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genic tank (104) storing Ing includes a drive assembly (114) and a pump assembly (112) dis-
£ ) posed along a pump axis (118). The drive assembly (114) includes a spool housing (150)
having a plurality of spool valves (180) arranged around the pump axis (118), a tappet hous -
ing (152) having a plurality of tappet bores (200) with slidable tappets (156) around the
pump axis (118), and spring housing (154) including a plurality of movably disposed push-
rod (158) urged upward by a plurality of associated pushrod springs (230). Hydraulic fluid
received by a hydraulic fluid inlet (170) in the drive assembly (114) is directed by the spool
valves (180) to the tappet bores (200) to move the tappets (156) downward against the push-
rods (158). To collect the hydraulic fluid, the lowermost spring housing (154) also includes a
collection cavity (220) formed therein that can return the hydraulic fluid to a hydraulic fluid
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DBescription

CRYOGENIC PUMP FOR LIQUEFIED NATURAL GAS
Technical Field

This patent disclosure relates generally to a cryogenic pump for

W

delivering liguefied natural gas io an internal combustion enging and, more

particularly, to a hydrauhic drive system for driving the crvogenic pump.

Backoround

Many large mobile and/or stationary machines such as mining

trucks, locomotives, marine applications, pumps, compressors, generators, and

10 the like have recently begun using alternative fuels, alone or in conjunction with
traditional fuels, to power their internal combustion engines. An example of an
afternative fuel is natural gas, which may be in the form of hguefied natural gas
(LNG) or compressed natural gas (CNG), and which may provide cost and/or
environmental advantages over more traditional fossil fuel sources. Because

15 natural gas 1s 0 a highly voluminous and gaseous phase under normal
envirommental conditions, the natural gas is typically converted into a highly
compressed state or condensed into a fiquefied phase to simphify bandhing,
transportation, and storage. The conversion of natural gas to these compressed or
hquefied forms requires that the natural gas be maintained in a highly

20 pressurized state at cryogenically low temperatures, for example, on the order of
~160° C.

To store and utilize cooled natural gas in compressed or liquefied
forms onboard mobile machines, specialized storage tanks and fuel delivery
systems are requirgd. This equipment may include a double-walled cryvogenic

25 tank and a pump for delivering the LNG or CNG to the internal combustion
engine for combustion. The pump may be specially configured to mamtain the
cryogenic temperatures within the tank so that the LNG dogs not prematurely
evaporate. One example of a crvogenic pump for pumping cryogenic fluids such
as LNG from a cryvogenic tank 1s described in co-pending U.S. Patent No.

30 6,481,218 ("the 218 application} titled Pump Svystem for Delivering Cryvogenic
Liquids and assigned Linde Gas Aktiengeselischaft. The 218 patent describes a

plurality of pumping clements that can be disposed in a container
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communicating with a storage tank that can receive crvogenic liguids. The
pumping elements can be activated in a reciprocal manner to deliver the
cryogenic Hquid to an application while maintaining the Hquid state. In an
embodiment, the 218 application describes that the crvogenic hquid may be
ased as a fuel source. The present disclosure 1s also directed to a cryogenic pump

for delivering a cryogenic liquids from a storage to an application.

Summary

DAIALY

The disclosure describes, in one aspect, a crvogenic pump for
pumping liguefied natural gas from a crvogenic tank 1o an internal combustion
engine. The cryogenic pump may have a pump assembly submersed within a
cryogenic tank storing hiquefied natural gas and a drive assembly configured to
hydrauhically drive the pump assembly to pump the hquefied natural gas from
the tank. The cryogenic pump may further include a conmecting rod housing
extending between the drive assembly and the pump assembly to define a purap
axis. The drive assembly of the cryvogenic pump further includes a spool housing
having a plurality of spool valves disposed therein concentrically about the
pump axis with each of the spool valves in fluid communication with a high-
pressurc hydravlic fluid supply. The drive assembly further includes a tappet
housing having a plurality of tappet bores, each including a slidable tappet, also
concentrically arranged about the pump axis with each bore m fluid
communication with one of the plurality of spool valves. The drive end also
includes a spring housing having a collection cavity for collecting hydraulic
fluid from the tappet bores and accommodating a plurality of pushrod springs.
To conduct axially motion through the cryvogenic pump, a plurality of pushrods
extend through the spring housing cach with a first end projecting nto a tappet
bore to contact a tappet and with a second end projecting through a pushrod
aperture disposed in a spring housing floor to contact at feast one of the
connecting rods. The pushrods are operatively associated with a pushrod spring
in the spring bousing to normally urge the first end into the tappet bore.

The disclosure further deseribes a method for operating a
cryogenic pump to deliver liguefied natural gas from a ¢ryogenic tank to an
internal combustion engine. The method involves a cryogenic pump having a

drive assembly and a pump assembly located opposite the drive assembly to
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define a pomp axis. According to the method, hydraulic floid 15 received at a
hydraulic floid inlet disposed i the drive assembly the cryogenic pump from a
high-pressure hydraulic flid supply in fluid communication with the hydraulic
fhnd inlet. Spool valves are then actuated to direct hvdraulic fluid from the
5 hydraghe flid inlet to a tappet bore also disposed in the drive assembly. The

hydravlic fhud moves a tappet slidably disposed in the tappet bore against a
pushrod partially disposed 1n a spring housing paralle] to the pump axis and
connected to a reciprocal plunger disposed 1o the pump assembly of the
cryogenit pump. According to the method, hydraulic fuid is collected in a

10 collection cavity disposed in the spring housing where it can be directed to a
hydraulic fluid outlet in fluid communication with a hydranlic reservoir.

