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(57) Abstract: In a bellows pump, detecting and addressing any leakage of treatment fluid into the bellows can be important. Disclosed
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source fluidly coupled to the bellows and at least one other component of the system. The control system may be configured to receive
and evaluate data from one or more sensor, and responsive to detecting a leak using the data, to fluidly isolate the make-up system from
the bellows, which may prevent spread of contamination in the system. Related methods and systems are also disclosed.

[Continued on next page]



WO 2024/237971 A [IN 000000000 00O 0 OO

GH, GM, KE, LR, LS, MW, MZ, NA, RW, SC, SD, SL, ST,
SZ, TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ,
RU, TJ. TM), European (AL, AT, BE, BG, CH, CY, CZ,
DE, DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE,
S, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))



WO 2024/237971 PCT/US2023/086395

PROTECTION OF MAKE-UP SYSTEM FOR HIGH PRESSURE BELLOWS-STYLE

PUMP SYSTEM
FIELD
{8001} Thig disclosure relates generally to the field of pumping, for example pumping of fluids

downhole in a well. More particularly, this disclosure relates to systems and methods relating to
bellows pumps.

BACKGROUND
{6062} To produce hydrocarbons (for example, oil, gas, etc.) from a subterranean formation,
wellbores may be drilled that penetrate hydrocarbon-containing portions of the subterranean
formation. The portion of the subterranean formation from which hydrocarbons may be produced is
commonly referred to as a “production zone ” In some instances, a subterranean formation penetrated
by the wellbore may have multiple production zones at varicus locations along the wellbore.
{8003} Generally, atter a welibore has been dnilled to a desired depth, completion operations are
performed. Such completion operations may include inserting a liner or casing into the wellbore and,
at times, cementing the casing or liner into place. Once the wellbore is completed as desired (lined,
cased, open hole, or any other known completion), treatment, such as a stimulation operation, may be
performed to enhance hydrocarbon production into the wellbore. Examples of some common
stimulation operations involve hydraulie fracturing, acidizing, fracture acidizing, and hydro-jetting.
Stumulation operations are intended to increase the flow of hydrocarbons from the subterranean
formation surrounding the wellbore into the wellbore itself so that the hydrocarbons may then be
produced up to the welibead.
{8004 One typical formation stimulation process may involve hydraulic fracturing of the
formation and placerent of a proppant 1o those fractures. Typically, a treatment/stunulation fluid
{which may comprise a clean fhuid and a proppant) may be mixed at the surface before being pumped
downhole i order to induce fractures or perforations in the formation of interest. The creation of such
fractures or perforations will increase the production of hydrocarbons by increasing the flow paths
into the wellbore.
LEHIRY Vartous types of purops have been used in well operations such as hydrauhc fracturing.
However, given the difficult conditions and related wear and reliability issues that may arise when
pumping treatment fluids for a hydrocarbon well, there is veed for improved pumps and related

systems and methods.
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BRIEF DESCRIPTION OF THE DRAWINGS
{0006] For a more complete understanding of the present disclosure, reference is now made to the
following brief description, taken in connection with the accompanying drawings and detailed
description, wherein like reference numerals represent like parts.
{B007] FIG. 1 15 a schematic illusiration of an exemplary well treatment system, such as an
exemplary fracturing system, according to an embodiment of the disclosure;
{6008} FIG. 2 18 a schematic dlustration of an exemplary well during a treatment operation,
according to an embodiment of the disclosure,
{3009 FIG. 3 i3 a schematic illusiration of an exemplary bellows pump, according to an
embodiment of the disclosure;
{6010} FIG. 4 15 a schematic illustration of an exemplary bellows pump with piston/plunger,
according to an embodiment of the disclosure;
{8011} FIG. 5 is a schematic illustration of an exemplary system for providing make-up fluid to
an exemplary bellows purp, according to an embodunent of the disclosure;
{06012} FIG. 6 is a schematic tlustration of an exemplary control system, which may be used in
conjunction with a bellows pump system, according to an embodiment of the disclosure;
{6013} FIG. 7 is a schematic tlustration of an exemplary bellows pump system having a make-up
system, according to an embodiment of the disclosure;
{¢014] FIG. 8 i3 a schematic illustration of the exemplary bellows pump system of FIG. 7,
lustrating a leak in the bellows, according to an embodiment of the disclosure;
{B6015] F1G. 9 is a schematic ilustration of an exemplary dual-bellows pump system, according
10 an embodiment of the disclosure; and
[B016] FIG 10 13 a schematic llustration of an exemplary system having two bellows pumps,
according to an embodiment of the disclosure.

DETAILED DESCRIPTION

{8017} It should be understood at the cutset that although lustrative implementations of one or
more embodiments are illustrated below, the disclosed systerns and methods may be implemented
using any number of techniques, whether currently known or not yet in existence. The description that
follows includes example systems, methods, techniques, and program tlows that embody aspects of
the disclosure. However, it 1s understood that this disclosure may be practiced without these specific
details. For brevity, well-known steps, protocols, structures, and techniques have not been shown in

detail 1o order not to obfuscate the description. The disclosure should in no way be limited to the
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iustrative implementations, drawings, and techniques iliustrated below, but may be modified within
the scope of the appended claims along with theur full scope of equivalents.

{0018} As used herein the terras “uphole”, “upwell”, “above”, “top”, and the hke refer
directionally in a wellbore towards the surface, while the terms “downhole”, “downwell”, “below”,
“bottom”, and the like refer directionally 1o a wellbore towards the toe of the wellbore (e.g. the end of
the wellbore distally away from the surface), as persons of skill will understand. Orientation terms
“upstream” and “downstream” are defined relative to the direction of flow of fluid. “Upstream” is
directed counter to the direction of flow of fluid, while “downstream” is direcied in the direction of
flow of thuid, as persons of skill will understand.

{6019] Hsclosed embodiments ilusirate exemplary devices, systems, and methods for using
treatment fluids to carry out subterrancan treatments in conunction with a variety of subterranean
operations, including but not limoited to, hydraulic fracturing operations, fracturing acidizing
operations to be followed with proppant hydraulic fracturing operations, stimulation treatments,
drilling, cementing, and the like. For example, treatment fluid may be ingroduced 1nto a wellbore (e.g.
which penetrates a subterranean formation) at a pressure sufficient to create or enhance one or more
fractures within the subterrancan formation (for example, hydraulic fracturing) and/or to create or
enhance and treat microfractures within a subterranean formation in fluid communication with a
primary fracture in the formation. In one or more embodiments, the systerns and methods of the
present disclosure may be used to treat pre-existing fractures, or fractures created using a different
treatment fluid. In one or more embodiment, a treatment fluid may be introduced at a pressure
sufficient to create or enhance one or more fractures within the formation, and/or one or more of the
treatment fluids may include a proppant material which subsequently may be introduced into the
formation. In ervbodiments, treatment fluid can be any fluid (and may in some instances include solid
particles therein) which can be pumped inte a well. In embodiments, treatment fluid may differ from
drive fluid used within a pump mechanism.

{8026} By way of example, FIG. 1 schematically illustrates an exemplary fracturing system 100.
The fracturing system 100 may be tmplemented using the systems, methods, and techniques described
heretn. In particular, the disclosed systems, methods, and techniques may directly or indirectly aftect
one or more components or pieces of equipment associated with the example fracturing system 100,
according to ove ot more embodiments. In embodiments, the fracturing system 100 roay comprise one
or more of the following: a fracturing thuid producing apparatus 120, a fluid source 130, a solid source

140, an additive source 170, and a pump and blender system 150, All or an applicable combination of
3
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these components of the fracturing system 100 may reside at the surface at a well site/fracturing pad
where a well 160 can be located.

{6021} During a fracturing job, the fracturing fluid producing apparatus 120 may access the fhuid
source 130 for introducing/controlling tlow of a fluid, e.g. a treatment fluid such as fracturing fluid,
in the fracturing systern 10, While only a single fluid source 130 is shown, the fluid source 130 may
inchude a plurality of separate fluid sources {e.g. storage tanks). In some embodiments, the fracturing
fluid producing apparatus 120 may be omutted from the fracturing systern 100, with the fracturing
fluid instead being sourced directly from the fluid source 130 during a fracturing job rather than
through the intermediary fracturing fluid producing apparatus 120

{6022] The fracturing fluid may be an applicable fluid for forming fractures during a fracture
stimulation treatment of the well 160, For example, the fracturing fluid may include water, a
hydrocarbon fluid, a polymer gel, foarn, air, wet gases, and/or other applicable flinds. In various
embodiments, the fracturing fluid may include a concentrate to which additional fluid is added prior
0 wse i a fracture stimulation of the well 160, In certain embodiments, the fracturing fluid may
include a gel pre-cursor with fluid, eg liquid or substantially liquid, from fluid scurce 130
Accordingly, the gel pre-cursor with fluid may be nmixed by the fracturing fluid producing apparatus
120 to produce a hydrated fracturing fluid for forming fractures.

{8023} The solid source 140 may include a volume of one or more solids which may be mixed
with a fluid, e.g. the fracturing fluid, to form a solid-laden fluid. The sohid-laden fluid may be pumped
into the well 160 as part of a solid-laden fluid stream that 1s used to form and stabilize fractures in the
well 160 during a fracturing job. The one or more solids within the solid source 140 may nclude
applicable solids that may be added to the fracturing fluid of the fluid source 130. Specifically, the
sofid source 140 may contain one or more proppants for stabilizing fractures after they are formed
during a fracturing job, e.g. after the fracturing fluid flows out of the formed fractures. For example,
the solid source 140 may contain sand.

{0024} The fracturing system 100 may also include an additive source 170. The additive source
170 may contair/provide one or more applicable additives that may be mixed nto fluid, e g the
fracturing tluid, during a fracturing job. For exarople, the additive source 170 may include sobid-
suspension-assistance agents, gelling agents, weighting agents, and/or other optional additives to alter
the properties of the fracturing fluid. The additives ruay be included n the fracturing fluid to reduce
pumping friction, to reduce or eliminate the fluid's reaction to the geological formation in which the

well 15 formed, to operate as surfactants, and/or to serve other applicable functions during a fracturing
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iob. As will be discussed in greater detail later, the additives may function to maintain solid particle
suspension in a nuxture of solid particles and fracturing fluid as the mixture 13 pumped down the well
160 to one or more perforations.

18825} The pump and blender system 150 functions to pump treatment fluid into the well 160.
Specifically, the pump and blender systern 150 of FIG. 1 may pump fracture fluid from the fluid source
130, e g fracture fluid that is received through the fracturing fluid producing apparatus 120, into the
well 160 for forming and potentially stabilizing fractures as part of a fracture job. The pump and
blender system 150 may include one or more pumps. Specifically, the pump and blender system 150
may include a plurality of pumps that may operate together, e.g concurrently, to form fractures in a
subterranean formation as part of a fracturing job. The one or more pumps included in the pump and
blender system 150 may be any applicable type of tluid pump. For exarple, the pumps in the pump
and blender system 150 ruay include electric purops and/or hydrocarbon and hydrocarbon mixture
powered pumps, such as diesel-powered pumps, natural gas-powered pumps, and diesel combined
with natural gas-powered pumps. In one or more embodiments, one or more of the pumps in the purop
and blender system 150 may be a bellows pump.

{6026} In some embodiments, the pump and blender system 150 may also function to receive the
fracturing fluid and combine it with other components and solids {e.g. with the pump and blender
system 150 optionally comprising a blender unit). Specifically, the pump and blender system 150 may
combine the fracturing fluid with volumes of solid particles, e.g. proppant, from the sohid source 140
and/or additional fluid and solids from the additive source 170. In turn, the pump and blender system
150 may pump the resulting maxture down the well 160 at a sufficient pumping rate to create or
enhance one or more fractures in a subterranean zone, for example, to stimulate production of fluids
from the zove. While the pamp and blender system 150 15 described to perform both pumping and
mixing of fluids and/or sohd particles, in various embodiments, the pump and blender syster 150
may function to just pump a tluid stream, e.g a treatment and/or tracture fluid stream, down the well
160 io creaie or enhance one or more fractures in a subterranean zone. In some embodiments, a
separate pump and/or separate blender may be used (e.g independently of each other or alone).
{80271 fo embodiments, one ot more elements/compounents of the system roay be montored {e.g
using one or more sensor). For example, the fracturing fluid producing apparatus 120, fluid source
130, and/or solid source 140 may be equipped with one or roore roomitoring devices (not shown). The
monitoring devices may be used to control the flow of thuids, solids, and/or other compositions to the

pumping and blender system 150, Such monitoring devices may effectively allow the pumping and
%



WO 2024/237971 PCT/US2023/086395

blender systemy 150 1o source from one, some, or all of the different sources at a given time. In turn,
the purnping and blender systern 150 may provide just fracturing fluid into the well 160 at some times,
tust solids or solid sharries at other times, and combinations of those components at other times.
10028} Fi 2 ilustrates an exemplary well 160 during a treatment operation (e.g. a fracturing
operation) n a pottion of a subterranean formation of terest 202 surrounding a wellbore 204, In
embodiments, the downhole operation may be performed using one or an applicable combination of
the components in the example systermn 100 shown 1w FIG. 1. The wellbore 204 of FIG. 2 extends from
a surface 200, and a fracturing fluid 208 is applied to a portion of the subterranean formation 202 {e.g.
surrounding the horizontal portion of the wellbore 204). Although shown as vertical deviating to
horizontal, the wellbore 204 may include horizontal, vertical, slant, curved, and other types of wellbore
geometries and orientations, and the fracturing treatment may be applied to a subterranean zone
surrounding any portion of the wellbore 204, The wellbore 204 may nclude a casing 210 that is
cemented or otherwise secured to the wellbore wall. The wellbore 204 may be uncased or otherwise
include uncased sections. Perforations may be formed 1o the casing 210 to allow fracturing fluids
and/or other materials to flow into the subterranean formation 202, In the example fracture operation
shown in FIG. 2, a perforation is created between points 214 (which may represent one or more packer
element in some embodiments) defining an isolated zone.

8029} The pump and blender system 150 {or in some embodiments, just a pump or a separate
pump and a separate blender) may be fluidly coupled to the wellbore 204 to pump treatment fluid (e.g.
fracturing fluid 208), and potentially other applicable solids and solutions, into the wellbore 204
When the fracturing flurd 208 is 1ntroduced nto wellbore 204, it may flow through at least a portion
of the wellbore 204 to the perforation, for example defined by points 214 in FIG. 2. The fracturing
fhuid 208 may be pumped at 4 sufficient pumping rate through at least a portion of the wellbore 204
io create one or more fractures 216 through the perforation and into the subterranean formation 202
Specifically, the fracturing fluid 208 may be pumped at a sutficient pumping rate to create a sufficient
hydraulic pressure at the perforation to form the one or more fractures 216, Further, solid particles,
g.g. proppant from the solid source 140, may be pumped into the wellbore 204, eg within the
fracturing fluid 208 towards the perforation. In turn, the sohd particles may enter the {ractures 216
where they may remain after the fracturing fluid flows out of the wellbore. These solid particies may
stabilize or otherwise “prop” the fractures 216, such that fluids may flow freely through the fractures

216
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{038 While only two perforations at opposing stdes of the wellbore 204 are shown in FIG. 2,
greater than two perforations may be formed in the wellbore 204 as part of a perforation cluster.
Fractures may then be formed through the plurality of perforations in the perforation cluster as part of
a fracturing stage for the perforation cluster. Specifically, fracturing fluid and solid particles may be
pumped into the weltbore 204 and pass through the plurality of perforations during the fracturing stage
to form and stabilize the fractures through the plurality of perforations.

{0631} The purop and blender system 150 may comprise a pump {e.g. a high-pressure purop),
which may be used, either alone or in combination with one or more other pumps, to pressurize a
treatment fluid and/or introduce the treatment fluid into wellbore 204 penetrating at least a portion of
a subterranean formation to perform a treatment therein.  For example, in hydraulic fracturing
operations, one or more pumps may be used to pump a treatment fluid (e g fracturing tluid 208, which
typically may be a slurry mixture of proppast and/or sand mixed with water) into the formation.
{8032} In some embodiments, the pump may comprise a bellows pump 300, which may be
configured to segregate treatment tluid from drive fuid (sometimes termed power fluid). See for
example FIG. 3, which schematically illustrates a bellows pump 300, The bellows pump 300 may
comprise a power end 310, a tluid end 320, and an expandable bellows 330, The fluid end 320 may
have a chamber 321 within a fluid end housing 323, a suction valve 326 in fluid communication with
(e.g. fluidly coupled to) the chamber 321 and a source/reservorir for the treatment fluid 350 (e.g with
the suction valve 326 being configured to allow for tusertion of treatment fluid into the chamber 321),
and a discharge valve 328 in fluid communication with (e.¢ fluidly coupled to) the chamber 321 and
the well {e.g. with the discharge valve 328 being configured o allow for insertion of treatroent fluid
from the chamber 321 into the well or any other place where treatment fluid s intended to be pumped}.
While the suction valve 326 and discharge valve 328 may be disposed within the housing 323 for the
fluid end 320 in some embodiments, in other embodiments, the suction valve 326 and discharge valve
328 may be located within other components (such as piping} that fluidly couples the valves to the
elements/components of the pump 300 as described.

