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XIIL. On the Specific Heat of Steam at Atmospheric Pressure between
104° C. and 115° C.

(Ezperiments by the Continuous Flow Method of Calorimetry performed in the
Physical Laboratory of the Royal College of Science, London.)

By J. H. BringwortH, 4.R.C.8., B.Sc., Lecturer in Physics at St. Thomas's Hospital
Medical School.

Preface by T L. CALLENDAR, M.A., LL.D., F.R.S., Professor of Physics at the
Imperial College of Science and Technology, London, S. W,

Received April 1, 1915,—Read May 13, 1915,

PrEFACE,

TraE conclusion of Mr. BRINKWORTH'S experiments on the specific heat of steam at
atmospheric pressure in the neighbourhood of 105° C. marks a definite stage in an
investigation which has been in progress with
varying success for the last twenty years. It

may therefore be of interest to review the l ?THROTTLE THERMOMETER
situation in the light of collateral evidence which TUBE :
has been accumulating from various quarters [} A\ 1ol oz
during the progress of the research. / f— 1 [T M ({2
The investigation originated from some experi- :‘1} 29
ments undertaken in conjunction with the late w / :;T}?/ ::z:_‘:
Prof. J. T. Nicorson, at McGrLL College in o /e 5\5
1895, “ On the Law of Condensation of Steam” P o / R i :ﬂf
(published in ‘Proc. Inst. C.E., 1898), in the [ 5 : (A0
course of which it was necessary to observe f ll:_-l :
repeatedly the wetness of the steam employed. 2 n a EXIT

The special form of throttling calorimeter, shown THROTTLE
diagrammatically in fig. 1, was employed for this
purpose. The sample of steam, taken from the Fig. 1.
steam-pipe, was throttled through a thin tube of
small bore, in order to eliminate the error due to conduction of heat through the
throttle, to whieh most forms of throttling calorimeter then in vogue were liabie.

VOL. CCXV,—A 535, 3 F [Published September 21, 1915,
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384 PROF. H. L. CALLENDAR, PREFACE TO

After circulating round the thermometer pocket, the throttled steam, before leaving
the apparatus, was made to circulate twice round the calorimeter to minimise external
loss. The whole apparatus, including the steam-pipe and the throttle tube, were
also well lagged in the usual way. The pressure after passing the throttle was
generally atmospheric, but an exit throttle and gauge were provided for raising the
pressure and observing its value when required. The exit could also be connected,
if desired, to a condenser vacuum.

The wetness of the steam (1-—q) was determined in the first instance by means of
the usual formula with REeNAULT’S coefficients, namely,

(1—q) I/ = 0'305 (¢'~100)—0475(¢"—100), . . . . . (1)

where L/ is the latent heat of dry saturated steam at the initial temperature, ¢ and
t" is the temperature observed after throttling to atmospheric pressure. In spite of
all precautions suggested by previous experience in calorimetry, the wetness of the
steam persisted in coming out negative (which was obviously impossible) to an extent
beyond the probable limits of error of observation. Since many at that time suspected
Rronavrr’s value 0'475 of the specific heat, and had proposed other values, ranging
from 0380 (GrAY) to 0'568 (ZEUNER), it was decided to make a direct determination
of the specific heat in the neighbourhood of 100° C. by the continuous electric method,
which had been devised some years previously, for the determination of the mechanical
equivalent of heat. ,

The first experiments on the specific heat by this method were made by passing a
current of slightly superheated steam at atmospheric pressure over an electric heating
coil, and observing the rise of temperature with a pile of several thermojunctions in
series. The electric energy supplied was measured with standard Weston instruments,
and the steam current by the usual method of condensation and weighing. This was
a comparatively rough method, because the steam current could not be very accurately
controlled, or the external loss exactly determined. Some difficulties were also
experienced with the insulation of the thermojunctions. The results obtained showed
discrepancies of 1 or 2 per cent., but indicated a value of the specific heat falling from
0'50 to 049 over the range of temperature from 110° C. to 160° C. covered by the
experiments. This was regarded as a decisive confirmation of REGNAULT'S value
0'475 over the range 125° C. to 225° C., since a slight diminution of the specific heat
with rise of temperature was to be expected owing to the existence of the Joule-
Thomson cooling” effect.

Having thus obtained by direct experiment the values of the mean specific heat at
atmospheric pressure over the required range of temperature, it was possible to deduce
the values of the total heat of saturated steam at temperatures above 100° C., from
the observations already taken with the throttling calorimeter, by means of the
equation,

H§~H1OO=S(t//“100) L A T R R R R (2)


http://rsta.royalsocietypublishing.org/

N

a
L
—%
AL B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A

%

S

JA \

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org
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where H, is the total heat of the saturated steam at the initial temperature and
pressure, and S is the mean specific heat at atmospheric pressure from 100° C. to ¢”,
the temperature observed after throttling to atmospheric pressure. The curve of
variation of total heat found in this way, instead of being straight like REGNAULTS,
with a constant coefficient dH/dt = 0'805 for saturated steam, showed a decided
curvature, the rate of increase falling from 0'40 calorie per 1° C. at 100° C. to 030 at
160°C. This indicated that REeNAULT'S coeflicient 0'805 might be a fair average of
the rate of variation over the range 100° C. to 200° C., where his experiments were
most concordant, but that the coefficient probably increased at temperatures below
100° C., approximating to the value 0475 (as it should according to RANKINE'S theory)
at low pressures and temperatures, where the vapour should behave as a perfect gas.
This view, while disagreeing materially with REeNAULTS observations of the total
heat at low temperatures, which were very discordant, gave good agreement with
those of DirrERICI at 0° C., and of GrrrriTHS at 80° C. and 40° C. But in order to
determine the complete variation of the total heat, H, from the thermodynamical
formula

dH =8dT-SCdp, . . . . . . . . . (8)
and to deduce the form of the characteristic equation from the relation,
SC =T (dV/dT),-V, . . . . . . . . . (4

it was first necessary to determine more completely the variation of the cooling effect,
C, over as wide a range of T and P as possible.

The Differential Throttling Calorimeter.

The single throttling calorimeter previously employed was well adapted for
determining the variation of the total heat of saturated steam in terms of the specific
heat at atmospheric pressure, but it was not well suited for obtaining values of the
cooling effect, C, at a particular point. Values of C at a particular temperature and
pressure could be obtained only by successive observations with the single calorimeter,
during which the initial state of the steam might vary. Sincea change of 1 per cent.
in the wetness of the initial steam produced a change of about 10° C. in the observed
temperature after throttling, it was most important to employ a differential method
in which such effects were automatically eliminated. This was successfully accom-
plished by connecting two exactly similar calorimeters to the same steam supply, and
adjusting the terminal pressures P’ and P” by exit throttles to a suitable difference
P'—P” read on a differential gauge. The corresponding difference of temperature
T/—T” could be obtained by a single reading with a pair of differential platinum
thermometers, from which the value of the cooling effect at the mean temperature
and pressure, C = (T'=T")/(P'—P"), is directly obtained, with almost complete

3 F 2
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386 PROF. H. L. CALLENDAR, PREFACE TO

elimination of errors due to variation of wetness or external heat loss. The apparatus
is shown diagrammatically in fig. 2. The calorimeters were made of very thin steel
tube, and each was well lagged and drained, and doubly jacketed with its own
exhaust, so that a steady state was reached within five minutes of turning on the
steam. The throttle tubes were made interchangeable, so that the external loss could
be determined by using throttles of different sizes simultaneously in the two
calorimeters. The elimination of the heat-loss, in the usual method of employing the
differential instrument with equal throttles, proved to be nearly perfect, but the
observations were very useful in correcting the previous results with the single
calorimeter. The apparatus was completed early in July, 1897, and was exhibited to

NN

A%,

Eg\f\~sxrr E%\

THROTTLES
Fig. 2.

several members of the British Association on the occasion of their visit to MeGill
College in August. But owing to pressure of other work the results could not be
completed in time for the meeting at Toronto. About thirty observations were taken
by Prof. NicorsoNn and myself during the vacation, which were supplemented
by others taken by the Senior Demonstrator, Mr. H. M. Jaquays, and the fourth
year students during the ensuing session. These confirmed the previous conclusions,
but the work was unfortunately interrupted, before any observations had been
obtained at temperatures above 180° C. or pressures above 130 lbs., by the unexpected
translation of Prof. NrcorsoN and myself to posts in England early in 1898.
Prof. NicorsoN intended to set up a duplicate of the apparatus at Manchester as soon
as possible, while I continued the investigation at University College. But facilities
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were lacking, and the necessity of fresh equipment caused inevitable delays. The
experimental part of the work was still incomplete when the appearance of
GRINDLEY'S paper, “ On the Cooling of Saturated Steam by Free Expansion” (¢ Phil
Trans.” A, 1900) made it necessary to publish a preliminary account of the theory,:
which appeared in ‘ Roy. Soc. Proc.” for June, 1900.

- GRINDLEY'S observations of the cooling effect agreed remarkably well over the
whole range with those given by the differential throttling calorimeter, although his
experimental method was very different. But he deduced the values of the specific-
heat by assuming RecNAvLT's formula dH/dT = 0°305, for the rate of variation of the
total heat of saturated steam, and obtained results for the specific heat at atmospheric
pressure increasing from 0'387 at 100° C. to 0'665 at 160° C., which could not be
reconciled with direct experiment. Owing to the uncertainty of REaNAvULT'S formula
for the total heat, it seemed better to deduce the variation of the total heat from the
measurements of the specific heat as already explained.

The theory of the relation between the total heat and the specific heat was worked
out by assuming a modified form of the characteristic equation employed by RANKINE
and by Joure and THoMsoN for a similar purpose. This equation was put in the
form,

Veb=RT/P—c, . . . . . . . . . . (5

where b is the molecular volume of HIrN, a small constant of the same order of
magnitude as the volume of the liquid, and ¢ represents the diminution of volume of
the vapour due to coaggregation or pairing of the molecules. Joure and THOMSON
deduced the values of ¢ from their empirical expression C = A[T? for the cooling effect
by integrating equation (4) on the assumption that S was constant. This method was
shown to give unsatisfactory results in the case of CO,, and was quite inadmissible in
the case of steam. The opposite procedure was accordingly adopted ; an expression
AT was assumed for ¢, and the resulting equation for SC, namely,

SO=(n+1)e=b, . . . . o o . . . (6)

was compared with the experimental values obtained for S and C.
The complete variation of S with pressure was directly given by

S=S8+n(n+1)cP/T, . . . . . . . . . ()

where 8, is a function of the temperature only, which appears from experiment to be
very nearly constant over the experimental range for steam. The value of the index
n was taken as being S,/R—1, because it had been found by experiments with a
sensitive platinum thermometer on the adiabatic compression of steam that the
pressure temperature relation was of the form P/T"+! = constant, with n constant,
which was shown to be thermodynamically exact in spite of variation of S, provided
that S,/R = n+1.
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388 PROF, H. L. CALLENDAR, PREFACE TO

The numerical values for steam were deduced in the first instance with MAXWELL'S
theoretical value 3°5 for the index n in the case of a triatomic molecule, because it
happens, owing to the form of equation (6), that the value of n cannot be determined
with great accuracy from observations on the cooling effect. The value n = 85
represented most of the properties of steam satisfactorily, including the saturation
pressure, but did not agree very well with the observed values of the adiabatic index
and the specific heat, which required a value of n more nearly approaching 3'8. This
value was confirmed by experiments on the specific heat and the adiabatic index,
which were then in progress, but could not be completed in time for inclusion in the
original paper. The results of these experiments were first published in the article
“ Vaporisation,” in the ‘Encyclopsedia Britannica,” 1902, where revised values for
steam were given. The methods and apparatus employed were also described and
exhibited at meetings of the Physical Society of London in October and November,
1902, but no detailed account of the work was published.

Contrnuous Flow Vacuum Calorimeter.

The principal improvements introduced in these experiments on the specific heat
were as follows. The flow tube of the calorimeter, containing the heating coil and
the thermometers, was enclosed in a vacuum jacket to minimise external heat-loss,
which in turn was protected by an external steam jacket maintained at a pressure
slightly above atmospheric. The electric energy was measured very accurately by
means of a potentiometer and Weston cells, and the temperatures were observed with
platinum thermometers in place of couples. The chief difficulty encountered at first
was that of securing a perfectly steady temperature for the steam jacket, and a
perfectly steady current of steam, which had not been obtainable in the earlier
experiments in which steam had been taken from an ordinary boiler. This difficulty
was finally overcome by employing a boiler heated by gas, the supply of which was
regulated by the steam pressure itself acting on a mercury column. The regulator
could be set to cut off at any desired pressure within certain limits, and worked with
almost incredible perfection, maintaining the temperature in the jacket as nearly
constant as the barometric fluctuations of pressure would permit. This regulator was
subsequently employed by MAKOWER in experiments on the adiabatic index, and is
fully described and illustrated by my collaborator in the following paper.

The method of obtaining a steady current of slightly superheated steam will be
readily understood from the accompanying fig. 3, which illustrates one of the many
arrangements adopted in measuring the specific heat.

The steam at a steady pressure from the regulator, after passing through the
double-walled jacket surrounding the calorimeter, entered a separator at the top of
the jacket where any entrained moisture was drained off. A glass tube of small bore
fitted in the exit from the separator to the interior of the jacket, served as a throttle
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to determine the magnitude of the steam current, which could be varied in any
desired ratio, within certain limits, by fitting throttles of different sizes. Apart from
barometric variations, which were generally small, any desired current could be
maintained constant to about 1 in 1000. After passing the throttle, the steam at
atmospheric pressure, already slightly superheated, was raised very nearly to the
temperature of the jacket by passing through a
number of gauze discs. In the earlier experiments,
the temperature of the steam on entering the vacuum
jacket was taken by a platinum thermometer before
reaching the heating coll. In many of the later
experiments this thermometer was omitted, because
the measurement was found to be superfluous, owing
to the extreme steadiness of the regulator. The
heating coil was of platinum, wound on a mica frame, b
having a resistance of about 5'5 ohms at 110° C. Tt
was provided with current and potential leads, and
connected in series with a 5-ohm manganin standard
for measuring the current in the usual way. The
leads to the heating coil were insulated by glass
tubes (not shown) round which the steam, after
passing the heating coil, was made to circulate

2} SEPARATOR

LAGGING
DRAIN

THROTTLE

—MIXING
CAUZE

TS
\

HEATING

spirally by a rubber coil or metal spiral nearly fitting coiL

the flow tube. The thermometers consisted of coils

of silk-covered platinum wire, each having a funda- VACUUM
JACKET

mental interval of 1 ohm, and capable of sliding up
or down in small bore tubes, 8'5 mm. diam., with the
object of interchanging thermometers, and varying
the immersion when desired. The bulbs were gener-
ally fixed at a distance of 10 cm. from the heating
coil, to allow time for the mixing of the steam to
a uniform temperature. The coils were wound on
glass, and the copper leads were insulated by glass INLET S
capillaries. | OUTLET

It would be tedious and unnecessary to describe [« JHERMOMETER
in detail all the different arrangements adopted for
measuring the specific heat, and the steps by which
improvements were effected, but the following summary of observations taken with the
apparatus above described, shortly after the reading of the paper on June 21st, 1900,
is instructive as illustrating some of the difficulties of measurement in the immediate
neighbourhood of the saturation point. The temperatures tabulated under ¢, ¢” are
the initial and final superheats reckoned from 100° C, The rise of temperature

" } : |
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§’—¢, denoted by do for brevity, is the observed change of temperature of the flow Q
due to the supply of electric energy EC in watts. Q is given in grammes per second.
The heat supplied per gramme per degree rise KC/QdO is the most convenient
‘quantity to calculate in the first instance. The observed value has to be reduced, as
subsequently explained, to allow for slight variations in the temperature limits
¢ and 6”. The reduced values corresponding to the range 103° C. to 113° C. are
denoted by X and are employed in calculating the results for S, 4 and £ in the usual
formula for the continuous-flow method, which may conveniently be expressed by the
following equation :—

X = EC/Qdo = S+hJQ+E[Q?.

