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In order to ensure the independence of the results from the inlet and outlet boundary conditions a
simulation including the pump in a loop has been performed: this case has been developed in ANSYS
Fluent because a model prepared with this code has already been available. The layout is shown in
the following picture. This set of simulation has been performed with the Sliding Mesh Model: while
performing, the cell zones slide (i.e., rotate in this case) relative to another along the mesh interface in
discrete steps, and the solution is time-accurate and the solver is able to model rotor/stator interactions
(see [13] for further details). The sliding mesh model is the most accurate method for simulating flows
in multiple moving reference frames, but also the most computationally demanding.

In this model, there are not inlet and outlet section, hence the inlet and outlet boundary conditions
are not required, and the simulation is performed only setting the stationary domain in the loop and
the rotating domain around the blades (as shown in Figure 14). The red surface in the left part of
the loop is necessary to simulate a concentrated pressure drop, implemented into the software as a
porous jump. By changing the pressure jump coefficient one can vary the pressure losses of the loop:
this makes it possible to define the characteristic curve of the pump.

The following Figure 14 show the results of simulation with the pressure jump coefficient value
of 12.5 and 315 RPM.
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The velocity and static pressure contours confirm the coherence with the straight duct simulations.
An off-design analysis has been performed varying the pressure jump coefficient BCs (imposed on an
arbitrary section of the loop in the opposite side of the pump), value and the results are shown below.

Figure 15 shows the characteristic curve of the pump and it correctly has the typical shape of the
characteristic curve of an axial pump. The green curves represent the characteristic curves of the loop, as a
function of the pressure jump coefficient values, analytically computed as in the following Equaiton (3),
considering the pressure loss due to the length of the loop (1st term in the square brackets), due to the
change of flow directions (2nd term in the square brackets, regarding essentially the curves) and due
to the insertion of a porous jump BC (3rd term in the square brackets) with a specific coefficient Kpj:

hloop =

[
( f

L
D
)

distr
+ Kcurv + Kpj

]
× ρ

w2

2
[Pa] (3)

with:
f = Darcy friction factor
L/D = geometrical loop sizes
Kcurv = concentrated pressure losses coefficient of the curves
Kpj = concentrated pressure losses coefficient of porous jump (pressure jump coefficient).
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The reliability of the simulations is confirmed by the partial, and in some cases total, coincidence
of the pump operating point and the characteristic curve of the loop for the same values of the pressure
jump coefficient. For example, the pump operating point at Kpj = 7.5, perfectly matches the loop
characteristic curves computed according to the Equation (3) with Kpj = 7.5.

Finally, the dark red point represents the operating conditions of the pump in a straight duct,
described in the previous sections, and its proximity to the pump characteristic curve confirms the
validity of the boundary conditions used.

The Archimedean pump presented meets the specifications. While some mechanical concerns
have to be addressed (e.g., the mechanical connection of the screw to the hub, the self-centering of the
pump’s beam inside the duct), this solution could represent a viable solution as Primary Pump for ALFRED.
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3.3. Theoretical and CFD Simulation of the Blade Pump

Conventional axial pump could be a possible solution as the primary pump of ALFRED nuclear
reactor, but a semi-axial solutions, could be a more interesting alternative in terms of maximum
dimension, in particular regarding the pump shaft length, which involves a less height of the vessel.
Screw pump require a long shaft, as reported in the previous section, instead a blade pump allows a
smaller area in which are located the blade.

Furthermore, the blade design must be the simplest as possible, with no swirled blade and
uniform curvature in the middle plane.

In order to explore the performance and viability of a traditional solution, a conventional blade
pump is analyzed as Primary Pump evolving liquid lead. As with the previous geometries, the goals is
to obtain the required performance, in terms of mass flow rate and pressure head of the pump, with a
compact design of the component, but with a particular attention to the safety requirements. While the
two previous pumps were ‘push’ type pumps (suction side at the top, discharge side at the bottom),
the blade pump is a ‘pull’ type of pump (suction side at the bottom, discharge side at the top).

