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ABSTRACT
The paper presents the results of a CFD study regarding
DTC propeller performance in fluid-mud. Since the fluid
mud has non-Newtonian rheological properties, conven-
tional CFD models used in the marine context are not ap-
plicable in this case and the development and validation
of a new simulation environment is required. The de-
velopment included the implementation of the new rhe-
ological model closely capturing the experimental stress-
strain curve, multi-fluid solver (air/water/fluid-mud) and
the novel turbulence modeling approach, applicable to the
fluids with fluctuating apparent viscosity. The developed
computational framework is validated in this work for the
case of prediction of the resistance of a flat plate submerged
into the fluid-mud. Afterwards, the series of open water
tests is performed for the DTC propeller for different pa-
rameters of the fluid mud and different submersion depths.
The fraction of fluid mud in the propeller disk, the limit-
ing viscosity and the fluid mud density are varied in the
systematic manner, as these are found to be of the highest
significance. This way it is possible to assess the influence
of these parameters on the open water diagram of the pro-
peller. For example it is shown, that the fluid mud density
is increasing the thrust and torque coefficients at the same
time and thus the propeller efficiency remains almost the
same. Based on the collected data the correlations are de-
rived and an actuator disk model is developed, which takes
into account the influence of particular fluid mud sample on
the thrust and torque characteristics. Since the final aim of
the project is to predict the maneuvering properties of ship
moving in proximity (or in direct contact) of fluid mud, an
adequate actuator disk model is required for efficient com-
putations. Direct resolution of propeller geometry in ma-
neuvering simulations is computationally inefficient.

Keywords Open water diagram, Multiphase, non-
Newtonian fluid, actuator disk.

1 INTRODUCTION
The performance of the marine propeller in fluid mud
(which is a non-Newtonian medium) is a topic which is al-
most absent from literature, because the propeller in reality
never works under such conditions. However, at the same

time due to two reasons the relevance of fluid mud influ-
ence on the ship hydrodynamics is rapidly increasing. First
is the constant increase of ships’ sizes, leading to the situ-
ation where the ships move with low under keel clearance
(UKC). So there is a high possibility of the interaction with
the fluid mud layers near the bottom. The second reason,
specific to some ports (e.g. Hamburg), is that the amount of
fluid mud accumulating annually in the port area is increas-
ing over the last years. This in turn increases the dredging
costs. One way to reduce the constant increase in costs is to
quantify the possible alterations in maneuvering character-
istics when the vessel is in contact with fluid mud, and then
develop recommendations to ensure the safe performance
of typical port maneuvers. In order to conduct a simulation
of such maneuvers, the exhaustive numerical model of the
multi-component fluid is required, including one (or multi-
ple) non-Newtonian layers.

Simulation of the ship maneuvers with the geometrically
resolved rotating propeller is a very expensive computa-
tional task. The time scales of propeller rotation are orders
of magnitude smaller than that of the ship maneuver and
therefore the computation would require a very small time
step and would have to be conducted over very long time
periods. In order to avoid such scenarios, the geometrical
model of the propeller is usually replaced by the so-called
actuator disk model, which imitates the integral effect of
the propeller on the flow (axial flow acceleration, torque,
resistance increase, etc.). Normally, actuator disk models
use the open-water diagram of the particular propeller in
order to replicate the correct response to the change of the
wake fraction in the propeller plane. Such open water di-
agrams are created for the cases, where the propeller op-
erates in water. However, in the maneuvers considered in
the current research the propeller may be partly submerged
into the fluid mud. In this scenario the open water diagram
of the propeller may be significantly changed. To study the
influence of fluid mud on the propeller open water diagram,
the CFD investigation into this influence was performed in
this work. The propeller rotation in contact with fluid mud
with varied rheological properties was simulated.
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2 MATHEMATICAL MODEL
The multiphase volume-of-fluid (VOF) solver is imple-
mented in OpenFOAM. The system of equations for this
case can be written as follows:

∂ρui

∂t
+
∂(ρuiuj)

∂xj
= (1)

−
∂p∗d
∂xi

+
∂

∂xj

[
µtot

(
∂ui

∂xj
+

∂uj

∂xi

)]
− gixi

∂ρ

∂xi

(2)
∂ui

∂xi
= 0 (3)