The greater part of the heat-loss, represented by /hd6 watts, appears to be independent
of the flow and proportional to the rise d, but there is usually a small term kd6/Q
varying inversely as the flow, due to conduction and other similar causes. X may be
regarded as the uncorrected value of the specific heat, which always appears to increase
with diminution: of the flow, but tends to a limit coinciding with S as the flow is
increased. From the values X, X,, for any pair of flows Q,, Q,, reduced to the same
range df if necessary, we obtain immediately by eliminating #,

S = (Q1X1"‘ QzXz)/(Ql”Qz)'i'k/Qle = S12+k/Q1Q2,

where S,, is the value of S obtained by neglecting % as is often done. If three flows
are available, designated by the suffixes 1, 2, 38, in descending order of magnitude, we
may eliminate £ by finding S, and obtain,

S = S+ (S —82)Qu/(Qu—Qs) = (5120, —S2:Q:)/(Qu—Qs)-
The values of & and 4 are easily obtained from the relations,

b= Quu(S—8y), b= (X—-8)Q—kQ;

in which the smaller flows are preferably employed as giving the largest differences.

It will be observed that the complete expression for the specific heat, S, as deduced
from the values of X for three flows by the above method, may be put in the following
symmetrical form,

S = X1Q12/(Ql-_ Q2)(Q1-— Q3) + X2Q22/(Q2_ Q3)(Q2 - Ql) + X3Q32/(Q3-— Ql)(QB_ QZ))

which is useful in estimating the effect of errors of observation. Thus if the flows
Q. Q. Qs are in the ratio 4:2:1, the terms depending on X, X,, X, are approxi-
mately in the ratio 8: 6 : 1, which shows that the accurate determination of X, is much
less important than that of X; or X,. Further, since each product XQ is independent
of Q, the effect of percentage errors in the measurement of the flows are in the same
proportion as the corresponding X terms in the expression for S. Thus an error of
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3 in 1000 in flow 1, 2, or 3, will produce an error in S of 8, 6, or 1 in 1000 respectively.
The flows.could generally be measured to 0°0001 gr./sec., so that the error due to any
one flow could not in general exceed 1 in 1500 on the value of S, and would be much
less for the smallest flow, which was the most difficult to measure.

Since the values of 7 and % depend on relatively small differences, the values of S,
calculated by this method from each single set of three flows, are very susceptible to
small accidental errors in X, due to slight variations in the conditions, especially with
flows taken on different days. Much better agreement may be obtained by taking a
large number of observations under identical conditions, and employing constant mean
values of A and % in the reduction of the series. This method has been adopted with
most satisfactory results by Mr. BrinkwortH, but could not be applied to the
observations given in the following table, because the conditions were varied widely from
day today. The number of observations taken with each calorimetric arrangement was
insufficient to enable the variations of 4 and % to be interpreted with certainty at the
time. But Mr. BRINkWoRrTH has since shown that the values of heat-loss observed in
these experiments, when plotted according to his method in fig. 10, show a most
remarkable agreement with the results of his analysis. This is a very severe test,
because the maximum heat-loss is less than 4 per cent. and each individual result is
plotted separately. The agreement is so close that it leaves little doubt of the
substantial accuracy of the observations. The only difference is that, owing to the
arrangement of the leads, the heat-loss in my apparatus was somewhat greater than
in his under similar conditions.

SuMMARY of Observations with Vacuum Calorimeters.

Temperatures. i EC/Qdo = X
Date and 7 Rise. Flow. | Watts. ) Results.
flow. do. Q. EC. ob S, by, and L.
0. 0. 1 | Reduced.
served.
| — A
Unsilvered jacket. D =7 cm. between heater and thermometer.
June 25 | | ‘
(3) 4-030 | 17-257 | 183-227 | 0-1577 4774 2°289 [ 20309 S = 2-062
(2) 3:826 | 10-228 6-402 | 0-3302 | 4-513 2-135 2135 h = 0-0110
(2) 3-831 | 13-121 9-290 | 0-3288 | 6-495 2:126 ' 2:136 [ k= 0-0044
(1) 3432 | 12-472 9:040 | 6-6072 | 11-467 . . |
(1) 3-434 | 12:494 | 9060 | 06067 | 11-462 }2 088 | 2:092
Silvered jacket. D =7 cm. between heater and thermometer.
June 28 | | ! ;T { | f
1 3:382 | 12544 | 9-162 [ 0-6035 | 11463 | 2-073 | 2-077 | S = 2-052
(2) 3-803 | 13083 1 9 280 1 0°3304 | 6450  2-104 ‘ 2-114 | h = 0-0085
(3) 4012 | 13-599 | 9-387  0-1566 | 3-387  2-256 | 2-269 | I = 0°0040

VOL. CCXV.—A. 3 ¢
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SumMARY of Observations with Vacuum Calorimeters (continued).

Temperatures. \ LC/Qdo = X,
Date and Rise. Flow. | Watts. | esults.
flow. ' do. Q. EC. ob S, h, and
. 0. Reduced.
served.
. — I : —

New thermometers and heating coil, refitted to reduce £ D =75 cm.

July 9 | I | ‘
(2) . 3:902 | 13-278 ‘1 9-376 | 03427  6-378 1 1985 | — | Gauze only, no spiral.
(1) | 3551 12-516 | 8965 | 0-6328 | 11-281 | 1-988  — | Insufficient mixing.
New silvered jacket. Mixing spiral refitted. D = 8 cm.
July 10 l ] 5
(1) | 3528  12-350 | 8-822 | 0-6200 | 11-401 & 2084 | 2089 |] 8 =2-070
Pressure raised by altering regulator.
(2) | 4703 [ 12-566 | 7-863 | 0'3916 | 6-446 | 2:093 | 2108 |{ k= 00110
Pressure readjusted to previous value.
(2) | 3749 | 13-119 | 9370 [ 0-3272 | 6-435 | 2:099 | 2108 l: = 0-0005
(3) | 3-054 | 15-424 | 11-470 | 0-1568 | 3-856 | 2144 2-160 )
Repeated under slightly different conditions.
July 12| I | [ {
(3) | 4-032 | 12°656 | 8°624 | 0-1566 | 2906 E 9:152 | 2-163 |) S = 2064
(1) | 3401 112-554 9-153 | 06042 | 11-532 & 2085 ) 2:080 || h=0-0137
July 13 | | | |
1) 3°3b6 . 12-502 | 9-146 | 0-6043 | 11515, 2-083 | 2-086 | k= 0-0003
(2) $-712 | 13-045 | 9-333 | 0-3315 | 6-492 | 2-099 | 2-108 |
Tin spiral in place of rubber for mixing. D = 8 em
July 16 | [
(1) 3-376 | 13-226 | 9-850 | 0°5620 | 11-488 | 2-075 | 2-081 S — 2068
(2) 3-800 | 14-307 9-707 | 0-3217 6-491 2-078 | 2091 =
(2) 3-800 | 11-320 | 6:720 | 0-3213 | 4-508 | 2-088 | 2-090
(2) ; 3-800 | 8-877 | 4-27710-3218 | 2-889 | 2-098 | 2-092
(2) I 3-800 | 6-991 2-391 | 0-3223 1-628 | 2-112 2-091
Unsilvered jacket. Rubber mixing spiral. D = 9 ecm.
July 17 | 1 1 1 |
(y | 3343 | 12102 | 8-759  0-6238 | 11 465 2:098 | 2-100 Qo — 2079
(2) 3-777 | 12930 | 9-153 | 0-3338 | 6°463 | 2-115 | 2-124 12 = 2700a
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SUMMARY of Observations with Vacuum Calorimeters (continued).

Temperatures. LEC/QdI = X
Dateand | | Rise. Flow. | Waltts. Results.
flow. | a0. Q. EC ob. S, A, and L.
g b’ 1 | Reduced.

t served.
N

B T |

Same jacket. Single thermometer in place of pair. D = 9 cm.

July 18 | | ' ‘ { |
() | 3357 | 2-101 | 8744 | 0-6267 | 11-494 | 2-097 ;] S = 2063
(2) | 3:796 | 12-962 | 9-166 | 0°3348 J 6-493 | 2-116 | h = 00242

Lowered pressure by 2 cm. | [}
(3) | 3-372 | 12°407 | 9-035 | 01478 | 2-897 | 2-170 | 2:173 |} k= —0-0012
Altered separator and fitted new condenser. D = 75 cm.

July 19 t { i [ !
(3) 3:396 | 12667 | 9-271 | 0-1452 | 2896 | 2:152 | 2-156 S = 2-055
(1) | 2:740 | 12428 | 9-688 | 0-5710 | 11-533 | 2-085 | 2- ors L %2 00152
(2) | 3-178 | 13-168 | 9990 | 0-3103 | 6-500 | 2097 | 2100 J %= 0-0002

Rearranged leads of heater. D = 11 cm.

July 24 ‘ |
(1) 2-747 | 12400 | 9-653 | 05543 | 11-437 2139 2:133 S = 2-061
(2) 3+205 | 12-567 9-362 | 0°3163 | 6-460 | 2-183 2184 h = 0-0413
(3) | 3-400 | 11-812 | 8-412 | 0-1488 | 2-884 ‘ 2:304 | 2-305 | k= —-0-00074

New silvered jacket. New rubber mixing spiral. D = 85 cm.

July 28 | | | | | |
(3) L 3845 i 12'917 {9072 1 0-1451 | 2-943 | 2°236 | 2-246 S = 2-064
(2) 3535 ] 14-524 l 10-989 ‘ 0-2794 | 6-575 2142 2-153 | I = 0-0230
(1) . 3+214 | 16-174 | 12-960 | 0-4255 | 11-636 I 2110 | 2-121 | k= 0-0005

Same distance. Test for variation with range of temperature.

July 30 | ‘ { ’ 1' !
(1) L3207 | , lb 242 1 13-035 ; 0-4223 | 11-590 | 2-105 I 2116 ‘
(1) | 3:262 | 13°154 | 9-892 0-4243 8869 | 2-113 | 2-117

Altered distance to D = 6 cm.

(1) | 3-337 1 13-509 | 10-172 | 04240 | 8-857 [ 2:054 | 2-060 ! S = 2-0b4
(2) [ 3-667 \ 14 721 ‘ 11054 | 0-2842 @ 6487 2-065 ] 2-077 l b= —0-0046
(2) | 3-665 8604  4:939 0-9846 | 2931 | 2-085 | 2- 075 k= +0°0032
(3)  3°890 13-076 | 9-186 0-1455  2:890 @ 2-162  2-17 J

3G 2
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SummARY of Observations with Vacuum Calorimeters {continued).

Temperatures. ) EC/QdO = X '
Date and Rise. l‘lo»v ' atbs

l

1 Results.
flow. d6. EC JI

o

S, &, and .

Reduced.

selved

|

Altered distance to D = 10 em. Same conditions.

July 31 | i | }
(3) 3:812 | 12°687 | §°875 ’ 0-1437 | 2-915 | 2286 | 2-295 S = 2060
(1) 3:107 1 12-813 1+ 9-706 | 0-4287 | 8-889 | 2-136 | 2137 } I = 00327
(2) 3-527 | 13-015 | 9-488 | 0-2840 | 5-847 | 2-170 | 2-177 I = 0-0001

Mean S = 2-060, 103° C. to 113° C.

The value found for A increases, as one would naturally expect, when the distance
between the heating coil and thermometer is increased. Conversely 7 may be
diminished by reducing the distance, but it is necessary to allow sufficient space
for the mixing of the steam to a uniform temperature, and it was found
that D could not be reduced below 6 cm., even with the most effective spiral
mixing of the flow. Mixing the fluid by passage through wire gauze, which has
been commonly employed by other observers, was found to be very ineffective as
compared with the turbulent flow induced. by the spiral. The maximum value of 4
observed at a distance D = 11 cm. was only 8'5 per cent. of the heat supply for the
largest flow. The average was about 2 per cent., but none of the jackets maintained
a good vacuum when heated in steam, and they all cracked after a few daysuse. The
term %/Q? was generally less than 1 in 1000 for the large flow, but increased to nearly
1 per cent. when the distance was reduced to 6 cm.

Since the measurement of the electric energy is made in watts, it is convenient to
calculate X and S in joules or watt-seconds per gr. degree. The values of X are
always a little greaterthan 2 for steam, and since the formulz involve only differences
between corresponding values of S and X, it saves a good deal of trouble in calculation
to work only the differences from the round value 2000 in each case. It is important
for the same reason to keep the differences between the flows as large as possible.
The observed values of X, were generally consistent to 1 in 2000 or better, hut an
error of 1 in 2000 in the value of X, or X, would make an error of 3 or 2 in 2000 in
the result calculated from 38 flows. The order of agreement of the results, which
range from 2052 to 2°070 is, therefore, as good as can be expected, considering the
range of variation of the conditions of the experiments.

The results of this particular series of observations were reduced in the first instance
by employing the theoretical formula (7) for the variation of the specific heat over
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different rangés. The mean result found in this way was S = 2074, corresponding to
S = 0496 calories per 1°C., which agreed as closely as could be expected with my
previous experiments by other methods, giving S = 0497 over the same range. A
systematic variation depending on the initial temperature was subsequently noticed,
which requires further explanation, and which formed the starting: point of fresh
investigations.

Effect of Impurities in the Steam.

Steam in the immediate neighbourhood of the saturation pointlis liable to carry
small particles of water in suspension, which cannot be evaporated completely by a
moderate degree of superheat if any impurities, such as salt in solution, are present.
Since 1 mgr. of water requires more than half a calorie to evaporate it, and the heat
required to raise the temperature of 1 gr. of steam 10° C.1is only 5 calories, it is
necessary that the initial steam should not contain more than 1 in 100,000 of water,
if the specific heat is to be found correct to 1 in 1000 over a range of 10° C.

The rise of boiling point 6 produced by z gram-molecules of salt per gram of water
is approximately 1000x°C. The proportion of suspended water remaining un-
evaporated at any degree of superheat 6’ will be 10002/¢’. The quantity evaporated
in heating the steam from 6 to 6” will be 1000z (0”—6)/6'0”. This will produce an
apparent increase of the mean specific heat of the steam over the range 6”—¢'
equivalent to 1000Lx/0'0”, where L is the latent heat of evaporation. It was found
that this extremely simple and convenient reduction formula fitted the results
obtained over different ranges of temperature with extraordinary precision, and
reconciled apparent discrepancies which had previously been attributed to errors of
observation. A few examples of this reduction are given in the preceding table, e.g.,
the observations with flow (2) for different ranges of temperature on July 16th, which
are seen to agree extremely well when reduced to a common range 103° C. to 113° C. by
this formula. The numerical value of the constant 1000Lx in the reduction formula was
found to be 173 joules, which would be equivalent to the presence in the steam of an
impurity of about half a millionth of a gram-molecule of salt per gram. It is quite
possible that an impurity of this order of magnitude might have been produced by the
continued use of ordinary water in the boiler, and the passage of the steam through
considerable lengths of rubber and glass tubing. Small variations in the impurity
might also account for some of the differences in the results obtained on different
occasions, but as the same boiler and regulator were employed in all cases, the
variations in the quality of the steam supplied would probably be unimportant.

The effect of this reduction is evidently greatest when the superheat is small. Any
small change in the initial superheat 6’ was found to produce a relatively large effect
on the results. The length of the steam jacket cannot allow sufficient time for
raising the steam exactly to the temperature of the jacket before entering the
calorimeter, There is always a systematic fall of initial temperature with increase of
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396 PROF. H. L. CALLENDAR, PREFACE TO

flow, which is clearly shown in the table of observations. The application of this
correction has accordingly the effect of reducing the mean value of the specific heat
from the value S = 2'074, originally obtained, to 2060 joules per gr. per 1° C., or from
0'496 calories to 0°493, over the range 103° C. to 113° C.

