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VARIABLE RATE PUMPING SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a divisional of US. patent 
application Ser. No. 10/974,437, ?led Oct. 27, 2004, and 
entitled “Variable Rate Pumping System,” Which is incorpo 
rated herein by reference as if reproduced in its entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not Applicable. 

BACKGROUND 

[0003] The present invention relates generally to methods 
and apparatus for supplying pressurized ?uids. More particu 
larly, the present invention relates to methods and apparatus 
for pumping ?uids into a Wellbore at a Wide range of pressures 
and ?oW rates. 
[0004] The construction and servicing of subterranean 
Wells often involves pumping ?uids into the Well for a variety 
of reasons. For example, ?uids may be pumped into a Well in 
conjunction With activities including fracturing, completion, 
stimulation, remediation, cementing, Workover, and testing 
operations. A variety of ?uids used in these operations 
include fracturing ?uids, gels, drilling mud, barite, cement, 
slurries, acids, and liquid CO2. In each of these different 
applications, the ?uid may be required to be pumped into the 
Well at any point Within a Wide range of pressures and ?oW 
rates. 

[0005] Pumping units often utiliZe a poWer source, such as 
a diesel or electric motor, to drive one or more pumps. Many 
pumping units utiliZe a multispeed transmission connected 
betWeen the poWer source and the pumps. The transmission 
operates to expand the speed and torque range produced by 
the poWer source by providing a set number of gears that 
transfer the motion produced by the poWer source to the 
pump. 
[0006] Most multispeed transmissions provide a broad 
operating envelope of speed and torque Within Which a pump 
can operate. This operating envelope 10 can be illustrated as 
a relationship betWeen pressure and ?oW rate as is shoWn in 
FIG. 1. Line 15 de?nes the peak hydraulic horsepoWer at 
Which the pump can operate and line 16 de?nes the peak 
torque output. Because the transmission comprises a limited 
set of gear ratios 17, the operating envelope 10 of the pump 
has discrete points 20 at Which the pump can operate at peak 
hydraulic horsepoWer. These discrete points 20, in effect, 
create gaps 25 Where the pump cannot operate With a given 
gearing. 
[0007] Although gaps 25 can be reduced by increasing the 
numbers of gear ratios Within a transmission, as the number of 
gear ratios increases so does the complexity and Weight of the 
transmission. Therefore, there are often practical limits on the 
number of gear ratios at Which a transmission can operate. 
Thus, there remains a need to develop methods and apparatus 
for pumping ?uids into a Wellbore at Wide range of pressures 
and ?oW rates, Which overcome some of the foregoing di?i 
culties While providing more advantageous overall results. 

SUMMARY 

[0008] Disclosed herein is a Wellbore pumping system 
comprising a motor, Wherein the motor has an operating 
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speed, a pump coupled to the motor, Wherein the pump has a 
volumetric displacement, a ?uid end coupled to the pump, 
Wherein the ?uid end is operable to draW ?uid from an input 
and provide ?uid to an output that is in ?uid communication 
With a Wellbore, and a control system operable to regulate the 
motor and the pump in order to provide ?uid to the output at 
a selected pressure and ?oW rate Within a continuous range of 
pressures and ?oW rates betWeen the peak horsepoWer output 
and peak torque output of the motor. 
[0009] Further disclosed herein is a method for operating a 
Wellbore pumping system, the method comprising operating 
a pumping system to provide ?uid to a Wellbore at a selected 
pressure and ?oW rate operating conditions Within a continu 
ous range of pressures and ?oW rates betWeen the peak horse 
poWer and peak torque of the pumping system, monitoring 
the pressure and ?oW rate of the ?uid provided by the pump 
ing system, and controlling the pumping system to provide 
non-discrete variations in the pressure and ?oW rate of the 
?uid provided to the Wellbore. Further disclosed herein is a 
pumping system comprising a motor having an operating 
speed, a variable displacement pump coupled to the motor, 
Wherein the positive displacement pump has an operating 
speed that is related to the operating speed of the motor by a 
?xed ratio, a ?uid end coupled to the pump, Wherein the ?uid 
end is operable to draW ?uid from an inlet and provide ?uid to 
an outlet that is in ?uid communication With a Wellbore, and 
a control system operable to regulate the operating speed of 
the motor and the displacement of the pump so as to control 
the pressure and ?oW rate of the ?uid provided to the outlet. 

