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Abstract: We introduce the solver ARES: Axial-flow pump Radial Equilibrium through
Streamlines. The code implements a meanline method, enforcing the conservation of flow
momentum and continuity across a set of discrete streamlines in the axial-flow pump’s
meridional channel. Real flow effects are modeled with empirical correlations, including
off-design deviation and losses due to profile shape, secondary flows, tip leakage, and the
end-wall boundary layer (EWBL). Inspired by aeronautical fan and compressor methods,
this implementation is specifically tailored for the analysis of the Outboard Dynamic-
inlet Waterjet (ODW), the latest aero-engine-derived innovation in marine engineering.
To ensure the reliable application of ARES for the systematic designs of ODW pumps,
the present investigation focuses on prediction accuracy. Global and local statistics are
compared between numerical estimates and available measurements of three test cases:
two single rotors and a rotor—stator waterjet configuration. At mass flow rates near the
design point, hydraulic efficiency is predicted within 1% discrepancy to tests. Differently,
as the flow coefficient increases, the loss prediction accuracy degrades, incrementing the
error for off-design estimates. Spanwise velocity and pressure distributions exhibit good
alignment with experiments near midspan, especially at the rotor exit, while end-wall
boundary layer complex dynamics are hardly recovered by the present implementation.

Keywords: axial-flow pump design; meanline; blade element method; marine propulsion;
outboard dynamic-inlet waterjet

1. Introduction

Outboard Dynamic-inlet Waterjets (ODW) have recently emerged as a real alternative
in marine propulsion [1]. Advanced by industrial technology, this machine consists of an
axisymmetric hydrodynamic nacelle shrouding a propulsive axial- or mixed-flow pump [2].
Submerged operation offers several advantages over existing solutions, including a uniform
mass flow rate to the pump, no hull disturbance, no flow obstruction by the shaft, and
alignment among the capture stream, thrust, and direction of advance—all addressing
known limitations in naval propulsion [3-8].

To efficiently exploit the benefits of this configuration, the machinery requires a ded-
icated design. To this end, Blade Elements Methods (BEMs) have traditionally proved
valuable techniques, enabling fast though accurate preliminary predictions of machines’
fluid dynamics [9]. Their advantage relies on the possibility of solving simplified flow
equations while iterating through to introduce real flow effects as empirical external cor-
relations. These models can be both experimental and numerical, with the work from
Lieblein [10] setting the milestone reference in this field. In that study, planar blade cascade
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systematic measurements have served as the definition of several losses and deviation
correlations against the incidence angle. Henceforth, the majority of the meanline methods
for both compressible and incompressible applications has relied on those models [11-17],
and many other theories have been developed over the years [18-22]. Although the esti-
mates of BEM codes may reach significant accuracy levels, verification with high-fidelity
Computational Fluid Dynamics (CFD) [23,24] and validation through experiments [25-27]
are still mandatory steps.

To address the lack of existing methods for comprehensive ODW design, this study
introduces ARES (Axial-flow pump Radial Equilibrium through Streamlines), a novel mean-
line solver specifically developed to predict ODW propulsive performance by modeling
the interaction between the nacelle and the machine. The study focuses on the accuracy of
the pump design module, which implements a BEM by enforcing flow momentum and
continuity conservation and integrating these laws across streamlines. These axisymmetric
surfaces discretize the machine’s meridional section spanwise and are designed as Blade
Elements (BEs) using the 2D planar cascades assumption. This approach leverages well-
established correlations to model in- and off-design deviations, losses, and other real flow
effects. Three axial-flow pump test cases from the literature are selected to compare global
and local measurements with the ARES solution.

The work is organized as follows: Section 2 thoroughly details the methodology
for ARES implementation. Section 3 discusses the numerical results compared with the
available experiments. Finally, in Section 4, conclusions are drawn.

