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CFD Evaluation of a New Centrifugal Pump Concept for Rocket Propulsion

Malael ION*, Bucur IOANA

Abstract: The rocket propulsion system provides forces to a flight shuttle so that it can accelerate or decelerate and overcome the drag force or change direction. The
simplest propulsion system can be made using pressurized propellant tanks with supply of compressed gas but, for minimum weight design requirements, a system with
propellant pumps satisfies better. This paper aims to evaluate the performances of a new centrifugal pump concept using computational fluid dynamics. The paper is based
on an innovative pump design consisting of two centrifugal stages superposed into a novel and promising configuration. The CFD analysis is performed on 3D domains by
using the CFD commercial code ANSYS CFX. The numerical solvers used are pressure based using the SIMPLE method with RANS. The post processing of the results
delivers speed, pressure and temperature distribution in the field. A classic two stage centrifugal pump is compared with the new stage-over-stage design, where the axial
length is considerably reduced. Regarding the total efficiency, in both cases its value is around 97%. This paper presents an innovative geometry for centrifugal pumps, that

can contribute to the improvement of rocket propulsion systems.
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1 INTRODUCTION

Current state of the art regarding centrifugal pumps
highlights their wide range of application, including not
only industrial uses, but also residential ones. Different
designs for centrifugal pumps are available, according to
their domain of use, which includes irrigation, stream
power plants, oil refineries, hydraulic power service and
aerospace engineering [1]. Such designs include mixed
flow pumps, as studied in [2] or multi-stage multiphase
pumps, as analyzed by J. Zhang et. al. in paper [3], with
emphasis on their characteristics and flow behaviour at
different operating conditions. Due to the expansion of
their applications, from propulsion of marine devices [4] to
hydraulic applications and medical devices, the
performances and working ranges of centrifugal pumps
should be carefully assessed prior to their manufacturing.
Thus, computational fluid dynamics simulations regarding
the flow through such a pump are becoming more and more
relevant. Such studies provide an insight into the flow
characteristics that can help in the optimization process.
The importance of the advantages provided by
computational fluid dynamics simulations in the field of
turbomachinery are highlighted in [5].

The development of centrifugal pumps in the
aerospace industry focuses mainly on obtaining pumps
with a wider stable performance map so that they can be
successfully used for designing rocket engines. Design
concepts that improve flow range of pumps in rocket
engines include different casing treatments and also
limitations on hydraulic loadings within the blading, which
are meant to decrease chances of surge or delay it [6].

Liquid-propellant propulsion systems, such as rocket
engines, demand that the initial pressure of the propellants
is sufficient to surpass eventual losses in order for it to
reach the combustion chamber at an optimal pressure. This
is necessary for the combustion process to be stable. In
order to gain the needed pressure, the relevant solutions
would be pressure-fed systems and pump-fed systems [7].
Pressure-fed engines can be based on self-pressurization or
pressurization by another foreign high pressure gas. Pump-
fed engines operate under the principle of a turbo-charger
to achieve the pressurization of the propellants. The last

ones are preferred due to their light weight and innovative
perspectives [8].

Rocket engines that use fully cryogenic propellants,
such as liquid oxygen or liquid hydrogen, are currently
preferred in the industry of rocket science development.
Hence, it is required to examine the behaviour of
centrifugal pumps pressurizing such fluids in order to
determine precautions that must be taken into
consideration. The most common issue when using semi-
cryogenic or cryogenic propellants is that the process of
their pressurization can lead to cavitation conditions
exposure [9]. There are many papers concerning the
cavitation phenomenon, which analyze it and try to predict
the characteristics of the flow, as well as to give relevant
solutions to prevent it [10-12]. Cavitation represents the
main cause of instability in pumps according to [13]. This
phenomenon causes cavities to form in the flow due to the
fact that the local static pressure approaches the fluid
vaporization pressure [6]. Therefore, to avoid cavitation,
pumps are designed to function below cavitation
conditions by using an inducer and so the system
performance is improved [14]. The inducer proceeds in
increasing the static pressure of the fluid that enters the
pump to a value that allows the main impeller of the pump
to function normally [15]. An innovative geometry that
might improve cavitation resistance is the centrifugal
vortex pump concept, developed by Mihali¢ et al. [16].