[0010] Further disclosed herein is a method of operating a 
Wellbore servicing pump comprising controlling the operat 
ing parameters of the pump to provide a ?uid output at any 
combination of pres sure and ?oW rate Within a range de?ned 
by the peak hydraulic horsepoWer, the peak torque, the maxi 
mum pres sure, and the maximum ?oW rate of the pump, 
monitoring pressure and ?oW rate of the ?uid output, adjust 
ing at least one of the operating parameters of the pump to 
provide a desired pressure and ?oW rate of the ?uid output. 

[0011] Thus, the present invention comprises a combina 
tion of features and advantages that enable it to overcome 
various problems of prior devices. The various characteristics 
described above, as Well as other features, Will be readily 
apparent to those skilled in the art upon reading the folloWing 
detailed description of the invention, and by referring to the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] For a more detailed description of the present inven 
tion, reference Will noW be made to the accompanying draW 
ings, Wherein: 
[0013] FIG. 1 is a graphical representation of the output 
characteristics of a prior art pumping system employing a 
multispeed transmission. 
[0014] FIG. 2 is a schematic illustration of a pumping sys 
tem constructed in accordance With embodiments of the 
invention. 

[0015] FIG. 3 is a schematic illustration of a control system 
for a pumping system constructed in accordance With 
embodiments of the invention. 

[0016] FIG. 4 is a graphical representation of the output 
characteristics of a pumping system constructed in accor 
dance With embodiments of the invention. 
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[0017] FIG. 5 is an isometric vieW of one embodiment of a 
pumping system constructed in accordance With embodi 
ments of the invention. 
[0018] FIG. 6 is an isometric vieW of the displacement 
controller of FIG. 5. 
[0019] FIG. 7 is a cross-sectional vieW of a coupler of the 
displacement controller of FIG. 5. 

DETAILED DESCRIPTION 

[0020] Referring noW to an embodiment shoWn in FIG. 2, 
pump system 200 comprises motor 210, pump 220, ?uid end 
assembly 230, control system 240, and displacement control 
250. Motor 210 is coupled to pump 220 and provides poWer to 
the pump. Pump 220 Works through ?uid end assembly 230 to 
pull ?uid from inlet 260 to outlet 270. Control system 240 
monitors the ?oW conditions (eg ?oW rate and pressure) at 
outlet 270 and regulates motor 210 and pump 220, through 
displacement control 250, to maintain a desired ?oW rate and 
pressure. 
[0021] Pump 220 is linked to motor 210 Without a trans 
mission, such that their speeds are related by a ?xed ratio. 
Thus, the speed of pump 220 may be directly regulated by 
controlling the speed of motor 210. Displacement control 250 
regulates the displacement (or volume of ?uid) that pump 220 
Will move With each revolution or reciprocation. For example, 
displacement control 250 may act to vary the displacement of 
pump 220 by changing the volume of ?uid pumped per stroke 
of a pump cylinder. 
[0022] One embodiment of control system 240 is shown in 
FIG. 3. Control system 240 comprises servo valve 310, posi 
tioner 320, input/ output (I/ O) device 330, processor 340, and 
poWer supply 350. Servo valve 310 andpositioner 320 may be 
integrated into displacement control 250 of FIG. 2. Servo 
valve 310 may be an electric, hydraulic, or electro-hydraulic 
valve providing control of positioner 320. Positioner 320 may 
be an electric or hydraulic actuator operable to interface With 
a displacement determining arrangement Within pump 220. 
I/O device 330 monitors the position of positioner 320 via line 
373 and regulates the operation of servo valve 310 via line 
375 in order to control the position of the positioner. I/O 
device 330 controls the position of positioner 320 in response 
to ?oW data 360 received from outlet 270 (see FIG. 2). Pro 
cessor 340, poWered by poWer supply 350, controls the activ 
ity of I/O devices 330 in response to operator inputs or from 
a pre-programmed procedure. I/O devices 330 may comprise 
tWo separate devices, one for position input, and one for servo 
valve output, such as SDS CAN analog input and output 
modules. Processor 340 may be an ACE industrial PC With a 
board that connects the PC to the I/O devices 330. 
[0023] Referring noW to FIGS. 2 and 3, and by Way of 
example, processor 340 receives an instruction to provide a 
?uid output having a desired ?oW rate and pressure from ?uid 
end assembly 230. Processor 340 determines a motor speed 
and pump displacement that Will provide the desired ?uid 
output by referencing a predetermined reference table or by 
calculating the appropriate values. Processor 340 transmits 
the corresponding predetermined motor speed and pump dis 
placement drive signals for the desired ?oW conditions to I/O 
devices 330. I/O devices 330 send instructions to displace 
ment control 250 via line 375 and motor 210 via line 370. 
Displacement control 250 establishes the displacement for 
pump 220 by setting positioner 320 using servo valve 310. 
Speed control commands 370 are issued to motor 210 from 
I/O device 330 of control system 240. 
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[0024] As pump 220 operates, I/O device 330 receives ?oW 
data 360 from outlet 270 and adjusts motor 210 and displace 
ment control 250 to maintain the desired ?oW characteristics. 
The motor speed and displacement can be optimiZed for 
horsepoWer, torque, fuel e?iciency, or a combination of those 
factors. For example, if maximum horsepoWer is selected, the 
engine speed (and thus pump speed) and pump displacement 
Would be chosen to give the best rate for maximum engine 
horsepoWer to be developed. Thus, maximum horsepoWer 
Would be transferred to the pump and to the ?uid being 
pumped. Similar choices could be made for optimal e?i 
ciency, or for optimal torque. In each case, the engine speed 
and displacement Would be chosen to alloW for the optimum 
parameter value to be developed by the engine and transferred 
to the pump With much loWer loss than With a transmission. 
So, for example, if optimum e?iciency is chosen, the engine 
speed and the pump stroke (displacement) Would be chosen to 
alloW the engine to operate at optimum ef?ciency, saving fuel 
and reducing emissions. The ef?ciency Would be greater not 
only because of operating the engine at its optimal speed for 
the load but Would also be greater than With a transmission 
because losses from the transmission, Which loWer e?iciency, 
Would be avoided. 

