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Abstract

Two different techniques based on different working prin-
ciples, and suitable for measuring wall shear stress in 3-D
boundary layer have been investigated.

Triangular block pressure probe and hot-wire wall probe
have been accurately calibrated in a channel flow and an
application is given for a complex 3-D shear flow gener-
ated in the same calibration channel, mounting a cylinder
from wall to wall in the center of the test section. Oil flow
visualization and power spectrum are also performed.

1. Introduction

Improvements of aerodynamic performances of a mod-
ern aircraft require an accurate configuration optimization;
one of the goal in this contest is an accurate prediction of
the friction dragl. The evaluation of the wall shear stress is
also one of the main object in order to predict and under-
stand flow fields that develop near and far from the wall;
precious are in fact the informations given for: transitional
regimes, analysis of 2-D and especially 3-D separations2,
complex flow on delta wing, slender body and body of rev-
olution at incidence.

Moreover the knowledge of the wall shear stress is also
crucial for numerical validation codes because of the veloc-
ity, Ur, and lenght, [, scales are deduced from the wall
shear stress and the kinematic viscosity.

The possibility to measure the wall shear stress in se-
vere conditions (3-D boundary layer with strong pressure
gradient) is an ambitious aim.

In the 2-D case very well arranged techniques are es-
tablished, for exemple Preston tubes3, 0bstacles4, heated
elements5’6’7, whose application is related to the assump-
tion of validity of some universal laws (law of the wall and
Reynolds analogy). Direct measurements are also recom-

mended using balances4, even if in this case under strong
pressure gradient conditions there could be serious prob-
lems.

Measurements in 3-D flows are very difficult not only
for the complexity of the flow, but also whether for the ex-
tension of the 2-D relations to the 3-D case (law-wall tech-
nique), that is quite doubtful, or for the presence of both
longitudinal and transversal pressure gradients. Triangu-
lar block probes 8’9’10’11, heated elements7’12’13, double
Preston!® have been extensively used. In1? has been shown
the application limits of the triangular pressure probe, com-

paring the results from measurements with a well estab-
lished law of the wall for 3-D boundary layer, while in!!
and!® are analysed some geometric parameters that could
influence the calibration curves.

The purpose of this work is to compare the performances
of two kinds of probes suitable for 3-D measurements whose
working principles are completely different, and to verify if
a channel calibration technique, where three-dimensional
conditions are simulated rotating the probes respect to the
main flow in the duct, is sufficiently reliable or not.

Omnidirectional triangular pressure and hot-wire wall
probes are calibrated in a channel flow and used to mea-
sure the wall shear stress vector field on the channel wall,
originating a 3-D complex shear flow by inserting a cylinder
(¢ = 88mm) between the channel walls.

Comparisons are also made with oil flow visualization
of the skin friction field.

Finally evidences of unsteadyness in the flow around the
cylinder is also given from hot wire wall probes.

2. Experimental arrangements,
probes and calibration techniques

2.1 Calibration apparatus

The calibrations have been carried out in_a channel
shown in Fig.1, whose details are repoprted in 1,15,

Briefly, it is formed by a duct, 6m long, and having
rectangular cross section with aspect ratio of 14. The test
section is placed 4m downstream the contraction, with an
area ratio of 20; a AC motor, driven by an inverter, hav-
ing a centrifugal blower on his shaft, allows to change the
Reynolds number from 1000 to 60.000 [Re = (Unor2H)/v].
The flow in the test section has been attentively tested
in order to be sure to have a fully developed flow.

In a channel flow the shear stress is related to the pres-
sure drop, and in particular at the wall results:

dP H
dz | 2
where H is the channel height, equal to 20mm.

During the calibrations the probes have been mounted
on a rotating disc placed in the center of the test section,
that have allowed a fully rotation of the probes respect
to the longitudinal channel axis, with an accuracy of 0.1
degree.

T =|

t The research has been supported by CNR (Italian National Research Council) and MURST
(Italian Ministry of University and Scientifical Technological Research)

Copyright © 1992 by ICAS and AIAA. All rights reserved.

