Mechanics and Mechanical Engineering
Vol. 22, No. 2 (2018) 603-617
© Lodz University of Technology

https://doi.org/10.2478/mme-2018-0048

Modified Virtual Blade Method for Propeller Modelling

Mateusz STAJUDA
Damian OBIDOWSKI
Maciej KARCZEWSKI

Krzysztof JOZWIK

Institute of Turbomachinery
Lodz University of Technology
Lodz, Poland
mateusz. stajuda@gmail.com

Received (23 June 2018)
Revised (9 July 2018)
Accepted (25 August 2018)

The emergence of large, propeller-based aircraft has revived interest in propeller design
and optimization with the use of numerical methods. The flow complexity and computa-
tional time necessary to solve complicated flow patterns trailing behind rotating blades,
created a need for faster than fully resolved 3D CFD, yet comparably accurate methods
for validating multiple design points in shorter time. Improved Virtual Blade Method
(VBM) for 2-bladed propeller, including method implementation, analysis and valida-
tion against 3D numerical and experimental data is presented. The study introduces
adjustments to the original method, accounting for differences between VBM and fully
resolved numerical models. These modifications prove to increase the model accuracy
for the propeller under consideration and could potentially be applied for different blade
configurations as well. The modified Virtual Blade Method allows one to compute the
propeller performance with comparable accuracy to 3D CFD computation using only
10% of time needed for one computational point.
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1. Introduction

The Virtual Blade Method (VBM) is a commonly applied design and performance
prediction method in propeller and aircraft conception. It is used mostly for heli-
copters, when assessing the main rotor or propeller performance in different flight
regimes as well as for the analysis of main rotor or propeller downwash influence on
the aircraft aecrodynamics. The method derives from Actuator Disc Model (ADM),
which is an analytical approach to modelling rotor performance. The ADM evolved,
starting from linear models proposed by Glauert [1] through nonlinear developed
by Wu [2] and to even more accurate and advanced models [3, 4]. Development
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of semi-analytic models became interesting for researchers with evolution of CFD
with Reynolds averaged Navier-Stokes (RANS) equations [5, 6].

The VBM principle is to represent the propeller action on the flow without intro-
ducing the actual propeller geometry into the model. Its main advantage is that,
coupled with CFD solver, it allows one to perform relatively fast computations for
highly complicated flow fields created by rotors to investigate its influence on air-
frame elements. A reversed case, where aerodynamic influence of airframe elements
on rotor performance can also be simulated. The VBM time efficiency comes from
lowering the number of mesh elements as a much lower element count can be em-
ployed when a physical geometry of a blade is not present in the simulation and does
not require mesh refinement near wall boundaries [6]. Well-designed VBM model is
capable of cutting down the rotor development time and allows for decreasing the
cost of design.

Two different approaches to VBM exist. The pressure disc rotor model approxi-
mates a helicopter rotor or propeller in a time averaged manner using inflow and
outflow boundary conditions at the disc cylindrical surfaces. This causes a pressure
jump across the disc varying with radius and azimuth [5]. Alternatively, a technique
that replaces the rotor system with momentum sources modelling the presence of
fictitious rotor in all computational cells defining the actuator disc, yielding indi-
rectly a pressure jump across the disc, which varies with radius and azimuth [7, 8].
Both methods determine the rotor forces using the Blade Element Theory [9], using
a lookup airfoil table that provides the lift and drag coefficients for the considered
blade section.

Figure 1 Shapes of: a) external domain geometry, b) disc geometry

2. VBM methodology

The geometry of the simulation domain is shown in Figure 1a and the disc geometry
is depicted in Figure 1b. The domain uses opening boundary conditions on all
of its walls. The relative pressure for opening is set to 0 Pa. The disc size is
equivalent to an area swept by rotor blades, the portion where hub was present
is modelled as an impermeable wall. The disc thickness was explicitly set to a
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value of 0.01 m to minimize the cross-flow through elements. The disc was meshed
using mapped hexahedral mesh to accurately represent the nodes in circumferential
direction in order to keep the same radial locations. The disc mesh in vertical
direction comprised of one element. The block adjacent to disc was meshed with
tetrahedral mesh, while remaining blocks were discretized with hexahedral mesh.
The mesh connections between blocks were node to node, without the need for
interfaces. The domain walls were modelled as openings, allowing for the fluid to
circulate freely, in and out of the domain. The relative pressure on them was set to
0 Pa. The simulations used fully turbulent formulation with SST turbulence model.
The simulation setup was developed to allow for forward flight modelling without
important changes.