∂α1

∂t
+

∂α1uj

∂xj
+

∂

∂xj
(α1α2ur,j) +

∂

∂xj
(α1α3ur,j) = 0

(4)
∂α2

∂t
+

∂α2uj

∂xj
− ∂

∂xj
(α2α1ur,j) = 0 (5)

α3 = 1− α1 − α2 (6)
ρ = ρ1α1 + ρ2α2 + ρ3α3 (7)
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ρ1α1ν1 + ρ2α2ν2 + ρ3α3ν3
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where u - Reynolds-averaged velocity vector (u1, u2, u3

- its components), p∗d = p∗ − ρgjxj - dynamic pressure,
µtot = (νt + ν + Cτµnn)ρ is the total dynamic viscosity,
g - gravitational acceleration, αn ∈ [0; 1] - volume frac-
tion of the n-th phase, ρ - density of the mixture, variable
is space, ρn - density of the n-th phase, ur - compression
velocity, directed normal to the interface. It can be noticed
that the compression velocity in the compression term of
the equation for α2 has a negative sign. The reason for that
is the fact, that the compression term for α2 has to have the
opposite direction, as compared to that of α1, whereas the
compression velocity ur is computed just once.

One can see, that the transport equation (4) contains an
additional non-linear term ∂

∂xj
(α1α2ur,j), which is not

present in the usual convection equation. This term is
added for compression of the interface and is purely arti-
ficial.

Additionally, it has to be mentioned, that the kinematic vis-
cosity ν3 in the fluid mud region is the so-called apparent
viscosity, varying in space and depending on the magnitude
of the strain rate tensor Sij , ν = F (γ̇) = F (

√
2SijSij).

The resulting kinematic viscosity of the mixture is defined
according to eq. (8).

At the moment the solver was tested only for a system with
three components (fluids): air, water and fluid mud, two of
which can be mixed (water/fluid mud) but it can easily be
extended to a larger number of components if a more com-
plex model of a muddy bottom, containing multiple sam-
ples with different densities is required.

For the description of the rheological parameters of the
fluid mud the six parameters model of Shakeel and Chas-
sagne (Shakeel 2022) is used. It defines the shear stress

as a combination of static and fluidic branches and there-
fore is able to capture the typical double-yield feature of
the stress-strain curve:

τ = λτstat + (1− λ)τfluid (9)

λ = 1− 1

1 + e−10(γ̇−γ̇0)
(10)

τstat =
τs

1 + γ̇s

γ̇

(11)

τfluid = τs +
τf

1 +
γ̇f−γ̇0

γ̇−γ̇0

+ µ∞(γ̇ − γ̇0). (12)

The parameters of the model are τs, τf , γ̇s, γ̇f , γ̇0, µ∞,
which are determined by least-squares fitting of the exper-
imental stress-strain curve of the particular sample. An ex-
ample of the stress-strain curve is shown in Figure 1.

Figure 1: Example of the experimentally obtained stress-
strain curve of the fluid mud and its fit by the Shakeel-
Chassagne model

The apparent viscosity, used in the momentum equation is
computed as:

ν =
τ

γ̇
=

λτstat + (1− λ)τfluid
γ̇

. (13)

2.1 Turbulence modeling
During the well-known derivation of the RANS momen-
tum equation, it is assumed that the viscosity ν is con-
stant in time. In non-Newtonian fluids this assumption
does not hold and therefore the averaging of the term
∂

∂xj
(2µS), which in the Newtonian fluids yields ∂

∂xj
(2µS),

produces an additional term ∂
∂xj

(2µ′S′
ij). To model this

term Gavrilov and Rudyak (Gavrilov & Rudyak 2016) pro-
pose the formula, analogous to the Boussinesq hypothesis:
∂

∂xj
(2µ′S′

ij) ≈ ∂
∂xj

[
2CτµnnSij

]
. Together with the con-

ventional eddy-viscosity model this yields:
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where Cτ is a model parameter and µnn is the additional
viscosity. The model proposed by Rudyak and Gavrilov de-
termines µnn in terms of the parameters of the rheological
model and the turbulence quantities used in four-equation
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ζ − f model of (Hanjalic et al. 2004). Due to its com-
plexity, it was decided to avoid the implementation of this
model and use a simpler one proposed by (Lovato et al.
2022, 1), based on the k − ω SST model. There, the µnn

reads:

µnn =
∂µ

∂γ̇

ρCββ
∗ωk

µγ̇
. (15)

where Cτ is a model parameter and µnn is the additional
viscosity. The shear rate in this modeling approach in-
cludes the contribution from the modeled turbulence and
is defined as:

γ̇2 = 2SijSij +
ρCββ

∗ωk

µ
. (16)

The k and ω equations also have to be modified in order to
account for the viscosity fluctuations:
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Here the terms ξnn, χnn, Enn represent the work of non-
Newtonian stresses, turbulent diffusion due to viscosity
fluctuations and the non-Newtonian contribution to dissipa-
tion respectively (Gavrilov & Rudyak 2016). In the model
of Lovato et al., these terms are given by the following for-
mulas:

χnn = −CχµnnS
2 (19)

ξnn = Cξ∇ · (∂µ
∂γ̇

S2

γ̇
∇k) (20)

Enn = CE
ρα

µt
(ξnn + χnn) (21)

For the complete set of model constants the reader is re-
ferred to the original paper. This model was implemented
in OpenFOAM and was compared to the original imple-
mentation in ReFresco (by S. Lovato).

3 VALIDATION OF THE NUMERICAL MODEL
In order to validate the numerical model, the series of mea-
surements of the resistance of a flat plate towed in fluid mud
was conducted in the flume at Deltares. The experimental
setup and the results are thoroughly described in the paper
of (Lovato et al. 2022, 2), therefore only a brief description
will be given in the present work.

Table 1: Particulars of the Deltares experiment

Plate
Chord [m] 0.8
Thickness [m] 0.012
Submerged span [m] 0.96 or 1.0
Speed [m/s] 0.27,0.52,0.77,1.02

Flume
Length [m] 30
Width [m] 2.4
Mud level [m] 1.96 or 2.0
Depth [m] 2.5

The flat plate was towed at four different speeds submerged
into the fluid-mud. For the particulars, the reader is referred
to Table 1. The measurements were carried out for three
different fluid-mud samples. In order to reduce the amount
of information presented in the paper, only the fluid-mud
samples having τf of 10 and 17 Pa were tested.

The CFD simulations were conducted in order to reproduce
the results of the Deltares tests and determine the level of
accuracy of the CFD model applied in the current research.
The computations were carried out for the mud samples
Mud10 and Mud17 (named according to the yield stress of
the sample) for the speeds of 0.27, 0.52, 0.77, 1.02 m/s.
This yields in total 8 computations. An unstructured hex-
dominant grid containing 6.8M cells was used in the simu-
lations, which is depicted in Figure 2. The grid generation
was performed using the snappyHexMesh tool from the
OpenFOAM library. The deformation of the free surface
was considered to be negligible and therefore the air/mud
interface was modeled by a symmetry plane. The sharp
edges of the plate were slightly rounded to improve mesh
quality. The grid was not adapted for each towing speed be-
cause the y+ value was 0.1 for the highest one and therefore
was below 0.1 for all other speeds, which is considered suf-
ficient. For all calculations the simpleFoam solver was
used.

(a) (b)

Figure 2: Computational grid: a - overall structure, b - the
mesh at the leading edge of the plate including the boundary
layer grid

In Tables 2 and 3 the comparison between the numerical
and experimental data is shown. At the lowest speed CFD
overestimates the forces by about 13%. For higher speeds,
the discrepancy first drops to about 1%, and then grows to
5-6% for the highest one, where CFD already underesti-
mates the resistance. Similar trend is obtained by (Lovato
et al. 2022, 2). In the cited paper it is discussed, that the
possible source for the discrepancy is the fact that during
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the experiment the plate could have had a non-zero angle
of attack. By using the angle of attack of 3◦ the authors
could improve the slope of the resistance curve. Such tests
have not been conducted in the framework of this research,
because the exact value of the angle of attack is unknown
and therefore the results would be inconclusive anyway.