1417




2.2 Triangular block pressure probes.

Nituch and Rainbird® first suggested to use such a probe
for measurements in 3-D flow; also Dexter? used exten-
sively this kind of sensor.

The probe, sketched in Fig.2, is made of two thin trian-
gular copper foil glued togheter.

Making use of the three measured pressures, it is possi-
ble to evaluate the directional calibration functions:

PP
FO=3-%

_ PotPs
(o) = L= 5|

IPl_Pzp |s=o

in each angular sector of 60° as shown in Tab.1, according
to the pressure hole indice. The angle § is defined between
the wall shear stress direction and the probe axis.

A skin friction calibration curve is also necessary for
each side; according to similar calibration parameter, in-
troduced by Patel®:

| Py — (P + Ps3)/2 |s=0 h?

X* = lOglo
pv?
2
Y™ = logip
pv?

where h is the probe height, is possible give rise to the

function Y* = Y*(X*) that is universal for a Preston tube
in 2-D case.

Once the three pressures are measaured, the function
F(§) allows to evaluate the direction & of the wall shear
stress and then G(8) gives the value of | P, — 22258 |5q;
at this point is also possible to calculate the X* value and
finally, from the skin friction calibration curve, the value
of Ty.

In Figs. 3, 4 and 5 the calibration curves of four triangu-
lar block pressure probes, nominally equal, are shown. As
it can be seen the directional functions F'(§) and G(8) are
not exactly the same for each probe. The reason why this
drawback happens is due to some unavoidable geometrical
differences between the probes and to the zero positioning
uncertainty, that could have a shift effect.

Also the skin friction calibration curves display the same
problem, but in this case, probably, are not geometrical
differences the responsable, but the relative positioning be-
tween each pressure hole and the triangular block. In fact
this parameter could influence the sensitivity of each side
of each probe.

A better repetitive set calibration curves is expected,
improving the manufacturing technique.

Finally an error estimation lead considering the whole
calibration set to an inaccuracy of 3° for the wall shear
stress direction and in about 7% for the modulus of the
skin friction.

2.3 Hot wire wall probes.

The probe, whose basic configuration is reported in12’13,

consists of a cylindrical base made of ”plexiglas”, on which

F x*
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Table 1. - Triangular block pressure probe set calibration.
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two hot wires are flush-mounted and soldered to four steel
prongs, in a V configuration (see Fig.6). In the middle
position of the wire is present a circular cavity that confers
a much higher sensitivitle. The gauge in such a fashion is
flush-mounted on the rotating disc allowing its calibration
in the channel and in a second step the measurements.
The sensing element is a "Dantec” standard wire made of
tungsten gold plated and having Sum diameter and 1.8mm
lenght.

Such a probe operates in a constant temperature anem-
ometer with an overheat ratio equal to 0.72, and displaying
an high frequency response that is of the same order of a
classical hot wire; from the square wave test it results in
30 kHz.

The working principle is based on the measurement of
velocity induced in the cavity by the skin friction; due to
the fact that the cavity itself is rather small, it does not
affect too much the stress field, but the flow at the upper
edge of the cavity is related to the skin friction. In this way
it is possible that the overall cooling of the wire is rather
larger than pure conduction as in the case of wall films and
there is not strong dependance on Reynolds analogy.

The probe will therefore have a similar calibration both

Such a probe operates in a constant temperature anem-
ometer with an overheat ratio equal to 0.72, and displaying
an high frequency response that is of the same order of a
classical hot wire; from the square wave test it results in
30 kHz.

The working principle is based on the measurement of
velocity induced in the cavity by the skin friction; due to
the fact that the cavity itself is rather small, it does not
affect too much the stress field, but the flow at the upper
edge of the cavity is related to the skin friction. In this way
it is possible that the overall cooling of the wire is rather
larger than pure conduction as in the case of wall films and
there is not strong dependance on Reynolds analogy.

The probe will therefore have a similar calibration both
in laminar and turbulent flow.

