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Abstract 
This paper analyses the detailed data taken during the 
HART test 1994 on a pressure instrumented B0105 
hingeless model rotor. Leading edge pressure distribu
tion provides information, over which part of the rotor 
disk vortices passed on top, where they penetrate the 
disk and where they are below. The intensity of BVI is 
qualitatively visible. From pressure distribution along 
chord in the outer part of the blade, the load distri
bution and therewith the blade bound circulation can 
be computed. This results into the strength, sense of 
rotation, the number and the radial position of tip vor
tices trailed into the wake. Flow visualisation by LLS 
technique provides the vortex trajectories in space at 
a desired blade azimuth and the vortex passage height 
and time through the LDV measurement range, and its 
inclination angles with respect to the LDV position, can 
be derived from these data. 3D velocity vectors within a 
wide time window are available by LDV measurements 
along two vertical lines. These data provide informa
tion about the vortex structure, i.e. vorticity distribu
tion, vector field, core radius, circulation, height and 
time of passage of the vortex center through the LDV 
measurement range. All of these data are used in this 
paper to analyse the vortex structures, to compare LLS 
and LDV results where possible and to point on non
compatibilities found between the results. 

Nomenclature 
Abbreviations 
BL Baseline 
BVI Blade Vortex Interaction 
DNW 
HART 
HHC 
LDV 
LLS 
MN 
MV 
PIV 
Symbols 
c 
Cr 
L 
M 
r 
R 

German-Dutch Windtunnel 
HH C Aeroacoustic Rotor Test 
Higher Harmonic Control 
Laser Doppler Velocimetry 
Laser Light Sheet 
Minimum Noise 
Minimum Vibration 
Particle Image Velocimetry 

airfoil chord, 0.121m 
thrust coefficient 
lift, N 
Mach number 
radial coordinate, m 
rotor radius, 2m 

28.1 

t 
u, 
v 
X, 

"' {3 
r 

'" p 
¢ 

v, w 

y, z 

..p = i:!t 
w 
n 
Indices 
0 
av 
b, t, s 
c 
eq 

s 
tip 
x, y, z 
v 

time, s 
velocity components, ml s 
velocity, m Is 
coordinates, m 
angle of attack, rad 
LDV-vortex interaction angle, rad 
circulation, m 2 / s 
advance ratio 
air density, kglm3 

angle around vortex axis, rad 
azimuth (nondim. time), rad 
vorticity, 1 Is 
rotor rotational speed, l09radl s 

vortex center passing the LDV position 
average value 
bound to the blade, trailed, shed 
vortex core 
equivalent 
shaft 
at blade tip 
w.r.t. coordinates 
vortex 

Introduction 

HHC was known to be an effective device to success
fully reduce rotor BVI noise [1], but its functional
ism was widely unlmown. In 1994 the HART test [2] 
was conducted in the DNW with 22 days of testing, 
aiming to understand this functionalism of HHC on 
BVI noise emission [4]. For this purpose, an existing 4-
bladed Mach-scaled hingeless B0105 model rotor (40% 
scale of the original), equipped with numerous pres
sure transducers and strain gauges for blade loading 
and blade motion analysis was used, [5, 6]; a micro
phone array traversed to measure the noise emission 
in a plane below the rotor [7], an LLS equipment was 
used to locate the tip vortices before and after the 
interaction with a blade [8], and two LDV systems 
simultaneously measured flow components along two 
different vertical lines within the rotor disk for vortex 
analysis purposes [9, 10, 11, 12]. This huge experimen
tal setup was possible only due to combined efforts of 
an international prediction and test team, comprising 
DLR, ONERA, DNW, NASA and US Army AFDD. 
Numerous publications exist about efforts have been 
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0.0043 

Table 1: Rotor operational conditions for cases BL, 
MN, and MV. The hub moments are trimmed 
to zero. 

made prior to the test [13, 14, 15, 16), about the test 
[17, 18, 19, 20) and in the aftermath for code validation 
[21, 22, 23, 24, 25, 26, 27, 28). 

The rotor operational condition is given in Tab. 1, 
and 3 cases of interest are investigated here. First, the 
baseline case (BL) does not incorporate any HHC and 
is representative for a 6.5° descent flight. Second, the 
minimun noise HHC setting (MN) incorporates 3lrev 
HHC with an amplitude of 0.86° and a phase of 300° for 
minimizing the average noise level measured in a plane 
below the rotor. Third, the minimum vibration HHC 
setting (MV) using the same control frequency and am
plitude, but with a different phase angle of 180°. The 
rotor blade is preconed by 2.5°, twisted by -8° I R and 
has a modified NACA 23012 airfoil. A detailed descrip
tion of the blade dynamics properties, sensor character
istics, test setup and test matrix, data acquisition, and 
representative test results are presented in [4). 

In the HART related publications, the LDV data 
were taken as published in [4), i.e. in the experimen
tal coordinate system parallel to the wind tunnel flow, 
since the LDV systems directed normal to the mean 
flow. The LDV measurement ranged along a vertical 
line at constant longitudinal and lateral position as de
scribed in Tab. 2. The vortex axis inclination to the 
LDV data plane was not taken into account. 

