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ABSTRACT
The Boundary element method (BEM) is commonly uti-
lized in the hydrodynamic calculation for propellers due to
its relatively lower computational demand while simulta-
neously offering high fidelity. However, the BEM is based
on the inviscid potential theory, and typically, the effect of
viscosity is considered by either applying a constant em-
pirical friction coefficient or adopting the local friction co-
efficient calculated by the ITTC-1957 formulation over the
blade. Although both methods enhance the correlation of
predicted open water characteristics, neither of them takes
into account the development of the boundary layer. This
study presents a 3D potential-based BEM coupling with a
primarily 2D boundary layer solver, X-foil, known as the
viscous/inviscid interactive (VII) method. This approach is
intended to more accurately evaluate the effects of viscosity
on the blade and predict open water characteristics. When
applying the VII method to propellers, the boundary layer
equations are solved on individual sections of the blade
in an iterative manner. The model assumes that bound-
ary layer growth mainly occurs in the streamwise direction
within a constant radius but with considering the interac-
tion effects from other sections and blades. Specifically,
the original 2D influence coefficients in X-foil have been
replaced by the 3D influence coefficients corresponding to
the effects of boundary layer sources from panels at each
strip and blade. Moreover, the model includes the effects
of potentials due to other strips arising from the 3D for-
mulations. The pressure distributions, skin friction coeffi-
cients on each blade section, and the open water character-
istics of the propeller are compared either with full-blown
Reynolds Averaged Navier-Stokes (RANS) simulations or
experimental measurements. The results show that the pre-
dicted viscous pressure distributions at both the leading and
trailing edges are markedly improved by accounting for the
effects of potentials from other strips. This model demon-
strates robustness and efficiency in predicting viscous ef-
fects and requires significantly less computational effort
than the intensive 3D meshwork by RANS calculations.
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1 INTRODUCTION
The prediction of propeller performance is a crucial chal-
lenge in the marine propeller industry. With the rising de-
mand for larger and more specialized vessels, the installa-
tion of more sophisticated propulsion systems that provide
high efficiency has become a priority. The boundary ele-
ment method (BEM) has been extensively used for solv-
ing flow around propellers due to its low computational de-
mands and satisfactory accuracy (Moulijn 2015). The pri-
mary limitation of the BEM arises from its derivation from
inviscid potential flow theory, which leads to neglect of vis-
cous effects. However, accounting for viscosity is critical
in accurately predicting the thrust and torque coefficients,
efficiency, and in determining the pressure distributions on
the propeller blade. The effect of viscosity can be consid-
ered by applying an empirical drag-to-lift ratio with a cor-
rection to the blade’s pitch angle (Kerwin and Lee 1978;
Kerwin et al. 1987), or by utilizing the ITTC-1957 formu-
lation at each radial strip on the blade to obtain the friction
coefficient. While these methods may provide reasonable
results for simple blade geometries, they may not be accu-
rate for those with complicated geometries where the flow
around the body becomes more complex. Although RANS
simulations calculate most fluid physics, their practical ap-
plication is constrained by computational costs. Therefore,
it is highly desirable to have a rational approach to account
for the effect of viscosity by considering boundary layer
development while still maintaining low computational de-
mands.

Drela (1989) introduced a vorticity streamfunction panel
method coupled with a two-dimensional (2D) vis-
cous/inviscid interaction (VII) solver, X-foil, to account
for the effects of viscosity. Nishida and Drela (1995),
Milewski (1997), and Mughal (1998) developed numerical
schemes that coupled potential flow methods with three-
dimensional (3D) boundary layer solvers. However, it
is worth noting that applying these schemes to complex
propulsor devices is a challenging task due to their demand-
ing computational requirements. In the 3D propeller case,
Jessup (1989) conducted experiments on Propeller DTMB
4119 and observed that the development of the boundary
layer in the streamwise direction is much more signifi-
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cant than in the spanwise direction. Based on the obser-
vation from Jessup, Hufford et al. (1994) proposed a cou-
pled scheme for 3D propellers. This scheme coupled a
3D potential-based panel method with a 2D boundary layer
solver, X-foil. Notably, this scheme replaced the 2D source
influence coefficient with a 3D source in the 2D boundary
layer formulations and was applied to each strip along the
constant radius of the blade.

