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ABSTRACT  

Propeller performance during transient maneuvers 

involving four-quadrant operation is investigated using a 

combination of computational fluid dynamics (CFD) 

simulations and experimental measurements. CFD 

simulations of the Office of Naval Research Tumblehome 

(ONRT) hull form are conducted for self-propulsion (SPF), 

backing (SPB), crashback (CB), and crash-ahead (CA) 

conditions, together with static and dynamic four-quadrant 

propeller open-water (POW) calculations. Static POW 

experiments are conducted for Kriso Container Ship (KCS) 

and ONRT propellers in multiple facilities. In addition, 

back-and-fill experiments are carried out for the KCS. The 

primary focus of this study is the characterization of 

propeller behavior during static and transient four-quadrant 

operation. The numerical results reproduce the static POW 

characteristics with good agreement in Quadrants I and III, 

while larger differences and strong unsteadiness appear in 

Quadrants II and IV due to the formation of ring vortices. 

Comparisons between in-behind ship simulations and 

dynamic propeller open-water calculations highlight the 

importance of hull–propeller interaction and the rate of 

change of propeller revolutions on the transient evolution 

of thrust and torque. An energy-based method is introduced 

to evaluate stopping performance, showing that crashback 

operation dissipates ship kinetic energy significantly more 

effectively than crash-ahead conditions.  
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1 INTRODUCTION 

Free-running CFDShip-Iowa verification and validation 

(V&V) has evolved from course-keeping simulations, 

including added power, heavy weather, and capsize 

investigations, to the prediction of turning circles in calm 

water and waves, zigzag maneuvers, and, more recently, 

high-speed planing hull dynamics including dynamic 

instabilities. These studies have provided significant 

physical insights and contributed as test cases to 

Computational Fluid Dynamics (CFD) and Maneuvering 

Workshops and NATO AVT Working Groups. This 

collective effort has positioned the community of interest 

to tackle the grand challenge of transient maneuver 

prediction, currently being investigated under NATO 

AVT-399 “Assessment of Experiments and Prediction 

Methods for Naval Ship Transient Maneuvers in Calm 

Water and Waves.”  

The University of Iowa, in collaboration with MARIN and 

Hiroshima University (HU), has made significant 

contributions to AVT-399 through recent studies by 

Milano et al (2025) and Milano et al (2026).  Careful 

consideration was given to the CFD setup following the 

guidelines described by Sanada et al (2025). In parallel, 

coordinated experimental efforts have been conducted to 

characterize propeller open-water (POW) performance for 

both the Kriso Container Ship (KCS) and the Office of 

Naval Research Tumblehome (ONRT) propellers across 

multiple facilities. These datasets provide an important 

foundation for investigating propeller behavior under 

transient operating conditions. 

Despite extensive studies on self-propulsion, steady 

turning, and open-water propeller characteristics, the 

transient behavior of propellers operating across all four 

quadrants remains challenging to predict. Previous efforts 

have investigated four-quadrant operation using 

experimental open-water tests (e.g., van Lammeren et al 

1969) and numerical simulations (e.g., Wang & Wan 2020; 

Yang & Ould el Moctar 2025). The present study combines 

high-fidelity CFD simulations of dynamic propeller open-

water (DPOW) tests and in-behind ship analyses to 

quantify the effects of hull–propeller interaction and 

propeller acceleration on propulsive performance and 

 



efficiency. Specifically, the present work extends previous 

investigations by evaluating propeller behavior and 

efficiency during four-quadrant operation, with particular 

emphasis on transient maneuvers such as crashback (CB), 

crash-ahead (CA), and back-and-fill, where unsteady 

inflow and rapid changes in propeller rotation play a 

critical role in maneuvering performance.  

Scale effects represent an additional source of uncertainty 

in the prediction of propeller performance and ring vortex 

formation, with significant differences expected between 

model and full scale. However, obtaining full-scale 

experimental data remains particularly challenging, 

limiting current validation efforts to model scale. Within 

the context of AVT-399, the influence of scale effects on 

propeller open-water performance is currently under 

investigation, with preliminary analyses revealing 

substantial differences between model- and full-scale 

predictions. These findings highlight the need for full-scale 

CFD simulations as well as dedicated full-scale 

experimental campaigns to support future validation 

efforts. 

For the ONRT, a four-quadrant maneuver is analyzed 

consisting of steady-state forward self-propulsion (SPF), 

CB, steady-state backing (SPB), and CA. Additional 

computational analyses are performed for static and 

transient propeller open-water conditions to isolate the 

effects of inflow unsteadiness and propeller dynamics. 

Static propeller open-water conditions are also investigated 

experimentally. Complementary physics and validation 

experiments are conducted in the Iowa wave basin under 

both free-running and semi-captive conditions using an 

active-control soft-spring mounting system capable of 

measuring surge force, sway force, and yaw moment 

(Sanada et al 2026). 

For the KCS, this study focuses on the back-and-fill 

maneuver, a low-speed maneuver used to turn a ship in 

confined waters. The experimental setup follows the 

configurations currently being prepared for the SIMMAN 

2028 maneuvering workshop. Dedicated experimental 

campaigns at Iowa and HU support the present analysis, 

including static propeller open-water experiments. 

Numerical simulations of the KCS back-and-fill maneuver, 

POW, and analysis of propeller performance and 

efficiency during four-quadrant operations are currently in 

progress and will be reported in future work. 

 

2 EXPERIMENTAL AND COMPUTATIONAL METHODS, 

SETUP AND CONDITIONS 

Table 1 presents a subset of the KCS and ONRT design 

variables (DV), with CFD and EFD values reported in 

Milano et al (2025) and Milano et al (2026). All the EFD 

and CFD error and uncertainty estimates satisfy the 

programmatic requirements of |𝐸| ≤ 5% DV, except for 

the EFD GM and 𝑘𝑥𝑥 uncertainty estimates, which require 

improved accuracy.  

2.1 Experiments 

Experiments are conducted for both the KCS and ONRT 

static open-water propellers (SPOW), as well as for the 

back-and-fill maneuver of the KCS model. All the SPOW 

tests are carried out in the Hiroshima University (HU) 

towing tank, which has dimensions of 100 m × 8 m × 3.5 m 

(L × B × D), and a maximum carriage speed of 3.0 m/s. 