In the following, sections, first the blade bound circu
lation will be analysed from pressure distribution data 
to obtain the initial vortex strength and spanwise lo
cation. From LLS data the vortex axis inclination with 
respect to the LDV measurement is extracted and with 
this information the LDV data are transformed into a 
plane virtually normal to the vortex axis. In this plane, 
vortex properties will be analysed, i.e. vorticity, center 
of the vortex, core radius, circulation, and axial veloc
ity. 

Blade circulation 

Sectional pressure distribution 
At three radial sections, i.e. riR = 0.75, 0.87 and 
0.97 the unsteady pressure has been measured along 
chord to obtain the sectional lift dL I dr via chord wise 
numerical integration. Defect sensors within the distri
bution are numerically replaced by linear interpolation 
of the neighbouring sensor signals. Due to the high 
density of instrumentation, namely 24 transducers at 
r I R = 0.87, and 44 at each of the other sections, this 
is not significantly affecting the integrated values. 

Blade bound circulation 
From simple quasisteady theory, the blade bound 
circulation may be obtained from the sectional 
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Side: advancing 
Case: BL MN MV 

xwviR 0.443 0.448 0.448 
YLDviR 0.605 0.601 0.601 

-0.0818 -0.1285 -0.0634 

ZLnviR 
0.0202 -0.0085 0.0566 

Side: retreating 
Case: BL MN MV 

xwviR 0.376 0.376 0.376 
YwviR -0.706 -0.706 -0.706 

-0.121 -0.1175 -0.105 

ZLDviR 
0.011 0.035 0.045 

Table 2: LDV locations in the hub fixed wind tunnel 
coordinate system. 

lift by r, = (dLidr)lpV, with the lift computed 
as noted above. The local velocity is taken as 
V = f!R( r I R + J1. sin 'ljJ), and p results from the wind 
tunnel data. At the interesting azimuthal positions 
of ,p, "' 143° and 225°, where the vortices measured 
later on by the LDV systems are created, the radial 
bound circulation distribution provides information of 
what the initial vortex strength must have been. In 
Fig. 1 the low pass filtered radial bound circulation 
distribution is shown for the three cases BL, MN and 
MV at both of the azimuthal positions. It can be seen 
that on the retreating side the differences between the 
three cases is not large, while on the advancing side 
the radial distribution changes dramatically due to 
HHC and is even negative close to the tip in the MV 
case. This is known to create a counterrotating double 
vortex system with a tip vortex of opposite sense of 
rotation and an inboard positioned vortex of normal 
rotation. Due to the small gradient df,ldr at the tip 
in the BL case (advancing side), the vortex will be 
created at an inboard station. 

Circulation trailed into the wake 
Using the methodology of analysing the bound circula
tion distribution as described in [27, 29) for the vortex 
roll-up process, the amount of circulation fed into the 
rolled-up vortex can be computed. This normalization 
may be interpreted either by comparing an equivalent 
circulation at a constant oncoming velocity along span 
[27) or to a constant way traveled by the section of 
interest [29). 

riR+ J.L.Sin,P r,,,=r,VIvtip=r, 1+ . '1/J (1) 
' J.I.Slll 

The equivalent circulation r,,,, defines the radial ex
tension of vorticity trailed into the tip vortex ll.r,, and 
the geometrical center of the derivative df,,,, I dr marks 
the radial position of the rolled-up vortex, r,. The peak
to-peak difference of the equivalent circulation, .6.rb,eq 1 



Figure 1: Radial distribution of bound circulation for BL (0), MN {6) and MV (x). --: r,,--- -: r,,,,. 

Side: advancing retreating 
Case: BL MN MV MV (u) BL MN MV 
rvf(mCfs) 2.65 3.76 3.73 -2.44 3.67 4.18 4.58 
rt/R 0.916 0.932 0.866 0.980 0.964 0.959 0.965 
6.r,fR 0.25 0.2 0.225 0.060 0.110 0.125 0.105 

Table 3: Circulation trailed into the tip vortices from Eq. 2, radial tip vortex location, and radial extension of 
vorticity trailed into a vortex. (u) denotes the upper vortex. 

builds the normalized strength, and the inverse normal
ization of Eq. 1 at the final radial position defines the 
circulation finally trailed into the vortex. 

r _ Ar l+ !-'Sin,P 
V- u beq 

' rt/R+ !-'Sin'lj;, 
{2) 

The values, deduced from Fig. 1, are listed in Tab. 3. 
Since the normalization procedure shifts the maximum 
of the bound circulation more to the tip and defines 
the radial extension of circulation fed into one vortex, 
the resulting vortex circlulation is little less than 
what could be directly read from Fig. L It shall also 
be noted, that the equivalent circulation exhibits a 
maximum, where the original circulation distribution 
still shows a gradient. 

