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ABSTRACT
The objective of this research is to provide an experimen-
tal investigation into the performance of the ONR Tum-
blehome propeller. The performance is evaluated over all
operating conditions including ahead, crashback, backing,
and crashahead. Three propellers are tested: a port, a star-
board, and a starboard propeller with defects. The ex-
periments are carried out in the towing tank of the De-
partment of Ocean and Naval Architectural Engineering at
Memorial University of Newfoundland. The results are
presented in the β, CT , and CQ nomenclature and the
test plan includes 82 points to cover the entire range of
hydrodynamic pitch angle. The test plan is tailored to
remain within the restrictions of the facility but also to
achieve Reynolds numbers above 2 × 105 where possi-
ble. The effect of the Reynolds number was studied by
varying the Reynolds number but keeping a constant ad-
vance coefficient value. The Reynolds number ranged from
5.96 × 104 ≤ Re ≤ 4.23 × 105 and showed that the
thrust and torque coefficients became inconsistent below
Reynolds number of 2 × 105. The performance compar-
ison between the three propellers showed good agreement
with the most deviation occurring in quadrants two and four
where thrust and torque time histories are transient. This
shows that the port and starboard propellers have similar
performance as expected and that the hub defects present
on the propeller does not have any notable impact on pro-
peller performance in non-cavitating conditions. The per-
formance of the tested propellers also matched the results
found by the University of Michigan and the Research In-
stitutes of Sweden AB. The main difference resides in the
peaks where the quadrants are transitioning from one to two
and from three to four. The peaks found in this study are not
as great as the other two datasets but this may be due to the
scale being larger. However further investigation is needed
to determine if this is the case. Results from the numeri-
cal simulation showed good agreement with the validation
points carried out in this study. Investigation into the stan-
dard deviation of the measured quantities showed greatest
deviation in regions when transitioning from crashback to
backing (quadrant two to three) and crashahead to ahead
(quadrant four to one) and does not occur when transition-
ing from ahead to crashback (one to two) and backing to

crashahead (three to four). An uncertainty analysis of the
presented results is currently being carried out but is not
included in this paper. The analysis is being done using the
verification tool published by the Maritime Research Insti-
tutes Netherlands.
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1 INTRODUCTION
The present work contains an experimental study of
the open water performance for the ONR Tumblehome
(ONRT) propeller in all four quadrants. The experiments
are carried out in the Department of Ocean and Naval
Architectural Engineering’s (ONAE) towing tank located
within Memorial University of Newfoundland (MUN). In
total 82 test points are used to sufficiently cover all four
quadrants. Meaning all operating conditions that the pro-
peller may be subjected to are covered (ahead, crashback,
backing, and crashahead). For full quadrant definitions see
Section 2.3.

This study includes the investigation into the performance
of three propellers: a port, a starboard, and a starboard
propeller with defects located near the hub. The effect of
Reynolds number is studied by adjusting the forward speed
and rotational speed of the propeller so that the advance
coefficient remains constant but the Reynolds number in-
creases with each test. The performance of each of the three
propellers is compared using non-dimensional coefficients
of thrust and torque. As validation, the results collected
in this study are then compared to published data on the
same propeller by the University of Michigan (UMich), and
the Research Institutes of Sweden AB (RISE). Points are
also validated from a numerical study published by Nath
et al (2025). The paper covers the numerical study of the
stopping performance of the ONRT model. The computa-
tional fluid dynamics (CFD) model and technique is first
validated by simulating the open water performance of the
ONRT model propeller and comparing the results to the
experimental results published by UMich. These points
are further validated in this paper by running the exact
propeller loading conditions experimentally and compar-
ing them to the curves of the non-dimensional coefficients



of thrust and torque.

