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Abstract

Following the work concerning single rotating pridgethe paper extends the theory successfullyiep@nd verified for simple
scenario of a single propeller to a more challeggiaise of two coaxial contra-rotating propelletse @escribed method is based on
a force-free unsteady wake formed by a vortex shbih is connected to a lifting line representihg propeller blade. These basic
elements that are also used for the single prapsitheulation case need to be modified to removestheng singularities present
when vortex sheets intersect, or when the lifting bf the second propeller passes through the whitee first propeller.
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1. Introduction provide a good initial design point for further mpization
using commercial software.
There are many different approaches to designingjran
craft propeller. The key aspect of the computationa
model is the prediction of induced velocity at tinepeller
plane. The methods for evaluation of induced véjomie
usually based on the vortex wake theory, which unde
some assumptions and simplifications can lead abyan
ical solution. In general, however, a numericalgedure,
either steady or unsteady, is needed for the docao-
putation of induced velocity and propeller loading.

A computational model that uses a lifting line posi
tioned at ¥ of chord along the blade span andcefiree
wake system consisting of vortex filaments has tasen
veloped and used for analysis and design of sriratbdt
propellers.

The goal of current work is extending the computa-
tional model to be able to handle the case of tertra-
rotating coaxial propellers.

The contra rotating propellers appearing sporalical
in experimental and single-purpose aircraft asyeaslin
the pre WWII era were designed using simple ariti
approaches. Even the large and powerful contrdingta
propellers of the TU-95 aircraft produced in largem-
bers were designed in 1950s well before the wideagh
of numerical methods fueled by growing amount aheo
putational power available. Nowadays, there arechtp
two different emerging applications for contra-totg
propellers. For low speed and low budget applicetio
such as drones, the presented method is a peotatiba
in terms of ease of use, precision of results amputa-
tional time required. Another type of applicatisnthe
high power, high speed operation of modern trarispor
craft (Fig.1). A suitable approach for designingl dine-
tuning these propellers lies in modern RANS CFD/sol  Fig. 2. Roll-Royce Open rotor technology. Source:
ers, capable of handling all of the flow physicsliling http://www.rolls-royce.com
dissipation, sound generation and compressibiffces.

Even in these circumstances the presented methdd co

Fig. 1. 3DR X8 quadrucopter with contra-rotating propefier
Source:http://diydrones.com
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2. Basic elements of the model 2.1. Circulation on the lifting line
The computational model is a natural expansioncemd ~ The polars of each airfoil at respective span Gitatiare
tinuation of the previous work focused on singlepsi- stored in a tabular format as lift and drag coédfits at

lers[1]. The whole process of calculation is automated us- different angles of attack.

ing scripts and functions written in MATLAB. Onecse

tion of the MATLAB code also runs the separate XEOI a=c(a) (1)
executable, an aerodynamic tool written by M. Dffela ca = ca(@) (2
low Reynolds number airfoil analysis [2].

Each rotor can contain an arbitrary number of tdade For calculating the circulation at span statipthe free
Each of the propeller blades is modeled separatel; stream velocity?,, (which may have any direction), the
out using any kind of symmetry, due to the fact tha relative velocity,..; due to rotation and induced velocity
coming airflow can have an off-axis direction, whiis vi from the wake system add to form the total reatie-
common especially during flight of multi-copter des. locity v. The angle of attack is then the angle between

The blade is discretized into N equidistant spaa st the chord line and projected velocity vectdr ( the on-
tions (Fig. 3). Each span station is characterizgdhe coming velocityv projected into the plane of airfoil sec-
airfoil geometry, incidence (twist) angle, chorddéh and  tion). The circulation is computed as follows:
sweep position. Based on the rate of rotation, ynBlds
number is estimated for each span station andetfoelg- r=12 ¢ cl|? (3)
namic polar is computed for each airfoil with agmiate 2
Re using XFOIL.

