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DBescription

HYDRAULIC DRIVE MULTI-ELEMENT CRYOGENIC PUMP

Technical Field

This patent disclosure relates generally to pumps and, more

W

particularly, to cryogenic fuel pumps for mobile applications.

Backoround

Many large mobile machines such as mining trucks, locomaotives,
marine applications and the like have recently begun using alternative fuels,
alone or in conjunction with traditional fugls, to power their engines. For

10 cxample, large displacement engines may use a gascous fuel, alone or in
combination with a traditional fuel such as diesel, to operate. Because of their
relatively low densities, gaseous fuels, for example, natural gas or petroleum
gas, are carried onboard vehicles in hquid form. These liguds, the most common
mcluding liquefied natural gas (LNG) or liquefied petroleum gas (LPG), are

15 cryogenically stored in insulated tanks on the vehicles, from where a desired
quantity of fuel 1s pumped, evaporated, and provided to fuel the engine.

The pumps that are typically used to deliver the NG to the
engine of the machine melude pistons, which deliver the LNG to the engine.
Such piston pumps, which are sometimes also referred to as crvogenic pumps,

20 will often mclude a single piston that is reciprocally mouonted in a eylinder bore.
The piston is moved back and forth in the cvlinder to draw in and then compress
the LNG. Power to move the piston may be provided by different means, the
most common being electrical, mechanical or hydraulic power,

One example of a eryogenic pumyp can be found in US. Patent

25 7,293,418 (the '418 patent), which describes a crvogenie, single-clement pump
for use 1n a vehicle. The pump discharges mto an accumulator that is located
within the tank, and uses a single piston pump that is connected to a drive
section via a piston rod. The dnve section is disposed outside of the tank.

Pumps such as the pump described in the '418 patent are

30 generally large, heavy and complex, which are due, in part, to the large operating
pressures and high volumes of fluid that must be delivered to operate a large

displacement engine. Because of the nature of their operation, in that a quantity
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of fluid 18 delivered by each stroke, tvpical systems also require various pressure
accumulators and regulators to smooth the supply of gasecus fuel to the enging,
which further burdens the vehicles with additional components, cost and

complexity.

Swmimary

The present disclosure is generally directed to a hydranlically
driven crvogenic pump comprising maultipie plunging pumping elements. The
cryogenic pump may be disposed at feast partially within an LNG tank. The
disclosed svstems and method are generally more cost effective than previously
proposed system, in that they may be configured without the need to use
accumulators, regulators and boost pumps. This, and other aspects, allow an
overall reduction of the gas delivery svstem’s size, weight and complexaty, and
also durability,

The disclosure, therefore, describes, in one aspect, a crvogenic
punmp. The crvogenic pump includes a phirality of pumping clements, cach of
which has an actuator portion that 1s associated with, and configured to,
selectively activate one end of a pushrod in response to a command by an
slectronis controller. Each pumping element further includes an activation
portion associated with an opposite end of the pushrod, and a pumping portion
associated with the activation portion. For each of the plurality of pumping
clements, the pumping portion is activated for pumping a fluid by the activation
portion, which activation portion is activated bv the actuator portion. The
electronic controller is configured to selectively activate each of the plurality of
pumping elements such that a flow of fhad from the cryogenic thud pump
results from successive activations of the plurality of pumping clements at
selected dwell times between activations.

In another aspect, the disclosure describes a method for operating
a cryogenic pump having a plurality of pumping elements included therewith,
cach of the plurality of pumping clements being responsive to a corresponding
pumping command from an electronic controller. The method includes
determining, in the electronic controller, a desired flow rate for fluid pumped by
the crvogenic pump, and also determining, in the electronic controller, a

frequency and dwell time of pumping clement activations based on the desired
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flow rate. The method further includes commanding with the electronic
controller cach of the plurality of pumping elements to perform a corresponding
puraping stroke, such that an aggregate of the fluid pumped by cach of the
corresponding puroping strokes approaches the desired flow rate.

