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I SUMMARY 

During the period prior to May 25, a variety of heat transfer fluids 

proposed for the Liquid Phase Methanation Project were examined for 

thermal stabi l i ty  up to temperatures of 650°F. Five of these fluids 

performed satisfactori ly. 

I. Dow Corning 550 - Phenyl Methyl Silicone 

2. Dowtherm A - Diphenyl-Diphenyl Ether Eutectic 

3. Dowtherm G - Di- and Tri-Aryl Ether Mixture 

4. 1,2,4-Trimethyl Benzene 

5. Hitec - NeNO 3 - KNO 3 

The paraffinic oi l  (Sun 21 Heat Transfer Oil) suffered measurable 

degradation but i t  should not be discarded at this time. I t  should 

b~ poted that the data provided by the manufacturers indicate that i t  

is thermally stable at 600°F. Moreover, the degradation losses at 

65D°F are not sufficient to render i ts use uneconomical but i t  remains 

a questionable candidate. 

Polyethylene glycols and ethers proved thermally unstable. 

In sugary, aromatic hydrocarbons are preferable to paraffinics and 

non-hydrocarbon heat transfer fluids such as salt and silicones appear 

satisfactory. 
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II INTRODUCTION 

The proposed methanation process involves a cocurrent liquid phase 

which serves as a sink for the heat evolved by the me+_hanation reaction. 

This fluid wil l  be continuously subjected to elevated temperatures 

(500-650°F) .nder a hydrogen rich atmosphere at high pressure 

(~IOOD psig) in the presence of an active nickel catalyst, and is 

therefore, subject to both thermally and chemically induced degradation. 

For this reason we undertook an experimental program designed to 

• investigate the thermal and chemical stabi l i ty  of commercially 

available materials which could serve as our h~at transfer medium. 

We have conducted tests on aliphatic oi ls, paraffin waxes, poly glycols, 

methylated benzenes, phenyl methyl silicone o i ls ,  diphenyl-diphenyl 

ether eutectic and di- and tr i -aryl  ether mixtures and salt eutectic 

mixtures. In addition, the literature has been examined for information 

on these and other con~unds such as chlorinated aromatics, alkylated 

Oiphenyl ethers, part ia l ly  hydrogenated terphenyls and alkyl aromatic 

oils. 

The most common heat transfer fluids are steam and water, and i f  the 

temperature is above the freezing point of water or below 350°F, the 

choice is usually between these two fluids. However, as the temperature 

increases above 350°F, the vapor pressure of water increases rapidly. 

Thus with high temperature systems i t  becomes increasingly important to 

consider fluids with vapor pressures lower than water. 

Some of the more frequently used high temperature organic heat transfer 

fluids available today are shown in Table 1. 
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Table 1 

Frequently Used Organic Heat Transfer Fluids 

Composizion 

Aliphatic Petroleum Oil 

Alkyl-Aromatic Petroleum 
Oil 

o-Dich!orobenzene 

Diphenyl-Diphenyl Ether 
Eutectic 

Di- and Tri-Aryl Ethers 

Hydrogenated Terpbenyls 

Polychlorinated Biphenyl 

Polyphenyl Ether 

Trade Name 

Humbletherm 500 

Mobiltherm 600 

Usable °F 
Producer Temp. Range* 

Humble Oil -5 -600 

Mobil Oil -5 -600 

Dowtherm E Dow Chemical 0"* -500 

Dowtherm A Dow Chemical 55** -750 

Dowtherm G Dow Chemical 12 -650 

Thermino! 66 Monsanto 25 -650 

Therminol FR-I Monsanto 25 -600 

Therminol 77 Monsanto 60 -700 

" The low temperature l imit was estimated for each fluid from i ts 
minimum pumpability characteristic. This pumping factor has been 
generally accepted by centrifugal pump manufacturers. I t  is 
defined as the temperature where the f luid exhibits a 2000 centipose 
viscosity. 

** This f luid exhibits a true freezing point below the temperature shown. 
The viscosity at this temperature is less than ten centiposes. 

Once the decision has been made to use high temperature heat transfer 

f luid, the important factors one must evaluate in selecting the f luid 

are: 

I. Toxicity and Environmental Ecology 

2. Corrosiveness to Materials of Construction 

3. Flammability 

4. Thermal Stability and Engineering Properties 
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I l l  RESULTS OF THERMAL STABILITY TESTS 

A. Introduction 

Static thermal stabi l i ty tests of commercial heat transfer fluids 

are generally conducted under isothermal conditions in sealed pressure 

bombs. Available data indicate that accelerated tests at high 

temperatures give sound data on fluid stabi l i ty  while reducing the 

test time significantly. The degradation products are the same as at 

normal operating temperatures with the rate of degradation approximately 

doubling for each 18°F temperature rise (see Figure 1 - one week at 

700°F ~ 4 0  weeks at 600°F). 

The progress of degradation may be continuously monitored through 

changes in bomb pressure during the test period. Residual pressure 

after cooling indicates t~e presence of l ight decomposition products 

while physical observation of the product liquid for color, odor and 

solids content gives additional valuable qualitative data. Sample 

weight losses reported result from either the venting of gaseous 

decomposition products or from carbon deposits on the wall of the 

pressure bomb. Nominal handling losses are less than 4%. As a generally 

recommended guideline to fluid stabi l i ty ,  i t  can be said that i f  sample 

loss was ~-~I0~ in a two to three week period, this corresponds to a 

weight loss of about ½% to 1~ per week at a 50°F lower temperature. 

B. Results 

The data are presented in two forms: (1) Comparison of physical property 

changes as in Table 2 and (2) Bomb pressure changes during the test 

period which are tabulated in Table 3 and graphically presented in 

Figure 2. 



F I G U R E  1 Thermal Stability of Heat 
Transfer Fluids at Constant Temperature 
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Table 2 

Static Thermal Stabil i ty Comparlsons 

Length of ~J~. Sample P ~ a l  a 
Material Test o~ - '~  "State Color 

! ,2,4-Trime thyl 0 L Wa ter-Whi te 
Benzene 

4 Days 650 5 L Pale Yellow 

Tetraethylene 0 L Water-Whlte 
Glycol 2~ Hours 625 N.A. L + S Black 

Diphenyl- (I) 0 Pale Yellow 
Diphenyl 
Ether 20 Days 625 ~ 0.5 L Light Amber 
Eutectic 

A1iphatic Oil (2) 0 - - L Pale Yellow 

28 Days 625 "~20 L + S Brown-Black 

Petrolatum (3) 0 . - S c Opaque White (S) 
Water White (L) 

4 Days 650 ~ 0.5 S c Opaque Amber (S) 
Amber (L) 

Phenyl Methyl (4) 0 - - L Water-Whlte 
Silicone 9 Days 650 4 L Very Pale 

Yellow 
llaNO 3 - KNO 3 28 Days 650 NIl L Pale Yellow 

Resldual b 
Pressure 

Odor p_s.!g. 

Character - 
ist ic 

No Change Norle 

Neutral 

Acrid 10 

Character- 
is t ic  

No Change None 

Neutral 

Acrid Yes 

Neutral 

Sweet 5 

Neutral -' 

No Change None 

No Change None 

! 
) 
.n 

(]) Dowtherm A 

(2) Sun 2! lleat Transfer 011 

(3) Penndrake Snow White Petrolatum 

(4) Dow Corning 550 Fluid 

a S-Sol ids,  L-Liquids 
b Residual Pressure at Room Temperatur(: - 70°F 

c Naturally Occurring Mixture of Miner(11 Oil 
and MicroRCrystalline Wax that is Solid 
B e 1 ~  15vF 



PseudocLImene 
-"X-~"-F)-- 

Pressure 
Tlm__._~e 

Table 3 

Sta,ti c Ther_mal Stability.. Tests: Bomb Pressure vs. Time 

Penndrake SIlow White Dowtheicm A Tetraethy.lel]e 
P-e-t-r-olati~m (650UF) -" --~(6~-5~F) ~ (625UF} 

Pressure Pressure Pressure 
Time .Dsig Time ps~ Time psig 

D__ow Cornin.q 550 
Phene_~y_I Methy~ 

sT1 i c o n~-fd5-O~ F ) 
Pressure 

_Tim__~ P~!~_ 

I 

! 
w 

I hr. 230 

1½ hrs. 240 

25½ hrs. 235 

45½ hrs. 260 

69½ hrs. 235 

93½ hrs. 235 

98½ hrs. 235 

Re3idual 0 

½ hr. 45 

24 hrs. 2 17 hrs. 46 45 min. 25 

48 hrs. 18 25 hrs. 53 50 rain. 31 

72 hrs. 30 89 hrs. 50 2 hrs. 72 

96 hrs. 45 103 hrs. 45 2½ hrs. 100+ 

Residual 5 138 hrs. 47 Residual 10 

156 hrs. 46 

247 hrs. 48 

2_75 hrs. 45 

299 hrs. 5l 

319 hrs. 50 

415 hrs. 5l 

Residual 0 

After 9 days at 
temperature, the 
pressure was s t i l l  
0 psig. 
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Pseu~ocumene (1,2~4-trimethyl benzene) was stable at a temperature of 

65D°F as indicated by the absence of l ight decomposition products (no 

residual vapor pressure) and the small nominal weight loss, along with 

minimal chan~es in physical properties. The only detectable change 

was a slight coloration from its in i t ia l  water-white state. Lower methyl 

benzenes cannot be used because of their higher vapor pressures and lower 

cr i t ical  temperatures. Higher polymethyl benzenes (eg. mixed CloS) Should 
behave satisfactorily and might, in fact, be preferable because of their 

higher viscosities and lower vapor pressures. The viscosity plays an 

important role in fluidized bed characteristics while lower vapor 

pressure reduces subsequent solvent vapor-product separations. 

Te~raethylene glycol rapidly decomposed at 625°F within only two hours 

as shown by the rapid rise in bomb pressure (Table 3). After cooling, 

a residual pressure of 10 psig indicated the presence of l ight decom- 

position products while subsequent examination of the liquid showed gross 

physlcal property changes. The residual liquid turned black with quantities 

of fine black, carbon-like particles suspended in i t  while the odor turned 

acrid and pungent from its normal, neutral state. There also was a 

noticeable increase in viscosity indicating that some polymerization had 

occurred. This is not an uncommon circumstance with poly glycols, which 

polymerize by a condensation mechanism, eliminating water. Discussions 

with vendors indicated that poly glycol ethers should perform no better. 

ThE diphenyl-diphenyl ether eutectic mixture (Dowtherm A) was another 

stable material. Over a three week period at 625°F, the only noticeable 

change in properties was a slight darkening from i ts pale yellow color. 

The manufacturer indicates that this is a natural occurrence. Static 

thermal stabi l i ty data available in the l i terature (Table 4) more than 

substantiate our findings, indicating that this material is stable at 

temperatures in excess of 775°F. The l i terature also points out that 

aromatic ethers and polyphenyls in general constitute a class of highly 

thermally stable materials. 
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. T a b l e  ' 4 .  LITERATURE VALUES 

STATIC THERMAL STABILITY COMPARISONS 

] __ l , . . l -  1 
edl  T~t ('F) L¢=-~, Swm Color Pmanm 

I 

Oiphenvl edzer-dipheny]| 
eote.'l¢ 0 - -- L Lt. Yellow - 

3 775 1.9 L Yellow No 

Biphenylyt ph~nyl ether 
(isomer m~xture) 

0 - - S Whize -- 
4 650 2 1 VL Brown No 
6 750 57 VL Black NO 
2 775 3.1 VL Brown No .,. : 
4 775 2.6 VL Brown No ; 

o-blphenvlyi ~enyi edzer 0 -- - S Wt~ite - 
3 750 1.0 VL Tan No 
4 775 1.3 VL Brown No 

m-biphemylyl phe~l ether 0 -- -- L Yellow -- 
2 775 2 5 L Brown No 
4 775 2.3 L Brown No 

di- and tnarvt ethers ~= 0 -- -- L Yellow 
8 650 2-4 L Brown 
4 700 2-4 L Brown 
3 750 2-4 L Brown 
3 775 2-4 L Brown 

No 
No 
No 
No 

Dimethyi diphenyl ether 1~ 0 - -- L Colorless -- 
(isomer mixture) 4 650 3.2 L Brown No 

3 700 17 L Black Yes 
3 750 24 VL BIaS Yes 

Telramethyl dlphenyl ether 0 - - L Yellow -- 
(isomer mix'Xure) 2 650 1.5 L Yellow No 

4 650 1.7 L Brown No 
2 700 4.5 L Black No 
4, 700 8.5 L Black No 

4.4'-diethldd~phen¥1 ether 0 -- -- L YellOw - -  

4 650 3.7 L Yellow No 
2 700 12.0 L Black Yes 

lira DOWTHERM e A 

L DOWTHERM e G 
]3. [~methylcliphenyl ether (isomer mixture). Diphy$ 

DT. Bayer. Germany 



" Table ~ -continued 
STATIC THERMAL STABILITY COMPARISONS 

Compound ,..,,,,,,,. + ,-.,,,,. +,, , .  i.,.,,,+,..,, i ,,..,,.,,+ of TUt (°F) Lost-~ Stilo Co;or Pressure 

Pamaliy Hydrogenated 
t e r l ~ ' s  0 -- -- L Yellow -- 

8 650 2.5 L Brown No 
2 700 10.6 L Brown No 
4 700 10.3 L Brown Yes 
2 725 9.4 L Brown , Yes 
4 725 11.9 L Black Yes 
1 750 42.7 L&S Black Yes 

Aliphatic oil 5 O -- --  L Yellow - 

2 550 8.3 L Brown No 
4 650 57.6 L&S Brown Yes 

A~¥iarom~c oil Ib' 0 -- -- L Brown - -  

2 650 8.5 L Brown Yes 
4 650 772 L&S Brown Yes 

a - - L e ~ g l h  c~ Ie%T ~ w e e : %  

b - P h Y s i C a l  s I i ~ e  L ~ LuQu~.  S • S o t c L  V • V~scou5  

R. Therminol 66 
| .  Hurnbletherm 500 
6. MobJlthenn 600 
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A paraffinic mineral oil (Sun 21 Heat Transfer Oil) was tested at 625°F 

for 28 days. The results are unsatisfactory as indicated by the generation 

of l ight  decomposition products as well as considerable carbonaceous 

materials. The pale yellow color turned dark brown-black while the 

ordinari ly neutral odor became acrid. In contrast to 

these results, we have also used this oil in some preliminary high pressure 

f luidization studies under simulated reactor conditions and found only 

minor changes in physical properties after cycling the temperature between 

70°F and 650°F over a period of two weeks. These changes were a sl ight 

darkening of the oi l  to an amber color and an increased sharpness in odor. 

