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ABSTRACT  

Accurate torsional vibration analysis (TVA) requires 

reliable estimation of the hydrodynamic added mass, 

inertia and damping coefficients. While earlier methods 

relied on experiments or semi‑empirical unsteady propeller 

theories, modern CFD approaches offer higher fidelity and 

flexibility regarding propeller geometry and operation 

conditions. This study investigates the crashback 

performance of a four‑bladed controllable pitch (CP) 

propeller under open‑water conditions by applying RANS 

modeling and a hybrid RANS–LES approach. Added 

mass/inertia and damping coefficients are determined 

using two independent approaches: regression-based 

parameter identification and an energy-based method 

employing Lissajous figures. Extensive simulations across 

various pitch settings, advance ratios, and excitation 

frequencies show good agreement between both methods. 

Comparison with empirical models confirms accurate 

added-mass prediction and highlights significant 

underestimation of damping under design conditions. 

Under crashback conditions at high negative pitch, the 

added mass remains comparable to that at the design 

operating point, whereas the damping increases to more 

than twice its design value. The results emphasize the 

importance of correct estimation of hydrodynamic 

coefficients for TVA under partial-load and crashback 

conditions. 
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1 INTRODUCTION 

A vessel’s propulsion train is an oscillatory system which 

includes the main engine (electric motor, diesel engine or 

gas turbine), the gearbox, the shaftline and bearings as well 

as the propeller. It is subject to bending vibrations in 

vertical and horizontal axis as well as torsional vibrations. 

The latter one is considered to be the most critical. Hence, 

in the design process, care must be taken in analyzing the 

oscillation behavior of the entire propulsion system to 

avoid harmful resonance. In a torsional vibration analysis 

(TVA), the contribution of all components of the 

propulsion train mentioned above to the system’s inertia 

and damping, as well as their vibration excitation sources, 

must be taken into account. The hydrodynamic loads on the 

propeller constitute the primary source of excitation in the 

propulsion train, arising from its rotation in the ship’s non-

uniform wake field. Furthermore, the propeller contributes 

significantly to the overall moment of inertia. 

When the propeller vibrates in the water, a portion of the 

surrounding fluid is entrained and oscillates with the 

propeller. This fluid–structure interaction gives rise to 

hydrodynamic added mass (added inertia) and 

hydrodynamic damping. These parameters must be 

incorporated to ensure accurate torsional vibration analysis 

(TVA) predictions. 

For operation under design conditions, several approaches 

can be employed to determine the hydrodynamic added 

mass and damping. However, for off-design conditions and 

extreme scenarios such as emergency stop maneuvers, 

limited information is available regarding the behavior of 

these quantities. This is particularly the case for 

controllable-pitch (CP) propellers, for which variations in 

pitch settings must additionally be considered. 

The objective of this study is to investigate the behavior of 

added mass and damping for controllable-pitch propellers 

under crashback conditions. 

The added mass, moment of inertia and damping can be 

determined using empirical approaches, two- and three-

dimensional potential-flow-based methods, such as airfoil 

theory, lifting-line and lifting-surface methods, and panel 

methods, as well as viscous-flow simulations, e.g., 

Reynolds-Averaged Navier–Stokes (RANS) methods. 

Empirical methods, in combination with airfoil theory or 

potential flow-based tools, enable parametric estimation of 
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added mass and damping based on basic propeller 

geometry (Schwanecke 1963), (Schwanecke 1973), (Grim 

1975), (Parsons et al. 1980). Krüger (2015) applied a 

lifting-line method to evaluate added inertia and damping 

for modern propellers operating in the wake field behind a 

hull. 

Three-dimensional potential-flow methods, such as 

boundary-element methods, provide fast and reliable 

predictions for ahead-operating propellers and can account 

for cavitation effects, as shown by Gaschler and Maksoud 

(2014). Unsteady simulations for viscous-flow can fully 

resolve the flow behavior on propeller geometry, capture 

viscous damping, and are suitable for medium and heavy 

off-design conditions that cannot be represented by simpler 

methods. In such cases, mass and damping coefficients can 

be extracted directly from the CFD simulation results as 

shown by Martio et al. (2015), Martio et al. (2017) and 

Abbasi et al. (2024) for modern ship propellers. 

