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Precise Measurement of Heat of Combustion
With a Bomb Calorimeter’

R. S. Jessup

This Monograph gives detailed descriptions of apparatus and methods which are used
at the National Bureau of Standards for precise determinations of heats of combustion

of liquid hydrocarbon fuels.

Numerical examples are given of methods of calculating
results of measurements from observed data.

he technique of making and filling glass

bulbs to contain samples of volatile liquid fuels is described.

The accuracy of the methods described is about 0.1 percent.

This is intermediate

between the accuracy of 0.01 or 0.02 percent attained in certain measurements on pure
compounds, and the accuracy of several tenths of one percent obtainable with published
standard procedures for measurements on fuels.

1. Introduction

Standard methods of moderate precision for
bomb-calorimetric measurement of heats of com-
bustion of solid and liquid fuels are published by
the American Society for Testing Materials [1,2].2
These methods can be used to measure heat of
combustion with an accuracy of several tenths
of one percent. Apparatus and methods for
measurements of heat of combustion with an
accuracy of 0.01 or 0.02 percent have been
described in the literature [3]. The attainment
of such accuracy involves the use of rather
laborious and time-consuming procedures. In
some applications of fuels the heat of combustion
is required with an accuracy of approximately 0.1
percent, which is probably not attainable with the
standard methods referred to [1, 2], but can be
attained with less expenditure of time and effort
than is required in the most precise measurements.

This Monograph describes methods and appara-
tus used at the National Bureau of Standards in
connection with several series of investigations of
heats of combustion of aircraft fuels [4, 5, 6, 7].
The restrictions of the treatment to a particular
set of apparatus, and a particular experimental
procedure involves some loss of generality, but
this is not believed to be serious. Most precise
measurements of heats of combustion of materials
containing essentially only the elements carbon,
hydrogen, nitrogen, and oxygen have been made in
apparatus of similar design, to which the same
procedures are applicable. Descriptions of other
equally satisfactory apparatus for this purpose
will be found in reference [3] and the references
there cited. There will also be found in some
of these references descriptions of apparatus and
procedures suitable for measurements on materials
containing considerable amounts of such elements
as sulfur and halogens. The apparatus and
methods described in this Monograph are not
suitable for measurements on such materials.

Although the apparatus described in this
Monograph is suitable for measurement of heat

1 The preparation of this Monograph was supported in part by the Air
Force Ballistic Missiles Division, Air Research and Development Com-
mand, U.S. Air Force.

2 Figures in brackets indicate the literature references on page 16.

of combustion with an accuracy of 0.01 or 0.02
percent, the procedure in measurements on fuels is
such that a considerable saving in time was
achieved at the cost of a somewhat lower precision.
This lower precision resulted from several factors
as follows:

(1) As a rule only two experiments were made
on each fuel, as compared with six or more experi-
ments where the highest possible accuracy is
desired; (2) an approximate method was used to
obtain the corrected temperature rise of the calo-
rimeter, i.e., the temperature rise corrected for heat
of stirring and heat transfer between calorimeter
and surroundings; (3) because some liquid fuels
are quite volatile there may be an appreciable loss
of lighter components in handling. In spite of
these effects the results of measurements even on
the most volatile fuels (gasolines) are, in general,
precise to about 0.05 percent. The results contain
a nearly constant systematic error of approxi-
mately 0.03 percent (for hydrocarbon fuels) due
to neglect of the Washburn correction [18] which
takes account of the difference between heats of
combustion in oxygen under a pressure of about
30 atm and at a pressure of 1 atm.

(If desired, this error can be approximately cor-
rected, in the case of hydrocarbon fuels only, by
reducing the observed heat of combustion by 0.03
percent.)

In other respects the methods described are
applicable in measurements of the highest preci-
sion, and may serve as a useful guide to persons
interested in such measurements.

1.1. Definitions of Terms
a. Heat Units

The heat units used in connection with measure-
ments of heats of combustion of fuels are the IT
calorie® and the Btu. These units are here
defined as follows:

31T calorie is an abbreviation for International Steam Tables calorfe.
This calorie was adopted by the International Steam Table Conference
held in London in July 1929 [12], and is in fairly general use in engineering
practice both in this country and abroad.
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1 IT calorie=4.1868 absolute joules
1 Btu=1055.07 absolute joules.

