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The functions of the National Bureau of Standards are set forth in the Act of Congress, March
3, 1901, as amended by Congress in Public Law 619, 1950. These include the development and
maintenance of the national standards of measurement and the provision of means and methods for
making measurements consistent with these standards; the determination of physical constaats and
pro eies of materials; the development of methods and instruments for testing materials, devices,
and structures; advisory services to government agencies on scientific and technical problems; inven.
tion and development of devices to serve special needs of the Government; and the development of
standard practiies, codes, and 3pecifications. The work includes basic and applied research, develop.
ment, engineering, instrumentation, testing. evaluation, calibration services, and various consultation
and infokmatioi, services. Research projects are. also performed for other government agencies
when the work relates to and supplements the basic program of the Bureau or when the Bureau's
unique competence is required. The scope of activities is suggested by the listing of divisions and
secbtoa on the inaide of the back coier.

Publications

The results of the Bureau's work take the form of either actual equipment and devices or pub-
lished papers. Those papers appear ei¶ir in the Bureau's own series of publications or in the 5out.als
of professional and scientific societies. The Bureau itself pulilishes three periodicals aNailable from
the Goverament Printing Office: The Journal of Research, published in fout separate sections,
presents complete scientific and technicit papers; the Technincal News Bulletin presents summary and
preliminary reports on work in progress; and Basic Radio Propagation Predictions provides data for
aetermining the best frequencies to use for radio communiuations throughout the world. There are
also five series of nonlpriodical publications: Momobraphs, Applied Mathematics Series, Handbooks,
Miscellaneous Publications, and Technic-. Notes.

Information on the Bureau's publicatioes cin be found in NBS Circular 460, Publications of
the National Bureau of Standards ($1.?5) and its Supplement ($1.50), available from the Super.
intendent of Docutuenta, Government Printing Office, Washington 25, D.C.
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Precise Measurement of Heat of Combustion
With a Bomb Calorimeter 1

R. S. Jessup

This Monograph gives detailed descriptions of apparatus and methods which are used
at the Nation'l Bureau of Standards for precise (leterminations of heats of combustion
of liquid hydrocarbon fuels. Numerical examples are given of methods of calculating
results of measurements from observed data. The 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 i)rocedurtes for nmeasurements on fuels.

1. Introduction

Standard methods of moderate precision for of combustion with an accuracy of 0.01 or 0.02
bomb-calorimetric measurement of heats of corn- percent, the procedure in measurements on fuels is
bustion of solid and liquid fuels are published by sitch that a considerable saving in time was
the American Society for Testing 'Materials 11,2].2 achieved at the cost of a somewhat lower preckion.
These methods can bL ,sed to measure heat of This lower precision resulted from several factors
combustion with an accuracy of several tenths as follows:
of one percent. Apparatus and methods for (1) As a rule only two experiments were made
measurements of heat of combustion with an on each fuel, as compared with six or more experi-
accuracy of 0.01 or 0.02 percent have been ments where the highest possible accuracy is
descril)ed in the literature [3]. The attainment desired; (2) an approximate method was used to
of such accuracy involves the use of rather obtain the corrected temperature rise of the calo-
laborious and tinme-consuming procedures. In rimeter, i.e., the temperature rise corrected for heat
some applications of fuel- the heat of combustion of stirring and heat transfer between calorimeter
is requitred with an accuracy of approximately 0.1 and surroundings; (3) because some liquid fuels
percent, which is probably not attainable with the are quite volatile there may be an appreciable loss
standard methods referred to [1, 2], but can be of lighter components in 'handling. In spite of
attained with less exl)enditure of time and effort these effects the results of measurements even on
than is required in the most precise measurements. the most volatile fuels (gasolines) are, in general,

Thlis Mfonograph describes methods and appara- precise to about 0.05 percent. The results contain
tus used at the National Bureau of Standards in a nearly constant systematic error of approxi-
connection with several series of investigations of mately 0.03 percent (for hydrocarbon fuels) due
heats of combustion of nircraft fuels [4, 5, 6, 7]. to neglect of the Washburn correction [18) which
Th(e restrictions of the treatment to a particular takes account of the difference between heats of
set of apparatus, andt a particular experimental combustion in-oxygen under a pressure of about
procedure involves some loss of generality, but 30 atm and at a pressure of 1 atm.
this is not believed to be serious. rMost precise (If desired, this error can be approximately cor-
measurements of heats of combustion of materials rected, in the case of hydrocarbon fuels only, by
containing essentially only the elements carbon, reducing the olser'ed heat of combustion by 0.03
hydrogen, nitrogen, ai~nd oxygen have been made in )ercent.
apparatus of similar design. to which the same
procedures are applicable. Descriptions of other In other respects the methods described are
equally satisfactory apparatus for this purpose applicable in measurements of the highest preci-
will be found in reference [3] and the references sion, and may serve as a useful guide to persons
there cited. Thiere will also be found in some interested in such measurements.
of these references descriptions of apparatus and
proce(dures suitable for measurements on materials 1.1. Definitions of Terms
containing considerable amounts of such elements
as sulfur andi halogens. The apparatus and.
methods described in this 'Monograph are not The heat units used in connection with measure-
suitable for measurements on such materials. ments of heats of combustion of fuels are the IT

Althouigh the apparatus described in this calorie and the Btu. These units are here
Monograpih i'. iitabhl for Iueasuremelt of heat defined as follows:

I The vreoparatlon nf thl. Monnotmr i r. 1 11-,Uc hi % I'' thio Air 3 IA' ealorle IR an nhbro'vitlio for International Stean Tables calorie.

]"oTr0' llniltCtlC M Isih, I , 'L, Mit, .\It lC:LrrCh 11iI ]),t , opillu, nt Cl011- This calorie wns adopted by the International Steam Table Conference
inand, U.S. Air IFrce. hold It Londotn in Jitly 1929 [121, end L4 In fairly general nso In engineering

lii ,req In brukett In lIihao the Ilt ot ire referelneq on lvoe P1•, pritet Ice buth in this cottttry lni lhroad,



1 IT calorie=4.1868 absolute joules gaaeous• CO., N2 , and SO, and liquid 112O, with. the
1 Btu= 1055.07 absolute joules. initial trmiliraturti of fuel and oxqqen and thl. final

temperature of iie products (f col;bu.tioi at 250 0.
The definition of the Btu was obtained from that Althougih -the total heat of combuistion is the
of the IT calorie bv means of the relations qualltity directly measured in a born-calorinetric

experiment, the quantity required in many 1prac-1 pound (avoirdlupois)---453.5924 grams tieal apptlications is the "net heat of Comb~ustion
1IT calorie per gram = 1.8 Btu per, poundl~. ste'ntha fcmuto1 at constant pressure." This quantity is desig-

b. Heats of Combustion nattd by the syml)ol Q, (net), and may be defined
bas follow-: The net hcat of combustion at con.x'tant

The quantity directly measured in a bomb- pressure of a liquid or sold fuel containing only the
calorimetric experiment is generady referred to elements carbon, hydrogen, oxygen, nitrogtcn, and•
as the "total (or gross) heat of combustion at con- sulfur is the quantity of heat liberated wheni unit
stant volume"; this quantity is represented by the wig-ht of the fuel is burned in oxygen (or air) at a
symbol 0, (gross) in this \I[onograph. A precise cons(tant pressure of one atmospher,' the products of
definition of this term requires a specification of combustion being C(20, N, SO, and 1120, all in the
the initial states of the reactants (oxygen and fuel) gaseous state, with the initial tUn'perature of fuel and
and of the final states of the products of combus- oxygen and the final temperature of products of
tion. For most purposes the following definition combustion at 250 C.
is sLflfcient: The total (or gross) heat of combustion For the most fuels to which these definitions
at constant volume of a liquid or solid fuel containing apply the elements oxygen, nitrogen, and sulfur
only the elements carbon, hydrogen, oxygen, nitrogen will be minor constituents if present at all. Tho
and sulfur is the quantity of heat liberated when unit methods described in this .Xonograph are not
weight of the fuel is burned'in oxygen in an enclosure suitable for accurate measurements on material3
of constant volume, the product.q of combustion being containing more than about 2 percent sulfur.

2. General Discussion of Bomb-Calorimetric Measurements

A bomb calorimeter consists essentially of a OLcalorimeter vessel containing a measured amount N°

of water, in which are immersed (1) a thermometer " OT
for measuring the temperature of the water, (2) a E=3
stirring device for maintaining the water at a V '-Tv (bI
uniform, anti therefore (lefinitely measurable-2
temperature, and (3) a "bonmb" of constant volume - H T-1 •in which combustiblel nuater'ials can be burned in ý ACoxygen under pressure. In ordler to control heat Wj

transfer between the calorimeter and its environ- U
ment ("thermal leakage") the calorimeter vessel J. B -S [TB
is enclosedl by a "jacket" which is separated from - -

the vessel by an air space about 1 cm thick, and UL .2
which for a majority of precise calorimeters, is -

kept at constant temperature by means of a (0)
thermostat. Fxe.unR 1. Schematic diagram of a bomb calorimeter.

A schematic diagram of a bonib vadorineter and (a) Assembled calorimeter with Jacket- D1 bomb, C, calorimeter vessel;
its jacket is showln in figure 1. The calorimeter J, jacket wall; P, resistance thermometer; FL, firing leads; CS, calorimeter

vositer: JS, Jacket stirrer; TV, tube to thermostat valve; 11, Jacket heater;vessel is made in the form shown in order to thermostat hulb; and Tit, tubular housing. (b) Top view ofcalorimoterfacilitate stirring of the calorimetric liquid. Tie vs,,. on, opening for tiring lead; and OT, opening for thermometer. (e)Firin tea hogh Jacket'T, tube; It. rod; and IV, washers. (d) Firing lead

effectiveness of a screw propeller stirrer is greatly to calorimeter vessel CL, clip.
increased by enclosing it in a tube which extends
from near the top to near the bottom of the in the 1)0ora) of a weighedi sample of the given
calorimeter vessel. Putting the tube outside of material. The temperature rise in both experi-
the main part of the calorimeter vessel, as shown ments should be as nearly as possible over the same
in figure 1(b), reduces the total volume of the temperature range from'• a standard initial tem-
calorimeter necessary for a bomb of given size. perature to a standard final temperature. This

In principle, a measurenment of the heat of method of using the corrected temperature rise
combustion of a given material consists in comn- of tile calorimeter to compare an unknown with a
Sparing the corrected temperature rise of the known quantity of energy eliminates some of the
calorimeter in an experiment in whlichi a known systematic errlors of calorimetric measurements,
quantity of energy is si:pplied to it, with that in particular those atssoriated with uncertainty
Ipro(hlcl(d in anothier experiment by combustion is to the exact location of tile boundary of the
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callorimeter, and those associated with various to be used for Ineasuremlen:, eats of combus-
kind(s of lag, by virtue of which different parts ,-oin of volatile liquids, such as gasolines, it. is de-

of the calorimeter are at different temperatures sirahble to supp~lemnent the calibration experiments
when the temperature is changing. with betizoic acid by niakiný at secies of measure-

Experiments to (letermine the corrected tem- ments onl NBS Standard Sample 217 of 2,2.4-
perature rise of the calorimeter when a known trimethylpentane, which is at volatile liquid with aI quantity of energy is supplied to it are generally certified value for its heat of combustion. The
called(1 clbration exlperimients, and( the mean difference between the. measured and certified
result ofl a series of such experiments expressed1 as values of heat of combustion wvill give anl overall1

Cngy suppliedi per unit of corrected temlperature chieck onl the accuracy of the measurements, and in
1ise is called the "energy equivalent" of the particular, onl the eff'ectiveness of piecautions
calorimeter. The product of the enryequiva- taken to eliminate effects of volatility.

le I nd th COrrected temupurature rise of the Since a measur-ement of heat of combustion in-
calrimterin n xpeimet i wicha mteral volves the comparison of two neally equal chiangeFs

of unknown heat of combustion is burned in the in templerature covering- the range trom a standard
bomb gives the energy liberated in the coinbus- initial templerature to a standardi final temperature,
tioli reaction plus, any,, side reactions which may the temperature scatle used in tile measuremenit is
o~ceul. not important. Thus temperatures can ho ex-

C alibration exp~erimuents are conveniiently carried pressed in terms of the resistance in ohmns of a
out iby burning in the bombt weighed samples of a given platinum resistance thermometer with the
Stand~ardI material, such as, benzoic acid (NBS energy equivalent of the calorimeter in calories
Standard Sample 39), the heat of combustion of per ohm, or in Celsius dlegrees with the. energy
whichl is acecurately known. If the calorimeter is equivalent in calories per degree.

3. Factors Affecting Accuracy in Bomb-Calorimetric Measurements

'lhi- overall error in the result of a boinb- bustible, impurities such ats hydrogen or hydro-
calorimietric measuremient is time algebtaic sumi of carbon gaises in thev oxyglen used.
Hhindividual errors contributed by v.arious factors. 9 nopeeCmuto
Some of the individual errors nim 1)e positive aind a nopeeCmuto

ote ? eaIve ota osi xette a In tests of volatile liquid fuels which must be
be exp~ected to cancel. However, thme extenit to enclosed in glass bulbs to prevent loss by evapora-
which canicellaitionim may take p~lace is uncertain, tion, incomplete combustion sometimes occurs as
and may vary from out'ý exlerinient, to antotlwr, so a result of breakage of the bulb before ignition of

thtte ecntg omthtono ah itiýdii the sample. In such cases large amounts of
error01 shiouldi be kept well b elow the pmermissible carbon will. usually be formed, and the results
overaill error. of the deternni IIIt ion. In th'*- present of such tests should be discarded. Normially it

)~lngahtep'rnisbedfeecele~el( i) bulb containing a volatile liquid sample does no0t
licate determninattions i,- tatkei as 0.05 percent. In break before ignition of the sample, andl in such
orlder to attain this precision, the crror contrib~utedI cases there is generally little or no evidence of
by each0 of the varliolus ind~ependlent factors should1( incomplete combustion. It occasionally happens
be kept below 0.01 percent, so far i1s l)0s1I)le. that globules of glass remaining- in the. crucible

TIhe factor, which inay affect the accuravy (if ai after combustion are gra or black in color. Trhis
1)onih-c alorilnetrie (leteriluiation mnay be dlividled may lbe (tic to metal oxidecs formned iti comb~ustion

rough\ into two chls!-es. (I1) ,side rea~ctionls which of thec fuse wire, or to inclusion of a small amount
mna take place' in the bombh. the effect of wli;"'% of carbon' in the glass while it. is miolten. De-
Vittitiot bet reatliY e-vailuatedl, and (2) the i-x, terminations of carbon dioxide in the products of
mnita111 techiniques used in manking, thme va; combustion of pure liquid hydrocarbons which
ind~ivifdual tfleait~relllen, _. Pliese. two chlasses of We-re enlclosed in soft glass bulbs indicate that tile
foctorms are discussed ini sections :1.1 mnd 3.2. amount of carbon in such glass globules does not
redpeiv-Y exceed 0.01 plercent of the carb~on iii the samiple.

