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Abstract- Due to their unique abilities and high performance
counter rotating propeller systems are being implicated to
many sensitive applications in propulsion or ventilation
proposes. In this study for the first time counter rotating
propellers (C.R.P.) have been studied as asymmetric systems
by considering the initial angular position of each stage of
propeller as the asymmetric parameter. The study carried out
on 4, 8 and 12 blade counter rotating propellers to consider
effects of increasing blade solidity factor and consequently
strength of tip vortex. This study was based on numerical
means to acquire results from models. R.S.M. turbulent model
was utilized through ANSYS Fluent commercial software
package and the method was validated by comparing its results
with experimental data of one of references. Final results
demonstrated that choosing a proper angular position could
improve efficiency of a low performance C.R.P. system by
more than 10 percent. In order to investigate distribution of
induced values and effects of tip vortices, distribution of
Aerodynamic forces also studied along blades.

Keywords- Counter Rotating systems; Angular position;
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. INTRODUCTION

Counter rotating propellers concept has been studied in
recent years as a more energy efficient method in propulsion or
air conditioning purposes. As it has been set in Fig. 1 a C.R.P.
system consists of two sets of propeller one directly behind the

/

Figure 1. Left: single rotating propeller, Right: counter rotating propeller.

other one in axial direction spinning in oposit rotational
directions. The fundamental premise behind C.R.P. systems is
to eliminate tangential velocity which represents energy loss in
an axial propeller or fan.

Counter Rotating Propellers (C.R.P.) could produce non-
rotating wake which reduces inimical shear stress, vibration,
and noise of the system. They also have higher peak efficiency,
better off-design performance and a reduced total torque of the
system. The increase in peak efficiency and improved off-
design performance of counter-rotating systems allow for
smaller propulsion or air conditioning units to be installed in
different applications.

In early years of introduction of C.R.P. systems, single
rotating propeller’s analytical methods were used to design and
analyze counter rotating propellers. These methods were not
accurate enough to gain exact data for vibration and fatigue
analysis. Later on, some special methods introduced to design
and analysis of counter rotating propellers. First method,
developed by Ginzel [1],made no presumption about the
distribution of span wise circulation across the blade. It is
restricted to the use of aerodynamics that results from
propellers, which were built in accordance with the structural
constraints existed at the time the theory was developed. This
structural restriction was applied in 1943 and is not related to
the current state of technology.

Other schemes including SBAC method and a theoretical
model developed at United Technologies Research Center
(UTRC). SBAC method [2] is very time consuming as it is a
design by analysis method and requires data interpolation as
well as cross referencing. UTRC method is also time
consuming and requires extensive computer memory.

Naiman [3] used a modified strip theory in which
approximations for the interference relations from front and aft
propeller disks are assumed such that the interference
calculations are functions of each propeller disk independently.
Naiman used sectional aerodynamic characteristics as a basis
for his derivations, so that he could use various families of
airfoils and different structural constraints. Sectional
circulation to determine the interference relations were also
utilized by Naiman. Therefore the method is adaptable to
change technology.
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Another investigated method was based on works done by
Lock and Theodorsen [4]. As described by Davidson [5], this
method uses an interpolation scheme between both propeller
disks for the interference of one disk upon the other. It also
requires the use of circulation of entire configuration as an
input for interference relations calculation. Similar to Nairnan's
method, Davidson's approach is easily expanded to off-design
analysis.

Since Ginzel’s method was considered unacceptable, as
those of SBAC and UTRC methods, the methods of Naiman
and Davidson were chosen for further development and
investigation. The results of computer-generated designs for
these two theoretical models were compared by Playle [6]. The
results of this comparison showed that Lock and Thedorsen
method, was more accurate. Davidson's approach [7] resulted
in realistic designs of counter-rotating propeller configurations
in terms of planform and performance values and it was
adaptable to further development. In addition, drag and
compressibility considerations shown in this work were the
most useful modifications using this theoretical approach.

Davidson's method was also found to be adaptable to
include off-design analysis, disk spacing, blade weep, and
different angular velocities on each propeller disk. In last
method, airfoil data, such as lift, drag, and angle of attack are
specified for each radial location along propeller blade. This is
done through the use of airfoil data bank, utilizing either
tabulated data or embrical formulations that yield airfoil lift
and drag as functions of angle of attack and Mach number. The
airfoil data used in the calculations during the design process
was to maximize the lift-to-drag ratio at each radial location.
This method completed by Korkan playlic and Von Lavante
[8]. Their remarkable effort in mid-eighties which conducted
under support of NASA Lewis research center proved that
lock’s method is capable of designing high performance C.R.P.
systems.

