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EQUILIBRIUM  W ATER CONTENTS OF NATURAL GAS DEHYDRATED 

BY AQUEOUS D IETH YLENE AND TR IETH Y LEN E GLYCOL 

SOLUTIONS AT VARIOUS TEM PERA TU RES AND PRESSURES

CH A PTER I

INTRODUCTION AND STA TEM EN T O F PR O B LEM

M ark e ted  p ro d u c tio n  of n a tu ra l  gas has in c re a s e d  83 p e r  cen t
1

in  the f iv e -y e a r  p e r io d  fro m  1946 th ro u g h  1951 , and p r e s e n t  in d ica tio n ^  

a r e  th a t  th is  in c re a s e  in  gas consum ption  w ill con tinue. To supply  th is  

g re a t  dem and  fo r  n a tu ra l  g as , v a s t gas g a th e rin g  and  t ra n s m is s io n  

sy s te m s  have b e en  c o n s tru c te d  in  th e  U nited  S ta te s , C anada  and M exico. 

To in s u re  m ax im um  flow  e ffic ien cy  in  th e se  s y s te m s , gas d eh y d ra tio n  

h as  b eco m e an  ab so lu te  n e c e s s ity .

G as d eh y d ra tio n  is  defined  a s  the  re m o v a l of a ll  liq u id  w a te r  

and  enough of th e  w a te r  vapor p r e s e n t  in  the  gas to  p re v e n t su b seq u en t 

co n d en sa tio n  of w a te r  under a l l  o p e ra tin g  co nd itions. ^ V ir tu a lly  a ll  

n a tu ra l g as , a s  p ro d u ced , con ta ins som e m o is tu re . The p r in c ip a l so u rc e

3
is connate  o r in te r s t i t ia l  w a te r  found in  g a s -a n d  o il-p ro d u c in g  s t r a ta  

in d  th e  g as  i s  s a tu ra te d  w ith  w a te r  vapor a t  the  te m p e ra tu re  and  p r e s s d r e  

are  va iling  in  the  p ro d u c in g  zone. O th e r s o u rc e s  of w a te r  a re :  ( l)  o il-  

iield  b r in e  w h ich  is  often  p ro d u ced  in  v a r ia b le  q u a n titie s  w ith  gas a n d /o i



oil; (2) w et s c ru b b e rs  w hich  em ploy  f r e s h  w a te r  to  rem o v e  t r a c e s  of s a il ,  

p ipe lin e  d ir t ,  and  sp en t ac id  fro m  gas p r io r  to  c o m p re ss io n ; (3) gas 

tra n s m is s io n  l in e s  in  w hich  liq u id  w a te r  h as  accu m u la ted ; (4) w a te r  - 

s a tu ra te d  a b so rp tio n  o ils  in  g aso lin e  p la n ts .

3
The p r in c ip a l d iff ic u ltie s  c au se d  b y  m o is tu re  in  gas  a re :

(1) fo rm a tio n  of gas  h y d ra te s  w hich  plug p ipe  lin e s  and p r e s  s u re -c o n tro l  

d ev ices , (2) accu m u la tio n  of liq u id  w a te r  in  p ipe  l in e s , th u s  d e c re a s in g  

the t r a n s m is s io n  cap ac ity , and  (3) in te rn a l  c o r ro s io n  of w e ll tub ing , 

f ittin g s , p ro d u c tio n  equ ipm ent, and  p ipe  l in e s .  P r o p e r  m o is tu re  co n tro

O
is the s im p le s t  and m o s t eco n o m ica l so lu tio n  to  th e se  p ro b le m s .

The d eh y d ra tio n  of n a tu ra l  gas  has  p a s s e d  fro m  the s ta tu s  of 

an a r t  to  th a t  of an  e x a c t sc ien ce  th ro u g h  te c h n ic a l r e s e a r c h  and  develop 

m en t in  d eh y d ra tio n  p ro c e s s e s  and  equ ipm en t, ^  s tim u la te d  b y  an  in c re a s  

ing dem and  fo r u n in te rru p te d  s e rv ic e  f ro m  gas  t r a n s m is s io n  l in e s  o p e r 

ating a t  in c re a s in g ly  h ig h er p r e s s u r e s .  E x ten s iv e  in v e s tig a tio n s  of gas 

h y d ra te -fo rm in g  cond itions have b een  r e p o r te d  and  n u m ero u s  d e h y d ra tin  

ag en ts  and  m eth o d s  have b een  ev a lu a ted . ^

D iethy lene and tr ie th y le n e  g ly co ls  a r e  w ide ly  u sed  a s  w a te r  

vapor a b so rb e n ts  in  c e r ta in  n a tu ra l  gas  d eh y d ra tio n  p r o c e s s e s .  In o rd e r  

o im p ro v e  th e se  p r o c e s s e s  and  to  e s ta b lis h  th e ir  l im ita tio n s , in v e s tig a -  

:ions have b een  conducted  to  d e te rm in e  th e  v a p o r-liq u id  e q u il ib r ia  of 

la s -w a te r -g ly c o l  sy s te m s  a t  te m p e ra tu re s  ran g in g  fro m  60“F . to  100°F



a t  p r e s s u r e s  fro m  a tm o sp h e r ic  to  2500 pounds p e r  s q u a re  in c h  a b so lu te

w ith  w a te r -g ly c o l  so lu tio n s  of 95 p e r  cen t and  100 p e r  cen t b y  w e ig h t

9 10g ly co l. The v a p o r-liq u id  e q u ilib r iu m  d a ta  of R u s s e ll ,  P o r te r ,

11 12 B oyd an d  T ow nsend  w e re  ob ta in ed  on a  dyn am ic  sy s te m  in  w h ich  a

m ix tu re  of n a tu ra l  gas and g lyco l so lu tio n  flow ed c o n c u rre n tly  th ro u g h  a 

50 - o r 75-f t . co il of 5 / l 6 - in .  co p p er tub ing . I t w as b e lie v e d  th a t  e q u il

ib r iu m  w as re a c h e d  du ring  the tim e  of co n tac t in  th e  coil,, and  th a t  the

dew p o in t of the g as  w as the m in im u m  fo r a l l  cond itions of te m p e ra tu re

13an d  p r e s s u r e  in v e s tig a ted . H ow ever, f ie ld  d a ta  tak en  by  C am p b e ll 

on in d u s tr ia l  d eh y d ra tio n  u n its  show ed lo w er dew p o in ts  w e re  ob ta ined  

th a n  cou ld  b e  p re d ic te d  fro m  th e s e  s o u rc e s , p a r t ic u la r ly  in  the h ig h e r ' 

p r e s s u r e  ra n g e s .

C r i t ic a l  in sp e c tio n  of the  dyn am ic  sy s te m  and the  d a ta  ob ta ined  

f ro m  i t  r e v e a le d  th a t, w hile  a  f a i r  a p p ro a c h  to  eq u ilib riu m  w as ob ta ined  

a t  p r e s s u r e s  ran g in g  fro m  a tm o sp h e r ic  to  500 to  600 pounds p e r  sq u a re  

inch , a t  p ro g re s s iv e ly  h ig h er p r e s s u r e s  th is  ap p ro a c h  w o rse n e d  due to  

inadequate  m ix ing  of the liq u id  and  gas p h a s e s . The dy n am ic  sy s te m  

has b een  re p la c e d  by  a  s ta t ic  e q u ilib riu m  c e ll  in  w h ich  w a te r - s a tu r a te d  

n a tu ra l g a s , a t  a  d e fin ite  te m p e ra tu re  and  p r e s s u r e ,  can  be added  to  an 

ex cess  of w a te r -g ly c o l so lu tio n  of know n co n c e n tra tio n  and  the m ix tu re  

a g ita te d  u n til  t ru e  e q u ilib riu m  is  a tta in e d .



s ta te m e n t of P ro b le m  and M ethod of S o lu tion

T h is  in v e s tig a tio n  w as u n d e rta k e n  to  d e te rm in e  the tru e  e f fe c t

iv e n e s s  of g ly c o l-w a te r  so lu tio n s  in  d eh y d ra tin g  w a te r  - s a tu ra te d  n a tu r a  

g as a t  a tm o sp h e r ic  te m p e ra tu re s ,  r e la t iv e ly  high p r e s s u r e s ,  and high 

g lyco l c o n c e n tra tio n s . The m eth o d  c o n s is te d  of s a tu ra tin g  n a tu ra l  g as 

w ith  w a te r  a t  te m p e ra tu re s  of 7 0 °F . , 8 0 °F . , and  9 0 °F . ; a t p r e s s u r e s  

v a ry in g  fro m  500 to  2500 pounds p e r  s q u a re  in ch  a b so lu te , and  in tro d u c in g  

th is  s a tu ra te d  gas in to  an  eq u ilib riu m  c e ll  con tain ing  a su b s ta n tia l exces 

of 95 p e r  cen t to  100 p e r  cen t by  w eigh t d ie th y len e  g lyco l. The two pha 

m ix tu re  w as ag ita te d  u n til eq u ilib riu m  w as re a c h e d  and the w a te r  conter, 

of th e  d e h y d ra ted  gas w as th en  m e a s u re d  by  a su itab le  m e an s . The 

q u an tity  of g lyco l p r e s e n t  w as in  su ch  g re a t  e x c e ss  th a t the change in  

w a te r  c o n c e n tra tio n  in  g lyco l w as n eg lig ib le . The p ro c e d u re  w as  r e 

p e a te d  fo r tr ie th y le n e  g lyco l. Spot checks w e re  ob ta ined  w ith  two r e l a 

t iv e ly  new  m a te r ia ls ,  ”X)icol", a  r e la t iv e ly  c ru d e  g lyco l m ix tu re , and 

hexy lene g lyco l. T h ese  d a ta  w e re  c o m p a re d  w ith  d a ta  ob ta ined  on d i

e th y len e  and  tr ie th y le n e  g lyco l in  o rd e r  to  d e te rm in e  if  th e se  hew m a te r  

ia ls  w e re  su ff ic ien tly  e ffec tiv e  to  w a r ra n t  fu tu re  in v e s tig a tio n .



C H A PTER  II

THERMODYNAMIC CONSIDERATIONS

V a p o r-L iq u id  E q u ilib r iu m

The study  of v a p o r-liq u id  s y s te m s  in  e q u ilib riu m  is  a id ed  b y  

th e  G ibbs P h a s e  R u le . T h is  ru le  m a y  be  w r itte n :

F  = C - P  + 2 (1)

w h ere :

F  = d e g re e s  of fre e d o m  a t eq u ilib riu m  

C = num ber of com ponents in  sy s te m  

P  = num ber of p h a s e s  in  eq u ilib riu m  

If n a tu ra l  gas i s  a s su m e d  to  be p u re  m e thane T th en  th e  sy s te m  

n a tu ra l  g a s -w a te r -g ly c o l i s  a  two p h a se , th re e  com ponent sy s te m . 

A cco rd in g  to  the P h a se  R ule th e re  a r e  th e n  th re e  d e g re e s  of fre e d o m ; 

th a t  i s ,  te m p e ra tu re ,  p r e s s u r e  and co m p o sitio n  of th e  sy s te m  m u s t be  

sp e c ifie d  b e fo re  the  sy stem  is  fixed . The n a tu ra l  gas  u sed  in  th is  i n 

v e s tig a tio n  a c tu a lly  c o n s is te d  of s e v e ra l  com ponen ts, bu t a p p lic a tio n  of

the P h a se  R u le  in d ic a te s  th a t  te m p e ra tu re ,  p r e s s u r e ,  and co m p o sitio n

r e  s t i l l  v a r ia b le s  of the  sy s te m  in  e q u ilib riu m .

T h is  in v es tig a tio n  is  p r im a r i ly  c o n ce rn e d  w ith  the  d is tr ib u tio n



af w a te r ,  the  seco n d  com ponen t in  the  sy s te m  n a tu ra l  g a s -w a te r -g ly c o l,  

Detween th e  v ap o r and  liq u id  p h a s e s .  T h e re fo re , th e  eq u a tio n s  d evelops 

Delow w ill b e  ap p lied  to  w a te r  a s  com ponen t 2, and w ill b e  changed  to  

r e p re s e n t  o th e r  com ponen ts  w hen  r e q u ire d .

In a  v a p o r- liq u id  sy s te m  in  e q u ilib riu m  th e  ch em ic a l p o te n tia ls  

Df a  com ponen t in  the  vap o r and  liq u id  p h a s e s  m u s t be equal; th a t  is ,

V-2 = H-2 (2)

w h e re :

= c h em ica l p o te n tia l in  the liq u id  p h ase  

Pg = c h e m ic a l p o te n tia l in  the vap o r p h ase  

F u g a c ity  i s  d i r e c t ly  r e la te d  to  ch e m ic a l p o te n tia l b y  the  equation ,

(dji^ = R  T d in  (3)

w h ere :

= c h em ica l p o te n tia l of com ponen t 2 

R = gas c o n s ta n t 

T = a b so lu te  te m p e ra tu re  

f^  = fu g ac ity  of com ponen t 2 

i t  i s  ev id en t th a t  in  a  sy s te m  in  eq u ilib riu m  a t  c o n s ta n t te m p e ra tu re  the 

u g a c itie s  of a  com ponent in  th e  vapor and  liq u id  p h a s e s  m u s t be equal; 

■;hat is .

(4)

w h e re :

f^ = fuga c ity  of pu re  compone.nt,2_in_the-JLiquld_pb.as_e_



Î 2 -  fu g ac ity  of p u re  com ponen t 2 in  th e  vapor p h ase  

The fu g ac ity  of a  p u re  g as  a t an y  te m p e ra tu re  and  p r e s s u r e  m a 

be o b ta in ed  m o s t e a s i ly  b y  the u se  of a  fu g a c ity  co e ffic ien t g rap h .

T he r a t io

w h ere :

jr  = to ta l p r e s s u r e  of the sy s te m

1 /  = fu g ac ity  co e ffic ien t of com ponent 2 a t  the 
te m p e ra tu re  and  p r e s s u r e  of the sy s tem

is  p lo tted  a g a in s t re d u c e d  te m p e ra tu re  an d  p r e s s u r e .  F ro m  th e  fu g ac ity

co e ffic ie n t ob ta ined  a t any  re d u c e d  te m p e ra tu re  and  p r e s s u r e  the  fu g ac i

can  be c a lc u la te d  a s  fo llow s:

- 4  = ^  (^)

The fu g a c ity  of p u re  liq u id  a t  i t s  vapo r p r e s s u r e  i s  equal to  the 

fu g a c ity  of i t s  vapor in  e q u ilib riu m  w ith  i t .  The fu g ac ity  of the vapor is  

c a lc u la te d  fro m  th e  fu g ac ity  co e ffic ien t a s  fo llow s:

P 2 -  (7)

o r  ( f |  ) = (V j) P ;  (8)
2 2

w h ere :

= v ap o r p r e s s u r e  of p u re  liq u id  com ponent 
2 a t  the te m p e ra tu re  of the  sy stem

(%/ ) = fu g ac ity  co e ffic ien t of com ponent 2 a t
 ---------- and-t& m peratur^-of-4he-sy& tem ----------------



The fu g ac ity  of à  p u re  liq u id  a t  a  p r e s s u r e  "J\ d iffe re n t fro m  

i ts  vap o r p r e s s u r e ,  i s  found a s  fo llow s:

.  V ^ (7 T  - P 2)

( 9 %  ^
(9)

-  ^ 2)
(^g) = 2^P2 ® ^  (10)

w h ere :

V = m ean  m o la l volum e of liq u id  com ponent 2
betw een  and 7 Î  a t  the te m p e ra tu re  of
the  sy s te m

The sy s te m  m e th a n e -w a te r-g ly c o l i s  a  m ix tu re  of th re e  co m 

p o n en ts , so a  m ethod  fo r d e te rm in in g  the fu g ac ity  of a  com ponent in  a

m ix tu re  m u s t b e  c o n s id e red . The fu g ac ity  of a  com ponent, e ith e r  g a s  ecus

1o r liq u id , in  an  id e a l so lu tion  can  be found by  the  L e w is-R a n d a ll R u le .

B y th is  ru le  th e  fu g ac ity  of a com ponent is  p ro p o rtio n a l to i t s  m o le

f ra c tio n . I t  can  be w ritte n :

= * 2 * 2  - Ü 1)

*2 = V2 4  (12)

w h e re :

f^ = fu g ac ity  of com ponent 2 in  the  liq u id  p h a se  of a  
m ix tu re

f^ = fu g ac ity  of com ponent 2 in  the  vapor p h ase  of a 
m ix tu re

x^ = m o le  f ra c tio n  in  th e  liq u id  p h ase



y 2 = m o le  f ra c t io n  in  th e  vap o r p h ase  

I t  i s  conven ien t, in  the  s tu d y  of e q u ilib r iu m  involving so lu tio n s  

to  u se  a  r a t io  of fu g a c itie s ;  the  r a t io  of th e  fu g a c ity  in  a  g iven  s ta te  to  

the fu g a c ity  in  an  a r b i t r a r i ly  defin ed  s ta te  c a lle d  th e  s ta n d a rd  s ta te . 

T h is  r a t io  i s  c a lle d  th e  a c tiv ity . I t i s  e x p re s s e d  a s  fo llow s:

w h e re :

a^ = a c tiv ity

f^ = fu g ac ity  in  the  g iven  s ta te

f 2 = fu g ac ity  in  the  s ta n d a rd  s ta te  a t  th e  sam e 
te m p e ra tu re

If th e  s ta n d a rd  s ta te  of a  com ponen t w hich  is  in  so lu tio n  is  

tak en  a s  the  p u re  com ponent a t  the te m p e ra tu re  and  p r e s s u r e  of the  

so lu tio n , the a c tiv ity  is  d ir e c t ly  r e la te d  to  co m p o sitio n . W hen id e a l b e 

h av io r canno t be a ssu m e d , a s  in  th is  in v e s tig a tio n , i t  i s  n e c e s s a r y  to  

in tro d u c e  an  e m p ir ic a l  fa c to r  w h ich  r e la te s  a c tiv ity  to  co m p o sitio n .

T h is  fa c to r  i s  te rm e d  th e  a c tiv ity  co e ffic ien t, w h ich  i s  the r a t io  of 

a c tiv ity  to  a  n u m e r ic a l  e x p re s s io n  of co m p o sitio n . U sing m o le  f ra c tio n ^  

to r e p r e s e n t  co m p o sitio n s , the d e fin itio n  of the  a c tiv ity  co e ffic ien t m a y  

be w r itte n :

a
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w hexe:

= a c tiv ity  co e ffic ien t of com ponen t 2 in  the 
v ap o r p h a se

a^ = a c tiv ity  of com ponen t 2 in  the  vap o r p h a se  • 
r e f e r r e d  to  the  p u re  com ponent

y^ = m o le  f ra c t io n  of com ponen t 2 in  the vapor 
p h a se

B y  com bining  E q u a tio n s  (13) and  (14) the follow ing equation  

is  ob tained :

(15)

T h is  eq u a tio n  p e r m its  th e  c a lc u la tio n  of a c tiv ity  co e ffic ien ts  w hich  m a y  

)e u se d  to  c o r re la te  and check  e x p e r im e n ta l d a ta  fo r  c o n s is te n c y  a s  a  

function  of te m p e ra tu re ,  p r  e s  s u re .a n d  co m p o sitio n .

B y re w rit in g  E q u a tio n  (4) to  d e s ig n a te  fu g a c itie s  in  a  m ix tu re , 

i. e . , f^ = f^, and  com bining w ith  E q u a tio n  (13), w r i t te n  fo r b o th  the 

Liquid and  v ap o r p h a s e s , an o th e r  re la t io n s h ip  i s  ob ta ined  w hich  m ay  be 

u sed  a s  a  c r i te r io n  of e q u ilib r iu m . The equ a tio n  is :

Equation (16) m a y  be w ritten :

—  = ^  ^  (1^)

S ere  is  te rm e d  the  v a p o riz a tio n  e q u ilib riu m  c o n s ta n t of com ponent 2.

T he con cep t of the  v a p o riz a tio n  e q u ilib riu m  c o n s ta n t w a s  in t ro -



I I
-------------------------------------------   Yg-;----:---------------
duced  by  S o u d e rs , S e lh e im e r  and B row n who e x p re s s e d  i t  b y  the 

follow ing equation  re su lt in g  f ro m  com b in atio n  . of E q u a tio n s  (10) and 

(17) w ith  the  d efin itio n  of the fu g ac ity  coeffic ien t:

V „  o r  - p  p

f°2 P ; ( »'2)p ® R T 

' 'Z  '  T  '  J t  ( • ' 2 )^

A tte m p ts  to  u se  E q u a tio n  (18) above to  ev a lu a te  v a p o riz a tio n  

c o n s ta n ts  fo r m ethane  in  th e  m e th a n e -w a te r-g ly c o l sy s te m  a re  co m p li

c a ted  by  u n c e r ta in ty  a s  to  the p ro p e r  v a lu es  of the m o la l vo lum e, V ^ , 

and  vapor p r e s s u r e  of liq u id  m e th an e , P ^ , a t  ro o m  te m p e ra tu re ,  a 

te m p e ra tu re  fa r  above i ts  c r i t ic a l  te m p e ra tu re .  G am so n  and  W atson^^ 

p ro p o se d  th a t the m o la l volum e b e  e x p re s s e d  as  a  fun ctio n  of t e m p e r a 

tu r e  by  the  follow ing equation :

V = (Vp w)_) (5 .7  + 3 .0  T ) (19)
TCX O Z  X

w h e re  (Vg i s  the p ro d u c t of th e  m o la l liq u id  volum e and an e x 

p a n s io n  fa c to r ,  p lo tted  a s  a  fu n ctio n  of re d u c e d  te m p e ra tu re  and 

p r e s s u r e  a t  any  s e le c te d  condition .

T he d e fin itio n  of (f^ )  a t a ll  cond itions is  co m p le ted  by  m ean s

19of th e  vapor p r e s s u r e  equation :

- A  -20(T  - b)^
log P  = — ----  + B - e ^ (20)

r

w h ere  A, B , and b a r e  co n s ta n ts  c h a r a c te r is t ic  of the  su b s ta n c e . I t  is  

d a im e d -b y  G am  s on- and ‘W a t soxr^^that'thirs'^npiattOnr"gîdï'apOlate s"T og îc~
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c a lly  above the  c r i t ic a l  po in t.

E q u a tio n s  (18), (19), an d  (20) p e r m it  the  c a lc u la tio n  of the  

e q u ilib riu m  co n s ta n t in  an  a r b i t r a r y  b u t lo g ic a l m an n e r w h ich  i s  d éfin it^  

and  re p ro d u c ib le . H ow ever, b e fo re  th is  re la t io n s h ip  i s  u se fu l i t  is  

n e c e s s a r y  to  r e la te  a c t iv it ie s  to  m ole  f ra c t io n s  th ro u g h  th e  in tro d u c tio n  

of a c tiv ity  c o e ffic ien ts .

The follow ing eq u a tio n  m a y  be w r i t te n  fo r the vapor p h a se :

, %

F o r  id e a l g aseo u s so lu tio n s  of com ponen ts  w hich  a r e  no t w id e ly  d i f f e r 

e n t in  p ro p e r t ie s ,  m a y  be  ta k e n  a s  eq u al to  u n ity  a t  m o d e ra te  p r e s s 

u r e s  and e lev a te d  te m p e ra tu re s .  H ow ever, s in ce  th e  com ponen ts of the 

m e th a n e -w a te r-g ly c o l sy s te m  a r e  w id e ly  d iffe re n t in  th e i r  p r o p e r t ie s ,  

and  s in ce  the p r e s s u r e  ra n g e  of th is  in v e s tig a tio n  i s  high, i t  i s  to  be 

ex p ec ted  th a t th e  vapor p h ase  w ould be  a  n o n -id e a l so lu tion , and  th a t 

(j)̂  w ould no t equal un ity .

In the liq u id  p h ase  th e re  a r e  tw o d iffe re n t ty p es  of d ev ia tio n  

fro m  id e a l  so lu tio n s . I t  i s  conven ien t to  r e p la c e  th e  u su a l s in g le  a c t iv 

ity  co e ffic ien t by  two s e p a ra te  a c tiv ity  co e ffic ien ts  to  e x p re s s  e a c h  of 

these  d ev ia tio n s . The follow ing equation  can  be  w r itte n  fo r the  liq u id  

Dhase:

^2 = ^2 ^2  "2
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w h e re  th e  a c tiv ity  co e ffic ien t g roup  y ?  c o n s is ts  of:

y  2 = a c tiv ity  co e ffic ie n t of com ponen t 2 in  the 
liq u id  p h a se  w h ich  ta k e s  in to  acco u n t d e 
v ia tio n s  f ro m  id e a l so lu tio n s  cau sed  by 
d iffe re n c e s  in  m o le c u la r  s iz e  o r  v o la tility .

