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Foreword

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

Interngtional Standards are drafted in accordance with the rules given in the ISO/IEC Diregctives, |Part 2.

The mpain task of technical committees is to prepare International Standards. Draft Internatiopal Standards
adopted by the technical committees are circulated to the member bodies for voting. Publjcation as an
Internptional Standard requires approval by at least 75 % of the member bodie$ casting a vote.

Attentjon is drawn to the possibility that some of the elements of this dociment may be the sulject of patent
rights] ISO shall not be held responsible for identifying any or all such patent rights.

ISO 1p28 was prepared by Technical Committee ISO/TC 27,%Solid mineral fuels, Subcommittee SC 5,
Methqgds of analysis.

This third edition cancels and replaces the second edition (ISO 1928:1995), which has be¢n technically
revised.
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INTERNATIONAL STANDARD ISO 1

928:2009(E)

Solid mineral fuels — Determination of gross calorific value by

the bomb calorimetric method and calculation of net cal
value

orific

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

1 Scope

This Ipternational Standard specifies a method for the determination ofthe“gross calorific vajue of a solid
mineral fuel at constant volume and at the reference temperature of 25 °Cin a bomb calorimeter calibrated by
combistion 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 cdmbustion products as liquid water. In practice, fuel is burned at constant (atmospheric) pre

water [is not condensed but is removed as vapour with the flue gases. Under these conditions,
heat gf combustion is the net calorific value of the fuel at.constant pressure. The net calorific val
volumie can also be used; equations are given for calculating both values.

Genetal principles and procedures for the calibrations and the fuel tests are presented in t
wherdas those pertaining to the use of a particular type of calorimetric instrument are described
to C.| Annex D contains checklists for petforming calibration and fuel tests using speci
calorieters. Annex E gives examples illustrating some of the calculations.

NOTE

2 Normative references

The fi
refere
document (including.any amendments) applies.

bllowing referenced” documents are indispensable for the application of this docume

ISO 6p1, Solid-stem calorimeter thermometers

ISO 6p2;-Enclosed-scale calorimeter thermometers

Descriptors: solid fuels, coalscoke, tests, determination, calorific value, rules of calculation, calg

hces, only the\gdition cited applies. For undated references, the latest edition of th

ssure and the
the operative
le at constant

he main text,
in Annexes A
fied types of

rimetry.

ht. For dated
e referenced

ISO 687, Solid mineral fuels — Coke — Determination of moisture in the general analysis test sample

ISO 1770, Solid-stem general purpose thermometers
ISO 1771, Enclosed-scale general purpose thermometers

ISO 5068-2, Brown coals and lignites — Determination of moisture content — Part 2: Indire
method for moisture in the analysis sample

ct gravimetric

ISO 11722, Solid mineral fuels — Hard coal — Determination of moisture in the general analysis test sample

by drying in nitrogen
ISO 17247, Coal — Ultimate analysis
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3 Terms,

3.1 Terms

For the purpo

3.11
gross calorif

definitions and symbols

and definitions

ses of this document, the following terms and definitions apply.

ic value at constant volume

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

NOTE 1 Th{
dioxide, of liqu
reaction, and o
NOTE 2 Gri
3.1.2

gross calorif
absolute valu
pressure, inst

NOTE Thg
of the system.
and, hence, no
an increase in

313

net calorific
absolute valu
conditions of
a hypothetica
temperature

314

net calorific
absolute valu
constant pres
(at 0,1 MPa),

3.1.5
adiabatic cal

products of combustion are assumed 10 CoNnsist 0l gaseous oxygen, nitrogen, carbon dioxide an
d water (in equilibrium with its vapour) saturated with carbon dioxide under the conditions of.thg
solid ash, all at the reference temperature.

ss calorific value is expressed in units of joules.

c value at constant pressure
b of the specific energy of combustion, for unit mass of a solid fuel burned in oxygen at co|
cad of constant volume in a calorimetric bomb

e hydrogen in the fuel, reacting with gaseous oxygen to give liquid water, causes a decrease in the
When the fuel carbon reacts with gaseous oxygen, an equal volume of gaseous carbon dioxide is
change in volume occurs in combustion of the carbon. The oxygen and nitrogen in the fuel both give
olume.

yalue at constant volume

e of the specific energy of combustion, for~unit mass of a solid fuel burned in oxygen
constant volume and such that all the wateriof the reaction products remains as water vap
| state at 0,1 MPa), the other products:being as for the gross calorific value, all at the refe

yalue at constant pressure

e of the specific heat (enthalpy) of combustion, for unit mass of the fuel burned in oxy
sure under such conditions that all the water of the reaction products remains as water
the other products being as for the gross calorific value, all at the reference temperature

rimeter

calorimeter that has a rapidly changing jacket temperature

NOTE Th
identical durin

innencCalorimeter chamber and the jacket exchange no energy because the water temperature in

sulfur
bomb

nstant

olume
formed
rise to

under
bur (in
rence

jen at
apour

both is
in the

the test. The water in the external jacket is heated or cooled to match the temperature change

calorimeter propef-

3.1.6

isoperibol calorimeter

(isothermal ty

NOTE

pe) calorimeter that has a jacket of uniform and constant temperature

These calorimeters have the inner chamber surrounded by a water jacket in which the temperature is

maintained at ambient temperature. The outer jacket acts like a thermostat and the thermal conductivity of the interspace
between the two chambers is kept as small as possible.

3.1.7

automated calorimeter
colorimeter system without fluid, where the calorimeter can, stirrer and water are replaced by a metal block

and the comb

ustion bomb itself constitutes the calorimeter

© 1SO 2009 - All rights reserved
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NOTE Characteristically, these calorimeters have a small heat capacity, leading to large changes in temperature.
Therefore, smaller masses of sample are used. A calorimeter of this kind requires more frequent calibrations.

3.1.8
reference temperature
international reference temperature for thermochemistry, 25 °C

NOTE1  See8.7.
NOTE 2  The temperature dependence of the calorific value of coal or coke is small, about 1 J/(g-K).
31.9

effective heat capacity of the calorimeter
amount of energy required to cause unit change in temperature of the calorimeter

3.1.10
corregcted temperature rise
change in calorimeter temperature caused solely by the processes taking place within the combystion bomb

NOTE The change in temperature can be expressed in terms of other units: réesistance of a platinum or thermistor
thermgmeter, frequency of a quartz crystal resonator, etc., provided that a functiénal relationship is estabjished between
this qyantity and a change in temperature. The effective heat capacity of the Galorimeter can be expregsed in units of
energy| per such an arbitrary unit. Criteria for the required linearity and closeness in conditions between ¢alibrations and
fuel tegts are given in 9.3.

3.2 [Symbols

p,aq specific heat capacity of water

specific heat capacity of the crucible

p,cr
G specific rate constant
g drift rate (d#/d7) in the rating.periods
g drift rate in the after-period
8 drift rate in the fore-period
M moisture inthie analysis sample
My total maisture content of the fuel for which the calculation is required
My mass of benzoic acid
My mass of crucible
iy mass of fuel sample
my mass of combustion aid
Py power of stirring
Ofuse contribution from combustion of the fuse
Oign contribution from oxidation of the ignition wire
ON contribution from formation of nitric acid (from liquid water and gaseous nitrogen and oxygen)

© 1SO 2009 — All rights reserved 3
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Os correction for taking the sulfur from the aqueous sulfuric acid in the bomb to gaseous sulfur
dioxide

9p,gr,d gross calorific value at constant pressure of the dry (moisture-free) fuel

p net net calorific value at constant pressure

p net,d net calorific value at constant pressure of the dry (moisture-free) fuel

9p,netm net calorific value at constant pressure of the fuel with moisture content M+

9V ba certified gross calorific value at constant volume for benzaic acid

qv,gr gross calorific value at constant volume of the fuel as analysed

qv,grd gross calorific value at constant volume of the dry (moisture-free) fuel

qv,grm gross calorific value at constant volume of the fuel with moisture content M5

9V netm rlet calorific value at constant volume of the fuel with moisture content My

qv.2 gross calorific value at constant volume of a combustion aid

t dalorimeter temperature

Atgy Heat-leak correction

7 flnal temperature of the main period (equal to the.reference temperature)

k4 a temperature, a min after the end of the main-period

=t qbserved temperature rise

7 initial temperature of the main period

g thermostat (jacket) temperature

-t thermal head

tf mean temperature, in the after-period

Imi mean temperature in the fore-period

t temperature at the time 7,

ty asymptatic temperature of an isaoperibol calorimeter (at “infinite” time)

WH d hydrogen, percent mass fraction of the moisture-free fuel (includes the hydrogen from the water
of hydration of the mineral matter as well as hydrogen in the coal substance)

WN.d nitrogen, percent mass fraction of the moisture-free fuel

Wo.d oxygen, percent mass fraction of the moisture-free fuel

£ effective heat capacity of the calorimeter

é best estimate (corresponds to “mean” value) of ¢ from linear regression of ¢ as a function of the

observed temperature rise (¢t - ,)

4 © 1SO 2009 - All rights reserved
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effective heat capacity of calorimeter on a “total-calorimeter-mass” basis

mean effective heat capacity of the calorimeter based on » determinations of ¢
effective heat capacity of hypothetical calorimeter with no crucible in the bomb
mean effective heat capacity of the calorimeter based on »n determinations of ¢,
corrected temperature rise

time

4

v

4.1

A wei
calori
calibr
certifi
after

depen
prior t
regard

The g
the c4
therm
accou
gaseo

length of the main period
time at the end of the main period
time at the beginning of the main period

dickinson extrapolation time

rinciple

Gross calorific value

he combustion reaction takes place. The) duration and frequency of the temperature
d on the type of calorimeter used. Water-is added to the bomb initially to give a saturated
b combustion, thereby allowing all thé.water formed from the hydrogen and moisture in the
ed as liquid water.

ross calorific value is calcutated from the corrected temperature rise and the effective he
lorimeter, with allowances made for contributions from ignition energy, combustion of the f]
b effects from side reactions such as the formation of nitric acid. Furthermore, a correctio
nt for the differencé~n energy between the aqueous sulfuric acid formed in the bomb
us sulfur dioxide, (e the required reaction product of sulfur in the fuel.

4.2

The n
obtain
The o

Net calorific' value

et calarific value at constant volume and the net calorific value at constant pressure o

ghed portion of the analysis sample of the solid foel is burned in high-pressure oxygen in a bomb
eter under specified conditions. The effective\ heat capacity of the calorimeter is determined in
tion tests by combustion of certified benzoie,"acid under similar conditions, accounted for in the
ate. The corrected temperature rise is established from observations of temperature beforg, during, and

observations
vapour phase
sample to be

at capacity of
use(s) and for
N is applied to
reaction and

f the fuel are

moisture and

ed by ‘calculation from the gross calorific value at constant volume determined on the anTIysis sample.

alculation of the net calorific value at constant volume requires information about the

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
volum

NOTE

Oxygen, at a pressure high enough to fill the bomb to 3 MPa, pure, with an assay of at least 99,5 %

e fraction, and free from combustible matter.

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

© 1SO 2009 — All rights reserved
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5.2 Fuse

5.21

Ignition wire, of nickel-chromium 0,16 mm to 0,20 mm in diameter, platinum 0,05 mm to 0,10 mm in

diameter, or another suitable conducting wire with well characterized thermal behaviour during combustion.

5.2.2 Cotton fuse, of white cellulose cotton, or equivalent, if required; see 8.2.1, fourth paragraph.

5.3

less reactive fuels.

5.3.1

temperature qf 1. 400 °C _mixed with water

Crucible lining material, for use in aiding total combustion of coke, anthracite, high ash coal and other

Paste, of fused aluminosilicate cement passing a 63 um test sieve and suitable for use up to a

5.3.2 Aluminium oxide, fused, of analytical reagent quality, passing a 180 um test sieve and retaine

106 um test s

5.3.3 Silica

eve.

fibre, an ash-free, silica-fibre disc.

5.4 Standard volumetric solutions and indicators, only for use when analysis of.final bomb soluti

required.