Figure 1 presents the propellers used for the experiments. 

For the ONRT propeller, additional open-water test data 

from the University of Michigan and RISE are included to 

provide additional experimental data from multiple 

facilities. Figure 2 presents the operating points selected 

for the ONRT SPOW tests in both CFD and EFD, 

expressed as a function of advance velocity ( 𝑉𝐴 ) and 

rotational velocity (𝑉𝑅). All data are reported at the Iowa 

model scale (𝜆 = 48.9) to facilitate comparison. The data 

from each facility are fitted using a least-squares Fourier 

series with maximum harmonic order 𝑁  = 20. If the 

interval between data points exceeds the threshold 

𝛥𝛽𝑚𝑎𝑥 = 𝜋/𝑁, based on the sampling theorem, additional 

points are inserted using a piecewise cubic Hermite 

interpolating polynomial (PCHIP) to prevent the Gibbs 

phenomenon. Since the Fourier reconstruction was 

performed over the entire four-quadrant range, some local 

differences between the original data and the reconstructed 

curve are expected. The primary purpose of this 

reconstruction is to reduce local scatter and to clarify the 

location of the propeller operating point within the overall 

four-quadrant characteristics. 

 
Table 1: ONRT and KCS main particular at model scale.  

Main particulars 

Design 

Variables (DV) 

ONRT 

Model 
Scale 

(1:48.9) 

KCS 

Model 
Scale 

(1:65.8) 

Hull 

Geometry 

Length 𝐿 [m] 3.147 3.494 

Beam 𝐵 [m] 0.384 0.489 

Draft 𝑇 [m] 0.112 0.164 

Displacement 

volume 
∇ [m3] 0.073 0.182 

Longitudinal 
center of 

buoyancy 

LCB 

[m] 
1.63 1.800 

Propeller 

Geometry 

Diameter 𝐷𝑝 [m] 0.107 0.120 

 Pitch ratio 𝑝 [-] 1.44 0.997 

Number of 

blades 
𝑍 [-] 4 5 

 

(a)  (b)  

Figure 1: Experimental studies: (a) ONRT and (b) KCS 

propeller. 



2.2 Computations 

All simulations are performed using the incompressible 

RANS solver CFDShip-Iowa V4.5 (Huang et al 2008). A 

single-phase level set method is used for free-surface 

modeling. Menter’s blended 𝑘 − 𝜔/𝑘 − 𝜀  turbulence 

model is employed for turbulence modeling. The six-

degrees-of-freedom (6DoF) motions are predicted by 

solving the rigid body equations of motion and are 

implemented using overset grids. Suggar (Noack et al 

2009) is used to obtain the dynamic overset domain 

connectivity information for overlapping grids. A body-

force propeller model based on the axisymmetric 

formulation of Stern et al (1988) is available in the code. 

Additional details of the solver are provided in Milano et 

al (2026).  

 

 
Figure 2: Distribution of EFD and CFD data points for ONRT 

static four-quadrant propeller test. 

 

Figure 3 shows the grid layout and distribution for the CFD 

simulations. The details of the grids are provided in Tab. 2. 

A fixed time step is employed in all simulations, selected 

to ensure that the propeller advances by no more than 2 

degrees per time-step, which is based on practical 

experience. 

 

(a)  

(b)  

Figure 3: Grid distribution for CFDShip-Iowa simulations: 

(a) ONRT and (b) ONRT POW.  

 

Table 2: ONRT grid details for fully appended ship and POW 

simulations. 

Fully appended ONRT Grid POW ONRT Grid 

Name 
Size 

 (× 106) 
Name 

Size 

 (× 106) 

Hull 2.524 Shaft+Hub 1.572 

Superstructure 0.856 Root (4x) 0.583 
Skeg 0.239 Tip (4x) 0.223 

Bilge keel (2x) 0.223 Refinement 0.970 

Rudder (2x) 0.594 Background 1.826 

Shaft (2x) 1.510   

Strut (2x) 0.235   

Propeller (2x) 3.163   
Refinement 4.129   

Background 1.855   

Total 21.053 Total 7.589 

 

2.2.1 Propeller open water 

For both SPOW and DPOW tests no-slip wall boundary 

conditions are imposed on the surface of the propeller. 

Uniform inflow conditions are applied at the inlet and zero 

pressure gradient is applied for the outlet of the POW 

simulations. Zero gradient boundary conditions are used at 

both sides of the domain. 

A large Cartesian background domain is used for the POW 

CFD calculations, with x/DP = (-70,75), y/DP = (-28,28), 

z/DP = (-58,48). The domain size is selected to mitigate 

boundary-condition effects observed in the Quadrant II and 

IV cases. The domain is fully submerged and free-surface 

effects are not considered. 

SPOW simulations are performed with constant inflow 

velocity and propeller revolutions. DPOW simulations 

have varying inflow velocity and propeller revolutions to 

mimic the conditions that the propeller experiences during 

a transient four-quadrant maneuver. 

2.2.2 Self-propulsion and backing 

SPF simulations are conducted using both the actual 

propeller (AP) geometry and the body-force (BF) propeller 

model, whereas SPB simulations at Fr =  −0.124  are 

performed only using the AP. The BF simulation employs 

only 3 DoF (surge, heave, and pitch) with the rudder fixed 

at the neutral position. In contrast, the AP SPF simulation is 

performed in fully coupled 6 DoF, with an active rudder 

controller applied to maintain course keeping. During SPB, 

the rudder is kept at the rest position. The computational 

domain of 𝑥/𝐿 = (−0.6, 1.8) , 𝑦/𝐿 = (−0.6,0.6) , and 𝑧/
𝐿 = (−0.8,0.5) is used with a Cartesian background and 

body-fitted overset grids. 

Propulsive performance and efficiency are evaluated using 

the thrust-identity method. Details of the assessment 

methodology and experimental results can be found in 

NATO AVT-348 (2025) and in Ozturk et al (2026). The 

thrust-identity method is used to evaluate propulsive 

performance by linking the measured propeller loads in 

SPF conditions with the POW characteristics. 

