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ABSTRACT

A non-flow calorimeter apparatus has been designed, constructed
and developed for studying the thermodynamic properties of heavy water
and other important engineering fluids from room temperature to their
respective qritical point. Detailed descriptions of the apparatus
along with the'theory‘of experimental method and the calibration of
the instrumentation are herein given.

The performance of the apparatus was superior to that of Osborne's
apparatus which waé employed to investigate the thermophysical proper-
ties of light water and yielded the various saturation data utilized
by the compilers of the vafi&us national steam tables. For example,
the constant mass experiments of this thesis conducted on saturated
liquid heavy water are reproducible to * 0.1 peréent whereas the
scatter of Osborne's data of the constant mass experiments is 0.5 percent.

The enthaipy change of saturated heavy water has been investigated
from 50 to 300°C_with this apparatus. It is estimated that the heavy
water enthalpy measurements obtained in this work is accurate to % 0.2
percent. The measurements on the enthalpy of heavy water at tempera-
tures of around 300°C confirmed that the corresponding extrapolated

values préposed by Baker are in error by approximately +4%.
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CHAPTER 1

INTRODUCTION

1-1. Objective Of Present Wofk

The dramatic growth of electric energy consumption throughout
the worldvhas stimulated the‘development of nuclear power stations.
In this regard Canada has been engaged in the design and development
of heavy watef moderated and heavy water cooled nuclear reactors (Candu)
for the past twenty years. ‘Several large scale commercial Candu power
- plants are currently under construction in this country as well as
abroad. By 1976, more than 5000 megawatts will be generated by such
reactors presently under construction in Ontarid at a cost of approxi-
mately 3 x lbg dollars. The Vice-President of Atomic Energy of Canada
Limited, Dr. W. B. Lewis (l)*, has predicted that Candu reactor will
hold a strong coﬁpétition witﬂ:an& othér type reactor even looking
forward one hundred years. Table 1 gives a summary of all heavy water
 power stations in the world (2). ‘

Accurate and detailed informat;on;for the thermodynémic properties
of heavy water is of considerable relevance in the design and operation

of Candu type heaVy'water power plants. For example, accurate informa-

* - . )
Numbers in parentheses refer to reference in the Bibliography.
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. ' : ' | 5
tion on the enthalpy difference is one of the most important design
factors required to estimate the size .and capacity of heavy water circu-
lation pumping equipment and heat exchangers. Furthermore a knowledge
of the latent heat of heavy water is essential for the safe operation
of boiling heavy water power reactors.

There is little precise information for the thermodynamic pro—
perties of heavy.water, especially at high pressuresland temperatures.
In all probability, the mnext generation of Candu nuclear power plants
(3) will be designed to operate at higher pressures and temperatures or
to use D20 coolant in the boiling mode to improve thermal efficiency.
Dr. E. S. Nowak of Faculty of Engineering Science, The'Uﬁiversity of
Western Ontario at the request of Atomic Energy of Canada Limited
initiated a comprehensive experimental program to study the thermal
behavioﬁr of heavy water over a widé range of temperatures and pressures.
The main purpose of the.research of this thesis was to design and deve-
lop a non-flow caldrimeter apparatus to accurately investigate the
thermodynamic properties of heavy water liquid and vapour from room
' temperature to the critical point. A by-product of the above research
has been the determination of the ‘enthalpy. of saturated heavy water

liquid from 50 to 300°C.

1-2. Literature Review

Table 2 summarizes the individual invéstigations conducted on the
enthalpy.and specific heat (cp) of heavy water.

Brown et al (4) conducted the first investigation on the specific
heat of heavy water at atmospheric pressure from 4 to 65°C. Cockett
et al (5) conducted measuremeh%s from 10 to 50°C. Euken et al (8)

conducted measurements from 20 to 130°C and claimed their measurements

R
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accurate to * 0.15 percent.

Baker (7) conducted extensive investigations on the specific
heat of saturated liquid heavy water‘from 30 to 200°C. He estinated
that the enthalpy values derived for saturated‘liquid heavy water in
the above mentioned temperatureﬂrange from his specific heet data were
accurate to * 1.5 percent. Above 200°C Baker estimated the enthalpy
values for saturated liquid heavy water by subtracting the enthalpy
values for saturated vapour proposed.by Friedman (8) from the.latent
heat of vaporization propoeed by Kirshenbaum (9). It -should be pointed
out that the enthalpy values for saturated liquid heavy water in the
tables of Elliott (10) and ﬁiehop (11) are essentially identical to
the values proposed by Baker..-

Rivkin et al (12,13) conducted the measurements on the specific
heat of compressed heavy water from 20 to 450°C and pressure up to 300
kg/cm2 with an eccuracy o.f the otder of + 3 ‘percent. The Sheindlin ‘
et al (14) measurements on enthalny of heavy‘water in supercritical
region extended to uGOOC and 500 kg/cmz.

Dr. Nowak (15,16) conducted the measurements on saturated liquid
heavy water from 2u8,.89 to 293.3300. InformationAfrcm his studies was
required by the Atomic Energy of Canada Limited for the design of heat
exchangers and heavy waten pumping equipnent in the nuclear power
plants being constructed at Pickering, Ontario. He found that the
enthalpy whanggpfor the above mentioned temperature interval was
appnoximately five percent iower than the value obtained by Baker.

| In order to verify the previous measurements conducted on

saturated heavy water liquid up to 200°C, Dr. Nowak and the writer
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(17,18) of this thesis conducted more measurements from 32.2 to 176.8°C
on a thin walled calorimeter. Their measurements are accurate to
+ 0.5 percent and in peasonable accord with the earlier measurements
of Brown, Cockeft, Euken, Baker and Rivkin. These measurements indi-
cated that percentage deviation between_thé specific heat of saturated
heavy water liquid aﬁd saturated light water liquid is a strong
function of temperature varyiﬁg from 0.25% at 40°C to approximately
3.6% at 175°C. |

The foregoingiliterature peview indicates that only fragmentary
experimental data on the enthalpy of saturated heavy water liquid.
There appears téybé a compléte léck of déta for the enthalpy'of
vaporization of heavy water even at moderate values of pressure and

temperature.



CHAPTER 2
THEORY OF METHOD

2-1. General Descrlptlon of Method

The method employed in this work is well known non-flow calori-

metric method. HThis method has been used,successfully for studying

the thermodynamic properties of saturated ligﬁt water liquid and
vapour by Osborne (19,20,21,22) and his co-workers at the National
Bureau of Standards in the Unlted States.

The principle of this method is-quite simple. A sample, part
liquid and part vapour, of heavy water or any fluid is enclosed in a
container or calorlmeter. Heat.energy is introduced electrically to
the sample for performing measurements on three different types of
thermodynamic processes. The first type of experiment is a constant
mass experiment in which a fixed amount of sample contained in the
calorimeter receives energy such as to change it from an initial
saturation state to a finallsaturation state. The second type of
experiment is a vapour withdrawal process in which a known amount of
vapour is withdrawn when energy is added to the contents of the calori-
meter under isothermal conditions.-'The third type of experiment is a
liquid withdrawal test in which a measured amount of saturated_liquid
is removed when heat 1is added to the contents in the calorimeter

9
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under isothermal conditioms. The experlment of the first type evalu-
ates the enthalpy of saturated llquld while the experiment of the
second type evaluates the enthalpy'of evaporation. The third experi-
ment yields a measured quantity which is complementary to the measured
quantities obtained in the first two experlments.

For purposes of conserv1ng the input energy, the calorimeter is
completely enveloped by a thln metal shield or ad1abat1c shield whose
temperature can be varied quickly and matched to the temperature of
the calorimeter shell. Under ideal.test'cenditions thers should be no
difference in the temperature between the calorlmeter shell and the
adiabatic shield, consequently the sample in the calorlmeter would
neither gain nor lose heat from or to the surroundlngs. But in practice,
the ideal condition is seldom achieved and a small net heat exchange
invariably occurs between the calorimeter and the adlabatlc shleld.
This small amount of heat leak may be minimized by a proper design and
operation of the apparatus whlch will be descrlbed in Chapter 3 of this

thesis.

2-2. Theory of Experimental Method

A) Constant mass experiment

This type of experiment may be described as a non-flow continuous
heating process in whieh a fixred amount ef sample contained in the
calorimeter is taken from one chesen saturation state to another chosen
saturation state. Two experiments of this kind are performed in the
same temperature interval with different amounts of mass in the calori-
meter. The first experiment {s carried out on the calorimeter eharged

with a large amount (high filling) of sample whereas the second experi-
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ment is carried out on the calorimeter charged with a small amount
(low filling)'of sample. It is possibie.to obtain the enthalpy change
or specific heat, cp, of the fluid without making any tare measurement
'‘of the heat capac1ty of the empty calorimeter. This procedure is
extremely useful in the elimination of the errors due,to the heat leak,
the small volume change of the calorimeter and the mechanical work
involving thg‘étraining'ofithe=calorimeter shell by the fluid sample.

There are basically'two_different processes by which the pro-
portion of saturated liquid to saturated vapour changes as energy is
added to a calorimeter. This may be explained by reference to the con-
stant mass and constant volﬁmé processes shown in Figqre 1 and Figure
2. If the heat addition process follows the path 2,3y, the saturated
vapour condenses into liquid until finally a point a, is reached at
which saturated liquid occupies almost the entire inner volume of the
calorimeter,,-On the other hand if the process follows path blb2
saturated liquid evaporates into saturated vapour until finally a point
b2 is reached at which saturated vaﬁbur occupies almost the entire
inner volume of the calorimeter.

According to the First Law of Thermodynamics, the energy balance
for the constant volume heat addition processes shown diagrammatically
in Figure 2 can be written as

Q+m.u. +m_u_ =m,u;, *Mm u +c_ AT+ g+ dg
855 8185 £, B8y Pe

.c..no.-.ooo..ooo.-tu (l)
By utilizing the definition of enthalpy and expressing the internal
volume of the calorimeter in terms of the masses of saturated liquid

and vapour and the specific volumes of saturated liquid and vapour and

N
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by employing the Cclausius Clapeyron equation, the following equation
may be derived from equation (1),

- (h. - dpy2 dp | 424
Q=M (he T"fd'r)l*_V(Tdfr P)l-cpcAT“qB*qs

ceeesscsesssecescsnsoe (2)
Details of the derivation of equation (2) may be found in
Appendix A. If QH gnd QL.denpte the measured quantities of total
energy added in the high ana low filling experiments having a fluid
mass of MH and ML respedtiVely, then the equation (2) may be written

in the following two forms:

- e 922,y r - p)?
Qy M, (he vadT)+v(TdT p)+cP AT + ap + dg
1 1l c H
coo o s o080 c0 00000l (3)
= - dp 2 dp _ )2
Q, M (hf T Ve 37 )l + V(T 37 p)l + cPc AT + qEL + dqg

ereseeaesnnesene (1)

Subtracting equation (4) from equation (3) and rearranging the terms

¥
yields the following expression

Q; - Q
H L _ - dp
MH_MI"-'—A(hf _T vde) . cecoes oo s s s e s e’ (5)

Equation (5) infers that a constant mass experiment is substan-

tially a determination of the enfhalpy change of a saturated liquid

from an initial saturation'state at temperature Tl to a final saturation

state at temperature T2. The term T V¢ %%- which may be determined

* .

It is traditional to assume that the net heat exchange.between

the calorimeter and the adiabatic shield remains the same d?rlng both

types of experiments, i.e. gy = 9qp - Chapter 3 gives details of how
L

the apparatus was designed and utilized to ensure equality between

QG = g -
By By
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b& a liquid withdrawal test is an extreﬁely small quéntity at the.
lower temperature and only becomes significant at the higher tempera-
tures and pressures. More specifically the correction term is
approximately 1%, 6%, 20% of the enthalpy change of saturated liquid

of heavy water at temperatures of 100, 200 and 300°C respectively.

Figure 3 shows the variation of A (hg - T vg %%0,'T v. L and T v dp

» £ 4T g dT
for saturated 1ighf water.

B) Vapour withdrawal test

The vapour ﬁifhdrawal test is virtually a determination of the

" latent heat of vaporization. . In this type of experiment a small amount
of liquid of the contents in the calorimeter is_evaporated by adding
energy and withdrawn as saturated vapour. During this test the temp-
erature of the system is maintained at an initial saturation state at
temperature T1 80 thaf the metal calorimeter itself would neither gain
nor lose energy. The following heat balance may be written for the
isothermal vapour withdrawal process as shown diagrammaticalli\iﬁ
Figure 4,

Q +m.u, +m_u =AMh +me U +m_ u_ ¥
g 5 f g8 g £, £, 8y B

....‘.......0.... (6)
By using the prelationship between the internal energy and the enthalpy

and employing the Clausius Clapeyron equation, equation (6) may be

reduced to the féllowing expression,

Details of the derivation of equation (7) is given in Appendix A.

*Since the temperature difference between the calorimeter and the.

adiabatic shield is extremely small, the heat leak dp can be considered
negligible in the vapor and liquid withdrawal testis.



15

- h¢o
2500
B CRITICAl
x POINT
2000
by =Ty, 2B
o = bf Tt{f dar
. ' dpP
i500|— RB=T7Ydr
ae
) Y =T g a7
2
. ’. hf
=
Z 3
1000}—
500 CRITICA
POINT
TEMPERATURE,°C 2
(o} i | 1 | | 1
) 00 200 300 200

FIGURE 3 FUNDAMENTAL THERMAL PROPERTIES FOR SATURATED
LIGHT WATER




16

(Ml - Mz)

7SAT. VAPOR

/"SAT. VAPOR
e

M|= mf|+ rngl
ION SATURATED

FIGURE 4 ISOTHERMAL HEAT ADDIT
VAPOR WITHDRAWAL PROCESS

/SAT. VAPOR

—
—
——
—
—

SAT. LIQUID

o—
i
—
—
—
—
—

(M.—Mz\
Mi=met+m
' i %

AL HEAT ADDITION SATURATED

FIGURE 5 ISOTHERM
LIQUID WITHDRAWAL PROCESS



In this type of experiment energy is required not only to
evaporate the portion of mass withdrawn from the calorimeter but also
to produce an additional amount of vapour to f£ill up the space previously
occupied as liquid in the calorimeter. The energy added to a unit mass
withdrawn from the calorimeter is different from the latent heat of
vaporization by this extra amount, and this correction turns out to be
the same as that required to evaluate the enthalpy of saturated liquid
from the result of constant mass experiment. More specifically it can
easily be shown that vg T dp/dT = hfg + Ve T dp/dT.

¢) Liquid withdrawal test é

The liquid withdrawal test is a determination of the corrections
complementary to the other two types of experiments to evaluate the
enthalpy of saturated liquid and the latent heat of vaporization. This
correction may be measured directly by adding energy to the calorimeter
and withdrawing just that portion of saturated liquid from the calori-
meter necessary to maintain an isothermal condition. The energy
required in this type of experiment is to evaporate enough liquid to
£i11 the space which previously occupies by the small amount of liquid
withdrawn from the calorimeter.

The heat balance of this type process shown in Figure 5 may be

written as follows:

Q. +m_. u, +m_u = AMh_+m, u, +m U
T T R £ 08, £, 8 B

(8)
By making the same assumptions as described previously in the vapour

withdrawal test and using the same techniques to simplify equation (8),

the following expression may be easily obtained,
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—W e = e ereeeeeanees (9

Details of derivation of equation (9) is also found in Appendix A.

It should be mentioned that equation (9) was derived by assuming
the energy added to the calorimeter is conserved and the temperature
of the calorimeter is invariant. However it is extremely difficult
to obtain these ideal conditions, consequently a correction described
more fully in Chapter 8 was applied to the input energy term.

