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ABSTRACT

Cycloidal- or vertical-axis propulsors, like Voith
Schneider Propellers or ABB Dynafin, differ a lot from
common horizontal-axis- or screw propellers, not only
visually but especially in their hydrodynamic
characteristics. Hamburg Ship Model Basin (HSVA) has
developed a new surface strip method specifically for the
scale correction of such cycloidal propeller model test
results. Similar to our existing method for screw
propellers we account for the propeller’s geometry and its
hydrodynamic characteristics by means of surface stripes
and drag- as well as lift- coefficients. The kinematics of
cycloidal propellers is all but stationary not only due to
the propeller rotation but especially due to the periodic
blade pitching motion. This motion is described by the
blade steering curve. All this transient effects are
addressed by the scaling procedure.

Blade steering curves from Voith Schneider Propellers
(VSPs) have been used within our correction method as
well as for the CFD analysis by means of the HSVA in-
house viscous flow solver FreSCo+. The latter has been
employed for determining open water characteristics in
full scale for correlation reasons and especially to depict
details of the time dependent force distribution within one
propeller revolution.

At typical propulsion test conditions the chord based
mean Reynolds-Number ranges from 5x10* to 10°. Due to
the periodic downwind motion of the blades the relative
speed of the blades and therefore the local Reynolds-
Number reduces additionally to about 25% of the mean
value, which leads to dominating laminar flow patterns.

Large scale effects are observed at these advance
coefficients which are not related only to pure surface
friction effects described by friction lines. They
correspond to dominating laminar flow which necessitates
accounting these phenomena by the prediction of
nonlinear lift- and drag coefficients cl, cd valid at very
low Reynolds-Numbers and at full scale. The scaling
method can either be applied to open water test results or
directly to the propulsion test results, in cases where no
open water test results are available.

This paper summarizes the work of the development
process as part of our applied research at HSVA towards

integration of measuring and scaling methods into our
standard process.
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1 INTRODUCTION

Propulsion tests with cycloidal propellers like Voith
Schneider Propellers (VSP) are actually scaled up to full
scale performance by means of HSVA standard method
called “Inselblatt” (1941, 1063) which is represented by a
correction formula accounting the Reynolds Number Rn
with the resultant velocity vel, the advance velocity U, the
tangential velocity @R, the mean chord length ¢ and the
kinematic viscosity v.

Rn=vel*c/v )
vel=( (U*+(aR)?)"®

Due to the upwind- and downwind-motion of the
propeller blades the local relative speed of the blade vel
and therefore the Rn varies depending on advance
coefficient J. At bollard pull (J=0) the variation of the
relative speed vel = oR is zero and with increasing J (at
J=r)vel becomes zero which leads to maximum variation
of Rn. A typical advance coefficient of a VSP during
propulsion test is in the order of J=2.0-2.2.

Fig. 1 exemplarily shows the mean blade Rn variation of
two operating points during a propulsion test. Depending
on propeller speed n the mean Rn of the whole blade
varies between 0.7 10° and down to 0.15 10° and 1.7 10°
and down to 0.5 10°.
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Figure 1: Rn variation within one propeller revolution



If turbulent flow on a screw propeller blade can be
expected near Rn=3.5 10°, the Fig. 1 shows that mainly
laminar flow can be expected on the VVSP-blades during
the propulsion test and mainly during the open water test
(at higher rps). This emphasize the wide spread of Rn to
be accounted for.

During model test the Rn is typically 10 to 100 times
lower than at full scale. This gap is closed by applying a
scale correction onto the test results towards full scale.
For propellers the thrust T, torque Q and open water
efficiency 7, are given as non-dimensional coefficients
Kr, Ko and 7, respectively (with propeller diameter D,
propeller speed n and test fluid density p (fresh water).

Kr=T/(pn°D"),
Ke=Q/(pn’D°) )
770:\]/(271') KT/KQ

2 APPROACH OF THE SCALING METHOD

The approach for the strip method is based on the
geometrical representation of one blade by strips along
the vertical span from root to tip. The blade chord ¢ and
the maximum thickness t are expressed over blade span s.

