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Abstract 

 
Beam Lift - A Study of Important Parameters: 

(1) Well Bore Orientation Effects on Liquid Entry Into the Pump. 
(2) Pumping Unit Counterbalance Effects on Power Usage. 

(3) Pump Friction and the Use of Sinker Bars. 

 

Grayson Michael Carroll, M.S.E. 

The University of Texas at Austin, 2016 

 

Supervisors: Paul Bommer, David N. Espinoza 

 

 
 This study will discuss three different aspects of rod pumping. Chapter 1 will 

focus on flow regimes associated with low-pressure horizontal wells. By understanding 

how oil and gas interact with each other both in the horizontal and vertical portions of the 

wellbore, downhole pump assemblies can be optimized to increase pump fillage. The 

addition of a flexible dip tube into the horizontal section of the wellbore allows for the 

ability to set the pump above the kickoff point but is only effective the dip tube can be 

engineered to be submerged in the fluid.  

 Chapter 2 is an evaluation of the effect of pumping unit counterbalance on power 

consumption. If the pumping unit is out of balance, it will generate power during portions 

of the stroke. The Motorwise motor controller attempts to save power by shutting off the 

motor and allowing the rotational inertia of the unit to operate the pump. Although this 
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device does save power on pumping units that are out of balance, it was concluded that it 

was of little use if the operator can maintain balance of the pumping unit.  

 Chapter 3 discusses the role of viscous friction in rod string design and the 

importance of sinker bars in counteracting compression forces at pump level. On the 

downstroke, the plunger must overcome any mechanical friction as well as the viscous 

friction from fluid flowing through the traveling valve and the annular space between the 

plunger and inside of the barrel. In a barrel completely full of liquid, the plunger will 

establish a free fall velocity. If the plunger is required to fall faster than free fall, the 

plunger must be pushed. If the plunger can reach terminal velocity with additional 

weight, the increase in viscous friction inside the pump equals the weight added. Thus, 

the critical plunger velocity for the onset of buckling of a ¾” sucker rod varies depending 

on the viscosity of the fluid. Adding a single 1.5”, 25-foot sinker bar is sufficient to 

counteract the compression from viscous pump friction up to practical pumping speed 

limits.  
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Chapter 1: Wellbore Orientation Effects on Liquid Entry Into the 

Pump 

Purpose of Experiment 

	   The optimization of fluid flow into and around a pump is imperative to productive 

and efficient pumping. The determination of flow regimes occurring downhole is the only 

way to fully understand the job that is asked of the separation equipment and pumping 

unit.  

 The purpose of this study is to further examine how fluids enter a beam pump 

from a highly deviated well. The separation of the two phases, air and oil, will be 

optimized by using either a dip tube or by altering the wellbore orientation. 

 This experiment can be paralleled to an undulated horizontal wellbore with liquid 

that prefers to collect in the lower portions of the undulations. When the liquid level 

reaches a certain point, the air will be forced to flow through the liquid column. This will 

cause liquid to move laterally down the horizontal portion of the wellbore to either 

another trough or eventually to the vertical section of the wellbore. With this study, the 

efficiency of this movement can be monitored with varying air rates. This could help 

engineers determine how much liquid is trapped within the undulations of their wellbore 

as well as other issues regarding liquid loaded horizontal wells and two phase gathering 

systems. Figure 1.1 shows the well configuration that will be used during 

experimentation.  
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Figure 1.1: Well Configuration 

 
 
 Attached to the top of the well is a Baker 16-53-30 rod pumping unit. This 

pumping unit feeds a storage tank that holds the oil. The tank then connects to the oil 

inlet, shown in red in Figure 1.1, roughly 40 feet below.  

 
The testing procedure for each trial was as follows: 

1. Orient the horizontal portion of the well to the desired inclination. 

2. Adjust the well to desired liquid flow rate (either steady state or static) 

3. Turn on pumping unit if necessary and verify steady state flow 

4. Open air valve allowing air into the wellbore 
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5. Increase air volumetric rate incrementally while observing the flow behavior in 

both the vertical and horizontal sections.  

6. Observe pump fillage and dip tube exposure 

7. Once maximum gas rate is reached, shut air valve and liquid valve. 

8. Turn off pumping unit. 

9. Repeat this process until sufficient data is collected 

Rod Pumping in Low Pressure Wells  

 Beam lift is an effective way to produce low bottom hole pressure wells as long as 

the formation has enough pressure to lift the produced fluids to the pump intake as well 

as open and pass through the standing valve.  

 The dip tube is vital to the effectiveness of rod pumping low-pressure horizontal 

wells. In a conventional, vertical well the liquid level must reach the intake for the fluids 

to enter the pump. The dip tube is a tube that is connected to the pump intake and 

lowered deeper into the well. The dip tube’s purpose is to lower the effective fluid level 

needed for efficient pumping without significantly raising the pressure needed from the 

well to flow into the pump. Traditionally, these have been in used in vertical wells but 

could be very useful in horizontal applications as well because previously immobile 

liquid trapped in the horizontal could be allowed to flow through the tube and into the 

pump. The pressure associated with using a dip tube includes the hydrostatic pressure 

needed to overcome the additional depth and the pressure drop due to friction both in the 

10-foot dip tube as well as through the valve. Equations 1 through 6 were used to 
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calculate the additional pressure that must be supplied by the well due to the dip tube in 

our specific test well. 

Pressure Loss due to friction in standing valve:  
 

ΔPSV = ρ( 2q
8081.7Cdi

2 )                                                                                                        (1) 

 
C = seat diameter constant 
di  = seat diameter (in) 
q   = flow rate (bbl/day) 
ρ  = density of well fluid (lb/ft3) 
 

ΔPSV = 50 lb
ft 3
(

2(57.8 bbl
day

)

8081.7(.632)(1in)2
) = 1.12psi   

 
Pressure Loss due to hydrostatic head: 
 
ΔPhyd = .052ρh                                                                                                                   (2)                      
 
h = height (ft) 
ρ  = density (lb/gal) 
 

ΔPhyd = .052(6.5
lb
gal
)(3 ft) = 1.014 psi   

 
Pressure Loss due to friction in tube can be calculated using equations 3 through 5. First 

Reynolds Number, Re, must be determined.  

 

Re = ρQD
µA

                                                                                                                        (3) 

 
ρ  = density 
Q = Flow rate 
D = tube diameter 
µ  = fluid viscosity 
A = cross-sectional area 
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Using consistent units, the Reynolds Number calculation for this experiment is as 

follows: 

 

Re =
0.00011m

3

s
(800.92 kg

m3 )(0.0508m)

0.00203m2 (0.003 kg
m − s

)
= 734.89   

 
The Fanning Friction Factor is then determined using the calculated Reynolds number 

above. 

  

f = 16
Re

= 16
734.89

= 0.022                                                                                                  (4) 

 
Pipe friction loss is then finally calculated using equation 5. 
 

ΔPfriction =
0.0000146( f )(Q

A
)2Lρ

gD
                  (5) 

 
f = Fanning Friction Factor 
Q = Flow rate (bbl/day) 
A = Cross-sectional area (in2) 
L = Pipe Length (ft) 
ρ  = Fluid Density (lb/ft3) 
g = Gravity 
D = Pipe diameter 
 

ΔPfriction =
(0.0000146(0.022)(

57 bbl
day

3.14in2
)(10 ft)(50 lb

ft 3
)

32.2 ft
s
(2in)

= 0.00016psi   

 
Where 0.0000146 is a conversion constant for the units shown. The total pressure loss is 

then calculated using equation 6: 
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ΔPtotal = ΔPhyd + ΔPSV + ΔPfriction                                (6) 
 
ΔPtotal = 1.12psi +1.014 psi + 0.00016psi = 2.134 psi   
 
 This sample calculation shows the negligible amount of added pressure that the 

well must overcome for liquid to flow from the horizontal into the pump for this 

experiment. It should be noted that the pressure drop could be much larger in deeper 

wells and is proportional to the length of the dip tube. This theoretically will allow 

operators to have more options of where to set the pump in the well. Hopefully with the 

use of dip tubes, mature wells previously thought to be uneconomical can be produced 

further and the problematic solution of setting the pump somewhere in the curve won’t be 

necessary. 

Initial Testing Method (Static Liquid, Horizontal) 

	   The first goal was to analyze the flow behavior with the pump turned off. This 

was performed in order to get a grasp on how the fluids would interact within the test 

well. To analyze the behavior of the two fluids, oil and air, without any aggravation from 

the pump, the well was completely filled with oil prior to allowing any air into the system 

and set to an inclination of 0 degrees (horizontal). At this time, the oil valve was shut and 

air was allowed to flow at increasing rates in order to determine the thresholds between 

different flow regimes. The wellbore configuration is shown in Figure 1.2. 
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Figure 1.2: Initial Well Configuration 

 

Horizontal Flow 
	  
 The flow regime within the horizontal section of the well that was initially 

completely full of liquid was in the form of elongated bubbles. But as the gas rate 

continued to increase, the oil began to be carried into the vertical section of the well. 

Once gas rate was steady, the flow in the horizontal annulus was stratified with air 

flowing along the top of the liquid for the majority of the airflow rates. The stratified 

flow regime can be proven using data as well as observation. Superficial velocity is 

defined as the flow rate divided by the entire cross sectional area of the annular space 

regardless of any other fluid present. With the superficial liquid velocity equal to 0 m/s 

for this portion of the experiment and the highest air mass flow rate able to be provided 

Gas$
Oil$

Pu
m
p$

Steady$State$Oil$
and$Gas$Flow$
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by the compressor was to be 3.5 kg/min (4.56 m/s and 15 ft/s for air), the observations 

match those found in other established experimental models such as Taitel and Dukler 

(1976), as shown below in Figure 1.3. 

 

 
Figure 1.3: Superficial Velocity Flow Regime Map (Taitel and Dukler 1976) 

 
Vertical Flow 

 During this portion of the experiment, it was found that when the air began to 

flow through the nearly liquid filled curved section of the well, the fluids created a frothy 

mixture that rose in the vertical annulus. Even at the lowest measurable volumetric rate 

from the air meter (0.2 kg/min or 9 mscf/day) the fluids exhibited this behavior. As the 

flow rate of air was increased, the frothy mixture began to rise in the vertical annulus.  

This behavior continued until the fluid reached the wellhead and eventually vented back 

into the tank. Because the liquid rate is set to zero, the continuous rising of frothy liquid 
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in the vertical section of the wellbore ultimately caused a loss in total liquid in the well. 

This gas lift effect and efficiency will be studied further.  

 The vertical flow regime also follows a predetermined correlation shown in 

Figure 1.4 (Bommer). With the well in this configuration, the gas rate determines the 

flow behavior. As described above, once gas was allowed to flow into the well, oil began 

to bubble up into the vertical portion of the well. As the gas rate was increased, the frothy 

flow in the vertical annulus became more “violent” and rose higher in the well. A vertical 

flow pattern map is shown below in Figure 1.4 (Bommer) that allows the findings of this 

experiment to be confirmed.  The range of superficial gas velocity is 0.9 ft/s to 16.5 ft/s. 

The superficial velocity of the oil is 0 because it is static in the horizontal section. This 

limits the possible flow regimes that can be seen in the vertical section of the wellbore. 

The only two-phase flow regime observed was froth. If the well did not have the gas 

velocity to ”carry” the liquid, the gas flowed without disturbance to the surface and did 

not exhibit any two-phase vertical flow.  
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Figure 1.4: Vertical Flow Regime Map (Bommer and Podio 2015) 

 

Gas Lift Effect 
	  
 The flow of air was able to lift static oil from the horizontal section of the well. 

To test the efficiency of this gas lift effect, the well was placed at 0 degrees (perfectly 

horizontal) and the air was allowed to flow at its maximum rate (3.5 kg/min or 16.5 ft/s) 
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with the horizontal portion initially full of oil.  After 5 minutes, the air flow was shut off 

and the oil settled back to the bottom of the well. During this 5 minute period, roughly 

half of the horizontal annulus volume was lifted back to the tank at the “surface” solely 

due to the air flow. This is theoretically the maximum amount of oil that can be lifted to 

the surface under the current restrictions of the air supply. Visually, the fluid level in the 

horizontal section of the wellbore was not changing, implying that there is no new liquid 

being lifted into the vertical section. 

