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Design Optimization and CFD and Performance 
Analyses of Miniature Axial-Centrifugal Flow Pumps 
for Circulating Molten Lead

Abstract
For circulating molten lead in compact in-pile and ex-pile test loops at 773.15 K this work developed a multi-physics methodology to optimize the designs of 
miniature axial-centrifugal flow pumps with impeller blades diameters of 55.0, 60.0 and 66.8 mm for maximizing the pumping power, the pump efficiency, and 
the pressure head. Increasing the diameter of the optimized impeller blades and/or the shaft rotation speed from 1,500 to 3,000 RPM increases the pump 
characteristics and efficiency, but also increases the dissipated thermal power. The molten lead flow rate at the peak efficiency increases with increased impeller 
shaft rotation speed and /or the blades outer diameter. The performed CFD analysis shows that rounding the tips of the blades and/or decreasing their clearance 
from 1.5 to 2.0 mm limit the formation of the flow vortices and the pressure losses and increases the pump efficiency. Results also show that increasing the 
molten lead temperature from 673.15 to 873.13 K slightly decreases the pump pressure head and negligibly affects the pump efficiency. This work successfully 
demonstrated the use of additive manufacturing of an impeller design with 60.0 mm diameter blades.
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Abbrivations

(ADS) Accelerator Driven System; (AFA) Alumina Forming Austenitic; 
(AFMP) Axial-Centrifugal Flow Mechanical Pump; (ALFRED) Advanced 
Lead Fast Reactor European Demonstrator; (ALIP) Annular Linear 
Induction Pump; (CFD) Computational Fluid Dynamics; (CLEAR) China 
Lead-Based Reactor; (DC-EMP) DC-Electromagnetic Magnetic Pump; 
(GLP) Gas-Lift Pumping; (LBE) Lead-Bismuth Eutectic; (ODS) Oxide 
Dispersion Strengthened; (Pb) Molten Lead; (SCH) Schedule; (SMR) 
Small Modular Reactor; (VTR) Versatile Test Reactor; (ΔP) Pump Net 
Pressure Head (Pa); (m) Liquid Flow Rate (kg/s); (η)Pump Efficiency (%); 
(ρ) Liquid Density (kg/m3).

Introduction

Alkali and heavy metal cooled advanced, Small Modular Reactors 
(SMRs) and micro nuclear reactors are being developed for generation of 
electricity and production thermal power for a wide range of applications. 
SMRs and micro reactors nominally generate ≤ 300 MWe and 20 MWe, 
respectively, can produce process and district heat in populated and 
industrial regions as well as for remote communities and island nations 
for many years without refueling [1-11]. The low vapor pressures of liquid 
sodium (Na) and the heavy metals of molten lead (Pb) and lead-bismuth 
eutectic (LBE) eliminate the need for a pressure vessel and operate 
slightly below atmospheric at high temperature for achieving plant thermal 
efficiencies more than 40%. They also have excellent thermal properties 
and relatively low pumping requirements [6-8,10,12-14].

An important part of the development of liquid metals cooled advanced 

and small and micro reactors is identifying suitable structure and cladding 
materials that are compatible with liquid Na, Pb, and LBE at high 
temperatures from 700 K-1000 K [17-21]. Ongoing investigations include 
single effect laboratory tests, ex-pile tests at or near operation conditions 
in liquid metals circulating loops, and in-pile tests in fast spectrum test 
reactors [18-20,22-25] to support future commercial operation licensing 
effort.

While liquid sodium and NaK alloys have been shown to be compatible 
with many austenitic stainless steels, ferritic or martensitic steel alloys, 
and super alloy materials, molten lead and LBE corrode many traditional 
structural and nuclear fuel cladding alloys when operating at temperature 
>723 K [19-20,22,24-25]. Therefore, investigating materials’ compatibility 
at prototypic temperatures and under irradiation is essential to the 
development of future advanced reactors cooled by heavy liquid metals. 
This is done using small in-pile experimental loops. Examples are the 
LBE cartridge test loop in the Russian BOR-60 reactor [26,27] and the 
Versatile Test Reactor (VTR) design in USA [28,29].

Miniature-axial centrifugal flow pumps have previously been developed 
and used for circulating alkali liquid metals and heavy liquid metals in 
experimental test facilities, and for Accelerator Driven Systems (ADS) 
and small nuclear power reactors [30-37]. Grindell [31] had investigated 
compact centrifugal pumps with a 305 mm diameter impeller and inlet 
and outlet were connected to 3” SCH40 and 2” SCH pipe, respectively, 
in test loops of circulating liquid NaK-56 and water. Kelly et al. [30] had 
developed a compact turbine-driven single-stage centrifugal pump with an 
impeller outer diameter of 185.4 mm for circulating liquid NaK-78 at 978 
K, 681 m3/hr, and pressure head of 928.4 kPa at impeller shaft speed of 
8,000 RPM.
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Reemsnyder, et al. [32] investigated the performance and potential 
cavitation of impeller blades for an axial flow pump circulating liquid sodium 
at 1,089 K. The 127 mm diameter impeller designs were fabricated of 316 
and 318 stainless steels and Rene 41 alloy with as fabricated tip clearance 
of 1.64 mm, to achieve a flow rate of 63.6 m3/hr at a shaft speed of 3,450 
RPM. Centrifugal pump designs for circulating liquid sodium have been 
tested, as part of the Large-Scale Breeder Reactor program [33], in a water 
loop for investigating the effect of the impeller blades cavitation on the 
pump performance. Different impeller designs were investigated in the test 
loop at shaft speeds ranging from 1,000 to 2,600 RPM.