4)2 = a c tiv ity  co e ffic ien t in  the liq u id  p h ase  w hich  
acco u n ts  fo r  d ev ia tio n s  f ro m  id e a l so lu tio n s  
cau sed  b y  d if fe re n c e s  in  m o le c u la r  o r  c h e m ica l 
type.

F o r  id e a l s y s te m s  (|)̂  eq u a ls  u n ity  a t  a l l  co n d itio n s. F o r  n o n -id e a l

s y s te m s  a t  low p r e s s u r e s  w h e re  y m a y  be ta k e n  a s  equal to  un ity , ^
“ 2

m ay  be d e te rm in e d  by  m eth o d s p re v io u s ly  d e s c r ib e d . A s the  te m p e ra tu  

and p r e s s u r e  in  su ch  a  sy s tem  a r e  in c r e a s e d  te n d s  to  a p p ro ac h  unity,

r e

w hile d ev ia tio n s  of y ^  f ro m  u n ity  ten d  to  in c r e a s e . 15

In  the liq u id  p h ase  of the  m e th an e  -w a te r  - g lyco l sy s te m  th e re  

a re  g r e a t  d iffe re n c e s  in  the  m o le c u la r  s iz e s ,  v o la ti l i t ie s  and ch e m ic a l 

p ro p e r t ie s  of th e  th re e  co m p o n en ts. I t  i s  th e n  to  be  ex p ec ted  th a t v a lu es  

of A and  y should  d ev ia te  g r e a t ly  f ro m  u n ity  o v er the  p r e s s u r e  ran g e

Involved.

C om bin ing  E q u a tio n s  (17), (18), (21), and  (22) g ives:

^2^2
X .

- ^ 2)
e R T

2 'P ,
I T T v j2 'n

= (23)

16I t w as  su g g e s te d  b y  G am so n  an d  W atson  th a t the r a t io  of
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th e  m o le  f ra c tio n s  in  the  vapox and liq u id  p h a se s  be te rm e d  the  v apor - 

iz a tio n  r a t io  of com ponent 2. I t  i s  ev id en t f ro m  E q u a tio n  (23) th a t  the

v a p o riz a tio n  r a t io  i s  equal to  the th e rm o d y  n am ic  eq u ilib riu m  co n stan t 

only  in  id e a l so lu tio n s  w h e re  the  a c tiv ity  co e ffic ien ts  a r e  e ach  equal to  

un ity .

E q u a tio n  (23) c an  be w r itte n  a s  fo llow s:

= 2^ 2^2 ("4
2

in  w h ich  the r a t io  of a c tiv ity  co e ffic ien ts  h as  b ee n  re p la c e d  b y  the

s in g le  te rm  th u s  d e c re a s in g  th e  n u m b er of ind iv idual a c tiv ity  co 

e ffic ie n ts  fro m  th re e  to  tw o. T hus the  am oun t of e x p e r im e n ta l d a ta  

r e q u ire d  to  ev a lu a te  the a c tiv ity  co e ffic ie n ts  is  d e c re a se d .

The equations developed  th u s  fa r  fu rn is h  a  m e a n s  of c o r re la tin g  

v ap o r - liq u id  e q u ilib r ia  d a ta , and  fu r th e r  u se  w ill be m ad e  of them  in  

C h a p te r  VI, A n a ly s is  of D ata .



C H A PTE R  n i

EX PER IM EN T A L A PPA RA TU S

E q u ip m en t fo r  S a tu ra tin g  N a tu ra l G as

The flow d ia g ra m  fo r s a tu ra tin g  n a tu ra l  g as  w ith  w a te r  a t  any  

p re d e te rm in e d  te m p e ra tu re  and  p r e s s u r e  i s  show n in  F ig u re  1. A photo  

g ra p h  is  show n in  F ig u re  2.

The n a tu ra l  gas is  c o m p re ss e d  to  the d e s ir e d  p r e s s u r e  by  a 

th r e e - s ta g e ,  w a te r - in te r  cooled , R ix  c o m p re s s o r .  T h is  c o m p re s s o r  ha 

a  r a te d  c ap a c ity  of te n  s ta n d a rd  cubic fe e t of g as p e r  m in u te  a t  a  m a x i

m um  w ork ing  p r e s s u r e  of 6000 pounds p e r  s q u a re  in ch .

The c o m p re ss e d  gas is  th en  p a s s e d  th ro u g h  a  g a s - l iq u id  s e p a r 

a to r  an d  a  lu b ric a tin g  o il vap o r a d s o rb e r .  The s e p a ra to r  i s  m ad e  fro m  

an  18- in c h  le n g th  of e x tra -h e a v y  2 - in c h  s te e l  p ipe  w ith  w elded  c a p s . A 

1 /4  in ch  fittin g  fo r th e  in le t  g as  i s  w e ld ed  in to  th e  s id e  of th e  s e p a ra to r  

halfw ay  be tw een  the en d s, a  l / 4  in c h  fittin g  fo r the o u tle t g as  is  w elded  

a t the  top end of the s e p a ra to r ,  and a  l / 4  in ch  d ra in  i s  p ro v id e d  a t  the 

bottom  end.

The o il vapor a d s o rb e r  is  m ade  fro m  an  18- in c h  le n g th  of ex tra  

heavy 2 - in c h  s te e l  p ip e . I t  h as  a  1/4 - in c h  g a s  in le t  f ittin g  in to  a  1 l / 4 -

15



P R E S S U R E
C O N T R O L L E R

DI A P H R A G M  
MOTOR V A L V E P R E S S U R E

R E D U C E R S
1 — [2 ]-----------AI R

P R E S S U R E  F I L T E R  
R E G U L A T O R

BACK
3 - STAGE 

COMPRESSOR
NATURAL 
GAS IN STEAM

BATH DEW , 
POI NT 

T E S T E R

TEMPERI NG
/ C O I L

WATER
PUMPiHt

WATER BATH WATER BATH

FI GU R E  I. FLOW D I A G R A M  F O R  S A T U R A T I N G  N A T U R A L  GAS WI T H 
W A T E R .  AND F I L L I N G  OF E Q U I L I B R I U M  C E L L .



17

F ig . 2. View of G as S a tu ra tin g  E q u ip m en t
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inch  th re a d e d  plug w hich  s c re w s  in to  th e  top of the d e h y d ra to r . T h is  

I 1/ 4 - in c h  plug is  re m o v ed  fo r f illin g  th e  a d s o rb e r  w ith  a p p ro x im a te ly  

one pound of "8 ova B e a d ” , a  s i l ic a  g e l-a lu m in a  type of a d so rb e n t m a n u 

fa c tu re d  b y  the Socony-V acuum  O il C om pany. The bo ttom  of th e  a d s o rb e r  

is  c lo se d  b y  a  w elded  cap w ith  a  l / 4  in c h  fittin g  fo r  th e  o u tle t g a s .

A fte r  leav in g  the  a d s o rb e r  the gas  flow is  s p li t  in to  two s tre a m : 

One s tr e a m , am ounting  to  a l l  gas  d e liv e re d  b y  the c o m p re s s o r  in  excess 

of 25 s ta n d a rd  cub ic fe e t an  h o u r, p a s s e s  th ro u g h  a  2 5 -fo o t le n g th  of 

5/ 16 - in c h  e x tra -h e a v y  copper tubing im m e rs e d  in  a  s te a m  h ea te d  w a te r  

ba th  w h ich  i s  m a in ta in e d  a t  2 10°F . T h is  e x c e s s  g as  is  th en  r e le a s e d  to  

the su c tio n  side  of the  c o m p re s s o r  th ro u g h  a  F is h e r  d iap h rag m  m o to r  

a a c k -p re s s u re  valve a t the r a te  r e q u ire d  to  m a in ta in  the  d e s ir e d  p r e s s 

u re  on the  s y s te m . The F i s h e r  valve  is  a c tu a te d  b y  a  T a y lo r " F u l-s c o p i 

p r e s s u re  c o n tro lle r  w hich, in  tu rn , is  o p e ra te d  b y  a  f i l te r e d ,  c o m p re s s  : 

a ir  supply .

The seco n d  s tre a m  of n a tu ra l  g as , am ounting  to  a p p ro x im a te ly  

25 s ta n d a rd  cubic fe e t p e r  h o u r, p a s s e s  th ro u g h  a  d e h y d ra to r , a  te m p e r  - 

a tu re  s ta b iliz in g  co il, a  w a te r  s a tu r a to r ,  and  a  s e p a ra to r  w h e re  the  

m o is tu re  co n ten t of th e  gas  is  ad ju s ted .

The d e h y d ra to r  is  m ade  fro m  a  2 4 - in c h  le n g th  of e x tra -h e a v y  

:î-in c h  s te e l  p ipe  w ith  w elded  cap s . A 1 /4 - in c h  fittin g  fo r  th e  in le t  gas 

s w elded  in to  th e  side  of th e  d e h y d ra to r  m idw ay  b e tw een  th e  en d s . In -
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sid e  th e  d e h y d ra to r  and ju s t  above th e  g as  in le t  f ittin g  th e re  is  a  w elded  

s te e l  p la te , p e r fo r a te d  w ith  l / l 6 - i n c h  h o le s , w h ich  a c ts  a s  a  su p p o rt 

fo r th e  d e s ic c a n t. The top of the  d e h y d ra to r  is  f it te d  w ith  a  3 /4  X 1 /4 -  

inch  b u sh ing  w h ich  is  re m o v e d  fo r  f illin g  the d e h y d ra to r  w ith  tw o pounds 

of "S ova B ea d " . T h is  b u sh ing  co n n ec ts  to  th e  l / 4 - in c h  gas o u tle t.

T he te m p e ra tu re  s ta b iliz in g  co il, s a tu r a to r ,  and  s e p a ra to r  a r e  

im m e rs e d  in  th e  f i r s t  of two co n s ta n t te m p e ra tu re  b a th s  c o n s tru c te d  of 

10-gauge sh e e t s te e l.  T h is  b a th  is  36 in ch es  long, 18 in c h e s  w ide , and  

36 in ch es  d eep . The te m p e ra tu re  s ta b iliz in g  co il i s  a  f if ty -fo o t le n g th  

of 5/ 16 - in c h  O. D. X 0. 049 - in c h  w a ll e x tr a -h e a v y  copper tub ing . The 

s a tu r a to r  i s  m ad e  f ro m  an  18- in c h  len g th  of e x t r a  h eav y  2 - in c h  s te e l  

p ipe w ith  w eld ed  cap s  and  l / 4 - in c h  f it t in g s  a t  e a c h  end . The s a tu ra to r  

h as  a  c a p a c ity  of 900 m i l l i l i t e r s ,  bu t i s  f il le d  w ith  on ly  500 m i l l i l i t e r s  

w hen in  s e rv ic e .  The top h a lf of the  s a tu r a to r  i s  p ack ed  w ith  th re e  

co p p er gauze "C h o re  G ir l"  sco u rin g  p ad s  w hich  s e rv e  a s  a  m is t  e x t r a c to r .  

The s e p a ra to r  i s  id e n tic a l in  c o n s tru c tio n  ex c ep t th a t  th e  l / 4 - in c h  fittin g  

fo r  the  in le t  gas i s  w eld ed  in to  the  s id e  of th e  s e p a ra to r  m idw ay  be tw eer, 

the end s .

T he s a tu ra te d  gas n e x t p a s s e s  th ro u g h  tw o M eco  p r e s s u r e - r e d i jc -

Lng r e g u la to r s  in  s e r ie s ,  a  U. S. B u re a u  of M ines h ig h -p re s s u re  dew

poin t te s te r^  and, f in a lly , a  th i r d  p r e s s u re - r e d u c in g  r e g u la to r .  T he higjl

p r e s s u r e  s a tu ra te d  g as  i s  expanded  th ro u g h  the  two M eco r e g u la to r s  to 

Ian a b so lu te  p r e s s u r e  of 200 pounds p e r  sq ua r e  in c h  a t  the
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H e re  th e  dew p o in t of th e  g as  can  be  d e te rm in e d  to  check  s a tu ra tio n  of 

th e  g a s . The th i rd  p r e s s u r e  re g u la to r  re d u c e s  th e  p r e s s u r e  to  a tm o s 

p h e r ic  and a lso  r e g u la te s  th e  r a te  of g as  flow  th ro u g h  the  s a tu ra tin g  

s y s te m  and the  dew p o in t t e s t e r .

C onn ec tio n s a r e  so  a r r a n g e d  th a t  the  s a tu ra te d  n a tu ra l  gas  can  

b e  m ad e  to  b y -p a s s  th e  p r e s s u r e  r e d u c e r s  and  dew p o in t t e s t e r ,  and 

p a s s  d ire c t ly  to  the  e q u ilib r iu m  c e ll w h e re  the la t t e r  i s  ch a rg ed .

D e ta ils  of E q u ilib r iu m  C e ll

The d e ta ils  of th e  eq u ilib riu m  c e ll  a r e  shown by  F ig u re  3 and  

a  p h o to g ra p h  is  show n in  F ig u re  4. The u p p er cy lin d e r i s  com posed  of 

a  16- in c h  long sec tio n !o f e x tra -h e a v y  6 - in c h  s te e l  p ip e , f it te d  on each  

end  w ith  e x tra -h e a v y  2:1 e l l ip tic a l  w eld ing  ca p s . The top head  is  f itte d  

w ith  a  1/ 4 -in c h  connection  co m p ris in g  e x tra -h e a v y  s te e l p ipe  f ittin g s  

and  a  1/4 - in c h  n eed le  va lv e . The u p p er cy lin d e r i s  jo in ed  to  th e  lo w er 

cy lin d e r  b y  two l /2 - in c h  e x tra -h e a v y  s te e l  p ip e s  e ac h  w ith  a  un ion  and 

a  1/ 2 -in ch , 800-pound H ancock  s te e l  ga te  va lve . F o r  venting th e  c y lin 

d e r s  so th a t  liq u id  w i l l  flow  e a s i ly  f ro m  th e  u pper cy lin d e r to  th e  low er 

c y lin d e r , and v ice  v e r s a ,  one of the  l / 2 - in c h  p ip e s  ex tends in to  the  

u p p er cy lin d er fo r  th e  fu ll le n g th  of th e  cy lin d e r . The o th e r l /2 - in c h  

p ipe  ex tends down in to  the  lo w er cy lin d e r fo r i t s  fu ll len g th . T he low er 

c y lin d e r  i s  co m p o sed  of a  10- in c h  long s e c tio n  of e x tra -h e a v y  6 -in c h  

s e a m le s s  s te e l  p ipe  f it te d  on e a c h  end  w ith  e x tra -h e a v y  2:1 e ll ip tic a l
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F ig . 4 V iew  of E q u ilib r iu m  C e ll
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w eld ing  cap s . T h is  lo w er cy lin d e r  is  f il le d  w ith  l /2 - in c h  g la s s  b a lls  to

a c t  a s  a  g a s - l iq u id  c o n tac t su rfa c e . T he bo ttom  head  of the lo w er cy lin

d e r  is  f it te d  w ith  a  l / 4 - in c h  high p r e s s u r e  s te e l  connection  and  a  l / 4 - i n

n e ed le  va lv e . F o r  f illin g  th e  cy lin d er w ith  g lyco l and  fo r d ra in in g , a

5 / 16 - in c h  e x tra -h e a v y  copper tubing is  co n n ec ted  to  th e  bottom  fittin g

on the  s m a lle r  lo w er cy lin d e r . T h is  tube ex ten d s u p w ard  to  th e  top of

th e  l a r g e r  c y lin d e r , and  is  s tra p p e d  to  the  ou tsid e  of bo th  c y lin d e rs . A

its  u pper end th is  co p p er tubing is  f it te d  w ith  a  l /4 - in c h  n eed le  valve

fo r  re g u la tin g  th e  r a te  of g lyco l flow in to  o r out of th e  ce ll.

The e q u ilib riu m  c e ll is  su p p o rted  a t  i ts  m id -p o in t b y  a  l / 2 - in c

tru n n io n  sh a ft f it te d  w ith  an  8 -in c h  d ia m e te r  V -b e lt pu lley . The e n tire

a s s e m b ly  is  su p p o rted  on th is  sh a ft in  a  seco n d  c o n s tan t te m p e ra tu re

w a te r  b a th . T h is  b a th , c o n s tru c te d  of 10-gauge s te e l p la te , is  5 0 -inche

long , 18 in ch es  w ide, and  5 0 -in c h e s  deep .

The c e ll i s  r o ta te d  in  th e  w a te r  b a th  th ro u g h  an  a r ra n g e m e n t of

two V -b e lts  and  four p u lle y s  by  a  l /3 -h o r s e p o w e r  110 vo lt A . C . m o to r

coup led  to  a  v a r ia b le - s p e e d  to rq u e  c o n v e r te r .

F ig u re s  5 and  6 i l lu s t r a te  the  a p p a ra tu s  fo r  the  m e a s u re m e n t

of the  w a te r  co n ten t of n a tu ra l  gas  by  m e an s  of a  th e rm is to r  b r id g e  c i r -

20
cu it, a  m o d ifica tio n  of th a t  d e s c r ib e d  b y  H a r r i s  and  N ash . The r e 

a c tio n  c e ll c o n s is ts  of a  w id e -m o u th , one l i t e r  vacuum  b o ttle  o r D ew ar 

Elask f it te d  w ith  a  la rg e  c o rk  s to p p e r . The gas flow s in to  the  re a c t io n

ch
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c e ll  th ro u g h  a  l /4 - in c h  g la s s  te e , one leg  of w h ich  a lso  a c ts  a s  the  i n 

le t  fo r  th e  w ire s  lead ing  to  the  lo w er th e r m is to r .  The g as  flow s to  the 

bo ttom  of the vacuum  b o ttle  and th e n  u p w ard  th ro u g h  a  v e r t ic a l  g la s s  

tube , 12 in ch es  long, l / 2 - in c h  in s id e  d ia m e te r , w h ich  is  a lso  f it te d  in to  

the  la rg e  c o rk  s to p p e r. A t the  m id -p o in t of the  g la s s  tube th e re  is  a  

p o ro u s  plug of g la s s  w ool w hich  a c ts  a s  a  su p p o rt fo r a  tw o -in c h  la y e r  

of 4/ 18 m e sh  ca lc iu m  h y d rid e  p a r t ic le s .  A No. 17A W e s te rn  E le c tr ic  ' 

th e rm is to r  i s  su spended  a p p ro x im a te ly  one in ch  above th e  ca lc iu m  hydrifde 

m a s s  by  w ire s  en te rin g  the g la s s  o u tle t te e  f it te d  in to  th e  top of the l / 2  

in ch  g la s s  tube by m ean s  of a  sm a ll  c o rk  s to p p e r . A second  th e rm is to r  

of the sam e  type is  su p p o rted  by i ts  e le c t r ic a l  le a d s  in  th e  l /2 - in c h  

g la s s  tube , being  p o s itio n ed  one in ch  below  th e  plug of g la s s  w ool. The 

g as  flow s fro m  the upper end of the r e a c t io n  c e ll  to  a  P r e c is io n  w et t e s t  

m e te r .

The th e rm is to r  b rid g e  c ir c u i t  c o n s is ts  of two W heatstone  B rid g e s  

w ire d  in  p a r a l le l  to  two 1. 5 -v o lt d ry  c e ll  A b a t te r ie s .  E a c h  b r id g e  co n 

s i s t s  of a  1000 ohm and a  1500 ohm fix ed  r e s is ta n c e ,  a  Li^eds and N o rth -  

rup  1000 ohm decade box and a  No. 17A W e s te rn  E le c tr ic  th e rm is to r  

w ith  a  n o m in a l r e s is ta n c e  of 1000 o hm s. The g a lv an o m ete r c i r c u i t  i s  

w ire d  th ro u g h  sp rin g  lo ad ed  sw itch es  so  th a t  a  s in g le  g a lv an o m ete r can  

h e  u sed  fo r b o th  c ir c u i ts .  The g a lv a n o m e te r  is  m ounted  in  a  L e e d s  and 

N o rth ru p  P o r ta b le  P r e c is io n  P o te n tio m e te r  M odel No. 8662.
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F ig . 6. View of T h e rm is to r  B rid g e  C ir c u i t  E q u ip m e n t
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E q u ip m en t fo r C a lib ra tio n  of th e  T h e rm is to r  B rid g e  C irc u it

The th e r m is to r  b rid g e  c ir c u i t  is  c a l ib ra te d  by  u se  of the  ap p a r 

a tu s  show n in  F ig u re  7 in  con junction  w ith  the  g as s a tu ra tin g  eq u ip m en t 

show n in  F ig u re  1. The s a tu ra te d  n a tu ra l  g as is  d ro p p ed  to  n e a r-a tm o s  

p h e r ic  p r e s s u r e  th ro u g h  the  dew p o in t t e s t e r  eq u ipm en t and is  m e te re d  

th ro u g h  a c a p il la ry  flow  m e te r  f ille d  w ith  100 p e r  cen t tr ie th y le n e  glyco 

a s  th e  m a n o m e te r  flu id . The g as th en  m ix es  w ith  d eh y d ra ted  n a tu ra l  

g as w h ich  h as  p a s se d  th ro u g h  a "Sova B ead "  d e h y d ra to r  and a  P '2^5  

d ry in g  tu b e . The m ix tu re  of w et and d ry  gas th en  flow s to  the re a c t io n  

c e ll, and  is  f in a lly  m e te re d  in  a  P r e c is io n  w e t t e s t  m e te r .  The "Sova 

B ead " d e h y d ra to r  is  c o n s tru c te d  fro m  a  36 in ch  len g th  of s ta n d a rd  tw o- 

in ch  p ip e , and  i s  co m p le te ly  f il le d  w ith  d e s ic c a n t. The P^O ^ d eh y d ra to r  

c o n s is ts  of a  g la s s  tube n ine in ch es  long, o n e -in ch  in s id e  d ia m e te r , 

f i l le d  w ith  a  four - in c h  co lum n of P  O co n ta ined  b y  two g la s s  w ool p lugs
2 5

E q u ip m en t fo r M e a su re m e n t of the  W ate r C on ten t 
of N a tu ra l G as b y  K a r l F is c h e r  R eag en t

The sp e c ia l a p p a ra tu s  u sed  fo r m e a s u re m e n t of the w a te r  co n 

te n t  of n a tu ra l  gas by K a rl F is c h e r  re a g e n t is  show n in  F ig u re  8. T h is

21m eth o d  i s  d e s c r ib e d  in  the U .O .P .  L a b o ra to ry  M anual. The 100 m illji 

l i t e r  a b so rp tio n  f la sk  h a s  a  3 / 4 -in ch  m ou th  and  a  s to p co ck  d ra in . The 

3/ 4 -in c h  opening is  f i t te d  w ith  a  ru b b e r  s to p p e r p ro v id e d  w ith  su itab le  

h o les  fo r ad m ittin g  a 6 -m il l im e te r  gas d is p e rs io n  tu b e , a  6 -m il l im e te r
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g a s  o u tle t tu b e , th e  tip  of a  10. 00 m i l l i l i t e r  b u re t ,  an d  tw o 3 -m il l im e te r  

e le c tro d e s .  The b u re t  i s  s e a le d  fro m  th e  a tm o sp h e re  by  a  100 m il l i l i t e r  

d ry in g  tube f il le d  w ith  " D e h y d rite " , an h y d ro u s  m ag n es iu m  p e rc h lo ra te .  

T he p la tin u m  e le c tro d e s  a r e  fo rm e d  b y  sea lin g  a  p la tin u m  w ire  in to  a  

P y r e x  g la s s  tu b e , and f illin g  the  tube w ith  m e rc u ry  to  fo rm  th e  junctionj. 

T he g as  p a s s e s  th ro u g h  th e  gas d is p e r s io n  tube in to  the  K a rl F is c h e r  

re a g e n t, and  th ro u g h  the  o u tle t tube to  a  "Sova B ead "  d e h y d ra to r  th en ce  

to  a  P r e c i s io n  w e t t e s t  m e te r .  The d e h y d ra to r  is  a  g la s s  colum n a p p ro x 

im a te ly  four in ch es  h igh, tw o in ch es  in  d ia m e te r  f il le d  w ith  "Sova B e a d s" . 

The en d -p o in t of the r e a c t io n  of w a te r  vapor in  the  n a tu ra l  gas

w ith  th e  K a r l F is c h e r  re a g e n t is  d e te rm in e d  by  the  e le c tro m e tr ic  c i r -  

22c u it show n in  F ig u re  8, c o m p ris in g  a  L e e d s  and  N o rth ru p  P r e c is io n  

P o r ta b le  P o te n tio m e te r ,  M odel No. 8662. The p la tin u m  e le c tro d e s  a r e  

co n n ec ted  by  copper le a d s  to  the  e le c tro m o tiv e  fo rc e  te rm in a ls  of the 

p o te n tio m e te r . The c u r re n t  th ro u g h  the  so lu tio n  i s  re g u la te d  b y  the  

m il l iv o lt  d ia l of the p o te n tio m e te r  to  a p p ro x im a te ly  20 m illiv o lts .

