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Abstract

The purpose of the present study is the investigation of condition of centrifugal pumps via pressure signals. Instead of vibration 

measurement on the housings that is widely used in industry, our method is based on pressure signal measurement on the pressure 

side of the pump. Fourier transforming such a signal can get us to make conclusions about the behavior of the pump. By changing 

the operating point along a characteristic curve, we can create waterfall diagrams that provide useful information about the pump at 

constant rotational speed. For example, it is possible to differentiate the mechanical and the hydrodynamical effects predicting the 

occurrence of many constructional failures (such as unbalance, angular misalignment, bearing misalignment, motor instability, etc.); 

thus, preventing heavy damage of the equipment.
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1 Introduction
Centrifugal pumps are one of the mostly used turboma-
chines in the industry and in households as well [1]. 
Because of the massive application and the increasing aim 
for reducing energy consumption, it is necessary to develop 
continuous condition monitoring techniques on pumps. 
By detecting several productions or mounting failures, 
we have the chance to intervene in time; thus, granting 
good operation efficiency or preventing serious accidents.

In the industry, the widely used method for vibration 
monitoring is the measurement of acceleration on the 
bearings [2, 3]. This technique is mostly applied because 
of its simple and straightforward utilization, but has a 
quite big disadvantage that some surface treatment is nec-
essary to mount the sensors. Such treatment causes the 
loss of the guarantee, which is unacceptable in most cases. 
This problem can be avoided by applying a method based 
on pressure signal measurement on the pressure side of a 
pump, which is easy to implement in most cases.

Pressure signal measurements are mainly used in order 
to detect cavitation in pipeline systems [4]. Ĉudina [5] 
made measurements based on acoustic signals, and found 
correlation between acoustic emission and cavitation. 
However, according to the best knowledge of the authors, 

condition monitoring techniques based on pressure measure-
ments has not yet been published in the literature. Therefore, 
the main aim of the present study is to develop and test such 
a method by comparing the results obtained on two different 
centrifugal pumps having very different health conditions.

2 The test rigs
For simplicity, the two pumps are indicated with signs "A" 
and "B". Pump "A" (BMS 24/48) is a much used, quite old 
machine. Its driving motor and the pump itself are assem-
bled manually; consequently, parallel or angular misalign-
ments and other mechanical failures can easily occur. 
In contrast, pump "B" (Grundfos TPE 65-340/2) is a much 
newer, more compact equipment with much higher pre-
cision requirements. The number of blades is 7 and 6 for 
pump "A" and "B", respectively.

Fig. 1 shows the sketch of the two test rigs. The pumps 
(P) circulate water from the reservoirs (R). The rotational 
speed of pump "B" can be set with a frequency converter. 
However, in the case of pump "A", the rotational speed of 
the driving motor is regulated via a thyristor. Consequently, 
the control system can become unstable at certain regions 
of rotational speeds. This can be identified in the spectra 
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of the measured pressure signal as a frequency modula-
tion discussed in more details later. The flow rate can be 
adjusted with a throttle valve (V) and measured by a stan-
dard orifice plate (O). The same pressure transducer (Tr) 
is mounted on the pressure side of each pump. The cali-
bration diagram of the pressure transducer (HBM P6A) 
is shown in the Appendix (see Fig. A1), together with its 
confidence bands corresponding to 95 % confidence level. 
The signal of the transducer is sampled with a data acqui-
sition system (HBM Spider 8), the sampling rate of the 
transducer was 9600 Hz.

The quantities for the characteristic curves are calcu-
lated as follows. It is known that the flow rate of the system 
is proportional to the square root of the pressure drop on 
a standard measuring orifice [6]. This orifice is an equip-
ment with standard diameter, and prescribed straight seg-
ments behind and ahead, too. The flow rate (Q) through 
the orifice is calculated as
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where α is the discharge coefficient calculated by an iter-
ative method according to the standard. d = 0.03 m is the 
diameter of the orifice for both pumps, ρ = 998 kg/m3 is 
the density of water at ambient temperature of T0 = 22 °C. 
The pressure drop Δp0 on the orifice is measured by a sin-
gle-tube mercury filled manometer.