5.41
hydroxide, B3

Stopper the fl
settled out. D
storage bottle
against 0,1 m

Bariym hydroxide solution, c¢[Ba(OH),] = 0,05 mol/l, prepared_®y dissolving 18 g of |

(OH),.8H,0, in about 1 | of hot water in a large flask.

psk and allow the solution to stand for two days or untilcall.the barium carbonate has com
ecant or siphon off the clear solution through a fine-grained (slow flowrate) filter paper

pl/l hydrochloric acid solution (5.4.4) using phenolphthalein solution (5.4.6) as an indicator.

54.2 Sodiym carbonate solution, ¢(Na,CO3)=0,05mol/l, prepared by dissolving 5,3 g of anhy

sodium carbo
the resulting {

hate, Na,CO5, dried for 30 min at 260 °C*t0-270 °C, but not exceeding 270 °C, in water. Tr
olution quantitatively to a 1 | volumetrie‘flask and make up to volume with water.

543 Sodi

m hydroxide solution, ¢(NaOH) =0,1 mol/l, prepared from a standard concentrated volu

solution as difected by the manufacturer.

Alternatively, [prepare from anhydrous‘sédium hydroxide by dissolving 4,0 g of sodium hydroxide, Na

water; transf

Standardize
solution (5.4.4

5.4.4 Hydr
solution, as d

the resulting solution(to a 1 | volumetric flask and make up to volume with water.

) as an indicator:

pchloric acid solution, ¢(HCI) = 0,1 mol/l, prepared from a standard concentrated volu
rected.by the manufacturer.

i on a

ons is

arium

bletely
into a

fitted with a soda-lime guard tube to prevent ingress of carbon dioxide. Standardize the s¢lution

drous
ansfer

metric

DH, in

e resulting solution against 0,1 mol/l hydrochloric acid solution (5.4.4) using phenolphthalein

metric

Alternatively,

prepare by diluting 9 ml of hydrochloric acid (p=1.18 g/ml) to 11 with water. Standardi

re the

resulting solution against anhydrous sodium carbonate or against sodium carbonate solution (5.4.2) using a
screened indicator solution (5.4.5).

5.4.5

Methyl orange indicator, screened, 1 g/l solution.

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

5.4.6 Phen

olphthalein, 10 g/l solution.

Dissolve 2,5 g of phenolphthalein in 250 ml of 95 % volume fraction ethanol or 2,5 g of the water-soluble salt

of phenolphth

alein in 250 ml of water.

© 1SO 2009 - All rights reserved
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5.5 Benzoic acid, of calorimetric-standard quality, certified by (or with certification unambiguously traceable
to) a recognized standardizing authority.

Benzoic acid is the sole substance recommended for calibration of an oxygen-bomb calorimeter. For the
purpose of checking the overall reliability of the calorimetric measurements, test substances, e.g. n-dodecane,
are used. Test substances are used mainly 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 should have a certified purity
and a well-established energy of combustion.

The benzoic acid is burned in the form of pellets. The benzoic acid is normally used without drying or any
treatment other than pelletizing; consult the sample certificate. The benzoic acid does not absorb moisture
from the atmosphere at a relative humidity below 90 %, but it is recommended that the benzoic acid be stored

in a moisture-free environment (desiccator) until use.

The

nzoic acid shall be used as close to certification conditions as is feasible; significant de

these |conditions shall be accounted for in accordance with the directions in the cerdificate. T

comb
calcul

6

6.1

The ¢
withol

stion of the benzoic acid, as defined by the certificate for the conditions utilized, shall
bting the effective heat capacity of the calorimeter; see 9.2.

Apparatus

General

alorimeter (see Figure 1), consists of the assembled ,combustion bomb, the calorimete
t a lid), the calorimeter stirrer, water, temperature._sénsor and leads with connecto

calori
Durin

eter can required for ignition of the sample or as _paft’ of temperature measurement or c

partures from
he energy of
be adopted in

r can (with or
rs inside the
bntrol circuits.

measurements, the calorimeter is enclosed in\ a-thermostat. The manner in which the thermostat

tempgrature is controlled defines the working principle of the instrument and, hence, ths
evaluating the corrected temperature rise.

In ane
block.

In cor
result
Using
the b4
fuel tg

The combustion bomb itself constitutes the calorimeter in some aneroid systems.

hbustion calorimetric instruments with a high degree of automation, especially in the evs
5, the calorimeter is, in a few-cases, not as well defined as the traditional, classical-typ
such an automated calorimeter is, however, within the scope of this International Standz
sic requirements are met-with respect to calibration conditions, comparability between ¢
sts, ratio of sample mass to bomb volume, oxygen pressure, bomb liquid, reference temg

strategy for

roid systems (systems without a fluid), the calorimeter can, stirrer and water are replac¢d by a metal

luation of the
e calorimeter.
rd as long as
alibration and
erature of the

measyirements and acecuracy of the results. A printout of some specified parameters from [the individual

measlirements is essential. Details are given in Annex C.

Equipment, adequate for determinations of calorific value in accordance with this International Standard, is
specifijed below:

6.2 |Calorimeter with thermostat

6.2.1 Combustion bomb, capable of withstanding safely the pressures developed during combustion; see
Figure 1.

The design shall permit complete recovery of all liquid products. The material of construction shall resist
corrosion by the acids produced in the combustion of coal and coke. A suitable internal volume of the bomb is
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 regulations 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. Colour
coding is recommended. Swapping of parts can lead to a serious accident.

© 1SO 2009 — All rights reserved
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Figure 1 — Classical-type combustion-bomb calorimeter with thermostat
6.2.2 Calolimeter.can, made of metal, highly polished on the outside and capable of holding an amg
water sufficiet to.completely cover the flat upper surface of the bomb while the water is being stirred.
A lid generally-helps—reduee-evaperation-ef-calerimeterwaterbutdnless-ts-in-geed-thermal-contactw

unt of

th the

can, 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 low-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 importance
when the stirrer shaft is in direct contact with the stirrer motor. When a lid is used for the calorimeter can, this

section of the

shaft should be above the lid.

The rate of stirring for a stirred-water-type calorimeter should be large enough to make sure that hot spots do
not develop during the rapid part of the change in temperature of the calorimeter. A rate of stirring such that
the length of the main period can be limited to 10 min or less is usually adequate; see Annexes A and B.
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6.2.4 Thermostat (water jacket), completely surrounding the calorimeter, with an air gap of approximately
10 mm separating calorimeter and thermostat.

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

water

NOTE

jacket are given in Annex B.

1 For an insulated metal static jacket, satisfactory properties are usually ensured by making

jacket with a capacity for water of at least 12,5 1.

a wide annular

NOTE|2

calori
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calorimeter shall not exceed 0,000 5 K/min; see A.3.2.

6.2.5
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Calorimeters surrounded by insulating material, creating a thermal barrier, are regarded
eters.

the thermostat (water jacket) is required to follow closely the temperature of the.calorim

b has been fired. When in a steady state at 25 °C, the calculated méan drift in tempsg

Temperature-measuring instrument, capable of indicating temperature with a resolut
K so that temperature intervals of 2 K to 3 K can be determined with a resolution of 0,002 |

bsolute temperature shall be known to the nearest 0,1 K atthe reference temperature of th
irements. The temperature-measuring device should be\linear, or linearized, in its respon
perature over the interval it is used.

bernatives to the traditional mercury-in-glass thermometers, suitable temperature sensors
nce thermometers, thermistors, quartz crystal resonators, etc., which, together wi
nce bridge, null detector, frequency couUnter, or other electronic equipment, provide
tion. The short-term repeatability of this_type of device shall be 0,001 K or better. Long-t

s static-jacket

eter, it should

low mass and preferably have immersion heaters. Energy shall be supplieéd,at a rat¢ sufficient to
maintain the temperature of the water in the thermostat to within 0,1 K of that of the_calorimeter

vater after the
brature of the

on of at least
K or better.

e calorimetric
5e to changes

are platinum-
h a suitable
the required
erm drift shall

ceed the equivalent of 0,05 K for -aperiod of six months. Sensors with linear responsg¢ (in terms of

tempdrature) are less likely to drift, causing bias in the calorimetric measurements, than are non-linear
sSensors.

For agliabatic systems, a suitable-arrangement is as follows: Mercury-in-glass thermometers ih accordance
with ISO 651, ISO 652, ISO©,1770 or I1SO 1771 satisfy the measurement requirements. A viewer with

magn

Also,
see 8

6.2.6

The e

fication about 5x is needed for reading the temperature with the resolution required.

h mechanical vibrator to tap the thermometer is suitable for preventing the mercury column
4. If this is not/available, the thermometer can be tapped manually before reading the temg

Ignitioncircuit

ectrical supply shall be 6 V to 25 V alternating current from a step-down transformer or di

from sticking;
erature.

rect current. It
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a-a-nilat lhaht H

rablata itnal ntha aAtra gt o i Aliaota vah ol Aleranat 1o £l ain

ol anirait to e Alianatas Vs AL ee it o £l A £+
TaoTCTUTTICIOCU T a pPnoT gt i o e O oumt O atC Wit SO TCTIC 15 HOWIT 19T

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. The crucible should be
lined with an ash-free, silica-fibre disc for coke, anthracite, high-ash coal and other less reactive fuels. 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.
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For coke, the nickel-chromium crucible, as described for use with coal, should be lined with a commercially
produced ash-free, silica-fibre disc. The mass of the disc is not included as part of the sample mass.
Alternatively, line the crucible 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 other substances with a high moisture content, such as bio-oils, the ashless disk is placed on top of the
sample in the crucible. This helps to absorb the moisture, and easy burning occurs without misfires.

For benzoic acid, elther of the cru0|bles specmed for coal is suitable. If smears of unburned carbon occur, a
small, low-mass_platinu J ICik A in diameter and
7 mm deep,

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, jindicating minutes and seconds.
6.6 Balances

6.6.1 Balance, capable of weighing the sample, fuse, etc., with a resolution of at least 0,1 mg; 0,01|mg is
preferable angl is recommended when the sample'mass is of the order of 0,5 g or less; see 8.2.1.

6.6.2 Balance, capable of weighing the.calorimeter water, with a resolution of 0,5 g (unless water gan be
dispensed intp the calorimeter by volume with the required accuracy; see 8.3.

6.7 Thermeostat (optional), for equilibrating the calorimeter water before each test to a predetermineq initial
temperature, within about + 0,3 K,

7 Preparation of test sample

The coal and| cokeused for the determination of the calorific value shall be the analysis sample groyind to

pass a test sjeve ‘with an aperture of 212 ym. In some circumstances, it has been shown that a maximum
partic|e size 250 . is smm:pf:\hln for low- and medium-rank coals

The sample shall be well mixed and in reasonable moisture equilibrium with the laboratory atmosphere. Either
the moisture content shall 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 in accordance with one of
the methods specified in ISO 687, ISO 11722 or ISO 5068-2.

NOTE Coal samples from organic float-and-sink testing can contain halogen compounds, which can affect the
determination of gross calorific value due to the heat of formation of acids. It is necessary to take care to remove as much
of the traces of these residues as is practicable before the determination is carried out.
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8 Calorimetric procedure

8.1 General

928:2009(E)

The calorimetric determination consists of two separate tests: 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 tests is essentially the same. In fact, the overall similarity is a requirement for proper cancellation of
systematic errors caused, for example, by uncontrolled heat leaks not accounted for in the evaluation of the

corrected temperature rise, 6.

The test consists of carrying out quantitatively a combustion reaction (in high-pressure oxygen in the bomb) to
products of combustion and of measuring

defin
process.

