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Abstract

The comparison between different methods to
identify the wake vorticity structure from a
RANS calculation of the flow around a marine
propeller. Three methods are considered, vor-
ticity magnitude, Q-factor and total pressure
variation.

Of these methods the total pressure variation
method turned out to give the most reasonable
results, whereas Q-factor method showed some
problems with the accuracy. The total vortic-
ity method showed good results and was stable
for the whole range of advance ratios.

1 Introduction

For turbo-machinery the correct simulation of
the flow is essential for performance analysis.
Especially the wake structure is important, as
the induced velocity on the propeller blades is
much larger than the induced velocity on an
aircraft wing. [1]

These wake structures are captured by Navier-
Stokes as they fully describe the flow. As
a full Navier-Stokes simulation is very com-
putational expensive, the Reynolds averaged
Navier-Stokes (RANS) equations are used in-
stead to calculate the flow field.

While these RANS simulations are able to cap-
ture all the phenomena in the solution, it still
takes a considerable calculation time. There-
fore, it is preferred to use a panel flow in combi-
nation vortex sheets to model the wake struc-
ture. For the panel flow simulation the vortex
sheets have to be added as a boundary condi-
tion, but the problem is that the position can
not be know on forehand.

In this paper, we will look into a few meth-
ods to extract the tip vortex positions from a
RANS solution. Fits of these positions at dif-
ferent flow conditions could then be used in
panel flow simulations.

2 Theory

Due to the pressure difference between the
pressure side and the suction side of the blade,
a tip vortex will appear at the edge of the
blade. Also at the the trailing edge a vortex
appears, which together form a vortex sheet.
Due to the rotational motion of the blades, the
vortex sheet modeling the wake looks like a he-
lix as shown in figure 1. The vortex sheet of
all the blades forms the wake, which influences
the inflow angle at the blade which will in turn
affect the produced thrust and torque.

The radius of the helix decreases after the pro-
peller since the velocity after the propeller in-

creases. Far downstream ratio between the



radii should be inverse proportional to the ra-
tio of the velocities.

The pitch is influenced by the angle of attack.
If we assume a frontal flow, the flow conditions
are given by the flow number J, which is de-
fined as J = ‘Z'eDf, with Vs taken at 70% of
the blade radius; n the rotational speed and D
the diameter. At the design flow number, the
pitch length of the wake should be the same
as the advance ratio of the propeller. A lower
flow number means that the flow has a higher

angle of attack, thus the pitch will be smaller.

However the pitch is not constant over the ra-
dius. Near the root (of the blade) the pitch
increases faster, this is because influence of the
vortex increases with radius. This means that
the tip vortex ”forces” the vortex near the root
down. This can be seen in figure 1. In practice
however this effect is small.

Figure 1: Schematic picture of the wake struc-
ture, in this case of an helicopter rotor

The strength is determined by the amount of
circulation around the blade, this circulation is
determined by the amount of lift (in this case
thrust) generated.

As the edge of the vortex sheet is formed by
the tip vortex, we only have to find that to find
the shape of the sheet. According to [2], the

following characteristics are commonly used for
a vortex core:

e Total pressure minimum
e High vorticity

e High ratio between rotation and shear

Each of the detection methods described in sec-
tion 4.1 are based on one of these characteris-
tics.

3 Description of problem

The propeller in the provided datasets is an un-
cased propeller with four forward-angle blades
with a advance ratio of 1.06 at a design flow
number of 0.71. The flow around it is calcu-
lated by Refresco, a finite volume RANS solver
from Marin institute in Wageningen.

The flow has a uniform velocity inflow and has
no pre-swirl. In the datasets provided, only
the inlet velocity V4 is changed, the rotational
speed  and diameter D remain the same. The
pressure at all boundaries is set at zero.

A Cartesian coordinate system (figure ?7) is
used to describe the flow, with the propeller in
the Y-Z plane and the flow coming from the
negative X-axis.
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Figure 2: Schematic picture of the wake struc-
ture, in this case of an helicopter rotor

4 Methods

There are two main categories of methods to
find the vortices: the local methods and the
global methods. [3] The local methods only
require the data of the cells at one slice in or-
der to find the vortex, whereas global methods
use also data in the third dimension. The lat-
ter would generate vortex filaments throughout
the domain while the first finds discrete vortex
positions in each slice. In this paper, we only
concern ourself with the local methods.

