
 
Journal of Applied Fluid Mechanics, Vol. 18, No. 12, pp. 3036-3052, 2025.  

Available online at www.jafmonline.net, ISSN 1735-3572, EISSN 1735-3645. 

https://doi.org/10.47176/jafm.18.12.3577 

 

 

3036 

Study on the Cavitation Performances and Unsteady Characteristics 

of a Centrifugal Fire Pump  

J. Hao1, C. Yu1, Y. Fu2†, P. Zhang1, D. Hou3, Y. Shen4 and J. Yuan1 

1 National Research Center of Pump, Jiangsu University, Zhenjiang 212013, Jiangsu, China  
2 School of Energy and Power Engineering, Jiangsu University, Zhenjiang 212013, Jiangsu, China 

3 Shanghai Kaiquan Pump (Group) Co. Ltd., Jiading 4255/4287, Shanghai, China 
4 Zhenjiang Fire and Rescue Division, Zhenjiang 212000, Jiangsu, China 

†Corresponding Author Email: yanxiafu@ujs.edu.cn 

 

ABSTRACT 

Centrifugal fire pumps are critical for firefighting systems but suffer from 

cavitation and instability under off-design conditions. However, systematic 

analyses of their flow-rate-dependent dynamics remain limited. This study 

systematically investigates the hydraulic performance, cavitation characteristics, 

and dynamic pressure pulsations of a centrifugal fire pump under various flow 

conditions (50%–150% of the design flow rate) through combined numerical 

simulations and experiments. Steady simulations were conducted using the 

standard κ-ε turbulence model, while unsteady simulations were performed with 

a 2° angular time step to capture the transient interactions between the impeller 

and the volute as well as the resulting dynamic pressure pulsations. Key results 

revealed that: At low flow (60% Qd)， Radial force amplitudes increased by 

40%, accompanied by 9.86 Hz low-frequency pulsations attributed to backflow-
induced instabilities; At high flow (150% Qd), The critical cavitation number 

σ₃% surged to 0.961, indicating a 2.6-fold cavitation risk compared to the design 

condition (σ₃% = 0.376); The findings provide actionable strategies for 

optimizing pump design and operational stability in firefighting systems. 
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1. INTRODUCTION 

The estimated annual cost each year due to 

unintentional fire losses is approximately 1% of global 

Gross Domestic Product (GDP). Fire safety merits serious 

attention worldwide due to the increasing data on global 

fire deaths, injuries and damage and must be part of any 
national disaster risk reduction management (International 

Association of Fire and Rescue Services (CTIF), 2014). 

With the growing importance of fire safety, the demand on 

efficient firefighting equipment is in rise. Among the 

essential components of firefighting systems, fire pumps 

plays a vital role in enhancing the performances of 

firefighting facilities in the emergency response system. 

These pumps are extensively used for a wide range of 

liquid transfer operations within firefighting applications, 

contributing significantly to the reliability and 

performance of fire suppression systems. The 

effectiveness of fire pumps is largely determined by their 
design. Among the various types of pumps, centrifugal 

fire pumps are the most commonly used in modern 

firefighting systems. Due to their relatively flat 

characteristic performance curves, centrifugal fire pumps 

can provide a relatively stable pressure and flow rate 

across a wide range of working conditions, and are 

routinely designated as critical equipment for fire water 

transfer in industrial facility protection worldwide 

(Palgrave & Ron, 2003). Moreover, centrifugal fire pumps 

have the advantages of a compact structure, easy starting, 

high efficiency and low maintenance requirements, and 

have been also widely used for both onshore and offshore 

or even underground facilities (Nolan, 2011).  

However, centrifugal pumps also have certain 

drawbacks, such as, one of the undesired flow phenomena, 

cavitation can occur in a centrifugal fire pump, the internal 

flow inside blade passages with the most complex 

structure will become extremely unstable especially at 

lower flow rates, together with increasing vibration and 

noise (Brennen, 2012). The poor inner flow or deteriorated 

performances in a cavitating centrifugal fire pump can 

cause an inefficient water supply and transfer or even a 

failure to a firefighting system, and is therefore a potential 

threat to property and human life during emergency fire-
rescue situations. Therefore, more investigative efforts  

are required to understand performances and dynamic  
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NOMENCLATURE 

Z1 blade number of the impeller  fn shaft rotating frequency 

Ψ total pressure rise coefficient  fb blade passing frequency 

ρ fluid density  σ cavitation number 

p1 total pressure obtained at pump inlet  pin inlet pressure 

p2 total pressure obtained at pump outlet  u1: mean velocity at the impeller inlet 

η hydraulic efficiency  t time 
Q volumetric flow  k turbulence energy 

ω angular velocity  ɛ dissipation rate 

pv saturation vapor pressure  ns impeller specific speed 

Cp static pressure coefficient  σ3% cavitation number related to a head-drop 

amount equal to 3% 

 p̅: average static pressure    

 

characteristics in a non-cavitating and cavitating 

centrifugal fire pumps. So far, a number of researchers 

over the years have been dedicated to study the 

improvement of pumping or suction performance of 

pumps based on different design optimization methods. 
For instance, (Elyamin et al., 2019) numerically 

investigated the impact of blade number on pumping 

performances, and they revealed that the optimal 

performance could be achieved using 7 blades with 

improved secondary flow and less flow losses. Yousefi et 

al. (2019) studied the impact of blade angles and blade 

edge shapes on secondary flows and energy efficiency. 

Oro et al. (2023) investigated the impact of the radial 

clearance on pumping performances and internal flow in 

centrifugal pumps at different flow rates. Bozorgasareh et 

al. (2021) found the auxiliary impeller can increase the 
pump head and efficiency when designing a semi-open 

impeller. Skrzypacz & Bieganowski (2018) found that 

hydraulic losses in a centrifugal pump could be reduced 

by modifying the blade passages with micro-grooves. 