The t¢mperature measurements required for the evaluation of the corrected temperature rise
duringd a fore-period, a main (equals the “reaction”) period and an after-period, as outlined in Fig
adiabatic-type calorimeter, the fore- and after-periods, in principle, should be only as long 3
establjsh the initial (firing) and final temperatures, respectively; see Annex A¢ For the isoperib

e total bomb

6, are made
ure 2. For the
s required to
pl (isothermal
sh the heat-
nge between
bssary for the

of stirring. An
difficulties in
power.

calorimeter and thermostat during the main period when combustion fakes place. It is then nec
fore- @nd after-periods to be longer; see Annex B.
The ppwer of stirring shall be maintained constant throughout a‘test that calls for a constant rate
excespive rate of stirring results in an undesirable increase inthe power of stirring with ensuing
keepimg it constant. A wobbling stirrer is likely to cause significant short-term variations in stirring

Y A

t 1

f

2 3 4
ti 5
X

Key
X time 3 main period
Y temperature 4  after-period
1 jacket temperature 5 ignition

2 fore-period

Figure 2 — Time-temperature curve — Isoperibol calorimeter
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During combustion, the bomb head becomes appreciably hotter than other parts of the bomb, and it is
important to have enough well stirred water above it to maintain a reasonably small temperature gradient in
the calorimeter water during the rapid part of the rise in temperature. For aneroid systems, the particular
design determines 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, complete combustions
can, 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 well-established energy of

combustion.

appears to b
easier to dist
complete coni

total energy i a test. The optimum proportion of sample to auxiliary material depends on thé properties

fuel, and it is

For coals hay
and a sufficie
obtained in b4

When the au
before the fug

8.2 Prepat

8.2.1 Genel

Weigh the sanple in the crucible, with an accuracy of 0,01 % of the mass of sample or better. For 1 g sa
10.2), this means weighing to the neatest 0,1 mg. Weigh the combustible fuse and/or ignition

(see 9.2 and
wire, either w
specified limit

Fasten the ig
of the bomb;
the bomb he3

Tie, or attach
contact with
with respect t

When the ign
adopted. A lo
of the crucible

he energy should be known 1o within 0,10 % for the particular material used. Benzoi
the ideal compound, even though n-dodecane or paraffin oil, for example, being liquid
ibute evenly. The amount used should be limited to the minimum amount required.to a
bustion of the sample. The amount used should not exceed an amount that contributes h

necessary that it be determined experimentally.

nt, known mass of auxiliary material should be added to ensure a temperature rise similar
nzoic acid calibrations.

| sample.
ing the bomb for measurement

al procedure

ith a precision comparable to that-for-weighing the sample, or keep its mass constant,
5, for all tests; see 9.4 and 9.6.1.

nition wire tautly between the.electrodes in the bomb. Check the resistance of the ignition
or most bombs, it shouldhot'exceed 5 Q to 10 QQ, measured between the outside connec
d, or between the connector for the insulated electrode and the bomb head.

firmly, the fuse to the ignition wire, place the crucible in its support, and bring the fug
he sample. Make sure that the position of the crucible in the assembled bomb is symm
b the surrounding bomb wall.

ition wirenis combustible as well as electrically conducting, an alternative procedure m
nger, piece of wire, enough to make an open loop, is connected to the electrodes. After mo
,the.loop is brought close to the sample; for samples in pellet form, the loop shall be in ¢

E acid
s, are
Chieve
alf the
of the

ing ash values exceeding approximately 35 %, there is a possibility of-incomplete combuistion,

o that

Kiliary material is a liquid, it can wet the sample more thoroughly if it is added to the ciucible

mples

within

circuit
ors of

e into
etrical

ay be
unting
pntact

with the sam

le/(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 + 0,1) 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 £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 reach over the bomb during charging.

The bomb is now ready for mounting in the calorimeter can.
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8.2.2 Using a combustion aid

Use a low-mass crucible. Weigh the auxiliary material as accurately as possible so that its contribution can 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 can be used for additional compression of the mixture.

lariaator

LAdRIRRAA |

8.3

Bring the calorimeter water to within + 0,3 K of the selected initial temperature and fill the ¢alorimeter can with
the refyuired amount. The quantity of water in the calorimeter can shall be the same to within les$ than 0,5 g in
all tesits; see 9.6.1. Make sure that the outer surface of the can is dry and clean before’the latter is placed in
the thermostat. Mount the bomb in the calorimeter can after the can (containing thecorrect ampunt of water)
has bg¢en placed into the thermostat.

Altern
then 1
can, W\

The a

head

NOTE

Chech

subm

ignitio|

WAR

again

Coolir

manu

the as

calori
calori

8.4

Start
stead

ptively, the system may be operated on a constant total-calorimeter<mass basis; see 9.6.2
nounted in the calorimeter can before this is weighed with the watep. The total mass of th
ith the assembled bomb and the calorimeter water, shall then beat least within 0,5 g in all

5sembled calorimeter shall contain enough water to thorotighly cover the flat, upper surfac
hnd cap.

Weighing the water to within 0,5 g applies when theteffective heat capacity is in the order of 10

the bomb for gas leaks as soon as its top becomes covered with water. If the gas valve
brged, check for leaks with a drop of water across the exposed opening. Connect the
h circuit and mount the thermometer.

NING — If gas escapes from the(bomb, discard the test, eliminate the cause of leaka
Apart from being a hazard, leaks inevitably lead to erroneous results.

g water, temperature controls, stirrers, etc., are turned on and adjusted, as outlined in t
pl. Make sure that the calorimeter stirrer works properly. A period of about 5 min is normal
sembled calorimeter ‘to’ reach a steady state in the thermostat or jacket, irrespective

:Eeter. The criteria.forwhen a steady state has been attained depend on the working p

eter; see Annexés’A and B.
Combustion reaction and temperature measurements

q

aking\temperature readings, to the nearest 0,001 K or better, as soon as the calorimete
-state conditions. Readings at 1 min intervals normally suffice to establlsh the drift rate

The bomb is
e calorimeter
tests.

e of the bomb

kJ/K.

5 are not fully
leads for the

ge and begin

he instrument
y required for
pf the type of
[inciple of the

has reached
of the fore-
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OfF€ReeKtne PTOPCT |u||uuu|||||y o af—aatanate o_yol.clll vveh—& |||U|uu|y H UIC‘OO e

perio eter 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, £, 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 it is not necessary 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.
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Continue taking temperature readings at 1 min intervals. The time corresponding to # 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

8.5.1

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
combustion. |
unreacted pie

NOTE An
release of the
concentration |
about 10 J.

Wash the cor
head, the eleq

In the case of
titration with
orange solutig

8.5.2 Wher
process, the
equivalent mq
bomb liquid m

8.5.3 Dilutg
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Discard the test if unburned sample or any soot deposit is visible. Remove and measu
ces of combustible ignition wire.

bther symptom of incomplete combustion is the presence of carbon monoxide in the bomb gas
gas through a suitable detector tube reveals any presence of carbon monoxideyand indicat
bvel. 0,1 ml/l of carbon monoxide in the combustion gas from a 300 ml bomb corresponds to an ¢

tents of the bomb into a beaker with distilled water. Make sure that'the underside of the
trodes and the outside of the crucible are also washed.

calibration tests, dilute the combined washings to about 50 ml and analyse for nitric acid,
he sodium hydroxide solution (5.4.3) to a pH of about*5,5 or by using the screened
n (5.4.5) as an indicator.

the “sulfur” and/or nitric acid corrections are based on the actual amounts formed in the
omb washings from fuel combustions are analysed by the procedure described in 8.5.3 or|
thod. If the sulfur content of the fuel and the-nitric acid correction are known, analysis of th
ay be omitted; see 10.1.

the combined bomb washings to,abeut 100 ml. Boil the washings to expel carbon dioxid

titrate the solyition with barium hydroxide solution/(5.4.1) while it is still hot using the phenolphthalein s

(5.4.6) as an
the precipitat
using the screg

8.6 Corred
8.6.1

The temperat
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ndicator. Add 20,0 ml of the sodium carbonate solution (5.4.2), filter the warm solution and
b with distilled water. When~cold, titrate the filtrate with the hydrochloric acid solution (
ened methyl orange solution’(5.4.5) as an indicator, ignoring the phenolphthalein colour ch

ted temperaturerise
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8.6.2 Isopé

8.6.2.1

(FA1 and static-iac) loi

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. Allowance for heat exchange is made by the so-called heat-leak correction, At,,,
which includes the contribution from stirring power, as shown in Equation (1).

ti—t;= 0% Atgy (1)
Hence, the corrected temperature rise, 6, is given by rearranging Equation (1) as given in Equation (2):
0=ty — t; — Algy )

14
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There are various ways of evaluating the term At,,. The most common procedures used are the Regnault-
Pfaundler and the Dickinson extrapolation methods; see 8.6.2.2 and 8.6.2.3, respectively.

NOTE The Regnault-Pfaundler method automatically accounts for variations in the time-temperature relationship for
different types of samples and is hence the more reliable of the two methods.

Detailed instructions for the numerical evaluation of Az, and the corrected temperature rise, 6, for isoperibol
and static-jacket calorimeters are given in Annex B. The resulting equations for Az, are summarized in
Equations (3) and (4).

8.6.2.2 The Regnault-Pfaundler method (see B.5.2) is based on Equation (3):

>

. n—1
fex:(ff_ri)ng"'MX ”Xfmf_@_sz (3)

tf — tmi =
where
gl s the drift rate, expressed in kelvins per minute, in the fore- (initial rating) period;
gl s the drift rate, expressed in kelvins per minute, in the after- (finakrating) period;
is the mean temperature, expressed in degrees Celsius, inithe fore-period;

is the mean temperature, expressed in degrees Celsius,'in the after-period;

is the temperature, expressed in degrees Celsius; at the beginning of the main period (the time for
ignition), equivalent to ¢y;

4| is the temperature, expressed in degrees Celsius, at the end of the main period, equivalent to 7,;

) are the successive temperature readings, expressed in degrees Celsius, taken at 1l min intervals
during the main period (4 being the temperature 1 min after the beginning of the main period and

t,=t);

t] is the temperature, expréssed in degrees Celsius, at the nth one-minute interval;

| is the time, expressed in minutes, at the beginning of the main period (time of ignition);
7| s the time, expréssed in minutes, at the end of the main period;

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

Alterngtively, temperature may be expressed in some arbitrary unit throughout; see 9.6.1.

8.6.2.3 The Dickinson extrapolation method (see B.5.3) is based on Equation (4):

Atgy = gi (7, — 7))+ g5 (75 — 7,,) 4)
where
7, is the time, expressed in minutes, where the change in temperature, (z, - #), is 0,6 times the

observed temperature rise, (¢ — t);

giand g; are the drift rates, expressed in kelvins per minute, at 7 and gz, respectively; they are
calculated as for the Regnault-Pfaundler method.
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8.6.3 Adiabatic calorimeters

In adiabatic systems, heat exchange is, by definition, negligible. It 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

9: (tf—ti

temperature rise, 6, is given by Equation (5).

)

®)

Stirring power is otherwise manifested as a constant drift in temperature throughout the test and is easily

corrected for,

but can prolong the total period of temperature observations.
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re given in Annex A.

8.6.4 Thermometer corrections
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nstant, ¢, of the calorimeter.

n constant, ¢, should-not change significantly over time, provided minor repairs or other ch
are correctly accounted for. Some of the fully automated calorimetric instruments are, ho
5 well defined and, therefore, require more frequent calibrations: for some systems, even d

rors can arise, for example, from evaporation of calorimeter water, from uncontrolleg
g varieus paths and/or imperfections, and lag in an adiabatic temperature control system
eriod.\Cancellation of this type of error depends largely on the similarity between the calil]
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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,
expressed in grams, of the sample and the initial water, respectively, is equal to three times the volume of the
bomb, expressed in litres (3 g/l), the initial pressure of oxygen is 3,0 MPa and the reference temperature is
25 °C. The products of combustion are defined as gaseous carbon dioxide, liquid water and an equilibrium
amount of carbon dioxide dissolved in the aqueous phase. Any nitric acid formed is corrected for by the
energy for the process, where the acid is decomposed to form liquid water and gaseous nitrogen and oxygen.
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When calibrations are performed under different conditions, the certificate value shall be adjusted. A
numerical 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.

NOTE 1
benzoi
mass-

The correction terms (per gram of benzoic acid) for deviations from certificate conditions, quoted from a typical
i ifi initi i 1 J/g/l, an initial

f-water-to-bomb-volume ratio of 0,8 J/g/l, and a reference temperature for the test of —1,2 J/K.

NOTE
(25 + 2
within

2  As long as the initial pressure of oxygen and the reference temperature are kept within-(3,0
) °C, respectively, the departure from certification conditions caused by pressure and/or(temperatu
- 3 J/g and it is not necessary to account for it.

i+ 0,3) MPa and
re deviations is

NOTE
certific
and 5,
increa

viation from the
of benzoic acid
ed mostly by an

3 If larger ratios of water to calibrant, e.g. 5 ml/g, are used, this is usually the/most significant de
btion conditions. For a 300 ml bomb, this causes an increase in the certified valugof 11 J/g. If 1,0 g
D ml of water are used in a 200 ml bomb, the certified value increases by 204J/g: The change is causs
e in the fraction of carbon dioxide dissolved in the bomb liquid.