[0025] A continuous feedback control loop also alloWs for 
adjusting to changing ?uid conditions, including compress 
ibility and inlet ?oW rate, and provides a quick-to-neutral 
capability. The quick-to -neutral capability offers a signi?cant 
advantage should a pumping shutdoWn be needed. When 
activated, a relief valve Would quickly release the hydraulic 
pressure that Was holding the current pump displacement and 
?uid back pressure Would rapidly stroke the positioner back 
to the Zero rate pumping position. This could be done much 
more quickly than stopping the engine or pump from rotating, 
because to stop them, their inertia must be overcome. This 
ability could be further enhanced by incorporating a spring in 
the displacement actuator so that When pumping against loW 
pressure, the spring Would assist in more rapidly returning the 
pump to the Zero pumping rate position. 

[0026] By controlling the speed of motor 210 and the dis 
placement of pump 220, any desired pressure and ?oW rate 
combination Within a given operating envelope can be pro 
vided at outlet 270. Referring noW to FIG. 4, an operating 
envelope 400 for pump system 200 can be illustrated as a 
relationship betWeen pressure and ?oW rate. Because there 
are no distinct gear ratios, as are shoWn in FIG. 1, operating 
envelope 400 includes all pressure and ?oW rate combinations 
Within the operational limits of peak hydraulic horsepoWer 
410, peak torque output 415, maximum operating pressure 
420, maximum ?oW rate 430, and minimum ?oW rate 440. 
Therefore, pump system 200 can operate Within a continuous 
range of pressure and ?oWrate combinations betWeen peak 
hydraulic horsepoWer 410 and peak torque output 415. When 
compared to the prior art multispeed transmission operating 
envelope of FIG. 1, the operating envelope of FIG. 4 has no 
gaps betWeen peak hydraulic horsepoWer 410 and peak 
torque output 415 Where there are pressure and ?oW rate 
combinations Where the system cannot operate. 

