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Figure 1. Phasetransit lon temperatures In  solutions containing cupric sulfate, uranyl  sulfate, and sulfuric acid 

against  one  of t h e  composition var iables  yields  smooth 
curves from which interpolation values  may be  obtained. 
Figure 1 shows temperature contour plots  obtained in  t h i s  
manner for each  of the five acidi ty  values. T h e  regions in 
which sol id  p h a s e s  were encountered a r e  indicated. A 
comparison shows that as  the amount of e x c e s s  sulfuric 
a c i d  is increased the s c o p e  of t h e  precipitation regions 
shr inks  and  tha t  t h e  temperature a t  which liquid phase  
separat ion occurs  for a specif ic  concentration is elevated. 
If sufficient ac id  is present  to prevent precipitation of a 
solid, pure copper sulfate-sulfuric acid solutions will yield 
a second liquid p h a s e  in  a manner completely analogous to 
t h e  behavior or  uranyl su l fa te  solutions. 

Solution compositions fal l ing within t h e  precipitation 
regions a r e  probably of no  interest  for reactor use,  because  
of the  temperature limitation. T h e  da ta  in  the  two-liquid 
p h a s e  region provide a n  upper temperature limit for reactor 
u s e  for any composition within t h e  scope  of t h i s  study. 
Relying on pas t  experimental data (4), the  two liquid phase 
appearance temperatures for t h e  heavy water system a r e  

expected to be  of the order of 5‘’ to  10°C. lower than for 
the  corresponding ordinary water system. 
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Diffusion Coefficients in Hydrocarbon Systems. Methane 

in the Liquid Phase of the Methane-Santa Fe 

Springs Crude Oil System 

H. H. REAMER and 0 .  H. SAGE 
California inst i tute  of Technology, Pasadena,  Cal i f .  

L i t t l e  experimental work i s  avai lable  concerning the molec- 
ular transport of methane in the  liquid phase  of hydrocar- 
bons except t h e  earlier work of Pomeroy (10) and of Lacey 
and others  (1, 4, 5, 7. More recently, interest  in th i s  field 
h a s  revived and a t  the present time some information i s  
avai lable  concerning the transport of methane in binary 
systems made up of t h i s  hydrocarbon and the paraffin hydro- 
carbons from propane through n-decane, with the exception 

of oc tane  and nonane (11, 13-16). Kirkwood (6) h a s  s e t  
forth some of t h e  basic  relationships of molecular trans- 
port and these  have been extended to  a number of situa- 
t ions of particular interest t o  petroleum production (9). 

T h e  work of Drickamer h a s  made a marked contribution to 
an understanding of transport in liquid and gas  phases  a t  
e levated pressures. His  s tudies ,  directed toward an under- 
standing of the behavior at a gas-liquid interface (24, 29, 
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a r e  of particular interest. Interest  in the  res i s tance  a t  an 
interface (3) h a s  continued but t h e  work of Schrage (23), 
which h a s  been substant ia ted by the  experimental work of 
Schlinger (22), indicated that a t  pressures  in e x c e s s  of 
severa l  atmospheres the  influence of the  res i s tance  a t  t h e  
interface is negligible. 

In the  present investigation measurements of the  Fick 
diffusion coefficient of methane in  t h e  liquid phase of the  
methane-Sante Fe Springs crude oik system (referred t o  here  
a s  crude oil) a t  p ressures  up to  3600 p.s.i. in the  tem- 
perature interval between 40' and 280'F. were made. T h e  
upper limit of pressure w a s  es tab l i shed  by t h e  possible  
separation of an asphal t ic  phase  (2). 

METHODS AND APPARATUS 

T h e  methods employed were similar t o  the  t ransient  meth- 
o d s  used by Lacey  and others  (10). In principle, they in- 
volve the  measurement of t h e  rate  of introduction of methane 
into a quiescent ,  isochoric, two-phase mixture of methane 
and crude oil previously brought to equilibrium a t  a some- 
what lower pressure. T h e  pressure over t h e  equilibrium 
heterogeneous mixture was  increased rapidly by a prede- 
termined increment and the  quantity of methane required to  
maintain th i s  variable weight system under isobaric, isc- 
thermal condition3 w a s  determined. T h e  equipment e m -  
ployed h a s  been described (13). 