NOTE
to redy

4 When the total heat capacity of the calorimeter is small, for example in aneroid systems, it ca
ce the sample mass in order to limit the total change in temperature; see Annex C.

h be necessary

9.3 [Valid working range of the effective heat capacity
nt trend in the
stant value of
calorific value

nt to be possible to vary the amount of calibrant:at least + 25 % without getting a significa
obtained for the effective heat capacity. If this'is not the case, the working limits for a corn
be defined in terms of total temperature rise measured. All subsequent measurements of
e kept within these limits.

It oug
values
¢ shal
shall k

used reveals
this test, the
imum of eight

A plof of the values of the effective heab capacity, & as a function of the mass of calibrant
whethger there is a significant trend in the effective heat capacity for a particular calorimeter. In
calibrant mass should be varied from:0,7 g to 1,3 g, or an equivalent relative amount, and a min|
tests $hould be performed. It is not-necessary to vary the initial amount of water in the bomb.

A con
use th
respe
heat

directi
when

venient way of checking/a system already calibrated by combustion of, for example, 1,0 g
e benzoic acid as-an-unknown. The mean values from triplicate runs on 0,7 gand 1,3 g sa
ctively, are compared with the certificate values. This normally suffices to ascertain whethe
apacity is constant for the range of heat produced. Deviations are generally expected
on of “low” ealorific values for larger sample masses, equivalent to obtaining & values on
derived from large samples. Using benzoic acid as a test substance is particularly useful ir

samples is to
mple masses,
r the effective
to be in the
the high side
checking the

performance>of highly automated systems.

The required range for a verifi validated) val f n n the total variation in calorific value of the
fuels normally analysed. A moderate trend in ¢ e.g. £0,3% for a +£30 % variation in the observed
temperature rise, may be compensated for by expressing the effective heat capacity, &, as a function of (1 - )
over some defined range. Similarly, if a non-linearized temperature sensor is used, ¢ may be expressed as a
(linear) function of (# — ), provided stringent criteria are also established for how much ¢ or # is allowed to
vary.

Deviation of & from a constant value, as discussed here, is caused by the physical design of the calorimeter
and/or shortcomings in the temperature control of the instrument. For a particular set-up, examination of the
applicable range of ¢ 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 the temperature control
system has been modified. It is necessary to check some adiabatic systems on a more regular basis; see
Annex A. Some automated calorimeters require calibration with a prescribed variation in sample mass; see
Annex C.
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9.4 Ancillary contributions

In addition to the energy from the combustion of benzoic acid, there are contributions from the 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. It is necessary to take
into account any unreacted fuse wire, i.e. by subtracting it 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) can be kept nearly the same in all tests (fuel and

calibration) a

dcan r‘nnqpqnnnﬂy he qccignpd a constant value _For a gi\/nn bhomb r‘nnfigllra’rinn the a

mount

of nitric acid f

prmed in calibration tests is approximately proportional to the amount of benzoic acid bufhg

9.5 Calibration procedure

For the ordinary series of calibrations, five satisfactory combustions on benzoic acid shall.be carried ou

sample shall
Recommenda
advantageouq
chosen such
the reference

The design of
duration of t
combustions.

pe burned as pellets; see 5.5. The calorimetric procedure described in Clause 8 shall be fo
tions concerning the sample mass and the initial amount of bomb watér are given in 9.2.

that the reference temperature of the test (defined as #; see 8.7) iSwithin the chosen rarn
temperature.

the calibration test, in terms of oxygen pressure, amount of bomb water, reference tempe
ne fore-, main, and after-periods, etc., defines the @detailed procedure for subsequer

When the eflective heat capacity, ¢, of a calorimeter cannot* be regarded as constant over the re

working rang
calibration tes
yield values
measurement

9.6 Calcul

9.6.1

For systems
as shown in B

Mpa
g =

aY

e and it is necessary that it be expressed as’a function of (- ¢) (see 9.3), the num
ts shall be increased to eight or more. The,mass of sample for the individual tests is cho
for the change in temperature over the“entire intended working range, with a few re
s around the end points, to define the Slope of the ¢ versus (¢ — ) relationship.

jtion of effective heat capacity for the individual test

Consfant mass-of-calorimetetr-water basis

vhere the quantity of water in the calorimeter vessel is kept the same in all tests, ¢ is calc
quation (6):

9vpa + Qfige + Qign + ON

where

0

d.

t. The
lowed.
D. It is

to use a crucible of low mass for the benzoic acid combustions. The initial temperature shall be

ge for

ature,
t fuel

quired
ber of
5en to
blicate

ulated

(6)

Mpg

4V ba

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

benzoic acid; see 9.2.1;

quse
Qign
On

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

is the contribution, expressed in joules, from oxidation of the ignition wire;

gaseous nitrogen and oxygen (see 9.2.1);

18

is the certified gross calorific value, expressed in joules per gram, at constant volume for the

is the contribution, expressed in joules, from formation of nitric acid from liquid water and

is the corrected temperature rise, expressed in kelvins or in an arbitrary unit; see 3.1.6 and 8.6.
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NOTE ¢is normally expressed in joules per kelvin. When 8 is expressed in arbitrary units, ¢ is, of course, 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-chromium wire 6 000 J/g.
Platinum wire melts and resolidifies and gives no net contribution.

When the sum Oy s¢ + Ojgy, is nearly the same, within a few joules, in all tests, it can be assigned a constant
value. It is not generally recommended to incorporate QOse + Qg into the value of ¢ unless it is, in itself, small
and the variation in @is less than + 20 %.

For the formation of nitric acid from liquid water and gaseous nitrogen and oxygen, the contribution is

60 J/mmol, for example, equivalent to 6.0 J/ml of sodium hydroxide [¢(NaOH) = 0.1 mol/l] used jn titrating the
bombi|solution; see 8.5.
9.6.2 | Constant total-calorimeter-mass basis
When|the system is operated such that the calorimeter can with the assembled bomb and the|water always
has tHe same total mass, the amount of water in the can varies slightly, dependingchiefly on the mass of the
crucibje used. It is, then, convenient to define gy as the effective heat capacity for the hypothetiqal calorimeter
with np crucible in the bomb, as given by Equation (7):

go = Eut Mer X Cp aq (7)
wherg

& is equal to ¢ as defined in 9.6.1;

m. is the mass, expressed in grams, of the crucible used in the calibration test (see the Note below);

Ch.aq is the specific heat capacity, in joules(per gram-kelvin, of water when the ¢ values arg expressed in

joules per kelvin; at 25 °C, the specific heat capacity of water is equal to 4,18 J/(g-K).

Whenarbitrary “units of temperature” are used, the value of ¢, ,, shall be adjusted accordingly. If is necessary
to kngw the relationship between kelvins and the unit utilized only to within + 10 % for this purposge.
NOTE In Equation (7), the second’term is a simplification of the expression given as Equation (8):

Mer X (Cp,aq - cp,cr) + Msapple X (Cp,aq - Cp,sample) (8)
The spcond term of Equation (8) may be incorporated into &5, without loss in accuracy, as its vialue does not
vary significantly \between calibration and fuel tests. The expression in Equation (8) then refduces to that
shown in Equation (9):

Mo X (cp,aq - Cp,cr) 9)

In most cases, Equation (9) may be simplified to m¢ x ¢, 54 @s given in the equation for ¢5. However, when a
wide variety of crucibles is used, it can be necessary to account for the heat capacity of the crucible. For
instance, if a 10 g platinum crucible is used for the calibration tests and a 10 g quartz crucible is used for the
fuel combustions, an error of 6 J/K is introduced if ¢ p,a is not taken into account, corresponding to 18 J for a
3 K temperature rise. The correct equation is shown aququatlon 10):

(10)

EQ = Extmg X(Cp,aq - cp,cr)

The specific heat capacities for platinum, quartz and steel are 0,133 J/(g-K), 0,74 J/(g-K) and 0,45 J/(g-K),
respectively.
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9.7 Precision of the mean value of the effective heat capacity

9.7.1 Constant value of ¢

Calculate the arithmetic mean, ¢,, and the standard deviation from the results of the individual calibration tests
of the effective heat capacity, ¢ (see 9.6.1) or &5 (see 9.6.2). The standard deviation shall not exceed 0,20 %.
All results from the current series of calibrations shall be included in the calculations; only tests with evidence
of incomplete combustion may, and shall, be discarded.

Provided the precision requirement is met, the arithmetic mean, ¢, or &g, is regarded as the value for the

effective heat

capacity of the calorimeter.

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

9.7.2 cas alfunction of the observed temperature rise

When & cannpt be regarded as constant, list the individual values of ¢ (see 9.6.1) or &) (see 9.6.2), together

with the corre

sponding values for the observed temperature rise (¢ — ¢), for clarity dehoted Ar. Fit the res|

ults to

a straight line| by linear regression with At as the independent variable. In additions, calculate the coefficients a
and b for ¢ as|given in Equation (11):

& =a+b|x At 11)
The estimate jof the variance, s2, about the line shall be calculated. For'convenience, @ may be used instgad of

At.

The standard
combustion nj

deviation, s, shall not exceed 0,20 %. Only(tesults from tests with evidence of incon
ay, and shall, be discarded from the calculations.

nplete

Provided the |precision requirement is met, £, as_defined in Equation (11), is regarded as the value for the

effective heat|capacity of the calorimeter for use-in\the calculation of the calorific values for the fuels. Th¢ valid
working rangg in terms of the observed temperature rise shall be clearly specified.
If the precisipn requirement is not met, \the cause for the unsatisfactory results shall be identified and

corrected, angl a new series of calibration tests shall be performed.

9.8 Redetérmination of the effective heat capacity

When any significant part f-the system is changed, the mean effective heat capacity shall be redeterined;
see 9.3. The mean effective heat capacity shall also be redetermined at intervals of not longer than six mponths.

It is recomme
tests using bsg

hdedespecially on a new system, to check the calibration regularly by performing a few m
nzoie acid as a test substance; see 9.3.

onthly

Where a change to the system is not involved, the new mean value of ¢ shall be within 0,25 % of the previous
value. If the difference is greater than 0,25 %, the test procedures shall be examined and the cause of the
problem identified and dealt with.

10 Gross calorific value

10.1 General

The calorimetric conditions for the fuel combustions shall be consistent with those of the calibration tests; 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.
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Fuels with a low content of volatiles, e.g. coke, tend to be difficult to burn completely in the bomb and it can be
necessary to burn them 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 having a well established
value for the 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 tests. As nitric acid formation largely
depends 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. The nitric acid correction can also vary significantly
for different types of fuels.

When
an eq

analysis of the bomb washings for sulfuric and nitric acid is required, the procedure descrbed in 8.5, or

Livalent one, may be used.

10.2 |Coal combustions

5 sample (see
the observed

ate combustions shall be made. A representative sample shall be taken from the analysis
b 7), which is used without further pretreatment. The amount (shall be such that

Duplig
Claus

tempg
shall &

Usual
sampl
silica-
tempg

rature rise is within the range of the calibration tests. The calorimefric procedure describe
e followed, with the same calorimetric conditions as in the calibfation test; see 9.2.2.

y 1 g of coal is the appropriate test portion. For high-ash ‘coals, the use of, for exam
e and a shallow, low-mass crucible (foil) usually facilitates)complete combustion. The use
ibre disc to line the crucible (6.3), or somethingzequivalent, is recommended. If

rature rise falls outside the valid range for &, the calibration shall be confirmed for the ex

i in 8.2 to 8.6

ple, 0,75 g of
bf an ash-free,
the observed
ended range;

see 9[3.

10.3 [Coke combustions
sh-free, silica-
mple shall be
that contain
ons may be

The spme general conditions as prescribed for coal (see 10.2) apply for coke. The use of an a
fibre disc to line the crucible (6.3), or ‘something equivalent, is recommended. The coke sa
distributed evenly in the crucible. Certain unreactive cokes can persistently leave residues
significant amounts of unburned-'sample or soot. Optimum conditions for clean combust
investjgated by varying the amount'of sample.