The head of the pumps (H) are calculated as
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where p is the pressure, c is the velocity, and h is the geo-
detic height. Here, indices 1 and 2 refer to the suction and 
the pressure sides, respectively. The diameters of the suc-
tion and pressure sides are equal for both pumps, thus the 

second term of the right hand side is zero. p2 is calculated 
as the average of the measured signal of the transducer, 
while p1 is measured by a U-tube mercury-filled manome-
ters for both pumps.

The efficiency of the pumps is calculated as
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where Pin is the input power and Pu is the useful power. 
It is important to note that the input powers are measured 
differently on the two equipment. In the case of pump "A", 
the mechanical input power can be measured directly by 
balancing the motor. This means that the driving motor 
is fixed on its bearings, thus the housing can rotate. 
The torque acting on the shaft is proportional to the torque 
acting on the house, which can be measured by balancing 
it to a steady state. In contrast, in the case of pump "B", 
only the measurement of the electric power of the motor 
was possible due to its compactness. This means that in 
the case of pump "A", efficiency refers to only the pump 
itself, but in the case of pump "B" it belongs to the motor-
pump unit as a whole. This results in a slightly different 
definition for the efficiencies of the two pumps, but it has 
no effect to the drawn conclusions in the next sections.

The uncertainties of the estimated quantities were cal-
culated based on the laws of error propagation. The high-
est absolute errors of the flow rate, head and efficiency 
were ∆Q = ±0 51. L / s , ∆H = ±0 9. m , ∆η = 0 04. , 
respectively. During the evaluation of the results, we will 
focus on the amplitude spectra of the measured pressure 
signals; therefore, detailed uncertainty analysis is omitted 
and error bars on the diagrams are not indicated.

The strategy to present the results is to calculate the 
spectrum of the pressure signal on the pressure side along 
the characteristic curves at several operation points apply-
ing different rotational speeds. In this way, one series of 
spectra can be associated to each characteristic curves. 
We made measurements on 17 different rotational speeds 
from 630 to 3000 1/min on pump "A", and 8 different 
rotational speeds from 1300 to 3000 l/min on pump "B". 
The flow rates were in the range of 0 to Qmax, where Qmax is 
the flow rate at a totally opened valve with value depend-
ing on the current rotational speed. Three measured 
characteristic curves of the pumps can be seen in Fig. 2. 
The best efficiency point at a certain rotational speed is 
indicated by the blue dot. These points define the nominal 
flow rate (QN) at each rotational speed.

Fig. 1 The sketch of the two measurement test rigs, with pump "A" on 
the left and pump "B" on the right. The pumps (P) circulate water from 
the tanks (R) through a throttle valve (V). The pressure transducers (Tr) 

are placed at the pressure side of the pumps.
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3 Analysis process
The basic elements of the analysis are the spectra obtained 
by Fourier transforming the measured pressure signals. 
An example is shown in Fig. 3 for pump "A" at rotational 
speed n = 2100 l/min and flow rate Q = 2.49 L/s. The sharp 
peaks and their harmonics can provide valuable informa-
tion for condition monitoring of the machines discussed in 
more details during the next sections.

The measured spectra at the operation points along a 
characteristic curve can be organized into a three dimen-
sional waterfall diagram, where the 2D spectra are plotted 
as function of the flow rate. In the following, it is helpful to 
make use of dimensionless forms of the frequency and the 
flow rate [7] indicated by an asterisk. Therefore, we let

Q Q
QN

∗ = ,  (4)

and

f f
fr

∗ = ,  (5)

where fr is the current rotational speed in Hz unit. With this 
nondimensionalization, 1Q∗ =  belongs to the best effi-
ciency point. Similarly, 1f ∗ =  refers to the rotational speed.