2.2.3 In-behind four-quadrant 

An in-behind four-quadrant maneuver is performed 

consisting of steady-state SPF, CB, SPB, and CA. The 

details of the simulation conditions are provided in Tab. 3. 

 



Table 3: In-behind four-quadrant simulation conditions. 

Designation In-behind four-quadrant 

Approach Engine Output Cruise Speed (CS) 

Approach 𝐹𝑟 0.200 

Astern RPS, 𝑛𝑎𝑠𝑡𝑒𝑟𝑛 [1/s] −𝛼𝑛0 

Propeller 

acceleration/deceleration time, 

∆𝑡𝑅𝑀 [s] (IIHR Model scale) 

2.86 

Propeller RPS ratio,  [-] 0.75 

RPS Rate, 𝑛̇ [1/s2] 

(IIHR Model Scale) 
0.612𝑛0 

Rudder angle [°] 𝛿(𝑡) = {
𝛿0 − 𝛿̇𝑡,        0 < 𝑡 < 𝛿0/𝛿̇

0,                 𝑡 ≥ 𝛿0/𝛿̇
 

 

Table 4: Comparison of efficiency using the thrust-identity method. 

 

Starting from rest, the ship is accelerated to the SPF point 

at Fr = 0.2, corresponding to propeller revolutions n0.  The 

propeller revolutions are then changed from n0 to -αn0 

using a fixed propeller rate (𝑛̇) , causing the ship to 

decelerate until reaching steady state backing. 

Subsequently, the propeller revolutions are increased back 

to n0 until the vessel reaches zero forward speed.  

Uniform inflow conditions are applied at the inlet and zero 

second derivatives of velocity are used for the outlet of the 

fully appended ship. When the ship velocity changes sign 

from positive to negative during the in-behind four-

quadrant simulations, the inlet and outlet boundary 

conditions are switched to maintain a reasonable wake 

pattern. 

 
3 ONRT BACKING AND SELF-PROPULSION  

The results of the thrust-identity method for SPF and SPB 

are presented in Tab. 4. PS and SB denote the portside and 

starboard side propeller and rudder configurations in the 

experiments, respectively. The difference between the PS 

and SB configurations in the EFD data is smaller than 1%. 

The largest difference between the two CFD propeller 

modeling approaches is observed in the propeller loading 

coefficients, with differences of 16.4% in KQB and 13.9% 

in KTB. The resulting secondary variables 𝑡′, 𝑞′, 𝑛′, and 𝜂′  

differ by about 5%. For the BF simulations, thrust-identity- 

based quantities are not reported because the model does 

not consider the wake fraction (ω = 0 ). The differences 

between the AP and BF approaches mainly arise from how 

the propeller is represented in the simulation. In the AP 

model, the propeller blades are resolved geometrically, 

allowing a more realistic prediction of blade loading and 

hull–propeller–rudder interactions.  

The BF model simplifies the flow field and may lead to 

deviations in nondimensional thrust and torque. The 

difference between CFD and EFD is calculated using the 

mean values as |𝐸|%𝑀 = |(𝑀 − 𝑆̅)|/𝑀 × 100 . The 

largest differences are observed in the coefficients q′ and t′, 

with deviations of 12.4% and 9.6%, respectively. The 

differences in the dimensional thrust T remain below 10%. 

Both CFD approaches tend to overpredict the R and T, 

compared with the EFD results, with the AP simulations 

showing a more pronounced overprediction of T.  
The efficiency-related parameters show moderate 

deviations from the experimental values. The differences 

in the overall propulsive efficiency η are approximately 

7.5%, while ηH and ηR differ by about 4%. The 1 − 𝜔 and 

1 − 𝑡 factors remain close to the experimental results, with 

differences smaller than 3%. The BF simulations show 

slightly better agreement with the EFD data in 1 − 𝑡. The 

1 − 𝜔 and 1 − 𝑡 factors obtained for the backing condition 

are 0.887 and 0.611, respectively, which are consistent 

with the results reported by Yang and el Moctar (2025). 

Both 1 − 𝜔 and 1 − 𝑡 decrease in the SPB compared to the 

SPF (AP) case. The JB decreases from 1.146 in the SPF 

condition to 0.948 in the SPB. The KTB increases from 0.261 

to 0.302, while the KQB changes sign from 0.079 to -0.098. 

The largest difference is observed in the q′, whereas the 

1 − 𝜔  shows the smallest variation between the two 

conditions. Table 5 presents the validation of SPF variables. 

According to AVT-348 (2025), for twin-screw twin-rudder 

ships the secondary variables do not include roll angle, yaw 

angle, drift angle, and yaw rate, unlike the case of single-

screw single-rudder ships. The variation between the EFD-

PS and SB remains below 1% for the primary and 

secondary variables.  The two CFD propeller models show

 𝑡′ 𝑞′ 𝑛′ 𝜂′ 𝐽𝐵 𝐾𝑇𝐵 𝐾𝑄𝐵 𝑅 [𝑁] 𝑇 [𝑁] 1 − 𝜔 1 − 𝑡 𝜂𝐻 𝜂𝑅 𝜂 

II
H

R
 

(E
F

D
) 

PS 0.175 0.045 0.851 0.614 1.175 0.241 0.073 4.567 4.923 0.959 0.928 0.968 0.892 0.569 

SB 0.176 0.046 0.851 0.616 1.175 0.243 0.074 4.567 4.923 0.955 0.928 0.971 0.893 0.571 

|(PS-SB)|%PS 0.871 0.544 0.000 0.325 0.000 0.871 0.544 0.000 0.000 0.399 0.000 0.401 0.137 0.325 

Mean (M) 0.175 0.045 0.851 0.615 1.175 0.242 0.074 4.567 4.923 0.957 0.928 0.970 0.893 0.570 

C
F

D
S

h
ip

-

Io
w

a 
v

4
.5

 

AP 0.199 0.052 0.873 0.603 1.146 0.261 0.079 4.864 5.566 0.937 0.874 0.932 0.925 0.527 

BF 0.186 0.050 0.910 0.596 1.099 0.225 0.066 4.864 5.218 - 0.932 - - - 

|(AP-BF)|%AP 6.390 5.223 4.279 1.231 4.103 13.915 16.418 0.000 6.248 - 6.664 - - - 

Mean (S) 0.192 0.0510 0.891 0.600 1.123 0.243 0.072 4.864 5.392 0.937 0.903 0.932 0.925 0.527 

|E|%M 9.608 12.381 4.716 2.483 4.462 0.228 1.706 6.494 9.525 2.058 2.666 3.825 3.603 7.574 

SPB 0.336 -0.115 1.055 -0.466 0.948 0.302 -0.098 2.217 3.627 0.887 0.611 0.689 0.894 0.285 



Table 5: Validation of SPF at Fr = 0.2. 