Mirelas, et al. [34] have developed a miniature mechanical pump design for 
circulating NaK-78 for cooling a space nuclear power system for planetary 
surface power. The pump design with a 1.0 mm tolerance between the 
impeller rotor and the shroud and a 3-vane centrifugal impeller were used 
to circulate 823 K liquid NaK at 4 kg/s and 29.2 kPa, at shaft speed of 
1,750 RPM. Lvov, et al. [35] have investigated cavitation in a variable speed 
centrifugal pump for circulating molten lead in an experimental loop at 743 
K-773 K, shaft speeds up to 1,200 RPM and flow velocities of 25 m/s-30 
m/s. They reported no conventional lead vapor cavitation occurred during 
the experiments. They reported no signs of erosive wear were observed on 
the surfaces of the pump impeller blades [35]. The HELENA test facility at 
ENEA Brasimone research center employed a centrifugal mechanical pump 
to circulate liquid lead [36] at 673 K, 10 kg/s-40 kg/s and pump heads of 
350 kPa-500 kPa. The pump was constructed of austenitic stainless steel 
and with a tantalum plated stainless steel impeller for corrosion resistance 
in molten lead. The results of a CFD analysis indicated that at the maximum 
flow condition in the test loop the impeller would experience molten lead flow 
velocities up to 30 m/s. Breznosov, et al. [37] have experimentally tested 27 
different impeller designs of an axial flow mechanical pump for circulating 
molten lead in advanced nuclear reactors. With a 200 mm diameter 
impeller, the experiments investigated the effects of the blade angle and 
solidarity, and the number of blades on the pump performance at 713 K-773 
K and shaft rotation speeds of 600-1,100 RPM. Results determined that for 
a three bladed impeller with 22° blades the pressure head and efficiency 
were higher than for the impellers with four and eight blades.

Several researchers have performed CFD analysis to estimate the 
performance of mechanical pumps for circulating heavy liquid metals such 
as molten lead and LBE. Mangialardo, et al. [38] have used the ANSYS CFD 
code [39] to investigate jet pumps for circulating liquid lead at 673 K lead 
and a flow rate of 3,274 kg/s in the Advanced Lead Fast Reactor European 
Demonstrator (ALFRED) fast reactor [38]. They used experimental data for 
water jet pumps to validate the CFD results, which suggested that the used 
sizing criteria of the jet pumps for water cooled reactors are applicable to 
molten lead pumps. However, the flow velocity of molten lead exiting the 
nozzle at up to 18 m/s is a concern for potential corrosion of structural metal 
alloys [38].

Lu, et al. [40] have performed CFD analysis of a LBE mechanical pump 
design developed for the China Lead-based Reactor (CLEAR-I), an LBE-
cooled accelerator driven system [41]. They investigated the effects of the 
guide vanes at the impeller exit on the pump performance. The pump with 
an impeller outer diameter of 177 mm circulated LBE at 90 m3/hr, 593 K and 
a shaft speed of 980 RPM. At low flow rates the vanes increased the pump 
pressure head by 18%, however, the pump design without guide vanes 
showed superior performance at higher flow rates because of decreased 
pressure losses. The guide vanes increased the torque fluctuations on 
the impeller and the amplitude of the pressure fluctuations with increased 
rotation speed.

Svoboda, et al. [42] have performed CD analyses to investigate the 
performance of axial flow mechanical pumps with impeller diameters of 353, 
350, and 272 mm for circulating liquid metal coolants. They reported good 
agreement of the CFD analyses results with experimental values to within 
±5%. Recently, Zhang, et al. [43] performed CFD analysis of a centrifugal 
flow pump design with an impeller diameter of 248.0 mm for use in a LBE 

test loop at 350 m3/hr, a pressure head of 433.9 kPa and shaft rotation 
speed of 750 RPM. Results showed significant flow separation at the pump 
outlet and that the developed high and low velocity regions increased 
internal pressure losses.

Mechanical pumps for circulating heavy liquid metals in ex-pile and in-
pile testing loops need to be much smaller than those investigated in the 
literature. Suitable pumps could have an overall diameter <100 mm, low 
thermal energy dissipation, simple design for assembly and disassembly, 
and good characteristics for a wide range of circulation rates. Existing 
miniature centrifugal pumps, such as those used for deep water wells at 
ambient temperatures, are bulky with multiple stages and provide relatively 
low flow discharge. As suitable alternative is a single impeller miniature 
pumps specially designed to provide axial-centrifugal flow of heavy liquid 
metals, which is the focus of the present work.

The objectives of the present work are: (a) to develop and implement a 
multi-physics design methodology of miniature axial-centrifugal flow 
single impeller pumps with blades diameters of 50.0, 60.0 and 66.8 mm 
for circulating molten lead at 773.15 K (500°C) in pile test loops; (b) 
optimize pump designs for maximizing pressure head, efficiency, and 
pumping power; and (c) investigate the effects of rounding the impeller’s 
blades, and the blades diameter and clearance from shroud wall on the 
pump performance. A design optimization methodology is developed which 
links the commercial CAESES optimization engine for pump design, the 
CFD code STAR-CCM+ (Siemens PLM, 2019), and the Sandia National 
Laboratory’s DAKOTA design analysis software [44,45].

Miniature Axial-Centrifugal Flow Pump 
Design

Figure 1 shows section views of the present miniature axial-centrifugal flow 
pump design with the impeller blades and flow guide vanes for directing 
molten Pb flow in an annular downcomer. The flowing liquid along the 
spiraling blades of the impeller is accelerated centrifugally before exiting 
radially and flowing downward in the annular downcomer. The pump impeller 
has 11 main and 11 splitter blades (Figure 1). The splitter blades smooth 
the flow through the impeller, minimize flow eddies at the impeller exit, and 
limit the backflow between the impeller and shroud. The clearance between 
the impeller blades and the surrounding shroud wall accommodates 
thermal expansion to avoid contact of the blades with the shroud wall. A 
smoothed guide directs the exiting radial flow into the downcomer. The 
fixed vanes in the downcomer reduce swirling turbulence and guide the 
flow. The flow guide above the impeller exit fits within a small clearance 
around the wheel and inhibits liquid flow into the upper plenum. Figure 2 
shows the incorporated pump assembly into a small diameter experimental 
cartridge like that employed in the BOR-60 test reactor [26] and considered 
for in-pile testing in the Versatile Test Reactor in the US [27-28]. The molten 
lead exiting the pump impeller flows down through a concentric annular 
downcomer to a hemispherical lower plenum then reverses direction to flow 
through the heated test section (Figure 2). The shaft bearings may either be 
submerged into molten lead or mounted outside depending on the design 
of the loop, liquid temperature, and the length, rigidity, and rotation speed 
of the drive shaft. The cartridge in Figure 2 is sized to fit within a hexagonal 
flow shroud equal in diameter to the regular reactor fuel assemblies. The 
molten lead flow in the downcomer of the test loop is cooled by the VTR 
sodium coolant flowing along the outer wall of the test cartridge loop (Figure 
2).

