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ABSTRACT 

The present series of measurements of heat capacity and heat of vaporization 
of water in the range 0° to 100° C have been made to provide greater certainty 
in the values of the specific heat of water for calorimetric purposes and also to 
provide greater reliability in the values of enthalpy and the other derived proper-
t ies for use in st eam tables. . 

To insure the desired accuracy in the specific-heat determinations, complete 
new calorimetric equipment was designed and built. The same fundamental 
principles of flu id calorimetry by the electric-heating method were used as in 
previous measurements extending from 0° to 374° C. In the present case, the 
limited range of t emperature and pressure allowed greater freedom of design 
to provide for higher accuracy in measurements. Heat leak was accounted for 
by observation, although it was kept practically nil by insulation and by thermal 
control of the envelope. 

Temperature uniformity in the calorimeter was secured by an efficient circula
tion pump. Temperature uniformity in the envelope was secured by a con
trollable saturated-steam bath. T emperatures were measured by platinum 
resistance thermometers supplemented with numerous thermoelements. Heat 
added was measured electrically. The process of evaporation was closely con
trolled by manipulation of a sensi tive throttle valve. 

From 256 heat-capacity experiments and 152 vaporization experiments, as 
finally reduced Rnd formulated, there was obtained a group of properties of 
water comprising specific heat, enthalpy of both li qu id and vapor, heat of vapor
ization, and specific volume of saturated vapor in the range 0° to 100° C. 

The values of specific heat have been compared with values from several 
important researches by both the mechanical and the electrical method. This 
comparison shows a more satisfactory accord of the present results with the 
results of Rowland, of Laby and Hercus, and of Jaeger and von Steinwehr. than 
with those of Callendar and Barnes. 
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Part 1. A Calorimeter for Measuring the Heat Capacity and Heat 
of Vaporization of Water in the Range 0° to 100° C 

I. INTRODUCTION 

The principal purpose of the calorimeter described here was to 
provide for a systematic determination of the heat capacity of water 
from 0° to 100° C. A secondary purpose was to provide for a deter
mination of the heat of vaporization over the same range. It was 
desired to obtain new experimental data on these properties to remove, 
if possible, some of the existing uncertainty. Of the earlier deter
minations of the specific heat of water, some are limited in range and 
the degree of accord is unsatisfactory. The measurements which 
have been completed, and which are described in part 2 of this report, 
were in part repetitions of previous measurements made in this lab
oratory. These previous determinations of the heat capacity of water 
were made for the purpose of obtaining data on the properties of 
saturated steam, using a calorimeter designed to operate at pressures 
up to 1,200 lbJin2• While the values obtained for enthalpy of liquid 
water were of adequate precision for use in compiling steam tables for 
engineering purposes, the derived values of specific heat in the range 
below 100° C were not sufficiently accurate for use as calorimetric 
standards. 

In providing apparatus for a resurvey of the heat capacity, the 
moderate range of pressure between 0° and 100° C allowed more 
freedom of design to avoid sources of experimental error. The design 
also provided for the determination of the heat of vaporization from 
0° to 100° C. The results of these measurements are given in part 3. 

--------- - ---
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II. GENERAL DESCRIPTION OF METHOD AND 
APPARATUS 

The principles of the method used in the measurements have been 
described in previous publications [1],1 and therefore are not repeated 
in detail in this report. This method was applied previously [2, 3] to 
measurements on saturated water and saturated steam from 00 to 
3740 C. The description given here includes mention of both the 
heat-capacity and the vaporization measurements. 

The apparatus consists essentially of a calorimeter in which a 
sample of water may be so isolated from other bodies as to enable its 
amount, state, and energy to be accounted for. The sample may be 
made to pass through a chosen definite change in state while the accom
panying gain or loss of energy is being determined. 

A quantity of water, part liquid and part vapor, is enclosed in a 
metal calorimeter shell. An electric heater immersed in the water 
provides a means of adding measured energy to the calorimeter and 
its contents. Outlets with valves provide for filling and emptying 
the calorimeter and for 'withdrawing vapor. Detachable receivers 
suitable for weighing are connected to the outlets to hold the samples 
of water transferred. 

For confining the energy, the calorimeter is well insulated from the 
influence of external sources of heat. In operation, the temperature 
of an enveloping shell is kept very close to that of the calorimeter shell. 
The small amount of heat which passes by leakage to or from the 
calorimeter is taken into account. 

Two general types of experiments were made with this calorimetric 
apparatus. In the first type (heat-capacity measurements) the 
calorimeter with a sample of water was heated over a measured tem
perature range. By making some experiments with the calorimeter 
nearly full of liquid water and others with it nearly empty of liquid, 
it is possible to account for the tare heat capacity of the calor_imeter, 
and to obtain the change of a quantity called alpha, a, which is a 
property of the water alone. It previously has been shown in the 
theory [1] that this quantity, a, differs from the enthalpy, or heat con
tent, H, of saturated liquid water by another quantity beta, {3. In 
other words, 

a=H-{3. 

The quantity {3 has been shown to be 

U dP {3 = L - ,-= TudT, 
u -u 

where L is the heat of vaporization, u is the specific volume of satu
rated liquid, u' is the specific volume of saturated vapor, T the 
absolute temperature, and dP/dT is the vapor-pressure derivative. 
In the previous experiments the quantity {3 was measured calorimet
rically at higher temperatures, but between 0° and 100° C it is so 
small that its value can be calculated from liquid-volume and vapor
pressure data with greater accuracy than can be obtained by calori
metric measurements. 

1 Figures in brackets indicate the literature references at the end of this paper. 
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The second type of experiment (vaporization) made with this calorim
eter is virtually an isothermal process. Heat is supplied to evap
orate a sample of water which is withdrawn from the calorimeter at 
a controlled rate, collected, and weighed. From this experiment, 
there is obtained a value of a quantity gamma, "1, which differs from 
the latent heat of vaporization, L, by the same quantity, {3, mentioned 
above. In other words, 

'Y=L+{3. 

III. APPARATUS 

The essential features of this calorimeter may be explained by 
reference to a schematic diagram, figure 1, which shows the metal 
calorimeter shell, G, containing a water sample; an electric heater, H; 

FIGURE I.-Schematic diagram of calorimetric apparatus. 

e, calorimeter shell; H, electric heater; P, water circulating pump; R, reference block; S, saturated steam 
bath; SR. steam receiver; TV, throttle valve; U, union; V, valve; VAe, vacuum line; TVe, water 
container. 

and a water-circulating pump, P. This shell is supported within an 
evacuated space which is surrounded by a controlled bath, S, of 
saturated water vapor, hereafter called the steam bath, which shields 
it against heat exchange with the surroundings. Provision is made 
for the introduction of a water sample from the water container, WG, 
into the calorimeter, or the withdrawal of saturated vapor through 
the throttle valve, TV, into the glass receiver, SR. The calorimeter 
and flow lines lllJ1Y be evacuated through lines VAG. The reference 
block, R, provides a temperature datum determined by a platinum 
resistance thermometer. Auxiliary thermo elements are used for 
measuring temperatures on the calorimeter shell and its surroundings, 
relative to this datum. The reference block is located in an inclosure 
surrounded by an extension of the steam bath. The calorimeter and 
the essential parts are shown in detail in the scale drawings, figures 
2 and 3. Figure 2 shows more of the calorimeter detail, whereas 
figure 3 shows more of the accessory parts. 
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1. CALORIMETER SHELL AND INCLUDED PARTS 

201 

The purpose of the calorimeter shell shown at 0 is to hold the sample 
of water whose thermal properties are being determined. The shell 
was made nearly spherical in shape for compactness and calorimetric 
efficiency. It was spun from pure copper and has a thickness of 
about 0.55 mm. The two hemispherical ends were joined by solder, 

VAC 

eM IN -=r 

FIGURE 2.- Scale drawing of calorimeter. 

B, game bame; C, calorimeter sbell; E, envelope sbell; Hi, calorimeter heater; H2, steam bath heater 
H3, reference block heater; H4, throttle valve heater; JT, J5, etc., tbermoelement principal jnnctions; 
PI, P2, pnmp propellers; PC, pump casing; PO. pump guides; R, reference block; S, saturated steam 
bath; T. resistance thermometer; TV, tbrottle valve; VAC, vacuum line; Wi, condenser. 

l 
I 
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FIGURE 3.-Scale drawing of calorimetric apparatus. 

e, calorimeter shell; E, envelope shell; a, guard; HI, calorimeter heater; I-I2, steam bath heater; H5, guard 
heater; PI, P2, pump propellers; R, reference block; S, saturated steam bath; SE, stuffing box; SR, steam 
receiver; TV, throttle valve; U, union; VA C, vacuum line; Wl, condenser; W2, condenser; W3, cooling 
water tubes; W4, cooling water chamber; we, water container. 

l _____ _ 
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with a narrow cylindrical copper band at the equatorial zone. As 
assembled with the various parts in place, the shell has a capacity of 
1,190 cm3• 

Two tubes connected axially at the top and bottom of the calorim
eter shell are designated as the "upper tube" and "lower tube", 
respectively. These tubes serve for the transfer of fluid to and from 
the calorimeter and to hold the calorimeter shell in place. 

All surfaces of the calorimeter shell and the parts inside were gold
plated. The outer surface of the shell was polished to reduce heat 
transfer by radiation. Eight thermoelement junctions, J, distributed 
over the outer calorimeter surface were used in the evaluation of calo
rimeter temperature, as described later in the section "Thermometric 
installation. " 

The circulating pump consists of two screw propellers, shown at 
Pl and P2, and a system of guides to direct flow. The larger pro
peller, Pl, performed most of the work in circulating water, while the 
smaller propeller, P2, was used to avoid stagnation in the extreme 
bottom of the calorimeter. The specially designed blades of the larger 
propeller were formed from sheet copper and soldered to a hub of 
brass, all plated with gold and polished. The two propellers were 
fastened to a phosphor-bronze pump shaft, which was squared at its 
lower end so that it could be engaged from below by a shaft extension. 

In addition to the propellers, there is a system of guides designed to 
direct flow and increase the pumping efficiency. The liquid water 
flows downward next to the inner surface of the calorimeter shell and 
is directed by radial guides at the bottom so that the water f1,ows 
without swirl past the heater into the propellers. The water from 
the propeller is guided upward by a casing, PO, and by guide vanes 
PG, curved to remove the swirl imparted to the water by the propeller. 

The pump guides form a rigid framework which supports the two 
pump bearings and the electric heater, Hl . The downward thrust 
on the pump shaft is taken on a copper-nickel washer located just 
below the small propeller, P2. TIllS whole pump framework is held 
down against the calorimeter shell by a threaded connection to a 
short piece of the lower outlet tube which extends into the calorimeter. 

The electric heater shown at Hl is an insulated resistor encased in 
a coiled metal tube sealed hermetically through the shell. It consist.s 
of about 107 ohms of a chromium-nickel-alloy wire, 0.2 mm in diameter 
with O.4-mm copper leads. This resistor was wound in helical form, 
0.6-mm outside diameter, and embedded in magnesia for insulation. 
The resistor with leads was sheathed in a copper tube drawn down 
tightly on the magnesia to an outside diameter of about 2 mm. This 
sheathed resistor was then bent to form a flat spiral of five turns, the 
largest being 6 em in diameter. This coil was fastened in slots in the 
metal guides just below the large circulating pump propeller, Pl. 
The resistor is so located as to concentrate the heating in the region 
just below the large propeller. The leads extending out from the 
envelope shell, both for current and potential connections, were made 
like the leads of the sheathed resistor. 

For measuring the potential drop in the calorimeter heater, two 
potential leads were joined to the current leads where they cross the 
vacuum space between the calorimeter shell and the envelope. These 
junctions were located to include in the measured electric-energy input 
that part of the heat developed in the leads, which went to the calorim-

l 
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eter. Choice of suitable proportions of the leads in this boundary 
region of the calorimeter was a compromise between thermal conduct
ance, electrical resistance, and convenient battery voltage. As made, 
the two current leads contributed but little to the total heat-leak 
transfer, and their combined electrical resistance was; only 1/3000 of 
the calorimeter heater resistance of 107 ohms. Therefore, only 1/3000 
of the energy input was developed in the current leads between the 
calorimeter and envelope shells, and so a small inequality in the 
eventual distribution of this extraneous heat was negligible. 

To minimize the uncertainty of the accounting for the heat devel
oped in this small resistance, the current leads, their insulation, and 
their sheaths were all made as much alike as possible on both sides of 
the vacuum space. The sheaths were soldered into the shells similarly, 
and the leads extended about 3 mm beyond their sheaths. In this 
way, the two electric connecting links had equal thermal connection 
with the calorimeter and the envelope shells. The current links were 
made of O.3-mm gold wire about 4 em long. One potential lead was 
connected to the calorimeter end of one link. The other potential 
lead was connected to the envelope end of the other link. In this 
way, the electric power developed in one link was apportioned to the 
calorimeter, and the power developed in the other link was appor
tioned to the envelope. Thus it was not necessary to connect poten
tial leads within the vacuum space to the midpoints of the links, 
where the temperature of the wire rose above the calorimeter tempera
ture during the heating period. These potential leads were made 
small and long to keep their thermal conductance negligible. 

In order to prevent passage of liquid drops during the vapor with
drawal experiments, a baffle, B, shown in figure 2, made of conical
shaped wire gauze, was installed near the vapor outlet tube. 

2. THERMAL-PROTECTING ENCLOSURE 

In an ideal calorimeter no unmeasured heat would be gained or lost. 
This ideal may be approached by three means: First, the calorimeter 
may be thermally insulated from its surroundings. Second, the sur
roundings may be kept approximately at the temperature of the 
calorimeter. Third, the heat transferred may be accounted for by 
observation. In the present calurimeter, all three means were pro
vided by use of a protecting enclosure for the calorimeter. This 
thermal-protecting enclosure will next be described. 

The enclosure which surrounds the calorimeter is used to control 
heat leak to or from the calorimeter and to provide for determining 
the correction for the small unavoidable heat leak. The inner wall 
of the enclosure is a shell called the envelope, shown at E. It is a 
closed copper shell made in the same manner as the calorimeter shell, 
but larger. At the bottom of the envelope, the seal to the lower tube 
was made with a thin copper disk to accommodate differential expan
sion. The copper envelope shell is 0.55 mm thick, gold-plated and the 
inside surface polished to reduce heat transfer by radiation to the 
calorimeter. The space between the calorimeter shell and the 
envelope was evacuated for improving the insulation, leaving radiation 
between the polished gold surfaces as the chief path for heat leak. In 
the preliminary cooling of the calorimeter, this space was filled with 
helium to promote heat removal. Eight thermo elements on the 
inner surface of the envelope are used in the control and evaluation of 
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heat leak, as described later. To provide a space for the reference 
block, R, described later, an extension to the envelope is located as 
shown. 

Control of the envelope temperature is an important factor in the 
operation of the calorimetric equipment. Upon this control depends 
not only the magnitude of the heat leak, but also its COlTect evalua
tion. In the calorimetric measurement, it is important that the enve
lope temperature be kept uniform and close to the average temperature 
of the calorimeter, not only when at the initial and final steady states, 
but also during the heating period. Another function of the envelope 
is the cooling of the calorimeter as a preliminary to a series of measure
ments. In consideration of the several functions of the envelope, a 
saturated-steam bath was chosen to control its temperature. An 
electric heater for vaporizing water and water-cooled condensers 
furnished the means for controlling the steam bath. The saturated 
steam furnished the medium for distribution of heat or refrigeration 
to the parts of the envelope, and thus automatically provided the 
desired uniformity of temperature distribution and the desired re
sponsiveness in temperature regulation. 

The saturated-steam bath, S, occupies the space between the 
envelope and a third shell of brass. This shell, or steam jacket, as it 
is called, is entirely closed except for small tubes for introducing or 
removing liquid water and vapor. A flexible copper disk was used to 
join the brass shell to the axial lower tube. The volume of this steam 
space between the steam jacket and the envelope was about 2,000 
cm3• The sheathed heater, H2, soldered to the outside of the steam 
jacket just below the level of the pool of water inside, furnished the 
controlled source of heat input. The vapor spaces were sufficiently 
open so that only negligible pressure differences could exist, even 
when there was flow of vapor to the remote parts. 

The action of this vapor bath depends upon the latent heat of the 
water vapor and upon the principle that the temperature of a wet 
surface is determined by the vapor pressure. It therefore follows that 
the temperature of the entire envelope responds to any increase in 
saturation temperature of the vapor. In other words, the saturated 
steam acts as an automatic thermodynamic distributor of heat and 
equalizer of temperature for the space which it occupies. In heating, 
the saturation temperature of the vapor is raised above that of the 
metal, and condensation takes place, using up the latent heat of the 
vapor to add heat. The heat flows to the shells through whatever 
condensed liquid is on the metal. Gravity tends to make the con
densed water run down to the pool at the bottom, where it receives 
heat and goes through the cycle again. Since the entire mass of 
fluid in this space is small and the metals of the envelope and jacket 
are thin, the temperature of the envelope is quickly responsive to 
changes in power imparted to the heater. 

For the purpose of initial cooling preliminary to a day's experiments, 
or for a steady heat drain to be compensated by heat for regulation, 
two condensers are provided in the steam bath, as shown at Wl and 
W2. Cooling was supplied to these condensers by water, regulated 
in flow and temperature. The water condensed within the steam 
bath was directed by wire-gauze leaders to parts which needed to be 
kept wet. The surplus returned by gravity to the pool at the bottom. 

It is possible that the surfaces are not always completely wetted, 
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but even so, large temperature gradients could not be produced in 
the well-conducting envelope shell. The steam-bath enclosure was 
found to have a very small air leak, which made it necessary to purge 
it of air occasionally to secure the best operation. This was done by 
drawing off a small amount of steam from the region of the condenser, 
W2. 

In order to protect the steam bath from the influence of the out
side temperature, it was surrounded except at the top by a controlled 
metal casing called the "guard", shown at G in figure 3. This guard 
was a sheet-copper cylinder with a plane bottom. It could be cooled 
by means of a system of cooling-water tubes, W3, distributed over its 
surface. Heat could be supplied by an electric heater, H5, dis
tributed over the surface. By thus controlling the temperature of the 
guard, the operation of the steam bath was improved. 

Outside the guard there is another shell made of aluminum, for a 
cover. For the purpose of insulation, the blank spaces inside the 
cover and the guard were filled with insulating material consist.ing of 
wool and kapok. 

3. CONNECTIONS TO THE CALORIMETER 

The calorimeter shell is held in place by two tubes of copper-nickel 
alloy. In addition to furnishing a firm support for the shell without 
too great heat conduction, these tubes serve also for the transfer of 
fluid to or from the calorimeter. The "upper tube," which has an 
outside diameter of 6.35 mm and a wall thickness of 0.25 mm, con
nects to the vapor throttle valve, TV, which permits control of the 
rate of flow of outgoing steam in the evaporation type of experiments. 
The diameter of this upper tube was large enough to allow for ade
quate rates of withdrawal of steam at the lower temperatures. Near 
0° C, where the specific volume of saturated steam is over 200,000 
cm3/g, it was possible to withdraw about 0.63 g/min. 

During the heat-capacity experiments, which preceded the vapori
zation measurements, the upper tube was sealed at both the bottom 
and top by disks across the ends. This was to exclude water which 
might distill from end to end and thereby transfer unmeasured heat. 
These disks were removed prior to the vaporization experiments. 

The "lower tube", which has an outside diameter of 3.0 mm and 
wall thickness of 0.35 mm, encloses the propeller drive shaft of the 
circulating pump. It also connects to the valve through which the 
calorimeter is filled or emptied. 

The container, WG, for storing and transferring water samples was 
a copper shell similar to but slightly larger than the calorimeter shell, 
tinned on the inside to avoid contamination of the water sample, 
and with a tubular stem ending in a valve. It was connected to the 
calorimeter by a union. The long stem was to give head for running 
the water in or out when the vapor pressure was low. 

4. STUFFING BOX AND PUMP DRIVE 

The calorimeter circulating pump is driven from a 1/75-hp syn
chronous motor, using controlled-frequency alternating current to 
provide a constant speed. The drive is transmitted through a speed
reducing gear train to a vertical shaft running in a stuffing box below 
the calorimeter. From this shaft, a tubular extension with squared 
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ends transmits the rotation to the bottom of the calorimeter pump 
shaft. 

The stuffing box, shown at SB in figure 3, was taken from an older 
calorimeter and has been more fully described in a previous publica
tion [2J. The shaft through this stuffing box is of hardened tool steel 
1 mm in diameter where it runs in the packing. A packing material 
of soft kid leather impregnated with a mixture of paraffin and vaseline 
was found to be satisfactory. This packing is kept compressed to the 
proper tightness around the shaft by a spring acting between the 
retaining ring and the threaded cap. Olearances were made small to 
avoid exuding the packing. The agreement of the amounts of water 
put in and taken out of the calorimeter was a check on the satisfactory 
tightness of the stuffing box. 

The stuffing box was cooled with water circulating in a chamber, 
W4, around the shaft tube at the top of the stuffing box. In experi
ments at temperatures near 0° C, this cooling was found necessary to 
prevent transfer of unmeasured heat to the calorimeter by boiling in 
the lower tube, whereas in experiments at higher temperatures, it 
was necessary to keep the packing cool to prevent leaking. 

5. VAPOR LINE AND THROTTLE VALVE 

The vapor throttle valve used in the vaporization experiments is 
an extremely vital part. On it depends the precision with which the 

,experimental process of evaporation can be controlled. The valve 
opening must necessarily be large enough to allow sufficient flow of 
vapor when the specific volume is large at temperatures near 0° C. 
It should also be capable of closing tightly in order to permit accurate 
accounting for mass and energy. It should also allow steady, con
tinuous adjustment, so that the evaporation temperatures can be 
controlled by regulating the flow. 

The vapor throttle valve is shown at TV. It is made as a cylin
drical cell joined to the top of the steam jacket, capped by a flexible 
corrugated-copper diaphragm, clamped tightly to the upper rim of 
the cell. This diaphragm seals against the atmosphere and carries a 
short valve stem at the center. The stem projects above and below 
the diaphragm, to which it is sealed by hard solder. The flexibility 
of the diaphragm permits about I-mm linear motion of the stem to 
open or close the flow aperture. The outflow tube ends in a brass 
plug, which forms the seat. The actual seat (6.1-mm diameter) is 
merely a 45° sloped ridge rising about 0.15 mm above the plane end 
of the brass plug. The part of the stem which bears on the seat has 
a flat face and is fastened to the diaphragm with a threaded stud. 
The stem face was covered with a thin film of soft rubber, applied 
by dipping in latex and vulcanizing. The performance of this soft
rubber coating exceeded all expectations. It enabled the valve to be 
closed tightly with no perceptible leak and permitted fine regulation 
of throttling. One application of rubber served for the entire series 
of evaporation experiments. 

The valve stem is operated by two levers acting axially on the stem 
outside the diaphragm. One lever thrusts a strut against the stem to 
close the valve, and the other lifts it by a stirrup to open the valve. 
These levers act on knife-edges to avoid any irregularity in their 
motion. The closing lever is actuated by a spring which not only 
removes any backlash but keeps a steady moderate force against the 
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seat of the valve when closed. The opening lever with a mechanical 
reduction of motion of 4 to 1 is operated by a screw with a pitch of 32 
threads per inch. The shaft of this screw extends up to a grooved 
pulley above the calorimeter and is driven by remote control with a 
wire belt from a small pulley over the observing bench. A shaft from 
this pulley extends down to a hand wheel and lever easily accessible 
to the operator. Using an additional lever 20 cm long, which could 
be clamped to the handwheel, there was a total reduction of motion 
of over 30,000 to 1 from the end of this lever to the valve stem. In 
spite of this large reduction, there was no detectable backlash in the 
operation of the valve. The nicety of the mechanical operation of the 
throttle, and the consequent excellent control of evaporation condi
tions amply repaid for the effort expended on the refinement of this 
throttle valve. 

A sheathed heater, shown at Hi,. in figure 2, was soldered to the 
body of the throttle valve to maintain both the valve and the upper 
tube warmer than the calorimeter. This was to prevent water from 
condensing in the upper tube during the evaporation experiments. 

The outlet tube from the throttle was made larger than the inlet 
to accommodate the larger specific volume of vapor after throttling. 
The vapor line from the throttle to the receiver is nowhere less than 
1 cm in diameter. The vapor line extends up and out of the guard 
space, through copper and copper-nickel tubes to a glass stopcock. 
Beyond the stopcock, a union, U, provides for the attachment of 
either of two Pyrex-glass containers for collecting the samples of vapor 
by condensation in liquid air. A side tube with valve permits evacu
ation of the vapor line. The glass containers, of about 225-cm 3 ca
pacity, are provided with unions and stopcocks so that they can be 
detached and weighed for determining the amounts of samples. 

6. THERMOMETRIC ' INST ALLATION 

Platinum resistance thermometers and thermoelements were used 
in the control and measurement of temperature in this apparatus. A 
resistance thermometer, T, placed in the copper reference block, R, 
determines a reference datum on the International Temperature 
Scale, from which small temperature differences to the calorimeter or 
other points are measured by means of thermoelements. Thermo
elements were also used differentially for the survey of temperature 
distribution and for regulation of the calorimetric processes. 

The reference block, R, is located in a space somewhat apart from 
the calorimeter to avoid direct interchange of heat but is connected 
to it through a tube for evacuation and for installing differential ther
moelement wires. The surrounding steam jacket maintains the tem
perature of the enclosure approximately at the temperature of the 
calorimeter. The reference block was designed to give adequate 
thermal connection between the resistance thermometer and the 
reference junctions of the thermoelements. It is of copper in the 
form of a right hexagonal prism, 5 cm tall, with three broad vertical 
faces on which the reference junctions of the thermo elements and 
attachments for the leads are located. These attachments are for 
intercepting heat conducted along the leads and will be referred to as 
"thermal tie downs." 

Four vertical round holes in the reference block are the sockets 
into which fit the several tubes containing resistance thermometers 
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and the tube containing an electric heater, H3. The heater socket is 
at the axis and the thermometer sockets are located symmetrically. 
Tubes of thermally resistant Ou-Ni alloy extend up from these four 
sockets successively through the envelope, the steam space, the outer 
wall of the steam jacket, and the water in the condenser, W2 in figure 3, 
to the outside. A length of 4.5 cm was allowed in the vacuum space 
to give thermal separation from the envelope and a length of 12 cm 
in the steam space permitted a resistance thermometer coil to be 
placed there for automatic regulation of the steam-bath temperature. 

The platinum resistance thermometer used as a working standard 
for the temperature measurement was of the four-lead potential
terminal type described by O. H. Meyers [4]. The windings were of 
pure platinum wound on a mica cross, and the initial strains were 
relieved by annealing the completed thermometer at 6600 O. The 
thermometer was then sealed in an atmosphere of helium in a tubular 
sheath of copper-nickel, 6.3-mm in diameter and 46 cm long. The 
calibration was made according to the specifications for the Inter
national Temperature Scale [5], using the fixed points of ice, steam, 
and boiling sulphur as 00 , 100°, and 444.6 0 0, respectively. The 
thermometer fulfilled the requirements of the specifications for the 
International Temperature Scale and was recalibrated several times 
during the calorimetric experiments. 

There are, in all, 22 thermo elements within the vacuum space, all 
having their reference junctions on the reference block. Some of the 
thermo element principal measuring junctions are shown at points 
labeled J in figure 2. Eight of these thermo elements have their princi
pal junctions uniformly spaced on the outer surface of the calorim
eter so as to evaluate the average temperature. Four of these on 
the bottom hemisphere are connected in series and designated as JB. 
The other four on the top hemisphere, which have separate leads to 
allow for examining temperature uniformity in azimuth, are also 
connected in series and designated as JT. All eight in series may be 
used to refer the average temperature of the calorimeter to the 
reference block, i. e., to the standard thermometer. Similarly, eight 
principal junctions on the inside surface of the envelope evaluate its 
average surface temperature; four of these on the lower part are 
designated as JL, and four on the upper part as Ju. All eight on 
the envelope may be opposed to the eight on the calorimeter for heat
leak control and measurement. 

In addition to the 16 thermo element junctions located on the sur
faces of the calorimeter and envelope shells, there are five more 
located on the connecting tubes between the shells. These thermo
elements are used in the control and measurement of heat leak by 
metallic conduction along the tubes. The three principal junctions 
on the "upper tube" are shown at J5, J6, and J7. Junction J6, 
located midway between J5 and J7, was used for determining the 
temperature of the steam wi.thdrawn in the evaporation experiments. 
The two junctions on the " lower tube" are shown at J8 and J 9. 

One thermoelement, shown at Jl0, is placed near where the tubes 
from the reference block pass through its envelope._ This thermo
element is useful as a detector or purge indicator, since it quickly 
shows local temperature differences when enough air eventually leaks 
into the steam jacket to interfere with the free transfer of heat by the 
steam. For the purpose of regulating the temperature of the guard 
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shell, one thermo element was placed near the top of the guard. During 
the evaporation experiments, a thermoelement was used on the out
side of the throttle valve for regulating the heat applied. 

The thermoelements used in this apparatus were made of No. 32 
(0.20-mm) Chromel P wire containing about 90 percent of Ni and 10 
percent of Cr, and No. 34 (0.16-mm) constantan wire containing about 
60 percent of Cu and 40 percent of Ni. These wires, which gave 
about 60 p.voC for single elements, were insulated with silk and covered 
with Glyptallacquer. The junctions of these elements were made in 
three different ways, depending on the way the thermal contact had 
to be made to acquire the temperature of the surface where they were 
placed. 