 In an effort to test the gas lift effect as a function of the amount of oil in the 

horizontal annulus, various thresholds were studied. First “steady state” was established 

by finding the oil rate that kept the fluid level constant while the pump is pumping. Once 

this rate was determined to be 1.7 gal/min or 58 bbl/day, the air rate was increased until 

the pump began to allow air through the standing valve.  This began to occur when the 

gas rate was high enough to effectively push the oil towards the curve and away from the 

dip tube attached to the pump intake shown in Figure 1.5. This allowed air to gradually 

flow down the dip tube in the form of elongated bubbles and through the standing valve.  
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Figure 1.5: Well Configuration During Gas Lift Effect Test 

 
 The threshold where gas was allowed to flow into the standing valve was found to 

be 1.5kg/min (63 Mscf/day) or in more terms of velocity 10.7 ft/s. The gas velocity was 

calculated using the horizontal cross section that the gas was flowing through when the 

horizontal annulus is half full of oil; this was effectively a semi circle equal to half the 

area of the horizontal section of the well.  This shows a potential negative effect of this 

gas lift phenomena in the industry. As the gas rate increases, the more liquid that can be 

lifted into the vertical section of the wellbore. This allows for less liquid holdup in the 

horizontal section and a lower pump fillage due to the exposed dip tube. This test was 

done to discover when the air rate begins to have a negative effect on pumping efficiency. 

Intuitively, pumping efficiency is negatively affected with increasing air rate. A table of 

Frothy'Flow'
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the limits of the air supply and oil supply is given below in Table 1.1. The minimum air 

rate is the minimum air rate recordable by the Coriolis Meter. The meter being used in 

the flow loop determines the maximum and minimum oil rates.   

Table 1.1: Limits of Air and Oil Supply 

 
Min rate Max Rate 

Air  8 Mscf/day 152 Mscf/day 
Oil 34 bbl/day 342 bbl/day 

 

Effect of Inclination 
	  
 During experimentation, it was found that the inclination of the horizontal section 

drastically affects the flow regime and the ability to lift liquid from the horizontal section 

into the vertical section of the wellbore. To test this, different angles of inclination of the 

deviated section of the wellbore were observed. The angle of inclination is measured 

from vertical. For example, a perfectly horizontal section will be defined as 0 degrees. At 

the beginning of each test, the oil was allowed to flow until the dip tube intake was just 

submerged.  

 For comparison, the well was positioned as close to 0 degrees as possible. In this 

scenario, the air rate was increased while the oil rate was allowed to flow at “steady 

state”. As previously defined, this is determined by the maximum flow that can be 

pumped by the pumping unit at the wellhead (57.8 bbl/day). This configuration never 

exhibited the gas lift effect and never truly deviated from stratified flow within the 

horizontal section. The air was able to flow through the top portion of the horizontal 

section. The gas velocity did not force liquid to accumulate in the curve of the wellbore 
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and was never able to lift the gas into the vertical section even at our maximum 

volumetric flow rate of 3.6 kg/min or 152 Mscf/day. 

Toe Down 

 The first angle tested was slightly “toe down” at plus 3 degrees. In this case, oil is 

forced toward to inlet and counteracts flow toward the curve. At lower rates, seemingly 

below 3 kg/min or 126 mcf/day, the horizontal section remained stratified and did not 

vary much. The gas rates soon became high enough that flow regimes began to change. 

Above this rate, the pump intake was half way exposed due to the air rate, as shown in 

Figure 1.6. The well also showed an intermittent ability to lift the oil into the vertical 

section. Every 15 to 20 seconds, a slug would form in the horizontal section and “shoot” 

around the curve into the vertical section of the wellbore as depicted in Figure 1.7. The 

liquid from the slug would reach about 15 feet in the vertical section. (Figure 1.8) 
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Figure 1.6: Toe Down Configuration 

 

 
 Figure 1.7: Tow Down Configuration Slug Formation 
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Figure 1.8: Froth in Vertical Annulus due to Slug 

 
 The air rate was not enough to keep the oil that reached the vertical section 

suspended or lift it any higher. Eventually the oil would rain back down or flow along the 

sides of the casing, and back in to the horizontal portion before the cycle would begin 

again. This behavior occurred first at 3.1 kg/min or 13.26 ft/s but did not vary even at the 

maximum gas rate. This behavior did not match the horizontal flow regime chart above 

(Figure 1.3) as the superficial liquid velocity and superficial gas velocity should not allow 

slugging flow.  When the oil slugged into the vertical section, it would temporarily 

exhibit the same frothy behavior as the previous experiment as shown in Figure 1.9. 
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Figure 1.9: Frothy Mixture at Kickoff Point 

Toe Up 
	  
 The well was then configured to be “toe up” at minus 3 degrees. In this scenario, 

the oil was forced by gravity to accumulate toward the curve.  This effectively left the 

pump intake partially exposed at the beginning of testing.  Once the steady state oil rate 

of 57 bbl/day was established, air was introduced to the system increasing incrementally. 

At air rates of 1.5 kg/min, superficial velocity of 6.4 ft/s, and below there was no change 

in the horizontal flow regime patterns and the gas lift effect was not seen. During this 

time, the flow regime was stratified and the pump was virtually 100 percent full with very 

small bubbles entering the standing valve. This can possibly be explained by the 

configuration of the well shown in Figure 1.10.  

 
Figure 1.10: Pump Intake-Toe Up Configuration 
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 Since the pump intake is lying along the bottom of the horizontal portion of the 

well, the dip tube is also in toe up position. This allows, to a certain extent, the bubbles 

within the dip tube to gravitate back out of the dip tube intake and allow for more 

efficient pumping. When the air rate was increased to 2.1 kg/min, or 9 ft/s superficial 

velocity, the gas lift effect was first seen. At this rate, the oil was only able to “shoot” an 

intermittent slug about 4 feet at its highest into the vertical annulus. As the air rate was 

increased, the vertical flow regime shifted to a continuous frothy mixture as shown in 

Figure 8. The frothy mixture rises in the vertical annulus with increasing air rate.  

Wireless Horseshoe Load Cell 

	   During experimentation it was found that important parameters are hard to 

measure or estimate when flowing conditions become turbulent. For example, pump 

fillage during any case where there is frothy flow in the vertical annulus is difficult to 

estimate because it isn’t visible. With the use of the Echometer wireless 30k horseshoe 

load cell and the accompanying program TAM, Total Asset Monitor, data that was 

previously difficult to obtain is recorded. Because the ultimate goal of this study is to 

improve the efficiency of beam lifting horizontal wells and further understanding how the 

fluids interact in different orientations, pump fillage is an important indicator of the 

performance of the rod pump. The load cell also wirelessly transmits and records 

dynomometer data allowing us to determine correlations between fluid behavior and rod 

loading. If we are able to further diagnose flowing conditions downhole, it can help 

engineers make the right decisions on how to get the fluids to the surface quickly and 

efficiently. 



	  

19	  

 The load cell is situated between the polished rod clamp and the carrier bar. The 

same battery of tests was performed with the addition of the load cell. The well is 

configured the same as discussed above with the dip tube attached to the original pump 

intake. The dip tube lies along the bottom of the horizontal portion with the dip tube 

intake roughly 3 ft from the inlet of the fluids.   

 A simple, yet vital, conclusion that this new equipment helped to confirm was that 

the placement of the dip tube within the horizontal is very important. For instance, when 

the test well is configured in a toe up orientation (representing either the general trend of 

the well’s attitude or a local undulation in the wellbore), the dip tube intake is exposed to 

air more easily. The liquid flows away from the dip tube intake due to gravity and 

collects near the curve. The pump fillage data acquired using TAM shows that there is a 

clear disadvantage to allowing the dip tube to be oriented upwards. On the other hand, 

when the well was configured in toe down orientation, it allowed the liquid entering the 

well to collect near the dip tube intake. The pump fillage data and dynomometer cards 

showed full pump fillage longer than both the horizontal and toe up orientations. The toe 

down orientation was able to pump efficiently longer during increased gas rates. Figure 

1.11 shows the surface dynamometer card when the test well was oriented in the toe up 

attitude. This particular dynamometer card is when “gas interference”, behavior exhibited 

when the pump is not full, is first encountered on stroke 11. As this is a low stroke 

number, the gas flow rate is relatively low and has a negligible impact on the flow 

regimes. This ultimately leads to the conclusion that gravity was the reason that the pump 

began to experience less than full pump fillage and furthermore, the orientation of the dip 
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tube was the deciding factor.  

 

 
Figure 1.11: Dynomometer Card: Toe Up (Stroke 11) 

 
 In contrast, when the well is oriented in the toe down position, gas interference is 

not encountered until much later in the test with much higher gas rates.  

 Another similar advantage of the toe down orientation is that more liquid is 

allowed to remain in the horizontal section because of gravity. As discussed above, the 

toe up orientation creates a local collection of oil in the curved section of the well. When 

air is introduced to the system, it has nowhere to go but to bubble through the collected 

liquid in the curve and up to the surface. As the air rate increases, more air is forced 

through the oil, which quickly leads to oil being lifted into the vertical section of the 

wellbore. Through the gas lift effect, the liquid is suspended and eventually a small 

amount reaches the surface of the test flow loop. However, the more liquid able to be 

suspended in the vertical section due to the gas velocity, the less that can collect near the 

dip tube intake in the horizontal section. This leads to quicker pump off times and lower 
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overall pumping efficiency even though the well is producing liquid into the horizontal 

section of the wellbore.  Forcing the dip tube to be oriented in a toe down fashion allows 

the liquid to collect near the end of the dip tube. The air now has a clearer path to the 

surface and is not forced to flow through such a large collection of liquid. This now 

allows for more of the produced fluids to accumulate in the horizontal section of the 

wellbore and be pumped to the surface.  

 In conclusion, the toe down orientation offers advantages over both toe up and 

horizontal orientations. Due to gravity, the toe down orientation allows the liquid to 

collect nearest to the current dip tube intake position and not allow the liquid to be lifted 

into the vertical section of the wellbore. This increases efficiency two-fold as more liquid 

is available to accumulate in a preferred location.  This conclusion, however, is specific 

to this well setup and is a function of the length of dip tube. For instance, if the dip tube 

were shorter in length, forcing the dip tube intake to be closer to the curve, the toe up 

orientation would prove to be more effective. This is due to preferential collection of 

liquid near the curve and allowing better pump fillage. Every deviated well has a deepest 

point and this is most likely the most efficient location for the dip tube to be be placed. 

Application and Conclusion 

	   Being able to visualize the flow regime downhole and develop correlations from 

the dynamometer cards and pump fillage, is an important tool to diagnosing a dip tube 

already in use. For example, during testing it was found that while the well was in the toe 

up orientation, the dynamometer cards quickly showed signs of gas interference. Each 

test starts with the pump and the tubing completely full of oil. When pumping begins, the 
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dip tube intake is exposed to air rather quickly due to the toe up orientation and begins to 

pump air into the dip tube intake.  

 
Figure 1.12: Toe Up Configuration (Stroke 10 vs Stroke 11) 

 
 Figure 1.12, with stroke 10 on the left and stroke 11 shown on the right, shows 

how quickly pump fillage begins to fall when oriented in the toe up orientation. The dip 

tube intake is partially exposed to air within the horizontal section so once the volume of 

the dip tube has been “pumped off” it is nearly impossible for the pump to regain full 

pump fillage.  

 Using this information, if gas interference is encountered in the dynamometer data 

quickly and inflow performance shows that fluids should be allowed to flow into the 

wellbore, then a possible conclusion is that the dip tube is not ideally oriented. It is either 

the right length but not submerged in produced fluids or the dip tube is not the right 

length and could be improved to find a local accumulation of fluids. Conversely, if the 

dynamometer data suggests good pump fillage and does not show signs of gas 

interference, then it is possible that the dip tube is oriented in a way that is conducive to 

efficient pumping.  
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Chapter 2: Pumping Unit Counterbalance Effects on Power Usage 

Introduction 
	  
 There is a large number of rod pumping units found all over the world. The prime 

movers tasked with powering the entire operation are either gas-powered engines or 

electric motors. If the infrastructure exists, installing electric motors to power the 

pumping unit can provide many advantages over gas-powered engines. Because the goal 

of rod pumping is to raise fluids to the surface in the most efficient way possible, this 

study will analyze how the efficiency of the electric motors found on most pumping units 

can be improved. Because rod pumping is cyclical, it is a good example of a partially and 

intermittently loaded electrical system. When AC electric motors are intermittently 

loaded, they are very inefficient and provide a good opportunity to increase the overall 

efficiency of the pumping operation. 

How does a rod pumping unit work? 

	   Rod pumping units transfer energy from the prime mover’s rotary motion to the 

reciprocating motion of the sucker rods. The gear reducer is used to reduce the speed of 

the prime mover to pumping speeds that will not damage any part of the apparatus. The 

motion of the pumping unit on the surface causes the long string of rods located within 

the tubing of the well to move up and down.  

 The downhole pump attached to the end of these rods consists of two valves, the 

traveling valve and the standing valve, and a plunger that works similarly to a piston 

inside a cylinder created by the pump barrel, as shown in Figure 2.1 (Takacs, 2003). On 

the down stroke, the plunger falls and the attached traveling valve is allowed to open 
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while the standing valve remains closed. Fluid flows from inside the pump barrel into the 

tubing above and is incrementally lifted to the surface.  The load felt by the polished rod 

during the down stroke is the weight of the rods buoyed by the fluid within the tubing 

less dynamic loads. On the upstroke, the traveling valve closes because of the weight of 

the fluid in the tubing above and the standing valve opens. The standing valve allows 

fluid to enter from the reservoir and refill the pump barrel because of the low-pressure 

area inside the barrel created by the upward motion of the plunger. The polished rod load 

is now the buoyed weight of the rods plus the weight of the fluid above the closed 

traveling valve plus dynamic loads. 

