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DENSITY MEASUREMENTS FOR NEON AT LOW TEMPERATURES

Leon Rouzelle Scott 

ABSTRACT

The d e n s ity  o f pure neon was measured a t  l$h  p o in ts  over the 

range from 28°K to  70°K fo r  p ressu res  up to  2I4O atm ospheres.

This d a ta  was taken  in  such a way th a t  n in e teen  isochores com­

p r is in g  f i f t e e n  iso th e rm al l in e s  were generated . The data thus f i l l s  

th e  gap in  p rev io u sly  published  d a ta  around the vapor dome and near the  

c r i t i c a l  p o in t .  This d a ta  i s  th e  only  experim ental d a ta  a v a ila b le  around 

the  vapor dome and in  the compressed liq u id  reg ion  fo r  neon.

The d a ta  was obtained using  a constan t volume system which was 

co n s tru c ted  f o r  th i s  purpose. The t e s t  c e l l  in  which measurements were 

made was w ith in  an evacuated chamber in  a l iq u id  hydrogen b a th . The 

c e l l  was e l e c t r i c a l l y  heated fo r  tem perature c o n tro l.  The p ressu res  

were measured w ith  a dead w eight gage. A p re c is io n  platinum  re s is ta n c e  

thermometer in  con junction  w ith  a M ueller Bridge was used fo r  tempera­

tu re  measurements. Volumes were measured by two d if f e r e n t  methodss a 

B u rnett type expansion, and a volume measuring device co n stru c ted  as a 

p a r t  o f th i s  p r o je c t .  Mass measurements were made using a second group 

of tem pera tu re , p re ssu re , and volume measurements f o r  a m u ltip le  expan­

s io n  p ro cess . This process was developed fo r  th is  purpose.

The m a jo rity  o f th e  r e s u l ta n t  d a ta  from th ese  measurements i s  

w ith in  an estim ated  0 .2  percen t o f th e  tru e  v a lu es , based on an e r ro r  

a n a ly s is  of the system and equations used .



The da ta  obtained  in  t h i s  study agrees w ell w ith  o th e r ex p eri­

m ental d a ta  where th e re  i s  overlap  in  th e  ranges covered. In  g en era l, 

t h i s  d a ta  i s  between th e  extremes from the o th e r d a ta .
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CHAPTER I

INTRODUCTION

Neon i s  one of th e  i n e r t  gases found only in  the atm osphere. At­

mospheric a i r  c o n s is ts  of about 18 p a r ts  per m illio n  of neon. Because 

o f i t s  low co n cen tra tio n  in  th e  a i r ,  i t  has been considered  one of the  

" ra re ” g a se s . U n til commercial l iq u e fa c tio n  of a i r  became a la rg e  sca le  

o p e ra tio n , th e  production  o f neon was lim ite d  to  very  ex tensive  lab o ra­

to ry  se p a ra tio n s  to  o b ta in  a r e l a t iv e ly  sm all amount o f neon. Now neon 

i s  f a r  more w idely a v a ila b le  and i s  being used fo r  a number o f ap p lica ­

t io n s .  Among th ese  i s  th e  growing use o f l iq u e f ie d  neon as a cryogenic 

f lu id  to  p a r t i a l l y  f i l l  th e  tem perature gap between liq u id  hydrogen and 

l iq u id  oxygen. The tem peratures o b ta in ab le  w ith  l iq u id  neon would be 

from about 25°K to  about UO°K. In  th e  range of overlap  w ith  hydrogen, 

neon has th e  advantage o f a much g re a te r  h ea t o f  v a p o riz a tio n , and the  

f a c t  th a t  neon i s  chem ically  i n e r t  i s  a lso  an im portan t advantage as a 

cryogenic f lu id .  As neon becomes more re a d ily  a v a ila b le  in  la rg e  quan­

t i t i e s , ,  and as more i s  determ ined about i t s  p ro p e r t ie s ,  more uses w i l l  

undoubtedly a r i s e .

Compared to  most o th e r gases, very  l i t t l e  i s  known of th e  prop­

e r t i e s  o f neon. This i s  probably due la rg e ly  to  th e  g en era l lack  o f 

a v a i l a b i l i ty  o f  neon in  p as t y e a rs .

This work p re se n ts  measurements of th e  d e n s ity  o f neon in  th e  

range from 28 to  70° K elv in , over a p ressu re  range up to  2i*0 atm ospheres.



This reg ion  in c lu d es  th e  vapor reg ion  fo r  t h i s  su b stan ce . The prim ary 

emphasis i s  th e  de term ination  of th e  p re s s u re - sp e c if ic  volume-tempera- 

tu re  su rface  in  th e  reg ion  near th e  c r i t i c a l  p o in t where no o th e r d a ta  

i s  a v a ila b le  fo r  th i s  sub stan ce .



CHAPTER I I

PUBLISHED THERMODYNAMIC PROPERTIES OF NEON

1 . INTRODUCTION

Of the  thermodynamic p ro p e r tie s  o f neon* s e v e ra l are  o f p a r t ic ­

u la r  i n t e r e s t  in  t h i s  s tu d y . These includes measured d e n s it ie s  as a 

fu n c tio n  o f tem perature and pressure} liq u id -v ap o r vapor p ressu re  curvej 

c r i t i c a l  p o in t d a ta j and c o r re la t io n s  and equations o f s ta te  f o r  neon. 

The i n t e r e s t  in  th e  measured d e n s ity  i s  o f prim ary concern in  t h i s  work. 

The in t e r e s t  in  th e  liq u id -v ap o r vapor p ressu re  curve i s  tw ofo ld , se rv ­

in g  as a lower l im i t  f o r  each iso ch o re  and a lso  prov id ing  a check o f th e  

accuracy  o f tem perature and p re ssu re  measurements.

The d a ta  covered h e re in  covers a l l  measurements o f th e  types men­

tio n e d  above f o r  neon, whether or not they  have a p p lic a tio n  in  th e  range 

o f in t e r e s t  of th i s  s tu d y .

2 . P-V-T MEASUREMENTS OF NEON

The f i r s t  measurements o f th e  d e n s ity  o f neon were made by Ramsey 

and T ravers (33)^  in  1906. These were th e  men who were re sp o n s ib le  fo r  

th e  d iscovery  and e a r ly  sep a ra tio n  p rocesses fo r  neon. Burt (6 ) in  1910 

measured th e  d e n s ity  o f neon over a somewhat w ider p ressu re  range a t  

0°C. These works were o f l im ite d  u se fu ln ess  and poor accuracy, p a r-

^Numbers in  p a re n th e s is  r e f e r  to  R eferences.
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t i a l l y  because o f th e  sm all neon samples which th ey  had a v a ila b le .

In  1915 a t  Leiden, H. Kamerlingh Onnes and C. A. Crommelin (3 0 ) 

made th e  f i r s t  major measurements o f th e  d e n s ity  of neon, covering th e  

range from 55°K to  293°K a t 22 to  93 atm. p re s su re . This work was sup­

plemented in  1919 by a d d itio n a l measurements over the  same range by 

Crommelin, M artinez and Onnes ( I D .  Then in  1922 a t  th e  same lab o ra ­

to ry , M athias, Crommelin and Onnes (2 l)  measured the d e n s ity  of the  s a t ­

u ra te d  l iq u id  and vapor, and determ ined th e  c r i t i c a l  d e n s ity  by the 

method of r e c t i l i n e a r  d iam ete rs .

The only o th e r  determ in a tio n  o f l iq u id  d e n s it ie s  was an e a r l i e r  

d e te rm in a tio n  o f two l iq u id  p o in ts  given in  re fe ren ce  30 .

Soon a f te r  th e  work a t  Leiden, o th e r la b o ra to r ie s  began measure­

ments o f th e  d en s ity  of neon. Holborn and O tto (17) a t  B erlin  published  

d a ta  in  1925 covering th e  range from 90°K to  673°K from 20 to  100 atm.

In  1926 (18), they added a 65°K iso therm  over the  same range o f p res­

su res .

M ichels and Gibson (25) p resen ted  d a ta  in  1928 fo r  f iv e  isotherm s 

from 0 to  100°C a t  30 to  500 atm .

Also in  1928, Baxter and S tarkw eather (3) made measurements o f th e  

d e n s ity  of neon a t low p ressu res  and 0°C. T heir main in t e r e s t  was th e  

d e term ina tion  of th e  m olecular w eight and normal volume, however.

LeDuce (20) had done much the  same th in g  in  1918, a ttem pting  to  d e te r ­

mine th e  same p ro p e r t ie s .

Heuse and O tto (15) used P-v-T measurements o f neon a t  low p re s ­

su res  to  determ ine the  zero of th e  thermodynamic tem perature sca le  in  

1929. These d e n s ity  measurements were lim ite d  to  0°C, however.

No a d d it io n a l  P-v-T work was done on neon fo r  the  nex t twenty
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y ears  u n t i l  two low p ressu re  isotherm s a t 0°C and 20°G were measured by 

O iski ( 28) .

In  1955 N icholson and Schneider (27) a t  th e  N a tio n a l Research 

Council in  Canada measured a s e r ie s  o f  high tem perature iso therm s using  

th e  B urnett method. These t e s t s  covered th e  range from 0°C to  700°C and 

10 to  80 atm.

In  i 960 M ichels, Wassenaar and Louwerse (26) a t th e  Van d er Waals 

L aboratory  in  Amsterdam, N etherlands, published  d a ta  covering th e  range 

from 0°C to  lf>0°C and p re ssu re s  up to  2900 atm.

Research on neon a t  the  U n iv ersity  o f Michigan was begun by 

S u lliv an  (37)• He published  fo u r iso therm s from 70°K to  120°K a t  p res­

su res  up to  300 atm. His work also  used a B urnett method.

The ranges o f th e  d a ta  l i s t e d  above i s  summarized in  F igure 1. 

This f ig u re  also  shows th e  need fo r  more d a ta  to  a c c u ra te ly  d e fin e  the  

P-v-T su rface  f o r  neon a t  low tem p era tu res .

The v a l id i ty  o f th e  d a ta  mentioned above i s  p r im a rily  a fu n c tio n  

of th e  tim e a t which i t  was tak en , th e  o ld e r d a ta  in  g en era l being the 

l e a s t  r e l i a b le .  P lo ts  o f the  second v i f i a l  c o e f f ic ie n t  by Schneider, 

S u lliv an  and o th e rs  show considerab le  s c a t te r  in  th e  e a r ly  work. The 

lack  of accuracy in  p ressu re  and tem perature measurements as w e ll as 

neon p u r ity  are probable reasons fo r  th e  d isc re p a n c ie s ,

3 . VAPOR PRESSURES OF NEON

The vapor p ressu re  o f l iq u id  neon was f i r s t  measured by Cath and

H. Kamerlingh Onnes (7) in  1918. This measurement was plagued by impu­

r i t i e s  in  th e  neon. Crommelin and Gibson (10) measured th e  vapor p res­

su re  of bo th  s o lid  and l iq u id  in  1927 u sing  the  same equipment used by
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Figure 1 . Range o f Published D ensity  Measurements fo r  Neon.
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Cath. This work was continued a t  Leiden in  1928 by V e rsch a ffe lt (3 9 ), 

who p resen ted  d a ta  fo r  both l iq u id  and s o lid  neon.

C lusius ( 8 ) p resen ted  d a ta  on th e  vapor p ressu re  in  1929 fo r  both 

th e  l iq u id  and s o lid  as a p a r t  o f h is  de term ina tion  o f the s p e c if ic  

h ea ts  o f neon.

Keesom and H aantjes ( 19) continued th e  work on vapor p ressu re  a t 

Leiden in  1935.

The e f f e c t  o f iso to p ic  con ten t on th e  vapor p ressu re  and th e  t r i ­

p le  p o in t was measured in  i 960 by Boato, Casanova, and V a llau ri ( 5 ) .

The work was extended fu r th e r  by Roth and B ig e le isen  (3U>35) in  I 960 and 

1961.

In  1962 G r i l ly  ( 13) published  work on th e  vapor p ressu re  o f liq u id  

and s o lid  neon fo r  th e  normal iso to p ic  c o n te n t. He provided th e  follow ­

ing  eq u atio n  fo r  the  liq u id s

Log10 P=  7 .^6116-106 .090  T” 1 - 3 .56616x10"2 T

U. 1 1 0 9 2 x 1 0 T2 eq . ( l)

f o r  P in  mmHg and T in  degrees K elv in .

The work o f G r i l ly  agrees w ith th e  e a r l i e r  vapor p ressu re  measure­

ments bu t apparen tly  has much le s s  s c a t t e r .

in  CRITICAL POINT

As w ith  th e  o th e r measurements on neon, the c r i t i c a l  p o in t was 

f i r s t  determ ined a t  Leiden in  1909 by Onnes (29 ) .  A more accu ra te  detep- 

m ination was made l a t e r  by Onnes, e t ' a l . ,  (3 l)o  This was l a t e r  m odified 

a t  Leiden by Crommelin (9 ) .

The most re c e n t and probably th e  most accu ra te  determ in a tio n  was
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th a t  o f G r i l ly  (13) in  1962. Table 1 summarizes th e  measurements o f 

c r i t i c a l  tem peratu re  and p re ssu re .

These measurements a l l  used th e  d isappearance of th e  m iniscus as 

th e  means o f determ ining th e  c r i t i c a l  p o in t.

TABLE 1

PUBLISHED CRITICAL PROPERTIES OF NEON

In v e s tig a to r C r i t ic a l
Temperature

C r i t ic a l
P ressure

C r i t i c a l
D ensity

Onnes ( 29) ------- 26 atm ------ -

Onnes, e t  a l .  
(31)

UU.7U°K 26.86  atm -------

Crommelin
(9)

i4*.38°K 26.86  atm

G r i lly  ( 13) Wl.UO ±.02°K 26.193
±.066  atm

M athias (2 l) ------- ------- 0.ij835 g/cc

•£. EQUATIONS OF STATE

A la rg e  number o f e m p iric a l and sem i-em pirica l equations o f s ta te  

have been used to  in te rp o la te  and e x tra p o la te  th e  e x is t in g  d a ta  on neon. 

These equations and methods have met w ith  vary ing  degrees o f success 

depending on the  ranges o f a p p lic a tio n .

B e a ttie  and Bridgeman (I4) were able to  f i t  t h e i r  equation  to  give 

an average d e v ia tio n  of 0 .2 1  p ercen t in  d e n s ity  fo r  th e  229 p o in ts  o f 

th e  Leiden and B e rlin  d a ta .  I t  should  be noted th a t  t h i s  i s  lim ite d  to  

low and moderate d e n s it ie s  as are  a l l  th e  d a ta  a v a ila b le  fo r  neon (except
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th e  s a tu ra te d  l iq u id  d a ta  which was no t used in  th i s  c o r r e la t io n ) .

Y endall (III) attem pted to  f i t  a m odified Beattie-B ridgem an equa­

t io n  (having seven co n sta n ts )  bu t was not ab le  to  g e t as good a  f i t  as 

when u sin g  a m odified Benedict-Webb-Rubin equation  (w ith  12 c o e f f ic ie n ts ) .  

With th e  l a t t e r  equation  he was able to  o b ta in  a f i t  w ith  an average 

d e v ia tio n  of 0.19 p ercen t fo r  th e  102 Leiden p o in ts .  Y endall used h is  

eq uation  to  p repare  ta b le s  o f neon p ro p e r t ie s .

A number o f corresponding s ta te s  c o r re la t io n s  have been attem pted 

w ith  neon. Hamrin and Thodos (1i*) showed in  t h e i r  work on th e  ra re  

gases th a t  argon, xenon, and k ryp ton  would c o r re la te  on th e  same graph. 

Neon, helium , and hydrogen would n e ith e r  c o r re la te  w e ll w ith  one another 

nor w ith  th e  h eav ie r g a se s . This i s  in  s p i te  o f the f a c t  th a t  neon, 

helium , and hydrogen have th e  same c r i t i c a l  c o m p re ss ib ili ty . The reason 

f o r  t h e i r  n o t c o r re la t in g  i s  th e  f a c t  th a t  w ith  th e se  th re e  gases th e  

quantum e f f e c ts  are s t i l l  a p p re c ia b le . DeBoer and M ichels (12) "quantum 

m echanical param eter", which i s  a measure o f th e  im portance o f quantum 

e f f e c t s ,  i s  2 .7k  fo r  helium , 1 .80  fo r  hydrogen, 0 .58  fo r  neon, and 0 .18  

f o r  argon w ith  th e  o th e r  gases being  s t i l l  low er. T herefore , one would 

no t expect very  good r e s u l t s  from a corresponding s ta te s  c o r re la t io n  fo r  

neon.

The v i r i a l  equation  o f s ta te ,  which was used a t  f i r s t  as only  a 

c o r re la t in g  em p irica l eq u a tio n , can be derived  from s t a t i s t i c a l  thermo­

dynam ics. This equation  has been derived  and th e  second v i r i a l  c o e f f i ­

c ien ts*  in c lu d in g  quantum e f f e c ts ,  ev a lua ted  fo r  s e v e ra l m olecular fo rce  

p o te n t ia l s .  E m pirical d a ta  i s  needed in  th e  a n a ly s is  to  provide d a ta  on 

th e  fo rces  between m olecules. The method has been to  use em p irica l sec­

ond v i r i a l  c o e f f ic ie n t  d a ta  to  ev a lu a te  th e  param eters in  a m olecular
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fo rce  p o te n t ia l  such as th e  Lennard-Jones 6-12 p o te n t ia l .  These poten­

t i a l  param eters have been ev a lu a ted  by a number of in v e s t ig a to rs  and

show com paratively  l i t t l e  s c a t t e r  (see 27, 3 7 ).

The problem w ith  th e  use o f the v i r i a l  equation  i s  th a t  i t  i s

v a l id  only f o r  low d e n s it ie s  in  f i n i t e  form—as the  d e n s ity  o f th e  liq u id

i s  approached the v i r i a l  equation  no longer converges. T herefore , i t  i s  

necessary  to  u t i l i z e  an e m p iric a l r e la t io n  to  cover th e  moderate and 

high d e n s ity  c o n d itio n s .

McCarty and Stew art (22, 23, 2\\) a t  th e  N ational Bureau o f Stand­

ards Cryogenic Engineering Laboratory  expanded on th e  work of Y endall 

and extended the  ta b le s  produced w ell in to  th e  l iq u id  re g io n . T heir 

method was to  use e x is t in g  measured d a ta  (w ith  some c o rre c tio n s  and 

d e le tio n s )  and a corresponding s ta te s  r e la t io n  based on n itro g en  and 

argon. This d a ta  was then  f i t  w ith  an e ig h teen  co n stan t equation  which 

was a m odified S trob ridge  eq u atio n , o f th e  g en era l form of th e  equation  

used by Y endall, w ith  an added ex p o n en tia l m u l t ip l ie r .  The ta b le s  pro­

duced by th i s  work cover th e  range from 25°K to  300°K and p re ssu re s  to  

200 atm, in c lu d in g  th e  compressed l iq u id  ran g e . They are probably th e  

b e s t ta b u la r  d a ta  a v a ila b le  although t h e i r  accuracy may be q u es tio n a b le . 

The au thors e s tim a te  th a t  th e  d e n s ity  values a re  w ith in  2 p e rcen t over 

th e  e n t i r e  ran g e . This a p p lie s  only to  re fe ren c e  23, according to  the  

a u th o rs .



CHAPTER I I I

COMPARISON OF METHODS FOR P-V-T MEASUREMENTS

1 . INTRODUCTION

There are  b a s ic a l ly  two methods of o b ta in in g  s p e c if ic  volume da ta  

f o r  gasess (a) d ir e c t  w eighing of a known volume of gas a t  a known tem­

p e ra tu re  and p re ssu re , and (b) e x tra p o la tio n  of d e n s ity  to  zero p ressu re . 

The f i r s t  method was th a t  used by e a r ly  in v e s t ig a to rs  and re s u lte d  in  

th e  de te rm in a tio n  of the num erical value fo r  th e  normal volume and moleo- 

u la r  w eigh t. The l a t t e r  value i s  assumed known in  a l l  methods which use 

th e  second type of s p e c if ic  volume d e te rm in a tio n . There are s e v e ra l 

s p e c if ic  ways to  u t i l i z e  the  second method o f m easuring s p e c if ic  volume. 

These would bes (a) B urnett method, (b) piezom eter method, and (c) f i n a l  

expansion' method.

2 . DIRECT WEIGHING

A volume i s  mounted on an a n a ly t ic a l  ty p e , h igh  p re c is io n  b a lan ce . 

