acid (from “air” nitrogen in the gaseous Phase). The contribution from a fuse is derived 
from the amount involved and the appropriate energy of combustion. Any unreacted fuse wire has to be taken into 
account, i.e. subtracted from the initial amount. 

The amount of nitric acid formed is determined on the final bomb Solution, for example by acid-base titration (see 
8 5) . . 

In most Systems the contribution from the fuse(s) tan be kept nearly the Same in all experiments (fuel and cali- 
bration) and tan consequently be assigned a constant value. For a given bomb configuration, the amount of nitric 
acid formed in calibration experiments is approximately proportional to the amount of benzoic acid burned. 

9.5 Calibration procedure 

For the ordinary series of calibrations, five satisfactory combustions on benzoic acid shall be carried out. The 
Sample shall be burned 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 . lt is advan- 
tageous to use a 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 tf, see 8.7) is within the Chosen range for the 
reference temperature. 

The design of the calibration experiment, in terms of Oxygen pressure, amount of bomb water, reference 
temperature, duration of the fore, main and after periods, etc., defines the detailed procedure for sub- 
sequent fuel combustions. 

When the effective heat capacity E of a calorimeter cannot be regarded as constant over the required working 
range but needs to be expressed as a function of (tf - 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 E versus (tf - ti) relationship. 

9.6 Calculation of effective heat capacity for the individual experiment 

9.6.1 Konstant mass-of-calorimeter-water basis 

For Systems where the quantity of 
lated as follows: 

water in the calorimeter vessel is kept the same in all experiments, E is calcu- 
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%a ’ %,ba + Qfuse 
E 

+ Qign + QN 
= 

e 

% a is the mass, in grams, of benzoic acid (5.5); 

qV, ba is the certified gross calorific value at constant volume, in joules per gram, for the benzoic acid (see 
9.2.1); 

Q fuse is the contribution from combustion of the fuse, in joules; 

Q ign is the contribution from Oxidation of the ignition wire, in joules; 

QN is the contribution from formation of nitric acid (from liquid water and gaseous nitrogen and Oxygen, 
see 9.2.1), in joules; 

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

NOTE 17 E is normally expressed in joules per kelvin. When 0 is expressed in arbitrary units, E, will, of course, 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. 
Platinum wire melts and resolidifies and gives no net contribution. 

When the sum Qfuse + Qign is nearly the Same, within a few joules, in all experiments, it tan be assigned a constant 
value. lt is not generally recommended to incorporate Qfuse + Qign in the value of E, unless it is in itself small and 
the Variation in 8 is less than + 20 %. 

For the formation of nitric acid from liquid water and gaseous nitrogen and Oxygen, the contribution is 
60 J/mmol, for example equivalent to 6,0 J/ml of sodium hydroxide [c(NaOH) = 0,l mol/l] used in titrating the 
bomb Solution (see 8.5). 

9.6.2 Constant total-calorimeter-mass basis 

When the System is operated such that the calorimeter tan with the assembled bomb and the water always has 
the same total mass, the amount of water in the tan will vary slightly, depending chiefly upon the mass of the 
crucible used. lt is then convenient to define E, as the effective heat capacity for the hypothetical calorimeter with 
no crucible in the bomb, as given by the following equation: 

&O = E* + mcr x cp aq I 

where 

E* is equal to E as defined in 9.6.1; 

mcr is the mass, in grams, of the crucible used in the calibration experiment (see note 18); 

5mq is the specific heat capacity of water, in Joules per gram kelvin, when the E values are in joules per 
kelvin. At 25 “C it is equal to 4,18 J/(gmK). 

When arbitrary “units of temperature” are used, the value of cPaq shall be adjusted accordingly. The relation be- 
tween the kelvin and the unit utilized need only be known to within k 10 % for this purpose. 

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

mCr ' ('p aq - Cp,cr) + msample x , tcp aq - Cp,sarnple) , 

The second part of this expression may be incorporated in E, without loss in 
between cal ibration and fuel experiments. The expression is then reduced to 

accuracy, as its value will not vary significantly 

mcr ’ tcp aq - cp,cr) I 

15 
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which in most cases may be simpified to mcr x cPaq as given in the equation for E,. 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 cPcr is 
not taken into account, corresponding to 18 J for a 3 K temperature rise. The correct equation is then 

Co = &* + mcr x (Cp,aq - Cp,cr) 

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

9.7 Precision of the mean value of the effective heat capacity E 

9.7.1 Constant value of E 

Calculate the arithmetic mean E(~) and the Standard deviation from the results of the individual calibration exper- 
iments, E (see 9.6.1) or E, (see 9.6.2), respectively. The Standard deviation shall not exceed 0,20 %. All results from 
the current series of calibrations shall be included in the calculations; only experiments with evidente of incom- 
plete combustion may, and shall, be discarded. 

Provided the precision requirement is met, the arithmetic 
for the effective heat capacity of the calorimeter. 

mean &(n) Or Eo(n), respectively, is regarded as the value 

If the precision requirement is not met, the Cause for the unsatisfactory results shall be identified and corrected, 
and a new series of calibration experiments shall be per-formed. 

9.7.2 E as a function of the observed temperature rise 

When E cannot be regarded as constant, list the individual values of E (see 9.6.1) or E, (see 9.6.2) respectively, 
together with the corresponding values for the observed temperature rise (tf - ti), for clarity denoted At. 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 

A 
E =a+bxAt 

the estimate of the variance S’ about the line shall be calculated. For convenience, 8 may be used instead of At. 

