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Summary. 

A concep tua l  p r o c e s s  f o r  t h e  s e p a r a t i o n  of H /CH and H /CO/CH 
2 4 2 4 

m i x t u r e s  u s i n g  g a s  h y d r a t e s  i s  o u t l i n e d .  A f l o w s h e e t  h a s  been developed 

and m a t e r i a l  and energy b a l a n c e s  completed.  The p r o c e s s  e n e r g e t i c s  a r e  

t h e n  compared w i t h  a  s imple  s i n g l e  s t a g e  p a r t i a l  l i q u e f a c t i o n  scheme f o r  

H2/CH4 s e p a r a t i o n .  The gas  h y d r a t e  s e p a r a t i o n  r e q u i r e s  abou t  50% more 

energy b u t  becomes more c o m p e t i t i v e  i f  t h e  g a s i f i c a t i o n  p r o c e s s  i s  o p e r a t e d  

a t  p r e s s u r e s  above t h e  assumed 500 p s l a .  The l a c k  of k i n e t i c  d a t a  makes 

i t  i m p o s s i b l e  t o  d e t e r m i n e  if t h e  p r o c e s s  i s  k i n e t i c a l l y  f e a s - i b l e ,  b u t  

d e s i g n  c a l c u l a t i o n s  f o r  a range  of r a t e s  have been i n c l u d e d .  



Introduction 

In the first progress report, the importance of gas separation methods 

to the economics of hydrogasification and catalytic gasification processes 

was emphasized. This importance is due to the fact that these processes 

require large amounts of recycled hydrogen or hydrogen and carbon monoxide 

from which the product methane must be removed via some economical method. 

For example, the Exxon catalytic gasification process utilizes a cryogenic 

distillation to achieve the separation of CH from H2 and cO'. 4 
In this report, the energetics of a cryogenic separation process for 

hydrogen-methane mixtures are calculated and compared with the energy re- 

quirements for the separation of H2/CH4and H2/CO/CH mixtures using a gas 4 
hydrate separation scheme. Tt must be stated at the outset that the success 

of the proposed hydrate process depends upon the kinetics of hydrate forma- 

tion for which we have no data. Nevertheless, it is still worthwhile to 

examine such a process within a thermodynamic framework to determine if - 
such a scheme is at least energetically, if not kinetically, feasible. 

Cryogenic Separation 

The separation of a mixture of H and CH via a single stage condensa- 2 4 
tion process is illustrated in Figure 1. Since the vapor-liquid equilibrium 

constants (K=Y/x) are very different for these two gases, high degrees of 

separation are achievable without the use of further rectification. Follow- 
1 

ing the procedure described in King, the equations for calculating the 

compositions and relative amounts of the vapor and liquid streams in the 

separation drum ,are 



where z = mole f r ac t i . on  H2 i n  t h e  feed  F 
H2 

y = mole f r a c t i o n  H2 i n  t h e  vapor V 
H2 

'3 
= mole f r a c t l o n  H2 i n  t h e  l i q u i d  L 

The r e s u l t s  of some of t h e s e  c a l c u l a t i o n s  a r e  given i n  Table 1. From t h e  

f i r s t  twelve rows i t  can lie seen  t h a t  t h e  percent  methane recovered inc reases  

d t h  decreas ing  temperature and wi th  inc reas ing  pressure .  I n  a l l  t he se  

c a s e s ,  however, t h e  r e s i d u a l  hydrogen (up t o  6% i n  t h e  product s t ream) 

is  a p o t e n t i a l  problem s l n r e  c u r r e n t  government r e s t r i c l i u n s  on p i p e l i n e  

gas r e q u i r e  1% H2 or 1 ea.. King ohm3 tha t  LIE rllrrgy reqlllred t o r  

r e f r i g e r a t i o n  i n  t h l s  s i n g l e  s t a g e  process  i s  given roughly by t h e  l a t e n t  

h e q t , o f  ~ a p o r l z a t ~ o n  of methane at the exisLlng p r n r w s  pr,essure.  This 

means t h a t  t h e  l a t e n t  h e a t  is n o t  recoverable  i n  the exchanger s i n c e  i t  

is a v a i l a b l e  a t  too  h igh  a temperature.  

Consider row 7 i n  Table 1. The energy requi red  f o r  ope ra t ing  t h e  

s e p a r a t i o n  p roces s  a t  -250 '~  and 500 p s i a  i s  c a l c u l a t e d  from t h e  l a t e n t  

h e a t  of CH4 Ch; ) by assuming a Carnot r e f r i g e r a t i o n  cyc le  ope ra t ing  
CH4 

between ambient temperature and - 2 5 0 ~ ~ .  

A t  500 ps in ,  h = 1664 ~ t u / l b - m o l e  s o  t h a t  Q - 1664 ~ t u / l b - m o l e  x 0.4 '* 
. CH, . . $ .  

666 ~ t u j l b - m o l e  feed.  m e r e f o r k  ' 

W = (,666) 575;i10 = 1015 Btu/lb-mole feed 

I f  i t  is  f u r t h e r  assumed t h a t  t y p i c a l  r e f r i g e r a t i o n  cyc le s  o p e r a t e  a t  
2 

40% of t h e  Carnot e f f i c i e n c i e s  (see Dodge ) ,  then 

W 2538 B~ullb-mole feed = 7169 Btu/lb-mole CH4 = 3983 cal/g-mole CH4 

The s e p a r a t i o n  s t e p  2s  .shown l n  F igure  2. The f r a c t i o n  of methane recovered 

i n  t h e  product l i q u i d  i s  given hy 



Table 1 

Effect of Temperature, Pressure, and Feed Composition on H2/CH4 Separation 

Basis: 1 mole feed 
% CH. 