The system  i s  c a l ib ra te d  w ith  oxygen or o th e r  known gases to  c o rre c t fo r  

p re ssu re , therm al expansion, e t c .  The e n t i r e  system must be in  an evac­

uated  chamber to  avoid buoyancy e f f e c t s ,  and a t  th e  d es ired  tem p era tu re . 

A m o d ifica tio n  of t h i s  type of system th a t  has been used i s  to  weigh the 

gas and then  t r a n s f e r  i t  in to  th e  measuring v e s s e l .



-1 2 -

3 . BURNETT METHOD

The B urnett method c o n s is ts  o f a s e r ie s  of iso th e rm al expansions 

between two ta n k s , th e  same one of th e  two tanks having been evacuated 

between successive  expansions. The i n i t i a l  p ressu re  in  th e  tanks i s  

h igh , bu t a f t e r  a number of expansions the p ressu re  i s  reduced to  where 

th e  success iv e  p ressu res  become l in e a r  with p re ssu re . Using th e  method 

of S u lliv an  (3 7 ), an e x tra p o la tio n  to  zero p ressu re  y ie ld s  a l l  needed 

in fo rm ation  about th e  system and gas.

This method has se v e ra l advantages! (a) i t  i s  probably th e  f a s t ­

e s t  method a v a ila b le , (b) no mass measurements nor p re c is io n  volume meas­

urements need be made, and (c )  tem perature expansion c o rrec tio n s  are  

au to m atica lly  made.

B as ic a lly  th i s  method has the  in h e re n t d isadvantage th a t  i t  i s  

not ap p licab le  to  a tem perature much below the c r i t i c a l  tem perature o f 

th e  substance being te s te d .  F u rth e r, a p p lic a tio n  to  cryogenic tem pera­

tu re s  produces problems w ith lo c a tin g  valves in  th e  cold reg ion  of the  

system , and th e  la rg e  d iffe re n c e s  in  hea t load  to  any tem perature con­

t r o l  system during  the expansion between tanks and during  the  evacua­

t io n  o f  th e  expansion ta n k . Not being able to  s e le c t  the p ressu res  

d e s ire d  fo r  t e s t in g  and having most o f the d a ta  a t  low p ressu res  are 

a lso  l im ita tio n s  of t h i s  method.

Uo PIEZOMETER METHOD

The piezom eter method c o n s is ts  o f measuring th e  mass of a gas 

sample by a s e r ie s  o f compressions by d isp la c in g  th e  gas w ith  a l iq u id  

(m ercury).The gas sample i s  then  fo rced  in to  the t e s t  chamber where



measurements o f tem peratu re , p re ssu re , and volume are made. This method 

i s  s t r a ig h t  forward and has only th e  d isadvantage th a t  th e  system a r­

rangement i s  d ic ta te d  by the f i l l i n g  f l u i d .  The p ressu re  m easuring and 

se p a ra tin g  equipment a v a ila b le  fo r  th e  t e s t s  d iscu ssed  h e re in  would no t 

allow  such a f i l l i n g  o p era tio n  w ithou t a g rea t d ea l o f noxious volume 

devoted to  mercury t r a p s .

5 . FINAL EXPANSION METHOD

The f i n a l  expansion method i s  e s s e n t ia l ly  th e  same as th e  piezom­

e te r  method except th a t  the  mass i s  measured a f te r  th e  t e s t s .  This 

allow s an evacuation  to  take th e  p lace  of a mercury f i l l ,

6 . METHOD SELECTION

The advantages and d isadvantages l i s t e d  above are a p p licab le  to  

th e  range of t e s t s  of in t e r e s t  in  t h i s  t e s t  program and to  th e  in s t r u ­

m entation a v a ila b le  fo r  th ese  t e s t s .  The f i n a l  expansion method was 

s e le c te d  f o r  th ese  t e s t s  on th e  b a s is  of th e  advantages and disadvan­

tag es  l i s t e d  above.



CHAPTER IV

DESCRIPTION OF EQUIPMENT

1 . THEORY OF MASS DETERMINATION

The fo llow ing  technique was developed to  determ ine the mass in  

the  systems The t e s t  c e l l  o f known volume was f i l l e d  w ith  neon and 

brought to  th e  d e s ire d  tem peratu re , a t  which time the  p ressu re  was meas­

u red . A r e la t io n  f o r  th e  mass o f the  system could now be w ritte n s

where m i s  th e  mass, P i s  th e  p re ssu re , R i s  th e  gas constan t fo r  neon, 

V i s  th e  volume, T i s  th e  tem pera tu re , and Z i s  th e  c o m p re ss ib ility .

The p re ssu re s  are  su b sc rip te d  d i f f e r e n t ly  to  allow  fo r  th e  p o s s ib i l i ty  

o f d i f f e r e n t  p re ssu re s  in  th e  system a t  v ario u s  lo c a tio n s  due to  e lev a ­

t io n  changes, e t c .

The summation re p re se n ts  th e  sm all noxious volumes used fo r  sys­

tem c o n tro l,  e t c . ,  which are not a t  the  c o n tro l  tem p era tu re .

The gas was then expanded in to  an evacuated expansion tank  and 

th e  p re ssu re s  and tem peratu res again  m easured. Again we may w rite s

A fte r an expansion in to  a second evacuated expansion tan k  we may

eq . ( 2 )

m =
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w rite  8

m =
Po3Vo3 pa3Va

Zo3RTo3 Za3RTa3
+

pb3vb y  pi3 vi

zb3RTb3 i  Zi3 RTi3
eq . (h)

In  g en e ra l, in  th e  above r e la t io n s ,  m, Z, Z Z Z Z „ o l 3 o2’ o3 a2s a3
Zb3, Z.q , and Z jj are unknown. Some of th e se  v a r ia b le s  can be

e lim in a ted  as fo llo w s: Z^b, Zj^, and Zj_3 can be ob ta ined  from published  

d a ta .  This i s  j u s t i f i a b l e  even i f  th e  published  values are in ac cu ra te  

because th e  t o t a l  term  i s  very  sm a ll. I f  T o 2 “  T o 3  ^  ^ c r i t i c a l  311(1 i f  

Po2 /Pc r i t i c a l  ^ 1 * 0 ,  then  we may w rite :

A s im ila r  r e la t io n  could be w r itte n  fo r  th e  c o m p re s s ib il i t ie s  in  

th e  expansion tanks i f  t h e i r  tem peratures were th e  same. This would 

leave  one more equation  req u ired  to  ev a lu a te  th e  unknowns l i s t e d  above. 

This could be ob tained  by another expansion or by knowing the  compress­

i b i l i t i e s  a t  th e  tank  tem pera tu re . The l a t t e r  method was se le c te d  in  

th i s  c a se .

Equations 3S and 5 may th en  be solved to  g iv e :

eq . (5)

12
eq . (6)

wheres



—  I ---------- +     +  >  e q .  (?)
Po3 \ z a3Ta3 Zb3Tb3 i  Zi 3 Ti 3 /

I t  should be noted th a t  the  so lu tio n  i s  independent of equation  2 

and can, th e re fo re ,  be used fo r  s e v e ra l p o in ts  having co n stan t t o t a l  

m ass.

The assum ptions given above a lso  provide an a d d it io n a l means of 

measuring mass. I f  the expansion tanks are  f i l l e d  w ith  gas, the mass 

can then  be c a lc u la te d  d i r e c t ly  from th e  known p ro p e rtie s  a t  the  condition 

o f th e  ta n k s . This l a t t e r  method measures only th e  mass in  th e  tanks 

w hile th e  form er method measures the mass in  the c e l l  and in  th e  ta n k s .

2 . OVERALL SYSTEM

The methods described  above were ap p lied  by p lac in g  the  two ex­

pansion tanks in  an o i l  bath  a t  a tem perature  ju s t  above room tem perature. 

The measurement volume i s  p laced  in  a c ry o s ta t  a t a c o n tro lle d  co n d itio n .

The apparatus used to  measure th e  s p e c if ic  volume o f  neon i s  

shown in  block diagram form in  F igure 2. The system used a l iq u id  hydro­

gen c ry o s ta t  w ith  a l iq u id  n itro g en  s h ie ld .  An evacuated t e s t  package 

was lo c a ted  in  th e  hydrogen b a th . W ithin th e  t e s t  package was an e le c ­

t r i c a l l y  heated  t e s t  c e l l  in  which th e  neon was p laced  fo r  the  measure­

m ents. P ressu re  (DWG system) and tem perature  measurement systems were 

included  in  th e  ap p ara tu s . A tem perature c o n tr o l le r  was used to  c o n tro l 

th e  h ea t imput to  th e  t e s t  c e l l  to  m ain tain  i t  a t th e  d e s ire d  temper­

a tu re .  Means were provided to  balance the p ressu res  w ith in  the  t e s t
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c e l l  to  e lim in a te  changes in  the  volume of th e  c e l l  due to  pressure*

Two a d d itio n a l tanks o f known volume were placed in  th e  temper­

a tu re  c o n tro lle d  o i l  ba th  and were used in  m easuring the  mass o f gas in  

th e  system a f t e r  a t e s t  in  accordance w ith th e  two methods given above. 

These tanks used an independent p ressu re  measuring system (APG system) 

and p a r t o f th e  same tem perature  measuring system . The o i l  bath  con­

ta in e d  a copper re fe ren ce  tem perature block which was used as a r e f e r ­

ence fo r  s e v e ra l system s. A neon supply system and a vacuum system were 

a lso  a ttach ed  to  th e  tanks in  th e  o i l  b a th . F igure 3 i s  an o v e ra l l  view 

o f th e  main c o n tro l panel used in  con junction  w ith th i s  system .

Each of th ese  systems w il l  be d escrib ed  in  d e t a i l  in  th e  fo llow ­

in g  s e c tio n s .

3 . CRYOSTAT SYSTEM

The c ry o s ta t and c ry o s ta t c o n tro l system i s  shown schem atica lly  

in  Figure lj. The c ry o s ta t  was co n stru c ted  o f s ta in le s s  s t e e l  and had 

th e  vacuum space f i l l e d  w ith  m u ltila y e r  Linde Super In s u la t io n .  Being 

co n s tru c ted  p rim a rily  f o r  use w ith  hydrogen which has a low h ea t o f 

v a p o riz a tio n  and d e n s ity , th e  c ry o s ta t  has a la rg e  re s e rv o ir  a t  th e  

to p  to  provide long o p era tio n  tim es w ithout r e f i l l i n g .  The narrow region 

a t  th e  bottom p erm itted  maximum u t i l i z a t i o n  o f th e  hydrogen l iq u id .  

O peration tim es in  excess o f 70 hours per f i l l  could be ob tained  w ith 

t h i s  u n i t  w ith  th e  h ea t loads imposed by th e  o v e ra l l  system d iscu ssed  

h e re in . The t o t a l  in te r n a l  volume of th e  c ry o s ta t was about 75> l i t e r s .

The top  of th e  c ry o s ta t  contained  a l iq u id  n itro g en  guard ba th  to  

l im i t  hea t conduction down th e  system to  th e  hydrogen.

The c ry o s ta t i t s e l f  was the  one designed and used by Sullivan(37).
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Plgure 3* O v era ll View o f th e  Main C ontro l P an e l.
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The cover p la te  was m odified , however, to  accomodate th e  new t e s t  

package. A ll o th e r p a r ts  of th e  working system were new.

Also shown in  F igure It i s  the c o n tro l system schem atic used to  

purge, f i l l ,  and c o n tro l p ressu res  in  th e  c r y o s ta t .  The autom atic p re s -  

su re  c o n tro l re g u la te d  th e  p ressu re  to  w ith in  £0 .05  p s i .  The valve in  

p a r a l l e l  w ith  th e  solenoid, valve, as w e ll as the valve in  s e r ie s  w ith 

b o th , was used to  a d ju s t th e  e f f e c t  o f th e  so len o id  to  o b ta in  good s ta ­

b i l i t y  of th e  c o n tro l system . The vacuum pump and th e  helium supply 

were used fo r  purging th e  system befo re  f i l l i n g  w ith  hydrogen. N itrogen 

was used to  purge th e  ven t l in e s  a f te r  the i n i t i a l  t r a n s f e r  o f  hydrogen. 

Helium was used when the  l in e s  were co ld  during  coo l down.

The c ry o s ta t  was arranged so th a t  th e  c ry o s ta t to p  could be un­

b o lted  and th e  c ry o s ta t lowered away from th e  to p  and t e s t  package to  

allow  work on t h e . t e s t  package w ithout d is tu rb in g  th e  connections to  i t .

An o v e ra l l  view o f the c ry o s ta t  from above i s  shown in  F igure 5 . 

F igure 6 shows the c ry o s ta t  in  th e  lowered p o s it io n . A s t i r r i n g  assem­

b ly  to  s t i r  th e  f lu id  in  th e  c ry o s ta t  was a lso  a v a ila b le  and i s  v is ib le  

in  F igure 6 . A h e a te r  was a lso  provided a t  th e  bottom o f th e  c ry o s ta t 

to  a s s i s t  in  removing any excess l iq u id  n itro g en  a f t e r  p re -co o lin g .

ho TEST PACKAGE ASSEMBLY

A cro ss  s e c tio n  of th e  t e s t  package co n s tru c ted  fo r  th i s  re sea rch  

i s  shown in  Figure ? .  I t  c o n s is ted  o f a b ra ss  lower v e s se l supported by 

a inch in s id e  diam eter th in  w a ll 30^ s ta in le s s  s t e e l  tu b e . The tube 

was welded to  th e  c ry o s ta t to p . The upper end of the  tube contained  a 

gland h o ld er through which a l l  connections to  the-- t e s t  package were made. 

The gland h o ld e r containeds (a) two Conax 16 w ire glands fo r  thermo-



Figure 5 . View o f C ryosta t Assembly From Above
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Figure 6 . C ryosta t Assembly w ith C ryosta t in  Lowered P o s itio n
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coup les , therm om eter, and tem perature c o n tro l  w ire s , (b) one 8 -wire Conax 

gland fo r  h e a te r  power le ad s , (c) a Conax gland through which th e  two 

c e l l  p ressu re  l in e s  passed, (d) a ru p tu re  d isc  to  prevent inadvertant- 

overp ressu re  o f th e  t e s t  package, and (e) p ressu re  and vacuum connec­

tio n s  to  th e  main c o n tro l p an e l.

W ithin the  support tube a 0 ,5  inch th in  w a ll, 30h s ta in le s s  tube 

was p laced  through which th e  tubes to  the c e l l  and in s tru m en ta tio n  l in e s  

p assed . The o u ts id e  of th e  0 ,5  inch  tube was heated  by two s e ts  o f 

h e a te r s .  The h e a te r  elem ents were \  w att carbon r e s i s to r s  connected in  

p a r a l l e l .  The purpose o f th ese  h e a te rs  was to  preven t f re e z in g  o f th e  

neon in  th e  c e l l  p ressu re  l i n e .  O utside o f the h e a te rs  was wrapped w ith  

pyrex g la ss  wool f o r  in s u la t io n .

The lower v e s se l  was constru c ted  o f b ra ss  and made in  two p ieces , 

th e  upper s e c tio n  of which was brazed to  th e  support ro d . The lower 

s e c tio n  or can was so ldered  to  th e  upper s e c tio n  using low m elting  tem­

p e ra tu re  (l60°F) s o ld e r .  The can could then  be removed e a s i ly  w ithout 

damage to  e l e c t r i c a l  or o th e r in s u la to r s .

The t e s t  c e l l  was mounted w ith in  th e  lower v e s se l  o f th e  t e s t  

package. I t  was suspended from th e  upper s e c tio n  o f the  vessel, by th re e  

0.031 inch  d iam eter w ires which a ttach ed  to  the mounting s tuds on th e  

c e l l .  The w ires were 30U s ta in le s s  s t e e l  and were about s ix  inches long, 

in c lu d in g  s e v e ra l  k inks to  in c re a se  th e  le n g th .

The t e s t  c e l l  was heated  by fo u r s e ts  o f h e a te r s .  O utside o f

th e se  h e a te rs  was a lso  wrapped w ith  g lass  w ool. The h e a te r  w ires fo r

both th e  c e l l  and th e  in n e r  tube went up th e  o u ts id e  o f the sm all in n e r

tube to  avoid in te r fe re n c e  w ith  th e  in s tru m e n ta tio n .

The e n t i r e  t e s t  package was evacuated to  reduce th e  h ea t lo ss  to  

th e  hydrogen b a th . The p ressu re  was measured w ith a McLeod gage in  the



vacuum system, and /o r a thermocouple gage.

In  o rd e r to  provide f a i r l y  ra p id  coo ling  t r a n s ie n ts  fo r  tem per­

a tu re  changes, th e  chamber was f i l l e d  w ith helium  which could be removed 

again  as th e  d e s ire d  tem perature was reached . The system used to  do 

th i s  i s  a lso  shown in  F igure 7 .

5 . TEST CELL

Figure 8 i s  a c ro ss  s e c tio n  of th e  t e s t  c e l l  assem bly. The in ­

s id e  p a r ts  o f the  t e s t  c e l l ,  in c lu d in g  th e  thermometer w e ll, were ma- 

chined  from a s in g le  p iece of 30h s ta in le s s  s t e e l  stock  and h e lia rc  

welded to g e th e r .  The in s id e  v e s se l  was then  leak  te s te d  w ith  a Consoli­

da ted  Electrodynam ics C orporation  helium  leak  d e te c to r ,  model 2li-120B, 

and th e  leakage was found to  be le s s  th an  5x10“^ atm ospheric c c /s e c , fo r  

th e  c e l l  and a l l  plumbing up to  the v a lv e , w ith  one atmosphere p ressu re  

d i f f e r e n t i a l .  The w alls on th i s  v e s se l were nom inally 0.070 inches 

th ic k  and th e  ends were hem ispheres w ith  a c y l in d r ic a l  s e c tio n  in  th e  

c e n te r .  The o u ts id e  o f th e  in n e r v e s se l  was a 0.100 inch  th ic k  30J4 

s ta in le s s  s t e e l  s h e l l  o f th e  same shape sep ara ted  from th e  in n e r s h e l l  

by a space of nom inally 0.070 in c h e s . The p a r ts  were machined to  s iz e  

a f t e r  welding to  p reven t th e  to le ra n c e  accum ulation from c lo s in g  th i s  

c lea ran ce  a t  th e  bottom o f th e  c e l l .  The only  attachm ent between the  

two v esse ls  i s  a t  th e  to p  around the  thermometer w e ll .  The purpose o f

th e  space between the  v e s se ls  was to  provide a very  low p ressu re  d i f f e r ­

e n t i a l  across  the t e s t  c e l l  w a lls  to  prevent changes in  the  t e s t  volume

due to  p re s su re . By making the  in n e r  v e s se l so th a t  i t  was f re e  to  ex­

pand th e rm a lly , th e  therm al expansion o f the volume could be e a s i ly  c a l­

c u la te d  .
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Although no t shown in  F igure 8, th e  thermometer w e ll ended ju s t  

above th e  lower tangen t l i n e .  Some expansion due to  p ressu re  would, of 

course, occur a t  th e  thermometer w e ll .  This i s  e s s e n t ia l ly  f re e  expan­

s io n  a lso  and, w hile very  sm all, was inc luded  in  th e  a n a ly s is .

Another s h e l l  of the  same b a s ic  shape as th e  in n e r p ieces was 

s i lv e r  so ld e red  to  the  o u tsid e  o f th e  o u te r  s ta in le s s  s t e e l  s h e l l .  This 

one was made o f te l lu r iu m  copper ( f re e  machining) and was approxim ately 

\  in ch  th ic k .  The te llu r iu m  copper s t i l l  has a reasonably  high therm al 

c o n d u c tiv ity  a t  th e  t e s t  tem peratures of in te r e s t  in  t h i s  work.

F igure 9 i s  a composite showing the v arious p a r ts  and phases o f 

th e  t e s t  c e l l  f a b r ic a t io n ,  in c lu d in g  a re b u ild in g  n e c e s s ita te d  by not 

being  ab le  to  g e t a leak t i g h t  weld on th e  two lead  in  tu b e s . The th e r ­

mometer w ell was redesigned  a t th e  same time to  provide b e t t e r  con tac t 

to  th e  gases in s id e  th e  c e l l .  F igure 8 i s  the  f i n a l  c o n f ig u ra tio n .

