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ABSTRACT 

The main objects of t h i s  experiment are (1) t o  ref ine presently 

existing flow calorimetric equipment such tha t  it is  capable of measure- 

ments of isobaric heat capacities (cp) and l a t en t  heats of vaporization 

of l i g h t  hydrocarbon gases and t h e i r  mixtures t o  accuracy Of be t t e r  than 

+l$ i n  the temperature range -250°F t o  5OUJ F a t  pressures t o  2000 psia ,  - 
( 2 )  t o  determine the heat capacities and l a t en t  heats of vaporization 

of methane, and ( 3 )  t o  use the measured thermodynamic data  t o  construct 

a new pressure-enthalpy-temperature diagram f o r  methane, 

The perfected flow calorimetric equipment u t i l i z e s  a three 

stage compressor f o r  circulation, The gas is cooled t o  the measuring 

temperature by a se r i e s  of cooling baths which i n  C u m  are cooled by 

e i ther  dry ice  or l iquid nitrogen. The actual  measurement of heat 

capacity or  l a t en t  heat i s  accomplished i n  a flow calorimeter which 

is  maintained a t  the measuring pressure and temperature i n  a c o n s t a t  

temperature measuring bath, The primary measurements made are the 

quantity of heat aaded t o  the f lu id  pawing through the calorimeter, 

the temperature rise of the f luid,  and the r a t e  of flow of the f luid.  

SmaLl corrections a re  made f o r  heat leakage and pressure dxop throvgh 

the calorimeter, 

In the course of refining the measurements and experimental 

techniques, several measurements of heat capecity and l a t en t  heat of 

vaporization of nitrogen were obtained a t  low temperatures and high 



pres su re .  Upon p e r f e c t i o n  of t h e  equipment, thermodynamic p r o p e r t i e s  

of methane were determined throughout t h e  reg ion  -250 t o  50°F, 150 t o  

2000 ps ia ,  except  t h a t  experimental  d i f f i c u l t i e s  made measurements of 

l i q u i d  hea t  capac i ty  and l a t e n t  hea t  below 300 p s i a  impossible .  P a r t i c -  

u l a r  emphasis w a s  placed on measurements of hea t  capac i ty  near  t h e  

c r i t i c a l  po in t  and i n  o t h e r  reg ions  where hea t  c a p a c i t y  changes r a p i d l y  

wi th  p re s su re  and tempera ture .  Except t h a t  some l a t e n t  h e a t s  of vapor i -  

z a t i o n  of  methane under p re s su re  have been measured by previous i n v e s t i -  

ga to r s ,  t h e  d a t a  of  t h e  p re sen t  experiment is  t h e  f i r s t  of i t s  type  i n  

t h e  low temperature high p re s su re  reg ion .  The methane d a t a  allows t h e  

f i r s t  accura te  c a l c u l a t i o n  of en tha lpy  p r o p e r t i e s  of compressed l i q u i d  

o r  gaseous methane i n  t h e  c r i t i c a l  r eg ion .  

The r e s u l t s  of t h e  methane measurements were used t o  cons t ruc t  

a  new pressure-enthalpy-temperature diagram f o r  methane. Since no 

accura te  measurements of t h e  change of en tha lpy  wi th  p re s su re  o r  Jou le -  

Thomson c o e f f i c i e n t s  of methane were a v a i l a b l e  from t h e  l i t e r a t u r e  i n  

t h e  range of t h e  experiments, and no such measurements were made, t h e  

Benedict-Webb-Rubin equat ion  of s t a t e  was used t o  c a l c u l a t e  en tha lpy  as 

a  func t ion  of pressure  a t  50°F, t h e  h ighes t  temperature of t h e  c h a r t .  

S t a t i s t i c a l  hea t  c a p a c i t i e s  were used t o  extend t h e  diagram t o  low 

p r e s s u r e s .  

The main conclusions of t h i s  experiment are: (1) t h e  experimental  

equipment allows measurement of l a t e n t  h e a t s  of vapor i za t ion  t o  b e t t e r  t han  

+I$ and hea t  c a p a c i t i e s  t o  +0.5$. (2)  Equat ions of s t a t e  which f i t  t h e  - - 
volumetr ic  d a t a  allow c d c u l a t i o n  of gaseous e n t h a l p i e s  and hea t  c a p a c i t i e s  

under p re s su re  wi th  f a i r  accuracy a t  moderate p re s su re  and a$ h igher  

x i  



reduced temperaturesg however, they give results of poor accuracy for 

gases of high reduced densities, paYrticulmly in the critic& region. 

(3) The pressure-enthalpy-temperature diagram presented for methane 

allows calcu1a;tion of enthalpy differences to about 1%) and constitutes 

a considerable impruvement in accuracy over recent compilations, where 

the exbension of enthalpy as a function of pressure is based upon equation 

of state or other treatment of the volumetric data, or upon previous 

measurements of isothermal expansions. These compilations are shown 

to be reasonably accurate at higher temperatures and moderate pressures, 

but allow errors of up to 5 or 1% at higher pressures and low temper- 

atures, and in the region of the critical point, 

xii 





NOMENCLATURE 

l inear  flow meter cal ibrat ion constant. 

constant i n  the Beqedict equation of s ta te .  

constant i n  the  Bloomer-Rao equation of s ta te .  

cal ibrat ion constants i n  the modified flow metering equation. 

thermocouple cal ibrat ion constant, 

constant i n  the Benedict equation of s ta te ,  

constant i n  the Bloomer-Rao equation of s ta te .  

constants i n  the MArtin-Hou equation of s ta te .  

l i nea r  flow meter cal ibrat ion constant, 

constant i n  the Benedict equation of s ta te ,  

constant i n  the Bloomer-Rao equation of st ate. 

constant i n  the  Martin-Eou equation of s ta te .  

thermocouple cal ibrat ion constant. 

constant i n  the Benedict equation of s ta te .  

constant i n  the Bloomer-Rao equation of s ta te .  

second v i r i d  coefficient,  

constants i n  the  Mwtin-Bou equation of s ta te .  

constant i n  the  Benedict equation of s ta te ,  

constant i n  the  Bloomer-Rao equation of s ta te .  

thermocouple cal ibrat ion constant. 

constant i n  the Benedict equation of s ta te ,  

constant i n  the Bloomer-Rao equation of s ta te ,  

t h i r d  v i r i a l  coefficient, 



temperature correction fac tor  f o r  metering pressure. 

C2 temperature correction f o r  the bmometer reading, 

C2,C3,C5 constants i n  the Martin-Xou equation of state,  

C p  isobaric heat capacity, 

C~~ apparent isobaric heat capacity a t  flow ra t e  F. 

G i d e d  isobaric heat capacity. 

s heat capacity of a saturated fluid,  

C s ~  heat capacity of a saturated liquid, 

C s ~  heat capacity of a saturated vapor. 

Cv constant volume heat capacity, 

D thermocouple calibration constant, 

Do constant i n  the Bloomer-Rao equation of s ta te ,  

D l  t h i rd  v i r i a l  coefficient. 

E voltage 

voltage across the calorimeter heater. 

ET thermocouple voltage with one s e t  of Junctions a t  the ice  
point and the other a t  temperature T, 

E~l '  " E~ll  voltage corresponding t o  potentiometer switch positions Ll,L2,..L11, 

F mass flow rate,  

g gravi tat ional  accePera t90~  

g c standard gravi tat ional  acceleration, 

H enthalpy. 

9 ' enthalpy as a function of pressure a t  constant temperature. 

R" enthalpy o f  a gas a t  zero pressure, 

isobaric l a t en t  heat of vaporization. 

& uncorrected pressure drop across the flow meter, 



I current. 

Ic current passing through the calol4meter heater, 

k constant in the Martin-Hou equation of state, 

LL.. . LLL potentiometer switch positions, 

M molecular weight, 

P pressure. 

barometric pressure. 

Pb' barometric pressure reading. 

'bal weight on pressure balance, 

%I metering pressure, 

metering pressure reading, 

mc presswe drop through the flaw nreter. 

Q volumetric flow rate, 

Q heat input to the calorimeter. 

8.Q heat leakqe to or from the calorimeter. 

SQ incremental heat input to a system. 

R universal gas constant. 

80 calibration constant for the platinum thermometer: resistance 
of the coil at the ice point, 

Rl...R9 standard resistor designations or values. 

Rp resistance at temperature T, 

%T resistance of the platinum thermometer at temperature T. 

sat indicates path or value along saturation curve. 

T tem~erature, 

Tm temperature of the gas in the flow meter, 



reduced temperature, 

temperature of the resistors, 

temperature of the metering pressure manometer scale. 

temperature of the metering pressure manometer mercury colwnn. 

temperature difference, 

temperature rise through the calorimeter, 

temperature change through the calorimeter with no heat input. 

internal energy* 

volume, 

specific volume of a fluid, 

specific volume of gas. 

specific volume of a liquid, 

weight of gas collected in a flow calibration run, 

independent variables. 

a function of one or more independent variables, 

compressibility factor of a gas, 

compressibility factor of the gas in the flow metering u-tube, 

compressibility factor of the gas in the flow meter, 

calibration constants for standard resistors, 

calibration constants for the platinum resistance thermometer, 

constant in the Bloomer-Rao equation of state, 

constant in the Benedict equation of state, 

calibration constants for stanr9.a?8 resistors, 

calibration constants for the platinum resistance themeters, 

constant in the Benedict equation of state, 

constant in the Bloomer-Rao equation of state. 



calibration constants for the platinum resistance themnometer, 

constant in the Bloomer-Rao equation of state, 

time interval for collection of a sample in a flow meter 
calibration run, 

density, 

density of gas in the flow metering u-tube. 

density of gas in the flow meter, 

density of water in the flow metering u-tube, 

estimated uncertainties in measurements. 

viscosity, 

Joule-Thomson coefficient, 





INTRODUCTION 

In  the design of low temperatuE gas separation or  liquefac- 

t i o n  plants  involving the l i g h t  hydrocarbon gases and t h e i r  mixtures, 

accurate knowledge of the enthalpy properties of the gases involved is  

of great  inportance, 

With respect t o  the  pure components, the  engineer i n  general 

has a choice of graphs or  tabulations which combine some experimental 

work with derived properties, In  general these works have not been sub- 

jected t o  ver i f ica t ion  by d i r ec t  experimental measurement, When dealing 

w$th mixtures of l i g h t  gases the  dearth of re l iab le  themnodynamic data  

makes it nec-essauy f o r  him t o  r e ly  upon generalized char ts  or methods 

of calculation which are  of poor or  a t  l e a s t  unknown accuracy, and which 

may introduce considerable e r ro r  in to  the design. The safety  fac tors  

which must necessari ly be added because of t h i s  uncertainty makes the 

economic design of these plants  difficult and @ds considerably t o  the  

plant  i n s t a l l a t i on  cost, 

It is understandable, then, t h a t  with the  wider application 

of low temperature processes considerable e f f o r t  should be mad.e t o  

resolve the  problem of accurate calculation of the  enthalpy proper t ies  

of l i g h t  hydrocarbon gases and t h e i r  mixtures i n  the  low temperature 

range, With t h i s  i n  mind, the goal the  engineer i s  t o  provide corre- 

l a t ions  which w i l l  allow him t o  calculate  these properties r e l i ab ly  t o  a 

high degree of accuracy, I n  order t o  do t h i s  it i~ necessary t o  obtain 

experimental data  of high accuracy f o r  both pure components and a wide 



vwietgr of mixtures with which t o  test the proposed correlations, There 

axe several methods which may be Ursbd t o  obtain the  necessary data, The 

metbd chosenis  f e l t  t o  be the 'most d i rec t  and the most accurate of 

t h a w  available, and perhaps involrves the most complicated and d i f f i c u l t  

experimental problam, It consists of the d i rec t  measurement of enthalpy 

differences a t  constant pressure - heat capacities and l a t en t  heats of 

vaporization-by means of a constant flow calorimeter which may be 

operated tvoughout t h e  pressure-temperature range of' interest ,  

The specif ic  objectives of the present experinenti arex 

L To ref ine  and perf'ect &sting calorimetric equipment t o  the 

extent thpt.t it is oapable of measureraent of iaobaric specif ic  heats  

and l a t en t  heats of l i g h t  hydrocarbon gases and t h e i r  mixtures t o  

be t t e r  than 1% i n  the range -250 t o  5003') at pressuresto 2000 psi& 

2, To measure the specif ic  heats and l a t en t  heats bf methane 

i n  the  aforementioned temperature-pressure range, 

3* TO w e  the measured methane data  t o  construct a new pressure- 

enthalpy-tenperatwe diagram f o r  methane, 

2hia Investigation of methane constitutes the first thermodynamic 

data obtained i n  a broad program t o  determine and correlate  the  themno- 

dynamic properties of l i g h t  hydroaarbon gases and t h e i r  mixtur'ee i n  the 

low t m e r a t u r e ,  high pressure region, 



MPERIXl?CE Q6' PREVIOUS INVESTIGATORS 

The l i t e r a t u r e  w i l l  be reviewed under a ser ies  of topics covered 

i n  t h i s  research beginning with thermodynamic theory. 

Theoretical Background 

The thermodynamic theory of pure f lu ids  is well denloped and 

is presented i n  a number of textbooks such a s  tha t  of Dodge, (17) The 

reader is referred t o  such tex ts  f o r  the derivations of the  following 

equations which are applicable t o  the  present investigation. 

The enthalpy of a pure f l u i d  is  defined by the equation, 

H = U + W  (1) 

w'here U is the internal  energy of the substance, and P and V a re  the  

independent variables, pressure and volume, The value of enthalpy is  

depenaent only upon the s t a t e  of the  substance, and is not dependent 

upon the path traversed i n  reaching tha t  s ta te ,  In  a l l  but a few special  

systems the e f fec t  of magnetic f i e lds ,  gravi tat ional  f i e lds ,  etc. a re  

negligible and the enthalpy of a s ingle  phase, single cmponent substance 

may be expressed i n  terms of any two of the variables, temperature, pres- 

sure, and volume, Using pressure and temperature, the following exact 

d i f f e ren t i a l  equation may be m i t t e n s  

The quantity ( & R / ~ T ) ~  is defined a& the isobaric heat capacity, Cp. 

The ohange of enthalpy With pressure, ( a ~ / a P ) ~ ,  may be expremed 

i n  t e r n  of the heat capacity at  constant pressure and the Joule-Thomson 



coef'fic ient in the eqtpation 

or in terms of temperature, pressure and volwne, 

Thm, enthalpy changes between any two states may be Itete-rmined 

by integration along any path, using isobaric heat capacities and either 

values of (~BPP)~, Joule~Thomon coefficients, or ~olwnetric data, 

Practically, integration is usually done along conetant pressure and 

con~tant tenrperature pathsd The completed equation, then, is 

H2 - HI r CpdT + f 2  (FIT 3, (5) 

T1 p; 
Similar equations m y  be derived for internal energy, 

where (~uPT)~ is the heat capacity at constant volume, %. The change 

of U with volume at constant temperature is expressed by the equation, 

The heat capacities, Cp and CV are related by the equation, 

which reduces to 

c p - c + = R  

at low pressure where gases approach the ideal condition, 



The dependance of Cp and CV on pressure and volume, respectively,  

a r e  given by the  equations 

EQuathon ( 5 )  may be modified t o  include paths through t h e  two 

phase liquid-vapor region by adding the  term AHv, the  isobaric l a t e n t  heat 

of vaporization t o  the  r i g h t  side,  giving 

This equation implies a constant pressure 'path through t h e  two phase region, 

but  any path  could be used with modification of the  term Mv t o  designate 

t he  enthalpy difference* 

The isobar ic  l a t e n t  'heat  of vaporization may be r e l a t ed  t o  

other  sa turated proper t ies  by t he  fami l ia r  Clapeyron equation, 

o r  t h e  equation, 

where CS is defined as 

and i s  r e l a t ed  t o  t he  isobar ic  heat  capacity m d  the  slope of t he  vapor- 

pressure cwve  by the  equation, 



Cs F C, - ~(3) (dp) 
P dT s a t  

The enthalpy change along the  s a t u r a t i o n  l i n e  may be ca lcula ted  by t h e  

equation, 

dHsat = CSdT + VdP 

The heat  capaci ty  is  one of t h e  most important q u a n t i t i e s  i n  t h e  

determination of t h e  enthalpy of a gas .  It may be ca lcu la ted  a t  zero pres-  

su re  from molecular d a t a  o r  it may be measured experimentally by a number 

Of d i r e c t  o r  i n d i r e c t  methods. PartingS-,on and S h i l l i n g ' s  book, "The 

Spec i f i c  Heats of Gases "(61) c o n s t i t u t e s  a f i n e  summary of experiments and 

d a t a  published before 1924, and includes a d e t a i l e d  desc r ip t ion  of t h e  

c l a s s i c a l  methods used i n  the  measwement of Cp, CV, and C P / C ~ .  Measure- 

ments were usua l ly  a t  low pressure,  and seldom covered a l a r g e  temperature 

range. However, i n  t h e  e a r l y  1900 's  some experiments were undertaken t o  de 

termine t h e  e f f e c t  of pressure and temperature on heat  capacity.  The works 

of Scheele and Heuse (31j69270j and Holborn and Jacob (32) are  good examples 

of e a r l y  inves t iga t ions  of the  e f f e c t s  of temperature and pressure,  respec- 

t i v e l y ,  on heat  capacity.  

The experimental mzthods used r e c e n t l y  i n  t h e  measurement of heat  

capaci ty  m e  (1) Flow calorimetry, (2)  Constant volume calorimetry, (3)  

He a t  Exchanger, (4) Explosion, (5 )  I sen t rop ic  expansion, (6) Velocity 



of sound, (7) Resonance, (8) Se l f - sus t a ined  o s c i l l a t i o n ,  (9 )  Flow compmi- 

son, (10)  Constant volume comparison, and (1) Heat exchanger u s ing  a 

d i f f e r e n t  f l u i d .  

Mas i (50) reviews t h e  f i r s t  t e n  methods i n  some d e t a i l ,  and l i s t s  

t h e  measurements made wi th  them i n  t h e  pe r iod  1924-1954. Method e leven  w a s  

used by Brown and others(23~37~41,44,55~62j73)  t o  compare t h e  hea t  c a p a c i t i e s  

of va r ious  hydrocarbons t o  t h a t  of water .  

