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Abstract
Artificial lift pumps are widely used in oil production, and among them, sucker rod pumps are conceptually
the simplest ones. The reciprocating movement of the plunger triggers the opening and closing of two ball
valves, allowing fluid to be pumped to the surface. These valves are subject to long-time erosion and fail
as a consequence of this damage mechanism. We demonstrate that understanding the principal damage
mechanisms in the necessary depth and breadth requires a thorough examination of the fluid dynamics
during the opening and closing action of the ball valves.

This paper describes the basic ingredients and results of fluid–structure interaction model that
simultaneously computes the fluid flow in the traveling valve, the standing valve, and the chamber of sucker
rod pumps during a full pump cycle in an efficient and accurate way. The simulations provide necessary
insight into the causes of valve damage for realistic standard as well as non-ideal operating conditions
of the downhole pump. In particular, simulations based on real pump operating envelopes reveal that the
phenomenon of so-called ‘‘mid-cycle valve closure’’ is likely to occur. Such additional closing and opening
events of the ball valves multiply situations where the flow conditions are harmful to the individual pump
components, leading to efficiency reduction and pump failure.

The computational-fluid-dynamics model based on the finite-element method serves to accurately
describe the opening and closing cycles of the two valves. Most importantly, this approach for the first time
allows an analysis of real operating envelopes, derived from actual dynamometer cards. The combination
of stroke length, plunger speed, fluid parameters, and velocity at any point inside the pump can thus be
investigated at any time during the pump cycle. The flow parameters identified as critical in terms of
damaging pump valves or other pump components can set the basis for taking measures to avoid unfavorable
operating envelopes in future pump designs.

Our comprehensive flow model may support field operations throughout the entire well life, ranging
from improved downhole pump design to optimized pump operating modes and envelopes as well as in
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material selections. It is suggested to aid in adapting pump operating conditions to create an ideal interaction
between the valves and avoiding the "mid-cycle valve closure". Specifically, a so-optimized pump design
is expected to drastically extend the operation time before failure of sucker rod pumps. Finally, this type of
simulation will speed up new pump or pump component development, and can eliminate or at least reduce
the necessity of extensive and costly laboratory testing.

Introduction
Sucker rod pumps for artificial lift are one of most widely used methods of oil production. The operating
principle of the major parts of a sucker rod pump is that fluid is hoisted to the surface by reciprocating
plunger operation. The added fluid volume per pump stroke is regulated by the alternating opening and
closing actions of two ball valves, called the travelling valve (TV) and standing valve (SV). The only
essential moving parts here are the TV and the check balls within the cages of the valves. Yet, the oil
industry constantly faces problems with material damage to the valves. Among the main incipient damage
mechanisms, brittle fracture of hard phases in the seat due to ball impact as well as collapsing micro-bubbles
of gases dissolved in the pumped fluid play an important role, as these open the pathway for possibly
catastrophic erosive failure. One cause of ball and seat erosion is seen in critical fluid flow conditions
created during standard pump operations in the individual valves as well as in the complex interaction of
fluid flow conditions between the two ball valves, the traveling valve (TV) and the standing valve (SV),
during pump cycles.

The current work was the result of an evolving study focused on addressing the above mentioned problem
with the goal to identify and individuate critical operating conditions and design of pump components. It
was observed that the damage on the valve seat mostly occurred in the region where the ball-seat contact
occurred (see Figure 1). Hence, the effect of impact on commercially available pump valve materials was
considered. Various tests to investigate their resistance mechanical impact force and its consequences to the
material structure when the ball hits the valve seat were executed to improve the understanding of critical
parameters that cause pump failures (Katsich et al., 2019). During these tests, a closer look at the exact
region of damage revealed that in some cases, the actual damage occurred some distance away from the
line of ball-seat contact, where mechanical impact could not have directly caused the damage. Hence, the
role of fluid dynamic related phenomena was suspected, and a mathematical model that describes the fluid
flow inside a sucker rod pump and allows the easy determination of critical flow and operating parameters
for sucker rod pumps was developed. An additional project demand was that the mathematical model be
able to simulate realistic pump cycles, calculating fluid flow at both valves and inside the pump barrel.
This facilitates the study of fluid flow conditions at each instant of the pumping sequence as well as an
understanding or prediction of its potential damaging influence to any component of a sucker rod pump.
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Figure 1—Images of ball and seat of a ball check valve showing
damage that is typically encountered when used in down-hole pumps.