Recent advancements in computational and experimental 

methodologies have significantly deepened the 

understanding of unsteady cavitation dynamics and flow 

instabilities in centrifugal pumps. Osman et al. (2022) 

used ANSYS CFX with URANS to numerically study 

vertical fire pumps, investigating the effects of turbulence 

models on unsteady flow characteristics. The study 

providing a theoretical reference for complex three-
dimensional unsteady flow analysis. Jia et al. (2024) 

established quantitative correlations between cavitation 

degree and pressure pulsation amplitudes, showing that 

radial force fluctuations intensify with cavitation 

development, particularly in high-frequency bands. Lu et 

al. (2023) investigated quasi-steady cavitation-induced 

pressure pulsations using wavelet analysis and dynamic 

mode decomposition (DMD), identifying dominant blade 

passing frequency (BPF) effects and validating numerical 

results with experimental data. Song et al. (2024) 

proposed a cavitation identification method combining 
signal demodulation and EfficientNet, achieving 89.44% 

recognition accuracy and outperforming traditional FFT-

based approaches by 20.69%. For design optimization, 

Liu et al. (2024) developed an OpenFOAM-based 

multiphase flow model for aviation centrifugal pumps, 

reducing cavitation number prediction errors to 3.7% 

compared to experimental tests. Sonawat et al. (2022) 

found that the occurrence of cavitation phenomenon has a 

significant impact on pumping performances and inner 

flow fields inside double-suction centrifugal pumps with 

different specific speeds based on the relevant 

experimental and numerical data obtained by using the 

open-source CFD software OpenFoam. Zhu et al. (2023) 

comprehensively reviewed the identification and 
suppression methods for monitoring the cavitation state of 

centrifugal pumps. They discussed various cavitation 

monitoring methods and signal characterization 

techniques, providing valuable insights for predictive 

maintenance. Experimental innovations further bridge 

theory and practice. Dai et al. (2022) experimentally 

characterized noise variations across cavitation stages in 

marine centrifugal pumps, revealing that broadband noise 

energy concentrates in high frequencies (>1000 Hz) 

during severe cavitation, with a 10% reduction in 2BPF 

sound pressure levels under fan sound sources. Huan et al. 
(2021) analyzed cavitation evolution in high-speed pumps 

with inducers, linking vapor distribution to static pressure 

changes and providing insights for inducer design. Lu et 

al. (2022) combined Q-criterion analysis and experiments 

to detect flow instabilities in centrifugal pumps, 

identifying rotating stall and leakage vortices as key 

contributors to pressure fluctuations. Long et al. (2021) 

utilized high-speed photography and numerical 

simulations to explore cavitation-vortex interactions in 

water-jet pumps, emphasizing velocity isosurface 

dynamics. However, there has been no large-scale 

investigation demonstrating that the operation reliability 
in cavitating centrifugal fire pumps are clearly related to 

its dynamic characteristics at different flow rates. As 

mentioned, cavitation can directly affect the inner flow, 

thus influencing the pumping and suction performances of 

a centrifugal fire pump. Therefore, it is necessary to 

investigate the dynamic characteristics and its relationship 

with the operating reliability of a centrifugal fire pump 

running under different working conditions to reduce their 

power consumption and enhance overall performances. 

The current computational fluid dynamics (CFD) can 

typically provide the level of accuracy required to predict 
various cavitating flows in engineering fields. Recently, it 

has become widely used in research on fluid machinery as 

a design tool. Meanwhile, the development of computer 

technology allows for the use of advanced turbulent 

models to simulate geometrically complex centrifugal 

pumps. Although, due to the complexities involved in the 

cavitation phenomenon and the limited development of 

current turbulence models as reported in previous 
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literature works, only limited numerical research on 

cavitation characteristics of centrifugal fire pumps 

working specially under off-design flow conditions, have 

been available online up to now (Fu, et al. 2016, 2018; 

Ramirez, et al. 2020). 

The objective of the present research was to assess 
the possibility of recreating the flow fields in a centrifugal 

fire pump across a range of flow rates via steady and 

unsteady numerical simulations. Steady simulations, 

based on Reynolds-Averaged Navier-Stokes equations 

with a Frozen Rotor interface, were conducted to obtain 

time-averaged flow fields and hydraulic performances. 

Concurrently, unsteady simulations employing a Transient 

Rotor-Stator interface with a 2° angular time step were 

performed to resolve transient impeller-volute interactions 

and capture resultant dynamic pressure pulsations and 

hydraulic forces. The non-cavitation and cavitation 

performances, hydraulic forces and pressure fluctuations 
within the model centrifugal fire pump operating under 

various flow conditions were predicted based on k-ɛ and 

SST k-ω turbulence models using ANSYS CFX (ANSYS 

Inc, 2012) installed in High-Performance Computing 

Clusters Systems of Jiangsu University (Fu, et al. 2018). 

Pressure pulsations inside the fire pump impeller and 

volute were further analyzed by means of studying the 

distributions of time and frequency domains. Additionally, 

a series of hydraulic performance tests were conducted on 

the tested centrifugal fire pump based upon the test rig set 

up in the laboratory of KQ PUMPS, Shanghai, China, 
which is a versatile and easy-to-install appliance and also 

easily adjusted to accomplish research on essentially any 

fluid flow problems involved in multi-scale hydraulic 

models of pumps and turbines in a large number of 

alternative arrangements. Particularly, the technical 

specifications of the hydraulic performance test rigs at KQ 

PUMPS are considered to be at an advanced level within 

China. Furthermore, the hydraulic performance 

experiment was performed for the investigated centrifugal 

fire pump, and the relevant test results were also compared 

with the predicted ones for validation. 

2. MODELING AND NUMERICAL METHOD 

2.1 Geometrical Data 

The model centrifugal fire pump used in this study is 

commonly applied in firefighting applications and was 

employed in both experiments and numerical simulations 

maintaining same dimensions and geometric 

configurations. As illustrated in Fig. 1, the computational 

model of the complete centrifugal fire pump was 

developed using UG software, it includes a five-bladed 

impeller, a volute and the inlet and outlet pipes with their 
extended portions (4 diameters upstream and 5 diameters 

downstream to account for inlet pre-rotation or secondary 

flow in the pipelines under partial working conditions. 

These extensions ensure accuracy in the simulation by 

mitigating boundary influence in cases where the pipe 

lengths are insufficient. The relevant design and geometric 

parameters of the investigated centrifugal fire pump are 

presented in Table 1. 

