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Effect of Reynolds Number on
Five-Hole Prohe Performance:
Experimental Study of the Open-
Access Oxford Prohe

There is relatively little literature concerning the effect of Reynolds number on multi-hole
aerodynamic probe performance. In particular, there is almost no discussion in the litera-
ture regarding the underlying mechanisms of Reynolds number (Re) sensitivity for such
probes. In order to close this gap, detailed investigations of the effect of Re on a five-
hole probe have been performed using both particle image velocimetry (PIV) techniques
and oil flow visualizations. Wind- and water-tunnels were used to cover a wide range of
Re. The open-access Oxford Probe was used for these studies because of the readily avail-
able data-sets and processing routines and to allow future comparisons by other authors.
Complex flow dynamics including flow separation and re-attachment were identified,
which cause Re-sensitivity of the calibration map at low Re even for low yaw or pitch
angles. By comparing calibration maps across a wide range of Re, we demonstrate that
the Oxford Probe can be employed without much loss of accuracy at lower Re levels
than initially (conservatively) suggested, and quantify the errors in the extreme low-Re
regime. Overall, we demonstrate the robustness of the Oxford Probe concept across a
wide range of Re conditions, we more clearly defined the low-Re limit for the probe
design and quantify errors below this limit, and we illustrate the fundamental mechanisms

for Re-sensitivity of multi-hole probes. [DOI: 10.1115/1.4050597]

Keywords: measurement techniques, turbine blade and measurement advancements

Introduction

Multi-hole (pressure) probes can be used to measure flow angle,
total and static pressure, dynamic pressure, and velocity (or Mach
number) [1]. There are numerous multi-hole probe designs opti-
mized for different applications. Perhaps the most common type,
in applications where the entire flow structure is to be assessed, is
the five-hole probe, which is widely used in turbomachinery survey-
ing applications. Turbomachinery flows are generally characterized
by Reynolds numbers in the range 10° <Re, < 107, where we set L
to an arbitrary value of order 50 mm, which is of the order of the
chord length of a nozzle guide vane or rotor blade [2,3]. This repre-
sents a Mach number range of 0.3<M<1.3. In order to resolve
details of such flows, probes of small physical size are desired.
Probe tips of diameter D=3 mm or smaller are not uncommon.
The equivalent probe Reynolds number range based on tip diameter
(for a 3 mm tip) is 6x 10°<Rep<6x10°. In certain cases (e.g.,
tip-leakage flow investigations, or detailed wake traverses), even
smaller probes have been used, with tip sizes as small as 0.6 mm
[4], implying a Reynolds number as low as Rep=1600. In
general, the desired probe tip size is determined by the smallest
flow features to be resolved, but the practical probe tip size is
limited by the mechanical requirements of the probe, as well as
the required frequency response. The mechanical requirements are
easily determined on a case-by-case basis. The requirements for fre-
quency response have been well covered (e.g., [5,6]). There are
known to be Reynolds number sensitivities at low Reynolds
numbers (e.g., [3]), but this effect is poorly covered in the literature.
A direct solution where low-Re operation is required is to calibrate
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at several Re and employ a Re-sensitive calibration map during data
processing. This significantly increases the complexity and cost. In
many cases, the required effort and complexity would prohibit the
use of a multi-hole probe.

The concept of using both additive manufacturing and a common
calibration map (pre-determined based on calibrations for identical
geometries) to dramatically lower the complexity and cost of multi-
hole probes was explored by Hall and Povey [7] who proposed and
developed an open-access five-hole probe. This was called the
Oxford Probe, for which the design, manufacture files, calibration,
and processing routines are available under a creative commons
license (free for non-commercial use). The authors demonstrated
that in many incompressible applications, the additive manufactur-
ing process with a common calibration map delivers results of com-
parable accuracy to well-calibrated conventional probes. This
allows for significant savings in cost and time, avoiding the need
for conventional machining and individual calibration.

During the development of the Oxford Probe, it was observed
that the Reynolds number sensitivity of the calibration map was
small for Rep>Rep iy=1.5x% 10* [7]. This Reynolds sensitivity
threshold is in accordance with previous research (e.g. [3]). In prac-
tice, this might limit application of the probe in some low-speed
environments. Two distinct Reynolds numbers effects are reported
in literature: (i) flow separation around the probe head affects the
performance at relatively low Reynolds numbers [3,8-11] and
(ii) at low Reynolds numbers there is still a sensitivity indicated
by static pressure variations even for the nulled cone-type probe
[3,12]. Although these effects are known, there is little literature
in which they are systematically studied and characterized (as func-
tion of Re). In this paper, we study in detail the flow structure
changes that occur with Re and characterize the changes in the cal-
ibration map for relatively low-Re flows.

