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Abstract: In this paper, a small centrifugal pump experiment was conducted under conditions of
power frequency startup and frequency conversion startup respectively. The evolutionary trends for
hydraulic performance parameters with time were obtained, and the transient properties of the two
starting modes were revealed with the help of three dimensionless coefficients. This study revealed
the similarities and differences between the two starting modes. In both starting modes, the increase
of the valve opening caused a time lag for the flow to reach a steady state. Compared with the power
frequency startup mode, the frequency conversion startup mode had weaker shaft power shocks and
was safer in practice. The dimensionless flow curves maintained a good evolutionary agreement with
the corresponding flow curves. The dimensionless shaft power was extremely high at the beginning
of startup and then decreased to a stable value.

Keywords: centrifugal pump; power frequency; frequency conversion; start up; external characteristics

1. Introduction

As a general fluid-transferring device, centrifugal pumps are widely used in marine,
firefighting, chemical, and other fields. Generally, centrifugal pumps operate under stable
working conditions for a long time; i.e., the operating rotational speed, load, and other
parameters remain at a relatively stable level, or the change fluctuations are very slow or
small. However, during some transient operating occurrences, the centrifugal pumps begin
from a stationary state and rapidly reach a stable operating state, or they abruptly shut
down from a stable working state, wherein each of the performance parameters drastically
changes in a short period of time. For example, severe pressure fluctuation may occur
during the fast startup period, which could be very damaging to the equipment and even
lead to accidents [1].

Since as early as the 1980s, many scholars have studied the relevant transient char-
acteristics of pumps using theoretical methods, numerical simulations, and experimental
methods, and have reached some important conclusions. Tsukamoto et al. [2] conducted
rapid startup tests on centrifugal pumps with low specific speeds using a combination
of theory and experiment. Significant differences were found between the dynamic and
quasi-steady-state characteristics of the centrifugal pump startup process, which were
mainly due to pressure pulsation and hysteresis within the impeller. Lefebvre et al. [3]
confirmed experimentally that there is a significant difference between the transient perfor-
mance of centrifugal pumps under high acceleration startup and steady-state performance
during startup. Dazin et al. [4] proposed angular momentum and energy formulas to
predict the transient torque and head of turbomachinery during startup. Dazin et al. [5]
divided the startup process into three consecutive phases, presenting the time nodes corre-
sponding to each phase; the angular acceleration effect, the hydraulic inertia effect, and
the viscous effect were the main influencing factors of the three consecutive phases, re-
spectively. Duplaa et al. [6] analyzed the evolution of the vapor phase volume fraction
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and overall fluid density in the pump using high-frequency X-ray imaging to reveal the
cavitation and transient properties during fast startup. Duplaa et al. [7] also conducted
a study on the cavitation phenomenon caused by the pump during startup. They found
that a smaller final flow rate leads to low cavitation at the end of startup, and as the
final flow rate increases, it leads to higher cavitation, which results in decreased in the
pump head. Kazem [8] explored rotating parts and fluid inertia, theoretically analyzing
their transient characteristics, finding that an increase in coolant inertia increased acceler-
ation head, while an increase in rotating component inertia decreased acceleration head.
Elaoud et al. [9] used the method of characteristics to predict transient characteristics
during the startup process. They found that the startup time of the pump had a significant
effect on hydraulic variables such as head and flow rate. Chalghoum et al. [10] found that
factors such as startup time, impeller geometry parameters, and valve opening have a large
impact on the hydraulic characteristic curves and pressure variations of centrifugal pumps
during startup.