5 In vet another aspect, the disclosure describes a pumping svstem
for providing a crvogenic fluid for use as a fuel for an engine. The pumping
system includes an electronic controller, a hydraulic pump operably associated
with the electronic controller, wherein operation of the hydrashic pump is
responsive to pump commands from the electronic controller, and a cryogenic

10 pump baving a plurality of pumping elements. Each of the plurality of pumping
clements includes an actuator portion that 1s associated with and configured to
selectively activate one end of a pushrod 1n response to a command by the
clectronic controller. The actuator portion is powered by hydraulic fluid
provided at a pressure by the hydraulic pump. Each of the plurality of pumaping

15 eclements turther includes an activation portion associated with an opposite end
of the pushrod, and a pumping portion associated with the activation portion. For
cach of the plurality of pumping clements, the pumping portion is activated for
pumping a fluid by the activation portion, which activation portion is activated
by the actuator portion. The electronic controller 1s configured to selectively

20 activate each of the plurality of pumping elements such that a flow of fluid from
the crvogenic fluid pump resulis from continuous activations of the plurality of
pumping elements at selected dwell times between activations of successive

pumping elements.

Brief Description of the Drawings

23 FiG. 1 is a schematic diagram of an engine system having a
compressed gas fuel svstem that includes a gaseous fucl storage tank and
corresponding fuel pump tn accordance with the disclosure.

FIG. 2 is a section view of a cryogenic pump in accordance with
the disclosure mstalled into a crvogenic fluid storage tank.

30 FIG. 3 is an outline view, and FIG. 4 15 a fragmented view of a
multi-element pump in accordance with the disclosure.

FIG. 5 13 a section view of a unit hvdraslic actuator in accordance

with the disclosure.



WO 2017/003569 PCT/US2016/032398

10

20

2
(9,1

30

FIGS. 6 and 7 are section views of a spool valve in accordance
with the disclosure in two operating positions.

FIG. 8 is a hvdraulic tappet and pushrod assembly in accordance
with the disclosure.

FIGS. 9 and 10 are graphs showing pump operating parameters in
accordance with the disclosure.

FIG. 11 is a flowchart for a method of operating a multi-clement

pump i accordance with the disclosure.

Detailed Description

This disclosure relates 1o engines using a gaseous fuel source
such as direct injection gas (DIG) or indirect injection gas engines using diesel
or spark ignition. More particularly, the disclosure relates to an embodiment for
an enging system that includes a gaseous fuel storage tank having a pumyp that
supplics cryogenically stored fluid to fuel an engine. A schematic diagram of a
DIG, engine system 100, which in the illustrated embodiment uses dicsel as the
ignition source, ts shown in FIG. 1, but 1t should be appreciated that indirect
mjection engines, and/or engines using a different ignition mode are
contemplated. The engine svstem 100 includes an engine 102 (shown genernically
in F1G. 1) having a fuel injector 104 associated with each engine cvlinder 103,
The fuel injector 104 can be a dual-check imjector configured to independently
inject predetermined amounts of two separate fuels, in this case, diesel and gas,
into the engine cylinders.

The fuel injector 104 1s connected to a high-pressure gaseous fuel
ratl 106 via a high-pressure gaseous fuel supply hine 108 and to a high-pressure
hiquid fuel rail 110 via a higuid fuel supply line 112, fn the Ulustrated
embodiment, the gaseous fuel is natural or petroleum gas that is provided
through the high-pressure gascous fuel supply line 108 at a pressare of between
about 10-50 MPa, and the liquid fuel is digsel, which is maintained within the
bigh-pressure liquid fuel rail 110 at about 15-100 MPa, but anv other pressurcs
ot types of fuels may be used depending on the operating conditions of each
engine application. It is noted that although reference 1s made to the fuels present
11 the high-pressure gaseous fuel supply kine 108 and the high-pressure liguud

fuel rail 110 using the words “gaseous™ or “liquid,” these designations are not
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intended to fimit the phase in which s fuel is present in the respective rail and
are rather used solely for the sake of discussion of the illustrated embodiment.
For example, the fucl provided at a controlied pressure within the high-pressure
gaseous fuel supply line 108, depending on the pressure at which it is

gaseous or supercritical phase. Additionally, the

Bl

5 mamtained, may be in a liquid
hiquid fuel can be any hydrocarbon based fuel; for example DME (Di-methyl
Ether), biofuel, MDO (Marine Diesel Oil), or HFO {(Heavy Fuel (il),

