MUD PUMP PRESSURE PULSATION
CONTROL SYSTEMS

MIHAEL CIPEK, DANIJEL PAVKOVIC, JURAJ BENIC,
ZELJKO SITUM

University of Zagteb, Faculty of Mechanical Engineering and Naval Architecture,
Croatia

mihael.cipek@fsb.ht, danijel.pavkovic@fsb.hr, juraj.benic@fsb.hr, zeljko.situm@fsb.hr
Drilling fluid is circulated through the well-bore during drilling
operations to transport cuttings from the bottom of the hole to
the surface. Hydrostatic high-pressure mud pumps are typically
used for this purpose. Triplex pumps, which comprise three
pistons mechanically displaced by 120 degrees, are the most
common type of mud pump. When more than one mud pump
is connected to the common high-pressure line, very high
pressure peaks can occur due to asynchronous pump strokes.
These pressure peaks can damage high-pressure mud lines and
pressure equipment, such as valves and gaskets. They can also
undermine well-bore stability. This paper investigates the process
of pulsation creation and proposes adequate pressure control
systems for pulsations reduction. The proposed systems are

based on the use of passive and active control elements.
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1 Intruduction

Deep drilling operations are required to produce deep wells for the exploitation of
hydrocarbons or geothermal energy [1]. A drilling fluid (also called drilling mud)
circulating through the well-bore is crucial for this process. Its main purpose is to
transport cuttings from the bottom of the hole to the surface through the annulus
between the borehole walls and the drill-string. Mud is also used to control the
pressure within the well. In particular, the mud pressure must be higher than the
well pressure to avoid accidental blowouts, which can have potentially severe
consequences for personnel, equipment, and the environment. The mud pressure

must also be sufficiently low to avoid accidental fracturing of the well [2].

Mud pumps are used to circulate drilling mud through the well-bore. They are
typically reciprocating piston devices, with triplex pumps being the most common
type [3]. Triplex pumps have three pistons that are mechanically displaced by 120
degrees [4]. When more than one mud pump is connected to the common high-
pressure line, high pressure peaks can occur due to asynchronous pump strokes.
These pressure peaks can damage high-pressure mud lines and pressure equipment,

such as valves and gaskets. They can also undermine well-bore stability.

One way to reduce these harmful high pressure spikes is to control the phase
displacement of individual pumps with respect to each other. This can be done by
synchronizing the timing of pump strokes, which leads to equal peak amplitudes.
For example, if only one triplex mud pump is connected to a single high-pressure
line, there is no possibility of high pressure peaks since all three pistons are
mechanically displaced by 120°. However, if two or more triplex pumps are
connected to a single high-pressure line, pressure peaks are likely to occur. The
dynamics of this system are chaotic, and the angular phase differential between two
pumps may be considered quasi-random. This means that there is a much higher
probability for pressure peaks to occur in this case [2].

This paper conducts the analysis of pulsation creation and proposes an adequate
pressure control systems for pulsations reduction. The proposed systems are based

on the use of passive and active control elements.
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2 Mud pump system mathematical model

A mud pump is a positive displacement machine consisting of two or more cylinders,
each containing a piston or a plunger, which are driven through respective slider-
crank mechanisms and a common crankshaft powered by an external source.
Rotational speed of the crankshaft, and the number of pistons and their respective
dimensions determine a pump capacity. Unlike a centrifugal pump, a positive
displacement pump does not develop pressure; it only produces a flow of fluid. The
downstream process or piping system produces a resistance to this flow, thereby
generating pressure in the piping system and the discharge portion of the pump [5].
Pump flow fluctuates at a rate proportional to the pump speed and the number of
cylinders. The amplitude of these fluctuations is a function of the number of
cylinders. Generally speaking, the greater the number of cylinders, the lower the
amplitude of the flow variations at a specific rotational speed. Mud pumps are
capable of producing a variable capacity when coupled to a variable speed drive.
Each pump has maximum suction and discharge pressure limits that, when

combined with its maximum speed, determine the pump’s power rating.