Let the measured quantities of the experiments of constant mass,
saturated vapour withdrawal and saturated liquid withdrawal be denoted
by Alpha, Gamma and Beta (i.e. &, Y and B) respectively. By simple
algebraic combination of equations (5), (7) and (9) and without using
any thermodynamic relation, it may be reduced to the following group

of equations

Ahf=Aa+AB PRI @ ()

Ahg=Aa+Ay e ieeeeeaeeeeese (1D
h, =y - e (12)
fg Y B

These three equations show how the enthalpy change of saturated liquid
and saturated vapour along with the enthalpy of vaporization can be
determined directly by making three types of experiments as described
previously. Other thermodynamic properties of saturated liquid and
vapour may also be derived from the group of experimental data. The
specific volume of saturated liquid and vapour may be obtained from
equations (13) and (),

v, = B i veaeseasaesenens (13)

ford
daT
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v = X— (1w)

provided knowledge of the variation of saturation pressure with
temperature is known. The entropy of saturated liquid and vapour may

be derived from equations (15) and (16),

hf o
Sf=T—+f-—§dT+C ...................(15)
T
S =h + o + C (16)
g -T-g- f—EdT e e e e s s s e 00 e 0 o000
T

where constant ¢ dependents upon the arbitrary datum chosen for the
various quantities in the equations. The specific heat of saturated

vapour and liquid may be obtained from equations (17) and (18),

c =T (—£9 + o teessaesseeneses (17)
Pg ar T T

d Eg_ o
CP =T—dT(T.)+T- R R (18)

g

Derivations of equations (15) to (18) are given in Appendix A.

A



CHAPTER 3
APPARATUS DESIGN

The main features of the apparatus may be explained by reference
to the small-scale reproduction of the assembly drawing shown in
Figure 6. The apparatus essentially consisted of three parts:

(i) The high pressure metal calorimeter to contain the fluid

sample,

(ii) The thin-walled adiabatic shield surrounding the

calorimeter, |
(iii) The outer guard surrounding the calorimeter and adiabatic
.shield.
Figure 7 shows the apparatus during the initial stages of assembly.
Details of the apparatus design are given in the foilowing sections of

this Chapter.

3-1. Calorimeter

The term calorimeter in this thesis denotes that part of the
apparatus containing the heavy water sample under jnvestigation. It
consists of a spherical thin walled metal shell, a silver heat diffusion
system, and two electric heaters (upper and bottom zone heaters). They
are described separately below.

A) Calorimeter Shell

In calorimetric measurement the temperature and the electric

20
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input energy are relatively easy to measure accurately to within
0.03 percent with modern techniques and instrumentation. The largest
uncertainty in performing constant mass experiment is the uncertainty
in heat exchange between the calorimeter and its immediate surroundings
which results from experimental departures from the ideal adiabatic
condition. On the other hand the largest uncertainty in making liquid
and vapour withdra&al.test is the uncertainty in energy absorbed or
released by the calorimeter which results from experimental departures
from the ideal isothermal condition. In order to minimize these
uncertainties in experiments, the following criteria proposed by Nowak
(16) were carefully considered in design of the present calorimeter;
(i) The energy absorbed by the calorimeter shell should be
small in comparison to that absorbed by the fluid contents,
(ii) The thermal diffusivity of the metal shell should be as
large as possible,
(iii) The calorimeter sheil material should be corrosion resistant,
machinable and weldable,
(iv) The ratio of the inner volume of the calorimeter to its
surface area should be large. More specifically, the

surface heat loss should be small in comparison to the total

energy added to the fluid contents.

The first three criteria governed the choice of the calorimeter shell

material while the last criterion governed the size and geometry of

the calorimeter.

Inconel 600 was chosen for the calorimeter shell because

thorough study of the properties of all materials revealed that it %
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possessed the various desirable characteristics for the present
application.

Two hemispheres, having a radius of 2.5 inches and a wall
thickness of 0.25 inches, were machined from a 6 inches diameter
Inconel 600 bar. Figure 8 is a photograph of the calorimeter shell
taken during machining. The calorimeter was formed by welding the two
hemispheres shown in Figure 9 together at the equator. It was designed
for operation up to 225 kg/cm2 (3200 psia) and 375°C. The design
calculations are given in Appendix B. Figure 10 is a photograph of
the special welding jig holding the calorimeter shell prior to being
welded together while Figure 11 is a photograph of the completed calori-
meter.

The calorimeter was pressure tested before the apparatus was
assembled. The following steps were used to detect any leakage in the
calorimeter:

(i) Pressurize the calorimeter to 35 kg/cm2 (500 psi) with gas

and check leakage with SNOOP,*

(ii) Pressurize the calorimeter to 281 kg/cm2 (4000 psi) with

water at room temperature for 72 hours,
(iii) Pressurize the calorimeter with saturated steam at 35000 for
48 hours.

No leakage was found during these proof tests.

B) Silver Heat Diffusion System

Since heavy water has a relatively low value of thermal

*
Leak Detector, Nupro Company, 15635 Saranac Road, Cleveland,
Ohio u4110, U.S.A.
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conductivity,\laﬁge temperature variations of the order of tens of
degrees would be produced in the heavy water sample if the heat were
transferred from the surface of the calorimeter shell to the interior
of the heavy water sample solely by héat conduction.

The equation for heat conduction in a spherical heavy water

sample is

2
9 (Or) (17)

=('.! ® 6 0000000008000 000

9 1

9 (6pr
3 T

The solution to equation (17) must satisfy the initial requirement
that the initial temperature in the sample is uniform and the boundary
condition that surface temperature of the spherical sample increases
uniformly with time, i.e.
6 =0 at T=20
and

6 = BT at r = R

Thus the general solution (23) to equation (17) is:

am 7 T
- 2
B 2 2 2BR2 > 1 R R . mmr
6 = BT - Ea-(R -r7) + pX 33 —T7 — Sin =
m=1l m 7w (-1) Y
cecccesenc e veee.. (18)

Hence the temperature difference between the center and the exterior

surface of the heavy water sample is

m2 2
- g T

A8 = gr” _ 268" T . e :

6

o O 21 mZn2( )l

or 2 2 2
_am T _ Lomw T - QaT T
A6 - 8a2  28R> RZ  2gr? RZ 28R R2
= BrZ _ —_— e +——5e -5 e
ba an Law 9am

cereettencsnnnesss (19)

£
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The first term on the right hand side is a constant and hence
it is called the steady state solution. The remaining exponential
terms on the right hand side are transients in time and is called the
transient solution. When the time T becomes sufficiently large, the
exponential terms will approach zero and the temperature difference
between the center and the surface of the sample approaches the steady
state value of BR2/6a. A graph of the temperature difference versus
time for various heating rates as parameters is given in Figure 12.

The foregoing analytical solutions for temperature variations
in the heavy water sample are based entirely on the assumption that
the heat transfer in the sample is by heat conduction. It can be seen
that even for a small heating rate of approximately‘lOOC per hour, the
maximum temperature difference in the heavy water sample would approach
13°C. Since the thermodynamic properties are equilibrium properties,
such temperature variations in the sample would vitiate the measure-
ments.

In order to prevent the occurrence of large temperature varia-
tions in the heavy water sample, a heat diffusion system constructed
from silver plates having a thickness of 0.01 inches was installed
inside the calorimeter shell. The reason for choosing pure silver to
fabricate the heat diffusion system is that it possesses an extremely
high thermal conductivity and good oxidation characteristics. Figure.
13 is a photograph of the completed silver heat diffusion system while
Figure 14 is a photograph of the silver heat diffusion system during
the initial phase of installation into the calorimeter shell.

Detailed é:;wings of the silver heat diffusion system are given

in Figure 1C, 2C and 3C of Appendix C. The spacing between the
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concentric silver cylinders is one quarter of an inch while the total
heat exchange surface of the heat diffusion system amounted to approxi-
mately 467 square inches.

The temperature distribution in the heavy water sample between

the cylinders may be obtained from the following equation of heat

flow
2 1 aT 1l 3T
37 13T 12T e ereeeeeean. e (20)
ai, rar a aT

It was shown in reference 24 that the temperature difference
between the surface of cylinders and the mid plane of the heavy water

sample is

2
_ B B(b )
AT-LPO{. (r' —a)+m(lnr—lna)
b, . (20)
where r =2 ; b

A graph of the temperature difference in the heavy water sample
between the cylinder of 2.25 inches diameter and of 2.75 inches dia-
meter for various heating rates is shown in Figure 15. It can be seen
that at a heating rate of 10°C per hour the maximum temperature
difference in the heavy water sample would not exceed 0.07°C. Based
on test results the surface temperature variations along the calori-
meter shell was found to be less than 0.2°C at a heating rate of 10°¢
per hour. In view of this it may be concluded that the silver heat
diffusion system was effective in minimizing the temperature difference
in the heavy water sample. The additional temperature variations on
the calorimeter surface amounting to approximately 0.1% may be

attributed to, (i) heat conduction along the differential thermocouple
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leads, power leads, resistance thermometer leads and support tubing,
(ii) convection in the heavy water sample, (iii) uneven resistivity
and heating of the calorimeter heater.

C) Calorimeter Heaters

The calorimeter heaters consisted of a single Inconel conductor
approximately 0.01 inches in diameter insulated by magnesia oxide
powder and sheathed in a 0.04 inches Inconel tube. A cross section
of this special wire is shown in Figure 16. Two 30 feet lengths of
this wire each having a total resistance of approximately 105 ohms were
employed in the calorimeter as a bottom and upper zone heater. Both
heaters were wrapped around the concentric cylinders of the heat
diffusion system but at different locations. One heater was placed on
the upper part of the silver heat diffusion system whereas the other
was placed on the lower part of the heat diffusion system. Figure 1C
of Appendix C gives an indication of how the heaters were wrapped around
the concentric cylinders. During the low filling constant mass experi-
ments, or the liquid withdrawal tests only the bottom zone heater of
the calorimeter was employed. On the other hand during the high filling

constant mass experiments both calorimeter heaters, bottom zone and

upper zone heaters, were employed. With this arrangement, the tempera-
ture distributions over the metal surfaces of the calorimeter and
adiabatic shield in the high filling and low filling experiments were
essentially the same, consequently the heat leaks in these two types

of experiments were almost identical. Figures 17 and 18 show the
temperature variations on the surface of the calorimeter during a
typical high filling and low filling constant mass experiment whereas

the locations of the various differential thermocouples installed on
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the calorimeter are given in Figure 19. It is evident that the
difference in temperature variations on the calorimeter and adiabatic
shield during high and low mass filling experiments were within approxi-
mately 0.03°C with the exception of the bottom part which seemed to
differ by about 0.1°C.

Great care was taken that all parts of the calorimeter were
clean before the calorimeter was assembled. They were washed with warm
soapy water, acetone and then rinsed with distilled water and dried in
a stream of nitrogen (25). The interior surface of the calorimeter
shell was kept as clean as possible during welding process by purging
argon into the vessel. Also the calorimeter was flushed several times
by alternately injecting and evacuating hot distilled water after

welding.

3-2. The Adiabatic Shield

The adiabatic shield as shown in Figure 20 was spun from sheets
of oxygen free high thefmal conductivity pure copper into hemispheres
having a diameter of approximately 7 inches and a wall thickness of
approximately 1/8 inches. The hemispheres were joined together by
means of screws at the equator. Two Inconel sheathed heating coils
were silver soldered in grooves which in turn were machined uniformly
over the entire surface of the adiabatic shield. This method of
fastening heating elements gave a very uniform surface temperature of
the adiabatic shield. It was found for example that at a heating rate
of 10°% per hour the temperature variations on the adiabatic shield
were within 0.05°C with the exception of the bottom part which was

about 0.25°C lower in temperature than the other
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21

i RC

L CALORIME TER
RA ADIABATIC SHIELD

_ OUTER GUARD
RO

RC = REFERENCE JUNCTION OF T.C. NO. 4,7, 8

RA = REFERENCE JUNCTION OF T.C. NO.1l, 12,15 &16
RO = REFERENCE JUNCTION OF T.C. NO. I9, 20 & 2i

FIGURE 19 LOCATIONS OF DIFFERENTIAL THERMOCOUPLES
INSTALLED ON" APPARATUS
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partsf (Refer to Figure 17). This may be attributed to the extra
thermal load on the bottom part produced by the leads of differential
thermocouples, ceramic supports, and the power leads of adiabatic
shields It is noteworthy that the present adiabatic shield was an
improvement regarding isothermality over the old adiabatic shield which
was employed by the writer of this thesis in reference 24. For exampbde,
the temperature variations along the surface of the old adiabatic shield
were as large as O.5°C at a heating rate of 10°% per hour.

The main purpose of the adiabatic shield is to minimize heat

exchange to or from the calorimeter. There are two ways to reduce the
undesired heat exchange. Firstly, the heat transfer coefficient
between the calorimeter and the adiabatic shield is made as small as
possible., The heat transfer coetficient includes gaseous conduction,
convection and radiation as well as thermal conduction through the solid
connectors between the calorimeter and adiabatic shield. Secondly, the
temperature of the calorimeter and the adiabatic shield are matched as
closely as possible.,

In the present apparatus the gaseous conduction and convection
was minimized by evacuating the space between the calorimeter and the

adiabatic shield to 0.02 mm Hg. Heat conduction along the various

differential thermocouples were reduced by using a small size wire
(#30 gauge or approximately 0.01" diameter). The thermal radiation was
reduced by making the emissivity of the exterior surface of the calori-

meter and the interior surface of the adiabatic shield as small as

* .

Supplementary tests with heating wires cemented to the surface
of the adiabatic shield indicated that the temperature variations
would most likely be in excess of O.5°C.




uy
possible. Hence the calorimeter was polished to a mirror finish,
whereas the two surfaces of the adiabatic shield were gold plated and
polished. Figure 21 is a photograph which serves to illustrate the
surface finishes of the calorimeter, adiabatic shield and outer guard.

The temperature of the adiabatic shield was maintained at the
same level to that of the calorimeter by means of a suitable automatic

control system described in a later section.

3-3. The Outer Guard

The outer guard was somewhat different in construction to the
adiabatic shield. It was made from 99.98 percent electrolytic tough
pitch copper in the form of two thick-walled hemispheres approximately
8 3/4 inches and 9 3/4 inches in inside and outside diameters,
respectively. The hemispheres were clamped together on a metal gasket
installed at the equator. TFour Inconel sheathed heating coils were
embedded in the grooves which were machined uniformly over the entire
surface of the heavy copper shell. These heating elements were
connected in parallel. The outside surface of the guard was coated
with Thermostix* cement. A stainless steel vacuum tube, 3/4 inch dia-
meter, was connected to the bottom of the outer guard for evacuating
the inside space. The whole assembly was mounted in a 20 inches
diameter aluminium spherical container and insulated with diatomaceous
earth. This outer guard was initially designed and built by Mr. W.
Haessler (26), a graduate student of the Faculty of Engineering Science,

The University of Western Ontario, and modified by the writer of this

b3
Thermostix, Adhesive Products Corporation, 1660 Boone Avenue,

Bronx, N.Y., U.S.A.
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thesis. A view of the outer guard is given in Figure 22.

The outer guard is for the purpose of preventing the changes in
the ambient in the laboratory from influencing the adiabatic shield
and providing a high vacuum space to minimize heat transfer between
the calorimeter and its surroundings. It also supplies most of the
heat which is lost to the outside. This guard was successful in
operatihg at a vacuum of 0.02 mm Hg and the temperature variation
over the entire surface was less than 0.3°C at a heating rate of 10°¢
per hour and at a guard temperature of 300°C. Figure 23 shows the
temperature variation on the outer guard during a typical constant

mass experiment.