Sun and Kinnas (2008) coupled a low-order, potential-
based panel method, PROPCAV, with X-foil, following
Hufford’s method. However, this coupled scheme was lim-
ited to considering 2D sources at each strip. Yu (2012),
Kinnas et al. (2012), Kinnas et al. (2013), and Purohit
(2013) further improved PROPCAV/X-foil by using 3D in-
fluence coefficients instead of 2D in the boundary layer
equations and considered the effect of the boundary layer
from other strips. Kim et al. (2018), Du and Kinnas (2019),
and Wu et al. (2023) applied PROPCAV/X-foil to wings,
open propellers, and ducted propellers. The results indi-
cated that the coupled method significantly improved the
prediction of pressure distribution, especially in the region
close to the trailing edge. However, it is important to note
that the results only considered the 3D source effect, ne-
glecting the 3D dipole effect from other strips.

Therefore, the objective of this study is to improve the
coupled scheme by incorporating the 3D dipole term into
the coding and applying it to the DTMB 4381 propeller.
The results will be compared with those obtained from
Reynolds-averaged Navier Stokes (RANS) simulations and
the experimental data.

2 METHODOLOGY
The viscous/inviscid interactive (VII) method is developed
by coupling a 3D inviscid solver, PROPCAV, and a 2D
boundary layer solver, Xfoil. This section provides a sum-
mary of the method.

2.1 PROPCAV
PROPCAV is a 3D low-order Boundary Element Method
(BEM). It assumes an inviscid and irrotational flow around
the propeller. Thus, the total velocity q⃗ can be expressed
as:

q⃗(x, y, z, t) = q⃗in(x, y, z, t) +∇ϕ(x, y, z, t) (1)

Where q⃗in represents the incoming flow, and ∇ϕ is the per-
turbation velocity. This perturbation velocity can be treated
as the potential flow governed by Laplace’s equation:

∇2ϕ = 0 (2)

with ϕ representing the perturbation potential. The inviscid
solution for the discretized propeller geometry can be car-
ried out by expressing the potential ϕp at an arbitrary point
p using Green’s third identity:

2πϕp =

∫∫
Sp

[
ϕp′

∂G(p, p′)

∂np′
−G(p, p′)

∂ϕp′

∂np′

]
ds

+

∫∫
Sw

∆ϕw
∂G(p, p′)

∂np′
ds (3)

Where Sp refers to the propeller’s surface, Sw the trail-
ing wake’s surface, G is Green’s function, defined as
1/R(p, p′) in 3D and 2lnR(p, p′) in 2D, and R is the dis-
tance between the field point p and the variable point p′.
∆ϕw is the wake strength due to the potential jump at the
trailing edge of the blade. In order to obtain an unique so-
lution of Equation (3), the boundary conditions are applied:

1. Since there cannot be any flow through the blade sur-
face, the kinematic boundary condition states:

∂ϕ

∂n
= n⃗ · ∇ϕ = −q⃗in · n⃗ (4)

Where n⃗ is the normal vector on the blade surface
pointing into the flow field.

2. At the trailing edge of the blade, the Kutta condition
requires the velocity to be finite.

|∇ϕ| < ∞ at the trailing edge (5)

3. The perturbation velocity far away from the blade
should vanish.

∇ϕ → 0 (6)

2.2 Wall Transpiration Model
To simulate viscous effects, the extra boundary layer
sources with the unknown strength σ are added onto both
the blade and wake surfaces, known as the wall transpira-
tion model. In 2D flows, the modified discretized form of
Equation (3) can be expressed as follows:

N∑
j=1

Aijϕj =

N∑
j=1

Sij

(
∂ϕ

∂n

)
j

+

N+Nw∑
j=1

Bijσj (7)

The source strength can be shown to be related to the
boundary layer variables, the edge velocity and the dis-
placement thickness in Hufford (1994).