Inconiplete comibustion of solid materials, such

inaerils replaced in tecuil npwee
Thlese iniclude ta P forination of carb)on monoxidle, form. For this reason, such materials should 1)0

Varboii (;. ,other 1 )rodllrts of incomiplete combuls- compressed into p)ellets. For samples of non-
* ''in of te ,~aniples ; ýb) oxidatioin of the tcrucilble volatile liquid fuel-, which tire not enclosed in
in which cwyi'k-istion of the fuel samnple takes pl)ace. glafss bulbs, and for pelleted samlples of benzoic
0!, O.Nifliati nof oilier part-, of b)0mb or fittings,; Acid, incomplete comnbustion almost never occurs

k,.,r acids formed iii combu),stion wit i aparatus such its that. described in the.
the mmmi te'ri-al of the lmmh d) oxiIlat ionl of coml- appendix.
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b. Oxidation of Crucible and Fittings samnple. Tf weighings are made in the ordinary
manner with weights and object weighed on

Oxidation of the crucible and its support and opposite pans of the balance, the balance should
other fittings exposed to the direct action of the be tested to determine whether the balance arms
flame can be avoided by using l)Iatinum cruciles are of equal length. If the arms are found to
and ftiliiigs (set! uipeidix). "differ in lenigth by a sifilicait aluiut it a correction

for this difference will be necessary.
c. Reaction of Acids with Bomb Material The necessity for such a correction can be

eliminated by using the method of weighing by
Reaction of acids formed in combuistion with substitution. This consists in placing on the left-

the material of the bomb can be made negligible hand pan a fixed weight or "tare," somewhat
by the use of suitable corrosion-resistant material greater in weight than the heaviest object to be
for the bomb. The bomb described in the ap- weighed,, then placing the object to be
pendix has been found satisfactory in this respect. weighed on the right-hand pan together with
Bombs provided with geld or platinum linings sufficient weights, including rider adjustment, to
have also been found to he satisfactory, balance against the tare. The object being

weighed is then removed and weights and rider
d. Combustible Impurities in Oxygen again adjusted to obtain balance. The difference

in the weights required in the two cases is the
Combustible inlpurities in the oxygen used may desired weight of the object. In addition to

introduce very serious errors into the results of eliminating the effect of any difference in length
bomb-calorimetric measurements. Oxygen pre- of the balance arms, this method also eliminates
pared by electrolysis of water may contain enough any change in sensitivity with load, since the load
iydrogen to catuse errors of I l')ercent or more. is constant. The following description of the
The possibility of error from this source is elimi- procedure is for this method of weighing by
natedlby passing the oxygen over copper oxide substitution.
at 5000 C before admitting il .to the bomb (see Each halUof the balance beam from the center
appendix). 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

3.2. Experimental Techniques of Individual division on the scale would correspond to a change
in weight of 0.01 mig. However, it may be incon-Measurements venient to use such a small rider because of the
likelihood of its being deformed or lost. Instead,

The most important of the individual measure- a 10 mg rider may be used so that one division on
ments which go to make up a bomb calorimetric the scale corresponds to 0.1 mg in weight, and
determination include measurements of (a) the hundredths of a milligram obtained from the
weight of the sample of combustible; (b) the deflection of the pointer, as described below.
weight of the calorimeter plus water; and (c) the Weighings are normally made with the weights
temperature rise of the calorimeter, including to the nearest milligram o6n the right-hand pan of
correction for thermal leakage and heat of stirring, the balance, and the 10 mg rider so placed (be-
A given percentage error in any one of these tween 0 and +10 divisions on the beani scale)
measurements introduces an equal percentage that the tare weight on the left-hand pan is
error into the final result of the experiment. Other balanced to the nearest 0.1 rag. The equilibrium
individual measurements which determine rela- position of the pointer with reference to the zero
tivelv small correction terms and which can be of the index scale is then determined by observing
easily, mnade with the necessary precision include the turning points of the pointer in an odd number
mensurements of (d) the quantity of energy used of swings (3 or 5).
to fire the charge of combustible; (e) the amounts The procedure in using the balance will be
of oxygen androther materials in the bomb; and illustrated by an example of the weighing of a
(f) the amounts of nitric and sulfuric acid formed sample of benzoic acid. All weighings are made
in the combustion reaction. after time has been allowed for temperature

equilibrium to be established, and for air currents
a. Weight of Sample of Combustible set up when the balance case was open to (lio out..

To determine when equilibrium has been estab-
The sample of comnbustiblP (0.8 to 1.5 g) is lished, the apparent weight is observed from time

weighed with a precision of about 0.02 mg using to time until no change has been observed during
an undamped semnimicro balance with a keyboard a period of about 10 main.
arrangement for adding and removing the smaller The following observations were made in deter-
weights (see appendix). Calibrated high grade mining the weight of a pellet of benzoic acid, tlhe
(class M) weights are used, and the corrections first, set of observations were made with the empt y
to the weights given on the calibration certificate Crucible, and the second with the crucible eon-
are applied in determining the w(eight of the taining the pellet:

4



Crtieibh.,l pr

W viulit. ----.- .- .--- .... . ..- -- ----- 12. 49 g T trnting points of wvings:
irt-r_ ------- 0.10002 -- 2. 6 2.0

Pol',,,.. ,Ml,,cti,,t 2, oo:m--0.55 (..7X i-- -- (4ooo2I --.2. 5

Tot:d woigltis- A 12.9-I:1:,( -2. 55 2.0
"2 X 1I) ltl vi dlhfIeCl iol t- -0.55

Weight+ 1.0. 971 Turning pii.-; of -4,,iig•s:
lihidr-------------------... 0. 0003 -- 2. "3 2. fl
l'ointvtr deflection X 2, 0.-I5.'(1.07 X It)1--3- . . 000013 -2.0

"lmtnd weight .... . . ..... 101. 97l133 -2. 15 2. 6
2 X pointer dlh'ttctwit + ).-t 5

(II,.si'r%'d w<igh!t of p1ll(4 . .. .. ... I. 522193
\Vvighl inc Lua ' ...... ... , t000l5
(¾ rrl'ctedt weight, of pllet -------------- 1. 52188

- The welght correction is the algebratic stn of the certificate correcttons to the Individual weights used with the
em1pty crtlwlile 111111tis the ai l ebrile a11,a 1 as n t te vorrectloaas to the weights used with crucible plus pellet.

Il the above example the weight corresponding below tile desired initial tenlperatu1'e in the
o the pointer deflection from the zero of the experiment. The choice of the temperature to
ndex scale wits obtained bly multiplying twice which the water is to be brought before weighing
he averagfe deflection (in divisions on the scale) will depend upon a number of factors, including
)v one-half of the sensitivity reciprocal of the room temperature, the desired initial temr)eratilre
)Ilance, in this case 0.07= 1/2 X0.14 mg per scale in the calorimetric experiment, and the relative
livision. (The same result would be obtained, of heat capacities of calorimeter vessel, water, and
otlr'se, if tile average deflection were multiplied by bomb. No definite rule can be given for this
he sensitivity reciprocal. e.'+ - thl first weigh- choice, but the operator will learn by experience
ng of the above examine the aver tge pointer how to select the proper temperature under the
Ielection =-0-0.28 and -0.28XO.14= -0.04 mg). conditions of his particular laboratory and ap-

"The same proc'edure is followed, for example, paratus.
n weighing - stu- le of a volatile liquid which After adjustment of the temperature the calo-

-St be enicl()sed in a glass bulb to prevent loss rimeter is placed on one pan of the balance with
,y evaporation, except in this case it is not nec- the desired weights (see footnote 4) on the other.
*s.1ary to include the crucible in either weighing. The amount of water in the calorimeter is adjusted
Piie mpty bulb is first weighed against the tare, so that the total weight of calorimeter plus water
old then the filled bulb together with glass re- exceeds slightly that of the weights on the opposite
noved in sealing is weighed against the tare. It balance pan, and the balance case is closed.
hould be emphasized that the balancin weight Bet-ause of evaporation of water the weight of
against the tare with only the weights on tile right- calorimeter plus water decreases slowly, and the

lian pan should be determined in weighing both pointer on the balance gradually moves toward
lie emtpty bulb and the filled bulb. The use of a the zero of the index scale. When the pointer
ixed \alue for the balancing weight against the reaches the scale zero the balance beam is arrested,
are with only the weights on the right-hand pan the case is opened, and the calorimeter is removed
vohld introdluce errors if tle rest point of the bal- from the balance and placed in position in its
MnP ,.hanges between the times of weighing the jacket preparatory to making a calorimetric
,tplviy and filled bulbs. This is likely to occur if a experiment.
)I-;lhritblh length of time elapses between the It is not feasible in weighing the calorimeter to

',t 'ingswith the btilb emptyandfilled. Theuse wait for it to come to temperature equilibrium
xtd value for thle balancing weight with thle with the air, partly because this would require a

npty crucible on the right-hand pan is ruled. out very long time and partly because the desired
)v tfle fact that the crucible is subject to changes initial temperature in the calorimetric experiment
II Avoight in use. will usually differ from room temperature. Any

b. Weight of Calorimeter Plus Water difference in temperature between calorimeter
and the air in the balance case will cause con-

I ,. calorimeter phis water (3,700 g total vection currents which will affect the observed
vi',i.t)' is weighed on a magnetically damped weight. Tile effect of this will partially cancel
,itow ,,having a capacity of 5 kg and a sensitivity if the difference between the temperature of calo-
4 imug (see appendix). The procedure in this rimeter and the air in the balance case when the
vci - ing is as follows: The calorimeter is filled calorimeter is weighed is the same in all experi-
viti, i)proximately the desired quantity of water, ments, including both calibration experiments and
Ile 1 1perature of which is adjusted to a value measurements of heat of combustion.
4u(h1 hat after assembly of the calorimeter its Tm e change in weight of the water in the
,rmu,, ature will be a few tenths of a degree calorimeter due to evaporation after weighing will
"Th 'Ight should correspond to tn amount of water In the calorimeter affect the energy equivalent of the calorimeter,"iwt r When the bomb is Immersed In the water the calorimeter cover hut the effect of this is small and will cancel if the

%11 ; +n place with Its lower side In contact with the water.
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p)r.4 'e'd r i t 1 -iI,. I. t . 1 )1. 1 ill it., jacket hi4 lnleter w ith the jacket m aintained constant,
. C, l 4m Jlpletil r the 1steS l ylIh,\- of t ,- sySM t.lJI i. iat i t stall(lard tellij)erlltri.•
errii'( li out iii t nI sni lltller itll(I in tthe sitne 'reli!peratitres of the calorinieter are iieaMured

~thi of t tim' in the ezil mttioi experim;nts as at de ilite timnes duin g three periods: (1) An ini-
ill VIleasil reIell-ttS oIf heiat (if cf l~lt ustit . thil period ( ,f G to 10 in n (hdiing which ilw tern-

III addit ion 1t Otw witter ill the vailorinllel r W)(rature change results solely from thermal
'eS4l. 1 ct1C of water Is l4l.,' it) the ple J hu14 y l45kage 111ml heat of stirring; (2) a middle perihm
rie~I hon h before eahi eXl)erlienl, to iinsuIre that of about 12 mil, tit the beginning of which tOe

the ¶htC' i .lhe bond1) V4 Sittlt't1Pl with %i ater chane ill the hoimb is fired, and during which tlhe
N-ipor it nthe he14 hlni ng of Ih" +lP wrillivlnt -s well iemnperattmre change is due patrtly to thermal

hIs it the etld, %%hell wlitelt f 'tlild ill 4')-illlstion hemlage 1111(fnd heat of stirring Lut mostly to tile
wil lie 1resent. 1 an\ c 4',. Il fil'is wter k ill tro- heat lib)crated by) tilt, cimbulishti re11 (ttion it) the
diIlt'4 It i IttII tie holih) * v Il4ta11 Of it iltlret or bomnb-)this penrilo continues until. the ratir of
pip)et at(,.1iite to atI•4ut (0.01 (i-tC, illnteitditel chanligef of temperature has become constant; and
i)for, itltrotdiwlin- the sanmple of vonlbstim~h. (3) a final period of 10 inin or more, during which

the temperature change is again due stolelv to
c. Temperature Measurements thertinal leakage and heat of stirring. It is- de-

The tilnitprawtre rise of th, (alhorn~loter in a sir-abhl to choose the initial temperature of the
,.ornbstiotn exh)eriltlent i-A approxillit,,y :V ( . calorimeter so that its final temperature will be

dnr f 11.1110; slightly below that of the jacket. This reducesi1 the errhr initstd n wietu, itibi ztnrn~eV : t il the total thermal leakage during the middle periodi.ontrihe err not more than 0.01 p'erent. to lhe nd eliminates heat transfer by evaporation of

resilt of the .:lorienitric, experintent. N h..isIre- water from the calorimeter and condensation oni
Illents of telljpernttlre (difrferences with this Ire- the jacket wall which would occur if the tempera-
cision ctin ine Iiltde coivv\lienIitl v with it suitiebl ture of the calorimeter exceeded that of the jacket.
25 ohm phtintum resistancte therinonter, and During the initial and final periods the resistance
a Maluelhr bridlge 0! the' tyjpe , noanly (esignattedl -f the thermometer should be measured with the
s ,--.' highest possible accuracy, since the overall accu-
In p.-ecise ,,teasuremntles of temperature with a racy otf the determination depends directly upon

resistance thernmometer it . e-ist.,miarv to elini- the accuracy of these temperature measurements.
iate the resistance of tile thernmometer leads During the middle period, because of the very

comphletely by making two resistance readings rapid rate of temnperature rise, it is not possible
with the conmuutator set first in the N position to make readings as accurately as during the initial
and then in the It position. In bomb calorimetric and final periods, but this is net importart because
neasurenients where only a smtall temperature tihe readings of the middle period are used only for

dlifferenice is to be tneasuiredl 1 where tie for calculating the relatively small correction for
making the temperature measurenientts is limited, thermal leakage and heat of stirring.
it is permissible to omit changing the commutator With a G--2 bridge and([ a thermometer havingsetting. Jlowecver, if this procedure s folhl- i a resistance of approximately 25.5 ohms at 00 C,is very important that all prcaseureents in all ix- one step in the last dial ot the bridge (0.0001
perimentsohm) corresponds to approximately 0.001C in
setting, since the change in ol)served resistance per temperature. Readings of the brid are made to
degree change in temperature may be different for tle nearest 0.00001 ohm (0. 001) by interpo-ie. N and R positions of the commutator. The lating between two adjacent settings of the last
Possibility of error due to change in the commu- din] of the bridge. This interpolation is aceom-
tater setting iav be eliminated by permanently pliqied by observing the deflection of the galvanom-

aorettif maye be eliminated bye gavnmtri oae(lisconnecting one of the cttrrent leads (c or t) of eter as follows: The d alvanometer s located
the thermometer from the bridge. The ther- ibout 2 mieters from a ground glass scale graduated
monmeter is then effectively a 3-lead thermometer in millimeters, which is so plaed as to he conven-
and the bridge can be operated with only one Iently observable by tie operator of tie bridge.
setting of the commutator. In front of the galvanometer mirror is placed a

