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Unsteady Blade Pressures on a Propfan: Predicted and
Measured Compressibility Effects

M. Nallasamy™
Sverdrup Technology, Inc., Brook Park, Ohio 44142

The effect of compressibility on unsteady blade pressures is studied by solving the three-dimensional Euler
equations. The operation of the eight-bladed SR7L propfan at 4.75-deg angle of attack was considered. Euler
solutions were obtained for three Mach numbers, 0.6, 0.7, and 0.8, and the predicted blade pressure waveforms
were compared with flight data. The predictions show that the change in pressure waveforms are minimal when
the Mach number is increased from 0.6 to 0.7, as observed in the flight experiments. Increasing the Mach
number from 0.7 to 0.8 produces significant changes in predicted pressure levels. The predicted amplitudes,
however, differ from measurements at some transducer locations. Also, the predicted appearance of a shock in
the highly loaded portion of the blade revolution is not indicated by the measurements. At all three Mach
numbers the measured (installed propfan) pressure waveforms at the majority of transducer locations show a
relative phase lag compared to the computed (propfan alone) waveforms. This appears to be due to installation
effects. Measured waveforms in the blade tip region show nonlinear variations which are not captured by the

present numerical procedure.

Introduction

HE flow unsteadiness affects critically the propfan per-
formance and near-field noise levels. The unsteadiness
may be the result of operation of the propfan at an angle
relative to the mean flow direction, or of distorted inflow
caused by installation effects. Wind-tunnel and flight tests
were conducted on a 2.74-m- (9-ft-) diam large-scale propfan
to further understand the effects of flow unsteadiness.'-?
Unsteady blade pressure measurements of the large-scale
propfan were first made in a transonic wind tunnel with an-
gular inflow and (cylinder) wake inflow.' It was found that
at takeoff conditions, high-power cases resulted in the for-
mation of a leading-edge vortex on the blade. Then, in the
propfan test assessment (PTA) program, flight tests were con-
ducted to investigate the effect of inflow angle on the near-
field noise level.> A sensitivity of about 1 dB per degree of
inflow angle change was found in flight measurements. Fi-
nally, in the PTA follow-on flight tests, detailed unsteady
blade pressure measurements® were made on a specially de-
signed instrumented blade. In this test, the blade suction sur-
face had 20 pressure transducers distributed over three radial
stations (/R = 0.68, 0.86, and 0.95, where r is the radial
distance and R is the blade tip radius), while the pressure
surface had 10 pressure transducers distributed over two radial
stations (/R = 0.68 and 0.95). A nacelle tilt arrangement
was employed to vary the inflow angle to the propfan.
Three sets of data were taken providing a unique data base
of detailed unsteady blade pressures in flight: 1) low altitude
(580 m), low speed (Mach number ~0.3); 2) high altitude
(10,500 m), high speed (Mach number ~0.8); and 3) a com-
pressibility series in which the flight Mach number M was
varied (Mach number ~0.6, 0.7, and 0.8), keeping the ad-
vance ratio and power coefficient (blade angle) constant. In
each set, three nacelle tilt angles, —3, —1 (tilt down), and 2
deg (tilt up). were considered, giving an effective inflow angle
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variation of 5 deg. Efforts have been made to understand the
unsteady flow features exhibited by these data and also to
validate the prediction of three-dimensional Euler analysis
methods against the data.

The unsteady flow features of a propfan at takeoff (low
speed, low altitude) were examined by Nallasamy* by solving
the three-dimensional Euler equations. It was found that the
measured (installed propfan) blade pressure waveforms showed
a relative phase lag compared to the computed (propfan alone)
waveforms at the outboard (/R = 0.95) station on both pres-
sure and suction surfaces. However, on the pressure surface
the magnitudes were found to be in good agreement with
flight data at all inflow angles studied. On the suction surface,
in addition to the relative phase lag, the measurements showed
distortion of the waveforms. The extent of distortion in-
creased with inflow angle.

