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Abstract
The design scheme of open intake will often increase the shaft length and the height of wet-pit pump house when the range 
of intake water level varies relatively large. And if the pump house is far away from the discharge bay, a longer discharge 
pipe may be inevitable, and the arrangement of full passage model pumping system may exceed the allowed size of a specific 
test bench. Aiming at a long-shaft vertical pumping system with open intake design, larger water level variation and longer 
discharge pipe, a methodology of performance prediction for the pump and pumping system was proposed by combin-
ing numerical simulation and non-full passage model test because of less experiment funds, shorter research periods and 
restricted test bench. Through numerical simulation, the hydraulic losses and drag coefficients of sump and discharge pipe 
were calculated and followed by the experiment design and model test of non-full passage pumping system. Based on the 
calibration accuracy of measurement instruments and test results, the experimental uncertainties were analyzed. Through 
combination of numerical simulation and non-full passage model test, the prediction of model pump and pumping system 
performance was realized. The performance of prototype pump and pumping system was obtained by applying the similar-
ity law of pump. When operated under the designed head of 13.59 m, the flow rate and efficiency of the prototype pumping 
system reached 11.86 m3/s and 86.56%, respectively, exceeding the requirements stipulated in the bidding documents and 
showing that it possessed greater pumping capacity and higher efficiency. The methodology proposed in this paper can be 
referenced and applied to the engineering design of similar pump stations.

Keywords  Pump and pumping system · Numerical simulation · Model test · Performance prediction · Non-full passage · 
Similarity law

1  Introduction

A pumping system consists of an intake structure, a pump 
and an outflow structure. Model pumping system test is 
generally required in China for newly built or technologi-
cal transformation of large and medium pump stations, to 

verify the rationality of pump selection and pump station 
design, to check the pump performance committed by pump 
manufactures and to conduct revised design if necessary, etc. 
In order to reduce the investment in civil engineering, open 
sump and wet-pit pump house is often selected as the intake 
structure of a pump station, which possesses many advan-
tages such as simple structure and convenient construction. 
However, the shaft length and height of pump house will 
be increased accordingly in occasion of larger variation of 
intake water level [1, 2]. To carry out model test of hydraulic 
and cavitation performance for such a pumping system will 
require more spacious test bench; otherwise, the requirement 
of larger variation of intake water level and higher pumping 
sets cannot be satisfied. Moreover, some water-delivering 
pump stations have longer discharge pipe. All of these fac-
tors make it hardly impossible to carry out model test of full 
passage pumping system on ordinary test benches mainly 
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due to the restriction of allowed maximum length and height 
[3, 4].

CFD analysis previously carried out on intake structure 
was mainly focused on the optimization of pump-sump 
design [5–8], the analysis of the internal flow patterns and 
what measures shall be taken to reduce the swirl flow and 
vortex, and the effect comparison between different meas-
ures and their combinations [9–12], but few of them were 
related to the prediction of flow condition of pump and the 
calculation of hydraulic loss of sump at different intake 
water levels. There were plenty of numerical simulations on 
outflow structure; however, it was rare to study the perfor-
mance of pumping system through calculation of hydraulic 
loss and combined with the pump performance.

Model tests of pumping system have direct and intuitive 
advantages, where attentions were chiefly paid to the obser-
vation of internal flow patterns, the checking of existence 
of flow separation, surface and subsurface vortices, what 
measures to be taken to improve the pumping system per-
formance if necessary and validation of theoretical analysis 
and numerical simulation [13–16]. It is well known that the 
pump cavitation performance is usually tested on a closed 
test bench through reducing the atmospheric pressure of 
intake water surface. Hence, it was hardly possible to per-
form cavitation test of a pumping system with open surface 
intake design as the case to be studied, while the research 
funds were very limited and it was required that both the 
pump and the pumping system performance be tested in one 
model test. Reports were rare on model test of pumps with 
longer discharge pipes. The method introduced in the only 
one article that can be tracked was to divide the pumping 
system into two parts and carry out model tests for pump and 

discharge pipe, respectively [4], the disadvantage of which 
was higher cost and longer time.