A 0,020 inch  in s id e  d iam eter, l / l 6  inch o u tsid e  d iam eter, 30U 

s ta in le s s  s te e l  tube was connected to  each chamber o f the c e l l .  These 

connected a t th e  bottom of the c e l l  fo r  th e  o u ter chamber and a t  th e  

s id e  of th e  thermometer w e ll f o r  the  t e s t  volume. The o u te r chamber 

could th u s  be p re ssu riz e d  w ith  helium to  th e  same p ressu re  as th e  t e s t  

volume w ith  th e  system  shown in  F igure 10. The compensating p ressu re  

system c o n s is te d  of a s e r ie s  of v a lv es , check v a lv es , and a hand pump 

to  allow  p re s s u r iz a tio n  of the  o u te r  volume o f the t e s t  c e l l  to  the  same 

p re ssu re  as th e  t e s t  volume. This minimized changes in  th e  t e s t  volume 

due to  p re s s u re . The p ressu re  in  th e  o u te r  volume was read  on a Heise 

gage w ith  a 0 to  5000 p s i  range . This allowed the  p ressu res  to  be b a l­

anced w ith in  -*3.0 p s i .

This e n t i r e  t e s t  c e l l  assembly was p ressu re  te s te d  w ith  n itro g en  

to  6000 p s i a t  room tem perature to  assu re  i t s  s t r u c tu r a l  i n t e g r i ty .
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Carbon r e s i s to r s  were p laced  on the  o u tsid e  o f the copper to  

h ea t th e  e n t i re  assembly as mentioned above. These r e s i s to r s  were 

f la t te n e d  on one s id e  to  in c re a se  th e  c o n tac t a rea  w ith the copper.

Each r e s i s to r  was held  in  co n tac t w ith  the  copper by m u ltip le  lay e rs  

o f g la ss  tap e  around th e  e n t i r e  assem bly. The r e s i s to r s  on the  t e s t  

c e l l  assembly were connected in  fo u r  s e ts ,  a l l  r e s i s to r s  in  each s e t 

being in p ara lle l. One s e t  of r e s i s to r s  was lo ca ted  on the  lower hemi­

sphere o f the copper, th e  second on th e  c y l in d r ic a l  c e n te r  s e c tio n , and 

th e  th i r d  on the to p  hem isphere. The fo u rth  s e t o f  r e s i s to r s  was spread  

f a i r l y  uniform ly over the  e n t i re  c e l l  su rface  and was used fo r  in te rm it­

te n t  c o n tro l h ea tin g  of th e  c e l l .  The th re e  s e ts  o f h e a te rs  operated  

co n tin u o u sly . F igure 11 shows th e  h e a te rs  being assembled on th e  t e s t  

c e l l  assem bly.

Two o th e r h e a te rs  were lo ca ted  on th e  \  inch  tube above the  c e l l  

as mentioned above. These h e a te rs  were a l l  c o n tro lle d  by the  same con­

t r o l  system . F igure  12 i s  a schem atic o f the e l e c t r i c a l  h e a te r  system .

During o p era tio n  the  h ea t in p u t req u ired  to  m ain tain  the c e l l  a t  

any given tem perature was p rim arily  a fu n c tio n  of p re s su re . At p re s ­

su res  o f about tw enty m icrons, th e  t o t a l  steady  hea t in p u t fo r  a f i f t y  

degree tem perature d iffe re n c e  was about one-half w a tt .  At lower p res­

su res  the  hea t conduction down th e  tu b e s , w ire s , e t c . ,  would be s u f f i ­

c ie n t  to  m ain tain  the  tem p era tu re . T herefo re , in  t h i s  co n d itio n  no 

tem perature c o n tro l was p o s s ib le .

The tem perature of the copper was sensed by two 100 ohm platinum  

thermometer elem ents which were s e t  in to  grooves in  th e  copper a t  th e  

upper tan g en t l i n e .  The two elem ents were lo ca ted  about 180° a p a r t .  

These elem ents were G-19 elem ents b u i l t  by E le c tr ic  Thermometers, In co r­

po rated  and were about 0.10 inches in  d iam eter and 0 .6  inches long .



Figure 11. Assembly of H eaters on T est C e ll
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The thermometer elem ents were connected to  a model 1053A Thermo­

t r o l  b u i l t  by H a llik a in en  In stru m en ts , which was used in  a p ro p o rtio n a l

w ith  r e s e t  mode to  provide power to  th e  h e a te r s .

The th e rm o tro l u n it  was m odified s l ig h t ly  to  allow  o p era tio n  a t

w idely d if f e r in g  c o n d itio n s . The gain  and mode s e le c t io n  sw itches were 

moved to  a lo c a tio n  where they  could be changed w ithout removing th e  

th e rm o tro l from i t s  box. The r e s e t  tim e co n stan t values a v a ila b le  were 

changed by adding more r e s i s to r s  to  allow  fo r  longer r e s e t  tim es . The 

therm al lag s  in  the c e l l  req u ired  longer tim es th an  were a v a ila b le  on 

th e  s tandard  u n i t .  This a ffe c te d  th e  p ro p o rtio n a l w ith  r e s e t  mode o f 

o p era tio n  o n ly .

By tu rn in g  th e  c o n tro lle r  gain  to  no ff"  th e  h ea te rs  could be 

operated  manually s in ce  v o ltag e  would be ap p lied  only to  the steady 

l i n e .

Since th i s  c o n tro lle r  used a b rid g e  c i r c u i t  f o r  sensing  th e  tem­

p e ra tu re , th e  fo r th  or re fe ren ce  leg  of th e  b rid g e  had to  be a t  con­

t r o l l e d  cond itions a ls o .  I t  was p laced in  the o i l  ba th  d escribed  below. 

The lead  w ire tem perature compensation was s e t  up as shown in  F igure 13.

The tem perature o f th e  c e l l  was measured w ith  a p latinum  r e s i s i s t -  

ance thermometer lo ca ted  in  th e  thermometer w e ll shown in  F igure 8 and 

9 . In  o rder to  provide a good therm al connection  to  th e  w e ll, a s i lv e r  

so ld e r  sp rin g  was co n stru c ted  to  hold the  thermometer in  p lace and to  

provide h ea t conduction paths during  u se , as th e  thermometer area  was 

evacuated during  o p e ra tio n . The thermometer w e ll was of two d i f f e r e n t  

d iam eters to  allow  c learan ce  fo r  th e  g la ss  bulb on to p  o f th e  thermom­

e te r  and to  minimize th e  m a te r ia l  between the  s e n s i t iv e  p o rtio n  of the  

thermometer and the  t e s t  volume. The sp rin g  con tacted  th e  thermometer 

only on the  s e n s i t iv e  p o rtio n , bu t con tac ted  th e  w ell on both  d iam ete rs .



THERMOTROL

-----1
JUNCTION BOX

100 OHM
REFERENCE
RESISTOR

PLATINUM
S E N S O R S

CRYOSTATOIL BATH

Figure 13. Temperature C o n tro lle r  Lead Wire R esistance 
Compensation Hookup



-3 6 -

The platinum  thermometer leads were jo in ed  to  ano ther s e c tio n  of 

platinum  w ire . Junctions to  copper lead  w ires were made and imbedded 

in  fo u r  ho les in  th e  copper h ea t s h ie ld  around the c e l l .  The ho les were 

lo c a te d  as c lo se  to g e th e r  as p o ss ib le  to  avoid therm al g ra d ie n ts . Such 

g rad ien ts  could produce troublesom e EMF's which would cause zero s h i f t s  

on th e  thermometer b r id g e .

S everal gold, 2.11 atomic percen t co b a lt-co p p er therm ocouples were 

used to  measure g rad ien ts  on th e  t e s t  c e l l  and lead  ou t tu b e s . These 

thermocouple ju n c tio n s  were p laced in  holes in  th e  copper sh ie ld  and 

packed w ith aluminum f o i l .  A ll thermocouples on the  c e l l  were r e f e r ­

enced to  a p o in t near the top  of the  c e l l .

6. CONSTANT TEMPERATURE BATH

The rem ainder of the  system used d i r e c t ly  fo r  th e  determ ina tion  

of th e  mass in  th e  t e s t  c e l l  was lo c a ted  in  a co n stan t tem perature o i l  

b a th . Figure lU shows an o v e ra l l  view and F igure 15 i s  a schem atic o f 

the  plumbing* e t c . ,  of the constan t tem perature b a th . The system con­

s is te d  of two 1000 ml s ta in le s s  s t e e l  tanks and f iv e  va lv es  fo r  c o n tro l.  

A ll th e  valves used in  t h i s  p o rtio n  of the  system were lo c a te d  in  th e  

b a th  w ith  an ex tension  o f the  stem going through the ba th  w a ll.

The two d i f f e r e n t i a l  p ressu re  c e l l s  used w ith  th e  p ressu re  meas­

u rin g  systems were lo c a te d  w ith in  the o i l  b a th  in s id e  a second box. The 

in n e r box had only a chimney f  o r t  he lead  w ires and k ep t th e  o i l  away 

from th e  d i f f e r e n t i a l  p ressu re  c e l l s .  I t  was found th a t  th e  o i l  a ttacked  

the  e l e c t r i c a l  in s u la t io n  of the  c e l l s  and made them u n s ta b le . .

The bath  was approxim ately a two fo o t cube w ith an open to p  and 

in su la te d  s id es  and bottom . The o i l  used in  th e  b a th  was a Wemco C
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F igure  lU . O verall View o f Constant Temperature O il Bath 
w ith  Side Removed
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jtransform er o i l .  The bath  contained about 38 g a llo n s  o f o i l .

The tem perature o f the  bath  was measured by a platinum  re s is ta n c e  

thermometer and 12 copper-constan tan  therm ocouples lo c a ted  throughout 

th e  b a th . The thermometer and the  re fe ren ce  p o in t on a l l  thermocouples 

were lo ca ted  in  a th re e  in ch  d iam eter, th re e  and o n e-h a lf inch  long cop­

per b lo ck .

The tem perature o f th e  b a th  was c o n tro lle d  a t 3 0 0 .1 7 £ 0 .0 1  °K by a 

p re c is io n  mercury th e rm o sta t b u i l t  by American Instrum ent Company. The 

th e rm o sta t a c tu a ted  th e  c o n tro l system  shown in  F igure 16 to  tu rn  on th e  

h e a te r  and reduce th e  coo ling  w ater flow  to  m ain tain  th e  bath temper­

a tu re  .

The o i l  i n  th e  b a th  was s t i r r e d  con tinuously  by a la rg e  p ro p e lle r  

lo c a te d  a t  th e  bottom o f th e  b a th . The speed o f  ro ta t io n  of th e  pro­

p e l le r  was s e t  w e ll above the  speed a t  which co ld  spo ts  in  th e  co rners, 

e t c . ,  could be d e tec te d  by th e  d i f f e r e n t i a l  therm ocouples.

7 . SIZING QF COMPONENTS

The s e le c t io n  of th e  t e s t  c e l l  s iz e  was based on an ex ten siv e  

e r ro r  a n a ly s is  o f th e  e n t i r e  system . A fte r th e  system had been concep­

tu a l ly  designed, i t  was obvious th a t  i t  was d e s ira b le  to  minimize th e  

volume in  th e  t e s t  c e l l  in  o rder to  minimize th e  mass o f which i t  was 

necessary  to  c o n tro l th e  tem p era tu re . On th e  o th e r hand, c e r ta in  noxious 

volumes were o f f ix e d  s iz e s .  F u rth e r , th e  expansion tanks had to  be 

la rg e  enough to  produce th e  low p ressu re s  req u ired  by th e  assum ptions 

made reg ard in g  l i n e a r i t y  o f th e  co m p re ss ib ility  and y e t  sm all enough 

th a t  the  mass e n te r in g  th e  tanks from th e  t e s t  c e l l  du ring  th e  second 

expansion would be s ig n i f ic a n t .
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A computer program was w r itte n  to  c a lc u la te  th e  maximum p o ssib le  

e r ro r  in  c a lc u la tin g  a c o m p re ss ib ility  in  the c e l l  from equation  2 based 

on a mass c a lc u la te d  from equation  6 w ith  a d d it io n a l  mass measured inde­

pendently  in  th e  expansion ta n k s . This program used b asic  e s tim a te s  of 

th e  accuracy of each measurement of tem peratu re , p re ssu re , and volume, 

and considered  any number of expansions req u ired  fo r  the  complete mass 

measurement. C o m p ress ib ilitie s  were estim ated  from re fe ren c es  22 and 

2U. A s e r ie s  of 8 p o in ts  were s e le c te d  to  serve as w orst case p o in ts j 

th ese  inc luded  high and low d e n s i t ie s ,  low c o m p re s s ib il i t ie s ,  and high 

and low tem p era tu res . The maximum e r ro r  o f measurement was c a lc u la te d  

fo r  a  s e r ie s  of c e l l  volumes w ith  s e v e ra l expansion tank s iz e s  fo r  each 

one. The e r ro rs  in d ic a te d  th a t  the  b e s t s iz e  and s iz e  re la t io n s h ip  was 

d i f f e r e n t  fo r  each o p e ra tio n a l c o n d itio n . The co n d itio n  near th e  c r i t ­

i c a l  p o in t was s e le c te d  as the c r i t e r i a  fo r  s iz in g  s in ce  th e  e r ro rs  a t 

the  o th e r  co n d itio n s  were sm aller th an  fo r  any o th e r system used a t  o ff  

optimum co n d itio n s . The a n a ly s is  thus in d ic a te d  th a t  th e  b e s t o v e ra ll  

accuracy could be ob ta ined  by use o f a t e s t  c e l l  of about 75 cc and ex­

pansion tanks of 1000 cc each.

8. PRESSURE MEASURING SYSTEM

As shown on th e  schem atic o f th e  o i l  ba th  system , two p re ssu re -  

measuring in strum ents and c o n tro l systems were used . There were two 

reasons fo r  th e  use o f two instrum ents? th e  range of p ressu res  to  be 

covered (250 atmospheres to  0 .1  atm ospheres) was not o b ta in ab le  in  a 

s in g le  high accuracy in strum en t! and, th e  noxious volume could be r e ­

duced considerab ly  by removing th e  v a lv in g  req u ired  to  use a s in g le  

in s tru m en t. The instrum ents used were an a i r  p is to n  dead w eight gage
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(APG) and an o i l  type dead weight, gage (DWG).

a .  Air P is to n  Gage

A Ruska Instrum ent C orporation a i r  p is to n  gage, model 21*60, 

s /n  13321, was used to  measure th e  p ressu res  in  th e  expansion ta n k s .

This instrum ent has a range of 0.2 p s ia  to  10.0 p s ig  w ith  the low range 

p is to n  and 2 .0  p s i to  600 p s i w ith the h igh  range p is to n . A vacuum 

weight lo ad er was g en era lly  used w ith the  low range p is to n  and a manual 

w eight s e t  w ith the  high range p is to n . The sm allest w eight used in  b a l­

ancing w ith  the  vacuum loader was eq u iv a len t to  0.0012 p s i .  With the 

manual w eight s e t ,  an a n a ly t ic a l  c la s s  S - l  weight s e t  was used f o r  the 

sm all increm en ts. The 5 m illigram  w eight, th e  sm a lle s t used, would 

correspond to  ab o u t0.0008 p s i on th e  high range . Figure 17 shows the 

system w ith  th e  vaccum weight loader in s ta l l e d .  The co n tro ls  f o r  the 

APG are shown in  th e  background. F igure 18 shows th e  manual s e t  on the  

gage. The cover was used over the w eights fo r  th e  manual w eight s e t 

during  f in a l  balance because th e  room v e n t i la t io n  system produced a draft- 

near th e  u n i t .

F igure 19 shows a schematic o f the c o n tro l and balance system 

used w ith th e  APG. This system co n sis ted  o f a n itro g en  gas supply w ith  

h igh  and low range r e g u la to r s . The main p o rtio n  of the system was 

slow ly p re ssu riz e d  by using  th e  needle valve  to  allow  flow  in to  the 

system u n t i l  th e  d i f f e r e n t i a l  p ressu re  in d ic a to r  (DPI) in d ic a te d  the 

p ressu re  to  be measured had been passed, th en  both i n l e t  va lves were 

c lo se d . A s im ila r  arrangement was a v a ila b le  fo r  slow ly decreasing  the  

p re ssu re , even when opera ting  below atm ospheric p re s su re . Since the  

u n i t  was designed w ithout p o s itiv e  se a ls  around th e  p is to n  in  o rd er to



Figure 17. Air P is to n  Gage and Control System w ith  Vacuum 
Weight Loader I n s ta l l e d .
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Fi. gure 18, Air P is to n  Gage w ith  Manual Weight S e t,
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get th e  maximum accuracy, some leakage of gas always occurred around the 

p is to n , p a r t ic u la r ly  on th e  low range p is to n . To compensate fo r  t h i s ,  

an extrem ely f in e  leakage path  was provided. This co n s is ted  of f i f t e e n  

f e e t  o f 0.020 c a p i l la ry  tub ing  in  s e r ie s  w ith  two very f in e  needle valves. 

The apparent leakage could be com pletely removed using  th i s  system . The 

p ressu re  g en era to r was used to  produce sm all changes in  p ressu re  or 

volume to  f lo a t  the p is to n  a f t e r  sm all w eight changes. The second vacuum 

pump and th e  McLeod gage were used to  evacuate th e  w eight cover when 

ap p licab le  and measure i t s  p re s su re . The shu t o f f  valve on th e  DPI was 

provided to  a s s i s t  in  zero ing  the DPI w ithout f i l l i n g  the  expansion 

tanks w ith  n itro g e n  (see F igure  If?).

b . Dead Weight Gage

The dead w eight gage used in  th ese  t e s t s  to  measure th e  p ressu re  

in  th e  c e l l  i s  shown in  F igure 20 w ith  i t s  c o n tro l system . The gage was 

a Ruska Instrum ent Company, model 21*00, s /n  10517. F igure 21 shows a 

schem atic o f t h i s  system . P ressu re  was app lied  to  the  system by a p is to n  

o i l  pump which was valved from th e  gage, r e s e rv o ir ,  DPI, and a u x il ia ry  

connections. This allowed f i l l i n g  of th e  p ressu re  g enera to r w ithout 

lo ss  of p ressu re  on th e  DPI or damage to  th e  gage. Two valves were pro­

v ided  in  th e  DPI l i n e .  The purpose of th i s  i s  to  allow  th e  DPI to  be 

held  a t zero by ad ju s tin g  th e  second valve a f te r  c lo s in g  th e  f i r s t .

This o p era tio n  was req u ired  during  measurements o f mass in  th e  expansion 

ta n k s . The manometer was provided in  th e  DPI l in e  to  balance th e  o i l  

head in  o rder to  s e t  th e  DPI a m p lif ie r  a t  ze ro .

The o i l  head on th e  DWG was measured w ith a cathetom eter by meas­

u rin g  from th e  re fe ren ce  l in e  on the  DPI to  th e  re fe ren ce  l in e  on the



F ig u re  20 . Dead W eight Gage and C o n tro l System
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p o st o f th e  DWG. This d is ta n ce  was 0.68lcm . A dd itional o i l  head dimen­

s ions are  provided by th e  m anufacturer fo r  each p is to n . The o i l  used in  

th e  gage has a s p e c if ic  g ra v ity  o f 0.850 as given by th e  m anufacturer.

I t  should be noted  r e la t iv e  to  t h i s  o i l  head measurement th a t  one

s id e  o f the o i l  ba th  and th e  same s id e  o f the  DPI box could be removed

to  allow  easy access f o r  th i s  measurement. The manometer mentioned 

above was lev e led  a t th e  same tim e so th a t  i t s  zero p o in t was a t  the 

same h e ig h t as th e  re fe re n c e  mark on the  DPI.

c .  D i f f e r e n t ia l  P ressure  In d ic a to rs

The d i f f e r e n t i a l  p ressu re  in d ic a to rs  used w ith  th e se  two systems 

were Ruska Instrum ent Company, model 2 ljl6 .1  u n i t s .  The u n i t  used on the  

DWG,' c e l l  s /n  10565, c o n tro l box s /n  10591, had an apparent s e n s i t iv i ty  

of about 0.0008 p s i  per m eter d iv is io n  on f u l l  gain , which i s  le s s  than 

th a t  sp e c if ie d  fo r  th ese  u n i ts  by th e  m anufactu rer. I t  was, however, 

com patible w ith  th e  increm ents o b ta in ab le  on th a t  gage.

