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Abstract

Rotating machines are recognized as crucial assets for most of factories. Their internal design and work-
ing conditions inevitably subject them to vibration, which in most cases is undesirable. One of these ma-
chines is vertical motor-pump and its vibration reduction using dynamical vibration absorber is the goal of
this investigation. Experiments are conducted in this study to investigate how vibration can be reduced in
centrifugal pumps. To eliminate undesirable vibration caused by harmonic forces, a dynamic vibration ab-
sorber (DVA) as a passive vibration controller is used. In this study, vibration attenuation is achieved by
using the 4 kg weights and the stiffness of DVA adjusted by moving masses at both side. In comparison to
mass adjustment, tuning stiffness is more effective at reducing vibrations. The results show that this absorber
successfully decreased the vibration of the motor up to 18 times, and also this mounted DVA attenuated vi-
bration of motor in both high and low frequency region.

Keywords: Dynamic vibration absorber; stiffness tuning; mechanical impedance.

1. Introduction

Rotating machines such as pumps, compressors and turbines are used a lot in order to trans-
ferring gas and liquids. In rotating machines, centrifugal forces are always accompanied by harmon-
ic or random forces. In return, machine and adjacent structure response to those forces in form of
displacement that in the most of cases has destructive effect and may lead to catastrophic damage. It
is therefore important to minimize or eliminate unwanted vibrations. Vibration suppression tech-
niques can be divided into two main categories: passive and active. In passive methods, mechanical
elements such as mass, spring, and damper are used to release or weaken vibrations produced either
internally or externally. Alternatively, active vibration control uses active elements such as piezoe-
lectric actuator or other smart material such as shape memory alloys (SMA) to impose opposing
forces against exciting source [1-4]. Furthermore, there are two sub control systems that combine
active and passive control concepts, namely semi-active and active-passive vibration absorbers [5-
8].
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DVA can be considered as a passive method of controlling vibrations of various types of
structures by dampening unwanted vibrations [9-13]. Occasionally, these dampers are also called
mass tuned dampers [14]. The DVA normally includes mass and stiffness elements that are attached
to the system which need to be controlled. There are various types and features of DVA, including
single-tuned mass dampers [9,10] and multiple-tuned mass dampers [15,16]. A single tuned mass
damper attenuates vibration caused by single harmonic forces; multiple tuned mass dampers control
vibration caused by multiple harmonic forces.

A significant portion of this paper is devoted to investigating the application of single DVA to
the VS6 type pump. This is due to its large amplitude of vibration at running speed, which causes
severe structural resonance. DVA can be tuned by changing mass and stiffness in order to achieve
satisfactory vibration levels in the high and low frequency ranges.

2. Definition of problem

The scope of this paper is to investigate the vibration reduction strategy for vertical pump
which transfers raw methanol as main production of factory see Tablel. Vibration amplitudes are
recorded by condition monitoring department and according to 1SO 10816 the pump is located in
Zone D, meaning further operation will lead to capital damage. Pump potentially subjected to vibra-
tion due to vertically mounted and attached piping. Methanol is transferred from the upstream tank
to the distillation tower via a pump, which requires sufficient head and flow rate to complete the
methanol purification process. Fig.1 shows the piping diagram of methanol's transfer path from the
tank to the tower.

Except for the pump mounting configuration, there are two potential factors which affect
pump vibration as well. Upstream tanks are considered vibration sources due to their variable liquid
levels and piping design conditions. On the other hand, the raw methanol is controlled by a pneu-
matic valve that is mounted downstream of the pump and operates nonlinearly in accordance with
the tower's flow requirements. Variable tank level and unstable flow rate also exert uneven forces
on pumps, resulting in vibration. It is worth to mentioned that there is no protection system has been
deigned to send alarm and trip signal for operators.

Table 1. pump specification

Motor Pump

Weight (Kg): 915 Weight (Kg): 3200
Speed (rpm): 1485 Type: VS6
Frequency (Hz): 50 Diff. Head: 61.43
Voltage (V): 400 Flow Rate (m3/h): 310
Power (Kw): 90 Discharge Pre (bara): 4.81
Bearing (DE): 6317 skf Suction Pre (bara): 0.4-2.5
Bearing (NDE): 6317 skf Bearing: 7219 BEC
- Discharge Vel. (m/s) 1.8

Methanol pump

Control Valve

Figure 1. Piping diagram
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3. Strategy of problem solving

After recognizing emergency situation for the mentioned pump, the need-to know strategy
should be implemented, but before any corrective activity vibration measurement should be done to
define most critical points. Then, signal analyzing carried out by which the source of vibration and
behavior of system in response of forces can be detected. Next, based on vibration direction and
amplitude VDA is design to attenuate severe vibration. At last, VDA tuning procedure is done to
discover best and optimum value of stiffness and mass.