Hu et al. [11] investigated the internal characteristics of centrifugal pumps during
startup and shutdown and found that the performance of the pump could be assessed and
improved by revealing the flow field. Wang et al. [12] found that with increased starting
acceleration, the vibration acceleration amplitude gradually increased as the dominant
frequency increased. Li et al. [13] showed that inside the impeller, the flow velocity
increased slowly in the radial direction; when the rotational speed rose to a steady value,
the transient effect gradually decreased and disappeared. Zhang et al. [14] analyzed the
results of centrifugal pump startup tests and showed that quasi-steady-state analysis does
not accurately assess the transient flow during startup. Gao et al. [15] established the
relationship between variables such as transient flow, rotational speed, head, and torque
and system parameters, finding that the transient performance of the reactor coolant pump
during startup could be predicted. In their study of the startup process of centrifugal
pumps, Li et al. [16] proposed a dynamic slip zone method, combining a dynamic mesh
approach with non-conformal mesh boundaries to solve the transient flow caused by the
impeller during startup; the final experimental results showed the correctness of the scheme.
Han et al. [17] proposed an experimental method based on fluid experiments combined with
computational fluid dynamics and applied user-defined functions to numerically simulate
the startup process of a pump jet propulsion system. Fu et al. [18] used force coupling and
dynamic mesh techniques in their study of the transient characteristics of axial flow pumps
during startup to set a more reasonable rotational speed and better simulate the movement
of the gate; the results of their numerical simulations were in good agreement with the
data obtained from their tests. Long et al. [19] divided the startup process of multistage
centrifugal pumps into closed-valve transition and open-valve transition phases. They
found that during the closed-valve transition phase, the mechanical energy conversion
efficiency of the internal flow field was higher than that of the steady-state operating
condition at the same rotational speed. At the beginning of the open-valve transition phase,
the rotational stall of the internal flow in the impeller was increased and the flow was more
chaotic compared with the steady-state condition at the same flow rate.

To sum up, the above studies on the transient behavior of pumps demonstrate impor-
tant progress. As we know, pumps can be started by two different modes, namely power
frequency, and frequency conversion. At the startup of the power frequency mode, the
electric current is determined by the power grid. While at the startup of the frequency
conversion mode, the electric current is controlled through the frequency converter. As
such, the transient characteristics of the pump can be affected by the starting mode during
the startup period. How does the starting mode affect the transient behavior? There are
insufficient relevant studies in the existing literature to answer this question and the effect
of the starting mode on pump performance has not been revealed in any depth. In this
paper, the transient hydraulic performance of a small centrifugal pump was studied by
measuring the external performance of the startup process under power frequency and
frequency conversion modes. The transient behavior of the two starting modes was further
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revealed using three dimensionless parameters, and an attempt was made to identify the
similarities and differences between the two modes.

2. Test Physical Model

The test pump was a low specific speed centrifugal pump; the centrifugal impeller and
the volute are shown in Figure 1. The rated parameters are as follows: flow Q = 6 m3/h,
head H = 8 m, rotational speed n = 1450 rot/min. The blades were two-dimensional
cylindrical with four long blades. The variation law of volute outline was Archimedes
spiral. The other main dimensions are shown in Table 1. Based on the literature [14], the test
rig was open, and the medium was conventional water. The accuracy of each instrument
and the maximal frequency for each sensor can be found in the literature [1].
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Figure 1. Main flow components: (a) Centrifugal impeller, (b) Volute.

Table 1. Main geometric parameters of centrifugal pumps.

Geometrical Parameters Numerical Value Geometrical Parameters Numerical Value

Blade inlet angle β1/(◦) 25 Impeller outlet width b2/mm 10

Blade outlet angle β2/(◦) 25 Pump inlet diameter Di/mm 50

Number of blades Z 4 Pump outlet diameter Do/mm 40

Blade thickness δ/mm 3 Diameter of volute base circle D3/mm 165

Impeller inlet diameter D1/mm 48 Width of volute inlet b3/mm 15

Impeller outer diameter D2/mm 160 Diameter of volute throat Dth/mm 15

Impeller inlet width b1/mm 20 Diffusion angle of diffuser tube β1/(◦) 8

In this study, the driving device of the pump was a three-phase asynchronous AC
(alternating current) motor with a rated power of 750 W. A JC0-type torque speed sensor
with a rated torque of 5.0 N·m was installed between the pump and the motor to measure
the transient rotational speed and torque. An OPTIFLUX 2100 C electromagnetic flow
meter, with a range of 0–30 m3/h, was used to measure the transient flow. The transient
pressure at the inlet and outlet of the pump was measured using a WIKA S-10 pressure
transmitter. The ranges of the inlet and outlet pressure sensors were −1 to 1 MPa and
0 to 1.6 MPa, respectively. The output signal of each physical parameter was a 4 to 20 mA
current signal, and all signals were collected and processed by a PCI8361BN acquisi-
tion card.