Nallasamy and Groeneweg® studied the unsteady flow fea-
tures at cruise operating conditions. They showed that at in-
flow angles of 1.6 and 4.6 deg, passage shocks extending from
suction to pressure surface formed and dissolved during each
revolution of the blade. The computed unsteady blade pres-
sures for 1.6 deg were compared with wind-tunnel data.® The
comparisons showed good agreement of the predicted blade
pressure waveforms with data at most of the transducer lo-
cations considered.

The effect of compressibility on steady blade pressures was
examined.” It was found that with increasing Mach number,
more significant changes occurred on the suction side than on
the pressure side. The evidence of a compression wave started
to develop when the Mach number reached 0.7. At a free-
stream Mach number of 0.78, the compression wave fully
developed into a trailing-edge shock.

In this article, the effects of compressibility on unsteady
blade pressures of a propfan are studied by solving the three-
dimensional Euler equations for angular inflow. The solutions
are obtained for three Mach numbers, 0.6, 0.7, and 0.8 of
the PTA follow-on compressibility test series, keeping ad-
vance ratio and blade angle constant. First, the predicted
blade pressure waveforms for M = 0.8 are compared directly
with PTA follow-on flight data to assess the predictions at
the high inflow angle, high-speed case. Then the waveforms
for three Mach numbers, 0.6, 0.7, and 0.8, are compared with
measured waveforms to evaluate the ability of the solution
procedure in predicting the Mach number effects observed in
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flight tests. No effort is made here to quantify the effect of
compressibility on propfan performance.

Numerical Solution of Three-Dimensional
Euler Equations

The unsteady three-dimensional Euler equations governing
the inviscid flow through a propfan are solved employing a
solution procedure developed by Whitfield et al.** In this
procedure the Euler equations in conservative differential form
are transformed from a Cartesian reference frame to a body-
fitted curvilinear reference frame. The transformed equations
are then discretized employing a finite volume technique. A
lower-upper (LU) implicit numerical scheme is used to solve
the discretized equations. An approximate Riemann solver is
used for block interface definitions. The flowfield is repre-
sented by a multiblock composite grid to limit the core mem-
ory requirements.

Flow Configuration and Computational Grid

The configuration considered is that of the eight-bladed
SR7L propfan of the flight test.? The direction of rotation of
the propfan is clockwise, looking downstream. The azimuth
angle ® is measured from vertical (top-dead-center) for air-
craft installation as in the presentation of flight data in Ref.
3, and increases in the direction of rotation (Fig. 1). The grid
employed is an H-grid with 107 x 41 x 25 (axial by radial
by circumferential) nodal points in each passage. The blade
design hot coordinates are used to generate the grid. Each
passage is divided into three blocks with 107 x 41 x 9 grid
points in each block. Thus, 24 blocks of grid were used to
describe the entire flowfield. Each blade surface is repre-
sented by 49 x 27 (axial by radial) grid points with higher
resolution near the leading and trailing edges, the hub and
the tip.

Table 1 PTA follow-on test cases®: predicted and measured total
power coefficients

Blade angle Power coefficient

Run Mach

no. no. Test Euler Test Euler
140 0.8 56.7 57.0 1.493 1.491
142 0.7 56.6 57.0 1.533 1.549
144 0.6 55.5 57.0 1.475 1.386

p=0°

Fig. 1 Definition sketch.
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Fig. 2 Pressure waveforms on the suction surface at /R = 0.68,
M = 0.8.
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Fig. 3 Pressure waveforms on the pressure surface at r/R = 0.68,
M = 0.8.
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Fig. 4 Pressure waveforms on the suction surface at /R = 0.95,
M = 0.8.

Results and Discussion

The unsteady three-dimensional Euler solutions were ob-
tained for the following three flight test cases of Ref. 3: 1)
run = 144,i.d. = l cand M = 0.603; 2) run = 142, 1.d. =
2¢,M = 0.701; and 3) run = 140,i.d. = 3cand M = 0.803.
These three runs had a nacelle tilt of +2 deg. The effective
inflow angle is dependent not only on the nacelle tilt angle
but also on the airplane angle of attack and the upwash angle
at the propfan (Fig. 1). For the above test runs, the average
value of the airplane angle of attack was 1.75 deg. The esti-
mated upwash® at the propfan was 1.0 deg. Therefore, the
effective inflow angle to the propfan was 4.75 deg. The Euler
solutions were obtained with an advance ratio of 3.17, blade
setting angle of 57 deg, and inflow angle of 4.75 deg for all
three Mach numbers.