2 APPROACH 

2.1 Equation of Motion 

In principle the propeller vibrates in all six degrees of 

freedom, represented by the displacement vector 𝒙 =
[δ𝑥, δ𝑦, δ𝑧 , φ𝑥 , φ𝑦 , φ𝑧]. Hence, the equation of motion for 

the propeller is given by 

𝑀𝒙̈ = 𝑭𝐻 + 𝑭𝑆 (1) 

Where M is the mass matrix with the dry propeller mass 

and the moments of inertia on the main diagonal, 𝐹𝑆 the 

shaft force and 𝐹𝐻  the hydrodynamic load vector. The 

hydrodynamic load vector depends on the displacement, 

velocity and acceleration of the propeller and is defined by 

𝑭𝐻 = −𝑀𝑎𝒙̈ − 𝐶𝑝𝒙̇ − 𝐾𝑝𝒙 (2) 

where 𝑀𝑎and 𝐶𝑝 are the added mass and damping matrices 

and 𝐾𝑃  represents the hydrodynamic stiffness (which is 

zero for a fully submerged propeller). The full equation of 

motion for the propeller can be written as 

[𝑀 + 𝑀𝑎]𝒙̈ + 𝐶𝑝𝒙̇ = 𝑭𝑆 (3) 

As the torsional vibration is investigated in this study, the 

added mass and damping coefficients for the axial rotation 

direction φ𝑥 are of interest. The respective coefficient on 

the main diagonal representing the added inertia is 

expressed by the hydrodynamic torque divided by the 

rotational acceleration 𝑚44 = 𝑀𝑥 φ𝑥̈⁄ . Besides this value, 

coupling coefficients between axial translation and rotation 

exist: 𝑚41 = 𝐹𝑥 φ𝑥̈⁄ = 𝑀𝑥 δ𝑥̈⁄ . Damping coefficients are 

derived accordingly. 

2.2 Evaluation of Coefficients 

For the determination of added mass and damping of the 

fully modeled propeller, the flow is investigated on a 

propeller geometry operating in open water conditions. For 

this purpose, the constant propeller rotation 𝑛0  is 

superposed with a sinusoidal rotation rate with the 

amplitude 𝑛̂ 

𝑛(𝑡) = 𝑛0 + 𝑛̂ sinω𝑡 
(4) 

The results of the computation are thrust 𝑇(𝑡) and torque 

𝑄(𝑡) signals with significant harmonic fluctuations in time 

about their mean values 𝑇 and 𝑄. Two different methods 

are applied to the signal to evaluate the added mass and 

damping coefficients: 

• Method I: Regression Analysis: Fits a 

regression function to the signal 

• Method II: Energy-Based Analysis: 

Uses Lissajous figures 

2.2.1 Method I 

The respective signal can be split into a sine-dependent and 

a cosine-dependent component, where the former 

represents the rotation velocity and the latter the rotation 

acceleration: 

φ̇ = 𝑛(𝑡) = 𝑛0 + 𝑛̂ sinω𝑡 

φ̈ = 𝑛̇(𝑡) = 𝑛̂ω cosω𝑡 
(5) 

An analytic regression function ℛ is chosen, which is fitted 

to the simulation data. Coefficients of higher order are 

neglected. Hence, the regression function is: 

ℛ(𝑡) =  𝑎0 ⏟
Mean value

+ 𝑎1 ⋅ sinω𝑡⏟      
Velocity component

+ 𝑎2 ⋅ cosω𝑡⏟      
Acceleration component

 
(6) 

Added mass and damping coefficients can be derived from 

the regression function as follows: 

𝑄, 𝑇 = 𝑎0 

𝑐44, 𝑐41 =
𝑎1
𝑛̂

 

𝑚44, 𝑚41 =
𝑎2
𝑛̂ ⋅ 𝜔

 

(7) 

2.2.2 Method II 

Hydrodynamic damping is also analyzed with a 

conservation of energy approach, based on a similar 

approach utilized for roll damping analysis, as it is 

presented by Wassermann (2018). Assuming the harmonic 

Figure 1: Lissajous figure with propeller torque 𝑸 plotted 

over the propeller rotation angle 𝛟 



 

response in hydrodynamic torque shown in Figure 1, the 

additional energy 𝐸𝑒 transported by the torque 𝑄𝑒  over one 

period 𝑇 by the sinusoidal excitation must be conserved by 

the hydrodynamic damping, represented by the damping 

moment 𝑄𝑑 . Hence, the energy 𝐸𝑑  is dissipated into the 

surrounding fluid in the form of damping. The damping 

moment 𝑄𝑑 can be replaced with the term 𝑐φ̇  𝑑𝜑 𝑑𝑡⁄ . 