In vet another aspect, the diaclosure firther provides a bquefied
natural gas (LNG) power system having a eryogenic tank for storing Higuefied
natural gas, an internal combustion engine operatively associated with the

15 crvogenic tank for recciving liguefied natural gas, and a hydranlic svstem
mcloding a hyvdraulic pump and a hydraulic reservotr. The LNG power system
also includes a cryogenic pump having a drive assembly and a pump assembly
disposed along a pump axis with a plurality of connecting rods extending
generally between the drive assembly and the pump assembly. The drive

20 assembly further includes a hydraulic flud inlet in fluid communication with the
bvdraulic pump and a hydraulic fluid outlet i fluid communication with the
hvdraulic fluid reservoir. The drive assembly of the crvogenic pump includes a
apool housing, a tappet housing, and a spring housmg. The spool housing has a
plurality of spool valves in fhud communication with the hydraulic fluid inlet.

25 The tappet housing is disposed axially underncath the spool housing and hasa
plurality of tappet bores operatively associated with one of the phirality of spool
valves. Each tappet bore may include a tappet shidably disposed therein to urge
agamnst onc of a plurality of pushrods. The spring bousing can accommodate the
plurality of pushrods and is disposed axially undemneath the tappet housing. The

30 spnng housing further includes a collection cavity in floid communication with
the plurality of tappet bores of the tappet housing to direct hydranlic fhud to the

hydraulic fluid outlet.
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Brief Description of the Dirawings

Figure 1 15 a schematic block diagram representative of a
Liguefied natural gas (LNG) power system wherein LNG 1s directed from a
cryogenic tank by a crvogenic pump to an internal combustion engine for
combustion.

Figure 2 is a sude plan view of the cryogenic pump of Figure 1
removed from the cryogenic tank with a hvdraulic driven, upwardly located,
drive assembly and a submersible, lower pump assembly vertically aligned along
a pump axis.

Figure 3 is a cutaway, side plan view of the cryogenic pump
taken along hine 3-3 of Figure 2 and illustrating the components of the upper
drive assembly and the lower pump assembly.

Figure 4 is cutaway view of the drive assembly of the cryogenic
pump detailing the arrangement of the internal components and lustrating by
arrows the flow of hydraudic fluid inside and through the drive assembly.

Figure 5 is a side plan view of another embodiment of the
pushrods having a disk-hke rod flange.

Figure 6 1s a top perspective view of an embodiment ot the spring
housing having a collection chamber formed in part by a plurality of partial
bores and with an open central region.

Figure 7 is a top perspective view of another embodiment of the
spring housing having a collection chamber formed in part by a plarality of
cvlindrical bores with a central post and channels interconnecting radially
adjacent bores.

Figure 8 1s a cutaway, side elevational view showing an
embodiment of the pomp flange and the actuator chamber disposed thersin with

the plurality of actuators connected by molded shielded wires.

Detailed Description

This disclosure relates to mobile or stationary machines that
combust compressed natural gas (CNG) or higuefied natural gas (ENG),
maintained at cryogenic tomperatures, in an internal combustion engine for
power. Referring to FIG. 1, wherein like reference numbers refers to like

clements, there 1 illusirated a representative schematic diagram of an LNG
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power system 100 for combusting and converting LNG to motive power for the
machine. The machine may be any various type of machine for performing some
type of works in an industry such as mining, construction, farming,
transportation, or any other industry known m the art. For example, the machine
5 may be an carth-moving machine, such as a wheel loader, excavator, dump

truck, backhoe, motor grader, material handler, mining truck, or the like. In other
cmbodiments, the machine may be a stationary machine for powering pumps,
compressors, generators, or the like. The foregoing uses of the LNG power
system 100 are representative only and should not be considered a limitation on

10 the claims of the present disclosure. The described LNG power system 100 may,
in the alternative, operate on UNG.

The LNG power system 100 can include an internal combustion
engine 102 that can roceive LNG fucel from a crvogenic tank 104 that may be
located on or in close proximity to the machine. The micmal combustion cngine

13 102 can include pistons, cylinders, an air mass tlow system and other
components operably arranged to combust NG and covert the chenucal energy
therein tdo a mechanical motive force through a common tnternal combustion
process as is known in the art. However, in other embodiments, the internal
combustion engine may be replaced with a different type of combustion engine

20 such as a turbine. To commaunicate LNG from the eryogenic tank 104 to the
intemal combustion engine 102, the LNG power system 100 can include a fucl
line 106 m the form of crvogenic hose or the like. In an embodiment, to facilitate
the combustion process, the LNG may be converted back to a gaseous or

vaporized phase prior to introduction to the internal combustion engine 102 by a

2

5 vaporizer 108 disposed m the fuel line 106.
To store LNG in a iqued phase at cryogenic temperatures, the
cryogenic tank 104 may be of a double-walled, vacuom-sealed construction like
a Dewar tlask or of a similar, heavily msulated construction and may be of any
suitable size or storage volume. The crvogenic tank 104 theretore includes an
30 exterior shell 109 that 1s exposed to the normal temperatures and pressures of the
surrounding environment while enclosing the LNG therein at a cryogenic state.
For example, the LNG may be maintained at teraperatures of minus 160° C or
lower and at pressures of between about 100 kilopascals (kPa) to about 1700

kilopascals (kP'a}, however, cther storage conditions may preside.
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To direct the LNG from the crvogenic tank 104 to the mtemal
combustion engine 102, a cryogenic pump 110 adapted for operation at
cryogenic temperatures is partiallv disposed within the tank. In the illustrated
embodiment, the crvogenic pump 110 1s vertically arranged with respect to the

5 crvogentc tank 104 with a pump flange 112 mounted to the top ceiling of the
exterior shell 109. The cryogenic pump 110 can have an clongated shape to
extend proximate to the bottom of the cryogenic tank 104. Because of the
elongated shape, the cryogenic pump 110 has a drive assembly 114 associated
with the pump flange 112 thermally connected to the exierior shell 109 that may