2. Methods

The present method solves the axial-flow pump meanline flow, relying on the satisfac-
tion of continuity and momentum conservation laws, with the latter often labeled as the
Radial Equilibrium (RE) equation. The differential laws integrals are computed across a
finite number of BEs or streamlines adopted to discretize the machine meridional plane.
The iterative routine marches while updating the primary variables, introducing empirical
and numerical correlations to model specific flow effects. Under these hypotheses, the
present implementation is effectively a lumped-element model, where flow conditions
are evaluated at specific radial locations along streamwise stations. The empirical correla-
tions are leveraged to model real-world fluid phenomena without solving their evolution.
Specifically, the model assumes the geometry designed from 2D planar cascades allows
for the adoption of several well-established approaches capable of modeling the primary
2D and 3D axial-flow machinery flow effects. Finally, consistency across the entire chan-
nel is ensured by iterating through the fluid dynamics fundamental laws. The complete
implementation was independently carried out in Python 3.12.

2.1. Assumptions
The assumptions adopted to solve the governing equations are listed below:

1.  The flow is incompressible, where p = const;

2. The flow is stationary, i.e., 9(-) /ot = 0;

3. The solution holds at planes perpendicular to the axis, which are placed downstream
of each blade row (red stations in Figure 1);

4.  Ateach plane, the RE is integrated through N; streamlines, or BE (Figure 1), which
are conceived as independent, axisymmetric surfaces of revolution about the machine
axis. The corresponding spanwise location is iterated through to impose a mass
flow balance, rather than employing constant radial increments, to enforce continuity
within streamtubes;
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5. The flow is inviscid: viscous effects are modelled using empirical correlations and
introduced upon the equation’s solution.

ROTOR STATOR

eyt o170 f e Shroud
Spanwise-uniform

i T
i i
Q i Bo.a(rs) Bb.2(Ts) i i

Po,in i i a1 (1) ap2(rs) | N

OR i ! Ny i Streamlines
| profile i profile !
| tmaz () } fm= (1) ‘
| o W o S

B
i i
|
r Inlet Mid-stage Outlet

M

Figure 1. Schematic of a pump stage meridional view, including the domain discretization, input
variables, and parameters required by the solver.

The streamtube flow is regulated by cascade shapes stacked to generate the blade’s
entire span. Thus, hub-to-shroud distributions of the key geometrical parameters are
required as input, as reported in Figure 1.

Figure 2 illustrates a schematic of the blade cascade quantities.
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Figure 2. Blade geometrical and flow quantities for a sample axial-flow pump stage section.

The absolute and relative velocities are denoted by c and w, respectively. The absolute
and relative flow angles are represented by « and B, with a subscript b used to distinguish
them from blade metal angles. The differences between flow-related and geometrical
parameters define the leading edge incidence (i) and trailing edge deviation () angles.

i=B1— B 1
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Blade cascade flow behavior is characterized by velocity diagrams, showing velocity
components in the meridional (M) and tangential (1) directions aligned with the machine
axis and blade row speed, respectively. Key parameters include the profile maximum
thickness (tmax), normalized by the chord length (c); stagger angle (), calculated as the
average between inlet and outlet metal angles; profile camber (6 = B, 1 — By,2); tip clearance
(J1p); and blade solidity (¢ = c/s), the ratio of chord to blade pitch. Blade pitch (s) is
determined by the radial location and number of blades (N;) as 27tr/ Ny,

A summary of the relevant blade cascades quantities adopted for ARES modeling is
reported in Table 1.

Table 1. Summary of relevant blade cascades parameters.

Symbol Description

w relative flow velocity

c absolute flow velocity

u rotor velocity

CM meridional velocity

Cy circumferential component of absolute velocity
X1, 0 inlet/outlet absolute flow angles

B1, B2 inlet/outlet relative flow angles

Ap1, 02 inlet/outlet stator blades metal angles

Bu,1, By inlet/outlet rotor blades metal angles

2.2. Governing Equations

According to Serovy et al. [12], momentum conservation is expressed as follows:

oh 2 dcy dcy

8~ 7 Y ~Mam ®)

where g is the gravitational acceleration, / is the static head, and derivatives are computed
along the radjial, 7, and axial, M, directions. Upon introducing the definition of the total
head, ho = h+ (2 + c3,)/(2g), Equation (3) is then integrated between streamlines j and
j + 1. Neglecting the variation in the radial component, c;, and including the definitions of
both the energy exchange and the velocity diagram across a blade row, the finite difference
solution of the problem may be formulated as follows:

Aciyj1 + Bemjn +C=0 4)

where the coefficients are defined below, depending on flow quantities at an axial station
i — 1 and on the head losses, h ss:

Tip1 — 71
A=1+tan*(Bj;1) 1+J+1]] 5)
Ti+1
r'+1 — T
B=—2ujy fan(ﬁjﬂ)% (6)
j+1
C =—, —2e(h"Y —ho: — hooss i)
M,j 8 0,j+1 0,j 0,loss,j+1
(i-1) (i-1) o 7
+2“J’+1 Cujr1 — ”j+1rﬁ (7)

@5

u,j rj
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Equation (4) yields the meridional velocity at a certain streamline j + 1. Thus, starting from
a given condition at js4st, the spanwise distribution of cjs at a given axial station i can be
computed. Starting from the inflow boundary conditions, the solution marches downstream
row by row. Iterations are necessary, since the radial locations of the streamlines are
recursively revised and so are the corresponding flow quantities.

Finally, to impose continuity, the axial velocity profile is verified to satisfy mass
conservation. Here, the volume flow rate is computed using the quadrature:

Nt (emjn + emyj)
Qup =27 3 M EM) (2 ®
=1

2.3. Implementation

ARES takes a formatted parameter file as input, which must contain fluid properties,
complete hub-to-shroud geometrical characterization of the blades at all the computing
stations, inflow boundary conditions, and solver convergence criteria regarding residuals
threshold and maximum allowed iterations. Once the parameters are read, the code
advances as charted in Figure 3. The steps are briefly summarized below:

Geometry
Inflow conditions

Initialise

Revise

CM.jstart €= CM jsrart

Radial Equilibrium |
constraint i [ Solve RE through j
i |=enmsg=1,.,N,

0ax (|10, toss — ho,toss,otd /R0 toss 0ld

< tol(ho,toss) ?

constraint !

YES

Next blade i,
i = 1,..,2N stages

BE & overal
performance

Figure 3. Flow chart of ARES meanline solver.

1.  The computational domain is initialized at constant radial intervals, into which geo-
metrical parameters and inflow boundary conditions are interpolated using a 3-point
Lagrange technique.

2. Meridional velocity spanwise distribution is evaluated at the first computing station.
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3.  BEradial locations are updated along with the variables defined spanwise, including
the empirical correlations.

4. Convergence is checked according to maximum iterations and residual thresholds.
Three criteria requiring simultaneous achievement are selected: the continuity with
the inflow flow rate and residuals on both the BE radius locations and the head losses
distribution, the latter referred to the previous iteration.

5. Upon convergence, the code either moves to the next blade row or exits, thus printing
the machine’s global and local statistics.

2.4. Empirical Correlations

Several correlations are included to model flow effects otherwise neglected by the
assumptions adopted to solve the steady inviscid governing equations. The overall head
losses are given as follows:

2
ho,10ss = (@pro + @sec + Wrip + GJEWBL)% 9
where the phenomenon-specific coefficients denote, respectively, profile losses, @, sec-
ondary flows, s, tip leakage, @;;p, and end-wall boundary layer (EWBL) effects, wgwpy.-
Concerning off-design behavior, the model assumes a dependency on the difference
between the actual and reference incidence, i*. Thus, minimum loss profile losses and
deviation are modified according to specific functions f(i — i*).

2.4.1. Minimum Loss Incidence

The parameter is modeled using Lieblein [10] measurements, from which the following
correlation is derived:
i* = Kg,Kj tig,10 + 716 (10)

Here, Ky, depends on the profile camberline shape, either Double Circular Arc (DCA) or
NACA-65 equivalent; K;; varies according to the profile thickness; i1 is the reference
incidence for a zero-camber, NACA 65-series, 10% thickness profile; and i is the correlation
slope. Coefficients definitions fitting the original data can be found in Aungier [20].

