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Field of the Disclosure:

This disclosure relates in general to centrifugal well fluid pumps and in particular to
impellers having vanes with nozzle-shaped slots extending between the high and low pressure

sides.



Background of the Disclosure:

Electrical submersible pumps (ESP) are often employed to pump well fluid from wells.
A typical ESP includes a rotary purhp driven by an electrical motor. Normally, the ESP is
suspended in the well on a string of production tubing. A seal secﬁon, usually located between
the motor and the pump, has a movable element to reduce a pressure differential between the
well fluid exterior of the motor and motor lubricant contained in the motor. The pump may be a

centrifugal pump having a plurality of stages, each stage having an impeller and a diffuser.

Some wells produce gas along with liquid. Gas flowing into the pump can accumulate in
pockets. The gas pockets can reach a size causing the pump to gas lock. When gas locked, the
pump ceases to pump liquid. Unless remedial action is taken soon, the gas lock can cause

excessive heat and damage to the ESP,

Gas separators of various types may be employed to separate the gas from the liquid prior
to reaching the pump. However, some gas may still reach the pump, causing gas pockets to
accumulate. Various designs to the impellers have been proposed to inhibit the formation of gas
pockets. For example, US 6,676,366 discloses split vanes having an inner vane m¢mber offset

from an outer vane member.



Summary:

A well fluid pump assembly comprises a motor and a centrifugal pump. The pump has a
plurality of stages, each of the stages comprising an impeller and a diffuser. The impeller has a
plurality of vanes curving outward from a central intake area to a periphery of the impeller. Each
of the vanes has a high pressure side and a low pressure side. The high pressure side of each of
the vanes is located on a single curved high pressure line extending from the central intake area
to the periphery of the impeller. The low pressure side of each of the vanes is located on a single
curved low pressure line extending from the central intake area to the periphery of the impeller.
At least one slot extends through the vane from the high pressure to the low pressure side to

divert some of the fluid flowing along the high pressure side into the low pressure side.

Preferably, a flow area of the slot at the high pressure side is greater than a flow area of
the slot at the low pressure side. A cross-sectional area of the slot gradually decreases from the
high pressure side to the low pressure side. The slot has an entrance on the high pressure side

and an exit on the lower pressure side, the entrance being located upstream from the exit.

In the preferred embodiment, the slot has an upstream wall and a downstream wall that
are not parallel to each other. In one example, the upstream wall is located in an upstream wall
plane and the downstream wall in a dbwnstream wall plane. The upstream wall plane intersects
the downstream wall plane at an acute angle. Also, in this embodiment, the upstream wall
intersects the high pressure side at a gréater angle than an intersection of the downstream wall

with the high pressure side.



Upper and lower shrouds of the impeller join upper and lower edges, respectively, of the
vanes, to define vane passages between adjacent ones of the vanes. Preferably, the slot in each

of the vanes extends from the upper to the lower edge of the vane.

In the example shown, each vane has two slots, an upstream slot and a downstream slot
spaced apart from each other along a length of the vane. In the embodiment shown, the upstream
slot and the downstream slot have flow areas measured at the high pressure side that differ from

each other.



Brief Description of the Drawings:

So that the manner in which the features, advantages and objects of the disclosure, as
well és others which will become appareﬁt, are attained and can be understood in more detail,
more particular description of the disclosure briefly summarized above may be had by reference
to the embodiment thereof which is illustrated in the appended drawings, which drawings form a
part of this specification. Itis to be noted, however, that the drawings illustrate only a preferred
embodiment of the disclosure and is therefore not to be considered limiting of its scope as the

disclosure may admit to other equally effective embodiments.

Figure 1 is a side view of an electrical submersible pump assembly in accordance with

this disclosure.
Figure 2 is a sectional view of two stages of the pump of the pump assembly of Figure 1.
Figure 3 is a side view of a portion of the impeller outlet.

Figure 4 is a perspective view of the impeller of the pump stage of Figure 2, with the

uppér shroud not shown.

Figure 5 is an enlarged view of an upper edge of one of the vanes of the impeller of

Figure 4.



Detailed Deséription of the Disclosure:

The methods a.ﬁd systems of the present disclosure will now be described more fully
hereinafter with reference to the accompanying drawings in which embodiments are shown. The
methods and systems of the present disclosum may be in many different forms and should not be
construed as limited to the illustrated embodiments set forth herein; rather, these embodiments
are provided so that this disclosure will be thorough and complete, and will fully convey its

scope to those skilled in the art. Like numbers refer to like elements throughout.