The Standard deviation s shall not exceed 0,20 %. Only results from experiments with evidente of incomplete 
combustion may, and shall, be discarded in the calculations. 

Provided the precision requirement is met, 2 as defined above is regarded as the value for the effective heat ca- 
pacity of the calorimeter to be used in the calculations of the calorific values for the fuels. The valid working range 
in terms of the observed temperature rise shall be clearly specified. 

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

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). lt shall also be redetermined at intervals not longer than 6 months. 

NOTE 19 
expenme 

I t is recommended, especially on a new System, 
nts using benzoic acid as a test subs ta nee (see 9.3) 

to check the calibration regularly by performing a few monthly 

Where a Change to the System is not involved, the new mean value of E shall be within 0,15 % of the previous 
value. If the differente 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 

ISO 1928:1995(E) 

10.1 General 

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, particularly useful with Coke, is to mix the fuel Sample with a combustion aid, e.g. benzoic acid or a 
hydrocarbon oil of low volatility. Benzoic acid has the advantage of a weil-established energy of combustion (see 
8.1 and 8.2.2). 

The Variation in the correction for nitric acid is often on the borderline of significance. When the Sulfur content is 
determined separately on the Sample, the nitric acid correction may be assigned a constant per-gram-of-Sample 
value. A similar strategy shall then be adopted for the calibration experiments. As nitric acid formation largely de- 
pends on the combustion temperature and is enhanced by nitrogen in the Sample, the nitric acid correction is 
normally different for fuel and benzoic acid combustions, respectively. lt may also vary significantly for different 
types of fuels. 

When analysis 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 

Duplicate 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 obsetved temperature 
rise is within the range of the calibration experiments. The calorimetric procedure described in 8.2.1 to 8.6 shall 
be followed, with the same calorimetric conditions as in the calibration experiments (see 9.2.2). 

Usually 1 g of coal is the appropriate test Portion. For high-ash coals the use of for example 0,75 g of Sample and 
a shallow, low-mass crucible (feil) usually facilitates complete combustion. If the observed temperature rise falls 
outside the valid range for E, the calibration shall be confirmed for the extended range (see 9.3). 

IO.3 Coke 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, is recommended. The coke Sample shall be distributed evenly in the crucible. Certain 
unreactive 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 Sample. 

NOTE 20 Lower Sample mass and the addition of one or two d 
to complete combustion of some Cokes that are difficult to burn. 

rops of distilled water to the Sample after weighing may lead 

A superior strategy may be to use a combustion aid to promote complete combustion of the Sample (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 E multiplied by the corrected 
temperature rise 8. 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 E x 0 (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 calorific value for the fuel is the gross calorific value at constant volume. 

10.4.2 Constant mass-of-calorimeter-water basis 

Calculate the gross 
lowing equation: 

calorific value at constant volume from the individual experiment by substituting into the fol- 

qv,gr = 
g(n) x 0 - Qfuse - Qign - QN - 9 x 4~ z , Qs 

-- 
m1 m1 

where 

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

?n) is the mean vaiue of the effective heat capacity of the calorimeter as determined in the caiibrations (see 
9.6.1), in joules per kelvin, or, alternatively, in joules per some arbitrary unit (see note 17); 

Qs 

4v,2 

is the correction for taking the Sulfur from the aqueous sulfuric acid to gaseous Sulfur dioxide, in joules; 

is the mass, in grams, of the Sample of the fuel; 

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

is the gross calorific vaiue at constant volume of the combustion aid (if relevant), in joules per gram; 

OQ I fuse, Qign and QN are defined in 9.6.1. 

NOTE 21 
in air”. 

When no buoyancy correction is applied to m2, care shall be taken to ensure that qV2 is valid for “per gram weighed I 

The energy quantities required to calculate the contributions from fuse, ignition wire and formation of nitric acid 
are given in 9.6.1. Specific heat capacities for water and some common crucible materiais are given in 9.6.2. 

To account for the reaction where sulfuric acid decomposes into liquid water and gaseous Sulfur dioxide and 
Oxygen, the correction is 302 J/mmoi, equivalent to 9,41 J/mg of Sulfur, which in turn corresponds to a Qs/m, vaiue 
of 94,l J/g of Sample for 1 % of Sulfur in the analysis Sample. 

When the analytical procedure described in 8.5 is used, the contributions from suifuric and nitric acids are given 
bY 

Q, = 15,l (V, + V2 - 20,O) and 

QN = 6,0(20,0 - V2), respectively, 

where 

VI is the volume used, in miliilitres, of the barium hydroxide soiution (5.4.1); 

is the volume used, in miliiiitres, of the hydrochlor~c acid solution (5.4.4). 

The certification-condition vaiue may be used for benzoic acid utilized as a combustion aid, provided 1 ml of water 
is used initially in the bomb. For iarger amounts of water, it is recommended to adjust the per-gram value in ac- 
cordante with the amount-of-water term in the certificate. 
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The mean value of dupiicate 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 Q,,) is the one derived from the individual E, results (see 
9.6.2) and represents the calorimeter without a crucible. The value of E valid for the actual fuel experiment is 

mCf is the mass, in grams, of the crucible used in the fuel combustion; 

the other Symbols are defined in 9.6.2. 

NOTE 22 
(cp,aq - 

If the heat capacity of the crucible has been taken into account (see note 18 to 9.6.2) in computing the E, values, 
cp,J shall be substituted for cPaq in the calculations of E,. , 

E, replaces E(n) in the equation given in 10.4.2 for the calcuiation of the gross calorific value at constant volume for 
the fuel Sample from an individual experiment. The mean value of duplicate determinations is regarded as the re- 
sulting value for the anaiysis Sample of the fuei. 