The developed multi-physics methodology is applied for optimizing the 
pump designs with a 60 mm diameter impeller blades for circulating 
molten lead at 1.0 kg/s and 773.5 K and for pump designs with impeller 
diameters of 55.0 mm and 66.8 mm for circulating molten lead at 14 kg/s. 
For three impeller diameters the performance characteristics are evaluated 
as functions of the impeller shaft rotation speed. In addition, the effect of 
varying the molten lead temperature on the performance of the optimized 
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pump design with 55.0 mm diameter impeller blades is evaluated.

Figure 1.Section views of developed miniature axial-centrifugal flow pump design.

Figure 2. Cross-Sectional views of in-pile test cartridge with an axial-centrifugal flow pump.

Design Optimization Methodology

The developed miniature axial-centrifugal pump designs are optimized 
using a developed automated multi-physics methodology (Figure 3) that 
links the CAESES software for the pump design generation [46], the STAR-
CCM+ commercial software for CFD performance analysis [44], and the 
open-source DAKOTA software for multivariable parameter optimization 
analysis using a genetic algorithm [45]. This methodology also investigated 
the effects of different geometric parameters on pump performance. These 
parameters are the shape and dimensions of the impeller blades, the hub, 
and the surrounding shroud wall. The CAESES software uses a matrix 
of equations to develop a solid geometry for the pump assembly for the 
desired blades diameter. The develop pump assembly is communicated 
to the STAR-CCM+ CFD software with the user specified fluid properties, 
inlet temperature, range of the flow rate, and the rotational speed of the 
impeller shaft. The CFD analysis simulates the liquid flow for the optimized 
blades of the impeller and calculates the pressure rise across the impeller 
and the induced momentum by the impeller as functions of the rotation 
speed. The CFD results return to the CAESES software to determine 
the pump characteristics, the impeller shaft power, the pumping power, 
and the pump efficiency. The calculated pump performance parameters 
are communicated to the DAKOTA along with the desired pump design 
optimization requirements such as the maximum pressure head, pumping 
power or pump efficiency. DAKOTA employs a multi-objective genetic 
algorithm that works on the principle of evolution; creating and testing 
generations of variables, which represent the ‘genes’ of the pump design.

Figure 3. Multi-physics methodology of optimizing miniature axial-
centrifugal-flow pumps.
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The best performing combinations of the geometric parameters are 
selected and their ‘genes’ are mixed to produce the next generation of 
the pump design. The CAESES software uses the selected geometric 
design parameters by the DAKOTA’s optimization algorithm to generate 
new solid design for CFD simulation to evaluate the performance of the 
new pump design. This iterative process continues until the multi-objective 
genetic algorithm in DAKOTA converges on an optimum pump design for 
the user specified performance requirements (Figure 3). This optimization 
methodology is used to optimize pump designs for the highest pumping 
power, pumping pressure head, and pump efficiency, as well to investigate 
the effects of changing the molten lead flow rates and the impeller diameter 
and shaft rotation speed, on the performance of the optimized pump 
designs.

Validation CFD simulation methodology
The implemented STAR-CCM+ simulation methodology is validated using 
experimental data of Beznosov, et al. [37] for a molten lead axial flow pump 
with a 4-blade impeller, rotor and hub diameter of 200 mm and 80 mm, 
respectively, a pitch of 28°, and a blade solidarity of 1.0 (insert in Figure 
5). The clearance between the impeller blades and the flow channel wall in 
the test was not reported. However, an 18 mm clearance in the performed 
CFD analysis resulted in the best agreement with the reported experimental 
data (Figure 5). Figure 4 shows images of the pump solid geometry with 
the specified fluid inlet and exit conditions and the implemented numerical 
mesh grid in the CFD analyses of the present optimized miniature axial 
centrifugal pump designs. These analyses used the rotating geometry 
feature in the STAR-CCM+ CFD code version 13.06.012 [44] to calculate 
the performance characteristics as functions of the rotation speed of the 
impeller shaft. The boundary conditions in the performed analyses are 
constant liquid mass flow, uniform inlet liquid velocity, and atmospheric 
pressure of 101.325 kPa at the exit of the flow annulus (Figure 4a). 
The liquid is treated as incompressible, thus properties are functions of 
temperature. The properties of molten lead in the CFD analyses are based 
on suggested correlations [12]. The STAR-CCM+ simulations used the SST 
k-ω turbulence model and an implicit unsteady solver with a maximum of 
150 inner iterations per timestep with a residual convergence limit of 5.0 
× 10-5. The timestep size is scaled inversely proportional to the rotation 
speed of the impeller shaft, so that the simulation time decreases as the 
shaft rotational speed increases [44]. For an impeller shaft rotation speed 
of 1,500 RPM the major timestep used in the CFD analysis is 3.33 ms and 
1.67 ms for a rotation speed of 3,500 RPM.

Figure 4. Molten lead inlet and exit conditions and the numerical mesh grid 
in the impeller for the performed CFD simulation analysis of the present 
axial-centrifugal flow pump designs.

