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Application March 14, 1955, Serial No. 493,958
2 Claims. (CL 260—449.6)

My invention relates to a novel improvement in the
process for synthesizing hydrocarbons from carbon mon-
oxide and hydrogen mixture by subjecting the latter to the
action of elevated temperatures and pressures in the
presence of a suitable catalyst. More particularly, it is
concerned with an improvement in said synthesis whereby
the maximum rate of CO conversion to hydrocarbons is
secured. with fixed conditions of temperature, pressure,
fresh feed conversion level, fresh feed composition, fresh
feed recycle ratio and catalyst.

In carrying out hydrocarbon synthesis in the conven-
tional manner, a portion of the hot product gas, after con-
densing out the normally liquid components present there-
in, is returned to the fresh feed stream as recycle and the
resulting mixture (total feed) is injected into the reactor.
Thus, where the recycle gas is first mixed with the fresh
feed and then injected into the base of a bed of a fluidized
catalyst, decreased conversion of the CO to useful prod-
ucts occurs. This result is evident since dilution of the
fresh feed gas containing a high percentage of CO and
a low percentage of CO, causes a significant lowering of
hydrocarbon synthesis reaction rate. Similarly, if the
recycle gas is introduced above the optimum injection
point or in the limiting case, completely eliminated, it
is apparent that decreased conversion will result since
the CO partial pressure above the optimum point at
which the recycle gas should be injected will be markedly
less. Kinetic analysis of the results obtained in both
fluid and fixed bed hydrocarbon synthesis runs shows that
the process is largely controlled by the rate of the reaction
occurring on the catalyst surface. Such a reaction for
any given set of conditions may be represented by the
following equation: .

pCO

R= 15,00,

(1)

where:

R=rate of carbon conversion to hydrocarbons/Ib. iron

pCO, pCOy=partial pressure of CO and CO, respec-
tively, 1b./sq. in.

a, b= constants

I have now discovered that in any given hydrocarbon

synthesis system, there exists an optimum point for re--

turning recycle gas to the reactor and that such point
can be determined by using the above equation. In ar-
riving at the proper point for return or recycle gas to the
reactor care should be exercised not to inject such gas
into the system at a level which will result in a material
reduction in the CO partial pressure above the injection
point. On the contrary, with recycle gas from which
CO, has not been removed, I desire to introduce said
recycle gas at a level in the reactor such that the con-
centration of CO at that particular level is at least equal
to the CO concentration of the gas in the reaction zone
at that level prior to introduction of the recycle stream.
Otherwise expressed, the actual level at which the recycle
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stream should be injected into the reaction zone is the
level at which the rate expression

pCO pCO )
(m>f becomes equal to (m ,
in which the subscript f refers to the partially converted
feed gas and the subscript » indicates the mixed recycle
and partially converted feed gases. . '

Figure I illustrates the effect of space velocity on
partial pressure of CO and CO, in the reaction zone
during hydrocarbon synthesis. Figure 2 is a plot of the
relationship of CO, partial pressure to the quantity of
CO converted to hydrocarbons per hour per pound of
catalyst.

To further illustrate the application of the principles
of my invention to hydrocarbon synthesis operations,
reference is made to the following typical hydrocarbon
synthesis runs in which the conditions indicated below
are employed:

Temperature _.._ —_—— 630° F.
Pressure - 250 p. s. 1. g.
Catalyst Iron mill scale.

Feed composition:
69.2 percent Hy
23.1 percent CO

4.7 percent CH,
3.0 percent N,

Under the conditions of operation, the density of catalyst
iron fluidized is about 85 pounds per cubic foot. Density
of total catalyst fluidized is about 110 pounds per cubic
foot. 1n the first run (A) made, the space velocity is
varied by changing the through-put of gas—with no-
recycle—to the reactor. In a second run (B), the space:
velocity is changed by varying the amount of catalyst
in the reactor. Likewise, no recycle is employed in this:
run. Im a third run (C), the feed gas through-put is-
controlled so as to give a fresh feed conversion of 85
percent. A recycle ratio of 1.0 is used and recycle gas
is injected into the reactor at the various levels of the
catalyst bed indicated. : ‘

In runs (A) and (B) referred to above, the height of
the catalyst bed varies from about 2 to about 10 feet.
While in run (C) the average catalyst bed height is
about 6 feet. The reactor employed has an internal
diameter of 8" and is 20 feet long.