The usual type of junction was on a copper terminal made in the 
form of a narrow washer with a radial tag to which the wires were 
soldered with the least bit of solder. These terminals were clamped 
with a screw stud and nut between thin mica washers to the metal 
whose temperature they were to acquire. They were somewhat 
larger but made according to the same principles as those described 
in previous reports [2, 3]. These terminals were used on the reference 
block for the "reference junctions" and for the first "tie-downs," and 
for the eight principal junctions on the envelope shell. 

A second type of junction, used on the outside of the calorimeter 
shell, was made by soldering the two wires to larger plates of copper. 
These plates were insulated with thin sheets of mica and lacquer and 
held down with two narrow thin bands of copper extending around 
the shell in great circles. 

The third type of attachment was used on the tubes between the 
calorimeter and envelope shells. In this type, the two wires were 
soldered together end to end, reinsulated with silk, and bound and 
lacquered to the tube for several turns away from the junction to 
insure that the jll;llction was at the temperature of the tube. 

Each thermo element had two reference junctions on the reference 
block, although in cases where the elements were connected in series, 
some of the reference junctions were common to several elements. 
Eighteen copper leads from reference junctions sufficed for all of the 
temperature exploration it was desired to make. Their leads were 
carried in coils from the reference junction terminals near the bottom 
of the reference block to "thermal tie-downs" with similar terminals 
near the top of the block. From these tie-down terminals, the wires 
led up through a flat copper-nickel sheath which extended through 
the steam jacket to above the liquid in the condenser. These silk
insulated wires were in a single layer and sealed into the flat copper
nickel sheath with Glyptal for electric insulation and thermal contact. 
The length in thermal contact with steam sufficed to bring the tem
perature of the wire at the envelope boundary very close to the steam 
temperature. The tie-downs on the upper part of the reference block 
still further eliminated any temperature gradients on the lead wires 
toward the reference junctions. 

Various combinations of the thermoelements for the several func
tions mentioned above were provided for by connections to specially 
built all-copper distributing switches. By manipulation of these 
switches, the observer could quickly shift from one to another combi
nation, with little more delay than for galvanometer response. 

The electromotive forces of the thermoelements were measured on 
a Wolff potentiometer designed by F . Wenner. The potentiometer 
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measurements were referred to a standard cell, described in part 2 
under "Accounting for energy." The electromotive forces measured 
were so small that the potentiometer calibration errors were negligible. 

The eight thermo elements used to measure the temperature of the 
calorimeter and contents were calibrated in place against the resistance 
thermometer in the reference block. This calibration procedure was 
first to observe the resistance thermometer and thermoelements, when 
the reference-block temperature was very close to that of the calo
rimeter. The reference block was then heated for a few seconds, keep
ing the calorimeter temperature constant, and the thermometer and 
thermo elements observed again. The change in the electromotive 
force of the thermo elements was then given directly in terms of the 
change in temperature by the resistance thermometer. No evidence 
was found that the calibration of any of the other thermo elements 
differed at all from this one and furthermore, even moderate differences 
could have had no significant effect on the results. 

The resistance of the thermometer was measured with a Mueller 
bridge [6) built by O. Wolff and calibrated several times during the 
experiments. The addition of a commutator with normal (N) and 
reverse (R) positions adapts the bridge for measuring the resistance 
between the branch points of a four-terminal resistance thermometer. 
A bridge current of 5 rna was used, half of which passed through the 
resistance thermometer. The bridge current could be quickly re
versed by a double-pole tapping switch. This automatically com
pensates for a drifting bridge zero and doubles the bridge sensitivity. 
To further increase the sensitivity, a special galvanometer arrange
ment was used. A stationary mirror inside the galvanometer case 
was so placed that the beam of light from the movable galvanometer 
mirror was reflected back to the movable mirror before emerging to 
the scale. This arrangement doubles the deflection with less loss in 
light intensity than doubling the scale distance. With these arrange
ments, a sensitivity of 0.00010 C was attained. 

For the purpose of automatic regulation of tbe envelope tempera
ture, one resistance thermometer was inserted only to the region be
tween the reference block envelope and condenser so that its tempera
ture was quickly affected by the steam bath. This resistance ther
mometer was connected in a simple Wheatstone bridge and was used 
with a galvanometer, photelelectric cell, and amplifier to automatically 
maintain constant temperature of the steam bath. 

7. AUXILIARY COOLING APPARATUS 

Cold water was used for cooling the apparatus in the experiments 
below room temperature. About 30 liters of water circulating in a 
storage reservoir was cooled by an electric refrigerating unit and the 
temperature was controlled by a kerosene-filled thermostat. The 
cooled water from the reservoir was led by gravity through several 
different flow lines on the apparatus and emptied into a small centrifu
gal pump which returned it to the reservoir. The reservoir and flow 
lines were insulated with wool to avoid dew and excessive loss in 
refrigera tion. 

In all experiments starting near 00 C, the cooling water was main
tained at a constant temperature by circulating over a layer of ice 
frozen to the refrigerator unit. In order to have the cooling water 
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temperature somewhat below 0° C to compensate for heating in the 
flow lines, enough ethyl alcohol was mixed with the water to lower the 
freezing point in the reservoir by the required amOlmt. A special 
device was used for maintaining a covering of ice on the cooling unit. 
This device consisted of a straight tube with a small open end which 
rested against the unit. Thus tube was filled with water from the 
reservoir and the end sealed shut with ice as soon as ice began to form 
on the unit. Further freezing displaced the water in the tube and 
actuated the thermostat in the usual manner. 

8. MEASURING INSTRUMENTS AND CALIBRATIONS 

The water samples were weighed by the method of substitution, 
using a balance having a capacity of 2 kg. Below the balance pans 
there was a closed cabinet in which the water containers, tare con
tainers, and counterpoises were suspended. The platinum-plated 
brass weights used were calibrated at this Bureau. Corrections were 
made for buoyancy of the air on the brass weights. Since the water 
sample is in a closed container, no correction for the air buoyancy on 
the sample is necessary. Correction for air buoyancy on the con
tainer was avoided by using counterpoises having approximately the 
same displacement as containers. 

A Wolff-Diesselhorst potentiomet.er was used for measurements of 
current and potential drop in the calorimeter heater. A O.l-ohm 
four-terminal resistor in .series with the heater was used for the current 
determination and a 1,000 to 1 ratio volt hox for the potential drop. 
Correction was made for the fraction of the main current shunted 
through the volt box, whose resistance was about 20,000 ohms. The 
potential drop in the calorimeter heater was measured by means of 
the two potential leads which join the current leads at points which 
had been chosen to account properly for the heat developed in the 
current leads between the calorimeter shell and envelope. 

All electrical-measuring instruments were carefully calibrated 
several times during this series of experiments. The standard resis
tors and the volt boxes used were calibrated before, during, and after 
the series of measurements and showed no significant changes. The 
potentiometric measurements of power input were referred to a group 
of three cadmium standard cells. These cells were of the saturated 
type and were maintained at a constan t tomperature in a special 
temperature-controlled box described by M ueller and Stimson [7]. 
Frequent calibration of the st andard cells proved their reliability to 
about a microvolt. 

The Wolff-Diesselhorst potentiometer which was available for this 
work was not ideally adapted to these measurements. The calibra
tion of the potentiometer showed a seasonal variation of nearly 1 part 
in 10,000 and a smaller daily variation. A scheme was devi sed using 
two permanent standard resistors to calibrate the potentiomet.er in 
place. By making this calibration two or three times a day, errors 
due to changes in the potentiometer were avoided. 

The potentiometer was intended for use with standurd eells having 
voltages between 1.01800 and 1.01930. The saturated standard cells 
at the temperature used in these experiments, however, gave about 
1.01762 v. It was necessary, therefore, to set the potentiometer 
arbitrarily for some voltage in its range of adjustment and to correct 
for the true standard-cell voltage. In practice, the potentiometer 
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was set for a standard-cell electromotive force of 0.0005 v higher than 
that of the standard cells used, thereby giving a correction to each 
potentiometer reading of about 1 part in 2,036. This correction 
appears in the sample computation sheet as "correction for potentio
meter ratio." 

The description of the temperature-measuring instruments and 
their calibrations is given in the preceding section, "Thermometric 
installation. " 

Part 2. Heat Capacity of Water in the Range 0° to 100° C 

I. INTRODUCTION 

The heat capacity 2 of water has been the subject of various experi
mental determinations extending back to the time of Regnault. Some 
of them have been inspired by the usefulness of water as a calorimetric 
medium and definitive standard for determining heat capacities, whil e 
others have had for their objective the evaluation of the "mechanical 
equivalent of heat." The study of these past measurements for 
appraisal and correlation of results has been the subject of many 
reviews and reveals diligent effort to overcome inherent obstacles to 
accuracy in heat measurements by developing refinements of labora
tory technique. During this development, the art of calorimetry 
has been far advanced by the evolution of standards and technique in 
electrical measurements of temperature and energy. 

Notwithstanding all the advances in the laboratory arts, the appraisal 
of past experimental results has been unsatisfactory because so 
many uncertain factors have been involved regarding former units, 
standards, and calorimetric technique. Consequently, any inter
pretation of past results is subject to some arbitrary choice, and the 
various reviews have failed to bring the results into the accord to be 
expected from the accounts of the experimenters. 

In 1921 the Cambridge, Mass. [8], conference on the properties of 
steam, as their first recommendation, made the proposal "the specific 
heat of water should be determined with the greatest possible accuracy 
up to the boiling point of water at atmospheric pressure for the more 
accurate determination of the mechanical equivalent of the mean 
heat unit." 

Measurements made at the National Bureau of Standards and 
published in 1930 included data on the heat capacity of saturated 
water between 0° and 100° C., from which the specific heat at one 
atmosphere pressure could be derived. Since the experiments were 
not made especially for establishing accurate specific heats, the 
derived values were of only moderate precision. They have never
theless been used in preference to earlier data as a basis for measure
ments of the enthalpy of superheated steam by several of the labora
tories cooperating in the international steam research project. Recog
nizing that the accord of steam data was limited by the uncertainty 
in the values of the specific heat of water, the Third International 
Conference on Steam Tables [9], held in America in 1934, adopted a 
recommendation "that new measurements of the enthalpy or total 
heat of water between 0° and 100° C be undertaken by the National 

2 The expression "beat capacity" is used in this paper in the general sense olthe energy required to produce 
a change 01 temperature, without necessarily restricting its application to unit mass, to unit temperature 
change, or to derivatives only. 
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Bureau of Standards to provide greater accuracy in these values for 
use in other calorimetric measurements." The present series of 
measurements was undertaken in response to this request and in 
extension of the program of steam research already completed. 

In planning the work, it was the aim to provide for refinement of 
the technique of heat-balance accounting comparable with the accu
racy of the temperature and power measurements, and if possible, to 
avoid an error of more than 1 part in 5,000 in the final results. To do 
this, it was necessary to design the new calorimetric equipment de
scribed in part 1 of this report. 

II. METHOD AND APPARATUS 

The method and apparatus have been described in detail in part 1 
of this report, and therefore will be given only very brief mention 
here. The apparatus consisted essentially of a metal calorimeter 
shell containing a quantity of water, part liquid and part vapor. 
Immersed in the water are an electric heater and a circulating pump. 
Valves provide for filling and emptying the calorimeter. The calo
rimeter is well insulated from its surroundings, which are controlled to 
its temperature. Resistance thermometers and thermo elements are 
used in measuring temperatures. 

In the measurement of heat capacity, the calorimeter with a sample 
of water was heated over a measured temperature range. By making 
some experiments with the calorimeter nearly full of liquid water, and 
others with it nearly empty, the tare heat capacity of the calorim
eter was accounted for and there was obtained the change of a 
qUl1ntity called alpha, a, which is a property of the water alone. 
This quantity alpha differs from the enthalpy, or heat content, H, 
of saturated liquid water by another quantity beta, {3. In other words, 

a=H-{3 

The quantity beta, {3, had been measured calorimetrically in previous 
experiments at higher temperatures. However, between 0° and 100° C, 
it is so small that its value can be calculated from other data with 
greater accuracy than can be obtained by calorimetric measurements. 

In addition to the enthalpy, H, of saturated liquid, values of specific 
heat, etc., may be derived. 

III. EXPERIMENTAL PROCEDURE 

In the heat-capacity measurements it was necessary to measure the 
amount of water subjected to the process, the amount of energy ex
changed, and the change in state produced. It was the aim to account 
accurately for all three of these main factors. The following descrip
tion of the experimental procedure indicates how these essential ac
countings were made. 

1. ACCOUNTING FOR MASS OF WATER 

The mass of water subj ected to a change of state enters as a direct 
factor in the reduction of the data. The results, therefore, would be 
no more reliable than the determinations of the masses. Special care 
was therefore taken that the weighings were accurate and free from 
systematic errors. An account was kept of the amount in the calorim-
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eter at any time and a check made by completely exhausting and 
weighing each charge before refilling with a new one. 

The water used in these experiments was purified by preliminary 
distillation and then redistilled in a specially designed still under a 
pressure of about 0.1 atmosphere for the purpose of removing dissolved 
gases. These gases were removed by continuously withdrawing a 
part of the mixture of gas and water vapor from the condenser of the 
still . This kept the partial pressure of the gas at the condensing 
surface less than 0.001 atmosphere. The fraction of gas dissolving in 
the condensing water at this low pressure was too small to have any 
significant effect on any of the measurements. 

The purified sample of water was then transferred from the still 
to an evacuated container, which was then weighed. When filling the 
calorimeter, this container was connected to the evacuated calorim
eter, as shown in figure 3, and the connecting line evacuated. The 
water was transferred by gravity from the container to the calorim
eter, leaving only a few grams in the container and line. The water 
in the line was collected and weighed by pumping through a detach
able liquid-air trap in the vacuum line. The container with the water 
remaining in it was then reweighed. From the weights of the con
tainer before and after filling the calorimeter, and the weight of the 
water from the line, the amount of the water in the calorimeter was 
obtained by differences. When emptying the calorimeter, a similar 
procedure was followed, except that the water container was placed 
below the calorimeter, so that the water would flow from the calorim
eter down to the container. The water remaining in the line and 
calorimeter was accounted for by condensing in liquid air and weighing 
as before. 

The same charge of water was usually left in the calorimeter for 
several days' experiments. Comparison of the amount put in with 
the amount taken out was a check on the accuracy of accounting for 
the mass. Such a sum check was carefully kept in this work, and when 
the accounts did not agree, the results were discarded. Usually the 
check was to about 0.020 g, which amounts to about 1 part in 50,000 
in a I-kg water sample. 

2. ACCOUNTING FOR ENERGY 

Measured energy was supplied electrically to the calorimeter and 
contents by means of the calorimeter heating coil installed within the 
calorimeter shell and immersed in the water sample. Power was 
supplied by a separate storage battery of large current capacity. 
Potentiometer readings of current and potential drop across the 
calorimeter heater were made periodically for obtaining the energy 
added electrically, as described later. Reduction of these readings 
took account of the timing of the readings and of the slight gradual 
change in power which sometimes occurred. 

In order to avoid too rapid an initial change when the current was 
switched to the calorimeter heater at the start of an experiment, a 
substitute resistor was used to steady the battery output. Between 
heating periods, the battery current was adjusted to a selected value 
to make the final temperature of the calorimeter corne close to the 
desired even temperature after the power had been on an integral 
number of minutes. It was usually possible to adjust the current, 
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so that the final temperature would be within 0.010 C of the desired 
temperature. 

The resistance of the calorimeter beater increased, during the first 
few seconds after the power was switched on, until the resistor temper
ature had reached a steady value. Since this change was practically 
completed before the first current reading was made Of min after 
the start), the correction for it was determined by separate experi
ments. The correction for the current change was found by leaving 
the galvanometer connected when the currect was shifted to the 
calorimeter and observing the deflections periodically for 15 sec. 
The integral of the galvanometer deflections over this time was used 
to compute the starting correction to the current. The starting cor
rection for the potential drop, which is of the opposite sign, was 
obtained in a similar manner. These corrections were then combined 
to get the energy correction. This amounted to only 1 part in 10,000 
of the whole energy input, even in the extreme case. 

The shift in current from the substitute resistor to the calorimeter 
heater, was made automatically by means of double-pole double
throw switch , which was actuated by a tensed spring and released by 
the electric seconds-signals furnished by the standard clock. Since 
the heating periods were integral numbers of minutes, no significant 
errors have been attributed to the mechanism for transmitting the 
electric signals from the clock. Some experiments made to deter
mine the time error due to the switch showed it to be 0.002 sec. or less 
and therefore insignificant. 

The auxiliary electrical-measuring apparatus used in the measure
ment of the power and its calibration have been described in part 1, 
The routine of current and potential-droD observations for evaluating 
the power input are described later in the description of heat-capacity 
measurements. 

The small amount of energy transmitted to the calorimeter by the 
pump and appearing as heat added was included in the accounting 
for total energy added in any experiment. The pump speed was kept 
constant at approximately 70 rpm, by a geared drive from a synchro
nous motor. Determinations of the pump power thus dissipated as 
heat were a part of the regular routine of the entire experimental 
program. These determinations were made calorimetrically by 
observing the rise in temperature produced in the calorimeter by 
running the pump alone with no electric-power input, keeping control 
and account of heat leak just as in a heat-capacity measurement. 
These pump-power experiments usually lasted for half an hour and 
the energy per minute was derived for each. 

About 70 pump-power determination were made during the series 
of heat-capacity experiments. Pump-power determinations were 
made with both large and small masses of water in the calorimeter 
and, at one time or another, at most of the even temperatures where 
stops were made in the experiments. These determinations gave 
values of pump power about 0.2 to 0.3 j/min. After a study of the 
resulting values of pump power, simple formations were derived for 
use in calculating pump energie~ in the heat-capacity experiments. 

The accidental variation of the observed pump power from the 
general mean was larger than could be accounted for by the uncer
tainty of the temperature measurement, but this was usually not 
more thfin would correspond to about 1 part in 20,000 in the value of 
alpha. 
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The characteristics of the pump, i. e., speed, power input, and 
corresponding heat-distributing effect, had been investigated by pre
liminary measurements before installing the pump in the calorimeter 
shell and served as a guide in choice of speed for the most advantageous 
operation in the final measurements. 

The control and evaluation of heat leak is a vital part of any calo
rimetry when high precision is sought. The means provided for this 
purpose have been described in part 1. In operation, there were 
usually slight deviations from the ideal control which would nullify 
heat leak. The small corrections for this remaining heat leak were 
evaluated with the aid of the differential thermoelements, which 
indicated temperature differences between the calorimeter and its 
envelope by the number of microvolts. These differences were ob
served every minute and added algebraically to give sums in micro
volt-minutes, called "heat-leak factors." These factors, when multi
plied by "heat-leak coefficients," give the heat-leak corrections for 
the individual experiments . As previously stated in another way, 
the calorimeter was designed to make the coefficient small by con
struction and by evacuation of the insulating space, and means were 
provided to make the factor small by manipulation of the envelope 
temperature. 

The total heat leak as determined experimentally consists of several 
parts, designated as "envelope," "upper-tube," and "lower-tube" 
heat leaks. The envelope heat leak is the chief part and results 
mainly from radiation between the surface of the calorimeter and of 
the envelope. The two tube heat leaks account for the heat transfer 
by metallic conduction along the tubes between the calorimeter and 
envelope. These tube heat leaks were nearly proportional to the 
envelope heat leak but not always exactly so for all experimental con
ditions, and therefore they were corrected for separately. Their 
coefficients were computed with sufficient accuracy from the knowl
edge of their dimensions and the thermal conductivity of their 
material. 

The envelope heat-leak coefficient (in joules per microvolt-minute) 
was determined experimentally during the early part of the program 
and were checked occasionally later. This was done by exaggerating 
the temperature difference between the envelope and the calorimeter 
for a suitable time, observL.'lg this temperature difference and the 
two tube-temperature gradients every minute by means of the 
thermoelements, and summing these thermoelement indications (in 
microvolt-minutes) for the whole period to give the heat-leak factor. 
The total energy change in the calorimeter was computed from the 
measurements of the calorimeter temperature before and after this 
exaggerated heat leak. This energy, when corrected for the pump 
energy and the upper- and lower-tube heat leaks, was divided by the 
heat-leak factor, to give the envelope heat-leak coefficient, in joules 
per microvolt-minute, at the mean temperature of the experiment. 
This coefficient included, beside the radiation, any conduction (except 
by the two tubes) which was proportional to the temperature differ
ence between the shells. This accounted for conduction through the 
heater and thermo element wires. The gaseous conduction between 
these shells was probably negligible with the evacuation (less than 
O.OOO,OOl-atmosphere pressure) maintained during all the experiments. 

The factors of the three heat leaks were determined from observa
tions made every minute during the experiments and were summed 
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algebraically for the whole periods. The experimental manipulation 
was usually such as to make the envelope heat-leak factor very small. 
During the heat-capacity experiments, the entire heat-leak correction 
would seldom affect the individual results by as much as 1 part in 
50,000. It might be thought that corrections as small as these could 
have been disregarded, but had they not been regularly observed there 
would be no assurance that they were always insignificant. 

The lower tube was always full of liquid, and precautions were 
taken to keep this tube always cool enough to prevent boiling, which 
might have caused transfer of heat to the calorin1eter. 

In addition to the various heat leaks mentioned, there is the possi
bility of a residual heat leak which could have been overlooked in the 
accounting for energy. This residual heat leak would be one which 
still occurred when everything else was eliminated and could be 
observed during periods when the pump was stopped and all other 
heat-leak factors kept as near zero as possible. A few such experi
ments were made but gave little more than a detectable coefficient. 
These experiments were discontinued, because whatever this residual 
heat leak was, it was included always in determinations of the pump 
power and therefore not neglected. 

In the heat-capacity experiments, the usual procedure was to start 
observing the calorimeter temperature at 3 min after the end of the 
heating period. Investigation showed that thermal equilibrium was 
not complete in that time and that a small correction should be made 
if that temperature were used. This correction was found to be a 
function of the amount of water in the calorimeter and the tempera
ture of the experiment. Although it was very small, it was applied 
to all heat-capacity experiments. 

3. ACCOUNTING FOR CHANGE IN STATE 

The temperature of the calorimeter and contents was measured 
by a platinum resistance thermometer used in conjunction with 
thermoelements, as previously described. The temperature change 
of the calorimeter and contained water sample was thus accurately 
observed in all experiments. All observed temperatures are expressed 
on the International Temperature Scale. 

For determining either the initial or final temperature, each tem
perature reading consisted in simultaneous observations of resistance 
thermometer and thermoelements. The eight thermo elements on the 
calorimeter were connected in series to indicate the mean tempera
ture of the calorimeter with respect to the reference block. Four 
successive temperature readings were made at half-minute intervals. 
This method of making several successive temperature readings is 
desirable for several reasons. The four-lead potential-terminal re
sistance thermometer requires at least two observations to eliminate 
the lead resistance from the measurement. Increasing the number 
of readings decreases the accidental error of observation. A regular 
schedule of readings takes account of slight drift in temperature. 

A change in the proportion of liquid and vapor in the calorimeter 
occurs in the experiments. This change is analyzed in the theory 
of the method and is accounted for by use of the supplementary 
quantity, which is designated as {3. 

Special details of the experimental procedure that apply to the 
carrying out of the calorimetric measurements will next be described. 
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4. DESCRIPTION OF HEAT·CAPACITY MEASUREMENTS 

It will be recalled that these experiments yield values of the change 
with temperature of the quantity a. Combined algebraically with 
corresponding changes of the quantity (3, obtained from calculations, 
the data suffice to determine the change in enthalpy, H, of the saturated 
liquid . 

The procedure in these heat-capacity experiments consisted essen
tially in heating a sample of water, part liquid and part vapor, over 
an accurately measured temperature range and in accounting for 
the energy added in the process. Two such heat-capacity deter
minations, a gTOss and a tare, are required for an evaluation of the 
change in a. These two determinations over the same temper
ature interval are made with different amounts of water, always 
maintaining the saturation condition. One determination, made 
with a large charge, yields a gross value of energy added. The other, 
made with a small charge, yields a tare value. The difference, or 
net value, of energy added, divided by the net mass, gives the value 
of the change in a for that temperature interval. This method of 
differences avoids the necessi~y of determining the heat capacity of 
the empty calorimeter. 

In an experiment starting, for example at 0° C, the calorimeter is 
first cooled by the following procedure. The cold water from the 
cooling tank, where the temperature is a few tenths of a degree below 
0° C, flows through the condenser (Wl in fig. 3) located at the top of 
the main steam jacket, the condenser, W2, located at the top of the 
reference block steam jacket, the guard cooling coil, W3, and the 
stuffing-box cooling cell, W4. The space between the envelope and 
calorimeter is filled with helium to increase heat transfer between the 
two. Heat from the calorimeter and contents is transferred to the 
colder surroundings until the temperature of the calorimeter and 
contents is about 0° C. This process took many hours when the 
calorimeter contained a large charge and was usually done overnight. 
In a few of the experiments starting near zero the temperature of the 
calorimeter and contents was reduced to a few hundredths of a degree 
below zero. At no time was there any evidence of freezing in the 
calorimeter. 

The envelope and the reference block are then brought to the 
temperature of the calorimeter. The helium is then pumped out of 
the envelope space to reduce heat transfer. The circulating pump 
is started at the desired speed, and the apparatus is ready for the 
beginning of an experiment. 

The equilibrium temperature of the calorimeter and its contents 
is observed as described in section 3. The storage battery is con
nected to the calorimeter heater by the switch actuated by the time 
signals. At about the same time, the power is supplied to the envelope 
heater and reference-block heater. The currents in these heaters are 
adjusted so that the temperatures of the envelope and reference block 
stay very close to the temperature of the calorimeter. The differential 
thermo element indications for determining the heat leak are observed 
almost continuously and recorded once each minute. One or more 
complete surveys with all thermoelement combinations are usually 
recorded in each individual experiment. The current and potential 
drop in the calorimeter heater are observed on alternate minutes start
ing with the first half-minute of the interval. The calorimeter heating 

l 
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is continued for an integral number of minutes and stopped when the 
desired temperature interval has been completed. 

The rate of heating was chosen as 0.5 0 C/min, and the calorimeter 
heater current was adjusted before the beginning of each experiment, 
so that after the integral number of minutes, the calorimeter tempera
ture ended very close to the desired even temperature. The envelope 
and reference-block heater currents were adjustable to keep the tem
peratures of the envelope and reference block very near that of the 
calorimeter at all times. After several minutes, to allow the calorim
eter and contents to come to temperature equlibrium, the final temper
ature was observed. This completed the heat-capacity experiment. 

Two groups of such experiment.s were made, one with large charges 
of water in the calorimeter and the other with small charges. The 
experiments with small charges may be regarded as determinations 
of the tare-heat capacity of the calorimeter. Choice of the extent of 
the temperature intervals was governed by the rate of change of heat 
capacity with t.emperature. It was found that 100 intervals were 
suitable to determine the trend over most of the temperature range. 
Toward 0° C, where the change was increasingly rapid, the shorter 
intervals of 5°, 2.5°, and finally 1°C, gave more convincing evidence 
about this rate of change, even at the cost of some loss in the percent
age of accuracy of the intervals. 

During the heat-capacity experiments, the upper tube was closed 
at both its upper and lower ends by metal disks. In this way, possible 
error from condensation of water in the upper tube was avoided . 

IV. RESULTS OF HEAT-CAPACITY EXPERIMENTS 

The observations made during the experiments were recorded on 
separate laboratory-data sheets as soon as they were made. The com
putations from these sheets were often begun before all of the day's 
data sheets had been completed, and it was the rule to have prelim
inary results of the data for one day before the experiments of the next 
day were under way. This made it possible to arrange the day's ob
servations with the full knowledge of what was most needed and what 
special precautions, if any, needed to be taken in observing. As more 
data were collected, it was possible to get and use more complete 
Imowledge of contributory results, such as pump power, heat-leak 
coefficients, etc., that enter into the final reductions. Lastly, correc
tions were made for all known factors. The energies thus determined 
for the a,ctual temperature intervals were then interpolated to even 
temperature intervals. These were reduced to determinations of the 
change of a over separate temperature intervals, These data were 
then formulated for use in the computation of tables and for compu
tations involving the heat capacity of water. 

In table 1, a typical data sheet is shown for a "large-mass" experi
ment made with 1,093.647 g of water in the calorimeter. The observa
tions recorded under "Power" consist of the potentiometer readings 
of potential drop and current in the calorimeter heater after applying 
the decimal factors for standard resistor and volt box to reduce the 
readings to volts and amperes. Under "Thermometer" are given both 
"normal" (N) and "reverse" (R) bridge readings of the resistance of 
the thermometer in the reference block. The remaining observations 
are thermo element readings, in microvolts. The column "Calorimeter 
minus reference block" shows the thermo element readings of the eight 
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thermoelements (JT+ JB) used in the measurement of the average 
temperature of the calorimeter. Under "Envelope minus calorimeter" 
are recorded the readings of the eight thermoelemeDts on the enve
lope (JU+JL) opposed to the eight on the calorimeter (JT+ JB). 
The column "Lower tube" shows the indications of the thermoelements 
(J9-J8), while the column "Upper tube" shows (J7 -J5). In the 
last column, a survey of thermo element indications is shown, starting 
just after the routine observations at 11:57. At least one such survey, 
taking less than a minute, was made in each experiment. 