It Is also important that the thermometer be lens of such focal length that the reflected imageIt is also impotant that the hertnometer be of tile vertical filamento ih orei oue
immersed to the same depth in all experiments, so nt of a lit source is focused
that its contribution to the energy equialent of on the ground-glass scale., fhe bridge current is
the calorimeter will be the samein al experiments, adjusted so that with constant thermometer
and so that the temperature distribution along the resistance a change of 0.001 ohm in the bridge
leads will be the same. I The NitS calorimeter Is located In an air-conditioned laboratory, the'rihe observations of the temperature of the temperature of which is maintained at about 25" C. The Jacket tempera-

lure L 4 always maintained constant at 280 C andi the calorimetric experiments
calorimeter in a botnb-calorimetric experiment cover theraine from 251 to 28' C. Ifroom temperature Is not controlledl the

stanlard ternilerature of the Jacket should he taken high enough so that ItIlUSt be imade. in Stch lit manneritas to provide data will Ie aiove room temperature at afl seasons. A Jacket temperature below
from which canl be derived a value for the temnpera- that of tho room is utidesirable as It may remst In the condensation of wateron the calorimeter, the tltlthd temlporature of whiclh Is 31, C below that of the
ture rise corrected for thermal leakage amid heat Jacket.4 Lamp and scalet dlvie~s for Indiclating gal vanomeoter deflecetton atre avallable
of stirring. The following procedure is for a corltrtu'ially, mid tar Os sattisfctory as tho devie described here,
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st'ttillg CalliiSe U gildIVlol0ijet,'r (l('1lect~joli v'Orre- last dialti. B' tili, st'eoiitl po)sitino 14 11 4. fii it'Jnvi)
sp ridtgt, . 'i iijlntIUh or the( fillamlent imailge is x 11111 to til lie et: i ig i

oilag 01Ilie seltle. 'I'lis i.,i equiivallent to it dis- 011"giuiill rel'alilig, the tilt, rvIt lit' ft,,to ofg 1 I(. 1)111 lrt
plaicemfenti of 2..- mnt pvti s~tep Htt) tit Iit.lAst dial1 or sholild be iviereased (or- decreaset I) by 0).0000i2.r.
filie bridge, ix.,~ 1.) 2.5- nu11 per1' nitill idegree. This ohni to (ibtait'l I lIe( read 111" VO('Oispondii tI-'Io
.selisit ivi v is dit ll lki I)%- reversing- thel clir1retit tille een.I minliute. F~or examplte. if thel( reaidner

ltoil h ~ilt 111 i)tr'tght r esl ofi tilit- bridige is 27.39.56) oiitis 111i0 the( 111)1r
4.1111it.ilaeII nl pst ion if dw fltafnmenit inlimpe. The W idl lower arrowvs in figure 2(a) represent thlie
soeluti vitv u, slieli- 11111 wheni 111v bridlgt' viln'relii initia l and final positions, resp~ect~ively, of tithe

~ I ves.' 1 d spltt'l ii t o li fiaiiei nuge filla men t. i iimve thenl tilie correcteti reaoiign
bit. 0.5 ann tv ririý'po llds to 0).0001 toll (0.1111(( 0010)1 . thle b ridge tit tlie( (,%,etif mimiiite wouild be 27.395638
1(eadI nig tilie bridge lIw ob servil"tigtlit' olefleet'io) of ollimii. Oil the other hand the sitilation r'ePrt'.
Itie ,If I V21101iN iflee WIen t I Wt I ridgel ('r11 itCII is sem SlteE il figniit' 2(b) for thie same setting of tin'
DI''Vt'mStld flot ofilv iliwel'eses thle si'Iist ivitv b il I biioge' iliails VoiUlol coirresponid to a ('oirc'd'(tt
Iilso reduiet's thlie 4ll"'t't ofulaie inl tieglvit,- iomli- brdn-ingtdm of 27.395561 oluns.

gIlvillionlieter~ht':.ivll. till' bridgt'i 4t'mirenit is rqt've'sc'd
itneit lvazssitiles tha mtil In' lsist ail' of lthe thleriilomil-

Iilli e ui ~io'ittlt t'Xp(rillii'lit ilit' r'tsist -
ll'eof tilit, lierlilloolieel is uisually elniiigiuig"

w'ithI lil'int. Il till' iuiit il I vtriotl for ('xii iiplt' I lie
i''i~tiii'eof till- lim'iiiituinet'r. is iuuivil';isiiigfit att

rate- of aiilphrl'imiihtelY' o.0007 o(ilmiti/ii. (0.0)07' 0
onv- p(.. er iili: in?; sili reit 1 lilgkit'i ' itiud 1:1.. Ir Ca vnatL 1u.!tI tt Jyltinn'rvt!

tilleitne ofIlil. thlerlnoniet er to til lI' nIl ret Ve.Ft1Ii;2 ilrptt lutrlo oeo'ydinml- ~lf
11.6ooo0 (111111tit ii~tt'tvals of exaeitlv i min tions in reading braidge.

The~se readinugs Iun'l ma1de its follows: Tile
swiitch for reversing- tlie( bridgecn v'urrelit is t ilrowui v'tI i ie)'ltc 11 lS''Li at l lit
Ii I lIeII ( ine .( lol i sl W'Ii thallt Ifs I it' 1t etlh(l'i te iit't of an Iitiviplie vcm'h brnid ge reaid ing fairly closely i trir

the 'uilm'iut't i' * th imae ofthe ila nenttof l. firlst out' o1' two of it series, anid to ill't'st' dwli
lt' gi viitli' i ih hi'' lOIStoliI( ridge dilii s fot echul sulbsel:uemi t, i'eadling So 111111

lit'~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~il Clsiv'' 'gi h b'de~i~ leid-he aniilge inl galva nome(ter' oefleel iou li 1)oli ni'-
justetl oc('t'iointalfl so ats to keep till- filament versal of the ciurrment, will inot e'xceedl 2.5 nun
filagge slighitiy to* tilie flirt of its Zero position. ((flm) otil 0111101 0100050 C).
Thie tinie is olbst-'rve 1)'( v Iliitall of a 5stop wiateI 'I, As a i'esimlt of the Jpt'('imliuiary adjulstmlent of thle

()1' pr'eferably by nivans oif at combinat ion of stop) tli~litlr fIlewtt in h 'lmiiec'bfr
Wa teli amid audible second signals firom at staniiutdardilii ta dsmie i etin32b.i st
eltn'k. hue p)ositioni of the( maiaent, image is it' expe('ted t ha t. aft o'i assenmbing li e aorinmet r
obser'tved( to tilt, tit'itr't't 0..5 1111) at it time 4 scee til-tt ern peI'll tm't r will 1)e it few t'n tilis of ii degree.

is thro wne l ie 'Vulneiii 1114 lv Th po ''v'sition o switlh below~ tille desired initial tempel'at i'e. TheI'( tem-
isam t s observed agatin te~. ''i oit 4 eca ter o the eve )('at'lt It'e Should thenl le u'aised to a boult 0.050

iiiig sohtivtdaa i t C att tlt (Vf (10.005 ohm11) below tilie temnper'atur'e titt whmeli till'
minumte l and t he switch is theni thrown back to initial period is to start't, and allowied to dr'ift up

it mirtni lstin i ieaatoitt atriet- to thIiis t emper'atur'e as a r'esult of thermial leakage
intIsI If the' seconid p~ositionl of tile- filament; a id liea t of Stirringc. The observations of the
imaige k, (exac~tly thel samle as- tdie' first, then the initiiil p~eriod aire th'en made a1s d~escr'ibed iabove.
ga"llIvatnoi nett'r deflection onl the( even mniuilte w\as mrh. heating of the calorimeter' to 0.0.5' below
Zt1'101 and the reading of' tilhe bridge is cor'rect with liesatn mje'trli is.cneinl ltt
'/.t'i' ill till' next phiiet uifti etili- realding, of tilie by mevans of all electric hleater which is it perma-

____________ ient patrt of tile calorimeter systemi. Aniothieri
With ti(' particuilar coniruitioiin '.1 t~rtdg.'e.tlermnmni-tpr, gtiivanomtvt'tr, unlethiod whichl is fre'quen thy uilsell is to place a

etrurnti gIiL~ofti 3 tocin) vti~~les fiv eS'..14'iiity idlerrted A101.8 hit itht'irniti leimited br'ass rod (,' in. X' 2 in.) onl top of the
current 1.4 un~destirablet lm'eiatm-t (if flilt' tIncreased twietinsz or itie thtermometetr vaiot'inieter covetr. Thel rod sii eOe hog
31(10tt ttiCOnSeqJUtt inrv-:0.'i vurial1 In of I thermomten.r n'si4stttnc.'wit'-r hc k nomal CluosedRlii tt VaritMtiorlIn bt ridge pturret~t. A tt.vtot IO.lodislutirgo storalge tilttteri hole ( ill tile! jancket coeum~ 'i(l iumuycoe
is is tohlveni ent %ttlrlo' of itritluit' vinrent. I) V it brtass Tuhit Care i' ak-en to avoid hlavinwF lw hc h t~ildItljA' tetween the two ohscr'.alli to r (therlt'gIvaI t''i
nometle'r vlEectin(ivje'ittntit ()ti~it, frtw lwrlodt of it'w gamlvanomtett.lr. iThe I lit hitated u-o'd t-40me in ('Onltact, with ti lie jacket, and
realing timte of ain tindetr~ilain 1 inl v'nontit'trr with it relattiv 4 tltilt)jiii titIvr4~ '1w 1!-ietI. tile control or its t ern wrao,'i lii'.Otmrt'tit or 4t.m or 6.9 i-s rtipiit -vtiutd to tiie trots lierioti I 91
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]lThe abortv ilitristiciillh 1i1liv ie illustraiteod by ani Bridge readings niiadtl during the course of a
e.xample. T'lie aloriiietter tenllpera Ilv iebefo 'e, t 1p ical bomb calorimetric experimenit are given in
weigh inIg was ,adjusted to a valie such that after taleh 1, and 1'e shown griaphicidly in fig'e 3.
11-'II IlIlW of till- rih11orilniet er the th li"moneter rend- The values gixvei for retsistance repretent the ob-
ing wits 20.5 !-7.420 ohlins.Y BN invziis of liit, served resit"taice of the thernmometer minus 27.5
helted rod r(, to u lI)vy. the teillera tIlre was ohms. T'hle initial perL.d ext ends friom t--0 to
ri'is til tit,, l e iig of tile bridge was 2(1.5-+* t=(i miin, the middle period from t=6 to f:--18
7.465 ohms. TbI ron d was thehi re, moved, till- phlug miln, and the final period from tz-= 18 to t=28 rain.
r'pliced i , li tii the in tile jacket. and the calo- Ihie ('onstalncy of the dift'reences between consecu-
riiliit'ter teln 1)(1'1 t ' aillowed to drift upward un11til tive readiniiigs l in tie t initial and final periods is anl
tiel( bri(l.e readi(nilg, was 20.5-41-7.4701 olinis wheln indieation that the sy"stemn has attained a steady
tile radi(,ings of tilte initial periodt w're biegun. state. This is a necessarv condition for the aJ)pli-
Thi-se ure titatle onve per itinute ais indiciated cabilitv of the method given ii section l for (tdhu-
pre\'i s!y, hiting tile corrected teillpera ture rise.

I lnnied iai t elv ifterI, t lie obsory t litiI of ti t liii) i lI
period .. 4 ; .re 1 ui lletedl the clmrge of coniIimst iblh in 0.i
1114 bo)01) is igilite'd bv lle alis or till tiC fluse,
till, sensitivit \" of tit(. rillvanonieter is rduiceed by
rediiii the 'lidl1,ve cliil'llt to atout o ,-thhird of
its origiital vnle. ndl the obl•ervatiions of the

Itthlh, period tlr- beguni. hI iese tist hbe niao( so
rapidly thtI lther' is ill) tillie for reversilig the

bridgeo (' ulrt'it for eii(1h observa tion. Tile oh-
servations are a iadve bh -- tting the bridge' dials
successively nt .certathi p)redeternuhed readin gs and
olbservinig tilt- tiniis at which the galvaniomieter de- -
fleetion hieCoiiies zero. After about :; min the •.
rate of tempel)rl'at ur'e rise lihas deereased to such till
exteint that, the lridgv current. can be increase(l to "0
its original v1-hi, and tile pr'ecisc reuhdiuigs of resist- -
anice eac~hi nitimt' arv resiued. hel lis precise
reldiiligs 11rev voiitinuited until the rate of tenulpera-

ilre l(.liiige hits been viinstaitt for ait least 10 rain.
"Thl4e observntilis inade after the rat e of teilulera-
tur' c.hiingf. hlils b)m(lnlce onistiant colistituite those
of the liinal lieriod,. 0.5

T.•.nI. 1. Observations of time and thermome#',r resislance I I I
du''..my a bomb-calorimetric experiment 0 5 10 15 20 25 30

TIME, MINUTES

Time Resistmnce iitfrrence Time iteskai.te Difference Fiutmit 3. Bridge readings versus time in a bomb calori-
minutes minus X 1 f ininutes tiillus X 103 metric czperiment.

07.15 ohmis 27.5 ohm[Is

0.04701.5 I .714 0.7148 ]it tile particular experiment illustrated iii tableI 0,470178 3 7177 .714X

2 .47•14" 1 r 7.2 ." I and figure 3 the time readings, during that, part32 .47:0i ti .05)1r

.(0 "MO) 870 or the ni(hiddl period from f=6 to t=9 mnin were* IlI .7riF.ti
.4 I4i (6"1) i 1 .7t12744 .i• ,

,5 .47331 13 7 1. 143.50 nade by ninils of till electri timer whi prints
0 473W~4 PA ia 144 1, i

41.ti52H .49400 13 .'4u470 , the tilinel at which the operator presses ia buttonel1. 621l .51(g) I 14 .7t0WOR 2

6.+ CA 1• , 1:. 6 when lie observes the ural vanometer deflection toG 75410
6.75, .5' 0l .74'25 pa)iss through zero. '1 ills instrument is it cOil-Ii. 8"•4 .5700 I 1. .74153t
6.1)4 i .5!854 , .,V I itieice and wolll be an ihportant part of the

7.045 .OW wfij 21) . 741&.441 equipment in m(easureme'nts or extremely high
7.1i70 6W 244.7153
7.70 32 674 .41"M jPrecision. It is not at necessary part of the appa-
7.31.09 .kn•20 iii ,ti!s foi- measurements of the precision aiiiel ft7.,,7.4P .6w)0"' For2itl.....2 ii Iltl orlhid Il

+ 7+• .e(•'a~i inhe prlOcedhlres described in t his M[onographi. ]or
sichi p)recision it is also not liecessarv to obltain

,1 mits litii•" reiidihlgs in the lmid(lle period. It is
-suii ihent to malk(e three or foullr inleasril'eineits in
the range fronm 55 to 70 percent of the total tern-
1)eratu.irl rise, and to road the Liele to the nearest.