 Variable Symbol 
IIHR EFD CFDShip-Iowa v4.5 

PS SB |(PS-SB)|%PS Mean (M) AP BF |(AP-BF)|%AP |E|%M 

Primary 

variables 

Forward speed 𝑢/𝑈0 1.003 1.003 0.000 1.003 0.999 1.000 0.075 0.351 

Inverse propeller 

advance ratio 
𝑛′ 0.851 0.851 0.000 0.851 0.873 0.910 4.279 4.716 

Nondimensional 
propeller thrust 

𝑡′ 0.175 0.176 0.871 0.175 0.199 0.186 6.390 9.608 

Secondary 
variables 

Rudder Angle 𝛿 

- 

- 0.311 0.008 - - 97.500 

Heave 𝛿/𝐿 - 1.1e-4 7.2e-4 7.3e-4 1.108 556.420 

Pitch 𝜃 - -0.211 -0.004 -0.007 74.269 97.264 

Nondimensional 

propeller torque 
𝑞′ 0.045 0.046 0.544 0.045 0.052 0.050 5.223 12.381 

Average 

(Absolute 
value) 

Primary variables  0.290 

 

3.581 4.892 

Secondary variables  0.544 26.867 190.891 

Total variables  0.354 15.224 111.177 

 

(a)   (b)  

(c)  (d)  

Figure 4: (a, b) ONRT and (c, d) KCS 4Q POW facility mean values with error bars for 𝑪𝑻 and -10𝑪𝑸, and coefficient of 

variation for 𝑪𝑻 and -10𝑪𝑸. 

 

a larger difference in secondary variables (26.9%), while 

the primary variables remain relatively close (3.6%). The 

larger difference in the secondary variables is mainly 

associated with pitch motion, although the absolute pitch 

values are small for both CFD simulations. The |E|%M 

remains below 5% for the primary variables, indicating 

good agreement with the experimental data. The largest 

|E|%M is observed in t′ (9.6%), where both CFD 

approaches tend to overpredict the propeller loading. This 

behavior is mainly associated with the overprediction of 

thrust in the CFD, combined with the larger JB observed in 

the experiments. 

 

4 STATIC PROPELLER OPEN WATER  

4.1 Experimental results 

The results of the SPOW for both the KCS and ONRT 

propellers are shown in Fig. 4 as a function of the advance 

angle (β), where the facility means with error bars 

representing the standard deviation (SD), together with the 

coefficient of variation (CV), are reported for 𝐶𝑇 and 𝐶𝑄, 

following the nomenclature introduced by van Lammeren 

et al (1969).  

For the ONRT propeller, aside from the zero-crossing 

regions near β = 30° and 210°, larger scatter appears around 

β = 90°, 315°, and 345°; however, the CVs remain within 

±5% across most of the range. 

For the KCS propeller, the CV of  𝐶𝑇  generally remains 

within 5%, except near the zero-crossing points. The CV of 

-10𝐶𝑄 reaches its maximum around  β  = 90°. 

4.2 Simulation results 

The results of the computations are reported in Fig. 4(a) 

and Tab. 6, where a comparison with the mean EFD data is 

presented. For this comparison, experimental data are used 

when available; otherwise, local interpolations are 

employed to avoid large differences between the original 

data and the reconstructed curve. Overall, the agreement is 

satisfactory. Quadrants I and III show errors below 5% for 

most cases, except for β = 34.26°, which also exhibits large 

CV in the experimental data. 



Table 6: ONRT static POW results and comparison with experimental data. 

Case 

number 
𝑱 𝜷 Quadrant 

EFD CFD 

𝑪𝑻  𝑪𝑸 𝑪𝑻 𝑪𝑽 𝑪𝑸 𝑪𝑽 𝑪𝑻 𝑬%𝑫 𝑪𝑸 𝑬%𝑫 

1 0.5 12.809 I 0.257 0.063 1.239 2.104 2.27 -1.310 

2 1 24.453 I 0.130 0.035 0.986 2.211 -2.72 -0.851 

3 1.25 29.614 I 0.074 0.022 1.100 3.127 -3.20 2.431 

4 1.5 34.256 I 0.023 0.010 7.651 5.887 -10.02 6.960 

5 2 42.285 I -0.073 -0.014 4.834 1.585 3.29 0.550 

6 -1 155.547 II -0.358 -0.082 1.145 2.26 10.404 4.155 

7 -0.5 167.191 II -0.233 -0.053 7.125 19.626 13.315 24.129 

8 1 204.412 III -0.093 -0.032 5.227 10.984 2.217 -6.709 

9 -1.5 325.697 IV 0.486 0.106 3.507 6.115 5.717 3.227 

Average (Absolute value)  3.646 5.989 5.906 5.591 

 

(a)  (b)  

(c)  (d)  

Figure 5: Time histories of 𝑪𝑻 and 𝑪𝑸 for (a, b) Quadrant I and (c, d) Quadrant II static POW cases.  

 

(a)  (b)  

(c)  

Figure 6: Iso-surface of 𝑸∗ = 𝟓𝟎𝟎𝟎, colored by normalized inflow velocity for static POW in Quadrant II at β = 167.2° and 

times (a) t = 10.323, (b) t = 10.716, and (c) t = 11.114 s.  



In Quadrants II and IV the errors are larger but comparable 

to the CV of the experimental measurements.  

