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ABSTRACT

Process for the soot free autothermal steam reforming of a
hydrocarbon feedstock by autothermally reforming the
feedstock 1n an autothermal reactor at a given temperature
and a given steam to carbon ratio in the feedstock‘and
operating at a pressure in the reactor being above a criti-
cal value, where no soot 1s present in the steam reformed
feedstock.
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(a) TITLE OF THE INVENTION

PROCESS FOR THE AUTOTHERMAL STEAM REFORMING OF A
HYDROCARBON FEEDSTOCK

(b) TECHNICAL FIELD TO WHICH THE INVENTION RELATES

The present invention relates to soot-free autothermal reforming of hydrocarbon feed.

(c) BACKGROUND ART

In the autothermal reforming, combustion of hydrocarbon
feed 1s carried out with substoichiometric amounts of
oxygen by flame reactions in a burner combustion zone and.
subsequently, steam reforming of the partially combusted
feedstock in a fixed bed of steam reforming catalyst.
Substoichiometric combustion of hydrocarbons leads disad-
vantageously to formation of soot. Soot formation may be
avoided by using a specific burner design and through
controlling the operating conditions of the ATR process.
Soot 1s formed in the flame of an autothermal reactor
wlithin certain ranges of operating conditions. When the
amount of steam relative to the other components send to
tne ATR reactor 1s under a critical value, soot is formed.
ln the reacting feed. The design of the burner nozzles has
influence on the critical steam to carbon ratio. One such
burner useful in ATR is described in US Patent No.
>,496,170. The limiting amount of steam can be expressad as
the critical steam to carbon ratio, which is the molar feed
flow rate of steam to the molar flow rate of carbon in the
nydrocarbon feed. The hydrocarbon feedstocks can be in form
of natural gas or another kind of hydrocarbon 1ncluding
LPG, butane, naphtha, etc. The molar flow rate of carbon is
calculated as the molar flow rate2 of the hydrocarbon times

the carbon contents cf the hvdrocarbon.
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Examplas of oparation conditions, wihlch do not result in

socot rormation, are summarlizaed in a paper by Christensen

and Primdahl (Hydrocarbon orocessing, March 1994, pages
39-45) . Those2 conditions are shown in Table 1.
Table 1

Oxygen to | H,0/C Measured | Adiabatic
Carbon ATR Exit ATR Exit
Ratio Temp . °C Temp.°C

_ 0.560 1.43 | 0 950 1013
s | o0& |oss 106 1173

C 0.60 0.86 0 1000 1073
D

0.67 0.68 0.47 1018 1147
0.75_| 103 1147

0.58 | 0.8 | 102a 1177

Operation conditions which do not result in soot formation

(from Christensen and Primdahl, 199%4)

|

The tests
have been conducted in a pilot plant. Dus to heat loss from
the relatively small pilot unit, the adiabatic ATR exitc
temperature will be higher than the measured ATR exit
temperature. This means that if a large unit, from which
the heat loss 1s negligible, is subjected to the exact same
operating condltions, the ATR exit temperature will be
close to the adiabatic ATR exit temperature. The scot
precursors are formed in the combustion zone of the ATR.
Most of the heat loss occurs after the combustion zone. A
subsequent heat loss cannot have any influence on the

reactions 1in the combustion zone. The oxygen to carbon
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ratio (0O,/C) is also shown in Table 1. The definition of

this ratio 1s analogue to the steam to carbon ratio, how-
ever, wlth steam substituted by oxygen. The exit tempera-
ture from the ATR reactor can be calculated from the 0,/C

rati1o, when the heat loss from the reactor is known.
Advantagecusly, the process 1s cperatad at low steam to

carbon ratios, since a low ratio lowers the investment
expenses for an ATR plant and reduces the necessary energy
consumptclon 1n operating the plant. Additionally, a low
steam Cc carbon ratlio makes it possible to optimize the
produced synthesis gas composition for producticon of CO-
rich gases for e.g. methanol or dimethyl ether synthesis

and Fischer-Tropsh processes.

It has been found that the operating pressure has a very

strong influence of the critical steam to carbon ratio.

It has further been found that at a given temperature and
steam to carbon ratio in the feedstock, the feedstock 1is
autothermally reformed without formation of detrimental
soot when adjusting the operation pressure in the autother-

mal reactor above a critical wvalue.