Carbonization was not evident. The improved stabi l i ty  under these 

conditions may be due to the presence of the reducing reaction gases. 

As an extension of the work with the paraffinic mineral o i l ,  a petrolatum 

(Penndrake Snow White Petrolatum), which is a naturally occurring mixture 

of mineral oi l  and micro-crystalline wax, was also examined. The evidence 

is not conclusive but the small residual pressure, barely measureable 

weight loss anG the minor changes in physical properties seems to indicate 

an increased stabi l i ty  even though the test was run at higher temperature - 

650°F as compared to 625°F - a change sufficient to cause more than a 

doubling of decomposition rates. 

A eutectic mixture of NaNO 3 and "~ ~'~3 know~ com~.erciallv as Hitec was 

used as the heating bath for al l these tests. Literature indicates i t  

is stable and in use at temperatures up to 700°F. No change in physical 

properties or appearance was noted for the salt mixture indicating 

excellent s tab i l i ty .  

The last material that was examined is a phenyl methyl silicone oi l  

(Dow Coming 550 Fluid). By all indications, this would be a perfectly 

satisfactory heat transfer f lu id,  evidencing only a minor change in the 

color and a small weight loss after i~ine days at 650°F. This material 
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has an extremely low vapor pressure at elevated temperatures (20~ Hg 

at 650°F) which reduces solvent vapor carryover and subsequent separation 
operations. In addition, the silicone oil is almost completely non-toxic 

under nom~l industrial handling conditions. 

The literature indicates that there is a variety of chlorinated aromatic 
hydrocarbons which are thermally stable at 600°F. Hc~ever, decomposition 

products includ~ hydrogen chloride which would present unnecessary 
corrosion problems. 
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IV CONCLUSIONS AND RECO~ENDATIONS 

We have investigated the thermal stabi l i ty of a varlet)- of commercially 

available heat transfer fluids and have shown that there are at least 

four classes of materials which possess sufficient thermal stabil i ty at 

temperatures in excess of 650°F to be successful candidates for the next 

phase of the research program. The candidates are: 

I .  Aromatic Ethers 

2. Polymethyl Aromatics 

3. Inorganic Salts 

4. Phenyl Methyl Silicone Oils 

We have also shown that purely paraffinic materials are stable up to 

temperatures of 600°F. The only material that conclusively failed the 

thermal stabi l i ty test was tetraethylene glycol. In this case, degrada- 

tion products included fine carbonaceous material as well as polymerization 

products, probably higher molecular weight poly glycols. 

The aromatic ethers include the con~nercially availeble Dowtherm A 

(diphenyi-diphenyl ether eutectic), Dowtherm G (di- and t r i -ary l  ethers), 

Diphyl DT (dimethyl diphenyl ether isomers) and other substituted 

aromatic ethers. These materials are intermediate in cost, ranging f r ~  

about $0.15 to O.30/Ib. Their physical properties are such that heat 

can be removed as both sensible and latent heat. Because they are 

non-corrosive, carbon steel is the normal material of construction. 

Vapor pressures at process conditions are moderate. 

Alkyl aromatics are low in cost, about S0.04 to O.06/Ib for a Cg or ClO 

crude cut. The low cost affords us the freedom of greater solvent losses 

which wi l l  likely occur due to their greater vo la t i l i t y .  
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Through normal blending techniques, liquid properties can be optimized 

for a particular operating condition and heat removal can be in both 

sensible and latent forms. These materials are non-corrosive and 

carbon steel is the normal material of construction. 

Inorganic salts, such as the sodium nitrate/potassium nitrate mixture, 

are also moderately low in cost, about $0.12/Ib. They are the most 

stable of the fluids tested but require more complicated piping, 

startup and shutdown procedures because of their high melting point. 

Water dilution techniques are available to reduce or eliminate these 

problems and they are therefore s t i l l  attractive classes of heat transfer 

fluids. Experience has shown that these materials are non-corrosive 

to carbon steel. An additional plus in their favor is their negligible 

vapor pressure which eliminates the contamination of product gases with 

solvent vapor and subsequent separation operations. 

Phenyl methyl silicones are a very stable class of fluids. Their 

Stability increases with increasing phenyl content which can vary from 

zero to over f i f t y  percent. They are expensive materials, about $4.50/Ib. 

However, their negligible vapor pressure (20 n~n Hg at 650°F) reduces 

solvent vapor losses to a minimum with a concurrent low operating cost 

due to solvent make-up. In a 250 MM cubic feet/day plant requiring a 

solvent inventory of about 15,000 gallons, a O.5%/week solvent loss rate, 

which is probably the upper bound, would be equivalent to 0.15 cents per 

thousand cubic fee: of methane produced. In addition, these materials 

are almost completely non-toxic under industrial operating conditions. 

They are non-corrosive requiring only carbon steel as a construction 

material and have simple startup procedures since they remain liquid at 

temperatures down to -58°F. Heat removal is in the form of sensible 
heat only. 

I f  the actual process design temperatures are below 650°F, paraffinic 

heat transfer fluids become a very attractive alternative. They are 
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inexpensive, from $0.04 to O. i l / I b ,  costing about the same as the 

polymethyl benzenes and inorganic salts. They have the distim~ct 

advantage, when compared to the polymethyl benzenes, of having a 

negligible vapor pressure at process conditions which greatly simplifies 

solvent recover)' and product purification. In addition, their advantage 

over the inorganic salt lies in their simpler startup and shutdown 

procedures. 

Combining the factors of cost, ease of use and process implications in 

a non-qualitative way leads us to feel the order of preference for these 

materials is: 

Diphenyls 

Polymethyl Aromatics 

NaNO 3 KNO 3 

Silicone Oils 

* ASTM 
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APPENDIX I 

Experimental Apparatus and Procedure 



A. Equipment 
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B. Procedure 

I .  Pressure bomb is cleaned with Chromerge solution for six hours. 

2. Pressure bomb, valves, tubing, f i t t ings and gauge are all soap 

and water washed, water rinsed, acetore rinsed and oven dried 

aZ 110°C. 

3. All the equipment is assembled except for the bomb, using 

Teflon pipe tape on all pipe threads. 

4. The sample and catalyst, i f  necessary, are weighed directly 

into the bomb. 

5. The assembly is completed by screwing on the bomb, then i t  is 

evacuated with the vacuum pump while monitoring on the Hg 

manometer. The system is isolated from the vacuum pump and 

leaks are detected by loss of vacuum during a three hour period. 

6. I f  hydrogen is to be added, i t  is done so at this time using the 

~ame line as for the vacuum pump. Valve to manometer is closed 

and bomb is pressurized to 200 psig hydrogen. System is closed 

and examined for leaks by monitoring gauge pressure over a 

three hour period. 

7. The bomb is placed slowly in salt bath to prevent rapid expansion 

of joints which might cause leaks. 

C. Observations 

I. At regular intervals, the pressure and temperature are recorded. 

2. At the end of the test period, the bomb is removed from the salt 

bath and allowed to cool to "~Gm temperature. Residual pressure, 

i f  any, indicates gaseous degradation products. 

3. Analysis of gas is attempted in order to identify some of the 

components from hydrogen up to butanes. 

4. After the bomb is vented, i t  is weighed to determine weight loss. 

5. The residual liquid sample is recovered and examined chromato- 

graphically to determine liquid degradation products (lighter or 

heavier than original material). 

6. The liquid is also examined for color, odor and feel and the 

bomb is examined for carbonaceous residue. 
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Table AII-I 

Sun 21 

Dowtnerm A 

Dewtherm G 

Penndrake Code 4417 

Penndrake Drakeol Ig 

Penndrake Snow White Petrolatum 

Dow Corning 510 
Dow Corning 550 

Fluorinated Hydrocarbons 

Pseudocumene (C 9 Methyl Benzene) 

CID Methyl Benzene Isomers 

Bulk Price 

S .045/Ib 
$ .36 /Ib 

$ .31 /Ib 
$ . 11S/ lb  

$ . 115/ lb  

$ .103/lb 
$ 4.22 /Ib 
$ 4.65 /Ib 

$ 5.oo-8.oo / lb 
$ .06 / lb 
$ .04 /Ib 
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I. 

I SUMMARY 

This report includes studies executed prior to the formal contract 

date and concerns i tse l f  with additional significant features of the 

proposed liquid phase methanation process other than liquid phase thermal 
stabi l i ty. 

Liquid-Gas-Solid Fluidization 

During the past months we have examined the important aspects of liquid- 

gas-solid fluidized beds from both a theoretical and an experimental 

point of view. The actual mechanics of the fluidized bed as well as 

the characteristic heat and mass transfer mechanisms have been emphasized 

i l lustrating the relative advantages over alternative systems. 

In general, at low superficial gas velocities (-c 1 cm/sec), the liquid 

phase is the dominant force in fluidization and the bed behavior can be 

described solely in terms of liquid and solid phase properties. The 

relative importance of the liquid and gas phase can best be described 

by considering an equation of the form: 

u b 
= k ual g 

where ~ is the bed porosity and u I and Ug are the superficial liquid 
and gas velocities. 

For our work with irregularly shaped catalyst particles, the values of 

the exponents a and b were respectively 0.16 and 0.0 at superficial 

gas velocities less than 0.6 cm/sec. The gas rate exponent increased 

to 0.085 for superficial gas velocities between 2.0 and 12.0 cnVsec. 

Other investigators found a stronger dependence of liquid flow with 

values of the exponent a ranging between 0.4 and 0.6 for regular 
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between the single sphere and packed bed value. 

Wall to bed heat transfer has been examined by several investigators 

and they observe that the heat transfer coefficient, h: varies with 

porosity, z ,  in such a way as to give a maximum value in heat transfer 

coefficient at a ~articular intermediate porosity. This is probably 

a result of the opposing effects (which arise with increasing bed 

porosity) of increased particle velocity, which reduces wall fi lm 

zhickness and decreases particle concentration in the bulk. 

Mass transfer studies have followed the same lines of reasoning used 

in studying the analogous heat transfer problem. Extension of the 

single sphere mass transfer case results in values for fluidized bed 

mass transfer coefficients intermediate between the single sphere and 

packed bed values. On the other hand, wall mass transfer coefficients 

are 5-10 times the no-solids case at comparable flow rates. We note 

that there are d i f f icu l t ies  in dissolution mass transfer studies arising 

from induced roughness at the surfaces, which can cause erroneous results. 

Tnese problems have been overcome by the use of ionic mass transfer 

experiments, where there is no loss of diffusing species due to reaction 

at the electrodes. 

Comparisons between overall mass transfer coefficients and overall heat 

transfer coefficients through the use of the Colburn analogy are 

inadequate when the Schmidt number is very much greater than the Prandtl 

number which results in a relatively large bed heat transfer resistance 

when compared to the bed mass transfer resistance, which is negligible. 

Flow Behavior 

Flow studies in three phase fluidized beds have been limited to the study 

of bed expansion, bubble properties and mixing patterns. The main 

complexity in describing the bed behavior arises from both bubble 
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spherical particles. Their gas flow expohent b values were very similar 

to ours, ranging from 0.06 to 0.08. 

Though the use of a proposed correlation technique involving a reduced 

liquid velocity, Ul/Ut, where u t is the particle terminal velocity, 

we were able to predict bed porosity in a fixed geometric system over a 

wide range of process conditions for a variety of liquid/gas combinations 

from sim~le experiments at ambient conditions. This greatly simplifies 

future Jata reduction by giving us a reliable estimate of actual bed 

expansion and porosity values for the closed reaction system. Theoretical 

correlations for minimum fluidization velocity and fluidized bed pressure 

drop were inadequate in this study because of their inabi l i ty  to account 

for, in a simple manner, the wide particle size and shape distributions used. 

However, they do show the correct trends in all cases. 

Heat and Ma~s Transfer 

In many applications of fluidized beds, the addition or removal of heat 

from the bulk of the bed is a prime consideration, especially so in 

the highly exothermic reaction under consideration. There are three 

pertinent modes of heat zransfer: ( I )  convective transfer between points 

in the bed caused by mixing, (2) surface heat transfer between particle 

and f luid, and (3) transfer between the bulk of the bed and the wall. 

The f i r s t  two mo~es produce an effective heat conduction or diffusion 

in the bed while the third one provides a means of adding or removing 

heat from the bulk. 

Studies on heat transfer from the particle to the bulk are based on an 

extension of the single sphere heat transfer case to f i r s t ,  packed, and 

then, fluidized beds. There is a wide variation in the available 

fluidized bed data, however, all the researchers have found that there 

is a sharp drop in Nusselt number at particle Reynolds numbers less than 

!OD. For Reynolds numbers greater than 100, the Nusselt number lies 
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coalescence, which is prominent in beds which are mildly fluidized, and 

the tendency of bubbles to migrate towards the center of the tube as 

they rise. ~s a result, bubble velocity is a complex function of both 

liquid and gas flow rates; further, there is also a strong dependence 

on bed porosi~,. An important consequence of changes in bubble velocity 

is i ts effect o~ gas holdup. At low gas flow rates (Ug< 1.0 cm/sec), 

gas holdup is s~nall, on the order of 5%. Even at a gas flow rate of 

8.5 cm/sec, gas holdup wil l  only increase to about 15%. 