10 be exposed to ambient atmospheric temperatures (known colloquially as the
"warm end") and a pump assembly 116 disposed at the bottom of the cryogenic
tank 104 and that may be submerged in cryogenic fluid such as LNG when the
tank is full and exposed to the cryogenic temperatures of the LNG (known
colloquially as the "cold end"). The cryvogenic pump 110 further is characterized

15 bvapump axis 118 extending between the spaced-apart drive assembly and
pump assembly 114, 116 of the pump. When installed in the crvogenic tank 104,
the pump axis 118 and the associated clongated extension of the pump may be
vertically oriented, although in other embodiments other orientations of the
cryogenic pump are possible. Furthermore, the elongated arrangement enables

20 the pump assembly 116 to remain submerged as the LNG level falls in the
cryogenic tank 104,

To drive the cryogenic pump 110, the drive assembly 114 may be
configured as a hydraulic drive that s operatively associated with pumping
clements disposed in the drive assembly 116, The drive assembly 114 may

25 therefore be m fluid communication with a hydraulic system 120 that is
associated with the LNG power system 100, To store hydraulic fluid, the
hydraulic system 120 can included a hydraulic reservoir 122 of any suitable
volume and that may normally maintain the hydraulic fluid near atmospheric
pressure. For pressurizing and directing hydraulic fluid through the hyvdraulic

30 aystem 120, a first hydranlic ine 124 can establish communication between the
hvdraulic reservoir 122 and a hydraulic pump 126. The hydraulic pump 126 can
be of anv suitable construction and may be a metered or variable volume pump
for adjustably controlling the quantity of hvdraulic fluid directed through the

hydraulic system. A second hvdraulic line 128 can establish fluid
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commumnication between the outlet of the hydraulic pump 126 and the drive
assembly 114 of the crvogenic pump 110, To return hvdraulic fluid to the
hydraulic system 120, a third hyvdraulic line 130 extends from the drive assembly
114 back to the hvdraulic reservoir 122, The third hydravlic ine 130 may also

5 pass through a cooler 132 or heat exchanger after exiting the crvogenic pump
110 for cooling one or more fluids operatively associated with the intoraal
combustion engine 102. In the embodiment illustrated in FIG. 1, the hydraulic
reservoir 122 may be located at a higher relative elevation than the associated
components of the hydraulic svstem 120 to assist in directing hvdraulic fluid

10 through the system.

To control the LNG power system 100 and/or the hydraulic
system 120, an electronic controller 136 can be operatively associated with and
in electronic communication with the components of the systems as indicated by
the dashed lines. The controller 136 may be in the form of a microproccssor, an

15 apphlication specific mtegrated circuit {ASIC), or may inchude other appropriate
circuitry and may have memory or other data storage capabilities. The controller
136 may also include or be capable of performing functions, steps, routines, data
tables, data maps, charts and the like saved i and executable from read-only
memory or another electronically accessible storage medium to control the LNG

20 power system and/or hydraulic system. Although in the embodiment itlustrated
in FiG. 1, the controller is shown as a single, discrete unit, in other
embodiments, the controller and its fimctions may be distributed among a
plurality of distinct and separate components. The controller can also be

operatively associated with vanous sensors, inputs, and controls arranged about

Q]
h
ot

he systems with electronic communication between components being
cstablished by communication lines such as wires, dedicated buses, and radio
waves, using digital or analog signals,

Referring to FIG. 2, there is illustrated the cryogenic pump 110

having the drive assembly 114 extending downward from the pump flange 112

30 and the pump assembly 116 disposed for submersion i the LNG stored m the
cryogenis tank. The cryogenic pump 110 can also melude a connecting rod body
140 having an elongated, generallv tubular shape extending between and
mnterconnecting the drive assembly 114 and the pump assembly 116, The

connecting rod body 140 can delineate the pump axis 118 that aligns with the
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vertical extension of the elongated crvogenic pump 110 when mstalled in the
cryogenic tank. To support the cryvogenic pump 110 as it depends downward into
the cryvogenic tank, the punyp flange 112 includes a flange shoulder 142
protruding radially outward from the pump axis 118 and which can jon to or rest
atop the exterior shell of the tank. To enable operation at cryogenic
temperatures, the exterior surfaces of the various components of the cryogenic
pump can be made from any suttable material such as high-grade aluminum or
stainless steel.

Referring to FHG. 3, to pump LNG, the pump assembly 116 may
mclude a plurality of pumping elements 144 in the form of reciprocal plungers
adapted to move up and down with respect to the pump axis 113 and thereby
generate a pumping action. The pumping elements 144 may move in a sequential
and alternating manner to provide a consistent output of LNG from the
cryogenic pump 110. In an embodiment, the pump assembly 116 may include
six pumping elements 144 arranged concentrically about the pump axis 118, but
in other embodiments, different numbers and arrangements of pumping elements
are conternplated and fall within the scope of the disclosure.

To drive the pumping clements 144, the drive assembly 114 13
configured as a hvdraulic drive that converts the hydraulic pressure associated
with the hydraulic fluid into reciprocal motion that is directed generally parallel
with the pump axis. The conversion of hvdrauhic pressure to reciprocal motion is
accomplished by mieroperation of the components of the drive assembly 114,
Those components may include an uppermost spool housing 150 located
undemeath the pump flange 112, a tappet housing 152 arranged vertically below
the spool housing, and spring housing 134 disposed vertically below the tappet
housing. The tappet housing 152 can include a plurality of tappets 156 slidably
disposed and vertically movable therein and which abut a plurality of pushrods
158 partially accommodated 1 the spring housing 154 The pushrods 158 can
depend below the spring housing 154 to abut against a respective number of
connecting rods 160 that extend through the tubular connecting rod housing 140
from the drive assembly 114 to the pump assembly 116 and that are operatively
assoctated with the pumping clements 144, Accordingly, when the tappets and
pushrods are driven to reciprocate along the pump axis 118 by force of the