I1 Th bridge hitsaLi 24.5.ohmfl4 foii, wiflItIffit Ill I he' Ill., "'11, 30I.011I voll, Vie_ . second (or ti' nearest 0.0 1 inhin) b1y inlanus of ia

I11 the ilxli oh min rie ,ivir, (seeŽo flii t s, l Np w\ l t ,ih ,
8



Tihe corrected temperature rise for the exl)eri- e. Materials in Bomb
ment illustrated in table I and figure 3 is ealcu-
lated in section 5. A calibration of the valorinietcr yields a value

for the energry equivalent E of the 'systemi as iw-
ually used. consisting of callorimeter vessel, stirrer,

gwater, theritionneter, bomb, and contents of the
d. Firing Energy 1)omb at the beginning of the experiment. Tie

("dorinieter vessel, stirrer, mass of water, ther-
mometer, and bomb will ordinarily be unchanged

The quantity of energy used to-fire the charge from one experiment to another, and the crucible
is the sum of the electric energy used to ignite the and amount of water placed in the bomb will also
fuse plus the heat of combustion of the amount be constant. However, the mqss of the platinum
of fuse wire burned. Theo current for igniting the leads to the fuse, the mass of oxygen, and the mass
fuse is obtained from a small transformer with a and kind of combustible material may chenge
secondary voltage of about 10. The total firing from one experiment to another. The heat ca-
energy can be determined in a series of blank ex- pacitv of the largest amount of platinum wire in
Periments in which only the fuse wire is burned, the bom|b amounts to only 0.001 percent of the
in such experiments the temperature rise, of the total energy equivalent of the system, so tlht
calorimeter is very small, and the initial tempera- variations i'n the amount of platinum wire are en-
ture of the calorimeter should be) very near that tirelv negligible. The mass of oxygen in the
of the jacket. The rate of change of t.eml)erature tom'b is inversely proportional to tsolute ten-

in the initial and final periods will then be small, perature and directly proportional to absolute
and the correction for thermal leakage will also pressure. The temperature is measured to about
1)e small. 0.5' C at the time the oxygen is admitted to the

When a 2-cni length of fuse wire is used in the bomb, by means of a mercurial thermometer with
manner described in the appendix it has been its bulb near the bomb. The pressure of the
found that if the wire is burned completely 10 the oxNygen (about 30 atm=450 psi) is measured to the
firing energy is constant and equal to 5.2 c.l. No nearest 0.1 atm (1.5 psi) by means of a calibrated
!appreciable error will result from using this value Bourdon gage.
in any ease where the same type of fuse is used, The values of the energy equivalent E obtained
i.e., a 2-era length of Parr fuse wire wound into a in calibration experiments are reduced to the
helix and attached to platinum leads. The firing energy equivalent E, of a standard calorimeter
energy in this case is only 0.05 percent of the en- system consisting of the calorimeter vessel with
ergy normally produced in a combustion experi- cover, the standard mass of water, stirrer, ther-
menit, and any" error in the value 5.2 cal will largely mometer, and bomb containing I ml of water,
cancel if this same value is used for both calibra- the crucible, and oxygen under an absolute
tion experiments and measurements of heats of pressure of :30.0 atm at 28.00 C but no combus-
conibustion, and if the temperature rise is about tible material. In a measurement of heat of
the same in the two kinds of experiment, combustion the energy equivalent E, of the

The most serious error likely to be encountered standard calorimeter system is corrected for any
in accounting for the firing energy is that which excess of the oxygen pressure at 280 C over 30
may result from a short-circuit between the firing atm and for the heat capacity of the charge of
electrode and the bomb, either because of failure combustible.
of the insulation around the electrode or because The reduction of the observed E to the corre-
of moisture getting into the mica insulation inside sponding value of E., and vice versa, is discussed
if the bomb. This mica normally is wet by the in section 5 on calculation of results.
acid solution formed in combustion and bý the
water introduced in washing the interior o;f the f. Acids Formed in Combustion
bomb after each experiment. It should be dried
thoroughly before each experimenllqt, and the insu- Nitric acid is normally formed in the combus-
lation should be tested before attaching the fuse tio reactionfrm either
to its platinum leads. An insulation resistance of tion reaction fromrnitrogen eitherpin the fuel
less than 10 ohms usually indicates either mos- osmgen. If sulfur is present in the fuel, oxides of

tare in the insulation or sonie other failure of the sulfur will be formed. These are entirely con-
insulating material which neeos to be cimilated, verted to sulfuric acid if nitric acid is also formed.
s"niegra or ustneted for oestingther insilartion- For this reason, if the fuel is known or suspected
st rimient may be used for testiiig the insulation to contain a significant amount of sulfur, the air
resistance, initially present in the bomb should not be flushed

out with oxygen at the time oxygen is admitted
to the bomb. The sulfur will then be all con-",, Co,,itl5,,• loi , , t1w fis.' ,wl, ,si,,y ,ot, a ii ou ,It,, t, israti all IiiYi,, i'X.,. verted to aqueous sulfuric acid, and therefore toIflPIltz4 to sIls,iH15tcrll itst, fisisiss ,,,i.rgy), altlsnsssth It 155 prasc't 'iclly IIlwiOv, (0o111.

Is'St. wlhe'n it itiniph, of fil,, hn burntd fit th1 Imsint. Jllink oxitsrln ls ist a determninate final state.,,is ,ort,,N.,, u, of t,, s i, ,,, 'wire' is' lns'o,, tsls'' N,, s rejs t, Tr hliw 'Ple tot Id acid formed in combustion is deter-
it corrvrt 1(1mi for the lime' sts s w Ire' esotildIN, tip le' t ,~
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mlined bvNIl waliiig thle innler. surflce of 1111' 1)01111 blltb washling~safter. titiit ioul, lsitig-I 1ie ]rocI(lltdre
withi disýtilled wilate an td I itrat illu! tiii 'VLs-IIIImg'i (escribed in ASTM f Iesignatiii tin D1)29-S, 11
.1'auig st t0.1 iA' ia s odium tivdroit ile usim , meiv "Ili corcto fo niri ~i'j id is 14.0 kcallinole of

ontlie it, til ililicatr.acid fornied. If sulfur is presenti in thle fuel the
If hoti nitric anld stiftfit c acid"s are l'ou IlIed tilie totill acid is corrected foi. its if it 'were all nlitric

(total acid( is dot ('11lii tile 1 V litralt ( I I'is I )LfotP acid, and atn add itijonal c'irrect ion of 1 ,400 cal g
fu11( the sullfur. I" (eterliti14edl by 21mtak.'Zimig' I lIe of sulfur is* ap~pliedl.

4. Summarized Directions for a Bomb- Calorimetric Experiment

S1umi11tnirized direct ions wVill nlow Ile givenl for to tile oxygen c*ylindler throughi the purifier and
va'-iLYti lig ou it lbomlh)-calom'itliet ric experimenolt N~ithi tdilnit, oxygetm to 11 p~ressuire (of liplVoxiillift~ely 310
bemmzoic acid to determilimue thle etiergy equivadlent attni. Tile oxygen sliouldl be ildunutted sloNVy I'o Its
(of thle calorimieter. hdllowing" thlese (ilioctionls not to cool the copper oxide in thle. oxygen p;urifier
I hiero will 1)0 it brief discussion of tilte differences below thle temporalture at. whinch it wixll oxidize
ill proce~dulre jill ill exp)erhiment to dleterminile tile comibust~ible ili 1 )urities in tile ox-ygen. Close thle.
hleat of couliblist ioul of at fuiel. valve inl the oxygen line. and open~ thle. needle valve

oil thle homni), allowing tile oxygen to escape until

4.1. Preliminary Adjustment of Apparatus thle pressure is redluced to atmlospheric. Thiis
procedlure remioves ab~out 97 percent of the nitrogen

Observe the temI pe ratutre of the oxygen purifier in thle, air initially in thle. b)0b. Refill the bomlb to
Mnd if necessary brinig its telpnlsrture to 5000 C. the pressure of approximately :10 atmn, read and

(Can ion Thetemlperatur~e and oxygren pressure recordl thle. temperature and p~ressure, an(I ciscon-
shiould niev~er 1) allowed to exceed values, consist- uiect thle b)omb fromt the oxygen tank. Attach the
cuit wvidh saIfvty withl respect. to thle pos'sibility of binding post, (fig. 6(b)) withi the lead wire to the
explosive fatiluire of t lie puirifier. Thle inanimfac- teriminalnto thbm.
iii'er 's reeolinieneiuttionis regarding sakifety precali-
tiois, shiould 1)e adhiered to rigidly.) Add water, if 4.4. WVeighing of Calorimeter Plus Water
niecessnry, to fill thle calorimetter jacket 1)11t i, bring
its tv~il)(lpert ure to the( dlesiredl Standiardh v~ilue and Fill thle calorimeter with water, adjust. tempera-
Jptt tl w tliermostat into operation. (seeý Rec. 3.2.e.)h. ture of water, and weigh calorimee lswtr

described i!1 section .3.2.1).

4.2. Preparation and Weighing of Sample of 45 sebyo aoiee
Benzoic Acid

Immediately after tile calorimueter is Nveiglied
~\Inl ii p)oilaeya iiumto ~lzi carry it. to the jacket and place it in its proper

aii~ smielutii ecssOf1.o g~an (oPlrs pos'iton ill the jacket sp~ace. Place the b)0mb in
it into a p)ellet . Wveighl thle pellet lt it bat liice the calorimieter,13 put thie calorimecter cover' in

seilsitive ~ ~ ~ ~ ~ ~ 1 topot00 n duttlewiit f Jlace and press it down until, its lower surface is in
necessar'y, to 1.52± 0.01 g (see footnote 11) by cottwihhe aer Tesoerinss ul

scraping~~~~~~~ th )'lt.Caeul 0lOV ll Oi e perfortned rapidhly and as uiay as possible in
(leroel lell'toW aceid frothl tilie pellet, by bru~sl !iing the samie mianner arid inl the 5111110, le~ngth of time in
Weiri t, Leliet crulde oel ~t~le selfll, imluer baelaiicOf all experiments. Comnplete t he firing circuit by

fistOulpy iu tIeiifeplcn th 1)1( connecting the lead to thle. bomb1 electrode to tile,
beuizoic, acid 1in1o It, following t lie procedure b)indling Jpo~t pr~ovidled for this purpose (fig. 1. ())

(lOS~i~i~e~ ill5e(' i~l 3 2~aand connect tile othier leadl (already attached to
the other binding post) to tile calorimecter vessel

4.3. Preparation of Bomb by mneans of tile clip shown inl figure 1 .(d) (see

Tes inulaiot rvistiic. I les ttan101 nippetldix). Close . tile tjacket. cover' and connect
'les inshltiou esis alce. f les tan ItP~ the caloriniieter'stirrer to its drnivinlg shiaft.. Mreas-

011111s, dIry umlica 6ir rep~lace cone inisulator tire the jacket. tenmperature to (1.001"' C (0.0001
Attacht fuse wvire to plattinumn lea(,s as, described ohmil) bly inieans of thle bridge anld resistance tho(r-

ill thle alppendi.X.'- Measure 1 .00 emIl' (of dlist illed Iltilllitt:',, 11111 e Cll V( teoehe tiliermilolliitei' fromt the
wvater into the 1)01111 by niiiais (of at burtet o1' p~ipet. jacket bathl, drly it., alnih putt it. ill p)lace in thle
Attach tile crucible to its suJPpoirt in Such a1 m~annier calorimeter.
that thle, fuse is Itearly I ouch-iltug tile pellet of beluzoic.
a cid( and (1 1sciub1 le tile bomb11. Conlect( t tlie bomb11 0' The hontt sh tultoitt l ~oweredl Into thle valoiniel hIr witbont toitchina thle

tie liottii h cotlii liti hung tni whieh eatu lie ni41toveid aftter the boothl is Iin place.
IThe sIt.niuil tltf inns ( 4tif N lZC Midci SIMONti hie SU11(I1 S to gIlVi aI ti'tll ~er. A hook ninfl of wiecep or imruwu orntiltchrome roil about i Isit. Ili dtameter and

tnre rise Of appiroximte~~ily 31' (1. 'AFl1 I.s %%i itll I t' Wit 1ii .01 g or het, Litwto the formn sliown Iin fig. 41(f) has hom'i fotinfi satisfactory, for this pur-
lie standiardl mass. imei witl ItillI I 'arr boinlt. Theu hooked ettis Oft 1wi roil are Insertedl Into holes2 It Il may hie Collvetitet I to ito t IIIs whIt vlle w tItnig for I hli' lit I htintenti oir t ell, I,. Oil OliplOhilI' tiltS Oif Ithl' SCrOw (111 Of fil I he om , tind :re enlly retnliveit niter

i'rsturnefintillilritl itt III fll,' Ieilatwev calse Itn coniveiii'c whh sell I iILl tilet li lt, WHe b tist Il inmiave. The lnititotit of wiltior whii'h adl hems Io the hook when
saon, 1)iel of C0tutbut1s ulill'. itls wiilhitrawni frmt~ilt , I i'r oritnietet Is nwtiL t ii,-.
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4.6. Adjustment of Initial Temperature of The pt'-OCedllire ill it 11leIlSUre~lnent, of hieat of
Calorimeter comibustion folldws the samei step~s outlined in

paragiraphs 4.1 to 4.8, with certai 1211(iflfl'Ctnces
Adjuist the calorimleter telilperatulre to 0.05' ill individitlll~ ste1)s 15is Iinliclted below.