The VBM model was provided with rotor blade specific data as: chord, pitch angle
distribution as well as lift and drag coefficients for propeller sections along the blade
radius. The values for sections were computed using CFD 2D approach, for only one
Reynolds number value for each section, corresponding to expected flow conditions
in hover for nominal rotational speed. Re value ranged from 4.5 e® for the inboard
sections up to 1.8 x €8 for the propeller tip. The model is, however, capable of
incorporating Reynolds number dependent profiles values.

In this implementation, Ansys CFX software was used and source terms were ap-
plied to momentum equations in mesh cells corresponding to a propeller disc. The
disc was modelled as stationary with respect to the external domain. The momen-
tum sources added to disc mesh cells were computed using Blade Element Method.
The velocity values were computed by CFD solver and supplemented with compo-
nents coming from blade rotation, which was not physically modelled. The added
sources were defined in polar coordinate system, shown in Figure 1b. The scheme
of computational algorithm is presented in the Figure 2.

The airfoils characteristics is crucial for VBM, as all the results computed by the
model rely on them. Therefore high accuracy and reliability is required for profile
lift and drag characteristics. The data can be obtained from experimental cam-
paigns or numerical simulations. For the analyzed propeller, limited experimental
data were only available for four out of eleven sections. Thus, 2D CFD RANS
simulations were used for obtaining the airfoils characteristics. The computational
model for profile characteristics used automated numerical procedure for obtaining
the solution. The model used RANS solver with fully turbulent formulation and
SST turbulence model. Comparison of numerical and experimental data has shown
slightly higher lift coefficient prediction by numerical model.

The VBM model relies on velocities computed from CFD flow simulation. For
proper reflection of propeller aerodynamics, it was necessary to consider only the
velocity component normal to the imaginary blade in every position of the disc,
present in plane for each blade section [9]. Therefore different fraction of V, and
Vy had to be accounted for each disc cell. This velocity was composed of two
components, V., acting in the disc plane and the other, V, normal to the disc
plane. The naming scheme is presented in the Figure 3.
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The velocity V,,, was computed according to (1). V, and V,, for VBM algorithm
were taken directly from the cells of the disc. For each cell, local velocity was used.
Due to such formulation, the forces on the disc could be recalculated dynamically
in case of local velocity changes on the disc surface:

Vay = Vicos (8) +V, (—sin(6)) (1)

The velocity computed from flow field was supplemented with a velocity result-
ing from propeller rotation. Therefore the tangential velocity used for computing
propeller forces was calculated according to (2):

V;fan = V‘Ly + WRlocal (2)

The inflow angle ¢ was computed using tangential velocity Viq, (2) and axial
velocity V, obtained directly from CFD flow solution for a considered cell (3). The
angle of attack o was computed by subtracting inflow angle from pitch angle 8 (4):

6 = arctan (VVZ ) 3)
a=p~—¢ (4)

The angle of attack was used for calculating sectional normal and tangential
forces exerted by the propeller on the flow. These forces were obtained using equa-
tion (5). The lookup table was applied to determine the local chord length C(R)
as well as lift and drag coefficients Cj(py(a, R). The chord was a function of radius,
whereas lift and drag coefficients were functions of local angle of attack and radius.
The force was calculated as per one meter of a blade with specific chord working
in specific conditions. Such an approach was required because the force value was
further, inside CFX routine, multiplied by the dimensions of a considered cell. The
Viotar value used in (5) is a velocity in the airfoil plane, being a vector sum of Vi,
and V, velocities.