(d) DESCRIPTION OF THE INVENTION

Accordingly, this inventilion 1s a process for the soot free
autothermal reforming of a hydrocarbcn feedstock in an
autothermal reactor at a given temperature and a given
steam to carbon ratio in the feedstock and adjusting oper-
ation pressure in the reactor above a critical value, so

that no soot 1s present 1n the steam reformed feedstock.
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The critical steam to carbon ratio decreases when the
operating pressure 1s increased. By means of the invention,
the operating pressure 1n the ATR reactor is the critical
parameter for suppressing soot formation. By increasing the
operating pressure, it 1s possible to operate advantageous-
ly at a lower steam to carbon ratio.

The actual critical pressuras will depend on the burner

design used in the ATR reac:or.

Preterably, the pressure is adjusted to meet the following

A

elation between steam carbon ratio, temperature at exi- of

a
the reactor and pressure: p z 15.0-0.00914 T_,;.-1.92 - §/C

d

Oor at adiabatic conditions p = 13.4-0.00753 - dadighatrdn"

1.74 S/C, where p is the pressure in MPa, T is the gas tem-
perature 1n K at exit of the reactor or at adiabatic condi-

tions, respectively, S/C is the molar steam-to-carbon ratio

in the feedgas.

The inventlon has been tested in the pressure range of
0.86-2.95 MPa. However, 1t 1s apparent from the following

examples that the invention will be applicable at higher

operatlng pressures.

(e) AT LEAST ONE MODE FOR CARRYING OUT THE INVENTION

Example 1
The test unit consists of a system for providing the feeds

to the ATR reactor, the ATR reactor itself, and equipment

for posttreatment of the product gas.
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The feed streams consist of natural gas, steam, oxygen and
hydrogen. All gases are compressed to the operating pres-
sure and preheated to the operating temperature. The natu-
ral gas 1s desulphurized before entering the ATR reactor.
The feeds were combined into two streams and were send to
the burner of the ATR. The burner used in the example s
described in U.S. Patent No. 5,496,170, which by reference
is included herein. One feed stream contained natural gas,
hydrogen and steam. This feed stream was heated to 500°C.
The other feed stream contained oxygen and steam. This feed

stream was heated to 220°C.

In the ATR reactor, the substoichicometric combustion and
subsequent catalytic steam reforming and shift reaction
are carried out. The inlet and exit gas composlitions ars
measured by gaschromatcgraphy. The product gas 1s 1n equl-

librium with respect to the reforming and shift reactions.

Downstream the ATR reactor, the prccass gas 1s cooled down
and the majoritcy of the steam content 1n the product gas 1s
condensed. If soot 1s formed, 1t 1s captured 1in the condeﬁ~
sate. The condensate was subjected to both gravemetric and

spectrophotometric examinations.

The following tests were carried out to demonstrate the
influence of operating pressure on the critical steam to
carbon ratio. The hydrocarbon used was natural gas. The

composition of the natural gas 1s given 1in Table 2.

trriiivaitd v A by N e S W ———— PSS 44
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Table 2

Composition of Natural Gas
Mole Fraction 3
| N, | 0.45
CO, 1.20
CH, 95.36
C5H 2.22
C,H. | 0.45
C.H, 0.23
CsHy5 and 0.08 |
nighexrx hydrocarbons
E EEEEEEEEEEESe e S RS T ———

Each test was made by approaching the critical steam to
carbon ratio from the steam rich side. The tests were
lnitiated with a sufficiently high steam flow to ensure
soot free conditions. The steam flow was then decreased in
steps whlch resulted in a decrease in the steam to carson
rat1o orf apoproximately 0.03. The system was allowed to

pecome stable after which the condensats was examined for

(D

soot content. If the condensate was scill soot free, ¢t

next step was taken. The term "soot <ree conditions" refers
Co condition in wnich the soot formation is negligible. The
soot amount formed at the critical st=zam to carbon rati

was approximately 3-5 ppm.
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The critical steam to carbon ratio as function of pressure
measured at two different operating temperatures is given
in Table 3. The flow rates were in all tests 100 Nm3/h
natural gas and 3 Nm®/h hydrogen. 100 Nm>/h natural gas
correspond to a carbon flow rate of 102.5 Nm°/h. The steam
flow was adjusted to obtain the given steam to carbon
ratio. The oxygen flow rate was adjusted to obtain the

desired operating temperature and varied in the range 55-62
Nm-/h.

