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Foreword

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

WARNING — Strict adherence to all of the provisions specified in this document should ensure
against explosive rupture of the combustion vessel, or a blow-out, provided that the combustion
vessel is of proper design and construction and in good mechanical condition.
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ocument specifies a method for the determination of the gross calorific value of'a
constant volume and at the reference temperature of 25 °C in a combustion Vesse
ated by combustion of certified benzoic acid.

esult obtained is the gross calorific value of the analysis sample at constant volumg
of the combustion products as liquid water. In practice, fuel is burned at constant (
ire and the water is not condensed but is removed as vapour with-the flue gases.

lorific value at constant volume can also be used; formulae are given for calculating b

al principles and procedures for the calibrations and thefuel tests are specified in t
pas those pertaining to the use of a particular type of\calorimetric instrument are
kes A to C. Annex D contains checklists for perfornting calibration and fuel tests us
of calorimeters. Annex E gives examples illustrating some of the calculations. Anng

Descriptors: solid fuels, coal, coke, tests) determination, calorific value, rules d
metry.
ormative references

bllowing documents are reférréd to in the text in such a way that some or all of
tutes requirements of thisydocument. For dated references, only the edition cited
ed references, the latest edition of the referenced document (including any amendmg

b1, Solid-stem calorimeter thermometers
b2, Enclosed-scale calorimeter thermometers
B7, Solid mineral fuels — Coke — Determination of moisture in the general analysis test

70, Solid-stem general purpose thermometers

bolid mineral
calorimeter

with all the
htmospheric)
Under these

Lions, the operative heat of combustion is the net calorific value of.the fuel at constant pressure. The

bth values.

he main text,
described in
ing specified
X F provides

f calculation,

their content
applies. For
ents) applies.

sample

ISO1

y 71) Enclosed-scale general purpose thermometers

[SO 5068-2, Brown coals and lignites — Determination of moisture content — Part 2: Indirect gravimetric
method for moisture in the analysis sample

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

ISO 13909-4, Hard coal and coke — Mechanical sampling — Part 4: Coal — Preparation of test samples

ISO 17247, Coal and coke — Ultimate analysis

[SO 18283, Hard coal and coke — Manual sampling
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3 Terms, definitions and symbols

3.1 Terms and definitions
For the purposes of this document, the following terms and definitions apply.
ISO and IEC maintain terminological databases for use in standardization at the following addresses:

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

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

absolute valyge of the specific energy of combustion for unit mass of a solid fuel burned injoxygen in a

Note 1 to entry: The products of combustion are assumed to consist of gaseous oxygen, nitrogen, carbon dioxide
and sulfur digxide, of liquid water (in equilibrium with its vapour) saturated with cdrbon dioxide under the

gross calorific value at constant pressure
absolute valyie of the specific energy of combustion, for unit mass’of a solid fuel burned in oxygen at
constant prepsure, instead of constant volume in a calorimetridombustion vessel

Note 1 to entrfy: The hydrogen in the fuel, reacting with gaseous'oxygen to give liquid water, causes a decrgase in
the volume offthe system. When the fuel carbon reacts with gaseous oxygen, an equal volume of gaseous darbon
dioxide is forped and, hence, no change in volume occurs.in‘tombustion of the carbon. The oxygen and nifrogen
in the fuel both give rise to an increase in volume.

3.1.3
net calorifid value at constant volume
absolute valye of the specific energy of combustion, for unit mass of a solid fuel burned in oxygen finder
conditions of constant volume and such that all the water of the reaction products remains as water
vapour (in a hypothetical state at 0,1 MPa), the other products being as for the gross calorific valpe, all
at the reference temperature (3.1.8)

3.14
net calorifid value at constant pressure
absolute valye of the specific heat (enthalpy) of combustion, for unit mass of the fuel burned in okygen
at constant pressuré\under such conditions that all the water of the reaction products remajns as
water vapouf (at Q,1.MPa), the other products being as for the gross calorific value, all at the reference
temperature |(3.1:8)

3.1.5
adiabatic calorimeter
calorimeter that has a rapidly changing jacket temperature

Note 1 to entry: The inner calorimeter chamber and the jacket exchange no energy because the water temperature
in both is identical during the test. The water in the external jacket is heated or cooled to match the temperature
change in the calorimeter proper.

3.1.6
isoperibol calorimeter
<isothermal type> calorimeter that has a jacket of uniform and constant temperature

Note 1 to entry: 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.

2 © IS0 2020 - All rights reserved
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aneroid calorimeter
calorimeter system without fluid, where the calorimeter can, stirrer and water are replaced by a metal

block

and the combustion vessel itself constitutes the calorimeter

Note 1 to entry: 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

Note 1
Note 7

3.19
effec

to entry: See 8.7.

to entry: The temperature dependence of the calorific value of coal or coke is small,-about 1

amo

3.11

corrdcted temperature rise
change in calorimeter temperature caused solely by the“processes taking place

comb

Note 1
ther
estab
can b
condit

3.2

Cpaq
ps

cpdt

Cper

AC

[ive heat capacity of the calorimeter
t of energy required to cause unit change in temperature of the calorimeter

stion vessel
to entry: The change in temperature can be expressed-in terms of other units: resistance of
istor thermometer, frequency of a quartz crystal resénator, etc., provided that a functional
ished between this quantity and a change in temperature. The effective heat capacity of tk

expressed in units of energy per such an arbitrdry unit. Criteria for the required linearity arj
ions between calibrations and fuel tests are givén in 9.3.

Symbols

specific heat capacity of water at constant pressure
specific heat capaeity’of the sample

heat capacity-times the temperature change
specific heat capacity of the crucible

is thédifference in heat capacity (m,, x ) of the crucible used in the calibraf]

c
D,CT.
thatused in combustion of the fuel

heat flow into the calorimeter

1/(g'K).

within the

a platinum or
relationship is
e calorimeter
d closenessin

ions and

dT

(dt/dt);  theinitial drift rate

It

i

specific rate constant, which is evaluated from the time-temperature measurements of the

rating periods, the fore- and the after-period
drift rate (dt/dt) in the rating periods

final drift rate (drift rate in the after-period)
initial drift rate (drift rate in the fore-period)

is the Newton’s law cooling constant
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Lyire length of ignition wire (fuse)

L is the latent heat of vaporization of water at 25 °C and constant pressure (43 988 J/mol)

L is the latent heat of vaporization at 25 °C and constant pressure of the water present in the
analysis sample and formed from the hydrogen in it

M moisture in the analysis sample

Maq mass of combustion vessel water

M, total moi . Sction of the fuel far which the calenlation is reduired

my, ass of benzoic acid

me, ass of crucible

mg ass of sample

Meyse ass of wire (fuse)

my ass of fuel sample burned

m, ass of combustion aid

Po initial pressure of oxygen

P, power of stirring

Qfuse cpntribution from combustion of the fuse

Qign cpntribution from oxidation of the ignitien wire

Qn cpntribution from formation of nitric acid (from liquid water and gaseous nitrogen anfd
oxygen)

Qs cprrection for taking the salfur from the aqueous sulfuric acid in the combustion vessgl to
gaseous sulfur dioxide

dpgrd giross calorific value-at constant pressure of the dry (moisture-free) fuel

Tpnet,M et calorific value at constant pressure for air-dried fuel with moisture mass fraction

Apnet.d et calorifigvalue at constant pressure of the dry (moisture-free) fuel

p,net M, et calorific value at constant pressure of the fuel with moisture mass fraction M

Qyba certifredgrosscatorificvatueatconstantvolume for-benzotecacid

Qugr gross calorific value at constant volume of the fuel as analysed

Qgrd gross calorific value at constant volume of the dry (moisture-free) fuel

qvgr,m gross calorific value at constant volume of the fuel with moisture mass fraction M

Gy net net calorific value at constant volume

Qynetd net calorific value at constant volume of the dry (moisture-free) fuel

ynet M net calorific value at constant volume for air-dried fuel with moisture mass fraction

4 © IS0 2020 - All rights reserved
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net calorific value at constant volume of the fuel with moisture mass fraction M
gross calorific value at constant volume of a combustion aid

the universal gas constant, equal to 8,315 J/mol K

the reference temperature for calorific value, i.e. 298,15 K (25 °C)

contraction in volume of the gaseous phase for the combustion reaction, expressed in
terms of moles per gram of sample, on an air-dried basis

calorimeter femperature

the correction of 1 applied after the ignition of the sample

heat capacity from the mass of the crucible

heat-leak correction, which is the contribution from the heat exchange
final temperature of the main period (equal to the reference‘témperature)
time, @ minutes after the end of the main period

temperature, a minutes after the end of the main period

observed temperature rise

observed temperature rise

initial temperature of the main perigd{at the time of firing the charge)
thermostat (jacket) temperature

thermal head

successive temperaturewreadings, taken at 1 min intervals during the main perjiod
the integrated méan temperature

is equal to ¢, and is the temperature at the beginning of the main period

is the temperature reading, taken during the main period, at the nth one-minute interval,
t, (=& being the reading taken at the end

medn temperature in the after-period

mean temperature in the fore-period

© IS0 2020 - All rights reserved

temperature at the time 7,

is the temperature that the calorimeter eventually attains if left running for an extended
period of time, which is the asymptotic temperature of an isoperibol calorimeter
(at “infinite” time)

reference temperature
is the volume of the barium hydroxide solution used
is the volume, of the hydrochloric acid solution used

volume of combustion vessel water, may be substituted, as appropriate, for m,,
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Combustion vessel volume

The work done against the atmosphere when the water is expanded at constant pressure to

vapour at 25 °C

Ang multiplied by RT to interpret the volume change in terms of the associated work done

by the atmosphere to maintain constant pressure

hydrogen mass fraction of the sample less the hydrogen contained in the moisture mass

fraction

5 o > > 0

ydration of the mineral matter as well as hydrogen in the coal substance)

itrogen, mass fraction of the moisture-free fuel
oxygen, mass fraction of the moisture-free fuel
the volatile-matter mass fraction of the sample with moisture mass frad¢tion, M

the ash mass fraction of the sample with moisture mass fraction;My

ean effective heat capacity of the calorimeter based on n determinations of €
effective heat capacity of hypothetical calorimeter with no crucible in the combustion
mean effective heat capacity of the calorimeter based on n determinations of £,
cprrected temperature rise

time

length of the main. périod

time at the end 0f'the main period

tIme at the beginning of the main period

Dickinson extrapolation time

ter of

on of

ressel

4 Principle

4.1 Gross calorific value

A weighed portion of the general analysis sample of the solid fuel is burned in high-pressure oxygen in a
combustion vessel calorimeter under specified conditions. The effective heat capacity of the calorimeter
is determined in calibration tests by combustion of certified benzoic acid under similar conditions,
accounted for in the certificate. The corrected temperature rise is established from observations of
temperature before, during, and after the combustion reaction takes place. The duration and frequency
of the temperature observations depend on the type of calorimeter used. Water is added to the
combustion vessel initially to give a saturated vapour phase prior to combustion, thereby allowing all
the water formed from the hydrogen and moisture in the sample to be regarded as liquid water.

© IS0 2020 - All rights reserved
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The gross calorific value is calculated from the corrected temperature rise and the effective heat
capacity of the calorimeter, with allowances made for contributions from ignition energy, combustion of
the fuse(s) and for thermal effects from side reactions such as the formation of nitric acid. Furthermore,
a correction is applied to account for the difference in energy between the aqueous sulfuric acid formed
in the combustion vessel reaction and gaseous sulfur dioxide, i.e. the required reaction product of
sulfur in the fuel.

4.2 Net calorific value

The net calorific value at constant volume and the net calorific value at constant pressure of the fuel are
obtained by calculation from the gross calorific value at constant volume determined on the analysis
samplfe. The calculation of the net calorific value at constant volume requires informatipn about the
moistlure and hydrogen mass fractions of the analysis sample. In principle, the calculatipn of the net
calorific value at constant pressure also requires information about the oxygencand nitrogen mass
fractipns of the sample.

5 Reagents

5.1 |[Oxygen, at a pressure high enough to fill the combustion vesselte 3 MPa, pure, with an assay of at
least $9,5 % volume fraction, and free from combustible matter.