The pump can be subjected to power inputs that are less than its maximum rating,
which only results in a slight decrease of its mechanical efficiency. In a positive
displacement pump, when pressure exceeds the design limits of the pump,
mechanical failure (often catastrophic) may occur unless excess pressure is quickly
relieved. For this reason, all piping systems incorporating positive displacement
pumps must have discharge pressure relief devices to limit the pressure in the piping
system and to avoid pump failure [5].

2.1 Kinematics of piston movement

Mud pump kinematics can be described by a simple slider-crank mechanism. By
applying a Cosine law for the aforementioned mechanism, the position of plunger
pin from crank shaft centre (corresponds to plunger position) X can be described

as:

X=r+L—rCOSGCS—\/L2—TZSiTlZ(Gcs) 1)
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where ris the radius of the crank shaft, L is the length of the connecting rod, and
is crank shaft angle. Crankshaft angle is calculated from crankshaft speed w. as

follows:
Ocs = f Wes dt @)
2.2. Isothermal pressure drop

Drilling fluid is compressed within pump cylinders. Volume inside the pump
cylinder consists of the dead volume 1y (volume when plunger is in its top dead
centre position) and the changeable (variable) volume 17, which is directly
determined by the plunger position AX. This volume can be defined as follows:

D2m

where D is diameter of the plunger. Overall cylinder volume in the top dead centre
position is min = 10, while in the bottom dead centre position, the total volume is

given by the following straightforward relationship:
D1
Vc,max =V + TZT. )

On the other hand, the relationship between isothermal pressure drop dp and
changeable volume 417 is described by compressibility coefficient g, defined as [6-
8]

awv 1

B=—t i ©

dp Voo
where 7 refers to the initial chamber volume.

By applying expression (5) to the volume inside the mud pump cylinder, the pressure
drop inside any cylinder (denoted by cylinder number #) can be described as:

avy
BVC,H’

Apen = ©
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where

D?m

an = Tan, (7)

and 1, corresponds to the 7% cylinder initial volume (at compression starting point).
2.3 Simplified drilling fluid hydraulic circuit

Figure 1 shows the simplified hydraulic circuit of the drilling fluid, which includes
the compression of fluid volumes 1741, 172, 175 inside each of the #» = 3 cylinders,
fluid volume inside the drill string 174, pressure drop within the drill string App,, and
flow dynamics through the check valves. Figure 1 also shows the mechanical part of
the mud pump mechanism. Three pump cylinders are mechanically coupled by a
crank shaft (each separated by a 360°/7 = 120° degree angle). Electric motot(s)
propel the crankshaft through power transmission chain and gear with 4. and 4

ratios, respectively.

A e On

i3

Figure 1: Principal schematic representation of simplified mud hydraulic cycle.

Source: own.

Volumetric fluid flow rate is defined as follows [6]:

av

=2 ®)

Volume of the drill string Vg = lmDZ/4 (where /is drill-string length, Dy is its
inner diameter) in Fig. 1 is represented as a single chamber, where chamber
input/output flow Qry can be calculated as the difference of the overall pumping
flow Oy and Opr (Qrva=0, — Op). Therefore, the pressure drop dp; is defined as:
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dp; =~ 7=(Qp — Qo). ©

The bore-hole flow (flow through the drill string) is concentrated within the drilling
tool (drill bit) and it is simply represented as a damping (valve) element which can
be mathematically described as:

Qpr = KDTADr\/ Appr, (10)

where Ap, is cross section area of the flow hole (orifice area). Kp, is damping
coefficient which includes mass density of fluid g and the coefficient of discharge
for the orifice ap [20]:

2
Ky, = ayp ﬁ (11)

Due to the variability and uncertainty of Ap,, ap and g parameters of the drilling
process, they are approximated and lumped together within a fixed parameter 1/ 4.
Following from that, the flow Op, can be expressed as:

Qpr = de\/ Appy-. (12)

Fluid flow through check valves can be represented in the form similar to Eq. (10).
The high-pressure check valve (discharge valve) within the pumping mechanism is
open only if the cylinder pressure p,, is larger than the pressure inside the drill string
(1), which gives the following relationship for the check valve flow rate:

Qc,n = kcv\/ Pen — P1 for Pen = P1

Qcn=20 otherwise, (13)

where £, is the lumped damping parameter of the valve. Similar relationship is valid
for the low pressure check valve (intake valve). Namely, it is open only if pressure
within the cylinder p,, is lower than the pressure inside intake manifold po (charging
pump pressure [9]):