The more i n d i r e c t  methods of extending hea t  capac i ty  as  a func t ion  

of p re s su re  might be added. Joule-Thomson c o e f f i c i e n t s ,  d i r e c t  measurements 

a~ of (,) , o r  equat ions  of s t a t e  may be used i n  t h i s  r e s p e c t .  
a p  T 

The Const an t  Flow Calor imet r ic  Method 

Of t h e  many methods used i n  determining hea t  c a p a c i t i e s  t h e  most 

v e r s a t i l e  and u s e f u l  method, p a r t i c u l a r l y  f o r  l i g h t  gases ,  i s  t h e  cons tan t  

f low c a l o r i m e t r i c  method developed by ~ a l l e n d a r ( 9 ) .  It c o n s i s t s  of a de- 

v i c e  f o r  moving gas through a v e s s e l  a t  a cons tan t  measurable r a t e ,  wi th  t h e  

add i t i on  of a measured q u a n t i t y  of e l e c t r i c a l  hea t  and measurement of t h e  

temperature r i s e  produced i n  t h e  f l u i d .  

While q u i t e  simple i n  t h e o r y  it should be noted t h a t  t h e  des ign  

and cons t ruc t ion  of f low c a l o r i m e t r i c  apparatus  f o r  p r e c i s i o n  work i s  ex- 

ceedingly  complicated. Extreme care  must be exe rc i sed  i n  o rde r  t o  (1) Re- 

duce hea t  leakage due t o  convection, conduction and r a d i a t i o n  t o  a minimum, 

(2)  Assure t h e  accomplishment and accura te  measurement of very  s t e a d y  flow, 

and (3) Accomplish accura te  measurement of t h e  t r u e  temperatures  of t h e  

f l u i d .  Extension t o  extreme p re s su re  and temperature accentua tes  t h e s e  

problems and adds many more. 



The experimental  d i f f i c u l t y  of t h e  cons tan t  flow method, however, 

i s  o f f s e t  by c e r t a i n  advantages.  It y i e l d s  d i r e c t  measurements and does 

not  depend upon equat ions  of s t a t e  o r  upon t h e  r e l a t i v e  hea t  c a p a c i t i e s  of 

o t h e r  gases .  The co r rec t ions  due t o  hea t  leakage a r e  e a s i l y  made and a r e  

u s u a l l y  q u i t e  s m a l l .  The degree of accuracy obta inable  i s  high, and de- 

pends p r i m a r i l y  upon t h e  amount of  e f f o r t  pu t  i n t o  t h e  des ign  and construc-  

t i o n  of t h e  apparatus  and t h e  refinement of technique .  With r e spec t  t o  con- 

s t a n t  volume calor imetry,  a  d i r e c t  method used p r i m a r i l y  f o r  s p e c i f i c  hea t s  

of l i q u i d s  and s o l i d s ,  t h e  cons tan t  f low method has one outs tanding  advan- 

t a g e .  The hea t  capac i ty  of t h e  ca lo r ime te r  i n  no way e n t e r s  i n t o  t h e  hea t  

c a p a c i t y  c a l c u l a t i o n s .  This  makes t h e  cons tan t  f low method e s p e c i a l l y  

s u i t a b l e  f o r  t h e  measurement of hea t  capac i t i e  s of l i g h t  gases  under p re s -  

sure ,  where t h e  co r r ec t ions  f o r  t h e  hea t  capac i ty  of a  consdant volume appa- 

r a t u s  would be l a r g e  compared t o  t h a t  of  t h e  gas contained.  

A number of e x c e l l e n t  i n v e s t i g a t i o n s  us ing  t h e  cons tan t  flow method 

have been undertaken i n  t h e  p a s t .  The appara tus  used and t h e  ma te r i a l s  i n -  

v e s t i g a t e d  have been reviewed by ~ a r t i n ~ t o n ( ~ ' ) ,  Masi (50) and Faulkner (22)  , 

Faulkner  a l s o  g ives  a  d e t a i l e d  d e s c r i p t i o n  of t h e  apparatus  used a s  a  b a s i s  

f o r  t h e  apparatus  of  t h e  p re sen t  i n v e s t i g a t i o n  along with t h e  d e t a i l s  sf 

i t s  des ign  and ope ra t ion .  

The I s o b a r i c  Latent  Heat of Vaporizat ion 

The cons tan t  f low c a l ~ r i m e t r i c  method l ends  I t s e l f  r e a d i l y  t o  t h e  

measurement of t h e  i s o b a r i c  l a t e n t  h e a t .  Mmost any ca lo r ime te r  of t h i s  type  

which w i l l  a l low l i q u i d s  t o  be c i r c u l a t e d  may be modified t o  measure l a t e n t  

h e a t s .  Constant volume apparatus  may a l s o  be e a s i l y  adapted t o  t h e  measure- 

ment of l a t e n t  hea t ,  by removing t h e  evaporated gas at cons tan t  p re s su re .  



Osborne and ~ i n n i n g s ' ~ ~ )  and Xesterman and have adapted t h i s  me- 

thod t o  Che measurement of l a t e n t  hea t s  under pressure .  

The l a t e n t  heat  of vaporizat ion of a pure compound may a l s o  be 

ca lcula ted  using t h e  Clapeyron Equation (13) i f  t h e  vapor pressure d a t a  

and t h e  sa tu ra ted  volumetric d a t a  of the  substance a r e  known. The work of 

Bloomer and ~ a o ( ~ )  on t h e  thermodynamic p roper t i e s  of n i t rogen is a good 

example of t h i s  method. 

Enthalpy Proper t i e s  of Methane and Nitrogen 

A review of t h e  l i t e r a t u r e  was undertaken i n  order  t o  determine 

t h e  degree t o  which the  enthalpy p roper t i e s  of methane and n i t rogen had 

been inves t iga ted  i n  the  p r e s s u r e - t e f i ~ r a t u r e  range of t h e  present  experi-  

ment, and t o  provide d a t a  f o r  comparison with t h a t  of the  present  experi-  

ment. 

Gaseous Heat CapacitieG 

Experimental determinations of low pressure gaseous heat  capaci- 

t i e s  have been reported i n  t h e  l i t e r a t u r e  f o r  both methane (2~,31343,54,67) 

and n i t rogen '7'16721s29'31'72) ,  low calorimetry, i sen t rop ic  expansion, 

v e l o c i t y  of sound and o the r  methods have been used with good r e s u l t s  over 

wide temperature ranges. The flow calor imetr ic  determinations of Scheele 

and Heuse (") i n  t h e  range - 180 t o  20°C and t h e  i sen t rop ic  expansion de- 

te rminat ion  of Eucken and Lude (21) i n  the  range 0 t o  2OO0C a re  among the  

bes t  atmospheric determinations.  A number of s t a t i s t i c a l  deSerminations of 

t h e  zero pressure heat  capaci ty  have been made f o r  both methane(2r14,63) 

and n i t rogen (27~28333974) which a r e  f e l t  t o  be of bhe same order of accuracy 

as  the  bes t  experimental measurements. 



Determinations of the  gaseous heat  capaci ty  of methane o r  n i t r o -  

gen under pressure a re  few. ~ u s s a n a ( ~ 5 , ~ ~ )  made measurements on methane 

i n  the  range 20 t o  gO°C, a t  pressures  of from 6 t~ 35 atmospheres, and 

Kat z  (34) used the  resonance method a t  2j°C a t  pressures up t o  5 atmos- 

pheres. Macky and Krase (47) inves t iga ted  t h e  heat  capaci ty  of n i t rogen 

from 30 t o  150°C a t  pressures  up t o  800 atmospheres us ing a flow calorimeter  

and Workman (78) used t h e  heat  exchanger method t o  measure t h e  heat  capaci ty  

of n i t rogen from 20 t o  6 0 " ~  a t  pressures  up t o  60 atmospheres. The explo- 

s ion  method was used by ~ e w i t t  (57) t o  inves t iga te  t h e  constant  volume heat  

capaci ty  of n i t rogen a t  high temperatures, Clark and Katz (11) used t h e  

resonance method t~ obta in  t h e  heat  capaci ty  r a t i o  of n i t rogen a t  23OC 

up t o  25 atmospheres, 

No previous experimental measurements of the  heat  capaci ty  of 

gaseous methane o r  n i t r ~ g e n  a t  low temperatutre and high pressure were 

found . 

Liquid He a t  Capacit ies  

A number of measurements of t h e  s a t u r a t e d  l i q u i d  heat  capacity, 

CSL have been made f o r  both methane(12jm) and n i t rogen (12,18227~36) be- 

low t h e i r  b o i l i n g  points ,  u sua l ly  i n  coordinat ion with measurements on the  

heat  capaci ty  of s o l i d i f i e d  gases o r  l a t e n t  hea t s  of phase t r a n s i t i o n ,  

Wiebe and ~ r e v o o r t ( 7 ~ )  measured t h e  sa tu ra ted  l i q u i d  heat  capaci ty  of both 

methane and n i t rogen from t h e i r  b o i l i n g  po in t s  t~ t h e i r  c r i t i c a l  p a i n t ,  

Hesterman and White (jO) measured t h e  sa tu ra ted  l i q u i d  heat  capaci ty  of 

methane from i t s  b o i l i n g  point  t o  i ts  c r i t i c a l  po in t ,  



Latent  Heats of Vaporizat ion 

A number of e a r l y  de te rmina t ions  of  t h e  l a t e n t  hea t  of vaporiza-  

t i o n  of n i t rogen  a t  atmospheric p re s su re  have been ac~orn~lished(~,l3,~5~~~, 

27J71)J wi th  cons iderable  disagreement as  t o  t h e  t r u e  va lue .  It appears 

t h a t  t h e  most r ecen t  and r e l i a b l e  i n v e s t i g a t i o n  is  t h a t  of Giaque and Clay- 

t o n  (27) who a l s o  measured l i q u i d  hea t  c a p a c i t i e s  and h e a t s  of t r a n s i t i o n  of 

n i t rogen .  

The only  experimental  de te rmina t ions  of t h e  l a t e n t  hea t  of vapori-  

z a t i o n  of methane t o  d a t e  a r e  those  of  Frank and ~ l u s i u s ( ~ ~ )  who measured it 

a t  5  p s i a ,  and Hesterman and White(30) who used a  cons tan t  volume c a l o r i -  

meter t o  measure l a t e n t  hea t  a t . a  number of p re s su re s  between one atmosphere 

and t h e  c r i t i c a l  p re s su re .  The l a t t e r  c o n s t i t u t e s  t h e  on ly  experimental  

de te rmina t ion  of t h e  l a t e n t  hea t  of methane o r  n i t rogen  under p re s su re  

previous t o  t h e  p re sen t  i n v e s t i g a t i o n .  

Derived P r o p e r t i e s  

Since t h e  experimental  d a t a  f o r  methane and n i t rogen  is  spa r se  

i n  t h e  low temperature,  high p re s su re  range covered by t h e  p re sen t  inves-  

t i g a t i o n ,  it is  d e s i r a b l e  t o  r e f e r  t o  compilat ions of de r ived  and expe r i -  

mental d a t a  which cover t h e  d e s i r e d  range, and t o  methods which may be used 

t o  c a l c u l a t e  p r o p e r t i e s  of comparison. 

The most r ecen t  and complete compilat ions of t h e  thermodynamic 

p r o p e r t i e s  of methane and n i t rogen  a re  t hose  of Matthews and ~ u r d ( ~ ~ )  and 

Keesom (35) f o r  methane and Bloomer and ~ a o ( ~ )  f o r  n i t rogen .  The proper-  

t i e s  of  gaseous n i t rogen  have been presented  r e c e n t l y  i n  KBS C i r c u l a r  564(74) ,  

The change of en tha lpy  o r  hea t  c a p a c i t y  wi th  p re s su re  may be c a l c u l a t e d  



e i t h e r  g r a p h i c d l y  from volumetric data,  o r  from equations of s t a t e  which 

fit the  volumetric d a t a  such as those of Benedict, Webb and ~ u b i n ( ~ )  o r  

Martin and ~ o u ( ~ 9 )  . 



The apparatus used i n  t h i s  experiment was e s s e n t i a l y  the  same as  

t h a t  used by R, C, Faulkner (22) i n  h i s  experiments on n i t rogen.  It w a s  i m -  

proved i n  some ways t o  e l iminate  %he problems he encountered. This s e c t i ~ n  

is intended t o  give t h e  reader a general  knowledge of the  apparatus a s  it 

now stands,  and a d e t a i l e d  desc r ip t ion  of t h e  major equipment which has been 

added, including t h e  e l abora te  f law r a t e  c a l i b r a t i o n  apparatus,  A d e t a i l e d  

desc r ip t ion  of t h e  many important aspects  of design of t h e  o r i g i n a l  equip- 

ment is ava i l ab le  i n  D r  , Faulkner s t h e s i s .  

The Flow System 

A schematic diagram of t h e  flow system is  shown i n  Figure 1, The 

gas under cons idera t ion  i s  first compressed t o  high pressure (1000-2500 p s i a )  

where t h e  compressor o i l  and any remainjng water are  removed. It i s  then 

t h r o t t l e d  t o  t h e  approximate measuring pressure (150-2000 p s i a )  and s p l i t  

i n t o  two streams, one being t h r o t t l e d  i n t o  t h e  in take  of the  compressor f o r  

r e c i r c u l a t i s n ,  The o the r  stream is  passed through a d ry  i c e  cooler  and a 

s t i r r e d  bath  oosEer where it i s  brought t o  t h e  apprsxima$e measuring ba th  

temperature (-250" t o  ~o'F), m d  then i n t o  t h e  cont ro l led  temperature 

measuring bath where it is csndikioned t o  the  ba th  temperature by c i r cu la -  

t i o n  through a c o i l  s f  tubing,  The gas then e n t e r s  t h e  calorimeter,  which 

is immersed i n  %he mea~ur ing  ba th ,  A measured quan t i ty  of heat, is  added and 

t h e  temperature r i s e ,  pressure,  and pressure drop a re  measured, After  .Leav- 

i n g  t h e  calorimeter  t h e  gas is  warmed t o  room temperature, t h r o t t l e d  t o  

about 80 psig, rewarmed i f  needed and passed i n t o  t h e  flow metering bath  



Figure 1. Flow Diagram of the Apparatus. 
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where it i s  brought t o  bath temperature i n  a l a r g e  c o i l  of tubing,  It i s  

then passed through t h e  flow meter where t h e  flow r a t e  i s  determined. The 

gas then re tu rns  t o  t h e  in take  of t h e  compressor t o  be recycled.  S t a b i l i t y  

of both flow r a t e  m d  pressure is aided by t h e  buf fe r  tanks shown, and by 

t h e  volumes of  t h e  p u r i f i c a t i o n  u n i t s  on t h e  output of the  compressor. 

When needed, gas may be l e t  i n  o r  out of t h e  flow system v i a  t h e  s torage  

tanks .  The system temperatures a re  monitored by means of a Honeywell ind i -  

ca t ing  p o t e n t i ~ m e t e r  and t h e  system pressures  by means of various pressure 

gages. 

The main d i f fe rence  between the  present  flow system and t h a t  of 

FEbulknerts is the  s u b s t i t u t i o n  of t h e  p resen t ly  used s t i r r e d  bath  cooler,  

which i s  cooled by l i q u i d  ni trogen,  f o r  d i r e c t  l i q u i d  n i t rogen cooling,  

This makes t h e  cooling of t h e  gas t o  measuring bath temperature much e a s i e r  

and more r e l i a b l e ,  and e l iminates  t h e  i n s t a b i l i t y  problems which he encoun- 

t e r e d ,  

The F l ~ w  Calorimeter 

The calorimeSer used i n  t h i s  experiment was a modificat ion 0% t h a t  

used i n  t h e  experiments sf R. C. Eaulkner, Jr, (22 )  and is  shown i n  Figure 2. 

The gas, a f t e r  being brought $0 %he temperature sf t h e  measuring bath, en- 

t e r s  the  calorimeter  through t h e  tubing i n  t h e  lower sec t ion ,  passes through 

t h e  thermocouple w e l l ,  through %he c o i l  of tubing which goes i n t o  the  upper 

s e c t i o n  ~f the  calorimeter ,  and i n t o  t h e  ca lor imeter  heat ing capsule,  A 

measured amsunt sf e l e c t r i c a l  energy i s  added here by passing d i r e c t  currerk 

through a nichrome wire r e s i s t a n c e  hea te r  enclosed i n  t h e  capsule, and the  

gas i s  passed out  sf t h e  capsule, through t h e  second thermocouple wel l  and 



I. ENTRANCE THERMOCOUPLE WELL 

2. MECHANICAL PARTITION 
3. CALORIMETER HEATER CAPSULE 
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5. CALORIMETER CONDITIONING BAFFLES 
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Figure 2. Constant Flow Calorimeter. 
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out  of t h e  ca lo r ime te r  through t h e  vacuum i n s u l a t e d  e x i t  t ube .  The tempera- 

t u r e  r i s e  i s  measured by a s ix - junc t ion ,  copper-constantan thermocouple be- 

tween t h e  two thermocouple wells ,  a d  p rov i s ion  i s  made f o r  i n s t a l l a t i o n  of 

d i f f e r e n c e  thermocouples t o  measure temperature d i f f e r e n c e s  between any two 

p o i n t s  i n  t h e  ca lo r ime te r .  

In spec t ion  of F igure  2 shows t h a t  t h e  ca lo r ime te r  c o n s i s t s  of two 

d i s t i n c t  s e c t i o n s .  Both a r e  kept  under high vacuum t o  minimize hea t  l o s s  

due t o  conduction and convect ion,  The lower s e c t i o n  which conta ins  t h e  i n l e t  

thermocouple w e l l  is maintained a t  t h e  i n l e t  o r  b a t h  temperature,  "T1". 

The upper s ec t ion ,  conta in ing  t h e  h e a t e r  capsule  and t h e  e x i t  thermocouple 

w e l l  is  maintained a t  t h e  temperature of t h e  gas a f t e r  t h e  hea t  has been 

added, "T2". The lower s e c t i o n  i s  sepa ra t ed  the rma l ly  from t h e  upper by 

t h e  mechanical p a r t i t i o n  which remains a t  t h e  ba th  temperature.  The upper 

s e c t i o n  is  sepa ra t ed  the rma l ly  from t h e  b a t h  surroundings and t h e  mechanical 

p a r t i t i o n  by t h e  ca lo r ime te r  guard, which is maintained a t  t h e  e x i t  tempera- 

t u r e .  It a c t s  as a s h i e l d  aga ins t  h e a t  l o s s  from t h e  h e a t e r  capsule  v i a  

r a d i a t i o n  and conduction. 

