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Abstract: This paper presents a low-order three-dimensional approach for predicting the inviscid 1

flow around shrouded fans. The method is suitable for early design stages and allows a broad 2

exploration of design possibilities at minimal cost. It combines the vortex lattice method with the 3

panel method by using a mixed boundary condition. In addition, it models the tip-leakage flow 4

using an iterative algorithm. First, the verification of the approach is carried out on a shrouded 5

fan configuration. The wake length is a decisive parameter for ensuring correct flow deflection 6

in shrouded applications. A periodicity condition is introduced and validated, which reduces the 7

computational and memory requirements. On average, the calculations take less than one minute in 8

real time. The approach is validated on the same shrouded fan configuration. A good agreement is 9

obtained with RANS concerning the mean flow and the tip-leakage flow characteristics. Sensitivity 10

to the mass flow rate is also fairly well predicted, although discrepancies develop at lower mass flow 11

rates. 12

Keywords: Panel Method, Vortex Lattice Method, Shrouded Fan, Tip-Leakage Flow 13

1. Introduction 14

The design of a modern fan confronts manufacturers with major challenges. Mini- 15

mizing aerodynamic losses is crucial for improving propulsion efficiency and reducing 16

specific fuel consumption. Accurate prediction of the physical phenomena involved in 17

each design iteration is essential. Tool versatility is imperative to account for disruptive 18

geometries while ensuring precision and robustness. The aerodynamic design process for 19

new blade geometries is complicated and involves different levels of modeling fidelity, 20

including one-dimensional, through-flow and three-dimensional approaches. Moreover, 21

the emergence of new loss reduction technologies poses significant challenges to traditional 22

modeling methods. Low-order techniques, often relying on correlations from limited ex- 23

perimental data, can deviate from intended designs. Reynolds-averaged Navier-Stokes 24

(RANS) simulations, which use turbulence models based on elementary configurations, run 25

the risk of incorrectly predicting vortex structures and exhibiting unphysical behaviors. As 26

a result, high-fidelity methods such as the large-eddy simulation and derived approaches 27

are gaining traction, but are hampered by their high computational cost, which limits their 28

use in the early stages of design. To mitigate the limitations of low-order methods, it may 29

prove advantageous to use models based on general equations rather than correlations. 30

This facilitates the iterative exploration of new geometries and aerodynamic conditions, 31

and leads to reliable predictions throughout the design process. Empirical correlations 32

should be focused on elementary phenomena, thus controlling the model limits. 33

Panel methods have been used extensively in both aeronautical and marine engineer- 34

ing to analyze the potential flow around lifting objects. These low-order methods, based 35

on singularity theory [1], provide efficient means of predicting aerodynamic performance, 36
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induced drag, lift distribution and surface interactions. Among the various panel methods 37

available, the vortex lattice method (VLM) and the so-called panel method are discussed 38

here. 39

The VLM, which was developed in the 1930s as an extension of Prandtl’s lifting line 40

theory [2], discretizes the surface in the chord and span directions with vortex singularities. 41

This approach enables the solution of 3D potential flows around bodies with low aspect 42

ratios. In this method, the thickness is not modeled, and the singularities are concentrated 43

on a mean surface, typically the camber of a blade. The VLM was widely used between the 44

1960s and 1980s and offered significant advantages in terms of memory and computational 45

cost. Studies on propellers showed the versatility of the VLM in various configurations. 46

Helical horseshoe vortices were developed to model the wake [3,4]. Counter-rotating pro- 47

pellers and ducted propellers have been simulated [5–8]. Recent advances have extended 48

the applicability of the VLM to propellers with different angles of incidence or unsteady 49

flows [9,10]. Coupled with Lagrangian solvers, it accurately solves wakes generated by 50

drone rotors [11]. Modern software address various external aerodynamic challenges [12], 51

including phenomena such as aircraft installation effects [13]. 52

The panel method differs by considering the actual blade geometry, including thick- 53

ness, and comprehensively addresses lifting problems with doublets and source singulari- 54

ties. In the context of propellers, it has evolved to include source singularities for endwall 55

modeling [6]. Recent advances [14–18] even include duct modeling in addition to iterative 56

wake models and tip-leakage flow (TLF) considerations. 57

Combining the benefits of both approaches involves using a mixed boundary con- 58

dition [1]. An example of application was shown with an unsteady computation on a 59

full plane [19]. The VLM is used to represent lifting components such as wings, tails and 60

canards, which are assumed to be thin. The panel method models the fuselage and other 61

non-lifting components. The computational cost is reduced compared to using only the 62

panel method, while still accounting for the effects of the non-lifting components on the 63

aircraft. This method also provided accurate results in the context of turbomachinery where 64

a linear cascade was confined in a computational box, effectively isolating the external 65

