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" ABSTRACT .

. ./ . -"—'_-—‘_.— f . ‘- /- .
'A'constant'v’luméfconstant mass systen\%ns been

-

«developed td measure the P-v- T propertles af -’ heavy water

£5¢r pressures up to the crltlcal Values. Heat WﬁS added

to a given mass of water and temperatures and pressures .

-+

© were measured at steady state, when the change Gf" temper—'

ature was less than or equai to 0. 01 degrees Ce151us per

.8 -

hour. Changes-in\ apparatus yolume were functlohs only of ’

(8

temperature and were estiﬁated~from the coefficient'of"‘

I . -~ . - . -

thermal'expansi n.’ Néw?experimentafrdata are given for

- -

'the vapour pressure of 1lght and heavy water, from 200

to 300 degrees Ce151us. The’ data for the saturated vapbur
pressure bf heavy water resdlt from dlrect measurementsp
and agree closely w1th the data of‘ét%er studles, whlch
report pressure measurements with respect to those ef
ordinary water. An average dev;étlop of 0.02 percent
exists between~the'dir'ct-measuremeﬁts of this studyJ;pd

the indirect measuremgnts of other studies.

An equatiop for tRe saturated vapour pressure of
e : ’ 9
-‘ﬁéav:y water, as a function of temperature from 100 to 370
, . L
. degrees Celsius, is presented in the form of a Chebyshev

polynomial. - This expression may be émployed 'to derive.

h . .

., other thermodynamic properties, without feferripg to the

equivalent data for ordinary water.

N o

) .
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/ .
. CHAPTER 1
INTRODUCTION ) '
: 1-1. AEEroach' o ) ‘
. Heavy water is an important component of the Canadian

ég

.

CANDU nuclear reactor, hence a comprehensive and precise
account of its thermodyndﬁﬁc behaviour is essential.

Currently an internationally, accepted table of thermo- 1

~

dynamic properties ,for heavy ‘water is not available.
. ‘

Ontario by Cﬁan (1), resulted in the development of_ a

calorimeter apparatus fqr investiéating-the thq;modynamici

- N tiesr dtt . : .'

-
-~

properties of saturated heavy water , liquid and vapour. The

-

investigation consisted of three fundamental experiments,

based on the principles.laid down by Osborne (2), in his

studies of ordinary water. The three experiments may be

described as:- -

-

i) . Non-isothermal energy addition at a constant rate to

-

) a constant mass®homogeneous-fluid system at two phase
- o

» "

a

" conditions. , ; S ' : )

ii) Isothermal tgy addition at a constant rate and

-

saturated Jiquid withdrawal process.

~ Ad

iii) 1Isothermal energy addition at a constant rate and

saturated vapqQur withdrawal process.



.
-

A detailed account of the theory and method of each experi—’
. ment is proyi&ed in reference (1). The thermodynamié ’

. --&¥pressions describing this method are:

) &= he e QP o o o o Lo o o (1.1)
v ) : = dT .
B‘ = V T QE -— = v o - o o - l¢2
TP ar _ -2
Y =vg T o T (1.3) ’

where a”, B”, y are quantities determined from energy and o
- o mass measurements conducted during the three governing ‘::’

v .

N . . [l [ , . .
————————experiments.,—Values for v¢ and vg may be obtained from

_equations (1.1), (1.2) and 11.3), if an expression for the

s;tﬁrated vapour pressure as ajfunction of temperatﬁre is .

‘available or determined. At present, a suitable'express}on
' M *

is notuavailable.

-
=

_The main purpose of the author's research was to design
o ' ' ¢
and develop a system, for measuring accurately the P-v-T -

properties of heavy water .and light water at states below

.the critical point pressure and temperature,. with particiiar

emphasis on the superheated. vapour region. W;fh experi-
‘mental data for P, v and T, values for entropy and specific P

heat may be calculated from the following express%ons:-

+ - 38 v o o '
GBlp=-0GTp -~~~ "~~~ =~~~ ~-=~=- (1.4) ‘L
’ § = TV AP 4 85 - —m == == == - (1.5)
Po ?TP © - .
, . . v
e Y e e e e e e
' (535 T (577) " (L.6)




T T ——
- - - - ‘A . L] N 1
' a ‘ ' A ’ /:
'31): O
2 . - 33
[ '. P
However, with the introduction of a second derivative in '
g
> L
equation (1.6) a loss of jprecision is experienced. To

L . ) 4
avoid the second derivative, the Helmholtz and Gibbs :

poterrtials are introduced as outljined by Kirillin*eﬁ al- (3).

_a_‘,_ = -P bl e (1-7) -

(dA)T ’ , - k“?.*.
P
. A = JPAV + A5 - - = = = = = = - - - = (1.8) .
\ PO ’ ,
. 3G
B G P - - m e === - - - - (1.9)
. P
G= [fvdP + Gg ~— — = = =im—m—— = = = (1.10)
Po ' . - .
U= A+ TS - - =¥ e o - - - - - ~(1.11)
‘H= G+ TS - - - - - ——— - - - - (1.12)

To apply this method P-v-T data should be collected along

isotherms. Mass would be withdrawn and weighed while the

-
L)

temperature is held c¢onstant. This technique requires

weighing at”each datum point and each mass determination
¥

o

depends on the previous measurement? Since accumulative

5. »

errors may result, unless extreme care and a refifed tech-

nigue are develbped, this method will not be employed
o "\ y ' -
initially to collect P-v~T data. ‘
- oL . 14
To assist in the reduction of calorimetric data employ-

ing equations 1.1, 1.2 and 1.3, the P-v-T system developéd

was employed, to compile,preséure versus temperature data

-,




. . ® . N \
from 200 to 300 degrees Celsjus for saturated heavy water.

Prgliminary P- -v=-T data for superheated heavy water were

also_obtained.

4
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N
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.
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~
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- .
. -
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R AR
1-27 therature Revxew of Related Measurement Techniques

»e

- - The follow1ng 4s a brlef accdunt of related systems

b
used by other lnvestlgators, to determlne the thermodynamic

.

- ‘prqpertles of heavy water and~llght water. The methods and

ST procedures emﬁloyea“iﬁqggese“studles;whavewinflueneed the

.desién of the P-v~T apparatuefdeveloped in this study.

~; Measurements of the PEV-T properties of heavy water

were conducted at EB?'M&SCOW Power Instltute by Kirillin

. et al (4), u51ng a modified version of thelr method (3) for
ordinary water studies. Tﬁe orlglnal appa}atus was of
cylindrical geometry, with &-thln wall plezometer (sample
vessel) Tocated inside -a thlckwalled pressure vessel.
Stainless steel was used foryboth vessels due to its weld-
ability,-antiéorresive propiities and ihgignificent vapour.
adsorp¥ion. The pressufre djfference across the piezometer
wells was in geheral less ﬁhan 4 bars. A pressure equaliz-

. . - ) . .

atiog system, incorporating a deadweight gauge and bourdon

tube movement, provided aaf‘%dingﬁof—refefeaee—pxésenre

Both the piezometer, and the space between the piezometer

and the pressure vessel?wé!é‘charged with water. A heavy
walled copper casting enclosed theipressure vessel. Heating

elements, installed on the copper vessel, and surrounding

#

-
.

. . » - . . . R . . *
‘ . ,
o - . . X

‘ ) -
insulation combined to proe}ﬁe_an~isothermal enclosure.




¥

Smadl heat exchangers were installed on the tubing from the
vesseisg tc maintwain the vapour—liquid.meniscué\witg;h a
controlled region. Temperature was determined with a

platlnum re51stance thermometer placed between the pressure

L J
vessel and the copper vessel. - P=v=T measurements were

|
L] . {

estimated accurate to 0.2 percent.

Their modified system employed for heavy water measure-

ments lacks the thin walled -piezometer, and the pressure

vessel serves as the sample vess-el( Other aépe'ctg of the (3
‘sygtem appear similar. The‘single vessel‘system simplified
the experimental procedur=. The amount of water in the

system at any time was deduced from the«welght of water

removed during test and the welgnt of water remaining after”

Y
test. During the expériment wa#r was discharged into a

. w

vessel containing oil for weighing purposes: Volume®changes
‘ . ! - x . .

] .
of 2% resulted from thermal expansion and isothermal defor-

- . H -

-

mation. Correctlons were applied using avallable data [for

-

R—_— S

) Starﬁtess“gteei _mMéﬁgﬁ“ EMEAts 6F temperature and pressire

were considered accurate to 0.05°C. ‘and 0.05 percent, -, = -

respectiVely. The experimentalip—v—T reeultﬁ.weré estimated
o~ -

.

< ", L]
accurate to within 0.3 percent. Their subcritical P-v-T

-~ E-

data for guperheated heavy water vapour is shoyn in Table 1,
@ i ) v N

Page 7. e

v
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) L—__
- kx For their measurements of the P-v-T properties of ;

heavy water, Rivkin et al (5) employed a double walled

spherically .shaped vessel, immersed in ,a femperature
cohtroiled bath. ThisAinher vessel, and the space between
_ the two spheres contalnjﬁ/liquid With this arrangement
» the inner -vessel experlenced,negllglble pressure defor-

r

/ mation. The temperature was determined from the bath

temperature. Pressure was measured with a deadweight
gauge. A‘mercury seal was located between the péavy water
sample and the oil of the deadweight gauge. This system"
was used to obtain P.v data under isothermal conditions by
intermittent withd?awal ofe liquid. Trakhtengerts (6)

~estimated the accuracy, of their specific volume data, to

be 0.1 to 0.2 percent. Their P-v-T data for subcritical
%;perheated heavy water Vapoﬁr is displayed in Table 2,
pages 9 and 10. ' ‘

The methods and procedures, used aﬁ.the Massachusettg

(3

T S s e ke AN A v b aa3 LIS 17 AL e A bt St e Cadias

Instltute of Technology TRTERE” TIZ0TE AN 193045 to- dnYestim e s ra

gate thé,P—v—T properties of ordinary water, are described

in detail by Keyes (7). The change of, vglume of a fixed .

AY

) mass of water was measured by means of a calibrated piston

»

or volumometer with change of temperature or pressure.

A single walled sample vessel was utilized,. hence pressure

1

. defofmation of the vessel occurred. The sémple vessel'and

- M

C‘
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. co . . - - g
. bhe"volumometer were maintained in a temperature controlled

¢

bath. A deadwelght gauge and a platlnum resistance thermo—

~
[s]

meter<wére employed to measure pressure and ‘temperature \

respectively. A mercgfy U tubé~separated theqpil of the

.

deaaweight gauge from the tedt fluid. A small heat ex-

chang%r on the tubing.from the sample vessel insured the.

<
o -

2 . . b
.vapour—llquld meniscus remained in a certain region. Sanmple

vessels employed were fabrlcated from nickel,' chrome=-

<

vanadium steel, and 18/8 stainless steel Both cylindrical -

< ) \

"and spherical containers were uysed. The isothermal de-

formations were calcylated and the thermal expansion

measured for the alloy ‘maté ials. The 18/8 sﬁaiqless steel

displayed regular and reprodupibie thermal expansion

.- - o

behaviour. Chemical interactions with water, over a period

gf many months, at tempenatﬁres up to %60°C appeared

negl;glble. However, specnflc volumes greater than 150 cc

per gram wete not measured (Keyes et al (8))due to the

. adsbrptive property.of. water. ¢ ’ T

.Aithough no specific estimate’ of the;accuracy of their
VoL ' ’ i o . : ) . o
volumetric measurements was made (Nowak et al }9)), Smith
et al (10) mentiohed that ﬁemperatures were:reproducible to
@ ’ '

about 0.01’ deg. C. whlle pressures were accurafe ta 5 parts

in 10, ooo - . 4 ' N

11

>

»
»

o
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iy

_compression.-—A-value of 0.700 x 10-® per bar was deter-=

a8 | o
. - : \

The measurements by Kell et alﬁ(%l),at'the(NatiohaI
Research Council, of thé P-v-T properties of liquid
ordi?Sry water were performed on a similar syéfgm. Type
304 stainless sgeel was u;ed,for the sample Yeésel. This

vessel was pressurized on the outside to provide equal
L]

3 : . . .
pressure across its walls. The thermal expansion co-

’

efficient ©of the material was measured. "Corrections

) a s - h .
© were applied far the change.in vessel volume due tp

. mined for the cdmpressi?il%ty (K) of the stdinless steel

P A

vessel.. The effect of compression on tHe volume ma¥ be

calculated from the following,K equation:-— .
. /

V =V, (1 = KP)

: | N .
The more rec¢ent studies by Kell et a™ (12, 13}, of the
) ' T v -
virial coefficients of ordihary, aQs heavy water, employed

essentially the same system with modifications to the

sample vessel. They have devised a procedure of isothermal .

ﬂiquid.injection, employing their volumometer, which does

not require direcdt measurement of the system volume. The .

;sec‘nd and third virial goéfficientg of qrdinary and heavy

o

water were determined with this new method. .

A general revieY of. the P-v-T measurement technigues is
provided by Ellington et al (14). Of particular inteéest
\afé'tﬁeir commekts reg;;d;ng constant volu;e:consiant .
mass, and'variabfé volume, and cqnstant.mass é&stemsﬁ

_ ; ‘ :

4 .
. . . }'

-
. hl
; \ \
. , -

[
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The former is considered:the simplest in concept, and o

capable of providing results with errors of the order
! . : :
of 0.005 percent for gases and 0.001 percent for liquids.

However, achieving errors of less than=0;} percent is
. M P4

difficult ard highly dependent on g§he accuracy of volume

determination. A variation of this system is discussed
\ " ) : )

with a constant- -volume and niass bled off periodically

during test. Normal errors are of the order of 0.1

i -

-

percent, however with extreme refinement errors may be

LI —

reduced to appréximétely OJGl.percent; The variable

volume constant mass system was in general used as far -

back as 1893. Errors of tle order of 0.0l percent are

mentioned. Some of the most accurate data curreptlf

ravailable (e g. (8}, (11)) has beenlobﬁained with this

method. S _ ° 2.

-

The saturated vapour pressure of heawy water was

measured iﬁdirectly by Oliver et ;l (lS)/ (16) .. Two
¢ . ! ! N o
heavy qglled monel boiling point tubes‘coﬁfained ordinary -

,

and ﬁeavy water respectively. For insulation purposes a

vacuum vessel suUrrounded each tube. The tubes were pres-
-

surized. with a common helium subp}y. The temperatures of
the two‘Poiling-poiht tubes were adjusted until the .o

«

preésures were équél.'%With a platinum ®esistance thermo-

-

meter the temperature of each sample was measured. The

pressure in ‘each tube was ‘determined from the saturated

.
\
‘/‘c . N




r'4 L _ .

. °
vapour pressure data for érdinary.water,(OsBorne et-al
(L7)). The helium-fupply was i§$lated from direct contact
with the water samplés, by usiné cold traps.' The temper-
ature measurements were estimated to be accurate to
+ 0.01°C. Data for the vapour pressure ofmheaVy water
from approximately 208°C. to the critical point is sﬁown
?n Table‘3, page 15. The crossover temperature was

evaluated as 2%9:68°C.

Id ]

L

Rivkin et al (18) utilized their previously mentioned

P-v-T apparatus to obtain data for the saturated vapour

1

pressure of heavy. water, from 275 to 365°C. Their data is

El
»

presented ithable 4T page 1l6. Agreement with the values

%

‘of Oliver et al to withinm 0.03 percent is displayed in

.o
Table 5, page.1l7..

>

Liu et al (18), in a repehv stﬁdy} investigated the
vapour pressure of heavy water from 106 to 300°£. The
ordinary and heavy water samples, were placeé in platinum
cups in ‘similar but’ separate pressure cells. The cells '
were symmetrically installed ingide a ;arge al%miﬁumeblock )
and the assembly immersed in aée‘mper"aﬂ:ure regulated oil
bath. 'The temperature of the oil bath was determined with
a ;esistancé thermometer - Mueller bridgeigystem, The

pressure in each cell was balanced a ss individual bellows

with an inert gas. Differenceq“between the gas pressures

‘was detected with a mefcury—filled differential manometer.

4
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. ®
' i 15
Y
VAPOUR PRESSURE OF D,0 AND BOILING POINT DIFFERENSE
R BETWEEN HzO AND D20 (15)

Pressure'} Tempé}ature AT,a Pressure Temperatufe. AT,a
bars °C. °C. ' bars’ iC. °C.,
18.355  _ 208.21  -0.141 69.961 ' 2§5.05  0.708
21.687 216.55 - .047 83.047 .  296.77 .832
23.162 " 219.92 - .010 94.486 -  305.89 .927
23,482 720.55 - .007 98.940 - . 309.23 .952
23.497 220.66 - .003 . 109.96 1316.96 - 1.063
23.506 220.68 .000 123.58 325.74 - 1.150
23.599 - 220.89 ..004 124.07 326.04  1.162
23.807.  , 221.34 7008, 139.45 335.04  1.268
C24.181 7 222015 019  152.76 . 342.24  1.343
24.470  222.78 .023 . 171.84 * 351.67 - 1.468
24.833 223,55 .033  188.71. ° 359.30 1.575
25.133 . 224.19 .035_ 204.39 365.85  1.68
25.580 . = 225.11 .049 © 209.46 ' 367.87  1.70
25.956 225.90 .051 212.79 369.12  ‘1.75
26.547 227.09  ..063 .215.96 1370:41  1.72
26.616 227.22 7, .065 216.38 ~ ° 370.51 1.78
28.268 230,45 107 " 217.77  370.75  2.08
28.616 231,12 115 219.01 - 370.9 2.39
42,119 . 253,05 362" 219.98 . “#70.9  2.71

55.858 ©  270.39 .544 S

L]
e

OLAlgebr‘.aicall'y add AT values to b.p. of D,0 to obtain b.p.‘

", of HyO0. ) -

PR

A
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TABLE 4
SATURATED VAPOUR PRESSURE OF HEAVY WATER
FROM 275 TO 365 DEG. C. (RIVKIN ET AL (-5))
Tm‘;;wrature Pressure Temperature Pressyre
Deg. C.- Bars Deg. C. - ~ Bars
275 60.06 , 350 168.33
300 . 86.98 o 360 . 190.34
325 . 122.36 365 202.25
240 148.53
» \ v ’-




TABLE 5

COMPABASON OF THE VAPOUR PRESSURE DATA FOR HEAVY WATER

OF RIVKIN ET AL (5) AND OLIVER ET AL (15)

17

Temperature Pressuré, Bars
- Deg. C.° *Ref. (5) ' Ref. (15)
275 ‘ 60.05— - 6004
300 86.98 - 86.97
325 122.36 . | 122.39
‘ 340" 148.53 . “148;535
350 1168.33 168.33
" 360 190.34 190.36
q 365 202.25 éb2.27
, o .
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Their data, whlch 1s the average of 5 to 20 observations.

at each temperature, is listed in Table 6, Page 19.