2.4.2. Deviation

The effective deviation, J, is computed at any incidence starting from the minimum
loss deviation, 6%, with the latter defined according to Lieblein [10] as follows:

0" = Kg,Ks5,400,10 + 1116 (11)

where Kj, is the parameter introduced above, K5 ; depends on the profile thickness, Jp 19 is
the reference deviation for a zero-camber, 65-series, 10% thickness aerofoil; and 7 is the
linear law slope. Coefficient correlations are proposed by Aungier [20]. The deviation is
then computed by introducing additional effects as follows:

o= 52D,off + A3pd + Azyro (12)

Here, 6,pry models the planar cascades deviation at off-reference incidence following
the theory by Dong-run et al. [21,22]; A3pd includes 3D flow dynamics based on Rob-
bins et al. Johnson and Bullock [10]; and A gy rd considers the impact of the Axial Velocity
Ratio (AVR) across the cascades, which is modeled following Pollard and Gostelow [18].
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2.4.3. Profile Losses

The profile losses at any operating condition rely on the minimum losses value, @,
which is modeled using the correlation by Lieblein [10]:

6 2/ 2H 6, cHpe]
@y =22 v (COSﬁl) ( TE )[1_ b 0 TE} (13)

¢ cos B2 \ cos B2 3Hrg —1 ¢ cos B2

where 6, and Hyg denote, respectively, the wake momentum thickness and the wake form
factor. The correlations to close Equation (13) were modified by Koch and Smith [19] and
recently rearranged by Tournier and El-Genk [15]. Thus, the effective loss parameter, Wy,
is modeled based on the incidence parameter, ¢, by Aungier [20], where the correlations to
compute f(¢) are provided. Finally, the losses derive from the following;:

‘Dpro = @;rof(‘:) (14)

2.4.4. Secondary Losses

Secondary flow losses are modeled using Herrig et al. [28] as expressed by Tournier
and El-Genk [15]:

_ (cosB1)? .,
@ = 00180 (215 CE (15)

where §;, is the average relative flow angle, and Cy, is the cascades lift coefficient.

2.4.5. Tip-Leakage Losses

In this case, the model adopted is the one proposed by Denton [29] as recently re-
arranged by Banjac et al. [16]. The theory directly relates the loss coefficient, @y, to the
overall entropy production energy exchange, TAS, associated to the leakage mass flow. The

correlation reads as follows:
_ 2N, TAS

Wrip = W

Here, a linear variation of the velocities across the tip profile is assumed. Thus, an integra-

(16)

tion is performed, including Lieblein [10] correlations, to obtain the entropy term.

2.4.6. End-Wall Boundary Layer Losses

External casing boundary layer losses are modeled following Howell [30], as proposed
by Tournier and El-Genk [15]. The loss coefficient depends on the blade height, 1, and it is
defined as follows:

2
- ¢ (cos P
= 0.0146— 17
wpwar, = 0.0 6hb (cosﬁ2> (17)

Lumped models of the flow effects are linearly distributed along the blade radius.
Table 2 summarizes the list of empirical correlations included in ARES.

Table 2. Summary of the empirical correlations implemented.

Parameter Symbol Reference
Ref. incidence i* Lieblein [10]
Ref. deviation o* Lieblein [10], Aungier [20]
.. Dong-run et al. [21], Dong-run et al. [22], Robbins et al. [10],
Deviation 0 Pollard and Gostelow [18]
Profile losses @pro Lieblein [10], Koch and Smith [19], Aungier [20]
Secondary losses  Wsec Howell [30]
Tip leakage losses @y, Banjac et al. [16], Denton [29]

EWBL losses WEWBL Tournier and El-Genk [15]
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3. Results and Discussion

Three test cases with available measurements from the literature are selected to asses
the accuracy of the code. The corresponding primary parameters are reported in Table 3. It
should be noted that, in the results discussion, the specific parameters follow the definitions
of the corresponding reference papers. However, to facilitate the comparison among the
case studies, the flow coefficient ¢ adopted in Table 3 is computed equivalently for any
geometry and reads as follows:

_Q
= uD3

where 7 is the rotational regime, D is the rotor external diameter, and Q is the volumetric

(18)

flow rate.

Before analyzing the code performance, the implementation was calibrated comparing
empirical model combinations (Figure 4). Specifically, a sensitivity study was conducted to
determine the minimum number of streamlines required to make the results independent
of the channel discretisation. This investigation showed that incrementing N, above 21 does
not provide consistent variation of the predicted statistics (Figure 4a), and therefore, this
quantity was adopted henceforth. Thus, all the computations reach convergence below
1 x 107> on all the residuals within 25 iterations. A typical residuals profile for near-design
computations is reported in Figure 4b.