 

 

Fig. 1 Computational domain of the model pump 

 

Table 1 Design and geometrical parameters of the 

impeller 

Parameters Symbols Value Units 

Design flow rate Qd 144 m3h-1 

Design head Hd 52 m 

Rotational speed n 2960 rpm 

Specific speed ns 115 [--] 

Blade number of the 

impeller 
Z1 5 [--] 

Impeller inlet diameter D1 0.07 m 

Impeller outlet diameter D2 0.225 m 

Diameter of inlet pipe Ds 0.125 m 

Diameter of outlet pipe Dd 0.125 m 

Inlet pipe length Ls 0.5 m 

Outlet pipe length Ld 0.625 m 

 

2.2 Mesh Independence Analysis 

Compared with unstructured tetrahedral cells, 

structured hexahedron cells are more acceptable to 

researchers with advantages of wider adaptability to the 

complex flow channels and generating better-quality mesh 

with smaller truncation errors. Consequently, the 
numerical mesh for the investigated fire pump, including 

its twisted blades, was generated using structured 

hexahedral grids with ANSYS ICEM CFD software. 

Although a refiner mesh can improve the convergence and 

increase numerical accuracy, it also demands greater 

computational resources. Therefore, it was necessary to 

optimize the mesh size consistent with the results of a 

mesh sensitivity check to choose the most appropriate 

mesh to predict the inner flow in the model investigated 

fire pump in the present study. Furthermore, the boundary 

layer close to the wall was created to better capture the 

complex flow phenomena near to the blade surfaces. This 
was achieved by setting the first grid height to 0.02 mm 

with an expansion ratio of 1.2. The mesh quality across all 

cases exceeded 0.5, indicating satisfactory mesh integrity. 

In addition, the minimum values of y+ in the calculation 

domain were approximately 10, which is appropriate for  
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Fig. 2 Comparison of performance data of the model fire pump among different mesh schemes  

 

 

(a) Mesh quality distribution 

 

(b) Grids of the main computational domains 

Fig. 3 Mesh information for the model centrifugal fire pump 

 

Table 2 Details of mesh information for the 

centrifugal fire pump 

Mesh Cases Mesh Elements  

mesh 1 403,364  

mesh 2 463,667  

mesh 3 1,001,826  

mesh 4 2,046,208  

mesh 5 2,987,569  

mesh 6 4,177,788  

mesh 7 4,887,075  

 

the application of the selected standard κ-ε and SST k-ω 

turbulence models used in this numerical work. 

In particular, as displayed in Table 2, seven mesh 

cases with different mesh numbers were chosen for the 

whole computational domain of the model fire pump. This 

was done to investigate the effect of mesh size on the 

prediction of hydraulic performance at the design 
operating point, based on steady-state numerical 

simulations. As the mesh element count was increased 

from 0.4 million to 4.8 million, further comparative 

analysis was conducted on the numerical results of pump 

head and hydraulic efficiency. Figure 2 shows that the 

seven mesh schemes all exhibit small deviations in head 

and efficiency from the model pump's design parameters.  

To balance computational accuracy and resource 

efficiency, Mesh Case 2 was selected. The overall mesh of 

the centrifugal fire pump model is presented in Fig. 3. 
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2.3 Turbulence Models and Boundary Conditions 

The turbulent flow inside the centrifugal fire pump 

running under different flow conditions was numerically 

calculated in ANSYS CFX by means of Reynolds-

averaged Navier-Stokes equations coupled with standard 

κ-ε, RNG k-ε and SST k-ω turbulence models which are 
widely used in practical engineering for flow analyses. 

With the fluid being assumed to be incompressible and 

homogeneous, the governing equations are as follows, 

𝜕𝜌

𝜕𝑡
+ 𝛻 ⋅ (𝜌𝑢𝑗) = 0                                                            (1) 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗

= −
𝜕𝑝

𝜕𝑥𝑖

+

𝜕

𝜕𝑥𝑗

[(𝜇 + 𝜇𝑡) (
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

−
2

3

𝜕𝑢𝑘

𝜕𝑥𝑘

𝛿𝑖𝑗)]                      (2)

 

𝜌 = ∑  

𝑁𝑝

𝑐=1

𝛼𝑐𝜌𝑐                                                                       (3) 

𝜇 = ∑  

𝑁𝑝

𝑐=1

𝛼𝑐𝜇𝑐                                                                       (4) 

where u is the velocity, p is the pressure, ρ is the mixture 

density, μ is the viscosity, αc is the phasic volume fraction 

and Np is the number of phases. 

The impact of these three different turbulence models 
on prediction of the fire pump’s performance was 

evaluated by comparing the simulation results with 

experimental data to assess their computational accuracy. 

The turbulence model in this paper adopts the standard k–

ε model. the expression of this model is: 

𝜌
∂𝑘

∂𝑡
+ 𝜌𝑢𝑗

∂𝑘

∂𝑥𝑗

= 𝜏𝑖𝑗

∂𝑢𝑖

∂𝑥𝑗

− 𝜌𝜀 +
∂

∂𝑥𝑗

((𝜇 +
𝜇𝑡

𝜎𝑘

)
∂𝑘

∂𝑥𝑗

) (5) 

𝜌
∂𝜀

∂𝑡
+ 𝜌𝑢𝑗

∂𝜀

∂𝑥𝑗

= 𝐶𝑒1

𝜀

𝑘
𝜏𝑖𝑗

∂𝑢𝑖

∂𝑥𝑗

− 𝐶𝑒2𝜌
𝜀2

𝑘

+
∂

∂𝑥𝑗

((𝜇 +
𝜇𝑡

𝜎𝜀

)
∂𝜀

∂𝑥𝑗

)                       (6) 

Where the model constants can be assigned as: Cε1 = 1.44, 

Cε2 =1.92, Cμ = 0.09, σk = 1.0, σε = 1.3. 

Moreover, all boundaries are assumed to have no-slip 

conditions. Scalable wall functions were applied with the 

high-resolution scheme chosen to discretize convective 
and diffusion terms. The frozen rotor mode was utilized 

for pitch changes of the interfaces between the inlet pipe 

and the impeller, as well as between the impeller and the 

volute, throughout all steady-state simulations. Water at 

25°C was used to the working fluid. The inlet total 

pressure and outlet mass flow rate were imposed as the 

boundary conditions for the model pump among all 

operating flow rates, respectively. The convergence 

criterion for the residual value was set to a magnitude 

below 10-7. 