BVI events 
From the leading edge pressure distribution, BVI 
events in the rotor disk are identified easily, when 
the first 6 integer harmonics of the pressure data 
are omitted. This high pass filtering leaves all vortex 
induced fluctuations in the data but suppresses the 
1/rev dynamic pressure fluctuations and the basic 
components due to blade motion of the lower elastic 
modes. By this, the number and, qualitatively, the 
closeness of interaction with a blade can be analysed. 
For this study it is important how often and how 
close the vortex segments measured later on by LDV 
have interacted with a blade, since a close interaction 
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will disturb the vortex core to a certain amount. In 
Fig. 2 these filtered pressure data are presented and 
the assumed flight paths from the points of creation at 
the front of the rotor disk to the LDV measurement 
locations are indicated. Along these flight paths, the 
BL case shows one close interaction just before the 
LDV position is reached on the advancing side; the 
vortex is above the rotor blade at this interaction. On 
the retreating side, there is also one close interaction 
just upstream the LDV measurement location, and the 
vortex is again above the blade. 

In the MN case, there is a very close encounter at 
'lj; "' 90° on the advancing side, and the vortex is below 
the blade at the LDV location. On the retreating side, 
just upstream of the LDV position, the vortex seems 
to be cut by a rotor blade, since along the vortex flight 
path this is the strongest interaction. The remnants of 
this event shall be visible in the LDV data presented in 
a later section. The MV case appears to have no close 
interaction of a vortex between its creation and the ap
propriate LDV position on neither the advancing nor 
the retreating side. All close BVI events happen down
stream of the LDV location, i.e. the vortices are flying 
higher over the rotor disk before penetrating it, com
pared to BL and MN cases. Thus, both of the vortices 
shall be clearly visible in the LDV data. 
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Figure 2: Pressure distribution (time averaged data) at 3% chord, upper side. Data are high pass filtered at 6/rev 
to show vortex induced fluctuations only. The LDV measurement positions are located at the end of the 
arrowheads that indicate the flight path of the vortices created at ..p = 143° and 1/! = 225°. 

Vortex trajectories 

LLS data 
At a blade position of ..p = 35° on the advancing side 
and w = 295° on the retreating side the vortex center 
positions in space were computed from LLS recordings 
[30]. For each vortex, different lateral positions are 
captured and thus the vortex axis orientation in space 
can be evaluated. This is done for the tip vortices of 
two different consecutive blades such that two vortex 
trajectories are visible. Assuming each vortex to move 
the same way, the flight path may be approximated 
to vary almost linearly between the x, z coordinates 
at a constant lateral position. Since these data are 
obtained close to the LDV measurement location 
oriented vertical in space, the analysis of LLS data is 
important for transforming the LDV data from the 
wind tunnel coordinate system into the vortex axis 
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system. It must be noted, that all vortex trajectories 
from the HART test published before [4] were based on 
the analysis of a single LLS recording only. Thus, each 
vortex point is a result from a different revolution, 
but at the same reference blade azimuth. For this 
paper, all of the trajectories have been recompiled 
from as many single recordings as available in order 
to evaluate time averaged vortex data. The resulting 
trajectories are much smoother than those of the single 
recording analysis in cases MN and MV on the ad
vancing side, but do not change in the rest of the cases. 

Vortex axis orientation 
The results from LLS data analysis is given in Fig. 3 
for the advancing side of the rotor and in Fig. 4 for 
the retreating side, all in the wind tunnel coordinate 
system with the origin in the center of the rotor 



hub. Additionally, the LDV measurement range is 
indicated in the figures and the probable height of 
vortex passage through the LDV measurement line 
can be extracted. In all cases the vortices pass the 
LDV range and shall be visible in the LDV data. On 
the advancing side, Fig. 3, the trajectories do change 
significantly between the three cases. In the BL case, 
the vortices are almost parallel to the blade {b) and 
are in the same height, this being the reason for the 
high BVI noise level. In the MN case, the vortices are 
far below the blade at the tip, but inboard they have a 
steep gradient towards the blade. This is in agreement 
with the pressure data of Fig. 2{b), that indicate the 
penetration of the rotor disk to be at y j R "' 0.4. The 
MV case also has a strong inclination of the vortex 
axis with respect to the blade axis, but is very close to 
the blade at the tip, where the largest Mach numbers 
are present. Therefore, this case is noisier than the BL 
case [4]. 

The results of the retreating side are given in Fig. 4. 
From the top view, all cases do look similar, but the 
rear view shows differences in closeness to the blade as 
well as in the inclination angles. Due to the shaft angle 
setting, the blade will move downwards when it reaches 
the vortex 5. Thus, case MV {f) is more problematic 
with respect to noise than case BL {b), since the vortex 
is closer to the blade and has less inclination in radial 
direction. 

From these figures the intersection angles between 
the vortex axis and the LDV measurement line can 
be extracted. In the top view, the angle between the 
projected vortex axis and a plane z = canst. will be 
denoted as f3z, and in the rear view, the appropriate 
angle to a plane x = canst. will be taken as f3x. These 
angles are important later on for transforming the LDV 
data, since the vortex passed the LDV measurement 
line with those angles of inclination. They are given in 
Tab. 4, and it is obvious, that they are large enough 
such that vortex properties as vorticity, circulation or 
core radius cannot be evaluated from the data in the 
wind tunnel coordinate system as was done in [4, 31, 
12]. From Fig. 3 and Fig. 4 the vertical position zo 
of the vortex passage through the LDV measurement 
range and the time of passage in terms of rotor azimut, 
'1/Jo, can be evaluated. Both values are also listed in 
Tab. 4 for all cases. 

