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Abstract The aerodynamic operating conditions of a pro-

peller can include complex situations where vorticity from

sources upstream can enter the propeller plane. In general,

when the vorticity enters in a concentrated form of a vortex,

the interaction between the vortex and blade is referred to as

blade–vortex interaction or BVI. The interaction may affect

the propeller performance as well as its noise production. In

the present paper, investigations of the interaction of a wing

tip vortex generated by a lifting surface upstream of the

rotor plane and an eight-bladed propeller are reported.

Utilizing two ends of an upstream wing with non-sym-

metrical airfoil, the rotation of the incoming vortex could be

made to co-rotate or to contra-rotate with the propeller. The

ensuing velocity fields were quantified with the help of

particle image velocimetry (PIV), and the propeller per-

formance was evaluated with the help of a rotating shaft

balance (RSB) mounted on the propeller shaft. The results

describe the displacement of the vortex core, as it moves

through the rotor plane as well as the positive effect on the

thrust and torque of the contra-rotating vortex and the

opposite of it in the case of the co-rotating vortex. The

current research could be applied to analyse the influence of

the incoming vortex on the propeller, e.g., ground vortex,

tip vortex shed from a control surface, etc.
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List of symbols

D Diameter of propeller, m

J Advance ratio of propeller

Q Torque of propeller, Nm

QC Torque coefficient

R Radius of propeller, m

T Thrust of propeller, N

TC Thrust coefficient

Ueq Equilibrium inflow velocity of propeller, m/s

Urad Radial velocity, m/s

Utan Tangential velocity, m/s

U? Free stream velocity, m/s

n Propeller rotating speed, round/s

r� Vortex radius in front of the propeller disk,

normalized by propeller radius

rþ Vortex radius behind the propeller disk,

normalized by propeller radius

Cimp,cor Circulation in the core of the wing tip vortex,

normalized by Ueq*D

x Vorticity, rad/s

1 Introduction

The blade vortex interaction (BVI) phenomenon is well

known in the community of turbomachinery and rotorcraft

aerodynamics. For an aircraft propeller, one or more vor-

tices can arise from a ground plane and impinge on the

blades during ground operation [1], as shown on the left-

hand side of Fig. 1. For the counter-rotating open rotors

(CROR), the tip vortex shed form the front rotor may

impinge onto the aft rotor, as the two rotors have the same

radius [2] or as the rotors operate at an angle of attack [3].

For a turbofan engine, besides the ground vortex

impingement [4], the blade vortex interaction can also
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occur between the rotor and stator [5, 6]: the vortex shed

from the rotor collides with the downstream stator [5]; the

secondary vortex in the stator wake impinges on the rotor

[6]. Blade–vortex interaction can also be observed when

the vortex shed from the main rotor of helicopter collides

with the tail rotor [7], as shown on the right-hand side of

Fig. 1.

The presence of a concentrated vortex in the incoming

flow leads to a non-uniform and distorted inflow into the

engine [10], to an impulsive force on the blade [11] and to

noise generation [12, 13]. The ground vortex influence on

a turbofan engine inflow has been studied in terms of flow

distortion. It has been reported that the engine inflow

distortion increases as the inflow vortex strength increases

[14]. The thrust of the tail rotor of a helicopter increases

when the rotation direction of the tip vortex from the main

rotor has a direction opposite to the tail rotor, and vice

versa for the co-rotating tail rotor [15]. Fluctuating pres-

sure due to upstream vortices measured near the leading

edge of a rotating blade showed impulsive features due to

BVI, resulting in an increase in far field noise by 5–15 dB

[12].

Although there are only few studies on vortex devel-

opment after collision with rotating blades, studies on the

vortex development after collision with a steady wing have

been conducted more extensively [16, 17]. A streamwise

vortex impinges below the pressure side of the zero loaded

wing with symmetrical airfoil is studied in [17]. The vortex

maintains the core structure downstream the trailing edge

of the wing. The wake of the wing triggers the turbulent

decay of the vortex core and induces the decrease of vortex

strength and increase of vortex dimension further down-

stream [16]. The vortex development after collision with

the blades is of interest for the concern of influence on the

next stage of compressor of a turbofan engine, and the

possibility of entering the intake of a turboprop engine.