4 .  

T(OF) P (psi4 z V Y L x 
Recovered 

CH4 cH4 CH4 
in L Stream 

1 -2Q0 5 QO. 0.37 19 0.4 0.931 0.354' 0.069 0.966 16.7 



Figure 1. Single stage partial condenoation f u ~  H 2 /CH4 Separation 
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The precedlng s e p a r a t i o n  c a l c u l a t l o n s  a r e  v a l i d  f o r  H ICH separa-  2 4 
t i o n s .  S imi la r  c a l c u l a t i o n s  could be done f o r  H ~ / C H ~ / C O  mixtures  i f  the  

app ropr i a t e  VLE d a t a  was a v a i l a b l e .  

F i n a l l y ,  i t  i s  necessary t o  compress t h e  product methane t o  p i p e l i n e  

p re s su re  (.I000 p s l a ) .  The s t ream i s  f i r s t  heated t o  1 2 ' ~  and then  com- 

pressed a d i a b a t i c a l l y  t o  1000 p s i a  and a f i n a l  temperature of 1 0 0 ' ~  a s  

shown i n  F lgure  3. 

Thus, the td ta l  work i s  3983 + 444 = 4427 cal/g-mole CH4., 

.. . 
Separa t ions  Using Gas Hydrates 

C l a t h r a t e  compounds a r e  chemical spec i e s  which a r e  formed by t h e .  

combinatfon of one s t a b l e  compound wi th  another  element o r  compound i n  

which t h e  former provides  a cag0-like s t r u c t u r e  w i t h i n  which t h e  latter 

r e s i d e s ,  There a r e  no chemical bonds between t h e  gues t  s p e c i e s  and t h e  

h o s t  compounds. The most important  c l a t h r a t e  s t r u c t u r e s  a r e  he&d toge the r  

by hydrogen bonds. There a r e  s e v e r a l  d i f f e r e n t  c l a s s e s  of c l a t h r a t e  

compour~d~ . 3 

Gas hydra tes  comprise an  i n t e r e s t i n g  and important  c l a s s  of c l a t h r a t e s ,  

When water  is s o l i d i f i e d  i n  t h e  presence of c e r t a i n  atomic o r  molecular 

s p e c i e s ,  s o l i d s  resembling wet snow a r e  formed. These s o l i d s  a r e  l e s s  

dense than normal i c e  and cannot e x i s t  i n  t he  absence o f  t h e  gues t  molecule. 

There are two common gas hydra te  s t r u c t u r e s  both  belonging t o  t h e  cubic 

s y s t w .  The f i r s t  s t r u c t u r e 4  (S t ruc ture  I) c o n s i s t s  of 46 molecules of 

water hydrogen bonded i n  such a way as t o  form s i x  medium cages (4.30A) 

and two smal le r  cages (3.95A). I f  a l l  t h e  c a v i t i e s  a r e  occupied, t h e  

empir ica l  formula i s  given by X.5.75 H20 where X is  t h e  gues t  molecule. 



If only the larger cages are filled, the stoichiometry becomes X'7.67. 
5 

The second structure (Structure 11) consists of 136 molecules of 

water forming 16 cavities of size 3.91A and 8 cavities of size 4.73 A. 

Hydrates of this structure are formed by molecules which are too large 

for accommodation in Structure I. For example, methane forms gas hydrates 

with the first structure, while propane crystallizes with the second 

structure. Mixed hydrates also occur in which larger molecules like 

propane occupy the larger cavities of Structure I1 while smaller molecules 

like methane occupy the smaller cavities as well as some of the larger 

ones. 

Methane and ethane form gas hydrates with Struceure I while propane and 

isobutane form hydrates with Structure 11. Hydrates are formed by the 

isomeric butanes or by longer chain mnleculec only wiLh great difficulty. 

and H2S also form gas hydrates, while H2 and CO do not. 
C02 

A typical phase diagram for a mixture of a tight hydrocarbon and 
water system is shown in Figure 4. To the right of line 1-2, it is 

similar to a one component phase diagram. The line B-C is slightly above. 

the vapor pressure curve for the pure hydrocarbon. Point C is the three 

phase (liquid, gas, water) critical point. The line A-B represents the 

conditions of T and P at which hydrocarbon gas and water combine to form 

hydrate. Points A and B are invariant quadruple points at which four 

phases are in equilibrium. This is readily seen by application of GibL's 

phase rule 

F = C + 2 - P  

= 2 + 2 - 4 = 0  

with F = degrees of freedom 

C = no. of components 

P - no. uf phases 
The lines in Figure 4 are univariant since 

F = 2 + 2 - 3 = 1 ,  

while th.e open areas. are bivar3ant 

F = 2 + 2 - 2 = 2 .  