Velocity vector field analysis 

The velocity vector fields on advancing and retreating 
side published up to today [4, 31, 12] were presented in 
the wind tunnel coordinate system, i.e. with velocity 
components u, w in a plane y = canst. and v normal 
to it. Therein the x-coordinate was build up by 
the average horizontal flow component within the 
assumed vortex center, x = XLDV - Uav(t- to), and 
the z-coordinate is equivalent to the vertical LDV 
position plus the average vertical flow component 
within the vortex center, z = ZLDV - Wav(t- to). It 
was implicitly assumed, that the mean flow would 
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not change within this virtual x, z-range, but this is 
quite questionable in a highly three-dimensional rotor 
flow environment. The only reliable coordinates are 
the LDV measurement positions, the measurement 
time window (or the equivalent in rotor azimuth), and 
the wind tunnel speed (or the advance ratio). In the 
following, the virtual x-coordinate is build up by these 
variables: xjR = XLDv/R -f.''I/J, and Z = ZLDV· XLDV 
and ZLDV are the LDV measurement coordinates in 
the hub fixed wind tunnel coordinate system. 

Transformation into the vortex axis 
In the section above, the intersection angles between 
the vortex axis and the LDV measurement line were 
identified. To obtain the measured velocities in the 
vortex axis system, both the x, z coordinates and the 
velocities have to be transformed by these angles. Xo 
and zo define the vortex center in the wind tunnel 
system. 

xv = (x - xo) cos {3, 
zv = (z- zo) cos f3x 
uv = ucosf3,- vsin{3, {3) 
vv = (usinf3, +vcosf3z)cosf3z -wsinf3z 
wv = (usinf3z +vcosf3z)sinf3z +wcosf3z 

Then the average values of the transformed velocity 
field are subtracted in order to mainly show the 
vortex induced velocities. Unfortunately, in most of 
the measurement areas the wake of one or two blades 
that had passed the measurement line just before do 
siguificantly affect the average values. Therefore, the 
area of analysis must carefully be selected to keep 
these zones outside the area of investigation. For the 
vector field analysis, the assumption is made that the 
velocity field in a plane normal to the vortex axis 
does not change within the axial range where the 
LDV data are taken. Therefore, all data are shifted 
into a plane YV = canst .. Since the vortex is fed with 
a continuously varying circulation, and is within a 
highly three-dimensional flow field, this is basically 
questionable. However, the small ranges around the 
center of a vortex are within a small volume and the 
3/rev changes of vortex circulation due to HHC within 
this small volume may be negligible, because they do 
have a large wavelength compared to the range of 
interest. 

Vorticity and vortex circulation 
Within the velocity vector field obtained from Eq. 3, 
the vorticity can be examined by 

rot(Vv) 8uv j8zv- 8wv j8xv (
4

) 
Wy = 2 = 2 

and the circulation of the field is computed by inte
grating the positive values of vorticity for a vortex of 
conventional sense of rotation, or by the negative val
ues for a counterrotating vortex (as is present in the 
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Figure 3: Vortex trajectories at 1/J = 35° on the advancing side. In (a), (c), (e) the wind tunnel flow comes from 
the left. 

28.6 



-0.4 

-0.5 

"' -0.6 
';:: 

-0.7 

-0.8 

-0.4 

1 -0.5 

"' -0.6 
';:: 

-0.7 

-0.4 

-0.5 

"' -0.6 
';:: 

-0.7 

-0.8 

0.2 

0.2 

0.2 

Vortex 4: D 

Vortex 5: * 

0.3 0.4 0.5 
x/R-

(a) BL case, top view 

Vortex 4: o 

Vortex 5: * 

> • 

~ t ,, 

0.3 0.4 0.5 

x/R-

(c) MN case, top view 

Vortex 4: o 

Vortex 5: * 

0.3 0.4 0.5 
x/R-

(e) MV case, top view 

0.6 

0.6 

0.6 

0.10 ,.-------------, 

0.05 

~ -0.05 
N 

-0.10 

-0.15 
-0.8 -0.7 -0.6 -0.5 

y/R-

(b) BL case, rear view 

0.05 

~ -0.05 
N 

-0.10 

-0.7 -0.6 -0.5 

y/R-

(d) MN case, rear view 

l 
0" ~ ' 
0.05[ ~ 
o.oo f======j=~~T======f 

~ .......... 
~ -0.05 

N 

-0.10 

-0.15 L_~--'-~--'-~-_j 
-0.8 -0.7 -0.6 -0.5 

y/R-

(f) MV case, rear view 

Figure 4: Vortex trajectories at 'lj; = 295° on the retreating side. In (a), (c), (e) the wind tunnel flow comes from 
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Side: advancing retreating 
Case: BL MN MV MV (u) BL MN MV 
/3z/" 49 60 44 42 -57 -57 -58 
f3x/o 16 -5 38 42 -34 -17 -17 
lOOzo/R -2.3 -7.8 0.4 6.0 -1.8 -4.0 0.0 
'1/Jo/" 30 10 352 340 326 329 324 

Table 4: Vortex inclination angles and height of passage through the LDV measurement range. (u) denotes the 
upper vortex. 