Comparlso? of their values of Pp,q/Py,p with those of

Olivéer ethal (15) is shown in Table 7, ﬁage Zb. Agreement -

to within 0.0l percent is indicated except at 220°C. where

they differ by approx1mately 0.02 percent. Liu et al (18)

estimated their crossover temperature at 220.77°C. Although

this valué agrees well with the value of Oliver et al (15),
. ~ .

there is substantial disagreement with the values of

.

-

18

Riesenfeld et al (19) and ‘Miles -et al 420). Liu et al .(18)
conclude that the data, above 100°C;; of the latter two
investigators was of lower precision and of more questionable

-

accuracy.
Joues (21) employed a dlfferentlal tensimeter to
_measure the dlfference in vapour pressure between heavy
and ordinary water from approximately 3 to 115°C. The
samples of heavy and ordinary water were isolated by
capillaries of‘mercury connected to a differential mercury
manometer. The oomplete system wae immersed in a temper-
ature controlled ‘bath. An observation port was provided in
the bath to ‘permit reading 6f the manometer. Although the
data df'Jones was outside the temperature range of this
current investigation, it was recorded in Table 8, page 21.

The data of Liu et al (18) demonstrated close agreement

with the data of Jones, in the small temperature

.y -



TABLE 6

SATURATED VAPOUR PRESSURE OF HEAVY WATER -

FROM 100 TO 300 DEG. C. (LIY ET AL (18))

.

Temperaturé " Pressure - Temﬁerature Pressure
Deg. C. Bars ) Dég: C. , Bars
) 106.00 " 1.1934 220.00 " - 23.197
125.00 2.2424 . 221.00 23.650
136.33 ' 3.1629 225.00 25.525
150.00 ' . 4.6566 . . 250.00 i 39.993
175.00 8.8162 '275.00 , 60.028
200.00 : 15.476. 300.00 . 86.955
. , S §
/’ - !
" ‘ - . ‘
) . )
. : ﬁ e
;g ]
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20

’ ‘ 'fABLE o 3 _ .
COMPARISON OF THE VAPOUR PRESSURE DATA FOR HEAVY WATER \ .
. OF LIU ET AL (18) AND OLIVER ET AL (15) . ‘
v N | N . .
Temperature T Vapour Eressure Ratio o .
‘Deg. C. Egz_g_/_PH_zg v
_ Ref. (18) . Ref.’ (15)

220 .9998 ) - 9996

221 1..0001 1.0000. ]

225 - ' 1.0008 . % 1.0008 o’

250 : 1.0055 1.0055 )

275 : 1.0092 - 1.0093
. 300" " 1.0122 T .1l0123

. .
. ‘-
. - {
_ . , '
H s ’
- - ®
. .
. |




TABLE 8

SATURATED VAPOUR PRESSURE OF HEAVY WATER

Vapour Pressure

- ] . ..
FROM 3 TO 115 DEG. C. (JONES (21))

Vapour Pressure

Témperature Difference Temperature Difference
Deg. C. Py, = Fp,0- Deg. C. Py,0 =~ Pp,o0-
, Bars Bars
B 3.80 _ . 001293 - 50.25 ¢ .01216
" » '4.50 | .001573 55.51 .01484
r 4.96 % .001493 55.69 01401
: - 8.90 . 002066 61.30 . .01799
10.05 " .002040 64.19 .01980
14.68 ' .002520 68.03 . 02242
20.25- : .003386 68.92 .02305
% ' ) ‘
22.04 .003733 71.85 .. 02506
29.20 . .005026 74.93. 102750
‘ 29.59 .005173 77.87' .02996
37.94 007493 . % '80.74 .03232
38.54 .007613 83.38 .03461
38.86 .007826 83.77 .03510
39.4% . 007986 86.78 .03768
S 44.60 “ .009706 88.78 .03941 .
44.96 ...° .009986 89.02 g - 03970
. s 46.38 01045 92.00 ©.04273
49.75 .01199 " 92.88 . 04349




o N\

. TABLE 8 (CONTINUED)

Vapour Pressure Vapouf Pressure

> -
# . ‘\ ’ . had

Temperature Difference Temperature Difference

Deg. C. Puso ~ Ppaov ‘ Deg. C. Pu.o ~ Ppaor
0 Bars ., . \ Bars

93.00 .04376 ~105.32 . .0564£ .

93.17 04352 106.12 .05728" N
-93.15 . .04569 106.29 .05741

97.36 : ;94782 107.50 .05829

o 97.3F .04781 107.16 - .05898 .. 7’

97 72 .04845 107.78 *.,05913 _
“o1.717 . 04846 Y ol08s22 06019 :
100.53" .05127 " 109.63 ' . 06125
100.84 .~ .05l64 110,37 . .06217
100.89 .05216 111.92 .06425 ’

100.94 05222 © 112.29 © .06439
101.52 C.05222 ..  112.38 . .06469
102.13 .05297 113.93 .0%633"

’ 10%.04 ©.05432 114.31 _ .06661
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& range where the two studies overlapped. The measurements

‘by Lewis et al (22) (10 points from 20° to 110°C.), and G

. . % .

Combs et a} (23) (10 points from 10° to 55°C.) appeared.,
; ) "

- v

to support the data of Jones.

LN ; Pﬁpez;n et al (24) measured'theyvapour pressure of

heavy water relative to ordinary water. The two sepérat%y
' P ) - .

samples'were,maintaingd at the same temﬁe;atgre~in a
thermostaticaily controlled bath. The refergnce éfessure

was-measured with a Texas Instrument Company quartz.

. Bourdon gauge, and the ispfopic differeniial pressure, to
several parts in 10%, with a Datamefrics bivisioh;’CgﬁL_

Corporation, capacitance type differential manémeter.-.é;L ° >

-

temperature is determined~by'resistance thermometry.

. SN , " e
Pupezin et al claim improved precision as a result of the ¢
L3 . , e

‘e extreéme care in preparing samples. For example, five to ~
- o ) : )

. . : 4 . . _

S - six repeated melt-freeze-pump cycles were deemed necessary >

Their investigation .

bl

CZSO choroughly degas the samples.
covered the range -64° to 100°C. Agreement within 1 per-
cent existed with Jones (21) from 60 to 90°C.,witH Lewis

et él (22) from 40 to-90°C. and with Miles et gl (20)from .

30 to 80°C. : o :
Besley et 3l (25) measured the vapour pressure df

- heavy*and ordinary water from,0 to 25°C. In their s?stéﬂ
1 ‘ .
the equilibrium vapour pressure of‘the sample is exerted

on thé base of a mercury colummn. The mercury manomefer was

¢
- -

-

LT




fia

o . ® S R .“‘\.’A
.+fcomstructed so that viewing occurred through plane gl§§@
.3 « 1 2

“surfaces, rather than thepéonventional optically impér-

fect cylindrical tubiﬁg.z‘ln the temperature range O to

-

.25°C. they haVeffound con51derable‘scatter between the s
data og Miles etéh14}2p) ‘-ombs et al (23), Jones - (21),
éupézin et al (24)'and thelr data. Agreement is much-
pé%rer than for ordinary water over the same,tempereture
r;n;e. mfhe studles of B?rtholeme et_al (26)1 LerS et

:al (22) and Rlesenfeld et al (19) were con51dered to be in -

ER ¢
B

- poor‘agreemeﬁt“wtth:the'other studiés.

- The constantkvolume censtant mass system-develoPed

-

during this study was somewhat 1nfluenced by the technltus

]

used at the Unlver51ty-of Western Ontarlo for calorlmetrlc

°

-

investigations (1). The calorimetric apparatus con51sted

of concentric spherical vessels. The calorimeter or ‘inner-
> p =15 : ) ‘ ‘
‘mosf pressure vessel is machinga from inconel, and contains
: . .
electric heating elements attached to a silver heat dif-

fusion éysﬁem, which ensures uniform distribution of -

©

energy input. A thin-walled ‘copper shell (adiabatic shield),

with attached heating element, surrounds the calorimeter.

»

The outermost vessel is a heavy walled copper vacuum vessel

Pl

yith an integral heating element. By maintaining the

[ 4

kediabé%ic shield at the sdme temperature as the vacufm

—m—

vessel, the radial heat losd™from the calorimeter may be/

- - :
- .
‘ - M r’ !
~
. . . < .
. .



_assumed to be absorBed by the #ater and the calorimeter

considered negligible, Hence, . the energy ihput may be

£

. o.
only. Both the energy input,.and, the calorimeter temper-

ature are measuxed very accurately. Slmllarltles in
. o s
constructional details, and thermometry technlques assisted

in the developmentvof the P-v-T system.

\

In the’ precedlng dlSCUSSlon, of P- v-T.systems, it was
. » ’ -
noted that some 1nvest1gators chose a double walled vessel, )

to eliminate pressure deformatlons. The m&ximum operatlng

d}

temberatuqe and pressure, in the’ current study, were 300

e 5

deg. C. and 85‘bars,‘respect1vely. _For tkese conditions, ‘-

S

the thermal expansion°a3d isothermal pressufe deformation,

a

df the spherical sample vessel (to be described later), Co.

i

resulted in a change in system volume of the order of L 4

percent and 0.2'perdent,‘respectlvely. At the,maxlmum re-

" commended operating(pressﬁre of 220 bars[ the isothermal °

w

pressure’ deformatlon could have 1ncreaseéﬁ\b\apprOXLmately

. 0.4 percent "Kell et al (ll), lnethelr study o% ordlnaryJ oo

water | at hlgh pressures, corrected for-the compre351on of -

the inner vessel of their dduble vessel system. At pres-—
A

1

.sures of 85 bars ‘the change in voLume due to compre551b111ty <

o° [ :. e

1]

was &pprox1mately 0, 006/percent. No correction was applled\ 5

for this small change in volume. A double walled spherical

vessel was designed and employed in this study.




[

1-3. Literature Review of Related Theory or Correlations

The Steam Table-by Vukalovitch (27) for ordinary‘%ater.
contains a sectlon for superheated wvapour, developed from
an equation of state based on the theory of association.

Tﬂg concept of association, as applled to lmperfect gases,

refers to the comblnatlon of SLngle gas molecules into
groups or complexes of two, three, four or more molecules.

These eompleies maysbe treated as perfect gases or as in
- . - »
this case Van der Waal's gases. - -t
: . ,

(P + 3/V?) (V-b) = _TB(T) _ Ap(T) } oo L
(P + 8/V*) (V-b) = RT {1 . Tap— o 5)‘} . (1 12)

-
CiNe TeT

where A, (T) = -

‘ 2,2ToT-!
Az (T) CaN“etcn

8Pc
(3 + 2m1)‘/2A
(6 + 3mz2)/2
(6 + 4m1)/2‘
gas constant
\Y any vQlume contalnlng N pattlcles
h.f i: é, 3 depending on the type of molecule

Ciﬂ Cz, g calculated from t‘he critical point information.

»

or from available P-v-T data.




<

o«
L |

, . e -

The quantity m is chosen equal to O for monatémic

gases, 1 for dia@omic gases, 3 for gases.with highly

«
’4

symmetrical molecules, and 2 for all 6ther gases.

Vukalovitch applied equation 1.12 to ‘available data

~

for, imperfect gases, air oxygen, nitrogen and carbon mon-

- oxide, with iesulting agreement of the'order of-1 to.2'

pe¥rcent, except near the critical point regioﬁs. Since

both superheated heavy, and light water vapour are con-

)

sidered similar- imperfect gases, it would segm reasgnable

to attempt to empioy equation 1.12 to describe superheated
. ~ =
heavy waté&r vapour, in a manner similar to the method

employed by Vukalovitch for 1light water.”

UAnother possible method, of obfggﬁfng the P-v-T

£

A
properties of superheated,heavy‘water,_invdlves‘;nvoking

. T S - .
the principle of* thermodynamicqiimilarityp«in‘ﬁhe form of °

the ‘theorem of corresponding states. Whallex'YZS)'discuséed

the great'similarity, in molecular structyre, between heavy

’ <

water and ordinary water. This close eimilarity indicates

that the theorem of eorresponding states may be applied.

.08
-

If théaprdﬁertiesvare quoted ds fractions of their

critical valuee, i.e. as' B = P/P¢c/s T .= T/Tc, and ¢= v/v,
~
By, T, and ¢ are referred to as reduced propertles., Any

two gases at the same reduced pressure a reduced temper—

.
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ature have the ‘same reduced volume. - ThlS statement is* known

- K]
as the theorem of correspondlng states. It-may also be

-~

A

(2 h
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expressed as a functional relation.

¢ = F(B, T) = — == == == = = = (L.20)
- Pv

A duantity termed the combressibility factor Z = = may be

- RT

evaluated at the critical point to determine the critical
< \ )

cbmp;essibility factar. The compressibility factor in--

dicates how far a gas deviates:for a perfect gas.

Calculations of the critical compressibility factors,

€ ’

by;Juéa ei,al (29) indigate tﬁat tﬁe compressibility factors

Y . N . .
for ordinary and heavy water differ by only ¢t058 percent.

o 3

fThe,chpfegSibi@%t?-facpors for ordinary water and heavy

water werentabuié;ed as 0.241494" (T, = 374.15°C, P, = 221.29
bars, Vo = 3.26.cm®/g) and 0.241635 (Tc = 371.50°C,
Sl .

"Pc = 218.83 bars, vc = 2.955 cm /g), respectively. If

equation 1.20 is evaluated for ordinary water, it is aséumed',

that, the, equivalent eqﬁatioﬁ for heavy water will be

" similar. Kesselman (30) compared P-v-T data for superheated,

" heavy+water vapour, derived by the theorem of corresponding

states, to tpg‘experiméntal P-é—T dagg for sﬁperheét%g heavy
water of Kirillin et al 131),-and obtained agreement to 0.2
peréent, The following Eripical valué; wére,employedfby .
Kesselman for hea&y water: ’ . .

Pe = 218,31 bars; T, = 371.5°C; v = 2.955 em®/g. .

Based.on the study of Kesselman for heavy water, and tmploy-

ing available experimental data, Kirillin (32) constructed

-t
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a steam table for heavy watef. Since the experimental .
.data of Kirill;n et’al (4) have an estimated accuracy of
0.3 percent the data for atperheated heavy water contained
in the table (31) will be less accurate than the equi-
.valent expérimental data'for light water employed, in the
development of the internationally accepted steam tables

for light water.

The theorem of corresponding stated is useful in

evaluating. the P-v-T properties of superheated heavy .

L4 »

water vapour, however to possibly establish tables to the
accuracy of llght water tables, more experlment data are
necessary. For example,. more eXperlmental data at the
critical point, and in the superheated vapour region are
required tc establish that an equatioﬁ of state} iadepen—
dent of previous studles “of llght water, is not necessary
to obtain the accuracy of" data presently available for
light water. “As an ‘example, Rivkin et al (32),in 1963,
1cvaluatea’the critical specific volume of heavy water,
iat the critical point and differed.by appro;imatel§,7
“ percent with the earlier value of Eck (33).
r/Receptiy, Trakhtengerts (6) developed an quation ¢
cf state for superhéated heavy.water employing the theorem

of corresponding states, the experimental data of re-
. - ? .

ferences (4, 5), the new critical point data of reference

v 1 » R /




(32), and ‘the virial equation of state for ordinary water °

of Vukalovitch et al (34) in reduced form. Initially the

'3

constants in the Vukalovitch equation for ordinary water

»

were left unaltered. On the average, deviatiqgs amounted
: . . S s

°

to. 0.4 pergent. The critical_pérameters‘(32) empldyeq were:
Ve =.2.956 cm’/g, Tc = 370.9°C. and Pe = 217.23 bars.

To establish agreement with experimental data, the co-
efficients were adjusted by a temperature /dependent factor.

In addition, the critical specific voluhme wyas arbitrﬁrily

-

set at 2.92 cm®/g., The resulting average deviation from

experimental data (4) was of the order of 0.2 pe;cént. .

. R . R Y
Precise experimental P-v-~T data for superheated heavy water
' ' L ! «
would be useful for further possible application of the
ﬁpeorem Qf~éorresp6hding states, or for the development of

an equation of state independent of existing light water

data.

An equation of state for superheated heavy water was

expressed in virial form by'Whalléy et al (13).