Each span station contains a starting element of a
horseshoe vortex forming the lifting line connegtthe ¥
chord positions of all airfoil sections. First segrhof the
vortex wake sheet behind the lifting line connegtine %4
chord and trailing edge is fixed (red color, Fiytt® rest
of the wake behaves as a force free wake.

Fig. 4. The total relative velocity as the sum of its congnts

= <0 2.2. Vortex wake

The vortex shedding at the trailing edge is a diresult

NI Axis of of the Helmoltz’s second theorem and Kutta conditip-
> rotation plied to the trailing edge. The lifting line just any other
Rigid part vortex filament cannot end in fluid and has to own

of wake “a__ i=N into the wake. To be able to represent variousikton

P - Lifting line  Individual distributions, the vortex shedding does not ocauy at
2D airfoils. the blade tips, but also between each span stafioa.
Helmholtz's first theorem states, that vortex fiemhmust
be constant. For steady case, the wake can beotbirlt
finitely long horseshoe vortices. For unsteady cése
necessary to use vortex rings as the basic eleiorertn-
struction of the wake. Each vortex ring retains ¢hieu-
lation of the lifting line at the time it was shd&®l observ-
ing the changing circulation of the wake panelads)
heading downstream we can obtain the time histbtlyeo
circulation of the lifting line (Fig.6).

In order to reduce computation resources it is @go
practice to combine the segments of the neighborimg
tex rings into one vortex filament which has thegiecu-
lation obtained by subtracting the circulations tbé
neighboring vortex rings. This way, the total numbgé
vortex segments reduces almost two times which can
bring up to four times shorter calculation of gedtmicdn-
fluence coefficients.

The geometric influence coefficients of a vortda-fi
ment are in its basic form three componduis Vi, W;,
Fig. 3. Basic components of the computational model of VeIOCity that]-th filament of unit circulation induces at

Force free <
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a specific poin®; in space. (Fig.5). The matter was cov- 2.3. Wake kinematics
ered in more detail in previous work [3] concernBig

panel methods. The inertial coordinate system was chosen as tee-re
ence frame for all the calculations. Each time step
2D vortex ti=ti1+4t, the blades are rotated in their prescribed direc-
tion by an anglei= ¢ +Q4t. All the nodes of the force-
free wake move in the direction of absolute veipoib-
_ﬁ/ﬂ/ﬂ F tained as a sum of free stream and induced vedecit
r the node (Fig.7). New position of node with cooed@s
yk P (t) is expressed as:
- P(t;) = P(t;_y) + (#h + B)At ®)
Wi
zllz)an:z:tex Vi The gap, which appears between the rigid wake ane f
r K

Uy free wake after each time step is filled with a mew of
vortex rings, which are assigned the appropriateut-
tion from current lifting line circulation distritiion.

Fig. 5. The 2D vortex with velocity field, 3D vortex filamh&;
and its induced velocity at random point P

The geometric coefficients are calculated as fadlavith
circulationT"=1 [4]:

(U Vi W) = 4 oz (B -2) @)

b am [ixp 2 O\Ifl 7l

Note that the 3D vortex filament suffers naturalith the
same singularity as the 2D vortex. As the poinag?
proaches the filament, the cross product of theéovee,
andr, approaches zero since the angle between vectors
approaches 180° and the induced velocity goeditatin

General unsteady Fig. 7. The force free wake with absolute velocity at each

case node, which determines the direction and amountisylace-
ment during next time step.
Ma(ty)
L Ta(ty)
) 2.4. Unsteady solution algorithm
\V
IT4(t,) The solver time marching solution of the basic cotap

tional model, able to handle the single propelkseccan
be described in a few simple steps.
Steady case G During initialization, only the rigid part of theake
r(t,) = (t,) = const and single row of force-free wake are created. tAd
starting circulations are considered to be zerajging
first iteration step, there are no induced velesiti

As the first step, the angle of attack and relatislec-
ity magnitude are calculated. Since there is zedoi¢ed
velocity at the beginning, the angle of attack wél rela-
tively high, usually greater than the maximum arajlat-
tack computed by XFOIL. The computed polars must be
therefore artificially extended to provide at leasime
data also in the fully stalled regime.