3-4., Connections to the Calorimeter

The calorimeter was supported by a 1/4 in. in diameter and 15
in. long Inconel tube. This tube was silver soldered to the bottom of
the calorimeter and extended to the connection box without making any
contact with the adiabatic shield and outer guard. An Inconel sheathed
heater as shown in Figure 11 was silver soldered on this tube about 3/u4
in. below the calorimeter. This heater was used to provide the heat

which was lost along the tubes (calorimeter support and liquid with-

drawal) to the outside ambient, consequently the heat loss from the

b

calorimeter through these connections was prevented.
The smaller liquid withdrawal tube which served for the introduction

and removal of the liquid sample was installed inside of the calorimeter

%

A short copper heat conduction ring was forced into the annulus
between the withdrawal tube and the support tube to facilitate heat
transfer from the support tube to the withdrawal tube.
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support tube. This tube was made from 1/16 in, diameter Inconel
tubing 21 inches long. The volume of this liquid withdrawal tube
amounted to only 0,06 percent of the internal volume of the calori-
meter.

A vapour withdiawal tube will be fagtened to the uppermost
part of the calorimeter after completion of the constant mass
experiments and liquid withdrawal tests. A baffle made from silver
wire was installed under the vapour withdrawal tube to prevent any
drops of liquid that might get into the vapour line during experi-

ments.,

3>5. Thermometric Installation
The thermometric installation of this apparatus included a

platinum resistance thermometer capsule and fourteen differential
thermocouples attached at various positions on the outer surface of the
calorimeter, adiabatic- shield and outer guard. The plafinum resistance
thermometer capsule used to measﬁre the temperature ofAthe heavy water
sample was inserted into the thermowell located in the center of the
calorimeter. Intimate thermal contact between the thermomefer and the
thermowell was obtained by packing the excess space around the thermpe

meter with magnesia oxide powder. The extension leads (pure platinum

wire insulated with fiberglass) of the thermometer were fastened to the
surface of the calorimeter for a distance of approximately 8 inches

k3 = - *
with Sauereisen cement.

*
Sauvereisen No. 14, Sauereisen Cements Co,, Pittsburgh 15, Penna.,

U.S.A.
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Two four-junction differential thermocouples were employed to
detect the temperature difference signals between the calorimeter and
adiabatic shield, and between the adiabatic shield and outer guard.

Two differential thermocouples were also used to control the power input
to the tube heaters while ten differential thermocouples were used to
measure the temperature variations on the surfaces of the calorimeter
shell, adiabatic shield and outer guard. Figure 6 gives the indication
of the location of these differential thermocouples. The common junctions
for these thermocouples were located at the bottom of the calorimeter,
adiabatic shield and outer guard.

The thermocouples used inside of this apparatus were fabricated
with 30 gauge copper and constantan wires which were insulated with
fiberglass. The thermocouple junctions were enclosed in silver tabs
about 3/8 in. wide and 1/2 in. long. They were insulated from the
silver tabs with mica strips. A cross section of this arrangement is
shown in Figure 24. After inserting fhe junctions and the mica insulat-
ing strips into the silver tabs, the silver was crimped tightly on the
mica by pressing in a vise. The sheathed junctions were held in place

. o
on the surface of the calorimeter by Thermostix cement and on the

surfaces of the adiabétic shield and outer guard by two screws (3/64
in. diameter). Qualitative test indicated that Thermostix gave a

better bond than Sauereisen #1 and 33. Figure 25 and Figure 26 show
how the thermojunctions and extension leads of the thermocouples were

fastened or cemented to the surfaces of the calorimeter and the

Thermostix, Adhesive Products Corporation, 1660 Boone Avenue,
BPODX,‘ N.Y. 9 U.SIA.
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THERMOCOUPLE WIRE

==
_/ \—— SILVER

MICA

FIGURE 24 THERMOJUNCTIONS
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adiabatic shield.

The leads, which included eight power leads, fifteen thermocouple
leads and four thermometer leads, entered the vacuum space through the
Conax seals at the connection box as shown in Figure 6 and passed up
to the calorimeter, adiabatic shield and outer guard through the

vacuum tube.

3-6. The Control Valve

During fhe liquid or vapour withdrawal test, only a small amount
of liquid or vapour of the sahple is withdrawn from the calorimeter, thus
the control valve must be able to make extremely small incremental
adjustments to the flow rate. The success of these two types of experi-
ments is largely dependent on the flow rate control. If the flow rate
is too large the temﬁerature of the fluid sample will drop whereas if
the flow rate is too small the temperature of the fluid sample will
increasef

Moyse (27), an undergraduate student at the Faculty of Engineering
Science, The University of Western Ontario, conducted the liquid with-
drawal tests on light.water by employing a regular needle valve* having
an orifice diameter of 0.08‘inches. He found that with this type of
valve the adjustments made to the flow rate were too coarse and the
temperature of the fluid sample departed from isothermality during test
as high as 0.1%.

The control valve employed in this research for liquid withdrawal

%*
Needle Valve, #0 Series, Whitey Research Tool Co., 5525
Marshall Street, Oakland 8, California, U.S.A.
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tests was a commerciél micro-metering needle valve*. This valve
utilized a 0.02 inches orifice diameter and a spring loaded stem to
control the flow. The valve stem was tapered from 0.02 inches diameter
to 0.01 inches diameter and was spring loaded to avoid damage to the
valve when over closed. The fine flow control feature of this valve
was combined with a forty turn micrometer handle to give precise
control and repeatable flow control settings. Figure 27 shows the
construction of the micro-metering needle valve. With this valve the
liquid withdrawal flow rate at approximately 4 grams per minute was
easily obtainable. The temperature of the fluid sample during a liquid
withdrawal test could be maintained to with * 0.02°C by adjusting the
valve properly. Table 3 gives the valve setting and the approximate
flow rate at various saturation temperatures of heavy water whereas
Figure 28 shows the temperature variations of the calorimeter with time
during a typical run of liquid withdrawal test. It is evident that
this micro-metering needle valve is suitable for the liquid withdrawal

test.

%
Micro-metering Needle Valve, #22 Series, Whitey Research Tool Co.
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CONNECTION | NUMBER B | Br| D |E |"oPEN |CLOSED
1 3113113 1 211 9 5
& SWAGELOK | 22Rs2 216 1351153 132 7| 36| 318
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H
OPEN

H -~ CLOSED

PANEL
HOLE DRILL

- m |e—0

ORIFICE S1ZE: .020"

SPECIFICATIONS

MATERIALS:

Type 316 stainless steel for: Bonnet
Body Glands
Stem Stem spring
Micrometer handle Packing nut
Panel nut Fitting components

PACKING: Viton-A O-ring

HANDLE: Stainless steel micrometer
handie with glare proof finish.
PRESSURE RATING: 3000 psi at room
temperature.

TEMPERATURE RATING: 400-50"° F.
Maximum with Viton-A packing.

FIGURE 27 THE MICRO—METERING NEEDLE VALVE
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TABLE 3

CONTROL VALVE SETTING AND FLOW RATE AT VARIOUS
SATURATION TEMPERATURES OF HEAVY WATER

Temperature Valve Setting Approximate
(°c) (Turns) Flow Rate (g/Min.)
12
100 3 2 3.7
n 18
125 4 35 b,7
20
150 3 35 3.9
7
175 3 35 3.5
y
200 b 4.2
225 L = 4.3
25 -
15
250 L 35 4.6
13
275 L 35 4.5
12
300 L 35 4.5
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FIGURE 28 TEMPERATURE VARIATIONS OF THE CALORIMETER
DURING A TYPICAL LIQUID WITHDRAWAL TEST

THERMOCOUPLE OUTPUT,



CHAPTER U4

INSTRUMENTATION

Highly precise instruments were employed in this research to
measure the absolute temperature, the energy input into the calori-
meter, the mass of water sample and the temperature difference between
the calorimeter, adiabatic shield and outer guard. Figure 29 is a

schematic diagram of the instrumentation circuit.

4-1, Temperature Measurement

The temperature of the water sample was determined by a laboratory
standard platinum resistance capsule. This capsule thermometer was
carefully calibrated against a long stemmed 25 ohm international primary
standard platinum resistance thermometer, which in turn was calibrated
by the National Research Council of Canada at the triple point of water,
Steam point and the sulphur point. Details and results of the calibra-
tion tests performed on the capsule standard thermometer are given in
a later section of this thesis.

An isolating potential comparator in conjunction with a thermo-
stated four terminal resistor was used to measure the resistance of
the thermometer. This method of temperature measurement was developed
by Dr. Dauphinee (28) of the National Research Council of Canada. A
schematic diagram illustrating the principle of operation of the
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comparator method of temperature measurement is shown in Figure 30.

The resistance of the capsule thermometer was measured accurately
to within + 0.001% using an isolating potential comparator (Type 9800),
with a thermally insulatéd four terminal resistor (Type 9801). A
direct comparison is made of the voltage drop across the resistance
thermometer and the known value of the resistor dialed into the variable
four terminal resistor. A low thermal switch, or chopper, switches a
capacitor alternately from the potential leads of one resistor to the
potential leads of the other. Any difference between the two potential
drops results in small pulses of charging current through the capacitor,
and these pulses deflect a galvanometer which is connected in series
with one of the potential leads.

1f the variable four terminal resistor is adjusted to make the
potential appearing at its potential terminals equal to the potential
across the resistance thermometer, as established by a galvanometer
balance, then the two resistors must be equal and the resistance of the
thermometer can be read directly from the dial reading of the variable
four terminal resistor. The lowest resistance increment of 100 microhm
(0.0001C0 ohms) corresponds to a temperature change of approximately

0.001°C for 25 ohm resistance thermometer.

4-2. Temperature Difference Measurement

Differential copper-constantan thermocouples were used to detect
the temperature difference between the calorimeter, adiabatic shield and
the outer guard as well as to survey the surface temperature variations
on the calorimeter, adiabatic shield and the outer guard. The reason

for using copper-constantan differential thermocouples in this research
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is that the inhomogeneity emf generated in a pure copper wire (24) is
much less than any other kind of wires. Consequently if the copper
legs of a differential copper-constantan thermocouple are made to pass
from the high temperature region of the calorimeter to the low tempera-
ture region of the measuring instrument in the laboratory and the
constantan wire is kept in the more or less isothermal environment
between the calorimeter and outer guard the error in the thermocouple
due to the inhomogeneity emf would be minimized.

A 24 point recorder which required a full scale input signal of
5 millivolts on its most sensitive range and which was connected to a
microvolt amplifier was employed to record the voltage outputs from
the differential thermocouple. The voltage output from the differential
thermocouples was initially amplified by the microvolt amplifier and
then fed into the recorder. With this arrangement the most sensitive
range on the 10 inches wide recorder chart was 25 microvolts for full
scale deflection. This equipment was capable of measuring temperature
difference accurate to + 1 percent. Details of the calibration of this

equipment against a microvolt potentiometer may be found in reference

(25).

4-3. Energy Measurements

The method of energy measurement was that of the well known
potentiometer volt-box technique and it essentially consisted of deter-
mining the D.C. current flowing through the calorimeter heater and
determining the potential drop developed across the calorimeter heater.
The circuits for the energy measurement are shown in Figure 29. Since

the D.C. current flowing through the calorimeter heater is the same as
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that flowing through the standard resistor, it can be obtained from
a determination of the voltage drop across the standard resistor.

The voltage across the heater and standard resistor was measured by
means of the volt-box and potentiometer whereas the potential drop
developed across the standard resistor was measured by virtue of the
potentiometer.

The power supplied to the calorimeter can be evaluated by means
of the following equation,
H's

Rg

P = feereresnnesesianaess (22)

where P is the power supplied to the calorimeter

VH = VH+S - VS = voltage drop across the calorimeter heater
V' +s voltage drop across the calorimeter heater and the

standard resistor
VS is the voltage drop across the standard resistor
RS is the resistance of the standard resistor which in this
research had a nominal value of one ohm.

The time during which power was being suppliedlto the calorimeter
heater was measured by means of a precision 0.1 second interval timer
operated on a 60 cycle frequency standard. The timer having an accuracy
of one part in 10000 was designed and constructed by the Electronics
Shop of the Faculty of Engineering Science, The University of Western
Ontario.

The potentiometer was certified accurate to 0.005% and was
standardized against one of the six cadmium saturated type standard
cells which received an absolute calibration from the National Bureau

of Standards accurate to = 0.0005 percent. The volt-box had a reported
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accuracy of * 0.005 percent. The standard four terminal one-ohm
resistor was calibrated by the National Research Council of Canada and
was certified to * 0.005 percent accuracy.

The total percent error of the energy measurements may be computed

from the following relationship,

% E

% VH + % VS + % RS + % T

0.01% + 0.005% + 0.005% + 0.01%

1

+ 0.03%
More specifically the accuracy of calorimeter energy measurement is
estimated to be of the order of * 0.03%.

During a constant mass experiment the resistance of the calori-
meter heater increases slightly with temperature. Thus the total power
supplied to the calorimeter decreases slightly with time. ~In view of
this the D.C. power to the calorimeter heater was measured at every 500
seconds interval. A graph of the variation of the input power with time
is shown in Figure 31. It is evident from this curve that the total
variation of power is of the order of 0.5% and that the overall precision
of power measurement is well within 0.01%.

The experimental data of the energy measurements were analysed
by three different methods (i.e. arithmetic mean method, graphical
method and least squares method). In the arithmetic mean method the
"average voltage" and "average current' were obtained from the indivi-
dual measurements of voltage and current over the length of the test.

In the graphical method a straight line was drawn through the individual
points whereas in the least squares method a straight line was fitted
through the individual points. Table 4 gives a typical set of the

analytical results. It can be seen that the maximum deviation between
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each method is no more.than 0.003%. In view of the fact that this
small deviation is ten times smaller than the estimated accuracy of
measurement the arithmetic mean method was employed to evaluate the

input power to the calorimeter in this thesis.

TABLE 4

ANALYTICAL VALUES OF THE POWER MEASUREMENTS OF A
CONSTANT MASS EXPERIMENT ON LIGHT WATER (RUN #4)

Data Reduction Method Total Energy Added (I.J.)
Arithmetic Mean Method 248769.5
Graphic Method 2u8777.9
Least Squares Method 2u48775.4

4-4, Mass Measurement

The masses of the light and heavy water samples used in this
research were determined by the method of substitution as described in
Chapter 6. All weighing of the water samples and the containers were
measured by means of precise Mettler analytical balance.

This balance had a maximum capacity of 1000 grams and an accuracy
of approximately 0.0001 grams. Since the masses of the samples involved
in this presearch were no less than 200 grams for the constant mass
experiments and 20 grams for the liquid withdrawal tests, the maximum
errors which resulted through the use of this analytical balance were
no more than + 0.0001% and * 0.001% for the constant mass experiments

and the liquid withdrawal tests respectively.
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~

4-5, Temperature Control

In order to maintain the temperature of the adiabatic shield as
closely as possible to the temperature of the calorimeter during test
conditions, a commercial automatic control system was employed in this
apparatus. The temperature differences between the calorimeter,
adiabatic shield and outer guard were detected by two copper-constantan
differential thermocouples each having four junctions. The emf error
signal due to temperature inequality between the calorimeter and the
adiabatic shield from the control thermocouple was firstly amplified by
a deviation amplifier and then fed into a three mode controller which
had proportional, reset and rate control. This controller in turn drove
a SCR power supply to give proper current to the heaters of the adia-
batic shield. With this equipment, it was possible to control and
maintain the temperature difference between the calorimeter and the
adiabatic shield in the vicinity of the differential thermocouple
junctions constant to within * 0.002°. A typical temperature difference
between the calorimeter and the adiabatic shield obtained by means of
the four junction differential thermocouple is shown in Figure 32.

