
This (UssarUUao has be«n
anrartly Mm wm f^twm A 69-18,462

ROBERTSŒ4, Stanley Lunsford, 1939- 
PVT PROPERTIES OF GASES TO 10,000 
BARS AND 400* C.

The University of Oklahoma, Ph.D., 1969 
Physics, molecular

University Microfilms, Inc., Ann Arbor, Michigan



THE UNIVERSITY OF OKLAHOMA 

GRADUATE COLLEGE

PVT PROPERTIES OP GASES TO 10,000 BARS AND 400» C

A DISSERTATION 

SUBMITTED TO THE GRADUATE FACULTY 

in  p a r t i a l  fu lf i l lm e n t  o f  th e  requirem ents fo r  th e

degree o f  

DOCTOR OF PHILOSOPHY

BY

STANLEY LUNSFORD ROBERTSON 

Noxman, (Nclahoma 

1969



PVT PROPERTIES OF GASES TO 10,000 BARS AND 400" C

APPROVED BY

S  XT~

DISSERTATION OOWITTEE



ACKNOWLEDGEMENT

The au thor owes an insurm ountable debt o f g ra ti tu d e  

to  Dr. S tan ley  E. Babb, J r .  fo r  h is  guidance o f  th i s  resea rch  

e f f o r t ,  f o r  many illu m in a tin g  d iscu ssio n s o f  th e  problems en

coun tered  and th e  long hours o f  lab o ra to ry  woric in  which he 

p e rso n a lly  took p a r t .

The e f f o r t  o f  Gene J .  S co tt idio la rg e ly  constructed  

th e  apparatus and kep t i t  in ta c t  and who b a ile d  th e  au tho r 

out o f  many d i f f i c u l t i e s  i s  g ra te fu lly  acknowledged.

Special thanks a re  due to  Maty Lou Stokes who typed 

th e  m anuscrip t, to  my w ife  fo r  h e lp , encouragement and under

s tan d in g  and to  my p a re n ts  who have encouraged and helped me 

throughout my l i f e .



TABLE OF CONTENTS

Page

ACKNOWLEDGEMENTS..............................................................................................ü i

LIST OF TABLES.............................................................................................  v i

LIST OF ILLUSTRATIONS..................................................................................... v i i

Chaq[>ter

I .  INTRODUCTION.................................................................................   1

I I .  APPARATUS..........................................................................................  4

P ressure  .........................................................................................  4

Volumes..............................................................    6

Temperature..................................................................................... 12

I I I .  CALIBRATIONS AND CORRECTIONS................................................  16

P r e s s u r e .........................................................................................  16

Temperature..................................................................................... 19

Volumes...................................................................  22

Bellows Volume Changes...................................................  25
Wheatstone Bridge C h a ra c te r is tic s  ..........................  30
Volume C o rrec tio n s ...........................................................  39

IV. EXPERIMENTAL PROCEDURE............................................................  47

V. DATA REDUCTION  ......................................................................... 53

D ensity I n t e r p o la t i o n ...................................................  57

Temperature Above 35* C.........................  59

C orrection  fo r  Inaccu ra te  F id u c ia l D a t a . ...................... 64

iv



TABLE OF CONTENTS (Continued)

C hapter Page

VI. EXPERIMENTAL RESULTS................................................................ 66

Argon.............................................. .................................................... 66

Argon Data T a b l e s ............................................................  73

N i t r o g e n .........................................................................................  83

N itrogen Data T ab les ........................................................ 89

Propene.............................................................................................. 98

Methane...................................................................................................100

Data T a b l e s ..............................................................................106

V ll. ERROR ANALYSIS................................................................................. I l l

Tesqperature 35* C ................................................................. I l l
Temperature Above 35* C . . .  ...................................... 117

V l l l .  Summary..................................................................................................121

BIBLIOGRAPHY.......................................................................................................125

APPENDIX............................................................................................................... 128

Independent D eterm ination o f  th e  Piezom eter Volume . 128

D iscussion o f  Freeze Valve C h a ra c te r is tic s  . . . . .  132



LIST OF TABLES

Table Page

I .  C om pressib ility  o f  N ickel  ......................................  25

I I .  D en sitie s  o f  Argtxi a t  In te g ra l  P re ssu re s ...........................  75

I I I .  P ressu res o f  Argon a t  In te g ra l  D e n s itie s ...........................  76

IV. Param eters in  th e  M odified T a i t  Equatim i...........................  77

V. D en sitie s  o f  N itrogen a t  In te g ra l  P r e s s u r e s ................... 90

VI. P ressures o f  N itrogen a t  In te g ra l  D e n s i t i e s ................... 91

V II. Param eters in  th e  M odified T a i t  E quation...........................  92

V III . D ensitie s  o f  Methane and Propene a t  In te g ra l

P r e s s u r e s .............................................................................................. 101

IX. P ressures o f  Propene a t  In te g ra l  D e n s itie s ............................102

X. P ressures o f  Methane a t  In te g ra l  D e n s itie s ............................103

XI. Param eters in  th e  M odified T a it  E q u a tim ...............................107
6d 
dX II. 100% A rg o n ....................................................................................120

VI



LIST OF ILLUSTRATIONS 

Figure Page

1. Piezom eter and P ressure  V esse l..............................................  6

2. Wheatstone Bridge and Bellows ..............................................  9

3. Bridge and P o ten tiom eter C i r c u i t ...........................................  11

4 . Gas Loading System........................................................................  14

5. Bellows C a lib ra tio n  M anom eter...............................................  26

6 . Bellows C a lib ra tio n  R e s u l t s ...................................................  31

7. C irc u it C m ifigurations fo r  C urren t Balance...................... 32

8. Raw Argon D ata......................   SO

9 . R esiduals f o r  35* C Argon F id u c ia l Data F i t ....................  55

10. D eviation Curve fo r  M odified T a i t  E quation........................  58

11. Isotherm s o f  Argon.......................................................................... 80

12. Isochores o f  Argon.......................................................................... 81

13. Isobars o f  Argon............................................................................  82

14. Comparison o f  N itrogen D a t a ...................................................  86

15. Isotherm s o f  N i t r o g e n ................................... .............................. 95

16. Isochores o f  N i t r o g e n .................................................................  96

17. Isobars o f  N i t r o g e n .................................................................... 97

^  18. Isotherm s o f  Propene..................... 104

19. Isotherm s o f  Methane.........................................................................110

v i i



PVT PROPERTIES OF GASES TO 10,000 BARS AND 400" C

CHAPTER I 

IJTTRODOCTIGN

Of th e  th re e  common s t a te s  o f  m a tte r; s o l id ,  l iq u id  and g as, 

th e  l iq u id  o r  dense f lu id  s t a te  i s  peihaps th e  le a s t  s tu d ie d  and i s  

c e r ta in ly  th e  l e a s t  understood. The dense f lu id  s ta te  encompasses 

th e  m iddle range o f  m olecular in te ra c t io n s  -  between th e  id e a l gas 

and th e  s o l id  -  and i t  i s  p re c is e ly  t h i s  fe a tu re  which makes a  

th e o re t ic a l  d e sc r ip tio n  extrem ely d i f f i c u l t .  As yet th e  in te r -  

m olecular p o te n t ia l  func tions a re  only poorly  rep resen ted  and even 

i f  they  were in  f a c t  known one can imagine th e  d i f f i c u l ty  in  devel

oping a  theo ry  which must on one extreme g ive  th e  randcMsness o f  a 

d i lu te  gas and on th e  o th e r , th e  r e g u la r i ty  o f  a s o l id  l a t t i c e .  

S t a t i s t i c a l  mechanics may now be developed to  an ex ten t idiich i s  

s o p h is tic a te d  enough to  handle th e  d e sc r ip tio n  o f  th e  dense f lu id  

s t a t e ,  however, t h i s  remains to  be seen . The adveftt o f  h i^ - s p e e d  

d ig i t a l  computers has perm itted  so lu tio n  o f  th e o re tic a l  equations 

which use assumed re p re se n ta tio n s  o f  in te rm o lecu la r p o te n t ia l s ,  bu t 

u n fo rtu n a te ly  th e re  i s  a p a u c ity  o f  r e l ia b le  experim ental d a ta  fo r  

comparison in  th e  h ig h -d e n s ity  reg io n .
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The experim ental r e s u l t s  given w ith in  t h i s  re p o r t should a l 

le v ia te  in  p a r t  th e  lack  o f  accu ra te  d a ta  fo r  p re ssu re s  above 2000 

b a rs  and h o p efu lly  they  w i l l  lead  to  b e t t e r  th eo ry ; b e t t e r  re p re 

s e n ta t io n  o f  in te rm o le cu la r p o te n t ia l s ,  o r  b o th .

PVT measurements t o  3000 b a rs  have been made and w ith  claim s 

o f  very  h igh  accuracy fo r  se v e ra l gases a t  th e  van d e r Naals lab o ra 

to ry . Beyond t h i s  p ressu re  th e  experim ents have been few in  

number and smsetimes o f  q u estio n ab le  accuracy . Benedict has 

s tu d ied  n itro g e n  to  5500 b a rs  fo llow ing B r i d g m a n ' s e a r l i e r  meas

urements on th e  same g as. B asse tt and Oupinay^^^ have g iven  a few 

is o la te d  p o in ts  to  5000 b a rs  fo r  n itro g e n  and hydrogen and Blake,

9 t  have in v e s tig a te d  m ixtures o f  n itro g e n  and methane to  5000

b a rs .  The measurements o f  Bridgman cover a  s l i ÿ i t l y  la rg e r  p re ssu re  

range than  th o se  rep o rte d  h e re in  b u t s u f f e r  from an apparent system 

a t i c  e r ro r .  S ince th e  in ce p tio n  o f  th e  p re se n t work T sik lis^^^  has 

pub lished  r e s u l t s  fo r  n itro g e n  and argon idiich cover both th e  same 

p re ssu re  and tem perature ranges as th e  p re se n t work. Cosqwrisons 

between th e  r e s u l ts  rep o rted  w ith in  t h i s  th e s is  and th o se  ob ta ined  

by o th e r  workers w il l  be g iven .

The b a s ic  method o f  th e  p re se n t e s c r im e n t  c o n s is ts  o f  meas

u rin g  iso therm al volume changes in  a f ix ed  mass o f  gas between an 

i n i t i a l  p re ssu re  and a  s e r ie s  o f  h ig h e r  p re s s u re s . F id u c ia l d e n s i t ie s  

below 3000 b a rs  corresponding to  some o f  th e  measured p re s su re s  a re  

then  used to  determ ine b o th  th e  i n i t i a l  volume o f  th e  p iezom eter and
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th e  MSS o f  enclosed  gas. The re l ia n c e  upon f id u c ia l  d e n s i t ie s  i s  

occasioned by th e  p resence o f a  free ze  valve td iid i i s  used to  sep

a ra te  th e  piezom eter from the  gas loading system td iid i cannot w ith 

stand  p re ssu re s  g re a te r  than  about 4000 b a rs . Although th e  volume 

o f  frozen  gas which p lugs the  c a p i l la ry  i s  sm all i t  i s  by no means 

n e g lig ib le  in  comparison w ith th e  r e s t  o f  th e  s«q» le . The changes 

in  volume o f  frozen  gas between 2000 and 10,000 b a rs  a r e ,  fo r tu n a te ly , 

n e g lig ib le  thus pezm itting  th e  use o f  th is  type valve fo r  change o f  

volume measurements. This p o in t w i l l  be d iscussed  in  a  succeeding 

ch«g»ter. The bulk o f  th e  volume o f  th e  piezom eter i s  enclosed in  a 

p u re ly  h y d ro s ta tic  environment w hidi thereby  m inimizes th e  c o rre c tio n s  

fo r  compression o f  i t s  p a r ts  and com pletely e lim in a te s  th e  p o s s ib i l i ty  

o f  p l a s t i c  d is to r t io n .  F in a lly , th e  apparatus perm its  continuous 

read ings r a th e r  than  th e  d is c re te  B urnett o r  Amagat-type measurements.



CHAPTER I I  

APPARATUS 

P ressu re

Hie design o f  th e  experim ent d escribed  h e re in  has been la rg e ly  

d ic ta te d  by a  d e s ire  fo r  accuracy o f  0 .1  p e r  cen t o r  b e t t e r  fo r  th e  

experim ental measurements o f  p re s su re , volume, and tem pera tu re . The 

g re a te s t  c<mcession to  cm venience c o n s is ts  o f  th e  use o f  manganin r e 

s is ta n c e  gauges fo r  th e  p re ssu re  measurements. P revious s t u d i e s o f  

th ese  gauges and th e  a u th o r 's  own eiqierience in d ic a te  th a t  the  gauges 

become in ac cu ra te  on th e  o rd e r o f  0 .1  p e r  cen t a t  p re ssu re s  below 2000 

b a rs  due to  c a l ib ra t io n  e r ro rs  although th e  in te rn a l  p re c is io n  o f  th e  

measureswnts i s  seemingly l im ite d  <mly by th e  Leeds-Northrup G-2 

M ueller b rid g e  used fo r  th e  re s is ta n c e  measurement. The le a s t  std»- 

d iv is io n  o f  th e  b ridge  i s  0.0001 ohms and th e  p re ssu re  measurements 

a re  in te r n a l ly  c o n s is te n t to  a  corresponding accuracy w hidi i s  about 

0 .4  b a rs  f o r  th e  gauges used .

For reasons o f  accuracy , th e n , most o f  th e  measurements p re 

sen ted  w ith in  th is  th e s is  were taken  a t-p re s su re s  above 2000 b a rs .

The measurements above 2000 b a r s ,  however, only add to  th e  range o f  

experim ental knowledge o f  th e  gases which have been s tu d ie d  s in ce  re a 

sonably accu ra te  d a ta  to  3000 b a rs  i s  a v a ila b le  fo r  m ost o f  them.

4
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The a v a i la b i l i ty  o f  th i s  f id u c ia l  d a ta  has perm itted  th is  

experiment to  take  advantage o f  th e  bellow s t e c h n i q u e f o r  measure

ments o f  gas volume changes r a th e r  than ab so lu te  volumes. The sm all 

sp ring  constan ts  o f  th e  bellow s used has in  tu rn  perm itted  p ressu re  

measurements to  be made in  th e  p ressu re  tra n sm ittin g  medium which 

surrounds th e  p iezom eter. The d iffe re n c e  in  p ressu re  between th e  in 

s id e  o f  th e  piezom eter"and th e  e x te r io r  i s  in  a l l  cases le s s  than 0 .3  

b a rs  and hence w ith in  th e  accuracy o f  th e  measurements.

Volumes

The piezom eter whidi i s  shown sd ie m a tic a lly  in s id e  th e  p re s 

su re  v e sse l in  F ig . 1 c o n s is ts  o f  a  co n stan t volume diamber (excepting 

therm al expansion, e tc . )  o f  about 10.2 cc volume connected by a  60 cm 

long c a p i l la ry  tube o f  about 0 .33 cc volume to  a  n ick e l bellow s which 

has a  volume which can be v a ried  between approxim ately 2 cc and 6 cc. 

These p a r ts  o f  the  p iezom eter account fo r  about 99.4  p e r  cen t o f  the  

t o t a l  piezom eter volume and a re  com pletely enclosed w ith in  th e  p ressu re  

v e sse l thus in su rin g  th a t  th e  bulk o f  th e  piezom eter i s  su b je c t only to  

h y d ro s ta tic  s t r e s s .  The presence o f  p u re ly  h y d ro s ta tic  s t r e s s e s  both 

s im p lif ie s  and lends accuracy to  th e  sm all c o rre c tio n s  id iid i must be 

app lied  to  volume measurmnents. With th e se  c o rre c tio n s  ap p lied  th e  gas 

volume changes which occur in  th e  piezom eter can be determ ined to  

b e t t e r  than  0 .1  p e r cen t w ith an in te rn a l  p re c is io n  o f  about 0.0007 cc.
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Figure 1. Piezometer and Pressure Vessel
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A s ta in le s s  s te e l  c a p i l la ry  tube o f  0.0508 cm I.D . leads from 

th e  bellow s through th e  c lo su re  o f  th e  p ressu re  v e sse l in to  a  U-shaped 

freeze  v a lv e '' * td iid i i s  used to  i s o la t e  th e  piezom eter from the  gas 

loading com pressors. The bottom o f  th e  U i s  dipped in to  l iq u id  n i t r o 

gen and i f  necessary  s u f f ic ie n t  p re ssu re  i s  app lied  to  th e  gas to  

free ze  i t  and plug th e  c a p i l la ry .  A la rg e  tem perature g ra d ie n t e x is ts  

over a  len g th  o f  about two o r  th re e  in d ie s  between th e  l iq u id  n itro g en  

le v e l and th e  foam rubber cap o f  th e  dewar f la s k . About fo u rteen  

additicm al inches o f  c a p i l la ry  tube  a t  i tx »  tem perature a re  requ ired  

to  rea d i th e  p ressu re  v e s se l .  The volume o f  th e  c a p i l la r y  between i t s  

frozen  p lug  and th e  bellow s i s  about 0 .1  cc . A ddition o f  th e  volumes 

o f  th e  v a rio u s  p a r ts  o f  th e  p iezom eter y ie ld s  a t o t a l  volume «diich i s  

v a ria b le  between approxim ately 17 cc and 13 cc . The bellow s whidi 

a re  m anufactured by th e  Servometer C orporation a re  o f  e le c tro d e p o s ite d  

n ic k e l, 0.750 inches O.D. x 0.570 inches I.D . x 0.0015 in d i  w alls w ith 

28 convolu tions. The f r a g i l i t y  o f  th e  bellow s and th e  d i f f i c u l ty  o f  

c a l ib ra t io n s  d ic ta te s  th e  n e c e ss ity  f o r  keeping th e  bellow s p o rtio n  o f  

th e  piezom eter r e la t iv e ly  coo l; thus i t  was sep ara ted  from th e  constan t 

volume chamber whidi i s  heated  to  tem peratures as h ig^  as 400" C.

The most c r i t i c a l  p a r t  o f  th e  apparatus i s  th e  e le c t r i c a l  

system «diich i s  used to  measure th e  bellow s volume chm ges. The 

method o f  measurement i s  p o ten tio m e tric  s in c e  s l id in g  e l e c t r i c a l  con

t a c ts  a re  p a r t  o f  th e  scheme. The h e a r t  o f  th e  e l e c t r i c a l  system i s  

a  Wheatstone b ridge  idiich i s  encased (along w ith th e  bellow s) in  a
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b ra s s  frame and suspended d i r e c t ly  in s id e  th e  p ressu re  v e sse l. The 

b rid g e  and bellow s a re  shown schem atica lly  in  F ig . 2 . The bellows 

has two s ta in le s s  s te e l  end plugs idiich a re  so f t-so ld e re d  to  th e  

be llow s. One plug p ro tru d es in to  th e  bellow s i n te r io r  to  reduce the  

enclosed  volume and to  a c t  as tra v e l l im ite r s  w hile bo th  plugs serve 

-— as convenient bosses fo r  attachm ent to  th e  b rid g e . One end o f  the  

bellow s and th e  e le c t r i c a l  w ires o f  th e  b rid g e  a re  r ig id ly  a tta d ie d  

to  th e  b ra s s  case . The " f re e "  end o f th e  bellow s i s  a ttach ed  to  th e  

c a rr ia g e  f o r  th e  s l id in g  co n tac ts  o f  th e  b rid g e . The b ridge  w ires 

a re  a l l  o f  nichrome 1.6 inches long and w ith  in d iv id u a l re s is ta n c e s  

o f  approxim ately 0.88 <Ams. The w ires a re  s e t  in  ten s io n  by s e t  

screws o u ts id e  th e  b ra ss  case  and a re  e le c t r i c a l ly  in su la te d  from 

th e  case by means o f  te f lo n  washers.

R eferring  to  F ig . 2; th e  leads B and C a re  connected through 

a c u rre n t- l im itin g  r e s i s t o r  to  a b a tte ry  and th e  p o te n t ia l  across 

th e  le a d s H  and D i s  ba lanced  a g a in st an e x te rn a l po ten tiom eter. F ig. 

2 shows th a t  the  c e n tra l  p a i r  o f  w ires o f  th e  b rid g e  conduct cu rren ts  

in  op p o site  d ire c tio n s . Thus th ese  two w ires from th e  arms o f  a  

Wheatstone b rid g e  and m edianical motion o f  th e  bellow s produces a 

v o lta g e  change which i s  double th a t  which could be ob tained  from a  

s in g le  w ire  carry ing  th e  same cu rren t as one o f  th e  b rid g e  arms. The 

hardened s t e e l  s l id in g  e le c t r i c a l  co n tac t i s  epoxied to  th e  ca rriag e

whidi a t ta d ie s  to  th e  bellow s and moves p a r a l le l  to  th e  ax is  o f  sym-
- 1

m etry o f  th e  bellow s. The b rid g e  w ires a re  p ressed  by spring-loaded
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Figure 2 Wheatstone Bridge and Bellows
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b a k e lite  pads ag a in st th e  s l id in g  c o n ta c t. The c o n s tru c tio n  i s  sudi 

th a t  th e  ta u t  b ridge  w ires a re  not d e f le c te d  by n o tio n  o f  th e  bellow s. 

One o th e r im portant fe a tu re  o f  the  b rid g e  arrangement i s  th e  e q u a lity  

o f  th e  re s is ta n c e s  from p o in ts  E and F to  th e  ends o f  th e  s lid e w ire s . 

This co n stru c tio n  keeps th e  n u ll  p o s it io n  o f  th e  b rid g e  a t  th e  same 

p o in t on th e  c u rren t leads when the  b rid g e  i s  under p re ssu re  which 

causes th e  w ire re s is ta n c e  to  change. The e x te rn a l p o ten tiom ete r c i r 

c u i t  ccm sists o f  a  Leeds-Northrup Kohlrausch s lid e w ire , which i s  s u i t 

ably shunted . The s lid e w ire  re s is ta n c e  o f  7.13 ohms i s  apporti<med 

in to  1000 equal length  d iv is io n s  and th e  re s is ta n c e  o f  th e  w ire  i s  

l in e a r  in  th e  sc a le  d iv is io n s  to  about one p a r t  in  8000. The s lid ew ire  

can.be in te rp o la te d  to  0 .1  d iv is io n s  and sy stem atic  d ep artu res  from 

l in e a r i ty  have a  zms value o f  0.15 d iv is io n s . The u se fu l s tro k e  o f  

th e  bellow s i s  d isp layed  on about 1500 d iv is io n s  o f  th e  s lid e w ire  by 

rev e rsin g  th e  p o la r i ty  o f  th e  Wheatstone b rid g e  ou tpu t when i t s  s l id in g  

con tac t reaches th e  n u l l  p o s it io n .

The equ iva len t c i r c u i t s  o f th e  bellow s W heatstone b rid g e  and 

ex te rn a l po ten tiom eter a re  shown in  F ig . 3 w ith th e  eq u iv a len t p o in ts  

A, B, C and D o f  F ig . 2 ap p ro p ria te ly  lab e le d . The dashed l in e  marked 

"0" rep re se n ts  the  n u ll  p o s it io n  o f  th e  Wheatstone b rid g e . The oper

a tin g  procedure req u ire s  th e  s ta n d a rd iza tio n  o f  th e  c u rre n t r a t i o  be

tween Wheatstone b ridge  and Kohlrausch s lid e w ire . The r e s i s t o r  Rg i s  

used to  s tan d ard ize  th e  c u rre n t r a t i o .  The constanqr o f  Rg i s  c r i t i 

c a l fo r  th e  e3q>iriment thus i t  i s  s p e c ia l ly  made o f  manganin and
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th erm ally  in su la te d . The v a ria b le  r e s i s to r s  Rg and are  used fo r  

th e  adjustm ent o f  th e  c u rre n t r a t io  between Wheatstone b ridge  and th e  

Kohlrausch s lid ew are . The r e s i s to r  Ry i s  a  shunt designed to  keep 

bo th  b a t te r ie s  producing th e  same c u rre n t and t h e i r  d ischarge r a te s  

th e  same so th a t  th e  c u rre n t r a t io  once balanced d o e sn 't  d r i f t  ra p id ly  

in  tim e . In  p ra c t ic e  th e  c u rre n t r a t i o  i s  ad ju s ted  b e fo re  each 

read ing  o f  th e  s lid e w ire  p o s it io n . In  ad d itio n  th e  sw itches and 

a re  double-pole* double-throw  sw itches which perm it read ings to  be 

taken  w ith  both normal and reversed  c u rre n t d ir e c t io n s .  Averaging th e  

r e s u l t in g  p a i r  o f  read ings then  e lim in a te s  th e  e f f e c t  o f  a l l  therm al 

« a fs  which do no t vary  during  th e  tim e o f  o b se rv a tio n .

T w p era tu re

The bellow s and i t s  a sso c ia ted  sensing  equipment i s  housed in  

a  p o r tio n  o f  th e  p re s su re  v esse l «diidi i s  immersed in  a  w e l l - s t i r r e d  

o i l  b a th  and c o n tro lle d  w ith  h e a te rs  and a mercury in  g la ss  therm osta t 

a t  35.0010.01* C. The constan t volume cham ber's c e l l  i s  housed in  a  

m etal block therm osta t w hidi can be c o n tro lle d  a t  v a rio u s  tenqperatures 

t o  400* C. The q r l in d r ic a l  m etal b lock  therm osta t com pletely encases 

th e  p re ssu re  c e l l  o f  th e  constan t volume chamber. The block has 

h e a te r  windings on i t s  s id e  and independently  c o n tro lla b le  end h e a te rs  

fdiich a re  used to  compensate fo r  h ea t lo sse s  through th e  p ipe  idiich 

connects th e  p ressu re  v e sse ls  o f  th e  co n stan t volume chamber and 

be llo w s. The tem perature co n tro l i s  ex e rc ised  by sw itch ing  a  p o r t io n  

o f  th e  h e a te r  c u rre n ts  w ith  re la y s  w hidi a re  a c tu a ted  by p h o to ce lls



13

and a  galvanom eter l ig h t .  Hie co n tro l elem ent i s  a  n ic k e l re s is ta n c e  

thexm cneter in  a  Wheatstone b rid g e . The unbalance vo ltage  o f  the  

b rid g e  i s  d isp layed  on th e  galvanom eter. C ontrol o s c i l la t io n s  o f  

about 0.02* C occur a t  th e  e x te r io r  o f  th e  p re ssu re  v e sse l and these  

a re  la rg e ly  damped out in  passage in to  th e  in n e r  bore . Tempera

tu re  measurements on th e  constan t volume chamber a re  made using  c a l i 

b ra te d  thezmocoiqile p laced  a t  the  o u te r  w a ll o f  th e  p ressu re  v e sse l.

An im portant fe a tu re  o f  th e  c o n s tru c tio n  o f  th e  p ressu re  

v e sse l i s  th e  pipe idiich connects th e  c e l l s  f o r  th e  bellow s and con

s ta n t  volume chamber. Hie piezom eter i s  siqpported a t  only one p o in t 

on th e  coo l end o f  th e  p ip e  and th e  e l e c t r i c a l  leads fo r  th e  Wheat

stone  b rid g e  a re  passed through th e  p ipe  a t  th e  same end. I t  i s  thus 

p o ss ib le  to  remrave th e  p iezom eter from th e  p re ssu re  v e sse l w ithout 

d issem bling  th e  piezom eter. This i s  e s p e c ia l ly  im portant s in c e  i t  i s  

p o ss ib le  to  change th e  p re s su re  s e a ls  when need a r is e s  w ithout d is 

tu rb in g  a  c a re fu lly  c a l ib ra te d  piezom eter. D espite  th e  f r a g i l e  ap

pearance o f  th e  p ipe lo c a l rumors i n s i s t  i t  w i l l  endure fo re v e r .