In the current literature, experimental investigations of pro-
peller performance during the four-quadrant open water
propeller test are limited. Most investigations have been
conducted through analytical and/or numerical methods.
As mentioned a report by RISE carried out a four-quadrant
open water propeller test for the ONRT propeller (Lindell
& Liefvendahl 2025). The test explored 94 operating con-
ditions in different combinations of advance and rotational
velocities and was carried out in the towing tank of the
SSPA Maritime Centre. The authors stated that the flow
in crashback and crashahead conditions is generally com-
plex, as reflected by fluctuations in thrust and torque time
histories. Roddy et al (2006) from the David Taylor Model
Basin, Naval Warfare Cener (NSWC) published a neural
network prediction of the four-quadrant Wageningen pro-
peller series. The paper provides a sound theoretical back-
ground to the four-quadrant propeller test. It applies a
feedforward neural network (FFNN) to predict the four-
quadrant behaviour of thrust and torque of the Wagenin-
gen ducted propeller series. The predictions are compared
with existing propeller data and show good agreement. The
FFNN can also be used as a propeller prediction tool with-
out measured data.

In 1981 the NSWC released a report on the performance
of a five bladed controllable pitch propeller (Queen et al
1981). The report concludes in no unusual behaviour with
thrust and torque of the range of tested conditions and
the results were presented in both the J − KT − KQ

and the µ − CT − CQ system. In this report µ is de-
fined as the modified advance coefficient and is given as
µ =

√
V 2
A + n2D2. Pivano et al (2008) developed a thrust

estimation scheme for marine propellers in four-quadrant
operation. The scheme uses a non-linear observer that com-
putes an estimate of the propeller torque and the shaft speed
by measuring the motor torque and propeller shaft speed.
From this a mapping function is used to estimate thrust.
The estimation was then validated experimentally in open
water conditions with the use of a wake screen to simulate
the effects of the hull on propeller inflow. The accuracy
showed improvements to previous methods. The tests were
performed for electrically driven propellers but can be ap-
plied to diesel motors where the torque can be measured
with strain gauges. Modelling four-quadrant propeller per-
formance has been the interest of many authors. Häusler
et al (2013) published a single harmonic approximation
model that improves on previous models in the prediction
of open water efficiency in the first quadrant. The main
benefit of the proposed model is that it is simple and can be
applied to a more general model of a complete thruster and
that it still captures key physical phenomena that the pre-
vious, more complex, model demonstrates. The same au-
thor compares this newly proposed model to another com-
monly used model based on momentum theory (Häusler et
al 2015). This paper provides a novel derivation of the mo-
mentum theory propeller model making it applicable in all
four quadrants. The comparison shows that the approxima-
tion model captures the efficiency and qualitative features

of the thrust and torque curves closely.

Numerical studies on four-quadrant propeller performance
are becoming increasingly common. Lu et al (2025) stud-
ied the flow field in four quadrants of a model propeller
using both Reynolds-Averaged Navier-Stokes (RANS) and
Delayed Detached Eddy Simulation (DDES) and then vali-
dated the results experimentally. The paper explores var-
ious strategies of simulating four-quadrant performance.
The turbulence model comparison suggests that the k–ω
SST transition model gives closer propeller thrust than the
full turbulent k–ω SST in quadrant one. However k–ω is
still chosen due to its combination with wall functions sig-
nificantly reducing computation time while still capturing
main features of the flow. Based on literature review the au-
thors decided to use RANS for simulating quadrant one and
three while DDES is applied for quadrants two and four.
This is done to capture the highly unstable vortex structures
produced by the uniform inflow and the jet from reverse di-
rections in quadrants two and four. When analyzing the
flow field it was found that similar axial velocity and vor-
tex evolution patterns were shared between quadrants one
and three. However in quadrant three there were weaker
acceleration effects on the inflow and the stress concentra-
tion near the trailing edge makes thrust distributions differ-
ent. Quadrants two and four were simulated up to 200 pro-
peller revolutions and showed reasonable output of thrust
and torque when compared to the experiment.

The current study aims to provide experimental insight
to the subject of four-quadrant open water propeller tests.
This work will provide additional experimental data for the
ONRT propeller while also demonstrating the capability of
the MUN’s testing facility to produce reliable experimen-
tal results. Future work will include an uncertainty anal-
ysis using the verification tool published by the Maritime
Research Institutes Netherlands (MARIN) (MARIN 2023).
Additionally, the test plan will be carried out in a complete
numerical study using CFD. This will allow for further val-
idation of the results and the CFD technique used.