The local methods here all follow the same ba-
sic steps: first some detection method is used
to ”light” up the tip vortex, then the peak is
taken as the tip vortex. This process is done
for different distances from the propeller. Some
caution should be given as the global maximum
value might be in the boundary layer region.
Therefore it should be checked if the peak is in
logical area. This whole process can be done
manual or automatically. In this work it was
done manually.

The radius, theta, pitch angle and pitch length
are calculated by the equations 4 using these
extracted positions.

4.1 Detection methods
4.1.1 Total vorticity

The vorticity magnitude is taken as the second
vector norm of the vorticity vectors in wy, wy,

and w,.
|w| = /w3 + w2 + w? (5)

In [2], it is argued that the vorticity magnitude
does not detect all kinds of vortices, especially
when they are near solid walls. This makes it
difficult for detecting boundary layers.

If there are multiple vortices close to each
other, they might get cancelled out.

4.1.2 Q-factor

The Q-factor gives the balance between rota-
tion and stretching of a fluid element. The
dimension full form is given by:

Q= 5(l2* ~ 1I51%) (6)

The two components written out in the Carte-
sian velocity gradients are:

Q| =tr(QQ") = JWi+wltw?) (7)
1S :tr(SST) = ui—i—vi—i—wg (8)
+ %(u% +v2 + 2uyv,) (9)
+ %(ug + w2 + 2u,w,)(10)
+ %(wg +v2 + 2vu,wy) (11)

The ||€?|| corresponds to the amount of vortic-
ity, whereas |S|| corresponds to the amount
of stretching. At vortex centres, the Q-factor
should be very large, since the vorticity term
is there much larger than the stretching term.
At the wall the Q-factor should be zero.

The non-dimensional form of the Q-factor is:

_ Q%
@=4(l5m - (12

To avoid division through zero, a very small
value is added to the symmetric part.




4.1.3 Total pressure variation

This method is based on the property that vor-
tex cores have a lower total pressure in the cen-
tre than in their surroundings.

The total pressure variation for a flow with
an upstream speed along the axis and rotat-
ing blade at speed 2.

Apy=p+gpvi+  (13)
(vy +rQsin0)? + (v, —rQcos6)?)  (14)
~pint — 3pUing + 70 (15)

In order to account for the rotation of the
blades, the rotational speed is subtracted. The
total pressure variation is made dimensionless
by:

Ap;

+7rQ)

(16)
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CAPt =
Only in the boundary layer and the tip vortices
the coefficient should be negative, everywhere
else in a region of constant total pressure it
should be equal to zero as the two terms cancel
each other out.

4.2 Fitting model

The found positions are fitted around a helix
along the x-axis with a decreasing radius and
increasing pitch. Instead of the pitch, the an-
gle theta could also be used, but this is not
conventional. The equations for the helix are:

y(z/R) = R%(w/R) sinf(z/R)  (17)

2(z/R) = R%(az/R) cosO(z/R)  (18)
where 4 (x/R) and 6(x/R) represent the found
fits.

According to [1], the radius decreases till it
reaches a stable condition. He used different
fit for the unsteady and steady part.

The steady part is modeled by

r B
A2
R J

with A and B constants to be determined from
the results.

(19)

The unsteady part is somewhat trickery, as
there is no consensus how the radius decreases.
In [1] a fit without background theory is be-
ing used for the unsteady part. In this work a
power function is used to model the radius.

r B

E(x/R)z/L(x/R) +C (20)
with A, B and C constants to be determined
from the results.

The theta is modeled by a second order polyno-
mial as the angular velocity is expected to slow
down as we get farther from the propeller.

0(z/R)=A-(z/R)*+B-(z/R)+C (21)

with A, B and C constants to be determined
from the results.

5 Results

In table 1 we can see a comparison of iso-
surfaces. Both the total vorticity and total
pressure variation show clearly the helical spi-
ral of the tip vortex, as well as the boundary
layer around the blades and the shaft. The
isosurface of the Q-factor however only shows
the helical wake. While this is expected, the
cross area of the wake seems to change more
abruptly than with the other methods.