En o rde r  t o  reduce hea t  leekage as much a s  poss ib le ,  it i s  d e s i r -  

ab le  t o  have t h e  s k i n  of t h e  ca lo r ime te r  en t rance  tube  change s h w p l y  from 

T1 t o  T2 i n  t h e  r eg ion  between t h e  p a r t i t i o n  and t h e  h e a t e r  capsule .  This  

is accomplished by t h e  i n t e r n a l  b a f f l i n g  of t h e  ca lo r ime te r  h e a t e r  capsule .  

F i r s t l y ,  t h e  incoming gas scavenges t h e  hea t  conducted from t h e  ca lo r ime te r  

capsule  at T2 t o  t h e  en t rance  tube  a t  T1, r a i s i n g  t h e  gas temperature s l i g h t l y .  

Then t h e  gas i s  heated t o  a temperature s l i g h t l y  above Tg by  passage over 

t h e  nichrome wires  on t h e  inne r  b a f f l e s ,  c i r c u l a t e d  through t h e  o u t e r  

b a f f l e s  t o  even out  i t s  temperature,  and passed along t h e  i n s i d e  of t h e  



s h e l l  of t h e  hea te r  capsule from i t s  base t o  i t s  e x i t .  I n  ..this l a s t  opera- 

t i o n  the  gas is  cooled t o  T2, replac ing t h e  heat  l o s t  t o  t h e  entrance tube .  

This r e s u l t s  i n  an extremely sharp temperature gradient  a t  t h e  base of t h e  

calorimeter ,  as des i red .  Table I shows t h e  temperature p r o f i l e  of the  ca l -  

orimeter  a t  both high and low flow r a t e s .  The l e t t e r s  A, B, e tc . ,  r e f e r  t o  

loca t ions  where thermocouples were placed and a re  shown i n  Figure 2, 

The calorimeter  was modified i n  t h e  following ways t o  e l iminate  

most of t h e  problems present  i n  previous experiments, 

1. A Conax thermocouple gland with l a v a  s e a l a n t  was i n s t a l l e d  as  

the  seal. f o r  the  calorimeter  power input  l eads .  This el iminated leakage 

from t h e  high pressure calorimeter  t o  t h e  vacuum system under a l l  condit ions.  

2. The vacuum s e a l s  and piping were replaced and/or improved such 

t h a t  vacuum of one micron or be-tlter was achieved f o r  most d a t a  runs ,  

3. The calorimeter  was modified t o  remove as much weight as  

poss ib le ,  and t o  f u r t h e r  e l iminate  poss ib le  heat  l eaks .  Heater and thermo- 

couple leads ,  and t h e  s ix- junct ion  thermocouple were brought i n t o  thermal. 

contact  with appropriate p a r t s  of t h e  calorimeter  and calorimeter  guard i n  

order  t o  minimize e r r o r s  due t o  heat  t r a n s f e r  through these  wires,  The 

wires were first t i e d  i n  place and then brought i n t o  thermal contact  by use 

of e i t h e r  Apiezon grease o r  epoxy r e s i n ,  Both methods seemed t o  work s a t i s -  

f a c t o r i l y .  

Measuring Il?struments 

The major measurements of t h i s  experiment were (1) Temperature 

of t h e  con t ro l l ed  bath, (2)  Temperature r i s e  thrnugh t h e  calorimeter ,  

(3 )  Heat input  t o  the  calorimeter ,  (4 )  Pressure of the  measurement, 



(5 )  Pressure  drop through t h e  ca lor imeter ,  and (6)  Flow r a t e .  The i n s t r u ~  

ments used i n  t h e s e  measurements a r e  d iscussed  i n  t h e  fo l lowing ,  A d i scus -  

s i o n  of t h e  accuracy facbors  involved i s  given i n  Appendix A.  

The measurements of ba th  temperature,  temperature r i s e  through t h e  

ca lor imeter ,  and hea t  input  t o  t h e  ca lo r ime te r  involve t h e  measurement of 

s m a l l  emfs generated by thermocouples o r  produced by cu r ren t  flow through 

c a l i b r a t e d  r e s i s t o r s .  The instrument  used i n  t h e s e  measurements was a c a l i -  

b r a t e d  Leeds and Northrup Type K-3 potent iometer ,  connected t o  t h e  va r ious  

q u a n t i t i e s  t o  be measured through a mu l t ipos i t i on  swi tch .  The potent iometer  

i s  capable of measuring emfs of t h e  range of  t hose  of t h e  p re sen t  exper i -  

ment t o  + 0.01$, I ts  complete c a l i b r a t i o n  c h a r a c t e r i s t i c s  a r e  shown i n  - 
Table X X X I I ,  Appendix E . 

Ceeds and Northrup National  Bureau of Standards type  r e s i s t o r s  were 

used where needed t o  s c a l e  l a r g e  vo l t ages  t o  potent iometer  range, o r  where 

needed t o  measure c u r r e n t .  The r e s i s t o r s  used were immersed i n  a s t i r r e d  

o i l  ba th  i n  ordec io ksep,them a t  a known temperature.  Th& values  of re-  

s i s t a n c e  a r e  given by t h e  equat ion,  

where % i s  t h e  temperature of  t h e  bath,  degrees C e n t i g r ~ d e ,  and RT i s  

t h e  r e s i s t a n c e  a t  t h a t  temperature.  The r e s i s t a n c e  at 25OC, RZ5> and 

t h e  c a l i b r a t i o n  cons t an t s  a and p were determined by t h e  Leeds and North- 

rup Company. Values sf t h e s e  cons t an t s  f o r  t h e  r e s i s t o r s  used i n  t h i s  



experiment a r e  given i n  Table XXXLII, Appendix E .  The r e s i s t a n c e s  c a l -  

cu l a t ed  by Equat ion (18) a r e  s t a t e d  t o  be accura te  t o  0.01% by t h e  manu- 

f a c t u r e r s  . 

He a t  Input  

F igures  3 and 4 a r e  schematic diagrams of t h e  two s e t s  of  appara- 

t u s  which were used t o  supply and measure t h e  hea t  i npu t  t o  t h e  c a l o r i -  

meter .  The apparatus  i n  F igure  3 was used i n  most of t h e  experiments on 

n i t rogen ,  b u t  was rep laced  by t h e  apparatus  i n  F igure  4 t o  g ive  h igher  hea t  

i npu t  with b e t t e r  r e g u l a t i o n  and s t a b i l i t y .  

The o r i g i n a l  d i r e c t  cu r r en t  power supply  used was a Lambda Model 

65 M, d e l i v e r i n g  up t o  O.6amps d i r e c t  cu r r en t  a t  100 v o l t s  wi th  0.25% r e -  

g u l a t i o n .  Although s a t i s f a c t o r y  r e s u l t s  were obta ined  wi th  t h i s  i n s t r u -  

ment ope ra t ion  was ve ry  d i f f i c u l t  due t o  i t s  i n s t a b i l i t y .  The power supply 

which rep laced  t h i s  u n i t  was a Kepco Model SM325-2MX t r a n s i s t ~ r i z e d  supply  

capable of d e l i v e r i n g  up t o  2.0 amps a t  325 v o l t s ,  with 0.01% r e g u l a t i o n .  

The c h a r a c t e r i s t i c s  of t h e s e  two power supp l i e s  a r e  given i n  Table XXXVI, 

Appendix E .  

Bath Temperature Measurement 

The temperature of t h e  ca lo r ime te r  ba th  was determined by pass ing  

a small d i r e c t  cu r r en t  t h r ~ u g h  a plat inum r e s i s t a n c e  thermometer immersed 

i n  t h e  ba th  and measuring t h e  cu r r en t  through and vol tage  ac ros s  it. The 

r e s i s t a n c e  c a l c u l a t e d  was then  used t o  g ive  t h e  temperature of  t h e  b a t h  by 

use  of t h e  modified form of t h e  Cal lendar  equat ion ,  



K -3 POT. SWITCH LI ' - t 

- 

LAMBDA - 
MODEL 6 5  M K -3 POT. R Z - I O ~  
DIRECT CURRENT SWITCH L2 ~3-10a 
POWER SUPPLY + 
0- lOOVDC , ~6 - IO ,OOO~ R ~ - I O , O O O ~  
30 - 600 MA 760 RHEOSTAT 

+ 

CALORIMETER 
RESISTANCE 
HEATER 

Figure 3. Heat Input Wiring D i a g r a m ,  I n i t i a l  Power Supply. 

KEPCO -- 

K-3  POT. SWITCH LI - + 

MODEL SM-325  - 2MX CALORIMETER 
DIRECT CURRENT K - 3  POT RESISTANCE 
POWER SUPPLY SWITCH L2 HEATER 

0 - 3 2 5  VCD , 
0 - 2 A  + 

~8+-100,000a RS-100,000fi 

- 

Figure 4. Heat Input Wiring Diagram, Improved Power Supply. 

R I-0.1 S1 



where T i s  t h e  temperature of t he  bath,  degrees Centigrade and Rm i s  

t h e  r e s i s t a n c e  of t h e  plat inum c o i l  a t  T°C. The r e s i s t a n c e  of t h e  p l a t i -  

num c o i l  a t  O°C, Ro and t h e  t h r e e  c a l i b r a t i o n  cons tan ts ,  a, 6 and p were 

determined by t h e  Leeds and Northrup Co. f o r  t h e  f i r s t  thermometer used, 

and by t h e  National  Bureau of Standards f o r  t h e  second. I n  both cases ,  Ro, 

a and 6 were determined from c a l i b r a t i o n s  a t  t h e  i c e ,  steam, and sulphur  

p o i n t s .  The cons tan t  p, which i s  used only  a t  temperatures  below t h e  i c e  

poin t ,  was determined by c a l i b r a t i o n  a t  t h e  b o i l i n g  po in t  of oxygen. 

Figure 5 shows t h e  wir ing  diagrarn f o r  t h e  plat inum thermometer, 

and t h e  c a l i b r a t i o n  constarlts a r e  l i s t e d  i n  Table XXXIV, Appendix E .  

K-3 POT 
SWITCH L3 

D-POT - + 
SWITCH ~ 4 -  100 

2VOLT - 
PLATINUM RESISTANCE 

K-3 POT grztNCE SWITCH L4 THERMOMETER IN LOW 

HELIO 
TEMPERATURE BATH 

MILLIAMM~TER 
0-SMILS 

D POT 2 0 0 0 a  2 5 0  
SWITCH HEUOPOT HELIOPOT 

Figure 5. Platinum Thermometer Wiring Diagram for Calorimeter 
Bath Temperature. 



Measurement of Temperature Rise 

The temperature r i s e  through t h e  c d o r i m e t e r  was measured by usel 

of a c a l i b r a t e d  s ix - junc t ion  copper-constantan thermocouple. Two thermo-, 

couples were made a s  c a r e f u l l y  as  poss ib l e  from B. and S.  gage #36 copper 

and #30 constantan wire .  They were c a l i b r a t e d  a t  t h e  Nat iona l  Bureau of 

Standards by  comparison with a plat inum thermometer every  20°C from O°C 

t o  w120QC, and at t h e  l i q u i d  oxygen and l i q u i d  n i t rogen  p o i n t s .  The va lues  

of emf obta ined  were smoothed by f i t t i n g  them t o  a cubic equat ion  i n  tempera- 

t u r e  

ET = A + BT I. CT' + D T ~  (20) 

where +is t h e  emf produced by t h e  thermocouple between Ocdegree Centigrade 

and T degrees Cent,igrade, and t h e  cons t an t s  A, B, C, and D, a r e  determined 

by t h e  method of l e a s t  squares .  The r e s u l t s  of t h i s  t rea tment  a r e  shown 

i n  Table XXXI, Appendix E, which l i s t s  t h e  measured and c a l c u l a t e d  emfs, 

t h e  d e v i a t i o n s ,  and t h e  c a l i b r a t i o n  curve cons t an t s  f o r  t h e  two thermo- 

couples used.  Theranocoupl.e G25691T i s  t h e  b e t t e r  of t h e  two, and was used 

i n  a l l  but, t h e  very  e a r l y  experiments .  

As previol2.sly s t a t e d  i n  t# d e s c r i p t i o n  of t h e  ca lor imeter ,  t h e  

thermocouple was brought i n so  thermal  contact ,  wi th  t h e  ca lo r ime te r  i n  such 

a way a s  t o  e l imina te  e r r o r  due t o  hea t  t r a n s f e r  through t h e  thermocouple 

wires  . 
It i s  es t imated  $hat t h e  e r r o r  i n  t h e  measurement of temperature 

r i s e  u s ing  thermocouple G25691T as  descr ibed  i s  w i th in  0.2s f o r  temperature 

r i s e s  sf t h e  o r d e r  of 1 0 B C  o r  20'3'. 



P r e s s u ~  Measurement 

The pressure of each measurement was taken as  t h e  mean pressure,  

where P1 i s  t h e  pressure a t  the  i n l e t  thermocouple wel l  and Mi, i s  t h e  

pressure drop across the  calorimeter  (measured a t  t h e  thermocouple w e l l s ) .  

The i n l e t  pressure, P1 was measured by a dead weight pressure ba l -  

ance of t h e  r o t a t i n g  p i s ton  type designed by Roebuck ( 64) f o r  Joule  -Thornson 

measurements. The diameter of the  p i s ton  was found t o  be 0.2479+ - 0.0001 

inches, which corresponds t o  an a rea  of 0.048266+ - 0.0004 square inches o r  a 

pressure of 20.717 p s i  - + 0.1% per pound of weight. The weights used con- 

formed t o  Class C s tandards ,  Any devia t ion  within these  s t m d m d s  i s  negl i -  

g i b l e  with respect  t o  t h e  e r r o r  caused by the  p i s ton  diameter.  

Pressure drop ac ross  the  calorimeter  was measured by means of a 

40 inch high pressure bottom wel l  mercury manometer b u i l t  by the  Meriam 

Instrument Company, Inc  . 

Flow Metering 

The flow meter used i n  the  present  experiment was a "Linear 

Flow Meter," manufactured by t h e  National Instrument Laboratories f o r  

measurement of flow r a t e s  of l i g h t  gases under pressures  from 60 t o  130 

p s i a .  It cons i s t s  of a flow r e s t r i c t i o n  designed f o r  flow i n  the  laminar 

flow range coupled with a U-tube and cathetometer t o  measure pressure drop 

and a 180" mercury manometer t o  measure pressure .  The temperature of t h e  

measurement was s e t  by flowing t h e  gas through a length  of tubing immersed 

i n  t h e  constant  temperature metering bath, and then i n t o  t h e  flow r e s t r i c t i o n  

which was a l s o  immersed i n  the  bath, as  shown i n  Figure 1. 



Although t h e  p rec i s ion  of t h i s  equipment w a s  excel lent ,  being 

about 0.1$, accurate c a l i b r a t i o n  was obtained only with g rea t  d i f f i c u l t y .  

The flow r e s t r i c t i o n  was ca l ib ra ted  by the  manufacturer a t  pressures from 

60 t o  130 p s i a  as  a  funct ion  of flow r a t e ,  and %he c a l i b r a t i o n  given i n  the  

form, 

where b is  t h e  dens i ty  of t h e  gas i n  the  flow meter, ~ b / ~ t ~ ,  aP, t h e  pres-  
m 

sure  drop across the  flow meter, s tandard inches of water, p. t h e  v i s c o s i t y  

of t h e  gas, micropoises and F the  mass flow r a t e ,  ~ b / ~ i n .  The values a  and 

b were c a l i b r a t i o n  constants  given a s  funct ions  of pressure .  The accuracy 

of flow r a t e  measurements made using t h e  above equipment and c a l i b r a t i o n  

was f e l t  t o  be wel l  wi th in  0.5$, based on t h e  manufacturer@ claims. 

I n  t h e  e a r l y  experiments on n i t rogen attempts were made t o  mea- 

su re  values s f  heat  capaci ty  using flow r a t e s  ca lcula ted  from t h e  ca l ib ra -  

t i o n  constants  provided by the  manufacturer. Although t h e  p rec i s ion  of t h e  

ca lcula ted  heat  capac i t i e s  was excel lent ,  t he  absolute values were unreal -  

i s t i c  and could noP; be corrected f o r  heat, leakage by %he usual  processes 

(see Reduction of Data) .  1% was apparent t h a t  some instrument was e i t h e r  

out  of c a l i b r a t i o n  o r  functioning improperly, so  a l l  instrumen%s and mea- 

surements were checked. The flow r e s t ~ i c t i o n  was returned t o  the  manufac- 

t u r e r  f o r  checking, and i t s  c a l i b r a t i o n  found t o  be unchanged. 

Fur ther  measumments on n i t rogen indica ted  t h a t  t h e  s m e  problem 

existed, and every poss ib le  source of e r r o r  was inves t iga ted  and cleared, 

with %he e x c e p t i ~ n  of t h e  flow r a t e  measuremen%. At t h i s  point  t h e  manu- 

f a c t u r e r s  suggested t h a t  t h e  flow r e s t r i c t i o n  may haye become contaminated, 



s o  the  author took the  flow meter d i r e c t l y  t o  t h e  manufacturer and a s s i s t e d  

personal ly  i n  its cUeaning and r e c a l i b r a t i o n .  I n  reducing t h e  c a l i b r a t i o n  

d a t a  the  author found t h a t  the  methods used by the  manufacturer i n  reducing 

t h e  o r i g i n a l  d a t a  t o  give the  o r i g i n a l  c a l i b r a t i o n  curves were grievously 

i n  e r r o r .  

The c a l i b r a t i o n  curves had been obtained by use of a v a r i a t i o n  

of Equation (22), 

where Q is  t h e  volumetric flow r a t e ,  and should be i n  u n i t s  of ft3/min. 

But t h e  constant  "a" which was determined as t h e  slope of t h e  l i n e  obtained 

aPm pmQ by p l o t t i n g  - versus - had been obtained using u n i t s  of grams per li- 
Q P I-1 

t e r  f o r  t h e  densi ty,  and reported unchanged f o r  use with u n i t s  of pounds per  

cubic f o o t .  Further ,  t h e  raw d a t a  which the  manufacturers obtained i n  the  

r e c a l i b r a t i o n  was of such poor p rec i s ion  t h a t  the  des i red  accuracy of 0.1s 
could not poss ib lg  be achieved. 

A t  t h i s  point  it w a s  decided t o  cons t ruct  a flow c a l i b r a t i o n  

apparatus capabJ.e of determining t h e  c a l i b r a t i o n  curves %o b e t t e r  than 0.1$, 

and t h e  subsequent ca l ib ra%ion  showed t h a t  the  new c a l i b r a t i o n  given by 

t h e  manufacturers using t h e  co r rec t  u n i t s  was i n  e r r o r  by abou% 2.5%. It 

a l s o  showed t h a t  the  c a l i b r a t i o n  d a t a  cannot be accura te ly  f i t t e d  by t h e  

l i n e a r  equat ions  (223 o r  (22a), but  t h a t  a cubic o r  higher order  equation 

must be used. 