The interaction between a single off-axis vortex and a

propeller is investigated in this paper. The objectives of the

study include two aspects: first, the propeller performance,

as it is influenced by the vortex, in terms of thrust and

torque (also termed the out of plane force and moment

components); second, the development of the vortex before

and after the propeller.

2 Test rigs and parameters

2.1 Wind tunnel, propeller rigs, and vortex

generator

The tests were carried out in a low-speed and closed-loop

open-jet wind tunnel in Delft University of Technology, the

test section configuration of which is shown in Fig. 2. The

wind tunnel has a maximum speed of 35 m/s and an octag-

onal working section with dimension of 2.85 m 9 2.85 m.

The inflow velocity chosen in the experiments is 19.2 m/s

Fig. 1 Occurrence of vortices impingement on the blades. Left ground vortices generated from ground toward the blades of C130 [8]; right

vortex shed from the main rotor of helicopter colliding with the tail rotor [9]

Fig. 2 Experimental setup of the propeller wing combination in the

Open-Jet Facility (OJF) at Delft University of Technology
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which is below the maximum speed of the wind tunnel,

because the density of particles for PIV measurement

becomes low if the wind speed goes too high in this wind

tunnel. A ground board is used which is aligned with the

bottom of the tunnel exit.

The diameter of the eight-bladed propeller is 0.304 m,

and the blade angle at � R is set to 41� which represents

the take-off condition for a propeller aircraft. The total

length of the model is 0.904 m, including spinner, hub,

and nacelle. The propeller is driven by the TDI 1999

pneumatic motor, and its maximum rotating speed is

22,000 rpm.

The vortex generator is a truncated two-dimensional

DU96-W-180 airfoil at zero slip angle. The airfoil,

designed for wind turbines, is used, because it was avail-

able; no specific considerations entered the choice. The

span of the lifting surface is 1 m, and chord length is

0.25 m; and it is positioned 3.2 chord lengths upstream the

propeller. The vortex is generated from the tip of the lifting

surface at positive incidence angle. Although the vortex

with opposite circulation can be generated at negative

incidence angle, the profile of the vortex axial flow velocity

changes as the airfoil is not symmetrical. To generate a

vortex with opposite circulation and maintain the same

axial velocity profile, the other end of the lifting surface is

used as the other vortex generator. Therefore, there are two

vortex generators of the two ends of the lifting surface in

our study: one generates the vortex co-rotating with the

propeller, and the other one generates the contra-rotating

vortex. To adjust the vortex impinging position on the

propeller, the wing can be moved in the transverse direc-

tion and spanwise direction.

2.2 PIV setup

To obtain insight into the development of the vortex,

velocity measurements were performed in two planes

perpendicular to the propeller axial direction. Three com-

ponent, two-dimensional (3C-2D) PIV measurements were

performed using two LaVision Imager Pro LX 16M cam-

eras (CCD sensor of 4870 9 3246 pixels, 12 bit resolution,

7.4 m pixel pitch), and a Quantel Evergreen 200 laser (dual

pulsed Nd:YAG laser, 200 mJ energy per pulse); the illu-

mination is provided from the side of the propeller. The

flow was seeded with micron-sized water–glycol particles

produced by a SAFEX Twin Fog Double Power smoke

generator inserted into the settling chamber.

Two planes normal to the propeller axis are investigated:

one upstream of the propeller was positioned at X/

R = -0.20, where the propeller leading edge is at X = 0

(the coordinate system is defined in Fig. 4), which is on the

left of Fig. 3, and one downstream of the propeller (X/

R = 0.13), which is on the right of Fig. 3. For PIV

arrangement 1, one camera with forward scattering of the

laser sheet is set at 42� with respect to the propeller axis,

and the other camera with backward scattering of the laser

sheet is set at 44�. For PIV arrangement 2, one camera with

forward scattering of the laser sheet is set at 41�, and the

other camera with backward scattering of the laser sheet is

set at 43�.