2 MODELS AND METHODS

2.1 Propeller Model
The ONRT propeller model was manufactured in-house by
the Department of Technical Services at MUN. The pro-
peller is a 1:28-scale model and was manufactured using a
CNC machine following the main particulars given in Table
1.

Table 1: Model propeller particulars

Number of Blades 4
Diameter 0.1863 m
Chord Length at 0.7R 0.0819 m
Pitch Ratio 1.44
Blade Area Ratio 0.74
Thickness at 0.7R 0.0041 m

The ONRT model is a preliminary design of a modern sur-
face combatant with twin screw propellers. From this the



positive rotation direction can be defined for each propeller.
The positive rotation direction of the port sided propeller is
right whereas the starboard sided propeller is left in normal
ahead operation.

In this paper there are three propellers discussed, that be-
ing a port, a starboard, and a defective starboard propeller.
A mistake in the manufacturing process resulted in a star-
board propeller with small defects near the hub of the pro-
peller. This was then used to investigate how these defects
may impact the performance of the propeller. The star-
board propeller and the defects on the faulty propeller are
presented in the following figures.

Figure 1: Starboard propeller

Figure 2: Hub defects present on defective starboard pro-
peller

The port propeller is not presented in Figures 1 and 2 how-
ever it is a mirror image of the starboard propeller.

2.2 Towing Tank Facility
The four-quadrant open water propeller tests were per-
formed in the Department of ONAE’s atmospheric tow-
ing tank located at MUN. The tank is 54.7 m long (35
m usable length, excluding beach and safety zone), 4.5
m wide, and has a maximum depth of 3.04 m. The fa-
cility is equipped with a carriage that supports the opens
boat apparatus along with the data acquisition system. The

maximum carriage speed is 5.0 m/s with a maximum ac-
celeration of 2.0 m/s2. All thrust and torque measurements
are made using a Kempf & Remmers (K&R) dynamome-
ter. The dynamometer is limited to a ±250 N thrust/drag
range and a ±10 N–m torque range.

2.3 Test Plan and Procedure
The propeller model is mounted to the horizontal shaft on
the opens boat. The water depth is measured throughout
the tests and maintained at an immersion depth of the shaft
centre of at least two propeller diameters which in this fa-
cility corresponded to a water depth of approximately 2
m. The temperature was also measured before and af-
ter each set of tests. The temperature had little variation
throughout the testing therefore the average temperature of
12.5◦C was taken to determine the average water properties
such as density and kinematic viscosity. These values were
taken in accordance with the values published for freshwa-
ter properties by the International Towing Tank Conference
(ITTC) (ITTC 2011). At this temperature the fresh water
density is 999.4418 kg/m3 and the kinematic viscosity is
1.2177×10−6 m2/s. All measurements were made in line
with the propeller shaft. Calibration of the dynamometer
was done prior to the tests to develop a relation between
voltage and force/moment on the dynamometer.

The selection of advance speeds, VA, and revolutions per
second (RPS) of the propeller, n, were chosen to cover the
entire range of hydrodynamic pitch angle, β. Additional
considerations were taken to ensure that the Reynolds num-
ber, Re, exceeded the minimum value set by the ITTC of
Re = 2×105 (ITTC 2021). For some test points due to the
limitations in the loading of the dynamometer (see Section
2.2) and the wave making in the tank this Reynolds number
was not achievable. The thrust and torque loading on the
propeller were estimated prior to the experiment using the
Fourier series representation of the thrust and torque coef-
ficients published by RISE (Lindell & Liefvendahl 2025).
The Reynolds number is given by:

Re =
c0.7

√
V 2
A + (0.7πnD)2

ν
(1)

Where c0.7 = chord length at 70% of the propeller radius; D
= propeller diameter; and ν = kinematic viscosity of fresh-
water.

Before developing the test plan it is important to establish
definitions based on advance speed and RPS for the four
quadrants. The definitions used in this paper can be seen in
Table 2.

