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Abstract 

 

To increase recovery rates – the greatest challenge facing the industry – operators must not only look to 

step-change technologies, but improvements to existing technology. Even incremental increases in 

recovery rates can impact economics when multiplied across numerous wells. For example, 

approximately two-thirds of onshore wells use beam operated pump jacks with reciprocating rod pumps. 

Our objective was to improve the efficiency and reliability of sucker pumps by engineering a new ball 

valve insert. The primary design goal for the insert was to reduce pressure drop inside the sucker rod 

pump ball valve. The benefits resulting from reduced pressure drop include increased pump fillage, 

reduced gas breakout and minimized scale and wax build-up, all of which result in improved pump 

efficiency. 

 

Laboratory testing demonstrated that the lowest pressure drop was provided by the insert design with the 

tangent angle equal to Pi (3.14, π), as it forced the fluid into a vortex spin. Based on a number of flow 

rates (including two phase flow) the vortex insert decreased pressure drop by 40% on average resulting 

in 58% more flow than the bar-bottom inserts. In addition, compared to the bar-bottom inserts, which 

produced significant ball chatter, the vortex insert had a consistently low decibel reading with increasing 

flow rates, as the ball remained stationary. This results in reduced gas breakout, which in turn further 

reduces pressure drop and pump damage. Field production data demonstrated an average increase in 

production after the vortex insert was installed and an average cost savings of 25% on pump jack fuel 

and electricity was realized from the increased pump efficiency.  

 

The design of the vortex insert improves the efficiency and reliability of sucker rod pumps by minimizing 

the effects of pressure drop, gas breakout, solids accumulation (wax), casing wear and ball wear, which 

together improve pump efficiency and production flow. Because the design enables the ball to remain 

stationary, smaller and lighter balls can be used, allowing for higher flowback solids and reduced cage 

wear, respectively. The vortex insert is manufactured to replace conventional bar-bottom inserts without 

needing to change out the entire pump assembly, making them applicable to 90% of pumps presently 

used in the industry. 
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Introduction 

 

Artificial lift is a process used on oil wells to increase pressure within the reservoir and encourage oil to 
the surface. When the natural drive energy of the reservoir is not strong enough to push the oil to the 
surface, artificial lift is employed to recover more production. 
 
While some wells contain enough pressure for oil to rise to the surface without stimulation, most require 
artificial lift. 96% of the oil wells in the United States require artificial lift from initial production (RigZone). 
Even in wells that initially have adequate natural flow to bring oil to the surface, the reservoir pressure will 
deplete over time requiring artificial lift to continue production. Therefore, artificial lift is performed on all 
wells at some time during their production life. 
 
Although there are several methods to achieve artificial lift, the most common type is beam, or sucker rod, 
pumping. In the US, the majority of wells (80-90%) employ a beam pump (Toma et al., 1998; Cutler and 
Mansure, 1999). Consisting of a sucker rod string and a sucker rod pump, beam pumps are the familiar 
pump jacks seen on onshore oil wells (Fig. 1). 
 

 
Fig. 1—Diagram of pump jack and sucker rod pump mechanism including the travelling and standing 

value (Source: Wikipedia). 
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Issues with Conventional Ball Cage Insert. Looking closer at the sucker rod mechanism, there are two 

ball check valves, a stationary valve at the bottom called the standing valve and one on the piston 

connected to the bottom of the sucker rod called the travelling valve (Fig. 1 – inset). Each valve contains 

a ball cage insert to regulate flow. The bar bottom is the four piece ball cage (insert/ball/seat/cage) that 

has been run in the majority of all the sucker rod pumps used in North America for over 50 years. Fig. 2 

shows the single bar bottom insert design used in these ball cages. 

 

 
Fig. 2—Bar bottom ball cage insert. 

 

A number of problems exist with the functioning of the bar bottom insert, including gas breakout, pressure 

drop, solids, ball wear and cage failure, which result in reduced pump efficiency (Cutler and Mansure, 

1999). 

 

Gas Breakout. As fluid undergoes turbulence, the entrained gas breaks out from its solution 

form. When a fluid with entrained gas travels through a confined space, the gas is forced to 

instantly combine, causing a high pressure drop. 

 

Pressure Drop. Pressure drop is the difference in pressure between two points of a fluid in a 

pipe. Pressure drop occurs when the fluid inside the casing flows across a smaller cross sectional 

area of flow – i.e., areas between the ball and insert. A more constrictive path, additional ball 

vibration, and increased gas levels in the fluid all contribute to the pressure drop across the 

insert. A Pressure drop occurs inside the valve that causes a decrease in pump fillage every time 

the pump is stroked. Pressure drop occurs with frictional forces, caused by the resistance to flow, 

on a fluid as it flows through the insert. Pressure drop can cause scale and paraffin wax to build 

up minimizing the area for oil to flow. 