The performed CFD analyses were performed for pump shaft rotational 
speeds of 600, 700, 1,000, and 1,100 RPM and a molten lead flow rate 
of 165 m3/h. Figure 5 plots the reported experimentally measured values 
of the pump pressure head versus those calculated in the present CFD 
analysis. The CFD analysis values of the pump head are in good agreement 
with the reported experimental to within ±10%, confirming the suitability 
the implemented CFD analysis approach for investigating the performance 

characteristics of the present axial-centrifugal flow pump designs for 
circulating molten Pb (Figures 1 and 4)

Figure 5. Comparisons of the present CFD results to the experimental data 
by Beznosov et al. [37].

Numerical meshing
The performed CFD analysis of the present pump design employed the 
tetrahedral volume mesher of the STAR-CCM+ code to generate the 
numerical mesh grid in the fluid regions (Figure 4). The enlarged section of 
the implemented numerical mesh grid in Figure 4 shows the higher densities 
of the numerical mesh cells near the edges and tip of the impeller blades. 
The mesher generates four parallel prismatic layers of a total thickness of 
100 microns at the fluid-solid interfaces and an exponential growth factor 
of 1.3 for increasing the mesh cell size with distance from the fluid-solid 
interfaces. The smallest and the largest surface mesh cell size is set at 
10 and 400 microns, respectively. The CFD analysis varied the smallest 
size of the surface tetrahedral mesh generated on the solid geometry to 
investigate the effect of refining the numerical mesh grid on the calculated 
pump performance.

The CFD analysis results presented in Figure 6 are for the optimized 
pump design (Figure 1) for maximizing pumping power with a 60 mm outer 
diameter impeller blades for molten Pb flow rates of 1.0 kg/s and 15 kg/s 
at 773.15 K. The results in Figure 6a at 1.0 kg/s show little change in the 
CFD analysis predictions with refining the numerical mesh grid. However, 
the results in Figure 6b at molten lead flow of 15 kg/s show a gradual 
decrease in the predicted pumping pressure head with decreased smallest 
cell size in the numerical mesh grid to 10 microns. Further refinements of 
the numerical mesh grid negligibly changes the calculated pump heads in 
the CFD analysis. Therefore, subsequent analysis performed to quantify 
the performance of the present pump designs used numerical mesh grids 
with 10 microns smallest surface mesh cell size.

Figure 6. Effect of changing refining numerical mesh grid on pressure 
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heads for two pump designs.

Performance Results of Optimized Pump 
Designs

This section presents the calculated performance results of the optimized 
pump designs using the developed multi-physics methodology described 
above and presented in Figure 3. The first pump design is optimized for 1.0 
kg/s molten lead flow with impeller blades diameter of 60.0 mm, and shaft 

rotation speed of 1,500 RPM (Table 1). For this design, Figure 7 presents 
photographs of the 3-D printed pump impeller using additive manufacturing. 
The pump designs with impeller blades diameters of 55.0 and 66.8 mm and 
rotation speed of 1,500 RPM are optimized for a molten lead flow of 14 
kg/. The 55.0 mm diameter impeller fits within a standard 2-inch SCH pipe, 
and the large diameter of 66.8 mm fits within a 2.5-inch SCH pipe. Other 
investigations include the effects on the pump characteristics of the choices 
of the optimization parameter in the DAKOTA software (Figure 3), rounding 
of the edges of the impeller blades, changing the clearance between the 
impeller and shroud wall, and molten lead temperature. The ranges of the 

Figure 7. A 3-D printed plastic impeller of developed design of a miniature axial-centrifugal flow pump with 60 mm impeller blades diameter.

Table 1. Design parameters of optimized pump designs for molten Pb at 773.15 K.

Table 2. Performance parameters of optimized miniature axial-centrifugal flow pump designs.

parameters used are listed in Table 2.

Optimized pump impeller blades for circulating molten Pb 
flow at 1.0 kg/s
The developed miniature axial-centrifugal flow pump design methodology 
(Figure 3) is applied to optimizing the pump with 60 mm diameter impeller 
for molten lead flow of 1.0 kg/s at 773.15 K and impeller shaft speed of 1,500 
RPM (Figure 8). This figure shows isometrical and cross-sectional views of 
the pump impeller. The impeller blades are optimized for maximizing the 
pumping power, the pump pressure head, and the pump efficiency. The 
optimized 60 mm diameter impeller has 11 primary and 11 splitter blades 
(Figure 8). It is incorporated into a pump assembly (Figure 1) with a circular 
tube diameter of 64 mm and a downcomer width of 10 mm. The calculated 
performance characteristics of the pumps with the three optimized impeller 
designs at shaft speed of 1,500 RPM and flow rates from 0 to 30 kg/s are 
presented in Figure 9.

Optimized Designs Low Flow High Flow
Optimization Parameter Max. Pumping power, Max. Pump head, Max. Efficiency Max. pumping power
Rotation Speed (RPM) 1,500 1,500
Molten Pb Flow Rate, m (kg/s) 1.0 14

Impeller Dia. (mm) Pb Flow rate, m 
(kg/s)

Pb Temperature (K) Rotation Speed 
(RPM)

Blade Edges Shroud Clearance 
(mm)

60.0 0.0 to 30 kg/s 773.15 1,500, 2,500, 3,000 Sharp 2.0

55.0 0.0 to 30 kg/s 673.15, 773.15, 873.15 1,500, 2,500, 3,000 Sharp, Rounded 1.5 and 2.0

66.8 0.0 to 30 kg/s 773.15 K 1,500, 2,500, 3,000 Sharp, Rounded 1.5 and 2.0

The calculated pump characteristics for the three optimized impeller blades 
designs are compared in Figure 9a, and the corresponding pump efficiencies 
are compared in Figure 9b. The optimized impeller design for maximizing 
the pumping efficiency produces the highest pump characteristics and 
efficiency, followed by the those for maximizing pumping power. The 
characteristics and the efficiencies of the pump with the optimized impeller 
design for maximizing the pump pressure head are the lowest (Figure 
9a). The developed pump pressure heads decrease monotonically with 
increased flow rate of molten lead from ~99.75, 96, and 86,9 kPa at zero 
flow rate to ~36.1, 28.25, and 24.8 kPa at a flow rate of 30 kg/s (Figure 9a). 
The pump efficiencies for all three impellers at a shaft speed of 1,500 RPM 
initially increase with increased flow rate to peak values then decrease with 
further increase in the molten lead flow rate. The peak efficiency for the 
pumps with optimized impellers for maximizing the pumping power and the 
pump head are ~28.7% and 27.8%, respectively, and occurs at the same 
molten lead flow rate of 13.8 kg/s. The peak efficiency for the pump with the 
optimized impeller design for maximizing efficiency is ~40.7% and occurs at 
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Figure 8. Isometric and cross-sectional views of the 60.0 mm diameter impeller for maximum pumping power at shaft speed of 1,50 RPM and for molten Pb 
at 1.0 kg/s and 773.15 K.