{8033} In embodiment, the power end 310 may be fluidly connected to {eg in fluid
communication with) the bellows 330 {e.g the moer volume of the bellows) and/or configured to
reciprocally expand/inflate and contract/deflate the bellows 330 based on movement of drive fluid 311
{sometumes termed power fluid). The bellows 330 may be configured to reciprocally expand and/or
retract within the chamber 321 of the fluid end 320 based on movement of the drive fluid 311, In

some embodiments, the bellows 330 may be sealingly coupled to an opening 1n the chamber 321 of

-5
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the fluid end 320 (e g coupled to the wall of the chamber), so that fhuid communication between the
power end 310 and the bellows 330 causes reciprocal movement of the bellows 330 within the
chamber 321, In some embodiments, the power end 310 may be (e.g sealingly) coupled to the fluid
end 320, with no flow of treatment fluid or drive fluid therebetween (e g. since the bellows 330
separates the fuids),

{6034] In embodiments, the bellows 330 may comprise a tlexible/expandable bag or body,
typreally of thin, flexible waterial, whose inner volume (e.g. the open space therein, which roay be
configured to hold drive fluid) can be changed {e.g. based on the amount/pressure of fluid therein).
The bellows 330 may have an opening aliowing fluid communication of drive tluid 311 with the power
end 310, but in some emboduments may otherwise have a form configured to retain fluid therein. For
example, the bellows 330 may be configured to prevent fluid transfer between its nterior and the
chamber 321 of the fhuid end 320 external to the bellows 330, In some embodiments, the bellows 330
may comprise an clastomeric element and/or material. In some embodiments, the bellows 330 may
comprise metal matenal and/or may include an accordion-like configuration (e.g. having pleats or
folds or convolutions). In some embodiments, exemplary metal bellows may be formed of a metal
that is sufficiently flexible and/or durable and configured appropriately to effectively withstand
repeated back and forth motion due to reciprocal movement without breaking or wearing to fathure for
a reasonable life of the bellows. For example, the bellows may comprise stainless steel, nickel alloys
such as Inconel & Monel, hastealioy, and/or copper alloys. 1n some embodiments, the bellows 330
may not be configured to withstand significant pressure differentials. In some embodiments, the
bellows 330 may be configured to separate {e g isolate} duve flud 311 (eg clean flud) from
treatment fluid (e.¢. dirty fluid, such as fluid having proppant, abrasives, and/or corrosive matenals,
such as from treatment fluid source 350},

{(3035] The bellows 330 may be disposed in and/or configured o expand into the chamber 321 of
the fluid end 320, and may be configured to serve as a separating barrier that divides the chamber 321
into a first volume 373 within the belfows 330 and a second volume 375 outside of the bellows 330,
The first volume 373 (e.g. inner volume of the bellows 330) may be in fluid communication with the
power end 310, and may 1o some embodiments contatn drive fluid. The second volume 375 of the
chamber 321 is in fluid communication with the suction valve 326 and discharge valve 328, and is
coufigured for treatment fluid to flow therethrough. The bellows 330 may serve as a fluid separating
barrier between the drive fluid 311 in the first volume 373 and the treatment fluid in the second volume

375 The bellows 330 may be configured to flex {e.g expand and/or contract) to balance pressure
8



WO 2024/237971 PCT/US2023/086395

between the first volume 373 and second volume 375 during operation of the pump 300, In some
embodiments, the bellows 330 may be configured to flex axially. The power end 310 of pump 300
may be sealingly connected to the fluid end 320, to prevent entry of treatment fluid from the fluid end
320 wnto the power end 310

{B036] The chamber 321 may be downsiream of the fluid treatment source 350 and upstream of
the well 160, Typically, the suction valve 326 can be a one-way check valve configured to allow
treatment flund from the treatment fluid source 350 to enter the chamber 321 {e.g. during a suction
stroke of the pump 300}, and the discharge valve 328 can be a one-way check valve configured to
allow treatment fluid to exit the chamber 321 towards the well (e g during a power/discharge stroke
of the pump 300} The reciprocating expansion and retraction of the bellows 330 in the chamber 321
{e.g. with the bellows 330 expanding/inflating for the discharge stroke and contracting/detiating for
the suction stroke) can be configured to work in conjunction with the suction valve 326 and discharge
valve 328 to allow the fluid end 320 to pump treatment fluid into the well 160, For example, during
a discharge stroke, as drive fluid 311 enters the first volume 373 {e.g. the inner volume of the bellows
330}, the bellows 330 inflates and treatment fluid is expelled from the second volume 375 of the
chamber 321 through the discharge valve 328, Once the discharge stroke is complete, a suction stroke
can begin. During the suction stroke, drive fhud 371 inside the first volume 373 exits the bellows 330,
the bellows 330 deflates, and treatment fluid can be drawn through the suction valve 326 into the
second volume 373 of the chamber 321, Once the bellows 330 is compressed to s minimum
desired/permitted length, another discharge stroke can begin.

{8037} The bellows 330 may be configured to separate treatment flud, which the pump 300 may
be pumping imto the well 160, from drive fluid 311 used for pump operations. By way of example,
the drive fluid 311 may be chosen from a desirable group of hguids, which may include hydraulic
fluid such as water or hydraulic oil. In some embodiments, the drive fluid 311 may also serve as a
tubricant for the pump 300, for example forming a barrier against wear due to friction. In the case of
a fracturing operation or a fracturing pump, the treatment fluid may be a fracturing fluid that may
comprise a base fluid {e. g, water, oils, organic hquids, etc.} as well as any other suitable components
or additives useful for the fracturing treatment. For example, the fracturing fluid may be a slurey
containing sand or synthetic proppants and/or a variety of chemical additives such as gelling agents,
acids, friction reducers, and solvents.

{0038} In various embodiments, any mechanism for causing reciprocal movement of the bellows

330 {e.g. by movement of the drive fluid 311) can provide the pumping action for the pump 300, In
G
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some embodiments, the power end 310 may further comprise a piston or plunger 410 configured to
reciprocally move drive fluid 311 {e.g. in and out of the bellows 330). See for example FIG. 4, which
schematically illustrates an embodiment of the bellows pump 300 having a piston/plunger 410,
Reciprocal movement (e.g axial translation) of the piston/plunger 410 within a bore 420 of the power
end housing 413 may cause the reciprocal movement {(e.g. expanding and contracting) of the bellows
330G (e.g. within the chamber 321 of the fluid end 320), for example with the piston/plunger 410
displacing fluid {e.g hydraulic drive flurd 311) which is located i the bore 420 between the driven
end of the piston/plunger 410 (e.g. the end in proximity to the bellows 330} and the bellows 330. Since
the bore 420 s fluidly coupled to {eg i fluid communication with) the bellows 330, the
piston/plunger 410 reciprocally displacing drive fluid 311 can induce reciprocal movement (e.g
expansion and contraction} of the bellows 330, As used herein, reference to “piston” shall include
both conventional piston and plunger elements for convenience of reference.

{6039 In embodiments, the piston 410 may be configured to sealingly move within the bore 420,
for example having one or more seal {counfigured to engage between the piston 410 and the bore 420)
disposed on the piston 410 and/or on the inner wall of the bore 420. In some embodiments, one or
more seal may comprise pump packing. In some emboduments, the bellows 330 may be contigured
to protect the piston 410 from wear, for example by separating the piston 410 from the treatment fluid
in the fluid end 320 Tn some embodiments, the piston 410 may be counfigured so that, during its
reciprocal movement in the bore 420, the piston 410 does not extend into the inner volume of the
bellows 330; while in other embodiments, the piston 410 may be configured to extend partially into
the bellows during a discharge stroke. Regardless, the piston 410 may be configured to not contact
the bellows 330 (e g. the end of the bellows) during its reciprocal movement. The piston 410 can be
driven/powered by any suitable means, ocluding various types of duver elements configured to
induce reciprocal movement of the piston 410, such as a hvdraulic circuit, a combustion engine, an
electric motor, a linear actuator, rack and pinion, diesel, electric driven, etc. In the example of FIG.
4, the piston 410 may be driven by a hydraulic circuit 430, In other exemplary embodiments, the
pump 300 may be powered by pawral gas (e.g via a natural gas-fired engine or natural gas-fired
electric generator) produced from the same area in which well treatment (e g {fracturing) operations
are being performed. In some embodiments, a control system 490 may control one or more aspect of
the driver {e.g. to control the reciprocation of the piston 410 and thereby the bellows 330) and/or the

valves {e.g. 326, 328}
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{0048 in some embodiments, the piston 410 can comprise a head 412 and a rod 414 {e.g with
the rod 414 disposed between the head 412 and the bellows 330, and extending from the head 412
towards the fluid end 320). [n some embodiments, the piston 410 can be driven by a hyvdraulic circuit
430. For example, the hydraulic circuit 430 of the power end 310 can include a first port 432, located
such that the head 412 18 disposed between the fust port 432 and the rod 414, and a second port 434
located between the head 412 and the bellows 330 {e.g. more proximate the bellows 330 than the tirst
port 432} In some embodiments, the hydraulic circuit 430 may mclode one or more source of drive
fluid and/or one or more pump. For example, the first port 432 may be in fluid communication with
a source of drive fluid and/or & pumping mechanism. In some embodiments, the second port 434 may
be in fluid communication with a source of drive fluid and/or a pumping mechanism. In some
embodiments, the source of drive fluid may be the same for the first port 432 and the second port 434.
In some embodiments, the puroping mechanism may be the same for the first port 432 and the second
port 434, In some embodiments, the hydraulic circuit 430 may include one or more valve. The
hydraulic circuit 430 may be countigured to produce pressure differential on either side of the piston
410 {e.g. the head 412), for example by introducing drive tluid {such as hydraulic oil} via the ports
{432, 434), which may induce movement/displacement of the piston 410, For example, introducing
drive fluid via the first port 432 and/or removing drive fhuid via the second port 434 may urge
extension of the piston 410 towards the fluid end 320, while introducing drive fluid via the second
port 434 and/or removing drive fluid via the first port 432 may retract the piston 410, urging the piston
410 away from the fluid end 320

{0041} While the rod 414 and head 412 may have a simular diameter in some embodiments, in
some embodiments the rod 414 may have a smaller diameter than the head 412, The ratio of size
differential between the rod 414 and the head 412 can provide an intensifying effect, in which presaure
applied to the head 412 is multiphied/increased as applied to the beliows 330 (via the rod 414). For
example, the piston 410 may be part of an intensifier configured to mtensify applied pressure (e.g.
from the driver} to the bellows 330 {e.g. with the rod 414 having a smaller diameter than the head
412). For example, the size difference/ratio between the diameter of the rod 414 and the head 412
may range from approximately 11 1to 1110 {e.g from 115 t0 110, from 12 to 1110, from 1.3 to
1:10, from 1:5t0 1:10, from 1.7 to 110, from 1:1.5t¢ 1§, from 1:1.5 t0 1.5, from 1:1.5t0 1.3, from
L2to L8 from 1210 125, from 1210 1:3, from 13 to 1:10, from 1:3 to 1:8, or from 1:3 to 1.5).
{8042} As described above, the power end 310 may include a bore 420 {e.g in a power end

housing 413) mn fluid communication with (e.g. fluidly coupled to) the bellows 330 (e.g. an internal
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volume of the bellows), and the piston 410 can be disposed within the bore 420, In embodiments(eg
in which the piston 410 is not uniform in diameter along its length), the bore 420 may have a tirst
portion 422 with an inner diameter configured for movement of the head 412 (axially} therethrough
and a second portion 424 with an inner diameter configured for movement of the rod 414 (axially)
therethrough. For example, the fivst portion 422 of the bore may have a diameter approximately equal
to that of the head 412, while the second portion 424 of the bore may have a diameter approximately
equal to that of the rod 414 {e.g the first portion 422 of the bore may have a larger diameter than the
second portion 424 of the bore). In embodiments, the head 412 may separate the first portion 422 of
the bore 420 into two cavities (whose volumes may change based on the position of the head 412
within the bore 420), for example with a first cavity 422a distally away from the fluid end 320 and/or
bellows 330 (e.g. with the head 412 disposed between the first cavity 422z and the bellows 330) and
a second cavity 422b wore proximal to the bellows 330 and/or fluid end 320 {e.g with the second
cavity 422b disposed between the head 412 and the bellows 330). Interaction of the rod 414 within
the second portion 424 of the bore 420 may form a third cavity 424a 1o fluid communication with the
bellows 330. In embodiments having a hydraulic circuit as the driver {e.g. as shown in FIG. 4), the
first port 432 may be in fluid communication with the first cavity 422a, and the second port 434 may
be n fluid communication with the second cavity 422b. The third cavity 424a may be in fluid
comunication with the bellows 330. Typically, the bore 420 may extend along the longitudinal axis
of the power end 310 and/or paralle] to the longitudinal axis {e.g. the axis of extension) of the bellows
3390,

{08043] In operation, the head 412 of the piston 410 may be configured to sealingly move within
the first portion 422 of the bore 410 {e g. during pump strokes), and the rod 414 may be configured to
sealingly move within the second pottion 424 of the bore 420 (e.g. duning pump strokes}) In
embodiments, the power end 310 may further comprise a first seal 451 configured to seal the head
412 with respect to the first portion 422 of the bore 420 (e.g. such that the head 412 and first seal 451
isolate the first cavity 422a from the second cavity 422b} and a second seal 453 configured to seal the
rod 414 with respect to the second portion 424 of the bore 420 {e.g. such that the rod 414 and second
seal 453 wsolate the third cavity 4243 fror the secound cavity 422b). For example, the first seal 451
may be disposed on the head 412 {e.g. a moving seal), such as within one or more groove configured
to hold a gasket, or ou the bore first portion 422 wner surface (e.g. a stationary seal) and/or the second
seal 453 may be disposed on the rod 414 (e.g. a moving seal) or on the bore second portion 424 inner

surface (a stationary seal). In some embodiments, the first seal 451 may be a moving seal {e.g
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disposed on the head 412} and the second seal 453 may be a stationary seal (e g disposed on the inner
surface/wall of the bore 420 — e¢.g within the bore second portion 424 — which may i some
embodiments comprises pump packing). In some embodiments, one or more stationary seal may be
configured to prevent fluid flow between the second portion 424 of the bore and the first portion 422
of' the bore and/or to provide a controlled volume of flund for interaction with the mner volume of the
bellows 330, While the discussion has been set forth with regard to a pump 300 having a single
bellows 330, sunilar concepts apply for dual (e g. double-acting) bellows pumps {(e.g. in which a single
piston interacts with two bellows, for example such that the discharge stroke for one beliows is the
suction stroke for the other).

{3044 it can be important for the health of the bellows pump 300 {e.g. to protect the bellows 330
from excessive pressure ditferentials which could damage the bellows 330) to ensure that the bellows
330 and the piston 410 reroain in syne {e.g. with the bellows 330 not exceeding its full perrissible
extension position when the piston 410 s at its maxinmum extension at the end of the discharge stroke,
and the bellows 330 not exceeding tis permussible contraction position when the piston 410 is at its
most retracted position at the end of its suction stroke). To aid in maintaining such synchronization
between the bellows 330 and the piston 410, the volume of fluid between the rod 414 and the bellows
330 may be maintained at approximately a constant volume. Leaks tn the bellows 330 can prove
problematic, atfecting the amount of sync and potentially daraging the bellows 330, For example, &
bellows 330 leak can cause a pressure imbalance between the drnive fluid in the bellows 330 and the
treatment tluid in the chamber 321, which may damage (e g crush) the bellows 330.

{B045] In order to address any such leak, a moake-up system 510{e.g. as shown schematically with
an embodiment of pump 300 in FIG. 5} can be configured to correct/maintain a controlled volume of
fluid n the space between the rod 414 and the bellows 330 (for example by injecting make-up fluid,
which typically is drive fluid, tnto the space between the rod 414 and the bellows 330 - e.g. into the
controlled volume formed by the rod seal 453, such as the third cavity 424a), in order to maintain
synchronization between the bellows 330 and the piston 410, For example, the power end 310 may
include a make-up port 515 {e.g. a third port}, which may be in fluid communication with the second
portion 424 of the bore 420 {e.g. the third cavity 4244 between the rod 414 and/or rod seal 453 and
the bellows 330). While the make-up port 515 is shown with respect to the power end 310 in FIG. 5,
i other emnbodiments, the make-up port 515 may be disposed in the fluid end 320

{8046} A source of make-up fluid may be in fluid communication with the make-up port 515, and

the make-up system 510 may further comprise one or more make-up valve configured to open {(to
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provide fluid communication therethrough) and close {to prevent fluid commumication therethrough
and/or isolate the make-up system 510 from the bellows 330). In some embodiments the make-up
system 510 may include a make-up pump, which may be configured to pump make-up fluid from the
make-up thuid source into the second portion 424 of the bore 420 through the make-up port 515. The
control system 490 in some embodiments may be used to operate the make-up systern 510, for
example opening and closing the make-up valve and/or operating the make-up pump. In some
embodunents, the control systers 490 may comprise and/or comunicate with one or more sensors,
whose data the control system 4990 can use to determine if the bellows 330 and piston 410 are out of
sync and to operate the make-up system 510 to bring the bellows 330 and piston 410 back into sync.
For example, the control system 490 may open the make-up valve and activate the make-up pump to
mnject make-up fluid into cavity 424a and/or to draw make-up fluid out of cavity 424a via make-up
port 515, in order 1o bring the bellows 330 and the piston 410 back into sync.