The hydrodynamic characteristic of these strips are
described by 2-dimensional, symmetrical profile lift- and
drag-coefficients for each blade position at time step t or
corresponding blade orbit angle at).

a(t)=a=wt 3)

The pitch P of a cycloidal propeller is expressed by the
eccentricity e:

e=P/(D- z)=sin(Lmax) 4)
Where frax 1S the maximum pitch angle of the blade. The
pitch angle g describes the pitch angle at each blade
position « relative to the circular motion on the blade
orbit diameter D=2R and is defined by the blade steering
curve (BSC) pB(a), see Fig.2. These curves have been
provided by VOITH as discrete curves, which have been
translated into a continuous expression by means of a
Fourier series expansion.

0=270

Figure 2: Coordinate system and angle definitions

The geometrical profile angle o, and the velocity angle o,
for each time step t are defined as:

o, = profile orientation angle, relative to x-axis
0,=180+B-a (5)
ay = velocity angle, relative to x-axis
o, = arctan(v/u) (6)

With the advance velocity U the momentary velocity
components u and v at each blade position read:

u=R-®-cos(w-t) + U
v=R-@-sin(w-t) (7
vel = (u? +v?)°%°

Finally the geometrical angle of attack (AoA) of the
profile relative to the incoming velocity is:

AoA= oy - oy, (8)

At each time step the local lift dL, the drag dD of each
profile strip is determined as follows:

dL=c,-p/2-c-vel®-ds
dD =cp-p/2-c-vel?-ds 9)

The span wise integration from root to tip leads to the
force and torque per blade and time step.

df, = —dD - cos(a,) — dL - sin(a,)

df, = dD -cos(a,) + dL - sin(a,)
dq = (dD-cos(AoA—pB) +
dL - sin(AoA — B)) 'R

The sum of the blade forces df,, df, and blade torque
dq over one revolution read:

fx=zdfx :fyzzdfy q=zdfq (11)
The mutual interaction between the blades is

approximated by a simple relation of the number of
blades Z as follows:

f(interaction)=1.50 - 0.09 Z (12)

This interaction approach does not account for the
instantaneous mutual interaction of all blades but it holds
in the mean sense for one revolution.

(10)

The sum over number of blades Z leads to the propeller
response:

F, =7 f, " f(interaction)
F,=Z-f, - f(interaction)
Q =2-q

(13)

The frictional effect in Ky and Kq between full scale (FS)
and model scale (MS) is obtained by means of the
respective prognosis of T=F, and Q. Their relative values
based on the strip method (strip) lead finally to the
following scaling.



Kr,rs = Ky, ms + (K s strip — Krmsstrip) (14)

Ko, ks = Ko, ms + ( Ko sstrip — Ko,umsstrip)

The 2-dimensional lift- and drag coefficient are
superimposed based on the following contributions,
where the indices i, vc, and r stand for induced, virtual
camber and pitch rate r:

€L =Cpit CryctCry (15)
r=a-c/(2vel) ,AoA = da/dt=a
The lift coefficient due to pitching motion reads:
Cr=2mnr = 2ma, (16)

The reduced pitch rate acts like an additional angle of
attack «.

The angle of attack and the lift coefficient due to virtual
camber are expresses similar to Goude (2012):

aye = sin" ((w - 0.5 = B - a) c/vel)
dp/dt=p

a= x/c = distance of pivot point from LE

(17)

CLyec = —2 T Ay

The virtual camber is composed out of a steady part, due
to the propeller revolution @ and an unsteady part due to

the rate of pitch adjustment dg/dt.
Cp = Cpmin T Cp;i + Cpyc + Cpr (18)

The minimum profile drag coefficient cp ,,,;,, at AOA=0 is
calculated according to a mixture of Prandl-Schlichting
friction line ¢; where the t/c dependency is taken from
Hoerner, (1965):
Copmin =2 ¢ (14+2(t/c) +60(t/c)*)
cp; = |cp ;| - sin(0.65 - AoA)

(19)

The frictional torque coefficient c, (Fig. 3) of the
mounting disc is determined by means of a mixture of
laminar (Cmam) and turbulent (Cn ) torque coefficients
according to Nelka, (1973), valid for a spinning disc. The
factor 0.5 accounts for the half, i.e. one wetted side of the
disc.