The definition of the Btu was obtained from that
of the IT calorie by means of the relations

1 pound (avoirdupois)=453.5924 grams
1 IT calorie per gram=1.8 Btu per pound.

b. Heats of Combustion

The quantity directly measured in a bomb-
calorimetric experiment is generally referred to
as the “total (or gross) heat of combustion at con-
stant volume’”; this quantity is represented by the
symbol (), (gross) in this Monograph. A precise
definition of this term requires a specification of
the initial states of the reactants (oxyvgen and fuel)
and of the final states of the products of combus-
tion. For most purposes the following definition
1s sufficient: The total (or gross) heat of combustion
at constant volume of a liquid or solid fuel containing
only the elements carbon, hydrogen, oxygen, nitrogen
and sulfur is the quantity of heat liberated when unit
werght of the fuel vs burned in oxygen in an enclosure
of constant volume, the products of combustion being

gaseous CO,, N,, and SO, and Liquid H,O, with the
natial temperature of fuel and oxygen and the final
temperature of the products of combustion at 25° C.

Although the total heat of combustion is the
quantity directly measured in a bomb-calorimetric
experiment, the quantity required in many prac-
tical applications is the ‘“net heat of combustion
at constant pressure.” This quantity is desig-
nated by the symbol @, (net), and may be defined
as follows: The net heat of combustion at constant
pressure of a liquid or solid fuel containing only the
elements carbon, hydrogen, oxygen, witrogen, and
sulfur is the quantity of heat Liberated when unit
weight of the fuel is burned in oxygen (or air) at a
constant pressure of one atmosphere, the products of
combustion betng CO,, Nq, SO,, and H,0, all in the
gaseous state, with the initial temperature of fuel and
oxygen and the final temperature of products of
combustion at 25° C.

For the most fuels to which these definitions
apply the elements oxygen, nitrogen. and sulfur
will be minor constituents if present at all. The
methods described in this Monograph are not
suitable for accurate measurements on materials
containing more than about 2 percent sulfur.

2. General Discussion of Bomb-Calorimetric Measurements

A bomb calorimeter consists essentiallv of a
calorimeter vessel containing a measured amount
of water, in which are¢ immersed (1) a thermometer
for measuring the temperature of the water, (2) a
stirring device for maintaining the water at a
uniform, and therefore definitely measurable
temperature, and (3) a “bomb”’ of constant volume
in which combustible materials can be burned in
oxygen under pressure. In order to control heat
transfer between the calorimeter and its environ-
ment (“thermal leakage”) the calorimeter vessel
is enclosed by a “jacket” which is separated from
the vessel by an air space about 1 em thick, and
which for a majority of precise calorimeters, is
kept at constant temperature by means of a
thermostat.

A schematic diagram of a bomb calorimeter and
its jacket is shown in figure 1. The calorimeter
vessel 18 made in the form shown in order to
facilitate stirring of the calorimetric liquid. The
effectiveness of a serew propeller stirrer is greatly
increased by enclosing it in a tube which extends
from necar the top to necar the bottom of the
calorimeter vessel. Putting the tube outside of
the main part of the calorimeter vessel, as shown
mn figure 1(b), reduces the total volume of the
calorimeter necessary for a bomb of given size.

In principle, a measurement of the heat of
combustion of a given material consists in com-
paring the corrected temperature rise of the
calorimeter in an experiment in which a known
quantity of energy 1s supplied to it, with that
produced in another experiment by combustion
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Ficure 1. Schematic diagram of a bomb calorimeter.

(a) Assembled calorimeter with jacket: B, bomb; C, calorimeter vessel;
J, jacket wall; P, resistance thermometer; FL, firing leads; CS8, calorimeter
stirrer; JS, jacket stirrer; T'V, tube to thermostat valve; H, jacket heater;
T B, thermostat bulb; and TH, tubular housing. (b) Top view of calorimeter
vessel OL, opening for firing lead; and OT, opening for thermometer. (c)
Firing lead through jacket T, tube; R, rod; and W, washers. (d) Firing lead
to calorimeter vessel CL, clip.

in the bomb of a weighed sample of the given
material. The temperature rise in both experi-
ments should be as nearly as possible over the same
temperature range from a standard initial tem-
perature to a standard final temperature. This
method of using the corrected temperature rise
of the calorimeter to compare an unknown with a
known quantity of energy eliminates some of the
systematic errors of calorimetric measurements,
in particular those associated with uncertainty
as to the exact location of the boundary of the



calorimeter, and those associated with various
kinds of lag, by virtue of which different parts
of the calorimeter are at different temperatures
when the temperature is changing.

Experiments to determine the corrected tem-
perature rise of the calorimeter when a known
quantity of energy is supplied to it are generally
called calibration experiments, and the mean
result of a series of such experiments expressed as
energy supplied per unit of corrected temperature
rise 1s called the ‘“‘energy equivalent” of the
calorimeter. The product of the energy equiva-
lent and the corrected temperature rise of the
calorimeter in an experiment in which a material
of unknown heat of combustion is burned in the
bomb gives the energy liberated in the combus-
tion reaction plus any side reactions which may
oceur.