H ie rem ainder o f  th e  apparatus c o n s is ts  o f  th e  gas hand ling  

system  used  fo r  loading gas in to  th e  p iezom eter. A block diagram o f  

t h i s  appara tus i s  shown in  F ig . 4 . Hie load ing  i s  done in  th re e  

s ta g e s . A fte r  evacuating to  about 10*^ mm-Hg, gas i s  fed  in to  th e  

p iezom eter through a r e g u la to r  idiich perm its  th e  p ressu re  to  be ra is e d  

to  th e  f u l l  b o t t l e  p ressu re  and p ressu re  tran sm iitting  f lu id  (petroleum  

e th e r)  i s  pimped e i th e r  a l te r n a te ly  o r  sim ultaneously  in to  th e  p ressu re
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vesse l b u t e x te r io r  to  th e  p iezom eter. A second s tag e  o f  pumping i s  

accoa^lished  using a l iq u id  n itro g e n  cooled therm al compressor o f  64 

cc to  condense th e  gas from th e  b o t t l e  and tq>on h ea tin g  th e  gas p re s 

sure  can be ra is e d  to  around 300 b a rs .  The f in a l  s ta g e  o f  pumping i s  

done by a  s in g le  s tro k e  p is to n  pump w hidi has a  maximum volume o f  ap

proxim ately 170 cc. The pump has g re a se le ss  te f lo n  and v ito n  packing 

to  p revent in tro d u c tio n  o f  is q iu r it ie s  in to  th e  gas sample. P ressures 

up to  4 kbar can be generated  w ith th e  pump. A fte r pumping to  th e  de

s ir e d  i n i t i a l  p ressu re  th e  free ze  valve i s  used to  s e a l  th e  piezom eter 

and th e  p is to n  pump can be re lie v e d  o f  duty  u n t i l  i t  beccsnes necessary  

to  unload. The unloading procedure i s  ex ac tly  th e  rev e rse  o f  loading 

and i t  might be added th a t  th e se  a re  th e  most d i f f i c u l t  o f  a l l  manipu

la tio n s  o f  th e  ap p ara tu s . Since th e  th in -w a lle d  bellow s i s  e a s i ly  

rup tured  by one o r  two b a rs  o v e r-p ressu re  ca re  must be taken during 

loading to  keep th e  bellow s motion w ith in  s a fe  o p era tin g  l im i ts .  Since 

th e  loading sy stw i can be re lie v e d  o f  p re ssu re  during th e  tim e o f  

opera tion  o f  th e  appara tu s, i t  i s  easy  to  in troduce  new gas b o t t le s  to  

ho ld  th e  reclaim ed samples fo r  analyses f o r  iaq p u ritie s .



CHAPTER I I I

CALIBRATIONS AND CORRECTIONS 

P ressure

The p ressu re  gauges used in  th e  p re se n t experim ent have been 

p e r io d ic a l ly  c a lib ra te d  a t  th e  m elting  p ressu re s  o f  mercury a t  th ree  

d if f e r e n t  tem peratures which a re  approxim ately -25" C, 0" C and 20" C. 

The m elting  p ressu res  a t  th e se  tem peratures a re  taken  to  be th e  same 

as those  p rev io u sly  reported^^^ w ith th e  exception  o f  th e  adoption o f  

a  more re c e n t value o f  7569 b a rs  a t  0" C. The tem peratures a re  

measured and m onitored by means o f  a  p latinum  re s is ta n c e  thermometer 

tdiich was m anufactured and c a l ib ra te d  by th e  Leeds-Northrup Company. 

The H2O t r ip le - p o in t  r e s is ta n c e  o f  th e  thermometer i s  p e r io d ic a l ly  

checked w ith in  our own la b o ra to ry . No s ig n if ic a n t  r e s is ta n c e  d r i f t  

has occurred  w ith in  four y e a rs .

The mercury samples a re  kept in  a dbamber whidi i s  submerged 

in  a  w e l l - s t i r r e d  naptha b a th  and th e im o sta tted  to  th e  s e le c te d  

mercury fre e z in g  tem perature . A 0.020 inch I.D . s ta in le s s  s t e e l  

c a p i lla ry  tube  connects th e  mercury diamber to  a  p re ssu re  v e s se l whidi 

i s  th e rm o sta tted  a t  35" C and which con ta ins th e  muiganin p ressu re  

gauge. The s o l id - l iq u id  mercury t r a n s i t io n  i s  d e tec ted  by a  r e s i s t 

ance d is c o n tin u ity  technique u sing  apparatus modeled a f t e r  th a t  o f

16
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Oadson and Greig^^^^. Hie mercury i s  poured in  va^uo^into a  th in -  

w alled  0 .03  inch I.D . te f lo n  tube w hidi i s  w r^ p ed  on an aluminum 

h ea t s in k . An e le c t r i c a l  cu rren t o f  about one m illiasqpere i s  passed 

th r o u ^  th e  mercuxy th re a d  and when th e  mercury free ze s  th e  diange 

in  th e  p o te n t ia l  drop across th e  th re a d  i s  d e te c ted  p o te n tio m e tr ic a lly . 

In  a c tu a l p ra c tic e  s e v e ra l  de term inations o f  th e  r e s is ta n c e  o f th e  

p ressu re  gauge a t  th e  free z in g  p re ssu re s  a re  made. The r e s u l ts  a t  

th e  low est p ressu re  c a l ib ra t io n  p o in t show a s c a t t e r  o f  about 2 b a rs  

idiich i s  probably due to  tem perature c o n tro l d i f f i c u l t i e s .  Since th e  

slope  o f  th e  m elting  curve o f  mercury i s  about 200 b a rs /"C , toqpera- 

tu re  i n s t a b i l i t y  o f  0.01* C could e a s i ly  produce th e  s c a t t e r .  At 

h i ^ e r  t^q p e ra tu res  th e  tem perature c o n tro l i s  b e t t e r  and th e  s c a t t e r  

o f  th e  c a l ib ra t io n  p o in ts  i s  considerab ly  reduced. The c a l ib ra t io n  

r e s u l ts  a re  summed up by rep re sen tin g  th e  measured p ressu re s  as 

fo llow s:

P « A + B(R-R^) ♦ C(R-R^)^ . (1)

Where A, B and C a re  determ ined by l e a s t  squares a n a ly s is  ,o f  th e
\

c a l ib ra t io n  p o in ts  ̂  R^ i s  th e  re s is ta n c e  o f  th e  p re s su re  gauge a t  one 

b a r  p re s su re . The v a lu e  o f  R  ̂ d r i f t s  slow ly w ith tim e p o ss ib ly  due 

to  some slow o x ida tion  o f  th e  r e s is ta n c e  w ire . The d r i f t  in  a  month 

tim e i s  u su a lly  about th re e  to  s ix  p a r ts  p e r  hundred thousand. T his 

e f f e c t  i s  o f  no consequence fo r  th e  p re se n t work. C urrent values o f  

R  ̂ a re  used in  Eq. (1 ) .  The constan ts  fo r  th e  p re ssu re  gauges used
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in  t h i s  work a re  very  n e a rly : A « 1 b a r  B = 4020 b a rs /0  and 

C = 13 b a rs /0 ^ . Due to  th e  n e a r  l in e a r i ty  o f  th e  p ressu re  gauge the  

co n stan t B i s  th e  most s ig n i f ic a n t  o f  th e  th re e  param eters. D if fe r 

en t values o f  B r e s u l t  from c a l ib ra t io n s  a t  d i f f e r e n t  times* although 

th e  v a r ia tio n s  in  va lue  have remained w ith in  0 .1  p e r  cen t over a  

th re e  y e a r  p e rio d . This does n o t however mean th a t  th e  p ressu res  in 

d ic a te d  by th e  gauge d r i f t  by t h i s  amount s in ce  th e  c a l ib ra t io n  con

s ta n ts  a re  no t independent o f  each o th e r . The p re ssu re s  obtained  

from Eq. (1) fo r  f ix e d  values o f  (R-R^) b u t w ith  A, B and C f r t »  

d i f f e r e n t  c a l ib ra t io n s  taken  se v e ra l months a p a rt d i f f e r  by 2 b a rs  a t  

most a t  each o f  th e  c a l ib ra t io n  p o in ts . These d iffe re n c e s  a re  neg

l ig ib le  except a t  th e  lowest p re s su re s .

Thus in  summary i t  appears th a t  p ressu res  determ ined by th e  

manganin re s is ta n c e  gauge a re  accu ra te  to  about two b a rs  which i s  due 

to  c a l ib ra t io n  u n c e rta in ty  p lu s  unknown e rro rs  in  th e  adopted fix ed  

p o in ts . The p re c is io n  o f  th e  measurements i s  about 0 .4  b a rs  as no ted  

p rev io u s ly .

There a re  no c o rre c tio n s  to  be included w ith  th e  use o f  Eq. (1) 

to  o b ta in  p ressu res  from measured re s is ta n c e  changes* however care  must 

be ex erc ised  to  be su re  th a t  th e re  i s  no s ig n i f ic a n t  leakage re s is ta n c e  

a t  th e  p o in t %diere th e  e l e c t r i c a l  leads pass th r o u ^  th e  p ressu re  

v e s s e l .  Leakage re s is ta n c e  o f  le s s  th an  <me Megohm a t  th ese  p laces 

could p a r a l le l  th e  r e s is ta n c e  gauge and lead  to  an in to le ra b le  p re s 

su re  u n c e r ta in ty .
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Temperature

The bellow s chamter i s  th erm o sta tted  a t  35” C in  an o i l  bath  

and th e  only rem aining te ^ ie r a tu re  measurement i s  made a t  th e  constan t 

volume diamber which i s  housed in  a  m etal block th e rm o sta t. This mea- 

s u r » e n t  piresents th re e  problem s: (1) Maintenance o f  s p a t ia l  unifoxm- 

i t y ,  (2) S ta b i l i ty  w ith tim e and (3) Measureawnt w ith  c a lib ra te d  

thexmocoiq>les.

In order to  m aintain s p a t ia l  un ifo rm ity  th e  m etal block thermo

s t a t  was provided w ith  end h e a te rs  to  cMipensate f o r  h e a t lo ss  through 

th e  p ip e  whidi connects co n stan t voluae chamber and bellow s chamber.

A s p e c ia l  study was made to  determ ine th e  power re q u ire d  fo r  th e  end 

h e a te rs  to  produce uniform tem perature throughout th e  constan t volume 

chaad>er. Four thermocouples were used fo r  t h i s  studty. One was p laced  

w ith in  th e  bore o f  th e  constan t volume cham ber's p re s su re  c e l l  and 

th re e  were in se r te d  through th e  in su la t io n  and m etal block and p laced  

in  co n tac t w ith th e  e x te r io r  o f  th e  p ressu re  v e s se l .  The th re e  ex

t e r i o r  thermocoiqples were p laced  a t  th e  to p , c e n te r  and bottom o f  th e  

ho t c e l l .  At ead i o f  th e  tem peratures 35” C, 100” C, 200” C, 300” C, 

and 400” C th e  power d is t r ib u t io n  on th e  s id e  and end h e a te rs  was 

v a rie d  u n t i l  the  in t e r io r  thermocouple showed no tenqperature v a r ia t io n  

as i t  was moved over th e  leng th  o f  th e  constan t volume diaid>er. Then 

a l l  th e  thexmocoi^le readings and h e a te r  v o ltag e  s e t t in g s  were r e 

corded and th e  thermocouples were in te rcaq p ared  a t  a  s in g le  p o s it io n . 

During th i s  experim entation th e  end o f  th e  p ipe  which siqiports th e
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piezom eter «ras w a te r- jac k e ted  and m aintained a t  about 35* C in  o rd e r  

to  diq>licate the  a c tu a l  cond itions o f  u se . In  a d d itio n  to  c o r re la t in g  

th e  e x te r io r  tw q ie ra tu re  d is t r ib u t io n  w ith th e  tem perature o f  th e  

p ressu re  c e l l  i n t e r io r ,  th e  tm spera tu re  in  th e  p ip e  between th e  fu rnace  

and th e  w ater ja c k e t was determ ined. T his l a s t  in form ation  i s  needed 

fo r  p ro p er c o rre c tio n  o f  th e  PVT d a ta . The tem perature d if fe re n c e  be

tween i n t e r io r  and e x te r io r  o f  th e  p ressu re  v e sse l i s  q u ite  sm a ll, 

amounting to  about 2* C a t  400* C, and then  only n e a r th e  bottom h e a te r  

whidi compensates f o r  most o f  th e  h e a t lo ss  through th e  p ip e . At 200* C 

th e  maximum t» p e r a tu r e  d iffe re n c e  i s  approxim ately 0.5* C and dim in

ish es r ^ i d l y  w ith d ecreasing  t« « p e ra tu re . In  any event th e  d if fe re n c e  

i s  considered  to  be a  well-known fu n c tio n  o f  tem perature a t  ead i thermo

couple p o s it io n  and on ly  a t  400* C does lack  o f  knowledge o f  th e  d i f f e r 

ence amount to  as much as 0.1* C. The c o n s tru c tio n  o f  th e  furnace 

he lps to  in su re  th a t  once e s ta b l is h e d , th e  tem perature  c o rre la t io n  r e 

mains v a l id  over a  long p e rio d  o f  tim e. The m etal b lock  w ithout i n 

su la tio n  w eiÿis 35 pounds and th e  in su la t io n  which surrounds i t  i s  

magnesia d isp e rsed  in  a  f ib e r  m a tr ix . The f ib e r  p reven ts th e  in s u la 

t io n  from s e t t l in g  ou t and p e rm ittin g  th e  fu rnace  d ia r a c te r i s t i c s  to  

change. The la rg e  mass and e x c e lle n t  in su la t io n  o f  th e  fu rnace h e lp  

to  m ain tain  an eq u ilib riu m  tem peratu re  b u t has th e  d isadvantage o f  

long e q u il ib ra t io n  tim es when tem perature dianges a re  needed.

The tem perature c o n tro l u n i t  tdiich was describ ed  in  th e  p re 

vious c h tp te r  i s  capable o f  m ain tain ing  a  f ix e d  tem perature o f  th e  

furnace to  w ith in  0.02* C f o r  p e rio d s o f  tim e ip  to  24 hours. The
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S ta b i l i ty  i s  due in  p a r t  to  th e  use o f  therm ally  in su la te d  w ire 

wound r e s i s to r s  and a  th re e - le a d  attachm ent fo r  th e  re s is ta n c e  thermo

m eter o f  th e  W heatstone b ridge  o f  th e  con tro l u n i t .

The ta sk  o f  c a l ib ra t in g  thermocouples i s  always un fin ished  

s in c e  th e  thermocouple emf a t  a given tem perature d r i f t s  slow ly w ith 

tim e. The therm ocouples used in  t h i s  experiment a re  chrom el-alum el, 

in su la te d  w ith magnesium oxide, and encased in  s ta in le s s  s te e l  sh e a th s . 

The c a l ib ra t io n  procedure c o n s is ts  o f  recording  th e  thermocouple emf 

a t  in te rv a ls  o f  about 25** C between room tem perature and 400* C. The 

temq>eratures a re  determ ined by th e  same platinum  re s is ta n c e  thermo

m eter used during  p re ssu re  c a l ib ra t io n .  The thermocouples and platinum  

re s is ta n c e  thermometer a re  in se r te d  in to  opposite  ends o f  a  sp e c ia l  

c a lib ra tic m  fu rn ace . T heir tem perature s e n s i t iv e  elem ents a re  in  

c lo se  proxim ity w ith in  th e  furnace. The c a l ib ra t io n  r e s u l ts  a re  d is 

p layed  g ra p h ic a lly  fo r  each thermocouple in  th e  form o f  a  d ev ia tio n  

curve. The therm ocouple emf a t  ead i toiqperature i s  su b tra c ted  from 

th e  « a f given in  stan d ard  ta b le s  and th e  d iffe re n c e  i s  p lo tte d  graph

i c a l l y  versus tem pera tu re . The d r i f t  o f  thermocotq»le emf i s  most 

pronounced a t  te iq ie ra tu re s  above 200* C; consequently teuqierature 

measurements above 200* C a re  more u n c e rta in  than those  a t  lower 

teaqieratures and th e  u n c e rta in ty  in c re a se s  w ith th e  tim e e lapsed  

s in c e  th e  l a s t  c a l ib r a t io n .  Even though th e  thermocoiqile emf d r i f t s  

i t  i s  p o ss ib le  to  p a r t ly  coiqiensate f o r  th e  e f f e c t  on any p a r t ic u la r  

PVT d a ta  run by in te rp o la t in g  th e  tre n d  o f  th e  d r i f t  between d i f f e r e n t
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c a l ib ra t io n s  o f  th e  therm ocouples ; one preceding  th e  d a ta  run and 

one a fte rw ard s . The aging o r  d r i f t  appears to  be a  function  o f  tim e 

ra th e r  than  ju s t  th e  tim e spen t in  use a t  e le v a ted  tem pera tu res.

The accuracy idiich can be ob ta ined  on tem perature measure

ment w ith  th e se  thermocouples a f t e r  a l l  c o rre c tio n s  a re  ap p lied  i s  

estim ated  to  be : 0 .1" C a t  100" C, 0 .1 "  C a t  200" C. 0 .2" C a t  300" C 

and 0 .3"  C to  0 .4" C a t  400* C. These estim ates  o f  accuracy c o rre 

spond to  th e  accuracy w ith  idiich th e  c o rre c tio n s  can be determ ined 

from th e  c a l ib ra t io n  gr^;dis. The e r r a t i c  n a tu re  o f  th e  d ev ia tio n s  o f  

th e  thermocouple emfs from e i th e r  a lg e b ra ic  exp ress ions o r  s tan d ard  

ta b le s  p reven ts any more accu ra te  u sage , however, f o r  a  few days 

a f t e r  c a l ib ra t io n  th e  r e s u l ts  a re  rep ro d u c ib le  to  about O .l" C a t  any 

te iq ie ra tu re  up to  400" C.

Volumes

The volume measurements which a re  re le v a n t to  th e  p re se n t ex

perim ent c o n s is t  o f :  (1) The ab so lu te  volume o f  th e  constan t volume 

chamber and th e  c a p i l la ry  which connects i t  to  th e  bellow s and (2) 

Measurements o f  bellow s volume changes.

Constant Volume Chamber and C a p illa ry

The t o t a l  volume o f  th e  co n stan t volume diamber and cagaillary 

(which a re  shown in  F ig . 1) i s  determ ined by f i l l i n g  them in  vacuo 

w ith t r i p l y  d i s t i l l e d  and outgassed  m ercury. P recau tions a re  taken  

to  in su re  th a t  no gas b i tb le s  a re  trapped  w ith in  th e  volume and th a t  

a l l  th e  mercury i s  removed b e fo re  any gases a re  loaded under e i^ e r i -  

m ental c o n d itio n s .
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Hie volume o f  constan t volume chamber and c a p i l la ry  has been 

determ ined both  b e fo re  and a f t e r  a p p lic a tio n  o f 10 kbar p ressu res  

and tem peratures to  400" C w ith  agreement on th e  volume measurement 

to  0.01 p e r  cen t which i s  about th e  expected accuracy o f  th e  measure

ment. Consequently, i t  appears th a t  w ith in  0.01 p e r  cen t th e re  i s  no 

volume h y s te re s is  due to  th e  p re ssu re  and t«q> era tu re  c y c le s .

S everal d i f f e r e n t  co n stan t volume chm bers and c a p i l la r ie s  

have been used in  g a th e rin g  th e  experim ental d a ta  s in c e  replacem ents 

have been made when leak s developed.

The determ ination  o f  th e  c a p i l la ry  volume as a se p a ra te  

q u a n tity  i s  done by c a lc u la t io n  using  measured va lues o f  in te rn a l  d i

ameter and length  o f  th e  c a p i l la ry .  In  a l l  cases th e  c a p i l la ry  volume 

i s  very  n e a r ly  0 .33 cc and th e  co n stan t volume chamber th e re fo re  ap

proxim ately  10.20 cc.

The volumes o f  co n stan t volume chamber and c a p i l la ry  must be 

co rrec ted  to  account f o r  therm al expansion when th q r  a re  h ea ted  and 

f o r  t h e i r  compression under p re s su re . L ite ra tu re  va lues fo r  th e  therm al 

expansion c o e f f ic ie n t  and c o m p r e s s i b i l i t y o f  th e  s ta in le s s  

s te e l  a re  s u f f ic ie n t  fo r  con rection  o f  th e  sm all volume o f  th e  c a p il

la r y ,  however, th e  same q u a n ti t ie s  fo r  th e  c o rre c tio n  o f  th e  l ^ e r  

n ick e l constan t volume chamber were each determ ined e s p e c ia l ly  fo r  

th is  experim ent.

The therm al expansion c o e f f ic ie n t  o f  n ic k e l was meafiured 

dixrectly by mounting a  sample cu t fxrom th e  same s to c k  as th e  constàh t
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volume chamber in  a  fu rn ace . The furnace cover was rep laced  w ith a 

pyrex sh e e t and se v e ra l thexnocouples were in se r te d  through th e  back 

o f  th e  fu rn ace . One thermocouple was used fo r  tem perature measure

ment and ano ther fo r  th e  t o ^ e r a tu r e  c o n tro l .  O utside th e  furnace a 

tra v e lin g  microscope was mounted p a r a l le l  to  th e  specim en. The ex

perim ent was c a r r ie d  out in  obvious fash ion  w ith th e  fo llow ing r e 

s u l t s :

= 13.82x10“®(T-35) + 1.655x10“®(T-35)^ .
*'35

Where AL i s  th e_ in crease  in  sample le n g th , th e  leng th  a t  35" C 

and T i s  th e  tem perature in  degrees c en tig ra d e . C onsidering th e  l im its  

o f  accuraqr o f  th e  leng th  m e a su r^ e n ts , th e  therm al expansions calcu

la te d  u sing  th e  above expression  a re  estim ated  to  be accu ra te  to  about 

one p e r  c e n t.

The determ ination  o f  th e  co m p re ss ib ility  o f  n ic k e l as a  func

t io n  o f  tenqperature req u ired  a  considerab ly  more s o p h is t ic a te d  ex p eri

m ental arrangem ent. The measurements were made by Babb and S c o tt by 

an u l tr a s o n ic  method and th e  r e s u l ts  have been p rev iously  repo rted  

b u t fo r  com pleteness a re  reproduced in  Table I .

The values in  th e  ta b le  a re  th e  iso therm al c o m p re ss ib ili t ie s  

a t  one atmosphere p re s su re . In  p ra c t ic e  th e se  values a re  co rrec ted  

l in e a r ly  w ith  p ressu re  g iv ing  a  c M tp re ss ib ility  decrease o f  two per 

cen t a t  10,000 b a rs  a t  each tm nperature. The a c c u ra ^  o f  th e  com

p r e s s i b i l i t i e s  in  th e  ta b le  has been estim ated  to  be about th re e  pe r 

c en t.
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Table I .  C o o p re ss ib ility  o f  N ickel

T(* C) Iso therm al c o m p re ss ib ility  x 10^(b a r " ')

35* 5.38

100* 5.41

200 5.51

300 5.64

400 5.82

Bellows Volune Changes

The e l e c t r i c a l  system  which i s  used w ith  th e  bellow s d e te r 

mines only th e  bellow s le n g th . The bellow s c a l ib ra t io n  c o n s is ts  o f  

a  de term ination  o f  bellow s volume chsmge as a  fu n c tio n  o f  th e  

Kohlrausch s lid e w ire  p o s i t io n ,  tdiich i s  e q u iv a le n t to  a  d iange o f  

volume versus change o f  len g th  measurement. The in v arian ce  o f  c i r 

c u i t  d ia r a c te r i s t i c s  i s  re q u ire d  a t  l e a s t  fo r  th e  tim e in te r v a l  be 

tween c a l ib ra t io n  and procurem ent o f  PVT d a ta . T his p o in t w i l l  be 

d iscu ssed  p re s e n tly .

The c a l ib ra t io n  apparatus whidi i s  shown in  P ig . 5 i s  e s 

s e n t ia l ly  a  manometer «diich encloses th e  bellow s and i t s  Wheatstone
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Figure 3. Bellows Calibration Manometer
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b rid g e  in  c a re f ii lly  outgassed  O cto il-S ?  Hie O cto il-S  tran sm its  bellows 

volume changes to  a  m ercuiy column in  a p re c is io n  bore g la ss  c a p i l la ry  

tube  o f  0 .080277t0 .000004 cm  ̂ in te r n a l  c ro s s -s e c tio n . (The c ro ss -  

s e c tio n  a re a  o f th e  g la s s  c ^ i l l a r y  was ob tained  by re le a s in g  weighed 

increm ents o f  mercury from th e  column and measuring th e  len g th  change 

o f  th e  column. S ince th e  d en sity  o f  mercury i s  known a t  th e  working 

tem pera tu re  th e  c ross se c tio n  a rea  o f  th e  c a p i l la ry  can be determ ined 

and diecked fo r  un ifo rm ity  along th e  tube  le n g th .)

The bellow s volume changes idiich a re  d isp laced  in  th e  g la s s  

c a p i l la r y  a re  measured then  by m easuring th e  change in  h e ig h t o f  the  

mercury coliaui w ith  a  ca thetom eter. The v o lta e  changes which a re  

a c tu a l ly  measured in  t h i s  way a re  th e  volume changes on th e  e x te r io r  

o f  th e  be llow s, however th e se  d i f f e r  n e g lig ib ly  from th e  volume changes 

o f  th e  bellow s i n t e r i o r  due to  th e  th in  (0.0015 inch) w alls  o f  th e  

b e llow s. A sm all c o rre c tio n  must be supplied to  th e  measured mercury 

column h e i ^ t  dianges to  compensate fo r  th e  p a r t  o f  th e  bellow s volume 

change absorbed by th e  compression o f  th e  O c to il-S  as th e  mercury 

column h e i ^ t  in c re a s e s . I f  h^ i s  th e  low est cathetom eter s e t t i n g ,  

th en  th e  c o rre c tio n  to  be added in  compensation fo r  compression a t  h 

i s :

0 > - W o
768^

* b is -d ie th y lh ex y  I sd ia c a te
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Where U i s  the  volume o f  O c to il-S  in  th e  manometer, a .  i s  th e  cross o t
se c tio n  a re a  o f  th e  g la ss  c a p i l la r y ,  i s  th e  c o m p re ss ib ility  o f 

o c to i l  in  atmospheres*^ and (h-h^) i s  measured in  cen tim e te rs . The 

c o ^ re s s io n  o f  th e  mercury i s  n e g lig ib le .

In  o rd e r to  d tq ilic a te  th e  cond itions o f  a c tu a l u se , th e  en

t i r e  c a l ib ra t io n  apparatus i s  housed in  a  w ell-deco ra ted  box th a t  r e 

sembles a  g u tle ss  g ran d fa th ers  clock and th e im o sta tted  to  35" C in  a 

s t i r r e d  a i r  b a th . The m aintenance o f  a  uniform  35" C tem perature  p re 

vents th e  occurrence o f  sp u rious volume changes due to  therm al expan

sion  o r  c o n tra c tio n  o f  th e  manometer f lu id s .  F in a lly ,  i f  h re p re 

se n ts  th e  cathetom eter s e t t in g  and 0 th e  K<rfilrausch s lid e w ire  p o s itio n  

then th e  c a lib ra tic m  r e s u l ts  can be d isp layed  in  th e  form:

h = h^ -  E(D-D^) ♦ F(D-D^)^ . (2)

Where h ^ , E and F a re  ccm stants determined by a  l e a s t  squares ana

ly s is  o f  th e  measurements o f  D and h and 0^ i s  th e  s lid e w ire  s e t t in g  

when th e  bellow s i s  fu l ly  coaqpressed a g a in s t th e  end p lu g s. The p o in t 

h^ i s  determ ined by le a s t  squares ra th e r  than by observation  s in c e  a 

sm all f le x in g  o f  th e  s id e s  o f  th e  bellow s occurs i f  th e  p re ssu re  in 

sid e  th e  bellow s i s  lowered below th a t  needed to  j u s t  a d iiev e  co n tac t 

o f  th e  end plugs and th e  d i r e c t ly  observed values o f  h^ a re  u n c e rta in  

beyond th e  in te rn a l  p re c is io n  o f  th e  o th e r  c a l ib ra t io n  p o in ts .
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Volume changes in  th e  bellow s can be ob tained  d i r e c t ly  as 

fu n c tio n s o f  D-0^ by m u ltip ly in g  Eq. (2) by a^ , th e  c ro s s -se c tio n  

a rea  o f  th e  g la ss  c a p i l la ry ,  and c o rre c tin g  fo r  compression o f  th e  

O c to il-S . L e ttin g  V be th e  bellow s volume th e re  fo llow s:

V-Vo = .̂ (1 * * F(D-D̂ )̂ 1 . (Î)

The in te rn a l  p re c is io n  o f  th e  volume changes i s  approxim ately 0.0007 

cc idiich i s  w ell w ith in  th e  combined expected o bserva tion  e r ro rs  o f  

0.15 d iv is io n s  in  D and 0.005 cm on th e  cathetom eter s e t t in g s .  Typi

c a l va lues o f  E and F a re :  E = 0.0443 cm/div and F = 2.0x10“^ cm/div^.