NOTE Oxygen made by the electrolytic process can contain up té 4 % volume fraction of hydrggen.
5.2 |Fuse.

5.2.1| Ignition wire, of nickel-chromium 0,16 snm to 0,20 mm in diameter, platinum|0,05 mm to
0,10 mm in diameter, or another suitable conducting wire with well characterized thernial behaviour
during combustion.

5.2.2] Cotton fuse, of white cellulose-cptton, or equivalent, if required; see 8.2.1, fourth pgragraph.

5.3 |Crucible lining material,-for use in aiding total combustion of coke, anthracite, high|ash coal and
other|less reactive fuels.

5.3.1| Paste, of fused dluminosilicate cement passing a 63 um test sieve and suitable fof use up to a
tempg¢rature of 1 400 2€) mixed with water.

5.3.2] Aluminium oxide, fused, of analytical reagent quality, passing a 180 pum test sieve|and retained
on a 106 um test'sieve.

5.3.3| ¢Silica fibre disk, an ash-free, silica-fibre.

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

5.4.1 Barium hydroxide solution, c[Ba(OH),] = 0,05 mol/l, prepared by dissolving 18 g of barium
hydroxide, Ba(OH),-8H,0, in about 11 of hot water in a large flask.

Stopper the flask and allow the solution to stand for two days or until all the barium carbonate has
completely settled out. Decant or siphon off the clear solution through a fine-grained (slow flowrate)
filter paper into a storage bottle fitted with a soda-lime guard tube to prevent ingress of carbon dioxide.
Standardize the solution against 0,1 mol/l hydrochloric acid solution (5.4.4) using phenolphthalein
solution (5.4.6) as an indicator.

© IS0 2020 - All rights reserved 7
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5.4.2 Sodium carbonate solution, ¢(Na,CO3) = 0,05 mol/l, prepared by dissolving 5,3 g of anhydrous
sodium carbonate, Na,CO5, dried for 30 min at 260 °C to 270 °C, but not exceeding 270 °C, in water.
Transfer the resulting solution quantitatively to a 1 1 volumetric flask and make up to volume with water.

5.4.3 Sodium hydroxide solution, c¢(NaOH) = 0,1 mol/l, prepared from a standard concentrated
volumetric solution as directed by the manufacturer.

Alternatively, prepare from anhydrous sodium hydroxide by dissolving 4,0 g of sodium hydroxide, NaOH,
in water; transfer the resulting solution to a 1 | volumetric flask and make up to volume with water.

Standardize the resulting solution against 0,1 mol/l hydrochloric acid solution (5.4.4) using

phenolphtha

5.4.4 Hyd
volumetric s

Alternatively
the resulting
(5.4.2) using

5.4.5 Meth

Dissolve 0,2
ethanol and

5.4.6 Pher

Dissolve 2,5
salt of pheno

5.4.7 Wate
than 0,2 mS

5.5 Benzo
(or with una

Benzoic acid
calorimeter.

Iphthalein in 250 ml of water.

- h - Lo A4 £ - - de
CHI SUIULIUIT (Q.7F.U ) d5 dIT TTTUILALUL.

ochloric acid solution, c¢(HCI) = 0,1 mol/l, prepared from a standard eoncen
lution, as directed by the manufacturer.

, prepare by diluting 9 ml of hydrochloric acid (p = 1,18 g/ml) to 1 1 withrwater. Stand3
b solution against anhydrous sodium carbonate or against sodiumy)carbonate so
a screened indicator solution (5.4.5).

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

b g of methyl orange and 0,15 g of xylene cyanole FE in 50 ml of 95 % volume fr{
Hilute to 250 ml with water.

olphthalein, 10 g/ solution.

b of phenolphthalein in 250 ml of 95 % volumé fraction ethanol or 2,5 g of the water-s

1, deionised, distilled or water of equivalent purity, with a specific conductivity not |
m at 25 °C.

c acid, of calorimetric-standard quality, certified by a recognized standardizing aut
mbiguously traceable cettification).

is the sole substance recommended for calibration of an oxygen-combustion
For the purpose-of checking the overall reliability of the calorimetric measuren

test substa

es, e.g. n-dedecane, are used. Test substances are used mainly to prove that c{

rated

rdize
ution

iction

bluble

tigher

hority

ressel
nents,
brtain

n the
bn.

characteristics of a sample, e.g. burning rate or chemical composition, do not introduce bias
results. A teqt substafice'should have a certified purity and a well-established energy of combusti

The benzoic pcid is burned in the form of pellets. The benzoic acid is normally used without dryjng or
any treatment-other than pelletizing; consult the sample certificate. The benzoic acid does not a|bsorb
moisture from the atmosphere at a relative humidity below 90 %, but 1t 1s recommended that the
benzoic acid be stored in a moisture-free environment (desiccator) until use.

The benzoic acid shall be used as close to certification conditions as is feasible; significant departures
from these conditions shall be accounted for in accordance with the directions in the certificate. The
energy of combustion of the benzoic acid, as defined by the certificate for the conditions utilized, shall
be adopted in calculating the effective heat capacity of the calorimeter; see 9.2.
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6 Apparatus

6.1

General

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

hence

meta

, the strategy for evaluating the corrected temperature rise.

d Uld Nnd Wd

) aloT 11T an, 2 2
block. The combustion vessel itself constitutes the calorimeter in some aneroid syst

eplaced by a
bms.

In combustion calorimetric instruments with a high degree of automation, especially in the evaluation

of thd
calori
long ¢
caliby
comb

printgut of some specified parameters from the individual measurements is essential. Det

in An

Equipg
speci

6.2

6.2.1

see Figure 1.

The d
resist
the cd

WAR
parti
Many
the c
desi

reco

results, the calorimeter is, in a few cases, not as well defined as the traditional, g
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Rigure 1 — Classical-type combustion-vessel calorimeter with thermostat

6.2.2 Calorimeter ecan, made of metal, highly polished on the outside and capable of holdipg an
amount of water sufficient to completely cover the flat upper surface of the combustion vessel while the
water is beinF stirred.

A lid generally helps reduce evaporation of calorimeter water but, unless it is in good thermal contact
with 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
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stirring such that the length of the main period can be limited to 10 min or less is usually adequate; see
Annexes A and B.

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

The mass of water of a thermostat intended for isothermal operation shall be sufficiently large to
outbalance thermal disturbances from the outside. The temperature should be controlled to within
%0,1 K or better 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 jacket are given in Annex B.

NOTE
annul

1  For an insulated metal static jacket, satisfactory properties are usually ensured by 1
hr jacket with a capacity for water of atleast 12,5 1.

haking a wide

NOTE
jacket]

2 Calorimeters surrounded by insulating material, creating a thermal barriet;@dre regarded as static-

calorimeters.

Whern
it sho
suffic
calori

drift {

calorimeter,
ied at a rate
f that of the
ulated mean

the thermostat (water jacket) is required to follow closely the teriperature of the
uld be of low mass and preferably have immersion heaters. Energy shall be suppl
ient to maintain the temperature of the water in the thermostat to within 0,1 K ¢
meter water after the charge has been fired. When in a steady state at 25 °C, the calg
n temperature of the calorimeter shall not exceed 0,000 5K/min; see A.3.2.
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As al
platin
with

provi
or be
with

meas

For 4
accor’
viewse

D,001 K so that temperature intervals of 2 K to 3 K@an be determined with a resoluti
ter.

bsolute temperature shall be known to thé’nearest 0,1 K at the reference tempel
metric measurements. The temperature:measuring device should be linear, or ling

ernatives to the traditional mercury-in-glass thermometers, suitable temperature

e the required resolution.) The short-term repeatability of this type of device sha

inear response (interms of temperature) are less likely to drift, causing bias in the
irements, than arénon-linear sensors.

bn of 0,002 K

fature of the
arized, in its

SEensors are

um-resistance thermometers; thermistors, quartz crystal resonators, etc., which, together
a suitable resistance bridge; null detector, frequency counter, or other electroni¢

equipment,
1 be 0,001 K

ter. Long-term drift shall not exceed the equivalent of 0,05 K for a period of six months. Sensors

calorimetric

diabatic sysfems, a suitable arrangement is as follows: Mercury-in-glass ther

Also,

ometers in

Hance with\ISO 651, ISO 652, ISO 1770 or ISO 1771 shall satisfy the measurement requirements. A
r with magnification about 5x is needed for reading the temperature with the resolutjon required.

h niechanical vibrator to tap the thermometer is suitable for preventing the mercury|column from

stickipg;/see 8.4. If this is not available, the thermometer can be tapped manually befor¢ reading the
temperature.

6.2.6 Ignition circuit.

The electrical supply shall be 6 V to 25 V alternating current from a step-down transformer or direct
current. It is desirable to include a pilot light in the circuit to indicate when current is flowing.

Where the firing is done manually, the firing switch shall be of the spring-loaded, normally open type,
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, supplied by the
instrument manufacturer.

For coal, the crucible should be about 25 mm in diameter, flat-based and not more than 20 mm deep.
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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 disk for coke, anthracite, high-ash coal and other less
reactive fuels. A crucible of nickel-chromium foil about 0,25 mm thick is recommended when testing
high-ash coals, in order to reduce any error from incomplete combustion.

For coke, the nickel-chromium crucible, as described for use with coal, should be lined with a
commercially produced ash-free, silica-fibre disk. The mass of the silica-fibre disk 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 sulpstances with a high moisture mass fraction, such as bio-oils, the ashless silica-fibre (
placed on top of the sample in the crucible. This helps to absorb the moisture, and easy burhing a

without mis

For benzoic

for calibratid
impact on th
small, plating
deep, may be

6.4 Ancill:
6.4.1 Pres

6.4.2 Pres
resolution off

6.4.3 Relig
overfilling th|

CAUTION —
test or calib

ires.

icid, either of the crucibles specified for coal is suitable. However, the crucible type
n, should also be used for the test sample, as any significant change.in crucible mas
e calibration of the instrument i.e. heat capacity. If smears of unburned carbon og
im or nickel-chromium crucible, for example 0,25 mm thick, 15mm in diameter and
used.

Iry pressure equipment.
sure regulator, to control the filling of the combustion vessel with oxygen.

sure gauge (e.g. 0 MPa to 5 MPa), to indicaté’the pressure in the combustion vessel
0,05 MPa.

f valve or bursting disk, operating-at 3,5 MPa, and installed in the filling line, to pr
e combustion vessel.

Equipment for high-pressure oxygen shall be kept free from oil and grease. D
rate the pressure gauge with hydrocarbon fluid.

lisk is
ccurs

used
s will
cur, a
7 mm

with a

event

0 not

6.5 Timer]|indicating minute$-and seconds.
6.6 Balanges.
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

and istfecommended 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 can
be dispensed into the calorimeter by volume with the required accuracy); see 8.3.

6.7 Thermostat (optional), for equilibrating the calorimeter water before each test to a predetermined

initial tempe

rature, within about +0,3 K.

7 Preparation of test sample

The coal and coke used for the determination of the calorific value shall be the general analysis sample
ground to pass a test sieve with an aperture of 212 pm and shall be prepared in accordance with
ISO 13909-4 and ISO 18283. In some circumstances, it has been shown that a maximum particle size of
250 pum is acceptable for low- and medium-rank coals.
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The sample shall be well mixed and in reasonable moisture equilibrium with the laboratory atmosphere.
Either the moisture mass fraction 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 mass fraction 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.