The Euler solutions are obtained from an impulse start for
three complete revolutions of the blade, to obtain a reason-
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ably accurate solution. The results of the third revolution are
analyzed and presented here. The predicted total power coef-
ficient (for eight blades) are shown in Table 1 along with the
measured ones. In the experiments, the blade angle for M =
0.6 is different from the other two. In the predictions, though
the blade angle (57 deg) is maintained the same for all Mach
numbers, the total power coefficient is under-predicted by
about 6% for M = 0.6. The total power coefficients for
M = 0.7 and 0.8 are in reasonable agreement with data. In
all three cases, the power per blade variation was found to
show the expected sinusoidal variation due to inflow angle.
The amplitude of the stabilized power coefficient during the
third revolution varies +109% and —98% about the mean for
M = 0.6, +120%, and —102% for M = 0.7 and +105% and
—104% for M = 0.8.

First, the predicted and measured blade pressure wave-
forms are compared for the high Mach number case, M =
0.8. Figure 2 shows the blade pressure waveforms at the trans-
ducer locations (x/c, where x is the axial distance and ¢ is the
blade chord) on the suction surface at the inboard radial sta-
tion #/R = 0.68. The predicted amplitudes agree fairly well
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Fig. S Pressure waveforms on the pressure surface at /R = 0.95,
M = 038.
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with flight data. The measured waveforms show a relative
phase lag compared to the predicted ones. This is in contrast
to the takeoff case studied,* where such a phase lag was ob-
served only at the outboard radial station. The observed phase
lag seems to be due to installation effect, i.e., the presence
of the wing in flight tests as compared to the propfan alone
configuration of the computation. Heidelberg and Woodward'’
noted similar phase variations in their model tests in the wind
tunnel with and without wing installation. In the present flight
tests, the measured waveforms show a relative phase lag that
varies from 17 to 47 deg. The minimum lag, 17 deg, occurs
at x/c = 0.4, whereas near the leading edge, x/c = 0.05, the
lag is about 37 deg, and near the trailing edge, x/c = 0.8, it
is 47 deg. It should be noted that the comparison of waveforms
predicted using the same solution technique with the propfan
alone, wind-tunnel measured waveforms did not show any
such phase lags.®!"!

In Ref. 5 detailed flowfield information in blade passages
were presented in the form of instantaneous static pressure
contours at one spanwise station, r/R = 0.66 (Fig. 7 in Ref.
5). For an inflow angle of 4.6 deg, significant flow changes
were found to occur in blade passages. A shock formed in
the trailing-edge region of suction surface in the highly loaded
part of the revolution extends across the passage to the pres-
sure side of the successive blade. No shock formation is ob-
served on the lightly loaded part of the revolution.

In the present case, for M = 0.8 and inflow angle of 4.75
deg, similar flowfield features are observed. That is, the nu-
merical solution produces a passage shock during the highly
loaded part of the revolution (see Fig. 6 and the associated
discussion below). This results in the predicted blade pressure
waveform on the pressure surface, shown in Fig. 3. The mea-
surements do not show such a shock formation. The measured
blade response is quite small at transducer locations x/c =
0.6 and 0.8. At the transducer locations x/c = 0.15 and 0.4,
the waveform is somewhat distorted from the sinusoidal form,
the reasons for which are not known. Thus, the present pre-
dictions present an altogether different picture from the mea-
sured one. Also, the measured waveforms at x/c = (.15 and
0.8 show a phase lag compared to the predictions, whereas
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Fig. 6 Instantaneous static pressure contours in the blade passages at /R = 0.68 (min = 0.352; max = 1.017; contour interval = 0.0133).
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atx/c = 0.4 and 0.6, a phase lead is observed. A more detailed
study is needed to establish if the appearance of a passage
shock is real and not an artifact of the numerical scheme
employed. However, another Euler solution scheme em-
ployed by Hall et al.!'? also show such passage shock formation
at a similar inflow angle and Mach number. Figure 4 shows
the blade pressure waveforms at the transducer locations on
the suction surface at the outboard radial station, /R = 0.95.
Near the leading edge, the peak amplitude is underpredicted.
The relative phase lag of the measured waveform compared
to the computed ones exist at all transducer locations, except
that at x/c = 0.58, and it is in the range of 34-47 deg. At
x/c = 0.58, the measured waveform shows a small relative
phase lead compared to the predictions.