It is to be further understood that the scope of the present disclosure is not limited to the
exact details of construction, operation, exact materials, or embodiments shown and described, as
modifications and equivalents will be apparent to one skilled in the art. In the drawings and
specification, there have been disclosed illustrative embodiments and, although specific terms
are emplqyed, they are used in a generic and descriptive sense only and not for the purpose of

limitation.

Referring to Figure 1, a cased well 11 extends downward from a wellhead (not shown).
Cased well 11 contains an electrical submersible pump (ESP) 13 for pumping well fluid flowing
into cased well 11. ESP 13 has a centrifugal pump 15 suspended on a string of production tubing
17. Pump 15 has a well fluid intake 19 and is driven by a motor 21, normally a three-phase
electrical motor. A seal section 23connects to motor 21 to reduce a pressure differential between
a dielectric lubricant in motor 21 and the hydrostatic pressure of tﬁe well fluid. In this example,
seal section 23 locates between motor 21 and pump intake 19, but it could be mounted to a lower

end of motor 21. ESP 13 may also include other components, such as a gas separator (not



shown) and another motor connected in tandem with motor 21, If a gas separator is employed,

intake 19 would be at a lower end of the gas separator.

Although Figure 1 shows ESP 13 oriented vertically, ESP 13 could be within an inclined
or horizontal portion of cased well 13, The terms “uppér”, “lower” and the like are used only for .
convenience herein and not in a limiting manner because ESP 13 is not always operated

vertically during operation,

Referring to Figure 2, pump 15 has a cylindrical housing 25. A drive shaft 27 extends
through housing 25 along a longitudinal axis 29. A plurality of diffusers‘Sl are stacked on top of
each other within housing 25 and fixed against rotation relative to housing 25. Each diffuser 31
has a number of diffuser flow passages 33 that extend from a diffuser lower intake area upward

and inward to a diffuser upper discharge area. Diffusers 31 rﬁay be conventional.

Each pump stage has an impeller 35 associated with each diffuser 31, Impeller 35 has a
number of impeller flow passages 37 that extend upward and outward from dn impeller intake
area 39 to an impeller periphery 41. In the example shown, diffusers 31 and impellers 35 are
shown as mixed flow types wherein impeller flow passages 37 extend upward and radially
olulward ;and diffuser flow passages 33 extend upward and radially inward, However, more
radial flow types of impellers and diffuéers are feasible, wherein the flow péssages do not extend

upward as much..

Referring still to Figure 2, each impeller flow passage 37 is defined on its sides by vanes
45. Tmpeller 35 has a lower cover or shroud 51 and an upper cover or shroud 53 spaced axially
above. Shrouds 51 and 53 form the lower and upper. sides of each impeller flow passage 37.

The upper side of lower shroud 51 joins the lower edges of vanes 45. The lower side of upper
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shroud 53 joins the upper edges of vanes 45. The upper and lower edges of vanes 45 may be

integrally formed with upper shroud 53 and lower shroud 51 in a casting process.

Impellers 35 have hubs 55 that mount to shaft 27 for rotation in unison, such as by a key
and keyway (not shown). Normally, each impeller 35 is free to float axially a limited amount
relative to each other and to shaft 27. A balance ring 57 protrudes upward from each impeller 37
into sliding engagement with a diffuser cavity wall 58. Balance holes 59 may extend through
upper shroud 53 from each impeller flow passage 37 to a cavity between upper shroud 53 and
diffﬁser 31 within balance ring 57. A downthrust washer 61 locates between»a lower annular

surface of each impeller 35 and a mating surface on an upper end of the next lower diffuser 31.

As shown in Figure 3, each impeller flow passage 37 has vanes 45 on opposite sides.
The lower side of upper shroud 53 defines an upper side of veach flow passage 37. The upper
side of lower shroud 51 defines a lower side of each flow passage 37. The lower side of upper
shroud 53 is generally parallel with the upper side of lower shroud 51 and orthogonal with the
adjacent vanes 45 of each impeller flow passage 37. Normally, each flow passage 37 is
generally rectangular when viewed in a transverse cross-section at any point along its length.
The cross-sectional or flow area of each flow passage 37 increases gradually from impeller
intake area 39 to impeller periphery 41 (Fig. 2) because adjacent vanes 45 diverge from each
other from intake area 39 to periphery 41. The height of each flow passage 37, which is the
distance from the lower side of upper shroud 53 to the upper side of lower shroud 51, is
approximately constant throughout the length of each flow passage 37. Typically, the width of

each flow passage 37 between adjacent vanes 45 is greater than the height.