{8047} In some embodiments, the pump 300 may be one of a plurality of similar pumps which
may be configured to operate together/concurrently (e g conhigured to jointly pump fluid in the well
160 and/or which are jointly driven and/or which share a common drive fluid source and/or make-up
fluid source and/or which are jointly controlled). For example, the plurality of pumps 330 may share
a common source for treatment fluid, drive thuid, and/or make-up fluid. o some embodiments, the
drive fluid and the make-uvp fluid may be drawn from a common fluid source {e.g. drive fluid and
make-up fhud may be substantially the same). In some embodiments, the plurality of pumps 330 can
share a common driver. In some embodiments, the plurality of pumps 330 may share a common
coutrol sysiemn 490, In some emwbodiments, one or more of the plurality of pumps 330 may be
configured to be out-of-syne with one or more other of the plurality of pumps 330 (for example with
a first pump undergoing a discharge stroke while a second pump undergoes a suction stroke) o some
embodiments, having pumps of the plurality of pumps 330 out-of-sync with each other may allow for
continuous pumping of treatment fluid (e g under approximatelv constant pressure). In some
embodiments, a first half of the plurality of pumps may be in sync with each other, while 2 second
half of the plurality of pumps may be n sync with each other but out of sync with the first halt In
some emboduments, the plurality of pumps may comprise at least two dissimular puraps.

{6048] Some embodiments may include a control system 490, which may be configured to
monttor and/or control one or more aspects of the bellows pump 300 and/or related treatment system
100 {e.g. a system including at least one bellows pump 300). The control system 490 may include an

information handhing system {e.g. comprising one or more processor) and/or may be configured to
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receive data from one or more sensor configured to monitor/detect one or more parameters of the
system. In some embodiments, the parameters monitored may include pressure, temperature, flow
rate, viscosity, contamination/particle count, strain, valve position, piston position, and/or bellows
position. In some embodiments, vibration and/or acoustics could be sensed (e g to give a general idea
that something may be wrong in the systern, for example 1o the fluid chamber). Hydraolic gain control
would also pick up something is wrong in the system. Data from the sensor{s) may be transmitted to
and/or received by the information handling system, for example with the control system 490 using
the data to monitor and/or control one or more aspect of the bellows pump 300 and/or system 100, In
embodiments, the control system 490 may be configured to communicate with sensors and/or other
components of the pump or system wirelessly and/or via wired connection.

{6049} FIG. 6 is a schematic diagram illustrating an exemplary information handling
system/control system 490, for example for use with or by an associated treatment systern 100 of FI1G.
1, according to one or more aspects of the present disclosure. A processor or central processing unit
{CPU) 602 of the countrol system 490 s communicatively coupled to a memory controller hub (MCH)
or north bridge 604. The processor 602 may include, for example a microprocessor, microcontroller,
digital signal processor (D8P}, application specific integrated circuit {ASIC), or any other digital or
analog cireuitry configured to interpret and/or execute program justructions and/or process data.
Processor 602 may be configured to interpret and/or execute program instructions or other data
retrieved and stored in any memory {which may for example be a son-transitory computer-readabie
medium, configured to have program instructions stored therein, or any other programmable storage
device configured to have program instructions siored therein) such as memory 606 or hard drive 608.
Program instructions or other data may constitute portions of a software or application, for example
application 610 or data 612, for carrving out one or more methods described herein. Memory 606 may
include read-only memory (ROM), random access memory (RAM}, solid state memory, or disk-based
memory. Each memory module may include any system, device or apparatus configured to retain
program instructions and/or data for a period of time {for example, non-transitory computer-readable
media). For example, instructions from a software or application 610 or data 612 may be retrieved and
stored 1n memory 600 for execution or use by processor 602, In one or more embodiments, the
memory 606 or the hard drive 608 may include or comprise one or more non-transitory executable
mstructions that, when executed by the processor 602, cause the processor 602 to perform or initiate

one or more operations or steps. The information handling system 600 may be preprogrammed or it
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may be programmed (and reprogrammed} by loading a program from another source {for example,
from a CD-ROM, from another computer device through a data network, or in another manner).
EHERSU! The data 012 may include treatment data, geological data, fracture data, microseismic daia,
sensor data, or any other appropriate data. In one or more embodiments, the data 612 may include
ireatment data relating to fracture treatment plans. For example, the ireatment data may ndicate a
pumping schedule, parameters of a previous injection treatment, parameters of a future injection
treatment, oF one ot more parameters of a proposed 1njection treatment. Such oue or more treatment
parameters may include information on flow rates, flow volumes, shirry concentrations, fluid
compaositions, imjection locations, injection times, or other parameters. The treatment data may inchude
one or more treatment patameters that have been optimized or selected based on numerical simulations
of complex fracture propagation. In one or more embodiments, the data 612 may include geological
data relating to one or more geological properties of the subterranean formation 202 (referring to FIG.
2} For example, the geological data may inciude information on the wellbore 204 (referring to FIG.
2}, completions, or information on other attributes of the subterrasean formation 202, In one or more
embodiments, the geological data may include information on the lithology, fluid content, stress
profile {e.g., stress anisotropy, maximum and mimimum horizontal stresses), pressure profile, spatial
extent, or other atiributes of one or more rock formations in the subterranean zone. The geological
data may include nformation collected trom well logs, rock samples, outcroppings, microseismic
imaging, or other data sources. In one or more embodiments, the data 612 may include fracture data
relating to fractures in the subterranean formation 202. The fracture data may identify the locations,
sizes, shapes, and other properties of fractures i a roodel of a subterranean zone. The fracture data
may include information on natural fractures, hydraulically-induced fractures, or any other type of
discontinuily in the subterranean formation 202, The fracture data may include fracture planes
calculated from microseismic data or other information. For each fracture plan, the fraciure data may
imchude mformation {for example, strike angle, dip angle, etc ) wentitying an orientation of the
fracture, information identifving a shape (for example, curvature, aperture, etc.} of the fracture,
mformation identitying boundaries of the fracture, or any other suitable information.

{8051 In ewbodiments, the sensor data may include data weasured/detected by one or more
sensors, for example with relation to one or more aspect of the pump 300 and/or the system 100, For
example, the sensor data may include pressure {e.g. at the fluid end 320 andfor the power end 310),
temperature {e.g. at the fhuid end 320 and/or power end 310 and/or make-up system 510}, flow rate

(e.g. within the fluid end 310 and/or hydraulic circuit 430 and/or the make-up system 510}, viscosity
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:

{e.g. of weatment fhud in the fluid end 320 and/or drive fluid in the power end 310,
contamination/particle count {¢.g. at the fluid end 320 and/or power end 310 and/or in the make-up
system 510}, strain (e.g. at the fluid end 320 and/or power end 310), suction valve 326 and/or discharge
valve 328 position, piston position, and/or bellows position. Data received by the control system 490
{e.g. {rom one or more sensors) may be used o carry out operations with respect to the pump 300
and/or system 100. For example, the control system 490 may evaluate the data and determine one or
more action based on the evaluation. [u some ervbodiments, the coutrol system 490 may automatically
take action based on the evaluation.

[8052] The one or more applications 610 may comprise one or more software applications, one
or more SCripts, one or more programs, one or more functions, one or more executables, or one or
more other modules that are interpreted or executed by the processor 602, For example, the one or
mwore applications 610 may include a fracture design module, a reservoir simulation tool, a hydraunlic
fracture simulation model, or any other appropriate function biock. The one or more applications 610
may inchude machine-readable instructions for performing one or wore of the operations related to
any one of more embodiments of'the present disclosure. The one or more applications 610 may inchude
machine-readable instructions for generating a user interface or a plot, for example, tllustrating
fracture geometry {for example, length, width, spacing, orientation, etc.), pressure plot, hydrocarbon
production performance, pump performance. The one or more applications 610 may obtain input data,
such as treatment data, geclogical data, fracture data, or other types of input data, from the memory
606, from ancther local source, or from one or more remote sources {for example, via the one or more
communication links €14} The one or more applications 610 may generate output data and store the
output data in the memory 606, hard drive 608, in another local medium, or in one or more remote
devices (for example, by sending the output data via the communication link 614).

{053 Memory controller hub 604 may include a memory controlier for directing information to
or from various system memory components within the information handling system 600, such as
memory 606, storage element 616, and hard drive 608. The memory controller hub 604 may be
coupled to memory 600 and a graphics processing unit {GPU) 618, Memory controller hub 604 may
also be coupled to an 1O controller bub (ICH) or south bridge 620 VO controller hub 620 1s coupled
to storage elements of the information handling system 000, including a storage element 016, which
may comprise a flash ROM that includes a basic input/output systers (BIOS) of the computer system.
/0 controller hub 620 is also coupled to the hard drive 608 of the information handling system 600

VO controller hub 320 may also be coupled to an VO chip or interface, for example, a Super VO chip
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622, which is itself coupled to several of the I/0 ports of the computer system, inchuding a keyboard
624, a mouse 626, a monitor {or other display) 628 and one or more communications link 614 Any
one or more wput/output devices receive and transmit data in analog or digital form over one or more
communication links 614 such as a serial link, a wireless link {for example, infrared, radio frequency,
or others), a parallel link, or another type of ink. The one or more communication links 614 may
comprise any type of communication channel, connector, data communication network, or other link.
For example, the one or more communication links 614 may comprise a wireless or a wired network,
a Local Area Network (LAN), a Wide Area Network (WAN), a private network, a public network
{such as the Internet), a WiFi network, a network that includes a satellite link, or another type of data
communication network.

{6054] Modifications, additions, or omissions may be made to FIG. & without departing from the
scope of the present disclosure. For example, FIG 6 shows a particular configuration of components
of control system 490. However, any suitable configurations of components may be used. For
exarmple, components of control system 490 may be iplemented either as physical or logical
compenents. Furthermore, in some embodiments, functionality associated with components of control
system 490 may be implemented in special purpose circuits or components. In other embodiments,
functionality associated with components of control system 490 may be implemented in contigurable
general-purpose circuit or components. For example, components of control systern 490 may be
immplemented by configured compuier program instructions.

{BO5S] in a bellows-style pump, effectively addressing leakage of treatment fhud into the betlows
can be important, for example for pump durability, reliability, matstenance, and life. Wheo operating
correctly, the bellows of the pump will segregate the treatment fluid being pumped by the pump (e g
through the chamber of the fluid end} fromw the drive flund used by the power end of the pump (e g to
provide pumping operation of the bellows and/or piston). However, damage and/or wear of the
bellows may occur over time, given the ditficult operating conditions for such pumps (¢.g. the abrasive
and/or acidic/corrosive nature of treatment thuid and/or the high pressures experienced by the pump).
Such damage and/or wear of the bellows may allow the high-pressure pumped treatment fluid to leak
through the barrier provided by the bellows, potentially entering the bellows and thereby causing
contamination of the drive fluid of the power end of the bellows pump (which could, in turn, cause
further damage to the purop, including ove or more seal 1 the power end).

{8056} Concerns about such pump damage may be even greater in bellows pump systems having

a make-up system. [t can be important to prevent any leakage of treatment fluid into the bellows from
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spreading to the make-up system, since introduction of treatment fluid into the make-up system may
damage the make-up system, requiring still further costly repairs. This 1ssue may be even more critical
in bellows pump systems in which the make-up fluid is shared by {(e.g. in fluid communication with)
one or more other/additional components ot the beliows pump system, since those other components
would also be prone to damage from jntroduction of ireatment fluid. Thus, there is a need for improved
bellows pump systems which can minimize potential damage due to leakage of treatment thuid nto
the bellows.

{6057} FIGS. 7-8 provide schematic illustration of an exemplary bellows pump system 700
embodiment having a bellows pump 300 similar to the purmp embodiments shown in FIGS. 3-5, and
having a make-up system 510 which can be configured to prevent or minimize any contamination
within the bellows 330 (e.g. of treatment fluid entering the bellows) from spreading to, compromising,
and/or damaging other components of the systerm 700 which may be in fluid communication with the
make-up system 510. FIG. 7 illustrates the bellow pump 300 while it is in good health {e.g. when
there is no leakage of treatment fluid into the bellows 330 from the chamber 321) and/or is configured
for pumping operation (e.g. with make-up and/or drive fluid disposed between the beliows 330 and
the piston 410} Tvpically, the make-up and/or drive fluid disposed between the bellows 330 and the
piston 410 may be the same fluid as the drive thuid disposed in the mtensifier {e.g. between the seal
453 and the head 412 of the piston 410 and/or behind the head 412 of the piston). FIG. 8 illustrates
the bellows pump 300 after there has been leakage of treatment fluid into the bellows 330 {e.g. such
that the fluid between the bellows 330 and the piston 410 1s contaminated with treatment thud). In
FIG. §, the seal {(e.g second 453) may separate the contaminated fhuid {e.g having treatment fluid
therein) from the clean drive fluid.  In FIG. B, the seal 453 has not yet been compromised by the
treatment fluid {despite exposure due to bellows failure/leakage), such that the fluid n the mtensifier
{e.g. the fluid surrounding the head 412 of the piston 410} i3 still clean drive fluid, while the fhuid
between the bellows 330 and the seal 453 1s dirty fluid {e. g contaminated with treatment flind).
18658} In FIGS. 7-&, the system 700 may comprise a source of treatment fluid 350, a bellows
pump 300 in fluid communication with the source of treatment fluid 350 and/or configured to pump
ireatment thuid 1oto the well, a make-up system 510, and a control systern 490 having one or more
sensor 710 {e.g. configured to detect one or more parameters of the system 700}, In embodiments, the
bellows pump 300 may inclode a power end 310 comprising a piston 410 (e g of an intensitfier)
configured to reciprocally move make-up/drive fluid (e.g. in and out of the bellows 330} a fluid end

320 having a tluid end housing 323 with a chamber 321, a suction valve 326 (eg in flhud
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communication with (e g fhudly coupled to} the chamber 321 and a source for the treatment fluid 350
and/or configured for introduction of treatment fluid into the chamber 321), and a discharge valve 328
{e.g in fluid communication with (g g fluidly coupled to) the chamber 321 and the well and/or
configured for injection of treatment fluid from the chamber 321 into a well); and an expandabie
bellows 330. 1o emboduments, the power end 310 can be (e.g. fluidly connected to and) configured to
reciprocally expand/inflate and contract/deflate the bellows 330 based on movement of make-up/drive
fluid, and the bellows 330 can be configured to expand within the chamber 321 of the fhud end 320
based on movement of the make-up/drive fhuid.

{3059] In embodiments, the make-up system 510 may be configured {0 maintain a controlied
volume of fluid (e.g. make-up and/or drive fluid) between the piston 410 and the 330 bellows {e.g. to
keep the bellows 330 and piston 410 1n syne). The make-up system 510 may comprise a make-up
fluid source 780 fluidly coupled to the bellows 330 and at least one other/additional component of the
system 700, The control system 490 may be configured to receive data from the one or more sensor
710, 1o evaluate the sensor data to detect a leak (e g. of treatment fluid nto the bellows 330, which
could contaminate the make-up fluid source 780), and responsive to detecting a leak, to fluidly 1solate
the make-up system 510 {e.g. the make-up fluid source 780) from the bellows 330, In embodiments,
fluidly isolating the make-up system 510 from the bellows 330 may act to simultaneously fludly
uncouple the at least one additional component of the system 700 from the bellows, thereby preventing
the spread of any contamination {e.g. treatment fluid) entering the bellows 330 1o any additional
component of the system 700, In embodiments, the control system 490 may also be configured to
evaluate the sensor data to determine whether the bellows 330 and piston 410 are out of syne, and
responsive to determining that the bellows 330 and piston 410 are out of sync, using the make-up
system 510 o adjust the amount of fluid (e g 1njecting and/or removing make-up/duve fluid) between
the piston 410 and the bellows 330 to return the piston 410 and bellows 330 to syne.