The above a c t i v i t i e s  added approximately one year t o  the  l eng th  

of the  experiments, beyond the  time which would have been required t o  take  

an uncal ibra ted  meter, bu i ld  c a l i b r a t i o n  equipment, and c a l i b r a t e  it. 



Calibra-kion of t h e  flow meterin$ apparatus w a s  achieved by the  

cons t ruct ion  and use of t h e  equipment shewn s c h e m a t i c d l y  i n  Figure 6, 

at tached t o  t h e  e x i t  of t h e  flow meter.  The high pressure sample tanks a re  

of t h e  type shown i n  Figure 7 .  This equipment is merely a device f o r  col-  

l e c t i n g  the  timed throughput of the  flowmeter i n  order  t o  determine the  r a t e  

of flow by d i r e c t  weighing and c o r r e l a t e  it with t h e  flow v a r i a b l e s ,  With 

t h e  dewars f u l l  of l i q u i d  nitrogen, and t h e  r e se rvo i r  and sample tanks i m -  

mersed, t h e  metering pressure is  s e t  a t  t h e  des i red  value using t h e  pressure 

regula tor ,  and t h e  flow r a t e  is  s e t  by adjus t ing  t h e  medering v d v e .  The 

throughput of t h e  flow met;er is  condensed i n  t h e  r e s e r v o i r  tank u n t i l  t h e  

flow comes t o  s teady s t a t e ,  A t  t h i s  p d n t  the  e l e c t r i c a l .  switch is thrown, 

a c t i v a t i n g  t h e  t imer and sQlenoid valve simultaneously, ewd d i v e r t i n g  t h e  

flow to t h e  eILumZnum sample tank.  The major flow var iables ,  gressure  and 

pressure drop a re  then measured and monitored u n t i l  t h e  requi red  quan t i ty  

of gbb~ is co l l ec ted  i n  t h e  sample b o t t l e ,  and t h e  switch re l eased ,  The 

sample b o t t l e  is then closed o f f ,  allowed t o  r i s e  t o  room temperature a d  

weighed t~ determine t h e  throughput of t h e  meter,  The gas i n  t h e  sample 

tank and t h e  r e s e r v o i r  tank ape both returned t o  t h e  in take  of the  compressgr 

f ~ r  recompressian. 

Considerable atdtentisn was given t o  d e t a i l  i n  bokh the  deakgn and 

opera t ion  of t h i s  c a l i b r a t i o n  appara%us i n  order  t o  obta in  s a % i s f a c t s r y  

accuracy. Sample ca lcu la t ions  f o r  a ty-pical run w e  included $n Appendix D, 

showing i n  d e t a i l  t h e  cabculat ions and c o r r e c t i ~ n s  used. 

The flow meter was ca l ib ra ted  f o r  both methane and ni.%rogen, m d  

t h e  r e s u l t s  f o r  each gas co r re la t ed  by t h e  equatian, 
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Figure 6, Mass Flow Calibration Apparatus 
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Figure 7. High Pressure Sample Tank. 



where eg , a l ,  az, a3 a re  the  c a l i b r a t i o n  constants  obtained from a f i t  of 

t h e  d a t a  by t h e  method of l e a s t  squares.  Becquse of t h e  non-l inear  beha- 

v i o r  of t h i s  flow meter, and t h e  increased d i f f i c u l t y  of ca l ib ra t ion ,  t h e  

meter was not ca l ib ra ted  as a funct ion  of pressure .  Rather, pressure w a s  

e l iminated as  a major va r i ab le  by c a l i b r a t i n g  and using the  meter a t  t h e  

same pressure .  Of course, s ince  the  exact  pressure could not be obtained 

i n  each case, correc t ions  were mads f o r  t h e  s m a l l  devia t ions .  Temperature 

e f f e c t  was el iminated by con t ro l l ing  t h e  metering bath  a t  the  same tempera- 

t u r e  during both c a l i b r a t i o n  and d a t a  runs .  

Figure 8 gives the  summary of mass-flow c a l i b r a t i o n  da ta  f o r  n i -  

t rogen and methane, and the  d a t a  used t o  construct  t h i s  f i g u r e  is  t abu la ted  

i n  Tables XXV and XXXVI, Appendix B.  The only runs not reported a re  those 

i n  which t h e  sample b o t t l e s  were known t o  have had l e a k s  through the  shut  o f f  

va lves .  Indeed, a few methane runs which a re  above the  c a l i b r a t i o n  l i n e  a r e  

bel ieved t o  have had leaks ;  however, the  c a l i b r a t i o n  l i n e  i s  changed l i t t l e  

by d iscarding them. 1% is f e l t  t h a t  the  o v e r a l l  accuracy of t h e  flow r a t e  

measurement is  absut 0 a 15%. 

I n  t h i s  experiment t h e  c a l i b r a t i o n  curves of t h e  flow meter were 

considered t o  be only a means of ca lcu la t ing  flow r a t e .  A s  such they are 

completely s a t i s f a c t o r y ,  but  f o r  f u t u r e  work involving o the r  gases and mix- 

t u r e s  of gases it would be des i rab le  t o  develop a c o r r e l a t i o n  such t h a t  one 

c a l i b r a t i o n  l i n e  could be used for  a l l  gases upon determination of t h e  v i s -  

c o s i t y  of each gas.  



With t h i s  i n  mind t h e  v i s c o s i t y  of methane was a l t e r e d  t o  place its 

c a l i b r a t i o n  l i n e  on t o p  of t h a t  of n i t rogen.  The r e s u l t s  of t h i s  procedure 

a re  summarized i n  Figure 9 ,  The general ized l i n e  approximates t h e  r e s u l t s  

of each c a l i b r a t i o n  t o  about 0.1$. However, it is f e l t  t h a t  the  b e s t  r e -  

s u l t s  ape obtained by t h e  use of t h e  ind iv idua l  l i n e s .  
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Figure 8. Flow Meter Cal ibra t ion  Data 
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Figure 9. Generalized Flow Metering Cal ibra t ion  Curve. 



EXPrnIMENTAL D r n A  

The experimental. apparat,us was first used t o  measure i sobar i c  

heat  capac i t i e s  of gaseous n i t rogen i n  order  t o  t e s t  the  equipment during 

i t s  pe r fec t ion .  It was f e l t  t h a t  t h e  thermodynamic p roper t i e s  of n i t rogen 

i n  the  more ideal. range could be ca lcu la ted  from equations of s t a t e  and 

spectroscopic d a t a  accura te ly  enough t o  give a good ind ica t ion  of the  

accuracy of the  experimental apparatus,  Furthermore, pure n i t rogen was 

r e a d i l y  and cheaply ava i l ab le  i n  t h e  l a r g e  q u a n t i t i e s  required during t h e  

period of equipment pe r fec t ion .  

When severa l  i sobar i c  s p e c i f i c  heats  had been measured and t h e  

performance of t h e  apparatus was s a t i s f a c t o r y  with respect  t o  operation, 

accuracy and precision,  the  apparatus was given an extreme physica l  t e s t  

by using it t o  measure Latent heat  of vaporizat ion and low temperature high 

pressure f l u i d  heat  capac i t i e s  of n i t rogen.  Since the  apparatus performed 

we l l  i n  5heae t e s t s  inves t iga t ion  of t h e  thermodynamic p roper t i e s  of methane 

was undertaken. 

The experimental apparatus performed we l l  i n  almost all of t h e  

experiments, allowing a high degree of p rec i s ion  d o n g  with s t ab le ,  r e l i a b l e  

opera t ion .  The exception was t h a t  i n  the  measurement of heat  capac i t i e s  

of compressed l i q u i d s  and Latent heats  of vaporizat ion a t  t h e  lower pressures 

liqUgfac-bion and vaporizat ion of t h e  gas i n  t h e  syskem caused pressure f l u c -  

t u a t i o n s  which made measurements more d i f f i c u l t .  I n  general  these  f luc tua -  

t i o n s  could be reduced t o  acceptable magnitudes by reducing flow ra te ,  but  

a t  pressures  below 300 p s i a  they  became s o  l a r g e  t h a t  measurements were i m -  

poss ib le .  



I n  t h e  fol lowing sec t ions  the  r e s u l t s  of t h i s  experiment a re  pre- 

sented  and discussed with respect  t o  t h e  opera t ing  and ca lcu la t ing  techni-  

ques required t o  ob ta in  v a l i d  da ta .  

Equipment Operat ion  

Operation of t h e  experimental apparatus may be separa ted  i n t o  

t h r e e  areas:  

1, Preparation, including t h e  maintenmce and checking of various 

components and t h e  f i l l i n g  and s e t t i n g  of t h e  var iaus  ba ths  a t  the  appro- 

p r i a t e  temperatures. 

2.  Start-up,  which cons i s t s  of i n i t i a t i n g  flow through t h e  sys-  

tem, opera t ion  of all t h e  system components and t h e  accomplishment of 

approximate s teady s t a t e .  

3. Taking t h e  measurement, which includes both t h e  reading of 

t h e  measuring instruments and the  determination of s teady s t a t e .  

Preparat ion ~f t h e  Apparatus 

The apparatus is prepared f o r  operat ion i n  e x a c t l y  t h e  same way 

as described by ~ a u l k n e r ! ~ ~ )  except t h a t  t h e  c ~ o l i n g  system cons i s t s  of a 

d ry  i c e  cooler  and a low temperature s t i r r e d  cooling bath  ins tead  sf the  

complex mixed flow system he used. The bath  i s  f i l l e d  with a f l u i d  such 

as isopentane, which is  cooled by flowing l i q u i d  n i t rogen from a pressur-  

ized  dewar through cooling c o i l s  immersed i n  t h e  l i q u i d ,  This i s  the  same 

prepara t ion  a s  t h a t  given the  low temperature calorimeter  ba th .  



For a thorough, d e t a i l e d  desc r ip t ion  of t h e  preparat ion re -  

quired, t h e  reader i s  r e f e r r e d  t o  D r .  Fau lkner t s  t h e s i s .  For t h e  purpose 

of t h i s  manuscript l e t  us say  ~ n l y  t h a t  when t h e  system is  prepared f o r  

s t a r t - u p ,  

1. The compressor is o i l e d  and i ts cooling system working. 

2 .  A l l  valves and f i t t i n g s  are  f r e e  of l e a k s .  

3.  A l l  e l e c t r i c a l  instruments, including t h e  potentiometer, p l a t -  

inum thermometer, calorimeter  thermocouples, calorimeter  guard heater ,  

power supply and heat  input  system, low temperature ba th  con t ro l s  and tempera- 

% w e  ind ica to r  a re  checked f o r  s a t i s f a c t o r y  opera t ion .  

4. The metering bath, low %emperature cooling bath, and c a l o r i -  

meter bath a re  cont ro l led  a t  t h e i r  proper temperatures. 

5.  The pressure balance i s  loaded with t h e  necessary weights and 

connected t o  t h e  system. 

6 .  The vacuum system is working s a t i s f a c t o r i l y ,  

gt wt -up 

The i n i t i a l  s t e p  i n  s t a r t i n g  up t h e  apparatus is t h e  s e t t i n g  of 

the  des i red  flow through t h e  system such t h a t  t h e  des i red  pressures  a re  ob- 

t a ined  throughout t h e  system, and s teady s a t e  flow is approached. This i s  

done by turning on t h e  compresaar and manually adjus t ing  t h e  metering 

valves (6,7 and 22 as  shown i n  Figure 1) while adding gas t o  o r  withdrawing 

gas from the  c i r c u l a t i n g  system v i a  t h e  r e s e r v o i r  tanks when necessary. 

When flow becomes reasonpbly s teady t h e  calorimeter  power is 

turned on and s e t  t o  t h e  approximate value needed f o r  t h e  des i red  tempera- 

t u r e  r i s e ,  and the  m a r d  hea te r  is  adjus ted  t o  maintain the  calorimeter  



guard. a t  the  temperature of the  gas leaving the  calorimeter .  As t he  sysQem 

progresses toward steady s t a t e ,  f ine adjustments must be made on the  valves, 

ctdorimeter heater, and the  quant i ty  of gas i n  the  system, i n  order t o  ob- 

t a i n  the  exact conditions desfred. The l i n e  heater  and low temperature 

cooling bath are  adjusted such t h a t  the  temperatures T3 and T approximate 5 
the  temperatures i n  t he  measuring bath  and metering bath, regpeotively. 

Measurement of Propert ies a t  Steady S t e t e  

I n  describing the  process of measuring proper t ies  with the  appa- 

r a t u s  used i n  t h i s  experiment, it i s  necessary t o  point out t h a t  t r u e  steady 

s t a t e  operation was seldom achieved. Rather, it was necessary f o r  the  opera- 

t o r s  t o  l e t  t he  equipment approach steady s t a t e  as c losely  as possible and 

then use t h e i r  judgement t o  el iminate e r ro r s  due t o  unsteady s t a t e .  

With the  equipment control l ing properly and the  metering valves 

s e t ,  experience shows t h a t  t he  f i n e s t  approach t o  steady s t a t e  is  achieved 

by simply allowing t he  apparatus t o  run, while maintaining the  calorimeter 

pressure a t  t he  predetermined value. Maintaining t h i s  pressure would se t  

the  flow r a t e  through the  calorimeter and the  calorimeter bypass v d v e s  and 

allow the  compressor output pressure, m&ering pressure and calorimeter e x i t  

temperature t o  approach t h e i r  s teady s h t e  values. 

When steady s t a t e  is  approached, the  main var iables  which must 

be e s s e n t i a l l y  constant are:  

1. The temperature r i s e  through the  calorimeter .  

2. The calorimeter bath temperature. 



3. The heat  input  t o  t h e  ca lor imeter .  

4, The pressure a t  t h e  calorimeter .  

5 .  The metering pressure .  

6 .  The pressure drop across t h e  flow r e s t r i c t i o n .  

Each of these  va r i ab les  has a d i r e c t  bearing upon t h e  accuracy of the  mea- 

surement. 

Monitoring all of these  variabdes, however, was not necessary i n  

order  t o  determine whether o r  not t h e  system w a s  a t  s teady s t a t e ,  Constant 

monitoring of t h e  temperature r i s e  through t h e  calorimeter  was adequate t o  

determine whether the  mass of t h e  ca lor imeter  had been brought t o  tempera- 

t u r e .  I n  some experiments d i f ference  thermocouples were i n s t a l l e d  a t  var-  

ious  po in t s  an t h e  caLorimeter s h e l l  t o  measure t h e  temperature p r o f i l e  of 

t h e  calorimeter  s k i n .  It was found t h a t  a constant  temperature p r o f i l e  

could be predic ted  e a s i l y  by monitoring t h e  temperature r i s e  alone. Small 

changes i n  calorimeter  heat  input, bath temperature, and flow r a t e  could 

a l s o  be detec ted  by t h e  opepator monitoring t h e  temperature r i s e .  The 

aforementioned technique of f i x i n g  t h e  calorimeter  pressure by t h e  addi t ion  

o r  removal of gas w a s  adequate t o  s e t  t h e  metering pressure and the  pressure 

drop across the  flow r e s t r i c t i o n .  

Thus, t h e  progress toward s teady s t a t e  was watched by monitoring 

t h e  dead weight pressure balance and t h e  calorimeter  thermocouple emf, 

When these  two measurements indica ted  a high degree of s teady s t a t e  and 

t h e  o the r  con t ro l  elements were functioning properly, the  various measure- 

ments l i s t e d  i n  Table I1 were taken. The apparatus was then monitored f o r  

f i f t e e n  o r  twenty minutes, and another s e t  s f  readings taken i n  t h e  same 

manner. The continuous monitoring between measurements showed whether o r  



INSTR-T READDIGS FOR DATA MEAS-S 

Reading Designation Instrument Units Quantity Calculated 

Heat input volt age E ~ l  Potentiometer 

Heat input amperage EL2 Potentiometer 

Volts Heat input, Q 

Volts Heat input, Q 

Resistor temperature TR Thermometer 

Potentiometer 

Heat input, Q 

Platinum thermometer 
volt age E ~ 3  Measuring bath 

temp., T1 

Platinum thermometer EL4 Potentiometer Measuring bath 
temp., T1 

Main thermocouple 
volt age 

Potentiometer Temperature rise 

Pressure drop across APc 
calorimeter 

High pressure 
mercury monometer 

In. Hg. Pressure drop corr. 
to Cp 

Pressure balance load Pbal Weights Measurement Pressure, 
Psia 

Flow meter bath temp. Tm Thermometer 

Cathetometer 

C 

In. H20 

Flow rate, F 

Flow meter pressure Ah 
drop 

Flow rate, F 

180 !' Mercury manometer 

Themmeter 

Flow meter pressure P* 
"1111 

In. Hg. 

OF 

Flow rate, F 

Manometer scale temp. Ts Temp. corr. to 180" 
manometer 

Manometer mercury temp.THG Thermometer Temp. corr. to 180'' 
manometer 

Room temp. Tr Thermometer Temp. corr. to 
Cathetometer 

Room Pres . PA Barometer Convert nressilres to 



not chmges had been taking place during t h e  first reading,  Comparison of 

t h e  two readings showed t h e  degree of precis ion obtained and w a s  a good 

check on t h e  degree of s teady s t a t e  obtained. When the  two readings d i s -  

agreed s i g n i f i c a n t l y  o r  condit ions indicated  t h a t  something was unsat is fac-  

tory,  more readings were taken u n t i l  t h e  operators were s a t i s f i e d .  

Reduction of Data 

The raw d a t a  taken a t  each rnea.surement of heat  capacity o r  l a t e n t  

heat  was t r ans fe r red  t o  punched cards f o r  processing by t h e  IBM Type 704 

d i g i t a l  computer a t  t h e  computing center  on campus, t o  give ca lcula ted  

values of heat  input, flow ra te ,  temperature, temperature r i s e ,  pressure 

and heat  capaci ty  along with various combinations of these  quan t i t i e s  which 

were use fu l  I n  d a t a  reducing. Samples of t h e  d a t a  input o r  raw d a t a  are  

l i s t e d  i n  Tables XXVII and X X V I I I  i n  Appendix C, along with sample calcula-  

%ions f o r  methane and ni t rogen.  The ca lcula ted  d a t a  is tabula ted  i n  Tables 

XXI, XXII, XXIII, and XXIV i n  Appendix B, along with t h e  reduced d a t a  ob- 

t a i n e d  . 