Qi,n = kcv\/ Po — Pcn for Po = Pen
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Qin=0 otherwise. (14)

While check valves are open the volume of the fluid inside the cylinder changes due
to the fluid flow into each cylinder according to:

Vf,n = I(Qi,n - Qc,n)dt- (15)
Therefore, the cylinder volume changes from 17, to the following value:
Vcc,n = Vc,n + Vf,n (16)

wherein the pressure inside the cylinder is p,, = p1in the case of discharge, while p,,

= pois valid in the case of intake.

Overall pump discharge flow is given as Oy = Oi1 + 0,2 + O.3, while the intake flow
is Qi = Oin + Qiz + Qi In the case of additional pumps connected to the same
pipeline, pressure p1 is equal for each pump, while flows of all pumps are added

togethet Oy u=0mn+0Opt...+ 0.

2.4 Mechanical relationships

Mechanical torque produced by the pressure p,, inside each of the cylinders, and
transferred to the crank shaft can be expressed as [10]:

nD? , r
Mepn = Pen Tr Sm'( gcs,n)(l + T COS( gcs,n))‘ 17)

The corresponding electrical motor torque required to maintain the pumping action

can be calculated as follows:

3
Yn=1Mcn

18
ibeltig ’ ( )

m; = Jauwm +

where Y3 _; m, ,, overall crank shaft torque stemming from the in-cylinder pressure,
Jaris lumped inertia of crankshaft J,,, drive shaft 4 and motor J,, and can be calculated

as:
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]ﬁ"']ds

Jatw = o+ Jn. 19)

Table 1: Physical parameters of mud pump system.

L [m] r[m] D [m] Tpelr Vo [m?]
0. 3048 0. 14605 3. 439 2.3384 0.006
14 [Pa '] ds Jes [kgm?] Jas [kgm?]
45.8-10-11 1.3.10 5 0.0004 585.77 34.355
3 Triplex mud pump simulation models

This section presents the simulation models of the individual mud pumps and the
overall triplex multiple pump system, implemented within the Matlab/Simulink™

software environment.
31 Slider-crank mechanism (Cylinder) sub-model

Figure 2 shows the block diagram of the slider-crank mechanism (Cylinder) sub-
model while the corresponding simulation model is implemented within
Matlab/Simulink™ software environment. According to mathematical model
described above, volume change AL/, in the cylinder occurs due to plunger
movement, which is calculated by integrating the crank-shaft speed w, from the

starting angle Q..

[r+L—rm§( Y=l = sin () JL:I.

[1‘+L — o ) — 4 iLl — ¥ sin 3(')q—l):z

. r
ran ) 1+ —os -)
[ L }

Figure 2: Block diagram representation of Cylinder sub-model

Source: own.

While check valves are closed, overall volume change within the cylinder A17is equal
to A1/, and the pressure changes according to pressure drop p, relationship. On
the other hand, when the cylinder pressure p, is larger than the pressure inside the
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drill string p1, the high-pressure check valve (discharge valve) opens, which initiates
the fluid flow ), and results in a decrease of the fluid volume inside the cylinder by
I/ Finally, when the cylinder pressure p, is lower than the pre-charge pressure po,
the low-pressure check valve (intake valve) opens, which results in fluid flow @, into
the cylinder, and consequent increase of the fluid volume inside the cylinder by I

3.2 Triplex mud pump and drill string pipeline hydraulic system
simulation model

Figure 3. shows the block diagram of the triplex mud pump hydraulic system model
together with the drill-string pipeline model. Within the triplex mud pump model,
the three individual pump pistons are mechanically coupled by a crank shaft (each
separated by a 360°/7 = 120° degree angle). The overall crank shaft torque is the
sum total of all cylinder torques 7z = w1 + m,2 + m,5. Intake and discharge flows of
each cylinder are hydraulically coupled, which means that the pump discharge flow
is the sum total of all cylinder discharge flows Op = Qi1 + Q2 + Q.3, and pump
intake flow is the sum total of all cylinder intake flows Qi = Qi1 + QOiz + O;3. On the
other hand, pre-charge pressure po, and drill string pressure p; are the same for each

cylinder.
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Triplex mud pump hydraulic model

Drill-string pipeline model

Figure 3: Block diagram representation of Triplex mud pump hydraulic and Drill-string
pipeline model.