This paper is organized as follows: the Oxford Probe
concept, design, and calibration maps are introduced; the wind
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tunnel and water tunnels used in this study are described; a
manufacture-through-to-calibration check of the Oxford Probe is
performed as an independent assessment of the quoted errors; a sys-
tematic study of the change in the calibration map with Re is per-
formed and the error maps discussed in detail; a detailed unsteady
flow field analysis is performed to improve understanding of the
underlying aerodynamic mechanisms.

Probe and Experimental Setups

Oxford Probe Design. The Oxford Probe is a five-hole pyramid
probe of the design shown in Fig. 1. The pyramidal tip has an
included angle of =90 deg, with sharp edge facets to minimize
sensitivity to Reynolds number. The pyramid tip intersects a
shallow cone with an included angle of ¢ = 14.2 deg. A comprehen-
sive description of the design and links to the resources associated
with the probe, has been given by Hall and Povey [7].

For the present study, a probe with a tip diameter of D=4 mm
was used, which represents the lower limit recommended by Hall
and Povey [7]. For lower tip diameters, the surface roughness and
tolerances of the additive manufacturing process result in high
errors when using the supplied common calibration map. The
probe tip was manufactured in stainless steel (EOS StainlessSteel
316L, 18Cr-14Ni-2.5Mo) by means of Direct Metal Laser Sintering
(DMLS). According to information provided by the supplier, a
minimum wall thickness of 0.5 mm with a minimum feature size
of 0.05mm and a tolerance of 0.05 mm could be achieved.
Figure 2 shows a photograph of the manufactured probe tip
(before assembly onto an extension arm) and the corresponding
three-dimensional scan. The scan (by means of a GOM ATOS
Core optical 3D scanner) demonstrated that the probe tip was
very close to the nominal geometry. The average deviations were
found to be around +0.01 mm. In order to check the reproducibility

Fig. 1 (a) Schematic of the probe tip showing flow angle con-
vention and (b) design of Oxford Probe with hole numbering

Deviation [mm]

?l 0.05
M= 0.00
/’

-0.05

Fig. 2 (a) Photograph of DMLS probe tip and (b) deviation anal-
ysis of the 3D scanned probe tip including histogram
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of the process, four additional probes were manufactured. Results
were very similar to those of Fig. 2.

Calibration Fundamentals. Calibration methods for five-hole
probes are well covered in the literature (e.g., [7]), but we briefly
recite some fundamentals so the reader is familiar with the nomen-
clature used later in this paper.

The probe calibration procedure is that for each combination of
pitch angle a and yaw angle S, the five probe hole pressures (p;
to ps, see Fig. 1), as well as the wind tunnel jet total and static pres-
sure (po and p) are measured. The following calibration coefficients
are then defined

CoPTP o P2mp
P5 = Pavg P5 — Pavg (1)
C _ Pavg—P _ b5 —Dbo
ps — T po—
P5 — Pavg P5 — Pavg

where p,,, is probe-frame proxy for static pressure, defined by

1
Pavg =§[min(p|, p3) +min(p2’ p4)] @

In the calibration environment, «, f, p, po, and p; to ps (and hence
Pavg) are all known, allowing the coefficients of Eq. (1) to be deter-
mined. Thus, calibration maps of the functional form a = a(C,, Cp),
P =pP(Cq, Cp), Cp, =Cp(Cy, Cp), and Cp, = Cp, (Cy, Cp) can be
produced.

It should be noted for completeness that alternative definitions of
Pavg are in use. For instance, Treaster and Yocum [13] prefer the
average value pg,,=(pi+p>+ps+ps)/4 instead of Eq. (2). In
our study, following Hall and Povey [7], we use Eq. (2), because
the well-known zero-denominator problem in Eq. (1) is pushed
toward higher angles of attack, giving a larger usable angular
range for the probe.

When the probe is used for measurements in an unknown flow,
only pressure data p, to ps are available. Obtaining p,,,, by means
of Eq. (2), the coefficients C, and Cy can be determined, allowing
for a lookup of the flow angles a and S, as well as the coefficients
C,, and C,. Static and total pressures can then be determined from
Eq. (1). The process is described in detail in Ref. [7].