T h e ir s tan d ard  d e v ia tio n s  as determ ined by ro u tin e  s t a t i s t i c a l  methods 

a re  about 0 .04 p e r cen t and 7 p e r cen t re s p e c tiv e ly . The q u a n tity  

has th e  value  0.0016 tak in g  -  7x10” Vatm .^^^^

The sm allness o f  th e  F v a lu e s , and t h e i r  p e r s i s te n t  presence 

caused much p a in s tak in g  work to  be done. I t  was a t  f i r s t  thought th a t  

th e  n o n - lin e a r i ty  must be due to  a  sy s tem atic  e r r o r  in  th e  c a l ib ra t io n  

p ro ce ss , however, as th e  technique was p e rfe c te d  and th e  in te rn a l  con- 

s is te n ç y  o f  th e  measurements became g re a te r ,  th e  n o n - l in e a r i t ie s  p e r

s i s t e d  and became q u ite  w e ll-d e fin e d . The g la s s  c a p i l la ry  tube was 

checked fo r  un ifo rm ity  o f  c ro s s -s e c tio n , th e  e l e c t r i c a l  c i r c u i t s  were 

s tu d ie d  in  d e ta i l  and th e  temq>erature d is t r ib u t io n  w ith in  th e  c a l i 

b ra tio n  apparatus was mapped o u t. No e f f e c ts  appeared which could 

account fo r  th e  n o n - lin e a r  bellow s behavior and f in a l ly  th e  reproduc

i b i l i t y  o f  th e  c a l ib ra t io n  r e s u l t s  a f t e r  su b je c tin g  th e  bellow s to
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p ressu re  q rc le s  to  10 kbar removed a l l  l in g e r in g  doubts about th e  

c a l ib ra t io n  procedure. A sim ple geom etric in te rp re ta t io n  o f  th e  non- 

l in e a r i ty  i s  th a t  a s th e  bellow s lengthens th e  convolutions open up 

and s l i j ^ t l y  in c re a se  th e  e f fe c t iv e  c ro s s -s e c tio n  a rea  o f  th e  bellow s. 

C a lcu la tio n s based on th i s  idea  confirm  th e  o rder o f  magnitude o f  the  

F v a lu e s . Figure 6 e x h ib its  the  c a lc u la t io n  fo r  a p a r t i c u la r  bellow s 

and shows th e  d ev ia tio n s  from a l in e a r  le a s t  squares f i t  o f  h  v s . D.

A f i t  to  Eq. (2) idiich i s  q u a d ra tic  removes th e  curved p a t te rn  from 

th e  d e v ia tio n s i

W heatstone Bridge C h a ra c te r is tic s  

As mentioned p re v io u s ly , th e  r e l i a b i l i t y  o f  th e  c a l ib ra t io n  

r e s u l ts  depends on th e  in v arian ce  o f  A e  q u a n ti t ie s  D-D^ over th e  time 

in te rv a l  taken  by c a l ib ra t io n  and procurem ent o f PVT d a ta . One must 

examine th e  c o n stru c tio n  o f  th e  b rid g e  and e x te rn a l c i r c u i t  to  be a s 

sured o f  t h i s  in v a rian c e . The o p era tin g  procedure fo r  th e  c i r c u i t  i s  

shown sd ie m a tic a lly  in  F ig s . 7A and 78. One f i r s t  m anipulates th e  

sw itches (See F ig . 3) Sg, and Sg to  o b ta in  th e  co n fig u ra tio n  o f  7A 

and then  a d ju s ts  Rg a n d /o r Rg and Ry to  o b ta in  a  n u ll  galvanom eter.

The sw itches are  th en  changed to  produce th e  co n fig u ra tio n  o f  F ig . 78 

and a  n u l l  i s  ob tained  by ad ju s tin g  R^. Using th e  n o ta tio n  fo r  r e 

s is ta n c e s  o f  F ig s . 7 and l e t t in g  i{, be th e  t o t a l  c u rre n t passed  by 

th e  Wheatstone b rid g e  and i ^  th e  c u rre n t througji th e  K d ilrau sd i s l id e 

w ire , th en  th e  f i r s t  o p e ra tio n  produces th e  e q u a lity
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h  «2 “ (4)

and th e  second o p e ra tio n  y ie ld s :

iL PX = iRCRo^V • (5)

Where p i s  th e  re s is ta n c e  p e r  u n i t  leng th  o f  th e  Wheatstone b rid g e

s lid ew ire s  and X th e  W heatstone b rid g e  w iper displacem ent from th e

n u ll  p o s it ir a i .  These equations may be so lved  fo r  th e  r a t i o  ^

w ith th e  r e s u l t :

The Kohlrausdi s lid ew ire  D s e t t in g  i s  de fin ed  by:

D = 1000(1 -  (7)
“m

This equation  has been experim en tally  v e r i f ie d  by d i r e c t  measurement 

o f  D and measurements o f  R^ and w ith  the  G-2 M ueller b r id g e . As 

noted p rev io u s ly , xms dep artu res  from th e  p re d ic tio n s  o f  Eq. (7) and 

th e  measured values o f  D amount to  about 0 .15 d iv is io n s . Combination 

o f  Eqs. (6) and (7) y ie ld s :

D .  1000[1 -  (1 ♦ ^  ^  . (*)

Rg and R  ̂ a re  sm all p a r a s i t i c  re s is ta n c e s  a sso c ia te d  w ith  connections 

to  th e  ends o f  th e  K ohlrausdi s lid e w ire . T h e ir p resence p reven ts th e
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e x te rn a l c i r c u i t  from achieving  a n u l l  ou tpu t and th is  i s  re f le c te d  

in  Eq. (8 ) . One can see  th a t  D>1000 would be requ ired  f o r  X = 0. 

Since th is  i s  m echanically  i ^ o s s i b l e  th e re  e x is ts  a reg io n  o f  in -
O

d iffe re n c e  o f  w idth 2000 ^  d iv is io n s  in  w hidi no balance  o f  th e  

Wheatstone b ridge  and e x te rn a l c i r c u i t  can be  achieved. T his reading 

d isc o n tin u ity  has been minimized by th e  use o f  heavy copper connec

t io n s  so ldered  to  th e  s lid e w ire  and i t s  va lue  has been determ ined in  

th re e  d i f fe re n t  ways. The f i r s t  de te rm ina tion  co n sis ted  o f  d ire c t  

measurements o f  Rg and by means o f  th e  M ueller b r id g e . The second 

measurement was a  d i r e c t  one in  which th e  w idth o f  th e  reg io n  o f  in 

d iffe re n c e  was measured by m icrometer displacem ent o f  th e  s l id in g  con

ta c ts  o f  th e  W heatstone b rid g e . F in a lly  a  va lue  was determ ined by a 

t r i a l  and e r ro r  d io ic e  o f  th e  number o f  d iv is io n s  idiich idien added to

Eq. (8) produce c o n tin u ity  fo r  experim ental measurements o f  D v s . X
2000R%

a t  th e  p o in t X = 0 . The w idth ob tained  was — %  -  = 1 .0  d iv is io n s  in

each case a f t e r  th e  f in a l  m od ifica tions o f  th e  connections to  the  

Kohlrausch s lid e w ire  were made.

The re s is ta n c e s  appearing in  Eq. (8) have th e  fo llow ing

values :

Rg » R  ̂ * .00350 

p = .5490/inch 

Rg = .35260 

R » 7.130Bl
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Rx+IU
The sm allness o f  th e  q u a n tity  - s ——, p lu s th e  adjustm ent o f  th e  cur-

*Ti
re n t  r a t i o  p reven ts any se rio u s e f f e c ts  Arom room te iq w ra tu re  v a r ia 

t io n s  o f  thus pezm itting  th e  Kohlrausch s lid e w ire  to  s ta n d  in  the  

open a i r  w ith  no therm osta t re q u ire d . Also th e  therm al in s u la t io n  

o f  Rg coupled w ith  th e  sm all tem perature  c o e f f ic ie n t  o f  r e s is ta n c e  o f  

manganin in su re s  th e  c w stan cy  o f  th e  r e s i s t o r  Rg.

The r e s i s t i v i t y  p o f  th e  nichrome s lid e w ire s  v a r ie s  m ly  under 

p ressu re  s in c e  th e  b rid g e  i s  th e rm o sta tted  a t  35* C du ring  both 

bellow s c a l ib ra t io n s  and runs w ith  g a ses . The q u a n ti t ie s  D-D^ which 

appear in  th e  bellow s c a l ib ra t io n  r e s u l t s  can be expressed  in  th e  

form:

D-D, -  § (X .X ,)  . (9)

Since the  bellow s volume dianges a t  one atmosphere presumably always 

b e a r  th e  same re la t io n s h ip  to  th e  bellow s displacem ents (X-X^) then 

only th e  c w stan cy  o f  ^  i s  req u ire d  to  in su re  th a t  th e  bellow s c a l i 

b ra tio n  in  term s o f  d ie  values D-D_ remains a c c u ra te . The measure-o
ment o f  ^ b y  a m icrom eter d isplacem ent o f  th e  bellow s b r id g e  i s  

e a s i ly  accoaqilished thus a ffo rd in g  a  convenient check on bellow s c a l i 

b ra tio n  r e s u l t s  when th e re  a re  long tim e lapses between c a l ib ra t io n  

and use o f  a  be llow s. Measurements o f  ^  both  b e fo re  and a f t e r  a  run 

w ith th e  b rid g e  under p ressu re  a lso  in su re s  th a t  th e  b r id g e  i s  unaf

fec ted  by th e  cycles under p re s su re . The value o f  ^  as g iven  by 

Eq. (8) i s  accu ra te  to  w ith in  th e  e r ro r s  o f  measurement o f  th e



36

q u a n ti t ie s  p and Rg and th e  constancy o f  ̂  over pe riods o f  tim e up 

to  s ix  months has been observed. The s t a t i s t i c a l  s tan d ard  e r ro r  o f  

th e  m icrom eter observations o f  ^  i s  about two p a r ts  in  te n  thousand 

and th e  v a r ia t im s  over se v e ra l months tim e remain w ell w ith in  th is  

margin o f  e r r o r .  The va lues o f  ^  a re  p e r io d ic a lly  changed when th e  

b rid g e  i s  cleaned and th e  w ires r e s e t  in  ten s io n  which in troduce  

changes in  p , th e  r e s i s t i v i t y  o f  th e  w ire s . When th e  b rid g e  w ires 

a re  r e s e t  they  a re  su b je c ted  to  a  p re ssu re  cycle  above 5 kbar to  an

neal th e  s t r a in s  in troduced  by c lean ing .

Since bellow s c a l ib ra t io n s  a re  ob tained  a t  one a tm o s^ e re  

p re s su re , a  number o f  sm all c o rre c tio n s  must be made on th e  volume 

changes u sin g  Eq. (3) in  o rd e r  to  account f o r  th e  e f f e c ts  o f  p ressu re  

on th e  Wheatstone b rid g e  and th e  p iezom eter. The c o rre c tio n s  due to  

th e  W heatstone b rid g e  a re  caused by c o n tra c tio n  o f  th e  b ra s s  case and 

s lid e w ire s  and changing w ire  r e s i s t i v i t y  under p re s su re . A l i t e r a 

tu re  value  fo r  th e  c o m p re ss ib ility  o f  b ra s s  s u f f ic e s  fo r  th e  f i r s t  

o f  th e se  b u t th e  p re ssu re  c o e f f ic ie n t  o f  r e s i s t i v i t y  o f  th e  w ires was 

determ ined experim entally  and was found to  rece iv e  a  c o n tr ib u tio n  from 

a change in  ten s io n  on th e  w ire s . In  o rd e r to  a ccu ra te ly  detezmine 

th e  necessa ry  c o rre c tio n s  f o r  p ressu re  e f f e c ts  on th e  Wheatstone b ridge  

i t  was su b jec ted  to  p re ssu re  w ith s o l id  saaqples o f  b r a s s ,  le a d , and 

Azmco Iron  in s e r te d  in  p lace  o f  th e  be llow s. To th e  f i r s t  o rd er o f  

sm all q u a n ti t ie s  Eq. (8) lends i t s e l f  to  an in te rp r e ta t io n  o f  th e  r e 

s u l t s  .
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AD = (D-lOOO) ^  ♦ (% AX (10)
Pq 0 * 0

Here AD i s  in te rp re te d  as th e  change in  D due to  the  sm all e f f e c ts  o f 

p re ssu re  on th e  Wheatstone b rid g e , su b sc r ip t zeroes r e f e r  to  th e  same 

q u a n tity  a t  atm ospheric p ressu re  and AX i s  due to  th e  r e l a t iv e  motion 

between b r id g e  w ires and w iper due to  th e  c o n tra c tio n  o f  th e  case .

Thus accord ing  to  Eq. (10) when D * 1000 and a  b rass  sample i s  used so 

th a t  AX -  0 i s  expected th en  one should observe no s h i f t ,  i . e .  AD = 0. 

In  a c tu a l  f a c t  a  s h i f t  AD = 0 .3  d iv is io n s  was obtained in  th e  f i r s t  

500 b a rs  above atmosphere w ith  no fu r th e r  in c re a se  to  10,000 b a rs .

Upon re le a s e  o f  p ressu re  to  about 9500 b a rs  AD reversed  to  -  0 .3  d i 

v is io n s  and remained s ta t io n a ry  u n t i l  th e  p re ssu re  dropped below 500 

b a rs . F in a lly ,  the  i n i t i a l  s e t t in g  was rega ined  a t  one atm osphere.

The source  o f  th is  anomalous s h i f t  i s  s t i l l  unknown, however i t s  sm all

ness and c o n s ta n t  o f  s ig n  and magnitude f o r  e i th e r  m onotonically  in 

c reas in g  o r  decreasing  p re ssu re s  over th e  working p ressu re  range r e le 

g a te  i t  t o  nuisance s ta tu s  on ly . The anomalous s h i f t  does appear in  

th e  PVT d a ta  as a sm all h y s te re s is  between p o in ts  taken w ith  in c reas in g  

p re ssu re  and those taken w ith  decreasing  p re s su re . The h y s te re s is  

w idth amounts to  about 0 .01 p e r  cent in  th e  gas d e n s itie s  detexmined 

in  t h i s  work.

When th e  iro n  and lea d  samples were used in s te a d  o f  b ra s s ,  

again  w ith  D«1000 so th a t  co n trib u tio n s  to  AD should be due only to
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r e la t iv e  m otion, then AX in  Eq. (10) should  be given by AX = LAyP; 

where L i s  th e  sample le n g th , AX th e  d iffe re n c e  o f l in e a r  compress

i b i l i t i e s  between b ra ss  and the  sample and P th e  p ressu re  in  b a rs .

Then th e  slope  o f  th e  l in e  AD as a  fu n c tio n  o f  p ressu re  should  be 

rdÔ
o

f l 7  181those  c a lc u la te d  by th e  p receding  form ula when Bridgman's *  ̂ values

( ^ )  LAx. The slopes a c tu a l ly  measured agree to  one p e r  cen t w ith

fo r  Ax were used. F in a lly , using a b ra s s  sample so th a t  AX » 0 (except 

fo r  th e  anomalous s h i f t )  and w ith D-1000 a la rg e  number o f  d iv is io n s  

then Eq. (10) becomes: AD = (D-1000)BP w ith  ^  = BP where B i s  th e
PQ

p ressu re  c o e f f ic ie n t  o f  r e s i s t i v i t y  o f  nichrom e. The s lo p e  o f  th e  l in e  

AD as a  fu n c tio n  o f  p ressu re  i s  given by (D-IOOO)B. Thus th e  value o f  

B was found to  be 8 .32x l0~ ^/bar. The c o rre c tio n  fo r  changing w ire r e 

s i s t i v i t y  was a n tic ip a te d  b e fo re  th e se  measurements on s o l id  samples 

were undertaken and a value B = 7 .05x l0~ ^/bar had been ob ta ined  by 

d i r e c t  re s is ta n c e  measurement fo r  a  sample o f  u n s tra in e d  w ire  from th e  

same pool o f  lab  s to ck . Consequently, th e  in d ir e c t ly  ob ta ined  value 

o f  B -  8.32xlO ~V bar undermined confidence in  th e  use o f  Eq. (10) to  

th e  e x te n t th a t  d i r e c t  measurements were made o f  th e  b rid g e  w ire  r e 

s is ta n c e  under p re s su re . These measurements y ie ld ed  B = 8.323x10"^ /bar 

w ith  th e  w ires s e t  in  te n s io n  and B = & 98x10"^ /b a r w ith te n s io n  r e 

laxed . F in a lly , 'th e  diange o f  r e s i s t i v i t y  w ith  q tp lie d  s t r e s s  was 

measured fo r  a sample o f  w ire  frcmi th e  same sp o o l. The te n s io n  coef

f i c i e n t  o f  re s is ta n c e  th u s ob tained  was g = 1 .3 x l0 "^ /b a r. I f  th e  e f 

fe c ts  o f  in c re as in g  p re ssu re  and decreasing  ten s io n  were p u re ly  a d d itiv e
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one would expect th e  combination o f  bo th  e f fe c ts  to  y ie ld :

B (stra ined ) » B (unstrained) ♦ YÇAx .

Where Y i s  Young's modulus fo r  nichrome and AX th e  d if fe re n c e  o f  l in e a r  

c o m p re ss ib ili t ie s  f o r  nidircm e and th e  b ra s s  frame over idiich th e  w ires 

a re  s t r e td ie d .  Using Birdgman's^^^*^^^ c o m p re ss ib ili t ie s  fo r  AX and 

th e  measured values o f  Y and C th e re  fo llo w s; YÇAX * 3 .1 x l0 '^ /b a r  which 

i s  about a  fa c to r  o f  two la rg e r  than  i s  necessary  to  account fo r  the  

d iffe re n c e  between th e  p rev io u s ly  given values o f  B.

When the  b rid g e  w ires were r e s e t  in  ten sio n  th e  f i r s t  cycle 

under p re ssu re  was non-reproducib le  to  th e  ex ten t th a t  th e  i n i t i a l  

slope  o f  r e s is ta n c e  versus p ressu re  curve corresponded to  0x10x10“^

(whidi ag rees n ic e ly  w ith  th e  sum o f  u n s tra in e d  w ire and te n s io n  con

t r ib u t io n s  to  B) b u t an annealing  process began in  th e  v ic in i ty  o f  2000 

b a rs  and continued w ith in c re a s in g  p re ssu re  u n t i l  th e  value  B = 8.32xl0~^ 

/b a r  ob tained  rep roducib ly . I t  should b e  noted th a t  2000 b a rs  c o rre s

ponds to  th e  y ie ld  s tre n g th  o f  th e  nichrom e. This cu rious annealing 

e f f e c t  accounts f o r  th e  constancy o f  B fo r  th e  ta u t  b rid g e  w ires over a

th re e  y e a r p e rio d . I t  i s  thus concluded th a t  the  value o f  B » 8.323x10'^
: '

/b a r  fo r  th e  b ridge  w ires in  ten s io n  i s  both  w e ll-e s ta b lish e d  and under

stood .

Volume C orrec tions 

In  o rder to  sum up th e  c o rre c tio n s  to  be made on th e  volume 

changes computed using  Eq. (3) i t  i s  necessary  to  e s ta b l is h  a  few
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conventions. I t  should be c le a r  th a t  a l l  c o rre c tio n s  save th e  one on 

th e  c ro s s -s e c tio n  a re a  o f  th e  bellow s a re  to  be made r e la t iv e  to  same 

s t a r t in g  p o s it io n  D on th e  s l id e  w ire s in c e  we a re  in te re s te d  only in  

volume d ianges. A ccordingly, l e t  be th e  s lid e w ire  s e t t in g  a t  the  

most expanded p o s i t im  o f  th e  bellow s corresponding to  idiich i s  th e  

lowest p re ssu re  on th e  iso therm . Furtherm ore, i s  to  be  taken le s s  

than  1000 d iv is io n s  i f  th e  bellow s i s  on th e  expanded s id e  o f  th e  

W heatstone b rid g e  n u ll  p o s i t iw i.  According to  t h i s  convention D^, th e  

f u l ly  compressed p o s i t io n ,  i s  th e  la rg e s t  a t ta in a b le  thus accounting 

fo r  th e  nega tive  s ig n  b e fo re  th e  c a l ib ra t io n  co n stan t E in  Eq. (3 ). 

Equation (3) can be re w r it te n  in  term s o f  d isp lacw ien ts  from in  th e  

fo llow ing  way:

Vj-V = (1.0016)a^{[E + 2F(D^-Dp](D-Dj) -  F(D-D^)^} . (11)

Equation (11) serves as a  convenient launch-pad fo r  th e  d iscu ssio n  o f 

th e  fo llow ing  c o rre c tio n s :

(1) Decrease o f  b ridge  w ire  r e s is ta n c e

(2) Shrinkage o f  b ra ss  b rid g e  case

(3) Shrinkage o f  bellow s c ro s s -s e c tio n  a rea

(4) Shrinkage o f  s ta in le s s  s t e e l  end p lugs enclosed 

by th e  be llow s.

The fo llow ing  n o ta tio n  w i l l  be adopted fo r  t h i s  d isc u ss io n :

a^ = 8.0277x10”^ ± 4xl0~® cm  ̂ — g la ss  c a p i l la ry  c ro s s -se c tio n  a rea



41

Xjj » 5 .38xl0”^ /b a r  — cubic c<M »pressibility o f  n ick e l a t  35® C 

- 76 = 8.32x10 /b a r  — p ressu re  c o e f f ic ie n t  o f  r e s i s t i v i t y  o f

nichrome a t  35® C 

Lg = 4.75 inch — length  o f  Wheatstone b rid g e  case

Lg * 1.60 inch — length  o f  w iper c a rr ia g e  o f  W heatstone b rid g e

« 1.50 in d i — length  o f  b ra ss  mounting p o st fo r  nichrome

bridge  w ire

+ Lg :  1 inch  — length  o f  s ta in le s s  s t e e l  between attachm ent

p o in ts  and bellow s 

Lg = 1.10 in d i — length  o f  end plug  enclosed by bellow s

Xg = 9.18 10"^/bar — cubic co m p re ss ib ility  o f  b ra s s  a t  35® C

Xg = 5 .9  10”^ /b a r  — cubic co « q )re ss ib ility  o f  s ta in le s s  s t e e l  a t  35® C

Vg = 4.5245 cm  ̂ — volume o f  s t e e l  end plugs enclosed by bellow s

^ = 1 .6  lO ^div/inch — Kohlrausch s l id e  w ire d iv is io n s  p e r u n i t  motion

o f  bellow s.

= Kdilrausch s l id e  w ire s e t t in g  w ith  f u l ly  compressed bellow s.

D^>1000 by conventi<m. o
Dj = s l id e  w ire s e t t in g  a t  p ressu re  P^.

For the  r e s i s t i v i t y  c o rre c tio n  imagine th e  p rocess o f  r a is in g  

th e  p re s su re  to  compress th e  bellow s to  a  displacem ent D-0^ w ith  

D^<D<1000. Then i t  should  be c le a r  th a t  th e  q u a n tity  D-D  ̂ w i l l  be 

l u g e r  than  ju s t  th e  amount corresponding to  bellow s motion due to
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th e  decrease  o f  w ire r e s i s t i v i t y .  In  o rd er to  c o rre c t D-D^ to  the  

value which corresponds only to  bellow s motion th e  fo llow ing values 

o f  D should be used: D = (D^^-IOOO)BP. Thus

♦ (D^g-IOOO)BP -  (Dj^g-lOOO)BPj corresponds only to  bellow s 

m otion. Now as p re ssu re  in c reases  and 0 tra v e rse s  th e  p o in t D = 1000 

th e  preceding  expression  continues to  c o rre c tly  express th e  p a r t  o f  th e  

observed d iffe ren ces  which corresponds to  motion o f  th e  bellow s w ith 

th e  excep tion  th a t  th e  number o f  d iv is io n s  which correspond to  th e  

width o f  th e  region o f  in d iffe re n c e  o f  th e  e x te rn a l po ten tiom ete r must 

be added.

Another c o n tr ib u tio n  idiich must be included i s  th e  shrinkage 

o f  th e  b rid g e  case . An exam ination o f  th e  co n stru c tio n  shown in  F ig.

2 rev e a ls  th a t  th e  sh rinkage  o f  th e  b r id g e  case has th e  e f f e c t  o f 

making th e  r e la t iv e  motion between th e  b rid g e  w ires and bellow s too 

sm all reg a rd le ss  o f  th e  d ire c tio n  o f  bellow s m otion. The c o rre c tio n  

c o n s is ts  o f  converting th e  r e la t iv e  motion due to  shrinkage to  d i 

v is io n s  and adding i t  to  th e  d iffe re n c e  D-0^. The a d d itio n  requ ired  

i s :

“T "  T ] (^"^1^ •o

The c o rre c tio n  f o r  shrinkage o f  th e  bellow s c ro ss -se c tio n

a rea  must be c a rr ie d  ou t in  two p a r t s .  Equation (11) must be m u lti-  
2

p lie d  by (1- j  to  account fo r  th e  shrinkage o f  c ro s s -se c tio n

area  o f  th e  bellow s to  p ressu re  P^. In  o rder to  complete th e  r e s t
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o f  th e  c o rre c tio n  imagine th e  bellow s to  be a q r l in d e r  o f  v a ria b le  

len g th . This should be a  reasonable  procedure s in ce  th e  e f fe c t iv e  

c ro s s -s e c tio n  a rea  o f  th e  bellow s i s  constan t to  about 0 .1  p e r cent 

as i t s  leng th  changes. At any r a te  i t  i s  c le a r  a t  l e a s t  th a t  th e  

bellow s w ill  sh rin k  in  c y lin d r ic a l  symmetry. The volume change td iid i 

must be added in  coiqiensation fo r  th e  sh rin k in g  c ro s s -s e c tio n  a re a  i s  

L(a^-a) where L i s  tiie  len g th  o f  th e  bellow s a t  p re ssu re  P and a  i s  i t s  

e f fe c t iv e  c ro ss -se c tio n  a re a , a^ i s  th e  e f fe c t iv e  c ro s s -s e c tio n  a rea  a t  

P | .  I f  Lg i s  th e  leng th  o f  th e  s ta in le s s  s te e l  p lug  tdiich i s  encased 

w ith in  th e  bellow s th en ; L » ♦ ( ^ )  (D^-D) and (a^ -a) = ao |x ||(P “P j)

where a^ i s  th e  bellow s c ro s s -s e c tio n  a re a  a t  one atmosphere p re ssu re . 

The e q u a lity  o f  volume d isplacem ents w ith in  th e  bellow s and in  the  

c a l ib ra t io n  manometer y e ild s  th e  value o f  a^«

Then w ith s u f f ic ie n t  accuracy fo r  th is  sm all c o rre c tio n  

^  = [E + 2F(D ^-D j)](1 .0016). The completed c o rre c tio n  f o r  sh rink 

age o f  th e  bellow s c ro s s -s e c tio n  i s :

L (a j-» ) .  . , ( 1 .0 0 1 6 ) [E ♦ .

F in a lly  th e  c o rre c tio n  f o r  shrinkage o f  th e  s ta in le s s  s t e e l  w ith in  

th e  bellow s i s  V _x .(P -P ,). This l a s t  c o rre c tio n  must be su b trac ted
S 9 * X

from th e  values o f  V^-V s in c e  th e  shrinkage o f s ta in le s s  s t e e l  in 

c reases  th e  bellow s volume.
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A ll th e  c o rre c tio n s  can be summed up in  the  fo llow ing form:

Vj-V = A{«(D-Dp ♦ e(D -D j)(P -Pp ♦ f(P -P j)}  -  b(D-D^)^ (12)

o = (1 -  I  x^Pi) (1 ♦ BPP (13)

A = (1.0016)a^[E ♦ 2F(D^-Dj)] (14)

e  « (e -  I  X^) (IS)

f  = {[(Lg-L ;- ^ )  ^  -  (Lj+Lj) ^ ] ( ^  -  (lOOO-Ope

(16)

b = (1.0016)a^F . (17)

E quation (12) i s  convenient fo r  c a lc u la tio n s . The c o e f f ic ie n ts  A, 

a ,  e ,  f  and b can be c a lc u la te d  once th e  i n i t i a l  values P^« and 

a re  known and th e  computation o f  volume changes proceeds e a s i ly .  

E quation (12) expresses bellow s voluae changes on ly . For th e  is o -  

thexB a t  35* C a l l  p a r ts  o f  th e  piezom eter a re  a t  th e  same te iq iera- 

tu r e  and th e  t o t a l  p iezcm eter volume change can be computed by adding 

th e  q u a n tity  to  th e  c o e f f ic ie n t  f  given by Eq. (16).

A

= volume o f  constan t volume chamber; •  volume o f  connecting 

c a p i l la ry  tube.
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T ypical values o f  th e  c o e f f ic ie n ts  a t  35** C a re  as fo llow s:

A = 3.5x10"^ cmVdiv 

a -  1.0004 

e » 4 .7x l0~ ^ /bar 

f  s  2.5x10  ̂ d iv /b a r  

b = 2x10 * o iV d iv ^

There i s  one a o re  c o rre c tio n  concerning bellow s volume changes 

tdiich a r i s e s  when th e  co n stan t volume chamber i s  hea ted  to  teaqpera- 

tu re s  above 35* C. In o rd e r  to  reduce th e  d a ta  a t  th e  h iÿ ie r  tem pera

tu re  th e  bellow s volume must be known in  o rd e r to  determ ine th e  mass 

o f  gas w ith in  i t  using th e  p rev iously  detexmined d e n s i tie s  frtm  th e  

35* C iso therm . The p ro b laa  encountered i s  th e  c o rre c tio n  on bellow s 

volume a t  a  fix ed  D s e t t in g  idien th e  p re ssu re  i s  ra is e d  due to  th e  

h ea tin g  o f  th e  upper chamber. There a re  competing processes involved 

in  th e  volume c o rre c tio n :

(1) As th e  p ressu re  ii^creases w ith h e a tin g  and r e s i s t i v i t y  

drops the  bellow s must expand to  keep D constan t i f  

0<1000 and must c o n tra c t i f  D>1000.