1
Frp) = 50 C(R)\Vi2:aCr(p)(o, R) (5)

Obtained local lift and drag forces were defined in a coordinate system connected
with airfoil inflow angle (see Figure 3). They had to be recomputed into disc normal
and tangential forces using formulas (6) and (7), incorporating local inflow angle ¢.

Fy = NoB (Frcos (¢) — Fpsin (¢)) (6)
Fr = NoB (Frsin(¢) + Fpcos(¢)) (7)

The forces from (6) and (7) were computed for each mesh cell of the disc. To
be applied to the domain, they had to be recomputed into volumetric forces that
comply with CFX input requirements. Tangential and normal forces are calculated
according to (8) and (9). The denominator results from CFX routine, which multi-
plies values from (8) and (9) by the cell dimensions, therefore computed forces were
divided by disc area and disc height. These equations were used for every cell of
the disc, therefore both Fy and Fp have local values, calculated in the cell. The
power calculated by VBM (10) has the same form. It uses local tangential force
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multiplied by angular velocity and local radius for a cell. Its value is not applied to
the flow, but was computed for model validation purpose:

Fy

F e T S Rha 8

Noyotumetric 27 R hgomain ( )
Fr

F ic ~ 9 Rh, 9

Tyolumetic 27T R hgomain ( )

Poweryoiumetric = I,

volumetic

Ripcar w (10)

Modified version of Prandtl tip correction was used in the VBM model
(11) and (12) [9]:

F= (i) cos e ) (11)

The modification comes from substituting the ¢ angle, which is variable in sim-
ulation, with a constant value. This is done due to stability reasons, as model
formulation with variable ¢ angle would produce cyclic dependency which could
result in the lack of convergence of the simulation. Value of F calculated form (11)
was multiplied by inflow angle ¢. This way the inflow angle was reduced near blade
tip, as it would happen for a physical blade.

The model was used to obtain results in hover condition. Its outcomes were com-
pared with fully resolved steady state 3D CFD simulations described in previous
publication [10] and experimentally obtained thrust and power characteristics. The
experiment was a full scale test campaign, where thrust and power values were
collected for different propeller operation parameters, including variable rotational
speed. Authors had access to partial data, yet this investigation was not done by
any of the authors. The VBM computations were performed for three different an-
gular velocities, being 0.84, 1 and 1.16 of nominal propeller rotational speed. The
results for computations are presented as thrust and power distributions along the
blade, the comparison with experiment is done only using global values.

3. Results

A series of computations was performed for the VBM model. To test its validity,
simulations for nominal rotational speed were analyzed. The distributions of veloc-
ities and airfoil coefficients are shown in the Figures 4 and 5. It is important that
the distributions are close to axisymmetric, with minor disturbances resulting from
computed flow velocity differences. The induced velocity flow field at the cross-
section perpendicular to rotor disk shown in the Figure 6 proves to be physically
valid and is similar to what is expected for a hovering rotor.
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Figure 5 Distribution of a) lift, b) drag coefficients

The flow near to the tip of the propeller (Figure 7) varies slightly from fully resolved
3D CFD simulations [10], mainly due to lack of physical blade geometry in the flow
which would change the velocity profile. The tip effect, nevertheless, is partially
captured. The comparison is well visible in the Figures 8 to 10, as it shows space-
averaged flow data.

The integral of thrust and power was computed in the series of radially bounded
volumes. This allowed to plot distribution of these parameters along the blade.
Post processed data were used for comparison with fully resolved steady state 3D
model [10].

The analysis of results showed expected level of thrust, while power was overesti-
mated by more than 30% (Figures 8 and 9). The reason of difference between power
of 3D and VBM model was much higher induced velocity for VBM simulation (Fig-
ure 10). Its value had direct influence on ¢ angle, resulting in higher portion of local
lift influencing power, according to (7). Due to mutual influence of flow pattern and
airfoils characteristics in the model, an attempt to investigate the model sensitivity
to airfoil characteristic change was undertaken. After analysis of (6) and (7) it was
stated that for the model in discussion, the biggest contribution to power is due to
airfoil lift component. The airfoil lift value is also the main contributor to normal
force F_N, which reduction may cause a decrease of induced velocity magnitude.
The sensitivity study in this aspect used computed profiles lift coefficient, marked
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as “1 CI”, 0.9 and 0.8 of these values. These changes were introduced in equation
(5), multiplying the lift coefficient by a chosen factor.