Figure 9. Calculated characteristics and efficiencies for pumps with optimized 60.0 mm diameter impellers for maximizing pumping power, pressure head, 
and pump efficiency.
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Figure 10. Comparison of generated pressure head, efficiency, and dissipated power for pump with optimized 60.0 mm diameter impeller blades for 
maximizing pumping power.

a molten lead flow rate of ~14.5 kg/s (Figure 9b).

Figure 10 presents results of the effect of changing the rotation speed of 
the impeller shaft on the pump characteristics (Figure 10a) and efficiency 
(Figure 10b) and the dissipated power into the flowing molten lead (Figure 
10c). The dissipated power by viscous dissipation along the surfaces of 
impeller blades equals the difference between the impeller shaft mechanical 
power and the pumping power produced (Eq. 1a). Increasing the rotation 
speed of the impeller shaft markedly increases the pump pressure head 
(Figure 10a) along the entire range of the molten Pb flow rates investigated, 
0 kg/s-30 kg/s. For all impeller rotation speeds investigated, the pump 
pressure head decreases linearly with increased flow rate. The produced 
pressure head at zero flow is the highest. At impeller shaft rotation speed 
of 1,500 RPM this pressure head is 96.1 kPa and increases to 273.5 kPa 
and 386.5 kPa with increased impeller shaft speed to 2,500 and 3,000 
RPM, respectively (Figure 10a). At flow rates below ~19 kg/s, increasing 
the rotation speed of the pump impeller decreases the pump efficiency 
due to the increased viscous dissipation. Conversely at high flow rates, the 
pump efficiency increases with increased the rotation speed of the impeller 
shaft due to the increase in the pumping power produced (Figure 10b). The 
dissipated thermal power by the rotating impeller into the molten lead flow 

increases both with increased flow rate and shaft rotation speed (Figure 
10c). For the lowest speed of 1,500 RPM the dissipated thermal power at 
the highest flow rate of 30 kg/s is 452 W. This value increases to as much 
as 1.327 and 1.884 kW with increased rotation speed to 2,500 and 3,000 
RPM, respectively.

Optimized pump impeller designs for molten Pb flow at 
14.0 kg/s
This subsection presents the performance results for optimized impeller 
blades with diameters of 55.0 mm and 66.8 mm for circulating molten lead 
at 14 kg/s. The design optimization used the multi-physics methodology 
in Figure 3. The 55.00 mm diameter impeller’s blades fit within 2-inch 
SCH standard size pipe with 2 mm clearance, and the 66.8 mm diameter 
impeller’s blades fit within 2.5-inch SCH pipe also with 2 mm clearance. 
Figure 11 presents isometric and cross-sectional views of the 55.0 mm 
(Figure 11a) and 66.8 mm (Figure 11b) outer diameter impellers and Figure 
12 shows views of the implemented numerical mesh grid for the 66.8 mm 
outer diameter impeller blades with sharp edges and with rounded edges 
and rounded shrouds wall (Figure 12). These impeller designs are optimized 
for maximizing pumping power at molten flow rate of 14.0 kg/s and impeller 
shaft speeds of 1,000, 1,500, and 3,000 RPM. Figures 13-20 present and 

Figure 11. Isometric and cross-sectional views of pump impellers optimized for maximizing pumping power at shaft speed of 1,500 RPM.
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compare the obtained performance results.

The optimized pump design with 66.8 mm diameter impeller blades with 
sharp edges (Figure 12a) generates a pressure head, ΔP=112.9 kPa at 
molten lead flow rate of 15 kg/s and impeller shaft speed of 1,500 RPM 
(Figure 14b). The optimized designs with rounded blades edges decreases 
the flow pressure losses along the impeller blades (Figure 12b) and 

increases the net pumping head at a molten lead flow rate of 15.0 kg/s by 
7.6% to 121.5 KPs (Figure 14b). Increasing the rounding of the flow shroud 
wall (Figure 12b) also reduces the pressure losses for the exiting flow 
before entering the annular downcomer (Figures 1 and 4). The performed 
CFD analysis of the optimized pump designs with rounded impeller 
blades edges used a finer numerical mesh grid at the blades’ tips, slightly 
increasing the total number of numerical mesh cells (Figures 12a and 12b). 

Figure 12. Implemented numerical mesh grid in CFD analysis for the pump with optimized 66.8 mm diameter impeller blades with: (a) sharp edges, and (b) 
rounded edges and flow shroud.

All performance results presented next are for optimized impeller designs 
with rounded blade edges and shroud (Figure 12).

The velocity fields presented in Figure 13 shows that decreasing the 
clearance from 2 mm to 1.5 mm increases the pumping pressure heads 
both at the low and high flow rates of molten lead of 1.0 and 15 kg/s. The 
larger clearance increases the reversed flow and flow mixing which increase 
pressure losses and decrease the net pump pressure head. At a molten 
lead flow rate of 1 kg/s, decreasing the clearance between the impeller 

blades and the shroud wall from 1.5 to 2.0 mm increases the pumping 
head, ΔP, by 6.1% from 60.3 kPa to 64.0 kPa (Figures 13a and 13b). At the 
higher molten lead flow rate of 15.0 kg/s (Figures 13c and 13d) the reduced 
pressure losses within the impeller blades using the smaller clearance of 
1.5 mm increase the net pump head by 20.1% from 63.1 kPa to 75.8 kPa. 
As the smaller 1.5 mm clearance provides improved pump performance, 
it is used in the subsequent analysis for the performance characterization 
of the pumps with optimized impeller blades for maximizing the pumping 

Figure 13. Effect of shroud clearance on velocity flow fields for a pump with optimized 55.0 mm diameter impeller blades for maximizing pumping power of 
molten Pb at 1.0 and 15.0 kg/s and shaft speed of 1,500 RPM.