C2) As th e  p ressu re  in c re a se s  the  shrinkage o f  th e  case ma

t e r i a l s  causes th e  n u l l  p o s itio n  o f  th e  b rid g e  to  creep 

toward th e  s l id in g  c o n ta c t i f  D>1000 and away f r« a  i t  

i f  D<1000.
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(3) The enclosed s ta in le s s  s t e e l  end plugs sh rin k  therdby 

in c reas in g  th e  bellow s volume.

(4) The bellow s c ro s s -s e c tio n  a re a  sh rin k s .

These c o rre c tio n s  may be summed up as follow s l e t t in g  be th e  bellow s 

volume:

VyCT) -  C) = (P-PggDEXgVg ♦ A{ (1000-0)6

(18)

• Ixn - ( ' W  T ’ T  ■ T

Pgg i s  the  p ressu re  a t  35" C a t  th e  same value o f  D, A i s  given by 

Eq. (14) and a l l  o th e r  symbols r e t a in  t h e i r  u su a l meanings. Equations 

(12) through (18) a re  th e  b a s ic  equations fo r  c a lc u la t io n  o f  volume 

changes.

The l a s t  c o rre c tio n  given by Eq. (18) i s  u su a lly  q u ite  sm a ll, 

amounting to  approxim ately 0.001 cc o r le s s .  T his i s  le s s  than  one 

p a r t  in  ten  thousand o f  the  p iezom eter volume.



CHAPTER IV

EXPERIMENTAL PROCEDURE

The f i r s t  s te p  in  p re p a ra tio n  to  tak e  isotherm  d a ta  c o n s is ts  

o f  evacuating th e  piezom eter and gas loading  system to  about 10"^mm-Hg 

and sim ultaneously  h e a tin g  th e  p iezom eter p ressu re  v e sse l to  35* C. 

A fte r  th e  bellows chamber o i l  ba th  i s  s ta b i l iz e d  a t  35* C i t  i s  used 

to  s tan d ard ize  th e  thermocouples fo r  th e  m etal b lock  therm osta t o f  th e  

co n stan t volume chamber. This s ta n d a rd iz a tio n  removes th e  p o s s ib i l i ty  

o f  0.1* C u n c e r ta in ty  o f  th e  thermocoiqvle readings and th is  t« q » era - 

tu r e  measurement th e re fo re  r e l i e s  on th e  mercury therm ostat o f  th e  o i l  

ba th  a lone . U sually  12 o r  more hours a re  spen t in  th e  p rocess o f  

evacuation  and s t a b i l i z a t io n  o f  th e  ta n p e ra tu re , although th e  tim e 

could be considerab ly  reduced i f  d e s ire d .

A fte r th e  tem perature c o n tro l i s  e s ta b lish e d  th e  i n i t i a l  s e t t in g  

o f  th e  Kohlrausch s lid ew ire  i s  recorded  w ith th e  bellow s evacuated 

and th e  re s is ta n c e  R^ a t  atm ospheric p ressu re  o f  th e  manganin p re s su re  

gauge i s  measured. Then b efo re  adm ittinggas to  th e  piezom eter « th e  gas 

load ing  system i s  purged w ith  th e  gas to  be loaded under p re ssu re  and 

i s  re-evacU ated. This p recau tio n  in su re s  th a t  any contam inants a re  r e 

moved from the  connections to  th e  gas sample b o t t l e .  The a c tu a l

47
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load ing  o f  10 to  12 atm ospheric l i t e r s  o f  th e  gas i s  then accomplished 

as d escribed  in  Chapter 11.

An inqportant p a r t  o f  th e  experim entation  with any gas con

s i s t s  o f  checking i t s  b d ia v io r  in  th e  fre e z e  valve. Norm ally, during 

th e  course o f  record ing  d a ta  th e  l iq u id  n itro g e n  lev e l in  th e  free ze  

valve i s  m aintained c o n s tan t, however, e i th e r  befo re  o r a f t e r  th e  data  

i s  recorded th e  l iq u id  n itro g en  le v e l i s  d e lib e ra te ly  v a r ie d  by as 

much as s ix  inches in  th e  dewar f la s k  w hile e f f o r t s  a re  made to  ob

se rve  a  bellow s volume change. This i s  u su a lly  done a t  s e v e ra l d i f 

fe re n t  p re s su re s . The most unfavorab le  o f  th e se  observations occurred 

on a run w ith  argon idien th e  p re ssu re  was ra is e d  to  about 10,000 bars 

and about fo u r inches o f  th e  dewar was then f i l l e d  w ith l iq u id  n i t r o 

gen. There was no e f f e c t  observed a t  10,000 bars b u t tdien th e  p ressu re  

was lowered to  about 4,000 bars and th e  n itro g e n  d e lib e ra te ly  b o ile d  

o f f ,  a  volume change o f  about 8x10 ^ cc appeared. Volume h y s te re s is  in  

t h i s  amount would correspond to  only 0.01 p e r cen t in  gas d e n s ity  and 

as mentioned b e fo re , th e  l iq u id  n itro g e n  le v e l i s  m aintained to  avoid 

th e  p rob lan  during  th e  p e rio d  o f  d a ta  accum ulation. No o th e r  free ze  

valve volume changes have ever been observed.

One o f th e  s id e  b e n e f i ts  o f  i n i t i a l  experim entation  w ith th e  

free ze  valve i s  th a t  one o r more cycles under p ressu re  a re  accomplished 

thus se rv in g  to  anneal any s t r a in s  which could p o ss ib ly  (although im

probably) have been in troduced  in  th e  Wheatstone b ridge  w ires  during  

th e  assembly o f  th e  piezom eter. As a  m a tte r  o f  techn ique, th e
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Wheatstone b rid g e  Is  cleaned and cycled  under p re ssu re  b e fo re  bellow s 

c a l ib ra t io n s  a re  undertaken.

A fte r th e  experiments w ith  th e  freeze  valve  some IS to  25 

read ings o f  th e  p ressu re  gauge re s is ta n c e  and corresponding Kohlrausch 

s lid e w ire  s e t t in g s  a re  made. The tem perature i s  a ls o  m onitored and 

recorded  during th i s  p e rio d . As a general ru le  th e  tem perature con

t r o l  i s  so  s ta b le  th a t  i t  i s  seldom th a t  any adjustm ents o f  tempera

tu re  a re  req u ire d . The measurements a re  spread over th e  u se fu l s tro k e  

o f  th e  bellow s from 50 to  400 b a rs  a p a r t depending on th e  p ressu re  

range and th e  gas which i s  being  s tu d ie d . Ten to  f i f te e n  m inutes a re  

allowed f o r  therm al e q u il ib ra t io n  a t  each p o in t and u su a lly  th e  v a r i 

ab les to  be recorded have s ta t io n a ry  values fo r  se v e ra l m inutes befo re  

t h e i r  va lues a re  recorded . While therm al equ ilib rium  i s  being  a t 

ta in e d  a t  each s e t t in g ,  th e  p rev ious measurement i s  p lo tte d  on la rg e  

sc a le  grajdi paper and checked fo r  h y s te re s is  o r gas lo ss between 

p o in ts  taken w ith in c reas in g  p re s su re  and those  taken  w ith decreasing  

p re ssu re . This a lso  serves to  e lem inate  gross read ing  e r ro r s .  The 

experiment i s  aborted  any tim e evidence o f  lo ss  o f  gas appears. A 

ty p ic a l  p lo t  o f  th e  raw d a ta  i s  shown fo r  argon in  F ig . 8.

y ^ ^ f t e r  th e  f iv e  o r s ix  hours necessary  fo r  th e  accum ulation o f  

d a ta  a t  35*̂  C th e  m etal b lock  furnace fo r  th e  co n stan t volume chamber 

i s  heated  and allowed to  e q u il ib ra te  a t  su ccess iv e ly  h i ^ e r  tempera

tu r e s .  When therm al equ ilib rium  i s  e s ta b lish e d  th e  accum ulation o f  

d a ta  a t  each tem perature proceeds ex ac tly  as a t  35" C. I t  u su a lly
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re q u ire s  a t  le a s t  f iv e  hours to  run each isotherm  a f t e r  tem perature 

c o n tro l i s  e s ta b lis h e d . D espite e f fo r ts  to  h e a t th e  furnace u n i

formly th e  periods o f  tim e req u ired  fo r  th e  fu rnace to  e q u il ib ra te  

grow from about two hours between 35 and 100" C to  about f iv e  hours 

between 300 and 400" C. In  view o f  the  long tim e lags i t  i s  necessary  

to  rep le n ish  the  ic e  bath  fo r  th e  cold  ju n c tio n s  o f  th e  therm ocouples. 

T his i s  u su a lly  done about one h a l f  hour b e fo re  tak in g  d a ta  on each 

iso therm . As a p o in t o f  techn ique, th e  therm ocouples a re  removed from 

th e  furnace during th e  h ea tin g  periods to  h e lp  preven t therm al ag ing . 

Another m otivation  fo r  th is  procedure i s  th a t  th e  thermocouples tend  to  

develop sh o rts  to  t h e i r  s ta in le s s  s t e e l  sheaths a t  th e  places- o f  c lo se  

proxim ity  to  th e  h e a te r  windings o f  th e  m etal b lock  i f  they  a re  l e f t  in  

p lac e  during th e  p erio d s  o f  rap id  h e a tin g .

A fte r th e  isotherm  a t  400" C i s  run th e  constan t volume chamber 

i s  cooled back to  35" C w ith th e  a id  o f  a  w ater coo lan t in  th e  thermo

m eter w ells o f  th e  fu rnace , and s ix  to  ten  p o in ts  a re  taken as a  r e 

check to  in su re  th a t  no gas was lo s t  from th e  piezom eter during th e  runs 

a t  h ig h e r tem pera tu res. I f  th e re  i s  evidence o f  leakage th e  r e s u l t s  o f  

th e  run a re  d iscarded , bu t i f  no t th e  gas i s  unloaded and s to re d  in  

sample b o t t le s  pending analyses fo r  im p u ritie s .

U sually a t  l e a s t  two runs w ith  d if f e r e n t  gas loads a re  necessary  

fo r  th e  extension o f  isotherm s from 1500-2000 b a rs  to  10,000 b a rs .  The 

f i r s t  load u su a lly  begins a t 1500 to  1600 bars and extends th e  iso therm s 

to  4500-5000 b a rs . The second load overlaps th e  f i r s t ,  s t a r t in g  a t
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approxim ately 3000 b a rs  and extending to  10,000 b a rs .  Sometimes a 

th i r d  load a t  3#° C i s  used to  overlap  both th e  low and high p ressu re  

runs and provide b e t t e r  s t a t i s t i c s  fo r  th e  d a ta  red u c tio n . As a gen

e ra l ru le  th e  p o in ts  taken in  th e  range o f  th e  f id u c ia l  d a ta  a re  c lo se ly  

spaced along th e  iso therm  in  o rder to  provide a more r e l i a b le  judgement 

o f  th e  agreement between measured volume changes and th e  f id u c ia l  den

s i t y  d if fe re n c e s . In  a d d itio n , a t  le a s t  h a l f  th e  a v a ila b le  4 cc volume 

change which i s  p e rm itted  by th e  bellow s i s  expended w ith in  th e  low 

p ressu re  f id u c ia l  range . In th is  way th e  random e r ro r s  o f  observation  

o f  th e  volume changes become n e g lig ib le  f ra c tio n s  o f  th e  t o t a l  volume 

change which i s  used to  span th e  f id u c ia l  d a ta  range.



CHAPTER V

DATA REDUCTION

The d a ta  which i s  taken c o n s is ts  o f  a  number o f  p ressu re  gauge 

re s is ta n c e  read ings and th e  corresponding Kohlrausch s lid ew ire  s e t t in g s  

a t  constan t tem perature . The r e s is ta n c e  measurements a re  converted  to  

p ressu re s  using  Eq. (1) and th e  s lid e w ire  s e t t in g s  a re  converted to  

volume changes by means o f  Eq. (1 2 ). In  view o f  th e  f a i lu r e  to  ob

se rve  s ig n i f ic a n t  volume changes in  th e  free ze  v a lve  and a  considera 

t io n  o f  th e  p hysica l p rocesses involved  which a re  described  in  th e  ap

pendix , th e  reduction  o f  d a ta  a t  35* C proceeds tq>on th e  assumption 

th a t  a  constan t mass o f  gas undergoes changes in  volume w ith in  th e  p ie 

zom eter. The e q u a lity  o f  masses a t  p ressu res  and P between which 

th e  volume change AV occurs y ie ld s  th e  equation :

PlVi = p(Vj-AV) . (19)

Where p^ and p a re  th e  gas d e n s i t ie s  a t  p ressu res  P^ and P re sp e c tiv e ly  

and th e  piezom eter volume a t  p re ssu re  P j .

In  o rd e r to  make use o f  Eq. (19) two f id u c ia l  d e n s it ie s  and 

a re  chosen corresponding to  th e  p re ssu re s  P^ and P^. These a re  u su a lly  

th e  h ig h es t and low est p ressu re s  w ith in  th e  f id u c ia l  d a ta  range. Then 

Vj can be ob tained  as w ell as th e  mass o f  gas p^V^ in  th e

S3
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system . Usually i s  the  h ig h es t p ressu re  on th e  isotherm  fo r  which 

f id u c ia l  d a ta  i s  a v a ila b le . A fte r ob tain ing  th e  d a ta  between 

and P^ i s  examined fo r  system atic  d iffe ren ces  from th e  f id u c ia l  d a ta . 

G enerally  th e re  a re  none and Eq. (19) i s  re c a s t  in  d im ensionless Amagat 

u n i ts :  ^

i s  th e  Normal volume o f  gas and d. the  Amagat d e n s ity  ob tained  

in  th e  p resen t work. Using p re lim inary  values o f  and ob tained

from th e  preceding two p o in t fo rced  f i t ,  th e  le a s t  squares b e s t va lues

o f  and a re  ob tained  fo r  th e  range o f  overlap  w ith the  f id u c ia l
2

d a ta  by m inimizing th e  q u a n tity  E(d^-p^) where th e  a re  f id u c ia l  

Amagats d e n s i t ie s .  Figure 9 d e p ic ts  the  re s id u a ls  (dU-p^) as a  func

t io n  o f  p ressu re  fo r  Argon a t  35* C. The f id u c ia l  below 2500 b a rs  

d a ta  was ob tained  from M ichels, e t  P o in ts  above 2500 bars

correspond to  e x tra p o la tio n  o f  M ichels' work. The im portant fe a tu re  

o f  th e  f ig u re  i s  th e  s t a t i s t i c a l  in d is t in g u is h a b il i ty  o f  p o in ts  taken  

w ith in c re as in g  o r  decreasing  p ressu res  and th e  recheck p o in ts  which 

were taken a f te r  th e  400" C isotherm  was run . This dem onstrates th e  

lack  o f  any s ig n if ic a n t  h y s te re s is .  The p e r cen t s tandard  d e v ia tio n s  

o f  th e  values fo r  and a re  u su a lly  on th e  o rd er o f  0.05 p e r  c e n t. 

This r e f l e c t s  only th e  sm all s c a t t e r  o f the  experim ental p o in ts . 

i s  n o t capable o f  determ ination  by the  experim ental techniques des

c rib e d  h e re in  except through th e  use o f f id u c ia l  d a ta , however, th e re
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a re  means o f  determ ining independently o f  th e  f id u c ia l  d a ta  from 

th e  requirem ents o f  in te rn a l  consistency  when two o r  more gas loads 

tra v e rs e  a common p ressu re  range . (See Appendix ) I t  i s  a lso  r e 

q u ired  th a t  th e  values o f  determined by means o f f id u c ia l  da ta  

agree reasonably w ith th e  e x te rn a l e s tim ate s  o f  th e  piezom eter volume; 

i . e . ,  th e  volume obtained  by a d d itio n  o f  th e  estim ated  volumes o f  th e  

various piezom eter p a r t s .

The q u a lity  o f  th e  f i t  to  a s e t  o f  f id u c ia l  d a ta  i s  q u ite  in 

dependent o f  th e  accuraqr o f  th e  values o f  and as i s  demon

s t r a te d  below. Equation (20) can be re w ritte n  in  th e  form:

Pia
" i ' d r  '  (M )

P f
where a  = and —  , where 1 = i n i t i a l  p o in ts , f  h ig h es t

p ressu re  f id u c ia l  p o in t,  and i  = measured p o in t .  This shows th a t  th e  

d e n s i t ie s  a t  35" C c a lc u la te d  f o r  th is  experim ent in  ex tension  o f ex

i s t in g  f id u c ia l  d a ta  a re  expressed in  term s o f  r a t io s  o f  volume changes. 

I f  th e  bellow s c a l ib ra t io n  was l in e a r  th e  c a l ib ra t io n  co n stan ts  would 

drop out com pletely. Since th e  departu res frcxn l in e a r i ty  a re  sm all 

th i s  in d ic a te s  th a t  th e  d e n s i t ie s  obtained  a t  35" C a re  p r a c t ic a l ly  

independent o f  th e  volume c a l ib ra t io n  and depend mainly upon a c c u ra te ly  

matching th e  p ressu re  and tem perature sc a le s  o f  th e  f id u c ia l  d a ta .

Under th e  p resen t experim ental conditions th e  in e q u a li t ie s  ho ld

and a i s  approxim ately equal to  8 .5 . Values o f  X̂  ̂ le s s  than  u n ity  

correspond to  th e  f id u c ia l  range.
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D ensity In te rp o la tio n  

More than  one gas load i s  req u ired  to  extend th e  isotherm s 

fxtNB 2 kbar to  10 kbar. This n e c e s s i ta te s  th e  use o f  d e n s i t ie s  d e te r 

mined by th e  low p ressu re  load to  reso lv e  and fo r  th e  h igher 

p ressu re s  once th e  f id u c ia l  range has been exceeded. Consequently, 

some convenient means o f  in te rp o la t in g  th e  experim ental d e n s i t ie s  i s  

necessary  a t  35* C as w ell as a t  h ig h e r teuqperatures. For th is  purpose 

a  m odified form o f  th e  Tait^^^^ equation  has been adopted. Hie equa

t io n  does no t in  any case f i t  th e  d a ta  w ith in  experim ental p re c is io n  

bu t does f i t  w ell enough to  be used in  con junction  w ith a  d e v ia tio n  

curve. The form o f  th e  equation  i s :

"  -*0 * ^  • (22) o

Where d^, C, and B a re  constan ts  which a re  determ ined by fo rce - 

f i t t i n g  th e  equation  to  th e  experim ental d e n s i tie s  a t  th re e  d i f f e r e n t  

p re s su re s . The c h ie f  advantage o f  Eq. (22) fo r  th e  p re se n t purposes 

l i e s  in  i t s  s im p lic ity . Given th e  p ressu res  fo r  which d e n s i t ie s  a re  

d es ired  th e  d e n s i tie s  can be c a lc u la te d  qu ick ly  on a  desk c a lc u la to r  

and co rrec ted  using  th e  d ev ia tio n  curve. F igure 10 i l l u s t r a t e s  th e  

d ev ia tio n  between th e  p red ic tio n s  o f  Eq. (22) and th e  experim ental ■ 

d a ta  fo r  Argon a t  35* C. This f ig u re  shows th a t  th e  equation  i s  cap

ab le  o f  f i t t i n g  th e  d a ta  to  about 0 .1  p e r cen t and a lso  th a t  th e  b a s ic  

s c a t t e r  in  d e n s i t ie s  determ ined in  th i s  work i s  approxim ately 0.02 p e r
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cen t a t  p ressu res above 5 kbar and considerab ly  le s s  a t  lower pres* 

su re s . The reason fo r  th e  la rg e r  s c a t t e r  a t  high p ressu re s  i s  not 

com pletely understood.

Temperatures above 35" C 

The an a ly sis  o f  d a ta  a t  e lev a ted  tem peratures i s  most con

v e n ie n tly  c a rr ie d  out by m entally  s p l i t t i n g  the  p iezom eter in to  th re e  

p a r t s ;  a  constan t volune chamber o f  volume connecting c a p illa ry  

o f  volume and leng th  L, and a bellow s w ith Volume V^. Then the  

mass M o f  gas enclosed by th e  piezom eter can be expressed in  obvious 

n o ta tio n :

M * *c * (23)

Let p^ , Py and p^ be th e  gas d e n s it ie s  in  the  c a p i l la ry ,  bellow s and 

constan t volume chamber re s p e c tiv e ly , and p^ th e  d e n s ity  o f  the  gas 

a t  normal c o n d itio n s . p^ i s  a  fu n c tio n  o f  p o s it io n  along th e  c a p i l l 

ary  due to  th e  tem perature g rad ien t along i t s  leng th . I f  y i s  the  

displacem ent along th e  c a p i l la ry  from th e  t i p  o f  th e  bellow s (whidi 

i s  a t  35" C) then th e  mass o f  gas in  th e  c a p illa ry  i s  g iven  by:

H , - V |  . (24)
'  o

Also one can express p^ in  th e  form:
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Here f (y )  expresses th e  d iffe re n c e  between th e  a c tu a l d en sity  v a r ia 

t io n  along the  c a p i l la ry  leng th  and th e  l in e a r  fu n c tio n  «diidi p re 

cedes i t  in  th e  eq u a tio n . I t  i s  o f  course req u ired  th a t  f(o)>f(L )>0. 

In s e r t io n  o f  Eq. (25) in to  th e  expression  (24) y ie ld s :

Mg ** + YcPn j  ^(y) ^ (26)

H M
Then s in c e  Pv “ î7“  » P.. “ 17“  th i s  becomes : 

°  “  u

‘ VHf f(y)  ̂ . (27)
u b ^o

c<HQ>aring th is  l a s t  equation  w ith Eq. (23) th e re  fo llow s:

" “ ^  * »\,(* * ^  * Vc'N f *f7) ^  • (28)
u b ^o

Thus one ob tains th e  mass o f  gas in  th e  constan t volume chamber:

"  M
The Amagat d ensity  d^Wnch is defined  to  be  ̂ y  i s  g iven by:

As Eq. (30) stands i t  req u ire s  th e  a p r io r i  knowledge o f  

d e n s ity  as a fu nc tion  o f  tem perature f o r  th e  ev a lu a tio n  o f  f(y ) .



•1

Since th is  knowledge i s  one o f  th e  o h jec ts  e# th e  M peetM Btl 

n a tiv e  approach i s  req u ired . Lim its om the veime e f  the  set^ 

be e s ta b lish e d  by considering  th e  eatreme cases i#  e W #  th e  

i s  f i r s t  assumed to  be a t  3S* C over i t s  complete lemfth smd| 

sumed to  be a t  th e  h igher tem pera tu re . Thee tehtm# 

fo llow s:

Vo
7 : %

u
r  f(r )  f ‘(o.oixd^-dj

Thus th e  in te g ra l  over th e  c a p i l la ry  temperetwre d h e tr th e tl ;  

sm all and in  f a c t  i s  sm a lle r than  iad ice to d  by th e  

due to  th e  n e a rly  symmetric tem perature diffeemmehe m m  tm# 

o f  th e  c a p i l la r y .  C onsidering th e  sm ellnees e f  th e  Imtmpml 

i s  i n i t i a l l y  ignored . Then th e  use o f Eq. (Jh) w ith th e  È#: 

neg lec ted  r e s u l ts  in  a  s e t  o f  d e n s i t ie s  as fWmctseme e f  

and p re s su re . Gas d e n s i tie s  fo r  each isotherm  w o  them Imhi 

a t  500 b a r  in te rv a ls  o f  p re ssu re  by means o f Eq (11} emd a 

curve s im ila r  to  F ig . 10. The in te rp o la te d  dam aitioe a to  Hit 

by le a s t  squares techniques to  parabo las can tered  amar Mh, 

300* C. The m u ltip le  f i t s  a re  necessary  doe to  te ilm re  mf M 

to  f i t  a  q u a d ra tic  exp ression . The quad ra tic  Ansatiame me#
dfi

to  evaluate  and d e n s i t ie s  as fumetiona e f  tmqpmfmEe#'

b a r in te rv a ls  o f  p re ssu re . Thus th e  d en sity  vmrimiiam m lü  

along th e  c a p i l la ry  tube i s  d e ta m in e d  and th e  mnglnrtmf kmi(
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Here f (y )  expresses th e  d iffe re n c e  between th e  a c tu a l d e n s ity  v a r ia 

t io n  along th e  c a p i l la ry  len g th  and th e  l in e a r  fu n c tio n  idiich p re 

cedes i t  in  th e  equation . I t  i s  o f  course req u ired  th a t  f(o )« f(L )«0 . 

In se r tio n  o f  Eq. (25) in to  th e  exp ression  (24) y ie ld s :

Mg » V g (~  ♦ - i )  ♦ Vgp^ I f(y )  ^ (26)

ML M
Then s in c e  Pv •  ît~  * p„ * îT“ t h i s  becomes : 

 ̂ "  u

‘ ''cPh I  f C y ) ^  .  (%:)u b 'o

comparing t h i s  l a s t  equation  w ith Eq. (23) th e re  fo llow s:

M * " u d * V n I ^ • o w
u  b ^o

Thus one o b ta in s  th e  mass o f  gas in  th e  constan t volume chamber:

“  M
The Amagat d en sity  ^ t in c h  is defined  to  be -  y -  i s  given by:

As Eq. (30) stands i t  re q u ire s  th é  a  p r io r i  knowledge o f  

d en sity  as a  fu n c tio n  o f  tem perature fo r  th e  ev a lu a tio n  o f  f (y )  .
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Since th is  knowledge i s  one o f  th e  o b jec ts  o f  th e  eaqperimmt an a l t e r 

n a tiv e  approach i s  re q u ire d . L im its on th e  va lue  o f  th e  in te g ra l  can 

be e s ta b lish e d  by considering  th e  extreme cases in  id iid i th e  c a p i l la ry  

i s  f i r s t  assumed to  be a t  35* C over i t s  complete leng th  and then  a s -
y

sumed to  be a t  th e  h ig h e r tem perature . Then tak in g  :  0 .02 th e re
V  Tfo llow s:

I < (0 .0 1 )(d y -d J

Thus th e  in te g ra l  over th e  c iq> illary  tem perature  d is t r ib u t io n  i s  q u ite  

sm all and in  f a c t  i s  sm a lle r than  in d ic a te d  by th e  in e q u a lity  above 

due to  th e  n e a rly  symmetric tem perature d if fe re n c e s  from th e  m i^ m in t 

o f  th e  c a p i l la ry . C onsidering th e  sm allness o f  th e  in te g ra l  term i t  

i s  i n i t i a l l y  ignored . Then th e  use o f  Eq. (30) w ith th e  in te g ra l  term  

n eg lec ted  r e s u l ts  in  a  s e t  o f  d e n s i t ie s  as fu n c tio n s o f  tem perature 

and p re ssu re . Gas d e n s i tie s  fo r  each iso therm  a re  then  in te rp o la te d  

a t  500 b a r  in te rv a ls  p f  p re s su re  by means o f  Eq. (22) and a  d ev ia tio n  

curve s im ila r  to  F ig . 10. The in te rp o la te d  d e n s i t ie s  a re  then  f i t t e d  

by le a s t  squares techniques to  parabo las c en te red  near 100, 200 and 

300* C. The m u ltip le  f i t s  a re  necessary  due to  f a i lu r e  o f  th e  iso b a rs  

to  f i t  a  q u ad ra tic  exp ress ion . The q u a d ra tic  fu n c tio n s a re  them used; 

to  eva lua te  ( |^ )^*  and d e n s i t ie s  as func tions o f  tem perature a t  500 

b a r  in te rv a ls  o f  p re ssu re . Thus th e  d en sity  v a r ia t io n  w ith  teeq ieratqre  

along th e  c a p i l la ry  tube i s  determ ined and th e  neg lec ted  in te g ra l  o f
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Eq. (30) i s  evaluated  a t  th e  500 b a r  in te r v a l s .  The values o f  th e  in 

te g ra ls  a re  then  in te rp o la te d  as func tions o f  p ressu re  and th e  d e n s itie s

a t  th e  measured p re ssu re s  a re  in d iv id u a lly  c o rre c te d . S im ila r ly , th e
ddvalues o f  (%=) a re  in te rp o la te d  as fu n c tio n s o f  p ressu re  fo r  each oT p

isotherm  and a re  used to  c o rre c t th e  in d iv id u a l d e n s it ie s  to  correspond 

to  in te g ra l  tem pera tu res. T his l a s t  procedure perm its th e  coegiarison 

o f  d a ta  taken on d i f f e r e n t  runs w ith  d i f f e r e n t  masses o f  g as . The 

n e c e ss ity  fo r  c o rre c tio n  to  in te g ra l  tem pera tu res o r  a t  l e a s t  co r

responding tem peratures i s  due to  an i n a b i l i t y  to  e s ta b l is h  p re c is e ly  . 

th e  same s ta b le  tem perature c o n tro l p o s it io n  f o r  d if f e r e n t  ru n s , a l 

though th e  tem perature  d iffe re n c e s  a re  u su a lly  only about 0 .2  to  0 .3" C. 