PY/RT = 1 + B/V + C/Y2 4 = = = = = - - - ={1.
Since the s;cond and thiré Virial coef}icients are functions
of temperature, they presented exéressions B = £; (T) and
C-= £,(T) in their étudy (i2) of superheated ordinary water.
Values (13) Af virial coefficients for superﬁéatéd heavy
‘water were determined in ‘the range 150 to 500 deg. C. ,The’~
coefficientsmwere tabuléted and the difference betweeh Bp,0

L
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and By, detérmin&d. Vodar et al (35) compared the virial
N ,

equation of state, with the coefficients of Kell et al'(13), )

to the,experimental data of Rivkin et al, (36). Agreement

ex1sted to within an accuracy of 0. 1 percent

[ 4

Table 9 page 32, dlsplays the critical parameters of

heavy water (40) evaluated by classical analYSlS. Stanley’

*

(41) described the emergence of a new description of the

critical .region as embodied in the twin phrases“"statie

scaling laws" and "dynamic scaling laws". The "classical"

\

@

(e.g. Van der Waals) thermodynamic theeries were shswn to
be in Eisagreement wifb experlmental eviéence. Fisher (42)
dewonstrated thevdisagreement of the classical theories
with‘both experimental and theoretical values, in his
statistical mechanics treatment of the critical phenomena.
Stanley (41) etated that we stiM]l know neither whether the
scal}ng laws are fully supported experimentally nor, if they
are ultimately justified theoretically. Kell (40) tabulated
the critical parameters of ordinary water, including the
scaling law values of Sengers (4;). The critical parameters_
were: To = 374.35°C; vg§= 3.08 em®/g; Pc -. A later paper
by Sengers et al (44) evalyated the critjcal temperature as
373.9 deg. C., however theLcrltical sp?cific volume remained
unchanged. -

The rapid change in the area of critical point.phenomena
was evident, from the fact that, oneshundred and sevepty five

~of Stanley's references were published in the fiVe‘years~




- ~ 'TABLE 9

CRITICAL PARAMETERS OF HEAVY WATER |-

>

.

) \ BY CLASSICAL ANALYSIS (40)

’

Tc P_c

°C,—;fTS—48 bars

Riesenfeld et al (37)  37L.5 221.2
Eck (33) . 3715 217.2
Oliver et al (15) © 370.9 218.6
Whalley (28) | ' 371.1 218.8
Elliot (38) = - 371.1 ° 221.36
Blank (39)  370.66 216.59

(E) Experimental

‘(C) Correlator

Ve
cm®/g

3.07 (E)
2.77 (B)
3.05 (C)
2.96 (C)

- (E)




prior to 1971.

L4

The present study has°not dealt with asgessmént of
critical point_ data but has arbitrarily employed tke
critical point data of Whalley (28). A classical approach

to the critical poirnt was adopted in this study.

For saturated heavy water a pressure-temperature re-

¢

lationshib may be developed in thé;form of a Chebysﬁev
polynomial. Gibson et al (45) sucageded in fitting this
type of polynomial to the préssure and temperaéure values
for saturated ordinary ﬁater given in the 1963 International
Skeleton Tables, to within apprggimately one.tenth of the
specified tolerance of these tables. The equation was of

the following form: y

x = {2(g- 0.95)0' -Alg----- - {1.23)

ap - a1, A and B evaluated to fit the available data.

a
o '
[

T - température, (°C. + 273.15) . . {
8
0

reduced pressure

reduced temperatufe

brose et al (46) also employed an eleventh-order

B

Chebyshev 'polynomial to dgfine'the vapour pressure of ordin-
ary$water{ .They presented a detailed-account of the good-

n;ss'of fit with the latest available vapour pressure data. -
.Thp maximum deviation from the fitted géta was approximately

0.01 percent. The equation for vapour'pressure in KPa was

’




,/ '
- i‘ "
expressed as followsA- )
T log, ,P = ag/2 + %1 a;Er(y) -2 - - - = - —(}.24)
r=1 ‘R " i
Y ={2T ~. (T max + T min)} /(Tmax - T mith - -(1.25)
ap--—-a;; are evaluated to fit the'available data.

T;méx and T min are two temperatures respectively just
above and just below the range of measured values.

< ! . "
Temperatures were expressed in degrees Kelvin. (IPTS-68).
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CHAPTER 2
=

APPARATUS °

2-1. General Description

To provide ap apparatus for the experimental deter-

mination of the P-v-T properties -of heavy water for

pressures up to the critical values, a system of the con-

.

stant volume-constant mass typé was deyeloped by the author.
The inherent sigpliqity and great accuracy potential of the
constantyvolume-constént mass system was descrih@d by
Ellington et al (14),‘iﬁ,his review—of P-v-T measulement
techniques. \

For this system the aythor selected spherical geometry
' “
to minimize surface area and to provide a symetrical temper-

ature distribution. Hence radial heat transfer losses are

minimal and essentially un*form. A double walled vessel,
i .
consisting of two component.vessels, namely, the sample and

pressure vessel, contains a constant mass of fluid. Temper-
ature was determined with a platinum resistance thermometer.

Pressures were balanced across a diaphragm and measured with

.

a deadweight gauge. Changes in volume were estimated from

teﬁperature measurements and the coefficient of thermal expan-
. .

sion. Figure 1, page 37, displays schematically the essentigl

-

components.
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FIGURE 1  P-V-T APPARATUS

Description

Sample Vessel - ’ g
Pressure. Vessel

fhermowell

Isothermal Enclosure
Diatomaceous earfh ¥
Enclosure

Suppo;ts

Untons

Thérmocouple junction
Evacuated space
Capillary tubing to Sample Vessel

Capillary tubing to space between
ffems,l and 2
Vacuum-support_tubiqg

Junction Box }‘ .
Resistance Thermometer4

Bolted Joint

Welded Joint .

hY
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Shown in detail

in Figure 2

o

Fisd

ey

P-V-T ‘APPARATUS

1

FIGURE
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The sample vessel has_aﬁ inside diameter-of five
(* 0.004) inches and a wall ‘thickness df a quarter oé gh
in?h fi g:ggg). The bressu;e véssei and the sample vessel
wéré'macpined as hemispheres from type 304'Stainles§ s£eel
”and weided by the "TIG" méthod. A thermowell supports the
- saﬁele vessel f;om the pressure vessel -and extends beyond
» the Eentre, placing the cqntained,cépsuie platinum resis-~
tance thermometer at the centre of the g¥ystem. This
arrangeﬁent.permits the sampl® vessel to expgﬁd-o;.contract
with'temperature change. ' The resultind“spaée between thé -
two épﬁéres ig 0.75-. inches.
A copper sphere (Isothermal Enclosure) with a ten
vinch iﬁside&diameter and a ﬁalf inch wall thickness-en-
compasses apd -supports the pressure vessel. A spherical
spun Slumingp vessel encloses a five inch thick concentric

’

* , layer 60f diatomaceous earth insulat¥on around the isothermal

enclosure.

Resistance wiré, cemented in concentric grooves, on the
outer ;urfaces of both the pregsure vessel and the isothermal
enclosure,‘sﬁpplies heat to elevate or maintain systéh tem-

perature. Differential thermocouples were located on the
p :

inner surface of the thermowell at the top and bottom

A

extremities. -Other locations include the outer surface of




s
&

z ‘ - I
F.J . . * ) T

" ., ¢ > : o

the pressure vessel, the inner surface of the isothermal

enclosyre, between these surfaces and on either side of ' &
the small guard heaters, on flller tubes, and on vacuum- °

&upport tubing. From these readlngs,‘the extent of radlal _ ¢ B

o o

\' ., ©
and circumferential temperature gradlents could be ascer- ’

tained. Différential thermocouples straddling heaters
provided an emf output which may he mihimfhed by careful

o

control of the voltageleupplyﬁto these heaters. R

" Fluid access to the‘sample‘vesgel—pressure Vessel
kS ¢ ‘ . ’ ‘ :

~:assernbly ie prOvided at the eé&%tor, by O. 125 inch outer L v

-»

dlameter type 304 ,stainless steel caplllary tublng w1th 0.20 -

¢ inch bore. ThlS arrangement, as shown in Figure 1, page 37, .
- : - o
« . “with unibns on each tubfng, permits easy installation or
. ‘

N 14

removdl of the sdmple vessel—pressure vessel assembly The
< ‘,. _‘ ,l §
tubing from the sariple Vessel and the tybing from the

cav1ty between the sample vessel and pressure vessel pass

\ through a' vacuum—support tubing just beneath the isothermal
- ' . - . * - .
enclosure. .TO‘minimize the mass of fluid in these tubés, :

'they are hedted to maintain'vapour eonditionsi Outside,the ) .
spun elumihum.sphere'a smell.heEt exchangef ensures that . 6 o
cghdensatign will’take“ﬁIECe.inia controlled'region;
,' “\ ., A ];nctlon box on .the lower”end of the vacuum—support tube .
permits w1r%ng for heaters, ther;ocouples, and the re51s- o

e tqnce‘thermometer to pass througryyacuum seals. “

o
- . v o -

« . . ’
o ' o . . . .
- . . . B -

B . h
) X - . .
: o - i ° .
‘e . . . N
. ’
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to charging 1nto the ated sample vessel. The charging

.J(:;er b ling conditions. Similarl§ an equivalent mass,

. 1

compensating for the relative volumes, was charged into

" the space between the sample and pressuré vessels. Con—

)
sequently, the two cav1t1es contained samples of the*same
spec1f1c volume,. which resulted in approx1mately the same
pressure at the same temperature. ThlS 51tuat19n ex1sted
at-steady state condltlons ana was approx1mated durlng -

extremely low héating rates. - ' T

When steady state condltiona existed at the desired .

»

, temperature level, the vapour pressure in the saﬁple vessdel

g,

Vd

. was balangea by an equal preséufe applied at the}diaphragm.

‘ ~This pressure was determined from the deadweight gauge and

" ‘ . ot R :
conbined with the barometric pressure to provide an absolute

Ppressure reading. . SN . /ﬂ\\

[

The capsule platinum resistance thermometer connected

K3

in a Mueller type resistandé‘bridge circuit provided a
réading of system temperature. 'The output of the different-

[ . . .
ﬁgg‘thermocouples was measured with a microvolt meter.
~ “ . :
3

;ﬁFiéures 2 to 9, Appendix A, show the overall syétem and

d equi : - | -
relate eqalpment » L \ .

.
>
. .
L J ) o
* . r
s ! \ . [
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2-2. Design and Development o

£ (A) 'Sémple Vessel

Of prime concern in selecting the me;hl for vessel
fabrlcatlon was its anticorrosive and thermal expan51on
propertles. Inltlally, n;ckel was viewed ﬁavourably,
howewver, the thermal expansioncaoefficient as measored‘by .

<

Nix et.al (47) displays an unusual peak in the temperature
range of this study. ;latinum seemed to be the ideal
choice with exceptionel anticorrOsiGe properties and well
deflned t/g;mél expansion coeff1c1ent Nix et alg(48).
However, avallQPle funding did not permit investment in
this rather expen51ye material. Type 304 stainless steel
was the final choice. Measurements of the coefficient of
thermal expansion for type‘364 stainless steel afe‘avail—

able from the llteratyre ( 49, 7). Since the material is an

Ll -

alloy', to o T irum pt‘:)"tential. accuracy of the .

ﬂCouncil, was‘déve oping a system'to determine with great

accuracy the thermal expans1on of metals used 1n gas

thermometry. He ‘expressed interest in measuring the proper-

ties of ype 304 stainless steel and was sent samples

N~

" machined_ to his specification.near'the end of 1969.  The

. : : - iy
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measurements are still pendinguas a result of developmental
problems. The linear expansion coefficient was to be -
‘ defined to 0.01 percent from.foom temperature to the critical

1 .

point temperature.

For safety sake, the samplevvessel was designed to

withstand 220 bars_ at-371°C. in the event of loss of

pressure in the pressure vessel. The formulae of Roark. (51),
: “

for stress in a thin walled vessel, were applied with the N N

details shown in'Appgndix B. '
. C;nsiderable time and effort was spent éttempting to
fina a welder with fHe skill and experience required for
this fabrication. Sample pieces were welded by fo&r local
_welding‘cépcerns, and in each case, éectioning dispiﬁyed
visible imperfections. The selection of welding rod mater-
.ial and preiiminary wel@ment design was facilitated by
. references (52) and (53). *The vessel is shéwn in Figure lp,

Appendix A.

(B) Pressure Vessel

In an attempt to reduce expenditures, the pressure

veséel was to be’fab;iéated from type 304 éfainless.steel

T e e e - . Y . ) L -
hemisphere castings. -The castings were to satisfy clgse.ml -
B - o ' ¢ ‘- .
. dimensional tolerance. To assure quality X-Rays accom-
panied by radiographic report were required. ‘After a

first effort'-and a greét loss of time; the hemispheres

- ’

were machined from round bar at the University of Western

»

-
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hd -

e

Ontario. The vessel was desiz?ed'tg withstand 220 bars
a1,371°c. Design calculations may be found in Appendix B.
The pressure vessel was welded to the sample vessel
it the thermowell. A stabilized 18-8 alloy (ER347) filler
rod was used, while an inert atmosphere (A¥rgon) existed
inside the vessels. It was found necessary to rot%}p the
hemispheres ddring welding at g very slow even speed..‘ ,
Prior te making the first circumferential weld phss, the
hemispheres were tacked to preserve the desired root
spacing. With all precautions, it was difficult to preserve
uniform root spacing and penetration'as the weld pass pro-
gressed. The filler tubing, from the sample vessel to the
pressure vessel, was bent into a flexible u shape and con-
%truﬁfed from .0625 inch out?r diéﬁeter by .020 inch WaI;
thickness stainless steel tubing. Capillafy tubing was .
welded to the pressure vessel to comple%e the filler Tibe
éccesé to both the sample vessel and tﬁe*space between-the

'two.vessels. The sample vessel and the eompleted assembly

. _were hydrgulicallyfpressurized to 275 bars at room temper—'

ature. . . . . , .

Concentric grooves Were cut in the surface of the: -

vessel at one‘half;inch intervals. TFiberglass coated

nichrome heating wire of approximately 5.5 ohm pér foot

3
.

-




electrical'resistance was cemented in the grooves with
' A . .
Thermostix* cement. Constructional details are shown

v

in Figures 11 to 15, Appen%i}zA.l

(C) ‘Isothermal Enclosure

~
This vessel is similar to. the type used in calori-

metric studies at the University of Western Ontario.: Great -
Ceed v . . s i
difficulty wak experienced in securing non porous copper

castings for their system. To alleviate this problem the

L]
hemlspheres were spun from half inch plate: This proved

unsatlsfactory The resultlng‘.hapes fell somewhere

4

between conical and hemlspherlcal Wall thickness vari-
) ;
ation 'was severe from less 'than three eights of an inch

to flve elghts of an -inch. Surface defects lead to doubt

’

concerning the vacuum holdlng capabilities of/a spun vessel.
Eventually, hydroformed hemispheres of C.D.A.110 copper of
excellent quality were obtained from Van Bussel/Metalcraft,

: ' Detriot, Michigan.

The two mating surfaces of the hemispheres were
. machined very accurately-to provide seal{?g surfaces for a

metal V-seal Compact ‘contoured clamping brackets were

-__

bolted to the out51de of‘tﬁeﬂhem1§§HE?€§*f6‘ﬁreload the seal - ——»

%pd permit evaguatlon to a pressure of less than 6 x 107°

.- ‘ bars. Heating wire of approximately 1.1 ohm perf foot was

*Thermostix, Adhesive Products Coiporation, Bronx, New York. ~

- )
R
. »

. . 7
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installed on the surface of,the vessel, in a manner similar

to the method described for the pressure vessel. Grooves

were however placed at one quarter inch intervals. The iso-

thermal enclosure is supported by a 840 in. Suter diameter

by .710 in. "inner diameter stainless steel tubing (vacuum-

. ld
_support tube). 'Silver soldered to the top end of the tube

e

.was a stainless steel hex with threaded projection and

machlned shoulder. A hole was drllled ifn the ‘bottom of the

enclosure and‘%hreaded for the hex fitting. A vacuum seal

4

“was created, as the machined shoulder of the hex pressed

against a concentric knife .edge machined on the endiosure,
during the tightening process. The isothermal enclosure’
is shown in Figures 2 and 16, Appendix A.

I

(D) Thermometry

At the geometric centre of the concentric vessels and

.at the heart of the temperature measurement system was a

-capsule platinum resistance thermometer. Phe fhermometer

was installed at the bottom of the thefmowell and packed

with magnésium oxide po&der, to ensure tﬁat thermal gontact
efiéted. Pure platinum leads wefe spotwelded to the tﬁgrmo-
@étéf and exteqded for twonand'a'hélf”féét. Connections to

pure copper leads were made in the vacuum suppoft"tubing.

45
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Thirty four thermocouple junctions were formed

from premium grade 30 gauge iron and cqnétantan wire by

-

spotweléing in an -argon ga§ atmosphere. Each junction
was placed between two mica strips and the whole assembly
crimped inside a silver tab. The tabs ranged in size from
% %n. to %iq:wide‘by % in. long. The narrower tabs were
installed where space limitations existed (e.g. between
thé conéen;ric groéves‘on the pressure vessel surface).
Threaded rod (3/64.in.,diamete;) was spot welded to the
{:Yessure vessel surfa?S,and,the inner sur#hkce of the coppe%
‘vessel was drilled and tapped for 3/64 in. diameter screws.
In éﬁis:manner the tabs were affixed to the vessel surfaces.
Aléhéﬁgh the tabs were contéured to match’'the surface cur- .
vature, Tﬁermostix ceﬁent was placed around the tab peri-
mgtef. For the differential thermocouples the constantan
wire was employed between the two junctions. All thermocouple,
therqpmeter and power leadslﬁere fibewglass insulated.

TQO absolute thermocouples were installed one on the ,

surface of the pressure vessel in close proximity to the

thermowell and the other on the inner surface of the bottom .

‘hemisphere of the isothermal enclosure.” To indicate the - — - —o_-

-

extent of radial temperature variation in the sample-pressure
vessed assembly, a differential thermocbuple was placed in

the thermowell. One tab was bound to the resistance thermo-

A

L3
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meter with thermocouple wire and the other tab was placed

A .

~in pacged magnesium oxide near the top of the thermowell.

-

Other differential thermocouples were located as indicated

in Table lo;iége 48, and Figures 16 to 19, Appendix A.

All the thermometer, thermocouple, and power Jeads 9ktend

down the vacuum-support tube énd‘exit\fﬁrough vaifum

S~

—

Co seals at the junction-box. The brass juncﬁion box,

Fig%Fe 20, Appendix A, is soldered to the lower end of the
vacuum support tube. Vacuum pump connections are made at’

the junction box for evacuation of the space between the
» - - N .
pressure vessel and the isothermal enclosure.