The purpose of this paper is to realize the prediction 
of a mixed-flow pump and pumping system performance 
with the larger variation of intake water level and relatively 
longer discharge pipe. The methodology we applied to is 
to combine the technology of CFD and model test in terms 
of numerical simulation of sump and outflow structure and 
non-full passage model test of pumping system to save 
research funds and time.

2 � Research object and prediction method

2.1 � Research object

A certain core-pulling mixed-flow pump station was 
designed with open sump, where a total of six pump sets 
were installed, in which the impeller diameter is 1800 mm, 
rotational speed is 333.3 r/min, and the matched power of 
electric motor is 2500 kW. The designed flow rate of the 
pump station is 56 m3/s, and the intake is in the form of 
open sump design with water-suction bellmouth and round 
discharge pipe; the maximum, design and minimum head 
are 16.96 m, 13.59 m and 6.67 m, respectively. In Fig. 1 
is shown the sectional arrangement drawing of the pump 
station, which possesses such noticeable features as: (1) the 
variation of water level in the sump is quite large, and the 
biggest water depth difference in the sump is up to 9.12 m; 
(2) the elevation difference from the bottom slab of sump 
to the motor floor extends to 20.40 m; (3) the length from 
the entrance of sump to the outlet section of discharge pipe 

Fig. 1   The sectional arrangement drawing of the pump station. 1 Approaching channel; 2 forebay; 3 overhaul gate; 4 sump; 5 covering plate; 6 
bellmouth; 7 outlet section of diffuser; 8 trash rack; 9 breast wall; 10 outlet of pump; 11 discharge pipe
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is 62.50 m; (4) part of the sump is covered with submerged 
cover plate without free surface, and a breast wall is designed 
to reduce the height of overhaul gate and trash rack.

In the bidding document, it was stipulated that the hydrau-
lic and cavitation performances of the prototype pump and 
pumping system be supplied by the pump manufacturer 
based on model test and all requirements be fully satisfied. 
There are several problems to be dealt with. (1) The cavita-
tion performance cannot be carried out in an open test bench, 
while the free surface of sump cannot be simulated when 
the model test was conducted in a closed test bench. (2) 
Restricted by research funds and test periods, it is impossi-
ble to conduct performance test for pump and pumping sys-
tem, respectively, so that the pump performance can only be 
extracted from a model pumping system test. (3) The impel-
ler diameter of model pump has been set to be 364 mm. If it 
is manufactured based on full passage simulation, the size 
of model pumping system will exceed the maximum limit of 
size of the test bench confirmed by the construction unit of 
the pumping station and the pump manufacturer. That means 
the height and length of the model pumping system should 
be decreased in some way; otherwise, the test cannot be per-
formed. In considering those restriction factors, a method 
of combining numerical simulation with non-full passage 
physical model test of pumping system was proposed to real-
ize the prediction of pump and pumping performance.

2.2 � Methodology for performance prediction 
of pump and pumping system

In considering those restriction factors, a method of com-
bining numerical simulation with non-full passage physical 
pumping system model test is proposed for prediction of the 
pump and pumping system performance.

The whole pumping system is divided into four parts, 
namely (1) the sump, (2) the part beginning from the water-
suction bellmouth to the outlet section of pump diffuser, (3) 
the part beginning from the outlet section of pump diffuser 
to the outlet of pump and (4) the whole discharge pipe and 
part of discharge bay.

The following procedures shall be performed step by step 
to carry through numerical simulation and non-full passage 
model test and realize the performance prediction of the 
pump and pumping system.

(a) Numerical analysis is applied to calculate the hydrau-
lic losses of sump, the segment from the outlet section of 
pump diffuser to the outlet section of pump and the whole 
discharge pipelines, respectively.

(b) The model test design for the non-full passage pump-
ing system is performed and the manufacture of solid model 
followed.