Whether the engine systemn 100 is installed in a mobile or a
stationary application, cach of which is contemplated, the gascous fuel may be
10 stored in a liquid state in a tank 114, which can be a cryogenic storage tank that
is pressurized at a relanvely low pressure, tor example, atmospheric, orat a
higher pressure. In the ilustrated embodiment, the tank 114 is insalated to store
Eguefied natural gas (LNG) at a temperature of about -160°C (-256°F} and a
pressure that 1s between about 100 and 1750 kPa, but other storage conditions
15 may be used. The tank 114 further mcludes a pressure relief valve 116, In the
description that follows, a DIG enging system embodiment s used for
tHustration, but it should be appreciated that the svstems and methods disclosed
herein are applicable to any machine, vehicle or application that uses
cryvogenmcally stored gas, for example, a locomotive in which the tank 114 may
20 be carried in a tender car.
Relative to the particular embodiment illustrated, during
operation, LNG from the tank s pressurized, still in a iquid phase, in a pump
118, which raises the pressure of the ENG while maintaming the LNG i a liguid
phase. The pump 118 is configured to selectively increase the pressure of the
25 LNG 1o a pressure that can vary m response to a pressure command signal
provided to the pump 118 from an clectronic controller 120. The pump 118 s
shown external o the tank 114 in FIG. 1 for ilfustration, but 1t is contemplated
that the pump 118 may at least partially be disposed within the tank 114, as is
tilustrated 1o the figures that follow, for example, m FIG. 2. Although the LNG
30 ispresent in a liquid state in the tank, the present disclosure will make reference
to compressed or pressurized LNG for simplicity when refernng to LNG that is
present at a pressure that exceeds atmospheric pressure.
The pressurized LNG provided by the pump 118 is heated in a

heat exchanger 122, The heat exchanger 122 provides heat to the compressed
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LNG to reduce density and viscosity while increasing its enthalpy and
temperature. In one exemplary application, the ENG may enter the heat
exchanger 122 at a temperature of about -160°C, a density of about 430 kg/m?,
an enthalpy of about 70 kl/kg, and a viscosity of about 169 1iPa s as a liguid, and
exit the heat exchanger at a temperature of about 50°C, a density of about 220
kg/m’, an enthalpy of about 760 kl/kg, and a viscosity of about 28 pPas It
should be appreciated that the values of such representative state parameters may
be different depending on the particular composition of the fuel being used. In
general, the fuel is expected to enter the heat exchanger in a cryogenic, liguid
state, and exit the heat exchanger in a supercntical gas state, which is used
herein to describe a state in which the fuel 15 gascous but has a density that 1s
between that of its vapor and liqund phases.

The heat exchanger 122 may be any known type of heat
cxchanger or heater for use with LNG. In the illustrated embodiment, the heat
exchanger 122 1s a jacket water heater that extracts heat from engine coolant. In
alternative embodiments, the heat exchanger 122 may be embodied as an active
heater, for example, a fuel fired or electrical heater, or may alternatively be a
heat exchanger using a different heat source, such as heat recovered from
exhaust gases of the engine 102, a different engine belonging to the same system
such as what 13 commonly the case in locomotives, wasie heat from an mdustrial
process, and other tvpes of heaters or heat exchangers. fn the embodinent shown
in FIG. 1, which uses engine coolant as the heat source for the heat exchanger
122, a pair of temperature sensors 121A and 121B are disposed to measure the
temperature of engine coolant entering and exiting the heat exchanger 122 and
provide corresponding temperature signals 123 to the electronic controller 120.

Liguid fuel, or in the illastrated embodiment diesel fuel, 1s stored
in a fuel reservoir 136, From there, fuel is drawn indo a fuel pump 138 through a
filter 140. The fuel puwop 138 may have a variable flow capability to provide
fuel 1o the engine at a vanable rate depending on the operating mode of the
engine. The rate of fuel provided by the fuel pump 138 can be controlled n
response to a comnmand signal from the electronic controller 120. Pressurized
fuel from the fuel puop 138 15 provided to the high-pressure hiquid fuel rail 110.
Similarly, the pump 118 has a variable sopply capability that is responsive to a

signal from the electronic controller 120
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Contaminants may be removed from the gas exiting the heat
exchanger 122 by a filter 124, As can be appreciated, the gas passing through the
filter 124 may include gas present in more than one phase such as gas or higquid.
An optional gas accumulator 126 may collect filtered gas upstream of a pressure
regulator 128 that can selectively control the pressure of gas provided to the
high-pressare gascous fuel rail 106 that is connected to the high-pressure
gascous fucl supply line 108. To operate the pump 118, a hydraulic pump 150
having a variable displacement and sclectively providing pressurized hydraulic
fluid to the pump 118 via a valve system 152 is used. Operation of the hyvdraulic
pumap 150 1s controlled by an actuator 154 that responds to commands from the
electronic controller 120, The valve svstem 152 also operates 1n response to
commands from the controller 120,