«

A J
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TABLE 3
— N
LOCATION OF DIFFERENTIAL THERMOCOUPLES ’ ’ N
Pressure Vesseél (Outer Surface) )
Desiggation
c* - Dbetween the vicinity of the thermowell'at the
top of the vessel and the equator of the sphere \f .

adjécent to the capillary tube from the sample

*

. vessel, ) o o

a -. between the area 1mmed1ately ad}acent .to the

f‘"

capillary tube from the preSsure vessel and

the bottom of the pressure vessel.

e - between two points spanning one third of the

circumference at the equator.

.

Isothermal Enclosure (Inner Surface)
g '~ from the equatof to the bottom of the vessel.

~ from the equa€br to half way up the opposite

,

side but at 90° with respect to the differential -

- henl

thermocouple g. ”

o — —

i - getween two’ p01nts spanning Qne third of the
.

circumference at the‘equator.

*Other differential thermocouples are located in the thermo-
well across: the hex flttlng and on the caplllary tublng.at
the heat exchanger. , § I




' TABLE 3 (CONTINUED)

LOCATION OF DIFFERENTIAL THEBMOCQUPLES

M

Pressure Vessel - Isothermal Enclosure

A

h ang j - from the outer surface of the pressure vessel
to the inner surfece of the isothermal enclosure

at the equator. - s

Capillary Tubing

\

f -e»on the tubing from the sapple vessel between
the pressure vessel and the hex fitting on the

vacuum support tubing.

»




(E) Pressure System

The pressure system is shown in Figure 21, Page 51.
.The two filler tubes exit together from the isothermal
enclosure through a projection in the hex-fittiog. Union
connections are made in each capillery tube, inside the
isothermal enclosure near the mid height or parting line
of the enclosure.; To‘minimize heat loss along the vacuum
supéort tube, the hex and tube projection are wound with a’
heating element. Heating wire was wound around'the’eapillary
tubes, in three separate circﬁits, Jutside the isothermal.
enclogure. A cylindrical container filled wlth diato-

maceous earth insulation was. fastened to the outside of

the spun alumingm vessgl. The two_capillary tubes were
silver soldered‘together and ;assed'through the centre of
the oontainer'(Figure 24, Page 53.) .

ai in. inner daameter stainless steel %ube heat
exchanger w;s soldered at rlght‘anqles to the daplllary‘
tubes »adjacent to the .end of-the cvlindrical ¢ontaioer.

By adjustlng the energy 1nput to the heaters- and the water

flow rate in thb heat exchanger, the 9051t10n of the vapour

to liquid menlscus was - locdizzed w1thrn a controlled region.

" -

‘The détérﬁinatlon of the locatlon “of the menlscuS'ls des- .

crlbedwln detall in Chapter 5. i

lo éssist in measuring the'pressure in the sample ’
vessel w1thout alterlng the ‘volume or contamlnatlng the test
fluldea'dlfgerentlal pressure transducer was selected. 1In

¢
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FIGURE 24 VAPOUR LIQUID HEAT EXCHANGER

i ‘ , )
Ltem : Description
- . .
‘ ¢ o , ¢
A & Filler tube to sample vessel
- .
g B ) Filler tube to space between jthe
. - : . sample vessel and the pressure o
) . * vessel,
3 -
C . ; Heater .
. D ’ e Differential Thermocouple
. i .
R ,
E Enclosure
o Ed
r Cylindrical enclosure projecting
r . - ‘ ,
» from and attached to Item E..
G, ' ‘Tubing to direct coolant over
~
/ Items A and B .
- ) “ )
H ‘ Silver solder
> . N - . .
’ I " . Vacuum-support tubing
o~ J. ' - Diatomaceous earfﬁ .
4 . - A ‘ ) -
L} , 7/ - * ! . .
K~ Thermocouple < .

il . a
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.4  Pprinciple, ali_that is requirea te ggt%in a pressure
reading}is a high pressure gas,fa deadweight gaﬁge, a , »
pressure transducer 1nd1cator and a barometer. Thrs

- would permlt a balan01ng pressure to be exerted across

" the LOO p.s.l. (6.89 bars) range diaphraym of the trans:

ducerr (max1mum ratéd line pressure 345 bars) and thfs~ .

a » LIEPPV-§

pressure determined at the deadwexght gauge -However, .
“the system is compllcated by the fact that the caprllary

- . tubes’ are 'used for fllllng-and Q1scharglng. During the

®

greater part of the test, the pressure exeXted by the

.y

(f}uld in the space betweet t?e sample and pressure vessél

dcts on the dlaphragm, ‘and the deadwelghh-gauge system is,
' ‘ - T ©
~shut qff. The plston—cyllnd%r ass?gbly ‘of the deadwelght .'f
T gauge bpgrates in an oil bath, whlch 1s.conta1ned by a s

. Ed
o - .

~3,‘.‘ rubber gembrane; If the pressure is altered rapiddy the
: memhxane?wiil tear,:anq 0il contaminates the gas regulator
’ - or the fiuid sampfe surrounding the sample vessel. .The"k—/(j
:water—nitrpgen'interface in the saﬁple cylinder'should be
maintained clése to the sane height as the vapour iiquid X
:menlscus in the heat exchanger. 'The above mentioned con- * .
Giyg , - :‘. stralnts unfortsnately add conaader%rle.compié;fb§.to.the ' '° :

... pressure system. . .

i
+ The caplllary tube, from the sample ‘.ssel bel W the f i

heat exchanger, extends dlrectly to the tee with one s de

to the pressure transducer and”the other fo am angle pattern




needle valve*. The transducer port and the tee are
. _ . & -
modified so  that a .020 in. diametef bore exteénds to the

transducer diaphragm cavity. The téd was fabricated from

[y

capillary tubing-and welded, éo that a .020 in. diameter:

- .bore existed 'in the tee,. except on the end which entered

R N

,the ﬁeedle valve. Both Thé tee and the valve were modified,” ——

to pérmitWthewneedle beyond its seat teo ekﬁend into the

B 1 N , v
capillary tube and minimize the entrapped volume on the
. . Wu . - -

Zapillary side offghe valve “seat. 'Thé needle vaiée ﬁas
~¢/\necessar§;for filling and discharging purposes.

- The capillary tub{'from the space between the sample
vessel and the pressure veséei, below the heat exﬁhangei,
is similar, except a globe pattern needle valve “hs placed | ‘:
between the heat'exchanger and the tee. The anéle ﬂhﬁtern'
nggdle valve ‘on the tee is,necgssary for filling and dis-

chargihg, but also, for connection to the déadweight gauge

.pressure ‘equalization system. - - o .
1

sfpid detérioration of needle valvés in °the system
. . L)

and on the deadweight gauge waq'experienced.°5This difficulﬁy

may be dasily overcome by replacing the existing valvés

with similar valves now available with non rotating valve

T, ]

stems. o t / : oo

*A1l needle valves were Hoke Milli<mite forged needle

valves of 316 stainless steel with 1° stems.

Y ¢
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INSTRUMENTATION

3-1. ‘Temperature Measurement - ‘

A Mueller resistaﬁce bridge, a capsule plaéinum
- resistanice thermometer, a %potl%ght galvanometer, two
~decade resista}s,vand a stor;ge battery were incorporated
" to obtain the resistance of the thermometer during test

conditions (Figdre 25, Page 57,and éGJAppendix A)); The

dedade resistor was adjusted, at different temperature

[N

Y

levels, tq~iﬁéure that a current of apﬁroximately 22milli- .
aﬁberes‘flowed through tﬂe resistance}thermometer. Although

the Mueller bridge was capable of measuriﬁé resistance

. changes of the order of 0.0001 ohms, it Qas not provided

a - . . . . ’
with a constant temperature enclosure.. Since, the windings
- [ . "
. )
are constructed of manganin wire, a suitable temperature

——r st vy
" ,

correction (54) at temperature °Cy with regpect to 25°C. may

.
- o 4

be' applied as follows:

~ :

Rop.= sto- {1.+ .00001 (T-2%) ~ .0000004 (T-25)2}=--=(3.1)

When an actual@reading is made the approXimQ!%'temperatur@'

is shown hehte the resiétance may be e;tiﬁéped. A ?Prrent‘

of 2 milliamperés was adjusted to flgw'through the resis-

‘ ntance‘thermfmgter. The decade régistor, connected ac;oss
the gaIGAnomeFer,‘prqtectea thé galyano&eter movement, by

,- réducing the sénsitivity during initial bridge adjustments. -

/ ’ -




[

. ]
. Storage Spot Light 'L.
Battery r’j Galvanometer
! a
N | variable y Sbunt
Resistor — Resistance
- - »—-——A—-—ﬂ--r_ Il o
w F-
. , ‘Mueller Resistance Bridge'
L - 7 .
{ . ; .
:) .?." ¢ ’/'
e ' Capsule Plat/inum
“-.\' » " Resistance Thermometer
S |
L hl-
. . '
T
* 1) . . ‘
FIGURE 25 TEMPERATURE MEASUREMENT CIRCUIT
‘ -~ RESISTANCE THERMOMETER
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C

The bridge was adjusted until a balanced condltlon ex13ted
-~

~w~ﬁw—-j§35~ind;eated»by the null p051tlon on the galvanometer To

©

’ : allmlnate the effect of ineqguality in lead resistance,

another reading was$ obtained with the commutator reversed.

- The two values for resistance R{T) were aveiaged and temper-

ature ‘T°C. determined from the following expression:

. . 4 -
R(T) "= Ro {1 + ofT! - 8(T'¥100) (T'/100--1)1} ~ - = (3.2)" ° -,
T =T - .045 (T/100)(T/100 -1) (T/419.58 -1) \
T (T/630.74 <1). - = = = = = = = < — (3.3)

The absolute thermocouples meashre temperature-withe . o

b

reference to a constant temperature oil bath, maintained at._
' © -4 ' .
- apProximately 200°C. (195.9225°c, % .0038).  Their output
* 1is determined with the aid of a potentiometer - galvanometer

system, as shown in Figure 27 and 28, Appendix A. The* emf.:

generated-by the latter was measured directly with a micro-

voltmeter (Figure 29, (Page 59) and 30, {(Appendix A)). Q

-

room temperature the differential .thermocouples on the .
. i p .

sbherical.vessels produced emfs. of .8 microvolts or less.

Abéolute thermeoouple readings were ‘determined by
- balan01ng the thermocouple output‘w1th the output from the-
‘potentlometer. oAn emf balance was indicated. by a null .' Y

pQ51t10n at the galvanometer. The emf determlned wii

. : relatlve to the temperature level of the coénstant temperature

-
N

L ]

\Oll bath'
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) .
- ' . )

3-2. Pressure Measurement ; ‘ .

5 ” A

Pressure. inside the sample vessel must be accurately

determinea, without upsetting steady state condi%ipns, nor
substantiaily increasing the liquid entrapped ;n the filler
tubing. The pressure.balance system of ﬁigure 21, Page 51,‘
approéfﬁzted these requirehehtsl. During ﬁeap\addition'or
' remqvai from“the s?steﬁ,'vaives A aﬁd Crwou be closed,
"while valve B reheins opep. When the desiréd teﬁﬁerature
level is approacﬁed, §a1ve'B would be closed_and valve C
'opened to permit rhe pressure preset in the nitrogen 4
cyllnder—deadwelght gauge system, to be rmposed on the left
hand side of the diaphragm type differential pressure trans-
ducer. With practice'the pressure on the left side can be

.

L)

adjusted to equal the sample Vessek'pressure,lwithout

~ <

experiencing préSsure dif?erences of greater than 10 p.s.i.
(.689 bars) across the 100 p.s.i. (6.89 bars) riygE‘&ia—
phragm. Valves G and F .permit increasing the pressure from
the high pressure cyllnder of nitrogen or decreasrng the
pressure, by bleedlng.nltrogen to the atmosphere Valves D *
and E impose time iags in transmrttlng pressure changes'to
end from the pressure transducer. For'further time delay

and control, én additional needle valve H was:placed between ]

the sample vessel and valve C. T .reduce tMe possibility of

‘ . )
0il contamination from the deadweidht gauge, a check valve
was placed between ‘the deadyeight gauge and valve G, and an
0il trap inserted between valves E and D. T . .. j7

\ . : R T
£ - | S




T

When the corrett balancing pressure is applied at the
" diaphragm, the‘transducer indicator will display a reading'
iﬁ‘agreement with the calibrated value for that Pressure

LY ' A
level. The deadweight gauge is loaded to the calibration’

reference height; as shown by the pointer in Figuke 23,
s .

* Appendix A. The weights: applied together with the area of

the piston give a nominal value for pressure. Corrections
” ) ~

fgr local gravi;y, air buoyancy, and hydréu}ic head are

:-éﬁplied to this value as suggesgsd by the manufacturer* and
: | , ¢
described by Cross (55). The corrected value for preasurék<5

was added to the barometric pressyre reading, obtained frpm

" a mercurial barometer. PE )

The expression for pressure (bars) was applied as

- follows:-

) P/.0689476 = (G,/980.217) Pnh(l - .0012/8.4) + .1]05 t pc + Py

-

where: Gi, 'is the .local ‘acceleration due to gravity

(cm/sec?);

’

*»

980.217 cm/sec? is the acceleration due to gravity at the

location where+vcalibration occurred;-
P, is the nominal pressure {(psi) determined.
by dividing the nomiegl value Qﬁ';ﬁé‘
.. weigﬂ%s by the effective area of the.
) ) o A z
v piston;
: .

*Mansfield and Green, Solon, Ohio.

%
:




-

RS
.0012 gms/cm® is the deﬁsity of air; ’
8.4 gms/cma_ isg thé densiti of brass; ‘
.1705 psi is the hydrauiic head cO}rection.dug to

the height of 0il in the isolating membrane
- ‘ of the dead weight gauge; : \

. *
pc . is the pressure correction (psi) due to .

E -

° the difference in height between the
capillary meniscus and the nitrogen-water

//Enterface in the sample cylinder;

-

Py ) is the barometric pressure (psi);
The local acceleration due ‘to gravity (G, = 980.359 cm/sec?)

was calculated from:- R - - - = (3.5)

GL = 980.616 - 2.5862 cos 2D + .0058 cos® 2D - .000094d

where: D is the latitude in degrees; ‘ ’

. -

d is the altitude with respect to sea level inmfeet;

The deadweight gauge was calibrated by the manufacturer

throughointerégmparison with an 11.B.S. calibrated deadweight
) | . .

gauge. When the forementioﬁeémcorrectiagg are applied an

accuracy of 0.03 percent > better will result.

»

3-3. -Magss Measurement

A precise Mettler analytical balance, with a maximum -
¢apacity of 1000 grams and an accuracy of approximately .
0.0001 grams; wad used to determine the wdight of water

samples and containers. was difficult to obtain a mass

¢

. Py P e

62 -




&

o

measurement o&container plus sample to an accuracy of
much greater than 0.001 grams. Since the flask plus

fittings protrude beyond the balance encldsure, the .7

AN

sliding doors on the balance must be.left open, resulting
in slight continuous motion of the weighing pan..
. Water samples studied in this research had a mass

- of approximately 50 grams. Fidure 31, Page 64, shows the

charging and discharging system emploVyed. The balance is

‘displayed in Figugs 32, 3ppendix A.
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) ® - - CHAPTER 4 -

o, . CALIBRATION
N q

>

N

4-1. Resistance Thermometer ’ .

The platinum resistance thermometer was calibrated by
the manq;acturer*'at ~196°C., —183;C.,}O°C.j 100°C. and
. 250°C. , by ccmparison to a platiqud’resistance tempetatﬁfé
‘ standard calibrated by the National~B6;eau of Standardsc

‘u

A measurlng current of 2.0 mllliamperes was employedo The

follow1ng»équatlons were usod to calculate the ne51stance

- I 3

versus Eempeftture relationship on the Internatlonal’

-

‘Practical Temperatgre'Scale of 1968 (Metrologia, Vol., 5,

No. 2, April 1969). The resistance R(T) in the range

'0° to 500°C. was calculated using equations (4-1) and (4-2)..

. RIT) = Ro {1 + alT! - Q(T1/100)(T{/;od - 1)1} - - -- (4.1)
T! = T - .045(T/100) (T/100 - 1) {¥/419.58 )
-l)(T/630"74 “l) =~ = = = = = - = = - - - - - (41?)
° [

“Temperature T i% the value on the IPTS -68. The follo%ing o

~

values_were found for the constants in the fcregoing:—

. Constant - Value «
(ice paint). .. .. . 25.568680 H
- . o . 0.003926275
. | ‘9‘ . ' 1.496529 . '

* Rosemount Eng%peering.gompany, Minneapolis, Minnesota.
. . 5 ‘ . -

® 4

e ) >

Ly

-




Constant Value
= L T
't Ag. T 3.0767
& _ . €y ’ 2.4195
‘ . ‘A . ‘ -1.8309 -
< By 4.2828

Cs s ' <2.6743 : dhas

¢ o

A trlple point resistance of 25{?712 ohms was measured at

Unlver31ty of' . Western Ontario using a triple (HzO) cell.
]

i Rosemount estlmated calibration accurac¥ is shown in
Fi&hre 33, Page 67. The thermometer has a stated Stability - -

001 to .0l1°Cc. - . R -
For ‘comparison w1éh the data of other 1nves§1gators,
. g - . -
temperatures<x1¢ﬁm IPTS 68 were converted to the IPTS-48.

o - .« This converSLOn is descrlbed ﬁy Kall (56) and Benedlct et .

.