A comprehensive literature research revealed a rich variety of different flow models and their
implementations into finite-element schemes for calculating the sucker rod pump behavior in forerunner
studies. They consider fluid effects on the valves through lumped fluid forces (Doty and Schmidt, 1983;
Lekia & Evans, 1995, Lannetti et al., 2014; Domnick et al., 2017; Domnick & Brillert, 2019), but do not take
the detailed fluid flow into consideration to reproduce the coupled movements of the valves. Although flow-
related damage mechanisms of down-hole pumps are described, the actual causes of material degradation
are neither clearly explained nor fully understood. We anticipate that our computational predictions rule out
the possibility of cavitation as the primary source of damage: the pressure drops in the small gaps formed
between the ball and the seat immediately prior/subsequent to valve closure/opening are definitely too low
for provoking local vaporization of the pumped fluid.

The first computational fluid dynamics simulations were developed and refined for accurately estimating
loads on the tubing and sucker rods caused by fluid-structure interaction (Cutler & Mansure, 1999). Our
newly developed computational fluid dynamics model focuses on mathematically describing the fluid flow
and material resistance under realistic operating conditions. It is applied to investigate the influence that
pump hardware and pump operating parameters such as, but not limited to, pump cage dimensions, stroke
length, plunger speed, ball densities, seat materials, or ball impact forces have on the overall performance
and expected resistance of the valve seats and balls to fluid flow. The simulator predicts the expected
operating movements of the ball valves, the resulting fluid flow velocities, and it can identify critical flow
conditions that may cause material wear. Knowing the critical operating conditions, the software can be
used to alter pump parameters or operating modes and envelopes to reduce or avoid material damage.

Our simulations of the actual pump cycle behavior of sucker rod pumps point to a non-ideal operating
scenario associated with the mutual interaction between the valves, referred to as "mid-cycle valve closure"
henceforth. By setting the time-variable plunger speed to values obtained from actual pump dynamometer
cards, the fluid flow and resulting forces on the two balls of the ball valves were calculated for a full periodic
pump cycle; particular emphasis was placed on the movements of the balls. The calculations show that in
non-ideal operating modes the ball valve is indeed prone to closing one or several times during a pumping
cycle. This additional closing and re-opening of the ball valve increases fluid dynamical flow conditions
that are critical to the pump component materials and may therefore reduce the lifetime of the pump. The
developed model allows us to investigate and predict these critical operating situations. Modifying the
operating or geometric design parameters will help engineers with selecting the best pump design and
operating modes so as to reduce the risk or even eliminate the phenomenon of mid-cycle valve closure,
thus increasing the lifetime of the entire pump. Novel pump or pump component developments such as
innovative plunger, standing and traveling valve as well as cage designs, or the educated selection of the
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ball material and hence its density, will benefit from these simulations and the understanding of critical flow
parameters in sucker rod pumps.

Model description
We first discuss the assumptions the computational model is based on and justify its bounds of applicability.