On the other hand, the sensitivity is quite higher than
wall films, and it is a significant advantage.

Such a probe results to be sensitive to temperature vari-
ations and quite insensitive to any influence of pressure
gradient except for cases where it is very strong.

The relation theoretically derived, that link the power
supplied and the wall shear stress is the well known expres-
sion:

E*=A+Brr (1)

where A, B and n have to be determined from calibration.

The skin friction calibration has been carried out po-
sitioning each wire perpendicular to the channel flow and
measuring the voltage E from a Dantec anemometer 55C
System and the pressure drop along the channel to which
is related the wall shear stress.

Typical skin friction calibration curves are shown in
Fig.7 for two nominally identical probes, and in Tab.2 are
reported typical values of the coeflicients A, B and n.

From Fig.7 and Tab.2 it can be deduced that, also for
this kind of probes, the curves are not identical due to the
different interferences between the two wires and probably
to the different positioning of the wires respect to their
center cavities.

Probe | Wire A B n
1 1.729 | 0.736 | 0.578
C
2 1.563 | 0.877 | 0.552
1 1.761 | 0.550 | 0.548
E
2 1.578 {1 1.039 | 0.571

Table 2 - Hot-wire calibration coefficients.

For the directional response, two calibrations have been
performed in terms of:

(Ey — En) — (B2 — Eo2)

FT1 =
(Er — Ea) + (B2 — Eg)
and
E1 - E01 EZ - EOZ
FT2) = — "% FT2,= ——2""%_
! Emaz‘; - E()l : Ema:cz - EOZ

where E; and E, are the voltages from the two wires, while
Ey1 and Ey, are the voltages corresponding to the no flow
condition.

The functions FT1 and FT2 depend only on the angle
6 between the wall shear stress and the axis of symmetry
of the probe. These are shown in Fig.8, Fig.9 and Fig.10.

To proceed to the evaluation of modulus, direction and
versus of the skin friction, once the voltages E; and E,
are measured, is possible, using the function FT'1(d), to
evaluate the direction é, that is not a unique value. In fact
the quasi sinusoidal behaviour of the FT'1(§) leads to more
than one value of § and the problem is insoluble.

The same problem seems there is also for the F'(6) func-
tion relative to the pressure block probes but, because of
in that case there are three pressures, is possible by a sim-
ple comparison understanding in which sector to read the
function.

In any case two of the four possible values are shifted
just of 180° respect to the other, so the real unknowns are
only two directions; further, comparing the two voltages,
is also possible decide which of the two is the right direc-
tion. Remain without answer the versus, that could be
determined from other guideline, for example following the
evolution of the direction of wall shear stress starting from
a point where sometime the direction is known (plane of
symmetry of the flow field). Also a rough estimation of the
direction is sufficient, in order to orient the probe axis in
that direction (flow visualization). The first way has been
followed by the authors to study a 3-D shear flow.

Once § is known, FT2(8) allows to calculate the voltages
Epnaz, and Eynaz, that the two wires would have displayed if
they had been placed perpendicular to the flow. The mean
value is calculated from the two wall shear stress evaluated
from the calibration curve corresponding to the two wires.

An analysis error of (1) leads to the following relation

dr 2 E? dE

T n(EP—A)E
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As it can be easily seen, in a non linearized system the
error depends on the operating point on the calibration
curve, and it increases remarkably at the lower range of
the curve. The order of magnitude of the 7 error is not less
than 6% for a voltage error of 1%.

Analysing the calibration set of the two type of probes
is deduced that even if different probes of the same type
has similar behaviour, it is not possible to conclude that
are universal calibration curves. This may be due to the
fact that the more important the geometrical differences
become, the greater is the geometric complexity: in fact the
first and the main consequence of geometrical differences
is the different interference. From this point of view is
recommended to have great care in manufacturing probes
of remarkable geometric complexity.