& {(57) . Betwaen O:‘and 630°C. the conversion is

" T4g = 'Tes - W(Teg) - Z(Tgs) - - - - = - - -
*°,  where: W(T) .= 0.00045T(T/100 - 1) x

© <77 (7/419.58 - 1) x (T/630.74 -1, - - - - - - -
and Z(T) - (4.9035 x 10°° T(T/lOQ ~1))/

(1°- 2. 94855 x 10°4T) Y= = = = = = - =
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4-2. ReSLStance Brldge

The resxstahce of two prlmary standard resistors were
determlned with the Mueller resistance bridge. These stan=
dard re81stors had callbrated resistanced of -1.0000002 and
100,063% ohms at 25°C. The callbration Values<were-obtained
at the- Natlonal Bureau of Standards and the National
Research Council respectively. Mueller brldge measurement
fer the two resistors eorreqted to 25°C. were as follows:

Mueller Bridge Measdremedg'ﬁ Corrected Calibratien

’ 7 o ‘ * ¢ Value
- 1.0002 | .9999957 —_
100.0015 .~ - 100.0012 =

A .

As a further check an 1ntercomparlson of decade dial

settlngs was made in the manner ﬁescrlbe&/hy Mueller (58)

and tabulated in Appendix C. Tais 1ntercomparlson was con-

‘tinued td” a resistanck of sixty one ohms. For values of

resigtance of 0.1000 ohms or greater., external variable-

"decade resistors were used as Yeference. From 0.1000 to

0.0050 @hms manganin slide wire systems sufficied. Fer the -
O o .

. - P » »
" lowest values the unbalance, as obsersed by the galvanomgeter

deflectlon, prov1ded a satlsfactory reference. - "
Il _'-:"‘* » ot -—

4-3. Potentlometer - . L o

The potentlometer system used for absolute thermo-

'couplermeasurements was ‘spot Chegked, by taking readings

T e . .

with two essentially similar potentiometer systems.’

.

-~




Readlngs were obtained at equlllbrlum and in lmmedlate 2> D

. Sequence. Agreement to better than 0.02 percent was
-

observed.

G2 : ‘"

“4-4. Thermocouplg R

Although'initiai design proposals included e system
with easy 'access to the platihum resistance thermometer,
this was abandoned to eimplify.the,system end regﬁge cost.
" In the é¢vent of resistance thermometer deterioratien,
partial disassembly of the syetem is:required. If this
Occdrred; the two abselute thermocouples would’be'useful
to‘assist in completioh of a g%st run: Data obtained in
thls manner,,although approx1mate,§would be a useful guide
in further 1nvestlgatlons w1th a new resistance thermometer

;- Emf. readings for the,tﬁermocouples are tabulated in

_ TPable ll,Page'7Q, together with resistance values for the | 'y
piatinum reeisténce thermometer, at the eame temperature .

levels. 'Since no difficplties.were experienced with the . ’

" resistance thermometer, in this study, the tablilated values

are provided for possible future reference. ' . . .

-~ ¥ N P ’ .

. . ’ : r : .
"4-5, ,Dié&érential Pressure Transducer ﬁ? . Lo
—\ -

Although the diaphragm type differential pressure

transaucer is employed in essentlally a null dlsplacement

»

-manner, a calxbratlon procedur% is required. If equal .
. L . ] . . .

-

==
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pressures are applied to both“sides of the diaphragm, a

’

zero shift Qf_the order of 5 psi'(.345 bars) is expeg}enced

t a pressure level of 3000 psig (206.8 bars). When the

. <

pressure was remdved, .the zero returned to the original '

"value‘to within 0.1 psi (6.1 x 1073 bars). Measurements

of zero Shlft versus line pressure are recorded .in
’

Appendlx D. Figureg 34, Page 73, shows the system employed
¥y .
‘for. calibration of the 150 psi (6.89 bars) differential

¢
presture trangﬁucer. The valves in this s{stem are neces—

sary to permit a differential pressure to be applied across

r

the diaphragm. T?is is required to obtain a span setting -
- - i

on the transducer indicator. If for exgmple, a full scale

‘.defléction is adjusted for a pressure differential of
) ) , .
100 psi. (6.89 bars) then pressure differentials cof 0.1 psi
- (6.9 x.10"*)bars and grea *m\g be noted from the 1nd1cator

-°

needle deflectloq Sin &) the smallest weights supplled

w1th the deadwelght gauge were equlvalent to 0 5 psi,
(3 P! x 107 2 bars), “it was dlfflculg to obtaln a perfect

| balance across the dlaphragm. The unbalance ‘could be

“ -
X 4 , ‘ ‘
determined«from the meter deflection, however\smaller weights
.were constructed from brass washers, hence minimizing the ‘
. <unbalance. | " . - s ' )
/W . N , '\ . ‘~“~‘ . [ 4 . “ ‘ ,
: * o .
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4-6. System Volume Measurement ' '

3 -

!' determlne the precrse specrfled volume of-the

- ¢ - N

fluid under study, it is important to know the volume of

-

the system at any temperature, with respect to a. reference

temperature. \Heasurements of system vblume at reom temper- .

ature are tabulated in Appendlx .  Included ln Appendlx E.r

4
YRy

are the data and expression determrﬁed experlmentally by

Furman (49Q and Keyes'(7) ﬁor the thermal expansion be-

haviour, G&“stalnless steel_*
s "—"‘ .

. »
S

’fwhv The sample vessel was evacuated with a dlfqulon type.
vacuum pump to a pressure of less than 6.x 107°% bars;

Double distilled; deionized, and degassed ordinary water of

ﬁ’r{! Megohm -' cm res:.stlv.lt'y‘ was charged into the system The

2

charglng process was continued, until the vapour pressure of

the heated llquld charge caused sufflclent wate/ to enter

o

-

‘the vessel. As the sample vesgel approached the filled

condition, the sound of boiling from within deoreased and

hp S

74 .

;,Au!

ALY

* ’ 14 -
Fhen ceased. The temperature of the charge was allowed to

reach room temperature. The pressure’in the sample ¥essel
& ‘s -~ LT
could be determined from'the pressure transducer.' The
¥ 4 . e
vessel was heated and the water dlscharged 1nto an evacduated
J

., flask. Slnce the balance had a capacrty of 10D0 rams, a

L

750 ml. flagk was employed twice invthe‘discharge_procedure.

-
7
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During charging and discharging the heat exchanger -on the -
capillary. tubing was used to cool the liquid sample.'The

space between the sample vessel and the pressurejxessel

N, 2

- H

was,evatuateaq’whlle fllllng e the sample vessel proceedeg
A

.No pressure differences greater 'than -0.7 bars’ occurred

across the differential pressure txansducer,.during this

procedure. When discharging was‘required' both vessels,.

at approx1mately 100 deg. C. were dlséﬁarged 31multaneously
1§£o two separate evacuated flasks'. '%; dlscharglng neared
le;mpletlon, the temperature of the” systen was 1ncreased.§o«
200 deg. C. to czyplete theﬁprocess. The heat exchanger was
again utilizad.: Evacuation of t@e twojvessels,-after dis?

< 1]

chargimg, continued at 200 deg. C. for seven days. In other

aspects, the methods of sample preparation, charglng and d‘

o

dlschargrng were essentlally_51mllar to those employed by

Chan (1). Volume measurements were;also obtained for the

tee, the qeedle valyge ahd,the préssare transducer. A hypo-

L

dermic syringe was e@gloyed to fill the tee and valve.

Physical measurements of the transducer permitted deter-

- ' - -

-

. mlnatlon of 1ts internal volume.

-

. . The value of system volume tabulated in Table 16,

page 87, was based on one measurement. An additional measure-

-

ment was auallable, however thls yalue applied to tﬁevsample

¥ -

vessel prlor to assembly, w1€K the presSure vessel. - The

v

sample vess€l filler tu was approx1mately -one quarter
' 4 L0
+ of an inch longer and w fitted with a globe pattern needle

4 t - -

v
‘-

PR




veow

]

P

yat

¥

.

I S
P LIE o

~“¥alve. The latter measurement was *1,048.2 cm® and agrees

to within 0.1 percent with the former measurement, of

Table 16, page g7. o«

ature, utiliz%ng'the volume measured at room temperature

e,

(VWW), and the linear expansion. coefficients .(LEC) of

-

-
w .

Furman (49). The following expression was emplqged.

'V = VV 4+ 3 (LEC)(VV) AT - = = = = = - - - - (4.6}.

r
o r £y
- .
. '
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. The sidtem volume was determined at elevated temper-
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CHAPTER 5 )

EXPERIMENTAL METHQD -

1
&)

5-1. Saturated Vapour Pressure-of Light and Heavy Water

A mass of light or heavy water was degassed and

r

-

weighéd prior to charging into the sample vessel, which was

-eVacgezgd to a pressure of less than 6 x 10~° bars. Since

the satwrated vapour pressure is required, the mass of
charge was selected, to broduce two~phase'conditions;,

throughout the temperature range of the study.’LThe charging

&

process employed the vapour pressure of the sample fluid,

.

under boiling conditions. The ‘charging jand discharging

systepg is dispIayéd in Figure 31, Pages4, showing the' flask,
P . ; 9 ving

the tee and the two additional valv required in this pro-

cedure. The flask was evacuated, 40 filling with )

water, then the tee was evacuated. Heat was applied to the
flask and the, appropriate valves opened, to initiate filling.
The systemzwas weighed again after filling, to determine the

mass of liquid charged into the sample. vessel. 1In a like
. N i " ’ -
manner, the space between the sample and pressure vessels

was charged ﬁlgh a mass, to'provide a similar specific volume,

which resulted in approximately the séme.pfessure, at the

same temperature. -~ : *» ‘ [//“‘

The ordinary water saﬁple was double distilled, de-
ionized and'the'}esistivity was measured’at 1.8~Mégoﬁm-cm.

v L] “

- I
‘ ' b



i

Heavy water, with a purity of 99.79 agrcent by weight)’waS‘
supplied by Atomic Energy of Canada Limited.
Heat was added to the system, primarily by the heatingii

element on the isothermal enclosure. The power input to the

9

smaller heaters on the flller tubing and the hex fitting

were also manually controlled to raise or to malntaln the

o ,

temperature at <the desired value. Voltage settings for

the D.C. Power supplies controlling the heating elements
4 .o . .
were. approximated, from settings employed during familiariz-
+ - ' ' - . ) .
ation with the uncharged system. Table 12, Page 79,provides

a voltage versus temperature information, for the heating .
oo »

»

element on the isothermal enclosuré. Differential thermo-

»

‘couple output indicates the degree of control arnd isother-

ality attained. Steady state conditions were considered to -
v . [y N ' d »
exist, when the change of temperature as indicated by the

resistance thermometer was less than or equal to 0.0l

a »o7

'tdegEEes Celsius per hour. .

The pressure system, as shown in Figure 22,
and 23, Appendi A, was operated as described previously,
howevey, the metho of balancan the pressure was modlfled

slightly. Durlng %Ests with ordlnary water the appr0pr1ate

"valves were ‘adjusted, to permit the_balancxng pressure to be

-
[ )

lmposed'on the diaphragm'qnd the deadweight gauge read as
soon.as possible. With later tests on heavy water the

balancing pressure was imposed on the diaphragm as before,
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ON THE ISOTHERMAL ENCLOSURE AT THE INDICATED

TABLE 5

*» VOLTAGE SUPPLIED TO THE HEATING ELEMENTS v

Voltage (Volts)

TEMPERATURES (EVACUATED SYSTEM)

W

A

r ]

Temperature (peg. C.)

3 . L]
72.31
82.52 d

S

92.78

101.15 .
» . &

L

Heating element resistanfe

<

202.7
247.9
294.9 -\

331.1

136 ohms




v

S

~except one h#lf to &ne houf éassed before a Qeadweight

gagge reading was obtained. During this time a minimum
~

of pressure adgustments-were made prior to the actual .

Tt

‘préssure read;ng. By referrlng to Table 13 of Appendlx D
compensation ﬁor zero shift is p0551hle, while balanc1ng

:pressure at'the.diEphragm. _ R . ‘ S~

o : "d‘- ' 4
5-2. P-v-T Propertles ‘of Superheated Heévy,Water

-
RIS i B

.

The experimental method used is 51m11ar, in most

aspects,@to the' method employed for measuriﬁg.the.saturated.

~ . @ - v

v ur . pressure. - The criteria for selectiont of the mass is

based on the speC1f1C volume requ1red for the lnvestlgatlon.

L
'i

. Once superheated vapOur conditions are establlshed by ele-
0" ‘ 0

vatiniy the temperature above the temperature at _Whlc‘h two‘

phage conditionSMexist, the complete volume must be main-

13

-taihed at that tenfperature. Siﬁce external filler tubing

’

remains essentlally at room temperaturea\thls is lmp0531ble"

L)

The heat transfer situation at the heat exchanger must be

considered, to_estimate the‘location_of the vagdﬁr-liquid
. . + . ' - T N <

*interface, within the filler tubing. Assuming 'this approxi-

mates the ‘cakg of uniderectiggml heat.flow in a medium,,with

a uniformiy dlstrlbuted heat source. Con51der1ng0chlnd;1cal

geometry, \the differential equatlon may be expressed as:--
32T . '
~—='i———————————.—‘—-—-—(s.l)
’ BZZ “‘ k * 'a
‘ , . oo

or T*’= qgz?/2k + Mz + N - - - - = = = = = (5.2)

.
" .

) : . f\ ’ u‘t‘h

’ ! . ' Nty s -

/
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after inteyration. Coh§pan€s M and N may be evaluated
3 - g -

from the boundaé% conditions:

T =T, at 2 = o and T = Tr, at z = L to give N = To Y
] , R -
- N\ N .
. TL - To q L ! “
and M = + 2L oo -—-e == (5.3
. L . -FZ ) * ) (*' )
’ - ' ' 4

Thé temperature in terms ofﬂz may be expressed as follows:

- To - TL. L -z) -
T TO —(—O—I—E)Z-i- % > )Z '-\\———--'!:""“‘;5.4)

Since the position where the saturatjon température: for the

 known pressure exists is. required, the equation is placed in-

the following form:

¥

, . - .
) r

q To - TL gL . .
(j,z-];)z2 + [(—P—-L—'—) - Sglzs + (T - To) =Q = - (5:5)

~Values for the saturation temperature and the specific

L4 ‘° '
volume of sAturated liquid of heavy ‘water were obtained from

reference (28). The heat generated per unit volume (q) may'
- ’ : P
be ca%culated, from thd power input to- the heat'ing elements

on the filler tubing'inside'the heat exchanger and the dimen-
sions-gf”the'capillary tubing. Quantitieé~To, TL and L are
determined from‘thé‘thermocouplés and thei; placement as
shown_in Figur;\§4k Page 53. The distancgsiﬁLY, between the

t‘P'junctiogs of each differential thermocouple in Figuré
24, page 53, moving rom top to bottom, were 2.44, 2.38, and
4 <& - . B
. ‘ L - R 8.
2.63 inches, respectively. From the‘thgrmocouples, the

temperatures, between each heater and at the extremities,



e

B

(i.e. To and Ty) were determined. .Hence; the heated

section with axial temperature range, encompassing the
saturation temperature (T) of the ligquid was lsolated
Applying equation 5.5 w1th the gorrect value forlr To,

Ty, and T resulted in avvalue of z, the location where the
temperature was the saturat}6;‘temperature for the measured
pressure. lhe system mass and volume is then reduced by

the amount between the 1nterface and the transducer dlaphragm,
to” calculate the specific volum% of. the superheated heavy
waster sample. The ‘distance along the capjllary tublng from

junction K in Flgure 22\Apage 53, to the caplllary tee below

(not shown  in Figure 24) was measured as 3.16 inc‘s. . This

“distance plus the distance from K to the liquid-vapour

interﬁaceL together with the component volumes listed“in_
Appendix E, were utilized in this volume calculation.

To decrease the time required for P-v-T data acquisition,
the existing constant volume~-constant mass system could be
converted to a constant volume-variable mass system.

This modlflcatlon would ‘require inserting an addltlonall
needle valve in the.dischargeciine from the sample vessel.

X J o
Liguid would he withdrawn from the sample vessel,and

*

weighed{'while the system remain&éd essentially at constant

- temperature. The tlme required to obtain steady state

condlt ons would be reduced since readings are obtained

R
under isothermal conditions, rather 4&}jén at different temper-

atures in the manner described for the constant volume- -

.
L4 4
. -
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constant mass system. The inherent disadvantage however .
! . 0 b
would be the possibility of accumulative errors in mass
- L
, . x4
determinationy since each successive reading would depesd .
on the preceding reading. . .
=3
’ :
L . .
A
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4
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o CHAPTER 6

EXPERIMENTAL RESULTS - :

Experimental data for the saturated-vapour pressure

of ordinary and hea%y water plus P-v-T data for‘super—

heated heavy water are contalned in Tables 14, 15 and 16
[

(Pages 85 86, and 87) respectively. Unprocessed data is

tabulated in Appendlx H. The values for the saturated

vapour pressure were obtalned over the temperature range

of approximately 200° to 300°C. Sincg the deadweight gauée

manufacturer stated that a loss of sengﬁtivity of the =

instrument may occur, at pressures below 17 bars, this study
. investigated properties above,200°C., where the saturated

vapoury pressure is in ‘excess of 17 bars. The P—v-T data

, of Table 16 is preliminar% in nature and very cldse to
S . ’
saturated vapour conditions.

The degree of 1sotherma11ty attained on the isothermal

. enclosure and within the enclosed system may be ascertained
14

»

from differential thermocouples. Table 17,'Pa§e 88, pro-
vides the emf. outouts of the appropriate thermocouples at
room temoerature together with their respective‘locations(
At a temperature 1evéﬁ¥of apprdximately 300°C. 'with super-—

: -
heated heavy water vagour contained in the sample vessel

the emf, outputs shown in Table 18, Page 89 were measﬁred}"

-
LN
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TABLE 14

SATURATED VAPOUR PRESSURE OF ORDINARY WATER (THIS STUDY)

) Temperature Saturated \fapour' Pressure

- . Abeg. C.), , (Bars)

~— < 7 IpTs-48 _IPTS-68 : \\\J ¥
; . o 3 . .
205.957 206.002 17.553 -
205.960 ' éosdoQ;“ . 17.556
. 205.966 206.011 L 17.564

251.541 -251.602 ' 40.755

251.570 2s{.631  40.782 -

251.603 251.664 ’ : 40.823

286.493 286.564 ' 70.649

286.520 286.591 70. 670 .