10.4.4 E as a function of the observed temperature rise 

When it is required that the effective heat capacity of the calorimeter is expressed as a function of the observed 
temperature rise (see 9.3 and 9.7.2), E(n) in the equation in 10.4.2 and &o(nI in the equation in 10.4.3, respectively, 
shall be replaced by 

A 
& =a+bxAt 

where 

the coefficients a and b are derived from the calibrations (see 9.7.2); 

At is the notation for the observed temperature rise (tf - ti>, in kelvins or the arbitrary unit used, for the actual 
fuei experiment. For convenience, 8 may be used instead of At (see 9.7.2). 

The mean value of duplicate determinations is regarded as the resulting value for the analysis Sample of the fuel. 

IO.5 Expression of results 

As the moisture content of the actuai anaiysis Sample is of interest merely in connection with the calculation to 
other bases, it is recommended to calculate a vaiue for the gross calorific value at constant volume for the dry fuel, 
using the following equation: 

100 . 
%',gr,d = %gr ' 100 - 1~ 

qv,gr,d is the gross calorific value at constant volume of the dry (moisture-free) fuel, in jouies per gram; 

M is the moisture in the anaiysis Sample, in percentage by mass; 

qV,gr is defined in 10.4.2. 

The caiorific vaiue at constant volume required for any particuiar moisture basis qvgr M 0 I I is derived from the following 
equation: 

%,gr,m = %,gr d ’ c1 - Ot”lMT) , 
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where MT 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,OlMT) = 
ao0 -MT 

100 * 
The result shall be reported to the nearest multiple of 10 J/g with unambiguous Statements 
constant volume, gross (liquid water), and moisture basis (e.g. dry or “as sampled”). 

concerning the states 

10.6 Calculation to other bases 

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

11 Precision 

11 .l Repeatability limit 

The results of duplicate determinations, carried out in the same laboratory by the Same Operator with the same 
apparatus within a short interval of time on the Same analysis Sample, shall not differ by more than 120 J/g. 

11.2 Reproducibility limit 

The means of the results of duplicate determinations carried out in each of two laboratories, on representative 
portions taken from the same Sample at the last Stage of Sample preparation, should not differ by more than 
300 J/g. 

12 Calculation of net calorific value at constant pressure 

12.1 General 

The main differente between the gross and net calorific values is related to the physical state of water in the 
reaction products (compare definitions 3.1 to 3.3). The calorific value of the fuel most commonly used for practical 
purposes is the net calorific value at constant pressure for the fuel with some specified moisture content. This 
value may be derived from the gross calorific value at constant volume for the dry Sample, provided that the total 
hydrogen content of the moisture-free Sample tan be determined by experiment or, for the particular fuel, reliably 
estimated. In addition, the Oxygen and nitrogen contents of the moisture-free Sample “add” to the gaseous Phase 
of the product System and should, in principle, be taken into account. For this purpose the nitrogen may be in- 
cluded in the term for Oxygen. 

NOTE 23 The net calorific value at constant volume (see 3.2) for the fuel at some specified moisture level is as easily cal- 
culated, once a measure of the hydrogen content is available. In this case, the Oxygen and nitrogen content is of no conse- 
quence. 

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. 

qp,net,m = , {4v,gr d - 2~MH), - 0,8[w(O), +- w(N),]} x (1 - O,OlM,) - 24,4MT 

where 

qp,net,m is the net calorific value at constant pressure, in joules per gram, of the fuel with moisture content 
&; 

%gr,d is the gross calorific value at constant volume, in joules per gram, 0% the moisture-free fuel (see 
10.5); 
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ISO 1928:1995(E) 

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 weil as the hydrogen in the coal sub- 
stance); 

is the Oxygen content, in percentage by mass, of the moisture-free fuel; 

is the nitrogen content, in percentage by mass, of the moisture-free fuel; 

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

24 [PV(O)~ + PV(N)~] may be derived by subtracting from 100 the percentages of ash, carbon, hydrogen and Sulfur. 

25 The net calorific value at constant volume may be calculated from the following equation: 

%f,net,m = , , c4 vgrd - 206w(ti),] X (1 - o,olM,) - 23/o”T 

where qV,net,m is the net calorific va 
other Symbols are defined above. 

lue at constant volume, in joules per gram, of the fuel with a moisture content of MT. The 

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

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

Adiabatic bomb calorimeters 

A. 1 Principle 

In a truly adiabatic calorimeter there is no heat exchange between the calorimeter and its surrounding thermostat 
(water jacket). Heat exchange takes place via common boundaries, the driving forte being a net differente in 
temperature. Ideally, therefore, the whole of the outside surface of the calorimeter tan, including the lid, should 
have a uniform temperature which at all times during an experiment is to be matched by the, also uniform, tem- 
perature of the inner wall of the thermostat weil and lid that are facing the calorimeter. Without any differente in 
temperature, i.e. with zero thermal head, there is no net flow of heat between calorimeter and thermostat. How- 
ever, there will still be a slow rise in calorimeter temperature caused mainly by the stirring power, with additional 
positive or negative contributions, from thermometer probe self-heating and from conduction of heat along stirrer 
shaft, ignition leads, thermometers, etc. For convenience, “adiabatic,, calorimeters are often operated with a small 
negative thermal head to balance, i.e. offset, this upward drift in temperature. 

A.2 Sources of error for the real calorimeter 

Truly adiabatic conditions are difficult to achieve in practice, in particular during the rapid part of the rise in calor- 
imeter temperature upon ignition of the Sample. The design of the thermostat and the way it is operated deter- 
mines how effectively it responds to the Change in calorimeter temperature and hence also the extent of 
uncontrolled heat exchange. 

