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[57] ABSTRACT

Method and apparatus for minimizing energy required
to inject reactant such as coal-oil slurry into a reaction
vessel, using high pressure effluent from the latter to
displace the reactant from a containment vessel into the
reaction vessel with assistance of low pressure pump.
Effluent is degassed in the containment vessel, and a
heel of the degassed effluent is maintained between
incoming effluent and reactant in the containment ves-
sel.

3 Claims, 8 Drawing Figures

wt
[



4,549,954

Sheet 1 of 8

U.S. Patent Oct 29, 1985

T b1y
56¢ \@nmn mu
azy
08259 ]  aps
28X Joen
ILSYM J i | g
ONY pograll gy
sainoit 8. ‘ L
19N00¥d o I | ’
] M| Oosel vt b1
2L Javey' Jovel " r—
. iy e ape = NMM _ 42g 0t | _
. P9L| 292|992
8\ 7 “ N s | WY 200 (W aps (YU 10w __ _
99 P06 206 ¥— 406 X 006l |
asym 024 | @_pze @26 D—aze@)-vze ve4_ L. o
ONY =—{NOISS34dW0D — NOILYD1d1and] opT -
S35V9 —NOILVNVJIS S¥9| S ke oovb
190008~ \ P s 21 G
% O 2B o % V09
: i
b9 06 N390YOAH



U.S. Patent Oct. 29, 1985 Sheet 2 of 8 4,549,954

96¢

90c¢
92¢
100
L— 34¢
94¢
40¢
8¢

9
78¢
82¢

o O
g8
=2
0
)
o F=]
o O < ¥ 2 g
S ~Q ” o O o
L o = 1 T =
E » m
L O j
T O S &
®
o
o0
o 3 o 7
< o ®©
o o
o a 2 “ o o ™
\ T ™

3

740

760
78a
82



4,549,954

Sheet 3 of 8

U.S. Patent Oct. 29, 1985

2g¢ 28

0¥ a8l

296 2v6 —
86
Ip§
00}
226 394
206 Il

ag¢c q28
a0 agl

6 qv6 —
996 4q 5e
qQpE —
ool q9.
926
q06 abl

oge 028
0P . 08e
66
096 ©Opb
o0t
0pe
026 094
006 opl



U.S. Patent Oct. 29, 1985 Sheet 4 of 8 4,549,954

i

100
—— 34¢

90 b
92b
341
4
9! b 96p
40b
38b

™~ g 3 E\

74b
76b

78b
82b

900
920
—-340
940 96a
40a
38a

o

-

T4a
760
100
780
82a



4,549,954

Sheet S of 8

U.S. Patent Oct. 29, 1985

296

I8¢ -

a0t

28
08,

206

IPE —

26
206

29,

WL

G .Lm.
agg q28
Q0b ag.
201
Q96
ap6
I —| 66
00\
926 a9,
q06 abl

08¢ 028
o0p 08,
201
096
0b6
o0p¢ 1 66
00!}
026 09/
006 obL



U.S. Patent Oct 29, 1985 Sheet 6 of 8 4,549,954

(1)
[T+
(5] (]
<
[~ N
o v
(%] ” o
N L]
o [+ 0]
2] (@)
o \ Q@ m
al
[+ o
o
-
Q L o v
N~ Y ® o
~ ~ ©
F-]
0
[+2]

b
92b
100
— 340
94 b
0
38b

gj b
6

%90
9

ol

e ° o Ee= 1§

o 2 /.n
o
N ® o
[« o]
o
w
)]
o
[~ ; o~ c
o 0O < -]
g2 7 =8 A
o)
2]