The u n it  used on th e  APG, c e i l  s /n  1288ii, control, box s /n  12902,

had a f a r  b e t t e r  s e n s i t iv i ty  than  th e  o th e r u n i t ,  < 5x10“ -̂  p s i  per m eter 

d iv is io n .  However, the  zero d r i f t  on t h i s  u n it  was ex cessiv e , being 

o fte n  as much as 0.005 p s i in  a few h o u rs . T herefore , zero ing  p ro v i­

s io n s  were made on th i s  u n i t  (see  F igure l 5 ) .

Both a m p lif ie r  u n its  were lo ca ted  near the  DPI c e l l s  and i t  was 

necessary  to  use an a u x il ia ry  galvanom eter near th e  p re ssu re  gage con­

t r o l s .  The galvanom eter on the a m p lif ie r  was d isconnected  on the  u n it  

on th e  DWG because of the  s e n s i t iv i ty  problem.
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9 .  TEMPERATURE MEASURING SYSTEM

The o v e ra l l  tem perature m easuring system i s  shown schem atica lly  

in  F igure 22. F igure  23 i s  a photograph of th e  tem perature measuring 

t e s t  bench.

The thermometer in  th e  c e l l  was a Leeds and Northrup platinum, 

re s is ta n c e  thermom eter, model 8l6U, s /n  1653U33• The thermometer in  

th e  copper block in  the  o i l  bath  was a lso  a Leeds and Northrup, model 

8l61*, s /n  1606773. Both were c a lib ra te d  a t the  N ational Bureau of 

S tandards. The two thermometers were connected to  a M ueller Bridge 

through a mercury w etted  sw itch  b u i l t  e s p e c ia lly  f o r  t h i s  purpose.

F igure 2k i s  a schem atic o f th i s  fo u r p o le , fo u r throw sw itch . This 

sw itch  was equipped f o r  lead  e q u a liz a tio n  in  a l l  fo u r  s e ts  of incoming 

le a d s .  The sw itch  output then  connected t o  the f ix e d  leads on the 

M ueller B ridge.

The r e s is ta n c e  of th e  thermometers was read  on a Leeds and 

Northrup G-2 M ueller B ridge, model 8069, s /n  16051*21. This b rid g e  has 

th e rm o s ta tic a lly  c o n tro lle d  m easuring r e s i s to r s .  The galvanom eter used 

in  con junction  w ith  t h i s  b rid g e  was a Leeds and N orthrup, model 2281*, 

mounted in  a J u liu s  suspension . The galvanometer was equipped w ith  a 

prism  and mounted above the  l ig h t  source and s c a le  as shown in  F igure 

25 of th e  t e s t  bench w ith th e  cover removed. The area where th e  galva­

nometers were mounted was com pletely enclosed except fo r  a sm all hole 

fo r  th e  l ig h t  p a th . The purpose of th is  was to  e lim in a te  spurious 

e f f e c ts  of a i r  c u r re n ts .

Also connected to  th e  thermometer sw itch was a Leeds and Northrup 

s tan d a rd  r e s i s to r ,  model 8070B, s /n  1613813, used to  check th e  c a l ib ra ­

t io n  of th e  M ueller B ridge, This r e s i s to r  was enclosed  in  a styrofoam
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Figure 25, Temperature Measuring Test Bench w ith  Cover
Removed Showing Galvanometers and Galvanometer 
Suspension,



block w ith  only  an opening to  allow  in s e r t io n  o f a therm om eter.

Twenty-nine thermocouples were lo ca ted  a t  various p o s itio n s  

throughout th e  c ry o s ta t ,  t e s t  package, and o i l  b a th . Most o f th ese  

therm ocouples were re fe ren ced  to  th e  copper block in  the  o i l  bath  o r to  

th e  copper ja c k e t on th e  t e s t  c e l l .  Those not re fe ren ced  to  one o f th ese  

lo c a tio n s  were d i f f e r e n t i a l  thermocouples s e t  up to  measure the l iq u id  

le v e ls  o f th e  hydrogen and n itro g e n . The 7 ^cations of th ese  thermo­

couples are shown in  F igure 26. These th e i^ u w u p le s  were fed  to  a bank 

of 16 double-po le , double-throw  k n ife  sw itches on which the  d e s ir e d  

thermocouple was s e le c te d . A ll thermocouples were independentj th a t  i s ,  

th e re  were none w ith  common re fe ren ce  ju n c tio n s , or grounds. The loca­

t io n  and type of thermocouples used in  each lo c a tio n  i s  given in  Table 2.

The thermocouple ju n c tio n s  were made in  a l l  cases by s o f t  s o ld e r­

ing  th e  w ires to g e th e r  and then  covering th e  ju n c tio n  w ith  p o ly v in y l- 

c h lo rid e  s p a g h e tt i .

The p o te n t ia l  on th e  thermocouples was read  on a Leeds and 

N orthrup Wenner po ten tio m eter, model 7559, s /n  1.628187. This u n i t  used 

a galvanom eter id e n t ic a l  to  th a t  d escribed  above fo r  the measuring func­

t io n  and a Leeds and Northrup galvanom eter, 2U30 s e r ie s ,  type E, fo r  b a l­

ancing th e  s tan d a rd  c e l l .  The s tan d ard  c e l l  was an Epply, s /n  771283, 

enclosed in  a styrofoam  b lo ck . This c e l l  was c a l ib ra te d  ju s t  p r io r  to  

th ese  t e s t s .  The low d r i f t  b a t te ry  used fo r  po ten tiom eter power was a lso  

enclosed in  a styrofoam  box.

A ll thermocouple and thermometer lead  ju n c tio n s  were enclosed in  

styrofoam  blocks w ith in  an aluminum box to  minimize spurious EMFBs .

These ju n c tio n s  were ex c lu s iv e ly  copper to  copper. For th e  same reason 

a l l  k n ife  sw itches were lo c a ted  in  a p ro te c ted  area  (minimum d ra f ts )  and 

had a lu c i te  sh ee t above them to  p ro te c t them from th e  o p era to r b re a th -
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TABLE 2

THERMOCOUPLE LOCATIONS

Thermocouple
Number Type In su la tio n Location

#1 Cu-Con a Bottom Tank #1
#2 Cu-Con a Top Tank #1
#3 Cu-Con a Top Tank #2

Cu-Con a Valve #1
#5 Cu-Con a DPI #1 top
#6 Cu-Con a DPI #2 top
#7 Cu-AuCo b Bottom Test C e ll from compen­

sa tio n  p ressu re  i n l e t
#8 Cu-AuCo b Test C e ll Tangent Line from 

support
#9 Cu-AuCo b Top T est C e ll 3 /h n down from Cu 

ja c k e t edge
#10 Cu-AuCo b Lead Line 1" above c e l l  top
#11 Cu-AuCo b Lead Line 6" above c e l l  to p
#12 Cu-AuCo b Lead Line 133" above c e l l  top
#13 Cu-Con b LH2 Level 15” above can
#1U Cu-Con b LH2 Level 10” above can
#15 Cu-Con b LHg Level 5” above can
#16 Cu-Con c LN2 Level 2" above c ry o s ta t top
#17 Cu-Con c LN2 Level 3” above c ry o s ta t top
#18 Spare

Lead Line 21§” above c e l l  to p#19 Cu-Con b
#20 Cu-Con b Lead Line 33” above c e l l  to p
#21 Cu-Con b Lead Line 96 3 /8 ” from end
#22 Cu-Con b Lead Line 67 3 /8 ” from end
#23 Cu-Con b Lead Line 56 5 /8 ” from end
#21* Cu-Con b Lead Line 19 5 /8 ” from end
#25 Cu-Con a Bath Wall ( f ro n t r ig h t ,  h igh)
#26 Cu-Con a F lu id  ( f ro n t r ig h t ,  high)
#27 Cu-Con a F lu id  (between box and w a ll, cen­

t e r  f ro n t)
#28 Cu-Con a Box (to p  cen te r)
#29 Cu-Con a F lu id  ( re a r  r ig h t ,  low)
#30 Cu-Con a F lu id  ( re a r  l e f t ,  low)

aWoven g la ss  

^Extruded te f lo n  

cTeflon enamel
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in g  on them.

10. VOLUME MEASURING SYSTEM

F igure 27 shows th e  volume measuring apparatus co n s tru c ted  f o r  

th e se  t e s t s  and F igure 28 i s  a schem atic diagram of t h i s  d ev ice . The 

system co n s is ted  of s ix  p re c is io n  bore g la ss  tu b e s , an evacuation  and 

gas f i l l i n g  system , and a mercury f i l l i n g  r e s e rv o ir .  The s ix  p re c is io n  

bore tubes were o f th re e  s iz e s , w ith  a d ia m e tr ic a l to le ra n c e  o f £0 .0002  

in ch es  on each . There were th re e  1 inch d iam eter, two 3/8 in ch  diam eter, 

and one l / 8  inch  d iam eter tu b e s .

A mercury manometer w ith  a high gain  near zero was used to  meas­

ure th e  system p ressu re  and balance to  atm ospheric p re ssu re .

The change o f h e ig h t of th e  mercury in  the  measuring tubes was 

determ ined w ith  a G aertner model 911 cathetom eter which s a t  on th e  bench 

in  f ro n t  o f the  tu b e s . The close  up len s  fo r  th e  ca thetom eter was r e ­

qu ired  because of the s h o r t d is ta n c e  between the instrum ent and the 

tu b e s . This gave h ig h er m ag n ifica tio n  and allowed b e t te r  accuracy in  

read ing  the  lo c a tio n .

A thumbtack was f lo a te d  p o in t up in  tube number 1* to  f a c i l i t a t e  

measurements. This was req u ired  because of th e  d i f f i c u l ty  in  lo c a tin g  

th e  a c tu a l m iniscus on th e  la rg e  tu b e s . Otherwise the r e f le c t io n s  o f f  

th e  m iniscus su rface  could not be sep a ra ted  from th e  background to  loca te  

a c o n s is te n t p o in t on th e  m iniscus to  th e  accuracy req u ired  in  th ese  

measurements.

I t  should be po in ted  out th a t  the  volume above th e  mercury was 

minimized during  co n s tru c tio n  of th e  u n it  to  minimize th e  e r ro rs  due 

to  p ressu re  d iffe re n c e s  before and a f te r  f i l l i n g  of th e  volume to  be



Figure 27 Volume Measuring D evice.
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m easured. The black a rea  a t  th e  top  of th e  tubes in  F igure 27 was a wax 

used to  f i l l  th e  excess volume and to  s e a l  th e  ground g la ss  j o in t s .

11. NEQN SUPPLY

The neon supply system shown in  F igure 29 c o n s is ts  only of a 

supply tank and a Ruska, model 2kh0, p ressu re  i n t e n s i f i e r .  The in te n -  

s i f i e r  was put in to  th e  system a n tic ip a t in g  a much s h o rte r  run tim e due 

to  lo s s  o f l iq u id  hydrogen from the  c ry o s ta t .  The longer run tim e made 

i t  unnecessary to  use th e  i n t e n s i f i e r .
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N t
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TO  OIL 
B A T H 0 -1 5 0 0 0

Figure 29. Neon Supply System Schem atic.



CHAPTER V

PRELIMINARY TESTS

A number o f t e s t s  were req u ired  before any d en s ity  measurements 

o f  neon could be made. These t e s t s  were checks on the system o p era tio n  

and component c a l ib r a t io n .  The equipment, methods used, and r e s u l t s  are 

d iscu ssed  in  th is  s e c t io n .

1 . LEAK TESTING

The e n t i r e  system which was used w ith  neon was te s te d  under 

p ressu re  and vacuum fo r  le a k s .

The p ressu re  leak t e s t s  were done on the c e l l  and a sso c ia te d  

plumbing a t  5000 p s i  and a t  500 p s i  fo r  the  expansion tanks and t h e i r  

a sso c ia ted  plumbing. With th e  p re ssu re  in  the  system a l iq u id  leak  

d e te c tio n  f lu id  was sprayed on a l l  jo in ts  o f the  system one a t a tim e . 

The jo in t  was re-worked i f  th e re  was any in d ic a tio n  o f leakage.

Vacuum leak  d e te c tio n  was done w ith  a C onsolidated E lec tro ­

dynamics leak  d e te c to r .  At th e  tim e of system te s t in g ,  th e  leak d e tec to r 

had a s e n s i t iv i ty  o f 2 x 1 0 "^  atm cc /sec  per m eter d iv is io n .  The system 

was no t considered  leak  f re e  as long as any in c rease  in  read ing  was 

d e te c ta b le  due to  spray ing  any or a l l  jo in ts  w ith  helium . This does 

not mean th a t  t o t a l  leakage was le s s  than  the  m eter s e n s i t iv i ty  s in ce  

th e  e n t i r e  system could no t be submerged continuously  in  helium  as 

would be req u ired  to  ge t a leakage r a te  measurement.
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When leak  te s t in g  o f th e  neon system  was com pleted, no leakage 

was d e te c ta b le  by e i th e r  method.

The vacuum system and in s u la t io n  space around the c e l l  was a lso  

leak  te s te d  to  no in d ic a tio n  on th e  leak  t e s t e r .

2 . VOLUME MEASUREMENTS

The method of o p era tio n  of th e  volume m easuring device shown in  

F igures 26 and 27 was as fo llo w s; The lead  tu b e  was a ttach ed  to  th e  

volume to  be m easured. The mercury was ra is e d  in  th e  tubes u n t i l  th e  

m iniscus in  th e  tube or tubes to  be used was in  th e  uniform  se c tio n  of 

th e  tu b e . The tube was then  shu t o f f .  The th re e  way valve was s e t  to  

connect the system to  be measured to  th e  vacuum system . A fter the  system 

was evacuated , th e  valve was ro ta te d  to  connect the  volume above the  

mercury in  th e  tubes to  th e  vacuum l i n e .  This p o rtio n  was then  f i l l e d  

w ith  th e  t e s t  gas to  atm ospheric p re ssu re . Next, th e  v a lv e  was ro ta te d  

to  connect th e  system t o  be measured to  th e  volume above the mercury 

causing th e  gas to  expand to  f i l l  th e  volume being measured. The p re s ­

sure  above th e  mercury was then brought back to  atm ospheric by f i l l i n g  

th e  tube w ith  m ercury. The displacem ent o f the  mercury as read on a 

cathetom eter then  rep resen ted  th e  volume of th e  system being measured.

Since t h i s  system measured a l l  volume p a s t th e  th re e  way v a lv e , 

a t  l e a s t  two measurements were req u ired  to  determ ine th e  volume of any 

given component. The volume of th e  connection l in e  and mercury t r a p  had 

to  be su b tra c te d  from the  measured system volume.

A ll measurements o f volume o f system components were made w ith  

th e  volume measuring device connection a ttach ed  to  th e  c e l l  va lv e , 

e i th e r  on the c e l l  s id e  fo r  expansion tank  volume measurements, or on
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th e  expansion tank s id e  fo r  c e l l  and DPI volume measurements.

In  s e v e ra l cases i t  was necessary  to  know th e  volume change 

due to  a va lve  c lo su re . To do t h i s ,  s e v e ra l read ings were taken  a t  

d i f f e r e n t  valve openings and th en  ex tra p o la te d  to  zero opening. For 

most of th e se  measurements, p a r t of th e  system was plugged o f f  to  m ini­

mize th e  t o t a l  volume being measured a t th e  tim e .

To reduce th e  p o ss ib le  e r ro r  in  measured volumes due to  inaccu­

ra c ie s  in  s e t t in g  th e  p ressu re  a t  atm ospheric, DPI one was used fo r  p re s ­

sure zero ing  on a l l  t e s t s  where p o ss ib le  in  p reference  to  th e  mercury 

manometer on th e  volume d ev ice .

A consis tency  of measurement check was made comparing th e  readings 

o f th e  v ario u s  tubes w ith  one an o th e r. This check in d ic a te d  a c o n s is te n t 

d iffe re n c e  in  th e  measured volumes w ith  d i f f e r e n t  tu b e s . As a conse­

quence, tube §h was assumed as th e  s tan d ard  and a l l  volumes were ad justed  

to  tube These c o rrec tio n s  amounted to  0.02 p ercen t or l e s s .  This

type of c o rre c tio n  does no t in tro d u ce  more e r ro r  even i f  tube were 

th e  most In ac cu ra te , s in ce  volume r a t io s  only are o f im portance fo r  the  

f i n a l  r e s u l t s .

A ll read ings were co rre c te d  to  account fo r  the  d iffe re n c e  in  

tem perature  between the  measuring tube and th e  system being measured 

using  a p e r fe c t  gas r e la t io n .  These c o rre c tio n s  never exceeded 2.0°C 

a t  approxim ately 299'°K. A ll volume measurements were made c lo se  to  

room tem p era tu re . The reason f o r  t h i s  in  p reference  to  using  th e  bath  

c o n tro l was to  avoid th e  p ro b a b ili ty  o f g e tt in g  o i l  in  th e  l in e  when 

changes were made.

Measurements made w ith  t h i s  system were rep ea tab le  to  w ith in  

0.010 p ercen t fo r  the  values averaged to  o b ta in  th e  f i n a l  volume f o r  th e  

th re e  la r g e s t  volumes ( th a t  i s ,  th e  c e l l  and two expansion ta n k s ) .
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h . THERMAL EXPANSION TESTS

The therm al s t r a in  o f a specimen of th e  p iece o f stock from which 

th e  in n e r  p ieces of the t e s t  c e l l  was co n stru c ted  was measured. This 

was done by p lac in g  th e  specimen shown in  F igure 31 in  a c y l in d r ic a l  

g lass  c ry o s ta t .  The leng th  of th e  specimen was then measured w ith a 

cathetom eter in  a i r  and in  w ater a t  room tem perature to  check th e  e f f e c t  

of th e  index of r e f r a c t io n  on th e  measurement. No d iffe re n c e  was noted 

when th e  specimen, c ry o s ta t ,  and cathetom eter were a lig n ed  p ro p e rly . 

Using th i s  alignm ent, th e  len g th  of th e  specimen was measured w ith  the 

cathetom eter w ith  th e  specimen submerged in  acetone co n ta in in g  s o l id  

carbon d io x id e , in  acetone a t  i t s  f re e z in g  p o in t (cooled w ith  l iq u id  

n itro g e n ) , o r in  l iq u id  n itro g e n .

F igure 32 shows th e  measured therm al s t r a in  o f th e  m a te r ia l of 

which th e  t e s t  c e l l  was co n s tru c ted  as compared w ith  published  v a lu e s . 

The s c a t te r  in  th e  measured d a ta  i s  about what would be expected from 

th e  accuracy of th e  cathetom eter measurements. From th i s  d a ta  i t  was 

assumed th a t  th e  published  d a ta  re p re se n ts  th i s  specimen s u f f ic ie n t ly  

a c c u ra te ly . The dashed l in e  i s  th e  l in e  which was a c tu a lly  used in  

c a lc u la t io n  of th e  c e l l  volumes as a fu n c tio n  of tem p era tu re .

5 . PRESSURE EXPANSION OF TANKS

The d i l i t a t i o n  of the  expansion tanks as a fu n c tio n  of p ressu re  

was measured using  the  setup  shown sch em atica lly  in  F igure 33. The tank 

to  be measured was p laced  in  a la rg e r  co n ta in e r  f i l l e d  w ith w ater and 

th e  co n ta in e r  was sea led  except f o r  two h o le s . The two ho les  were used 

to  remove any a i r  bubbles in  th e  w ate r. A fte r a l l  th e  a i r  was removed
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Figure 31 Thermal Expansion Test Specimen
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one of th e  ho les  was s e a le d . A sm all measuring p ip e t te  was p laced in  

th e  o th er ho le  and th e  w ater le v e l  ad ju sted  to  a m easureable v a lu e .

The expansion tank  was then  p re ssu riz ed  to  a known p ressu re  and th e  

change in  volume measured on th e  p ip e t te .

The r e s u l t s  o f th e se  t e s t s  are shown in  F igure 3bf and are  l in e a r  

w ith  p ressu re  w ith in  the accuracy of th e  measurement. The c a lc u la te d  

value shown on F igure 3b i s  based on a uniform  w a ll th ick n ess  c a lc u la te d  

from the  weight o f th e  ta n k . In sp ec tio n  of the tanks shows th is  to  be a 

poor assum ption.

These t e s t s  were made a t  27°C which i s  very c lo se  to  the  temper­

a tu re  in  th e  o i l  b a th .