Overview of Probe Calibration Facilities. We compare results
gathered in two different calibration facilities: the Oxford Probe
Calibration Facility (OPCF) (for details, see [7]); and the wind
tunnel calibration facility at Muenster University of Applied
Sciences (MUAS). The reference calibration map was obtained in
the OPCF at a nominal Reynolds number of Rep,=28.0x10* and
a Mach number of 0.3 [7]. An independent calibration at similar
conditions was performed at MUAS, as well as calibrations over
an extended range of Re (at the low-Re end of the range). The
MUAS facility is now described.

The MUAS calibration facility is an open circuit, atmospheric
wind tunnel. The jet flow uniformity and turbulence intensity
were determined by means of hot-wire probe traverses. The
values were found to be of order 0.1% up to 0.3%. A schematic
of the wind tunnel with its traverse system are shown in Fig. 3.
The jet has a rectangular cross section (450 mm x 150 mm);
hence, the blockage effect due to the probe was negligible. The trav-
erse system consists of two rotational axes, each driven by stepper
motors and high-ratio synchronous belt drives with a positioning
accuracy of 0.2 deg. The calibration range was +40 deg in steps
of Aa=Af=4deg. A summary of the experimental uncertainty
level of the sensors is given in Table 1. The jet velocity V., and
therefore Reynolds number Rep were controlled by the running
speed of a centrifugal blower. All experiments were conducted in
the incompressible range of Mach number (0<M <0.2). Oil flow
visualizations were conducted using a large-scale model of the
probe (D =20 mm), as we discuss later.
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Fig. 3 Schematic of the MUAS calibration facility showing the
two (rotational) axis traverse system

Table 1 Uncertainty summary for the MUAS calibration facility
instrumentation

Sensor model ~ Total range (Pa)  Relative uncertainty (%)

pi,...ps  SVMtec +2500 0.25
PSC5-0X

Po H&W P26 +2500 0.2

p H&W P26 +50 0.2

Peo Wika P-30 0.8—1.2x10° 0.1

Water Tunnel and Particle Image Velocimetry Measurement
System. Particle image velocimetry (PIV) studies of flow around
the probe tip were conducted in a closed-circuit water tunnel facility
at Muenster University of Applied Sciences. A schematic of the test
section is shown in Fig. 4. Flow speed was controlled by means of
an adjustable valve and could be varied up to 0.8 m/s (demineralized
water at room temperature). The test section cross section was
160 mm x 160 mm, and the probe diameter D =20 mm. The block-
age factor was between 3% and 10%, depending on the probe ori-
entation within the test section. PIV illumination was carried out
with a continuous solid state line laser with a wavelength of 1=
532 nm. Image capture was with a CMOS high-speed camera
(frame rate up to 4000 frames/s) in multi-frame/single-exposure
mode [14]. For post-processing PIVIlab (version 2.20) for MATLAB
was employed [15]. Hollow glass spheres recommended for water
tunnel applications due to their low velocity lag [14] with a mean
diameter of 10 um were used as tracer particles.

Calibration Maps and Errors

We now compare the reference (OPCF) and independent
(MUAS) calibration maps and discuss the impact of Reynolds
number on the calibration. A detailed flow analysis using PIV
and oil-flow visualizations is presented thereafter.

Independent Check of the Oxford Probe Calibration. In this
section, we report an independent check of the Oxford Probe cali-
bration map, using data from the MUAS calibration facility. This
repeats work performed by Hall and Povey [7], to provide indepen-
dent validation of the Oxford Probe method.

This is relevant because the Oxford Probe concept is based on the
idea that probes can be manufactured using any high quality DMLS
process and used with a common calibration map, i.e., without indi-
vidual calibration. This independent check was performed (see [16])
prior to any collaboration with the original team and thus represents

Journal of Turbomachinery

Variabel incidence ;
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Fig. 4 Schematic of the water tunnel test setup for the PIV
investigation

a complete process-check of the Oxford Probe. The independent
calibration was performed at Rep=1.5x 104, which was exactly
at the lower limit of the range suggested for use of the probe
(Rep cri=1.5x10%, see [7)).