The energy transported over one period is: 

𝐸𝑒 = ∫ 𝑄𝑒
𝑑𝜑

𝑑𝑡

𝑇

0

𝑑𝑡 = 𝐸𝑑 = ∫ 𝑐φ̇

𝑇

0

𝑑φ

𝑑𝑡

𝑑𝜑

𝑑𝑡
𝑑𝑡 (8) 

With inserting Equation (5) and ignoring the constant 

propeller rotation rate 𝑛0 , the energy dissipated by 

damping becomes 

𝐸𝑑 = 𝑐ϕ̇𝑛̂
2
π

ω
 (9) 

Now the damping coefficient can be derived 

𝑐ϕ̇ =
𝐸𝑑ω

𝑛̂2π
 

(10) 

When plotting the propeller torque over the rotation angle, 

the fluctuating torque signal creates an elliptic curve 

(Lissajous curve), as sketched in Figure 1. Its shape is 

characteristic for the ratio of frequencies and the phase 

angle between torque and rotation angle. The area spanned 

by the trajectory represents the energy transported over one 

excitation period: 

𝐸 = ∫ 𝑄(ϕ)
𝑑ϕ

𝑑𝑡

𝑇

0

𝑑𝑡 = ∫ 𝑄(ϕ)
2𝜋 𝜔⁄

0

𝑑ϕ (11) 

With the energy 𝐸  inserted into Equation (10), the 

hydrodynamic damping can be determined by integrating 

the propeller torque data from simulations. 

2.3 Numerical Setup 

The flow characteristics and hydrodynamic loads are 

determined through computational fluid dynamics (CFD) 

simulations. In this study, Ansys Fluent is employed to 

solve the unsteady, incompressible Navier–Stokes 

equations governing the conservation of mass and 

momentum. The solver provides a range of turbulence 

models to account for the specific nature of the flow. Under 

design conditions, Reynolds-Averaged Navier–Stokes 

(RANS) simulations are conducted using the k–ω SST 

turbulence model (Menter et al. 2003). For heavy off-

design and crashback conditions - where the flow field is 

dominated by large-scale separation and unsteady vortex 

shedding around the blades - a hybrid RANS–LES 

approach, the Stress-Blended Eddy Simulation (SBES), is 

applied (Menter 2016). SBES constitutes an advancement 

of the Detached Eddy Simulation (DES) methodology. 

Within the LES region, subgrid scales are represented 

using the Smagorinsky model. The eddy viscosity is 

blended at the stress level between the RANS and LES 

contributions. This blending strategy enables SBES to 

mitigate grid-induced separation (GIS) and to facilitate a 

rapid transition from modeled turbulence in the RANS 

domain to resolved turbulence in the LES region. 

2.4 Propeller Geometry 

The propeller VP1143 investigated in this study is a four-

bladed, right-handed controllable-pitch (CP) propeller 

derived from the Wageningen B-series. It features an 

expanded area ratio of 0.55 and a design pitch ratio of 

P/D=0.8. The model-scale diameter is 0.24 m, the hub 

diameter ratio is 0.25. The blades allow for a maximum 

negative pitch angle of -45° relative to the design pitch. 

Open-water model tests were conducted at the Potsdam 

Model Basin (SVA Potsdam), and the resulting data serve 

as reference for the validation of the CFD simulations. 

2.5 Computational Grid and Numerical Setup 

For all simulations two cylindrical computational domains 

are used, see Figure 2. The inner, rotating domain (green) 

hosts the propeller and is connected with the fixed outer 

domain (red) via a standard sliding interface (blue). The 

size of the inner domain is deliberately kept compact so 

that the mesh can also be used also for the simulation of 

propeller crashback behind the ship. To minimize 

interactions between the flow field around the propeller 

and the domain boundaries, a sufficiently large domain is 

employed, with 𝐷𝑂 𝐷𝑃 ≈ 20⁄  and (𝐿𝑈 + 𝐿𝐷) 𝐷𝑃⁄ ≈ 25. At 

the boundaries of the outer domain the velocity is defined 

at the inlet and the outer cylindrical surface, the pressure is 

defined at the outlet. 