The general geometry is designed in accordance with the guidelines for the design of the impeller
of conventional semi-axial pumps as outlined in [20], while the geometry of the beam/hub is replaced
with a particular profile of the beam, that follows the shroud curvature calculated as proposed in [20],
but with an expansion of the meridian cross section, obtained with an enlargement of the pump’s eye
diameter (Figure 16). Moreover, an unconventional design for the blades has been developed: while
the conventional profile for the blade on a plane normal to the pump’s axis has an angle β1blade 6= 0
to limit as much as possible the incidence between the relative velocity and the blade leading edge
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profile, in this specific case the blade angle β1blade is selected equal to zero, with the goal to minimize
the pressure losses across the impeller in NC and in locked rotor conditions.

Figure 16 shows the conventional semi-axial impeller scheme [20] and the redesigned impeller
developed. It is visible:

• The largest section at the inlet (A-A’ arc of Figure 16a) vs. segment A-A’ of Figure 16b and the
outlet (B-B’ segment of Figure 16a) vs. segment B-B’ of Figure 16b section: this reduces the velocity
of the flow, the consequent corrosion phenomena and structural load that are due to the high
specific weight of the molten lead

• The straight trailing and leading edge: the high inertia of the molten lead flow makes negligible the
smallest scale geometry details (like high curvature elements or small fillet) regarding flow deviations.
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The blade design has been performed by the simple graphical geometric methodology proposed
in [21] (Figure 17), that is:

• To construct vane profile
• To draw a single radius circular arc using the calculated angle β1, β2 and radii R1, R2.

Within this method first line AM is drawn which makes an angle β2 to AO as shown in Figure 17.
Then an angle of β1 + β2 is drawn at O with the radius OB and a line is drawn from A to the point B,
the intersection point on radius R1 and is extended up to D. Then a perpendicular line is drawn in the
middle of AD which intersects at M. MA will be the radius of arc and arc AD is the vane profile.
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The blade exit angle β2blade has been calculated equal to 24 degrees, by the following equation:

H =
ηh × u2

2
g

×
{

γ− QLA
A2 × u2 × tan β2,blade

× [τ2 + A2 × d∗1m × tan β2,blade]

}
(4)

where the definition of each symbol can be found in [20].
Different configurations for simulations, with different number of blades, different dimension

and shape of the hub and of the inlet, are visible in Figure 18.
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The optimal configuration of this pump is that shown in Figures 18c and 19: this pump reaches a
prevalence of 1.9 bar and can elaborate the required mass flow rate with an efficiency of about 85%,
as required by the design constraints.
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Furthermore, thanks to their low wetted surface (with respect to the screw pump) and to the
choice of the blade angle β1blade equal to zero, the pressure loss at pump off is very low, in the order
of 10−3 bar.

The resulting design is an innovative semi-axial pump featuring a geometry specifically adapted
for the evolving fluid and delivering increased performances with respect to the traditional axial pump,
while increasing the required safety characteristics of the traditional axial pump.

Then the pump was placed inside a loop featuring a T-junction pipe envisioned to simulate the
connection between the duct of the pump and the steam generator. The placement of the pump inside
the loop with the steam generator simulated via a porous jump represents a realistic approximation of
the configuration, affordable from the simulation (computational) point of view, since the porous jump
was placed on the same location of the inner grid of the steam generator, which works as a simple grid
and concentrated pressure loss for an isothermal flow and which evolves naturally to the working
point taking into account the different operating conditions of the loop and avoiding any dependencies
caused by the choice of the numerical BCs.

