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ABSTRACT 

The present study deals with efficiency increase of a centrifugal pump for liquid rocket propulsion by 

using an innovative concept. With this new pump design the axial length will be reduced by 60% and 

20% mass weight towards a classic two stage centrifugal pump. To estimate the performances, the 
CFD methods were used. The CFD analysis will be performed on 3D domains with the CFD 

commercial code ANSYS CFX. The numerical solvers used are pressure based with the SIMPLE 
method for RANS. The domain discretization was done by using dedicated grid generators like 

TurboGrid and ICEM CFD. The results were compared with a classic configuration with two stages in 
series. Centrifugal pump characteristics, such as pressure inlet-outlet variation, velocity and 

streamline patterns are presented in the paper. 
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NOMENCLATURE 

CFD – computational fluid dynamics; 
NPSH[m] – net positive suction head; 

SST – shear stress transport; 

A[m2]  – cross sectional area; 
D1 [m] – inlet diameter; 

D2[m]  – outlet diameter; 
Ds [m] – specific diameter; 

H[m] – head; 

Ns – specific speed; 
P1 [bar] – inlet pressure; 

P2 [bar] – outlet pressure ; 
Q[kg/s] – massflow; 

ps[Pa] – the propellant pump suction pressure; 
         [Pa] – pressure rise across the pump; 

pd[Pa] – pump discharge pressure; 
Ys, Yd – the friction losses; 

V2[m/s]  – outlet velocity; 

Z – blade number; 
b2[m]  – blade height at the outlet; 

u1 [m/s] – dragging speed; 
   – relative velocity magnitude; 

   – angle between the relative speed and the 

tangential direction; 

u2 [m/s] – tangential velocity; 
n[rpm] – angular velocity; 

g[m/s2] – gravitational acceleration; 

β1 – flow angle at inlet; 
ρ[kg/m3] – density; 
   – pump efficiency;  

   – hydraulic efficiency; 

   – volumetric efficiency; 

  – turbulent kinetic energy; 

  – specific dissipation rate of  ; 

      – effective diffusivities for k and ω; 
    – production of turbulence kinetic energy;  

   – production of ω. 
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1 INTRODUCTION 

Depending on the mission nature, the shuttle (space vehicle) may be classified in several categories 

[1]. These include satellites orbiting around the Earth or around the Moon, interplanetary flights or 
unmanned vehicles. The propulsion of these shuttles is of two kinds [2], primary and secondary. In 

the primary type, the space vehicle aims to go on the calculated trajectory while the secondary refers 

to attitude control, rotation, gyroscopic discharges, the separation moment and so on. A propulsion 
mechanism provides the force that moves the bodies that are initially at rest by changing speed and 

surpassing all the forces that oppose the motion. Rocket propulsion systems can be classified [3] 
depending on the type of energy used (nuclear, solar or chemical), size, type of fuel, type of 

construction or the number of units used for spacecraft propulsion. A system for liquid rocket 
propulsion [4] requires valve precision and a complex mechanism of pumps; turbines or pressurized 

tanks and combustion chambers where the fuel is mixed with the oxidant and burned to form gas of 

high temperatures that will accelerate and achieve high speeds through a supersonic nozzle and 
propel the shuttle.  

Liquid hydrogen is the fuel used to power most of the liquid rocket engines that equip spacecraft. 
Burning liquid hydrogen (LH2) in combination with liquid O2 yields a high performance[5]. LH2 is an 

excellent regenerative coolant. In combination with O2, it burns with a colorless flame. However, the 

shock waves can be visible. Of all known fuels, LH2 is the lightest and with lower temperature, with a 
specific gravity of 0.07, and a boiling point around 20K. A low density propellant requires large tanks 

which lead to increased shuttle volume. Due to the very low temperatures of LH2, problems arise in 
the selection of materials for manufacturing both the tanks and the pipes. Also, to avoid liquid 

evaporation or condensation, isolating these tanks and pipelines is a particularly significant challenge.  
The centrifugal pump is considered to be a kinetic device. The liquid enters the pump and receives 

kinetic energy from a rotating rotor. The centrifugal rotor sets the liquid up to high speeds to 

mechanically transfer the kinetic energy. Numerous researchers have made significant contributions 
to studying flow through these machines, all aiming at achieving the highest efficiency possible. 

