WADC TECHNICAL REPORT 54-601

A MODIFIED ADIABATIC CALORIMETER

MYRON W. BELAGA, 1ST LT, USAF
DAVID CODDINGTON, IST LT, USAF
HYMAN MARCUS

MATERIALS LABORATORY

MARCH 1955

PROJECT No. 7360
TASK No. 73603

WRIGHT AIR DEVELOPMENT CENTER
AIR RESEARCH AND DEVELOPMENT COMMAND
"UNITED STATES AIR FORCE
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

.Carpenter Lithe & Prtg. Co., Springfield, O.
200 - 29 September 1955



FOREWORD

This report was prepsred by the Analysis and Measurement Branch of the
Materials Laboratory, Directorate of Research, Wright Air Development Center,
Wright-Patterson Afr Force Base, Ohio, Jt was initinted under Projeet Wo, 7360,
"Materials Analysis and Evaluation Techninues ! Task No, 73603, "Thermal
Measurements", formerly RDO No, 616-16, "Heat Transfer and Thermal Insulation®.
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ABSTRACT

A modified adiabatic type calorimeter, capable of measuring the
heat capacities of organic liquids (matural and synthetis) in the
temperature range of 100-500°F, was designed, built, and calibrated.

In this calorimeter a fixed rate of power is supplied to the
sample, and a bath which surrounds the sample container is mairntained
at the same temperature in order to prevent heat losses from the
sample. The beat capacity of an unknown material may be calculated
from measurements of the time rate of temperature rise, beat inmput,
and mass of the sample,

The calorimeter has been designed for rapid, simple sample chang~-
ing.

The calorimeter was calibrated with materials of kmown heat capacity

(water, castor oil, and linseed oil), and the following relation between
the calorimeter constant and temperature was obtained:

K(t) = 0.256 — 3,706 x 1075¢ + 6,839 x 10" "¢

PUBLICATION REVIEW
This report has been reviewed and is approved.
FOR THE COMMANDER:

ﬂ/'/ y M. R. WHITMORE

Technical Director
Materials Laboratory
Mrectorate of Regearch
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I INTRODUCTION

A requirement exists for physical and thermal propertiea of natural
and synthetic organic fluids. Of considerable importance are the heat
capacities of coolants, lubricants, and hydraulic fluids.

Adiabatic calorimetry is not a new concept. BHowever, it affords a
tool of great accuracy in the measurements of various thermal propertiee
including heat of reaction, heat of formation, and heat capacity. The
adiabatic calorimeter described herein is a modification of the type first
described in the literature by Barry, Richards, and White about forty
years ago. The original design has been modified in light of advances
in heat transfer technology as well as improved methods of temperature
measurement and control. '

The basis of adiabatic calorimetry is as follows:

1. A measurable amount of heat is fed into a sample and the
sample container, which are the heart of the apparatus.

2, The sample container is immersed in a bath which is main—
tained at the same temperature as the sample in order to
prevent heat losses from the sample.

3. From measurements of the rate of heat input, rate of rise
of the sample temperature, sample weight, and a knowledge
of calorimeter constant the heat capacity of an unknown
material may be calculated from the followlng equation:

op(t) = L [F%ﬁ— - K(t) -1—%}]

ITI HISTORY

The adiabatic calorimeter was proposed and perfected by T. W, Richards
and his co-workers in 1905 and has been empleyed in one form or another in
mich of the accurate thermodynamic work of recent times,

In the first adisbatic calorimeter(used in the measurements of heat
of resction) the surrounding bath contained dilute alkali and its temper—
ature was raised in & gradual manner by the addition of acid, In later
models electrical heating was employed. With the aid of relays, an ampl i—
tier, and a differential temperature sensing element, one part of which
is placed in the sample and one part in the bath, the adjustment of temperature
may be made entirely automatic.
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The earlier designs were used to measure heats of reaction at relatively
low temperatures and water was used as the bath liquid. In the present
investigation, Dow Corning DC 550 fluid was used in the surrounding bath
since it exhibits reascnably good heat transfer properties and is capable
of withstanding cyclical heating at temperatures up to 500°F,

The heating of the sample is generally supplied by an electrical
power input. A eoil of known resistance is placed in the sample and a
fixed voltage is applied to it for a measursd time interval; the resulting
temperature rise is then observed. The quantity of heat liberated is IR
intérnational joules, If the product of temperature rise and calorimeter
constant 1s subtracted from this and if the result is then givided by the
product of the temperature rise and the mass of the sample, the heat capacity
of the sample is obtained.

