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Abstract: Centrifugal pumps have a wide range of applications in the aviation field. The present 
work focuses on the optimal design of aviation fuel pump impellers by means of an inverse method. 
The fuel pump impeller is designed here by solving an inverse problem, in which the impeller 
geometry is found by imposing a target blade loading. As the inverse procedure is inviscid, an 
iterative process based on RANS is then applied to finally converge to a fully viscous solution. Three 
representative loading distributions have been investigated, and the final performances are 
evaluated by RANS computations. Since flow variables, rather than the blade geometry, are 
imposed on the target flow field, it is found that the impellers designed by way of the inverse 
method have high efficiency under the conditions without cavitation; among them, the pump 
impeller with a higher loading at the hub maintains a high efficiency for a wide range of flow 
conditions and also has better anti-cavitation performances under low inlet pressure conditions. 
Moreover, cavitation resistance can be improved by adjusting the loading distribution near the 
blade leading edge using the inverse design tool. 

Keywords: aviation fuel pump; inverse method; loading distribution; CFD simulation; cavitation 
 

1. Introduction 
An aviation fuel pump (AFP) is essential for providing fuel to the aero-engine. 

Among many kinds of pumps, the centrifugal AFP, of which the pressurization is 
commonly less than 1MPa, is popular due to its high speed, small size, and high reliability. 
However, there are relatively few studies on the design of centrifugal AFPs [1]. 

In a centrifugal pump, the impeller is the core component, transferring mechanical 
energy to the fluid through its rotation. The performance of the pump is directly 
determined by the performance of its impeller. With the development of computational 
fluid dynamics (CFD) technology, direct design with optimization based on CFD 
simulations has become the primary method of impeller design. Westra et al. [2] studied 
the secondary flow in a centrifugal pump impeller using experimental and CFD 
techniques, exploring the effects of the Reynolds number and the shape of the inlet profile. 
Lorusso et al. [3] studied the application of CFD technology in the cavitation simulation 
of a centrifugal pump. Bozorgasareh et al. [4] studied the effect of a new shroud on pump 
performance through experiment and numerical simulation. The maturity of CFD 
technology provides convenience for impeller design and optimization. 

In recent years, the inverse problem design of impellers based on loading distribution 
control has gradually emerged and has been successfully applied to aero-engines. Wang 
[1] pointed out that the inverse method has good prospects for future application in the 
design of centrifugal AFPs. The inverse design theory was first proposed by Tan et al. [5]. 
He explored the influence of factors such as the number of blades, hub-to-tip ratio, and 
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stacking position on the shape of an axial flow impeller on a simplified meridian flow 
channel based on the assumptions of infinitely thin blades and incompressible, inviscid 
fluid. Nowadays, the basic concept of inverse design is mostly derived from this theory. 
Since then, Borges et al. [6,7] extended this method to the blade design of any meridian 
flow channel, realized the visualization of the flow field, and verified the feasibility of the 
design method through experiments. Zangeneh [8] introduced a density term into the 
governing equations, extending the inverse design theory to compressible fluids. He 
presented an approximate solution method that ignores the density variation spanwise 
and an accurate solution method for calculating density in the whole flow channel. Goto 
et al. [9,10] used the inverse method to optimize a pump diffuser, suppressing the 
separation flow in the corner region, and proposed a design system for the pump. Based 
on the inverse design method and CFD technology, combined with the response surface 
method and simulated annealing method, Daneshkah and Zangeneh [11] investigated the 
effects of blade loading distribution and stacking conditions on the hydraulic efficiency 
and cavitation performance of turbine impellers. Oka et al. [12] combined the inverse 
method with a genetic algorithm, used the pressure rise and adiabatic efficiency as the 
objective function, and load distribution as variables to optimize the centrifugal 
compressor impeller, suppressing the flow separation on the suction surface. The inverse 
design theory has gradually been improved, and its application fields are expanding. 
However, the main applications still focus on the design and optimization of mainstream 
impeller machinery, such as compressors, turbines, and water pumps. 