The interactions between the three phases result in very definite axial 

and radial mixing patterns. For the most part, radial mixing is complete 

and there is a definite circulation pattern established, with particles 

slowly rising in the center and moving downward at the walls. Axial 

mixing (backmixing) is increased by increased gas flow and decreased 

liquid flew. Most interesting was the observation that the presence of 

a solid phase reduces axial mixing by 50-70% over the no-solids case. 

Co.n~ercial Methanation and Analogous Liquid-Gas-Solid Fluidized Bed Processes 

With the advent of coal gasification, methanation of high concentration 

CO streams becomes a necessity. The crucial problem inherent in the 

methanation step is the large amount of heat evolved by the reaction 

~:hich required complicated and expensive schemes to remove the heat. 

Consequently, most of the research in this area has been directed towards 

improved heat removal methods. 

Th~ basic reaction, as given below, 

CO + 3H 2 ,. CH 4 + H20 

is catalyzed by a variety of catalysts; nickel based catalysts being the 

most prominent conTnercially. Side reactions leading to the formation of 

CO 2 and C are important only at temperatures greater than 350°C. 
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Among the various alternatives proposed as solutions to the heat 

removal problem are (I) introduction of cold feed gas at different 

points in th~ reactor train, (2) recycle of large quantities of 

product gas, (3) gas-solid fluidized bed reactors and (4) tube wall 

reactors ~nere the catalyst is bonded to the tube wall. 

Economic evaluations of all the various processing alternatives 

show thaz the metilanation step is the expensive one. The difference 

in economics of the product recycle case and interreactor quench 

case are relatively small, with operating costs of about 4¢/MSCF in 

a 250 MM SCFD plant. Capital cost for this plant would be on the 

order of thirteen million dollars. Gas fluidized bed economics 

clearly result in lower reactor costs i f  the process scheme is 

conTnercialized. 

The advantages of the liquid phase methanation system lies in both 

economics and re l iab i l i ty .  The economic advantages are related to 

both reduced capital and operating costs arising fro~ the simplified 

reactor design. Additional advantages are that heat removal is more 

efficient and therefore results in a decrease in necessary heat 

transfer area. Also, use of a concentrated feed, up to 20~ CO, results 

in substantially increased productivity volume of equipment which 

reflects i tse l f  in a reduction in the power costs which form a large 

part of the operating costs. Reliability is enhanced by the abi l i ty  

to prevent temperature runaway in the large heat sink and the abi l i ty 

to treat the catalyst without shutdown. 

The motivation ~or the proposed liquid phase methanation process is 

based largely on expertise developed for the analogous three phase 

reaction systems; Fischer-Tropsch Synthesis and the H-Oil Process. 

The Fischer-Tropsch process went through several stages of development 

differing chiefly in the modes, of heat re...~vai. Final designs 

operated by I. G. Farbenindustrie in Germany prior to World War I I  

uti l ized a submerged iron catalyst bed fed by a CO-H 2 gas mixture. 

Convector volumes of 7 to 50 cubic feet were successfully operated 

but further commercial development was halted because of the war. 
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Subsequent work by the Bureau of Mines found that performance could 

be greatly improved i f  a mildly f lu id izedai r  of 10-40 mesh catalyst 

particles was used. 

In the H-Oil process, the motion of the catalyst with the high oil 

velocity results in an intimate contact between o i l ,  hydrogen and 

catalys¢, making the system very efficient with respect to the 

amount of catalyst charged per unit of oil throughput. The cushioning 

effect of the oil phase reduces catalyst attr i t ion, and further, the 

catalyst is retained within the volume of the reactor so that i t  is 

unnecessary to provide for catalyst product separation. An additional 

advantage is the possibility of semi-continuous addition and removal 

af catalyst. 

The relevance of the Fischer-Tropsch and the H-Oil systems is largely 

related to their similarity in scale which indicates that numerous 

common problems will exist. The knowhow derived from the above 

nentianed processes will be extremely valuable in the development 

stage of the liquid phase methanation system. 

AnaIztical Sxstem 

Lastly, the report reviews the important features necessary for 

accurate analysis of the gas reaction system, indicating the need 

to separate and quantify CO, CO 2, CH 4 and other l ight hydrocarbons 

as well as H 2 and H20. 
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II INTRODUCTION 

Chem Systems is, under sponsorship of the American Gas Association, 

developing a new methanation process capable of single pass high 

conversions of high concentration CO streams. The proposed l iquid phase 

methanation ~rocess involves a l iquid flowing cocurrent to the gas which 

serves ootn to fluidize the catalyst bed and to remove the heat evolved 

by the ~etbanation reaction. The l iquid phase thermal s tab i l i ty  aspect 

has been examined and reported on in our Progress Report No. I. (1) In 

this report, we are covering studies performed prior to our formal 

contract's executions in the areas of three phase f luidization, a 

methanation review and an experimental analytical design. 

Here we are concerned with the effects that various design parameters 

(eg. liquid density and viscosity, catalyst particle geometry, l iquid 

and gas flow rates, and gas density) might have on the fluidized bed 

behavior. A search of the l i terature has shown that some experimental 

work has been done on liquid-gas-solid fluidization. This material has 

been analyzed and is presented as a basis for comparison with our 

experimental results along with the standard theoretical analyses. In 

addition, this report examines the other important aspects of fluidized 

bed behavior with emphasis on beat and mass transfer, flow and mixing 

patterns and present industrial applications (eg. Fischer-Tropsch and 

H-Oil processes). 

A general review of the methanation of synthesis gas is also presented 

and includes present catalyst systems as well as commercial alternatives 

to the proposed liquid phase methanation process. 

Lastly, the report concerns i t se l f  wit~ the development of an analytical 

system capable of evaluating the reaction system gases in a quantitative 
manner. 
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I l l  PRESENTATION OF RESULTS ON THREE PHASE FLUIDIZATION 

In this section, experimental data generated both in-house and by other 

investigators are presented. 

A. Introduction 

1. Theoretical Background 

Fluidization data are generally presented in terms of bed expansion 

ratios, or voidage fraction, as a function of flow rates. In addition, 

pressure drop data are helpful in cases where visual observation of the 

bed is impossible, since i t  is indicative of f luidization behavior. 

Bed expansion ratios are defined as the height of the bed under flow 

conditions relative to the height of the bed at incipient fluidization 

(whicn corresponds to the loosest packing case). Voidage in fluidizad 
beds can be obtained from bed expansion ratios using the relationship: 

H l - C  mr 
Hmf i-~ 

~mf  = Voidage at Minimum Fluidization Velocity 
= Voidage at a Given Condition 

Pressure drop through the bed can be used as an indicator of bed activity, 

as shown by the following argument. As long as the bed is dormant, 

pressure drops can be predicted by the Ergun equation: 

T gc = (~sdp)~ ~sdp 
(2) 

where the f i r s t  term represents viscous losses and the second term, 

kineZic losses. Fluidization wi l l  occur when the drag force of the 

upward moving f luid (equivalent to the product of the pressure drop and 

the cross-sectional area of the tube) balances the weight of the particles, 

or :  

P A = W : (A Hmf) (l-Gmf) ( ~ - 2 L  ) 

Rearranging equation 3, we have: 

AP  : (1_Em;.) (~s -~)L ) (g/gc) Hmf 

(g/g c) (3) 

(4) 

CZ) 
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At incipient f lu idizat ion, the pressure drops predicted by equations 2 

and 4 are the same. The superficial velocity at minimum fluidization 

can therefore be obtained from the following expression: 

~.~5 ~p ~,p~ 2 ~o c~-c~ ~p "m~A ~ / ~  (A,A)  .f. 

~ (~mf ~ 7 -  ~s 2 (Zmf 3 , , ~  /X.2  
(5) 

w~ere- 

d : 

umf : 

m f  : 

8s : 

PL : 

p s  : 

Equivalent Particle Diameter, cm 

Minimum Fluidization Velocity, cm/sec 

Voidage at incipient Fluidization 

Liquid Viscosity, poise 

Sphericity 

Liquid Density, gr/cm 3 

Solid Density, gr/cm 3 

With velocities beyond minimum fluidization, the pressure drop remains 

practically unchanged. This behavior is shown below. 

~ l  I I ! I i ~" , i I. I l ', I I 1 ~ ! ,  , 
1 2 3 fi 10 2~ 3O 5O 

'V," 

, ~  ~ ~r..~. ,.~ (r.mlsec) 

I I rezminal velocity =z 
XO0 

Figure 111-1 Pressure Drop Behavior in a Normal Fluidized Bed 
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Abnormal behavior in fluidized beds can generally be detected by a 

pressure drop-velocity curve. For example, slugging and channelling 

wil l  give the following type of relationships. 

1 5  

Irlu~,ualw~n~ - 

l . O .  ~ ~ : - • ~ ( "-1 i 
" 7-. " L _ _ .  -~ 

0.5 : '  " S lu~m;~  - -  

' . i i 

s."~ ~ 
[ ' f !  , ~ r ; ~ I ' I i ~ 0 

0 5 1 0  1 5  
,,,,/u,,,{ 
(o] 

1 2 3 

Figure III-2 Pressure Drop Behavior in an Abnormal Fluidized Bed 

Although technically the foregoing arguments are valid only for two phase 

fluidized beds, Dakshinamurty et al (2) have shown that at atmospheric 

pressure and low superficial gas velocities of less than i cm/sec, the 

presence of the third (gas) phase has l i t t l e  effect on the bed expansion 

behavior. 

2. Experimental Program 

The actual experimental program was divided into two parts: 

• Low Pressure Fluidization 

• High Pressure Fluidization 
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L i t t le  work az a l l  has been dose on three phase flow systems at atmos- 

pheric conditions (see Section I I I -D) much less at elevated temperatures 

and pressures. There is no reason to believe, a p r io r i ,  that the high 

pressur£ system would behave ident ical ly  to the atmospheric case. The 

#urpose of this work is to evaluate the behavior of a three phase 

fluiGizatio~ system at elevated temperatures and pressure and to 

correlate z~e systems' behavior at ~he above mentioned conditions with 

~he be~av lo r  az a~b iep t  te:rpe- ' , : , : -e~ and p ressu re .  

B. Low Pressure i la::,s L r l t  

i. ~x~eri~enza] Apparatgs 

A schematic Giagra~ of the experimental uni t  is given in Figure I I I - 3 .  

T~is f lu id izat ien unit consists of a catalyst f i l l ed  glass tube with 

independent gas (CO 2} and l iquia (water and hexane) flows. The 7/8" 

diameter tube was f i t teo  with two 50 mesh screens about 20 inches 

apart~ :he top screen prevents catalyst carryover while the bottom 

screen; serves as the catalyst support. The l iquid stream is admitted 

several inches ae]ow the support screen and mixes with the gas at the 

sDarger, whicn is centered direct ly beneath the screen. An external 

scale is used zo determine bed expansion ratios as a function of the 

l iquid and gas f}ows. In addition, system pressure drop and pressure 

drop above the no-solidS case are also noted along with a general 

description of the fluidized bed act iv i ty .  

2. Results 

Three systems were investigated in this un i t :  

a) Hexane - CO 2 

b) Hexane - CO 2 

c) Water - CO 2 

- 1/16" Catalyst Extrusions (1/16" - 1/8" long) 

- 1/16" Catalyst Extrusions (1/16" - 1/4" long) 

- 1/16" Catalyst Extrusions ( I / 1 6 " -  1/4" long) 



Fiqure I I I . 3  Schematic Diagram of the Atmospheric Pressure Liquid-Gas- Solid Fluidized Bed 
, , i ii | i i i  i i , • , • ' - -  

Gas Source 

To Vent 

Fluidized Bed 
,._.,. ContairJed Between 
" ~  Screens 
¢ , -  f , ~  

: ,2 
P) ,4,-.Gas Sp 

I 

' I 
I 

ias Sparger 

~ Liquid 
Ro tame t~ 

Gas-Liquid Separation Drum 

and Pump Reservoir 

)ass Loop 

~lna Tube 
Liquid Pump 

Wet Test Meter 
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Table I I I -1 

Bed Expansion Ratios in Three Phase Flow 

Hexane/COo 

Run ~o. 46-I 

Catalysz Loading: 70.5 grs 

Hmf: 13.5 cm 
dp : 0.208 cm 

Z~s : 3.7 or/cm 3 

2. : O. 8,53 

Liquid Fic'~ 

Ga]/Min-Ft Z 

0 

0 

0 

0 

26.4 

26.4 

26.4 

26.4 

35. ! 

43..9 

65.5 

65.5 

65.5 

65.5 

88.0 

88.0 

88.0 

88.0 

110.2 

110.2 

Gas Flow 

Liters/Hour 

0 

45 

95 

160 

0 
45 

95 

160 

45 

0 

0 

45 

95 

160 

0 

45 

95 

160 

0 

45 

H/_~_mH f 

1.00 

0.98 

1.02 

1.10 

1.02 

1.06 

1.07 

1.15 

1.02 

1.02 

1.17 

1.25 

1.33 

1.50 

1.34 

1.42 

1.51 

1.84 

1.55 

1.63 

Run No. 46-9 

Catalyst Loading: 58.1 grs 

Hmf: 12.4 cm 
dp : 0.247 cm 

P s  : 3.7 gr/cm 3 

~s : 0.~06 

Liquid Flow Gas Flow 

Ga 1/Mi n-Ft ~ Li ters/Hour H-L~mf 

0 4O 1. O0 

O 105 I .  O0 

0 170 1.03 

18.4 170 1.02 

36.0 105 I. O0 

41.6 40 I. O0 

66.4 40 1.12 

66.4 105 1.23 

66.4 170 I. 35 

105.6 40 I. 39 

105.6 105 1.56 
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Table 11[-2 

Bed Expansion Ratios in Three Phase Fluiaized Beds 

Water/C.02 

Run ~o. 46-10 

Catalyst Loading: 

Hmf: 
d : 

~s : 

58.1 grs 

12.4 cm 

0.247 cm 

3.7 gr/cm 3 

0.806 

L!quid Flow 

Gal/Min-Ft 2 

0 

0 

0 

3.2 

3.2 

19.2 

19.2 

19.2 

49.6 

49.6 

49.6 

62.4 

82.4 

Gas Flow 

Liters/Hour 

55 

95 

150 

55 

95 

55 

95 

150 

55 

95 

150 

95 

55 

HI__%f 

1.00 

1.00 

1.01 

1.00 

1.00 

1.08 

I.II 

1.31 

1.39 

I. 56 

1.80 

1.84 

1.79 
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Chern SV,ffems inc. 