In order to achieve pumps that work more efficiently,
reliably and quietly at lower cost, pump designers are
exploiting modern methods, such as numerical
simulations, that allow the prediction of flow behaviour in
different machines before manufacturing them. These can
be carried out using CFD software. Such software allows
the designer to have a wider understanding regarding the
flow phenomenon in the centrifugal pump and therefore, to
correct the design in order to achieve better performances
[17]. Often, the numerical results are compared with
experimental data in order to validate different CFD
methods [18].

Further on, a new geometry design for centrifugal
pumps is proposed and its performances are evaluated by
employing CFD numerical simulations. The proposed
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design contributes to the development and improvement of
rocket propulsion systems.

2 METHODOLOGY

In this section aspects regarding the generation of the
two geometries are discussed, as well as the methods used
for the CFD numerical simulations. Furthermore, grid
production features are explained and the case set-up for
the investigated geometries in ANSYS CFX is detailed.

2.1 Centrifugal Pump Design

Firstly, a pre-design mathematical model is presented
for the assessment of the main design features of the classic
two stage centrifugal pump and the proposed stage-over-
stage geometry. As input parameters, the pump's mass
flow, Eq. (1), and its discharge pressure, Eq. (2) are
established in accordance with the pump's application [19].

0= pua 0
Pa = Ps + (Ap)pump (2)

where Q is the pump's mass flow the quantity of fluid

going through the discharge per unit time, p air density, v
velocity, A area, pq discharge pressure, p; suction pressure
and 4p the pressure difference.

As discussed in the introduction, the cavitation
phenomenon is unwanted and in order to avoid it NPSHa
(available net positive suction head) should be greater than
NPSHr (required net positive suction head) [20]. NPSHa
represents a monitor for the absolute pressure at the inlet,
while NPSHr signifies the limit value of the head. The
expression for the head, that describes the pressure increase
provided by the centrifugal pump between the processes of
discharge and suction, is evaluated using Eq. (3):

AH =P Ps Ly Ly, 3)
g

where 4H is the head, calculated as a function of discharge
pressure (pg), suction pressure (ps), air density (p),
acceleration of gravity (g), losses at suction (¥;) and losses
at discharge (Ya).

The impeller's diameter (D;) can be calculated as a
function of specific diameter (D;), Eq. (4), or angular speed
(w) and velocity at impeller's outlet (u2), Eq. (5):

_ Ds\/E

D, : @
(gAH )4

D, =21 s)
w

The relative angles and velocity components ( ¢ -
absolute velocity, w - relative velocity) are determined
from the velocity triangles as explained in [20]. For the
impeller inlet the following equations are employed:

_0
o= o, (6)
u; =2mD, @)
__ G
" in(s) ®

where ¢; is the inlet absolute velocity, u; the velocity at
impeller's inlet, n the rotational speed, D; the inlet's
diameter, w; the inlet relative velocity and f; the inlet
relative angle.

Whereas for the impeller outlet the following
equations apply:

¢y =/Com +C2y (€))

W, = \/(cg + u§ l2u202 cos(az )] (10)

where ¢, is the outlet absolute velocity, cm is the
meridional component of the outlet absolute velocity, ¢ is
the tangential component of the outlet absolute velocity, w-
is the outlet relative velocity and a» the outlet absolute
angle.

The relative ( £, ) and absolute (&, ) angles at outlet

are calculated using Eq. (11) and Eq. (12) respectively:

B = arctan(cz—’”J (11)

Uy =Cyy

a, = arctar{cz—’"] (12)
Coy

The number of blades and their height at the outlet
were determined using the following formulations:

2 1

1
_oms( Me e |2
h2—0.78(100j \/: (14)

where z is the number of blades, /4, their height and N; the
specific speed for the pump.