(c) The non-full passage pumping system model test is 
carried out, and the system performance parameters from 
the entrance of sump to the outlet section of pump diffuser 
are measured and calculated out.

(d) The model pump performance is figured out based on 
the hydraulic loss of sump and the one from the outlet sec-
tion of pump diffuser to the pump outlet.

(e) Depending on the model pump performance, the 
model pumping system performance is figured out based on 
the hydraulic loss from the outlet section of pump diffuser 
to the outlet of discharge pipeline.

(f) The pump similarity law is applied to realize the per-
formance conversion from the model pump and pumping 
system to the prototype ones.

3 � Prediction of hydraulic loss based 
on numerical analysis

3.1 � Prediction of hydraulic loss of the sump

3.1.1 � Structural features and three‑dimensional modeling 
of sump

In Fig. 2 is shown the plane figure of the sump, the structural 
design of which was different from that of a normal rectan-
gle one, where several vortex-suppressing measures were 
taken, such as a transverse fillet between the back wall and 
the bottom slab, lateral contractions on each side wall and 
a bottom triangle pyramid just under the bottom of water-
suction bellmouth [17–19].

The commercial modeling software Pro/E was adopted 
to establish the three-dimensional sump model for numeri-
cal simulation. The computation domain for the numerical 
simulation is shown in Fig. 3, including the sump, the water-
suction bellmouth and an extension pipe.

3.1.2 � Meshes and setup for CFD analysis

The commercial code Gambit was applied to generate 
unstructured four-face and structured six-face body meshes 
to accommodate complex structure of the computed domain. 
The total computation domain was divided into three parts, 
namely the front segment of sump, the rear segment of 
sump and the bellmouth and pipe. The mesh in the region 
of rear segment of sump, bellmouth and pipe was refined. 
The mesh numbers generated for the three parts were about 
1.93 million, 2.40 million and 2.33 million, and the total 
number of meshes reached 6.66 million for the model sump 
at the designed intake water level, and the independence of 
mesh size was checked before the formal computation was 
commenced.
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The commercial code FLUENT was applied to simulate 
the internal flow of sump. The governing equations for the 
turbulent incompressible flow were the steady-state RANS 
equations for the conservation of mass and momentum, and 
the k–ε turbulence model was used to model the effective 
viscosity [20–23]. The inlet section of sump was defined 
as the velocity inlet, and the outlet section of the extension 
pipe was defined as outflow. The setup of boundary condi-
tions is illustrated in Fig. 3. The interface between the front 
and the rear segment of sump was treated as interior and the 
same for the one between the rear segment of sump and the 
entrance section of bell mouth. The free water level was set 

as symmetry and all boundary surfaces of sump and pipe 
were treated as solid walls, satisfying no-slip conditions, and 
the standard wall functions were used to treat near-wall zone 
flows. The algorithm SIMPLEC was adopted to couple the 
calculation of velocity and pressure to improve computation 
efficiency and accelerate convergence [24–26].

3.1.3 � Analysis of internal flow of the sump

In Fig. 4 are shown the velocity contours in the sump at 
different intake water levels and different flow rates, from 
which it can be seen that the flow pattern was smooth when 
water flowing into the water-suction bellmouth. Due to the 
vortex-suppressing effects of the transverse fillet, the lateral 
contractions and the bottom triangle pyramid, there were no 
phenomena of obvious collision and subsurface vortex. In 
the process of water flowing from the sump into the water-
suction bellmouth, the flow fields on both sides of the sump 
were symmetry and the variation of velocity was basically 
even and steady.

According to the computation results, the velocity distri-
bution uniformity in the suction pipe was greater than 93% 
and the maximum bias angle of inflow velocity was less than 
1.0° under different water levels. These technical indexes 
indicated that the intake design was successful and it can 
generate better flow conditions for pump, being beneficial to 
the full development of pump performance [27, 28].