Manual operations were used to maintain the temperature of the
outer guard at a level very close to that of the adiabatic shield. The
signal from the control thermocouple was amplified by a microvolt
amplifier and recorded by a potentiometer recorder. The operator would
either increase or decrease the current flowing in the heaters of the
outer guard, depending on the algebraic sign of the signals. By means
of this type of simple control the temperature difference signal between

the adiabatic shield and the outer guard was well within * 0.01°%.
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CHAPTER 5
CALTBRATION OF INSTRUMENTATION

5.1. Absolute Temperature Standards

A long stemmed 25 ohm laboratory platinum resistance thermometer
served as the absolute standard of temperature in the Thermodynamics
laboratory of the Faculty of Engineering Science of The University of
Western Ontario. This highly stable laboratory platinum resistance
thermometer was calibrated against the International Practical Tempera-
ture Scale by the Division of Pure Physics of the National Research
Council of Canada at the ice point, steam point and sulphur point. The
constants in the internationally recognized resistance-temperature
.relationship R/Ro =1 + AT + BT2 for the laboratory standard were certi-

fied by the National Research Council of Canada (29) to be as follows:

R, = ice point resistance = 25.5400 ohms
A = 3.98478 x 107°

B = -5.8568 x 107~

T = temperature in c.

In addition the ratio of the resistance of thermometer at steam point
(lOOBC) and at ice point (0°c) was found to be 1.3926.

According to the specifications of the International Committee
on Weights and Measures (30) if the ratio of the steam point resistance

70
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and the ice point resistance of a resistance thermometer is 1.3920 or

greater (i.e. R,,4 /R, 2 1.3920) and the B constant is in the range

from -5.8670 x 10~ to -5.8470 x 107/ (i.e. B = 5.8570 % 0.0100 x 10”7

)
the thermometer may be classified as an "International Standard"

which is capable of faithfully reproducing the "International Practical
Temperature Scale". On the basis of the certified values for RlOO/RO
and B given by National Research Council of Canada (29) it may be
concluded that the U.W.0. laboratory standard thermometer is a recog-
nized "International Standard".

The U.W.O0. international standard thermometer was checked
frequently with a triple point of water apparatus. According to the
manufacturers' specifications the triple point cell reproduces the
triple point of water to within % 0.0005°C. The results of a few of
these routine checks at the triple point is given in Table 5. Based
on all of the test résults on the triple point, it may be concluded that
the resistance temperature calibration of the U.W.O. international
standard resistance thermometer has not shifted from its original
calibration by more than four parts in one million (i.e. 4 parts in
106). This small shift in temperature (0.001°C) is entirely acceptable

in this research program.

5-2. Calibration of the Laboratory Standard Platinum Resistance

Thermometer Capsule ‘

The capsule thermometer was 1.75 inches in length and 0.219 inches
in diameter, made from fully annealed, high purity platinum wire and
mounted essentially strain free in a platinum case. A view of the

primary laboratory standard thermometer of U.W.0. and the capsule



Date

May 20, 1966
June 13, 1966
June 8, 1967
Sept. 12, 1967
Sept. 25, 1968

May 4, 1969

oo

TABLE 5

TRIPLE POINT RESISTANCE OF THE

STANDARD RESISTANCE THERMOMETER

Triple Point

Resistance™

Ohms

25.5u410

25.54105

25.5411

25.5411

25,5411

25,5411

Corresponding Ice
Point Resistance
Ohms
25.5400
25.54005
25.5401
25,5401

25,5401

25,5401

72

NRC Ice Point
Resistance
Ohms
25.5400
25.5400
25.5400
25.5400

25.5400

25.5400

“The triple point resistance inferred from the NRC calibration is

25.5410 ohms.

L
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thermometer is given in Figure 33. )

The capsule thermometer which was to be inserted into the
thermowell of the calorimeter had an initial triple point resistance
value of 25.5653 ohms. It was calibrated by comparison against the
previously mentioned U.W.0. international standard platinum resistance
thermometer in an isothermal comparator furnace. Details of which are
given in Appendix D.

Thirty two calibration points were obtained mainly at 100, 200,
550 and 400°C and are summarized in Table 1D of Appendix D. The con-
stants A and B in the equation R/Ro = 1 + AT + BT2 were calculated from
these calibration data and found to be 3.98447 X 1072 and -5.8568 x 1077
respectively. The ice point resistance RO was inferred from the triple
point resistance to be 05.5643 ohms. The ratio of the steam point
resistance and the ice point resistance of the capsule thermometer was
also found to be 1.3925.

Since the ratio of the steam point presistance and the ice point
resistance and the B constant of this capsule thermometer satisfy the
specifications of the International Committee on Weights and Measures,
this thermometer may be classified as an "International Standard

Thermometer'.

5-3. Absolute Voltage Standard

A group of six cadmium saturated standard cells mounted in a
temperature controlled oven served as the absolute voltage reference
for the Faculty of Engineering Science of The University of Western
Ontario. These cells were initially calibrated accurate to 0.0005% by

the National Bureau of Standards before being transported carefully to
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the Applied Thermodynamics laboratory of the Faculty of Engineering
Science in January 1966. From that date until the most recent cali-
bration test on these cells, the temperature of the cells never varied
by more than % 0.03°.

The standard cells were intercompared frequently to check their
stability with time. The technique of the intercomparisons consisted
of connecting two cells in series opposition and measuring the differ-
ence in voltage between the two cells with a sensitive microvolt
potentiometer in conjunction with a photoelectric galvanometer. All
connections were made with 20 gauge pure copper wire in PVC insulation
to avoid the spurious emfs in the circuit. A schematic diagram of the
test set-up used for this purpose is given in Figure 34. A few of the
intercomparison test results are shown in Table 6. It can be seen that
none of the cells showed any significant deviation from the initial
calibration values. The emf of No. 5 cell, however, seemed to have
fallen by approximately 4 microvolts in the past four years. It is
evident that the six standard cells are stable to three parts in one

million.

5-4, Calibration of the Variable Four Terminal Resistor

The variable four terminal resistor consisted of seven dials,

each dial had the following resolution:

Dial 1 10 steps of 10000 ohms
Dial 2 10 steps of 1000 ohms
Dial 3 10 steps of 100 ohms
Dial 4 10 steps of 10 ohms

Dial 5 10 steps of 1 ohm
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Dial 6 -10 steps of 0.1 ohms

Dial 7 100 steps of 0.001 ohms
In addition Diéls 3 to 7 could be used independently for six figure
resolution of low resistance values. If dials 1 and 2 were set to
zero, dials 3 to 7 could be shunted by means of a single plug switch
to give a total resistance of 111.110, 11.1110or 1.11110 ohms with six
figure resolution as follows:

111.110¢ ohms total in steps of 0.0001 ohms

11.1110% oﬁms total in steps of 0.06001 ohms

l.llllOf ohms total in steps of 0.000001 ohms.

The variable four terminal resistor was calibrated by the manu-
facturer against a set of standard resistors supplied by the National
Research Council of Canada. The total resistance of the lower five
dials which was employed in the temperature measurements in this
research was adjusted accurate to one part per one million (i.e. one
part per 106), the precision of these five dials was limited only by
the linearity of the dials. It was, therefore, necessary to know the
linearity of the dials and a linearity check was conducted in the
Applied Thermodynamics laboratory of the Faculty of Engineering Science.
Details of which are given in Appendix E.

The calibration results are summarized in Tables 1lE to 4E of
Appendix E. On the basis of these calibration data, it may be concluded
that the percentage error of the lower five dials on the variable four
terminal resistor is well within the manufacturer's specification of

+ 0.001% of reading.
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5-5. Calibration of the Potentiometer

There were two Cambridge Vernier Potentiometers employed in this
research program. Both potentiometers were initially calibrated by
the manufacturer in accordance with British National Standard and
certified to be accurate to 0.005%. The older one, V.P.1l, was cali-
brated in 1965, the other, V.P.2, in 1969. For V.P.2, the uncertainty
on the voltage across any measuring section of the potentiometer to
the voltage across section 10 of the dial marked x 0.1 volt was no more
than * 5 parts in one million. The uncertainty in corresponding ratio
of the standard cell section to section 10 of the dial marked x 0.1
volt was estimated within * 10 parts in one million. During the pro-
gress of this research program V.P.1 was used as a working potentio-
mefer whereas V.P.2 was kept as a laboratory standard. In order to
ascertain their relative stability, both potentiometers were intercom-
pared in the Applied Thermodynamics laboratory. Details of this
intercomparison are given in Appendix F.

Tables 1F to 3F of Appendix F give the intercomparison test
results conducted on the two potentiometers. It may be concluded that
the two potentiometers are evidently stable to about 4 parts in one

million.

5-6. Calibration of the Standard Shunt

The standard shunt used in this research was one of the multiple
standard resistors which was intended for the potentiometric measure-
ment of direct currents. This compact unit consisted of seven four
terminal standard resistors with one set éf current and potential

terminals and two plugs for the selection of the required resistance
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value. This whole unit was initially calibrated by the National
Research Council of Canada. For one-ohm standard resistor it was
certified to within * 0.005% accuracy. In order to confirm this
certification calibration test was conducted on this one-ohm standard
resistor in this laboratory.

The method of checking the standard shunt was the potentiometric
comparative method in which the standard shunt was compared directly
with a primary standard resistor using an isolating potential compara-
tor. The primary standard resistor was the Thomas type one-ohm standard
resistor. The primary standard resistor was calibrated by the National
Bureau of Standards, the resistor was certified to have a resistance
of 1.0000002 ohms accurate to 0.0001 percent at the temperature of
25.0°C. The temperature coefficients of this standard resistor were
reported as follows:

Alpha (a)

+ 0.000003

Beta (B) - 0.0000005

Thus the absolute value at any temperature within the 20 to 30°¢
interval (31) may be calculated by the following equation:
2
Rt = R25 1 +a(t-25)+8 (t- 25)
® 00 00 60 0000000000000 (23)
where R is the resistance at temperature £°c

t
R25 is the resistance at 25°C.
Since the comparison test was conducted at 21°C, the absolute
value of the primary standard resistor had a calculated value of
0.999980 ohms. The difference of resistance between the primary

standard resistor and the shunt was found to be 26 x 10-6 ohms. The

absolute value of the standard shunt was determined in terms of the
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peference standakd resistor to be 1.000006 ohms. In view of this it
may be concluded that this standard shunt is accurate to within 10

parts in one million (i.e. 10 parts in 106) or 0.001 percent.

5-7. Calibration of the Volt Box

The volt box employed in this research program was certified by
the manufacturer to be accurate to within + 0.005%. In addition a
self-check was conducted in this laboratory to confirm the manufacturer's
statement related to the accuracy of the volt -box. The method of check-
ing the volt box was fully deséribed by the writer of this thesis in
preference (32). Table 7 gives a typical set of calibration test
results conducted on the volt box. It may be concluded that the per-
centage error in the normal ratio factor given for the volt box is well
within + 0.005%. These tests verify the manufacturer's statement

related to the accuracy of the volt box.
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CHAPTER 6

EXPERIMENTAL PROCEDURES

6-1. Light Water and Heavy Water Samples

The light water employed was ordinary distilled water taken
from a communal supply. It was further purified and degassed by two
successive distillations in a special corning all-glass water distilla-
tion unit. The electrical conductivity of the triple distilled and
degassed light water sample just prior to it being charged into the
calorimeter was lO-6 mho per cm.

The heavy water samples used in this research were supplied by
the Atomic Energy of Canada Limited in 1968. The heavy water was
stored in a Polyethelene bottle and possessed a purity of 99.78%.

This material was degassed by boiling under vacuum before being

charged into the calorimeter.

6-2. Constant Mass Experiments

The heavy water or light water sample was first transferred to
a glass container. After the initial weighing, the glass containér
with its charge of water was connected to the filling tube as shown
in Figure 35. The calorimeter and the f£illing tube were then
evacuated to a pressure of less than 0.005 mm Hg. Under this pres-
sure the calorimeter was considered sufficiently gas-free. The
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CALORIMETER

VESSEL

CONAX SEAL —-

‘VACUUM VALVE

HIGH PRESSURE VALVE = n |
UNION — VACUUM PUMP

FILLING VALVE
“\CLOSED SEAL

0,0 CONTAINER”/—

FIGURE 35 SET-UP FOR CHARGING THE CALORIMETER WITH HEAVY WATER
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vacuum valve was then closed and the filling valve opened. The water
sample in the glass container was forced into the calorimeter by its
own vapour pressure using a hot plate to heat the glass container.
Upon the completion of charging the calorimeter, the high pressure
valve was closed and the glass container and the union were detached
and weighed to the nearest 0.0001 gram on an analytical balance. The
net charge lntroduced into the calorimeter system was obtained by sub-
tracting the final weight from the initial welght . In order to ensure
the experiments were conducted in two phase region, the heavy water
samples were added to the calorimeter no more than 760 grams for high
filling constant mass experiments or no less than 80 grams for low
filling constant mass experiments. This was based on the calculation
of the known volume of the calorimeter and the specific volumes of
saturated heavy water liquid and vapour (33). At 300°C there would be
still a small amount of vapour or liquid in equilibrium with its liquid
or vapour respectively.

Before starting a series of constant mass experiments, the
apparatus was brought to a desired initial temperature and allowed to
reach equilibrium. Just prior to starting an experiment, the tempera-
ture of the water sample was measured very carefully, and then a
constant electrical power WwWas supplied to the calorimeter heater or
heaters. During the heating period, the temperature of the adiabatic
shield and the temperature of the outer guard were maintained essen-

tially at the same level as the calorimeter by automatically and

The bouyancy corrections were eliminated by this procedure.
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manually adjust%ng the electrical energy to the adiabatic shield and
outer guard heaters respectively. In addition, adjustments were made
to the electrical power going into the calorimeter support tube and
vacuum tube heaters. These later adjustments insured that the heat
flows by conduction along the tubes from or to the calorimeter were
eliminated.

The input power to the calorimeter was recorded every 500 seconds
whereas the temperature difference between the calorimeter and the
adiabatic shield, and between the adiabatic shield and the outer guard
were recorded by a recorder every 20 seconds.

After a predetermined amount of time, the electric energy to the
calorimeter was turned off. The temperature of the calorimeter was
recorded until the apparatus reached a final equilibrium state. The
total energy added to tbe f£luid related to its temperature change was

then calculated.

6-3. Liquid Withdrawal Test

In preparation for a series of liquid withdrawal tests, the
calorimeter was charged a measured quantity of water sample and the
apparatus was then bréught to a chosen temperature and allowed to
reach equilibrium. |

Before starting the test, a liquid receiver was attached to the
liquid withdrawal line. The energy required for the experiment was
estimated so that the flow rate would be approximately a chosen value.
The initial equilibrium temperature of the calorimeter was measured
firstly and the input power wWas turned on. The operator opened the

control valve as quickly as possible and adjusted the flow rate until
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the calorimeter was, maintained at an jsothermal condition. Readings
of the differential thermocouples and the power to the calorimeter
heater were recorded as before. At a chosen instant, the input power
was turned off. The control valve was manually adjusted several
times in order to bring the calorimeter and its contents back to the
initial equilibrium temperature. The final temperature was then
observed. The water withdrawn was collected and weighed. The total

energy added and the mass withdrawn were calculated.