σ =
∂m

∂s
=

∂(Uvisδ
∗)

∂s
(8)

The potentials obtained from Equation (7) are viscous po-
tentials. In viscous cases, the total potential should be the
sum of the viscous potential and the inflow potential. When
differentiated along the streamwise direction, it yields the
viscous velocity or the edge velocity, which can be substi-
tuted into the boundary layer equations.

Uvis
i = U inv

i +

N+Nw∑
j=1

Cijσj (9)

Where Uvis
i is the edge velocity on the i panel, N and NW

are the number of elements on the body surface Sp, and the
wake surface Sw, Cij is the 2D source influence coefficient
matrix, and σj is the boundary layer source strength on the
j panel.

In terms of propeller cases, assuming boundary layer
growth in the chordwise direction, the 3D body can be di-
vided into K strips in the spanwise direction. By replacing
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the 2D influence coefficient with the 3D influence coeffi-
cient, the boundary layer effect can be taken into account
from other strips. Since it contains more unknowns in the
expression of 3D edge velocity, this 3D model is solved it-
eratively for the extra unknowns. A detailed derivation of
the 3D formulations can be found in Du (2019). The vis-
cous velocity on the K-th strip is given by:

Uvis
K = U inv

K +DKA−1
KKBKKσK

+

M∑
j=1,j ̸=K

DKA−1
KKBKjσj

+

M∑
j=1,j ̸=K

DKA−1
KKAKj [ϕ

inv
J − ϕvis

J ] (10)

Where M indicates the strip number along the spanwise
direction, DK refers to the differentiation matrix for the ar-
clength on the K-th strip, A represents the matrix of the
dipole influence coefficients, and B represents the matrix
of the blowing source influence coefficients. The first line
of Equation (10) accounts for the edge velocity along with
the influence of the boundary layer sources from the K-th
strip, which closely resembles the 2D form in Equation (9).
The second line in Equation (10) represents the effect of
the boundary layer sources of other strips, and the final line
considers the dipoles from other strips, which was omitted
in the presentation of results of Wu et al. (2023).

2.3 Viscous/inviscid interactive method
In order to determine the sources of the boundary layer, a
boundary layer solver, X-foil, has been employed to pro-
vide a viscous/inviscid coupling. The viscous equations,
as described in Drela (1989), will be briefly summarized
here. When applying the viscous/inviscid interactive (VII)
method to a propeller, it is assumed that the dominating
viscous effect on the propeller blade is in the chordwise
direction, the boundary layer equations employ the 2D in-
tegral momentum and kinetic energy equations:

dθ

ds
+
(
2 +H −M2

e

) θ

Ue

dUe

ds
=

Cf

2
(11)

θ
dH∗

ds
+H∗ (1−H)

θ

Ue

dUe

ds
= 2CD −H∗Cf

2
(12)

Where Mach number Me = 0 for the incompressible flow,
Ue the edge velocity, θ the momentum displacement of the
boundary layer, H the shape parameter, H∗ the kinetic en-
ergy shape parameter, and Cf defined as the skin friction
coefficient:

Cf =
τw

1
2ρU

2
e

(13)

The boundary layer parameters can be determined itera-
tively by coupling Equations (11) and (12) with a third clo-
sure equation, depending on the laminar or turbulent flow.

Closure for laminar flows

dñ

ds
=

dñ

dReθ
(HK)

dReθ

ds
(Hk, θ) (14)

Closure for turbulent flows

δ

Cτ

dCτ

ds
= 5.6[C

1/2
τEQ − C1/2

τ ]

+ 2δ

{
4

3δ∗

[
Cf

2
−

(
Hk − 1

6.7Hk

)2
]
− 1

Ue

dUe

ds

}
(15)

Where δ represents the boundary layer thickness, δ∗ the
displacement thickness, HK the kinematic shape function,
and ñ is the most-amplified of the Tollmien-Schlichting
wave.

3 RESULTS
The present coupled scheme, PROPCAV/X-foil, is applied
to a five-blade propeller, the DTMB 4381 propeller, as
shown in Figure 1. The design advance ratio Js = Vs/nD
of the propeller is 0.889. The results are compared with
experiment values from Boswell (1971) and RANS simu-
lations from ANSY S/F luent.