T h e  quantity of crude oi l  employed w a s  determined gravi- 
metrically by weighing bomb techniques (20). T h e  un- 
certainty in t h e  weight of crude oil introduced w a s  l e s s  
than 0.05%. P r e s s u r e s  were measured with a probable error 
of 0.1 p.s.i. or 0.05%, whichever w a s  the  larger measure of 
uncertainty. T h e  constancy of the  pressure w a s  establ ished 
by means of a slack-diaphragm type of manostat (17). It i s  
believed that  t h e  pressure w a s  related to the  initial value 
within 0.03 p.s.i. Temperatures were determined with a 
platinum res i s tance  thermometer of the  strain-free type  
(8). T h e  temperature of the  system w a s  related to t h e  inter- 
national platinum s c a l e  within 0.02' F. 

T h e  ra te  of introduction of t h e  methane w a s  adjusted 
automatically (18) to  maintain isobaric  conditions, and the  
quantity of methane introduced w a s  recorded in  a digi ta l  
fashion as a function of time. Measurements were taken a t  
intervals  of approximately 5 minutes during the  diffusion 
process. T h e  uncedainty in the  volumetric determination of 
t h e  quantity of methane introduced w a s  less than 0.1% of 
the  total quantity added during the  period of measurement. 

From the weight of methane introduced into the  isochoric 
v e s s e l  a s  a function of time, the  Fick diffusion coefficient 
may be  evaluated (13) from the  relation 

In t h e  derivation of Equation 1 (13) i t  w a s  assumed that  
local equilibrium (6) exis ted and the  quant i t ies  within t h e  
f i r s t  and third brackets  of Equation 1 were evaluated from 
interpretation of avai lable  equilibrium da ta  (19, 21). 

T h e  f i rs t  bracket t a k e s  into account t h e  hydrodynamic 
velocity (13) in the  liquid phase, whereas  t h e  third bracket 
is the ratio of t h e  quantity of methane added to  that cross- 
i n g  the  interface. In other words, t h e  third bracket t a k e s  
into account t h e  change in the  total volume of the  liquid 
phase. 

It i s  possible  t o  derive expressions similar to  Equation 
1 which take  into account  t h e  res i s tance  at  t h e  interface. 
Experimental measurements (%2) have shown, however, that  
t h e  res i s tance  a t  t h e  interface c a n  b e  neglected. T h e  

negligibly small deviation from a linear relationship be- 
tween t h e  weight of methane transported a c r o s s  the  inter- 
face  and t h e  square root of time confirms th i s  point of view. 
I t  i s  not necessary to  take into account any resis tance in 
t h e  g a s  phase  if local  equilibriu-n e x i s t s  at the interface. 
T h e  composition on t h e  liquid-phase s ide  of the interface 
i s  solely a function of t h e  prevailing temperature and pres- 
sure  in so far a s  t h e  system can be treated a s  binary. 

A typical s e t  of experimental resu l t s  obtalned at  an 
operating pressure of 424.8 p.s.i. and a temperature of 
220' F. i s  shown in Figure 1. T h e  large number of ex- 

a 
W 

0 U 

W 

4 

c 
W 

5 0  100 I50 200 250 

SOUARE ROOT TIME ISEC.# 

Figure 1. Typical  experimental measurements at 220° F. 

perimental points resulted from the automatic digital re- 
cording equipment described in an earlier paper (28). T h e  
standard deviation of t h e  experimental points f rom a straight 
l ine  w a s  1.37 x pound, for the  time period indicated 
between the  two vertical arrows. T h i s  standard deviation 
is based upon t h e  assumption that a l l  of the  error l i e s  in 
the  weight of methane introduced into the  vesse l  and that 
there i s  none in the  time. 