Table 2: Four-Quadrant coordinate system definition

Quadrant
Number

Quadrant
Description

RPS/Advance Speed
Sign

[n,VA]

Beta, (β)
[◦]

1 Ahead [+,+] 0 - 90
2 Crashback [-,+] 90 - 180
3 Backing [-,-] 180 - 270
4 Crashahead [+,-] 270 - 360



Traditionally the nomenclature used for the non-
dimensional presentation of propeller performance is based
on advance coefficient, J , thrust coefficient, KT , and
torque coefficient, KQ. Their definitions are given as:

J =
VA

nD
, KT =

T

ρn2D4
, KQ =

Q

ρn2D5
(2)

Where ρ = density of freshwater, T = measured thrust, and
Q = measured torque.

However, these equations have n, in the dominator and are
typically only used for the first quadrant where n is al-
ways greater than zero. For the four-quadrant open wa-
ter propeller tests these equations are not continuous as n
can equal zero. Therefore the hydrodynamic pitch angle
is used which is a function of the speed of advance and a
reference rotational velocity at 70% of the propeller radius
Vrot = 0.7πnD. The hydrodynamic pitch angle is then
given by:

β = arctan

(
VA

Vrot

)
(3)

The thrust and torque coefficients in this nomenclature are
denoted as CT and CQ, respectively and are described by
the following equations:

CT =
T

1
2ρ (V

2
A + (0.7πnD)2) π

4D
2

(4)

CQ =
Q

1
2ρ (V

2
A + (0.7πnD)2) π

4D
3

(5)

With these definitions in place, the test plan is then devel-
oped based on the advance speed and rotational velocity as
shown in Figure 3.

Figure 3: Original target test plan

The main test points are shown in blue in Figure 3. The pur-
pose of these points are to cover the entire hydrodynamic
pitch angle from 0 – 360◦. In addition points are added for
the study of the Reynolds number effect (shown in black).
Finally, the points shown in red are used to validate an ex-
isting CFD study carried out for the same propeller as men-
tioned in Section 1. The validation consists of five points,

three in quadrant one and two in quadrant two. The pro-
peller simulated in the numerical study is 1:32-scale there-
fore the propeller loading conditions are scaled to 1:28-
scale for this paper so that the same β is tested. For the
points following the rectangle the Reynolds number is in
the range of 1.80 × 105 ≤ Re ≤ 4.15 × 105. Points that
fall below the minimum Reynolds number specified by the
ITTC are where the propeller RPS is very low and it is not
possible to achieve great a enough Reynolds number given
the limitations of the facility.

3 RESULTS AND DISCUSSION

3.1 Reynolds Number Effect
Before analyzing the main results of the open water pro-
peller tests the effect of Reynolds number on thrust and
torque is investigated. To test the effect of the Reynolds
number seven test points were chosen all with advance co-
efficients of one (J = 1). The Reynolds number for these
tests then range from 5.96 × 104 ≤ Re ≤ 4.23 × 105.
In doing this it is expected that the non-dimensionalized
thrust and torque coefficients be constant at the same ad-
vance coefficient. However the impact Reynolds number
below 2× 105 can be observed in Figure 4.

Figure 4: Reynolds number effect on propeller performance

It should be noted that the results presented in Figure 4 are
for quadrant one and hence the results are represented by
KT , 10KQ, and η0 (η0 = J ·KT /(2 · π ·KQ)). The plot
shows the consistency in KT and KQ beyond a Reynolds
number of 2×105. Below this critical Reynolds number set
by the ITTC the results of KT and KQ become inconsistent
highlighting the importance of maintaining this minimum
Reynolds number where possible.

3.2 Four-Quadrant Results
As mentioned in Section 2.3 the results of the four-quadrant
propeller tests are presented in the β, CT , and CQ nomen-
clature. First the comparison of the three propellers are
presented.