In the field of aviation, centrifugal AFP has received significant attention. Dunn et al. 
[13] studied the difference in cavitation based on different aviation fuels through 
experiments. Gafurov et al. [14,15] improved the reliability and durability of an AFP by 
improving the design method and studied the unsteady viscous flow characteristics by 
using CFD technology. Wang et al. [16] realized the design of a centrifugal AFP by using 
the velocity coefficient method and explored the influence of different spiral volutes. In 
recent years, research on AFPs has mainly focused on the effects of cavitation, and there 
have been relatively fewer studies on relevant design research. Therefore, most of these 
studies focus on improving cavitation by adding inducers instead of modifying the 
impellers. However, the inverse design theory provides convenience for studying the 
cavitation resistance of impellers due to its ability to control the flow field. At present, the 
direct design based on optimization is still the mainstream design method of AFP 
impellers, and there is a lack of anti-cavitation research on the impeller itself. This paper 
adopts inverse design theory and different loading distributions to realize the design of 
three centrifugal AFP impellers and analyzes the performance of the impellers using CFD 
technology to investigate the effects of loading distribution on the impeller efficiency and 
cavitation resistance during the inverse design process. 

2. Inverse Design Theory 
In the present theory, the fluid is assumed to be steady, inviscid, and incompressible. 

The numerical procedure imposes a desired feature, e.g., an optimal blade loading 
distribution, on the flow, whereas the velocity field is constrained to satisfy the tangent 
condition on the blade surface. So, the core idea of inverse design theory is to iteratively 
solve the flow field and blade profile on a given meridian flow channel constructed 
through Bezier curves (Figure 1) so that the impeller blade direction matches the flow 
direction and finally obtains the impeller geometry that meets the design requirements. 



Designs 2023, 7, 61 3 of 17 
 

 

 
Figure 1. Sketch of the AFP meridian flow channel. 

Let us define the angle coordinate 𝛼 as the difference between the angle coordinate 𝜃 
and the wrap angle 𝑓. The above-mentioned constraint between the velocity field and 
blade surface can be expressed as:  𝑾 · ∇𝛼 = 0 (1)

When solving for the flow field, the absolute velocity is decomposed into a mean 
velocity 𝑽 and a periodic velocity 𝒗 [5]. The relative velocity 𝑾 in (1) is therefore defined 
as 𝑾 = ൫𝑉௥ + 𝑣௥, 𝑉ఏ + 𝑣ఏ − 𝜔𝑟, 𝑉௭ + 𝑣௭൯. 

The solution to the inverse problem will revolve around (1). The velocity field 
governing equations are derived from the continuity equation, the expression of vorticity, 
and the Clebsch formulation [5]. 

2.1. Mean Velocity 
In fluid mechanics, the mean velocity components are defined in terms of a stream 

function 𝛹  [17] and can be obtained in the cylindrical coordinate system through the 
formulas:  𝑉ത௥ = − 1𝑟𝐵௙ 𝜕𝛹𝜕𝑧  (2)

𝑉ത௭ = 1𝑟𝐵௙ 𝜕𝛹𝜕𝑟  (3)

where 𝐵௙ is the blocking coefficient considering the blade thickness: 𝐵௙ = 1 − 𝑡ఏ𝑟 𝐵2𝜋 (4)

The 𝐵 is the number of blades, and 𝑡ఏ is the tangential thickness of the blade: 

𝑡ఏ = 𝑡௡ඨ1 + 𝑟ଶ ቈ൬𝜕𝑓𝜕𝑟൰ଶ + ൬𝜕𝑓𝜕𝑧൰ଶ቉ (5)