Fig. 4 shows a typical waterfall diagram of pump "A" 
at n = 3000 1/min, in which the evolution of the peak 
amplitudes as a function of the flow rate can be clearly 
seen. The series of such diagrams with varying rotational 
speed gives a good overall insight into the behavior of the 
equipment in a wide range of the operation parameters. 
The waterfall diagrams that are corresponding to all the 
measured rotational speeds are shown in the Appendix.

Before a detailed analysis, it is important to summarize 
that what kind of basic physical effects can be associated 
to certain features of the spectra and the waterfall dia-
grams. These are divided mainly into two groups: mechan-
ical and hydrodynamical [8], see also Table 1. Mechanical 
effects can be productional or constructional failures like 

Fig. 2 Three characteristic curves of the pumps with pump "A" on top, 
and pump "B" on bottom. The best efficiency points are indicated  
by the blue dots on each rotational speed. These points determine  

the nominal flow rates. Pressure signals were taken at every  
operation point marked by the crosses.

Fig. 3 Time signal and amplitude spectrum in an operating point of pump "A" (n = 2100 l/min, Q = 2.49 L/s). The sharp peaks and wideband regions 
contain useful information about the condition of the pump.



Kalmár and Hegedűs
Period. Polytech. Mech. Eng., 63(2), pp. 80–90, 2019 |83

unbalance, bent shaft, pump and motor misalignment or 
bearing failures. These types of effects have a common 
nature that they cause sharp peaks in the spectra at fr and 
its integer multiples (up to 2× – 6×). If the presence of any 
mechanical effects is significant, these peaks dominate the 
spectra. Hydrodynamical effects are mainly the impact of 
impeller-volute interaction, cavitation or non-uniform flow 
distribution around the blades. They are presented even in a 
well-designed pump. Mostly, these effects cause wideband 
regions in the spectrum, or a sharp peak at the so-called 
blade passage frequency (BPF) [8], defined as

f z fBPF r= ⋅ ,  (6)

where z is number of the blades. This frequency is gener-
ated mainly due to the gap between the impeller and the 
tongue of the volute. The optimal size of the gap is around 
4-6 % of the impeller diameter. Decreasing the gap results 
in higher efficiency, but the pressure fluctuations and the 
transmitted noise also increases [10, 11].

It has to be mentioned that due to instability reasons, 
the constant rotational speed of the driving motor is not 
always guaranteed during a measurement causing a phe-
nomenon called frequency modulation [12]. As a result, 
small amplitudes appear in the spectrum slightly under 
and above of the frequency fr and its multiples.

Another important phenomenon have to be considered 
is the nonlinearity of the system, which causes peaks also 
at integer multiples of fr called harmonics. It is quite diffi-
cult to separate whether a frequency component is gener-
ated directly by a physical effect or it is only a harmonic 
of some lower frequency. Fortunately, the harmonics of 
a physical effect usually have exponentially decreasing 
amplitudes [13]. Therefore, the non-monotonic decrease of 
the peaks at integer multiples of fr indicates the presence 
of mechanical vibrations in addition to unbalance.

It is important to mention that the values of Table 1 
correspond to vibration measurements on the housings of 
the bearings. However, every mechanical vibration prop-
agates into the fluid as pressure waves, consequently the 
pressure values (and all other fluid quantities, too) fluctu-
ate with the same frequencies as the mechanical vibration 
itself. This wave propagation mechanism is mostly non-
linear and the waveform is deformed during the propaga-
tion, but this phenomenon can be considered as a part of 
the aforementioned nonlinear effects. In this sense, it can 
be declared that the spectra of pressure signals are mostly 
resemble to those of vibration measurements.

Naturally, the final form of a spectrum is resulted by the 
sum of every operating effect. If a frequency component 
is generated by multiple different physical sources, their 
amplitudes are added. In general, it is hard to separate 
these individual effects; however, it can be stated that if 
a pump contains many mechanical failures, the waterfall 
diagrams are dominated by sharp peaks at fr and its integer 
multiples. Otherwise, mostly broadband regions and a peak 
at the blade passage frequency are can be observed in the 
waterfall diagrams as a result of hydrodynamical effects.