Due to heat loss from the relatively small pilot unit, the
adiabatic ATR exit temperature will be higher than the
temperature given 1n Table 2. A large industrial unit will
be very close to adiabatic and the exit temperature from
such a unit will, hence, be very close to the adiabatic
given 1n Table 3 when the industrial unit otherwise is

operated at exactly the same conditions as quoted in
Table 3.

Table 3
Test Oxygen Pressure | Measured | Adiaba- Criti-
No. to Car- MPa ATR Exit { tlc ATR cal
bon | Temp. | Exit | Steam
Ratio e Temp. to Car-
| °C bon
Ratio
1,901 550 | 1041 | o0.98
1.2 0.57 2.16 S50 1025 0.78
1.3 0.56 2.46 950 10389 0.62
1.4 0.54 2.75 950 1014 0.50
1.5 0.60 1.77 1035 1113 0.58
1.6 0.58 2.06 1035 1103 0.39
|
ﬂ
1.7 0.57 2.46 1035 1110 0.27
1.8 0.55 2.95 1035 | 1104 0.15

Critical steam to carbon ratio as Ifunction of pressure and
operating temperature.
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The composition of the product gas from the ATR reactor in
the tests of Table 3 was measured by gaschromatography.
Selected gas compositions are shown in Table 4. The gas
composition 1s gilven as dry mole%, which is the mole compo-

sition of the gas components, when steam is not included.

Table 4

Composition of Product Gas (dry mole%)
of the Tests of Table 3

Test Numbe: co, | cx,

1.1 65.2 0.21 25.7 7.91 0.89

1.4 3.0 0.25 | 28.0 5.50 3.26

1.5 65 .2 27.7 6.49 0.87
1.7 64.0 30.7 3.80 1.31

A very strong dependence of the critical steam to carbon
ratlo 1s seen for both operating temperatures. At an oper-
ating temperature of 1035°C, the critical steam to carbcon
rati1o decreases by a factor 4.5, when the pressure 1is

increased by less than a factor 2.

The data disclosed in Table 3 correlate with the relation-
ship o = 15.0-0.00914 To.;.-1.92 S/C, where T is the tem-

o,

perature at exit of the reactor 1in X and the pressure in

MPa.

From the above aguation 1t 1s calculatad that at a pressure
above 3.5 MPa and a temperature at exit oI the reactor

above 985°9C, the critical steam -0 carbon ratio is zexryo.
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The data 1n Table 3 correlate with the relationship p =
13.4-0.00753 * T,aiabatic-1-74 S/C, where T is the adiabatic
exlt temperature in XK. From this equation it is calculated
that at a pressure above 3.5 MPa and an adiabatic tempera-
ture above 1042°C, the critical steam to carbon ratio is

2eY0.
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CLAIMS

1. Process for the soot free steam reforming of a
hydrocarbon feedstock by autothermally reforming the
feedstock 1n an autothermal reactor at a given temperature
and a given steam to carbon ratio in the feedstock and
operating at a pressure in the reactor being above a criti-

cal value, where no soct is present in the steam reformed

feedstock.

2. Process according to claim 1, wherein the operation
pressure 1s adjusted to a value of p = 13.4-0.00753 -
T.diabatic -1-74 S/C, where
D 1S the pressure 1n MPa,

T 1s the adilabatic gas temperature in K of the reformed

feedstock, and

S/C 1s the molar steam-to-carbon ratic in the feedstock.

3. Process according to claim 1, wherein the operation
pressure 1s adjusted to a value of p =2 15.0-0.00914 Toxit-
1.92 + S/C, where

P 1S the pressure in MPa,

T 1s the gas temperature in K of the reformed feedstock

at outlet of the reactor, and

S/C 1s the molar steam-to-carbon ratio in the feedstock.

Process accordlng to claim 1, wherein the operating

ressure 1s above 2.9 MPa.

e TN

Process according to claim 1, whereiln th2 operating

5
preassura2 1s above 3.5 MPa.

Process according to claim 1, wnerein the operating

Ooh

Dressur2 1s above 3.5 MPa and the adiabatic temperature of
the autothermally reformed feedstock is above 1042°C and
st

eam O carben ratcio in the reedstcck =0.
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