740
760
78a
820



U.S. Patent  Oct. 29, 1985 Sheet 7 of 8 4,549,954

(2]
0
N
(%}
< &
£
SN bt o (33
e \ e 3
o o~ m
ol o
2 ’/o io
T o D N
i~ N~
hd ©

96b

90b

92b

|- 34b
. 94b
40b
38b

& 3 E\

78D
82b

74b
76D

90a
92q

- 340

940

960

/102
400
38a

740
760
78a
820



U.S. Patent  Oct. 29, 1985 Sheet 8 of 8 4,549,954

1]
(0]
N
(X}
<
(%} (-]
[3) T
2 o (2] [T 1)
o o W
s o i T
&l @
]
© o ‘o
(%] N
N~ ® ® o
o
O
o [}
< £
98"’ p-4 o~
5 87\ ° 3 3
o \ /vn

b%% ﬂ£9
b

99
Fig8

T O
~ ~ m:j
~
o
O
()]
o
e © v p
g g ” e 3
o i\ S 0™

99
102

740
760
7840
820



4,549,954

1

POWER RECOVERY SYSTEM FOR COAL
LIQUEFACTION PROCESS

BACKGROUND OF THE INVENTION

This invention, which was made under a contract
with the United States Department of Energy, relates in
general to a means and method for increasing the en-
ergy efficiency of a process such as coal liquefaction.
More particularly, the invention relates to a means and
method for using energy contained in the effluent from
a coal liquefaction reactor to perform most of the work
necessary for injecting a reactant fluid into the reactor.

In coal liquefaction processes in which a slurry con-
sisting of coal particles and liquid hydrocarbon com-
pounds is reacted with hydrogen in a reaction vessel at
a very high pressure, injection of the slurry into the
reaction vessel has heretofore required the use of high
pressure differential pumps that use a large amount of
energy. The combination of high pressure and the abra-
sive nature of the réactant slurry also causes rapid dete-
rioration of the charging pumps, which are inconve-
nient and costly to replace.

SUMMARY OF THE INVENTION

It is an object of this invention to provide a fluid-flow
system wherein a fluid effluent containing vaporizable
constituents supplies a portion of the energy required
for injecting a reactant into a high-pressure reaction
vessel.

Another object of the invention is to minimize the use
of rapidly wearing, high-pressure differential pumps for
injecting an abrasive slurry of coal and oil into a coal
liquefaction reaction vessel.

Another object of the invention is to improve the
efficiency of a coal liquefaction process by using a par-
allel arrangement of chambers in which gas is separated
from hydrogenation products of the process as a means
for pressurizing a coal/oil slurry injected into the lique-
faction vessel.

In accordance with a preferred process embodiment
of the invention, these objects and other advantages are
achieved by the following operations:

(1) introducing effluent discharged at a high pressure
from a reaction vessel into a containment vessel having
an inlet and an outlet for a reactant material that is
hydrogenated in said reaction vessel, said effluent con-
taining vaporizable constituents and its introduction
into the containment vessel at essentially the pressure of
the reaction vessel forcing reactant material from the
containment vessel to a low pressure head pump con-
nected to the reaction vessel;

(2) terminating flow of said effluent into said contain-
ment vessel;

(3) discharging a portion of effluent from said con-
tainment vessel to reduce the pressure therein to a suffi-
ciently low value to permit the evolution of the vaporiz-
able constituents from effluent in the containment ves-
sel;

(4) releasing evolved vaporizable constituents from
the containment vessel;

(5) introducing additional reactant material into said
containment vessel and terminating flow of effluent
from said containment vessel, gas continuing to flow
from said containment vessel as reactant material enters
the vessel; and

(6) sequentially repeating the above steps with a heel
of degassed effluent being maintained in the contain-
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2

ment vessel between the effluent entering the contain-
ment vessel and the reactant material therein.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of a preferred
apparatus embodiment of the invention.

FIGS. 2 through 8 illustrate the different operational
settings of valves which control the flow of materials
into and out of three vessels included in the apparatus of
FIG. 1.

DETAILED DESCRIPITON OF THE
PREFERRED EMBODIMENT OF THE
INVENTION

In FIG. 1 reference number 10 designates a slurry
mixing tank having two iniet conduits 12, 14 and an
outlet conduit 16 connected therewith. Conduit 16
branches into two conduits respectively connected to
two low-pressure differential centrifugal pumps 18a,
185. The outlets of these pumps connect with two high-
pressure differential reciprocating pumps 20a, 206
through conduits 22a, 22b, and the outlets of the last-
mentioned pumps connect with the lower portion of a
reaction vessel 24 through a cofiduit 26 that passes
through a heater 28. A hydrogen feed conduit 30
branches into two conduits 32a, 325 that respectively
connect with conduit 26 on opposite sides of heater 28.
Pumps 18a, 185 also connect with four cylindrical, ver-
tically oriented containment vessels 34a-344 through a
main conduit 36 and branch conduits 38a-38d, each of
the latter having a check valve 40a-40d and a second
valve 42a-42b associated therewith for controlling fluid
flow therethrough. Flow through conduits 12, 14 and
pumps 18, 20 is also controlled by means of valves that
are not illustrated to simplify the drawing.