The pump delivers the required mass flow rate and pressure head, but, as shown in Figures 20
and 21, some side effects require further optimization of the design:

• The flow leaving the rotor (at the pump’s outlet) is swirled and in correspondence of the T-junction
results in a very “chaotic” velocity field. Consequently, the flow entering the steam generator is
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very irregular with potential problems of uneven coverage of the tube bundle, different thermal
loads on the tube bundle and intermittent flow

• The pre-rotation imposed by the impeller to the incoming flow may propagate to the flow leaving
the core
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4. Discussion

The three pumps have been first analyzed in a theoretical way for and consequently via 3D,
detailed spatial simulations to obtain realistic performance data taking into account the peculiar
geometry of each pump, as well as the boundary layers and turbulence effects of the flow, which are
typically tri-dimensional. The same constraints have been used for the three pumps (liquid lead as
working fluid, geometrical dimensions, pressure head generated, mass flow rate evolved, maximum
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lead velocity less than 15 m/s, no erosion and stagnation effects). Exploiting the peculiar features of
each pump, the stated objectives have been met; therefore the three pumps are suitable for their use
as Primary Circulation Pump. However, a number of shortcomings (different for each pump) have
emerged, namely:

• Jet Pump

# The liquid lead velocity at the driver’s tip is beyond the current technology for
sustained operations

# The pressure required for the driver is beyond the current technology for sustained operations

• Archimedean (screw) Pump

# The mechanical connection of the screw to the hub requires welding, a processing technique
presenting a number of challenges when applied in flowing liquid lead

# The self-centering of the pump’s beam inside the duct presents significant
mechanical challenges

• Blade Pump

# The flow downstream the pump presents a significant swirling component
# The pre-rotation of the flow upstream of the rotor may impact on the flow field exiting

from the core

The blade pump shows the best performance in terms of pressure head generated and pressure
drop at pump off: the first allows the proper operations of the primary system, as required by the
Ansaldo Nucleare design constraint, the last is a key feature to allow the establishment of NC of the
flow during the accidental conditions which include the pump stop.

However, further improvements of the geometrical configuration are necessary, not by the point
of view of the blade or shroud components, which comply the required parameter/performance, but
in terms of the resulting flow going towards the Steam Generator: the high swirling component could
be reduced with a constriction of the outlet section after the blade, or with statoric component keyed
on the pump external pipe. The first solution is the most likely to be prosecuted, while the second is
difficult to implement, due to the requirements of the extractability of the pumps during the operation
of inspection or substitutions, which would be infeasible if the section of the pipe is obstructed by
other components.

5. Materials and Methods

5.1. General Considerations and CFD Analysis of Selected Pumps

As already anticipated, at present, there are two possible plant configurations under: the first one
with four pumps and the second with eight pumps. In this work, the first option will be evaluated
and hence, based on design calculation developed by Ansaldo Nucleare S.p.A. [6], each pump has to
generate:

• Mass flow rate = 6450 kg/s = 2200 m3/h
• Pump differential pressure = 1.5 bar (⇒ head = 1.48 m).

These first design constraints are already a very important indication to understand what kind of
pump we need. Indeed, in literature [22,23] several guidelines for selecting the pump as a function of
the differential pressure (proportional to head) and mass flow rate are available.

According to the chart in Figure 22, the best pumping device to achieve the boundary conditions
is an axial pump.
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There are other design constraints dictated by the peculiar roles of this pumping device:

• Generate the design mass flow rate and differential pressure keeping the minimum velocity inside
the pump to limit erosion phenomena

• Minimize the flow resistance, when the pumps is non-rotating, to reduce the obstacles for the
onset of NC of the fluid in accidental situation

• Have a self-centering effect inside th pump duct to overcome the absence of a bearing under
the pump.

Therefore, due to these peculiar design constraints, most of pumping devices commonly used in
industrial application cannot be used; among the others, a particular kind of axial screw pump will be
envisioned in this paper with a completely new approach to the analysis and design.

5.2. A Short Introduction to the CFD Model Developed and Multiple Reference Frame CFD Model Approach for
Rotating Frame

In the case of Jet pumps, a standard pressure based solver has been used, but using rotating
geometry (screw and semi axial pump), requires the simulation of the relative flow between the blade
and the fluid; in this case, has been adopted the Multiple Reference Frame (MRF) model, and, as will
be show in the next, a sliding mesh approach has been used for a further verify calculation.