The expression of vorticity 𝜴ഥ  is as follows [5]: 𝜴ഥ = ∇ × 𝑽ഥ = ∇𝑟𝑉തఏ × ∇𝛼 (6)
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The governing Equation (7) that the 𝛹 satisfies can be derived by bringing (2) and (3) 
into (6):  𝜕ଶ𝛹𝜕𝑟ଶ + 𝜕ଶ𝛹𝜕𝑧ଶ − 1𝑟 𝜕𝛹𝜕𝑟 + 𝜕𝛹𝜕𝑟 𝜕𝜕𝑟 𝑙𝑛 1𝐵௙ + 𝜕𝛹𝜕𝑧 𝜕𝜕𝑧 𝑙𝑛 1𝐵௙ = −𝑟𝐵௙ ൬ 𝜕𝜕𝑟 𝑟𝑉ఏ 𝜕𝑓𝜕𝑧 − 𝜕𝜕𝑧 𝑟𝑉ఏ 𝜕𝑓𝜕𝑟൰ (7) 

2.2. Periodic Velocity 
The periodic velocity can be obtained by calculating the Clebsch formulation [5]: 𝒗 = ∇𝛷ሺ𝑟, 𝜃, 𝑧ሻ − 𝑆ሺ𝛼ሻ∇𝑟𝑉തఏ (8)

where 𝛷ሺ𝑟, 𝜃, 𝑧ሻ is the potential function of the periodic velocity, and 𝑆ሺ𝛼ሻ is the periodic 
sawtooth function. The Fourier series expressions of 𝛷ሺ𝑟, 𝜃, 𝑧ሻ  and 𝑆ሺ𝛼ሻ  in tangential 
direction are shown to be:  

𝛷ሺ𝑟, 𝜃, 𝑧ሻ = ෍ 𝛷௡ሺ𝑟, 𝑧ሻ𝑒௜௡஻ఏஶ
௡ୀିஶ  (9)

𝑆ሺ𝛼ሻ = 𝑅𝑒 ෍ 𝑒௜௡஻ఈ𝑖𝑛𝐵ஶ
௡ୀିஶ  (10)

The periodic velocity satisfies the continuity equation: ∇ · 𝒗 = 0 (11)

Unlike the governing Equation (7) constructed by vorticity expression, the governing 
equation of the potential function is derived from the continuity equation of periodic 
velocity [6]. Bringing (8) into (11), then replacing the relevant terms with (9) and (10), the 
nth harmonic governing equation of potential function is as follows:  𝜕ଶ𝛷௡𝜕𝑟ଶ + 𝜕ଶ𝛷௡𝜕𝑧ଶ + 1𝑟 𝜕𝛷௡𝜕𝑟 − 𝑛ଶ𝐵ଶ𝑟ଶ 𝛷௡ = 𝑒ି௜௡஻௙𝑖𝑛𝐵 ∇ଶ𝑟𝑉ఏ−𝑒ି௜௡஻௙ ൬ 𝜕𝜕𝑟 𝑟𝑉ఏ 𝜕𝑓𝜕𝑟 + 𝜕𝜕𝑧 𝑟𝑉ఏ 𝜕𝑓𝜕𝑧൰ (12) 

2.3. Blade Geometry 
By discretizing and solving the governing Equations (7) and (12), the stream function 

and potential function can be obtained, then the mean velocity 𝑽 and periodic velocity 𝒗 at each node of a grid can also be obtained. 
Finally, bringing 𝑽 and 𝒗 into (1), we have ൫𝑉௥௕௟ + 𝑣௥௕௟൯ 𝜕𝑓𝜕𝑟 + ൫𝑉௭௕௟ + 𝑣௭௕௟൯ 𝜕𝑓𝜕𝑧 = 𝑟𝑉ఏ𝑟ଶ + 𝑣ఏ௕௟𝑟 − 𝜔 (13)

from which the blade geometry can be deduced. The 𝑣௕௟  is the average value of the 
periodic velocity on both sides of the blade. 