 

 
Figure 2.1: Downhole Rod Pump Operation (Tackacs 2003) 

Net Gear Box Torque  
	  
 The gearbox reduces the large torque created by the well load at the output shaft 

of the gearbox to a torque that can be supplied by the prime mover at the input shaft of 

the gearbox. Net gearbox torque is defined as the difference between the polished rod 
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load torque and the counterbalance moment at any crank angle. Mathematically this is 

defined as equation (1): 

                 (1) 

= torque caused by the polished rod load 
= torque provided by the counterweights 

 
 For the use of this equation, the polished rod load must be converted to torque at 

the gearbox using a number called the torque factor. Torque factor is a length number that 

can be calculated or given by the manufacturer and depends on the geometry of the unit 

and angle of the cranks. The torque factor is essentially the length of the moment arm 

through which the well load acts at the output shaft of the gear box. The torque factor 

(moment arm) is not a constant value because the beam moves in an arc during the 

stroke, lengthening and shortening the moment arm length depending on the crank 

position. If the torque factor for a given crank angle is known, the torque due to the 

polished rod is calculated using equation (2): 

                (2) 
= torque caused by the polished rod load 
= torque factor (moment arm) for a given crank angle 

=Polished rod load 
= unit structural imbalance 

 
         “B” is the imbalance due solely to the assembly of the pumping unit and is typically 

stated by the manufacturer. The location of the equalizer and the weight of the walking 

beam can force one end, the tail or the horsehead, to be heavier than the other, creating 

this inherent imbalance. This is included because the gearbox must supply enough torque 

to overcome both the structural imbalance and the polished rod load. The torque due to 

net p cwT T T= −

Tp
Tcw

( )pT TF PRL B= −
Tp
TF
PRL
B
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the counterbalance created by weights placed on the cranks is calculated using the 

following equation: 

                                                                                                                    (3) 
= torque to the counterbalance      

M = the maximum moment of the rotary counterweights about the crankshaft 
= angle of crank rotation in the clockwise direction 

 
 Therefore, by substituting equations (2) and (3) into equation (1) net gearbox 

torque can ultimately be written as: 

                                                                                           (4) 
 
 M can be calculated with the help of a counterbalance effect test.  During this test, 

the polished rod load from the well is disconnected allowing the remaining load caused 

by the counterbalance to be measured using a dynamometer installed at the polished rod 

with the cranks level at 90 degrees. This measured load is called the effective 

counterbalance or CBE. It is influenced by the weight of the counterweights used, their 

position, and the geometry of the surface unit. Since the CBE is a force measured at the 

polished rod, the counterbalance torque can be calculated using the same moment arm 

(torque factor) for a given unit at the appropriate crank angle. Since the largest moment 

arm occurs with the cranks at 90 degrees (or 270 degrees) the largest rotary 

counterbalance called M can be calculated using equation (5). 

                     (5) 
 
 Other ways of counterbalancing a pumping unit include placing weights on the 

beam itself or using a compressed air cylinder. For a more complete discussion of 

counterbalance and net gear box torque see Bommer and Podio, 2012, Chapter 8. 

sincwT M θ=
Tcw

θ

( ) sinnT TF PRL B M θ= − −

( )90 90M TF CBE B= −



	  

27	  

 The net gearbox torque is what ultimately determines the amount of power needed 

to rotate the cranks of the pumping unit. Net gearbox torque analysis is also important for 

determining how to properly balance each unit. 

How can energy efficiency be improved? 

 As the unit is driven back and forth, the load felt by the polished rod, and 

ultimately the electrical motor varies. As mentioned before, the cyclical nature of the 

loading on the polished rod is not conducive to efficient power consumption. This can be 

interpreted as an opportunity to decrease the operating cost of many wells.  

How can the unit’s overall imbalance affect energy usage? 

 Factors such as rod weight, location of the equalizer along the walking beam, and 

the presence of counterweights are some of the important design aspects of a pumping 

unit that can affect the prime mover’s efficiency. The amount of energy required during 

operation is directly related to the net gearbox torque behavior. A positive net gearbox 

torque requires positive energy from the prime mover. Negative net gearbox torque, on 

the other hand, instead generates energy, which is then sent back through the power line. 

This generated energy is of no use in a typical pumping unit because the utility 

companies generally do not offer any credit for the generated energy. 

 To demonstrate the effect of net gearbox torque on energy consumption, an 

example well was created in the software program (Theta Enterprises, 2015). This 

software simulates pumping unit performance using the one-dimensional wave equation 

and torque factors while considering both the motor slip and inertia change of the unit. 

The pumping unit used in the simulation was a C640-305-120 with a well depth of 7000 
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ft. A complete description of the well data used in the RODSTAR simulation is shown in 

Table 2.14.  

 If the unit is perfectly balanced, the peak gearbox torque during one stroke due to 

the polished rod well load, Tp, and the counterweight load, Tcw, are equal. Figure 2.2 

shows a RODSTAR simulation of the aforementioned pumping unit as balanced as 

possible.  

 
Figure 2.2: Net Gearbox Torque of Balanced Pumping Unit (RODSTAR) 

 
 In this scenario, the prime mover must provide positive power to the gearbox 

during both the upstroke and the down stroke to lift the well load and counterweight 

respectively.  The net gearbox torque profile will have identical peaks and minimal 

negative torque will be induced.  

 If the unit is unbalanced, the peak net gearbox torque during the up and down 

stroke due to the polished rod load, Tp, and the counterweight, Tcw, are not equal. If 



	  

29	  

unbalanced enough, the loading distribution can force one end of the walking beam to fall 

freely due to gravity.  For instance, if the unit is said to be “horsehead heavy”, the 

horsehead will fall when left at rest. In this case, the loading on the polished rod creates a 

greater torque than the counterweight can provide. Because of this, when the unit is in 

operation, the upstroke will require a greater net gearbox torque to lift the polished rod 

load. On the down stroke, the counterweights upward motion is aided by the heavier 

horsehead’s downward motion and less net gearbox torque is required. The reverse is true 

if the unit is said to be counterweight heavy. Figure 2.3 shows the simulated behavior of 

the net gearbox torque when the pumping unit is left unbalanced.  

 

 
Figure 2.3: Net Gearbox Torque of Horsehead Heavy (Left) and Counterweight Heavy 

(right) Pumping Unit (RODSTAR) 
 
 The red curve shows the balanced net gearbox torque previously shown in Figure 

2.2. The blue line in Figure 2.3 indicates the existing torque due to the imbalance of the 

unit. Because the unit is kept at a constant pumping speed, there is a point in which the 

torque created by the heavier end of the beam will cause the cranks to rotate faster than 

the set speed. In this case, the gearbox must provide the necessary torque in the opposite 
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direction of rotation to slow the unit and maintain the desired pumping speed. Figure 2.4 

shows an example of situation simulated in RODSTAR where this may occur.  

 

 
Figure 2.4: Extremely Unbalanced Pumping Unit (RODSTAR) 

 
 Figure 2.4 simply demonstrates how drastically an unbalanced unit can affect net 

gearbox torque behavior and even force the loading to exceed the rating of gearbox itself. 

With these examples in mind, equation (4) allows for the conclusion that if the unit is 

unbalanced, then more negative net gearbox torque will be required during a portion of 

the stroke. As mentioned above, the negative net gearbox torque forces the prime mover 

to instead generate power, which is wasteful and costly if the power company will not 

accept it back for credit. In order to compare different gearbox loading scenarios, a 

“Percent Out of Balance” was calculated by using the net gearbox torque plot and 

determining the largest torque in magnitude during the up stroke and then subtracting the 

greatest torque in magnitude that occurs during the down stroke. This difference is then 

divided by the greatest torque in absolute value that occurs at any time during the stroke. 
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A percentage over 100% indicates that either the up stroke or down stroke consists of 

predominately negative torque.  Equation (6) below represents how this calculation was 

made. 

              (6)

 = Greatest magnitude torque during upstroke  
 = Greatest magnitude torque during the downstroke  

 = Greatest magnitude torque that occurs during the stroke 
 
An example of how percent out of balance is calculated is shown below in Figure 2.5. 
 

 
Figure 2.5: Percent Out of Balance Calculation 

 
 Table 2.1 shows the electricity bill for the pumping unit simulated in RODSTAR 

in varying loading conditions assuming a cost of $0.06/KW-hr 

Table 2.1: Electricity Bill due to Varying Load on the Pumping Unit 

OOB(%) =
Tup,maxormin −Tdown,maxormin

Tpeak

Tup,maxormin
Tdown,maxormin
Tpeak
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Percent Out of Balance 
Daily Usage (KW-

HR) Monthly Electric Bill 
0% 338 $619 
25% 352 $644 
40% 362 $662 
50% 382 $698 
60% 397 $727 
140% 416 $762 

 
 This shows the direct relationship between the balance of the unit and the energy  

that is necessary during operation. Therefore, improving the balance of the pumping unit 

will reduce the net torque variance over a stroke on the gearbox and reduce operating 

costs. 

How can this be used to help energy efficiency? 

 The TechnoWise Group (Motorwise, 2015) has developed a line of products 

intended to conserve energy and improve the efficiency of electric motors using the 

principles described above. These products have a wide range of applications in various 

industries. For this experiment, however, only the performance of the MOTORWISE 

product line when applied to a rod-pumping unit will be analyzed.  

 Equation (7) shows how to calculate three-phase power of an electric motor to 

demonstrate which variables the MOTORWISE controller can influence. Specifically, the 

Motorwise unit influences the voltage sent to the motor but does not alter the power 

factor.   
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       (7) 

I = Amperes  
E = voltage 
pf = power factor 
 
 The MOTORWISE controller is defined as a “power synchronizer used to 

manage and optimize the power delivered to electric motors [by] indentify[ing] partial 

and intermittent loading conditions and reduc[ing] the motor’s voltage to an optimal 

level.” (taken from Motorwise, 2015) Specific to the purposes of this study, it identifies 

areas within the stroke where less power can be used to maintain desired operation. The 

controller has two methods of managing the voltage sent to the motor. Control method 

”6” is optimal and is utilized when the motor can be turned off completely, allowing only 

the momentum associated with the motion of the beam to maintain the desired operation 

of the pump downhole. This method is achieved when the unit is both out of balance 

enough to induce negative net torque at the gearbox and when a repeatable voltage phase 

angle pattern within each stroke can be established. The MOTORWISE software, known 

as WellBehaved, measures the phase angle of the voltage and attempts to establish this 

repeatable pattern within each stroke. If a repeatable pattern is found, the MOTORWISE 

controller when turned on will shut off the motor during certain, calculated portions of 

the stroke.   Because the motor is shut off during a portion of the stroke, the energy 

savings in relation to unmanaged operation is theoretically at its maximum in this mode. 

When control method “6” cannot be attained, control method “4” is used instead. The 

prime mover, in this case, generates little to no power because the loading profile 

associated with the pumping unit configuration does not create negative net torque at the 

Power(Kw) = 1.73(I )(E)(pf )
1000
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gearbox. In this case, the voltage is reduced to the optimal level specific to the load being 

lifted and the MOTORWISE unit. However, the prime mover does not have an 

opportunity to shut off.  

The Experiment 

 The goal of this experiment was to determine the overall impact the 

MOTORWISE controller had on a beam-balanced unit and to create a model that could 

predict the power savings for a particular unit when given dynamometer data. In order to 

do this, the energy consumption of the prime mover and load at the polished rod were 

measured with the motor controller on (managed mode) and to normal operation with the 

controller off (unmanaged mode). Two different meters were used to measure energy 

consumption. The Power and Energy Logger, also known as a PEL meter, was used to 

determine cumulative energy consumption over a designated period of time while the 

Echometer (Echometer, 2015) power probe measured instantaneous power over the 

course of a single stroke. Also, a dynamometer was used to measure the polished rod 

load, pumping speed, and the effective counterbalance. The software accompanying the 

Echometer equipment, TAM or Total Asset Manager, calculated the net gearbox torque 

using the measured dynamometer data and surface equipment specifications.  These 

measurements were made in a variety of well conditions and loading configurations in 

order to determine if there were any correlations that could be made between power 

savings, well loading, and downhole fluid behavior.  
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Experimental Setup 

 The test well is comprised of a 45-foot vertical section connected to a 15-foot 

lateral. Connected to the end of the horizontal section of the well are separate oil and air 

inlets to allow for multiphase flow. The oil flows due to gravity from a tank located on 

the same level as the wellhead while the air flows from a central compressor. The 

pumping unit studied in the experiment was a beam-balanced Baker B16-53-30 powered 

by a 1 HP electric motor.  