A comparison of systems a and b will correlate the effect of particle 

size while comparisons between systems b and c will relate to physical 

property differences between hexane and water. The data are presented 

in Tables I l l - l and  !I I-2 and Figures III-4 to I I I -9 .  

C. High Pressure Glass Unit 

I. E×perimenta! ' Apparatus 

A schematic diagram is given in Figure III-lO. In i ts operation, the 

high pressure system is quite similar to the atmospheric fluidized bed. 

The basic differences simply result from the complications introduced 
o 

by operating at 1000 psig and 650 F. The fluidized bed was fashioned 

from a high pressure, high temperature sight glass f i t ted with a gas 

sparger centered below the bed support screen. Electrical heating tapes 

were used to control the system temperature, and hence f luid properties, 

while a back pressure regulator was used to adjust system pressure. 

Gas and liquid flow rates were individually adjusted. Because of the 

high system pressures, i t  was not possible to obtain reliable pressure 

drop data. This is of l i t t l e  consequence here since the bed is visible. 

In the next phase, however, accurate fluidized bed pressure drops will 

be a valuable tool, in fact the only tool, in detailing bed activity. 

2. Results 

To simplify the experimental procedure, the influence of f luid properties 

was investigated by varying the system temperature, using a single f luid, 

Dowtherm A, rather than using a single temperature with a variety of 

fluids. The liquid properties of interest are the density and viscosity, 

and at the three temperature levels used, they are shown in Table I I I-3. 



Process ERuip,mnt List 

l. Atmospheric Liquid-Gas 

Separation Drum with Level 
I 

Indicator 
i 

2. Liquid Pump 
i 

3. Heat Exchanger 
4. r}il Preheater 
5. Gas Preheater 

6. High Pressure Sight Glass 

Fluidized Bed 

7. Oil-Gas Cooler 

8, Back Pressure Regulator 

9. !.let Test Meter 
lO. Solenoid Safety Valves 
I I .  High-Low Pressure Cutoff Switch 
12. Temperature Indicator 

13. Temperature Recorder/Controller 

with Alarm Function 

Manually Operated Rheostats 

. . . . .  ~' ~ ~  
ii i • i 

Fi~,ure II I ,10 . 
_ i m |  

Schematic Diagram of the High 
Pressure l.i,cluid-,G, as.Solid F1uidized Bed 

14. 
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C~mm .~v~oms #nc. 

Table I I I -3 

Physical Properties of Dowtherm A 

Temperature, oF x/0 , gr/cm 3 j ~ ,  Centipoise 

335 0.939 0.5 

465 0.871 0.3 

630 0.774 0.18 

The same catalyst was used in this experimental phase as well as in the 

low pressure work with the exception that i t  was ground to a 30-50 mesh 

size. The literature indicates that gas density has l i t t l e  effect on 

fluidized bed properties, and nitrogen was used as a matter of convenience. 

The liquid flew rates were varied up to a 25 gallmin-ft 2 while qas flows 

were set at approximately 500, 1500 and 2500 SCF gas-hr/CF of reactor 

volume. The results are given in terms of bed expansion ratios and bed 

voidage as a function of flew rates. At the outset i t  became readily 

apparent that the high pressures reduced the superficial gas velocities 

in the bed to such low levels that the gas has essentially no effect on 

bed expansion, though mixing patterns were s t i l l  affected to a measurable 

extent. Gas flows, nevertheless, were adjusted at the higher temperatures 

to give superficial velocities similar to the 335°F base case values of 

O, 0.12, 0.36 and 0.60 cm/sec which correspond to VHSV's of 500, 1500 and 
2500 respectively. 



C,~em Systems Inc. 

Bed 

335°F 

Liquid Flow Gas Flow 

( l/Min-FZ 2 Liters/Hr 

8.09 0 

8.09 82 

8.09 265 

8.09 415 

14.4 0 

i4.4 86 

14.4 250 

14.4 410 

~.0.2 0 

20.2 87 

6.3 0 

6 . 3  88 

6.3 248 

6.3 440 

19.3 0 

L9.3 87 

19.3 255 

',9.3 405 

25.4 0 

'5.4 87 

ZS. 4 240 

~5.4 430 

6.4 0 

12.1 0 

6.8 0 

25.3 0 

H/Hmf 

1.18 

1.19 

1.17 

1 16 

1 26 

1 27 

1 26 

1 25 

1 50 

1 50 

1.10 

1.12 

1.10 

1.10 

1.41 

1.41 

1.45 

I .~5 

1.65 

1.67 

1.69 

1.67 

1.12 

1.27 

!.44 

1.70 

Table 111-4 

Expansion Ratios" - Dowtherm A/N 2 

4650F 

Liquid Flow Gas Flow 

Gal/Min-F: 2 Liters/Hr H/Hmf 

6.4 0 1.03 

6.4 80 1.05 

6.4 220 1.D6 

6.4 365 1.06 

12.6 0 1.17 

12.6 70 1.18 

i2.6 225 1.17 

12.6 370 1.18 

19.3 0 1.27 

19.3 75 1.25 

19.3 230 1.27 

19.3 400 1.27 

25.3 0 1.41 

25.3 72 1.41 

25.3 220 1.41 

25.3 398 1.41 

25.3 

630°F 
Liquid Flow Gas Flow 

Gal/Mi n-Ft 2 Li ters/Hr 

6.4 0 

6.g 60 

6.4 178 

6.c 300 

12.6 0 

12.6 60 

12.6 182 

12.6 297 

19.3 0 

1g.3 62 

19.3 182 

19.3 310 

25.3 0 

25.3 60 

25.3 175 

25.3 315 

I 

HIHmf 

1.00 

1.00 

1.01 

1.01 

1.13 

1.13 

1.13 

1.13 

1.22 

1.23 

1.32 

1.34 

1.32  

1.32 

1 
Hmf " 126 mm i 
dp : 0.045 cm ! 

gr/cm 3 ~ s  : 3.7 I 
T 

~}s : 0.67 i 

L . . _  . . . . . . . . .  

At gas flows greater than 200 liters/hour, values given for the bed expansion ratio 

represent the mean of the fluctuating bed height. 
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335°F 

Liquid Flow 

Gal/Min-Ft 2 

6.3 0.536 

6.4 0.545 

8.09 0.564 

12.1 0.598 

14.4 0.595 

16.8 0.646 

19.3 0.643 

20.2 0.660 

25.3 0.700 

25.4 0.695 

Bed 

Table 111-5 

Porosity* - Dowtherm 

465°F 

Liquid Flow 

Gal/Min-Ft 2 (~ 

6.4 0.514 

12.6 O. 566 

19.3 O. 605 

25.3 O. 638 

AIN 2 

630°F 

Liquid Flow 

Gal/Mi n-Ft 2 

6.4 

12.6 

19.3 

25.3 

e 
O. 495 

0.549 

O.584 

O. 614 

*Based on ~mf  : 0.49 
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D- Results Obtained By Other Investigators 

L i t t l e  work has been done on three phase f luidized beds. Of interest 

to us are two stucies; one by R. Wolk (3), the other by Dakshinamurty 

and coworkers (2) Woik use~ the systems water/nitrogen ano hexane/ 

nitrogen with various size cylindrical particles (3/!6" long with 

diameters of 0.025", 0.050" and 0.0625"). He also investigated the 

effect on tube diameter over the range of 1.00" to 6.00". His data 

could be correlated in the form: 

D = A - F I F 2 (6) 

where - 

D = Bulk bed density 

A : Bulk bed density with l iquid flow only (independent of tube diameter) 

F I = Correction factor for gas flow (function of tube diameter) 

F 2 = Secondary correction factor for the effect of l iquid flow on F 1 

Typical results are shown for the 0.0625" diameter extrudates hexane/ 

nitrogen system in Figures I I I -13 and I I I -14.  I f  we were to superimpose 

our small size particle low pressure data, we would find all our points 

shifted to the r ight by about 20 gal/min-ft 2, but the curves would have 

the identical form. This is further discussed in Section IV and shown 

in Figure IV-2. Wolk further analyzed his data in terms of the "net" 

l iquid velocity, equivalent to the superficial l iquid velocity divided 

by the volume fraction of l iquid,  which he considers to be the effective 

force for f lu id izat ion.  In this manner he was able to correlate his 

data independent of tube diameter, as in Figure I I I -15.  

Limited data with a variety of f luids and solids was obtained by Dakshinamurty 

et al. In an attempt to ascertain the effects of l iquid viscosity and surface 

tension and particle density on bed expansiom, these authors also investigated 

the effect of l iquid and gas flow on f lu id izat ion behavior. Their data 
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could be correlated by the following expressions: o0C  )o0  
C = 2.65 

°-° 

E 2. 2 / 

Ret~500 

Ret<500 

(7) 

The basic shortcoming of the above relationship is the inabi l i ty to predict 

voidage at gas velocities approaching zero. interesting enough, at gas 

velocities below 1 cm/sec, they observed a contraction of the bed when 

compared with a similar bed without gas flow. This contraction is sma|l, 

10% at most, and is most prominent with small particles at gas velocities 

of about 0.5 cm/sec. They attribute the contraction to an overall lowering 

of the superficial liquid velocity caused by the high local liquid velocity 

in the wake of a coalescing gas bubble. I t  should be noted that bubble 

coalescence is substantial in beds having a low expansion ratio. Typical 

data are shown for the systems kerosine/air/glass beads and water/air/glass 

beads in Figure III-16. I t  is readily apparent that these systems are much 

more sensitive to liquid velocity than ours; this might be due to the 

substantially different particle geometry used, where theirs are uniform 

spherical beads while ours are irregu]arly shaped particles with a wide 

size distribution. 
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IV DISCUSSION OF RESULTS 

A. Introduction 

As a basis for comparison of our results, we have chosen both the 

theoretical approach as outlined in Section I I l  and the experimental 

results of others who have examined similar systems. The f i r s t  goal is 

to evaluate our results by comparing them with the data generated by 

others in addition to developing the basis for a model that wi l l  enable 

us to predict f luidization behavior from our knowledge of gas and l iquid 

flow. 

B. Fluidization Results 

i t  is apparent that superficial gas velocities less than 0.6 cm/sec have 

no measurable effect on bed expansion and i t  wi l l  therefore be more 

instructive to consider the results in two parts; low gas flow rates 

(~--~0.6 cm/sec) and high gas flow rates. The low gas flow rate data 

include part of the Low Pressure Unit data and all of the High Pressure 

Unit data. The high gas flow data were generated in the Low Pressure 

Unit. 

1. Low Gas Superficial Velocities 

The theoretical analyses presented in Section I I I  apply rigorously only 

to two-phase f luidization. However, as we have already pointed out, 

superficial gas velocities less than 0.6 cm/sec have l i t t l e  effect on 

bed expansion behavior and comparisons between experimental three-phase 

fluidization and predicted f luidization behavior for a two-phase system 

wi l l  s t i l l  be instructive. 

Table IV-1 provides a description of the solid phase materials while 

Table iV-2 presents the conditions of the experiments, tabulating the 

actual results along with the predicteo values. In all cases, the actual 



Lmv Pressure Unft 

_Systen} Polse 9m/cm 3 

Wa ter/CO 2 O. 009 1,0 

Hexane/CO 2 O. 003 O. 655 

Hexane/CO 2 0.003 O. 655 

Table IV-2 

Analyses of Fluldization Resu|ts 

Actual umf 
Particle Size 

1/16" Diam. x 1/16"-I/4" 

1/16" Dia,n. x 1/16"-]/4" 

1/16" Diam. x 1/16"-I/8" 2.82 

cnVsec 
Theoretical 
unlf; cmlsec 

4.47 

6.59 

5.49 

Actual L. Pinf; 
~n I120 

lO0 

110 

140 

! 

I 
W 

Theoretical 
GPmf; ~n H20 

180 

205 

240 

High Pressure Unit 

Dmvtherm A/N 2 0 .005  0.939 
Dowtherm A/N 2 0 , 0 0 3  0,871 

Dowtherm A/N 2 0,0018 0.774 

.012 - .024" 0,224 0.692 

.012 - .024" 0.326 1.065 

.012 - ,024" 0,428 1,533 
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fluidization velocities are substantially less than the predicted values. 

For the most part, this is due to the inabi l i ty of the theoretical 

analysis to account for the wide particle size distribution of the solid 

used in our experiments. For small particles, the minimum fluidization 

velocity is proportional to the square of the equivalent particle diameter. 

With the 30-50 mesh particles, this amounts to a four-fold variation in 

fluidization velocity. For large particles, minimum fluidization velocity 

~s proportional only to the square root of the equivalent particle 

diameter. This smaller dependence of fluidization velocity on particle 

size might account for the smaller relative difference between the 

theoretical and experimental results obtained with these particles. 

Other factors might also be'responsible for the variance between experi- 

mentally determined values and those predicted from the literature. Wall 

effects are possible with particles which are large compared to the tube 

diameter, and more importantly, in the high pressure reactor system, heat 

losses to the atmosphere from the sight glass cause radial temperature 

profiles and thus local increases in fluid viscosity and density which 

lower the liquid flow rate necessary for f luidization. As a result, 

fluidization is more pronounced near the walls than at the center of the 

chamber. 

Because of the above discussed wall and thermal gradient effects, the 

experimental Cata are different from the values predicte d in the 

literature. I t  is, however, clear that the observed relative behavior 

is in agreement with both the behavior predicted by correlations and 

with the system behavior observed by other investigators. 