3. Design of AFP Impellers Using the Inverse Method 
An inverse method design program (IMDP) has been written based on the theory 

explained in Section 2. The flow chart of the IMDP solution procedure is shown in Figure 
2a. The complete design process of an impeller is presented in Figure 2b. After the 
determination of the design parameters and the physical properties of a working fluid, a 
specific meridian flow channel and several initial parameters, such as the loading 
distribution, are imported into IMDP and solved iteratively to obtain an impeller 
geometry. Then the impeller performance parameters are obtained through CFD 
simulation using the Reynolds Averaged Navier–Stokes (RANS) method. Based on these 
parameters, the flow channel or initial parameters can be adjusted, and the process is 
repeated until the performance of the impeller meets the design requirements. The main 
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input items required for IMDP include a meridian flow channel, mass flow rate, head, 
rotational speed, physical property parameters, blade thickness distribution, and load 
distribution. Among them, the adjustability of the meridian flow channel and load 
distribution is relatively strong and has a greater impact on the impeller. A meridian flow 
channel is the basis of inverse design. The channel matching the design parameters can 
improve the performance of the impeller, and the application of Bezier curves in the flow 
channel provides a possibility for flexible adjustment. The influence of loading 
distributions on the impeller will be investigated in this paper. 

  
(a) (b) 

Figure 2. Flow charts of the inverse technique: (a) IMDP calculation; (b) complete design process. 

During the operation of the centrifugal impeller, a pressure difference will be formed 
between the pressure side and the suction side. The pressure difference on both sides of 
the blade reflects the size of the local work done. The pressure difference of the 
incompressible fluid has the following expression [18]:  𝑝ା − 𝑝ି = 2𝜋𝐵 𝑉௕௟ 𝜕𝑟𝑉ఏ𝜕𝑚  (14)

where 𝑝ା  and 𝑝ି  are the pressure on the pressure side and suction side of the blade 
respectively. 𝑉௕௟  is the pitchwise mean meridional velocity. 𝑚  is the streamwise 
meridional coordinate. 

The main advantage of the inverse method with respect to the direct one is that fluid 
dynamic constraints can be easily imposed. In this case, a target blade loading can be 
imposed in order to control the pressure distribution on the blade and obtain the desired 
performances, then the blade geometry is deduced by running IMDP. 

The blade loading mentioned above is the partial derivative of the product of the 
radius 𝑟 and the tangential mean velocity 𝑉ఏ on the streamwise meridional coordinate m: 𝜆 = 𝜕𝑟𝑉ఏ𝜕𝑚  (15)

The relationship between the blade loading and the impeller head is 
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𝜔 න 𝜕𝑟𝑉ఏ𝜕𝑚 𝑑 𝑚 = 𝑔𝐻 (16)

That means one can specify a normalized blade loading distribution which is scaled 
according to the requested impeller head [19]. 

In the present work, three representative loading distributions [18,20] are selected for 
the design of AFP impellers and investigated. These distributions are specified in terms 
of the control points of the non-uniform rational basis splines (NURBS) (Figure 3). Among 
them, the first loading distribution (shroud-loading, Figure 3a) should enhance the blade 
ability near the leading edge and shroud. At the same time, the distribution is beneficial 
to balance the pressure difference near the trailing edge and has the effect of suppressing 
the secondary flow under large flow conditions. The second distribution (mid-loading, 
Figure 3b) is a classical loading distribution. The middle part of the blade is the main work 
area, while the blade near the leading edge does less work. The last loading distribution 
(hub-loading, Figure 3c) enhances the ability of the leading edge near the hub, while the 
shroud side does less work, and the distribution near the trailing edge is similar to the 
shroud-loading distribution. 

   
(a) (b) (c) 

Figure 3. Plots of three representative blade loadings: (a) Shroud-loading distribution; (b) Mid-
loading distribution; (c) Hub-loading distribution. 

Focusing on the working fluid, i.e., the fuel, it must be observed that the composition 
of aviation fuels is very complex, usually consisting of thousands of components. Thus, 
the research on a fuel substitution model based on experimental data has gradually 
emerged, which greatly facilitates experimental and simulation studies by approximating 
the aviation fuel’s physical properties through the combination of several typical 
compounds. The fuel model selected in this paper refers to the research of Xiong et al. [21]. 
The physical parameters (Table 1) are obtained by NIST Refprop. 