 The well was tested in a variety of loading and downhole conditions. Each 

scenario was tested while the unit was in unmanaged mode (MOTORWISE off) and 

managed mode (MOTORWISE on).  The following data was recorded: 

1. Cumulative energy consumption over a 10 minute period (PEL meter) 

2. Instantaneous power behavior over a single stroke (Echometer power probe) 

3. A representative dynamometer card (as shown in Figures 14 and 15, dynamometer)  

4. The effective counterbalance at the polished rod (CBE) (dynamometer) 

5.   A representative net gearbox torque profile (dynamometer/ TAM software) 

 The unmanaged energy data was then compared to the managed energy data to 

create an energy savings. Each test was repeated at least five times to ensure 

representative data was collected. 

Results 

	   Table 2.2 below shows the downhole condition and loading configuration for each 

test.  
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Table 2.2: Downhole Well Conditions and Weight Configuration for Each Test 
Test Number Well condition Weight Configuration 

Test #1  Pumped off No additional CW 
Test #2  Pumped off 150 lbs on rear 

Test #2A Pumped off, 8 SPM 150 lbs on rear 
Test #2B Pumped off, 10 SPM 150 lbs on rear 
Test #3  Pumped off 140 lbs on Horsehead 
Test #4  Pumped off 160 lbs on Horsehead 
Test #5  Full Pump 160 lbs on Horsehead 
Test #6  Full Pump 150 lbs on Rear 
Test #7  Full Pump and Annulus 150 lbs on Rear 
Test #8 Gas-Liquid Ratio of 750 scf/bbl 150 lbs on Rear 

 
 Tests #2A and #2B use the same well condition and weight configuration as Test 

#2 but test the effect of increasing the pumping speed to 8 SPM (strokes/min) and 10 

SPM. Every other test was tested at an original set pumping speed of 7.2 SPM without 

the MOTORWISE controller. 

PEL Meter Data 

 Four different savings numbers were calculated to show the relative effectiveness 

of the MOTORWISE controller.  The first is using the PEL meter, which measures and 

records both the cumulative load (positive) energy and cumulative source (negative or 

generated) energy. However, as shown below in equation (8), only the positive energy is 

used to calculate the savings in Table 2.3. This assumes the power company gives no 

credit for generated power and therefore represents a minimum estimate. 

      (8) 

 
= Cumulative positive energy with MOTORWISE controller off 

= Cumulative positive energy with MOTORWISE controller on 
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Table 2.3: PEL Cumulative savings during 10 min period and Control Method Used 

Test Number Well condition Weight Configuration PEL 10 min cumulative  
Test #1  Pumped off No additional CW 1.75% 
Test #2  Pumped off 150 lbs on rear 8.19% 

Test #2A Pumped off, 8 SPM 150 lbs on rear 12.40% 
Test #2B Pumped off, 10 SPM 150 lbs on rear 14.58% 
Test #3  Pumped off 140 lbs on Horsehead 6.98% 
Test #4  Pumped off 160 lbs on Horsehead 10.26% 
Test #5  Full Pump 160 lbs on Horsehead 9.34% 
Test #6  Full Pump 150 lbs on Rear 8.46% 
Test #7  Full Pump and Annulus 150 lbs on Rear 6.95% 

Test #8 Gas-Liquid Ratio of 750 scf/bbl 150 lbs on Rear 9.99% 

 
 The PEL meter measurements show that the pumping unit without the addition of 

counterweights experienced a cumulative energy savings of 1.75%. This is much lower in 

comparison to the other weight configurations that were tested. This is because there was 

not enough negative net torque created at the gearbox to warrant turning off the motor. 

Also, the energy consumption may vary slightly from stroke to stroke hindering the 

software’s ability to establish a pattern in the power profile. Therefore, the 

MOTORWISE controller could not achieve control method 6 and shut the motor off. 

Instead, control method 4 had to be used and only the provided voltage could be 

optimized. 

  The highest savings seen using this method of measurement were 14.58% during 

Test #2B when the speed of the pumping unit was increased to 10 SPM and 150 lbs were 

placed on the end of the walking beam. When compared to the savings of Test #2 and 

#2A, this result suggests that there is a positive correlation between pumping speed and 

potential energy savings. This is because the dynamic loads associated with the operation 

of the pumping unit increase with higher speeds and ultimately alter the net torque 
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behavior. Table 2.4 details the savings results of Test #2A and #2B as a function of set 

pumping speed and provides a foundation for future work.  

Table 2.4: Test #2A and #2B Test Results  
Test #2A and #2B Results and Effect of Increased Set Pumping Speeds 

RUN UNMANAGED SPM MANAGED SPM PEL CUM. PEL/STROKE 
1A 8 8.71 12.20% 19.35% 
2A 7.98 8.72 12.50% 19.93% 
3A 7.98 8.69 12.50% 19.65% 
1B 10.06 10.85 14.58% 20.80% 
2B 10.07 10.84 14.58% 20.65% 

 
 Table 2.3 also indicates that adding more counterweight to the rear of the walking 

beam and increasing the imbalance of the pumping unit helped the MOTORWISE 

controller achieve control method 6 (Test #2-2B, #6-8). On the other hand, the added 

weight to the horsehead of this pumping unit was only able to achieve control method 4 

in all cases (Test #3-5).  

 When set at the original pumping speed of 7.2 SPM, the highest savings seen was 

during Test #4. The well, in this case, was pumped off, and 160 additional pounds were 

attached to the horsehead to alter the effective counterbalance felt by the gearbox. Figure 

2.6 below shows the net gearbox torque behavior for this test measured using a 

dynamometer. 
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Figure 2.6: Net Gear Box Torque over one Unmanaged Stroke 

 
 In order to calculate the net torque at the gearbox shown in Figure 2.6, 

dynamometer data was recorded over a one-minute period with the MOTORWISE 

controller off. The TAM software then analyzed the data and created a representative 

diagram. Figure 2.6 shows that positive torque is required on the upstroke in order to lift 

well load. At the beginning of the down stroke, however, there is a small amount of 

negative torque created by the falling well load. Then, positive torque must be applied to 

lift the rear end of the walking beam the rest of the way. Interestingly, this test saw the 

largest cumulative savings even though the MOTORWISE controller could not achieve 

control method 6. 

 The high cumulative savings measured by the PEL meter for Test #4 can be 

misleading because, as previously stated, ideal operation for the MOTORWISE controller 

is control method 6. Because the PEL meter measures energy consumption cumulatively 

over a period of time, the pumping speed change due to turning on the MOTORWISE 

unit is neglected with this data. Pumping speed can increase when the MOTORWISE 
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controller is able to achieve control method 6 because when the motor is allowed to turn 

off, the beam or horsehead is allowed to fall freely due to gravity with no impeding 

torque being created at the gearbox to maintain the constant pumping speed. Therefore, in 

this case the rear end of the beam falls faster than the preset pumping speed during those 

times. Table 2.5 shows the average pumping speed change when switched into managed 

mode. 

Table 2.5: Average Change in Pumping Speed when put into Managed mode 
Test Number Speed Change 

Test #1  0.02% 
Test #2  9.30% 

Test #2A 9.02% 
Test #2B 7.75% 
Test #3  0.20% 
Test #4  0.53% 
Test #5  -1.69% 
Test #6  6.37% 
Test #7  3.50% 
Test #8 6.48% 

 
 This table shows that there is a considerable speed increase in Tests #2-2B and 

#6-8. Tests #2A and #2B exhibit a comparable speed change to other tests able to achieve 

control method 6, but because the set pumping speed is originally higher the pumping 

unit is able to gain more strokes per minute. This suggests pumping speed change 

becomes a more important issue as original pumping speed increases. 

 During the 10-minute period of cumulative measurement, these tests actually 

completed more strokes. Therefore, the cumulative savings are not truly representative of 

the performance of the MOTORWISE controller. In order to compare managed and 
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unmanaged mode accurately, the PEL cumulative energy consumption was divided by 

the total number of strokes completed in that time span as shown by equation (9).  

 

                         

(9) 
 

= Cumulative positive energy with MOTORWISE controller off 
= Cumulative positive energy with MOTORWISE controller on 

N = number of strokes completed in 10 minute period 
 
 Table 2.6 lists the power savings of each test on a per stroke basis calculated 

using the above equation. The control method used in each test and the cumulative power 

savings are listed as well for comparison. 

Table 2.6: Savings Per Stroke vs Cumulative Savings using the PEL meter 
  Control Method PEL 10 min cumulative  PEL/stroke 

Test #1  4 1.75% 1.83% 
Test #2  6 8.19% 16.01% 

Test #2A 6 12.40% 19.64% 
Test #2B 6 14.58% 20.73% 
Test #3  4 6.98% 6.80% 
Test #4  4 10.26% 9.78% 
Test #5  4 9.34% 8.18% 
Test #6  6 8.46% 13.94% 
Test #7  6 6.95% 10.13% 
Test #8 6 9.99% 15.47% 

 
 This shows that the speed change plays a significant role in assessing the 

performance of the MOTORWISE controller. The PEL data calculated per stroke shows 

that the tests able to achieve control method 6 did in fact have the highest savings. 

Furthermore, Tests #2A and #2B again show that energy savings are greater when the 

pumping unit is set to a higher pumping speed.   
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 The net gearbox torque diagram for Test #6 in Figure 2.7 represents a scenario in 

which control method 6 was achieved.  

 
Figure 2.7: Net Gearbox Torque over one Unmanaged stroke (Generational Torque) 

 
 This shows that during Test #6, negative net gearbox torque was generated on the 

up stroke and positive net gearbox torque was needed on the down stroke. This suggests 

that the torque created by the added weights to the end of the walking beam along with 

the structural imbalance of the unit were much greater than the torque created by the well 

load. Therefore, because of the geometry of this specific unit, adding weights to the rear 

of the walking beam further increases the imbalance and therefore produces a larger 

opportunity for power savings. Figure 2.7 also shows an easily repeatable pattern in net 

gearbox torque behavior enabling the MOTORWISE controller to enter control method 6 

where the motor is permitted to shut off. Figure 2.16 shows the net gearbox torque 

behavior for each of the different weight configurations used during experimentation. 

 Speed increases achieved during mode 6 can be beneficial beyond the energy 

savings if the well has not been closely monitored and some extra production is available 
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from the reservoir at the increased speed. However, if original pumping speed is set too 

high or if there is no extra production to be lifted, the speed increase will act to shorten 

the life of the pump and the rods. This should be carefully weighed against the energy 

savings to determine the overall effect. Speed impacts on rod life can be empirically 

determined using the discussion surrounding Figure 7.12 in Bommer and Podio, 2012.  

Echometer Data  

 The Echometer power probe was used to collect instantaneous power data. Power 

measurements were recorded over two strokes, which TAM, Total Asset Manager, used 

to create a representative power diagram. The probe measures kilowatts (kW) verses time 

(seconds). The integration of this data with respect to time gives the net energy consumed 

during each stroke. It was also found during experimentation that the Echometer power 

probe needed to be calibrated because of the sensitivity of the device. In order to do this, 

a true zero had to be determined from the raw data in order to accurately measure power 

savings of this magnitude. The true zero was found to be 0.13 KW-s and this was added 

to all power data to give an accurate representation of the power savings. For example, 

Figure 2.8 shows the power measurements taken during Test #5. This test used control 

method 4 where the voltage sent to the prime mover is optimized but the motor is not 

able to turn off. 
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Figure 2.8: Power over One Stroke 

 
 Figure 2.8 suggests that there is no negative power during the stroke. This means 

there was no negative net torque created with this well configuration. Also, Figure 2.8 

shows that when control method 4 is used the overall behavior of the motor power does 

not change significantly.  

 Figure 2.9 demonstrates how the MOTORWISE controller in control method 6 

typically attempts to eliminate the negative power from the stroke. 
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Figure 2.9: Power over one stroke (Method 6) 

	  
 Compared to control method 4 (Figure 2.8), control method 6 disrupts the power 

sent to the prime mover much more. Employing control method 6 also caused an increase 

in pumping speed evidenced by the decrease in the stroke’s duration. This speed increase 

is due to the motor being turned off during a portion of the stroke (1-4.25 seconds for this 

case) allowing the pumping unit cranks to rotate freely. 

 To properly compare the energy consumption of the pumping unit during an 

individual stroke using this method of measurement, these power plots were integrated 

with respect to time. Table 2.7 and 2.8 list the integration calculations for the runs 

detailed in the Figures 2.8 and 2.9, respectively.  