3.1.4 � Calculation of hydraulic loss of the sump

Based on simulation results, the hydraulic loss and drag 
coefficient of the sump at different water levels and different 
flow rates can be calculated out by applying the famous Ber-
noulli equation. From Table 1, it was seen that the hydraulic 
loss of sump varies with the flow rate and the intake water 
level. The higher the water level was, the greater the hydrau-
lic loss would be. With the increase in the flow rate, the 
hydraulic loss increased accordingly. When the hydraulic 
loss is represented in terms of drag coefficient, its varia-
tion in value is relatively small, so that the hydraulic loss of 
sump can be expressed as the product of the drag coefficient 
multiplied by the square of flow rate. The arithmetic mean 
drag coefficient of the sump in different intake levels is equal 
to 0.465.

3.2 � Prediction of hydraulic loss of discharge pipe 
based on numerical analysis

The discharge pipe is composed of two parts. The first part 
starts from the outlet section of diffuser and ends at the out-
let of pump. The second part is the rest pipeline, exclusive of 

The plane graph 

(b)

(a)

The sectional drawing

Fig. 2   The structural feature of the sump. 1 Sump; 2 bottom triangle 
pyramid; 3 water-suction bellmouth; 4 lateral contraction; 5 trans-
verse fillet

Fig. 3   The 3D modeling of sump and setup for CFD at the designed 
water level. 1 The front segment of sump; 2 the rear segment of 
sump; 3 the bellmouth and pipe



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2019) 41:376	

1 3

Page 5 of 12  376

the first par, beginning from the outlet of pump. The numeri-
cal simulation domain is given in Fig. 5, inclusive of a pump 
barrel, a pump shaft, an outflow bent, a divergent pipe, two 
straight discharge pipe, two bents and a discharge bay. The 
method of setup for the numerical analysis of discharge pipe 
was similar with that used in the numerical simulation of 

sump, which were not repeated here. The outlet section of 
diffuser was defined as velocity inlet in the CFD analysis, 
and the outlet section of the discharge bay was defined as 
outflow of the computation domain. All interfaces were 
treated as interior. The free water surface of discharge bay 
was set as symmetry, and all boundary surfaces of pipe, 
bends and discharge bay were treated as solid walls.

Through numerical simulation, the internal flow patterns 
of discharge pipe at different flow rates can be obtained and 
the hydraulic losses can be calculated out [29, 30]. Given 
in Fig. 6 is the flow field in terms of velocity cloud when 
the flow rate was 0.531 m3/s, from which it can be seen that 
there existed high-velocity zone and flow separation when 
water passed through the outflow bent and the divergent 
pipe. During the flowing toward the discharge bay along 
the discharge pipe, the velocity distribution became stable 
and even gradually, and when entered the discharge bay, the 
phenomena of submerged jets occurred due to the sudden 
enlargement of cross-sectional area.

Based on the computation results, the hydraulic loss of 
discharge pipe was directly proportional to the square of 
flow rate. When the flow rate was 0.531 m3/s, the hydraulic 
loss from the outlet section of diffuser to the outlet of pump 
was 0.161 m and the corresponding drag coefficient was 
0.634, and the hydraulic loss and the corresponding drag 
coefficient for the discharge pipe were 0.513 m and 2.051, 
respectively.

4 � Model test design and layout of test 
bench

4.1 � Model test design of non‑full passage pumping 
system

Aiming at the general arrangement and test requirements 
of the vertical pumping system, the design of model test 
for the non-full passage model pumping system was con-
ducted while considering the testing capacity of a specific 
test bench [31]. In Fig. 7 is shown the specially designed 
non-full passage model pumping system.