tm =Q/(0.5-p - w?R®)
Cmiam = 3.87+0.5+ (Rn)%5

1
Cmturb,trans — 0.146- 0.5 - (Rn) =
— 678/Rn

Quisc = ¢m 0.5 p - w?R

(20)
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Figure 3: C,,(Rn) of spinning disc

The 3-dimensional blade characteristic for an elliptical
load distribution is defined by means of the blade’s aspect
ratio AR=span’/bladearea as:

CL3p = Cr2p/(1+ 2/AR)
2
Cp3p = Comin + Cpr + Coye + Cpi2p®/(1+ )
cpy = (m-1)*> /(- AR)

Cpyec = |CL,1;C ) AOA'

(21)

Determination of static profile lift coefficient ¢

The approach of the actual scaling method is to express
the dynamic response of the profile by means of static
profile data and a dynamic extension accounting for
dynamic stall depending on instantaneous reduced pitch
rate r:

CL.dynamic = CLstatic f(T‘) (22)

This instantaneous pitch rate r differs from the reduced
frequency k describing only the frequency w in relation to
the flow condition.

k=w-c/(2Vel) (23)

For medium to high Rn (about 3.0 - 105 — 1.0 - 107) the
static 2D-lift coefficient ¢; for a symmetrical profile is
represented by the following approach:

Cpstatic = Cr,q * 0.5 sin(2 AoA) (24)

cq = grad c (AcA = 0) = 2m

The static lift coefficient ¢, as well as its slope ¢, is
affected by profile shape, represented here by thickness to
chord ratio t/c, and by Rn. Both are described by
influence functions f(t/c) and f(Rn) respectively which
are derived on the basis of the ideal thin airfoil Ilift
coefficient gradient ¢, , = 27

Cra = 21 f(t/c) - f(Rn) (25)



Influence of Profile Shape f(t2c)

According to experimental profile data valid for high Rn
the following f(t/c) has been derived.

ft/c)=1—a-(t/c)
a = —0.6047 + 11.45 (t/c) — 23.3 (t/c)?

(26)

Influence of Reynolds Number f(Rn)

In general the lift curve slope ¢, shows a non-continuous
dependency from Rn. At low Rn below
1.0 - 10° and low AoA the ¢, increases with reduced Rn,
see Gerakopulos, R (2010). In the range of medium to
high Rn (3.0-10° — 1.0 - 107) the c_, increases again
with growing Rn, see Sherman (1939). For a thin profile
at high Rn (1.0 10°) the CL . Should tend to the ideal thin
airfoil lift coefficient gradient c,, = 2n and f(Rn)-
f(t/c)=1.

The function f(Rn) is derived from test results described
by Sherman (1939) and by Gerakopulos, R (2010) for a
NACAO0018 profile, taken as being representative for
different t/c-ratios. Here f(t/c) and f(Rn) are treated as
being independent of each other. These test results have
been normalized by means of the aforementioned f(t/c)
(27) in order to obtain a pure influence function f(Rn):

fRN) =cLq /Q@m-f(t/c) (27)
A regression analysis of the test data led to the following
two partwise functions between log;o(Rn)=4.5-5.54 and
5.54-7.00.

For logio(Rn)=4.5-5.54 of the bilinear range at low AcA

f(Rn) = —5.93 4+ 20.96 - log10(Rn)~°-6¢ (28)
For logyo(Rn)=5.54-7.0 for sin(2 AoA) range
f(Rn) = 1.04 — 185243 - log10(Rn) %82 (29)

Fig. 4 shows the f(Rn) depending on logig(Rn). The first
full circle matches the tendency of the open ones. This
can be seen as a consistent match between both
independent test results. Interestingly the break point
between both low- and medium-Rn regions remembers to
the Prandl-Schlichting friction line with a similar critical
Rn near 3 10° (log;o(RN)=5.5).
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Figure 4: Influence functions f(Rn) for the gradient cl and

Olcritical

Besides these two Rn-regions the c¢_ behavior is
represented out of three regions in view of AoA. At low
Rn c_ (AoA) shows a non-linear character which can be
simplified by a stepwise linear distribution from AcA=0
towards a critical angle oiticar, Up t0 laminar separation
takes place, and a second region where the gradient c; ,
becomes less steep and almost constant ¢;, = 0.03
Michna et al. (2022). At medium to high Rn (3.0 - 10° —
1.0-107) c¢,,is determined by (25). The linear
distribution of the second region is taken as long as the cl
at high Rn acc. to (24) is reached c; ,=c; 3. This defines
the third region where the above mentioned bilinear
region is not valid any more. This dependency is assumed
to be valid for the static- and dynamic case. The critical
angle oy is adapted from Michna et al. (2022).