Calibration experiments are conveniently carried
out by burning in the bomb weighed samples of a
standard material, such as benzoic acid (NBS
Standard Sample 39), the heat of combustion of
which is accurately known. If the calorimeter is

to be used for measurements of heats of combus-
tion of volatile liquids, such as gasolines, it is de-
sirable to supplement the calibration experiments
with benzoic acid by making a series of measure-
ments on NBS Standard Sample 217 of 2,2.4-
trimethylpentane, which is a volatile liquid with a
certified value for its heat of combustion. The
difference between the measured and certified
values of heat of combustion will give an overall
check on the accuracy of the measurements, and in
particular, on the effectiveness of precautlons
taken to eliminate effects of volatility.

Since a measurement of heat of combustion in-
volves the comparison of two nearly equal changes
in temperature covering the range from a standard
initial temperature to a standard final temperature,
the temperature scale used in the measurement is
not important. Thus temperatures can be ex-
pressed in terms of the resistance in ohms of a
given platinum resistance thermometer with the
energy equivalent of the calorimeter in calories
per ohm, or in Celsius degrees with the cnergy
equivalent in calories per degree.

3. Factors Affecting Accuracy in Bomb-Calorimetric Measurements

The overall error in the result of a bomb-
calorimetric measurement is the algebraic sum of
individual errors contributed by various factors,
Some of the individual errors may be positive and
others negative, so that to some extent they may
be expected to cancel. However, the extent to
which cancellation may take place is uncertain,
and may vary from one experiment to another, so
that the percentage contribution of each individual
error should be kept well below the permissible
overall error of the determination. In the present
Monograph the permissible difference between dup-
licate determinations is taken as 0.05 percent. In
order to attain this precision, the error contributed
by each of the various independent factors should
be kept below 0.01 percent so far as possible.

The factors which may affect the accuracy of a
bomb-calorimetric determination may be divided
roughly into two classes, (1) side reactions which
may take place in the bomb, the effect of which
cannot be readily evaluated, and (2) the experi-
mental techniques used in making the wvarious
individual measurements. These two classes of
factors are discussed in sections 3.1 and 3.2,
respectively.

3.1. Undesirable Side Reactions

These include (a) formation of carbon monoxide,
carbon, or other products of incomplete combus-
tion of the samples; (b) oxidation of the crucible
in which combustion of the fuel sample takes place,
or oxidation of other parts of bomb or fittings;
(¢) reaction of acids formed in combustion with
the material of the bomb; (d) oxidation of com-

bustible impurities such as hyvdrogen or hydro-
carbon gases in the oxvgen used.

a. Incomplete Combustion

In tests of volatile liquid fuels which must be
enclosed in glass bulbs to prevent loss by evapora-
tion, incomplete combustion sometimes occurs as
a result of breakage of the bulb before ignition of
the sample. In such cases large amounts of
carbon will usually be formed, and the results
of such tests should be discarded. Normally a
bulb containing a volatile liquid sample does not
break before ignition of the sample, and in such
cases there is generally little or no evidence of
incomplete combustion. It occasionally happens
that globules of glass remaining in the crucible
after combustion are gray or black in color. This
may be due to metal oxides formed in combustion
of the fuse wire, or to inclusion of a small amount
of carbon in the glass while it is molten. De-
terminations of carbon dioxide in the products of
combustion of pure liquid hydrocarbons which
were enclosed in soft glass bulbs indicate that the
amount of carbon in such glass globules does not
exceed 0.01 percent of the carbon in the sample.

Incomplete combustion of solid materials, such
as benzoic acid, is very likely to occur if these
materials are placed in the crucible in powdered
form. For this reason, such materials should be
compressed into pellets. For samples of non-
volatile liquid fuels which are not enclosed in
glass bulbs, and for pelleted samples of benzoic
acid, incomplete combustion almost never occurs
in apparatus such as that described in the
appendix.



b. Oxidation of Crucible and Fittings

Oxidation of the crucible and its support and
other fittings exposed to the direct action of the
flame can be avoided by using platinum crucibles
and fittings (see appendix).

c. Reaction of Acids with Bomb Material

Reaction of acids formed in combustion with
the material of the bomb can be made negligible
by the use of suitable corrosion-resistant material
for the bomb. The bomb described in the ap-

endix has been found satisfactory in this respect.
%ombs provided with gold or platinum linings
have also been found to be satisfactory.

d. Combustible Impurities in Oxygen

Combustible impurities in the oxygen used may
introduce very serious errors into the results of
bomb-calorimetric measurements. Oxygen pre-
pared by electrolysis of water may contain enough
hydrogen to cause errors of 1 percent or more.
The possibility of error from this source is elimi-
nated by passing the oxygen over copper oxide
at 500° C before admitting it to the bomb (see
appendix).