An effluent conduit 44 extends from the top of reac-
tion vessel 24 to the middle portion of a gas separator
46. A gas outlet conduit 48 is connected to the top of
separator 46 and branches into three conduits 50, 52, 54.
Conduit 50 is directly connected to an apparatus 56 that
further separates, purifies, and compresses gas separated
in separator 46. Conduits 52 and 54 have valves 58, 60,
respectively, associated therewith and unite with a con-
duit 62 that is also connected with apparatus 56. A
hydrogen feed conduit 64 extends from apparatus 56 to
conduit 30, and a liquid outlet conduit 66 extends from
the same apparatus to a means 68 for separating liquid
from solid waste material. Product gases and waste
gases are also discharged from apparatus 56 through
conduits 70, and product liquids and solid waste materi-
als flow from the separation means 68 through conduits
72.

An effluent conduit 74 connects with the lower por-
tion of separation vessel 46 and branches into four con-
duits 74a-74d which are each provided with a flow
control valve 76a-76d and which respectively connect
with the upper portions of containment vessels 34a-344.
Conduits 78a-78d are respectively connected to the
lower portions of containment vessels 34a-34d and to.a
conduit 80, with a check valve 82¢-82d and a second
valve 84a-844 being respectively associated with the
conduits 78a-784. Conduit 80 divides into conduits 86a,
86b which are respectively connected to low-pressure
differential centrifugal pumps 884, 885, and the outlets
of these pumps connect with conduit 26.

Vent conduits 90¢-90d provided with flow control
valves 92a-924 are respectively connected to the upper
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pertions of containment vessels 34a-34d and to the
gas-processing apparatus 56. Lastly, four output con-
duits 94a-94d provided with valves 96a-964 are respec-
tively connected to containment vessels 342-34d inter-
mediate the upper and lower portions thereof and to the
liquid-solid separation means 68. '

OPERATION OF THE PREFERRED
EMBODIMENT OF THE INVENTION

Part of the oil obtained from the coal liquefaction
process of this invention is recycled from the liquid-
solid separation means 68 to mixing vessel 10 through
conduit 14 during the continuous operation of the sys-
tem. Pulverized coal enters vessel 10 through conduit
12 and is mixed therein with the product oil to form a
slurry that passes through conduit 16 to one of the low-
pressure differential pumps 18a, 185, the other pump
serving as a spare. From the operating pump 18a or 186
part of the slurry flows to one of the high-pressure
differential pumps 20a, 206 (the other of these pumps
also being a spare) and then through heater 28 to reac-
tion vessel 24 via conduit 26. Gaseous hydrogen is intro-
duced into the slurry by means of conduits 32a, 325,
part of this hydrogen being recycled from separation
apparatus 56 through conduit 64 and the remainder
being supplied from a separate conduit 30. In reaction
vessel 24 coal in the slurry is hydrogenated by the hy-
drogen gas to produce liquid and gaseous hydrocarbon
products discharged from the reaction vessel through
conduit 44 along with unreacted coal. In certain of the
claims appended hereto, the coal-oil slurry mixed in
vessel 10 is referred to as the *“‘first reactant,” the hydro-
gen injected into the slurry is referred to as the *“second
reactant,” the operating pump 20a or 206 and conduit
26 are referred to as the “first conduit means and high-
pressure differential pump means” for feeding a portion
of said first reactant to the reaction vessel, and conduits
324, 32) are referred to as the “second conduit means”
for feeding said second reactant to the reaction vessel.

After the described apparatus has been regulated to
its final continuous mode of operation, most of the
shurry discharged from the operating low-pressure dif-
ferential pump 184 or 185 is successively pumped to the
three containment vessels 34a-34¢, the other vessel 34d
serving as a spare. The operation of the apparatus will
be described hereinafter with respect to both startup
flow of materials and the final sequential flow of slurry
to containment vessels 342-34¢. In certain of the claims
appended hereto, conduit 36 and the operating pump
182 or 18b are referred to as the “third conduit means
and low-pressure differential pump means” for feeding
the first reactant (i.e., the coal-oil slurry) to a contain-
ment vessel.