{6060} In embodiments, the one or more sensor 710 can be configured to detect one or more of
the following parameters at one or more location within the system 700: pressure, temperature, flow
rate, viscosity, contamination {¢ g particle count), and/or position of one or more component of the
systemn. For exanple, the one or more sensor 710 may detect position of the bellows 330 relative to
position of the piston 410, pressure in the chamber 321 relative to pressure in the bellows 330, flow
rate of treatment fluid through the suction valve 326 relative to flow rate if treatment fluid through the
discharge valve 328, flow rate of make-up/drive fluid through the (e g one or more} make-up port 515

{¢.g. n and out) of the bellows 330, flow rate of make-up Huid/drive fluid {e.g. configured to drive the
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piston 410} into and out of the intensifier {e.g. the first portion 422 of the bore 420 of the power end
310), flow rate of make-up/drive fluid into and out of the make-up fluid source 780, viscosity of flind
in the bellows 330, contamination {e.g. particle count} within the bellows 330, and/or temperature of
make-up/drive fluid within the bellows 330 (e.g. compared to expected temperature and/or compared
io temperature in the chamber 321} In emboduments, the one or more sensor may comprise a first
sensor 710a configured to monitor one or more parameter within the chamber 321, a second sensor
710b coutigured to mouitor one or more paramseter n the bellows 330, a third sensor 710¢ configured
o monitor one or more parameter of the make-up fluid system 510 {e g one or more parameter of the
make-up/drive fluid entering and/or leaving the bellows 330 (e g through the make-up port 515},
and/or a fourth sensor 710d configured to monitor one or more parameter relating to the piston 410,
intensifier, and/or power end 310,

{08061] In embodiments, the conirol system 490 may detect a leak based on the sensor data by
comparing sensor data to a corresponding threshold. In some embodiments, the corresponding
threshold can be pre-set and/or pre-selected. In some embodiments, the corresponding threshold can
be based on historical data. In some embodiments, the corresponding threshold can be dynamically
determined. For example, the corresponding threshold may be based on statistical deviation from
sensor data across a plurality of cycles of the pump 300 {e.g. a pre-set timeframe, such as one minute,
or curnulative data tor the life {or some portion of the life) of the pump 300).

{¢062] The suction valve 326 in some embodiments can be a one-way check valve configured to
allow treatment fluid from the treatment fluid source to enter the chamber 321 (e g. during a suction
stroke of the pump 300) (eg while preventing treatment fluid from exiting the chamber 321
therethrough), and the discharge valve 328 can be a one-way check valve configured to allow
treatment fluid to exat the chamber 321 {e.g. towards the well} (e.g during a power stroke of the purp
300) {e.g. while preventing treatment fluid from entering the chamber 321 therethroughy. In Fig. 7,
the power end 310 further comprises a bore 420 (eg in a power end housing 413) m fhnd
communication with the bellows 330 {e.g. an internal volume of the bellows 330}, and the piston 410
is disposed within the bore 420, In some embodiments, the piston 410 can be driven by a hydraulic
circuit 430 (see FIG. 4 for example). In some embodiments, the hydraulic circuit 430 can be fluidly
coupled to the make-up fluid scurce 780, for example drawing make-up/drive fluid from the make-up
fluid source 7890,

{8063} Typically, the piston 410 may have a head 412 and a rod 414, with the rod 414 extending

from the head 412 and being disposed between the head 412 and the bellows 330, While the rod 414
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and the head 412 may be similarly sized in some embodiments, in other embodiments the rod 414
may have a smaller diameter than the head 412, For example, the rod 414 may have a smaller diameter
than the head 412 when the piston 410 is part of an intensifier configured to intensify applied pressure
{e.g. from a driver} to the bellows 330, In embodiments, the bore 420 can include a first portion 422
with an jnner diameter configured for movement of the head 412 {axaally) therethrough and a second
portion 424 with an inner diameter configured for movement of the rod 414 (axially} therethrough
For example, the head 412 may be configured to sealingly move within the first portion 422 of the
bore (e.g. during pump strokes} and the rod 414 may be configured to sealingly move within the
second portion 424 of the bore (e.g durimg pump strokes). In ernbodiments, the power end 310 can
include a first seal 451 (see for example FI{. 4) configured to seal the head 412 with respect to the
first portion 422 of the bore and a second seal 453 configured 10 seal the rod 414 with respect to the
second portion 424 of the bore 420 For example, the first seal 451 roay be a moving seal {(e.g. disposed
on the head 412) and the second seal 453 may be a stationary seal {e.g disposed on the inner
surface/wall of the bore 420 — e.g. within the second portion 424 of the bore — which may in some
embodiments comprises pump packing).

{6064] In embodiments, the second seal 453 may be configured to provide the controlied volume
of fluid (e 2. make-up/drive fluid) between the piston 410 and the beliows 330, For example, the
second seal 453 may be disposed in the power end 310 with make-up/drive fluid on both sides {e.g.
pressurized on both sides). The second seal 453 may be configured to separate the controlled volume
of make-up/drive fluid disposed between the beliows 330 and the piston 410 from the first portion 422
of the bore 420 {e.g. with the head 412 of the piston 410 therein). In some embodunents, the second
seal 453 may be configured for use in an abrasive and/or corrosive environment (.2 for exposure to
treatment fluid), despite being shielded from the treatment fluid in the chamber 321 by the bellows
330. By unconventionally using a seal 453 that can restst an abrasive and/or corrosive environment
{e.g treatment fluid), the mtensifier portion of the pump 300 can be protected from bellows 330
feakage (see for example, FIG. &, showing the second seal 453 separating contaminated fluid in the
bellows 330 from the clean drive fluid in the first portion 422 of the bore 420}, and in some instances
this may allow the pump 300 to continue to function for some time and at sore capacity even after
there is a leak. The resistant seal 453 can also help prevent spread of contamination from the belfows
330 mto the make-up system 510, In some embodiments, the first seal 451 may be configured for use
with clean fluid (e g. drive fluid) and/or may not be contigured for use in an abrasive and/or corrosive

environment and/or for use with treatment fluid. In other words, the first seal 451 may differ from the
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second seal 453, with the first seal 457 being more vulnerable 1o damage from exposure to an abrasive
and/or corrosive enviromment and/or exposure to treatment tluid.

{0065} In embodiments, the make-up fluid source 480 can comprise make-up fluid. While the
make-up fluid could be any fluid compatible with the function of the fluid between the bellows 330
and the piston 410, typically the make-up fluid may be duve fluid {e.g hydraulic fluid, such as
hydraulic o), which may be the same drive fluid used for pump operations. For example, in FIG. 7,
the same drive fluid s used between the bellows 330 and the piston 410 and/or second seal 453 {e.g.
in the second portion 424 of the bore 420} as is used to power the piston head 412 {e.g. in the first
portion 422 of the bore 420}, In FIG 7, the pump 300 comprises an intensifier {e.g. having 2 head
412 that s larger than its rod 414). In some embodiments, the intensifier may be fluidly coupled to
and/or in fluid communication with the make-up fluid source 480, For example, the first portion 422
of the bore {e.g. the piston head 412) can be flndly coupled to the make-up fluid source 480, FIGS.
7-8 illustrate such an embodiment, in which the intensifier may be in fluid communication with the
make-up fuid source 780 via the make-up tluid circuit 740,

{0066] In some embodiments, the make-up system 310 can include at least one make-up port 515
in fluid communication with the bellows 330 (e.g. the second portion 424 of the bore) and the make-
up fluid source 730, at least one make-up valve 752 configured to control {e.g. open or close or
partially close — e.g. to control speed of flow) fluid flow between the make-up port 515/bellows 330
and the make-up fluid source 780, and/or at least one make-up pump 755 configured to pump fhud
between the bellows 330 and the make-up fluid source 780. For example, the make-up fluid source
780 can be in fluid compnunication with the bellows 330 when the make-up valve 752 1s open, and the
make-up fluid source 780 can be fluidly isolated from the bellows 330 when the make-up valve 752
is closed In embodiments, the make-up valve 752 and/or make-up pursp 735 may be disposed
anywhere i the fluid flow cireuit 740 for the make-up system 510, For example, the make-up valve
752 can be disposed between the make-up thiid source 780 and the make-up port 315 {(e.g which can
be disposed in the power end housing or fluid end housing), between the make-up port 515 and the
first portion 422 of the bore, between the make-up fluid source 780 and the make-up pump 755, or
between the make-up port 515 and the wake-up purnp 755 Sumilarly, the make-up purnp 755 can be
disposed between the make-up fluid scurce 780 and the make-up port 515 (e.g. which is disposed in
the power end housing or fluid end housing). between the make-up port 515 and the first portion 422
of the bore, between the make-up fluid source 780 and the first portion 422 of the bore, or between

the make-up port 515 and the make-up valve 751
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In embodiments, fluidly solating the make-up
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system S10 from the bellows 330 may comprise closing the make-up valve 752 and/or shutting
off/deactivating the make-up pump 755, In some embodiments, fluidly isolating the make-up system
510 form the bellows 330 may occur automatically, for example with the control system 490
mstructing a valve mechanism/actuator to close the make-up valve 752 and/or to shut off the make-
up pump 7553,

{8067} In some embodiments, there may be two or more make-up valves. For example, the two
or more make-up valves can be disposed between the make-up fluid source and the make-up port (e .g.
which is disposed in the power end housing or fluid end housing), between the make-up port and the
first portion of the bore, between the make-up fluid source and the make-up purnp, and/or between the
make-up port and the make-up pump. Some embodiments may include two or more make-up pumps.
For example, the two or more make-up purnps can be disposed between the make-up fluid source and
the make-up port {e. g which is disposed in the power end housing or fluid end bousing}, between the
make-up port and the first portion of the bore, between the make-up fluid source and the first portion
of'the bore, and/or between the make-up port and the wake-up valve, While any sort of bellows purnip
300 may be used within the system of FIG. 7, in embodiments the bellows pump 300 (and in some
embodiments, any additional pumps of the system) can be a high-pressure pump (e.g. configured to
pump treatment thuid into the well at high pressures, such as up to 20000 psi).

{8068} As noted above, the make-up systern 510 may be fluidly coupled to one or more additional
component of the system 700, in addition to the bellows 330, For example and depending on the
configuration of the system 700, the at least one other component of the system 700 can include: one
or yoore additional bellows {e g 930 for of a dual bellows pump — see FIG. 9 for example — and/or
1036 for another independent {e.g. similar) pump 799 configured to draw fluid from the make-up fluid
source 480 and/or to jointly pump fluid nto the well — see FIG. 10 for example), one or more additional
{e.g. sumilar) pump 799 configured to draw fluid from the fuid source 780 and/or to jointly pump
fluid nto the well, an intensifier (¢ g for this purp 300 and/or for one or more additional pump 799),
the head 412 of the piston 420 of the purap 300 {e.g. via fluid coupling of the bellows 330 with the
first portion 422 of the bore 420), and/or a hydraulic circuit {see for example 430 of FIG. 4) configured
as the driver of the piston 410 {e.g counfigured to reciprocally wove the piston 410 within the bore
420). These additional components of the system 700 are merely exemplary, and it should be
understood that there can be other types of components fuidly coupled to the fluid source 780 of the

make-up system 510 in various embodiments.
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{B069] FIG. 9 schematically llustrates an exemplary system 700 having a dual-bellows pump 901
{which may be similar to the single bellows pump embodiments 300 in most respects) For example,
the pump 901 may include a second bellows 930 {e.g. in addition to the first bellows 330), and the
piston 410 may be configured to reciprocally expand and contract both the first beliows 330 and
second bellows 930, For exarople, the piston 410 may bave two rods 4144, b extending from opposite
sides of the head 412, with one of the rods extending towards each of the two bellows of the dual
bellows pump 901, The bore 420 in FIG. 9 may have a third portion 924 coufigured for axial
movement of the second rod 414b towards the second bellows 930, and the third portion 924 of the
bore 420 may be in fluid communication with the second bellows 930 In some embodiments, the
two rods 414a, b may be substantiaily similar, and the second portion 424 and third portion 924 of the
bore 420 may be substantially similar (but extending for example in opposite directions). As shown
in FIG. 9, the expansion/discharge stroke for the first bellows 330 can simultaneously serve as the
contraction/suction stroke for the second bellows 930, and vice versa. In some embodiments, both the
first bellows 330 and the second bellows 930 can be fluidly coupled to the make-up system 510, For
example, the make-up fluid source 780 can be fluidly coupled to the second bellows 930 (e.g via a
second make-up port), in addition to being coupled to the first bellows 330, In embodiments, the
make-up system 510 can be configured to maintain a second controlled volume of fluid between the
piston 410 and the second bellows 230 {e.g. i addition to maintaining a first controlled volume of
fluid between the piston 410 and the first bellows 330). In some embodiments, a single make-up
system 510 may be used for both controlled volumes, while in other embodiments separate make-up
systems could be used for each. In embodiments, if either the first bellows 330 or the second bellows
930 leaks and becomes contaminated (e.g. by treatment fluid), upon detecting the leak/contamination,
the coutroller 490 may 1solate the leaking bellows from the rake-up system S10. This may in turn
simultaneously fluidly uncouple the two bellows 330, 930 from one another (e g. tluidly 1solating the
bellows form one ancther), for example protecting the uncomtaminated bellows from beng
contaminated by the leaking bellows. In some embodiments, the second beliows 930 may be one of
the additional components fluidly coupled to the make-up system 510, In embodiments, fluidly
isolating the first bellows 330 from the roake-up system 510 (e g. by closing the make-up valve) can
fluidly isolate the first bellows 330 from the second bellows 930 {e.g. fluidly uncouple the second
bellows 930 from the first bellows 330) and/or can protect the second bellows 930 from contamination

via the make-up system 510,
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{6078 in some embodiments, multiple pumps may be configured to jointly iniroduce treatment
fluid into the well. In some embodiments, the plurality of pumps may be configured to provide
constant pumping at approximately constant pressure. For example, one or more pump of the system
700 may be configured so that its power/discharge stroke is out of sync with the power/discharge
stroke of one ot rore other of the pumps of the system 700, In some ervbodiments, halt of the pumps
in the system 700 may be configured to have their power/discharge strokes in syne, for example when
the other half of the purnps are having their suction stroke.

16071} Fig. 10 schematically illustrates an exemplary system having two pumps 300, 799 fluidly
coupled to a common make-up system 510, While both pumps 300, 799 are shown as being bellows
pumps, in some embodiments, one of the pumps may not be a beliows pump {e g only one of the
pumps may be a bellows pump). In the embodiment shown in FIG. 10, both of the pumps 300, 799
mway be similar bellows purups, and roay be fluidly coupled to the make-up fluid source 780, For
example, the system 700 can comprise one or more additional {e.g. similar) pump {e.g. the first bellows
pump 300 and the second bellows pump 799 as shown in FIG. 10} o ersbodiments, the pumps (e.g
the first bellows pump 300 and the one or more additional punmp, e.g. 799) can be configured to jointly
pump treatment fluid into the well and/or can be fluidly coupled to the make-up fluid source 780, A
common control system 490 may be used 1o control the entire systern 700, The control system 490
may detect a leak/contamination n any of the bellows pumps of the system 700 (e.g. either the first or
second bellows pump 300, 799 of FIG. 10), and may fluidly isolate the leaking bellows from the one
or more non-leaking bellows. In some embodiments, the one or more additional pump (e g the second
bellows pump 799 of FIG. 10) may be one of the addiional components fluidly coupled to the make-
up system 510, In embodiments, the corresponding threshold {(e.g to which the sensor data is
compared to deterrine if there 13 a leak/contarnination n one of the bellows) can be based on statistical
deviation compared across the pumps of the system. For example, sensor data from all of the similar
purmps of the system {e. g configured to joinily pump fluid into the well) can be used to determine a
threshold, for example with the threshold based on being more than a certain deviation {eg.
percentage) trom the mean/average data from all system pumps.

{00724 While the two puraps 300, 799 of FIG. 10 are shown as drawing treatment fluid from
separate scurces 350, 1050, in other embodiments two or more pumps of the system may draw
treatment fluid from a common source. So in some embodiments, two or more bellows pumps may
draw treatment fluid from a common source, and they may also be tluidly coupled to a common make-

up fluid source. And while the pumps in FIG. 10 are illustrated as being operated by a common control
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system 490, in other embodiments sach pump could have its own control system, for example with
the control systems comnunicating with each other in some embodiments. While FIG. 10 illustrates
a system having two beliows pumps 300, 799, in other embodiments any number of additional bellows
pumps may be configured to jointly pump treatment fluid into the well and/or to draw from {(e.g. be
fluidly coupled to) the same make-up fluid source 510,

{6673] Furthermore, while the suction valve 326 and the discharge valve 328 may each be one-
way check valves, i alternate embodirents, any other suitable valve may be used as either the suction
valve 326 and/or discharge valve 328. Although not required, as illustrated in FIGS. 7-10, the bellows
pump 300 may be coupled to a pressure infensifier (e.g. having a piston 410 with head 412 larger than
rod 414), which may be configured to increase the hydraulic pressure produced by the bellows pump
300. In embodiments, the pressure intensifier may be integrated uto the bellows pump 300. It should
be understood that various pump embodiments discussed with respect to a piston and/or mitensifier
may be used without the piston and/or intensifier in other embodiments {e.g. with alternate means or
mechanisms for reciprocally expanding and contracting the bellows), all of which are specifically
included herein.  Additionally, any driver mechanism capable of reciprocally expanding and
contracting the bellows may be used, and are included within the scope of this disclosure.

{6074 So, in embodiments, the systems and methods described herein may be used in controlling
an injection treatment {e.g of treatment fluid into a well}. For example, the injection treatment may
be done using intensifier-type pumping systems that utilize one or more bellows for pumping the
treatment fluid. The control system of the pump may monitor the pumping systems, determine
whether an issue, such as taslure and/or contamination, occurs in the bellows, and automatically stop
the pump, take nutigating actions, and/or warn an operator before the treatment fluid spreads to
undesirable places

{B075] FIGS. 7 and 8 tlustrate an exemplary improved intensifier-type pumping system 300, In
an embodiment, the intensifier-type pumping system may include designed components that allow for
the automatic prevention of contamination from a damaged billows causing additional damage to the
system {e.g to other components of the system). In embodiments, the pumping system may include
a pressure intensitier and one or more fluid ends and beliows.