T h e  total quantity of methane introduced into t h e  is- 
choric  vesse l  for t h e  attainment of equilibrium a t  the  higher 
pressure i s  indicated by the topmost arrow in Figure 1. It 
should be emphasized that  Equation 1 serves  a s  a sa t i s -  
factory representation of the Fick diffusion coefficient only 
for s i tuat ions in which the  quantity of methane crossing the  
interface i s  not more than half of that  required t o  bring the 
ent i re  phase  to  equilibrium. In la ter  s t a g e s  in the  diffusion 
process  the  inf luence of the  f ini te  length of the diffusion 
path becomes significant (13). 

MATERIALS 

T h e  methane used  in t h i s  investigation w a s  obtained from 
a well in the  San Joaquin Valley of California. T h e  meth- 
a n e  sample w a s  passed  success ive ly  over calcium chloride, 
freshly activated charcoal a t  dry i c e  temperature, Ascarite, 
and anhydrous calcium su l fa te  a t  room temperature. It was  
then passed  through a spiral coil immersed in a mixture of 
dry i c e  and trichloroethylene. All of t h e s e  processes  were 
carr ied out  a t  pressures  in e x c e s s  of 300 p.s.i. Special 
spectroscopic  ana lys i s  indicated that  t h e  methane, af ter  
being subjected t o  t h e  above-described treatment, contained 
l e s s  than 0.0003 mole fraction of material other than meth- 
ane. 

T h e  crude oil w a s  obtained in 1935 from a well in the  
Santa Fe Springs Field. It w a s  stored in a sea led  s t e e l  
drum and a solvent extraction ana lys i s  yielded resul ts  
which a r e  avai lable  (21). A second, more recent ana lys i s  
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from a sample obtained from the  s teel  drum after stirring i s  
reported in Table  I. The  deviations a re  considered t o  be 
insignificant. The other pertinent physical properties of 
this  crude oil,  which h a s  a gravity of 34.9' API at  60' F., 
a re  reported in Table  I. 

EQUILIBRIUM D A T A  

A s  indicated by Equation 1, detailed information con- 
cerning the partial volumetric behavior of the  components of 
t h i s  system, which i s  being treated a s  though binary, i s  
required to interpret the  diffusion measurements. An 
earlier study of the methane-crude oil system was employed 
for this  purpose. The  associated partial volumetric be- 
havior of methane and of the crude oil i s  avai lable  (19). 
These  data were  extrapolated slightly, with respect to both 
tevperature  and pressure, to  obtain the necessary informa- 
tion. 
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Figure 2 shows the volumetric correction factor for 
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Figure 2. Volumetric correction factor for methane-Santa F e  
Springs crude ai l  system 

methane in the  liquid phase of the  methane-crude oil sys-  
tem a s  a function of pressure and temperature. T h i s  factor 
i s  the first bracketed term of Equation 1. Similar informa- 
tion for the weight correction factor for methane in t h i s  
system i s  shown in Figure 3. T h i s  factor i s  the  l a s t  
bracketed term of Equation 1. The  deviation of these  cor- 
rection factors from unity i s  much smaller for the  methane- 
crude oil system than i s  encountered with such systems a s  
methane-n-butane (1.5). The necessary values  of concentra- 
tion of the two components were obtained from t h e  original 
volumetric study (21). 

EXPERIMENTAL DATA 

Information similar to  that shown in Figure 1 was  ob- 
tained a t  other temperatures between 40' and 280'F. A 
sample of the detailed experimental resul ts  obtained for 
the  measurements covered in Figure 1 i s  s e t  forth in Table  
11, which includes approximately 25% of t h e  tabular infor- 
mation obtained. 

Table  111 records the experimental information obtained 
from the application of a leas t  squares  fit to the linear re- 
lationship between the weight of methane crossing the inter- 
face  and the square root of time, together with t h e  associ-  
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Figure 3. Weight correction factor for methone-Santa F e  
Springs crude oil system 

ated experimental conditions. In addition, t h e  values  of t h e  
volumetric correction factors  have been included. From 
these  the Fick diffusion coefficient a s  described by Equa- 
tion l was  computed. Values  both with and without con- 
sideration of t h e  effect of hydrodynamic velocity a r e  re- 
ported in Table  111. T h e  standard errors of est imate  reported 
in Table  I11 are  based upon t h e  assumption that a l l  of t h e  
error i s  associated with the  weight of methane crossing the  
interface and none in connection with the  time. 