hydrautic fluid, the connecting rods 160 transfer the up-and-down motion to the
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pumping elements 144. The different components of the drive assembly 114 may
be secured together 1n vertical alignment by one or more threaded fasteners 159,
Refering to FIG. 4, to receive and discharge hydraulic fhud, the

drive assembly 114 of the cryvogenic pump 110 includes a hydravlic fluid miet

5 170 and a hydraulic fluid outlet 172 disposed mto the flange shoulder 142 of the
pump flange 112. The hydraulic fluid inlet 170 and the hydraulic fluid outlet 172
may be oriented perpendicular to the pump axis 118 and can be diametrically
opposed to cach other. The hydrauhic fluid infet 170 can receive pressurized
hydraulic floid from the hydraslic reservoir and hyvdraulic pump while the

10 hydraulic fluid outlet 172 discharges and returns low-pressure hydraulic flud
back to the hvdraulic system. Moreover, the hydraulic fhuid inlet and outlet 170,
172 can be internally threaded to mate with threaded connectors or otherwise
configured to enable fluid connection with the respective hydraalic lines of the
bvdraulic system.

13 To regulate flow ot hvdraulic fluid within the drive assembly 114,
the spool housing 150 disposed under the pump flange 112 can accommodate a
plurality of spood valves 180. As is known in the art, spool valves 180 are
hydraulic valves for controlling the direction of flow of hydraulic fhud. Each
spool valve 180 can include a valve body 182 delineating an internal spool bore

20 184 in which a shuttle valve or spool 186 is slidably accommeodated. The spool
186 1s reciprocally movable within the valve bodv 182 duc in part to the
mfluence of a spool spring 188 urging against or biasing the position of the
spool. The valve body 182 can further have a plurality of passages disposed
therein that can be selectively opened to or closed off from the spool bore 184 by

25 controlled movement of the spool 186, As will be familiar to those of skill in the
art, different arrangements of the passages in the valve body 182 will dictate
operation of the spool valve 180, such as whether the spool valve is configured
as atwo~way valve, three-way valve, etc. The plurality of spool valves 180 can
be arranged concentrically around or about the pump axis 118, with the direction

30 of movement of the spools 186 in the spool bores 184 paraliel to the pump axs.
In the embodiments of the crvogenic pump 110 having six pumping clements
144, the spool housing 150 can include six spood valves 180 individually

associated with and independently activating the pumping elements.
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To direct the high-pressure hydraalic fhad to the spool valves
180, the pump flange 112 and the spool housing 150 can delineate a high-
pressure circuit 190 composed of various fluid passages that channel hvdraulic
flnd from the hydraulic fluid miet 170 to the spool valves. The pump flange 112
may also inchude a8 low-pressure circuit 191 that is similarly in fhad
communication with the hydraulic fluid outlet 172. To circulate the incoming
bigh-pressure hydraunlic fluid to cach of the plurality of spool valves 180, the
high-pressure circit 190 can inclode a high-pressure annulos 192 disposed
circumferentially around the outside of the spool housing 150 which 15 1n Hluid
communication with cach of the individual spool valves. The spool housing 150
can further include a plurality of tappet passages 194 that establish fluid
communication between the spool valves 180 and the tappet housing 152 below.
The position of the spools 186 in the valve bodies 182 can be shifted to
selectively establish fluid communication between the tappet passages 194 and
either the high-pressure circuit 190 via the lugh-pressure annulus 192 or the low
pressure circuit 191 to appropriately direct hydraulic fhud either downward to or
upward from the tappet housing 152, It should be approciated that the spool
valves may be arranged to cornmunicate with the fappet passages in
configurations different than as illustrated 1n FIG 4.

To actuate movement of the spools 186 within the valve bodies
182, and therchy selectively direct hvdraulic fluid flow, cach spool valve 180
can be operatively associated with one of a plurality of actuators 196. Each
actuator 196 can be mounted on top of the valve body 182 and can project above
the spool valve housing 150. To accommodate the top mounted actuators 196,
there can be disposed in the pump tlange 112, an actuator chamber 198, The
actuator chamber 198 can collectively enclose the plurality of actuators 196 with
the ceiling of the pump flange 112 extending overhead. In an embodiment, the
actuators 196 can be solenoid-activated pilot valves that are n electrical
communication with the controller of the LNG power system via wires disposed
through the flange shoulder 142, When energized, the actuators 196 can open
and close various pilot passages 199 disposed in the pump flange 112Zand spool
valve 180 to divert a small amount of high-pressure hvdraulic fluid to and from
valve bores 184, The pilot charge of hydraulic fhud can assist in moving the

spools 186 to selectively direct high-pressare hydraulic fluid to and from the
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tappet passages 194, However, in other embodiments, the actuators 196 can
include solencid-operated phingers that connect directly to the spools 186 1o
cause movement of the spool within the spool bore 184,
When the spool valve 180 1s actuated, the spool 186 moves
5 upward in the spool housing 182 to open the tappet passage 194 to the high-
pressure circuit 190 so the tappet housing 152 receives the high-pressure
bvdraulic fluid and utilizes it to slidably move the tappets 156 accommaodated
therein. To facilitate this, the tappet housing 152 can include a plorality of
vertically arranged tappet bores 200 disposed therein and extending
10 circomferentially around the pump axis 118, with the mnber of tappet bores
corresponding to the number of tappets 156. Each tappet bore 200 may have a
depth greater than the height of the tappets 156 to allow for vertical, up-and-
down movement of the tappet within the bore, with the tappet passages 194
disposed mnto the tappet housing 152 and through the upward face of the tappet
13 bores. To facilitate sliding movement of the tappets 156, a plurality of tappet
guides 202 can be mstalled, one cach, into the plurality of tappet bores 200 by
press fitting or threaded connections, for example. The tappet guides 202 can be
tubular shaped objects of appropnate low-friction material that are delineate the
tappet bore 200 and are sized to make sliding contact with the tappets 156
20 mserted theremn. In other embodiments, the tappet bores may be machined
directly into the tappet housing 152
The tappets 156 themselves may be cylindrical, piston-hike
objects having a cylindrical periphery 204 corresponding to the shape of the
tappet bores 200 and first end face 206 and a second end face 208 that are
25  substantially flat and that define the tappet height. When fully inserted into the
tappet bores 200, the first end face 206 may abut aganst the top of the bore to
block the tappet passage 194. The second end face 208 may face downward with
respect to the vertical pump axis 118 and may be located at a position recessed
nto the tappet bore 200. Like the tappet bores 200, the tappets 156 mstalled
30 therein are circumferentially arranged around the pomp axis 118, It will be
appreciated that the mumber of tappets 156 and the number of tappet bores 200
may correspond to the number of pumping clements in the pump assembly, for