Figure 4 shows impeller 35 with upper shroud 53 removed. Vanes 45 spiral as they
extend radially outward from intake area 39 to periphery 41. Each vane 45 has a high pressure
or convex side 63 and a low pressure or concave side 65. High pressure side 63 will experience
a higher fluid pressure than the pressure of fluid flowing along low pressure side 65. The term
“convex” that describes high pressure side 63 refers to the curvilinear surface of vane 45 that
faces into the direction of rotation, which would be counterclockwise when viewed as in Figure
5. The curvilinear surface of vane 45 facing away from the direction of rotation may be referred

to as the concave side 65.

Figure 5 shows the upper edge of one of the vanes 45, the others being identical. A
curved line referred to as a high pressure curved line 67 extends along high pressure side 63
continuously from a leading or upstream tip 71 to a trailing or downstream end 73. Leading tip
71 leads trailing end 73 considering the direction of rotation. Also, well fluid flows past leading
tip 71 before reaching trailing end 73. Sirnilaﬂy, a curved line referred to as a low pressure
curved line 69 extends along low pressure side 65 continuously from leading tip 71 to trailing
end 73. In this example, the thickness of vane 45 decreases slightly from leading tip 71 to
trailing end 73, thus the distance between high pressure curved liné 67 and low pressure curved

line 69 decreases from leading tip 71 to trailing end 73.

Preferably, each vane 45 has at least one slot extending through it. In this embodiment,
each vane 45 has an upstream slot 72 and a downstream slot 74 extending through it. Upstream
slot 72 and downstream slot 74 extend the entire height of each vane 45 from the lower side of
upper shroud 53 (Fig. 3) to the upper side of lower shroud 51 (Fig. 3). In the preferred
embodiment, upstream slot 72 and downstream slot 74 are generally rectangular in configuration.

Upétream slot 72 is located closer to intake area 39 than downstream slot 74.

9.



Upstream slot 72 and downstream slot 74 each extend completely through vane 45 from
high pressure side 63 to low pressure side 65, resulting in an upstream vane portion 45a, an
intermediate vane portion 45b and a downstream vane portion 45c¢ if two slots 72, 74 are used.
However fewer or more than two slots 72, 74 may be used. The high pressure sides 63 of vane
portions 45a, 45b and 45c¢ are locafed on the same, single high pressure curved line 67. The low
pressure sides 65 of vane portions 45a, 45b and 45c are located on the same single low pressure

curved line 69.

Each upstream and downstream slot 72, 74 has an upstream wall 75 and a downstream
wall 77. Upstream wall 75 is closer to leading tip 71 than downstream wall 77. Upstream and
downstream walls 75, 77 may be generally straight and flat, but are not parallel to each other in
the preferred embodiment. Rather upstream wall 75 intersects high pressure side 63 at an angle
76 that is less than angle 78, which is the angle between downstream wall 7V7 and high pressure
side 63. In other words, upstream wall 75 faces more into the direction of rotation than
downstream wall 77. A plane containing upstream wall 75 intersects a plane containing

downstream wall 77 at an acute angle.

The convergence of upstream wall 75 and downstream wall 77 toward each other at low
pressure side 65 places them farther apart at a slot entrance 79 that a slot exit 81. Slot entrance
79 1s on the high pressure side 63 and slot exit 81 is on the low pressure side 65. Slot entrance
79 is upstream or closer to leading tip 71 than slot exit 81. The cross-sectional flow area of
upstream slot 72 and downstream slot 74 gradually decreases from entrance 79 to exit 81,
defining a converging nozzle. Fluid is jetted through upstream slot 72 and downstream slot 74
along jets 83. Each jet 83 is oriented outward toward periphery 41 and away froﬁl the direction

of rotation of impeller 35.
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Downstream slot 74 is not identical in size or shape to upstream slot 72 in this
embodiment. The width of entrance 79 of downstream slot 74 is less than the width of entrance
79 of upstream slot 72. Similarly, the width of exit 81 of downstream slot 74 is less than exit 81
of upstream slot 72. The flow area of downstream slot 74 at entrance 79 is less than the flow
area of upstream slot 72 at entrance 79. The flow area of downstream slot at exit 81 is less than
the flow are of upstream slot 72 at exit 81. Consequently, less well fluid will flow through