In addition, the unsteady flow inside the centrifugal 
fire pump operating at lower, design and higher flow rates 

were numerically simulated to evaluate the dynamic 

characteristics. The pitch change between the rotor and 

stator interface was defined as transient rotor-stator. 

Moreover, all unsteady simulations were initialized based 

on the converged steady results of the corresponding 

calculations at the same flow rates. 

Considering that the accuracy of the transient results 
can be affected by the temporal resolution, such as the 

time steps selected during the unsteady numerical 

simulations, one full rotation of the model fire pump 

operating at the design flow point was therefore 

discretized by 1200, 360, 180, 120 and 72 time steps. 

These correspond to the angular changes of 0.3°, 1.0°, 

2.0°, 3.0° and 5.0° for per time step, respectively. The 

associated time steps were 1.689E-05s, 5.631E-05s, 

1.126E-04s, 1.689E-04s and 2.815E-03s, respectively. For 

each flow rate investigated, unsteady flow was simulated 

over eight full rotor revolutions, with data from the final 

full rotation extracted for subsequent FFT analysis. 

2.4 Time Step Independence Check 

As for the time step independence check, the 

calculated head coefficient and hydraulic efficiency of the 

model fire pump operating at the design flow point has 

been analyzed with respect to the selected five different 

time steps as mentioned above, and the corresponding 

results corresponding to each time step are displayed in 

Fig. 4. 

As the time step increases from the corresponding 

angular change of 0.3 degree to 5 degrees, the total 

pressure rise coefficient and hydraulic efficiency at the 
investigated flow rate, remain almost in accordance with 

the experimental results with a small and acceptable 

deviation which is less than 2%. Especially, the minimum 

deviation of 0.06% was obtained for the particular time 

step related to an angular change of 2 degrees, where the 

minimum deviation of the hydraulic efficiency with the 

value of 0.75% was achieved as well. Clearly, the 

predicted total pressure rise coefficient and hydraulic 

efficiency agree well with the experimental data at the 

design condition using the time step relate to an angular 

change of 2 degrees applied in unsteady calculations. 

To ensure the calculated accuracy, reduce the 

consuming time, and save computational resources at the 

same time, a medium time step size corresponding to the 

angular change of 2 degrees was selected for further 

unsteady numerical simulations. 

2.5 Numerical Methods for Cavitation Flow 

With respect to the cavitation flow in the model fire 

pump, the Navier-Stokes equations concerning about the 

appearance of liquid and vapor phases was numerically 

solved using ANSYS CFX. The Rayleigh-Plesset 

cavitation model was applied to estimate interphase mass 

transfer effects, and essentially assimilates the cavitating 
liquid to a homogeneous vapor and liquid mixture. The 

Rayleigh-Plesset equation is expressed as follows， 

𝑅𝑏

𝑑2𝑅𝑏

𝑑𝑡2
+

3

2
(

𝑑𝑅𝑏

𝑑𝑡
)

2

+
4𝜇

𝜌𝑙𝑅𝑏

𝑑𝑅𝑏

𝑑𝑡
+

2𝑆

𝜌𝑙𝑅𝑏

+
𝑝∞(𝑡) − 𝑃𝑏

𝜌𝑙

= 0                                                         (7) 
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(a) Head coefficient at the design point. 

 

(b) Hydraulic efficiency at the design point. 

Fig. 4 Comparison of head coefficient and hydraulic efficiency under different time steps 

 

Where Rb denotes the mean bubble radius, Pb represents 

the saturation vapor pressure, Pl is the liquid density, S is 

the surface tension coefficient, μ signifies the dynamic 

viscosity coefficient. 

The constant values for the two-phase flow 
parameters have been defined (Ruggeri & Moore, 1969; 

Bakir et al., 2004): the Cavitation Vaporization 

Coefficient was set as 50; the Maximum Density Ratio 

was set as 1000; the Cavitation Rate and the mean 

nucleation site diameter was set as 0.25 and 2×10-6m, 

respectively, which are suitable for most cavitation 

simulations. Additionally, the standard k-ε model was 

applied for numerically computing the turbulent flow in 

cavitating flows involved in this centrifugal fire pump as 

well.  

Concerning about the inlet and outlet boundary 

conditions, the pressure must be specified at the inlet 
boundary so as to induce/suppress the development of 

cavitation in the model centrifugal fire pump. The inlet 

total pressure and an outlet constant mass flow rate were 

therefore assumed, respectively. As vapor is generated as 

cavitation occurs and develops inside the computational 

domain of the model fire pump, the initial value of the 

vapor volume fraction has been set as zero at pump inlet. 

Additionally, the pitch change between the rotor and stator 

during the steady-state cavitation simulation was modeled 

using the Frozen Rotor approach. 

Numerical calculations of the whole flow inside the 
centrifugal fire pump running under low, design and high 

flow conditions were conducted using ANSYS CFX with 

the temperature of working fluid equal to 25℃. 

Meanwhile, all steady simulations of cavitation flow  

have been initialized by using the converged results of the  

Table 3 Numerical simulation settings 

Steps 
Numerical 

Simulation Settings 

Cavitation model Rayleigh-Plesset 

Numerical simulation settings standard k–ε model 

Steady state calculation Frozen Rotor 

Data interpolation 
General Grid 

Interface 

Inlet boundary condition Pressure 

Outlet boundary condition Mass flow rate 

Steady calculation 

convergence residuals 
10-7 

Minimum number of 

iterations 
2 

Maximum number of 
iterations 

20 

 

relevant non-cavitation simulation obtained at the same 

flow rates. The rotating speed of the model fire pump was 

set at a value of 2960 rpm during all the calculations. Table 

3 shows some of the main numerical simulation Settings. 

3.  EXPERIMENTAL APPARATUS 

Based on steady-state numerical results (using the 

Frozen Rotor interface treatment), this study further 

analyzed the hydraulic performance of the model pump 
through systematic experiments. Steady-state simulations 

provided initial flow fields for experimental condition 

selection and subsequent unsteady calculations. Hydraulic 

performance tests were conducted at eight flow rates 

(50%–120% of Qd=120 m3/h, i.e., 60–144 m³/h), covering 

typical flow regimes such as low-flow backflow, design- 
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(a) Test section for hydraulic performances of the model 

fire pump. 