Heat Capacit ies  

I n  order t o  obta in  t h e  t r u e  heat  capaci ty  a t  any pressure and 

%empera%ue, it was necessary %o correct  t h e  experimental measurements fsr 

heat  leakage and for pressure drop through t h e  calorimeter .  The bas ic  equa- 

t i o n  involved i s  the  energy balance, 



where Q is  t h e  measured heat  input ,  ~ t u l m i n ,  OF i s  t h e  flow r a t e ,  Cp is  t h e  

average heat  capaci ty  between t h e  temperatures of the  gas a t  t h e  calorimeter  

i n l e t ,  T1, and a t  t h e  ca lor imeter  e x i t ,  T2. The term (aH) is t h e  average 5 T 
value of t h e  change of enthalpy with pressure a t  constant  temperature, and 

P1 and P2 a re  t h e  pressures o f  t h e  measured gas a t  the  i n l e t  and e x i t  af 

t h e  ca lor imeter .  The heat  leakage, 6Q is  a combination of heat  l a s seg  and 

gains due t o  radia t ion ,  conduction through t h e  vacuum surrounding the  hea te r  

capsule, and conduction through the  ca lor imeter  heater  and thermocouple 

l e a d s .  However, the  calorimeter  was constructed i n  such a way t h a t  t h e  

mount  of heat  leakage should be dependent pr imar i ly  upon t h e  temperature 

r i s e  through t h e  calorimeter  and t h e  condit ions i n  t h e  calorimeter,  and 

should not be dependent upqn flow r a t e .  Thus t h e  heat  leakage correc t ion  

may be made by measuring s e v e r a l  values of heat  capaci ty  a t  one pressure 

and temperature as a funct ion  ~f flow r a t e ,  using t h e  samq temperature r i s e ,  

and maintaining t h e  vaouum l e v e l  and guard hea te r  temperature cops tant ,  

Equation (24) may be modified, then, t o  

whey@ ATc and aPG r e f e r  %s t h e  temperature r i s e  and pressure drop through 

t h e  ca lor imeter ,  This equation gives a s t r a i g h t  l i n e  r e l a t i o n s h i p  between 

t h e  apparent heat  capaci ty  correc ted  f o r  pressure drop through t h e  c a l o r i -  

meter, CW and the  r ec ip roca l  flow r a t e  i f  the  assumptions made about heat  

leakage a re  c ~ r r e c t .  Figure 10 is a s e r i e s  0% measurements on n i t rogen 

which shows t h a t  t h e  s t r a i g h t  l i n e  r e l a t i o n s h i p  holds.  Heat capaci ty  was 

measured a t  four  flow r a t e s  i n  t h i s  case, t o  prove the  assumption of 
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Figure 10. Heat Leakage Correction f o r  Nitrogen Run No, 136 r 320 F, 147 psia. 



l i n e a r i t y ,  However, it was f e l t  t h a t  t h e  performance of t h e  equipment i n  

t h i s  w d  similar ins tances  j u s t i f i e d  the  measurement s f  heat  capaciky a t  

fewer flow r a t e s .  I n  general, measurements were taken a t  only two flow r a t e s .  

Three me%hods were r e a d i l y  avai lable  f o r  making t h e  correc t ion 

f o r  pressure drop through t h e  calorimeter .  

1. Equation (25) could be used d i r e c t l y ,  with use of values of 

&H (--)T calcula ted  from equations of s t a t e  o r  thermodynamic char t s .  

2 ,  Equatihtn (25) csuld be modified by s u b s t i t u t i n g  Equation ( 3 ) ,  

(ax) = - P C p  to give t h e  equation, 
ap T 

which is use fx l  when Joule-Thomeon coef f i c ien t s  are avai lable .  

3 ,  The correc t ion could be measured d i r e c t l y  by running t h e  ca l -  

orimeter  wi%hout heat  input  a t  t h e  mean temperature of t h e  run and measuring 

t h e  temperature drop. This quan t i ty  could then be subtrac ted  from the  

temperature r i s e  of t h e  heat  capaci ty  determination, using t h e  equetion, 

It was f e l t  t h a t  t h e  correc t ion due t o  pressure drop through t h e  

a H e d o ~ i m e t e r  w a s  emall enough t h a t  inaccuracies i n  the  ca lcu la t ion  of (-) 
ap ' 

from eguations sf s t a t e ,  enthalpy t abu la t ions  o r  Joule-Thom~n coeff f - 
c i e n t s  would be neg l ig ib le  ~ i t h  respect  t o  t h e  o v e r a l l  hea$ capaci t ies ,  

and probably smaller  than t h e  e r r o r  involved i n  t h e  d i r e c t  measurement, so  

methods (1) and ( 2 )  were i n  general  used. Some d i r e c t  measurements using 

method (3) were made yie ld ing equivalent  r e s u l t s .  



Corrections f ~ r  ni trogen were made using t he  Joule-Thomson coef f i -  

c i en t s  of Roebuck and Oaterberg(@), o r  values of (aH) calculated from the  ap T 
tabula t ion of enthalpy proper t ies  of Bloomer and ~ a o  ( 6, . Several points  

were calculated both ways and found t o  give e s s e n t i a l l y  i den t i c a l  r e s u l t s .  

Corrections f o r  methane were made emp1,oying method (1) and values 

a~ 
of (Y-)~ calculated from the  Benedict - Webb - Rubin") equation of s t a t e  o r  

from the  char ts  of Matthews and Hurd (52) o r  Keesom ( 3 5 )  

I n  many instances heat  capac i t i e s  were measured i n  regions where 

the  change of heat capacity with respect  t o  temperature and pressure was 

high. The change with respect  t o  pressure presented l i t t l e  problem i n  cor- 

rect ion,  s ince  the  system was held a t  constant pressure qui te  e a s i l y .  How- 

everp it was des i rable  t o  determine the  change of hea6 capacity with tempera- 

ture ,  not only t o  a id  i n  the  construction of graphs of heat capacity versus 

temperature f o r  enthalpy cdcu l a t i ons ,  but t o  a id  i n  making carrect ions  f o r  

the  s m a l l  d i f ferences  i n  temperature r i s e  i n  e,ach heat capacity measurement, 

The change of heat  capacity with temperature, theng was determined by making 

measurements a t  each flow r a t e  a t  two 01" more temperature r i s e s ,  Maximum 

u t i l i % y  was made of t h i s  procedure by di f ferencing each s f  t he  temperature 

r i s e s  with e8ch ~ t h e r  %s give addi t ional  heat capac i t i e s ,  For example, 

measurements made with e x i t  temperatures a t  10°F and 20QF above the  bath 

temperature could be differenced t o  give a heat capacity between 10°F and 

20°F. This was f ac i l i ka t ed  by the  f a c t  t h a t  pressure drop through t he  ca lo r i -  

meter remained e s s e n t i a l l y  constant a t  each flow r a t e  while heat  input was 

var ied ,  Equation (24) may then be expanded t o  show t h a t  the  s t r a i g h t  l i n e  



r e l a t i o n s h i p  should hold f o r  the  d i f ferenced q u a n t i t i e s .  Writing Equation 

(24) f o r  po in t s  measured between T1 and T2 and between T1 and T3, where 

T3 is  higher than T2, We have, 

Subtrac t ing  Equation (24a) from Equation (24b), assuming constant flow ra te ,  

a~ constant  pressure drop and constant  (-)T we have 
ap 

o r  s ince  

we may wr i t e  an equation s i m i l a r  t o  Equation (25a), 

Therefore t h e  po in t s  obtained by d i f fe renc ing  t h e  d a t a  a t  each flow r a t e  

should a l s o  have a s t r a i g h t  l i n e  r e l a t i o n s h i p  with respect  t o  r ec ip roca l  

flow r a t e ,  without including a co r rec t ion  f o r  pressure drop. The assump- 

t i o n s  involved i n  der iv ing Equation (25a) a re  not  s t r i c t l y  va l id ,  s ince  

3~ pressure drop, ( ) and F do change when t h e  temperature r i s e  through the  
S T  

calorimeter  is changed. However, t h e  changes a re  usua l ly  s m a l l  enough t o  

be neglected,  



Figure 11 is a s e r i e s  of measarements on methane which i l lustra-kes 

t he  l i n e m i t y  of the  apparent heat capaci t ies  %7 f o r  both measured and d i f f -  

erenced da ta .  It is  important t o  note %hati the  slopes s f  the l i n e s  drawn 

i n  Figure 11 are  e s s e n t i a l l y  the  s m e .  Since the  s lopes  of the  l i n e s  m e  

t he  r a t e s  of heat leakage per degree of Semperature r i s e  through t he  calopi-  

meter, 8& B T L T / M ~ ~ .  O F ,  t h i s  f igure  ind ica tes  not only t h a t  the  apparent heat 

4 
capac i t i e s  a re  l i n e a r  with respect  t o  rec iprocal  flow ra te ,  but t h a t  the  

heat  leakage is directi ly proport ional  t o  the  temperature r i s e  through the  

calorima%er. This is  importiant because temperature r i s e  may vary sligh.t;ly 

i n  the  measurement of heat  capacity as  a function s f  flow r a t e  f o r  use i n  

Equations ( 25 ) ,  ( 26 ) ,  o r  (27 )  , If heat  leakage were a s t rong function bf 

temperature r i s e ,  t h i s  plus the  change of heat  capacity with temperature 

would make the  correct ion f o r  heat  12akage much more cornplicatefi, 

No attempt was made t o  cor re la te  heat  leakage as a function of 

memurement condit ions.  1% appeared t h a t  it consisted, i n  general, of a 

$mall heat  addit ion t o  t he  calorimeter of l e a s  than 0.002 Bl?U/~in, 'F, which 

would be within t he  order of magnitude of t he  experimental e r r o r ,  However, 

i n  a few runs the  heat  leakage appeared t o  be qui te  lwgo ,  indicat ing f he 

possib82ity of e r r o r  i n  the  measurements versue flow ra te ,  o r  t h a t  t he  

vacuum l e v e l  i n  the  calorimeter  was low. In  each ~f these  instances, fhe  

l i n e s  yere drawn as usual, ext,rapolatfng t o  i n f i n i t e  flow r a t e .  This puts 

emphasis on %he measurernen$s a% high flow ra te ,  which are  l e a s t  l i k e l y  

t o  be i n  e r r ~ r ~  and which w e  l e a s t  af fected by heat Leakage. I n  only a 

few runs is it f e l t  t h a t  t h i s  procedure could have given addi t ional  e r ro r s  

g r ea t e r  than 0.3$. Qrd ina r i l y  the  e r r o r  involved is well within 0 . l$ ,  



I / F ,  RECIPROCAL FLOW R A T E ,  M I N . / L B  

Figure 11. Heat Leakage Correct ion f o r  Methane Run No. 252:-155"F,300 p s i a  
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Latent  Heats of Vaporizat ion 

Laten t  h e a t s  of vapor i za t ion  were determined by  making a s e r i e s  of 

measurements of en tha lpy  d i f f e r e n c e s  at cons tan t  f low r a t e  and cons tan t  ba th  

temperature.  The hea t  input  was increased  inczsementally such t h a t  s e v e r a l  

l i q u i d  hea t  c a p a c i t i e s  would be measured i n i k i a l l y ,  followed by measurements 

i n  t h e  two phase reg ion  and f i n a l l y  by measurements i n  t h e  superheated gas 

range.  The temperature change i s  t hen  p l o t t e d  versus  t h e  hea t  input  per  

pound f o r  t h e  s e r i e s  of measurements. The e n t h a l p i e s  of  t h e  gas a t  i t s  dew 

and bubble p o i n t s  m e  found by  extending t h e  l i n e s  drawn through p o i n t s  i n  

t h e  gas and l i q u i d  reg ions  u n t i l  t h e y  i n t e r s e c t  wi th  t h e  l i n e  drawn through 

t h e  two phase r eg ion .  F igure  1 2  shows t h i s  technique f o r  two methane l a t e n t  

h e a t s  at 550 p s i a ,  

Since t h e  temperature r i s e  through t h e  two phase reg ion  due t o  

i m p u r i t i e s  i s  s l i g h t  t h e  hea t  leakage a t  t h e  bubble po in t  i s  e s s e n t i a l l y  

t h e  same as t h a t  at t h e  dew poin t ,  s o  hea t  leakage should not  e n t e r  i n t o  

t h e  l a t e n t  hea t  c a l c u l a t i o n .  However, s e v e r a l  p o i n t s  were measured a t  more 

t h w  one f low r a t e  t o  determine whether o r  not  hea t  leakage had an e f f e c t .  

It appeared t h a t  m y  e f f e c t  was wi th in  t h e  accuracy Of measurement. Since 

p re s su re  drop was very  s m a l l  and remained e s s e n t i a l l y  cons tan t  throughout 

t h e  two-phase region,  it may be e l imina ted  as  an important v a r i a b l e .  

Experimental Measurements 

The measurements of t h i s  i n v e s t i g a t i o n  included i s o b m i c  hea t  

c a p a c i t i e s  of n i t rogen  and methane, i n  t h e  range -250 t o  50°F, 150 p s i a  t o  

2000 ps ia . .  La ten t  h e a t s  of vapor i za t ion  of n i t rogen  were measured a t  3505 

400 and 450 ps i a ,  and those  of methane a t  3509 450, 550, and 625 p s i a .  





The ni t rogen used i n  these  measurements was t h e  e x t r a  pure, e x t r a  

d r y  grade supplied by the  Air Reduction Company. The methane used was sup- 

p l i e d  by t h e  Tennessee Gas Transmission Company d i r e c t l y  from the  well, 

and was compressed and shipped t o  the  1Jniversit;y of Michigan by t h e  Gulf 

O i l  Company. The impur i t ies  i n  the  gases used were determined by mass spec- 

t rometer  analyses sever& times throughouk t h e  course of t h e  experiments, 

and were found t o  be constJant,, The compositions of these  gases m e  l i s t e d  

i n  Tables PI3 and IT. 

Measurements on Ritrogen 

The experimental measuremenfs made on n i t rogen a re  summarized i n  

Figure l3., a pressure-temperature char t  which ind ica tes  the  temperatures 

and p r e s s u x s  of each measurement made. Tables V and give the  f i n a l  

values determined f o r  the  heat  capac i t i e s  and Latient heats  measured, respec- 

t i v e l y  . 

Me asuremenks on M_e%hane - - 

Tigure 14 is a prrls.sure -temperature diagram which summarizes the  

pressures  and t e m p e r a t u ~ ~ s  sf the  measuremen+,s made on mechane. Table - " T I 1  

g ives a z3ummw,y o f  %he values of t h e  heat  capacit;ies measured, including 

t h e  gaseous, Liqu.id and f l u i d  heat  capacitiies,  Table VIII gi,ves a summary 

of t h e  values of Latent h.eats meawred, 



Cons t i t u t en t  

Nitrogen 

Argon 

TABLF, I11 

NITROGEN COMPOSITION 

Mole Percent  

Tot a1 

TA-BU IV 

M E T H r n  COMPOSITION 

Cons t i t u t en t  

Methane 

Nitrogen 

Ethane 

Propane 

Carbon Dioxide 

Tot a1 

Mole Percent  





M E A S m D  HEAT CAPACITES OF NITROGEN 

I sobar i c  He@t 
Run Pressure I n i t i a l  F i n a l  Capacity, Cp 

Ps i a  Temperature, O F  Tempera~ure, OF ~ t u / l b  O F  

TAB= VI 

1UIEASWBD LATENT HEATS OF VAKIRIZATION OF NITRQGEN 

Run Temperature Pressure L a t e n t  Heat 





MEASW HEAT C A P A C I T I E S  OF METHANE 

Run Pressure 1nit ia . l  F i n a l  I sobar ic  Heat 
P s i a  Temperature Temperature Capacity, Cp 

F " F ~ t u / l b  O F  



Run P r e s s u ~ e  I n i t i a l  F i n a l  I sobar i c  Heat 
P s i a  Temperature Temperature Capacity, Cp 

" F  " F ~ t u / l b  OF' 



TABLE VGT (CONT 'D)  

Run Pressure I n i t i a l  Final I soba r i c  Heat 
P s i a  Temperature Temperature Capacity, Cp 

O F  " F ~ t u / l b  O F  



TABLE VIII 

MEASURED llUEIYT HEATS OF VAPORIZATION OF METHAKE 

Run Bubble Point  Dew Point  Me an Pressure Latent He a t  
Tempkrature Temperature Temperature Psia ~ t u / l b  

*F OF OF 



COMPARISON OF NITROGEN DATA 

Due t o  t h e  absence of published va lues  of measurements of t h e  

hea t  capaci ty  and l a t e n t  hea t  of vapor iza t ion  of n i t rogen under pressure ,  

t h e  experimental measurements made were compared t o  previous ly  published 

der ived  da ta .  I n  t h e  e a r l y  experiments on ni trogen,  t h e  objec t  of t h e  

comparison was t o  determine t h e  approximate accuracy of t h e  equipment, 

i n  order  t o  improve t h e  equipment such t h a t  it would produce good data ,  

When t h e  equipment was pe r fec ted  t h e  s i t u a t i o n  reversed,  and t h e  ob jec t  

of t h e  comparison was t o  determine t h e  accuracy of t h e  published data.  