3. Application to a 3-D shear flow.

Inserting a circular cylinder between the channe] walls
has been generated a 3-D complex shear flow. The cylinder
having a diameter of 88mm has been glued in a first step to
the rotating disc, on which have been mounted four trian-
gular pressure block probes, in four different circumferences
and shifted 90° one respect to each other. By rotating the
disc, that constituted part of the upper part channel wall,
has been possible to perform detailed measurements of the
wall shear stress on the channel wall around the cylinder.

In a second step, glueing the same cylinder to another
disc instrumented with two hot-wire wall probes mounted
in the same positions of two pressure block probes, the
measurements have been performed. In Tab.3 are reported
the probe positions and in Fig.11 the indication of the sys-
tem disc-cylinder-probes with the angle convention in the
measurement points. In particular 8 is the angle between
the channel axis and the wall shear stress.

Probe | R{mm] | YProbe

B 95 270°

Triangular C 78 0°

Press. Probe D 61 90°
E 112 180°

Hot-wire C 78 0°
Probe E 112 180°

Table 3 - Probe positions.

The temperature influence was checked repeating cali-
bration curves at different days and observing few percents
of scatter under ambient temperature variations of +2°,
in any case skin friction calibration curves have been per-
formed before and after the measurements.

The flow conditions have been fixed to have an upstream
axis velocity of 11m/ sec, resulting in a channel and cylinder
Reynolds number, respectively:

Recy =29.000 and Rec = 64.000

In Fig.12 and Fig.13 are displayed the comparisons of
the evolution of the wall shear stress measured with the two
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kinds of probes, respectively for probe C and E, while in
Fig.14 and Fig.15 is shown its direction evolution. In these
diagrams ~ is the angle to individualize the measurement
point, shown in Fig.11.

At an higher velocity, Uz, = 21m/sec, measurements
have been performed only with pressure block probes, be-
cause of the wall shear stress were outside their calibration
curves; polar plot of the shear stress and oil flow visualiza-
tion are shown in Figs. 16 and 17.

Finally evidence of flow unsteadyness is exhibited in
Tig.18 for probe C and Fig.19 for probe E in terms of egprs.
Further Fig.20 and Fig.21 shown the power spectrum den-
sity from probe E in two different angular positions v = 45°
and v = 165° and U,zis = 11m/sec.

4. Comments

Starting from the results shown in Figs.12, 13, 14, 15,
is evident that appear much more agreement between the
direction of the wall shear stress, than the modulus. In
particular, probe C (Fig.12) exhibits good agreement in a
range of +60° and then, even if the general behaviour is
similar, there are some large differences. In fact the hot
wire probe shows two maxima in each half part, the sec-
ond one, at v = 140° or ¥ = 220° and higher than the
first, being in the rear part of the cylinder where strong
vortical structures (horseshoe vortices) take place and, as
a consequence, could induced high velocity gradient. This
second peak of shear stress is not detected from the pres-
sure probe, showing on the other hand the maximum higher
of 10% compared with that of the hot-wire-probe.

These differences could be explained, thinking of the
less global dimensions of the hot wire probe that means
an higher spatial resolution and less flow disturbance, it
acts as a quasi non intrusive sensor. On the contrary, the
pressure probe can itself disturb the flow and further strong
local pressure gradients, radial and tangential, can affect
the pressure reading.

The good agreement in +60° is also related to the ab-
sence of strong local pressure gradient.

The same situation is present in Fig.13 even if the data
from the pressure probe in the half part 180° — 360° seems
to be doubtful; good agreement is reached also in this case,
from 0° up to 60°. Once again the hot wire probe reveals
a second weaker peak of skin friction not shown from the
pressure probe. To conclude, outside the range of v = +60°
the hot-wire measured wall shear stresses are more reliable,
because of the non influence of the pressure gradient and
because of the better sensitivity to capture every structure.

An overall picture of the vector shear stress for an higher
velocity centerline, plotted in Fig.16, displays an accurate
description of the wall flow field also very well confirmed
from wall skin friction lines showed in the oil flow visu-
alization, performed at the same Reynolds number. In
fact some details of the typical horseshoe vortices, present
around the cylinder, emerge from the measurements. The
visualization, even if the Reynolds number is higher than
that corresponding to Figs.12 and 13, shown vortical struc-
ture around the whole cylinder and in particular in its rear
part. This could confirm the presence of the two peaks of
wall shear stress present in Fig.12 and in Fig.13.