fictitious flow from the simulated internal flow [20]. 66

These studies highlight the efficiency of the VLM and the panel method in capturing 67

intricate flow phenomena in propellers, and make it a valuable tool for performance 68

evaluation and design optimization. However, as far as the authors are aware, the method 69

has never been applied to model a shrouded fan with tip-leakage flow. In this work, a 70

mixed approach, named hybrid panel method (HPM), is used to model the potential flow 71

around a shrouded fan. 72

2. Numerical methods 73

2.1. General equations 74

Panel methods calculate the aerodynamic field around bodies in steady, inviscid, 75

irrotational and incompressible flow conditions. The velocity vector is defined by the 76

velocity potential: Q = ∇Φ. The Laplace equation is solved in the inertial reference frame 77

of the body: 78

∇2Φ = 0 (1)

Elementary solutions, so-called singularities, which are distributed over the walls of 79

the domain, are used to solve the problem. Three boundary conditions are required. First, 80

the far-field boundary condition, which states that the flow disturbance decreases far away 81

from the body: 82

lim
r→∞

∇Φ = 0 (2)
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This condition is always fulfilled due to the mathematical definition of the singularities. 83

Second, the condition of non-penetration ensures that the normal velocity of the wall in the 84

body reference frame is zero: 85

∇(Φ + Φ∞) · n = 0 (3)

Where Φ∞ is the velocity potential of the free flow relative to the body and n is the 86

normal vector of the body surface. There are two types of non-penetration condition: the 87

Neumann condition, which refers to the velocity components as in Equation (3), and the 88

Dirichlet condition, which refers to the velocity potential: 89

(Φ + Φ∞)i = cst (4)

The subscript i stands for the potential inside the body. The former type of condition 90

is used in VLM and considers zero-thickness surfaces, while the latter is employed in the 91

panel method and refers to the actual thick geometry. The present approach combines 92

both types of boundary conditions to leverage their advantages. Third, the Kutta condition 93

requires a smooth flow at the trailing edge (TE) of the blade with a finite velocity. Therefore, 94

a sharp TE with a known position of detachment and a wake are required. It leads to a zero 95

circulation at the TE: 96

γTE = 0 (5)

This condition ensures the unicity of the solution. The wake is usually modeled by a 97

meshed vortex sheet in which the pressure difference between the two sides of each panel 98

must be zero. This slip condition results in the wake being parallel to the flow. Either 99

unsteady approaches [11,12,19] or iterative approaches [14] achieve this. To reduce the 100

computational effort, the current approach assumes that the wake geometry is frozen 101

and defined beforehand. To prevent important errors, a model for generating the wake 102

geometry is considered later. 103

2.2. Hybrid Panel Method 104

2.2.1. Singularities 105

To calculate the flow around a shrouded fan, the HPM must take into account a row of 106

blades, a hub and a shroud. Figure 1 shows the mapping of singularities onto the walls of 107

the domain. The strategy to leverage the VLM and the panel method involves the following 108

steps. The former approach uses vortex rings with intensity Γ. They discretize the hub and 109

the shroud, which are modeled as thin bodies. Their corresponding wakes are also broken 110

down into vortex rings. To account for thickness effects, the blade and its tip are modeled 111

with the panel method. Quadrilateral sources and doublets with constant strengths σ and 112

µ are employed. Since quadrilateral doublets are equivalent to vortex rings [1], they are 113

used to model the blade wake and the TLF vortex sheet. 114

The sources are crucial for the non-penetration, as they counteract the incident flow at 115

the leading edge (LE). To avoid the introduction of additional unknowns, each quadrilateral 116

source has a fixed intensity: 117

σ = n · Qrel (6)

Where Qrel represents the relative freestream velocity vector at the panel center and is 118

calculated as: 119

Qrel = Q∞ − Ω × r, Q∞ = Q∞

cos α cos φ
cos α sin φ

sin α

 (7)
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r is the radial coordinate vector of the panel center, Ω the angular velocity of the rotor 120

and Q∞ the free flow velocity vector of amplitude Q∞, azimuthal angle α and radial angle 121

φ. This alleviates the doublet intensities and improves the numerical stability. 122

Wake

Blade

Δ/2Δ

Tip

Hub 

Collocation 
point

Δ/2
Δ

TLF

Shroud

Vortex Ring Doublet Source & Doublet

x

Figure 1. Principle of HPM: singularities and collocation points mapping.