3. Experimental Results
3.1. Power Frequency Startup

In power frequency starting mode, the frequency of the AC power was 50 Hz. The
test results of seven valve openings are shown in Figures 2–5.
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Figure 2 shows the rising characteristics of the transient rotational speed during the
power frequency startup. For a centrifugal pump, as its outlet valve opening increases,
the output torque needs to increase, which theoretically affects the rising characteristics
of the motor speed. It can be seen from Figure 2a that the rising trend of the rotational
speed was approximately linear at seven valve openings, while the differences among them
were very tiny, and seven rotational speed curves rose to the final stable values at about
0.20 s. When the flow ratio Q/Qr was 0.158 (Qr is the rated flow rate), the rotational speed
was the highest, about 1480 r/min; and when the flow ratio Q/Qr was 1.312, the rotational
speed was the lowest, about 1464 r/min. The intermediate range was approximately linear;
i.e., the stable rotational speed at the end of the starting process showed a gradual and
slight downward trend with the increase of the valve opening. This can be seen more
clearly in Figure 2b, which also illustrates that there was a slight lag in the time node at
which the speed reached stability as the valve opening increased. In short, the change in
rotational speed was not obvious, despite the valve opening.

The transient flow characteristics during the power frequency startup are shown in
Figure 3. It can be seen that the rising trend of each flow curve was basically the same but
smoother compared to the rising trend of the rotational speed curve. Compared with the
rising of the rotational speed in Figure 2, it is easy to see that the rising of the flow was



Processes 2022, 10, 2362 6 of 13

behind that of the rotational speed. This could be attributed to the fact that the transferred
medium was static before starting; namely, the water body was static in the whole system.

The basic characteristics shown in Figure 3 are that the rise rating was relatively slow
at the beginning of the startup period and then rose rapidly. As the flow approached the
stable value, the rising rate decreased again and finally reached a stable level. When the
flow ratio Q/Qr was 0.158, 0.312, 0.518, 0.708, 0.904, 1.100, and 1.312, the time required
for the flow to rise to a stable value was about 0.70 s, 1.0 s, 1.10 s, 1.30 s, 1.40 s, 1.40 s,
and 1.60 s, respectively. It can be seen that the time required for the flow to rise to the
stable value was significantly greater than the time required for the rotational speed to
rise to the stable value. Furthermore, with the increase of the valve opening, the time
required for the flow to rise to the stable value also showed a gradually increasing trend.
The rising characteristics of the head during the power frequency startup are shown in
Figure 4. Under seven different valve openings, the head curves rose to a stable value of
approximately 9.76 m, 9.67 m, 9.55 m, 9.27 m, 8.83 m, 8.03 m, and 6.87 m respectively. As
can be seen, the stable head decreased gradually with the increase of the valve opening.

It can be seen from Figure 4 that at the end of startup, the steady head decreased
gradually with the increase of the flow ratio. At the beginning of startup, the rise in head
was relatively smooth, but then the rising rate increased rapidly. After 0.5 s, when the flow
ratio Q/Qr was 0.158, 0.312, 1.10, and 1.312, respectively, the four head curves showed a
more obvious shock phenomenon. The maximum values in heads corresponding to the
four valve openings were about 10.21 m, 10.05 m, 8.23 m, and 8.02 m, respectively, and the
time of head impact was about 0.60 s, 0.70 s, 0.50 s, and 0.50 s, respectively. The impact head
(defined as the difference between the maximum head and the stable head) corresponding
to each valve opening was 0.45 m, 0.38 m, 0.20 m, and 1.15 m, respectively. It can be seen
that when the flow ratio was from 0.158 to 0.518, the shock head gradually decreased with
the increase of the valve opening; when the flow ratio was from 0.518 to 1.312, the shock
head gradually increased with the increase of the valve opening. When the flow ratio was
0.518, 0.708, and 0.904, respectively, there was no obvious pressure shock phenomenon.