8 C

8.1

Thec
and c
for th
prope
for in

The t
comb
cause

The t
made,
Figur
long ¢
the is
serve
for he
place

The g
stirri
ensui
varia

alorimetric procedure

General

hlorimetric determination consists of two separate tests: combustion'of'the calibrant (
bmbustion of the fuel (coal or coke), both under specified conditions. The calorimetr

r cancellation of systematic errors caused, for example, by tdrcontrolled heat leaks n
the evaluation of the corrected temperature rise, 6.

est consists of carrying out quantitatively a combustion reaction (in high-pressure ¢
listion vessel) to defined products of combustion-and of measuring the change in
d by the total combustion process.

bmperature measurements required for thezevaluation of the corrected temperatut
during a fore-period, a main (equals the-‘reaction”) period and an after-period, a
P 2. For the adiabatic-type calorimeter;the fore- and after-periods, in principle, shoy
s required to establish the initial (fifing) and final temperatures, respectively; see
operibol (isothermal jacket) and the static-jacket-type calorimeters, the fore- and
to establish the heat-exchange properties of the calorimeter required to allow prop

It is then necessary for the fore- and after-periods to be longer; see Annex B.
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ng. An excessive rate of stirring results in an undesirable increase in the power of
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(équal to the reference temperature)
Figure 2 — Time-temperature curve — Isoperibol calorimeter

During combustion, the combustion vessel head becomes appreciably hotter than other pafts of
the combustjon vessel, 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 rjise in
temperature} For aneroid systems, the particular design determines to what extent hot spot$ may
develop; see jAnnex C.

Certain less reactive fuelsmay persistently leave residues that contain significant amounts of unbyirned
sample or s¢ot. By miking these samples with known amounts of an auxiliary material, complete
combustiong can, inngst instances, be achieved. Wrapping samples in tissue or rice paper, in adfition
to providing|a combustion aid, gives an opportunity to affect the configuration of the sample |n the
crucible at the mement of ignition.

The auxiliary material shall be chemically stable, have a low vapour pressure and a well-established
energy of combustion. The energy should be known to within 0,10 % for the particular material used.
Benzoic acid appears to be the ideal compound, even though n-dodecane or paraffin oil, for example,
being liquids, are easier to distribute evenly. The amount used should be limited to the minimum
amount required to achieve complete combustion of the sample. The amount used should not exceed an
amount that contributes half the total energy in a test. The optimum proportion of sample to auxiliary
material depends on the properties of the fuel, and it is necessary that it be determined experimentally.

For coals having ash values exceeding approximately 35 %, there is a possibility of incomplete
combustion, and a sufficient, known mass of auxiliary material should be added to ensure a temperature
rise similar to that obtained in benzoic acid calibrations.

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

8.2.1 General procedure

Weigh the sample in the crucible, with an accuracy of 0,01 % of the mass of sample or better. For 1 g
samples (see 9.2 and 10.2), this means weighing to the nearest 0,1 mg. Weigh the combustible fuse and/
or ignition wire, either with a precision comparable to that for weighing the sample, or keep its mass
constant, within specified limits, for all tests; see 9.4 and 9.6.1.

Fasten the ignition wire tautly between the electrodes in the combustion vessel. Check the resistance
of the ignition circuit of the combustion vessel; for most combustion vessels, it should not exceed 5 ()
to 10 measured between the outside tonmectors of the tombustion vesser hiead; orjbetween the
conngctor for the insulated electrode and the combustion vessel head.

Tie, of attach firmly, the fuse to the ignition wire, place the crucible in its support, and byring the fuse
into dontact with the sample. Make sure that the position of the crucible in the'assembled combustion
vesse] is symmetrical with respect to the surrounding combustion vessel wall:

Wher] the ignition wire is combustible as well as electrically conducting, an alternatiye procedure
may be adopted. A longer piece of wire, enough to make an open loop,\is connected to thie electrodes.
After|mounting of the crucible, the loop is brought close to the sample; for samples in pellet form, the
loop ghall be in contact with the sample. (In some cases, the ignition process is better conftrolled when
the wjire is kept at a small distance above the sample.) Care/should be taken to prevent any contact
betwegen ignition wire and crucible, in particular when a metal crucible is used, since thisfwould result
in shqrting the ignition circuit. A special fuse is superfludiis under these conditions. The [resistance of
the ignition circuit of the combustion vessel will be incréased by a small amount only.

Add the specified amount of water to the combustion vessel, for example (1,0 * 0,1) ml for 1 g of
sample; see 9.2.2. Assemble the combustion vessel and charge it slowly with oxygen to g pressure of
(3,0 4 0,2) MPa without displacing the original air. If the combustion vessel is inadvertegntly charged
with pxygen above 3,3 MPa, discard the test and begin again.

WARNING — Do not reach over the Ccombustion vessel during charging.

The cpmbustion vessel is now ready: for mounting in the calorimeter can.

8.2.2| Using a combustion aid

Use aflow-mass cruciblé. Weigh the auxiliary material as accurately as possible so that its|contribution
can be correctly aceounted for. This is particularly important when a hydrocarbon oil i$ used, as its
specific energy ofccombustion is considerably higher than that of the fuel.

Wher] the auxiliary material is, for instance, rice paper or a liquid, it is weighed before theg fuel sample.
Weigh thetbenzoic acid last when it is used as the combustion aid. Mix the solid materials without
remo 1ng any of the mixture; Check by Welghlng Compact the mlxture by tapping the bottom of the
the mixture.

8.3 Assembling the calorimeter

Bring the calorimeter water to within +0,3 K of the selected initial temperature and fill the calorimeter
can with the required amount. The quantity of water in the calorimeter can shall be the same to within
less than 0,5 g in all tests; 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 combustion vessel in the calorimeter can after the can
(containing the correct amount of water) has been placed into the thermostat.

Alternatively, the system may be operated on a constant total-calorimeter-mass basis; see 9.6.2. The
combustion vessel is then mounted in the calorimeter can before this is weighed with the water. The
total mass of the calorimeter can, with the assembled combustion vessel and the calorimeter water,
shall then be at least within 0,5 g in all tests.
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The assembled calorimeter shall contain enough water to thoroughly cover the flat, upper surface of
the combustion vessel head and cap.

NOTE Weighing the water to within 0,5 g applies when the effective heat capacity is in the order of 10 k]/K.

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

WARNING — If gas escapes from the combustion vessel, discard the test, eliminate the cause of
leakage and begin again. Apart from being a hazard, leaks inevitably lead to erroneous results.
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isrising rapidly, readings to the nearest 0,02 K are adequate. Resume reading tempera
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remove the combustion vessel from the calorimeter, release the pressure at a moderate rate and
dismantle the combustion vessel. Examine the interior of the combustion vessel, the crucible and any
solid residue carefully for signs of incomplete combustion. Discard the test if unburned sample or any
soot deposit is visible. Remove and measure any unreacted pieces of combustible ignition wire.

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

Wash the contents of the combustion vessel into a beaker with water. Make sure that the underside of
the combustion vessel head, the electrodes and the outside of the crucible are also washed.
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In the case of calibration tests, dilute the combined washings to about 50 ml and analyse for nitric acid,
e.g. by titration with the sodium hydroxide solution (5.4.3) to a pH of about 5,5 or by using the screened
methyl orange solution (5.4.5) as an indicator.

8.5.2 Ifthe sulfur mass fraction of the fuel and the nitric acid correction are known, analysis of the final
combustion vessel liquid may be omitted; see 10.1. When the “sulfur” and/or nitric acid corrections are
based on the actual amounts formed in the combustion vessel process, the combustion vessel washings
from fuel combustions are analysed by the procedure described in 8.5.3 or by an equivalent method.

8.5.3 Dilute the combined combustion vessel washings to about 100 ml. Boil the washings to expel
carbon dioxi ' ' ' i i ' ile it is still hot using
the phenolphthalein solution (5.4.6) as an indicator. Add 20,0 ml of the sodium carbenate solution
(5.4.7)), filter the warm solution and wash the precipitate with water. When the filtrate has cooled to
ambig¢nt temperature, titrate it with the hydrochloric acid solution (5.4.4), using the scrgened methyl
orange solution (5.4.5) as an indicator, ignoring the phenolphthalein colour change.

8.6 [Corrected temperature rise

8.6.1| Observed temperature rise, t; - ¢t

The tpmperature at the end of the main period, t;, minus the irfitial or firing temperaturg, t;, gives the
obserjved temperature rise, t; - t;.

8.6.2| Isoperibol and static-jacket calorimeters

8.6.2{1 In addition to the rise in temperature-caused by the processes in the combystion vessel,
the opserved temperature rise contains contributions from heat exchange between cal¢rimeter and
thernjostat and from stirring power. Allowance for heat exchange is made by the so-called heat-leak

correftion, At,,, which includes the contribution from stirring power, as shown in Formula (1).

t]-t =6+At,, )

Hencg, the corrected temperature rise, 6, is given by rearranging Formula (1) as given in Fprmula (2):
Ot —t,—At,, (2)

Therq are various.‘ways of evaluating the term A¢,,. The most common procedures yised are the
Regnault-Pfaundlef and the Dickinson extrapolation methods; see 8.6.2.2 and 8.6.2.3, respectively.

NOTE ThexRegnault-Pfaundler method automatically accounts for variations in the timg¢-temperature
relatignship for different types of samples and is hence the more reliable of the two methods.

Detailed“instructions for the numerical evaluation of At.._and the corrected temperature rise, 6, for
isoperibol and static-jacket calorimeters are given in Annex B. The resulting formulae for At,, are

summarized in Formulae (3) and (4).

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

- t+t,) L
Aty =(7 -1, )ng+ﬂ>< nxtmf—w—z‘tk (3)
tmf ““mi 2 k=1
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where

Ji is the drift rate, expressed in kelvins per minute, in the fore- (initial rating) period;
g¢ isthedriftrate, expressed in kelvins per minute, in the after- (final rating) period;
mi 1S the mean temperature, expressed in degrees Celsius, in the fore-period;

tne 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.
(thie time for ignition), equivalent to £,;

te is {he temperature, expressed in degrees Celsius, at the end of the main period;
eqpivalent to ¢,;

t,  ar¢ the successive temperature readings, expressed in degrees Celsius,(taken at 1 min
intervals during the main period (t;being the temperature 1 min after’vhe beginning of
th¢ main period and ¢, = t;);

t, isthe temperature reading, expressed in degrees Celsius, takén'during the main period
at the nth one-minute interval, t, (= t;) being the reading taken at the end;

; is fhe time, expressed in minutes, at the beginning of the'main period (time of ignition);
T¢ is fhe time, expressed in minutes, at the end of the main period;
n is the number of 1 min intervals in the main period.

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

8.6.2.3 Thg¢ Dickinson extrapolation method (see B.5.3) is based on Formula (4):

Atex =9 (Tx _Ti)+gf (Tf _Tx) (4)
where
T, is the time, expyessed in minutes, where the change in temperature, (¢, - t;),

is 0,6 times‘the observed temperature rise, (t; - t;);

g;and g; |are the\dvift rates, expressed in kelvins per minute, at 7; and 7, respectively;
theytare calculated as for the Regnault-Pfaundler method.

8.6.3 Adidl)dtib Ld}Ul iuu:tcn S

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

0=(t;-t,) (5)

Stirring power is otherwise manifested as a constant drift in temperature throughout the test and is
easily corrected, but can prolong the total period of temperature observations.

Detailed instructions for the numerical evaluation of the corrected temperature rise, 6, for adiabatic
calorimeters are given in Annex A.
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Thermometer corrections

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

8.7

Reference temperature

The temperature at the end of the main period, the final temperature, ¢, is the reference temperature of
the individual test.

9

9.1

T T e OUTY

Principle

Com

stion of certified benzoic acid under specified conditions to gaseous carbon dioxi

water serves to make a change in temperature of the calorimeter of one unit interpretal
units|of energy. The classical type of combustion calorimeter can be (maintained ung

exte

ed periods of time in terms of mass (heat capacity), geometry antdheat exchange s

allowp carrying out the calibration of the instrument as a separate series of measurements
the efffective heat capacity, i.e. the calibration constant, ¢, of the calorimeter.

This ¢
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are, h
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alibration constant, g, should not change significantly over'time, provided minor req
esin the system are correctly accounted for. Some of thefully automated calorimetrig
owever, physically less well defined and, therefore, réquire more frequent calibrati
ms, even daily.

matic errors can arise, for example, from evaporation of calorimeter water, from
bxchange along various paths and/or imperfections, and lag in an adiabatic temper
m during the reaction period. Cancellation of this type of error depends largely on t
pen the calibration tests and the combustion of the fuel samples with respect to time-

profile and total change in temperature:ofthe calorimeter. Systematic variation in the ma
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9.2

9.2.1

The ¢
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sed in the calibration tests is an-€xpedient way of establishing the requirements fo
particular calorimetric system; see 9.3.