The c o rre c tio n  f o r  th e  c a p i l la ry  tem perature d is t r ib u t io n  u su a lly  

amounts to  only about 0 .08 p e r  cen t on gas d e n s ity  a t  th e  h i p e s t  

tem perature and low est p re s su re , however, i t s  in c lu s io n  p rev en ts  a  

sy stem atic  e r ro r .

The volumes o f  th e  constan t volume chamber and c a p i l la ry  whidi 

appear in  Eq. (30) must be c o rre c te d  fo r  t h e i r  therm al expansions and 

th e i r  compressions under p re s su re . This in  tu rn  req u ire s  a  knowledge 

o f  th e  therm al expansion c o e f f ic ie n t  o f  n ic k e l and a lso  i t s  coaqpress- 

i b i l i t y  as a fu n c tio n  o f  tem pera tu re . The experim ental de te rm ina tion  

o f  each o f  th ese  q u a n ti t ie s  has been d iscu ssed . The determ ina tion  o f  

th e  bellow s volume which s p e a r s  in  Eq. (30) i s  obtained  in  th e  

fo llow ing way: The i n i t i a l  volume o f  th e  p iezom eter a t  th e  low est 

p ressu re  on th e  35" C isotherm  i s  ob tained  from le a s t  squares fo rced
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f i t  to  th e  f id u c ia l  d a ta . Then th e  knorni volumes o f  constan t volume 

chamber and c a p il la ry  a re  su b trac ted  leaving  th e  bellows volume a t  

th e  lowest p re s su re . The volume change to  some s lid ew ire  s e t t in g  

fo r  which a  p o in t i s  taken  a t  high tem perature can be computed using  

Eq. (12) and th e  c o rre c tio n  (18) added to  ob ta in  th e  bellow s volume 

a t  and tem pera tu re . Equation (12) w ith the  c o e f f ic ie n ts  eva lua ted  

fo r  the  h ig h e r temq)erature can then be used to  f in d  the  bellow s volume 

a t  any p re ssu re .

The d iscu ss io n  thus f a r  has assumed th e  ex is ten ce  o f  an is o 

therm  a t  35** C fo r  th e  gases which have been te s te d .  This i s  no t a l 

ways th e  case and indeed i t  has no t been p o ss ib le  in  simie cases even 

to  co n stru c t r e l ia b le  f id u c ia l  d a ta  from th e  l i t e r a t u r e .  F o rtu n a te ly , 

in  th ese  in s tan c es  f id u c ia l  d a ta  has been a v a ila b le  a t  tenqperatures 

above 35* C b u t in  o rd er to  use i t  one must in v e r t  Eq. (30) (again  

n e g le c tin g  th e  in te g ra l  in  f i r s t  approxim ation). Then i f  a l l  volume 

changes both a t  35* C and th e  h ig h er tem perature a re  c a lc u la te d  r e l a 

t iv e  to  the  same value to  th e  p ressu re  P which i s  common to  both 

isotherm s Eq. (30) takes th e  form:

AV (35) + V. (T,D ) -  V. (|>,35) + AV + AV -  AV. (T) 
d = d^ci -  - s -------------2------ 1--------2 _ !------------- H--------£-------- S— ) (31)

Where AVj^(35) i s  th e  bellow s volume change between and p re ssu re  P 

a t  35* C, AV^(T) i s  th e  same q u an tity  a t  tem pera tu re , Vy(T,D^)-V^(35,D^)
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i s  given by Eq. (18), and and aV  ̂ a re  th e  enlargem ents o f  the  

constan t volume chamber and c a p i l la ry  tdiich a re  due to  th e  therm al 

expansion and d iffe re n c e  in  c o m p re ss ib ili t ie s  between th e  h ig h e r 

tem perature  and 35* C a t  p re ssu re  P. The volume changes a t  35* C must 

be in te rp o la te d  fo r  use in  Eq. (30 ); o therw ise  th e  in tro d u c tio n  o f 

f id u c ia l  d e n s i t ie s  fo r  d^ perm its th e  s tra ig h tfo rw a rd  c a lc u la tio n s  o f  

th e  " f id u c ia l"  35* C d e n s i t ie s  d^. Ihe  d a ta  red u c tio n  then  proceeds 

along th e  l in e s  p rev io u s ly  developed.

Equation (31) re v e a ls  th a t  d e n s i t ie s  a t  tem peratures above 

35* C depend e s s e n t ia l ly  upon volume r a t io s  tdiich a re  experim en tally  

determ ined r a th e r  than on th e  reducing param eters and which «ap

p e a r  in  th e  a n a ly s is . Ih e  volimie r a t i o  given in  th e  equation  i s  in 

te rn a l ly  c o n s is te n t to  th e  e x te n t th a t  both bellow s volume changes and 

volumes o f  co n stan t volume chamber and c a p i l la ry  a re  c a l ib ra te d  in  

term s o f  th e  d e n s ity  o f  mercury samples which came from th e  same lab o r

a to ry  c o n ta in e r  in  each case .

C orrec tion  fo r  Inaccu ra te  F id u c ia l Data 

Equations (21) and (31) suggest a  scheme fo r  c o rre c tin g  the  

d e n s i t ie s  given in  th is  th e s is  fo r  in accu rac ies  in  th e  f id u c ia l  d a ta .

The in te g r i ty  o f  th ese  measurements can be p reserved  w ith in  experim ental 

e r r o r  by p rese rv in g  th e  values o f  o f  Eq. (21) and th e  volume r a t io s  

g iven by (31 ). I f  new f id u c ia l  d e n s i t ie s  and corresponding to  

p ressu re s  and P^ a re  assumed a t  35* C and d^ and d^ a re  ta b u la r
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values g iven  w ith in  th e se  pages then  the  co rrec ted  values o f  d w ill  

be given by:

P jd l
c o r r  d j ( l - r )  ♦ rd^ (32)

Where d^ a re  th e  d a ta  ta b le  e n tr ie s  rep o rted  h e re in  and

The c o rre c tio n  a t  h i ^ e r  tem peratures can then be ob tained  as follow s:

^corr^'*'^) a d(P.T) 
d ^ Ï P ,3 S * C )  d(P,3S^ C) •

Sudi c o rre c tio n s  obviously  should be undertaken w ith th e  la rg e s t  pos

s ib le  va lue  fo r  th e  d if fe re n c e  pg-P}, s in c e  th e  two p o in t f i t  e s s e n t i

a l ly  e s ta b lis h e s  no t only  th e  magnitude o f  th e  d e n s i tie s  b u t a lso  the  

slope  o f  th e  isotherm .



CHAPTER VI

EXPERIMENTAL RESULTS

Argon

Hie experim entation  w ith argon occupied by f a r  th e  la rg e s t  

p o rtio n  o f  tim e sp en t in  ob ta in ing  th e  experim ental r e s u l t s .  The 

argon runs were used in  th e  p rocess o f  de-bugging th e  experiment 

c h ie f ly  because i t  was th e  s im p le s t o f  th e  m olecules s tu d ie d  and be

cause i t  f re e z e s  a t  atm ospheric p re ssu re  a t  a  tem perature  above th e  

b o ilin g  te s p e ra tu re  o f  l iq u id  n itro g e n . For n itro g e n  a  back -p ressu re  

must be kept on th e  free ze  valve  o r  i t  w il l  open w ith sp e c ta c u la r  r e 

s u l t s .  The e a r l i e s t  runs w ith argon were made b e fo re  a  thorough 

understanding o f  th e  bellow s c a l ib r a t io n  requirtmnents was ob tained . 

Needless to  sa y , th e  r e s u l t in g  d a ta  in sp ire d  a thorough stucfy o f  th e  

b ridge  correcticm s and se v e ra l v e rs io n s  o f  the  g re a t m icrovo lt h un t.

The f id u c ia l  d a ta  td iid i were adopted fo r  th e  argon reduc tion  

were from M ichels e t  uZ. I t  was necessary  to  in te rp o la te  these

d a ta  to  c o n s tru c t a  35* C iso therm . T his was done in  two ways: f i r s t  

a  m u ltip le  p o in t Lagrangian in te rp o la t io n  o f  th e  o r ig in a l  d a ta , follow ed 

by a  le a s t  squares polynomial f i t  to  a  v i r i a l  expansion; second, a

66
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m u ltip le  p o in t Lagrangian in te rp o la t io n  o f  the  v i r i a l  c o e f f ic ie n ts  

given by M ichels e t  a l ,  The d iffe re n c e  between th e se  two approaches 

i s  n e g lig ib le  fo r  th e  p re se n t purposes since  i t  amounts to  le s s  than  

0.01 per c e n t.

The v i r i a l  equation  which was used fo r  th e  re p re se n ta tio n  and 

in te rp o la t io n  o f  th e  f id u c ia l  d a ta  can be expressed in  the  form:

kPV » P

The 35* C v i r i a l  c o e f f ic ie n ts  idiich were used to  provide th e  

f id u c ia l  d a ta  used in  th e  p re se n t work on argon a re  given below:

= RT = 1.14417134 bar-am agats 

Aj = -0.69558047 x lO’ ^

Ag = 2.28813875 x 10"®

A  ̂ = l . « 66043811 X lO"*

A  ̂ = -2.44483945 x lO"^^

Ag = 11.01996818 X lO"*®

Ag = -2.6902406 x 10"**

The most confounding o f  th e  e a r ly  bad r e s u l t s  was due to  th e  

re l ia n c e  iqpon th e  f id u c ia l  d a ta  to  a  f u l l  3000 b a r s .  The measured 

volume changes sim ply f a i l e d  to  f i t  over th e  f u l l  range . This in sp ire d  

th e  e r ro r  a n a ly s is  o f  th e  nex t c h ap te r before  i t  was re a liz e d  th a t  

M ichels measurements on th e  n e a re s t  isotherm s a t  25* C and 50* C ex

tended only to  about 2300 b a rs .  When th e  f id u c ia l  range was r e s t r i c te d
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to  p o in ts  below 2500 bars rem arkable agreement re s u lte d  as i s  shown 

in  F ig . 9 . Above 2500 b a rs  th e  r e s u l ts  d e v ia te  from th e  e x tra p o la te d  

d e n s itie s  from th e  f id u c ia l  v i r i a l  expansion. This i s  not due to  a 

f a u l t  w ith th e  f id u c ia l  d a ta ;  j u s t  the  e x tra p o la tio n  i s  no t v a lid .

The e a r l i e s t  d a ta  e x h ib ited  about tw ice th e  random s c a t t e r  —  

shown in  F ig . 9 due to  lack  o f  p o la r i ty  rev e rs in g  sw itches on th e  

b rid g e  c i r c u i t .  V ariab le  therm al emfs were resp o n sib le  fo r  th e  la rg e r  

s c a t t e r .  In  th e  face o f  th e  a d d itio n a l s c a t t e r ,  a  forced  f i t  to  3000 

b a rs  produced what appeared to  be a p a ra b o lic  sy s tem atic  p a t te rn  in  

th e  re s id u a ls  These fe a tu re s  provoked th e  c a re fu l s tudy  o f  th e

bellow s c a l ib ra t io n  and th e  in s ta llm e n t o f  th e  p o la r i ty  re v e rsa l 

sw itches. In  a d d itio n , heavy busses were provided fo r  th e  ends o f  th e  

KtAlrausdi s lid e w ire  to  minimize th e  reg ion  o f  in d iffe re n c e  o f  th e  ex

te rn a l  c i r c u i t .  F in a lly , th e  l a s t  th re e  runs w ith argon produced d a ta  

w ith e x c e lle n t r e p ro d u c ib il i ty  and accep tab ly  sm all s c a t t e r .  The r e 

p ro d u c ib ili ty  a t  35* C i s  always fo rced  over a p o r tio n  o f  th e  p re ssu re  

range due to  re l ia n c e  each tim e on f id u c ia l  d a ta . At o th e r tem peratures 

th e  agreement between r e s u l ts  from d i f f e r e n t  runs i s  no t fo rced  and 

a f t e r  th e  d e n s i t ie s  from d i f f e r e n t  runs have been co rrec ted  to  th e  

corresponding in te g ra l  tem peratures th e  complete r e s u l ts  can be com

pared  by means o f  th e  d e v ia tio n s  from th e  m odified T a it equa tion . Re

s u l t s  from d i f f e r e n t  runs reproduce w ith in  th e  s c a t t e r  o f  th e  p o in ts  

over th e  common p ressu re  range. This range o f  comparison i s  sometimes 

as g rea t as 4 to  5 kbar. The re p ro d u c ib il i ty  i s  much b e t t e r  than  could
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be expected i f  tem perature measurements taken  a t  d i f f e r e n t  tim es were 

as u n c e rta in  as they were estim ated  to  be in  Chapter I I I  o r  i f  d i f f e r 

en t bellow s and constan t volume chamber c a lib ra tio n s  were in c o n s is te n t 

to  more than  0 .1  p e r c en t.

U nfo rtunate ly , th e  d a ta  a t  100* C does not agree q u ite  so w ell 

w ith th e  d a ta  o f  M idiels e t  a l .  The divergence in  d e n s itie s  i s  sm all; 

th e  100* C d e n s i tie s  ob ta ined  in  th e  p re sen t experiment a re  abou t 0 .6  

amagats la rg e r  than those  o f  M ichels e t  a l .  I t  i s  shown in  th e  next 

d ia p te r  th a t  th i s  i s  about a  fa c to r  o f  th re e  beyond th e  expected e r ro r  

o f th e  p re se n t experim ent. T his sm all d iffe re n c e  in  d e n s i t ie s  c o rre s

ponds to  about 1 .0  p e r  cen t d iffe re n c e  in  th e  gas theim al expansions 

as measured in  t h i s  work and as measured by Michels e t  a l .  S ince th e  

therm al ejqiansion m easur«aent i s  a  d i r e c t  one in  th e  p resen t work i t  

i s  d i f f i c u l t  to  expect even 0 .3  p e r cen t e r ro r  on th i s  de te rm ina tion .

Another in d ic a tio n  o f  sm all in c o n s is te n c ie s  between th i s  woric 

and th a t  o f  M ichels e t  a l .  i s  given by th e  i n i t i a l  piezom eter volume 

which i s  reso lved  using  th e  f id u c ia l  d e n s i t ie s .  I t  i s  p o ss ib le  by 

a technique o u tlin e d  in  th e  Appendix to  o b ta in  th e  i n i t i a l  volume in 

dependently o f  f id u c ia l  d a ta . The independently  determ ined value agrees 

to  w ith in  0 .2  p e r cent o f  a va lue  ob tained  by ad d itio n  o f  th e  volumes o f 

the  in d iv id u a l p a r ts  o f  th e  piezom eter w hile both values a re  about 0 .7  

p e r cen t la rg e r  than the  va lue  ob tained  using  th e  f id u c ia l  d a ta . The 

in d ic a tio n  in  th i s  l a s t  case  i s  th a t  th e  q u a n tity  a  which appears in
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Eq. (21) i s  too  sm all by perhaps 0 .2 -0 .3  p e r  c e n t. Assuming the  

lowest f id u c ia l  po in t to  be a cc u ra te , then  th e  d e n s itie s  a t  10,000 

b a rs  ob ta ined  in  th is  work could  be in  e r r o r  by 0 .3 --0 .4  p e r  cent 

due to  estab lishm en t o f  an erroneous slope o f  th e  isotherm  in  the  f i 

d u c ia l range . As a  r e s u l t  o f  t h i s  u n c e r ta in ty  i t  i s  f e l t  th a t  ac- 

curaqr g r e a te r  than 0 .4  p e r  cen t on the  la r g e s t  d e n s it ie s  in  Tables 

I I ,  I I I  and V cannot be claim ed. The sm all lack  o f  agreement w ith 

th e  work o f  N idhels e t  a l .  caused th e  exp en d itu re  o f  considerab le  e f 

fo r t  to  check both th e  in te r n a l  consistency  and abso lu te  accuracy o f  

th e  p re se n t woik. I t  i s  b e liev e d  now th a t  th e  discrepancy i s  due to  

some p h y sica l e f f e c t  r a th e r  than  e r ro r  o f  m easuronent. One p o ss ib le  

source o f  th e  disagreem ent i s  th e  van der Waals in te r a c t io n  between 

th e  argon and th e  mercury used by M idiels e t  a l .  to  compress t h e i r  gas. 

This in te r a c t io n  has been d iscussed  by Jepson and Rowlinson^^^^ in  sane 

o rder o f  magnitude c a lc u la tio n s  fo r  r e la t iv e ly  low p re s su re . They con

clude th a t  th e  e f f e c t  can be la rg e , however, th e  c a lc u la tio n s  a re  not 

accu ra te  enough to  be used fo r  c o rre c tio n  o f  th e  experim ental work and 

th e  au th o r i s  unaware o f  any experim ental de te rm ina tions o f  th e  e f f e c t .

Argon has been th e  s id ije c t o f  experim entation  by o th e r  wozkers.
f22TBridgman^  ̂ s tu d ied  i t  tw ice ; h i s  f i r s t  work gave volume changes from 

2 kbar to  15 kbar w hile h is  l a t e r  work e v a lu a ted  th e  d e n s ity  a t  2 

kbars from which the  d e n s i t ie s  a t  h igher p re s su re s  could be eva lua ted . 

The d e n s i t ie s  given by Bridgman a re  about 6 t o  7 p e r cen t lower than 

th e  ones rep o rted  h e re in . This i s  probably due to  th e  argon d isso lv in g
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in  th e  kerosene which was used as a p ressu re  tra n sm ittin g  f lu id  thus 

r e s u l t in g  in  volume changes fo r  a mass o f  gas sm a lle r than Bridgman 

th o u ^ it .  Babb has c o rre c te d  Bridgman's iso therm al d a ta  by assuming 

th a t  th e  kerosene was s a tu ra te d  w ith argon a t  2 kbars . Then by using 

th e  d a ta  o f  Michels e t  a l .  to  f i t  th e  volume change measurements new 

d e n s i t ie s  were determ ined. The r e s u l ts  s t i l l  d i f f e r  by around 1.0 

p e r  cen t from those  o f  th e  p re se n t work presumably due to  a p ressu re  

dependent s o lu b i l i ty  o f  argon in  kerosene.
f231More re c e n tly  Polyakov and T s ik lis   ̂ have pid>lished d a ta  

f o r  argon over th e  same p re ssu re  and tem perature ranges as th e  p re 

se n t work. T heir d a ta  d i f f e r s  from th i s  work by 2 to  3 p e r  c e n t,  w ith 

th e  disagreem ent being  a s l ig h t  fu nc tion  o f  p ressu re  and n e a rly  the  

same a t  each te i^ e r a tu r e .  T h e ir method c o n s is ted  o f  loading a  p ressu re  

v e sse l w ith gas measuring i t s  volume, removing i t  and measuring th e  

volume a t  one atmosphere then  rep ea tin g  th e  p rocess w ith a s t e e l  d is 

p lac in g  s lu g  in  th e  p ressu re  v e s s e l .  The d iffe re n c e  in  volumes o f  

gas i s  th e  volume o f  gas d isp laced  by th e  s lu g . A ll e l a s t i c  d i s to r 

t io n s  o f  th e  p ressu re  v e sse l a re  cancelled  by th is  p rocedure, however, 

p l a s t i c  d is to r t io n s  such as could  occur in  th e  p ressu re  s e a ls  could 

lead  to  system atic  e r r o r .  T h e ir  p ressu re  c a l ib ra t io n  m ust-b.ejregarded 

as in f e r io r  to  th e  one in  th e  p re sen t eaqieriment s in c e  t h e i r  manganin 

gauges were c a lib ra te d  a t  a  s in g le  p o in t d e sp ite  widespread knowledge 

o f  th e  n o n lin ea r b d ia v io r  o f  manganin. In  a d d itio n , t h e i r  work was un

dertaken  w ith  poor tem perature  c o n tro l and th e  c o m p ress ib ility  used fo r
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t h e i r  d isp lac in g  slug  was fo r  a  m a te ria l s im ila r  to ,  bu t not th e  s  

as the  a c tu a l s lu g . The co m p ress ib ility  was n o t co rrec ted  fo r  th e  

e f fe c ts  o f  tem perature.

The measurements o f  Lecocq^^^^ o f  th e  isotherm s to  950* C and 

1000 b a rs  se rve  to  f i l l  in  p a r t  o f  the  reg ion  no t covered in  th e  p re 

s e n t work although n e ith e r  s e t  o f  r e s u l ts  can be e x tra p o la ted  e a s i ly  

en o u ^  o r  w ell enough fo r  meaningful comparisons to  be made.

By way o f  comparison w ith  th eo ry . Cure and Babb^^^^ have 

num erically  in te g ra te d  the Percus-Yevick equation  fo r  th e  55* C i s o 

therm o f  argon using  a m odified Buckingham model in te im o lec u la r po

t e n t i a l  fu n c tio n . They compared th e i r  r e s u l ts  w ith th e  same c a lc u la -
f27Tt io n s  fo r  a Lennard-Jones '  p o te n t ia l  and a lso  w ith a  Monte-Carlo 

r28icalcu lation '*   ̂ u sing  th e  Lennard-Jones p o te n t ia l .  In  a l l  cases th e  

divergences between th e  various c a lc u la tio n s  a re  sm all in  comparison 

w ith t h e i r  disagreem ents w ith th e  p resen t experim ent. The d isa g re e 

ment between theory  and experiment i s  most pronounced a t  h igh  d e n s i t ie s  

and read ies  about 10 p e r  c en t. There could be many exp lanations fo r  

t h i s  r e s u l t ,  however, a  c le a r  d iv is io n  o f  th e  problem i s  p re se n tly  

im possib le. B r ie f ly , i t  remains to  be determ ined whether o r no t th e  

p o te n t ia l  energy o f  in te ra c t io n  o f  m olecules a t  h igh d e n s itie s  can be 

assumed pairw ise  a d d itiv e . Even i f  pa irw ise  a d d i t iv i ty  i s  v a lid  i t  

seems c le a r  th a t  b e t t e r  rep re se n ta tio n s  o f  in te rm o lecu la r p o te n t ia ls  

w i l l  be req u ired . This i s  sometimes dem onstrated by a lack o f  a b i l i t y  

to  e f f e c t  agreement between c a lc u la tio n s  and experim ent fo r  both  th e
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t ra n sp o rt p ro p e r tie s  and low o rd e r v i r i a l  c o e f f ic ie n ts  fo r  gases using 

th e  same assumed in te rm o lecu la r p o te n t ia l  fu n c tio n . F in a lly , i t  i s  by 

no means e s ta b lish e d  th a t  th e  c u rre n t s t a t i s t i c a l  mechanical formula

t io n  o f  th e  dense f lu id  s t a t e  i s  capable o f  d e sc rib in g  dense f lu id s  

and th i s  sta tem ent ap p lie s  doubly to  approxim ate th e o r ie s  sud i as th e  

Percus-Yevick approxim ation.

Argon Data Tables 

The d a ta  in  th e  fo llow ing  ta b le s  has been gathered  in  sev e ra l 

runs on research  grade argon ob tained  from th e  Matheson company. The 

le a s t  pure o f  th e  samples showed im purity  le v e ls  o f  le s s  than  one p a r t  

p e r m illio n  hence a l l  r e s u l t s  were averaged w ithou t regard  to  impur

i t i e s  and were in te rp o la te d  by means o f  th e  m odified T a it  equation  and 

d ev ia tio n  curves to  form T ables I I  and I I I .  The param eters fo r  the  

m odified T a it  equations which were used a re  given in  Table IV. The 

o r ig in a l p o in ts  iq>on which th e  in te rp o la te d  d a ta  were based a re  given 

follow ing Table IV. They a re  arranged , w ith in  a given tem pera tu re , in  

groups o f  in d iv id u a l runs in  th e  o rd e r in  which they were taken  and 

separa ted  by l in e s .  In d iv id u a l runs a re  arranged ch ro n o lo g ica lly  and 

rep resen t runs w ith d if f e r e n t  be llow s, thermocouple and p ressu re  gauge 

c a l ib ra t io n s .  E arly  d a ta  taken  b efo re  th e  system  was de-bugged are  

not included and some h a l f  dozen p o in ts  have been e lim in a ted  as being 

bad read ings. An e x tra  decim al p lace  has been c a r r ie d  on th e  o r ig in a l  

d a ta  s in ce  th e  random s c a t t e r  i s  about 0 .1  to  0.15 amagats.
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Figures 11, 12 and 13 follow  th e  ta b le s  o f  raw d a ta  and de

p i c t  th e  argon isothermes, isochores and iso b a rs  re sp e c tiv e ly .

An in te re s t in g  aspec t o f  th e  d a ta  in  Table I I I  i s  th e  changing 

s ig n  o f  withni th e  experim ental tem perature range. This

b d ia v io r  i s  to  be expected  b u t has apparen tly  not been noted by o th e r  

woricers. Over th e  range covered here  th e  locus o f  p o in ts  such th a t

( | | ) d  * 0 i s  given by:

Z * 4.859 -  0.00S3T (T in  *C) .

T his i s  a  s t r a ig h t  l in e  w ith in  th e  r a th e r  broad lim its  o f  e r ro r .  The

maxima on th e  iso d io re s  i s  so broad th a t  th e  locus o f  maxima i s  no t

w ell known. Along t h i s  locus th e  s o -c a lle d  in te rn a l  p ressu re  vanishes
dP- i . e .  th e  therm al p re ssu re  T(— ) i s  balanced by the  ex te rn a l p re s -oT d

su re . This locus i s  c a lle d  e i th e r  th e  Jo u le  l in e  o r the  Amagat l in e .
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Table I I .  D en sitie s  o f  Argon a t  In te g ra l P ressures

Temperature,"C
Pressu re

Bars 35 100 200 300
Density
AmagatsG

400

1500 614.7

2000 671.9 618.0

2500 715.7 665.6 600.8 547.9 503.1

3000 751.5 704.5 642.4 591.3 547.6

3500 782.0 737.3 678.0 628.3 585.7

4000 808.5 765.8 708.8 660.6 619.0

4500 832.0 791.1 736.2 689.4 648.7

5000 853.2 813.8 760.7 715.2 675.4

5500 872.7 834.5 783.0 738.6 699.6

6000 890.6 853.5 803.3 760.1 721.8

6500 907.2 871.0 822.1 779.8 742.2

7000 922.8 887.4 839.5 798.0 761.2

7500 937.5 902.8 855.9 815.1 779.0

8000 951.4 917.3 871.3 831.2 795.7

8500 964.5 931.1 886.0 846.5 811.5

9000 977.0 944.1 899.9 861.0 826.4

9500 988.9 956.5 913.1 874.7 840.6

10000 1000.2 968.4 925.6 888.0 854.1

^ o r  t h i s  worii one amagat u n i t  o f  d e n s ity  « 4.4647 x I0~ moIe/cm^ 
from Ref. I .  The d iffé re n c e  between th i s  va lue  and th a t  given by 
B axter and S tarkw eather [Proc. N at. Acad. S c i. 12, 699 (1926),
57 (1928)] i s  n e g lig ib le  fo r  th e  p re se n t purposes.
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Table in .  P ressures o f  Argon a t In te g ra l D en sitie s

Density
Amagats

Temperature, ®C
35<% 100^ 200 300

P ressu re
Bars

400

500 863 1170 2468

550 1095 1466 2523 3030

600 1394 1845 2491 3112 3707

650 1790 2323 3100 3829 4524

700 2308 2937 3850 4700 5509

750 2976 3714 4775 5760 6700

800 3833 4690 5915 7058 8133

850 4920 5906 7317 8618 9845

900 6278 7407 9004

950 7947 9234

1000 9985

^rhe values above the  l in e  in  these  two columns were ca lcu 
la te d  from M id iels e t  a l .  ( l )  Due to  th e  in co n s is ten cy  o f  
theim al eiqiansion mentioned in  th e  te x t  th e  100* column i s  
no t smooth: th e  v i r i a l  expansion would p re d ic t  2330 bars 
a t  650 am agats.
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Table IV. Param eters in  th e  M odified T a it Equation

35" 100" 200" 300" 400"

P ^(bars) 2500 2500 2500 2500 2500

d^(Amagats) 715.64 665.62 600.82 547.90 503.12

B (bars) 555.70 346.65 244.07 246.95 279.65

C(Amagats) 229.56 234.60 246.57 258.34 268.38

0 *2 0 .60  0 .44  0 .36  0 .19

^ th is  i s  th e  m s  dev ia tio n  o f  th e  equatitm  w ith c i te d  
param eters froai th e  observed experim ental p o in ts  in  
th e  range 2500 - 10,000 b a rs .
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P
bars

d
amagats

35 .OO'C 35 .OO'C Contd. 35 .OO'C Contd. 3 5 .OO'C Contd.