During th ese  t e s t s ,  th e  tanks contained  th e  thermocouple w e lls , 

b u t only a sh o rt len g th  o f tub ing  was in c lu d ed . Because of the sm all 

tub ing  d iam eter (0,125 inch  0 . D. 0.035 w ell) the  change in  volume due 

to  th e  plumbing should be com pletely n e g lig ib le .

Even th e  e f f e c t  of th e  thermocouple w ells  seems to  have been 

n e g lig ib le  in  s p i te  of t h e i r  th in  w a lls , as one tank contained  two 

w ells  w hile th e re  was only one in  th e  o th e r . S t i l l ,  the measured 

d i la ta t io n  was th e  same f o r  both  ta n k s .

6 . COMPRESSIBILITY OF NEON AT 300°K

The o i l  ba th  was p laced  in  o p era tio n  a t  th e  tem perature to  be 

used in  th e  l a t e r  t e s t s .  Expansion tank one was f i l l e d  w ith  neon to  

the  d e s ire d  p re s s u re . Tank two was evacuated fo r  s e v e ra l h o u rs . The 

p ressu re  in  tank  one was measured using  the  APG. The gas was then ex­

panded in to  tank  two, and the  p ressu re  was again  m easured. This process 

was repeated  a number of tim es a t  s e v e ra l p ressu re  le v e ls  up to  25 atm.
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The r e s u l t s  o f th ese  t e s t s  were then  p lo tte d  as a p ressu re  r a t io  versus 

th e  f i n a l  p re ssu re . This p lo t  i s  shown in  F igure 35. This d a ta  con ta in s 

th e  c o rre c tio n  to  th e  barom eter read ing  d iscussed  in  a subsequent sec­

t io n .  I f  a r e la t io n  o f th e  form

i s  assumed where Z i s  th e  c o m p re ss ib ility , P th e  p re ssu re , and B i s  some 

c o e f f i c i e n t , a r e la t io n  fo r  B can be w r itte n  from the ccn serv a tio n  of 

mass as 8

and th e  s u b sc r ip ts  1 and 2 r e f e r  to  co n d itio n s  before  and a f te r  an 

expansion, r e s p e c t iv e ly .

The v a lu es o f B ob tained  from th e se  t e s t s  are shown in  F igure 36 

as a fu n c tio n  of p ressu re  as compared to  pub lished  values in te rp o la te d  

to  the same tem p era tu re . The value  of B was assumed co n stan t since no 

s lope i s  in d ic a te d  in  Figure 3 6 . The value o f B th a t  was used was 

ii.5i+3xlO“^ per atm osphere.

7 . THERMOCOUPLE CALIBRATION

Z =  1+  BP eq . (8)

K -l
B = eq . (9)

where

eq . (10)K =

In  the system  were two types of thermocouples which were read 

during  th e  a c tu a l  te s t in g  whose values en te red  in to  the  c a lc u la tio n  of
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d e n s ity . These were th e  copper-constan tan  and th e  gold co b alt-co p p er 

thermocouples on th e  tube connected to  th e  t e s t  volume. As shown in  

F igure 26 , and Table 2, thermocouples #19 and #20 are  re fe ren ced  to  th e  

o i l  bath  and measure tem peratures in s id e  th e  c ry o s ta t .

The output of th ese  therm ocouples was checked a t  l iq u id  n itro g en  

tem perature by comparison w ith  th e  two thermometers in  th e  system . The 

c ry o s ta t and i t s  guard b a th  were f i l l e d  w ith  l iq u id  n itro g e n . The t r a n s ­

f e r  space was f i l l e d  w ith  helium to  about 30 p s ig  and th e  h e a te rs  were 

a l l  tu rn ed  o f f .  Ihen th e  system reached eq u ilib riu m , th e  thermocouples 

and thermometers were read . At th i s  co n d itio n , th e  thermometers should 

read  th e  same tem peratures as f e l t  by the  ju n c tio n s  on the therm ocouples.

The HvIF ob ta ined  on both therm ocouples agreed very  c lo se ly  w ith  

the  value  in  re fe ren ce  32. T herefore , th e  va lues from th i s  re fe ren ce  

were used as th e  thermocouple c a l ib r a t io n .  In  Table 2 th i s  c a l ib ra t io n  

ap p lied  to  thermocouples lab e led  extruded  te f lo n .

The go ld -co b alt-co p p er therm ocouples were not c a l ib r a te d .  The 

c a l ib r a t io n  from re fe re n ce  32 was assumed.

8 . BAROMETER CALIBRATION

The barom eter was checked by th re e  independent means to  check i t s  

accuracy . These means were (a) comparison w ith th e  a i r  p is to n  gage 

measurements of atm ospheric p re ssu re , (b) co n sis ten cy  of low p ressu re  

c o m p re ss ib ility  d a ta , and (c) comparison w ith  a "standard" barom eter. 

Method b re q u ire s  some ex p lan a tio n . When the  p ressu re  r a t io  o f succes­

sive  expansions from a B urnett type t e s t  i s  p lo tte d  versus p re ssu re , th e  

r e s u l t  should approach a s t r a ig h t  l in e  a t  low p re s s u re s . T ests  were made 

using  S u ll iv a n 's  apparatus a t  low p ressu res  a t th e  ic e  p o in t and a lso  in
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the  mass m easuring tanks o f t h i s  a p p a ra tu s . The dead weight gage was 

used on S u ll iv a n 's  apparatus and th e  a i r  p is to n  gage the l a t t e r .

Both s e ts  o f  r e s u l t s  showed le s s  l i n e a r i t y  a t low p ressu res  th a n  a t  

moderate p re s s u re s . To c o rre c t th i s  co n d itio n  i t  was necessary  to  make 

a constan t a d d itiv e  c o rre c tio n  to  barom eter read ings to  keep th e  r a t io  

from dropping o ff  ra p id ly  a t low p re s su re s .

A c o rre c tio n  of -O .5I4 mmHg was ob ta ined  by each of the f i r s t  two 

m ethods. The c o rre c tio n  as measured by th e  th i r d  method above was about 

-0 ,1  mmHg. The "standard" barom eter had no t been c a lib ra te d  fo r  s e v e ra l 

years  and th e  read ing  accuracy was no t s u f f ic ie n t  to  give a c o n s is te n t  

c o rre c tio n  v a lu e .

T herefore , a c o rrec tio n  o f -0 .5 k  mmHg was added to  a l l  barom eter 

read ings used in  the  d a ta  rep o rted  h e re in .

9 . LOCAL ACCELERATION OF GRAVITY

S ev era l d i f f e r e n t  values fo r  th e  lo c a l  a c c e le ra tio n  of g ra v ity  

have been used in  th i s  la b o ra to ry . From the  u su a l accuracy stan d p o in t 

th e  d if fe re n c e s  in  th e se  values are n e g lig ib ly  sm a ll. However, when th e  

dead w eight gage and a i r  p is to n  gage d a ta  are reduced i t  would be d e s ir ­

able to  have any e r ro r  in tro d u ced  by the  a c c e le ra tio n  value used sm alle r 

than  th e  gage in a c c u ra c ie s . T herefo re , a study  was begun to  o b ta in  a 

value of th e  lo c a l  a c c e le ra tio n  o f g ra v ity  such th a t  the e r ro r  would be 

n e g lig ib ly  sm all.

As n ea r as can be found, no p re c is io n  measurements of th e  lo c a l  

a c c e le ra tio n  of g ra v ity  have been made a t t h i s  lo c a t io n .  Small d i f f e r ­

ences in  e le v a tio n  and la t i tu d e  would have to  be accounted fo r  even i f  a 

lo c a l  measurement were a v a i la b le .  The c lo s e s t  measurement to  our
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lo c a tio n  was made a t  Willow Run A irp o rt near D e tro i t ,  Michigan, as given 

in  re fe ren ce  h0» This same re fe ren ce  a lso  gives an anomaly ch a rt fo r  

M ichigan. I t  does n o t, however, give th e  equation  used to  determ ine the  

anomalies and the  v a rio u s  equations given in  re fe ren ce s  3 6 , 16, 2, and

lo c a l  a c c e le ra tio n . The lo c a l  a c c e le ra tio n  o f g ra v ity  cannot then  be 

c a lc u la te d  d i r e c t ly  to  th e  d es ired  accuracy, and some o th e r means of 

o b ta in in g  i t  must be found.

An anomaly i s  d efined  by th e  equation

where A i s  th e  anomaly, g^ th e  c a lc u la te d  g r a v i ta t io n a l  a c c e le ra tio n  

based on a p a r t ic u la r  g ra v ity  form ula, and gffi th e  lo c a l  measured v a lu e . 

"A" i s  then  a fu n c tio n  of th e  g ra v ity  form ula used . However, i f  we 

w rite  equation  11 fo r  two lo c a tio n s , s u b tra c t  th e  eq u a tio n s, and r e ­

arrange th e  term s, we gets

The l a s t  term  in  t h i s  r e la t io n  i s  no t a fu n c tio n  of the g ra v ity  form ula 

used in  the  o th e r terms (w ith in  th e  accuracy d e s ired  h e re ) .  This may be 

shown by co n sid e rin g  the value of th i s  f o r  two known lo c a tio n s  as in  

Table fo r  Willow Run, Michigan and Lansing, M ichigan.

From re fe re n c e  IjO, th e  d iffe re n c e  in  anomalies between Willow Run
O

and Ann Arbor (A2 -  A^) i s  -0 .006  cm-sec . T h is , when app lied  to  equa­

t io n  12 using  Willow Run d a ta  and any of th e  f iv e  eq u a tio n s , gives a
O

value of 980.302 cm-sec

—238, d i f f e r  by as much as 0.020 cm-sec in  th e  c a lc u la te d  value fo r

A -  gf  -  gm eq . (11)

eq . (12)
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TABLE i* 

ANOMALY COMPARISON

G ravity
Equation
Reference

Anomaly a t 
Willow Run

Anomaly a t  
Lansing Awr -  A1

36 -0.0065 -0.001*2 -0.0023
16 -0.0199 -0.0177 -0.0022
2 (1) -0.0001 0.0023 -0.0021*
2 (2) -0.0002 0.0021 -0.0023
38 -0.0059 -0.0038 -0.0021

Another method would be to  f in d  which equation  gives anomalies 

th e  same as shown on th e  anomaly c h a r t f o r  Michigan from re fe ren ce  1*0.

As near as the  c h a rt can be read , th e  anomalies from th e  equation  o f 

re fe ren ce  16 match those  given in  th e  ch a rt f o r  known p o in ts  c lo se  to  

Ann Arbor. This equation  g ives a value of 980.302 cm-sec- ^ d i r e c t ly  

when ap p lied  w ith  equation  11.

♦

10. CALIBRATION OF THERMOTROL

I t  was n ecessary  to  c a l ib r a te  tn e  coarse s e t t in g  on th e  Thermo- 

t r o l  to  know th e  tem perature which corresponded to  a given s e t t i n g .

This c a l ib r a t io n  was lim ite d  to  th e  coarse d i a l  s in ce  maximum re p e a t­

a b i l i t y  o f s e t t in g s  on th e  coarse d i a l  corresponded to  about one-q u arte r 

of th e  range of th e  f in e  ad justm ent.

The Therm otrol u n i t  was p laced in  op era tio n  w ith  th e  re fe ren ce  

r e s i s to r  connected, but w ith  two decade re s is ta n c e  boxes in  p a r a l l e l  in  

p lace  of the  sensing  elem ent. The decade boxes d id  no t have s u f f ic ie n t ly
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sm all re s is ta n c e  increm ents to  o b ta in  the needed s te p s  f o r  low tem per­

a tu re s .  The la rg e r  increm ents of the  decade boxes were s u f f ic ie n t  by- 

using  th e  boxes in  p a r a l l e l .

With the  Therm otrol s e t  fo r  o n -o ff o p e ra tio n  w ith maximum g ain , 

th e  Therm otrol coarse s e tt in g s  corresponding to a given re s is ta n c e  

setting-w ere found. Since th e re  was some h y s te re s is  in  t h i s ,  the  average 

of the  on and o f f  s e t t in g s  was used . These measurements were made w ith  

the  f in e  adjustm ent s e t  on f>00.

The p latinum  re s is ta n c e  thermometers used as c e l l  tem perature 

sensors fo r  th e  Therm otrol were checked a t L iquid n itro g en  tem perature 

to  see i f  th e i r  re s is ta n c e  agreed w ith the  values published  by the  

m anufactu rer. Since the value  agreed w ith th e  published  v a lu e , th e  

r e s is ta n c e  param eter between th e  s e t t in g  and the tem perature was elim ­

in a ted  and a c a l ib r a t io n  o b ta in ed . This c a l ib ra t io n  included  every th ing  

b u t the lead  w ire r e s is ta n c e ,  which was s ig n i f ic a n t  compared to  th e  sen­

so r r e s is ta n c e  a t  low tem p era tu res .

The c a l ib r a t io n  curve was then checked a t  n itro g en  tem peratures 

w ith  the  sensors in s ta l l e d  on th e  c e l l .  From th i s  d a ta  a s h i f t  from 

th e  curve obtained  above was ev id en t, presumably due to  lead  w ire r e s i s t ­

ance. This s h i f t  was then added to  the d a ta  to  o b ta in  th e  c a l ib ra t io n  

curve given in  F igure 37. By v ir tu e  o f the  lead  w ire arrangement shown 

in  f ig u re  13, th i s  s h i f t  was constan t a t  a l l  tem p era tu res .

The slope of the c a l ib ra t io n  curve i s  such th a t  on th e  coarse 

ad justm ent, one d iv is io n  corresponds to  about 0.2°K . The f in e  a d ju s t­

ment has a gain  which i s  lower by about a thousand, g iv ing  about 0.0002°K 

per adjustm ent d iv is io n .
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11. NEON ANALYSIS

The neon th a t  was te s te d  was re sea rch  grade neon purchased from 

th e  Linde D iv isio n  of Union C arbide. No d e ta i le d  a n a ly s is  was made on 

th i s  co n ta in e r o f neon. However, a c y lin d e r  f i l l e d  a t  th e  same tim e was 

analyzed . This a n a ly s is  should be the  same except f o r  the w ater c o n te n t. 

Since the w ater comes p r im a rily  from th e  co n ta in e r, th e re  i s  no way of 

knowing ex a c tly  what th e  w ater co n ten t would be; Linde guaran tees th i s  

to  be le s s  than  3 ppm, however. Table 5 p re se n ts  th e  an a ly s is  o f the 

c y lin d e r  f i l l e d  a t the same tim e as th a t  used in  th ese  t e s t s . This 

a n a ly s is  should re p re se n t th e  gas a c tu a l ly  used f a i r l y  w e ll .

TABLE 3

ANALYSIS OF NEON

Helium
N itrogen
Water
A ll o th er im purity

3 ppm 
2 ppm 
1 ppm

<  1 ppm



CHAPTER VI

DENSITY MEASUREMENT TEST METHODS

1. SYSTEM FINAL PREPARATION

The DPI c o n tro ls  were tu rned  on and allow ed to  warm up fo r  

approxim ately a day. The valve  across DPI two was opened and th e

instrum ent zero s e t .  The valve was closed  and th e  APG s id e  o f th e  DPI

c e l l  was p re ssu riz e d  to  500 p s i .  A fte r opening th e  valve aga in , th e  

zero was checked and re a d ju s te d  as req u ired  to  b rin g  i t  to  ze ro . The 

p re s s u r iz a tio n  was rep ea ted  u n t i l  no s h i f t  occu rred .

DPI one was zeroed by opening the  valves in to  th e  vacuum header 

and th e  atm ospheric v e n t. The manometer valve was a lso  opened and the  

l iq u id  le v e l  ad ju sted  to  ze ro . A fter about te n  m inutes in  t h i s  cond ition  

th e  instrum ent was s e t  a t  z e ro . The l iq u id  s id e  was th e n  c lo sed  up and

p re ssu riz ed  to  remove th e  zero s h i f t  as explained  above. From th i s

p o in t on a p o s it iv e  p ressu re  was m aintained on th e  l iq u id  s id e  o f th is  

DPI. The DPI a m p lif ie rs  were l e f t  tu rn ed  on u n t i l  a f te r  com pletion of 

th e  t e s t s .

A c y lin d e r  of good q u a li ty  neon was a ttach ed  to  th e  system . The 

system , in c lu d in g  th e  p ressu re  i n t e n s i f i e r ,  was evacuated fo r  s e v e ra l 

hours to  about 100 micron and f i l l e d  w ith  neon. This process was re ­

peated  fo u r tim es . The system s a t  in  th i s  cond ition  fo r  about 30 days 

aw aiting  a r r iv a l  of th e  neon a c tu a lly  te s te d .  At th a t  tim e, th e  new 

c y lin d e r was a ttach ed  to  the system . The p re ssu re  i n t e n s i f i e r  system

-8 5 -
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was closed o f f  and was no t used in  th ese  t e s t s .  The system was then 

purged th re e  more tim es.

The o i l  b a th  was tu rn ed  on and th e  coo ling  w ater flow  r a te  ad­

ju s te d .  A sm all w ater flow  was m aintained through th e  cooling c o i ls  

a t  a l l  tim e s . The second flow  r a te  was s e t  a t about f iv e  tim es th e  

lower v a lu e .

The complete check out o f th e  M ueller b rid g e  was done, in c lu d in g  

r a t io  s e t t in g ,  zero ,and  th e  comparison w ith th e  s tan d ard  r e s i s to r .  The 

comparison w ith  th e  s tandard  r e s i s to r  and the  instrum en t zero check were 

th en  made a t  l e a s t  once a day th e r e a f t e r .  The th erm o sta t on the  b ridge  

was then l e f t  tu rn ed  on a t  a l l  tim es .

The t r a n s f e r  space around th e  c e l l  and th e  p re ssu re  compensation 

system  were purged and f i l l e d  w ith  helium to  remove anyth ing  which might 

condense and give tro u b le  during o p e ra tio n .

2 . GENERAL TEST PROCEDURE

The system was prepared  according to  th e  method given above. A 

s in g le  p o in t was s e le c te d  which would give th e  d e n s ity  d e s ire d  fo r  th e  

h ig h e s t d e n s ity  isochore  to  be  ru n . This d id  no t have to  be a t  a t e s t  

tem peratu re , bu t could b e . The system was th en  f i l l e d  w ith  neon u n t i l  

th e  p o in t was reach ed . A s e r ie s  o f p o in ts  a t  d i f f e r e n t  tem peratures 

along th e  iso ch o re  were then  m easured. The d e n s ity  in  th e  t e s t  c e l l  

was changed 6y expanding some of the  gas from th e  c e l l  in to  the  expan­

s io n  ta n k s .  This mass in  th e  tanks was then  m easured. The second 

s e r ie s  o f p o in ts  was th en  measured usin g , wherever p o s s ib le , the  same 

tem peratures as used th e  f i r s t  tim e . This procedure was rep ea ted  fo r  

s e v e ra l iso c h o re s , fo llow ing  which th e  mass o f  neon rem aining in  the



system was measured.

Each s e t  o f d a ta  taken  was given a p o in t number. The f i r s t  two 

d ig i t s  of the number were th e  run number. The second two d ig i t s  were 

assigned in  consecutive o rder fo r  each p ressu re  measurement made. Any 

s e r ie s  of p o in ts  using  th e  same gas were considered a s in g le  ru n . That 

i s ,  th e  system was f i l l e d  w ith  neon once fo r  each ru n .

For each run the d e n s it ie s  were spaced so t h a t  th e  p o in ts  fo r  

o th e r runs would f a l l  between them to  give some check on the  consis tency  

between ru n s .

The fo llow ing  paragraphs d esc rib e  the  method in  more d e t a i l .

3 . FILLING PROCEDURE

The t r a n s f e r  space was f i l l e d  w ith  helium to  about 30 p sig  and 

th e  p ressu re  compensation volume was f i l l e d  to  about 2500 p s i .  This 

was to  provide good h ea t t r a n s f e r  to  th e  c e l l  fo r  ra p id  co o lin g .

The c ry o s ta t was f i l l e d  w ith  l iq u id  n itro g en  and allowed to  s i t  

fo r  s e v e ra l hours to  g e t th e  c e l l  to  as low a tem perature as p o s s ib le . 

The n itro g e n  was removed from the  c ry o s ta t a f te r  th e  p re -co o lin g  by 

in s e r t in g  a tube to  the bottom of the  c ry o s ta t and p re ssu riz in g  the 

c ry o s ta t .  The c ry o s ta t was then  evacuated . The n itro g en  rem aining 

a f te r  use o f the  tu b e  was removed by evacuation  and th e  h e a te r  in  th e  

bottom of the  c r y o s ta t .  A fter purging th e  c r y o s ta t ,  f i l l ,  v en t, and 

c o n tro l l in e s ,  th e  c ry o s ta t  was f i l l e d  w ith  l iq u id  hydrogen. The l iq u id  

n itro g en  b a th  on top  o f the  c r y o s ta t  was kep t f i l l e d  a f te r  th e  i n i t i a l  

p re -co o lin g  of the c ry o s ta t .