T h e  experimental resul ts  obtained in t h i s  investigation 
a r e  presented a s  a function of pressure in Figure 4. Lines  
of constant composition have been included a s  a matter of 
interest. The  experimental points shown in  Figure 4 were 
located a t  a linear average of the  initial and final pressures  
used in each measurement. A substantial part of the  devia- 
tion of the experimental data from the smooth curves may be  
ascr ibed to  uncertainties in the  equilibrium data, particu- 
larly in values  of t h e  partial volumes of methane and of t h e  
crude oil. Likewise,, uncertainties in t h e  values  of t h e  con- 
centration required for the  solution of Equation 1 add to t h e  
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Figure 4. Effect of pressure upon Fick diffusion coefficient 
for methane 
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Toble II. Somple of Experimental Measurements ot 22O0F. 

Time, 
Sec. 

Weight Fraction 
Methane 

Liquid Phase  

Pressure, 
P S I .  A. 

125.66 0.0012 0 
424.W 0.0068 2 170 

2229 
2319 
2369 
2419 
2469 
2769 
2949 
3499 
3699 
3789 
3809 
4169 
4269 
4319 
4619 
4819 
5019 
5719 
6019 
6269 
6869 
7019 
7219 
7369 
7669 
7819 
8019 
8119 
8469 
8819 
8919 
9119 
9219 
9819 
10019 
10219 
10269 
10719 
11068 
11518 
12068 
12368 
12718 
13568 
14068 
14568 
14968 
15468 

8Weight added to heterogeneous isochoric system. 
bInitial equilibrium pressure. 
CConstant operating pressure during diffusion. 

Methane 
Addede, 

Lb. X lod 

. . .  

... 
1.952 
3.905 
5.857 
7.810 
9.762 
11.715 
15.620 
21.477 
23.429 
25.382 
27.334 
29.287 
31.239 
33.191 
35.144 
37.096 
39.049 
44.906 
48.811 
50.763 
56.621 
58.573 
60.526 
62.478 
64.431 
66.382 
68.335 
70.288 
72.240 
74.193 
76.145 
78.098 
80.050 
82.002 
83.955 
85.907 
87.860 
89.812 
91.765 
95.670 
97.622 
99.574 
101.527 
107.384 
109.33 7 
111.289 
115.194 
117.146 

l ack  of agreement of t h e  experimental data  with the  smooth 
curves presented. 

T h e  standard deviation of the  experimental measurements 
shown in  Figure 4 from the  smooth curves w a s  0.6 x 10-* 
square  foot per second, when i t  w a s  assumed that a l l  of the  
uncertainty lay in  the  F ick  diffusion coefficient and none 
in  the  determination of t h e  temperature, pressure, or com- 
position. Smoothed va lues  of the  F ick  diffusion coefficient 
a r e  reported in T a b l e  IV as a function of s ta te ,  after cor- 
rection for the  hydrodynamic velocity. 

T h e  effect of temperature upon the  F i c k  diffusion co- 
efficient for methane in t h e  m e t h a n e c r u d e  oi l  system is 
shown in  Figure 5. As would be expected, there i s  a sig- 
nificant increase  in the  coefficient with a n  increase  in  tem- 
perature. T h e  Fick diffusion coefficient i s  presented a s  a 
function of the  molecular weight of t h e  less volatile com- 
ponent for three temperatures in Figure 6 .  I t  is apparent 
that  the coefficient in the  methane-crude oil system is 
slightly lower than that  estimated for a paraffin hydrocarbon 
system involving a l e s s  volat i le  component of t h e  same 
molecular weight. T h e  da ta  included in  Figure 6 are  based 

T E M P E R A T U R E  OF 

Figure 5. Influence of  temperature upon F ick  diffusion coefficient 
for methone 

upon s tudies  of the transport of methane in the liquid phase 
of the  methanepropane (16), methane-n-butane (15), meth- 
ane-n-pentane (11), methane-n-heptane ( 1 4 ,  methane-n- 
decane  (13), and methane-white oil systems (12). It i s  not 
surprising that the  methane-crude oil system yields  slightly 
smaller  F ick  diffusion coefficients than would be obtained 
for sys tems containing no aromatic or naphthenic com- 
pounds. 