((M.005 (211121) below thle Starting teiiiperiitiit'e of tile 4.a.PertinndWghgofSmlofFl
initial Period(, 2122(1 nllow it to driift. 11) to tile stiil't- 4.a.Peraonnd eihnofamlo ul
itigr t enipJerattire Is de(scribedl ini sectiont :-.2.c. If tile inahteritill whose( hieat of (.0m1)ust ioln is- to he
Tie startingr teinperat tire (ini calibration exjneri- (e(1tiieIit ulceil oioa~elt il
Ii('tlits) a iways has thle sanIioe vaille, which 1s No wih teci nicbelVtemt101o
cia sell that, the filifil teliulwratulre of tile vtab- duiti i ll 1 esci'i bedl lniv iotisly, decrease

l~i ilteraftr cliih~st on illhe tor refraby tah1 weighlts on the pzitui with thle ('I'rilcilC by
few hun11(lredtlus of a legr-ee below, tilie teiiipt'ratlliP lie ties i rediw'gi of samllple," anld add the
(o fthe jalcket. liqtfid drop)-wise front it pipet. until t he weights

1)il 1115supe1)115(r2i1lvaac tile tare weight on
4.7. Observation of Temperature and the 0p)1)osite- piml. Or-dinarllily this procediure will

Ignition of Sample Mid1( Illore( thaInut1lie desired weighlt. of s11mple)I, auid
lie excess may11 w reni-vloved, forl eXampleI, by dip-

A fir te tiiilenit ue ofI le cloriete I as )iio4 th lend'1( of at flne glass capIillarty into the

been allowed to (drift up] to thle st art ing teni~i(a- liuj nti. Great care-( shouild be taken (luring theio
tiie, make wid 11(1 eord( thle reading"s of thite21(1 itoluto ofIiesulle jt lie crcbean
teitip~eratire (of the initial J1eriod each inhitlute. i ia in thefnla115-itto h egtt

(lecniiedin ectiou3.2(* Iu~tl~dittd a leriw avoid get tilig anly of th aIto 51u1le oil the otltsidit
lastcried~ini ofctheioni 3.2.l Immedfiatetlyt (lafter the of th eleclicilble. . The fitial weighing of erticible
cIasiredng the irith through thero fire tine chalie bony pills salilple( is carlriedoli onitas described inl s('ction
Obser-ve the atlilileter ill t his circuiit whenl tilie
o'lilarge is fired. The reading of the alillitieter If the itatter-ial whose heait of comibustioii is
shioilol' rise aibrupItly to aboult 5 ?1ia I)mpiad thieti dropl to be d('teriiiiined is at volat;O, hieliquid, the eniclosuire
titl ost i list atitly t? ZeAro. IFaduire of the ca-lentit o the samlelI inl a glass bullb (a~s (lescribetI ill tile,
to doln '1t illniedliiitely indlicatesai short ('irc'liit 11iid III)pcildix) and the (leternfiiniftion of its wih
Ie I(. cilr("oe will TIroImblyl nte 'litdoiifts (ais described in sec. 3.2.it.) will ordinarily have

i~llted ile estit, o th ee iglielt wilb (ill el1.0 beeni donie p~rior to the beginning of the cal~orimnet-
igtiite~~~~rl tesim is lIe ieul ofei thoiermn llbei rrr .t

by an1 tIinkiiowniitinlomiit becauise of the e'xcess riimauemns tistnno necessai-yt
lcticl aks lae I~l~tice thle bulb[ ill the cruclible beforle starllting* the.eivtrialeniergy. If lie iuifito taks pac

uiniilv iukeadreodt i osratosof li olredt(hiI'e described in sect ioni 4.3. and 4 .3.11.
Iiiloldl(' anid fiuial Iperiodls as (lescribied in section
3I.2.c. After the end of the finail per-iod remove the 43a rprto fBm
thlermoitieter from thle catiorinieter, insert it. in the Th r oeli heist('am ashadscie
Jacket btIi tah adneviii-easi thle tetinperatiiie of this illetoi43ecetta fdesapecnI n

liitlito0.010 Ifth tOi~l~elltlr (4iii'o tltlp- suilfuir the air inlitiailly ill the bomlb is nlot, flushed
uieit as een(u}CIat ag ~i'p~ry li jakettetl- out beforev fillitig the bomlb with oxygeil. If the

* peu lre houd riiiin int at. o 0005 orbetten sam)l( does not" cotit iiu sulfurl tile air shoulid be
(fil-ill tillg i exiper1ilnenl Ifluisiteo out ats described in section 4.3 by filling

the bomib with oxygenl to :30 atmil, al~lowing" the
4.8. Analysis of Contents of Bomb gats to eselipe Iuntil. the pressure- is redulce-d to

aitilojIli~ei'ic, Iii IO t'lieii refillinig the born b to :30
RonIove tlie bomib front thle eahlo-rimetvir, ([I.% it. iltril. WAhiei-t'ile sampile~ is eitclosed l iti gitiss

openI lit nede valve anid alflow the gais to escaIpe biulb, iirliiia tirie bivalkiigC of the builb wheni the
lit aint I'le such us. to r~uc tll lie Pssiino' to itt lios- pressurel is first ra i1seol to 30 tii iii ciiii soniiet iues
lJhIcric inl not less tliiiui I m1iii. Thenl openi th e IWe detected lby the odolo of tile fuiel ill the escaingil"'
bomb 2210 (XU ftinihie tli it iteii or for iinii i rtiwl gus Whe theI lepessa lre is r-velused .
(11il*1)oii which woluld imiolicate iiicotliihlete coinl-
buist ion. If mlore thlia ii slighlt tralce of' till bnittil-w 4.6.au. Adjustmenit of Initial l'crprnititre (if
Ciiilt'oti is founid thle vIexpeil metit shoulld he rejected1 aormee
If l 120 appecialble amilounlt of 111iii e cilraco I (iIhOi i III (lt, cise of it iionvola tile i q uzid where t ile
fountd witis till init erior suirfaces of thI e bomb with weighitrI of s011 ple is sluchI as to giVe It t~eIJent 'rit lure
dist illed wiat er 2111( collect thue waish inig's (4 m111l i- rise e(Ilnub to 111t. l iii . vilib Iitba onl expen'inllei I
tia i vvlv inl a hen her. Th'le q 21121 1ti y of the wilshi- thle IIdjilistilmen I of the io' iitiald oi11iloriintei' tetupewra-
rigs sI oiold )im-fenltII ' y niot exceed( 15!0 fill. '1) t iln is cii-rniedol 012 ll the stiflit' 111221111. itse d(o"'Scri l)'(

trllt e thle wns1 ihigs agatinst at 0.1 N soltidion of ii svetiotli 4 .6.
N 21011 using inet hiy 02.11 ge as tI liei i(litit or.
C 1I(.,l I IIito t iet]le -ornIec I io I forI IitIant i liic acide-T ow as o do 11.si 111 vI.-lnsIt J v, II M 141 lvf q sli
SrtIih)2(l( ill ec~tioll 5 ()Il oiilciuhii 1tioll of n-suti Is. 1.b2 .l fit' tr ii, ,~2 i tii2' s ill Ill, v:112 1At,iII 1'1itIiithhi.



In the case of volatile samples it~ is dlifficult, to 4.8.a. Analysis of Contents of Bomb
make the glass samiple-bulbs sufficiently uniform i h apecnan oslu olwJiOC
in capacity to give the samne temperature rise of (lu he dscrimped isctaions 4.o sufu tolle sa pleeo-
tile, calorimeter inl all experiments. Select tile taiisslfu ite therbe bobwsingscin48 ftesatoldeter-
initial temperature for each experiment so that miine total acid( is descrihe(A in section 4U8. After
tile mean of thie initial and finial temperatures of this titration analyze the bomb wvashings for sulfur
thle calorimeter will be thle samie as in the calibra- using the procedure described in ASTM Desigrna-
tion expe-riments. tion D129-.58 [141.

5. Calculation of Results

5.1. Calibration Experiment Q'-ý-6318.:3 14-10" 2o.F0 (13-3 0Y+ 42 (!3\
(a11Iculat( a value for the energy equivalent E I. V ' / \v /

from tie data of eachl calibration experiment, nIu.sIn' tilie following formlula,: +30 4 -2

E= Q, X -111 -r( _c where 1P=iiuitial absolute pressure of oxygen, in
at atmospheres, at thc temperature t,

where- Q,= heat of combustion of benzoic acidl in n,=weighit of sample, in grams,plcdi
IT calorie-, per gramn under the con rnV=we1ight in grams, of waterplcdi

diiosofte xprmet bomb before combustion,
ItaWegit in ai, otin gxpraimnt. ofsm-eo=intcrnial volume of bomb in liters,

b*- eigzoii acrid guram, f apldo t~ temperature to which the combustion
c = correction for flrilir energy, in calories,.ecini eerd ndgesC
C2= correction for nitric acid, in calories. TPhe temperature to which the reaction is referred
at= corrected temperature ri.;c of ealori- is here taken as the final temperature of the

metrinDegesClis(rom) calorimeter. The value of the energy equivalent

The value of E will be in calories per unit of thle E' obtained from eq (1) is then that of the initial
temeraurescale uised, ezg., in calories per de- C, calorimetric system at. the mean temperature oftemeraur thle calorimeter. By thle initial calorimetric sys-

or calories per ohmi. tem is meanit the systemi before combustion of the

a. Heat of Combustion of Benzoic Acid benzoic acid, i.e., it includes the benzoic acid,
water, all(l oxygen in the bomb before combustion

Thle certified value for the heat of combustion takes place.
of the present standard sample (391h) of lienzoic For exam-ple let thle following data be given:
acid under the standard cond(it ions of tile boiiib
process Is 6318.3 IT eal/g ieighit ili air."~ Thle Volume of bomb,
standard conditions are: V =-=.:380 liter

A. The combu~lstionI reaictioni is referred( to Weight of benzoic
25 C. acidl, m. =1.522g; m,/V=4.Olg/hiter

B. The sample is burned in a bomb of constant. Wright of water
volume in puire oxygen at an initial p~ressure of in bomb, m, ==1.O0g; m'/V=2.63g/liter
:30 atmi at 250 C. Initial oxygen

C. The number of grains of sample burned is pressure z=30.8 atm gage at 25.110 0
eulto three timies thle internal volume of thl ia eprtre ':31.8 at~m abs at 298.70 K

bomb in liters. o aoieet=800C312D. The number of grains of water placed in theofclrmtrt2S0 C31 0 K
bomb before combtust ion is; equal to three timesOxgn rsuc
the internal volumeli of the bombl in liters. 301.2

If thle conditions inl the experiment differ from at 28.000 C, 1P=31.8X -29 8tlie standard conditions A. B, (' , andl D above, '.
the value of 0, for thle heat of combustion of =-=32.1 atm. absolute
benzoic acid1 undler the actual conditions- of the
experim~ent will be obtained from thý following Substituting in eq (2) we obtain
a~pproxi mate equation, wh~ichl was derived inl
accordance withi t lie procedure recommnendled by 6318.3(1 + 10-'[20(:32.1 -30)+±42(4.01 -3) +
Washb urn (18]:

"I#The value far the heat of combhustion of henzoleaeIt s given here In IT 30(2.63-3)- 45(28.00-25.00)])I
ralorlee per grmni %-eight In iiIr nvailnst brnss weights,~ the densities of air.
hram. anln 6,.nrnle nei'I Iulrig tnkcei ,,q niniv.()l, s.4, and 1.320 K/enis, respecC. =60317.9 emil/g in nir.IveY!
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b. Correction Terms ct and c2 It mO.4739ý7+0.63X0 29143=0.65757 ohm.
Tile correction ci for firing energy is preferablY

determined in it series of blank ex perimients as deC- Referring to tal;!o I it is seen that this resistance
scribed in sectionl 3.2.d. The use of the value is reachied tit a time intermediate between 7.17
c,=5.2 cal will not lead to a significant error if and 7.32 inm, and by initerp~olation we obtain
the fitse is a 2-vin length of Parr fuse wire wound t 1=7.227 mini. Tile corrected initial and final re-
into a hieli-x and attachted to platinum leads. In sistances, It', (corr.) and R,, (corr.), are then ob-

somecase a reatr lngth(5 c ormore of tainied by aipplyinig corrections to thle observed
fuse w~ire is attached to electrodes whichl are located rssac tt6adt 8m sf1os'
a short dlistance away fromn the crucible. In such 1)(o)+Q-6
cases the fuse may .not till burn, and thle. firing ,(or)Ra(b)r.6
energy will le dlifferenit ilk differ~ent e'xperimenWlts 0.47397 - 0.000637 X 1.22'7- 0.474752
depenidinig upon thle lengthI of wire burned. If oia
this JprOeed(Urt is followed, tie length of wire
burned in each experimenet mIust be dletermineiid I? (corr.)==R1 s (obs)-r.,(IS--,)
and thle correctioni c, miva be taken as- 2.6X>L
Calories, where L is tile length of wire burned. =0.76540-t).00006\eXlO.773=0.7-64689

m ezitinlieteis. oh01m1.
'Ihie correction c,. for nitric acid is 14.0) kcal/m11ole Tl lfi"4ilrssac orce o hraof nitric acid formied, or 14.0 N eal/cin' of sodium Thecan-ge i f rstistnerr ecte for the rma

hydroxide solution of normality N reurdt
neutraize the acid. Thus if24c 3 of 0.0987 N R cr.-,(or)0748
sodiumi hydroxide- is requiredl to neutralize t~he' -0.47o4.)-2=0.28993707o46.
nitric acid formed, ce-'2 4X~14.0\ 0.0987=3.3 cal.-0475=.S9 om

c. Corrected Temperature Rise Practically the same result would have been ob-
tained if only three readings had been taken during

Tbe calculation of the corrected change in re- thle periodl of very rapid temperature rise, say at
sistaitce of thle thermometer in a bomub calorimiet- R=0.6300, 0.6600, and 0.6900 ohlm.
ric exl~erinient. will be illustrated by carrvinrr out This result must. lbe Corrected for errors in the
the calculations for lthe experinient in Nv~icfr the bridge coils by atpýý)Mlyg a Correction equal to the
dlata ,iven in table I were obtained. As statedl algebraic sum of theiý certificate corrections to thle
in section 3.2.c. thie initial. middle, aind fintal peni- coils used in obtaining Rig (obs) less thle algebraic
ods in this experiment extend from t0O to t==6, sumi of the corrections to the coils used in obtaining
t.-=i to t= 18, and( t= 18 to 1=28 mini, resp~ectively. Ra (obs.). It is evident that it is not necessary inl
The observed changeI in resistance of the tlicr- this calculation of the change in resistance to in-
monieter is takeni as the difference between the elude corrections .to coils which enter into both
bridge readings at t=6 and t= 18 mm1l, namely, Rs (ohs) and Rig (obs). In this case such coils in-
0.76540-0.47397=0.29143 ohuni. This dlifference elude one of 20.5 ohms and one of 7 ohms. The
is to be correctedl for thermal leakage and hecat bridge correction in the experiment under con-
of stirring. (C orrect methods for calculating this sideration was +0.000029 ohim, making the cor-
correctiono will be found iii reference [31 and in a reeted resistance change AR=0.289966 A~m.
number of the referectice there cited. For the Resistance of thle thermometer can be converted
accuracy aimed at in this mianual it, is sufficient to temperature with the aid of thle formula or
to use the following procedure which has been tables accompanying the NBS certificate for the
found( empirically to give correct results within thermometer. It is somewhat more convenient,
about. 0.01 percent of tie total resistance change. however, to compute a table of factors At/AR
We first calculate the average rates of change of which when multiplied by the corrected change in
resistance r, and r.. in the initial and final periods, resistance AR will give the (desired change in torn-
respectively. These ar-e seen to be peruture At. Such a table may be calculated as

i ollows. First the temperatures corresponding to
r,0.47:197-0.47015 0A003)2=0.000637 ohim mint certain given resistances, say R=27.5000, 27.6000,

6 6 . .. -28.5000. . ., are calculated, using the data in
the certificate for the thermometer. These tern-

r2 076060.150 0.006=0.000066 ohminiin. peratures are then substituted into the formula
At I

Next we calculate from the (data of thle middle a/?- F 8+J 25t (3) 17
period the time t.~ at which 63 percent of the ob- 1?OLl h 10067oJ
served resistance change has taken place. The ne- Isliesiscimices are read to I in the fifth decimal. The calculations are carried
sistanlce at t,, is given by that. at the fintal reading one place farther to avoid errors front rounding off.
of tile initial period (at t=6), 0.47397, plus 63 per- UStrictly srwaking, eq (3) givyes the derivative dt~dR. This is exactly equal
ccitt of t lie o tmservt-d resistance chanige. In other vera-lut Of the interval. if as is customary, the value of di/dR corresponds

to tite mean resistance of a Anite Interval, then dildR Is not exactly equal towvord s 4114R, but the error Is entirely nellIgihle.