example, stx.
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The pushrods 158, which are accommodated 1 the spring
housing 154 disposed below the tappet housing 132, can have an elongated rod
extension 210, generally rod-like m shape and having a relatively small
diameter, that extends between a first rod end 212 and a second rod end 214, The

5 dustance between the first and seoond rod ends 212, 214 can be dimensioned so
that the first rod end projects upwardly into the tappet bore 200 while the second
end protrodes through the spring housing 154. The pushrods 158 can also
mclode a pushrod flange 216 extending outward from the rod extension 210
approximately a third of the way along the rod extension from the first rod end

10 212, In the illustrated embodiment, the pushrod flange 216 may have a lower
chamfered face 218 that can be angled at approximately 45° with respect to the
rod extension 210. However, referning briefly to FIG. 5, in other embodiments
the pushrod flange 219 may have other shapes such as the flat, disk-like shape
extending radially outwardly around the clongated rod extension 210 of the

15 pushrod 158

Referring back to FIG. 4, to accommodate the plorality of
pushrods 158, the spring housing 154 can have disposed therein a collection
cavity 220, or an enclosed space in which the pushrods are located. In the
embodiment shown, the enclosed collection cavity 220 can be formed by

20 peripheral wall 222 extending upwardly from a spring housing floor 224 and that
circumscnbes the purnp axis 118, To enabie the pushrods 158 to extend through
the spring housing 154, the spring housing floor 224 can include a plurality of
pushrod apertures 226 disposed therein and through which the second end 214 of
the rod extension 210 can pass. The pushrod apertures 226 can be distributed

25 crcumferentially around the pump axis 118 radially outward toward the
peripheral wall 222, The mumber of pushrods 158 accommodated m the spring
housing 154 and, accordingly, the number of pushrod apertures 226 can be the
same as the number of pumping elements in the pump assembly, for example,
aix. The collection cavity 220 can be sealed off from the pump assembly of the

30 crvogenic pump by a phirality of pushrod seal assemblies 228 operatively
associated with the pushrod apertures 226, which may include multiple parts o
scal against, but enable sliding motion with respect to, the rod extensions 210,

To vertically position the plurality of pushrods 158 within the

spring housing 154, a plurality of pushrod springs 230 can be disposed within
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the collection cavity and operatively associated with each of the pushrods. In
particular, the pushrod springs 230 can be helical coil springs disposed between
the pushrod flange 216 on the pushrod 138 and the spring housing floor 224 or,
in the Hustrated embodiment, the pushrod seal assembly 228 adjacent the spring
housing floor 224, The pushrod springs 230 can be sized and have a spring
constant configured to normally urge the pushrods 158 vertically upwards. In the
vertically upward position, the first end 212 of the pushrod exiends out of the
sprning housing 154 into the tappet bore 200 to contact the second end face 208
of the tappet 156 and urge the tappet upward into the tappet bore and possibly
abutting against the tappet passage 194. Likewise, the second cnd 214 is partially
retracted mto the pushrod aperture 226. However, the pushrod springs 230 are
compressible and can allow the pushrods 158 to move vertically downward with
respect to the spring housing 154,

The collection cavity 220 therchy delincates an txterior space to
accommodate and facilitate vertically movement of the pushrods 158 including
the pushrod flanges 216 within the spring housing 134, Referring to FIG. 6, inan
embodiment designed fo assist alignment of the pushrods 158 within the spring
housing 154, the peripheral wall 222 may mclude a plurality of partial bores 240
vertically disposed therein. The plorality of partial bores 240 can be radially
spaced apart with respect to cach other to form a series of semi-circular cutouts
2472 along the mterior surface of peripheral wall 222 that correspond 1n shape
and dimension to the rod flanges of the pushrods. Accordmgly, when the
pushrods move up and down, the semi-circular cutouts 242 help maintain the
radial position of the agssociated pushrods with respect to the pump axis and with
respect to cach other. In the embodiment illustrated 1 FIG. 6, the central region
244 of the collection cavity 220 is completely open space; however, in other
embodiments the collection cavity can have a different configuration.

For example, refernng to FIG. 7, the collection cavity 220 can be
formed by a plurality of cyhindrical bores 250 vertically disposed mnto the spring
housing 154 and radially arranged circumferentially around the pump axis 118,
Because of the cvlindrical shape of the cvlindrical bores 250, the center of the
collection cavity 220 can include a contral post 252 projecting upward from the
spring housing floor 224 with a portion of the central post 252 helping to define

the cvlindrical shape of the bores. The cvlindrical bores 250 can be sized to
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recetve the rod flanges of the pushrods and therefore guide the vertical motion of
the pushrods. In addition, each of the plurality of cyviindrical bores 250 can
accommodate one of the plurality of pushrod springs utilized to urge the
pushrods vertically upwards. Moreover, the plurality cylindrical bores 250 can
be radially spaced with respect to each other to mtersect adjacent cylindrical
bores and form channels 254 there between. The channels 254 mterconnect the
plurality of cvlindrical bores 250 in a circumferential manner around the pump

axis 118.