Page 9 of 14

Mohamed S. El-Genk, et al. J Material Sci Eng, Volume 11:03, 2022

power for molten lead flow rates from 0 kg/s-30 kg/s and impeller shaft 
rotation speeds of 1,500, 2,500, 3,000 RPM (Figures 14-20).

Figures 14-16 plot the calculated pumping head, efficiency, and dissipated 
power for the optimized pump designs with 55 mm and 66.8 mm diameter 
impeller blades. The presented results are for blades with rounded edges and 
a clearance of 1.5 mm between the tip of the impeller blades and the shroud 
wall. The CFD performance results show that the optimized pump design 
with 66.8 mm outer diameter impeller blades generates higher pumping 

heads for molten lead flow at the same shaft rotation speed (Figures 14a 
and 14b). At zero flow, the static pressure head for the pump with 66.8 mm 
outer diameter impeller blades is ~62.5% higher than for the pump with the 
smaller 55.0 mm diameter blades (Figures 14a and 14b). At an impeller 
shaft rotation speed of 1,500 RPM, the pump with the 66.8 outer diameter 
impeller blades generates a static pressure head, ΔP=148.5 kPa compared 
to 91.5 kPa for the pump with the smaller 55.0 mm diameter blades. At 
higher shaft rotation speeds of 2,500 and 3,000 RPM, the generated static 
pressure heads by the pump with the 66.8 mm diameter impeller blades are 

Figure 14. Comparison of performance characteristics of pumps with 55.0 mm and 66.8 mm outer diameter impeller blades optimized for maximum pumping 
power at 1,500 RPM and 14.0 kg/s.

401.8 and 582.8 kPa, respectively, compared to 247.3 and 358.4 kPa for the 
pump with 55.0 mm diameter blades (Figures 14a and 14b).

The characteristics for the pump with the 66.8 mm outer diameter impeller 
blades are not only much higher but also decrease less with increased 
flow rate of molten lead (Figure 14b), than for the pump with the 55.0 mm 
outer diameter impeller blades (Figure 14a). At an impeller shaft rotation 
speed of 1,500 RPM the generated pressure head for the optimized pump 
design with the 66.8 mm diameter impeller blades decreases 28.6% with 
increased molten lead flow from 0 to 30 kg/s. The decrease in the pumping 
pressure head gets smaller with increased rotation speed of the impeller 
shaft. At a shaft speed of 2,500 and 3,000 RPM the pumping pressure 
head at molten lead flow rates from 0 and 30 kg/s decreases by only 6.1% 
and 3.6%, respectively. In contrast, the pressure head generated by the 
optimized pump design with the smaller 55.0 mm diameter impeller blades 
at shaft rotation speeds of 1,500, 2,500, and 3,000 RPM with increased 
molten lead flow from 0 to 30 kg/s decreases 68.4%, 29.9%, and 23.8%, 
respectively, The pump with 55.0 mm and 66.8 mm outer diameter impeller 
blades optimized for maximum pumping power can achieve efficiencies 
of ~47%-49%, and the rate of heat dissipation to the molten lead slightly 
increases its temperature ~0.06 to 0.51 K at 15 kg/s because of relatively 

high specific heat capacity of molten lead at 773.15 K (~145.1 kJ/kg. K) 
(Figures 15a and 15b) [12]. At the same shaft rotation speeds, the peak 
efficiencies for the pump with 66.8 mm outer diameter impeller blades occur 
at higher molten lead flow rates than for the pump with the smaller 55.0 
mm diameter impeller blades. At an impeller shaft rotational speed of 1,500 
RPM a peak efficiency of 47.4% for the pump with 55.0 mm outer diameter 
impeller blades occurs at a molten lead flow rate 10.1 kg/s, compared to 
49.52% for the pump with the larger 66.8 mm outer diameter blades at a 
molten lead flow rate of 14.1 kg/s (Figures 15a and 15b). For a shaft rotation 
speed of 2,500 the peak efficiencies of the pumps with 55.0 mm and 66.8 
mm diameter blades increase slightly to 47.8% at 15.2 kg/s, and to 49.7% 
at 22.5 kg/s, respectively (Figures 15a and 15b).

The dissipated thermal power by the pump to the flowing molten lead 
increases monotonically with increased flow rate and /or increased shaft 
rotation speed (Figure 15) and is significantly higher for the 66.8 mm outer 
diameter impeller blades (Figure 16b). For a shaft rotation speed of 1,500 
RPM, the dissipated thermal power by the optimized pump design with the 
55.0 mm diameter impeller blades increase from 57.6 W at zero flow to as 
much as 333.3 W at 30 kg/s (Figure 16a). The corresponding dissipated 
power for the pump with the larger 66.8 mm diameter impeller blades is 
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Figure 15. Comparison of the calculated efficiencies for the optimized pump designs with outer diameter blades of 55.0 mm and 66.8 mm for maximum 
pumping power.

Figure 16. Comparison of dissipated power for pump designs optimized for pumping power with 55.0 mm and 66.8 mm outer diameter impeller blades.