Figure 5 presents the time histories of the cases in 

Quadrants I and II. All the cases in Quadrant I show 

convergence after approximately 0.2 s of physical time, 

corresponding to two complete propeller revolutions. In 

contrast, the cases in Quadrant II exhibit large oscillations 

and remain unsteady throughout the simulation. This 

behavior is attributed to the formation of ring vortices 

around the propeller blades, as shown in Fig. 6 through iso-

surfaces of the non-dimensional Q-criterion (Q*) at three 

different time instants.  

The presence of ring vortices induces strong flow 

unsteadiness and increases the simulation time required to 

achieve statistical convergence. The case with β = 167.2° 

shows the largest oscillations, and the mean values of 𝐶𝑇 

and 𝐶𝑄  converge after approximately 10 s of simulation 

time, corresponding to about 90 propeller revolutions. 

 
5 ONRT FOUR-QUADRANT MANEUVER RESULTS 

The results for ship speed, propeller revolutions, and β 

during the transient four-quadrant maneuver are shown in 

Fig. 7, where t = 0 corresponds to the SPF condition. The 

corresponding surge velocity indicates that the speed 

during backing reaches only 62% of the forward speed. The 

CB condition, corresponding to Quadrants I and II, 

represents the most critical part of this test case, as it 

constitutes the only segment of the in-behind four-quadrant 

maneuver for which STANAG (Örnfelt 2009, NATO 

STANAG 2011) criteria are defined in calm water.  

 

 
Figure 7: In-behind four-quadrant maneuver at 𝑭𝒓 = 𝟎. 𝟐: 𝒏, 𝑼, and 𝜷𝒉.

 

Table 7: Crashback and crash-ahead validation variables and comparison with dynamic POW results. 

 Designation 
Symbol and 

Unit 
In-behind CB DPOW CB % difference In-behind CA DPOW CA % difference 

P
ri

m
ar

y
 v

ar
ia

b
le

s 

Approach RPM 𝑛0 [rpm] 545.20 545.20 - -409.18 -409.18 - 

Stopping (CB)/Astern 

(CA) time 
𝑡𝐹 [s] 11.39 - - 5.45 0.48 - 

Track (CB)/Astern (CA) 

reach 
𝑠𝐹/𝐿 [-] 1.80 - - 0.725 0.40 - 

Propeller thrust at start 𝑇𝑝0 [N] 2.756 2.742 0.51 -1.811 -1.697 6.29 

Minimum (CB)/Maximum 

(CA) propeller thrust 
𝑇𝑝,𝑚𝑖𝑛 [N] -7.015 -7.006 0.13 7.874 7.868 0.08 

Propeller thrust at end 𝑇𝑝𝐹 [N] -2.942 -2.937 0.17 6.626 6.618 0.12 

Propeller torque at start 𝑄𝑝0 [Nm] 0.087 0.091 -4.60 -0.057 -0.062 -8.77 

Minimum (CB)/Maximum 

(CA) propeller torque 
𝑄𝑝,𝑚𝑖𝑛 [Nm] -0.165 -0.169 -2.42 0.211 0.211 0.00 

Propeller torque at end 𝑄𝑝𝐹 [Nm] -0.091 -0.096 -5.49 0.183 0.182 0.55 

|Average % difference| 2.22 2.64 

 

 For waves, backing motion with steering is also important 

and STANAG criteria can be applied. Quadrants I, II, III, 

and IV correspond to 𝑛, 𝑢 ≥ 0;  𝑛 ≤ 0, 𝑢 ≥ 0;  𝑛, 𝑢 ≤ 0; 
and 𝑛 ≥ 0, 𝑢 ≤ 0; respectively. 

5.1 Crashback and crash-ahead evaluation 

Table 7 shows the CB and CA validation variables and 

comparison with DPOW results. The in-behind simulation 

predicts that the STANAG stopping criterion for non-

tactical transit (NTT) of 𝑠𝐹/𝐿 < 5 is satisfied for CB. The 

difference in the primary variables between the in-behind 

and DPOW conditions are generally below 5%, with the 

largest difference observed in the torque at the beginning 

and end of the CB and CA maneuvers. 

Figure 8(a) presents the propeller 𝐶𝑇  and -10 𝐶𝑄  as a 

function of time for the in-behind, DPOW, and mean 

experimental SPOW conditions. The DPOW and in-behind 

conditions exhibit similar trends throughout the maneuver, 

with the largest differences occurring during the transition 

from SPF and SPB to CB and CA, respectively. During the 

backing phase, the differences between the in-behind and 

DPOW conditions are larger than those observed in SPF for 

both 𝐶𝑇 and -10𝐶𝑄.  

Figure 8(b) presents the same variables as a function of β, 

highlighting that the differences between DPOW and in-

behind conditions are more pronounced for 60° < β <180° 

and 240° < β < 350°, corresponding primarily to Quadrants 

II and IV.  



(a)  

(b)   

Figure 8: In-behind four-quadrant maneuver at 𝑭𝒓 = 𝟎. 𝟐: 𝑪𝑻 and −𝟏𝟎𝑪𝑸 in (a) time and (b) 𝜷. 

 

This indicates that, during acceleration or deceleration of 

the propeller, its transient response strongly depends on the 

presence of the hull and appendages, which modify the 

inflow velocity and interact with ring vortices and the 

complex flow near the blades.  

 

(a)  

(b)  

Figure 9: Four quadrant results: (a) DPOW,  and (b) in-

behind iso-surface of 𝑸∗ = 2500, colored by non-dimensional 

ship velocity.  

Figure 8b also shows a comparison with the mean 

experimental SPOW data, revealing large differences with 

the DPOW results for 80° < β < 160° and 260° < β < 350°. 

This indicates that the rate of change of propeller 

revolution affects the transitional behavior of thrust and 

torque even without accounting for the influence of the hull 

and appendages.  

Figure 9 presents the Q* iso-surface colored by the non-

dimensional ship velocity at β = 158.34°, illustrating the 

presence of ring vortices in both the DPOW and in-behind 

conditions. In the in-behind conditions, additional 

complexities arise due to the free-surface, which is drawn 

down by the low-pressure regions generated by the ring 

vortices, potentially leading to undesired blade ventilation 

during the maneuver.  