The calorimeter constant is obtained in a similar manner by using
sauples of known heat capacity according to the following relationships

X(t) = REE - nlp(t) - 138

The above relationship was obtained from a heat belance on the sample
and sample container,

IIT THEORY

An equation for determining either the heat capacity of an unknown
sample or the calorimeter constant may be obtained from s hest balance on
8 system composed of the sample and sample container. From the heat balance,
the following relation is observed:

(1) Heat input = Inorease in enthalpy of system  heat losses

(Z)IQ-de, *fdﬁe +J"m,+fqg

The heat input is received from the voltage applied to the knife heater
in the sample and from the stirrer agitation. The change in enthalpy of
the system consists of the increase in sensible heat of the calorimeter
(sample container, stirrer, thermopils well, etc.). The heat losses inclnde
conduction losses along the inlet tubes and radiation and convection losses
through the inlet tubes, Additional heat 1s lost in the partial vaporization
of the sample,

or,

Equation 2 may be rewritten in consistent umits,

(3) Pd6 = wCp(t)at + K(t)dt + Idm + Q'de
rearranging,

(4) cp(t) -+ [n-gg -~ K(t) - I-gg—-a'-gg-]

- e -~ - - 0v. 30
(5) K(t) P-% aCp(t) Lﬁ Q _.%
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Figure 2

INTZGRAL PARTS OF CALORIMETER, DISASSEMBLED, INCLUDING
OUTHR INSULATING BOX
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In the calculations, the heat losses from the system were neglected
gince the sample container was surrounded by a bath which was maintained
within 0,25°F of the sample liquid, Further, in the calibration of the
calorimeter with materials of known heat capacity the heat losses would
be reflected in the calorimeter constant,

Eliminating the heat losses from equation 5 gives the fellowing re—
lationship: _

= de -— -—
(6) K(t) e wCp(t) L—;‘l!;-

The heat loas caused by the partial vaporization of the sample becomes
appreciable only when using materials of high vapor pressure and high heat
of vaporization{e.g.,water). In this study the effect of castor oil and
linseed oll evaporgted at their estimated heats of vaporization(ll) was
negligible, and was eliminated from equation 5 except for the cali-
bration run with ar,

The heat input from the stirrer agitation wax found to be negligible
relative to the power input to the sample,

IV DESCRIPTION OF APPARATUS
Calorimeter Assembly:

The sample container is a cylindrical cup of copper with a capacity of
approximately 500 ce of liquid, It is supported and held concentric re-
lative to the intermedlate cup by three stainless asteel points, equally
spaced laterally and welded to the intermediate cup wall. A disc of transite
fitted into the base of the intermediate cup supports the bottom of the
sample econtainer,

The intermediate cup is constructed of stainless steel with a flange
1ip. The cup 1id is fitted with five stainless steel tubez to accommodate
a variable speed, motor driven stirrer, a knife heater, a thermocouple, and
one leg of a differential thermopile, All of these components extend into
the sample liquid., A 1/8 inch teflon gasket is inserted between the 1id
and cup lip to provide a liquid tight seal. The dead air space formed be—
tween the sample container and the intermediate eup reduces heat transfer
outvard from the sample container.

The intermediate cup is completely immersed in an oil bath consisting
of approximately 2 1/2 gallons of Dow Corning DC 550 fluid, The cup
assembly is supported and held concentric in the bath container by a small
platform designed for this purpose. Two immersion heaters supply heating
for the oil bath and two variable spesd motor driven stirrers provide agitation
necessary to insure uniform temperature distribution throughout the oil bath,
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The entire calorimetver assembly is surrounded by a wall of rock wool
contained in wooden box with a removable lid. Rock wool was packed into
the box up to the helight of the bath container, and two layers of Jolna—
Manville "Thermoflex" (1 inch thickness) are placed across the top. This
provides ready access and prevents excessive loss of heat.