Page 11 of 14

Mohamed S. El-Genk, et al. J Material Sci Eng, Volume 11:03, 2022

143.0 W at zero flow rate (a 148% increase) and 439.4 W at 30 kg/s (a 
31.8% increase), respectively.

At higher impeller shaft speeds of 2,500 and 3,000 RPM the dissipated 
thermal powers by the pump with impeller blades diameter of 66.8 mm are 
201%, and 241% of those for the pump with smaller impeller blades diameter 
of 55.0 mm. The increase in the dissipated power between the 66.8 mm 
and 55.0 mm pump designs at 1,500, 2,500, and 3,000 RPM, respectively, 
at zero flow rate is much larger than the corresponding 62.5% increase 
in the pumping head. The pump design with 55.0 mm diameter impeller 
blades optimized for maximum pumping power has higher efficiencies and 
hence lower thermal power dissipation at lower flow rates. However, the 
results are reversed at high flow rates (Figures 15a and 15b). For a flow rate 
of 30 kg/s the pumping pressure head with the 66.8 mm diameter blades 
is 266%, 117%, and 206% that for the pump with the smaller 55.0 mm 
diameter blades at impeller shaft speeds of 1,500, 2,500, and 3,000 RPM, 
respectively. These increases in the pumping pressure head far exceed the 
corresponding increases in the dissipated power of 32%, 65%, and 70%, 
respectively. The results suggest that for applications requiring lower lead 
flow rates the pump design with 55.0 mm outer diameter impeller blades 
offers more efficient performance. On the other hand, the pump design 
with large 66.8 mm outer diameter impeller blades would be preferable for 

higher flow rates applications.

The performed CFD analyses of the optimized pump designs calculate 
the molten lead flow velocity and pressure fields (Figures 17 and 18). The 
displayed images in these figures are for the optimized pump designs for 
maximum pumping power and with rounded blade edges and clearance of 
1.5 mm. Figure 17 presented images of the calculated flow velocity field 
of the pump designs with impeller outer diameter blades of 55.0 and 66.8 
mm, molten lead flow rate of 5 kg/s and impeller shaft rotation speeds 
of 1,500 and 2,500 RPM. Figure 18 presents images of the calculated 
pressure fields for the same conditions as in Figure 17. The white regions 
in these figures indicate the solid hardware of the impeller and its shaft, 
the walls of the flow shroud that reduces the cross-sectional area of the 
molten lead flow approaching the pump impeller, and the guides of the 
flow exiting the impeller blades to flow into the downcomer of the pump 
assembly. The velocity vectors in Figures 17a-17d show turbulent flow 
eddies in the flowing molten lead passing along the surface of the impeller 
blades. These eddies are produced due as the flow passing up along the 
impeller blades interacts with the limited back flow occurring in the space 
between the impeller blades and the shroud wall. The turbulent eddies and 
the local reversed flow effectively increase both the pressure losses and 
the dissipated thermal power and decrease the net pumping head and the 

Figure 17. CFD images of velocity fields for optimized pump designs with 55.0 mm and 66.8 mm diameter impeller blades for molten Pb flow rate at 5 kg/s 
at 771.15 K.

Figure 18. CFD images of calculated pressure fields for optimized pump designs with 55.0 mm and 66.8 mm outer diameter impeller blades.
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pump efficiency (Figures 5 and 16). The intensity of the generated turbulent 
eddies at shaft rotation speed of 2,500 RPM (Figures 17a and 17b) are 
stronger than those at the lower speed of 1,500 RPM (Figures 17c and 17d).

The molten lead exiting the impeller blades is directed to flow through the 
downcomer with the aid of flow guides (Figure 1). The curved flow guides 
help reduce the intensity of the turbulent eddies in the flow, which help 
decrease the pressure losses. The installed longitudinal guide vanes in the 
downcomer (Figure 1) help straighten the flow in the annular downcomer 
(Figures 17a-17d). The velocity fields in Figure 17 show that the visible 
eddies cease as the guide vanes ensure a smooth down flow within the 
downcomer. The pressure field images in Figures 18a-18d show small local 
high-pressure regions where the flow exiting the impeller blades impinges 

onto the outer wall of the downcomer.

In addition to the pump performance characteristics, the CFD analyses 
determine the maximum velocity for the flowing molten liquid metal along 
the surface and at the tips of the impeller blades (Figure 19). These 
velocities strongly influence the rates of corrosion and erosion along the 
surface of the metallic impeller by the flowing molten lead [19-20,22]. The 
rate of these processes increase as the molten lead flow velocity at the 
solid surface and tips of the impeller blades increases. They increase with 
increased rotation speed of the impeller blades and/or the diameter of the 
blades (Figure 19). The images in Figure 19 are for impeller shaft rotation 
speeds of 1,500 and 2,500 RPM and molten lead flow rate of 5 kg/s, same 
as in Figures 17 and 18.

Figure 19. Velocities fields along the surface and at tip of impeller blades at shaft rotation speeds of 1,500 and 2,500 RPM, and molten Pb flow at 5 and 15 
kg/s and 773.15 K.

The isometric views of the impeller blades show the colored coded surface 
of the impeller commensurate with the magnitudes of the molten lead flow 
velocities. The lowest velocity occurs at the stagnation point at the tip of 
the impeller hub facing the inlet flow (Figure 19). This figure shows that for 
the optimized 55.0 mm outer diameter impeller blades, the peak velocity 
at the tip increases from 8.6 m/s at a shaft rotation speed of 1,500 RPM to 
14.4 m/s at a rotation speed of 2,500 RPM (Figures 19a and 19c). For the 
larger 66.8 mm outer diameter impeller blades, the peak velocity along the 
tips of the impeller blades increases from 10.8 m/s at a shaft rotation speed 
of 1,500 RPM to 18.0 m/s at 2,500 RPM (Figures 19b and 19d). At these 
velocities the corrosion rates of the metallic blades at 773.15 K should be 
sufficiency low to use austenitic 316 stainless steel for the impeller, blades, 
and the shroud wall. However, at higher temperatures the corrosion rate 
of 316 stainless steel would increase to exclude it from consideration and 
instead consider metallic alloys that are void of nickel such FeCrAl ODS 
steel and 9CrODS and 12CrODS steels [24-25].