MV case). 

r=2 I I Wydxdz=212

~ I Wydrrd¢ (5) 

This areal integration is done numerically using the 
first expression. The second expression of Eq. 5 may be 
simplified when an ideal vortex is assumed, since the 
angular integral around the vortex axis ¢ can be solved 
in advance and the remaining integral is the circumfer
ential velocity, V¢. Thus, 

r = 27rrV¢ (6) 

At¢ = 0, r = xv and V¢ = wv and this can be used for 
computing the vortex circulation as well, if the vortex 
is ideal in its vorticity distribution. An alternative is 
using the uv-profile versus zv, a result at 4> = 90°, 
where r = zv and V¢ = uv. Eq. 6 is used in [31] in the 
wind tunnel coordinate system, but it is obvious, that 
the measured vorticity does not fulfill the requirement 
of an ideal vortex on the advancing side, see Fig. 5. 

A different approach was used by ONERA to com
pute the vortex circulation [12]. With an empirical 
method derived from delta wing experiments, the peak
to-peak velocity difference at the assumed core radius 
is taken. 

(7) 

Again, the velocities and assumed core radii were taken 
from data in the wind tunnel system instead of the 
vortex axis system. In [4], all vortex circulations were 
computed using Eq. 7. 

In Fig. 5 the vorticity distribution around the vortex 
of case BL, advancing side, is shown in the vortex co
ordinate system with using the original LDV data (a) 
and after data smoothing with an algorithm described 
in [33] (b). This data smoothing cuts the point-to-point 
scatter and therewith the peak values (and the inte
gral value of circulation, too) but gives a clearer figure 
of where vorticity is concentrated and where the vor
tex center is located. It is clearly visible that there is 
no typical vortex present with a concentrated, almost 
symmetrical vorticity in the core. This is due to the 
interaction with the blade that just passed this vortex 
very closely and the wake of this blade is interacting 
with this vortex such that it is stretched to a flat band 
of vorticity. This wake is located directly below the 
lower border of the graph. Since one part of the vor
tex is above the top of the experimental data field, and 
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another part of the vortex apparently mixed with the 
wake on the lower left of the figure, not all vorticity 
of the vortex could be included in the computation of 
circulation. 

The MN case (advancing side, given in Fig. 6) does 
not show any vortex structure in the entire area of mea
surement, here given in the original wind tunnel coor
dinate system. Wakes of the last two blades that passed 
this area are visible, and it is to be assumed that the 
vortex, that must even have been stronger than that of 
the BL case (see Fig. 1, Tab. 3) passed either before the 
measurement time window was opened, or on a lower 
flight path such that it could not be captured. This lat
ter assumption is more probable with the information 
of LLS data, Fig. 3, where the vortex appears to pass 
dose to the lower end of the LDV range, and free-wake 
computations indicate both reasons to be true [29]. 

In the MV case, Fig. 7, two vortices are present as 
expected from Fig. 1. The lower vortex is spread over 
a larger area than the upper vortex and has lower ab
solute values in vorticity, but the integrated circulation 
is larger. Since two well separated centers of vorticity 
are present in the lower vortex, it either has been cut 
by a blade just before the LDV measurement has been 
taken, or the roll-up procedure resulted in this type 
of vortex structure. From Fig. 2 and Fig. 3 the vortex 
shall have passed high enough above the blades before 
the LDV measurement, and from Fig. 6 the blade wake 
has a strong vorticity, that cannot be found in Fig. 7. In 
contrast to this, the upper vortex has a center clearly 
to identify. 

On the retreating side, the vortices are stronger at 
the time of creation than those of the advancind side 
and thus shall be more clearly to be identified from 
the LDV data. In the BL case, shown in Fig. 8, the 
vortex appears as a well-rounded structure with very 
large vorticity in the center. In the MN case, the vortex 
has much weaker vorticity and is spread over a larger 
area. This is most probably due to the fact that the 
vortex has had a very close interaction with a blade 
at 'ljJ = 280°, a result from the blade's leading edge 
pressure distribution, see Fig. 2. In the MV case, the 
vortex again appears as a very round-shaped structure 
with large values of vorticity and a clear center. 

The computed values of circulation are summarized 
in Tab. 5. It must be noted, that LDV data are always 
time averaged data and that the natural fluctuations in 
v-ortex position from revolution to revolution smooth 
the peak values to a certain degree, compared to in- ( 
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Figure 5: Vorticity and vortex circulation, case BL, advancing side. 
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Side advancing retreating 
Case BL MV MV (u) BL MN MV 
r~~~ v 2.65 3.73 -2.44 3.67 4.18 4.58 
m~s 

1.64 2.14 -1.53 2.50 1.73 3.46 
m 2 js 
r<z) 

2.13 2.78 -1.99 3.25 2.25 4.50 
m'i.fs 

from [31] from [12] 
r 

1.0 1.3 -1.0 2.1 2.2 2.8 
m 2 js 

from [4] 
r 

1.4 2.2 -1.6 
m2/s 

Table 5: Vortex circulation. (u) denotes the upper vor
tex. (!): Circulation trailed into the vortex at 
its generation from Tab. 3; <2l: values of r 
multiplied by the empirical factor of 1.3 from 
[32]. 