2.3 Definitions and parameters

The coordinate system for the flow around the propeller is

defined on the left-hand side of Fig. 4, and the circumfer-

ential position of the blade is defined on the right-hand side

of Fig. 4. The vortex impinging position is located at Y ¼
0; Z ¼ 0:75R as viewed on plane X=R ¼ �0:20. In this

paper, all the PIV data reduction is performed at phase

angle W ¼ 22:5�, in which condition the two blades (e.g.,

blade 4 and blade 5 shown in Fig. 4) are located sym-

metrically on the two sides of the impinging vortex. The

vortex core does not impinge on the blade at this phase

angle, which is a typical case for studying vortex-blade

interaction. The study of vortex properties during imping-

ing on the blade will be performed later. The result from

balance measurement is averaged over all phase angles,

because only the time-averaged forces and moments are

acquired.

To study the vortex impact on the propeller, out of plane

force and moment measurements are conducted to establish

a correspondence between the propeller performance and

the vortex strength. The parameter that determines the

propeller loading is the advance ratio, defined as:

Fig. 3 PIV measurement setup

for the field of view (FOV) in

front of the propeller (left) and

behind the propeller (right)
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J ¼ U1=nD: ð1Þ

For a propeller with axisymmetric inflow, the time-av-

eraged inflow velocity in axial direction can be predicted

by a modified actuator disk model [18], which assumes that

the pressure jump across the disk is generated by the

upstream suction of the propeller; the slipstream is imme-

diately expanded to the free stream pressure. The equiva-

lent inflow velocity in the propeller plane is assumed

uniform both in the azimuthal and radial directions,

Ueq ¼ U1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 þ 8 � TC=p
p

; ð2Þ

where Tc is the thrust coefficient, defined as

Tc ¼ T=qU2
1D2; ð3Þ

where T is the propeller thrust, and q is the air density. The

torque coefficient is defined as

Qc ¼
Q

qU2
1D3

; ð4Þ

where Q is the torque.

The circulation in the impinging vortex core region, C,

is normalized by the diameter and inflow velocity of

propeller

Cimp;cor ¼ C=ðUeq � DÞ: ð5Þ

3 Results

3.1 Profile of wing tip vortex

The vortex generated from wing tip is analyzed from the

PIV measurement and shown on the left-hand side of

Fig. 5. The swirling flow covers the whole field of view of

PIV measurement (2R*1R). The streamline plot is color-

coded by vorticity, which is normalized by the propeller

inflow velocity and diameter. Even though the propeller is

not present in the flow during the measurement of wing tip

vortex, the propeller inflow velocity is still selected for

normalization on the vorticity for consistence with the

following sections in which there is propeller in the flow.

Fig. 5 Left flow field of wing

tip vortex; right transverse

velocity distribution (UY ) at

cross section through the vortex

center

Fig. 4 Left definition of

coordinate system; right

definition of blade phase angle

(reference line goes through

42 % of chord length at 0.75

R position), viewed from the

front
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The distribution of velocity (UY ) along the line through the

vortex center (shown by the dashed line on the left-hand

side of Fig. 5) is shown on the right-hand side of Fig. 5.

Y-component velocity is zero at the vortex center, and it

has a symmetrical profile with respect to its center position.

From the center to the outboard of vortex, Y-component

velocity increases until reaching the maximum value, and

then it decreases.

The circulation of the core of wing tip vortex at plane

X=R ¼ �0:20 is defined as the parameter to characterize

the impinging vortex strength, Cimp;cor. The center of the

vortex at plane X=R ¼ �0:20 is also defined as the

impinging position of the vortex.