Auxiliary Equipment:

A fixed a.c., voltage is supplied to the knife heater in the sample’
through a Sola constant voltage transformer. A Weston Model 310 wattmeter
is connected in the heating circuit and indicates the power supplied to
the 1iquid sample.

The sample temperature is measured by means of an iron-constantan thermo~
couple connected to a lLeads and Northrup potentiometer(Catalog No. 8662),
The temperature differential between the bath and sample is measured with
a twenty couple iron—constantan thermopile, One leg of the thermopile is
placed in the sample 1iquid and one leg in the bath liquid. The thermopile
has a sensitivity of approximatdly one millivolt per °F, The signal from
the thermopile is fed into a Brown Electironik recorder and controller, which
has a full scale deflection of +1.25 to =1,25 millivolts.

To minimize the temperature difference between the bath and the sample
the following procedure is followed:

1,

The bath heaters have an a.c., voltage applied to them so that the
rate of rise of the bath temperature with time will be greater
than the time rate of temperature rise of the sample. This varies
between 60 and 75 volts depending on the temperature level of the
calorimeter. This setting is not critical and normally requires
only a single readjustment over an eight hour run,

The bath heater voltage 1s fed inte the heaters through a relay,
which is opsrated by the Brown Controller. When the amplified
signal of the differential thermopile is negative(indicating that
the sample is hotter than the bath) the relay is closed permitting
bath heating. Since the bath heats at a greater rate than the
sample, a null voltage is reached which causes the controller to
open the relay and the bath heaters are shut off. The thermal
inertia of the system causes a continued temperature rise in the:
bath with a resulting time lag before the sample temperature reaches
that of the bath, When the null is sgain reached the bath heaters
are automatically turned on and this time the inertia of the bath
causes a time lag before the temperature of the bath reaches that
of the sample., The result is a cyclical(approximating a sinusoidal
curve) variation of temperature difference on both sides of the
nmull temperature differential, The summation of the product of time
and temperature variation from zero{(i.e., the sum of the areas
under the differential temperature curves of the temperature differ—
ential averages out to zero, The temperature differsntial in the
system is maintained within 10,25°F,
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The electrical wiring diagrams of the sample and bath heating circults
are shown in Figure 3. Figure 4 is a photograph of the assembled calori-
meter and the auxiliary equipment,

V EXPERIMENTAL PROCEDURE

The tared sample container iz filled with sample liquid to within one
inch of the top(approximately 500 grams) and weighed to O.1 gram., The
sample container with heater and stirrer is seated in the intermediate cup,
and the cup 11d is then bolted in place. This is then immersed, on its
platform, in the oil bath. The bath heaters and stirrers are put into the
bath and the assembly is closed as shown in Figure 4 with auxiliary equip-
ment attached and connected,

Tnitially the stirrers and the Brown Electronik Controller are started.
The Controller will indiecate whether a temperature differential exists and
its direction. Power is then supplied to the sample heater(about 8.5 watts)
or to the bath heaters(about 60 volts) depending on which is cooler. As
soon as the temperature differential has been nullified the other heater or
heaters are turned on. The bath heaters are then controlled automatically.

Temperature and power readings are recorded at ten minute intervals over
the desired temperature range.

VI CALIBRATION AND CALCULATION

Since data in the literature were available for the heat capacities of
vater, castor oil, and linseed oil, these materials were used to calibrate
the calorimeter. The liquids used were of the following purities: distilled
water, USP grade castor oil, and limseed oil purchased under Contract AF (33~
616)52-1025LP, Measurements were made over the following temperature ranges:

a. Castor oil: 130a.301°F
b, Castor oil: 202=4L1°F
¢. Castor oll: 3089-506°F
d. Water: 90a-162°F
6. Linseed oil: 1629-252°F
f. Linseed oil: 1992-335°F
g. Linseed oil: 253-=/4,0°F

The time-temperature data were amoothed by putting the best curve through
the data. The determination of the equation best fitiing the time~temperature
data was done both graphically and analytically(using a least squares statise
tical analysis of the data). Although both methods approximated each other
the least least squares statistical analyses were used because they were con—
sidered to be more accurate.