Figure 6 Induced velocity contour with vectors for propeller disc vicinity

Figure 7 Induced velocity contour and flow field near propeller tip

For each profile value multiplier, the simulation was recomputed to obtain the new
flow velocity field along with thrust and power distributions. The results are shown
in Figures 8, 9 and 10. It is visible that decreasing the lift coefficient, it is possible to
minimize thrust, power and induced velocity component, but velocity still remains
overestimated compared to fully resolved model. A C; value, for which the power is
matching the VBM prediction, produces much lower thrust than the value obtained
from fully resolved 3D CFD simulation. Since lift coefficient Cj is a main contributor
to both thrust and power, a VBM model of such formulation would not be able to
reproduce thrust and power values correctly for this particular propeller, regardless
of airfoils characteristics. This fact indicates that different approach to modelling
is needed.
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4. Modified approach to modelling

From physical point of view, the VBM model would promote higher mass flow
through the disc compared to 3D CFD model, as:

1. Blades force is distributed on the whole disc plane, which transfers into lower
local force gradients than in fully resolved model, where blades cover only
a small portion of the swept area;

2. There is no singularity effect and circulation induced by a blade of finite length
(chord-wise);

3. There is no physical blade element in the domain, which could inhibit part of
the air flow through the disc.

Therefore a novel attempt to introduce a resistance inside the propeller domain
which could compensate for aforementioned mechanisms not reflected in VBM
model is proposed. It was assumed that two first mechanisms would be dominant
and, therefore, the highest resistance should be present where gradient of pres-
sure is most pronounced. The gradient is strictly connected with computed normal
force value, therefore the resistance value should be as well. The value of applied
resistance was conceived to be:

Fresistance = Frnormalltes (13)

where: Res is the resistance parameter, which should be contained within the range
from 0 to 1 to maintain proper direction of force action. The values of resistance
from 0.1 to 0.4 were tested for the previously described model.

The closest fit of the results was observed for the case with mutual application of
resistance and decreasing the values of lift coefficients. The thrust curve for this
VBM case with Res = 0.4 and C; = 0.8 was below the reference curve for 3D FRM
(Figure 11). The power curve for this case was slightly over the reference power
curve (Figure 12), yet the difference was significantly smaller than for standard
model. To confirm correctness of applied approach, an induced velocity profile was
compared for selected VBM model and 3D CFD. The results, shown in the Fig. 13
present very high compliance of velocity profile for Res = 0.4 and C; = 0.8 VBM
and 3D CFD simulations.

5. Model validation for different rotational speeds

The created model, with C; = 0.8 and Res = 0.4, was validated for different ro-
tational speeds to estimate its universality. Due to applied resistance value it was
valuable to check whether a value chosen for a given rotational speed would make
the model to correctly predict the thrust and power values in different conditions.
The values of 0.84, 1 and 1.16 of nominal rotational speed were tested, as the
3D CFD computations for these values were performed [10]. To compare mod-
els, thrust, power and induced velocity distributions were plotted. It may be seen
(Figure 14) that with increasing rotational speed, the thrust value is underesti-
mated in the region between 50 and 90% of the blade span. Similar aspect is visible
in case of power (Figure 15). The situation is different in case of axial velocity
(Figure 16), as the difference in this region is not uniform.
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Table 1 summarizes the results from VBM comparing them with results from
3D CFD and experimental data. It may be concluded that the VBM performs
best for highest angular velocity, while is severely over predicting power for lowest
angular velocity. The model however proves to have non physical characteristics
in the region of propeller tip, where very high power is present. This power is
attributed to wrongly calculated inflow angle, which results in an increase of power
value. Additionally, VBM model results after post-computational removal of power
for the last 5% of the blade are included in the Table 1. This shows the model
potential if it would not produce such a high error at the propeller tip. The results
in this case are much closer to the experimental values.