A f i l l i n g  tem perature and p ressu re  p o in t on th e  lower p o rtio n  

of th e  liq u id -v ap o r l in e  was se le c te d  to  give the  d e s ire d  maximum den­
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s i t y  fo r  the ru n . Before th e  c e l l  reached th i s  tem peratu re , mass was 

added to  the  c e l l ,  which tended to  p reven t fu r th e r  low ering o f th e  tem­

p e ra tu re ,  The supply p ressu re  was k ep t ju s t  above th e  f i l l i n g  p ressu re  

so th a t  the flow  in  would balance th e  condensation o f th e  neon. As the  

r a te  of change of p ressu re  in d ic a te d  t h a t  th e  c e l l  was g e ttin g  f u l l  of 

l iq u id ,  the t r a n s f e r  space was evacuated . The h e a te rs  were tu rn ed  on 

and ad ju sted  to  ho ld  the d e s ir e d  tem p era tu re . More neon was added u n t i l  

the  d e s ire d  tem perature  and p ressu re  were reached . Using th i s  method, 

a p ressu re  above th e  s a tu ra tio n  p ressu re  had to  be used,

The evacuation  of th e  t r a n s f e r  space continued u n t i l  a p ressu re  

o f between 15 and 30 microns was reached . This space was then  closed  

o f f  fo r  th e  running of a complete iso c h o re .

At t h i s  p o in t th e  valve  to  the c e l l  was t i g h t ly  c lo se d .

Uo METHOD OF TEST FOR DATA POINTS

The procedure used on d a ta  p o in ts  amounted to  b rin g in g  the c e l l  

to  th e  d es ired  tem perature and ho ld ing  i t  long enough fo r  th e  c e l l  to  

reach eq u ilib riu m  and the  d a ta  to  be re a d . Two methods were used to  do 

t h i s .  The f i r s t  method was using  the  autom atic tem perature c o n tro l, and 

th e  second s l ig h t ly  d i f f e r e n t  method was manual.

The autom atic tem perature c o n tro l le r  was s e t  to  the d e s ire d  tem­

p e ra tu re  using  th e  coarse ad justm en t. As th e  d e s ire d  tem perature was 

approached as read  on th e  c e l l  thermom eter, the  f in e  adjustm ent was s e t  

by a t r i a l  and e r ro r  method to  b rin g  th e  c e l l  tem perature to  the  d es ired  

v a lu e . In  o rder to  keep the u n it  s ta b le ,  th e  h e a te r  gain was h e ld  low 

by keeping th e  th re e  h e a te rs  on steady  a t  a h ea tin g  r a te  th a t  would not 

q u ite  hold the  d es ired  tem pera tu re . The Therm otrol output v o ltag e  was
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then s e t  low? and the  Therm otrol made up th e  d iffe re n c e  in  h ea tin g  r a te  

on th e  o ther h e a te r .

During th e  run , i f  the Therm otrol stopped fu n c tio n in g  manual con­

t r o l  o f  the h e a te rs  was u sed . This was f a s t e r ,  bu t le s s  c o n s is te n t?  

n e v e r th e le ss , i t  was p o ssib le  to  manually s e t  the h ea tin g  r a te s  s u f f i ­

c ie n t ly  a c c u ra te ly  fo r  most of the d a ta . The h e a te rs  were s e t  to  b ring  

the  c e l l  to  about 0.1°K below th e  d e s ire d  tem p era tu re . The h ea tin g  r a te  

to  th e  c e l l  was ad ju sted  to  where i t  would ju s t  allow  a p erce iv ab le  

co o lin g . The o th e r s e t  o f c e l l  h e a te rs  was s e t  a t a low v o ltag e  and 

used in te rm it te n t ly  to  in c te a se  the  tem perature s l ig h t ly .

Ihen a tem perature about 0.03°K below th e  d e s ired  tem perature was 

reached, th e  c e l l  p re ssu re  was measured and th e  compensation p ressu re  

was s e t .  The DWG was balanced and k ep t in  approximate balance u n t i l  th e  

p o in t was m easured.

Tllhile t ry in g  to  hold th e  tem perature co n s tan t, the  b ridge was 

a d ju sted  to  where both th e  normal and rev e rse  read ings were approxi­

m ately eq u a l. This was done by tak in g  ,the average o f th e  two re ad in g s , 

s e t t in g  the  average on th e  in stru m en t, and ad ju s tin g  the lead  re s is ta n c e  

f in e  adjustm ent fo r  zero galvanom eter d e f le c t io n .

The tem perature of th e  c e l l  was then  in c reased  in  sm all, tim ed 

increm ents to  where the  c e l l  tem perature was w ith in  ±0.01°K of th e  de­

s ir e d  tem p era tu re . The TMi was c a re fu l ly  balanced to  where i t  would 

s ta y  on sca le  w hile the tem perature f lu c tu a te d  s l ig h t ly  w hile e f fo r ts  

were made to  hold  th e  tem perature w ith in  to le ra n c e  fo r  about te n  min­

u tes  . The tem perature was h e ld  f o r  a longer p erio d  o f time i f  th e re  was 

any evidence of a co n tin u a l change in  p ressu re  in  one d ir e c t io n .  At th e  

end o f th is  tim e, read ings o f the thermom eter, therm ocouples, barom eter, 

DIG tem pera tu re , compensation p re ssu re , h e a te r  s e t t in g s ,  and w eights
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used were taken  in  rap id  succession  in  th e  o rder m entioned.

The tem perature o f the o i l  bath  was not read  each tim e, bu t an 

average value was used which was taken  every s e v e ra l h o u rs . I t  was f e l t  

th a t  using  th e  average value would induce le s s  e r ro r  than  allow ing th e  

o th er va lues to  change w ith  tim e w hile t h i s  tem perature was re a d .

No attem pt was made to  hold th e  tem perature  constan t a f t e r  the  

beginning o f the read ing  of th e  d a ta  when manual c o n tro l was u sed . 

Consequently th e  tem perature o r p ressu re  was sometimes ou t of to le ra n c e  

befo re  th e  read ings were com pleted.

The e n t i r e  process o f making a measurement g e n e ra lly  req u ired  

about 30 m inutes a f te r  th e  tem perature  was s ta b i l iz e d  w ith in  a te n th  o f 

a deg ree . Some p o in ts , no tab ly  those  a t  low d e n s ity  and h igh tem pera­

tu re s , req u ired  considerab ly  lo n g e r. The p o in ts  very  near the c r i t i c a l  

po in t o f te n  req u ired  s e v e ra l hours and s t i l l  i t  was not always p o ss ib le  

to  m ain tain  th e  to le ra n c e  in d ic a te d  above.

The above process was rep ea ted  f o r  each d e s ire d  tem perature  on a 

given iso c h o re .

5 . CHANGING ISOCHORES

The valve to  DPI two in  the APG system was c losed j th e  expansion 

tank valves and th e  zero ing  valve on DPI two were opened and th e  system 

was evacuated to  about tw enty microns o r below. In  th i s  co n d itio n  DPI 

two was checked f o r  zero s e t t in g .  Most of the tim e no change in  zero 

s e t t in g  was req u ired , b u t o ccas io n a lly  the  galvanometer would be o f f  

sc a le  and would re q u ire  ad justm ent.

The vacuum system valve and DPI two zero ing  valve were c lo sed  

t ig h t ly ,  and th e  DPI valve in  th e  APG c o n tro l system and th e  expansion
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tank  v a lv es were.opened com pletely .

The APG system was p re ssu riz e d  to  a p ressu re  ju s t  below th e  p re s ­

su re  d e s ire d  in  the  expansion tanks when f i l l e d  w ith  neon from th e  c e l l .  

This p re ssu re  was c a lc u la te d  based on th e  estim ated  change in  d en s ity  

d e s ire d  in  th e  t e s t  c e l l .  The valve to  th e  t e s t  c e l l  was opened u n t i l  

DPI two in d ic a te d  th e  s e t  p ressu re  had been reached . The APG system 

p ressu re  was then in c reased  and more mass allowed to  come in to  th e  ex­

pansion tan k s  u n t i l  the d e s ired  p ressu re  was reached .

The valve to  the c e l l  was again  c lo sed  t i g h t l y .

A fte r time had been allowed f o r  th e  tem perature in  th e  expansion 

tanks to  reach  th e  b a th  tem pera tu re , th e  APG was balanced using  th e  pro­

cedure o u tlin e d  below. The balance was made such th a t  as th e  bath  tem­

p e ra tu re  changed th e  p re ssu re  would only  go below th a t  s e t  on th e  gage

(see F igure  3 0 ).

The tem perature o f th e  b a th  was read  when DPI two re tu rn ed  to  the 

zero p o s it io n . The barom etric p re ssu re , gage, and tem perature cond itions 

were th en  read  im m ediately .

6 . CELL MASS DETERMINATION

When th e  d en s ity  in  th e  c e l l  was 0 .1  gms/cc o r le s s ,  th e  t o t a l  

mass rem aining in  the  system could be measured using  th e  method devel­

oped in  Chapter iu

The mass m easuring system was evacuated and DPI two zeroed as 

given above. Expansion tank two va lv e , th e  vacuum system  v a lv e , and 

DPI two zero ing  valve  were c lo se d . The valve to  the t e s t  c e l l  was 

opened com pletely .

The c e l l  tem perature was brought to  70.00 ±0.01°K using  th e
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methods given above fo r  th e  d a ta  p o in ts .  As th e  tem perature was ap­

proached, th e  compensation p ressu re  was s e t ,  and DPI one was s e t  on 

zero u sing  th e  two valves in  the  supply l i n e .  As th e  tem perature c lo se ly  

approached th e  d e s ire d  v a lu e , th e  APG was balanced .

With th e  c e l l  tem perature and th e  o i l  b a th  tem perature vary ing  

s l ig h t ly ,  a r e a l  ju g g lin g  a c t was req u ired  to  b rin g  the  APG in to  balance 

a t the  same tim e th e  c e l l  tem perature was w ith in  to le ra n c e . As the c e l l  

tem perature was th e  le a s t  c r i t i c a l ,  i t  was allowed low est p r io r i ty .  

Consequently, some of the tem peratures during  mass measurements vary  

from 70.00 ±0.01°K. Whenever p o s s ib le , th e  autom atic tem perature con­

t r o l  system was used fo r  th ese  measurements.

A fte r the d a ta  was recorded  f o r  t h i s  c o n d itio n , the  valve to  tank 

two was opened and the  above process was re p e a te d . The second tim e i t  

was e s s e n t ia l  th a t  th e  c e l l  tem perature be the same as the  f i r s t  tim e .

7. PRESSURE MEASUREMENT WITH THE AIR PISTON GAGE

Before th e  system in  which the p ressu re  was to  be measured was

p re ssu riz e d , the p ressu re  in  the  a i r  p is to n  gage system (APG) was s e t  

a t  a value as high or h igher than the  p ressu re  in  th e  measured system 

would go. The purpose of th is  was to  prevent zero s h i f t s  of th e  DPI 

due to  p re ssu re  r e v e r s a l .  As th e  p ressu re  in  th e  measured system be­

came s tead y , th e  p ressu re  in  th e  APG system was decreased slow ly using  

th e  need le  valve on the v e n t. As the DPI in d ic a te d  th a t  th e  p ressu re

was reached, th e  needle valve  was c lo se d . Using th e  hand p ressu re  gen­

e ra to r ,  the  DPI galvanom eter was brought to  z e ro . I f  i t  d id  no t s ta y  in  

th a t  p o s it io n , the  fo u r needle valves ( i n l e t ,  v en t, and two leakage com­

p en sa tio n ) were ad ju sted  u n t i l  th e  galvanometer would hold a t  any p o s i­
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t io n  to  which i t  was s e t  u sing  the  hand pump. DPI two e x h ib ite d  a f a ls e  

n u l l  co n d itio n  on both s id es  o f th e  tru e  n u l l  so th a t  when th e  p ressu re  

was f a r  too high o r low th e  needle would in d ic a te  an o n -sca le  read in g . 

F o rtu n a te ly , th e  f a l s e  n u l l  would never g iv e  a zero v a lu e . The f a ls e  

n u l l  was a lso  d e te c ta b le  because of i t s  low g a in . Zero was used as the 

po in t to  which th e  galvanometer was balanced w hile a d ju s tin g  the  needle 

valves to  balance th e  leak ag e .

With th e  galvanom eter a t  zero , the  p ressu re  in  the  APG system was 

read  from th e  Heise gage and recorded on the  d a ta  s h e e t. The proper 

p is to n  and w eight s e t  was then  se le c te d  to  get th e  most accu ra te  read­

in g . This may have n e c e s s ita te d  a change o f p is to n  or back p re ssu re .

I f  t h i s  were th e  case , th e  APG system would re q u ire  some shutdown. I f  

th e  low range p is to n  was to  be in s ta l l e d ,  th e  APG gage valve was then  

closed and i n s t a l l a t i o n  of th e  p is to n  was made in  accordance w ith  th e  

m anufacturers in s t r u c t io n s .  I f  the high range p is to n  was to  be in ­

s ta l l e d ,  th e  DPI valve was c lo sed , th e  APG system p ressu re  was reduced, 

and the  p is to n  was in s t a l l e d .  The p is to n  was then  te s te d  f o r  proper 

fu n c tio n  by the  p erio d  o f o s c i l la t io n  t e s t  suggested by th e  m anufactu rer. 

I f  th e  p erio d  was too  low th e  p is to n  was washed in  accordance w ith  th e  

m anufacturers c lean in g  in s t r u c t io n s .  This t e s t  was e s s e n t ia l  f o r  every 

i n s t a l l a t i o n  of th e  high range p is to n  because of th e  extreme s e n s i t iv i ty  

of th e  p is to n  to  d i r t  and l i n t .

A fte r any changes in  th e  se tu p , th e  APG system p ressu re  was r e ­

a d ju sted  using  th e  method given above.

Once th e  p re ssu re  was again  balanced w ith  th e  galvanom eter on 

zero , th e  w eights in d ic a te d  by th e  Heise gage were p laced  on th e  APG 

gage. The d riv e  motor was tu rn ed  on. I f  th e  p is to n  was s t i l l  a t  the  

to p , more w eights were added in  decreasing  increm en ts. The weight was
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le  f t  on as long as th e  p is to n  remained a t  th e  top  w ith th e  galvanom eter 

on ze ro . At increm ents eq u iv a len t to  0 .01  p s i or le s s ,  th e  p is to n  was 

f lo a te d  using  th e  hand pump. The p ressu re  being too high or low was 

then used as th e  c r i te r io n  fo r  u sing  a given w eight.

This method p reven ts zero  s h i f t s  o f th e  DPI because th e  ad d itio n

of the  la r g e s t  w eight would not cause p ressu re  changes o f la rg e  enough

magnitude to  cause a zero s h i f t .  I f ,  however, a s ig n i f ic a n t  p ressu re  

re v e rs a l  occurred , th e  APG system was p re ssu riz ed  to  £00 p s i and then 

the p ressu re  reb a lan ced . I f  th e  low range p is to n  was in  u se , th e  gage 

had to  be shut o f f  to  prevent o v erp re ssu riz in g  the  p is to n  w hile tak in g

out any zero s h i f t  of th e  DPI.



CHAPTER VII

DATA REDUCTION METHODS

1. PRESSURE REDUCTION—APG

The p ressu re  was ca lc u la te d  from th e  d a ta  taken  on th e  a i r  p is to n  

gage using  a computer program fo llow ing the  method given by th e  gage 

m anufacturer.

The apparent mass of each weight used was added to  th e  apparent 

mass of th e  p is to n  and w eight ta b le  ( i f  a p p lic a b le ) .  This sum was then  

d iv ided  by th e  nominal p is to n  area and th e  barom etric  p ressu re  added to  

g e t the nominal p re ssu re . The tru e  p ressu re  was ob ta ined  by m u ltip ly in g  

th e  nominal p ressu re  by a c o r re c tio n  term  which co rre c ted  f o r  gage tem­

p e ra tu re , lo c a l  a c c e le ra tio n  o f g ra v ity , weight buoyancy, and tru e  p is ­

ton  e f fe c t iv e  a re a . The n e t equations fo r  th i s  fo r  th e  low range p is to n  

were?

P.nom 0.520296 + P bar eq . (13)

P : nom
980.665 0.520266

eq. (L5)

The corresponding equations fo r  th e  high range p is to n  weres

P.nom P,bar eq . (15)
0.013007li
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580.302 0.0130071*
+  10-5  ( 20 -TP -  P — • ' '■■■ -■

580.665 0.013001*5 g

eq . (16)

Where?

P i s  th e  nominal p ressu re  va lu e ,nom ^ 3
Mp i s  th e  apparent w eight o f p is to n  and w eight pan,

i s  th e  apparent weight of sm all w eigh ts,

i s  th e  apparent w eight o f w eights used ,

Pbar i s  th e  p ressu re  surrounding w eigh ts,

T i s  th e  gage tem p era tu re ,
g

I t  should be noted th a t  the barom etric p ressu re  above could be 

th e  p ressu re  measured on th e  McLeod gage i f  the  vacuum weight lo ad er 

were used w hile evacuated.

In  the case o f the sm all gram weights used fo r  sm all increm ents 

w ith  the  manual weight s e t ,  th e  nominal weight value was u sed . T o ler­

ances on th ese  w eights were such th a t  such c o rre c tio n s  would be in s ig ­

n i f i c a n t .

2. PRESSURE REDUCTION—DTE

The p re ssu re s  from th e  DWG were a lso  c a lc u la te d  on the  computor 

u s in g  methods o u tlin e d  by th e  gage m anufactu rer. The c o rre c tio n s  used

included  th e  lo c a l  a c c e le ra tio n  of g ra v ity , p ressu re  and tem perature 

e f f e c ts  on the  e f fe c t iv e  p is to n  a rea , change in  DPI zero w ith  p ressu re , 

and head of o i l  between th e  DPI and the  DWG. A summation of th e  apparent 

masses of each w eight used was made, in c lu d in g  the p is to n  and weight pan,
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but not in c lu d in g  the sm all increm ent w eight s e t .  This summation was 

then used to  get the nominal pressu re .

The resu lta n t equations fo r  th e c a lc u la t io n  o f  the pressure fo r  

th e low range p isto n  were:

For th e h igh  range p is to n , th e corresponding equations were:

■Where:

Pnom i s t*16 nominal pressure— p sia

A eff i s  th e e f f e c t iv e  p isto n  area

Mp i s  the apparent w eight o f w eight pan

Mj_ i s  the apparent w eight o f w eights used

Pbar i s  the barom etric pressure

nom

nom eq , (18)

P o il  = 0 . 0091:6 eq . (19)

P,nom
980.665 0.02601:17

0.0260U17 1 + 1.6xlO “5

nom eq . (21)

P =  0.00823 eq . (22)
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Pjrt i s  th e  sm all w eights used—p si

P0H  i s  the p ressu re  due to  o i l  head on gage

T i s  th e  gage tem peratureO

The f i n a l  p ressu re  was then  c a lc u la te d  by

p =  980.3O2 # MP +  X Mi
+ *wt + ^ o il  +  ^bar

980 .665 Ae f f

+ 3 .56x 10-6  P,nom eq. (23)

The f i r s t  term  in  t h i s  equation  c o rre c ts  fo r  the lo c a l  a c c e le ra ­

t io n  of g ra v ity  and uses th e  tru e  e f fe c t iv e  p is to n  area  accounting f o r  

therm al and p ressu re  expansion o f the p is to n . The sm all w eights used 

w ith the  system are then  added in  w ith th e  second term . The o i l  head 

and barom etric  p ressu re  are accounted f o r  w ith the  t h i r d  and fo u rth  terms. 

The l a s t  term  accounts f o r  the  change in  the DPI zero w ith p re s su re .

3. P-V-T REDUCTION METHODS

A computer program was w r itte n  to  do th e  complete d a ta  red u c tio n  

to  o b ta in  a l l  needed in form ation  in  f i n a l  form d ir e c t ly  from the  raw 

d a ta .  The method began w ith  the  f in a l  mass measurement fo r  a t e s t  ru n . 