The point A occurs at approximately O°C, the freezing point of water. 
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Figure 4. Qualitative phase diagram for hydrate forming system 
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Table 2 l f s t s  some thermodynamic p r o p e r t i e s  of s e v e r a l  gas  hydra tes .  
6  

The d l s s o c f a t i o n  p re s su re  of CH hydra te  a t  O°C is . .26 atm. This  p re s su re  
4 

decreas,es f o r  o t h e r  members of t h e  homologous.sserieaa. Sibice ou r  primary 

concern i s  the  s e p a r a t l o n  of CH / H  mixtuces.icantaining up t o  40% CH t h i s  4  2 4 ' 
r e q u i r e s  h igh  t o t a l  p re s su re s  t o  ach ieve r the  r e q u i s i t e  p a r t i a l  p re s su re s  

of CH f o r  hydra t e  formation.  Clear ly;  s e p a r a t i o n s  of ethanelhydrogen and 4 
propane/hydrogen.would be f a r  l e s s  energy i n t e n s i v e  

F igure  5 p re sen t s  a  p l o t  of experimental  P-T da t a  f o r ~ s e v e r a l  alkane- 

water  sys  tems . Methane forms hydra tes  a t  h igher  temperatures  than do ethane 

and propane. The p re s su re  r e q u l r e d 3 f o r  hydra te  formationndecreases  wi th  

i 'ncreasing molecular ~ i . 7 . ~  

A s  mentioned previously, a mixed system of methane and propane w i l l  

form hydra tes  a t  p re s su re s  in te rmedra te  between those  f o r  t h e  pure components 

s e p a r a t e l y  .8 The hydra t e  formation condi t ions  fdr t h e  C H  -C H -H 0 a r e  
11 3 8  2 

given i n  F igure  6 .  A t  35OF,. f i v e  percent .propane  i n  methane lowers the 

pressure.  requi red  f o r  hydra te  formation from 450":psia t o  about 120 p s i a .  

The composition of t h e  mixed hyd'rate sys.tem9 a s  a. func t ion  of p re s su re  a t  

26.6OF (-3OC) is  given i n  Table 3. The corresponding phase diagramlo i s  
% 

given  i n  F igure  7 .  A t  a t o t a l  p re s su re  of 10 atmospheres wi th  y = 0.98 
'b 

and y 
CH4 

= 0.02, t h e  hydra te  compoiind i n  . .equi l ibr ium w i t h  Ll l is  gas has t h e  

e q p i r i c a  C 3 H ~  f  ormula 

as. computed from the  d a t a  i n  Table 3.  1 t . i ~ :  apparent  t h a t  t h e  a d d i t i o n  of 

smal l  amounts of C H to.~methanelhgdrogen,mixtures w i l l  lower t h e  p re s su re  3 8 
r equ i r ed  f o r  hydra te  formation b u t  have.ftheeadverse. e f f e c t  of lowering pe r  

pas s  conversion t o  hydyate.  The numberro6fmoles of water  r equ i r ed  per  methane 

molecule encaged a l s o  i n c r e a s e s  wh:ichilincreases::the energy requirements .  

(Each.mole of water  condensed r equ i r e s : app~ox i rqa t e ly  3.440 c a l o r i e s ,  t h e  

h e a t  of fus.2on of water 

The thermodynamics of methane hydra te  formation were reviewed by 

~ l e w ' l  and t h e  p r i n c i p a l  r e a c t i o d s  and e n t h a l p i e s  a r e  summarized below. 



Table 2 

Thermodynamf.~ Data and L a t t i c e  Constants  of Some Hydrates 

So lu t e  ( i n  Dissoc. Max. temp. a t  Heat of formation L a t t i c e  
o rde r  of p r e s su re  which hydra tes  from pure water  scons t a n t  , 
i nc r ea s ing  a t  O°C .exTst, OC and gas a t  OOC A 
bp) kcal/mole s o l u t e  

A 95.5 atm . no maximum e x i s t s  

CH4 26.0 atm no maximum e x i s t s  . 14.5 

K r  14.5 atm no maxfmum e x i s t s  1 3  .9+0 :,5 

Xe 1.15 atm no maximum e x t k t s  1 6 . 7 5 . 5  . . 12.0 

'2*4 5.44 atm no-  maximum exi's t s 15.0 

'zH6 .: 5.2 atrn 

N2° 10 atrn 

C2H2 ' 5 i 7  atrn 
. . 

C02 12.47:. atrn 

H2S .i'698 u m m  

C12 252 i.;m 

CH3C1 3.1311 rrmm 

S02 
:1.297 1;;mm 

CH3 B r  187 ~ m m  

CH3SH 239 'mm 

r. H 3 8 1.74 atm 5.69 



Table 3 

Cul~~pasirlo~ O f  the Mixed Hydrate (Structure 11) of 
\ Methane and Psoptne, when i , r ~  Eq!iilibrium with Iee and Oaa aL 

-3 C as a Function of Pressure 
.- - 

Fraction of 
smaller cav- Fraction of larger cavities 

Pressure ities occupf ed Occupied Occupied 
atm by CH4 by h4 by L3~f3 Remarks 

y ~ l  YM2 Y~~ 

35.8 0.8836 0.8522 0 metastable CH4-hydrate 

I solutions 



Figure 5. ~ ~ d r a t e  forming conditions for paraffin hydrocarbons 



Figure 6. Hydrate forming conditions of methane-propane mixtu 



mole 4: c3 "8 

Figure 7. Tsothermal cross section of the system H 0-CH4-C3H8 
on a water-free basis at -3'C 2 



The ,sub:s:cripts g ,  1, .and h correspond t o  gas ,  l i q u i d ,  and s o l i d  hydra t e ,  

r e s p e c t i v e l y  and n = 5.75 which impl ies  t h a t  a l l  c a v i t i e s  a r e  f i l l e d .  This 

cont.rad-ircts t h e  t h e o r e t i r a l  occupancy of 83% a s  de r ived -by  van de r  Waals 
1 2  and Plat teeuw. 