From runs (A) and (B), a single curve A—B is ob-
tained by plotting the ratio of s. c. f. CO converted to hy-
drocarbons to s. ¢. f. CO fed against the reciprocal space
velocity or :

1
s. ¢. f. h. CO/pound iron

regardless of whether the gas through-put or amount of
catalyst in the reactor is changed. This curve indicates
that with increasing reciprocal space velocities at values
ranging from about .02 to about 0.10, the ratio of CO
converted to hydrocarbons to CO fed to the system in-
creases quite rapidly. Beyond a reciprocal space velocity
of 0.1, this ratio begins to decrease gradually until rela-
tively little benefit is gained by employing reciprocal
space velocities greater than about 0.15 or 0.20.

Also from curve A—B, the differential rate of hydro-
carbon formation can be calculated at varying reciprocal
space velocity values. Curves A'—B’ and A”—B", respec-
tively, show that with decreasing space velocities, CO par-
tial pressure decreases while the partial pressure of COy in
the system increases. The rates of reaction in runs A
and B are the values of the slope of curve A—B at any
given reciprocal space velocity and can be obtained by
conventional ‘graphic methods. The rate values thus
determined, together with the corresponding CO and COy-
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partial pressures, can then be substituted in Equation 1
to ascertain for any given set of operating conditions
the values for the constants @ and b. A tabulation of
the required data from runs (A) and (B) appears be-
low. These data may be substituted directly into Equa-
tion 1 for evaluation of constanis ¢ and b.

[

A :
point that the rate expression [Equation 11 for the par--
tially converted fresh feed gas is equal to the combined’
fresh feed gas plus recycle gas. Thus, in run (C) which:
employs a recycle ratio of 1.0, the following results are:
obtained when operating under the temperature, pres--
sure and other conditions specified above.

Table 11

SV ()

................................. 0.198{ 0.209 | 0.203{ 0.181 | 0.182 0.161

Injection of Recycle Gas—Distance
Above Grid (feet)..... ...
Percent Selectivity:

0] 225| 3.5 50| 525
. ; 52.2 | 6301 B27| 827 49.3
5

Cs+0il Soluble Chemicals........] 51

Water Soluble Chemicals_...___.__ 9. 9.0 8.4 8.2 8.1 . 4
Yield (Ibs. Carbonfhr./100 1bs. Fe):

Ca-4-0il Soluble Chemicals . ... 7.03 6.72 7.10 7.84 7.78 6.93

Water Soluble Chemicals 1.32 1.16 112 1.22 1.20 0.76

Totale e 8.35 7.88 B.22 8.08 8.08

PCO, P S Gl.g 28.8 21,5 | 17.45

3. 60-+-0. 55 pCO,
Recycle Gas:

16.3 13.2
13.4 16.1§ 17.45) 17.75 18.5

17.0 2,61 173 1.32 1.22 0.958

17.3 17.1 17.0 16.8 16.7 16.2
15,6 18.1 16.7 17.3 17.6 2L.6

39. 2 22.2 18.6 1 17.08 | 16.53 14.65
7.8 14.9 16.4 | 17.35 | 17.65 20.3

4.08 1.88 | 1.485 1.30 124 Lol

3.604-0. 55 pCOs

Table 1
18V pCO pCO; | R(reaction| pCO/R
rate)
40.2 9.0 4.70 8. 56
33.5 1.3 3.36 9.98
28.6 13.4 2.60 11.00
18.7 17.2 1. 40 13.37
12.6 i8.7 0.91 13.85
10.0 19.2 0.70 14,28
8.00 19.1 0.55 14.55

By plotting pCO/R against pCO,, as shown in Fig-
ure 2, a straight line relationship is obtained proving the
validity of Equation 1 thereby permitting a direct evalu-
ation of constants @ and b. The constant « is a numer-
ically equal to the intercept at pCOp=0. From Figure 2,
it is seen that this value is 3.60. Similarly, the value
for the constant b is numerically equal to the slope of
the line in Figure 2 which in this case is 0.55. It will
be appreciated, as discussed above, that the reaction rate
for such a system may also be determined algebraically
using two of the points employed in making the line in
Figure 2. However, because of the higher degree of
accuracy obtainable by securing the reaction rate equa-
tion directly from the plot, I generally prefer this method.
Accordingly, from the above calculations, the final equa-
tion for runs (A) and (B) may be written as follows:

- PCO
~3.60+-0.55pC0x

The Iine in Figure 2 graphically illustrates the relation-
ship expressed in Equation 2.

In connection with Equatiion 2, it is to be pointed out
that the constants « and b will vary with the particular
catalyst under investigation. In the specific case de-
scribed in connection with Equation 2, the valnes a and b
are for mill scale catalyst. For any given catalyst, the
values of these constants are determined in a manner
identical with that related in the paragraph immediately
above. Also, it should be noted that for a given catalyst
the constants @ and b will vary with the operating condi-
tions, e. g., temperature.