Basic ingredients
Our model abstracts the down-hole pump by focusing on the dynamic coupling between the two ball check
valves, the SV and the TV. The computational domain of the model comprises of the two valves and the
chamber in-between the valves, which is expanding and contracting as the plunger moves up and down (see
Figure 2 (a)). Any predefined kinematics of the TV can be imposed as an input, and so can the hydrodynamic
pressure at the inlet and the outlet of the domain, representing the pump intake pressure (PIP) and the tubing
pressure (TP), respectively. The balls in the valve cages are free to move up and down over a distance l (see
Figure 2 (b)) within the valve cage. Their motion is governed by the net force resulting from the balance
between the weight of the ball and the hydrodynamic forces exerted on them by the fluid being pumped.
The elastic deformations of the pump materials are assumed to be negligible, and the fluid is considered
to be of a single phase with uniform physical properties. The flow is laminar and incompressible. For the
details of our pump model and its validation against existing literature the reader is referred to Jalikop et al.
(2019). However, we discuss some of the salient features of the model in the following few paragraphs.

Figure 2—(a) Schematic of the pump consisting of two ball check valves and the expanding and contracting chamber in
between. (b) Typical mesh for axisymmetric FEM simulations in half-space, along with the important geometrical parameters

of the valve. For the simulation results presented here, we have considered rb = 0.02144 m, S = 0.00135 m and l = 0.0467 m and
0.0592 m for SV and TV, respectively. The standard numbers for the ball and the seat are V12-250 and V13-250, respectively.

The full Navier–Stokes equations are solved using a finite-element discretization that employs a moving-
mesh approach to accommodate the temporal variation of the size of the chamber. The flow is assumed
to be axisymmetric, laminar and incompressible. The motion of the ball within the valve cage is severely
restricted in the transverse direction by the wall of the valve cage. The presence of a wall has two main
effects: the first is that it reduces the instability of the flow behind the ball and secondly it induces transverse
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forces on the ball that centers the ball along the axis. Hence, the assumption of the axisymmetric flow does
not severely limit the validity of the model. We treat the flow as laminar, and the main reason being that the
computational burden of employing a turbulent model outweighs the gain in accuracy of estimation of the
drag force on the ball, especially when we are interested in the dynamics on the scale of plunger kinematics.
Because the main aim of the work is to demonstrate the nature of the interaction between the coupled valves,
we chose the computational feasibility of simulating the entire pump cycle in a single model over numerical
accuracy. Moreover, choosing the right turbulent model for a complex system such as the down hole pump
can bring in its own uncertainties.

Modeling the process of valve closing is particularly challenging as this process terminates in the rupture
of the fluid film when the gap formed by the ball and the seat closes to give way to inevitable solid-solid
contact. This results in the break-down of the continuum hypothesis on which the finite element method is
based on, and hence requires a special numerical treatment over a small time scale. A similar difficulty is
encountered during the valve opening process because of the fluid entrainment into the gap forming just after
the ball has lost contact with the seat. The novel technique to overcome these problems employs a repulsive
force exerted on the ball as it approaches/departs from the seat such that a very thin layer of fluid between
the ball and the seat is always present, fictitiously even in the fully closed position of the valve. Accepting
a thereby "slightly leaking", as incompletely closing, valve outweighs by far any much more sophisticated
alternative in dealing with the discontinuities formed in the fluid violating the continuum hypothesis as
intrinsic to the real physical process. Moreover, the thickness of the remaining fluid layer can be made
arbitrarily small in principle, where the limitation is found by due considerations regarding computational
stability and feasibility. Although the repulsive force is an empirical construct used to aid our simulations,
it is not an entirely unphysical force. Such forces, which prevent solid–solid contact, are predicted by the
locally valid lubrication approximation of the governing equations in the limit of an infinitely thin gap
(Davis et al., 1986; Scheichl et al., 2015).

Capabilities of the model
Using the model, one can simulate the complete laminar flow field within the valves and the chamber,
including the motion of the check balls in the cage of the valve (see Figure 2). Using this flow field data and
working within the assumptions that are described above, the model is capable of providing us the following
information of a down-hole pump.