3.2 Flow field upstream the propeller

Two views of the incoming flow of propeller involving

vortex at plane X=R ¼ �0:20 are shown in Fig. 6. The

figure on the left-hand side illustrates the flow field with a

vortex with the same rotating direction as the propeller, and

the figure on the right-hand side shows the flow field with a

contra-rotating vortex.

The test conditions in terms of thrust coefficients are

Tc ¼ 1:54 and Tc ¼ 1:70 for co-rotating vortex and contra-

rotating vortex, respectively. The maximum value of axial

flow velocity in the measurement domain, ðUX=UeqÞmax, is

around 0.75; the maximum value of tangential flow

velocity in the measurement domain, ðUtan=UeqÞmax, is

around 0.3. The swirl velocity in the propeller inflow is in

the same order of the axial flow velocity.

The vortical flow field features a node (N1) and a saddle

point (S1). The saddle point is induced by the opposite

direction of propeller-induced radial flow and tangential

flow of the vortex. The saddle point is located on the right-

hand side for the co-rotating vortex and the left-hand side

for the contra-rotating vortex.

3.3 Flow field downstream the propeller

The flow field downstream the propeller is shown in Fig. 7,

color-coded by axial vorticity. The maximum axial flow

velocity in the slipstream is ðUX=UeqÞmax ¼ 1:13, and the

maximum tangential flow velocity in the slipstream is

ðUtan=UeqÞmax ¼ 0:79. The tangential velocity in the slip-

stream features the same direction as the propeller rotation.

Vorticity is positive in the blade tip region and negative

in the blade wake region. The vortical flow in the blade tip

region cannot be observed because of the high helicity of

the tip vortex at low advance ratio. The vorticity peak

found in the propeller inflow can still be recognized in the

slipstream (located inside the black dashed circle shown in

Fig. 7), but the flow pattern of focal lines around the vortex

centre does not exist anymore, which is due to the main

stream of the tangential velocity of the slipstream. It is also

noted that the magnitude of streamwise vorticity in the

wake of the contra-rotating vortex is larger than that of the

co-rotating vortex. This is due to the increase of spanwise

velocity gradient on the suction side and pressure side of

the blade [17]. For a co-rotating vortex, the vortex induces

outward spanwise velocity on the pressure side of blade 4

(shown in Fig. 4) and inward spanwise velocity on the

suction side of blade 5. As a result, the streamwise vorticity

magnitude in the wake decreases, and vice versa for the

contra-rotating vortex.

Fig. 6 Flow field upstream the propeller. Left flow field involving co-rotating vortex, Tc ¼ 1:54; right flow field involving contra-rotating

vortex, Tc ¼ 1:70, W ¼ 22:5�
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4 Data analysis

4.1 Propeller impact on the vortex

4.1.1 Vortex strength and dimension

The vortex development from upstream to downstream of

the propeller is investigated in this section. The tangential

velocity distribution of the vortex in the radial direction is

shown in Fig. 8. The vortex core radius is defined by the

distance from the vortex center to the position, where the

maximum tangential velocity is achieved. The axial flow

velocity increases from upstream to downstream the pro-

peller due to the propeller suction and the vortex is stret-

ched; therefore, the vortex core radius decreases, as it goes

through the propeller. For the co-rotating vortex, the tan-

gential velocity downstream is higher compared with

upstream which is shown on the left-hand side of Fig. 8.

For the contra-rotating vortex, the tangential velocity fol-

lows the same trend as the co-rotating vortex, nevertheless

the tangential velocity becomes approximately the same as

the upstream from radial position r/R = 0.09, which is

shown on the right-hand side of Fig. 8. The reason is the

negative vorticity in the blade wake, which is opposite with

the inflow vorticity, as shown in Fig. 7.