Calibrant

Certification conditions

ertificate valuefor the energy of combustion of benzoic acid refers to a process whe
ssed in grams, of the sample and the initial water, respectively, is equal to three time
combustion vessel, expressed in litres (3 g/1), the initial pressure of oxygen is 3,0
nce temperature is 25 °C. The products of combustion are defined as gaseous caf
water and an equilibrium amount of carbon dioxide dissolved in the aqueous phas;

He and liquid
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form liquid

water and gaseous nitrogen and oxygen. When calibrations are performed under different conditions,
the certificate reference value shall be adjusted. A numerical expression to correct for such deviations
is given in the reference certificate for benzoic acid.

9.2.2 Calibration conditions

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

NOTE1 The correction terms (per gram of benzoic acid) for deviations from certificate conditions, quoted
from a typical benzoic acid certificate, are for an initial pressure of 5 ]/MPa, a mass-of-sample-to-combustion
vessel volume ratio of 1,1 J/g/l, an initial mass-of- water-to-combustion vessel-volume ratio of 0,8 |/g/l, and a
reference temperature for the test of -1,2 J/K.

NOTE 2  Aslongas the initial pressure of oxygen and the reference temperature are kept within (3,0 = 0,3) MPa
and (25 # 2) °C, respectively, the departure from certification conditions caused by pressure and/or temperature

deviations is within #3 ] /g and it is not necessary to account for it.

NOTE3 Ifl
from the cert

43 £ s rs Ll i L 1L Ao 1t ool HY £
TECT TatrosS O watCT tOCatroT atrt, CTg I 1) & df CouSCO; s s astarty ot mosTstgrcarre ac

fication conditions. For a 300 ml combustion vessel, this causes an increase in the certified

of 11 J/g. If 1,0 g of benzoic acid and 5,0 ml of water are used in a 200 ml combustion vessel, the certified

increases by 2
combustion v

NOTE 4
necessary to 1

9.3 Valid
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trend in the
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A plot of the
whether the
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minimum of
the combust

0]/g. The change is caused mostly by an increase in the fraction of carbon dioxide dissolved
ssel liquid.

When the total heat capacity of the calorimeter is small, for example in aneroid Systems, it

educe the sample mass in order to limit the total change in temperature; sée Annex C.

working range of the effective heat capacity

e possible to vary the amount of calibrant at least +25<% without getting a signi
values obtained for the effective heat capacity. If thissis*not the case, the working
t value of ¢ shall be defined in terms of total temperature rise measured. All subse
ts of calorific value shall be kept within these limits,

values of the effective heat capacity, ¢, as a funiction of the mass of calibrant used r¢
‘e is a significant trend in the effective heat'capacity for a particular calorimeter. I
brant mass should be varied from 0,7 g.to*1,3 g, or an equivalent relative amount,
eight tests should be performed. It is 1iot necessary to vary the initial amount of wd
on vessel.

A convenie

way of checking a system .already calibrated by combustion of, for example,

iation
value
value
in the
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ficant
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and a
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10 g

samples is tg use the benzoic acid as an.unknown. The mean values from triplicate runs on 0,7
1,3 g sample| masses, respectively, are compared with the certificate values. This normally suffi
ascertain whether the effective heat\cdpacity is constant for the range of heat produced. Deviatio
generally expected to be in the direction of “low” calorific values for larger sample masses, equij
to obtaining|e values on the high’ side when derived from large samples. Using benzoic acid as
substance is [particularly useful in checking the performance of highly automated systems.

g and
ces to
s are
Falent
A test

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

Deviation of € from a constant value, as discussed here, is caused by the physical design of the
calorimeter 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
specified variation in sample mass; see Annex C.

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).
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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 combustion vessel 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) and can, consequently, be assigned a constant value. For a given combustion vessel
configuration, the amount of nitric acid formed in calibration tests is approximately proportional to the
amount of benzoic acid burned.

9.5
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The d
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When
work
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chosé
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9.6

9.6.1

For

calcu

wher

Calibration procedure

the ordinary series of calibrations, five satisfactory combustions on benzoic adid shd
The sample shall be burned as pellets; see 5.5. The calorimetric procedune describe
be followed. Recommendations concerning the sample mass and the initial amount o

water are given in 9.2.2. It is advantageous to use the same crucible, type for both
istions and the test sample as required in the item of 6.3. The initial temperature sh
hat the reference temperature of the test (defined as t; see 8.7)4s within the chosen
nce temperature.

esign of the calibration test, in terms of oxygen pressuveyamount of combustion
nce temperature, duration of the fore-, main, and:after-periods, etc., defines
dure for subsequent fuel combustions.

the effective heat capacity, ¢, of a calorimeter eannot be regarded as constant over
ng range and it is necessary that it be expressed as a function of (¢t; - ¢t;) (see 9.3)
ibration tests shall be increased to eight ordhore. The mass of sample for the indiv
n to yield values for the change in temperature over the entire intended working rang
ate measurements around the end pgints, to define the slope of the € versus (t;-¢) r

Calculation of effective heat.capacity for the individual test

Constant mass-of-calorimeter-water basis

systems where the quantity of water in the calorimeter vessel is kept the same in

ated as shown in Eormula (6):

My, X qV,ba + quse + Qign + QN
0

11 be carried
i in Clause 8
[ combustion
benzoic acid
all be chosen
range for the

vessel water,
the detailed

the required

the number
idual tests is
e, with a few
blationship.

all tests, € is

(6)

iedtlhha o P A 3 oo £l 3 d (0 OO
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ba

vpa certy
benzoic acid; see 9.2.1;

quse
Qign
Qn

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);

and 8.6.
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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 3.1.10
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NOTE € is normally expressed in joules per kelvin. When 6 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 Qg + Qjgy, 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 Qg + Qg into the value of € unless it
is, in itself, small and the variation in 8 is less than 20 %.

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

9.6.2 Constant total-calorimeter-mass basis

When the syftem is operated such that the calorimeter can with the assembled combustion vessel and
the water alvays has the same total mass, the amount of water in the can varies ‘slightly, depejnding
chiefly on the mass of the crucible used. It is, then, convenient to define ¢, as the effective heat capacity
for the hypothetical calorimeter with no crucible in the combustion vessel, as given by Formula (7):

£ =E+ TN XC), 10 (7)
where

Ex i§ the effective heat capacity of calorimeter on a “tetal-calorimeter-mass” basis and is equal
tp € as defined in 9.6.1;

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

mg npass of the sample

Cpaq 1§ the specific heat capacity, in joules per gram-kelvin, of water when the € values are

|}

kpressed in joules per kelvinyat 25 °C, the specific heat capacity of water is equal t
18]/(g K).

When arbitrpry “units of temperature” are used, the value of ¢, ,, shall be adjusted accordingly. It is
necessary to|know the relatipnship between kelvins and the unit utilized only to within +10 % fdr this
purpose.

N

NOTE In Formula (7))the second term is a simplification of the expression given as Formula (8):

Eg=Ex+M. x(cp’aq ~Cper )+mS x(cp,aq ~Cps ) (8)

where

c is the specific heat capacity of the crucible, in ] /g.

p,cr

cps isthe specific heat capacity of the sample, in J/g.

The third term of Formula (8) may be incorporated into &3, without loss in accuracy, as its value does
not vary significantly between calibration and fuel tests. Formula (8) then reduces to Formula (9):

£ :s*+mcr><(cp,aq ~Cper ) 9)

In most cases, the second term in Formula (9) may be simplified to m, x ¢, . as used in Formula (7).
However, when a wide variety of crucibles are 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
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corresponding to 18 ] for a 3 K temperature rise. In this case Formula (9) s
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Cp,aq IS not taken
hould be used.

into account,

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),

9.7

9.7.1

Precision of the mean value of the effective heat capacity

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 ¢, (see 9.6.2). The standard deviation,

s, shall not exceed 0,20 %. All results from the current series of calibrations shall be ,in

calcu

Provi

ations; only tests with evidence of incomplete combustion may, and shall, be dis¢ard

Hed the precision requirement is met, the arithmetic mean, ¢, or ¢, ,,, is regardéd as

the efffective heat capacity of the calorimeter.
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9.8

Cted, and a new series of calibration tests shall be performed.

¢ as a function of the observed temperature rise

€ cannot be regarded as constant, list the individual‘yalues of ¢ (see 9.6.1) or €
her with the corresponding values for the observed temperature rise (t; - t;), for clg
the results to a straight line by linear regression with"At as the independent variable
ate the coefficients a and b for ¢ as given in Formuld (10):

—a+bxAt
stimate of the variance, s2, about the‘line shall be calculated. For convenience,
1d of At.

fandard deviation, s, shall not exceed 0,20 %. Only results from tests with evidence ¢
listion may, and shall, be discarded from the calculations.

ded the precision requitement is met, €, as defined in Formula (10), is regarded as
fective heat capacity of the calorimeter for use in the calculation of the calorific v
The valid working range in terms of the observed temperature rise shall be clearly s

Cted, and anéw series of calibration tests shall be performed.

Redetermination of the effective heat capacity

luded in the
ed.

the value for

precision requirement is not met, the cause for the unsatisfactory results shall be identified and

h (see 9.6.2),
rity denoted
. In addition,

(10)
may be used
fincomplete

the value for
alues for the
pecified.

precision regliirement is not met, the cause for the unsatisfactory results shall be iglentified and

Whern

any_significant part of the system is changed, the mean effective heat capa

fity shall be

redetermined; see 9.3. The mean effective heat capacity shall also be redetermined at intervals of not
longer than six months.

It is recommended, especially on a new system, to check the calibration regularly by performing a few
monthly tests using benzoic acid as a test substance; see 9.3.

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.
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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.

Fuels with a low mass fraction of volatiles, e.g. coke, tend to be difficult to burn completely in the
combustion vessel and it can be necessary to burn them in poor thermal contact with the crucible
support. An alternative strategy, particularly useful with coke, is to mix the fuel sample with a
combustion fild, €.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 nitfogen
mass fractiop is determined separately on the sample, the nitric acid correction mdy be assigned a
constant pertgram-of-sample value. A similar strategy shall, then, be adopted for the“ealibration|tests.
formation largely depends on the combustion temperature and is @nhanced by nitrogen
in the samplg, the nitric acid correction is normally different for fuel and benzoie-acid combustionf. The
nitric acid correction can also vary significantly for different types of fuels.

When analydis of the combustion vessel washings for sulfuric and nitrie-acid is required, the procgedure
described in|8.5, or an equivalent one, like ion chromatography, can be’used.

10.2 Coal combustions

Duplicate combustions shall be made. A representative sample shall be taken from the analysis sample
(see Clause 7)), which is used without further pretreatment. The amount shall be such that the observed
temperature|rise is within the range of the calibration-tests. The calorimetric procedure descrilped in
8.2 to 8.6 shll be followed, with the same calorimetkric conditions as in the calibration test; see 9.2.2.

Usually 1 g df coal is the appropriate test portion. For high-ash coals, the use of, for example, 0,75 g of
sample and a shallow, (foil) crucible usually-facilitates complete combustion. The use of an ash-free,
silica-fibre diisk to line the crucible (6.3))o0r something equivalent, is recommended. If the observed
temperature|rise falls outside the validyange for ¢, the calibration shall be confirmed for the extended
range; see 9.B.

10.3 Coke ¢ombustions

The same general conditiohs/as specified for coal (see 10.2) apply for coke. The use of an ash-free, filica-
fibre disk to |ine the crueible (6.3), or something equivalent, is recommended. The coke sample sHall be
distributed gvenly inithe crucible. Certain unreactive cokes can persistently leave residues that cqntain
significant amoungsof unburned sample or soot. Optimum conditions for clean combustions may be
investigated by varying the amount of sample.

NOTE Lower sample mass and the addition of one or two drops of water to the sample after weighing can
lead to the complete combustion of some cokes that are difficult to burn.

An alternative method is to use a combustion aid to promote complete combustion of the sample; see
8.2.2. The optimum proportion of combustion aid to coke sample depends on the properties of the
particular coke and it is necessary to determine it experimentally.

