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ABSTRACT  

A low order panel method is applied to predict the 

performance of tip loaded propellers. A fully iterated wake 

alignment model and the boundary layer effect correction 

are found to be critical in order to improve the 

computational accuracy. The results from the panel method 

is compared with RANS simulation results and 

experimental data. The comparison shows good agreement 

between RANS and the panel method. The percentage error 

for thrust/torque coefficient is as low as 0.5% near design 

advance ratio and stays within 5% for off-design advance 

ratios. 
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1 INTRODUCTION 

To predict the performance of propellers, the panel method 

(boundary element method) is widely used because of its 

good balance between accuracy and efficiency. When 

applying the panel method to tip loaded propellers (TLP), 

some special treatments are needed. 

First, accurate wake location and wake geometry are 

required. According to Tian and Kinnas (2012), for low 

advance ratio cases the wake geometry in the panel method 

model can influence the pressure distribution on the 

consequent blade because the wake is located very close to 

its consequent blade for such advance ratios. This effect can 

be very significant for tip loaded propellers; its low pitch 

angle near the tip region, together with the closer distance 

between the wake and its consequent end plate contribute to 

the influence from the wake geometry to the blade pressure 

distribution. Therefore, wake alignment is a critical step for 

tip loaded propeller calculations. 

Greeley and Kerwin (1982) proposed a wake alignment 

scheme, called PSF2 alignment. In this scheme, the wake is 

aligned based on the flow field from a vortex lattice method 

(VLM) solver on a coarse gird. This scheme requires little 

computational time and does not include iterations. Tian 

and Kinnas (2012) proposed an iterative wake alignment 

scheme called the full wake alignment (FWA). In this 

scheme, the wake geometry is determined by the induced 

velocity from the results of the panel method and then 

iterated to get converged.  

Another treatment is to include the boundary layer effect. 

Yu and Kinnas (2012) treated the boundary layer effect as a 

blowing source on blade and wake surfaces and coupled the 

panel method with boundary layer solver. The strength of 

the blowing source is determined by solving the boundary 

layer equations (Drela, 1985, 1989). Results in this paper 

shows that by including the boundary layer effect, the 

pressure distribution near the trailing edge of the blades can 

be evidently improved. 

PROPCAV, developed by MIT/UT-Austin, is a potential 

flow solver based on the panel method. It can handle fully 

wetted computations as well as cavitation computations for 

open propellers, rudders, ducted propellers, etc. PROPCAV 

is used as the boundary layer solver in this paper. 

In this paper, PROPCAV is applied in predicting the 

performance of P2504 tip loaded propellers (Brown, et al, 

2014).  The full wake alignment scheme (Tian, Kinnas, 

2012) and boundary layer correction (Yu, Kinnas, 2012) are 

included and are shown to effectively improve the 

computational results. Finally, results from the panel 

method are compared with RANS simulation results and 

experimental data. 

 

2 FORMULATION 

2.1 Governing Equation 

In the hydrodynamic analysis of propellers, the total flow 

velocity q can be treated as the summation of two 

components: the background flow velocity 𝑈∞  and the 

perturbation flow velocity u. If we fix the coordinates onto 

the rotating propeller, the background flow velocity should 

include the incoming flow velocity and the rotating 

velocity. 

 𝑞 = 𝑈∞ + 𝑢 (1) 

 𝑈∞ = 𝑈𝑠 + 𝑤 × 𝑟 (2) 



 

 

where 𝑤 is the vector of rotation, 𝑟 is a location vector from 

the origin, and 𝑈𝑠 is the incoming flow velocity (or the 

opposite of the ship velocity). 

Due to potential theory, the perturbation velocity is the 

gradient of the perturbation potential 𝜙, which is governed 

by Laplace equation: 

 ∇2𝜙 = 0 (3) 

By applying Green’s second identity, equation (3) can be 

converted into the following boundary integral form: 
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(4) 

where S includes the blade surfaces and the hub surface, 𝑆𝑊 

is the wake surfaces, and 𝑛𝑞 is the normal vector pointing 

inward the fluid domain on point q. 𝐺(𝑝; 𝑞) is the three 

dimensional Green’s function: 

 
𝐺(𝑝; 𝑞) =

1

𝑅(𝑝; 𝑞)
 (5) 

 

2.2 Boundary Condition 

A Neumann boundary condition is applied on the blade 

surfaces and the hub surface: 

 𝜕𝜙

𝜕𝑛
= −𝑈∞ ∙ 𝑛 (6) 

wherer n is the normal vector. On the wake surface, a Kutta 

condition is applied: 

 ∆𝜙𝑊 = 𝜙+ − 𝜙− (7) 

where 𝜙+  denotes the potential on the suction side of the 

trailing edge, 𝜙− is the potential on the pressure side of the 

trailing edge, and ∆𝜙𝑊 is the dipole strength on the wake 

surfaces. 