T h e  accumulation of experimental data  upon t h e  diffusion 
coeff ic ients  of the  lighter hydrocarbons h a s  not a s  yet 
progressed to the point where a generalization of the resu l t s  
to permit estimation of the  diffusion coefficients i s  worth- 
while. T h e s e  diffusion coeff ic ients  a re  somewhat smaller 
than those for methane in a binary hydrocarbon system in- 
volving a paraffinic, l e s s  volat i le  component of the  same 
molecular weight. 
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MOLECULAR WEIGHT OF LESS VOLATILE COWONENT 

Figure 6. Effect of moleculor weight of less volatile 
component upon F ick  diffusion coefficient 

for methane in the liquid phase 
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Table IV. Fick Diffusion &efficient for Methane 

Pressure,  
P.S. 1. A. 

500 
1000 
1500 
2000 
2 500 
3000 
3500 

500 
1000 
1500 
2000 
2500 
3000 
3500 

500 
1000 
1500 
2000 
25 00 
3000 
3500 

500 
1000 
1500 
2000 
2500 
3000 
3500 

500 
1000 
1500 
2000 
2500 
3000 
3500 

Fick  Diffusion Methane in  Liquid P h a s e  

Compn. Concn. Coefficient, 
weight fraction lb./cuft .  Sq.Ft./Sec., XIOd 

0.013 
0.026 
0.038 
0.05 1 
0.063 
0.074 
0.084 

0.011 
0.022 
0.034 
0.046 
0.058 
0.07ob 
0.083 

0.009 
0.020 
0.03 0 
0.042 
0.053 
0.066b 
0.08Ob 

0.008 
0.018 
0.028 
0.03 8 
0.050 
0.063 
0.077b 

0.007 
0.017 
0.026 
0.036 
0.047 
0.059 
0.073 

40’ F.a 

0.687 
1.379 
2.004 
2.578 
3.123 
3.619 
4.069 

100’ F. 

0.568 
1.160 
1.730 
2.280 
2.828 
2.3616 
3.901b 

160’ F. 

0.489 
0.982 
1.491 
2.012 
2.544 
3.O9Ob 
3.681b 

220’ F. 

0.409 
0.858 
1.319 
1.800 
2.282 
2.816 
3.379b 

280’ F . C  

0.348 
0.759 
1.189 
1.636 
2.052 
2.560 
3.024 

1.8 
1.8 
1.8 
1.8 
1.86 
1.8b 
1. 86 

3.3 
3.2 
3.1 
3.1 
3.0 
2.96 
2 . e  

5.0 
4.7 
4.6 
4.4 
4.3 
4.1b 
4.0b 

7.3 
6.9 
6.6 
6.3 
6.0 
5.7 
5.46 

11.6 
11.2 
10.7 
10.3 
9.9 
9.5 
9.0 

‘Values of composition and concentration extrapolated from data 
a t  higher temperatures. 
bExtrapolated from da ta  a t  lower pressures. 
CValues of composition and concentration extra?olated from data 
a t  lower temperatures. 

NOMENCLATURE 

D F , k  = Fick  diffusion coefficient of component k. square fee t /  

Q =weight  of component k added per unit area of interface,  
second 

pounds /square foot 

E k  = t o t a l  weight of component k crossing the  interface, pounds 
v k  = partial specific volume of component k ,  cubic feet per 

pound 
A = difference in 
6 = time, seconds  

uk = concentration of component k, pounds per cubic foot 

Superscript 

* = average condition 

Subscripts 

e = conditions a t  equilibrium 
g = gas  phase  
i = conditions a t  interface 
j = component j ,  stagnant component 
k = component k,diffusing component 
I = liquid phase 
o = init ial  conditions 
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