[0027] Eliminating the multispeed transmission also elimi 
nates a complex piece of machinery, reducing capital and 
maintenance costs as Well as reducing the Weight of the over 
all system. Many pumping systems are portable systems that 
are mounted on skids, trailers, or chassis, so Weight and siZe 
of components is an important issue. For example, to be easily 
transported by road, the siZe of a portable component of a 
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system is limited to a Width of approximately eight feet and a 
height of approximately thirteen feet. With the Weight of the 
multispeed transmission eliminated, a higher horsepoWer or 
capacity system could be used in applications that Were pre 
viously limited by the Weight and/or siZe of the components. 
[0028] Embodiments of pumping system 200 may utiliZe 
any combination of motors, variable displacement pumps, 
and ?uid end assemblies as may be desired. For example, an 
electric or diesel motor may be used to provide poWer to the 
pump. The pump may be any variable displacement pump 
providing easily adjusted variable displacement and capable 
of the horsepoWer and pressure requirements needed for the 
desired application. For example, pumps may be used having 
mechanisms as described in US. Pat. No. 6,742,441, entitled 
“Continuously Variable Displacement Pump With Prede?ned 
UnsWept Volume,” or US. Pat. No. 6,976,831 ?led Jun. 25, 
2003, entitled “Transmissionless Variable Output Pumping 
Unit,” or US. Pat. No. 7,409,901 ?led Oct. 27, 2004, entitled 
“Variable Stroke Assembly,” all of Which are incorporated 
herein by reference in their entirety for all purposes. 
[0029] Referring noW to FIG. 5, one embodiment of a pump 
system 500 is shoWn including displacement controller 510, 
speed reducer 520, variable displacement pump 530, and ?uid 
end 540. Pump system 500 is poWered by an electric motor or 
diesel engine (not shoWn) through drive line connection 550. 
Variable displacement pump 530 comprises a “Sanderson 
mechanism” as is shoWn and described inU.S. Pat. No. 6,019, 
073, entitled “Double Ended Piston Engine,” and US. Pat. 
No. 6,397,794, entitled “Piston Engine Assembly,” and US. 
Pat. No. 6,446,587, entitled “Piston Engine Assembly,” all of 
Which are incorporated herein by reference in their entirety 
for all purposes. 
[0030] Variable displacement pump 530 includes a rotating 
shaft, the position of Which can be linearly adjusted to control 
the displacement of the pump. The shaft is rotated by the 
motor turning drive line connection 550, Which is coupled to 
the shaft through speed reducer 520. Speed reducer 520 trans 
fers rotation from drive line connection 550 to the shaft at a 
?xed ratio as established by one or more gears disposed 
Within the speed reducer. Thus, the rotational rate of pump 
530 is directly proportional to the rotational rate at Which the 
motor is operated. 
[0031] The displacement of pump 530 is controlled by axi 
ally displacing the rotating shaft that is coupled to the motor. 
The displacement of the rotating shaft can be controlled by a 
variety of devices including hydraulic cylinders, jack-screWs, 
ball-screWs, pneumatic cylinders, and electric actuators. 
These devices preferably provide adjustment of the rotating 
shaft in both directions along its axis. Referring back to FIG. 
3, these control devices act as positioner 320 that is controlled 
by servo 310. 
[0032] As shoWn in FIG. 6, displacement controller 510 
controls the linear displacement of the rotating shaft 602. 
Displacement controller 510 includes coupler 604 that inter 
faces betWeen shaft 602 and hydraulic piston 606. Hydraulic 
piston 606 is connected to the poWer end of pump 530 by tie 
rods 608. Coupler 604 supports rotational movement of shaft 
602 and alloWs hydraulic piston 606 to apply an axial force to 
move shaft 602 and thus adjust the stroke of pump 530. 
[0033] Referring noW to FIG. 7, coupler 604 includes hous 
ing 610, bearings 612, rotating retainer 614, and connecting 
screW 616. Housing 610 is mounted to pump 530 and includes 
?ange 618. The extending shaft of hydraulic piston 606, see 
FIG. 6, engages ?ange 618 to apply linear force to housing 
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610. Shaft 602, see FIG. 6, is attached to screW 616, Which is 
connected to rotating retainer 614 and alloWed to rotate rela 
tive to housing 610 by bearing 612. Therefore, shaft 602 can 
freely rotate about its longitudinal axis as it is moved along 
that axis by piston 606. 
[0034] Referring back to FIG. 5, as the reciprocating speed 
of the pistons of pump 530 are driven by the motor through 
speed reducer 520, the stroke of those pistons is controlled by 
displacement controller 510. Thus, by controlling the speed at 
Which the pump reciprocates and the displacement of each 
stroke of the pump pistons, the output pressure and ?oW rate 
can be regulated. 
[0035] Fluid end 540 is coupled to the pistons ofpump 530 
such that ?uid is draWn in through suction inlet 560 and 
expelled through ?uid outlet 570. Fluid end 540 may com 
prise check valve assemblies 580 that interface With the pis 
tons of pump 530, Where each check valve 580 is in ?uid 
communication With both inlet 560 and outlet 570. The check 
valve assemblies 580 alloW ?uid to be draWn only from the 
loW pressure inlet 560 and high pressure ?uid output only 
through outlet 570. 
[0036] By eliminating the need for a heavy-duty, multi 
speed transmission, the variable displacement pumping sys 
tem provides a smaller package for a given pump rating. The 
table beloW lists various examples of pumping systems oper 
ating at 275 revolutions per minute. 