The MRF [11] model is, perhaps, the simplest of the two approaches for multiple zones: it is
a steady-state approximation in which individual cell zones move at different rotational and/or
translational speeds. The flow in each moving cell zone is obtained using the moving reference frame
equations. If the zone is stationary, the stationary equations are used. At the interfaces between cell
zones, a local reference frame transformation is performed to enable flow variables in one zone to be
used to calculate fluxes at the boundary of the adjacent zone.

It should be noted that the MRF approach does not account for the relative motion of a moving
zone with respect to adjacent zones (which may be moving or stationary); the grid remains fixed for
the computation. This is analogous to freezing the motion of the moving part in a specific position and
observing the instantaneous flow field with the rotor in that position. Hence, the MRF is often referred
to as the “frozen rotor approach”.

While the MRF approach is clearly an approximation, it can provide a reasonable model of the flow
for many applications. For example, the MRF model can be used for turbo-machinery applications
in which rotor-stator interaction is relatively weak, and the flow is relatively not complicated at
the interface between the moving and stationary zones. In mixing tanks, for example, since the
impeller-baffle interactions are relatively weak, large-scale transient effects are not present: then MRF
model can be used.
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Another potential use of the MRF model is to compute a flow field to be used as an initial condition
for a transient sliding mesh calculation. This eliminates the need for a start-up calculation. The MRF
model should not be used, however, if it is necessary to actually simulate the transients occurring in
strong rotor-stator interactions: in such cases the sliding mesh model alone should be used.

Consider a coordinate system which is rotating steadily with angular velocity relative to a
stationary (inertial) reference frame, as illustrated in Figure 23. The origin of the rotating system is
located by a position vector rs.
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The axis of rotation is defined by a unit direction vector â such that:

→
ω = ω× â (5)

The computational domain for the CFD problem is defined with respect to the rotating frame
such that an arbitrary point in the CFD domain is located by a position vector from the origin of the
rotating frame.

The fluid velocities can be transformed from the stationary frame to the rotating frame using the
following relation:

→
vr =

→
v − →ur (6)

where:
→
ur =

→
vt +

→
ω ×→r (7)

In the above,
→
vr is the relative velocity (the velocity viewed from the rotating frame),

→
v is the

absolute velocity (the velocity viewed from the stationary frame),
→
ur is the velocity of the moving

frame relative to the inertial reference frame,
→
ω is the angular velocity and

→
vt is the translational frame

velocity. It should be noted that both
→
ω and

→
vt can be functions of time.

When the equations of motion are solved in the rotating reference frame, the acceleration of
the fluid is augmented by additional terms that appear in the momentum equations. Moreover, the
equations can be formulated in two different ways:

• Expressing the momentum equations using the relative velocities as dependent variables (known
as the relative velocity formulation)

• Expressing the momentum equations using the absolute velocities as dependent variables in the
momentum equations (known as the absolute velocity formulation).

For the absolute velocity formulation, that is used in the present work, the equations of fluid flow
for a steadily rotating frame can be written as follows:
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• Conservation of mass:
∂ρ

∂t
+∇·ρ→vr = 0 (8)

• Conservation of momentum:

∂

∂t
ρ
→
v +∇·(ρ→vr

→
v ) + ρ(

→
ω ×→v ) = −∆p +∇·=τ +

→
F (9)

• Conservation of energy:

∂

∂t
ρE +∇·(ρ→vr H + p

→
ur) = ∇·(k∇T +

=
τ·→v ) +

→
Sh (10)

In this formulation, the Coriolis and centripetal accelerations can be collapsed into a single term
(
→
ω ×→v ).

6. Conclusions

The detailed modelling of 3 pumps, namely the Jet pump, the Archimedean (screw) pump and
the Blade pump, has been performed with the objective of design optimization of each concept as PCP
for ALFRED.

While the design of the Jet pump looks like beyond the current technological feasibility, once the
mechanical challenges of the Archimedean (screw) pump and the fluid-dynamic issues of the Blade
pump will be addressed, they could represent viable solutions as Main Primary Pump for ALFRED.

Particularly, the blade pump shows the best performance in terms of pressure head generated
and pressure drop at pump off in locked rotor conditions. However further optimizations (mainly for
what the geometrical configuration is concerned) are still necessary.
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