286.539 , 286.610 70.684

/4_.’?'
- e TR -~ -

A g
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. TABLE-lSQ;:f”” .
SATURATED VApouRmpRESSURE OF: HEAVY WATER {THIS STUDY)
' . i '\ .

-

l“. r '“' ’
- N * L3

: Teﬁperature~‘

~*

: (Deg. C.) -

1pTE-48

205,999

- 205.995

206.003

251.057

251.068

~d

251.080 .

286.464
286.465

286.468

294.57Z

294.610

294,654,

.

<

,-k;

_Ipés-ﬁé‘

206.040°
- 206.044
206.048
251.118

“251.129

251.141

286.536

286:539

©,294.649
294.682

1294.726

..
v

. 3
\ .

,":w

.286.535.

LS
~ -
~—
L3
»
-
’ N v
’
.y
]

17.538 -7

17.541

171548

.40, 512

40 715 ¢

fo 729

‘71;434
' 71.454
.7;;45;
)80;516

. 80.554

80.609

7 Saturated Vapour Pressure
' R ~(Bars) '

A

- -
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R TABLE- 16
' N - - *
P-V-T DATA FOR SUPERHEATED HEAVY'WATER (THIS STUDY)
‘ - . ) b -
) ' Temperature ' . Pressure Specific Volume’
¥ ! - . . -
.' .(Dbeg. C.) : ,,‘GBgrs,) . (cm? o & o g
IPPS-48 ~ IPTS-68 7 . S
hl—hl-ﬂ'-l-tﬂ—l—-: v ———f . .
N ) o . . ’ y . . »
299.367 ) 299..,439+ 84.670 19,721
- y . ./4, N .
299,385 299.457 84.677 ) ©19.721 ' N ¢
,Jﬁystem_vdlume = 1049.3 cm?® (21°C.) "o
; & ~ | a
. . Mass of Heavy Water = 54.090 gms i
k]
St 3 L}
- - . . [
Y . - »
- » . !
* £ » [
. #* .
. \\"_ \
- o )
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‘s ® . Y TABLE 17 ¢
. ) ’ EMF -QUTPUT OF DIFFERENTIAL THERMOCOUPLES
AT ROOM TEMPERATURE
Deéggnation‘ Location Emf.'Outépt
(Microvolts)
. * ) ! _ .
b Thermowell . ' . 0.67
e Pressure Vessel « 0.50
d " Pressure Vessel - 0.50
e Pressure Vessel . 0.75
. q &sothermal Enclosure 0.75\ ,
g 1 . Isothermal Enclosure . ) 0.50 '
- i Isothermal Enclosure B 0.75
] Prgssure Vessel to Isothermal ' .
| . Enclosure ’ ’ 0.50 ¥ ,
‘ ) . ‘ .
Pressure Vessel to Isothermal ) #
Enclosure ' - 0.67
» . . ’ " -
£ - Capillary Tubing - Pressure ’
- . Vessel to Isothermal Enclosure - 0.67 .
-~ A

) N . ' ..




TABLE 18

EMF OUTPUT OF DIFFERENTIAL THERMOCOUPLES

AT APPROXIMATELY 300 DEG. C.
Designatiéﬁ ’ . Location émf. Output
(Microvolts)
b’ - fHRermowell + 8.0
c - Pressure Vessel _ . Y - 1.5
d .Pressure Vessel - 4,6
le . Pressﬁre Vessel - | -13.0
g \ Isoﬁhermal Bnglosure .< '+13:0
| Isothermal Encloéure | ) +8.0
Isotﬁerma1~EnElosure . - 17.0 W ~
) :Pressugg Ve;sel to Isotﬁerﬁal . ,
Enciosure +22.0 -
g Presgsure Vessel.to Isothermal ' -
P ./ ‘Enclosure . -10.0
£ : Capitiary'TuEing - Pressure ,

Vessel to Isgothermal
-»

Enclosure




The maximum radial femperature.gradient along tﬁe therﬁiﬁ.
well was approximately 0.1°C. Between the.pressuré vessel
and the isothermal enélosure a radial temp;}ature'gradient
of .the order of 0.3°C. existed. Circumferpntially around
thé outer surface of the pressure vessel and the inner
surface of the isothermal enclosure temperature variations

were found of the order of 0.1°C. and 0.2°C. respectively.

Table 19, page 91, lists possible errors to be found

‘. y . 3 s l
in the data reported in this study. These are estimates,

based on assdmptions regarding the accuracy of measiwement
of pressure, temperature, volume and mass. The deadWeight
gauge was célibrated, by. the manufacturer, to an accuracy
of 0.03 percent. }t'w%s assumed that other sources of
error, in preésure measurement, werelless than 0.01 percent
and deemed insignificant in this analysis. Temperatufe
measurements were assumed in error by one half the maximum
radial temperature gradie along th’ thermowell (0.05°C).
Errors in volume determipation were attributed to a'l percent
‘?ssumed error in the ﬁéar expanéion data. of Furman (49) ;
and to mass measurements with possible errors of the order
of 0.1 grams. The mass of test samples were determined to
to withig'0.0l grams. This analysis.estimated the overall

. &rtor in the P-v-T and P-T data as 0.'05 and 0.04 pércent,

respectively. _ .




~

TABLE 19

y

ESTIMATE OF ERRORS (59, 28) IN DATA FOR

HEAVY WATER (THIS STUDY)

—

Quantity Error_jgercent)>

Pressure
Tempefature
Volume

Mass

Total error (.052 + .032 4 .02%+

(P;V-T data) 0.05 percent

Total error (.03%2 4+ ,03%)-° -

" (PT data) 0.04 percent




CHAPTER "7

[

[ 4 .
CORRELATION OF EXPERIMENTAL DATA

7-1. Saturated Vapour Préssure of Heavy Water

Close agreement exists between the measurements of P

this study (60), for the saturated vapour pressures of heavy
- :

water displayed in Table 20, Page 93, and the equivalent,

)

values calculated from the correlations,of~01iver et al (15)-

sure of heavy water from 3.8 to 370 deg. C., empldying the

a

nglley (28) provided a table'of the saturated vappur pres-

Al
H

correlatjons of QOliver et al (15), and other expérimental

investigations, with reference

to-the saturatéd.vapbur pres-
. [

gsure data, of Osborne et al (17), for ordinary water.

‘The‘Chebyshev‘polynomial

of Gibscn et'al (45) was °

fitted to the twenty eight, valuss of 'saturated vapour pres-

sure, tabulated by Whalley from 100 to 370 deg. C. Pertinent

~information regarding Chebyshev pol}homials, and their

4

fitting to equally spaced data

is available from Kuo (E}?. A

<

thi's procedure is contained in
e : .
correlation, for the saturated

water from 100 to 370 deg. C.,

arTr(X)

. n
In 8 =1
=0

r

-
- -— - -

by the‘methéd of least’ sguares,

more extensive account of -

Appendix F. The resultiﬁg

- o4
vapour pressure of heavy . e

may be expressed as follows:
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\ TABLE 20 )
- \\‘ - ."-"

g COMPARISON OF THE VAPOUR PRESSURE DATA FOR>HEAVY WATEK OF

THIS STUDY WITH THE EQUIVALENT VALUES OF OLIVER ET AL (15) °

- i . r

; N Teﬁperétﬁre ' Satﬁrafed Vapour Pressure
* (Deg>_C.) : ‘ ’ , (Bars) '
‘iP§§—48 IPTS-68 Thi's Study ‘Ref.
A . ) <> -

, 205.995 - . 206,040 . 17.538 17.
205.999 1206.044 ”_ 17.541 | 17.543
206.003 . 206.048 .. 17.548 17.544 -

251.057 @ 251.118  ° 40.712 © 40.718

' 251.068 . 351.129 .- 40.715 " 40.725°
253.080 ~ ~® 251,141 40.729 40.73#

-~  286.464" | 286.535 ¢ 71.454 | ~71.448
2867465 " 286.536 71.454 - 71.449

.286.468 Ce 28675§§<:7 , 71.454 " 71,452

. 294.577 . = 294.6497 . 80.516" 80.421
294%10 T 2947682 . © 80.554 - 780.508
;9%.654 - 294.726 | ~80.609 -~ 80.559

-

,Average_deviation 0.02 percent.

< Maximum deviation 0.06 péfcent.
+ N\ ) L ' ’ )

e




4 ”~
’ . . g4
. . . N t -
where x = 2(3 -0.95)""% - A /B= + = = =T = = (7.2) .
" . . ﬁ ‘ / - \ )
& n=11 _ ( . .
8 = P/P, ’
- v
O = v/1, " @ , B
¢ = cfitical point o [
J . p =‘Qressqre; bar, C .. m )

Q

e * . .
. T =wtepperature,'(°c. + 273:15)
A = 1.45220717, B =q—0.84878953 . Co =

»
Ya
a

—

e

NPT 70.33622085 x- 10-° . ag = 0. l4684357,x 10! ¢ .
§ 4, =-0.26789253 x 10 a, ='-0.73636325
a, = 0,56912975 x 10! . as = 0.31398240 °
® a; ,=-0.53678761 x 107 ©a, =°—6.%0916159
ay = 0.39465989 x 10! ayo = 0;2849L683'x 10°?
S as =-o§25569752 x 10? . agy = -0.46126663 % 10-%

R
The‘average deviation f;om the tabulated values is 0.02
ﬂ
percent. Over: the-temperature range of 170 to 370 degrees -

“telsius, the. ave e deviation is reduced to 0.01 percent.

el

= 7?{2 : P—v=T—Propert‘ies—of—Su£erheated*HeavyL~F&tef——~
g? = \\\ During the development of the system, an equatlon o£—~
’JStatekﬂba;ed on the associ&tion theory for real gases, was R
’ applied” to the exberimegtal aata of Ki#}llin et al (4) for ° .

the P-v-T properties of superheaﬁed'heavy water. Vukalovitch
g/ (27} defreloped this equation of e‘tatei, for applicati'on to', ' v
superheated ofdinary.water vapour. The eqﬁation of

- “ , J

‘n
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Vukalovitch with ,two constants was fitted (62) tdjthe

1 o ' , .
critical point data of Whalley (28), and the experimental

P ]

4

P-v-T data of Kirillin ‘et al (4) for .heavy waterx.

Altgéugh;Vukalovitdh suggested that the constants {

.

“might bﬁ‘evaluated at the critical point, a more sugcessful
—- R Yo , R - !,& o .
fit (63), was obtained, by employing only the experimental

. data of Kirillin et al.

The equation, explicit in terms of

for the region 315 to 405 deg. C. and 71 to 147

pressure
L ] L /z -

bars, follows: - ) QY.

: 1 tv2RT, . A, (T) _ A, (T) :

P = = {1- - - = - - = (7.3
e " 144v? {V7b v-b (v-b 2 1= al (.31

4 -1
A, (T) = ‘%%gs eTqT s - - -¢(7.4)
- * - B o

. 2 ’ _1 * a

Az(T) = 27 (CoT - 4c3) &2TeT™ - - - - - - (7.5)

where: " a = =g RT:b N

‘ ? LT EEE i 7
- 8P ) ]
C, = 0.933747967 x 1077 v = specific volume, cm?®
T ST G TIIIIET09Z R O e e oo ke -3 53146 %1075
P o= pféssure‘(bars x 14.5038) N = AVOgédro's number
P. = critical pressure, .R = gas constant
(bars x 14.3038) . s T = temperature,

T, = critical temperature, - . 1.8 (°C + 273.15)

1.8 (°C + 273.15)
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. »

The following values were suggested by Whalley .(28):

-

v - ' ... Pg = 218.8 bar
Te = 371.1.9eq. C. j
. & :
o The equation agrees with. the data poinj;_s selected to .
'approximately one percent. Further details regdrding
) - this development are foupd in Appendix G. , ‘
o , . .
Sinceé the eguation of state is in the fbrm.P = £(v,T), -
. the Maxwell relation t25) = (28) - - . - - —.(7.6)
' may be‘ihtegrated to give an expression for entropy.
PR ‘-‘V 8P . R o . . — v
s = %Py Yy Qv 4+ S T = = = = = = — =
| v,T (vé (§T)V)T av .+ Sq,T ‘ . (7.7)“
! From the équation of state and setting:
* - s$'= 1n (v-b) =5 , Te, B1(T) . ToAa(T).
2 T v - b T (v-b) ?
5 N2 (. 24 .2 2T./T i :
- = +— (CaT - =—=Ci1) &€ Z_C . - - = - =~ (7.8
. 2 17 5 (v -b)? (7.8)
' the expreésion for entropy .follows: .
: : /
Aﬂ‘ V . -
Sv,T = R/778.26 {(SS)q}ly, + sg,p - - - - - (7:9),
M. ., . Similarly an equation fér enthalpy may be obtgined
' "~ since dh =T ds + v dp  STETETERTE T *“f”*%qv&6+m -
oh 3P, B :
and (=) = T(..__) 4+ weoPy  _ _ _ _ _ . - - =(7.11
ov’T ' AT v (W)T : (7.11)
. . ‘ - v a/P
or hv,T ‘(vé ?($¥)v av) o
v 8 . . .
+ (Jv(®) av) + bo,r - - = - - -(7.12)
_— Vo v T
i/e. h = JRT Ss Vo4 (HE) .}V ) + h - (7.13)
ile. hv,T 77§72é{( )T}Vo' { Ty, o,T

\

¥




a4

¥ v -
whexe: ) .
b ‘ v
HH = Ty=py - In (v-b) - 2[0p, gl M &
1 Fakd i & ’ | “
1 b 2a - .
’-3 [mz '+_%_-_(:V—.5¥LLA (T) - SRe - == (7.14) SR

The subscript o signifies the reference perfect gas state,
which would be approached by superheated heavy ‘water vapour,
as the pressure decfeased to zero. Values for Hy,T may be

> : -
calculated by the.following relation of Juza et al (29):

hy,T = 0.43 (1703.83 + (2.02804) (T/1.8) + 4.2726

(L8 2 T705,% -- 11105 x 1072 (T8 =705,y - - - (7.15)

vValues for s,,T were obtained from the work of Friedman et

al- (64).




CHAPTER 8 i

DISCUSSION

The saturated vapour pressure of ordinary water,
— .

obtalned in this study, was shown in Table 21, -page 99,

L

For comparison,.these values are displayed together with

the equivalent values of Bridgeman et al (65) i&)Table 21‘

Page 99, Keenan et al (66) also employed the vapour

pressureé equation of Bridgeman et al (65) as a‘reference,
in the‘aevelopment of their 1969 steam tables\‘An average
dev1ation of 0.13 percent ex1sts, between these values of
saturated vapour pressure, over thehra‘gg/of/measurement

1)
from 200 to 300‘deg. C. This deViation was higher than

/énticipated, and was due to lack of experience in operating
the pressure measurement circuit. 'DUring subsequent tests.~
with heavy water, the balancing of pressure'across'the dia-
phragm employing the deadweight gauge system was instituted,

— .
% ——

andjrp_aﬂ;,n,talnpﬂ whpn the recuired temperature level was: T N

- -

reached. In ?his manner, less unbalance ocgurred, across ’

.

the diaphragm, pr#g;\to pressure measurements.\ In'the case

b '

* 'of ordinary water, a complete balancing ocedure was
. 1 ~ . y.

attempted for each datum point.

4 -
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¢ ‘ . '
N .
: . . © TABLE 21
COMPARIS.ON OF THE. {IAPOUR Pf{ESSURE DATA N
— - -——~—~~—~——F€R~9RBWW
THE EQUIVALENT V.ALUES QF BRIDGEMAN ET AL (65) )
) Temperature Saturated Vapo;g Pressure
. ) (Deg. C.) (Bars)
IPTS-48 IPTS-68 This Study .“: Ref. (65)
205.957 ©206.002 - 17.553 17.585
205.960 206.005 . 17.555 ,  17.586
205.966 ,206.011 _ 17.564 , 17.588
251.541  251.602 40.755 " 40.820
2513570 251.631 ) 40.782 40.840
251.603 251.664 40.823 40.862
286.493 " 286,564 70:649 70.717
o 286.520 286.591 70.670 LA 70,746
e A ——— o et

-

4

- Average deviation 0.13

percent.
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The saturated vapour pressure of heavy water measured

in this study (60) was recorded in Table 20, page 93, r

together with the equlvalent values calculated from’the

correlation of.0Oliver et al (15), and w1tp reference to
&>

the saturated vap‘ﬁr‘preSEUre*of—ordInary—water"eeffela%f£k———uw—_M—

-by Bridgeman et al (65). Since the average deviation and

maximum deviétion were 0.02 and 0.06 percent respectively,

-

the values are considered to be in close agreement. Table 7,

.

page 20, dlsplayed both the data of Oliver et al (15) and

+hat of Liu et al (18). Aqreement to w1th1n 0. 03 percent
was demonétrated, over the temperature range of this study
(200 to 300°C.). ln Table 5, page 17, the vapour, pressure
of Oliver et El (15) and,those of Rivkin et al (5) agreed ~
to within 0. 02 percent for values in the 200 to 300 dég. C/
temperature range. Hence,substantlal agreeﬁent exi'sts

hetween the data of this study (60) and those' of other in-

' T . - 7 . -
vestigators (15, 18, 5). The Saturated vapour pressure.