It should be mentioned, that oqic will most probably
change under influence of dynamic behavior like pitching
motion. Momentarily ogiica IS treated as being
independent of r.

Influence of dynamic stall f(r)

In order to account dynamic stall behavior the Beddoes-
Leishmann stall criterion is applied together with the
Kirchhoff function. The relations are modelled according
to Sheng and Galbraith, (2008, 2014) and Boutet, (2014)
valid for profiles under periodic pitching motions.

A separation function f(x/c) describes the influence of
stall onto the lift. The separation point (x/c) runs from the
trailing edge TE (x=0) to the leading edge LE (x=1) of the
profile. By means of this function the loss of circulation
due to trailing edge stall behavior is described depending
on the stall onset angle agnset, See Fig. 5. Fully attached
flow is represented by f=1 and fully separated flow with
f=0, where it is assumed that separation starts at f=0.6.
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Figure 5: Separation location f, from TE (1) to LE (0)

2
1+/f
Clstalled = Clattached ( 2\/_)
f = A— B - e((40A-aas)/s1) AoA < ay (30)
f = C + D - e((@aas—404)/S2) AoA > ay,



A=1.00 B=0.40 S1=4.0
C=0.02 D=-0.58 S2=4.0

The coefficients A to C are taken from Sheng and
Galbraith, (2008, 2014) where S1, S2 are chosen
according to own experience during the development
phase.

The stall onset angle depends on the profile thickness to
chord ratio t/c, the AoA, the movement direction
(up/down stroke), the Rn and the reduced pitch rate r.

Ogs = Ogso + T " T (31)

With increasing pitch rate r the stall onset angle oys is
shifted from static stall angle ag at r=0 towards higher
angles ag4s where the gradient T, describes the time
lagging or extension of the attached flow due to r

(Tor =ags-04s0)- The dependency from r is described by a
bilinear function with larger gradient at small r below
0.01 to 0.015.

The coefficients from Sheng, 2008, 2014 and Boutet,
2014 are listed in Tab. 1. It should be noted that the
coefficients are valid for harmonic pitching motions,
where r is taken based on the amplitude (maximum value)
Max. Within the actual scaling method the instantaneous r
has been used, since the BSC differs from a sinusoidal
dependency. Investigating the literature reveals that the
(t/c)-dependency of the angles for NACAOOxx profiles is
weak to the contrary of T,. Own experience with this Rn-
dependency of dynamic stall lead to unrealistic scaling at
low J. Even when this condition seems to be less
important than propulsion conditions, it is decided to
exclude this Rn-dependency in favor to stable results.
This topic is left for further research.

Table 1: Stall onset parameters

Olss Qldso T, Rn
NACA 0012 6.93 9.33 2.48 2 10
NACA 0018 5.55 9.28 3.74 210*
NACA 0012 15.00 18.78 2.43 1.5 10°
NACA 0018 14.72 17.73 6.08 1.5 10°
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Figure 6: Stall onset angle ags versus r, n=6 rps, J=1.8

Fig. 6 combines the absolute values of |AoA| and the
dynamic stall onset angle «ays depending on pitch rate r.
At high r the |AoA| is low and far below ag4s which means
that no dynamic stall will occur. At small r the |AoA| is
high and falls above a4 which triggers the dynamic stall
onset. Fig 7 shows the corresponding c, ; together with the
thin airfoil limit ¢,.=2z AoA for reference. Additionally
the separation function f shows where the Ilift is
influenced due to separation. According to this Figure
dynamic stall occurs at AoA =20° and AoA =-15° where
the separation function f reduced from 1 down to 0. The
curve r<0 at AoA >0 shows the delay of the flow
reattachment after separation or stall has occurred.

At AoA between 5° and 7° the bilinear c_ distribution
shows the first two regions at low Rn.
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Figure 7: Profile ¢, j(AoA) and separation location f, during
up- and down-stroke movement, n=6 rps, J=1.8

A VSP works typical under propulsion conditions at pitch
rates of up to 0.3. The dynamic stall literature deals with
pitch rates up to 0.05. This threshold seems to describe
the transition from instantaneous to highly instantaneous
motion, where the coefficients may be valid with less
confidence due to lack of data.