A section view of the tank 114 having the pump 118 at least
partially disposed therein is shown in FIG. 2. The tank 114 may include an inner
wall 202, which defines a chamber 212 containing the pressurized LNG, and an
cuter wall 204. A laver of msulation 206 may optionally be used, and/ora
vacuum may be created along a gap between the inner wall 202 and the outer
wall 204, Both the mner wall 202 and the outer wall 204 have a common
opening 208 at one end of the tank, which surrounds a cvlindrical casing 210
that extends into a tank interior 212. The cviindrical casing 210 is hollow and
defines a pump socket 214 therein that extends tfrom a mounting flange 216 into
the tank chamber 212 and accommodates the pump 118 therein. A seal 218
separates the interior of a portion of the pump socket 214 from the tank chamber
212

The pump 118 i the illustrated embodiment has a generally
cylindrical shape and includes a pump flange 220 that supports the pump 118 on
the mounting flange 216 of the tank 114. An outline view of the pump 118,
removed from the tank 114, is also shown in FIG. 3, and 15 partially sectioned to
expose internal components in FIG. 4. The pump 118 generally includes an
actuator portion 302 that operates to selectively activate one or more pushrods
304. The pushrods 304 surround a compression tube 306, which may optionally
also operate as an outlet passage for the purnp 118, The pushrods 304, which are
caused to reciprocate during operation by the actuator portion 302, extend from

the actuator portion 302 to an activation portion 308 that is associated with a
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pumping portion 310, Bunng operation, the pumping portion 310, which may be
mnmersed i eryogenic fluid, operates to pump fluid from the tank interior 212
out of the tank and through an outlet or, in some embodiments, the compression
tube 306 to supply the engine with fuel, as previously descenbed. The pumping
portion 310 13 activated for pumping thiid by the activation portion 308, which
in turn transiates the reciprocal motion of the pushrods 304 1nto a pumping
action that operates the pumping portion 310, The transmission of the reciprocal
motion of the pushrods 304 can be accomplished by any appropnate structures
or method including via a solid structure or by another method such as a closed
hyvdraulic or pneumatic volume that can transmit a displacement.

In the illustrated embodiment, the pushrods 304, shown m cross
section 1n FIG. 4 and also shown in enlarged detail in FIG. 8, are downwards, in
the orientation of the pump shown in FIG. 4, by atappet 314 operating in a bore
316 by hydraulic fluid provided under pressure behind the tappet 314 through an
activation passage 318. A return spring 320 returns the pushrod 304 via an upper
pushrod portion 312, and thus the tappet 314, when pressurization of the
hydraulic fluid behind the tappet is removed or, stated differently, when the
space behind the tappet 314 1s vented.

The pressurized hydrauhic fhiad to activate the tappet 314 15
provided in the space behind the tappet, and is also vented, by the selective
positioning of a spool valve 322, which is shown in two opcrating positions in
FIGS. 6, and 7. In FIG. 6, the spool valve 322 1s shown in a fill position, which
fills the space behind the tappet 314 with high pressure o1l to cause the tappet to
extend, and 1n FIG. 7 the spool valve is shown in a drain position, which vents
the space behind the tappet 314 to permit the tappet 3 14 to retum by foree of the
retarn spring 320 (FIG. 8}, and thus retract.

The spool valve 322 in the illustrated embodiment includes a
spool valve element 324 that is reciprocally mounted and operates within a bore
326. The bore 326, which accommodates the spool valve element 324, is fhudly
connected to a fhuid supply passage 328, which supplics pressarized flaid to
move the tappet 314. For example. as shown in FIG. 1, the pressurized fhuid can
be hydraulic fluid supplied by a hydraulic pump bike the hydranlic pump 150.

The flow rate and pressure of the hydrashic fhud can be controlled, for example,
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by the valve system 152 also shown in FIG. 1, in response to control commands
from the electronic controller 120 (FIG. 1).