T AT AL AT ML &t .ot T e . M

tabIE“ofhWhaiiey—f28+—was—&eve%eped~wpremarel¥7~£x£MLiﬂmL

83 gy GARITA S b ek Pt s i e £ T

L s

correlatlons of Oliver et al (15) and was employed to
T
develop theUChebyshev polynomial for the saturated vapour

pressure of heavy water, described in Chapteé¥ 7 and

.Appendlx F. SRR _ R

e

A study of the saturated vapour pressure by Issaresu

i

(67) is.compared in Table 22, page 101, with the similar

¥ L3

N

IR R
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,\\QH,

COMPARISON OF THE VAPOUR PRESSURE DATA FOR HEAVY WATER

%&TmBLE 22.

o

\

OF WHALLEY (28) AND ISSARESCU (67)

Pressure (bars)

4N

101

340

e

)

Temperature ' ‘
~ (Deg.C.) - Whalley Issareséé\\
.4 :
100 ‘ 0.9647 0.96461
120 . ©1.9135 1.9134
140 375176 3:5175*
" 160 3 ‘6.066 ’ 6.0660
- 180 '9.911 9.9104
200 L 15.462. c 15.461
' 220 s 23.09¢ - 23.188
N 200 33.605 ©33.611
N |
- 260 L 47.275 47.242
2 280 - .64.83 64.929
300 _ 8698 "87.180
320 A \ 114.52- 114.883
148.54 ° 149.029



’

‘7. » % N v

»
values by Whalley (28), over the range utfilized 1n ilttlng if
»

the Chebzshev polynomlal’ Dlscrepanc1e$ of the order of *
{ :

-

-~4073_percent and greater ‘ex1st between these'values af

- [ ™ .
saturated, vapour pressure. Unfortunately, Issarescu, 1n v

14

;,(hls isentrog;c checklaghof data, referred primarily. te the

stud‘es 1n_the 1930's by Miles et al 120) Bartholomeket al

. (26) and Rlesenfeld et al (19).~ ) . .
.- - ThlS author has lndlggted in ‘Chapter ' 1, that variance
between the latter_and more reéeﬁt inyestiga;}ﬁﬁs'eﬁists.

Iﬁ the paper by Issarescu, no reference has been‘maae.to
\

‘

the measurements by Oliver. et al (15), Wthh extend. froﬁ\f

ﬂ
N -
’

¢

approximately 200 ‘to 370 deg. c. ‘ N

)

- . - . N
. Although the readings for superheated heavy watef
vapour, as ‘shown in Table l6,Page 87, are prellmlnaryyrthey
wére analysed (Eb) by the pr;nc1ple of thermodynamlc‘!

similarity. To calculate the ‘similar properties of !dper-fi

heatedROrdinary water, the equatioh of state of?keenan et

-~

al (68) was utiliied together'with the critical values of

~

Whﬁlley (28) for both’'ordinary and heavy water. : i‘thermo- !

« dynamic s1m11ar1ty betwean ordinary and heayy water permlts

-

_the use of the law of‘ correspondingy states (Kesse’]_.pan’(BO)).
The corresponding state for ordinary water should have.the

same values for reduced temperature, pressure, and specific’
® ' \

volume. The equivalence of the corresponding state wis-

T

. checked,by selecting an equivalent reduced tepperatu and .

- . 3 7

3 . : \
. »
_(
-

T S




- . .
- .

pressure, then comparing the ;'reduced specific volumes.

This comparison is shown in Table 23, Page f@éw\\Agreement
- o«

to within 0.05 percent was noted. - ‘

Ed

The data of Table 16, pggg‘87; for superheated heavy

) N

water vapour, were also compared with the corresponding

}

values, for pressure, calculated from the virial equation

of state (equation 1.21).- Values for the second (B) and

third (C) virial coefficients were obtained, from the

results of Kell et al (13). For the two data points of ¢3

- 4

Table 16 the .values of preﬁsure,'aé calculated from
equation 1.21, were 84.592 and 84.594 bars. This indicated
: . . M- ) -

agreement with tfle measured values for pressure, to within -

: )
0.1 percent. i

103
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CHAPTER 9

CONCLUSIONS

A system has been developed capable of measuring the

P-v-T propertieswgmezQ.‘to aguagcurac§ of better than 0.1

percent (1000 ppm). Ellinétpn et al (14), in reviewing
P-v—f}mea;ﬁ;ement techniques, considered the constant voleme-
constant mass system)caﬁgble of,acgzeGEnggeeths accerate
to 0.005 percent for gases. However, unless an extremely
accurate volume determination is obtained, errors of less

- than 0.1 percent will.pe difficult to attain. It apﬁeafs
.that, with further volume measurements an#$ fufther experience
with the pfessuye measurement .system, the efror may be

reduced to the order of instrument error. Since the dead-

weight gauge has  a caIibration accuracy of 0.03 percent,

this limits the minimum eﬁsected error to this value. |

[ ? = -

The preliminary P-v- data, of this study, for super-
~5

uea%ed~heau¥muater_uapnu:_shown in Table 15, Page

07 £ s & 5.

O TLIE - MCTES B TR N AL N TR KL 8o srth NS M,

indicate agreement of 0 05 percent, with data obtalned by’

considering thermodynamic 51m11ar. y between heavy and
ordinary water, as'embodied @nlﬁh law of corresponding
statesl However, more experimen£a1 daxa ?or the P~v-~T
pro;erties of superheated heavy water vapoﬁnfare requiredy
to establish'tﬁat\shelcOnCept of thermodynamic siﬁ?larity

‘ )

' . ’ 2




s

-

.betwegﬁ heavy water ‘and light water may be embloyed over |

~_ the superheated vapour region, to define the properties

Y

of heavy water .to the dccuracy of the existing International

Skeleton Tables for light water. The addltlonal data would

also permlt further direct development of an equatlon of

state for superheated D,O.

4

The measurements of the saturated vapour pressure of

a o

heavy water, of this study, lead to the application of a
.Chebyshev polynomial, which describes these data and the
data of Oliver et al (15) from 100 to 370 deg. C. to within

0.08 percent. Additional precise measurements‘would permit

further development of the polynomial, possibly describing
the saturated-vapour-pressure data-for heavy waterﬁtg the

accuracy available in the International Skeleton Tables,fd'r‘6
ordinary Water. This would be‘valuable{not only for re-

ducing- eXLstlng calorlmetrlc data,but also Lo resolve

—exist;ngf is repanc;es _between reported values for the’

e e e e et . 2 e e 1 s e 1

Asatur‘.ed vapour pressure of heavy water.

I
s

3
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FIGURE 2 FRONT VIEW OF APPARATUS




FIGURE

4

3

SIDE VIEW OF APPARATUS °*
D
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FIGURE

9

VIEW OF CORNING DISTILLER AND

DEIONIZING UNIT
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FIGURE 8 MERCURIAL BAROMETER
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FIGURE 13 VIEW OF PRESSURE VESSEL SHOWING HEATING

ELEMENT AND THERMOCOUPLE INSTALLATION




FIGURE 14 CLOSE-UP OF PRESSURE‘VFSSEL

WITH INSTRUMEI%TATION
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FIGURE

17 VIEW OF HEX FITTING AND VACUUM-SUPPORT

TUBE WITH IQSTRUMENTATION

.
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FIGURE 22 VIEW SHOWING THE FILLER TUBING, HEAT

EXCHANGER AND DIFFERENTIAL PRESSURE TRANSDUCER
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FIGURE 28 VIEW OF CONSTANT TEM%ERATURE BATH
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FIGURE 30 VIEW \OF’ MICROVOLTMETER
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APPENDIX B - - ' ©
T .

<
$

) - 1 B ,
DESIGN CALCULATIONS FOR TME SAMPLE AND PRESSURE  VESSELS’

° The design calculations are. based on mq*imum operating s .
pressures and temperatures, equivalent to the critical point
Q h . . N N
pressure and temperature for heavy water (approximately 3200
13 I | . . B

psi (221 bars) and 700°F. (371°C.)).. The following equation

- .,

may be employed to calculaté the wail thickness af a thin

AY

walled.(£>k <0.1l) spherical vessel (51):

¢ ~" PRF
t = =35

where t is the wall thickness, T , o '

P, is the internal pressure,
: - ) >
R is the internal radius, N '

F

> o is the design stress,

™ -

F is the safety factor.

» .

The design stress for type 304 sté}nless steel at these
conditions is approximately'Z?,OOO‘bsi. If the internal lo

radius of the sample‘veségi and the preséure vessel are 2.5
and 3.5 inches respectively, with safety factors of 1.7 and

1.8, the resulting wall lhicknegses are.aé follows:

-q:f 0.25 inches (sample vessel)

‘ o t = 0.375 inches (pressure vessel) , T e
: . Y Co

Since the outer surface of the pressure vessel"is . .

grooved to accommodate the heating element, the wall thick- - N
. . K ° Lot ! R 3
ness was increased to a half an inch.’ ’ ¢
. f . » :
- - P
S . ‘ 134
. ! ~ u
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LN - : APPENDIX C

P o TESTING OF RESISTANCE BRIDGE

¢ ; An intercomparison of decade dial settiﬁgs was made
from 0.0001 to 61.0000 ohms, in the manner described by’

Mueller (58). ‘This method involves balancing the resis-

A\l - ) M - 13 13 .l‘ .
w tance of an external decade resistanee, with a combination

-

of bridge decade settings. From 0,0050 to 0.1000 ohms a
manganin slide wire served as a reference, and below 0.0050

P , -4 .
ohnts galvanometer deflections sufficed.:

. TABLE 24

RESISTANCE BRIDGE TEST RESULTS (IN OHMS)

Reference “. 1 _Combination Combination
External Decade A . A
61 . ‘ 60, | 50.
C ) 0. : 10.
.9 . ‘ .9
. » 0 ) . :
3 ‘ S .10 .09
- - .000 .009 “
. 0001 c , .0008 o
~ —_— - _—'—"'_ .
Sy . ' 61.0001 o . 60.9998
R
o ‘
A




TABLE 16 (CON;[‘INUED)

RESISTANCE BRIDGE TEST RESULTS (IN OHMS)

Reference . . Combination - Comblnatlon
External Decade —— .. B

" 40.

51
10.

4

51.0007




TABLE 16 (CONTINUEQ)'.

"+ ,RESISTANCE BRIDGE TEST RESULTS (IN OHMS) - -

- o
.- Reference
o . . External Decade
’ ° 21
LY
<
R - o
3
,,“_
<. N e
Q
1x
[
! <
' .
i 3
L 4
¥ L
?
.~ 10
. p
';:_:q *
. “?-?, .
. "'4.' .
# - Ca ‘e .l
~ Fad “~
W, ¢ -
1
|
& -
i P
.V\,,‘ .
T } =
R
PR [
: &
o -

Combinatien .

&

A

20. . °
0.
.9
- /10

©.006

< = .0006

21.0066

10.

__.0001

10.0101

2 N

Y
1

Combiﬁation
-

10. ¥

. 10,

. 006
0004
21,0064
0.
10.
.10.
.01
.001
0005

"10.1115

~E
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TABLE 16 (CONTINUED

s { - ° ' . )
° RESISTANCE BRIDGE TEST RESULTS (IN OQHMS)
: = = .-
. . e, “ '
Reference , Combination Combination .
rnal Decade . - A ‘ N . - )
9 9, < 8., \ |
. t . )
1 g ) 1.0
.00 . .00 j;
‘ , 009 | A 009 .
°.0005 .0005 e
9.0095 9,0095 ., -
s 7 ® — :
- /&—/’ 8. e 7.
' *
. 0 1. 0 ’
\
\ - 01- .01
. .001 .001
' .0004
8.0114
e 7 . », T
- . .
¥ 0 S
’ 01
v - ‘. {
' v, 001
' ) * , 3 . -
— : : ..0003 .. .0003 .
. . '7.0113 7.0113 '
. g ‘ . -
\ N .
L. o -
/ll » _l " .




. % . R | 139

- . TABLE 16 (CONTINUED)

.- : - » :
RESIS‘I‘ANCE BRIDGE TEST RESULTS {IN OHMS)

Reference ',‘. Combinatiodn Combihation i
External Decade | ié e | L -
6 < e ' s,
o 0 . 1.0 )
| ol ol .
e . .002 | - .002- A
. . :0003 - .0002 ]
. 6.0123 i 6.0122
5 5. o4 o
0 N 1.0
\‘*~f/. C o1 - .01
007 o 007 8
.0006 o _.0007 |
4. "‘_ L 4 o 3.
| ) 00 , 1.0
o .0/
; . .000 N ] - .
. ) S L0005 | -.0?05 ?J.
- 4,0105 4.0106
[} h ] N




» [
TABLE 1f | (CONTINUED) o
| RESISTANCE BRIDGE TEST RESULTS. (IN OHMS ) )
Reference .Combination' i . Combination '
External Decade *A ‘ B
3 | 3 2.
- .0 1.0
.00 BN .00
.009 ".009 * ‘
0006 ? . 0007
o ‘ 3,009 ' 3,0097
. 2' 2. | 1.
0 1.0
= o .01 o .01
- | 000 .oqr0~ ‘
' .0004 ) .0005
)  2.0104 2.0105 .‘ S
1 1. 0. I
- 20 1.0
R N e 0L o -0 \
.000 000
‘ L0009 ...0010
: , 1.0109 110110
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TABLE 16 (CONTINUED).
«s RESISTANCE BRIDGE TEST RESULTS (IN OHMS) '
Refeérence Combination : Combination *
"N\ External Decade o A ‘ ]é v
‘ . 1“ ) B . ‘ - )
1 10 .9+
. .00 .10
.008 . .008 -
-0004 | \\' .0003
’ 1.0084 1.0083
. 9 L] 9 . 8 L ]
.00 ‘ .10 “"
.009 .009 .
.0008 - L0007  ~
' .9098 - .9097
. 8 .8 .7
]
’ . ’ . . ‘00 a . - . 16
~J 007 ° ' .007
| . ‘ 0008 . 0008
$ . L . ' .
. _=8078° - _.8078
L] 7 : " . . [} 7 ) ‘ -, . . 6
' Y . e . »
‘ - . 00 ’ ."10
. . . & ' B ’068. <. '~ s ‘ '~@8; e
| 0002 | - ._.0002 ’



-

Co : - R K A 149

4

TABLE 16 (CONTINUED B

RESISTANCE BRIDGE TEST RESULTS (IN OHMS) v .

Reference - ‘ Combinationn ' Combination
External Decade .+ A g B
.o 6 6 .5 )
, S .00 .10
| 008 -, 008 -
_ .0002 0001
: : ‘ . .6082 .6081
| s S-S, % .4
| - ‘~/// 00 - (10
.008 o+ .008
. 0003 .0003
‘ .5083 .5083
4 . .4 f.3
' ‘ 00 .10
' ; . Q09 . 008
) | 0000 - .0009
. .4090 .4089
.3 .3 ’ .2
. .00 .10
L ° - .008. ) .008
i . . L . 0006 .0006
. .3086 .3086
: . . _




3
. . Vo
‘ N “
. -
. .
°
r
-+

n e TABLE 16 ' (CONTINUED) | X
RESISTANCE BRIDGE TEST RESULTS (IN OHMS) ,
Reference | Combinat'ion ) Combir.'xation
External Decade. A ' | B
2. h .2 ' .. 1
.00 . . .10
: - 008 | .008 :
. 0005 .‘ﬁbeOSf‘ e
2085’  .2085
.1 " 1 -0 ‘?
Tt Lo .10
) . .008 .008
.0006 .0006 '
, ) 1086 : ,1086
By slide wire R | | :
1 | © .10 K . .09
.000 | .010
) 0001 .0001 .
.1001 ‘ ..1001
09 T .09 K .08 L
| .000 .010
.0001 .0001 ;
. .0901 .0901
. - ' "
%
‘ ‘ ]
. R
. \“ :4‘ ..--/ ' ‘
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- TABLE 16 .(CONTINUED)

f RESISTANCE BRIDGE TEST RESULTS (IN OHMS)

1

Reference Combination . Combination
A B

L]

By slide wire

.08
y// .010 -
) .0000 - -
0800
.07, .06
.010
.0003 T 0003
, ‘ .0703 "~ . .0703
.06 Q6 L .05 .
000 -.010
.0001 .0001
. T.0601 - L0601
.05 .05 04 |
. ) 000 .010
0008 .0009
0508 3;929%
.04 ‘ N .04 .03
| . 000 .010" |
0000 * .0000
.0400 X . 0400 |




. : TABLE 16 (CONTINUED)

RESISTANCE BRIDGE TEST RESULTS (IN OHMS)

» [N

_ Reference . Combination _ Combination
- A . : B
- By slide wire . : .

203 .03 .02
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TABLE 16 (CONTINUED)

RESISTANCE BRIDGE TEST" RESULTS (IN OHMS)

Reference . Combination Combination - :
By slide wire A ‘ *
L0007 - .007
.0000
L0070 .0070 .
.006 . . . .00§6 : . .005
- ‘s ) .
. .0000 .0010 -
0060 . 0060
005 005 004
] [}
.0000 o .0010 .
.0050 : - ,0050
3 . ' /ﬂ
By galvanometer deflection ’ : .
- - .004" ©.004 003 |
‘ | .0000 . .0010
. .
0040 .0040
003 3o +003 ' © 002 4
| 0000 -0010 -
. .0030 0030
. .002 L .002 .001 .




To obtaih‘readings at settings of .0010 ohms and -
smaller the galvanometer zero was shifted to an offset
of 18.6 units. AN the bridge setting was altered in

increments or decrements of .0001 ohms the galvanometer

incremreént or decrement should be approximately’ constant

"Bridge Decade Setting Galvanometer Offset (Units)
0010 _ 5.8
.0009 e 7.0 e
.0008 o 8.3 ’
.0007 B 9.6
.0006 o 10.9
.0005 : 12.3
0004 o 13
.0003 o i4.9 oo
’ 0002 | ‘.h‘ 16.2 -
0001 S 17.4
.0000 - . 18.6

147




APPENDIX D ;

~ ’ ~ ) ) a{z -f:} »
" CALIBRATION DE’ﬁILS - , ' 4
. FOR _THE DIFFERENTIAL PRESSURE TRANSDUCER i

A

[

on a transducer indicator. ?his‘display is infiuenced'by
two adﬁustments on the indicator, wﬁibh contrel zero and

© span. To provide’'a full scale defqutién for a pgessﬁré
differential of * 100 psi, (6.89 bars), a span of 560 was,
necessary. . The ealibratidn'systé@ shown” in Figure 34i

.