• Dynamic interaction of the two ball check valves through fluid dynamic forces

• Opening/closing states of the two valves

• Ball speeds as a function of time and position

• Fluid pressure; especially in the gap between the ball and the seat, where the pressure drop
information is crucial in understanding the damage mechanism

• Real pump-card data can be used as input for the plunger kinematics, including the full stroke
lengths of the pumping action

• Parametric studies of pumping by varying the geometry, plunger kinematics or the material
properties of the ball and fluid medium

Valve operation
It is important to understand the effect of dynamic coupling between the TV and SV on the pump operation
to be able to optimize the pump design parameters. In this section, we employ our model to study the effect
of some of the pump parameters on the pump operation from a fluid dynamic perspective. We simulate the
dynamics of the ball during the opening/closing of the SV to compute the approach speed of the ball during
the closing process and the fluid
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6 dynamic forces needed to lift the ball off the seat during opening process. In particular, we study the
influence of the density of the ball material (or the ball weight) and the speed of the plunger. Accurate
estimates of the ball speeds during approach towards the seat is also important to avoid undesirable ball-
seat impacts.

The geometry of the pump used in all our simulations is shown in Figure 2(b), and the values of the
parameters considered were; μb = 9 g/cm3, μf = 1 g/cm3, ν = 1 cS, and the pressure non-dimensionalized
by (PIP-TP) = 0.5 bar.

Valve closing
We study the dependence of the speed of approach of the ball towards the seat during the valve closing
process. The influence of two parameters; density of the ball material and the plunger speed, on the approach
speed is examined by conducting a parametric study. A typical variation of the speed of the ball during the
closing process is shown in Figure 3. The sharp dip in the graph indicates the initial acceleration of the
ball in the negative direction, towards the seat, and then a deceleration back to zero speed in a short time,
indicating the impact of the ball on the seat. From this data, we can measure the speed of the ball just before
impact (Vi) and the time taken for the valve to close (tc).

Figure 3—Typical variation in the speed of the ball during the valve closing process

In Figure 4, the impact speed (Vi) and the valve closing time (tc) for three various plunger stroke times are
shown. These plots show a clear linearly increasing trend of the impact speed with the stroke period, and
a decreasing trend of the valve closing times with stroke period. This implies that higher plunger speeds,
which is desirable in view of larger pump efficiency, lead to higher impact speeds, putting the pump under
higher risk of damage. An optimum plunger speed should be chosen to avoid too high an impact speed and
too low a pump efficiency. However, pump efficiency is not the only reason for choosing higher plunger
speeds because, as will be discussed in the next section, too low a plunger speed can also result in a partially
open valve, which is also not desirable.
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Figure 4—Linear variation of the impact speed of the ball on the seat (Vi) and the valve
closing time (tc) on the speed of pumping, or in other words the plunger speed (Vp).

In Figure 5, the influence of the density of the ball material (μb) on the two parameters is shown. Although
the density of the ball changes by as much as 3 times from the lowest value to the highest, the variation of
speed is within 10% of the mean. This indicates that the effect of the ball density or the ball weight for a
given size of the ball does not have a significant influence on the impact speed or the valve closing times.
The various contributions to the acceleration of the ball is shown in equation 1.

(1)

Figure 5—Variation of the impact speed of the ball on the seat (Vi) and the valve closing time (tc) on the density of the ball
material, or in other words the weight of the ball. The annotations in (a) indicate the normally used materials for the ball with
the corresponding density values. WC: tungsten carbide, St: stellite, SS: stainless steel, TiC: titanium carbide, Ce: ceramic.

The ball density affects the fluid motion and thus the ball’s acceleration via the ratio , which varies only

between ≈ 0.28 and 0.07 for a much larger variation in the density of the ball considered in this study (see
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Figure 5). The contribution from the viscous and the fluid pressure to the motion of the ball is considered
in a later section.