2.2.2. Non-penetration condition 123

The HPM combines the Neumann condition of the VLM with the Dirichlet condition 124

of the panel method. Let new be the number of endwall panels with the Neumann boundary 125

condition and nb the number of blade panels with the Dirichlet boundary condition. Fur- 126

thermore, let new,ω be the number of endwall wake panels and nb,ω the number of panels 127

for the blade wake and the TLF sheet. The non-penetration condition is applied at each 128

collocation point i located at the center of each panel. The linear system is given by: 129



new
∑

j=1
a⊥vij

Γj +
new,ω

∑
l=1

a⊥vil
Γl +

nb
∑

j=1
c⊥vij

µj +
nb,ω

∑
l=1

c⊥vil
µl = −Qreli · ni −

nb
∑

j=1
b⊥vij

σj

new
∑

j=1
apij Γj +

new,ω

∑
l=1

apil Γl +
nb
∑

j=1
cpij µj +

nb,ω

∑
l=1

cpil µl = −
nb
∑

j=1
bpij σj

(8)

The first equation represents the Neumann boundary condition (Equation (3)). It 130

applies to collocation points on the hub and the shroud. The second equation refers to the 131

Dirichlet boundary condition (Equation (4)). It applies to the blade and the tip collocation 132

points. The equations for the velocity components (denoted by v) and the potential (denoted 133

by p), which include the vortex influence a, the source influence b and the doublet influence 134

c, are described in detail in [1,21]. The superscript ⊥ indicates that the velocity components 135

are projected onto the normal vector n at the collocation point i. 136

A common approach to accelerate computations consists in separating far-field and 137

near-field contributions [1,20]. The former employs punctual singularity formulations, 138

while the latter uses quadrilateral doublets and sources. Near-field formulation are used 139

when the distance is lower than 3 characteristic length of the panel. 140

2.2.3. Kutta condition 141

The Kutta condition (Equation (5)) is explicitly enforced thanks to additional equa- 142

tions. The Kutta conditions on the blade TE, the blade tip and the endwall TE control the 143

intensities of the blade wake, the TLF sheet and the endwall wakes, respectively. For each 144

streamwise wake panel row, in order to satisfy the Helmholtz’s theorems, the intensities 145
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of the singularities are considered constant. The total influence of each wake panel row is 146

determined by summing the influences of the singularities within that row. Consequently, 147

only the streamwise vertices have a significant effect on the result, while the influence of the 148

cross-flow vertices is canceled from one panel to another. This method allows a piecewise 149

evaluation of complex wake shapes, which is essential for annular configurations. 150

The Kutta condition for an endwall wake is given by: 151

Γω = −Γew,TE (9)

Γω represents the circulation of a given endwall wake row, while Γew,TE represents the 152

circulation of the corresponding vortex ring at the TE of the endwall. For the blade wake, it 153

writes: 154

µω = µSS,TE − µPS,TE (10)

µω represents the doublet intensity of a given blade wake row. µSS,TE and µPS,TE 155

denote the doublet intensities at the corresponding TE for the suction side and pressure 156

side panels, respectively. Lastly, for the TLF sheet, the Kutta condition is expressed by: 157

µTLF = µSS,tip − µPS,tip (11)

µTLF corresponds to the doublet intensity of a given TLF sheet row. µSS,tip and µPS,tip 158

refer to the doublet intensities at the tip for the corresponding suction side and pressure 159

side panels, respectively. 160

These three equations do not introduce new unknowns in the linear system. They 161

just add an extra term to the influence coefficients related to the singularities on the body 162

edges that connect to each wake. Regarding the vortex rings on the TE of the endwalls, the 163

corrected influence coefficients, accounting for the Kutta condition, are given by: 164

a⊥∗
vij

= a⊥vij
+ a⊥vil

, a∗pij
= apij + apil (12)

Where the subscript j refers to the vortex ring at the endwall TE while l denotes the 165

corresponding vortex ring in the wake. In the same way, for the doublet on the TE and tip 166

edges of the blade, the following corrections apply: 167

c⊥∗
vij

= c⊥vij
± c⊥vil

, c∗pij
= cpij ± cpil (13)

Here, the subscript j refers to the doublet at the blade TE while l denotes the corre- 168

sponding doublet in the wake or the TLF sheet. The sign depends on the normal orientation 169

of each panel. 170

2.2.4. Periodicity condition 171

For cases with numerous periodic blades around the circumference, the size of the 172

linear system can be large. This can lead to a significant increase in computational and 173

memory requirements, which reduces the interest of this low-order method. The periodicity 174

condition proposed originally for the VLM [22] is extended to the HPM. Assuming that the 175

flow around each blade is identical, the method solves the linear system of Equation (8) for 176

only one sector. The other N − 1 periodic sectors are taken into account when calculating 177

the influence coefficients. The linear system is then written as follows: 178
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N
∑

k=1

n(1)
ew
∑

j=1
a⊥(k)

vij Γ(1)
j +

n(1)
ew,ω

∑
l=1

a⊥(k)
vil Γ(1)