Seen from Fig. 7, the following features were comprised 
in the design of model test: (a) the water surface was cov-
ered with plate, thus the open sump became an enforced 
intake, so that both of the model test of hydraulic and 
cavitation performance of pump can be carried out. (b) 
The length of pump barrel was shortened, and thus the 
total height of model pumping system can accommodate 
the allowed size of test bench. (c) The length of discharge 
pipe was shortened to decrease the total length of model 
pumping system. (d) The pressure-measuring section for 
calculation of the model pump head was set at the entrance 
section of the sump and the outlet section of the diffuser, 

Fig. 4   The internal flow patterns of sump at different intake water 
levels

Table 1   The hydraulic loss and drag coefficient of the sump

Water level in sump Flow rate (m3/s) Hydraulic 
loss (m)

Drag coeffi-
cient (s2/m5)

Highest water level 0.531 0.132 0.4681
Design water level 0.458 0.097 0.4629
Lowest water level 0.400 0.074 0.4625
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respectively. The measurement of flow rate, rotational 
speed and torque was the same as conventional model test 
of pumping system according to the relevant stipulations 
and standards [32, 33].

The non-full passage model pumping system was manu-
factured depending on the similarity law. In Fig. 8 is dem-
onstrated a picture of the model pumping system installed 
on the test bench.

4.2 � Layout of test bench

The test bench to be used is a closed circulating system with 
a water volume of 50 m3 (Fig. 9). The process of model test 
is conducted through a special program, and the test data 
are recorded automatically. Through switching of different 
shutoff valves, various hydraulic and cavitation performance 
test and runaway characteristic test of model pump and sys-
tem can be carried out. The test bench has passed through 
technical appraisal by relevant departments of measurement 
quality supervision, the comprehensive error of which is 
± 0.40%.

In Table 2 are listed the technical indexes of main instru-
ments and equipment used in the test bench for measurement 
of experimental parameters in the model test, and all instru-
ments have been calibrated and working in the effective use 
period.

5 � Test results and analysis

5.1 � Test results of non‑full passage model pump

5.1.1 � The hydraulic performance of non‑full passage model 
pump

As described previously, the impeller diameter and the rota-
tional speed of the prototype pump are 1800 mm and 333.3 r/
min, respectively. Based on the similarity law of pump, it is 
known that the speed of the model pump shall be 1642.8 r/
min when the impeller diameter is 364 mm.

The model test was carried out according to the rel-
evant standards and criterions. It was found that the model 
pump device ran smoothly without harmful noise and 
vibration. The hydraulic performance of the non-full pas-
sage model pump is shown in Fig. 10. When the flow rate 
reached 504 L/s, the efficiency of the model pump was up 
to maximum of 88.46%, and the corresponding pumping 
head was 13.51 m. 

Fig. 5   The domain for computation of hydraulic loss of discharge 
pipe. 1 Outlet section of diffuser; 2 pump barrel; 3 pump shaft; 4 
pump outlet bent; 5 outlet of pump; 6 divergent pipe; 7, 9 straight dis-
charge pipe; 8, 10 bent; 11 discharge bay

Fig. 6   The velocity cloud of 
discharge pipe (m/s)

Fig. 7   The test design of non-full passage model pump system. 1 
Sump; 2 lateral contraction; 3 bottom triangle pyramid; 4 transverse 
fillet; 5 water-suction bellmouth; 6 impeller; 7 diffuser; 8 covering 
plate; 9 observation window; 10 pump barrel; 11 discharge pipe
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5.1.2 � The cavitation performance of non‑full passage 
model pump

The cavitation characteristics are a vital performance index 
of pump, and the net positive suction head (NPSH) will 
affect directly the installation elevation of impeller and 
pump safety operation. The cavitation test was conducted 
through lowering the test system pressure by the vacuuming 
pump while keeping the flow rate unchanged. The critical 
NPSH was determined according to the dropping of pump 
efficiency by 1%. In Fig. 11 is shown the cavitation perfor-
mance of the model pump.

5.2 � Experimental uncertainties and error analysis

There are errors in all test results. The uncertainties, or 
errors, in the model test of non-full passage pumping system 

were mainly caused by systematic errors and random errors 
[34, 35].