The value so- obtained has still to be corrected for the water present in the steam,
which was probably of the order of 2 parts in 10,000 at the initial temperature of
108° ¢ The correction can be obtained from the reduction formula, regarded simply
as expressing the results of experiment, without requiring an exact knowledge of the
nature of the impurity present. Assuming that the formula applies up to a
temperature of 118° C., which was within the range of the experiments, and that all
the water would probably be evaporated by the time the steam had reached this
temperature, the value of the specific heat at 113° C. given by the formula of
reduction, should be approximately that of dry steam at this temperature. If the
correction to the mean specific heat over the range 6’ to 6” is given by the formula
178/¢ ¢, the correction to the specific heat ot any temperature 6 is given by 1'73/6%
The value of the specific heat at 113 C. will be less than the mean over the range
108° C. to 113° C. by 1'73/3 x183—1'73/132%, which is 0°0342 joules per 1° C. If the
value from 103° C. to 113° C.is 2°060, the value at 113° C. will be 2:026 joules, which
agrees very well with the value 2°030 at 105" C. obtained by my collaborator, when
special precautions were taken to secure dry steam free from impurities. Briefly
enumerated these precautions include (1) a higher initial temperature; (2) a much
longer steam jacket; (3) pure water for the boiler; (4) tubes of pure tin in place of
glass or rubber, for conveying the steam to the calorimeter ; (5) special attention to
the arrangement of the separator and drain tubes for removing water of condensation,

Indirect Verification.

The results obtained for steam with the apparatus above described were indirectly
verified in various ways, so that there could be little doubt that they represented cor-
rectly the specific heat of the steam actually employed, although there might be a slight
uncertainty as to the quality of the steam. The first method of verification applied
was to use the same apparatus for finding the specific heat of air. There was in this
case no difficulty with regard to wetness or insulation, and it was possible to employ
thermometers of bare wire in addition to the tube thermometers. The results found
for the specific heat of air at atmospheric pressure lay between 0240 and 0241 gr.
calories per gr. per 1° C. and were about 2 per cent. larger than those given by
REeeNAvULT, but agreed very well with the value deduced from Jory's experiments at
constant volume, and with the known value of the adiabatic index for air. The chief
difficulty encountered was the regulation and measurement of the air current. This
was overcome by constructing a delicately balanced and compensated gasometer for
maintaining a steady pressure, and passing the air current through a resistance
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consisting of 20 small-bore tubes in parallel, immersed in a water bath to keep the
temperature steady. The current was measured and adjusted by observing with an
oil gauge the difference of pressure between the ends of the resistance. The same
apparatus was subsequently employed by Swanwy ( Phil. Trans.” A, 210, pp. 199-288,
1910) in a more accurate and extended investigation of the specific heats of air and
CO, Swann found the value 02414 for air at 0° C., which corroborated the
conclusion that REGNAULT’S value was appreciably too low.

A more direct verification of the result for steam was obtained by measuring the
adiabatic index n+1 in the equation P/T**' = constant, at 108° C. in the neighbour-
hood of atmospheric pressure, by means of a compensated platinum thermometer of
0°001-in. wire, similar to those employed in the experiments with Prof. N1corsox on the
law of condensation of steam in 1895. The resulting values of the index lay between
4'26 and 4'30, giving, according to the foregoing theory, values of S at atmospheric
pressure and 108° C. lying between 0488 and 0493 calories per gr. deg. These

“experiments were performed by W. Marower at University College under my
direction in 1901-2, and were published in the ¢ Phil. Mag.” for January, 1903.

Results of other Observers.

The experiments of HorporN and HexNiNG (“ Ann. Phys.,) 18, p. 739, 1905),
extending over the range 110° C. to 820° C. at atmospheric pressure, indicated that
the specific heat of steam was constant within the limits of error of their observations,
but threw no light on the variation with pressure in the neighbourhood of saturation,
as their lowest range extended from 110° C. to 270° C. Their results gave most
accurately the ratio of the specific heat of steam to that of air, which was found to
be 1°940 over their lowest range. Their value for air being 0'2315 over the same
range, that for steam would be 0'449, which is evidently too low, on account of the
error of the value 02815 for air. SWANN's value (loc. cit.) for air over this range,
namely, 0'2443,* with the same ratio 1°940, would give the value 0474 for steam,
agreeing closely with ReenavuLr’s value from 125° C. to 225° C. If equation (7) is
adopted for the variation of the specific heat, this result would correspond to a value
0°482 for the specific heat at 108° C. and 1 atmosphere. The agreement with the
value 0°485 found for dry steam at 108° C. is fairly close, but rests on the assumption
that the specific heat at zero pressure is accurately constant, which may be to some
extent in error. The results of explosion experiments indicate a considerable increase
in the specific heat at high temperatures, which, if represented by a linear formula,
according to the common practice, would require an increase 0°00034 in the specific
heat per 1° C., or 0027 between 110° C. and 190° C., which is more than sufficient to
compensate for the diminution 0'008 over this range represented by the term

* This value has quite recently been confirmed by HorBoRN and HENNING.
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n(n+1)cP[T in equation (7). It is probable that the variation of 8, with temperatur
is not linear, but is more rapid at high temperatures, as indicated by the radiation
theory of the variation of specific heat suggested in the Report of the B.A.
Committee on Gaseous Explosions (B.A. Rep., 1908, p. 340). At the same time there
is probably an appreciable increase over the range 100° C. to 200° C., since the
equation of saturation pressure appears to require a mean value of S, = 0'477 over
this range, but a lower value from 0° C. to 100° C.

The observations of KxoBLAvUcH and Jacos (‘ Forsch. Ver. Deut. Ing.,” 85, p. 109,
1906) extending from 2 to 8 kg./em? and from 150° C. to 350° C., showed a variation
of S with pressure of the same type as that indicated by equation (7). The absolute
value of the change with pressure found by these observers agreed with that given
by formula (7) at a temperature of 210° C., but increased more rapidly below this
point, and diminished more rapidly at higher temperatures., On the other hand, the
value of the specific heat S, at zero pressure, obtained by extrapolation, showed an
increase from 0447 at 100° C. to 509 at 400° C., giving nearly the same rate of
variation between these limits as that found by LaNeEN in his explosion experiments
at much higher temperatures. This variation could not possibly be reconciled with
the experiments of HorBorN and HENNING. A repetition of the observations by
K~osravcH and H. Movuier (‘ Zeit. Ver. Deut. Ing.,” 1911, p. 665), raised the results
at 120° C. by 0°026, and lowered the results at 400° C. by 0020, reducing the
increase with temperature over this range from 07062 to 0°016, which is quite a
possible value. The magnitude of the correction, amounting to 10 per cent. on the
specific heat, illustrates the difficulty of determining the variation of the specific heat
by the methods which they described, since the variation is of the same order as the
systematic errors of experiment. This correction brings the results of KxoprLAucm
and MOLLIER into very fair agreement with those given by equation (7), except that
their results for the variation with pressure near the saturation line, obtained chiefly
by extrapolation, appear to be excessive, and cannot be reconciled with experiments
on the cooling effect. ‘

Although it is probable that there is some variation of S, with temperature, the
amount of the variation is so small and uncertain over the range required in steam-
engine practice that it seems best for the present to take a mean value of S, in
equation (7) for practical purposes. It is almost certain that the variation of S,
cannot be linear. No exact theory of the variation has yet been proposed, and
any attempt to represent it by an empirical formula would be highly speculative, and
would introduce endless complications in the theory, without offering any material
advantages so far as the steam-engine is concerned. The mean value of S, adopted
in 1902 as giving the best general agreement over the required range was 13R/3 or
0'478. The present investigation appears to show that the actual value of S, at
100° C. is 0463, but since it is very difficult to obtain perfectly dry steam near
saturation (especially in the throttling experiments), and since S, probably increases
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with temperature, it appears likely that a constant mean value, such as 0°477, over
the range 100° C. to 300° C., will agree better than a variable value with actua
practice, in addition to simplifying the theory.

Later Experiments.

The differential throttling calorimeter was redesigned for higher pressures and
temperatures in conjunction with Prof. DALpy in 1906, and was set up in the
laboratory of the City and Guilds Institution (now part of the Imperial College of
Science), at South Kensington. The late Prof. Asucrorr assisted the writer in taking
a series of observations on superheated steam. A differential platinum thermometer
was employed for reading the temperature difference, and a mercury gauge for the
pressure difference. The observations extended to an upper limit of 876° C. and
agreed so closely with the variation of the cooling effect predicted by equations (6)
and (7), that it was not considered worth while to publish them in detail, as it was
hoped to obtain a more complete series at much higher pressures as soon as a suitable
boiler and regulator could be installed. Owing to the great increase in the number
of students in the engineering department, which necessitated a continual rearrange-
ment of laboratories and equipment, it was found to be impossible to proceed with
this work at the time. But the opening of the new engineering building is expected
to relieve the pressure, and permit the work to be resumed at an early date. The
apparatus is designed for simultaneous measurements of S and C under the same
conditions, which is particularly advantageous, since both are required in the
equations. ~ '

About the same time, preparations were made for attacking the problem of the
variation of specific heat with temperature from the theoretical side, by a quantitative
investigation of the absorption and emission spectra of gasesin the infra red, which
must, according to the theory of radiation, be intimately related to the variation of
the specific heat. The elaborate apparatus required for this purpose was made in the
physics workshop of the Imperial College, and took some years to construct, in
consequence of the great pressure of other work. It was practically completed two
years ago, and gave promise of supplying very useful information, but the work has
now been brought to a standstill for want of funds to supply the necessary assistance
and materials for carrying it on. It is hoped that something may be done towards
the solution of this important problem when the assistants now serving at the front
are set free at the conclusion of the war, but the work requires two or more observers,
and nothing can be done without highly trained assistants, owing to the great

difficulty and delicacy of the observations.
H. L. C.

VOL. CCXV.—A. 3 H
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On the Specific Heat of Steam at Atmospheric Pressure between
104° C. and 115° C.

By J. H. BrinkwortH, A.R.C.S., B.Sec., Lecturer in Physics at St. Thomas's Hosprtal
Medical School.

Introduction.

With one exception, all the experimental determinations of the specific heat of
steam at atmospheric pressure have been made with steam considerably superheated.
The first reliable investigations were made by Reewavrr, and the value he obtained,
when corrected for various errors, reduces to 0°475 ; this being the mean specific heat
over the range 125° C. to 225° C. Prof. CALLENDAR, using the continuous flow method
of calorimetry, has made the one determination previously quoted, in which the
specific heat at atmospheric pressure was measured at a temperature not far removed
from that of saturation. The value experimentally obtained, 0°493 over the range
1038° C. to 118° C., is somewhat higher than that deduced by extrapolation from the
results of other observers, and requires reduction (as above explained, p. 896) in order
to allow for a minute fraction (about 1 in 10,000) of water present in the steam. In
congequence, Prof. CALLENDAR suggested to me that a redetermination of the specific
heat of steam near 100° C. was desirable. My other duties are such as to allow only
a certain amount of time for research, hence this investigation has been rather
protracted ; but through the whole course of the work I have been encouraged by
Prof. CALLENDAR, and here I wish to record my great indebtedness for the advice he
has always given so readily. This investigation has been carried out in the Physical
Laboratories of the Imperial College of Science, and I desire to acknowledge the
kindness of the Board of Governors in furnishing me with the necessary equipment
and with laboratory accommodation for so long a period.

Outline of the Method.

Steam is generated in a boiler of about 15 litres capacity and thence led to one
limb of a U-tube pressure regulator, to be described in detail later. The pressure of
the steam forces the mercury down in this limb of the U-tube and up in the other
limb in which the adjustment of the supply of gas to the large ring burner, used for
heating the water in the boiler, is made. After passing the regulator, the steam, now
maintained at a constant pressure, is led between the walls of a jacket surrounding
the calorimeter proper, thence through a separator and a throttle into the space
enclosed by the double-walled jacket, whence it passes down the calorimeter flow-tube
to a condenser. During the passage of the steam through the flow-tube it is heated
by means of an electric current passing through a platinum heating coil, and its
temperature is measured on a platinum resistance thermometer. Another temperature
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measurement is made when the supply of electrical energy is cut off, and the difference
between these two temperatures gives the rise in temperature do of the steam. If
C, is the electric current and E, the potential difference between the ends of the heating
coil, we have, when the temperature conditions through the apparatus are steady,

CE, = SQ, db-+h,do,

where /,d0 is a term representing the heat-loss, and S is measured in joules per gr.
degree C. If now, in similar experiments, the rates of flow, Q, of the steam are about
one-half and one-quarter of the above value respectively, and if the electric current is

To From
BURNER  BOILER

i |

~

b

o Convensen

Fig. 4.
adjusted in each experiment so that the rise in temperature of the steam is the same
as before, we have | O,F, = SQ,d0+h,do
and

CLE, = SQ,d0+h,de.

If the heat-loss is independent of the flow, a linear relationship will exist between the
values of CE/Qd0 and the corresponding values of 1/Q, but if this is not so, another
term depending on the flow must be inserted in the fundamental equation, which then

becomes CE = SQdo+(h+k[Q) db.

By means of three equations of this form we can obtain the values of S, 4, and k.
3 H 2 ‘
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The arrangement of the apparatus is represented diagrammatically in fig. 4. The
gas, supplied from the mains, was led into the gas holder, R, from which it passed
through a Wolfl’s bottle containing sticks of KOH, into the limb, G, of the pressure
regulator and thence through the tube, B, to the burner. The steam generated in the
boiler was led through block tin tubes to the other limb, DS, of the regulator, thence
through E into the calorimetric apparatus and separator from which it passed down the
flow-tube to the condenser.

Measurement of Electrical Energy.

An insulated battery of 60-ampere-hour accumulators supplied the steady current
to the heating-coil through a standardised resistance of approximately the same value
and a rheostat. The method adopted for connecting the heating-coil in the circuit is
indicated in fig. 5. The four leads coming from the heating-coil are led into four

STAND:RES:
" F—
5

Ammefer
" BATTERY

Hearing Coil

RHEQSTAT

Fig. b.

mercury cups, and the main current leads are similarly led into two other cups cut in
the same block of paraffin wax. With the aid of two copper connectors either pair of
leads may be made the “current-leads” to and from the heating-coil, the other pair
functioning as “ potential-leads.” By means of this arrangement it is also possible to
send the current through either pair of leads connected to one end of the heating-coil
and thus to investigate the heating effect ‘due to the passage of the current through
the leads. The potential differences across the heating-coil, across the standardised
resistance and across a known number of cadmium cells in series, were obtained in
terms of the readings on a Thomson-Varley 2-dial potentiometer. If X, X, and X,
are the corresponding readings when the conditions are steady, the energy per second,
in watts, supplied to the heating-coil and used in heating the steam, is

X, X, ¢*n?

CE =
E X/R

‘Where

R = resistance of the standardised coil.
e = B.M.F. of a cadmium cell.

n = number of cadmium cells employed.
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In order to maintain the same rise of temperature for different values of the steam
flow, it was necessary to alter both the number of accumulators and the rheostat.
With the flows used and for a rise of temperature of about 8° C.,; 9, 6 and 4 accumu-
lators were required for the maximum, medium and minimum flows respectively ; the
final adjustment of the current, to give a constant value of d6, being made by means
of the rheostat. This rheostat, which is also shown in fig. 5, consisted of pieces of
manganin wire (No. 20) each about 85 cm. long. By means of the arrangement of
mercury cups and the trough, indicated in the diagram, any number of these wires
could be connected in series or in parallel until the requisite current was obtained.