 

Ball Wear and Cage Failure. Ball wear and cage failure can occur as a result of the continuous 

pounding of the ball on the insert. These effects can also occur from the vibration (chatter) of the 

ball inside the insert. 

 

Solids. Solids can get lodged between the ball and the insert causing the ball to stick rendering 

the pump useless. Solids can also cause abrasion to the ball and the insert, which ultimately 

wears out the pump. 

 

Previous Design Improvements. In the late 1990s, a project conducted by the Alberta Oil Sands 

Technology and Research Authority (AOSTRA), the Alberta Research Council (ARC) and industry to 

address issues with sand and gas/steam inflow in sucker rod pump valves resulted in the development of 

an improved ball/cage/seat design, called the high volume and compression (HIVAC) cage (Toma et al., 

1995; Toma et al., 1998; Ivey, 1999). This one-piece (single cast) ball cage incorporated four helical ball 
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guides (channels), which reduced ball wear and cage damage associated with the impact of the ball, and 

induced a highly turbulent, or “swirl-jet” fluid action above the cage to reduce the accumulation of sand. 

The drawback of the full cage (one-piece) design was that it came with a cost premium and was not 

universally applicable. 

 

At the same time, the Petroleum Operation Support Service Inc. (POSSI) presented a paper detailing 

vortexing as a solution to the inherent inefficiency of ball valves in sucker rod pumps (Pennington, 1998). 

The vortex provided three related benefits: it created a whirlpool effect that stabilized the ball at the center 

of the valve cage, which along with increased fluid velocity lifted the ball higher for a longer period, which 

then allowed the ball to come into the larger area in the case, increasing flow area. The combination of 

these benefits enabled increased pump fillage and decreased gas breakout. However, there were three 

main drawbacks to this design: 1) the one-piece ball valve insert and cage (single cast) made it costly and 

not universally applicable for all ball valves, 2) the fins, or blades that created the vortex were very thin, 

requiring the development of a stronger, more expensive metal and making them prone to breakage, and 

3) the angle of the vortex was not optimized, so the ball still moved, contributing to the cage breakage. 

 

Objective. The objective of this study was to design a fully optimized, universal ball cage insert to 

improve pump efficiency and reliability, enable application to all sucker rod pump ball valves, and make it 

cost effective for operators to replace the old bar bottom inserts without changing out the entire pump 

assembly. 

 

Initial Design and Testing of Vortex Insert 

 

The original hypothesis was to incorporate a curved twist into a conventional insert to reduce the energy 

losses in the fluid. A number of wax prototypes were created with varied helical twist (pitch) profiles. A 

laboratory apparatus was constructed and calibrated to test the various prototypes directly against the 

standard bar bottom insert (Fig. 3). The testing apparatus comprised a large basin containing water with 

two exit ports underneath. Two inserts, one bar bottom and one vortex prototype would be loaded into the 

two posts. Each port had the same hydrostatic head, such that when the water in the basin was allowed 

to flow by pulling a lever, the amount of water collected below each post in the measuring cylinders would 

enable comparison of the flow rates for the two inserts.    

 

 
Fig. 3—Laboratory apparatus used for testing inserts. 
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Results. The prototype designs were subjected to flow tests in the laboratory apparatus and compared to 

the conventional bar bottom insert. (Table 1). These tests showed that the 10 mm clockwise prototype 

provided the best flow compared with the conventional bar bottom insert as well as the other prototype 

pitches. Therefore, the 10 mm clockwise prototype provided the best cross sectional area to maximize the 

volumetric flow rate. 

 

Table 1. Testing of helical twist prototype inserts versus the bar bottom insert. 

Test Post Insert Difference (cm) 

1 2 

3 

Bar bottom 

12 mm clockwise 

15 

2 2 

3 

12 mm clockwise 

Bar bottom 

15 

3 2 

3 

3 mm counter clockwise 

Bar bottom 

2 

4 2 

3 

3 mm counter clockwise 

Bar bottom 

3 

5 2 

3 

Bar bottom 

10 mm clockwise 

18.5 

6 2 

3 

10 mm clockwise 

Bar bottom 

18 

7 2 

3 

15 mm clockwise 

Bar bottom 

10.5 

8 2 

3 

Bar bottom 

15 mm clockwise 

10 

 

Vortex Insert Design Optimization 

 

The initial design prototype was then further optimized to minimize pressure drop and gas breakout, as 

well as for strength and reduced wear to mitigate the issues experienced with the conventional bar bottom 

inserts as stated in the Introduction. The final design (Fig. 4) incorporated a number of improvements as 

detailed below. 