NOTE
lead tg

Lower sample mass-and the addition of one or two drops of distilled water to the sample aftg
the complete combustion of some cokes that are difficult to burn.

r weighing can

le; see 8.2.2.
articular coke

rnative methed'is to use a combustion aid to promote complete combustion of the samy
timum proportion of combustion aid to coke sample depends on the properties of the p

ry material is

10.4 Calculation of gross calorific value

10.4.1 General

The energy change for the total bomb process is given by the effective heat capacity, & multiplied by the
corrected temperature rise, 6. To derive the energy of combustion of the fuel sample, the energy contributions
from all the ancillary reactions shall be subtracted from &x @; 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
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representing the decomposition, at constant volume, of the aqueous sulfuric acid into gaseous sulfur dioxide
and oxygen, plus 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 calorific value, gy o, expressed in joules per gram, at a constant volume of the fuel as
analysed, from the individual test by substituting into Equation (12):

_ & X0 Oryse —Qign ~ON—M2%4qv2  QOg

(12)

qV,gr

where
v gr '

&, i

Os i
m2 |
qv,2 '

o, quse'

When no bug

weighed in aif’.

The energy q
acid are give
9.6.2.

To account fg
oxygen, the d
value of 94,1

i the gross calorific value;

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

is the gross calorific value, expressed in joules‘per gram, at a constant volume of the comb
id, if relevant;
Dign: and Oy are defined in 9.6.1.

my my

5 the mean value of the effective heat capacity, expressed in joules per‘kelvin, or, alterng
N joules per some arbitrary unit (see 9.6.1, Note), of the calorimeter as determined
alibrations; see 9.6.1;

5 the correction, expressed in joules, for taking the sulfurfrom the aqueous sulfuric 3
aseous sulfur dioxide;

5 the mass, expressed in grams, of the fuel sample;

yancy correction is applied te.at,, care shall be taken to ensure that gy , is valid for “per

Lantities required to ealculate the contributions from fuse, ignition wire and the formation o
n in 9.6.1. Specific ‘heat capacities for water and some common crucible materials are gi

r the reaction-where sulfuric acid decomposes into liquid water plus gaseous sulfur dioxid
orrection.is’ 302 J/mmol, equivalent to 9,41 J/mg of sulfur, which in turn corresponds to a
/g ofisample for 1 % of sulfur in the analysis sample.

tively,
in the

cid to

ustion

gram

f nitric
ven in

e and
Qs/m1

When the an

given by Equations (13) and (14), respectively:

Os =15,

On =6,0
where

4

Vo

22

1><(V1 +V2 —20,0)

x (20,0 - 77)

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

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

idls are

(13)

(14)
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The certification-condition value may be used for benzoic acid utilized as a combustion aid, provided 1 ml of
water is used initially in the bomb. For larger amounts of water, it is recommended to adjust the per-gram
value in accordance with the amount-of-water term in the certificate.

The mean value of duplicate determinations is regarded as the gross calorific value for the analysis sample of
the fuel.

10.4.3 Constant total-calorimeter-mass basis

In this case, the mean value of the effective heat capacity, ¢ ,, is the one derived from the individual &,

results (see 9 6.2) and represents the calorimeter without a crucible. The value of ¢ valid for the actual fuel
test isfgiven-by-Equation{1+5):

& =€0, —Mer X Cpaq (15)
wherg

m. is the mass, expressed in grams, of the crucible used in the fuel conbustion;

—

Re other symbols are defined in 9.6.2.

NOTE If the heat capacity of the crucible has been taken into account{see 9.6.2, Note) in computing &, (Cp,aq —c

values|shall be substituted for Cp.aq in the calculations of &,.

p,cr)

&, replaces ¢, in Equation (12) for the calculation of the gross calorific value at constant volume for the fuel
sample from an individual test. The mean value of duplicate~determinations is regarded as the resulting value
for thg analysis sample of the fuel.

10.4.4 ¢ 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
obseryed temperature rise (see 9.3 and 9.7.2), ¢, in Equation (12) and & ,, in Equation (15), resgectively, shall
be replaced by
d=a+bxAt (16)

wherg

—

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

Ay is the notation for the observed temperature rise (# — f;), expressed in kelvins or the| arbitrary unit
usedfor'the actual fuel test; for convenience, & may be used instead of Az; see 9.7.2.

The mpean‘\value of duplicate determinations is regarded as the resulting value for the analysis ample of the
fuel.

10.5 Expression of results

As the moisture content of the actual analysis sample is of interest merely in connection with the calculation to
other bases, it is recommended to calculate a value for the gross calorific value, gy grd expressed in joules
per gram, at constant volume for the dry (moisture-free) fuel, using Equation (17):

100

qv,grd = 49v,gr X 100 - M (17)
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where
M is the moisture, expressed as a percent mass fraction, in the analysis sample;

qygr is definedin 10.4.2.

The calorific value at constant volume, gy g, required for any particular moisture basis is derived from
Equation (19):

9v.grm = 4v,gr,d ><(1_0’O1 MT) (19)

where M7 is the total maoisture content, expressed as a percent mass fraction, for which the calorific value is
100 - M+
100

required, normally for the fuel as sampled or as fired, and (1 -0,01 MT) =

The result shpll be reported to the nearest multiple of 10 J/g with unambiguous statements concerning the
reporting bagis (states), i.e. constant volume, gross (liquid water) and moisture basiso(e.g. dry ¢r “as
sampled”).

NOTE 1 Tolconvert v grm from joules per gram to calories per gram, the joules-per-gram*value is divided by thg factor
4,186 8, with the result being reported to the nearest multiple of 1 cal/g.

NOTE2  Tojconvert gy, 4 ., from joules per gram to British thermal units per pourd, the joules-per-gram value is glivided
by the factor 2,26, with the result being reported to the nearest multiple of 1 Btu/Ib¢

10.6 Calculpation to other bases

For the calculgtion of results to other bases, refer to ISO 1170,
All calculations to other bases shall be done in joules per gram, observing the correct reporting standard|to the

nearest multiple of 10 J/g, before converting to calories per gram or British thermal units per gound.
Conversion fgctors and reporting standards in accordance with 10.5 apply.

11 Precisipn

11.1 Repeatability limit
The results gf 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, shall not differ by more than
300 J/g.

12 Calculation of net calorific value

12.1 General

The main difference between the gross and net calorific values is related to the physical state of water in the
reaction products (compare definitions 3.1.1 and 3.1.3). 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 can be determined experimentally or, for
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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 included in the term for oxygen.

NOTE

The net calorific value at constant volume (3.1.3) for the fuel at some specified moisture level is as easily

calculated, once a measure of the hydrogen content is available. In this case, the oxygen and nitrogen content is of no
consequence.

12.2 Calculations

12.2.1 Calculation of net calorific value at constant pressure

12.2.11

Net c
report

Thle ll'et calorific value, dp net,m: expressed in joules per gram, at constant-pressure of the
calcu

wherg

Hydrogen and nitrogen-are determined as given in ISO 29541 or other suitable methods. (
determined directly but as “oxygen by difference” in accordance with ISO 17247.

Nitrogen may als6 be calculated together with oxygen using ISO 17247, i.e.l:de + WN,d]
subtrdcting frem*100 the percent mass fractions of ash, carbon, hydrogen and sul

12.2.1.2-) Example calculations

wHg Is the hydrogen content, expressed as a-percent mass fraction, of the moisture-f
including the hydrogen from the waterofhydration of the mineral matter as well as
in the coal substance;

wo,q Is the oxygen content, expressed-as a percent mass fraction, of the moisture-free fu

WN.d is the nitrogen content, expressed as a percent mass fraction, of the moisture-free f

M+ is the total moisture(content, expressed as a percent mass fraction, for which the

General

plorific value at constant pressure, reflecting actual combustion conditions, is theprefe
ng net calorific value.

hted as given in Equation (20), which takes account of any required change' in moisture lev|

9p,netm

={av.gra — 212wg —0,8lwo g + wy gl x (1-0,01M ) - 2443 M+

is the gross calorific value at constant volume, expressed in joules per gram, of the

qY,gr,d
fuel; see 10.5;

required. On the dry basis, M7 = 0; on the air-dried basis, M7 = M (see 10.5); on th
or as-fired basis, W is the total moisture.

ur.

rred basis for

fuel may be
el:

(20)

moisture-free

ree (dry) fuel,
the hydrogen

el;

hel;
calculation is
e as-sampled

Dxygen is not

calculated by

The calculations are carried out with the following values:

total moisture 8,9 % as-received basis
moisture in the analysis sample 2,5% air-dried basis
gross calorific value, at constant volume 27 230 J/g dry basis
hydrogen 4,19 % dry basis

oxygen 6,81 % dry basis
nitrogen 1,45 % dry basis
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The net calorific value at constant pressure can be determined as follows:
a) onadry basis:

Gpnetary = [27 230 - (212 x 4,19) - 0,8(6,81 + 1,45)] x [1 — (0,01 x 0)] - (24,43 x 0)

= [27 230 - 888,28 — (0,8 x 8,26)] x 1 -0
= (27 230 - 888,28 - 6,608) x 1

=26 335,112 J/g

=26 340 J/g 6 291 call/g 11 324 Btu/lb
b) on an asqreceived basis:

Gpneh.as-received = [27 230 — (212 x 4,19) - 0,8(6,81 + 1,45)] x [1 - (0,01 x 8,9)] - (24143 x 8,9)

=[27 230 - 888,28 — (0,8 x 8,26)] x (1 — 0,089) — (217,427)

= (27 230 - 888,28 — 6,608) x 0,911 — 217,427

=26 335,112 x 0,911 — 217,427

=23 991,287 - 217,427

=23773,86 J/g

=23770J/g 5677 callg 10 219 Btu/lb
C) on an airtdried basis:

Gp ek air-dried = [27 230 — (212 x 4,19) < 0;8(6,81 + 1,45)] x [1 - (0,01 x 2,5)) — (24,43 x 2,5)

= [27 230 - 888,28 (08 x 8,26)] x (1 — 0,025) — (61,075)
= (27 230 - 888,28 - 6,608) x 0,975 — 61,075

= 26 335112 0,975 — 61,075

= 25(676,734 — 61,075

=25 615,659 Jig

=25620 J/g 6 119 callg 11 015 Btu/lb

12.2.2 Calculation of net calorific value at constant volume

12.2.2.1 General

The net calorific value, gy net m, €Xpressed in joules per gram, at constant volume of the fuel with a moisture
content of My, may be calculated as given in Equation (21):

9V netm = | 9v,grd — 206 Wy g | x (1-0,01M1) - 23,05 M1 (21)

The symbols are defined in 12.2.1.1.
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12.2.2.2 Example calculations

The calculations are carried out with the following values:

— total moisture 8,9 % as-received basis;
— moisture in the analysis sample 25% air-dried basis;
— gross calorific value, at constant volume 27 230 J/g dry basis;

— hydrogen 4,19 % dry basis.