The nitric-acid correction for coke is usually smaller than that for most coals. When an auxiliary material
is used, the correction for nitric acid per test is normally larger than in combustions with coke alone.
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10.4 Calculation of gross calorific value

10.4.1 General

The energy change for the total combustion vessel process is given by the effective heat capacity, ¢,
multiplied by the corrected temperature rise, 8. To derive the energy of combustion of the fuel sample,
the energy contributions from all the ancillary reactions shall be subtracted from € x 6; see 9.4. When a
combustion aid is used, its contribution is usually the largest ancillary quantity and shall be accurately
accounted for.

Moreover, sulfur in the sample quantitatively yields sulfuric acid in the combustion vessel, whereas

the rjmmmmmrmﬁm@—m 4.1. This is
accounted for by a term representing the decomposition, at constant volume, of the aqugous sulfuric

acid ipto gaseous sulfur dioxide and oxygen, plus liquid water.

The derived calorific value for the fuel is the gross calorific value at constant voluide.

10.4.2 Constant mass-of-calorimeter-water basis

Calcufate the gross calorific value, gy,,,, expressed in joules per gram, at a constant volume|of the fuel as
analyped, from the individual test by substituting into Formula (11):

€ x0 _quse _Qign _QN —MyXqy 5 _ QS

Qp or = (11)
8T
m my
wher¢

Afor is the gross calorific value;

£ is the mean value of the effective’heat capacity based on n determination of g, expressed
in joules per kelvin, or, alternatively, in joules per some arbitrary unit (see 9.p.1, Note), of
the calorimeter as deteymined in the calibrations; see 9.6.1;

O is the correction, expressed in joules, for taking the sulfur from the aqueous|sulfuric acid
in the combustion vessel to gaseous sulfur dioxide;

my is the mass, éxpressed in grams, of the fuel sample;

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

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

¢ombustion aid, if relevant;

0] Qrsex Qigns and Qy are defined in 9.6.1.

Whenne-bueyaney ccrrcct:cn is-apphed-to-my-eare-shall-be-takento-ensure-thatgpisvalid for “per
gram weighed in air”.

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

To account for the reaction where sulfuric acid decomposes into liquid water plus gaseous sulfur dioxide
and oxygen, the correction is 302 J/mmol, equivalent to 9,41 J/mg of sulfur, which in turn corresponds
to a Q,/m, value of 94,1 J /g of sample for 1 % of sulfur in the analysis sample.
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When the analytical procedure described in 8.5 is used, the contributions from sulfuric and nitric acids
are given by Formulae (12) and (13), respectively:

QS:15,1><(V1 +V, -20,0) (12)
Qy :6,0><(20,0—V2) (13)
where

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

v, isfthe volume, expressed in millilitres, of the hydrochloric acid solution used (5.4.4);

15,1 isfthe equivalent energy of 0,1 N sulfuric acid (formed from gaseous sulfur digxide in the
combustion) that reacts with the barium hydroxide and hydrochloric acid tittants and the
excess sodium carbonate, used in 8.5, expressed in Joules per millilitre;

20,0 islthe volume of excess sodium carbonate used in 8.5, expressed in millilitres;

6,0 islthe equivalent energy of 0,1 M nitric acid (formed from gasequ§ hitrogen oxides in the
combustion) that reacts with the hydrochloric acid titrant and the excess sodium carbgnate,
uded in 8.5, expressed in Joules per millilitre.

The certification-condition value may be used for benzoic acid utilized as a combustion aid, provided
1 ml of watet is used initially in the combustion vessel. 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 v3lue of duplicate determinations is regarded’as the gross calorific value for the anplysis
sample of th¢ fuel.

10.4.3 Constant total-calorimeter-mass basis

In this case, the mean value of the effective‘heat capacity, Eo,m 1S the one derived from the individpal ¢,
results (see 9.6.2) and represents the calorimeter without a crucible. The value of &« valid for the actual

fuel test is given by Formula (14):
€+=€ n 1M XC, o (14)
where

o, Iisfhe meaf.effective heat capacity of the calorimeter based on n determinations of £;

the other symbols are defined in 9.6.2.

NOTE If the heat capacity of the crucible has been taken INto accoUNt (See 9.6.Z, Note) I computing &g,

Cp,cr) values shall be substituted for ¢, ,, in the calculations of &x.

(Cp,aq - paq

&« replaces ¢, in Formula (11) 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 the 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
observed temperature rise (see 9.3 and 9.7.2), €, in Formula (11) and ¢ , in Formula (14), respectively,
shall be replaced by Formula (10) and 8 may be used instead of At; see 9.7.2.
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The mean value of duplicate determinations is regarded as the resulting value for the analysis sample
of the fuel.

10.5 Expression of results

As the moisture mass fraction 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, 4,
expressed in joules per gram, at constant volume for the dry (moisture-free) fuel, using Formula (15):

100

qV ,gr,d qV,gr 100 _ M ( )
wher¢
M is the moisture mass fraction in the analysis sample, expressed as a percént;

qfor  isdefined in 10.4.2;
1p0  is the conversion factor from dimensionless mass fraction td-percent, in %.

The gross calorific value at constant volume, gy, of the fuel with moisture, My, reqgired for any
parti¢ular moisture basis is derived from Formula (16):

x(1-0,01 M) (16)

Q

Y ,gr,m :qV,gr,d

where M7 is the total moisture mass fraction, expres§ed as a percent, for which the caldrific value is
requifed, normally for the fuel as sampled or as fired, and

(1-0,01M,) 100 My (17)
T 77 100
wher¢

1 is a dimensionless fraction equivalent to 100 %;

0j01 isa conversion facter from percent to a dimensionless fraction, in %1

The result shall be reported to the nearest multiple of 10 ]/g with unambiguous statements concerning
the rdporting basis fstates), i.e. constant volume, gross (liquid water) and moisture basis (¢.g. dry or “as
sampled”).

NOTE[1  To convert gy, ,, from joules per gram to calories per gram, the joules per gram valug is divided by
the fagtor 4,186 8 ]J/cal, with the result being reported to the nearest multiple of 1 cal/g.

NOTE|2(+) To convert Qygrm from joules per gram to British thermal units per pound, the joules perf gram value is
divided by the factor 2,326 b/ (g Btu), with the result being Teported to thie nearest muitipie of 10 Btu/lb.

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

All calculations of calorific value 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 pound. Conversion factors and reporting standards in accordance with 10.5 apply.
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11 Precisi

on

11.1 Repeatability limit

The results of duplicate determinations, carried out in the same laboratory by the same operator with
the same apparatus within a short interval of time on the same analysis sample, shall not differ by more

than 120 J/g.

11.2 Repro

The means

ducibility limit

f the results of duplicate determinations carried out in each of two laboratori

representati
differ by mof

12 Calculs

12.1 Gener

The main di

e
in the reactifn products (compare 3.1.1 and 3.1.3). The calorific value ofithe fuel most commonly

for practical
moisture mag
for the dry s
determined

nitrogen ma
and should,

term for oxy

NOTE Th

easily calculat
mass fraction

12.2 Calcul
12.2.1 Calc

12.2.1.1 Ge

Net calorific
for reporting

The net cald

Ve portions taken from the same sample at the last stage of sample preparation, sha
e than 300 ]/g.

ition of net calorific value

al

rence between the gross and net calorific values is related, to’the physical state of

purposes is the net calorific value at constant pressure for the fuel with some spe
ss fraction. This value may be derived from the gross:calorific value at constant v
hmple, provided that the total hydrogen mass fractien’of the moisture-free sample ¢
bxperimentally or, for the particular fuel, reliably‘@stimated. In addition, the oxyge
s fractions of the moisture-free sample “add” to-the gaseous phase of the product s)
n principle, be taken into account. For this purpose, the nitrogen may be included
ren.

e net calorific value at constant volume (3+1.3) for the fuel at some specified moisture levg

ed, once a measure of the hydrogen maSs'fraction is available. In this case, the oxygen and ni
is of no consequence.

ations
1lation of net calorific value at constant pressure

neral

value at constant pressure, reflecting actual combustion conditions, is the preferred|
net calorific value.

rific.value, g, ..y expressed in joules per gram, at constant pressure of the fuel

moisture My

s, on
11 not

water
used
cified
blume
an be
n and
ystem
n the

lis as
rogen

basis

with

may be Calcufated as given in Formula (18), which takes account of any required cha

hge in

moisture level:

qp,net,MT

28

:{q,,‘gr'd ~212,2wy 4 _O'S[Wo,d +Wy 4 ]}><(1—0,01MT )—24,43M,

(18)
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Qygra Is the gross calorific value at constant volume, expressed in joules per gram, of the mois-

ture-free fuel; see 10.5;

wy 4 is the hydrogen mass fraction of the moisture-free fuel including the hydrogen from the
water of hydration of the mineral matter as well as the hydrogen in the coal substance, in
percent;

Wea-risthe OXygen mass fraction of the moisture-free fuiel in percent;

The t
the u
press

Wngq IS the nitrogen mass fraction of the moisture-free fuel, in percent;

My is the total moisture mass fraction of the fuel for which the calculatiofis requi
in percent. On the dry basis, M} = 0; on the air-dried basis, M = M (see’10.5);
on the as-sampled or as-fired basis, My is the total moisture.

hree factors 212,2, 0,8, and 24,43 can be derived from the atomic mass of the relev:
niversal gas constant, the standard thermochemical referencé. temperature and
Lire heat of vaporization of water at 25 °C. See E.2 for details¢

Hydr¢gen and nitrogen are determined as given in ISO 29541.0r other suitable methods.

not b

e determined directly but as “oxygen by difference” in accordance with ISO 17247.

red,

int elements,
the constant

Oxygen shall

Nitrogen may also be calculated together with oxygen-sing ISO 17247, i.e. [Wo,d +WN,d:| ralculated by
subtrpcting from 100 the mass fractions of ash, carben, hydrogen and sulfur, in percent.
12.2.1.2 Example calculations
The cplculations are carried out with thefollowing values:
Mo total moisture 8,9 % as-received basis;
M moisture in the analysis’sample 2,5% air-dried basis;
Qygra| 8ross calorific value, at constant volume 27 233]/g dry basis;
Wy 4 hydrogen 4,19 % dry basis;
Woq oxygen 6,81 % dry basis;
Wy 4 nitroegen 1,45 % dry basis.
The netalorific value at constant pressure can be determined as follows:
a) onadry basis:
p net dry =[27233—-(212,2x4,19)-0,8(6,81+1,45)]|x[1-(0,01x0)—(24,43%0)]
=[27233-889,118-(0,8x%8,26)|x1-0
=(27 233-889,118-6,608)x1
=26337,274]/g reportas 26 340]/g
=26337,27/4,186 8=6 290,55cal/g reportas 6 291cal/g
=26337,27/2,326=11322,99Btu/lb reportas 11 320 Btu/Ib
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b) onan as-received basis:

Gp et my, =[27233(212,2x4,19)-0,8(6,81+1,45) <[ 1-(0,01x8,9)~(24,43x8,9)]

=[27233-889,118—(0,8x8,26)]x(1-0,089)—(217,427)
=(27233-889,118-6,608)x0,911-217,427
=26337,274%0,911-217,427

=23993,257-217,427

=23775,83]/g reportas23780]/g
=23775,83/4,1868=5678,76cal/g reportas5679cal/g
=23775,83/2,326=10221,77 Btu/lb report as 10 220 Btu/Ib

€) onan air-dried basis:

qp,net

w=[27233-(212,2x4,19)-0,8(6,81+1,45)]x[1-(0,01x2,5)—(24 43x2,5)]
=[[27 233-889,118—(0,8x8,26)]x(1-0,025)—(61,075)
=(27233-889,118-6,608)x0,975-61,075

=26337,274x0,975-61,075

=25678,842-61,075

=25617,767]/g reportas25620]/g
=25617,767/4,1868=6118,70cal/g reportas6119cal/g
=25617,767/2,326=11013,66 Btu/Ib reportas 11010 Btu/lb

12.2.2 Calcplation of net calorific value at constant volume

12.2.2.1 Geperal

The net calo

moisture mafss fraction of My, maybe calculated as given in Formula (19):

qV ,net ,MT

zl:qV,gr,d —206Wp 4 ]><(1—0,01 M7 )-23,05 M,

The symbols|are defined’in 12.2.1.1.