Industnial Applicability

Referning to FIG. 4, the circulation through and atilization of
hydraulic fluid in the crvogenic pump 110 will be described. High-pressure
hydraulic flind, such as o1l, 18 received by the cryogenic pump 110 through the
hydraolic fhad mlet 170 and 1s directed downwardly by the high-pressure circuit
190, as indicated by the arrows 260, The high-pressure hydraulic fluid is further
distributed circumferentially about the spool housing 150 via the high-pressure
annulus 192, Under operation of the electronic controller, individual actuators
196 may be actuated to further actuate the associated spool valves 180 between
different positions in a suitable manner or pattern to direct hydrapkic fhind
through the crvogenic pump. For exarople, the plurality of spool valves 180 may
be shifted to open the tappet passages 194 to the mgh-pressure circuit 190 one at
a time i a sequential, clockwise pattern arcund the pump axis 118. However, in
other embodiments, multiple spool valves can be opened and closed at the sane
time. Further, the duration and sequencing can be vaned dunng operation
depending upon the quantity of LNG needed by the combustion process.

When the spool valves 180 are appropriately positioned, high
pressure hvdraultic fluid 1s able to flow through the tappet passages 194 disposed
in the tappet housing 152 into the tappet bores 200. The pressurized hydraulic
fhud can urge and slide the tappets 156 vertically downward i the tappet bores
200 with respect o the pump axis 118, it will be appreciated that the downward
motion of the tappets also causes the pushrods 158 associated with a particular
tappet to move downward with respect to the spring housing 154 and compress
the relative pushrod spring 230 against the spring housing floor 224 and pushrod

seal assernbly 228. Duc to the connection between the pushrods and the
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connecting rods, it can be further appreciated that downward motion of a
pushrod alsc causes the associated connecting rod to move simlarly downwards,
ultimatelv activating the pumping clements in the pump assembly causing thern
to divect NG toward the internal combustion engme.

A particular tappet 156 can remain downwardly disposed in the
tappet bore 200 so long as the associated spool valve 180 remains in a position
dirocting high-pressure hydraulic fluid to the tappet passage 194, However,
when the spool valve 180 is positioned to stop flow of high-pressured hydrauhic
fluid indo the tappet passage 194 and instead allows fluid to drain from the tappet
bore 200, the pushrod spring 230 can urge the pushrod 158 vertically back
upwards and o the tappet bore thereby shidably moving the tappet 156 against
the upward face of the tappet bores. Vertically upward movement of the pushrod
158 will also allow the associated connecting rod to move vertically upwards
and disengage the pumping clement in the punmp assembly.

Motion of the tappet 156 upwards in the tappet bore 200 will
displace the hydraulic thud contained thercin. A portion of that hydravlic flud
may be dirccted back up the respective tappet passage 194 and possibly into the
spool valve 180 associated with the particular tappet passage and possibly back
into actuator chamber 198 via a spool discharge passage 189, However, some
hydraolic fhud may also flow downwardly between the tappets 156 and the
associated tappet bores 200, notwithstanding the shiding contact between the
tappets and the tappet guides 202, To retain hydraulic fluid m the dove
assembly, the collection cavity 220 formed in the spring housing 154 13 disposed
undemeath the tappet housing 152 with the bottoms of the tappet bores 200
exposed to the collection cavity. Moreover, because of the pushrod seal
assemblies 228 associated with the pushrods apertures 226 disposed through the
spring housing floor 224, the collection cavity 220 provides a sealed enclosure
for accommaodating the hvdraulic fluid and preventing it from further leaking
nto the pump assembly or the crvogenic tank.

Because of the volume of the collection cavity and because the
upstream spool valves may have shut closed, the pressure of the hydraulic fluid
collecting in the collection cavity can be Jower than the pressure of fluid present
at the hydrashc fhud nlet 170, However, the repeated movement of the plarality

of tappets and the continual discharge of hydraulic fluid into the collection
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cavity can cause the fluid pressure and fhuid level in the collection cavity to rise,
especially if the spool valves mpede the discharge of hydraulic fluid upstream
of the tappet bores. In various cmbodiments, hydraulic fluid can continue to
collect in the collection cavity from the plurality of tappet bores until the cavity
5 s full
To remove the hydraulic fluid collected in the collection cavity
229, the drive assembly 114 can include a return path 262 that directs the
hydraulic flaid upwardly and out of the collection cavity as indicated by arrows
264, The return path 262 can be formed in part by a tappet housing retum bore
10 266 disposed in the tappet housing 152 and by a spool bousing return bore 268
disposed in the spool housing 130 respectively. In the illustrated embodiment,
the return path 262 1s centrally aligned with the pump axis 118 but in other
embodiments may be arranged differently within the drive assembly 114, The
tappet housing returm bore 266 and the spool housing return bore 268 can also
15 communicate with the actuator chamber 198 formed in the pump flange 112
which in turn communicates with the hydraslic fluid outlet 172 via the low-
pressurc circnit 191, Accordingly, the continually rising low-pressure hydraulic
flnd can flow vertically upward in the retum path 262 through the actuator
chamber 198 then outwardly from the drive assembly 114 via the low-pressure
20 circuit 191 and the hydraulic fluid outlet 172, In such an embodiment, the return
path 262 and the actuator chamber 198 may be submerged in a continuous flow
of hydraulic fluid circulating through the drive assembly. Referring to FIG. 1,
the hydravlic fluid discharged from the cryogenic pump 110 although lower in
pressure than the hydraulic fluid received from the hydraulic pump 126, may
25 still be at a pressure sufficient for return, via the third hydraulic line 130 and
possible otl cooler 132, to the hydraulic reservoir 122 that may be elevated with
respect to the crvogenic tank 104,
To encourage flow of hvdraulic fluid up the returm path 262, mna
possaible further embodiment of the cryogenic pump 110, the up and down
30 motion of the plarality of tappets 156 may provide a low pressure pump helping
to displace the fluid in the collection cavity 220, In particular, the downward
motion of the tappet 156 displaces hvdraunhe fluid contained 1o the tappet bores
200 and in the collection cavity 220 up toward the actoator chamber 196. When