Table 2: Comparison of the CFD results with the experimen-
tal ones for the flat plate in fluid mud with τf = 10 Pa

U [m/s] FEXP [N] FCFD [N] E%D
0.27 17.70 20.04 13.23
0.52 20.41 21.69 6.26
0.77 23.73 23.83 0.44
1.02 27.74 26.40 -4.85

Table 3: Comparison of the CFD results with the experimen-
tal ones for the flat plate in fluid mud with τf = 17 Pa

U [m/s] FEXP [N] FCFD [N] E%D
0.27 30.40 34.24 12.64
0.52 34.46 36.44 5.77
0.77 38.60 39.05 1.17
1.02 45.13 42.31 -6.25

4 PROPELLER PARTICULARS AND CONDITIONS
The propeller to be studied in this work package is the DTC
propeller (el Moctar et al., 2012), which is 5-bladed fixed
pitch propeller with the right sense of rotation. The geom-
etry used in the open water test and the surface mesh are
shown in Figure 3, the model scale is considered. The pro-
peller particulars can be seen in Table 4. For the considered
scale, n = 40 was selected, whereas VA was varied from 0.3
to 6 m/s.

(a) (b)

Figure 3: The geometry of the DTC propeller and its surface
mesh

Table 4: Particulars of the DTC propeller at model scale

Dp [m] 0.15
P0.7/DP [-] 0.959
Ae/A0 [-] 0.8
C0.7 [m] 0.054
θ [◦] 31.97
dh/Dp [-] 0.176
λ [-] 59.4

5 SELECTION OF THE CORRELATION PARAMETERS
A large number of parameters can in theory influence the
forces on the propeller and thus the open water characteris-
tics. These are for example:

• fluid mud density
• rheological parameters of the fluid mud (τf , τs, γf ,
γs, µ∞ etc.)

• fraction of fluid mud in propeller plane
• distance to the (hard) bottom
• distance to the free surface

Obviously, inclusion of all those parameters into the model
would require enormous amount of computations and
would produce a model with a high complexity, where the
parameters could not be defined based on local flow quan-
tities or parameters of the medium (e.g. density), but rather
on some global parameters (distance to free surface, etc.).
Therefore, it was decided, to pay attention only to the pa-
rameters which (in the spirit) of the CFD models can be
defined in terms of local flow quantities or those describing
the medium, i.e. the fraction of fluid mud in the propeller
plane and its rheological properties.

Figure 4: The open water diagram for the artificial mud sam-
ples with the same stress-strain curves, but different densities.
The experimental data are shown for the conventional open
water tests (ρ =≈ 1000).

Figure 5: The stress-strain curves for different µ∞
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After a number of computational tests, it was revealed, that
the density variation plays a very little role for the open
water diagram. The computations were conducted for four
artificial fluid mud samples, having the same stress-strain
curve, but different densities. In Figure 4 the comparison
of open water diagrams for the cases ρm = 1020 and ρm
= 1220 is shown. It can be seen, that the increase of den-
sity by almost 20% yields only small change in the KT and
KQ curves, which is moreover limited to small J . There-
fore the density was considered to be of minor importance
for the considered task.

Furthermore, the parameters of the stress-strain curve
would play an important role in the case where the local lin-
ear velocity of the propeller blade would be small, for ex-
ample at small r (distance from the propeller axis) or when
the rps is small. Normally, for the propeller design condi-
tions, the linear velocities of the points on the blades are
very high and would lead to high values of the shear rate,
meaning, that in this case only the parameter µ∞ plays a
significant role, whereas all effects of double yielding may
be dismissed from consideration τs, τf , γs, γf .

As the result of presented reasoning, only two parameters
were accounted for: the ratio µ∞

µw
and α, where µw is the

dynamic viscosity of water and α is the fraction of fluid
mud in the propeller plane.

6 DEPENDENCE ON THE VISCOSITY RATIO
In order to understand how the viscosity ratio influences the
open water diagram, a series of the open water diagrams
were generated for different fluid-mud samples based on
the CFD computations.

Table 5: Fitting coefficients for the variation of the KT and
KQ

∆KT ∆KQ

a1 0.0701 0.1296
a2 -0.0026 -0.0717
a3 -0.0015 0.0007
a4 -0.1577 -0.2634
a5 0.0010 0.0019
a6 - -
a7 0.0945 0.5079
a8 -0.0015 -0.0021
a9 - -
a10 - -
a11 -0.0051 -0.2917
a12 0.0007 0.0010
a13 - -
a14 - -
a15 - -

The propeller was considered rotating in the infinite fluid
mud, without a free surface. As a basic sample of fluid
mud, the one having the following parameters was selected
(γ0 = 1.72, τs = 13.01, γs = 0.019, τf = 21.4, γf = 9.42, µ∞
= 0.02, ρ = 1160). The parameter µ∞ was varied to yield

the following viscosity ratios rµ = µ∞
µw

≈ 20, 50, 100,
140, 160, where µw was taken to be 0.001. The stress-stain
curves produced in this manner are depicted in Figure 5.