Process  Flowsheet 

A conceptual  process  f lowsheet  f o r  a process  u t i l i z i n g  gas hydra tes  

f o r  CB /H  s e p a r a t i o n  i s  shown i n  F igure  8 -  Feed gas from t h e  hydrogas i f i e r  4 2 
e n t e r s  t h e  process  a f t e r  ac id  gas removal. The CH concen t r a t ion  ranges 

4 
from 30 t o  50% a t  a t o t a l  p re s su re  of 500 t o  2000 p s i a .  Af te r  compression, 

t h e  gas  i s  cooled t o  32OF and fed  t o  t h e  hydra t e  r e a c t o r .  This  r e a c t o r  

w i l l  probably be  a sparged bubble column and may r e q u i r e  e ~ ; i t a t i o n .  Tn 

o r d e r  t o  ensu re  adequate  p a r t l a 1  gressltre. of CH for hydrato formation,  
4 "- 

t h e  v e s s e l  w i l l  be  opera ted  a t  2000 p s i a  r e s u l t i n g  i n  t h e  r e q i ~ i r ~ . d  methane 

p a r t i a l  p re s su re  of  400 p s i a  (20% CH4 I n  t h e  e f f l u e n t  s t ream) .  

The hydra t e  c rys t a l s .  a r e  removed from t h e  bottom of t h e  r e a c t o r ,  

s epa ra t ed  from t h e  b r i n e ,  and t r a n s f e r r e d  t o  t h e  decomposer- 

The decomposer is opera ted  a t  2000 p s i a  and 60°F. The product  methane 

is d r i e d ,  hea t ed ,  and expanded i n  a turbo-expander. , to 1000 p s i a .  Notice 

t h a t  t h e  incoming s t ream (1) and t h e  r e c y c l e  s t ream (11) a r e  both a t  500 p s i a  

and 1 0 0 ' ~  which are chosen a s  t h e  r e f e r e n c e  cond i t i ons .  The process  a s  

descr ibed  i s  a p p l i c a b l e  both  t o  hydrogas i f i ca t ion  processes  (H /CH4 separa- 
2 

t i o n )  and t o  processes  such as Exxon c a t a l y t i c  g a s i f i c a t i o n  (H /CH /CO 2 4 
s e p a r a ~ i u n s )  since o ~ l l y  methane forms gas hydra tes .  

The m a t e r i a l  ba lance  given in ,  F igure  8 does no t  i nc lude  t h e  gases  

d i s so lved  i n  t h e  aqueous streams,. The s l u r r y  l eav ing  the  hydra t e  r e a c t o r  

is  assumed t o  be 15% s o l i d  hydra te .  Obviously, h ighe r  s l u r r y  coacentra-  

t i o n s  would be  b e n e f i c i a l ' s i n e e  t h i s  would reduce t h e  r eqv i r ed  water  

r e c y c l e  load .  

The energy requirements  f o r  t h e  hydra t e  s e p a r a t i o n  process  a t e  sum- 

marized i n  Table 4 below and t h e   calculation^ incl.1.1de.d i n  the Appendix. 

A r e f r i g e r a t i o n  c y c l e  is  being opera ted  between t h e  decomposer and t h e  

r e a c t i o n  v e s s e l  t o  t r a n s p o r t  t h e  h e a t  of fu s ion  between t h e  two u n i t s .  

Tbo turboexpanders,  one on t h e  product s t ream and t h e  o t h e r  on t h e  r e c y c l e  

s t r e a m y a r e  being used f o r  power recovery.  R e f r i g e r a t i o n  requirements  a r e  

computed a t  40% of t h e  i d e a l  Carnot e f f i c i e n c i e s .  Cooling water  pumping 

requirements  a r e  n o t  included.  

- 14 - 



Table 4 

Feed Gas Compression 102,629 hp 

Feed Gas Cooling 7,593 hp 

Heat Pump Between Reactor and" Decomposer 35,559 hp 

Po= Recovery (Product Stream) (6,222)hp 
5 

Product Stream Heating 2,555 hp 4.97 x 10 
min 

Power Recovery (Recycle Stream) @8,633 hp ) 
6 

Recycle Stream Heating 3 1 , 2 6 0 h p  2 . 6 8 ~ 1 0  & 
min 

Uater  Pumping 8,344 hp 

133,085 hp 



STREAM NO. 1 2 3 4 5 6 7 .. R 9 U 11 12 13 14 

TERP. (OF) WO 373 32 32 32 60 205 .  100 32 130 100 60 32 32 
P R E S S W ~ E I P S I A )  530 2030 200C. 2090 '900 2000 2903 1000 2000 2004 500 2000 2000 2000 
FLOW ( n ' L E S / ~ ~ )  

CO + H, E.5353 65963 65963 0 0 0 3 0 65963 65963 65963 0 0 0 
:H4 . 43'1.75 43975 43975 0 0 274?7 27487 27487 16435 .L6[83 16438 0 0 0 

CHI,.nH20 0 0 C 27437 271197 0 3 0 0 2 0 0 0 3 

420 0 -  0 C 103407C 153950 3 0 0 3 0. 158050 1034070 1132120 

-1TAL 1C9318 LO9938 10993E- 1061557 185537 27457 27457 27487 32451 3?[59 82451 155050 1034070 1192120 

Figure 8. Conceptual process fLow diagram methane separation J? hydrate formation 



The l a r g e s t  s i n g l e  energy requirement i s  the  compression of t h e  

feed  gas from 500 t o  2000 p s i a .  Since hydrogas i f i ca t ion  processes  w i l l  

probably ope ra t e  a t  h igher  p re s su re s  (1000 t o  2000 p s i a )  t hese  c o s t s  

may be s u b s t a n t i a l l y  l e s s .  The water  pumping c o s t s  a r e  those  incur red  

f o r  handl ing t h e  l a r g e  flow of b r i n e  s o l u t i o n  (42,933 gpm) between t h e  

r e a c t o r  and decomposer. 