Studies by Eckardt [6], Johnson et al. [7], Kjork et al. [8], Denton [9], Dawes [10], Casey et al. [11], 
Bansod et al. [12], Krain et al. [13], Farge et al. [14] and Zhang et al. [15] represent significant 

efforts to study the flow in centrifugal rotors both numerically and experimentally. Recent, 

researchers like Hillewaert et al. [16], Gonzalez et al. [17-19], Byskov et al. [20], Meakhail et al. [21], 
Majidi [22] and Feng et al. [23] have tried to predict the performance of such a machine under 

different operating conditions. 
Thus, numerous algorithms with main objective to numerically simulate the flow field in a centrifugal 

rotor have been developed. These algorithms are either pressure-based[24] or density-based [25] but 

both try on solve the Navier-Stokes equation system. 
Lakshminarayana [26], Rodi et al. [27] and Thakur et al. [28], have done a brief presentation of 

these techniques for assessing the performance of this machine type. 
In this paper the literature was used to design a new centrifugal pump for LH2 (Liquid Hydrogen). To 

determine its performance, the CFD ANSYS-CFX commercial code was used. 
 

2 THEORETICAL APPROACH 

The design of a centrifugal pump starts from the desired operating conditions. Thus, the customer 
imposes the discharge pressure, the flow rate and the nature of the working fluid. 

During the design process of a centrifugal pump for rocket engines, these important parameters are 
used: 

- required pump mass flow, 

       (1) 

- required pump discharge pressure, 

                            (2) 

- head, 
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 The pressure increase generated by the pump between discharge and suction is named 
"head" and can be expressed as: 

   
     

  
       (3) 

- net positive suction head, 
 The NPSH can be divided into two types: the required NPSH (NPSHr) and the available NPSH 

(NPSHa). Both are pressure measurements expressed in meters. The NPSHr is the limit value of the 
head at the pump inlet that allows to avoid cavitation phenomena and The NPSHa measures the 

absolute pressure at the inlet. 

                                       (4) 

To avoid pump cavitation             .[29] 

- specific diameter, 

The specific diameter is necessary to determine the impeller diameter and depends on the specific 
speed Ns. 

   
       

 
  

  
 (5) 

- impeller diameter, 

   
    

     
 
  
        

   

 
  (6) 

- impeller-inlet velocity triangle,(Fig.1) 

The inlet absolute velocity is: 

   
 

  
    (7) 

 
a)       b) 

Figure 1: a) Centrifugal pump cross section, b) Inlet velocity triangle 

 

             (8) 

   
  

        
    (9) 

- impeller-outlet velocity triangle,(Fig. 2) 

For the velocity triangle at the impeller outlet, two conditions must apply simultaneously[30]: 

a) The work must be equal to the theoretical head required by the machine; 
b) The meridian component of the absolute velocity must guarantee the discharge of the mass flow. 

                                                      
   

  
   (10) 
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Figure 2: Impeller outlet velocity triangle 

 
 
 
 
 

 
 
 
 

       

       
     

 

          
   

      
 

          
   

   
         

 
 

  

 

    
   

  

       
    

                

  (11) 

- number of blades, 

     
     

     
    β

 
 β

 
     (12) 

- blade height at the outlet, 

        
  

   
 
 
  
 
 

 

 
    (13) 

- total pump efficiency, 

    
 
 
 
 
  
   (14) 

3 GEOMETRIC MODELS 

Using the above parameters, a preliminary design of the new centrifugal impeller, rotor stage over 
stage was carried out, Fig. 3. 