Data for the heat capacities of castor oil and linseed oil were obtained
from Industrial and Engineering Chemistry(3), and data for water were taken
from the Chemical Engineers Bandbook(15). The literature data for each
material were treated by a least squares statistical analysis in order te
produce curves which best fit the data.
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The calorimeter constant may be caleulated as a function of temperature
(see equation 6,Theory) using the knowledge of the power input to sample,
the inverse of the slope of the time—temperature curve, the mass of the
sample, and the heat capacity of the calibrating material, (See the sample
calculations for complete treatment,)

The curve of the calibration constant versus temperature was derived
from a least squares analysis of the caleulated values of the calorimeter
constant for the seven runs on castor oll, linseed oil and water.

VII  DISCUSSION OF RESULTS

The calorimeter has been designed for rapid, continuous determinations
of heat capacity., With a power invut of eight and one half watts the sample
temperature rises at the rate of approximately 35°F per hour. A complete
measurement and calculation of a sample can be completed in a forty hour week.

The calorimeter was calibrated with water, castor oil and linseed oil,
The heat capacity data for water were obtained from the Chemical Engineers
Handbook, and the data for the heat capacity of both linseed oji]l and castor
oil were obtained from an article by Clark, Waldeland, and Cross published
in Industrial and Engineering Chemistry(3), Linseed oil and castor oil were
used in six of the seven calibration tests for this apparatus, This places
a limitation on the accuracy of the determination of calorimeter constant,
i.e,, the results are no more accurate than the work of Clarke, et, al,
Although work done subsequent to the calibration of the calorimeter is beyond
the scope of this report, measurements were made for the Power Plant Laboratory
on ESSO Turbo Oil 15, Batch 15, CK 1889, A comparison of the curves obtained
by ESSC (19)and the Materials Laboratory(l4) shows a maximum deviation of 1.9%
and an average absclute difference(i,e., independent of sign) of approximately
0.7£. The check of results with ESSO indicates an accuracy within 27,

The standard error of estimate was computed for the equation of calori-
meter constant versus temperature and was found to be 0.01146, Assuming a
normal distribution of errors, 957 of the time the observed value of the
calorimeter constant will differ from the estimated value by less than 1.96
(0.01246) = 0,02246.

An estimate of the calorimeter constant based on approximate weights of
calorimeter components and anticipated heat losses agrees roughly with the
empirically determined curve for calorimeter constant versus temperature. The
curve of calorimeter constant is presented in Figure 5,
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APPENDIX I

I, Sample Calculationss

A, Ireatment of time-temperature data

1. It 18 desirable, in the calculation of the calorimeter constant,
to have the variation of the change time relative to the change in tem—
perature, i.e., d6/dt versus 6,

During the experimental runs time, temperature and power were recorded
as illustrated in Table I for linseed 0il Run No. 2.

TABLE I
Date From Linseed 0il Run No. 2

e,Min. Millivelts T,°F P,Watts , &,Min, Millivolte T,°F P,Watts

O A.891 19900 8046 ¥ 110 60849 26307 8039
10 5.073 205,0 8.45 120 7.021 269.3 8,39
20 5 .256 211 03 8 0411- ] 11&0 70366 280.9 8037
30 5.438 217.2 8.44 o 150 74532 285,7 8,37
40 5.619 223,0 B4 . 170 7.870 297,3 8.35
50 5.797 229,0 8.43 « 190 8,202 308,1 8.35
60 5.976 235.0 8.42 , 200 8.370 313.7 8,35
80 6.326 246 .6 8,40 , 220 8,699 32444 8.33
90 6,500 252,1 8.40 , 231 8,877 330.3 8,32
100 6.678 258.1 B.40 o 240 9.018 335.0 8,32

The best curve fitting the data was obtained by a least square statistical
analysis of the data. The date were fitted to a polynomial of the following
general form: Y= AN + Agx + Ayx7 + n

It was found generally that a second degree equation satisfactorily fit the
data. d6/dt versus time was found as follows:

a., £6,Z0%, 163 64 710, Ttb?, N were calculated(See Table II)

b, The regression coefficients were obtained by solving the
following three simultaneous equations:

It = AN + AZO + AFO *

SOt= AJ6 +ATO +4,T6°
0= AT O + ATEd + A O

WADC TR 54=601 12



C. The equation of the curve best fitting the data

assumes the form
t = Ay +A,0+4,0%
and differentiating
—dt . . a+20,0

de
4. de/dt as a function of time is
49 . =
at Ay +24,0
2, Table II
Data Analysis for Linseed 0il Run No, 2
e g° e o4 t 6 02
-0 0 0 199.0 0 0
1x10 ©  1x30% 1x10® 1x10* . 205,0 205,0x10 205,0x10%
2 4 ’ 8 " 16 211.3 ' 422,6 845.2
3 9 27 81 217.2 651,6 1954.8
A 16 YA 256 223,0 892,0 3568,0
5 25 125 625 229.0 1145.0 5725 ,0
6 36 216 1296 235.0 1410,0 8460.0
7 49 343 2,01 2,0,7 1684.9 1179 3
8 6l 512 4096 246,6  1972.8 1582.4
9 81 729 6561 252,1 2268,9 20420,1
10 100 1000 10000 258.1 2581,0 25810,0
11 121 1331 14641 263.7 2900.7 31907.7
12 144 1728 20736 269.3 3231.6 38779.2
14 196 2744 38416 280,9 3932.6 55056.4
15 225 3375 50625 285.% 4285.5 64282.5
17 289 4913 83521 297.3 5054.1 85919.7
19 361 6859 130321 308.1 5853.9 111224.1
20 400 8000 160000 313.7 6274.0 125480.0
21 441 9261 194481 319.3 6705,3 140811.3
22 484, 10648 234256 324.4 7136.8 157009.6
23.1  533.6 12326.16 284734, ,296 330.3 7629,9 176248.1
24, 576 13824 331776 335.0 8040.0 192960,0
=0 = 2531 Tt = 5844.7
S 6% = 415560 6t = 742782
= 6% = 73034160 0% = 127424340
> 0% = 15682403000 N =22
WADC TR 54601 13



3, Simultaneous Equations and Solution

1. 5844.7 = A, (22)+A, (2531.0)+A,(415560)

2. 742782 = A,(2531,0)+A, (415560) +A,(78034160)

3. 127424340 = A_(415560)+4, (78034160)+A;(15688403000)
4, = 199.117
AI = 0.60487

A, =-0,00016073
Ao Time~Tempergture Equation

t = 199,117+0,604876-0,000160736%
dt/de = 0.60487 —0.000321486

_g% = 1/0.6049 =0,00032146]

5. The foregoing treatment of the time—temperature data is applied to
the data obtained for three castor oil runs, three linseed oil runs,
and one water run.,

B. Sample calculatiopn of calorimeter congtant

The calorimeter constant may be determined from equation 6 as was develop-
ed in the Theory Section. The equation is as follows:

K(t) = P d6/dt ~ MCp(t) — L dm/dt
For the run on Linseed 0il No. 2 the term Ldm/dt was determined to be

negligible because both the rate of mess loss with temperature and the
heat of vapcorization were small,

The equation then reduces to:
K(t) = P/R; +24,6] —(mdm/d6)Cp(t)

The mass loss was assumed to be a linear function of time. The basis of
.this assumption is that vaporization occurred at the surface of the sample
1iquid which was in immediate contact with the sample heater and that the

surface temperature of the heater is essentially constant.

For the time increment 20-30 minutes during Linseed 0il Run No. 2

P avg = 8,44 watts

€ avg = 25 minutes

t avg = 214,3°F

P = 8,44 watts x 3,413 Btu x _or

Watt—hr 60 min
(8.44) (0.0569) = 0,4802 Btu/Min

WADC TR 44— 601
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Heat Capacity of linseed Oil at t avg = 214.3°F
Co(t) = 0,510 Btu/(1b)(°F)

See Figure 7 for heat capacity versus temperature for Linseed 0i1l,
Original mass = 1.0444 pounds,
Mass loss at 25 minutes = 0,0001 pounds.

de. _ =
dt 6.6649 - 5'000'3214_(214.3'5 1.675 | oﬁ

K(t) (0.4802)(2.675) = (1.0443)(0.510)

K(t) (0.272 Btu/oF at 214,3 °F)

The variation of calorimeter constant versus temperature was found in the
Samé manner as the equations of time versus temperature were obtained,
‘ . . R AR A N '

II, Equations of time vs ﬁempefaturaldata:

!