The Standardised Resistance.

This consisted of a coil of No. 22 manganin wire wound on a wooden frame which
was placed in oil contained in a double-walled vessel. A current of cold water was
passed through the space between the double walls, and the temperature was taken
by a mercury thermometer dipping into the oil; this temperature was assumed to be
that of the coil itself. This secondary standard was compared with a 10-ohm primary
standard. The same current was passed through both, and the potential differences
across the ends of the resistances were obtained by the potentiometer. The results of
several comparisons, full details of which have been kept, show that the resistance of
the secondary standard is 50136 ohms at 17° C., and the temperature coefficient of
resistance 0°000020.

The Cadmium Cells.

The cadmium cells used were of the H-pattern and were some of a set of twelve cells
which I made in 1906, the instructions given by Jarcer and WacHSMUTH being
accurately followed. The mercurous sulphate and cadmium sulphate were supplied
by KarrBaum. Only seven of these cells have been used, Nos. 1 to 7 inclusive, in
those experiments in which seven cells were required, and Nos. 2 to 6, or 3 to 6 for
those experiments in which either five or four cells were required as a standard of
“electro-motive force. During the experiments the cells were immersed in an oil-bath,
the current of water used for cooling the standardised resistance being first led round
the nest of cells through a compo-tube immersed in the oil. Cell No. 7 was sent to
the National Physical Laboratory to be tested in 1908, and again in 1913, and the
two reports give the values 1'01875 volts at 17° C. in 1908 and 1°01860 volts at 17° C.
in 1913. The N.P.L. comparisons were made with Weston normal cells, the .M. F.’s
of which have been directly determined in terms of the international ohm and the
international ampere (10~! C.G.8.), and found to be 1'0183 international volts at 20° C.
During the 1913 standardisation the cell was put through a temperature cycle of
10° C., from 15° C. to 25° C., and though examined daily over a period of three weeks,
no anomalous changes of E.M.F. with temperature were recorded, All the cells used


http://rsta.royalsocietypublishing.org/

VA\
N
. 0

/

e

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

\

3

Py

///

AL

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

404 MR. J. H. BRINKWORTH ON THE SPECIFIC HEAT OF STEAM AT

in these experiments have been compared with No. 7 at various dates, and the
differences between this cell and any individual cell have remained small and approxi-
mately constant. The differences expressed in hundredths of a milli-volt, between
any cell and No. 7 are given in the following table, the negative sign indicating the
amount to be subtracted from the E.M.F. of cell No. 7 in order to obtain the E.M.F.
of the cell in question.

Number of cell.
Date, Temper
ure. | - - g e
1 2 3 4., 5 6 7

° C. ,
July 21, 1908 . . . 21 -1 =17 -5 - 16 -2 0 | standard
September 22, 1908 . 17 -1 - 8 -1 - 15 +1 |standard|at N.P.L.
August 2, 1910. . . 20 +10 0 - 4 - 33 +8 +13 | standard
May 5, 1913 . . . 175 +18 -18 -12 - 24 +3 +21 »
May 11, 1914 . . .| 17 £22 | -20 —-10 -3l ~2 | +95 N

From the last three sets of observations it will be seen that the cells used in these
experiments have remained constant to 1 part in 10,000 over a period of nearly four
years,

The Potentiometer.

This was of the well-known Thomson-Varley pattern with two dials, its total
resistance being 100,000 ohms. The current for the potentiometer was supplied by
Leclanché cells, the number employed being adjusted in accordance with the magni-
tude of the electric current in the main circuit, to make the potentiometer readings
greater than 5000. The galvanometer used was of the Thomson pattern, having a
resistance of 7000 ohms, and the sensitiveness was such that a change of unit amount
on the vernier-dial of the potentiometer produced an alteration of 7 scale-divisions in
the galvanometer deflection. A calibration of the potentiometer showed that no
error amounting to 1 in 10,000 could be introduced by any arrangement of the
sliders.

The Pressure Regulator (fig. 6).

This was of the form designed by Prof. CALLENDAR, and exhibited by him at a
meeting of the Physical Society of London in 1902. It consists, essentially, of a
U-tube the limbs of which, lettered G and S respectively, are partially filled with
mercury. The gas after passing through a Wolff’s bottle containing. sticks of KOH,
to remove impurities in the gas, is led into the limb, G, through a tube, A, the lower
end of which is ground so that its cross-section is elliptical. The gas then passes out
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through B to the burner. In the tubes, A and B, there are T-connections which are
joined by a rubber tube, C, on which is a screw-down stop-cock, whereby the amount
of gas going through this bye-pass can be adjusted.

Steam, generated in the boiler, is led directly through the tube, D, 1nto the other
limb of the U-tube and passes thence]through E into the calorimetric apparatus. If

=

It

i
j
;
(i
.

GAS
SuppLy

| LTI

Fig. 6.

the connecting tap, H, be open, so that the columns of mercury in the two limbs, G
and S, are connected, it is obvious that, as the steam pressure rises, the mercury will
be forced downwards in S and upwards in G, until eventually the main supply of
gas passing through the lower end of the tube, A, is more or less cut off. When the
gas supply to the burner is thus reduced, the rate at which steam is generated is
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lessened, and in a few seconds equilibrium is attained ; the current of steam keeping
its own pressure constant. This pressure is measured on a manometer connected with
the tube, M. Perfection in regulation is not obtained until sufficient water has con-
densed in the limb, S, to fill the length of tube between the top of the mercury and
the exit, K, but to hasten this condition the tap, J, may be opened, thus allowing
water which has condensed in the bulb, F' (which is also connected to the tube, M) to
run into the limb, 8, until the latter is filled to the requisite height. The pressure of
the steam can be altered either by varying the amount of mercury in the regulator,
or by raising or lowering the end of the tube, A. At the end of every experiment
the main gas supply was cut off and the tap, H, closed, so that when the regulator
was put into action at the commencement of the next experiment, the limb, S, con-
tained sufficient water to ensure perfect regulation at once. It is necessary for the
gas supply to be constant, since variations in the pressure in the gas main produce
corresponding variations in the quantity of steam generated. Such effects were not
noticeable on the thermometric readings of the ““cold temperature,” but they were
quite evident when the heating current was on. Sudden and violent fluctuations
were prevented by passing the gas into the bell of a small gas-holder before it entered
the regulator. The accuracy of these experiments depends chiefly on the constancy
with which the pressure can be maintained, and the wonderful steadiness in the
temperature of the steam is exemplified in the extended tables of observations which
are given. .

From these it will be seen that the “cold temperature,” observed after an interval
of about an hour, agrees to 003 ¢cm. of bridge-wire or to about one two-hundredth of
a degree Centigrade, with that determined before the electrical energy was supplied.

The Calorimetric Arrangements (fig. 7).

The calorimeter proper consisted of a glass tube, Y, about 50 cm. long, in which
the heating coil, C, and the thermometer sheath, N, were fixed. This tube was
jacketed by another glass tube, S, which enclosed the length occupied by the heating
coil and thermometer. In the following experiments three different types of calori-
meter were used, each of which will be described later in connection with the results
obtained. . .

The calorimeter flow-tube and its surrounding glass sheath were carried on a split
rubber cork wound with omega tape and fixed, making a steam-tight joint, into a
space enclosed by a double-walled brass jacket, 45 cm. long and 5 cm. internal
diameter. From the lower part of this jacket there was a double-walled side-tube
60 cm. long, packed tightly with gauze discs, through which the steam had to pass
before it reached the calorimeter proper. The whole external jacket hence consists of
two L-shaped vessels, one inside the other, the space between the double walls being
continuous.
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This space was provided with an inlet, E, connected directly on to the pressure
regulator, and the steam entering here, passed between the double walls of the
jacket and out at F into the steam separator, G, whence it entered, through the
throttle, T, into the side-tube.

On its passage through the tightly packed gauze discs in the side-heating tube
the steam was heated up to the temperature of the jacket. It then entered the
space surrounding the calorimeter, whence 1t finally passes down the flow-tube, Y,
to the condenser fixed on to Z. In fig. 7, which represents diagrammatically the
arrangement thus described, it will be noticed that the cylindrical space inside the

,dz

Fig. 7.

double walls of the main jacket is divided into two compartments by a brass dise, K.
This was soldered round the inner tube about 5 cm. from the upper end. The
function of this disc is to prevent the steam impinging on the rubber cork closing
the upper end of the tube, and thus being cooled.

Any slight cooling due to the steam striking the lower split cork is of no importance,
since the steam would be warmed again during its passage up between the calorimeter
and the surrounding jacket. The whole of the jacket, the separator, and the con-
necting tubes were heavily lagged with felt. The main jacket containing the
flow-tube was fixed vertically. The side-heating tube was thus slightly inclined

VOL, CCXV,—A, 31
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to the horizontal, consequently, any water condensed between the double walls
gravitates towards the drain-tube, d,, whence it is expelled. The other drain-tubes,
d, and d;, serve to remove condensed steam from other parts of the apparatus.

The drains d, and d, consisted of lengths of about 2 metres of small-bore compo-
tubing. The drain d; consisted of tubing of the same hore, but the lengths fixed

M [
\,,_\ / -
1 N 7R
Y Y
S S
=
{

.

:‘i‘* P

here were altered according to the magnitude of the steam-flow in such a manner
that there was always a small steady current of steam passing out from this drain,
The drain-tube, d,, was connected to a brass tube, 3 mm. diameter, carried by the split
cork to which reference has been made, the end of the brass tube being flush with
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the inner surface of the cork. A water manometer, Q, was also attached to the
brass tube so that an approximate estimate of the pressure in the space surrounding
the calorimeter could be made.

The Heating Cosl.

This consisted of about 180 cm. of 0°004-inch platinum wire, bent double, the
two strands being wound, in parallel, on a serrated mica frame. The loop end was
gold-soldered to a piece of 0°008-inch platinum wire which was fixed centrally along
the mica framework. A length of 12 cm. of No. 22 silver wire, bent double, was
joined at its loop to the free end of this thicker platinum wire, and the two other
free ends of the 0°004-inch platinum wire were likewise soldered to the loop end of
a similar piece of silver wire. These silver wires were bound to the mica frame,
which was always immersed to a depth of 4 or 5 cm. in that part of the current
of steam which was actually heated ; thus any error due to conduction of heat from
the heating coil was prevented. The four free ends of these silver wires were then
soldered to the main current and potential leads. Iach of these leads was a length
of No. 20 copper wire, to the upper end of which was hard soldered about 1 em. of
No. 27 platinum wire. A thin lead glass tube enclosed each conductor and was fused
round the platinum wire. The leads thus enclosed were brought down symmetrically
around the glass jacket, S, surrounding the flow-tube, Y, and were carried by the
split cork. The general arrangement is indicated in figs. 7 and 8, PP being the
potential and IT the current leads.

The Thermometer.

This consisted of about 120 cm. of 0°004 inch platinum wire, wound in a screw
thread of 40 turns per cm., cut on an ivory cylinder. This was carried on a long
lead of No. 24 copper wire, the latter passing axially through to the far end of
the cylinder. The cylinder was fixed in its position on the wire between two
small lumps of solder. The ends of the platinum wire were soldered, one to the
lower end of this lead, the other to the end of a length of No. 28 copper wire
which only reached as far as the near end of the ivory cylinder. Another pair of
leads, consisting of equal lengths of Nos. 24 and 28 copper wire, which again
only reached as far as the near end of the cylinder, where their ends were
soldered, formed the compensating leads of the thermometer. All these leads
were enclosed in fine glass capillary tubes firmly bound together with silk. Before
winding the platinum wire, the ivory was baked for some time at a temperature
of about 120°C. in order to shrink the cylinder. The over-all length of the
thermometer was 385 cm., the platinum wire being wound over a length of
86 cm. of ivory. The thermometer and leads were enclosed in a glass sheath, N
(fig. 7), 25 mm. in diameter, which was carried by a rubber cork fixed tightly

: 312 ‘
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into the lower end of the flow-tube. This thermometer sheath reached right up
the flow-tube to within a few millimetres of the lower end of the heating coil,
so that by moving the thermometer up or down in its sheath, the distance
between the end of the heating coil and the middle of the thermometer could be
easily varied between wide limits. This thermometer was made by Mr. W. J.
CorLEBROOK, Superintendent of the Physics Workshop at the Imperial College,
and here I desire to record my indebtedness to him for the assistance I have
obtained during the construction of the apparatus used in this investigation.

The Platinum Thermometer Bridge and the Measurement of the Fundamental
Interval and Stem-exposure of the Thermometer.

The well-known form of bridge designed by Prof. CArrENDAR was used, the
plug contacts being replaced by mercury cups. Three calibrations of the coils and
bridge-wire were made during the course of this investigation and corresponding
readings in these different calibrations agreed to within 0°005 cm. of bridge-wire.
An astatic galvanometer, with a long quartz fibre suspension, was used with the
bridge, and the sensitiveness in the final experiments was such that by moving
the contact maker 01 e¢m. on the bridge-wire, an alteration of from 10 to 15
divisions in the deflection was produced on reversing the current.  Observations
of the sensitiveness were made during each experiment, and no attempt was
made to adjust the contact to obtain an exact balance. The usual apparatus was
employed for the determination of the fixed points, and these were re-determined
after every removal of the thermometer from its sheath. A series of observations
of the freezing- and boiling-points, with various lengths of the thermometer stem
exposed, was made. These values were plotted, and from the curves obtained
the variation of the fundamental interval with stem-exposure could be deduced.
The values obtained on September 12, 1912, were as follows :—

Exposure. Freezing-point. ; Boiling-point. Fundamental interval.
cm,
0 1381-65 1919-435 537-1785
2 1381655 1919-43 537-775
4 1381-665 1919-42 537-755
6 1381-675 1919-415 53774
8 138170 1919405 © b37-705
10 138173 1919-40 537-67
12 1381-80 1919-38 53758
14 1381-95 1919-305 537355
1565 1382-18 1919-11 536-93

These results show that the fundamental interval only falls by about 1 part
in 500 when the stem-exposure is changed from 0 to 16 cm. In the calculations,
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the values taken for the boiling-point and fundamental interval are those corre-
sponding to the given amount of exposure. A few determinations of these
constants obtained on different dates are included in order to show the constancy
with which they could be repeated.
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Date. Freezing-point. Boiling-point. Fuillll(zgx(:]]‘ml Exposure.
1912. cm.
April 18 . 138165 191946 53781 3:b
September 12 138166 1919-42 53776 35
p 138171 191940 53769 87
November 14 138189 1919-58 537:69 87
1913.
March 6 . . 1381-85 1919-62 53777 35

It will be noticed that there is an increase in the values of the freezing- and boiling-
points but that the fundamental interval remains remarkably constant. The increased
resistance is easily explainable. It is due to the slight squeezing of the wire against
the side of the glass sheath, whereby a gradual reduction in the cross-section of the
wire is produced after many movements of the thermometer in its sheath. During
the autumn of 1918 the thermometer was broken ; after mending, by fusing on a
short length of the same kind of platinum wire, the constants were :—

Date. Freezing-point. Boiling-point. L ugg2$ZTtal Exposure.
1914. em.
) r 1383-45 1921-74 538-29 2
January 26 . "1 138350 1921-72 53822 8
May1l1. . . . . .. . 138355 1921-76 538-21 8

Methods used to Obtarn a Uniform Temperature Distribution in the Steam Flow. -

By far the most troublesome source of error to eradicate was that due to imperfect
mixing of the steam. When it is remembered that the velocity with which the
steam is flowing may be as great as 80 ecm. per second, it is obvious, that in order to
ensure a uniform radial distribution of temperature throughout the steam, in the
short time of its passage from the heating-coil to the thermometer, the mixing
arrangement must be extremely good. The only method of testing the excellence of
the stirring arrangement is to conduct experiments with different distances between
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the heating-coil and the thermometer. Until agreement in the calculated values of
the specific heat obtained under the different experimental conditions, and a definite
relationship between the values of the heat-loss and the distances separating the
heating-coil from the thermometer are obtained, it cannot be assumed that the mixing
is adequate. The methods of mixing employed may be conveniently referred to as—
(@) gauze mixing ; (b) spiral mixing. The method (@) was employed by SWANN in
his experiments on the Specific Heat of Air and Carbon Dioxide, and has been used by
other observers in their determinations of specific heats by the continuous-flow method.
Circular dises of copper gauze are cut with a diameter slightly greater than the
internal diameter of the flow-tube. These discs are then bent just to fit the flow-
tube, each disc having a small flange. The space between the heating-coil and the
end of the thermometer tube is then filled with these discs, and since any one dise
only touches the flanges of the discs on either side of it, longitudinal conduction from
disc to disc is necessarily very small. At the same time, in virtue of the high thermal
conductivity of copper, a uniform distribution of the heat throughout the gas, as it
passes from the heater to the thermometer, might be expected. This method of
mixing was employed in a large number of experiments extending over a period of
more than two years. In some experiments, discs were also fitted over that part of the
thermometer tube surrounding the ivory cylinder; in other experiments the ther-
mometer previously described was replaced by a bare-wire thermometer consisting of
a single loop of 0'001-inch platinum wire. Although, in most cases, very good agree-
ment between the results of experiments under any given conditions was obtained,
no such agreement was found between these results and those obtained under different
conditions. A further consideration of the results obtained with this form of mixing
will be found later.