Oxygen and nitrogen are not required in the calculation of net calorific value at constant volume)
The ngt calorific value at constant volume can be determined as follows:

a)

o

N a dry basis:
v netdry = [27 230 — (206 x 4,19)] x [1 - (0,01 x 0)] - (23,05 x 0)
=(27 230-863,14)x1-0
=26 366,86 J/g
=26 370 J/g 6 298 callg 11 337 Btu/lb
b) op an as-received basis:
9V net as-received = [27 230 — (206 x 4,19) % [1 - (0.01 x 8,9)] - (23,05 x 8,9)
= (27 230 - 863,14),x (1 — 0,089) — 205,145
=26 366,86 x 0,911 — 205,145
=24 020,209 - 205,145
£23/815,064 J/g
=23820 J/g 5689 callg 10 241 Btu/lb
c) op an air-dried basis:

& Fotairdried = [27 230 — (206 x 4,19)] x [1 - (0,01 x 2,5)] - (23,05 x 2,5)

= (27 230 — 863,14) x (1 — 0,025) — 57,625
= 26 366,86 x 0,975 — 57,625

= 25 707,689 — 57,625

= 25 650,064 J/g

= 25650 J/g 6 126 callg 11 028 Btu/lb
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13 Test report

The test report shall include the following information:
a) identification of the sample tested;

b) reference to this International Standard;

c) results with reference to the reporting basis [state(s)] valid for the calorific value(s).
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Adiabatic bomb calorimeters

Principle

928:2009(E)

In a tlruly adiabatic calorimeter, there is no heat exchange between the calorimeter andcit

therm

differg
the lid
tempg
differg
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with a
heat 4§

often

A.2

Truly

nce in temperature. |deally, therefore, the whole of the outside surface of the calorimeter
, should have a uniform temperature, which, at all times during a test, is matched, by the,
rature of the inner wall of the thermostat well and lid that are facing the-calorimeter

pstat. However, there is still a slow rise in calorimeter temperature caused, mainly, by the

dditional positive or negative contributions from thermometer probe self-heating and from
long the stirrer shaft, ignition leads, thermometers, etc. For convenience, “adiabatic” ca

Sources of error for the real calorimeter

bdiabatic conditions are difficult to achieve in praetice, in particular during the rapid part

calorimeter temperature upon ignition of the sample. The design of the thermostat and the way|
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uncon

When
surfad
water
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trolled heat exchange.

the calorimeter itself has no lid, itscupper heat exchange properties are largely deter
e of the calorimeter water together with the surface of, for example, bomb parts extend
With such an “open”, calorimeter, there is always some uncontrolled evaporation of calg
the main period, accompanied\by a corresponding “heat loss”. The magnitude of this err

functigpn of how much the thermostat'lid lags behind in temperature during the main period.
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5 special precautions thave been taken in its design and mounting, a calorimeter lid is u
Bl contact with the ‘calorimeter itself. The calorimeter lid, then, lags behind in temperature
ce, be responsible)for uncontrolled heat leakage from the thermostat. The calorimeter
g the time required for the calorimeter to reach thermal equilibrium or steady-state. On the
vents a nettheat loss from evaporation of calorimeter water since this condenses on the in
ng the «&vaporation energy to the calorimeter. In fact, the condensing water assists
ration.of the lid with the rest of the calorimeter.

himize heat exchange caused by temporary temperature differences that cannot be preven

bstat (water jacket). Heat exchange takes place via common boundaries, the driving\forg

nce in temperature, i.e. with zero thermal head, there is no net flow of heat between cg

pperated with a small negative thermal head to balance, i.e. offset, this upward drift in temg

hine how effectively it responds to the change.ifv calorimeter temperature and, hence, alsg
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other hand, a
side of the lid,
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ted 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 tests 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,CO3) at the specified level in order to maintain the
heating power about the same in all tests. A diminishing salt concentration can significantly hamper the
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heating rate, eventually leading to difficulties in achieving adiabatic conditions during the combustion of the
sample.

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

combustion does not gradually increase.

A.3.2 Adiabatic control

The controls for achieving adiabatic conditions shall be adjusted as prescribed in the instrument manual. In

particular, s
temperature 3

NOTE No

o tlo ot Y £ Ll loeial + b tle ot Iy H H PR SY o |
CULl Uliatl OCLLIIIH Ul uiIc UIIUHC Cirouit tiadl TCoUltlo 11T £ZCTU Ul TTrmrrmarTT  Jurimre 1rroaivul

t the final temperature of the tests; see Clause A.5.

n-linear sensors are often used in the temperature control circuits. Unless the two sensors are p

matched, it is ot possible to obtain zero drift in temperature over the whole of the selected working range. Neith

then, possible
also put restrict

In a well be

o achieve zero thermal head over the whole range with one bridge setting. ImperfeCily“matched s
ions on the acceptable variation in the final temperature of the tests.

ved calorimeter, the adiabatic control settings usually require little or\ne’ short-term adjus

h
This shall, h%iwever, be verified by regularly checking the drift rate at the final temperature, for exam
following the femperature over a 5 min to 10 min period in excess of the normal duration of the test. A dr|

of 0,001 K/mi
corrected for;

A.4 Initial

The equilibra
temperature.

h or more at the final temperature shall be eliminated by adjustment of the control settin
see 6.2.4 and Clause A.5.

steady state and length of the main period

ion period serves to let the various components of the assembled calorimeter reach a u
Simultaneously, the adiabatic controls work to bring the thermostat to its working tempe

close to that ¢f the calorimeter. Let a few minutes pass-after the controls have indicated that the tempg

of the therm
temperature 3

When three G
the same (lim

NOTE Thq
order of 8 min
between tests

Depending o
required for

calorimeter to
main period

necessary.

pstat and of the calorimeter are about the same before taking readings of the calor|
t 1 min intervals.

onsecutive readings yield the.same value, within 0,001 K or better, or when they all char
ted) amount (constant drift'rate) the charge may be fired.

e expected duration of.the' combined equilibration and fore-period for most adiabatic systems is

an significantly protong the time for thermal equilibration of the calorimeter.

 the type ofisample, the combustion in the bomb takes from about 10 s to 25s. Thg
he total<amount of heat released to become uniformly distributed, i.e. for all parts

attain ‘@ uniform temperature, is primarily a function of stirring pattern and stirrer efficienc
shall, cover this temperature equalization time but there is no merit in making it longe

meter

erfectly
Bris it,
ensors

Iment.
ple by
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gs, or

niform
rature
rature
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ge by
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to 10 min. However, subjecting any part of the calorimeter to substantially deviating temperatlires in

e time
of the
y. The
r than

The length of the main period is determined in a series of calibration tests where readings of temperature are
taken at 1 min intervals from the time of firing the charge in each test. From these observations, note the
length of time, expressed in minutes, between the time of firing and the second of three consecutive readings
that do not differ by more than 0,001 K. The largest of these specific times from five calibration tests defines
the length of the main period. This time shall not exceed 10 min, nor shall the time periods evaluated from the
individual tests differ by more than 2 min.

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

When the adiabatic controls are set to give zero drift at the final temperature, the corrected temperature rise, 6,
is equal to (- ;) (see 8.6.3) where ¢ is the calorimeter temperature at the time of firing the charge and # is
the temperature at the end of the main period.

It is not necessary in the calculations to account for a limited drift in temperature prior to ignition of the sample.
Significant drift at the end of and beyond the main period shall, however, be taken into account. A small
limited constant drift may be regarded as a constant contribution throughout most of the main period. A
reasonable approach is to make a correction commencing 1 min after ignition of the sample. The drift rate
should, in principle, be determined for the individual run. But insofar as the final drift rate has been established

as copstant-over-extended pnrinrie of time for a defined range of final temperature the correction may be

based on such a fixed rate.

NOTE|1 A drift rate of 0,001 K/min unaccounted for can, with a main period of about 10 min, result in fan error in & of
approyimately 0,01 K. For ¢ values of about 10 kJ/K, the resulting error in the calorific value of'the fuel is |on the order of
100 J/g. If exactly the same error from the same source is made in the calibrations and in allyfuél tests, it [s, of course, of
no consequence for the final result, at least as long as the variation in & stays within about +'30 %.

The fipal drift rate, g;, expressed in kelvins per minute, shall be determined\over a time period that is at least
half of what the correction is supposed to cover. For a main period of 9 mjn;.this gives a rating period of 4 min.

NOTE[2  When the total temperature change of the calorimeter is expres$ed in units other than temperafure (see 9.6.1),
g is the corresponding per-minute value of that unit.

The ¢orrected temperature rise, 6, corrected for driftoat the final temperature, is calculated from
Equatjon (A.1):

6=tf—ti—ng(AT—1) (A1)
where
Alr is the length of the main period{ expressed in minutes;

g{ s calculated from Equatjon:(A.2):

t —t
2 :% (A.2)

where

%, isthe temperature a minutes after the end of the main period.

Another-way of evaluating g; is as the slope of a linear regression fitting of time-temperature reaglings at 1 min
intervals-from the end of the main period onwards

A.6 Strategy for checking on bias

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

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
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calorimeters, readings of calorimeter temperature are, in fact, not required during the first part of the main
period other than for 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 coincide at the time for ignition of the sample. The two temperatures should, of course, be close at
the upper end where the system is approaching thermal equilibrium. The area between the two curves is a
measure of potential heat leak, and a significant increase of this area as a function of sample mass, i.e. of 6,
or sample type for comparable values of @, 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
test to a safe Jevel and range
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Annex B
(normative)

Isoperibol and static-jacket bomb calorimeters

B.1 Principle

The (
surroy
calori

haracteristic feature of isoperibol calorimeters is the isothermal jacket. The tempe
nding thermostat is kept constant throughout the test by active control. The thermostat of
eter has a thermal capacity such that, even without active control, its temperature rq
constant during measurements. In both cases, there is a flow of heat between the calerimeter
thermpstat. Calorimeters surrounded by thermally insulating material behavey largely as
calorifeters.

Heat gxchange between calorimeter and thermostat takes place via common boundaries, the
being|the thermal head. Ideally, the whole of the outside surface of theicalorimeter can, inc
should have a uniform temperature equal to that measured by the temperature sensor in the ca
tempgrature of the inner wall of the thermostat well and lid facing thé calorimeter should remain|
uniforpn throughout the test.

To make it possible to evaluate and correct for the actual heat exchange, the calorimeter as
behav
be dir
this ca

e in conformity with Newton’s law of cooling, i.e., thé.heat flow between calorimeter and th
bctly proportional to the actual temperature difference for a sufficiently large range of ther
lorimeter, the heat flow into the calorimeter, j—; is expressed as shown in Equation (B.1)

rature of the
A static-jacket
emains nearly
itself and the

static-jacket

driving force
uding the lid,
orimeter. The
constant and

a whole shall
prmostat shall
mal head. For

(B.1)

E(% = k(1 -1)
wherg
f is the jacket temperature;
t is the caloriméter temperature;
(4 —1) s thethermal head;
k is\the Newton’s law cooling constant.
In the| above equation, dg (the heat change) may be replaced by cpdt (heat capacity times the

A

chang

temperature
lerature range

of a test, Equation (B.1) then can be written in terms of i the rate of temperature change (drift) in the

T
calorimeter caused by the flow of heat, as shown in Equation (B.2)

dt
;:G(tj _t)+PSt
where
G is a constant, generally referred to as the specific-rate constant;

P is the power of stirring.
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The requirement that the power of stirring be constant throughout a test (see 8.1) allows the expression of j—t

as shown in Equation (B.3)

T

d¢
—=G(t, -t B.3
dr (1 1) (B.3)
where
t, is the temperature that the calorimeter eventually attains if left running for an extended period of time;
G is evVjaluated from the time-temperature measurements of the rating periods, the fore- and the| after-
periqd; see Figure 2.
The contribuion from heat exchange, Az, to the total observed temperature rise in the'mmain pefiod is
obtained by irtegration as shown in Equation (B.4):
75
Mty = [ (dr/d7) d
i (B.4)
7t
= I q(t,, —t)dr
7i
using the pairg of time-temperature readings (¢, 7) of the main peried.
B.2 Sources of error for the real calorimeter
Making the ispthermal jacket of an isoperibol calorimeter behave as required in terms of constant and upiform

temperature
lid at a reason

In a static-jac
different profi
thermostat sh
of the jacket

specific-rate ¢
is proportiona

A calorimete
temperature ¢
thermostat. A

resents no real problem, provided_that the thermostat fluid is circulated through the thern
able rate.

ket calorimeter, the thermostat temperature changes slightly during a test, with a som
e when the calorimeter, temperature rises upon firing the charge. The thermal capacity
all be such that for aspecific-rate (cooling) constant, G, of 0,002 0 min—1, the rise in tempg
vater is less than-0;16 K from the time of firing the charge to the end of the after-period
onstant of 0,083'0"min~1, it shall be less than 0,11 K. The drift in temperature of the therr
to the thermal-head.

lid in_poor thermal contact with the main part of the calorimeter lags behind whe
hanges-rapidly in the main period and can give rise to an unpredictable heat exchange w
calerimeter lid can also prolong the time required for the calorimeter to reach th

equilibrium or

nostat

ewhat
of the
rature

for a
nostat

n the
th the
ermal

anar'ly state. QOn the other h:md, alid prn\/pn'fe a net heat loss from n\/npnrnﬁnn of calor

meter

water since the vapour condenses 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 evaporation 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 test to the other. Larger deviations can be indicative, for example, of a stirrer
malfunction. It should be emphasized that the errors that really affect the accuracy of the final results are
those that differ or vary between calibration and fuel tests.
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B.3 Choice of jacket temperature

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

has no lid.