Table 3. Main parameters of the test cases adopted for the validation of ARES.

Parameter R02*[13] HIREP'[25] AxWJ-2%[31]
Blade number, N, 16 7 6-8

Profile DCA DCA NACA
Hub radius, 1y, [mm] 45.7 266.7 46.3-79.8
Tip radius, Ttip [mm] 114.3 533.3 152.4-127.7
Hub solidity, o7, 211 1.19 1.88-2.43
Tip solidity, 0 0.84 0.56 1.72-0.97
Tip gap, dtjp [mm] 0.5 3.3 0.5-0
Rotor speed, n [rpm] ~3918.6 260 1400

Tip Reynolds number, Re;, 2.15 x 10° 55 x 10° 5.36 x 10°
Flow coefficient, p = Q/(nD?) 0.387 0.216 0.135

* Rotor only. ¥ Rotor and stator blades data.

X220
“: continuity
g 15 1071t —— BE r residual (max)
SI —— BEh residual (max)
P 0,loss Tesidual (max
<
/E 10 @
S 210
S =
| ]
N ~
C;
o
— 0 20 40 60 80 100 2 4 6 8 10 12
Ny [terations
@) (b)

Figure 4. Sensitivity analysis of the streamlines number, N, (a) and typical convergence profile of a
computation (b).
3.1. NASA Rotor 02

The NASA R02 is a straight-duct rotor intended for initial stages operations, following
an inlet inducer. The geometry results from a modification of previous designs [32,33]
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and the blade element measurements were made available in Miller et al. [13]. The cor-
responding data are adopted as a reference for both the inflow boundary conditions and
the outflow predictions comparison. Six different operating points (configurations 1 to 6)
are selected within a range of flow coefficients, ¢, ranging from 0.262 to 0.337. Here, the
machine parameter is defined as ¢ = Q/ (Aﬂnnulusutip), with Agpu14s denoting the rotor
passage cross-sectional area. For this case study, the inflow quantities are provided as radial
profiles instead of uniform distributions.

The resulting rotor map is reported in Figure 5, depicting the work coefficient, ¢, and
the hydraulic efficiency, 7, as functions of the flow coefficient. Here, the two parameters
are respectively defined as follows:

H
p=52 (19)

utip

H
1=t (20)

where the head H = Ap®/(pg) is computed as the total pressure (p®) jump across the rotor,
Uyjp is the tip rotor speed, and the ideal head rise is computed as H;; = (Cyptiy — Cy111)/§-

The pressure rise capability trend is in line with the experimental measurements.
However, the computed solution exhibits a stable overprediction, inducing a discrepancy
with a Ap = 0.13 = 0.17. However, with marginal improvements, the code portrays
lower errors near the design operating conditions. This aspect is further emphasized by
the efficiency curves comparison. In fact, from the experiments, the sudden drop of the
hydraulic efficiency below the design point, combined with the smooth behavior of the
work coefficient, suggests an abrupt increment of the measured torque. Differently, the
code tends to smear out highly non-linear effects, recovering a smooth efficiency curve
that constantly departs from the test data as the flow coefficient increases. As a result, the
prediction error transitions from values below 2% to over 9%.

®— Exp. Miller et al, ¢ B Exp. Miller et al, n
—O— Meanline, ¥ —— Meanline, n
0.5
1.0
S04 R
AN+
S B =
] 0.8
§ 0.3 T
C B
i 02 Joo 0.6 o
> ¢ <
0.1 M
0.4
0.0

0.26 0.28 0.30 0.32 0.34 0.36
@Y = Q/(Aannulusutip)

Figure 5. Work coefficient and hydraulic efficiency as functions of the flow rate coefficient for the
NASA RO02 rotor, comparing ARES solution and experimental values from Miller et al. [13].