Both domains are discretized with unstructured grids using 

Ansys ICEM. Tetrahedral and triangular cells are used for 

meshing volumes and surfaces, respectively. In the 

boundary layer region, prismatic cells are arranged. The 

total thickness of the prismatic cells corresponds to the 

turbulent boundary layer thickness δ, which depends on the 

local Reynolds number Re. For the blade’s boundary layer, 

Re is calculated with the blade’s chord length on 0.7 r/R 

and the total velocity. The cells in the boundary layer are 

set up to ensure that the velocity profile is resolved and all 

calculations are carried out with a dimensionless wall 

Figure 2: Computational domain for open-water 

simulations. 



 

distance y+ < 1. Figure 3 depicts the surface mesh on the 

propeller and shaft used in the open-water simulations. 

All computations are carried out in model scale with a 

rotation rate of 𝑛 = 10  1/s. For scale-resolving turbulence 

models like the SBES model, not only a high spatial, but 

also a high temporal resolution is desired during the 

simulation. A Courant number 𝑐 = 𝑢 ∙ Δ𝑡 Δ𝑥⁄  below one 

is required in the entire computational mesh. Due to the 

small mesh size and the motion of the rotating domain, a 

very small time step size of ≈ 0.00014s, which corresponds 

to 0.5 degrees of propeller rotation per time step, is chosen 

to fulfill the Courant number criterion. 

Mesh refinement is set in the area of the recirculation zone 

to resolve at least 80% of the total turbulence kinetic 

energy of the flow. All settings of the numerical mesh are 

chosen carefully after a thorough uncertainty analysis 

(Pergande 2025). 

3.RESULTS 

3.1 Open-Water Data 

Open-Water simulations conducted across a range of pitch 

angles and operating conditions form the basis for the 

dynamic analysis. Crashback cases are run for at least 100 

propeller revolutions to ensure sufficient data for 

evaluating mean values and conducting statistical analysis. 

The propeller load fluctuates with high and low frequencies 

(Pergande & Abdel-Maksoud 2019). 

Figure 4 shows a comparison of numerical thrust 

coefficients for the design pitch and two crashback 

scenarios with experimental data provided by the Potsdam 

Model Basin. The results for the design pitch are calculated 

using RANS, while the results for the crashback operating 

points are obtained using the hybrid RANS-LES model. 

Propeller torque for the respective operating points and 

pitch ratios is shown in Figure 5. In all operating 

conditions, the CFD results for mean values and fluctuation 

ranges are in good agreement with the experimental data in 

design conditions and in crashback. 

3.2 Added Mass and Damping in Design Conditions 

Calculations are primarily carried out at design conditions 

in order to validate the numerical method used and to 

compare the results with reference data published in the 

literature. Therefore, an advance number close to the 

design point of 𝐽 = 0.67 is selected. Additionally, some 

simulations are carried out at higher load with 𝐽 = 0.33. 

As mentioned above, the propeller rotation rate 𝑛0  is 

superposed with a sinusoidal rotation rate: 𝑛(𝑡) = 𝑛0 +
𝑛̂ sin 2πf 𝑡. In the subsequent sections of the paper, the 

excitation frequency 𝑓𝑒  is normalized with the constant 

blade passing frequency 𝑓0 = 40𝐻𝑧 . The excitation 

amplitude of the superimposed vibration 𝑛̂ is proportional 

to the amplitude of the resulting hydrodynamic load on the 

propeller, see Figure 6. Hence, it is valid to perform further 

computations with a fixed amplitude. For the study, an 

excitation amplitude of nˆ = 0.16 1/s is chosen, which 

corresponds to ≈ 2 percent of the initial rotation speed 𝑛0. 

Normalized excitation frequencies in the range 0.125 ≤
𝑓𝑒 𝑓0⁄ ≤ 3 are exterminated. Simulations are run for at least 

eight excitation periods. 
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Figure 3: Surface mesh on propeller VP1143 

and shaft for open-water simulations. 