Table 2.7: Example of Integrated Energy Calculations for Test #5 
Integration of Power Data and Savings for Test #5 (CM4) 

  Positive Energy (KW-s) Negative Energy (KW-s) Net Energy (KW-s) 
MANAGED 2.0207 0.0000 2.0207 
UNMANAGED 2.1577 0.0000 2.1577 
    Net Energy Savings 6.35% 
    Positive Energy Savings 6.35% 
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Table 2.8: Example of Integrated Energy Calculations for Test #6 
  Integration of Power Data and Savings for Test #6 (CM6) 

  Positive Energy (KW-s) Negative Energy (KW-s) Net Energy (KW-s) 
MANAGED 2.052 -0.004 2.048 
UNMANAGED 2.433 -0.123 2.309 
    Net Energy Savings 11.322% 
    Positive Energy Savings 15.655% 
 
 Table 2.8 shows that the negative energy for the managed stroke is slightly less 

than the negative energy associated with an unmanaged stroke when able to achieve 

control method 6. Table 2.7 shows that when the MOTORWISE controller was only able 

to operate in control method 4, no negative energy was created. However, control method 

4 was still able to lower the positive energy required during the stroke. 

 The savings calculations shown in the tables above were done using the following 

method. Positive energy was simply calculated by integrating all the power data greater 

than 0 while the negative, or generated, energy was calculated from integrating all of the 

power data less than 0. The net energy was then calculated by summing the positive and 

negative energies as shown in equation (10) below.  

         (10) 
= Positive (motoring) energy, integration of pos. power data over one stroke (kW-s) 
 = Negative (regen) energy, integration of neg. power data over one stroke (kW-s) 
 = net energy consumed over one stroke (kW-s) 

 
 The net savings and positive savings felt by the motor while using the 

MOTORWISE controller (managed mode) were calculated using equations (11) and (12), 

respectively.  

net pos negE E E= +
Epos

Eneg

Enet
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      (11) 

= Net energy consumed over one unmanaged stroke  
 = Net energy consumed over one managed stroke  

 

     (12) 

= Positive Energy over one unmanaged stroke 
 = Positive Energy over one managed stroke 

 
 The average net savings and average positive savings calculated using the 

Echometer equipment for each test is shown below in Table 2.9.   

Table 2.9: Average Savings for each test using Echometer Power Probe 

Test Number Control 
Method  Net Echometer Savings Positive Echometer Savings 

Test #1  4 -1.29% -1.22% 
Test #2  6 12.28% 17.85% 

Test #2A 6 13.93% 21.85% 
Test #2B 6 13.82% 24.61% 
Test #3  4 10.54% 10.54% 
Test #4  4 7.66% 7.66% 
Test #5  4 6.29% 6.29% 
Test #6  6 10.66% 14.99% 
Test #7  6 11.52% 13.21% 
Test #8 6 12.21% 16.88% 

 
 Positive energy savings is typically more useful when analyzing the performance 

of the MOTORWISE controller because the generated power is not typically credited in 

the field.  Considering only the positive energy savings, the most successful case was 

Test #2B where 150 lbs were added to the end of the walking beam to simulate a larger 

counterbalance and the pumping speed was increased to 10 SPM. This scenario saw an 

average positive energy savings of 24.61%. 
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Analysis and Conclusions 

 Table 2.10 is a summary table detailing the average energy savings calculated 

using the different measurement methods. 

Table 2.10: Results Summary of Energy Savings 

  Control 
Method 

PEL 10 min 
cumulative  PEL/stroke  Net Echo 

Savings 
Positive Echo 

Savings 
Test #1  4 1.75% 1.83% -1.29% -1.22% 
Test #2  6 8.19% 16.01% 12.28% 17.85% 

Test #2A 6 12.40% 19.64% 13.93% 21.85% 
Test #2B 6 14.58% 20.73% 13.82% 24.61% 
Test #3  4 6.98% 6.80% 10.54% 10.54% 
Test #4  4 10.26% 9.78% 7.66% 7.66% 
Test #5  4 9.34% 8.18% 6.29% 6.29% 
Test #6  6 8.46% 13.94% 10.66% 14.99% 
Test #7  6 6.95% 10.13% 11.52% 13.21% 
Test #8 6 9.99% 15.47% 12.21% 16.88% 

 
 This table indicates that the potential energy savings of this particular pumping 

unit depends on the loading configuration and control method used by the MOTORWISE 

controller. The most accurate representation of savings, as mentioned before, is the 

PEL/stroke data. This method takes into account cumulative energy, which typically is 

what is measured in the field, as well as any increased pumping speed. Measuring the 

cumulative energy consumed over a longer period of time, as opposed to instantaneous 

power over select strokes (Echometer method), reduces the effect of stroke variability 

and allows for a better indication of the MOTORWISE controller’s performance. Using 

this metric, tests able to achieve control method 6 showed consistently higher energy 

savings than the tests unable to achieve control method 6.  
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 The data from this experiment shows the direct relationship between the behavior 

at the gearbox and the savings that can be achieved using the MOTORWISE unit. Percent 

out of balance was calculated as described in equation 6 using the net gearbox torque 

plots from each test. Table 2.11 details the out of balance condition for each test using 

this method. 

Table 2.11: Out of Balance Condition for each test 
Test Number Well condition Weight Configuration Percent Out of Balance 

Test #1  Pumped off No additional CW 30% 
Test #2  Pumped off 150 lbs on rear 224% 

Test #2A Pumped off, 8 SPM 150 lbs on rear 239% 
Test #2B Pumped off, 10 SPM 150 lbs on rear 248% 
Test #3  Pumped off 140 lbs on Horsehead 137% 
Test #4  Pumped off 160 lbs on Horsehead 78% 
Test #5  Full Pump 160 lbs on Horsehead 58% 
Test #6  Full Pump 150 lbs on Rear 191% 
Test #7  Full Pump and Annulus 150 lbs on Rear 192% 
Test #8 Gas-Liquid Ratio of 750 scf/bbl 150 lbs on Rear 200% 

 
 Figure 2.10 shows this relationship in graphical form by plotting PEL/stroke 

savings versus the percent out of balance the pumping unit experienced during the test. 

 

 
Figure 2.10: Energy Savings versus Out of Balance Condition 
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 A red data point indicates that the test was able to achieve control method 6 and 

the motor was able to shut off. A blue data point indicates that the test was not able to 

achieve control method 6 and was forced to use control method 4. The fit created using 

this data shows a roughly linear correlation with a non-zero intercept on the savings axis. 

The non-zero savings intercept is expected due the MOTORWISE controller’s ability to 

optimize the voltage sent to the prime mover and improve power factor (control method 

4) even when the unit is balanced. This presents the idea that if behavior of the gearbox is 

known and percent out of balance can be estimated, then potential energy savings due to 

the MOTORWISE controller can be predicted with this correlation.  

 This can be taken a step further. To be able to predict energy savings using the 

correlation shown in Figure 2.9, dynamometer measurements must be taken on site.  An 

example of the dynamometer card data recorded during experimentation is shown in 

Figures 2.14 and 2.15 for both the pumped off and full pump conditions. The 

dynamometer measurements are then used to calculate net gearbox torque in the 

accompanying software (TAM) and then the peak torques associated with each part of the 

stroke can be used to estimate percent out of balance. However, with the use of a 

predictive tool specifically engineered to calculate energy savings based on raw 

dynamometer data, predicting the savings for a specific pumping unit can be done in one 

step. As mentioned before, dynamometer data was recorded for each run, both during 

unmanaged (MOTORWISE off) and managed mode (MOTORWISE on). Because this 

model is intended to predict the energy savings, only dynamometer data of an unmanaged 

series of strokes is needed. The model works similar to the pumping unit simulator 
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RODSTAR described above and calculates a net gearbox torque profile in the same 

manner.  Like RODSTAR, the predictive model includes the effects of inertia of the 

pumping unit on net gearbox torque. For our unit, these effects were minimal but still 

included for completeness. The average net gearbox torque increased only 0.28% when 

ignoring the articulating moment of inertia. A complete comparison of the calculations 

for each of the tests with and without inertia is shown in Table 2.15. 

 The total net gearbox torque is then integrated with respected to position. The 

integrated torque below zero is termed “generating work” and above zero is termed 

“motoring work”. In order to estimate the savings, the absolute value of the generated 

work is divided by the total magnitude of the work done over one stroke. This is 

explained mathematically in equation (13) below. 

 

       (13) 

= Negative work created by the gearbox 
= Positive work needed by the gearbox 

 
 This model assumes that the MOTORWISE controller is in control method 6 

(on/off) and will eliminate any generating work created by the loading on the pumping 

unit. Figure 2.11 shows a familiar plot with percent out of balance on the x-axis and 

predicted savings calculated using this model and measured dynamometer data. 
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Figure 11: Predicted Savings for Measured DYNO Data 

 
 This figure predicts savings almost as high as 32%. However, the PEL/stroke 

savings calculated with direct energy measurements suggests actual savings will be 

lower. This is due to the motor’s inability to completely eliminate all generating work in 

a real world application as well as the inefficiencies associated with each pumping unit 

and motor. To correct for this, an empirical efficiency factor using the measured savings 

(PEL/stroke) and the actual calculated values from the model must be established. It is 

calculated as shown in equation (14). 

         (14) 

 
e = efficiency factor 

= Actual savings measured using the PEL/stroke method 
= Raw theoretical savings calculated by the model 
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 Table 2.12 below shows the calculation of Efficiency Factor for each test. The 

column titled “Ideal Gearbox” refers to the savings calculated using the predictive model 

described above. 

Table 2.12: Efficiency Factor Calculation for each Test 

  Control Method PEL/stroke Ideal 
Gearbox 

Efficiency 
Factor, e 

Test #1  4 1.83% 9.86% 0.19 
Test #2  6 16.01% 31.36% 0.51 

Test #2A 6 19.64% 31.40% 0.63 
Test #2B 6 20.73% 31.58% 0.66 
Test #3  4 6.80% 18.19% 0.37 
Test #4  4 9.78% 8.40% 1.16 
Test #5  4 8.18% 0.08% 102.25 
Test #6  6 13.94% 31.15% 0.45 
Test #7  6 10.13% 31.16% 0.33 
Test #8 6 15.47% 32.10% 0.48 

  

 Figure 2.12 below depicts the efficiency factor graphically as function of how out 

of balance the unit is and which control method was achieved. Red data points indicate 

that control method 6 was used and blue indicates that control method 4 was used.   

 
Figure 2.12: Savings Efficiency 
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 Please note that this plot is in logarithmic scale in order to fit the wide range of 

data. This implies that finding a universal efficiency factor while the MOTORWISE 

controller is in control method 4 can be difficult with the raw data, particularly at very 

low predicted savings. This is shown by the data associated with Test #5 (e=102.25) due 

to predicted “ideal gearbox” savings of 0.08%. However, if the MOTORWISE controller 

is able achieve control method 6 (on/off), there is an average efficiency factor, “e”, of 

0.507. Applying this correction to the savings calculated by the model will help more 

accurately predict actual savings. Table 2.13 shows a comparison of actual savings 

measured using the PEL/stroke method to the savings predicted using the model 

multiplied by the average empirical efficiency factor mentioned above (e*ideal). 

Table 2.13: Comparison of Model Accuracy using Average Efficiency Factor 
  Control Method PEL/stroke e*ideal Difference 

Test #1  4 1.83% 5.01% -3.18% 
Test #2  6 16.01% 15.93% 0.08% 

Test #2A 6 19.64% 15.95% 3.69% 
Test #2B 6 20.73% 16.04% 4.69% 
Test #3  4 6.80% 9.24% -2.44% 
Test #4  4 9.78% 4.27% 5.51% 
Test #5  4 8.18% 0.04% 8.14% 
Test #6  6 13.94% 15.82% -1.88% 
Test #7  6 10.13% 15.82% -5.69% 
Test #8 6 15.47% 16.30% -0.83% 

 
 As previously mentioned, this indicates that the model is somewhat useful in 

predicting energy savings if the MOTORWISE controller can achieve control method 6 

(on/off) but has a difficult time accounting for the power factor and voltage optimization 

associated with control method 4.  
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 A way to combine both of the smoothed data fits is shown in Figure 2.13. In 

Figure 2.13, the entry point on the x axis is calculated using the smoothed data fit shown 

in Figure 2.11 which relates the out of balance condition to the theoretical energy 

savings. The result from the y-axis of Figure 2.13 shows the smoothed fit to the measured 

data as shown in Figure 2.10. The linear relationship of Figure 2.13 is created by the 

linear fits to the data in the previous figures.  

 

 
Figure 2.13: Efficiency of Predictive Model 
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 Now referring to Figure 2.13, the theoretical savings of 6.57% can be converted to 
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Actual Savings (%) = 100*(0.4615(0.0657)+0.0185) = 4.88% 
 
 Using the predictive tool, a pumping unit that is 50% out of balance can expect a 

4.88% energy savings in its current loading condition with the installation of a 

MOTORWISE controller. 

Conclusions 

 This experiment shows that the MOTORWISE controller when installed on a 

pumping unit can help reduce the power needed during operation. It also helped to show 

the important relationship between net gearbox torque behavior and power savings. An 

unbalanced pumping unit creates negative torque at the gearbox and ultimately produces 

a greater opportunity for the MOTORWISE controller to achieve control method 6 

(on/off). When operating in this method, the savings calculated using data that would be 

measured in the field are highest. 