Same evidence of the unsteadyness in the flow field can
be deduced from Figg.18 and 19. Very high fluctuations
take place in the wake of the cylinder, where vorticity




is shedded and also wall interaction vortical structures are
present; a peak of egars is in fact present around v = 180°.

The existence of the shedding phenomenon comes also
from probe E; is clear the peak in the power spectrum den-
sity centered on 32 Hz that corresponds to a Strouhal num-
ber, based on the velocity centerline of 11m/sec, equal to
0.25 higher than the Roshko Strouhal — Reynolds number
results for 2-D cylinder in a free stream'®. The present re-
sults shown that also in this case, with a very complex flow
field around the cylinder, the basic shedding phenomenon
is present and drive the unsteadyness effects. It means also
that the Roshko’s relation seems to be of a more general
validity even for highly complex flows, as the present one,
where the area ratio between cylinder and cross section is
0.314.

In this conditions, in fact, from the oil flow visualiza-
tion seems that the two horseshoe vortical structures, one
for each wall, are of the same order as the half height of
the cylinder and could also interact between them, destroy-
ing the regular shedding, but in spite of this situation the
phenomenon is still present.

This is a further confirmation that the alternate vortex
street is a very stable condition and from many different
kind of flows the situation collapses into the alternate wake.

This is not only true for unsteady flow, as in this case,
but also in the steady case of yawed bodjesu, as observed
many times. The reasons for this are not well understood
up to now and require further investigations.

As it was expected the peak with his harmonic is much
more intense in the wake (Fig.21) than in former part.

5. Conclusions.

Two different probes, triangular pressure block and hot-
wire wall, have been calibrated in a channel. The first
kind results to be really omnidirectional while an ambiguity
arises from the second type, in knowing the versus of the
wall shear stress. Neither for pressure probes nor for hot-
wire probes seems that is extremely difficult to have a set of
universal calibration curves in spite of great care has been
observed in manufacturing the probes.

Measurements in a 3-D complex flow, generated in the
same calibration channel, inserting a cylinder from wall
to wall in the test section, have shown a good agreement
between the results coming from the two type of probes, es-
pecilally for the direction; only in a restricted area (£65°)
of the former part the agreement is good also for the wall
shear stress modulus; these are places where no strong pres-
sure gradients are present.

More reliable are the measurements performed from the
hot wire because of there isn’t any effect of the pressure
gradient.

The results shown also a better peculiarity of the hot-
wire probe to put in evidence some characteristic struc-
tures, not revealed from the pressure probe, related to the
higher resolution and to the less intrusivity.

Finally, good evidence of the unsteady effects is dis-
played from the hot-wire probe, showing that, even for this
very complex flow, the shedding phenomenon is well estab-

lished.
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FLOW DIRECTION

Fig.11 - Disc-cylinder-probes and angle’s convention.
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Fig.13 - Comparison of the evolution of the wall shear

stress. Probe E.
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Fig.15 - Comparison of the direction evolution. Probe E.
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Fig.16 - Wall shear stress polar plot. Pressure block probes.
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Fig.18 - Voltage fluctuations for probe C.
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Fig.20 - Power spectrum density from probe E.
v = 48°, Upsis = 11m/sec.
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Fig.17 - Oil flow visualization referred to Fig.16.

0.05
€RMS

0.04 4 (Volt)

0.03
0.02

0.01

cevsv s lengeaatdicea g D svreaaagtereeaaaed

0.00 LA S N IO 0 A e N S O O
0.00 100.00 200.00 300.00 ¥ 400.00

Fig.19 - Voltage fluctuations for probe E.

100

® M
“,

100n

20 s0 100 200 500 w Hz

Fig.21 - Power spectrum density from probe E.
v = 165°, Uppi, = 11m/sec.
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