A portion of the gas in the effluent from reaction
vessel 24 is separated from the liquid and solid effluent
constituents in separator 46 and passes to apparatus 56
through conduits 50 and 62. The remainder of the efflu-
ent is conducted to containment vessels 34a-34¢ sequen-
tially when the described material processing system is
operating in accordance with the preferred process
embodiment of the invention, and in each containment
vessel, gas is again separated from other effluent constit-
uents by operations that will be described with refer-
ence to FIGS. 2 through 8.

To simplify the drawings, the check valves 40a-40c
shown in FIG. 1 are replaced in FIGS. 2-8 by schemati-
cally represented rotatable valves. Many suitable types
of valves can be used to control fluid flow in the de-
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4

scribed apparatus; however, check valves 40a-40c and
82a-82c¢ open and close in response to the pressure in
containment vessels 34a-34¢ and thus simplify the oper-
ation of the system. FIG. 2 illustrates the arrangement
of valves associated with containment vessels 34a-34¢
during the startup phase of operation of the system of
the invention. As containment vessel 344 is a spare, its
inlet and outlet valves are closed and the vessel is not
illustrated in FIGS. 2 through 8. Valves 42a-42c,
844a-84c¢ (which are illustrated only in FIG. 1 and are
included in the respective conduits 382-384 and
78a-78d only for use in isolating any one of the four
containment vessels 34a-34d from the system) and
valves 76a-76¢, 82a-82¢ are open, and valves 40a-40c,
924-92b, 96a-96¢ are closed. Hydrogenation of coal in
reaction vessel 24 occurs under high pressure (for exam-
ple, in some processes 2,100 psia). Thus the reaction
vessel effluent, which consists of a mixture of unreacted
coal particles, oil and gas, enters gas separator 46 at a
pressure substantially equal to the pressure in the reac-
tion vessel. Even after part of the gas in the reaction
vessel effluent is removed in separator 46, the effluent
fed to containment vessels 3da-34¢ through conduits 74
and 74a-74c remains at a high pressure and during the
presently described startup phase of operation flows
through the containment vessels to the operating pump
88a or 88b (as previously mentioned, one of the pumps
88q, 88b is a spare) and thence through conduit 26 to
reaction vessel 24. Reference number 98 designates
gas-containing reaction vessel effluent in containment
vessels 34a-34¢ during the effluent recycling phase of
the startup procedure for the system, and reference
number 100 designates gas evolved from this effluent
because of the small pressure drop in the containment
vessels at this time.

The flow arrangement of valves associated with con-
tainment vessel 34a is next changed while the valves for
the other two operating containment vessels are left in
the settings illustrated in FIG. 2. As illustrated in FIG.
3, valves 76a and 82a are adjusted from open to closed
position, valve 40q is left in closed position, and valve
964a is'opened so that reaction vessel effluent flows from
containment vessel 34a through output conduit 94a to
the solid-liquid separation means 68, which operates at
a much lower pressure than the containment vessel.
This flow of effluent through output conduit 94a causes
a drop in pressure in containment vessel 34, which re-
sults in a substantial increase in the amount of gas 100
evolved from effluent 98 in the containment vessel.
After the level of reactor vessel effluent in containment
vessel 344 has dropped sufficiently to preclude flow of .
effluent through vent conduit 90a, valve 92a is opened,
which causes a further drop in pressure in the contain-
ment vessel since the pressure in the gas separation
portion of apparatus 56 is also lower than the contain-
ment vessel pressure. Gas 100 evolving from the reac-
tion vessel effluent in containment vessel 34a passes
through vent conduit 90a to apparatus 56. Reactor ves-
sel effluent from which gas has been removed in the
containment vessel 344 is designated by reference num-
ber 99 in FIG. 3, and the reference number 98 used for
gas-containing effluent in FIG. 2 and the reference
number 99 used for degassed effluent in FIG. 3 will be
used throughout FIGS. 4 through 8 for the same materi-
als in each containment vessel. The small amount of
reaction vessel effluent which flows from containment
vessel 344 to the solid-liquid separation means 68 before
valve 92a is opened contains more gas than will be
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present in effluent discharged from the containment
vessels after the startup phase of operation has been
completed. After the startup period of operation, efflu-
ent discharged to means 68 will contain a minimal con-
centration of gas, depending upon various process pa-
rameters such as the extent of pressure drop in the con-
tainment vessels, the duration of the effluent exposure
to the pressure drop in the containment vessels, and the
rate of pressure drop.