5.2.1 � Systematic uncertainty

The efficiency was one of the main performance parameters 
of model pump, the test precision of which was directly 
related to the calibration accuracy of instruments used in 
the measurement of head, flow rate, torque and rotational 
speed of motor. To determine the uncertainty of test system 
in calculation of efficiency, the method of root-sum-square 
of each single systematic uncertainty was used, which is 
expressed by Eq. (1),

where E�s stands for the uncertainty of test system in calcula-
tion of pump efficiency; EQ is the uncertainty of test system 
in measurement of flow rate; EH stands for the uncertainty 
of test system in measurement of head; ET represents the 
uncertainty of test system in measurement of torque; and 
En denotes the uncertainty of test system in measurement 
of rotational speed.

Hence, the uncertainty of test system in calculation of 
efficiency was easily figured out according to the calibra-
tion accuracy of different measurement instruments listed 
in Table 2.

5.2.2 � Random uncertainty

The random uncertainty in the test process gave the repeat-
ability estimation according to the discreteness of the effi-
ciency value near the best efficiency point. According to 
the statistical principle, the formula for calculating random 
uncertainty is as follows.

(1)E�s = ±

√
E2

Q
+ E2

H
+ E2

T
+ E2

n

E�s = ±
√
(± 0.10)2 + (± 0.20)2 + (± 0.20)2 + (± 0.10)2 = ± 0.316%

Fig. 8   Picture of the non-full passage model pumping system 
installed on test bench

Fig. 9   The schematic diagram 
of overall arrangement of the 
test bench. 1 Water inlet tank; 2 
inlet water pressure-measuring 
section; 3 non-full passage 
model pumping system; 4 water 
outlet tank; 5 water tank; 6 
electric gate valve; 7 electro-
magnetic flowmeter; 8 shutoff 
valve; 9 auxiliary pump; 10 
DC speed regulated motor; 11 
vacuum pump; 12 outlet water 
pressure-measuring section; 
13 speed torque meter; 14 DC 
speed regulated motor
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In which E�r stands for the random uncertainty; t0.95(n−1) 
is the confidence coefficients corresponding to 0.95 and 
(N − 1) degrees of freedom; N is the number of measure-
ments. In this research, N is equal to 20, making t0.95(n−1) 
equal to 1.7291; 𝜂̄ denotes the arithmetic average efficiency, 
and here it is 88.47%; S𝜂̄ represents the standard deviation of 
the average efficiency, the value of which is equal to 0.128%.

Based on the data given above, the random uncertainty in 
the calculation of efficiency is ± 0.113%.

5.2.3 � Comprehensive uncertainty

The comprehensive uncertainty E� in calculation of effi-
ciency was the combination of systematic uncertainty and 
random uncertainty, and method of root-sum-square was 
adopted.

(2)E𝜂r =
t0.95(n−1) × S𝜂̄

𝜂̄
√
N

E� = ±

�
(E�s)

2 + (E�s)
2

= ±
√
(±0.316%)2 + (±0.113%)2 = ±0.336%

6 � Predictions of model pump and pumping 
system performance

6.1 � Performance prediction of model pump

For the hydraulic performance of the pump itself, the 
hydraulic loss of sump should not be included in its head; 
instead, the hydraulic loss from the outlet section of dif-
fuser to the pump outlet was not included in the non-full 
passage model test. Therefore, the model test results need to 
be revised. On the basis of the non-full passage model test 
results and combined with the results of numerical analysis, 
the real pump performance can be obtained.

As we have known, the arithmetic mean drag coefficient 
of the sump in different intake levels was 0.465 and the 
drag coefficient from the outlet section of diffuser to the 
outlet of pump was 0.634. Under the same flow rate, both 
the pump head and efficiency after revision will be lower 
than those obtained in model test. The larger the flow rate, 
the more obvious the decrease in head and efficiency was. 
The revised hydraulic performance of pump predicted 
through combination of model test and numerical analysis 

Table 2   List of main instruments and equipment used in the test bench

Testing items Name of instrument Type Scope of work Calibration 
accuracy 
(%)