When the calorimeter itself has no lid, its upper heat exchange properties are largely determined by the surface 
of the calorimeter water together with the surface of, for example, bomb Parts extending above the water. With 
such an “open’, calorimeter there is always some uncontrolled evaporation of calorimeter water during the main 
period, accompanied by a corresponding “heat 10s~“. The magnitude of this error is mainly a function of how much 
the thermostat lid lags behind in temperature during the main period. 

Unless special precautions have been taken in its design and mounting, a calorimeter lid is usually in poor thermal 
contact with the calorimeter itself. It then lags behind in temperature and may, for instance, be responsible for 
uncontrolled heat Ieakage from the thermostat. lt may also prolong the time required for the calorimeter to resch 
thermal equilibrium or steady-state. On the other hand, a lid prevents a net heat loss from evaporation of calor- 
imeter water since this will condense on the inside of the lid, restoring the evaporation energy to the calorimeter. 
In fact, the condensing water assists the thermal equilibration of the lid with the rest of the calorimeter. 

To minimize heat exchange caused by temporar-y temperature differentes that cannot be prevented entirely, it is 
important to keep the outside surface of the calorimeter, and the “inside,’ of the thermostat, clean (polished) and 
dry. Generally, errors and insufficiencies that differ or vary between calibration and fuel experiments are the ones 
that in the end affect the accuracy of the final results. 

A.3 Adiabatic conditions 

A.3.1 Thermostat 

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,CO,) at the specified level in Order to maintain the heating 
power about the Same in all experiments. A diminishing salt concentration may significantly harnper 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, it is not possible to obtain zero drift in temperature over the whole of the selected working range. Neither is it then 
possible to achieve zero thermal head over the whole range with one bridge setting. Imperfectly matched Sensors also put 
restrictions on the acceptable Variation in the final temperature of the experiments. 

In a weil-behaved calorimeter, the adiabatic control settings usually need little or no short-term adjustment. This 
shall, however, be verified by regularly checking the drift rate at the final temperature, for example by following 
the temperature over a 5 min to 10 min period in excess of the normal duration of the experiment. A drift rate of 
0,001 K/min or more at the final temperature shall be eliminated by adjustment of the control settings, or corrected 
for (see 6.2.4 and A.5). 

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

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

When three 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 Systems is in the Order of 
8 min to 10 min. However, subjecting any part of the calorimeter to substantially deviating temperatures in between exper- 
iments may significantly prolong the time for thermal equilibration of the calorimeter. 

Depending on the type of Sample, the combustion in the bomb takes from about 10 s to 25 s. The time required 
for the total amount of heat released to become uniformly distributed, i.e. for all Parts of the calorimeter to attain 
a uniform temperature, is primarily a function of stirring Pattern and stirrer efficiency. The main period shall cover 
this temperature equalization time but there is no merit in making it longer than necessary. 

The length of the main period is determined in a series of calibration experiments where readings of temperature 
are taken at 1 min intervals from the time of firing the Charge in each experiment. From these observations, note 
the time, in minutes, from the time of firing until the second of three consecutive readings that do not differ by 
more than 0,001 K is reached. The largest of these specific times from five calibration experiments defines the 
length of the main period. lt 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. 

A.5 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 
8 = Q - fi (see 8.6.3) where ti is the calorimeter temperature at the time of firing the Charge and ff 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. lt 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,Ol K. For E values of about ‘l0 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 rate gf in K/min, shall be determined over a time period that is at least 
supposed to cover. For a main period of 9 min, this gives a rating period of 4 min. 

NOTE 29 When the tota I temperature Change of 
gf is the corresponding Per minute value of that unit. 

the calorimeter is expressed in units other than temperature (see 9.6.1), 

half of what the correction is 

The corrected temperature rise 8, corrected for drift at the final temperature, is calculated from the equation 

e=t,-ti-g,x(Az-l) 

where 

AZ 

gf 

is the length of the main period, in minutes; 

is calculated from the equation 

where tf + a is the temperature a minutes after the end of the main period. 

Another way of evaluating gf 
intervals from the end of the 

is as the slope of a linear 
main period onwards. 

regression fitting of time-temperature readings at 1 min 

A.6 Strategy for checking on bias 

For adiabatic combustion calorimeters, the main Source for systematic error in the measurement is related to dif- 
ficulties in maintaining adiabatic conditions during the rapid patt of the temperature Change in the calorimeter. This 
is manifested as an upward trend in the values obtained for the effective heat capacity with increasing Sample 
mass. Fast-burning samples, such as Paraffin Oil, usually aggravate this Problem and this type of heat-leak error 
may not cancel between calibration and fuel experiments. 

In most calorimeters, a check on temperature lag in the thermostat as a function of Sample mass and type is 
readily made. The Change in thermostat temperature upon ignition of the Sample is measured for about 3 min and 
plotted as a function of time together with time-temperature values for the calorimeter. For adiabatic calorimeters, 
readings of calorimeter temperature are, in fact, not required during the first part of the main period for other than 
diagnostic purposes. For the check on thermostat lag, they are required at a frequency sufficient to outline the 
features of the time-temperature curve. 