Where Iu, a, an~d £3 31T ('1taoitS ('it~~Vt'f ill tile Cali-
bratioti ('ertificlitt for tile 1)artiettlar tlrernioineter.
[lhe valutes of R? ntii tolreqj)ofldill"g valules of L

4ftAI? aCulat eti fi-,11th ii tl' ove forirla tili ac ta111)1- where r, and r. atre (lthe average rates of ch1ankgo
hatd. Fli' alu o A:'.SI tous i t'ltiilt lP of resistance ' inte itnial antd final periods.

theiOtC vorwed Ivi'll IWI i t Ilrrite lit[ .I 1 gi-el c xil~eri- respectiv ely, aIitl R?1 Mitt It tire thie observed
iiit'i t is t hat 410iie51)Witiidlig, top th lit- nali of thet resistanices, at tire mnid-pouits of these periods.
c'orrected ttl hut ilL 11ii4 Iiiil ''ill1 of R? fortWhit ThusL, usingr the datat of table I ait the berginning

('Xf)'ri~it'IiI. tor -iat' _f N/l mistuilt-it front of this section (5.lc0:
theit tab1lelt. by I fit ' I' lt oll If li t't'fs521 1 . lor ex-
auliplr, IIiI fit' t'xalillle given a.11ti%-'.Itlte val tie. of0.06-.006

\R A)? ued 'littild he t I lat I (oirts-poilditilk to Itlthek 0.063- .0000 0.001944.
IlledIf Of 27.57 )- 11, I em li. Iand 27.-5-: IR (vorr.) tio0757 .4

-. -. 7,4t;l 2 275 -IA;This quantity is it constant, of the calorinmeter
27.--:(.47475-o749 2n -2hould19 rean-onstant to better than one

-8. 119 o iltins.is percent in (different exj)erinfenti.

It is fonial I liii Atiý1A? ilivriest-Se by itouit 0.03) d. Example Illustrating the Calculations of E and E.
h)tl1-eitt for ail iliwrt-ilst, ini tempelral ftire of I tlec, C
k0. 1 ohtiti). The Calculation of E may be illustralted byV ian

It i.; hot Ilit'etssarY. however. to (oiivelti re-' exatinjle, using the follow'ing data taken fr'oni
Sistaziie to teilh~'lipertIlre. if (ltsirdt(l thie re preeedlilg sections as indlicated.
s~iiitact. chiaigr titli be t akenit s lie mteasutre of
thei teiliperaitlirt. cl~iill"I.. with theilt'e'rtigy (-(Il~iv- Weighlt. benzoic. acid, )?,= 1.52188 se 3.2 a)
idt'it E expresse-d ini ealoreis perOi' lii. TIt, h0a't of combustion of benzoic acid, Q.=6:317.9
Corrected resistance chtange AR (ol Ilis) in at ineus- Cal/g, (sec. 5.1 .a)
tireluelt of hleal of ('tIUtltstiOil 'WOUld then be Firingr energy (2 cml fulse wir'e), cl=5.2 cal (see.
nijuhtiphieti hv A' (vialories wer thili) to give tile 5. 1.b)
tlel'egVy (va'zirlets) Jpi'odtle('e ill tilt. Combustion Correction for nitric acid1. C2 =3.3 cal (sec. 5.1.b)
r'eactioin. Oite tdisd'alhfiitaglL of this procedure is'ctdmeisae hne AR=0.289966 ohim
thalit A' ill vilou'iv.s peru ohm11 t'lurnge"s mor0e for ai (see. 5.1 .c)

einteniý clthan doe. E lie cat' loltiitries terdereof ie. C orrected tempeirat.ure ('lianige , At=2.87462 dog
e~~l~t'i'iiI~e~tIn lal I~sAiitaoesprl&g''. C (At/AR-=9.91364)

For' Ia IZypliel 1)01111 clori'iiettr it. has bceen Oxygen prt-,stu'e at 28.00, P=32-1 atmn abs
t'lllCltIIIteŽ thlat thle chlanlge ini thet valtie of E for' (see. 5.1 .a)
fil ittereast' of onte degretM (0.1,om) ill tile mean Substituting the above values in eq (1), the value
tt'mperaturet of the' expe~'l'nent is Abiourt +0.03 of E is found to be
per(eent if E is e'xpriessedt in calories per ohim,
but istls thlan 0.01 percent. if E is expressed ill 1.52188X6317.9+5.2+3.3 338.aloi(ao'rs er de'gree. I [t'nce if temperatures are E=3187 a/h

expre.ssec in onims, then for it pre'cision of 0.01 0296
percent. the niiien ten1Ilpeiatulre of the calorimeter 1.52188X6317.94-5.2+l3 .3shlould b ketwtI iabu0.dere(02= 3347.78 cal/dog.be kpt.witin aout0.2degre (.022.87462ohm11) of someif fixed valule. oi- else thie valtue of
E, inl enelt calibiramtion experiment should be co'-
i'teted to SOIl('e stillidi lI-( temperature, and the To redluce the above values of E to tile cor-
mecant valuec of A', for' thiq standard temperature respond~ing values. of E',, the energy equivalent of
shouild be corrected to the aclitual mean temiper- the standrd~t~ calorimeter system, it is only neces-
ature of each measuiremtent of hecat of combustion. sary to subtract the heat capacity of the sample

Tli' g'eael'chage ithter )eatue o Fcx- of bmenzoic acid, and of tile amount of oxygen in
p~ressedl in calories per ohmn is4 duie to tile fact that excess of that required to fill the bomb to 30 atmi
thfe resistance of the thermometer is riot a linear, absolute at 280 C, as follows:
function of teiiiptratti'tr, i.e'., tihe fact that At/AR _______________

is ilot Conlstanit. CeIr C cal/ohmn
A Convenient chneek onl the behavior of tile _____________________________

calorimeter and the Correc'tness of the temperature obr, vale ...................---------- 3,317.78 33,18S&.7
mnciusirements may be ob~tainled by calculating lieu capacity ofexce~ss oxygen- (32.I-30.0)XO.077_ 0.16 1.6

the"t!oIig Coilstalilt, 1 , of t-( Haoice eatitcapacity of benzoic acid- 1.M2XO.29-. - 0.44 4.4
thiei tcolfiii b, ofteetoiee. value of ............................... 3,347.18 33,182.7

"1,Strictly speakingi. tille vorretioleel, to till the. coils used -djoulild Im- apluiled The factor 0.077 used in calculating tihe corr'ec-
In caloI1fain~fg tile Ulan'n villue of file tejisuntP. In miany ca~sm, however. tion for excess oxygen is the inlcrease in lieat.
thes~e correction Bre'to -nall to be -Signhifaint inthis calclatuieon and may capacit~y (in calories per degree) per atmospherehe iteriecfe'..

14



increase in pressure if' tlt'* bomb Used, which has The factor 0.51 used in calculating the hieat
an internal volume of 0.380 liter. For at bomb calpacit% of thle sailim)le is thle specific heat of
of volume V the core1SPonlding raittoi' is 0.077 gasoline 9 tit 26.5"C in caIIg0 C. The factor
V70.380. Thlt factor 0.29 used in correcting for 0.077 used in calculating the hiealt capaceity of thle
the benzoic acid is the( specific heat of benzoic exIcSs oxygenl is definled in section 5.1 .d. Both
acidl in calories per grant degree Celsius. Both factors are greater by at factor of 10 if E, is in
factors are greater by at factor of 10 if E' is in calories per ohmn (for it thermiometer haviiig at
calories per ohiai (fo~r a therniometer hiavingc a resistance of 25.5 ohms at 0"C). The heiat
resistance of 25.5 olinis ait 0' D capacity of the glass bulb (less than 0.1 g)used

to enclose the sample of gasolinle maty be negflected.
5.2. Calculation of Heat of Combustion b. Corrected Temperature Rise

Calculate a 'value or total (or gross) heat of Directions for calculating the corrected temper-
combustion at constant volume front the data attire rise are given in section 5.1.c. Thle value
of each measurement, using the following formula. to be used in the example to be given latter max'

be takent as 0.309617 ohm or 3.06943*C.
Q. ý'gross) =E>' Af-cl-cý,-e 3  (4) c. Corrections Ca, c2, Csin,

where: The correction cl for firing energy with a 2-cm
length of fuse wire may be taken ats 5.2 cal. The

Q, (gross) =total heat of combustion at constant corrections c2 and~ C3 are calculated as follows:
volume at the finial. temperature of The correction c~j is calculated as if all the acid
thlt, experiment, in IT calories per found~ by titration were nitric acidl, as described in
gramt. section 5.1.b. Thus if it required 14.2 ml of

0.0987 N sodium ht'ydroxide to neutralize the total
E=energy equivalent of the calorimeter as acid thle correction e2 would be given by C2=

usedl, in IT calldeg (or IT cal/ohm) 14.2XI4.OXO.0987=19.6 cal. If the test for
sulfur showed 0.0042 g sulfur present in the bomb

,It= correctedl temperatture rise of calorim- wvashings the correction for sulfuric acid, as given
ete-r in degrees (or ohms) in section 3.2.f., would be C3=1400X0.0042=5.9

cal.
? 3= mas's Of sample, in grams d. Calculation of Or (gross)

c,= firing energy, in calories Substituting the values of E in calories per
degree (or calories per ohim), At (or AR), Cl, C2, C3,

e2 = correction for energy of formation of and m, given in sections 5.2.a., b., and c. into formu-
nitric acid, in calories la (4) yields:

C3=correction for energy of formation of Q. (gross) - 3375X3.06943-5.2 -19.6-5.9

sulfuric acid, in calories. 0.92231

a. Energy Equivalent of Calorimeter as Used or

The( calorimeter as used differs from the stand- Q(gos=33186.' XO.309617-5.2--19.6---5.9
ardl calorimeter because it contains the sample of 0.9223 1
fuel and because, in general, the absolute pressure
of the oxygen at 280 differs from 30.0 atm. Both of these expressions yield the value 11107.4
The energy equivalent E of the calorimeter as used cai/g weight in air for the total (or gross) heat of
is obtained by adding to thle energy equivalent cornbustion of the liquid gasoline at constant
E, of the standard calorimeter the heat capacity volume. The corresponding value in terms of
of the charge of combustible and the heat capacity engineering units is
of tilt oxygen in excess of that required to fill the
bon'b to 30.0 atm absolute at 280 C. The calcula- Q. (gross)= I11074X 1.8= 19993 Btu/1b.
tion is illustrated as follows, taking the sample
of combustible as 0.922.31 g of gasoline, and thme The method of calculation is such that the value
oxygen pressure at 28.00 as 29.0 atm absolute: obtained for Q. (gross) is referred to the final

________________________temperature of the calorimeter, in this case
CAM c~ohM 28.10 C. Thle observed value may be reduced to

_______________--the standard temperature of 250 by means of the
Enery equivlnt ofstandard elotmeter. &....- 3,347.18 3.8. followving formula:
H~eat capaicty ofexcess oxygen, (29.0-30.0)X0.077. - -. 08 -0.8 ____

He~~t capacity osmpe_______........- .7 - "Taken from NBS Miscellaneous Pubilicaton M97 113) for a gasoline
E~nerg equivalent ot loelnactar as used, E- 3.347.87 33,IS&.6 having naAPI ravity of70. Values ofhetat cssIty of Petroleum Products

______________________________ _____ given inthis puhication for a temperature of9 F range from 0.42 to 0.52 for
API gravities ranging from 10 to 80.
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Q, (gross.25 (2. 5' (gr-oss. ' ( -.lit-25) (5• e. Calculation of Q, (net)

Where tilhe • Mu. of lith fialcl sI. I is 'za veli ill lilt( If tilt hydrogen content of die fuel is knowii thefolhm il. l.- ,.i vlute of the liet, lhitt of tconl|Ilib t ioll, 0, (net, 2.1"),(-tcan be calculated from that for 0. (gross) b-%

-means of thv following forihila [41:

S..... .... . Q, (net. 250 (')Q, (gross. 25" ('1--- 0Ii)i:,.C Pf,.u,(" I'A,,, tne- 91.23 (%'11)

1 .S n .72
14.7,, , 1',, Thius if Q, (gross, 250 (0'=19997 Btu:lb 1 and
v(1!11, ..%1 LN,,t. 4 . (%II) 13.9, we obtain19. lIm 1 'S9 1-14) 1411 1. 3+++

r.-I" .1ir Q1, (net, 2530 C)=. 9997-91.`3X3.9=
-J, 40U j .115 '20, i.X. 18729 Btuilh.

19•, 9+MU . l.IyJ 2AL.5 1. 65

If the hydrogen content of the fuel is not known,
Substituting tilt value of 0, ogross, 28.1' C)= an ap)proximate value for .0 (net, 25 C) (-ilt lIe

19993 Btu/I) atid the corresponding value .1 = 1.30 calculated from the following empirical relation:
fron the above table in eq (5) we obtain Q (net, 250 (') (7)

Q, (gross, 230o ==4310+0.7195 Q, (gross, 250 C).Q,• (grss,25 19993+ 1.30 X3.1 I

19997 Bto~l,. Substituting the value 0, ( ross, 250 C)=19997
Btuilb in this equation we obtain

-ish v-iuesc4A w,'rerc~r~dt.,,|:,thisipl~IQ, (net, 251 C)=-4310+0.7195X19997
fuels. ,d gt,,mis omygn und erlm,, domlr. wid liquid w,•ter. "rh s" = 18698 Btu/lb (approximate)
of oxyttEin ticiistiintl - ofd Oc',rtozs ,tiholkne anl w telr formed in t'Cnustiork ofunit rnass of fu~el were obt'onn~l fromn an ernidlril rmb:lk-n twt%%-rn Q. (rrtm)
antihydrtuntent. .1Wrfrrrnrrl.h Equation (6) is preferable to eq (7) for calculating(iltullb) ,il t... p,-riture trw ally' furl rMy IV1 r-alculated from the Mairzton
do:, (tru"Mi1-C'. (IActznts)-ht. (lducts). niet from gross heat of combustion, since the latter

I[ere K. rt.Aet uits) ,denottr tita hat erib.city at rconstant votune of I II equation is purely empirical. A fairly accurate
of lfri Plus the oxygen CO,,mi,-, In it, romtCIlont,. f1 '. (•,,•,k.) value of (%i11) is required in eq (6), since an error
denOtesl te he'4t CLlt'lty O IN' i'Oduc.s of €o ;n l o .one H)i'ind i4 fuel.
inhlnltding ttous tVt.t'n <ol0lo, 1 V ond l1'iuid wUt.r. In acuLiting K. the of 0.1 in this quantity introduces an error of abouthe'-At tntlm1t!tk'3 of solidS+ and 114111J41. ilmyI'U tv lr take as het ca•padttes at eml.Liint ClM.us. 0.05 percent in Q, (noet).
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7. Appendix

7.1. Apparatus

The major items of apparatus used in bomb- V
calorimetric measurements on fuels at the National
Bureau of Standards are listed in table 2. On the oR
basis of prices listed in manufacturers' catalogs at
the present time (1959). the estimated total cost • (
of replacement of the equipment listed is in the N
neighborhood of $15,000. 8D-

TADLE 2. Major items cf equipnint used in, measurcment
of heat, of comb,•ntiou of liquid fuels at the National
Ifureau of Standard. 0

Mueilk bridge. SeIt of weights for above.
Realstinue thertuorarrtt OOygten Iiw1&er.
Oalvanometer. Ietngwature controller So oxym
Calorimeter, Jacket. a", £hatrmo- jmrtfler.