Fig. 4 Waterfall diagram of pump "A" at n = 3000 l/min. A water-

fall diagram contains overall information about the behaviour of the 

pump on a specific rotational speed.

Table 1 Summary of the physical effects acting on pumps (based on [8])

Physical effect Frequency component

M
ec

ha
ni

ca
l

unbalance fr

bent shaft ( )1 2 rf−

pump and motor misalignment ( )1 4 rf−

bearing misalignment ( )2 3 rf−

internal assembly looseness ( )2 6 rf−

H
yd

ro
dy

na
m

ic
al impeller-volute interaction fBPF

non-uniform flow distribution fBPF

cavitation high frequency 
wideband region

Other
motor instability frequency modulation

non-linearity upper harmonics
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4 Results
First of all, it is important to emphasize that most of the 
statements in this paper are often only assumptions that 
need more detailed investigation, but they can be a good 
basis of further research and applications.

4.1 Pump "A"
As it is mentioned before, pump "A" is a much more used, 
worn pump. Consequently, the possibility of many mechan-
ical failures and misalignments are very likely. Fig. 5 shows 
the waterfall diagram of pump "A" at low rotational speed 
n = 630 l/min. It can be observed that a sharp peak domi-
nates the spectra at 1f ∗ = , most probably due to unbalance. 
The amplitude of this peak increases monotonically with the 
flow rate. The harmonics are presumably the effect of nonlin-
earity due to their exponentially and monotonically decreas-
ing amplitudes. The significant peak at 7f ∗ =  is the blade 
passage frequency as pump "A" has seven blades. According 
to Fig. 5, pump "A" might be heavily loaded with unbalance. 
Similar spectra can also be observed also at n = 760 l/min 
(see the Appendix for the waterfall diagram).

An additional interesting phenomenon appears on 
the waterfall diagram at n = 920 l/min shown in Fig. 6. 
High mechanical and acoustic noise was experienced 
during the measurement. The mechanical vibrations were 
so heavy that it was audible and caused tremors in the labo-
ratory. This vibration can be easily noticed in the waterfall 
diagram, as a low-amplitude wideband zone is suppress-
ing the peak at the blade passage frequency (at 7f ∗ = ). 
This is probably the result of the experienced heavy vibra-
tions on the machine. Observe, however, that the other 
peaks at 4f ∗ =  or 5 can still be seen, perhaps as a result 
of the increasing effect of some other mechanical effects. 
It can be also noticed that the peaks at 2f ∗ =  and 3 are 
much weaker resulting in a nonmonotomic nature of the 
harmonics. That is, the harmonics are influenced by addi-
tional (external) sources besides nonlinearity. Interestingly 
the heavy vibrations disappear at high flow rates. Above 

1.5Q∗ = , the spectra is quite similar to the one presented 
at n = 630 l/min (see again Fig. 5); that is, the harmonics 
of 1f ∗ =  are decreasing exponentially due to the nonlin-
earity. The flow rate dependence of such a heavy mechan-
ical vibration can imply mounting problems of the impel-
ler. As the flow rate varies, the unbalanced axial and radial 
forces acting on the impeller changes as well. In case of 
bad fitting, these forces might "kick" the system to a heavy 
vibrational state. The traces of this serious mechanical 
effect is presented in the waterfall diagrams approximately 
between rotational speeds n = 720 l/min and n = 1650 l/min.

On some specific rotational speeds, due to control issues, 
the driving motor is unable to keep the rotational speed at a 
constant value, but it fluctuates with low frequency result-
ing in the aforementioned frequency modulation. This effect 
can be noticed for instance at n = 1350 l/min shown in Fig. 7. 
It can be clearly seen that near the sharp peaks at multiples of 

1f ∗ = , smaller "spikes" appear in the spectra that is a pre-
sumable indicator for frequency modulation [11]. This phe-
nomenon appears over the range of the rotational speed 
between n = 1350 l/min and n = 1650 l/min. If stable opera-
tion is mandatory, this range should be avoided.