Equation 6 was so lved  fo r  the  f i n a l  co m p ress ib ility  in  th e  c e l l .  From 

th is  th e  t o t a l  mass in  th e  system was c a lc u la te d .

For the  summation term s, th e  dead space volumes were d iv ided  in to  

eleven segments, each w ith a measured tem perature th a t  was assumed to  

rep re sen t the  tem perature o f th a t  segment. F igure 38 shows th e  break­

down o f th ese  segments, th e  volumes, and len g th s o f each segment.

The c o m p re s s ib il i t ie s  a t  each lo c a tio n  f o r  the dead space volumes
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A fter the mass in  th e  c e l l  was c a lc u la te d , each of the  fo llow ing  

p o in ts  was lab e led  to  in d ic a te  i f  i t  was a d a ta  p o in t o r i f  i t  was addi­

t io n a l  mass being removed from the  c e ll*  Thus a l l  p o in ts  were ca lcu la te d

in  rev erse  o rder from which they  were tak en .

C alcu la tio n s  fo r  the  d a ta  p o in ts  co n s is ted  only of f in d in g  p re s ­

su res  and tem peratu res, c o rre c tin g  the t o t a l  mass to  account fo r  mass in  

th e  dead space volumes, and c a lc u la tio n  of the  c e ll  volume as a fu n c tio n  

of tem perature  and p re ssu re . Thus th is  c a lc u la tio n  used noth ing  not used 

above.

The a d d itio n a l mass was c a lc u la te d  using c a lc u la te d  expansion tank 

volumes and th e  c o m p re s s ib il i t ie s  measured in  th e  o i l  b a th . This a lso  

used no th ing  which was no t in h e ren t in  th e  t o t a l  mass c a lc u la tio n . The 

c a lc u la te d  a d d it io n a l  mass was then  added to  th e  mass the  machine had

been u sin g  to  get th e  mass fo r  th e  p o in ts  th a t  fo llow ed.



CHAPTER V III

EXPERIMENTAL RESULTS

Five t e s t  runs were made to  determ ine t  he d e n s ity  o f neon over 

the  range from 28 to  70°K and up to  2ii0 atm. From th ese  runs a t o t a l  

of 15U p o in ts  were determ ined. The measured d e n s it ie s  and com pressi­

b i l i t i e s  are shown i n  Table 6 along w ith  th e  p o in t number, tem perature , 

and p ressu re  f o r  each of these  p o in ts .  A ll p o in ts  marked "sat*' in  th e  

ta b le  are p o in ts  which a re , or should be, on the s a tu ra t io n  l in e .

F igure 39 p re sen ts  the  d a ta  ob tained  in  p ressu re-tem pera tu re  

c o o rd in a te s . The l in e s  shown are  th e  approximate constan t d en s ity  l in e s  

generated  by th e  b a s ic  method employed in  th e se  t e s t s .  Many o f th e se  

l in e s  show a cu rvatu re  near th e  s a tu ra tio n  l in e ,  p a r t ic u la r ly  around the  

c r i t i c a l  p o in t when p lo t te d  to  a la rg e r  s c a le .  The cu rvatu re  i s  always 

away from the c r i t i c a l  d e n s ity .

The same d a ta  i s  shown in  F igure i|0 on p re s s u re -sp e c if ic  volume 

co o rd in a te s . The l in e s  o f co n stan t tem perature and the estim ated  sa tu ­

r a t io n  curve a re  a lso  shown. The s a tu ra t io n  d e n s ity  va lu es  were obtained 

from th e  p ressu re-tem pera tu re  p lo t where the  e x tra p o la tio n  of th e  den sity  

l in e s  in te r s e c t  th e  vapor p ressu re  curve or by th e  in te r s e c t io n  of the  

co n stan t tem p era tu re-co n stan t p ressu re  l in e  in  th e  sa tu ra te d  region w ith 

the e x tra p o la te d  iso th erm .

The c o m p re s s ib il i t ie s  o f  neon are p lo t te d  in  F igure ijl w ith  l in e s

o f co n stan t tem perature and d e n s ity  shown. The co n stan t d e n s ity  l in e s

are again the d a ta  l in e s  r a th e r  than even values o f d e n s ity .  The h igh
- 102-
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TABLE 6

EXPERIMENTAL DATA

P o in t Tem peratu re

°K

P re ssu re

A tm .

D e n s ity

g /c c

C o m p r e s s ib i l i t y

1260 69.225 0 .8471 0.00302 0 .99792
1106 70.029 1.1579 0.00412 0 .98731
1259 6 9 .998 1.5051 0.00531 0 .99631
1105 70.047 2.0483 0.00736 0.97756

960 7 0 .060 3 .8925 0.01383 0 .98839

959 70.072 6.8915 0.02470 0 .97944
958 70.005 27.2883 0.10349 0 .92644

1257 70.013 32.1047 0.12326 0.91507
956 7 0 .0 04 57 .3344 0.23461 0 .85864

1248 7 0 .000 75.8069 0.31893 0.83519

943 69 .992 98.5165 0.41973 0.82482
1102 69 .991 100.3202 0.42602 0.82753
1237 70 .004 125.9350 0.52015 0.85069

925 69.983 143.6276 0.57605 0.87632
1226 70 .0 00 204.1185 0.70977 1.01050

946 65 .002 50.9500 0.23478 0.82116
1247 65.003 66.2615 0.31919 0 .78551

944 64 .9 94 84.6024 0.42018 0.76199
1236 64.995 106.3962 0.52071 0.77325

926 64 .971 120.5221 0 .57654 0 .79138

1225 64.993 169.9257 0.71053 0.90506
923 64 .981 227.9538 0.80940 1.06602

1360 6 0 .234 3 .1 2 84 0.01299 0.98367
1359 6 0 .314 5 .4409 0 .02284 0 .97160
1358 59 .998 18.8328 0.08517 0 .90649

1256 59.997 26 .1809 0.12337 0 .87000
955 59 .991 44 .4791 0.23481 0.77665

1246 59 .997 56.6121 0 .31940 0.72663
942 60 .005 70.5892 0.42050 0 .68810

1235 60 .006 87.0443 0.52082 0.68505

927 59 .984 97.4216 0.57678 0 .69260
1224 59 .999 135.8200 0.71099 0.78313

922 59 .987 183.2097 0.81020 0.92719
1350 54 .994 32 .0950 0.18678 0.76853

954 55 .001 37 .9761 0 .23490 0 .72299

1245 54.993 46.9047 0.31962 0 .65638
941 55.005 56 .4699 0.42033 0 .60074

1234 55 .002 67.3852 0.52122 0 .5 7 81 4



-10l*-

TA3LE 6—continued

Point Temperature P ressure D ensity C o m pressib ility

928 5U.981 71*.2781* 0.57712 0.57578
1310 5U.9914 88.2367 0.65262 0.601*71
1223 5U.997 101.801*3 0.71132 0 . 61*008

921 55.008 138.3505 0.81089 0.76290
1211* 55.010 206.0996 0.90882 1.01398

1357 149 . 999 11*. 8869 0.08525 0.85907
1255 50.012 20.1533 0.1231*9 0.80261
13U9 U9.991 27 . 101*6 0.18687 0.7136 3

953 50.003 31.3503 0.23517 0.65571*
121*1* 50.002 37.01*91 0.31981* 0.56982

9h0 50.006 1*2.2858 0 .1*2100 0.1*51*03
1101 U9.993 1*2 .6066 0.1*2659 0.1*9139
1233 1*9.998 1*7.7962 0.52168 0.1*5071

929 50.006 51.3707 0.57775 0.1*3735
1309 50.005 59.0528 0.65331 0 . 1*1*1*61

1222 50.003 67.2605 0.71220 0.1*61*55
920 50.007 9 2 . 71*06 0.8111*9 0.56211

1213 1*9.996 11*5.1*310 0.90991* 0.78629
913 50.002 211*. 31*97 0 . 991*68 1 . 0600I*

131*8 ij8 .002 25 .01*60 0 .1869)> 0.68650

952 1*7.995 • 28.6319 0.23509 0.621*15
121*3 1*8.003 33.0616 0.31991 0.52951*

939 1*7.991 36.5627 0.1*2085 0.1*1*527
1232 1*8.003 39.9872 0.52188 0.39261

930 1*8.012 1*2.2785 0.57813 0.371*61*

1308 1*8.002 1*7.1*659 0.65369 0.37207
1221 1*7.997 53.5398 0.71251* 0.38505

919 1*8.017 71*. 6909 0.81192 0 . 1*7122
1212 1*8.008 121.0117 0.91036 0.68103
1356 1*5.992 13.2569 0.08529 0.83123

125*4 1*5.995 17.6570 0.12355 0.761*27
I3li7 1*6.005 23.0128 0.18697 0.65807

951 1*6.001 25.8988 0.23529 0.58856
121*2 1*6,006 29.0375 0.31996 0 . 1*8520
1339 1*6 .000 30.3089 0.38619 0 . 1*1961*

938 1*5.997 30.8521 0 . 1*2121 0.39168
1331 1*6.000 31.3698 0 . 1*7566 0.35263
13214 1*6.009 31.91*30 0 .5031*6 0.33919
1231 1*6 .001 32.2896 0.52215 0.33065
1317 1*5.997 32.9718 0.56362 0.31282
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table 6—continued

Point Temperature P ressu re D ensity Compres s i b i l i t y

931 U6.022 33 .a o i6 0.57823 0.30872
1307 U6.OOI4 36.2087 0.65385 0.29608
1220 U6.00U a o .u a 6 0.71286 0.30086

918 I46.01U 56.2613 0.81221 0.37027
1211 146.000 96.2299 0.91068 0.56501

912 I46.012 I53.58a8 0.99567 0.82a58
13U6 145.001 21.9583 0.18698 0 ,6a i86
950 16.013 2 a .5 l2 2 0 . 23a5a 0.57108

12U1 hh.99h 26.9028 0.32003 o .a 595a
1338 55.005 27. 6i a 2 0.38626 0.35072

937 I4I4.998 27.9098 0.a2130 0.36211
1330 145.000 28.0262 0 .a 7573 0.32200
1323 hh.997 28.2802 0,5035a 0.30700
1230 hh.995 28.a782 0.52226 0.29807
1316 55.008 28.9261 0.56360 O.28oa7

932 145.023 29.0537 0.57833 o . 27aa5
1306 UU-99U 30.5518 o .65a n 0.25533
1219 I4U. 995 33 . a i 6a 0.71301 0.25620

917 145 .02^ a7 .ao52 0.81276 0.31863
13U5 I4I4.I4O6 21.330a 0.18701 0.63179

12140 55.395 25.3870 0.32007 o .a 39aa
1337 I4I1.I4OI 25.8626 0.38632 0.37086

935 I4I4.I4I2 25.8110 o .a 2 ia a 0.33918
1329 55*39k 26.0616 0 .a 7576 0.30350
1322 55.501 26.2056 0.50358 0.28827

1229 55.395 26.2901 0.52233 0.27886
1315 55.505 26.5853 0.56359 0.26030
933 55.515 26.a362 0.57867 0.25300

1305 55.507 27. 3a32 o.65a2o 0.23151
1218 55.505 29.5a09 0.71309 0 . 229a?

1355 55.002 12 . 1*3 93 0.08531 0.8150a
1253 55.015 I 6 .a 070 0.12357 0 . 7a i96
13hh ait.007 20.9081 0.18702 0.62a86

9k9 aa.002 23 .08a7 0.23526 0 .5a850
1239 a3.990 2a . 3112 0.32009 o .a 2a67

133U aa.001 ( s a t) 2a .a 369 0.38633 0.35359
936 aa.010 ( sa t) 2a .9iao o .a 2 n a 0.33062

1326 aa.001 (sa t) 2 a .8332 0 .a 7577 0.29177
1319 a3.999  (sa t) 2 a .8557 0.50360 0.27591
1228 a3 .993 (sa t) 2 a .8616 0.52238 0.26609
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TABLE 6— co n tin u ed

P oin t Temperature P ressu re D ensity C om pressib ility

1312 1*3.993 ( s a t ) 25.0250 0.56375 0 . 21*818
1302 13.992 ( s a t) 25.0178 0.651*29 0.21379
1217 U3.988 2 6 . 7839 0.71318 0.21000

916 1*1*.018 38.2699 0.81251* 0.26318
1210 1*3.990 71.1*1*1*1 0.91121 0.1*3839

911 1*1*.001 123.1632 O.99626 0.69106
131*3 U3.000 19 . 81*12 0.18703 0.60683
91*8 1x3.100 21.7801 0.2351*1* 0.52793

1333 h2 .999 ( s a t) 21.6616 O.38638 0.32069
1301 h3 .002 ( s a t) 21.7661 0.651*37 0.19025

1216 1*3.001 (sa t) 21.8371 0.71330 0.17511
1351* 1*2,001* 11.6229 0.08533 0.79766
1252 h l.9 9 9 15.1039 0.12361 0.71559
1351 1*1.989 18.7138 0.18706 0.58601

9k7 1*1.988 ( s a t ) 18.9860 0.231*96 0.1*7335

915 1*2.008 20.5361 0.81320 0.11*786
1209 1*2.002 1*6.8569 0.91192 0.30090

910 1*2.011 92.1*501 0.99673 0.51*305
1206 1*2.031 215.6961* 1.09972 1.11*779
1393 1*0.000 10.7771* 0.08535 0.7761*9

1251 1*0.008 13.7661 0.12361* 0.681*1*6
13i*l 1*0.008 11*. 2170 0.18716 0.1*6699
1208 39.998 22.0576 0.91258 0.11*863

909 1*0.002 61.2816 0.99735 0.37781
1205 39.991* 173.8722 1.10031 0.97182

1230 37.991* 10.3662 0.12369 0.51*257
908 38.073 31.0220 0.99779 0.20086

1201* 37.936 131.5395 1.10062 0.771*88

907 36.138  ( s a t) 7.8350 0.99893 0.05338
905 36.081 219.5982 1.18651 1.26169

1203 35.898 87.2019 1.10135 0.51*21*9
901* 33.663 158.1862 1.1871*0 0.97339
903 33.757 159.71*19 1.1871*0 0.98022

1202 32.391 13.1512 1.10351 0.09050
902 30.616 77.6587 1.18860 0.521*91
901 28.067 8.6011 1.19000

... ---------- 1
0.06331*
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d e n s ity  p o in ts  are  not shown in  F igure 1*1 because they  overlap  onto th e  

curves shown.

Table 7 p re sen ts  th e  v i r i a l  c o e f f ic ie n ts  ob tained  from the lew 

p ressu re  d a ta  fo r  th e  only two isotherm s which were extended to  s u f f i ­

c ie n t ly  low p ressu re  to  allow  the v i r i a l  c o e f f ic ie n ts  to  be determ ined.

TABLE 7

VIRIAL COEFFICIENTS FOR NEON

Temperature Second Third
°K cc/gm (cc/gm )2

70 .0 -0.863 1.1*0
60.0 -1.288 2.20



CHAPTER IX

DISCUSSION OF RESULTS

1 . COMPARISONS WITH PUBLISHED VALUES

a . Vapor P ressu re

Figure h2 shows a comparison o f th e  vapor p ressu re  d a ta  obtained  

as a p a r t  of t h i s  work w ith th e  equation  given by G r illy  (1 3 ). Some of 

th e  p o in ts  are  obviously  below the  l i n e .  This i s  a consequence of the  

procedure and t e s t  equipm ent. With only a l i t t l e  l iq u id  in  th e  c e l l  

th e  l iq u id  would not touch th e  thermometer w e ll. T herefore , th e  temper­

a tu re  measured would re p re se n t th e  gas tem pera tu re . The lower p o rtio n  

o f the  c e l l  was f a i r l y  w ell in s u la te d  from the  to p  because of the  low 

c o n d u c tiv ity  o f the  30I4 s ta in le s s  s t e e l .  This would re q u ire  then  a 

f a i r l y  long tim e to  reach eq u ilib riu m  because of the energy req u ired  to  

b o i l  away th e  l iq u id  to  reach  the  s a tu ra tio n  c o n d itio n s . More time 

should have been allowed on th ese  p o in ts  as was done on l a t e r  ru n s .

Around th e  c r i t i c a l  p o in t, th e  same cond ition  occurred on a number of 

p o in ts .  For th ese  p o in ts  more tim e would not so lve  th e  problem as shown 

by the f a c t  th a t  the  tim e on co n d itio n  bears no apparent r e la t io n  to  th e  

apparent e r ro r  in  p ressu re  a t  the p o in t f o r  the  da ta  p o in ts  in  q u es tio n . 

A lso, th e  thermometer w e ll should have been in  co n tac t with any " l iq u id ” 

phase a t  the  d e n s it ie s  near c r i t i c a l .  One must conclude th a t  th i s  system 

lacked s e v e ra l fe a tu re s  needed fo r  r e l ia b le  measurements of cond itions

-1 1 1 -
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n<«ar c r i t i c a l .  These would in c lu d e  (a) b e t t e r  tem perature c o n tro l, (b) 

s t i r r i n g  w ith in  the  t e s t  c e l l ,  and (c) removal of the s t a t i c  p ressu re  

head due to  the lead  out tu b e .

Where the  neon in  the  c e l l  i s  a s in g le  phase, the  tim e req u ired  

to  reach eq u ilib riu m  would be much s h o r te r  tnan  on th e  vapor p ressu re  

cu rve . T herefo re , th e  problem of no t being  a t  eq u ilib riu m  should not 

be p resen t in  p o in ts  not on the  s a tu ra t io n  l in e .

b . Compres s i b i l i t y

F igure k3 compares th e  p rev io u sly  published  measurements o f neon 

d e n s ity  w ith  the r e s u l ts  o f t h i s  work on co m p ress ib ility -p re ssu re  co­

o rd in a te s . The l in e s  on F igure h3 are th e  nominal l in e s  through the 

d a ta  p resen ted  h e re in  as given in  F igure 1*1.

The comparison w ith  th e  d a ta  o f S u lliv an  in  F igure k3 shows 

good agreement f o r  th e  70°K common iso th erm . The d ev ia tio n  between 

th e  two d a ta  s e ts  seems to  be a fu n c tio n  of p re ssu re , lead in g  to  0 .5  

p ercen t d ev ia tio n  in  d e n s ity  a t  100 atmospheres and d ecreasin g  approxi­

m ately l in e a r ly  w ith  p re s s u re . The d e n s it ie s  given by th i s  work are 

h ig h e r .

I t  should be noted th a t  th e  work by S u lliv an  was done in  th e  same 

la b o ra to ry  as th e  work p resen ted  here and the  same b asic  p ressu re  in s t r u ­

ment was common to  both  s e ts  o f d a ta  as was the tem perature measuring 

in s tru m e n ts . The thermometers and a l l  o th e r  p a r ts  o f th e  neon system 

were e n t i r e ly  d i f f e r e n t ,  however, as was th e  method employed.

The Leiden d a ta  ( l l )  shows f a i r l y  good agreement fo r  a l l  bu t 

s ix  p o in ts .  These p o in ts  have been p rev io u s ly  recognized  as being in ­

c o n s is te n t .  At low d e n s it ie s  the  Leiden values e x h ib it  a d i f f e r e n t  

tre n d  tend ing  to  f l a t t e n  out a t h ig h er p re s s u re s . There i s  a system atic
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d iffe re n c e  in  a l l  reg ions between th e  Leiden d a ta  and th i s  work of 

about 0 .5  percen t in  d e n s ity . The Leiden d e n s it ie s  are always h ig h er.

The B erlin  d a ta  (18) shows much th e  same tre n d  and d ev ia tio n  

from th e  d a ta  p resen ted  h e re in  as th e  Leiden d a ta .  The d iffe re n c e  i s  

o f th e  o rder o f 0 .6  percen t w ith th e  B e rlin  d a ta  g iv ing  h igher d e n s i t ie s .  