The w a te r  c o n c en tra tio n  of the  g ly c o l-w a te r  so lu tio n s  is  d e t e r 

m in e d  b y  t i t r a t io n  in  a  s ta n d a rd  K a r l  F is c h e r  t i t r a t io n  a s se m b ly . The 

e n d -p o in t i s  d e te rm in e d  by  an  e le c t r o m e tr ic  c i r c u i t  id e n tic a l to  th a t 

d e s c r ib e d  above.
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T e m p e ra tu re  an d  P r e s s u r e  M e a su r in g  E q u ip m en t
I

The te m p e ra tu re  of e a c h  of the  tw o co n s ta n t te m p e ra tu re  w a te i  

b a th s  i s  d e te rm in e d  b y  a  m e r c u ry - f i l le d  th e rm o m e te r  im m e rs e d  in  each  

w a te r  b a th . T e m p e ra tu re s  a r e  m a in ta in e d  c o n s ta n t to  w ith in  ^ 0 .  5 °E . 

of 7 0 °F . du ring  c a lib ra tio n  ru n s ,  and  to  w ith in  1 1. 0 °F . of the  d e s ir e d  

te m p e ra tu re  du ring  e x p e r im e n ta l ru n s  b y  m an u a lly  adding ic e  o r  s te a m  

a s  n e c e s s a r y  to  th e  w a te r  in  th e  b a th s . U n ifo rm  te m p e ra tu re  in  the 

w a te r  b a th s  i s  m a in ta in e d  by  con tinuous c irc u la tio n  of the w a te r  b y  a 

ce n tr ifu g a l pum p w h ich  d raw s  w a te r  s im u lta n e o u s ly  f ro m  th e  b o tto m  of 

b o th  b a th s  an d  d is c h a rg e s  to  the  to p s  of b o th  b a th s  .

The te m p e ra tu re  of th e  dew  p o in t of the s a tu ra te d  n a tu ra l  g as 

is  m e a s u re d  b y  a  lo w - te m p e ra tu re ,  a lc o h o l- f i l le d  th e rm o m e te r  p ro v id e ji 

w ith  th e  U .S . B u re au  of M ines dew  p o in t t e s t e r .

G as p r e s s u r e  d u rin g  c a lib ra tio n  and  esq je rim en ta l ru n s  a r e  

m a in ta in e d  a t  th e  d e s ir e d  p r e s s u r e  w ith in  1 10 pounds p e r  s q u a re  in ch  

b y  a  T a y lo r  "F u lsc o p e "  p r e s s u r e  c o n tro lle r .  G as p r e s s u r e  is  in d ica ted  

b y  a  4000 pounds p e r  ë q u a re  in ch  B o u rd o n -ty p e  gauge g ra d u a te d  in  100 

pounds p e r  sq u a re  in ch  in c re m e n ts  and  c a lib ra te d  to  1 10 pounds p e r  

sq u a re  inch .

The p r e s s u r e s  r e p o r te d  in  th is  in v e s tig a tio n  c o rre sp o n d in g  to  

the  e q u ilib riu m  w a te r  c o n ten ts  of th e  v a r io u s  g lyco l so lu tio n s  is  th a t 

in d ic a ted  by  a  4000 pounds p e r  s q u a re  in ch  B o u rd o n -ty p e  gauge w h ich  i s  

connected-to-4he-equil-ibr-ium-Gyli-Hder-aft«-r-th©mugh-mi-xi-ng-of—th e -eo n te n ts
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in  th e  c y lin d e r . T h is  gauge i s  g ra d u a te d  in  50 pounds p e r  s q u a re  inch  

in c re m e n ts  and  i s  a ls o  c a l ib ra te d  to  ^lO  pounds p e r  sq u a re  inch .

The p r e s s u r e  c o rre sp o n d in g  to  th e  dew p o in t te m p e ra tu re  is  

m e a s u re d  b y  a  600 pounds p e r  s q u a re  in c h  B o u rd o n -ty p e  gauge g rad u a te  

in  5 pounds p e r  s q u a re  in ch  in c re m e n ts  an d  c a lib ra te d  to  1 2 pounds p e r  

s q u a re  in ch . P r e s s u r e  in  th e  dew p o in t t e s t e r  i s  m a in ta in e d  c o n s ta n t 

w ith in  1 5 pounds p e r  s q u a re  in ch  b y  tw o M eco p r e s s u r e  red u c in g  r e g u 

la to r s  in  s e r ie s  u p s tre a m  f ro m  th e  dew p o in t t e s t e r  and  b y  a  th i rd  

p r e s s u re - r e d u c in g  re g u la to r  d o w n s tre am  fro m  th e  t e s t e r .



' CH A PTER IV

PRO CED U RE OF CO LLECTIN G  EX PER IM EN TA L DATA

T echnique in  S a tu ra tin g  N a tu ra l G as  W ith  W ater 

A sp e c ific  o p e ra tin g  p ro c e d u re  fo r p re p a r in g  s a tu ra te d  n a tu ra l  

g a s  w as fo llow ed  during  the in v e s tig a tio n s . In b rin g in g  the a p p a ra tu s  tc 

th e  d e s ir e d  p r e s s u r e ,  the  s a tu ra to r  w as  b y -p a s s e d  to .p re v e n t condensa  

t io n  of m o is tu re  in  th e  sy s te m . A fte r  th e  d e s ir e d  o p era tin g  p r e s s u r e  

w a s  a tta in e d , th e  gas w as tu rn e d  th ro u g h  the s a tu ra to r  and  the g as flow 

th ro u g h  the  dew p o in t t e s te r  equ ipm en t w as  ad ju s te d  to  a p p ro x im a te ly  

25 s ta n d a rd  cubic fe e t an  h o u r. The eq u ip m en t w as  a llow ed  to  o p e ra te  

fo r  an  hour o r m o re  to  r e a c h  a  s ta te  of eq u ilib riu m , a t w h ich  tim e  the 

g a s  w as te s te d  fo r s a tu ra tio n  in  the  B u re a u  of M ines dew p o in t t e s te r .  

S ince  the  p r e s s u r e  of th e  g a s  in  the dew p o in t t e s t e r  w as 200 pounds p e r

s q u a re  in ch  ab so lu te , i t  w as n e c e s s a r y  to  co n v e rt th e  dew p o in t a t  th a t

23p r e s s u r e  to  a  w a te r  con ten t b y  the  u se  of a  w a te r  co n ten t g rap h . This; 

w a te r  con ten t, w hen co n v e rted  to  a  dew p o in t a t  the sy s te m  te m p e ra tu re  

and  p r e s s u r e ,  w as checked  to  a g re e  w ith in  1 °F . w ith  the s a tu ra te d  w ate i 

co n ten t of th e  gas a t the o p era tin g  te m p e ra tu re  and p r e s s u r e .

33
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T echn ique U sed  in  F ill in g  and  R o ta tin g  E q u ilib r iu m  C y lin d e r 

• W hen i t  w as  d e te rm in e d  th a t  th e  g as  w a s  s a tu ra te d , th e  dew 

point eq u ip m en t w as co m p le te ly  b y -p a s s e d  and  the e q u ilib r iu m  c e l l  w as  

connected  d ir e c t ly  to  th e  high p r e s s u r e  s a tu ra tin g  sy s te m .

The e q u ilib riu m  ce ll had p re v io u s ly  b e e n  co m p le te ly  f il le d  w ith  

glycol of the  d e s ir e d  co n cen tra tio n . The v a lv es  lead in g  to  th e  top  of the 

q u ilib r iu m  c e ll fro m  the  gas sa tu ra tin g  sy s te m  w e re  opened co m p le te ly  

.m posing sy s te m  p r e s s u r e  on the c e ll. The g ly co l w as  slow ly  d isp la c e d  

:rom  the  eq u ilib riu m  ce ll th ro u g h  th e  copper tubing  lead in g  fro m  the 

aottom  of the v e s se l and c o lle c ted  in  a  c a l ib ra te d  18 l i t e r  b o ttle . The 

ra te  of g lyco l flow w as co n tro lle d  b y  the  o u tle t va lve  on the co p p er tube 

i t  su ch  a  r a te  th a t the  gas flow  in to  the  e q u ilib riu m  c e ll  d id  n o t ex ceed  

25 s ta n d a rd  cubic f e e t  an  h o u r. S ince  th e  c a p a c ity  of th e  up p er cy lin d e r 

w a s  8885 m i l l i l i t e r s ,  9000 m i l l i l i t e r s  of g lyco l w e re  d isp la c e d  f ro m  the 

:e l l  and co lle c ted  in  the c a lib ra te d  b o ttle . T h is  le f t  a p p ro x im a te ly  2000 

m i l l i l i t e r s  of g lyco l in  th e  lo w er c y lin d e r . The eq u ilib riu m  c e ll v a lv es  

on the in le t  and o u tle t l in e s  w e re  c lo se d  and  the connections to  th e  s a tu r 

a tin g  sy s tem  b ro k en . P lu g s  w e re  th en  sc re w e d  in  th e  o u tle t v a lv e s  and 

ro ta tio n  w as  begun  in  the co n s tan t te m p e ra tu re  b a th . T e m p e ra tu re  of 

he b a th  w as m ain ta in ed  w ith in  1 °F . of th e  d e s ir e d  te m p e ra tu re  by  the 

paanual ad d itio n  of ic e  o r s te a m  a s  re q u ire d .

R o ta tio n  r a te  w as c o n tro lled  a t  a p p ro x im a te ly  one re v o lu tio n  p e r  

m inutes— T ^he-celP w as-ro tated
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e x ce ed ed  th is  b y  a t  le a s t  one h o u r. A s d e te rm in e d  b y  a  s e r i e s  of p r e 

l im in a ry  ru n s ,  th is  tim e  in te rv a l  p e rm it te d  a tta in m e n t of an  e q u ilib r iu ir  

s ta te  su ff ic ie n tly  c lo se  to  t ru e  e q u ilib r iu m . In fa c t, th e r e  w as ev idence 

to  in d ic a te  th a t f if teen  m in u te s  a g ita tio n  w ould  be  ad eq u a te  bu t th e  longe:r 

tw o -h o u r in te rv a l  w as adop ted  a s  a  sa fe  m in im u m .

On a ll  ru n s  on d ie th y len e  and tr ie th y le n e  using  e s s e n t ia l ly  100 

p e r  cen t g lyco l c o n c e n tra tio n , the  e q u ilib r iu m  c e ll w as s e p a ra te ly  f ille d  

fo r  e a ch  ru n . H ow ever, on the  95 p e r  c en t and 98 p e r  cen t g lyco l co n 

c e n tra tio n  ru n s  th e  e q u ilib riu m  c e ll w a s  f il le d  in i t ia l ly  a t  2500 pounds 

p e r  s q u a re  in c h  and  ro ta te d  fo r  tw o h o u rs . The w a te r  con ten t w as th en  

m e a s u re d  b y  the  th e r m is to r  c ir c u i t .  T h is  m e a s u re m e n t w as u su a lly  

co m p le ted  b e fo re  the p r e s s u r e  in  th e  c e l l  had d ro p p ed  m o re  th an  200 

pounds p e r  s q u a re  in ch  so , fo r  the  n ex t ru n , g as w as b le d  f ro m  the c e ll  

u n til  th e  p r e s s u r e  had  d ro p p ed  to  2000 pounds p e r  s q u a re  in ch . T hen  

the  eq u ilib riu m  c e ll w as s e a le d  and ro ta te d  ag a in  fo r  two h o u rs  a t  th is  

new  p r e s s u r e .  T h is  d ropping  of p r e s s u r e  to  th e  n ex t lo w er p r e s s u r e  

ru n  w as con tinued  to  the  f in a l ru n  a t  500 pounds p e r  sq u a re  inch . C o m -
V

p a r is o n  of the  500 pounds p e r  s q u a re  in ch  d a ta  ob ta ined  b y  th is  m ethod

9 10w ith  th a t  ob ta ined  b y  R u s s e ll  and  P o r t e r  on 95 p e r  cen t by  w eigh t 

jdiethylene an d  tr ie th y le n e  g ly co ls , r e s p e c t iv e ly ,  in d ic a te s  th a t th is
I

m ethod  i s  s a tis fa c to ry . A s e p a ra te  ch eck  w a s  m ad e  on 98 p e r  cen t by  

w e ig h t d ie th y len e  g lyco l a t  500 pounds p e r  s q u a re  in c h  and  8 0 °F . by 

llling-tho-eqnilihrium-eel-l-4nitially-4o-4ha-t-p3^frs-sunex-nota4ing-4he-eel-l-j—
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and  m e a su r in g  the eq u ilib riu m  w a te r  co n ten t of the gas p h a se . The r e 

s u lts  w e re  th en  co m p ared  w ith  the d a ta  ob ta ined  a t  e s s e n tia l ly  the sam e 

co n d itio n s  b u t a r r iv e d  a t  b y  th e  p r e s s u r e  d rop  m eth o d  d e s c r ib e d . Checlc; 

Run No. 107 a t  515 pounds p e r  s q u a re  inch , 80“F . , show ed a  w a te r  

co n ten t of 2. 50 pounds p e r  m illio n  s ta n d a rd  cubic fe e t and c o m p are s  

w ith in  e x p e r im e n ta l e r r o r  w ith  R un No. 106 a t  505 pounds p e r  sq u a re  

inch , 8 0 °F . , w hich  show ed a w a te r  con ten t of 2. 05 pounds p e r  m illio n  

s ta n d a rd  cubic fee t.

T echnique in  M easu rin g  the W ater C on ten t of th e  G as 

A fte r  the eq u ilib riu m  c e ll had  ro ta te d  fo r a t  l e a s t  two h o u rs , 

ro ta tio n  w as stopped, the c e ll w as  tu rn e d  to  an  u p rig h t p o s itio n , and 

h o is te d  out of the  w a te r  b a th  su ff ic ie n tly  to  rem o v e  th e  plug in  the in le t 

valve on top of the ce ll, and in s e r t  a  p r e s s u r e  gauge to  m e a s u re  the 

p r e s s u r e  of th e  sy s te m . T h is  is  the  p r e s s u r e  re c o rd e d  in  the  d a ta  a t 

the te m p e ra tu re  of th e  w a te r  b a th . P r e s s u r e  w as r e a d  to  the  n e a r e s t  

10 pounds p e r  sq u a re  inch . The c e ll  w as th en  h o is te d  co m p le te ly  out of 

the w a te r  to  p e rm it  c lo sin g  of the  l /2 - in c h  v a lv es  connecting  th e  upper 

and lo w er c y lin d e rs . T h is  w as to  p re v e n t any  fu r th e r  co n tac t of the 

glycol so lu tio n  w ith  the d eh y d ra ted  n a tu ra l  g as , thus tend ing  to  m a in ta in  

he g aseo u s  p h ase  a t  co n s tan t co m p o sitio n . The d rop  in  g as p r e s s u r e  

re su ltin g  f ro m  the tak ing  of g as  sa m p le s  c r e a te s  the  ten d en cy  fo r  the 

;a s  to  p ic k  up ad d itio n a l w a te r ,  thus the  e q u ilib riu m  w a te r  con ten t w ill
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n o t d e c re a s e  d u rin g  tb.e tak ing  of the  sa m p le . E r r o r s  in  m e a s u re m e n t 

of th e  w a te r  co n ten ts  shou ld  th en  ten d  to  be  in  th e  d ire c tio n  of l a r g e r  

v a lu e s  th a n  the e q u ilib riu m  v a lu es .

The c e ll  w a s  lo w e re d  b ack  in to  the  w a te r  b a th , and the p r e s s u r  

gauge re m o v ed . The top valve w as th e n  c a re fu lly  d r ie d  w ith  a c lo th , 

an d  f it te d  w ith  a  S / l6 - in c h  copper tubing connection . To th is  w as  a t ta c h 

e d  a  5 -fo o t le n g th  of "T ygon" p la s t ic  tubing lead in g  to  the  r e a c t io n  c e ll. 

G as flow  fro m  the eq u ilib riu m  c e ll to  the r e a c t io n  c e ll w as re g u la te d  by  

th e  1/ 4 -in c h  need le  valve on top of the eq u ilib riu m  c e ll  a t  the r a te  of 

two cubic fe e t an  h o u r. T h is  r a te  w as m a in ta in e d  co n stan t w ith in  10 

p e r  cen t of th e  d e s ir e d  r a te .

G as  w as  a llow ed  to  flow  th ro u g h  the  re a c t io n  c e ll  fo r  a t  l e a s t  

an  hour b e fo re  th e rm is to r  c i r c u i t  re a d in g s  w e re  m ad e . R ead in g s  to  th e  

n e a r e s t  0. 1 ohm w e re  con tinued  a t  1 5 -m in u te  in te rv a ls  u n til th e  r e s i s t 

an ce  r a t io  w as  c o n s ta n t in  th e  fo u rth  d ig it w ith  an  a v e ra g e  d ev ia tio n  n o t 

ex ceed ing  0. 0005 in  a  r e s is ta n c e  r a t io  re a d in g  of a p p ro x im a te ly  0. 8250 

fo r a t  le a s t  an  h ou r. T h is  c o rre sp o n d s  to  a  w a te r  co n ten t a v e ra g e  d e 

v ia tio n  of 0. 3 pounds p e r  m illio n  s ta n d a rd  cub ic  fee t.

Technique of C a lib ra tin g  the  T h e rm is to r  B rid g e  C irc u it  

The w a te r  con ten t w as d e te rm in e d  f ro m  the  r a t io  of the  r e s i s t 

ance re a d in g s  of the two th e r m is to r s  by  u se  of a  c a lib ra tio n  cu rv e  of 

v a te r  con ten t v e rs u s  r e s is ta n c e  r a t io  p re v io u s ly  ob ta ined  b y  c a lib ra tio n
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of the  r e a c t io n  ce ll. T h is  cu rv e  w as  o b ta in ed  b y  u se  of the  c a lib ra tio n  

eq u ip m en t of F ig u re  7. The d eh y d ra te d  gas on ly  w a s  f i r s t  p a s s e d

th ro u g h  the  r e a c t io n  c e ll  a t  the r a te  of tw o cubic fe e t  an  h our a s  in d ic a te  

b y  the  w e t t e s t  m e te r .  T h e rm is to r  r e s is ta n c e  re a d in g s  w e re  ta k e n  unti. 

th e i r  r a t io  re m a in e d  co n s ta n t w ith in  the  d e s ir e d  l im its  fo r  a p p ro x im a te  

l y  one h o u r. The a v e ra g e  of th e se  re a d in g s  w as ta k e n  a s  th e  z e ro  wate:- 

co n ten t. D uring  th is  tim e  n a tu ra l  g as  s a tu ra te d  w ith  w a te r  a t 2000 pounids 

p e r  s q u a re  in c h  and 70°F . w as  p r e p a re d  and  te s te d  fo r s a tu ra tio n  by  th<i 

dew  p o in t t e s t e r .  The d ry  g as r a te  th ro u g h  the re a c tio n  c e ll  w as  th en  

d e c re a s e d , and th e  w e t g as a llo w ed  to  b e g in  flow ing a t  a  r a te ,  in d ica te d  

on the  c a p il la ry  flow  m e te r ,  su ch  th a t the  to ta l  gas flow  w as two cubic 

f e e t  a n  h o u r. R e s is ta n c e  re a d in g s  w e re  a g a in  tak en  u n til  th e ir  r a t io  r e 

m a in e d  co n s ta n t ag a in  fo r  a p p ro x im a te ly  an  h o u r. The ac tu a l w a te r  con 

te n t  w as c a lc u la ted  f ro m  the know n vo lum e of w et g as in  the to ta l g as 

v o lum e, and r e c o rd e d  a s  the w a te r  co n ten t of the g as in  pounds p e r  

m illio n  s ta n d a rd  cub ic  fe e t  a t  14. 7 pounds p e r  sq u a re  inch , 60°F . , 

c o rre sp o n d in g  to  the r e s is ta n c e  r a t io  re a d in g . In th is  w ay  the d a ta  of 

T ab le  6 w e re  ob ta ined  and  fro m  th e se  d a ta  the  c a lib ra tio n  cu rv e  of 

F ig u re  9 w as p re p a re d .

T echn ique in  M easu rin g  the  W ater C on ten t 
of N a tu ra l G as b y  K a r l  F is c h e r  R eag en t

A p p ro x im a te ly  25 m i l l i l i t e r s  of K a r l F is c h e r  re a g e n t w e re  add  ■
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m eth an o l so lu tio n . S t ir r in g  w as  a c c o m p lish e d  b y  allow ing gas fro m  the 

e q u ilib r iu m  cy lin d er to  bubble th ro u g h  the  K a rl F is c h e r  re a g e n t.  Once 

th e  en d -p o in t w as re a c h e d , th e  flow  of g as  w as stopped, and  e x a c tly  twc 

m i l l i l i t e r s  of f r e s h  F is c h e r  re a g e n t w as added  to  th e  n e u tra l  so lu tio n . 

T he w e t t e s t  m e te r  w as a d ju s te d  to  z e ro  rea d in g , and th e  flow  of d eh y 

d ra te d  g as th ro u g h  the r e a g e n t  w as  s ta r te d .  F low  w as re g u la te d  a t l / 2  

to  1 cub ic  fe e t an  h o u r. A f a s te r  r a te  cau se d  e x c e ss iv e  fro th in g  of the  

r e a g e n t  and too m uch  c a r ry - o v e r  of e n tra in e d  liq u id . A p p ro x im a te ly  

tw o cubic fe e t of g as  w e re  r e q u ire d  to  r e a c t  w ith  the  two m i l l i l i t e r s  of 

F is c h e r  re a g e n t. M ete r te m p e ra tu re  p r e s s u r e  and  r a te  re a d in g s  w e re  

ta k e n  a t  15 m in u te  in te rv a ls  and  a v e ra g e d  fo r c a lc u la tio n  of th e  volum e 

of gas p a s s e d  th ro u g h  the  so lu tio n . F ro m  the w a te r  equ iva lence  of the 

K a r l  F is c h e r  re a g e n t, and the  vo lum e of gas p a s s e d  th ro u g h  to  an en d 

p o in t, th e  w a te r  con ten t of the  gas w as ca lcu la ted .



C H A PTER . V

P R O PE R T IE S  O F MATERIALS AND EX PER IM EN TA L DATA

P r o p e r t ie s  of M a te r ia ls  

The n a tu ra l  g as u sed  in  th is  in v e s tig a tio n  w a s  ob ta in ed  fro m  

the m a in s  of the  O klahom a N a tu ra l G as C om pany, N orm an , O klahom a.

A r e p re s e n ta t iv e  a n a ly s is , d e te rm in e d  b y  M r. J .  T . B a iley , N o rm an , 

O klahom a, i s  shown in  T ab le  1. The ac tu a l co m p o sitio n  of th is  gas 

v a r ie d  w id e ly  during  th e  c o u rse  of the r e s e a r c h  due to  a i r  in je c tio n  by  

the  d is tr ib u to r  to  re g u la te  the heating  value of th e  g as .

T he d ie th y len e  and  tr ie th y le n e  g ly co ls  u sed  w e re  c o m m e rc ia l 

g ra d e s  w ith  g u a ran te ed  0. 2 p e r  cen t m ax im um  w a te r  con ten t, contribut^c 

b y  C a rb id e  and C a rb o n  C h em ic a ls  C om pany. The a c tu a l w a te r  con ten t 

of th e se  and o th e r g ly co ls  u sed  w as d e te rm in e d  by  t i t r a t io n  w ith  K arl 

F is c h e r  re a g e n t using  an  e le c tro m e tr ic  c ir c u i t  to  d e te rm in e  the  end 

po in t. T he tr ie th y le n e  and d ie thy lene  g ly co ls , a s  re c e iv e d , w e re  e s 

s e n tia lly  100 p e r  cen t and  99. 8 p e r  cen t g lyco l, r e s p e c tiv e ly . F o r  ru n s  

re q u ir in g  e s s e n tia l ly  100 p e r  cen t g lyco l the  m a te r ia l  w as u se d  a s  r e 

ce iv ed . The c o n c e n tra te d  c o m m e rc ia l g lyco l w as d ilu ted  w ith  th e  propeb 

am ount of w a te r  to  fo rm  the 95 p e r  cen t and 98 p e r  cen t b y  w eigh t glyco]

40
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so lu tio n s . The fin a l w a te r  c o n c e n tra tio n  w a s  ch eck ed  by  t i t r a t io n  w ith  

K arl F is c h e r  re a g e n t.  A ll c o n c e n tra tio n s  a r e  b e lie v e d  a c c u ra te  w ith in  

0. 5 p e r  cen t b y  yreight. Som e p ro p e r t ie s  of d ie th y len e  and  tr ie th y le n e  \ 

g lyco l a r e  p r e s e n te d  in  T ab le  2. T h e se  p r o p e r t ie s  a r e  th o se  r e p o r te d  

by C axb ide and  C a rb o n  C hem icéils C om pany .