In the second step, the blades are rotated andxvort

wake moved as described in the wake kinematics.\New
Fig. 6. The unsteady vortex wake and its simplification for W

steady case.
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shed wake panels (rings) inherit the lifting liriecuala-
tions and the induced velocties are calculated atew
nodes and lifting line nodes. It is assumed, thatfeloc-
ity at a node lying directly on a vortex filamentuced
by this very same filament is zero. This procedepeats
in a loop, each pass providing solution at spedifite.
This means that there is only one iteration pee tatep.

The whole process is equivalent to a propelletiatar
its rotation from a full stop and accelerating ttl §peed
within one time step (i.e. instantly). Several frdivolu-
tions are needed before the wake develops its stuaghe
correct induced velocities are calculated.

2.5. Example of the use of unsteady model for
single rotor calculation.

The model described in previous paragraphs sufifens
some inherent issues when used on a more comex ca
such as vertical axis turbine. The most promingsuie is
the non-physical induced velocity of nodal poimglose
proximity of wake, which happens when a wake irgets
itself, another wake or the lifting line or a boapdeled
by 3D panel surface. The issue has been partialixed

in previous work [5] by limiting the maximum indwte
velocity near a filament which is in fact the siegt vor-
tex core model.
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Fig. 8. The unsteady vortex wake development behind aesingl

blade of vertical axis turbine. Described in [5].

3. Model for contra-rotating propellers

There are several reasons, why the basic modelibedc
in previous section fails to provide solution fosetup of
contra-rotating propellers. Moreover, there areesghar-
eas where the model can be improved even for tice-ca
lation of single propellers. These aspect will Hdrassed
in order of importance in the following sections.

3.1. Vortex core model

One approach to removing singularities near vorteg
sheet is a local tessellation scheme that interpolzeloc-
ity at surface collocation points and points infisignt
distance from the surface as suggested by Dixah §]
Vortex core model is an important tool for handlsig-
gularity near the vortex filament.

Potential vortex
— — Velocity cut-off
— — — Rankine model
Lamb-Oseen model
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Fig. 9. The tangential velocity in the vicinity of a 2Drtex of
unit strength. Vortex core is setto 1 m.

For the described computation, Lamb-Oseen [7] core
model was chosen, and modified to provide funclipna
for calculation of induced velocity of 3D vortexaiment

as follows:

vew =L X o (T T\ g L
[0V Wyl = 52 s o (lm |f2|) (1=e®) ()
Where:
[y 7 12
q = —1.25643 (%) @

The size of the vortex core is selected to be Idhen the
distance between vortex filaments. This way, theeco
model doesn't affect the solution of a single pitgre
only enhances and in fact makes possible the siionla
of the second rotor.

3.2. Relaxation and modified iteration scheme

Since the circulation of the lifting line dependsoagly
on induced velocity and this induced velocity degsen
through the presence of the first vortex ring rowtbe
lifting line circulation, there is always a dangérthe so-
lution becoming unstable. In the case of singlegler,
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where the flow conditions seen by the rotor blageome
eventually steady, it is possible to include simglkaxa-
tion scheme, where new circulation is constructedly
from equation (3) and partly from the previous tistep
circulation. This process is not possible for catrtating
propellers, because the second propeller bladesuibject
to ever changing flow conditions and circulatioatdbu-
tion needs to react instantly to this change. Timeent
solution is to insert several iteration steps wélaxation
for each time step, in such a way, that no ciréuatrom
previous time step is used for constructing the tiewe
step circulation. This solution can be still ungtabspe-
cially when the blade is discretized by large numbfe
span stations and it adds to the overall compurtatittme.
Several other solutions will be tried in the futuverk to
increase the stability and decrease the computdtanst
of this relaxation procedure.