The bore 326 s also fluidly connected to a vent passage 330
{partially shown in FIGS. 6 and 7), which is open to a fluid reservoir m the
known fashion for venting pressurized fluid. A tappet supply passage 332 fluidly
connects the bore 326 1o the area behind the tappet 314, which 1n the
cmbodiment shown in FI1G. 8 means that the tappet supply passage 332 is flwdly
open to the activation passage 318. During operation, when the spool valve
clement 324 is disposed at the fill position shown in FIG. 6, the spool valve
clement 324 fluid supply passage 328 is placed n fluid communication with the
tappet supply passage 332 and the vent passage 330 is flndly isolated from the
tappet supply passage 332, In this operating position, fluid from the thud supply
passage 328 at a high pressure is routed into the tappet supply passage 332,
which in tum provides the fluid to the activation passage 318 from where the
fluid, by hydraulic pressure, pushes the tappet 314 that extends the pushrod 304
to activate a pumping element at the other end of the pump 118, as previously
described. At the venting position, as shown in FIG. 7, the spool valve clement
moves to fhudly block the fluid supply passage 328 and in turn fluidly connect
the tappet sepply passage 332 with the vent passage 330. In this operating
position, fhud flows out from behind the tappet 314, through the activation
passage 318 and the tappet supply passage 332 and into the vent passage 330,
from where it 1s vented. These motions are facilitated by the return spring 320
that pushes the upper pushrod portion 312, and thus the tappet 314, to retract.

In the tHustrated embodiment, the spoot valve element 324 at an
energized condition 1s disposed in the fill position (FIG. 6) and, when de-
energized, assumes the drain position (FIG. 7). Activation of the spool valve
clement 324 requires a displacement of the same along an axis along which the
spool valve element 324 reciprocates. The displacement 1s provided by an
actaator 334, which 1s shown in section view in FIG. 5. The actuator 334 1g an
electromechanical pilot actaator, but other actuator types such as actuators using
piczoclectric elements can be used. The actuator 334 includes a solenowd 336
that, when encrgized, retracts a pin 338 that is reciprocally disposed at least
partially in the solenocid 336 and includes a retum spring 340, In the Hustrated

embodiment. the pin 333 1s a fastener. The spool may include a ferric core 342.
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The pin 338 includes an armature 344 and reciprocates within a pin guide 346
forming a hollow bore 348. The hollow bore 348 is fhudly isolated from a
hydraulic il supply passage 350, a spool valve supply outlet 352, and a drain
outlet 354, The hvdraulic o1l supply passage 350 may be connected directly or
through the valve system 152 with an outlet of the hydraulic pump 150 (FIG. 1)
The pin guide 346 forms two poppet valve seat that, depending on the activation
state of the solenoid 336, fluidly connect or isolate the various fluid passages.

More specifically, during operation, depending on the activation
state of the solenoid 336, the position of the pin 338 within the pin guide 346
operates between an activation position and a drain position. In the activation
position, a lower seat valve 347 opens as the armature 344 moves upward, which
places the spool valve supply outlet 352 i fluid communication with the drain
outlet 354, which, as shown 1n FIGS. 6 and 7, 18 connected to the interior of the
bore 326 and pressurizes the area below the spool valve element 324, causing the
same to move upwards by hydraulic force within the bore from the drain
position (FIG. 7) to the fill position (FIG. 6), and thus activate the tappet 314
(F1G. 8) as previously descnbed by supplying pressurized fluid to the activation
passage 318 through the tappet supply passage 332. Thus, when the pin 338 is in
the activated position, the spool valve element 324 is in the fill position |
Similarly, when the pin 338 is deactivated, or in a drain position, the spool valve
supply outlet 352 is placed in fluid communication with the hydraulic oil supply
passage 350, which drains the fluid below the spool valve element 324, causing
it to extend in the bore 326 and thus vent the activation passage 318 (FIG. §).
Thus, when the pin 338 is in the deactivated, the spool valve element 324 15 in
the drain position (FIG. 7). The fluid supply passage 328 may be directly
connected to an outlet of the hydraulic pump 150, or may altematively be
connected to the cutlet of the hydraslic pump 130 via the valve system 152 In
the illustrated embodiment, the fluid supply passage 328 15 at all times fludly
connected with the hvdraulic o1l supply passage 350, but the two passages may
be separated at times or operate at different pressures depending on the operating
condition of the pomp 118 and/or the hydravlic pump 150