3.1 measurement

Fig. 2 shows the pump drawing with measurement points. Measuring direction is determined
on the vertical (V) and horizontal (H) plan. A horizontal plan is parallel to the flow direction, while
a vertical plan is perpendicular and is used to record high amplitudes. Due to the weak mechanical
impedance in vertical plan the mobility is much higher than in horizontal plan. Consequently, vibra-
tion in vertical plan is drastically higher. Table 2 shows the RMS value of both velocity and accel-
eration of measuring points. The vibration recording shows that the non-drive end (NDE) of the
motor experiences severe vibration in the vertical direction.

Niotor Table 2. Vibration value
Measuring H \Y A H \Y
“MH MlgltEor point (mm/s) (mm/s)  (mm/s) (mm/s)g (mm/s)g
Motor 1.1 18 - 2.1 2
NDE
Pump
- "’ DE MOTOR 1.5 11 0.8 1 0.9
g AP e 2 DE
, —_— L e— PUMP DE 1.4 8 0.9 0.5 0.6
ump 1 gar -

} - = =t Pump
Suction o 1 1‘ . Discharge
|

Figure 2. Pump drawing

Signal analysis should be implemented after the highest vibration value is detected at the ver-
tical plane of the motor with RMS amplitude of 18 mm/s to investigating the most effective solution
to reduce vibration severity. The frequency domain and time wave of signal belong to the motor
NDE, where the amplitude is highest shown in Fig.3.
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Figure 3. (a) time wave form time wave form, and (b) frequency domain and of motor
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Time and frequency domain signals in Fig.3 clearly show that 25 Hz is the dominant frequen-
cy, which corresponds to the rotational speed of the rotor. Strong pick is only depicted on the verti-
cal plan which has less impedance. A pump and its component are considered as a unit structure
that is excited only by one harmonic force. As it is discussed earlier due to insufficient designing of
adjacent piping, 25 Hz harmonic force can be intensified in form of resonance phenomena which is
potential faults that need to be addressed. Other suspected faults such as unbalance, misalignment,
pump-van rate and bearing defects have not been reported by maintenance technicians. With the aid
of VDA, serious vibrations are eliminated by strengthening the mechanical impedance in the verti-
cal plane.

3.2 VDA implementation

whenever a structure, machine or system is forced to operate at or near its natural frequency,
resonance occur. The solution is to change the operating speed- forcing frequency- or alternatively
change the natural frequency of system (change stiffness or mass).

If above solution is not feasible and structure still subjected to forcing frequency ws, the solu-
tion is to use VDA. It has an advantage over other vibration suppression methods. VDA is easy to
install and test, economical and tuneable. A dynamic absorber is a simple spring mass system (with
or without additional damping) added to the original structure. Basically, VDA reduces vibration of
main system by altering mechanical impedance in any appropriate direction. If main system mod-
elled as unique spring mass and damper, VDA is an additional spring mass damper system to the
original system. Fig.4 illustrates the effect of DVA on system modelled by spring mass damper.

For single DOF with natural frequency of wn, when the forcing frequency ws=mn the response
X approaches to infinity. If an additional spring mass damper added to the original system natural
frequency divided into two different frequencies namely, wn1 and ®n2 Which are far from the origi-
nal natural frequency. When of, x1=0 system k1, m1 has no vibration. Thus, system k2, m2 acts as
vibration absorber see Fig.5. Therefore, if the forcing frequency cannot be changed, VDA mecha-
nism can be used to reconstructed the mechanical impedance of the system.
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Figure 4. shifting natural frequency duo to VDA Figure 5. Amplitude of X1 and X2

(EQ). 1 and 2 show the effect of added one-degree freedom system as VDA upon original system
with a harmonic excitation force P=Pg sin (wf t) on mass m.

mlxl + KZ (xl - xz) + K1X1 = PO sin (x)ft (1)

myxy + Kp(x; —x1) =0 (2)
Considering harmonic excitation, Eq. (1) and (2) become:

Py — ko (X1 — X3) — k1 X1 = —m Xy wf 3)

ko (X1 — X3) = —mpX,wf 4)
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Eq. (4) can be written as
X2 k>
i B 5
Xl KZ - mza)jg ( )
Substituting this into Eqg. (3), the amplitude of the force vibration can be obtained as:

¥, = (kz - (l)lgmz)PO (6)
! (kl + k2 - w]%ml)(kz - (,l)jgmz) - k%
P
X, sl @

(k1 + k2 - (l)]%ml)(kz - (A)]gmz) — k%

Note that Eq. (6) and (7) have the same denominator which is actually the characteristic equa-
tion of the system. It is quadratic from which 2 natural frequencies can be obtained.