As for the impeller efficiency evaluation, the next
three equations were used.

z=6.5D2;glsin(ﬁl -5) (13)

27NT
Power,,,, = L (15)
60x1000
(pa —ps)Q
Power =—4 -5 = 16
outlet 1000 ( )

where N is rotational speed, T is the shaft torque and Q is
the flow rate.
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Power, outlet

Efficiency = x100 17

Power,,,,

The pre-design procedure is thoroughly discussed in
[19, 21]. The calculated parameters were used in Vista
CPD, provided by ANSYS, in order to generate the 3D
models for both analyzed geometries. The cross sections
for both centrifugal pumps studied in this paper are
illustrated in Fig. 1.

a) Classic two stage

b) New design - stage-over-stage
Figure 1 Centrifugal pump cross section

The green arrows represent the inlet of the centrifugal
pump and the outlet is highlighted with red. If in the classic
configuration the outlet is well known, in the new design
this is through the stator blades. The space between the
stator and the rotor from stage 2 will be used to design a
volute shape, employed in the discharge process.

2.2 CFD Methods and Models

The Reynolds-Averaged Navier-Stokes (RANS)
formulations with the correspondent turbulence closures
are very useful in particular for "fast-screening" of a large
number of cases or set-ups in Computational Fluid
Dynamics (CFD). Steady-state RANS techniques are
preferred methods for the analysis of compressible
turbulent flows due to the large number of set-ups that can
be simulated in a short period of time in order to identify
trends in the flow behaviour [22-24].

Within the RANS method, two-equation turbulence
models are largely used. Probably the most popular two-
equation model is the standard k-& model [25], which is
robust, fast and gives reasonable accuracy for a wide range
of turbulent flows. Another two-equation model is the
standard k- turbulence model, which is based on Wilcox's
k-o model [26]. An improved turbulence model is Menter's

Shear Stress Transport (SST) k-o model [27] with
compressibility effects, for which the two-equations for
turbulent kinetic energy and specific turbulent kinetic
energy dissipation rate are given in Eq. (18).

ok ok ok ok _ a2k+62k+62k LGy
AUVt W =T | o [+ G
ot ox ox ox 6)62 6_)/2 522

R R R

ow _O0w _ 0w ow 62w+62w+62w +
@ a2 6y2 022

(18)

+Gy - Y, + Dy,

where: k& is turbulent kinetic energy; w is specific
turbulent kinetic energy dissipation rate; /7, /[, are

effective diffusivities for £ and o ; ék represents the
production of turbulence kinetic energy; G, represents
the production of w ; Y, and Y, represent the dissipation
of k and @ and D, represents the cross-diffusion term.

Using the commercial solver CFX (ANSYS, Inc.), the
two-equation SST turbulence model was used for the
investigation of the compressible flow in a new liquid
hydrogen centrifugal pump design. A comparison between
this new pump design and a classic two-stage centrifugal
pump was carried out in this paper. The geometries for the
two cases are the ones illustrated in Fig. 1.

2.3 CFD Set-up

In order to prepare the geometries for the numerical
simulations, for both cases the computational domain was
realized using the TURBOGRID software, which is an
automatic block-structured meshing system devoted to
rotating machinery configurations.

a) Impeller 1

c) Stator
Figure 2 Grids for the components of the centrifugal pump
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In the mesh generation process the mesh's quality, in
terms of orthogonal, expansion ratio and cell aspect ratio
were considered. The generated meshes for impeller 1,
impeller 2 and stator are illustrated in Fig. 2.

The target for the final mesh size was about 1.5 million
grid cells for all domains, with a normal blade count of
about 30. The first inner cell size was defined in order to
reach the unit value for y+ at the first point away from the
solid walls.