In the present experiment, a JC0-type torque speed sensor with a rated torque of 5 N·m
was installed between the model pump and the motor to measure the transient rotational
speed and transient torque. The shaft power of the centrifugal pump was calculated
using the measured rotational speed and torque, as shown in Figure 5. It was found that,
except for the flow ratio of 1.312, the other six shaft power curves showed a relatively
obvious power shock phenomenon. When the flow ratio was 0.158, 0.312, 0.518, 0.708,
0.904, and 1.100, respectively, the time of shaft power impact was about 0.30 s, and the
corresponding maximum shaft powers were about 0.325 kW, 0.347 kW, 0.314 kW, 0.345 kW,
0.358 kW, and 0.407 kW, respectively. They all dropped to the stable value at about 0.60 s,
and the corresponding stable shaft power values were about 0.242 kW, 0.258 kW, 0.278 kW,
0.308 kW, 0.331 kW, and 0.361 kW, respectively. The corresponding shock power (defined as
the difference between the maximum shaft power and the stable shaft power) was 0.083 kW,
0.089 kW, 0.036 kW, 0.037 kW, 0.027 kW, and 0.046 kW, respectively. When the flow ratio
was 1.312, there was no obvious shaft power impact phenomenon, and the shaft power
curve rapidly rose at the beginning of startup; the final stable value was about 0.386 kW.

3.2. Frequency Conversion Startup

Frequency conversion startup means using a frequency converter to change the current
frequency. By converting the current frequency, the motor speed can be controlled, so that
the motor can start smoothly and reduce the impact on the local power grid.

The experimental results for the frequency conversion startup are shown in
Figures 6–9. Figure 6 shows the measured transient rotational speed. The rising char-
acteristics of the rotational speed curves at seven valve openings were basically the same.
When the flow ratio was 0.155, 0.308, 0.504, 0.701, 0.902, 1.095, and 1.296, respectively, the
difference in the rising of the rotational speeds to the respective stable values was very
small. At 0.50 s, the corresponding transient rotational speeds were 531 r/min, 543 r/min,
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541 r/min, 531 r/min, 515 r/min, 518 r/min, and 533 r/min, respectively. At the initial
stage of startup, the rotational speed curves rose relatively rapidly, and after about 0.50 s,
the rising rate tended to slow down. Within 0.5 s–2.3 s, seven rotational speed curves rose
to the stable value at a slightly slower rate, and the rising trend was basically the same
and showed a linear pattern. All rotational speed curves rose to the stable value at about
2.30 s, corresponding to the final stable values of about 1471 r/min, 1469 r/min, 1468 r/min,
1465 r/min, 1460 r/min, 1458 r/min, and 1455 r/min, respectively. The rotational speed at
the end of the frequency conversion startup tended to decrease slightly with the increase of
the valve opening, and this characteristic was the same as for the power frequency startup.
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The transient flow characteristics during frequency conversion startup are shown
in Figure 7. The steady flow values corresponding to the seven valve openings were
0.90 m3/h, 1.80 m3/h, 3.0 m3/h, 4.20 m3/h, 5.40 m3/h, 6.60 m3/h, and 7.80 m3/h, respec-
tively. At the beginning of the frequency conversion startup, although the rotational speed
rose rapidly, the rising rate of the flow curve was relatively slow. This was the same as for
the power frequency startup; the reason for this phenomenon was that the water volume in
the whole system before startup was in a static state, with large inertia. With the increase
of the valve opening, the time required for the flow to rise to a stable value gradually
increased. The flow curves rose to their respective stable values at approximately 0.94 s,
3.43 s, 4.13 s, 4.36 s, 4.53 s, 4.59 s, and 4.62 s for seven different valve openings. During the
rising of each flow curve, the flow curves all rose at a more moderate rate at the beginning
of startup and then rose rapidly. Of these, when the stable flow ratios were 0.155, 0.308,
and 0.504, three flow curves showed a more obvious slowdown of the rising rate, and the
time points corresponding to the phenomenon appearance were 0.62 s, 0.67 s, and 0.73 s,
respectively. For the other four cases, a tendency towards slowing down was also found,
but the transition curve was smoother and there was no more obvious mutation. The rising
rates of the flow curves become very slow when rising close to the steady value at the end
of startup. In short, the rising characteristics were different for different valve openings.
Compared with the flow curves in power frequency startup, the rising rule in frequency
conversion startup displayed an obvious distinction.