For the purpose of identification, effluent from which
gas has been permitted to evolve in one of the contain-
ment vessels 34a-34¢, (assuming these three vessels are
being used in the process) will be referred to as degassed
effluent, even though a small amount of gas may still be
dissolved in the effluent.

In the next operational stage illustrated in FIG. 4, the
flow-control valves for containment vessel 345 are ad-
justed to correspond with the FIG. 3 arrangement of
the flow-control valves for containment vessel 34q,
while the flow-control valves for containment vessel
34c are left in the arrangement illustrated in FIG. 2.
When the level of reaction vessel effluent in contain-
ment vessel 342 has dropped to a point just above the
outlet for output conduit 94a (as illustrated in FIG. 3),
valves 96a is closed as illustrated in FIG. 4 and valve
40g is opened. Valves 76a and 824 are kept closed and
valve 924 is kept open. Slurry identified by reference
number 102 is then pumped into containment vessel 34a
by the operating pump 18a or 185 via conduits 365 and
384, and this slurry lifts the degassed effluent 99 remain-
ing in containment vessel 344, gas 100 above the effluent
being simultaneously vented through vent conduit 90a.

When the level of degassed reaction vessel effluent 99
reaches the upper portion of containment vessel 34a as
illustrated in FIG. 4, the flow-control valves for con-
tainment vessel 34a are adjusted to the settings illus-
trated in FIG. 5, wherein valves 76a and 82g are
changed from closed to open position, valves 40a and
924 are changed from open to closed position, and valve
964 remains closed. The settings of flow-control valves
for containment vessel 344 are adjusted to correspond
with the FIG. 4 arrangement of flow-control valves for
containment vessel 344, and the settings of flow-control
valves for containment vessel 34¢ are adjusted to corre-
spond with the FIG. 3 arrangement of flow control
valves for containment vessel 34b. The adjustments of
the flow-control valves for containment vessels 345 and
34¢ will now follow the adjustments of the flow-control
valves for containment vessel 34¢ in the same sequential
order (i.e., the same process steps will occur in the
containment vessels but at different times), and hence
the settings of valves for containment vessels 345 and
34¢ will not be further described. The high-pressure,
gas-containing effluent entering containment vessel 34a
through the open valve 76a forces degassed effluent 99
downwardly, and the degassed effluent in turn displaces
slurry 102 from the containment vessel through open
valve 82a to low-pressure differential pump 88z or 885
which assists in forcing the slurry through conduit 26
and into reaction vessel 24. In certain claims appended
hereto, conduits 26 and 78a and pump 88a or 88) are
referred to as the “fourth conduit means and low-pres-
sure differential pump means” for feeding the first reac-
tant (i.e., slurry 102) from the lower portion of contain-
ment vessel 34a to reaction vessel 24.

When the level of slurry 102 in containment vessel
344 reaches the lower portion of the vessel and. the
interface between the gas-containing effluent 98 just
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introduced ‘into the vessel and the degassed heel of
effluent 99 in the vessel has reached a point near (i.e.,
slightly above, even with, or slightly below) output
conduit 94g, valve 96ag is opened and valve 82z is
closed, as illustrated in FIG. 6. Shortly thereafter, de-
pending on the pressure drop in the vessel resulting
from the opening of valve 96a, valve 92a is opened (as
also illustrated in FIG. 6), valve 40a being left in closed
position. Gas 100 thus evolves from gas-containing
effluent 98 and flows from the vessel through vent con-
duit 90a as soon as valve 92a is opened.