Figure 4: Open-water diagram for propeller VP1143 thrust 

at different pitch angles. 

Figure 6: Hydrodynamic load due to rotational excitation. 
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Figure 5: Open-water diagram for propeller VP1143 

torque at different pitch angles. 



 

Figure  exemplarily depicts the variation of propeller 

torque coefficient across three periods of excitation 

oscillation with 𝑓𝑒/𝑓0 = 1.0 for two amplitudes together 

with the actual propeller rotation speed. Both torque 

signals vary only in their amplitudes and have a constant 

phase shift ∆ϕ with respect to rotational speed. 

All results of the vibration computations are evaluated with 

method I. The regression function ℛ  is fitted to the 

computed time series for propeller thrust 𝑘𝑇(𝑡) and torque 

𝑘𝑄(𝑡) using a nonlinear least square regression approach. 

A plot of simulation data for torque coefficient and the 

respective regression curve are given in Figure  and 

indicate a very high goodness-of-fit for regression function 

ℛ. 

Results for the added mass/inertia and damping in design 

conditions with method I over the frequency are given in 

Figure  and Figure . As a reference, the respective values 

from the formulation of Schwanecke (1973) and Parsons 

(1980) are given. 

In the propeller coordinate frame used by Schwanecke and 

Parsons, the x-axis is pointing in downstream direction. 

Thereby, the thrust-depending values of the coupling terms 

𝑐41  and 𝑚41  are negative. Due to this orientation of the 

coordinate frame, the signs of the results from the CFD 

calculations are also changed. 

As expected, a frequency-dependence is evident for all 

coefficients. At low frequencies the hydrodynamic 

damping coefficients 𝑐44
′  and 𝑐41

′  are small and increase 

towards its maximum in a medium frequency range. With 

a further increased excitation frequency, the damping 

decreases again, showing an asymptotic shape. For a 

reduced advance number, the damping shows a similar 

trend but on a higher level. Both formulations from the 

reference result in significant lower damping compared 

with the CFD data. 

The added mass and inertia coefficients are high at low 𝑓𝑒, 
decrease sharply with the excitation frequency and show 

an asymptotic shape at high values. Both frequencies 

evaluated at J = 0.33 indicate that the added mass and 

inertia are independent of the operating point, as the 

coefficients match those from similar frequency values at 

J = 0.67. Comparison with reference data reveals a good 

agreement with the values from Schwanecke’s formulation 

in the asymptotic range of the mass and inertia coefficients. 

Because the propeller is typically the lowest-frequency 

source of excitation in a TVA, the values from the 

asymptotic region around 𝑓𝑒 𝑓0⁄ = 2 provide a meaningful 

representation of the hydrodynamic mass and damping for 

vibration analysis. 

With method II the damping is further evaluated. 

Therefore, the propeller torque fluctuations 𝑄′ = 𝑄 − 𝑄 

are plotted over the propeller rotation angle fluctuations φ′ 
due to the oscillation of the rotation rate. Exemplarily the 

Figure 7: Regression function in design 

operating conditions. 

Figure 10: Lissajous figures for vibration 

simulations at design conditions. 

Figure 8: Added inertia 𝒎𝟒4 and damping 𝒄𝟒4 coefficients 

for propeller VP1143 at design pitch. 

Figure 9: Added mass 𝒎𝟒1 and damping 𝒄𝟒1 coefficients for 

propeller VP1143 at design pitch. 



 

Lissajous figures from three different excitation 

amplitudes are plotted in Figure . All curves feature closed 

periodical loops. With increasing excitation amplitude, the 

fluctuation range of the rotation angle also increases. 

Hence, the torque fluctuations increase, as is also obvious 

from the plot in time domain (Figure ), as well as the area 

included within the curves. These areas are proportional to 

the energy transported by the vibrations: 𝐸 = ∫𝑄′𝑑φ′ . 
Furthermore, the shape of the Lissajous figure indicates the 

phase shift between excitation and hydrodynamic load. For 

this operating point, a value of approximately -50 degrees 

is observed, which is in good agreement with the results 

from method I. 

From the integration of the three excitation amplitudes, the 

damping term 𝑐44  is calculated using method II. Results 

are shown in Table 1, along with the result for the damping 

term according to method I. Both evaluation methods result 

in the same values, the differences being below 0.5 percent. 