Our ultimate goal in the fluidization study is to develop an understanding, 

both qualitative and quantitative, of the system as to permit us to predict 

accurately the behavior of the three-phase system. The f i rs t  step in 

this direction is to reduce the experimental data to an expression common 

to a variety of liquids, gases and flow conditions. This correlation 



Chem Sys tems  Inc. 

is given in Figure IV-! and by the expression below. One should note that 

the data presented in Figure IV-1 are the same data given in Figure I l l -12 

but reduced to more basic independent variables. 

0.16 0"49<E--<0"70 
E = 1.144 (u__) (8) 

u t u t = Particle Terminal Velocity (4) 

The power dependency on the liquid flow rate is similar to that obtained 

by Wolk (3) for 1/16" extrudates, but lower than that obtained by 

Dakshinamurty et al (2) and Hamilton (5) who obtained values of about 

0.4 fcr uniform spherical particles. 

One additionel aspect of the experimental results is that the observed pressure 

drops are in accordance with the values predicted by the literature (as 

Shown by ecuation 2 in Section I I I )  i f  one uses the observed fluidization 

velocities rather than those predicted by the expressions for minimum 

fluidization. In addition, note that in Figures I I I -5 ,  I I I -7 and I I I -9 ,  the 

behavior is identical to that described in the literature as represented by 

Figure I I I - I .  The only exception is the rise in pressure at the higher liquid 

flow rates, which was due solely to flooding above the liquid outlet. 

2. High Gas Superficial Velocity 

Our results for the high superficial gas velocity experiments are compared 

to the work of Wolk (3) in Figure IV-2. Note the strong similarity in 

expansion behavior. I f  the data were replotted to examine for the effect 

of gas velocity on bed expansion, at constant liquid flow, one would find, 

for the results of Wolk, that ~ is proportional to Ug 0"06 In comparison 

our results show a somewhat greater dependence with a value of 0.085. 

Dakshinamurty et al (2) found for a variety of liquid-gas-solid systems, 

a value of 0.08 for the gas velocity power dependence. At the low gas 

velocities expected in the methanation reactor, the bed voidage,~__, ~ l~  be 

increased by only about 8% at the highest gas flows. 
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C. Conclusions 

At superficial gas velocities less than 0.6 cm/sec, bed expansion ratios 

are independent of gas fiow. Under these circumstances, results with 

a single f luid can be extended using the reduced superficial liquid 

velecity (with respect to the particle terminal velocity), to predict 

the behavior of the same fluid-solid system az other temperatures, or 

more important, to predict the bed behavior using fluids with different 

physical properties. Due to the low dependency of bed voidage upon gas 

velocity, bed voidage wil l  be increased by only 8% over the no-gas level 

at the highest gas rates expected in the methanation reactor (equivalent 

to 2500 standard volumes of gas/hour - volume of reactor). 

Direct application of the theoretical fluidization analyses to predict 

pressure drop, minimum fluidization velocity, etc. is not recommended 

since the predicted values are higher than the observed. As indicated 

before, this is due to varying particle geometry, wide particle size 

distribution, wall effects and temperature gradients. However, the 

experimental behavior on a relative scale is the same, as evidenced by 

the form of the fluidization and pressure drop curves and by our abi l i ty  

to correlate the data in a reduced form. 

Host importantly, system pressure up to 1000 psig has no measurable effect 

on bed expansion behavior due to changes in gas density. In the future, 

this knowledge wi l l  enable us to accurately simulate, in a simple manner, 

the behavior of the high temperature - high pressure reaction systems by 

using a geometrically similar system at low pressure and low temperature. 

In retrospect, this result is understandable from the fact that at the 

relative liquid and gas flows encountered in our system, liquid flow is 

the dominant force in fluidization and i f  the effect of temperature on 

density and viscosity is considered, the fluidization at high temperature 

is identical to the behavior at ambient conditions. The effect of pressure 

and temperature on the gas phase is more d i f f i cu l t  to predict but since 

this phase contributes very l i t t l e  to fluidization, predicting i ts behavior 

is not as essential. 
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4P. 

V REVIEW AND DISCUSSION OF OTHER ASPECTS 

OF LIOUID-GAS-SOLID FLUIDIZAT!ON 

k. Heat and Mass Transfer 

Gas and Co a lesser extent, liquid fluidized beds h6ve been employed 

in chemical engineering practice over a number of years. In many of the 

a~plications, tne addition or removal of heat through the retaining wall 

of the bed is of major importance and in the case of gas fluidized beds 

has been the subject of extensive research. However, i t  is only in more 

recent years that a few reports have become available on the zopic of 

heat transfer in liquid fluidized beds. Fluldized beds are desirable 

from a hea: transfer point of view because of the nigh heat exchange rate 

which is attained in them. Mass transfer effects in fluidized beds have 

not received much attention until very recently. As in the case of heat 

transfer, an attractive characteristic of the f luid bed is i ts  high 

rates of mass flux. 

There are ti~ree pertinent modes of heat transfer; (I) convective heat 

transfer between points in the bed caused by mixing of par~ic]e and the 

!~omogeneous Qhase, (2) surface heat :ransfer between particles and f lu id ,  

and (3) transfer between the particles and the f luid and the walls of the 

vessel. The f i r s t  two modes produce an effective heat conduction or 

diffusion in a fluidized bed while the third one provides the means to 

transfer beat to and from the outside of the fluidized vessel. These 

various modes of heat transfer are discussed below in more detail. 

1. Heat Transfer in the Bulk Phase 

In general, the basic difference between heat transfer within gas fluidized 

and liquid fluidized beds results from the relative solid-fluid heat 

capacities. In the gas bed, the incoming gas rapidly attains solid particle 
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temperatures within inches of the distributor because of the low heat capacity 

of the gas. In ~he liquid bed, however, heat transfer occurs, in most 

cases, throughout the entire bed. This is an important point to keep in 

mind when analyzing heat transfer and temperature profiles in fluidized 

beds. 

In order to account for the presence of heat resistance throughout the 

bed, i t  is necessary to consider that the particles and the f lu id are 

moving ra~ially as well as axially. The radial movement of the liquid is 

due to densi:y gradients and to wake movement associated with the motion 

of the particles. The heat transferred by such a mechanism would be a 

function of the particle concentration ( l - E )  and the rapidity of 

particle motion as measure6 ~,y particle Reynolds number. 

Both of these contribute to a relationship of the form: 

h : a (Re)Z ( I - ~ )  y (9) 

which conforms to the experimental evidence. 

2. Heat Transfer from Particles to the Bulk 

Heat transfer from solid particles to f luid in fluidized beds is generally 

examined by extending the results for the single sphere heat :ransfer 

case ~ ) which can be represen?ed by: 

hpd 1/3 I/2 
Nup = kl 2 + 0.6 Pr Rep (lO) 

A f i r s t  step in this extension would be the case for packed beds. 

Available data f i t  an identical form of equation 10 but the constant 

multi~lier~ 0.6, is replaced by 1.~ for Rep greater than 100. The 

results for a fluidized bed, however, are not so clear. Over a thousand- 

fold variation exists among observers. This is a result of tile variBtion 
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in experimental conditions (s:eady state or unsteady state) as wel! as 

the daza interpretation of these investigators. In particular, their 

choice of assun~d flow pattern (eg. plug flow or back mix) and also what 

tnermocouple readings mean to each investigator (eg. for some, a bare 

~hermocoupIe is ~aken to be tne f luid temperature; for others, i t  is the 

sulid temperature) have a strong influence of the experimentally measured 

neat transfer coefficient. AI] investigators agree in that there is a 

sharp drop in r~usselt number as particie Reynolds numbers less than 100; 

anO for Reynolds numbers greater than !00, the Nusse]t number is s~where 

between the single sphere and packed bed case. 

3. Heat Transfer from Wall :o Bulk 

Jogannadharaju & Rao (7) correlating existing data, found the following 

equation for wail-to-beg heat transfer. 

pOo  
JHE = 0.53 Re = /X~C ( I I )  

Tnis represented the data over a wide range of Prandtl numbers. 

For glass spheres in water, Wasmund and Smith (8) found 

1/3 
I Reo ~ Di 

- + 

StH I0 (0"II-1"75(~) 8 [1 .06 x 10 -3 Re ° + 515 Dp (F_., -0.5~ 

~here 

and 

h 
St H = Stanton r~vmber at the Wa1~ = C , ~  pf 

Re o = The Particle .Reynolds Number } t  = 1 

the Particle Terminal Velocity 

Here though, the effects of process variables are somewhat obscure. A 

similar equation was obtained for aluminum particles. 

(12) 
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All Past researchers have observed that the heat transfer coefficient, h, 

varies with Dorosity,~, in such a way as to give a maximum value, h 
m a x  ~ 

at a particular oorositv. Both hma x and the corresponding porosity, 

~max are functions of the particlo, diameter, Dp . Increasing~ results 

in an increased h a x and a sl ightly decreased~maxO Hamilton ) in view 

of the ooor f i t  to the experimental data, reexamined the data of Wasmund and 

Smith (S) and Wasmund (9) by a Colbu;m factor approach. 

[Rep  n-Z 
J H = Rep Pr I/3 = K ~1-~/  (z3) 

The relatinnshi~ hen~een bed exoansion and Peynold~s number determined by 

Dichardson and Zaki (10)can be convenient!v exoressed by: 

where Reo = Particle Terminal Velocity 
Rep Reo( ~ m Reynolds Number 

= ~ : Porosity 
= Experimentally Determined 

Constant 
Subs:itutinG enua~ion 14 into equation 13 and rearranging gives: 

;~u = Pr 1/3 K Re o n-1 [~m(n-1) ( l -E )  2 - n ] :  K Pr 1/3 Re o 

where ~(~ ) = ~ m(n-1) (1_~,)2-n 

) 

(14) 

(zs) 

~fter an additional dimensionless groun, D /Dr,is introduced to account 

for the observed oa~ticle dependence, the resulting correlation was 

evaluated as: 

Nu = 3.38 Pr Re ° (z6) 

~.~here the oo,ver dependence for the Prandtl number ,vas assumed to be I/3 

to ccnforn tvith ~e .i-factor a~mroach of Colburn(11). 
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~uhsPnuent ,-~ork by Bre~. and ~amilton(12)with heat transfer to a similar 

fluidized bed from a central heater, exanined the effect of Prandtl numbers 

on the heat transfer coefficient, resulting in a modified form of eouation 16. 

.15 

" 6 0. ( I -  E )" ( 17 ) 

A physical interpretation of this heat transfer model is as follows. 

Zncreasing the particle size results in increased particle terminal 

velocity; thus an increase in the Reynolds number. There is an additional 

beneficial effect of having a bigger particle which is probably related 

to the decrease in film thickness with bigger particles. This effect is 

qualitatively given by the Dp/D h ratio. 

Bed porosity affects the neat transfer coefficient by again reducing film 

thickness with increasing porosities. This behavioral trend is reversed 

at a certain porosity level at which point further increases in bed 

porosity resulz in a decrease in heat transfer coefficient. ]his is 

explained on zhe b~sis of the detrimental effect of a reduced number of 

pellets when the porosity is very high. 

4. Mass Transfer from Wall to Bulk 

)4ass transfer from a tube wall i.~ a fluidized bed has been studi_~ by 

two techniques: (I) dissolution mass transfer and (2) ionic mass 

transfer. Dissolution mass transfer experiments by King(13) uti l ized 

cylinders of cinnamic acid with glass spheres and water as the f luidizing 

medium. The measured mass transfer coefficients were found to be 5-10 

times higher than the mass transfer coefficients in a tube witnout glass 

beads at equivalent tube Reynolds number. Unfortunately, in dissolution 

experiments a roughness pattern tends to develop ~,hich can be expected 

to lead to erroneous results, particularly at the very high Sch~idt 

numbers encountered with dissolution mass transfer to a 

l iquid. Brennan (14) has indicated that at a Schmidt 
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number of 2000, a rougnness of 300 microinches increased the mass transfer 

almost seven times above tnat for a smooth surface. In the fluidized 

bed measurements of King t13~, roughness measurements on the cinnamic acid 

cylindars gave values of about 100 microinches. Consequentl2, his data 

are open to question due to this effect. 

The roughness effecZ which always seems to occur in dissolution mass 

transfer experiments is avoided when mass transfer data are generated 

via d~ffusi~n controlled reactions. The system that is part icularly 

useful is the redox reaction between potassium ferrocyanide and potassium 

ferriccyanide in which there is no loss of diffusing species due to the 

reaction at the electrodes. This technique was used by Jottrand and 

Grunchard (14) to measure mass transfer coefficients for immersed nickel 

plates in l iquid fluidized beds. The mass transfer coefficients were 

between five and ten times those measured in solid-free liquids at 

equivalent flow rates. As in the case of heat transfer, a ~aximum in 

the mass transfer coefficient was obtained at a porosity cf 0.58, and 

the mass transfer coefficient increased with increasing particle size. 

The Gata could be represented by: 

JD = 0.027 Re -0"375 Sc 0"292 (I-E)0.15 

Jogannadharaju and Rao (7) measuring ionic mass transfer coefficients in 

an annulus found their data could be correlated by a form similar to 

that used to represent their heat transfer results; the difference 

between these two expressions was that the constant 0.53 was replaced 

by 0.43. 

2/3 / ~-0.38 

JD~ - c E = 0.43 (19) u 

A continuation of the work of Rao by Krishna et al (15) showed that the 

central tube has the effect of reducing the outer wall mass transfer 
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;p; 

coefficient. I f  a small wire is used as the inner electrode, mass 

transfer coefficients (eQuation 19) were increased by 50%. Consequently, 

the expression given above would preCict a low mass transfer coefficient. 

5. Mass Transfer from Particles to the Bulk 

Similar to zne work done on heat transfer from particles to f lu id in 

a fluidized bed, dissolution mass transfer experiments are examined 

using the single sphere mass transfer case as a basis for comparison. 
(z6) The results for single sphere experiments are given by: 

sn = kd YLM-p A = 2 + 0.6 Sc i/3 Re i/2 

Where YLM Logarithmic mean fraction of inert or 
non-diffusing component. 