{6076] In hydraulic fracturing and other well treatment operations, high pressure pumps are often
used to pump treatroent fluid nto a well, for exanple pumping a slurry mixture of proppant or sand
mixed with water or processed water into a shale formation. These operations can use of a variety of

pump types, including hydraulic intensifier and positive displacement pumps, to pump pressurized
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fhuid. Both hydraubic intensifiers and positive displacement pumps can use a piston to move fluid.
Some of these puraps may use a bellows to separate the piston from the treatment tluid to reduce wear
on the piston {e.g. with the bellows acting as a physical barrier between the treatment fluid and the
piston, to physically separate the piston from the treatment fluid). The piston commonly can be
surrounded by a fluid that allows the piston to move or reciprocate with minunal mechanical damage
or wear due. In embodiments, this fluid or barrier may be drive fluid such as hydraulic oif or grease.
This fluid generally creates the fluid {e.g, hydraulic) connection between the bellows and the piston
such that they can move in synchrony. However, in some embodiments, the fluid or barrier may also
support other systems on the pump or related pumps. For example, a reservoir of hydraulic fluid may
be used by the system for the fluid that fluidly connects the end of piston to the bellows, and also may
be used by the system for driving the pump. In some cases, there may be multiple pumps, pistons,
and/or bellows that share a coromon fluid reservoir {e.g. of drive fluid).

{6877} The drive fluid can be critical for keeping the bellows and piston in sync and preventing
damage to the piston and/or bellows. In particular, the amount of fluid between the end of the piston
and the bellows must be calibrated and/or controlled such that the piston and the bellows are in proper
syne. For example, one or more ports (e.g make-up ports) may be incorporated nto the system
between the end of the piston and the bellows, such that make-up fluid (which can be drive fluid in
some embodiments and/or hydraulic fluid) can be moved in and/or out of the bore therebetween. In
some embodiments, this may be done using the make-up system. For example, the control system can
monitor beliows position {e g in relation to piston position) and determine when to add fluid via the
make-up system to keep the piston and bellows in sync. This system can have a make-up valve which
can be opened to add fluid when the system does not have adequate amount or remove fluid when the
systent has an excess amount of fluid between the bellows and the piston. However, in the event of a
break, perforation, or other damaged to the bellows, the make-up system may not be able to effectively
perform its job and/or may accidentally spread contarninated fluid throughout additional compounents
of the system (thereby causing more damage to the system and/or necessitating additional maintenance
WOFK ).

{8078 For example, if an jutensifier purop that had the fluid make-up system tied to the main
hydraulic circuit has a bellows failure (e.g., due to fatigue or other sealing issues) then the make-up
fluid (e g, the bydraudic fluid) would be contanmunated with treatment fluid (e g, the shurry containing
sand, water, and/or other chemicals} That is, the reservoir of hydraulic fluid {e.g the make-up fluid

sourcey could be contaminated with the abrasive and/or corrosive treatment fluid and then
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madvertently pumped to other components connected to the reservoir, thereby placing each
contaminated system in danger of failure.  Such contamination would result in all hydraulic pumps,
motors, Hoes, valves, and tanks needing to be repaired, replaced, or flushed to resume work, which
would cause a high amount of non-productive time and/or high costs.

{B079] Advantageously, this disclosure provides examples of improved systems for detecting
such fatlures of the beliows and reducing the chance of contamination within the hvdraulic circuit.
This disclosure provides systems and methods that can detect failure of a bellows and automatically
respond to protect pumping system or any additional system{s)/component(s) that are connected to
the make-up fluid system. In various embodiments, the detection could have selectable level of
sensiivity o allow the operator to be cautious as they may like. As a result, this technology may
prevent costly repairs and non-productive time for pumps which use a bellows.

{8080} Returming to FIGKS . 7-8 for additional discussion, an exemplary intensifier system 700 that
uses a bellows 330 to protect the moving components and seals from the abrasive and/or corrosive
reatment fluid 1s Hostrated. FIG. 7 depicts a single acting intensitier pump 300 for lustrative
purposes. However, it 1s to be appreciated that similar techniques and arrangement may be applied
on a dual acting mntensitier purap (see for example 901 of F1G. %),

{0081 The pump 300 includes an mtensifier portion {e.g. power end 310} and a fluid end 320,
The power end 310 includes a pump body 413 and a piston element 410. The piston element 410 15
at least partially disposed within the pump body 413 (e.g. within a bore 420). The piston 410 includes
a head 412 and a rod 414 portion. A pressure differential on either side of the head 412 can cause the
piston element 410 to move. The rod 414 typically extends from the head 412 joto a chasnel {e g. the
second portion 424 of the bore 4203 The rod portion 414 may have a seal {e.g. second seal 453} that
allows for the piston 410 to move but defines an terior volume {e.g a controlled volume of fluid)
between the distal end of the rod portion 414 of the piston element 410 and the bellows 330, The
mterior volume can be filled with a make-up fluid (e g, drive fluid, such as hydraulic oil) such that
the bellows 330 moves {e.g., expands or contracts} when the piston element 410 s driven.

{0082} 1o some embodiments, the purp 300 may include one or more seals 453 that are structured
to provide a fluid seal between the rod portion 414 and walls of the bore 420 {e.g the second portion
424 of the bore} or power end housing 413, In some embodiments, the seal 453 may be a seal that
could be used in an abrasive aud/or corrosive envitornuent. In other ervbodiments, the seal 453 could
be a seal that is rated for or designed for a clean environment (e g, an environment that only includes

non-contarninated hydraulic oil), although such embodiments may be less resilient and/or may not
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allow for operation of the pump after contamination. In embodiments, it may be important for
maintenance personnel to update the second seal 453 1o a seal that could be used m abrasive and/or
cotrosive envirgnment. In this example, this may prevent the seal 453 from failing immediately when
the bellows 330 fails. This is particularly advantageous in the system described herein. For example,
as described herewm, the systers 700 can be able to detect fallures of a bellows 330 betore enough
mechanical damages is done to render the pump 300 non-functional. Thus, without the systems 700
described berein, even using a seal 453 that can operate in a contamivated environment mway not help,
because the issue may not be detected until there 1s a mechanical failure requiring re-building or
replacing of the one or more components of the system. However, in this system 700, the use of g
seal 453 that bas been rated to be operated within a contaminated envircnment allows for the pump
300 to have additional resilience during the short amount of time between a fatlure occurrence n the
bellows 104 and when that failore 1s detected by the control system 490 and mitigation responses ate
taken. Thus, the unconventional use of a specialized seal in combination with the prevention system
may extend the usefid hife of the pump 300 by a significant amount. Moreover, if there 15 a failure
that is not an extreme failure, a pump 300 with such a specialized and unconventional seal 453 may
be operated even if other responses are being taken by the control system 490 (¢.g., the pump 300 may
be operated at reduced rate or speed to limit further damage to the beliows 330, but may allow
operations to complete the job before shutting off the pump 300 for repairs). Such a response may be
set within the conirol system 490 as an automatic response if one or more compared sensor values are
within a particular range (e g. as discussed in greater detail below).

{6083] The fluid end 320 of FIG. 7 has the bellows 330 disposed within a chamber 321 of the
fluid end housing 323. The bellows 330 separates the inner volume {e.g. within the bellows 330 and/or
having make-up/drive fluid therein) from the chamber 321 of the fhuid end 320 {e.g. baving treatment
fluid theren). A discharge valve 328 may have a first end fluidly connected to the chamber 321, and
a suction valve 326 may have a first end connected to the chamber 321 A second side of the suction
valve 326 may be coupled to a reservoir/source of treatment fhuid 350 (e.g., the tluid intended to be
pumped, such as a slurry). A second side of the discharge valve 328 may be connected to any place
to which the treatment fluid 1s intended to be pumped. For example, the second side of the discharge
valve 328 may be coupled to an ol and gas well. In some embodiments, the valves 326 and 328 are
positioved within respective openjogs within the fluid eod housing 323 Tn various emboduments, the

valves 326 and 328 may be located within other components or devices, such as piping, that has a
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fhud connection with the chamber 321, In this way, the chamber 321 can be filled with treatment
fluid as the bellows pump 300 operates.

{0084} The system 700 typically also inchudes a control system 490, The control system 490 may
include one or more processors coupled to one or more non-volatile computer readable medium (e g,
memory devices) that comprise tastructions that, when executed by the processor, cause the control
system 490 to implement or perform the various operations described herein. The control system 490
and/or processors thereot may be communicably coupled to the various compouvenis for either
receiving data or sending data via communication lines 790, The communication connections may be
either wired or wireless. The control system 490 may, in some embodiments, be communicably
coupled to other control systems or information handling systems via one or more nefwork
connections or direct connections. Additional discussion of various embodiments of the control
system 490 are described with reference to FIG. 6.

{8085} The control system 490 may include one or more sensors 710 designed and arranged to
measure one or more parameters of the system 700, The parameters that may be roonitored include
pressure, temperature, flow rate, viscosity, contamination/particle count, and/or bellows position. For
example, one or more sensors 710 may be deployed to momtor the position of the bellows 330,
position of the piston element 410, pressure tn the chamber 321, pressure within the bellows 330 {e.g.
its inner volume), and/or the amount of fluid passing through the suction valve 326, the discharge
valve 328, into a port {e.g. make-up port 515} leading to the inner volume of the bellows 330, and/or
nto and out of ports {see for example 432 and 434 in FIG. 4) designed to aliow the driving of the
piston clement 410 (e.g. via hydraulic cireuit). For exanple, the control system 490 may wiclude a
first sensor 710a designed and arranged to monitor one or more parameters (€.g., pressure) within the
chamber 321 The control systern 490 may also mclude a second sensor 710b that s positioned to
MONtor one or more parameters {e.g., temperature, pressure, and/or position) of the bellows 330, As
another example, the control system 490 may include a third sensor 710¢ that is positioned and
arranged to monitor one or more parameters (e.g, temperature, pressure, viscosity, contamination,
and/or flow rate) of the make-up fluid entering, within, or exiting the bellows 330 via a make-up
system loop 740 (e.g. which may be at least partially located between the valve 752 and the bellows
330 {e.g. the inner volume}. In a further example, the control system 490 may also include a fourth
sensor 710d that is positioned to monttor one or more parameters (e.g., temperature, pressure, and/or
position} of the piston element 410, The sensors 710 typically would be communicably coupled to

the control system 490 {¢.g., to the one or more processors of the control system} such that data is
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transferred therebetween. In some embodiments, the communication and/or connection may be done
via direct wiring, wiring over a network, wireless connections such as Bluetooth, or wireless network
connections.

{0086} The control system 490 may also be communicably coupled to a make-up system 510, for
example communicatively coupled to a make-up valve 752, a make-up purap 755, and/or a make-up
fluid source 780 (e.g. a reservoir of make-up fluid}). That is, the control system 490 may be coupled
to various sensors which are positioned on or part of the roake-up fluid pump 755 and/or a roake-up
fluid source 780 in order to moniior their respective states and/or the properties of the make-up fluid
therein. In various embodiments, the control systern 490 13 also coupled to a control system of the
make-up fluid pump 755 such that the control system 490 is able to turn on or off the make-up pump
755 and/or control its speed. In some embodiments, the control system 490 is also coupled to one or

~y
Ji
;

mwore make-up valves 752 such that the control systern 490 is able to 1ssue comrands that cause the
one or more make-up valves 752 to actuate (e.g., open or close} in order to control the flow of the
make-up fluid i the system.  In various embodiments, the mputs to the coutrol system 490 via the
wired or wireless communications include sensor data from one or more sensors 710 positioned in the
system that represent respective pressure, terperature, tlow/rate, viscosity, contamination/particle
count, and/or bellows position.  In some embodiments, the cutputs of the control system 490 via one
or more wired or wireless communications include data that controls the make-up valve(s) 752 and/or
the make-up punap(s) 755 (e.g to control make-up fluid regarding synchronizing the bellows and
piston and/or to 1solate the bellows in case of leakage).

{60871 FIG 7. depicts the system 700 having a bellows 330 that s not damaged. In this example,
the controls system 490 may continue to monitor the system 700, including by way of example bellows
330 and piston element 410 or intensifier position, treatment pressure and rate, make-up fluid pressure,
rate, temperature and/or may also monitor particle count or contamination via monttoring the data
outputs of the sensors 710, FIG. 8 depicts the system 700 having a bellows 330 that 1s damaged. That
i3, the bellows 330 may have a leak or perforation that can allow the make-up fluid in the inner volume
of the bellows 330 to be contarminated with the treatment fluid in the chamber 321

{088 As wmdicated above, the controls system 490 can be configured to monitor the bellows 330
position to identify when a bellow 330 has failed by comparing its position to the piston element 410
position. For example, the control system 490 may compare a position of the bellows 330 to a position
of the piston element 410 over time and determine if the differences in relative position are abnormal.

For example, the relative position differences may be compared to a threshold and/or compared to
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mapped data that is stored within the control system 490, The mapped data for example may inchide
expected relative posttion over time for one or more ¢ycles. A statistical deviation from the mapped
data to the monitored data {e.g., taken over one or more cycles) may then be compared 1o a threshold
{or via another analysis} to allow the control system 490 to determine whether an issue exists within
the bellows 330, In some embodiments, the control systern 490 may continuously monitor the relative
positions. I varicus embodiments, the control system 490 may monitor the relative positions of the
bellows 330 and the piston element 410 at particular times or infervals {e g, set by a user based on
preferences) for only a cycle or a pre-set number of cycles. In some embodiments, the monitoring by
the control system 490 may be manually triggered by a user such as a maintenance persomnel. In
response to determining that an issue does exist (e.g., that the bellows 330 are hikely compromised),
the control system 490 may initiate a response automatically as discussed in greater detail below.
{6089} In the event the bellows posttion is not recorded (or 1n addition to using positional data),
the control system 490 could monitor for pressure changes between make-up fluid in the inner volume
of'the bellows 330 and treatment fhuid in the chamber 321, That is, the control systern 490 may receive
data representing the pressure in the bellows 330 and data representing the pressure in the chamber
321, In healthy operation, the two pressures would typically be aligned. Thus, if the two pressures
are roughly equal {e.g., within a threshold value that may be set manually or adjusted over tume), the
control system 490 may determine that there i3 not an i1ssue or concern {e.g no leak and/or
contamination}. However, with a crack or other faiture in the bellows 330, the two pressures would
typically deviate as the piston 410 moves, and this may indicate a bellows 330 fatlure. In this way,
the control system 490 may be configured to monitor the two pressures over multiple cycles, one cycle
at a preset time, or continuously monitor and compare the two pressures and determine whether there
is an 1ssue or a deviation over a threshold value {e.g which may be determined at one ot more times
during the monitoring}. In some embodiments, the control system 490 may determine that there was
an error or issue only if the deviation between the two pressures exceeds the threshold more than one
time during multiple cycles (e.g repeatedly, for certain pre-set number of times within a given
umeframe). In response to determining an issue {e.g., that the bellows 330 are likely broken), the
control system 490 can wutiate a response autorvatically as discussed i greater detail below.

{6090] In some embodiments, the controls system 490 could alse or alternatively monitor
treatment fluid rate or make-up floid for a quick change in contamination, viscosity, rate or
temperature, which could indicate that treatment thuid can entered the make-up fluid system 510 {e g

indicating a bellows failure). Such data could be used erther alone or in conjunction with other sensor
3
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data. That is, the control system 490 may receive data from sensors regarding the properties of the
treatment fluid within the chamber 321 and also receive data from sensors regarding one or more
properties of the make-up tluid in the inner volume of the bellows 330 (or elsewhere within the make-
up fluid loop 740}, Certain values/thresholds of the properties or qualities may be pre-set within the
control system 490, such that the control system 490 receives the sensor data and compares i to the
pre-set values stored in the memory. In some embodiments, the pre-set values/thresholds may be
statically set by a user or dynamically calculated based on the time of operation, the time of day, the
known qualities of the treatment thuid, and/or a monitored age of the make-up fluid. It the control
system 490 determunes that the data representing one of the pre-set properties exceeds the respective
pre-set threshold value, the control system 490 may automatically initiate a response,

{6691} In embodiments, the response may be pre-set by a user and programmed into the control
system 490 In some embodiments, the response can be dependent on the particular property that was
determined to be out of a range or threshold. For example, the response may include closing the make-
up valve, shutting off the make-up fluid pump, sending a notification to a user device of an operator,
or a combination thereof. As one example, it any of the conditions described above are met, the
controls system 490 may automatically 1ssue data commands that would close the make-up valve 752
and/or shut off the make-up fluid pump 755 to prevent contamination of the make-up fluid system. In
this way, the system 700 may be able to intelligently isolate an issue before it causes a potentially
catastrophic issue. Maintenance personnel may then be able to repair the systemn 700 before
contamination spreads.