The " D ic o l” u s e d  w as a  co m m er c ia l  g ra d e  c o n tr ib u ted  b y  the 

W yandotte C h e m ic a ls  C o rp o ra tio n , C h icago , I l l in o is .  A re p re s e n ta t iv e  

a n a ly s is  fu rn is h e d  by  the  m a n u fa c tu re r  is  show n in  T ab le  3. The hexylene 

g lyco l u se d  w as  su p p lied  b y  S h e ll C h e m ic a l C o rp o ra tio n , and th e  p h y s ic a l 

p ro p e r t ie s ,  a s  d e te rm in e d  b y  C a rb id e  and  C a rb o n  C h e m ic a ls  Company^"* 

a r  e show n in  T ab le  4.

K a r l F is c h e r  re a g e n t w a s  p r e p a re d  f ro m  ab so lu te  m e th an o l, 

p y rid in e , io d in e , and su lfu r d ioxide a s  re co m m en d e d  in  the  U. O. P .  Lab

2 \
o r a to ry  M anual. T h is  gave a  F is c h e r  re a g e n t  w ith  a  w a te r  equ iv a len ce

of a p p ro x im a te ly  two m il l ig ra m s  of w a te r  p e r  m i l l i l i t e r  of r e a g e n t. This 

so lu tio n  w as s ta n d a rd iz e d  b e fo re  u se  e v e ry  d ay  by  t i t r a t io n  a g a in s t  a  

s ta n d a rd  w a te r -m e th a n o l so lu tio n . C h eck  d e te rm in a tio n s  of the  s ta n d a r ji-  

iz a tio n  a g re e d  w ith in  0. 1 m i l l i l i t e r .

T h e rm is to r  B rid g e  C ir c u i t  C a lib ra t io n  D a ta  

T ab le  5 g iv es  th e  d a ta  fo r  th e  v a r ia t io n  of th e  th e r m is to r  c i r c u i t  

r e s is ta n c e  r a t io  fo r  n a tu r a l  g a s  d eh y d ra te d  b y  p h o sp h o ro u s p en tox ide  o r  

anhydrous m ag n es iu m  p e rc h lo ra te ,  o r b y  b o th  d e s ic c a n ts  in  s e r ie s  w ith
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TA BLE 1

ANALYSIS OF NATURAL GAS

Sp. G r . , 0. 7228

C om ponent V olum e %

° 2 1.88

CO 2 0.00

10. 16

7 2 .0 7

‘=2»6
9 .8 2

S H 3
4 .2 5

' C 4 H 1 0
0 .41

= 4 « 1 0
0 .88

'° 5 « 1 2 0 .19

^ 5 ^ 1 2
0. 17

0. 10

''7 ^ 1 6
0 .0 7

100.00

A n a ly s is  by  J .  T . B a iley , N o rm an , O klahom a



43

TA BLE 2

PHYSICAL P R O P E R T IE S  C E D IETH Y LEN E

AND TR IETH Y LEN E G LYCOL^^

D iethy lene G lycol

F o rm u la :  HOCH CH OGH CH OH 
2 6 2 2

M o lecu la r W eight: 106. 12

S p ec ific  G rav ity : 1. 1184 a t 2 0 /2 0 °C

V apor P r e s s u r e :

760 m m  a t 245°C 
0 .0 1 m m  a t  20®G

S o lu b ility  in  w a te r ,  20® G : M isc ib le  a l l  p ro p o rtio n s

T rie th y le n e  G lyco l

F o rm u la :  HOGH GH OGH GH OGH GH OH 
2 2 2 2 2 2

M o lec u la r W eight: 150. 17

S p ec ific  G ra v ity : 1. 1255 a t 20/20®G

V apor P r e s s u r e :

760 m m  a t 291. 2®G 
0. 01 m m  a t 20°G

S o lu b ility  in  w a te r ,  20®G: M isc ib le  a l l  p ro p o rtio n s
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TA BLE 3

PHYSICAL P R O P E R T IE S  OF "DICOL"

S p ec ific  g ra v ity : 1 .1 0  - 1. 11 a t  2G°C.

W a te r  con ten t: 0 .5%  m ax im um

C o m p o sitio n :

D ie th y len e  g lyco l: 75% - 82%

D ip ro p y len e  g lyco l: 12% - 19%

M onoglyco ls: 6% m axim um

B oiling  ra n g e :

In it ia l  B o iling  P o in t: 226°F .

90% d is t i l le d  a t  248®F.

M a te r ia l  and  d a ta  su p p lied  by  W yandotte C h e m ic a ls  C o rp o ra tio n , 

C h icago , I ll in o is .
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TA BLE 4

PHY SICA L P R O P E R T IE S  O F H EX Y LEN E G LYCOL^^

C)H OH 
C h em ica l F o rm u la : CH -Q -C H  - c!h -CH

M o lecu la r W eight: 118. 17

A p p a re n t S pecific  G ra v ity  a t  2 0 /2 0 °C : 0. 9234 

B oiling  P o in t a t  760 m m . Hg: 197. 1°C 

V apor P r e s s u r e  a t  20°C : 0 .0 5  m m . Hg. 

F re e z in g  P o in t: S e ts  to  g la s s  below  -5 0 °C. 

H ea t of V ap o riza tio n : 208 B tu / lb .

A b so lu te  V isc o s ity  a t  20°C : 3 4 .4  cps.
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p h o sp h o ro u s  pen tox ide  in  l a s t  p o s itio n  in  the  d ry in g  t r a in .  A lso  show n 

i s  th e  e ffec t of the  am ount of ca lc iu m  h y d rid e  in  th e  re a c t io n  c e ll .  The(se 

d a ta  w e re  ta k e n  over a  p e r io d  of s e v e ra l  w ee k s , and  r e p r e s e n t  r e  s i  s ta r  ce 

re a d in g s  ta k e n  w hen the change in  ro o m  te m p e ra tu re  did no t ex ceed  

a p p ro x im a te ly  1. 0 °F . p e r  h o u r. V a r ia tio n  in  th e  z e ro  w a te r  co n ten t 

re a d in g s  is  b e lie v e d  to  be due to  f a c to rs  su ch  a s  su n lig h t and  a i r  d ra f ts  

in  thé  la b o ra to ry  w h ich  in flu en ced  th e  v e ry  se n s itiv e  th e rm is to rs ..

T ab le  6 g iv es  th e  d a ta  fo r  the  v a r ia tio n  of the  th e rm is to r  c i r 

cu it r e s is ta n c e  r a t io  w ith  th e  w a te r  co n ten t of n a tu ra l  g as . A fte r  a  

la p se  of s e v e ra l  m onths in  u se  of the  th e r m is to r  c irc u i t ,  i t  w as no ted  

th a t  th e re  w as  a n  in c r e a s e  in  the r e s is ta n c e  r a t io  re a d in g s . T h is  r e 

q u ire d  r e c a l ib ra t io n  of the c irc u it ,  and  the  r e  c a lib ra tio n  d a ta  i s  show n 

a t the  bo ttom  of T able  6 . The sh if t d id  n o t ap p e a r  to  tak e  p la c e  d u rin g  

con tinuous o p e ra tio n  fo r p e r io d s  exceed ing  ap p ro x im a te ly  one m onth . 

T h e re fo re ,  r e c a l ib ra t io n  w as c a r r ie d  out ju s t  b e fo re  each  new s e r ie s  

of ru n s .  I t  w as  no t b e lie v e d  n e c e s s a r y  to  ru n  a  com ple te  s e t  of p o in ts  

fo r  e ach  c a lib ra tio n , b u t only  p o in ts  fo r  z e ro  w a te r  con ten t and  one 

o th e r p o in t of know n w a te r  con ten t. E x p e r im e n ta l d a ta  show ed th a t  the  

w a te r  con ten t cu rv e s  w e re  p a r a l le l  to  e a c h  o th e r  w ith in  e x p e r im e n ta l 

e r r o r .

The c a p il la ry  flow  m e te r  u se d  in  m e te r in g  th e  w et gas  s tr e a m

w as c a l ib ra te d  w ith  a  P r e c is io n  w e t t e s t  m e te r  b y  ad ju stin g  th e  gas  flow 

th ro u g h
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TA BLE 5

VARIATION O F TH ERM ISTOR CIRCUIT RESISTANCE RATIO FOR 
NATURAL GÀS W ITH ANHYDROUS MAGNESIUM PER C H LO R A TE 

AND W ITH PHOSPHOROUS PEN TO X ID E

R e s is ta n c e  A v erag e  R oom  D e s ic c a n t C a lc iu m  H y d rid e , 
R a tio  D ev ia tion  T em p. , °F  dep th , in.

0 .83700 0..00057 74. 2 P _ 0 _  2
0 .83737 0.00020 74. 0 ^ ®
0.83761 0 .00004 7 4 .0
0 .83733 0 .0 0024 68 . 0
0 .83648 0.00109 68 . 0
0 .83702 0.00055 68 . 0
0 .8 3624 0.00133 67. 8
0 .83737 0.00020 72. 2
0.83741 0.00016 7 2 .3  A n h y .M g (a O J „  2
0 .83707 0.00050 72. 0
0 .83564 0.00193 7 1 .0
0 .83599 0 .00158 7 0 .4
0 .83628 0.00129 70. 0
0 .83672 0.00085 70. 0
0 .83689 0 .00069 68 .6  3
0 .83727 0 .00030 69. 0
0 .83950 0.00193 70. 7
0 .83766 0.00009 7 0 .3
0 .83706 0.00051 70. 8
0 .83754 0.00003 71. 7
0 .83632 0.00125 6 9 .3  P o O . 3
0 .83798 . 0 .00041 6 7 .5  ^
0 .8 3694 0.00063 63. 6
0.83739 0 .00018 66. 3
0 .83809 0 .00052 6 3 .3
0 .83926 0.00169 66 . 0
0 .83736 0.00021 83. 0
0 .83755 0 .00002 6 3 .8
0 .83751 0.00006 6 3 .8
0.83861 0 .00104 6 5 .2
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R e s is ta n c e
R a tio

T ab le  5 - C on tinued

A v erag e  R oom  D e s ic c a n t 
D ev ia tio n  T e m p ., °F

C alc iu m  H y d rid e , 
depth , in .

O'. 83881 0 .0 0124 65. 8
0. 83812 0.00055 65. 5
0 .83705 0 .00052 6 7 .5
0 .83655 0.00102 6 5 .2
0 .83790 0 .00033 66 .3
0. 83927 0 .00170 6 7 .8
0.83931 0 .0 0174 67. 8
0 .83905 0 .00148 6 7 .0
0 .83998 0.00241 6 4 .4
0 .83681 0. 00076 6 7 .0
0 .83655 0.00092 66 .8
0 .83992 0 .00235 7 1 .7
0 .8 3 7 4 4 0.00013 69. 0
0 .83691 0 .00066 68 . 0
0 . 83643 0. 00144 68 .2
0 .83615 0. 00142 6 8 .0
0 .83663 0 .00094 68. 1 P _ 0 _ 3
0.83655 0.00102 6 7 .9  ^ ®
0.83905 0 .00148 69 .2
0 .83929 0 .00172 6 8 .9
0 .93897 0 .00140 68 .9
0. 83863 0 ,00106 69 .3

A v erag e R e s is ta n c e  R a tio : 0. 83757

A v erag e  D ev ia tio n : 0. 00087
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re a d in g s  and m e a su rin g  the d if fe re n t vo lum e r a te s  of g as flow . The 

vo lum e r a te  of gas flow w as c o r re c te d  to  s ta n d a rd  cub ic  fe e t of gas p e r  

h o u r m e a s u re d  a t 14. 7 pounds p e r  s q u a re  inch  ab so lu te  and 60“P . , and 

p lo tte d  a g a in s t  the follow ing fu n ctio n  to  o b ta in  a  s tra ig h t  lin e . The function

is . r^ T E G ^ f
Tf

w h ere :

^TEG  ~ m a n o m e te r  re a d in g s  in  in ch es  of 
tr ie th y le n e  g lyco l

= flow ing p r e s s u r e  of g as , inches of M e rc u ry  

T^ = flow ing te m p e ra tu re ,  d e g re e s  R ankine 

T h is  c a lib ra tio n  cu rve p e rm it te d  the  m e a s u re m e n t of the q u an tity  of wei; 

g as  m ix ed  w ith  the to ta l vo lum e of w et and  d ry  gas m e a s u re d  w ith  the 

w e t t e s t  m e te r .  F ro m  th e se  d a ta  the w a te r  con ten t of the gas being  

p a s s e d  th ro u g h  the  re a c tio n  c e ll could  be  e a s i ly  ca lcu la ted .

V ap o r-L iq u id  E q u ilib r iu m  D ata

S ince the  G ib b s ' P h a s e  R ule r e q u ire d  th a t e q u ilib riu m  d a ta  fo r 

th e  two p h a se , th re e  com ponent sy s tem  of w a te r  -g ly c o l-n a tu ra l  g as be 

ta k e n  a s  a function  of te m p e ra tu re ,  p r e s s u r e  and com position , d a ta  w er 

ta k e n  a t  te m p e ra tu re s  of 7 0 °F . , 80“F . , and  90®F. ; a t  p r e s s u r e s  v a ry 

ing fro m  500 to  2500 pounds p e r  sq u a re  in ch  ab so lu te ; a t  g lycol co n cen - 

t r a t io n s  of 95, 98, and e s s e n t ia lly  100 p e r  cen t bv  w eigh t. T a b le s  7. 8 .



50

TA BLE 6

VARIATION OF TH ERM ISTOR CIRCU IT RESISTANCE RATIO
W ITH W ATER CO N TEN T OF NATURAL GAS*

G as r a te :  2. 0 ft^ /h"r.

F i r s t  C a lib ra tio n

R e s is ta n c e W ate r C on ten t
R atio Ibs/M M S C F *

0. 8343 0
0 .8316 1.20
0 .8302 2 .2 9
0.8285 3 .5 5
0 .8254 4 .3 5
0.8237 5 .9 3

: 0 .8226 7 .0 9
0.8062 15 .7

Second C a lib ra tio n

R e s is ta n c e W ate r C on ten t
R atio Ibs/M M S C F *

0.83757 0
0.82872 6 .7 0

+ P lo tte d  in  F ig u re  9.

* P o u n d s p e r  m illio n  s ta n d a rd  cubic fe e t of gas m e a s u re d  a t  14. 7
lb s .  p e r  sq . in . ab so lu te , 60“F .
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and  9 show  the  w a te r  co n ten ts  of n a tu ra l  gas  d e h y d ra te d  b y  d ie th y len e  

g ly co l. W a te r  co n ten ts  w e re  m e a s u re d  b y  the  th e r m is to r  b r id g e  circui[t. 

T a b le s  10 and  11 show the  w a te r  co n ten t of n a tu ra l  gas  d e h y d ra ted  by  

e s s e n t ia l ly  100 p e r  cen t t r ie th y le n e  g ly co l. T he w a te r  co n ten t d a ta  in  

T ab le  10 w e re  m e a s u re d  b y  th e  K a r l  F is c h e r  m eth o d  w h ile  th o se  of 

T ab le  11 w e re  d e te rm in e d  b y  the  th e r m is to r  b r id g e  c ir c u i t .  C o m p a riso n  

of th e se  two ta b le s  in d ic a te s  su b s ta n tia l  d isc re p a n c y . T he inconsistency  

of th e  K a r l F is c h e r  d a ta  in  th is  low  c o n c e n tra tio n  ra n g e  led  to  ab an d o n 

m e n t of th is  m e th o d  fo r w a te r  v ap o r d e te rm in a tio n s  in  th e  g aseo u s  

p h a s e . T a b le s  12 and 13 show th e  w a te r  c o n ten ts  of n a tu ra l  gas d eh y 

d ra te d  w ith  l e s s e r  co n c e n tra tio n s  of t r ie th y le n e  g lyco l, w a te r  con ten ts  

b e in g  m e a s u re d  b y  th e  th e r m is to r  b r id g e  c ir c u i t .  T ab le  14 show s th e  

"c h e ck  p o in ts "  of the  w a te r  co n ten ts  of n a tu ra l  g as  d e h y d ra ted  w ith  

"D ico l"  and  hexylene g lyco l. T h e se  w a te r  co n ten ts  w e re  a ls o  de term in^  

b y  u se  of th e  th e rm is to r  b r id g e  c i r c u i t .
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TA BLE 7

W ATER CONTENTS O F NATURAL, GAS DEHYDRATED
BY 99. 8 P E R  CENT BY WEEGHT D IETH YLENE G LY CO L*

W ate r co n ten ts  m e a s u re d  b y  th e r m is to r  b r id g e  c irc u i t

T e m p e ra tu re  P r e s s u r e , W ater C on ten t,
R un No. "F P s ia .* Ibs/M M S C F *

40 70 2525 1.33
51 70 2035 2. 52
41 70 1525 3 .3 3
52 70 1020 0 .9 0
42 70 535 1.83

45 80 2515 1. 72
50 80 2015 0
43 80 1590 1 .3 4
49 80 1030 0. 63
44 80 550 2 .6 2

48 90 2515 1. 05
46 90 1565 0. 73
47 90 510 2 . 08

+ P lo tte d  in  F ig u re  10.

*  P o unds p e r  sq u a re  in ch  ab so lu te .

* P o unds p e r  m illio n  s ta n d a rd  cubic fe e t  of gas a t  14. 7 lb s . p e r
sq . in . ab so lu te , 60®F.
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TA BLE 8

W ATER CONTENTS OP NATURAL GAS DEHYDRATED
BY 98 P E R  CEN T BY W EIGHT D IETH Y LEN E GLYCOL* .

W ate r co n ten ts  m e a s u re d  b y  th e r m is to r  b r id g e  c ir c u i t

T e m p e ra tu re P r e s s u r e , W ate r C on ten t,
R un No °P P s i a * Ibs/M M S C F *

73 70 2535 1. 00
108 70 2415 0 .4 0

74 70 2065 2 . 00
109 70 1985 0 . 80
110 70 1565 0 .9 0

75 70 1525 2 .8 3
76 70 1025 ■ 2. 15

111 70 1015 1.20
112 70 545 1. 00

77 70 510 3 .5 5

102 80 2535 0 . 20
68 80 2535 2 .4 8
69 80 2065 2 .5 0

103 80 1845 2 .6 0
104 80 1605 1. 10

70 80 1565 2 .5 5
105 80 1065 1.40

71 80 990 3 .8 0
107 80 515 2 .4 5

72 80 510 3 .3 3
106 80 505 2. 05

78 90 2540 0. 20
79 90 2090 2. 15
80 90 1565 2 .4 0
81 90 1135 2 .4 3
82 90 515 6 .8 0

+ P lo tte d  in  F ig u re  11.
* P o unds p e r  s q u a re  inch, ab so lu te .
* P o u n d s p e r  m illio n  s ta n d a rd  cubic fe e t of gas a t  14. 7 lb s . p e r  

sq . i n . ,  6 0 °F .
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TA B LE 9

W ATER COJSTTENTS O F NATURAL GAS DEHYDRATED 
BY 95 P E R  CENT BY W EIGHT D IETH Y LEN E GLYCOL"*

W a te r  co n ten ts  m e a s u re d  b y  th e r m is to r  b r id g e  c i r c u i t

R u n  No.

63
64
65
66 
67

T e m p e ra tu re ,
"F

80
80
80
80
80

P r e s s u r e ,
P s ia .*

2505
2040
1545
1015
490

W a te r  C on ten t, 
Ibs/M M S C F *

2. 27
2. 85 
4 .6 3  
5. 66 
9 .3 5

+ P lo tte d  in  F ig u re  12.

*  P o u n d s  p e r  s q u a re  in ch  ab so lu te .

* P o u n d s  p e r  m illio n  s ta n d a rd  cub ic  fe e t of gas a t  14. 7 lb s . p e r  
sq . in . a b so lu te , 6 0°F .
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TA BLE 10

W ATER CONTENTS OF NATURAL GAS DEHYDRATED
BY ESSEN TIA LLY  100 P E R  C EN T TRIETH Y LEN E GLYCOL'*’

W ater co n ten ts  m e a s u re d  b y  K a rl F is c h e r  re a g e n t

T e m p e ra tu re P r e s s u r e , W ater C onten t,
R un  No. °F P s ia .* Ibs/M M SC F*

23 70 535 3 .5 9
24 70 1075 1. 79
26 70 1515 1. 71

20 80 505 2. 76
19 80 515 4 .4 2
18 80 520 2 .3 0
15 80 1020 3. 09
21 80 1025 2 . 12
16 80 1507 1 .8 4
17 80 2055 1 .56
22 80 2315 1.88

25 90 545 3 .3 2
28 90 1055 3 .9 6
27 90 1575 1 .82

+ T h ese  d a ta a r e  not p lo tted , b u t a r e  p re s e n te d  only  fo r co m p a riso n
•with, th e  d a ta  of T ab le  11.

* P ounds p e r sq u a re  in ch  ab so lu te .

* P o u n d s p e r m illio n  s ta n d a rd  cub ic  fe e t of gas a t  14. 7 lb s . p e r
sq . in . ab so lu te , 60“F .
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TA BLE 11

W ATER CO NTENT OF NATURAL GAS DEHYDRATED
BY ESSEN TIA LLY  100 P E R  CEN T TR IETH Y LEN E G LY CO L*

W ate r con ten ts  m e a s u re d  b y  th e r m is to r  b r id g e  c irc u i t

T e m p e ra tu re , P r e s s u r e , W ate r C on ten t,
Run N o. °F . P siaJ* Ibs/M M S C F *

31 70 2545 1 .32
30 70 2035 0 .3 2
29 70 1555 0 . 00
32 70 1090 0 .8 7
33 70 515 0. 73

34 80 2515 1. 22
35 80 1540 0 .9 3
36 80 540 2. 10

37 90 2565 0. 60
38 90 1540 1 .25
39 90 565 1. 05

+ P lo tte d  in  F ig u re  13.

*  P o u n d s p e r  sq u a re  in ch  ab so lu te .

* P o u n d s p e r  m illio n  s ta n d a rd  cubic fe e t of gas a t  14. 7 lb s . p e r
sq . in . a b so lu te , 60®F.
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TA BLE 12

W A TER CO NTENT OF NATURAL GAS DEHYDRATED  
BY 98 P E R  C E N T BY W EIGHT TRIETH Y LEN E GLYCO l '*

W ate r  co n ten ts  m e a s u re d  b y  th e r m is to r  b r id g e  c irc u i t

R un No.
T e m p e ra tu re ,

“F .
P r e s s u r e ,

P s ia .*
Wa-ter C onten t, 

Ibs/M M S C F *

88 70 2545 1. 05
89 70 2085 1. 00
90 70 1420 2. 75
91 C 70 1015 2. 50
92 70 505 2 .7 0

53 80 2515 0 .8 7
54 80 2015 1.20
55 80 1535 0 .9 0
56 80 990 1. 73
57 80 455 4 .3 5

83 90 2536 2 .2 7
84 90 2055 3 .3 3
85 90 1565 2. 00
86 90 1005 2 .0 5
87 90 515 4. 17

P lo tte d in  F ig u re  14.

P ounds p e r  s q u a re  in c h  a b so lu te .

* P o u n d s p e r  m illio n  s ta n d a rd  cub ic  fe e t  of gas a t  14. 7 lb s . p e r  
sq . in . a b so lu te , 60“F .



58

TA BLE 13

W ATER CONTENT OF NATURAL GAS DEHYDRATED 
BY 95 P E R  CEN T BY W EIGHT TR IETH Y LEN E GLYCOL"'

W ate r co n ten ts  m e a s u re d  by th e r m is to r  b rid g e  c irc u i t

R un  No.
T e m p e ra tu re ,

“F .
P r e s s u r e ,

P s ia .*
W ater C onten t, 

Ibs/M M SC F*

93 70 2535 2 .3 5
94 70 2040 3. 10
95 70 1600 2. 17
96 70 1015 3 .6 0
97 70 435 6 .4 5

58 80 2525 1.85
59 80 2095 2 . 80
60 80 1515 3. 50
61 80 1015 4. 12
62 80 485 7 .8 5

P lo tte d  in  F ig u re  15.

$  P ounds p e r  sq u a re  in ch  ab so lu te .