Operation of the actuator 334 depends on the presence of
clectrical power in the spool 336, which 1s selectively provided by the clectronic

controller 120 (FIG. 1) such that the selective pumping action of the pump 118
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can be selectively carried out. The pump 118 advantageousty mcludes six,
separately activatable, pumping elements 400 (two shown in ¢ross section), but
another number of pumping clements can be used, for example, one, two, three,
four, five, or more than six, depending on the application of the pump to a
5 particular system. In reference to FIG. 4, where a cross section of the pump 113

that is taken along a place extending diametrically across the general cvhindrical
shape of the pump 118, 1t can be seen that the six pumping elements, each with
tts own set of components as described and shown in FIGS. 5-8, are disposed in
diametrically opposed pairs symmetrically around the pump. An odd number of

10 pumping clements disposed at regular angular intervals around the pump can
also be used. The tappets are housed in a tappet housing 401 that forms bores
symmetrically around the pump and supports or otherwise accommodates the
various other components of the pamp 118. The electronic controller 120 is
configured and programmed to selectively activate each pumping clement by

15 sending and appropriate command, at a desired time and for a desired duration,

to each of the actuators 334 of the respective pumping clements 400,

Industrial Applicabibity

The present disclosure 1s applicable to any type of application that
mvolves a hquefied gas storage tank. In the illustrated embodiment, a machine
20 having a CNG or LPG fuel source that is carried in an on-board tank was used
for illustration, but those of ordinary skill in the art should appreciate that the
methods and systems described herein have universal applicability to any tvpe of
compressed gas tank that includes a pump for pumping hiquefied gas from the

tank to supply a system such as an engine with gas.

2
(9,1

Two charts that illustrate displacement and supplied liquid flow
in a multi-clement pump in accordance with the disclosure are shown in FIGS. ¥
and 10. In FIG. 9, a graph showing displacement of, for example, the tappet 314
{Fi(z. 8}, or plunger displacement for a pumping element, whose motion is
plotted along the vertical axis with respect fo time, the time being plotied along
30  the honzontal axis. Two curves 402 and 404 are shown, each representing the
motion of a respective one of multiple pumping clements soach as the pumping
slements 400 (FIG. 4). Shown 1o solid ling, the first curve 402 includes a

generally Hinear rise 406 from a zero position to the maximum piston or plunger
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stroke distance 408. The extended tappet or plunger then follows the first curve
along a generally linear drop 410 in displacement from the maximuom, plunger
stroke distance 408 back to zero. Depending on the flow requirements of the
pump, the tappet may be extended again immediately upon 1ts retum to zero,

5 along a generally bnecar increase, which may be at a different slope than the hner
drop, which indicates that the plunger extension and retraction or, stated
differently, the fill and pumping strokes of the pump, can be sclectively carried
out at different speeds. If a pumping element s not immediately activated or
energized, it may dwell at zero for a dwell time 412. Similarly, the second curve

10 404 illustrates a Hinear rise 406', a lincar drop 410", and a sccond dwell 412",

In the iHustrated embodiment, the extending speed shown is about
1.25 m/s, whale the retracting speed is at about 0.25 m/s, as an exemplary set of
operating parameters by which the filf and pumping strokes are carried out at
different phunger speeds. These speeds, while they affect the rate at which the

15 hiquefied gas is provided to the engine, are also contributing factors to the ability
of the pumping clements to seal the pumping volumes for efficient pumping
operation, especially for sealing the shiding interface between pump plungers and
their respective bores. Moreover, the relatively slower fill strokes promotes
cfficient flaid retraction into the pumping volume that encloses the pumping

20 plunger.

The puraped, iqucfied gas flows resulting from the phunger or
tappet displacements shown in FIG. 9 are plotted in FIG. 10, where flow rate
extends along the vertical axis and time extends along the horizontal axis in
alignment with the time scale of FIG. 9. As can be secn from the graph, a

25 generally square-wave shaped curve 414, which results from motion of the first
pumping clement of FIG. 9, occurs during the rise 406 of the first tappet or
phinger. A second curve 414" occurs during the rise 406' of the second tappet or
plunger. A delay 416 between the two flows 414 and 414’ depends on the
demands of the system and on the number of elements of the pump.