(b) Spiral mixzing.—A very efficient method of mixing the steam consisted in
tightly wrapping around the thermometer tube a spiral of small bore compo-tubing,
the walls of which were then pinched together to form a screw thread closely fitting
the flow-tube and with a pitch of about 1 em. The only apparent disadvantage of
this was that conduction along the spiral might be considerable; so another form of
spiral was designed in which this error was minimised.

The mixing arrangement as used in the final experiments is indicated in fig. 8. A
number of circular discs, each one having a diameter equal to that of the flow-tube,
were punched out of thin copper sheet. These were then clamped one above the
other and a hole of diameter equal to that of the thermometer sheath was drilled
eccentrically through all of them, fig. 8, D. Each disc was then cut along the
diameter common to the disc and the hole, and was slipped on to the thermometer
sheath. By slightly bending the discs in the manner shown, they, when soldered
together, form a kind of spiral which mixes the steam most efficiently ; moreover,

since the discs are only connected by small solder junctions, longitudinal conduction
is greatly reduced.


http://rsta.royalsocietypublishing.org/

s \
Vam \

a4
A A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A

JA \
|

y

S

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ATMOSPHERIC PRESSURE BETWEEN 104° C. AND 115° C. 413

Determanation of the Weight of Condensed Steam.

Prof. CALLENDAR has shown the importance of obtaining steam free from impurities,
hence only distilled water was used in the boiler. The steam passed to the calori-
metric apparatus through block tin tubes, and the various joints were made in such -
a way that the steam came in contact with as little rubber as possible. After its
passage through the calorimeter, the steam was led into a brass condenser more than
1 metre long. The water was collected in half-litre flasks, placed in such a manner
that the end of the condenser was always 2 or 8 inches inside the flask. In all
experiments the flasks were closed immediately after their removal from the condenser
and then weighed. The question of the evaporation of the water during its conden-
sation and collection was carefully considered. The air in the flasks was always fully
saturated, since a certain amount of water remained in them from previous experi-
ments, so that one would not expect any appreciable amount of evaporation during
the actual collection of the water. KExperiments were made in which, immediately
after weighing a flask, it was uncorked, placed near the end of the condenser for a
known time, and then weighed again. In no case was there a change in weight
amounting to 0°03 gr. in 15 minutes. In some experiments the collecting flasks were
fitted with corks, through which passed (@) a drying tube filled with calcium chloride ;
and (D) a tube which was only just wider than the nozzle of the condenser. Again
no systematic differences were observed and, since the rapid adjustment of a flask
under the end of the condenser was made less facile, in most of the experiments the
flasks have been used without drying tubes. The weights were obtained by means
of a large Oertling balance, sensitive to 0°01 gr. with 500 gr. on the scale-pan. It
was sufficiently accurate to note the weights to 0°05 gr., care being taken that the
total error on the difference between the weights (z.e., flask alone and flask +water)
was not cumulative. The maximum error on the weight determinations is not likely
to be greater than 0°05 gr., or 1 part in 3000 on the minimum flow. The weights of
water have been reduced to weights in vacuum ; the air displaced being always fully
saturated, its density under average conditions, viz.,, 760 mm., and at 15° C., has
been taken as 000121 gr. per cubic centimetre. '

Adjustment of the Flow.

The amounts of steam flowing through the calorimeter were adjusted by means of
throttles, fig. 7, T. Each throttle consisted of a short length of glass tube which
was tightly fixed, by means of a rubber tube and wire, into the outflow tube
connecting the steam separator with the side-heating tube. The diameters of the
throttles were such that the flows used were of the order of 0°8, 0'4, and 0°2 gr. per
second. '

Method of Making an Experiment.

The tap, H, fig. 4, between the two main limbs of the regulator was opened slightly,

so that the level of the mercury in the tube in which the gas current is adjusted was
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414 MR. J. H. BRINKWORTH ON THE SPECIFIC HEAT OF STEAM AT

lowered sufficiently to allow a full stream of gas to pass to the burner; this tap was
then closed. As soon as the steam was generated it passed into the outer annular
jacket surrounding the calorimeter, and a small current of steam escaped through the
drain-tube, d,, The pressure gradually rose until the difference between the levels on
the gauge attached to M was the same as that between the levels of the mercury in-
the regulator, when the tap, H, was again opened and the regulator put into action.
These conditions were maintained for about half-an-hour, in order that the copper
discs in the side-heating tube and the calorimeter itself might be warmed up before
passing steam into the inner jacket. At the end of this period the tap, X, fig. 4, was
slowly opened, thus allowing steam to enter the separator and to pass through the
throttle into the calorimetric apparatus. It was possible to obtain an approximate
reading of the temperature of the boiling-point of steam under the given barometric
conditions whilst this gradual heating up was taking place. For during this initial
warming of the calorimeter by the inflowing current of steam a small amount of
condensation necessarily took place in the flow-tube, this moisture being evaporated
at a constant temperature after the passage of the steam for a few minutes.

At the end of about 40 minutes the thermometer reading was quite steady, and
after making allowances for changes in the barometric height, agreed to within
0'03 cm. of bridge-wire with the cold temperature reading taken after the heating.
In some of the earlier, and in all the final, experiments, these “initial cold tempe-
ratures ” were recorded until the indicated temperature was steady for about ten
minutes, but since it was found that the cold temperatures obtained after the
heating (i.e., three-quarters to one hour later) agreed so well with the initial values,
in many experiments these initial readings were not recorded but only noted, so that
it was known when the calorimeter was heated up, and the conditions practically
constant. The electric current was then started through the heating coil, adjusted
to give the desired rise of temperature, and approximate balances noted on the
potentiometer. After another interval of from 20 to 40 minutes, depending on the
flow, the balance-point on the bridge again became steady to about 0°02 em. or
0'004° C., and the main calorimetric observations were commenced. At a definite
instant a weighed half-litre flask was put under the end of the condenser, left there
for exactly ten minutes, in the case of the maximum flow, and then taken away.
Ten seconds afterwards it was replaced by another flask, and a second observation
of the flow during another ten-minute interval was taken. The duration of the
experiments with the medium and minimum flows was 15 minutes. - In most cases
the amounts of steam condensed in two consecutive experiments, under as nearly as
possible identical conditions, agree to about 1 in 1000, but when the difference in
the observed flows was greater than this, due to some real change in the current of
steam, the variation had often been expected, since a change in the temperature
readings, not due to a change of barometric pressure nor to a change in the rate of
supply of electrical energy, had pointed to such an effect. The readings of the
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thermometer were taken at every even minute, the contact on the bridge-wire being
set at the nearest millimetre, and the deflection of the galvanometer noted on
reversal of the current. |

During every experiment several readings were taken with the contact made
at the next millimetre reading on the bridge which gave a galvanometer deflection
in the opposite direction. The height and temperature of the barometer were read
at intervals of about seven minutes, unless they were varying very rapidly, when
readings were taken more frequently. The approximate value of the current was
noted on the ammeter; a knowledge of this was useful when adjusting the current
in the determination of the heating effect of the leads. The potential balances across
the standard cells, across the secondary standard resistance, and across the heating
coil were taken at intervals during the experiment. In addition, the temperature of
the standard cells and that of the oil bath in which the secondary standard was
placed, were noted. Since seven Leclanché cells were required in the maximum flow,
and only five in the medium and minimum flows, a small steady change took place in
the potentiometer reading for the standard cells during the short interval following
the change in the number of Leclanchés used. The variation was only 3 or 4 parts
in 7000 in about half-an-hour, and after that period of time had elapsed the reading
remained quite constant. The potential balances across the heating coil and across
the secondary resistance were wonderfully steady, especially during experiments
with the two smaller flows. In the case of the maximum flow the irregular
fluctuations only amounted to about 80 divisions on each side of the balance-point on
the galvanometer scale, and a change in the potentiometer reading of 4 (in about
8000) was sufficient to throw the balance out by the same amount. At the end of
the second experiment with any flow, the electric current was switched off and the
weights of condensed steam determined. As soon as the temperature was again
nearly steady, another flask was put under the end of the condenser and a ““check ”
flow obtained. Meanwhile temperature readings were taken until the recorded
values were constant. This temperature reading is tabulated as “ cold temperature
before.,” A current equal to that used in the main experiments was then passed
through each pair of current and potential leads, and the heating effect of the current
in each pair, of leads measured. Then the cold temperature was again determined :
this value is tabulated as ““cold temperature after.” I have included specimen
tables showing all the observations made on one day, for thereby the remarkable
steadiness of the conditions is illustrated very clearly. |

Reduction of the Observations.

In each experiment there are as many observations of the ““ hot temperature ” as
there are minutes of time in the duration of the flow, and, in addition, there are the
two ““cold temperatures,” the barometric readings, the various temperature observa-
tions and the potential balances. The mean value of each set of readings is then

VOL. CCXV.—A. 3 K
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obtained, thus correcting them to the middle of the interval in order to correspond
to the time of average flow. 'The potential readings were not taken as frequently as
the thermometric readings, this being unnecessary, since the latter were irregular
whilst the former gradually changed in one definite direction ; they generally showed
a slight fall. The electrical energy supplied per second was determined from the
mean values of the potentiometer readings; the necessary temperature corrections
for the resistance of the standardised coil and the E.M.F. of the cadmium cells having
been previously made. The mean thermometric readings give the temperatures
of the steam when hot and when cold, and from other measurements the rise of
temperature due to the heating effect of the current in the leads connected to the
heating coil can be obtained. All these temperatures are expressed in terms of
centimetres of the bridge-wire, the calibration corrections of the bridge itself being
included.

The rise of temperature due to the passage of the current through the leads is
subtracted from the observed “hot temperature,” the value thus obtained and the
mean “cold temperature” are then reduced to platinum temperatures, and these
again to temperatures measured on the air scale, the latter reduction being made by
means of the well-known parabolic formula t—pt = 1°50x 10-% (¢—100). The flows
given are corrected to correspond to weighings o vacuo.

The number of flows taken for a complete experiment was always three, each flow
being repeated twice. The concordance between the values of CE/Qd, calculated
from two consecutive flows of the same magnitude, gives a criterion of the accuracy
of the experimental measurements. Whenever possible, three flows were taken on
the same day, as it was thought that the heat-loss might vary from day to day;
also the order of the flows was usually medium, minimum, maximum, in order to
reduce the time taken between experiments made with different flows. For when
the flows are taken in this order, the initial heating up is fairly quick, and less time
is lost in refilling and reheating the boiler between successive flows. Hence there is
no long interval during which steam is not passing round the outer jacket, and the
calorimeter does mot cool to any very great extent between consecutive experiments.
Even when taking the flows in this order it was impossible to complete the three
experiments in less than eight hours. '

Prelvminary Fxpervments.

A long series of preliminary experiments was made in order to find the best
method of mixing the steam, to investigate the relationships between the heat-
loss and the flow, and between the heat-loss and the distance separating the
thermometer from the heating coil. Several different arrangements of the
apparatus were made, and various methods of stirring employed. It will suffice
to summarise these experiments in the order in which they were carried out, by
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referring to the main details and arrangement of the calorimetric apparatus, and
to the results obtained. All the results quoted have been calculated in the same
way as in the final experiments.

- (o) A few experiments were made with the apparatus used by Swann for air
and described by him in his paper. In this arrangement bare wire thermometers,
wound on mica frames, were used. No satisfactory results were obtained owing
to the condensation of steam upon the mica frames and the consequent impairment
of their insulating properties. '

(b) The apparatus was dismantled and set up again with a single thermometer
(that used in the final experiments) enclosed in a glass sheath passing centrally
along the flow-tube and carried by a rubber cork fixed in the outflow end of the
tube. The stirring arrangement consisted of the pinched spiral of compo-tubing,
to which reference has been made. The main flow-tube was fixed vertically, as
is indicated in fig. 7, with the non-vacuum jacketed sheath.

The current and potential leads entered the flow-tube in the manner indicated
in this figure, but they were carried by a cork (see SWANN's paper, fig. 1) fitting
into the top of the outer brass jacket, and were not bent round and carried
down outside the flow-tube as in fig. 7. The dise, K, had not been soldered
across the jacket at this time, but its function was performed by a rubber bung
which fitted tightly to and was carried by the current and potential leads. The
initial temperature of the steam was about 108° C., and the three flows varied
from 0°57 to 014 gr. per second. The values of the constants deduced were

S, at 103°C. = 2021, = 00400, % = 0°00400.

In these experiments the heating coil had a resistance of about an ohm, and
the standard resistance used as a comparison was 1039 ohms at 19°C. The
temperature variation of the specific heat was about 00035 per degree, a value
three times as great as that found in the later experiments. Later, the separator
was re-designed, and in all the subsequent experiments it was of the form shown
diagrammatically in fig. 7. A new heating coil and a new standardised coil of
about 5 ohms resistance were made and used in all the experiments made
afterwards. In addition, the regulator was altered to give a “cold temperature”
of 104'5°C. instead of 103°C. The effect of these changes was to reduce the
temperature coeflicient of the specific heat to about 0°0010 joules per degree.

(¢) Many experiments were made in which the temperature of the steam was
measured by means of a bare wire thermometer consisting of about 8 cm. of
0'001-inch platinum wire. Spiral mixing was impossible, and in consequence the
gauze method of mixing was employed. Measurements of the heating effect of the
current in the thermometer were made. It was found that although this heating
effect was slightly different in the different flows, it was the same on both hot
and cold temperatures observed with any one flow, and no systematic error was

3K 2
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thereby introduced. The apparent values of the specific heat obtained with
various amounts of gauze and with the above arrangement of apparatus ranged
about 1'95, gradually increasing as more gauze discs were inserted.