Valve opening
Although the ball density does not significantly influence the closing process, one clearly expects it to
influence the opening process because the weight of the ball, which is dependent on the density of the ball
material, should be balanced by the fluid dynamic forces for the valve to open. If the ball density is too high,
then for a given size of the ball and plunger speed, the resulting fluid dynamic force may not be enough
to lift the ball off the seat to open the valve. We consider the valve completely open when the ball hits the
ceiling of the valve cage and remains there due to the balance between the weight, hydrodynamic force and
the repulsive force pushing the ball away from the ceiling. This repulsive force is similar to the one applied
between the ball and the seat to prevent solid-solid contact, and is activated only when the ball surface is
within a small cut-off distance from the ceiling. However, in some cases, the hydrodynamic force may not
be enough to push the ball all the way up to the ceiling, resulting in a partially open valve. Partially open
valves are known to cause ball chatter and several other unwanted effects in the pump (Cutler & Mansure,
1999). One way to overcome this limitation is to increase the plunger speed to induce larger fluid dynamic
force (through suction action), however, as seen in the previous section, higher plunger speeds result in
proportionally larger impact speeds that might cause seat damage. In view of this, the aim is to find optimum
values of the ball material density and the plunger speed.

The first step in this optimization procedure is to find those combinations of μb and Vp that demarcate
the boundary between fully open and partially open states of the valve. These critical values are dependent
on the specific geometry of the valves, and hence we have to run fully resolved fluid flow simulations for
a particular valve design. We demonstrate this procedure for the valve geometry shown in Figure 2 (b).
In these simulations, only the SV is considered and the TV is removed from the computational model to
reduce computational costs. However, the effect of the TV in its closed state is mimicked by applying a
constant volume flux Q = π(rb + S)2Vp at the outlet of the SV. We start each run with the SV in closed
position and allow for sufficient time such that the ball finally settles at a fixed position in the chamber:
either within the fluid, in equilibrium with the fluid forces (partially open SV), or it even reaches the ceiling
(fully open SV). In the first situation, the hydrodynamic pressure force just balances its weight. A two-
dimensional matrix consisting of all combinations of values of of μb and Vp within their practically relevant
ranges and parametrizing the runs is drawn up, and the simulations are carried out for all these values. From
these results, we extract those pairs describing a ball just short of reaching the ceiling, i.e. approaching the
ceiling but not touching it so that the repulsive force is not invoked. These operation conditions, separating
those referring to a partially from those referring to a fully closed SV, are plotted as solid circles in Figure
6. Finding these relatively few (here three) critical combinations out of all (16 in our preliminary study)
systematically represents a subtle numerical issue, which still opens room for improvement. We then have
fit two curves to the data; a linear (dashed) and a more accurate square-root variation (solid) of the critical
plunger speed Vp over the critical ball density μb. Operating the pump in the region below the square-root
curve should be avoided in order to prevent partially opened valves, whereas operating conditions too remote
from and above the curve is also not recommended in view of the imminent danger of seat damage due to
correspondingly high ball impact speeds.
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Figure 6—Boundary between fully and partially open valve states. The valve is only partially open in the region below the
square-root fit to the data in solid line. Further away the plunger speed is from the curve on the outside, larger is the impact

speed of the ball on the seat. The dashed line is a linear fit to the data to highlight the better fit of the square-root curve
to the data. The open circle at the origin indicates the trivial solution in the limit of vanishing density of the ball material.

As a central finding, this curve can be used by pump designers and operators for ensuring that the pump
is being used in an optimized condition.

The observation that the critical plunger speed (Vc) varies (approximately) with the square-root of the
critical density (μb) is advantageously cast into a non-dimensional number, called OptimuM Valve (OMV)
number and is defined by

(2)

This number essentially captures the effect of valve geometry on its operation. Hence, for a particular
valve, the OMV number can be extracted using our computational model by following the procedure
described above. By definition, the OMV number expresses the ratio of the two competing forces acting
on the ball at the high Reynolds numbers at play (cf. Jalikop et al., 2019): the weight of the ball involving
its density over the dynamic pressure scaling with the square of the plunger speed. Most importantly, by
dimensional argument, and under the neglect of viscous forces acting on the ball, we expect the value of
Nomv extracted from the simulated data being merely dependent on the pump geometry and only weakly on
the kinematics of the plunger and the fluid properties. The square-root fit in Figure 6 gives Nomv ≈ 40 for the
valve geometry we have considered in our simulations. This indicates a predominance of the gravitational
acceleration in equation 1 over the fluid force density (ff).