{6092] It 1s to be appreciated that the response and threshold values may be selectable, pre-
programmed, or dvnamically calculated. For example, if an operator selected (e g, pre-programmed
into the control system 490} a less sensitive setting (e.g, a high threshold value) or if the position
sensors of the bellows 330 or piston element 410 were not reading properly, the controls system 490
could warn the operator (2.2, via an automatically sent notification on a graphical user interface or
human-machine interface at the well location or a remote location} of a possible failure and continue
to momnitor for a change n make-up tluid pressure, temperature, contamination, and/or viscosity to
also detect a fatlure that may cause the system 700 to avtomatically turn oft as described above. That
is, in some embodiments, an anomaly {e.g., a deviation) in the sensed and received data may first
cause a first response {e.g, a notification or alarm to be sent or triggered) and a second anomaly (e g,
deviation} in the same or different parameter of the sensed and received data may cause a second

response (e.g., closing of valves and/or turming off one or more portions of the system 700}, In this
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example, some parameters could be used, but are not required, to indicate a failure while others may
provide reassurance to the control system 490 that a failure has occurred.

{0093} As indicated above, additional benefits include improved system efficiency/performance,
maintenance, Health/Safetv/Environmental (HSE) impact, reliability, and packaging opportunities.
Additionally or alternatively, performance may be improved via the prevention of contaminated make-
up material floating through the make-up (e.g., clean) oil.

{6094] Disclosed embodiments also comprise exemplary rmethods for protecting a bellows pump
system {(e.g from damage due to contamination of the fluid in the bellows} during introduction of
treatment fluid into a well. Such methods may use any of the disclosed pump embodiments, such as
the examples illustrated in FIGS. 7-10. For example, an exemplary method embodiment may
comprise: pumping treatment fuid into the well using a bellows pump system, wherein the bellows
pump system mncludes a pump having a bellows and a piston, a control system, and a make-up system
configured to maintain a controlled volume of drive fluid between the piston and the bellows, wherein
the make-up system is fluidly coupled to the beliows; responsive to receiving {e g at the control
system) sensor data from one or more sensor configured to detect one or more parameter of the bellows
purmp system {e.g. one or more sensor disposed on the bellows pump), detecting (e g. using the control
system) a leak in the bellows using/based on the sensor data; and responsive to detecting a leak, fludly
isolating the bellows from a fluid source of the make-up system. In embodiments, the make-up system
{e.g. the make-up fluid source) can be fluidly coupled to both the bellows and to at least one additional
component of the system. For example, the method may further include fluidly coupling one or more
additional component of the system to the fluid source for the make-up system (which 15 already
fluidly coupled to the bellows, for example}. In embodiments, fluidly isolating the bellows from the
fhuid source roay thereby fluidly uncoupling the at least one additional component of the system from
the bellows. For example, disclosed embodiments may further comprise fluidly uncoupling the at least
one additional component of the system from the bellows, for example in response to Hluidly isolating
the bellows from the fluid source.

[B095] In embodiments, fluidly isolating the bellows from the fluid source can occur
automatically and/or via the control system.  In embodiments, the one or more sensor ¢an be
configured to detect one or more of the following parameters at one or more location within the
system: pressure, temperature, flow rate, viscosity, contanynation {e.g. particle count), and/or position
of one or more component of the system. For example, the sensor data can comprise position of the

bellows relative to position of the piston, pressure in the chamber relative to pressure i the bellows,
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flow rate of treatment fhiid through the suction valve relative to flow rate if treatment fhuid through
the discharge valve, flow rate of make-up/drive fluid through the {e.g. one or more) make-up port{e.g.
in and out} of the bellows, flow rate of make-up fluid/drive fluid (e g configured to drive the piston)
mnto and out of the intensifier {e g the first portion of the bore of the power end), flow rate of make-
up/drive flud wto and out of the roake-up fluid source, viscosity of fluid in the bellows, contanmnation
{e.g. particle count) within the bellows, and/or temperature of make-up/drive fluid within the bellows
{e.g. compared to expectied temperature and/or compared to ternperature i the chamber). In
embodiments, the one or more sensor can comprise a first sensor configured to monitor one or more
parameter within the chamber, a second sensor configured to monitor one or more parameter in the
bellows, a third sensor configured to monitor one or more parameter of the make-up fluid system (e g
one or more parameter of the make-up/drive fluid entering and/or leaving the bellows (e.g. through
the make-up port)), and/or a fourth sensor configured to monitor one or more parameter relating to the
piston, intensifier, and/or power end.

{0096} In ervbodiments, detecting a leak may comprise comparing (e.g. using the control system)
the sensor data to a corresponding {e.g. pre-set, pre-selected, or dynamically determined) threshold.
In some embodiments, the threshold can be based on historical data. In some embodiments, the
threshold can be based on statistical deviation from sensor data across a plurality of cycles of the pump
{e.g. a pre-set timeframe, such as one minute, or comulative data for the life {or some portion of the
jife) of the pump). In some embodiments, the bellows pump system can include one or more
additional {e g. similar) pump {e.g. having a plurality of bellows pumps}, which may be configured to
jointly pump treatment fuid into the well, and the corresponding threshold can be based on statistical
deviation compared across the pumps of the system (e.g. deviation from the average of the plurality
of pumps of the system).

{B097] {n embodiments, fluidly isolating the bellows may comprise closing a make-up valve of
the make-up system and/or shutiing off a make-up purnp of the make-up systemn. Some embodiments
of the make-up system comprise a fluid source (e.g. of make-up/drive fluid) fuidly coupled to the
bellows (e.g. via a make-up port) and at least one other component of the system. In some
embodiments, fluidly 1solating the bellows from the fluid source of the make-~up system may mchude
fluidly isolating the bellows from an intensifier/head of the piston, a first portion of the bore, a second
bellows {e.g. in a dual bellows system and/or in one or more additional pump), and/or a second purp.
Some method embodiments may further include evaluating (e g using the control system} the sensor

data to determine whether the bellows and piston are out of sync, and responsive o determining that
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the bellows and piston are out of sync, using the make-up system to adjust the amount of fluid (e g
mjecting or removing make-up/drive fluid) between the piston and the bellows to return the piston and
bellows to sync. For example, using the make-up system may include controlling (e.g. opening and/or
closing) the make-up valve and/or the make-up pump (e g activating or shutting off the make-up
pump).

{6098] {msclosed embodiments may have the pump inchude a seal disposed between the piston
and a bore in which the piston is disposed {e.g. configured to maintain a controlled volume of fluid
between the piston and the bellows), and the seal can be configured for an abrasive and/or corrosive
environment and/or exposure 1o treatment fluid (e g even though shielded from exposure to treatment
fluid by the bellows}. For example, the seal may be resistant to abrasive and/or corrosive environments
and/or treatment fluid. In embodiments, the method may include continuing to pump treatment fluid
wto the well using the bellows pump while the bellows pump s 1solated and/or while there 13 a
detected leak (for example, due to the protection offered by the resistant seal). Some embodiments
may further comprise sealing between the piston and a bore of the power end in which the piston is
disposed (e.g. with the seal configured to maintain a controlied volume of fluid between the piston
and the bellows) using a seal that is resistant to abrasive and/or corrosive environments and/or
treatment fluid. In some embodiments, the rate of pumping treatment fluid o the well may be
reduced while the bellows is isolated from the fluid source of the make-up system {e g reducing the
rate of pumping of treatment fluid into the well}, for example due to contamination being contained
somewhat by the resistant seal.

{06099] In some emboduments, the pump can jnchude a hydraulic circuit configured to reciprocally
drive the piston in the bore of the power end, and the hydraulic circuit can be fluidly coupled to the
fluid source of the make-up system (e g with the drive fluid used by the hydraulic circuit coming from
the fluid source). In embodiments, closing the make-up fluid valve can isolate the bellows from the
hydraulic circuit.  Some embodiments can further comprise pumping treatment fluid into the weil
using a second bellows (e.g. of a dual bellows pump) or a second {e.g. one or more additional separate)
bellows purnp fluidly connected to the fluid source of the make-up system and/or configured to jointly
pump treatment fluid juto the well.  For example, the second bellows or second pump way be
configured to pump treatment fluid into the well at the same time that (e g. simultaneously with} the
first bellows pump 18 pumping treatment fluid into the well. In embodiments, closing the make-up
valve can isolate the bellows from the second bellows (e g fluidly uncouple the second bellows from

the first bellows) and/or protects the second bellows from contamination via the make-up system. In
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embodiments, the second beliows may still be in fluid commumication with the make-up system while
pummiping {even when the first bellows has been 1solated). In some embodiments, the second bellows
may continue pumping even afer the first bellows has been isolated from the make-up system and/or
has been stopped.

{60100}  Some method embodunents may further comprise taking action (e.g using the control
system and/or automatically} responsive to detecting the leak and/or fluidly isolating the bellows. For
example, the action can include sending an alert/votice, 1solating the bellows, and/or shutting down
the pump {and/or in some embodiments and in some circumstances, continuing to pump treatment
fluid, for example at a lower rate). In some embodiments, sending an alert may occur before isolating
the bellows from the fluid source and/or before shuiting down the pump. For example, upon sensor
data exceeding a first threshold, the action may be sending an alert; upon sensor data exceeding a
second threshold, the action may be shutting down the purop and/or using the output to shut down the
suction fluid supply.

{80191}  Some embodiments may further inchude using a second sensor {e. g of the one or more
sensor} (e.g. to detect contamination, viscosity, etc.) to confirm whether the detected leak relates to
{e.g. mvolves) treatment fluid (e g entering the bellows). For example, responsive to confirming that
the detected leak involves treatment fhuid, operation of the isolated pump may be stopped (e.2. ceasing
to pump treatmuent fluid into the well). Responsive to confirming that the leak does not mvolve
ireatment fluid, operation of the pump that is 1solated may continue (e.g. continuing o pump treatment
fluid into the well with the isolated pump), drive/make-up fluid {e g from the make-up fluid source}
may be injected or removed usiog the make-up system, and/or fluid connection between the make-~up
system and the bellows may be restored.

{@0192]  In some embodiments, after a leak has been detected, the controlled volume of drive fluid
between the piston and the bellows may be drained. For example, this may aliow for repairing and/or
replacing the bellows and/or the seal and/or otherwise performing maintenance on the pump. For
example, the pump and/or make-up system may be flushed {e.g. the make-up valve, make-up pump,
and/or fluid communication lines {e.g piping) of the make-up system). After repairing and/or
replacing the bellows and/or seal and/or performing maimtenance, the make-up systers may be used
to inject make-up/drive fluid between the bellows and the piston (e.g. to provide the controlled volume
of fluid and/or to return the piston and the bellows to sync).

801031  One or more of the system embodiments disclosed herein (e g relating to FIGS. 7-10) may

be used to wnplement any of the disclosed method embodiments and/or may be involved in any of the
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disclosed method embodiments. For example, a programmable storage device can have program
mstructions stored thereon configured to cause a processor (e.g of the control system of the bellows
pump system} to perform any of the disclosed method emboduments, and/or a non-transitory
computer-readable medium can have program instructions stored thereon configured to cause a
control system {e.g of the bellows pump system) to perform any of the disclosed method
embodiments. Such instructions may be used by the control system of the disclosed bellows pump

system embodiments, for example to operate the bellows pursp system.

ADDITIONAL DISCLOSURE

{60104] The following are non-limiting, specific embodiments in accordance with the present
disclosure:

{68105}  Inafirst embodiment, a system for pumping treatment fluid into a well comprises: a source
of treatment fluid; a bellows pump 1o fluid communication with the source of treatment fluid and/or
configured to pump treatment fluid into the well, a make-up system configured to maintain a
controlled volume of fluid (e.g. make-up and/or drive fluid) between the piston and the bellows (e.g.
to keep the bellows and piston in sync); and a control system having ong or more sensor {e.g.
configured to detect one or more parameters of the system); wherein the pump comprises: a power
end comprising a piston {e.g. of an intensifier} configured to reciprocally move make-up/drive fluid
{e.g. in and out of the bellows}; a fluid end having a fluid end housing with a chamber, a suction valve
{e.g. i fluid communication with {e.g. fluidly coupled to) the chamber and a source for the treatment
fluid and/or configured for introduction of treatment fhiid into the chamber), and a discharge valve
{e.g. n fluid communication with {e.g. fluidly coupled to}) the chamber and the well and/or configured
for injection of treatment fluid from the chamber into a well); and an expandable bellows, wherein the
power end 15 {eg fluidly comnected to and) configured to reciprocally expand/intlate and
contract/detlate the bellows based on movement of make-up/drive fluid, and the bellows is configured
to expand within the chamber of the fluid end based on movement of the make-up/drive fluid; wherein
the make-up system comprises a make-up fluid source fluidly coupled to the bellows and at least one
other component of the system; and wherein the control system is configured to receive data from the
one or more sensor, to evaluate the sensor data to detect a leak {e.g. of treatroent fluid iuto the bellows,

which could contaminate the make-up fluid source), and responsive to detecting a leak, to fluidly
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isolate the make-up system from the bellows (e ¢ thereby fluidly uncoupling the at least one additional
component of the system from the bellows).

{00106] A second embodiment can inchude the system of the first embodiment, wherein the control
system is configured to evaluate the sensor data to determine whether the bellows and piston are cut
of sync, and responsive to determining that the bellows and piston are out of syne, using the make-up
systen to adjust the amount of fluid (e g. injecting and/or removing make-up/drive fluid) between the
piston and the bellows to return the piston and beliows to sync.

{80167] A third embodiment can include the system of the first or second embodiments, wherein
the one or more sensor 18 configured to detect one or more of the following parameters at one or more
location within the system: pressure, temperature, flow rate, viscosity, contamination {e.g. pasticle
count), position of one or more component of the system, vibration, acoustics, and/or hydraulic gain.
[60108] A fourth embodiment can include the system of any one of the first to third embodiments,
wherein the one or more sensor detects position of the bellows relative to position of the piston.
[B010%9] A fifth embodiroent can include the system of any one of the first to fourth embodiments,
wherein the one or more sensor detects pressure in the chamber relative to pressure in the bellows.
{60110} A sixth embodiment can include the system of any one of the first to fifth embodiments,
wherein the one of more sensor detects flow rate of treatment fluid through the suction valve relative
to flow rate if treatment fluid through the discharge valve.

{60111} Aseventh embodiment can inchude the syster of any one of the first to sixth embodiments,
wherein the one or more sensor detects tlow rate of make-up/drive fluid through the (e g. one or more}
make-up port {e.g. in and out) of the bellows.

{86112} An eighth embodiment can include the system of any one of the first to seventh
embodiments, wherein the one or more sensor detects flow rate of make-up fluid/drive fluid (eg
configured to drive the piston) into and out of the intensifier {e.2. the first portion of the bore of the
power end).

{80113} A ninth embodiment can include the system of any one of the first to eighth embodiments,
wherein the one or more sensor detects flow rate of make-up/drive fluid into and out of the make-up
fhuid source.

{60114] A tenth embodiment can include the system of any one of the first to ninth embodiments,

wherein the one or more sensor detects viscosity of fluid in the bellows.
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{BG1E5] An eleventh embodiment can include the system of any one of the first to tenth
embodiments, wherein the one or more sensor detects contamination {e.g. particle count) within the
bellows.

{80116] A tweltth embodiment can include the system of any one of the first to eleventh
embodiments, wheretn the one or more sensor detects temperature of make-up/dave fluid within the
bellows {e.g. compared to expected temperature and/or compared to temperature in the chamber},
{60117} A thirteenth embodiment can include the systems of any one of the first to twelfth
embodiuments, wherein the one or more sensor comprise a first sensor configured to monitor one or
more parameter within the chamber.

{60118} A fourteenth embodiment can include the system of any one of the first to thirteenth
embodiments, wherein the one or more sensor comprises a second sensor configured to monitor one
or more parameter i the bellows.

{8011%] A fifteenth embodiment can include the system of any one of the first to fourteenth
embodiments, wherein the one or more sensor comprises a third sensor configured to monitor one or
more parameter of the make-up fluid system {e.g. one or more parameter of the make-up/drive fluid
entering and/or leaving the bellows (e g through the make-up port)).

1801201 A sixteenth embodiment can include the systemn of any one of the first to fificenth
embodiments, wherein the one or more sensor comprises a fourth sensor configured to monitor one or
more parameter relating to the piston, intensifier, and/or power end.

{60121} A seventeenth embodiment can include the system of any one of the first to sixteenth
embodumnents, wherein the control system detects a leak based on the sensor data by coraparing sensor
data to a corresponding threshold.

{B0122]  An eighteenth embodiment can juclude the systern of the sevesteenth embodiment,
wherein the corresponding threshold is pre-set and/or pre-selected.

{60123} A nineteenth embodiment can include the system of any one of the seventeenth to
eighteenth embodiments, wherein the corresponding threshold is based on historical data.

[00124] A twenticth embodunent can include the system of the seventeenth embodiment, whergin
the corresponding threshold 15 dynamically deterrined.