CHAPTER 7

HEAT EXCHANGE BETWEEN THE CALORIMETER

AND ADIABATIC SHIELD

The net heat exchange between the calorimeter and adiabatic
shield is dependent on, (i) the heat transfer coefficient between the
calorimeter and adiabatic shield, (ii) temperature variations along the
surface of the calorimeter and adiabatic shield, (iii) the overall
temperature difference between the calorimeter and adiabatic shield.

In order to ascertain the magnitude of the heat transfer coeffi-
cient between the calorimeter and adiabatic shield, two series of heat
transfer experiments were conducted at approximately 100 and 300°C
during the early part of the pesearch program. These tests were made
by offsetting the adiabatic shield by approximately 1°Cc on the control
thermocouple and adding just enough energy into the calorimeter to
maintain the temperature difference. Under steady state the energy
added to the calorimeter was just equal to the energy being transferred
.from the calorimeter to the adiabatic shield. By measuring the input
power and the temperature difference between the calorimeter and adia-
batic shield the heat transfer coefficient was found.

Table 8 summarizes the experimental results of these two tests.
T+ should be mentioned that during heat transfer coefficient deter-
minations the calorimeter contained approximately 650 grams of light

88
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water sample. The temperature variations along the surface of the
calorimeter at steady state were found to be no more than 0.1°C which
is in contrast to a temperature variation of 0.25°%C during a typical
constant mass experiment. Consequently the heat transfer coefficients
obtained in this study are somewhat different from the actual values
of the constant mass experiments.

The radiant exchange between the calorimeter and the adiabatic

shield may be estimated by the following equation (34)
oA, (T,"-T,

ql_>2= A ‘ e 0686 0.0 00 0000 08000 00000 (2"")
1 1,1
—8_+TX—(_€- -1)
1 2 "2

in which subscripts 1 and 2 refer to the outside surface of the calori-
meter and the inside surface of the adiabatic shield respectively.
The magnitude of the net heat exchange essentially depends on the
emissivity factor of the surface of the calorimeter and the adiabatic
shield. On the basis of the heat transfer coefficients it was found
that the emissivity of the calorimeter was approximately 0.35 which
was considered a relatively low value for the material of Inconel 600.
In view of the fact that the average temperature difference
between the calorimeter and adiabatic shield was maintained to within
0.05°C the heat leak was estimated to be approximately 0.1 percent of
the total energy added during a constant mass experiment. It should
be emphasized that this figure is only an estimate based on the
information obtained from the heat transfer study described in this
Chapter. The actual heat leak that occurs during a constant mass
experiment will be somewhat larger due to the larger temperature varia-

tion on the calorimeter shell. The best method to eliminate the heat
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leak error is by employing the experimental procedure as described

in Chapter 2.



CHAPTER 8

EVALUATION OF THE PERFORMANCE OF THE APPARATUS

The reliability of the calorimeter apparatus and its associated
instrumentation was evaluated from the calibration measurements using
light water. Details of the constant mass experiments and the liquid

withdrawal tests are described separately below.

g-1. Constant Mass Experiments on Light Water

Four series of the calibration measurements were made on light
water from 50 to 30000. The first two series of experiments were
conducted on the calorimeter with high filling mass whereas the second
two series of experiments were conducted on the calorimeter with low
£il1lling mass. The masses of the light water samples were charged
into the calorimeter amounting to 636.5632 and 256.3798 grams for the
high filling and low filling experiments respectively. Upon the
successive completion of the investigations, the samples were collected
and weighed a second time. The final mass values in these two types
of experiments were found to be 636.481k4 and 256.2836 grams. The
differences between the initial and final mass values in the high
filling and low filling experiments were evidently less than 0.l grams.
This may be attributed to extremely small amounts of liquid and vapour
which remained entrapped in the 1ines of the calorimeter. The initial

92
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mass values, therefore, were used to evaluate the o quantities.
The test results of the constant mass experiments on light
water are assembled in Table 9. It was described previously in Chapter
2 that the general energy equation for a constant mass experiment might

be derived as follows:

= - Q'.E.Q _d_R_ 2
Q =M (hf T ve dT)l + VvV (T 3% P)l + cPc AT + qg

N -3

Since the last three terms on the right hand side are independent of
the mass of the sample, equation (2) can be rewritten in the following
form

Q =MA otz Ceeeeeeseeseaassesess (25)
The values of Q and M of each group experiments for a single tempera-
tupe interval were fitted to the above equation by means of a least
squares technique. This reduction yielded mean values for o and Z.
Using the mean value of Z, the individual values of a for each experi-’
ment were computed and compared with the mean value of a for each group
as shown in Table 9.

The comparison of o quantities for saturated light water between
Osborne et al and this work are given in Figure 36. It can be seen
that the experimental data obtained in this research are entirely
within the realm of Osborne's observed values. The reproducibility
of the o quantity measurements of this work is within * 0.07 percent
whereas the overall scatter of Osborne's results is approximately
+0.25 percent. In view of this it may be concluded that the a results
obtained with the present apparatus are at least comparable and perhaps

even superior to those obtained by Osborne.
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It should be stressed that the only direct calorimetric measure-
ment of o conducted on saturated light water prior to research of this
thesis were those of Osborne et al of the National Bureau Standard.
The results of Osborne et al have been utilized by the different

compilers of the various national steam tables (35, 36, 37, 38, 39).

8-2. Liquid Withdrawal Tests on Light Water

As mentioned previously the liquid withdrawal test yields a
measured quantity of B which is relatively small for saturated liquid
light water or heavy water at low temperature and difficult to measure
with precision. In view of this fact that Osborne et al only used
their experimental results of liquid withdrawal tests on saturated
light water in the temperature range from 330 to 3748°C and evaluated
the B values below the temperature of 330°C directly from P-V-T data
propoéed by Smith and Keyes (40).

The liquid withdrawal tests were carried out on light water only
in the temperature range from 100 to 150°C. The test results are
summarized in Table 10. Since the final temperature of the experiment
was slightly different from the initial temperature, a correction
was necessary to apply to the energy term to bring the calorimeter and
its contents back té the initial temperature. The corrections (AQ)

shown in Table 10 were calculated by using the following equation:

j.t ja.t s e L - o » (2 )
AQ ( ' II ) At . . e s o . e 6

Tinitial - Tfinal
The values of dZ/dt and da/dt were determined in the constant mass
experiments. It should be pointed out that the energy corrections in

the liquid withdrawal tests were on the average about 10% of the total
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energy added. These corrections may be reduced by withdrawing larger
amounts of liquid and by extending the duration of a withdrawal test.

The most important factor affecting the accuracy of this type of
experiment was the maintenance of isothermal conditions within the
calorimeter. Since the resistance thermometer which had a slow response
was used as a temperature indicator of the calorimeter, it was very
difficult for the operator to maintain the calorimeter at isothermal
conditions. If the temperature of the calorimeter departed from its
original temperature by only 0.001°C an error of the order of 2% could
be introduced to the B value at a temperature of lOOOC.* This error
may be reduced by using a fast respénse multijunction differential
thermocouple in the temperature control system and also by withdrawing
larger amounts of flﬁid from the calorimeter.

Figure 37 shows the temperature variations of the calorimeter
with time during a typical liquid withdrawal test. It is seen that
the temperature differences between the calorimeter and adiabatic shield
were maintained within * 0.02°C during test. The temperature variations
along the surfaces of the calorimeter, adiabatic shield and the outer
guard during liquid withdrawal were almost the same with the steady
state.

The comparisons between the observed values of this work and the
calculated values from P-V-T data of Smith and Keyes are given in Table
11. Tt can be seen that the maximum error is no more than + 3 percent

occurring at 100°C and the error decreases as the temperature increases.

%
This assumes that the mass of liquid left in the calorimeter was
approximately 100 grams whereas the mass of liquid withdrawn was approxi-
mately 75 grams.
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TABLE 11
COMPARISONS BETWEEN THE OBSERVED VALUES OF THIS WORK

AND THE CALCULATED VALUES OF SMITH AND KEYES

8 Values (Int.J./g) Deviation

Temperature Bs ~ Bs.x.
(ec) This Work Smith & Keyes Bs x
(%)
100 1.45 1l.41 +2.8
125 3.10 3.03 +2.3
150 5.95 5.89 _ +1.0

8-3. Derivation of the Heat Capacity of the Empty Calorimeter from

the Constant Mass Experiments

The heat capacity of the empty calorimeter may be derived from
the vesults of the constant mass experiments. It was described pre-
viously that a constant value of Z for a single temperature interval
was obtained in computing the mean value of a. The heat capacity of
the empty calorimeter system can be evaluated by the following relation-
ship:

c_ AT + a =Z-‘-V(T-C12--P)2 e iiireeseesnasseeess (26)
P, E dT 1

The second term on the right hand side in the above equation was
calculated by means of values accurate to 0.03 percent in reference 20.
Table 12 summarizes the heat capacity of the empty calorimeter derived

from the results of the constant mass experiments on light water.
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TABLE 12

HEAT CAPACITY OF THE‘EMPTY CALORIMETER

INFERRED FROM CONSTANT MASS EXPERIMENTS

Temperature
Interval (°C)

From To
100 150
150 200
200 250
250 300

%
No attempt was made to

Heat Capacity of the
Empty Calorimeter®
(Int.J.)

c AT
Pe

82383.5
84166.4
8575u4.7

87096.6

evaluate the heat leak q. and consequently

the heat capacity values of this table deviate from thé '"true heat

capacity values" by an amount

equal to the heat leak.



CHAPTER 9

EXPERIMENTAL RESULTS ON HEAVY WATER

9-1. Constant Mass Experiments on Heavy Water

Subsequent to the above mentioned calibration measurements on
light water, 664.3845 grams heavy water were charged into the calori-
meter and four series of (thirty measurements) high filling tests were
conducted from 50 to 3OOQC. The first two series measurements were
carried out in 25°C temperature intervals whereas the others were
carried out in 50°C temperature intervals. The results of the firsti
two series experiments are summarized in Table 13 and 14 and the others
are given in Table 1G and 2G of Appendix G. The comparisons of these
experimental data are shown in Figure 38. It can be seen from Tables
12 and 13 that the consistency of the first two series measurements is
within ; 0.05 percent. Figure 38 however indicates that the last series
measurements shifted from first two series measurements by approximately
0.7 percent. This is because a small leakage of heavy water occurred in
the calorimeter*. The final mass value was found to be 655.0214 grams
and indicated that approximately 9.4 grams of heavy water sample was

lost during these tests. The results shown in Table 1G and 2G which are

*Supplementary tests indicated that the leakage occurred in the
top zone heater of the calorimeter and only showed up at elevated
temperatures and pressures.

103



Test
No.

10

HIGH FILLING CONSTANT MASS EXPERIMENTS

ON HEAVY WATER (FIRST SERIES)

Initial
Temp.(°C)

50.154

74.930

100.1u49

124.960

149.927

175.048

200.007

225.018

249,947

275.088

TABLE 13

Final
Temp. (°C)

74.933

99.983
12u4.978
156.023
175.068
200.043
225.0u4k4
24§.98l
275.115

299.998

Total Energy
Added (Int.J.)

107985.2
109622.1
109357.1
111403.4
113170.1
114259.5
116768.3
119083.6
123391.2

126102.4

Energy Added
For 25°C Interval

(Int.J.)

1089u8.2

109390.2

"110110.3

111123.3

112535.3

114282.3

116595.8

119266.1

122567.5

126558.0

lou



Test
No.

11

12

13

ih

~15

16

17

18

19

20

HIGH FILLING CONSTANT MASS EXPERIMENTS

ON HEAVY WATER (SECOND SERIES)

Initial

Temp.(°C)

50.130

75.010

100.072

125.074

150.933

175.114

200.091

225.037

250.016

275.085

TABLE 14

Final

Temp. (°C)

74.990

100,012

125.078

150.052

175.125

200.107

225.054

250.038

275.101

299.989

Total Energy’
Added (Int.J.)

108299.6
109336.4
110068.8
111028.1
1089u5.1
114293.3
116456.6
119271.8
122962.3

126017 .4

Energy Added
For 25°C Interval
(Int.J.)

108909.4

109327.7

110042.4

111125.8

112583.8

114325.3

116629.2

119267.0

122545.6

126503.0

105



3 0 . 08¢
S n“m : on_v~ o_m_ ow_ onoon b
(0« 3uNLVHIWIL +
e
O\X\o
+\°\
\o\x
. + 0 —l00sy
JYNLVYIIWIL HLIM x\
1770V 40 NOILVINVA 8€ 3unoid o\ N
]
S
[~
-
o -
+ \ <
A—ooLt
¢
~
0 g
0 s31y3s Hi¥nod + {006t
+\ 3143 Q¥IHL X
X s1s3L S3IN3S OML Ls¥ld FHL 40 3NTVA NVAW  ©
\\

ools



107
uncorrected for the effect of tng small leak of 9.4 grams were there-
fore rejected.

Three series of low filling constant mass experiments on heavy
water were conducted ﬁelow 200°c. Upon the completion of each series
measurements, the samples were collected and weighed a second time and
no significant differences were found between the initial and final
mass values (refer to Table 3G of Appendix G). The experimental
results of these three series tests are tabulated in Tables 15 to 17.

The a quantities for heavy water in the temperature range from
50 fo 200°C were evaluated by using least squares method as described
previously to combine the high filling and low filling experiment
results and are given in Table 18. The a value for heavy water in the
temperature range from 100 to 300°C may also be derived from the results
of the high filling constant mass experiments and the previously men-
tioned values for the heat capacity of the empty calorimeter by using

the following equation:

Q, - 2
Aa :_I:I_-—-—Ci]-—c-. ..t...t.........t..-. (27)
MH

where anlc

v o2+ AT +a
dart 1 P, E

2
1

energy added (Qh) at temperatures of 100 and 300°C respectively and

The term V (T %%-— P)? is approximately 1.7% and 12.2% of the total
was evaluated by means of the data accurate to 0.3% in reference (41).
The error in a quantities for heavy water in the above mentioned
temperature range caused by such an error in this term was less than

0.05 percent.



los8
TABLE 15
LOW FILLING CONSTANT MASS EXPERIMENTS

ON HEAVY WATER (FIRST SERIES)

Energy Added

Test Initial Final Total Energy For 25° Interval
No. Temp. (°C) Temp. (°C) Added (Int.J.) (Int.J.)

31 '50.153 75.036 61280.9 61569.0

32 75.031 100.051 62440.8 62391.0

33 100.051 125,052 63463.3 63460.7

Mass contained in first series of low filling tests = 207.4610 grams

TABLE 16
LOW FILLING CONSTANT MASS EXPERIMENTS

ON HEAVY WATER (SECOND SERIES)

Energy Added

Test Initial Final Total Energy For 25°C Interval
No. Temp. (°C) Temp. (°C) Added (Int.J.) (Int.Jd.)

3y 49,830 75.834 64437 .6 62007.3

35 75.825 100.023 60813.6 62829.1

36 100.012 125.038 63933.0 63864.0>

37 124,911 149,990 65435.1 65228.9

38 149.990 174,962 66868.7 66943.6

39 174.956 199.810 68673.9 69077.3

Mass contained in second series of low filling tests = 211.6122 grams



Test
No.

40

4l

42

43

Mass

TABLE 17
LOW FILLING CONSTANT MASS EXPERIMENTS

ON HEAVY WATER (THIRD SERIES)

Initial Final Total Energy
Temp.(°C) ~ Temp.(°C) Added (Int.J.)

50.023 99.975 125215.4
938.970 150.011 129656.1
149,914 174.830 66938.3
124.851 149.937 65674, 2

contained in third series of low filling tests

109

Energy Added
For 50 and 25°C
Interval (Int.J.)