The two fac
universal gas

heat ofvapo‘r ization of water at 25 °C_See E 1 1 for details

Fific value, g . My’ exptessed in joules per gram, at constant volume of the fuel

fors, 206 and 23,05 can be derived from the atomic mass of the relevant element
constant, the standard thermochemical reference temperature and the constant pre

vith a

(19)

s, the
ssure

12.2.2.2 Example calculations

The calculations are carried out with the following values:

MT
M
ql/,gr,d

Wy,4

Oxygen and nitrogen are not required in the calculation of net calorific value at constant volume.

30

total moisture 8,9 % as-received basis;
moisture in the analysis sample 2,5% air-dried basis;
gross calorific value, at constant volume 27 233 ]/g dry basis;
hydrogen 4,19 % dry basis.
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The net calorific value at constant volume can be determined as follows:

a) onadry basis:
Ay net d =[27233-(206x4,19)]x[1-(0,01x0)]—(23,05%0)
=(27233-863,14)x1-0
=26369,86]/g reportas26370]/g

=26369,86/4,1868=6298,33cal/g reportas6298cal/g
=26369,86/2,326=11337,00Btu/lb reportas11340Btu/lb

ISO 1928:2020(E)

b) ofpanas-received baslis:

Gy net,m, =[27233~(206x4,19)X[1(0,01x8,9)](23,05x8,9)

=(27233-863,14)x(1-0,089)-205,145
=26369,86x0,911-205,145

=24022,942-205,145

=23817,797]/g

=23817,80]/g reportas23820]/g
=23817,80/4,1868 = 5688,78cal/g reportas 5689 cal/g

=23817,80/2,326=10239,81 Btu/Ib reportas 10240 Btu/lb
c) op an air-dried basis:

Ay net.M =[27233-(206x4,19)]x[1-(0,01x2,5)]—(23,05%2,5)
=(27 233-863,14)x(1-0,025)-57625
=26369,86%0,975-57,625
=25710,614-57,625
=25652,989]/¢g reportas25650]/g
=25652,99/4,1868=6127,11cal/g reportas 6127 cal/g
=25652,99/2,326=11028,80Btu/lb  reportas11230Btu/lb
13 Test report

The t¢st report shall include the following information:

a) identification of the sample tested;

b) al|reference to this document, i.e. ISO 1928:2020;

c) results with reference to the reporting basis [state(s)] valid for the calorific value(s).
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Annex A
(informative)

Adiabatic calorimeters

A.1 Principle

In a truly adiabatic calorimeter, there is no heat exchange between the calorimeter and its surroulnding

thermostat

a net differehce in temperature. Ideally, therefore, the whole of the outside surface of the ealori

can, includi

the uniform
Without any
calorimeter

mainly, by the stirring power, with additional positive or negative contributions from thermo

probe self-he
etc. For conv]
balance, i.e. (

A.2 Sourg

Truly adiaba
rise in calori
it is operate

hence, also the extent of uncontrolled heat exchange.

When the c:
by the surfa

parts extending above the water. With-Such an “open”, calorimeter, there is always some uncont

evaporation
loss”. The m
temperature

Unless speci
poor therma
and may, f
calorimeter
or steady-st3

Ef conditions are difficult to achieve in practice, in particular during the rapid part

ater jacket). Heat exchange takes place via common boundaries, the driving force

g the lid, should have a uniform temperature, which, during a test, is always match

being
meter
ed by

emperature of the inner wall of the thermostat well and lid that are facing'the calorimeter.

difference in temperature, i.e. with zero thermal head, there is no netflow of heat bef
hnd thermostat. However, there is still a slow rise in calorimeter) temperature cg

ating and from conduction of heat along the stirrer shaft, ignition leads, thermomy

Pnience, “adiabatic” calorimeters are often operated with asmall negative thermal h
ffset, this upward drift in temperature.

es of error for the real calorimeter

eter temperature upon ignition of the sample. The design of the thermostat and th
 determine how effectively it responds, to the change in calorimeter temperaturé

ce of the calorimeter water together with the surface of, for example, combustion

of calorimeter water during the main period, accompanied by a corresponding
gnitude of this errop-is;mainly a function of how much the thermostat lid lags beh
during the main period.

h]l precautionschave been taken in its design and mounting, a calorimeter lid is usuz

contact withthe calorimeter itself. The calorimeter lid, then, lags behind in temper
r instanee) be responsible for uncontrolled heat leakage from the thermostat
id may-also prolong the time required for the calorimeter to reach thermal equilil
te. Owthe other hand, a lid prevents a net heat loss from evaporation of calorimeter

since this cof

ween
used,
meter
eters,
pad to

of the
e way
b and,

lorimeter itself has no lid, its (upper heat exchange properties are largely determined

ressel
rolled
“heat
nd in

illy in
ature
. The
brium
water
n fact,

nd

enses on the inside of the lid, restoring the evaporation energy to the calorimeter. [

=WV > > > W CtC

To minimize heat exchange caused by temporary temperature differences that cannot be prevented
entirely, it is important to keep the outside surface of the calorimeter, and the “inside” of the thermostat,
clean (polished) and dry. Generally, 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
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significantly hamper the heating rate, eventually leading to difficulties in achieving adiabatic conditions
during the combustion of the sample.

Inadequate adiabatic control during the first half of the main period is easily overlooked. Irrespective of
the mode of heating the thermostat, checks should be made at regular intervals (weekly) to ascertain,
for example, that the time it takes for the thermostat to catch up with the rapidly rising calorimeter
temperature during combustion does not gradually increase.

A.3.2 Adiabatic control

The controls for achieving adiabatic conditions shall be adjusted as specified in the instrument manual.
In parfirn]av’ selectthat cnffing ofthe }'\viﬂgn circuitthat resultsin zero orminimum driftin Calorimeter

temperature at the final temperature of the tests; see A.5.

NOTE
perfed
range
Imper

In a v
adjus
temp

Non-linear sensors are often used in the temperature control circuits. Unless$ the tw
tly matched, it is not possible to obtain zero drift in temperature over the whole‘of the sel
Neither is it, then, possible to achieve zero thermal head over the whole range with one
fectly matched sensors also put restrictions on the acceptable variation in the final temperat

vell behaved calorimeter, the adiabatic control settings usually. Fequire little or n
ment. This behaviour shall, however, be verified by regularly checking the drift rat
brature, for example by following the temperature over a 5, min to 10 min period|

0 sensors are
bcted working
ridge setting.
re of the tests.

0 short-term
e at the final
in excess of

the nprmal duration of the test. A drift rate of 0,001 K/min ordmore at the final temperature shall be
eliminated by adjustment of the control settings, or correctedfor; see 6.2.4 and A.5.

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

The ¢
unifo
work
indica
takin

leter reach a
nostat to its
ontrols have
same before

quilibration period serves to let the various~components of the assembled calorin
'm temperature. Simultaneously, the adiabatic controls work to bring the thery
ng temperature close to that of the calorimeter. Let a few minutes pass after the ¢
ited that the temperature of the thermostat and of the calorimeter are about the
b readings of the calorimeter temperature at 1 min intervals.

When
by th¢

three consecutive readings yield the same value, within 0,001 K or better, or when they all change
e same (limited) amount (censtant drift rate), the charge may be fired.

NOTE
is on {
tempd

The expected duration of the combined equilibration and fore-period for most adiapatic systems
he order of 8 min tp-10/min. However, subjecting any part of the calorimeter to substantjally deviating
ratures in between'tests can significantly prolong the time for thermal equilibration of the cplorimeter.

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

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 calorimeter temperature

When the adiabatic controls are set to give zero drift at the final temperature, the corrected temperature
rise, 6, is equal to (¢ - ¢t;) (see 8.6.3) where ¢; is the calorimeter temperature at the time of firing the
charge and t; 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 hag-been-established-as-constant-overextendedperiods-oftimefora-definedrange—of final
temperature} the correction may be based on such a fixed rate.
NOTE1  Adriftrate of 0,001 K/min unaccounted for can, with a main period of about 10 min, resultin ar error
in 0 of approxjmately 0,01 K. For € values of about 10 kJ/K, the resulting error in the calorific value/of the fugl is on
the order of 100 J/g. If exactly the same error from the same source is made in the calibrations@nd in all fue| tests,
itis, of course|of no consequence for the final result, at least as long as the variation in 6 stays within about $30 %.
The final drift rate, g, expressed in kelvins per minute, shall be determined ovér-a time period thdtis at
least half of yhat the drift correction is supposed to cover. For a main period‘of' 9 min, this gives g drift
rating period of 5 min.
NOTE 2  When the total temperature change of the calorimeter is expressed in units other than tempefature
(see 9.6.1), g¢ iIs the corresponding per-minute value of that unit.
The correct¢d temperature rise, 8, corrected for drift at the’final temperature, is calculated| from
Formula (A.1)):

O=t;—t, +-gex(AT—t;) (A1)
where

At s the length of the main period, expréssed in minutes;

t; isthe correction of 1 applied after the ignition of the sample, expressed in min;

g iscglculated from Formula (A.2):

t -t
f+1 f
T
i

where

tira témperature, a minutes after the end of the main period;

T, time in a min after the end of the main period;

te final temperature of the main period (equal to the reference temperature).

Another way of evaluating g is as the slope of a linear regression fitting of time-temperature readings

at 1 min inte

rvals from the end of the main period onwards (See B.5).

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
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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 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
e “scales” are
simplly made to coincide at the time for ignition of the sample The two temperatures sho 1d, of course,
be cldse at the upper end where the system is approaching thermal equilibrium. The-area|between the
two durves is a measure of potential heat leak, and a significant increase of thi$ area as a function
of sample mass, i.e. of 6, or sample type for comparable values of 6, indicategythat therf is a risk of
systematic error in the determinations of calorific value. Special care is, theh))required in restricting
the vqriation in heat evolved per test to a safe level and range.
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B.1 Princ

020(E)
Annex B
(informative)

Isoperibol and static-jacket calorimeters

iple

The charactg
surrounding]
static-jacket

remains neafly constant during measurements. In both cases, there is a flow of héat’betwee

calorimeter
behave large

Heat exchan
force being t
the lid, shou
calorimeter.
should rema

To make it p
shall behave
thermostat {

range of the

shown in For

-9
k

ristic feature of isoperibol calorimeters is the isothermal jacket. The temperature
thermostat is kept constant throughout the test by active control. The therfipst3
calorimeter has a thermal capacity such that, even without active control, its-temper

itself and the thermostat. Calorimeters surrounded by thermally insulating m3
ly as static-jacket calorimeters.

be between calorimeter and thermostat takes place via comman boundaries, the d

d have a uniform temperature equal to that measured by-the temperature sensor
The temperature of the inner wall of the thermostat wellvand lid facing the calori
n constant and uniform throughout the test.

ossible to evaluate and correct for the actual heat,exchange, the calorimeter as a
in conformity with Newton’s law of cooling, i.e.; the heat flow between calorimets
hall be directly proportional to the actual temperature difference for a sufficiently

. . . . d
Fmal head. For this calorimeter, the heatflow into the calorimeter, 4

mula (B.1):

~¢)

, 1s express

is the jacket temperature;
is the calorimeter temperature;
is the thérmal head;

is the(qNewton’s law cooling constant.

pf the
t of a
ature
n the
terial

riving

he thermal head. Ideally, the whole of the outside surface of thé_calorimeter can, including

n the
meter

whole
r and
large

ed as

(B.1)
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ature

change). As the effective heat capacity, ¢, of the calorimeter can be regarded as constant over the

. . dt
temperature range of a test, Formula (B.1) then can be written in terms of ot the rate of temperature

T

change (drift) in the calorimeter caused by the flow of heat, as shown in Formula (B.2)

dt

dr _G(t

where

G

Pst

36

—t)+P,,

is the specific-rate constant;

is the power of stirring.