1191 568.32 6538 908.42 2127 684.05 5253 863.24
1259 579.19 6782 916.04 2313 700.45 4691 840.43
1295 585.19 7035 922.85 2543 718.96 4090 812.85
1339 591.86 7333 932.37 2760 735.05 --------------

1409 602.11 7577 939.39 54. 85 ' C
1486 612.71 7818 946.09 4195 817.86 3662 777.07
1566 623.45 3176 762.86 2564 705.79
1658 634.75 1537 619.59 3497 781.81 2751 719.84
1749 645.34 1612 629.15 3865 800.66 2933 732.50
1843 655.86 1682 637.62 4044 810.27 3130 744.26

1944 666.27 1760 646.63 4367 825.97 3337 758.46
2045 676.88 1851 656.62 ■ 3354 773.54 3564 771.70
2154 686.38 1946 666.50 3683 792.02 3800 784.74
2270 696.94 2046 676.37 4605 836.65 4172 803.50
2406 708.24 2163 687.30 5106 857.48 4454 817.55

2550 719.78 2281 697.73 5724 880.87 4746 830.20
2689 730.24 2400 707.69 6391 903.71 5034 842.26
2848 739.68 2558 720.67 7095 925.73 5386 856.29
2969 749.67 2749 734.25 7767 944.76 5723 868.82

2346 703.17 2938 747.25 8560 965.72 6077 881.44
2425 709.70 3147 760.69 7237 930.09 6469 894.61
2504 715.99 3375 774.39 6100 894.15 6865 907.14
2590 722.47 3622 788.24 6798 916.86 7279 919.51
2674 728.91 3883 801.92 8175 956.17 7753 933.12

2763 735.42 4161 815.55 10245 1005:65
2958 748.77 4439 828.33 9611 991.84 95. 2 5 ' C
3158 761.63 4058 810.60 8889 974.55
3369 774.39 3466 779.61 7440 936.00 2834 695.95
3596 787.35 3026 753.02 5450 871.00 3013 709.04

3823 799.79 2665 728.21 4847 846.88 322Î 722.92
4074 812.16 2324 701.39 3433 736.48
4346 824.99 2102 681.68 5826 884.70 3646 749.18
4629 837.67 1866 660.36 6465 906.22 3881 762.44
4942 850.90 1718 641.83 7620 941.00 4134 775.91

5245 862.94 2405 708.10 8586 966.71 4397 788.92
5593 876.03 9917 998.32 4680 802.45
5849 885.14 9380 986.22 4989 815.91
6034 891.71 * 7940 949.79 5295 829.00
6243 898.64 1980 669.87 6964 921.84 5625 842.19
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95.25" C Contd.
5972
6311
6320
6652
7116

7492
7949
8387

854.98
867.26
867.56
878.61
894.64

905.12
918.17
930.44

100.40" C

1811
1918
2052
2209
2574
2809
3050
3339
3686
4064
4493
4275
3499
2707
2133

596.51 
608.71
623.17
638.95
671.52 
690.04 
707.55
726.88
748.00
769.03
790.51
779.95
737.12
682.44
631.62

100.10" C

4947
4510
4769
5473
6055
6629
7442
8215
8994
9268
9704
9980
8629

811.60
791.51
803.44
833.35
855.36 
875.43
900.98 
923.21
943.98 
950.80 
961.35 
967.88 
934.46

P
bars

d
amagats (Contd.)

7810 911.89 3411 671.99 5559 741.11
7081 889.84 2906 635.17 5982 759.11
6319 864.73 2513_ 601.94 6893 794.06
5785 845.21 7713 822.13
5201 822.24 200. 13" C 8383 842.98

5378 777.78 9020 861.39
4618 742.54 10052 889.33

200 .19" C 5013 761.22 9678 880.30
5752 792.73 9295 869.15

3272 662.61 6363 817.08 8737 853.88
3481 676.67 7755 863.73 8054 832.85
3703 690.83 8385 882.48 7352 810.11
3934 704.67 9183 904.70 6537 781.61
4188 719.47 10139 928.93

4432 732.61 9543 914.18 399.90" C
4699 746.16 8731 892.45
4981 759.74 8052 872.82 2833 533.57
5300 774.42 7341 850.77 4241 633.74
5567 785.60 6616 826.04 3888 612.06

5865 798.03 6076 806.09 3593 597.33
6124 < 808.01 3314 572.16
6474 820.95 3051 551.74
7178 845.20 300. 00" C
7773 864.31
8413 883.12 2528 550.29
9000 899.60 2784 573.38
9454 911.59 2945 586.74 6656 748.37

3178 604.97 6076 725.04

' 200 .20" C 3478 626.69 5621 705.17
3781 646.96 5168 683.88

2247 576.57 4114 667.43 5458 697.67
2421 593.11 4477 688.08 5902 717.58
2606 610.06 4868 708.57 6369 737.03

2796 626.15 5370 732.59 7297 771.80
3024 644.21 5933 757.29 7831 790.54
3281 662.97 6702 787.46 10036 854.96
3566 682.21 5098 720.27 9528 841.57
3901 702.78 4276 677.12 9106 829.55

4267 723.54 3600 635.38 8671 816.92
4681 745.13 3076 597.25 8369 807.52
5150 767.46 8010 795.99
5352 776.47 7618 783.03
4079 713.33 300. 10" C 6949 759.35
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P
b a rs

d
M M gats

35.00*C 35.OO'C Contd. 35 .OO'C Contd. 3 5 .OO'C Contd.

1191 568.32 6538 908.42 2127 684.05 5253 863.24
1259 579.19 6782 916.04 2515 700.45 4691 840.43
1295 585.19 7035 922.85 2543 718.96 4090 812.85
1339 591.86 7333 932.37 2760 735.05 — —  —  —

1409 602.11 7577 939.39 54. 85 ' C
1486 612.71 781* 946.09 4195 817.86 3662 777.07
1566 623.45 3176 762.86 2564 705.79
1658 634.75 1537 619.59 3497 781.81 2751 719.84
1749 645.34 1612 629.15 3865 800.66 2933 752.50
1843 655.86 1682 637.62 4044 810.27 3130 744.26

1944 666.27 1760 646.63 4367 825.97 3337 758.46
2045 676.88 1851 656.62 3354 773.54 3564 771.70
2154 686.38 1946 666.50 3683 792.02 3800 784.74
2270 696.94 204* 676.37 4605 836.65 4172 803.50
2406 708.24 2163 687.30 5106 857.48 4454 817.55

2550 719.78 2281 697.73 5724 880.87 4746 830.20
2689 730.24 2400 707.69 6391 903.71 5034 842.26
2848 739.68 2558 720.67 7095 925.73 5386 856.29
2969 749.67 2749 734.25 7767 944.76 5723 868.82

2346 703.17 2938 747.25 8560 965.72 6077 881.44
2425 709.70 3147 760.69 7237 930.09 6469 894.61
2504 715.99 3375 774.39 6100 894.15 6865 907.14
2590 722.47 3622 788.24 6798 916.86 7279 919.51
2674 728.91 3883 801.92 8175 956.17 7753 933.12

2763 735.42 4161 815.55 10245 1005.65 - - - - - - —  —  —  —  —

2958 748.77 4439 828.33 9611 991.84 95. 2 5 ' C
3158 761.63 4058 810.60 8889 974.55
3369 774.39 3466 7 ^ .6 1 7440 936.00 2834 695.95
3596 787.35 3026 753.02 5450 871.00 3013 709.04

3823 799.79 2665 728.21 4847 846.88 3221 722.92
4074 812.16 2324 701.39 — •  ^ 3433 736.48
4346 824.99 2102 681.68 5826 884.70 3646 749.18
4629 837.67 1866 660.36 6465 906.22 3881 762.44
4942 850.90 1718 641.83 7620 941.00 4134 775.91

5245 862.94 2405 708.10 8586 966.71 4397 788.92
5595 876.03 9917 998.32 4680 802.45
5849 885.14 9380 986.22 4989 815.91
6034 891.71 7940 949.79 5295 829.00
6243 898.64 1980 669.87 6964 921.84 5625 842.19
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r d (C ontd .)bars anagats
95.25" C Contd.
5972 854.98 7810 911.89 5411 671.99 5559 741.11
6311 867.26 7081 889.84 2906 635.17 5982 759.11
6320 867.56 6319 864.73 2513 __601.94 6893 794.06
6652 878.61 5785 845.21 7713 822.13
7116 894.64 5201 822.24 200. 13® C 8383 842.98

7492 905.12 5578 777.78 9020 861.39
7949 918.17 4618 742.54 10052 889.33
8387 930.44 200. 19® C 5015 761.22 9678 880.30

5752 792.73 9295 869.15

3272 662.61 6565 817.08 8737 853.88
100. 40" C 3481 676.67 7755 865.73 8054 852.85

5703 690.85 8585 882.48 7552 810.11
1811 596.51 5954 704.67 9185 904.70 6557 781.61
1918 608.71 4188 719.47 10159 928.95

2052 623.17 4432 732.61 9545 914.18 399 .90® C
2209 638.95 4699 746.16 8731 892.45
2574 671.52 4981 759.74 8052 872.82 2833 533.57
2809 690.04 5300 774.42 7341 850.77 4241 633.74
3050 707.55 5567 785.60 6616 826.04 3888 612.06

3339 726.88 5865 798.03 6076 806.09 3593 597.33
3686 748.00 6124 808.01 3314 572.16
4064 769.03 6474 820.95 3051 551.74
4493 790.51 7178 845.20 300. 00® C
4275 779.95 7773 864.31

3499 737.12 8413 883.12 2528 550.29
2707 682.44 9000 899.60 2784 573.38
2133 631.62 9454 911.59 2945 586.74 6656 748.57

———————— ———————— 3178 604.97 6076 725.04

100. 10® C • 200. 20® C 3478 626.69 5621 705.17
3781 646.96 5168 683.88

4947 811.60 2247 576.57 4114 667.43 5458 697.67
4510 791.51 2421 593.11 4477 688.08 5902 717.58
4769 803.44 2606 610.06 4868 708.57 6369 737.03

5473 833.35 2796 626.15 5370 732.59 7297 771.80
6055 855.36 3024 644.21 5933 757.29 7831 790.54
6629 875.43 3281 662.97 6702 787.46 10036 854.96
7442 900.98 3566 682.21 5098 720.27 9528 841.57
8215 923.21 3901 702.78 4276 677.12 9106 829.55

8994 943.98 4267 723.54 3600 635.38 8671 816.92
9268 950.80 4681 745.13 3076 597.25 8369 807.52
9704 961.35 5150 767.46 8010 795.99
9980 967.88 5352 776.47 7618 783.03
8629 934.46 4079 713.33 300. 10® C 6949 759.35
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Nitrogen

In c o n tra s t  to  th e  sim ple sp h e ric a l and chem ically in e r t  argon 

m olecule, n itro g en  rep re se n ts  th e  next s te p  in  m olecular com plexity 

and was th e re fo re  a  lo g ic a l second choice among th e  gases s tu d ie d . I t  

i s  d ia tom ic , homonuclear and r e la t iv e ly  chem ically in e r t .

The f id u c ia l  35" C d a ta  was again  taken from th e  work o f 

Michels &t a l ,  whose isotherm s were rep resen ted  in  th e  follow ing 

m odified v i r i a l  form:

P(V-a) = .

Michels e t  a l .  ta b u la te d  th e  values o f  th e  polynomial c o e f f ic ie n ts  

and th e  value o f  a  a t  35" C in te rv a ls  o f  tem perature . I t  was th e re 

fo re  necessary  to  in te rp o la te  t h e i r  r e s u l ts  in  o rd er to  c o n s tru c t a 

35" C iso therm . I t  was decided th a t  th e  laborious le a s t  squares f i t t i n g  

o f  a  v i r i a l  expansion to  th e  Lagrangian in te rp o la te d  raw d a ta  o f  M ichels 

e t  a l .  could be avoided s in c e  th is  procedure had proven to  be unneces

sary  in  th e  case o f  argon. In s tead , th e  polyncmnial c o e f f ic ie n ts  Aĵ  

given by Michels e t  a l .  were m u ltip le  p o in t Lagrangian in te rp o la te d  fo r  

35" C. Then the  raw d a ta  was Lagrangian in te rp o la te d  and a value o f  a 

was determ ined by f i t t i n g  th ese  in te rp o la te d  d a ta  by le a s t  squares 

technique to  the  m odified v i r i a l  expansion using th e  in te rp o la te d  values 

o f  A^. The values o f  th e  constan ts  which were determ ined in  th is  f a 

shion f o r  35" C a re  as fo llow s:

a = 5.84083 x 10 * amagats
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= 1.143597 b a r  amagats 

Aj = -0.822444 x lO"^

Ag = 3.237504 x lO"®

Aj = -0.700062 X 10"*

A  ̂ * 6.754749 x lO"*^

Hie use o f  th e  m odified v i r i a l  expansion w ith th e  c i te d  param eters i s  

probably n o t v a lid  fo r  p ressu res  above 2200 bars s in c e  th e  n e a re s t is o 

therms a t  25* C and 50* C upon which th e  in te rp o la t io n  was based were 

not extended much beyond th is  p re s su re . As a r e s u l t  o f  t h i s ,  th e  

f i t t i n g  o f  volume changes to  th e  f id u c ia l  d a ta  was term ina ted  a t  2200 

bars and th e  d e n s i t ie s  a t  h ig h e r p ressu res  obtained  in  th e  p resen t 

work d e v ia te  markedly from r e s u l ts  ob tained  by e x tra p o la tio n  o f  the
I

f id u c ia l  polynom ial. I t  was a lso  shown in  th e  work o f  M ichels e t  a l .  

th a t  d e v ia tio n s  between th e  polynomial p re d ic tio n s  and th e  measured 

po in ts  became ab ru p tly  la rg e  near th e  end o f  t h e i r  p re s su re  range. In 

any case th e  volume changes measured in  th e  p resen t work f i t  the  

adopted f id u c ia l  d e n s itie s  extrem ely w ell over a 600 b a r  p ressu re  in 

te rv a l  w ith  an rms s c a t t e r  in  d e n s i t ie s  o f  0.02 amagats.

N itrogen has been s tu d ied  by a  number o f  o th e r  w orkers; among 

them i s  B r i d g m a n w h o s e  r e s u l t s  extend to  ra th e r  h igh  p ressu res  

bu t a re  known to  be in  e r ro r  and w i l l  no t be considered h e re . Benedict 

in  Bridgman's labo ra to ry  made a more c a re fu l study o f  n itro g e n  to  6000 

bars and 200* C. More re c e n tly  T s ik l is  has twice^^®*^^^ made measure

ments on n itro g e n  by two somewhat d if f e r e n t  methods. In ad d itio n  to
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f321th ese  d i r e c t  d e te rm in a tio n s, Michels e t  a l .  have pub lished  ta b le s  

which were ob tained  by combining th e i r  r e s u l ts  w ith those  o f  Benedict.

The agreement o f  th e  p resen t work w ith M ichels e t  a l .  a t  35" C 

i s  forced  due to  adoption o f  t h e i r  work fo r  f id u c ia l  d e n s i t ie s .  I t  was 

necessary  to  in te rp o la te  th e  r e s u l ts  o f  Benedict fo r  th e  35" C ccxnparison 

shown in  F ig . 14. The o rd in a te  Ap o f  th e  f ig u re  i s  th e  d if fe re n c e  be

tween Amagat d e n s i t ie s  ob ta ined  in  the  p resen t work and th e  d e n s itie s  

given by o th e rs .  The l in e  in  th e  upper h a l f  p lane which i s  labe led  VE i s  

a  comparison o f  th e  p resen t work w ith p o in ts  given by th e  m odified v i r i a l  

expansion o f  M ichels e t  a l .  The lowest l in e  idiich i s  lab e led  BE i s  a com

p a riso n  w ith  th e  r e s u l ts  o f  B enedict. The s o l id  l in e  which i s  labe led  CBE 

i s  a comparison w ith B e n ed ic t's  work.with a confection  made on h is  p re ssu re  

s c a le .  B en ed ic t's  manganin-gauges were c a lib ra te d  a g a in s t a  f re e  p is to n  

gauge to  1500 b a rs  and a t  th e  m elting  p ressu re  o f . mercury a t  O" C. Unfor

tu n a te ly  Benedict used th e  Bridgman value  fo r  th e  0" G m elting  p o in t o f  

mercury thus c o rre c tio n  o f  h is  p ressu re  s c a le  to  a more c o r r e c t 0* C 

c a l ib ra t io n  p o in t  i s  n ecessa ry . This sim ple p ressu re  s c a le  c o rre c tio n  i s  

shown on th e  CBE curve tO^br&Ag the  r e s u l ts  o f  Benedict to  agreement w ith 

the  p resen t work w ithin  h is  claim ed experim ental e r ro r  o f  0 .2  pe r cen t.

At 100" C th e re  i s  a  s l ig h t  d e n s ity  d iffe re n c e  o f  about 0 .5  

Amagats between th is  work and th a t  o f M ichels e t  a l .  The discrepancy i s  

q u a l i ta t iv e ly  th e  same as was shown by th e  argon d a ta  and as was sug

gested  p rev io u s ly , i t  may be due to  th e  in te ra c t io n  o f mercury with the  

gases s tu d ied  by Michels e t  a l .  The agreement w ith Benedict i s  improved
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a t  100* C and low p re ssu re s  and th e  comparison w ith  h is  work when 

co rrec ted  fo r  p ressu re  s c a le  e rro rs  remains w ith in  h is  claimed ex

perim ental e r ro r  to  6000 b a rs .

At 200* C th e  tem perature range o f M ichels e t  a l ,  i s  exceeded 

and th e re  a re  no fu r th e r  cwnparisons w ith th e  f id u c ia l  work. At 2000 

b a rs  and 200* C th e  comparison w ith Benedict i s  f a i r ly  poor, showing 

a  disagreem ent o f  2 .5  Amagats in  d e n s ity . As p ressu re s  in c re ase  th e  

agreement improves mazkedly and above 3500 b a rs  th e  d e n s i t ie s  a re  in  

e x c e lle n t agreem ent. Throughout th e  whole tem perature  range common 

to  th e  p resen t work and th a t  o f  Benedict and a t  p ressu res  above 3500 

b a rs  th e  therm al expansion measurements agree w ith in  experim ental e r ro r .  

Thus over th e  common range th e  agreement o f  th e  p resen t work w ith th a t  

o f  Benedict i s  w ith in  h is  claim ed experim ental e r r o r  except a t  the  

low est p ressu res  and 200* C, and a t  th e  h ig h es t p ressu re s  th e  agreement 

i s  ranarkab le .

The d a ta  o f  T s ik l is  and P o l y a k o v c o v e r  th e  same tem perature 

and p ressu re  range as t h i s  work. The divergences between t h e i r  d en si

t i e s  and th e  p resen t ones a re  e r r a t i c  w ith  p re ssu re  and sy stem atic  in  

tem perature . The d iffe re n c e s  a re : le s s  than 0 .7  p e r  cent a t  100* C, 

le s s  than 0 .5  p e r cen t a t  200* C and 300* C and a t  400* C in c re a se  w ith 

p ressu re  from a  low o f  about 0 .3  p e r cen t a t  2500 b a rs  to  a h igh  o f 1.6 

p e r  cen t a t  10,000 b a rs . T heir most recen t d a ta  i s  in  good agreement 

w ith  th e  e a r l i e r  work wf T s i k l i s . The d e n s i t ie s  o f  T s ik lis  and 

Polyakov a re  h ig h er than  those  ob tained  in  th i s  work a t  a g iven p ressu re
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a t  100 and 200* C and a re  lower a t  300 and 400* C. These au thors 

claim  an accuracy o f  0 .3  p e r cen t fo r  t h e i r  work, however most o f  th e  

ob jec tio n s  which were given to  t h e i r  claim s o f  accuracy fo r  argon 

measurements rmmain v a lid  in  th e  case o f  th e  n itro g en  d a ta . In add i

t io n  to  those o b jec tio n s  alreacfy s ta te d  t h e i r  n itro g en  had about 0 .5  

p e r  cen t im purity . Taking th ese  th in g s  in to  account i t  appears th a t  

th e  d a ta  o f  Polyakov and T s ik lis  a re  in  agreement w ith  th e  p resen t 

work w ith in  th e  combined experim ental e r ro r s  except a t  400* C. This 

d ivergence i s  too  la rg e  and i s  perhaps tra c e a b le  to  n eg lec t o f  th e

second degree term o f  th e  therm al expansion o f  t h e i r  d isp lac in g  s lu g .
f321F in a lly , th e  r e s u l ts  o f  M ichels e t  al» which supposedly 

a re  combinations o f  th e  d a ta  o f  M ichels e t  a l .  and Benedict can 

be compared with th e  p resen t woric. Michels e t  a l .  constructed  th ese  

d a ta  by a rb i tr a ry  adjustm ents o f  th e  r e s u l t s  o f  B enedict, sometimes 

by as much as 1.5 p e r  c en t. The c o rre c tio n s  which were made on 

Benedicts d a ta  were g re a te r  than  th e  divergences between h is  r e s u l ts  

and th e  e x tra p o la tio n  o f  th e  v i r i a l  expansions given by Michels e t  a l .  

The h igh ly  su sp ic ious n a tu re  o f th e  combined r e s u l ts  has been noted 

b e f o r e a n d  th e  comparison w ith th e  p resen t work i s  r e la t iv e ly  poor. 

Thus th e  composite d a ta  should no t be used , fo r  i t  d isag rees w ith a l l  

th e  d i r e c t  experim ental r e s u l t s .

Babb^^^^ has e x trap o la ted  th e  r e s u l ts  o f  t h i s  work to  -22 .45“ C 

in  o rd e r to  compare w ith  th e  Percus-Yevick c a l c u l a t i o n r e s u l t s .  As 

was th e  case w ith  argon th e  agreement i s  w ith in  c a lc u la t io n a l  e r ro r  a t  

low d e n s itie s  and a t  h igher d e n s i t ie s  r i s e s  above 10 p e r c en t.
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N itrogen Data Tables

Hie d a ta  in  Tables V and VI have been co nstruc ted  in  th e  same 

way as f o r  argon. S everal runs on re sea rch  grade n itro g e n  from th e  

Matheson Company were averaged w ithout regard  to  im p u ritie s  to  form 

th e  in te rp o la te d  ta b le s .  The n itrogen  contained  4 .5  p a r ts  per m illio n  

o f  argon.

Table VII g ives th e  param eters used in  th e  m odified T a it equa

t io n  fo r  in te rp o la tio n  o f  th e  d a ta . Following Table VII the o r ig in a l  

d a ta  upon which th e  in te rp o la te d  p o in ts  were based i s  given. F igures 

15, 16 and 17 follow  th e  raw d a ta  and d e p ic t th e  n itro g e n  iso therm s, 

iso c h o res , and iso b a rs  re s p e c tiv e ly . As in  the  case  o f  argon th e  

"Amagat Line" o r "Jo u le  L ine" passes through the  experim ental reg ion  

and i s  in d ic a te d  in  F ig . 16. The locus o f  th e  curve i s  given by:

Z = 4.93493 - 0.82926T + 0.06852T2 where Z = ~  and T i s  in  "C. Again 

th e  maximum on th e  iso ch o res  i s  so broad th a t  th e  locus is  not w ell 

known.

Considering th e  agreements which e x is t  among th e  r e s u l ts  o f  

se v e ra l independent in v e s tig a t io n s , th e  d e n s i t ie s  given in  the  ta b le s  

a re  probably accu ra te  to  about 0 .3  per cen t over th e  f u l l  p ressu re  

and tem perature ranges.
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Table V. D e n s it ie s  o f  Nitrogen a t  In teg ra l Pressures

Teaq>erature, •c
Pressure

Bars
35 100 200 300

D e n s i#
Amagats*

400

ISOO 521.9

2000 572.3 530.6 478.0

2500 611.3 572.1 521.3 479.7 445.1

. 3000 643.3 606.0 557.2 516.8 482.4

3500 670.7 634.9 587.8 548.6 514.7

4000 694.6 660.2 614.5 576.5 543.2

4500 716.0 682.6 638.4 601.2 568.7

5000 735.4 702.9 659.9 623.4 591.8

5500 753.0 721.5 679,4 643.8 612.9

6000 769.4 738.6 697.5 662.6 632.3

6500 784.7 754.4 714.3 680.0 650.3

7000 799.0 769.4 729.9 696.2 667.0

7500 812.5 783.3 744.6 711.4 682.7

8000 825.2 796.5 758.5 725.8 697.4

8500 837.2 809.0 771.6 739.4 711.4

9000 848.7 820.9 784.1 752.4 724.7

9500 859.7 832.2 796.1 764.8 737.2

10000 870.2 843.1 807.5 776.6 749.5

^ o r  t h is  work one amagat u n it  o f  d e n s ity  « 4.4636 x  10"^ 
m ole/ca^.
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T able VI. P ressu res o f  N itrogen a t  In te g ra l D e n sitie s

T e i^ e ra tu re , *C

Density ^  “ ®“ *»»
Amagats Pm yge

450 1003 1305 2562

475 1152 1490 2442 2895

500 1325 1704 2243 2762 3265

525 1527 1940 2550 3122 3674

550 1760 2220 2892 3524 4128

575 2031 2540 3282 3973 4631

600 2347 2905 3721 4475 5189

625 2704 3321 4213 5036 5806

650 3115 3795 4765 5661 6492

675 3586 4326 5383 6354 7251

700 4120 4926 6072 7122 8092

725 4726 5601 6839 7971 9012

750 5412 6356 7692 8905 10022

775 6178 7199 8632 9930

800 7036 8139 9669

825 7994 9178

850 9059 10320

875 10236

^ n ie  values above th e  l in e  in  th e se  two columns were ca lcu 
la te d  from Michels* e t  a l . " .  Due to  th e  in co n s is ten cy  o f  
therm al expansion mentioned in  th e  t e x t  th e  100* column i s  
n o t smooth: th e  expansion would p re d ic t  1948 b a rs  a t  525 
am agats.
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Table V II. Param eters in . th e  m odified T a it  Equation

Tem perature, *C

35* 100® 200* 300* 400*

dg (Amagats) 572.30 530.61 478.00 479.72 445.11

Pg (Bars) 2000 2000 2000 2500 2500

B (Bars) 556.213 450.718 430.119 236.783 245.821

C (Amagats) 210.036 215.496 226.188 236.783 245.821

RMS dev.* 1.09 1.00 0.71 0.49 0.29

^ M s  i s  th e  rms d e v ia tio n  in ju |r |g a ts  o f  th e  equation  which c ite d  
param eters from th e  observed experim ental p o in ts  over th e  range P^ 
to  10,000 b a rs .
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P d

Bars Amagats
35.00* C

1643 537.96 6692 790.32 3751 647.66
1758 549.81 3215 655.63 3100 611.93
1816 555.45 3407 665.99
1888 562.27 3410 665.95 5111 707.20
1972 569.87 3404 665.70 4594 686.56

2083 579.42 3614 676.43 3964 658.34
2192 588.25 3769 683.92 3441 631.47
2309 597.38 3998 694.42 3705 645.34
2423 605.80 4218 704.18 4279 672.42
2569 616.04 4398 711.75 5764 730.48

2940 639.76 4580 719.21 6649 758.80
3388 664.88 5140 740.43 7392 780.20
3912 690.63 5673 758.79 8232 802.16
4517 716.65 6338 779.88 8950 819.52
4161 701.75 7001 799.00 10050 844.03

3624 676.88 7890 822.39 9489 831.98
3177 653.54 8830 844.77 7791 790.95
2742 627.63 9805 866.08 6190 744.54
2028 574.69 9457 858.81
2303 596.92 9100 850.91 200.00" C

2608 618.72 8479 836.75 2248 500.41
3803 685.43 8165 829.28 3091 563.39
3367 663.75 7601 815.08 2613 530.15
2970 641.62 7286 806.85 2241 499.84

2422 605.71 5963 768.37 2432 515.70
2525 612.97 10115 872.55 2818 544.79
2615 619.15 4837 729.29 3426 583.51
2839 633.63 4013 615.17
3235 656.66 100 .40* C 4329 630.40

3506 670.99 2623 580.77 4896 655.52
4059 697.19 2254 552.66 4573 641.65
4694 723.66 1960 526.62 3738 600.92.
5489 752.54 2112 540.66
5839 764.20 2445 567.73 199 .80* C

5197 742.46 2849 596.20 4226 625.59
4955 733.68 3385 628.39 5050 661.94
4353 709.93 4069 663.20 5724 687.78
3734 682.29 4774 693.83 6306 707.90
3040 645.74 4383 677.48 7085 732.49



199.80*C Contd.
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8015 758.92 400 .22* C
8896 781.65

10052 808.73 4267 557.07
9622 799.00 3965 541.22
9183 788.70 4897 586.69

8458 770.71 4542 570.29
7513 745.12 3512 513.23
6710 721.12 3043 485.29
5840 692.06 2835 470.63
5356 674.20 3285 501.38

4602 643.03 3766 530.17

300 .15* C 399. 90* C

3866 569.29 4843 584.80

3526 550.11 5188 599.87
2987 515.94 6069 634.54
2552 483.76 6672 656.12
2769 500.41 7442 680.81
3259 533.68 8351 707.26

4406 596.38 9237 730.81
4872 617.78 9968 748.71
4172 584.97 9522 738.00

8759 718.38
300. 00" C 7939 695.71

4405 596.79 7023 667.79
4697 610.21 6366 645.72
5440 641.57 5614 617.79
6116 666.72 5650 619.05
7006 696.38

7670 716.36
8483 738.96
9300 759.91
9989 776.39
9598 767.14

8897 749.83
8065 727.65
7336 706.57
6572 682.40
5808 655.59

5067 626.37
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Propane

I n te re s t  in  th e  d e n s ity  o f  propane a t  high p ressu re  i s  occas

ioned by th e  p o s s ib i l i ty  o f  i t s  use as a  p ressu re  tra n sm ittin g  f lu id .  