No particular calibration of the thermostat thermometer is required, but it shall have a response time comparable 
to that of the calorimeter thermometer. On the graph 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 0, or Sample type for com- 
parable values of 8, 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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Isoperibol and static-jacket bomb calorimeters 

B. 1 Principle 

The characteristic feature of isoperibol calorimeters is the isothermal jacket. The temperature of the surrounding 
thermostat is kept constant throughout the experiment by active control. The thermostat of a static-jacket calor- 
imeter has a thermal capacity such that, even without active control, its temperature remains nearly constant 
during measurements. In both cases there is a flow of heat between the calorimeter itself and the thermostat. 
Calorimeters surrounded by thermally insulating material behave largely as static-jacket calorimeters. 

Heat exchange between calorimeter and thermostat takes place via common boundaries, the driving forte being 
the thermal head. Ideally, the whole of the outside surface of the calorimeter tan, including the lid, should have 
a uniform temperature equal to that measured by the temperature Sensor in the calorimeter. The temperature of 
the inner wall of the thermostat weil and lid facing the calorimeter should remain constant and uniform throughout 
the experiment. 

To make it possible to evaluate and correct for the actual heat exchange, the calorimeter as a whole shall behave 
in conformity with Newton’s law of cooling, i.e. the heat flow between calorimeter and thermostat shall be directly 
proportional to the actual temperature differente for a sufficiently large range of thermal head. For the calorimeter 
this is expressed as 

dq -E 
dz kCt j - 4 

where 

dq 
dz 

is the heat flow into the calorimeter; 

5 is the jacket temperature; 

t is the calorimeter temperature; 

(tj - t) is the thermal head; 

k is the Newton’s law cooling constant. 

In the above equation dq (heat Change) may be replaced by c,dt (heat capacity x temperature Change). As the heat 
capacity of the calorimeter E tan be regarded as constant over the temperature range of an experiment, the 
equation then becomes 

dt -- - GCt .- dz J 4 + Pst 

where 

dt 
dz 

is the rate of temperature Change (drift) in the calorimeter caused by the flow of heat; 

G is a constant generally referred to as the specific rate constant; 

Pst 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/dz to 
be expressed as 

dt/d z = GCt cm- 4 

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

G and too are evaluated from the time-temperature measurements of the rating periods, the fore and the after 
period, respectively (see figure 2 in 8.1). 

The contribution from heat exchange to the total observed temperature rise in the main period is obtained by in- 
tegration: 

f 
Tf 

Atex = 
=, 

(dt/dz)dz = j”c(t, - t)dz 

using the time-temperature readings (t, 7) of the main period. 

B.2 Sources of error for the real calorimeter 

Making the isothermal jacket of an isoperibol calorimeter behave as required in terms of constant and uniform 
temperature presents no real Problem, provided that the thermostat fluid is circulated through the thermostat lid 
at a reasonable rate. 

In a static-jacket 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 capacity of the 
thermostat shall be such that for a specific rate (cooling) constant G of 0,002 0 min-‘, the rise in temperature of 
the jacket water is less than 0,16 K from the time of firing the Charge to the end of the after period; for a specific 
rate constant of 0,003 0 min-‘, it shall be less than 0,ll K. The drift in temperature of the thermostat is pro- 
portional to the thermal head. 

A calorimeter lid in poor thermal contact with the main 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 thermostat. lt 
may also prolong the time required for the calorimeter to resch thermal equilibrium or steady state. On the other 
hand, a lid prevents a net heat loss from evaporation of calorimeter water since this will condense on the inside 
of the lid, restoring the evaporation energy to the calorimeter. In fact, the condensing water assists the thermal 
equilibration of the lid with the rest of the calorimeter. The choice of thermostat temperature affects the evap- 
oration losses when the calorimeter has no lid. 

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

B.3 Choice of jacket temperature 

lt is good calorimetric practice to run the thermostat of an isoperibol calorimeter at a temperature that is 0,2 K to 
O,4 K higher than the final temperature of the calorimeter. In this way the calorimeter will be the colder patt 
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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8.4 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 resch 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 differente should not exceed 0,001 K/min. A fore period of 5 min (6 readings; 
5 increments) should suffice to establish the value of (dt/dz)i = gi, the initial drift rate. For an increase in tempera- 
ture, gi has a positive value ( > 0). 

NOTE 30 The calorimeter temperature, as a function of time as a whole, is an exponential going asymptotically to t,. How- 
ever, during rating periods of IO 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 period (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 calorimeter have attained a uniform tem- 
perature after combustion of the Sample, i.e. when the calorimeter has reached a new steady state in terms of 
temperature drift rate. The time required for the total amount of heat released to become uniformly distributed is 
primarily a function of stirring Pattern and stirrer efficiency. The duration of the main period shall be Chosen so that 
temperature 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 in the fore period and ends with the beginning of the 
after period. The latter is determined in a series of calibration experiments and is taken as the time when, for a 
subsequent 5 min period, the average deviation of the individual 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 calibration experiments, 
rounded to the nearest minute, defines the length of the main period. lt shall not exceed IO min. Nor shall the time 
intervals evaluated from the individual experiments 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 6 is meant 
to vaty over a wide range, it is advisable to determine the length of the main period at the larger values of 0. 

The duration of the after period should be 5 min to 7 min in Order to establish the final drift rate gf well enough 
for the calculation of the correction for heat exchange Atex. 
positive value ( > 0). 

For an increase in temperature with time, gf has a 

B.5 Calculation of the corrected temperature rise 8 

B.5.1 General 

The observed temperature rise, tf - ti, is the sum of 8, the Change in temperature caused by the processes in the 
combustion bomb, and At,,, the contribution from heat exchange with the surrounding thermostat (including the 
contribution from stirring power). The time-temperature readings taken during the fore, main and after periods 
contain the information required for the evaluation of Atex and hence 8 from the equation 

8 = tf - ti - Atex 

The rating periods yield 
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utilized in the calculation of the specific rate constant 

gi - gf G=, -t. 
mf rnl 

where 

gi is the drift rate in the fore (initial rating) period, in kelvins per minute; 

gf is the drift rate in the after (final rating) period, in kelvins, per minute; 

t mf is the mean temperature in the after period, in degrees Celsius; 

t mi is the mean temperature in the fore period, in degrees Celsius. 