l +
n(1)

b
∑

j=1
c⊥(k)

vij µ
(1)
j +

n(1)
b,ω

∑
l=1

c⊥(k)
vil µ

(1)
l


= −Q(1)

reli
· n(1)

i −
N
∑

k=1

n(1)
b
∑

j=1
b⊥(k)

vij σ
(1)
j

N
∑

k=1

n(1)
ew
∑

j=1
a(k)pij Γ(1)

j +
n(1)

ew,ω

∑
l=1

a(k)pil Γ(1)
l +

n(1)
b
∑

j=1
c(k)pij µ

(1)
j +

b,n(1)
ω

∑
l=1

c(k)pil µ
(1)
l


= −

N
∑

k=1

n(1)
b
∑

j=1
b(k)pij σ

(1)
j

(14)

This approach reduces the size of the linear system by a factor of N2 compared 179

to a complete blade row calculation. In addition, the cost for calculating the influence 180

coefficients is lower, as it only concerns the influence of the periodic sectors on the solved 181

sector. The cross influences between the periodic sectors are neglected. Since the mesh is 182

only required for a single sector, the memory cost of the simulation is also minimized. 183

2.2.5. Linear system 184

In view of these considerations, the resulting linear system can be expressed in matrix 185

and vector notation as follows: 186



a⊥v11
· · · a⊥v1new

c⊥v11
· · · c⊥v1nb

...
. . .

...
...

. . .
...

a⊥vnew1
· · · a⊥vnewnew

c⊥vnb1
· · · c⊥vnbnb

ap11 · · · ap1new
cp11 · · · cp1nb

...
. . .

...
...

. . .
...

apnew1 · · · apnewnew cpnb1 · · · cpnbnb





Γ1
...

Γnew

µ1
...

µnb


= −



Qrel1 · n1 + ∑nb
j=1 b⊥v1j

σj
...

Qrelnew
· nnew + ∑nb

j=1 b⊥vnew j
σj

∑nb
j=1 bp1j σj

...
∑nb

j=1 bpnb j σj


(15)

The unknowns of the system consist of the circulations on the endwalls and the doublet 187

intensities on the blade and the TLF sheet. The structure of the linear system shows that 188

the diagonal blocks are derived from the VLM for the endwalls and from the panel method 189

for the blade and the TLF. The extra-diagonal blocks calculate the cross-influences. The 190

right-hand side of the linear system covers the incoming freestream flow and the influence 191

of the sources on the solved sector. 192

2.2.6. Post-processing 193

After solving the linear system, the aerodynamic field can be reconstructed over the 194

domain by summing the influences of the singularities with known intensities. The flow 195

velocity at the surface of a blade panel in its own reference frame is given by: 196

Q =

(
−∂µ

∂l
,− ∂µ

∂m
, σ

)
(l,m,n)

(16)

Here, ∂l and ∂m are the distances between two collocation points in the local reference 197

frame of the panel, namely in the direction of the flow and perpendicularly. Expressing 198

the relative velocity vector of the panel center in the local reference frame, the pressure 199

coefficient is given by: 200
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Cp = 1 −
(

Qrel + Q
Qrel

)2
(17)

The pitchwise force coefficient cz is then calculated by integrating the pressure coeffi- 201

cient over the chordwise direction. 202

2.3. Geometry and mesh considerations 203

This section describes the process of generating the geometry and the structured 204

surface mesh compatible with HPM, inspired by the method of Baltazar et al. [14]. Figure 2 205

illustrates the meshing approach. 206

Tip

Blade Wake

TLF

Blade

Hub

Shroud

Figure 2. Geometry and mesh for the HPM. Left: the solid walls without the wakes and the TLF.
Right: blade, wake and TLF (the endwalls are not shown).

2.3.1. Endwalls 207

The hub and shroud are divided into three sections. From the inlet to the blade LE, 208

the mesh is aligned with the freestream flow with a cosine clustering near the LE. Between 209

the LE and the TE, the hub mesh refines around the blade walls to capture the circulation 210

gradients. For the shroud, the mesh is aligned with the stagger angle of the blade tip for 211

numerical stability. From the blade TE to the outlet, the mesh follows the blade wake 212

direction at the root and tip, with a helical path and cosine clustering near the TE. Figure 3 213

illustrates how this method reduces the unphysical interactions between the quadrilateral 214

doublets of the blade wake and the endwall collocation points. The edges of these doublets 215

form singularity lines. Avoiding intersections with collocation points prevents unwanted 216

behaviors on the endwalls. This in turn ensures the accuracy of the blade results. The axial 217

extent of the endwalls is adjusted to reduce the artificial influence of their LE and TE on the 218

blade row. As a result, both ends are located 10 axial chords away from the blade. 219