 

 
Fig. 4—Optimized vortex insert design. 
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Optimization of Flow Angle and Ball Positioning. The vortex insert design positions the ball between 

the upper and lower rings such that the maximum diameter of the ball is exactly in the middle of the rings 

to allow for maximum cross sectional area. This optimizes the volumetric flow rate. Further examination of 

this design shows that the tangent of the outer angle flow profile is equal to Pi (3.14, π) with the inner 

most tangent of the angle equal to zero (Fig. 5). This provides the outer parameters of the differential 

equation that optimizes fluid flow and minimizes frictional losses, which in turn minimizes gas breakout.  

 

 
Fig. 5—Optimization of flow angle and ball position to maximize flow rate and minimize gas breakout. 

 

Optimization of Internal Design Parameters. Three internal design parameters of the vortex insert were 

optimized in relation to force distribution, to minimize wear, and reduction in frictional forces, which in turn 

reduces pressure drop (Fig. 6). First, the ball stop was formed into a sphere to cradle the ball and 

distribute the force of the ball as it hits the ball stop. Second, the base of the insert ribs were widened to 

provide greater force distribution over a larger area. Both of these improvements minimize wear of the 

flanges, ribs, ball and casing. Third, all internal surface edges were smoothed to reduce frictional forces 

to reduce pressure drop. In addition, great care is taken during the manufacturing process to ensure that 

the top and bottom rings are measured square within 0.001-in. parallelism. This prevents casing fracture 

during make up. 

 

 
Fig. 6—Optimization of force distribution and reduction of pressure drop. 
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Optimization of Extruding Flanges and Cylinder. Regarding the upper portion of the insert design, 

protruding flanges were added to enable structural distribution of forces to the top ring and ribs (Fig. 7). 

These flanges thin towards the top to provide increased cross sectional area allowing for a higher 

volumetric flow rate. The flanges also change the angle of flow to distribute a narrower flow profile in the 

casing to allow for higher pump fill with each stroke. 

 

The cylindrical connector at the top of the flanges distributes forces evenly to all three flanges, which then 

distribute the forces equally to the top ring and casing inner wall. This results in reduced casing wall 

failure. 

 

 
Fig. 7—Optimization of flanges and cylinder to improve flow rate and evenly distribute forces for reduced 

fatigue and casing failure. 

 

Finite Element Analysis. The University of Calgary performed finite element analysis on the vortex insert 

as a way to test the strength of the design (Fig. 8). This analysis determined that the 3 flanges of the 

vortex insert provides superior structural stability compared to the 2 contact points of the conventional bar 

bottom insert. The inherent strength of the design is further enhanced through the chosen metallurgy – a 

cobalt alloy with a high chromium content – as well as machining the top and bottom rings to within 0.001-

in. parallelism. 

 

 
Fig. 8—Finite element analysis images of meshing, boundary conditions and total displacements. 
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Comparison of Optimized Vortex Insert to Conventional Bar Bottom Insert 

 

While the initial laboratory apparatus demonstrated improved volumetric flow rate with the vortex insert 

compared to the conventional bar bottom insert, further testing and analyses were warranted on the 

optimized vortex insert to specifically show the reduction in pressure drop and reduced ball chatter of the 

new design. 

 

Detailed flow testing was performed at the Southern Alberta Institute of Technology (SAIT) laboratory 

using a flow apparatus consisting of two identical flow runs. Each flow run contained a 2.25-in. insert, 

either the conventional bar bottom insert (Fig. 9, left side) or the optimized vortex insert (Fig. 9, right 

side). A large supply tank (basin) of water was situated underneath the flow apparatus and contained a 

submersible pump. Pressure gauges were installed below and above the inserts to enable measurement 

of pressure drop across the inserts with or without gas in the system. A Coriolis meter was used to 

measure the density of the fluid as an indicator of the amount of gas in the system. Additionally, three 

decibel meters were used to measure the sound level to monitor ball chatter in the system. 

 

 
Fig. 9—Flow testing apparatus showing bar bottom insert in left and vortex insert in right flow run. 

 

Results. An initial test to measure pump fillage was performed by briefly pumping water through the flow 

runs and measuring the level of water that accumulated in the tubing above the two inserts. The level of 

water in the vortex insert flow run was 2-3x that of the bar bottom insert (data not shown). This indicates 

that the decreased restriction of the vortex insert results in a lower pressure drop, which enables higher 

pump fillage. 

 



9 TF 250815 

 

A second test was performed to show the difference in the entrained gas breakout pattern between the 

two inserts. Water was briefly flowed through each flow run and the pattern of gas breakout was 

observed. The gas breakout with the vortex insert was maintained through the center of the flow tubing 

above the insert; whereas, the conventional insert showed gas breakout throughout the flow tubing due to 

the increased turbulence (data not shown). 