3.2. Experimental Techniques of Individual
Measurements

The most important of the individual measure-
ments which go to make up a bomb calorimetric
determination include measurements of (a) the
weight of the sample of combustible; (b) the
weight of the calorimeter plus water; and (c¢) the
temperature rise of the calorimeter, including
correction for thermal leakage and heat of stirring.
A given percentage error in any one of these
measurements introduces an equal percentage
error into the final result of the experiment. Other
individual measurements which determine rela-
tively small correction terms and which can be
easily made with the necessary precision include
measurements of (d) the quantity of energy used
to fire the charge of combustible; (e) the amounts
of oxygen and other materials in the bomb; and
(f) the amounts of nitric and sulfuric acid formed
in the combustion reaction.

a. Weight of Sample of Combustible

The sample of combustible (0.8 to 1.5 g) is
weighed with a precision of about 0.02 mg using
an undamped semimicro balance with a keyboard
arrangement for adding and removing the smaller
weights (see appendix). Calibrated high grade
(class M) weights are used, and the corrections
to the weights given on the calibration certificate
are applied in determining the weight of the
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sample. If weighings are made in the ordinary
manner with weights and object weighed on
opposite pans of the balance, the balance should
be tested to determine whether the balance arms
are of equal length. If the arms are found to
differ in length by a significant amount a correction
for this difference will be necessary.

The necessity for such & correction can be
eliminated by using the method of weighing by
substitution. This consists in placing on the left-
hand pan a fixed weight or ‘“‘tare,” somewhat
greater in weight than the heaviest object to be
weighed, then placing the object to be
weighed on the right-hand pan together with
sufficient weights, including rider adjustment, to
balance against the tare. The object being
weighed is then removed and weights and rider
again adjusted to obtain balance. The difference
in the weights required in the two cases is the
desired weight of the object. In addition to
eliminating the effect of any difference in length
of the balance arms, this method also eliminates
any change in sensitivity with load, since the load
is constant. The following description of the
procedure is for this method of weighing by
substitution.

Each half of the balance beam from the center
knife edge to the outer knife edge is graduated in
100 equal divisions, so that if a 1 mg rider were
used a change in position of the rider by one
division on the scale would correspond to a change
in weight of 0.01 mg. However, 1t may be incon-
venient to use such a small rider because of the
likelihood of its being deformed or lost. Instead,
a 10 mg rider may be used so that one division on
the scale corresponds to 0.1 mg in weight, and
hundredths of a milligram obtained from the
deflection of the pointer, as described below.

Weighings are normally made with the weights
to the nearest milligram on the right-hand pan of
the balance, and the 10 mg rider so placed (be-
tween 0 and -+10 divisions on the beam scale)
that the tare weight on the left-hand pan is
balanced to the nearest 0.1 mg. The equilibrium
position of the pointer with reference to the zero
of the index scale is then determined by observing
the turning points of the pointer in an odd number
of swings (3 or 5).

The procedure in using the balance will be
illustrated by an example of the weighing of a
sample of benzoic acid. All weighings are made
after time has been allowed for temperature
equilibrium to be established, and for air currents
set up when the balance case was open to die out.
To determine when equilibrium has been estab-
lished, the apparent weight is observed from time
to time until no change has been observed during
a period of about 10 min.

The following observations were made in deter-
mining the weight of a pellet of benzoic acid, the
first set of observations were made with the empty
crucible, and the second with the crucible con-
taining the pellet:



Crucible empty:

Weights_____ . __
Rider_ _ . ____ o ___.

Pointer deflection X2, 0.45X0.07X10—3____
Total weights________________________
Observed weight of pellet__________________

Weight correction *_ - ____________________
Corrected weight of pellet_ . _______________

12. 493 g  Turning points of swings:
0. 0002 —2.6 :
. 00004 —2.5
12. 49316 —2.55 2.0
2 X pointer deflection=—0.55
10. 971 Turning points of swings:
0. 0003 —2.3 2.6
. 00003 —2.0
10. 97133 —2.15 2.6
2 X pointer deflection=+40.45
1. 52183
+ . 00005
1. 52188

2 The weight correction is the algebraic sum of the certificate corrections to the individual weights used with the
empty crucible minus the algebraic sum of the corrections to the weights used with crucible plus pellet.