Figure 8 shows the transient head characteristics during the frequency conversion
startup. The head curves also rose gradually with the increased rotational speed. The
rising rate of the head curve was relatively slow up to about 1.20 s. At 1.20 s, the transient
heads corresponding to seven different valve openings were 2.18 m, 2.13 m, 2.07 m, 2.03 m,
1.99 m, 1.86 m, and 1.72 m, respectively. After about 1.2 s, the rising rate of the head curves
increased slightly. After the startup process, seven head curves rose to stable values at about
5.0 s. The corresponding stable values were 9.61 m, 9.56 m, 9.46 m, 9.24 m, 8.71 m, 7.95 m,
and 6.85 m respectively. Compared with the flow ratio of 0.155, the drop in head was
0.05 m when the ratio was 0.308, which represented a drop of 0.52% relative to the former.
Similarly, the relative values of the head drops were 1.05%, 2.33%, 5.74%, 8.73%, and 13.84%
in the other cases. It can be seen from Figure 8, that at the end of the frequency conversion
startup, the degree of head drop increased gradually with the increase of the valve opening.
It is easy to see that the head impact phenomenon is the maximum difference between the
two startup modes.

The transient shaft power test results during the frequency conversion startup, are
shown in Figure 9. Combined with the rotational speed curves in Figure 6, the variation
characteristics of the shaft power curves is synchronized well in time; this was mainly
because both of the physical quantities were measured by the same instrument. After
frequency conversion startup, the shaft power curves rose rapidly; the rising rate of the
shaft power curves slowed down slightly after about 0.50 s. Until about 2.40 s, all the curves
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had shaft power shock phenomenon to different degrees; i.e., the shaft power rose to the
maximum value and then decreased to fluctuate around the steady value. For the seven
valve opening cases, the maximum shaft power values were 0.262 kW, 0.279 kW, 0.292 kW,
0.322 kW, 0.348 kW, 0.367 kW, and 0.388 kW, respectively. When the rotational speeds rose
to stable values, the shaft powers were characterized by periodic fluctuations as a whole,
and the corresponding average values were about 0.233 kW, 0.249 kW, 0.271 kW, 0.302 kW,
0.327 kW, 0.351 kW, and 0.379 kW, respectively. The shock powers (i.e., the difference
between the maximum value and the stable value) were 0.029 kW, 0.030 kW, 0.021 kW,
0.020 kW, 0.021 kW, 0.016 kW, and 0.009 kW, respectively. It can be seen from Figure 9, that
both the steady average values and the maximum values showed an increasing trend with
the increase of the valve opening, although the shock powers showed an opposite trend
overall; i.e., they gradually decreased with the increase of the valve opening. Therefore, the
shock phenomenon of shaft power was more obvious when the outlet valve opening was
relatively small. In conclusion, the impact phenomenon of shaft power was more obvious
in the power frequency startup than in the frequency conversion startup. This indicates
that the frequency conversion startup mode is safer.

4. Dimensionless Analysis

The startup process can be described in terms of dimensionless volumetric flow, dimen-
sionless head, and dimensionless shaft power with respect to time. The three parameters
are defined as follows: 

φ(t) = Q(t)/πD2b2u2(t)
ψ(t) = 2gH(t)/u2

2(t)
Φ(t) = P(t)/ρD2

2u3
2(t)

(1)

where u2(t) is the transient circumferential velocity at the impeller outlet, whose expression
is u2 = πD2n(t)/60. Figures 10–15 give the time evolution history of the three dimensionless
coefficients during power frequency startup and frequency conversion startup, respectively.
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5. Conclusions 
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Figure 15. Dimensionless shaft power characteristics of frequency conversion startup.

4.1. Power Frequency Startup

The transient evolution characteristics of dimensionless flow during power frequency
startup are shown in Figure 10. The dimensionless volume flow curves showed a continu-
ous increase when starting. With the increase of the valve opening, the time needed for the
dimensionless flow to rise to a stable value also gradually increased, which indicates that
the delay in the rise of the transient flow curve would lag more with the increase of the
valve opening. It is not difficult to conclude that the curves shown in Figure 10 are very
similar to the transient flows shown in Figure 3. This is because the time required for the
flow to rise to the stable value was significantly delayed by the corresponding rotational
speed rise. When the flow gradually rose to the stable value, the rotational speed was
already in a stable state.