All show that the wake structure is contracting
due to the energy added to the fluid by the
propeller. All these wakes slowly converge into
one large cylindrical wake.

In figures 2, 3 and 4 the development of the tip
vortex under different methods can be seen.



Total vorticity with threshold at 1.0 Total vorticity with threshold at 2.0

O

Q-factor with threshold at 0.5 Q-factor with threshold at 1.0

Cpt with threshold at -0.3 Cpt with threshold at -0.2

Table 1: Comparison of isosurfaces at J=0.20



TV, z/R = 0.00 TV, z/R =0.18

Q, /R = 0.00 Q, z/R =0.18

Cpt, /R = 0.00 Cpt, /R = 0.18

Table 2: Slices for different methods at different distances behind the propeller. J=0.71 The
black circle indicates position of one tip vortex.



TV, z/R =0.35 TV, /R = 0.53

Q, z/R =0.35 Q, z/R =0.53

Cpt, z/R = 0.35 Cpt, /R = 0.53

Table 3: Slices for different methods at different distances behind the propeller. J=0.71 The
black circle indicates position of one tip vortex.



TV, 2/R = 0.70

TV, /R = 0.88

Q, /R = 0.70

Q, /R = 0.88

Cpt, z/R = 0.70

Table 4: Slices for different methods at different distances behind the propeller. J=0.71 The

black circle indicates position of one tip vortex.

Cpt, /R = 0.88



Whereas the Q-factor method does not show
the wake behind the propeller blades and the
boundary layer as expected [2], the other two
methods clearly show the wake behind the pro-
peller blades. Also the other two methods show
the boundary layer more prominently than a
Q-factor method.

It can be seen that in the tip vortex, two areas
seem to appear. In the first one the top is in
the front one, but in the second one the peak
value is in the area behind. This might cause
the sudden drop in the radius.

As seen in the isosurface plots and at the end
of series of slices, the tip vortices merge af-
ter some distance travelled into one ring. This
makes it very difficult to estimate the theta of
the tip vortex farther aft this point.

The peak values tend to rapidly decrease for
the total vorticity and total pressure method,
but the peak value of Q-factor tends to de-
crease much slower. For low threshold values
for Q, there is also a large ring visible at the
end of the domain.

6 Extracted data

The calculated radius shows that the tip vor-
tex radius decreases with the distance from
the propeller. The total vorticity method and
the total pressure method show similiar re-
sults, but the radius calculated by the Q-factor
method changes significantly after /R = 0.6.
For lower advance ratios, it settles at about
80% of the other methods. For higher J-values
the effect is inversed as the radius calculated
by the Q-factor method increases with the dis-
tance from the propeller.

The theta increases with x, but the rate at
which it increase slowly decreases. Here all
methods seems to agree upon. The pitch an-
gle seems to be almost constant for the whole

range. Only at the end there is a jump in the
pitch angle.

The pitch distance is the same for all methods
as can be seen in figure 3. The problem of
the pitch formula is that it is sensitive to small
oscillations in the angle theta and radius. We
can see that the value is around the advance
ratio of the propeller (1.06).

6.1 Values for different flow condi-
tions

The correlation between radius and the flow
conditions seems to increase linearly. The
point where the limiting value is reached, is
nearer to the propeller for lower flow condi-
tions. The steady radii to converge for higher
advance ratios.

Figure 4: Comparison of fits of radius for dif-
ferent flow conditions

The theta fit increases with the increasing flow
conditions. The rate of decay of the slope of
the fit is approximate the same for all flow con-
ditions.

The calculated pitch angle fit increases with in-
creasing J-values. The pitch fit increases with
increasing J-values. This makes sense as the
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Figure 3: Comparison of different methods for J=0.71
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300

Figure 5: Comparison of fits of theta for dif-
ferent flow conditions

angle of attack becomes higher with higher J-
values, thus the pitch tend to be stretched in
the longitudinal direction.

The found fits for radius and pitch follow a sim-
ilar trend as in [1]. While the values are of the
same order of magnitude, it should be noted
that in that paper a five bladed propeller is
used. Moreover, the values are experimentally
acquired in that paper.