the tappet 156 moves reciprocally upwards again, by for example, the action of
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pushrod springs 230, the tappets may discharge a volume of the hvdraulic fluid
back up the tappet passage 194 from the tappet bore 204 that was mitially drawan
mnto the tappet bore when the tappet moved down. However, a portion of the
hydraulic flund contained in the tappet bore 200 may pass downward between the
5 tappet 156 and the tappet guides 202 and can fill mto the now unoccupied lower
volume of the tappet bore. When the tappet 156 is forced downward again
during the next cyele, the hyvdraulic fluid from the lower portion of the tappet
bore 204 15 displaced into the collection cavity 200 and can increase the thud
pressurc therein. In another sense, the up and down motion of the plurality of
10 tappets 156 may causc a net transfer by volume of hydrauiic fluid into the
collection cavity 200. Hence, in this possible embodiment, the plurality of
tappets may provide a low pressure pumping effect with respect to the hydraulic
fhud n the drive assembly 114 of the cryogenic pump 110 10 order to discharge
the fluid from the drive assembly. Tn other embodiments, the up-and-downward
13 wmotion may provide additional agitation of the hydraulic fluid in the coliection
cavity 200.
To tacilitate continued flow of hydraulic fhud from the collection
cavity 220 and out through the hydraulic fluid outlet 172, the drive assembly 114
can utilize the vertical motion of the pushrods 1358, In particular, as cach pushrod
20 158 moves up and down, the respective pushrod flanges 216 will be displaced
within the collection cavity 220 that may be filled with bvdraulic fluid. The
motion of the pushrods 158 and pushrod flanges 216 will agitate the hvdraulic
fluid, causing it to circulate or move about the collection cavity and possibly up
1nto the return path 262. Those embodiments of the pushrods158 where the
25 pushrod flange 216 includes a chamfered face 218 may further assist agitation of
the hydraulic fluid. Agitation of the hydraulic fluid can advantageously prevent
the formation of cold pockets within the fluid contained in the spring housing
154, especially proximate the spring housing floor 224, that may be in thermal
communication with the pump assembly and/or crvogenic fluid contained m the
30 cryogenic tank. The cold spots may cause hydraulic fluid to coalesce and to
contaminate or interfore with the operation of the drive assembly 114, including
the movable parts of the spool valves 180, tappets 156, and pushrods 138, In
addition to agitation, the slow but continuous flow of hydraalic fluid from the

tappet bores 200 into the collection cavity 220 and upwards along the direction
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of flow indicated by arrows 264 may advantageously thermally balance the drive
assembly 114 of the crvogenic pump 110. In particular, the circulation of fhud
may prevent the drive asscrbly 114 from beconving too cold while removing
heat generated by the motion and friction of the internal components.

To further assist or improve agitation of the hvdraulic fluid, the
shape of the collection cavity formed into the spring housing can be designed to
thoroughly circulate the fluid about the cavity. For example, referring to FIG. 6,
the empty central region 244 in that embodiment of the spring housing 154
atlows for hydraulic fhud to be discharged from the partial bores 240 disposad
vertically along the peripheral wall 222 toward the center of the cavity by
movement of the pushrods. In those embodiments where the retum path for
hydraolic fhad through the upper tappet housing and spool housing is aligned
with the centrally located pump axis, the empty central region provides for
substantially unobstructed flow into the retum path. Referring to the
embodiment of FIG. 7 having a vertical central post 252, the central post can
mcluade a vertically ornented, central bore 256 to accommodate and redirect the
hydraulic flow upwards to the return path. The central bore 256 may recetve
flnd from openings in the central post 252 proximate the spring housing floor.
Further, the channels 254 interconnecting the cyhindrical bores 250 allows for
hydravlic fhud to be displaced between adjacent bores as the pushrods are
sequentially moved up and down. This means that the hydraulic fluid can be
circulated n a clockwise or counterclockwise motion about the collection cavity
and around the pump axis thereby further agitating the fluid. Such embodiments
may ensure that the hydraulic fluid exiting the drive assembly of the cryogenic
pump 1s at a pressure sufficient for retum to the hvdranlic reservoir.

In addition to discharging hvdraulic fluid from the collecting
cavity, the hydraulic fluid outlet 172 may receive hydraulic fluid from other
sources as well. For example, the spood valves 180 may be configured to bypass
meoming hvdraulic fluid from the hydraulic fluid mlet 170 to the actuator
chamber 198, or to discharge a portion of the hydraalic fluid contained in the
spoot valves to the actuator chamber. Further, in those embodiments in which
the actuators 196 receive a portion of the incoming hydraunlic fluid from the pilot
passages to actaate the spool valves 180, the actuators can also discharge that

fhiud back into the actuator chamber for removal from the drive assembly.