(B.2)
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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 Formula (B.3)

de
=G(t, —t) (B.3)
dr
where
t, isthe temperature thatthe calorimeter eventually attains if left running for an extended period
of time, which is the asymptotic temperature of an isoperibol calorimeter (at “infinite” time);
G| specific rate constant, which is evaluated from the time-temperature measuremepts of the
rating periods, the fore- and the after-period; see Figure 2.
The Heat leak correction, which is the contribution from heat exchange, At,,, ®e the total observed
temperature rise in the main period is obtained by integration as shown in Formula (B.4):
i
Ar,, = j (d¢/dt)dr
T
(B.4)
2
= _[ G(t,—t)dr
T.
using|the pairs of time-temperature readings (¢, 7) of the“main period.

B.2 |Sources of error for the real calorimeter

Makipg the isothermal jacket of an isoperibol calorimeter behave as required in term;
and yniform temperature presents no.xeal problem, provided that the thermostat fluid
throulgh the thermostat lid at a reasonable rate.

In a ptatic-jacket calorimeter, the thermostat temperature changes slightly during a
somewhat different profile when-the calorimeter temperature rises upon firing the charge
capadity of the thermostat-shall be such that for a specific-rate (cooling) constant, G, of 0
the rise in temperature gf\the jacket water is less than 0,16 K from the time of firing the

end of the after-period;fer a specific-rate constant of 0,003 0 min-1, it shall be less than 0,1
in temperature of the thermostat is proportional to the thermal head.

A calgrimeter lid¢in poor thermal contact with the main part of the calorimeter lags beh
temperature_changes rapidly in the main period and can give rise to an unpredictable h
with the thermostat. A calorimeter lid can also prolong the time required for the calorim
thernpal equlhbrlum or steady state. On the other hand a 11d prevents anet heat loss from

of constant
is circulated

test, with a
The thermal
002 0 min™1,
charge to the
1 K. The drift

nd when the
bat exchange
eter to reach
evaporation

evaporation

energy to the calorlmeter In fact the Condensmg water assists the thermal equlllbratlon 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 Initipl steady state and fore-period

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

calorimeter temperature, as a function of time as a whole, is an exponential tr¢gnding
asymptotically to t,,. However, during rating periods of 10 min or less, the.ctirvature is negligible except if] cases
of a large thermal head, in excess of 5 K, in combination with a large value*for the specific-rate constant, greater

The charge i$ fired directly upon taking the last reading of temperature in the fore-period; see 8.4.

B.4.2 After-period and length of the main period

uniform temperature after combustion of theisample, i.e. when the calorimeter has reached § new
steady state [n terms of temperature drift rate: The time required for the total amount of heat released
to become upiformly distributed is primagily a function of stirring pattern and stirrer efficiency. The
duration of the main period shall be chosen so that temperature equalization is assured, but ther¢ is no
merit in makling the main period longer than necessary.

The final rating period (the after-period) begins-when all parts of the calorimeter have atta{ed a

The main perfiod begins at the lastreading of temperature in the fore-period and ends with the begipnning
of the after-period. The latteris)determined by a series of calibration tests and is taken as the time when,
for a subsequent 5 min pexioed, the average deviation of the individual 1 min temperature incremgnts is
not more thgn 0,001 K/min. The mean of the length of time for the main period determined from five
calibration t¢sts, rounded to the nearest minute, defines the length of the main period. The main period
shall not excped 10min nor shall the time intervals evaluated from the individual tests differ by|more
than 2 min.

The length of tThe main period shall be the same in the calibration and in the fuel tests. When g 1s meant to
vary over a wide range, it is advisable to determine the length of the main period at the larger values of 6.

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

B.5 Calculation of the corrected temperature rise, 6

B.5.1 General

The observed temperature rise, (t; - t;), is the sum of 6, the change in temperature caused by the

processes in the combustion vessel, and At,,, the contribution from heat exchange with the surrounding
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thermostat (including the contribution from stirring power). The time-temperature readings taken
during the fore-, main and after-periods contain the information required for the evaluation of At,, and,
hence, 6 is calculated from Formula (B.5):

O=t;—t,—At,, (B.5)

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

42

o (B.6)
=G(tm _tmi )
q. = dt
=
d ) (B.7)
:G(too “linf )
where
t}¢ isthe mean temperature in the after-period, expressedih degrees Celsius;
t}; isthe mean temperature in the fore-period, expressed in degrees Celsius.

The dalues calculated in Formulae (B.6) and (B.7) aregutilized in the calculation of the|specific-rate
constpnt, G, as given in Formula (B.8):

9 Y9t
[ Pl S U B.8
— (B.8)

mf mi

Tempgrature may be expressed in some arbitrary 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
valuep of the fore- and after-periods, respectively. Alternatively, they are taken as the me¢an values of
the 1 min temperature incremeénfs in the rating periods.

B.5.Z Regnault-Pfaundler method

For time-temperature readings in the main period all taken at equal time intervals, e.g. 1 1pin, At,, may
be expressed as siewn in Formula (B.9):

W
At S6G|(t, —t)dT
R [ (59)
T
=[g¢ +G (ts —t )X (7 —7;)
where ¢, the integrated mean temperature, is calculated from Formula (B.10):
_ 1 tO +tn n-1
m—;[ 5 }+ k:1tk (B.10)
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where

to

t1 Ly ety wees €

7, and 1¢

020(E)

is equal to t; and is the temperature at the beginning of the main period;

being the reading taken at the end;

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

B.5.3 Dickinson nvfrapnlafinn method

, are the successive temperature readings taken during the main period, ¢, (= ;)

In the Dickin
satisfies For

g; (77,

This objectiy

on extrapolation method, the objective is to find the Dickinson extrapolation time; T
ula (B.11):

)+gf (Tf T )=G J‘ (too _t)dT:Atex

“«_n

e is accomplished when the hatched areas “a” and “b” in Figure'B.1 are of equal siz

corrected tenperature rise, 6, becomes as calculated in Formula (B.12)

9 = tf - t]
where

g; and g¢
t;‘ and ¢

For a combu
that 7, is the
the total (ob
the combust

— (Tx _Ti)_gf (Tf _Tx):t;< _ti*

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

are the temperatures as shown in Figure B.1.

stion reaction, the time-temperature’ curve is close to being an exponential, which 1
fime associated with the temperature where the change in temperature (7, - 7;) is 0,6
erved) temperature rise (¢ %¢;). The quantity (z, - ;) varies with the kinetic behavi
on reaction of the type of@Sample studied.

|, that

B.11)

b, The

B.12)

neans
times
bur of
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Y A
tf
tf* //—
a
tX
t.
1
Tl Tx Tf X
Key
X time, T

Y tdgmperature, ¢

a, b hhtched area, see B.5.3

t;  fipal temperature of the main period (equal to the referen¢€é temperature)
., initial temperature of the main period

T, tdmperature at the time, 7,

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

Automated calorimeters

C.1 Calorimeter instrumentation

Among the ¥
that fulfill 3
instruments
instrument y

in calibrations and in fuel tests, respectively, in order to yield reliable results. Also, the effectiv

capacity, €, 0

There is no particular reason to assume that instruments with a less well defiified calorimeter ¢

produce calg
set limits an
Normally, a (
itis used.

Aneroid calo
of calorimet
adiabatic or

they have a §
the measure
risk of introd
calorimeter

sample mass
being repres

In certain c3
possible, wit
6, without a

the precision

C.2 cCalib

The effectivd
reference to

Il the basic requirements regarding a physically well defined calorimeter,(as
sually demands less in terms of comparability, for example in the amountof-heat rel

Fa well defined calorimeter as a rule remains constant over long periods of time.

rific values with the required accuracy, provided that the,répeatability is within
d the user is aware of, and adheres to, restrictions in the-€hoice of operating condi
alorimeter of this kind requires more frequent calibrations, in some cases every da

er water, thereby also eliminating evaporation errors. They are usually operat
guasi-adiabatic systems but can equally well-be of the isoperibol type. Characterist
mall heat capacity, leading to large changés-in calorimeter temperature, thus facili
ment of 6 with a relatively high resolution, Conversely, large values of 6 tend to increa
ucing systematic error in aneroid systems, aggravated by difficulties in achieving un
surface temperature during combustion of the sample. A countermeasure is to lim
, bearing in mind that, for smaller samples, particular attention shall be given to
entative.

ses, well defined, stable-calorimetric systems allow operation in dynamic mode, i.4
hin a few minutes inte.th€ main period, to predict the final outcome of the test in te
significant loss in accuracy of the results. The laboratory shall demonstrate they can
of this document.iiSing either dynamic or equilibrium mode.

ration

heatieapacity, ¢, shall, in principle, be determined as specified in Clause 9 with part|
D.20 9.4, and 9.5.

rarious types of fully automated combustion vessel calorimeters there are instrkuments

Il as

whose thermal behaviour requires that they be described empirically. The former type of

ased
b heat

annot
some
tions.
y that

Fimeters (see 6.1) are convenient for automated op€ration, as they require no apportioning

ed as
ically,
fating
e the
iform
it the
their

b, it is
ms of
meet

icular

The instrument manufacturer may specify combustion vessel conditions (ratio of sample mass to
combustion vessel volume, initial combustion vessel water, oxygen pressure) that deviate significantly
from those defined in 9.2.1. When these combustion vessel conditions cause a change in the energy
of combustion of the calibrant (benzoic acid) larger than 5 J/g (see 9.2.2), it is possible to adjust any
preset value for benzoic acid, i.e. to input the correct value for the calculations of ¢.

Recommendations to exclude the initial amount of water in the combustion vessel should 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, t; 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
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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.

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 apgropriate 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 alterhatiye 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@sed. Th¢ mean value
from p series of five combustions, with the sample mass about the same throughout, shall|not differ by
more(than 50 J/g from the certified value, recalculated when applicable, to the'actual combjustion vessel
condifions.

blding stable
this purpose.

instruments require preconditioning by combustion of a feWrsamples before yi
s. Almost any benzoic acid (pelletized) or combustion aid (sée 8.1) may be used for
esults from these conditioning runs should be disregarded.

Some
resulf
Ther

ustion of certified reference materials of coal or certified benzoic acid as an “unknoywn” (see 9.3.)

nerally the most convenient way of checking the performance of a calorimeter.

Comb
are ge

C.3 |Precision requirements for calibrations

The v
manu
the p1

Some
value
case,

chara

alues of € for the individual calibrationctests should be printed or displayed so tha
ally recorded (in joules per kelvin or in‘arbitrary units, together with 6 in these unit
ecision requirements for ¢, as giveénin 9.7, apply.

systems compensate for significant drift by using the mean of the previous mean v

the individual values of/e for a series of calibration tests cannot be used to evaluate
cteristics of the measurements. Instead, a series of individual measurements us

they can be
s). Generally,

alue and the

for ¢ from the latest caljbration test as the measure for the effective heat capacity. In such a

the precision
ing certified

benzg
of five
not di

ic acid as the sample shall be performed over a period of 1 day or, at the most, 2 dayg. For a series
b benzoic acid combustions, the standard deviation shall not exceed 0,20 %. The medn value shall
ffer by more than +50 ] /g from the certificate value; see C.2.

C4

The donditions spec1f1ed in 10. 1 to 10 3 apply, 1nclud1ng arguments about whether 1t is
take inte’a ! omby ! .
formation of n1tr1c ac1d se

Comparability of calibration and fuel tests

necessary to
5, such as the

D

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

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

(OxAC) /my €1
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where

AC

is the difference in heat capacity (m,, x

Cp,cr) of the crucible used in the calibrations and

used in combustion of the fuel;

my

is the mass of fuel sample burned.

that

For calorimeters working on a constant total-calorimeter-mass basis, the error is estimated by
Formula (C.2); see 9.6.2:

[GxAmC1

where:

%)

cp,cr

Am_.. h

cr

Getting clear
worthwhile.