(2o) 

Packed bed data could be represented by: 

Sh = 2 + 1.8 Sc I/3 Repl/2 Rep ~ 80 

while for fluidized beds, the data may be summarized by: 

Sn = 2 + 1.5 Sc !/3 [Rep (1 -E~  I/2 5/_~Rep~120 

E <_0.84 

(2z) 

(22) 

Though no data exist for the low Reynolds number region, by analogy 

to the heat transfer solution, an expected sharp drop in mass transfer 

coefficients Should occur at Reynolds numbers less than 100. 
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Mass and Heat Transfer Analogy 

Comparisons between the overall heat transfer coefficients (as jH ) 

and the overall mass transfer coefficients (as jD) are inadeoua~e when 

the Schmidt number is very much greater than the Prandtl number ~7 ) 

In heat transfer (Pr~1-20), the total resistance to heat transfer 

consists of a wall resistance, I/h w, and a bed resistance, R B, in series. 

In mass transfer, however, the large Schmidt numbers (Sc~1000) preclude 

the existance of a bed resistance, and the resistance to mass transfer 

exists entirely at the wall. Dnly at higher Reynolds numbers, when the 

effect of :he bed resistance is minimal, will the values of JD and JH 

be comparable. 
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l ( )  

B. Flow Behavior 

1. Licui~-Solid Fluidized Beds 

As an introduction =o the more complex si tuat ion in three phase f lu id iza-  

t ion ,  some comments on the l i qu id -on ly  f luidized bed are in order. 

Experiments u t i l i z i n g  coloreG tracer part icles have been made to examine 

~ar t i c le  veloci t ies in a three cy l indr ica l  coordinate system 

as a functio~ of the superf ic ia l  l iqu i~  velocity (!8). The results show 

%nat there is a l inear re lat ionship between the square of the individual 

veloci ty  comgonents, u i ,  and the reduced f lu id iza t ion  ve loc i ty ,  U/Umf. 

2 = k ( U - l )  i = z, r ,  • 
ui 

~T 
U >__ Umf 
u = Superficial Liquid Velocity 

Umf = Minimum Flu id izat ion Velocity 

(z3) 

The k i are proport ional i ty const.ants ar.~ are in the ra t i o :  

k . k : k : 15 • 4 : 3 
Z e r 

From the val~es of the k i ,  i t  is readi ly apparent that  the ve3ocity f ie ld  

is highly anisotropic, the low radial veloci t ies occur ~ i n l y  because of 

the restraining effects of the wal ls ,  and th~ high axial  veloci t ies 

occur because of :he upward flow of the f lu id lz ing  medium. In addition, 

a well defined c i rculat ion pattern with particles r i s ing  in the center 

and moving downward at the v a l ] s ,  was evidenz. This c i rcu la t ion  pattern 

is mosz noticeable at the bottom of the bed and tends to die out towards 

th~ top. 
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2. Lieuid-Gas-Soli~ Fluidized Beds 

a) Introduction 

Flow studies on :nree phase fluidized beds have been limited to the 

s tud~ of bed expansion (examined in Section I I I-C) and bubble properties 

and mixing patzerns. Rigby et al (19) examined a glass (sand) - a i r  - 

water syste~ and obtained data on bubble frequency, bubble size and size 

distribution, local volume occupied by gas bubbles and bubble velocity. 

b) Bubble Properties 

The bubble frequency measured as bubbles per second, shows a peak at low 

beg heights at between 0.4-0.75 times the radius. As you move up the 

column, this peak moves toward the center of the tube. Increasing the 

liquid rate or decreasing the bubble size results in a more uniform 

frequency distribution in the radial direction. This tendency for bubbles 

to move towards the center of the tube may necessitate the use of 

distributors which allow greater gas flows nearer the tube wall than 

at the zube center and thus redistribute bubbles uniformly in the radial 

direction. 

For a given gas rate, the bubble size was found to decrease with increasing 

liquid rate. As expected, increasing height position in the bed results 

in an increase in bubble size. Decreasing gas rates also increase bubble 

size. This is caused by bubble coalescence which is a strong function 

of bed expansion. , 

Bubble velocity is a complex function of both liquid and gas flow rates. 

For a given bubble size, increased liquid or increased gas flow increases 

the bubble velocity. Also, there is a strong dependence on bed voidage 

as shown by the following correlation: 

FV5 (VL VG)]  [ ~ - ]  2 - + = 32.5 (]) 1.53 
- ( 2 4 )  
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where VB, V L and V G are the bubble velocity and 

the superficial liquid and gas velocities in cm/sec, and l is the axial 

length of the mushroom-shaped bubble. 

An additional consequence of the changes in bubble velocity is the effect 

of bubble velocity on gas holdup in the three phase fluidized bed. At 

low gas flow rates (VG<i .0  cm/sec), gas. holdup is small, less than 5% 

by volume, and results chiefly from the quantity of bubbles present in 

the column as dictazed by bubble frequency and rise velocity. At higher 

gas flows, r, owever, the gas phase behaves as an additional force in bed 

expansion resulting in a steadily increasing gas holdup volume rising to 

values of 15. and 33% at gas velocities of 8.5 cm/sec and 25 cm/sec 

respectively. These increased gas holdups may have important consequences 

when considering both mass transfer rates from the ga~ phase to the liquid 

Qhase, a~ gas residence time for reaction. 

c) ;4ixinQ Patterns 

~ixing in a three phase fluidized bed has important implications, especially 

as iz applies to reaction systems where the solid particle is a catalyst 

for the reactive gas and/or liquid phases. Here we are concerned with 

both temperature and concentration variation throughout the bed. Reman (20) 

has characterized axial mixing (back mixing) through a "mixing length". 

The mitring len§th is zero for ideal displacement and positive for all other 

cases. 

Experiments by Vail et al (21) to determine mixing length in three phase 

fluidize~ beds nave shown that while increased gas velocity increased 

axial mixing, ~ncreased liquid flow decreases axial mixing. Increasing 

the kinetic energy of the entering fluid (by decreasing flow area of the 

distributor) increases the axial mixing. For example, a four-fold increase 

in the jet velocity increases the mixing length by 30-40%. Most interestin§ 

was th~ observation that the presence of a solid phase reduces axial mixing 

from 50-70~: over the no-solids case. 
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Radial mixing patterns followed the same trends observed with axial ~!xing 

lengths. Backmixing increases with increased gas flow and i t  decreases 

with increased liquid flow. Backmixing also increases with increased 

kinetic energy of both the gas and liquid phases. 
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C. Commercial Systems Using Liquid-Gas-Solid Fluidization 

(22-24) 
i. The Fischer-Tropscn Oil Circulation Process 

Guring the course of ~ast development of the Fischer-Tropsch synthesis 

in Germany and in the UniLed States, several processes, differing 

chiefly in the method of removing the heat of reaction, have been 

studied. These processes have been classified in the order of their  

development as follows: 

a) Processes using fixed beds of granular or pelleted 

catalysts, cooled by indirect heat exchange, with and without 

recycle of the tai l  gas. Precise temperature control was 

d i f f i cu l t  to maintain in the fixed bed system for i t  had been 

found in 1935 that most of the reaction took place in the 

middle of the catalyst bed and :hat most of the heat was 

liberated at tna: region. 

b) Processes usin~ fixed beds of granular or pelleted 

catalysts with internal cooling by direct heat exchange, such 

as the not gas recycle and oil recycle processes. 

c) Processes using suspensions of finely powdered catalysts 

in the liquid phase; the oil slurry and fluidized bed systems. 

The third alternative is a homologous system of the liquid phase methana- 

:ion scheme being investigated. 

Development of the oil recycle process with a fixed, submerged catalyst 

bed was started in 1934 at the I. G. Farbenindustrie at Oppau. For 

several years p i lo t  plants with converter volumes of 7 to 50 cubic feet 

were successfully operated by I. G. Farbenindustrie. However, because 

of World War I f ,  the process never reached a co~ercial scale. The 
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in i t ia l  work at the Bureau of Mines using oil as a coolant wa:. begun 

with a f~ow of oil tr ick]ing downward over the catalyst. In a short 

time, i t  was found that smoother operation and better temperature control 

could be obtained by submerging the catalyst bed completely in the o i l .  

Fresh feed and recycle gas enter the bottom of the converter and flow 

upward concurrently with the circulating oi l .  As the gas passes over 

the catalyst, reaction occurs and heat is transferred to the cooling 

oi l .  

There are several fundamental di f ferences in the f ixed bed operation at 

the Bureau of Mines as compared to that  of the German process. These 

are: 

a) Use of a higher boiling cooling oi l  (300 ° to 450°C boiling 

range at atmospheric pressure) than that recommended and employed 

in Germany resulted in removal of the heat of reaction largely 

as sensible heat rather than by vaporization. This allowed more 

ef f ic ier t  recovery of the heat of reaction but, of more importance, 

i~ made the syszem pressure an independent var iab le .  

b) Because most of  the heat was removed as sensible heat in 

the recycle o i l ,  a var ia t ion  of the o i l  recycle rate made i t  

possible to vary the temperature d i f f e r e n t i a l  across the ca ta lys t  

bed. Because the en t i re  ca ta l ys t  bed is  at the most e f fec t i ve  

operating temperature: greater ca ta lys t  a c t i v i t y  and d u r a b i l i t y  

are at ta ined. 

c) Use of a recycled ta i l  gas, from which the water formed 

in the r~action had f i r s t  been largely condensed, reduced the 

partial pressure of the water and affected the shif t  reaction as 

shown in the equation: H 2 + C02------~H20~ + CO. 
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Thus, by variatioF, of the gas recycle rate, i t  was possible to change the 

hydrogen to carbon monoxide usa§e ratio (proportion of hydrogen to carbon 

monoxide consumed in the synthesis) of the synthesis gas within certain 

limits. The usage ratio could then be ,~ade more nearly equal to the 

hydrogen to carbon monoxide ratio in the feed gas and thus, more complete 

consumption of the synthesis gas was effectee. 

Both granular and pelleted precipitated iron catalysts were used in the 

in i t ia l  experiments. These catalysts were active, but after relatively 

short pericds of operation they crumbled or fused together, and 

inoperable conditions resulted. 

new method Gf operation - the moving catalyst bed - was developed to 

eliminate this cementation problem. Catalyst particles (10 to 40 mesh) 

were charged to the converter for moving bed operation, and the linear 

velocity of the cooling oil was increased to such a value that the 

catalyst bed expanded until the bed height was about 25 to 35~ greater 

than i ts settled height. Considerable motion of the individual particles 

resulted from the high rate of oi l  circulation. A moving bed of 

synthetic a~monia-tyPe catalyst was operated successfully in this 

nlanner for several months without any increase in the pressure drop 

across the catalyst and entirely without cementation of the bed. 

Although considerable at t r i t ion of the catalyst occurred, even after 

four months Of operation, this had l i t t l e  or no effect on the act iv i ty,  

and the catalyst carry-over from the converter to the oil circulating 

lines was negligible. Other advantages of the moving bed as compared 

to the fixed bed are: 

a) Greater catalyst economy is achieved by the use of smaller 

catalyst particles with greater geometric surface area per unit 

weight; this results in §reater conversion per pound of catalyst 

at the same conditions of synthesis. 
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b) Lower operating temperatures are possible for the same 

amount of conversion. 

c) Charging or witndra;lin~ catalyst is facil i tated both during 

operaz ion  c,r on t e r m i n a t i o n  o f  a run. 

d) ~ince the pressure d-op across the moving bed is almost 

indepenCent of the rate of oil circulation {within the range of 

fIcws employed), iess energy Is reqLired for a given temperature 

differential in the moving bed than for the same differential in 

the fixe~ bed. 

e) A greater space-time yield based on" converter volumes as 

~vell as catalyst volume is ebtained. 

The process has not been commercialized and i t  is doubtful that i t  wi l l  

in th~ nexZ decade. Their work, however, provides very useful information 

in gas-liquid-solid systems in which CO and H 2 are reacted to make 

i~ydroc~rbon ~roducts. 

2. H-Oi] Process (25-26) 

~n the H-Oil process, a mixture of oil and hydrogen is fed upshot into 

an ebul]ating bed of catalyst. In the ebullating bed, the catalyst is 

expanded somewhat in excess of i ts settled volume and is in a state of 

motion induced by the velocity of the oil and hydrogen. Expansion and 

motion of the catalyst allows a wide latitude with respect to the effect 

of reactor geometry and catalyst size on reactor pressure drop, and 

avoids the limitations of the analogous fixed bed system by permitting 

fine solids to migrate through the bed and leave the reaction system. 

The motion of the catalyst together with the high velocity of oil in the 

~ystem also results in intimate contact between o i l ,  hydrogen, and 
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catalyst. ~f}aki:~ t~e reacZion system v~ry ef f ic ient  with respect to the 

a~,~ount of cata!Tsz charged per unit of oi l  throughput. Catalyst a t t r i t i on  

is insignif icanz, since the ~articles in motion in the ebulla:ing bed 

are cushioned by art envelope of o i l .  Furthermore, the catalyst is 

retainea wizdin the volume of :~e reactor so that i t  is completely 

unnecessary zo provide means for separaZion from :he product oil and 

recnargin~ zo tde system. 

A~, important acvan:age of the ebu]lati~g bed is that i t  allows catalyst 

:o be addec anc withdrawn from :he reactor system semi-continuously. 

A second feature of the H-Oil process is internal recycle. Liquid o i l ,  

in equilibrium at reactor outle~ conditions, is pumped back t~ the in let  

and again p~ssed tn~ugh the reactor. This internal recycle creates a 

sink into which the large amounts of heat produced in the process are 

dissipated. The amount of recycle used depends mainly on the amount of 

heat evolved. 

As i t  can be seen. the H-Oil process is another homologue of the l iquid 

Dhase methanation system being investigated. As in the la t ter ,  the 

former reacts a gas in the presence of a l iquid and a solid catalyst. 