30 The delay 416 may be selectively set based on varioas
parameters. For example, the dwell time 412 and the second dwell 412" can
contribute to the delay and can be dynamically varied to adjust the delay in real
time. For example, for an engine system in which the flows 414 and 414°

represent a fuel sapply to the engine, operation at idle or at low load, which
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requires a low fuelling rate, the delay can be adjusted to ensure that no extra fucl
is being pumped to the engine. By the same token, a reduction or ¢limination in
the dwell time 412 can decrease the delay 416. To provide the maxuoum flow
capabijity, the pump can be designed to have any number of pumping clements,

5 and the stroke length and speed of activation can be selected such that the square
waves are adjacent one ancther providing a zere delay, if desired. [t should be
appreciated that the pumping clements, because they can be activated
independently, can be activated in an overlapping or simultanecus fashion by the
controtler to further increase the flow rate provided and minimize pressure

10 fluctuations to the engine {i.c, to vicld a negative delay 416).

A flowchart for a method of operating a multi-element pump in
accordance with the disclosure 15 shown in FIG. 11. In accordance with the
method, in which a plurality of pumping clements, each of which is responsive
o a respective activation signal from a controller, the controller receives a

15 plurality of engine operating parameters at 302. The controller, based on the
engine operating parameters, which may include mformation sufficient to
determine a desired rate of engine fuclling and may include information or
signals indicative of engine speed, engine load, and the like, determines a
desired engine fueling rate at 504, The desired fueling rate may be embodied as

20 any number of parameters in the controller, including a desired gas pressure ina
gas accumulator or 2 gas manifold associated with the engine. fn any cvent, the
desired fueling rate drives the frequency of activation of the pumping elements,
Based on the number of pumping elements in the pump, and the flow capacity of

sach pumping clement, and also based on the desived fuel rate, the controller

2

¢
.

may determine a frequency or, sinularly, a dwell time or delay between
activations of the varicus pumping clements at 506. Depending on its
determination, the controller may command cach of the plurality of pumping
clements to perform a pumping stroke at 308,

In one embodiment, each pumping stroke may include issuing a
30 command to a hydraulic unit actuator to activate at 510. Activation of the wunit
actuator may cause a spool valve element to move between a fill position and a
vent position at 512, which causes a pushrod to reciprocally displace at 514 and
thus activate a phunger or other pumping element at 516 that causes a

prearranged flow of fluid to be provided to the engine at 518. The process is
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repeated during engine operation with changes, as appropriate, to the frequency
and dwell time between activations such that a desired flow rate of fluid to the
engine is maintained during engine operation. Apart from controlling frequency
and duration of pumping element activations, the controller may also control a
5 duration of activation of a pump element such that a shorter pumping stroke may
be carried out in the event less thao a full stroke of pumped fhud is desired,
which is accomplished by a partial plunger displacement.
It will be appreciated that the foregoing description provides
examples of the disclosed system and technique. However, i is contemplated
10 that other tmplementations of the disclosure may differ in detail from the
foregoing examples. All references to the disclosure or examples thercof are
intended to reference the particular example being discussed at that point and arg
not intended to imply any limitation as to the scope of the disclosure more
generally. All language of distinction and disparagement with respect to certain
15 features 15 infended to indicate a lack of preference for those features, but not to
gxclude 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 individually to each separate value falling
20 within the range, unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually recited herein. All
methods described heremn can be performed 1o any suttable order unless

otherwise indicated herein or otherwise clearly contradicted by context.
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Claims

1. A crvogenic fluid pump (118), comprising’
a plurality of pumping clements (400}, each of the phuality of
puimping elements {400} comprising:

5 an actuator portion (302) that is associated with and configured to
selectively activate one end of a pushrod (304) in response to a command by an
clectronic controlier (120);

an activation portion {308} associated with an opposite end of the
pushrod (304}; and
10 a pumping portion (310} associated with the activation portion
(308);
wherein, for cach of the plurality of punmping clements (400), the
pumping portion (310) 1s activated for pumping a fluid by the activation portion
{(308).
15 wherein the activation portion (308) is activated by the actuator
portion {302}, and
wherein the electronic controller (120) 1s configured to sclectively
activate cach of the plurahity of pumping elements (400} such that a flow of fluid
from the eryvogenic fluid pump (118) results from successive activations of the

20 plurahty of pumping elements (400} at selected dwell times between activations.