  

 

(b) the tested centrifugal fire pump 

Fig. 5 Test rigs for the measurement of hydraulic 

performances of the centrifugal fire pumps 

 

point operation, and high-flow shear-layer instability. A 

range of experiments were conducted in the laboratory of 

KQ PUMPS, whose testing facilities and measurement 
technology are sufficient to meet specific requirements 

(International Organization for Standardization, 1999). 

The simplified configuration picture for the hydraulic 

performance test are shown in Fig. 5(a). Moreover, the 

combined allowable uncertainty of efficiency with respect 

to the hydraulic performance test rigs in KQ PUMPS is 

lower than the 0.3% precision class and the random 

uncertainty is within the 0.1% precision class with respect 

to the measurement of pressure differences between pump 

inlet and outlet. 

To estimate hydraulic performances of the centrifugal 
fire pump in this experiment, a couple of intelligent 

differential pressure sensors (3051CD, 0 ~ 1.6MPa 

operating range, 0.075% precision class) were used to 

measure the pressure rise between the pump inlet and 

pump outlet. Regarding measuring the volumetric flow 

rate, a discharge electromagnetic flow meter 

(OPTIFLUX2300W.400, 0~1000l/s operating range, 0.15 

% precision class) was installed on the discharge line of 

the water loop to provide measurements of the outlet flow 

rate. The shaft rotating speed was measured by a smart 

rotational meter (HBM, K-T40b-002R, 0~2kN m 

operating range, 0.05% precision class). A series of 

hydraulic performance tests were conducted in water at 

room temperature with different flow rates by adjusting 

the throttle valve in the discharge section. 

Pump inlet pressure: The low-pressure measuring 

point was placed at two impeller inlet diameters upstream 

in the suction pipeline; Pump pressure rise: The high-

pressure measuring point was located at two impeller inlet 

diameters downstream in the discharge pipeline.  

The running parameters of the tested fire pump 

applied in the experiment are the same as the numerical 

model with the impeller manufactured using precision 

casting mold, as shown in Fig. 5(b). The measured 

hydraulic performances were evaluated by means of the 

total head coefficient and hydraulic efficiency as a 

function of the flow rate in fire pump performance tests. 
The test data of the centrifugal fire pump at various flow 

rates were illustrated for later comparison with their 

relevant numerical data. 

4. RESULTS AND DISCUSSION 

4.1 Investigation of Steady Flow in the Model Fire 

Pump 

Firstly, hydraulic performances of the tested 

centrifugal fire pump were experimentally investigated to 

evaluate the overall performance at various flow rates 
which are 50%, 60%, 70%, 80%, 90%, 100%, 110% and 

120% of the design point Qd, respectively. Furthermore, a 

series of steady numerical simulations were conducted to 

predict hydraulic performances of the model fire pump 

running at the same flow rates. 

Particularly, the effect of the selected turbulence 

models which are standard κ-ε, RNG k-ε and SST k-ω, 

respectively, on the head coefficient and hydraulic 

efficiency of the centrifugal fire pump operating at the 

design point, were analyzed so as to further verify the 

predicting accuracy in comparison with the experimental 
results. As illustrated in Table 4, it is apparent that the 

head coefficient and hydraulic efficiency predicted by 

using the standard k-ε turbulence model is more consistent 

with the relevant test data, and the deviation in between is 

smallest and below 1%. Therefore, the standard k-ε 

turbulence model was applied later for all numerical 

calculations in the present study. 

 

Table 4 Influence of turbulence models on the head coefficient and hydraulic efficiency of the centrifugal pump 

Turbulence models Head coefficient 

Deviation between 

CFD and 

experiment 

Hydraulic 

efficiency (%) 

Deviation CFD and 

experiment 

standard κ-ε 0.4216 0.36% 79.1 0.75% 

RNG k-ε 0.4258 0.64% 80.41 2.41% 

SST k-ω 0.4255 0.57% 80.48 2.51% 

Experiment 0.4231 / 78.51 / 
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Fig. 6 Comparison of pump performances of the centrifugal fire pump 

 

Accordingly, the relevant experimental data obtained 

from hydraulic performance test of the model fire pump 

have been finally analyzed to further confirm the relevant 

computational results. The predicted hydraulic 

performance was compared with the corresponding test 

data of the model fire pump operating at the investigated 

flow rates as shown Fig. 6. Figure 6 shows the variation 

trends of the head and hydraulic efficiency of the 
centrifugal fire pump with flow rate. In addition, the 

deviations in hydraulic performance between the 

numerical calculations and experimental data were also 

examined. 

As expected, as the flow rate increases, the pumping 

characteristic H-Q and hydraulic efficiency characteristic 

η-Q curves obtained from both numerical simulations and 

experiment almost show coincidence with each other at 

lower and design flow rates. Especially, the deviation 

values of the head coefficient and hydraulic efficiency at 

the design point are 0.18% and 0.13%, respectively. When 
the flow rate was higher than 100% of Qd, there are slight 

discrepancies occurring at the higher flow rates equal to 

120% and 110% of the design value among these curves. 

In accordance with these two higher flow rates, the 

corresponding maximum deviations of the head 

coefficient and hydraulic efficiency are 2.17% and 2.12%, 

respectively, as can be clearly seen in Fig. 6.  

Moreover, the minimum value of the hydraulic 

efficiency deviation is 0.13% occurring at the design flow 

point as expected, while at the lower flow rate equal to 

50% of Qd, the hydraulic efficiency deviation value was as 
large as 1.54%, and it is probably that the intensive 

unstable flow like prerotation or backflow involved in the 

pump inlet showed significant hydraulic losses and reduce 

the hydraulic efficiency at this flow rate during the 

hydraulic performance test. 

Generally, the calculated performance curves of the 

model fire pump are consistent with the tested ones among 

most of the investigated flow rates, which indicates that 

they are in consistence with the experimental data. 

4.2 Comparison of Flow Patterns Inside the Model 

Fire Pump Under Different Flow Conditions 

Considering the previously stated details regarding 

the fire pump's performance, it has been observed that the 

discrepancies between the predicted and experimental 

hydraulic performances at the lower and higher flow rates 

were relatively larger than those at design flow point. 

Especially, the value of static pressure within the pump 
under some certain conditions has been always an 

important factor during the generation of the unstable flow 

status like cavitation. Since the pressure and velocity 

gradients are related to the complex inner flow patterns in 

the impeller, the pressure and velocity distributions in the 

pump have been therefore analyzed with respect to the 

investigated flow rates of 60%, 80%, 100% and 120% of 

Qd. 