$tat. Laboratory table Wo bittc.
Combustion bomb. II Laboratory bench. 0
Platinum crucibka and fitting i Pellet prrss.
Balance. Reducing valve. FE
Set of class M weights f14 abvc Julius uspensionu.
Heavy duty tbJLsacm

FiGtVa. 5. AtrrangemenL qf apparatus for admitting oxycn
The approximate arrangement of the calorimeter to bomb.

and accessory apparatus is shown in figure 4. The B. bomb: D. dryer- 0 pressure rage; , Nt. die valve: 0. oxygen cylinder;

reading station It provides support for the lamp L P. oxygen uliý mu It, reducng vire.

and ground glass seale S, as well as for some elec-
trical equipment for measurements not covered in a. Bridge
this Monograph. It also contains a convenient The bridge used is a special Mueller bridge
"desk" for use in recording the data of bomb calo- designed especially for bomb-calorimetric measure-
rimetric experiments. The arrangement of the ments. It is substantially equivalent to the corn-
"equipment. for purifying oxygen and admitting it mercially available bridge designated as G-2. In
to the bomb is shown schematieRally in figure 5. addition to the usual 10-, 20-, 30-ohm coils of

The arrangemnts shown in figuires 4 and 5 are the 10X 10-olhn decade this bridge has a 20.5-ohm
not necessarily the best under all circumstances, coil. Such a coil is useful in bomb-calorimetric
For example. tihe bench RE (fig. 4) is considerably measurements, where the change in resistance of
larger than necessary for the calorimeter alone, as the thermometer in an experiment is of the order
part of this table is used for other purposes. of 0.3 ohm, since it makes it possible to avoid a

The escential features of the various items of change in setting of the dial of the 10Xl-oIm
apparatus are described bllow. Items not obtain- decade which would otherwise be necessary in
able commercially. and modifications of corn- certain circumstances. Thus if the initial and
mercial ilvtas are dis.ribed in considerable detail, final resistances of the thermometer tre 27.8721

L

0 I 2 3 4 5
FEET

SFintnu&i 4. .lr,-angement of calorimetric apparat is.

SBE. bench: C. ct-,l•m,*rcr; Itt.I ridre: 0, galvanomneter; 1,. tight source; M. stirring motar: It, reodln• station; and S. ground glans racfie.
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and 28.1806P the corresponding dial settnigs with was hard so1lderedl a 11' in. platinum rod a
the 20.5-olini coil would be 20.5±7.3721 and cm in length. To the shortened crucible-si,
20.5+ 7.6806 aind the change, in dial setting would rod was bard soldIeredl a 5-ini length of' % iii

inolve only the IOYO.l-ohm and lower decades, pltnm-betvn 0.01 in. wall. The
If no 20.54ohmn coil were available, it would be rangement. of electrode. crucible support, crucil).
necessary to change the dial setting of the 10>X 1- electric fuse and 0.3 min platinum leads thereto
ohm decade fronm 7 to 8 tit a time wlieui the tem- is shown in figure 6(a) (valves not shown). An
perature of the ealorimeter was risin- very rapidly, enilarged view of the platinumll crucible is shown
l'lis would great ly inicrease the difliciiltv of follow- at (c) figure 6. The crucible is put in pince by

ing the temperature of the ealorimieter duingth sliding the split tube (,4i.3 cl)son ~ h
period of rapidl templerature rise, and lmight also right of figure 6(c) over the end of the 1Kin
involve a larger correction to the observed change platinum crucible-support tube referred to above
In resistanice of thle thiermnometer. until the fuse is iTearlyicottwihhe5l1ll

of combustrible. Thle split tube may be deformied
b. Thermometer slightly with the lingers to make it fit. the inl.

tute tighitly enough to 1)0 held in place lby friction.
The plat~inumn resistance thiermnometer has It TPhe length of the crucible-support, and the posi-

resistance of approximately 25.3 ohmns at 00 C. tion of the cruicible onl this support should be such
It is of the strain-free type ývith- cOil windlings vCI'v that. the crucible cannot come in contact with, the
tclose to thle wall of th~e enclosing glass tube. ft water in the bottomoftebm whnheob
was purchased uinder a specified requirement that is assemlbled. If thle crucible should come in
the temperature of the coil with a current of 1 ma contact with the water, combustion will lbe in-
flowing through it should not. exceed that Of thle complete.
bath in which the thermometer is imimersed bY
mo.r-j thlan 0.00030o C. Calorimetric resistance
thermometers enclosed in metal sheaths are avail-
able commercially. These are less subject to
breaka-ge thani glass-enclosed thermometers;, but
are sulbject to damage from bending the metal
shbeatht. such damage might not be obvious on C ) Rcasual examination, but could be detected by
periodic determination of the ice point of thle
thermometer. 

C
C. Galvanometer

The galvanometer has a sensitivity of about
0.2 puv/mnm at 1 in, all external critical damping-
resistance of 40 ohmns and a period of about 5 sec.
The dlamping resistance used is so chosen that the
-alvanometer is slightly underdamped. The gal-
vanometer is Iprotected from air cuirents andiU
a1brupt chiangesý in temiperature by an enclosure
madle of cork pipe covering (for 6, in. pipe) about ndW
10 in. in outside diameter. The galvanometer is Mf
supported by a Julius suspension, w-hich is very FIGURtE 6. Homib atid accesao,'ies.
effective in reducing, thle effect of vibrations.

(a) Biomb, showingt arrangenient of crucible, crucible suppfort. electrode.
etc. (Velves not shown, see list. 1); (b) Binding post and lead wire; (c) En-

d. Bomb larred view of crucible; Wd Platinum letui ilalenod at end; (e) Fuse wire
attached to platinum leads; and (f) noo0k for linndling bomb.

The combustion bomb 21 is made of a corrosion-
resistant alloy (Il11mm). It is provided with a Aspl fpaiu edwr swudaon
check valve for admitting oxygen and also 'with a tA seler)pl ofpatndcumiblea wippre isrouds arsoundneedlle valve for releasing- thte'gases contained in i t. eeetoeadcuilespotrd ssonIt s sale b a elfseLinM enen akt and a sufficient amount of this to reach down to the
Thie original bombh has been modified~ by replacing isu ondfracexrmet Th
the three supporting, feet furnished withi it thy newL leti fuse is a 2-cmn length of Parr fuse wvire

one ofmonl mtalabot 1 mmin eigt. hi (No. 34 AWG chroinel C) which is formed into a
permits freer circulation of water undertithe bomb. Jml ei ywnigi rudardaot00

The base-metal electrode inside of- the bomb, in. in diameter. The method of attaching the
an~lthecruibl-suportrodwer cutofflea. ' fuse to the platinum leads is illustrated at (d) and

lengths o arboe-utpr 3cfrom tere pontt of whichting (e), figure 6. The ends of the lead wires are first
lenterthe lock nbuts Tmfom the phointeatwhch l flattened by harnincrin gas shown at (W. The

enterthe ock nts. o theshor ene lectrodfe flattened enids aro then bent, and the fuse inserted
n ar i'a nstrument Couipany Ctalw.V. 1101. as shown at (e), after which the turned-up ends
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of the lead wires are hiainniered dtown with a small pcrature causes tilc rier'cury to make contact with
haniner or sqiueezedt together wvith plIiers to clani) at needle closiung all electrical circuit through an
thle ends of thle fuse wires. electronic relav 24 Nvhiclr shuts off thle current inl

The terminal nut attached to the electrodle out- the electric heicter in thle jacket bath. The ''bulb"'
side of til W l)Olhl was rep)laced byv ofe of tilie form TB (fig. 1) consists of ab)out :3 Ill of ""6 in-. copperW
shown ait (it), ligure 6i. The binding post shown t ubing w,%ith 0.01 in. wall thickness wound into a
at (b)), figure 6, has a split tube at its lower enld hielix arid so located in the samec tubular housing
whichk cm, be slipped over thle upper part of the as the jacket bath stirrer that the water flows over
terminal nlut, where it fits tightly so ats to make thle bulb immrediately after leaving~ the stirrer.
(rood1 electrical contact. Thre lead wire shown at The glass U-tubc and attached valve-for admnittin-

(1b), ligure 6, connects this binding p~ost to one Onl or removing toluene tire shown inl figure 7. The
tile c'alorimneter jacket which is connected in thle, valve huiss tubular openings at the topo and bottom
firitig circuit. This wire is soldered to spade-type for attaching thle reservoir B and the capillary
tel iiiinals at each endl, tire larger of which normally U-tube as, described, below.
is permanently attached to the lbiniding'y ost shown
a t (b). This wire should be so insulated as to
av oid any electrical contact with the callorinieter
v.essel. With alternating current the contact of
thre lead wire andl 1)0111 electrode wvithli te water
in the calorimeter does niot result in any appre-
-iable electrical leakage, pr.ovided actual metallic

contact with the calorimieter vessel is avoidedl.B

e. Calorimeter and Jacket --D

Th lecalorimfieter flow usedl for fuel testing is of
the typ~e dlescribedl by Dickinson [S8J. The calo-
rindere vessel is of tire! formi shown at (a) and (b),
fhmure 1 . Th~e calorimeter cover is in the form of
it flat ('ircuillr dhisk wvith vertical wall about, 1 cm n-
in height at thle edge. Thie holes o'P and 01, (fig. -

1(b)) tire surrounded bv mietali collars, abhout 1 cmi
hr~.The cover' fits tightly enlough insideC of tire E

I alorinieter vessel so that it is held in ii 1)11 by
frieition. Its lower surface is in conrtact wvith the TB

H--
" water of the calorinmeter. The calorimeter vessel
IF I supposrtedl inside of tithe jacket by jiis of sýtain-

less steel, in tire irianner described i Dickinson

'Tlie D~ickinsonr typ~e calor'imeter wxas constructed
in t lie NBS shops. There is at commellrciallly avail-
able "'submrarine"' calorimeter, 22based oir ii design 0 INCHESI
developed at tile .National Bureaui of Standar'ds
['101. which has been found to be substarntially Fz'utfxm 7. Valve and glass parts of I/erinaoslal.
equivalent, in perforimanice to the Dickinson cahIO- V, valve; TB, tube to thermn~intat bulb; 1i, tolueno reserv'oir: F, capillary

U-tube: Fn. et'fharuement'liti capillary:; 11, piatiuuini wire; L,, iecada to relay;rinietei'. ihe submariarne calorimeter is supplpied C, I'yrex tube; 1), brass car); 8. screw; and N, steel needle.

w~ithbout at t herino-st atit for tile jacket bath, so that
ita thiermir'stat for controlling tilie batir temperature The 1'yi'ex reser'voir B contains a supply of

i to atfwtouadho a dere mist be purchaised toluene which is sep~ar'atedl fr'omn that in tire ''bulb''
or conistiructed. TB3 (fig. 1)l by the valve V when it is closed. This

lie hrrnot at 23 used wvit It tlile pairticuilar Dicek- valve is opened when the calorimeter is shut down
insonl type calorimleter used for fuel testing is thIus p~ermiitt~ing toluenie to flow from thre reservoir
simlilar ti on r'iusly dlescribedl lV Osborne, into) thle bulb) as the bath cools. Failure to open

Stn isoi t1( Slgh 9]. It. congists o-f it "bul1b" tire valve when the bath cools usually results in
~.filled wit toluenie and conmnected to a glass cai- aim' being. drawnr into tire system tibr'ouglr tire

lary U-tube (1.5 mini1m i.d.) coultfamuilrfug mercUry. cap~illary F (fig. 7). Thre Pyrex bulb) 0 (fig. 7)
Expanisionr of tile toluenre as a result of risimig teum]- also contains toluene whichr protects tire mercury

(,'atlo N. i0,Pieso ý:,..**fl.* C.'. rhao Ill.. Thiq ca,,rai* surface in the cap~illar'y from oxidation. TIhec en-
cnt'retlmli.a imroe in-h( fv~jriuticlrntrv~v n: largenremit E in tire cajpihlary is larger in volume

ofthe Jacket 120'i. I
IJ 'vntpsrature-co'ntroi untilt, r'r which a c4;ttroil acurney of0.1kisll C. Is than tire mnercury ni tire capillary so thint no muer'-

Claimedu nrt' avniilal~d corynivre~ial. Numrourts othewr tentpcralsir.-con ntr cury wvill he drawnr iinto the mea' prsof'rdevices ur'' delec'i bed lin h liiteratutre. S",* hlr .'usrInl t1.' n1w aprs cited "In in a t, f tl
refc rence 1.31. l'oranny ts'mp'raturv-eorirM. unit It ib ftnixrrtant that lbsv rela. systenii ievleVi radetiiylf lsl
tive .. Isxal luzs of healer. 5? irrer. awrl ternifrsrnt ume-n cingr cetieflil Should hebuftlevleVisiavrety etcoe
ms shown In firun,! 1, Ihml I'. the Nith liquid hi iulil flaw frnin tit,! henler. Wxhren tire calor'imeter is shutt down.
throumhsu he11wtirrin2;rp l us nd i .. er t he te prma; rslue-sensitiv elscrnont 1,v
Ihe sli'rnte'l path peaM'q Ol'. 2' Ametrican Indrutnttentl Company Catalog N'o. 4-3OL.
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Electrical connect ion betwveen the Valve V andl asseanbled preparatory to ma ikii g an expeiet
the mercury in the. capillary U-tubeI) is pr~ovidedl by Tile othier lead1 wie froni th ilidn poseilile
a platinum wire [H, folon enoughl to reach fromi bomib (seý fig. 6(b)), is attachied to the other inner
the top of the capillary to near thle bottom of the U. binding post after tite bomb has been put~ in the
Trle uipper end of the'Nviie is flattened andl bent, at calorimieter aliid the calorimeter cover hits been
a right angle to the rest of the wire so as to insure put iii place. The two outer bindcing posts are
electrical contact with the valve. connewcted through1 an amnmeer and at switch to

The glass reservoir B and( the capillary glass U- a smlall transformer hiavin" it secondary voltage
tube are soldered into the tuhular op)eninlgs in the of Sor 10. rile switch sholi'd ne of thle momentary
brass valve V with pilre. tin fol-16Ni-ng the procedure contact. push-button type normally open except
describ~ed byV M-eyers [101. whent hlel(I closed by the operator.

To fill tile thermnostat with toluene the tube
C (with cap D removed) is connected to a large f. Balance for WVeighing Samples
b)ulb 0 above P (ait least 250 cm3, not shown lin The balance used for weighing samples of 'oinl-
figr. 7) by means of a short piece of Tygon tubing. bustibles is anl undamped Seninixicro balance
Somewhlat more than enough toluene to fill the (caipacity 100 g) having at sensitivity reciprocal
thermostat is p~laced inl tile bull) G, and some is of 0.14 mng per division oin the index'scale. Trite-
also p~laced in ti ic reservoir B. Air- c-anl be remnovedl balancwe isoprovided with at keyboard arrangement
froml tile thermostat system by heatingt the for adding and removing" weights from I to 100 ing.