Reactor S i ze  

The s i z e  of t h e  r e a c t o r  vess .e l .wi l1  be determined by t h e  k i n e t i c s  of 

t h e  hydra te  process .  Since t h e r e  is  no a v a i l a b l e  d a t a ,  i t  seems worth- 

whi le  t o  e s t ima te  t h e  s i z e  requi red  f o r  a  s e r l e s  of d i f f e r e n t  r a t e s .  The 

r e a c t i o n  w i l l  be  assumed t o  be pseudo f i r s t  o r d e r ,  i . e . ,  independent of 

H 0 concent ra t ion  s i n c e  t h i s  component 5s  always p re sen t  i n  cons tan t  2 
concent ra t ion  of 55.5 m o l e s l l i t e r  and f i r s t  o rder  i n  methane concentra- 

t ion .  

I n  o rde r  f o r  r e a c t i o n  t o  occur ,  methane must f i r s t  d i s s o l v e  i n  the  

l i q u i d .  Since t h e  product of t h i s  r e a c t i o n  is  a s o l i d  hydra te ,  t he  r e a c t i o n  

v e s s e l  should not  con ta in  packing s i n c e  product removal would become a 

problem and t h e  column might become clogged wi th  product .  Therefore,  

a  sparged o r  a g i t a t e d  bubble column r e a c t o r  might be the  b e s t  choice.  , I t  

should be noted t h a t  i f  t h e  i n t r i n s i c  k i n e t i c s  of t h e  hydra te  formation 

a r e  r ap id  compared wi th  mass t r a n s f c r  of methane from t h e  gas t o  t h e  

l i q u i d  phase, then r e a c t o r s  which maximize s u r f a c e  t o  volume r a t i o s  such 

as spray  o r  packed columns a r e m o r e  e f f i c i e n t  than  bubble columns. For slow 

r e a c t i o n s ,  t h e  bubble columns become more e f f i c i e n t .  

Mass t r a n s f e r  wi th  chemical r e a c t i o n  i s  t r e a t e d  a t  l eng th  by Danckwerts 
13  

and i n  s e v e r a l  papers  by van Krevelen alld d o f t i j r e r , 1 4  and Rridgewater 

and carberry.15 The s imp les t  t reatment  u t i l i z e s  t h e  concept of f i l m  theory 

wherein a  t h i n  gas f i l m  and a  t h i n  l i q u i d  f i l m  e x i s t  a t  the  gas- l iquid 

i n t e r f a c e .  It i s  assumed t h a t  r e a c t a n t  A i s  t ranspor ted  from t h e  bulk 

gas through t h e  gas f i l m  and ac ros s  t h e  i n t e r f a c e  i n t o  t h e  l i q u i d  f i lm .  

Depending on t h e  r e a c t i o n  r a t e , r e a c t i o n  occurs  somewhere t o t a l l y  w i th in  

the  l i q u i d  f i l m ,  i n  t h e  f i l m  and In t he  Gcllk, o r ,  f o r  very slow r e a c t i o n s ,  

t o t a l l y  w i th in  t h e  bulk  l i q u i d  phase. It i s  f u r t h e r  assumed t h a t  t he  

l i q u i d  phase r e a c t a n t  B i s  non-vola t i le .  The r e a c t i o n  can be gas phase 

- 1 7  - 



c o n t r o l l e d ,  l i q u i d  phase c o n t r o l l e d ,  chemically c o n t r o l l e d ,  o r  a .  

combination of t h e s e  depending on t h e  r e l a t i v e  r a t e s .  of t h e  m a s s  t r a n s f e r  

and kine ti:^ processes .  A schematic diagram is  presented i n  F igure  9 .  

A complete a n a l y t i c a l  s o l u t l o n  f o r  mass t r a n s f e r  wi th  accompanying 
16 

pseudo f i r s t  o r d e r  r e a c t i o n  has been given by Kramers and Wester te rp ,  

and i s  summarized below f o r  t h e  r e a c t i o n  A(gas) +  liquid) + products .  

- E = -  - r a t e  of absorp t lon  w l t h  r e a c t f o n  - - KLAia~ 
KL" r a t e  of abso rp t ion  wi'thout r e a c t i o n  % A i a ~  

and VL = t o t a l  l i q u i d  volume 

a  = t o t a l  i n t e r f a c l a l  a r e a  T  
6 =' l i q u i d  f i l m  th ickness  

K2B = Ki = pseudo f i r s t  o rde r  r a t e  conatant  

B = concent ra t ion  of B i n  t h e  bulk 

DA = l i q u i d  phase d i f f u s i v i t y  of A 

= l i q u i d  phase mass t r ans£  er coef f lcient without  ~ r a c t l o n  
K- = " 11 I I 11 8 I 

L with  reaction 
E = enhancement f a c t o r  

A p l o t  of. E v s  . cb wf t h  a*. as; parameter. is; given. i n  F igure  10. The fol lowing 
. . 

l i m i t i n g  cases  a r e  of. i n t e r e s t .  

Case I. Very f a s t  r e a c t i o n s  

I n  t h i s  ca se  @ > 2 s o  t h a t  > K: and tanhh 1. Then 

and t h e  r e a c t i o n  r a t e  is  a t  l e a s t  twice a s  f a s t  a s  t h e  unenhanced r a t e .  