 These results suggest that simply keeping a pumping unit properly balanced 

should result in minimal energy savings using the MOTORWISE controller. In practice, 

this is easier said than done because of the complexity and expense of adjusting the 

counterbalance on all units save perhaps an air-balanced unit. It is probable that the 

installation of the MOTORWISE controller is a simpler solution as long as the speed 

increase is not viewed as a detrimental result on the life of the rods and pump. 

 Field data suggests that there is no shortening of motor life when using the 

Motorwise unit. However, the motor used in the experiment burned out shortly after 

testing was completed. The circumstantial evidence from this experiment does not agree 

with the Motorwise field view.  
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 The model created to predict the actual savings a pumping unit can expect has an 

important real world application. Being able to take raw dynamometer data that is 

routinely collected and estimate the power savings that would correspond to the current 

conditions of the well in question could prove as a powerful tool. Because current data is 

sparse, future work could include collecting dynamometer data on numerous wells in the 

field in order to more accurately calibrate the model.  
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Table 2.14: Detailed Description of Simulated Well Data and Inputs (RODSTAR) 

 
 

 
Figure 2.14: Surface Dynamometer Card when Pumped Off 
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Figure 2.15: Surface Dynamometer Card with Full Pump 

 

 
Figure 2.16: Net Gearbox Torque Diagrams for Different Weight Configurations 
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Table 2.15: Effects of Articulating Moment of Inertia 
Test Number Control Method Ideal Gearbox w/o Inertia Ideal Gearbox w/ Inertia Difference 

Test #1  4 10.00% 9.86% 0.14% 
Test #2  6 31.63% 31.36% 0.27% 

Test #2A 6 31.53% 31.40% 0.13% 
Test #2B 6 31.96% 31.58% 0.38% 
Test #3  4 18.44% 18.19% 0.25% 
Test #4  4 9.13% 8.40% 0.73% 
Test #5  4 0.28% 0.08% 0.20% 
Test #6  6 31.36% 31.15% 0.21% 
Test #7  6 31.39% 31.16% 0.23% 
Test #8 6 32.35% 32.10% 0.25% 

      AVERAGE 0.28% 
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Chapter 3: Pump Friction and the Use of Sinker Bars 

Introduction 

 Sucker rod pumps are the most common form of artificial lift used today. The 

long string of sucker rods used to create the pump action downhole is typically the most 

vulnerable to the unknown frictional forces at pump level. On the downstroke, downhole 

forces act against the direction of motion and can compress the lower part of the rod 

string. This compression force can cause the sucker rods to buckle and ultimately lead to 

costly problems such as holes in tubing and/or rod parts.  Being able to quantify the 

frictional forces that act to compress the lower part of the rod string is vital to pumping 

unit and rod string design and understanding the limitations of the system that is to be 

used.  

Downstroke Mechanics 

 On the downstroke, in order for the plunger to fall inside the barrel of the pump, it 

must overcome: 

1. Viscous friction due to the fluid flow through the traveling valve and inner 

diameter of the plunger. 

2. Viscous friction due to the fluid flow through the annulus created between the 

outside of the plunger and the inside of the barrel. 

3. Any mechanical friction that may occur if the plunger comes into contact with the 

inside of the barrel.  

 These forces act against the motion of the plunger and are translated to the sucker 

rods above the pull rod and plunger.  
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 If the barrel is completely full of liquid, the plunger and pull rod will establish a 

free fall velocity through the barrel simply due to gravity. If the desired pumping speed 

requires a plunger velocity less than free fall, the pumping unit will have to supply 

negative torque at the surface to slow the plunger’s descent. In this case, the lower 

section of the rod string is in tension because the weight of the plunger and pull rod are 

greater than the frictional and buoyant forces acting against the motion of the plunger. 

However, if the plunger must fall faster than the established free fall plunger velocity, the 

extra force required to propel the plunger must be supplied from the weight of the rod 

string. This scenario allows the lowest section of sucker rods and pull rod to be put into 

compression. 

Terminal Velocity 

 Terminal velocity is defined as the point at which the gravitational forces equal 

the sum of the drag and buoyancy forces acting on an object. When terminal velocity is 

reached, acceleration is equal to 0. This can be shown by the simple force balance below, 

    
 
 This relation allows for the conclusion that if the plunger is able to establish 

terminal velocity, then the sum of viscous and mechanical friction forces acting against 

the plunger inside the barrel plus the buoyancy forces provided by the fluid equal the 

weight of the falling assembly.  These counteracting forces create a uniaxial compression 

on the pull rod and sucker rods above the pump as shown in Figure 3.1. 

 

Fgrav − Fdrag − Fbuoyancy = 0 → Fgrav = Fdrag + Fbuoyancy
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Figure 3.1: Diagram of Downstroke Forces at Pump Level 

 
 For the purposes of this discussion, “free fall velocity” refers specifically to the 

velocity of the plunger without any additional weight added to the pull rod falling 

through a barrel completely full of liquid. “Terminal velocity” is a general term used to 

describe the maximum downward velocity of the plunger with any weight configuration. 

Rod Buckling and Critical Force 

 The pull rod and the lowest section of rods will buckle if the total force exceeds 

the critical force for the onset of buckling for the given rod. If the pull rod were to buckle, 

the mechanical friction will be greatly increased as the buckled shape is forced into the 

barrel, further increasing the likelihood of buckling above. If the lowest section of rods 

buckles, the buckled shape will create areas of preferential wear, resulting in holes in the 
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tubing and the inability to pump efficiently. Early rod fatigue could also result from the 

additional mechanical friction associated with a buckled rod.  

 The critical force for the onset of buckling can be calculated using the Euler 

Equation shown below in Equation 1. 

 
 
 Other authors have studied the critical force needed to buckle a sucker rod and 

proposed alternate formulas (Lea, et al, 1995) while some have made direct 

measurements of the force necessary for the onset of buckling (Cutler and Mansure, 

1999). Table 3.1 below compares the results attained using the different methods and is 

adapted from Bommer and Podio, 2015.   

Table 3.1:  Buckling forces for Various 25 ft long sucker rods. 

 
 
 Table 3.1 shows that using the Euler equation represents a minimum threshold for 

the onset of buckling of a particular sucker rod. The measured values in air shown in the 

  

Fcr =
π 2EI

4 144( )L2                                                                                                                   1( )
Fcr =  critical load for the onset of buckling lbf( )
E =  Young's Modulus 30x106  psi for steel( )
I =  moment of inertia in4( ) = πd 4

64
d =  rod diameter in( )
L =  rod length ft( )

Rod	  Diameter Rod	  Air	  Weight
(inch) (Lbf/ft) Euler Lea	  (in	  air) Lea	  (in	  water) Measured	  in	  air

1.500 6.262 204.4 251.6 229.7
1.375 5.44 144.3 204 186.2 641
1.000 2.904 40.4 87.8 80.2
0.875 2.224 23.7 61.5 56.1 162
0.750 1.634 12.8 40.8 37.2 23

Buckling	  Force	  (-‐Lbf)
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far right column are taken to be the most accurate for this discussion and will be used in 

the analysis to follow.  

The Experiment 

 The purpose of this study is to measure the plunger free fall velocity as well as the 

pushing force necessary to exceed free fall. With these measurements, the compression 

force applied to rods directly above the bottom hole pump assembly can be quantified by 

knowing the additional downstroke force necessary to achieve operational pumping 

speeds if the plunger is able to reach terminal velocity. This knowledge is helpful in 

optimizing rod string design to minimize capital cost and reduce unnecessary stresses on 

the other pumping unit components. These findings will then be related to common 

practice with the help of the QROD software by Echometer. This study will characterize 

the effect of fluid viscosity and plunger clearance on plunger velocity in a barrel 

completely full of liquid as well as examine the probability of buckling due to this 

uniaxial compression force.  

The Setup 

 In order to make plunger velocity measurements, a test cell was constructed to 

accommodate the pumps described in Table 3.2 and is shown schematically in Figure 3.2. 

Table 3.3 shows the characteristics of the different fluids used in the experiment. 
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Figure 3.2: Test Cell Schematic 

 
 The plunger and pull rod were pulled to the top of the stroke by an electromagnet. 

Once the top of the stroke was reached, the magnet was turned off allowing the plunger 

and pull rod assembly to fall through the pump barrel freely. Measurements of 

acceleration and position were recorded using an accelerometer and potentiometer, 

respectively.  The signals from these devices were digitized at a sampling rate of 5000 

samples/second and plotted on a computer versus time. The raw data was analyzed and 

converted to velocity using the IGOR software in two ways. The accelerometer data was 

integrated with respect to time using the trapezoid rule while the potentiometer data was 

differentiated using an approximate curve fit. Figure 3.3 shows a comparison of the 

integration method versus the differentiation of a 4 term curve fit (ax4+bx3+cx2+d) to 

measure the plunger velocity. Additionally, the accelerometer data was integrated twice 

with respect to time creating a calculated position versus time and then compared to the 

raw potentiometer data. The comparison is used as a check on data integrity and is plotted 
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in Figure 3.4. This verifies that the two measurement devices are communicating the 

same information. With this knowledge, the potentiometer was not used for some of the 

tests.  

 
Figure 3.3: Velocity Calculations using Different Measurement Techniques 

 

 
Figure 3.4: Comparison of Twice Integrated Acceleration to Raw Position Data 
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Table 3.2: Important Pump Parameters used in Test Cell 

Pump Description  
Pump 

Barrel) Plunger  Plunger  Pull Rod 
Pull Rod 

) 
Plunger/Pull 

Rod  
  ID (in) Clearance (in) Length (ft) Length (Ft) OD (in) Weight (lbs) 

API 20-125-RHAC-10-4-1-1 1.25 0.002 and 0.006 4.2 6 0.71 28 
API 25-150-RHAC-10-3 1.5 0.002 and 0.008 3.2 7 0.875 35 
API 25-200-RWAC-12-4 2 0.002 and 0.007 4.2 8 0.98 55 

 
Table 3.3: Description of Fluids used in Test Cell 

 
 
Full pump descriptions are shown in Tables 3.10-3.12. 

Testing Protocol 

Each test was conducted as follows: 

1. Completely fill test cell with fluid and allow fluid level in the annulus to 

submerge outlet ports at the top of the pump. 

2. Disable the magnet and measure the free fall velocity of the plunger using 

potentiometer and/or accelerometer a minimum of 3 times. Observe if pull rod 

shows signs of buckling. 

3. Add 2.38, 15.58, and 75 lbs of additional weight to the plunger/pull rod assembly 

repeat step 2.  

4. Repeat steps 1-3 using next test fluid. 

5. Drain test cell and switch plunger sizes and repeat steps 1-4. 

 

Test	  Liquid Specific	  Gravity Viscosity	  at	  room	  temperature
(cp)

Fresh	  Water 1 1
Exxon	  Spectrasyn	  2C	  Mineral	  Oil 0.8 3.7
Crystal	  Tech	  200	  FG	  Mineral	  Oil 0.856 39
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Measurements and Observations 

 As mentioned above, acceleration versus time and in some cases position versus 

time were recorded during each drop of the plunger assembly through the different 

viscosity fluids shown in Table 3.3. Since acceleration data was able be to be recorded 

during each test and did not require an approximate curve fit for differentiation, the 

velocity calculated was easier to compare universally. For example, consider the 1.25-

inch pump with the 0.002-inch clearance plunger falling through the less viscous (3.7 cp) 

oil.  An example of the raw acceleration data collected by the accelerometer is shown in 

Figure 3.6. 

 
Figure 3.6: Acceleration versus Time for 1.25”x0.002”, 3.7 cp oil, 0 lbs of added weight 

 
 Velocity plots calculated by integrating the corresponding acceleration datasets 

are shown for each weight configuration below in Figures 3.7-3.10. 
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Figure 3.7: Velocity Plot using 1.25”x0.002”, 3.7 cp oil, and 0 lbs of added weight 

 

 
Figure 3.8: Velocity Plot using 1.25”x0.002”, 3.7 cp oil, and 2.38 lbs of added weight 
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Figure 3.9: Velocity Plot using 1.25”x0.002”, 3.7 cp oil, and 15.58 lbs of added weight 

 

 
Figure 3.10: Velocity Plot using 1.25”x0.002”, 3.7 cp oil, and 75 lbs of added weight 

 
 This set of figures shows that terminal velocity is established with each weight 
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of the density difference between the fluid and the plunger, the increased weight of the 

assembly is equal to the increase in friction forces inside the barrel. These two 

counteracting forces create compression on the rods above the plunger equal in 

magnitude to the added weight.  For this pump, if the plunger is required to fall faster 

than the measured max velocity shown in Figure 3.7, then this force will be introduced to 

the rod string.  Similar plots were created for each pump, plunger, weight, and fluid 

combination and the max velocity was recorded. Tables 3.11-3.13 show the average max 

velocities reached for each pump and plunger.  