To investigate local accuracy, the spanwise distributions of meridional and tangential
velocities and outflow relative angle are adopted to compare between ARES computations
and experiments at both off- (configuration 1, ¢ = 0.337) and near-design (configuration 5,
¢ = 0.292) conditions (Figure 6).
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For configuration 1, the tangential velocity distribution exhibits a significant alignment
with the test data, except for a marginal discrepancy in the span region between 60% and
90% (Figure 6a). Conversely, the meridional component is stably underpredicted across the
entire blade radius, with the major separation observed at mid-channel and the accuracy
loss mitigated near the extremes. The mutual behavior of the two velocity components
can be analyzed through the relative flow angle distribution (Figure 6b). The predicted
curve is generally in good agreement with measurements, depicting a maximum of 1°
deviation above a span of 30%. At this location, such overprediction is induced by the
underprediction of cyy, in contrast to the accurate estimate of ¢;,. On the other hand, above
a span of 60%, the computed and measured curves tend to realign. This effect results from
the underestimation of the tangential component, which is mitigated by a more accurate
prediction of the meridional one.

®— Exp. Miller et al, ¢/ /(nD) B Exp. Miller et al, ¢,/(nD) ® - Exp. Miller et al —o— Meanline
—0— Meanline, ¢);/(nD) —0— Meanline, ¢,/(nD)
1.0 o
1.0 é - . i. : 9D.
0.8 L
8 i 4
0.6 S
g 0.6 % » /
o g ¢ /«:/ i
P04 Qt%} 0.4 o
° e
0.2 . & 0.2 o
0, .1!:‘ ﬁ. o e,
-
0.0 i 00/ %
0.25 0.50 Q.7:) 1.00 1.25 20 40 60
[carvea)/(nD) % [deg]
(a) (b)
@ Exp. Miller et al, ¢y /(nD) ®— Exp. Miller et al, ¢,/(nD) ®— Exp. Miller et al —o0— Meanline
—0— Meanline, ¢)//(nD) —0— Meanline, ¢,/(nD)
1.0 o
1.0 2
(2
4 £
0.8 el § 0.8 f
|| g [ ]
0.6 5 § 0.6 F
=R A
g u og ° &
04 ‘ : 0.4 e
] s
o
0.2 g 0.2 =
® '3 oo e
0.0 O/O - 0.0 Iy
0.4 0.6 _(].8 1.0 1.2 1.4 20 40 60
[earVed]/(nD) B> [deg]

(o)

(d)

Figure 6. Spanwise distributions of meridional and tangential velocities (left) and outflow relative
angle (right) for off-design, ¢ = 0.337, (a,b) and near-design, ¢ = 0.292, conditions (c¢,d). Comparison
between present computations and test data from Miller et al. [13].

The most accurate efficiency prediction is achieved for flow configuration 5. Since the
computed head rise is higher than in the experiments, the low deviation of the efficiency
curve depends on the ideal head rise prediction, which is a quantity uniquely determined
by velocity components. In fact, the tangential velocity exhibits overprediction across the
entire span, with a discrepancy increasing from the hub to shroud, except for end-wall
boundary layer effects reducing the computed and tested curves separation (Figure 6¢).
The resulting meridional velocity prediction evidently suggests an accuracy improvement,
despite a stable underestimation. Similarly to the previous case, the mid-channel solution
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exhibits higher deviation from the test data. Conversely, the relative flow angle portrays
a significant alignment with experimental measurements, with further reduction of the
discrepancy, now located near span 10% (Figure 6d).

This analysis indicates that pressure and velocity predictions are not directly correlated.
In fact, while flow directions were generally aligned with experiments, the pressure field
was stably overpredicted.

3.2. HIREP

The HIgh REynolds number Pump (HIREP) facility was adopted to conduct measure-
ments on the flow effects of an IGV installed upstream of a rotor [25,26]. Here, the test data
between the two blades are retained as inflow boundary conditions, while computations are
compared downstream of the rotor. This test case provides insights into the code accuracy,
when operated under non-uniform, swirled inflow. An operating map is reconstructed,
tracking the variation in the torque coefficient, K¢, as a function of the flow coefficient, ¢
(Figure 7), with the former defined as in the reference experiments [25]:

C

DS 1)

Ke =
where C is the rotor torque, and ¢ is defined as in Equation (18). Under near-design
conditions, ARES exhibits significant accuracy. Conversely, the predicted maps depart from
the experimental measurements, as off-design operations are considered. This behavior is
more emphasized at higher values of ¢, denoting a tendency to underestimate the rotor
torque by up to AK¢c = —28%. Differently, the discrepancy is reduced at lower values with
a AK¢c = +8%. The smooth monotonic trend of the curve is representative of the code
stability over a wide range of operations.