Head Differential pressure transmitter EJA110A 0–200 kPa ± 0.10
Flow rate Electromagnetic flowmeter E-mag DN400 mm 170–500 L/s ± 0.20
Rotational speed and torque Torque sensor JC1A 0–500 N m ± 0.20

Digit display instrument JW2A 0–2000 rpm ± 0.10
Net positive suction head Absolute pressure transmitter EJA310A − 100–130 kPa ± 0.10

Fig. 10   The hydraulic performance of the non-full passage model 
pump

Fig. 11   The cavitation performance of the model pump
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is shown in Fig. 12. The highest efficiency of model pump 
was 88.18%. In comparison with that of non-full passage 
model pump and under the same flow rate, the highest 
efficiency of model pump decreased by 0.28% and the cor-
responding head dropped by 0.043 m.

6.2 � Performance prediction of model pumping 
system

The performance prediction of model pumping system was 
on the basis of model pump performance. Under the same 
flow rate, the difference in between the performance of 
model pump and model pumping system lay in the hydrau-
lic loss produced in the sump and discharge pipe. Through 
the previous numerical simulation, this hydraulic loss var-
ying with the flow rate has already been known, so that 
the pumping system performance can be calculated out. 
Given in Fig. 13 is the hydraulic performance of model 
pumping system. It can be seen from Fig. 13 that the high-
est efficiency of the model pumping system was 85.10%, 
which was lower than that of the model pump under the 
same flow rate due to the counting of the hydraulic loss 
in sump and discharge pipe and the maximum decrease in 
efficiency was up to 7.60%.

7 � Prediction of prototype pump 
performance

7.1 � Prediction of hydraulic performance 
of prototype pump

When the hydraulic performance of the model pump is 
known, the performance of the prototype pump can be con-
verted by pump similarity law. There are several efficiency 
conversion formulas [36], and the one used in the case was 
given in the bidding document.

where DM , nM ,QM ,HM ,NM and �M stand for the impeller 
diameter, rotational speed, flow rate, head, shaft power and 
efficiency of model pump, respectively. DP, nP,QP,HP,NP 
and �P represent the impeller diameter, rotational speed, flow 

(3)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

QP = QM

�
nP

nM

��
DP

DM

�3

HP = HM

�
nP

nM

�2�
DP

DM

�2

NP = NM

�
nP

nM

�3�
DP

DM

�5

�P = 1 − (1 − �M)

�
0.3 + 0.7 × 5

�
DM

DP

10

�
HM

HP

�

rate, head, shaft power and efficiency of prototype pump, 
respectively.

Given in Fig. 14 is the predicted hydraulic performance 
of prototype pump based on combination of non-full passage 
model test and numerical simulation and conversion for-
mula. Compared with Fig. 12, it was known that the highest 
efficiency of prototype pump was 90.57% after the conver-
sion between the model and prototype pump performance, 
which was 2.39% higher than that of the model pump, and 
the corresponding flow rate and head were 11.53 m3/s and 
15.26 m, respectively.

When the prototype pump ran under the maximum head 
18.5 m, the corresponding flow rate, efficiency and maxi-
mum shaft power were 9.81 m3/s, 87.34% and 2036 kW, 
respectively. Since the pump was equipped with an electric 
motor of 2500 kW, even if it operated under the maximum 
head, the matched power had more than 20% safety margin, 
meaning that the pump can run safely under extreme com-
bination of water levels.

7.2 � Prediction of cavitation performance 
of prototype pump

The conversion of cavitation performance between model 
and prototype pumps can be done by means of cavitation 
similarity law, which is expressed by the following formula.

In which NPSHM , nM and DM denote the net positive suc-
tion head, rotational speed and impeller diameter of model 
pump, respectively. NPSHP, nP and DP represent the net pos-
itive suction head, rotational speed and impeller diameter of 
prototype pump, respectively.