Source: own.

Moreover, within the drill-string pipeline model, fluid volume inside the pipeline I
= XzD2/4 (/is pipeline length, D is pipeline cross section) is represented by a single

chamber, wherein chamber input/output flow can be calculated as the difference of
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the overall pumping flow ¢, and bore-hole flow OUp, (flow through the drill string
channelled into the borehole through the drilling tool). Analogously, the volume
difference inside the pipeline can be calculated by integrating the flow difference.
Finally, based on the aforementioned relationships, the drill string pressure p1 is then
built up due to the volume difference, which is described by well-known pressure
drop relationships (see section 2.3). Naturally, atmospheric pressure pum, and initial
drill string pressure pi=o) can be included within the drill string model as well, as

freely configurable parameters, or as input variables.
3.3 Overall triplex mud pump model

The overall simulation model of the triplex mud pump system, built up from
previously described sub-models is shown in Fig. 4, within the framework of speed-
controlled DC electrical drive featuring a speed/current cascade control system [11].
The motor controller parameters are determined according to the damping optimum
criterion. Block diagram (Fig. 4.) also shows that the motor speed reference wuyis
determined by multiplying the requested pump speed reference wy,y with 7., and 7
power transmission ratios. Negative load torque # (crank shaft torque reduced by
power transmission ratios #=u/ iy is added to the motor torque, and the
resulting torque difference accelerates the total inertia [z (equation (19)) with the
angular acceleration rate wy,, which is used within the model to obtain the motor
speed w,, through integrating the angular acceleration wy,. Pump crank shaft speed
is then calculated as motor speed reduced by the overall transmission ratio (w., =

O/ peiy).

my 1

Speed
controlled
series-wound
DC motor(s)

me | pien
R

Triplex mud Drill-string
pump hydraulic r

pipeline
model Qu » Lo model —‘

Figure 4: Block diagram of overall triplex mud pump model.

=
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Several independent mud pump models described above can be easily incorporated
into an extended multiple pump. In the case when an additional pump is added,
intake and discharge flows of all connected pumps are summed together

(Qﬁzﬂ//:Q]’;l—tQ]’;T}_ - +Qp,” and ‘Q,'ﬂ)d//:ijdJ +,Ql'ﬂ:2+ - +‘Q,',M) while the drill string

pressure p1 and pre-charge pressure are still equal for each pump, respectively.
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4 Pressure pulse analysis

Previously defined model of two interconnected mud pumps is simulated for the
case of speed reference w, of 120 strokes per minute (SPM) and initiating phase
angle of first (Master) pump of .0 = 0 degrees, while the second (Slave) pump
initiating angle has been vatied within the range w1 = 0...120 degrees with 1°
increment. Figure 5 shows the pressure pulsation steady-state magnitudes from
simulations dependent on the pump phase displacement (crank shaft angle between
two pumps). Each sub-plot (Fig 5a-d) represents the results for different amounts
of fluid volume inside the drill string 174 (different hydraulic compliance of the
system). These results show that the pressure pulsation magnitude generally
decreases as the drill string fluid volume capacity increases, and that for the all
considered cases the drill string pressure pulsations may be notably reduced if second
pump is shifted in phase by 30° or 90°.

Vg =100 [1] =
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Figure 5: Simulation responses of pressure oscillations for drill-string volume: 100 L (a), 500
L (b), 1000 L (c), and 10000 L (d).

Source: own.

Similar approach to pressure pulsation analysis can be used for the case of three
interconnected mud pumps. Again, simulations were carried out for the case of
speed reference w. of 120 strokes per minute (SPM) and initiating angle of first
pump (Master pump) being 6.0 = 0 degrees. The other two pumps have had the



214 INTERNATIONAL CONFERENCE FLUID POWER 2023

initiating phase angle within the range 6.2 = 0 ... 120 degrees (with 2 degree
increments for each point). Simulation results presented in Fig. 6 indicate that
pressure pulsations magnitude depends on phase shifts of both auxiliary pumps, and
there appear to be eight possible combinations of phase shifts which result in

minimal pressure pulsations.