At higher rotational speeds, from approximately 
n = 1820 l/min up to n = 3000 l/min, the integer multiples 
of 1f ∗ =  in the spectra does not decrease exponentially 
as can be seen in Fig. 8 at n = 2550 l/min. This plausibly 

Fig. 5 Waterfall diagram of pump "A" at n = 630 l/min. A dominant 
excitation (most probably unbalance) can be observed at 1f ∗ = .  

Upper harmonics are decreasing exponentially. A slightly 
dominant peak can be seen at BPFf .

Fig. 6 Waterfall diagram of pump "A" at n = 920 l/min. Heavy 
mechanical and acoustic noise occurred during the measurements, 

which can be seen in the spectra. This phenomenon disappears  
as flow rate increases.
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means that the effect of other mechanical failures (other 
than the unbalance) that excite on multiples of fr tend to 
be more and more significant on higher rotational speeds. 
A potential reason can be that the mechanical forces are 
proportional to the square of the rotational speed in gen-
eral; thus, the effect of such mechanical issues become 
notable only at higher rotational speeds.

Generally, it can be stated that all of the waterfall 
diagrams of pump "A" are mostly dominated by heavy 
mechanical effects such as unbalance, bent shaft, assem-
ble looseness, etc. As a result, hydrodynamical noise is 
buried in the spectra by the sharp peaks caused by the 
heavy mechanical effects.

4.2 Pump "B"
In the case of pump "B", since it is a less used and newer 
machine, we expect less mechanical effects on the spec-
tra. Fig. 9 shows a waterfall diagram of pump "B" at low 
n = 1300 l/min rotational speed. It can be clearly seen that 
the spectra is quite different from the ones of pump "A". 
There is no noticeable sharp peak at 1f ∗ =  or its integer 
multiples, meaning that mechanical effects are conceivably 
negligible in this case. On the other hand, a wideband region 
can be observed at low frequencies up to 4f ∗ ≈ . The only 
sharp peak appearing in the waterfall diagram is at 6f ∗ = , 
which is the blade passage frequency. This might also con-
firm that hydrodynamical effects are more significant in the 
case of pump "B". Observe also that the amplitudes in the 
waterfall diagram near the same rotational speed for pump 
"A" are an order of magnitude higher (compare with Fig. 7).

The only rotational speed where sharp peaks appear on 
pump "B" is at n = 1600 l/min, see in Fig. 10. Here, a peak 
at 1f ∗ =  can be noticed, similarly to the general behavior 
of pump "A". It is very probable that in this case, the natu-
ral (or critical) frequency of the system is excited, which is 
definitely an undesired operation as it can cause unneces-
sary load on the bearings as well as other mechanical parts 
of the pump. An interesting question is whether this situa-
tion could have been avoided by proper design of the pump. 
The amplitudes of the harmonics are decreasing exponen-
tially possibly indicating the effect of the nonlinearity.

At higher rotational speeds, the sharp peak at 1f ∗ =  
disappears. It can be observed at n = 2650 l/min on Fig. 11 
that the wideband region dominates the spectra again 
up to 4f ∗ ≈ . In addition, a sharp peak is presented at 

Fig. 7 Waterfall diagram of pump "A" at n = 1350 l/min. 
Heavy frequency modulation appears at certain rotational  

speeds due to control issues.

Fig. 8 Waterfall diagram of pump "A" at n = 2250 l/min. Effects of other 
mechanical excitations become stronger, as multiples of 1f ∗ =  does 

not decrease exponentially.

Fig. 9 Waterfall diagram of pump "B" at n = 1300 l/min. There is no 
noticeable sharp peak at 1f ∗ =  or its multiples, but a wideband 

region can be observed.
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6f ∗ =  (blade passage frequency). The amplitude of this 
frequency tends to decrease towards 1Q∗ = , which is in 
good agreement with results of other researchers [7, 14].