I t  should be noted r e la t iv e  to  Figure 53 th a t  th e re  i s  a tem perature 

d iffe re n c e  between th e  two sets  o f d a ta  so th a t  th e  a c tu a l  d iffe re n c e  i s  

la rg e r  th an  i s  shown on th e  p lo t .

c .  S a tu ra tio n  Conditions

The tem p era tu re -d en sity  p lo t  fo r  th e  s a tu ra te d  co n d itio n s  from 

re fe ren c e  21 i s  shown in  F igure 55 compared to  the sa tu ra te d  cond itions 

ob tained  from th e  e x tra p o la tio n s  to  the  vapor p ressu re  curve from Fig­

u res  39j 50, and 5l« This agreement i s  very  good.

d . V ir ia l  C o e ff ic ie n ts

The second v i r i a l  c o e f f ic ie n ts  from Table 7 are shown in  F igure 

55 as compared to  those  of S u lliv an  (37)> Holborn and O tto (1 8 ), and 

Crommelin, e t  a l  ( l l ) .  Again, the  agreement i s  good.

e .  C r i t i c a l  P o in t

Because of th e  in h e re n t d i f f i c u l t i e s  of measurement o f th e  c r i t ­

i c a l  p o in t, much of th e  d a ta  obtained  f o r  the  immediate v ic in i ty  o f th e  

c r i t i c a l  p o in t cannot be considered  v a l id  and i s  not shown in  Table 6 .

The equipment was n o t designed to  handle th e  sp e c ia liz e d  problems 

a sso c ia te d  w ith  g e tt in g  v a l id  eq u ilib riu m  co n d itio n s  a t  th e  c r i t i c a l
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range used . With th e  freq u en t comparison of th e  b ridge w ith  the  s tan d ­

ard r e s i s to r ,  th e  tem perature of th e  thermometer was read  to  w ith in  

i0.001°K . The questio n  of how w ell th e  thermometer tem perature matched 

the  neon tem perature would be one of com parative therm al lag s  o f th e  two 

reg ions of th e  c e l l .  The apparent time co n stan t fo r  reco rd ing  gas tem­

p e ra tu re s  by th e  thermometer was between f iv e  and te n  seconds when a 

change in  gas tem perature was induced by removing some of th e  gas. The 

response to  h ea tin g  by th e  e l e c t r i c a l  h e a te rs  was slow er, having a f i f ­

teen  second dead tim e . When th e  measurements o f c e l l  tem perature 

were made, th e  r a te  o f change of c e l l  tem perature would have been 0,002°K 

per minute o r le s s ;  th u s , the  therm al la g  and read ing  time could c o n tr ib ­

u te  about ±0.002°K u n c e r ta in ty  in  the  tem perature measurement.

The degree to  which tem perature eq u ilib riu m  was e s ta b lis h e d  in  

the  c e l l  re p re se n ts  th e  la rg e s t  u n c e r ta in ty  in  tem perature measurements. 

No measurements of g ra d ie n ts  in s id e  the  c e l l  were made. The only c r i ­

t e r i a  a v a ila b le  fo r  t h i s  would be th e  s t a b i l i t y  of th e  p re ssu re , and the 

tendency fo r  i t  to  fo llo w  the  c e l l  tem perature as measured on th e  c e l l  

thermom eter.

The t o t a l  c e l l  tem perature u n c e r ta in ty  was presumably ±0.003°K 

from th e  N.B.S. c a l ib r a t io n  of the thermom eter.

(2) Bath Temperature—The comments made above r e la t iv e  to  the  

c e l l  thermometer a lso  apply to  th e  bath  tem perature when a c tu a l measure­

ments were made. The e f f e c t  of th e  h igher excursion  r a te  in  tem perature 

was can ce lled  by the  f a s t e r  time response of the  u n i t .  Thus, d i r e c t  

read ings should have an u n c e r ta in ty  of ±0.003°K.

For most ca se s , when a d a ta  p o in t was taken, th e  bath  tem perature 

was no t read a t  th a t  tim e . In  t h i s  case an a d d itio n a l u n c e r ta in ty  of
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±0 .003°K, which i s  th e  apparent change in  tank tem perature w ith  tim e, 

must be added.

(3 ) Thermocouple Measurements—The tem peratures measured w ith 

th e  therm ocouples co n ta in  th e  u n c e r ta in t ie s  o f measurement given above 

in  a d d itio n  to  th e  u n c e r ta in t ie s  in h e re n t in  the  thermocouple m easuring 

system . This was because each thermocouple was re fe ren ced  to  e i th e r  

th e  c e l l  o r th e  o i l  bath  re fe ren ce  b lock .

The po ten tiom eter was balanced to  th e  n e a re s t m icrovolt fo r  a l l  

read ings o f th e  tem perature of th e  tube a tta c h in g  the  c e l l  to  the  plumb­

ing  in  the  o i l  b a th . This would give a tem perature u n c e r ta in ty  of 

±0.009°K. The tem peratures as measured on th e  tube a lso  co n ta in  an un­

c e r ta in ty  due to  conduction down th e  lead  w ire s . This u n c e r ta in ty  i s  

g e n e ra lly  negative  s in ce  th e  conduction would r a is e  the  measured temper­

a tu re .  This e r ro r  depends on th e  len g th  o f th e  copper lead  w ires and i s  

e stim ated  a t  -0.25°K in  th e  w orst case (therm ocouple #19).

The lack  of c a l ib r a t io n  fo r  the gold co b a lt-co p p er thermocouples 

would c o n tr ib u te  an u n c e r ta in ty  o f ±2 p e rcen t in  th e  read ings of tem­

p e ra tu re  d iffe re n c e s  from th e se  therm ocouples. These d iffe re n c e s  were 

g en e ra lly  sm all, le s s  than  UO degrees in  a l l  c a se s .

The la r g e s t  u n c e r ta in ty  o f th e  tem perature measurements o f th e  

tube was how w e ll th e  measured value  rep resen ted  th e  average over th e  . 

segment used in  c a lc u la tio n  of th e  dead space mass. This value i s  

dependent on th e  change along th e  tube and i s  assumed to  be ±2£°K in  th e  

w orst case o f th e  tube len g th  ju s t  in s id e  th e  c ry o s ta t .  For o th er 

le n g th s , f o r  example, a t  room tem peratu re , t h i s  would be c lo se r  to  ±0.1°K . 

Because of the  extrem ely sm all volumes a sso c ia te d  w ith  th e  segments of 

th e  tu b e , t h i s  e r ro r  i s  not r e a l ly  as s ig n if ic a n t  as i t  may sound.
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bo P ressure Measurements

( l )  DUG—The re so lu tio n  of th e  dead w eight gage and d i f f e r e n t i a l  

p ressu re  in d ic a to r  com bination used in  th ese  t e s t s  ( th a t  is , the  sm alles t 

increm ent of w eight which would produce a change in  the output of the 

in d ic a to r )  was about 5 ppm or 0.002 p s i ,  whichever was g r e a te r .  However, 

t h i s  i s  not m eaningful r e l a t iv e  to  th e  u n c e r ta in ty  o f measurement; be­

cause of the  v a r ia t io n  in  c e l l  tem pera tu re , th e  sm a lle s t w eights a v a i l­

ab le  were never u sed . The reason  fo r  th i s  was th a t  the r a te  o f change 

in  p ressu re  caused by th e  tem perature change was about th e  same as the 

r a t e  of change of in d ic a to r  ou tpu t caused by an unbalance in  the  DWj.

The sm alles t increm ents used in  balancing  the  DYilG were 0 .01  psi fo r  

p re ssu re s  under 500 p s i,  0.02 p s i up to  2000 p s i ,  and 0 .0 5  p si above 

2000 p s i fo r  low and moderate d e n s i t ie s .  At d e n s it ie s  over about 0 .8  g/cc 

th e  r a te  o f change of p ressu re  w ith  tem perature was high enough th a t  i t  

was not p o ss ib le  to  balance c lo s e r  than  0.05 p s i f o r  a l l  p ressu re  le v e ls .  

The u n c e r ta in ty  o f any measurement due to  th e  balance would th en  be about 

one h a lf  th e  sm a lle s t increm ent used .

The e r ro r  due to  p re ssu re  balancing  masks a l l  o th e r e r ro rs  in ­

h e ren t in  th i s  system ; however, th e  o th e r sources of e r ro r  should be 

menti oned.

The o i l  leg  connecting  th e  DPI and th e  .DWj  could have in troduced  

sm all e r ro rs  in  s e v e ra l ways. The h e ig h t of the n e t o i l  head was mea­

sured  to  an es tim ated  ±0.01 cm. The s p e c if ic  g ra v ity  of the o i l  was 

known to  ± 0 .003 . The changes in  tem perature o f the o i l  in  the fo u r  fo o t 

v e r t i c a l  excu rsion  of th e  o i l  tube could a lso  c o n tr ib u te  to  th e  uncer­

t a in ty  o f p re ssu re  m easurem ents. The alignm ent of the w eights w ith  the 

re fe ren c e  mark on th e  DUSG was only  w ith in  about ±0.01; cm; th i s  a lso  con-
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t r ib u te d  to  th e  u n c e r ta in ty  in  th e  o i l  head p re ssu re . The t o t a l  uncer­

t a in ty  in  p ressu re  due to  th e  o i l  leg  was ±0.002 p s i .

The lo c a l  a c c e le ra tio n  of g ra v ity  value  used was u n c e rta in  by 

about ±0.002 cm /sec^. This would co n tr ib u te  ±2xl0- ^ p ercen t e r ro r  in  

th e  p ressu re  measured on the DWj .

The e f f e c t iv e  p is to n  a rea  i s  th e  la r g e s t  u n c e r ta in ty  r e la t in g  to  

th e  gage i t s e l f .  The u n c e r ta in ty  in  p re ssu re  measurement from th e  p is ­

ton  a rea , when th e  e f f e c ts  o f tem perature and p ressu re  on the  p is to n  

s iz e  are  considered  i s  ±0.01 p e rc e n t.

The barom eter, a f te r  c a l ib r a t io n  as d iscussed  in  Chapter $,  had 

an u n c e r ta in ty  of ±0.002 p si in  i t s  read in g .

The t o t a l  u n c e r ta in ty  in  p ressu re  measurements f o r  any p o in t would 

th en  be th e  sum o f each of the  item s given above.

(2) APG Measurements—The u n c e r ta in ty  of measurement of the p res­

su re  w ith  th e  a i r  p is to n  gage was much sm alle r than  fo r  th e  DTO. The 

balance of th e  gage was’ done to  th e  n e a re s t 0.001 p s i in  a l l  c a se s . The 

u n c e r ta in ty  o f th e  p is to n  area  as a fu n c tio n  of tem perature and p ressu re  

c o n tr ib u te s  a p o ssib le  e r ro r  of ±0.005 p e rc e n t. The e f f e c t  of the  lo c a l 

a c c e le ra tio n  of g ra v ity  and barom eter would be th e  same as given above, 

±2x10“ ^ percen t and ±0.002 p s i,  r e s p e c t iv e ly .

No c o rre c tio n  was made f o r  the DPI used w ith  the  APG to  account 

fo r  changes in  zero w ith  p re s su re . The m an u fac tu re r 's  c a l ib r a t io n  in ­

d ic a te d  no change fo r  th is  u n it  over th e  range of u se .

c . Volume Measurements

The accuracy of volume measurements w ith the  volume measuring 

dev ice i s  e s tim a ted  to  be ±0.03 p ercen t p lus ±0.0lj cc per tube used in



th e  measurement o r ±0.07 cc f o r  th e  t e s t  c e l l  and ±O.U cc fo r  th e  two 

expansion ta n k s . This e s tim a te  i s  based on co n s id e ra tio n  o f the accuracy 

of the  tube bore , th e  accuracy of h e ig h t measurements w ith  th e  cathetom - 

e te r ,  p o ssib le  leakage, and incom plete evacuation  e f f e c ts  as w e ll as the  

in ac cu ra c ie s  of knowing th e  tem peratures in  th e  system du ring  measure­

ment.

A s l ig h t  decrease occurs in  th e  maximum p o ssib le  e r ro r  when th e  

r a t io  o f volumes i s  used . The volume r a t io s  a re , as can be shown from 

equation  6, th e  im portan t value in  the  d a ta  red u c tio n  of th e se  t e s t s .

The accuracy of th e  r a t io  method of m easuring the  volumes would 

be about ±0.03 per cent based on th e  re so lu tio n  o b ta in ab le  in  the  t e s t s .  

To ge t from th i s  measurement to  th e  a c tu a l volumes u s e d ,c e r ta in  measured 

c o rre c tio n  volumes were added. These were measured to  about 10.0U cc 

w ith  th e  volume measuring d ev ice .

Thus, s in ce  two independent means were used, th e  volumes should 

be accu ra te  to  ±0.02 p ercen t ±0.0lj. cc, o r ±0.06 cc on th e  t e s t  c e l l  and 

±0.25 cc on th e  ta n k s .

d . O pera tio n a l Problems

( l)  C e ll O v erp ressu riza tio n —During th e  d a ta  tak in g  procedure, 

th e  c e l l  was in a d v e r ta n tly  o v erp ressu rized  by s e v e ra l thousand p s i .

There i s  the  p o s s ib i l i ty  th a t  th i s  o v e rp re ssu riz a tio n  caused y ie ld in g  o f 

th e  t e s t  c e l l  in n e r  v e s s e l .  Measurements of th e  volume a f te r  th e  t e s t s  

gave a la rg e r  volume th an  when measured befo re  th e  t e s t s .  However, th e  

d e n s ity  d a ta  befo re  and a f t e r  th e  o v e rp re ssu riz a tio n  f a l l s  on the same 

co n stan t volume l in e  and th e re  is  no evidence th a t  any change occurred 

from th e  d a ta . The d iffe re n c e  in  measured volume may have been due to
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incom plete evacuation  when th e  volume measuring device was used before 

the o v e rp re s su r iz a tio n . The volume was measured by both the  volume 

measuring device and th e  expansion method a f t e r  the o v e rp re s su r iz a tio n . 

These va lues agreed as shorn in  Table 3»

In  any ev en t, whether the  c e l l  y ie ld ed  o r not would produce no 

problems sin ce  th e  volume fo r  th e  p o in ts  would be known anyway. The 

e l a s t i c  co n tra c tio n  would have opened some space between th e  two v e sse ls  

which would not c lo se  due to  therm al s t r a in  since  the  overpressure 

occurred a t  low tem p era tu re . T herefore , even i f  th e  c e l l  d id  y ie ld , 

which i s  u n lik e ly , i t  would no t cause problem s,

(2) Data Not Recorded—When th e  d a ta  fo r  p o in t was recorded, 

th e  w eights used on the  APG were not recorded , only th e  p ressu re  as read 

on th e  Heise gage. As th is  p o in t was a mass measurement i t  would a f fe c t  

a l l  p o in ts  in  run nine w ith lower numbers. By comparison of th e  APG and 

gage measurements a t o th e r p o in ts , i t  i s  estim ated  th a t  th e  Heise gage 

read ing  was w ith in  ±0.25 p s i out o f 119 p s i .  F u r th e r , s ince  only about 

o n e -th ird  of the mass in  the  c e l l  was  removed, th i s  amounts to  about 

10.1 p ercen t a d d it io n a l e r ro r  p o ss ib le  fo r  th e se  p o in ts .  The e f f e c t  

of t h i s  would be fu r th e r  decreased f o r  o th er iso ch o res  of th e  same ru n . 

Run number eleven  was made to  re p e a t th e  isochore  which had th e  h ig h est 

p o ssib le  e r r o r .  This run gave r e s u l t s  very c lo se  to  the  value ob tained  . 

from run number n in e ,

e . O verall Accuracy

The maximum u n c e r ta in ty  a sso c ia ted  w ith  an in d iv id u a l p o in t i s  a 

fu n c tio n  o f tem peratu re , p re ssu re , and the  process by which the  mass 

a sso c ia ted  w ith  th e  p o in t was m easured. This u n c e r ta in ty  was ca lc u la ted
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fo r  s e v e ra l  sample p o in ts  from run number tw elve . The equation  was ob­

ta in e d  from equations 2 and 6 by ta k in g  the  t o t a l  d i f f e r e n t i a l ,  consid­

e rin g  a l l  v a r ia b le s  fo r  which th e re  i s  any u n c e r ta in ty . This equation  

i s  r a th e r  long and ted io u s  and w i l l  not be given h e re . The r e s u l t s  of 

the  c a lc u la tio n s  f o r  s e v e ra l p o in ts  are given in  Table 8 . Based on th e  

apparent s c a t te r  in  the  d a ta  shown in  th e  various f ig u re s ,  th e  probable 

e r ro r  per p o in t i s  sm alle r than  the  maximum. However, much of th e  un­

c e r ta in ty  i s  system atic  and would not show up as s c a t t e r .  There i s  a 

system atic  d iffe re n c e  between th e  d a ta  p resen ted  here  and the  Leiden and 

B e rlin  d a ta  as shown above as w e ll as a system atic  d iffe re n c e  in  the  

o th e r d ire c t io n  w ith  S u l l iv a n 's .

TABLE 8

ESTIMATED MAXIMUM UNCERTAINTIES IN COMPRESSIBILITY

Point Temperature
OK

P ressu re
atm

D ensity
g/cc

U ncerta in ty

Random
percen t

System atic
percen t

1205 l*o 171* 1.10 0.08 0.25

1221 1*8 53 0.71 0.06 0.19

1231 1*6 32 0.52 0.06 0.18

1237 70 1.26 0.52 0 .06 0.18

121*5 55 1*7 0.32 0.05 0 .1 6

1251 1*0 11* 0.12 o.ol* 0.13

I t  should be noted th a t  th e  u n c e r ta in t ie s  shown in  Table 8 d i f f e r  

from th e  e a r l i e r  e r ro r  c a lc u la tio n s  mentioned in  th e  se c tio n  on S izing  

of Components. There are two reasons fo r  t h i s .  F i r s t ,  th e  o r ig in a l
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a n a ly s is  was based on an u n c e r ta in ty  in  c o m p re ss ib ility , not a p ercen tage . 

Secondly, th e  assumed e lem en ta l accu rac ies  were no t th e  same in  a l l  cases 

as what was f in a l ly  o b ta in ed . The major d iffe re n c e s  were in  volume and 

p ressu re  measurements. The n e t accuracy i s  about th e  same, however.

The o v e ra ll  accuracy of p o in ts  measured as a p a r t  o f run number 

nine i s  poorer than  fo r  the o th e r runs as in d ic a te d  by th e  la rg e r  s c a t te r  

of th e se  p o in ts  as compared to  th e  o th e r d a ta .  Two p o ss ib le  causes e x is t  

f o r  t h i s  s i tu a t io n s  (a) an e r ro r  during  mass measurement which was ex­

p la in ed  above, and (b) a smooth o p era tin g  procedure fo r  measurements had 

no t been f u l ly  developed; p a r t ic u la r ly  w ith  manual tem perature c o n tro l.

The d a ta  became more c o n s is te n t as th e  procedure f o r  o b ta in in g  i t  became 

b e t t e r  and sm oother.



CHAPTER X

CONCLUSIONS

A d d itio n al measurements of th e  d e n s ity  o f neon have been made 

covering th e  range of tem peratures from 28 to  70°K and p ressu res  up to  

2I4O atm ospheres. Included in  th i s  d a ta  a re  both l iq u id  and vapor 

d e n s i t i e s .

The accuracy of th is  d a ta  i s  b e t te r  than O. h percen t in  th e  w orst 

case , w ith  an average u n c e r ta in ty  o f about two te n th s  o f a p e rc e n t.

This d a ta  i s  in  s u b s ta n t ia l  agreement w ith  p rev io u sly  published  

measured values where common ranges e x i s t .  This agreement inc ludes 

no t only measured d e n s it ie s  bu t s a tu ra te d  l iq u id  and vapor p ressu res  

and d e n s i t ie s ,  and v i r i a l  c o e f f ic ie n ts .

Agreement w ith  the pub lished  ta b le s  of McCarty and S tew art i s  

n o t as good as w ith th e  published  d a ta .  The agreement i s  g e n e ra lly  

w ith in  one percen t on d e n s ity  except in  th e  low tem perature vapor reg io n  

where th e  a c tu a l  su rface  has a co n sid e rab ly  d if f e r e n t  shape than th a t  

given by th e i r  eq u a tio n s .

Measurement o f th e  c o m p re ss ib ility  of neon a t 300.17°K were a lso  

made fo r  low p re s s u re s . This d a ta  a lso  agrees w e ll wr;h p rev io u sly  pub­

lis h e d  v a lu e s .
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APPENDIX A

PHYSICAL CONSTANTS

Local a c c e le ra tio n  o f g ra v ity  

S tandard a c c e le ra tio n  of g ra v ity  

Gas co n stan t fo r  neon 

M olecular weight o f neon 

Standard atmosphere 

S tandard atmosphere 

Absolute zero of tem perature

980.302 cm/sec2 

980.665 cm/sec2 

1*.06565 atm cc/gm° 

20.183 gm/gm mole

111. 6959 l b f / i n 2 

76O mmHg 

273.15°C
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