The blade pressure waveforms on the pressure surface at
the outboard radial station are shown in Fig. 5. The passage
shock, discussed above with reference to Fig. 3, extends until
the tip region. This causes the predicted blade pressure
waveforms to be quite different from the measurements since
no shock is observed at any radial station. Figure 5 shows
blade pressure waveforms at the outboard radial station, /R
= 0.95. At these transducer locations, the magnitudes are
substantially overpredicted. Also, significant differences in
shape of the waveforms are observed. However, a waveform
of shape similar to that predicted at x/c = 0.25 has been
observed in wind-tunnel tests,® on the pressure surface for an
inflow angle of 2 deg (e.g., see Fig. 5c in Ref. 6). However,
it has not been possible to establish clearly if the differences
between the predicted and measured waveforms stem from
the installation effect or not, due to lack of similar wind-tunnel
data at the high inflow angle considered here. At this outboard
radial station, »/R = 0.95, the value of relative phase lag of
the measured waveform also varies widely. Atx/c = 0.75 and
0.92, the blade response is low and the predicted waveform
is nearly 180 deg out of phase with that of flight measurement.
This appears to be due to the strong interaction of the blade
wake and tip vortex flows, and it is not clear as to the kind
of interaction that would produce such a phase variation.

¢ =45° $=135°

Compressibility effects: detailed flowfield information in
the form of static pressure contours in the blade passages is
shown in Fig. 6 for the three Mach numbers, 0.6, 0.7, and
0.8, at the radial station, /R = 0.68. Figure 6 shows the
pressure contours only in four (alternate) blade passages, 0—
45, 90—135, 180-225, and 270-315 deg. Each picture in Fig.
6 shows the static pressure contours in the radial plane (#/R
= 0.68) bounded by the suction surface of a blade on one
side (e.g., @ = 45 deg), the pressure surface of the successive
blade (e.g., ® = 0 deg) on the opposite side, the (grid) line
connecting the leading edges (L.E.) of the two blades, and
the (grid) line connecting the trailing edges (T.E.). At Mach
0.8, a shock formed in the trailing-edge region of the suction
surface, in the highly loaded part of the revolution, extends
across the passage to the pressure side of the successive blade.
No shock is observed in the lightly loaded part of the revo-
lution or at low Mach numbers. It should be noted that the
present computations do not include the viscous effects. In-
cluding viscous effects may influence the location and strength
of the shock. As mentioned above, Hall et al.'> have also
observed such passage shocks at M = 0.8, with their Euler
analysis technique.

The effect of Mach number on unsteady blade pressure is
demonstrated in Figs. 7 and 8, in terms of bladc surface pres-
sure contours. The blade surfaces shown are the same surfaces
of successive blades that define blade passages in Fig. 6. Fig-
ure 7 shows the blade pressure at four azimuthal positions (¢
= 45, 135, 225, and 315 deg) on the suction surface for all
three Mach numbers. The blade pressure variation during a
revolution is clearly seen to be significant at each Mach num-
ber—for the high inflow angle—4.75 deg, considered here.
The range of pressure variation during a revolution is, of
course, maximum for M = 0.8. Of particular interest is ® =
135-deg position (in the highly loaded part of the revolution),
where the area of low pressure region increases with increase
in Mach number. Figure 8 shows the blade pressures at four
azimuthal positions (& = 0, 90, 180, and 270 deg) on the
pressure surface for three Mach numbers. It is seen that the
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Fig. 7 Instantaneous blade pressure distribution on the suction surface.
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Fig. 8 Instantaneous blade pressure distribution on the pressure surface.