5.2 Propeller performance during self-propulsion and 
backing 

To further investigate propeller performance during the 

four-quadrant maneuver, the efficiency (η) in Quadrants I 

and III is plotted as a function of the advance ratio (J) up 

to the zero-crossing point in Fig. 10.  

For both the in-behind and DPOW conditions, the SPF case 

in Quadrant I exhibits higher efficiency than SPB in 

Quadrant III. This is expected since the propeller blades are 

designed for maximum efficiency during forward 

operation. The propeller efficiency in DPOW is higher than 

in the in-behind condition for both SPF and SPB, consistent 

with the uniform inflow in open-water conditions and the  

increased inflow non-uniformity and boundary-layer 

effects behind the hull. However, at larger advance ratios 

based on the ship speed, the efficiency decay in the in-

behind cases appears delayed. This is due to the wake 



fraction effect: the propeller operating behind the hull 

experiences a reduced effective inflow velocity, resulting 

in a lower JB than the computed value using the ship speed. 

Consequently, for the same plotted J, the in-behind 

propeller remains more heavily loaded than the open-water 

propeller, which delays the collapse of thrust and produces 

a flatter efficiency decay at high J. This effect is more 

pronounced in backing due to stronger inflow modification 

by the hull–propeller interaction. 

 

 
Figure 10: Comparison of 𝜼  during 𝑺𝑷𝑭  (Quadrant I) and 

𝑺𝑷𝑩 (Quadrant III) for in-behind and DPOW conditions. 

 

5.3 Crashback and crash-ahead: energy-based method 
for efficiency 

The equation of motion in the surge direction, neglecting 

Coriolis acceleration terms, is given by:  

𝑚𝑢̇ = 𝑋𝑃 + 𝑋𝑅 + 𝑋𝐻   (𝟏) 

where P, R, and H denote the contributions from the 

propellers, rudders, and hull, respectively; m is the mass of 

the ship, and 𝑢̇ is the surge acceleration. Multiplying both 

sides by the surge velocity and integrating with respect to 

time yields the energy balance equation: 

∫
𝑑

𝑑𝑡
(

1

2
𝑚𝑢2) 𝑑𝑡 = ∫(𝑋𝑃 + 𝑋𝑅 + 𝑋𝐻)𝑢𝑑𝑡 .   (𝟐) 

If the maneuver is assumed to start from either SPF or SPB, 

the energy balance at time t is given by: 

1

2
𝑚(𝑢2 − 𝑢𝑆𝑃

2 ) = ∫ (𝑋𝑃 + 𝑋𝑅 + 𝑋𝐻)𝑢𝑑𝑡
𝑡

𝑆𝑃

.   (𝟑) 

This relation shows that the variation in the ship kinetic 

energy during the maneuver is equal to the work performed 

by the forces acting in the surge direction. Physically, the 

ship kinetic energy is dissipated through the work done by 

the frictional and pressure resistance of the hull and 

rudders, as well as by the propeller thrust. Figure 11 

presents the energy balance during the CB and CA phases 

of the four-quadrant maneuver. During the first second of 

both CB and CA, the propeller power is positive as the 

propeller revolutions are reduced. Subsequently, the power 

becomes negative, aligning with the power generated by 

the hull and rudders, indicating that energy is being 

extracted from the ship system and dissipating the vessel’s 

kinetic energy. Shaft power remains positive for most of 

the maneuver, except for a brief interval when the propeller 

revolutions cross zero in both CB and CA. In this 

condition, negative shaft power indicates that the propeller 

is being driven by the flow, operating in a windmilling 

mode. 

Since both the propeller rotational speed and the generated 

thrust and torque approach zero and change sign during the 

maneuver, the classical instantaneous definition of 

propulsive efficiency does not provide meaningful results. 

In particular, η becomes ill-defined when either the 

numerator or denominator changes sign or approaches 

zero. As an alternative, an overall energy-based efficiency, 

ηoall , is introduced. This definition remains valid during 

both crashback and crash-ahead maneuvers, as it is based 

on time-integrated energy quantities rather than 

instantaneous power. The overall efficiency for CB and CA 

is defined as: 

𝜂𝑜𝑎𝑙𝑙 =
|𝑊𝑃|

𝑊𝑆

=
|∫ 𝑋𝑃

𝑢=0

𝑆𝑃
𝑢𝑑𝑡|

∫ 2𝜋𝑛𝑄𝑃
𝑢=0

𝑆𝑃
𝑑𝑡

   (𝟒) 

Where 𝑊𝑃  represents the useful propulsive work 

exchanged between the propeller and the ship, and 𝑊𝑆 

denotes the shaft work supplied to the propeller during the 

maneuver. The absolute value of 𝑊𝑃  ensures positive 

efficiency. On average, approximately 40% of the 

mechanical energy delivered by the engines is converted 

into useful thrust work during CB, contributing to the 

reduction of the vessel’s kinetic energy. In contrast, only 

17% of the energy is converted during CA, indicating a 

substantial reduction in propeller efficiency for stopping 

the ship. When the same metric is evaluated during the 

DPOW simulations, the efficiency increases to 47% for CB 

and 23% for CA. This indicates that the presence of the hull 

reduces propeller efficiency during both CB and CA. Two 

additional metrics of interest are defined as: 

Ф𝑃 =
|𝑊𝑃|

𝐾𝐸
, Ф𝐻+𝑅 =

|𝑊𝐻+𝑅|

𝐾𝐸
   (𝟓) 

Where 𝑊𝐻+𝑅  represents the work done by the hull and 

rudders during the maneuver and is defined as: 

𝑊𝐻+𝑅 = ∫ (𝑋𝐻 + 𝑋𝑅)
𝑢=0

𝑆𝑃

𝑢𝑑𝑡.   (𝟔) 

Ф𝑃 and Ф𝐻+𝑅 quantify the fraction of 𝐾𝐸 removed by the 

propeller, and by the hull–rudder system, respectively. For 

CB, the propellers are responsible for 74% of the 𝐾𝐸 lost, 

whereas during CA this contribution increases to 82%, 

indicating a reduced role of the hull and rudders. 