After showing particular results of the proposed scaling
method at single conditions a predicted propeller open
water characteristic (POW) is shown in the next Fig. 8
valid for n=6 rps. For large J the test results (EXP) and
the predicted results by means of the strip method
correspond well for Ky, Kq and 7, from a practical point
of view. With lower J, where the AoA increases, the
predicted K; becomes too high compared to the
experiments, which is expected to correspond to the stall
behaviour.
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Figure 8: POW at n=6 rps (Rn=1.3E5-1.5E5), measured
(EXP) and predicted by actual method (strip method)

3 FULL SCALE ANALYSIS of VSP’s

Besides the model scale test results some full scale POW
results and the distribution of ¢, cp during one revolution
were of particular interest. These analyses were
performed by means of FreSCo™.

FreSCo" is the HSVA in-house viscous flow solver
(RANS solver) especially developed for marine
applications Hafermann (2007), Kihl and Rung (2022).
The flow is analyzed in full scale and is assumed to be
fully turbulent. The k- shear stress transport (k-w-SST)
turbulence closure model has been applied. Wall-
functions describe the wvelocity distribution of the
turbulent flow regime by means of the universal law of
the wall, see Kuhl, Miller, Rung (2022), and estimate the
flow variables in the viscous sub-layer. The propeller
blades were fully resolved and located within individual
blade cylinders placed in the rotating propeller cylinder,
see Fig. 9. The blades were individually steered with the
blade steering angle B. All domains communicate with
each other by sliding interface technique.

The computational mesh counts 27.5 million cells, where
each blade cylinder and the propeller cylinder is
discretized by about 4.7 million and 4 million cells
respectively. The time step At for the transient analyses
corresponded to w*At=1°.

Figure 9: Computational domain containing the propeller
cylinder with individual blade cylinders

The blade steering curve (BSC) B(a(t)) describing the
blade pitch kinematic was provided by VOITH for each
individual propeller investigated. By means of a Fourier
series the BSC has been accounted within the user-
coding. From the individual blade forces and moments,
c.- and cp-coefficients were derived for comparison
reasons.

One analysis result is exemplarily shown for a five bladed
VSP. The distribution of the local friction coefficient c; on
the VSP’s surface and the axial flow velocity component
u/U are shown in Fig. 10 and 11 respectively. Where ¢
represents the local surface shear stress and w is the
rotational frequency w =2nn.

¢ =1/(0.5p(wR)?)

(32)

cf Magnitude

Figure 10: ¢ distribution on the VSP

Fig. 11 gives an impression of the normalized axial
velocity component u/U at 50% blade span (J=1.8) under
open water conditions. The influence of velocity from the
upstream blades (right) onto the downstream blades (left)
is mainly visible within 1/5 of the downstream orbit
sector (left).



Figure 11: Axial velocity component u/U, 50% span

Fig. 12 compares the history of ¢, cp valid for full scale
over one propeller revolution between the estimated
coefficients from the strip method and from FreSCo®.
The major part of the revolution shows mainly negative
lift coefficients, which is related to the dominant
contribution of the virtual camber c,.. Within the
FreSCo" results the mutual interaction between all blades
at each time step is naturally accounted for (see Fig. 11),
where within the result of the strip method it is
approximated only in the mean sense (12). Besides some
deviations between both methods near the blade flip zone
(=0) the mutual interaction in this operating range seems
not to be significant. During the development of the
actual procedure a mutual interaction between the
upstream blades and the downstream blades has finally
been ignored in favor of the simple approach (12).

For the sake of scaling corrections this approach appears
to be reasonable.
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Figure 12: cl, cd coefficients for full scale

The open water characteristic predicted by means of
FreSCo" and the scaling method are compared in Fig.13.
Similar as in model scale the K; from the scaling method
shows larger deviations with decreasing J. At larger J the
scaling method accounts at least the dominant effects. The
prognosis “quality” appears to be similar in model scale
as well as full scale.
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Figure 13: POW predicted by FreSCo* and strip method

4 SCALE EFFECTS OF VSPs

The scaling method can be applied either onto POW as
well as propulsion test results. For the scaling of model
test results to full scale it is beneficial to do this from
POW results at highest Rn available. Fig. 14 shows such
a characteristic measured at n=6 rps (EXP) together with
the predicted full scale results by means of the strip
method and the full scale CFD results (FreSCo®).
Compared to FreSCo" the measured results show a
stronger curvature over J. According to this comparison
the scale effects are larger in Kq than in Kr.