{B0125] A twenty-first embodiment can include the system of the seventeenth or twentieth
emboduments, wherein the corresponding threshold is based on statistical deviation from sensor data
across a plurality of cycles of the pump (e g a pre-set timeframe, such as one minute, or cumulative

data for the life {or some portion of the hife} of the pump).
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{B6126] A tweniyv-second embodiment can include the system of any one of the seventeenth,
twenticth, or twenty-first embodiments, wherein the systern comprises one or more additional {e.g.
similar} pump, wherein the pumps {e.g. the first pump and the oue or more additional pump) are
configured to jointly pump treatment fluid into the well, and wherein the corresponding threshold is
based on statistical deviation compared across the pumps of the system.

{86127} A twenty-third embodiment can include the system of the twenty-second embodiment,
wherein the one or more additional pump s fluidly coupled to the make-up fluid source.

{60328} A twenty-fourth embodiment can inchude the system of any one of the first to twenty-third
embodiments, wherein the suction valve 1s a one-way check valve contigured to allow treatment fluid
from the treatment fhuid source to enter the chamber {e.g during a suction stroke of the pump) {e.g.
while preventing treatment fluid from exiting the chamber therethrough), and the discharge valve is a
one-way check valve configured to allow treatruent flund to exit the chamber (e g towards the well)
{e.g. during a power stroke of the pump) {e.g. while preventing treatment fluid from entering the
charaber therethrough).

{60129] A twenty-fifth embodiment can include the system of any one of the first to twenty-fourth
embodiments, wherein the power end further comprises a bore (e g in a power end housing) in fluid
communication with the beliows (e.g. an internal volume of the bellows), and wherein the piston is
disposed within the bore.

{G0130] A twenty-sixth embodiment can include the system of any one of the first to twentv-{ifth
embodiments, wherein the piston is driven by a hydraulic circuit {which is fluidly coupled to the make-
up fluid source — ¢ g draws make-up/drive fluid from the make-up fluid source).

{86131} A twenty-seventh embodiment can inchude the system of any one of the first to twenty-
sixth embodiments, wherein the piston comprises a head and a rod {e.g with the rod extending from
the head and being disposed between the head and the bellows).

{00132} A twenty-eighth embodiment can include the system of any one of the first to twenty-
seventh embodiments, wherein the rod has a smaller diameter than the head.

{00133} A twenty-runth embodiment can include the systerm of any one of the first to twenty-eighth
embodiments, wherein the piston s part of an intensifier configured to mtensify applied pressure (e.g.
from a driver} to the beliows (e.g. with the rod having a smaller diameter than the head, suchas 1:1.1
to 1:10).

{00134} A thirtieth embodiment can include the system of any one of the twenty-fifth to twenty-

ninth embodiments, wherein the bore comprises a first portion with an iner diameter configured for
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movement of the head (eg axially} therethrough and a second portion with an inner diameter
configured for movement of the rod {e.g. axially) therethrough.

{80135 A thirty-first embodiment can include the system of the thirtieth embodiment, wheretn the
head 13 configured to sealingly move within the first portion of the bore {e.g. during pump strokes)
and the rod 15 contigured to sealingly move within the second portion of the bore (e.g. during puwap
strokes) {e.g. the power end further comprises a first seal configured to seal the head with respect to
the first portion of the bore and a second seal configured to seal the rod with respect to the second
portion of the bore) (wherein the first seal may be disposed on the head (e.2. a moving seal} or on the
bore first portion inner surtace {e.g. a stationary seal} and/or the second seal may be disposed on the
rod {e.g a moving seal) or on the bore second portion inner surface (a stationary seal}}.

{606136] A thirty-second embodiment can include the system of the thirty-first embodiment,
wherein the first seal i1s a moving seal {e.g disposed on the head) and the second seal 15 a stationary
seal (e.g. disposed on the inner surface/wall of the bore — e.¢. within the bore second portion — which
may in some embodiments comprises pump packing).

{60137} A thirty-third embodiment can include the system of any one of the thirty-first or thirty-
second embodiments, wherein the second seal {e.g contigured to provide the controlled volume of
fluid (e g make-up/drive thuid) between the piston and the bellows) 1s disposed in the power end with
make-up/drive fluid on both sides {e.g pressurized on both sides) and is configured for use in an
abrasive and/or corrosive environment {e.g. for exposure to treatment fluid) {e.g. despite being
shielded from the treatment fluid i the chamber by the beliows).

{B0138] A thirty-fourth embodiment can include the systern of any one of the first to thirty-third
embodiments, wherein the make-up fluid source comprises make-up fhiid.

{B013%9] A thity-fifth embodiment can inchude the system of the thuty-fourth embodiments,
wherein the make-up fluid is drive fhad {e.g. hydraulic fluid, such as hydraulic oil, which may be the
same fluid used as drive fluid for the pump).

{00140} A thirty-sixth embodument can include the system of any one of the first to thirty-fifth
embodiments, wherein the pump comprises an intensifier (e.g. fluidly coupled to and/or in fluid
communication with the make-up fluid source).

{60141] A thirty-seventh embodiment can include the system of any one of the thirtieth to thirty-
seventh embodiments, wherein the first potion of the bore {e.g. the piston head) is fluidly coupled to

the make-up thud source.
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{30142] A thirty-eighth embodiment can include the system of any one of the first to thirty-seventh
embodiments, wherein the make-up systom further comprises a make-up port in fluid communication
with the beltows and the make-up fluid source, at least one make-up valve configured to countrol {e.g.
open or close or partially close — e.g. to control speed of flow} fluid flow between the make-up
pori/bellows and the make-up fluid source, and/or at least one make-up pump configured to purop
fluid between the bellows and the make-up fluid source.

{60143] A thirty-omth embodiment can include the system of the thirty-eighth ervbodiment,
wherein the make-up fluid source is in flutd communication with the bellows when the make-up valve
is open, and the make-up fluid source 15 fluidly 1solated trom the bellows when the make-up valve 1s
closed.

{60144] A fortieth embodiment can include the system of the thirty-eighth and thirty-ninth
embodiments, wherein the make-up valve is disposed between the make-up fluid source and the make-
up port {e.g. which is disposed in the power end housing or fluid end housing) or between the make-
up port and the first portion of the bore or between the make-up fluid source and the make-up pump
or between the make-up port and the make-up pump.

{60145] A forty-first embodiment can include the system of any one of the third-eighth fo fortieth
embodiments, wheretn the make-up pump 1s disposed between the make-up fluid source and the make-
up port {e.¢ which is disposed in the power end housing or fluid end housing) or between the make-
up port and the first portion of the bore or between the make-up fluid scurce and the first portion of
the bore or between the make-up port and the make-up valve.

[86146] A forty-second embodiment can mnclude the system of any oue of the first to forty-first
embodiments, wherein fluidly isolating the make-up system from the beliows comprises closing the
make-up valve and/or shutting offfdeactivating the rake-up pump (e.g. automatically by the control
system — e.g. the control system instructs a valve mechanism/actuator to close the make-up valve
and/or to shut off the pump).

{80147} A forty-third embodunent can inchide the system of any one of the first to forty-second
embodiments, wherein the at least one other component of the system (e.g. fluidly coupled to the
make-up system) comprises a second bellows {eg for a dual bellows pump or for another
independent (e g. stmilar) pump configured to draw fluid from the make-up fluid source and/or to
jountly purop fluid o the well) (e g ove or more additional bellows), a second pump {e.g. ove or
more additional (e.g similar) pump configured to draw fluid from the fluid source and/or to jointly

pump fluid into the well), an intensifier (e.g. for this pump and/or for one or more additional pump),
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the head of the piston of the pump {e.g. via fluid coupling with the first portion of the bore}, and/or a
hydraulic circutt configured as the driver of the piston (e g. configured to reciprocally move the piston
within the bore).

{00148] A forty-fourth embodiment can include the system of any one of the first to forty-third
embodiments, wherein the pump comprises a second bellows (e.g. a dual-bellows pump), wherein the
piston is configured to reciprocally expand and contract both the first and second bellows {e.g. with
the expansion/discharge stroke for one bellows serving as the contraction/suction stroke for the other
beliows, and vice versa).

[00149] A forty-fifth embodiment can include the system of the forty-fourth embodiment, wherein
the make-up thad system is fuidly coupled to the second bellows {e.g. via a second make-up port}
{e.g and is configured to maintain a second controlled volume of fluid between the piston and the
second bellows) {(and for example in some embodiments, closing the make-up valve can fludly
uncouple the second bellows from the first bellows).

[B0158] A forty-sixth embodiment can jochude the system of any one of the third-eighth o forty-
fifth embodiments, wherein the make-up valve comprises two or more make-up valves.

{60151] A forty-seventh embodiment can include the system of the foriy-sixth embodiments,
wherein the two or more make-up valves are disposed between the make-up fluid source and the make-
up port {e.g. which s disposed in the power end housing or fluid end housing) and/or between the
make-up port and the first portion of the bore and/or between the make-up tluid source and the make-
up pump and/or between the make-up port and the make-up pump.

{60182] A forty-eighth embodinent can include the system of any one of the third-eighth to forty-
seventh embodiments, wherein the make-up pump comprises two or more make-up pumps.

{B0153] A forty-ninth embodiment can include the system of the forty-eighth embodiment, wherein
the two or more make-up pumps are disposed between the make-up fluid source and the make-up port
{e.g. which is disposed mt the power end housing or thuid end housing) and/or between the make-up
port and the first portion of the bore and/or between the make-up fluid source and the first portion of
the bore and/or between the make-up port and the make-up valve,

{80154] A fifiieth embodiment can include the systemy of any one of the first to forty-ninth
embodiments, wherein the bellows pump (and in some embodiments, any additional pumps of the
system) s a high-pressure purop {eg configured to pump treatment fuid nto the well at high

Pressures).
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{B0I85] A fifty-first embodiment can include the system of any one of the first to fiftieth
embodiments, wherein the system further comprises a well, and wherein the pump i1s configured to
introduce treatment fluid into the well {e.g. the discharge valve of the pump 15 in fluid communication
with the well {either directly or indirectly}).

[B0156] o a fifty-second embodiment, a method for protecting a bellows pump system during
mtroduction of treatment fluid into a well comprises pumping treatment fluid mto the well using the
bellows purop systern, wherein the bellows pump system cormprises a pump having a bellows and 2
piston, a copirol system, and a make-up system configured 1o maintain a controlled volume of drive
fluid between the piston and the bellows, and wherein the make-up system is fluidly coupled to the
bellows and to at least one additional component of the system; responsive to receiving {e.g. at the
control system) sensor data from one or more sensor configured to detect one or more parameter of
the bellows pump system (e.g. one or more sensor disposed on the bellows pump), detecting {e.g.
using the control system} a leak in the bellows using/based on the sensor data; and responsive to
detecting a leak, fluidly solating the bellows from a fluid source of the make-up system (e.g. thereby
flnidly uncoupling the at least one additional component of the system from the bellows).

{80157} A fifiy-third embodiment can include the method of'the fifty-second embodiment, wherein
fluidly tsolating the bellows from the fluid source occurs auwtomatically and/or using the control
system.

{BRIS8] A ffty-fourth embodiment can include the method of any one of the fifty-second to fifty-
third embodiments, wherein the one or more sensor is configured to detect one or more of the
following parameters at one or more location within the systen pressure, temperature, flow rate,
viscosity, contannnation {e.g. particle count), and/or position of one or more component ot the system.
{B0159] A fifty-fifth embodiment can nclude the method of any one of the fifty-second to fifty-
fourth embodiments, wherein the sensor data comprises position of the bellows relative to position of
the piston.

{80160] A fifty-sixth embodiment can include the method of any one of the fifiy-second to fifty-
third embodiments, wherein the sensor data comprises pressure in the chamber relative to pressure in
the bellows.

{60161] A fifiy-seventh embodiment can include the method of any one of the fifty-second to fifty-
sixth embodiments, wherein the sensor data comprises flow rate of treatment fluid through the suction

valve relative to flow rate if treatment fluid through the discharge valve.
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[B6162] A fifty-eighth embodiment can include the method ot any one of the fifty-second to fifty-
seventh embodiments, wherein the sensor data comprises flow rate of make-up/drive fluid through the
{e.g one or more} make-up port (.. in and out} of the bellows.

{80163} A fifiv-ninth embodiment can include the method of any one of the fifty-second to fifty-
eighth embodiments, wherein the sensor data comprises flow rate of make-up fluid/drive fluid {e.g.
configured to drive the piston} into and out of the intensifier {e.g. the first portion of the bore of the
power end).

{80164] A sixtieth embodiment can include the method of any one of the fifty-second to fifty-ninth
embodiments, wherein the sensor data comprises flow rate of make-up/drive tluid into and out of the
make-up fluid source.

[60165] A sixty-first embodiment can include the method of any one of the fifty-second 1o sixtieth
embodiments, wherein the sensor data comprises viscosity of fluid in the bellows.

{80166] A sixty-second embodiment can include the method of any one of the fifty-second to sixty-
first ernbodiments, wherein the sensor data comprises contarsination {e.g. particle count) within the
bellows.

{80167} A sixty-third embodiment can include the method of any one of the fitty-second 1o sixty-
second embodiments, wherein the sensor data comprises temperature of make-up/drive fhud within
the bellows {e.g. compared to expected temperature and/or compared to temperature in the chamber}.
{60168] A sixty-fourth embodiment can include the method of any one of the fifty-second 1o sixty-
third embodiments, wherein the one or more sensor comprises a first sensor configured to monitor one
or more patameter within the chamber.

{00169 A sixty-fifth embodiment can inchide the method of any one of the fifty-second to sixty-
fourth embodiments, wherein the one or more sensor comprises a second sensor contigured to monitor
one or more parameter in the bellows.

{00178} A sixty-sixth embodiment can inchude the method of any one of the fitty-second 1o sixty-
fifth embodiments, wherein the one or more sensor comprises a third sensor configured to momnitor
one or more parameter of the make-up fluid system (e.g. one or more parameter of the make-up/drive
fluid entering and/or leaving the bellows (e.g. through the make-up port)).

{60171] A sixty-seventh embodiment can include the method of any one of the fifiy-second to
sixty-sixth embodiments, wherein the one or more sensor comprises a fourth sensor counfigured to

monitor one or more parameter relating to the piston, intensifier, and/or power end.
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{B6172] A sixty-eighth embodiment can include the method ot any one of the fifty-second to sixty-
seventh embodiments, wherein detecting a leak comprises comparing (e.g using the control system}
the sensor data to a corresponding (e.g. pre-set, pre-selected, or dynamically determined) threshold.
{80173} A sixty-ninth embodiment can include the method of the sixty-eighth embodiment,
wherein the threshold 1s based on ustorical data.

{86174} A seventieth embodiment can include the method of any one of the sixty-eighth to sixty-
ninth erbodiments, wherein the threshold is based ov statistical deviation from sensor data across a
plurality of cycles of the pump (e.g. a pre-set timeframe, such as one minute, or cumulative data for
the life {or some portion of the life) of the pump).

{B0175] A seventy-first embodiment can include the method of any one of the sixiy-eighth to
seventieth embodiments, wherein the beliows pump systemn comprises one or more additional (e.g.
sirmlary pump {e.g which may be the at least ove additional component of the systemy ju some
embodiments), wherein the pumps (e g. the first pump and the one or more additional pump) are
configured to jointly punmp treatment fluid nto the well, and wherein the correspounding threshold is
based on statistical deviation compared across the pumps of the system {e.g deviation from the
average of the plurality of pumps of the system).

{80176] A seventy-second embodiment can include the method of any one of the fifty-second to
seventy-first embodiments, wherein fluidly isolating the bellows comprises closing a make-up valve
of the malke~-up system and/or shutting off a make-up pump of the make-up system.

{66177} A seventy-third embodiment can include the method of any one of the fifty-second to
seventy-second embodimuents, wherein the make-up systemn comprises a fluid source {e.g of make-
up/drive fluid) fluidly coupled to the bellows {e.g. via a make-up port) and to the at least one additional
component of the system.

{60178] A seventy-fourth embodiment can include the method of any one of the fifty-second to
seventy-seventy-third embodirments, wherein the at least one additional component comprises one or
more selected from the following: the intensifier/head of the piston, the first portion of the bore, a
second bellows {e.g. in a dual bellows systemt and/or in one or more additional pump}. one or more
additional pump, and combinations thereof,

601791 A seventy-fifth embodiment can include the method of any one of the fifty-second to
seventy-tourth ersbodiments, wherein the make-up system further comprises a wmake-up port in fluid
communication with the bellows and the fhiid source, at least one make-up valve configured to control

{c.g. open or close) fluid flow between the make-up port/bellows and the fluid source, and/or at least
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one make-up pump configured to pump flind between the bellows and the fluid source (e g. wherein
the control system may be configured to operate the make-up valve and/or the make-up pump, for
example by sending signals to corresponding actuators).

{00180] A seventy-sixth embodiment can include the method of the seventy-fifth embodiment,
wherein the fluid source 1s i fluid communication with the bellows when the make-up valve 1s open,
and the fluid source is fluidly 1solated from the bellows when the make-up valve is closed.

[B0181] A seventy-seventh embodiment can include the method of any one of the fifty-second to
seventy-sixth embodiments, wherein fluidly isolating the bellows from the fluid source of the make-
up system comprises fluidly isolating {e g fhuidly uncoupling) the bellows from the mtensifier/head
of the piston, first portion of the bore, a second bellows {e.g. in a dual bellows system and/or in one
or more additional pump), and/or one or more additional (e.g second) pump {e.g any of which may
be the at Jeast one additional component of the system in somwe embodiments).