Figure 11 shows the time evolution of the transient dimensionless head in the process
of power frequency startup. During the power frequency startup period, all the transient
dimensionless head curves first decreased rapidly, then rose slowly, and finally, they
fluctuated near the stable value. At the beginning of startup, there was a maximum value
of transient dimensionless head, which then rapidly decreased to a minimum value at
about 0.20 s. The occurrence of maximal values at the beginning of the startup process
can be explained as follows: the sudden rotation of the impeller after startup produces a
pressure shock to the stationary water volume. Compared with Figure 4, it can be seen that
the rising characteristics of the head curves and the transient dimensionless head curves
were basically similar after about 0.20 s, but there was a significant delay in time. For flow
ratios of 0.158 and 0.312, the time for the transient dimensionless head curve to rise to the
stable value was approximately 1.10 s. For flow ratios of 0.518, 0.708, and 0.904, this was
approximately 1.0 s. When the flow ratios were 1.10 and 1.312, this was about 0.90 s. It
can be seen that the time required for the transient dimensionless head curves to change
to stable values decreased with the increase of the valve opening. Of these, the transient
dimensionless head curves also showed a more obvious shock when the flow ratio was
0.158, 0.312, 1.10, and 1.312, respectively.

The time evolution of the transient dimensionless shaft power during the power
frequency startup process is shown in Figure 12. At the beginning of startup, the transient
dimensionless shaft powers had maximum values, which then rapidly decreased to stable
values. It is not difficult to conclude that the decreasing rate of the transient dimensionless
shaft power curves was very large until about 0.16 s. After 0.16 s, the decreasing trend of
these curves gradually moderated, and at about 0.40 s, all the curves were basically in a
stable state.
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4.2. Frequency Conversion Startup

The transient dimensionless flow during frequency conversion startup is shown in
Figure 13. All the transient dimensionless flow curves showed a continuous upward trend
overall until they rose to stable values. Furthermore, as the valve opening increased, the
time required for the transient dimensionless flow to rise to a stable value also increased
gradually. Comparing Figure 13 with Figure 6 (the transient flow during frequency con-
version startup), it can be seen that the shape of the two curves is essentially the same
and the time steps of the curve change remain highly consistent. Similar to the power
frequency startup, the time required for the dimensionless flow to rise to a stable value
during frequency conversion startup lagged significantly behind the corresponding rise in
rotational speed. When the flow had gradually risen to a stable value, the rotational speed
was already in a stable state. The test results for dimensionless flow and flow could remain
highly consistent over time and in a curved shape during frequency conversion startup.

Comparing Figures 11 and 14, it can be seen that the overall variation characteristics
of the transient dimensionless heads during frequency conversion startup and power
frequency startup were basically similar.

The evolution characteristics of the transient dimensionless shaft power during fre-
quency conversion startup are shown in Figure 15. The overall trend for transient dimen-
sionless shaft powers decreased at the beginning of startup to the final stable values. At the
beginning of startup, the transient dimensionless shaft power had maximum values and
then decreased rapidly to about 1.20 s, when the decrease rate gradually slowed down; at
about 2.60 s, all the transient dimensionless shaft power curves decreased to stable values.
It was also found that the transient dimensionless shaft power increased gradually with
the increase of the valve opening.

5. Conclusions

In this paper, the similarities and differences between two starting modes were studied
through experiments. The similarities include: the flow rate rose slowly at the beginning
of startup, with a significant delay relative to the rotational speed, and the delay of the
flow rising became more obvious with the increase of the valve opening. This phenomenon
has also been found by other scholars [1]. The head shock phenomenon was gradually
weakened with the increase of the valve opening, but the relative value of head drop
showed an increasing trend. The dimensionless flow curves maintained good evolutionary
consistency with the corresponding flow curves. The dimensionless shaft powers all
showed maximum values at the beginning of startup and then dropped to stable values.

The differences include: during the power frequency startup, the rising rate of the flow
curve existed from slow to fast and then took a gradually decelerating course; while during
the frequency conversion startup, the rising rate of the flow slowed down twice for some
valve openings. Compared with the power frequency startup, the impact phenomenon of
the shaft power in the frequency conversion startup process was more moderate, which is
beneficial for operating load equipment. In the literature [14], other authors have presented
similar conclusions.
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