The method presented by Korkan was based on dividing
blade span to equal horizontal sections and using each cross
section specifications to determine performance of that part.

Such methods usually are categorized under Blade element
theory (B.E.T.) title. Regarding to their simplicity and low
required cost as well as computational time, in recent years
implication of different editions of Blade element theory in
different design and analysis processes is becoming a subject
of interest among turbo machinery scientists.

There was considerable amount of efforts to evaluate
validity of B.E.T. to analyze different subjects. In 2011, results
of an experimental research from University of Illinois at
Urbana Champaign conducted by Brandt and Selig [9]
demonstrated that B.E.T. is an accurate measurement to
determine performance of propellers. Blade element theory was
used in different applications such as performance analysis
[10], evaluator in optimization processes, specifically for
Horizontal Axis Wind Turbines [11], and even in structural
analysis [12]. These experiences prove that use of B.E.T. is a
reasonable choice in design and analysis of aerial fans and
propellers.

Two stages, counter rotating propellers benefit from swirl loss
of first stage to enhance efficiency of the propeller. This unique
concept to recycle loss of one stage to boost the other’s
performance, make C.R.P. systems more complicated and
harder to design, not to build though. This complicity has been
forced master minds of axial turbo machinery to presume
C.R.P. systems as a symmetric configuration.

Il.  DESIGN METHOD OVERVIEW

To understand basic concepts of this investigation it is
necessary to review some of fundamental rules of CRP systems
behaviors that presented by Plylic et al [7]. In all of design
methods for any types of turbo machines first step is to achieve
precise specifications of velocity vector entering to each
element. In C.R.P. systems due to interaction of each stage
with the other and variety velocity elements which is showed in
Fig. 2 and Fig. 3 exact determination of each vector is more
difficult and also more important.

v
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Figure 2. Velocity diagram of forward section [8].
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Figure 3. Velocity diagram of rear section [8].

As it described by Korkan, by iterating between the
resultant interference velocities and the resultant total
velocity, both the interference and total velocities can be
found by the following expressions [7]:

Wg = rQp sec gy cos(dr — dg) + up sin dg (D)

Wy = rQg sec dy cos(br — dg) + ug sindg + @)
vg cos &,

Where:
up = Xo®1p €0s dg 3)
ug = Xo®1F C0S (4)
vp = 2Xo®qf sin @ ®)
®, = CW /4X, sin ¢, (6)

In above equations W is the resultant velocity, u is the
axial interference wvelocity, v is the radial interference
velocity, @p is the element pitch angle, ¢ is the resultant
velocity angle, o is the downwash velocity, X is the tip loss
factor, C_ is the lift coefficient, and Q is the rotational
velocity.

Davidson [8] has derived Betz’s coefficient (bk) using
calculus of optimization as:

b, =41 —mn) ()

Calculation of the reward helical displacement velocity
may be accomplished by the expression:

w? = 2p/p[(1 + 0.2M,,%)*° = 1] (8)

Where M., is infinite stream Mach number, p is the
ambient pressure, and p is the density. Using the
experimental values of circulation by Theodorsen [6] as a
function of r/R and V+w/nD, the circulation K(x) can be
found for each radial location as noted in Fig. 4.

Davidson [6] derived a version of Lock’s tip-loss factor
specific application to counter rotating propellers, which is a
well braved function that is different from a single-rotation
propeller.

A reformulation for Lock’s tip-loss factor that includes
drag has been derived and takes the form [5]:

Xo =qs/(Zp —qrs) ©)
p= COS% - (sindpo + i—’zcos do) (10)
g = q) (11)
r = cos2(dy) — sin?(dy) (12)
s = (L)/[K () sin ] (13)

Where J is the advance ratio, r is the radial distance, s is
the constant of calculation, and q is the freestream dynamic
pressure. With the value of Cp/C, arrived at through use of
the airfoil data banks. Having calculated the solidity-lift
coefficient, the differential power coefficients, which are
measures of the power absorbed by each propeller disk, can
be computed by [5]:
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dac, n* .
d—; = (sec?(Ppg)x*aCy(sin oy + Z—'Z cos ¢y)) (14)
The above equation is integrated to find the total power
coefficient (Cp) for the power absorbed by both the front and
aft propeller disk. The power absorbed is compared to the
power input to the propeller by the power plant, which is
dictated by the available horse power of the power plant
specified in power coefficient form by:

C, = 550SHP /pn3D> (15)

If the two values of the power coefficient do not match
within a given tolerance, Betz’s coefficient is adjusted and
the power absorbed is recalculated following the outlined
procedure.
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Figure 4. Circular function of dual-rotation propellers [6].