 
Figure 3: New Impeller stage-over-stage 

The fluid path in this new pump design is explained in the figure 4. The LH2 will enter first in the 

impeller, stage I(green arrow), and pass into the stator part(yellow arrow) to enter again in the 
impeller but in the stage II (red arrow). After these steps, the working fluid passes in the volute 

through the stator blades. 
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Figure 4: Path flow through the two stages of the innovative pump (green arrows inlet 

and first rotor; orange arrows first stator; red arrow second rotor and discharge) 

By superposing the two stages of the LH2 pump, the total length is minimized at the same diameter 
of the rotor. Also, the discharge port can be configured as convenient for the integration into the fuel 

system since the pressure is evenly distributed into the volute and the flow can be directed towards 

the desired interface. In Fig. 5 there a cross section of this innovative pump assembly is presented. 

 
Figure 5: Cross section of the innovative pump assembly 

4 CFD SIMULATION AND RESULTS 

 4.1 CFD setup 
 

This study is based on numerical methods used to determine centrifugal pump hydrodynamic 
performances. To establish the optimal configuration in-house codes, developed by the authors, were 

used[31]. In this way, a series of configurations with different main working parameters has been 
considered. Such modified parameters were blade profiles, number of blades, solidity factor and so 

on. Once these configurations were determined, a CFD analysis was carried out to assess the 

hydrodynamic performances. Fig. 6 shows the work flow of the approach. 
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Figure 6: Workflow 

The CFD analyses were performed on 3D domains. The numerical solvers used are pressure based 
and use the SIMPLE method [32].  The commercial code ANSYS-CFX [33] with RANS solver and the 

k-ω SST turbulence model [34] was used.  

 

  

  
   

  

  
   

  

  
   

  

  
    

   

   
 

   

   
 

   

   
        

  

  
   

  

  
   

  

  
   

  

  
    

   

   
 

   

   
 

   

   
          

    (17) 

The discretization domain was divided in tree sub-domains. Two of them were rotating domains, 

which include the blades of the impeller, and the third sub-domain was a stationary domain that 

represents the stator part. The domain discretization was done by using dedicate grid generators like 
TurboGrid and ICEM CFD. To control the boundary layer and to reduce the time necessary to reach 

convergence, the meshes were of structured type.  
In Fig. 8 the boundary conditions for the two included cases are presented, the classic configuration 

with two stages and the newly proposed configuration, with stage-over-stage. 
 

   
a)      
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b) 

Figure 8: Boundary condition for: a) classic two stages pump; b) stage-over-stage pump; 

 
 

4.2 Results 

In order to investigate in detail the performance of this new centrifugal pump concept, steady 

CFD analysis was performed and the results were compared the CFD data from a simulation of a two 

stages centrifugal pump. Fig. 9 shows the streamlines at 50% blade span for these two cases. It can 
be observed that there is a small recirculation zone on the stator blade, but even with that, the 

efficiency of this new concept is better than for a classic pump, see Table 1. 
Regarding the pressure distribution, in Fig. 10 is presented the pressure in the same plane as 

the streamlines, and in Fig. 11 is represented the pressure variation from inlet to outlet. 
 

 
a) 

 
b) 

Figure 9: Streamlines: a) classic two stages pump; b) stage-over-stage pump; 
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a) 

 
b) 

Figure 10: Total pressure in Stn Frame counters: a) classic two stages pump; b) stage-
over-stage pump; 

a) b) 

c) 
Figure 11: Total pressure variation from inlet to outlet: a) first stage of a classic two 

stages pump; b) second stage of a classic two stages pump; c) stage-over-stage pump; 
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Table 1: CFD-results of the centrifugal pumps cases 

 
 

5 CONCLUSION 

The purpose of this study was to numerically determine the efficiency of a new LH2 centrifugal pump 

design. This turbomachine can be used for space shuttle propulsion. 
All simulations were done in a 3D setup using the SST turbulence model, which can capture very well 

the flow near walls. The total pressure distribution for the two stages configuration and the stage-
over-stage cases are presented. Also, the efficiency was determined in this study. By using the new 

geometry, the axial length is decreased by 60 % and the weight by 30% compared to a classic two 

stage configuration.  
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