In addition, as previously discussed, design point 

pressure spatial distribution had to be analyzed as well. 

Figure 7(a), with fewer pressure gradients occurring for 
the pump in comparison to those operating under lower or 

high flow conditions. With respect to the relative velocity 

distribution at the same flow condition as demonstrated in 

Fig. 7(b), the velocity distribution in the impeller shows 

more uniform and stable than those at off-design flow 

conditions. However, the irregular velocity variation 

toward the blade suction and pressure side was observed 

at the lower flow rate of 60% of Qd where some significant 

low-velocity regions can be found asymmetrically 

distributed in blade passages. Moreover, in these 

particular low-velocity regions, unstable flow phenomena 
can be involved and possibly associated with significant 

hydraulic losses due to non-uniform flow patterns, and 

also vary as the flow rate increases or decreases. 

The possible reason for the larger deviation of 

hydraulic performances may have been the large velocity 

gradients caused by non-uniform flow occurring on both 

the suction and pressure sides of each blade of the 

centrifugal fire pump operating at lower or higher flow 

points. 
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(a) Static pressure distribution in the cross section of the centrifugal fire pump 

 

 

(b) Velocity distribution in the cross section of the centrifugal fire pump 

Fig. 7 Comparison of static pressure and relative velocity distribution in the centrifugal pump at different flow 

rates 

 

4.3 Analysis of Unsteady Flow Analysis in the 

Centrifugal Fire Pump 

To gain further insight on the centrifugal fire pump 
dynamics, an unsteady flow analysis was conducted on the 

pump for low, nominal, and high flow rates at 60%, 100%, 

and 150% of the design flow rate respectively. 

4.4 Comparison of Hydraulic Forces Within One Full 

Rotation of the Impeller 

Since the non-uniform flow occurring in the 

centrifugal fire pump inlet and the rotor-stator interaction 

can cause periodical variation in the hydraulic forces, 

which is considered a critical factor for the stable 

operation of the fire pumps, the hydraulic forces acting on 

impeller along the radial and axial direction were 

investigated based upon the unsteady numerical results. 

In the current study, the radial hydraulic forces acting 

on the impeller were considered in the form of the x and y 

axes. Thus, they were known as Fx and Fy. The axial 

forces applied to the impellers were acting along the 

vertical axis as Fz. The coordinate system for illustrating 

the relevant hydraulic forces acting on the investigated 

impeller was displayed in Fig. 8(a). 

Figure 8(b) displays the hydraulic radial forces acting 

on the investigated impeller within a full rotation circle at 

different flow rates. During one full revolution of the 

impeller, the pattern of all radial forces acting on the 
impeller is found to have a consistent and symmetric 

arrangement about the axis in the closed interval 

distribution of a pentagon for the corresponding flow 

rates. The magnitude of the radial forces acting on the 

impeller operating at lower flow rate was larger along the 

same direction of the axis, indicating that the excited flow 
forces at lower flow rate are much larger. Moreover, 

according to the design flow, the radial forces shows 

smaller indicating that the stability of the rotor system was 

better and can possibly improve the hydraulic efficiency, 

which is consistent with the hydraulic efficiency curves 

and flow patterns at the design flow point as seen in Fig. 

7, where the pressure and velocity distribution shows more 

regular. 

Based on the circulation of one rotation cycle, each of 

the analyzed flow rates has five peaks and five valleys 

corresponding to the number of blades in the impeller—
shown in Fig. 8(c). Moreover, the levels of axial forces 

acting on the impeller at the lowest flow rate were much 

more drastic relative to the mean value. 

4.5 Pressure Pulsations in the Model Fire Pump 

Working Under Different Flow Conditions 

Based on the analysis of the hydraulic forces in the 

model fire pump, it was determined that the inner flow 

within the pump could be unstable especially at lower flow 

rates. Therefore, the unsteady flow characteristics of the 

pump were further analyzed by carrying out a range of 

unsteady numerical simulations. The monitor points of the 

pressure fluctuation were placed in rotating domain of the 
impeller outlet and the volute outlet, respectively. What’s 

more, the monitor points located at the five blade passages 

were numbered gradually along the impeller rotation 

direction as displayed in Fig. 9. 
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(a) The coordinate system of impellers for the hydraulic force analysis 

  

(b) Comparison of hydraulic radial forces at different 

flow rates 

(c) Comparison of hydraulic axial forces at different 

flow rates 

Fig. 8 Hydraulic l forces acting on the impeller of the centrifugal fire pump at different flow rates 

 

 

Fig. 9 Location of monitor points at impeller outlet 

 

In addition, a dimensionless pressure coefficient Cp 

has been employed in pressure pulsation analysis with its 

expression shown as follows, 

𝐶𝑝 =
𝑝 − 𝑝

0.5𝜌𝑢2
2                                                                         (8) 

Where p represents the transient value of the static 

pressure of the monitor point, Pa;  p̅ denotes the average 

static pressure at the monitoring point within one full 

rotating circle of the impeller, Pa. 

The fast fourier transformation of the unsteady 

pressure signals collected from the impeller outlet at the 

investigated flow rates which correspond to 60%, 100% 

and 150% of Qd, was obtained for comparison as well. The 
time domain analysis of pressure fluctuations in impeller 

outlet and volute outlet at lower, design and higher flow 

rates have been demonstrated in Figes 10 and 11.  

As expected, yielding to the rotor-stator interaction 

between the impeller and the volute, the pressure variation 

for each monitor point had a periodic characteristic and 

similar to a regular sinusoidal curve where there were five 

peaks and five valleys within one rotating circle of the 

impeller, which is consistent with the blade number of the 

fire pump. Clearly, it can be observed that the more the 

location of the monitor points (such as monitor points of 
P1 and P5) is close to the flow area near the volute tongue, 

the more intense pressure pulsations are, and the more 

significant this feature is as observed at off-design flow 

rates, which is consistent with the amplitude distribution 

of dominant frequencies of pressure pulsations obtained at 

different positions in the impeller out, as seen in Fig. 14. 