stantaneous field measurements. A direct comparison 
between LDV data and PIV data on rotor vortices has 
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been made in [32], and it was found that the circulation 
derived from the instantaneons field measurement was 
1.3 the value of the LDV measurement field. As a first 
guess, this factor may be used to correct the LDV-based 
circulations. These values are also given in Tab. 5. With 
this correction, the vortex circulation from flow field 
data are getting close to the circulation initially trailed 
into the wake, rv, derived in a section above. This is 
especially true for the vortex on the retreating side, 
MV case, where the leading edge pressure distribution 
of Fig. 2 predicted no interaction with a blade before 
reaching the LDV location. In the MN case, retreating 
side, a collision with a blade is visible before the vortex 
reaches the LDV location. The vorticity field in Fig. 8 
shows a very diffuse distribution of vorticity, with a 
much lower value of circulation than in the other cases, 
although the inital vortex strength is predicted to be 
in between the BL and the MV case. The wake of the 
blade interacting with the vortex is within the vortex 
core and thus affects the integrated circulation. 

Vortex core radii 

In [4] the vortex cores are identified from velocity pro-
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Figure 7: Vorticity and vortex circulation, case MV, advancing side. 

files through the vortex core. Two possibilities for such 
an analysis are available, either from w versus x or 
from u versus z. In [4], both methods are used with 
the velocity profiles in the wind tunnel system, and the 
smaller value of both has been taken; mostly from the 
profile u(z). Due to the vortex axis inclination given in 
Tab. 4, the vortex core radius in the vortex axis system 
will be significantly smaller. In Fig. 9 and Fig. 10 all 
velocity profiles w(x) and u(z) are given for the vor
tices found on the advancing side and on the retreating 
side, respectively, for cases BL, MN and MV. On the 
advancing side, no vortex is present in the MN case, 
but a counterrotating double vortex system in the MV 
case as shown in Fig. 7. 

Since the velocity profiles of both the wind tunnel 
system and the vortex axis system are given, the differ
ences are immediately visible. Due to large inclination 
angles f3z (see Tab. 4) the difference between the core 
radii from w(XLDV) and those from wv(xv) are larger 
than the differences in the appropriate u(z)-profiles. 
In most cases the peak-to-peak velocity difference is 
larger in the vortex axis system and the velocity profile 
is more pronounced. From the figures, the vortex core 
radii can be extracted, but care must be taken, where 
the wake of a blade is within the vortex core. This is 

28.10 

mainly visible in the following u(z) profiles: BL and 
MV on the advancing side and MN on the retreating 
side. In the other cases, the blade's wake is far enough 
outside the core such that the velocity profile is almost 
unaffected. Nevertheless the scatter of velocity data 
at the core radius has to be smoothed by hand to 
identify the location of peak velocity and thus the core 
radius. The vortex core radii evaluated this way are 
listed in Tab. 6 and extracted from Fig. 9 and Fig. 10. 
Also, they are empirically corrected by the results of 
[32], where the instantaneous flow field analysis by 
PIV technique directly was compared to LDV results 
of the same area, and the core radii were found to 
be 0.8 the size of those analysed by LDV. It must 
be noted, that in [4] the x-coordinate is constructed 
with the average velocity Uav within the entire LDV 
data field, not with usage of the wind tunnel speed 
f.L as is done here. Thus small differences in the core 
radii derived from the wind tunnel system velocity 
profiles are present. In [4], most of the core radii are 
taken from the u(z) profile, because they are smaller 
than those of the w(x) profiles. From Tab. 6, the 
core radii from both of the velocity profiles are close 
together when analysed from the profiles in the vortex 
system. The differences to the values in the tunnel 

( 
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Figure 8: Vorticity and vortex circulation, retreating side. 

system are larger in the w(x) profiles, because the in
clination angle f3z has larger values than f3x, see Tab. 4. 

Vortex axial velocities 
In vortices created by a constant value of circulation 
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(a wing in level flight) as well as in vortices created by 
dynamic changes of circulation (typically in rotorcraft) 
axial velocities exist from a theoretical standpoint 
[34] and have been measured by LDV on single and 
two-bladed untwisted rotors with small tip speed 
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Figure 9: Velocity profiles through the vortex core (advancing side). Peak velocities mark the vortex core radius. 
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Side: advancing retreating 
Case: BL MV MV (u) BL MN MV 

System: t v t v t v t v t v t v 
w(x) 2.3 1.5 3.7 2.3 1.7 Ll 1.0 0.7 2.5 1.5 1.9 1.0 
u(z) 2.1 1.4 2.7 2.3 1.6 Ll 1.5 0.7 1.6 1.5 1.5 1.2 

From (4] 2.1 2.7 1.6 1.5 2.5 1.5 
80rcfRl1l 1.1 1.8 0.9 0.6 1.2 0.8 

Table 6: Vortex core radii lOOrc/R identified from velocity profiles of Fig. 9 and Fig. 10. (u) denotes the upper 
vortex, t=tunnel system, v=vortex axis system. (l) empirically corrected by the results from (32]. 

in (36]. It was found that the axial velocity quickly 
decreased with vortex age, and were negligible at wake 
ages larger than 90°. In [10], vortices of a four bladed 
model rotor with reduced tip speed were measured 
by LDV, and the peak axial velocity was found to be 
vv j(O.R) = 0.04 for a rectangular blade at a vortex 
age of 40°, and -0.12 for a winglet blade. The first 
value agreed with earlier experiments [35]. 