Table 1: Comparison of damping term 𝒄𝟒𝟒
′  from evaluation 

with method I and II. 

𝑛̂ 
𝑐44,𝐼
′

⋅ 10−2 

𝑐44,𝐼𝐼
′

⋅ 10−2 

0.32 1.432 1.427 

0.48 1.430 1.437 

0.79 1.430 1.435 

 

From the results under design conditions, it can be 

concluded that both evaluation methods provide reliable 

results. 

3.3 Added Mass and Damping in Off-Design and 

Crashback 

The approach used for determining the additional mass and 

damping under design conditions is also applied to the 

evaluation of the off-design and crashback operating 

points. In contrast to the steady flow conditions in propeller 

vibration simulations under design conditions, the flow 

during crash stop maneuver is highly unsteady. As 

mentioned above, the thrust and torque signals are already 

subject to significant low- and high-frequency fluctuations. 

Therefore, the standard excitation amplitude in crashback 

𝑛̂ is increased to 0.48 1/s to optimize the detectability of 

the imposed vibration by the regression function, and at 

least ten excitation periods are analyzed. 

Added propeller mass and damping are investigated across 

the entire pitch range. Therefore, vibration simulations are 

conducted at propeller pitch angles of -15, -20, -30, and -

45 degrees. For the simulation of a crashstop maneuver, 

values for added inertia and damping are of interest for a 

variety of advance numbers. Hence, simulations are carried 

out in the range of 0.17 ≤ 𝐽 ≤ 0.67. 

Figure1 exemplary depicts the variation of propeller torque 

for certain periods from vibration simulation with negative 

pitch angle θ = −4 ◦ at   = 0. 7 and excitation fre uency 

𝑓𝑒/𝑓0 = 0.25 together with the rotation rate. It is evident 

that in addition to fluctuations at the excitation frequency, 

various other frequencies are present in the signal. 

Furthermore, since the amplitude of propeller load 

fluctuations is, in turn, subject to hydrodynamic 

fluctuations independent of the excitation amplitude, the 

choice of the evaluation period has a significant influence 

on the result. Especially the mean value 𝑎0  is not 

comparable with open water data as the limited evaluation 

time does not satisfy the demands for statistical analysis. 

The numerous results of the vibration computations with 

off-design pitch angles are evaluated with method I. Just as 

in the evaluation of the results under design conditions, the 

regression function ℛ is fitted to the computed time series 

for propeller thrust and torque with a nonlinear least square 

regression method. Exemplary fitting plots from 

simulations with θ = −4 ◦ are given in Figure for excitation 

frequencies 𝑓𝑒/𝑓0 = 0.25  and 𝑓𝑒/𝑓0 = 1.5 . As can be 

expected due to the underlying data, the fitting function ℛ 

reproduces the fluctuating propeller thrust and torque time 

series less accurate than those at design pitch. While the 

agreement between the time-domain data and the 

regression function very close to one under design 

conditions, the values in crashstop-cases are significantly 

lower, in some instances around 0.8. Nevertheless, the 

essential values, phase shift and mean torque fluctuation 

amplitude resulting from the vibration excitation, are 

reliably identified. 

Figure11: Hydrodynamic response load due to rotational 

excitation in crashback. 

Figure 12: Regression function fit to torque time series in 

crashback. 



 

The results for maximum negative pitch -45° are given in 

Figure. One can clearly observe that the 

fre uency‑dependent behavior of hydrodynamic inertia 

and damping is, in principle, analogous to the 

ahead‑operating condition.  he damping is low at small 

excitation frequencies, exhibits a pronounced peak as the 

frequency increases, and subsequently approaches an 

asymptotic constant level. Lower advance numbers 

generally lead to higher damping, although at higher 

excitation frequencies the dependence on the advance ratio 

decreases. The hydrodynamic inertia attains its maximum 

at low frequencies, decreases sharply, and - after reaching 

a minimum at an excitation frequency of 1 - likewise 

converges asymptotically toward a constant value. A small 

dependency on the advance number is noticeable at lower 

frequencies. 

For the coupling coefficients, the thrust is analyzed at high 

negative pitch angle, shown in Figure. A similar pattern 

can be noticed with the exception of an outlier at 𝑓𝑒/𝑓0 =
0.5. 