* P ounds p e r  m illio n  s ta n d a rd  cubic  f e e t  of gas a t  14. 7 lb s . p e r  
sq . in . absolute* 6 0 °F .
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TA BLE 14

W ATER CONTENT CE NATURAL GAS DEHYDRATED 
BY "D ICO L" AND HEXYLENE GLYCOL"^

W ate r con ten ts  m e a s u re d  by  th e rm is to r  b rid g e  c ir c u i t

G lycol
R un
No. G lycol

C o n c e n tra tio n  
w eigh t %

100 "D ico l" 95

99 "D ico l" 100

98 "D ico l" 100

101 H exylene 100

T e m p e ra tu re

°JL*

80

70

70

70

P r e s s u r e
P s ia ? ^

1006

555

1040

2415

W ater 
C ontent, 

Ib s /M M SC y *

3. 27

2 . 00

2 .31

2 . 08

+ T h ese  d a ta  a re  no t p lo tted .

* P o u n d s  p e r  sq u a re  in ch  a b so lu te .

* P ounds p e r  m illio n  s ta n d a rd  cubic fe e t of g as  a t  14 .7  lb s .  p e r  
sq . in . ab so lu te , 60®F.



C H A PT E R  VI 

ANALYSIS O F DATA

It is  the  p u rp o se  of th is  s e c tio n  to  show g ra p h ic a lly  the r e s u l t s  

of th is  in v e s tig a tio n , to  d is c u s s  th e  a c c u ra c y  of th e  r e s u l t s ,  to  d e s c r ib ^  

in  d e ta il th e  m eth o d  u sed  in  c o r re la t in g  th e  d a ta , and to  co m p a re  the 

e x p e r im e n ta l d a ta  w ith  th a t  of o th e r  in v e s t ig a io r s .

A c c u ra c y  of D a ta

The a c c u ra c y  of th e  d a ta  p re s e n te d  w ill be  d is c u s s e d  s e p a ra te ly  

fo r  the th re e  d is t in c t  p h a se s  of th is  in v e s tig a tio n . T hey  a r e  a s  fo llow s 

( l )  d e te rm in a tio n  of the  z e ro  w a te r  co n ten t p o in t of the  w a te r  m e a s u r in  

in s tru m e n t;  (2) c a lib ra tio n  of the  w a te r  m e a su rin g  in s tru m e n t; and  (3) 

m e a s u re m e n ts  of the e q u ilib riu m  w a te r  co n ten ts  of g a s e s  d e h y d ra ted  b-j 

aqueous g lyco l so lu tio n s .

To d e te rm in e  the  z e ro  w a te r  co n ten t re ad in g  of th e  w a te r  m e a s iir  

ing in s tru m e n t a  d ry  g as w as p re p a re d  b y  p a s s in g  th e  g as th ro u g h  a 

p h o sp h o ro u s  pen tox ide  o r an  an h y d ro u s  m ag n esiu m  p e rc h lo ra te  d ry in g  

tube o r  th ro u g h  the  tu b es  co n n ec ted  in  s e r i e s  w ith  the  p h o sp h o ro u s 

pen to x id e  tube in  f in a l p o s itio n  in  th e  d ry in g  t r a in .  S ince the  r e s id u a l

60
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p e r  ch i o r  a te^^  o r  p h o sp h o ro u s  pen to x id e^^  is  le s s  th a n  0 . 1 pound p e r  

m illio n  s ta n d a rd  cubic fe e t ,  a  g as  of e s s e n tia l ly  z e ro  w a te r  con ten t w as 

so  p re p a re d  and  u se d  in  th e  d e te rm in a tio n  of the  r e s is ta n c e  re a d in g s  

c o rre sp o n d in g  to  z e ro  w a te r  con ten t.

In  o b se rv in g  the  r e s is ta n c e  re a d in g s  co rre sp o n d in g  to  z e ro  w ate  

con ten t, r e s i s ta n c e s  w e re  r e a d  to  th e  n e a r e s t  0. 1 ohm . If an  e r r o r  of 

1 0 . 1 ohm  is  p e rm is s ib le  in  th e  m e a s u re m e n ts  of th e  two r e s is ta n c e s ,  

th e n  the  e r r o r  in  w a te r  con ten t m e a s u re m e n t w ould  b e  le s s  th an  0 . 2 

pounds p e r  m illio n  s ta n d a rd  cubic fe e t.

The r e s is ta n c e  r a t io s  c o rre sp o n d in g  to  z e ro  w a te r  con ten t g iven 

in  T ab le  5 w e re  tak en  o v er a  p e r io d  of s e v e ra l  w eek s and a t  t im e s  d u rir  

w h ich  th e  v a r ia tio n  in  ro o m  te m p e ra tu re  did n o t ex ceed  1 °F . p e r  h ou r. 

T h e se  v a lu es  w e re  th en  a v e ra g e d  to  give a  value  of the  r e s is ta n c e  ra t io  

of 0. 83757 w ith  an  a v e ra g e  d ev ia tio n  of 0. 00087. In sp e c tio n  of the d a ta  

p r e s e n te d  in  F ig u re  9 r e v e a ls  th a t th e  a v e ra g e  d ev ia tio n  r e p re s e n ts  an  

e r r o r  of ap p ro x im a te ly  ^  0 . 66 pounds p e r  m illio n  s ta n d a rd  cubic fe e t in  

th e  w a te r  con ten t m e a s u re m e n t.

T he r a t io  of the r e s i s ta n c e s  of the  two th e r m is to r s  u se d  in  the  

w a te r  m e a s u rin g  in s tru m e n t w a s  n o t a ffe c te d  b y  te m p e ra tu re  changes 

o v e r a  w ide ran g e  so long a s  b o th  th e r m is to r s  w e re  a t  th e  sam e  te m p e r  

a tu r e .  H ow ever, a  v e ry  s lig h t d iffe re n c e  in  the  te m p e ra tu re s  of the tw 6 

th e r m is to r s  a t  any  in s ta n t  ca u sed  a  g r e a t  v a r ia tio n  in  th e  r e s is ta n c e  ra t io  

-rptading.—It. is-b e liev ed ^ th a t  d i r e c t s unli g-h t-a nd a ir - d r a f ts - in^th e-lab or a -
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to r y  ca u se d  su ffic ien t v a r ia tio n  of the te m p e ra tu re s  of the tw o th e r m is to r s  

to  acco u n t fo r the  e r r o r  of 1 0. 66 pounds p e r  m illio n  s ta n d a rd  cubic feei; 

c ite d  above.

H a r r i s  and  Nash^® r e p o r t  the e ffec t of v a r ia b le  gas co m p o sitio n  

on w a te r  co n ten t m e a su re m e n ts  to  be  n eg lig ib le  a t the low w a te r  conteni 

em p lo y ed  in  th is  in v estig a tio n . H a r r i s  and  N ash  a lso  r e p o r t  th a t  varyir.j 

gas  flow  th ro u g h  the  w a te r  m e a su rin g  a p p a ra tu s  h as  neg lig ib le  e ffec t 

w hen r a te s  a r e  he ld  c o n s ta n t w ith in  t^lO p e r  cen t.

S ince  the  w et t e s t  m e te r  u sed  w ith  th is  a p p a ra tu s  had an  e r r o r  oE 

le s s  th an  one p e r  cen t, a s  d e te rm in e d  by  c a lib ra tio n  a t  the  r a t e s  invo lved , 

the  a c c u ra c y  of the  w a te r  con ten t m e a s u re m e n ts  i s  not a ffec ted  b y  the 

gas vo lum e m e a s u re m e n ts .

In  p re p a r in g  the c a lib ra tio n  cu rv e  p re s e n te d  in  F ig u re  9, i t  w as 

n e c e s s a r y  to  m ix  a  defin ite  volum e of w et g as w ith  d ry  gas to  give a 

to ta l  flow r a te  of the m ix tu re  of two cubic fe e t p e r  hour th ro u g h  the 

W ater m e a s u re m e n t a p p a ra tu s . P o s s ib le  e r r o r s  in  the p re p a ra t io n  of 

th e  w e t gas w e re , ( l)  e r r o r s  in  m e a su r in g  the  te m p e ra tu re  and p re s s u r f  

in  the s a tu r a to r ,  and (2) e r r o r s  in  m e a su rin g  the  te m p e ra tu re  and 

p r e s s u r e  in  th e  dew p o in t t e s te r .  S ince th e  te m p e ra tu re  w as m a in ta in e d  

w ith in  1 0. 5 ° F . and the  p r e s s u re  w ith in  1 10 pounds p e r  sq u a re  in ch  of 

the  d e s ir e d  v a lu es  in  the s a tu ra to r ,  the  m ax im um  e r r o r  in  the w a te r  

co n ten t of the  g as w ould not ex ceed  1 0 . 4 pounds p e r  m illio n  s ta n d a rd



63

cubic fe e t. The te m p e ra tu re  of th e  dew p o in t of th e  w et g as w as d e t e r 

m ined w ith in  1 1. 0 ° F . a t  200 pounds p e r  s q u a re  in ch  a b so lu te  w ith in  a 

p re s s u re  e r r o r  of 1 5 pounds p e r  s q u a re  in ch . T h is  c o r re s p o n d s  to  a  

m axim um  e r r o r  of "tO. 5 pounds p e r  m illio n  s ta n d a rd  cu b ic  fee t in  the 

ie te rm in a tio n  of the  w a te r  co n ten t b y  u se  of the  B u re a u  of M in es dew 

3o in t t e s t e r .

In m ix ing  the w e t and  d ry  g a s e s , two p o ss ib le  s o u rc e s  of e r r o r  

i r e  ( l )  e r r o r s  in  m e a s u re m e n t of th e  w e t gas th ro u g h  th e  c a p i l la ry  flow 

m e te r , an d  (2) e r r o r s  in  m e a s u re m e n t of the to ta l g as vo lum e by  the  

v e t  t e s t  m e te r .  The m ax im u m  e r r o r  ob ta in ed  f ro m  com pounding th e se  

w ith  th e  m ax im u m  e r r o r  in  the  w a te r  co n ten t of the w e t g as , gave a  to ta .  

i r r o r  in  the  w a te r  con ten t of 'to .4 0  pounds p e r  m illio n  s ta n d a rd  cubic 

Eeet. F ro m  th is  i t  i s  ev id en t th a t  the  e r r o r  of 1 0. 66 pounds p e r  m illio n  

s ta n d a rd  cubic fe e t in  the  z e ro  w a te r  co n ten t d e te rm in a tio n  is  s t i l l  the

m axim um  of a ll  e r r o r s  d is c u s s e d  to  th is  po in t.

In  the m e a su r in g  th e  eq u ilib riu m  w a te r  co n ten ts  of g a s e s  de hydre 

by aqueous g lyco l so lu tio n s , the p o s s ib le :e r r o r s  a r e  ( 1) e r r o r s  in  m east.: 

Lng the  te m p e ra tu re  and p r e s s u r e  of the  eq u ilib riu m  m ix tu re , (2) e r r o r s  

Ln d e te rm in a tio n  of th e  c o n c e n tra tio n  of the  g lyco l so lu tio n s , and  (3) 

e r r o r s  due to  fa u lty  techn ique  in  a n a ly s is  of the  w a te r  con ten t of g a s e s .

In sp e c tio n  of the  e x p e r im e n ta l d a ta  p re s e n te d  in  F ig u re s  10 to  

15 in c lu s iv e , show s th a t  te m p e ra tu re  and  p r e s s u r e  e r r o r s  w ould  have

te d

r  -
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In sp ec tio n  of F ig u re s  16 and  17 show s th a t an  e r r o r  of "t 0. 5 w eigh t p e r  

cen t in  th e  c o n c en tra tio n  of th e  aqueous g lyco l, so lu tio n s  i s ,  w ith  one 

ex cep tio n , w ith in  the e x p e r im e n ta l e r r o r  of 0 . 66 pounds p e r  m illio n  

s ta n d a rd  cubic fe e t. A n e r r o r  of tO . 5 w eigh t p e r  cen t in  the c o n c e n tra 

tio n  of 95 p e r  cen t d ie th y len e  g lyco l a t 500 pounds p e r  sq u a re  in ch  ab so lu te  

c a u se s  an  e r r o r  of a p p ro x im a te ly  1 0 . 9 pounds p e r  m illio n  s ta n d a rd  cubl 

fe e t in  the  w a te r  con ten t of n a tu ra l  gas in  co n tac t w ith  the so lu tio n .

A ll e r r o r s  d is c u s s e d  up to  th is  po in t, w ith  the s ing le  ex cep tion  

n o ted  above, should  fa ll  w ith in  the in s tru m e n t e r r o r  of t  0. 66 pounds pe 

m illio n  s ta n d a rd  cubic  fe e t. If th e re  w e re  no o th e r s o u rc e s  of e r r o r ,  tlfen 

the  a v e ra g e  e r r o r  in  e x p e r im e n ta l d a ta  should  fa ll w ith in  the  l im its  of 

a c c u ra c y  of th e  in s tru m e n t. H ow ever, th e re  is  one o th e r s o u rc e  of e r r d  

w hich  so m e tim e s  cau sed  the  e rro r in  ex p erim en tsd  d a ta  to  ex ceed  th a t of 

the  in s tru m e n t. T h is  w as cau sed  b y  d eh y d ra tio n  of d ro p le ts  of g lycol 

so lu tio n  sp ra y e d  in to  the  sam p lin g  lin e  connecting  the  eq u ilib riu m  cy lin d er 

and the w a te r  m e a su rin g  in s tru m e n t. N a tu ra l gas in  the  e q u ilib riu m  cy 

l in d e r  a t  p r e s s u r e s  exceed ing  500 pounds p e r  sq u a re  in ch  w as d ro p p ed  

to  a tm o sp h e r ic  p r e s s u r e  in  the  sam pling  lin e  by  ex p an sio n  a c r o s s  a  neei 

v alve . T h is  la rg e  p r e s s u r e  d rop  so m e tim e s  cau sed  d ro p le ts  of g lycol 

so lu tio n  to  be sp ra y e d  fro m  w ith in  th e  valve to  the w a lls  of the sam pling  

Line. T he v e ry  d ry , lo w -p re s s u re  n a tu ra l  g as  th e n  s tr ip p e d  th e  w a te r  

from  th e  g lyco l d ro p le ts  causing  a  su b s ta n tia lly  la r g e r  w a te r  con ten t to  

be in d ic a te d . T h is  e f te c t w as e sp e c ia lly  p ro n o u n ced  fo r tbe  9b p e r  cen t
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and  98 p e r  c e n t g lyco l so lu tio n s .

The e r r o r  cau sed  b y  the  d ro p le ts  of g lyco l so lu tio n  w as m in im iz  

b y  f i r s t  opening the  valve  on the  e q u ilib riu m  cy lin d er and  d isc h a rg in g  

the  g lyco l s p ra y  to  th e  a tm o sp h e re . The valve  o u tle t w as  th en  th o ro u g h 

ly  d r ie d  w ith  a  c lean  c lo th  and, f in a lly , the  sam p lin g  lin e  w a s  a tta c h e d . 

In  th is  m a n n e r the  am ount of g lyco l sp ra y e d  in to  th e  sam p le  line  w as 

v e ry  s m a ll , causing  n eg lig ib le  e r r o r s  th a t  d id  n o t ex ceed  th e  in stru m en t; 

e r r o r  of 1 0 . 66 pounds p e r  m illio n  s ta n d a rd  cub ic fe e t.

C o r re la t io n  of D a ta

One of the  p r in c ip a l o b je c tiv e s  of th is  in v e s tig a tio n  w as to  develcp  

a  b ro a d , r e la t iv e ly  s im p le  and  g e n e ra lly  ap p lic a b le  c o r re la t io n  of the es;- 

p e r im e n ta l  d a ta  p re s e n te d  in  T a b le s  7 to  13, in c lu s iv e , b a se d  on the 

th e rm o d y n a m ic  a p p ro a c h  o u tlin ed  in  C h a p te r  II. I t i s  conceded  th a t  th e i 

m ay  w e ll be o th e r  m eth o d s fo r c o r re la t io n  of th is  p h a se  of the  p ro b le m , 

and o th e r m eth o d s  w e re  in v e s tig a te d . Som e of th e se  in d ic a te d  som e 

m e r i t .  In g e n e ra l, th e y  w e re  m o re  com plex , r e q u ire d  m o re  d a ta  th an  

w ere  av a ila b le  and  p ro m is e d  r a th e r  l im ite d  u sa g e . The d is c u s s io n  th a t  

follow s w ill p o in t out som e of the  d iff ic u ltie s  en co u n te re d  in  ob tain ing  a  

s a tis fa c to ry  e m p ir ic a l  c o r re la t io n .

A tte m p ts  w e re  m ade using  E q u a tio n  (24), w r i t te n  fo r  w a te r  a s  

com ponent 2 , th u s:

72
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to  c o r re la te  th e  e x p e r im e n ta l d a ta . E x p e r im e n ta l  v a l u e s o f

an d  x^, m o le  f ra c t io n s  w a te r  in  the  vapor and liq u id  p h a s e s , r e s p e c tiv e

ly , o b ta in ed  a t  co n s ta n t te m p e ra tu re  and  g lyco l c p n c e n tra tio n  b u t a t

v a ry in g  p r e s s u r e s ,  w e re  su b s titu te d  in to  E q u a tio n  (24) to g e th e r  w ith  v a lu es

of Kg ca lc u la te d  f ro m  E q u a tio n  (18). I t  w as  though t th a t  the v a lu es  of

BgYg ob ta in ed  could  b e  co n s ta n t a t a l l  p r e s s u r e s  u n d er th e  cond itions

of co n s ta n t te m p e ra tu re  and  g lyco l c o n c e n tra tio n . R e s u lts  in d ic a te d

th a t  B _y ca lc u la te d  in  th is  m a n n e r  w as p r im a r i ly  a  function  of p r e s s u r  
Ù 2

and  r e la t iv e ly  in d ep en d en t of te m p e ra tu re  and g lyco l co n c e n tra tio n . T h : 

v a r ia tio n  of the B y v a lu e s  -with p r e s s u r e  w as a s  g re a t  a s  the  v a r ia tio n  

in  the  w a te r  con ten t d e te rm in a tio n s , so  v a lu es  of B ^y ^ ob ta in ed  in  th is  

m a n n e r  w e re  of no u se  in  c o r re la t in g  the  d a ta .

In an  a tte m p t to  d ev ise  a  c o r re la t io n  m eth o d  th a t  w ould w o rk , a  

s tu d y  w as m ade on th e  m e th a n e -w a te r  sy s te m  in  equ ilib rium  a t  v a rio u s  

te m p e r a tu re s  and p r e s s u r e s .  Good e x p e r im e n ta l d a ta (^ ^ ’ w e re  

a v a ila b le  on th is  sy s te m , and i t  w as hoped th a t a  m eth o d  could  be  devel 

oped fro m  th is  s tudy  w h ich  could  be ex ten d ed  to  th e  m e th a n e -w a te r-g ly c  

sy s te m .

A p p lica tio n  of T h e rm o d y n am ic  E q u a tio n s  to  the M e th a n e -W a te r  S ystem  

E q u a tio n  (24) can  b e  w r i t te n  fo r m e th an e  a s  com ponent 1,

- P i )
R T

-2C , (25)
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A t eq a iilib riu m  th e  follow ing a r e  tru e :

Xi + X2 = 1 .0  (26)

7 l  + 72 = 1*0 (27)

In add ition , l e t  i t  be  r e q u ire d  w ithou t ex p lan a tio n  u n til l a t e r  th a t the 

follow ing is  tru e :

Yi  + 72== ° (28)

E q u a tio n s  (24), (25), (26), (27) and  (28) a r e  five  independen t eq uations

w ith  s ix  unknowns in  x, y, and  y ; so  a so lu tio n  fo r any  s in g le  unknown

is  im p o ss ib le . H ow ever, v a lu es  of y^ in  te r m s  of x̂  ̂ and  x^ can  be  ob 

ta in e d  by  e lim in a tin g  ŷ ,̂ y^, and y g to  give:

® 1 ^ 1 %  ■ ® 2^2^2
(29)

If th e  te m p e ra tu re  and p r e s s u r e  of the m e th a n e -w a te r  sy s te m  a re  fixed, 

th e n  v a lu es  of an d  Kg can  be d e te rm in e d  fro m  E q u a tio n  (18). B y m ean s  

of Equa.tion (18), v a lu es  of the  v a p o riz a tio n  c o n s ta n ts  and  Kg w e re  

ca lc u la te d  fo r  b o th  m eth an e  and  w a te r  a t v a r io u s  te m p e ra tu re s  and 

p r e s s u r e s .  The u se  of E q u a tio n  (18) fo r  m eth an e  s y s te m s  a t  ro o m  tem p 

e r a tu r e s  r e q u ire d  the vapor p r e s s u r e  and m o la l volum e of liq u id  m ethar.e 

above i t s  c r i t ic a l  te m p e ra tu re .  E q u a tio n  (20) w as u sed  in  the  follow ing 

fo rm  to  e s tim a te  the  vapor p r e s s u r e  of th e  m e th an e :

log^O? = f  6 . 8800 - (30)

w h ere :
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p = vapor p r e s s u r e  in  m i l l im e te r s  of M e rc u ry  

= re d u c e d  te m p e ra tu re

28The vap o r p r e s s u r e  of w a te r  w a s  tak en  fro m  e x p e r im e n ta l d a ta .

The m o la l vo lum es of p u re  liq u id  m e th an e  and  p u re  w a te r  w e re  

o b ta in ed  f ro m  E q u a tio n  (19) w h e re  the  va lue  of (VCù), w hich  is  a  c h a r 

a c te r i s t i c  co n s ta n t fo r e a c h  com ponent, w as e s ta b lis h e d  fro m  a  s in g le  

m o la l volum e m e a su re m e n t, V, an d  the  c o rre sp o n d in g  value of Ù , an  

ex p an sio n  fa c to r ,  w h ich  is  e x p re s s e d  b y  W atson^^ a s  a  fu n c tio n  of r e 

duced  te m p e ra tu re  and  p r e s s u r e .

I t  w as found b y  t r i a l  and e r r o r  th a t  if  v a lu es  of yg, and 

ob ta ined  a t  any  te m p e ra tu re  and  p r e s s u r e  w e re  su b s titu te d  in to  E q u a tio n  

(29), and  B x w as a r b i t r a r i l y  a s s ig n e d  a  value of 1. 0 , th en  the  c a lc u 

la te d  v a lu es  of B^x^ w e re  co n s tan t, and  a p p ro x im a te ly  equal to  th e  r e 

c ip ro c a l of the fug a  c ity  co e ffic ien t of liq u id  m e th an e , ( %/^)p d e te rm in e  

a t the te m p e ra tu re  of th e  sy s te m . U se w as  m ad e of th e  in fo rm a tio n  thufe 

ob ta ined  to  ca lc u la te  v a lu es  of yg a t  any  o th e r te m p e ra tu re  and  p r e s s u r e .  

F o r  ex am p le , v a lu es  of and  d e te rm in e d  fo r m ethane  and  w ate

a t  any  te m p e ra tu re  and p r e s s u r e .  T h e se  v a lu es  of and  K^, to g e th e r

w ith  th e  v a lu es  B_x = 1 and B ,x ,  = 7— ----  a r e  su b s titu te d  in to
^ 2  i l

E q u a tio n  (29), and the value of yg i s  c a lc u la te d . T h is  te r m  is  s im p ly  

c o n v e rte d  in to  w a te r  co n ten ts  in  pounds p e r  m illio n  s ta n d a rd  cu b ic  fe e t.

U sing th e  m eth o d  d e s c r ib e d  above, the  w a te r  con ten ts  of m eth an e  

^garS-at-sa-tar-atioBr-at-va^iou s- t em p^er^atur-es-and-pr^issa-res-we-re-eajL-catate^ 1.
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T ab le  15 show s a  co m p ariso n , of c a lc u ia te d  w a te r  co n ten ts  w ith  e x p e r i 

m e n ta l v a lu e s . C o lum n 3 of th is  ta b le  show s the e x p e r im e n ta l v a lu e s ,  ̂

an d  co lum n 4 show s th e  c a lc u la te d  v a lu es  b a s e d  on th e  a s su m p tio n  th a t 

® ® 1^1 “   ̂  ̂ • I t  i s  s e e n  by  co m p arin g  the values in
1 P],

th e s e  tw o co lum ns th a t the  a g re e m e n t i s  re a so n a b ly  good over the  tem p  

e r a tu r e  and p r e s s u r e  ra n g e  invo lved .

The r e q u ire m e n t  of E q u a tio n  (28) th a t  the sum  of y  ̂ and y 2 eq u a ls  

u n ity  is  an  u n u su a l r e q u ire m e n t  fo r a c tiv ity  c o e ffic ie n ts . I t  is  p ro b ab le  

th a t  y  ̂ ^ 2  equal to  a  co n s ta n t w h ich  is  n e a r  u n ity  in  v a lu e . A ny

d iffe re n c e  f ro m  u n ity  i s  a b so rb e d  in to  w hich  in  r e a l i ty  is  an em pii

c a l fa c to r .