@ Exp. Zierke et al —O— Meanline

0.8

=C

0.0

1.1 1.2 1.3 1.4{ 1.5 1.6
¢ =Q/(nD?)

Figure 7. Torque coefficient as a function of the flow rate coefficient for the HIREP rotor, comparing
ARES solution and experimental values from Zierke et al. [25].

As local statistics, spanwise distributions of normalized velocities and pressure coef-
ficients are considered at design condition ¢ = 1.36 (Figure 8). From the analysis of the
tangential velocity component (Figure 8a) ARES can be seen to overpredict the flow turning,
leading to negative values of c,. Differently, during experiments, this component was es-
sentially suppressed downstream of the rotor. Thus, continuity forces the axial component
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to decrease, thereby producing the left-shift observable in the corresponding distribution.
The total pressure curves underscore a tendency of the model to underestimate losses,
depicting stably higher values than the test data (Figure 8b). However, the behaviour is
not monotonic, with the greatest discrepancy occurring near midspan. Globally, the combi-
nation with the overprediction of the velocity distribution enables the model to recover a
good agreement between the computed and measured static pressure fields. Anyhow, the
curve is stably above experiments.

®— Exp. Zierke et al, ¢,/ugp B Exp. Zierke et al, car/ug, @ Exp. Zierke et al, ¢, @ Exp. Zierke et al, ¢,
—0— Meanline, ¢,/up, ——— Meanline, ¢yr/uip —O— Meanline, ¢ —0— Meanline, ¢,
1.0 o 1.0 2 0 Sa
=, N
]
0.8 o 0.8 e
el 0
2 : S i%
o 0.6 » 0.6 3 L ] <<>>
S ) H F I
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Figure 8. Spanwise distribution of the flow statistics, comparing ARES solution and experiments
from Zierke et al. [25], for design conditions (¢ = 1.36). Reported quantities include normalized
tangential and axial velocities (a) and total and static pressure coefficients (b).

3.3. AxWJ-2

The test case represents a notional model for the validation of waterjet pump numerical
models [27,31,34]. Here, the geometry is selected to evaluate the code accuracy for a
rotor-stator configuration, featuring a shaped duct with a variable cross-sectional area.
Computations are performed using uniform inflow boundary conditions derived from the
processed mass flow rate.

In this case, the characteristic map reports the head rise coefficient, ¢, and the hydraulic
efficiency, 7, as functions of the flow coefficient, ¢ (Figure 9). While the latter follows
Equation (18), the other two are defined below:

H
V=D 22)
g =81 )

where the angular velocity w expresses the rotational regime in rad/s.

ARES confirms significantly accurate near-design conditions (¢ = 0.85), with a 5%
discrepancy in the efficiency estimate, while exaggerating the head losses at higher mass
flow rates. Despite keeping stable over a wide range of operating points, at low mass flow
rates, the code diverges before completing the span of the experimental map. Notably,
before the last simulated point, the results depict an increasing agreement with the reference
measurements. Specifically, around the best efficiency point (¢ = 0.77), the efficiency is
predicted with a 1.4% error.
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Figure 9. Overall head coefficient and efficiency as functions of the flow rate coefficient for the
AXxW]J-2 pump, comparing ARES solution and experimental values from Chesnakas et al. [27].

Thus, local Particle Image Velocimetry (PIV) measurements from Chesnakas et al. [27]
are compared with computations at the station downstream of the rotor (Figure 10). In this
case, the spanwise distribution of the axial velocity component (Figure 10a) significantly
aligns with experiments, except for a velocity defect of the computed solution between
the hub and 20% of the span. Then, the present method exhibits difficulty in predicting
boundary layer dynamics near the shroud, where it tends to preserve the lower span
evolution. Similar considerations hold for the tangential velocity component (Figure 10b).
In fact, for a major portion near the midspan, the numerical solution and test data are
almost superimposed, while the lower and upper regions exhibit higher discrepancies.
Especially for the latter, the results suggest scarce modeling of end-wall dynamics inside
rotating domains.
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Figure 10. Spanwise distribution of the flow statistics, comparing ARES solution and experiments
from Chesnakas et al. [27] downstream of the AxW]J-2 rotor, for design conditions (¢ = 0.85). Reported
quantities include normalized meridional (a) and tangential (b) velocities.