A final metric of interest is the ratio of the ship’s initial 

kinetic energy to the work supplied by the shafts: 

Ф𝑆 =
𝐾𝐸

𝑊𝑆

   (𝟕) 

This metric indicates how efficiently the engine’s energy 

contributes to translational deceleration. For CB, Ф𝑆  is 

55%, while for CA it decreases to 26%, reflecting larger 

energy losses in the maneuver.  

 



Table 8: Crashback and crash-ahead analysis of propulsive efficiency. 

Variable Symbol 

In-behind Dynamic POW 

SP 
CB 

(𝑢 = 0) 
Backing 

CA 

(𝑢 = 0) 
SP 

CB 

(𝑢 = 0) 
Backing 

CA 

(𝑢 = 0) 

0.5𝑚𝑢2 [𝐽] 𝐾𝐸 44.433 0 16.936 0 44.433 0 16.936 0 

𝑋𝑃 [𝑁] − 5.48 -5.87 -3.394 13.236 4.593 -6.453 -2.316 13.209 

𝑋𝑅 [𝑁] − -0.41 0.043 0.168 -0.005 - 

𝑋𝐻  [𝑁] − -5.19 0.730 3.477 -1.439 - 

𝑄𝑃 [𝑁𝑚] − 0.181 -0.191 -0.124 0.365 0.146 -0.188 -0.080 0.331 

∫ 𝑋𝑃𝑢𝑑𝑡 𝑊𝑃 

- 

-32.399 

- 

-13.947 

- 

-33.179 

- 

-12.043 

∫(𝑋𝐻 + 𝑋𝑅)𝑢𝑑𝑡 𝑊𝐻+𝑅 -12.034 -2.989 - - 

∫ 2𝜋𝑛𝑄𝑃𝑑𝑡 𝑊𝑆 80.181 64.633 70.667 53.290 

|𝑊𝑃|/𝐾𝐸 Ф𝑃 0.735 0.818 0.753 0.707 

|𝑊𝐻+𝑅|/𝐾𝐸 Ф𝐻+𝑅 0.265 0.182 - - 

𝐾𝐸/𝑊𝑆 Ф𝑆 0.55 0.264 0.624 0.320 

|𝑊𝑃|/𝑊𝑆 𝜂𝑜𝑎𝑙𝑙 0.404 0.174 0.469 0.226 

 

(a)  (b)  

Figure 11: Forces, power and energy balance during (a) Crashback and (b) Crash-ahead. 

 

DPOW simulations show higher Ф𝑆  values for both CB 

and CA, equal to 62% and 32%, respectively. A summary 

of the metrics presented in this section is provided in Tab. 

8. Overall, the CB maneuver demonstrates greater 

efficiency in stopping the ship compared to CA across all 

metrics evaluated in this study. 

 

6 KCS BACK-AND-FILL: EXPERIMENTAL AND 
GENERALIZED MMG MODEL RESULTS 

The back-and-fill maneuver is commonly performed to 

turn a ship in confined waters. A schematic of the maneuver 

sequence is presented in Tab. 9. Back-and-fill experiments 

were carried out at the Marine Dynamic Basin at Japan 

Fisheries Research and Education Agency using a KCS 

model at a scale of λ = 65.83. Details of the experimental 

model are provided in Milano et al (2025). The tests were 

repeated five times to assess experimental repeatability and 

extract statistical measures. The experimental results are 

compared with the generalized MMG model (gMMG) 

(Yasukawa et al 2026) predictions, which is a robust model 

applicable to any maneuvering motion in both calm water 

and waves. 

Figure 12a shows the mean trajectories of the five repeated 

experiments along with the standard deviation represented 

by error ellipses and the gMMG predictions. The 

trajectories demonstrate good repeatability, with larger 

uncertainty observed in the final part of the maneuver. 

Figure 12b presents the control variables during the 

maneuver: propeller revolutions and rudder deflection. The 

propeller revolutions exhibit very good agreement between 

the experiments and the gMMG predictions, whereas the 

rudder angle shows larger differences toward the end of the 

maneuver. This is consistent with the experimental data, 

which also shows increased uncertainty in the final phase 

due to manual rudder control for course keeping. Figures 

12c and 12d show the ship surge and sway velocities and 

the propeller thrust during the maneuver. The surge 

velocity displays excellent repeatability across runs, while 

the sway velocity exhibits oscillatory behavior around 50 s 

and larger differences after approximately 100 s. The 

gMMG predictions match the sway velocity well, while the 

surge velocity shows good agreement with experiments for 

the first 60 s, followed by larger differences in the final 

part. The propeller thrust shows small uncertainty in the 

experimental measurements and good agreement with the 

gMMG results. 

 



Table 9: detailed instructions for Back and fill maneuver. 

Step Propeller revolution Rudder angle Detailed procedure 

1 H ahead (5.3 rps) Starb. Max (35°) 
Immediately after the test starts, the propeller revolution and 
rudder angle are set to Half(H) and maximum, respectively. 

2 H astern (-5.3 rps) Starb. Max (35°) When ψ=60°, the propeller starts to reverse. 

3 H astern (-5.3 rps) Port max (35°) At u=0 (ship at rest), steer the rudder to portside. 

4 H astern (-5.3 rps) 0 When 𝑢 reaches -0.1 m/s, the rudder steers to zero angle. 

5 H ahead (5.3 rps)  0 Start ahead propeller rotation to obtain u=0. 

6 H ahead (5.3 rps) Starb. Max (35°) Steer the rudder to starboard direction at u=0 (ship rest). 

7 H ahead (5.3 rps) 0 Gradually decrease the rudder angle so that ψ = 180°. 

8 H ahead (5.3 rps) Autopilot After that, adjust accordingly to keep ψ=180° 

 

(a)  

(b)  

(c)  

(d)  

Figure 12: Back and fill maneuver: (a) trajectories, (b) propeller revolutions and rudder angle, (c) ship 𝒖 and 𝒗 velocities, 

and (d) propeller thrust mean and standard deviation for experimental measurements and MMG predictions. 