In the above example the weight corresponding
to the pointer deflection from the zero of the
index scale was obtained by multiplying twice
the average deflection (in divisions on the scale)
by one-half of the sensitivity reciprocal of the
balance, in this case 0.07=1/2<0.14 mg per scale
division. (The same result would be obtained, of
course, if the average deflection were multiplied by
the sensitivity reciprocal, e.g., for the first weigh-
ing of the above example the average pointer
deflection = —0.28 and —0.28X0.14=—0.04 mg).

The same procedure is followed, for example,
in weighing a sample of a volatile liquid which
must be enclosed in a glass bulb to prevent loss
by evaporation, except in this case it is not nec-
essary to include the crucible in either weighing.
The empty bulb is first weighed against the tare,
and then the filled bulb together with glass re-
moved in sealing is weighed against the tare. It
should be emphasized that the balancing weight
against the tare with only the weights on the right-
hand pan should be determined in weighing both
the empty bulb and the filled bulb. The use of a
fixed value for the balancing weight against the
tare with only the weights on the right-hand pan
would introduce errors if the rest point of the bal-
ance changes between the times of weighing the
empty and filled bulbs. This is likely to occur if a
considerable length of time elapses between the
weighings with the bulb empty and filled. The use
of a fixed value for the balancing weight with the
empty crucible on the right-hand pan is ruled out
by the fact that the crucible is subject to changes
in weight in use.

b. Weight of Calorimeter Plus Water

The calorimeter plus water (3,700 g total
weight)* i1s weighed on a magnetically damped
balance having a capacity of 5 kg and a sensitivity
of 0.5 mg (see appendix). The procedure in this
weighing is as follows: The calorimeter is filled
with approximately the desired quantity of water,
the temperature of which is adjusted to a value
such that after assembly of the calorimeter its
temperature will be a few tenths of a degree

¢ The weight should correspond to an amount of water in the calorimeter

such that when the bomb is immersed in the water the calorimeter cover
can be put in place with its lower side in contact with the water.

527973—60——2

below the desired initial temperature in the
experiment. The choice of the temperature to
which the water is to be brought before weighing
will depend upon a number of factors, including
room temperature, the desired initial temperature
in the calorimetric experiment, and the relative
heat capacities of calorimeter vessel, water, and
bomb. No definite rule can be given for this
choice, but the operator will learn by experience
how to select the proper temperature under the
conditions of his particular laboratory and ap-
paratus.

After adjustment of the temperature the calo-
rimeter is placed on one pan of the balance with
the desired weights (see footnote 4) on the other.
The amount of water in the calorimeter is adjusted
so that the total weight of calorimeter plus water
exceeds slightly that of the weights on the opposite
balance pan, and the balance case is closed.
Because of evaporation of water the weight of
calorimeter plus water decreases slowly, and the
pointer on the balance gradually moves toward
the zero of the index scale. When the pointer
reaches the scale zero the balance beam is arrested,
the case is opened, and the calorimeter is removed
from the balance and placed in position in its
jacket preparatory to making a calorimetric
experiment.

It is not feasible in weighing the calorimeter to
wait for it to come to temperature equilibrium
with the air, partly because this would require a
very long time and partly because the desired
initial temperature in the calorimetric experiment
will usually differ from room temperature. Any
difference in temperature between calorimeter
and the air in the balance case will cause con-
vection currents which will affect the observed
weight. The effect of this will partially cancel
if the difference between the temperature of calo-
rimeter and the air in the balance case when the
calorimeter is weighed is the same in all experi-
ments, including both calibration experiments and
measurements of heat of combustion.

The change in weight of the water in the
calorimeter due to evaporation after weighing will
affect the energy equivalent of the calorimeter,
but the effect of this is small and will cancel if the

5



procedure in placing the calorimeter in its jacket
and completing the assembly of the system is
carried out in the same manner and in the same
length of time in the calibration experiments as
in measurements of heat of combustion.

In addition to the water in the calorimeter
vessel, 1 cm?® of water is placed in the previously
dried bomb before each experiment to insure that
the space in the bomb is saturated with water
vapor at the beginning of the experiment as well
as at the end, when water formed in combustion
will be present in any case. This water is intro-
duced into the bomb by means of a buret or
pipet accurate to about 0.01 cm? immediately
betore introducing the sample of combustible.

¢. Temperature Measurements

The temperature rise of the calorimeter in a
combustion experiment is approximately 3° C,
and must be measured with an accuracy of 0.0003°
if the error in temperature measurement is to
contribute not more than 0.01 percent to the
result of the calorimetric experiment. Measure-
ments of temperature differences w