'rime 

TABLE I. - Sample data sheet 
[Temperature interval 25° to 30° C ___________ __ ______ _ October 27,1937] 

Power 

Poten
tial drop Current 

rrhermome
ter, 

Bridge 
readings 

Tbermoelement read ings 

CaJorim- E nve· 
eter lope 

minus minus 
reference calo· 

block rimeter 

Lower Upper 
tube tube 

Sur vey or 
otber 

thermo· 
elemen ts 

---------1-----1--------·--1----1 
amp Ohms p.V #tV J.'v Jl. v /AV 

11:53 __________ __________ 30.41524 N - 0.4 - I 0 
53. 5 __________ __________ 30.41517 R -.5 ______________________ __ 
54 __________ __________ 30. 41516 R -. 5 2 __________ ____ __ 
M. 5 __ __ ______ __ __ ______ 30.41524 N -.6 ______________________ __ 
55 On ______ __________ ______________ ________ __ 1 - 1 0 
55.5 __________ 0.60268 _______________________ _____ __________________ __ 
_____ __________ _______ ___ ______________ ___ ______ _ 2 -3 5 
56.5 65.965 ___ . _ ..• _. _______________________________ . __________ ____ __ 
____ . _________________________________ . 0 0 -3 5 
57. 5 __ ._______ . 60269 . _____________ . _____________ __ ____________ __ ____ JU 1 
___ _______________ __ ___________________ .__ _______ 0 -3 5 JL 1 
58. 5 65. 965 _______ . ______________________________ . __ . ________________ J'f 0 
___ __ __________ __________ ______________ __________ - 1 __ __ ____________ JB - I 
59.5 __________ .60274 _____________ •• _________ • ______ . __ ______________ Jl 0 
____ . ________________________ . ________________ __ . - 1 - 4 5 J 5 - 12 

12:00.5 65.964 ___ __________________ ____________ . _______________________ . J8 -2 
____ . ______ __ __ __________ ______________ __________ 0 ________________ JW -3 
01 .5 ___ _______ . 60278 ____________ •. ____ __ ___________ . ______________ __ 
__ . _____________ _______________ __________ __ _____ . 0 -3 5 
02.5 65. 963 ____ ____ ____ __ _________ . _________________________________ _ 
__ . ______ ____ _____________ _________ _____________ . - 1 ______________ __ 
03.5 ________ __ .60283 ____________ ___________ . __ __ ______ __ __________ __ 
____ . ___________________________________________ . - 1 -3 5 
04.5 65. 963 _________________________________ . __ . ____ . ______ __ ._. ____ _ 
05 OlT._ ____ ___ _______ ______________ __________ - 1 ____ __ _________ _ 
06 __________ ____ ____ __ __ ___ __ _______ ______ __ __ -2 ____ ___ ________ _ 
07 __________ _____ ___ __ ________ ______ __________ 0 _______________ _ 
08 __ ________ ___ _______ 30. 96171 N - 0.3 2 ______________ .. 
08. 5 __________ ___ _______ 30.96162 R -. 3 ______________________ __ 
09 __________ ______ .___ 30. 96165 R -. 4 0 - 1 0 
09.5 __ ___ __ ___ __________ 30. 96171 N - .5 _____________ __ _ ______ __ 

Table 2 shows a computation sheet, using the data given in table 1. 
The first step is the calculation of the temperature of the calorimeter. 
The average of the first four bridge readings is taken as the resistance 
of the thermometer at the mean time. Using the thermometer and 
bridge calibrations, the temperature of the reference block correspond
ing to tills resistance value is obtained. Lilcewise, the average of the 
first four readings of the thermo elements (JT +JB) is found and from 
this and the calibrations, the difference in temperature called "temp. 
cal. minus temp. ref. block" is obtained at the same mean time. 
Combination of these temperature measurements gives the initial 
temperature of the calorimeter at that time, considered as the begin
ning of the experiment. The same method is used in the computation 
of the final temperature. 
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TABLE 2.-Sample computation sheet, using data shown in table 1 
[Temperature interval 25° to 30° C ___ ____ __ ___________ October 27,1937] 

Temperature 
Steps in computations 

Initial Final 

Average of bridge readings _______ _________________ ______ _______ (ohms) __ 30.41520 30.96167 
'remperature of reference block ______ ________ _____ _____ ___________ (OC) __ 
Average thermoelement reading _____ _____ ________ _____ _____ _______ (po) __ 
Temp. cal. minus temp. ref. block _____________________________ __ _ (OC) __ 

25. 0034 30. 0036 
-0.50 -0.38 

- 0.0010 -0. 0008 
1-----

Temperature of calorimeter __ ____ ____ ___________ ___ ________ ______ _ (OC) __ 
1-----

25. 0024 30. 0028 

Energy 

Potential drop Current 

v amp 
Average of potentiometer readings___ __________ ____ _____ _ ___ _____ ________ 65.9640 0. 602744 
Correction for timing of readings _ _ __ _____ ____ _ ___ _ __ ____ _____ __ ____ _____ 0.0001 .000009 
Potentiometer calibration correction__ __ __ _______ __ ___ _________________ __ .0090 .000090 
Correction for potentiometer ratio_ _________ __ __ _____ __________ __________ -.0324 -.000296 
Volt-box currenL _________________ _______________________________________________ • __ _ _ _ _ -.003298 
Correction for volt-box factor __ __ _ _ __ _ ___ _ __ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ __ _ _ ____ ___ _ .0011 _______ _____ ___ _ 
Correction for standard resistance factoL ______________________ ______ ____ __ ______________ -.000086 

Electric energy for 600 sec _____ _________________ __ ________ ________ ______ _ 
Pump energy for 15 min ___________ ___ ____________ _____ ___ ___ ___________ _ 
Envelope heat leak (for -2 pv min) ___________________ _______ __________ _ 
Lower tube heat leak (for -36 pv min) _________ ___ ______ _____ ___ ______ _ _ 
Upper tube heat leak (for 50,.. min) ________ __ __ ___ ____ ___ ______________ _ 
Starting correction ___ ______________ ___ ____ ___ __ _______ _______________ __ _ _ 
Equilibrium correction ________________ _________ ____ ______ __ ____________ _ 

Energy added to calorimeter and contents ______ ____ __ _________ _________ _ 
Energy to correct initial temp. to 25° C ___ ___________ __________ ____ _____ _ 
Energy to correct final temp. to 30° C _____________________________ ____ _ _ 

Energy for even temp. interval, 25° to 30n C __ _____ ________ ____ ____ __ ___ _ 

65.9418 

into j 
23,705.9 

3.7 
0.0 

- . 1 
0.3 
2.3 

-0.2 

23,711. 9 
11. 4 

-13.3 

23,710. 0 

0. 599163 

The next ste.p is the computation of the electric-energy input to the 
calorimeter during the heating period, 11:55 to 12:05_ The potential 
drop across the calorimeter heater is calculated from the average of the 
five potentiometer readings of potential drop. Since these "potentiom
eter readings are not distributed symmetrically about the middle of 
the heating period, a small correction is made to account for the drift 
during the experiment. This is recorded as "correction for timing 
of readings." The "potentiometer calibration correction" is 
computed, taking into account the calibrations made during the day 
of the experiment. The "correction for potentiometer ratio" has 
been explained in part 1 of this report under "measuring instruments 
and calibrations." The correction for the volt-box calibration factor 
is also recorded. Applying all of these corrections to the average of 
the potentiometer readings, the average calorimeter potential drop, 
expressed in international volts, is computed. 

Likewise, the average calorimeter heater current (international 
amperes) is computed. In this case, corrections must be made for the 
current through the volt box and for the standard O.l-ohm calibration 
factor. By multiplying together the current, the potential drop, and 
the time of electric heating (600 sec), the total electric energy (inter
national joules) is computed. 
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The next step is the computation of the total energy added to the 
calorimeter and contents during the experiment. This is obtained 
by adding to the total electric energy the following small energy 
corrections. The pump energy is calculated from the value of power 
formulated from pump-power experiments. This pump power was 
multiplied by the time of the experiment (15 min) to give the pump 
energy. The three heat leaks (envelope, upper tube, and lower tube) 
were computed by summing the thermo element readings from table 1 
to give heat-leak factors in microvolt-minutes. These factors were 
multiplied by their respective heat-leak coefficients to give the heat
leak corrections. The "starting correction" and "equilibrium cor
rection," which have been described in the previous section, were 
calculated from the results of the special experiments. The sum of 
the electric energy and all the energy corrections gives the entire 
energy added to heat the calorimeter and its contents from the initial 
temperature, 25.0024° 0, to the final temperature, 30.0028° 0. 

In the reduction of the results, it was convenient to use the even 
temperature interval 25° to 30° 0. Therefore, corrections were made 
for the small deviations of the measured temperatures from the 
intended even temperatures. Only approximate values of the heat 
capacity of the calorimeter and contents were necessary to make these 
corrections. The resulting energy is recorded as "energy for even 
temperature interval," and will be referred to as !1Q. 

The sample computation just described is one of the 256 assembled 
in table 3. This table contains the substance of the principal data 
and preliminary reductions of the heat-capacity experiments made 
with a large mass of water in the calorimeter. Table 4 contains a 
similar assembly of the principal data of the 137 experiments made with 
a small mass of water. These two tables comprise an abstract of the 
record of all the experimental data which were accepted as trust
worthy. Only those experiments in which the technique was faulty 
or the record incomplete were excluded. Further reductions of these 
data are included in these tables, as next described. 

Each experiment for the temperature interval !1t gives a value of 
!1Q which, according to the theory [1] , should satisfy the equation 

!1Q_ !1Z+M!1a 
!1t - !1t !1t' 

where M is the mass of water in the calorimeter, !1Zf!1t is a property of 
the calorimeter independent of the amount of water in it, and !1a/!1t 
is a specific property of the water. By taking all the equations for 
one temperature interval for both the large- and small-mass experi
ments, it is possible to solve for the !1a/!1t and !1Z/!1t for that interval 
by the method of least squares, as was done in previous publications. 
Actually, however, silice approximate values of !1a/!1t were available 
from previous researches, it was found expedient to solve for pre
liminary values of !1Z/!1t as the experimental work progressed, using 
these tentative values of !1a/!1t together with the data from experi
ments with small mass. These values of !1Z/!1t were smoothed by 
formulating dZ/dt and were then used with the large-mass data to 
compute corresponding values of !1a/ !1t. Successive substitutions 
of these tentative values of !1Z(!1t and !1af!1t gave rapid approach to 
the limiting mean values, since the ratio of the large to the small 
masses was usually about 8.6. This method of reduction facilitated 
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the preliminary survey of results as the experimental data accumu
lated and served as a guide in the choice of temperature intervals 
best suited to determine the trend of the heat-capacity curve. 

As finally reduced and recorde,d in table 4, the result of each ex
periment with small mass constitutes a separate determination of 
!:!"Z/!:!"t, and the entire series of these results is a calibration of the 
calorimeter. Similarly, the result of each experiment with large 
mass, as reduced by use of the calibration results and recorded in 
table 3, constitutes a separate determination of !:!"a/!:!"t, and the entire 
series is a determination of the heat capacity of water in the range 
0° to 100° C. . 

A comparison of the individual results with the average values 
indicates the degree of consistency of the measurements, and com
parison of the averages with the formulated values indicates the 
degree of consistency of the trend with temperature. The manner 
of formulation of these results will next be described. 

Since all experiments are necessarily made over finite temperature 
intervals, the results, in terms of increments !:!"a/!:!"t and !:!"Z/!:!"t, differ 
slightly from the corresponding derivatives, da/dt and dZ/dt. These 
differences were computed by use of preliminary approximate equa
tions and were used to get the corresponding values of da/dt and 
dZ/dt6 at the mid temperatures to be fitted by formulas. 

The empirical formula chosen for dZ/dt has the following form: 

dZ/dt=A+Bt+O(t+60)5.14. 

~he ~al coefficients determined from the avera~e values of !:!"Z/!:!"t 
lIsted ill table 4 are A=16S.69, B = 0.OS9, and u=6S.S5214 X 10-1O , 

where t is in degrees centigrade and dZ/dt is in international joules 
per degree centigrade. Values of !:!"Z/!:!"t calculated from this formula 
are given in table 4 as formulated values of !:!"Z/!:!"t. It appears that 
a further adjustment of the dZ/dt formulation by another approxi
mation would have changed the final value of da/dt by about 1 part in 
SO,OOO at 0° C and by successively smaller amounts up to 100° C. 
This change was considered as sufficiently insignificant to be neglected. 

The formulation for da/dt was based on the values of !:!"a/!:!"t given 
in table 3. The average values of D.a/!:!"t were computed for each of 
the 20 temperature intervals and then corrected for deviations from 
the derivatives to get corresponding mean values of da/dt. It is obvi
ous that some of these experimental means should have more weight 
than others. For example, the 19 experiments over the 10° interval 
from 40° to 50 0 C should have more weight than the 4 experiments 
over the 1° interval from 0° to 1°C. The means were therefore 
weighted approximately proportionally to the number of experiments 
times the number of degrees in the interval. A least-squares solution 
was then made for the constants in the following empirical equation: 

da/dt=A+Bt+O(10)-o.o36t. 

The constants were found to be A=4.1699, B = O.OOO 015 27,and 
0 = 0.0467, where t is in degrees centigrade, and da/dt is in interna
tional joules per gram-degree centigrade. Using this equation, the 
values of !:!"a/!:!"t for each of the intervals have been computed and are 
recorded in table 3 for each interval. The deviations from these 
formulated values are tabulated in the last column of table 3. 
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It may be seen from table 3 that in the later experiments there is a 
trend to lower values of t:,.a/t:,.t. The experiments above 5° C made 
after October 28, 1937, show values of t:,.a/t:,.t which average about 1 
part in 10,000 less than those before that date. No explanation is 
offered for this change, and the fact is taken merely as evidence of the 
limitation of accuracy due to unknown systematic causes. 

Since the specific heat at ordinary atmospheric pressure is the prop
erty of water most commonly utilized for calorimetric purposes, this 
property was determined by further reduction of the experimental 
average values of t:,.a/t:,.t given in table 3. This computation will next 
be described. 

The reduction may be considered in three steps, which are indicated 
in table 5, starting with the average of the measured values of t:,.a/t:,.t. 
At saturation pressure, the mean enthalpy change, t:,.H/t:,.t, exceeds 
t:,.a/t:,.t by the quantity t:,.{3/t:,.t, as shown in the theory. The values of 
this reduction term, as given in column 3, were calculated by the 
relation {3= TudP /dT, as explained in part 1 of this report. Values 
of the specific volume, u, were obtained from the density data of 
Chappuis [10] up to 50° C and of Thiesen [11] up to 100° C, and the 
compressibility data of Smith and Keyes [12]. Values of dP /d T were 
obtained from an unpublished formulation of the vapor-pressure data 
of the Reichsanstalt as reformulated by Harold T. Gerry and used for 
the saturation pressure table by the International Steam Conference 
of 1934 [9, 36]. 

N ext, values of the term for reduction to mean enthalpy change at 
I-atmosphere pressure, (t:,.[-f./t:,.t)p=I-(t:,.H/t:,.t),al., as given in column 4, 
were calculated by the relation 

using the same data as above. There is still the difference between 
the mean value of the change of enthalpy per degree at 1 a,tmosphere 
and the derivative, Op=l, the desired specific-heat value at the mid
temperature of the interval. This reduction term, Op= 1- (t:,.H/ t:,.t)P_I, 
given in column 5, was computed by using a preliminary approximate 
equation for Op. 

The 20 experimental values of Op in column 6, which were obtained 
by applying the three reduction terms just described, were then 
formulated, using the same weighting factors previously used in the 
formulation of da/dt. After tests of types of functions to represent 
the experimental data, the empirical equation finally chosen was 

Op=A + B(t+ 100)5.26+0(10)-0.036/. 

The coefficients were determined by least squares to be A=4.169 036, 
B=O .OOO 3639(10)-10, and 0=0.0467, when t is expressed in degrees 
centigrade, and Op in international joules per gram-degree centigrade 
at I-atmosphere pressure. Both the formulated and the experimental 
values of Op are given in table 5, together with the deviations. The 
midtemperatures of the temperature interval.s are given also. 

Figure 4 shows graphically the comparison of the experimental 
values with the formulated values of Op. In this figure the areas of 
the circles representing the observed means are made proportional to 
the weights assigned in the formulation. In other words, the larger 
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circles indicate that more experiments or larger temperature intervals 
are represented. The degree of accord of the formulation with the 
experimental results shows that this fairly simple empirical equation 
is adequate to represent the results over the entire 100° C range. 
However, this agreement must not be t aken as an estimate of the 
accuracy of the results, since it takes no account of unknown system
atic errors, which may well be larger than the accidental errors. 
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FIGURE 4.-Deviations of mean measured Cp from formulation. Areas of circles 
are proportional to the weights assigned to the mean values. 

Figure 5 shows a comparison of the heat capacities . It should be 
noted from the figure that the scale of the heat capacities is very 
much exaggerated and that the extreme range of the values of o.pt 
between 0° and 100° C is only about 1 percent. The dot/dt line gives 
essentially the measured values of heat capacity. The departure of 
the (dH/dt).at line from the dot/dt line represents the magnitude of 
the d{3/dt reduction. The difference between the 0.11 line and the 
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FIGURE 5.-Comparison of heat capacities. 

(dH/dt).at line shows the magnitude of the reduction to I-atmos
phere pressure. The experimental values have not been plotted on this 
figure, because only one or two values would fall outside the width 
of the line in spite of the exaggerated scale. 

Water is often used as a calorimetric medium and also as a standard 
of heat capacity, as, for example, in a condensing calorimeter for 
measuring the enthalpy ... of superheated steam or for measuring 
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specific heats by the method of mixtures. For such purposes, it is 
useful to know the integral of the specific heat (0,,) function, since 
these calorimetric measurements must necessarily apply to finite 
temperature intervals. A table of values of the integral, giving the 
heat content, or enthalpy, from 0 to each temperature at intervals of 
1 ° from 0° to 100° 0 has been prepared for this use. This table bas 
been compiled in terms of absolute joules per gram and international 
steam-table calories per gram instead of any of the numerous heat 
units which have been used in the past, and defined variously in 
terms of the heat capacity of water. 

Since the absolute practical electrical units are expected to replace 
the present international units on January 1, 1940, it seems desirable 
to use the absolute joule rather than the international joule which 
has been used in the measurements, but which is likely so soon to be 
obsolete. Also since the international steam-table calorie (IT Oa1), 
defined as 1/860 into whr, has now become the basis of heat units 
used in steam tables, values are included in this unit. 

The conversion factor from international joules to absolute joules, 
being based on measurement, can not be exactly known, but the 
uncertainty has been greatly reduced by the more recent measure
ments of the absolute ohm and absolute ampere in terms of the 
electrical standards maintained in National laboratories. Since a 
final official figure for this factor has not yet been announced, the 
value 1 into j = 1.00019 abs. j used here was an estimate of the pro bable 
value of the absolute joule in international joules as derived from 
electrical standards maintained in this laboratory and was based on 
recent measurements, partly unpublished. It is believed that this 
value expresses the equivalent of the units actually used within 1 or 2 
units in the last place. 

The equation for 0 11 in international joules per gram-degree centi
grade has been converted to absolute joules per gram-degree by multi
plying the coefficients by the factor 1.00019, giving the new equation 

Ov =4.169828 + 0.000364 (t+ 1 00)5.26 X I 0- 10 +0.046709 (1 0)-0.036/, 

where t is in degrees centigrade and Ov is in absolute joules per gram
degree centigrade at I-atmosphere pressure. By integration of 
Ovdt, the equation for enthalpy, Hv, at I-atmosphere pressure 111 

absolute joules per gram is obtained. Taking the value of H sat . as 
o at 0° 0, the equation is 

l-I v = 0.102559+ 4.1692& + [5.8142(t + 100)6.26 X 10- 15 _ 0.563485(10) - 0.036'] '0, 

where t is in degrees centigrade, and Hv in absolute joules per gram 
at I-atmosphere pressure. 

Values of both Ov and HlI are given in table 6. The values of H v, 
in IT Oal, have been computed from the values in absolute joules per 
gram by use of the conversion factor 1 abs. j = 0.238846 IT Oal. 

This gives values of HlI which are larger by 1 part in 100,000 than 
correspond to the present definition of the IT Oal but are in agree
ment with a redefinition of the IT Oal as 0.001163 abs. whr, which 
has been suggested for adoption when the change in electrical units 
takes place. This small discrepancy is less than the amount which is 
important in steam tables, and likewise less than the uncertainty of 
the present measurements. 

162919-39-3 



228 Journal oj Research oj the National Bureau oj Standards [Vol . £3 

The enthalpy of saturated liquid water is one of the important 
items in the compilation of steam tables. Values of tIlls property 
were computed by use of the formula for da/dt and values of {3. 

The formula for da/dt in international joules per gram-degree 
centigrade is 

da/dt=4.1699+ 15.27 tx 10- 6+ 0.0467 (10) - 0.036t. 

By integration, the following equation for the increment of a IS 

obtained: 
ato= [4.1699t+ 7 .635t2 X lO-6- 0.56376 X 10-0.036t]to. 

Values of alo computed by this equation, at every 5° point from 0° 
to 100° C, are given in table 7. Values of {3, computed as previously 
described, are also given. Values of enthalpy are found by adding 
the increment of {3 to ato, and are given in the table in international 
joules per gram and also converted to absolute joules per gram and to 
International Steam Table Calories per gram, using the conversion 
factors stated above. 

TABLE 3.-Principal data from large-mass heat-capacity experiments 

Date 
Mass of Initial I·'il1al 

water, M t~~~r- te~~ra-
Hent 
leak 

Pump 
energy 

Energy 
for even 
tempera· 
ture in
terval 

Devia· 
tion from 
formula· 

tion 

----- - - 1------ - - ----- --- --------
0 °C °C I'llt.j I'llt.j Int.j Int . .i/o'oC Int . .i/o·oC 

12-7-37 . . ... .. ............ 1093.989 0. 0104 0.9974 0.0 1.7 4,778.4 4.21286 -0.00187 
12-9-37 . . ... . .. . . . .... . ... 603.781 .0565 .9522 . 0 6.1 2,714.9 4.21563 .00090 
12-10-37 ....... .. . .... . ... 603.781 .3232 1. 0068 . 1 15.6 2,713.9 4.21398 -.00075 
12-14-37 ...... . . . .... ... .. 603.781 .0324 . 9938 .0 2.9 2,713.9 4.21398 -.00075 

----------------------
Average. .. . . ... . .. . ... . . ..... .. .. ..... .. . .. . .. .. . . . . . . .. .. .... . . . . .... .... 4.21411 . . .... ... . 

Even temperature interval 0.0° to LOo C. IlZ/ll t=169.577 into irC. Formulated value oC lla/ll t=4.21473 
int. i/g·oC 

9-23-37 . . .. . .......... . . _. 1091. 161 0.1772 2.4587 0.6 
10-6-37 . . ... _. _. _ .. _ ... . .. 1092.517 .4886 2.4624 -.1 
10-8-37 ___ _____ .. __ . __ . . . . 1092.517 .2433 2.4981 -.4 
10-14- 37 ___ . __ . _ ... _ . . _ . . . 1092.517 . 1884 2.4990 -.2 
10-21-37 _. __ __ ......... __ . 1093.647 -.0385 2.5184 - '.1 
10-26-37 ______ __________ __ 1093.647 -.0376 2.4947 - .1 
10-27- 37 ______ ____ __ _____ . 1093.647 .0120 2.4972 . 2 
10-28-37 _ . _ .. __ . _. _ .. .. . _. 1093.647 .0070 2.4992 .1 
11-16-37 __________ __ . __ ___ 1096.489 - . 0174 2.4588 .0 
11- 18- 37 _. _. ______ ____ __ __ 1096.489 - .0037 2.4867 - . 1 
12- 2-37 _________ __ __ ____ __ 1093.989 - .0586 2.5191 .4 

--- --- -----
Average __ __ ______ __ - - --- --- -- ------- -- - --- - -- --- - --- - - --

2.7 11,918.6 
2.4 11,932.5 
2.7 11,931. 7 
2.4 11,932.1 
2.4 11,939.6 
2.4 11,941. 4 
2.4 11,941. 1 
2.4 11,941. 1 
2.4 11,970.4 
2.4 11,971.1 
2.9 11, 945.7 

-----
- - -- -- -- --- - - - -- - -

4.21363 
4.21349 
4.21320 
4.21334 
4.21173 
4.21239 
4.21228 
4.21228 
4.21205 
4.21231 
4.21265 

- --
4.21267 

0.001 
.0013 

53 
9 
o 
4 
7 
9 
8 
8 
5 
1 
5 

. 0011 

.0012 
-.0003 

.0002 

.0001 

.0001 
-.0000 

.0002 

.0005 

---- -- --- -
Even temperature interval 0.0° to 2.5° C. IlZ/llt=169.688 into j/oC. Formulated value oC lla/Ilt=4.21210 

into i/g·oC 

9- 14-37 ___________________ 11091.161 I 0.1830 I 4. 9763 1 1. 3 1 5.6123,809.214.20833 1 0.00016 

9-21-3:~~;~~~ :::::::: : ::: . ~~~~~~~~ _ ___ ~~~~~ ___ .~~~~~~ . . . _ . . ~~ _ . .. . :~~ . . ~~~~~~~. :: :::: __ ~~~~~~~ 
Even temperatnre interval 0.0° to 5.0° C . IlZ/llt=169.879 into irC. Formulated value oC lla/llt=4.20817 

into i/g·oC 

12-7- 37 __ . ________________ 1093.989 1. 0078 2.0054 -0.1 1.7 4,776.7 4. 21118 0.00000 
12-9-37 __ . _______ .. ___ __ .. 603.781 .9518 1.9649 .0 6.1 2,712.3 4. 21109 - . 00009 
12-10- 37 _. __ ____________ _ . 603. 781 1. 0041 2.0051 .0 15.6 2,712.2 4. 21093 - . 00025 
12-14- 37 .. . ________ . _____ . 603. 781 .9964 1. 9944 .0 2.9 2,711. 8 4.21027 . 00009 

------------- - - --------
Average ___ __ ._ . . .... . __ . . __ . _ _________ _____ _____ ______ __ _______ _ ________ __ 4.21087 ______ __ _ _ 

Evenitemperature interval of LO° to 2.0° C. IlZ/llt= 169.725 into i/oC. Formulated value of lla/llt=4.21118 
into jfg.oC 
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TABLE 3.- Principal data from large-mass heat-capacity experiments- Continued 

Date 
Mass of Initial Final 

water, M t~cir~r. te~g.~ra. 
Heat 
leak 

Pump 
energy 

Energy 
for even 
tempera
turo in
terval 

Aa/At 

Devia
tion from 
formula

tion 

----_._---------------- -----------

12- 7-37 _________________ __ 
12-9-37 _______________ __ __ 
12-10-37 ____________ ____ __ 
12-14-37 __ ______________ __ 

o 
1093.989 
603.781 
603.781 
603.781 

°C 
2.0054 
1. 9649 
2.0051 
1. 9944 

°C 
3.0051 
2.9776 
2.9997 
2.9979 

Int.j 
-.01 
-.1 
-.1 

. 0 

Inl.j 
1.7 
2.5 
6.4 
1.2 

In/.j 
4,772.5 
2,710.7 
2,710.6 
2,710.1 

Inl.jfg-OC I n l .j/g-OC 
4.20719 -0.00072 
4. 20818 .00027 
4. 20802 . 00011 
4. 20719 -. 00072 

Average __ _______________ __ _____________________ _ _________________________ • 4.20765 __ __ ____ __ 

Even temperature interval 2.0° to 3.0° C. AZ/AI=169.876 into WC. Formulated value of Aa/AI=4.20791 
into j/g-OC 

9-23-37 _______ __________ __ 1091. 161 2.4587 4.0962 0.0 2.4 11,890.7 4.20306 -0.00118 
10-6-37 ____ _________ ____ ._ 1092. 517 2.4624 4.9035 -.3 2.4 11,905.5 4.20326 -.00098 
10-8-37 _________ . _______ __ 1092. 517 2.4981 4.9767 -.1 2.4 11,908.4 4.20432 .00008 
10-14-37 ____ . _____________ 1092.517 2.4990 4.9990 -.1 2.4 11,907.9 4.20414 -.00010 
10-19-37 __ ____________ __ ._ 1093.647 2.5092 5.0043 -.2 2. 4 11,918.8 4.20378 -_ 00046 
10-21-37 __ ____________ . __ . 1093.647 2.5184 5.0021 -.1 2.4 11,922.0 4. 20495 . 00071 
10-26-37 ____ . ____ . ________ 1093.647 2.4947 5.0025 .0 2.4 11,919.6 4.20409 -.00015 
10-27-37 ____ __ __________ __ 1093.647 2.4963 5.0439 .4 2.4 11,918.4 4.20363 - . 00061 
10-28-37 _. __ . ____ . ________ 1093.647 2.4983 4.9961 .4 2.4 11,919.6 4. 20409 -.00015 
11- 16-37 __ ______________ __ 1096.489 2.4585 5.0015 -.1 2.4 11,948. 0 4. 20354 -.00070 
11-18-37 _. _________ . __ __ __ 1096.489 2.4886 4.9970 . 0 2.4 11,949.2 4. 20397 -.00027 
12- 3-37. ____________ ______ 1093.989 2.4637 4.9717 . 0 2.4 11,921. 4 4.20342 -.00082 