Propane was th e  only substance in v e s tig a te d  where any o f  th e  isotherm  

tem peratures were below th e  c r i t i c a l  p o in t.  The experim ental proce

dure  was e s s e n t ia l ly  th e  same as b e fo re  bu t th e  d a ta  reduc tion  was nore  

com plicated due to  th e  im p o ss ib ility  o f  c o n s tru c tin g  a  r e l ia b le  35" C

f id u c ia l  iso therm  from th e  e x is tin g  l i t e r a t u r e .  A ccordingly, th e  100* C
1341iso therm  fo r  propane given by M idiels e t  a t .  was adopted fo r  f id u 

c ia l  d a ta  f i t t i n g .  The v i r i a l  expansion given by M ichels e t  a t ,  a t  

100* C i s  based iqx>n only two p o in ts  w ith in  th e  f id u c ia l  p ressu re  

ran g e , th e  h i p e s t  one being  a t  2328 b a rs .  Thus i t  was necessary  to  

make th e  f id u c ia l  f i t  to  p o in ts  below 2300 b a rs  and in  o rder to  g e t a  

la rg e  enough volume diange w ith in  th e  f id u c ia l  ran g e , th e  lowest p re s 

su re  p o in ts  were taken  a t  p re ssu re s  o f  only about 1000 b a rs .

I t  i s  q u ite  fo r tu ito u s  th a t  th e  p resen t work on propene was 

accomplished on a  s in g le  sample load taken  w ith  th e  same bellow s and 

c o n s tan t volume chamber used fo r  n itro g e n . The p iezom eter was un d is

tu rb ed  between th e  runs and i t  th e re fo re  was p o ss ib le  to  ob ta in  com

p a riso n s  o f  th e  i n i t i a l  piezom eter volumes which were obtained  Arom 

f i t s  to  f id u c ia l  d a ta  fo r  d i f f e r e n t  g ases . The e x c e lle n t  comparison 

(0 .1  p e r  cen t) between the  volumes y ie ld ed  by th e  two d i f f e r e n t  f id u 

c ia l  attachm ents lends a  la rg e  measure o f  confidence to  th e  f i t t i n g  

procedure a t  100* C and removes any doubt a sso c ia ted  w ith  re lia n c e
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upon a f id u c ia l  v i r i a l  expansion which i s  based upon so few p o in ts . 

The volume o f  th e  system ob tained  in  both  cases was, as in  th e  case 

o f  argon, a  l i t t l e  sm aller than  th e  a c tu a l volume obtained  by e i th e r  

e x te rn a l e s tim ates  o r  analyses based upon overlapped isotherm  d a ta . 

(See Appendix) The consistency  tdiich i s  thus im plied  fo r  both  th is  

work and th e  work a t  the  van d e r Naals lab o ra to ry  i s  notew orthy.

For propene th e re  i s  no d a ta  o th e r  than  th a t  from th e  van der 

Waals lab o ra to ry  a v a ila b le  fo r  comparison. As mentioned b e fo re  i t  

was thought im p ra c tica l to  t r y  to  c o n s tru c t a f id u c ia l  35** C iso therm , 

however, th e  r e s u l t s  obtained  in  th e  p re sen t work a t  35** C appear to  

agree very reasonably  w ith th e  e x tra p o la te d  r e s u l ts  o f  M ichels e t  a i .  

There i s  no way to  make a decent comparison a t  200** C; f i r s t  because 

no reasonable  procedure was found fo r  f i t t i n g  th e  Michels e t  al» r e 

s u l t s  through bo th  th e  l iq u id  and gas reg ions in  o rd e r to  e x tra p o la te  

them to  200* C, and second, th e  propene polym erized a t  200* C. A 

t o t a l  o f  about 1 p e r  cent o f  th e  volume o f  th e  sample was lo s t  t h r o u ^  

th e  po lym eriza tion  p ro cess . I t  was necessary  to  d isc a rd  th e  constan t 

volume chamber a f t e r  th e  run w ith  propene s in c e  i t  contained  carbon 

d e p o sits  on i t s  in n e r  w a lls . S ince a  re a c tio n  had taken p lace  none 

o f  th e  recheck runs norm ally made were o f  any v a lu e , however, th e  lack 

o f  any volume h y s te re s is  a t  100“ C suggests  th a t  no re a c tio n  occurred  

a t  any p ressu re  a t  100* C. The d a ta  a t  200* C was reduced under th e  

assumption th a t  no po lym eriza tion  occurred  upon h e a tin g  to  200* C.

This seems reasonab le  s ince  th e  p ressu re  was only about 4000 b a rs
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during  th e  heating  p e rio d  and the  re a c tio n  r a te  increased  g re a tly  a t 

th e  h ig h es t p re ssu re s . I f  some re a c tio n  d id  occur then a spurious 

volume change would be taken  away from th e  noimal expansions encountered 

upon h ea tin g  a gas and th e  d e n s itie s  g iven  in  th e  d a ta  ta b le s  fo r  200" C 

would be too  la rg e .

The propene used in  th is  experim ent was CP grade and from th e  

same lo t  on which th e  m elting  p o i n t a n d  v is c o s i ty  data^^^^ have 

p rev io u sly  been re p o rte d . The d a ta  i s  p resen ted  in  Tables VI I I ,  IX and 

X and th e  isotherm s a re  shown in  F ig . 18.

The in te rp o la te d  p o in ts  which appear in  Tables VII and V III a t  

200" C and high p ressu re s  have been p a r t i a l l y  co rrec ted  fo r  th e  volume 

h y s te re s is  due to  po lym eriza tion . A g radua l c o rre c tio n  was ap p lied  

between 5 and 10 kbar amounting to  about 2 Amagats a t  10,000 b a rs .

The o r ig in a l  p o in ts  have been rep o rted  w ith no c o rre c tio n  fo r  polym eri

z a tio n  .

Methane

Methane was chosen fo r  in v e s tig a tio n  by v ir tu e  o f  i t s  being 

th e  s im p lest o f th e  hydrocarbons. The f id u c ia l  d a ta  fo r  methane were 

taken  from th e  work o f  D effet and P icks who p resen ted  isotherm  

d a ta  in  ta b u la r  form a t  50.63" C, 101.34" C and 151.88" C. I t  was de

c ided  to  f i t  to  th e  f id u c ia l  da ta  a t  101.35" C r a th e r  than t r y  to  ex

t r a p o la te  t h e i r  r e s u l ts  to  35" C. A ccordingly, th e  ta b u la r  f id u c ia l  

d a ta  a t  101.34" C were f i t t e d  to  a m odified  T a it equation  and i n t e r 

p o la ted  w ith the  a id  o f  a  d ev ia tio n  cu rve . Some smoothing o f  th e
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Table V III

D en sitie s  o f  Methane and Propene a t  In te g ra l  P ressu res

CH  ̂ D ensity^
T eap era tu re , ®C

%  
Tem perature, %

bars 35* 100* 200* 35° 100° 200°

1000 323.2 (301.5)

1500 520.6 478.4 338.3 319.2 295.9

2000 558.7 520.7 470.6 350.1 332.9 311.5

2500 588.4 553.6 507.0 360.0 344.0 324.5

3000 613.0 580.6 537.0 368.6 353.6 335.5

3500 634.2 603.6 562.0 376.2 361.9 344.8

4000 652.9 623.7 583.7 383.0 369.4 353. Q

4500 669.6 641.6 603.2 389.3 376.2 360.3

5000 684.8 657.8 620.7 395.1 382.5 367.2

5500 698.9 672.6 636.7 400.5 388.3 373-6
6000 711.8 686.4 651.4 405.5 393.7 379.g

6500 724.0 699.3 665.0 410.3 398.7 385-0

7000 735.4 711.3 677.9 414.7 403.5 390

7500 746.2 722.7 689.9 419.0 408.0 395

8000 756.4 733.3 701.3 423.1 412.3 400

8500 766.1 743.5 712.1 427.0 416.4 404

9000 775.4 753.1 722.3 430.7 420.3 408

9500 784.3 762.3 732.0 434.4 424.1 412

10000 792.9 771.3 741.3 438.0 (427.9) 416

’̂bne amagat o f  d e n s ity  « 4.4723 x 10*^ moles/cm^ fo r  CH. and ■ 4.S439 x 10"^ 
moles/cm^ f o r  C^H^.
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Table IX. P ressu res o f  Propene a t  In te g ra l  D e n s itie s .

D w isity
Amagats 35"

Tem perature, "C 
100*

P ressu re  Bars 

200" C

300 976 1626

320 (916) 1524 2315

340 1567 2307 3236

360 2500 3379 447 8

380 3774 4797 604 s

400 5454 6635 80-30

420 7621 8960

S h e  values above th e  l in e  were determ ined from th e  
v i r i a l  expansion.
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Table X. P ressu res o f  Methane a t  In te g ra l  D en sitie s

D ensity
Amagats Temperature« *C

P ressu re
Bars

35 100" 200"

475 1464 2058

SCO 1739 2399

525 1558 2062 2792

550 1875 2443 3255

575 2270 2894 3796

600 2732 3422 4422

625 3276 4041 5138

650 3928 4762 5959

675 4677 5594 6895

700 5552 6540 7952

725 6553 7619 9150

750 7699 8852

775 8996 10232
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Figure 1& Isotherms of Propene
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f id u c ia l  p o in ts  was necessary  in  o rd er to  achieve a r e l i a b le  i n t e r 

p o la tio n . The a c tu a l experim ental tem perature s e t t in g  which was used 

fo r  th e  isotherm  in  th e  f id u c ia l  range was 101.36* C. I t  sim ply 

w asn 't worth the  e f f o r t  which would have been req u ired  to  e lim in a te  

the  0.02* C tonpera tu re  d iffe ren c e  from th e  f id u c ia l  isotherm  and no 

c o rre c tio n s  were made fo r  th is  sm all tem perature d iscrepancy . The 

q u a li ty  o f  f i t  o f  th e  volume changes measured in  th is  work to  th e  

adopted f id u c ia l  d e n s it ie s  i s  no t as good as was ob tained  fo r  o th e r  

g ases , and th e  i n i t i a l  volume o f  th e  p iezom eter which ob ta ined  from 

the  f i t  to  f id u c ia l  d a ta  was d i s t in c t ly  lower than th a t  ob ta ined  from 

th e  use o f  f id u c ia l  d a ta  fo r  o th e r  g ases . The i n i t i a l  volume ob tained  

was a t  le a s t  1.5 per cen t sm a lle r than th e  estim ated  a c tu a l volume. 

Considering th e  success o f  f i t t i n g  th e  propene d a ta  a t  100* C, th e  

d a ta  f i t t i n g  procedure a t  high tem peratures i s  q u ite  u n lik e ly  to  be 

responsib le  fo r  any o f  th e  d isc repancies encountered. S ince th e  f i 

d u c ia l d a ta  provided by D effet and P icks i s  th e  only iso therm  d a ta  r e 

p o rted  from th e i r  lab o ra to ry  i t  i s  p o ss ib le  th a t  inexperience  o f  those 

workers led  to  some minor system atic  e r ro r s  in  th e i r  w o it. Thus i t  i s  

probable in  th e  case o f  th e  methane d a ta  th a t  an eventual re v is io n  o f 

th e  d e n s itie s  given h e re in  w ill  be undertaken when su p e rio r  f id u c ia l  

d a ta  becomes a v a ila b le . A scheme was given in  th e  ch ap ter d ea lin g  

w ith d a ta  reduction  whereby th e  p re sen t work can be e a s i ly  co rrec ted  

fo r  in accu rac ies  in  th e  adopted f id u c ia l  p o in ts .
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Hie h ighest tem perature a t  which isotherm  d a ta  was taken fo r  

Methane was 200* C. A fte r  the  po lym erization  o f propene i t  was de

cided th a t  cau tion  was th e  b e t t e r  p a r t  o f  v a lo r and th e  tem peratures 

were kep t low enough to  avoid rep ea tin g  the  d e s tru c tio n  o f  a c a lib ra te d  

co n stan t volume chamber.

The methane d a ta  i s  a source o f  considerab le  s a t i s f a c t io n .

Due to  un fo rtunate  m echanical problems both th e  bellow s and constan t 

volume chamber were rep laced  between th e  low p re ssu re  and high  p ressu re  

loads o f  methane. T his meant th a t  two completely se p a ra te  c a lib ra tio n s  

were used fo r  th e  p iezom eter on th e  two runs. The agreement o f th e  two 

s e ts  o f  d a ta  over t h e i r  common p ressu re  range i s  m agn ificen t. This 

g ives concre te  experim ental evidence fo r  the  in te rn a l  consistency  o f 

th e  p re se n t work.

The p resen t work on methane was accomplished using  two samples 

o f g a s , both  from P h i l l ip s  Petroleum Company and both o f  p u r i ty  g re a te r  

than  99.95 mole p e r c e n t.

Data Tables

The combined d a ta  fo r  methane and propene a re  given in  Tables 

V III, IX, X and XI. Tables V III , IX and X were co n stru c ted  in  the 

same manner as fo r  o th e r  gases and th e  constan ts  fo r  th e  m odified T a it 

equation  a re  given in  Table XI. Following Table XI a re  th e  o r ig in a l  

p o in ts  upon which the  in te rp o la te d  d a ta  were based. F igures 18 and 

19 show th e  isotherm s o f  propene and methane re sp e c tiv e ly .
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T able XI

Parameters in  the M odified T a it Equation

T. ®C 35 100*
C-H.

200* * ® 35* 100* 200*

(Bars) 1500 1500 2000 1000 1000 1500

(Amagats)d^ 520.56 478.37 470.56 323.19 301.45 295.85

(Bars) B 616.49 403.25 362.69 1430.7 1043.8 935.53

(Amagats) C 168.85 172.46 183.12 74.129 74.930 80 .08

RMS d ev."  
(Amagats) 1 .3 7 1.34 0 .75 0 .72 0 .89 -

T his i s  th e  rms d ev ia tio n  o f  th e  p red ic tio n s  o f  th e  equation w ith  
th e  parameters shown from th e  o r ig in a l data p o in ts . The 100* CH4 
f ig u r e  includes co rrec tio n s  fo r  thermal eiqiansion from th e ob
served  teaqperatures o f  101.36* C. No f ig u r e  i s  g iven  fo r  th e  200* 

s in ce  the o r ig in a l data show p o lym erization .
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V 6
35.00" 199.90"

965 321.76 4193 355.85
1255 331.45 4817 364.72
1457 337.14 5310 371.19
2054 351.25 3489 344.58
2727 363.98 2879 332.97

3279 372.87 1702 302.50
4108 384.42 2308 319.85
5615 401.70 5988 379.96
7109 415.68 7291 393.97
9241 432.50 7956 400.18

8562 427.35 9074 410.52
7776 421.30 8303 404.57
6233 407.74 6629 389.02
8371 426.00 2913 337.56
4866 393.60

100.02"
4881 381.16
6256 396.32
7723 409.94

9143 421.50
9685 425.47
8419 415.69
7004 403.34
5515 388.35

3446 361.16
2268 339.20
1906 330.60
1613 322.64
1365 314.94

1154 307.31
1255 311.05
1485 318.72
1762 326.76
2087 334.98

2481 343.67
2944 352.65
4188 372.12
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CH,

35.00* C

1504 520.89 8621 768.39 7201 715.50
1587 527.95 7952 755.41 6766 705.17
1617 530.45 7142 738.53 6350 694.97
1732 539.57 6361 720.69 5540 673.18
2005 558.99 5709 704.39

2168 569.33 5342 694.50 200.00"
2599 593.60 4690 675.56
3115 618.16 4091 656.06 1973 468.38
3739 643.43 3804 645.88 2195 485.68
4539 670.90 4099 656.29 2498 506.85

5034 685.80 101 ,36* 3178 546.10
4119 657.06 3925 580.56
3416 630.87 1575 484.67 4690 610.00
2870 607.05 1694 495.45 533? 631.63
2392 582.46 1787 503.33 5795 645.52

1887 550.93 1912 513.27 4994 620.73
2038 522.72 4327 596.73

6783 730.62 2345 543.46 3592 566.05
8674 769.43 2755 567.11 2857 529.10
7658 749.40 3043 581.98 —

5899 709.26 3763 613.79 200 ,02"
4990 684.52 4118 627.51
4074 655.47 4928 654.86 7795 696.76
3324 627.12 5474 671.33 8358 709.14
3344 627.89 4489 640.73 10127 743.56

2927 609.71 3385 598.00 9680 735.48
2541 590.64 2556 556.19 9265 727.52
2738 600.67 2184 533.04 8776 717.78
3166 620.39 7108 680.46
3592 637.79 4149 628.73 6477 664.54

4350 664.81 4561 643.00 5881 648.03
5025 685.61 5005 657.39 5240 . 628.51
6013 712.26 5967 685.04 4569 605.64
6771 730.28 8150 735.94 4896 617.17
7590 748.04 8901 750.73 5671 641.82

8341 763.02 10075 772.18 6213 657.33
9049 776.24 9657 764.55 6820 673.34
9659 787.07 9169 755.99 7451 688.78

10155 795.43 8322 739.49
9374 782.19 7571 723.71



• 2 r  p v  

RT

•9 1 0 0 "

P, kbars
Figure 19. I sotherm s of Methane



CHAPTER VII

ERROR ANALYSIS

The magnitude o f  random d e n s ity  e rro rs  as mentioned in  p re 

vious d ia p te rs  i s  about 0.02 per c e n t. I t  i s  conceivable th a t  sy s

tem atic  e r ro rs  o f  g re a te r  consequence e x is t  w ith in  th e  d a ta  and these  

p o s s ib i l i t i e s  a re  to  be explored now. Throughout th e  d iscussion  i t  

w i l l  be assumed th a t  f id u c ia l  d e n s i t ie s  a re  e r ro r le s s  q u a n ti t ie s  thus 

only th e  e rro rs  in troduced  by the  p re se n t experiment are~rontem plated. 

E rro rs in  th e  p ressu re  and tem perature sc a le s  w il l  be re f le c te d  in  

th e  d e n s i t ie s  in  an attem pt to  answer th e  question : At a given p re s 

su re  and tem pera tu re , how w ell i s  th e  d ensity  known?

Temperature 35* C 

Equation (21) dem onstrates t h a t  a  p o ss ib le  major source o f  

e r r o r  i s  defused by the  re lia n c e  upon r a t io s  o f  volume changes a t  

35* C. System atic e r ro rs  e n te r  th ese  r a t io s  only through th e  cor

re c tio n s  to  volume changes which a re  no t l in e a r  fu n c tio n s o f  th e  

bellow s leng th .

I f  c o n trib u tio n s  due to  e r r o r  a re  in d ic a te d  by the  lower 

case  Greek l e t t e r  6 then  Eq. (21) can be expanded to  th e  f i r s t  o rd er

111
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o f  e r ro rs  in  th e  volume r a t io  as fo llow s:

6d. X. 6(AV ) 6(AV )
C34)

I t  i s  ev iden t th a t  th e  e r ro r s  vanish f o r  i  = 1 (s in ce  X  ̂ = 0) and 

i  = f  which inqplies a  fo rced  f i t  a t  th e se  p o in ts . For o th e r  values 

o f  i  th e  q u a n tity  in  paren theses w il l  d ep art sy s te m a tic a lly  frmn 

zero  i f  th e  volume changes a re  sy s te m a tic a lly  erroneous. The max

imum e rro rs  should occur fo r  X. = 2 which corresponds to  th e  maximum 

a v a ila b le  volume change, however, a  r e l a t iv e  maximum in  th e  f id u c ia l  

range occurs fo r  X̂  ̂ = h. The value o f  a i s  fixed  by th e  f r a c t io n  o f 

th e  i n i t i a l  piezom eter volume %Aich i s  spen t in  th e  f id u c ia l  range.

The question  to  be answered now i s :  Can a sy s tem atic  volume

e r ro r  remain undetected  w ith in  the  f id u c ia l  range and y e t  have se rio u s  

e f f e c ts  a t  h ig h er p ressu re s?  The answer can be given by expressing  

th e  p a re n th e tic  term o f  Eq. (34) in  term s o f  e rro rs  6e , 6 f  and 6b o f  

th e  c o e f f ic ie n ts  o f  Eq. (12 ). The c o e f f ic ie n t  e which i s  a  d i f f e r 

ence between p ressu re  c o e f f ic ie n t  o f  r e s i s t i v i t y  o f  mi chrome and two 

th ird s  th e  co m p re ss ib ility  o f  n ick e l may be in  e r ro r  by as much as 5 

p e r  cen t s in ce  th e  se p a ra te  q u a n ti t ie s  a re  known each to  about 2 per 

c en t. The c o e f f ic ie n t  f  c o n s is ts  m ainly o f  th e  c o rre c tio n s  fo r  com

p ress io n  o f  th e  e n ti r e  p iezom eter. The competing e f f e c ts  o f  decreasing  

nichrome r e s i s t i v i t y  and sh rink ing  b rid g e  case very n e a r ly  a re  can

c e lle d  w ith in  th is  c o e f f ic ie n t .  Then s in c e  th e  c o m p re s s ib ili t ie s  in
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q u estio n  a re  known to  an estim ated  2 p e r cent^ e rro rs  in  f  should be in  

the  range 2-3 per c e n t.

Equation (34) can be re w ritte n  in  th e  form:

6d. X. b (D .-D J I P.-P, P --P ,,
-a -- 5ÔÇ * "iPi-Pf! * «I 4^1  1 (»)

The fo llow ing cond itions correspond to  = % fo r  a load  o f  argon 

s ta r t in g  a t  Pj=2000 b a rs .

D^-D^=300 d iv  A-3.5 x 10’  ̂ cm^Ÿdiv

D^-Dj^s600 d iv  e»4.7 x 10”^ /b a r

P^-P^abOO b ars  f*2 .5  x 10  ̂ d iv /b a r

p£ -P jil200  b a rs  b*2 x 10 ® cmVdiv

Vi

I f  th e  e r ro rs  in  e and f  a re  overestim ated  to  be 10 p e r  cen t and 5 p e r  

cent re sp e c tiv e ly  and th e  e r ro r  in  b i s  taken as 7 p e r  cen t co rre s

ponding to  th e  s tan d ard  d ev ia tio n  from th e  bellow s c a l ib ra t io n  then

Eq. (35) y ie ld s  — = 6 x 10 fo r  X. = h- Thus i t  must be concluded
i

th a t  sy stem atic  e r ro rs  o f  th e  k ind  considered  are  com pletely unde

te c ta b le .  The next s te p ,  however, req u ire s  th e  e s tim ate  o f  e r ro r  fo r  

Xj = 2 which corresponds to  about 5000 b a rs .  Taking D^-D^ = 1200 d iv ,

Pj-P£ = 2000 bars and a l l  o th e r  q u a n ti t ie s  w ith th e  same values as be-
5di

fo re  th e re  ob tains -s— = 3 x 10 . The a d d itio n  o f  a sy stem atic  e r r o r
“ i
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fo r  a gas load which extends th e  isotherm  to  10,000 b a rs  would give a 

maximum e r ro r  ^  « 6 x 10 **due to  e rro rs  o f  volume measurement a t  35* C. 

U nfortunate ly  the  answer to  th e  question  p rev iously  o ffe re d  i s  a r e 

sounding y es.

O ther system atic  e rro rs  which can be e a s ily  estim ated  are 

those  which a r is e  from f a i lu r e  o f  th e  p ressu re  and tem perature sc a le s  

in  th e  p re sen t experim ent to  match those  o f  th e  f id u c ia l  d a ta . The 

p re ssu re  e f f e c t  i s  no t expected to  be se r io u s  s in ce  th e  low p ressu re  

c a l ib r a t io n  po in t fo r  th e  gauge used was e s ta b lish e d  by Michels *Ao 

a lso  provided most o f  th e  f id u c ia l  d a ta . The use o f  f id u c ia l  d a ta  r e 

q u ire s  f i r s t  th a t  th e  measured p ressu res  and tem peratures be assumed 

f re e  o f  e r r o r ,  then th e  corresponding f id u c ia l  d e n s i t ie s  a re  ob tained . 

The e f f e c ts  o f  p ressu re  and to n p era tu re  e r r o r  would then  be revealed  

by a poor f i t  o f  th e  measured volume changes to  the f id u c ia l  d e n s i t ie s .  

Assuming then  th a t th e  p ressu re  and tem perature e rro rs  a re  6P and 6T 

re s p e c t iv e ly , the  e r ro r  in  the  assumed f id u c ia l  d en sity  p would be:

”  = x6p + BfiT , (36)

where x i s  th e  gas c o m p ress ib ility  and 3 th e  c o e f f ic ie n t  o f  therm al 

expansion. With s u f f ic ie n t  accuracy fo r  th e  p resen t d isc u ss io n , both 

X and 3 can be expanded in  q u ad ra tic  fu n c tio n s o f  d en sity  which w ill  

f i t  w e ll enough to  cover th e  e n t i r e  f id u c ia l  range.
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®l “ *1 * * f 5 i ^  ) * f [  (P j-P i)  ( » 1 - P f ) (38)

Y and a a re  constan ts  which can be determ ined by means o f  th e  f id u c ia l  

d a ta . Then assuming accu ra te  volume change r a t io s  Eq. (21) can be 

expanded to  f i r s t  o rd er in  th e  e rro rs  due to  P and T w ith th e  r e 

s u l t :

Pi"**! ^ i ( ^ - l )  , YPf ap f ,
= - r - n r -1 ( v v  -r)"" * «f»o- . (39)

The vanish ing  o f  th e  e r ro rs  a t  X = 0 and X = 1 im plies again th a t  a 

two p o in t forced f i t  has been employed and Eq. (39) expresses only the  

observable d ensity  e r r o r .  For a = 8 .5  and 0<X<2 th e  sy stem atic  e r ro r  

curve i s  approxim ately p a ra b o lic  w ith a  r e la t iv e  maximum n ear X = % 

which i s  th e  middle o f  th e  f id u c ia l  range. The c o e f f ic ie n ts  o f  6P 

and 6T a re  functions e s s e n t ia l ly  o f th e  lowest p ressu re  on the  iso therm . 

I f  t h i s  lowest p ressu re  Pĵ  i s  around 1500 b a rs  then  fo r  th e  gases Argon, 

N itrogen and Methane:

Xf -  Xi -  ^  .  3x10"V b a r  ^  ; lO '^ /*  C .