''blb' (T , h.1 oaoi00Cadrpael Temperature gradients parallel to tite balanice
evacuiating the bulb G above the toluene aind All 11re redlucedl Iv covering the( walls of the
then almnitt-ng air. To test for air in tit(e system, balance case inside aind out. With alumninum foil,
air is admiitited above the(, toluene in G, the valve and by locat~ingc the b~alance where temp~eratuire
V is openedl. the toluene meniscus is lbrought fratlients in tiie' room aire small. It has b~een
into the capillary at F, and thle valve is closed. found, however, that b~est results are ob~tatined
If the system is free of air, moderate air, pressure with the lbalance when there is a vertical temper-applied( by month above thle toluene will not attire gradient such that thle top) of the balance
caulse a Movement of thle meniscus in the capil- case' is warmer by 0.03 to 0. 10 C than the bottom.
lary of more than 0.2 or 0.3 mm. The removal The weights used with the balance are high-
of air from the svstt-mn should be (lone before (raldle on-piece (class M) weights and were cali-
intrc ducing mercury into thle capillary. If air Eratc ,d ilk tile 'Mass and Scatle Section of the
is inadlvertently adhnitted to diw systern after "National Bureau of Standards.
mercury has been initrodluced inito thie cap~illary, For most purpose's a good analytical b~alance
the mercury should be removedl before attemp)ting would be satisfactory if providedl with high grade
to remove the air.cairtdwihs i poelue.

In preparing for a calorimetric experiment the clbae egtadpoel sd
jacket is first heated to the (desiredI temperature, g. Balance for Weighing Calorimeter
the floating curr-ent is reduced to slightly miore This is a magnetically (damped heavy dlit,"

tha enughto ainaintheten~'rtuie Cil- balance having at capacity- of 5 kg, and a senisitivity
stant , andi the valve, V is closedi. F~inal adjust- faot05mz u atlmpae vih~
ment of the temperature call he made by moving usf wioth0. this baane'tare of goolad quality u
the nieedlle N uip or (down byrotating the cap ue ihti ac r fgo ult u

P eltie o hescewS fi. ). h etn are not, calibrated. Calibration was consideredcurrenativ stoul be astrew So that 7.The hetng n l unneclessary since tile purlpose of weighing the
ouren perouds are aboustequa in lthatt. olfn calorimeter .-is not to determine its absolute weight,

The methods ofe abriuin tque firilngtladh trog but to reproduce the same weight, of calorimeter
The jacetho is biustratedine firiguread 1 twroug plus water for each experiment. For this purpose

metal rods, one of which is shown at. R, are cc- it. vase morant that the ae weights bemi cosedtanttl
mentedi with wax into tub~es T which pass through ii auailthttesm leghsb sda l
the jacket, so that the rods are insulated from te ties, but tbe konatctua mases fte egtsue
jacket.. Eatch rod is drilled and tapped ait each nedotekow acutl.
endI for a 4-40) brass screw, whichi is used to clamp h xgnPrfe
the terminal of the lead wire between the two h xgnPrfe
washers, It', thus forming a binding post at, each Combustible impurities in the oxygen tire re-
en(I of the( rod. The,- terminal at the left end of the moved by passing it through a cylinder containing
lead wire shiowni in figure 1 (d) is attached per- cupric. o;xide maintained at a temperature of
manlently to omil( of thle Hinier binding posts aiid the 500' C (9320 F). Thle Purifier 26 consists essen-
clip ait the other end of the wire (d) is slipped tially of at heavy-walled alloy-st-eel cylinder having
over the edge of the calorimeter vessel wliaen it is insidie dimensions of approxinmat lv 1 in. diameter

____________by 10 in.* lengthl and ('fpablel of withstanding
a pressure Of ait feast 2500 psi ait 5000 C. The

23 This mptho is tnot aiupplicahe to Porne tvivs or enoritnewieg~ o -xarnpir cylinder is provided wvith anl electric heater. It
Rlthnlnrine' caorimenters. rthe important fe-nur,' or the ,utod 1Is that tile
leaas rt In Roext thermal contact with the jacket. but art, --lectrit'aIly InsulAted
from It. Ht Atnericusn instrument Company 10112 Cntaloit No. 406-31.
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has inlet and outlet at opposite ends, and a well The starting material for inakii,, bulbs is soft,
for inserting a thermocouple for measurement of glass tubing 4 to 29 mm in outsid- diameter.-
temperature. The cylinder is filled with wire-form Approximately 2 cvi of such a tube is lieate(i in a
clipric ox,', .. The tenilperature and oxygen pres- moderatelv hot air-gas flame of al ordiiiirv
Sure II ,.e purifier should not be allowed to rise laboratory blast burner. When the glass becomes
above values consistent with safetyi. The manu- soft it is removed from the flame wind(rawni down
facturers recomnmendations regarding safety ipre- to a fine capillary having a minimum out side
cautions shouhl lb adhered to rigidly. The diameter of about I mm. This procedure is thenm
strenogth of materials decreases rapidly with in- repeated in such a manner as to leave a short
creasing temperature. section of the same diameter as that of the originol

The temperature of the purifier c-an be con- tube, its showni at figure 8(a). The two capillaries
trolled bv means of a "Fail safe" controller. Such are then broken at about their midpoints, leaving
controllers are available conmwrcially.2

7 The a piece such as that. shown at figutre 8(b). The
pressure is easily controlled by a reducing valve remaining glass-working operations are carried
attached to the oxygen cylinder, out witlh an air-gas micro blast burner capable oi

producing relatively small flames. Using such ai. Laboratory Table for Bridge micro burner the piece illustrated at (b), figure 8,
This table should 1)e large enough to accom- is rotated and heated by a small hot flame at the

modate the bridge comfortably, and of a height point indicated by the arrows, and is then drawn
which will afford convenience iII the manipulation down to 1 mm outside diameter. This procedure
of the bridge dials. A table 22 in. square by is repeated on the other side of the enlargement in
IS in. high is convenient for ulse with a G-2 brid'ge the tube, the final product being as illustrated at
as it allows space for batteries, etc (c), figures. This piece is then rotated and heated

by a small sharp flame at the center of the enlarge-J. Pressure Gage ment as indicated by the arrow at (c), and the

The Bourdon pressure gage used has a 6 in. dial two halves of the piece are pulled apart as shown
and is gradluated from 0 to S00 psi in steps of 10 at (d), figure 8, where the enlarged end of the
psi, so that it (-an tbe read to about I or 2 psi. piece at the left has been reduced in size by removal
The gage was calibrated in the Mechanical Inst-ru. of surplus glass. This removal of surplus glass isn Sasaccomplished by heating the end of the enlarge-ments Section of the NBS and was set so as to mnutli (fes n hnpli~ f ml
read correctly at. 450 psi. ment until it softens, and then puing off small

filaments of glass until an enlargement of the
7.2. Glass Sample Bulbs proper size remains. After suech removal of7S surplus glass from both of the pieces shown at

For measurements of heat of combustion of (d) a spherical bulb, not greater than 14 mm in
kerosenes, gasolines, or other volatile liquids diameter, is blown on each piece (fig. 8(e)). The
it is necessary, in order to permit accurate weigh- spherical bulb is then flattened on one side by
ing of the sample and to insure that it is all in the holding the bulb above a small soft flame (no
liquid state until it is ignited in the bomb, to primary air) about • in. in diameter by Y in. high,
enclose the sample in a thin-walled glass bulb, and gradually lowering it until the glass on the
so constructed and filled that it will not break under side of the bulb softens and flattens. This
under the pressure of the oxygen. The type of procedure is then repeated so as to flatten the
bull) 28 used in testing of volatile fuels at the opposite side of the bulb. The final form of the
National Bureau of Standards, and the method bulb is shown at figure 8(f). The operations of
of making such bulbs are illustrated in figure 8. bringing the bulb down on to the flame and
Attempts to obtain bulbs of this type from manu- removing it after flattening is complete should be
facturers of glass laboratory apparatus have been done gradually, since too ra id heating or cooling
unsucessful to date, and such bulbs-are therefore of the bulb may vcause, it to break.
made in our own hlaoratorv. A brief description The most difficult part of the procedure just
of the nmethod of making the bulbs will l)e given described is that of blowing a bulb of the proper
below. It should be recognized, however, that size. Success in th.is operation (Ip ends in part
it is virtually impossible to( describe the method upon having the proper amount of glass on the
in such de~til as to enable an inexperienced end of the t~ube (fig. 8 (d)) and in part upon the
worker to make bulbs successfully on his first type of flame used, as well as upon the procedure
attempt. The best that can be done is to outline followed in blowing the bulb. A flame which
the method, and to depend upon the individual has been found to be satisfactory is one about
worker to develop the necessary techniques by ) J in. in diameter by %, in. in height with just
trial. It is to be expected that in the early enough primary air so that there is a small yellow
attempts failures will far outweigh successes, andi tip in the flame. Tihe end of the tube (fig. S(d))
that a reasonable degree of skill can be acquired on which the bulb is to be blown is heated in the
only by log and patient practice. " I'yrox glass has been found ,mmmatlsfactory for this purpose, as unburned

57 Fr et*:.po Amrien intnimmt (houpny atalg No 4carb.o nlth is tistuaii fouind on sud' WImms after it comhuttion. This may be
17• For exn,:,ple .%merfesn irtstrlment Comp~iany Catain No. 40-70. •reinted to the fact that the Pyre% gl a rs ( toes not "'elt completely when theArthim S. Lapine tind ('oinpany Ct'amiag No. u5-0. Manim~lo Is Maurmot, as does soft glasta, anen therefore partially retains its original"34 ltlils of this type were first descrlhed by Itlic rds and Harry [111]. fr, thus Inhibiting cess or oygen to the fuel.
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-__ _ •between 0.05 and 0.10 g. The outside diameter
of the capillary adjacent to the b1ulb) should 1)0

(o I( between 1.0 and 1.3 mm. The inside diameter
_......__ it should be at least 0.5 mm and preferably a little

-..... . (...larger in order to permit easy insertion of a No. 27
(b)Wi hypodermic needle (0.4 mmi diam.) in filling the

_ _bulb. The appearance of the flat sides of a com-
.. . .. . pleted bulb will give some indication as to whether

(c) (f) it will be satisfactory. Usually the flat sides
- --. ,_._________present a scalloped appearance, although if the

.. .... amount of glass in the bulb is greater than normal
(d) I they may be nearly plane. If the scallops are very

. fine, say 1 mm or less apart, the bulb is probably
L- -_ too thin and fragile to be satisfactory.

(gi Samples of liquid fuel can be conveniently intro-
duced into the previously weighed glass bulbs by

Fmuitw S. Steps in making sample bulbs. means of a hypodermic syringe fitted with a No. 27
needle. The liquid should be introduced into the
bulb slowly in order to permit escape of the air

flame until sufficiently hot, and is then removed initially present without undue increase in pres-
from the flame and the bulb blown immediately, sure. The bulb should be filled completely so that
In order to prevent sagging of the end of the the liquid extends up into the enlargement in the
tube whet heated, the tube is held at an angle stem as indicated at figure 8(f). Usually a small
of about 30' to the vertical and is rotated about bubble will be trapped in the bulb at the point
its axis continuously. Usually the first few at- where it joins on to the stem, but such a bubble
tempts to blow a bulb will be unsuccessful because can usually be removed without too much diffi-
the initial size of the bulb is so small Lhat a rela- culty with the aid of the hypodermic needle or a
tively high pressure will be required to overcome piece of wire. In fil:" ig the bulbs the usual safety
surface tension and the viscous resistance to precautions for the handling of volatile organic
flow of the glass. If the pressure is not high solvents should be taken, particularly if the fuel
enough the bulb will expand so slowly at first contains tetraethyl lead [13].
that the glass will harden before the desired size In filling bulbs with very volatile liquid fuels
is reached. If the pressure is high enough to such as gasolines, great care should be taken to
expand the bulb at a sufficiently high initial rate, avoid loss of material by evaporation, as this
the bulb may suddenly expand to too large a causes fractionation of the material with a conse-
size before the glass hardens. The ideal procedure quent change in heat of combustion. The con-
would be to blow very hard at first and then less tainer should be kept tightly closed at all times
so as the bulb becomes larger. This is very difficult except when withdrawing a sample with the hypo-
to do because the whole operation must be carried dermic syringe. The s mple can be withdrawn
out in a very short time before the glass hardens. more quickly if the needle is detached from the
It is therefore usually more successful to repeat syringe. In replacing the needle after withdrawal
several times the procedure of blowing the bulb of the sample care should be taken to avoid con-
to a diameter of 4 or 5 mm and then shrinking tact of gasoline with the hands, particularly if it
it by heating, before attempting to blow the contains tetraethyl lead.
bulb to the required size. Thius procedure also After the bulb is filled, the capillary is sealed off
serves to provide a somewhat -more uniform dis- so as to leave a stem about 3 or 4 mm long attached
tribution of glass in the final bulb. to the bulb. In order to do this the bulb must be

Too large an amount of glass in the bull) and cooled so as to draw th0 liquid out of thC capillary,
too hot a flame are both conducive to too large and the bulb must be protected from the flame dur-
size of the bulb. Too small an amount of glass ing the sealing operation. To protect the, bulb
and too low a flame temperature have the opposite from the flame a small piece of asbestos paper with
effect. Success in blowing a suitable bulb of the a hole in the center and with a cut between the
proper size depends upon the proper combination hole and thle edge (fig. 8(g)) is slipped over the
of flame temperature, amount of glass and tech- capillary via the cut so that the capillary goes
nique of blowin-, through the hole, and the piece of asbestos paper is

The spherical l;ulb should be not more than 14 in contact with the bulb. The bulb is then cooled
mm in diameter, and the completed bulb should by placing it on a mass of shaved ice in a beaker,
not contain more than about 1.3 cm 3 nor less than or on a copper plate in contact with ice, and when
0.7 cm3 of liquid. The flat sides of the bulb should the meniscus in the capillary disappears below the
be thin enough to deflect visibly, but not so thin asbestos paper, the capillary is sealed off with a
as to break, under moderate air pressure applied small hot air-gas flame and removed from the
by mouth. The weight of the glass in the bulb bulb. The bulb should then be removed promptly
after sealing off the stem near the bulb should be from the ice to avoid possible breakage due to
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excessive contraction of the liquid, -The filled it should be washica out with a volatile solvent,
bulb is conveniently handled by the short project- such as benzene or petroleum ether, introduced
ing capillary by means of forceps of the type ordi- into the capillary by means of a hypodermic syr-
narily used for handling balance weights. Parti- inge before flaming as described above.
cles of asbestos which may adhere to the bulb When first sealcd, the bulb may contain a small
should be removed by means of a camel's hair bubble of air. This will dissolve in the liquid after
brush. Any liquid remaining in the capillary a time leaving the bulb completely filled with
detached from the bulb in sealing it should be re- liquid. Bulbs prepared in the manner described
moved before weighing the filled bulb together should withstand changes in room temperature of
wvith this detached capillary. If the liquid is 100 C or more, and pressures of at least 30 atm
sufficiently volatile it can be removed by flaming (450 psi) without breaking.
the capillary several times with the micro-burner Glass sample bulbs of different types have been
flame. The flame should be applied first to the described by a number of workers [16, 17).
closed end of the capillary, and moved gradually
to the open end in such a manner as to avoid sof-
tening the glass. If the liquid is of low volatility, WASHINGTON, April 14, 1959.
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