Case 11. F a s t  r e a c t i o n  

For 0.5 @ .c 2 .o, \/% must be ca l cu la t ed  according t o  (1) above 

s i n c e  t h e r e  a r e  n o s i m p l e  l i m i t i n g  approximations. % 2s s t i l l  g r e a t e r  



Figure 9. Film model for diffusion with reaction 
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than so that absorption is enhanced. 

Case 111. Intermediate reaction 

If K B fs small, then O is. small and tanhO -t O; 
2 

Equation 1 becomes 

2 2 If at the same tTme a is large, then acP >> 1 - O and (1) becomes 

As noted on Figure 10, this regime is represented by horizontal lines 

where the reaction ratc is such that reaction occurs throughout the 

laminar film and some reaction takes place in the bulk liquid. 

Case IV. Slow reaction 

This is anbther transitional region. O is small so that tanha + @ 

and equation 1 becomes 

In the regime / lies roughly between 0.1 and 1.0 and much of the 

reaction takes place in the bulk. 

Case V. Very slow reaction 

If K2B is small and, in addition, a is small so that a02 

then 

The regime is shown in Figure 1Q as that part where the slope of the 

a lines are all 2.0 and is smaller than 0.1. The reaction is 

so slow that bulk chemical reactlon is now rate controlling. 



Table 5 ,  adopted f ran ~ e v e n s ~ i e l  ,IP present ,s  t y p i c a l  va lues  of 

i n t e r f a c i a l  a r e a l u n i t  l i q u i d  volume ( a ) ,  volume of l iquid/volume of f i l m  

(a), and volume f r a c t i o n  of l i q u i d  ( f )  f o r  va r ious  gas l i q u i d  con tac to r s .  

It is  c l e a r  from t h i s  t a b l e  and Figure  1 Q . t h a t  f o r  va lues  of O below 

1.0,  t h e  type  of con tac to r  becomes important  wi th  bubble columns be ing  

f a r  p r e f e r a b l e  t o  spray  towers or  packed columns. 

It has been assumed throughout t he  above d i scuss ion  t h a t  gas  phase 

r e s i s t a n c e  is  n e g l i g i b l e .  This  is  gene ra l ly  t h e  case  when t h e  r e a c t i n g  

gas has  a low- s o l u b i l i t y  i n  t h e  l i q u l d  provided t h a t  i t s  concent ra t ion  

i n  t h e  gas phase is not  too low. This is  d e f i n i t e l y  t h e  case  wi th  t h e  

system under s tudy .  

~ r o m  Pe r ry ' s   andb book,'^ t h e  va lue  of <a f o r  t h e  system 02-H20 

i n  a sparged bubble column a t  a s u p e r f i c i a l  gas  v e l o c i t y  U, = 0.7 f t / s e c  
U 

-1 
is  + ( O ~ - H ~ O )  = 550 h r  . The d i f f u s i v i t i e s  f o r  02-H20 and CH -H 0 a t  

4 2 
about t h e  same temperature a r e  

Uslng Eq. 18-146 i n  Pe r ry ' s  l eads  t o  t h e  fol lowing va lue  of q. 

The t o t a l  gas  volume t o  b e  handled by t h e  r e a c t o r  is c a l c u l a t e d  t o  

be: 

where. acf  is a c t u a l  cubic  f e e t .  

If t h e  s u p e r f i c i a l  v e l o c i t y  is  U = 0.7 f t / s e c ,  then 
G 



Tahlc. 5 

Con tactor a = 
interfacial Area 
Volume of ~ i q u t d  ~crn-l) . s = Of Liquid Volume Fraction 

Volume of Film 
= v ~ / a ~ a  . O F  ~ i ~ u 1 t . l  ( f )  

Spray Column % 12 

Packed Colz~nw 

Plate Column 

Agitated Bubble 
Column 

Bubble Column 0.2 4000-10000 0.98 



s e c  

r equ i r ing  a column of diameter  D = 12 feet :  A superficial gas v e l o c i t y  

of 0.7 f t / s e c  i s  q u i t e  h igh  and would r e s u l t  i n  a high  degree of backmixing 

i n  t h e  r e a c t o r .  The hydrodynamic regime would be h igh ly  t u r b u l e n t .  

A gene ra l  design equat ion  f o r  columns i s  der ived  i n  I,evenspiel18 and 

w i l l  be  used, f o r  o rde r  of magnitude e s t ima te s  f o r  c a l c u l a t i n g  , t h e  r equ i r ed  

tower he igh t .  G'. has  been assumed cons t an t  f o r  convenience. 
. . 

where 

h = h e i g h t  of tower. ( f e e t )  

PI = p a r t i a l  p re s su re  of i n e r t  gases  (atm) 

IT = t o t a l  p re s su re  (atm) 
lb-moles 

G '  = t o t a l  molar flow r a t e  of gas  ( ,, 1 - 
f tL-hr  

- - moles methane 
'A moles i n e r t s  

Since Y A =  PA/PI, t h e  equat ion  can be  r e w r i t t e n  a s  fo l lows:  
. ,  . D 

Consider 

h = 

Case I above where s o  t h a t  t h e  

(8)' 

r a t e  i s  enhanced by 

chemical r e a c t i o n .  Then 

' . C ~ P ~ E  
' 0 '  

( - rA)a  = aA E = KT. .I. H (9 
I .  