Table 1 Thrust and power for VBM, 3D CFD expressed in percentage of experimental values

VBM CFD 3D

Thrust Power Power 95% | Thrust Power
0.84 105% 120% 103% 109% 101%
1 98% 113% 97% 103% 97%
1.16 | 93% 98% 85% 99% 87%

The modified VBM model provides very similar reliability as 3D simulation,
while being able to produce the results significantly faster. Using a workstation
class computer with 6 cores at 3.6 GHz the computation time for one operation
point was approximately 5 hours, while using 3D CFD approach it increased to
over 48 hours.

6. Conclusions

A standard VBM modelling technique described in literature [5, 6] and implemented
in Ansys CFX proved to produce results highly inconsistent with numerical reference
as well as experimental values for 2-bladed propeller analysis. The problem is mainly
overestimated induced velocity value, which resulted in poor blade performance
prediction as compared to experiment or 3D CFD. Due to this fact, a modified
approach to VBM modelling was proposed.

New modelling approach relies on introducing additional resistance coefficient
to the flow to the blade thrust force. Using this approach it was possible to obtain
much better results than without the resistance. For nominal angular velocity, the
difference between numerical and experimental value was 2% under prediction for
thrust and 12% over prediction for power. The power characteristics proved to
be nonphysical in the region of propeller tip, producing very high power values
at the last 5% of blade radius. Disregarding the values coming from this region,
the difference for power was 3% lower than in experiment. It is therefore stated
that overall propeller performance in other blade parts was predicted correctly and
further model improvement may be required in the region of propeller tip.

The created model, tuned for nominal rotational speed, proved to work reason-
ably well also for different speeds in hover condition, producing reliable results of
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comparable quality as fully resolved 3D CFD model. Once again, the performance
at propeller tip was nonphysical, but comparison of data disregarding the power
generated at the last 5% of the blade proved to give good approximation, under
predicting the power for higher rotational speeds. This may result from the fact,
that the power generated at the tip should not be totally neglected. This topic
is however very subtle and requires further analysis as the model would be per-
fected. Both simulation methods — 3D CFD and VBM model produce predictions
which discrepancy from experimental results vary with rotational speed. It may
be caused by additional physical phenomena, happening in real test conditions and
not included in the numerical simulation. Those may be for example geometrical
changes of the blade shape, which would be more pronounced for increasing rota-
tional speed, and therefore centrifugal force and aerodynamic blade loading. The
other reason of the discrepancy can be lack of rotor head in CFD and VBM that
was present in experiments.

Created model should be tested for different propellers and flight conditions to
ensure its reliability for a broader range of cases. It is possible that resistance value
will be a function of propeller geometry and number of blades. For performing such
a delicate analysis, it could be needed to obtain additional data from transient CFD
simulations, as the predictions of propeller performance should be independent of
geometrical parameters of the domain. It has been shown that the steady state 3D
CFD simulations are not meeting this condition [10]. The potential of this method
is very high, especially when multiple design points are to be computed. It is
significant that proposed modelling approach with altered propeller disc formulation
allows one to obtain much better results for this particular case than the approach
described in literature.
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Nomenclature:

«a — angle of attack

B — pitch angle

¢ — inflow angle

w — rotational speed

0 — angular position in disc plane

o — density

¢ — chord of an airfoil

Cr, — lift coeflicient

Cp — drag coefficient

f — Prandtl correction exponent

F — Prandtl correction factor

Fp — drag force

Fr, — lift force

Fy — thrust force

Fp — force tangential to the disc plane

Fgres — resistance force applied to the fluid in disc domain
hdomain- disc domain height

NoB — number of blades

R (Ryjpcar) — propeller radius (local propeller radius)
Res — resistance value

Vzy — flow velocity in the disc plane

Vian — velocity in the disc plane, including rotational component
V. — velocity in global X direction

Vi — velocity in global Y direction

V,— axial velocity, perpendicular to the disc plane
Viotal — total velocity for profile section

CFD — computational fluid dynamics