() Further experiments with gauze mixing were carried out with the calorimeter
and jacket, arranged as in fig. 7, and with the enclosed thermometer used in the
earlier and in all the later experiments. '

That part of the thermometer sheath surrounding the ivory bulb of the platinum
thermometer carried gauze discs, a variable number of similar dises being interposed
between the end of the heating coil and the end of the thermometer tube. With
4'5 cm. length of dises on the thermometer tube, and a length of 7 cm. of the total
distance between the end of the thermometer and the heating coil filled with similar
dises, the value of S, calculated from the experimental observations increased
(approximately proportionately) with the actual distance between the heating coil
and the thermometer. Again, with a distance of about 14 em. between heating coil
and thermometer, the calculated value of the specific heat increased with the length
of tube filled with gauze, the latter variation being from 1'965 with 4'7 cm. of gauze
to 1°990 with 10 em. of gauze. These results show that, in order to mix the steam
thoroughly by means of gauze discs, a much greater distance must exist between the
thermometer and heating coil than was possible in this arrangement without having
a great length of the thermometer-stem exposed. Further experiments on gauze
mixing were not made for the above reason, and also because, in order to change
either the position of the thermometer or the amount of gauze, it was necessary to
dismantle the calorimeter.

The Final Experiments.

These may conveniently be divided into two groups: one consisting ot the
experiments made with the non-vacuum jacketed -calorimeter, the other group
including all the experiments performed with the different types of vacuum vessel.
Abridged tables of the experimental measurements are to be found below (p. 425).
Complete records of all the observations are preserved in the Archives.

Group 1. Experiments with the Non-vacuum Jacketed Calorimeter.—Fig. 7 shows
the general arrangement of the calorimetric apparatus during the course of these
experiments. The thermometer was fixed eccentrically in the spiral constructed of
dises of copper foil. The conditions under which the experiments in this group were
made were varied considerably. The group itself consists of four series of experiments
which only differ in that the heat-loss has been progressively augmented by increasing
the distance between the heating coil and the thermometer by sliding the latter in its
enclosing sheath. In each series three flows were used, and at least two different
values of the rise of temperature.

Group 2. Experiments with Vacuum-jacketed Calorimeters.—The general arrange-
ment was as in the last group of experiments and as indicated in figs. 7 and 8.
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There are two series of experiments in this group: one series (@) in which the
vacuum-jackets were exhausted before their insertion in the double-walled brass
jacket, and a later series (b) with the silica calorimeter, in which case the vacuum
was formed when the calorimeter was sn sitw. In this case the space between the
double walls of the calorimeter was connected with a Geissler tube, a charcoal tube,
and a pump. Three sets of experiments were made with different pressures in this
jacket. ‘

Calculation of the Results.

The values of CE/Q d6, obtained with three different flows, but with the same rise
of temperature d, were calculated from the reduced tables of observations, and then,
by means of three equations of the form

CE/d6 = 8,Q+h+%/Q,

the values of S,, A, and % were obtained. S, is the mean specific heat over the
range 104'5° C. to (104'5+d0)° C. Similar calculations were then made from the
results obtained under the same experimental conditions but with other values of d0,
and it was found that, although the values of & and % were constant within the limits
of experimental error, the values obtained for S, decreased with an increase in the
value of d. This relation is represented by the equation

S, =8,,+00010 do.

S. = specific heat at the cold temperature, z.c., 104'5° C.

This means that, for any given flow with a given calorimetric arrangement, each
quantity CE/Qd6 depends on the magnitude of d6, hence by applying this tempe-
rature correction to the observed values of CE/Qd6 the latter are brought to the
values they would have had if the rise of temperature had been zero. Then, by
taking the mean of all the maximum, all the medium, and all the minimum values of
CE/Q d8, thus corrected, and substituting these in the three above equations, the
most probable values of S,, 4, and % can be deduced. The values of S, thus obtained
show a distinct variation with the barometric height. This variation of the specific
heat at constant pressure with pressure can be calculated by means of equation (7),
p- 387. In the case of steam, at a temperature of 104'5° C., if S is expressed in
joules/gr. deg., and 1 em. of mercury is taken as the unit of pressure dS/dp = 070018,
this means an increase in the value of S of 0°065 per cent. for an increase of pressure
of 1 cm. of mercury. Experimentally, the value of dS/dp is found to be about twice
as great as this, but, taking into consideration both the smallness of the correction
and the fact that the barometer only varied by about 2 em, during any one series of
experiments under identical conditions, the agreement is very satisfactory. A pressure
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correction of 0°1 per cent. per centimetre has been applied to the results calculated as
above in order to reduce them to the values corresponding to a pressure of one
atmosphere. The variation of the specific heat with temperature, indicated by the
experiments made with different values of d, was directly measured in the case of
each calorimetric arrangement in the following manner. With a constant value of
the flow a series of experiments was made in which only the value of df was
changed. The observations made in the case of two such experiments with the
medium flow are given (fig. 9). ‘

In the results quoted, the observed values of CE/Qd6 have been corrected to
correspond to an infinite value of the flow and the pressure correction has been applied.
These corrected values of CE/Q d6 arc the values of the mean specific heat S,. The
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Fig. 9.

relationship existing between the values of S, and d6 is well represented by the
equation previously given. Similar experiments have been made with both the
maximum and minimum flows and the observed temperature variation found in each
case agrees with that given above. In some experiments a more rapid variation of
the mean specific heat with temperature, in the neighbourhood of the cold temperature,
has been indicated, but with small values of d0, the experimental errors are magnified,
and in consequence, the straight line relationship has been applied to all the observa-
tions. The temperature variation of the specific heat at the constant pressure of one
atmosphere as calculated from equation (7) gives dS/do = —0'0010 or S, = S,—0°0010 d6
where S, is- the actual specific heat at the temperature 6. Hence the observed
coefficient is double that deduced from theoretical considerations. - The experimental
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value has been used in reducing the mean spe(nﬁc heats to the value corresponding to
zero rise of temperature.

Throttling Effects in the Calorimeter Flow-Tube.

During its passage between the heating coil and the thermometer the steam
expands adiathermally and its temperature is lowered. This effect depends on the
actual temperature of the steam and, in consequence, the cooling will be different
on the hot and the cold flows ; it is greater on the cold flow. However, it is only the
change in the amount of cooling which affects the results systematically ; the correc-
tion is such that it raises the observed value of the specific heat. The pressure
drop between the heater and the thermometer was estimated from the indications
of the manometer, (), and the variation of the cooling effect was calculated from
equation (6), p. 387. With the straight flow-tube calorimeters the difference in"the
cooling effects is about 0°0035° C. for a rise of temperature of 10° C. in the case of the
maximum flow, and for the medium and minimum flows the differences are still
smaller. Hence the throttling effects in the straight flow-tube calorimeters are quite
negligible. An additional proof that this is the case is afforded by the results of the
experiments made with these calorimeters, with different distances, D, separating the
thermometer from the heating coil. The mean values of the specific heat show no
systematic variation with D greater than 0'1 per cent. and this is of the order of
accuracy of the experimental measurements. With the spiral flow-tube calorimeter
the cooling effects were larger, for they depend on the throttling occurring in the
spiral, and the pressure differences between the heating coil and the thermometer were
greater than in the case of the experiments made with the straight flow-tubes. An
approximate calculation showed that the systematic error introduced, due to the
neglect of these throttling effects, could not amount to more than 0'1 per cent. on the
specific heat. Only one set of observations was made with the spiral flow-tube
calorimeter and these experiments are, in comparison with the others, unimportant,
and as the throttling correction is small and rather uncertain it has not been made.

(I designed the spiral flow-tube to be of such dimensions that the throttling effects
would be negligible, but in the piece of apparatus supplied by the makers the spiral
tube was constricted along its entire length.) : »

~ Specimen Tables of Observations.

A complete set; of the observations made on May 1st, 1914, with the silica calori-
meter, is included in order to show the steadiness of the experlmental conditions.
The vacuum Jacket was exhausted by means of charcoal in liquid air, and throughout
the three experiments no discharge could be produced in ‘the Geissler tube connected
with the jacket. The order in which the observations were taken has been described
on p. 414. The values of S, %, and % calculated from these observations, after the
necessary corrections have been made, are 20309, 000470 and —0°00005 respectively.


http://rsta.royalsocietypublishing.org/

A
A

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

/AL
Ly

THE ROYAL /
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

422 MR. J. H. BRINKWORTH ON THE SPECIFIC HEAT OF STEAM AT
Brack Vacuum. May 1st, 1914. Maximum Flow.
Temperature Observations.
Initial cold temperature. | Hot temperature (C =148 amps.).] Cold temperature (before).
Box coils 194094, . Box coils 1990 98. Box coils 1940 94.
| -
i 1
. | Baro- Deflec- | Baro- Deflec- . Baro- | Deflec-
Time. meter. B.W. tion. Time. meter. B.W. tion. Time. meter, i BW tion.
hom.| °C. h.om.| °C. bh.om| °C. |
315 4-70 | 8-~ 3 35| 770-3 |]0-30 14 4 9 i 4-70 | 234
17 b — 36 19 2+ 10 | 12 4
19 | 770-15 6 — 37 0 11 ; 6+
19 38 1+ 12 3+
20 - 39 4+ 13 0
22 LT 40 3 - 16 | 7704 1-
23 4:60 , T+ 41 9 - 18 19 3 -
25 7+ 42 9 - 20 2 -
43 8- 22 2-
44 | 770-35 7-
45 19 4—
46 7-
47 7-
48 5 , _1. ‘
| 19 5 Leads (C=1-48 amps.).
| 50 - 25 | 4°80 4+
51 6~ 97 | 5+ (1)
! , 52 6~ 29 | 770-35 5+
i 5 53 4 - 19
i b4 770 *35 4 - 31 [ +
b5 19 5~ 33 \ 6+ (2)
56 b~ 35 ‘ b+
| o1 2- | |
! 58 2+ ‘
‘ 59 | 7704 2+
400 19 1+
% g 5 Cold temperature (after).
3 4 : |
4 020 | 11+ i ] os | w0 0
5| 770-35 11+ 45 19 : 0
19 |
Weight Determinations.
or. h. m. s. or. h. m. s. gr. h., m. s gr. h. m. s
52765 345 0 530-30 3 55 10 540-45 4 5 20 528-00 422 0
5400 33 0 56-70 3 45 10 6690 3 55 20 54-10 412 0
47365 47360 473-55 473+90

Q = 0-7894 gr./sec.

Q = 0+7893 gr./[sec.

Q = 0°7893 gr./sec.

Q = 0-7898 gr.[sec.

Potentiometer Readings. .

5 Cadmium cells. Temperature. | Time. r%:?;gﬁgi Temperature. | Time. | Heater. | Time.
G h. m. " C. h. m. h. m.

4937 16-3 3 34 7261 31-0 3 3b 8965 3 36

4937 40 7261 41 8964 41

% 7260 47 8964 46

4937 ‘ b4 7259 b3 8963 54

4937 163 4 3 7258 30-8 4 5 8962 4 4
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Brack Vacuum.

May 1st, 1914.
Temperature Observations.

Initial cold temperature.
Box coils 194094,

Medium Flow.

i’ Hot temperature (C=1-04 amps.).

Cold temperature (before).

5415 10 30 0

339-70
Q = 0-3774 gr./sec.

5735 10 45 10

339-80
Q = 0-3776 gr./sec.

{ Box coils 1990-98. Box coils 1940 94.
| S S P -

: Baro- | | Deflec- | Baro- Deflec- |l . | Baro- Deflec-
Time. | oter, | B-W-| “tion, | Time. meter. | 5V | “tion, Time. . meter. BW.| “fion.
hom| °C. hom | cC hom CC.

9 40 5-80 6+ 10 30 1-80 4- 1171 6-30 9+
42| 12+ | 317689 4— | 8 5+
48 6-10 0 | .32 175 1- 9! 2+
50 6+ 33 24+ | 10,7690 0
52 11+ 34 5+ 12 18 2-
53 6-20 0 35 3+ 14 | 3 -
57| 768-75 b+ 36 1+ 16 4 -
58| 17'H 3+ 37 1+ 19 . 3~

10 2 b4 38 _ 1+ i

3 6-30 8~ 39 1-90 | 13-
5 9- 40 | 768-9 12 - Leads (C=1"04 amps.).
41 175 | 1-80 2+
42 3+ 23 6-40 3+
43 3 - 25 | 769-2 6+
44 4- 26 18 12 +(1)
45 4 - 27 650 1-
46 4 - 29 2~
47 3 - 30 | 769-25 | 6°50 3 -
48 2~ 31| 18 4-2)|
49 2~ 33 -
50 | 768°9 2 - e B
b1 17-5 1-
52 1- Cold temperature (after).
53 1~
54 0 36 ' 6-30 8+
55 0 37 ! 44(1)
56 1- 39 | 769-35 | 5+
57 1- 41 | - 18°H 5+
| b8 2+ 44 6+
B9 7690 1- 46 | 7694 7+(2)
!111 00 175 1-70 | 12+ 48 | 185 ‘ 7+
Weight Determinations.
gr. h. m. s gr. h. m. s gr. h. m. s
393-85 10 45 0 397-15 11 0 10 408-85 11 23 0

69-20 11 8 0

339};—3
Q = 0-3774 gr./sec.

Potentiometer Readings.

VOL. CCXY.—A.

5 Cadmium cells. Tc;npem— Time. || Standard Tempera- Time, Heater. | Time.
ure. resistance,. ture.

°C. h. m. °C. h. m. h. m.

6946 16-6 10 29 7119 25 10 30 8668 10 30

6946 36 7118 37 8668 37

7117 44 8667 44

6946 48 7116 49 || 8666 50

6946 16:5 59 7115 25 58 , 8665 57
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424 MR. J. H. BRINKWORTH ON THE SPECIFIC HEAT OF STEAM AT

Brack Vacuum, May 1Ist, 1914, Minimum Flow,
Temperature Observations.

Initial cold temperature. Hot temperature (O =074 amps.). Cold temperature (before).
Box coils 1940 94. Box coils 1990-98. Box coils 1940 94.

" Baro- Deflec- || ;.. Baro- Deflec- . Baro- 7 | Deflec-
Time. | ‘tor | BWo L0 Time.  meter. BW.| “on, | Time.| tor. BW. oon
h. m.] °C h.m.  °C h.m | °C
12 22 7-10 T+ 1 5 4-30 4+ 1 44 7:30 | 21+

25 1697 12 + 6 6+ 45 9+
26| 185 | 7-20 2+ 7T 1769:75 3+ 46 4+
28 4+ 8! 18'b 7+ 47 1 7700 1+
33) 76975 4+ 9 3+ 49 | 19 4 -
35 3+ 10 3+ 52 7-
37 3+ 11 4+ 54 9
38| 769-75 | 7-30 | 11— 12 | 769-8 1+ 56 | 769-9 9 -
40| 18'H 11 - 13 i85 2+ - 59 19 10 -
14 2+
15 24+ o
16 4-40 | 11-
17 430 2+ Leads (C = 0-74 amps.).
18 3+
19 4+ (|2 4 740 | 0
20 | 769-8 5+ 6 i 2+(1)
21 18-5 5+ 8! { 2+
22 5+ | |
23 4+ 9 ; 4+
24 : 4+ 10 | 770°0 | 1 b+(2)
25 3+ 13 19 ! I o4+
26 3+ i
27 3+ o
28 5+
29 4+
30 7699 4+ Cold temperature (after).
31| 185 4+
32 6+ 16 | 7030 | 2-
33 7+ 18 | 770-0 | 6—
34 8+ 20| 19 7~
35 1 770-0 ‘ T+ 24 | = 7-
36 185 4-40 7~ a7 | | 6 -
Weight Determinations.
gr. h. m. s r. h. m. s gr. h. m, s
214-90 1 20 0 217-95 1 35 10 228-95 2 0 O
54-40 1 5 0 5750 1 20 10 68-70 1 45 0
160-50 ' 160-45 160-25
Q = 01783 gr./sec. Q = 0-1783 gr./sec. Q = 0-1781 gr./sec.
Potentiometer Readings.
. [T | 1l
5 Cadmium Temperature.| Time. | Standard Temperature.| Time. | Heater. Time.
cells. | | resistance. \ ! |
°C h. m. °C. . h.om. li h. m.
6945 165 1 4 ; 5010 21 1 b5 | 6075 1 6
6945 11 | 50095 : ;. 11 11 6074-5 12
6945 16 | 5009 i 18 | 6074 18
6945 21 | 5009 .26 | 6074 26
6945 165 33 | 5008'5 21 | 33 | 60735 34
I . i ! :
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ATMOSPHERIC PRESSURE BETWEEN 104° ¢. AND 115° C. 4925

Abridged Tables for the Calorimetric Experiments.