Now 6' = 972.9 ~~~~~~e assuming a column diameter of 12 feet. 

Therefore 

lb-mole 4a1-atm 454 g ft 3 h = 972.9 h r 800 1 
hr-f tL g-mole lb 28.3 .1 432 x In- 400 x - E 
2000 atm 
14.7 

- -  - 174 feet E 
Thus, the tower height is inversely proportional to the enhancement 

factor which 2s dfrectly proportional to the square root of the 

pseudo first order rate constant. Note that for Case 111, where the rate 

is unenchanced E = 1 and the required tower height would be 74 feet. 

For slow reaction, Equation 10 should be ~nodified by substitution 

of the bulk reaction rate for Equation 9 (see ~evens~iel~'). 

1 -r = - -  - 
A 

dNA = K BA. = K2D O ~ / H  
VL dt 2 1 

Substitution of (13) into (12) and integration yields 

972.9 lb-moles 404 1-arm 454 g ft3 800 
2 lb 28.3 1 x In- 

- - 
->- 

hr-f t g-mole 400 - 
2000 atm x 0.09 x sec x 3600 - 
14.7 sec hr 

The above caiculation assumed a rate constant of 0.0555/sec. Table 6 

summarizes the results of calculations for various assumed rate constants. 



Comparison wi th  I d e a l  Separa t ions  

I. I d e a l  v s .  Cryogenic Process  f o r  H /CH Separa t ion  
2 4  

The minimum energy f o r  t h e  s e p a r a t i o n  of a  60140 H ~ C H ~  mixture  i n t o  

t h e  product  and r e c y c l e  s t reams shown i n  F igure  2 is  c a l c u l a t e d  (see 

Progress  Report No. 1, p. 20, Eq. 14)  t o  be  

AGmin = 271 ca l lmole  f eed  

=' 766 ca l lmole  CH4 s epa ra t ed  

The a c t u a l  energy f o r  a  c r y o g e n k  s e p a r a t l o n  u t i l i ' z i n g  p a r t i a l  l i q u e f a c t i o n  

was c a l c u l a t e d  t o  be about 4427 cal/mole'CH4. The p roces s  e f f i c i e n c y  i s  

given by 

which i s  a t  t h e  h igh  end f o r  cryogenic  efficiencies. 

11. I d e a l  v s .  C l a t h r a t e  (Gas Hydrate) Process  f o r  H,$A and H2/CHG/C0 

Sepa ra t i on  

The minimum energy r equ i r ed  f o r  t h e  s e p a r a t i o n  of a  60140 (Hz arid CO)/CH4 

mixture  i n t o  t h e  product  and r e c y c l e  s t reams shown i n  F igure  l l i s  c a l c u l a t e d  

t o  be  705 ca l lmole  CH separa ted .  The s t reams compositions co inc ide  w i th  
4 

those employed f o r  t h e  gas  hydra te  process  o u t l i n e d  prev ious ly .  The CO 

l e v e l s  w i l l  probably n o t  amount t o  more' than 20% i n  t h e  feed  s t ream. R 

and P are r e c y c l e  and product  streams. 

The t o t a l  power requirements  f o r  t h e  process  a r e  summarized i n  Table 4. 

Converting t h i s  number t o  ca l lmole  CH s epa ra t ed  y i e l d s  t h e  fo l lowing  
4 

X 
550 f t - l b l s e c  Btu calla-mole 

hp 7 7 8 f t - l b  1 .8BtuI lb-mole  

= 6849 ca l lmole  CH4 separa ted  

The e f f i c i e n c y  is  



% = K2B a = -  K 2 m ~  

lfters sec -1 

Tower' * 
Height 
(feet) 

q a  = 432 hr - 1 Diameter o f  ,Tower =. 113 f t. 2 

a = 2.0 cm -1 *Does not inr  1 osngag'emant opaeo. 

. . . . 
F = 1.0 MOLE R = 0.75 , . .  

r = 0.4 
cn4 . 

= 0.6 
P=0.25 

cy ,= I 

Figure 11. 



Conclusions 

A comparCson of the gas  hydrate process with a cryogenic separa t ion  

of 5 / C H 4  i nd ica tes  t h a t  the  cryogenic system is less energy i n t e n s i v e  

and probably superror .  However, t h i s  is based on a 500 p s i a  incoming 

stream. I f  t h e  process opera tes  a t  s u b s t a n t i a l l y  higher pressures  (1000 

to 1500 psia), then considerable compression cos t  savings could be  

r e a l i z e d  makhg the process more competitive. For the  separa t ion  of 

5 / C 0 / C H 4  mixtures, t h e  gas hydra te  ene rge t i c s  a r e  roughly the  same 

whereas a cryogenic system would prohably requ i re  a d i s t i l l a t i o n  column 

t o  ensure CO removal from the  product stream. CO does not  form a gas 

hydrate. 

One major problem of the  process a s  out l ined is  the  reduct ion  of t h e  

CH4 concentration t o  20%' in  t h e  recycle  stream. This i s  p robab l j  un- 

acceptably high. To reduce t h i s  t o  a l e v e l  of say 9 t o  15% would requ i re  

an increase  i x ~  the  t o t a l  process pressure s o  t h a t  the  m e t b n e  partial 

pressure  is above t h e  decomposition pressure  (Q 400 p s i a ) .  It a l s o  

might b e  poss ib le  t o  u t i l i z e  s u b s t a n t i a l  q u a n t i t i e s  of propane i n  the  

process t o  lower t h e  pressure by trapping methane i n  the  S t ruc tu re  I1 

l a t t i c e  formed by propane a s  discussed i n  t h i s  r epor t .  This would r e q u i r e  

a propane recovery system. 