The unstructured hex-dominant grid of 5M cells was used,
with the average y+ value of 0.8. The solution of the RANS
equations was done in the steady-state manner whereas the
propeller rotation was modeled using the moving reference
frame. This way a larger number of computations could
be carried out without a considerable loss of accuracy. In
Figure 6 the open water diagrams generated from the com-
putational results are shown.

(a)

(b)

Figure 6: The open water diagram for different viscosity ra-
tios

In order to analyze the dependence of KT and KQ on
the viscosity ratio, the plots for the difference between the
curves in the water and in the fluid mud were built , i.e.
∆KT = KM

T −KW
T and ∆KQ = 10 (KM

Q −KW
Q ). These

are shown in Figure 7. As one can see, for rµ > 20, the
curves are smooth monotonic functions and therefore can
be easily fitted by polynomials. The fourth order polyno-
mial was used which reads:

∆KT,Q = a1 + a2J + a3rµ + a4J
2 + a5Jrµ + a6r

2
µ+

+ a7J
3 + a8J

2rµ + a9Jr
2
µ + a10r

3
µ + a11J

4+

(22)

+ a12J
3rµ + a13J

2r2µ + a14Jr
3
µ + a15r

4
µ

The fit coefficients for both KT and KQ are presented in
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Table 5. As one can see, some of the coefficients are miss-
ing, which means that they are negligibly small (< 10−4)
and their contribution is insignificant.

(a)

(b)

Figure 7: The difference in the open water diagram due to the
change in viscosity ratio

The proposed polynomial fitting can be also represented as
function of J for different rµ, this representation is shown
in Figure 8. Thus, the first part of the correlation, namely
the dependence on the viscosity is ready. The tests showed,
that the proposed correlations reproduce the originally gen-
erated plots from Figure 6 very well without noticeable
discrepancies. Now, the dependence of the open water di-
agram on the degree of propeller submersion in the fluid
mud has to be considered.

7 DEPENDENCE ON THE SUBMERSION DEPTH
At this step the parameters of the fluid mud itself are not
changed (neither the rheological parameters, nor density),
but the propeller is considered working at the interface be-
tween the fluid-mud and the water with different submer-
sion depths, of course leading to different open-water dia-
grams in each case.

(a)

(b)

Figure 8: The difference in the open water diagram due to the
change in viscosity ratio

In this package the five submersion values s = 0, 25, 50, 75,
100 % d, where d is the propeller diameter (see Figure 10)
are considered. The values above 100% and below 0% are
not taken into account. In each case the resulting open wa-
ter diagram is compared to the original open water diagram
without fluid mud. Therefore the correlation to be con-
structed also takes into account the presence of the interface
as is. During the application of the proposed correlations
in the actuator disk model, the parameter such as submer-
sion in the fluid-mud is really hard to define, because in the
practical situation the interface can be misaligned with the
propeller axis and have a complex three-dimensional struc-
ture. Therefore, a much more reliable alternative is to use
the volume fraction of fluid mud in the propeller disk in-
stead of the distance to the fluid mud interface. Thus, for
each case the submersion depth as fraction of the diameter
sp was transformed into the area fraction of fluid mud in
the propeller disk αS = Smud

Sprop
as follows:

γ =
180 arccos(1− 8sp(1− sp))

π

αS =


1
2 − 2

√
4sp(1−sp)(

1
2−sp)

π − (180− γ)/360

if 0 ≤ sp ≤ 1
2

1
2 − 2

√
4sp(1−sp)(

1
2−sp)

π + (180− γ)/360

if 1
2 < sp ≤ 1

,

where sp ∈ [0; 1] is (s/d)
100% , the angles are given in degrees

in this formula.
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The computations were conducted using the unsteady for-
mulation of the RANS equations. The propeller rotation
was resolved, because in this case the position on the blade
relative to the interface is important (as compared to the
cases considered for the derivation of viscosity correlation).