{00182 A seventy-cighth embodiment can include the method of any one of the fifty-second to
seventy-seventh embodiments, further comprising evaluating {e g using the control system) the sensor
data to determine whether the bellows and piston are out of sync, and responsive to determining that
the bellows and piston are out of sync, using the make-up system to adjust the amount of fluid {e.g.
imjecting or removing make-up/drive fluid) between the piston and the bellows to return the piston and
bellows to syne.

{B0183] A seventy-ninth embodiment can include the method of any one of the fifty-second to
seventy-eighth embodiments, wherein using the make-up system comprises controlling {e.g. opening
and/or closing) the make-up valve and/or the make-up purnp (e.g activating or shutting off the make-
up pump}.

{00184]  Aneightieth embodiment can include the method of any one of the fifty-second to seventy-
ninth embodiments, wherein the pump further comprises a seal disposed between the piston and a bore
in which the piston 15 disposed {e.g contigured to maintain a controlled volume of thuid between the
piston and the bellows), wherein the seal is configured for an abrasive and/or cotrosive environment
and/or exposure to treatment {luid {e.g. even though shielded from exposure to treatinent fluid by the
bellows }¥e.g even though disposed in a power end of the pump, such that it should only be exposed
to clean drive/make-up fluid, since the bellows is configured to separate drive thud of the power end
from treatment fluid of a fluid end), the method further comprising continuing to pump treatment fluid
ito the well using the bellows pump while the bellows pump 1s isolated and/or while there is a

detected leak.
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{BGI85]  An eighty-first embodiment can include the method of any one of the fifty-second to
cighticth embodiments, further comprising sealing between the piston and a bore of the power end in
which the piston is disposed {e.g. with the seal configured to maintain a controlled volume of fluid
between the piston and the bellows} using a seal that is resistant to abrasive environments and/or
ireatment flund.

{66186] An eighty-second embediment can include the method of the eightieth or eighty-first
embodunents, wherein the rate of pumping treatment fluid juto the well i3 reduced while the bellows
is 1solated from the fluid source of the make-up system (e.g the method further comprising reducing
{e.g. using the control system) the rate of pumping of treatment fluid into the well).

{B0187]  An eighty-third embodiment can inchude the method of any one of the seventy-fitth to
eighty-second embodiments, wherein the pump further comprises a hydraulic circuit configured to
reciprocally drive the piston in the bore of the power end, wherein the hydraulic cueuit 1s fludly
coupled to the fluid source of the make-up system (e.g. with the drive fluid used by the hvdraulic
circuit coming from the source), and wherewn closing the make-up fuid valve isolates (e g fluidly
uncouples) the bellows from the hydraulic circuit {e.g wherein the at least one additional component
of the system coraprises a hydraulic circuit).

{01881  An eightv-fourth embodiment can include the method of any one of the seventy-fitth to
eighty-third embodiments, further comprising pumping treatment fluid into the well using a second
bellows (e.g. of a dual bellows pump) or second (e.g. one or more additional separate) bellows pump
fluidly connected to the fluid source of the make-up system and/or configured to jointly pump
treatment fluid juto the well {e.g. at the same time that the first bellows pump s purmping treatment
fluid into the well).

{B018%9]  An eighty-fifth embodiment can include the method of the eighty-fourth embodiment,
wherein closing the make-up valve fluidly isolates {e.g. fluidly uncoupled) the bellows from the
second bellows and/or protects the second bellows from contamination via the make-up system.
{60190} An eighty-sixth embodiment can include the method of the eighty-fifth embodiment,
wherein the second bellows is still in fluid communication with the make-up system while pumping.
{00191} An cighty-seventh ervbodiment can include the method of any one of the eighty-fourth to
eighty-sixth embodiments, wherein the one or more additional bellows pump is configured so that its
discharge stroke is not in sync with the discharge stroke of the first pump {e.g. configured so that the

plurality of pumps provide continuous pumping at approximately constant pressure}.
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{66192]  An eighty-eighth embodiment can include the method of any one of the fifty-second to
cighty-seventh embodiments, further comprising taking action {¢.g. using the control system and/or
automatically} responsive to detecting the leak and/or fluidly isolating the bellows.

801931  An eighty-ninth embodiment can include the method of the eightv-eighth embodiment,
wherein the action comprises sending an alert/notice and/or shuiting down the pump {(and/or in some
embodiments and in some Circumsiances, continuing to pump treatment fluid, for example at a lower
rate).

{60194} A nineticth embodiment can inchude the method of the eighty-ninth embodiment, wherein
sending an alert occurs before isolating the bellows from the fluid source and/or before shutting down
the pump.

{66195] A minety-first embodiment can include the method of any one of the ecighty-eighth to
ninetieth ervbodiments, wherein, upon sensor data exceeding a first threshold, the action comprises
sending an alert.

[B0196] A minety-second emvbodiment can include the method of any ove of the eighty-eighth to
ninety-first embodiments, wherein, upon sensor data exceeding a second threshold, the action
comprises shutting down the pump.

1801971 A ninety-third embodiment can include the method of any one of the fitty-second to
ninety-second embodiments, further comprising using a second sensor {e.¢. of the one or more sensor)
{e.g. to detect contamination, viscosity, efc.} to confirm whether the detected leak relates to (eg
imvolves) treatment fluid (e g entering the bellows).

{B0I98] A wuety-fourth embodument can include the roethod of the mnety-third embodiment,
further comprising, responsive to confirming that the detected leak mnvolves treatment fluid, stopping
operation of the 1solated pamp (¢ g ceasing to pump treatment fuid into the well).

{60199] A ninety-fifth embodiment can include the method of the ninety-third embodiment, further
comprising, responsive to confirming that the leak does not imvolve treatment fluid, continuing
operation of the pump that i3 isolated (e.g. continuing to purap treatment fluid into the well with the
isolated purmp), injecting drive/make-up fluid (e.g. from the make-up fluid source) using the make-up
system, and/or restoring fluid conmection between the make-up system and the bellows.

{60200] A ninety-sixth embodiment can include the method of any one of the fifty-second to
minety-fifth embediments, wherein the bellows pump system comprises any one of the first to fifty-

first system embodiments.
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{60208 A minety-seventh embodiment can include the system of any one of the first to fifty-first
embodiments, configured to carry out the method of any one of the fifty-second to minety-sixth
embodiments.

180202} In a ninety-eighth embodiment, a programmable storage device having program
instructions stored thereon for causing a processor to perform the method according to any one of the
fifty-second to ninety-sixth embodiments.

[80203] In a ninety-ninth embodiment, a non-transitory computer-readable medium baving
program instructions stored thereon for causing a control system to perform the method of any one of
the fifty-second to mnety-sixth embodiments

{60204]  While embodiments have been shown and described, modifications thereot can be made
by one skilled in the art without departing from the spirit and teachings of this disclosure. The
embodiments described herein are exemplary only, and are not mntended to be lmiting. Many
vartations and modifications of the embodiments disclosed herein are possible and are within the scope
of this disclosure. For example, the various elements or components may be combined or integrated
in another system or certain features may be omitted or not implemented. Also, techniques, systems,
subsystems, and methods described and illustrated in the various embodiments as discrete or separate
may be combined or integrated with other techniques, systems, subsystems, or methods without
departing from the scope of this disclosure. Other items shown or discussed as directly coupled or
connected or communicating with each other may be indirectly coupled, connected, or communicated
with. Method or process steps set forth may be performed in a different order. The use ofterms, such
as “first,” “second,” “third” or “fourth” to describe various processes or structures i1s only used as a
shorthand reference to such steps/structures and does not necessarily imply that such steps/structures
are performed/formed tn that ordered sequence (unless such requitement is clearly stated explicitly in
the specification}.

[00205] Where numerical ranges or limitations are expressly stated, such express ranges or
fimitations should be understood to include iterative ranges or imitations of iike magnitude falling
within the expressly stated ranges or imitations {e.g., from about 1 to about 10 wncludes, 2, 3, 4, etc.;
greater than 0.10 includes 0.11, 0.12, 0.13, etc.). For example, whenever a numerical raoge with a
fower limit, Rl and an upper limit, Ry, is disclosed, any number falling within the range is specifically
disclosed. In particular, the tollowing nurobers within the range are specifically disclosed: R=RIl+k*
{Ru-Rl}, wherein k is a variable ranging from 1 percent to 100 percent with a | percent increment, 1 e,

ks 1 percent, 2 percent, 3 percent, 4 percent, S percent, ... 50 percent, 51 percent, 52 percent, ...,
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95 percent, 96 percent, 97 percent, 98 percent, 99 percent, or 100 percent. Moreover, any numerical
range defined by two R numbers as defined in the above 1s also specifically disclosed. Language of
degree used herein, such as “approximately,” “about,” “generally,” and “substantially,” represent a
value, amount, or characteristic close to the stated value, amount, or characteristic that still performs
a destred function or achieves a desired result. For example, the language of degree may mean a range
of vahlues as understood by a person of skill or, otherwise, an amount that 1s +/-10%.

[80206]  Use of broader terms such as comprises, imcludes, having, etc should be understood to
provide support for parrower terms such as consisting of, consisting essentially of, comprised
substantially of, etc. When a feature 15 described as “optional,” both embodiments with this feature
and embodiments without this feature are disclosed. Similarly, the present disclosure contemplates
embodiments where this “optional” feature 18 required and embodiments where this feature is
specifically excluded. The use of the terms such as “high-pressure” and “low-pressure” is intended to
only be descriptive of the component and their position within the systems disclosed herein. That is,
the use of such terms should not be understood 1o wnply that there is a specific operating pressure or
pressure rating for such components. For example, the term “high-pressure” describing a manitold
should be understood to refer to a manifold that receives pressurized fluid that has been discharged
from a punp irrespective ot the actual pressure of the Huid as 1t leaves the pump or enters the manitold.
Simularly, the term “low-pressure” describing a manifold should be understood to refer to a manitold
that recetves fluid and supplies that fluid to the suction side of the pump irrespective of the actual
pressure of the thuid within the low-pressure manifold.

{60207}  Accordingly, the scope of protection ts not linuted by the description set out above but is
only limited by the claims which follow, that scope including all equivalents of the subject matter of
the claijus. Each and every claim is incorporated into the specification as emsbodiments of the present
disclosure. Thus, the claims are a further description and are an addition to the embodiments of the
present disclosure.  The discussion of a reference herein is not an admuission that it 18 prior art,
especiaily any reference that can have a publication date after the priority date of this application. The
disclosures of all patents, patent applications, and publications cited herein are hereby incorporated by
reference, to the extent that they provide exemplary, procedural, or other details supplementary to
those set forth herein.

{60208}  Use of the phrase “at least one of” preceding a list with the conjunction “and” should oot
be treated as an exclustve list and should not be construed as a list of categories with one #tem from

gach category, unless specitically stated otherwise. A clause that recites “at least one of A, B, and C7
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can be infringed with only one of the listed items, multiple of the listed items, and one or more of the
iterns in the list and another item not listed.

{062091  As used herein, the term “or” is inclusive unless otherwise explicitly noted. Thus, the
phrase “at least one of A, B, or {7 is satisfied by any element from the set {A, B, C} or any
combination thereof, including multiples of any elervent.

{06210]  As used herein, the term “and/or” includes any combination of the elements associated
with the “and/or” term. Thus, the phrase “A, B, and/or 7 mcludes any of A alone, B alone, C alone,

A and B together, B and C together, A and C together, or A, B, and C together.
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CLAIMS
What is claimed 18
f. A system for pumping treatment fluid into a well, comprising:
a source of treatment fluid;
a bellows pump 1o fluid conununication with the source of treatment fluid and configured to
pump treatment fluid into the well, comprising:

a power end comprising a piston;

a fluid end having a fluid end bousing with a chamber, a suction valve
configured for introduction of treatment tluid into the chamber, and a discharge valve
configured for introduction of treatment fluid from the chamber into the well; and

an expandable bellows, wherein the power end is configured to reciprocally
expand and contract the bellows within the charober based on wovement of fluid by
the piston;

a make-up system configured to maintain a controlled volume of fluid between the piston
and the bellows; and

a control system having one or more sensor configured to detect one or more parameters of
the systent;

wherein:

the make-up system comprises a make-up {luid source fluidly coupled 1o the bellows and at
least one other component of the system; and

the control system s configured to recetve data froro the one or more sensor, to evaluate the
sensor data to detect a leak, and responsive to detecting a leak, to fluidly isolate the make-up system

from the bellows.

2. The system of claim 1, wherein the control system is configured 1o evaluate the sensor data
to determine whether the bellows and piston are out of sync, and responsive to determining that the
bellows and piston are out of sync, using the make-up system to adjust the amount of fluid between

the piston and the bellows to return the piston and bellows to sync.

3. The system of clairg 1, wherein the one or wore sensor 18 configured to detect one or more
of the following parameters at one or more location within the system: pressure, temperature, flow

rate, viscosity, contamination, and/or position of one or more component of the system.
35
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4. The system of claim 1, wherein the one or more sensor comprise a sensor configured to

monitor one or more parameter within the chamber.

L

The system of claim 1, wherein the one or more sensor comprises a sensor configured to

MORNItOT one or more parameter in the bellows.

6. The system of claim 1, wherein the one or more sensor comprises a sensor configured to

monitor one or more parameter of the make-up fluid system.

7. The systern of claim 1, wherein the one or more sensor comprises a sensor configured to

monitor one or more parameter relating to the power end.

g The system of claim 1, wherein the control systern detects a leak based on the sensor daia

by comparing the sensor data to a corresponding threshold.

a. The system of claim 1, wherein:

the piston comprises a head and a rod, with the rod extending from the head towards the
bellows;

the power end further comprises a first seal configured to seal the head with respect to a first
portion of the bore and a second seal configured to seal the rod with respect to a second portion of
the bore; and

the second seal is configured for exposure to abrasive and/or corrosive treatment fluid,

despite being shielded from the treatment fluid 1o the chamber by the bellows.

10 The system of claim 1, wherein the make-up system further comprises at least one make-up
port in fluid communication with the bellows and the make-up fluid source, at least one make-up
valve configured fo control fluid flow between the bellows and the make-up fluid source, and at
least one make-up pump configured to pump fluid between the bellows and the make-up fluid

SOUTCe.
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11 The system of claim 1, wherein the at least one other component of the system comprises:
one or more additional bellows, one or more additional pump, an intensifier, a head of the piston of
the pump, a hydraulic circuit configured to reciprocally move the piston within a bore of the power

end, and combination thereof.

12. The system of claim 1, wherein the at least one other component of the system comprises a
second bellows, wherein the piston is configured to reciprocally expand and contract both the first
and second bellows, wherein the make-up fhud system is fluidly coupled to the second bellows, and
wherein fluidly isolating the first bellows from the make-up system also fluidly uncouples the second

beliows from the {irst bellows.

13. A wethod for protecting a bellows pump system during introduction of treatment fhud into
a well, comprising:

pumping treatment fhuid into the well using the bellows pump system, wherein the beliows
pump system comprises a pump having a bellows and a piston, a control system, and a make-up
systemt configured to maintain a controlled volume of drive fluid between the piston and the bellows,
and wherein the make-up system is fhudly coupled to the bellows and to at least one additional
component of the system;

responsive to receiving, at the control system, sensor data from one or motre sensor
configured to detect one or more parameter of the bellows pump system, detecting a leak in the
bellows based on the sensor data; and

responsive to detecting a leak, fluidly isolating the bellows from a fluid source of the make-
up system, thereby fluidly vocoupling the at least one additional component of the system from the

beliows.

14 The method of claim 13, wherein detecting a leak comprises comparing, using the control

systern, the sensor data 1o a corresponding threshold.

15. The method of claim 13, wherein fluidly 1solating the bellows comprises closing a make-up

valve of the roake-up systern and/or shutting oft 3 make-up pump of the make-up system,
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16, The method of claim 13, further comprising evaluating the sensor data to determine whether
the bellows and piston are out of syne, and responsive to determuning that the bellows and piston
are out of sync, using the make-up system to adjust the amount of drive fluid between the piston and

the bellows to return the piston and bellows to syne.

17. The method of claim 13, wherein:

the purmnp further comprises a seal disposed between the piston and a bore in which the piston
is disposed which 1s configured to maintain the controlled volume of fluid between the piston and
the bellows, and
the seal s configured for an abrasive and/or corrosive environment even though shielded

from exposure to treatment fluid by the bellows.

18, The method of claim 17, further comprising continuing to pump treatment fluid into the well

using the bellows purop while the bellows pump 1s tsolated.

19, The method of claim 15, wherein the pump further comprises a hydraulic circuit configured
to reciprocally drive the piston 1o a power end bore, wheretn the hvdraulic circuit 1s fuidly coupled
to the fluid source of the make-up system, and wherein closing the make-up valve tluidly isolates

the bellows from the bydraulic circuit.

20, The method of claim 15, further comprising pumping treatment fluid into the well using a
second beliows, wherein closing the make-up valve isolates the first bellows from the second

bellows.
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