 

2.3 Wake Alignment Model 

For full wake alignment, the beginning step is to assume a 

helical shaped wake and solve the boundary integral 

equation (equation 4). Using the solution as the initial 

condition, the dipole strength on wake surfaces as well as 

the downstream induced velocity can be determined. 

However, this downstream induced velocity is calculated 

based on a wake geometry that is not converged. In other 

words, after we use this velocity to align the wake, the new 

wake geometry will, in turn, influence the downstream 

velocity. Therefore, more repeating steps are needed to get a 

converged wake geometry (shown as the inner loop in 

figure 1). After the wake geometry get converged through 

the inner loop, the outer loop should begin. In the outer loop, 

influence coefficients and the matrix need to be updated due 

to the change of the wake geometry. Then, equation (4) 

needs to be solved again. The outer loop should also repeat 

until the wake geometry get fully converged. 

 

 

Figure 1: Full wake alignment (FWA) procedure. 

 

2.4 Boundary Layer Correction 

According to boundary layer theory for flat plates, the 

pressure across the boundary layer can be seen as a constant 

and the flow outside the boundary layer can be treated as 

inviscid. Therefore, the existence of the boundary layer is 

equivalent to pushing the flow outward by a distance, which 

is called the displacement thickness. In the panel method, 

we use an additional blowing source to simulate this 

pushing effect. The blowing source is distributed on all 

blade surfaces and wake surfaces. The strength of the 

blowing source can be determined by solving the boundary 

layer equation. 

 

3 RESULTS AND DISCUSSION 

3.1 Numerical Model 

In this chapter, the panel method is used to predict the 

performance of P2504 tip loaded propeller (Brown, et al, 

2014). Figure (2) shows the panels in the numerical model.  

 

Figure 2: Panel distribution of P2504 in the panel method. 



 

 

In order to validate the panel method results, a RANS 

simulation is performed.  In the RANS simulation, 4 million 

tetrahedron cells are used to model the 1/5 of the propeller 

domain. The 𝑘 − 𝜔  SST model is adopted for turbulence 

calculation. Figure (3) shows the grid on the blade surface 

and the hub surface.  

 

Figure 3: RANS grid for P2504. 

 

3.2 Wake Geometry 

Figure (4) shows the comparison between wake geometries 

from PSF2 wake alignment and from full wake alignment. 

The advance ratio for both cases is 1.0.  

The comparison shows evident difference between the PSF2 

wake and the FWA wake. As the full wake alignment 

scheme considered the induced velocity from the wake to 

itself, it is able to capture the roll up effect caused by tip 

vortex, shown in the second picture of figure (4). This can 

influences the pressure distribution on the blades. 

 

 

Figure 4: Wake geometry by PSF2 wake alignment (upper) 

and full wake alignment (lower). 

 

3.3 Convergence Study 

To test the grid dependence for the panel method, two 

calculations are performed with different number of panels 

on the blades. The refined mesh doubled the number of 

panels on both the span wise direction and the chord wise 

direction of the blades. As shown in figure (5), the 

circulation is plotted with respect to the arc length along the 

trailing edge. The maximum error between the two 

solutions is within 1%.  

  

 

Figure 5: Mesh convergence study with respect to the blade 

circulation. 

 

3.4 Pressure Distribution 

Figure (6)-(9) show the pressure coefficients at 4 different 

blade stations. In each figure, results from the panel method 

with different combinations of wake alignment scheme and 

boundary layer correction are compared with the RANS 

results.  

Comparing to the RANS results, all four figures shows 

significant error in the PSF2 alignment wake model. This is 

because the vortex lattice method solution on the coarse 

mesh in PSF2 alignment might not resolve the blade and 

wake surface geometry very well, especially near the tip 

region. 

By adopting the full wake alignment method, the above 

error can be reduced. However, on the trailing edge, an 

evident pressure difference still exists between the full wake 

alignment (without boundary layer correction) results and 

the RANS results. Boundary layer effect is the causation of 

this difference. Similar to the 2D flat wall boundary layer 

behavior, the boundary layer thickness on the blade grows 

thicker as the flow moves chord wise to the downstream. In 

other words, the blowing source should become larger 

towards the trailing edge and smaller towards the leading 



 

 

edge. This explains why the pressure difference is larger at 

the trailing edge. 

As shown in figure (6) and figure (7), by including the 

boundary layer correction, the pressure difference near the 

trailing edge can be reduced. However, it should be noted 

that our current boundary layer correction model is not very 

stable. It fails to provide converged results for r/R=0.9 

station and the tip station. 

 

        

Figure 6: Pressure distribution at r/R=0.5.                                  Figure 7: Pressure distribution at r/R=0.7. 

        

Figure 8: Pressure distribution at r/R=0.9.                                  Figure 9: Pressure distribution at the tip station. 

 

3.5 Thrust/Torque Coefficients 

In figure (10), thrust coefficients and torque coefficients are 

compared across the results from RANS, from experiments, 

and from the panel method. In the panel method calculation, 

full wake alignment scheme and the boundary layer 

correction model are both included. 