125335.7

129549.7

67163.9

65u4u49.0

= 213.9551 grams



Test
No.

11

31

34

12

32

35

13

33

36

IR

37

u3

110

TABLE 18

o VALUES FOR HEAVY WATER

Deviation
Energy Added Ao - Aoz

Mass For Even Temperature Ao Aop

(g) Interval (Int.J.) (Int.J./g) %
664.3845 108948.2 103.67 +0.03
664.38uU5 108908.4 103.61 -0.03
207.4610 61569.0 103.62 -0.02
211.6122 62007.3 103.66 +0.02
For temperature interval from 50 to 75°C “an = 103.64 Int.J./g

Z7 = 40071.7 Int.J.

664.38U5 109390.2 102.83 +0.05
66u4.38uU5 109327.7 102.73 -0.05
207.4610 62391.0 102.75 -0.03
211.6122 62829.1 102.81 +0.03

For temperature interval from 75 to 100°c ?qﬁ= 102.78 Int.J./g

Zm= 41074.1 Int.d.
664.3845 110110.3 102.09 +0.05
664,.3845 l1ioo42.4 101.99 -0.05
207.4610 63u460.7 102.09 +0.05
211.6122 63864.0 101.99 -0.05
For temperature interval from 100 to 125°%C a = 102.04 Int.J./g
Zm = 42280.8 Int.J
664 ,38uU45 111123.3 101.38 0.00
664 ,38u5 111125.8 101.39 0.00
211.6122 65228.9 101.43 +0.04
213,9551 65449.0 101.3u4 -0.04
For temperature interval from 125 to 150°C i d% = 101.38 Int.J/g
‘ Z_ = 43765.9 Int.d.

m



Test
No.

15
38

42

16

39

1,2,11
& 12

40

3,4,13
& 14

41

TABLE 18 (Continued)

Energy Added

Mass For Even Temperature

(g) Interval (Int.J.)
664.3845 112535.3
664.3845 112583.8
211.6122 66943.6
213.9551 67163.9

For temperature interval from 150 to 175°%¢C

664,38uU5 114282.3
66L4.38uU5 114325.3
211.6122 69077.3

For temperature interval from 175 to 200°%

%
664.38uU5 218287.7

213.9551 125335.7

For temperature interval from 50 to 100°C

&%
664 .38U5 221200.9

213.9551 1295u49.7

For temperature interval from 100 to 150°C -

%
Mean Value

Ao

(Int.J./g)

100.73
100.80
100.80

100.73

99.86
99.92

99.89

206.36

206. 36

s

203.48

203.47

al
o
m

N Q

N Q
2 g7
non

m

8 g!
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Deviation

Ao - Agﬂ _
Aog
%
-OQOLI'
+0.0u
+0.04

-0.04

100.77 Int.J./g
45612.6 Int.J.

-0.03
+0.03
0.00

99.89 Int.J./g
47939.9 Int.J.

206.36 Int.J./g
81183.4 Int.J.

203.47 Int.J./g
86015.3 Int.J.
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Table 19 summarizes the a quantities for heavy water derived
from the results of the high filling mass experiments utilizing
equation 27. Comparing the o values from 100 to 200°C in Table 18v
to the corresponding values in Table 19 it is seen *that the differences
of the a values obtained by two different methods as described previously
are approximately O,QS'percent. On the basis of the results summarized
in Tables 18 and 19, it may be estimated that the o quantities for

heavy water obtained in this research are accurate to within * 0.1%.

g-2. Liquid Withdrawal Tests on Heavy Water

The liquid withdrawal tests were carried out on heavy water in
this research in the temperature range from 100 to 300°C. Table 20
summarizes the results of the experiments. The comparisons between
the observed values of this work and calculated values from the existing
P-V-T data of heavy water in reference (33) and (40) are given in Table
21. The maximum deviation between the results of this work and those
calculated from P-V-T data is approximately 3% at the temperature of -
100°C. Tt is noteworthy that the deviation between the observed values |
and the calculated values above 200°C is no more than 1% whiqh;is
entirely within the error of the existing P-V-T data of heavy water.

In view of the fact that the liquid withdrawal tests were made
in a short period of time, the error due to'heavy water leakage in the
calorimeter would be very small, even though the tests were conducted
at elevated temperatures and pressures. For example, it is estimated
that in a 24 hour period and a mass of 0.6 grams of heavy water is lost.
The leakage of heavy water that does occur during various runs lasting

5 minutes or so is evidently insignificant.



Temperature

Range (°c)

From To
100 150
150 200
200 250
250 300

TABLE 19

o VALUES FOR HEAVY WATER

Mass

(g)

663.7252

663.7252

663.7252

663.7252

Energy Added

For High Filling cale.
Test (Int.J.) (Int.J.)
221200.9 86179.6

(Mean Value of Test
#3, 4, 13 & i)

226863.4 93592.4
(Mean Value of Test
#5, 6, 15 & 16)

235879.1 103760.1
(Mean Value of Test
#7, 8, 17 & 18)

249087.1 118211.6
(Mean Value of Test
#9, 10, 19 & 20)

113

Ao

(Int.J./g)

203.43

200.79

199.06

197.18
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COMPARISONS BETWEEN THE OBSERVED VALUES OF THIS WORK

100

125

150

175

200

225

250

275

300

TABLE 21

AND THE CALCULATED VALUES FROM P-V-T DATA

B Values (Int.J./g)

Measured Values Values Computed from a
of this Research Knowledge of P,dp/dT & v

1.27

2.74

16.38

26.35

40.32

61.u46

90.60

1.23

2.68

5.28

16.20

26.11

40.05

61.04

90.52

B

O

o® O

+3.1

+2.2

+1.9

+1.0

+1.1

+0.9

+0.7

+0.7

+0.1

116
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B
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9-3. Derivation of the Enthalpy Change of Saturated Liquid Heavy

Water from Calorimetric Data

The enthalpy difference of a liquid substance as it changes from
an initial equilibrium saturatioq state to a final equilibrium satura-
tion state may be derived from o and B quantities according to the
following relationship:

2
h. - h. = (o + B)
f2 fl 1

Table 22 summarizes the enthalpy difference of saturated liquid heavy
water in the temperature range from 50 to 300°C. It can be seen that
the B values are relatively small in comparison with the a values at

low temperature. It is estimated that the error in the enthalpy differ-
ence caused by the error in the B measurements is approximately 0.1
percent. It may be concluded that the overall accuracy of the enthalpy
difference of saturated liquid heavy water obtained in this work is

within + 0.2 percent.

9-4, Comparisons

For purpose of comparison, the enthalpy values obtained in this
work along with the smoothed data proposed by Baker (7) and by Nowak
and Chan (42) are given in Tabler23. It can be seen that the deviations
between the results of this work and those proposed by Baker in the
temperature range from 50 to 200°%C is approximately 0.7% which is well
within the error of measurement estimated by Baker (#1.5%). The measured
enthalpy difference values of this work and those obtained previously
by Nowak and Chan are in good accord. The maximum deviation between

two independent measurements is approximately 0.5 percent which is



TABLE 22
ENTHALPY DIFFERENCE OF SATURATED

LIQUID HEAVY WATER

Temperature Aa

Interval (°C) ag
From To (Int.J./g) (Int.J./g)
.
50 75 103.64 0.33
%
75 100 102.78 0.73
100 125 102.05 1.47
125 150 101.39 2.64
150 175 100.77 4.29
175 200 99.89 6.71
200 250 199.06 23.94
250 300 197.18 50.28

%
Values were calculated from P-V-T data

he

(Int.J./g)

103.97

103.51

103.52

104.03

105.06

106.60

223.00

2u47.46

118
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TABLE 23
COMPARISONS OF THE ENTHALPY VALUE OF HEAVY WATER

BETWEEN OBSERVATIONS OF THIS WORK AND OTHERS

Temperature
Intgrval Enthalpy Difference
(°F) (BTU/1b)

From To This Work 'Baker Nowak & Chan
122 167 uy .71 by 9l uy .5
167 212 uy, 51 uy .74 uy.y
212 257 uy .51 4y 74 hy .5
257 302 uy .73 ny ., 87 by g
302 347 45.18 u45.22 45.3
347 392 5,84y 4e6.14
392 482 95.89 98.18

L82 572 106.41 110.31
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within the estimated error of previous measurement.

The deviation between the enthalpy difference value obtained in
this research in the temperature range from 250 to 300°C and the
corresponding value proposed by Baker is 3.7%. This confirms the
preliminary measurements of Nowak (16) on the enthalpy difference of
saturated liquid heavy water for temperature interval from 248.88 (480°F)
to 293.33°C (560°F) indicated in Baker's value for the same temperature
interval to be in error by 4 or 5 percent.

It should be pointed out that the enthalpy values above 200°¢
proposed by Baker were based on the extrapolation of the fragmentary
latent heat values available to him at the time. In view of the
disagreement between the results of this work and the results of Baker,
it may be concluded that the enthalpy values above 200°C proposed by
Baker for saturated liquid heavy water are in error and the values at
temperatures of around 300°¢C depart from the true values by approxi-
mately 4%; Moreover, either the latent heat values employed by Baker
or his extrapolation of such data would appear to be in error.

The specific heat values of the saturated liquid light water
and heavy water of this thesis were estimated by using the following
relationship:

c = — e eessseescesesssss (28)

The results of this work along with the experimental data of Brown

et al (4), Cockett et al (5), Eucken et al (6), Rivkin et al (12, 13),
Baker (7) and Nowak & Chan (28) are given in Figure 39. The maximum
deviation between the results of this work and the above mentioned

authors is around 2%. This is entirely within the limits of error
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122
estimated in references 4, 6, 7, 12, 13 and 18.
A comparison of the specific heat between light water and heavy
water is given in Figure 40. It is of interest to point out that the
specific heat of heavy water is approximately 1% higher than light

water at 50°F and 5% lower at 550°F.
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10-1.

CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1.

A calorimeter apparatus was designed, constructed and
developed for studying the thermodynamic properties of
heavy water. Based on the constant mass experiments of
this thesis the performance of the apparatus was superior
to that of Osborne's apparatus (21) which was employed to
investigate the thermophysical properties of light water
and yielded the various saturation data utilized by compi~
lefs of the various national steam tables (35, 36, 37, 38,
39).

Tt is estimated the o measurements conducted on saturated
liquid heavy water in this thesis are accurate to + 0.1%
whereas the B measurements are accurate to + 3% below
200°C and 1% above 200°C.

The overall accuracy of the enthalpy difference values of
saturated heavy water liquid obtained in the work is
estimated to be within % 0.2%. This accuracy can further
be improved by refiniﬁg the B measurement..

The enthalpy values for saturated liquid heavy water above
200°C confirmed early research which showed that the

124
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extrapoiatea values proposed by Baker are in error. The
existing latent heat values for heavy water are in question.

5. The specific heat of saturated liquid heavy water obtained
in this research below 200°C is in reasonable accord with
the earlier measurements of Brown, Cockett, Euken, Rivkin,
Baker and Nowak & Chan with the maximum deviation being

approximately 2%.

10-2. Recommendations

1. It is recommended to repair the leak in the calorimeter by
sealing the top heater and extend the present enthalpy
difference measurement up to the critical point.

2. Since the existing latent heat values for heavy water are

in question, it is recommended to investigate the enthalpy

of vaporization of heavy water from room temperature to the
critical point using the present apparatus.

3. The B values obtained in this work may be improved by
modifying the temperature indicating system of the calori-
meter and also by withdrawing a larger amount of liquid from
the calorimeter. It is recommended that a differential
thermocouple having eight junctions Pe used in the tempera-
ture control, so that the temperature change of the
calorimeter of the order of 0.001°C can be easily detected
with the present equipment and that a liquid sample of
150 grams be withdrawn during a single B test.

4, Since the change of pressure with respect to temperature

at saturation conditions is an important factor in correlating
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the thermodynamic properties of heavy water, it is
recommended that saturation pressure measurements be con-
ducted on heavy water using the present apparatus.

In view of its performance, the present apparatus can be
recommended to investigate the thermodynamic properties

of other important engineering coolants.



APPENDIX A

DERIVATION OF EXPERIMENTAL EQUATIONS

1. Constant Mass Experiment

According to the First Law of Thermodynamics, the following
energy balance may be written for the constant volume heat addition
‘processes shown diagrammatically in Figure 2:
Q+ m.u + m_u =m. u + m_ u + c AT + q_ + dg
5 e g fHrfy g8 P E
® 6 00606 06085 0 500002008 (lA)
e e . N
By utilizing the definition of enthalpy, i.e. hf = u; + P Ve and hg =

u, + P Vg Equation (1A) may be simplified as follows:

) = + m

Q +m_h + m h - P, (m_. v + m h h
€r & £, 5,

m Vv
£5 g & 155 € &

- P, (m

” +m_ v, ) +c AT + qp + qg

g, 8, £y Iy Pe
PN ¢-1.9
The interval volume of the calorimeter may be expressed in
terms of the masses of saturated liquid and vapour and the specific

volume of saturated liquid and vapour as follows:

m v + m v
gy &9 £, %

V=m_v + m Vv
55 g, 81

Substituting for the total inner volume in equation (2A) and rearrange-

ment of the terms results in the following:

127
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Q+ (P, -P)V4+mhe #m h =m h +m

h, + c_ AT + q_ +Qq
55, 88 88, Hf P B8

2 c

cecesacsas ceeeseess (34)

Equation (3A) may be rewritten and rearranged as follows by noting

that hg = hf + hfg
Q+ (P, -P)V+(me +m_)h. +m_h =(m_ +m.)h
2 £, gy fy gy fgy g8, £ 5
+m_h + c AT + q, + q
g2 fg2 pc E <]

® © 8 © 8 0 06 00 00 00 e o0 0 (”’A)
. . . _ dp
By employing the Clausius Clapeyron equation hf = (vg - vf) T 3T °
the constant volume expression V = mfvf + mgvg and the constant mass
expression M = me + mg equation (4A) may be rewritten and rearranged
as follows:

- 2 dp
Q=M (hf - + V (T - P) + cp AT + qp + qg

Tve )
1 1 c
crsveerseanese cee. (54)
If QH and QL denote the measured quantities of total energy
added in the high and low filling experiments having masses of sample

MH and ML respectively, then the equation (5A) may be written as the

following two forms:

= - dp,2 dp _ p)? AT +
Qp = My (hg VE dT) TVA(Tgr - Pt “p, T i, * s
cecssanen ceeeesess (BA)
= - 9'22 QB_ 2 AT+
Q, = M (hf T ve dT)l + Vv (T a7 P)l + cPc qEL + qg

tecessesecscsaasss (7R)

Subtracting equation (7A) from equation (6A) and rearranging the terms
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yields the following expression.
Q, - Q
H L dp,2
= (h, - Ty, =B) RN €19
My - Mg £ T4,

2. Vapour Withdrawal Test

The heat balance for the isothermal vapour withdrawal process
shown diagrammatically in Figure 4 may be written as follows:

Q +m_u + m_ u = AM h + m. u +m u
g £ f g 8 g, ff, 88

Ceeeesesssssessesnss (9A)

By utilizing the definition of enthalpy, i.e. hf = ug + P v_ and hg =

£

ug + P vg and assuming the temperature of the calorimeter to be

invariant, i.e. hf = hf1'= hf2 and hg = h
written in the following form:

hg equation (9A) may be

Q +h.(m. -mz)+h_(m_ -m y-P(m.v, +m_v_)=aAMh
g £ f; 5 g & 8 £,.f, 8.8 g

P -P(myv, +m_v_)
: £, % 8o &g

teeesesssscssessss (10A)
The intermal volume of the calorimeter may be expressed in terms
of the masses of saturated liquid and vapour and the specific volume
of saturated liquid and vapour as follows:

V=m_v + m =m_. VvV +

v = m_ v
£10F; g8 fpfy 88
Substituting for the total inner volume in equation (10A) and simplifi-

cation of the terms results in the following:

Q +h (m. -m.) +h (m -m_)=AMMhN
g f fl f2 g gl g2 g

teereesenesssseass (11A)

&

It is traditional to assume the net heat exchange between the
calorimeter and the adiabatic shield remaining the same during two types
of experiment, i.e. q = q

By B
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Equation (11A) may be written and rearranged as follows by noting that

hf = hg - hfg

Q +h [(m -m_ ) + (m —mzl—h (mg -m_ ) =AMN
g gl H 5 &1 & fe 5 5 &

e eo e ess o0 s0c s 0o o0 (12A)
The total mass withdrawn from the calorimeter may be expressed
in terms of the mass differences of saturated liquid and vapour from

an initial equilibrium saturation state to a final equilibrium satura-

)

tion state, i.e. AM =M. - M =(m. -m_)+ (m_-m
1 2 fl f2 g g,

Substituting for the total mass withdrawn in equation (12A) and
rearrangement of the terms results in the following:

Q =h_. (m. - m_) tececsssessscsessss (13A)

g fg £ f,

R d
By employing the Clausius Clapeyron equation hfg = (vg - vf) T a%-,
)

the mass difference expression mfl - mf.2 = (Ml - M2) - (mgl - mg2
and the constant volume expression V = moVe + mgvg equation (13A) may

be rewritten and rearranged as follows:

Q
e .7, % e ieeeeaee.. (11R)
g dT
M, =M,

3. Liquid Withdrawal Test

The heat balance for the isothermal liquid withdrawal process
shown diagrammatically in Figure 5 may be written as follows:

Q. + m_ u +m u =AM h + m_. u +m u
£ 55 88 £, 5, 88
e o e 00 e 0000 o000 00 00 (lsA)

By utilizing the definition of enthalpy, i.e. hf = uc + P Ve and

h =u 4 Pv and assuming the temperature of the calorimeter to be
g g
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invariant during test, i.e. hf = hfl = hf2 and hg = hgl = hg2 equat}on

(15A) may be written in the following form:

Q. +h.(m. -m_)+h_(m -m )-P(m_v., +m v_) =AMhg
£fF F £, g & & 55 g &

)

. =P (mo v, +m_ Vv
| .5 828
o--..oo-..oo--.n.o’a (lsA)
The intermal volume of the calorimeter may be expressed in
terms of the masses of saturated liquid and vapour and the specific

volume of saturated liquid and vapour as follows:

V=m.v +m Vv = m. Vv +m v
£1F, 8,8 Hf, 88

Substituting for the total inner volume in equation (16A) and simplifi-

cation of the terms results in the following:

Q. +h_(my -m.)+h_ (m_ -m )= AM h
£ £ fl f2 g g, g, £

-non-oo.onoco-.‘-oo. (l7A)
Equation (11) may be rewritten and rearranged as follows by noting that
hg = hf + hfg
Q+h[(m -m. ) + (m -m)]+h (m_ -m_ )= AMhg
R g1 B2 fe & g
Cesseseeas ceeeeesss (18A)
The total mass withdrawn from the calorimeter may be expressed
in terms of the mass differences of saturated liquid and vapour from
an initial equilibrium saturation state to a final equilibrium satura-
tion state, i.e. AM = M; - M, = (mfl - mfz) + (mgl - mg2)
Substituting for the total mass withdrawn in equation (18A) and
rearrangement of the terms results in the following:

=-—h ( - ) s se0s 0000 0ss s e 00 (lgA)
¢ fg g, | B »
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By employing the Clausius Clapeyron equation hfg = (vg - vf) T %%-,

the mass difference expression m - m = (M, -M.)-(m. -m_ ) and
1 g, 1 2 fl f2
the constant volume expression V = mve + mgvg equation (19A) may be

rewritten and rearranged as follows:

=7 v 2R S ¢21¢:9

If the measured quantities of the constant mass experiment,
vapour withdrawal test and liquid withdrawal test are denoted by a,
vy and B respectively, then equation (8A), (14A) and (20A) may be

rewritten as follows:

= Ah_ - dp |
Ao, Ahf AT Ve IF cecseseasns (214)
Y= d @ 60 e 000 00 000000000 22A‘)‘L’
T Vg daT (
= .'..'...........I. 23A
B =T Ve 37 ( )

By simple algebraic combination of the above equations, it may be

reduced to the following group of equations:

Ahf‘:Aa +AB . e e s es s s s 008 s o0 o0 (2"I’A)
Ahg‘:Aa +AY e ve oev0ceecsose s e (25A)

= - e ® 0 060 00 06 0 0 00 e e 8 00 (26A)
hee =¥ - B

By utilizing the thermodynamics relationship the entropy may

be written in the following form:

-_dﬁ—l" ® ® 6 9 8 068 0 00 00 00 0o (27A)
ds = T T_dp .
. . dh _ h h
Equation (27A) may be reduced as follows by noting that 5== d(TJ + = dT
T
- .E -}-1—- ' —-‘—’- & © 6 9 8 5 90 0 &0 N0 &0 0 28A)
ds =d () +— dT - 3 dp (
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Applying equation (28A) to the saturated liquid and using equation (21A),

the above equation may be written as follows:

hf E

= L
f—d(_.r—) +T2 dT ® e0e 00 o0e v 0000 s OO OGRS (29A)

d s

Integration of equation (29A) gives the entropy of the saturated liquid

as

(=g

£

= — =
Sf—T +fT2 dT'l‘C oo-o-‘-ooooanoaccoooo (3OA)

Where c is a constant of integration depending on the arbitrary zeros
chosen for the various quantities in the equation (30A). In a similar

manner the entropy of the saturated vapour may be derived as follows:

h .
. & & am .
Sg 7r—‘*'fT2 dT‘!'C tc.l.....l.o..n.‘.l.(slA).

The specific heat of the saturated liquid may be derived from

equation (29A) by_noting that § Q = T ds

,hf o
&Q=Td(-,1,—-)+-,i,- dT
whence
-8 _ .4 (b [
cpf_dT ’TdT(Tr;)*T
.’.n.o'....o..ul...o (32A)
and similarly for the saturated vapour
c d Eg o
Pg = TJET'(T ) +’f
Ceieeessaessasaesss (334)

*The o. value can be calculated by the empirical equation which is
derived from the constant mass experiment results.



APPENDIX B

DESIGN CALCULATIONS OF THE CALORIMETER SHELL

The upper limit of the operating temperature and pressure for

the calorimeter are 705°F and 3200 psi respectively.
If the design stress of the material is known, the thickness of

the calorimeter shell may be calculated by using the following equa-

tion, .
_PRF
t = 5 Peeeeeeeeseeanes (1B)

where t is the thickness of the calorimeter shell,

P is the internal pressure of the calorimeter,

R is the internal radius of the calorimeter,

o is the design stress,

F is the safety factor.

For Inconel 600 the design stress under the above given working
condition is approximately 29500 psi (43). If the internal diameter
of the calorimeter and the safety factor are set to be equal to 2.5
inches and 1.8 respectively, thus

t+ = 0.2u6 = 0.25 inches.

This formula is valid for a sphere in which the ratio of the
wall thickness to the inside diameter is less than 0.1.

i3u



APPENDIX C

DETAILED DRAWINGS OF THE SILVER HEAT DIFFUSION SYSTEM
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APPENDIX D
CALIBRATION OF THE CAPSULE THERMOMETER

The capsule thermometer was calibrated by comparison against the
U.W.0. internationai standard platinum resistance thermometer at temp-
eratures in the immediate vicinity of 100, 200, 250 and 400°C. The
comparisons were made in an isothermal comparator furnace.

The comparator furnace essentially consisted of an aluminum
block 6 inches in diameter and 15 inches long. Two 1/4 in&b and 3/8
in. . diam&ter holes were drilled in the block to a depth of 10 inches.
Their centers were on a circle of half inches in diameter. The block
carried three separate heaters (a main heater and two guard heaters).
The main heater was embedded in grooves which were machined uniformly
into the surface of the aluminum block and the other two guard heaters.
were wound over the end sections of the main heater. The purpose of
these guard heaters is to provide additional energy to compensate the
heat loss from both ends of the aluminum block and to eliminate the
temperature variation along the length of the comparator. The aluminum
block was contained in a stainless steel Dewar flask. The annular
space between the aluminum block and the Dewar flask was filled with
diatomaceous earth powder. A schematic diagram of part of the
experimental set-up employed is given in Figure 1D. By careful
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adjusting the D.C. current flowing through the aluminum block heaters
it was possible to maintain the temperature variations over the entire
surface of the block within 0.03°C. The temperature variations along
the length of the calibration zone of the comparator were no more than
0.005°C. The temperature control (manual) of the comparator furnace
was such that the temperature change of the entire aluminum block was
less than 0,01°C per hour. A graph illustrating the temperature change
of the aluminum block with time is shown in Figure 2D.

There are thirty-two calibration points obtained mainly at four
different temperatures. The calibfation data are summarized in Table
1D. Column one is the temperature at which the capsule thermometer was
calibrated. Column two is the resistances of the capsule thermometer
at its corresponding calibration témperatures. These results were

2 \Y

by least squares technique. The ice point resistance Ro was inferred

'

fitted to the resistance-temperature relationship R/Ro = 1 + AT + BT

from the triple point resistance to be 25.5643 ohms. The constants A

and B were determined to be 3.98447 x lO—3 and -5.8568 x lO-7 respectively.
The ratio of the steam point.resistance and the ice point resistance

of the capsule thermométer wés also found to be 1.3925. The smooth

values of the resiéfance at different calibration temperatures are

given in Column 3 of Table 1D. Finally the percentage deviations of the
observed values from the smooth values are shown in Column k4. On the
basis of all of the calibration results it may be concluded that the
maximum calibration error is no more than 10 parts in one million (i.e.

10 parts in 106).

Since the ratio of the steam point resistance and the ice point
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TABLE 1D

CALTBRATION OF THE STANDARD CAPSULE THERMOMETER

Observed Calculated
Tempgrature Resistance Resistance Deviation
c ohms ohms %
99.8139 35.58235 35.58220 0.0004
99.8154 35.58250 35.58235 0.0004
99,9953 35.60025 35.60019 0.0001
99,9977 35.60050 35.60037 0.0003
99.9955 35.60030 35.60015 0.0004
99.99u8 35.60020 35.60009 0.0003
99.9946 35.60015 35.60007 0.0002
99.9960 35.60030 35.60020 0.0002
199.7845 45.31725 45,31679 0.0010
199.7829 45,31705 45.31664 0.0009
199.7826 45.31700 45.31661 0.0008
199.7828 45,31705 45,31663 0.0009
199.783u 45.31710 45.31669 0.0008
250.2161 50.11450 50.11398 0.0010
250.21457 50.11430 50.11383 0.0009
250.2143 50.11410 50.11381 0.0005
250.2104 50.11385 50.113u4k4 0.0008
250.2098 50.11380 50.11338 0.0008
250.2184 50.11450 50.11418 0.0006
250.1935 50.11225 50.11184 0.0008
250.1917 50.11205 50.11167 0.0007
250.1901 50.11185 50.11152 0.0006
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TABLE 1D (Continued)

Observed Calculated
Tempgrature Resistance Resistance Deviation
c- ohms ohms %
250.1934 50,11215 50.11183 0.0006
250.1952 50.11235 50.11201 0.0006
3939.0718 63.82910 63.82936 -0.0004
399.0703 63.82890 63.82923 -0.0005
399.0693 63.82885 63.82913 -0.0004
3899.0673 63.82865 63.82896 -0.0004
399.0656 63.82850 63.82880 -0.0004
399.06u43 63.82835 63.82868 -0.0005
399.0637 63.828U0 63.82862 -0.0003
399.0632 63.82825 63.82859 -0.0005
399.0623 63.82820 63.82851 -0.0004
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resistance and the B constant of this capsule thermometer satisfy the
specifications of the international committee on Weights and Measures,
this thermometer may be classified as an "International Standard

Thermometer'.



APPENDIX E

THE LINEARITY DETERMINATION OF THE VARIABLE

FOUR TERMINAL RESISTOR

The linearity of the measuring dials 3 to 7 of the variable
four terminal resistor was determined by intercomparison of each dial
using the isolating potential comparator. This comparator method for
comparing resistors was also developed by Dauphinee. A schematic dia-
gram illustrating the principle of operation of this method is shown
in Figure 1E. It can be seen that the gélvanometer deflection due to
inequality of the two resistors being compared can be reduced to zero
by algebraically adding a voltage from the Lindeck potentiometer to
equalize the potential drops across the two resistors. This added
voltage is then used to determine the ohmic difference between the two
resistors.

The procedure of the intercomparisons of dials 3 to 7 of the

variable four terminal resistor was as follows:

1. Connect a decade resistance box to the measured terminals on
the isolating potential comparator and alsc connect a short
length of bare .pesistance wire in series with the decade
box to give better resolutions. The purpose of the resistance
box and the resistance slide-wire is to provide a temporarily

146



147

—il+ ,%,\__—

Rx
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stable resistance value to match exactly each step of the
dial.

2. Starting with 100 ohms on the decade resistance box and one
step of dial 3 obtain a balance by adjustment of the decade
box and slidewire. When a balance has been obtained turn the
galvanometer sensitivity switch to off and then set dial 3
to zero and dial 4 to 10. Add Lindeck voltage to reduce any
galvanometer deflection resulting from this interchange to
zero. Observe the equivalent resistance added or subtracted.

3. Repeat the same procedure for step 2 of dial 3 initially
balancing this dial setting against 200 ohms in the decade
box and slidewire with zero Lindeck potentiometer voltage,
and then rebalancing dial 3 step 1 and diai 4 step 10 against
the undisturbed decade box and a compensating Lindeck

potentiometer reading. Observe the resistance difference

£

between the second resistor of dial 3 and the total of
dial 4. |
4. Repeat the above procedure to compare each step of dial 3
against the total of dial 4.
A typical set of linearity determinations of dial 3 is given in Table
1E. The procedure for obtaining the linearity for dials 4 to 6 was
the same as for dial 3. The test results are shown in Tables 2E to
4E. It can be seen that the resistance error of any dial below the
4th was insignificant.
The overall linearity of the five measuring dials of the variable

four terminal resistor is a combination of the individual linearity of
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TABLE 1E
VARIABLE FOUR TERMINAL RESISTOR DIAL 3

LINEARITY DETERMINATION

Deviation from

Difference between linearity
Difference from each individual (Algebraic sum
total of mnext difference and the of Col. 3)
Coil lower dial average difference ohms _ PPM of
No. ARx (x 10 "ohms) ARX-AR (x 10~% ohms) (x10 ') Reading
1 +6 +1 +1 +1
2 -4 -9 -8 -4
3 +4 -1 -9 -3
m - -9 -18 T
5 +18 +13 : -5 -1
6 +10 +5 0 0
g . +10 +5 +5 0.7
8 +1 -4 +1 0.1
g +10 +5 +6 0.7

10 -1 -6 0 0

Average difference

Zﬁ'(ohms)_u
-5.0 x 10



Coil
No.