Moreover, at the design flow point, the magnitude of 

the pressure variation in both the impeller and volute 

outlet was in more harmony than those at lower and higher  
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Fig. 10 Time domain analysis of pressure pulsations at impeller outlet 

 

 

Fig. 11 Time domain analysis of pressure pulsations at volute outlet 

 

flow rates, indicating that the internal flow in the model 

fire pump turned out to be more uniform than those at the 

other two flow rates, which is also in accordance with the 

previous conclusion of the hydraulic force analysis for the 

same flow rate. 

In regard to studying the pressure oscillation spectra 

in the impeller outlet and volute outlet at the monitored 

flow rates, the studied frequencies in the x-axis up to 3000 

Hz were analyzed as seen in Fig. 12 and Fig. 13. It was 

noticed that at the flow rates of 60%, 100% and 150% of 

designed flow point, there were some overriding 

prominent peaks marked in between the oscillation band 
of pressure signal in the impeller outlet and volute outlet. 

These centers corresponded to the fundamental and first 

overtone. 
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Fig. 12 Frequency domain analysis of pressure pulsations at impeller outlet 

 

  

Fig. 13 Frequency domain analysis of pressure pulsations at volute outlet 

 

Specifically, with respect to pressure pulsations at 

impeller outlet, the same main frequency of 247.3 Hz is 

observed for all the monitor points at the investigated low, 

design and high flow rate, and is equal to the blade passing 

frequency (247Hz). The secondary main frequencies 

observed for all the monitor points in the impeller outlet 

are 494.5Hz which is almost 2 times of the blade passing 

frequency at the flow rates equal to 60% and 150% of the 

design flow point. However, at the design point, the 

second main frequency of pressure pulsations at the 

position of monitor point P2 is 741.75 Hz, which is 

different from the value of 494.5Hz obtained for other 

monitor points located in the impeller outlet. 

Particularly, at the lower flow rate of 60% of Qd, the 

third main frequencies of pressure pulsations observed  

at monitor points of P1, P2 and P6 located at the impeller  
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(a) Comparison of amplitudes of the frequency equal to 

247.3Hz 

(b) Comparison of amplitudes of the frequency equal to 

494.5Hz 

 

(c) Comparison of amplitudes of the frequency equal to 9.86Hz at design and high flow rates 

 

 

(d) Comparison of amplitudes of the frequency equal to 9.86Hz at the lower flow rate 

Fig. 14 Comparison of amplitudes of dominant frequencies of pressure pulsations in the model fire pump 

 

outlet are 9.86Hz, 39.4Hz and 9.86Hz, respectively. These 

frequencies are obviously lower than the impeller 

rotational frequency which is equal to 49.3 Hz, and aren’t 

dominant in the pressure fluctuations of other monitor 

points especially at design and high flow rates. 

Additionally, comparison of amplitudes of the 

dominant frequencies equal to 247.Hz and 494.5Hz 

obtained among the investigated monitor points at both 

impeller out and volute outlet was carried out among 

different flow rates, as shown in Fig. 14(a) and 14(b). 

Clearly, at the design flow rate, the amplitudes of these 
two dominant frequencies corresponding to the pressure 

pulsations of all the monitor points are smaller than those 

at low and high flow rates. Meanwhile, the variation of 

these amplitudes is quite flat with smaller differences 

observed among different monitor points, indicating that 

the inner flow inside the centrifugal fire pump is more 

stable and uniform under the design flow condition. 

However, with respect to these two investigated 

dominant frequencies obtained at the position of monitor 

point P5 in the impeller outlet, their corresponding 

amplitudes are much larger than those obtained at other 

monitor points among all the flow rates, indicating that 

there are strongest pressure pulsations occurring at this 

area near the volute tongue as shown in Fig. 14(a) and 

14(b). Especially, these amplitudes reach their maximum 
values at the lower flow rate of 60% of Qd, and it could be 

the possible unstable flow phenomena with most intensive 

pressure pulsations occurring in the model fire pump 

running under this lower flow condition. 
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As discussed above, the third main frequencies equal 

to 9.86Hz were only observed occurring in the frequency 

domain of pressure fluctuations obtained at monitor points 

of P1 and P6 under the lower flow rate equal to 60% of the 

design point. Therefore, the amplitudes of this particular 

low frequency of f =9.86 Hz were further analyzed and 
compared among different monitor points located both in 

the impeller outlet and volute outlet under the investigated 

lower and design flow conditions, as illustrated in Fig. 

14(c) and Fig. 14(d). Obviously, the corresponding 

amplitudes of this low frequency according to all the 

monitor points are larger than those obtained at design 

flow rate as shown in Fig. 14(c). The characteristic of low-

frequency and intensive energy observed in the pressure 

pulsations isn’t typical obtained even from the same 

monitor points at design or higher flow rates. 

Moreover, the amplitude of this particular frequency 

equal to 9.86 Hz obtained at monitor point P6 which is 
located in the volute is larger than those obtained at 

monitor points located in the impeller, indicating that the 

flow phenomena associated with this low frequency has a 

significant influence on the flow inside the volute. At the 

same time, as observed in Fig. 14(d), the amplitude of this 

frequency obtained at the position of monitor point P1 is 

smaller than that obtained at the position of monitor point 

P5 where strong rotor-stator interaction occurs, and this is 

consistent with the observation in time domain analysis in 

Fig. 10. 

4.6 Analysis of Cavitating Flow in the Centrifugal Fire 

Pump 

The investigations on the fire pump cavitation 

showed that for the selected flow rates of 60%, 100%, and 

150% of Qd, the cavitation performance characteristics 

curves were determined. The estimates of cavitation 

performance characteristics were obtained by determining 

the head coefficient as a function of the cavitation number 

at constant flow rates. The cavitation number (σ) was 

calculated using the following equation: 

𝜎 =
𝑝𝑖𝑛 − 𝑝𝑣

0.5𝜌𝑢1
2                                                                          (9) 

Where p
in

 is the pump inlet static pressure, Pa; p
v
 is 

the saturated vapor pressure of water at 25°C, 

a p
v
=3574Pa; u1 is the mean velocity at the impeller inlet. 

The comparison of the head-drop curves among different 

flow conditions can be therefore conducted, as indicated 

in Fig. 15. 