Table 1. Physical properties of the AFP fuel model. 

 Units Values 𝑇௘௠ ℃ 20 𝑝௩ Pa 1379 𝜌 kg/m3 746.96 
Cp kJ/(kg•K) 2.125 𝜇஽ Pa•s 9.9 × 10−4 

Finally, the target values for the design parameters are shown in Table 2. A typical 
result of the solution of the described numerical IMDP procedure is the impeller 
geometry, as shown in Figure 4. 
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(a) (b) (c) 

Figure 4. Computed impeller geometries for the different representative loadings: (a) Shroud-
loading impeller; (b) Mid-loading impeller; (c) Hub-loading impeller. 

Table 2. Design parameters of the AFP impeller. 

Flow rate Rotational Speed Head 
58 mଷ h⁄  10,000 rpm 82 m 

4. CFD Simulation with RANS Method 
4.1. CFD Method 

The IMDP procedure generates an impeller geometry solution that does not take into 
account viscous effects. According to the design process illustrated in Figure 2b, actual 
performances are then evaluated by a RANS solver. If the check is unsuccessful, the 
control parameters are modified accordingly, and a new solution is sought by the IMDP 
solver. The commercial software Numeca is used to simulate the steady flow in the AFP 
impeller. The RANS approach with a k- 𝜀  turbulence model was selected for the 
simulation, whereas the barotropic cavitation model is used for cavitation conditions [22]. 

Concerning the boundary conditions (Figure 5), the velocity is specified at the inlet, 
and the static pressure is specified at the outlet. The no-slip condition is applied on solid 
walls that are also considered adiabatic. Periodic boundary conditions are imposed in the 
peripheral direction. 

 
Figure 5. Boundary conditions applied to the impeller CFD calculations. 
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4.2. The Validation of CFD Simulations 
To check the accuracy of the CFD simulation setup and with the aim of finding the 

optimal grid resolution required for our analyses, the flow over a reference impeller of 
known geometry, defined as (IMP-0), has been investigated numerically by using 
different grids. Three-dimensional steady numerical simulations are carried out under 
various flow conditions. 

The hexahedral mesh of IMP-0 is generated by AutoGrid5. The 3D view of the grid 
on the blade is shown in Figure 6. The mesh quality satisfies orthogonality > 18°, 
elongation ratio < 2.6, and the first layer of mesh distance is adjusted to make the blade y+ 
less than 3. The aim of this grid refinement study is also to identify a good compromise 
between accuracy and computational costs. The results of the grid sensitivity study are 
shown in Figure 7a. It is found that the efficiency change does not exceed 0.013%, and the 
head change does not exceed 0.34% when the number of grids increases from 58k nodes 
to 163k nodes. Thus, it is considered that the grid with 58k nodes meets the grid 
independence requirement. 

The performance parameters obtained through RANS calculation are compared with 
the reference data provided by the manufacturer. Figure 7b shows the efficiency and head 
distribution of IMP-0 over a flow rate ranging from 0.7 to 1.35 times the design flow rate. 
The efficiency and the head of RANS calculation are in close agreement with the reference 
data, being a maximum deviation of efficiency of less than 1.4%. Therefore, it is considered 
that the simulation results have acceptable accuracy and that the above CFD setting can 
be used for further simulations. 

 
Figure 6. D view of IMP-0 grid. 
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(a) (b) 

Figure 7. The IMP-0 Impeller test-case. (a) Grid independence study; (b) Performance comparison 
with manufacturer data. 