3.3. Initial wake blow off at static operation

During static operation, the free stream veloatyéro or
close to zero. When the computation starts in socidli-
tions, the propeller is subject to large angleatte#ck due
to low induced velocity from the short wake. Théiah
wake circulations are as a result far from the eslof de-
veloped solution. Since there is very low absolhetecity
at the wake nodes, the wake has a tendency toefling
close to the propeller, before the induced velesitise
up. By that time the initial portion of wake isetirthed,
deformed and influencing the flow conditions at fire-
peller.

The following procedure has been developed, which
is used for low advance coefficients and at stetiedi-
tions. An artificial free stream velocity is proeid during
initialization, which linearly decreases to theuigd free
stream velocity during time-marching. This can ke d
scribed as blowing off the wake during propelleristit
must be ensured that the artificial component ek fr
stream velocity disappears well before the endtevbi
tions.

Another measure that may be useful is the decthyeof
vorticity in the wake which will be handled in tfgture
versions of the model.

3.4. First results

As the experimental data are yet to be measuretidioe!
was tested with the data of a random propeller
PT 22x10E3 intended for single prop use. The sape t
of two bladed propeller (second propeller is onliy-m
rored) was used for the first and second rotor cratra-
rotating system. The example data were prepareld wit
distance between propellers 0.2 diameters and firath
pellers rotating at the same angular velocity, danlpp-
posite direction. The advance ratio of axial velptd tip
speed was chosen quite I0w0.05, to demonstrate the
wake blow-off ability. The thrust coefficiertt of each
blade can be calculated as follows:
o = Z%pclcvaR
L)

(8)
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Fig. 10. The wake of a contra-rotating set of propellersxial
free-stream velocity field
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Fig. 11. The time history of thrust coefficient of eachdala

It can be noted that the second propeller is migtely
loaded and that it takes roughly two revolutions tfoe
solution to stabilize. Also, the curves of thrusefficient
for both blade of each propeller lie on top of eater,
since the flow is axisymmetric.

For the second test case, the free stream veliity
given anx-component of the same magnitude as the axial
(‘z") velocity. The freestream flow direction nowrins
an angle of 45° with the axis.

Fig. 12. The wake of a contra-rotating set of propellergémn-
eral inclined free-stream velocity field
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Fig. 13. The time history of thrust coefficient of eachdalain-
der inclined free stream velocity field.

3. Conclusion

The presented unsteady computational model foysisal

of contra-rotating propellers in an arbitrary fldield is
by no means finished. It is important to obtaingse and
reliable experimental data for validation. Whenfgen-
ing validation, there are several possibilitiesffoe-tun-
ing the method according to experiment.
core growth and decay model is added, visualizadiuth

velocity measurement in the wake may provide sawe i

formation about the behavior of vortex structuneshe
wake.

The computational model will be useful for verytfas

sensitivity studies that should reveal the effeétsngular
speed, diameter and pitch ratios of the two prepelas
well as the influence of the propeller distancea also
provide an interesting insight into the operatidntie
contra-rotating propeller in a free stream cominagrf the
side, which is equivalent to a regular flight regiof the
drones.

List of symbols

¢ chord length (m)

c; lift coefficient (1)

¢, thrust coefficient (1)

D  Propeller diameter (m)

ﬁi radius vector of point P (m)

ﬁi radius of the lifting line span station

Th,2,0 radius vectors for calculation of geometric coeffi

cients (m)

time step (s)

relative velocity (m/s)

induced velocity (m/s)

free stream velocity (1)

x-component of geometric coefficient (m/s)
y-component of geometric coefficient (m/s)
z-component of geometric coefficient (m/s)
angle of attack (°)

density (kdi®)

angular velocity (rad/s)
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[ circulation (ni/s)
¢  position angle of the propeller (°)
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