7 Discussion

As indicated in the results, the difference be-
tween values becomes very small as shown in
figure, it is very difficult to extract the posi-
tions far downstream. This makes it difficult
to assess if it is still in the transition zone.

As said before, the quality of the Q-factor
seems to be dependent upon the J-value. How-
ever, the other methods suffer also from the
problem that for higher J-values, the differ-
ences become smaller. This makes it harder
to detect the peaks.

According to [4] the RANSE simulation in-
troduces more viscosity by not modeling the
turbulence and therefore the tip vortex decays

11

faster. This would also explain the decreasing
peak values at the slices. Therefore it would
be interesting to see how the results change if
another type of simulation is used.

Another problem is that there is no higher res-
olution grid available, thus a Richardson ex-
trapolation to estimate the order of error is
impossible. Even if there was, then it would
be difficult to distinguish between errors in the
solver and errors in the detection method.

For further research into this subject, more re-
fined grids would be necessary.

As we can see in the results of the fit for the
radius, that it is not so good. This could be
explained by the manual selection of points,
but this would not explain the large deviations
in radius, but not theta. Unfortunately these
deviations cause larger deviations in the pitch
angle and pitch.

As indicated in the results, the Q-method
sometimes gave two peaks instead of one. This
would suggest that there are two vortices. The
other two methods do not show this. It is the
question if this is just a numerical artifact or
really happening in the flow.

This phenomenon might be explained as a vor-
tex with an shear flow, which creates two peaks
instead of one.[2] Also these peaks are perpen-
dicular to the position of the real peak, which
could explain this effect.

Another explanation is that since the vortex
core is moving in time due to the rotational
speed of the propeller, the tip tends to be
smeared out over a small area. This might
be explained the behaviour of drop of the ra-
dius with the Q-factor method. The Q-factor
method generated a peak at the tail of the vor-
tex as the core instead of the core itself.

On advantage Q-factor has over other meth-
ods is that is does not show the boundary layer
around the horizontal shaft nor the wake after



the propeller blades. This would be advanta-
geous in automatic vortex detection.

8 Conclusions

As seen in the results, the total vorticity
method and coefficient of total pressure show
similar results. The Q-factor, while useful to
find the region where the tip vortex is located,
gives worse results for the radius. Also the
”stability” is highly dependent on the advance
ratio. Therefore is the Q-factor not advised for
tip vortex extraction.

Since the results from total pressure variation
and total vorticity are quite similar, the ques-
tion arises which method would get preference.
As the total pressure variation takes the ro-
tation into account, it is preferred. The to-
tal pressure variation however has as drawback
that at higher values of J, the tip vortex be-
comes less clear. Therefore the total vorticity
has preference as it works for the whole range
of advance ratios.
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Appendix

Results for all the flow conditions
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Figure 6: Comparison of different methods for J=0.10
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Figure 7: Comparison of different methods for J=0.20
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Figure 8: Comparison of different methods for J=0.40
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Figure 9: Comparison of different methods for J=0.60

16



o T T T T T T
=12 —+—-TV -—+-Q -0 Cptl|
g 1 i i ® e ‘—""_"-"-' ) ! -
5 - = i PR ™ e e B — Bt e R e et R Lt ) ik ke il e e G
3 08 'ﬂt‘_,_'__‘_'_._g—,-er ¥. e -9 -+ ® ® |
o 086 ! ! ! ! ! ! ! !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
¥R
T T T T T
fem)
L 200 P SR VI ollclostiy SR
g B o
< d_____o.—-—M
0 - ! ! ! ! ! ! !
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
*R
2
Er T T T T o
[=)] -
e e e e R S e A NS 4T -
E ‘\+/' Q .--._""'*--.___‘
T o ¥
a 2 | | 1 1 1 1 | 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
¥R
a 5 T /*— \\ T T ;
= ~ i
g ¥ 0 \\Hf""—*‘ e
= A O o WM -
o %;—*-#\_‘* I__-Iﬁ-_\_'ﬁ:.- * F’ T _ﬁ-‘—.+.—‘_‘_|'-+ _____ |—h\ ! !
0 LY
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
¥R

Figure 10: Comparison of different methods for J=0.71
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Figure 11: Comparison of different methods for J=0.80
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Figure 12: Comparison of different methods for J=0.90
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