(4)NPSHP = NPSHM

(
nP

nM

)2(
DP

DM

)2

Fig. 12   The hydraulic performance of model pump
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When designing the non-full passage model test, the 
method of nMDM = nPDP was selected, so that the value 
of net positive suction head of model pump was equal to 
that of prototype pump while they ran under similar condi-
tions. In Fig. 15 is the cavitation performance of prototype 
pump, with which the submersed depth of pump impeller 
can be calculated and the installing elevation of pump can 
be checked.

7.3 � Prediction of hydraulic performance 
of prototype pumping system

The concerns of pump manufacturers and the pump users are 
not identical. The pump manufacturers focus on the design 
and manufacturing of their pump products, while the pump 
users pay more attentions to the pump selection and product 
quality and performance as well, and satisfying the design 
requirement is a thing of the first importance for design-
ers and users of pump station. Whether the selected pump 
is suitable for the working conditions of pump station, the 
prototype pumping system performance will give the final 
answer.

Since the model and prototype pumping systems are 
similar, the hydraulic performances of them are inevitably 
similar when they are running under similar conditions in 
accordance with the similarity theory. Therefore, the pre-
diction of prototype pumping system performance can be 
easily realized by applying the law of similarity, as shown 
in Fig. 16.

From Fig. 16, it can be seen that when the prototype 
pumping system was operated under the designed head of 
13.59 m, the corresponding flow rate and efficiency were 
11.86  m3/s and 86.56%, satisfying the requirements of 
11.21 m3/s and 86.0%, respectively, stipulated in the bid-
ding document. Even if it ran under the maximum head 
of 16.96 m, a flow rate of 10.30 m3/s could be achieved, 

exceeding 9.33 m3/s required for each pump set, and the cor-
responding pumping efficiency was still as high as 86.11%. 
The designed pumping capacity of 56 m3/s was fully satis-
fied. Hence, it can be concluded that the prototype pump 
possessed larger pumping capacity and excellent hydraulic 
performance.

8 � Conclusions

1.	 Aiming at larger variation of water level in open sump 
and longer discharge pipe, and facing the requirements 
of pump and pumping performance prediction and 
restricted by the arrangement of test bench and short-
age of funds, a new methodology was proposed to real-
ize the performance prediction of pump and pumping 
system based on combination of numerical simulation 
and non-full passage model test.

2.	 The numerical simulation was carried out on sump and 
discharge pipe, respectively. The internal flow of sump 
with several vortex-suppressing measures was steady 
and smooth, and that water enters the water-suction 
bellmouth from all around without subsurface vortex, 
indicating that the intake design can generate better flow 
conditions for pump.

3.	 The calculation result showed that the impact of water 
level variation in sump was not obvious on its hydraulic 
loss and the drag coefficient is approximately a constant. 
The hydraulic loss in discharge pipelines was directly 
proportional to the square of flow rate.

4.	 The layout of the test bench and main measurement 
instruments were introduced. A non-full passage model 
test of pumping system was designed, and both the 
hydraulic and cavitation model tests were carried out. 
Detailed analysis of systematic uncertainty, random 

Fig. 13   The hydraulic performance of model pumping system
Fig. 14   The hydraulic performance of prototype pump
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uncertainty and comprehensive uncertainty of the model 
test was conducted.

5.	 Based on the non-full passage model test of pumping 
system and combined with the numerical analysis of 
sump and discharge pipelines, the performance predic-
tion of model pump and pumping system was realized 
after considering the hydraulic loss in the sump, in the 
flowing passage from the outlet section of diffuser to the 
outlet of pump and in the discharge pipe.

6.	 By applying the pump similarity law, the performances 
of prototype pump and pumping system were success-
fully predicted. The flow rate and efficiency of prototype 
pump were all up to the requirements of bidding docu-
ments. The prototype pumping system possessed larger 
pumping capacity and excellent hydraulic performance.

7.	 The methodology proposed in this paper highlights the 
flexibility of numerical analysis, and the advantages of 
intuitive and reliable of model test are fully brought into 

play, which can be referenced and applied to the engi-
neering design of similar pump stations.
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