Method II exploits an integral value from the propeller 

signal to determine the added hydrodynamic damping. 

Thus, method II is not affected by fitting problems as 

mentioned above for method I. In contrast to the design 

pitch case, the representation of propeller torque in the 

rotation angle domain is not necessarily a closed circular 

or elliptical curve. An exemplary Lissajous curve from two 

different vibration simulations with unsteady fluctuations 

is given in Figure5. The low and high frequent fluctuations 

visible in the time domain lead to a chaotic representation 

over the turning angle fluctuations. Vibration cases with a 

high goodness-of-fit in method I preserve a clearer 

geometric pattern as indicated by the Lissajous figure, see 

Figure5 (right). 

All simulation results for the crashback operating points 

are again evaluated using Method II. When comparing the 

hydrodynamic damping obtained with Method I, an 

excellent agreement is observed, with deviations of less 

than one percent. This demonstrates that, even though the 

regression function provides a less accurate representation 

of the time histories of thrust and torque, Method I still 

yields correct and physically consistent results. 

The values for added mass and damping coefficients are 

determined for various pitch angles between the design 

pitch and the maximum negative pitch, see Figure6. The 

added inertia decreases with the propeller pitch and reaches 

its minimum at zero pitch conditions. At zero degrees pitch 

angle, the inertia is nine percent of the value at design 

pitch. With further reduced propeller pitch, the inertia 

increases again and slightly exceeds the design value at 

maximum negative pitch of θ = −4 ◦ (≈110%). Similar 

results are obtained for the hydrodynamic damping: after 

decreasing with a reduced pitch, its value reaches a 

minimum (approx. 16 per cent of the value at design pitch) 

at zero pitch. With further reduced pitch, the hydrodynamic 

damping increases, but to a much higher magnitude at 

maximal negative pitch. At θ = −4 ◦, the hydrodynamic 

damping is more than twice as large as at design pitch 

(217 %). These large values for damping are due to the 

highly turbulent flow conditions described above in the 

vicinity of the propeller, whereas the inertia is less 

influenced by the flow field. 
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Figure 13: Added inertia 𝒎𝟒𝟒 and damping 𝒄𝟒𝟒 coefficients 

for propeller VP1143 at maximum negative pitch. 

Figure 14: Added mass 𝒎𝟒𝟏 and damping 𝒄𝟒𝟏 coefficients 

for propeller VP1143 at maximum negative pitch. 

Figure 15: Lissajous figures from vibration simulations    

𝑱 = 𝟎. 𝟔𝟕, 𝒇𝒆/𝒇𝟎 = 𝟎.𝟐𝟓 (left) and 𝑱 = 𝟎. 𝟑𝟑, 𝒇𝒆/𝒇𝟎 = 𝟏 

(right) at maximum negative pitch. 

Figure 16: Added inertia and damping for propeller VP1143 

at constant advance ratio and reduced propeller pitch. 



 

4 SUMMARY AND CONCLUSION 

 he present study investigates the influence of off‑design 

operating conditions of controllable‑pitch propellers, such 

as crashstop, on the coefficients of hydrodynamic added 

mass and damping. Two different approaches are 

employed to determine these coefficients based on time 

series obtained from extensively validated numerical 

simulations. Both methods yield highly comparable 

results. For the design pitch, it is shown that the 

hydrodynamic damping is often significantly 

underestimated by known empirical formulas, while the 

mass terms show good agreement. With decreasing 

advance ratio, hydrodynamic damping increases, while no 

effect on the mass terms is observed. The same applies to 

crashback operation. Simulations show that the values for 

the mass and damping terms decrease with the pitch angle. 

After surpassing the zero-pitch condition, the values 

increase again. The damping term reaches twice the value 

of the design pitch at maximum negative pitch, while the 

value of the mass term is comparable to the design pitch. 

These results can be directly used in the simulation of the 

propulsion system. 

If a critical torsional vibration response of the propulsion 

train is expected during crashback operation, the added 

mass and damping should also be examined thoroughly 

under these operating conditions. Using the corresponding 

coefficients, the TVA can provide an accurate vibration 

prediction. 

Since the results presented in this study refer to a typical 

Wageninen B-Series propeller design (for example with 

constant pitch and without skew), modern propeller 

designs should be analyzed accordingly. 
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