------------------------
A verage __ __________ --- --- ---- - ------ -- -- -------- ---- ---- -- - - - --- ---- ------ 4.20385 -----.----

Even temperature interval 2.5° to 5.0° C. AZ/AI=170.071 int. WC. Formulated value of Aa/At = 4.20424 
into J/g-OC 

12-7-37 __________ . ______ . _ 1093. 989 3.0051 4.0045 0.0 1.7 4,770. 4 4.20513 0.00023 
12-9-37 ___ __ . ____ _____ __ __ 603.781 2.9776 3.9911 -.1 2.5 2,708.8 4.20479 -.00011 
12-10- 37 __ ____________ . ___ 603.781 2.9997 4.0005 -.1 6. 4 2,709.1 4.20528 .00038 
12-14-37 _. ________________ 603.781 2.9979 3.9993 .0 1.2 2,709.6 4.20611 .00121 

------------------------Average ________________ . __ . __ __ . ____ ______ __________________________ . ____ _ 4.20533 ______ . __ _ 

Even temperature interval 3.0° to 4.0° C. AZ/At=170.030 into WC. Formnlated value of Aa/At=4.20490 
into J/g-OC 

12-7-37 ___________________ 1093.989 4.0045 5.0036 0.0 1.7 4,766.4 4.20133 -0.00081 
12- 9-37 __ . ____________ . __ _ 603.781 3.9911 5.0052 .0 2.5 2,707.6 4.20253 .00039 
12- 10-37 ________ __________ 603.781 4.0005 5.0015 .0 6.4 2,707.8 4.20286 .00072 
12- 14-37 ______ __ __________ 603.781 4.9993 4.9990 -.1 1.2 2,707.3 4,20204 -.00010 ------------------------Average __ ____ • ___ . _____ ____ ____ . __ . _____ . _______________ ._______ __________ 4.20219 ______ . ___ 

Even temperature interval '1.00 to 5.0° C. AZ/AI=170.188 into i/oC. Formulated value of Aa/AI = 4.20214 
into i/g-OC 

9- 14- 37 _____ . ______ ______ _ 1091. 161 4.9763 10.0026 1.3 4.4 23,741. 4 4.19515 -0.00012 
9- 16-37. _. ___ _____________ 1091. 161 5.0018 9.9480 _ I 4.6 23,742.5 4.19536 .00009 9- 21-37 __ ______________ ___ 1091. 161 5.1873 9.9846 1.0 3.9 23,739.9 4.19488 -.00039 
9-23-37 __ . ______ . _________ 1091. 161 4.9962 9.9910 -.4 3.7 23,743.6 4.19556 .00029 10-6-37 ____________ . ____ __ 1092.517 4.9935 10.0029 -.6 3.7 23,771. 7 4. 19550 .00023 10-8-37 ____________ _______ 1092.517 4.9767 10.0084 -.2 3.7 23,772.9 4.19571 .00044 
10- 14- 37 ________________ ._ 1092.517 4.9990 10.0050 -.1 3.7 23,772.5 4.19564 .00037 
10- 19-37 _ . ___ . ____________ 1093.647 5.0043 10.0104 - .2 3.7 23,795.6 4.19553 .00026 10-21- 37 _______ ___________ 1093.647 5.0021 9. 9988 .3 3.7 23,799.0 4.19615 .00088 
10-26-37 __________________ 1093.647 5.0025 10.0018 .0 3,7 23,797.3 4.19584 . 00057 
10-27-37 __ ___ ____ _________ 1093.647 5.0432 10.0077 . 2 3.7 23,796.5 4.19570 .00043 
10- 28-37 _" _____ . _____ ___ _ 1093.647 4.9954 9.9905 .3 3.7 23,795.9 4.19559 .00032 
11-16-37 ________ ___ • ______ 1096.489 5.0011 10.0036 -.2 3.7 23,853.3 4.19518 -.00009 
11-18-37 ___ . ____ __ ________ 1096.489 4.9965 10.0005 .0 3.7 23,853.9 4. 19529 .00002 
12- 3-37 ___ . _______________ 1093.989 4.9701 9.9808 .0 3.7 23,799.4 4.19491 -.00036 
12- 7-37 _. _________________ 1093.989 5.0036 10.0067 - .3 3.7 23,798.3 4.19471 -.00056 
12-9-37 ____ . ________ ______ 603.781 5.0052 10.0755 . 0 5.4 13,516.1 4.1944.5 -.00082 
12- 10-37 _. __ __ . ___________ 603.781 5.0015 10.0029 -.1 13.8 13,517.3 4.19485 -.00042 
12- 14-37 ________________ __ 603. 781 4.9990 9.9994 - . 3 2.6 13,516.9 4.19472 -.00055 

-------------------------Average _________ . __ - - -------- ---- - -.-- ---- - ----- ------ - - - -- --- - - ---------- 4.19530 - - --------
Even temperature Interval 5° to 10° C. ~Z/AI=170 .687 into jr C. Formulated value of Aa/AI=4 .J.9527 

into J/g-OC 
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TABLE 3.-Principal data from large-mass heat-capacity experiments-Continued 

Energy Devia· 
Mass of Initial Final Heat Pump for even tionfrom Date temper' tempera, tempera· 11",ll1t water,M ature ture leak energy ture in· formula· 

terval tion 

---------------------
0 °C °C Int .j Int.j Int. j Int.jlo·oC Inl.ilo·oC 

9-14-37 _____ . ____ . ________ 1091. 161 10.0026 15.0032 0.9 3.9 23,697.0 4. 18619 -0.00059 
9-16-37 _____ . __ . __ ... _____ 1091. 161 9.9480 14.9471 -.1 3. 7 23,699.1 4. 18658 - . 00020 
9-21-37 ... __________ . __ . __ 1091.161 9.9846 15.0031 1.3 4.1 23,699. 9 4. 18672 - . 00006 
9-23-37 ... __ _____ . ___ . ____ 1091. 161 9.9910 14.9987 -.5 3.7 23,701. 9 4.18709 .00031 
10-6-37 ... _____ ..•. _______ 1092.517 10.0029 15.0069 .1 3.7 23,728.9 4.18684 .00006 
10-8-37 __ . ________________ 1092.517 10.0084 15.0045 -.3 3.7 23,730.5 4.18713 .00035 
10- 13-37 ____ . _____________ 1092.517 10.0020 15.0123 -.2 3.7 23,724. 7 4.18607 - . 00071 
10- 14-37 ______ . _. _. _______ 1092.517 10.0050 15.0064 .0 3.7 23,729. 6 4.18696 . 00018 
10-19-37 _______ .. _. _. _____ 1093.647 10.0104 15.0098 -.1 3.7 23,752.1 4.18675 -.00003 
10-21-37 __________ . ___ . ___ 1093.647 9.9988 14.9970 .3 3.7 23,753. 9 4.18708 .00030 
10-26-37 ___ .. ____ . ____ ._ .. 1093.647 10.0018 15.0000 .0 3.7 23,754.5 4.18719 .00041 
10-27-37 __ . __ . _____ . __ __ .. _ 1093.647 10.0077 15.0024 .0 3.7 23,755.2 4.18732 .00054 
10-28-37 _. __ . _____________ 1093. 647 9.9905 14.9997 .0 3.7 23, 755.1 4.18730 .00052 
11-16-37 _ .. _______________ 1096.489 10.0036 14.9993 . 0 3.7 23,808.8 4. 18624 -.00054 
11- 18-37 .. ________________ 1096.489 9.9999 15.0004 . 0 3.7 23,810.4 4. 18654 -.00024 
12-3-37 ... ____ . ___________ 1093.989 9. 9808 14.9891 -.1 3.7 23,757.9 4.18650 -.00028 
12-7-37 ..• ________________ 1093.989 10.0067 15.0097 .0 3.7 23,754.8 4. 18594 -.00084 
12-9-37 ___________ ___ ___ ._ 603.781 10.0755 15. 1357 -.3 8.9 13,496.4 4.18644 -.00034 
12-10-37 ______ . ___ . _. _____ 603.781 10.0004 15.0065 -.3 23.0 13,494.7 4. 18587 -.00091 
12- 14-37 ___ . ________ __ . __ _ 603.781 9.9996 15.0019 -.2 4.3 13,497. 7 4. 18687 .00009 

'------------------------
Average ____________________________ . __________________________ .. _. _____ . __ 4.18668 ---- - -----

Even temperature interval 100 to 15° O. I1ZII1I= 171.588 into it o. Formnlated value of 11"'ll1t= 4.18678 
into i/g·oO 

9-16-37 __ ' _ .. __ .. _ .. _. ____ 1091.161 14.9471 19.8801 0.0 3.7 23,675.9 
9-21-37 _. __ .......... _ ... _ 1091.161 15.0031 20.0047 -.2 3.7 23,673.5 
9-23-37 _____ ._. __ . ________ 1091. L61 14.9987 19. 9959 -.4 3.7 23,675.9 
10-6-37 .. _________________ 1092.517 15.0069 20.0025 .0 3.7 23,704.0 
10-8-37 ... ______ . _________ 1092.517 15.0045 20.0<33 -.2 3.7 23,705.6 
10-13-37 . . ________________ 1092.517 15.0123 19.9903 . 0 3.7 23,705.3 
10-14-37 _ .. _______________ 1092.517 15.0064 20.0082 -.1 3.7 23,704.5 
10-19-37 .. _________ ___ ___ _ 1093.647 15.0098 20.0137 .2 3.7 23,728. 5 
10-21-37 _. _______ . ________ 1093.647 14.9970 19.9951 .0 3.7 23,729. 6 
10-26-37. _________________ 1093.647 15.0000 20.0426 .0 4.4 23,725.3 
10-27-37 ______ . __________ _ 1093.647 15.0024 19.9990 . 1 3.7 23,730.5 
10-28-37 ______ . __________ _ 1093.647 14.9997 20.0012 . 1 3.7 23,730.9 
11-16-37 _____ .. ___________ 1096.489 14. 9993 20.0001 -.1 3.7 23,784.3 
11-18-37 ___ _________ . _____ 1096.489 15.0004 20. 0018 . 0 3.7 23,785.8 
12-3-37. ___ . ______________ 1093. 989 14. 9891 19.9982 - .2 3.7 23,732.0 
12-7-37 ____ . __ . __ . _._ ... __ 1093.989 15. 0097 20.0096 .0 3. 7 23,732.2 
12-9-37 __ . ____ . __ . ________ 603. 781 15.1357 19.9751 -.2 5.4 13,485.8 
12-10-37 _ . _ .... ______ ____ _ 603.781 15.0065 20.0009 . 4 13.8 13,485.5 
12-14-37 ____ . _____________ 603.781 15.0025 20.4957 .2 2.7 13,484.5 

------._-----------
Average _____________________ .. ___ ._. ____ .. __ .•.. ___________________ . ______ 

4. 18140 
4.18096 
4.18140 
4. 18135 
4.18165 
4.18159 
4.18145 
4.18151 
4. 18171 
4.18093 
4.18188 
4.18195 
4. 18085 
4.18113 
4.18085 
4.18088 
4.18125 
4. 18115 
4. 18082 
---

4.18130 

0. 0002 1 
3 
1 
6 
6 
o 
6 
2 
2 
6 
9 
6 
4 
6 
4 
1 
6 
4 
7 

- . 0002 
.0002 
.0001 
.0004 
.0004 
.0002 
. 0003 
.0005 

-.0002 
.0006 
.0007 

-.0003 
-.0000 
-.0003 
-.0003 

.0000 
-.0000 
- . 0003 

------ ---
Even temperature interval 15° to 200 O. I1Zjt;.t= 172.600 into WO. Formulated value of 11",111/=4.18119 

into i/g·oO 

9-16-37 ... __ ... __ . ___ . ____ 1091. 161 

I 
19.8801 24.9932 -0.2 

9-21-37 __ . __ . ______ . ______ 1091. 161 20.0047 25.0045 - . 7 
9-23-37 __ . ___ .. __ . ________ 1091. 161 19.9959 24.9938 -.3 
10-6-37 _. _ . __ . _. _____ . ____ 1092.517 20.0025 25.0089 0 
10-8-37 _____ . ____ . ________ 1092.517 20.0133 25.0031 - . 1 
10-13-37 ____ . _______ .. __ ._ 1092.517 19.9903 24.9999 0 
10-14-37 _ . .. ____ ...... _ ... 1092. 517 20.0082 25.0133 0 
10-19-37 __________ . .. _ ... _ 1093.647 20.0137 24.9982 .2 
10- 21-37 ___ . _. ____ . ___ .. _. 1093.647 19.9951 24. 9970 -.1 
10-26-37. ______ . __ ... _. __ . 1093.647 20. 0426 25.0031 0 
10-27-37 __________________ 1093.647 19.9990 25.0024 . 1 
10-28-37 ____________ ._. __ . 1093.647 20.0012 25. 0023 .2 
11- 16-37 _________________ . 1096.489 20.0001 25.0008 -.1 
11-18-37 _______ • ___ .. . ____ 1096.489 20. 0018 25.0001 0 
12- 3-37. _. ________________ 1093.989 19. 9982 25.0048 - . 1 
12-7-37 ___________________ 1093.989 20.0096 25.0079 0 
12-9-37 _. _________________ 603.781 19.9751 25.0376 -.3 
12-10-37 ___________ __ _____ 603.781 20.0009 25.0050 0 

------------
Average ...... .... .. ---- ------ ------ --- --- - ----- - --------

3.7 23,657.6 
3.7 23,658. 5 
3.7 23,659. 5 
3.7 23,686.6 
3.7 23,689. 1 
3.7 23,687.0 
3.7 23,687.8 
3. 7 23,713.5 
3.7 23,710.6 
3.7 23,713.9 
3.7 23,713.6 
3.7 23,714.9 
3.7 23,768.8 
3.7 23,770.8 
3.7 23,716.6 
3.7 23,716. 1 
5.4 13,478.4 

13.8 13,477.9 
------
-------- ------ ----

4.17700 
4. 17716 
4.17735 
4.17712 
4.17758 
4. 17720 
4.17734 
4.17773 
4.17720 
4,17780 
4.17775 
4. 17798 
4.17699 
4.17735 
4. 17699 
4.17690 
4.17691 
4.17675 
---

4.17728 

-0.0005 
-.0003 
-.0001 
-.0004 

3 
7 
8 
1 
5 
3 
9 
o 
3 
7 
2 
5 

.0000 
- . 0003 
-.0001 

.0002 
-.0003 

.0002 

.0002 

.0004 
-.000 
-.0001 

54 
8 
4 

63 
-.0005 
-.000 
-.0006 
-.0007 

---- -----

2 
8 

Even temperature interval 20° to 25° C. I1Zll1 t=173.739 into WO. Formulated value of 11"'111/=4.17753 
iut. i/g·oC 
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TABLE 3.- Principal data from large-mass heat-capacity experiments-Continued 

Mas, of Initial Final Heat Date temper, tempera· water, M ature ture leak 

--- ------
U °C °C In/.j 9-16-37 __ _________________ 1091.161 24.9932 29.9906 -0.1 

9-21-37 _______________ ____ 1091. 161 25.0045 29.9953 - . 9 
9-23-37 ___________________ 1091. 161 24.9938 29.9913 -.1 
10-6-37 __ ______ " _________ _ 1092.517 25.0089 29.9926 -.1 10-8-37 _______________ ____ 1092.517 25.0031 30.0106 - . 1 10-13-37 __________________ 1092.517 24.9999 30.0000 0 10-14-37 ___ _____________ __ 1092. 517 25.0133 30.0068 . 1 10-19-37 ___ _______________ 1093.647 24. 9982 30. 0054 0 10-21-37 _____ _____________ 1093.647 24.9970 29.9945 . 3 10-26-37 ___ _______ ________ 1093.647 25. 0031 29.9981 0 10-27-37 __ ___ ___ __________ 1093.647 25.0024 30.0028 . 2 10-28-37 ____ ______ __ ____ __ 1093.647 25.0023 30.0017 - . 1 11-16-37 _____ _____ ______ __ 1096.489 25.0008 30.0012 - . 1 11-18- 37 ___ ___________ ____ 1096.489 25.0001 30.0015 0 
11-19- 37 ___ _____ _________ _ 1096.489 24. 9997 30.0644 -.1 12-3-37 __ _____ ____________ 1093.989 25.0048 30.0131 0 12- 7-37 ___ ____ ____________ 1093.989 25. 0079 30.0051 - . 1 
12-9-37 __ • _______ _________ 603.781 25.0376 29.9672 -.1 
12-10-37 ________ _________ _ 603. 781 25.0050 30.0028 .1 12- 14- 37 ______________ ____ 603.781 25.0430 30.0016 - .2 

- -----------Average ___________ _ ---------- --------- ---------- --------

Energy 
Pump {or even 

tempera· energy ture in-
terval 

------
In/.j Tnl . J 

3.7 23,655.1 
3. 7 23,655.3 
3.7 23,656.1 
3.7 23,683. 9 
3. 7 23,685.8 
3.7 23,684.0 
3.7 23,683.4 
3.7 23,706. 9 
3.7 23,709.6 
3.7 23,709.0 
3.7 23,710.0 
3.7 23,709.4 
3.7 23,764.4 
3.7 23,765.4 
3.1 23,764.6 
3.7 23, 712.6 
3. 7 23, 711. 0 
5. 4 13, 479. 1 

13.8 13, 479.7 
4.3 13,479. 2 

------
-------- ----------

f!.alf!.1 

---
Inl. jfg.oC 

4.17537 
4.17540 
4.17554 
4.17546 
4.17581 
4. 17548 
4.17537 
4.17535 
4. 17584 
4.17573 
4. 17592 
4.17581 
4.17502 
4. 17519 
4. 17505 
4. 17509 
4. 17480 
4.17502 
4.17522 
4.17506 
---

4.17538 

Devia· 
tionfrom 
formula· 

t ion 

b It. No-o C 
24 
7 
1 
3 
8 
5 

24 
2 

0.000 
. 0002 
.0004 
.0003 
. 0006 
. 0003 
. 000 
.0002 
.0007 1 
.000 
. 0007 

60 
9 
8 
1 
6 
8 
4 
3 
1 
9 
7 

. 0006 
- . 0001 

.0000 
- . 0000 
-.0000 
- . 0003 
-.0001 

.0000 
- . 0000 

---------
Even temperature interval 25° to 30° O. tJ.ZI f!.I=175.025 into UOO. l?ormulated value of f!.al tJ.t=4.17513 Int. 

J/g-OO 

9-16-37 ___ _____ ___ __ ______ 1091.161 29. 9906 39.9768 -0.5 6.1 47,308.5 9-21-37 ___________________ 1091. 161 29.9953 39.9841 -1. 9 6.1 47,314.3 9-23- 37 _______ __________ __ 1091. 161 29.9913 39.9938 -0.2 6.1 47,309.7 10- 6-37 ___________________ 1092.517 29.9926 39. 9994 .0 6. 1 47,365.0 10-8-37 ___________________ 1092.517 30.0106 40. 0110 - .1 6.3 47,368. 8 10-13-37 __________________ 1092.517 30.0000 39.9973 . 1 6.1 47,366.4 10- 14- 37 ______ ___ _______ ___ 1092.517 30.0068 39. 9938 .0 6.1 47,364 .7 10-19-37 ________________ ___ 1093.647 30. 0054 40. 0252 .4 6.1 47,413.2 
10-21-37 _____ ___ ____ ___ ___ 1093. 647 29.9945 40.4984 . 7 6.3 47,411.3 10-28-37 ______________ ____ 1093.647 30.0017 40.0038 .3 6. 1 47,412.4 11-16-37 _____ ______ _____ __ 1096.489 30.0012 40. 0003 . 0 6. 1 47,525.0 11-18-37 ___ __ _____ __ ______ 1096.489 30.0015 40. 0054 .1 6.1 47, 529.0 11-19-37 __ __ ______ __ ______ 1096.489 30.0659 40.0052 .5 6. 1 47,526.2 12-3-37 ______ _____________ 1093.989 30. 0131 40.0228 .0 6.1 47,422. 7 12-7-37 ___________________ 1093.989 30.0051 40.0159 -.2 6.1 47,420.5 12-9-37 _____ _____ ___ ______ 603.781 29.9672 40.0050 .1 8.9 26,967.2 12-10-37 ___ ____________ ___ 603.781 30.0028 40.0067 . 1 23. 0 26,967.4 12- 14-37 ______________ ___ _ 503. 781 30.0016 40.0000 .0 4. 3 26,967.6 ------------------Average ___ __ ________ __ _______ ____ _____ ______ ____ ___ ______ _____ __ ________ __ 

4.17313 
4.17366 
4. 17324 
4.17312 
4.17347 
4.17325 
4.17310 
4. 17322 
4.17305 
4.17315 
4. 17260 
4. 17296 
4. 17271 
4. 17278 
4.17258 
4. 17275 
4. 17279 
4. 17282 
---

4.17302 

0. 00006 
. 00059 
.00017 
.00005 
.00040 
.00018 
.00003 
. 00015 

-.0000 2 
.00008 

-.00047 
-.00011 
- . 0003 6 

9 
9 
2 

28 

-.0002 
-.0004 
-.0003 
-.000 
- .0002 5 

---- ------

Even temperature interval 30° to 40° O. f!.ZI f!.t=177.291 into WO. Formulated value of f!.al f!.t=U7307 
into Jlg-O 0 

9- 16-37 ____ ____ ___ ________ 1091. 161 39. 9768 49.9916 -0.3 9-21-37 __ __ ___ __ __ ________ 1091. 161 39.9841 49.9863 -2.4 9- 23-37 _____ __________ ____ 1091. 161 39.9938 49.9831 -0. 4 10--11--37 ___________ __ _____ _ 1092. 517 39.9994 50. 0157 -.2 10- 8-37 __ _________________ 1092.517 40.0110 50. 0230 -. 1 
10- 13- 37 __ _____ _______ ___ _ 1092.517 39. 9973 50.0000 .0 
10- 14-37 ______ __ ___ _______ 1092.517 39. 9938 50. 0149 -.1 
10-19-37 ________ _______ ___ 1093.647 40. 0252 49.9521 .3 10- 21-37 ____ _________ _____ 1093.647 40.4984 49.9933 .5 10-28-37 __________________ 1093.647 40.0038 50.0085 .4 
11- 16-37 ____ ______________ 1096.489 40.0003 50.0032 .0 11-18-37 __________ ___ ___ __ 1096.489 40.0054 49.9958 .0 11-19-37 ____________ ______ 1096. 489 40. 0052 50.0046 .3 11-20-37 ___ ________ ____ ___ 1096.489 40.0003 50.0006 . 4 
12- 3-37 _______ ___ _____ ___ _ 1093. 989 40. 0228 50.0059 -.2 
12- 7-37 ___ _______ ______ ___ 1093.989 40.0108 50.0111 . 1 
12-9-37 ___ __ __ __________ __ 603.781 40.0050 49.9467 . 1 
12- 10-37 _________________ _ 603. 781 40.0067 50. 0083 -.1 
12- 14-37 ___ ______ ______ __ _ 603.781 40.0026 50.0011 - . 2 

------------Average ___ ______ ___ 
-- --- - ---- --------- ------- --- --------

6.1 47,330.3 
6. 1 47,325. 2 
6.3 47,331. 9 
6.1 47, 387.6 
6. 1 47,390.1 
6.1 47,386.8 
6. 1 47, 3S7. 0 
6.1 47, 433. 4 
5.9 47,435.8 
6. 1 47,439. 7 
6.1 4i, 548. 0 
6.1 47, 551. 4 
6.1 47,549.8 
6.1 47,549. 7 
6.1 47,444.5 
6.1 47, 444. 9 
8.9 26,997. 3 

23.0 26,996.2 
7.0 26,997. 2 

------
---- --- - ------- - - -

4.17174 
4. 17127 
4. 17189 
4. 17181 
4.17204 
4. 17173 
4.17175 
4. 17168 
4.17190 
4.17226 
4. )7132 
4. 17163 
4. 17149 
4. 17148 
4. 17139 
4.17143 
1. 17161 
4.17143 
4. 17160 
---

4. 17165 

O. 
- . 0004 

00000 
7 
5 
7 
o 

.0001 

. 0000 
_0003 

-.00001 
.00001 

-.0000 6 
6 
2 

.0001 

. 0005 
-.000 
- .0001 

42 
1 
5 
6 
5 
1 
3 
1 
4 

- .0002 
-.0002 
-.0003 
-.0003 
-.0001 
- . 0003 
- .0001 

---- -----

Even temperature interval 40° to 50° O. tJ.ZI f!.I= 180.989 int. WO. Formulated value of tJ.al f!.I=4 ,17174 
into J/g-OO 



232 Journal of Research of the National Bureau of Standards [Vol. fS 

TABLE 3.-Principal data from large-mass heat-capacity experiments-Continued 

Energy 

Mass o( Initial Final Heat Pump for even 
Date temper- tempera- tempera-water,M ature ture leak energy ture in-

terval 
--------------

q °C °C Int . j Int.j Int.j 
9-16-37 ___________________ 1091. 161 49.9916 59.9913 -0.1 6.1 47,375.0 
9-21-37 ___ _______ ___ ___ ___ 1091.161 49.9863 59.9896 -1.9 6.1 47,374.8 
9-23-37 ____ ____ _____ ______ 1091.161 49. 9831 59.9923 -0.1 6.1 47,377.2 HH,-37 _______ ____________ 1092.517 50.0157 60.0047 .0 6.1 47,432.1 
16-8-37 ___________________ 1092.517 50.0230 60.0065 -.2 6.1 47,434. 1 
10-14-37 _________ ________ _ 1092.517 50.0149 59.9958 .0 6.1 47,439·2 
16-19-37 __________________ 1093.647 49.9521 59.9329 _3 6. 1 47,477. 8 
16-21-37 ____ __ ____________ 1093.647 49. 9933 59.9976 .7 6. 1 47,477.7 
16-28-37 __________________ 1093.647 50. 0085 60.0019 .4 6.1 47,482.4 
11-16-37 __________________ 1096.489 50. 0032 60 . .0.024 • .0 6.1 47,590. 1 
11-18-37 _______ _____ ______ 1096.489 49.9958 60 . .0050 - . 1 6.1 47,594.8 
11-19-37 _______ ___ ___ _____ 1.096.489 5.0 . .0.046 60.0081 .2 6.1 47,592.3 
11-26-37 ___ _______ ________ 1096.489 5.0.0006 60.0114 .4 6.1 47,590. 7 
12-4-37 ________ ___ ________ 1093.989 50.0006 60 . .0322 . 1 6.1 47,485.3 
12-7-37 _____________ __ ____ 1093.989 50.0143 60. 008.0 -.1 6.1 47,487. 5 
12-9-37_ . __________ _______ 603.781 49.9513 59.9329 - . 2 8.9 27, .040. 3 
12-16-37 _______ ___ __ ______ 6,03.781 50.0083 59.9993 . 2 23 . .0 27, .038.1 
12-14-37 ________ _____ __ ___ 6.03.781 50.0009 59.9980 - . 5 5.0 27,042.4 

------------------Average ___ _____ __ __ ____ ____ ___ ______ _________ _____ ___ _______ _____ _______ __ 

tJ.a/tJ. t 

----
Int.j/q-OC 

4.17156 
4.17154 
4. 17176 
4.1716l 
4.17179 
4.17143 
4.17147 
4.17146 
4.17189 
4.17090 
4.17133 
4.17110 
4.17.096 
4.17086 
4. 17106 
4.171.00 
4.17063 
4.17135 
---

4.17132 

Devia-
tion (rom 
formula-

tion 

Int. j/q_O 
0.0003 

C 
2 
o 
2 

.0003 

.0005 

.00037 

.0005 5 
9 
3 
2 

65 

.0001 
• .00.02 
. 0002 
.000 

-.0003 
. 0000 

4 
9 

-.00014 
-.0002 
-.0003 
- . .0001 

8 
8 
8 
4 
1 
1 

-.0002 
-.0006 

.00.01 

- -- - ---- --

Even temperature interval 50° to 60° C. tJ.Z/tJ.t=185.663 into WC. Formulated value of tJ.a/tJ.t=4.17124 
into J/g-OC 

9-16-37 _________________ __ 1.091. 161 59.9913 69.9814 .0.2 6.1 47,429.1 
9-2h37 ___ _______ ___ ______ 1091. 161 59.9896 70.9984 -2.1 6.8 47,431. 6 
11-23-37 ____ ___ ___ ____ ___ __ 1091. 161 59.9923 69.9831 0. 1 6.1 47,432.4 10-6-37 ____ ___ _______ __ ___ 1.092.517 60.0047 70 . .0140 -.2 6.1 47,488.7 
10-8-37 ___ _____ _____ ______ 1092.517 60.0065 70.0097 .0 6.1 47,491. 3 16-19-37 _____ _____________ 1.093.647 59.9329 70.0336 .0 6.1 47,533 . .0 
16-21-'37 __________________ 1093.647 59.9976 69.9959 .3 6.1 47,535.5 
16-28-37 _____ _____________ 1093.647 60.0019 7.0.0089 -.1 6,.1 47,538.1 11-H;,37 ___ _____ __________ 1096.489 60.0024 70.0021 .0 6.1 47,648. 1 
11-18-37 __________________ 1096.489 60.0050 70.0038 -.2 6.1 47,654.0 11-19-37 __________________ 1096.489 60.0081 70.0056 .0 6.1 47,656.3 
11-26-37 ___ _____ _______ ___ 1.096,489 60. 0114 70.0042 .4 6.1 47,649.5 
12-3-37 ___ _____ __ __ _____ __ 1093.989 60.0104 70.0119 .0 6 .. 1 47,547.4 
12-4~37 _'- _________________ 1093.989 60.0320 70. 0076 .0 6.1 47,544.7 
12-7-37 ___________________ 1093.989 60.0079 70.0183 . 1 6.1 47,551.1 
12-9-,07 ____________ _______ 603.781 59.9329 69.9511 -.3 8. 9 27,098.0 
12-16-37 _______ ___________ 6.03.781 59.9993 69.9990 .3 23.0 27,095. 9 

------------------Average ________________ __ __ __ _____ _____ _______ __ __ ___ _________________ ___ _ 

4.17114 
4.17137 
4.17145 
4.17142 
4.17166 
4. 17116 
4.17139 
4.17163 
4,17085 
4,17139 
4,17160 
4.17098 
4.17118 
4. 17P93 
4.17151 
4.17085 
4.17.050 
---

4.17124 

0.000.03 
.0002 
.00034 
· 00031 
.00055 
· 000.0 
.00028 
· 00052 

6 -.0002 
.00028 
.00049 

-.0001 

-:gg~~ 
3 
7 
8 
o 
6 

.0004 
-.00.02 
-.00061 
---
---- --- ---

Even temperature interval 60° to 70° C. tJ.Z/ll.t=191.5Zl into WC. Formulated value o( tJ.a/ll.t=4.17111 into 
J/g-OO 

9-16-37 ____ ____________ __ _ 
9-21-37 ____ __ ______ ______ _ 
9-23-37 __________________ _ 
16-8-37 _______ ___ ________ _ 
16-19-37 __ __ ________ _____ _ 
16-21-37 ___ _______ _______ _ 
11-16-37 _____ ____________ _ 
11-18-37 ___ ______________ _ 
11-19-37 ___ ___ ____ _____ __ _ 
U-26-37 _________________ _ 
12-3-37 __ __ __ ____________ _ 
12-4-87 __ _____ ____ _______ _ 
12-7-37 ____________ ______ _ 
12-9-37 __ ________________ _ 
12-16-37 ______________ ___ _ 

1091. 161 
1091. 161 
1091. 161 
1092.517 
1093.647 
1093. 647 
1096.489 
1096.489 
1096.489 
1096.489 
1093.989 
1093.989 
1093.989 
603.781 
603. 781 

69. 9814 
71. 0327 
69.9831 
70.0097 
70.0336 
69. 9959 
70.0021 
70.0038 
70. 0056 
70. 0042 
70.0119 
70.0076 
70.0183 
69.9511 
69.9990 

79.9916 
8.0.0364 
8.0.0028 
8.0.0089 
8.0.0126 
80.0016 
80.0031 
80.0038 
80.00~8 
79.9993 
8.0. 0090 
8.0.0145 
8.0. 0040 
79.9741 
80.0085 

Average ___________________________________________ _ 

0.0 6.1 
- . 4 6.1 

. 1 6.6 

. 1 6.1 

. 2 6.1 

. 2 6.1 

. 0 6.1 
- . 1 6.1 

. 0 6. 1 

.2 6.1 
-.2 6.1 

. 0 6.1 
- . 1 6.1 
-.4 8.9 

.3 23.0 
---

- --- - -- --- --. 