2. The cryvogenic fluid pump (118} of ¢laim 1, wherein a
plurality of pushrods {304} extends between the actuator portion (302) and the
activation portion {308},

3. The cryogenic fluid pump {118) of claim 1, wherein,
during operation, the actuator portion (302) is connected onto a tank {114) such
that the activation portion (308} and the pumping portion {310} extend into an
interior of the tank {114}, wherein the pumping portion {310} is arranged to be

30 mmmersed mto a cryogenic fluid contained within the interior of the tank (114).

4. The eryogenic fhuid pump (118} of claim 1, wherem the
cryogenit flaid pump (118) meludes a plurality of actuator (154} portions, one of

the plurality of actuator {(154) portions for cach puwmping element, and wheren
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gach of the plurality of actuator {154) portions comprises an electromechanical
actuator {154} having a pin (338} associated therowith, the pin (338) arranged in
a bore (316} having a hvdraunlic ol supply passage (350), a spool valve supply
outlet (352}, and a dramn outlet {354), wherein the pin (338} 1s moveable between
5 adeactivation position, in which the hvdraulic o1l sapply passage (350) is fluidly
connected with the spool valve supply outlet (352}, and an activation position, in
which the spool valve supply outlet (352) is thuidly connected with the drain

outlet (354).

10 5 The cryvogenic fluid pump (118} of claim 4, wherein each
of the plurality of actuator (154} portions further comprises a spool valve (322),
the spool valve (322 including a spool valve element (324) reciprocally
disposed 10 a bore {316}, the bore {316} being fhndly connectable with a fhnd
supply passage {328), a drain passage, and a tappet supply passage (332},

15 wherein the spool valve element (324) 1s moveable between a fill position, m
which the fluid supply passage (328} is fluidly connected with the tappet supply
passage (332), and a drain posttion, in which the tappet supply passage (332} is

fhndly connected with the drain passage.

20 6. The cryogenic fluid pumyp (118) of claim 5, wherein the
spool valve supply outlet {352} 1s fluidly connected with the bore (316) into
which the spool valve element (324) 1s disposed, wherein presence of
pressurized fhud at the spool valve supply cutlet (352) pressurizes the bore (316)
behind the spool valve element (324} causing the spool valve clement (324} to

25 move from the fill position to the drain position.

7 The cryogenic fluid pump (118) of claim 4, wherein the
hvdraulic oif supplv passage (350) and the fluid supply passage (328) are flwdly
connected at all imes.

30

8. The cryogenic fluid pump {118) of claim 3, wherein cach
of the phurality of actuator (154) portions further comprises:

a tappet (314) disposed in a tappet {314} bore (316}, the tappet
{314} bore (316} formed in a tappet housing {401} and being fluidly connected
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with an activation passage (318} formed in the tappet housing (4013, the
activation passage (318) being fluidly connected with the tappet supply passage
(332}
wherein the pushrod (304} 1s disposed in abutting relation with an
5 end of the tappet (314) that 1s opposite the activation passage (318); and
a return spring {3290} disposed to bias an upper pushrod porticn

(312) towards the tappet (314).

9. A method for operating a cryvogenic pump (118) having a

10 plurality of pumping clements {400} included therewith, each of the plurality of
pumping clements (400} being responsive to a corresponding pumping command
from an electronic controller {120}, the method comprising:

determining, in the electronic controller {120}, a desired flow rate
for fhimd pumped by the crvogenic pump (118};

13 determuning, in the electronic controller (120}, a frequency and
dwell time (412) of pumping clement activations based on the desired flow rate;
and

commanding with the electronic controller (120) cach of the
plurality of pumping clements (400} to perform a corresponding pomping stroke;

20 wherein an aggregate of the fluid pumped by cach of the

corresponding pumping strokes approaches the desired flow rate.

18, The method of claim 9, wherein commanding each of the
plurality of pumping elements {400} to perforn a corresponding pumping stroke
25 1s accomplished by:
issuing a command to a selectively activate a hydraulic unit
actuator {154) to activate and move a pin (338}, thus changing fhud connections
within an actuator {154) housing;
providing pressurized fluid to a spool valve element (324)
30 causing it to move between fill and drain positions;
pressurizing an area behind a hydraolic tappet (314) and thus

causing the hydraulic tappet (314) to move;
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moving a pushrod (304) by force of the hydraulic tappet (314),
and using motion of the pushrod (304} to displace a pumping element extending
mto a cryogenic storage tank (114); and

using the pumping element to displace fluid out of the crvogenic

5 storage tank (114},
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