downstream slot 74 than upstream slot 72,

The length of upstream vane portion 45a from upstream slot 72 to leading tip 71 may
vary, and the length of intermediate vane portion 45b between upstream slot 72 and downstream
slot 74 may vary. In this example, upstream slot 72 is about the same distance from leading tip
71 as downstream slot 74 is from trailing end 73, making upstream and downstream vane
portions 45a and 45¢ about the same in length. In this example, the length of intermediate vane
portion 45b between upstfeam slot 72 and downstream slot 74 is less than the lengths of

upstream and downstream vane portions 45a and 45c.

During operation, motor 21 (Fig. 1) rotates shaft 27 (Fig. 2), causing impellers 35 to
rotate relative to diffusers 31. Well fluid flows from impeller intake area 39 through impeller
flow passages 37 and out the flow passages at periphery 41. If the well fluid contains gas that
reaches pump 15, the gas will be present in the flowing well fluid. Gas can accumulate in each
stage, creating pockets particularly in flow passages 37 along the low pressure sides 65 (Figs. 3
and 4) of vanes 45. Normally, the well fluid flowing near high pressure sides 63 will contain less
gas than the well fluid flowing near low pressure sides 65. The accumulation of gas in areas next
to low pressure sides 65 can lead to damaging gas lock conditions, Upstream and downstream

slots 72, 74 divert some of the well fluid flowing along the high pressure side 63 of each vane
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45. The diversion creates jets 83 of high pressure fluid that discharge through slots 72, 74 into
the adjacent flow passage 37 near the low pressure side of vane 45. If gas is present, jets 83 tend

to push the gas out into the main flow stream of liquid and out impeller periphery 41.

Jets 83 reduce the accumulation of gas, reducing the tendency of pump 15 to gas lock.
Removing the gas pockets allows pump 15 to have a higher pumping head, or discharge

pressure, compared to stages lacking nozzle-shaped slots.

While the disclosure has been shown in only one of its forms, it should be apparent to

those skilled in the art that it is susceptible to various modifications.

-12-



CLAIMS

1. A well fluid pump assembly, comprising:

a motor;

a centrifugal pump operatively coupled to and driven by
the motor, the pump having a plurality of stages, each
of the stages comprising an impeller and a diffuser, the
impeller comprising;:

a plurality of vanes curving outward from a central intake
area to a periphery of the impeller, each of the vanes
having a high pressure side and a low pressure side;

the high pressure side of each of the vanes being located
on a single curved high pressure line extending from
the central intake area to the periphery of the impeller;

the low pressure side of each of the vanes being located
on a single curved low pressure line extending from the
cenfral intake area to the periphery of the impeller;

an upstream slot and a downstream slot extending through
each of the vanes from the high pressure to the low
pressure side to divert some of the fluid flowing along
the high pressure side into the low pressure side;
wherein

a flow area of each of the upstream slot and the down-
stream slot of each of the vanes is fixed and greater at
the high pressure side than at the low pressure side; and

the flow area of the upstream slot at the low pressure side
of each of the vanes is greater than the flow area

of the downstream slot at the low pressure side.

2. The assembly according to claim 1, wherein a distance
along the high pressure side from an upstream tip to the
upstream slot of each of the vanes is greater than a distance
along the high pressure side from the upstream slot to the
downstream slot of each of the vanes.

3. The assembly according to claim 1, wherein the flow
area of the upstream slot and the flow area of the down-
stream slot in each of the vanes gradually decrease from the
high pressure side to the low pressure side.

4. The assembly according to claim 1, wherein in each of
the vanes, each of the slots has an upstream wall and a
downstream wall that are non parallel to each other, and
wherein the upstream wall of the downstream slot in each of
the vanes is at a greater angle relative to the high pressure
side than the upstream wall of the upstream slot.

5. The assembly according to claim 1, wherein in each of
the vanes, each of the slots has an upstream wall that is
located in an upstream wall plane and a downstream wall
spaced downstream from the upstream wall and located in a
downstream wall plane that infersects the upsiream wall
plane at an acute angle.
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6. The assembly according to claim 1, wherein:

in each of the vanes, each of the slots has an upstream wall
and a downstreamn wall that is located downstream from
the upstream wall; wherein

the downstream wall of the upstream slot and the down-
stream slot in each of the vanes intersects the high
pressure side at a greater angle than an intersection of
the upstream wall with the high pressure side; and

the angle that the upstream wall of the downstream slot in

each of the vanes intersects the high pressure side ata

greater angle than the angle that the upstream wall of
the upstream slot intersects the high pressure side.