Heat Capaci t ies  

The heat  c a p a c i t i e s  of gaseous n i t rogen measured i n  t h e  present  

inves t iga t ion  a r e  compared i n  Figure 15 and Table I X  t o  va lues  presented 

i n  NBS Circular  564(T4) and t o  va lues  ca lcu la t ed  from t h e  equation of 

s t a t e  of Bloomer and Rao.(6) These two compilations appear t o  be t h e  

l a t e s t  ava i l ab le ,  and t h e  l a t t e r  i s  q u i t e  complete, including ca lcu la t ed  

values of l a t e n t  hea t  a s  wel l  a s  superheated gas entha lp ies ,  Both com- 

p i l a t i o n s  a r e  based on spectroscopic hea t  capac i t i e s ,  with extension t o  

high pressure  v i a  equations of s t a t e ,  

Bloomer and Rao used t h e  zero pressure  hea t  capaci ty  data of 

Gof f  and Grat ch (28) and t h e  equation of s t a t e ,  



t o  t a b u l a t e  en tha lp ie s  and en t rop ies  of n i t rogen  from -232°F t o  500°F 

a t  pressure  up t o  1500 ps ia ,  The cons tants  used i n  t h e  equation of 

s t a t e  a r e  shown i n  Table X, The equation i s  s i m i l a r  t o  t h e  Benedict- 

~ e b b - ~ u b i n ( ~ )  equation of s t a t e .  The terms D ~ T ~  and B / T ~  were 

added t o  improve t h e  agreement of t h e  equation with low temperature 

volumetric data,  

Values of hea t  capaci ty  were f i r s t  obtained from t h i s  d a t a  by 

d i f f e renc ing  t h e  enthalpy d a t a  versus  temperature, but  l ack  of i n t e r n a l  

consistency and d i f f i c u l t i e s  i n  p l o t t i n g  showed t h a t  t h e  inaccurac ies  in -  

volved might overshadow t h e  e r r o r s  produced by use of t h e  equation of 

s t a t e ,  Fur ther ,  it was des i r ed  t o  have some comparison a t  2000 p s i a ,  

which was beyond t h e  l i m i t  of t h e  compilations. With t h e s e  f a c t o r s  i n  

mind, hea t  c a p a c i t i e s  were ca lcu la t ed  d i r e c t l y  from t h e  equation of s t a t e  

and t h e  zero pressure  hea t  capaCity da ta .  Since t h e  equation of s t a t e  i s  

e x p l i c i t  i n  p res su re ,  d i r e c t  i n t e g r a t i o n  of Equation (10) would be ex- 

tremely complicated. Equation (10) was not  in t eg ra ted  d i r e c t l y  t o  give 

heat  capaci ty ,  but  Equation ( 5)  was modified t o  give,  

The i n t e g r a t i o n s  were performed t o  give enthalpy a s  a funct ion  of tempera- 

t u r e  and dens i ty ,  and t h e  equation d i f f e r e n t i a t e d  with r e spec t  t o  tempera- 

t u r e  a t  constant  pressure,  by t h e  equation,  



where H' is the last term in Equation (30), the enthalpy change due 

to pressure, 

The authors of National Bureau of Standards Circular 564 (74) 

tabulated enthalpies, entropies and heat capacities of nitrogen from 

100°K to 500°K at pressures up to 100 atmospheres. They used the 

virial equation of state, 

where the virial coefficients B1 and C1 were obtained from an unrnodi- 

fied Lennard-Jones 6-12 potential, and the coefficient Dl from an em- 

pirical equation fitted to the volumetric data. The authors state that 

the tables were intended for use at moderate and high temperatures, and 

that the equation departs considerably from the volunetric data at low 

temperatures. 

Values for comparison were obtained from this data by plotting 

it versus temperature at each pressure at which values were reported. 

No attempt was made to obtain values at intermediate pressures either 

graphically or by direct use of the equation of state, 

The comparisons in Figure 15 and Table IX show excellent agree- 

ment between the measured values of heat capacity and values calculated 

from Bloomer and Raofs equation of state. Only the measurement at 2000 

psia and -150°F disagrees by more than 1$, the majority of the data agree- 

ing to within 0.576, the approximate accuracy of the experimental data. 

The values of heat capacity taken from NBS Circular 564 appear to be of 

the same order of accuracy as those of Bloomer and Rao for the temperature 



range they  used. Their  values of 150 p s i a  are  considerably lower than 

those  of Bloomer and Rao and are i n  b e t t e r  agreement with t h e  experi-  

mental d a t a .  

Heat capac i t i e s  of compressed l i q u i d  n i t rogen measured i n  t h i s  

experiment a t  -240°F are  shown i n  Figure 16. No d a t a  w a s  avai lable  from 

t h e  l i t e r a t u r e  f o r  comparison, 

Latent  Heats of V a ~ o r i z a t i o n  

The l a t e n t  heats  of vapor iza t ion  of n i t rogen measured i n  t h i s  

experiment are  compared i n  Figure 17  and Table X I  t o  values ca lcu la ted  

by Bloomer and ~ a o ( 6 )  us ing t h e  Clapeyron equation.  These values were 

ca lcu la ted  using the  recent  vapor pressure d a t a  of Friedman and White,(25) 

t h e  s a t u r a t e d  l i q u i d  d e n s i t i e s  of Mathias, Onnes and Cr0rntnelin,(5~) and 

t h e  s a t u r a t e d  vapor d e n s i t i e s  of Friedman, White and Johnston. (26) ~ g r e e -  

ment between t h e  experimental and ca lcu la ted  d a t a  is good and comesponds 

approxima-bely t o  the  e r r o r  of the  d i r e c t  measurements, - 91%. 

I n  determining t h e  l a t e n t  hea t s  of vaporizat ion,  t h e  dew point  

and bubble point  temperature a t  t h e  measurement pressure ape determined 

from diagrams similm t o  Figure 12.  For ni trogen,  no temperature i-ise 

was detec ted  through the  two phase region, ; i n  keeping with t h e  high p u r i t y  

of t h e  m a t e r i d  t e s t e d .  The vapor pressure d a t a  obtained from t*he l a t e n t  

heat  measurements is  compared t o  t h a t  of Friedman and White i n  Table XEP.  



PRESSURE , PSI A 

Figure 15. Comparison of Measured Heat Capacit ies of Nitrogen with Derived Values. 
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l JuMJ3RICa VALUES OF CORSTAIXTS FOR NITROGEN 
I N  BMQME23 AND RAO EQUATION OF STATE 

Units: Atmospheres, l i t e r s ,  gram moles, degrees Kelvin 

Molecular Weight 28,044 
Universal Gas Constant 0 '08206 

TeKelvin = t ( 'Centigrade) c 273.16 

TABLE X I  

COMPARISON OF LATENT HEATS OF VAPORIZATION OF NITROGEN 

Run Temperature Experimental Bloomer and Was B W  - Exp 100 
"F ~ t u / l b  ~ t u / l b  Exp , 



COMPARISON OF VAPOR PRESSURE OF NITROGEN 

Run Temp. Latent Ht . Pressure P s i a  @ 'exp - '~r ie  dmanXlOok 
O F  ExplprimentaI Friedman P s i  

Pexp, 



E2TTHAI;E OF METHANE 

The measured heat  c a p a c i t i e s  and l a t e n t  hea t s  of vapor iza t ion  

of methane were used t o  de f ine  t h e  hea t  capaci ty  a s  a func t ion  of pres-  

sure  and temperature over a good por t ion  of t h e  range covered, and t o  

cons t ruc t  a cha r t  of pressure  versus enthalpy f o r  methane, 

Smoothed Heat Capaci t ies  

The r e l a t i o n s h i p  of t h e  i s o b a r i c  hea t  capaci ty  of methane t o  pres-  

sure  and temperature i s  shown q u a l i t a t i v e l y  a s  a t h r e e  dimensional sur -  

f ace  i n  Figure 18, which was constructed from experimental measurements 

of t h e  present  inves t iga t ion ,  

The methane heat  capaci ty  d a t a  was p l o t t e d  versus  temperature 

f o r  each pressure  inves t iga ted ,  and smooth curves were drawn through t h e  

d a t a  such t h a t  t h e  a rea  under t h e  curves would equal t h e  a rea  under t h e  

n-easured heat  capaci ty  l i n e .  Figure 19 i l l u s t r a t e s  t h i s  technique f o r  

measurements made a t  1200 psia .  The smoothed d a t a  from t h e s e  constant  

pressure  graphs was then  p l o t t e d  versus pressure  t o  give values of hea t  

capaci ty  a t  intermediate pressures ,  which were then  used t o  complete t h e  

hea t  capaci ty  versus temperature curves f o r  pressures  such as 680, 800 

and 1500 p s i a ,  which were only inves t iga ted  i n  regions  where hea t  capaci ty  

changes r a p i d l y  with r e spec t  t o  temperature. Values taken from t h e  hea t  

capaci ty-pressure curves were a l s o  p l o t t e d  versus temperature a t  each of 

t h e  pressures  a t  which l a t e n t  hea t  of vapor iza t ion  was measured and used, 

i n  conjunction with t h e  l i q u i d  and vapor heat  c a p a c i t i e s  obtained from 

l a t e n t  hea t  measurements, t o  ex t rapo la t e  t o  t h e  values of hea t  capaci ty  

f o r  t h e  sa tu ra t ed  l i q u i d  and vapor, Figures 20 and 21 a r e  summaries of 



Figure 18. Heat Capacity of Methane as a Function of Temperature and Pressure. 







PRESSURE, PSIA 

Figure 21. Smoothed Heat Capacity of Methane versus Pressure. 



TABLE XI11 

SMOOTHED HEAT CAPACITIES OF METHANE 

Temp. 
O F  

Pressure, Psia 
350 450 

Pressure, Psia 
800 1000 1200 



the heat capacities plotted versus temperature and pressure, respectively, 

Values from the original charts used to compile Figures 20 and 21 are 

listed in Table X I I I .  

Comparison With Literature Values 

Since no direct measurements of the isobaric heat capacity of 

methane at low temperatures under high pressure were available from the 

literature, comparison was made to heat capacities obtained from derived 

data, The most recent and complete compilations appear to be those of 

Matthews and Hurd( 52) and Keesom, (35) but only the former gives tabula- 

tions of enthalpy such that heat capacities may be obtained with fair 

accuracy by differencing the data. Matthews and Hurd calculated their 

enthalpies at zero pressure by statistical methods and obtained the 

a H change of enthalpy with pressure from the direct measurements of ( ) = T  
of Eucken and Berger, (lg) 

The smoothed gaseous heat capacities are compared to values 

obtained by differencing the enthalpy data of Matthews and Hurd in 

Figure 22, Although agreement is fair at low pressures and moderate 

temperaturzs, it becomes poor at higher pressures and low temperatures. 

The largest disagreements occur at the pressure of 1500 psia, the limit 

of the compilation, and for lower pressures, at temperatures approach- 

ing the saturation curve, 

Comparison With Equations of State 

Since equations of state are frequently used to calculate the 

change of enthalpy or heat capacity with pressure, the accuracy to which 

the equations fit the heat capacity data is of considerable interest. 



TEMPERATURE O F  

Figure 22. Comparison of Smoothed Methane Heat Capaci t ies  t o  Values 
From Matthews and Hurd, 



The use of a numerical equat ion of s t a t e  t o  f i t  hea t  capaci ty  d a t a  i s  

one of t h e  most severe t e s t s  of t h e  equation,  s ince  t h e  equation must 

be d i f f e r e n t i a t e d  twice. 

With t h i s  i n  mind, i s o b a r i c  hea t  c a p a c i t i e s  were ca lcu la t ed  

using t h e  zero pressure  hea t  c a p a c i t i e s  l i s t e d  i n  API 44(2)  and t h e  

equations of s t a t e  of Benedict , Webb and Rubin( 4, and Martin and Hou. ( 49) 

The equations of s t a t e  a r e  given as ,  

(33)  

and t h e  cons tants  used a r e  shown i n  Tables X3V and XV. Since no con- 

s t a n t s  were a v a i l a b l e  f o r  t h e  Martin and Hou equation from t h e  l i t e r a -  

t u r e ,  cons tants  were f i t t e d  by t h e  method prescr ibed  by Martin, ( 48) and 

were then  va r i ed  s l i g h t l y  t o  ob ta in  a b e t t e r  f i t  of t h e  a v a i l a b l e  volu- 

metr ic  da ta ,  The sources f o r  t h e  d a t a  used f o r  comparison a r e  l i s t e d  i n  

Table XVI, Primary emphasis was given t o  f i t t i n g  t h e  d a t a  of Kvalnes 

and  add^( 42) and Mueller, s ince  t h e i r  d a t a  i s  i n  t h e  temperature 

range of t h e  present  inves t iga t ion .  

Since both equations of s t a t e  a r e  e x p l i c i t  i n  pressure ,  t h e  

c a l c u l a t i o n a l  technique used was s i m i l a r  t o  t h a t  used on t h e  equation 

of s t a t e  of Bloomer and liao('9) f o r  nitrogen. For t h e  Benedict-Webb- 

Rubin equation i n  which pressure  i s  given a s  a funct ion  of temperature 

and dens i ty ,  t h e  equations a r e  

'I' 
l a p  T a~ H - H1 = $ c ; ~ T +  $ - ---(--) 1 d~ 

T1 pl=O p a p  p2  3~ 



TABLE X I V  

NUMERICAL VALUES OF CONSTANTS FOR METHANE 
I N  BENEDICT-WEBB-RUBIN EQUATION OF STATE 

Uni t s :  Atmospheres, l i t e r s ,  gram moles, degrees  Kelvin  

Molecular Weight 16.042 

Unive r sa l  Gas Constant 0.08206 

ToKelvin = T( 'Centigrade) + 273.16 

NUMERICAL VALUES OF CONSTANTS FOR METHANE 
I N  MODIFIED MARTIN-HOU EQUATION OF STATE 

Uni t s :  p s i a ,  cubic  f e e t ,  pounds, degrees  Rankin 

Molecular Weight 28.014 

Unive r sa l  Gas Constant 0.66394 



For t h e  Martin-Hou equation i n  which pressure  i s  given a s  a funct ion  of 

temperature and volume, Equation ( 5 )  was modified t o  give, 

The i n t e g r a t i o n s  were performed t o  give enthalpy a s  a funct ion  of tempera- 

t u r e  and volume, and t h e  equation d i f f e r e n t i a t e d  with respect  t o  tempera- 

t u r e  a t  constant  pressure ,  by t h e  equation 

The heat  c a p a c i t i e s  ca lcu la t ed  from these  equations a r e  compared 

t o  t h e  present  d a t a  i n  Figure 23, which shows heat  capaci ty  versus tem- 

pe ra tu re  a t  150, 300, 600, 1000, 1200, 1500 and 2000 p s i a ,  The present  

d a t a  i s  i nd ica ted  by t h e  hor i zon ta l  b a r s ,  which represent  a c t u a l  d a t a  

po in t s ,  and by t h e  continuous l i n e s  which represent  t h e  a u t h o r ' s  bes t  

l i n e ,  

Both equations of s t a t e  give f a i r  agreement a t  t h e  h igher  tem- 

pe ra tu res  and i n  t h e  regions corresponding t o  low reduced d e n s i t i e s ;  how- 

ever ,  accuracy decreases considerably a t  lower temperatures and h igher  

d e n s i t i e s ,  The Benedict-Webb-Rubin equation gives good q u a l i t a t i v e  agree-  

ment throughout t h e  region i n  which it f i t s  t h e  volumetric da ta ,  up t o  

about twice t h e  c r i t i c a l  dens i ty ,  but  t h e  Martin-Hou equation appears t o  

dev ia t e  considerably from the  experimental curve i n  regions near  i t s  l i m i t ,  

bu t  where it s t i l l  f i t s  t h e  volumetric d a t a  wel l ,  This i s  b e s t  shown on 



Figure 23. Comparison of Measured Methane Heat Capaci t ies  t o  Values 
Calculated from Equations of Sta te .  



TABU XVI 

l?EFE"LRF1NCES FOR VOLUMETaTC DATA FOR IG3THANE 

R e f  e~ - Invest igators  
ence 

Temperature Range Pressure Range 
@F Psia  

Kvalnea, Gaddy -100 t o  390 14,7 t o  5878 

Wchelso Nederbragt 32 t o  300 270 t o  5641 

Mueller, Leland and -200 t~ +50 
Mob ayashi 

Olds, Reamer, Sage 50 to 432" 
and Lacey 

Schmp, Mason, 3.? t o  300 257 +XI 3790 
Richardson and 
Altman 

t he  2000 p s i a  l i n %  The equation f i t s  t he  volumetric da t a  t o  about 1*5 

times t he  c r i t i c a l  dens i ty  corresponding t o  -50°P, but  breaks sharply from 

the  experimental heat capacity curve a t  OQF, which corresponds c losely  t o  

t he  c r i t b c d  density* 

Qpn.struction of t h e  Pressure-Enthalpy- 
Temperature Diagram 

In constructing a pressure-enthalpy-temperature diagram f o r  

methane from the  da t a  of the  present  experiment, e n t h d p y  may be de te r -  

mined as a funct ion of temperature at any pressure by in tegra t ion  of 

t he  curves of heat  capacity versus temperature and by use of t he  meas- 

ured l a t e n t  heats  of vaporizationo However, i n  order t o  use these  



entha lpy  func t ions  t o  cons t ruc t  a  P-H-T c h m t ,  e i t h e r  Joule-Thomson co- 

e f f i c i e n t s  must be used t o  d e f i n e  an i s e n t h a l p  throughout t h e  pressure  

a~ range of  t h e  cha r t ,  o r  va lues  of (D)T must be known a t  one o r  more 

temperatures  throughout t h e  p re s su re  range .  Although Joule-Thomson meas- 

urements were considered i n  t h e  planning of t h e  p re sen t  experiments,  it 

was f e l t  t h a t  t h e  volumetr ic  d a t a  of methane was we l l  known i n  t h e  r e -  

a K  g ion  near  50mF, and t h a t  values of (-) could be obta ined  us ing  an 
aP  T 

equat ion  of  s t a t e  which f i t s  t h i s  d a t a .  I n  f u t u r e  experiments with mix- 

tu . res  f o r  which t h e  volumetr ic  d a t a  i s  not  w e l l  known it w i l l  be d e s i r a -  

b l e  t o  measure Joule-Thomson c o e f f i c i e n t s .  

Low Pressure  En tha lp i e s  

The f i rs t  s t e p  i n  t h e  cons t ruc t ion  of t h e  pressure-entha lpy  

c h a r t  was t h e  s e t t i n g  of t h e  d a t a  l e v e l  as  H = 0 f o r  s a t u r a t e d  l i q u i d  

methane a t  -280°F. This  i s  t h e  same datum l e v e l  used by Matthews and 

Kurd ! 5 2 )  and a s su re s  t h a t  all t h e  va lues  of en tha lpy  used a r e  p o s i t i v e .  