This process has been co~:nercialized and in one small unit in Louisiana 

and another in Kuwait, these operated very sat is factor i ly  for a number of 

years. A third larger unit was bu i l t  a: Humble Oi l 's  Bayway Refinery in 

~ew Jersey. After a year of operation, an explosion occurred and caused 

considerable ~amage to the reaction seczion. Humble has not indicated the 

reasons for this mishap but there are indications that the explosion took 

place because of an operational error. 

The basic reason for reviewing these two processing schemes is to put 
our work on l iquid phase methanation within the framework of the 

technology on liquid-gas reactions cata3yzed by a sol id. In addition 

to the two processes included herein, i t  should be kept in mind that 
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there are numerous cnemical syntheses in which a l i q u i d  is  reacted w i th  

a gas in the presence o f  a so l id  c a t a l y s t .  Among the~e are var ious 

hydrogenation react ions and a few hydrocarbon ox ida t ions .  They are 

not discussed in any de ta i l  herein mainly because the processing scale 

is much smaller than t~e one envisioned f o r  the methanation reac t ion .  

The relevanc~ of the Fischer-Tropsch and the H-Oil systems is largely 

relate~ to their similarity in scale which indicates that numerous 

common ~roble~s wi l l  exist. The knowhow derived from the above 

mentioned processes wi l l  be extremely valuable in the development stage 

of the liquid phase methanation system. 



• Chore S y s t e m s  I n c .  

V! ~EViEW OF THE C0~.~ERCIAL METHANATION PROCESSES 

~ethanat ion of  CO and H 2 has been w ide ly  p rac t i ced  fo r  a number of  

decades. In mos~ cases, t h i s  process was pa r t  o f  the hydrogen p lan t s  

in which methane was reforme~ wi th steam i n t o  C02 and H 2. The small  

amounts of C~ generated dur ing Zne re forming stage were reco~verted back 

to methane in  a f i xed  bed reac tor .  

Vith t~e aCvenZ of coal gasif icat ion f i r s t  in Europe and at a la ter  date 

in tile United States, methanatiom of gas streams containing higher 

concentrations of CO and H 2 became a necessity. The crucial ~roblem 

inherent in the metnanation step is the large amount of heat evolved by 

the reaction ~nicb reqjired complicated and expensive schemes to remove 

the heat. in essence, ~ost of the work Cone in th is  area has been 

directed towards tne me~hod to remove zhe heat of the reaction. 

Prior to a br ief  revie,  on the cor~merclal process, i t  seems desirable to 

discuss bozh the reaction i t s e l f  and zne catalysts employed for that 

purpose. 

A. K ine t i c  Studies 

Tne basic reaction is aiven below• 

CO - 3H 2 ~ CH~ + H20 

There are other potential reaction paths which are represented by the 

follo:ving equations" 

% 
CO ~ H20 4' CO 2 + H 2 

CO + H 2 ~ C + H20 

In most cases, these two reactions are ins ign i f i can t  but they can become 

important i f  t~e :emperature is above 350°C. 
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As expected, a ver~ substantial amount of work has been done with feeds 

containing very small amounts of CO and H 2. A number of catalyst systems 

including nickel, ruthenium, rhodium, palladium and platinum have been 

investigated (27) These studies do not have as much value as the work 

aone ~,itn high concentration feeds (28-31) 

All au:nors agree that the rate of methane formation is proportional to 

the partial pressure of CO. The hydrogen concentration effect of the 

rate is a source of disagreement since some authors propose a rate 

expression szrongly influencea by hydrogen partial pressure w~ile ethers 

~ndicate ~nat the rate is only mildly affected by hydrogen partial pressure. 

To a large e×:ent, the differences have arisen from studying the reaction 

under widely varied reaction conditions; such as temperature, pressure 
and feed composition. 

A point that should be made is that regardless of the actual exponent 

of the hydrogen partial pressure term in the equation, al l  the race expressions 

take the form of Langmuir-Hinshelwood kine:ics in which adserp%ion on the 

catalyst surface is a controlling step in the reaction. This must be kept in 

mind when evaluating the data generated in the presence of a liquid phase. 

~. Cataly3t Syszems 

Most commercial methana:ion catalysts are nicke| based. The kinetic data 

briefly reviewe~ above were generated ~ith nickel catalyst supported 

either on Kieselguhr or on si l ica. In some cases the nickel metal was 

used as the caZalyst without a support. 

Other ~ t a l s ,  notably those in the noble metal family, are capable of 

catalyzing the methanatio~1 reaction. The results, however, have not 

proven to be sufficiently good as to warrant its commercial use namely 

because of their very high cost. 
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in the l i :u i~  ~hase metnanation study, i t  is planned to use commercial 

metnanation catalysts provided by manufacturers such as Girdler, Harshaw 

and Catalyst and Chemicals. All of these are nickel based catalysts 

on a support whose difference is limited te size and nickel loading. 

C. Commercial Processes 

As indicated before, most c o ~ e r c i a l l y  ava i lab le  processes use a nickel 

based c a t a l y s t  and the i r  process d i f fe rences  are essen t i a l l y  in the 

methoc ~seG ~o remove the reaction heat and the reactor con f i gu ra t i on .  

Among the various alternatives proposed as solutions to the heat removal 

problem are !1) intrcduction cf cold feed gas at different points in the 

reactor t ra in,  (2) recycle of large quantities of broduct gas~ (3) gas-solid 

fluidize~ bea reactors and (4) tube wall reactors where the catalyst is 

bondea zo the tube wall. 

Conceptual designs for gas methanation use fixed bed adiabatic reactor 

systems which are cooled directly by gas recycle or cooling of the feed 

g~s between stages (32) (33) (34)to control the heat release. The designs 

use nickel-alumina catalysts which, alzhough sensitive to sulfur compounds, 

are highly active anC permit high space rates of 5000-10,000 SCF/cubic 

foot to be achieved. (The removal of sulfur compounds from the gas, in 

any event, is a necessary step either before or after methanation because 

of the specification of less than 0.25 grains of sulfur per 100 cubic 

feet for pipeline gas.) Techniaues for lowering the sulfur in gases to 

SuCh iow leve ls  are avai lable.  

Tne Inst i tute of Gas Technology investigated fixed bed systems using 

complex Dowtherm heat exchange equipment in the catalyst trays that served 

to cool the gas indirectly. The work was abandoned and i t  was concluded 

that such an approach was impractical for the design of large scale, fixed 

bed reactors for essentially complete conversion of synthetic gas to 

methane (35) . 
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Gas-solid flbidized bed reaction systems for methanation in pilot plants 

have been carried out by the Bureau of Mines and the Institute of Gas 

Technology. Fluidized beds feature the usual high rates of heat transfer 

and the ease of addition and wi:hdrawal of catalyst as an additional 

advantage. ~oweve,-, restrictions of t~e possible range of operating 

conditions (the solid could be fluidized over a reiatively narrow ve]ocity 

range), back mixing effects, and attr i t ion of the catalyst we~ recognized 

as pr~b]ems, as was scale-up to commercial plant size (36) (37) 

The Institute of Gas Tecnnology's pi lot p]ant work suffered from losses 

of catalyst from the bed and coking of a portion of the catalyst which 

resul:ed in a ~ecreased synthesis gas conversion capacity (35) 

Reportedly, gas-solid f ldid bed work on methanation is continuing at 

Bituminous Coal Research's laboratories. 

Because of the d i f f icu l ty  of removing the heat of reaction, the Bureau 

of r-iir.es has performed p i lo t  plant wor< with Raney nickel catalysts that 

are bonded to the outer surface of metal heat exchanger tubes. Boiling 

Dowtherm in an annular space takes up tile heat of reaction. The Bureau's 

work (31) (38) (39) has been encouraging in that yie'los of up to 300,000 

SCF of high BTU gas per pound of catalyst have been achieved, although 

some diff icult ies were encountered in the experimental work with flaking 

of the catalyst from the walls due to formation of nickel carbide. Some 

erratic results were also experienced in scaling up from bench scale 

tests in that methanation results in tne pi lot unit were performed at a 

feed Fate of 5~ SCF per hour per square foot of catalyst as compared to 

105 SCF per hour per square foot of catalyst surface in earlier Bureau 

of Mines' test wo~!k. (The Bureau's overall gas space velocity, ca 500 to 
L 

600 SCF/CF reactor space, seems to offer no apparent advantage over fixed 

bed space rates.) 

Economic evaluations of al l  the various processing alternatives have 

indicated that the methanation step is a relatively expensive step. The 

difference in the economics of the product recycle case and the inter- 

reactor quench case are relatively small and consequently in the section 
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below, tne recyc]e case economics are ~un~narized. Fluid bed economics 

are not presented nerein in any detai l  but c lear ly a noticeaE~le decrease 

in reaczor cost wi l ]  resul t  i f  th is  process scheme is commercialized. 

T~e capXte~ and o=eratin 9 costs for a 250 ~ SCFD plant are summarized 

in Ta~e V!- i .  As i t  can be seen, the plant requires a subszantial 

expenditure of capital and i t s  operating costs are quite substantial 

since they anount to close to 4c/MSCF. This f igure excludes the cost 

of the feedstock and enly represents t!~e cost of upgrading the synthesis 

gas zo meznane, in aedit ion, the return of the capi ta l  invested has not 

been considered but even a= the lov~ level of 105 return before taxes, 

th is  would represent an addit ional 1.5c/KSCF. 

The econo~;ic a~vantages of a l i qu id  phase methanation system are related 

zo both capital and operating cost. As in the case of the gas f lu id ized 

sysze~, the reaczor costs are going to be less due to the greater 

s impl ic i ty  o~ construction of a tube-free reactor. An additional advantage 

of =he l iqu id  ?luidized system is that heat remova~ becomes substant ial ly 

~;~ere effic~e~z and a noticeable decrease in heat exchanger surface w i l l  

be at:aineG. B:v using a concentrated feed; one containing up to 20~ CO 

a,~d 80 h2: the aroouct iv i ty volume of equipment is  going to be substant ia l ly  

increased This ~ i l l  be ref lected maicly on the power costs which, as 

indicated in Table VI - I ,  are very substantial in a f ixed bed process plant. 
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TABLL VI-I 

Fixed Bed Methanation - £c___onomic Analysis 

2501~I SCFD Plant 

Frocess 

Category of Cos= 

Reaczors 

Zxcnangers. i~eazers 

Compressors an~ Puaps 

Knockout 3ru~ 

Ins=rumenzs, Controls, 
and Valves 

Total Cos= of Equipmen~ 

Engineering 

Cons:ruction 
Plan~ Cost 

Contractor's Fee a~ 5' 

Interest Durin~ Construction 
at 5[. 

TOTAL 

Fixed Bed 

S 1,800,000 

• I ,  140,000 

1,164,000 

348,000 

2,775,000 

7,227,000 

500,000 

4,000,000 

11,727,000 

586,300 

615,600 

$12,928,9C0 

Production :osts 

Steam 

Power" 

Coo~ing Water 

Labor 

Rate Unit Cost 

7,000,000 ~ BTU 40c/MM BTU 

20,000,000 K~H I¢/KWH 

10,000,000 M Gals. 2.5¢/M Gal. 

2 Man/Shift* $9,000/Year 

Cata1~s= 

Overnead Expenses** 

TOTAL COST OF PRODUCTION 

S/Year 

(2,800,000) 

2,000,000 

250,000 

72,000 

400,000 

2,570,000 

S2,492,00D 

* Total ManpoNer = 8 Men 

**Assumed to oe 20:.': of Capital,,Cost / 
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V11 DEVELOPMENT OF A;~ALYTICAL SYSTEM 

~. Analxses Reeuir~d 

The design of the analytical system is based on the following reactions: 

3H 2 + CO ~ CH 4 + H20 

2 CO ~ C + CO_ 

~ H2G H 2 CO 2 

One analytical system wi l l  be constructed to separate and quactify CO, 

CO 2, CH 4 and otner l ight  hydrocarbons and wi l l  also identify trace amounts 

of air  i f  present. A second system wil~ be ut i l ized to quantify H 2. H20 

wii l  be quantified by means of H 2, C and 02 balancing. Standard moi~cular 

sieve, carbosieve and si l ica gel packings and thermal conductivity 

~,tectors wil l  be used to obtain the necessary separations and quantitation. 

In i t ia l l y  all injections of samples wil l  be made manually by r~eans of 

gas sam~iing valves connected to the feed an~ effluent lines. These valves 

can be remctely actuated at fixed intervals during continuous reactor 

operation. 

I n i t i a l l y  quant i ta t ion  of a l l  components w i l l  be achieved by comparison 

of peak ne i lh ts  ~btained on a 1 mv recorder to a p lo t  of those obtained 

from in jec t ion  of known quant i t ies  cf  standards, Continuous reactor  

operation ~ i l l  require the incorporat ion of  an e lec t ron ic  in tegra to r  in to  

the analyt ica l  system. 



Chem Systoms Inc. 

The followin; schematic illustrates the in i t ia l  analytical proc~lure: 
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B. Available Equipment and Perform.ance Ratings 

There are numerous manufacturers who can supply the necessary equipment. 

I t  is assumec, by ~rior experience, that the purchased equipment wi~l 

funczion rei~ably for t~e duration of the work and wi l l  be co~;~atlble 

~ith a~y electronic or mechanical additions whic~ may be made in the 

future (re~ozc sa~le valve actuators, electronic integrators, etc.). 

C. Cost and Quota:ions 

The necessac? equipment for the in i t ia l  analytical work range}, in price 

from $!80C to $2]05. This includes %wo 9as chromatographs equipped w~th 

sampling valves an~ columns. Quotations fro~ three suppliers are 

attached. The equipment sold by Carle Instruments Inc. is best suited 

for all analytical work related to =his reaction and is the only one in 

~hicn the saz~pling valves can be operated remotely by later addition of 

timer con=roiled actuator. 
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I. SUMMARY 

For the month of July work on the methanation project focused mainly on completion 
and testing of the new methanatlon unit. Improvement~ in the analytical system are 
currently underway. These include (I) o more sensitive hydrcgen analysis, and (2) 
hot product sampling for water vapor determlnation. Ultimately, the analysis wi l l  be 
performed with signal integration for peak area, rather than the present peak height 
method. 