The vortices measured in the HART test were little 
older than one revolution, and the rotor was operated 
at full scale Mach numbers. For the cases investigated 
here, the vv(xv) velocity profiles through the vortex 
centers provide information about the shape and mag
nitude of axial velocities. The rate of change with time 
could not be measured with the experimental set-up of 
HART, but this is an important parameter for the vor
tex' stability. In Fig. 11 all axial velocity profiles are 
given. On the advancing side, only the upper vortex 
of the MV case has a significant axial flow within the 
vortex center, while the lower vortex and the vortex of 
case BL do only have small axial velocities. On the re
treating side, all three cases show a clear axial velocity 
profile, only the magnitude is smaller in the MN case, 
because this vortex was cut by a blade before as can be 
seen in Fig. 2, Fig. 8 and Fig. 10. Compared to the outer 
flow, the axial velocity peal<s at vv j(O.R) = 0.064, and 
thus is even larger than the circumferential velocities 
uv and wv of Fig. 9 and Fig. 10. For a Rankine type of 
vortex (solid core with constant vorticity, no vorticity 
outside the core) a formula is given in [34] for the axial 
velocity distribution inside and outside the core. For 
an observer moving with the vortex, outside the core 
vv = 0, and inside the corer< rc: 

vv(r) = Jv;, + 2w;(r~- r2 )- V00 (8) 

In a rotor environment, V00 = O.R(r./R+ J.LSin'ljJt) is 
the velocity at the radius and the time of tip vortex 
creation, and the constant value of vorticity may be 
replaced by the circulation with wy = r /(271-r~) (from 
Eq. 5). The peak value appears in the center of the 
vortex at r = 0. With the values of rt/ R from Tab. 3, 
'1/Jt from Fig. 1, r from Tab. 5 and ref R from Tab. 6, 
the peak values can be approximated theoretically. 
In Tab. 7 both the theoretical and the experimental 
peak values of axial velocity are compared. A third 
row of data is computed using the empirical correction 
factors found in [32] for the vortex circulation (1.3) 

and its core radius (0.8). In general, agreement with 
the experimental data is poor, when the vortices are 
not concentrated, and thus cannot be approximated 
by the type of vortex used in theory (all vortices on 
the advancing side, MN on the retreating side). The 
vortices not affected by BVI before being measured 
by LDV, that are BL and MV on the retreating side, 
show fair agreement when the empirically corrected 
circulation and core radius are used in Eq. 8. 

Vortex passage through the LDV range 
In Fig. 9 and Fig. 10 the vertical height of the vortex' 
center passing the LDV measurement range can be 
extracted from the w(x) and u(z) profiles, respectively. 
The center of the vortex was chosen from the vorticity 
plots in Fig. 5, Fig. 7 and Fig. 8, from the axial 
velocity distribution in the vortex coordinate system 
and from the velocity vector plot (both not given 
here). Due to the crossflow component of velocity, 
the vortex center coordinates xo/R or '1/Jo and zo/R, 
also given in w(x) and u(z) profiles, seem not always 
to be in the vortex center, but the wv ( xv) and 
uv(zv) profiles indicate the correct position with the 
coordinate origin in the center of the velocity profile, 
especially at the retreating side (Fig. 10). In addition, 
the time of passage in terms of rotor azimuth, '1/Jo, can 
be extracted by 

"'' _ XLDv/R-xo 
o/0-

J.L 
(9) 

In Tab. 8 these values are listed and compared to what 
has been analysed from LLS data some sections before, 
see Tab. 4. There are significant differences between 
the results of the two methods of up to t::.z0 j R = 0.026 
(that is almost half a chord) in vertical position and 
1!::.'1/Jol = 30° (= lt::.xj Rl = 0.079, that are 1.3 chords) 
and it is unclear where these discrepancies do come 
from. Interestingly the BL case is the only one with op
posite sign in both of the differences compared to the 
other cases. The LLS results are expected to have an ac
curacy of 10mm in vortex positions(= t::.zj R = 0.005) 
and the LDV positions are accurate to about 1mm in 
LDV position, and 0.5° in azimuth; all of these val
ues are well below the discrepancies found. It must 
be noted, that the vortex passage height and time us
ing LLS data is an interpolation on the retreating side 
(Fig. 4), and shall be more reliable than on the advanc
ing side, where the vortex flight path is extrapolated 
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Figure 11: Axial velodty profiles. 