WO 2017/023643 PCT/US2016/044244

19

Referring to FIG. 8, because the actuator chamber 198 disposed i the pamp
flange 112 may have a significant amount of hydravkc fluid flowing through it
the actuators 196 as clectrical devices can be designed to operate in the presence
of hydraulic flid. For example, the actuators 196 can receive electrical power
5 and control signals through one or more molded shielded wires 270 that can be
disposed through the flange shoulder 142 of the pump flange 112 with a sealed
bulkhead fitting 272 for electnical connection to the controller external of the
pump. The molded shielded wires and bulkhead fitting prevent hydraulic flaid
from contacting any mdividual wires or electrical connections in a manner
10 possibly leading to an clectrical short or otherwise interfering with the operation
of the drive assembly 114
It will be appreciated that the foregoing description provides
examples of the disclosed system and technique. However, it is contemplated
that other implementations of the disclosure may difter in detail from the
15 foregoing examples. All references to the disclosure or examples thereof are
intended to reference the particular example being discussed at that pont and are
not intended to imply any limitation as to the scope of the disclosure more
senerally. All language of distinction and disparagement with respect to certain
features 1s intended to indicate a lack of preference for those features, but not to
20 exchude such from the scope of the disclosure entirely unless otherwise
mdicated.
Recitation of ranges of values herein are merely intended to serve
as a shorthand method of referring mdividually to cach separate value falling

within the range, unless otherwise indicated herein, and each separate value is

Q]
(]

meorporated mio the specification as if it were individually recited herein. All
methods described herein can be performed in any suitable order unless
otherwise indicated herein or otherwise clearly contradicted by countext.

The use of the terms “a” and “an” and “the” and “at least one”
and similar referents in the context of describing the invention {especialiv in the
30 context of the following claims} are to be construed to cover both the singular
and the pleral, unless otherwise indicated herein or clearly countradicted by
context. The use of the term “at least one” followed by a list of one or more
items (for example, “at least one of A and B”} 15 to be construed to mean one

item selected from the listed items (A or B) or any combination of two or more
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of the listed tems (A and B}, unless otherwise mdicated herein or clearly
contradicted by context.
Accordingly, this disclosure includes all modifications and
equivalents of the subject matter recited m the claims appended hercto as
5 permitted by applicable law. Moreover, any combination of the above-described
clements in all possible variations thereof is encompassed by the disclosure

unless otherwise indicated hercin or otherwise clearly contradicted bv context.
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Claims

1. An crvogenic pump {110} for pumping liquefied natural
gas from a crvogentc tank (104}, the crvogenic pump (110} comprising:

a pump assembly {116} adapted to be submersed within a
cryogenic tank {104} for storing hquefied natural gas;

a dnve assembly (114) contigured to hydraulically drive the
purmp assembly {116} to pump liguefied natoral gas from the cryogenic tank
{104); and

a conngcting rod housing (140} extending between the drive
assembly (114) and the pumnp assembly (116} and accommodating a plurality of
connecting rods (160}, the connecting rod housing {140} defining a pump axis
(118);

wherein the pump assembly (114) further includes:

a spool housing {150) having a plurality of spool valves (180)
disposed therein concentrically arranged about the pump axis (118}, the plurality
of spool valves (180) each in fluid communication with a high~pressure
hvdraulic fluid supply;

a tappet housing (152) including a plurality of tappet bores {(200)
concentrically arranged about the pump axis (118), each tappet bore (200) in
fhnd commumication with one of the plurality of spool valves (180) and having a
tappet (156} shidably disposed therein,

a spring housing (154) including a collection cavity (220} for
collecting hvdraulic fluid from the tappet bores (200}, the spring housing (154}
accommodating a plurality of pushrod springs (230} m the collection cavity
{220);

a plurality of pushrods (1358} disposed through the spring housing
{154}, cach of the plurality of pushrods (158} inchiding a first end (212)
projecting into a tappet bore (200} and contacting a tappet (136} and a second
end (214) projecting through a pushrod aperture (226) disposed in a spring
housing floor (224) of the spring housing (154) to contact at least one of the
plurality of connecting rods (158), each of the plurality of pushrods (158)
operatively associated with a pushrod spring (230} to urge the first end (212)

into the tappet bore (200
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2. The eryogenic pump (110} of claim 1, wheremn the drive

assembly (114} further inchudes a plarality of actuators (196} each operatively
associated with at least one of the plurality of spool valves (180).

3. The crvogenic pump (110} of any one of claims 1-2,
wherein the drive agsembly (114} inchudes a pump flange (112) disposed over
the spool housing {150} and having an actuator chamber (198} therein to

accommodate the plurality of actuators (196},

4. The crvogenic pump (110) of any one of claims 1-3,
wheremn each of the plurality of actuators (196} are electrically connected to an
clectrical controlier {136) by one or more molded shielded wires (270).

5. The cryogenic pump (110} of any one of claims 1-4,
wheremn the spring housing (154) includes a peripheral wall (222) protruding
upward from the spring housing floor {224) and suwrrounding the collection

cavity {220).

6. The crvogenic pump (110} of claim 3, wherein the
collection cavity {220} includes a plurality of cylindrical bores (2530}
concentrically arranged about the pump axis {118) with cach cylindrical bore
{250} accommodating at least one of the plurality of pushrods (158) and at least
one of the plurality of pushrod springs (230), the plurality of cylindrical bores
(250) being i fhud communication with each other through a plurality of
channels (254).

7 The cryvogenic pump (110} of claim 3, wherein the
collection cavity (220} mcludes a plurality of partial bores (240}, cach of the
plurality of partial bores (240} forming a semi-circular cutout (242) mto the

peripheral wall (222} of the spring housing {154).

8. The crvogenic pump (110} of any one of claims 1-7,
wherein at least of the plurality of pushrods {(158) includes a pushrod flange

{216} protruding radially outward from an clongated rod extension {210}, the
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pushrod flange (216) abutting at least one of the plurality of pushrod springs
(230).

9, The cryvogenic pump (110) of claim 8, wherein the

5 pushrod flange (216) inclodes a chamfered face (218).

10, The cryogenic pump (110} of any one of claims 1-9,
wherein the tappet housing includes a return path (262) directing hydraglic fhad

from the collection cavity {220} to the hydraulic fhud outlet (172).
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