Figure 3. Influence of the alignement of the hub and wake meshes. Left: no alignment. Right: hub
mesh aligned with the blade wake direction. The pressure coefficient Cp is shown on the blade, and
the normalized circulation on the hub.
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2.3.2. Blade 220

The blade with a sharp TE is meshed, increasing its height to account for the recircula- 221

tion bubble near the pressure side edge in the tip gap. The size of the tip gap is reduced 222

by a factor 1 − σvc = 1 − π
π+2 ≈ 0.389, which corresponds to the theoretical contraction 223

coefficient of the vena contracta [23]. Experimental measurements are in close agreement 224

with this value [24]. Mesh refinement follows the guidelines of Montsarrat [25]. It ensures 225

convergence at the blade tip: 226

τ

∆0
> 2 (18)

Here, τ is the size of the tip gap and ∆0 is the height of the first panel row at the tip of 227

the blade tip. The sharp TE leads to triangular panels on the blade tip, which modify the 228

equations for the influence coefficients as described in [1,26]. 229

2.3.3. Wakes and TLF sheet 230

The endwall wakes are aligned with the respective endwalls and have a length of 231

10 axial blade chords to minimize the unwanted influence of their starting vortex on the 232

blade row. The blade wake follows a helical path with a pitch angle varying with radius. As 233

shown on Figure 4, it is aligned with the TE bisector. This aims to estimate the orientation 234

of the wake in relation to the downstream flow. This helps to minimize the errors in slip 235

condition caused by the frozen wake method. 236

Starting Vortex

Blade
Wake

TE

Figure 4. Parameters of the blade wake and TLF sheet geometries.

The TLF sheet detaches from the blade-tip suction-side edge and models the vorticity 237

sheet of the TLF. It is defined by its axial detachment position xTLF and pitch angle θTLF of 238

the upstream row of panels, as shown in Figure 4. The pitch angle changes linearly over 239

the subsequent panel rows until it aligns with the blade wake pitch angle at TE. The TLF 240

panels match the point distribution of the blade wake, ensuring precise alignment of the 241

panel rows at the TE. These xTLF and θTLF parameters are iteratively refined during the 242

calculation. 243

The position of the axial separation is found by identifying the point with the highest 244

pressure difference between the two sides of the blade near the tip: 245

xTLF = argmax
(
∆Cp(r/R = 87.5%)

)
(19)

This location is consistent with the experimental data from [27]. The arbitrary normal- 246

ized radial position of 87.5% is close to the tip and at the same time minimizes the influence 247

of the TLF of the blade load distribution [28]. Near the tip, the TLF causes a lower pressure 248
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on the suction side, associated to the leakage flow. This leakage blocks the primary flow 249

and increases the pressure near the LE. 250

The TLF pitch angle is computed from the mid-span average pressure difference, using 251

a correlation from Chen et al. [29]. 252

θTLF = arctan

0.46

√(
∆Cp(r/R = 50%)

)
avg

2

 (20)

This expression shown its reliability in various configurations. 253

Both xTLF and θTLF depend on the blade pressure distribution, which in turn is affected 254

by the blade wake and the TLF sheet positions. The iterative process is continued until 255

convergence is reached on the parameters. 256

3. Results 257

3.1. Case study: LMFA NACA65 rotor 258

The NACA65 rotor rig is located at the Laboratoire de Mécanique des Fluides et 259

d’Acoustique (LMFA), École Centrale de Lyon [30,31]. The shrouded fan operates at 260

1 500 rpm. It consists of a 12 blades rotor with a hub diameter of 196 mm and a shroud 261

diameter of 317 mm . The blades are constituted with NACA 65 series profiles with a 262

thickness of 9% of the chord. They have a circular camber line and are designed to maintain 263

a constant outflow angle along the span. The chord length ranges from 166.7 mm at the hub 264

to 151.5 mm at the tip. The tip clearance is 1.1% of the blade height, i.e. 1.3 mm. The inlet 265

Mach number is about 0.1 and the Reynolds number based on the chord length is 5 · 105. 266

As illustrated in Figure 5, two measurement planes are defined: P1 is at 18% cax from the 267

LE and P2 is at 44% cax from the TE. 268

2.5 2.5

P2

0.44

P1

0.18

Inlet Outlet

Figure 5. LMFA NACA65 rotor computational domain dimensions.