10

TABLE 2E

VARIABLE FOUR TERMINAL RESISTOR DIAL 4

LINEARITY DETERMINATION

Difference from
total of mnext
lower dial

ARX (x 10 ‘ohms)

-6

+1
+1
-10
+3

Average difference

AR (ohms)
-
-3.9 x 10

Difference between
each individual
difference and the
average diffegence
AR_-AR (x 10  ohms)

+4.9

+4.9

+6.9
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Deviation from
linearity
(Algebraic sum
of Col. 3)

ohms PPM of
(x10" ) Reading

-2.1 -2.1
-3.2 -1.6
-4.3 -1.4
-5.4 -1.3
-4.5 -0.9
-10.6 -1.8
-5.7 -0.8
-0.8 -0.1
-6.9 -0.7
0 0
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TABLE 3E
VARIABLE FOUR TERMINAL RESISTOR DIAL 5

LINEARITY DETERMINATION

Deviation from

. Difference between linearity
Difference from each individual (Algebraic sum
total of next difference and the ‘of Col. 3)
Cdil lower dialu average diffepence ohms _ PPM of
No. AR (x 107" ohms) AR -AK (x 10 * ohms) (x10 ') Reading
1 +2 -0.6 -0.6 -0.6
2 +3 +0.4 -0.2 -0.1
3 +3 +0.4 +0.2 +0.1
L +2 -0.6 -0.4 -0.1
5 +2 -0.6 -1.0 -0.2
6 +2 -0.6 -1.6 -0.3
7 +4 +1.4 -0.2 0.0
8 0 -2.6 -2.8 -0.4
9 +5 +2. 4 -0.4 0.0
10 +3 +0.4 0.0 0.0

Average difference

AR (ohms)

+2.6 x 1074
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TABLE 4E

VARIABLE FOUR TERMINAL RESISTOR DIAL 6
LINEARITY DETERMINATION

Deviation from

Difference between linearity
Difference from each individual (Algebraic sum
total of next difference and the of Col. 3)
Coil lower dia} averagg_diffeg nce ohms _ PPM of
No. ARX (x 10 ohms) ARx -AR (x 10 “ohms) (x10 ) Reading
1 -1 -0.1 -0.1 -0.1
2 0 +0.9 +0.8 +0.4
3 0 +0.9 +1.7 +0.5
y -4 -3.1 -1l.4 -0.3
5 0 +0.9 -0.5 -0.1
6 0 +0.9 +0.5 +0.1
7 0 +0.9 +1.3 +0.2
8 -2 -1.1 +0.2 0.0
9 -1 -0.1 +0.1 0.0
10 -1 -0.1 0.0 0.0

Average difference
AR (ohms)
~0.9 x 10~
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each dial. On the basis of the linearity determinations summarized
in Tables 1E to UE, it may be concluded that the percentage error of
the lower five dials on the variable four terminal resistor is well

within the manufacturer's specification of % 0.001% of reading.




APPENDIX F

INTERCOMPARISON OF THE TWO POTENTIOMETERS

Figure 1F shows the simplified testing circuits for comparison
of the two potentiometers. It can be seen that the measuring termi-
nals of the potentiometers were connected to oppose. The galvanometer
terminals of V.P.l were linked together while the galvanometer termi-
nals of V.P.2 were connected to an extremely sensitive galvanometer.
The battery circuits could be simultaneously reversed by means of a
low resistance gold-plated copper thermoelectric free switch providing
compensation for parastic emfs in the galvanometer. All external
connections were made with 20 gauge pure copper wire in PVC insulation
to avoid the thermal emfs generating at the contacts. The batteries
were connected to the circuit for several days to obtain current
stability before any intercomparisons were made.

The procedure of the intercomparison of the two potentiometers
was that the dials marked X 0.1 volt of the two potentiometers were
set at 10. The battery current rheostats were_adjusted until no current
flowed in the galvanometer circuit, indicating that the potential
differences across the measuring terminals of both potentiometers were
exactly the same. The sensitivity of the photocell amplifier galvano-
meter was set so that the smallest adjustment of the dials gave at
least 100 mm deflections. Then the dials of the potentiometers were
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~

set at any other botential difference to be compared and the ratio of
the voltages across the same settings of the dials of the two potentio-
meters was obtained by observing the galvanometer deflections. A few
of the intercomparison tests are shown in Table 1F.

Similar comparisons were made on the standard cell circuits of
the two potentiometers. The test results are given in Table 2F and 3F.
On the basis of the intercomparisons carried out on the two potentio-
meters it may be concluded that the two potentiometers are evidently

stable to about 4 parts in one million.
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TABLE 1F

THE STABILITY OF POTENTIOMETER MEASURING CIRCUITS

Mai

Date 30-7-86
Pot. Temp. 21.0%
Section Potential Diffe
1 -3.8

2 -5.0

3 -5.9

L -2.9

5 -3.5

6 -2.8

7 -1.2

8 -1.7

9 -0.3

10 0.0
11 -0.4
12 +0.uU
13 -0.9
14 -1.6
15 -4.7
16 -5.7
17 -7.5
18 -8.7
Note: The positive sign ind

greater than V.P.2.

n Dials

9 27-8-69 26-9-69
21.2% 21.2°%

rence Between V.P.1 & V.P.2, uv

-4.0 -4.0
-5.6 -5.3
-5.9 -5.8
-3.5 .. =3.6
-3.5 -3.4
-2.7 -2.9
-2.2 -2.0
-1.5 -1.9
-0.4 -0.4

0.0 0.0
-0.3 -0.4
+0.1 0.0
-1.0 -1.0
-1.9 -1.9
-4.8 -4.8
-5.7 -5.7
-7.6 -7.5
-9.0 -9.0

jcates that the potential of V.P.1 is
The negative sign is reverse.

s
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TABLE 1F (Continued)

x 0.001 Dials %X 0.00001 Dials
Date 1-8-69 27-8-69 26-9-69 1-8-69 27-8-69 26-9-69
P8t. Temp. 21.0 21.2 21.2 21.0 21.2 21,2
(c)
Section Potential Difference Between V.P.1 & V.P. 2, uv
10 +0.6 +0.7 +0.7 0.0 0.0 0.0
20 +0.4 +0.4 +0.5 0.0 0.0 0.0
30 +0.5 +0.5 +0.5 0.0 0.0 0.0
40 +0.1 +0.3 +0.2 _ 0.0 0.0 0.0
50 0.0 0.0 0.0 0.0 0.0 0.0
60 0.0 +0.1 +0.1 0.0 0.0 0.0
70 +0.4 +0.4 +0.4 0.0 0.0 0.0
80 +0.9 +0.9 +1.0 0.0 0.0 0.0
30 +0.1 | +0.4 +0.4 0.0 0.0 0.0

100 +0.4 +0.5 +0.5 0.0 0.0 0.0
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TABLE 2F

THE STABILITY OF POTENTTOMETER STANDARD CELL CIRCUITS

Range x 1.0

Date 1-8-69 27-8-69 é6—9—69

Pot. Temp.(°C) 21.0 21.2 21.2

Section Potential Difference between V.P.1 & V.P.2, uv
.1.01800 . -1.6 -2.0 -2.0
1.01810 -2.7 -2.9 -2.7
1.01820 -4.6 -5.0 -5.1
1.01830 -2.2 -3.2 . -3.3
1.01840 -3.1 -3.1 -3.1
1.01850 -3.5 -3.5 -3.5
1.01860 -5.2 -5.u -5.3
1.01870 -5.3 -5.6 -5.1
1.01880 -6.7 -6.7 -6.8
1.01890 -6.0 -8.0 -8.0
1.01900 -4.9 -5.1 -5.2

Note: The positive sign indicates that the potential of
V.P.1l is greater than V.P.2. The negative sign
is reverse.
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TABLE 3F

THE STABILITY OF POTENTIOMETER STANDARD CELL CIRCUITS

Range x 0.1

Date 1-8-69 27-8-69 26-9-69

Pot. Temp.(°C) 21.0 21.2 21.2

Section Potential Difference Between vV.P.1 & V.P. 2, uv/10
1.01800 -2.1 -3.3 -2.2
1.01810 -1.4 -1.8 -1.6
1.01820 -1l.4 -2.0 -2.2
1.01830 -2.8 -3.1 -1.9
1.018u40 -3.2 -3.6 -3.8
1.01850 -3.3 -5.1 -5.0
1.01860 -2.8 -5.2 -4.7
1.01870 -3.9 -3.6 -4.0
1.01880 -5.2 -9.0 -8.7
1.01890 -5.3 -6.0 -7.0
1.01900 -5.u4 -5.9 -5.1

Note: The positive sign indicates that the potential of
yv.P.1 is greater than V.P.2. The negative sign
is reverse.



APPENDIX G

SOME OF THE o EXPERIMENTAL DATA ON HEAVY WATER

TABLE 1G
HIGH FILLING CONSTANT MASS EXPERIMENTS
ON HEAVY WATER (THIRD SERIES)

Ener Added

Test Initia} Finalg Total Energy For 50 C Interval
No. Temp. ( C) Temp. (°c) Added (Int.J.) (Int.J.)

21 49,905 99.996 218472.5 218075.5

22 99.956 149,887 220657.1 220961.8

23 149.955 199.805 225929.7 226609.5

24 199.930 249,929 235544 .2 2355u48.9

25 249,892 299.931 248923.2 248729.1

TABLE 2G

HIGH FILLING CONSTANT MASS EXPERIMENTS
ON HEAVY WATER (FOURTH SERIES)

Energy Added

Test Initial Final Total Energy For 50 C Interval
No.  Temp. (°C)  Temp. (°c)  Added (Int.J.) (Int.d.)

26 50.133 100.213 216751.6 216405.3

27 100.020 150.063 219437.6 . 2192u48.9

28 150,854 199.933 220866.7 225011.3

29 199.964 249,947 234305.7 23u4385.4

30 249,850 299,945 247680.7 247210.9
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TABLE 3G
THE INITIAL AND FINAL MASS VALUES OF THE LOW FILLING

CONSTANT MASS EXPERIMENTS ON HEAVY WATER

Test Series No. 5 Mass (Grams)
Initial Final
1 207.u4610 207.3712
2 211.6122 211.4037
3 213.9551 213.6u468

*Since it is conceivable that a small fraction of a
gram of liquid could remain entrapped in the calorimeter
hydraulic lines it was concluded that the previously
mentioBed leak only showed up at temperatures in excess
of 200 °C.




APPENDIX H
HEAT CAPACITY OF THE EMPTY CALORIMETER

In order to compare the difference between the measured heat
capacity of the empty calorimeter and the value inferred from the
constant mass experiments, one series of the t;re measurement under
vacuum conditions was conducted recently from 50 to 300°C. The test
results are summarized in Table 1H. It should be mentioned that the
temperature variations over the surface of the calorimeter in the tare
measurements as shown in Figure 1H were found to be almost four times
larger than that in the constant mass experiments, consequently the
net heat exchange between the calorimeter and the adiabatic shield
could not be ignored and a small correction was necessary to apply to
the energy term. This correction was estimated from the heat transfer
coefficient obtained in the heat transfer study and the actual tempera-
ture differences between the calorimeter and adiabatic shield.

The comparisons between the results of the tare measurements
and the corresponding values inferred from the constant mass experi-
ments conducted on light and heavy water are shown in Table 2H. It is
seen that the measured values deviate from the actual values by 2.6
percent on the high side. The reason for this large disagreement may

be attributed to the heat leak.
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TABLE 1H

HEAT CAPACITY MEASUREMENTS ON EMPTY CALORIMETER

UNDER VACUUM CONDITIONS

EnergyoAdded

Test Initia Finalo Total Energy Heat Leak for 50 °C
No. Temp. (°C) Temp. (°c) Added (Int.J.) (Int. J.) Interval
(Int.J.)

1l 52.570 99.832 76u423.8 -330.1 80502.0

2 99.979 150.433 83986.3 -462.9 82771.8

3 149.973 200.405 geusg2.4 -757.2 84990.9

b 200.345 250.132 87700.4 -881.8 87190.0

5 249,714 300.007 90875.6 -1019.9 89332.2

TABLE 2H
COMPARISONS BETWEEN THE OBSERVED VALUES AND THE

ACTUAL VALUES OF THE HEAT CAPACITY OF THE EMPTY CALORIMETER

Measured Value Actual Value Inferred
Temperature Obtained Under From Constant Mass Deviation From
Interval Vacuum Conditions Measurements Actual Value
°c) (Int.J.) (Int.J.) %
From To
50 100 " 80502.0 80114.5 +0.5
100 150 82771.8 82383.5 +0.5
150 200 84990.9 gu166.4 +1.0
200 25C 87190.0 8575u.7 +1.7

250 300 89332.2 87096.6 +2.6
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It should be pointed out that the heat transfer coefficient was
determined under steady state and the temperature variations on the
calorimeter were no more than.O.lOC which is in contrast to a tempera-
ture variation of approximately 0.8°C during the tare measurements.
Consequently the heat transfer coefficient in the tare measurements
is definitely different to that value obtained in the heat transfer
study.

It was mentioned previously that the heat transfer coefficient
was measured during the early part of the research program and it might
shift with time. Osborne et al (21) observed this phenomenon in their
calorimetric measurements and made more than 300 separate determina-
tions on the heat transfer coefficient at different time and different
temperature. In view of the foregoing reasons, it may be concluded

that the energy corrections shown in Table 1H would be in error.



APPENDIX I

LIST OF EQUIPMENT

Absolute TemperatureAMeasurement
Isolating Potential Comparator, Model 9800, S/N 25889 Guildline
- Instrument Company Limited.

Féur Terminal Variable Resistor, Model 9801-T, S/N 26124
Guildline Instrument Company Limited.

Photo Cell Galvanometer Amplifier, Model aue0, S/N 180641
Guildline Instrument Company Limited.

Spotlight Galvanometer Model guel-A, S/N 26605
Guildline Instrument Company Limited.

Laboratory Standard Resistance Thermometer, S/N 331
Rosemount Engineering Company Limited.

Water Triple Point Cell, Model 130, S/N 57937, Trans-Sonics

Company Limited.

Power Measurement

Multiple Standard Resistors, Model 9200, S/N 25799, Guildline
Instrument Company Limited.

Volt Box, Model 2851, S/N M-35u45, Honéywell Control Company

Limited.
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Vernier Potentiometer, s/N C-391692, Cambridge Instrument
Company Limited.

Spotlight Galvanometer, Model 2u30-A, S/N 1693079, Leeds and
Northrup Company Limited.

Bank of Standard Cells in a Temperature Controlled Oven, Model
2778, S/N P-1940, Honeywell Control Limited.

Precision Quartz Crystal Timer, U.W.0. Shop.

Temperature Difference Measurement and Control

Electronic 16 Laboratory Recorder, S/N K 710 951 8001, Honeywell
Control Limited.

D C Microvolt Amplifier, Cat 9835-B, Leeds & Northrup Company
Limited.

Deviation Amplifier, Model 687293, Honeywell Control Limited.

Silicon Controlled Rectifier (SCR), Model R71704A, Honeywell
Control Limited.

Three Mode Temperature Controller, Model M5755231001, Honeywell

Control Limited.

Power Supply Equipment

D.C. Power Supply, Model Sy-60-6, NJE Corporation.

D.C. Power Supplys Model 865C, Harrison Laboratories Incorporated.
D.C. Power Supply, Model Sy-60-18, NJE Corporation.

D.C. Power SupPlys Model Sy-40-2, NJE Corportion.

Mass Measurement
Mettler Analytical Balance, 0-1000 gram, Model k-4, Fischer

gcientific Company Limited.
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Miscellaneous
vacuum Pump, S/N 21052, Consolidated Vacuum Company Limited.
Vacuum Pump, S/N 60038, Consolidatéd Vacuum Company Limited.
Valustat Valve, Model (lB—2B-lG-2G, 1-E-2E), S/N 21052, Edwards

High Vacuum Limited.
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