47,504.6 4.17140 0.00026 
47,493.5 4.17038 - .00076 
47,500.3 4. 17101 -.00013 
47,564.2 4.17108 .00054 
47,607.4 4.17132 . 00018 
47,607.1 4. 17129 .00015 
47,721. 0 4. 17087 ·- .00027 
47,726.5 4.17137 .00023 
47,721. 2 4.17086 - .00028 
47, 722.4 4. 17099 -.00015 
47,621. 7 4.17132 .00018 
47,615.5 4.17075 -.00039 
47,616.1 4. 17081 -.00033 
27,172.5 4. 17114 . 00000 
27,108. 9 4.17054 -.00060 
---------
--- . _----- 4.17105 ----------

.Even temperature interval 70° to 80° C. tJ.Z/tJ.t=198.795 into WO. Formulated value of tJ.a/tJ.t=4.17114 int o 
Jlg-OO 



gf~~i~i8Stim80n,] Specific and Latent Heat of Water, 0° to 100° C 233 

TABLE 3.-Principal data /l'om large-mass heat-capacity experiments-Continued 

Energy Devia-
Mass of Initial Final Heat Pump for even t ionfrom Date temper· tempera- tempera- t:.a./t:.t water,M ature ture leak energy ture in- formula-

terva l tion 

----------------- ------ ----- ----------- ------ --------
q °C °C Int.j Int .j Int.j Int.j/q-OC 111t . j /q-OC 9-16-37 _______ _______ ______ 1091. 161 79.9916 89.9950 0.0 6.1 47,597.1 4.17167 0.00043 9-21-37 ___________________ 1091. 161 80.0364 89.9882 - .5 6.1 47, 592. 5 4.17125 .00001 9-23-37 ___ _____ _________ __ 1091. 161 80.0028 89.9957 -.4 6.3 47,592.2 4.17123 -.00001 10-19-37 ___ ___________ ____ 1093.647 80.0126 90. 0150 .2 6.1 47,696.4 4.17127 .00003 10-21-37 ___ ____________ ___ 1093.647 80.0016 89.9994 .0 6.1 47,698.2 4.17144 .00020 10-28-37 ___ _________ ______ 1093.647 79. 9989 89.9751 .4 6.1 47,703.6 4. 17193 .00069 11-16-37 ___ _____ __ ____ ____ 1096.489 80. 0031 90.0029 .0 6.1 47,809.8 4.17080 -.00044 

11-18-37 ___ _______________ 1096.489 80.0038 90.0003 -.3 6.1 47,815.6 4.17133 .00009 11-19-37 __ ______________ __ 1096.489 80.0041 90.0968 - . 1 6.1 47,811.9 4.17099 -.00025 
11-20-37 ____ ______________ 1096.489 79. 9993 90.0060 .0 6.1 47,812. 9 4.17109 -.00015 12-3-37 ___ _____________ . __ 1093.989 80.0090 90.0074 . 1 6.1 47,710.4 4.17125 .00001 12-4-37 ______ _____________ 1093.989 80.0145 90.0123 .1 6.1 47,708.6 4.17108 -.00016 12-7-37 ___________________ 1093.989 80.0040 90.0032 . 1 6.1 47,711. 2 4.17132 .00008 12-9-37 ___________________ 603.781 79.9741 90.0319 - . 4 8.9 27,263.1 4.17133 .00009 12-10-37. _________________ 603.781 80. 0085 90.0092 -.1 23.0 27, 2fl3. 7 4.17143 .00019 

------ ---------------------- ------ -----Average ______ _______________________________ ____________________ 
---------- 4.17129 --- - ----- -

Even temperature interval 80° to 90° O. t:.Z/t:.t=207.738 int. WO. Formulated value of t:.a./t:.t=4.17124 into 
J/g-OO 

9-16-37 ___________________ 1091. 161 89.9950 99.9843 -0. 4 6.1 47,704.3 4.17152 0.00015 -21-37 ___________________ 1091.161 89.9882 99.9992 .2 6.3 47,693.1 4.17049 -.00088 -23-37 ___ _________ _______ 1091. 161 89.9957 99.9887 -.4 6.1 47,696.9 4.17084 -.00053 
10-19-37 ___ _______________ 1093.647 90.0150 100.0086 - . 4 6.2 47,806.1 4.17135 -.00002 10-21-37 ___ _______ ________ 1093.647 89.9994 100. 0027 .1 6.1 47,807.6 4. 17148 . 00011 11-16-37 __________________ 1096. 489 90.0029 100.0024 -.2 6. 1 47,920.8 4.17099 -.00038 11-18-37 ____ __ ________ ____ 1096.489 90.0003 100. 0037 -.3 6.1 47,927.2 4.17158 . 00021 11-19-37 ______________ ____ 1096.489 90.0068 99.9042 .0 6.1 47,925.5 4. 17142 .00005 11-20-37 ______ . _____ ______ 109fl. 489 90.0960 100.0045 - .3 6.1 47,921. 9 4.17110 -.00027 
12-3-37 ________________ ___ 1093.989 90.0074 100.0098 - .3 6.1 47,820.7 4.17138 .00001 12-4-37 _____ _____ _______ __ 1093.989 90.0123 100.0076 -.2 6.1 47,828. 1 4.17205 .00068 2-9-37 ________ ________ ___ 603.781 90.0319 100.0076 - . 3 8.9 27,371. 6 4.17126 -.00011 
12-10-37 __________________ 603.781 90. 0248 100.0075 . 1 23.0 27, 369.9 4.17098 - . 00039 

---------- ------------------ ------ ------
Average __________________________________________________________ _________ 4.17126 ----------

Even temperature intervn)90° to 100° O. t:.Z/t:.t=218.626 into WO. Formulated value of t:.a./t:.t =4.17137 Int. 
j/g-OO 

TABLE 4.- Principal data from small-mass heat-capacity experiments 

Energy 
Mass of Initial Final Heat P ump for even 

Date water, temper- temper' temper-
M ature ature lea k energy ature 

interval 

------ ------ ------ ----- ------
0 °C °C Int . j Int. j Int.j 

11-5-37 _. _______ ____ ___ . ________ 126.708 -0.0646 2. 5102 -0. 1 2.3 1,758.0 11-6- 37 ________________ ____ __ ___ 126.708 -.0401 2.5830 -.3 1.9 1,758. 4 
11-11- 37 _______ ______ . _______ ___ 126.713 .0309 2.5359 - . 1 1.9 1,758. 5 
11-12- 37 . _______________________ 126.713 .0045 2.5027 - .2 1.9 1,758.3 
11-23-37 ____ ____________________ 126.842 . 0321 2.6038 . 5 3.7 1,760.5 11-24-37 __ ______________________ 126. 842 -.0182 2.5545 .8 5.4 1,759. 8 
11- 30-37. ____ _____ ___________ ___ 126.842 . 0069 2.5444 .2 3.5 1,758.8 
11-30-37 ________________________ 126.842 .0896 2.3173 .6 2.5 1,760.3 

----- ------ ------ ------ ------ -----Average. ___ ___ ________ _____ ________ ___ ___ ___________ ___ ____ __ __________ _______ ______ _ 

Even temperature interval 0.0° to 2.5° O. t:.a. /M=4.21210 into Jlg-OO 
Formulated value of t:.Z/t:.t=169.69 into W 0 

11-5-37 __________________ __ ___ __ 126.708 2.5111 5.0085 0.0 1.9 11-6-37 _______________ __________ 126.708 2.5430 5.0009 -.2 1.9 11-11-37 ________ ________________ 126.713 2.5368 4.0962 -_2 1.9 11-12-37 ________________________ 126.713 2.5030 4.9980 -.2 1.9 
11-23-37 ______________________ __ 126.842 2.6240 4. 9988 _6 3.7 
11-24-37. _______ __ _____ _________ 126.842 2. 5754 0.0040 .5 2.5 11-30-37 __________________ ______ 126. 842 2.3173 5. 0053 -.2 2.5 

1,756.2 
1,757. 3 
1,757.1 
1,756.8 
1,758. 7 
1,757.4 
1,758.3 

----- ------ ------ ------ ------ ------Average _________ ___ ___ ___ ____ __ ________ __ __ __ ____________ ___ __ _____________ -- _______ _ 

Even temperature interval 2.5° to 5.0° O. t:.a./t:.t=4.20424 into Jlg-OO 
Formulated value of t:.Z/t:.t=170.07 into WO 

t:.Z/t:.t 

------
Int. l /oC 

169.49 
169.65 
169.67 
169.59 
169.93 
169.65 
169.25 
169.85 

------
169.64 

169.77 
170. 21 
170. 11 
169.99 
170. 21 
169.69 
170.05 

------
170.00 
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TABLE 4.-Principal data from small-mass heat-capacity experiments-Continued 

Energy 
Mass of Initial Final Heat Pump for even 

Date water, temper· temper, temper· 
M ature ature leak energy ature 

interval 
------------------

0 °e °e Int.j Int.j Int.j 
9-27-37 ..... .. .............. ... . 127.140 5. 0941 9.5974 -0.3 5.0 3,519.3 
9-28-37 ................. . . . ..... 127. 140 5. 0468 10.0059 .1 4.2 3,520.3 
9-29-37 ....................... .. 127.140 5.0469 10.0019 -.2 4.2 3,520.6 
9-30-37 ....................... .. 127.140 4.9889 10.0055 .0 4.2 3,520.0 
10-1-37 . . .... •........ . . . ....... 127.140 5.0698 9.9952 -.2 4.2 3,519.3 
11-5-37 . . .. ......... .. .......... 126.708 5.0086 10.0132 -.2 2.9 3,510.6 
11-6-37 ...... ...... .. . .......... 126.708 5.0013 9.9995 -.3 2.9 3,511.9 
11-11-37 ........................ 126.713 4.9966 10. 0060 -.5 2.9 3,511. 4 
11-12- 37 ..... ... ... . ...... •..... 126.713 4.9985 10. 0012 -.4 2.9 3, 511.3 
11-24-37 ........................ 126.842 5.0065 10.0022 . 4 3.8 3,513.0 
11- 30-37 .. . .... . ... . .... ...... .. 126.842 5.0053 10.0091 -.2 3.8 3,514.1 

------------------
Average ................ .. . ... ............................. ..... .............. ....... . 

Even temperature interval 5° to 10° O. tJ.a/tJ.t=4.19527 into jfg.oO 
Formulated value of tJ.Z/M=170.69 into WO 

9- 27-37 .. .. ... . . . ........ . ...... 127. 140 9.5974 15.0994 -0.3 4.5 
9-28-37 ......................... 127. 140 10. 0059 15.0066 -.3 4. 2 
9-29-37 . . . . ...• ... . ... .......... 127.140 10,0019 15.0031 -.1 4.2 
9-30-37 ... . ....... . ............. 127. 140 10. 0055 15.0155 -.4 4. 2 
10- 1-37. _ ........ . ......... ... .. 127. 140 9.9952 15.1422 .1 4.2 
11-5-37 ......•..... .. . .... . ..... 126.708 10.0132 15.0025 -.2 2.9 
11-6-37 ..... . . ... .... ....• •. •... 126.708 9.9995 15.0001 -.3 2.9 
11-11- 37 ........................ 126.713 10.0131 14.9993 -.4 2. 9 
11-12-37 .... . ..... .. .... ... . .... 126.713 10.0012 15.0015 -.2 2.9 
11-24-37 ........... . ............ 126.842 10.0022 15.0063 -.3 3.9 
11-30-37 . . ...................... 126.842 10.0091 15. 0004 -.2 3. 8 

3,520.3 
3,519.0 
3, 519.1 
3.518.9 
3, 518.4 
3.510.0 
3,511. 1 
3,510.9 
3, 510.5 
3,512.1 
3,513. I 

--- - ----------- ---
Average ....... . .... ...... . . ............... .............. . .. . ................. ....... . 

Even temperature interval 10° to 15° C. tJ.a/tJ.t=4.186,78 into J/g·oO 
Formulated value of tJ.Z/tJ.t=I71.59 into irO 

9-27-37 .... ......• ........... . . . 127.140 15.0994 20.0230 -0.4 4.3 
9-28-37 . .... . ..... ........... ... 127.140 15.0066 19. 9974 -.3 4.3 
9-29-37 ... .......... ....... .... . 127.140 15.0031 20. 0028 - . 2 4.3 
9-30-37 ... . .. .............. .... . 127.140 15.0155 19.9961 - . 3 4.3 
10-1-37 .. ... . ..... ... ... . . ..•... 127. 140 15.1422 20. 0015 - . 1 4.2 
11-5-37 ... . ................. . ... 126.708 15.0025 20. 0054 -.3 3.0 
11- 6-37 ........................ . 126.708 15. 0001 20.0011 -.3 3.0 
11-11-37 .. ...... .. ....... . .. .. .. 126.713 14.9993 20.0015 -.4 3.0 
11-12- 37 ..... . .......... . ....... 126.713 15.0015 20. 0013 -.2 3. 0 
11- 24-37 ......... . ..... ... ...... 126.842 15.0063 20.0075 -.1 3.8 
11-30-37 ... ... .................. 126.842 15. 0004 19.9991 - . 3 3.8 

3,521. 2 
3,520.6 
3,521. 0 
3,520.7 
3,519. 3 
3,512. 0 
3, 512. 7 
3,512.7 
3,512.4 
3,514.1 
3,514.4 

--- - ---------- -----
Average . ..... ..... . . . .... .. ...... ........ . .... . ........ . ... ... ........... . .......... . 

Even temperatnre interval 15° to 20° O. tJ.a/t!.i=4.18119 into j/g.oO 
Formnlated value of tJ.Z/tJ.t=I72.60 into W 0 

9-27-37 ...........•............. 127.140 20.0230 24.9939 -0.2 4.6 
9-28-37 ....... . . . .. .... ......... 127.140 19. 9974 24.9946 -.3 4.3 
9-29-37 .............•........... 127. 140 20.0028 24.9979 -.4 4.3 
9-30-37 ..... . ......... . ......... 127.140 19.9961 24.9962 -.2 4.3 
10-1-37 ........ . ... . ............ 127. 140 20. 0015 25. 0055 -.4 4.3 
11-5-37 ............ "'.' ........ 126.708 20.0054 25. 0067 - . 3 3.0 
IHl-37 ............. . . . ..... . ... 126.708 20.0011 24.9988 - .3 3.0 
11-11- 37 ............... ... ... .. . 126. 713 20.0015 24. !J971 - . 3 3.0 
11-12-37 __ . . _ ... .. _ ._ .... . .... .. 126. 713 20.0013 24.9966 - . 2 3.0 
11- 24-37 .... . .. _ .... _._ ••..... _. 126.842 20.0075 25.0031 - . 2 3. 9 
11-30-37 .... _ . . .... _ .... _ ..... . . 126.842 19. 9991 24.9978 - . 4 3.9 

3,524.2 
3,523.7 
3,524.3 
3,524. 0 
3,522.8 
3, 514. 9 
3, 515. 6 
3,515.8 
3,515.4 
3,517. 2 
3,517. 4 

-------------------
Average ................ . _ ... __ ._ ..... _ .. _ .. _. _._ ......... _ .......... ... ........... _ .. 

Even temperature Interval 20° to 25° O. tJ.altJ.t=4.17753 into Jlg.oO 
Formulated value of tJ.ZItJ.t=I73.74 into irO 

tJ.Z/tJ.t 

---
Int. jre 

170.47 
170.67 
170. 73 
170. 61 
170.47 
170. 55 
170. 81 
170. 68 
170.66 
170.46 
170.68 

---
170.61 

171. 75 
171.49 
171. 51 
171. 47 
171. 37 
171.50 
171. 72 
171. 66 
171.58 
171. 36 
171. 56 

---
171.54 

172.64 
172. 52 
172. 60 
172. 54 
172. 26 
172.61 
172.75 
172. 73 
172.67 
172. 47 
172. 53 

---
172. 57 

173.71 
173.61 
173.73 
173.67 
173.43 
173.65 
173.79 
173.81 
173.73 
173.55 
173.59 

- --
173.66 
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TABLE 4. - Principal data from small-mass heat-capacity experiments-Continued 

Energy 
Mass of Initial Final H eat P ump for even 

Date water, temper- temper- temper-
M ature ature leak energy aLure 

interva l 

------ ---------
U °C °C Int.j Int . j Int. j 

9- 27- 37 ____ _____ __ _______ ___ __ __ 127.140 24.9939 29.9932 -0.2 4.3 3,530.2 
9- 28-37 __________ ____ _______ ____ 127. 140 24.9946 29.9991 - . 1 4.3 3, 529. 3 
9-29- 37 ___________ ____________ -- 127. 140 24.9979 29.9949 -.3 4. 3 3, 529. 2 
9- 30- 37 ___ ________ __ ___ - -___ - --- 127. 140 24.9962 29. 9948 -.2 4.3 3, 529. 8 
10- 1-37 _____________ ---- - -- - ---- 127.140 25.0058 30. 0080 -.4 4.3 3, 528.9 
11- 5-37 ______________ _ -_ - ------- 126.708 25.0067 30. 0113 -.2 3.0 3,520. 1 
11- 6- 37 __ ______ ____ __ ___ --- ----- 126.708 24.9988 29.9981 -.2 3.0 3,520.5 
11- 11- 37 __________ __ ________ - --- 126.713 24.9971 29.9968 -.2 3.0 3,521.0 
11- 12- 37 _________ ___ __ __________ 126.713 24.9966 29. 9974 -.2 3.0 3,520.4 
11- 24-37 ____________ _______ ----- 126. 842 25.0031 30.0057 -.2 3.9 3,522.4 
11- 29-37 __________ _________ - - - -. 126.842 25. 0033 29.9767 -.3 4.2 3,523.0 

--------- - - - ---- --
Average ______ ___________ _ __________ ------- - -- - --------- ---------- - - -------- ------ - -- -

E ven temperature interval 25° to 30° O. t:.a/t:.t = 4.17513 into j/g-O O 
Formulated value of t:.ZIt:.t = 175.02 into i/oO 

9- 27-37 _____ __ ______________ - -- - 127. 140 29.9932 39. 9929 - 0.5 7. 3 
9- 28- 37 ______________________ -- - 127. 140 29.9991 a9.9917 -. 1 7.3 
9-29-37 _____________ - - -- ---- --- . 127.140 29. 9949 39. 9848 -. 4 7. 3 
9-30- 37 ______ _______ -- ----- -- - -- 127. 140 29. 9948 39.9923 - . 6 7.3 
10- 1-37 _____________ -- - - --- - ---- 127. 140 30.0080 39.9991 -. 9 7.3 
11- 5- 37 ____________ ___ - ____ - ---- 12G. 708 30.0117 40. 0274 -.2 5. 2 
11- 8- 37 __ ___________________ ---- 126.708 29.9930 39.9952 - . 1 5.2 
11- 11- 37 __________ ____ -_ -- - --- -- 126.713 29.9968 39. 9884 -.5 Ii. 2 
11- 12-37 _____________ _ - __ --- ---- 126.713 29.9974 39. 9950 -.3 5.2 
11- 24- 37 ______________ ________ __ 126. 842 30. 0057 40.0131 -.3 6.6 
11-29-37 ______ ________ - -_____ ___ 126. 842 29.9797 40.0490 -.7 6.6 

7, 078.8 
7,078.1 
7, 079.1 
7,078.4 
7,078.1 
7, 059.9 
7,059.2 
7,061. 5 
7,059.7 
7,064 . [) 
7,0(15. 1 

t:. ZIt:.t 

---
Inl . j lOC 

175.21 
175. 03 
175. 01 
175. 13 
174.95 
175.00 
175.08 
175.16 
175. 04 
174.90 
175. 02 

---
175.05 

177. 32 
177. 25 
177.35 
177.27 
177.25 
177.23 
177. 16 
177. 37 
177.19 
177. 13 
177. 19 

Average. ________ ______ __ _ ~ ~ -::-::~ -::~ ~ ==-:: --177. 25 

E ven temperature interval 30° to 40° O. t:.alt:.t =4.17307 into i /g-OO 
Formula ted value of t:.ZIt:.t = 177 .29 into i/o O 

9-27- 37 ___________________ -_ -- -- 127. 140 39.9929 49. 9881 -0. 6 7.5 7,115. 4 181.14 
9- 28-31- __________ _______ __ . ____ 127. 140 39.9917 50.0028 - . 5 7.5 7, 113. 2 180. 92 
9- 29-37 ___ __ _______ ___ -- ---- -- -- 127.140 39. 9848 50.0068 -.5 7.5 7,114. 9 181.09 
9- 30-3L _______ ____ ___ __ ---- --- - 127.140 39.9923 50.0015 -.6 7.5 7,113. 3 180. 93 
10-1-31- ______________ -- --- - ---- 127. 140 39. 9991 50.0037 - . 7 7.5 7,114. 2 181. 02 
11- 5-37 _____ ________ __ -- ------ -- 126.708 40. 0274 50.0222 - . 3 5. 3 7,095.7 180.98 
11- 8-37 _______ ________ - _ - _ -- -- -- 126.708 39. 9952 49.9983 - .2 5.3 7,095.1 180. 92 
11- 11- 37 ______ _________ _ - - - - -- -- 126.713 39. 9967 49.9975 -. 3 5.3 7,095. 5 180. 94 
11- 12- 37 ______________ ___ - - - - -- - 126.713 40.0046 50.0032 -.4 5. 3 7,094. 4 180. 83 
11- 24- 37 ___ ______ ____ _____ - - -- - - 126.842 40.0231 50. 0078 - . 3 6. 7 7,099.9 180.84 
11-29-37 ___________ _______ - - -- -- 126. 842 40.0490 50. 0050 - . 4 6. 7 7,100. 5 180.90 

Average _____________ _____ -:::-::~ ~ ~~~-::~~ 

Even temperature inter val 40° to 50° O. t:.alt:.t =4.171 74 into i /g-OO 
Formulated value of t:.Z/t:.t = I80.99 into i /o O 

9- 27-37 _________________ ____ ---- 127.140 49.9881 59.9833 -0. 7 7. 6 7,160.4 
9- 28-37 _. __________________ ----- 127.140 50.0028 59.9990 -. 8 7.6 7, 159.4 
9- 29-37 ________ ______ --- -- - ----- 127.140 50.0068 59.9980 - .3 7.6 7,159.9 
9- 30-37 _______ ___ ___ _ ---- - ----- 127.110 50.0015 60.0036 . 1 7. 6 7,159.9 
10-1- 37 _____________ __ -- -- -- ---- 127.140 50.0037 60.0053 -. 7 7. 6 7, 160. I 
11-5-37 ___________________ ------ 126.708 50.0222 60.0165 -. 2 5.4 7, 142.6 
11-8-37 ______ _____ ____ -_________ 126.708 49.9983 59.9981 -.5 5. 4 7,141. 6 
11- 11-37 ___________________ - ---- 126.713 49. 9975 59.9969 - .6 5.4 7,142.2 
11- 12-37 ___________ ___ -- __ -- ---- 126. 713 50.0032 59.9945 -. 1 5.4 7,141. I 
11- 24-37 _______________ - - - -- -- - - 126.842 50. 0225 60.0085 - . 2 6.9 7, H5.8 
11- 29-37. ______ ______ ____ --- ---- 126.842 50. 0050 60.0022 -.3 6.8 7,146. I 

-------------~-----
A verage _____ _ - - - _ - - - - - - -- - --- - - ---- ---- ------ --- ------- - --- - ----- - - - -.- ---- ---- ---- - -

Even temperature ioterval50° to 6,)° O. t:.alt:.t= 4.17124 into j/g-OO 
Formulated value of t:. ZIt:.t = 185.66 into ir O 

185.71 
185.61 
185.66 
185.66 
185. 68 
IR5.73 
185.63 
185.67 
185.56 
185. 49 
185.52 

---
185.63 
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TABLE 4.-Principal data for small-mass heat-capacity experiments-Continued 

Energy 
Mass of Initial Final Heat Pump for even 

Date water, temper- temper- temper-
M ature ature leak energy ature 

interval 
---------------

g °C °C Int.j Int. j Int. j 
9-27-37 ________ ____ _____ ________ 127.140 59.9833 69.9959 -1.1 7.7 7, 219. 3 
9- 28-37 ____ ____ __ _____ _____ ___ __ 127. 140 59.9990 69.9834 -1.0 7. 7 7,218. 1 9-29-37 _______ ______ ____ ___ ____ _ 127. 140 59.9980 69.9870 -0. 2 7.7 7,217.9 9-3()-37 ___ ___ _____ ___ _________ __ 127.140 60. 0036 70.0132 -0.2 8.0 7, 217. 0 1()-1-37 _________ ___ ______ _____ __ 127.140 60.0053 69.9886 -1.1 7.7 7, 218.7 11-1>-37 __ __ ____ ____ ______ ____ ___ 126. 708 60.0165 70.0135 -0.3 5.6 7,200.8 11-8-37 ______ ___________ __ __ __ __ 126. 708 59.9973 70.0845 - . 3 5.6 7, 199.2 
11- 12-37 __ ___ ____________ _______ 126.713 59. 9945 69.9967 - . 4 5. 6 7,200. 0 11-24-37 ____ _____ ___ ______ ______ 126.842 60. 0085 69.9908 -.4 7.0 7,204.5 11-29-37 __ _____ _______________ __ 126. 842 60.0022 69.9523 - . 4 7. 0 7,204. 8 

--- - - - - - - ---------Average ___ _____ __ ____ __ __ _____ _____ ____ ___ ______________ ____ ___ __ _______ _____ ___ ____ _ 

Even temperature interval60D to 70° C . tJ.a/tJ.t=4.l7111 into J/g-DC 
Formulated value at tJ.Z/tJ.t= 191.52 into WC 