(s = 0d) (s = 0.25d)

(s = 0.5d) (s = 0.75d)

(s = d)

Figure 9: Distribution of the free surface elevation for differ-
ent submersion depths

In order to be able to accurately resolve different interface
locations, a refinement region was created for −0.5d <
z < 0.5d, where z = 0 coincided with the propeller axis
(for the definition of the coordinate system the reader is re-
ferred to the Figure 9). The total cell count was 6M. The
parameters of the boundary layer mesh were the same as
described in the previous subsection.

Figure 10: The scheme of different submersion depths

The total computational time was 0.5s, so 20 complete rev-
olutions were simulated. The forces were averaged over the
last 5 revolutions. In Figure 9 the resulting fluid-mud/water
interface is shown. Surprisingly, the propeller rotation did

not lead to intense mixing of water and fluid-mud in the
propeller disk*. The deformations of the interface can be
seen only downstream from the propeller and are obviously
due to the generated torque. The possible explanation for
this can be twofold. From the physical point of view, one
can argue, that there is no actual proof that this mixing is
so intense, that all fluid at the propeller is in the ”average”
state between water and fluid mud. From the modeling
point of view the reason can be that the transport equation
for the volume fraction did not include the diffusion due
to turbulent mixing, which might play a significant role.
Accounting for turbulent mixing would require the prior
knowledge of the turbulent Schmidt number (the ratio of
turbulent momentum transport to turbulent mass transport)
for the water/fluid-mud which can only be obtained exper-
imentally or using DNS.

In order to construct the correlation, first the dependence of
KT ,KQ values on αS was analyzed for different J . These
plots can be seen in Figure 11. Obviously, the KQ always
increases when αS increase, since more of the propeller
surface is covered in fluid-mud with higher viscosity, which
leads to the increase of frictional resistance. On the other
hand, KT can either increase or decrease depending on J .
To make the variation due to αS more visible, the values of
KT ,KQ in water were subtracted from these curves result-
ing in Figure 12. Further, in order to rescale this function
to always be in the range from 0 to 1, it was divided by
its value for the corresponding J at αS = 1 (see Figure
13). This, however, can be done only if one assumes that
at αS = 1 the open water diagram is the same as one ob-
tained in the single phase propeller computation in infinite
fluid-mud (see previous subsection). If this assumption is
accepted, it becomes feasible to combine the correlations.
As one can see, the curves in Figure 13 can be in the least-
square sense approximated by a straight line quite accu-
rately.

8 COMBINING THE CORRELATIONS
In order to derive the correction which would account for
both effects (of rµ and αS) one could combine the ones
from the previous sections in the following way:

KM
T,Q(J, rµ, αS) = KW

T,Q(J) + αS ·∆KT,Q(rµ, J),

(23)

where KM
T,Q is the open water diagram in fluid-mud at par-

ticular value of rµ and αS , KW
T,Q is the open water diagram

in water and ∆KT,Q is the correction given by Eq. 23.

9 CONCLUSION
In the framework of this research, the numerical model of
the multiphase flow containing non-Newtonian component
is developed and validated for the prediction of the flat plate
towed in fluid mud. Subsequently this model is used to con-
duct a series of computations of propeller performance in
fluid mud. Based on the CFD results for different cases,
the correction is derived, accounting for the influence of

*Unfortunately, there was no possibility to check in the experiment, whether this mixing would take place in reality
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(a) (b)

Figure 11: The difference in the open water diagram due to the change of area fraction of fluid mud in the propeller disk αs

(a) (b)

Figure 12: The differences between the open water diagram in water and at some particular value of αS: Kα
T − KW

T and
10(Kα

Q −KW
Q )

(a) (b)

Figure 13: KT and KQ variations divided by their values at αS = 1 for a particular J (i.e. δKT

K
αS=1

T

and δKQ

K
αS=1

Q

)
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parameters of the fluid mud on the propeller open-water
diagram. The correction can be used in the actuator disk
model during the maneuvering simulations to modify the
original open-water diagram and account for the fluid-mud
influence without much effort, because the values of vis-
cosity as well as the fraction of fluid-mud in propeller plane
are relatively easy to compute.
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