cyclic variation of the blade pressure during a revolution is
nearly the same for Mach numbers 0.6 and 0.7. Butat M =
0.8. a shock appears (in the highly loaded region) at & = 90
deg. The shock shows maximum strength at this location,
which also corresponds to a strong passage shock in the blade
passage, ® = 90-135 deg in Fig. 6. The experimental data,
however, do not indicate such a shock formation.

Next, we present the predicted blade pressure waveform
variations with Mach number along with the flight data. For
clarity, the predicted and measured data are presented side
by side to show the compressibility effect in each case in all
the succeeding figures. Figure 9 shows the predicted and
measured waveforms at the transducer locations on the suc-
tion surface at /R = 0.68. First of all, it is observed that the
measured waveforms show a relative phase lag compared to
the predicted ones at all the three Mach numbers. In general,
the effect of increasing Mach number on the waveform is well
predicted. Exceptions occur near the leading edge, x/c = 0.05,
where the maximum amplitudes are overpredicted for M =
0.6 and 0.7. The predictions tend to produce a higher blade
response near the leading edge at all Mach numbers except

= (.8. The measurements in most cases, however, show
a blade response near the leading edge which is much smaller
than the maximum response at that radial station. The dif-
ference appears to be due to viscous effects which are not
considered here. Boundary layer on the blade and transition
to turbulence may contribute to these differences. The kinks
in the waveforms at the transducer locations x/c = 0.6 and
0.8 indicates the presence of a passage shock which extends
from near the trailing edge of the suction surface to the pres-
sure surface of the successive blade (Fig. 6).

The predicted and measured waveforms on the pressure
surface at /R = 0.68 are shown in Fig. 10 for three Mach
numbers. As in most predictions, the Euler solution shows
that the blade response is highest near the leading edge. The
same is shown here, and in this case the measurements also
show similar behavior. However, due to the appearence of a
predicted shock in the passage for M = 0.8, the waveforms

are in disagreement with the measurements. The plots show
that when the Mach number is increased from 0.6 to 0.7, very
little change occurs in the waveforms, both in prediction and
experiments. However, the magnitudes are overpredicted.
For M = 0.8, the predicted waveforms show sharp changes
in magnitudes indicative of the presence of a shock (as shown
in Fig. 8). But the experimental waveforms show that only
near the leading edge, x/c = 0.15, a noticeable change in
waveform occurs when the Mach number is increased to 0.8.
The relative phase lag of the measured waveforms persists at
all Mach numbers.

For the outboard radial station, /R = 0.95, a comparison
of predicted and measured waveforms is presented in Fig. 11.
First, it is observed that the measured waveforms are distorted
from sinusoidal form at most of the transducer locations at
all Mach numbers. The predictions show that at each Mach
number, the largest response occurs near the trailing edge,
except for M = 0.7, for which the transducer at x/c = 0.92
has a higher response than the one ahead. The measurements,
however, indicate that the maximum response occurs at x/c¢
= 0.42. The measured waveform is distorted from the linear
sinusoidal form of the predicted one. The waveform distortion
may occur due to viscous effects manifested in the form of a
separation bubble as suggested by the low pressure (within
the bubble) at ® ~ 160 deg (peak loading) and steep rise in
pressure outside the bubble. Since viscous effects are not
considered here, the broadening or the steepening of the
waveform are not captured in the present predictions. The
magnitudes are underpredicted. However, one trend is cor-
rectly predicted, i.e., with an increase in Mach number, the
response decreases at x/c = 0.25 and 0.42.