The same argument applies to static-jacket calorimeters.

B.4 Rating periods

B.4.1
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tempg
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The mpain period begins atthe last reading of temperature in the fore-period and ends with the

the aff
subsel
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round
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Initial steady state and fore-period

minutes should be allowed to let the various components of the assembled calorimeter re
rature after turning the stirrer on and before readings of temperature are takensat 1 min
rating period, the fore-period in principle, begins as soon as the calorimeter.reaches a s
of temperature drift rate. For successive 1 min intervals, the temperatufe increments shg
by more than 0,002 K/min or the average difference should not exceed 0,001 K/min. A
(6 readings; 5 increments) should suffice to establish the value of (d#d7); = g, the initial dri
se in temperature, g; has a positive value (> 0).

The calorimeter temperature, as a function of time as a whole{ is an exponential trending asy
er, during rating periods of 10 min or less, the curvature is negligible except in cases of a large t
of 5 K, in combination with a large value for the specific-rate constant, greater than 0,005 min~.

After-period and length of the main period

nal rating period (the after-period) begins when all parts of the calorimeter have attain
rature after combustion of the sample, i.e. when the calorimeter has reached a new s
of temperature drift rate. The time-required for the total amount of heat released to becq
uted is primarily a function of stirring pattern and stirrer efficiency. The duration of the ma
bsen so that temperature egualization is assured, but there is no merit in making the main
ecessary.

er-period. The latter is determined by a series of calibration tests and is taken as the tim
quent 5 min period, the average deviation of the individual 1 min temperature increment
,001 K/mingeThe mean of the length of time for the main period determined from five ca
bd to thedearest minute, defines the length of the main period. The main period shall not g
all the time intervals evaluated from the individual tests differ by more than 2 min.

ngth of the main period shall be the same in the calibration and in the fuel tests. When

narge is fired directly upon taking the last reading of‘temperature in the fore-period; see 8.4,

ach a uniform
intervals. The
teady state in
uld, then, not
fore-period of
ft rate. For an

ptotically to #_.
ermal head, in

ed a uniform
eady state in
me uniformly
n period shall
period longer

beginning of
e when, for a
s is not more
ibration tests,
xceed 10 min

0 is meant to

vary over a wide range, it is advisable to determine the length of the main period at the Targer values of 6.

The duration of the after-period should be 5 min to 7 min in order to establish the final drift rate, g, well
enough for the calculation of the correction for heat exchange Az,,. For an increase in temperature with time,

gs has

a positive value (> 0).

B.5 Calculation of the corrected temperature rise, ¢

B.5.1

General

The observed temperature rise, (# — £), is the sum of 6, the change in temperature caused by the processes in
the combustion bomb, and Az, the contribution from heat exchange with the surrounding thermostat
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(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 Azy, and, hence, @ is calculated from
Equation (B.5):

O=t; —t; — Atgy (B.5)

The drift rates, g, in the fore- (initial rating) period and g; in the after- (final rating) period, expressed in kelvins
per minute, are calculated as given in Equations (B.6) and (B.7), respectively:

a-(2)
dz ); (B.6)
=G (th = tmi)
e
dq )¢ (B.7)
:G(to _tmf)
where

tmi is the mean temperature in the after-period, expressed in degrees Celsius;
tmi  is the mean temperature in the fore-period, expressed in degrees Celsius.

The values calculated in Equations (B.6) and (B.7) are utilized in‘the calculation of the specific-rate constant,
G, as given in| Equation (B.8):

G=2S8 18t (B.8)

If T Imi
Temperature may be expressed in some arbitraky unit throughout. (See 9.6.1.)
g; and g; are preferably evaluated as the slope of a linear least-squares fitting of the time-temperature yalues

of the fore- gnd after-periods, respectively. Alternatively, they are taken as the mean values of the|1 min
temperature ipcrements in the rating-periods.

B.5.2 Regnpult-Pfaundler method

For time-temperature readings in the main period all taken at equal time intervals, e.g. 1 min, Az, may be
expressed as|shown inlEquation (B.9):

i
Aoy = G|[(@, - t)dr

7i (B.9)
=[gf + G (tmf -fm)] x(rs —1)
where ¢, the integrated mean temperature, is calculated from Equation (B.10):
1t +1, =
ty =— + >t B.10
™ [ 2 ]; k ( )
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where
fo is equal to £ and is the temperature at the beginning of the main period;
2T OV P are the successive temperature readings taken during the main period, ¢, (= #) being
the reading taken at the end;
7, and g 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,. that satisfies Equation (B.11):

This i
tempsg

wherg

&

t

For a

7f
di (Tx —ri)—i-gf (Tf —z'x) :GJ‘(tOO —t)dr:AteX
T

5 accomplished when the hatched areas “a” and “b” in Figure B.1 are_of ‘equal size.
rature rise, 6, becomes as calculated in Equation (B.12)

=t; —t; — gj (Tx—Ti)—gf (Tf_Tx)ZtF—ti*

and g; represent, in principle, the drift rates at ¢, and, «; respectively;

and ti* are the temperatures as shown in Figure B.1.

combustion reaction, the time-temperature curve’is close to being an exponential, which m

the time associated with the temperature where the change in temperature (z. - z) is 0,6 i

(obse
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|
ved) temperature rise (4 — ). The quantity (7, — 7) varies with the kinetic bxehaviour of th

bn of the type of sample studied.
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Figure B.1 — Dickinson extrapolation
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Annex C
(normative)

Automated bomb calorimeters

C.1 Calorimeter instrumentation

Among the vgrious types of fully automated bomb combustion calorimeters there are instruments thatfu
the basic reqliirements regarding a physically well defined calorimeter, as well as instruments whaese th
behaviour requires that they be described empirically. The former type of instrument usually demands

terms of comparability, for example in the amount of heat released in calibrations and-in fuel
respectively, in order to yield reliable results. Also, the effective heat capacity, ¢, of a well defihed calor
as a rule remains constant over long periods of time.

There is no p
calorific value
is aware of,
kind requires

Aneroid calor
calorimeter w
quasi-adiabat
heat capacity
a relatively hi

articular reason to assume that instruments with a less well defined, calorimeter cannot pr,
s with the required accuracy, provided that the repeatability is within~some set limits and th

gnd adheres to, restrictions in the choice of operating conditions.,Normally, a calorimeter

more frequent calibrations, in some cases every day that it is used.
meters (see 6.1) are convenient for automated operation, as they require no apportion

c systems but can equally well be of the isoperibol*type. Characteristically, they have a
leading to large changes in calorimeter temperature, thus facilitating the measurement of

Ifill all
ermal
ess in
tests,
meter

oduce
e user
of this

ing of

ater, thereby also eliminating evaporation errors. They are usually operated as adiabatic or

small
0 with

gh resolution. Conversely, large values of §tend to increase the risk of introducing systematic

error in anerpid systems, aggravated by difficulties in_achieving uniform calorimeter surface tempgrature
during combystion of the sample. A countermeasure®is‘to limit the sample mass, bearing in mind thjat, for
smaller samples, particular attention shall be given totheir being representative.

In certain casgs, well defined, stable calorimetric-systems allow operation in dynamic mode, i.e. it is pogsible,
within a few minutes into the main period, ‘to predict the final outcome of the test in terms of 6, without a
significant losp in accuracy of the results.

C.2 Calibration

The effective| heat capacity;-¢, shall, in principle, be determined as specified in Clause 9 with particular
reference to 9.2, 9.4, apd\95.

The instrument manufacturer may specify bomb conditions (ratio of sample mass to bomb volume,| initial
bomb water, oxygen pressure) that deviate S|gn|f|cantly from those deflned in 921 When these |bomb
conditions cat J1g (see

9.2.2), it is pOSSIb|e to adjust any preset value for ben20|c aC|d

i.e. to input the correct value for the

calculations of ¢.

Recommendations to exclude the initial amount of water in the bomb should be disregarded; see 4.1. The
amount, however, may be kept quite small but should be the same in all tests.

The reference temperature of the tests, equal to the final temperature, ¢, of the main period, should be kept
the same, within £ 1 K, in all tests. If necessary, it may be chosen arbitrarily within £ 10 K from 25 °C without
seriously affecting the numerical values of the determinations of calorific value; see 3.1.8. A deviation in
excess of = 5 K from 25 °C should be quoted with the test result.

NOTE Ancillary quantities given in 9.6.1, 9.6.2, and 10.4.2 refer, in principle, to states and reactions at 25 °C.
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Some instruments call for calibration using samples differing by about a factor of 2 in mass. Correctly
implemented, this offers considerable flexibility for subsequent fuel measurements. Establishing a valid
working range for the effective heat capacity, ¢, is always required; see 9.3. When the range is narrow in
terms of the amount of heat released, special attention shall be given to performing all tests within these limits.

For instruments that require frequent calibration, the manufacturer may provide benzoic acid pellets of
appropriate mass with an assigned value for the energy of combustion. As a rule, these pellets do not qualify
as the calibrant (see 5.5 and 9.2) but are convenient for everyday use. An alternative is to check the
calibration by making a series of measurements on a pelletized sample of certified benzoic acid at regular
intervals and whenever a new batch of the manufacturer's sample is used. The mean value from a series of
five combustions, with the sample mass about the same throughout, shall not differ by more than + 50 J/g

from t

he certified value recalculated when applicableto the actual bamb conditions

Some
Almog
from t

Comb
gener

C3

The v
recorg
requir

Some
for ¢
individ
the m
shall

instruments require preconditioning by combustion of a few samples before yielding §
t any benzoic acid (pelletized) or combustion aid (see 8.1) may be used for this ‘purpos
hese conditioning runs should be disregarded.

ustion of certified reference materials of coal or certified benzoic acid as an “unknown”
blly the most convenient way of checking the performance of a calorimeter.

Precision requirements for calibrations

blues of ¢ for the individual calibration tests should be printed or displayed so that they ca
ed (in joules per kelvin or in arbitrary units, together*with @ in these units). Generally,
ements for ¢, as given in 9.7, apply.

systems compensate for significant drift by using the mean of the previous mean value
ual values of ¢ for a series of calibration teSts cannot be used to evaluate the precision cha

casurements. Instead, a series of individual measurements using certified benzoic acid 3
be performed over a period of 1-day or, at the most, 2 days. For a series of five

comblistions, the standard deviation shall’not exceed 0,20 %. The mean value shall not differ

504

C4

The c
accou

g from the certificate value; see Clause C.2.

Comparability of calibration and fuel tests

pnditions specified’in 10.1 to 10.3 apply, including arguments about whether it is necessa
nt thermal contributions from combustion of the fuse and/or side reactions, such as thg

nitric gcid; see 9.6;1%)

In the
specif

computational procedures of automated instruments, there are normally no provis
cally for the use of crucibles of widely different material and mass.

table results.
. The results

see 9.3.) are

h be manually
the precision

and the value

from the latest calibration test as the measure for the effective heat capacity. In such a case, the

racteristics of
s the sample
benzoic acid
by more than

ry to take into
formation of

ons to allow

In aneroid systems or systems working on a constant mass-of-water basis, the error from d
difference in heat capacity of individual crucibles is as given in Equation (C.1):

(9 X AC)/m1

where

isregarding a

(C.1)

AC is the difference in heat capacity (m, x cp7cr) of the crucible used in the calibrations and that used in

m

combustion of the fuel;

4 is the mass of fuel burned.
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For calorimeters working on a constant total-calorimeter-mass basis, the error is estimated by Equation (C.2);

see 9.6.2:

[‘9 X Amgy % Cp,cr]/m1

(C.2)

Getting clean combustions is the first priority. Optimizing the overall conditions to achieve it is usually

worthwhile.