Figure 5 shows that all three propellers follow very sim-
ilar trends. The areas with the highest discrepancies are
in quadrants two and three where the behaviour of thrust
and torque are very transient so small variations in the non-
dimensional coefficients are expected. For all three pro-
pellers the largest dimensional values for thrust and torque



occur at the same β. The largest positive thrust occurs at
β ≈ 5◦ and β ≈ 185◦ with the value in quadrant one being
the greatest at approximately 68 N. The largest negative
thrust value occurs at β ≈ 143◦ and β ≈ 328◦ with the
value in quadrant four being the greatest in magnitude at
-140 N. The greatest dimensional values of torque also oc-
cur at these angles however the sign is dependant on the
rotation direction and is therefore opposite between port
and starboard propellers. For starboard the largest positive
torque values occur where the thrust is at its minimum and
vice versa.

Figure 5 also shows that the hub defects present on the
starboard propeller did not have any notable impact on the
performance of the propeller. The exact geometry of the
defects is not known however it can be concluded that hub
damage to the qualitative extent visualized in Figure 2 does
not effect the propeller performance in non-cavitating con-
ditions.

Figure 5: Performance comparison of the port, starboard,
and defective starboard propellers

The absolute error is used to assess the agreement be-
tween the propellers where the absolute error is defined as
E = |X − S| where X is the quantity of the chosen pro-
peller (CT or −10CQ) and S is the corresponding quantity
for the starboard propeller which is used as the reference
for all error calculations in Table 3. It should be noted that
the maximum absolute error is presented for each quadrant
along with the corresponding β.

Table 3: Absolute error of tested propellers in reference to
starboard propeller

Quadrant
No. β [◦] CT |Emax| β [◦] 10CQ |Emax|

Port Propeller
1 86 0.0462 72 0.0623
2 175 0.0872 175 0.2500
3 265 0.0411 185 0.1375
4 350 0.1275 350 0.3352

Defective Propeller
1 26 0.0198 72 0.0571
2 175 0.0795 175 0.2140
3 244 0.0182 185 0.0657
4 355 0.0630 281 0.1124

Figure 6: Comparison of results from MUN, UMich, and
RISE

Table 4: Absolute error of tested propellers in reference to
Fourier series representation of CT and CQ

Quadrant
No. β [◦] CT |Emax| β [◦] 10CQ |Emax|

Starboard Propeller
1 81 0.1164 81 0.3103
2 124 0.0516 170 0.1142
3 261 0.1210 261 0.2443
4 350 0.1123 350 0.2539

Port Propeller
1 81 0.1551 81 0.3354
2 129 0.0747 175 0.1989
3 257 0.1268 257 0.1210
4 309 0.0891 309 0.2445

Defective Propeller
1 81 0.1195 81 0.3363
2 170 0.0646 175 0.1535
3 261 0.1099 261 0.2492
4 350 0.1076 350 0.2014

Table 3 shows that the error in quadrants two and four is
greater than one and three which reflects the transient be-
haviour in these quadrants. It should also be noted that
the error between the port and starboard propeller is higher
than that of the starboard propeller and the propeller with
defects.

As validation of the results found in this study, a compari-
son is made to two experimental datasets. One is published
by UMich and the other by RISE. For legibility of the com-
parison, only the starboard propeller is compared in Figure
6. However all propellers demonstrate a similar level of
agreement.

Figure 6 shows good agreement between all three datasets.
The peaks in CQ found in this study are not as great as those
found by UMich and RISE which is the greatest difference
in the performance. However this was consistent with all
three propellers that were studied. The difference could
be due to the scale effect of the propellers. Both UMich
and RISE used a model propeller of scale 1:32 whereas the
model used in this paper is 1:28-scale. Further investiga-
tion using different scaled propellers in the same facility



would allow for this to be confirmed.

The absolute error between the tested propellers was again
calculated this time in reference to the Fourier series repre-
sentation of CT and CQ from RISE (Lindell & Liefvendahl
2025). The error in reference to UMich’s results could not
be calculated as the exact same hydrodynamic pitch angles
were not tested and therefore the associated error would be
inaccurate.