Based on these experiments, numerical simulations will be 

conducted using CFDShip-Iowa, including SPOW, 

DPOW, and back-and-fill using the AP geometry. The 

results will be compared with the predictions obtained 

using the gMMG model, and a 6DoF force balance analysis 

will be conducted following the methodology presented in 

Sanada et al (2021) to better understand the contribution of 

each force component to this complex maneuver. 

Additionally, preliminary analyses show that the rudder 

may be subject to transitional flow regimes at the model 

scale Reynolds numbers considered in this study. 

Dedicated experiments and simulations are currently 

underway to assess the significance of this effect and to 

determine whether the inclusion of transition-sensitive 

turbulence models in the CFD framework is necessary for 

accurate prediction of rudder forces during the back-and-

fill maneuver. 

 
7 CONCLUSIONS  

A comprehensive assessment of propeller performance 

during transient maneuvers involving four-quadrant 

operation is presented using both numerical simulations 

and experimental measurements. The analysis includes 

self-propulsion and backing simulations of the ONRT hull 

form using CFDShip-Iowa with two propeller modeling 

approaches, AP and BF. In addition, SPOW experiments 

and simulations are performed to characterize propeller 

behavior across the entire operating envelope. The 

transient response of the propulsion system is further 

investigated through a four-quadrant maneuver comparing 

in-behind and DPOW conditions. Finally, back-and-fill 

maneuver experiments using a KCS model are conducted 

to provide experimental data for a complex maneuver 

involving repeated transitions between ahead and astern 

propulsion. 

Self-propulsion results indicate that both CFD propeller 

models provide reasonable agreement with the 

experimental data reported in NATO AVT-348 (2025), 

with the primary validation variables remaining within the 

programmatic requirement of |𝐸| ≤ 5% . The largest 

differences are observed in the propeller loading 



coefficients and the secondary thrust-identity variables, 

particularly t’ and q’, which are influenced by the 

overprediction of thrust and torque in the CFD simulations. 

The AP model shows a stronger overprediction of thrust, 

whereas the BF model yields slightly better agreement in 

the thrust deduction factor. Overall, both CFD approaches 

reproduce the main propulsive characteristics, with 

differences between experimental and numerical results 

generally below 10%. 

SPOW experiments and simulations demonstrate that the 

CFD results reproduce the main propeller characteristics 

across the operating envelope. In Quadrants I and III the 

agreement with the experimental data is generally within 

5%, whereas larger deviations appear in Quadrants II and 

IV, where the flow is characterized by strong unsteadiness 

and vortex shedding. The simulations show the formation 

of ring vortices around the propeller blades in Quadrants II 

and IV, producing large oscillations in thrust and torque 

and significantly increasing the time required to achieve 

statistical convergence.  

The four-quadrant maneuver analysis highlights the 

influence of hull–propeller interaction on the transient 

propeller response. The comparison between the in-behind 

simulations and the DPOW calculations shows similar 

global trends in thrust and torque evolution, although larger 

differences occur during transitions between operating 

quadrants. These differences are particularly evident in 

Quadrants II and IV, where the propeller experiences 

strong inflow distortion and complex interactions with the 

surrounding flow field. The comparison with SPOW 

measurements also reveals that the rate of change of 

propeller revolutions significantly influences the 

transitional behavior of thrust and torque, even in open-

water conditions. 

The efficiency analysis further shows that the propeller 

efficiency in open-water conditions is generally higher 

than in the in-behind configuration due to the more uniform 

inflow. However, the decay of efficiency at large advance 

ratios appears delayed for the in-behind case because the 

propeller operates in the hull wake, which reduces the 

effective inflow velocity and results in a lower effective 

advance ratio. Consequently, the propeller remains more 

heavily loaded at the same nominal advance ratio 

compared with open-water conditions. This effect becomes 

more pronounced during backing operation due to stronger 

inflow modification caused by hull–propeller interaction. 

An energy-based analysis of the CB and CA phases 

provides additional insight into the efficiency of transient 

stopping maneuvers. The results indicate that 

approximately 40% of the shaft energy supplied during CB 

is converted into useful propulsive work contributing to the 

reduction of the vessel kinetic energy, whereas the 

corresponding value for CA is approximately 17%. These 

results demonstrate that CB maneuvers are significantly 

more effective at dissipating the ship kinetic energy than 

CA maneuvers for ONRT. Additional energy metrics show 

that the propeller accounts for most of the kinetic energy 

dissipation during the maneuver, while the contribution of 

the hull and rudders remains smaller but non-negligible. 

The back-and-fill maneuver experiments demonstrate the 

robust capabilities of both the experimental setup and the 

gMMG model in capturing complex, low-speed ship 

motions. High levels of repeatability were observed in 

surge velocity and propeller thrust, with the gMMG 

predictions showing excellent agreement during the initial 

phases of the maneuver. While increased uncertainty and 

larger discrepancies in rudder angle and sway velocity 

emerged in the final stages, largely attributable to manual 

control adjustments, the overall trajectory alignment 

validates the gMMG model as a reliable tool for transient 

maneuvering in confined waters. These findings provide a 

solid foundation for upcoming high-fidelity CFD 

simulations using CFDShip-Iowa, where a detailed 6 DoF 

force balance analysis will further decouple the hull, 

propeller, and rudder contributions to the maneuver. 

Future work will include additional CFD simulations for 

the KCS back-and-fill, as well as SPOW and DPOW, to 

compare the results with experimental measurements. 

Propulsive performance and efficiency during four-

quadrant operations will be evaluated, similarly to what 

was done for ONRT in this study. Additional experiments 

will be conducted in the Iowa wave basin under both free-

running and semi-captive conditions using an active-

control soft-spring mounting system capable of measuring 

surge force, sway force, and yaw moment. These 

experiments will be used to validate the computations and 

to investigate the hull–propeller–rudder interactions for 

both KCS and ONRT during complex maneuvers. This 

work, together with future studies, will contribute to 

NATO AVT-399, “Assessment of Experiments and 

Prediction Methods for Naval Ship Transient Maneuvers in 

Calm Water and Waves.” 
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