The adjustment made to Betz’s coefficient represents
alterations in the planform of the propeller blade and thus
propeller blade loading. Should the power absorbed be lower
or higher than the power input, Betz’s coefficient is
increased or decreased, respectively. The iteration process is
continued until the power absorbed by the propeller is within
a predetermined percentage of the power input to the
propeller.

The condition of the power absorbed by the propeller
being equal to power input, defines the optimum propeller
for the given flight conditions since the configuration was
designed using the maximum lift-to-drag ratio for the chosen
airfoil at each radial location. Also, since the form of Betz’s
coefficient has been determined through calculus of
optimization and used as the iteration parameter, the
resulting design is considered to be the optimum counter-
rotating propeller for the input condition.

At this point, redial values of the blade planform and
twist distribution for each propeller disk can be calculated
from:

Chord = 2nroC, /(No.Blades)C, (16)

B=do+B+a (17)
Where:
Br = (eatir) (1 + Xoc052 () (18)

By = (——E_)(1 + Xocos2(do) — 2sin*(do))  (19)

4Xo sin ¢g

Where o is the solidity, B is the interference angle, o is
the angle of attack, and f is the blade twist angle.

The differential thrust and torque are functions of the
resultant velocities and calculated by the following
expressions:

ar C .

= wpraC,W?(cos g — C—‘L’sm o) (20)
aQ . C

== pr?cC,W?(sin ¢y — C—[L’cos o) (21)

Integration of above equations results in value of thrust
(T) and torque (Q), hence the thrust coefficient (C+), torque
coefficient (Cq) and efficiency (1), comes from:

T

Cr =" (22)
Q

CQ = m (23)

Cp = 21C, (24)

n=CrJ/Cp (25)

Il. C.F.D. METHOD

As it is experienced and verified in many previous
investigations, since R.S.M. turbulence model accounts for
the effects of streamline curvature, swirl, rotation, and rapid
changes in strain rate in a more rigorous manner than one-
equation and two-equation models, it has greater potential to
give accurate predictions for complex flows. So in this
investigation R.S.M. model was chosen to analyze designed
model. As Smith [9] described in his work the ensemble-
averaged, steady, incompressible Navies-stokes equations in
Cartesian tensor notation can be stated as:

Continuity Equation:

aixi (puy) = 0 (26)

Momentum Equation:
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6(puiuj) _ ap 0 -
ax; - ax; + 6x]- (tij + Tij) (27)

The mean viscous stress tensor t;; is approximated as:

£ (22U
tij - ,U. <6xj + 6}(,:) (28)

The time-averaged Reynolds stress tensor, t;; =
—pu,4,, in the above equation is not known and, thus,

models are needed to express it in terms of the solution
variables.

For an R.S.M., the Reynolds-averaged transport
equations are solved for the Reynolds stress tensor, t;; , the
modeled equations for which are:

dtj; | 0(ugTij)
at]+T,(]= _Gl]_q)l]+Dl] +€ij (29)
Where:
———— 0U; ——— 0u;
Gij = pby =— (puzuk ﬁ + puij vy gu;) (30)
- 2
q)ij = —Cl%(ulu] - §k61]) - CZ (Gij - (31)
2
269;)
=0 [ (ke 2y
Dij - dxy ((at) dxy ) (32)
2
‘Sij = EPS(SU (33)

In which C; = 2.5, and C, = 0.55 are model constants.

In (29), from left to right, we have the time rate of
change of the Reynolds stress at a fixed point, the neat
convection of Reynolds stress by the mean flow to the fixed
point, local production (Gj) of Reynolds stress, local
pressure strain (¢;), net diffusive transport (Dj;) of Reynolds
stress to a fixed point, and local dissipation tensor. Equation
(28) provides an expression for each of the six Reynolds
stresses. These six simultaneous equations for stress are to be
solved along with the equations of turbulence kinetic energy
dissipation rate.

The R.S.M. method was utilized through ANSY'S Fluent
commercial software package which have been proved as a
reliable asset in several previous investigations. In this study
in order to validate use of the method, “Master airscrew F/G
11*4” sample from [8] was modeled and results of numerical
tests was compared to experimental DATA. As it is
demonstrated in Fig. 5 numerical results was fairly close to
experimental results.

0.50 <
— — — -Experimental
Numerical

0.45

0.40 4

0.35 4

0.30 4

E fieciency

0.25 o

0.20

0.15 4

0.10 T T T T T T T
005 0.10 0.1 0.20 0.25 0.30 0.35 0.40 0.45
Advance ratio

Figure 5. validation of the numerical method.