RANS simulations have been performed on a single sector to calibrate and validate the 269

HPM. The domain was meshed using Cadence AutoGrid5, generating approximately 3.5 · 106
270

cells with a resolved boundary layer mesh that reaches y+ < 1. The simulations used the 271

elsA solver from ONERA [32]. The Roe scheme with second order spatial accuracy and the 272

Kok k − ω turbulence model [33] have been employed. Periodic boundary conditions were 273

defined at the azimuthal boundaries, while an adiabatic no-slip condition has been used 274

on the walls. The inlet condition consists of a uniform axial flow. This choice the typical 275

inlet condition for HPM. Radial equilibrium was applied at the outlet. Inlet and outlet 276

are located 2.5 axial chords away from the blade. The convergence of the simulations was 277

assessed by a decrease of the residuals by 4 orders of magnitude and a relative error of the 278

mass flow rate below 0.1%. 279

Figure 6 shows the compressor map for the 1 500 rpm iso-speed, obtained from the 280

RANS simulations. The operating point with the peak efficiency (PE) is selected for the 281

verification and validation of the HPM results. This point stands for minimal losses and a 282

low influence of secondary flows due to attached boundary layers. This choice is adapted 283

to the HPM approach, which neglects the viscous losses, making the PE point ideal for 284

validation. 285
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PE

Figure 6. Compressor map of the LMFA NACA65 rotor at 1 500 rpm, from RANS simulations.

3.2. Verification for a shrouded rotor 286

3.2.1. Blade wake length 287

One parameter needs to be calibrated: the length of the blade wake, ℓω, which deter- 288

mines the position of the starting vortex relative to the blade. This spanwise vortex line 289

is located on the last panel row of the wake, which is furthest from the TE of the blade, 290

as shown in Figure 4. According to Kelvin’s circulation theorem, this vortex forms when 291

the airfoil is set in motion and has an equal but opposite circulation to the airfoil. In panel 292

methods, the starting vortex is usually positioned far away from the airfoil to reduce its 293

influence. This placement is critical for external flow applications where the flow should 294

return to the freestream far from the body. In the VLM, this is achieved by using horseshoe 295

vortices where the starting vortex is assumed to be at an infinite distance [34]. In the panel 296

method, a long wake is used [1], while unsteady approaches assess convergence by the 297

reduction of the starting vortex influence when the wake length grows [9–11,18,35]. For 298

shrouded rotors, the outlet flow is confined by the endwalls, so the wake length must be 299

adjusted to impose the proper flow deflection downstream. 300

The HPM calculations are configured for a sector with periodic conditions. A mesh 301

convergence analysis resulted in a mesh with 6 910 panels, including 5 706 collocation points. 302

HPM simulations are performed with different wake lengths. The axial velocity is adjusted 303

to match the RANS PE mass flow rate at the P1 inlet plane, keeping the relative error below 304

1%. 305
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Figure 7. Axial evolution of the relative flow angle, at mid-span, for different wake lengths.

Figure 7 illustrates how the wake length, measured as blade-to-blade pitch s, affects 306

mid-span flow deviation. First, the axial evolution of the pitchwise-averaged relative flow 307

angle is presented in Figure 7a, for three different values of ℓω/s. The flow is deviated 308
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by the blade and the resulting swirl is maintained down to the starting vortex. A good 309

agreement is obtained with the RANS results. Downstream of the starting vortex, deviation 310

cancels out to recover the upstream angle and satisfy the non-perturbation condition at 311

infinity. The pitchwise standard deviation of the relative flow angle is shown in Figure 7b, 312

to evaluate the azimuthal variations of the angle β. Artificially high values are found close 313

to the starting vortex. Consequently, the starting vortex should be located sufficiently far to 314

model the deviation in the region of interest and limit the pitchwise fluctuations. In the 315

present case, a distance ℓω/s = 2 is sufficient to extract the results at P2. 316

3.2.2. Blade wake slip condition 317

Figure 8 evaluates the slip condition error on the wake, for a wake length of two 318

blade pitches. The normal velocity at the center of each wake panel is normalized by the 319

relative freestream velocity. The frozen wake with the TE bisector trajectory leads to rather 320

low normal velocities. In most panels, these velocities are less than 10% of the relative 321

freestream velocity. Near the starting vortex, the slip condition is not fulfilled due to the 322

vortex circulation. The error level is considered moderate. Iterative methods could reduce 323

this error by adjusting the wake trajectory, but with a higher computational cost [14]. 324

Figure 8. Slip condition error in the blade wake: normal velocity scaled with the relative freestream
velocity.

3.2.3. Periodicity condition 325

The periodicity condition is verified by comparing two HPM calculations at the PE 326

point. The first simulation uses a single sector with the periodicity condition and the 327

same mesh as before. The second simulation covers the entire 360◦ rotor, with the mesh of 328

the single sector replicated 12 times. Table 1 shows the comparison of the computational 329

performance between the two cases. Both cases were executed on the same hardware with 330

16 threads. 331

Table 1. Performance comparison between single sector and full 360◦ HPM computations.