Given the small gap between the freely moving ball and wall of the cage (S), a basic inspection
analysis shows that the viscous influence relative to the hydrodynamic net force acting on the ball,
expressed as (ff) in equation 1, is indeed negligible as long as . Here Rep is the suitably
formed Reynolds number, based on the maximum plunger speed. In our case, the inequality is satisfied as

.
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Hence, using our model, the OMV number for a given pump geometry can be computed and the operating
conditions accordingly designed to achieve an optimized pump operation. In a nutshell, the OMV number
gives the pump designer or the pump operator a rule of thumb in optimizing the pumping.

Mid-cycle valve closure
In the previous section we showed how our model can be used to understand valve opening/closing to
optimize the valve design and pump operation through a valve optimization parameter, Nomv. In this section,
we use a pump card from a real pump provided to us by an oil field operator and test if this parameter helps
us in understanding the operation of a real pump. The advantage of using a coupled model is that one can
simulate realistic conditions of down-hole pump by considering the exact opening and closing of valves
and their influence on the pressure drop in non-ideal scenarios, for example, when there is fluctuations of
plunger speed.

Here we consider the same pump for which we computed Nomv ≈ 40 in the previous section, but 11 use
a real pump card as an input for the simulations. Unlike an ideal pump card, a typical real pump card has
fluctuations in the plunger speed, mainly due to the elasticity of the sucker rod (Gibbs, 1963). This pump
card is shown in Figure 7, in which the plunger speed is non-dimensionalized by the critical speed obtained

using the definition of the OMV number, . The length and the time are non-dimensionalized

by the pumping stroke length (L) and the pumping time period (T), respectively. We simulate the entire pump
cycle, L = 2.5 m, and observe the effect of fluctuations of the speed of the TV on the open state of the SV. In
particular, we are interested in studying the interaction between the coupled valves in the region close to the

first dip in speed during the up-stroke, where the plunger speed drops close to the critical speed .

Figure 7—Speed of the plunger non-dimensionalized using the critical plunger speed as a function of (a) the non-
dimensional position of the plunger for real pump card data, and (b) as a function of non-dimensionalized. Note

in (a), the blue solid line is the fitted line to the data using spline interpolation of the pump card data shown in red
dots. The dashed circles indicate the region where the plunger speed drops close to the critical plunger speed.

The degree of valve opening can be plotted as a ratio of the distance between the ball surface from the
seat and the total length of ball motion along the cage (l, see Figure 2). In Figure 8, the valve opening of
SV for the real and ideal cases are plotted. It is seen that in the real case, the SV closes in mid-cycle, where
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ideally it should be open as seen in Figure 8 (b). A closer look at this region in Figure 9 shows that less than
10 % of the valve is open, and it coincides with the dip in the plunger speed as seen in the pump card (Figure

7) closer to where . Hence, when the speed of the TV momentarily drops close to the critical speed

estimated from the OMV number, the drag force on the on the SV ball becomes smaller than its weight
and the ball drops back to the seat of the SV, resulting in mid-cycle valve closure. This scenario can pose a
serious danger to the pump because the relatively high speed of the plunger (compared to the speed during
ideal valve closing process) accompanied by a narrow constriction between the ball and the seat causes an
undesirably large pressure drop across the valve and especially in the constriction itself. Moreover, the rise
in plunger speed immediately after its drop, intensifies the adverse effect of mid-cycle valve closure. This is
because, as the ball accelerates towards the seat the increasing region of the plunger fluctuation kicks in and
draws the fluid faster into the chamber. However, because of the ball’s inertia, there is a finite time before
the ball slows down to zero velocity and turns around to start climbing up back to the ceiling during which
the ball has dropped further down. This narrows the gap, however, during the same time the increasing
plunger speed is increasing the fluid velocity in the gap. This critical combination of increase fluid speed
and decreasing gap results in a higher pressure drop in the gap  during the mid-cycle valve closure
compared with the normal closing process, as seen in Figure 10.