As per our discussions with the AGA representatives, we have calculated pertinent mass 
transfer rates, e.g. ,  mass transfer from the gas interface to the bulk liquid, and dif- 
fusion of the reacting component~ from the bulk liquid to the catalyst surface, and found 
them to be more than on order of magnitude greater than the reaction gas feed rate. 
The values, at a 50% conversion level, are shown in the table below for two liquid 
systems; o paraffin all and pseudocumene. 
and 75% H 2. 

Reaction Rate for a Flow Rate of 
500 VH SV 

Diffuslon from Bulk Liquid to 
Catalyst Surface 

iMass Transfer from Gas Interface 
to Bulk Liquid 

The c~nposltlon was assumed to be 25% CO 

Rate; gm ~ CO 
per hour 

Liquid Phase 
I 

Paraffin Oil Pseudo Cumene 
k 

2.2 

64 

22 

2.2 

350 

70 

In addition, thermodynamic equilibrium calculations were also performed, and show 
that aside from the main reaction to produce methane, the shift reaction occurs to c 
small, but measurable extent. The equilibrium compositions at 320°C and 72.45 arm. 
a r e :  

I co2 I co i . 2  . OlC., 
Mole Fraction j .0024-9 1.0001 1.00995 .493 J .495 
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. 

Further calculations indicate that at these conditions, carbon formation is negligible. 

In puffing the methanation on stream, several reaction runs were obtained. At the 
proposed gas flow rate of 500 SCF, volumes of gas/volume of reactor-hr, and a 
temperature of 320°C a CO conversion of 85% was obtalned. Conversion levels based 
on H 2 and CH 4 were 60% and 65%, respectively. Discrepancies are probably due to 
non-equilibrium concentrations in the liquid and gas phases, and to the shift reactlon 
which converts CO to CO 2. 
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II. COMPARISON OF REACTION RATES AND MASS TRANSFER RATES 

At the proposed reaction conditions we are passing S00 standard volumes of gas per hour 
per volume of reactor. For the 400 cm 3 reactor thls is equivalent to 50 litcrs/hour of 
CO .~nd 150 ]eters/hour of H2, and total conversion to CH 4 would require a value 2.2 
gm moles (20 reacted/hour. In order to determine, if under the proposed reaction con- 
ditions, whether or not conversion would be limited by some mass transfer mechanism 
(e .g . ,  diffusion of the dissolved gases to the catolyst surface, or mass transfer from 
the gas interface into the bulk liquid), we calculated these mass transfer rates con- 
sidering CO as the limiting reactant and either a paraffin oil or pseude cumene as the 
fluidizing l iquid. 

I .  Diffusion of CO From the Bulk Liquid to the Catalyst Surface 

The overall rate of diffusion of CC from the ~ulk liquid ,~ the catalyst surfcce con 
be represen ted by 

N = k  ¢C i - C  s) am males ~ : 
c " "~ 2 c 

s e c  - c m  

C I ,Cs: 

mass hransfer coefficient; cm/sec 

concentration in the liquid and at 
the solid surface; gm moles/cm 3 

Values for the mass transfer coefficien~ it, small/particle fluldlzed beds can be esti- 
mated from the relctionsh;p of Brian and Hales ( ; 

kcdp 2 : 4 + 1.21 dpUi 2/3 dp : particle diameter; cm 

--b--- D U I : liquid velocity; cm/sec 

D: diffuslo~ coefficient; cm2/sec 

where the d;ffL~sion coefficient can be predicted with the equation of Wilke and Chang(2): 

D = 7.4 x 10 -10 1/2 T ( ~  T: absolute temperature; °K 
,~, i VbO.6 X: empirical association parameter 

M2: so!vent molecular weight 

: solution viscosity; poise 
Vb: solute molar volume detmmined 

from Kol~'s Law; ¢m3/gm moie 
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For CO, Kop~'s Law gives erroneous results, and a value of 30.7 Fcr V b is preferred. 
The solvent properties at 5 7 3  ° K, tabulated below, 

TABLE I 

:; Solvenf M 2 
, , ,  , , ,  

i 
I paraffin oil 420 

i pseudo cumene 120 

I x 
I 

./-< 

0.0044 

C. 00044 

and lead to diffusion coefficlents for C.O Ln the paraffin oil and pseudo cumene of 
2.5 (10 -4) cm 2 and 13.2 (10 -4) cm2/sec. - 

Combining this with a partlcle diameter of 0.045 cm and a normal liquid velocity of 
.0 cm/sec the calculated mass transfer coefficients are 3.46 (10 -2) :m/sec for the 

paraffin oil and 12.2 (10 -2) cm/sec for pseudo cumene. The catalyst surface con- 
centration was taken to be zero and the bulk IEquid gas concentrations (at a conversion 
of 50%) were obtained from Henry's Law coefficients, H: atm/mole fraction, de- 
termlned by the methocl of Osburr. and Markovic (3). Briefly, this procedure involves 
estimating the Ostwald coefficient, L; cm 3 gas/cm3 liquid, from the liquid surface 
tension, ~ dynes/cm. Unknown surface tensions may be estimated, using the 
Sygden oarachor, {P], and the liquid density, ; gms/cm 3, from the relationship 

0 " "  - I P ] P  4 

M 2 

For dilute solutions, the Ostw.ald coefficient is related to the Henry's Law constant 
by 

H = I 

22,40o 7/ 
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Hence by definition 

H - pa or ~ O = pa -K 

where pa is the gas 10artial pressure in atmospheres and a is the gas mole fraction 
in the liquid phase, the bulk liquid concentration con be approximated by 

C I --" a f i  

For our system, at o 50% conversion level, the CO partial pressure is 12 atmospheres 
and the calculations, -evlewed ~n Table II result in CO concentraHons in the bulk 
l iquid of 5.1 (lg -5) gm moles/cm 3 for oaraffin oii and 8.(~ (10 -5) gm moles/cm 3 
for pseudo cumene. 

Solvent M 2 ~' ~-~" L H ~ C.xl05 
paraffin all 420 865  4 0 5  0,095 483  025  51  

p.~eudo cumene 120 .88 32.4 0.150 1095. .011 8.0 

Combining these liquid phase concentrations for the gas and the previously calculated 
mass transfer coefficients, we get mass transfer rates of 0.0G64 gm moles CO 

hr-cm'2"catalyst 
(paraffin) and C.035 gm moles CO (pseudo cumene). For our catalyst system 

hr-cmZ catalyst 
and liquid flow rates there is about 50 cm 2 catalyst , and further, since 

cm3 expcmded bed 
there is a minimum of 200 cm 3 of expanded bed the gross CO mass transfer rates 
are o-,er 64 gm moles in paraffin oil and over 350 gm moles in pseudo cumene. 

hour hour 
These values are well over an order of magnitude greater than our CO feed rates of 
2.2 gm moles , and mass transfer by the mechanism wi l l  not be l imit ing. 

--hour 
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2. M=ss Transfer From the Gas Interface to the Bulk Liquid 

/V~s~ transfer limitations may" also arise From transfer of CO from the gas phase to the 
bulk liquid. Far swarms o r small bubbles (~2.5 mm)t mass transfer coefficients from 
the gas interface to the liquid are correlated by the same relationship that applies 
for small solid spheres. However, in deep vessels which are not mechanically agitated 
and wlth liquid viscosities of about 1 cl, the bubble diameters are on the order of 
0.3-0.6 cm~ Gas holdup is less than 20% and the interfaclat area is estimated to be 
1-3 cm2/cm of expanded bed. Under these circumstances, the mass transfer coefficient 
may be obtained from 

I<, I = 0.42 pa ) kl: g (P1- 
2 i: 

Pl / p I,pa: 
D: 

mass transfer coefficient; cm/sec. 

liquid viscosity; poise 

liquid or gas density; gm/cm 3 

diffusion coefficlent; cm2/sec. 

For our two liquids the calculated values are 0.147 cm/sec, for the paraffin oil and 
0.482 cm/sec for the pseudo cumene. At the 50% conversion levelt CO concentra- 
tion in the gas phase is about 2.5('..0 -4) gm moles/cm 3. Combining this ~vith the pre- 
viously calculated liquid concentrations yields values for the gross CO mass transfer 
rate~ from the gas to the liquid of over 22 gm moles/hour in paraffin oil and over 70 gin 
moles/hour in pseudo cumene. Again these values are at least an order of magnitude 
greater than the feed rate of 2.2 gm moles CO/hour. 
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I l l .  EQUILIBRIUM THERMODYNAMIC CALCULATIONS 

Not only are we concerned wi th  mass transfer l imi tat ions,  but we must also recognize 
the possibi l i ty of an unfavorable equi l ibr ium situate.on. We therefore performed equ i -  
l ibr ium calculat ions for the system of reactors. 

1. CO -~ 3H 2 ( ) CH 4 + H20  

2. CO ' - H 2 0  ,~ ~ CO 2 - H  2 

3. 2CO ~ ) CO 2 - C 

For mathematical t rac tab i l i t y ,  other Forms of the react ion equations are preferred, 
,'~ese are: 

K 1 [CO] [H 2] ' ~ '  
4. C -~ H20  r~ ) CO ~- H 2 K I = [ H 2 0  ] 

K 2 
5. C O ~ - H 2 0  ,~ CO 2 + H 2 K 2 = [CO:p] (H2) 

K 3 I C O ]  [H2OI 
6. C +2H 2 ,. ~ CH 4 

K 3 = ICH 4] 
IH2]Z ,-/-/" 

The phase rule for chemical react ion can be expressed as 

V = (N-R-ST) - P +2  

where V --" variance of  the system 
N = species 
R = chemical reactions 
ST = storchrometirc relations 
P = number of phases 

For our system 

N = 6  
R =  3 
P = 2 

ST = moles H atoms 
moles O atoms 

= 6 
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As ¢~ result, the variance of our system is 2, that is only temperatures and pressure can 
be varied independently. A computer program For solving the gas phase concentrations 
at equillbr~um utilizes the 3 equilibrium equations, the stoichrometric relation and 
the additional constraint that the sum of the mole Factions in the gas phase is equal 
to 1 .O. 

The initial resuits were essentially constant over a temperature range of 280-370°C and a 
pressure range of 20-80 atmospheres, and could be represented by the following solu- 
tion far ¢~ temperature of 320°C and a pressure of 72.45 otto. 

Mole Fraction .0497 Ol 

H2 ..... I H20 

.oo7¢ i .4359 

cH4 

.5067 

However, subsequent examination of the results, e.g.,  the hydrogen to oxygen ratio is 
only 5.44 a~d not the 6.0 required by stolchiometry, shows that the solution has not 
truly ~Onverged. We Feel this is due to o combination of (1) the criteria for convergence, 
and (2) the low concentrations of two of the components. Further work in the area is 
reclulred. An alternative procedure For the solution to this reaction system is to con- 
sider anly the following equations, 

7. CO +3H 2 < • ) CH 4 - H 2 0  

8. CO~-H20 ~ CO 2- 'H  2 
% 

ancl by Solving for the predicted equillbrTum values check to see if carbon would be 
formed via either of the two reactions. 

9. Ckt 4 ~ - )  C + 2H 2 , or 

10. CO ÷H 2 ~  C ~-H20 

. o  

Preliminary cc~tculations gave the following results 

C~mponent CO 2 

h4ole Fraction .00249 

C O H 2 H 20 C H 4 

< .0001 .00995 .493 .495 



Clmm $),alF4wns Inc. 

With these concentrations we can show that carbon would not form as a result oF 
reaction 9. The CO concentration is too low to cccu.~ately calculate values for re- 
action 10, without the aid of a computer, through it looks as i f  there is sufficient 
water vapor present to preclude carbon Formation via this reaction. 
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IV. EXPERIMENTAL RESULTS 

During this month the unit was put on stream For some preliminary runs in order to study 
temperature profiles in the system as well as establish a standard operating procedure. 
The reactor was loaded with 193.5 gm of Girdler catalyst G65-RS which had been 
ground to a 30-50 mesh and treated with H2for  18 hours at 650°F. The dry volume 
of the catalyst was 210 cm 3 which is somewSat greater than one-hai l  the reactor 
volume. The differential pressure cell and the high pressure rotameter were not yet 
installec~ and no water analysis was available at the flme of the r u n s .  In addit ion, 
an indeterminant amount of water vapor product.condensed before sampling so it  was 
no, ~ possible to get on accurate mass balance. The results for these Few runs are tabulated 
below: 

Liquid Exit Gas Inlet Gas Outlet Gas 
Run Pressure Temp. Flow Flow C.O H 2 CO H 2 CO 2 CH 4 

"1  800 psig 320°C 10 | i ter~r.  115 ITter,~h'r.25% 75% 1 11% 50%. 1.5% 21% 

2 8b'g 320 20 105 25 75 II 7.7 48.5 3.4 28.0 

3 800 320 20 230 25 75 115.7 58.0 1.6 11.0 

For example the results for run #2 are equivalent to about 85% conversion of CO.  60% 
conve:slon of an H9 and 65% conversion to an CH 4. The discrepancies arise from the 
~a~.. ~ that the shift r'~-actlon converts CO to CO 9 and that the system liquid, and gas 
phase concentra,lor,~ m~:y not have equil lbr lated. 

Note the trend of the results - inc.~eased liquid f low (;ncreased bed expansion and re- 
sidence time) and decreased gas flow - both increase conversion levels. This is ex-  
pected from an increase in bed expansion and residence time. 

During the coming month, the experimental unit wi l l  be fitted with the differential 
pressure meter and a high pressure rotometer. The catalyst-l lquid seam, described 
a previous summary report wi l l  be initiated dur|ng this month too. 
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