5. Simulation Results and Performance Analysis 
In this section, the results of the IMDP procedure and the complete design process 

are discussed. The blade loadings presented in Figure 3 and the target design parameters 
of Table 2 are applied to the IMDP procedure. The solution of the inverse problems is 
found on a 220 × 33 computational grid by the IMDP solver, which takes about 31 s for 
nine iterations to converge. In IMDP, the geometric convergence will be judged when the 
variation rate between the average blade wrap angle 𝑓̅ and the previous calculation result 
is within 0.5% three times. Figure 8 shows the average blade wrap angle variation rate 
with the number of iterations. 

 
Figure 8. The variation rate of 𝑓 ̅with the number of iterations. 

The viscous solution is then computed by the RANS solver on a grid of 58k nodes 
with the setup obtained by the grid convergence described in the previous section. The 
computational cost of the RANS simulation takes some minutes on a typical Intel Xeon-
based workstation. Moreover, in the process of impeller improvement, only a few 
parameters need to be changed, and therefore the IMDP/RANS solvers start from the 
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previous solution to get a new impeller quickly, which greatly simplifies and speeds up 
the design process. 

At convergence, the IMDP procedure gives both the impeller geometry and the 
corresponding flow and pressure fields. Figures 9 and 10 show a comparison of the mean 
velocity and static pressure distributions of the mid-loading impeller on the meridional 
plane calculated by IMDP and by the RANS method, respectively. The higher mismatch 
is visible in the comparison of the two velocity fields (Figure 9), as expected. The pressure 
field, anyway, shows a good agreement between the inviscid and viscous solution (Figure 
10), thus confirming the ability of the IMDP approach to correctly capture the pressure 
field, which lays a foundation for the design of impeller geometries. 

  
(a) (b) 

Figure 9. Mean velocity contour of mid-loading impeller: (a) IMDP result; (b) RANS result. 

  
(a) (b) 

Figure 10. Static pressure contour of mid-loading impeller: (a) IMDP result; (b) RANS result. 

Figure 11 shows the relative velocity streamlines calculated by the RANS method at 
10% span, 50% span, and 90% span of the mid-loading impeller. The streamlines from the 
hub side to the shroud side are relatively smooth and consistent with the bending 
direction of the blades, which is attributed to the idea of calculating the blade geometry 
based on the flow field in the inverse design theory. The impeller designed based on the 
inverse method has a good flow field, which means the inverse method can also be 
applied to flow field optimization and impeller improvement. A performance analysis of 
all three AFP impellers’ designs is then carried out. The performance with variable flow 
rates under high inlet pressure conditions, the anti-cavitation performance at the design 
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speed, and the flow rates under low inlet pressure conditions are investigated through 
CFD simulations. 

   
(a) (b) (c) 

Figure 11. Relative velocity streamlines of mid-loading impeller calculated by the RANS method at 
10% span (a), at 50% span (b), and at 90% span (c). 

In order to measure the performance of the impeller under different working 
conditions, parameters such as impeller efficiency and net positive suction head available 
(NPSHa) are adopted. The impeller efficiency refers to the ratio of the pressure energy 
obtained by the fluid to the shaft power consumed by the impeller. It is an important 
performance index in the traditional field of pump research and is calculated as follows:  𝜂 = Δ𝑝௧𝑚̇𝜌𝜔𝑇  (17)

where Δ𝑝௧ is the total pressure rise of the pump impeller, 𝑚̇ is the mass flow rate, 𝜌 is the 
density of the fluid, and 𝑇 is the torque of the impeller. 

The NPSHa refers to the energy head of the unit weight liquid at the pump inlet 
exceeding the saturated vapor pressure at the corresponding temperature, and it is 
defined as:  NPSHa = 𝑝௧௜௡ − 𝑝௩𝜌𝑔  (18)

where 𝑝௧௜௡  is the inlet total pressure and 𝑝௩ is the saturated vapor pressure at the 
corresponding temperature. 

When other conditions are constant, cavitation occurs and gradually develops as the 
inlet pressure decreases. However, it is difficult to occur when the inlet pressure is high. 