The time versus temmerature relations for the seven experimental runs
are listed below,

Lingseed 0il Run No. 1
t = 161.95 + 0,68910 - 0.00032800>

Linseed 01l Run No, 2
t = 199.1 + 0,60496 = 0.000160782

Linsesd 0il Run No. 3
t = 253.4 + 0.56886 — 0,00013736%

Water
t = 90.2 + 0.35246

Castor 0il Run No. 1
t = 131.6 + 0.59460 ~ 0,000113467

Castor 0il Run No, 2
t = 202.7 + 0,54536 0.00079366%

Castor Cil Run No., 3
t = 308.1 + 0,56400 — 0,9x10~%6% — 0.15x10~5g>

WADC TR 5/=601 16
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TABLE VI
Tabulated Data and Caleulation of Calorimeter Constant — Water

e P Pde/dt L * PiO/dt wus
Min Watts Btu/Min m-dm TnoF CpatTm (m=dm)Cp —(m—dm)Cp
10 8.495 1.371  1,0860 91.8 0.9986 1.0845 0,286
20 8.48 1.369  1.0856 95.3 0,9986 1.0841 0,285
30 8,465 1,366  1,0857 98.8 0.9986 1.0837 0,282
L0 8,46 1,365  1.0847 102.4 0.9986 1,0832 0,282
50  8.455 1.365  1,0843 105.9 0.9987 1,0829 0,282
60  8.44 1,362 1,0839 109.4 0.9988 1.0826 0.279
70 8.43 1,361  1.,0835 112.9 0.9989 1.0823 0.279
80  8.43 1,361  1.0830 116.5 0.9990 1,0819 0.279
90  8.425 1.360  1.0826 120,0 0,9991 1,0816 0.278

100  8.425 1.360  1,0822 123.5 0.9992 1.0813 0.279
110 8.42 1.359  1.0818 127.0 0.9994 1,0812 0,278
120 8.405 1.356 1,081 130.6 0.9995 1,0808 0,275
130 8.40 1,356  1.0810 134,18  0.9997 1,0807 0.275
140  8.40 1.356  1,0805 137.6 0.9999 1.0804 0.276
160  8.395 1.355  1.0797 144.6 1.0003 1,0800 0.275
170  8.39 1.354  1,0793 148.2 1,0005 1.0798 0.274
180 8,385 1.353  1,0788 151,7 1,0007 1,079 0.273
190 8,38 1.352 1,0784 155.2 1.0010 1.0795 0.272
200 8,38 1.352 11,0780 158.8 1.0030 1.0712 0,271
210 8,38 ‘1,352 1.0776 162.3 1.0060 1,0841 0.268

* Values of Cp of water obtained from the literature
#% A slight loss in weight of sample due to splashing
is taken into account
*¥xx  Calorimeter Constant
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Calculation of Equation of Calorimeter Constant vs Temp,

The method of least squares statis
points of the seven runs to obtain a s

stant as a function of temperature,

TABLE X

4; Calorimeter constant~temperature data analysis

ticel analysis is applied to selected
moothed curve for the calorimeter con~

pe—m—

t K t? t3 t4 tKg t°K,
134.5 0.262 1.809x104  2,.4331x106 0.32725x10% 35.239  4,9376x103
169.6 0,266 2,876/ 4.8784 0.82738 45,114  7.6513
204,0 0.275 4.1616 8.4897 1.73189 56.1C0  11.44/4
221.5 0.281 4,9062 10.8673 2,40711 63,570  14.0809
238.0 0.287 5.6644 13.4813 3,20855 68,306 16,2568
270,2 0,304 7.3008 19,7268 5.33018 B2.141 22,1944
297.2 0.317 8.8328 26.2510 7.80180 9,212  27.9999
205.3 0,282 4.2148 8.6530 1.77646 57,895 11.8576
238,0 0.289 5.6644, 13,4813 3.20855 68,782  16.3701
269.8 0.299 7.2792 19,6393 5,29868 80,670  21.7648
300,9 0.310 9.0541 27,2437 8,19763 93,279 28,0676
316.0 0.316 9.9856 31.5545 9.97122 99.856 31,5545
331.0 0.322 10,9561 36,2674 12,00362 106,582 35,2786
346.6 0.327 12,0132 41.6376 14.43159 113,338 39,2830
361.9 0.332 13,0972 47.3968 17.15356 120,151  43.4826
391.6  0.3.2 15,3350 60. 051 23.51631 130,927 52,4448
420,2 0,350  17.6568 7&.1‘933 31,17626 147.070 61,7988
441.8 0.355 19,5187 86.2336 38,09800 156.839 69,2915
310,9 0,303 99,6658 30,0512 9.3429 94,203 29,2876
338.5 0.309 11.4582 38,7860 13,1291 104.596 35,4059
366,2 0.319 13,4102 49.1083 17,9835 116,818 42,7787
393.5 0.333 15.4842 60,9304 23.9761 131,036 51,5625
418.5 0.353 17,5142 73,2970 30,6748 147.730  61.8252
442.9 0.377 19.6160 86,8793 38,4788 166,973 73,9523
467.  0.395 21,8556  102.1793 47.7668 18/.662  86.3295