The error from all three propellers are fairly consistent and
the maximums for each quadrant occur at mostly the same
β. However the trend of quadrants two and four having
greater error than one and three cannot be seen in Table 4.
In fact for CT it is the opposite. However the maximums
found in quadrants one and three occur at angles where the
quadrants are beginning to transition to the next quadrant
meaning the rotational speed of the propeller is close to
zero and therefore the Reynolds number is below the mini-
mum set by the ITTC. For comparison in quadrant one nor-
mal ahead operation occurs in the range of 0◦ ≤ β ≤ 37◦

(Lindell & Liefvendahl 2025). In this range the error is at
least an order of magnitude lower than the maximum.

The CFD validation points are overlapped with the ob-
tained β–CT –CQ curve for the starboard propeller.

Figure 7: Experimental validation of CFD results

Qualitatively the results between experimental and numer-
ical show acceptable agreement especially in quadrant one
where thrust and torque behaviour reaches more steady-
state behaviour. The results in quadrant two show more
differences which is expected given the transient behaviour
during crashback conditions.

A quantitative summary of these results is shown in Table
5.

Table 5: CT and −10CQ for CFD validation

Case
Number

Experimental Numerical
β [◦] CT −10CQ β [◦] CT −10CQ

1 24.80 0.0936 -0.4302 24.45 0.1351 -0.3566
2 28.94 0.0492 -0.3205 29.61 0.0760 -0.2253
3 42.17 -0.0905 0.0615 42.29 -0.0752 0.1465
4 155.16 -0.3882 0.8599 155.55 -0.3063 0.7470
5 167.42 -0.2903 0.7252 167.19 -0.2242 0.6052

Table 5 highlights the differences between the experimental
and numerical results. This error could be due to the differ-
ence in scale of the two propellers. Additionally the CFD
simulation was done for a water temperature of 25◦C (Nath
et al 2025) whereas the experimental results were obtained
at a temperature of 12.5◦C which leads to a difference in
the Reynolds number. Table 5 also shows that there are
slight discrepancies in the β values that were tested which
may contribute to variation in CT and CQ. These discrep-
ancies are due to limitations in the accuracy of controls of
the facility.

So far, the comparison of experimental results has been per-
formed using the mean values taken from selected regions
of the time history data. It has been found that the largest
discrepancies occur in quadrants two and four where re-
sults are transient, especially in transition regions from one
quadrant to the next. This trend is reflected in the standard
deviation, σ, of the measured quantities during the selected
time history. The standard deviation in both the advance
speed and the propeller RPS are both fairly constant with
the average standard deviations being σV A = 0.00228 m/s
and σn = 0.01248 [1/s], respectively. The most extreme
fluctuations of standard deviation is found in both thrust
and torque. On average the standard deviation of thrust is
σT = 3.31 N with a maximum of σT = 11.53 N. For
torque the average is σQ = 0.17 N-m with a maximum
of σQ = 0.51 N-m. The maximum standard deviation for
each measured quantity is summarized in Table 6. For each
quantity the β value is also provided at which the maxi-
mum occurs. Figure 8 shows the time history of the con-
dition with the greatest standard deviation of thrust. The
green highlighted portion of the time history shows the re-
gion that was selected for analysis. In comparison a similar
propeller loading condition from quadrant one is shown il-
lustrating the transient behaviour in quadrant two responsi-
ble for the increased standard deviation in the results. This
condition of maximum standard deviation in thrust occurs
at a β = 152◦ with an average value of T = −115.3
N. Similar magnitudes of standard deviation can be from
β = 140–175◦ and from β = 320–355◦ as operation
switches from crashback to backing and from crashback to

Table 6: Maximum standard deviation for each measured quantity by quadrant

Quadrant
No.

β
[◦]

(σVA)max

[m/s]
β
[◦]

(σn)max

[1/s]
β
[◦]

(σT )max

[N]
β
[◦]

(σQ)max

[N-m]

1 26 0.00267 26 0.0132 26 2.96 54 0.1286
2 108 0.00524 152 0.0434 152 11.53 152 0.4808
3 190 0.00252 230 0.0233 214 2.70 230 0.1503
4 323 0.00271 333 0.0508 343 10.98 343 0.5078



(a) Crashback operation (quadrant two) (b) Ahead operation (quadrant one)

Figure 8: Time history comparison between quadrants one and two (a) VA = 2.12 m/s, n = −9.92 [1/s] and (b) VA = 2.02 m/s,
n = 9.97 [1/s]

ahead, respectively. Torque has the highest standard devi-
ation at β = 343◦ with a mean value of Q = −2.84 N-m.
Similar magnitudes of torque standard deviation are found
in the same ranges as mentioned for thrust. It is worth not-
ing that this increased standard deviation only occurs when
transitioning from crashback to backing (quadrant two to
three) and crashahead to ahead (quadrant four to one) and
does not occur when transitioning from ahead to crashback
(one to two) and backing to crashahead (three to four).