The en tha lpy  of t h e  s a t u r a t e d  vapor was then  taken  as  t h e  value of t h e  

l a t e n t  hea t  of vapor i za t ion  of Frank and ~ l u s i u s ( ~ ~ )  which was co r r ec t ed  

t o  -280'3'. The en tha lpy  a t  -280°F and zero pressure  was then  determined 

by using t h e  ~ e n r d i c t - ~ e b b - ~ u b i n ( ~ )  equat ion of s t a t e  t o  c a l c u l a t e  t h e  

i so thermal  en tha lpy  change a t  - 2 8 0 ' ~  from t h e  vapor p re s su re  t o  zero pres-  

s u r e .  En tha lp i e s  were then  char ted  along t h e  zero p re s su re  l i n e  each 

10°F from -280°F t o  50aF, u s ing  t h e  va lues  given i n  API 44(2) a It was 

apparent a t  t h i s  po in t  t h a t  allowance must be made f o r  t h e  impur i t i e s  i n  

t h e  methane t e s t e d .  Since co r r ec t ions  f o r  t h e  impur i t i e s  could be made 

accu ra t e ly  only  a t  low p res su res  where t h e  gases  a c t  i d e a l l y ,  it was 

decided t h a t  t h e  P-K-T cha r t  would be cons t ruc ted  f o r  t h e  gas mixture 



t e s t e d ,  r a t h e r  t han  f o r  t h e  pure comgonent methane. With t h i s  i n  mind, t h e  

zero pressure  e n t h a l p i e s  were ad jus ted  s l i g h t l y  t o  compensate f o r  t h e  change 

i n  hea t  capac i ty  m d  molecular weigh*. This  amounted t o  a decrease i n  en- 

t h a l p y  change of about 0 .4% along th$  base l i n e ,  o r  0 .65 Btu per  pound 

from - 2 8 0 " ~  t o  50°F. This  procedure provided a good s e t  of r e f e rence  d a t a  

which w a s  used i n  t h e  f i n d  graph cons t ruc t ion  t o  extend t h e  e x p e r i m e n t d  

d a t a  t o  low p res su re .  It a l s o  provided a "working datum" f o r  gaseous methane 

a t  zero p re s su re  and 50°F from which t h e  c h a r t  w a s  cons t ruc ted .  

The E f f e c t  of Pressure  on t h e  Enthalpy of Methane 

I n  determining en tha lpy  a s  a func t ion  of p re s su re  i n  t h e  range 

of t h e  p re sen t  experiment, t h r e e  s e t s  of experimental  d a t a  were a v a i l a b l e .  

These were t h e  d i r e c t  measurements of of Eucken and Berger, (19)  
aPl7 

t h e  volumetr ic  d a t a  l i s t e d  i n  Table'XVI 'and t h e  Joule-Thomson d a t a  of 

Budenholzer, Sage and Lacey. (8) Although t h i s  l a s t  d a t a  i s  a t  h igher  

temperatures ,  it could be e a s i l y  ex t r apo la t ed  t o  t h e  h ighes t  temperature 

of t h e  P-H-T diagram, 50°F. 

The r equ i r ed  p re s su re -en thdpy  l i n e  was determined from t h e  

volumetr ic  d a t a  v i a  %he Benedict-Webb-Rubin equat ion  of s t a t e ,  a t  50QF, 

t h e  h ighes t  temperature t o  be included i n  t h e  pressure-enthdpy-temperature 

c h a r t .  A t  t h i s  temperature t h e  equat ion  of s t a t e  no t  on ly  agrees we l l  

wi th  t h e  volumetr ic  d a t a  throughout t h e  p re s su re  range 0-2000 ps i a ,  bu t  

a l lows accura te  c a l c u l a t i o n  of t h e  hea t  capac i ty  as  a func t ion  of p re s -  

s u r e .  A t  lower temperatures  t h e  equat ion  of s t a t e  becomes l e s s  accura te  

i n  t h e  c a l c u l a t i o n  of both volumetr ic  p r o p e r t i e s  and hea t  c a p a c i t i e s .  

Table WII: compares t h e  hea t  c a p a c i t i e s  extended from zero p re s su re  by  



use of t h i s  equat ion of s t a t e  a t  50°F t o  t h e  hea t  capac i t i e s  obtained 

by smoothing t h e  d a t a  of t h e  present  experiment. Since t h e  agreement 

of t h e  equation of s t a t e  with both t h e  volumetric and heat  capaci ty  

d a t a  i s  good, it i s  f e l t  t h a t  t h e  pressure-enthalpy l i n e  a t  50°F may 

be determined with a high degree of accuracy using t h i s  equation of 

s t a t e ,  

Figure 24 shows t h e  pressure-enthalpy l i n e  determined a t  50°F, 

and compares it t o  t h e  l i n e  determined frorn t h e  r e s u l t s  of Eucken and 

Berger, ( l 9 )  and t o  t h e  values ca lcu la t ed  from ext rapola ted  va lues  of 

t h e  Joule-Thomson c o e f f i c i e n t s  of Budenholzer, Sage and Lacey. ( 8 )  The 

good agreement between t h e  l i n e  ca lcu la t ed  from t h e  equation of s t a t e  

and t h e  l i n e  p red ic t ed  by Budenholzer, Sage and Lacey re in fo rces  t h e  

conclusions t h a t  t h e  equation of s t a t e  l i n e  i s  of high accuracy. The 

d a t a  of Eucken and Berger i s  most probably inaccurate,  We have a l r eady  

seen i n  Figure 22 t h a t  Matthews and Hurd's t reatment  of t h i s  d a t a  y i e l d s  

u n r e l i a b l e  values of hea t  capaci ty,  

I soba r i c  Enthalpies  

The enthalpy was extended versus temperature a t  each pressure  

by i n t e g r a t i o n  of t h e  graphs of hea t  capaci ty  versus temperature t o  give 

values a t  each 10°F, and by use of t h e  measurements of l a t e n t  hea t s  of 

vaporizat ion,  Numerical va lues  of measured heat  capaci ty  and enthalpy 

d i f f e r e n c e s  were used where poss ib le  f o r  b e t t e r  accuracy, along with 

graphica l  i n t e g r a t i o n  of t h e  drawn curve i n  regions  between measured 

poin ts ,  For example, l i q u i d  hea t  capaci ty  curves a t  t h e  pressures  a t  

which l a t e n t  hea t  was measured were in t eg ra ted  from -250°F up t o  t h e  in -  

itial temperature used i n  t h e  measurement of t h e  l a t e n t  hea t ,  some 5°F 



TABU XVII 

Pres- 
sure 

CQMPARISON OF 5 0 0 ~  HEAT CAPACITIES 
WITH VAtUES DERIVED FROM B-W-R EQUATION OF STATE* 

Heat Capacity, ~ t $ l b  O F  

Experiment e,l Derived - - 

Ps ia  

( 2 . )  * Zero pressure heat c ~ p s c i t y  f r ~ m  A, P ,  I ,  44 



--0- - BUDENHOUER 

( H - Ho 1 , ENTHALPY CHANGE WITH PRESSURE , BTU /LB 

Figure 24. Comparison of Methane Enthalpy as a Function 
of Pressure at 500F. 



t o  8OF below t h e  bubble poin t ,  Enthalpies  of t h e  sa tu ra t ed  l i q u i d  and 

vapor and t h e  superheated gas some 2°F t o  5OF above t h e  dew point  were 

then  taken d i r e c t l y  from c h a r t s  such a s  Figure 12, followed by in t eg ra -  

t i o n  of t h e  gaseous hea t  capaci ty  curve t o  50°F, 

The i n t e g r a t i o n s  of heat  capaci ty  were checked f o r  e r r o r  graphi-  

c a l l y  by p l o t t i n g  t h e  en tha lp ie s  obtained a t  each pressure  versus tempera- 

t u r e ,  and by comparing t h e  en tha lp ie s  a t  each temperature t o  those  of 

o t h e r  pressures  on t h e  constructed pressure-enthalpy chart .  Any small 

dev ia t ion  from smoothness of t h e  l i n e s  drawn was checked f o r  c a l c u l a t i o n a l  

e r r o r ,  

The Sa tu ra t ion  Curve 

A survey of t h e  l i t e r a t u r e  ind ica ted  t h a t  t h e  c r i t i c a l  pressure  

and temperature of methane were 669 p s i a  and -116 ,6 '~ ,  r e spec t ive ly .  

These values correspond c l o s e l y  t o  t h e  recent  experimental values repor ted  

by Bloomer and ~ a r e n t ( 5 )  and t h e  values obtained from a c r i t i c a l  review 

of t h e  l i t e r a t u r e  by Armstrong, Brickwedde and Scot t .  ( 3 )  The enthalpy 

a t  t h i s  poin t  was ca lcu la t ed  from t h e  en tha lp ie s  of t h e  sa tu ra t ed  vapor 

and l i q u i d  by a method s i m i l a r  t o  t h e  method of r e c t i l i n e a r  diameters 

used f o r  c a l c u l a t i n g  c r i t i c a l  volumes, The mean enthalpy of t h e  sa tu -  

r a t e d  gas and sa tu ra t ed  l i q u i d  f o r  each l a t e n t  heat  measurement was p l o t -  

t e d  versus temperature and extended t o  t h e  c r i t i c a l  temperature t o  give 

t h e  enthalpy of t h e  c r i t i c a l  poin t  a s  shown i n  Figure 25, This value of 

enthalpy was checked by p l o t t i n g  t h e  mean en tha lp ie s  versus pressure  and 

extending them t o  t h e  c r i t i c a l  pressure ,  The two methods a r e  equivalent ,  

g iv ing  t h e  same value of enthalpy a t  t h e  c r i t i c a l  poin t ,  With t h e  c r i t i c a l  
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Figure  25. P l o t  of Average of Sa tu ra ted  Liquid 
and Vapor En tha lp ies  versus  Tempera- 
t u r e  t o  Obtain Enthalpy of C r i t i c a l  
Po in t .  

po in t  t hus  determined, t h e  s a t u r a t i o n  curves were drawn from t h e  dew 

poin t  a t  150 p s i a  t o  t h e  bubble po in t  a t  350 p s i a .  

F i n a l  Dra f t i ng  of t h e  P-H-T Diagram - 
k len  a l l  c a l c u l a t i o n a l  e r r o r s  had been e l imina ted  and t h e  s a t u -  

r a t i o n  curve determined, smooth curves of cons tan t  temperature were f i t t e d  

t o  t h e  p l o t t e d  po in t s .  

In  genera l  t h e  l i n e s  agree with t h e  p l o t t e d  p o i n t s  t o  0 . 1  Btu/ lb,  

t h e  reading  e r r o r  of t h e  enlarged graph, but  i n  t h e  compressed l i q u i d  

reg ion  below t h e  c r i t i c a l  po in t  c e r t a i n  p o i n t s  d i sag ree  up t o  0.7 ~ t J l b .  



I n  t h e  gaseous reg ion  of t h e  P-H-T diagram t h e  cons tan t  tempera- 

t u r e  l i n e s  were extended t o  low p res su re  u s ing  t h e  aforementioned zero 

p re s su re  en tha lp i e s .  A t  temperatures  lower t han  -180°F, corresponding t o  

s a t u r a t i o n  p re s su res  lower t han  150 p s i a  where no d a t a  was taken  i n  t h e  

p re sen t  experiment,  t h e  en tha lpy  of t h e  s a t u r a t e d  gas r e l a t i v e  t o  t h e  en- 

t h a l p y  of t h e  -180°F s a t u r a t i o n  p o i n t  from t h e  d a t a  was made t o  agree  wi th  

va lues  from Matthews and ~ u r d (  52) wi th  some adjustment f o r  smoothness and 

extended t o  t h e  zero  p re s su re  en tha lp i e s ,  I n  t h e  compressed l i q u i d  r e -  

g ion ,  t h e  cons tan t  temperature l i n e s  were extended below 300 p s i a  t o  t h e  

vapor p re s su re  of pure methane t o  d e f i n e  t h e  s a t u r a t i o n  curve, The r e -  

cent  vapor p re s su re  d a t a  of Hesterman and White ( 3O) was used. 

Since t h e  h e a t  capac i ty  changes only  s l i g h t l y  wi th  tempera ture  

i n  t h e  low temperature compressed l i q u i d  reg ion ,  it was f e l t  t h a t  t h e  

P-H-T diagram could be extended t o  -280°F wi th  h igh  accuracy by extrapo-  

l a t i n g  t h e  hea t  capaci ty- temperature curves t o  -280°F and g r a p h i c a l l y  i n -  

t e g r a t i n g  them t o  o b t a i n  t h e  en tha lpy  da ta ,  When t h i s  was done, and t h e  

-280°F l i n e  was extended t o  t h e  vapor p re s su re  of methane, it was found 

t h a t  a negat ive  c o r r e c t i o n  of about 4 ~ t u / l b  was needed t o  make t h i s  

po in t  ag ree  wi th  t h e  o r i g i n a l  datum l e v e l  of H a  f o r  s a t u r a t e d  l i q u i d  

methane at -280°F, The reasons  f o r  t h i s  a r e  not  c l e a r ,  The disagreement 

i s  a composite of t h e  fol lowing f a c t o r s :  

1, Impur i t i e s  i n  t h e  measured methane, Correc t ions  would 

amount t o  one o r  two ~ t u / l b .  

2, Use of t h e  Benedict-Webb-Rubin equat ion  of s t a t e  f o r  c a l -  

c u l a t i o n  of t h e  i so thermal  en tha lpy  change f o r  gaseous 

methane a t  -280°F. 



3. Inaccuracy of the latent heat of vaporization at -280°F, 

4. The inaccuracies inherent in the measurement of enthalpy 

properties in the present experiment and in the use of 

these properties to obtain isobaric enthalpies, 

5. Inaccuracies involved in extrapolation versus temperature 

and pressure to -280°F saturated liquid methane. 

Factors four and five are the more serious, The inaccuracy of 

measurement of heat capacities and latent heats of vaporization, and of 

integration of heat capacities to obtain isobaric enthalpies allows about 

2 ~tu/lb uncertainty in the very low temperature region, Although this 

allows accurate calculation of enthalpies as a function of temperature 

at any pressure in this range, it does not allow accurate calculation of 

enthalpy change with pressure. Extrapolation of these lines to lower 

pressures is expected to be inaccurate. It is unfortunate that there is 

no volumetric data for methane in the low temperature compressed liquid 

region which would allow calculation of pressure-enthalpy lines, which 

would be more accurate than those presented here; however, volumetric 

data may be calculated from that of other substances by using reduced 

volume techniques with fair accuracy, 

Figure 26 compares the -250°F pressure-enthalpy line of the pres- 

ent experiment to that calculated by ~eesom(~~) using reduced volumes of 

ethylene, and illustrates the problems encountered at low teniperatures. 

The points plotted were determined from the data, and show a degree of 

precision much higher than would be expected from the accuracy of the 

data, The experimental pressure-enthalpy line could be drawn through 

the points and extrapolated in a number of ways to obtain various results, 
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but it would be d i f f i c u l t  t o  draw t h i s  l i n e  with any degree of confidence 

such t h a t  it would agree wel l  with t h e  Keesom's l i n e ,  

I n  cons t ruc t ing  t h e  P-H-T diagram t h e  pressure-enthalpy l i n e s  

were drawn through t h e  d a t a  a s  shown i n  Figure 26, i n  such a way a s  t o  

maintain t h e  i n t e r n a l  consistency of t h e  diagram. The en tha lp ie s  d e t e r -  

mined were decreased by 4 ~ t u / l b  t o  make t h e  ext rapola ted  enthalpy f o r  

-280°F sa tu ra t ed  l i q u i d  be equal  t o  zero,  and s l i g h t  adjustments were 

made i n  t h e  s a t u r a t e d  vapor en tha lp ie s  a t  low pressure  i n  order  t o  cor-  

r e c t  f o r  t h e  use of t h e  Benedict equat ion of s t a t e ,  and i n  order  t o  smooth 

t h e  l a t e n t  hea t s  of vapor iza t ion ,  

The f i n a l  pressure-enthalpy-temperature diagram i s  shown i n  

Figure 27. Rectangular coordinates  were used f o r  both pressure  and en- 

t h a l p y  i n  order  t o  i l l u s t r a t e  t h e  behavior of niethane under high pressure  

i n  more d e t a i l  t han  poss ib le  on a diagram of t h e  logari thm of pressure  

versus enthalpy. I n  order  t o  increase  t h e  accuracy of enthalpy ca lcula-  

t i o n s ,  t h e  values taken from t h e  diagram a r e  t abu la t ed  i n  Table X V I I I -  

These t abu la t ed  values were d i f ferenced with respect  t o  temperature and 

adjus ted  s l i g h t l y  where necessary such t h a t  t h e  d i f ferenced values agreed 

with the h e a t  capaci ty  curves, A l l  such adjustments were wi th in  t h e  read- 

ing  e r r o r  of t h e  diagram. 

It i s  f e l t  t h a t  enthalpy d i f f e rences  a t  constant  pressure  may 

be obtained from t h e  P-H-T diagram t o  an accuracy of 1% o r  O,5 ~ t u / l b ,  

whichever i s  l a r g e r ,  The exceptions a r e  t h a t  enthalpy d i f f e rences  f o r  

l i q u i d s  below 300 p s i a  and superheated gases below -180°F a r e  of consid- 

e rab ly  lower accuracy, 
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Isothermal enthalpy changes with pressure  include not only t h e  

experimental e r r o r  of t h e  present  d a t a ,  but e r r o r  i n  t h e  50°F pressure-  

enthalpy curve. However, with respect  t o  t h i s  curve, isothermal  enthalpy 

changes a r e  accura te  t o  about 1% o r  0 ,5  ~ t u / l b  i n  t h e  superheated gas 

region above -180°F, and i n  t h e  f l u i d  region above t h e  c r i t i c a l  tempera- 

t u r e ,  The accuracy with which enthalpy changes with pressure  may be c a l -  

cu la ted  i n  t h e  compressed l i q u i d  range i s  f e l t  t o  be about 0,5 ~ t u / l b  

down t o  -160 OF, but  decreases considerably a t  lower temperatures . 

Comparison of Enthalpies  

The entha lpy  d a t a  obtained from t h e  d a t a  of t h e  present  exper i -  

ment should be p a r t i c u l a r l y  use fu l  t o  engineers and s c i e n t i s t s  working 

with methane a t  low temperatures and high pressures.  It i s  f e l t  t h a t  t h e  

pressure-enthalpy-temperature diagram presented represents  a  considerable 

improvement on previous compilations of thermodynamic p roper t i e s  of meth- 

ane. Comparisons of t h e  bas i c  measurements and some of t h e  enthalpy d a t a  

have been presented i n  previous sec t ions ,  i n  order  t o  g ive  t h e  reader  an 

idea  of t h e  accuracy and r e l i a b i l i t y  of t h e s e  measurements and t h e  charts  

obtained from them, I n  t h e  fol lowing,  t h e  en tha lp ie s  a r e  compared t o  

those  from previous compilations o r  ca l cu la t ed  from previous da ta ,  

Sa tura ted  Liquid Enthalpies  

The enthalpy of sa tu ra t ed  l i q u i d  methane from -280°F t o  t h e  

c r i t i c a l  poin t  i s  compared i n  Figure 28 t o  en tha lp ie s  ca lcu la t ed  from t h e  

sa tu ra t ed  heat  capaci ty  d a t a  of Wiebe and ~ r e v o o r t ( 7 ~ )  and Hesterman and 

~ h i t e . ( 3 ~ )  The va lues  shown f o r  Wiebe and Brevoort were taken d i r e c t l y  

from t h e i r  pub l i ca t ion ,  and changed s l i g h t l y  t o  agree with t h e  b a s i s  H a  



a t  -280°F, The values shown f o r  Hesterman and White were obtained by in -  

t e g r a t i o n  of Equation (17) ,  

T2 p2 
m a t  = J C,,aT + $ VdP ( 1 7 4  

T1 p1 

where t h e  f i r s t  i n t e g r a l  was obtained by graphica l  i n t e g r a t i o n  of t h e  

d a t a  and t h e  second taken from Wiebe and Brevoort. Since Hesterman and 

White's measurements went only t o  - 2 6 0 ° ~ ,  lower va lues  were assumed t o  

be t h e  same a s  those  of Wiebe and Brevoort. 