Figure 1: Propeller geometry under uniform inflow Uin,
modeled by PROPCAV/X-foil; the x, y, and z axes rep-
resent the propeller fixed coordinate system.

Before any further analysis, a grid convergence study is
carried out to validate the present model. The number of
panels in the chordwise and spanwise directions, varying
from 50 to 70 and 20 to 40, is examined. Table 1 presents
a comparison of thrust and torque coefficients. The thrust
and torque coefficients are defined as follows:

Kt =
T

ρn2D4
(16)

Kq =
Q

ρn2D5
(17)

The results indicate that increasing the number of chord-
wise and spanwise panels leads to reduced discrepancies
between the present model and the experiment. The torque
values for the 60x30 and 60x40 configurations are nearly
identical, although there is a slight increase in error com-
pared to the experimental data for the 60x40 case. While
all cases exhibit a slight overprediction in thrust and torque
coefficients, it is important to note that the errors for all
cases remain below 5%, which ensures the accuracy of the
results. The 60x30 panel configuration has been selected
for subsequent analysis with RANS simulations and exper-
iment comparisons.
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Case Kt Error (%) 10Kq Error (%)
50x20 0.2150 3.38 0.4660 4.71
60x20 0.2147 3.22 0.4631 4.07
70x20 0.2142 3.01 0.4630 4.06
60x30 0.2117 1.81 0.4594 3.24
60x40 0.2109 1.42 0.4601 3.41
Exp. 0.208 - 0.445 -

Table 1: Comparison of thrust and torque coefficients of
Propeller 4381 at Js = 0.889

Figure 2 shows the domain and boundary conditions for
RANS simulations. To increase computational efficiency,
a periodic boundary condition is applied, reducing the
needed domain size to one-fifth of the original and result-
ing in a total number of 5.37 million hexahedral cells. The
k−ω SST turbulent model is employed to predict near-wall
flows with a Reynolds number of 6.22e5. The Reynolds
number is based on the propeller diameter, ReD = VsD/ν,
where ν represents the kinematic viscosity of the fluid. The
spatial discretization applies the QUICK scheme, and the
pressure correction is implemented using the SIMPLEC
method.

Figure 2: The RANS domain and the boundary conditions
used in the simulation

Figure 3 presents detailed pressure comparisons for differ-
ent strips at r/R = 0.5, r/R = 0.7, and r/R = 0.9 of
propeller 4381 at Js = 0.889. In propeller case, the pres-
sure coefficient Cp is defined as

−Cp =
p∞ − p
ρ
2n

2D2
(18)

The pressures predicted by the current model exhibit a
stronger correlation with the RANS results compared to
those predicted by the PROPCAV (Inviscid) and PROP-
CAV (ITTC-1957), particularly near the trailing edge re-
gion of the blade. Approaching the trailing edge, the im-
pact of fluid viscosity becomes more pronounced, resulting
in a thicker boundary layer. Consequently, more improve-
ments are observed in this region because of the boundary
layer correction. It is important to note that the pressure
distribution deviated in the leading-edge region in Wu et
al. (2023). This underestimation of the pressure was at-
tributed to the omission of the dipole effect. However, by
incorporating the dipole term into the model, the pressure
exhibited a good correlation with RANS simulations.

Figure 3: Comparison of pressure coefficients on different
strips of Propeller 4381, predicted by RANS, PROPCAV
(Inviscid), PROPCAV (ITTC-1957), and PROPCAV/X-foil
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Figure 4: Comparison of displacement thickness on dif-
ferent strips of Propeller 4381, predicted by RANS and
PROPCAV/X-foil

Figure 5: Comparison of skin friction coefficients on dif-
ferent strips of Propeller 4381, predicted by RANS and
PROPCAV/X-foil

Figure 4 presents a comparison of the displacement thick-
ness along the strips at r/R = 0.5, r/R = 0.7, and
r/R = 0.9 of propeller 4381 at Js = 0.889 predicted by
the present model with RANS simulations. The laminar-
to-turbulent flow transition points on both the pressure and
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suction side of the blade are forced close to the leading
edge at x/c = 0.01 in PROPCAV/X-foil, while in RANS
simulations, the flow field is assumed to be fully turbu-
lent. The comparisons suggest good agreement between
PROPCAV/X-foil and RANS simulation on both the pres-
sure and suction sides. It is observed that the integration of
the dipole term into the model has a minimal impact on the
prediction accuracy.