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

gi and gf are preferably evaluated as the slope sf a linear least-squares fitting of the time-temperature values of the 
fore and after periods, respectively. Alternatively, they are tasten as the mean values of the 1 min temperature 
increments in the rating periods. 

B.5.2 Regnault-Pfaundler method 

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

Atex = G 
f 

“(tm - t)dz = [gf + G(tmf - tm)] x (Zr - Ti) 
=, 

where tm (the integrated mean temperature) is calculated from the following equation: 

trn=+ [ 3p+k$] 

b( = ti) is the temperature at the beginning of the main period; 

t, , t*, . . . , tk, . . . 
the end; 

, tn are the successive temperature readings taken during the main period, t,( = tf) being that at 

Ti and Tf are the times at the beginning and end of the main period, respectively. 

B.5.3 Dickinson extrapolation method 

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

g.( I zx - Ti) + gf(zf - ‘)o = G f “(‘m - t)dz = At,, 
=, 

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 = tf - ti - gi (Tx - Ti) - gf (Tf - TX) = tr* - ti 
where gi and gf represent, in principle, the drift rates at Ti and Tf, respectively. 
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For a combustion reaction, the time-temperature curve is close to being an exponential which means that Z, is the 
time associated with the temperature where the Change in temperature (tx - 
temperature rise (tf - ti). The quantity (zx - 

ti) is 0,6 times the total (observed) 
Ti) varies with the kinetic behaviour of the combustion reaction of the 

type of Sample studied. 

t i 

Ti Tx Tf Time, T 

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

Automated bomb ealorimeters 

C.l The instrument 

Among the various types of fully automated bomb combustion calorimeters there are instruments that fulfil all the 
basic requirements regarding a physically weil-defined calorimeter, as well as instruments whose thermal behav- 
iour has to be described empirically. The former type of instrument usually demands less in terms of comparability, 
for example in the amount of heat released in calibrations and in fuel experiments, respectively, in Order to yield 
reliable results. Also, the effective heat capacity E of a weil-defined calorimeter as a rule remains constant over long 
periods of time. 

There is no particular reason to assume that instruments with a less weil-defined calorimeter could not produce 
calorific values with the required accuracy, provided that the repeatability is within some set limits and the user 
is aware of and adheres to restrictions in the choice of operating conditions. Normally a calorimeter of this kind 
requires more frequent calibrations, in some cases every day that it is used. 

Aneroid calorimeters (see 6.1) are convenient for automated Operation as they require no apportioning of calor- 
imeter water, thereby also eliminating evaporation errors. They ao-e usually operated as adiabatic or quasi-adiabatic 
Systems but may equally well be of the isoperibol type. Characteristically they have a small heat capacity, leading 
to large changes in calorimeter temperature, thus facilitating the measurement of 0 with a relatively high resol- 
ution. Conversely, large values of 8 tend to increase the risk for introducing systematic error, in aneroid Systems 
aggravated by difficulties in achieving uniform calorimeter surface temperature during combustion of the Sample. 
A countermeasure is to limit the Sample mass, bearing in mind that for smaller samples particular attention shall 
be given to their being representative. 

In certain cases, weil-defined stable calorimetric Systems allow Operation in dynamic mode, i.e. already a few 
minutes into the main period it is possible to predict the final outcome of the experiment in terms of 8, without 
any loss in accuracy of the results. 

C.2 Calibration 

The effective heat capacity E shall, in principle, be determined as specified in clause 9 with particular reference to 
9.2, 9.4 and 9.5. 

The instrument manufacturer may specify bomb conditions (ratio of Sample mass to bomb volume, initial bomb 
water, Oxygen pressure) that deviate significantly from those defined in 9.2.1. When these bomb conditions Cause 
changes in the energy of combustion of the calibrant (benzoic acid) larger than + 5 J/g (see 9.2.2), it shall 
possible to adjust any preset value for benzoic acid, i.e. to input the correct value fir the calculations of E. 

be 

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 tf of the main period) should be kept 
the Same, within -1: 1 K, in all experiments. If necessary, it may be Chosen arbitrarily within + IO 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 d 9.62 and 10.42 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 E 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 Iimits. 

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 rf- 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 benzoic acid (pelletized) or combustion aid (sec 8.1) may be used for this purpose. The results from these conditioning runs 
should be disregarded. 

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

C.3 Precision requirements for calibrations 

The values of E for the individual calibration experiments should be printed or displayed so that they tan be 
manually recorded (in joules per kelvin or in arbitrary units together with 8 in these units). Generally, the precision 
requirements for E, as given in 9.7, apply. 

Some Systems compensate for significant drift by using the mean of the previous mean value and the value for 
E from the latest calibration experiment as the measure for the effective heat capacity. In such a case, the indi- 
vidual values of E for a series of calibration experiments cannot be used to evaluate the precision characteristics 
of the measurements. Instead, a series of individual measurements using certified benzoic acid as the Sample shall 
be performed over a period of 1 day or, at the most, 2 days. For a series of five benzoic acid combustions, the 
Standard deviation shall not exceed 0,20 %. The mean value shall not differ by more than + 50 J/g from the cer- 
tificate value (see C.2). 