The values of t h e  present  experiment agree wel l  with those  of 

Wiebe and Brevoort throughout t h e  temperature range inves t iga ted  except 

t h a t  t h e  enthalpy of t h e  c r i t i c a l  poin t  d i f f e r s  by about 9 ~ t u / l b ,  

Hesterman and White a r e  considerably higher  than  t h e  present  experiment. 

It should be noted t h a t  t h e  l i q u i d  en tha lp ie s  of t h e  present  experiment 

below -160 O F  a r e  dependent upon ex t rapo la t ion  of t h e  in t eg ra ted  d a t a  a s  

described i n  t h e  previous sec t ion .  They cannot be considered of high 

accuracy, and p a r t  of t h e  3 ~ t u / l b  d i f f e rence  between t h e  present  en- 

tha lpy  and t h a t  of Hesterman and White a t  - 1 6 0 ' ~  could be due t o  t h e  ex- 

t r a p o l a t i o n  of t h e  present  da ta ,  However, Hesterman and White's va lues  

continue t o  be higher  and reach a maximum of 7 ~ t u / l b  g r e a t e r  than  t h e  

present  experimental values a t  -125OF, P a r t  of t h e  disagreement may be 

because t h e  methane used by Hesterman and White was considerably purer  

than  t h a t  of t h e  present  experiment, but  s t i l l  t h e  disagreement seems un- 

usua l ly  high, 

Latent Heats of V a ~ o r i z a t i o n  

The smoothed l a t e n t  hea t s  of vapor iza t ion  from t h e  enthalpy 

c h a r t ,  and those  obtained by d i r e c t  measurement a r e  compared i n  Figure 29 



t o  t h e  d i r e c t  measurements of Frank and ~ l u z i u s  (24)  and Hesterman and 

and those  ca lcu la t ed  by Matthews and Hurd (52) and Kees0m.(3~) 

The l a t e n t  hea t s  measured i n  t h e  present  experiment are s l i g h t l y  lower 

than  t h e  o thers ,  and agree wel l  with t h e  measurements of Hesterman and 

White. The smoothed values from t h e  pressure-enthalpy-temperature hea t  are 

i n  agreement with Hesterman and White's me&surements, but  tend t o  be about 

1$ low a t  t h e  lower temperatures.  This  is  p r imar i ly  due t o  t h e  d i f f i c u l t y  

i n  ex t rapo la t ion  of en tha lp ie s  of t h e  compressed l i q u i d  t o  low pressure  a t  

t hese  temperatures.  

I n  measuring t h e  l a t e n t  hea t s  of vaporizat ion,  t h e  bubble 

poin t  and dew point  l i n e s  were determined as  a func t ion  of pressure  and 

temperature f o r  t h e  methane used. This d a t a  i s  compared t o  t h e  vapor 

pressure  d a t a  of Hesterman and White f o r  pure methane i n  Figure 30.  

Ent ia lpy  Dif ferences  

Table X I X  compares s e l e c t e d  entha lpy  d i f f e rences  from t h e  pres-  

e n t  experiment t o  those of Matthews and Hurd (52) and Keesom. (35) 1t is 

apparent from t h i s  comparison t h a t  both compilations conta in  se r ious  i n -  

accurac ies .  Both give accurate values of enthalpy d i f f e rences  f o r  gases 

a t  low pressures,  and Keesom's values a t  higher  temperatures (0 t o  50°F) 

appear t o  be i n  good agreement up t o  2000 ps ia ,  t h e  l i m i t  of t h e  present  

experiment.  Matthews and Hurd show considerable disagreement i n  all tem- 

pera ture  ranges a t  pressures  above 600 p s i a .  The most se r ious  dis,agree- 

ments i n  both compilations appear t o  be a t  high pressures  and low tempera- 

t u r e s  near  t h e  c r i t i c a l  temperature. 
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RECOMMENDATIONS FOR FUTURE WORK 

1. The equipment should be modified t o  e l imina te  t h e  pressure  fluctuations 

p r e s e n t l y  encountered i n  t h e  measurement of l i q u i d  hea t  c a p a c i t i e s  

and l a t e n t  h e a t s  of vapor i za t ion  a t  p re s su re  below 300 p s i a .  Since 

t h e s e  f l u c t u a t i o n s  l e s s e n  with lower flow r a t e s ,  perhaps t h e  b e s t  ap- 

proach would be t h e  enlmgement of passages where l i q u e f a c t i o n  o r  va- 

p o r i z a t i o n  occur,  i nc lud ing  t h e  hea t ing  baffles w i th in  t h e  ca lo r ime te r .  

2 .  Joule-Thomson equipment should be pe r f ec t ed  i n  o rde r  t o  d e f i n e  en- 

t h a l p y  as a f u n c t i o n  of p re s su re  a t  a g r e a t e r  number of p l aces  

t han  p o s s i b l e  i n  t h e  p re sen t  experiment.  

3. The p re s su re  balance used t o  determine t h e  p re s su re  of t h e  

measurement should be modified o r  rep laced  ino rde r  t o  provide h igher  

accuracy and f a s t e r  response t o  p r e s s u e  changes. 



SUMMARY AND CONCLUSIONS 

1. Flow c a l o r i m e t r i c  equipment was pe r f ec t ed  t o  t h e  e x t e n t  t h a t  measure- 

ments of i s o b a r i c  hea t  capac i ty  (c?) and l a t e n t  hea t  of vapor i za t ion  

of l i g h t  gases  and t h e i r  mixtures  may be measured r e l i a b l y  t o  +0.5$ - 
and - +l$, r e s p e c t i v ~ l y  a t  temperatures  from -250°F t o  50°F, a t  p res -  

s u r e s  from 150 t o  2000 p s i a .  The on ly  s e r i o u s  problem remaining i s  

t h a t  l i q u e f a c t i o n  and vapor i za t ion  of gases  i n  t h e  system cause i n s t a -  

b i l i t i e s  which i n t e r f e r e  g r e a t l y  with t h e  measurement of l i q u i d  hea t  

c a p a c i t i e s  and l a t e n t  hea t s  of vapor i za t ion  a t  p re s su re s  below 300 p s i a ,  

2. Measurements were i n i t i a l l y  made on n i t rogen ,  and included t h e  l a t e n t  

hea t  of vapor i za t ion  a t  350, 400 and 450 ps i a ,  gaseous hea t  c a p a c i t i e s  

from 150 t o  2000 p s i a  a t  32, -50, -100 and -150°F, and compressed 

l i q u i d  hea t  c a p a c i t i e s  a t  - 2 4 0 ' ~  from 400 t o  2000 p s i a .  

3. The l a t e n t  hea t  of vapor i za t ion  of methane was measured a t  350, 450, 

550 end 625 p s i a .  The hea t  capac i ty  of methane w a s  measured through- 

out  t h e  temperature range -250°F t o  50°F a t  pressupes t o  2000 p s i a .  

P a r t i c u l a r  emphasis was placed on t h e  c r i t i c a l  reg ion  and o t h e r  a reas  

where hea t  capac i ty  changes g r e a t l y  wi th  p re s su re  and tempera-Lure . 
4. The experimental  values of l a t e n t  hea t  of vapor i za t ion  agree w e l l  

with p rev ious ly  measured and delaived va lues .  Equat ions of s t a t e  

which f i t  t h e  volumetr ic  d a t a  al low c a l c u l a t i o n  of gaseous en tha lp-  

i e s  under pressure  wi th  good accuracy a t  t h e  h igher  reduced tempera- 

t u r e s ;  however, t h e y  appear t o  g ive  r e s u l t s  of POOP accuracy f o r  dense 

gases  a% high reduced d e n s i t i e s ,  p a r t i c u l a r l y  i n  t h e  c r i t i c a l  reg ion .  



5. The experimental data for methane was used in coordination with cer- 

tain properties from the literature to construct a new pressure- 

enthalpy-temperature diagram for methane, which allows calculation 

of enthalpy differences to about +1$. - Recent compilations of thermo- 

dynamic properties show good agreement with this diagram at higher 

temperatures and moderate pressures, but are shown to allow inaccura- 

cies of 5 to 10% in .calculations of enthalpy differences at low tem- 

peratures and high pressures, and in the region of the critical point, 





ACCURACY OF THE RESULTS 

The accuracy of d a t a  of t h e  types obtained i n  t h e  present  ex- 

periments i s  d i f f i c u l t  t o  evaluate.  I n  t h e  following sec t ions  t h e  many 

f a c t o r s  involved i n  obta in ing  a reasonable es t imate  of t h i s  accuracy a r e  

discussed i n  d e t a i l ,  with respect  t o  both t h e  measurements and t h e  t r e a t -  

ments applied. I n  general  t h e  d iscuss ion  w i l l  be centered upon t h e  r e -  

s u l t s  f o r  methane, t h e  d iscuss ion  being app l i cab le  t o  t h e  e a r l i e r  r e s u l t s  

f o r  nitrogen. 

Accuracy of t h e  Measurements 

The accuracy of each measurement i s  d i r e c t l y  dependent upon 

t h e  measurements of hea t  input ,  temperature r i s e  and flow r a t e ,  and l e s s  

d i r e c t l y  dependent upon t h e  measurements of pressure  and ca lor imeter  

ba th  temperature. 

Heat Input 

The quan t i ty  of hea t  introduced i n t o  t h e  ca lor imeter  i s  d e t e r -  

mined with t h e  h ighes t  accuracy of any major measurement, Heat input  i s  

ca l cu la t ed  by t h e  equations,  

where 



For t h e  purpose of e r r o r s  c a l c u l a t i o n ,  these  equations may be 

r ewr i t t en  a s  

which contain only t h e  major terms. 

Since t h e  accuracy of each of t h e  r e s i s t o r s  i s  0,01$, t h e  wide 

l i m i t s  of accuracy due t o  t h e  r e s i s t o r s  i s  0 ~ 0 1 %  f o r  t h e  cu r ren t ,  I,, 

and 0 ~ 0 2 %  f o r  t h e  vol tage ,  Ec, 

I n  each of these  equations,  a d d i t i o n a l  e r r o r  i s  added by t h e  

potent iometer  readings, EL1 and  EL^. For t h e  t y p i c a l  reading t h e  

values would each be about 40,000 microvolts ,  measurable t o  +(0,01% + - 
2 p ~ )  o r  0,015%, a s  given i n  t h e  s p e c i f i c a t i o n s  f o r  t h e  medium range of 

t h e  potent iometer  i n  Table XXXII, Appendix E, It i s  apparent t h a t  f o r  

lower hea t  inpu t s  t h e  accuracy would be lower, and f o r  higher  hea t  in -  

puts  accuracy would approach 0.01$,. Nevertheless ,  0,01576 i s  a  value 

which covers t h e  major i ty  of cases, 

The wide l i m i t  of e r r o r ,  t hen ,  i s  t h e  add i t ion  of t h e  e r r o r s  

due t o  t h e  r e s i s t o r s  and t h e  potent iometer  readings : % e r r o r  = 0 ~ 0 1 %  + 

0,02$ + 0 ~ 0 1 5 %  + 0 ~ 0 1 5 %  = 0 ~ 0 6 % ~  

It i s  d i f f i c u l t  t o  j u s t i f y  f 'urther t reatment  of t h i s  measure- 

ment by use of s t a t i s t i c a l  methods, bu t  it i s  f e l t  t h a t  a  more r e a l i s -  

t i c  evalua t ion  of t h e  e r r o r  involved may be obtained by compounding t h e  

e r r o r s  due t o  t h e  r e s i s t o r s  and t h e  potentiometer a s  though they  were 

t h e  s tandard dev ia t ions  of a  number of determinat ions.  The necessary 



equations a r e  presented and/or derived i n  a good number of books on s t a t i s -  

t i c a l  methods such a s  ~ o l k ( 7 5 )  o r  wilson,  (77)  regarding compounding of 

e r r o r s ,  The primary equation with which we a r e  concerned i s ,  

where a i s  t h e  s tandard dev ia t ion  ( o r  i n  t h i s  case t h e  guaranteed ac-  

curacy) and y i s  a measurement r e l a t e d  t o  t h e  components x i  by t h e  r e -  

l a t  ion ,  

Equation (41)  may be used f o r  percentage o r  f r a c t i o n a l  e r r o r s  by d iv id ing  

through by yj t o  give 

Trea t ing  t h e  f'unction Q and i t s  components with t h i s  equat ion,  

we have, 

Considering t h e  above, and t h e  f a c t  t h a t  about 0 ~ 0 1 %  unce r t a in ty  

may be added due t o  i n s t a b i l i t y  of t h e  power supply, t h e  accuracy of t h e  

heat  input  measurement i s  taken a s  - +0.05%. 



Temperature Rise 

The c a l i b r a t i o n s  of t h e  thermocouples used t o  measure t h e  tem- 

pera ture  r i s e  through t h e  ca lor imeter  a r e  shown i n  Table XXXI. Thermo- 

couple ~ 2 5 6 9 1 ~  was used i n  most of t h e  experiments and w i l l  be considered 

here. 

There i s  no way t o  ob ta in  a r e a l l y  accura te  es t imate  of t h e  

accuracy of t h e  measurement of temperature r i s e  through t h e  calorimeter ,  

The cubic equation used t o  f i t  t h e  c a l i b r a t i o n  d a t a  appears t o  be s a t i s -  

f a c t o r y ,  and f i t s  t h e  d a t a  t o  an average of one microvolt.  Since t h e  

l a r g e  major i ty  of temperature r i s e s  measured produced emfs of t h e  order  

of 1000 t o  2000 microvolts ,  it could be implied from Table XXXI,  Appendix 

E t h a t  t h e  thermocouple i s  capable of accuracy of t h e  order  of 0.05 t o  

0 However, more u n c e r t a i n t i e s  a r e  added by f a c t o r s  o the r  than  t h e  

ca l ib ra t ion ,  A s l i g h t  e r r o r  may be caused by t h e  thermocouple measuring 

a temperature o the r  than  t h e  t r u e  temperature of t h e  gas,  due t o  hea t  

t r a n s f e r  o r  k i n e t i c  e f f e c t s ,  but  ca l cu la t ions  show t h a t  e r r o r s  due t o  

t h e s e  e f f e c t s  a r e  extremely small,  However, i n  order  t o  e l iminate  t h e  

e f f e c t s  due t o  heat  t r a n s f e r  through t h e  thermocouple wires ,  it was ne- 

cessary  t o  work t h e  wires around various tubes o r  ob jec t s  a t  t h e  appro- 

p r i a t e  temperatures,  t i e  them i n  p lace ,  and contact  them thermally by use 

of Apiezon grease o r  epoxy r e s i n ,  This t reatment  undoubtedly caused some 

s t r e s s  and deformation of t h e  constantan wires,  which i n  t u r n  would cause 

t h e  thermocouple t o  dev ia t e  from i t s  ca l ib ra t ion ,  The f a c t  t h a t  t h e  

thermocouple i s  s ix- junct ion  w i l l  reduce t h i s  e f f e c t  t o  some e x t e n t ,  but  

t h e  u n c e r t a i n t i e s  caused a r e  indeterminate, Osborne, Stimson and s l i g h (  

showed t h a t  temperature d i f f e rences  of t h e  order  of 10°C may be measured 



t o  about 0,276 with c a r e f u l l y  c a l i b r a t e d  one-junction copper constantan 

thermocouples, and it i s  f e l t  t h a t  t h e  present  thermocouple i s  of high 

enough q u a l i t y  t o  surpass t h i s  accuracy. Erros due t o  reading t h e  emfs 

generated with t h e  potent iometer  i s  +(0.01$ - + 0 , 2 ~ ~ )  which corresponds 

t o  +0.03$ - f o r  a  1000 WV reading and +0,0276 - f o r  a  2000 pV reading. 

Overal l  accuracy f o r  t h e  measurement of temperature r i s e  i s  

f e l t  t o  be wi th in  0.15 t o  0~276 from t h e  above considerat ions,  It should 

be noted,  however, t h a t  t h e  p rec i s ion  with which any one temperature 

d i f f e rence  may be measured corresponds approximately t o  t h e  e r r o r  of t h e  

potent iometer ,  +0,0376, This means t h a t  i n  t h e  co r rec t ion  f o r  hea t  leak-  - 
age where measured heat  capaci ty  i s  p l o t t e d  versus r e c i p r o c a l  flow r a t e  

a t  constant  temperature r i s e  through t h e  ca lor imeter ,  e r r o r  of t h e  thermo- 

couple w i l l  be cons tant ,  and only t h e  e r r o r  of t h e  potent iometer  w i l l  

e n t e r  i n t o  t h e  ex t rapo la t ion  t o  i n f i n i t e  flow r a t e ,  

Flow Rate Measurement 

The flow metering d a t a  was co r re l a t ed  by t h e  equation 

where p&Pm, p and F a r e  t h e  d e n s i t y ,  pressure  drop, v i s c o s i t y  and flow 

r a t e  of t h e  gas through t h e  meter,  and a,, a l ,  a2 and a3  a r e  c a l i b r a -  

t i o n  cons tants  obtained by a l e a s t  squares f i t  of t h e  data.  The e r r o r s  

may bes t  be analyzed by inspect ion  of t h e  term PrrPPm which i s  shown 
yp" 

i n  Figure 8, p l o t t e d  versus The e r r o r s  of measurement involved i n  
P 

t h e  flow c a l i b r a t i o n  a r e  l i s t e d  i n  Table XX and a r e  f e l t  t o  be good e s t i -  

mates of t h e  s tandard devia t ions  of t h e  var ious  measurements, When t h e  