 

Pressure drop was then precisely measured across the two inserts by measuring the delta pressure on 

the gauges before and after the insert at a number of flow rates. An Endress & Hauser system was used, 

which has an integrated calibration that normalizes for several properties, including Bernoulli and 

Reynolds normalization, to properly measure the pressure drop across the valves. The optimized vortex 

insert provided a significantly lower average pressure drop compared to the bar bottom insert in both 

conditions without gas (40%, Fig. 10) and with gas (44%, Fig. 11) in the system. The average density of 

the water/gas fluid averaged 950 kg/m3. 

 

 
Fig. 10—Average pressure drop versus flow rate without gas. 

 

 
Fig. 11—Average pressure drop versus flow rate with gas. 



10 TF 250815 

 

 

The difference in ball chatter between the conventional and vortex inserts was then tested by averaging 

three decibel readings around the flow run. The optimized vortex insert kept the ball perfectly stationary 

during the flow resulting in greatly reduced decibel values – close to ambient room levels – in both 

conditions without gas (697%, Fig. 12) and with gas (86%, Fig. 13) in the system. The bar bottom insert 

readings were >90 dB – the point in which hearing protection must be worn in order to avoid permanent 

hearing loss. This movement negatively effects the structural stability of the flow run cage; therefore, the 

vortex insert mitigates cage wear and eventual failure due to ball chatter. 

 

 
Fig. 12—Ball vibration versus flow rate without gas. 

 

 
Fig. 13—Ball vibration versus flow rate with gas.  
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Additional testing was performed on the original wax prototypes to confirm the findings with the initial text 

apparatus. The pressure drop readings were similar between the various models tested (Table 2), but the 

ball chatter (qualitatively measured as the wax molds did not produce loud decibel readings) of the 

optimized design (10 mm, or 72 degrees) was significantly lower. This insert had permanent ball seating 

at all times; whereas, all the other angles showed ball movement or chatter.  

 

The 72 degree vortex flow insert provides the angle at which a perfect semi-spherical vortex occurs under 

the ball to completely stop lateral ball movement. Angles less than 72 degrees provide a vortex with a 

wider radius curve that does not apply an even pressure on the underside of the ball allowing it to move 

laterally. 

 

Table 2. Flow run testing of original wax prototypes to confirm optimized design. 

Insert (mm) Angle (degrees) Ball Movement 

3 90 Significant ball chatter 

10 72 Seated 

12 65 Not seated, minimum ball chatter 

15 45 Ball chatter 

 

Field Application of Vortex Insert 

 

Both standard API vortex inserts and alternative (smaller ball size) inserts have been used in North 

America and are currently being manufactured, cast, machined, distributed and sold to distributors and 

pump shops in Canada and the US. To date, close to 3000 vortex inserts have been run downhole 

between 500 m and 3500 m true vertical depth (TVD) in sucker rod pump standing and travelling valves 

across North America. The variety of insert sizes (1.25-, 1.5-, 1.75-, 2.0- and 2.25-in.) are made to fit 

multiple pump types making it extremely versatile and available to the majority of all artificial lift 

applications. 

 

The newly designed vortex insert has been run in and out of variety of wellbores with H2S, pressure, 

solids, and corrosive environments. The cobalt alloy with a high chromium content offers resistance to 

corrosion while providing high fatigue strength to withstand the ball constantly beating against the upper 

flanges. 

 

While there are a number of parameters that cannot be controlled for in a field situation, field trials have 

shown a production benefit with the vortex insert, two of which are presented in Fig. 14 and 15. Average 

3-month oil and oil plus water production was compared before and after the vortex insert was installed. 

The well in Figure 14 showed a 64% increase in oil production and an ~20% increase in total flow 

(oil+water). The well in Figure 15 showed a 90% increase in oil production and a 43% increase in total 

flow. 

 



  
Fig. 14—Production before and after installation of the vortex insert on June of 2004. 

 

 

  

Fig. 15—Production before and after installation of the vortex insert on March of 2004. 

 

Conclusions 

 

Unlike one-piece full cage vortex pumps, the optimized vortex insert is designed to fit into any sucker rod 

ball valve and has a low cost of entry. Additionally, by optimizing fluid flow and thus pump fillage, the fuel 

required to run the sucker rod pump is decreased, reducing costs and environmental impact of the 

resulting emissions. The vortex insert is particularly suited to oil wells that require lower pressure drops 

across valves, experience gas influx, solids, casing failure and excessive ball and seat wear. 
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Nomenclature 

dB = decibels 

GPM = gallons per minute 

in. = inches 

m = millimeter 

m3 = cubic meter 

TVD = true vertical depth 
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