Effect of working fluid temperature on pump performance
The previous results presented above are for molten lead flow at a 
temperature of 773.15 K. Changing the molten lead temperature will 
change its physical properties (Table 3) and hence the pressure losses 
and the net pump pressure head. The performed analyses investigated the 
effect of the working fluid temperature on the performance of the pump 
with the optimized 55.0 mm diameter impeller blades for maximizing the 
pumping power. The calculated performance characteristics of the pump 
for molten lead temperatures of 673.15 K and 873.15 K and shaft rotation 
speed of 2,500 RPM are presented in Figures 20a-20c. Increasing the 
molten lead temperature decreases its density and its dynamic viscosity 
([12] and Table 3). The supplied pump pressure head is nearly the same 
for molten lead temperatures of 673.15 K and 773.15 K and slightly lower 

at the higher temperature of 873.15 K (Figure 20a). At such temperature 
the lower density molten lead is more difficult to pump, reducing the net 
pumping pressure head slightly by <6 kPa compared to those at the lower 
temperatures (Figure 20a).

Figure 20.  Effect of temperature on the pressure head, efficiency, and the 
dissipated power at shaft rotation speed of 2,500 RPM. 
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The results in Figure 20b show that the calculated pump efficiency is 
practically identical for molten lead flow rates <7 kg/s and at molten lead 
between 673.15 K and 873.15 K. At higher flow rates the pump efficiency is 
slightly higher for molten lead temperature of 673.15 K, followed by those 
at 773.15 K, and 873.15 K. The lower pumping head for circulating molten 
lead at 873.15 K is because of the decrease in the liquid density, despite the 

decrease in the dynamic viscosity (Figure 20a, Table 3). The difference in 
the dissipated power into the circulating molten lead is practically the same 
irrespective of its temperature but increases fast with increased molten lead 
flow rate (Figure 20b) which increases the dissipated power being highest. 
The results in Figure 20 confirms the small effect of increasing the molten 
lead temperature on the pump performance parameters, suggesting that 

Lead Temperature Liquid Density (kg/m3) Specific Heat Capacity, Cp 
(J/kg-K)

Dynamic Viscosity (Pa-s) Thermal Conductivity 
(W/m-K)

673.15 K 10,579.7 146.7 2.227x10-3 16.6

773.15 K 10,451.8 145.1 1.813x10-3 17.7

873.15 K 10,323.8 143.5 1.548x10-3 18.8

Table 3. Molten Pb Thermophysical properties at 673.15, 773.15, and 873.15 K (OECD 2015).

the present axial-centrifugal flow pump designs optimized for circulating 
molten lead at 773.15 K would be applicable at different temperatures.

Discussion

A multi-physics design methodology is developed and applied to the design 
optimization and performance analysis of the miniature axial-centrifugal 
flow pumps for maximizing the pumping power, pump efficiency, or the 
pump pressure head. The developed design optimization methodology links 
the CAESES software for the pump design generation, the STAR-CCM+ 
commercial software for CFD performance analysis, and the open-source 
DAKOTA program for multivariable parameter optimization analysis using 
a genetic algorithm. The optimized designs of miniature axial centrifugal 
flow pumps would an attractive choice for in-pile and ex-pile test loops to 
support the development of advanced heavy liquid metals cooled nuclear 
reactors. Conducted analyses investigated the effects on the pump 
performance of increasing the outer diameter of the impeller blades from 
55.0 mm to 66.8 mm, the shaft rotation speed from 1,500 to 3,000 RPM, the 
clearance between the edge of the blades and the shroud wall from 1.5 to 
2.0 mm, and the molten lead temperature from 673.15 to 873.15 K. Additive 
manufacturing is successfully demonstrated of the optimized design with 
60.00 mm diameter impeller blades for maximum pumping power.

The implemented CFD analysis methodology of the liquid lead flow through 
the axial-centrifugal flow pump is validated for simulating the performance a 
molten lead axial flow pump used in the experiments of Beznosov et al. [37]. 
The calculated pump pressure heads agree with the reported experimental 
values to within ±10%. This methodology is used in the present work to 
optimize the performance to the developed miniature axial-centrifugal flow 
pump designs for circulated molten lead in test loops.

Results show that increasing the impeller blades outer diameter and / or the 
shaft rotation speed increase the pump characteristics and efficiency and 
the dissipated thermal power. The flow rate at the peak efficiency increases 
with increased impeller shaft rotation speed and /or the impeller blades 
outer diameter. Increasing either the diameter of the optimized impeller 
blades or the shaft rotation speed increases the pump pressure head, 
the dissipated power, and the molten Pb flow rate at the peak efficiency. 
Rounding the tips of the impeller blades and/or decreasing their clearance 
from the shroud wall from 2.0 to 1.5 mm limit the formation of flow vortices, 
decreases pressure losses, and increases the pump efficiency. Increasing 
the molten lead temperature from 673.15 to 873.13 K slightly decreases 
the pumping pressure head and negligibly affects the pump efficiency. In 
addition to the pump characteristics and performance parameters, the CFD 
analysis provides detailed images of the velocity and pressure flow fields 
and of the induced vortices in the clearance between the blades and the 
shroud wall.

Conclusion

The optimized miniature pump designs with impeller blades diameters of 
50.0, 60.0 and 66.8 mm could be fabricated using precision 3-D additive 
manufacturing and used for circulating heavy liquid metals such as molten 
lead, LBE, and Pb-Li alloys, as well as alkali liquid metals in fast spectrum 
micro and small modular nuclear reactors and both in-pile and ex-pile test 
loops. Other potential applications of these pumps include accelerator driven 
neutron sources using liquid lead or LBE targets, or Pb-Li blanket test loops 
for nuclear fusion experiments. Such pumps could also be used in a wide 
range of industrial applications such as circulating molten aluminum in metal 
casting plants, deep water wells, and liquid metals cooled microreactors. 
This work successfully demonstrated using additive manufacturing of an 
optimized impeller design with 60.0 mm diameter blades.
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