4 CONCLUSION
This study concludes an experimental validation of the
four-quadrant open water propeller performance of the
ONRT propeller. In total 82 test points were carried out
(95 with Reynolds number effect analysis and CFD vali-
dation) in the towing tank facility at MUN for each of the
three propellers.

• The effect of the Reynolds number was analyzed
and illustrated the importance of staying above the
ITTC’s recommended minimum of 2 × 105 as the
results of thrust and torque coefficients below this
Reynolds number become inconsistent.

• The three propellers tested (port, starboard, and de-
fective starboard) showed good agreement with each
other across all four quadrants in terms of CT and
CQ. The largest positive thrust values occurred at
β ≈ 5◦ and β ≈ 185◦. The largest negative thrust
values occurred at β ≈ 143◦ and β ≈ 328◦. The
regions with the greatest error between the three pro-
pellers were quadrants two and four where the time
history for thrust and torque are very transient.

• The hub defects present on the defective starboard
propeller showed no notable impact on performance.
Indicating hub defects with the extent shown in this
study are not of great concern in non-cavitating con-
ditions.

• When validating the performance versus data pub-
lished by UMich and RISE all three datasets showed
good agreement. The main difference lies in tran-
sition region from quadrant one to two and from

quadrant three to four. Here the peaks of CT and
CQ are found. The results found in this study do
not capture the extent of the peaks found by UMich
and RISE. This result was found with all three pro-
pellers tested. This could be due to the scale effect
as both UMich and RISE used a 1:32-scale propeller
whereas the propellers in this study are 1:28-scale.
The hydrodynamic pitch angle of these regions are
β ≈ 85◦ − 126◦ and β ≈ 260◦ − 306◦, respectively.

• The points tested for CFD validation showed good
agreement with the numerical results. CT and CQ

deviated less in quadrant one than quadrant two as
expected. The error could be attributed to the dif-
ference in temperature measured during the experi-
ments than the temperature used in the simulation,
different propeller scale, or the slight variation in β
values between experimental and numerical.

• The standard deviation in the time histories of the
measured quantities was analyzed. It was found
that the standard deviation of both advance speed
and propeller RPS were relatively low and constant.
However the thrust and torque varied considerably
depending on the β value. The maximum standard
deviation in thrust was σT = 11.53 N and occurred
at β = 152◦. The maximum standard deviation in
torque was σQ = 0.51 N-m and occurred at β =
343◦. It was found that this increased standard devi-
ation in both thrust and torque occurred when transi-
tioning from crashback to backing (quadrant two to
three) and crashahead to ahead (quadrant four to one)
and does not occur when transitioning from ahead to
crashback (one to two) and backing to crashahead
(three to four).

To build on the present study an uncertainty analysis is
planned for the four-quadrant open water propeller tests.
This will be done using the verification tool for numer-
ical uncertainty analysis published and recommended by
MARIN for the ONRT open water propeller performance
(MARIN 2023). It is recommended to investigate how the
scale effect impacts the propeller performance. This would



involve testing the ONRT propeller at various scales at the
same test points and in the same facility. This could lead
to an explanation to the differences between the 1:28-scale
and 1:32-scale propellers found in this study. To further
explore the effect of hub defects the propeller should be
tested in cavitating conditions. The hub defects could lead
to lower cavitation inception speeds which are not shown in
this study as all tests are done in non-cavitating conditions.
Finally, it is also planned to carry out a complete numer-
ical study for all points tested experimentally using CFD.
This will allow for further validation of the results as well
as validation of the CFD technique used for simulation.
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