Euler solutions are known to predict qualitatively the for-
mation of tip vortex'® in steady (zero angle of attack) flow.
For angular inflow, the measurements seem to indicate that
the spatial extent of the tip vortex on the blade (suction sur-
face) depends on azimuthal position. During a highly loaded
part of the revolution, the tip vortex may extend over the
transducer at x/c = 0.08, 0.25, 0.42, and 0.58. An adaptive
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Fig. 9 Predicted and measured pressure waveforms on the suction
surface at r/R = 0.68.
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Fig. 10 Predicted and measured pressure waveforms on the pressure
surface at r/R = 0.68.

grid which can correctly track the extent of the tip vortex and
its strength at all azimuthal positions, may be able to improve
the predictions in the outboard region.

Figure 12 shows the pressure waveforms on the pressure
surface at the outboard radial station, /R = 0.95. The mea-
sured waveforms are relatively insensitive to Mach number
at this radial station, at all transducer locations. The predicted
waveforms show little change when the Mach number is in-
creased from 0.6 to 0.7. But when the Mach number is in-
creased to 0.8, due to the appearance of a passage shock as
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Fig. 11 Predicted and measured pressure waveforms on the suction
surface at r/R = 0.95.

. —M=08 * .
Euler Predictions ... 0.2 Experimental Data
. V=008 e Mabd We=0.08
4 y -~
ol = ».ﬁ\\ — e |
v . [,
Baws L vyt o]
,6 .
6 =025 x/cw023
£ T
X7 Beoe
oA pooe
L/ - ol s
<
‘ x/c=0.42 wew(.42
A e A : ¥
Y NI fuyadese el S IEPY
-4
4 xe=0.58 x/cw0.58
[} lrcouwsaiule vl o
7 Towubowd e i
“ 1 {
4 xe=0.75 xc=0.75
| Lodoad
e "‘d‘ -
- ]
x/c=0.92 x/c=0.92
ad
] I
-k
¢ e 3 ! ey
T = S
&y
[} ] 180 270 360 1] ] 150 210 360
Azimuth Angle, Deg. Azimuth Angle, Deg.

Fig. 12 Predicted and measured pressure waveforms on the pressure
surface at /R = 0.95.

mentioned earlier, the predicted waveforms differ in shape
and magnitude. In general, at all Mach numbers, the maxi-
mum response occurs near the leading edge, and the response
reduces gradually towards the trailing edge. both in mea-
surement and prediction. Significant relative phase lag of the
measured waveform is observed at all transducer locations
compared to the predicted ones.



736 NALLASAMY: UNSTEADY BLADE PRESSURES

Concluding Remarks

The effect of compressibility on unsteady blade pressures
was studied by solving the three-dimensional Euler equations.
The unsteadiness is due to the operation of the propfan at
4.75-deg angle of attack. Three Mach numbers, 0.6, 0.7, and
0.8 were considered, and the predicted waveforms were com-
pared with flight data.

Comparison of predicted and measured waveforms shows
the following: the changes in pressure waveforms are minimal
when the Mach number is increased from 0.6 to 0.7 (except
on the suction surface at /R = 0.95); and increasing the Mach
number from 0.7 to 0.8 produces significant differences in
predicted pressure levels. The predicted appearance of a shock
at this Mach number is not indicated by the experiments. The
measured waveforms show a relative phase lag compared to
the predicted ones at the majority of the transducer locations.
The phase lag appears to be due to the installation effect,
i.e., the installed propfan of the flight test compared to the
propfan alone configuration of the computation. In the pres-
ent study, the blade design hot coordinates were used for the
grid generation. No dynamic blade shape due to unsteady
loading was calculated. It is not clear if part of the observed
phase lag arises from the unsteady blade deflection.

The present numerical procedure is unable to reproduce
the nonlinear variations of the measured waveforms. On the
suction surface (near the tip region) the measured waveforms
also show distortion (widening and steepening) which de-
creases with increase in Mach number. This distortion appears
to be due to viscous effects. Consideration of the viscous
effects. and perhaps an adaptive grid technique which accu-
rately captures the extent and strength of the tip vortex, may
improve the predictions in the outboard region. The present
numerical technique as well as others (e.g., Ref. 12) show
the existence of a shock at M = 0.8, whereas the measure-
ments do not. A more detailed experimental and numerical
study 1s needed to resolve this inconsistency.
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