VSP Open Water Characteristic
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Figure 14: POW measured (EXP), predicted by FreSCo*
and strip method

Figs 15, 16 compare the amount of predicted scale
correction individually for Ky, Kq and 7, together with the
result of the standard procedure “Inselblatt” by means of
a scaling factor K1. The scaling factor K1 describes the
amount of scale effect, for example: Kqrs = K1*Kqms.
The comparison shows at large J a similar scale
correction (+5%) as the standard method does. The
standard method scales less at high J compared to low J,
which is different to the actual method. With lower J the
proposed scaling method reduces to about half the amount
(+2.5%) as expected from the standard method.
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Figure 16: POW, scaling factors towards full scale, n=6 rps

The Ky shows a small scale effect in contrast to Kq, which
shows an increasing scale effect over increasing J as
consequently holds for the efficiency 7.

During the propulsion tests (PT) the propeller speeds and
consequently the Rn are usually lower than under POW
conditions. Under these circumstances the scaling amount
towards FS is expected to be larger.

When applying the scaling method directly onto
propulsion tests it necessitates the assumption of the
effective wake fraction w in order to derive the advance
coefficient valid for in behind condition J,. This is done
based on the assumption of hull efficiency ny = 1, which
leads to a wake fraction w in the same amount as being
the thrust deduction fraction t (w=t).

nn = (1-8/(1-w)
Ja=Js (1-w)

(33)

For the predicted scale effects the choice of w is not
significant, to the contrary it is for the prognosis of the
absolute values (for comparison reasons).

Figs. 17, 18 show the predicted scale correction K1 based
on the propulsion tests. The results are shown dependent

on ship speed. The main difference to the situation for
POW conditions (Figs. 15, 16) is the larger variation of
Rn compared to POW. This leads to larger scaling at low
Vs.
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Figure 17: PT, scaling factors towards full scale,
Rn=0.6 10°-1.7 10°
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Figure 18: PT, scaling factors towards full scale

Compared to the standard procedure the scaling of POW
results shows a similar amount at J which represent a
steady propulsion condition. At lower J the proposed
scaling is about half the amount of the standard method.

Applying the strip method directly onto PT results, where
the Rn is usually smaller compared to POW, the scaling
appears to be similar only at Rn above 10°.

The advantage of the proposed strip method is that it
addresses particular blade shapes, number of blades,
operating conditions and blade steering curves.

5 CONCLUSION

This paper summarizes the work of the development
process as part of our applied research at HSVA towards
integration of measuring and scaling methods into our
standard process.



Based on two dimensional static lift- and drag coefficients
the hydrodynamic behavior of vertical axis propeller
blades is described by means of a low order strip method.
The following scaling contributions have been found to
be appropriate:

o Flat plate friction on the blades represented by a
mixture of laminar/turbulent Prandl-Schlichting
friction line

e  The friction of the blade mounting disc described by
a similar mixture of turbulent and laminar friction of
spinning discs

e Atlow Rn and small AoA the influence of laminar
separation bubble by means of a nonlinear lift curve
slope onto c,_ coefficient accounting also pressure
related forces

e In the medium Rn-region Rn=3.0 10° - 1.0 10° a
second Rn-dependent lift curve slope has been
accounted

The results of the strip method prognosis have been
compared in absolute values with model test results and
full scale RANS results. The scaling of the strip method
has been compared to the standard method “Inselblatt”.
Under POW conditions the results are similar near J valid
for steady propulsion points. At lower J values the actual
scaling amount is about half compared to the standard
method.

The following points are understood possibly to be
important for the topic but left for further research.

e Scale dependence of dynamic stall. Within the actual
method the dynamic stall parameters have been
treated as being Rn-independent

e  Hysteresis of the laminar separation bubble could be
accounted as an apparent camber at low AoA.
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