120 Ap = fid, ¢3) Ap [bar]
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Figure 6: Simulation responses of pressure oscillations for 100 L drill-string volume and three
mud pumps

Source: own.

5 Mud pump control system concept

The mud pump control system concept is based on above pressure pulsation analysis
for the case of two and three interconnected triplex mud pumps. The pump phase
shift controller, shown in Figure 7, uses integrators to measure time intervals
between the SPM pulses from the master and slave pumps, while also considering
the pump speed reference in order to calculate the phase shift between the master
and slave pump. The phase shift result is subtracted from the “optimal” pump phase
displacement reference, and the resulting error is multiplied by a proportional gain
Kadror. TO avoid possible phase shift overshoots, a saturation block has been also
included within the controller, whose output represents the speed reference bias Aw,

which is added to the speed reference of the slave pump. The controller is extended
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by additional rule which utilizes the fact that the angle difference between each
piston each stroke amounts to 120° for the considered triplex mud pump. So, for
the case when controller estimated phase angle is larger than 120°, this additional
rule adds an 120° offset to the phase reference. This additional rule can also be
applied in the same way for the phase angle larger than 240°.

Master pulse

(u(ty>u())
Slave pulse

trigger2

Memoy2 Integrator4 triggerd

phase_ref

gear ratio

if pump phase is > 120 deg. ==> add 120 to phase_ref
if pump phase is > 240 deg. ==> add 240 o phase_ref

(U(2)>(2'pif3))* (2P HU(2)>(A"pif3))" (2'pil3)

Figure 7: Matlab/Simulink™ representation of simple phase controller.

Source: own.

It is assumed that both pumps are equipped with Stroke Per Minute (SPM) sensor
which gives one pulse per one crank shaft revolution, and that electrical motors
driving the pumps are also equipped with fast (stiff) embedded speed controller. The
above control system can also be applied to three interconnected mud pumps and

the drill-string system, as shown in Figure 8.
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Figure 8: Matlab/Simulink™ implementation of overall “soft-pump” control system of three

triplex mud pumps.

Source: own.
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In that case, the proposed system possesses two separate phase shift controllers for
each slave pump. Each slave pump controller calculates the phase angle of slave

pump reference to the master pump angle.
5.1 Simulation results
Figure 9 shows the simulation results of the phase-controlled three mud pump

system, with the pumps speed reference wpyset to 120 SPM (6.0 = 0°), and the initial
drill string pressure set to atmospheric pressure value of 1 bar.
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Figure 9: Simulation responses of soft mud pump: pressure (a) and phase of first slave (b)
and second slave (c) for all pump starts from 0°, and pressure (d) and phase of first slave (e)
and second slave (f) for slave pumps starts phase displaced by 180°.

Left-hand-side sub-plots (Figs. 9a-c) show the simulation responses in the case when
slave pumps start in phase with the master (6,1 = 0°), while right-hand-side sub-plots
(Fig. 9d-f) show the case when slave pumps start with half turn phase advance (61
= 180°) with respect to the master pump. For both scenarios, the phase
displacement between pumps is brought to the desired (reference) values which

correspond to minimal pressure pulsations.
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6 Conclusion

Three-piston (triplex) mud pump simulation models are presented and simulated in
this study. The simulation results illustrate the dominant flow and pressure pulsation
phenomena. The pressure pulsation and phase displacement analyses for the case of
two interconnected three-piston (triplex) mud pumps have shown that minimal
pressure pulsations occur when master and slave pumps are phase-shifted by a 30°
or 90° angle, while in the case of three interconnected pumps, the analysis has shown
that eight distinct combinations of phase shifts between individual pumps result in
minimum pressure pulsation magnitude. The mud pump pressure pulsation control
system concept has also been presented in this study. The proposed controller
adjusts the speed reference of the slave pump in order to achieve the required phase
shift of 30 degrees for two pumps, while several different combinations are possible
for three interconnected pumps in order to achieve the minimum pressure pulsation

magnitude.
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