C.5 Docu

><cp'ch/m1

becific heat capacity of the crucible, in J/g;

pat capacity from the mass of the crucible, in g.

combustions is the first priority. Optimizing the overall conditions to achieve it is u

mentation and print-out

(C.2)

sually

The evaluation of the gross calorific value at constant volame of the fuel as analysed, Qvgo for the

analysis sam
gram or anof

The printed
calculations
used should
shall be una
program reg
energy of co
reactions, et

The referenc

C.6 Preci

The precisio
stated in Claj

ple shall, in principle, be in accordance withi10.4. The value shall be given in joulg
her convenient unit.

br otherwise recorded information on the individual test shall allow the user to veri
starting from values of 6, €, mass.@fysample, fuse and any combustion aid. The for
be given in the manual itself or(in'an annex. Ancillary quantities used in the calcul
mbiguously identifiable, and,it shall be possible to make the necessary alterations
uired by changes in procedure, including a change in the numerical value used f
mbustion of the calibrant'in calibration tests. Corrections applied for ignition energy
. shall be clearly stated.

e temperature ofthe’test shall be identified to the nearest 0,2 K.

sion requirements for fuel tests

1se™1.1"

s per

fy the
mulae
hitions
n the
r the
/. side

\ requirements in terms of repeatability limit of the results of duplicate measuremenits are
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Annex D
(informative)

Checklists for the design of combustion tests and their procedures

D.1

Overview

This 4
of a
Form

The ¢
calori
D4 a
calori

The b
9.5 a
10.2 &

— f
— f
— f

D.2

D.2.1 Calibration conditions

The |
calibr

— C

nnex contains checklists intended as aids in setting up and carrying out a completée.d
alorific value, including calibration of the instrument, using a specified type"of]
11ae identical to those given in the main text are repeated here for clarity.

eneral experimental conditions that are common to the use of all typés”of comb
meters are defined in D.2. D.3 contains information pertinent to the use of adiabatic

pbplies to isoperibol calorimeters and D.5 deals with the highly @automated combu
metric systems. Static-jacket calorimeters may be treated as isoperibol systems.

asic calorimetric procedure is described in Clause 8. The calibration procedures are
1d 9.6. The experimental and computational procedures forthe fuel combustions ar¢

Choice of general parameters

asis for the conditions-ef subsequent fuel tests are as follows; see 9.2.2 and 9.3
ation requirements:

pmbustion vesselvolume, V_,, expressed in litres;

A4

e

— :[ass of benzeic acid, m,,, expressed in grams;

ass of'combustion vessel water, Mg expressed in grams; V, ., volume of combustion

aq’
kpréssed in millilitres, may be substituted for m,;

ptermination
calorimeter.

Istion vessel
ralorimeters,
stion vessel-

described in
b specified in

0 10.4. Additional information required for the particulartype of calorimeter is given as follows:
br adiabatic calorimeters: Annéx A and D.3;
br isoperibol or static-jacket calorimeters: _-Annex B and D.4;
br other types of calorimeters: Annex C and D.5;

b for general

vessel water,

— i

— reference temperature, t

sl £ J 3 ]
ItIdl pITosult Ul UA y gT1I, po, CAPITOSSTU IITHTITgsdpPdstidls,

rep €xpressed in degrees Celsius.

D.2.2 Calculation of the combustion vessel condition value of benzoic acid

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

D.2.3 Certificate value of benzoic acid, expressed in joules per gram

NOTE

See 9.2.1.
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The certificate value of benzoic acid, Qypa 1S calculated from the following values:

Liep EXPI

(my,/V.,), expressed in grams per litre, equal to 3,0 g/I;
(Vaq/Vey), expressed in millilitres per litre, equal to 3,0 ml/I;

Po, expressed in megapascals, equal to 3,0 MPa;

essed in degrees Celsius, equal to 25 °C; see 8.7;

certificate for benzoic acid.

This yields, g

D.2.4 Amd
NOTE Se
The amount

a)

on a cor

grams; s
b) on a co
assembl
D.2.5 Add

It is necessar

— lengtho

see 9.4, 9
mass of

It is necessa
by analysis ff
same for the

D.3 Adial

D.3.1 Deted

For a determinatiph of the corrected temperature rise, 6, it is necessary to make the nece

adjustments

vbar €Xpressed in joules per gram.

unt of calorimeter water

8.1 and the Note in 8.3; (not relevant for aneroid systems).

bf calorimeter water is determined either

stant mass-of-calorimeter-water basis, i.e. the mass of calorimeter water, expresg
ee 8.3,9.6.1, 10.4.2; or, alternatively

\stant total-calorimeter-mass basis, i.e. the mass of the”(calorimeter plus water
bd combustion vessel), expressed in grams; see 8.3, 9.6:2, 10.4.3.

tional parameters
y to consider the following additional parameters:

ignition wire (fuse)
.6.1;

» lyire €xpressed in centimetres, or a constant @z, expressed in j

94,

wvire (fuse), my,q., expressed in gtams, or a constant Qy,.., expressed in joules; see

'y to decide whether or notit'is necessary to determine the correction, Qy, for nitr

calibrant as for the fuel'tests) or per-test value; see 9.4, 10.1.

atic calorimeters

rminatien of the corrected temperature rise, 6

to-achieve adiabatic conditions; see A.3.1, A.3.2.

i
br the individual test, or-whether to assign a constant per-gram value (not necessarillcy the

adjustment of certified value, expressed in joules per gram, in accordance with the equation in the

ed in

plus

ssary

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

expected temperature rise, At, in order to determine the starting temperature, (t

- AB).

ref

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

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

o=t;—t, (D.1)

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

Formula (D.2)
0=t —t,—g;x(At-1) (D.2)

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

For alternative D.2.4 a), the calculation of € on the constant mass-of-calorimeter-water bagis is given by
Formpla (D.3); see 9.6.1:

| UL ><qV,ba +quse +Qign +QN
0

(D.3)

For alternative D.2.4 b), the calculation of £, on the constant tetal-calorimeter-mass basis is given by
Formfila (D.4); see 9.6.2.

g =& M XCp Lo (D.4)
wher¢
£ is the effective heat capacity of calorimeter on a “total-calorimeter-mass” basis pnd is equal
to € as defined above;
n is the mass of the crucible used'in the individual calibration test; see the Note in|9.6.2.

cr

Calcujate the mean value ¢, or £,,'and make sure that the precision requirements are metj see 9.7.

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

Ancillary quantities regpiired in the calculations are given in 9.6.1.

D.3.3 Gross calorific value at constant volume

To cdlculate-tlie gross calorific value at constant volume, Qygr perform the fuel commbustions in
accorflancewith the instructions in 10.2 and 10.3. 8 is calculated in the same way as for the|calibrations.

FOI' Altarnativa N D 4 A o caloyivmantny anmayatrnd An +ha ~ane
dreerotrve DLy T o), o colur o tel optTractt Ut oiic™ CUTIS

T

imeter'water basis,

calculate the calorific value from Formula (D.5); see 10.4.2:

€ ><0_quse _Qign _QN —myXqy 5 _ Qs

my my

qV,gr = (D.S)

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

€, X0 Qg ~Qign ~On =M Xqy 5 Qg

my my

Ay gr = (D.6)
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where

Ex

mCF

is derived from the formula e« = ¢4, - m

020(E)

cr X Cpagr

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

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

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

D.4 Isopelribol calorimeters

D.4.1 Detd

D.4.1.1 Ge}

rmination of the corrected temperature rise

neral

For a determfination of the corrected temperature rise, 6, it is necessary to set the’jacket temperat

the value chq

Estimate the

expected temperature rise, At, in order to determine the starting temperature, (¢

Investigate V
initial rating

Make a serie

sen for the tests; see B.3.

heat capacity of the system and, from the choice of sample mass, make a prediction
ef — AL).

vhat the conditions are for an initial steady state and decide on the length of the fo
period; see B.4.1.

2to 8.5

and 9.5

5 of tests to determine the length of the mainsperiod; see B.4.2, 8.

From the tinje-temperature measurements (7, t,).foy a set of benzoic acid combustions, calcula

corrected te
Dickinson m

mperature rise, 6, for the individualtests, utilizing either the Regnault-Pfaundler
ethod.

D.4.1.2 Regnault-Pfaundler method

NOTE Se

Determine the drift rates, g; and-g¢ and the mean temperatures, ¢,,; and ¢

calculate the

Then calculg
according to

b B.5.1 and B.5.2.

of the rating period

mf’

specific-rate constant, G, according to Formula (B.8):

te ¢, the integrated mean temperature, and At,,, the contribution from heat exch

Formulae(D:7) and (D.8):

ex’

lire to

of the

re- or

te the
r the

s and

ange,

(D.7)

1

+t, Vi
. +2tk1

2 =1

Tf

Aty =G [ (£, ~£)dT =[ g +6 (e~ )X (7 1)

T.

1

Finally, calculate 6 from Formula (D.9):

At,,

D.4.1.3 Dickinson extrapolation method

NOTE

48

See B.5.1 and B.5.3.

(D.8)

(D.9)
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Make a graph of the time-temperature (7, t,) values of the main period and determine the time for
t; + 0,6 x (& - t;). This time is taken as 7,. Determine the drift rates, g; and g, i.e. the slopes of the rating
periods, using Formulae (D.10) and (D.11):

g; =(dt/dz); (D.10)

Is =(dt/dT)f (D.11)
Then calculate 6 from Formula (D.12)

e—fr _f'l_gl (frx 7 Vg (7 7 (D12)

1/ J1T \T X/

NOTE The extrapolated time, 7, for the fuel tests is likely to differ from that for the calibrations.

D.4.2 Evaluation of the effective heat capacity

Calcu]ate the effective heat capacity, ¢, for the individual tests using the appropriate formula [alternative
D.2.4@) or D.2.4 b)] as given in D.3.2.

Calcujate the mean value, €, or &; ,, and make sure that the precisign'requirements are meft (see 9.7).

The gystem is now calibrated and the main calorimetric patamnteters 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, perform the fuel combustions in accprdance with
the instructions in 10.2 and 10.3. @ is calculated.in the same way as for the calibrations.

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

D.5 [Automated combustionvessel calorimeters

Opergte the calorimeter according to the instructions. The corrected temperature rise,| 6, is usually
derived automatically by-the system.

Make| sure that the-correct value is used for the energy of combustion of the calibrant under the
combpstion vesselconditions utilized (see D.2) in the evaluation of the calibration constant.

Makelsure that the precision requirements are met. If necessary, check the system by burnipng a certified
refer¢nce material of coal or benzoic acid as an unknown. Any restrictions set by the manufacturer on
the anount'of sample burned shall be adhered to.

Definethe 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, Qg/m, is taken care of by the system, use the value given
in 10.4.2.
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ISO 1928:2020(E)
Annex E
(informative)

Examples to illustrate some of the calculations used in this
document

E.1 Grosg calorific value at constant volume

E.1.1 lsoTribol calorimeters

If fuel were urned at constant volume and the resulting water remained in the vapourstate at 5 °C,
the heat reldase would be equal to the gross calorific value of the fuel at constant volume mings the
latent heat of vaporization at 25 °C and constant volume of both the water present.in the fuel and water
formed by its combustion. The latent heat of vaporization of water at constant.volume is less thgn the
latent heat of evaporation at constant pressure (the figure normally quoted) by the heat equivalent to
the work dope on the atmosphere due to expansion when the vaporization is carried out at constant
pressure.

The latent hpat of vaporization at 25 °C and constant pressure of ‘the water present in the anplysis
sample and fprmed from the hydrogen in it, L, is given, in joulegper gram, in Formula (E.1):

WH My
Ls =0,01KLx + (E.1)
2,0159 18,0153
where
0,01 is defined in 10.5;
L is the latent heat of vaporization of water at 25 °C and constant pressure

(43 988 J/mol);
wy and M are defined in 12:2;
2,0159 is the relative-molecular mass of hydrogen in the form of a gas (H,), expressed in gj/mol;

18,105 3| is therelative molecular mass of water, expressed in g/mol.

The work dohe against the atmosphere when this water is expanded at constant pressure to vappur at
25 °C, Wy, is givén,'in joules per gram, in Formula (E.2):

W, = 0,01 RT % [Wy;/2,015 9] + (M/18,015 3] (E.2)

where

R isthe universal gas constant (8,314 5 ] /(mol/K);
T isthe standard thermochemical reference temperature (298,15 K).

Hence, qp'net,lv[T , the net calorific value at constant volume of the analysis sample, in joules per gram, is

given in Formula (E.3):

p,netMy = Wgrd ~ 0,01 x (L = RT) x [(wy/2,015 9) + (M/18,015 3)]
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