Where a recycle gas stream is employed, Equation 2
indicates that the maximum rate of formation of useful
products is secured by injection of said stream at such a
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As previously pointed out, it is desirable to inject
the recycle gas at the point where the maximum rate of
formation of useful products occurs. Examining the data
in Table I with this thought in mind, we find that the
maximum yield of total useful products produced under
the conditions of operation is obtained when the recycle
stream is injected into the catalyst bed at a point about
5 feet above the base of said bed. It is also to be
stressed that the level at which the recycle stream is re-
turned to the reactor for maximum yield of usefu] prod-
ucts can be ascertained by applying Equation 2 to the
fresh feed plus recycle gas. The optimum point of re-
cycle return then is determined by the level in the cata-
lyst bed at which the reaction rates before and after re-
cycle are substantially equal. Thus, we observe from
the reaction rates listed in Table I, that the rate before
recycle at a height of 5.25 feet above the grid is slightly
less than the reaction rate at the same level with recycle.
Since at 5 feet above the grid the reaction rate prior to
recycle is greater than that at the same level after recycle,
we know that the optimum point of recycle return must
lie between these two levels. This conclusion is con-
firmed through experimental results shown in Table II
under “Total yield” of useful products obtained by re-
turning the recycle stream at bed levels of 5 feet and
5.25 feet.

With systems in which a relatively low total pressare is
employed, the quantity bpCO, in Equation 1 becomes
negligible and may be disregarded. Under these circum-
stances, recycle should be performed in a manner such
that the CO partial pressure in the fresh feed gas becomes
equal to the CO partial pressure in the combined gas,
i. e., partially converted fresh feed plus recycle gas. On.
the other hand, in instances where the CO, has been re-
moved from the recycle stream and the latter is injected
into a high pressure system, it is evident that the optimum
point of recycle will be at a level in the bed considerably
lower than when the normal concentration of COj is
present in the recycle gas. This results because of the
decrease in the value of the quantity bpCC; in the com-
bined gas stream.

From the foregoing description, it will be appreciated
that a novel concept in the hydrocarbor synthesis art
has been taught.  As a result of such description, numer-
ons modifications involving the principles disclosed and
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claimed herein will occur to those skilled in the art. It
is to be strictly understood, therefore, that any such modi-
fications or combination of the above-mentioned princi-
ples are to be considered as lying within the scope of my
invention as claimed.

I claim:

1. In a process for the synthesis of hydrocarbons by
the reduction of CO with hydrogen in a reaction zone and

in the presence of a relatively dense fluidized bed of cata-

lyst under known operating conditions wherein the re-
sulting product gas is subjected to a cooling step and
a portion of the normally gaseous fraction obtained from
said step is recycled back to the stream of CO and hy-
drogen prior to injection of said stream into said zone,
the improvement which comprises returning said portion
of the normally gaseous fraction to said bed at a level
therein at which the rate expression

(o))
a+bpC0./,
becomes equal to the rate expression

(+mco)

a+prOz v .

wherein f refers to the partially converted fresh feed
gas and r represents the mixture of recycle and partially
converted fresh feed gas, pCO and pCO, are partial
pressures of CO and CO,, respectively, a is a constant
representing the intercept of a line with the ordinate
axis and b represents the slope of said line, said line hav-
ing been obtained by plotting

2CO

7 (ordinate)
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against pCO; where R is the reaction rate and is equal
to the expression

pCO
a+pr02

R having been determined by establishing the slope of a
curve at any given point, said curve having been obtained
by plotting as the ordinate s. c¢. f. CO -converted to
hydrocarbons per s. ¢. f. CO fed against the reciprocal
of the space velocity employed.

2. In a process for the synthesis of hydrocarbons by
the reduction of CO with hydrogen in a reaction zone
on in the presence of a relatively dense fluidized bed of
catalyst under known operating conditions wherein the
resulting product gas is subjected to a cooling step and
a portion of the normaily gaseous fraction obtained from
said step is recycled back to the stream of CO and hy-
drogen prior to injection of said stream into said zone,
the improvement which comprises returning said portion
of the normally gaseous fraction to said bed at a level
therein at which the CO partial pressure of the gas at
said level is equal to the CO partial pressure of the nor-
mally gaseous fraction which is recycled to said bed
and the quantity bpCO, at said level is negligible where
b is a constant and pCO, is the partial pressure of CO,
at said level.
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