-Page 73, was assembled to establish‘the span setting, and
\
to study the zero shhift with line pressure. Table 13,
. > . .
Pages 149 and 150, show the resultant zero shift fOr line -

pressures,“varyihg ffom 0 to 3000 psig; (206.84 bars). .

- o

This information is required to balance the pressure
_ ,
’

across the diaphragm, to the zero position which is appli-

cable for the exisfing line pressures. No adjustment is
14

applied to the zero setting of the transducer indicator

which 'is éstablished,initially,‘with'atmospheric pressure .

o /
‘applied acréss the diaphragm. o .
& ' ' r. N . . . “: ©
- °. : . t
¥ ’\\
h%
. e o
¢ ® 4 4 .‘ '
. 8 148 .
\/ . -

The differéntial pressure tranSducér output is‘displayed"




149
N ' ' - { //
TABLE " 13 o
‘ DIFFERENTIAL PRESSURE TRANSDUCER ~ ~
» { . : \ - LI
‘ ZERO SHIFT WITH LINE PRESSURE ‘ — |
. i ) L4 -
, : s | o
‘ Line Pressure ( Zero Shift * -
« (psig.) z (bars) (psi) (bars x 10) \ ,
500 . 34.474 . +0.9 0.62 T
- , » s
" 600 41.368 .. 1.1 ©0.76 Lo
. " 700 48.263 , I.3 - 090 |
- 4 J’ .
i 800 . 55,158 ° 1.5 ~ 1.03
900 62.053 1.6 - 1.7 .* .1.14
1000 ' 68.947 1.8 b 1.24
° .. 1100 . 75.842 - 2.0 1.38 .
LY ¥ . . .
< . s 1200 82.737 . 2.2 1.52
1300 © "85.632 2.4 1.63
- - 1400 96:526 . ‘ . 2.6 , 1.79
1500 .. 103.42 2.7 - 2.8 - 1.0 .
3 R " ) A . '
1600 Liig/gz &/ .. 2.9 - 3.0 L 2.03 -
1700 U 117.21 - 3. 2.14
1800  124.11 /3.3 . 2.28
2 e . -
1900 . 131.00 3.4 - 3.5 . 2.38
. 7 200000 7 T 137.890 3.6 - 3.7  2.52
2100 144.79 3.8 ‘ 2.62
3200 151.68 . 4.0 s 2,76
: L ~ | o ’
) . 2300 .- . 158.%8 4.2 / 2.90
5 * . /
’ v
uJ-( e .. ‘0 . - . - v . o
| 4 e




_ , . . “TABLE 13 (CONTINUED) S
- ‘o . S S A -

. . . Liqe‘ Presgure . : .9~ Zero "Shift . ,
' (psig.) (bars) b (Esi)' (bars x 10) -~

®
™~

2400 - 7 7165.47 4.3 . a.96 o
4

et @500, T172:37 L, 4u4 - 45" 3,077,

’ 2600 - el 179.26 B T 77 & AR

2700 186.16 - . 4.8 3631 W .
~ "3 - ) ' : ®
¢ 2800 93.05 \ 4.9 = 5.0° - 3.41 .~ s
’ ’ 6 ' N . B h v o ..B ¢ :
St 2900 S 199095 7 %5 . 3.52 e
) 3000 ' 206.84 ° .52 3:59°
- I . ‘ v ‘ . . ’ . | - ® h * '
} !“ - 3 - - ' ‘ 4 . a0 ) ' . . . . . v . - ) ) .
. . ‘ , Atmbsph‘e‘aric ‘presgure = 1.0003bars -
- . ’ - . B .
hd . . ) e -

e A
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APPENDIX ﬁy

. DETAILS OF SYSTEM’VOLUME MEASUREMENT -
4 . .

PO . (4 Py

Wlth the charging and dlscharglng system of Flgure 31,
,.,/

Page 64, the system may be filled with ordinary water, and

- Y

,zthe amount require'd' weighed. In this manner, volume :

~
£

- measurements, of the s‘am.ple vessel plus filling tubes -
. ’ . . ) . 3 .
assembly, may be obtained. As a result of these measure- -

"ments.,:.a volume of 10’%9.3-c,ma‘ at 21 deég.- C. was eétablished.
. The volume may- be determined-, at elevated (temperatures,‘
~with the aid of tf{’ermal expansi-bn“ ir?formation Qtf #ype 304

‘ stalnless steel.aa The thermal expans:.on da,ta of F1‘1’rman (49)

appears in Taple 25, ‘Pade 152 @nd the correlatlon by Keyes (7)

F]

. onws- ' ; ;o o
Vp = Vo(1.0000g 4.815 x 10°°T + 1,818 .o
© % 107F P2~ 1.3350% 10711 T3) - - - - - {E.1)
, )

Si)ee-n'._«fic volum’es, reported in this study, are based on the

//€§a’of Furman (49)

N To d'éflne the spe01f1c Volume, durlng the studles eof »

- the superheated Vapour reglon, the vc‘alume o% llquld con-
a

) w‘ talned between the vapour ¥iquid :Lnterface and the dlaphragma

~mus,t‘be knewn. Flgur‘e 22, .Appendlx A, shows the capiliary

tubing, tee,'angle “patterr; nieedle valve, and the- transducer,

“

which will contaip liquid.
T @+

-

4

o

&
1
{
1
-
»
»
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| - . ‘ . ." .l i R 1‘53

v‘“
] / .
Capillary tubing - - ~ .000314 in.a/iur
.00203 cm?/cm
,  Tee plus valve. ’ ,-00217 in.? v o
‘ . .+ L0355 cm? ‘
. . Transducer : - _.60463 in.? R
ST ‘L0759 om®:
o - . o . . @
sThe length of capillary tubking, to be considered, is -
estumated by solvzng the heaty transfer equation described
in Chapter 5. The volume calculated is subtracted from e
the#yolume‘of the sample vessel\system for that temper-«' S
'ature? By J51ng the compressed llquld tables for ordlnary ~
. water, the mass of lquld contalned in this volume at the ‘
given pressure may be approx1mated, and subtracted from N
"the~we1gh; of liqdid charged. ‘ . T ~ )
. . _ :
¢
] ” !' ’
. ; \ ? ) ) -




" APPENDIX F

CORRELATION FOR THE SATURATED VAPOUR PRESSURE OF HEAVY WATER

4 ' F

*
3

" In general a Chebyshev' polynomial~ (61) may be repre-

.seﬂtgd as: . ¢ S ¢ " ;
m?=¢ﬂﬂﬂygh@%“y}%mm-;--—@th
where ‘T, (x) = 1 R T e - - - (F.2)

) Ti1(x) = x ‘ - - - —‘-v—'— - - f - F - (F.3
Ty (k)= 2%2 -1 - - - - - - - s 5~; - (F.4) / .

Ty (x) = 4x3z~ 3k - - = - - - =-=%----(F.5)

Ty(x) = 8x* - 8x2 # 1 = = = =~ = = - - ~ = =(F.6)

. Ts(x) = 16x°- 20x° + Sx == - - m - - - (F.7)

Tg (x) = 32x57 4be4 18§2f 1 - - == - - - - -(F.8)

By thé'rgcurrence‘re]étign: {.‘ . ' ) « 4
T 41 () - 2T (X) + Ty ) (%) =0 - - - -(F.9)

other polynomlals may be obtalned )
If the Chebyshev lynomlal were fltted to' n data p01nts
(qu vi), (xz, v2) ...?ixn, yn), the method of ‘least squares

. may be employed to determlne the coefflclents Cq, Ci, C2 ..Cm.

Least squareg crlterla requlre the following expressions to be 7
a minimum S = Z 1 =L CiT5(x3)]2 - = - - -l-'—, F.10
' i=1 [z_,./‘j-"‘.-o J J( l)] , . * . ( ) )
» ‘ as .'_ ) ‘ " ] ' . ‘ ‘, ) ‘ . -
or é-E-_'ﬁ! ® =0, 1l....m = === =& « ==~ = (F.ll)
1 < . i . T
. L , : : . .
r} ® a B .
- -
. - ,
“ 154
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" L4 '

representing a system of simultaneous, equations that may be
‘described ih matrix fof%?

ET2 (x5 ) ETo (%3) Ty (%) 00 o B0 (%) T (%3] [eo

ST () Todxg) 2T (x4). Ty (k) Tr(x) Jer | JoyiTh1xy)

- - ~ . . .

i ,

4 - . . . -
.

- . .. .

, .
LyiTmx;)

e

ITn (%1) To (Xi)

LTy (x;) Ty (Xi) e Z‘Tﬁl(xi)

r

The matrlx expression [T} [C] = [E] must be.solved to obtain

L

g1, ‘ S —_ |
Glgson et al (22) fit W1tg_g£eat acgufaqy the Chebyshev
series: In g =;£o ?rTr(xl?- T e -2 : o = (F.13)
where x = {QK% - 0.95)°"" L Al}l/B - = '= - - (F.14)
| _B = reduced pressure : . o
® = reduced temperature | ] .
and A = 1.45220717 o a
‘ B- = -0.84878953

"to available data

for the'séturated vapour pressure of
ordinary water. q’k‘ R
- ”he matrlx expression [T] [C)- [E] was evaluated,ln
this study (40) uslng a sxmllar Chebyshev serles "with A a;d
B unchanged,and employlng the data’ for the saturated vapour

pressure of heavy water by Whalley 28) . The coeff1c1ents

swere determlned, by solv1ng the twelve s:.multaneous eqpat:.ons
by the method_of elimination embodied in IBM subroutlne SIMQ

Computations in .double precision were achieved on an IBM 360
L)

computer.

~
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APPENDIX G

- 7

’ - EQUATION OF STATE FOR ' SUPERHEATED HEAVY WATER

Vukalovitch:(27) developed an equation of state .for

an imperfect gas, based on associatieﬁ_theory. This equation

with two conStapts may be written as follows:-

- ' 2y g _ . _ Ai(T) _ A, (T) - - - -
(P + a,v )(.v b) = RT {1 75 > T-B)2 },'
‘ ) . . TCT—I ' s o @
MR where A, (T) Calle R R
3 : . : TW - .
“N . - ' —ll
. ) AL(T) S = CzNz ZTcT 4C§N262TCT L : L
TR - Y -
) 27 - *
a = ) RT.b = == == === === === -
. b = RTC) _______________
- 8Pc
: W= (3+2m)/2 = 5= = - = - el e — - o -

N ' X (6 +-3m,)/2

y y = (6 + 4m1)/2

" m-1, 2, 3 depend

-

or from avajilable P-v—T data.

e =t am ee am em e e e e e wm mm mh mm ew e

ihg on the type of molecule

-

.
s

ted t0 molecular structure.

Ci, Cz2, - calculated from the crltlcal .point 1nformatlon

A If mi and mz are arbltrarlly set edual to two, and the‘

equation 1s rearranged to be explicit in terms of pressure,

w ) .
, m; and me are rela
3
the follow1ng form e
'T
TR, .
e . .

volves.

e’

f——




v

N,

157

. 3

P = li4vz i’ziﬁT ‘Ll A,f,fg) - }E;_(i)z} -al - - - (6.9)
Wwhere A1(T) =f§%¥.geTcT_l - o oo - -(G.10)
" : N2 . _1- - ,
B (T) = 77 (2T - 4ache?Te™ - - - -(G.11)
IR ZLRTeh - - - = - - = e - - - (G.12)
b= Rl ool (G.13) .
8Pc | | -
c1 = 0..933“7479"6'7"x 10717 S -
C2 = 0.333387092 x 107°° : .
. P z.'pressure, (bars x l4.5b38) '
Pe = ‘critical pressﬁre,.(bars % 14.%5038)
. T o= tempefhturé;'I‘S-jﬁC‘ + é73.15} ! T
Tc = critical t'emperature,‘l.é (°C + 27§ 15)
v = sp\eci'éic volume, (cm® moler's 3.53146 x 10-%)
. ‘N = .Aﬁbgq:df&'é number ’
) R = gas cénstént. B ‘

‘ The «critical values  for D,O, suégested by Whalley (28),
e

re. used to calculate a and b. Constants C, and°C2 were

”

evaluated, by applying thé method of least sqguares, with
regbéct to the experimental P-v-T data of Kifiliin‘ét al (4)

shown in Table 1, Page 7. ' '

’
bl

- In the range 315 til 405°C, and 71 to 147 bars, the . -«

max1f3m dev1at19n of the calculated values of pressure from '

the experlmental uglues werg approximately one percent, and '.,

] -

the average deviation less than.dne half of a percent.




L}

APPENDIX

H

-

EXPERIMENTAL DATA (UNPROCESSED)

’

Saturated Vépour Pressfire of Heavy Water

1. P

)

(deadweight gauge)

4
239.90 psig.*

-

+

P ‘(bardmeter) = 29,32 in Hg.
) . - :
T (barometer) = 7T2°F. -
Y .
"R (resistance thermometer) = 45.9253 ohms.
T (Mueller bridgef ;5 22.8°C. ‘
“~ “ | . ¢ , N ‘ M »
~ *All pressure readings were correcfed for zero ghift‘
. ‘
prior to recording. \
. R » . 5
%5 P dwg. = 239.8 peig. 3. P dwg. = 239.76
Pba . = 29,32 in Hg. . Pba . = 29.36% in Hg.
A R . ! ’ * ﬁ
T ba "= "73°F. T ba = 73°F.
‘ R = 45.9255 ohms R = 45.9259 ohms
e T t ' &
Tb , =’ 23'lOCo ATb : =' 23.2' °C- -
. : | , _ '
4. P dwg = 576.2 psig. . .5, P dwg. = 576.0 psigs
" P ba = 29.35 irr Hg. P ba ‘= 29.36 in Hg. '
- T ba ‘"= 72°F. . T ba = " J2°F.
R +' 50.2108 ohms R = 50.2097 ohms
. ‘ ) ‘ * @' . ’
Th = 22.6°C. Tb = 22.6°C.
. 3 e . : "’ - .
- . ) X
3 N ‘
* SN ‘. :
. .
. . . &
v g ‘ .
: L e s , . ¥
7 158 - ' '
. 4 ‘ s . .
\ _ A\“ ,
=~ . ol




“
6. P dwg: = 575,95 psig.
. "P ba = 29.36 in Hg.
- T ba - - 72°F,
R "=+ 50.2086 ohms
Tb = 22.7°C.
8. P dwg. - 102i?92psig!“
-P ba = 29.29 in Hg.
T ba, = 67°F.
4 R° "+=" 53,5332 ohms
Tb - 20.2°C.

S 10. P dwg _é

©12. P dwg =

1153.55 Psig

a. =" 29.16 in Hg.
- r
a "= T5°F.

" = 54,2868 ohms

= 23.9°C,

1154.9 psig

P ba = '29.15 in Hg.
T ba = 76°F.
R™ - ..=, 54.293f ohms

= 24w6°c- \ o

a

ol

’

P dwep \j’ig;%;O psig
P ba °* >29728 in Hg.
T ba = 67°F.

'.' 1Y

R = 53.5334 ohms
T - 20.0°C.
N -

Pdwg. = 1022.0 psig.
P ;g = 29329 iQ Hg.
ba - es°F.

- 53.5335 -ohms

Tb_ = 20.3°C.
P dwg = 1154.1 psig.
Pba = 29,15 in Hg.
T ba = 76°F.
R  54.2896 ohms
Tb = 24.3°C.

, f\

‘




'

Saturated Vapour Pressure of Ordinary Watér

1. pawg = 246,05 psig 2. P awg = 239.94 paig:
Pba = 29.25 in Hg. p ba .= 29.25 in Hg
@ T‘ba = 72°E.‘. T ba = 72°F.’
| R = 45.9227 ohms - = R . 45.9221 ohms.
Tb = 22.5°C. Tb = 22.5°C.
3. P dwg = 239.89 psig . C 4. p dwg = 576.57 psig
Pba = ' 29.25 in Hg.' - Pba. = 29.385 in Hg.
T ba =  72°F. ’ T ba T T
J R =  45.9218 ohms R ® = 50.2545 ohms
Tb’ - 22.5°C. Tb - = 22.3°.
o ‘ <4 i ’
5. P dwg = 576.97,psig.. 6. Pdwg = 577.47 psig.
p®: = 29.365 in Hg. P ba = 29.345 in Hg.
. T ba = 72°F. . T ba-. = T71°F. |
.. = 50.2571 ohms R = 50.2602 ohms
™ - .22.6°C.,’» | b = 22.50c.
7. Pdwg = 1011.0 psig = 8. P dwg = 1010.5 psig
Pba = 29.03 in Hg. .  P-ba = '29.03 ip Hg.
T ba = TL°F. . ‘T ba = 7IPF. |
R = 53.5342 ohms R . <= 53.5368 ohms
Yo - = 22.6°C. b = 22.6°C.
‘ -~
.o | o :
' ‘



,9.‘ P dwg. =

:g ba =
.4

T ba =
R =

Tb =

1010.5 psig

-

29.04 in Hg.
. 7l°F.
53.5385 ohms o .

22.6°C.

N

Superheated He&vy Water

P-v~-T Data for:

1. P dwg =

Il

P ba

T ba

R

[}

Th.

" The foliowing

'equatiop 5.5:

D

_data was required for

1213.72 psig . 2.
29.33 in Hg. = -
72°F.

54.7329 ohms

22.8°cC.

P dwg

" P'ba“

T ba

R

Tb

1

161

1213.83 psig
29.33 in Hg.
72°F.

54.7345 ohms

22.85°C.

application of

&
- &
Tg.= 155°F.
TL _= SSbIOF. .
L = 2.63 inches
Voltage to the éapilléry-hgater

In the datatreduction‘bf pressure‘employing‘equatioﬁ 3'4\'

»
g

the pressure correction pc was .169 psi.

)

|

@
12.780 volts.

.;’-‘\‘. ‘
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