95.3 0.285 0.9082 0.8655 0.08248 27.160  2,5884
123,5 0,279 1.5252 1.8836 0,23263 34.456 4.2554
158.8 0,271 2,5217 4.0045 00.63592 43.035  6.8339
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TABLE X (CONT'L)

+ X +2 13 L4 tKe t2Ke
165.3 0,228 2,732 4.5167 0.74661 37,688 6.2299
192.6 0.249 3.7095 71445 1,37603 47.957  9,2366
218,2 0.271 4,7611 10,3887 2.26681 59,132 12,9026
2/8.8 0.301 6.1901 15.4010 3.83177 74.889 18,6323
201.6 0.270 4.0643 8.1936 1.65182 54,432 10.9735
232.0 0.278 5.3824 12,4872 2,89703 64.496 14.9631
266,3 0.293 7.0916 18.8848 5,02902 78,026 20,7783
283.3 0.300 8.0259 22,7373 6.44148 84,990 24,0777
300,0 0.308 9.,0000 27,0000 8.10000 92,400  27.7200
333,0 0,325 11,0889 36,9260 12,2964 108,225 36.0389
259,0 0.296 6,7081 17.3740 449987 76.664  19.8560
290,0 0.309 8.4100 24,3890 7.07281 89,610 25,4869
323.1 0.320 10.4934 33.7297 10.89807 103,392 33,4060
339.0 0.331 11.4955 38,9812 13,21852 112,242 38,0613
354.8 0.338 12,5883 44,6633 15,8465/ 119.922 42,5483
385,0 0.358 14.8225 57.0666 21,9706/ 137,830 53,0646
414.2 0.379 17,1562 71,0610 29.43347 156,982 65,0219

It = 13079.9 Z Ke = 13.894
Et2 = 4179518 Tike = 4172.617
= t3 = 1431409460 S t2Ke = 1370076.3
£ t4 = 516345980000 n = 45

B. Simultaneous equations and solution

Ag(45) + A1(13079.9) +A,(4179518)

= 40(13709.9) Ay (4179518) *A, (1431409460)

1. 13.894f =

2, 4172.617

3. 1370076.3=
Ao =
A‘ =
Az =

0.256005
0,0000370623
0,0000006839382

C. Variation of Calorimeter constant with temperature
0.256~0,70003706t +0,000006839t2

kc =

Ao (4179518) +4 (1431409460)+A, (516345980000)

D, The plot of the variation of the calorimeter constant with temperature is
shown in Figure 5.

E. Computation of standard error of estimats, 8,

Sy {_Lm:gzb_
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E.(coT'D)

Z(kc—-Kc; 2 = ZIK,)* = Ao Ko=iy }:(txc)-Az’Z(tch)
T (Ke=Ko*)? = 4.344854 —(0.256005)(13.894) = 0.00552
Sp = J__g.-o_oﬁg__ = 0.01146

(45=3)

Nomenclature

c_ (t) - heat capacity as a function of temperature,
P Btu/(1b) (°F)
H - Sensible heat, Btu
K(t) - Calorimeter constant, Btu/°F
L —  heat of vaporization, Btu/lb
M - Mass , 1b,
P — power, watis
Q - heat input oy loss, Btu
t - temperature, °F
o - time, minutes
Subseripts

c - calorimeter

s - sample

WADC TR 54~601 28
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