The im p o rta n c e  of the  te r m  y 2 fo r  ca lcu la tin g  the m ole  f ra c tio n  

w a te r  in  the v ap o r p h a se  can  be s e e n  f ro m  an  in sp e c tio n  of T ab le  I 6 in  

w h ich  th e  value of each  te rm  of E q u a tio n  (24) = 5 2 X21^2^ 2 ' shown

fo r the m  e thane  -w a te r  sy s te m  a t  8 0 °F . a t  p r e s s u r e s  fro m  14. 7 to  3000 

pounds p e r  s q u a re  in ch  ab so lu te .

The v a lu es  of .y^ in  T ab le  16 w e re  c a lc u la te d  f ro m  ex p érim en ta ]

23d a ta . The v a lu es  of K 2, v ap o riz a tio n  co n s ta n t fo r  w a te r , w e re  c a l-

1-

The va lue  of B-

c u la ted  a t  80®F. and  the  a p p ro p r ia te  p r e s s u r e  by  m ea n s  of E q u a tio n  (18).

1
2X2 w as a s su m e d  equal to  1. 0 , and the value of B^x^ = - ^ - y  .

The v a lu es  of y ^  w e re  th en  c a lc u la te d  b y  s im u ltan eo u s  so lu tio n  of 

E q u a tio n s  (24), (25), (27) and (28).
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TA BLE 15

COMPARISON OF CA LCU LATED W ATER CONTENTS O F M ETHANE 
GAS A T SATURATION W ITH EX PER IM EN T A L W ATER C O N T E N T S ^

P r e s s u r e T e m p e ra tu re ,
E xq)erim ental 
W ate r C onten t,

C a lc u la te d  
W a te r  C on ten t;

I b s /M M S C ^ lP s ia T “F . Ibs/M M S C F *

14. 7 70 1190 1193
100 70 178 177
300 70 65 62. 7
500 70 42. 5 40. 0

1000 70 24. 7 2 4 .8
1500 70 19. 0 19. 6
2000 70 15. 8 l 6 . 8
2500 70 14 .3 14. 7
3000 70 13 .0  , 13. 2

14. 7 80 1670 1680
100 80 242 248
300 80 89 . 0 87. 6
500 80 58. 0 55. 6

1000 80 34. 0 3 4 .3
1500 80 26. 0 2 6 .9
2000 80 2 1 .4 2 2 .9
2500 80 1 9 .8 20. 0
3000 80 18. 0 18. 0

14 .7 90 2330 2355
100 90 335 343
300 90 122 120
500 90 79. 0 7 6 .4

1000 90 46. 0 4 6 .9
1500 90 35. 0 3 6 .4
2000 90 29. 0 3 0 .9
2500 90 26. 5 27. 1.
3000 90 2 4 .3 2 4 .4

« P o u n d s p e r sq u a re  in ch  ab so lu te .

* P o u n d s p e r  m illio n  s ta n d a rd  cub ic fe e t  of gas a t  14. 7 lb s .  p e r  
sq . in . a b so lu te , 60°F .
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I t  is  ev id en t f ro m  an  in sp e c tio n  of C o lum n 5 of T ab le  l 6 th a t  the  

v a r ia tio n  of an  im p o rta n t  fa c to r  to  be c o n s id e re d  in  E q u a tio n  (24).

If th e  value of \ ^  d id  n o t d e c re a s e  w ith  in c re a s in g  p r e s s u r e ,  the  value 

of w ould  no t b e  a  co n s tan t, b u t w ou ld  have to  d e c re a s e  w ith  in 

c re a s in g  p r e s s u r e .  I t  i s  ev iden t, th e r e fo re ,  th a t  y  ^ and  y 2 re la t in  

a c t iv i t ie s  to  m ole  f ra c t io n s ,  and  so a r e  a c tiv ity  c o e ffic ie n ts . The r e 

q u ire m e n t th a t  y ^ + Y 2 = 1. 0 i s a  s p e c ia l  so lu tio n  fo r th is  p a r t ic u la r  

s y s te m , a.nd is  no t to  be c o n s id e re d  a  g e n e ra l  re q u ire m e n t fo r  a c tiv ity  

c o e ffic ie n ts .

A p p lica tio n  of T h e rm o d y n am ic  E q u a tio n s  to  the  
M e th a n e -W a te r-G ly co l S y stem

A s t r i c t  a p p lic a tio n  of th is  a p p ro a c h  to  the  m e th a n e -w a te r -g ly c o l 

sy s te m  r e q u i r e s  the  ad d itio n  of te r m s  to  in d ic a te  th e  p re s e n c e  of g lyco l 

in  the  s y s te m . A n eq uation  s im ila r  to  E q u a tio n  (24) can be w r i t te n  fo r 

g lyco l a s  com ponent 3:

^3

^3
= BgYgKg (31)

w h e re  th e  te r m s  have th e  sam e  s ig n if ic a n c e  fo r g lyco l a s  the  c o r re s p o n d  

ing te r m s  in  E q u a tio n  (24) have fo r w a te r .

A t e q u ilib riu m  th e  follow ing a r e  t ru e ,

+ Xg = 1 (32)

Yl + 72 ^3 = 1 (33)

In ad d ition , ag a in  le t  i t  be  r e q u ire d  th a t  the  follow ing is  a lso  t ru e .
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TA BLE 16

VARIATIONS IN THE TERM S ,OF EQUATION (24),
F O R  THE M ETH A N E-W A TER SYSTEM  W ITH PRESSU RE A T 80° F .

P r e s s u r e ,  
P s ia .  *

M ole F ra c t io n , 
YgXlO^

E m p ir ic a l
F a c to r ,

®2^2

V a p o riza tio n
C o n stan t,
KgxlO^

A c tiv ity
C o effic ien t,

^ 2

14. 7 3 .5 2 1. 00 34. 45 1. 02

500 1 .22 1. 00 1 .410 0. 865

1000 0. 716 1. 00 1. 035 0 . 692

1500 0 .5 4 7 1. 00 0 .9575 0 .571

2000 0 .451 1. 00 0. 933 0 .483

2500 0 .4 1 7 1. 00 0 .930 0 .449

3000 0 .379 1. 00 0. 9425 0 .4 0 2

* P ounds p e r  sq u a re  in ch  a b so lu te .
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Y l YZ  ̂ (34)

E q u a tio n s  (24), (25), (31), (32), (33) and (34) a r e  s ix  eq u a tio n s  

w ith  n ine  unknow ns, excluding  B ^, and  Bg, so th a t a  s im u ltan eo u s

so lu tio n ,fo r  any  s in g le  unknown is  im p o ss ib le . The th re e -c o m p o n e n t, 

tw o -p h a se , m e th a n e -w a te r-g ly c o l sy s tem  can  be th e rm o d y n a m ic a lly  

fix ed  a t  eq u ilib riu m  b y  se ttin g  the  te m p e ra tu re ,  p r e s s u r e  and  co m p o sitio n  

of the sy s te m . Then the v a lu es  of Kj|̂ , Kg» Kg can  be ca lcu la ted ; 

and  va lu es  of x^, Xg, Xg, and y j a re  a p p ro x im a te ly  known. T h is  reduces 

th e  n u m b er of equations and n u m b er of unknow ns, b u t a  s im u ltan eo u s  

so lu tio n  fo r  y  , m ole f ra c tio n  w a te r  in  th e  vapor p h ase , is  s t i l l  im p o ss  .ble. 

T h e re fo re , c e r ta in  sim p lify ing  a ssu m p tio n s  a r e  n e c e s s a ry  b e fo re  the 

m eth o d  of ca lc u la tio n  of eq u ilib riu m  w a te r  con ten ts  fo r  the m e th a n e -

w a te r  sy s te m  can  be u se d  for the m e th a n e -w a te r-g ly c o l sy s te m .

12E x p e rim e n ta l d a ta  in d ica te  th a t the m ole f ra c tio n  of trie th y len , 

g lyco l in  the  vapor p h ase  is  of the  o rd e r  of 1 X 10“^. The m ole  fractio ii. 

w a te r  vapor in  m o s t c a s e s  is  g r e a te r  th a n  20 X 10"^, w hich  c o r re sp o n d s  

to  1 .0  pounds p e r  m illio n  s ta n d a rd  cubic fe e t. No e x p e r im e n ta l d a ta  a r  

a v a ila b le  fo r  d ie th y len e  glycol in  the v ap o r p h ase , b u t the m o le  f ra c tio n  

shou ld  be  of the sam e  o rd e r  of m agn itude a s  th a t of tr ie th y le n e  g lyco l. 

B e c a u se  of the sm a ll am ount of g lycol p r e s e n t  in  th e  vapor p h a se  re la t iv e  

to  th e  am ount of w a te r  in  the  vapor p h ase  the  m ole f ra c tio n , yg, of 

g lyco l in  the vapor p h ase  can  be  c o n s id e re d  n eg lig ib le . T hen  E q u a tio n
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(33) w ould  re a d ,

Y l  +  7 2  =  1 - 0 (35)

In E q u a tio n  (22) y  ^  w as  defined  to  be an  a c tiv ity  co e ffic ien t whic

took  in to  acco u n t d ev ia tio n s  fro m  the law s of id e a l so lu tio n s  re su lt in g

fro m  d iffe re n c e s  in  m o le c u la r  s iz e s  o r v o la ti l i t ie s .  The value  of y
* 2

shou ld  th en  be p ro p o rtio n a l to  the p a r t ia l  p r e s s u r e  of com ponen t 2 in  

the m ix tu re s .  T hen  the  v a lu es  y  ^  and in  E q ua tion  (34) shou ld  be 

p ro p o rtio n a l to  the  re s p e c t iv e  p a r t ia l  p r e s s u r e s  of w a te r  and g lyco l in  

the  eq u ilib riu m  m ix tu re . In  o th e r w o rd s , y and y  shou ld  b e a r  a  

de fin ite  r a t io  to  each  o th e r depending on th e  re la t iv e  am o u n ts  of w a te r  

an d  g lyco l and th e ir  r e la t iv e  p r e s s u r e s .  If th is  can  b e  a s su m e d  t ru e ,  

th e n  y ^ and  y  ^  could be  re p la c e d  by  y ^  in  E q u a tio n  (34) w h ich  w ould

th e n  re a d .

y + y ' = 1. 0 (36)

The so lu b ility  of m eth an e  in  aqueous g lyco l so lu tio n s  is  co m p ar 

ab le  to  th a t  of m eth an e  in  w a t e r s o  th a t the  v a lu es  of B^x^ fo r  

m e th an e  should  no t d iffe r g re a t ly  in  w a te r  and glycol so lu tio n s . H ence 

v a lu es  of B x = /=7*'j—  u se d  fo r the  m ethane  -w a te r  sy s te m  shou ld  be

ap p licab le  to  the  m e th a n e -w a te r-g ly c o l sy s te m .

A pplying th e  c o n s id e ra tio n s  g iven  above, w h ich  a r e  eq u iv a len t 

to  a s su m in g  th a t the t e r n a r y  sy s te m  is  a  b in a ry  one, th e  fo llow ing e -  

q u a tio n s  re m a in :
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y  I  =

72 = BgXgKz"/ 2 

Yl + 72 = 1

I — 1

Xj + X2 + = 1

(25)

(24)

(35)

(36) 

(32)

T h e se  eq u a tio n s  can  b e  so lv ed  s im u lta n e o u s ly , e lim in a tin g  y^, y and 

y ^ ,  to  give:

^2 = ®2=^2^2
1 -

(37)
, ®2==2^2 -

T h is  i s  th e  sam e  a s  E q u a tio n  (29) fo r  the  m e th a n e -w a te r  s y s te m . F ix 

ing th e  te m p e ra tu re ,  p r e s s u r e ,  and c o m p o sitio n  of the  m e th a n e -w a te r - 

g ly co l sy s tem  w ill d e te rm in e  the  v a lu es  of yg, Kj^, and Kg. and if  Bj^Xj 

. fo r  the  m e th a n e -w a te r  sy s te m , th en  on ly  B _ x , isi s  tak en  to  be 

unknown.

W ate r co n ten t m e a s u re m e n ts  w e re  m ade on n a tu ra l  g as d eh y d ra ie d  

b y  95, 98 and e s s e n t ia l ly  100 p e r  cen t b y  w eigh t so lu tio n s  of d ie th y len e  

and  tr ie th y le n e  g ly co ls  a t  te m p e r a tu re s  of 7 0 °F . , 8 0 ° F . , and  9 0 ° F . , 

a t p r e s s u r e s  v ary in g  fro m  500 to  2500 pounds p e r  s q u a re  in ch  a b so lu te . 

T h e se  w a te r  co n ten ts  w e re  c o n v e rted  in to  m o le  f ra c t io n s  to  give the 

v a lu e s  of y^ r e q u ire d  in  E q u a tio n  (37). V alues of and Kg w e re  c a l 

cu la te d  fo r  m e th an e  and w a te r  a t th e  te m p e ra tu re  and  p r e s s u r e  of the  

sy s te m . The value of B^x^ w as a r b i t r a r i l y  ta k e n  to  b e  th e  sam e  a s  thai 

d e te rm in e d  fo r  the  m e th an e  -w a te r  sy s te m  a t th e  sa m e  te m p e ra tu re ;  i .  e
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“  ( ^  ) ’ V3.1u es  of ^ 2 ^ 2  th.en c a lcu la te d .. I t  w as  found th a t,

fo r  th e  m e th a n e -w a te r-g ly c o l sy s te m , ^ 2^2 behaved  ju s t  a s  i t  d id  fo r 

th e  m e th a n e -w a te r  sy s te m ; th a t is ,  in d ependen t of p r e s s u r e  and p r im a ijily  

a  fu n c tio n  of g lyco l co n c e n tra tio n  and sy s te m  te m p e ra tu re .

The c a lc u la te d  v a lu es  of B x  fo r 9 9 .8  p e r  cen t d ie th y len e  and 

100 p e r  cen t tr ie th y le n e  g ly co ls  a re  show n in  Ih b le s  17 and 18, togethe: 

w ith  v a lu es  of BgXg ob ta ined  fo r the o th e r g ly co ls . In sp ec tio n  of the 

c a lc u la te d  v a lu es  of B^x^ fo r  99 . 8 p e r  cen t d ie thy lene and e s s e n tia l ly  

100 p e r  cen t tr ie th y le n e  g lyco l r e v e a ls  qu ite  a  g re a t  v a r ia tio n  in  t h e , 

t e r m s .  B u t an  a v e ra g e  value ob ta ined  fo r e s s e n tia l ly  100 p e r  cen t 

g ly co ls , fro m  a  su m m atio n  of a l l  the  te r m s  ex cep t th o se  s p e c if ic a lly  

l is te d , had  an  a v e ra g e  d ev ia tio n  of only  50 p e r  cen t. T h is  la rg e  e r r o r  

is  no t unejq jected , how ever, b e c a u se  of th e  e x tre m e ly  low w a te r  contenjts 

m e a s u re d , and b e c a u se  of the a c c u ra c y  l im its  of the  in s tru m e n t. It 

m u s t  be  r e m e m b e re d  th a t the  w a te r  con ten ts  in  th e se  c a s e s  w e re  of the 

o rd e r  of 1. 0 pounds p e r  m illio n  s ta n d a rd  cubic fe e t, and th a t th e  accu rac  

of th e  m e a su r in g  in s tru m e n t i s  no g r e a te r  th a n  1 0. 66 pounds p e r  m illic i 

s ta n d a rd  cubic fe e t. A lso , i t  should  be no ted  th a t the  a v e ra g e  value of 

B 2X2 w as ob ta ined  b y  includ ing  a ll  d a ta  ob ta ined  a t the th re e  te m p e ra tu re s  

of 7 0 T . , 8 0 ° F . , and 9 0 T .

The a v e ra g e  value of ^ 2^2 ob ta ined  fo r each  g lyco l w as used , 

to g e th e r  w ith  v a lu es  of and Kg d e te rm in e d  a t  8 0 °F . an d  a t  p r e s s u r e s
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v ary in g  f ro m  500 to  3000 pounds p e r  s q u a re  in ch  a b so lu te , in  E q u a tio n  

(37) to  ca lcu la te  v a lu e s  of w h ich  w e re  th en  c o n v e rte d  in to  eq u iv a len t 

w a te r  co n ten ts  in  pounds p e r  m illio n  s ta n d a rd  cubic fe e t. The w a te r  

co n ten ts  w e re  th en  p lo tte d  on F ig u re s  10 and  13 fo r d ie th y len e  an d  t r i 

e th y len e  g ly co ls , re sp e c tiv e ly . T h ese  w a te r  co n ten ts  a r e  r e p re s e n te d  

b y  the  so lid  b la ck  l in e s . In sp ec tio n  r e v e a ls  th a t th is  cu rv e  d oes r e p re  

se n t th e  m a jo r i ty  of the d a ta  p o in ts . I t  i s  ev id en t a lso  th a t  the e ffe c t of 

te m p e ra tu re  i s  not ex h ib ited . I t  should  be  no ted  th a t the  r a d i i  of the  

p lo tte d  d a ta  p o in ts  c o rre sp o n d  to  the  in s tru m e n t e r r o r  of 1 0 . 66 pounds 

p e r  m illio n  s ta n d a rd  cubic fe e t of g as .

The p ro c e d u re  g iven  above w as re p e a te d  fo r  the 98 p e r  cen t by  

w e ig h t g lyco l so lu tio n s . In th is  c a se  i t  i s  p la in ly  seen  th a t  the v a lu es  of 

B 2X2 a r e  m o re  n e a r ly  c o n s ta n t w ith  an a v e ra g e  d ev ia tio n  of le s s  th an  

32 p e r  cen t in  the c a se  of tr ie th y le n e  g lyco l, and le s s  th a n  45 p e r  cen t 

in  the c a se  of d ie th y len e  g lyco l. W ate r con ten t m e a s u re m e n ts  a r e  s t i l l  

low , and the  a c c u ra c y  l im i ts  of th e  in s tru m e n t is  s t i l l  a  la rg e  f ra c t io n  

of th e  am oun t of w a te r  m e a s u re d . A gain  th e  a v e ra g e  value of B^x^ 

ob ta in ed  b y  av erag in g  a l l  98 p e r  cen t g lyco l d a ta  a t  a ll  te m p e ra tu re s  fo r 

e a c h  g lyco l w as  su b s titu te d  in to  E q u a tio n  (37) to g e th e r  w ith  v a lu es  of 

and  K2 d e te rm in e d  a t  80 °F , and  p r e s s u r e s  v ary in g  f ro m  500 to  3000 

pounds p e r  s q u a re  in ch  a b so lu te . The c a lc u la te d  v a lu es  of y2 w e re  co n 

v e r te d  in to  th e ir  eq u iv a len t w a te r  co n ten ts  in  pounds p e r  m illio n  s tan d a i d



79

TA B LE 17

CA LCU LA TED  VALUES O F EM PIR IC A L FA C TO R ,
FO R AQUEOUS SOLUTIONS O F D IETH Y LEN E GLYCOL 

A T HIGH PRESSURES

9 9 .8  p e r  cen t b y  w eigh t D ie th y len e  G lyco l

T e rn p ex a tu re , P r e s s u r e ,  W te r  C on ten t A v e ra g e
n No. o p . P s ia . Ibs/M M S C F * dev ia tion

40 70 2525 1.33 0. 0905 0 .0478
51 + 70 2035 2 . 52 0 .1540 -

41 + 70 1525 3 .3 3 0 .1 7 2 6
52 70 1020 0 .9 0 0 .0369 0 .0058
42 70 535 1.83 0. 0487 0 .0 0 5 0

45 80 2515 1. 72 0 . O8 6 I 0 .0 4 3 4
50 80 2015 0 0 0 .0 4 2 7
43 80 1590 1 .3 4 0 .0 5 1 4 0 .0 0 8 7
49 80 1030 0. 63 0 .0188 0 .0239
44 80 550 2 .6 2 0 .0508 0.0081

48 90 2515 1. 05 0 .0390 0 .0 0 3 7
46 90 1565 0. 73 0 .0 2 0 4 0 .0223
47 90 510 2 . 08 0 .0 2 7 4 0 .0153

■ A v erag e 0 .0427 0 .0206

* P o u n d s p e r  sq u a re  in c h  a b so lu te .

*  P o u n d s p e r  m illio n  s ta n d a rd  cub ic f e e t  of g as  a t  14. 7 lb s .  p e r  
sq . in . ab so lu te , and  60° F .

R uns No. 51 and  41 w e re  o m itte d  in  ca lcu la tin g  the a v e ra g e  value 
of B 2X2.
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T able 17 - C ontinued

98 p e r  cen t b y  w e ig h t D iethy lene G lyco l

T e m p e ra tu re ,  P r e s s u r e ,  W ate r C onten t 
R u n  No. ®F. P s ia .  Ibs/M M S C F ®2^2

A v erag e
d ev ia tio n

73 70 2535 1.00 0 .0687 0 .0008
108 70 2415 0 .4 0 0 .0267 0. 0412

74 70 2065 2 .00 0 .1233 0 .0 5 5 4
109 70 1985 0 . 80 0. 0482 0 .0197
110 70 1565 0 .9 0 0 .0472 0 .0207

75 70 1525 2. 83 0 .1462 0. 0783
76 . 70 1025 2. 15 0 .0883 0 .0204

111 70 1015 1. 20 0. 0492 0 .0187
112 70 545 1. 00 0.0269 0 .0410

77 70 510 3. 55 0 . 0916 0 .0237

102 80 2535 0 . 20 0. 0136 6 . 0543
68 80 2535 • 2 .4 8 0.1243 0 .0564
69 80 2065 2 .5 0 0 .1126 0 .0447

104 80 1605 1. 10 0 .0 4 2 4 0 .0255
70 80 1565 2. 55 0.0966 0 .0287

105 80 1065 1 .40 0 .0 4 2 4 0.0255
71 80 990 3 .8 0 0.1110 0.0431

107 80 515 2 .4 5 0 .0 4 5 4 0 .0225
72 80 510 3 .3 3 0.0610 0.0069

106 80 505 2 . 05 0 .0372 0 .0307

78 90 2540 0 . 20 0 .0072 0 .0607
79 90 2090 2. 15 . 0 .0719 0 .0040
80 90 1565 2 .4 0 0.0673 0.0006
81 90 1135 2 .4 3 0. 0564 0 .0115
82 90 515 6 . 80 0.0912 0. 0233

A v erag e 0.0679 0. 0303
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T able  17 - C ontinued

95 p e r  cen t by  w eigh t D ie thy lene  G lycol

T e m p e ra tu re , P r e s s u r e ,  W ater C onten t A v erag e
R un No. “F . P s ia . Ibs/M M S C F deviation

63 80 2505 2 .2 7 0 .1133 0 .0363
64 80 2040 2 .8 5 0 .1272 0 .0 2 2 4
65 80 1545 - 4 .6 3 0. 1750 0 .0 2 5 4
66 80 1015 5. 66 0 .1673 0 .0177
67 80 490 9. 35 0 .1652 0 .0156

A v erag e 0 .1496 0.0235
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TA BLE 18

ÇALCUL.ATED VALUES O F 6 3 X2 , EM PIR IC A L FA CTO R:
FO R AQUEOUS SOLUTIONS OF TR IETH Y LEN E GLYCOL

A T HIGH PRESSU RES

100 p e r  cen t T rie th y le n e  G lyco l

T e m p e ra tu re , P r e s s u r e , W a te r  C on ten t A v erag e
R un  No. ° F . P s ia .* Ibs/M M S C F * dev ia tio n

31 70 2545 1 .32 0 .0903 0 .0 5 6 4
30 70 2035 0 .3 2 0 .0195 0. 0144
29 70 1555 0 0 0 . 0339
32 70 1090 0 .8 7 0 .0 3 5 7 0 .0018
33 70 515 0. 73 0 .0 1 9 0 0. 0149
34 80 2515 1 .2 2 0 .0613 0 .0 2 7 4
35 80 1540 0 .9 3 0 .0 3 5 0 0 .0011
36 80 540 2. 10 0 .0403 0 .0 0 6 4
37 90 2565 0. 60 0 .0 2 2 4 0 .0115
38 90 1540 1 .2 5 0 .0 3 4 6 0. 000.7
39 90 565 1 .05 0 .0151 0 .0 1 8 8

A v e ra g e  . 0 .0339 0 .0 1 7 0

98 p e r  cen t by w eig h t T rie th y ie n e  G lyco l

T e m p e ra tu re , P r e s s u r e , W ate r C on ten t A v erag e
R un N o .. " F . P s ia .* Ibs/M M S C F d e v ia tio n

88 70 2545 1. 05 0 .0722 0 .0 1 0 7
89 70 2085 1 ,0 0 0 .0 6 1 8 0 .0003
90 70 1555 2. 75 0 .0 1 4 4 0 .0471
91 70 1015 2 .5 0 0 .1022 0 .0407
92 70 . 505 2. 70 0 .0681 0 .0066

* P o u n d s p e r sq u a re  in ch  a b so lu te .