IVV.  CONCEPTS AND METHODS

In 1943 Theodorson stated [17] that efficiency of a single
rotating propeller would be maximized if its wake shapes as
flat rotational disks behind the propeller. In years this has
been learnt that Theodorson’s statement was an optimistic
phrase. In fact wake of a propeller is look like rotating
sheets, in number of the blades, behind the rotor.
Downstream of the rotor also would not be effected
invariantly [16]; the regions which are covered by rotating
sheets would have more axial and rotational velocity [Fig. 6].

z[m])

y [m]

Figure 6. rotating sheets beyond rotating disk [16].
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In which v is angular position, T is axial position from
the disk and H is the pitch step of the rotating disk and can
be determined by:

V+w

H= % (34)

21

The rational conclusion would be that the initial angular
position of the rear disk (considering the first disk angular
position is in 0 degrees), could be determined by (34). But
in this investigation a series of models was designed and
tested by different initial angular positions to investigate the
reliability of that conclusion.

In terms of model design main interest was to eliminate
any specifications that limit results to any geometrical or
environmental conditions. In this study a simple non-twisted
blade with cross section of NACA2412 was utilized to all 3
models.

Non-twisted blades are being utilized in propeller which
by their nature requires low twists such as electrical fans,
small size propulsion fans a vertical lift generating systems
to reduce costs of production [16].

Design of a non-twisted blade is same as design of a
twisted blade but instead of repeating the calculations for
each horizontal element specification of a referential element
(recommended by lock to be the element in 0.7 of disk
radius), would be generalized in to all the elements. In this
study, specifications of the referential element calculated by
the Korkan method. The propeller disk had a radius of 50 cm
and chord of the blade was 5 c¢cm. rotational speed of the
models was set to 30 R.P.S. operating in a 5 m/s extreme
velocity.

In any propeller design procedure whether it is single
rotating or after designing initial geometry there is an
iteration loop to optimize the geometry by changing each
elements chord or pitch angel. Considering the models that
Theodorson utilized to present his famous theory about mass

coefficient [17]. A differential analysis about C.R.P. systems
is not corresponding to performance of the models; therefore
the iteration loop was omitted in this study.

V. RESULTS

Design of a non-twisted blade is same as design of a
twisted blade but instead of repeating the calculations for
each horizontal element specification of a referential element
(recommended by lock to be the element in 0.7 of disk
radius), would be generalized in to all the elements. In this
study, specifications of the referential element calculated by
the Korkan method. The propeller disk had a radius of 50 cm
and chord of the blade was 5 cm. rotational speed of the
models was set to 30 R.P.S. operating in a 5 m/s extreme
velocity.

In any propeller design procedure whether it is single
rotating or after designing initial geometry there is an
iteration loop to optimize the geometry by changing each
elements chord or pitch angel. Considering the models that
Theodorson utilized to present his famous theory about mass
coefficient [17]. A differential analysis about C.R.P. systems
is not corresponding to performance of the models; therefore
the iteration loop was omitted in this study.
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Figure 7. Overall efficiency variation in different angular Position.
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Figure 8. Front blade efficiency variation in different angular Position.

Results indicate that an asymmetric angular position
configuration also would have considerable effects on front
disk performance. Fig. 8 shows that efficiency of front disk
would be maximized in an angular position less/more than
the position that total efficiency maximizes. This effect is
probably due to effects of performance of rear disk on
induced angels of front section. Such effects can be seen in
(2) to (6).

One of the less experienced ways to analyze an axial
propeller or fan is to study the aerodynamic distribution
profiles. Slight drops in the end of distribution profiles can
demonstrate strength of tip vortices.

Experiences of the authors proved that use of Horizontal
Element Separation method can illustrate distribution
profiles with an acceptable accuracy [10].

Distribution of aerodynamic forces which has been
illustrated in Fig. 9 and Fig. 10 shows there are not any
significant changes in behavior of thrust distribution profiles.
This fact suggests that distribution of induced angels (which
are highly function of tip vortex effects) remains same as
symmetric C.R.P. systems.
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Figure 9. Thrust distributions in different asymmetric angular positions,
12 Blade model, Front blade.
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Figure 10. Thrust distributions in different asymmetric angular positions,
12 blades model, rear blade.

VI. CONCLUSION

Results of this study proved that a proper angular
position and a precisely designed C.R.P. system can have
nearly 10 percent advantage to a conventional symmetric
C.R.P. system. But main achievement of this investigation
was not about precise measures in optimum positions or
performance enhancements. The precise measures and
actual behavior of asymmetric C.R.P. system must be
studied in more extensive investigations. Main achievement
of this study was proving the fact that there are parameters
beside geometrical specifications that must notified in any
further attempt to optimize or design of C.R.P. systems.
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