The following tables contain a summary of the observations. The original tables,
from which these have been abridged, are preserved in the archives with the reduced
tables referred to on p. 416. The second column gives the rise of temperature df,
corrected to the absolute scale. The third column gives the flow in grammes per
second. In column four is each value of CE/[Q d as obtained from the experimental
observations, this quantity being expressed in joules per gr. deg. C. The next
column gives CE/Qd6 reduced to the standard temperature 104'5° C., and to a
barometric pressure of 760 mm. Column 6 gives the heat-loss expressed in joules per
gr. deg. C., 7.e., H/Q, the quantity H being the sum of the terms 4 and £/Q. In the last
column are the experimentally determined values of the specific heat of steam under
atmospheric pressure at a temperature 104'5° C. After the completion of the
experiments with the non-vacuum jacketed calorimeter it was thought advisable to
design a vacuum calorimeter in order to determine whether the magnitude of the &
term could be reduced. In consequence I designed the spiral calorimeter which was
used as soon as it arrived. After these experiments I designed the straight vacuum
jacketed flow-tubes which were exhausted by the makers. In experiments made with
these calorimeters the value of & was not so small as in the previous experiments with
the spiral calorimeter, and six more glass calorimeters were obtained which I hoped to
evacuate wn situ. Unfortunately, each one cracked during the initial heating and no
experimental results were obtained until the silica calorimeter was set up. '

312
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426 MR. J. H. BRINKWORTH ON THE SPECIFIC HEAT OF STEAM AT

Nox-vacuum Jacketed Calorimeter. D = 11°'5 em.
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(1) (2.) (3. (+) (5.) (6.) (7.)

1912 |
April 23 5-057 0-8187 2-0689 2-0718 0-0566 92-0152
5057 0-8196 2-0651 2-0680 9-0114
April 25 5-316 0-7891 2-0683 2-0727 0-0591 192-0136
5-308 0-7894 2-0687 2-0731 2-0140
April 29 8-521 0-7938 2-0647 2-0721 0-0587 2-0134
8-499 0°7940 2:0653 9-0797 2-0140
April 25 5-332 03829 91499 91534 0-1400 | 20134
5330 0-3826 2-1488 21530 . 2:0130
April 29 9-133 03802 2-1477 2-1565 0-1411 9:0154
9-109 0-3804 2-1479 21567 2-0156
April 25 5-538 0-1798 2-3899 2-3948 03839 2-0109
5-534 0+1794 923948 23997 9-0158
“April 29 9-058 0-1793 923930 2:4016 03847 2:0169
9-035 0-1794 93940 24026 2:0179

Mean S, 0143, h = 0-0400, E = 0-00520.
87 cm.
April 30 5:210 7956 2-0422 2-0457 0 0298 | 2:0159
5208 7964 2-0413 2-0448 2-0150
5-210 7961 2:0414 2-0449 2-0151
May 2 8970 7913 2:0338 2-0425 0-0301 2-0124
8966 7911 2-0346 2-0433 2:0132
April 30 5157 -3841 20905 2-0941 0-0801 2-0140
5-153 - 3837 2:0923 920959 2-0168
May 2 8935 -3784 20859 2-0949 0-0818 2:0131
8-931 - 3783 2-0870 20960 2-0142
April 30 5078 -1819 22618 2-2656 0-92497 2-0159
5:074 1818 92628 22666 2-0169
May 2 8984 -1836 29538 2-2630 0-2489 2-0148
8-982 -1835 29544 2-2636 2-0154
Mean S, = 2-0147, h = 00172, k = 0-00520.
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Nown-vacuum Jacketed Calorimeter. D = 6'2 em.
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(1.) (2) ' (8.) (4) (.) (6.) (7.)
1912
May 8 9-230 07928 2:0193 2:0266 , 0-0125 2:0141
9-223 0-7931 2:0179 20252 2-0127
May 9 5147 0-7972 2:0236 2:0275 0-0123 2:01562
5143 0-7976 20230 20269 2:0146
5-141 0-7980 20221 2-0260 2:0137
May 16 7703 0-7891 2:0194 20285 0:0126 2:0159
7-703 0-7891 2:0199 20290 20164
May 6 9-000 03801 20506 2:0595 00447 2:0148
9-000 0°3800 20497 2:05686 2-0139
May 9 4-975 03847 20564 20590 0-0437 20153
4969 03850 20546 2:0582 2:0145
May 16 6°157 0-1823 21842 2-1916 0-1744 20172
6157 0-1824 2:1825 21899 2-0155
May 16 10-311 0-1826 2:1744 2:1861 01742 2:0119
10-307 01826 2:1748 21865 2:0123
Mean S, = 2-0145, h = 0:0033, k = 0:00520.
D =138 cm.
May 23 9-460 0-7841 2:0829 20937 0-0811 2:0126
9458 0-7840 2-0827 2°0935 2:0124
May 30 9.463 0:7861 2:0845 20949 0:0808 2:0141
9457 0-7861 2+0850 2:0954 2:0146
June 6 5:606 08031 2:0846 20911 0-0789 2:0122
5-595 08026 2:0873 2:0938 ) 2:0149
May 24 8:693 0-3901 2-1870 2-1945 0°1800 2:0145
8:684 0-3902 21862 ;§:2'1937 20137
May 30 9-156 0°3881 2-1828 21932 - 0-1811 2-0121
9-150 0° 3882 2-1820 21924 20113
June 6 5217 0°3883 2:1900 2:1967 0-1810 2-0157
5208 0-3886 2-1885 2:1952 2:0142
May 23 9-2b4 0°:1838 24633 24739 04635 20104
9-250 0-1838 24631 24737 2:0102
5:940 01840 24649 2:4722 0-4627 20095
May 30 9-268 10-1846 24650 24756 0-4607 2-0149
9-264 0-1847 24630 2:4736 2:0129
June 6 5261 01866 24653 2:4721 04544 2:0177
* 257 0°1865 2:4665 24733 2-0189
Mean S, = 2°:0135, h = 0-0569, k = 0-00520.
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428 MR. J. H. BRINKWORTH ON THE SPECIFIC HEAT OF STEAM AT

SpirAL Vacuum Calorimeter.

Length of path between end of heater and middle of thermometer,
approximately 80 cm.
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(1) (2) 3. ) (5.) (6.) (7))
1912.
November 28 7803 06457 20779 2:0861 0-0599 2:0262
7799 06457 20789 20871 20272
November 30 7-768 0:6372 2:0774 20867 00607 20260
7:766 0:6366 2:0779 2-0872 20265
December 2 10341 . 0-6427 2:0791 20892 00601 20291
10-341 06423 2:0792 2:0893 2:0292
December 9 7-203 -0-6249 2-0836 20897 0-0619 2:0278
7:211 0:6237 20837 2:0898 - 20279
November 21 7-944 03502 2-1313 21380 0-1140 20240
7940 0°3501 2-1324 2-1391 2-0251
November 25 10-170 0°3472 21297 9+1405 0-1151 20254
10°170 0°3467 2-1314 214922 0:11566 2:0266
December 9 7:106 0:3535 2-1347 2-1415 0-1130 20285
7:112 0°3529 2:1351 2-1419 2-0289
November 21 7-805 0°1665 2-2791 22858 02601 2-0257
7-805 0-1665 2:2798 22865 20264
November 25 10-119 0-1655 22759 22863 0:2619 2-0244
10-117 01655 2-2745 2-9856 2:0237
December 9 7:020 0:1677 22738 2+2806 02677 20229
7-018 0:1673 22789 2+ 2857 02586 20271
Mean S, = 2°0265, h = 0-0370, k = 0-00105.
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StrATGHT Vacuum Calorimeter, No. 1. D = 10'8 cm.
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(1) (2.) (3. 4.) (5.) (6.) (7.)
1913.
March 18 8:653 0-7816 20343 20462 0-0223 2:0239
8:642 07820 20341 20460 2-0237
March 31 8-482 0:8171 2-0346 20441 0-0212 2:0229
8:480 0-8163 2:0356 2-0451 2-0239
April 3 7-838 0-8111 2:0368 20439 0-0214 2:0225
7:834 0-8111 2:0361 2:0432 2:0218
April 3 7-921 0-8160 2-0369 20439 0-0212 2-0227
7-917 0-8161 2-0362 2°0432 2:0220
March 18 8:511 03855 20677 2:0794 0-0525 2-0269
March 31 8-282 0-3919 2:0640 2-0735 0-0515 2-0220
; 8286 0-3916 2-0642 2-0737 2:0222
April 3 7794 0-3915 20661 2-0736 0-0515 2-0221
7:786 0-3916 2:0664 20739 2:0224
March 18 8:585 0-1819 2-1547 2-1669 0-1449 2-0220
8:578 0-1818 2-1561 2:1683 20234
March 31 8328 0-1839 2:1604 2-1702 0-1425 2-0277
8-331 0-1837 21598 2°1696 0-1428 2-0268
April 3 7707 0-1853 2-:1549 21625 0-1409 2-0216
7-700 0-1848 2-1608 2-1684 0-1415 2-0269
Mean S, = 2:0235, ho= 00148, k = 0-00210.
Same Calorimeter. D =158 cm. ,

April 7 8-159 0:7602 2:0541 2-0626 0-0411 2:0213
8157 0-7598 20556 2-0641 2:0230
April 8 7588 07796 20572 2°:0640 0-0400 2:0240
© 7-586 07794 20565 2-0633 2-0233
April 9 7438 0-8039 2:0523 20585 0-0387 20198
7429 0-8037 2-0531 2-0593 20206
April 14 7458 0-8063 2-0527 2-0595 0-0386 2:0209
7449 0-8062 2:0541 20609 2-0223
April 7 8:084 0-3877 2:0979 2-1069 0-0872 2-0197
8:084 0-3875 2:0990 2+1080 2:0208
April 9 7452 0-3903 2-1044 2-1110 0-0866 20244
7441 0-3904 21054 21120 2-0254
April 14 7455 0-3920 21001 2:1070 | 0-0861 20209
7449 0-3921 2-1016 2-1085 2:0224
April 8 7640 0-1814 2-2357 2-2431 0-2196 2-0235
7638 0-1815 22343 2-2417 2:0221
April 9 7437 0-1843 2:2290 2-2358  0-2151 20207
7439 0-1842 2:2285 2-2353 } 20202
April 14 7467 | 0-1812 22336 9:2409  0°2199 2-0210
7467 | 0-1810 22354 2-2427  0-2201 2:0226

Mean S, == 2-0220, h = 0-0285,. k = 0-00206.
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430 MR. J. H. BRINKWORTH ON THE SPECIFIC HEAT OF STEAM AT

StrATGHT Vacuum Calorimeter, No. 2. D = 138 cm. (approximately).

TR (2. (3) woe @ AN
' . _ ) ‘I, [ , i
: |
1913. | |
June 30 7-076 0-7790 90560 92:0612  0-0383 90229
7078 | 0°7785 20556 2:0608 90225
July 3 7-203 0-7641 20568 2:0636 | 00391 90245
- Te201 07642 2:0560 | 2-0628 | 12:0237
June 28 7:032 03885 9:1032  2°1090 0-0835 20255
7-040 0-3882 2-1006 | 2-1064 20229
: ﬁ
. June 50 7-028 | 0-3888 2-1043 21097 00833 20264
| 7:032 0-3891 21007 21061 20228
July 3 7-043 03867 2:1008 | 21074 00839 20235
7-043 03872 9:0968 | 2-1034 20195
June 30 7-077 0-1800 22337 9:2392 | 0-2141 20251
T-07T | 0-1803 22324 2-2379 02137 20242
l
July 3 7+105 01806 9:9975 | 2:2345 0:2181 | 2:0214
7-105 01804 22296 22366 02135 20231
Mean S, = 2°0235, h = 00272, Ji = 0°00204.

Silica Calorimeter. Black Vacuum. D =90 cm.

1914, | |
February 25 8:810 | 0-7758 2:0261  2:0354 070044 2:0310
8808 07759 2:0255 | 20348 20304
February 26 8741 0-8048 9:0233  2:0318 | 0-0042 20276
8741 08045 2:0233  2-0318 20276
March 2 8286 0-8119 2-0231  2:0308 = 0-0042 9:0266 |
8277 0-8111 2:0247 | 2:0324 | 2-0282 |
February 25 8851 03760 2:0305 2-0401  0-0101 2:0300 |
8849 03760 20299 2-0395 2-0204 |
February 26 | 8708 0-3768 2:0312  2:0401  0-0101 20300
8712 0-3766 2:0303°  2:0392 - 2:0201
February 25 | 8831 0-1770 9:0465  2:0562 | 0-0265 20297
ool 01712 2:0435 | 2-0532 | 20267
February 26 8-676 01800 2:0463 | 2:0554  0-0259 90295
8672 0-1803 9-0431 | 2-0522 20263
| Mean 8, = 2-0287, Jo = 00030, l: = 0-00030.
I
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SrricA Calorimeter. Pressure in jacket about 1 mm. D = 9°0 em.
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1) (2) (3) (4) (5) (6.) )
1914.
March 2 8:504 0-8002 2-0187 2-0265 0-0136 2-0129
8-502 0-8002 2-0179 20257 2-0121
8-506 0-8006 2-0163 2:0231 2-0095
8-518 0-3782 20447 2:0529 0-0430 2-0099
8512 0-3779 2+0464 2°0546 2-0116
8539 0-1793 2-1576 2-1659 0-1544 2-0115
8533 0-1793 2-1681 2-1664 2-0120
Mean §, = 2-0114, h = 0-00600, k= 0-00390.
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Silica Calorimeter. Black Vacuum. D = 12°5 cm.

March 5 8482 0-7999 2:0243 | 2-0348 0-0061 2-0287
8467 0-7995 2-0244 2-0349 2-0288
March 7 8562 0-8201 2-0209 2-0312 0°0060 2-02562
8558 0-8198 2-0215 2-0318 2°02568
March 18 7-184 0-7990 2:0243 2-0346 0-0061 2-0285
7-178 0-7986 2-0261 2-0354 2-0293
March 5 8-542 0-3778 2-0305 2-0405 0-0140 2-0265
8-540 0-3778 2-0319 2-0419 2-0279
March 7 8:601 0-3806 2-0336 2-0441 0-0139 2-0302
8-595 0-3807 2-0331 2-0436 2-0297
March 9 7-180 0-3808 2-0312 %-0416 0-0139 2-0277
7171 0-3811 2-0310 2:0414 2-0275
March 18 8-481 0-3775 2-0314 2-0435 0-0140 2-0295
8-475 0-3768 2-0301 2-0422 2-0282
March 5 8-598 0-1764 2-0514 2-0621 0-0351 2-0270
8-600 0-1761 2-0536 2-0643 2-0292
March 7 8652 0-1756 2-0573 2-0680 0-0353 2-0327
8-641 0-1761 2-05633 2-0640 2-0287
March 18 8+367 0-1749 2°0526 2-0647 0-0355 2-0292
8-367 0-1749 2-0615 2-0636 2+0281
Mean S, = 20284, h = 0-0045, k = 0-00030.