*  P o u n d s p e r m illio n  s ta n d a rd  cub ic  fe e t  of gas a t  14. 7 lb s .  p e r
— sauare-irrch :-ab^tdtttev- ------- -— J
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T ab le  18 - C ontinued

98 p e r  cen t b y  w eigh t T r ie th y le n e  G lyco l - C ontinued

T e m p e ra tu re , P r e s s u r e  W a te r  C on ten t A v erag e
R un No “F . P s ia . Ibs/M M S C F ^ 2 ^ 2 d ev ia tio n

53 80 2515 0. 87 0 .0437 0. 0178
54 80 2015 1 .20 0. 0529 0 .0086
55 80 1535 0 .9 0 0 .0337 0 .0278
56 80 990 1. 73 0 .0505 0 .0110
57 80 455 4 .3 5 0. 0722 0 .0107
83 90 2536 2. 27 0. 0849 0 .0234
84 90 2055 3 .3 3 0 .1102 0 .0 4 8 7
85 90 1565 2. 00 0 .0563 0 .0052
86 90 1005 2. 05 0. 0441 0 .0 1 7 4
87 90 515 4. 17 0 .0558 0 .0057

A v erag e 0.0615 0 .0188

95 p e r  cen t b y  w eig h t T rie th y le n e  G lyco l

T e m p e ra tu re , P r e s s u r e ,  W ate r C onten t A v erag e
R un No °F . P s ia . Ibs/M M S C F B 2X2 dev ia tio n

93 70 2535 2. 35 0 .1617 0.0094
94 70 2040 3. 10 0.1900 0. 0377
95 70 1600 2. 17 0 .1158 0. 0365
96 70 1015 3. 60 0 .1472 0 .0051
97 70 435 6. 45 0 .1470 0 .0053

A v erag e 0 .1523 0 .0188

58 80 2525 1.85 0. 0927 0 .0296
59 80 2095 2. 80 0.1273 0. 0050
60 80 1515 3. 50 0 ,1310 0 .0087
61 80 1015 4. 12 0.1223 0 .0000
62 80 485 7. 85 0 .1380 0 .0157

A v erag e 0 .1223 0 .0118
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cubic  f e e t  and  p lo tte d  in  F ig u re s  I I  and  14 fo r d ie th y len e  and  tr ie th y len e  

g lyco ls, r e s p e c tiv e ly . The so lid  c u rv e s  o b ta in ed  b y  jo in ing  th e se  ca lcu  

la ted  p o in ts  does p ro p e r ly  r e p r e s e n t  the m a jo r i ty  of the  d a ta  p o in ts  withjin 

jthe a c c u ra c y  of the  in s tru m e n t. A gain  the e f fe c t of te m p e ra tu re  i s  not 

ev id en t.

The p ro c e d u re  w as re p e a te d  fo r the  95 p e r  cen t by  w eigh t g ly co ls , 

an d  b e s t  r e s u l t s  w e re  ob ta in ed  fro m  th e se  d a ta . The a v e ra g e  dev ia tio n  

jin 6 2 ^ 2  fo r d ie thy lene  g lyco l is  l e s s  th an  I 6 p e r  cent, and  fo r tr ie th y le n e
I ■ ■ I
iglycol i t  i s  l e s s  th an  12 p e r  cen t. T h is  i s  due p r im a r i ly  to the la r g e r  | 

[water co n ten ts  being m e a s u re d . T h is  re d u c e s  th e  e ffec t of the l im its  ofj 

[accu racy  of the m ea su rin g  in s tru m e n t. The e ffec t of te m p e ra tu re  f i r s t  ;
I '
d e f in ite ly  a p p e a rs  in  the d a ta  ob ta ined  on 95 p e r  cen t by  w eigh t t r ie th y -  '

llene g lyco l so lu tio n s . A n a v e ra g e  value of B 2X2 » ob ta ined  by  av e rag in g  |
; ' I
th e  70®F. and  8 0 °F . d a ta , w hen u se d  w ith  v a lu es  of Kj  ̂ and K2 d e te rm in e d
i j
!at 7 0 °F . and 80® F ., d id no t give a s a t is fa c to ry  cu rv e  fo r e it;h e r te m p e r 

a tu re  d a ta  p o in ts . H ence i t  w as  n e c e s s a r y  to  d e te rm in e  an  av e ra g e  value 

of B 2%2 each  te m p e ra tu re ,  and  u se  i t  w ith  K j and K2 d e te rm in e d  a t  i 

th e  sam e  te m p e ra tu re .  A s is  expected , th e  80“F . cu rv e  is  s lig h tly  h ig h 

e r  th a n  the 70“F . cu rv e .

The w a te r  co n ten ts  c a lc u la te d  by  the  above p ro c e d u re  a t  80°F . 

fo r 100 p e r  cen t, 98 p e r  cen t, and 95 p e r  cen t b y  w eigh t d ie th y len e  and 

tr ie th y le n e  g lyco l so lu tio n s  a t  p r e s s u r e s  v a ry in g  fro m  500 to  3000 pounds
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p e r  s q u a re  in ch  a b so lu te  a r e  p re s e n te d  in  T ab le  19. I t  i s  b e lie v e d  th a t 

th e se  v a lu es  do b e s t  r e p r e s e n t  the  e x p e r im e n ta l d a ta , and  a r e  re c o m m e n d 

ed fo r g a se s  of s im ila r  co m p o sitio n  to  th a t  u se d  in  th is  in v e s tig a tio n .

G a se s  g re a t ly  d iffe re n t in  co m p o sitio n  w ould  r e q u ire  m o re  ex p erim en ta l 

d a ta . W hile th e se  v a lu es  a re  fo r  8 0 °F . , th e y  a r e  s a t is fa c to ry  fo r u se  

o v er th e  te m p e ra tu re  ra n g e  of 7 0 °F . to  9 0 °F ,

F ig u re s  l6  and  17 a r e  c r o s s  p lo ts  of th e  e x p e r im e n ta l d a ta  p re  

sen ted  in  F ig u re s  10 to  15, in c lu s iv e . T h e se  f ig u re s  m ake i t  p o s s ib le  

to  p re d ic t  w a te r  co n ten ts  a t  in te rm e d ia te  g ly co l c o n c e n tra tio n s . The 

te rm  100 p e r  cen t g lyco l is  u sed  to  r e p r e s e n t  c o m m e rc ia l  g lyco l of 

0. 2 p e r  cen t m ax im um  w a te r  con ten t.

F ig u re  18 is  a  c o m p a riso n  of th e  80®F. d a ta  ob ta ined  in  th is

7 8in v e s tig a tio n  w ith  the d a ta  of R u s s e ll  and P o r te r  . T h ese  d a ta  com par 

re a so n a b ly  w ell up to  1000 pounds p e r  s q u a re  in ch  ab so lu te , b u t th e  i n 

e ffic ien c y  of the  dynam ic a p p a ra tu s  u se d  by  th e se  in v e s t ig a to rs  b eco m eè  

ev id en t a t  h ig h er p r e s s u r e s .  F o r tu n a te ly  th e re  h a s  b een  l i t t le  n eed  fo r 

th e se  d a ta  in  th e  h ig h er p r e s s u r e  le v e ls  th u s  f a r ,  b u t the  new  d a ta  p r e -  

se n te d -h e re  o ffer p o te n tia lly  a t t ra c t iv e  ap p lic a tio n s  in  th is  ra n g e . In d i

ca tio n s  a r e  th a t the  w a te r  co n ten ts  w ill a p p ro a c h  z e ro  c o n c e n tra tio n  a t 

the  h ig h er p r e s s u r e s  u sing  th e  m o re  c o n c e n tra te d  g lyco l so lu tio n s .

In v e s tig a tio n  of "D ico l"  and hexy lene g ly co l r e v e a le d  th a t, w hili 

th e y  show ed d eh y d ra tin g  p o te n tia li t ie s ,  th e re  a r e  o th e r  c o n s id e ra tio n s  such  

arS-wapor-pjreasirre-and-resultant-\
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TA BLE 19

SM OOTHED VALUES O F TH E W A TER CONTENTS O F NATURAL GAS
DEHYDRATED W ITH D IET H Y LE N E AND TRIETH Y LEN E

GLYCOL SOLUTIONS A T 80°F .

D ie thy lene G lycol T rie th y le n e  G lyco l

99. 8 p e r  cen t b y  W eight 100 p e r  c en t b y  W eight

P r e s s u r e , W ate r C on ten t, P r e s s u r e , W ate r C o n ten t,
P s ia * Ibs/M M S C F * P s ia .* Ibs/M M S C F *

500 2 .3 7 500 1 .88
1000 1.46 1000 1. 16
1500 1. 15 1500 0 .91
2000 0 .9 7 2000 0. 77
2500 0 .8 5 2500 0. 68
3000 0 .7 7 3000 0 .6 1

98 p e r  cen t b y  W eight 98 p e r  cen t b y  W eight

500 3. 76 500 3 .4 1
1000 2 .3 2 1000 2. 10
1500 1.83 1500 1 .66
2000 1 .55 2000 1 .40
2500 1 .36 2500 1 .23
3000 ■ 1 .22 3000 1. 10

95 p e r  cen t b y  W eight 95 p e r  cen t b y  W eight

500 8 .3 0 500 6 .7 9
1000 5. 12 1000 4 .1 8
1500 4 ,0 3 1500 3 .2 9
2000 3 .4 2 2000 2 .7 9
2500 2 .9 9 2500 2 .4 5
3000 2 .6 8  • 3000 2 .2 0

$  P o u n d s p e r  s q u a re  in c h  a b so lu te .

* P o u n d s p e r  m illio n  s ta n d a rd  cubic f e e t  of g as a t  14. 7 lb s .  p e r
sq . in . ab so lu te , 6 0 °F .
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th e ir  eco n o m ic  fe a s ib il i ty  a s  c o m m e rc ia l d eh y d ra tin g  a g e n ts . S ince  

the  vapor p r e s s u r e s  of th e se  m a te r ia ls  a r e  m u ch  h ig h e r th a n  th o se  of 

d ie th y len e  and  tr ie th y le n e  g lyco l, l i t t le  u se  i s  ex p ec ted  ex cep t w h ere  

low  c o s t s o u rc e s  m ak e  th e i r  u se  eco n o m ica lly  fe a s ib le .

'P re d ic t io n  of the E x te n t of D eh y d ra tio n  a t  H igh P r e s s u r e  
I' fro m  Low  P r e s s u r e  D ata

24 'D ata  a r e  av a ilab le  giving the e ffec t of g lyco l c o n ce n tra tio n  on 

th e  dew p o in ts  of n a tu ra l  g as  d e h y d ra ted  a t  a tm o sp h e r ic  p r e s s u r e  w ith  

d ie th y len e  and tr ie th y le n e  g lyco l so lu tio n s . T h ese  d a ta , shown in  Table 

20, can  be  u sed  to  p re d ic t  th e  ex ten t of d eh y d ra tio n  of n a tu ra l  g as  a t 

h igh  p r e s s u r e s .  The m eth o d  u sed  can  be d e s c r ib e d  a s  fo llow s; The 

dew  p o in ts  fro m  the above d a ta  can  be co n v e rted  in to  an  eq u iv a len t w ate 

co n ten t in  pounds p e r  m illio n  s ta n d a rd  cubic fe e t b y  m e a n s  of a  w a te r  

co n ten t g rap h ^ ^ . The w a te r  con ten t can  th e n  be co n v e rted  in to  a  m ole 

f ra c t io n  y^ of w a te r  in  the  vapor p h a se . T h is  m o le  f ra c tio n , to g e th e r  

w ith  v a lu es  of and K2 , v a p o riz a tio n  co n s tan ts  fo r m e th an e  and  w a te r  

can  be su b s titu te d  in to  E q u a tio n  (37) leav in g  only  v a lu es  of B^^x^ and 

unknown. If the v a lu es  of B^^x^ a r e  a s su m e d  to  be  th e  sam e  as  

th o se  d e te rm in e d  fo r the  m  e thane  -w ate  r  sy s te m , th e n  v a lu es  of Bg^^ 

can  be c a lc u la ted . T h ese  v a lu es  of B ^x^ can  be u sed  w ith  E q u a tio n  (37) 

to  c a lcu la te  the  w a te r  con ten t of the vapor p h ase  a t  any o th e r  p r e s s u r e  

a t  th e  sam e  te m p e ra tu re  and  g lyco l c o n cen tra tio n .
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U sing th e  m ethod  ju s t  d e sc rib e d , v a lu es  of B 2X2 w e re  c a lc u la te d  

a t  a tm o sp h e r ic  p r e s s u r e  and te m p e ra tu re s  of 70, 80 and  90®F. fo r g ly 

col c o n c e n tra tio n s  of 0, 50, 60, 70, 80, 90, 95 , and 98 p e r  cen t by  

w e ig h t d ie th y len e  and tr ie th y le n e  g lyco l. The r e s u l t s  a r e  show n in  Tab

21. I t  shou ld  be  no ted  th a t is  p r im a r i ly  a  function  of g lyco l co n cen 

tr a t io n  and only  s lig h tly  in flu en ced  b y  te m p e ra tu re  o y er the  te m p e x a tu re  

ra n g e  in v e s tig a te d .

The v a lu es  of ob ta ined  fo r 95 p e r  cen t and 98 p e r  cen t

d ie th y len e  and tr ie th y le n e  glycol so lu tio n s  a t 80“ F . w e re  u sed  to  c a lc u 

la te  the eq u ilib riu m  w a te r  con ten ts  of m eth an e  gas d e h y d ra ted  b y  th e se  

g lyco l so lu tio n s  a t  80“F . a t p r e s s u r e s  ran g in g  up to  3000 pounds p e r  

s q u a re  in c h  ab so lu te . The ca lcu la te d  w a te r  con ten ts  a r e  shown by  the 

d o tted  lin e s  of F ig u re s  10 to  15, in c lu s iv e . I t  should  be no ted  th a t  th e r^  

i s  re a so n a b ly  good a g re e m e n t of c a lc u la te d  w a te r  co n ten ts  w ith  e x p e r i 

m e n ta l w a te r  co n ten ts  fo r d ie thy lene  g lyco l so lu tio n s  of a ll  c o n c e n tra tio  

The a g re e m e n t of ca lcu la ted  and  e x p e r im e n ta l v a lu es  is  good fo r  the 98 

p e r  cen t tr ie th y le n e  g lyco l so lu tio n s , b u t th e r e  is  p o o r a g re e m e n t fo r  t t  

95 p e r  cen t tr ie th y le n e  g lyco l so lu tio n . Two d iffe re n t s e ts  of d a ta  a r e  

av a ila b le  on th e  tr ie th y le n e  g ly co ls , an d  th e se  a r e  n o t c o n s is te n t w ith  

e a c h  o th e r . The m o re  re c e n t  d a ta  have b een  u sed  in  p re d ic tin g  va lu es  

of B 2X2 fo r  the tr ie th y le n e  g ly co ls , b u t the  e a r l i e r  d a ta  give m u ch  b e t te r  

a g re e m e n t.

ns .
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G lycol, 
w eig h t %

TA B LE 20

THE, E F F E C T  O F AQUEOUS SOLUTIONS O F D IETH Y LEN E AND 
TB IE TH Y LE N E GLYCOL ON DEW PO IN TS O F NATURAL GAS 

A T VARIOUS CO NTACT TEM PER A TU R ES AND
a t m o s p h e r i c  p r e s s u r e

D ie th y len e  G lyco l

70°F  C o n tac t T em p. 
Dew W ate r
P o in t C on ten t,
° F . Ib s/M M S C F 23

80°F  C o n ta c t T em p . 9 0 °F  C o n tac t T eiap  
Dew W a te r
P o in t  C on ten t,

° F . Ih s/M M S C F

Dew
P o in t
°F .

W a te r  
C on ten t, 
lbs/M M S((l

0 70. 0 1190 80. 0 1670 90. 0 2320
50 6 3 .5 930 7 3 .4 1330 8 3 .3 1850
60 60. 6 850 70. 5 1210 8 0 .3 1700
70 56. 8 730 66. 5 1020 7 6 .3 1450
80 5 0 .0 580 59. 6 820 6 9 .4 1160
90 37. 7 365 4 7 .0 520 56. 2 730
95 21. 8 187 3 0 .0 265 3 8 .3 370
98 5. 0 90 13 .3 126 21. 5 180

T rie th y le n e  G lycol

70°F  C o n tac t T em p . 80°F  C o n tac t T em p . 9 0 °F  C o n tac t T em p

G lycol, 
w eigh t %

Dew W a te r  D ew
P o in t C on ten t, P o in t
° F . Ib s/M M S C F ^^ ° F .

W a te r  '
C on ten t,
Ib s/M M S C F

Dew
P o in t
°F .

W a te r  
C on ten t, 
Ibs/M M SC

0 70. 0 1190 80. 0 1670 90. 0 2320
50 6 4 .4 970 7 4 .5 1380 8 4 .3 1900
60 62. 2 890 72. 1 1250 82. 0 1780
70 58. 5 790 6 8 .3 1140 7 8 .2 1580
80 52. 1 620 62. 0 890 71. 7 1260
90 38. 0 370 4 7 .9 540 57. 5 770
95 2 5 .5 215 3 4 .5 315 44. 2 460
98 1 2 .5 125 2 1 .0 178 2 9 .3 252
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TA B LE 21

GALCUL.ATED VALUES OE EM PIR IC A L FA CTO R, FOR
AQUEOUS SOLUTIONS O F D IETH Y LEN E AND TR IETH Y LEN E

GLYCOLS A T ATM OSPHERIC PRESSU RE

D ie th y len e G lycol

G lyco l B 2X2 a t  7 0°F B 2X2 a t  80°F . B^x^ a t 9 0 "F .
w e ig h t %

0 1. 017 . 1 .017 1.035
50 .0 .7 9 7 0 .816 0 .825
60 0. 728 0. 743 0. 758
70 0 .6 2 6 0. 626 0 . 646
80 0 .4 9 7 0 .503 0 .517
90 0. 313 0 .319 0 .325
95 0 .1 6 0 0. 163 0 .165
98 0 .0772 0. 0773 0 .0803

T rie th y le n e  G lycol

G lyco l B X a t  70“F . BpX- a t  8 0 °F . B 2X2 a t  90 °F .
w eig h t %

0 1 .022 1. 026 1 .037
50 0. 831 0 .848 0 .847
60 0 .7 6 3 0 .767 0 .795
70 0 .6 7 8 0. 700 0 .705
80 0. 532 0 .546 0 .5 6 2
90 0 .3 1 7 0 .331 0 .343
95 0. 184 0 .1 9 4 0 .205
98 0. 107 0. 109 0 .1 1 2
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I t  shou ld  be re a l iz e d , how ever, th a t in  the  ab sen ce  of h igh- 

p r e s s u r e  d a ta , low p r e s s u r e  d a ta  can  be  u se d  to  p re d ic t  the  e q u il ib r iu ir  

w a te r  co n ten t a t  any  p r e s s u r e  w ith  som e d e g ree  of a s s u ra n c e .

The D ew P o in t M ethod of P re d ic tin g  th e  W ater C o n ten ts  
of G a se s  D eh y d ra ted  a t V a rio u s  P r e s s u r e s

I t h as  b een  the  g e n e ra l p ra c t ic e  of en g in e e rs  who d es ig n  gas 

d eh y d ra tio n  equ ipm en t to  a s su m e  th a t the  dew p o in t d e p re s s io n  ob ta ined  

on w a te r  - s a tu ra te d  gas b y  the g ly co ls  i s  in d ep en d en t of p r e s s u r e .  H enc 

th e  dew p o in t d e p re s s io n  ob ta ined  a t  one p r e s s u r e  w ould be th e  sam e  ob - 

ta in e d  a t  an y  o th e r  p r e s s u r e  w hen using  the sam e  co n ce n tra tio n  of g lyco l 

a t  the  sam e  co n tac t te m p e ra tu re .  The v a lid ity  of th is  a ssu m p tio n  can  be 

te s te d  b y  using  the  dew p o in t d e p re s s io n  d a ta^^  ob tained  a t a tm o sp h e r ic  

p r e s s u r e  to  ca lc u la te  the e q u ilib riu m  w a te r  co n ten ts  of n a tu ra l  g as d e 

h y d ra te d  b y  the sam e g lyco l c o n c en tra tio n s  a t  the  sam e te m p e ra tu re  but 

a t  h ig h er p r e s s u r e s .  F o r  exam ple , a s  shown in  T ab le  20, w hen w a te r - 

s a tu ra te d  n a tu ra l  gas is  co n tac ted  a t  a tm o sp h e r ic  p r e s s u r e  and 7 0 °F . by  

a 98 p e r  cen t b y  w eigh t d ie th y len e  g lyco l so lu tion , the dew p o in t of the 

g as i s  lo w e re d  to  5 °F . fro m  the in i t ia l  dew po in t of 7 0 °F . T hus a  65®F.

Lew p o in t d e p re s s io n  is  ob ta ined . T h is  sam e  6 5 °F . dew po in t d e p re s s io n

!
should be ob ta in ed  a t a l l  p r e s s u r e s  w hen using  a 98 p e r  cen t b y  w eigh t 

g lyco l so lu tio n  a t  7 0 °F . to d eh y d ra te  w a te r - s a tu ra te d  n a tu ra l  g as having

an  in le t  dew po in t of 70® F .
!
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S ta tin g  th is  a n o th e r  w ay, w hen w a te r - s a tu r a te d  n a tu ra l  gas a t

7 0 ° F . i s  co n tac ted  b y  a ;98 p e r  cen t by  w eig h t d ie th y len e  g ly co l so lu tio n

a t 7 0 ° F . , th e  o u tle t dew p o in t w ill be 5 ° F . a t  any  p r e s s u r e .  I t  i s  th en

a  s im p le  m a t te r  to  d e te rm in e  the  e q u ilib r iu m  w a te r  co n ten t of th e  ou tle t

g as  a t  an y  p r e s s u r e  by  lay in g  a s tra ig h t-e d g e  along the  5 ° F . te m p e r a -

23tu re  lin e  on th e  w a te r  co n ten t g ra p h  and  read in g  th e  e q u ilib r iu m  w ate i 

co n ten t c o rre sp o n d in g  to  an y  d e s ir e d  p r e s s u r e  d i r e c t ly  f ro m  the  g rap h .

V alues of th e  w a te r  co n ten ts  d e te rm in e d  b y  u se  of th e  dew poin  

m eth o d  a r e  a lso  show n b y  s e p a ra te  d o tted  lin e s  on F ig u re s  10 to  15, in 

c lu s iv e . I t i s  s e e n  th a t, in  eac h  c a se , th e  v a lu es  of th e  dew  p o in t m ethc 

a r e  h ig h er th an  e x p e r im e n ta l v a lu e s , b u t i t  shou ld  a ls o  b e  n o ted  th a t the 

dew p o in t v a lu es  c lo se ly  p a r a l le l  the e x p e r im e n ta l v a lu es  and  follow  the 

sa m e  fa m ily  c u rv e s .
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DISCUSSION

A p p a ra tu s  U sed  fo r W ate r C on ten t M e a su re m e n t 

In  th e  in itia l  p lann ing  of the  r e s e a r c h  p ro g ra m  fo r the d e te rm ir  

a tio n  of the  w a te r  co n ten ts  of n a tu ra l  g as  d e h y d ra ted  by  v a r io u s  g ly co ls, 

i t  w as d ec id ed  th a t w a te r  co n ten ts  w e re  to  be m e a s u re d  b y  a d so rp tio n  

of the  w a te r  vapor of n a tu ra l  gas on a so lid  d e s ic c a n t and d e te rm in a tio n  

of the  w e ig h t in c r e a s e  p e r  volum e of g as  p a s se d  th ro u g h  the  ad so rb in g  

tube . P r e l im in a r y  c a lc u la tio n s  in d ic a te d  th a t ap p ro x im a te ly  10 to  30 

s ta n d a rd  cub ic  fe e t  of gas  w ould be r e q u ire d  to  fu rn is h  th e  w eig h t of 

w a te r  v apor n e c e s s a r y  fo r a c c u ra c y  in  w eigh ing  the d e s ic c a n t tu b e . 

A cco rd in g ly , the  eq u ilib riu m  c e ll w as d es ig n e d  to  co n ta in  ap p ro x im a te ly  

50 cub ic  fe e t  of gas  m e a s u re d  a t  80° F . and  14. 7 pounds p e r  sq u a re  in ch  

T h e  e x c e s s  vo lum e of th e  e q u ilib riu m  c e l l  w ould p re v e n t e x c e s s iv e  

p r e s s u r e  d ro p s  du rin g  th e  tak ing  of sa m p le s  fro m  the ce ll.