7. The assembly according to claim 1, wherein in each of
the vanes, each of the slots has an entrance on the high
pressure side and an exit on the lower pressure side, the
entrance being located upstream from the exit.

8. The assembly according to claim 1, wherein the impel-
ler further comprises:

upper and lower shrouds joining upper and lower edges,
respectively of the vanes, to define vane passages
hetween adjacent ones of the vanes; and

wherein in each of the vanes, each of the slots exiends from
the upper to the lower edge of the vane.

9. The assembly according to claim 1, wherein: in each of
the vanes, a distance along the high pressure side from a
downstream tip of the vane to the downstream slot is no
greater than a distance from an upstream tip of the vane to
the upstream slot.

10. The assembly according to claim 1, wherein the flow
area of the upstream slot in each of the vanes at the high
pressure side is greater than the flow area of'the downstream
slot at the high pressure side.

11. A well fluid pump assembly, comprising:

a motor;

a cenlrifugal pump operatively coupled to and driven by
the motor, the pump having a plurality of stages, each
of the stages comprising an impeller and a diffuser, the
impeller comprising;

a plurality of vanes curving outward from a central intake
area to a periphery of the impeller, each of the vanes
having a convex side and a concave side and compris-
ing:

an upstream slot and a downstream slot extending through
the vane from the convex side to the concave side, the
upstream slot being farther distance to an upstream tip
of the vane than a distance from the upstream slot to the
downstream slot;
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each of the slots having an entrance on the convex side
and an exit on the concave side, the entrance being
located upstream from the exit;

wherein the entrance of each of the slots has a greater

cross-sectional area than the exit of the same slot to
divert well fluid lowing along the convex side to the
concave side;

the cross-sectional areas of the entrance and the exit of

each of the slots are fixed; and

wherein each of the upstream and downstream slots has

an upstream wall and a downstream wall that are not
parallel to each other, and wherein the upstream walt of
the downstream slot is at a greater angle relative to the
‘convex side than the upstream wall of the upstream
slot.

12. The assembly according to claim 11, wherein the flow
area of each of the upsiream and downstream slots gradually
decreases from the entrance to the exit, and the flow area at
the exit of the upstream slot is greater than the flow area at
the exit of the downstream slot.

13. A well fluid pump assembly, comprising:

a motor
a cenirifugal pump operatively coupled to and driven by

the motor, the pump having a plurality of stages, each

of the stages comprising an impeller and a diffuser, the
impeller comprising:

a plurality of vanes curving outward from a central intake
area to a periphery of the impeller, each of the vanes
having a convex side and a concave side and compris-
ng:

an upstream slot and a downstream slot extending through
the vane from the convex side to the concave side, the
upstream slot being a farther distance to an upstream tip
of the vane than a distance from the upstream slot to the
downstream slot;

each of the slots having an entrance on the convex side
and an exit on the concave side, the entrance being
located upstream from the exit:

wherein the entrance of each of the slots has a greater
cross-sectional area than the exit of the same slot to
divert well fluid flowing along the convex side to the
concave side: the cross-sectional areas of the entrance
and the exit of each of the slois are fixed: and

wherein each of the upstream and downstream slots has
an upstream wall that is located in an upstream wall
plane and a downstream wall spaced downstream from
the upstream wall and located in a downstream wall
plane that intersects the upstream wall plane at an acute
angle.
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14. The assembly according to claim 13, wherein:

each of the upstream and downstream slots has an
upstream wall and a downsfream wall that is located
downstream from the upstream wall; and wherein

the upstream wall intersects the convex side at a lesser
angle than an intersection of the downstream wall with
the convex side.

15. The assembly according to claim 11, wherein the

impeller further comprises:

upper and lower shrouds joining upper and lower edges,
respectively of the vanes, to define vane flow passages
between adjacent ones of the vanes; and

wherein each of the upstream and the downstream slots in
each of the vanes extends from the upper to the lower
edge of the vane.

16. The assembly according to claim 13, wherein:

the upstream slot in each of the vanes has a greater flow
area measured at the convex side than a flow area of the
downstream slot, measured at the convex side.
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