Regarding the set-up of the two investigated cases,
using both discussed geometries, at the inlet, the total
pressure p;, = 20 bar is setup to avoid problems regarding

the cavitation phenomenon. Usually, to reach this pressure
an inducer can be used but in this paper we investigate only
the impeller and stator part and suppose that in each case
the outlet pressure from the inducer is 20 bar . At the
pump's outlet, the mass flow rate for all sectors was

imposed O = 40.4 kg/s , and a monitor point at the inlet

with this variable was set up to check the convergence of
the numerical solution. The walls (blades, hub and shroud)
are non-slip, and the moving reference frame model is
assigned with rotational speed of 36000 RPM around the Z
axis. The turbulent option at the inlet and outlet boundaries
is set to medium intensity equal with 5%. The boundary
conditions discussed earlier, are illustrated in Fig. 3 and
summarized in Tab. 1.

Table 1 Boundary conditions
INLET Pin =20 bar

OUTLET 0 =40.4 kg/s

b) New stage-over-stage design
Figure 3 Boundary conditions

3 RESULTS AND DISCUSSION

A 3D CFD analysis was conducted on a single row of
a LH2 centrifugal pump. A comparative study between a
classic pump configuration and a new design proposed in
this paper, stage-over-stage, has been carried out in order
to evaluate their performances. Fig. 4 shows the
streamlines in blade to blade view for both cases at 50%
blade span. No recirculation zones are developed that can
influence the pump's performances, as observed in the
mentioned figure.

b) New stage-over-stage design
Figure 4 Streamlines at 50% blade span

The existence of liquid hydrogen is conditioned by the
temperature conditions. The critical point value so that
liquid hydrogen can be formed is below 33 K.

P+ L -
Total Temperature in Stn Frame: Y]

a) Classic two stage

® < i

g Ll
-
Total Temperature in Stn Frame [
b) New stage-over-stage design
Figure 5 Total temperature in stn frame at 50% blade span

Fig. 5 shows the total temperature in stn (stationary)
frame diagrams for each studied case. For both cases the
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maximum temperature value is below 31 K so the cooling
of the hydrogen below its critical point is assessed in both
cases. Furthermore, the lowest value of the temperature is
not lower than the freezing point of the liquid rocket fuel.
For the proposed stage-over-stage geometry the
temperatures are lower overall when compared with the
classic two stage configuration, so in real functioning
conditions this new design is more reliable, as it is better
confined between the freezing limit and the critical point
limit of temperature.

To evaluate the pressure in stn frame evolution a
meridional view was used to observe the plot on an axial-
radial plane. In Fig. 6 are presented the meridional plots for
the studied pumps using the circumferential averaging by
mass flow option where the total pressure in stn frame
value at each sampling point is calculated as a mass flow
average over the corresponding circular band.

Total Pressure in Stn Frame
201

Q
155 \

a) Classic two stage

Total Pressure in Stn Frame

b) New stage-over-stage design
Figure 6 Total pressure in stn frame meridional view

Pressure variation for the studied cases is illustrated
from inlet to outlet in Fig. 7.
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Figure 7 Inlet to outlet pressure stn variation

For both investigated geometries, the pressure outlet
values are slightly similar, as can be observed in the two
previous pictures.

Furthermore, using Eq. (15), Eq. (16) and Eq. (17), the
overall efficiency of the analyzed configurations were
approximately 97% for both, the classic two stage and the
proposed new design stage-over-stage, centrifugal pumps.
The advantage of the proposed geometry is that it reduces
by 60% the total axial length of the pump when compared
with the classic two stage configuration, without
decreasing its performances. On the contrary, it provides
better functioning conditions for the liquid hydrogen,
regarding its temperature limitations.

4 CONCLUSION

A new design for a radial LH2 centrifugal pump has
been investigated using 3D CFD methods. This design
consists of an impeller placed over another impeller and in
this way the axial length is reduced 60% by comparison
with a classic two stages centrifugal pump. With a steady
state computational analysis, the performances of these
two pumps were evaluated. The total efficiency in both
cases is approximately 97%. Within the results, the total
pressure at stn frame in meridional view and variation from
inlet to outlet was presented. An important aspect of these
simulations was related to the temperature value which
defines the existence of the liquid hydrogen. By employing
the proposed geometry reduced length can be obtained for
propulsion systems in the aerospace industry without any
efficiency losses, making it a reliable contribution and
relevant concept for future research and development
projects.
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