I D uring  th e  in it ia l  ru n s  a tte m p ts  w e re  m ade to  a d so rb  w a te r

vapor on "D e h y d rite " , an h y d ro u s m ag n esiu m  p e rc h lo ra te ,  b u t in  using 

100 p e r  c en t g ly co ls  the w a te r  con ten t of the  d eh y d ra ted  gas w as  so low 

that th e re  w as  no d e tec tab le  w eig h t in c r e a s e  of the  d e s ic c a n t m a s s .  A

102
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m o re  a c c u ra te  m ethod  of m e a su rin g  w a te r  co n ten t w as sought, and  u se  

of K a r l F is c h e r  re a g e n t se e m e d  p ro m is in g . A ttem p ts  to  u se  th e  K a r l 

F is c h e r  re a g e n t d id  not p ro v e  s a t is fa c to ry  fo r  g a se s  con tain ing  le s s  th an  

10 pounds of w a te r  v ap o r p e r  m illio n  s ta n d a rd  cub ic fe e t so the  m eth o d  

w as d isc a rd e d , and  th e  th e r m is to r  b r id g e  c ir c u i t  adopted .

The th e rm is to r  b r id g e  c i r c u i t  w as  f i r s t  b u ilt  a cco rd in g  to  th e  

d e s c r ip t io n  g iven  b y  H a r r i s  and  N a sh ^ ^ , in  w hich  only  one W heatstone  

B rid g e  c i r c u i t  w as u se d  and  bo th  th e r m is to r s  w e re  in  the c ir c u i t .  T h is  

a r ra n g e m e n t, how ever, w as so  se n s itiv e  th a t  i t  w as im p o ss ib le  to  c a l i 

b r a te  the  c ir c u i t  w ith  su ff ic ie n t a c c u ra c y . I t  is  b e liev ed  th a t  th e  w ide 

d ev ia tio n s  w e re  due to  r e la t iv e ly  sm a ll changes in ro o m  te m p e ra tu re  

c a u sed  b y  changes in  a tm o sp h e r ic  co n d itio n s, and  a i r  d ra f ts  in  the la b 

o ra to ry . A ttem p ts  w e re  m ade to  change the w ir in g  c irc u it ,  b u t th e se  

w e re  no t s a tis fa c to ry  u n til tw o W heats to n e  B rid g e  C irc u its  w e re  b u ilt,
I

w ith  only  one th e rm is to r  in  each  c ir c u i t .

A re a c tio n  c e ll s im ila r  to  th a t  d e s c r ib e d  by  H a r r is  and  Nash^® 

w as f i r s t  u sed . A tube of l /2 - in c h  in s id e  d ia m e te r  w as reco m m en d ed  

fo r  th e  ca lc iu m  h ydride  c h am b e r, b u t only  one of S / l6 - in c h  d ia m e te r  

w as a v a ila b le . G as v e lo c itie s  th ro u g h  th e  hy d rid e  m a s s  w e re  c o n s id e re d  

to  be  too  g re a t  fo r  dependab le  r e s u l t s ,  so  th e  vacuum  b o ttle  a r ra n g e m e n t 

show n in  F ig u re  5 w as u sed . The la r g e r  volum e of th e  vacuum  b o ttle

s e rv e d  a s  a m ixing  ch am b er to  d am pen  th e  e ffe c ts  of changes in  a tm o s -  j
i ' I
pherin-condition^r-a.nd-fr^om -the-calibr-ation-curve-of-F!-igure—9-is--apparen t
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ly  s a t is fa c to ry  fo r u se . I t  a lso  p o s s e s s e s  th e  ad v an tag e  of being  r e a d i l  

c o n s tru c te d  f ro m  m a te r ia ls  e a s i ly  o b ta in ed  f ro m  m o s t la b o ra to ry  s to ck  

ro o m s .

H a r r i s  and N ash  re c o m m en d e d  a  ca lc iu m  h y d rid e  m a s s  of 

a p p ro x im a te ly  one g ra m . T h is  am oun t w a s  too  s m a ll fo r  th e  eq u ip m en t 

u se d  in  th is  in v e s tig a tio n , so  a  tw o -in c h  la y e r  of 4 / l 8  m e sh  p a r t ic le s  

w as  u sed  in s te a d . The in c re a s e d  am o u n t of ca lc iu m  h y d rid e  u se d  only  

r e q u i r e s  a  lo n g er tim e  to  r e a c h  te m p e ra tu re  e q u ilib riu m .

U sing th e  sam e  g as  sam p le , a t te m p ts  w e re  m ade to  s tu d y  th e  

e ffec ts  of vary ing  am o u n ts  of ca lc iu m  h y d rid e  u sed . A f te r  th e r m is to r  

r e s i s ta n c e - r a t io  re a d in g s  w e re  co n sta n t, m o re  h y d rid e  w as added or 

the  w hole m a s s  rem o v ed , s c re e n e d  and  r e p la c e d . A fte r  c lo sing  the 

r e a c t io n  c e ll the  r e s i s ta n c e - r a t io  soon r e tu rn e d  to  i ts  p re v io u s  co n stan t 

re a d in g .

S a tu ra tio n  of N a tu ra l  G as

T h is  in v e s tig a tio n  is  a  s tu d y  of e q u ilib r iu m  cond itions ex is tin g  

am ong the  com ponen ts  n a tu ra l  gas, w a te r ,  an d  g lyco l in  a  m ix tu re . 

T h e re fo re , eq u ilib riu m  shou ld  b e  a tta in e d  b y  an  ap p ro a c h  fro m  e ith e r  

d ire c tio n , th a t is ,  b y  u sing  e ith e r  a  b o n e -d ry  o r  a  w a te r - s a tu r a te d  g as 

in  co n tac t w ith  a n  aq u eo u s g lyco l so lu tio n . H ow ever, in  using  g ly co ls  

of e s s e n tia l ly  100 p e r  cen t c o n c e n tra tio n  th e  w a te r  co n ten t of th e  glycols 

w as so low  th a t w a te r - s a tu r a te d  n a tu ra l  g as  w as  u se d  to  in s u re  the
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p re s e n c e  of su ffic ien t w a te r  fo r m e a s u re m e n t of th e  w a te r  co n ten t of 

th e  vapor p h ase  w hen eq u ilib riu m  w as  a tta in e d . In  a l l  o th e r  ru n s ,  e x 

cep t one, th e  in i t ia l  fillin g  of th e  e q u ilib r iu m  cy lin d er w as  m ade w ith  

w a te r  - s a tu ra te d  n a tu ra l  g as  fo r the  ru n  a t  2500 pounds p e r  sq u a re  inch, 

th u s  ap p ro ach in g  eq u ilib riu m  fro m  the "w et"  s id e . R uns a t  lo w er p r e s s  

u r e s  w e re  ob ta ined  b y  s u c c e s s iv e ly  d ropping  th e  p r e s s u r e  to  th e  d e s ire  

value fro m  the  h ig h er p r e s s u r e ,  th u s  ap p ro ach in g  eq u ilib riu m  fro m  the 

" d ry "  s id e .

The s in g le  ru n  ex cep ted  above w as R un No. 107 a t  515 pounds 

p e r  sq u a re  in ch  ab so lu te  in  w hich  th e  g as w as in tro d u ce d  in to  the eq u ili 

b r iu m  cy lin d er w a te r - s a tu ra te d  a t  8 0 °F . and 515 pounds p e r  s q u a re  inc 

ab so lu te . T h is  ru n  w as to d e te rm in e  w h e th e r o r n o t the sam e  eq u ilib riu m  

value w ould be  ob ta ined  a s  w as  ob ta ined  by  the  p r e s s u r e  d rop  m ethod . 

S ince the  v a lu es  ob ta ined  b y  b o th  m eth o d s of a p p ro a c h  to  eq u ilib riu m  

a g re e d  w ith in  the  a c c u ra c y  of the in s tru m e n t, i t  is  ev id en t th a t e i th e r  

m eth o d  of a p p ro a ch  to  e q u ilib riu m  is  s a tis fa c to ry .

T echnique of O btaining G as  S am p les  fro m  
the E q u ilib r iu m  C y lin d er

1
In tak ing  sam p les  of vapor and liq u id  p h a se s  in  e q u ilib riu m  i t  

i s  g e n e ra lly  e s s e n tia l  th a t  th e  sy s tem  te m p e ra tu re  and  p r e s s u r e  re m a ir . 

co n s ta n t w hile  sam p lin g . T h is  i s  o ften  a c c o m p lish e d  by  m e r c u ry  d is 

p la c e m e n t of the  sam e . The la rg e  volum e of gas sa m p le s  r e q u ire d  in
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th is  in v e s tig a tio n  m ade the  u se  of m e r c u ry  d isp la c e m e n t im p ra c tic a l.  

Two e q u ilib riu m  c y lin d e rs , co nnected  b y  two p ip e s  w ith  v a lv es , w e re  

d ec id ed  upon to  o v erco m e th is  d ifficu lty . O nly the  lo w er cy lin d er woulc. 

co n ta in  g lyco l, and th is  could be  s e a le d  off fro m  th e  d eh y d ra ted  gas in  

th e  upper cy lin d er by  the v a lv es  in  the connecting  p ip e s . G as sa m p le s  

cou ld  th en  b e  tak en  fro m  th e  u p p er c y lin d e r  w ithou t effec ting  the  conten^ 

of the  lo w er cy lin d e r . S ince  g as  ten d s  to  p ick  up m o re  w a te r  a s  i ts  

p r e s s u r e  d ec lin e s , i t  w as dec id ed  th a t  ev en  though the  d rop  of p r e s s u r e  

in  the  upper cy lin d er w ould ten d  to  give a h ig h e r w a te r  con ten t th an  the 

e q u ilib riu m  value, the a c tu a l w a te r  co n ten t w ould be so  low th a t the 

in c re a s e  w ould  be n eg lig ib le . E x p e rim e n t p ro v e d  th is  to  be tru e  a t high 

p r e s s u r e s  fo r  p r e s s u r e  d ro p s  of about 200 pounds p e r  sq u a re  in ch . The 

on ly  d iff icu lty  w as en co u n te red  w ith  95 p e r  cen t and  98 p e r  cen t g lycol 

so lu tio n s  a t  500 pounds p e r  sq u a re  in ch . The d ro p  in  p r e s s u r e  of 200 

pounds p e r  sq u a re  in c h  n e c e s s a r y  to  o b ta in  the  r e s is ta n c e  rea d in g  cau sed  

th e  w a te r  con ten t cu rve  to  p a s s  th ro u g h  a  m in im um  value du ring  the r u r .  

T h is  m in im um  value w as chosen  a s  the  w a te r  con ten t.

The in s e r t io n  of the p r e s s u r e  gauge in to  th e  e q u ilib riu m  cylind  

e r  to  ob ta in  the p r e s s u re  of the  sy s te m  d id  in tro d u c e  so m e p o s s ib il i ty  

of e r r o r  b y  changing the volum e of the sy s te m , and by  in tro d u c in g  som e 

a i r  and  a lso  som e w a te r . H ow ever, s in ce  th e  o u tle t in to  w hich  the 

gauge w as in s e r te d  w as a lso  the  gas sam p le  o u tle t any  e n tra p p ed  a i r  anc.
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w a te r  w ould  b e  im m e d ia te ly  d isp e lle d  in  tak in g  the g as  sa m p le . The 

change in  volum e of the  sy s te m  w as n eg lig ib le .



C H A PT E R  V in  

CONCLUSIONS 

T he r e s u l t s  of th is  in v e s tig a tio n  m a y  be  s u m m a r iz e d  a s

fo llow s:

1. Sm oothed  d a ta  a r e  p r e s e n te d  on the eq u ilib riu m  w a te r  v ap o t 

co n ten ts  of n a tu ra l  g as d eh y d ra ted  b y  d ie th y len e  and tr ie th y le n e  g lyco l 

of 95, 98 and e s s e n tia l ly  100 p e r  cen t b y  w eigh t c o n c en tra tio n s  a t 80®F. 

and  a t  p r e s s u r e s  ran g in g  fro m  500 to  2500 pounds p e r  sq u a re  in ch .

2. The w a te r  vap o r co n ten t of g a s e s  d eh y d ra te d  w ith  diethylenje 

and  tr ie th y le n e  g ly co ls  d e c re a s e s  w ith  in c re a s in g  g lyco l c o n ce n tra tio n  

and  in c re a s in g  p r e s s u r e  w ith in  th e  l im i ts  of the  in v e s tig a tio n  c ite d  in  

( l)  above.

3. V a ria tio n  in  sy s te m  te m p e ra tu re  fro m  7 0 °F . to  90®F. h as 

a  n eg lig ib le  e ffec t on w a te r  vapor co n ten t of the d eh y d ra ted  g a se s  th ro u g h 

out the ra n g e s  of g lyco l c o n c e n tra tio n  and  p r e s s u r e  in v e s tig a te d .

4. A m eth o d  is  p re s e n te d  w h e re b y  the  eq u ilib riu m  w a te r  vapor 

co n ten t of n a tu ra l  gas d eh y d ra ted , a t  c o n s ta n t te m p e ra tu re  and a t  any 

p r e s s u r e ,  b y  g ly co ls  of known c o n c e n tra tio n  m ay  be e s tim a te d  fro m  d a ta  

o b ta in ed  a t  a tm o sp h e r ic  p r e s s u r e .

108
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5. The com m only  u sed  bu t u n co n firm ed  p re m is e  th a t dew 

p o in t d e p re s s io n  of g a se s  d eh y d ra ted  b y  d ie th y len e  o r tr ie th y le n e  glycol 

of know n co n cen tra tio n , a t a  sp e c ifie d  te m p e ra tu re ,  i s  in d ependen t of 

sy s te m  p r e s s u r e  is  s u b s ta n tia lly  v a lid  fo r qu ick  e s tim a tin g  p u rp o se s , 

though i t  i s  p ro b a b ly  no t su ffic ien tly  a c c u ra te  fo r  p r e c is e  d es ig n  of 

d eh y d ra tio n  f a c i l i t ie s .

6. F o r  p r e c is e  d es ig n  p u rp o se s , th e  e x p e rim e n ta l d a ta , and 

the m eth o d  fo r e s tim a tin g  eq u ilib riu m  w a te r  vapor con ten ts  of n a tu ra l 

g a se s  of s im ila r  com position  d eh y d ra ted  b y  d ie th y len e  o r  tr ie th y le n e  

g ly co ls  a t  in te rm e d ia te  c o n c e n tra tio n s , p r e s s u r e s  and  te m p e ra tu re s ,  

a s  p re s e n te d  h e re , a r e  reco m m en d ed .

7. H exylene glycol and  a  p o ly -g ly co l m ix tu re  known c o m m e r

c ia lly  a s  "D ico l"  show p ro m is e  a s  g as d eh y d ra tin g  m ed ia  and  m ig h t be 

in v e s tig a te d  in  g r e a te r  d e ta il if  o th e r econom ic  f a c to rs  invo lved  in  th e ir  

u se  should  w a r ra n t  i t .
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SA M PL E CALCULATIONS

P re d ic tio n  of D eh y d ra tio n  a t  H igh P r e s s u r e s  f ro m  D ata  
O btained  a t  Low  P r e s s u r e s

The sam p le  c a lc u la tio n  p re s e n te d  below  i l lu s t r a te s  th e  d e t e r 

m in a tio n  of B2%2 a tm o sp h e r ic  p r e s s u r e  d a ta , and the  u se  of the

value  of B 2X2 ob ta ined  to  c a lc u la te  the  w a te r  con ten t a t  a  h ig h er p r e s  su 

W hile th e  exam ple  u s e s  a tm o sp h e r ic  p r e s s u r e  d a ta , th e  sam e  p ro c e d u r  

could  be u se d  to  c a lc u la te  B2%2 d a ta  ob ta in ed  a t  any  p r e s s u r e .

P ro b le m ; The dew po in t^^  of n a tu ra l  g as d eh y d ra ted  b y  95 

p e r  cen t b y  w eigh t d ie th y len e  g lyco l a t 80° F . , 14. 7 pounds p e r  sq u a re  

in c h  ab so lu te , i s  30“F . T h is  c o r re sp o n d s  to  a  w a te r  con ten t^^  of 265 

pounds p e r  m illio n  s ta n d a rd  cubic fe e t a t  14. 7 pounds p e r  sq u a re  in c h  

ab so lu te , 6 0 °F . A ssu m in g  th a t B^^x^ = ’ d e te rm in e  th e  value of

B 2X2 > and u se  the value to  c a lc u la te  th e  eq u ilib riu m  w a te r  co n ten t of 

n a tu ra l  gas d eh y d ra te d  by  95 p e r  cen t d ie th y len e  g ly co l a t  80 °F . and 

2000 pounds p e r  sq u a re  in ch  ab so lu te .

Solution: A ssu m e n a tu ra l  g as  to  be m e th an e . T hen  a t  14. 7 

pounds p e r  sq u a re  in c h  ab so lu te , and 80 °F . , by  E q u a tio n s  (18), (30),
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and (19),

^ 1  =

0 .7 2 6  (14. 7 - 4730) 
4730 (0 .740) e (10. 71) (540)

(14. 7) (l.O ) = 132 .0 (38)

E q u a tio n s  (18) and (19) to g e th e r  w ith  the  v ap o r p r e s s u r e  of w a te r  a t 

80“F .  can  be com bined  to  give th e  follow ing:

Ko =
0. 5067 (1. 0) e

0 .2 8 9  (14. 7 - 0 .5 ) 
(10. 72) (54B)

(14 .7 )  (1 .0 ) = 0 . 0345 (39)

S ubstitu ting  th e se  v a lu es  of K^ an d  K2 to g e th e r  w ith  ”  q ' 74Q

in to  E q u a tio n  (29):
X i K i  -  1

X j K i  -  B gX gK g  

1

( 29)

72 = 6 2 X2(0. 0345) I 0» 740
(132. 0) - 1

- ^ - ^ ( 1 3 2 . 0 )  - 6 2 X2 ( 0 . 03445)

C o n v ertin g  the w a te r  con ten t in to  7 2 :

_ W 2 X 379
^2 18.01 X 10^

265 X 379 
18. 01 X 106 = 0 .00558

E quating  th is  v a lu e  of 7^ in  E q u a tio n  (29) and  so lv ing  fo r  6 ^X2 :

B 2X2 = 0. 1628

T h is  value of 6 2 X2 can  now be u sed  a t  the  sam e te m p e ra tu re  and  gl7 Col 

c o n ce n tra tio n  to  ca lcu la te  the value of 72 a t  an7  o th e r p r e s s u r e  b 7 u se  

of E q u a tio n  (29) and  the  a p p ro p ria te  v a lu es  of and K^. F o r  exam ple  

a t  2000 pounds p e r  s q u a re  in c h  ab so lu te , and 80°F :
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0. 726 (2000 - 4730)
4730 (0 .7 4 0 ) e (10-72) (540) ^

K l (2000) (0. 812)

0. 289 (2000 - 0 .5 )
0 .5067  (1 .0 ) e (10. 72) (540)

= (2000) (0 .3 0 ) = °- 000933

®1""1"Ô7W

® 2^2 “  0.1628  

S u b stitu tin g  th e se  va lues in to  E q u a tio n  (29):

y_ = 0. 1628 (0. 000932)

Yg = 7 8 .5  X 10'^

0. 740 (^ ' ^

y ^ ^ ( l .  530) - 0. 1628 (0. 000933)

C o n v ertin g  yg in to  an  eq u iv a len t w a te r  con ten t:

3 .7 3  Ib s . p er  M I ^ C F

T h is  c o m p a re s  w ith  an  e x p e r im e n ta l value of 3 .4 2  pounds p e r  m illio n  

s ta n d a rd  cubic  fe e t.

The Dew P o in t M ethod of P re d ic tin g  th e  W ate r C on ten ts
of G a se s  D eh y d ra ted  a t  V ario u s  P r e s s u r e s  

P ro b le m : In T ab le  20 the  dew p o in t of n a tu ra l  g as d eh y d ra ted  

by  a n  aqueous 98 p e r  cen t by  w eigh t d ie th y len e  glycol so lu tio n  a t  a  con 

ta c t  te m p e ra tu re  of 7 0 °F . and a tm o sp h e r ic  p r e s s u r e  is  5 °F . U sing 

the  dew p o in t m ethod  d e te rm in e  the  e q u ilib riu m  w a te r  con ten t of th is
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g as in  co n tac t w ith  th e  sam e  g lyco l so lu tio n  a t  70“F . an d  2000 pounds 

p e r  sq u a re  in ch  a b so lu te .

Solu tion: A cco rd in g  to  the w a te r  co n ten t g rap h ^ ^ , th e  s a tu r 

a te d  w a te r  con ten t of n a tu ra l  g as a t  5 °F . an d  2000 pounds p e r  sq u a re  

in c h  ab so lu te  i s  1. 5 pounds p e r  m illio n  s ta n d a rd  cub ic  fe e t a t  14. 7 

pounds p e r  sq u a re  in c h  ab so lu te , 6 0 °F . T h is  c o m p a re s  w ith  an  e x p e ri
i

m e n ta l w a te r  con ten t of a p p ro x im a te ly  1. 0 pounds p e r  m illio n  s ta n d a rd  

cub ic  fe e t.

C a lcu la tio n  of th e  V a ria tio n  in  the  W ate r C o n ten t of G lycol 
S o lu tion  U sed  fo r N a tu ra l G as D eh y d ra tio n

P ro b le m : N a tu ra l gas s a tu ra te d  w ith  w a te r  a t  2500 pounds p e r  

s q u a re  in ch  gauge and 90 “F . is  con ta ined  in  a  c y lin d e r  of 8885 m il l i l i te  

cap ac ity . I t i s  d eh y d ra ted  by  2232 m il l i l i te r  S3 of 98 p e r  cen t b y  w eigh t 

so lu tio n  of d ie th y len e  g lyco l. C a lc u la te  the  change in  th e  co m p o sitio n  

of the g lyco l so lu tion  due to  w a te r  a b so rb e d  fro m  th e  n a tu ra l  g a s .

Solution: A ssu m e  n a tu ra l  gas to  be  m e th an e . The vo lum e of 

gas m e a s u re d  a t  14. 7 pounds p e r  sq u a re  in  ab so lu te  and 6 0 °F . can  be 

c a lc u la te d  a s  fo llow s:

C r i t ic a l  P r e s s u r e ,  P ^  = 673. 1 p s ia .

C r i t ic a l  T e m p e ra tu re , t^  = -116 . 5 °F .

R ed u ced  P r e s s u r e ,  P ^  = ■ = 3. 74T f T

R ed u ced  T e m p e ra tu re , T^ = 5 = 1» 60
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T h en  fro m  a  c o m p re s s ib il i ty  fa c to r  c h a r t,

= 0. 84

U sing th e se  v a lu es  the vo lum e of th e  g as  is ,

2 1 1

The s a tu ra te d  w a te r  con ten t of n a tu ra l  g as  a t  2515 pounds p e r

s q u a re  in ch  a b so lu te  and  9 0 “F . i s  26. 0 pounds p e r  m illio n  s ta n d a rd  

23cub ic  fe e t. T h e re fo re , the w a te r  co n ten t of the  gas sam p le  in  the 

c y lin d e r  is ,

26. 0 X '̂ 0*6 ' X 453. 6 = 0. 713 g m s.

The e q u ilib riu m  w a te r  co n ten t of n a tu ra l  g as  d eh y d ra ted  b y  98 

p e r  cen t d ie th y len e  g lyco l a t  2500 pounds p e r  s q u a re  in ch  gauge and 90® F 

i s  a p p ro x im a te ly  1 .3 6  pounds p e r  m illio n  s ta n d a rd  cubic fe e t. Then the 

w a te r  con ten t of the  d eh y d ra ted  g as sam p le  i s ,

1 .3 6  X X 453. 6 = 0. 0373 g m s.

The w a te r  a b so rb e d  by  th e  g ly co l i s  then ,

0. 713 - 0 .0373  = 0 .6 7 5 7  g m s.

T h is  q u an tity  of w a te r  i s  a b s o rb e d  in  2232 m i l l i l i t e r s  of 98 p e r  cen t 

g ly co l having a  d e n s ity  of 1. 1075 g ra m s  p e r  m i l l i l i t e r .  So the w eigh t 

of th e  g lyco l sam p le  is ,

2232 X 1. 1075 = 2470 g m s.

The w a te r  con ten t of the  98 p e r  cen t g ly co l so lu tio n  i s ,
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0. 02 X 2470 -  49. 4 g ra in s

To th is  is  ad d ed  the  0. 6757 g ra m s  of w a te r  a b s o rb e d  fro m  the n a tu ra l

g a s , m aking  the fin a l w a te r  con ten t of the g lyco l,

(4 9 .4  4 0. 6757) X 100 .....................
 2470 >  0 .6757--------  = °^4  p e r  cen t by  w eigh t

T h is  in c re a s e  in  the w a te r  con ten t i s  l e s s  th an  the a c c u ra c y  of the

I m e th o d  u sed  fo r the  w a te r  co n ten t d e te rm in a tio n , so the change can  be
!

; c o n s id e re d  to  b e  n e g lig ib le .
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