The independent calibration was in very good agreement with the
calibration files provided for the Oxford Probe [7]. We define errors
as the difference between angles, total pressures, and dynamic head
values returned by the reference and independent calibration maps
as follows:

Eq = Qe — @,

&p =ﬂr€f _;Bv

_ ‘pO,ref —P0’ e = |QVef - q‘ (3)
Po T q

RMS values for these quantities were evaluated across the entire

map (+40 deg in both axes) along lines of data for constant com-

pound angle ¢. The definition of the compound angle ¢ is illustrated

in Fig. 1. For calculating the RMS values, the resolution of the com-

pound angle lines was 1 deg.

With the exception of the dynamic pressure error, the resulting
RMS values are within the ranges quoted in Ref. [7], validating
the entire process of Oxford Probe use by an independent team.
The larger-than-expected error for dynamic pressure is explained
by high uncertainty in the static pressure measurements used in
the MUAS tunnel. It is believed that better instrumentation would
improve this result.

For completeness, we note that precise roll-alignment for probes
of small diameter can be very difficult to achieve in practice (for dis-
cussion, see [7]). It was found (see [16]) that errors could be reduced
further with a roll corrections of 2.5 deg, within the accuracy of the
probe set-up. Likewise, systematic misalignment of order 1 deg (in
pitch or yaw) is realistic in most applications and should be
considered.

po

Comparison of Calibration Maps at Several Rep. Calibration
maps in the range 2x10° <Rep<1.5x10* where produced at
MUAS and compared with the reference Oxford Probe calibration
map (Rep=8.0x10%). The purpose was to quantify deviations
from the reference calibration map for Rep<Rep iy =1.5% 10*,
Results are plotted in Fig. 5.

As reported in the previous section, deviations between the mea-
sured calibration map at the highest Re (MUAS Rep=1.5x 10%)
and the reference calibration map (Oxford University (OX) Rep =8
x 10%) were found to be small, and generally (one exception discussed
above) within the quoted errors in the Oxford Probe paper [7]. Exam-
ining the calibration maps, we see excellent agreement between mea-
surement and reference for both pitch and yaw angle maps and very
good agreement for total and static pressure calibration maps.

We take this result as an independent validation of the claimed
accuracy of the overall technique reported in Ref. [7], including
the fact that it is realistic to build probes to within the required tol-
erances using typical high-accuracy DMLS techniques. To examine
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MUAS Rep = 2000
MUAS Rep = 11000 (<

MUAS Re,, = 4000
' MUAS Rep = 15000 OX Rep = 80000

(=5 MUAS Rep = 7300

Fig. 5 Calibration maps at six different Reynolds numbers for a 4 mm DMLS Oxford Probe:
(a) pitch angle a, (b) yaw angle g, (c) total pressure coefficient C, , and (d) static pressure coeffi-

cient C,,

the variation with Re in isolation, we now take the map from the
MUAS calibration facility at the highest Re (MUAS Rep=1.5x
10%) as the reference for examining the sensitivity to Re.

Figure 6 shows Re sensitivity of the Oxford Probe in terms of
coefficients C,, Cp, Cp,, and C, as a function of both pitch
angle (for two fixed yaw angles of 0 deg and 35 deg) and yaw
angle (for two fixed pitch angles of 0 deg and 35 deg). Results
are shown for four values of Rep. These particular intersections
of the calibration maps are used to visualize the deviations in the
maps, but we later present RMS values as a holistic measure of
the deviation. The red band in Fig. 6 denotes the experimental
uncertainty level for the lowest Reynolds number (for higher Rey-
nolds numbers, the uncertainty level was much smaller and
remained essentially within the plotted lines).

Reynolds number sensitivity of C, and Cp is small, and lines for
all Rep conditions essentially collapse to a single characteristic (top
row in Fig. 6). Reynolds number sensitivity of C,, (middle row in
Fig. 6) is moderate, and for Rep =2000 in particular there is a sig-
nificant deviation (up to ACp, ~ 0.3) from the reference map for
this study. The Re sensitivity of C, (bottom row of Fig. 6) is
much weaker. These results are in qualitative agreement with
Dominy and Hodson [3].

We now quantify the deviations between the maps by providing
RMS deviation between each particular map and the reference map
(MUAS Rep = 1.5 x 10*) as a function of compound angle ¢. These
data are shown in Fig. 7. The RMS deviations for Rep=1.5x 10*
are identical to zero by definition. For Rep=1.1x 10 the RMS

091003-4 / Vol. 143, SEPTEMBER 2021

deviation between maps is very small, remaining below 1 deg for
both o and S, and below 1% for py and 2% for g over a compound
angle range of 0deg <@<35deg. These errors are small and
well within the typical error range of a well-calibrated probe. For
Rep=7.3x% 103, the RMS deviation between maps is moderate,
remaining below 3 deg for both a and f, and below 5% for pg
and 10% for g over a compound angle range of 0deg <¢<
35 deg. For angle determination, this may be acceptable in some
applications, but is unlikely to be adequate in terms of accuracy
of py and ¢ without individual calibration.