In the next section, the analysis will focus on the performance of the three impellers 
when cavitation does not occur under the condition of high inlet pressure (about 150 kPa). 
Then, under the design speed and flow rate conditions, the inlet pressure is gradually 
reduced, and the cavitation resistance of the impellers is analyzed when cavitation occurs. 

5.1. The Results of the Calculation with High Pressure at the Inlet 
On-design performances of three AFP impellers designed based on the three loading 

distributions are shown in Table 3. All three design solutions meet the design 
requirements listed in Table 2. The shroud-loading impeller is the most efficient under the 
design condition. Figure 12 shows the variation of impeller efficiency with flow rate at 
design speed. Under off-design conditions, the impeller efficiency increases first and then 
decreases with increasing flow rate and reaches the maximum at the design condition. 
Among the impellers, the mid-loading impeller has higher efficiency under small flow 
conditions, the shroud-loading impeller has higher efficiency near the design point, and 
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the hub-loading impeller has a more balanced efficiency distribution and better 
performance at large flow rates. 

Table 3. Performance parameters under design conditions. 

 Efficiency (%) Head (m) 
Shroud-loading impeller 90.95 83.14 

Mid-loading impeller 90.54 82.59 
Hub-loading impeller 90.87 83.28 

 
Figure 12. The variation of impeller efficiency with flow rate at design speed. 

5.2. The Results of the Calculation with Low Pressure at the Inlet 
In this section, the cavitation performance curves of three AFP impellers are obtained 

by CFD simulation under the design speed and flow condition. The results are shown in 
Figure 13. With a head drop of 3% as the standard, the anti-cavitation ability of the hub-
loading impeller is slightly better than that of the mid-loading impeller, and the shroud-
loading impeller shows the worst ability. 

 
Figure 13. Head drop curves of the three AFP impellers. 
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From the curves of the cavitation vapor volume variation with NPSHa in Figure 14, 
it can be seen that when NPSHa is greater than 9 m, with the decrease of inlet pressure, 
the shroud-loading impeller begins to appear a slight cavitation phenomenon. This is 
because the suction side near the leading edge and shroud always has the lowest pressure 
of the flow field, which is always the first position of cavitation. The shroud-loading 
impeller does more work there, the pressure difference between the two sides of the blade 
is larger, the pressure on the suction surface is lower, and cavitation is more likely to occur. 
When NPSHa is less than 9 m, cavitation enters the development stage. As NPSHa 
decreases, the vapor volume curves of the mid-loading and shroud-loading impellers 
increase more obviously, while the curve of the hub-loading impeller increases more 
slowly. This is because the blade does more work on the hub side of the leading edge, 
further balancing the pressure difference of the leading edge, reducing the loading burden 
near the shroud, and finally improving the anti-cavitation performance of the impeller. 

 
Figure 14. Cavitation vapor volume curves of three AFP impellers. 

Initially, cavitation generally occurs at the suction side near the leading edge and the 
shroud side. Figure 15 shows the density distribution at a 90% span when the inlet total 
pressure is about 64 kPa. The fluid density in the area without cavitation is almost 
unchanged, and the density in the cavitation area decreases due to the generation of 
bubbles. In each figure, the upper section displays the position of the cavitation 
phenomenon on the entire plane, while the lower section is an enlarged view of the 
cavitation area. Due to the relatively less work done on the shroud side of the impeller 
inlet section, the cavitation area of the hub-loading impeller is the smallest, as shown in 
Figure 15c. In contrast, the cavitation of the shroud-loading impeller is the most serious 
(Figure 15a). 
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(a) (b) (c) 

Figure 15. Density distributions at 90% span of the shroud-loading impeller (a), the mid-loading 
impeller (b), and the hub-loading impeller (c). 