Similar to work [18], which applied VDA experimentally on prototype cantilever beam. A
vertical pump was used in this study as the original system that was supposed to be controlled due
to unavoidable vibrations. As shown in Fig.6, the VDA is inspired by a spring mass system. In this
system, a steel strip acts as a stiffening element while two lumped masses provide mass distribution.

20 mm

$!

4

100 mm
t

10 mm

Figure 6. Methanol pump with VDA

This is shown in Fig.7, where the spring mass system can be modelled by cantilever beam.
The static deflection due to mass is Smax =WL3/3EI with stiffness value K =3EI/L3.
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3.3 VDA tuning procedure

Since there are no equivalent mass and stiffness data for the main system, the designer initial-
ly should estimate the VDA parameters. The weight of VDA is estimated to be 0.3 percent of the




The 12th International Conference on Acoustics & Vibration (ISAV2022),
Amirkabir University of Technology (Tehran Polytechnic), Iran, December 2022

total mass of the structure, i.e. 10 kg. In the next step, the optimal VDA mass can be determined by
adding or removing mass at the slot, as shown in Fig. 6. While the masses have been moving across
the slot, the optimal stiffness value will be captured. once the vibration amplitude is acceptable, the
tuning procedure will be stopped. To evaluate the effectiveness of VDA, the signal processing is
applied in either a low or high frequency, namely 10-500 Hz or 500 Hz-1KHz, to capture frequency
which resonance accrues and any potential bearing defect.

A 4-channel ADASH CMX®9 vibration analyser was used to gather and analyse the signals
received from two accelerometer sensors with the sensitivity of 100 mV/g; as well as a BC250 bear-
ing checker from SPM factory to elaborately check bearing condition

The VDA is tuned based on mass moving across the slots, with two values: 2 kg and 4 kg.
The VDA performance is shown in Fig. 8 and Fig. 9 on the vertical plan of the motor, where maxi-
mum amplitudes are recorded. See table 2. On the whole, the 4 Kg mass mounted at the inner side
of the slots drastically improves the performance of DVA.

Time signal-Vertical plan-Motor NDE (4Kg mass)

— Inner weight l l
16

IE A‘l h I .‘n i M o
MMMV

-19
Figure 8. VDA tuning with 4 Kg weight

Amplitude (mm/s)

Time signal-vertical plan-Motor NDE (2Kg mass)

—Inner weight . I

—Middle weight l l

~—Outer weight I l
Time (ms)

Amplitude (mm/s)

Figure 9. VDA tuning with 2 Kg weight
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Furthermore, vibration reduction in the low frequency domain for 4 Kg mass at three differ-
ent mass position is shown in Fig. 10. The amplitude at running frequency drastically reduced by 4
Kg weights at the both inner side of VDA’s slots. Fig. 11 shows the acceleration signal at band-pass
frequency namely; 500-1000 Hz is captured in order to approve high frequency reduction as well.

Frequency domain- vertical plan-motor NDE (4kG)

= Inner weight l l
= ——Middle weight l l
Outer weight l I

A

Ampitude (mm/s)
(=2} o0
—

) a

0 10 20 30 40 50 60 70
Frequency (Hz)
Figure 10. Frequency domain after VDA installation-Low frequency domain

Acceleration signal- vertical plan-motor NDE

— Without VDA

Inner weight

Amplitude( g)

Time (ms)
Figure 11. Frequency domain after VDA installation. High frequency domain

Table. 3 reports the RMS value of vertical and horizontal plan on motor and pump after the VDA
installation. A comparison can be made between Table.3 and Table. 2 to conform the VDA perfor-
mance as well. The VDA has suppressed vibrations in both the high and low frequency domains.

Table 3. Vibration value in presence of VDA

2 Kg mass 4kg mass
Velocity (mm/s) Acceleration (g) Velocity (mm/s) Acceleration (g)
Measuring point H \' H \' H \' H \'
Motor NDE 0.7 3.37 0.5 0.5 0.6 0.92 0.5 0.5
Motor DE 0.4 1.8 0.3 0.4 0.4 0.5 0.3 0.4
Pump 0.5 0.7 0.2 0.2 0.5 0.3 0.2 0.2
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Conclusion

This research explores the application of VDA to a real-life methanol pump in a petrochemi-
cal plant. The VDA was designed to suppress excessive vibration in vertical plans with weak me-
chanical impedances. Mass and stiffness tuning approaches are used to evaluate VDA performance.
VDA with 4 Kg mass at the both inner sides of slots effectively cancel unwanted vibrations. More-
over, the VDA attenuates vibrations in both the high and low frequency ranges to ensure that it not
only controls high amplitude vibrations, but also cancels high frequency signals from sources such
as rolling element bearings.
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