C.4 Comparability of calibration and fuel experiments 

The conditions specified in 10.1 to 10.3 apply, including arguments about whether thermal contributions from 
combustion of the fuse and/or side reactions, such as the formation of nitric acid, need to be taken into account 
in the evaluations (see 9.6.1). 

In the calculational procedures of automated instruments there are normally no provisions to allow specifically for 
the use of crucibles of widely different material and mass. 

In aneroid Systems or Systems working on a constant mass-of-water basis, the error from disregarding a differente 
in heat capacity of individual crucibles is 

8 x AC 

where 

AC is the differente in heat capacity (m,, x c,& of the crucible used in the calibrations and that used in 
combustion of the fuel; 

m1 is the mass of fuel burned. 

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

e x Amcr x CP aq I 
ml 

(see 9.6.2). 
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Getting clean 
while. 

combustions is the first priority. Optimizing the Overall conditions to achieve it is usually worth- 

C.5 Documentation and print-out 

The evaluation of the gross calorific value at constant volume qvgr 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 8, E, 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 in calibration 
experiments. Corrections 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 Precision requirements for fuel experiments 

The precision requirements in terms of repeatability limit of the results of duplicate measurements are stated in 
clause 11. 
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(informative) 

ISO 1928:1995(El) 

Checklists for the design and procedures of combustion experiments 

D.1 Introduction 

This annex contains Checklists intended as aids in setting up and carrying out a complete determination of a 
calorific value, including calibration of the instrument, using a specified type of calorimeter. Equations, identical to 
those given in the main text, are repeated here for clarity. 

The general experimental conditions are defined in D.2 which is common to the use of all types of bomb calor- 
imeters. D.3 contains Information pertinent to the use of adiabatic calorimeters, D.4 applies to isoperibol calor- 
imeters and D.5 deals with the highly automated bomb-calorimetric Systems. Static-jacket calorimeters may be 
treated as isoperibol Systems. 

Numbers in parentheses refer to clauses or subclauses in the main text or annexes A to C of this International 
Standard. The basic calorimetric procedure is descirbed in clause 8. The calibration procedures are described in 
9.5 and 9.6. The experimental and calculational procedures for the fuel combustions are specified in 10.2 to 
10.4. Additional information required for the particular type of calorimeter is given in 

- Annex A and 0.3 for adiabatic calorimeters 

- Annex B and D.4 for isoperibol or static-jacket calorimeters 

- Annex C and D.5 for other types of calorimeters 

D.2 Choice of general Parameters 

Calibration conditions, the basis for the conditions of subsequent fuel experiments (see 9.2.2 and 9.3 for general 
calibration requirements): 

Bomb volume, Vbomb, in litres = 

Mass of benzoic acid, mba, in grams = 

Mass of bomb water, m,,, in grams = (VI,, in millilitres, may be substituted for m,,) 

Initial pressure of Oxygen, po, in megapascals = 

Reference temperature, tref, in degrees Celsius = 

Calculation of the bomb condition value of benzoid acid: 

This value is used in the calculations of the effective heat capacity of the calorimeter, E (consult the particular 
benzoic acid certificate; see also 9.6.1 and 9.6.2). 

Certificate value of benzoic acid, in joules per = 
gram (9.2.1) 

@&/vbomb), in grams per litre - 3,0 g/l = 

(vaq/Vbomb), in millilitres per litre - 3,0 ml/l - - 

po, in megapascals - 3,0 MPa = 

t reff in degrees Celsius - 25 “6 - - (8.7) 
Adjustment to certificate value, in joules per gram = (in accordance with the equation in the certificate) 

This yields qvba, d 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) Constant mass-of-calorimeter-water basis (8.3; 9.6.1; 10.4.2): 

Mass of calorimeter water = g 

Or alternatively for 

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

Mass of (calorimeter + water + assembled bomb) = g 

Additional Parameters to consider: 

Ignition wire (fuse): Zwire = cr-n or constant Qi,, = J (9.4; 9.6.1) 

Fuse: mf use = 4 or constant Qfuse = 4 (9.4; 9.6.1) 

Decide whether the correction for nitric acid QN needs to be determined by analysis for the individual experiment 
or assigned a constant per-gram value (not necessarily the same for calibrant and fuel experiments, respectively) 
or per-experiment value (9.4; 10.1). 

D.3 Adiabatic calorimeters 

D.3.1 Determination of the corrected temperature rise 8 

Make the necessary adjustments to achieve adiabatic conditions (A.3.1; A.3.2). 

Estimate the heat capacity of the System and, from the choice of mass of Sample, make a prediction of the ex- 
pected temperature rise At in Order to determine the starting temperature (tref - At). 

Determine what the conditions are for an initial steady state (A.4). 

Make a series of experiments to determine the length of the main period (A.4; 8.2 to 8.5; 9.5). 

From the time-temperature measurements (~k, t,J for a set of benzoic acid combustions, calculate the corrected 
temperature rise 6 for the individual experiments (A.5). 

8 = tf - ti 

For a significant (but limited) drift at the end of the main period, 0 is derived from (A.5) 

O=tf-ti-gfx(A~-l) 

0.3.2 Evaluation of the effective heat capacity E 

Calculate the effective heat capacity E for the individual experiments. 

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

%a X 4~ ba + Qfuse + Qign + QN , 
E = 

6 

For alternative D.2 b), the constant total-calorimeter-mass basis (9.6.2), E, is calculated from 

EO = Ce + mcr ’ cp aq I 

where 

E* is equal to E as defined above; 
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met- is the mass of the crucible used in the individual calibration experiment. Compare note 18 in 96.2 

Calculate the mean value Er”) or Q”), 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 qvgr I 

Perform the fuel combustions in accordance with the instructions in 10.2 and 10.3. 8 is calculated in the same 
way as for the calibrations. 