When the inlet total pressure is further reduced, the pressure on the suction side of 
the blade will decrease rapidly, accompanied by the rapid increase of the cavitation area. 
From Figures 13 and 14, it can be seen that when NPSHa decreases to a certain value, the 
vapor volume increases rapidly, the head decreases almost vertically, and the impeller 
gradually loses its ability to work. Taking the mid-loading impeller as an example, when 
the total inlet pressure drops to 42 kPa, the small-scale cavitation area in Figure 15b 
becomes a more serious cavitation that affects the performance of the entire impeller 
(Figure 16a), which causes the impeller head to drop by 3.15 m. The area where cavitation 
occurs is the low-pressure area in the blade suction side in Figure 16b. The two figures 
show good consistency. 

 
 

(a) (b) 

Figure 16. (a) Density distribution at 90% span of the mid-loading impeller; (b) Static pressure 
distribution at 90% span of the mid-loading impeller. 
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6. Discussion and Conclusions 
In the present work, a design procedure based on the solution of an inverse problem 

and RANS analysis is presented, along with theory and different loading distributions. 
Three design strategies of the AFP impellers, based on different loading distributions, are 
investigated. Three different impellers’ geometries are deduced by using the coupled 
IMDP/RANS solvers, and their performances under different working conditions are 
studied and compared. The following conclusions are drawn:  
1. Using the inverse method can achieve the rapid design of a centrifugal impeller. The 

three AFP impellers designed by IMDP have good performance at the design point, 
and the efficiency is above 90%. The velocity and pressure of IMDP calculation are 
relatively consistent with RANS results, which means IMDP results have a good ref-
erence and lays the foundation for geometric design. Designers can modify the im-
peller according to the simulation results by adjusting the input parameters, which 
helps designers to get rid of the dependence on relevant databases and experience in 
direct design. 

2. The impeller with a higher loading at the hub not only maintains a high efficiency as 
flow varies under the high inlet pressure conditions (cavitation does not occur) but 
also has better anti-cavitation performances when cavitation occurs. Hub-loading is 
an excellent distribution in the inverse design process. 

3. The cavitation phenomena of the three impellers are different. Properly increasing 
the loading on the hub side of the leading edge or reducing the loading on the shroud 
side can suppress cavitation and effectively improve the anti-cavitation performance 
of the impeller. However, excessive adjustment may cause cavitation in other areas. 
Designers can adjust the loading near the leading edge according to the actual situa-
tion to improve the cavitation resistance. 
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Nomenclature 
AFP aviation fuel pump 
CFD computational fluid dynamics 
IMDP inverse method design program 
NPSHa net positive suction head available 
NURBS non-uniform rational basis splines 
RANS Reynolds Averaged Navier–Stokes 𝐵 number of blades 𝐵௙  blockage factor 
Cp heat capacity at constant pressure 𝑓  blade wrap angle 𝑓 ̅ average blade wrap angle 
g acceleration of gravity 
H impeller head 
m streamwise meridional coordinate 𝑚̇  mass flow rate 
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𝑛  number of Fourier expansion terms 𝑝ା  pressure side pressure 𝑝ି  suction side pressure Δ𝑝௧  total pressure rise of pump impeller 𝑝௧௜௡  inlet total pressure 𝑝௩  saturated vapor pressure 𝑟  radial coordinate 𝑆  periodic sawtooth function 𝑡௡  blade thickness  𝑡ఏ  blade tangential thickness  𝑇  pump impeller Torque 𝑇௘௠  temperature of the working fluid 𝑣௥௕௟  radial periodic velocity 𝑣௭௕௟  axial periodic velocity 𝑣ఏ௕௟  tangential periodic velocity 𝑉௥௕௟  radial mean velocity 𝑉௭௕௟  axial mean velocity 𝑉ఏ  tangential mean velocity 𝑉௕௟  pitchwise mean meridional velocity 
W relative velocity 
z axial coordinate 𝛼  new angle coordinate 𝜂  impeller efficiency 𝜃  angle coordinate of the cylindrical coordinate system 𝜆  blade load 𝜇஽  dynamic viscosity 𝜌  density 𝛷  potential function 𝛹  stream function 𝜔  angular velocity 𝜴ഥ   vorticity 
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