9-27-37 ___ _____________ __ ___ ____ 127.140 69. 9959 79.9973 -1.2 7.8 9-28-37 ____ ____ _________________ 127. 140 69.9834 SO. 0011 - . 5 7. 8 9-29-37 _____ _____ _______ __ _____ _ 127. 140 69.9870 SO. 0073 - . 3 7. 8 9-3()-37 _______ ____ _____ __ ___ ____ 127.140 70.0132 SO. 0058 - . 2 8. 8 1()-1-37 ____________ ______ ___ ____ 127.140 69.9886 SO. 0043 - . 6 7. 8 11-1>-37 _______ _____________ _____ 126.708 70.0135 SO. 0056 - .1 5.7 11-8-37 ____________ _____ ____ ____ 126.708 70.0845 79. 9952 - . 4 5.7 11-29-37 ____ ____ _______ ____ __ ___ 126.842 69. 9523 79.9922 - . 3 7. 1 

7, 292. 0 
7,291.1 
7,290.8 
7,289.9 
7,291. 5 
7, 273.6 
7, 272. 8 
7,277. 7 

------------------Average __ __ ____ ___ __________ _____ ___ ____ ____ _ ____ __ ______ ___ __ ___ _________ _ __ __ _____ _ 

Even temperature interval 700 to SOD C. tJ.a/llt=4.17114 into j/g-OO 
Formulated value of tJ.ZttJ.t= 198.79 Int. W C 

9-27-37 ___ ____ ___ __ ____ ______ ___ 127.140 79. 9973 89.9929 -0.5 8.0 9-28-37 ____ ___ _____________ __ __ _ 127. 140 SO. 0011 90.0146 -.2 8. 6 9-29-37 ____ __ ___________________ 127. 140 SO. 0073 90. 0104 - . 5 8. 0 9-3()-37 ____ _____ _____ ___ ________ 127. 140 SO. 0058 90. 0117 - . 8 8.3 1()-1-37 ___ __________ _________ __ _ 127. 140 SO. 0043 89. 9998 - . 6 8. 0 11-1>-37 ____ ____ __ ______ __ ___ ____ 126.708 SO. 0056 89. 9972 -.3 6.8 11-8-37 ___ ______ __ __ _____ _____ __ 126.708 79. 9952 90.0004 - . 7 5.8 11- 29-37 ________ _____ ___ ___ _____ 126. 842 79.9922 00.0033 - . 3 7. 2 

7, 381. 9 
7, 379.7 
7,381.1 
7,379. 7 
7, 381. 5 
7, 363. 4 
7,363.2 
7,367. 7 

------------------Average ___ ___________ __________ ____ ___ _________ ___ ________ ___ __ _______ ______ ________ _ 

Even temperature interval SOD to 000 C. tJ.altJ.t=4.17124 Int. jig_DO 
Formulated value of tJ.ZltJ.t=207.74 into J!" 0 

9-27-37 _______ ___________ _______ 127.140 89. 9929 99. 9985 -0.7 8. 1 9-28-37 _____ ____ ___ ___ ___ _______ 127. 140 00.0146 100.0007 .2 8. 7 9-29-37 _________ ____ __ __ __ ______ 127. 140 90. 0104 99. 9982 -.1 8.7 9-3()-37 _________ _____________ ___ 127. 140 90.0117 99.9885 -.4 8.4 1()-1-37 _______ _______ __ _______ __ 127. 140 89. 9998 99.9970 - . 6 8. 1 11-1>-37 ____ __ ______ ___ ____ ___ ___ 126. 708 89. 9972 99.9959 - . 6 5.9 11-8-37 ____ __ ___ ________ _____ __ _ 126.708 90.0004 100. 0010 -.9 6.7 
11-29-37 _____________________ ___ 126. 842 90.0170 100.0005 -.4 7.3 

7,489.8 
7,488.9 
7,489. 5 
7, 488.2 
7, 489.9 
7,471.8 
7,472. 6 
7,476.0 

------------------Average __________ __ ____ __ ______ ____ __ __ ______ _____ ______ _____ _____ _____ ___ _ _________ _ 

Even temperature interval 900 to 1000 C. tJ.alllt=4.17137int . jig_DO 
Formulated value of tJ.ZltJ.t=2l8.61 into WC 

tJ.Z/llt 

---
Int.j/D C 

un. 61 
191.49 
191. 47 
191. 38 
191. 55 
191. 57 
191. 41 
191. 47 
191.38 
191.41 

----
191. 47 

198.88 
198. 79 
198. 76 
198.67 
198.83 
198. 84 
198.76 
198.69 

---
198. 78 

207. 86 
207. 64 
207. 78 
207. 64 
207.82 
207.81 
207. 79 
207.68 ----
207. 75 

218. 63 
218.54 
218. 60 
218.47 
218.64 
218. 63 
218. 71 
218. 50 ---
218. 59 
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TABLE 5.-C(llculation of specific heat at 1-atmosphere pressure 

Reductions to give C p at 1 atmos-
phere 

Tempera- Cpo Cp, Devia-
ture !l.a/!l.t, 

( !l.l-l) 
experi- formu- tion 

interval measured 
AH_Aa Cp- l mental lated exp.-

at pat -( ~np-, 
form. 

At. At 
( AN ) 

I1t 84t 

---------- - -----
I 2 3 4 5 6 7 8 

---------
°C Int. i/g-OC Int.j/g-OC I nt. i/g-OC Int . j/g-OC Int.i/g-OC Int . i/g-OC Int. i/o-oC o to L _______ 4.21411 0.00085 -0.00054 -0.00001 4.21441 4.21508 -0.00067 

Oto 2.5 _____ _ 4.21267 .00089 -.00052 -. 00008 4.21296 4.21242 .00054 
I to 2 ________ 4.21087 .00000 -.00051 - . 00001 4.21125 4.21158 -.00033 o to 5 __ ______ 4.20811 .OaO.95 - .00051 - . 00027 4.20829 4. 20837 -.00008 
2 to 3 ________ 4. 20764 .00096 - .00051 -.00001 4.20808 4.20837 -.00029 

3 to 4 _______ _ 4.20533 .00101 -.00050 -.00001 4.20583 4.20542 .00041 
2.5 to 5.0 _____ 4.20385 .00103 -.00050 -.00006 4.20432 4.20472 -.00040 
4 to 5 ________ 4.20219 .00107 -.00050 -.00001 4.20275 4.20272 .00003 
5 to 10 __ _____ 4.19530 .00127 -.00047 -.000 l8 4.19592 4.19588 .00004 
10 to 15 ______ 4. 18668 . 00167 - . 00045 -.00012 4. 18778 4.18784 - .00006 

15 to 20 ______ 4.18130 .00217 -. 00045 -.00008 4.18204 4.18280 .00014 
20 to 25 ____ __ 4.17728 . 00279 -.00045 -. 00006 4. 17956 4.17977 -.00021 
25 to 30 ______ 4.17538 .00354 -.00047 -.00004 4.17840 4. 17814 .00026 
30 to 40 ___ ___ 4.17302 .00500 -.00053 -.00010 4.17739 4.17744 -.00005 
40 to 50 ______ 4. 17165 . 00761 -.00065 - .00007 4. 17854 4.17866 -.00012 

50 to 60 ______ 4. 17132 .01122 - . 00084 -.00006 4. 18164 4. 18161 .00003 
60 to 70 ______ 4.17124 .01606 - .00110 -.00006 4.18614 4.18604 .00010 
70 to 80 ______ 4.17105 .02239 -.00144 -.00007 4. 19193 4.19200 -.00007 
80 to 90 ______ 4.17129 .03049 -.00188 -.00008 4.19982 4. 19972 . 00010 
90 to 100 ___ __ 4. 17126 .04063 -.00241 -.00010 4.20939 4.20947 -.00008 

237 

Mid-
temper-
ature of 
interval 

---
9 

----
°C 

0.5 
1. 25 
1.5 
2.5 
2.5 

3.5 
3.75 
4. 5 
7. 5 

12.5 

17.5 
22.5 
27. fj 
35 
45 

55 
65 
75 
85 
95 
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TABLE 6.-Heat capacity of air-free wate?' at 1 atmosphere pressure 

Temper- C. Enthalpy. H. Temper-
C. Enthalpy. H p ature ature 

°C Abs.jfg-OC Abs. jig IT Callg °C Abs.jfg-OC Abs.jly IT Callg 0 ___ ___ 4.2177 O. 1026 O. 0245 50 __ __ _ 4. 1807 209. 3729 50. 0079 1. _____ 4. 2141 4. 3184 1. 0314 51. ____ 4. 1810 213. 5538 51. 0065 2 __ ____ 4.2107 8. 5308 2. 0376 52 __ ___ 4. 1814 217. 7350 52.0051 3 ______ 4.2077 12. 7400 3. 0429 53 __ ___ 4. 1817 221. 9166 53. 0039 4. ____ _ 4. 2048 16. 9462 4. 0475 54 __ ___ 4. 1820 226. 0984 54. 0027 
5 ______ 4. 2022 21. 1498 5. 0515 55 ___ ___ 4. 1824 230. 2806 55.0016 6 ______ 4. 1999 25.3508 6.0549 56 _____ 4. 1828 234. 4632 56.0006 7 ___ ___ 4. 1977 29. 5496 7. 0578 57 ____ 4. 1832 238. 6462 56. 9997 8 ______ 4. 1957 33. 7463 8. 0602 58 __ . ___ 4. 1836 242. 8296 57.9989 9 ___ ____ 4. 1939 37. 9410 9.0621 59 ____ _ 4. 1840 247. 0134 58. 9982 
10 __ ___ 4. 1922 42. 1341 10.0636 60 ____ _ 4. 1844 251. 1976 59.9975 11 __ ___ 4. 1907 46. 3255 11. 0647 61. ____ 4. 1849 255. 3822 60. 9970 12 _____ 4. 1893 50. 5155 12. 0654 62 _____ 4. 1853 259. 5673 61. 9966 13 _____ 4. 1880 54. 7041 13. 0659 63 __ ___ 4. 1858 263. 7529 62. 9963 14 _____ 4. 1869 58. 8916 14. 0660 64 ____ _ 4. 1863 267. 9390 63. 9962 
15 __ ___ 4. 1858 63. 0779 15. 0659 65 _____ 4. 1868 272. 1256 64.9961 16 _____ 4. 1849 67.2632 16. 06.55 66 _____ 4. 1874 276. 3127 65. 9962 17 ____ _ 4. 1840 71. 4476 17. 0650 67 _____ 4. 1879 280. 5003 66.9964 18 ____ ._ 4. 1832 75. 6312 18. 0642 68 ____ _ 4. 1885 284. 6885 67. 9967 19 __ ___ 4. 1825 79. 8141 19. 0633 69 ____ _ 4. 1890 288. 8772 68. 9972 
20 _____ 4. 1819 83.9963 20. 0622 70 ____ _ 4. 1896 293. 0665 69. 9977 21. ___ _ 4. 1813 88. 1778 21. 0609 7L ____ 4. 1902 297. 2564 70. 9985 22 __ ___ 4. 1808 92. 3589 22. 0596 72 _____ 4. 1908 301. 4469 71. 9994 23 _____ 4. 1804 96. 5395 23.0581 73 _____ 4. 1915 305. 6381 73. 0004 24 __ ___ 4. 1800 100. 7196 24. 0565 74 __ ___ 4. 1921 309.8299 74. 0016 
25 _____ 4. 1796 104. 8994 25. 0548 75 __ ___ 4. 1928 314. 0224 75. 0030 26 ____ _ 4. 1793 109. 0788 26. 0530 76 _____ 4. 1935 318. 2155 76. 0045 27 _____ 4.1790 113.2580 27.0512 77 _____ 4. 1942 322.4094 77. 0062 28 _____ 4.1788 117.4369 28. 0493 78 _____ 4. 1949 326. 6039 78. 0080 29 ___ __ 4.1786 121. 6157 29.0474 79 _____ 4. 1957 330. 7992 79.0101 
30 _____ 4.1785 125. 7943 30. 0455 80 _____ 4. 1964 334. 9952 80. 0123 3L ____ 4. 1784 129.9727 31. 0435 81 ____ 4. 1972 339. 1920 81. 0147 32 _____ 4.1783 134. 1510 32. 0414 82 ___ ___ 4. 1980 343.3897 82.0172 33 ____ _ 4.1783 138. 3293 33. 0394 83 ____ _ 4. 1988 347. 5881 83. 0200 34 _____ 4.1782 142.5076 34. 0374 84 _____ 4. 1997 351. 7873 84. 0230 
35 _____ 4.1782 146. 6858 35.0353 85 _____ 4. 2005 355.9874 85. 0262 36 __ __ _ 4.1783 150. 8641 36. 0333 86 _____ 4.2014 360. 1883 86. 0295 37 ___ __ 4. 1783 155. 0423 37.0312 87 __ ____ 4. 2023 364.3902 87. 0331 38 _____ 4.1784 159. 2207 38.0292 88 _____ 4. 2032 368. 5929 88. 0369 39 _____ 4.1785 163. 3991 39. 0272 89 ___ __ 4. 2042 372. 7966 89. 0410 
40 _____ 4. 1786 167. 5777 40. 0253 90 ___ __ 4.2051 377.0012 90. 0452 41. ___ _ 4.1787 171. 7563 41. 0233 91. ____ 4. 2061 381. 2068 91. 0497 42 ____ _ 4. 1789 175. 9351 42. 0214 92 ____ _ 4. 2071 385. 4135 92. 0545 43 _____ 4. 1791 180. 1141 43.0195 93 ___ __ 4.2081 389.6211 93. 0594 44 _____ 4. 1792 184. 2933 44.0177 94 _____ 4.2092 393.8297 94.0647 
45 _____ 4. 1795 188. 4726 45.0159 95 _____ 4.2103 398. 0395 95. 0701 46 _____ 4. 1797 192. 6522 46. 0142 96 _____ 4.2114 402.2503 96.0759 47 ____ _ 4. 1799 196. 8320 47. 0125 97 _____ 4.2125 406. 4622 97. 0819 48 _____ 4. 1802 201. 0120 48.0109 98 _____ 4.2136 410. 6753 98. 0882 49 _____ 4. 1804 205. 1923 49. 0094 99 __ ___ 4. 2148 414.8895 99. 0947 

100_. ____ 4. 2160 419. 1049 100. 1015 
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TABLE 7.- EnthaZpy of saturated liquid water 

T emperature al: fj Enthal py 

°C Int. jig Int.j/O Int. i/o A bs. i/o 0 ___ _______ _____ . ____ _ O. 0000 O. 0121 O. 0000 O. 0000 5 __ __ ____________ _____ 21. 0408 . 0169 21. 0456 21. 0496 10 __ _____ ______ ____ ___ 42. 0172 . 0233 42.0283 42. 0363 15 ___ ____ ____ ____ ____ _ 62.9511 .0316 62. 9706 62. 9826 20 ______ __________ ___ _ 83. 8571 .0425 83. 8875 83. 9034 
25 _______ ____ ___ ___ ___ 104. 7447 .0564 104.7890 104. 8089 
30 - - -- -------- - ---- - - 125. 6204 .0741 125. 6824 125.7063 35 __ ____ ___ __ __ ____ ___ 146.4883 .0963 146. 5725 146. 6003 40 ______ __ _______ ___ __ 167. 3511 . 1241 167. 4631 167. 4949 45 __ ____ ____ __ ___ ___ __ 188. 2108 . 1583 188. 3570 188. 3928 

50 _. ____________ . ____ __ 209. 0685 .2002 209. 2566 209. 2964 55 __ ____ ___ ________ ___ 229. 9251 . 2510 230.1640 230. 2077 60 __ _______ __________ _ 250. 7810 . 3123 251. 0812 251. 1289 65 __ __________________ 271. 6366 . 3858 272.0102 272. 0619 70 ___ ___ ___ _________ __ 292.4921 .4730 292. 9530 293. 0087 
75 __ ______ ___ __ ____ ___ 313. 3477 .5760 313. 9116 313.9712 80 ______ _________ _____ 334. 2035 . 6970 334. 8883 334. 9519 
85 - - - - - - - - - - - --- - -- - - 355. 0596 .8381 355. 8856 355. 9532 
90 - - -- ----- - - - - - ----- 375. 9159 1. 00] 9 376. 9057 376. 9773 
95 - - -- -- - --- -- ---- - - - 396. 7726 1. 1909 397. 9514 398. 0270 

100 -- -- - ---- - - - - -- - -- 417.6296 1. 4082 419. 0257 419. 1053 
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11' Cul/O 
O. 0000 
5. 0276 

10. 0402 
15. 0431 
20. 0400 

25. 0332 
30. 0244 
35. 0149 
40. 0055 
44. 9968 

49. 9896 
54. 9842 
fi9. 9811 
64. 9808 
69.9839 

74. 9907 
80. 0019 
85. 0180 
90. 0395 
95. 0671 

100. 1016 

V. REVIEW OF EARLIER WORK AND COMPARISONS 

It is of interest to present a resume of comparisons between the pres
ent results and the earlier results, but unfortunately, it seems impossible 
to make all such comparisons on the basis of definite evaluation. As 
mentioned above, so many uncertain factors regarding units, stand
ards, and experimental technique have been involved in some of the 
earlier work that the results of much of the pioneer research is difficult 
to interpret and appraise in terms of present standards. In spite of 
the care with which these various determinations were made, the 
diversity of results indicates that in some of the work, the uncertain
ties were greater than supposed. 

Since the present determinations have been made by use of the 
present standards of electromotive force and electric resistance, they 
yield values for the heat capacity of water in international electric
energy units. They are comparable, in kind, to two types of previous 
measurements, those in which the variation of specific heat with tem
perature has been observed, and those in which the heat capacity of 
water has been measured, either in mechanical or electrical units of 
energy. 

Comparisons of the determinations of the variation of specific heat 
may be made, independently of the absolute value of the energy 
units . These comparisons may easily be made by arbitrarily choosing 
a temperature at which the observed specific heat is taken as unity. 
Differences in temperature scales used and such calorimetric errors 
as heat leaks, however, would affect the accord . 

For the evaluation of the heat capacity or specific heat of water in 
the fundamental or absolute units of energy, the choice of values for 

, 
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the relations between units and standards of different periods is in
volved, particularly for measurements made by the method of electric 
heating. The data available for this purpose are not adequate to 
yield satisfactory appraisals of all the experimental data. The opin
ions of some who have studied this matter are interesting. 

For example, in the discussion of T. H. Laby's [13] critical review 
paper on the mechanical equivalent of heat, several physicists have 
given their views. F. E. Smith said that he "had little faith in the 
values of physical constants obtained by applying corrections long 
after the date of the observations." G. M. Clark said "I doubt 
whether much is gained by discussing the results of other observers 
by making known corrections that arise through the light of later 
knowledge * * * the halo of nebulosity surrounding any physical 
determination is probably greater than the original experimenter 
cared to acknowledge to himself. I am also of the opinion that the 
only person who call revise any old determination is the person who 
made it." Ezer Griffiths said "I view with misgivings attempts to 
correct old work unless made by the investigators themselves, as they 
alone are acquainted with all the facts concerning the apparatus." 
E. H. Griffiths said "I confess that it appears to me that it is the final 
and not the earlier conclusions of an author which should be quoted." 
In this very frank discussion, several authors gave reappraisals of their 
earlier numerical values, which are most helpful to reviewers. 

In comparing various appraisals made in the past, much can be 
found to support these views. It seems, however, that part of the 
discord which has baffled reviewers may be removed by use of more 
complete correction data, without too ruthless rejection of early 
experimental work. 

In accord with the above warnings of caution, the present authors 
propose to accept at their face values the experimenters' own reap
praisals, where available. In view of the impossibility of precise 
interpretation and reduction to present standards of much of the 
earlier work, and since this service has been already so thoroughly 
performed by previous reviewers, a complete review will not be under
taken here. Instead, only a few of the determinations which have 
been cited in the past as important or authoritat:ive have been selected 
for examination and correlation to indicate the extent of corroboration. 
In order to coordinate them for intercomparison, some reductions 
have been made by using equivalents or ratios which are based on 
more complete experimental evidence than those used in former 
reviews. These data will be examined in two respects, the first by 
considering the experimental data yielding values for the mechanical 
equivalent of heat, each in terms of some definite heat unit, and 
second, by considering data on the change of specific heat with 
temperature. 

James Prescott Joule 

Joule [14] appears to have been the first to undertake systematic 
measurements of the mechanical equivalent. In 1850, from experi
ments by a number of methods, he chose a value of 772 foot-pounds 
per heat unit. Later , in 1878, by water friction in a calorimeter, he 
obtained the value 772.6 foot-pounds per 62° F heat unit. Because 
these experiments belong to an early period in the development of 
standards of physical measurements, it is impossible to evaluate the 
results in terms of present standards, but their pioneer nature and 
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classical refinement set them apart as exempt from any purely numeri
cal appra,isal of their relative accuracy. Tribute to Joule's work is 
perpetuated by the use of his name to designate the unit of work. 

Henry A. Rowland 

Rowland [15] followed Joule by making a series of elaborate experi
ments similar in principle to Joule's, but with greater care and refine
ments in some respects. Although the thermometry of that time 
was less precise than later, Rowland's measurements were made and 
recorded so carefully that they could be revised later when the ther
mometers that he used had been compared with better-known stand
ards. William S. Day [16], with Rowland's permission and advice, 
compared Rowland's thermometers with the Paris Standard (inter
national hydrogen scale) and made a revision of the results 20 years 
after the original work. 

At the conclusion of his paper, Rowland says "Between the limits 
of 15° and 25° C, I feel almost certain that no subsequent experi
ments will change my values of the equivalent so much as 2 parts in 
1,000, and even outside those limits, say between 10° and 30°, I doubt 
whether the figures will ever be changed much more than that 
amount." Tlus concluding estimate seems to have been conservative. 

Table 8 gives the values reported by Rowland and the values cor
rected by Day at five temperatures from 10° to 30° C. It also gives 
the NBS values reduced to the same temperature intervals and 
rounded to the same number of figures. The last two columns give 
the deviations of Rowland's original and Day's revision from the 
NBS. Rowland's smoothed results differ most from the NBS at the 
ends of the range from 10° to 30° C, and there, by less than his esti
mated 2 parts in 1,000. 

TABLE 8.-Compa?·ison of specific heat values of Rowland with NBS values 

T emperature 

°0 10 . ___ ._. ______________________________ __ __ 
15 ___________ . ________ __________ ___ __ ___ __ _ 
20 . ___________________ _______________ ____ __ 
25 . ______________________________________ __ 
30 . ________________________ __ _____ ___ ____ __ 

Rowland, Day's revl· NBS 1939 
1879 sion, 1898 

j ju'OO 
4. 200 
4.189 
4.179 
4.173 
4.171 

j/g.oO 
4.196 
4.188 
4.181 
4.176 
4.174 

j ju·oO 
4.192 
4.186 
4.182 
4.180 
4.179 

Rowland 
minus 
NBS 

j ju·o O 
0.008 
.003 

-.003 
- . 007 
-.008 

Average______ ___________ __ __ ________ ____________ ______ ____ __ _____ _______ -0.0016 

Day's revi· 
sion m inus 

NBS 

j ju·oO 
0.004 
.002 

-.001 
-.004 
-.005 

-0. 0010 

Rowland's values are greater than the NBS values in the lower 
part of this range and less in the upper part. It seems probable 
that these departures can be explained by the correction he applied 
for heat leak, or "radiation," as he called it. This correction 
amounted to over 2 percent of the energy input when the temperature 
of the calorimeter differed from that of the jacket by 10° C. He 
determined the "coefficients of radiation" by measurement, but in 
discussing them he says " the circumstances in the experiments are 
not the same as when the radiation was obtained." These circum
stances, he states, "tend to give too small [italics Rowland's] coefficients 
of radiation, and this is confirmed by looking over the final tables." 
He, however, did not feel at liberty to make corrections on this 
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basis. Had these coefficients been greater by nearly 4 percent, it 
would have accounted for the difference in slope of Rowland's curve 
from that of the NBS, as will be seen by referring to table 8. At 
20° e, which is the midtemperature of the range in which Rowland 
estimated his greatest precision, Rowland's revised value is less than 
the NBS value by about 1 part in 4,000. At 15° e, which was 
about the average. jacket temperature, and where the heat leak 
would have been zero, Rowland's revised value is greater than the 
NBS value by 1 part in 2,000. 

It is possible that his remarkable accord with recent determina
tions is accidental, but it appears more likely to be due to the thor
oughness with which he is known to have worked . 

. Reynolds and Moorby 

These workers [17] determined the mechanical equivalent of heat 
by means of a hydraulic brake- driven by a steam engine. rrhe 
measurements were carried out on an engineering scale, the power 
input being in some experiments as large as 65 hp. This feature has 
sometimes been considered an advantage as compared with lesser 
proportions. The heat developed was used to raise the temperature 
of water over a range of nearly 100° e. These distinctions give 
these measurements an importance for purposes of comparison. 

It must be recognized that in some other respects, the apparatus 
and technique were less refined than in the case of some of the other 
determinations. Although the work is described at great length, 
it is difficult to ascertain all details which would aid in correlating the 
numerical result with others. This is the case with the record of 
the initial and final temperatures and pressures of the water which 
absorbed the energy input as sensible heat. It seems that for the 
final value of 4.1832 abs. j/g-Oe, the approximate range of state 
was from a temperature of 1.3° e and a pressure of 1.53 atmospheres, 
to a final temperature of 100° e and a pressure of 1.43 atmospheres. 
The change in enthalpy for this change of state may be computed from 
the NBS data as follows: 
Enthalpy at 1.3° C, pressure 1 atm__ _____ ______ ____ __ _ 5.583 abs. jig. 
Change for 0.53 atm_ __________ ______________________ 0. 054 abs. ji g. 
Enthalpy at 1.3° C, pressure 1.53 atm__ __ ____________ __ 5.637 abs. jig. 
Enthalpy at 100° C, pressure 1 atm __ __ ________________ 419.105 abs. jig. 
Correction for 0.43 atm_ __ __ ___ ____ _____ _______ ____ __ 0.033 abs. jig. 
Enthalpy at 100° C, pressure 1.43 atm ______________ ___ 419. 138 abs. jig. 
Change in enthalpy 1.3° C, 1.53 atm, to 100° C and 1.43 

atm ___ _______________________ ____________________ 413.501 abs. jig. 
Change per degree by NBS value _________ .. __________ __ 4.1895 abs. j/g-oC. 
Reynolds and MOOl·by's value_____________________ __ __ 4.1832 abs. j/g-oC. 
R. and M.- NBS___ _ ______________________ ____ ______ 0.0063 abs. j/g-OC 

(or 1 part in 660) 

The accord of this result with the NBS result is inferior to the 
accord of Rowland's result after Day's revision for temperature 
scale. Inasmuch as the means of protection from heat leak in 
Reynolds and Moorby's work were less complete and the range of 
temperature considerably greater, it is very probable that this may 
account in part for the greater discrepancy. Although this extensive 
research suffers by comparison with modern techn,ique, the approxi· 
mate confirmation of smaller scale laboratory measurements has 
served for many years as a classical contribution to engineering data. 
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They [18] determined the mechanical equivalent of heat by direct 
mechanical measurements using an induction dynamometer and the 
method of continuous-flow calorimetry. The ingenuity of design and 
refinements of technique justify their aim at "the highest precision 
attainable with the present developments of physical technique." 

There have been two serious criticisms of Laby and Hercus' work. 
Birge [19] has proposed a reevaluation of their result by disregarding 
the experiments near 20° C on account of their large residual. In a 
later paper, Laby and Hercus [20) have noted this criticism and have 
accepted the proposal. Jessel [21] has reported finding differences in 
the specific heat of air-free water and air-saturated water and has 
questioned Laby and Hercus' result on the score that air-free water 
was not used. In replying to this criticism, Laby and Hercus [20] 
deny the validity of Jessel's conclusions in their own case and show by 
computation that the effect is negligible. As a reappraisal in 1935 
of the final result of their measurements, Laby and Hercus give for 
the mechanical equivalent for both deaerated and aerated water, the 
value of 4.1852 X 107 ergsjl5° cal, which may be taken as their apprais
al of their results for purposes of comparison. The present NBS 
measurements give the value of 4.1858 j (abs.) jg-OC for Op at 15° C 
and 1 atmosphere, which agrees within 1 part in 7,000 with Laby and 
Hercus' value. 

Callendar and Barnes 

Their work [22] on the measurement of the heat capacity of water 
between 50 and 95° C by the continuous electric-calorimetric method 
is without doubt more pretentious and comprehensive than any of 
the other researches on this property of water. The results which 
were obtained from measurements made by Barnes in 1899 and 1900 
in terms of the electrical standards of that period have since been the 
subject of numerous reviews [13, 22,23,24,25], mostly with the object 
of deriving better appraisals of the value of the mechanical equivalent 
of heat by applying corrections to bring them into accord with known 
standards. The diversity of these reappraisals emphasizes the diffi
culty and uncertainty involved. Even Callendar, who cooperated 
in the design and preparation of the apparatus, and Barnes, who 
carried out the experimental part of the program, differed in their 
opinions of the validity of the accounting for heat leak. It seems that 
for the purpose of comparisons, the best course is to take the authors' 
own latest estimates. These along with others are given in table 9. 