In propeller cases, predicting the thrust and torque is of
importance. These quantities, attributed to fluid viscosity,
are calculated by integrating the shear stress τ on the blade
surfaces. Figure 5 illustrates the comparison of skin fric-
tion at different radial positions, r/R = 0.5, r/R = 0.7,
and r/R = 0.9, for propeller 4381 at Js = 0.889 pre-
dicted by the present VII method and RANS simulations.
Notably, results near the leading edge on both the suction
and pressure sides exhibit regional discrepancies between
PROPCAV/X-foil and RANS. It is possibly because the VII
method requires a smooth transition from laminar to turbu-
lent flow. Therefore, regardless of forcing the transition
point at x/c = 0.01, more distance is required to develop
the boundary layer. As the flow becomes fully developed,
the results display an acceptable agreement compared to
RANS simulations, and suggest a more reasonable Cf than
using an empirical constant to correct the viscous effect in
PROPCAV (Inviscid), or the local friction coefficient based
radial positions calculated using the ITTC-1957 formula-
tion.

k
t,

 1
0

K
q

, 
η

η

Figure 6: Comparison of thrust, torque, and efficiency at
different advance ratios of Propeller 4381, predicted by ex-
periments, RANS, PROPCAV, and PROPCAV/X-foil

The comparison of predicted viscous thrust and torque co-
efficients, as well as efficiency, is carried out over a range
of advance ratios from Js = 0.7 to 1.0, as shown in Figure
6. The VII method significantly enhances the correlation
between the predicted torque and the experimental data in
contrast to the pure BEM without boundary layer correc-
tions, leads to a more accurate prediction of efficiency. The
absence of data points between Js = 0.76 and 0.88 is at-
tributed to convergence issues with the VII method. This

could be due to either the convergence criteria not being
met or computational instability causing the calculations to
fail.

Table 2 shows the comparison of the computational time
between PROPCAV/X-foil and RANS simulations at Js =
0.889. All calculations were carried out on FRONTERA
cluster at Texas Advanced Computing Center, using In-
tel Xeon Platinum 8280 @ 2.7Ghz processors. It is worth
noting that the coupling model, PROPCAV/X-foil, exhibits
high computational efficiency, completing the calculation
in 2.3 minutes, compared to PROPCAV (Inviscid), which
takes 1.7 minutes. Moreover, the present model’s com-
putational speed is approximately 80 times faster than
RANS, not to mention the additional time required for pre-
processing and post-processing in RANS simulations.

Case # of CPUs Time (min)
PROPCAV (Inviscid) 56 1.7
PROPCAV/X-foil 56 2.3
RANS 280 35.01

Table 2: Comparison of the computational time between
PROPCAV, PROPCAV/X-foil, and RANS simulation

4 CONCLUSIONS
This study introduces an improved coupled scheme by
adding the 3D dipole term to the coding to predict bound-
ary layer variables for Propeller propeller 4381. Full-blown
RANS simulations are conducted to compare boundary
layer variables, pressure distribution, and propeller perfor-
mance.

The results for both skin friction coefficient and displace-
ment thickness demonstrate a strong correlation with the
RANS results. Furthermore, the 3D VII method signifi-
cantly increased the accuracy of pressure distribution pre-
diction near the trailing edge. By accounting for the dipole
effect from other strips, the pressure prediction in the re-
gion near the leading edge has also been improved com-
pared to the previous work by Wu et al. (2023).

Finally, the presented coupling method has improved
torque prediction that aligns well with experimental data,
leading to a more accurate prediction of propeller effi-
ciency.

5 FUTURE WORK
The potential of the 3D VII method has been demonstrated
in the paper. The ongoing effort will focus on improving
the stability of the boundary layer solver to make it more
versatile for propeller performance analysis. Additionally,
the study will extend the application of the 3D VII method
to encompass ducted turbines and propellers.
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