Side: advancing retreating 
Case: BL MV MV (u) BL MN MV 

1/Jv / (2rr) 1.35 1.12 1.35 1.12 1.12 1.12 
lOOvv j(fi.R)(ll 0.7 1.9 5.6 6.4 3.3 4.7 
lOOvv J(fi.R)<2l 0.2 0.1 0.3 2.2 0.2 1.7 
lOOvv J(fi.R)(s) 0.5 0.3 0.8 5.7 0.6 4.4 

Table 7: Vortex age and maximum axial velocities in the vortex center. {l): Experiment; (2l: Eq. 8 with r from 
Tab. 5 and r, from Tab. 6; (3): as (z) using empirically corrected core radii and circulation from [32]. 

{Fig. 3). In average, LLS predicts the vortices to be 
6.z0 j R = 0.022 higher, or 0.36c, a small value com
pared to the rotor radius, but a large value compared 
to vortex core radii dimensions. 

The difference in coordinates of the vortex passage at 
the LDV location obtained by the different techniques 
of LLS and LDV have to be analysed. The LDV sys
tems are erected outside of the tunnel flow on towers 
on the right and left of the test section. They are di
recting into the flow at an angle of 90° from aside with 
a measurement distance of 5m. Since the towers are 
outside the flow, they are only subject to thermal ef
fects, and might deform vertically due to heating. This 
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might explain part of the differences in vertical direc
tion, 6.z0 / R, but not the differences in time, 6.¢0 , since 
both LLS and LDV are triggered to the rotor azimuth. 

The LLS camera is mounted on the nozzle exit, 3.6R 
ahead and l.5R above the rotor hub. The areas of inter
est are located between 0.35R and 0.8R behind the hub 
on the advancing side and between 0.15R and 0.6R be
hind the hub on the retreating side. In average, the hor
izontal LLS measurement distance is about 4.1R and 
the total distance 4.37 R. Thus, the measurement angle 
is about a = 20° downwards. Any angular deflection 
6.a of the camera, be it elastic deformation of the noz
zle, or thermal d~formation, will cause an error in hor-



Side: advancing retreating 
Case: BL MV MV (u) BL MN MV 
100zo/R -1.3 -2.8 3.4 -4.1 -5.3 -2.3 
100£:.zofR(1

) = lOO(zoiLLs- zoiLDv)/R -1.0 2.4 2.6 2.3 1.3 2.3 
7/Jo ;o 6 16 355 348 359 353 
£:.7/Jo/" (1

) = (7/JoiLLs -7/Jolwv )/" 24 -24 -15 -22 -30 -29 

Table 8: Vortex height z0 and time 7/Jo of passage through the LDV measurement range. (u) denotes the upper 
vortex. (1): £:.values are the difference to the results of LLS data, see Fig. 3, Fig. 4, and Tab. 4. 

izontal and vertical position of the LLS camera frame. 
The average vertical difference found between both of 
the methods is t.z0 j R = 0.022, and this amounts for 
an angular difference of t.a = 0.27° at the camera lo
cation. The horizontal difference then becomes 

£:. 7/Jo "" t.zo / ( R~t sin a) = 24 ° (10) 

This is just the range found in Tab. 8. However, further 
investigations have to be done to prove this assumption. 

Conclusions 

In tbis paper pressure data, LLS data and LDV data 
of the HART test are investigated in detail in order to 
extract vortex characteristics and to assess the consis
tency of data from different measurement techniques. 
The conclusions can be summarized as: 

• The vortex core radii evaluated from data in the 
vortex axis system are generally smaller than those 
from data in the wind tunnel system, the smallest 
core is found to be only rc/R = 0.007, i.e. 12% of 
the chord at a vortex age of slightly more than one 
revolution. 

• Within the vortex core, an axial velocity exists, 
that is very large in vortices that have not been 
under BVI before. In these vortices, vorticity is 
very concentrated in the center, and the cores are 
small. 

• Where BVI already affected the vortex, its 
strength is decreased, the core is widened, and vor
ticity is spread over a wider area. The axial veloc
ity is reduced. 

• It is found that the height of the vortex pas
sage identified from LLS and from LDV data are 
not consistent. LLS data indicate the vortex in 
all cases to fly higher than the vertical position 
found in the LDV data. The differences range 
from t.zj R = 0.014 to 0.03 with an average of 
£:.zfR=0.023. 

• It is also found, that the time of the vortex pas
sage identified from LLS and from LDV data are 
not consistent. In terms of rotor azimuth, the dif
ferences range from 6.1/J = 32° on the advancing 
side to -30° on the retreating side. 
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• The differences in LLS and LDV results may be 
due to small angular deflections of the LLS cam
era location, but this assumption has still to be 
investigated. 

• Future measurements of rotor wakes shall be based 
on instantaneous flow field measurements and 
must be able to scan an entire area at the same 
instance of time to avoid the uncertainties of time 
averaging and vortex fluctuations. They shall cover 
a wider range of the rotor disk to provide informa
tion of the global structure, the vortex flight path, 
and the vortex aging process. 

As a consequence of the investigations of this paper, 
the vortex properties like core radius and circulation 
assumed before, have to be corrected. This is due to the 
fact that earlier investigations analysed the LDV data 
in the wind tunnel coordinate system and did not take 
into account the vortex orientation in space. A second 
consequence derives from the result, that inconsisten
cies of data from LLS and LDV technique were found 
and the reasons have to be analysed in future. 
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