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

%qJr = 
g(n) x 0 - Qfuse - Qign - QN - 9 x 4v z , Qs -- 

ml ml 

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

4v,cJr = 
~,~e-Qf”,,-Qi,“-QN-m!xs,, I Qs -- 

ml ml 

where 

E* is derived from E, = Er”) - mcr x cp & I 

mCr is the mass, in grams, of the crucible in the individual experiment. 

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

Ancillary quantities required in the calculations are given in 9.6.1 and 10.4.2. 

D.4 Isoperibol calorimeters 

D.4.1 Determination of the corrected temperature rise 8 

Set the jacket temperature to the value Chosen for the experiments (B.3). 

Estimate the heat capacity of the System and, from the choice of mass of Sample, make a prediction of the ex- 
pected temperature rise At in Order to determine the starting temperature (tref - At). 

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

Make a series of experiments to determine the length of the main period (B.4.2; 8.2 to 8.5; 9.5). 

From the time-temperature measurements (zk, tk) 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 gi and gf and the mean temperatures tmi and tmf of the rating periods and calculate the 
specific rate constant G according to 

gi - gf 
G=, -t” mf rni 

Then calculate tm (the integrated mean temperature) and At,, (the contribution from heat exchange) according to 
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1 =- 6-n n 
to + 4-l 

2 

k=n-1 

+ 7, tk 
k=l 1 

and 

Atex = G 
I 
“(t, - t)dz = [gf + G(tmr - tmll x CZf - ziJ 
t* 

Finally, calculate 8 from 

8 = tf - ti - Atex 

Dickinson extrapolation method (B.5.1; 8.5.3) 

Make a graph of the time-temperature (zk, tk) values of the main period and determine the time for 
ti + 0,6 X (tf - ti). This time is taken as z,. Determine the drift rates, i.e. the slopes of the rating periods, as follows: 

gi = (dt/dT)i and & = KJtlW, 

Then calculate 8 from 

8 = tf - ti - gi(z, - Ti) - gf(zf - zJo 

NOTE 33 The extrapolation time Z, for the fue9 experiments is likely to differ from that for the calibrations. 

D.4.2 Evaluation of the effective heat capacity E 

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

Calculate the mean value Er”) or Q,), 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. 

D.4.3 The gross calorific value at constant volume qvgr I 

Perform the fuel combustions in accordance with the instructions in 10.2 and 10.3. 8 is calculated in the Same 
way as for the calibrations. 

Calculate the calorific value using the appropriate equation [alternative D.2 a) or D.2 b)] as given in 0.3.3. 

D.5 Automated bomb calorimeters 

Operate the calorimeter according to the instructions. The corrected temperature rise 8 is usually derived auto- 
matically by the System. 

Make Sure that the correct val ue is u sed for the energy of 
utilized (0.2) in the evaluation of the calibrat on constant. 

combustion of the calibrant under the bomb conditions 

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/ml) is already taken care of by the System, use the value given in 10.4.2. 
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ISO 1928:1995(E) 

Annex E 
(informative) 

Examples to illustrate some of the calculations used in this International 
Standard 

E.1 Gross calorific value at constant volume 

E.1 .l Isoperibol calorimeters 

Parameters from a calibration experiment: 

% = 0,937 2 g 
mf u,, = 0,003 4 g 

The Charge was fired at 5,0 min. 

5,95 ml of sodium hydroxide [c(NaOH) = 0,l mol/l] solution was 
used in the titration of nitric acid. 

Q fuse = 6o J 

Q ign = OJ 
QN = 35,7 J 
qvba = 26 465 J/g I 

Calculation of the corrected temperature rise 8 

z (min) 
0 
1 
2 
3 
4 
5 

55 I 
6 

65 I 
7 
8 
9 
10 

t (“Cl z (min) t (“Cl 
22,384 3 11 24,879 1 
22,390 7 12 24,883 0 
22,396 7 13 24,884 6 
22,402 8 14 24,885 5 
22,409 2 15 24,886 0 
22,415 1 16 24,886 7 
22,828 8 17 24,887 2 
23,655 7 18 24,887 8 
24,222 0 19 24,888 3 
24,496 2 20 24,889 0 
24,748 8 21 24,889 7 
24,842 4 22 24,890 4 
24,868 9 23 24,891 1 

The initial and final rating periods are from 0 min to 5 min and from 15 min to 23 min, respectively, in this case. 
Hence, the main period Starts at 5,0 min and ends at 15,0 min. A least-squares fit of the initial and final rating 
periods, respectively, yields (B.5.1) 

gi = 0,006 16 K/min t mi = 22,399 8 “C (at 2,5 min) 4 = 22,415 2 “C (at 5 min) 

gf = 0,000 63 K/min t mf = 24,888 5 “C (at 19 min) tf = 24,886 0 “C (at 15 min) 

From these values the specific rate constant G is calculated (B.5.1): 

G=2,22x10S3min-‘. 

Next, tm is calculated for the Regnault-Pfaundler calculation of Atex (B.5.2): 

tm = 24,579 5 “C. 

Insertion of tm in the equation in B.5.2 together with the values for gf, tmf and G, allows the contribution for heat 
exchange to be derived: 

Atex = 0,013 2 K. 

0 then becomes 

8 = tf - ti - Atex = (24,886 0 - 22,415 2 - 0,013 2) K = 2,457 6 K 
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