Plunger Max Max 
dia. Stroke Number Max Rate Rod load Pressure 

HHP inch inch Cyl bpm lbf psi 

800 4.5 8 3 10.8 180000 11300 
1000 4 10 3 10.7 180000 14300 
2000 4.5 12 5 27.0 250000 15700 
3000 5 12 3 20.0 300000 15300 

[0037] The smaller package alloWs higher capacity pump 
ing systems to be mounted on chassis, trailers, or skids com 
parably siZed to smaller pumping systems. The variable dis 
placement pumping system also provides a more complete 
operating envelope as compared to conventional transmission 
systems. 
[0038] While exemplary embodiments of this invention 
have been shoWn and described, modi?cations thereof can be 
made by one skilled in the art Without departing from the 
scope or teaching of this invention. The embodiments 
described herein are exemplary only and are not limiting. 
Many variations and modi?cations of the system and appa 
ratus are possible and are Within the scope of the invention. 
For example, the relative dimensions of various parts, the 
materials from Which the various parts are made, and other 
parameters can be varied, so long as the apparatus retain the 
advantages discussed herein. Accordingly, the scope of pro 
tection is not limited to the embodiments described herein, 
but is only limited by the claims that folloW, the scope of 
Which shall include all equivalents of the subject matter of the 
claims. 

What is claimed is: 
1. A method comprising: 
operating a pumping system to provide a ?uid at a pressure 

and a ?oW rate Within a continuous range of pressures 
and ?oW rates betWeen a peak horsepoWer and a peak 
torque of the pumping system; 
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monitoring the pressure and the ?oW rate of the ?uid pro 
vided by the pumping system; 

controlling the pumping system to provide non-discrete 
variations in the pressure and the ?oW rate of the ?uid; 
and 

pumping the ?uid into a subterranean Wellbore. 
2. The method of claim 1, Wherein the pumping system 

does not comprise a transmission. 
3. The method of claim 2, Wherein the pumping system 

comprises a pump and a motor, Wherein changes in the pres 
sure and the ?oW rate are controlled by varying a speed of a 
motor. 

4. The method of claim 3, Wherein a stroke of the pump is 
varied by axial translation of a rotating pump shaft. 

5. The method of claim 2, Wherein the pumping system 
comprises a pump and a motor, and Wherein the pressure and 
the ?oW rate are controlled by varying a displacement of the 
pump. 

6. The method of claim 5, Wherein a ratio of a rotational 
speed of the motor to a rotational speed of the pump is ?xed. 

7. The method of claim 5, Wherein the displacement of the 
pump can be adjusted by varying a stroke of the pump. 

8. A method comprising: 
controlling a plurality of operating parameters of a pump to 

provide a ?uid output at any combination of pressure and 
?oW rate Within a range de?ned by a peak hydraulic 
horsepoWer, a peak torque, a maximum pressure, and a 
maximum ?oW rate of the pump; 

monitoring the pressure and the ?oW rate of the ?uid out 
put; and 

adjusting at least one of the operating parameters of the 
pump to provide a desired pressure and ?oW rate of the 
?uid output, 

Wherein the ?uid is a Wellbore servicing ?uid. 
9. The method of claim 8, Wherein the pump is not coupled 

to a transmission. 

10. The method of claim 8, Wherein the adjusted operating 
parameter comprises a speed of the pump. 
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11. The method of claim 10, Wherein the speed of the pump 
is adjusted by adjusting the speed of a motor operating the 
Pump 

12. The method of claim 11, Wherein the speed of the pump 
is related to the speed of the motor by a ?xed ratio. 

13. The method of claim 8, Wherein the adjusted operating 
parameter comprises a displacement of the pump. 

14. The method of claim 13, Wherein the displacement of 
the pump is determined by the axial position of a rotating 
shaft. 

15. The method of claim 14, Wherein the axial position of 
the rotating shaft is regulated by a displacement controller 
comprising a coupling engaged With the rotating shaft and a 
hydraulic cylinder operable to engage the coupling so as to 
axially translate the rotating shaft. 

16. A method comprising: 
operating a pumping system comprising a pump and a 

motor to provide a ?uid at a pressure and a ?oW rate 
Within a continuous range of pressures and ?oW rates 
betWeen a peak horsepoWer and a peak torque of the 
pumping system, Wherein the pumping system does not 
comprise a transmission; and 

pumping the ?uid into a subterranean Wellbore. 
17. The method of claim 16, Wherein the pressure and the 

?oW rate are determined by operating parameters consisting 
essentially of: a displacement of the pump and a speed of the 
motor. 

18. The method of claim 17, Wherein the displacement of 
the pump is determined by the axial position of a rotating 
shaft. 

19. The method of claim 18, Wherein the axial position of 
the rotating shaft is regulated by a displacement controller 
comprising a coupling engaged With the rotating shaft and a 
hydraulic cylinder operable to engage the coupling so as to 
axially translate the rotating shaft. 

20. The method of claim 16, Wherein the ?uid comprises 
fracturing ?uid, drilling mud, barite, cement, liquid CO2, or 
combinations thereof. 