In 1909 Barnes [22] revised his original figures of 1902 by applying 
corrections for the value of the standard cells. Callendar [26] reviewed 
previous experiments on the variation of specific heat of water, 
described experiments by a new method, and derived a formula for 
specific heat. It is somewhat difficult to differentiate Callendar's 
interpretations of these several elements, and, for purposes of eom
parison, it seems best to take his tabulated figures, referred to the 
value at 20° C as unity. Callendar later, in 1925 [13], in a discussion 
of T . H. Laby's paper on the Mechanical Equivalent of Heat, has 
given a reappraisal of the value at 20° C from the Callendar and 
Barnes' experiments as 4.178 abs. jjg_oC. This value is practically 
the same as the value 4.1785 given by Barnes in 1909. Laby's 

163919- 39-4 
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appraisal of Oallendar and Barnes' value made at the same time is 
4.1795 at 200 O. The NBS value for 200 0 at present is 4.1819, 
which is about 1 part in 1,200 greater than Barnes' figure. Barnes' 
estimated values of the specific heats at other temperatures deviate 
from the NBS values by as much as 1 in 500, while Oallendar's 
estimate is for the most part within 1 part in 1,000 of the NBS value. 
Barnes' mean value between 50 and 950 0 of 4.1835 is about 1 part in 
1,000 less than the corresponding mean value of 4.1877 from the 
NBS measurements. 

TABLE 9.-CompaTison of specific heat value of CallendaT and Bames with NBS 
value 

Temperatur e 
Barnes 
original 

1902 

Barnes 
revised 

1909 

°C Abs.j/g·Dc Abs.j/g·Dc 

Callendar 
revised 

1925 

Laby's 
revision of 
Callendar 

and Barnes 
1925 

Callendar 
1912 

Barnes 
1909 

Abs.j/g·DC Abs.j/g'oC cal20/g·DC callO/V'oC 
0 . . ................. _ . ..... _ .... _ .... _.... ....... ... .. . . . . ....... _ . .. ................... . 
5.... . .... .. . ..... 4.2105 4.2052 
10 ... . ...... . . . _.. 4. 1979 4. 1926 
15.. .. ......... ... 4.1895 4.1842 
20 . .. . .. . ... .. .... 4.1838 4.1785 

25 ._ . . ... . .... _ .. . 
30 ... . ... _ .... _ .. . 
35 ........ . ..... . . 
40 ....... .. ..... . 
45 .. ........... .. . 

60 ... ___ •• _______ _ 
55 . .............. . 
60 ... . .... . . .. ... . 
65 ....... _ .... _ .. . 
70 .... ... ..... _ .. . 

75 . .. . ........... . 
80 .... .. . . ... _ .. . 
85 ... _ .. . . . ...... . 
90 ... __ .. _ ....... . 
95 . . . . ... . . _ . .... . 

4.1801 
4. 1780 
4. 1773 
4.1773 
4.1782 

4.1798 
4.1819 
4. 1845 
4.1870 
4.1898 

4.1925 
4. 1954 
4.1982 
4.2010 
4. 2038 

4.1748 
4.1727 
4.1720 
4.1720 
4. 1729 

4.1745 
4.1766 
4.1792 
4. 1817 
4. 1845 

4.1872 
4.1901 
4.1929 
4.1957 
4. 1985 

4. 178 4.1795 

1.00596 1. 00639 
1. 003lO 1. 00337 
1. 00122 1. 00136 
1.00000 1. 00000 

0.99922 0.99911 
.99877 .99861 
.99856 . 99814 
.99856 . 99844 
.99871 .99866 

.99901 . 99904 

. 99942 .99955 

.99994 1. 00017 
1. 00055 1.00077 
1. 00125 1. 00144 

1. 00201 1. 00208 
1. 00288 1. 00278 
1. 00380 1.00345 
1. 00479 1. 00412 
1. 00583 1. 00479 

NBS 1939 

ca/20/g·oC 
1. 00857 
1,00487 
1. 00247 
l. 00094 
1. 00000 

0.99946 
.99919 
. 99913 
.99921 
. 99942 

. 99973 
1. 00013 
l. 000~1 
1. 00119 
l. 00185 

1. 00261 
1. 00348 
1. 00446 
1. 00556 
1.00679 

Meau ____ .. ____ .. __ .___ 4.1835 ____________ ._. __ .. _. ___ ..... __ .. . _ ... _._ .. _____________ ._. 
100 __ __ .. ______ ... . ___ . __ . ____ .. __ . _. ___ . ___ ._ .. _____ .. _. ___ . ___ . __ ___ _____ . ___ . ____ . ___ ._ 1. 00817 

Although it is difficult to explain this degree of discord, it seems 
possible that inaccurate accounting for heat' leak may have been 
responsible for much of the difference. It is difficult to believe that 
Barnes' estimate in 1909 that the error of the measurements in any 
part of the range did not exceed 1 part in 10,000, or Callendar's esti
mate of 1 part in 4,000 for the absolute value of the mechanical equiv
alent, took into account all the possibilities for deviations from the 
true values. 

J aeger and von Steinwehr 

Their measurements [27] were made at the Physikalisch-Technische 
Reichsanstalt in 1921, by the electric-heating method, and extending 
over the range from 50 to 500 C, are free from some of the uncertainties 
of units and standards which affect much of the earlier work. There 
is very little doubt that the temperature scale and the electrical 
standards used were substantially the same as those now in use as 
international standards. The numerical values as given originally 
may therefore be taken to represent the experimental data between 
50 and 500 0 smoothed by an empirical formula of the second degree. 
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These values are given in table 10 with corresponding NBS values 
for comparison. 

Henning and Jaeger [28] quote the value of 4.1842 into jig °c for the 
heat capacity of water at 15° C., estimating the accuracy as about 2 
parts in 10,000. The PTR formula accords with the NBS value at 
this temperature to this estimated accuracy but, elsewhere, the 
deviations are larger. 

It is of interest to examine the individual experimental results to 
see to what extent this peculiarity may be the result of the type of 
formula used. It is a well-known fact that formulas of the power 
series type often show 
a pronounced tendency 
to deviate near the ends 
of an experimental 0 

range, even though 0 

fitted to the data by ~ 
least-squares adjust- +20 
ment. ~ 

In figure 6 the de- ~ 
viation of the PTR ~ 0 
formula from the NBS 
formula is shown by ~ 
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The deviations of the ~ 
PTR (observed-minus- > 
calculated) values as ~ 0 10 20 30 40 50 60 

given by Jaeger and TEMPERATURE, °c 
von Steinwehr in their 
table 11 are shown by FIGURE 6.-Deviations of PTR from NBS values of Cv· 

the points designated as "PTR obs." The dotted line designated as 
"PTR Alternate" represents a re-formulation of the PTR data in the 
light of the present work. This was found by fitting a linear equation 
to the deviations of the PTR data from the NBS equation, and therefore 
this al terna te in terpreta tion of the PTR results differs from the NBS for
mulation of Cp only by addition of a correction equal to [-0.00256+ 
0.0000486t]. This alternate formulation accords with the observed 
values slightly better than the PTR equation does, and is of a type which 
is consistent with experimental data outside their range of temperature. 
The greater spread of the PTR data is to be expected from the smaller 
temperature intervals used which were only about 1.4° C, and the 
general accord may be considered as satisfactory. 

TABLE lO.-CompaTison of specific heat values oj Jaeger and von S tein wehr with 
NBS value 

Jaeger and J aeger and Jaeger and Jaeger and 
T empera· von von NBS 1939 Tempera· von von NBS 1939 ture Steinwehr Steinwehr ture Steinwehr Steinwehr 

alternate alternate 

"C Int. j /g'oC Int . jfg.oC Int. j/g.oC °c Int. Jlg.oC Int. Jlg.oC Int. Jlg.oC 
5 ...... ....... 4.1966 4. 1991 4.2014 30 ............ 4.1755 4.1766 4.1777 
10 .......... .. 4.1897 4.1893 4.1914 35 ...... ...... 4.1753 4.1765 4.1774 
15 ...... ...... 4.1842 4.1832 4.1850 40 ........ .. .. 4.1764 4.1772 4.1778 
20 ............ 4.1800 4.1795 4.1811 45 .. ........ . 4.1788 4.1783 4.1787 
25 .......... .. 4.1771 4.1775 4. 1788 50 .... . ...... 4.1825 4.1798 4. 1799 
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The earlier measurements of the enthalpy of saturated water made 

in this laboratory and published in 1930 [2] furnish data from which 
values of specific heat of water at 1 atmosphere in the range 00 to 100° 
C may be derived. These measurements were not intended primarily 
for determining the specific heat, having been made to furnish data for 
enthalpy of water and steam for compiling steam tables, and values 
of the specific heat were not published. Beside other limitations on 
the accuracy of the NBS 1930 data, the larger temperature intervals 
then used gave less convincing evidence of the trend of specific heat 
in the lower range of temperature where the change is most rapid. 
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Nevertheless, these results have been taken as a basis for values of 
heat capacity of water used in measurements of enthalpy of super
heated steam by several of the laboratories cooperating in the inter
national steam research project. It is therefore of interest to note the 
difference between the old and the new results, expressed as specific 
heat. For the purpose of intercomparison, the values of Cp at 
I-atmosphere pressure have now been computed from the formulated 
results of the 1930 report as represented by the following formula 
given for alpha in the range 00 to 1700 c: 

a = 1.24077710g!OC~7)+415.2412(1~O) +O.6912(1~OY -O.044874C~O), 
This computation of Cp was made in a manner similar to those for 

the present new results as previously described in this report, using 
the same value for {3 and [HtJ1 atm.at . The values of Gp thus derived 
are given in table 11 and are designated as Cp (NBS 1930)' together with 
the 1939 NBS values. 

Comparative values of specific heat in absolute joules from the 
determinations just reviewed are shown graphically in figure 7. 
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TABLE ll.-Comparison of specific-heat values of NBS 1930 with NBS 1939 values 

Temperature Cp 
NBS 1930 

C. 
NBS 1939 Temperature Cp 

NBS 1930 
Cp 

NBS 1939 

°C Int. i /u'oC Tnt . i /u'oC °C Int . JlO' oC Int. i /o·oC 
0 . .. .... . ........ ... ... . .. 4. 2297 4. 2169 50 ... ...... . .. . . . .. _ ...... 4.1771 4.1799 
5 . . . .. . . ...... .. ... . . . . . . . 4.1986 4.2014 55 .. . .. . . . . ........ . .... . . 4.1787 4.1816 
10 ... .... . .... . .... . ...... 4.1865 4.1914 60 .. . .... . _ ... . .... . . . . . .. 4. 1808 4.1836 
15 . .... . . ... ... . . ...... . .. 4.1804 4.1850 65 .... . . .... . . ............ 4.1833 4.1860 
20 . . ..... . ..... . . .... .... . 4.1711 4.1811 70 ... •. ... _ . . ... . . . ... . . .. 4.1861 4.1888 

25 ... . . .... . . ...... ... . . .. 4.1753 4. 1788 75 . . . . . .. . ... . . . ........ .. 4.1894 4.1920 
30 . ... . .•. ........ . . .. . . . . 4.1746 4.1777 80 .... ............. _ ...... 4.1932 4. 1956 
35 . .. . ..... .. .. _ . ... .. . . .. 4.1745 4.1774 85 ... . . . . . . ........ . .. _ • .. 4.1974 4.1997 
40 . . . .. . . . . . .. . .. . . . .... .. 4. 1749 4. 1778 90 . ... . . ............ .. ... . 4. 2022 4.2043 
45 . .. ... . . ..... . . . . . .. . ... 4.1758 4.1787 95 . .. ... . .............. . . . 4. 2075 4.2095 

100 . . . .• ... . .• . •. . ........ 4.2134 4.2152 

As a summary of the review and comparisons just made, it is found 
that the results of Rowland, Laby and Hercus, and Jaeger and von 
Steinwehr for the mechanical or electrical equivalent of the heat 
capacity of water in the range 15° to 20° C, are corroborated by the 
results of the present investigation, and are in accord with a value of 
1.00019 for the ratio of the international volt-ampere to the absolute, 
or mechanical watt. It is further found that the results of Jaeger 
and von Steinwehr throughout their experimental range, 5° to 50° 
C, are in satisfactory accord with the present NBS results. It has 
not been found possible to reconcile the discord between the results of 
Callendar and Barnes and the present NBS results. The likelihood 
that uncertainty in heat-leak accounting may have been the cause of 
unsuspected error is suggested. The close control of this factor in 
the present work may be considered in a choice of definitive values 
without detracting from esteem of the earlier work. 

The values of specific heat derived from the earlier (1930) deter
minatio:p.s of the NBS are less trustworthy than the new results and 
are not considered by the authors as entitled to inclusion in any new 
appraisal of values of specific heat in the range 0° to 100° C. 

Part 3. Heat of Vaporization of Water in the Range 0° to 100° C 
L INTRODUCTION 

The heat of vaporization of water is not only a large part of the 
enthalpy, or heat content, of steam, but it is also one of the terms in 
the Clapeyron equation by which saturation specific volumes are cor
related with saturation vapor pressure. Hence, independent values 
of this property are important data in the compilation of tables of the 
properties of steam. 

The existing data from direct measurements in the range 0° to 
100° C by different experimenters lacked the accord desired in stand
ard steam tables. In the range 0° to 50° C, the deviations of these 
values from the international skeleton table were as much as 0.2 
percent. Since the skeleton table was based on appraisal of the whole 
ensemble of available data, which in this region were relatively scanty, 
it was desired to obtain a more positive verification by a systematic 
redetermination of the heat of vaporization. 

This was undertaken in connection with the redetermination of the 
heat capacity of liquid water from 0° to 100° C, and in the construc-



248 Journal oj Research oj the National Bureau oj Standards [Vol. t3 

tion of the calorimeter, as described in part 1, provision was made for 
measurements of heat of vaporization. Without sacrifice of the aim 
of high precision in the heat-capacity measurements, it was possible 
to include features adapting the apparatus to accurate vaporization 
measurements over the range 0° to 1000 C. 

II. METHOD AND APPARATUS 

Since the method and apparatus have been described in part 1, 
only a brief resume is given here of the general scheme of measurement 
before describing the experimental procedure in detail. 

The calorimeter, consisting of a metal shell, protected from un
measured heat leak by a controlled insulating envelope, contained a 
sample of air-free water, both liquid and vapor. The liquid was 
vigorously circulated through an electric heater by an immersed 
pump. 

In the vaporization experiments the measured heat was supplied 
electrically to evaporate liquid, while vapor was withdrawn at a rate 
which was controlled manually to keep a constant temperature of 
evaporation. The energy added per unit mass removed as vapor, 
designated as gamma, 'Y, exceeds the latent heat of vaporization, L, 
by the quantity beta, {3. That is, according to the theory [1] 

where 
'Y=L+f3 

dP 
{3=T u dT' 

The values of {3 used in deriving values of L from the observed 
values of 'Y were calculated from known values of the vapor-pressure 
derivative, dPldT, and of u, the specific volume of the liquid. This 
reduction term is very small at low pressures, and at 1000 C amounts 
to only 1/1600 of 'Y. 

III. EXPERIMENTAL PROCEDURE 

1. ACCOUNTING FOR MASS, ENERGY, AND CHANGE IN STATE OF 
THE WATER SAMPLE 

The accounting for the mass, energy, and change in state of the 
water sample in the vaporization experiments was for the most part 
the same as in the heat-capacity experiments. The few differences 
will be pointed out briefly here. 

The amount of water evaporated and collected by condensation 
in an average experiment was about 20 g. To make the weighings 
with suitable precision, the glass containers holding the condensed 
water samples were subjected to a standard conditioning treatment 
before weighing them. The glass container, after a sample of water 
had been collected as ice by condensation in liquid air, was warmed 
carefully to melt the ice and bring it slightly above the temperature 
of the room. The container was then wiped dry and placed in the 
balance case. Air in the balance case was circulated by a fan for 
at least 5 min to bring the container to the balance case temperature 
as well as to insure a standard surface condition. Weighings were 
then made by substitution, estimating to one-tenth of a milligram. 
A substitute or tare glass container, which displaced the same amount 
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of air as the weighing container, was kept in the case and was weighed 
either just before or after the collecting container. This eliminftted 
errors of weighing due to variation in length of the balance arm or 
change of weight of the counterpoise. 

In the vaporization process, larger temperature gradients were 
induced in the calorimeter than in the heat-capacity experiments. 
In order to diminish these gradients, the pump speed was increased 
to 106 rpm at the expense of a larger pump power. Since the pump 
power was also less constant than before, determinations of it were 
made oftener. Several pump-power determinations were made on 
each day, the experiments being arranged so that pump-power 
determinations were made usually just before and just after one or 
two evaporation experiments. By interpolating between pump
power determinations, account was taken of changes in pump power, 
including that due to changes in liquid level. In all, 131 deter
minations of pump power were made during the 152 evaporation 
experiments. 

Owing to the greater disturbance of temperature by the evaporation 
process, the heat-leak accounting was slightly less exact than in the 
heat-capacity measurements. A small supercorrection, depending 
on the location of the liquid level, was applied, sometimes amounting 
to as much as 1 part in 50,000. 

During the withdrawal of steam from the calorimeter, the upper 
tube was tempered by the outgoing steam, so for this period there 
was no correction for heat lea,1\: in the upper tube. 

The initial and final temperatures of the water in the calorimeter 
were observed in the same manner as in the heat-capacity experi
ments. The temperature of the steam leaving the calorimeter was 
indicated by the group of four thermo elements, JT, representing the 
average temperature of the upper part of the calorimeter, and the 
single thermoelements, J7, J6, and J5, representing the temperatures 
along the upper tube. 

A study of the thermo element indications and their correlation 
with the observed values of heat of vaporizntion indicated that the 
temperature of the upper part of the calorimeter (measured by JT) 
is the best representation of the temperature of the steam withdrawn 
from the calorimeter and likewise of the temperature of evaporation. 

Special details of the experimental procedure will next be described. 

2. DESCRIPTION OF VAPORIZATION EXPERIMENTS 

In preparation for an experiment, the calorimeter was charged with 
about 800 g of air-free water in the manner described in part 2. 
Trials with different charges showed that amounts between about 
800 and 500 g gave the most satisfactory operating conditions. The 
calorimeter temperature was adjusted to the chosen temperature of 
the experiment by either electric heating, or cooling by the process of 
withdrawing vapor. During this adjustment of the calorimeter 
temperature, the throttle valve was heated by its electric heater to 
maintain it warmer than the calorimeter. The envelope temperature 
also was maintained above the calorimeter temperature. These 
precautions opposed condensation of water in the upper tube, which 
later, by removal, might give erroneous accounting for mass and 
energy. Consistency of the results with varying rates of withdrawal 
showed that this danger had been removed. 
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The temperatures of the envelope and reference block were next 
brought very slightly above the calorimeter temperature. During 
this period of adjustment, the circulating pump was started and the 
space between the calorimeter and envelope was evacuated for the 
purpose of insulation. A weighed evacuated glass container, SR, 
was connected to the vapor line, as shown in figure 3 in part 1. After 
evacuation of the line, the glass container was opened to the vapor 
throttle valve. The apparatus was then ready for the beginning of 
an experiment. 

The equilibrium temperature of the calorimeter and contents was 
observed. At the start of the heating period, the current from the 
storage battery was shifted from the substitute resistor to the calo
rimeter heater by the automatic switch actuated by the time signals. 
Using the indications of the four thermoelements, JT, as guides, the 
throttle valve was opened and steadily adjusted so as to keep the 
value of JT practically zero. The reference block was kept at a 
constant temperature, as shown by the resistance thermometer indi
cations. In this way, the temperature of the upper part of the 
calorimeter, which closely followed the evaporation temperature, was 
maintained constant at the initial reference block temperature by 
withdrawing enough steam to balance the energy put into the calo
rimeter. During this time, the bottom part of the calorimeter, which 
was in contact with the circulating liquid, became warmer than the 
top part by the amount of superheating necessary to conduct the 
heat to the surface for evaporation. 

In order to evaluate heat-leak factors and the temperature of the 
withdrawn steam, the thermoelements on the upper tube, lower tube, 
calorimeter, and envelope were observed at I-min. intervals . The 
readings of the resistance thermometer were recorded every minute 
so that the thermo element observations could be referred to the In
ternational Temperature Scale. Occasional surveys of all thermo
elements were made to guide proper control of the experiments. The 
current and potential drop in the calorimeter heater were observed on 
alternate minutes starting }6 minute after the power was switched on. 
At the end of the chosen number of minutes, the calorimeter heating 
was stopped and enough more vapor withdrawn before closing the 
valve to bring the calorimeter and contents to final equilibrium tem
perature near the initial temperature. The final temperature was 
then observed. 

In all, 152 satisfactory vaporization experiments were made between 
00 and 1000 C. For most of these experiments, the time of evapora
tion was about 20 min., and the total time of the experiment about 30 . 
min. Of these, 64 experiments were made at an evaporation rate of 
about 1 g/min. In tests to detect any significant change of the 
result with the rate of withdrawal, a number of the other experiments 
were made at various rates ranging from 0.25 to 2.22 g/min. The 
purpose of these tests was to ascertain whether there was any ap
preciable amount of liquid in the steam withdrawn. Examination 
of the results revealed no definite evidence of such an effect. 

IV. RESULTS OF VAPORIZATION EXPERIMENTS 

The data and computations for the vaporization experiments were 
so similar to those described in part 2 for the heat-capacity experiments 
that sample sheets need not be given. The principal data from the 
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vaporization experiments, as reduced to give values of gamma, "I, are 
given in table 12. In addition to the data taken in the heat-capacity 
experiments, both thermometer readings and the thermoelement, JT, 
readings were observed every minute during the evaporation period. 
The combination of the readings permitted the calculation throughout 
the e)..'Periment of the temperature of the top part of the calorimeter, 
which was found to represent closely the temperature of evaporation. 

The computations of temperature and electric energy were made in 
the same manner as in the heat-capacity computations. In comput
ing the total energy, the corrections were made as shown previously, 
except that in the case of the upper tube the heat leak was considered 
as zero during the outflow of steam. A correction was always necessary 
to account for the energy involved in the difference of the final tem
perature of the calorimeter and contents from the initial temperature. 
This correction was usually for temperature changes of less than 0.01 °C, 
and was calculated, using the data from the heat-capacity experiments. 
Values are given in table 12 as "corrections for change of temperature." 

Dividing the total energy thus obtained by the mass of water 
withdrawn gives a value of gamma, "I, at the effective evaporation 
temperature. This temperature was usually within 0.03° C of the 
even temperature, making the correction applied to the energy for 
the difference usually less than 1 part in 30,000. 

The mean values of "I at the even temperatures were then found, 
weighting the separate determinations in proportion to the rates of 
evaporation. These weighted means and the deviations of the 
measured values from them are given in table 12. Study of the devi
ations justifies this mode of weighting for the rates used. The 
results were then ready for final formulation for use in computing heat 
of vaporization. 

TABLE 12.-Principal data from vaporization experiments 

Corree· 
Evapo· Approxi· Mass of tion for Entire l' 

Date ration mate vapor Heat Pump ebange energy at even 
temper· rate removed leak energy 10 added temper· 
sture temper· ature 

sture 
- ----- ---------- - - - ---------

°c almin q Int. j Int.j Tnt . j Int. j Int. jig 
5-5-38.. .. . . ... . . 0.13 0. 63 12. 6135 -1.9 33.3 -12.7 31,539.0 2500.73 
5-5-38 . ........ . . .15 .63 12.6135 -2.3 31. 8 -7.0 31,542. 1 2501. 01 
5-5-38 ........... .15 .63 12.6076 -1.9 32.4 -33.0 31,522.9 2500.67 
5-5-38 . .......... .10 .63 12. 6365 -3.9 32.9 44.5 31,592.6 2500.49 
5-5-38 . .. ........ .14 .63 12.6160 -2.0 33.5 -5. 2 31,544. 6 2500. 69 

Even temperature 0.0° C. Weigbted mean value of 1'0.0=2500.72 into Jig. 

3-14-38 .... . ..... 1.12 0.28 5.5299 -1.9 20.6 19.7 13,810.9 2497.78 
3-14-38 ......... . 1.12 .65 12. 9825 -3.6 21. 3 1.4 32,419.9 2497. 48 
3-15-38 ....... . .. 1.09 . 70 14. 0974 -2.3 32.2 -2.4 35,212.4 2498. 00 
3-15-38 . . . ....... 1.11 .70 14.0984 -3.5 23.6 4.7 35,209.4 2497.66 
3-30-38 ... . . . .... 1. 03 .70 14.0606 -2.0 27. 0 17.9 35,118.8 2497.74 
3-30-38 .... ...... 1.02 .70 14.0586 -2.2 26.1 22.6 35, 1I5. 0 2497. 81 
3-30-38 .. . . ..... . 1. 03 . 25 4.9895 -.2 25.5 -18. 5 12,464.2 2498.15 
3-30-38 . . . . .. ... . 1. 03 .25 5.0009 -.2 24.4 -2. 5 12,488.1 2497.24 
3-30-38 . . .... . .. . 1.02 . 25 5.0032 -.2 25.3 7.2 12,495.7 2497.59 
3-30-38 . . . .. ... . . J. 03 .25 4.9988 -.5 25.7 -2.7 12,484.0 2497.47 
5-4-38 ....... . . . . 0.99 .70 14.0962 -1.4 25.5 9.2 35,215. 8 2498.23 
5-4-38 .... . . .. . .. 1.00 .71 14. 1013 -1.5 26.1 9.9 35,228.3 2498. 23 
5-4-38 . .. .... .. .. 1.00 .70 14. 0920 -1.4 28. 3 -12.8 35,205.0 2498.23 
5-4-38 . .. .... .. .. 1.00 .71 14.1014 -1.4 27. 1 1.2 35,227.7 2498.18 
5-4-38 . ... . . . . . . . J.OO .71 14.1054 -1.3 27. 6 6.8 35,236.7 2498.10 

Even temperature 1.0° C. Weigbted mean value of 1'1.0=2497.92 into jig. 

Dcvia-
tion 
from 

weigbte d 
meaD 

--
Int. jig 

0.0 1 
9 
6 
3 
3 

.2 
- . 0 
-.2 
-.0 

-0.1 4 
4 
8 
6 
8 
1 
3 

-.4 
.0 

-.2 
-.1 
-.1 

.2 
-
-.3 

68 
3 
5 
1 
1 
1 
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TABLE 12.- Principal data from vaporization experiments-Continued 

('orree-
Evapo- Approxi- Mass of tion for Entire "I 

Date ration mate vapor Heat Pump change energy at even 
temper- leak energy in temper-

ature rate removed temper- added ature 
ature 

----------- ---------
°c olmin 0 Int.j Int. j Int. j Int. j Int. Jig 

3-31-38 __________ 5.00 0.91 18. 1421 -2.6 28.7 26.7 45,142.0 2488.24 3-31-38 ____ ____ __ 5.00 .91 18. 1191 -3.0 29.2 -11.8 45,089.1 2488.48 3-31-38 _____ _____ 5.01 .25 5.0913 -.8 29.6 -3.4 12,669.4 2488.46 3-31-88 ________ __ 5.02 . 25 5.0952 - .9 29.5 -13.3 12,677. 7 2488.22 3-31-88 _______ __ _ 5.02 .25 5.0972 -1.1 29.3 -5.8 12, 683.7 2488.32 5-3-38.. ______ ___ 5.00 . 92 18.3058 -8. 7 24.4 -12.4 45,553.6 2488.48 5-3-38 _____ __ __ __ 5.00 .92 18.3167 -5.5 23.0 -15.1 45,579.2 2488.39 5-3-38 ___________ 5.00 .92 18.3298 -4.5 23.1 3.2 45,600.4 2488. 27 5-3-38 __ ___ _____ _ 5.00 . 92 18.3372 -4.0 23.1 4.7 45,627.5 2488.25 5-3-38 __ _________ 5.01 .92 18.3425 -2.7 23.2 -1.9 45,639. 9 2488_ 22 5-3--38 _________ __ 5.01 . 92 18.3463 -2.2 23.3 2.3 45,651. 5 2488.35 

Even temperature 5° C. Weighted mean value of "1,=2488.34 into j ig. 

3-22-38 ______ ____ 10.04 0.56 11. 2389 -5.6 27.3 -7.0 27,836.6 2476.90 
3-22-38.. ________ 10.05 .26 5. 1646 -2.4 28.4 -8.8 12,788.6 2476.32 
3-22-38 _____ _____ 10.07 1. 05 20.9428 -9.8 30.4 -12.1 51,862.3 2476.54 
4- 1- 38 __ __ _______ 9.97 1. 03 10.3408 -2.9 19.4 -9.9 25,609. 1 2476.44 
4-1-38 ___ ________ 9.99 0.26 5.1040 -0.9 30.0 -2.6 12,640.0 2476.47 4- 1-38 ___ ______ __ 9.99 .26 5.1106 -.8 31.0 -0. 7 12,659.3 2477. 05 
4-1-38 ____ ___ ____ 10.01 .26 5.1326 -.9 31. 5 7.4 12,711. 9 ~476. 74 
4-1-38 ___ ________ 10.01 .26 5.1070 -.8 31. 5 -13.8 12,647.6 2476.54 
4-1-38 ___ ______ __ 10.01 .26 5.1057 -.9 31. 5 -16.6 12,643.2 2476.31 
4-25-38 _____ __ ___ 10.00 1. 03 20.5761 -6.7 24.5 27.5 50,971. 4 2477. 21 4-25-38 ___ ______ _ 10. OJ 1. 03 20.5738 -6.3 21. 9 -25.6 50,953.8 2476.65 
4-25-38 _________ _ 10.02 0.57 11. 3193 -2.4 26.0 -1.0 28,019. 9 2477. 14 4-25-38 _________ _ 10.02 .57 11. 3326 -2.1 27.3 8.4 28,037.4 2477. 00 
4-25-38 ______ ____ 10. 03 .57 18.5282 -4.0 28. 2 8.4 28,065.2 2476. 55 

Even temperature 10° C. Weigbted mean value of "110=2476. 73 int. J/g. 