4.1.2 Vortex position

The positions of the vortices in the measurement planes

upstream and downstream the propeller are shown in

Fig. 9. The averaged position of co-rotating vortices is

located at [0, 0.73 R] upstream the propeller and [0.14 R,

0.53 R] downstream the propeller. The averaged position of

contra-rotating vortices is located at [0, 0.76 R] upstream

the propeller and [0.14 R, 0.57 R] downstream the pro-

peller. In the radial direction, the vortex moves inward as

Fig. 7 Flow field downstream of propeller. Left the flow field involving co-rotating vortex, Tc ¼ 1:54; right flow field involving contra-rotating

vortex, Tc ¼ 1:70. W ¼ 22:5�

Fig. 8 Tangential velocity of the incoming vortex upstream and downstream the propeller (r� is the vortex core radius upstream the propeller,

and rþ is the vortex core radius downstream the propeller). Left co-rotating vortex; right: contra-rotating vortex. W ¼ 22:5�
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the vortex goes through the propeller; in the circumferen-

tial direction, the vortex movement follows the same

direction as the rotation of the slipstream. The displace-

ment distance it covers is around 0.2 R at the measurement

plane. The meandering of vortices is not strong at one fixed

phase angle of propeller.

The inward motion in radial direction of the vortex may

mainly be ascribed to the contraction of the streamtube.

The circumferential movement of the vortex is mainly due

to the tangential velocity in the slipstream, i.e., the swirl.

4.2 Impact of the vortex on the propeller

4.2.1 Influence of the vortex on the tangential velocity

of propeller inflow

The investigation of vortex impact on the performance of

propeller is conducted by analyzing the propeller local

inflow, i.e., tangential velocity and axial velocity, and the

out of plane force and moment of the propeller.

Figure 10 shows the tangential velocity upstream the

propeller, in which the red color represents the same

direction as the propeller rotation, and vice versa for the

blue color. A co-rotating vortex in the inflow induces a

positive tangential velocity in the outboard region of the

propeller projection area and a negative tangential velocity

in the inboard region, the opposite occurs for the contra-

rotating vortex.

The tangential velocity of the propeller inflow due to

vortex impact can be analyzed from the model shown in

Fig. 11. The black solid curve represents the propeller

(which is centered at ‘P’); the arrow shows the rotation

direction of propeller. The black dashed curve represents a

streamline of the vortex (which is centered at ‘V’); the

arrow shows the tangential velocity direction of vortex.

There is a blue dashed circle with the diameter of the

distance between propeller center ‘P’ and vortex center

‘V’. Two lines, e.g., VA and AP from point ‘A’ on blue

dashed circle to the centers of ‘P’ and ‘V’, respectively, are

perpendicular. The tangential velocity of the vortex, which

Fig. 9 Positions of vortices upstream of the propeller (blue ‘?’) and downstream of the propeller (red ‘*’). W ¼ 22:5�

Fig. 10 Tangential velocity in the upstream of propeller. Left co-rotating vortex, Tc ¼ 1:54; Right contra-rotating vortex, Tc ¼ 1:70. W ¼ 22:5�
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is in the same direction of AP
�!

, has zero component on the

tangential velocity of propeller which in the direction of

VA
�!

. The blue dashed circle is the domain boundary of the

propeller tangential velocity: for a co-rotating vortex, the

tangential velocity of propeller inflow is positive outside

the blue dashed circle, and negative inside the blue dashed

circle.

It is obvious that the area inside the blue circle is less

than the remaining area of the propeller disk, so the

resultant tangential velocity of the propeller inflow is

consistent with the region outside the blue dashed circle.

As a result, the tangential velocity of the propeller inflow is

positive for the co-rotating vortex, and vice versa for the

contra-rotating vortex.

The effect of the induced tangential velocity on the

propeller is similar to the effect of the swirling flow of the

propeller slipstream on the wing; it is reported that the

upwash region on the wing due to the propeller slipstream

induces an increase of the lift, and vice versa for the

downwash region [19]. Due to the induced velocity of the

vortex on the propeller inflow, there is a loading increase or

decreases depend on the upwash or downwash effects,

respectively. The integral effect of these effects will be

evaluated by the balance measurement, as shown in

Sect. 4.2.3.