F ina l ly ,  the  most . , important unknown is tlia k i n e t i c s  of 'hydra te  . . .  forma- 
. . 

t fon.  A look a t  Table 6 shows. t h a t  the re  i s  a probable cut  o f f  of process 
- -1.;. . 

f e a s i b i l i t y  at  the  value  of K1 = 0.0555 s e e  . An order of magnitude 

lower would requ i re  over 1000 f e e t  of r eac to r .  
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Appendtx 

I:. Feed Gas Compression 

.rr = 500 psia 

T = 1 0 0 ~ ~  
9 3 Feed rate = 1.0 x 10 SCFD = 1.832 x 10 lb-moles/min 

The gas is to b.e compressed from 500 to 2000 psia. The required 

numher of stages. n is given by the condition 

where P is the final pressure and Pi the initial pressure. Assuming. f 
an efficiency rl of 0.8, adiabatic compression, and using y = 1.41 (for H2), 

the horespower is given by 

h = 
P 52O(n-l)rl 

= 102629 

where q is the volumetric flow rate in standard cubic feet per minute . 
0 

and Ti inlet temperature. The requirement for ideal isothermal compression 

at 100% efficiency is 66,596. 

The temperature of the gas leaving the compressor is calculated from 



TT.. Fe.e.d Gas: Cooli'ng 

CH4 
= 8.38 

H2 
'P mean 'P mean 

= 6.88 
1 1 

Th,e required rate of heat removal for reducing the temperature from 100' 

The refrigeration load is calculated using a Carnot cycle operating at 

40% efficiency. 

(Note: 1 Btu/min = 2.358 x hp) 

111. Heat Pump Between Reactor and Decomposer 

The heat of reaction for gas hydrate formation from.methane gas and water 

is -12,830 cal/mole. 

The total heat evolved is 

4 5.59 x 10 lbs hydratk/min x Ib mole 1.8 ~tu/lb-mole cal 119.8 lbs cal/g-mole ' x (-12830)g-m01e 

The same amount of heat is required for decomposition. If a heat pump is 

used to transfer the heat of reactLon to the decomposer, the work required 

at 40% efficiency is given by . 



IV. Power Recovery (Product Stream) 

The decomposer pressure is 2000 psia at 60°F. It is desired to adjust 

this stream to a final pressure of 1000 psia and a final temperature of 

1 0 0 ~ ~ ~  using a turbo-expander. The work, Ws, recovered is obtained from 

a pressure-enthalpy diagram for methane. In order to achieve a final 

temperature of 1 0 0 ~ ~ ~  it is necessary to heat the incoming stream from 

60°F to 205'~ (see next section). The recovered work at 75% efficiency is 

given by 

AH .=, -256 + 304 .Ws = - . . 

= (-256 + 304j~tu/lb x 16 lb/lb-mole x 27487 lb-molelhr x hr/60 min. 

V. Product Stream Heating 

The heating requirement for raising the product streams from 60'~ to 

205'~ is 

q = 27487 lb-moles/hr x hr/60 min x 7.48' Btu/lb-mole OF x (205-60)'~ 
5 

= 4.97 x 10 ~tu1mi.n 

The work lost is that work which could.be derived from a reversible heat 

engine operating between ambient temperature and 205OF. 



1 .  Power Recovery (Recycle Stream) 

The r e c y c l e  s t ream i s  s e n t  back t o  process  a t  500 p s i a  and t h e r e f o r e  

must be  reduced i n  p r e s s u r e  from 2000 p s i a  t o  t h e  process  p re s su re .  

T = 380'~ l' = 100'~ 

P = 2000 psia P = 500 psia 

H = 2900 H = 900 Btu/lb 

The above c a l c u l a t i o n  assumes a  100% hydrogen s t ream and 75% recovery 

e f f i c i e n c y  . 
V I I .  Recycle Stream Heating 

The h e a t i n g  requfrement t o  hea t  t h e  r e c y c l e  s t ream from 32OF t o  3 8 0 ~ ~  

i s  

82'451 lb x 7.28 ~ t u l l b - m o l e  OF x (380 x 32) 
= 60 min 

6 
= 3.48 x 10 Btulmin 

Operat ion of  a h e a t  engine between 3 8 0 ' ~  and ambient g ives  a  measure of 

t h e  l o s t  work. 

V I I I .  Water Pumping 

The power requirements  f o r  pumping t h e  l a r g e  q u a n t i t i e s  of b r f n e  

between t h e  r e a c t o r  and t h e  decomposer a r e  c a l c u l a t e d  by assuming 

a  p re s su re  drop a c r o s s  t h e  pump of 100 p s i a  and another  100 p s i a  due t o  

h y d r o s t a t i c  head and f r i c t i o n  l o s s e s .  

\ 
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= 461.5 f t - l b f / l b m  

The horsepower,assuming a n  e f f i c i e n c y  T-I = 0 . 6 , i s  

5 l b m  
h 

Z)  k6 l s5  v) (550 f t r l b f x b )  s e c  

Th is  Is t h e  horsepower r e q u i r e d  f o r  p u m p i n g a l l  t h e  w a t e r  which i n c l u d e s  

r e c y c l e  from t h e  r e a c t o r  and w a t e r  from t h e  decomposer. I n  p r a c t i c e  

two pumps w i l l  be  r e q u i r e d  t o  g e n e r a t e  t h i s  power. 
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