Figure 8—Degree of valve opening of SV (in blue solid line) and TV (in red dashed line)
for (a) real pump card data and (b) ideal cases without plunger speed fluctuations. Note

the closing of SV in mid-cycle where, ideally, SV is fully open and TV is fully closed.
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Figure 9—Close-up of the region where the mic-cycle valve closure occurs, which coincides with the drop in
plunger speed to a value close to the critical plunger speed estimated for the value of Nomvin our simulations.

Figure 10—Pressure in the gap between the ball and the seat of the SV during the mid-cycle valve closure in the
real pump card data (a). The corresponding region for the ideal case is shown in (b), where the second pressure

drop seen in (a) is absent. The first pressure drop seen in both the cases is from the valve opening process.

Pressure drops, such as the one illustrated above, can release dissolved gases that may potentially lead
to phenomena such as fluid pound and gas interference, which are common causes of pump damage
encountered by petroleum industry. Hence, mid-cycle valve closure could in principle be an underlying
cause of these non-ideal scenarios associated with real pump cards. If this is verified by experimental or
direct measurements in down-hole pumps, our model could be used to compute the OMV number for a
given pump geometry and hence be used in pump design and operation.

Conclusions
In this work, we have applied a previously introduced fluid dynamics model for downhole pumps to
calculate parameters that will aid pump designers and oil field operators with maximizing the service life and
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safety of their ball valves. In particular, we produced a map that shows which combinations of ball density
and pumping speed lead to fully open or only partially open valves for a given valve cage geometry. The
boundary between these two operational states can be parametrized using the newly introduced optimum
valve number Nomv, a scalar that depends only on the cage geometry. The knowledge of this parameter can
be used as novel design rule for the optimization of the operational state of a pump. Refining the numerical
strategy to compute efficiently the Nomv is an indicated topic of future efforts.

The second application of our model is the identification and the discussion of the ramifications of mid-
cycle valve closure. This phenomenon that has yet to be experimentally observed, may be an important
reason for premature valve failures, as it can multiply the number of ball–valve impacts during operation
and lead to steep pressure gradients near the valve seat that may cause seat damage associated with the
collapse of microscopic gas bubbles. With our model, it will be possible to estimate the probability of such
a mid-cycle valve closure for a given pump geometry and pump card, allowing the designer or operator to
counter the effect, e.g., by selecting a lighter ball or by increasing the pumping speed.

Thus, by providing a tool to avoid pump designs or operational states that are prone to incipient seat
damage by impact or fluid-dynamics-related causes, it is possible to delay secondary damage such as
erosion, which ultimately leads to costly valve replacement.
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Nomenclature
ff Fluid force density, m/s2

g Acceleration due to gravity, m/s2

l Maximum displacement of the ball inside the cage, m
L Stroke length of the pump, m

mb Mass of the ball, kg
OptimuM Valve (OMV) number

ν Kinematic viscosity of the fluid, m2/s
PIP Pump Intake Pressure, Pa

Pressure at the center of the gap between the ball and the seat, Pa
Q Volume flow rate, m3/s
rb Radius of the ball, m
μb Density of the ball material, kg/m3

μf Density of the fluid, kg/m3

Reynolds number

S Clearance gap between the ball and the cage wall, m
SV Standing Valve
TV Travelling Valve

t Time, s
tc Time taken by the valve closing process, s
T Time period of the pump cycle, s

TP Tubing Pressure, Pa
Vb Speed of the ball, m/s
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Vi Impact speed of the ball on the seat, m/s
Vp Speed of the plunger, m/s

Critical speed of the plunger, m/s
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