After gas has evolved from effluent 98 in containment
vessel 34a as described in the preceding paragraph, the
vessel is mainly filled with degassed effluent 99 as illus-
trated in FIG. 7. Valve 404 is then opened, valves 924
and 96a are kept open, and valves 76a and 82a are kept
closed, as also illustrated in FIG. 7. Slurry 102 is there-
fore permitted to flow into containment vessel 34z from
the operating pump 18a or 185, forcing degassed efflu-
ent 99 from the containment vessel through valve 96a to
the solid-liquid separation means 68 (the direction of
movement of the interface between degassed effluent 99
and slurry 102 is represented by an arrow in FIG. 7).

When the level of slurry 102 in containment vessel
344 reaches a point just below the outlet of output con-
duit 944, valves 92a and 96a are closed and valves 76a
and 82a are opened, as illustrated in FIG. 8, but valve
922 may be closed earlier if effluent 99 reaches the
upper portion of containment vessel 34a before the level
of slurry 102 reaches the aforesaid point. Likewise -
valve 96a may be closed earlier if required in order to
displace most of gas 100 from containment vessel 34a
before the slurry 102 in the containment vessel reaches
a point just below the outlet of output conduit 94a.
Valves for containment vessel 34a are thereby placed in
the same settings illustrated in FIG. 5. The changes of
the valves settings for the three containment vessels
34a-34c are then repeated in the sequential steps illus-
trated in FIGS. § through 8.

Some mixing occurs between gas-containing reaction
vessel effluent entering containment vessels 34a-34¢
through conduits 76a-76c and the heels of degassed
effluent 99 remaining in the vessels after the initial steps
required to place the system in the sequence of opera-
tion illustrated in FIGS. 5 through 8. Also some mixing
occurs between the heels of degassed effluent and the
slurry 102 entering containment vessels 34a-34c
through conduits 38a-38c. However, recycle of de-
gassed effluent 99 to reaction vessel 24 does not ad-
versely affect the hydrogenation of coal in the reaction
vessel, and any coal particles included in slurry 102
which may pass with degassed effluent from contain-
ment vessels 34a-34c¢ through conduits 94g-94c will be
separated from liquid products in the liquid-solid sepa-
ration means 68. If desired, baffles can be placed in the -
containment vessels to reduce mixing of the degassed
effluent 99 with successive charges of gas-containing
effluent 98 and slurry 102.

When containment vessels 34a-34c are operating in
the sequence illustrated in FIGS. § through 8, effiuent
from reaction vessel 24 successively displaces slurry 102
from containment vessels 34a-34¢ to the operating
pump 88a or 88 at high pressure. The pump 88a or 88)
therefore only assists in the injection of slurry into reac-
tion vessel 24 and can be a low-head type pump which
uses less energy and is less susceptible to wear than the
high pressure differential pumps normally required for
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injecting coal/oil slurry into the reaction vessel of coal (3) terminating flow of said liquid product from said
liquefaction apparatus. " reaction vessel into said containment vessel;
What is claimed is: (4) discharging a portion of said liquid product from
1. A method for minimizing energy required for _said containment vessel to thereby reduce pressure
pumping a reactant into a reaction vessel wherein said 3 in the latter to a sufficiently low value to effect
reactant is reacted at high pressure to form a liquid evolution of vaporizable constituents from liquid

product remaining in the containment vessel;
(5) releasing the evolved constituents from said con-
tainment vessel; and
10 (6) sequentially repeating steps 1 through 5.
2. The method of claim 1 wherein a heel of degassed
liquid product is maintained between fresh liquid prod-

sure in said reaction vessel, from said reaction ves- uct and reactant introduced into said containment vessel
sel into said containment vessel to thereby displace as steps 1 and 5 are repeated.

reactant from the containment vessel to a pumping |5 3. The method of claim 2 wherein;

product containing vaporizable constituents, compris-
ing the following steps in the sequence set forth:
(1) introducing said reactant into a containment ves-
sel;
(2) passing said liquid product, at essentially the pres-

means, pressurizing the reactant at said pumping said reactant comprises a slurry of coal particles
means to a pressure higher than the pressure in said mixed with a hydrocarbon liquid; and

reaction vessel, and then passing the pressurized hydrogen is reacted with said slurry in said reaction
reactant from said pumping means into said reac- vessel to form said liquid product.
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