 The average max velocity was then plotted against the weight added to the 

plunger and pull rod assembly. Figures 3.11-3.16 show how much additional downward 

force is necessary to achieve plunger velocities greater than the measured free fall 

velocity in both the less viscous (3.7 cp) and more viscous (39 cp) oil for both small and 

large clearance plungers. The free fall plunger velocity is shown graphically as the y-

intercept. The vertical red line is the measured critical compression force required for the 

onset of buckling of a ¾” sucker rod in air (Table 3.1).   
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Figure 3.11: Average Max Velocity versus Weight Added to the Pull Rod (1.25”x0.002”) 

 

 
Figure 3.12: Average Max Velocity versus Weight Added to the Pull Rod (1.25”x0.006”) 
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Figure 3.13: Average Max Velocity versus Weight Added to the Pull Rod (1.5”x0.002”) 

 

 
Figure 3.14: Average Max Velocity versus Weight Added to the Pull Rod (1.5”x0.008”) 
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Figure 3.15: Average Max Velocity versus Weight Added to Pull Rod (2”x0.002”) 

 

 
Figure 3.16: Average Max Velocity versus Weight Added to Pull Rod (2”x0.007”) 
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Plunger Velocity and Rod Buckling 

 During experimentation, the pull rod was observed to see if there were any visible 

signs of buckling and there were not. Plunger velocities requiring an additional 

downward force greater than 23 lbf would cause a ¾” sucker rod to begin to buckle, 

however. Table 3.4 below shows the critical buckling velocity for each as a function of 

fluid viscosity.  The critical buckling velocity was attained using the intercept of the red 

dashed line and average max velocity plot in Figures 3.11-3.16. This emphasizes the 

notion that higher viscosity fluids will cause rods to buckle at slower plunger velocities 

than lower viscosity fluids.  

Table 3.4: Critical Buckling Velocity for ¾” Sucker Rod 
Critical Buckling Velocity for 3/4" Sucker Rod 

Pump Size (in) Fluid Plunger Clearance (in) Velocity (ft/s) 

1.25 

Oil 1 (3.7 cp) 0.002 4.5 
Oil 2 (39 cp) 0.002 2.1 
Oil 1 (3.7 cp) 0.006 5.1 
Oil 2 (39 cp) 0.006 2.5 

1.5 

Oil 1 (3.7 cp) 0.002 2.0 
Oil 2 (39 cp) 0.002 7.0 
Oil 1 (3.7 cp) 0.008 3.5 
Oil 2 (39 cp) 0.008 7.0 

2 

Oil 1 (3.7 cp) 0.002 6.5 
Oil 2 (39 cp) 0.002 2.8 
Oil 1 (3.7 cp) 0.007 6.0 
Oil 2 (39 cp) 0.007 2.6 

 

Relating Plunger Velocity to Common Practice 

 The maximum plunger velocity during the down stroke is best estimated by the 

solution of the one-dimensional wave equation used by the current generation of sucker 

rod design programs. Using QROD by Echometer Company, a test well was created 
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using a 1.5” pump and 0.008” clearance plunger at a depth common for this size pump 

and plunger. Table 3.16 shows the entire dataset used in this example. Figure 3.17 is an 

example of a down stroke plunger velocity plot versus position that matches the 

measured free fall velocity in the 3.7 cp oil from this study.  

 
Figure 3.17: Plunger Velocity versus Position for QROD Example Well 

 
 Figure 3.17 shows a maximum downstroke velocity of 5.95 feet/sec, which 

corresponds to a pump rate of 204 BPD for the example data set using a pumping speed 

of 9.1 spm. 

 Using QROD and the same example well, the max downstroke plunger velocity 

was calculated for a variety of corresponding pumping speeds, shown in Table 3.5 and 

3.6.   
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Table 3.5: Compression Force versus Pumping Speed and Pump Displacement in 3.7 cp 
oil. 

 
 
Table 3.6: Compression Force versus Pumping Speed and Pump Displacement in 39 cp 
oil. 

 
 
 To estimate the compression force necessary to exceed the measured free fall 

plunger velocity, curve fits of the velocity data shown in Figures 3.11-3.16 were created.  

The curve fits used in the calculation of the far right column of above tables are shown 

below in Equations 2 and 3. Curve fits for all pumps tested are shown in Table 3.17.  

For the 3.7 cp oil, 

  vmax = 0.0617wadd +5.8155                                                                                                2( )
 
For the 39 cp oil, 

  

vmax = 0.0373wadd + 2.4981                                                                                                3( )
vmax =  maximum down stroke plunger velocity ft/sec( )
wadd =  weight added to produce velocity lbf( )
 

Pumping	   Pump Max	  Velocity Compression
Speed	  (spm) Displacement	  (BPD) (ft/sec) Force	  (Lbf)
Free	  Fall	  9.1 204 5.95 0.0

9.5 216 6.25 7.0
10 232 6.53 11.6
11 268 6.6 12.7
12 304 7.7 30.5

Pumping Pump Max	  Velocity Compression
Speed	  (spm) Displacement	  (BPD) (ft/sec) Force	  (Lbf)
Free	  Fall	  4.35 100 2.52 0.0

5 115 2.93 11.6
6 138 3.6 29.5
7 165 4.16 44.6
8 192 4.55 55.0
9 212 6.02 94.4
10 243 6.62 110.5
11 280 6.64 111.0
12 316 7.67 138.7
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 Table 3.5 implies that if a pump displacement greater than 204 BPD of 3.7 cp 

viscosity oil using the pump detailed in Table 3.16 is desired, the plunger will have to be 

pushed through the barrel at a velocity faster than its natural free fall. This will cause 

compression to be applied to the rod string above. Similarly, Table 3.6 implies that if a 

pump displacement greater than 100 BPD of 39 cp viscosity oil using the same pump is 

desired, then the rod string above the pump will be compressed. This shows that fluid 

viscosity plays a very large role in determining the limitations of the pump if plunger free 

fall velocity is not to be exceeded and should factor into rod string design as well.  

The Use of Sinker Bars 

 Sinkers bars, or larger diameter rods, are commonly placed in the lowest section 

of the rod string above the pull rod to minimize the effects of the compression forces 

resulting from pump friction. They help by adding weight and stiffness to the most 

vulnerable section of the rod string. Considering only pump friction, the weight of one 

1.5”, 25 ft long sinker bar would be enough to offset any compression, shown in Tables 

3.5 and 3.6, from increasing plunger velocity greater than the free fall velocity. This is 

shown mathematically below in the form of an example calculation. From a pump 

friction point of view, adding more than one sinker bar would serve only to increase the 

capital cost of the rod string design and increase the loads on the other components of the 

pumping unit. 

 Because sinker bars are larger in diameter than typical sucker rods, there will be 

an increase in viscous friction in the annulus between the tubing inner diameter and the 

outer diameter of the sinker bar. Unfortunately, this adds to the compression force felt by 
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the smaller diameter rods above. This additional viscous force exerted on the overlying 

sucker rods can be estimated using Equation 4 (Bird, Stewart, and Lightfoot, 1960) below 

if the pressure drop through the sinker bar-tubing annulus can be calculated. This can be 

done using the mechanical energy balance available in most flow calculators.  

  

Fv = πr 2 1− k 2( )Δp                                                                                                           4( )
Fv =  viscous force lbf( )
r =  internal radius of tubing in( )
k =  ratio of sinker bar OD to tubing ID
Δp =  pressure drop in annulus psi( )
 
 The length of sinker bars necessary to counteract the compression force exerted 

on the sucker rods above can be calculated using Equation 5.  

  

LSB = Fp + Fv − Fcr
⎡⎣ ⎤⎦ / wrf                                                                                                   5( )

LSB =  sinker bar length ft( )
Fp =  plunger friction lbf( )
Fv =  viscous friction lbf( )
Fcr =  critical buckling force lbf( )
wrf =  buoyed unit sinker bar weight lbf /ft( )
 
 For example, if we consider a 1.5-inch pump with a 0.008” clearance plunger 

pumping the thicker 39 cp oil at a speed of 10 spm. This corresponds to a pump 

displacement of 243 BPD. This requires a compression force on top the plunger and pull 

rod of 110.5 Lbf. Because the viscous friction force in the sinker bar-tubing annulus is 

dependent on the length of sinker bars used, this becomes a trial and error process. 

Assuming one sinker bar is sufficient, the pressure drop in the sinker bar-tubing annulus 
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is calculated to be 14 psi. Plugging this into Equation 4 gives the value of viscous friction 

to be 41 Lbf as shown below. 

  

Fv = π (2.441in)2 1− (
1.5in

2.441in
)2⎛

⎝⎜
⎞
⎠⎟

14 psi = 41 Lbf                                                                        

Fv =  viscous force lbf( )
 
 Recalling that the critical buckling force for ¾” sucker rod is 23 Lbf (Table 1) and 

using the result from above, Equation 5 becomes: 

[ ]110 41 23 / 5.6 22.9 ftSBL = + − =  
 
 Because less than 25 feet of 5.6 lb/ft sinker bars are needed, it can be concluded 

that only one 1.5”, 25 foot long sinker is sufficient to offset the downstroke compression 

forces and the initial guess was valid. 

Effect of Pumping Unit Geometry on Downstroke Plunger Velocity 

 The pumping unit on the surface can have many different geometries, each of 

which has a different way of accomplishing the same goal. To have the same pump speed 

on the surface in strokes per minute (SPM) does not mean that the resulting plunger 

velocity on the downstroke is the same as well. Using the example well created in QROD 

(Table 3.16), the maximum pumping speed that does not require the plunger to  exceed 

the measured free fall velocity, and therefore does not require additional compressive 

force, is shown for various common pumping unit geometries.  
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Table 3.7: Effect of Pumping Unit Geometry on the Maximum Pumping Speed that Does 
Not Require Additional Compressive Force 

  
 
 This implies that pumping units with faster down strokes have stricter pumping 

speed limitations if they wish to minimize the compressive forces exerted on the lowest 

section of rod string. 

Pull Rod Force Analysis 

 In order to fully analyze the forces necessary to move the plunger down in the 

barrel, the additional force required to push the plunger before the traveling valve opens 

must be considered. Figure 3.18 below shows a free body diagram of the plunger and pull 

rod before being inserted into the barrel at a stationary position.  

 

Pumping	  Unit 3.7	  cp
Type max	  spm
Conventional	  CW 9.1
Conventional	  CCW 11.8
Air	  Balanced 8.9
Mark	  II 8
240"	  Long	  Stroke 5
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Figure 3.18: Free Body Diagram of Plunger and Pull Rod before being inserted into the 

Barrel 
 
 The fluid in the tubing creates a pressure above the plunger, Pa, and acts on the 

cross sectional area between plunger, Aplg, and pull rod, Apr. The tri-axial stress state of 

the pull rod, σp, must be considered due to the confining pressure of the fluid in the 

tubing and is depicted below in Figure 3.19.  At the bottom of the pull rod it is assumed 
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to be Pa. The buoyed weight of the plunger and pull rod is shown as Wpf and Fadd is any 

additional weight required to move the plunger at a certain speed. 

 

 
Figure 3.19: Tri-axial Stress State of Pull Rod due to Confining Pressure  

 
 Using the free body diagram in Figure 3.18 and neglecting friction forces, the 

following force balance can be written.  

  
Fadd + Pb (Ap lg )−Wpf − Pa (Ap lg − Apr )−σ p (Apr ) = 0 (6)
σ p = Pa
Pb = Pa
Fadd + Pa (Ap lg )−Wpf − Pa (Apr )− Pa (Apr ) = 0
Fadd =Wpf

  

 
 This force balance holds true for any plunger position inside the barrel. The 

following table shows the conditions at various positions of the plunger during the stroke. 

0.47 inches represents the distance that must traveled by the plunger before it has 

compressed the fluid inside the barrel enough to open the traveling valve. This distance is 

strictly a function of fluid type and a more compressible fluid would simply require a 
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longer distance to create the pressure necessary to open the traveling valve. The fluid 

used in this analysis has a compressibility of 4x10-6 psi/vol/vol.   

Table 3.8: Conditions of Pump Throughout the Stroke 
Stroke 

Position, S 
inch 

Pa, above 
plunger 

Pb,  below 
plunger 

sp Fadd 

0 Pa Pa Pa Wpf 
0.47 Pa PIP Pa Wpf +Aplg(Pa-PIP) 

S Pa PIP Pa Wpf +Aplg(Pa-PIP) 
S-0.47 Pa Pa Pa Wpf 

0 Pa Pa Pa Wpf 
 
 Consider an example using the same test well that was created in QROD (Table 

3.16). The loads were calculated for these positions in the stroke and shown in Table 3.9 

and then plotted on a pump card in Figure 3.20.  