4.2.2 Influence of the vortex on the axial velocity

of propeller inflow

The axial velocity distribution in the propeller inflow is

shown in Fig. 12. The axial velocity inside the propeller

disk is higher than in the outer region because of the pro-

peller suction. The axial velocity in the vortex core region

has a wake shape when the vortex co-rotates with the

propeller, and the contra-rotating vortex has a jet like shape

axial velocity. This difference is probably due to the dif-

ferent shape of wing tip end. Compared with influenced

area in the propeller inflow of tangential velocity, the axial

flow of vortex has less influenced area.

4.2.3 Performance of propeller

The thrust and torque coefficients are shown in Fig. 13 at

different strengths of vortex. The measurements are con-

ducted at the same impinging position of the vortex, r=R ¼
0:75 and the same advance ratio, J ¼ 0:58. We consider a

reference condition that where no vortex is impinging on

the propeller: Cimp;cor = 0, Tc = 1.62, Qc = 0.43.

When the circulation is negative, both Tc and Qc are

higher than the reference point; when circulation is posi-

tive, they are both lower than the reference point. As the

circulation increases from negative to positive, both Tc and

Qc decrease monotonically.

Fig. 11 Vortex tangential velocity effect on different regions of

propeller (co-rotating vortex)

Fig. 12 Axial velocity upstream of the propeller involving co-rotating vortex (left) and contra-rotating vortex (right).W ¼ 22:5�
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It is shown in Fig. 11 that the induced tangential

velocity in the propeller inflow has the same direction as

the propeller rotation when the vortex is co-rotating.

Consequently, the propeller thrust and torque coefficients

decrease, because the effective rotating speed decreases. It

is also shown in Fig. 12 that the axial flow velocity in the

vortex core decreases when the vortex is co-rotating,

resulting in an increase of thrust and torque coefficients.

These two velocity components have opposite effect on the

propeller performance. However, the trend of the propeller

performance is consistent with the impact of tangential

velocity of propeller inflow. Thus, it can be concluded that

the tangential velocity of the vortex dominates the impact

on the propeller performance.

5 Conclusions

Propeller and vortex interaction is studied by a streamwise

wing tip vortex impinging on the propeller. A series of

vortices impinging on the propeller are investigated at one

propeller advance ratio, J = 0.58, and one vortex

impinging position, r/R = 0.75. Data reduction of PIV

measurement is performed at vortex impinging phase

angle, W ¼ 22:5�. Data reduction of balance measurements

is performed by averaging all the phase angles.

The tangential velocity of the vortex dominates the

effect on the propeller performance, and the axial velocity

of the vortex plays a less important role. The propeller

thrust and torque coefficients increase when the incoming

vortex has the opposite direction of the propeller rotation,

and vice versa for the co-rotating vortex. As the circulation

of the impinging vortex increases, the out of plane force

and moment decrease.

Along with the stream-tube contraction and introduction

of swirl from upstream of the propeller to downstream of

the propeller plane, the impinging vortex is displaced and

stretched. The vortex moves radially inward and circum-

ferentially in the same direction of the slipstream for both

co-rotating and contra-rotating vortex. In the process of

transiting through the propeller plane, the vortex radius

decreases and its tangential velocity in the vortex core

increases. The vortex, despite the stretching and displace-

ment, will remain a concentrated feature available for

interactions with further stages of the propulsor.

Although the thrust and torque coefficient of the pro-

peller are measured and both show increases due to a

contra-rotating vortex at a given advance ratio, the

dynamic loading on the propeller needs to be evaluated for

the concern of tonal noise and structural fatigue issues.

Because the current balance measurement can only obtain

the time-averaged loadings on the propeller, the ongoing

unsteady CFD research by the authors is the dynamic

loading on the individual blade, which will generate

detailed understanding on the time-dependent loading of

the blade, pressure fluctuation on the blade, etc.
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