4.7 Comparison of Cavitation Performance Curves of 

the Model Fire Pump 

Generally, with respect to all three investigated flow 

rates, with the initial cavitation number σ starting to 

decrease, the head coefficient value Ψ gradually 

decreases, as observed in Fig. 15. However, for the higher 

flow condition of 150% of the design point, the cavitation 

effect on the head coefficient becomes more significant, 

since the value of cavitation number σ at which the initial 

head coefficient begins to decrease gradually increases in 

comparison with those at lower and design flow rates, and 
the head-drop rate is relatively slower. For example, at the 

lower flow rate of 60% of Qd, the head  

 

(a) 60 of Qd 

 

 (b) 100 of Qd 

 

(c) 150 of Qd 

Fig. 15 Cavitation performances of the centrifugal 

fire pump at different flow rates 

 

coefficient decreases when σ = 0.586. For the design and 

high flow cases, the corresponding values of σ are 0.87 

and 1.26, respectively.  Particularly, a significant 

observation has been identified on the cavitation 

performance curve of the centrifugal fire pump: with respect 

to the pump head-drop amount equal to 3%, as the flow rate 

increases, the values of the corresponding cavitation number 

σ3% increase, and they are 0.366, 0.376 and 0.961 for the 

investigated low, design and high flow conditions, 

respectively.  

5. CONCLUSIONS 

This study presents comprehensive findings on 

hydraulic performances, cavitation behavior, and pressure 
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pulsations inside the centrifugal fire pump across various 

flow rates, derived from numerical simulations combined 

with experimental investigations. Additionally, a series of 

detailed time and frequency domain analysis of the 

unsteady flow within the fire pump revealed differences in 

dynamic characteristics of the inner flow in the model fire 
pump running at lower flow conditions compared to the 

design flow condition, particularly in terms of the onset of 

low-frequency pressure pulsations. From these analyses, 

the conclusions can be drawn as follows: 

In light of the interrogation of the influence of the 

standard turbulence models ϰ−ε, RNG k−ε, and SST k−ω 

on the numerical results, it can be deduced that the 

standard ϰ−ε turbulence model is the best option for 

predicting the efficiency of the fire centrifugal pump since 

it showed the least divergency from the measurement 

results. 

The performance curves of the centrifugal fire pump 
calculated alongside the experiments retain reasonable 

alignment across a broad span of flow rates Notably, at 

and below the design point, the deviations within 

hydraulic performances between the predicted and tested 

data were below 1.6%. In contrast, at higher flow rates, the 

corresponding deviations were around 2%. At a lower 

flow rate of 50% of Qd, the hydraulic efficiency exhibited 

a deviation of 1.54%. This discrepancy can be attributed 

to the presence of intense unstable flow conditions, such 

as prerotation or backflow, at the pump inlet during 

testing. These unstable flow phenomena contributed to 
increased hydraulic losses and consequently reduced 

hydraulic efficiency at this particular flow rate. 

Within a period of one rotating circle of the impeller, 

the distribution of the hydraulic radial forces acting on the 

impeller shows a regular and symmetric shape for the 

investigated low, design and high flow rates. Larger 

magnitude of the radial forces was further observed at 

lower flow rate indicated that there are larger excited flow 

forces acting on the impeller which probably induce an 

unstable rotor system and reduce the hydraulic efficiency 

at the same time. This significant observation is also 
consistent with the irregular distribution of static pressure 

and velocity in the impeller as analyzed. 

Regarding the hydraulic axial forces acting on the 

impeller over one rotating cycle, it was observed that for 

all investigated flow rates, there were five peaks and five 

valleys, in alignment with the blade number. Particularly, 

at lower flow rates, the magnitude of the axial forces 

exhibited a greater variation around the average value, 

coinciding with the observation of pressure pulsations in 

the impeller outlet at these lower flow rates. 

Concerning the analysis of pressure fluctuations 

within the impeller outlet and volute outlet in both the time 
and frequency domains, it was found that the static 

pressure exhibited a periodic variation over time. The 

primary frequencies were different in the frequency 

domain for both the impeller outlet and the volute outlet. 

Specifically, under the investigated low, design, and high 

flow conditions, the main frequency in the impeller outlet 

was the blade passing frequency (fb = 247.3 Hz), whereas 

in the volute outlet, the main frequencies were 

approximately twice that of fb. Notably, at a low flow rate 

of 60% of Qd, the third main frequency of pressure 

pulsations in both the impeller outlet and volute outlet was 

9.86 Hz, which is lower than the impeller rotational 

frequency but possesses significant energy. This suggests 

that the occurrence of possible backflow at lower flow 
rates has a more pronounced impact on pressure 

pulsations. 

In regard to the performance of centrifugal fire pump 

regarding cavitation ,thire is  a distinict phenomenon 

evident on the cavitation curve: when the pump head-drop 

amount equals 3%, an increase in flow rate results in 

corresponding increases in the cavitation number σ3%. 

Specifically, for the investigated low, design, and high 

flow rates, the values of σ3% are 0.366, 0.376, and 0.961, 

respectively. 

To improve the efficiency and operational reliability 

of centrifugal fire pumps, centrifugal pump fire 
simulations offer several suggestions based on their 

numerical simulations. It is advised to maintain the flow 

rate close to the design flow rate during operation to 

ensure optimal hydraulic efficiency and minimize 

pressure pulsations. The risk of cavitation can be mitigated 

by increasing the pump inlet pressure or refining the 

impeller geometry to enhance the cavitation number. To 

address the significant pressure pulsations at low flow 

rates, design modifications such as optimizing the 

impeller stagger angle or the volute tongue geometry, 

along with the use of diffusers or anti-surge mechanisms, 
are recommended to stabilize the flow. Additionally, the 

implementation of balanced impeller designs or the 

addition of appropriate bearings can help counteract 

hydraulic forces and improve rotor system stability. These 

conclusions provide a theoretical basis for optimizing the 

design and operation of centrifugal fire pumps, thereby 

enhancing the reliability and efficiency of fire protection 

systems. 

In summary, the anticipated hydraulic performances 

of the model fire pump are consistent with the 

corresponding test data across a broad spectrum of flow 
rates. This alignment underscores the capability of the 

current numerical methods in the present work to 

accurately capture the inner flow within centrifugal fire 

pumps. Consequently, the numerical method employed in 

this study serves as an effective tool for comprehending, 

analyzing, predicting, and managing the intricate 

mechanisms associated with centrifugal fire pump 

operation under a wide array of design and off-design 

conditions. 
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