Table 3.9: Calculated Loads throughout the Stroke using QROD Test Well 
Stroke position,  
S inch 

Pa  above 
plunger, psi 

Pb  below 
plunger,psi 

sp, 
psi 

Fadd, Lbs 
From equation 6 

0 1862 1862 1862 40 
0.47 1862 50 1862 3242 
100 Pa PIP Pa 3242 
99.53 Pa Pa Pa 40 
0 Pa Pa Pa 40 

 

 
Figure 3.20: Representative Dynamometer Card for QROD Test Well 
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 When the plunger is required to move down faster than the free fall velocity, then 

the rod string connected to the pull rod, including any sinker bars, must provide the 

additional force. The load at the pull rod will then become a negative compressive load 

for plunger velocities greater than free fall.  

 During lab testing, the pressures above the plunger, Pa, and below the plunger, 

Pb, were nearly atmospheric allowing the traveling valve to open instantaneously. When 

the plunger velocity reaches terminal velocity, the pressure difference across the plunger 

can be estimated dividing the added weight above the pull rod by the plunger area.  

Important Data 

Table 3.10: 1.25” Pump Parameters 

 
 
 
 
 
 
 
 
 
 
 
 
 

API	  20-‐125-‐RHAC-‐10-‐4-‐1-‐1
Nominal	  Barrel	  Outer	  Diameter 1.63" Clearance 0.002" 0.006"
Barrel	  Inner	  Diameter	   1.25" Plunger	  Wt	  (lb) 14 13.6
Barrel	  Length 10' TV	  Wt	  (lb) 0.9 0.9
Plunger	  Length 4.2' Pull	  Rod	  Assembly	  (lb) 13.4 13.4
Plunger	  Clearances 0.002"	  and	  0.006" Total	  Plunger	  Assembly	  (lb) 28.3 27.9
Plunger	  Inner	  Diameter 0.565"
Pull	  Rod	  Outer	  Diameter	   0.71"
Pull	  Rod	  Length 6'
Standing	  Valve	  Seat 1.388"	  OD	  x	  0.844"	  ID
Standing	  Valve	  Ball 1.125"
Traveling	  Valve	  Seat	  ID	   0.578"
Traveling	  Valve	  Ball 0.75"
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Table 3.11: 1.5” Pump Parameters 

 
 
Table	  3.12:	  2”	  Pump	  Parameters 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

API	  25-‐150-‐RHAC-‐10-‐3
Nominal	  Barrel	  Outer	  Diameter 2.5" Clearance 0.002" 0.008"
Barrel	  Inner	  Diameter 1.5" Plunger	  Wt	  (lb) 14.75 14.35
Barrel	  Length 10' TV	  Wt	  (lb) 1.74 1.74
Plunger	  Length 3.2' Pull	  Rod	  Assbly	  Wt	  (lb) 18.51 18.51
Plunger	  Clearances 0.002"	  and	  0.008" Total	  Plunger	  Assbly	  (lb) 35.00 34.60
Plunger	  Inner	  Diameter 0.705"
Pull	  Rod	  Outer	  Diameter 0.875"
Pull	  Rod	  Length 7'
Standing	  Valve	  Seat 1.547"OD	  x	  1.00"	  ID
Standing	  Valve	  Ball 1.375"
Traveling	  Valve	  Seat	  ID 0.656"
Traveling	  Valve	  Ball 0.938"

API	  25-‐200-‐RWAC-‐12-‐4
Nominal	  Barrel	  Outer	  Diameter 3.25" Clearance 0.002" 0.007"
Barrel	  Inner	  Diameter	   2" Plunger	  Wt	  (lb) 31.5 30.9
Barrel	  Length 12' TV	  Wt	  (lb) 21.1 3
Plunger	  Length 4.2' Pull	  Rod	  Assembly	  (lb) 3 21.1
Plunger	  Clearances 0.002"	  and	  0.007" Total	  Plunger	  Assembly	  (lb) 55.6 55
Plunger	  Inner	  Diameter 1.2"
Pull	  Rod	  Outer	  Diameter	   0.98"
Pull	  Rod	  Length 8'
Standing	  Valve	  Seat 2.01"	  OD	  	  x	  1.312"	  ID
Standing	  Valve	  Ball 1.688"
Traveling	  Valve	  Seat	  ID	   0.94"
Traveling	  Valve	  Ball 1.25"
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Table 3.13: Average Max Velocity Measurements for 1.25” Pump 
1.25" Pump with Plunger Clearance 0.002" 

Fluid Added  Avg. Max Vel Avg. Fall Time  Avg Vel 
  Weight (lb) (ft/sec) (sec) (ft/sec) 
Oil 1 (3.7 cp) 0.00 3.17 2.57 2.56 
Oil 1 (3.7 cp) 2.38 3.28 2.23 2.95 
Oil 1 (3.7 cp) 15.58 4.06 1.68 3.92 
Oil 1 (3.7 cp) 75.00 7.28 0.95 6.93 
Oil 2 (39 cp) 0.00 1.34 6.08 1.08 
Oil 2 (39 cp) 2.38 1.43 5.64 1.17 
Oil 2 (39 cp) 15.58 1.88 3.92 1.68 
Oil 2 (39 cp) 75.00 4.41 1.61 4.09 

1.25" Pump with Plunger Clearance 0.006" 
Fluid Added  Avg. Max Vel Avg. Fall Time  Avg Vel 
  Weight (lb) (ft/sec) (sec) (ft/sec) 
Oil 1 (3.7 cp) 0.00 3.53 2.04 3.22 
Oil 1 (3.7 cp) 2.38 3.79 1.90 3.46 
Oil 1 (3.7 cp) 15.58 4.70 1.56 4.22 
Oil 1 (3.7 cp) 75.00 7.81 0.96 6.89 
Oil 2 (39 cp) 0.00 1.69 4.17 1.58 
Oil 2 (39 cp) 2.38 1.76 4.04 1.63 
Oil 2 (39 cp) 15.58 2.22 3.04 2.17 
Oil 2 (39 cp) 75.00 5.01 1.36 4.83 
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Table 3.14: Average Max Velocity Measurements for 2” Pump 
2" Pump with Plunger Clearance 0.002" 

Fluid Added  Avg. Max Vel Avg. Fall Time  Avg Vel 
  Weight (lb) (ft/sec) (sec) (ft/sec) 
Oil 1 (3.7 cp) 2.38 5.30 1.35 4.87 
Oil 1 (3.7 cp) 15.58 6.32 1.25 5.27 
Oil 1 (3.7 cp) 75.00 9.10 0.95 6.93 
Oil 2 (39 cp) 2.38 2.00 3.58 1.84 
Oil 2 (39 cp) 15.58 2.44 2.94 2.24 
Oil 2 (39 cp) 75.00 3.76 1.78 3.70 

2" Pump with Plunger Clearance 0.007" 
Fluid Added  Avg. Max Vel Avg. Fall Time  Avg Vel 
  Weight (lb) (ft/sec) (sec) (ft/sec) 
Oil 1 (3.7 cp) 0.00 4.47 1.80 3.66 
Oil 1 (3.7 cp) 2.38 4.91 1.49 4.42 
Oil 1 (3.7 cp) 15.58 5.61 1.31 5.03 
Oil 1 (3.7 cp) 75.00 8.05 0.97 6.77 
Oil 2 (39 cp) 0.00 2.04 4.27 1.54 
Oil 2 (39 cp) 2.38 2.20 3.23 2.04 
Oil 2 (39 cp) 15.58 2.54 3.37 1.96 
Oil 2 (39 cp) 75.00 3.75 2.02 3.26 
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Table 3.15: Average Max Velocity Measurements for 1.5” Pump 
1.5" Pump with Plunger Clearance 0.002 inch" 

Fluid Added  Max Vel Fall Time Avg Vel 
  Weight (lb) (ft/sec) (sec) (ft/sec) 
Air 0.00 10.15 1.35 4.88 
Water 0.00 6.03 1.85 3.56 
Water 2.38 6.10 1.53 4.30 
Water 15.60 6.86 1.27 5.20 
Water 78.00 11.17 0.68 9.68 
Oil 1 (3.7 cp) 2.38 5.94 1.47 4.49 
Oil 1 (3.7 cp) 15.60 6.68 1.11 5.93 
Oil 1 (3.7 cp) 75.00 10.52 0.91 7.27 
Oil 2 (39 cp) 2.38 1.49 4.96 1.33 
Oil 2 (39 cp) 15.60 1.76 4.10 1.61 
Oil 2 (39 cp) 75.00 3.99 1.90 3.46 

1.5" Pump with Plunger Clearance 0.008" 
Fluid Added  Max Vel Fall Time  Avg Vel 
  Weight (lb) (ft/sec) (sec) (ft/sec) 
Oil 1 (3.7 cp) 2.38 6.06 1.32 4.99 
Oil 1 (3.7 cp) 15.58 6.66 1.28 5.14 
Oil 1 (3.7 cp) 75.00 10.47 0.87 7.57 
Oil 2 (39 cp) 2.38 2.60 4.10 1.61 
Oil 2 (39 cp) 15.58 3.06 3.18 2.07 
Oil 2 (39 cp) 75.00 5.30 1.53 4.30 
 
Table 3.16: Dataset used in QROD Example 

 
 
 
 
 
 
 
 
 

Pump	  Depth 5,000	  ft Tubing	  Pressure 50	  psig
Barrel	  OD 1.5	  in Pump	  Intake	  Pressure	   50	  psig
Plunger	  Clearance 0.008	  in Rod	  Design API	  76
Plunger	  Length 36	  in Rod	  Class D
Surface	  Stroke 100	  in Damping	  Factor 0.1
Tubing	  OD 2.875"	  (6.4	  ppf) Unit	  Efficiency 95%
Tubing	  Anchored Yes Liquid	  Specific	  Gravity 0.86
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Table 3.17: Curve Fits of Velocity Data  

 
 
 
 
 
 
 
 
 
 
 
 
 

	  

max

max

Fluid           Pump and Plunger
     1.25" barrel x 4' x 0.002" clearance plunger
3.7 cp oil   0.0548 3.1738
39 cp oil     0.0411 1.3105

     1.25" barrel x 4' x 0.006" clearance plunge

add

add

v w
v w

= +
= +

max

max

max

max

r
3.7 cp oil   0.0545 3.7487
39 cp oil     0.0454 1.5894

     1.5" barrel x 3' x 0.002" clearance plunger
3.7 cp oil   0.0636 5.7435
39 cp oil     0.0354 1.3166

     1.5"

add

add

add

add

v w
v w

v w
v w

= +
= +

= +
= +

max

max

max

 barrel x 3' x 0.008" clearance plunger
3.7 cp oil   0.0617 5.8155
39 cp oil     0.0373 2.4981

     2.00" barrel x 4' x 0.002" clearance plunger
3.7 cp oil   0.0495 5.3306
39 cp 

add

add

add

v w
v w

v w

= +
= +

= +

( )

max

max

max

max

oil     0.0231 2.0505

     2.00" barrel x 4' x 0.007" clearance plunger
3.7 cp oil   0.0451 4.7108
39 cp oil     0.0241 1.9428

 maximum plunger velocity ft/sec

 weight 

add

add

add

add

v w

v w
v w

v

w

= +

= +
= +

=

= ( )fadded lb
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Conclusions 

 In a barrel completely full of liquid, the plunger will establish a free fall velocity. 

If the plunger is required to fall faster than free fall, the plunger will have to be pushed. If 

terminal velocity is reached, then at this point the pull rod experiences a compression 

force equal in magnitude to the weight added on top. The main conclusions from this 

experiment are shown below. 

• Each pump and weight configuration was able to reach terminal velocity, the 

added weight in each case could be called the compression force. 

• The viscous friction forces measured in this study show that the resulting 

compression can be enough to buckle a ¾” sucker rod in air (Table 3.1).  

•  The common way to prevent rod buckling and minimize compressive loads on 

the more vulnerable sections of the rod string is to add stiffer, heavier sinker bars. 

The calculations shown here say that for pumping speeds up to a practical limit of 

12 spm, one 1.5”, 25 ft sinker bar is sufficient to keep the smaller diameter rods in 

tension.  

• Using too many sinker bars, however, is more costly and will increase loads felt 

by the surface equipment.  

• Plunger velocity is greatly affected by the viscosity of the fluid in the barrel.  

• Sucker rods will tend to buckle at slower plunger velocities when pumping higher 

viscosity fluids.  

• The clearance of the plunger also plays a role in determining the compressive 

force as a result of viscous friction within the pump.  
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• Using the QROD software, it was shown that pumping unit geometry affects the 

pumping speed limitations if it is not desired to exceed the natural free fall 

velocity of the plunger.  

• QROD also correlated plunger velocities, and therefore the weight needed above 

the plunger and pull rod, to production rates in terms of BPD.  

 This study shows the production limitations above which the plunger must be 

forced into the barrel, resulting in an upward force at the bottom of the rod string where 

buckling is most likely to occur.  
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