Simulation Number of Panels Execution Time [s] Memory Usage [Go]

Sector 6 910 43 0.3
Full 360◦ 82 920 1 207 37.5

The calculation of the full 360◦ rotor takes 28 times longer than that of the single sector, 332

and the memory requirement is 125 times higher. Figure 9 shows the spanwise distribution 333

of the blade force coefficient cz is in excellent agreement between the two calculations. This 334

result validates the periodicity condition for HPM. 335
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Figure 9. Spanwise evolution of the blade force coefficient for the sector and full 360◦ computations.

3.3. Validation 336

To validate the HPM, comparisons are made with RANS simulations at the PE point. 337

Figure 10 shows the pressure coefficient distributions for the HPM and RANS at 25% , 338

50% and 87.5% of the blade height. The pressure coefficient for RANS is calculated using 339

the equation: 340

Cp =
p − pre f

1
2 ρre f Q2

relre f

(21)

The reference values are derived from pitchwise averaged quantities at the LE [36]. 341

The HPM results agree well with the RANS simulations at 25% and 50% of the blade height. 342

At 87.5% of the blade height, it underestimates the pressure difference. The discrepancy 343

may result from the approach of the frozen wake and TLF. It affects the blade loading, 344

particularly near the TE and the tip, even if the error in the slip condition of the blade 345

wake is minimal. In addition, as shown in Figure 13, the inviscid nature of the HPM 346

does not account for the thickening boundary layer at the TE, especially near the tip. The 347

corresponding increase in pressure difference between both sides of the blade, as shown by 348

the RANS simulations, is not rendered. 349

As previously described, the TLF model uses the load distribution for the definition of 350

the TLF sheet geometry. The mean value of ∆Cp at mid-span is used to calculate its pitch 351

angle. Meanwhile, the maximum pressure difference between both sides at 87.5% blade 352

height is used to determine the detachment position. At these positions, the HPM is close 353

to the RANS simulation. 354

Figure 11 shows the spanwise evolution of the pitchwise force coefficient. The HPM 355

results slightly underestimate the blade load compared to the RANS simulation, consistently 356

with the observations on the pressure coefficient. However, the decrease in load with 357

increasing radius is captured. 358

Figure 12 shows the radial evolution of the axial velocity and the relative flow angle, 359

in the planes P1 and P2. HPM accurately reproduces the conditions at the inlet, and a fairly 360

good prediction is obtained at the outlet. The radial evolutions are well captured, but some 361

differences appear on the levels. This discrepancy can arise because viscous effects are not 362

taken into account in the HPM. As a result, there is a lower blockage, which decelerates 363

the flow. The slight error in the slip condition of the frozen blade wake can also reduce the 364

deflection. In addition, there are post-processing errors caused by the interactions between 365

the wake singularities and the P2 plane. As shown in Figure 13, if the post-processing 366

points are too close to the edges of the wake singularities, this can lead to unphysical 367

values. This situation also explains the error of 1.5% in the mass flow rate measured with 368

HPM. However, these differences are within acceptable limits for a preliminary design tool. 369
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Outside of the blade wakes, a good agreement is observed in Figure 13 between RANS and 370

HPM. 371

Figure 10. Chordwise distribution of the pressure coefficient at 25% (left), 50% (center) and
87.5% (right) of the blade height, comparing HPM and RANS simulations at PE point.
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Figure 11. Spanwise evolution of the force coefficient, comparing HPM and RANS simulations at PE
point.

Figure 12. Spanwise evolution of the axial velocity (left) and the relative flow angle (right), in planes
P1 and P2, comparing HPM and RANS simulations at PE point.
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Figure 13. Blade-to-blade comparison of the velocity magnitude and the relative flow angle at
mid-span: RANS simulation (left), HPM computation (right).

3.4. Sensitivity to operating point changes 372

An important focus when using low-order methods is to evaluate their ability to 373

predict performance under different conditions. The HPM method is evaluated on several 374

operating points in comparison with the RANS simulations introduced in Figure 6. The 375

axial velocity is tuned to match the RANS mass flow rate at the P1 inlet, keeping the relative 376

error below 1% at each point. 377

Figure 14 shows the radial evolution of axial velocity and relative flow angle at the 378

P1 and P2 planes. HPM accurately replicates the upstream conditions. Downstream of 379

the fan, a fairly good prediction is achieved, regarding both the radial evolutions and 380

the levels. Moreover, the sensitivity to the mass flow rate is captured. However, the 381

discrepancies increase with decreasing mass flow rate, which is directly related to the 382

amplification of the viscous effects. Thinner boundary layers at higher mass flow rates 383

reduce blockage, enhancing HPM coherence with RANS simulations. Conversely, lower 384

mass flow rates amplify viscous effects and blockage, accelerating the flow in RANS 385

simulations. Additional errors may result from the fact that the wake generation model 386

does not account for local velocity changes under different operating conditions. 387