In summary, it can be concluded that the spectra in 
pump "B" is most likely dominated by hydrodynami-
cal effects, since there are no sharp peaks in the spectra 
at 1f ∗ =  and its integer multiples in general (except at 
n = 1600 l/min). In contrast, the waterfall diagrams con-
tain wideband regions, and only one peak at the blade 
passage frequency, which may also confirm the domi-
nance of hydrodynamical effects. The detailed analysis 
of this hydrodynamical wideband frequency region is 
beyond the scope of the present study as it is focusing 
on the vibration monitoring and health issues of pumps, 
which mainly have mechanical origin.

5 Conclusions
By measuring the pressure signals on two different cen-
trifugal pumps, conclusions were drawn about their health 
condition through dimensionless waterfall diagrams along 
their characteristic curves. As a result, it has been found 
that pump "A", which is a more used, older machine, is most 
probably loaded by several mechanical vibrations, since all 
of the spectra are dominated by sharp peaks at fr and its inte-
ger multiples. It can be clearly seen that a quite significant 
load is acting on the pump corresponding to 1f ∗ = , which 
is seemingly due to the unbalance of the impeller. On lower 
rotational speeds, the harmonics of 1f ∗ =  are decreasing 
exponentially supposedly because of the effect of non-lin-
earity (see again the discussion of Section 3). However, at 
higher rotational speeds, these multiples gradually become 
more significant; that is, other physical effects (not only the 
unbalance) that generate peaks between 2 4f ∗ = −  may 
have more influence at higher rotational speeds. The insta-
bility of the operation of the driving motor was also identi-
fied as a frequency modulated spectra.

In the case of pump "B", which is a much newer 
machine, it has been found that with the exception of one 
rotational speed (n = 1600 l/min), mostly hydrodynamical 
effects impact on the spectra, due to the precise assembly 
and installation of the system. Most of the waterfall dia-
grams are dominated by a wideband region, and a sharp 
peak only at the blade passage frequency.

Comparing the waterfall diagrams of the two pumps, one 
can observe that pressure fluctuations on pump "A" are sig-
nificantly higher. For example, comparing Figs. 7 and 9, the 
maximum value of the amplitudes are approximately 0.2 and 
0.006 bar for pump "A" and "B", respectively, which is more 
than one order of magnitude difference. Consequently, it 
might become possible to separate mechanical and hydrody-
namical effects acting on a centrifugal pump. It is clear that 
mechanical effects cause sharp peaks in the spectra at fr and 
its integer multiples up to 2 4f ∗ = − . Moreover, if the har-
monics decrease exponentially then those multiples are only 
the effects of non-linearity.

In summary, we have the opportunity to identify the 
appearance of a mechanical failure on a pump. By con-
tinuously monitoring the amplitudes of the peaks at fr or 
its integer multiples, and compare them to former ones, it 
is possible to act in time and perform maintenance on the 
system to prevent heavy structural damage. The authors 
are aware of the fact that in order to apply this method 
confidently, it has to be improved further, for example 
comparing with vibration measurements, or generating 
some of the mentioned physical effects intentionally.

Fig. 10 Waterfall diagram of pump "B" at n = 1600 l/min. This is the 
only rotational speed where sharp peaks appear at 1f ∗ =  and its 

multiples, due to one of the natural frequencies of the system.

Fig. 11 Waterfall diagram of pump "B" at n = 2650 l/min. A wideband 
region dominates the spectra up to 4f ∗ ≈ . The only sharp peak is 

the one at the blade passage frequency.
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Appendix
Here is the calibration diagram of the pressure transducer 
with its confidence bands corresponding to 95 % signifi-
cance level, and the equation of calibration.

Next, we present all measured waterfall diagrams for 
the two pumps:

Pump "A":

Fig. A1 Calibration diagram of the applied pressure transducer with its 
confidence bounds corresponding to 95 % confidence level.
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Pump “B”:
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