C.5 Documentation and print-out

The evaluatio]
be in accorda

The printed
calculations s
should be gi
unambiguous
by changes in
calibrant in c3

The referencs

C.6 Precislion requirements for fuel tests

The precision
in Clause 11.

h of the gross calorific value at constant volume, gy g, for the analysis sample shall, in_pri
nce with 10.4. The value shall be given in joules per gram or another convenient unit;

br otherwise recorded information on the individual test shall allow the usep to veri
tarting from values of 6, ¢, mass of sample, fuse and any combustion aid. The“equations
en in the manual itself or in an annex. Ancillary quantities used in the_calculations sHh
y identifiable, and it shall be possible to make the necessary alterations in‘the program re
procedure, including a change in the numerical value used for the ehergy of combustion
libration tests. Corrections applied for ignition energy, side reactionsyetc. shall be clearly s

temperature of the test shall be identified to the nearest 0,2 K:

requirements in terms of repeatability limit of the results of duplicate measurements are

hciple,

fy the

used
all be
quired
of the
tated.

stated
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Annex D
(informative)

Checklists for the design of combustion tests and their procedures

D.1 Introduction

This innex contains checklists intended as aids in setting up and carrying out a complete dete;tmination of a
calorific value, including calibration of the instrument, using a specified type of calorimeter.-Equations identical
to thoge given in the main text are repeated here for clarity.

The general experimental conditions that are common to the use of all types of bomb, calorimeters are defined
in Clguse D.2. Clause D.3 contains information pertinent to the use of adiabatic "calorimeters, Clause D.4
applies to isoperibol calorimeters and Clause D.5 deals with the highly automated bomb-calorimgtric systems.
Statictjacket calorimeters may be treated as isoperibol systems.

The basic calorimetric procedure is described in Clause 8. The calibtation procedures are degcribed in 9.5
and 96. The experimental and computational procedures for the fuel combustions are specifled in 10.2 to
10.4. Additional information required for the particular type of calorimeter is given as follows:

— fqr adiabatic calorimeters: Annex A-and Clause D.3;
— far isoperibol or static-jacket calorimeters: Annéx B and Clause D.4;
— fqr other types of calorimeters: Annex C and Clause D.5;

D.2 Choice of general parametérs

D.2.1| Calibration conditions

The bpsis for the conditions of subsequent fuel tests are as follows; see 9.2.2 and 9.3 for gendral calibration
requirements:

— bpmb volume, J, 4, €xpressed in litres;

— njass of bénzoic acid, my,,, expressed in grams;

— mass of bomb water, m,,, expressed in grams; Vg,

expressed in millilitres, may be substituiled for Mag;

— initial pressure of oxygen, pg, expressed in megapascals;

— reference temperature, ., expressed in degrees Celsius.

refs

D.2.2 Calculation of the bomb condition value of benzoic acid

This value is used in the calculations of the effective heat capacity of the calorimeter, ¢. Consult the particular
benzoic acid certificate; see also 9.6.1 and 9.6.2.
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D.2.3 Certificate value of benzoic acid, expressed in joules per gram

NOTE See 9.2.1.

The certificate value of benzoic acid, gy 1, is calculated from the following values:
—  (mpa/Vpomb)s €XPressed in grams per litre, equal to 3,0 g/l;
—  (Vag/Vbomb): €xpressed in millilitres per litre, equal to 3,0 ml/l;

— Ppo, expressed in megapascals, equal to 3,0 MPa;

— 1o €Xprgssed in degrees Celsius, equal to 25 °C; see 8.7;

— adjustment to certificate value, expressed in joules per gram, in accordance with the .equation |in the
certificate.

This yields, gy 5, €xpressed in joules per gram.

D.2.4 Amoynt of calorimeter water

NOTE Se¢ 8.1 and the Note in 8.3; not relevant for aneroid systems).
The amount df calorimeter water is determined either

a) on a constant mass-of-calorimeter-water basis, i.e. the mass.'of calorimeter water, expressed in grams;
see 8.3, 9.6.1, 10.4.2; or, alternatively

b) on a conptant total-calorimeter-mass basis, i.e. the mass of the (calorimeter plus water plus assembled
bomb), ekpressed in grams; see 8.3, 9.6.2, 10.4.3.

D.2.5 Additjonal parameters

It is necessary to consider the following additional parameters:

— ignition wire (fuse), /e, €Xpressed-in-Centimetres, or a constant Qign, expressed in joules; see 9.4, D.6.1;

ire’
— fuse, my d., expressed in grams, Or a constant Oy, .., €xpressed in joules; see 9.4, 9.6.1.

It is necessaly to decide whether or not it is necessary to determine the correction, Qy, for nitric afid by
analysis for the individual.fést, or whether to assign a constant per-gram value (not necessarily the same for
the calibrant gs for thefuel tests) or per-test value; see 9.4, 10.1.

D.3 Adiabatic calorimeters

D.3.1 Determination of the corrected temperature rise, ¢

For a determination of the corrected temperature rise, 6, it is necessary to make the necessary adjustments to
achieve adiabatic conditions; see A.3.1, A.3.2.

Estimate the heat capacity of the system and, from the choice of sample mass, make a prediction of the
expected temperature rise, Az, in order to determine the starting temperature, (z,o¢ — Af).

Determine what the conditions are for an initial steady state; see Clause A.4.

Make a series of tests to determine the length of the main period; see 8.2 to 8.5, 9.5 and Clause A .4.
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From the time-temperature measurements (7, #;,) for a set of benzoic acid combustions, calculate the
corrected temperature rise, 6, for the individual tests as given in Equation (D.1); see Clause A.5.

For a significant (but limited) drift at the end of the main period, 6 is derived from Clause A.5 as shown in
Equation (D.2)

O=1t;—ti—ggx (Ar—1) (D.2)

D.3.2 Evaluation of the effective heat capacity

Calculate the effective heat capacity, ¢, for the individual tests.

For aljternative D.2.4 a), the calculation of & on the constant mass-of-calorimeter-water basis is given by
Equatjon (D.3); see 9.6.1:

_ Mpax 4vba+ Ouse + Oign *+ On
0

(D.3)

For ajternative D.2.4 b), the calculation of g5 on the constant total-calorimeter-mass basig is given by
Equatjon (D.4); see 9.6.2.

ED = &+ Mg X Cp aq (D.4)
wherg
gl is equal to ¢ as defined above;

. is the mass of the crucible used in.the individual calibration test; see the Note in 9.6.2.
Calculate the mean value ¢, or &g, and ‘make sure that the precision requirements are met; see p.7.

The gystem is now calibrated)and the main calorimetric parameters set for subsequent combustion
measlirements on fuel samples:

Ancillary quantities required in the calculations are given in 9.6.1.

D.3.3| Gross calorific value at constant volume

To calculate;the gross calorific value at constant volume, gy o, perform the fuel combustions ih accordance
with the.instructions in 10.2 and 10.3. #@is calculated in the same way as for the calibrations.

For alternative D.2.4 a), a calorimeter operated on the constant mass-of-calorimeter-water basis, calculate the
calorific value from Equation (D.5); see 10.4.2:

&, %0 — Ofyse _Qign —OnN—mpX4qy2 _%
m4 nq

dv.gr = (D.5)

For alternative D.2.4 b), a calorimeter operated on the constant total-calorimeter-mass basis, calculate the
calorific value from Equation (D.6); see 10.4.3:

g*xe_quse_Qign_QN_mZXqv,Z _%

mq n4

qv.gr = (D.6)
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where

g, isde

09(E)

rived from the equation ¢, = &5 , — mg; X ¢p a3

mg, is the mass, expressed in grams, of the crucible in the individual test.

Always use th

e 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 Isopernibotcalorimeters

D.4.1 Deter

D.4.11

For a determ
value chosen

Estimate the
expected tem

Investigate w
rating period;
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From the tim
corrected tem

method.
D.4.1.2 Reg
NOTE Se

Determine thg
the specific-rg

Then calculat
to Equations

General

T Imi

mination of the corrected temperature rise

nation of the corrected temperature rise, 6, it is necessary to set the jacket temperature
for the tests; see Clause B.3.

heat capacity of the system and, from the choice of sample-iiass, make a prediction
perature rise, Az, in order to determine the starting temperature; (s — A?).

nat the conditions are for an initial steady state and degide on the length of the fore- of
see B.4.1.

of tests to determine the length of the main period; see B.4.2, 8.2 to 8.5 and 9.5.

e-temperature measurements (7, f;) for-a set of benzoic acid combustions, calcula
perature rise, 6, for the individual tests, utilizing either the Regnault-Pfaundler or the Dic

nault-Pfaundler method
e B.5.1 and B.5.2.

drift rates, g; and gg-and the mean temperatures, 1,,; and ¢, of the rating periods and ca

te constant, G, aceording to Equation (D.7):

mf>

&t

e 1.4 the integrated mean temperature, and Az, the contribution from heat exchange, acc

D.8) and (D.9):

ex’

to the

of the

initial

e the
inson
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(D.7)
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(0 1) de= [ + Gltms ~ )] (o1 )

ate ¢ from Equation (D.10):

Aty

(D.8)

(D.9)

(D.10)
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D.4.1.3 Dickinson extrapolation method

NOTE See B.5.1 and B.5.3.

Make a graph of the time-temperature (7, #;) values of the main period and determine the time for
i+0,6 x (4 — ). This time is taken as r,.. Determine the drift rates, g; and g, i.e. the slopes of the rating

periods, using Equations (D.11) and (D.12):

gj = (di/dz), (D.11)

g5 :(dt/dr)f (D.12)

Then talculate 6 from Equation (D.13)
6=tf—ti—gi (Tx—Ti)—gf (Tf—Tx) (D13)

NOTE The extrapolated time, z,, for the fuel tests is likely to differ from that for the ealibrations.

D.4.2| Evaluation of the effective heat capacity

Calculate the effective heat capacity, ¢, for the individual tests uSing the appropriate equatign [alternative
D.2.4g) or D.2.4 b)] as given in D.3.2.

Calculate the mean value, ¢, or o0, @and make sure that the_precision requirements are met (see 9.7).

The gystem is now calibrated and the main caletimetric parameters set for subsequent combustion
measfirements on fuel samples.

D.4.3| Gross calorific value at constant.volume

For the gross calorific value at constant.volume, gy g, perform the fuel combustions in accordance with the
instrugtions in 10.2 and 10.3. @is caleulated in the same way as for the calibrations.

Calculate the calorific value using the appropriate equation [alternative D.2.4 a) or D.2.4 b)] as given in D.3.3.

D.5 Automated bomb calorimeters

Opergdte the calofimeter according to the instructions. The corrected temperature rise, 6, is ugually derived
automrjatically by, the system.

Make |sufe_that the correct value is used for the energy of combustion of the calibrant untfer the bomb
conditions utilized (Clause D.2) in the evaluation of the calibration constant.

Make sure that the precision requirements are met. If necessary, check the system by burning a certified
reference material of coal or 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, Og/m, is taken care of by the system, use the value given in 10.4.2.

© 1SO 2009 — All rights reserved 45


https://standardsiso.com/api/?name=fa7db4b58a35bba39229d57dbefec23a

ISO 1928:2009(E)

Annex E
(informative)

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

E.1 Grosscalerificvalueatconstantvelume——

E.1.1 Isoperibol calorimeters
E.1.1.1 Parpmeters from a calibration test
Item T t T ¢

min °C min °C
my,=0,937 2 0 22,384 3 11 24,8791
myyse = 0,003 4 g 1 22,390 7 12 24,4830

2 22,396 7 13 24,884 6

3 22,402 8 14 24,4855

4 22,409 2 15 24,486 0
The charge was fired at 5,0 min. 5 22,4151 16 24,886 7

5,5 22,828 8 17 24,887 2
5,95 ml of sodjum hydroxide [¢(NaOH) = 0,I mol/l] solution;was used in 6 23,6557 18 24,487 8
the titration of hitric acid. 6.5 24.222 0 19 24488 3
Ofyse =60 J 7 24,496 2 20 24,889 0
Oign=01 8 24,748 8 21 24,489 7
On=357J 9 24,842 4 22 24,890 4
qy pa = 26 465 J/g 10 24,868 9 23 24,891 1
E.1.1.2 Calgulationofithe corrected temperature rise
For a calculatjon’of the corrected temperature rise, 6, 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 epds at

15,0 min. A least-squares fit of the initial and final rating periods, respectively, yields the following values; see
B.5.1:

g; = 0,006 16 K/min i = 22,399 8 °C at 2,5 min ;= 22,415 2 °C at 5 min
g¢ = 0,000 63 K/min o = 24,888 5 °C at 19 min ;= 24,886 0 °C at 15 min

From these values, the specific-rate constant, G, is calculated (see B.5.1) from Equation (E.1):

G =2,22 x 10-3 min~1 (E.1)
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