The same statistics are analyzed downstream of the stator blades (Figure 11). For this
location, the disagreements are partially affected by the difference between the measure-
ments station (at the nozzle exhaust) and the computations section (at the blade trailing
edge), which differ due to the duct meridional shape variation. As a result, while the profile
of the simulated axial velocity aligns with experiments (Figure 11a), the corresponding
values are lower because the code does not model the additional downstream expansion.
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Furthermore, the computed hub dynamics emphasizes boundary layer evolution, inducing
exaggerate spanwise fluctuations in the lower span. Considering the tangential velocity
component, the difference between the two solutions is large (Figure 11b). While the wake
dynamics impacts the evolution near the duct axis, the experiments exhibit an almost recti-
fied flow. Differently, the numerical solution recovers a stably positive solution. Although
the magnitudes are comparable between the computations and test data, the distribution
profiles depict substantially different flow behaviors.
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Figure 11. Spanwise distribution of the flow statistics, comparing ARES solution and experiments
from Chesnakas et al. [27] downstream of the AxW]-2 stator, for design conditions (¢ = 0.85).
Measurements refer to the nozzle exhaust, which further expands the flow from the station used for
meanline predictions, at the blade trailing edge. Reported quantities include normalized meridional
(a) and tangential (b) velocities.

The results for this case study align with the two previous investigations featuring
a rotor-only configuration. The code demonstrates good accuracy in predicting the flow
downstream of the rotating blades, whereas larger discrepancies arise when comparing the
stator blade flow to experimental data.

4. Conclusions

ARES (Axial-flow pump Radial Equilibrium through Streamlines), a meanline code for
designing axial-flow pumps for Outboard Dynamic-inlet Waterjets (ODW) applications, is
introduced. The solver iteratively enforces flow momentum (aka Radial Equilibrium) and
mass conservation laws to model the machine performance. In particular, several empirical
correlations are adopted to model real-flow effects, such as off-design deviation, losses
from profile shape, secondary flows, tip leakage, and the end-wall boundary layer (EWBL).
A Blade Element Method (BEM) is used for the discretization process, addressing the merid-
ional channel with planar cascades. This code is aimed at providing a fast and accurate tool
for ODW axial-flow pump design. Specifically, the possibility to parameterize the geometry
is a key ability that can be leveraged by optimization loops for the maximization of initial
geometries performance.

The code’s accuracy is evaluated using three test cases: the NASA Rotor 02, the HIgh
REynolds number Pump (HIREP), and the Axial-flow WaterJet pump (AxW]-2). Global
and local statistics compare the numerical solution to available experiments. The code
is found to be stable over a wide range of operating points, with accuracy decreasing as
the mass flow rate exceeded the design value. At lower values, the efficiency is predicted
within a 1% error compared to the test data, while at design conditions, the discrepancy
exceeds 5%. Spanwise distributions of the velocities and pressure generally show good
agreement with measurements at the rotor exit. However, further calibration is needed
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to improve loss predictions near the hub and shroud walls, especially downstream of the
stator blades.

Thus, this study is an intermediate step toward developing a comprehensive tool for
Outboard Dynamic-inlet Waterjets (ODW) design. After further calibration, the research
will integrate the pump module into the nacelle design routine for the meanline prediction
of coupled operations. Integrated into an optimization algorithm, the code will be able to
be exploited for accurate high-performance designs.
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The following abbreviations are used in this manuscript:

AVR Axial Velocity Ratio

BE Blade Element

BEM Blade Element Method

CFD Computational Fluid Dynamics
DCA Double Circular Arc

EWBL  End-Wall Boundary Layer
HIREP High Reynolds Number Pump
IGV Inlet Guide Vane

ODW  Outboard Dynamic-inlet Waterjet

PIV Particle Image Velocimetry
RE Radial Equilibrium
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