I t  i s  be lieved  u n lik e ly  th a t  6P could exceed 3 b a rs  o r th a t  

5T could be as much as 0.3* C, however i f  th ese  values a re  used in
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Eq. (39) w ith X = )% th e  r e s u l t  i s :  ^  — : 4xl0~®. System atic  e rro rs

th is  sm all a re  o f  course unobservable in  th e  face o f the  la rg e r  randcxn 

s c a t t e r .  N onetheless, th e  e r ro r  in c re ases  w ith in creas in g  p ressu re  

and a t ta in s  th e  value 4x l0“** a t  X = 2 which corresponds to  4500-5000 

b a rs . For a  second gas load which beg ins a t  about 3000 b a rs  and con

tin u e s  to  10,000 b a rs , th e  c o e f f ic ie n ts  o f  6P and 5T in  Eq. (39) be- 

C(xne n e g lig ib ly  sm all thus p reven ting  any fu r th e r  co n trib u tio n s  to  

e r ro r  w ith each succeeding gas load . In  a d d itio n , the  p re ssu re  and 

tem perature sc a le s  conform on the  overlapped runs above th e  f id u c ia l  

range. Thus th e  system atic  e r ro r  in troduced  in  the  f id u c ia l  range 

continues to  grow w ith  p ressu re  only by v ir tu e  o f  the  e r r o r  in  the  i n i 

t i a l  slope  o f  th e  iso therm . The magnitude o f  e r ro r  i s  approxim ately 

th e  r a t io  o f  d e n s i tie s  a t  10,000 b a rs  and 3,000 bars m u ltip lie d  by the 

maximum e r ro r  co n trib u ted  by th e  f i r s t  lo ad . This reaches a magnitude 

o f  0 .1  per c e n t. I t  i s  an annoying bu t unchangeable f a c t  th a t  system

a t i c  e rro rs  can remain undetected  in  th e  f id u c ia l  range and y e t  grow 

ra th e r  la rg e  a t  e lev a ted  p re s su re s . I t  i s  b e liev e d , however, th a t  the 

margins o f  experim ental e r r o r  used in  th e  e stim ates  have been q u ite  

l ib e r a l .  Thus in  sunsnary the  combined sy stem atic  density  e r ro rs  which 

have been considered s t a r t  a t  zero in  th e  f id u c ia l  range due to  the  

fo rced  f i t  and grow approxim ately l in e a r ly  w ith density  to  about 0.16 

p e r  cen t a t  th e  h ig h es t p re ssu re s .
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Temperatures Above 35* C 

Although Eq. (31) n eg lec ts  th e  c a p i l la ry  tem perature d i s t r i 

b u tion  i t  c o rre c tly  expresses a l l  bu t about 0 .03 p e r cen t o f  the  den

s i t y  o f  gas in  th e  constan t volume chamber. I t  se rves th e re fo re  fo r  

th e  d isc u ss io n  o f  e r ro rs  a t  e lev a ted  tem peratures and can be re w ritte n  

a s :
AV.+AV +AV̂

"u ' 4,(1 - I \  ) • («)
*U * T

AVy+AV̂ +AV̂  i s  th e  t o t a l  expansion o f  th e  piezom eter which occurs upon 

h ea tin g  frcxn 35* C to  tem perature a t  co n stan t p re ssu re . S u b scrip ts  b , 

c and u r e f e r  to  be llow s, c a p i l la ry  and constan t volume chamber r e 

s p e c tiv e ly . The f i r s t  o rd er expansion o f  e r ro rs  in  d^ due to  th e  v a r i 

ous d e n s ity  and volume e r ro rs  i s :

Vc
6d , Ad. d. 6(AV. ) 6(AV +AV )

u 2 u 2

The q u a n tity  —y Wq which appears above i s  the  e r ro r  o f  c a l ib ra t io n

o f  th e  volumes o f  constan t volume chamber and c a p il la ry . I t s  value o f

1 X 10 ** i s  n e g lig ib le  in  comparison w ith  th e  term tdiich precedes i t .  
6(AV„+AV )

The r a t i o  —  n—  rep re se n ts  th e  e r ro r s  o f  ev a lu a tio n  o f  th e  therm al
Vu + ^

expansion and compression o f  constan t volume chamber and c a p i l la ry  tube . 

Due to  th e  sm allness o f  volume o f  th e  connecting c a p i l la ry  th e re  a re  no
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s t r in g e n t  accuracy requirem ents fo r  i t s  volume c o rre c tio n . Thus the 

l a s t  term  c o n s is ts  e s s e n t ia l ly  o f  e rro rs  on c o rre c tio n s  to  the  con

s ta n t  volume chamber. The c o m p ress ib ility  o f  n ick e l i s  known to  

w ith in  3 p e r  cent over the  working p ressu re  and tem perature ranges.

The e f f e c t  o f  e r ro r  in  n ick e l co m p ressib ility  a t  35" C has already
6db

been examined (estim ated  a t  5 p e r  cen t) and i s  inc luded  in  the  

o f  Eq. (41 ). As a r e s u l t ,  th e  e rro rs  in  AV̂  due to  co m p ressib ility  

must be expressed in  term s o f  th e  e rro rs  in  th e  d if fe re n c e  Xjj(TJ-Xjj(3S).

The therm al expansion c o e f f ic ie n t  e^ i s  known to  about 1 p e r cen t.

Thus in co rp o ra tin g  th ese  e stim ates  Eq. (41) can be re w ritte n :

6d 6d. 6(AV.)
+  y  ----------------+ 0 .03[x^(T )-x^(35)]P  + 0.01 e^(T-35) (42)

V  f  - AVb-AVu-AVc

Using th e  maximum d iffe re n c e  in  c o m p re ss ib ili t ie s  o f  n ick e l and 

P = 10,000 bars i t  fo llow s th a t  the  co m p re ss ib ility  c o rre c tio n  a t  

e lev a ted  tem perature d i f f e r s  n e g lig ib ly  from th e  one a t  35" C which

i s  in co rp o ra ted  in  in  the  above equation . Thus Eq. (42) can be
6db
4)

s im p lif ie d  and the  e f f e c t  o f  tem perature e r ro r  included :

6d 6d^ 6(AV)
- r  = - r  + -—^---- + 86T + (0 .01)e„(T-35) (43)
~  % V^+ Vc -  Vy

6 = therm al expansion c o e f f ic ie n t  fo r  the  gas.
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The reason fo r  no t includ ing  a p ressu re  e r ro r  as w ell as th e

tem perature e r ro r  6T i s  due to  th e  re p ro d u c ib il i ty  o f th e  p ressu re

m easuranents a t  both 35** C and h ig h er tem peratures whereas the  t#n-

p e ra tu re  e rro rs  a re  independent a t  each tem perature . Furtherm ore,

th e  e f f e c ts  o f  p ressu re  and tem perature e r ro r s  in  th e  f id u c ia l  range
5<k

have been considered p rev io u s ly  and a re  included  in  . I t  should
%

be noted th a t  Eqs. (40) through (43) apply to  iso b a r ic  p ro cesses ; con

seq u en tly , th e re  a re  no c o n tr ib u tio n s  due to  behav io r o f  th e  gas in  

th e  f re e z e  va lve . This rem ains th e  same along each iso b a r . Since B 

and th e  volume changes AV̂  vary  only s l ig h t ly  fo r  d if f e r e n t  gases th e  

e v a lu a tio n  o f  Eq. (43) fo r  Argon i s  s u f f ic ie n t  fo r  th e  e s tim ate  o f

e r ro r s .  I t  i s  e sp e c ia lly  in te r e s t in g  to  ev a lu a te  Eq. (43) a t  low p re s -  
6dy

su res where i s  n e g lig ib le  and a t  100® C where comparisons w ith th e  

same d a ta  s e t  from which th e  35® C f id u c ia l  d a ta  was ob tained  a re  o ften  

p o s s ib le . In  p a r t i c u la r ,  f o r  Argon a t  100® C and 2000 b a rs  th e  p a ra 

m eters in  Eq. (43) have th e  follow ing estim ated  v a lu es.

6 (AVy) = 1.8x10"^ cm) AT = 0.1® C

V  = 9 .6  cm) ^ * 1.7x10 V ’ C

e = 4.1x10-5/® C T-35 = 65® C

The estim ate  o f  e rro r  6(AV^) given above should be about a fa c to r  o f 

two too  la rg e . Under th e se  cond itions th e  maximum e r ro r  would be

6d|j| . 1̂
-3— = 3x10 vdiich corresponds to  approxim ately 0 .2  Amagats. When the  
“u
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volume changes AV̂  exceed about 1.0 cm  ̂ th e  e rro rs  6(AV^) a re  taken 

to  be 0 .1  p e r  cen t o f  AVy corresponding to  th e  expected e r ro rs  due to  

c a l ib ra t io n  and c o rre c tio n s . The p re d ic tio n s  o f Eqs. (35 ), (39) and 

(43) may be summed up in  th e  follow ing ta b le :

TABLE XII ^

^  X 100 % Argon

Bars 35" C 100" C 200" C 300" C 400" C

2500 0 0.03 0.04 0.05 0.09

6000 0.08 0.11 0.11 0.12 0.13

10,000 0.16 0.19 0.20 0.20 0.22



CHAPTER VIII 

Summary

W ithin th ese  pages a d e ta ile d  d e sc r ip tio n  o f  experim ental 

apparatus and procedure has been given along w if i  r a th e r  e x ten siv e  

ta b le s  o f  th e  r e s u l ts  ob tained  and estim ates o f  accuracy. I t  would 

be g ra tify in g  to  re p o rt th a t  th e  b d iav io r  o f  th e  substances s tu d ie d  

was w ell understood and could be simply re p re se n te d , however t h i s  i s  

not th e  ca se . In c o n tra s t  to  th e  lengthy machine c a lc u la tio n s  which 

a re  fash ionab le  these  days, th e  au tho r jo in ed  a  lengthy p ro cess io n  

o f  p redecessors who sought understanding o f  th e  dense f lu id  s t a t e  

h o p efu lly  th r o u ^  th e  e o riir ic a l study o f  th e  experim ental r e s u l t s .  Al- 

th o u ^  th e  e f f o r t  was by no means wasted in  term s o f  th e  ga in  in  fa c tu a l 

knowledge, th e  au thor d iscovered  nothing which would s im p lify  e i th e r  the  

understanding  o r th e  re p re se n ta tio n  o f  dense f lu id  behavior. The b e s t 

equation  o f  s t a te  fo r  h o t dense gases o f  which th e  author i s  aware i s  

th e  m odified T a it  equation  given w ith in  th e se  pages. I t  was b o m  o f  

th e  n e c e ss ity  fo r  d a ta  in te rp o la t io n  on th i s  p ro je c t  and i s  due e n t i r e ly  

to  th e  e f f o r t  o f  S. E. Babb, J r .  The equation  works in c re a s in g ly  w ell 

a t  h ig h er p ressu res  and tem peratures and may rep re se n t a l im itin g  form 

o f  equation  o f  s t a te  fo r  h o t dense gases although th e re  i s  as y e t no 

th e o re t ic a l  exp lanation  fo r  i t s  success .

121
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During th e  period  o f  tim e occupied by th is  research  th e re  were

some advances in  em pirica l knowledge o f  dense f lu id s .  The most no te-
f371worthy was H o lle ra n 's   ̂ d iscovery  o f  a l in e a r  re la t io n s h ip  between

PVd en sity  and tem perature o f  a gas along the  l in e  ^  = 1. The Boyle 

tem perature and close-packed s o l id  d en sity  a re  param eters which e n te r  

th e  new r e la t io n .  With th ese  param eters and a  th i r d  which apparen tly  

corresponds to  a  range o f  in te ra o le c u la r  in te ra c t io n  a new and h igh ly  

accu ra te  law o f  corresponding s t a t e s w a s  form ulated which holds 

fo r  sim ple m olecules. The range o f  correspondence apparen tly  includes 

th e  s o l id ,  l iq u id  and gas phases, however t e s t s  w ith  complex m olecular 

s tru c tu re s  have y e t to  be a ttem pted . The success o f  th e  m odified T a it 

equation  and H o lle ra n 's  u n i t  co m p re ss ib ility  law and law o f  c o rre s 

ponding s t a te s  a re  added to  a growing wealth o f  knowledge which must 

sometime be encanpassed by th eo ry . The th e o r is ts  burden i s  a  heavy 

one indeed.

At th e  conclusion  o f  any re sea rch  i t  i s  p ro f i ta b le  to  look 

back and see  what has been done and in q u ire  as to  how i t  could have 

been done b e t t e r  o r  more com pletely . Sane co n sid era tio n s o f  th i s  s o r t  

follow .

The work has r e l i e d  upon f id u c ia l  d a ta  provided by o th e r  

workers. At th e  in cep tio n  o f  t h i s  resea rch  i t  was f e l t  th a t  th e  accur- 

racy o f  th e  f id u c ia l  d a ta  was g re a t enough to  p re se n t no problem s, how

ev er, th e  m inor in c o n s is te n c ie s  which were encountered would in d ic a te  

th a t  some means o f  d ivo rc ing  th is  experiment fron  re lia n c e  upon f id u c ia l



123

d a ta  should bo found. The so lu tio n  would re q u ire  th e  use o f  some

th in g  o th e r  than a free ze  valve fo r  the  low est p ressu res and peihaps 

a  gas displacem ent technique fo r  ob ta in ing  th e  i n i t i a l  piezom eter 

volume. A d if fe re n t  va lve and a d d itio n a l plumbing would perm it a 

weight de term ination  o f th e  mass o f  gas in  th e  piezom eter.

Even i f  th is  work could be divorced from the f id u c ia l  d a ta  

i t  would be extrem ely in te r e s t in g  to  d i r e c t ly  measure th e  e f f e c t  o f  

th e  gas-mercury van d e r W aal's in te r a c t io n .  As long as workers p e r

s i s t  in  th e  use o f  mercury as a p ressu re  tra n sm ittin g  medium th e  need 

fo r  th i s  knowledge w il l  rem ain.

An obvious advantage o f  th e  technique used in  th is  work i s  

th a t  th e  gases a re  no t kept in  th e  presence o f  contaminants and th e re  

a re  no r e s i l i e n t  s e a ls  in  th e  p iezom eter. With th e  a d d itio n a l advan

tage  o f  continuous read ings a v a ila b le  i t  becomes c le a r  th a t  th e  type 

o f  apparatus employed in  th is  work i s  overwhelmingly b e t t e r  than  any 

o th e r  in  ex is ten ce  fo r  th e  dete rm ina tion  o f h ig h -p ressu re  isotherm  

d a ta . I f  anyoie o b je c ts  to  th i s  claim  fo r  reasons o f  accuracy i t  

should be noted th a t - a  number o f  improvements can be made in  each o f 

th e  p re s su re , volume and tem perature measurements w ithout a l te r in g  

th e  b a s ic  design . Although th e  manganin p re ssu re  gauge used in  th is  

work i s  a  very good one, th e  e r ro rs  o f  c a l ib ra t io n  co n tr ib u te  a major 

p o rtio n  to  the  t o ta l  e r ro r .  This could be e lim in a ted  by comparison 

w ith  a dead weight gauge in  the  low p ressu re  range. I t  would be pos

s ib le  through the  use o f  a po ten tiom eter more accu ra te  than  th e
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Kohlrausch s lid ew ire  and th e  sim ple expedient o f  a  more p re c ise  cathe- 

tom eter to  reduce the  s c a t t e r  in  the  volume measurements and c a l ib r a 

t io n .  The c a p illa ry  which connects th e  constan t volume chamber and 

bellow s could be reduced in  d iam eter and lengthened to  perm it th e  use 

o f  a la rg e r  and more unifoxm furnace and more accu ra te  tem perature 

measuring devices such as a  re s is ta n c e  thermometer.

A ll th in g s  considered  i t  should be  p o ss ib le  w ith some expendi

tu r e  o f  funds to  reduce th e  s c a t t e r  in  th e  measurements by an o rd e r  o f 

magnitude and to  in c rease  th e  abso lu te  accuracy o f  the  r e s u l ts  by the  

same amount.
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APPENDIX

Independent D eterm ination o f  th e  Piezom eter Volume

When two d if f e r e n t  sample loads span a common p ressu re  range 

and th e  piezom eter has not been disassem bled between th e  runs i t  i s  

p o ss ib le  to  determ ine th e  i n i t i a l  piezom eter volume a t  the  lowest 

p re ssu re  on th e  5S® C isotherm  independently  o f  f id u c ia l  d a ta . I f  th e  

raw d a ta  from th e  two runs i s  p lo tte d  on th e  same grandi, such as F ig . 

10, th e  h i p e s t  p ressu re  3S** C isotherm  would occupy a p o s itio n  s im ila r  

to  th e  400" C isotherm  shown in  th a t  f ig u re .  The e f fe c t  i s  th e  same in  

bo th  cases s in ce-g as i s  added to  the  bellow s.

A ccordingly, l e t  D̂  be th e  Kohlrausch s lid e w ire  s e t t in g  a t  th e  

low est p ressu re  P^ on th e  35* C isotherm  and l e t  Pg be the  p re ssu re  on 

th e  second gas load corresponding a lso  to  D^. Then a volume change 

AVi2 occurs when th e  sm a lle r gas load i s  r a is e d  to  p ressu re  P^. For 

p ressu re s  above P^ th e re  i s  a p ressu re  range common to  both loads o f  

g as. Within th is  common p re ssu re  range l e t  AV̂  rep re sen t the volume 

changes in  th e  sm a lle s t gas load beginning w ith p ressu re  P^. Then i f  

AVg rep re sen ts  the  volume changes beginning frcmi P^ fo r  the  la rg e r  gas 

load  th e re  fo llow s:

AVi AV2

m T = W  *
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Where i s  the mass o f  gas in  the  sm all sample and is  mass o f  gas

in  th e  la rg e  sam ple. The above equation  and th e  measured volume
Mg

changes serve  to  determ ine th e  mass r a t i o  g -  .Ml
I t  i s  a lso  req u ired  th a t  th e  d a ta  red u c tio n  y ie ld  a unique 

d e n s ity  a t  each p re s su re . ITius i f  i s  the  i n i t i a l  piezom eter volume 

corresponding to  th e  s lid ew ire  s e t t in g  th e re  fo llow s:

Ml Mg

V j - a V j 2 “ A V j  "  V j - A V - A V g  *

Here AV i s  a c o rre c tio n  on th e  piezom eter volume s im ila r  to  th a t  given 

by Eq. (18) due to  th e  i n i t i a l  piezom eter volume be ing  s l ig h t ly  sm a lle r  

due to  p ressu re  e f f e c ts  a t  on th e  hiÿ* p ressu re  load . The l a s t  two 

equations can be so lv ed  fo r  th e  i n i t i a l  volume w ith  the r e s u l t :

Mg
HT AV12 -  AV

''1  ■  «2  .  ■

H T - 1

The foregoing  d iscussion  i l l u s t r a t e s  th e  p r in c ip le s  involved 

in  an independent determ ination  o f  th e  piezom eter volume. These con

s id e ra t io n s  were s tim u la te d  by sm all d isc rep an cies  which appeared in  

th e  values o f  Vĵ  ob ta ined  by th e  l e a s t  squares f i t t i n g  to  f id u c ia l  

d a ta , some o f which was provided fo r  th e  h ig h er p re ssu re  runs by th is  

eaqierim ental work.
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In a c tu a l p ra c t ic e  i t  req u ire s  considerab le  e f fo r t  to  d e te r-  
Mo

mine th e  mass r a t io  g p  given by Eq. (44). In th e  f i r s t  p lace  the 

volume changes on one load must be ob tained  by in te rp o la tio n  s in ce  

only ra re ly  do th e  measured p ressu res  correspond exac tly  on two d i f 

fe re n t  runs. Second, some means o f  e lim in a tin g  random s c a t t e r  in  

th e  d a ta  must be found. A reasonable  procedure in  th is  l a s t  case

c o n s is ts  o f  f i t t i n g  th e  in te rp o la te d  volume changes AV̂  to  th e  values
Mo

o f  AVg to  ob ta in  a l e a s t  squares b e s t value o f  gp . (This was a c tu a lly  

done in  th e  case o f  argon .) A more d i r e c t  procedure i s  p o s s ib le , how

e v e r, s in ce  th e  le a s t  squares f i t  to  f id u c ia l  d a ta  randcanizes the  

s c a t t e r  in  volume changes to  f i r s t  o rd e r. Thus one can use th e  m odified 

T a it  equation  to  in te rp o la te  d e n s it ie s  and then  use the  d e n s itie s  to  

in te rp o la te  volume changes. These co n sid era tio n s  then lead  to  a more 

convenient expression  o f  Eq. (46) which can be given in  th e  follow ing 

form:

f  .

Vj = Vi .  ------- (47)

v j and a re  th e  l e a s t  squares b e s t va lues o f  and which are  

ob tained  th r o u ^  th e  use o f  Eq. (20) fo r  th e  low est p ressu re  run and 

Vg and V̂ 2 a re  th e i r  c o u n te rp a rts  on th e  la rg e r  sample load . Thus 

th e  l e f t  member o f  Eq. (47) g ives an i n i t i a l  volume which i s  independ

en t o f  th e  f id u c ia l  d a ta . I t  should be noted  th a t  th e  ro le  o f  s t a t i s 

t i c a l  e rro rs  o f  th i s  de te rm ina tion  i s  d isp layed  as c le a r ly  as p o ss ib le
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by th e  above equation . The major c o n tr ib u tio n  i s  expressed in  th e  

d iffe re n c e  Vj-V^. The combined standard  d e v ia tio n s  o f  these  q u a n ti

t i e s  u su a lly  amounts to  about 0.01 cc w hile th e  denominator o f  the  

r ig h t  member u su a lly  has a value o f  about 2x10" \  Thus th e  volume 

determined by Eq. (47) i s  only s t a t i s t i c a l l y  accu ra te  to  about 0 .3  

p e r  cen t. As f a r  as any system atic  e r ro rs  in  th e  p resen t work a re  

concened  th e  e f fe c ts  would be th e  same fo r  bo th  the  f i t s  to  th e  

f id u c ia l  d a ta  and fo r  th e  use o f  Eq. (47). Both approaches a re  based 

upon r a t io s  o f  volume changes, consequently th e  i n i t i a l  volumes given 

in  each case should be d i r e c t ly  comparable.

The follow ing comparison i s  given fo r  th e  piezom eter volume 

fo r  argon a t  1537 b a rs  and 35* C:

I 16.97±0.08 cm^—a d d itio n  o f volumes 

I I  16.99±0.05 cm^—given by Eq. (47)

I I I  16.870*0.006 cm^—fid u c ia l  d a ta  f i t t i n g

The la rg e  u n ce rta in ty  on th e  ex te rn a l e s tim ate  I  i s  due to  th e  d i f 

f i c u l t i e s  involved in  e s tim a tin g  th e  free ze  v a lv e  c a p illa ry  volume 

and the  f u l ly  compressed volume o f  th e  bellow s. A very s im ila r  com

p ariso n  o b ta in s fo r  th e  n itro g e n  d a ta .
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D iscussion o f  Freeze Valve C h a ra c te r is tic s  

The assunq;>tion was made fo r  th e  purpose o f  d a ta  red u c tio n  

th a t  a constan t mass o f  gas a t  35* C was re sp o n s ib le  fo r  th e  measured 

volume changes. T his assum ptim  needs to  be examined w ith ap p ro p ri

a te  co n sid era tio n  o f  th e  p rocesses which occur in  the  free ze  va lv e .

At the  low est p ressu re  on th e  35* C isotherm  th e  c a p i l la ry  

tube  i s  blocked a t  a  p o s it iw i s l ig h t ly  above th e  liq u id  n itro g e n  lev e l 

in  th e  dewar f la s k  and a t  a tem perature corresponding to  th e  m elting  

tem perature  o f  th e  s o l id  a t  p re ssu re  P^. I f  th e re  was no compression 

o r  ex tru s io n  o f  th e  s o l id  p lug  and i f  th e  f lu id  above the  plug behaved 

as i f  i t  were a l l  a t  35* C then  th e re  would be no problems a t  a l l  a s

so c ia te d  w ith th e  fre e z e  v a lv e , however, one must consider th e  v a r ia 

t io n s  o f  d en sity  w ith in  th e  c a p i l la ry  in  o rd e r to  dem onstrate th a t  th e  

d ep artu res  fitxa th e  35* C behav io r o f  th e  gas a re  n e g lig ib le .

The freeze  valve  c a p il la ry  tub ing  t r a v e r s e s  a tem perature v a r

ia t io n  from 77* K a t  th e  l iq u id  n itro g e n  le v e l to  room tem perature  in

a leng th  o f  about two to  th re e  inches. About fo u rteen  a d d itio n a l

inches o f  c ^ i l l a r y  s tan d  a t  room tem perature  and connect th e  free ze  

v a lv e  to  th e  p iezom eter which i s  th e rm o sta tted  a t  35* C. W ithin th e  

reg io n  o f  high tem pera tu re  g rad ien t a s o l id  gas p lug  e x is ts  submerged 

under a region o f  l iq u id  which then extends up th e  c a p illa ry  u n t i l  

th e  c r i t i c a l  ta n p e ra tu re  i s  reached. Above th e  c r i t i c a l  p o in t a  gas 

d e n s ity  g rad ien t e x is ts  u n t i l  th e  room tem pera tu re  p o rtio n  i s  reached.
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When the p ressu re  i s  increased  th e  s o l id - l iq u id  in te r fa c e  r i s e s ,  w ith 

the  s o l id  volume growing a t  th e  expense o f  th e  gas in  th e  piezom eter 

and th e  l iq u id  above th e  in te r f a c e .  This e f f e c t  in troduces a  volume 

change in  th e  p iez (m eter in  excess o f  the  volume change fo r  th e  gas a t  

350" C, however, t h i s  spurious volume change i s  p a r t i a l ly  compensated 

by v ir tu e  o f  th e  gas in  the  room tem perature p o r tio n  o f  th e  c a p i l la ry  

being le s s  e x p r e s s ib le  than the gas a t  35" C.

I f  th e  l iq u id  n itrogen  le v e l  in  the  dewar f la sk  i s  kep t con

s ta n t  and i t  i s  assumed th a t  th e  tem perature v a r ie s  l in e a r ly  w ith in  

th e  c a p i l la ry  between 77" K and room tem peratu re , then i t  i s  p o ss ib le  

to  c a lc u la te  th e  excess volume change w ith in  th e  c a p i l la ry  by in te g ra 

tin g  over th e  d e n s ity  d is t r ib u t io n  in  the  c a p i l la r y .  For t h i s  ca lcu 

la t io n  l e t  be th e  c a p illa ry  tube  volume between th e  i n i t i a l  s o l id  

p lug p o s itio n  and th e  35" C p o rtio n  o f  th e  p i e z x e t e r .  Then i f  V^(P) 

i s  th e  normal volume o f  gas w ith in  th e  c a p i lla ry  a t  p ressu re  P, th e  

excess o f  normal volume o f  gas tdiich i s  lo s t  f r x  th e  35* C p o rtio n  

o f  the  piezom eter w i l l  be:

AV̂  = [Vj^(P)-V„(Pp] -  [d (P ,3S )-d (P j,35 )]V c, (48)

d(P,35) denotes th e  Amagat d en sity  o f  gas a t  35" C and p re ssu re  P. The 

q u a n tity  VjjCP)-V^(Pj) i s  given by:
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V. .fT  (P)
(V„(P)-V„(Pj)J .  7  2 ^  l |  "  [d ,(P .T )-d ,(P ,.T )]d T

fT f25" C+  J  [dg(P ,T )-d (P j,T )]dT  + J  [dg(P,T)-dg(Pj,T)]dT}

+ [dg(P.25) -  d g (P j,2 5 )] (  ^  )V^ . (49)

Here room tem perature has been taken to  be 25" C, su b sc r ip ts  s ,  L, and 

g r e f e r  to  s o l id  l iq u id  and gas, re s p e c tiv e ly . X i s  the  leng th  o f  

c a p i l la ry  over which th e  tem perature g rad ie n t e x is ts  and Y i s  th e  length 

between th e  i n i t i a l  s o l id  plug p o s it io n  and the  35" C p o rtio n  o f  the  

piezom eter. T^(P) i s  th e  m elting p re ssu re  o f  th e  s o l id  a t  p ressu re  P 

and th e  c r i t i c a l  tem perature o f  th e  substance.

Equations (48) and (49) have been evaluated  fo r  argon. The 

d a ta  o f  Lahr and E v e r s o l e w e r e  in te rp o la te d  and in te g ra te d  graph

i c a l ly  fo r  th e  ev a lu a tio n  o f  th e  in te g ra ls  in  Eq. (49 ). The m ajor con

t r ib u t io n s  to  V^(P)-V^(Pj^) come from th e  f i r s t  and l a s t  teim s o f  the  

r ig h t  member o f  Eq. (49 ). The o th e r  in te g ra ls  could have been sa fe ly  

n eg lec ted .

The d iffe re n c e s  AV̂  given by Eqs. (48) and (49) a re : 0.01 cm  ̂

a t  2000 b a rs ,  0.25 cm  ̂ a t  5000 b a rs , and 0.62 cm  ̂ a t  10,000 b a rs .

These values a re  c e r ta in ly  n e g lig ib le  f ra c tio n s  o f  th e  10 to  12 l i t e r  

normal volumes o f  th e  gas w ith in  the  piezcmieter. Use o f  th e  more
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re c e n t argon m elting p o in t d a ta  o f  Crawford and D a n i e l s w o u l d  not 

s u b s ta n t ia l ly  a l t e r  the  r e s u l ts  ob tained .

Equations (48) and (49) n eg lec t th e  dep ression  o f  the s o l id  

in  th e  c a p i lla ry  which i s  due to  th e  c o m p re ss ib ility  o f  the s o l id  

I^ a s e , however, th i s  should not be o f  any consequence. The ex p eri

m ental r e s u l t s  a lso  ru le  out th e  p o s s ib i l i ty  o f  e x tru s io n  o f the  s o l id  

fo r  t h i s  would in troduce  a h y s te re s is  idiich would be de tec ted  in  th e  

red ieck  runs a t  35^ C i f  th e  e x tru s io n  amounted to  as much as one 

cen tim e te r in  th e  c ^ i l l a r y .