The spanwise evolution of the pitchwise force coefficient is plotted in Figure 15. The 388

HPM results agree with the RANS simulations, although the load is predicted to be too 389

low at lower mass flows. This is consistent with the previous observations: the higher axial 390

velocity and flow deflection in the RANS simulations indicate a higher load. At higher 391

mass flow rates, the HPM results are in better agreement with the RANS simulations. The 392

evolution between the individual operating points is fairly well captured by HPM. 393

Figure 16 shows the detachment position and the pitch angle of the TLF at the last 394

iteration of the HPM computations. The expected trends are observed [34], with the TLF 395

pitch angle increasing as the mass flow rate decreases, while the detachment position moves 396

upstream. Figure 17 compares the TLF shapes between RANS and HPM. For RANS, the 397

TLF is identified by an iso-surface of the Q-criterion at 3 · 107 s−2. For HPM, the panel sheet 398

is shown. At lower mass flow rates, HPM was shown to underestimate the blade loading, 399

which leads to a smaller TLF pitch angle compared to RANS. However, the separation 400

position is comparable in both cases. At higher mass flow rates, HPM effectively captures 401

the TLF shape for the separation position and the pitch angle. This comparison shows 402
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that the TLF model performs well at different operating points by capturing the expected 403

trends. 404

(PE)

(PE)

Figure 14. Radial evolution of the axial velocity and the relative flow angle, in planes P1 and P2, for
different operating points.

(PE)

Figure 15. Spanwise evolution of the pitchwise force coefficient, for different operating points.
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Figure 16. Evolution of the TLF detachment position and pitch angle, for different operating points,
from HPM model.
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Figure 17. Comparison of the TLF shape between RANS (Q-criterion at 3 · 107 s−2) and HPM (TLF
sheet), for different operating points.

4. Conclusions 405

A hybrid panel method has been introduced to predict the aerodynamic performance 406

of shrouded fans. The method combines a vortex lattice method for the endwalls with 407

a panel method for the blade, its wake and the TLF. The verification of the HPM was 408

performed in comparison with RANS simulations of the LMFA NACA65 rotor at peak 409

efficiency. For shrouded rotor flows, this study emphasizes the importance of the wake 410

length for the correct prediction of flow deflection. The periodicity condition has been 411

validated by comparing the results of a single sector with the full 360◦ rotor. An excellent 412

agreement and a significant reduction in computational cost was observed. The HPM 413

results agree well with the RANS simulation at peak efficiency. At different operating 414

points, the two approaches show consistent behaviors in the flow field and blade loading. 415

However, at lower mass flow rates, the HPM tends to underestimate the blade loading. 416

The viscous blockage effect is not taken into account. Concerning the TLF, modelled by a 417

panel sheet in the HPM, the main characteristics are in fairly good agreement between the 418

two methods. The current frozen wake model limit the computational cost but introduces 419

errors in the slip condition. Thus, future work will aim to implement a more accurate wake 420

model [14]. Consideration of boundary layer effects could improve the predictions [1], and 421

a diffusion model of the TLF could be investigated [11,12,34]. 422

The HPM is a promising tool for the preliminary design of shrouded fans, as the 423

computation times are less than one minute. Future research will apply the HPM to other 424
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configurations with the aim of increasing the Mach number and taking into account the 425

compressibility effects. 426
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Abbreviations 441

The following abbreviations are used in this manuscript: 442

443

HPM Hybrid Panel Method
LE Leading edge
PE Peak efficiency
RANS Reynolds-averaged Navier-Stokes
TE Trailing edge
TLF Tip-leakage flow
VLM Vortex Lattice Method
Q Velocity vector
α Absolute velocity pitchwise angle
β Relative velocity pitchwise angle
φ Velocity radial angle
Ω Rotation speed
Φ Velocity potential
σ Source intensity
Γ Circulation
µ Doublet intensity
a Vortex influence coefficient
b Source influence coefficient
c Doublet influence coefficient
r Panel radial coordinate vector
n Panel normal vector
cax Axial chord length
s Blade pitch
H Blade height
ℓω Wake length
σvc Vena contracta contraction coefficient
θTLF Pitch angle of the TLF sheet
xTLF Axial detachment position of the TLF sheet
Cp Pressure coefficient
∆Cp Pressure coefficient difference
cz Pitchwise force coefficient
N Number of periodic sectors
n Number of panels
.∞ Free stream conditions
.rel Relative frame of reference
.ew Endwall
.b Blade
.ω Wake
.TLF TLF
.TE Trailing edge
.v Velocity formulation
.p Potential formulation
.⊥ Projected onto the panel normal vector
.∗ Corrected influence coefficient

444
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