While the panel method calculation and RANS simulation 

are based on the modified blade geometry which has a sharp 

trailing edge, the blade geometry used in the experiment is 

the original geometry that has a round trailing edge. This 

might cause some minor difference between the 

experimental results and the other two results. 

Compared to the RANS results, the error of thrust 

coefficients by panel method are less than 1% for a range of 

advance ratios from 0.4 to 1.2, with 0.9 being the designed 

advance ratio. For the torque coefficients, the error is within 

0.5% around design advance ratios. For off-design 

conditions, the torque coefficients error maintains less than 

5%. 



 

 

    

Figure 10: Thrust coefficients and torque coefficients. 

 

3.6 Cavitation Prediction 

PROCAV can also be used to predict the cavitation 

behavior. Figure (11) shows the cavitation behavior of 

P2504 at advance ratio equals to 0.9 and cavitation number 

𝜎𝑛 equals to 1.0. 

 
𝜎𝑛 =

𝑃0 − 𝑃𝑣

1
2

𝜌𝑛2𝐷2
= 1.0 (8) 

In figure (11), sheet cavitation occurs on the suction side of 

the tip loaded propeller. The height of the plate in grey 

color represents the thickness of the cavitation domain. 

 

 

Figure 11: Cavitation behavior of P2504 at cavitation 

number 1.0. 

 

4 CONCLUSIONS AND FUTURE WORK 

In this paper, the panel method is implemented in predicting 

the performance of a tip loaded propeller. The results from 

the panel method are compared with RANS simulation and 

experimental data. It is shown that in the panel method, a 

fully iterated wake alignment scheme and a boundary layer 

correction scheme are both necessary in order to reduce the 

computational error. By adopting the full wake alignment 

scheme, the wake geometry in the panel method get fully 

iterated so that it follows the streamlines of the downstream 

flow field. The full wake alignment scheme can also capture 

the roll up of the wake surface caused by the tip vortex. 

Results show that the full wake alignment scheme can 

evidently improve the pressure behavior on the blades. The 

boundary layer correction scheme treats the boundary layer 

effect as blowing sources on blade surfaces and wake 

surfaces. This effect is not evident near the leading edge, 

but the effect becomes more and more significant when the 

flow moves towards the trailing edge. As a result, the 

boundary layer correction can improve the pressure 

distribution near the trailing edge. 

By including the full wake alignment scheme and boundary 

layer correction scheme, the accuracy of the thrust/torque 

coefficients are improved. Comparing to RANS simulation, 

the error for thrust coefficients is within 1% in a range of 

advance ratio (from 0.4 to 1.2 as 0.9 being the designed 

advance ratio). The error for the torque coefficients can be 

as low as 0.5% around design conditions and less than 5% 

for off-design conditions. 

Future work includes improvements of the boundary layer 

correction scheme to make it more stable. In current 

calculation, the boundary layer correction fails to provide 

converged results at the tip stations. Another future work is 

the correlation of cavitation results between the panel 

method and the RANS simulation.  
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DISCUSSION 

Question from Antonio Sanchez-Caja 

We have read in a previous paper by Michael Brown 

that at the tip there are 2 tip vortex developed that cross one 

another. This means that the wake behind the plate would 

need a special treatment during the alignment in order to 

avoid panels within trailing regions crossing one–another. 

Could you comment on plate-wake alignment treatment? 

Authors’ Closure 

Thank you for your observation. In steady tip loaded 

propeller case, we did not include any schemes to avoid 

wake panel penetrations. In the BEM model, the wake 

panels following the end plate twist and this causes the 

panel crossing one-another. However, it is not an issue for 

BEM solver, because we use constant dipole distributions 

within a panel and the influence from the wake is equivalent 

to a group of longitudinal vortex lines. Therefore, the wake 

can be represented as vortex line elements rather than dipole 

panels, shown in figure I. 

 

Figure I: Twisting of wake vortex lines developed from the 

end plate 

As long as we cut off some singular integrations caused 

by close proximity, there is no problem. 

 

Question from Stefano Brizzolara 

Congrats for interesting work. It appears that the full 

alignment of the wake does have a significant influence in 

this case, and that an interesting “double roll up” generates 

in the wake from the end plate. Can you describe the 

criterion that you use to stop the wake alignment and show 

how thrust and torque change during iterations? Thank you. 

Authors’ Closure 

Thank you for your question and your suggestion. In 

the wake alignment scheme, the number of iterations is 

specified by the user and should be large enough to let the 

shape of the wake become visually stable. Within every 

iteration, sub-iterations are used to consider the change of 

induced velocity field due to the change of the wake shape. 

The details are shown in figure II and the convergence 

history of thrust/torque coefficients are shown in figure III. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II: Full wake alignment scheme 

 

 

 

 

 

 

 

 

 

 

 

Figure III: Convergence history of torque and thrust 

 