PHILOSOPHICAL
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432 MR. J. H. BRINKWORTH ON THE SPECIFIC HEAT OF STEAM AT
Siica Calorimeter. Black Vacuum. D = 16°0 cm.
(1) (2) (3) (4) Gy (6.) (1)
1914,

March 21 6-804 0-7862 20287 2+0390 0-0i02 2-0288
6:795 0-7867 2-0295 20398 2-0296
March 28 8-217 0-8051 2-0325 2:0401 0-0100 2-0301
8206 0-8051 20325 2-0401 2+0301
March 21 6-713 0-3773 2:0390 2-0500 0-0223 2+0277
6-711 0-3772 2+0391 20501 2-0278
March 26% 7-258 0-3663 20345 20458 0-0229 2-0229
7254 0-3663 20355 20468 20239
March 28 9-083 0-373] 20433 - 2-0519 00226 2-0283
9-077 03732 20428 20504 2-0278
March 23 7-129 0-1792 2-0801 20900 0-0519 20381
7-136 0-1788 2-0732 2+0831 2-0312
March 28 9-233 0-1748 20738 2-0831 0-0531 2+0300
9-235 0-1747 2-0738 2-0831 20300

Mean 8, = 2-0290, h = 00076, f: = 0+00030.

Silica Calorimeter. Pressure in jacket about 1 mm. D =160 cm.

March 30 8327 0-7853 2-0627 2:0700 | 0-0612 20088
8316 0-7855 2-0615 20688 2-0076
April 2 8+360 0-7873 2-0626 2-0710 0-0611 2-0099
8-341 0-7866 2°0649 2-0733 20122
April 3 8569 0-8081 20633 2-0714 0-0593 2-0121
8547 0-8080 2.0628 20709 20116
April 6 8665 0-7908 20572 20677 0-0607 2-0070
8-663 0-7908 20564 20669 20062
March 30 8-132 0-3782 21419 21493 0-1429 20064
8128 0-3778 21428 21502 2+0073
April 6 9-005 0-3547 2-1580 21692 0-1542 2-0150
9-007 0-3550 2-1565 2-1677 2-0135
March 30 8025 0-1768 23840 2°3914 0-3783 20131
8-021 0-1769 23821 23895 2-0112
April 3 8-573 0-1816 25666 2+3751 0-3655 2-0096
8542 0-1819 2+3637 2-3722 2-0067
April 6 8-997 0-1751 23854 23967 | 03837 20130
8989 01756 2-3795 2-3908 | 2-0071
8-978 01753 2+3853 23966 2-0129

Mean S, = 2-0101, h = 0-0425, k = 0-00435.

* Vacuum deteriorated.
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Strica Calorimeter. Pressure in jacket about I mm. D = 9°0 em.
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(L) (2.) (3.) (4.) (5.) (6.) (7)
1914,

April 24 9-086 08257 20206 2:0280 0-0169 2:0111
9-082 0-8261 2:0206 2-0280 2:0111
9-075 0-3566 2:0624 2-0698 0-0589 2-0109
9-069 0-3566 2:0634 2-0708 = 2:0119
9-196 0-1755 21967 22045 0-1943 2-0102
9-192 0-1751 2-2020 2:2098 2-0155

Mean S, = 2-0118, h = 0-0085, k= 0-0045.

Silica Calorimeter. Pressure in jacket 760 mm. D =90 cm.

April 27 9-170 0°8467 2:0189 2:0256 0-0184 2:0072
9-170 08465 2-0189 2-0256 s 2:°0072
April 28 8-800 0-8144 2:0240 2:0311 0-0195 2:0116
8:809 0-8132 2:0245 2:0316 2-0121
8:813 0-8129 2:0238 2:0309 2:-0114
April 30 8:706 0-8094 2-0223 2-0308 0-0196 2-0112
8714 0-8098 2:-0192 20277 2-0081
8727 0-8081 2-0200 20285 2:0089
April 27 9-245 0-3569 2:0672 20739 0-0634 2-0105
. 9247 0-3570 2:0662 2-0729 . 2:0095
April 28 8-785 0-3792 2:0628 2-0698 0-0580 2:0118
8785 03788 2:0642 20712 2-0132
April 30 8-583 0-3768 2:0568 20655 0-0582 2:0073
8:591 0-3765 2:0565 3:0652 2:0070
April 27 9054 01780 2+2025 22094 0-1961 2:0133
9-052 0-1779 22043 2:2112 2:0151
April 28 8814 0-1781 2-1935 2-2011 0-1961 2+0050
8:816 0-1780 2-1935 2-2011 20050
April 30 8742 0-1780 2:1966 2+2056 0-1961 2-0095
8-742 0-1780 2-1958 2-2048 | 20087

Mean S, = 2:0097, B = 00105, k= 0-00435.

Silica Calorimeter. Black Vacuum. D = 90 cm.

May 1 8-603 0-7903 2:0298 2:0365 0-0062 2:0303
8:597 0-7902 2-0309 2:0376 2-0314
8:601 0-7902 2-0295 2:0362 2+0300
8:590 0-3778 2:0368 20440 0-0140 2+0300
8-588 0-3780 20351 2-0423 20283
8-884 0-1785 2:0562 20639 0-0346 2:0293
8-884 0-1785 2:0562 2:0639 2:0293

Mean S, = 20298, h = 00045, J: = 0°00030.

3 M 2
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Summary of the Results.

The following table has been drawn up to show how the observed values of S, 7,
and £ vary with the experimental conditions. In column (2) the calorimetric
arrangement is briefly described. The dates in column (1) show the period of time
over which the experiments with each calorimetric arrangement extended. Columns
(8), (6), and (7) give the values of S, %, and k. The total number of observations
giving the mean value S, is stated in column (4). In column (5) are the distances D
separating the middle of the thermometer bulb from the end of the heating coil.
The last two columns give the value of the heat-loss per deg. per cm. (8), and the
ratio of this quantity to & (9).

p 3. b, 6. 7. \
) @) e 90 R e e
((2:0145 | 15 | 62 | 0-0033 | 0-00520
1912. 2°0147 13 87 1 0-0172 | 0-00520
April to | Non-vacuum and  non- 0-0074 | 1-4
June silvered jacket 2:0143 | 14 | 11-5 | 0-0400 | 0-00520 '
' ; (0-0390)! (0-00538)
| 2-0135 19 13-8 | 0-0569 | 0-00520
1912.
Nov. to | Spiral flow-tube with sil-
Dec. vered jacket . .1 2-0265 | 20 — 1 0°0370 | 000105
1913.
March to | Straight flow-tube with sil- 2-0235 19 10-8 | 0-0148 | 0-00210
April vered vacuum jacket, 0°0030 | 1-4;
No. 1 2-0220 | 20 15-3 | 0-0285 | 0-00206
June to | Ditto, No. 2. . . . . .!2:0235 14 13:0 | 0-0272 | 0:00204
July
1914.
Feb. to | Silica flow-tube, silvered
May non-vacuum . . . . .! 2:0097 | 20 9:0 | 0-0105 | 0-0043b
Pressure in jacket about 2-0116 | 13 9:0 1 0-0072 | 0-00420 0-0051 | 1-2
1 mm. 2-0101 19 16-0 | 0-0425 | 0-00435
20287 14 9-0 | 0-0030 | 0-00030
20284 20 12:5 | 0-0045 | 0-00030
Black vacuum -9 0-0006;5; 22
|1 2-0290 14 16-0 | 0-0076 | 0-00030
[ 2-0298 7 9:0 | 0-0045 | 0-00030

Extrapolated value for the specific heat S, at 104'5° C. and 760 mm., corre-
sponding to zero heat-loss = 2'0300 joules per gr. deg. C.
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With any definite calorimetric arrangement the values of S, and % are constant
within the limits of experimental error, while % increases linearly with D, fig. 10.
In the set of experiments made with the non-vacuum jacket the values of 4 and %
calculated in the manner described on p. 419 are given in the table in brackets. The
most probable value of %, viz., 0°00520, has been used in the determination of H in
the abridged tables, 2 being slightly altered in the case of the experiments with
D =115 em. In the experiments made with the silica calorimeter, with  as
perfect a vacuum as possible in the jacket, the values of £ calculated from the

03
Q
\
08 - \
o0 ' \\\
07 |- 100 0,
o
\’(\
.06 |- . \O‘\
97 ' N
95
04
h| 93
0\7) -
b
.02 - ®
©
%
0 x /@ silica Calor
O Fak Vacuu
9 /@—/‘
0 - et
129
-l
0 5 10 D.cms. 15 20

Fig. 10.
X Prof. CALLENDAR’S experimental values, Unsilvered calorimeters.
® 3] 9 ” Silvered 9

® BrRINKWORTH. Mean values.

individual measurements varied between —0°0001 and 0°0007, and in the calculation
of H/Q for these observations the mean value 000030 has been given to £.

From the observations of May 1st, 1914, it can be seen that the difference in the
values of the specific heats as calculated (1) from the experimental values of 4 and £,
and (2) from the adjusted value of % corresponding to % = 0°00030, is only 0°05 per
cent. In the last column of the above table are given the values of the ratio 4 per
emfk.  Within the limits of error this ratio may be considered constant, and
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probably of the order 1'5. The two values of this ratio obtained with the silica

jacket are not reliable, since in the case of the value 22 when & = 0700030, a change

in & of 100 per cent. will only cause the value of h/em to be altered slightly, while
when Afem/[k = 12 the experiments were carried out with a partial vacuum in the
jacket, and there is a likelthood that the vacuum was not exactly the same through-
out the period of these experiments, though practically constant for all the
experiments made on one day.

Drscussion of the Observed Variation of the Ieat-loss with the Flow.

After completing the experiments with the non-vacuum jacketed calorimeter, the
actual temperature gradients in the flow-tube, both when “hot” and when “cold,”
were observed in the case of each flow. The supply of electrical energy was adjusted
so that with a distance of about 14 c¢m. between the end of the heating coil and the
thermometer the latter indicated an outflow temperature about 9:3° C. above the cold
temperature. The curves showing the temperatures at various points along the flow-
tube are straight lines, provided that these temperatures are measured with the
middle of the thermometer, not nearer than 6 cm. nor farther away than 16 cm.
from the end of the heating coil. The actual gradients for the maximum, medium
and minimum flows were of the order 0°044°, 0°090°, and 0'170° per cm., but it is
necessary to point out that the third figure, though given, is not to be relied upon
since the total fall of temperature i1s so small, only amounting to 0°35° C. over a
distance of 8 cm. in the case of the maximum flow. The product of the temperature
gradient over the straight line part of the curve and the value of the corresponding
flow is in each case about 0°038. This number when multiplied by the specific heat
and the product divided by the mean temperature of the flow-tube, gives 0°0072, a
number which represents the heat-loss per em. per degree and which is in good agree-
ment with that deduced from the results of the calorimetric experiments, 0°0074.
The gradient for a medium flow of 0365 gr.[sec. is shown in fig. 10 (dotted curve.)
Another point worthy of notice 1s that the gradient ceases to be linear in that part of the
flow-tube near the heating coil, and the shortest distance which must exist between the
heating coil and the thermometer in order to obtain complete mixing, is indicated, both
in the gradient observations and in the calorimetric experiments, to be about 6 cm.
The agreement between the values of /ifcm, calculated from the calorimetric experiments
and from the gradient observations in the lower part of the flow-tube, indicates that the
k[Q term in the heat-loss represents the loss from the upper portion of the flow-tube.
A possible explanation of this is as follows. The steam in the flow-tube loses heat to
the upward current surrounding it, and heat is lost from this upward current to the
surrounding brass jacket. However, it is only the heat given to the jacket which is
actually lost.  The heat lost from the steam in the flow-tube to the up-current is
proportional to the rise of temperature dd. The temperature of the up-current is
consequently raised by an amount proportional to d6/Q, so the actual loss to the


http://rsta.royalsocietypublishing.org/

N
I \

a
A A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

A

%

S

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

ATMOSPHERIC PRESSURE BETWEEN 104° C. AND 115° C. 437

jacket is &' d6/Q, where k' is some constant. If, on the other hand, there had been no
counter current, the heat-loss would have been due to radiation alone and would have
been represented by a term A df. With the counter current there will still be
radiation, and the term representing the total heat-loss will be of the form (& +%/Q) d6.
If we assume that the heat-loss %, d6, by direct radiation from the upper part of the
flow-tube to the jacket, is of the same order as that fraction of the heat-loss A, d6
gained by the up-current from the lower part of the flow-tube, which is returned
into the flow-tube, and if this equivalence exists when the upper part of the flow-tube
includes a length extending to 6 cm. below the heating coil, the 4 df term will
represent the total direct radiation loss from the lower part of the flow-tube to the
jacket, and the k/Q do term, the heat lost from the upper part of the flow-tube to the
jacket. If this assumption is correct we should expect to find % constant in all the
experiments made with a definite calorimetric arrangement ; moreover, & should be
proportional to the value of the heat-loss per centimetre. Since the thermal exchanges

2:030

2:020 | ;\Q\

2:010

\O
&

2:000
0 00! -002 *003 -004 -005 -006
K

Fig. 11.

B Silica calorimeter,

© Other calorimeters.

which occur between the two currents of steam, and between these and the outer
brass jacket, are undoubtedly very complex, the above explanation must only be con-
sidered as approximately describing what is taking place. It has been put forward
mainly in order to justify, to some extent, the adoption of the type of equation used
in the calculations. The values of S, obtained show a distinct variation with the
magnitude of %, 4.e., with the value of the heat-loss per degree per centimetre (fig. 11).
The extrapolated value of the specific heat, corresponding to zero heat-loss, is only
0°05 per cent. higher than the mean deduced from the results obtained under the
best experimental conditions, hence this value has been taken as the final result of

“these experiments,
S = 2'0300 joules per gr. deg. at 104'5° C.

S = 04856 calories per gr. deg. at 104'5° C.,

this latter result being in terms of the calorie at 20° C.
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Compagrison of the Result with Theory.

The values of the specific heat at constant pressure can be deduced from equation
(7), and this relation has been used in order to compare my value of the specific heat
with values obtained by other observers. Assuming the linear variation with
temperature, as experimentally determined, my own observations give the value 04878
as the specific heat at 100° C. Substituting this value in the above equation we
find S, = 0°4634.

The values of the specific heat at atmospheric pressure and at various temperatures
can then be calculated and the mean value over any desired range deduced. Over
the range 110°C. to 230° C. the mean value is thus found to be 0476. From
equation (5) the following expression showing the variation in the total heat of steam

can be derived
F—F, = 8, (0—0))—(n+1) (cp—cyp,)+b (p—p,).

Agsuming 640°8 calories as the value of the total heat at 100° C. we find the latent
heat at 0° C. to be 5967 cal.[gr. which is in good agreement with that found by
Drererict.  The above values of S, and L, may be used to calculate the saturation
pressures of steam. The agreement found between the calculated values and those
determined experimentally is exceedingly good, especially at low temperatures when
the value of S, is approximately constant. For example, the calculated pressures at
0°C. and at 60°C. are 4'585 mm. and 14923 mm. respectively, the experimental
values at these temperatures are at 0°C. 4'600 mm. (Reevavrr) and at 60°C.
148'80 mm. (REGNAULT).

Comparison of thes Result with the Work of other Observers.

On pp. 397-399, Prof. CALLENDAR has discussed the work of other observers. The
value of the specific heat at 108° C. deduced from my experimental measurements is
20280 or 0484 with the calorie as the unit.

In fig. 10 I have plotted the values of 7 obtained by Prof. CALLENDAR against the
corresponding values of D. The points line about a straight line which practically
coincides with that obtained from my measurements with the non-vacuum, non-silvered
calorimeter. ~Apparently there is no systematic difference in the values of Ahfem
obtained with the silvered and unsilvered calorimeters respectively. When con-
sidered, together with the results of my own experiments with various pressures in
the vacuum jacket, this concordance indicates that in the many calorimeters, evacuated
by the makers, which have been used, the vacua produced were far from perfect. It
is again of interest to note that in Prof. CALLENDAR’'S experiments similar absurdly
low values of the specific heat were obtained when attempts were made to mix the
steam by means of wire gauze.
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