3-28-38 __________ 15.04 1. 04 20.8145 -13.2 27.4 5.6 51,306.7 2465.04 
3-28-38 __ _______ _ 15.04 1. 04 20.7958 -10.4 27.3 -7. 4 51,255.2 2464.78 
3-28-38 _____ ____ _ 15.06 0.26 5.1292 -2.3 27.9 -3.9 12,642.1 2464.87 
3-28-38 __ ________ 15. 06 .26 5.1420 -2.5 30.4 5. 9 12,674.7 2465.08 
3-28-38 __ ________ 15.06 .26 5.1417 -2. 6 28.9 -0.2 12,671. 8 2464.66 
3-28-38 ____ ____ __ 15.06 .26 5.1421 -2.6 29.3 -3.7 12,669.3 2463.98 

Even temperature 15° C. Weigbted mean value of 'YII=2464.81 int.J/g. 

3-21-38 ______ ____ 20.05 0.57 11.3473 -6.9 28.7 -12.4 27,841. 8 2453. 73 
3-21-3L _______ _ 20.06 .57 11. 3539 -6.4 28. 3 2.3 27,860.8 2453. 99 3-21-38 _______ ___ 20.08 .26 5.2151 -2.6 27.7 -10.8 12,797.3 2454. 08 
3-21-38 ___ _______ 20. 10 1. 06 16.9431 -9. 8 23.0 1.9 41,561. 4 2453.24 
4- 25-38 __________ 19.98 1. 03 20.6986 - 6. 5 25.2 -20.2 50,779.4 2453.22 
4-25-38 __ ________ 19.99 1. 03 20. 6905 -6. 8 27.5 -20.1 50,758.2 2453.19 
4-25-38 ______ ____ 20.01 0.57 11. 3518 -3.0 26.1 -4.8 27, 8~9. 1 2453.30 4-25-38 _____ ___ __ 20.02 . 57 11. 3453 -3. 1 26.3 -22.2 27,835.7 2~53. 55 
4-25-38.. ________ 20.02 ,57 11. 3570 -3.2 26.5 1.4 27,856.5 2452.85 
4- 25-38 __________ 20.03 .57 11. 3506 -3.3 27.7 2. 0 27,845.5 2453_ 15 

Even temperature 20° C. Weighted mean value of "120=2453.36 into jig. 

3-25-38 ___ _____ __ 25.01 1. 06 21.1489 -8.8 26. 3 1.3 51, 627.7 2441. 17 
3-25-38 ___ _______ 25.01 1. 06 21. 1399 -7.8 26.2 - .5 51,610.4 2441. 39 
3-25-38 _________ 25. 01 .26 5.2053 -1.6 26.1 -11.9 12,706.7 2441. 13 
3-25-38 __ ___ ____ .. 25.03 .26 5.2216 -2.0 26.8 5.2 12,744.0 2440.70 
3-25-38 __ ________ 25.03 . 26 5.2151 -1.9 25.5 -11.4 12,726.1 2440.31 
4--4-38 ___________ 24.99 .29 5.7987 -1.3 23.7 -44.6 14,160.0 2441. 91 
4--4-38 ____ ___ ____ 24.99 .57 11.4234 -3.9 24.7 -18.9 27,893.9 2441. 80 4--4-38 __ __ _______ 25.00 1. 05 21. 1590 -5.2 28.0 -19.9 51,652.3 2441. 21 4--4-38 __ ____ _____ 25.01 1. 05 20.9658 -4.6 15.6 28.6 ,11,188.2 2441. 53 4-8-38 ___________ 24.98 1. 05 21. 2868 -13.6 24.5 23.2 51,952.5 2410. 55 
4-8-38 ______ _____ 24. 98 2.08 41. 5416 -21.0 26.6 -40.3 101,426.3 2441. 51 
4-8-38.. ______ ___ 25.01 .29 5.7624 -2.3 25.7 -12.0 14,071. 6 2441. 99 
4-8- 38 ___________ 25.01 .57 11. 3594 -6.3 23.5 .3 27,735.8 2441. 68 

E ven t emperature 25° C. Weighted mean value of "1,,=2441.31 int.J/g. 

Devia-
tion 

from 
weighte d 

mean 

--
Int. jlo 
-0.1 

.1 

.1 
-.1 
- . 0 

.1 

.0 
-.0 
- . 0 
-.1 

. 0 

0.1 
- . 4 
-.1 
-.2 
-.2 

.3 

.0 
-.1 
-.4 

.4 
- .0 

.4 

.2 
- .1 

o 
4 
2 
2 
2 
4 
5 
7 
9 
2 
1 

7 
1 
9 
9 
6 
2 
1 
9 
2 
8 
8 
1 
7 
8 

0.2, 
- . 0 

.0 

. 2 i 
5 
3 

- . 1 
- . 8' 

0.3 
. 6 
.7 

- . 1 
-,I 
-,I 
-.0 

. 1 
-.5 
-.2 

-0.1 
. 0 

4 
8 
8 -.1 

-.61 
-1.0 

.6 

. 4 
-.1 

.2 

o 
o 
9 
o 
2 
6 
o 
8 
7 

- . 7 
. 2 
. 6 
. 3 
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TABLE 12.- Principal data from vaporization experiments-Continued 

Date 

3-19-38._. _______ 
3-19-38 ____ _____ _ 
4-12-38 ____ __ __ __ 
4-12-38 ___ _______ 
4-13-38 ___ __ _____ 
4-13-38 __ __ ______ 
4-13-38 ___ ____ ___ 
4-13-38 ____ ____ __ 
4-13-38 ___ ____ ___ 
4-13-38 ______ ____ 
4-13-38 ____ _____ _ 

3-18-38 ____ ______ 
3-18-38 _______ __ .. 
3-18-38 ___ ___ __ __ 
3-18-38 _____ ____ _ 
4-18-38 _________ _ 
4-18-38 _________ _ 
4-18-38 __________ 
4-18-38 ________ __ 
4-18-38 ____ __ ___ _ 
4-18-38 _____ __ ___ 

3-17-38 _____ ___ __ 
3-17-38 ___ ____ ___ 
3-17-38 ____ __ ____ 
- 15-38 __ __ ____ __ 4 

4 
4-
4 
4 
4 
5-
5 

-15-38 _______ ___ 
15-38 ______ ____ 

- 1.5-38 _______ ___ 
-15-38 __________ 
-15-38 _______ ___ 
25-38 ________ __ 

-25-38 ___ ___ ____ 

5-13-38 __________ 
5-13-38. _________ 
5-13- 38 __ ____ __ __ 
5-13-38 _______ __ _ 
5-13-38 ___ ____ __ _ 
5-13-38 ___ ______ _ 
5-25-38 _____ ____ _ 
5-25-38 ___ ____ ___ 

5-9-38 _______ ____ 
5-9-38 _____ ______ 
5- 9-38 _________ __ 
5-9-38 ____ ___ ____ 
5-9-38 _____ ______ 
5-9-38 _____ ______ 

5- 24-38 __ __ __ ____ 
5- 24-38 _______ ___ 
5- 24-38 _____ _____ 
5-24-38 __ ________ 
5-24-38 ____ __ ____ 
5-26-38 __ ____ __ __ 
5-26-38 _____ _____ 
5-26-38 ____ __ __ __ 
5-26-38 __________ 
5-26-38 _____ ____ _ 
5-26-38 ____ ______ 

Corree· 
Evapo· Approxi· Mass of tion lor Entire 'Y 
ration mate vapor Heat Pump change f!lJergy at even 

trmper- rate removed leak energy in added temper· 
ature temper, ature 

ature 
-------------------------

°c ulmin u Int.j Int.j Int.j Int. j Int.jlu 
30.02 0.57 11. 4735 -6.4 25. 1 -17.8 27,880.5 2430. 04 
30.03 .57 11.4791 -6.6 25.8 -7.4 27,893. 3 2429.99 
30.03 2.15 42.9434 -11. 9 25.9 -11.5 104,302.5 2428.91 
30.04 2.15 42.9255 -12.0 23.9 -31.3 104,266.4 2429.12 
30.00 .29 5.8389 -2.4 26.9 - 5.0 14,185.1 2429.41 
30.01 .29 5.8419 -2.5 20.9 5.2 14,194. 9 2429.86 
30.01 .58 11. 5218 -5.7 26.9 1.1 27,990.2 2429.34 
30.01 .58 11.5076 -5.1 27.0 -11.2 27,959.8 2429.70 
30.01 I. 07 21. 4137 -10.7 27.7 -1.3 52,032.2 2429.88 
30.01 1.07 21. 4173 -10.4 29.3 .2 52,037.6 2429.72 
30.01 1.07 21.4198 -10.1 30.7 3.6 fi2,041. 0 2429.57 

Even temperature 30° C. Weighted meUD value of 'Y30=2429.43 into Jig. 

40.03 0.58 11. 6219 -6.2 24.3 9.3 27,962.7 2406.10 
40.04 .58 11. 6027 -5.9 25.5 -5.7 27,918. 9 2406.34 
40.05 1.08 21. 6436 -13.9 26.1 25.7 52,067.5 2405.82 
40.05 .27 10.6672 -5.9 44.1 -2.5 25,664_ 4 2406.04 
40. 02 .29 5.8071 -3.6 24.7 -3.7 13, 971. g 2406.04 
40. 02 .29 5.8067 -3. 4 29.1 -9.8 13, 968.9 2405.70 
40. 02 .58 11. 5896 -7.6 25.1 8.5 27,883.7 2405.97 
40.02 1.10 22.0565 -14.6 25.5 1.3 53, 065.9 2405.96 
40.03 2.10 42.0339 -26.8 26. 8 5.8 101, 117.2 2405.68 
40.03 2. 10 42.0039 -24.3 29.1 -9.2 101,049.1 2405.78 

Even temperature 40° C. Weighted mean value of 'Y40=2405.87 into jig. 

50.03 0.58 11.7417 -9. 1 21. 2 -4 . 2 27,971. 7 2382. J2 
50. 04 .58 11. 743l -8.7 23.4 0.3 27,975.5 2382.39 
50.05 .30 5.9655 -2.9 25.0 - 26.5 14, 211. 8 2382.45 
50.03 2. 13 42.6496 - 16.8 18.9 -25.6 101,565.8 2381. 47 
50.04 0.30 6.0205 -2.0 18.6 8.6 14,336.3 2381. 35 
50.04 .30 6.011 7 -2.3 20.0 -16.8 14,318.2 2381. 82 
50.04 .58 II. 7121 - 4.8 20.9 -1.9 27,864.8 2381. 81 
50.04 .58 11.7095 -4.8 21.4 -7.5 27,885.6 2381. 55 
50.05 1.09 21. 8394 -7. 4 22.8 -31.8 02,017.0 2381. 92 
49.99 1. 08 21. 5345 -4. 4 27.3 17. 8 51,292.4 2381. 85 
49. 99 1. 08 21. 56ril -5.4 28. 8 17.4 51,372.4 2382.08 

Even temperature 50° C. Weighted mean value of 'Y60=2381.84 into jig. 

59.99 1.12 22.4288 -22.0 25.5 -10.7 52, 891. 7 23.58.18 
59.99 1.12 22.4230 -19.5 24. 7 -21.0 52,870.3 2357.84 
60.0l 2.20 44.0762 -29.6 29.9 -9.7 103,905.8 2357.43 
60.00 2.20 44.0688 -24.2 27.3 14.0 103, 8S9. 5 2357. 44 
60.01 1. 12 22.4740 -10.7 32.4 -7.7 52,983.3 2357.56 
60.02 1.12 17.9796 -8.4 25.7 -2.1 42, ~92. 7 2357.87 
60.01 I. 09 21. 7726 -8.9 26.5 -10.6 51,333.5 2357. n 
60.01 1.09 21. 7708 -8.4 26.7 75. 7 51,325.9 2357.58 

Even temperature 60° C. Weighted meaD value of 'Y,,=2357.65 into jig. 

70. 01 2.18 21. 7659 -14.3 16.7 -46.9 50,787.9 2333.3g 
70.02 1.12 22.4433 -19.1 25.7 34.5 52,366.3 2333.32 
70. 02 1.12 22.4376 -18.0 22.5 -8.5 52,352.2 2333.29 
70. 01 1.12 22.4550 -17.7 22.5 21. 7 52,385.9 2332.99 
70.02 1.12 22.4530 - 14.7 23.3 1.9 52,381. 7 2333.00 
70. 02 1.12 22.4598 -13.3 25.2 23. 7 52,406.1 2333.38 

Even temperature 70° C. Weighted mean value of 'Y70=2333.25 into Jig. 

80.06 1.10 11.0280 -4.3 19.8 -28.7 25,456.1 2308.47 
80.08 1.10 22.0315 -15.3 25.5 -17.6 50,856.3 2308.54 
80.08 1.11 22.2351 -15.6 29.9 -0.1 51,329.2 2308.68 
80.09 1.11 22.2461 -12.3 28.8 9.9 51,349.2 2308.45 
80.08 1.11 23.4033 -11.2 28. 9 69.8 54,019.6 2308.40 
80.00 1.10 22.0608 -12.3 38.3 -4.0 50,932. 6 2308.74 
80.00 1.10 22.0742 -12.2 39.1 20.6 50,959.5 2308.55 
80.01 0.63 12.5791 -5.8 39.1 8. 2 29,040.1 2308. 62 
80.01 .63 12.5686 -6.2 38. 7 -10.1 29,014.5 2308. 51 
80.03 .63 12.5650 -6.5 38.2 2.4 29,007.1 2308.34 
80.03 .63 12.5659 -6.5 38.0 5.0 29,002.5 2308.10 

Even temperature 80° C. Weighted mean value of 'Y8O=2308.51 into jig. 

Devin· 
tion 
from 

weighted 
mean 

Int. ilu 
0.61 
.5' 6 

- . 5 
-.31 
-.0 

.43 
-.0 9 

7 
5 

.2 
• -1 
.29 
.14 

0.23 
.47 

-.05 
. 17 
.17 

-.17 
. 10 
.09 

-.19 
-.09 

0.48 
.55 
.61 

- .37 
-.49 
-.02 
-.03 
-.29 

.08 

.01 

.2-1 

0.5 3 
9 
2 

. 1 
-.2 
-.21 
-.0 9 

2 
8 
7 

. 2 

.0 
-.0 

0.14 
.07 
.04 

-.26 
-.25 

. 13 

-0.0 4 
3 
7 
6 
1 
3 
4 
1 
o 
7 
1 

.0 

.1 
-.0 
-.1 

.2 

.0 

.1 

. 0 
- . 1 
-.4 
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TABLE 12.-Principal data from vaporization experiments-Continued 

Oorree-
Evapo- Approxi- Mass of tion for Entire 'Y 
ration Heat Pump change at even Date temper- mate vapor leak energy in energy temper-
ature rate removed temper- added ature 

ature 
-------------------

°c glmtn g Int .j Int. j Int . j Int.j Int. jig 
5-10-38 _______ . __ 90.01 2.22 22.1958 -9.4 18.4 -2.8 50,683.1 2283.48 
5-1(}--38 _____ _____ 90.01 2.22 44.3722 -22.9 31. 8 8.7 101,321. 2 2283.47 
.5-10-38 ___ _______ 90.01 1.16 23.2875 -13.9 36.1 -8.9 53,171. 6 2283.30 
5-10-38 ___ ____ ___ 90.01 1.17 23.3241 -12.0 38. 9 3.9 53,255. 2 2283. 30 

Even temperature 900 O. Weighted mean value of 'Y,,=2283.41 into i/g. 

5-11-38.. ________ 99.99 1.18 23.5914 -13.7 33.9 4. 3 53,261. 8 2257.65 
5-11-38 _______ __ _ 100.00 1.18 23.5977 -13.7 31. 8 3.4 53,272.1 2257.51 
5-11-38 ___ __ _____ 100.01 0.63 12. 5763 -7.8 31. 8 -7.0 28,392.8 2257.66 
5-11-38 ________ __ 100. 01 .63 12.5796 -8.0 30.9 -4.2 28,396.0 2257.33 
5-11-38 __________ 100.01 .63 12.5795 -8.1 31.1 -6.7 28,393.3 2257. 13 
6-1-38.. __ _____ __ 99.99 1.13 22. 5785 -25.6 24.9 53.0 SO, 964. 4 2257.18 
6-1-38.. ___ ______ 99.99 1.13 22.5522 -24.8 21. 5 -6.5 SO,900.1 2256.96 
6-1-38.. ___ ______ 99. 99 1.13 22.5650 -18. 4 21. 4 17.4 50,932.4 2257.11 
6-1-38.. _________ 99.99 1.13 22.5745 -14.3 18. 9 19.3 SO,946.0 2256.76 
6-2- 38.. _________ 100.00 1.12 22.4874 -14.3 28.0 -12.2 50,766.3 2257.54 
6-2-38.. ________ _ 100.01 1.12 22.4909 -13.8 24.6 3.2 SO, 778. 9 2257.78 
6-2-38.. _______ __ 100.01 1.12 22.1899 -12.6 24.1 -2. 6 50,764.6 2257.25 
6-2-38.. ________ _ 100.01 1.12 22.4959 -11.7 23.6 3.3 50,776.8 2257.19 
6-3-38.. _________ 100. 01 1.13 22.5822 -11.2 29.2 29.0 SO, 977. 9 2257.47 
6-3-38.. _________ 100.01 1.13 22.5659 -10. 9 29.9 1.2 SO, 939. 2 2257.38 
6-3-38.. ________ _ 100.02 1.13 22.5644 -10. 2 30.2 3.1 SO, 931. 4 2257. 21 
6-3-38.. ______ ___ 100.02 1.13 22.5616 -10. 8 30.3 9. 4 50,927.8 2257. 33 

Even temperature 1000 O. Weighted mean value of 'Y100=2257.32 into i/g. 

Devia-
tion 
from 

weighte d 
mean 

Int .i/g 
0.0 

. 0 
- . 1 
-.1 

7 
6 
1 
1 

0.33 
.19 
.34 
. 01 

-.1 
-.14 
-.3 
-.21 
-.5 

.2 

.4 
-.0 
-.1 

.1 

6 
2 
6 
7 
3 
5 
6 
1 
1 

. 0 
-.1 

.0 

In addition to the measurements described here, there was a series 
of results of similar measurements made in this laboratory (1930- 32) 
[2, 29] with an earlier stirred calorimeter and extending from 50° to 
270 0 C; also another series (1937) [3] extending from 100° to 374° C, 
made with a later unstirred calorimeter. 

Although these older measurements lacked some of the refinements 
of the present series, the fact that they were obtained with two 
calorimeters of different design from the present calorimeter and 
covered a much greater range of temperature, entitles them to inclu
sion in the scheme of formulation. In the range where they overlap 
or duplicate present measurements, the degree of accord furnishes a 
measure of the corroboration, while the greater range of the older data 
contributes greater directive control to a formulation than would 
result from the more accurate present results. A formulation was 
sought which comprised a smoothed appraisal of the experimental 
evidence over considerable range, and an empirical equation for 'Y 
was derived which satisfactorily does this over the range 00 to 200 0 C. 
After appraising the reliability of the various measurements, it was 
decided to weight them according to the number of observations and 
to give the observations of 1930- 32 and those of 1937, respectively, 
on~-fourth and one-half the weight of the observations of the present 
senes. 

The empirical equation for 'Y, as finally adjusted to these weighted 
data by the least-squares method, is written 

'Y=2500.5-2.3233t-1O"', 

where x+5. 1463-1,540jT, t is in degrees centigrade, T is in degrees 
Kelvin (t+273.16), and 'Y is in international joules per gram. This 
equation represents not only the present values of 'Y between 0° and 

---- - --- ---
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100° C but also the earlier values between 50° and 200° C from 
previous reports. The degree of accord between the observed and 
calculated values is shown graphically in figure 8. 

Between 170° and 200° C the equation gives vuJues which are prac
tically identical with the formulation of 1937, and therefore these 
values merge smoothly in this region. From 0° to 200° the new 
formulation supersedes the previous one, and together they complete 
the determination of 'Y over the entire range from the ice point to the 
critical region. 

Values of the latent heat of vaporization, L, are calculated from 'Y 
by applying the corresponding values of {3, which are computed as 
described in part 2 of this report. Table 13 includes the experimental 
mean values of 'Y which were used in the formulation, corresponding 
values of {3, and calculated values of 'Y and L. 

Values of the specific volume of the saturated vapor, u', were cal
culated from 'Y by the relation 

'Y = u'TdP/dT. 

The values of the Clapeyron factor, TdP/dT, were calculated from 
vapor-pressure derivatives, as described in part 2. 



TABLE 13.-Formulation of data on heat of vaporization 

'Y. Observed 

T emperature 
1930. 
1932. 1937 

°C Int. jig Int. jig 0 ______________________ ___________________ ___ _ _ 

1 ______ __________ __ _____________________ ______ _ 
5 ________________________________________ _____ _ 
10 ___________________ _________________________ _ 
15 _____ ______________________________ _________ _ 
20 _____ __ _____________________________________ _ 

, 

1939 

Int . j/o 
2500. 72 

2497.92 
2488. 34 
2476.73 
2464. 81 
2453. 36 

Weighted 
mean 

Int. j/o 
2500. 72 

2497.92 
2488. 34 
2476.73 
2464.81 
2453.36 

25___________ ______________ __________ __________ 2441. 31 2441. 31 
30_________ ________________ __________ __________ 2429.43 2429.43 
35 _____________ _________________________________ _____ _____________ _ 
40 ______ -- - - - -- ___ __ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ 2405. 87 2405. 87 
45 _________ _______________________________________________________ _ 

50_____ ____________________ 2382.0 ____ ______ 2381. 84 2381. 85 
55 ___ ______________________________ ________ _______________ ________ _ 
60_______ __________________ ___ ____ ___ __________ 2357.65 2357.65 
65 _______________________ ________ __________________ ______________ _ _ 
70________ _________________ 2333. 9 __________ 2333.25 2333.40 

75 ___________________________________________________________ _____ _ 
80 _____ - - - - - - __ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ __ _ _ 2308. 51 2308. 51 
85 _____________________________ ___ __________________________ __ ____ _ 
90 ___ - - - - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 2283. 7 _ _ _ _ _ _ _ _ _ _ 2283. 41 2283. 45 
95 _________ __ __________________________________ ___________________ _ 

100 ____ ___________ _______ _ _ 
130 _______ _______ _________ _ 
150 _______________ _______ _ _ 
170 _______ __ ______________ _ 
200 _________________ __ __ __ _ 

2258.71 
2177. 15 
2119. 64 
2058. 78 
1957. 96 

2257. 79 2257. 32 

2119.50 , _____ ___ _ _ 

1957.11 , _________ _ 

2257.73 
2177. 15 
2119.57 
2058.78 
1957. 44 

'Y. 
calculated 

Int . i/o 
2500. 18 

2497.84 
2488.48 
2476.76 
2465.02 
2453. 25 

2441. 46 
2429. 64 
2417.78 
2405. 88 
2393.93 

2381. 93 
2369.88 
2357. 76 
2345.58 
2333. 31 

2320. 97 
2308. 53 
2296. 00 
2283. 35 
2270. 60 

2257. 71 
2177. 26 
2119.87 
2058.63 
1957.93 

{J 

Int. j/O 
O. 012 

----------
.017 
.023 
.032 
.042 

.056 

.074 

.096 

.124 

.158 

.200 

.251 

.312 

.386 

.473 

.576 

.697 

.838 
1. 001 
1. 191 

1. 408 

Heat of 
vaporization. 

L 

Int. jig 
2500.17 

----------
2488. 46 
2476.74 
2464.99 
2453. 21 

2441. 40 
2429.57 
2417.68 
2405. 76 
2393. 77 

2381. 73 
2369.63 
2357. 45 
2345. 19 
2332. 84 

2320. 39 
2307. 83 
2295. 16 
2282.35 
2269. 41 

Clapeyron 
factor 

T dP 
dT 

Int . j/dm' 
12. 1198 

----------
16. 9112 
23. 2730 
31. 6138 
42. 4173 

56.2535 
73. 7846 
95.7734 

123.089 
156. 714 

197. 752 
247. 430 
307. 097 
378. 234 
462. 470 

561. 544 
677. 319 
811. 815 
967. 152 

1145.57 

225,6. 30 1349. 52 

Specific 
volume 

of vapor 
u' 

cm'/o 
206288 

----------
147150 
106422 
77973 
57836 

43401 
32929 
25245 
19546 
15275 

12045 
9578. 0 
7677.6 
6201. 4 
5045. 3 

4133.2 
3408. 3 
2828. 2 
2360. 9 
1982. 1 

1673. 0 
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V. COMPARISONS WITH EARLIER WORK 

257 

A review of determinations of heats of vaporization of water previ
ous to 1930 has already been made by Fiock [24]. No further attempt 
will be made here to review critically those determinations. How
ever, since some of the results of earlier experiments are expressed in 
terms of the heat capacity of water, it is necessary to use heat-capacity 
data to convert those results to electric-energy units. In the review 
by Fiock these conversion data were obtained from the 1930 measure
ments at the NBS. The measurements given in part 2 of this report 
supply more accurate conversion data which will be used, where 
necessary, to interpret early results. The determinations of heats of 
vaporization will be briefly mentioned. 

Dieterici 

Dieterici [30] used a Bunsen ice calorimeter to measure the heat of 
vaporization at 00 C. In interpreting his results, uncertainty in units 
is avoided by using his own calibration of his ice calorimeter in terms 
of the mean calorie. By using the NBS value of the mean calorie 
along the saturated path (4.1903 into jig_DC) Dieterici's value of the 
heat of vaporization at 00 C becomes 2492.2 into jig. 

Griffiths 

Griffiths [31] measured the heats of vaporization at 300 and 40 0 C. 
The greatest uncertainty in the reduction of his data is i.n the evalua
tion of his electrical units. On the assumption th~t the electromotive 
force of his Clark cell was 1.4328 into v instead of the 1.4342 that he 
used, his values are 

L 300= 2425.2 into jig L,oo= 2400.0 into jig 

Henning 

Henning [32J made measurements in 1906 on the heat of vaporiza
tion between 300 and 1000 C. His summary in 1919 gives values of 
his formulated results below 1000 C, as follows: 

L 300 = 2426.0 into jig. 
L 400= 2403.8 into jig. 
L ooo= 2380.8 into jig. 
L ooo= 2357.4 into jIg. 

A. W. Smith 

L700= 2333.1 into j i g. 
L 800= 2308.0 into jig. 
L 900= 2282.5 into j i g. 
LlOoo= 2255.7 into jig . 

Smith [33J made determinations between 140 and 1000 C by evapo
rating water into a stream of air. Correction is made to the 1907 data 
for the revised Clark cell voltage. The values from Smith's experi
ments are as follows: 

L"O = 2463.5 into jig. 
L 21o= 2447.6 into j i g. 
L 28o= 2431.1 into j i g. 

L,oO= 2401.4 into jig. 
L lOoo= 2261.6 into jig. 

Richards and Mathews 

Richards and Mathews, and Mathews [34] measured the heat of 
vaporization at 1000 C by a condensation method. After correction 
of the 1911 series, as later suggested by Mathews, the 1911 and 1917 
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series yield essentially the same result. Using the 1939 NBS heat
capacity data, their average value for the heat of vaporization at 
100° C is 2257.3 into jig. 

Carlton-Sutton 

Carlton-Sutton [35] used a modification of Joly's classical apparatus 
to measure the heat of condensation of water directly in terms of the 
mean calorie without any reference to electrical standards. His final 
value of 538.88 mean cal, when interpreted by the NB8-39 value for 
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FIGURE 8.-Comparison of values of heat of vaporization. 

the mean calorie along the saturated path, yields the value 2258.0 
into jig for the heat of vaporization at 100° C. 

National Bureau of Standards 

Measurements at the National Bureau of Standards in 1930 [2] and 
1932 [29] were made with an earlier calorimeter of different design 
from that of the present calorimeter. The observed values of heat of 
vaporization, L, in the range 50° to 100° C were: 

L500 = 2381.8 into ji g. 
L 700 = 2333.6 into ji g. 

L90 0 = 2282.7 into ji g. 
LI000 = 2257.3 into jig. 

Measurements above 100° C were made at the National Bureau of 
Standards in 1937 [3] with another calorimeter. The value observed 
in 1937 of heat of vaporization, L , at 100° C, was 2256.38 into jig· 

It is believed that the measurements made with these two earlier 
calorimeters are inferior in precision to the present results using an 
improved calorimeter, but since these earlier results were obtained in 
calorimeters of different design from that of the present, they were 
included in the formulation in the present report. 
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In figure 8, a comparison is given of the various measurements of 
the heats of vaporization between 0° and 100° O. The base line in this 
figure is taken from the NBS-39 formulation. 

The formulations of heat capacity and heat of vaporization, which 
have been given in this report, are considered more reliable than those 
given in previous reports from this laboratory in the range 0° to 100° O. 
Inasmuch as the values of some of the properties of saturated water 
and steam above 100° 0 depend partly on the values below 100° 0 
a reappraisal has been made of all the measurements made a t the 
National Bureau of Standards and the results compiled into a single 
table of smoothed values in the entire range 0° to 374.15° O. Thie 
compilation appears elsewhere in this journal [36]. 
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