For Rep=4.0% 10> and Rep=2.0x 10>, the errors in angle
determination remain similar (within 5 deg for both «a and f), but
the errors in py and ¢ rise rapidly with decreasing Rep, becoming
especially pronounced at high compound angles. For Rep=2.0x
10° and ¢ =35 deg errors in py and ¢ are approximately 20% and
45%, respectively. It is clear that there would be very few applica-
tions in which such errors could be regarded as acceptable.

To visualize the Reynolds number sensitivity of the Oxford
Probe, error surfaces were computed and are shown as contour
plots in Fig. 8. In line with the discussion around Fig. 7, we see
that errors are negligible for all quantities at Re,,=1.1x 10*. For
Rep=7.3x% 10° , some Reynolds number effects become visible,
but their levels remain within the usual range of experimental uncer-
tainty. For Rep=4x10* and Rep=2x 10>, the errors in total
pressure and dynamic head are significant, demanding an
individual calibration in the Rep range. Interestingly enough, the
errors in pitch and yaw angles were still relatively small down to
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Fig. 6 Effect of Reynolds number on calibration coefficients.
Colored bands denote experimental uncertainty.

Rep=2x10%, and perhaps usable where only indicative measure-
ments are required, particularly at low compound angle.

Results of the Flow Field Analysis

Detailed flow field investigations were performed to better under-
stand the physical mechanisms for the changes in calibration map at

RMS (e,) [deg]
RMS (g5) [deg]

RMS (&,,) [%]

o

0 10 20 30
Compound angle ¢ [deg]

Re, = 2000
—-—Rep = 11000

-~ -Rep=4000 —— Rep=7300
----Rep = 15000

Fig. 7 Root-mean-squared errors due to Reynolds number
effect as a function of the compound angle ¢

Journal of Turbomachinery

low Rep. As typical examples of flow in the high-Re regime (cali-
bration map insensitive to Re) and the low-Re regime (calibration
map significantly altered by low-Re effects), we present and
compare data for Rep, = 1.1 x 10* and Rep, =2.2 x 10°. We first con-
sider unsteady PIV measurements showing flow structure, then oil
flow visualizations showing surface streamline pattern, and finally
the unsteady pressure distribution.

Unsteady Flow Visualization Using Particle Image
Velocimetry. Streamlines were obtained in the water tunnel by
long-time exposure of a large-scale (D =20 mm) model of the
probe. Some representative results for Rep,=1.1x 10* and Re,, =
2.2%10° are shown in Fig. 9, for three angles of attack. The
general picture is that flow is stagnated on the leading flat of the
probe, attached on the 45 deg facets (up to an angle of attack of
30 deg), and separated (note separation bubble and flow reattach-
ment) from the intersection with the conical body. Importantly,
both the position of the dividing streamline and the size of the
separation bubble depend on both incidence angle and Reynolds
number. That is, the flow structure is significantly altered between
Rep=1.1x10* and Rep=2.2%10°. Changes in the calibrations
maps are therefore to be expected.

The nature of the flow separation was further investigated by PIV
measurements with high temporal resolution. Based on the velocity
fields obtained by PIV, the vorticity

o=VXxXV )
was computed and used for calculating the dimensionless vorticity

_wD
=V

w*

(&)
A time-sequence of eight consecutive images is presented in
Fig. 10, showing vortex shedding from the intersection with the
conical main body. To enable vortex tracking, the vortices are num-
bered in the figure. We will see in a later section that the character-
istic shedding frequency changes with Rep and affects both the
steady and unsteady pressure coefficient distribution around the
probe tip.

Surface Streamline Pattern Using Oil Flow Technique. To
provide insight into the surface flow behavior on the probe tip,
surface oil flow visualizations were performed with the large-scale
(D =20 mm) model in the wind tunnel facility. Results of this visua-
lization study are shown in Fig. 11.

Repeatable measurements were achieved for Rep>7x 10° (oil
viscosity to shear ratio), and therefore, results are restricted to this
range. Possibly the two most striking features of the flow visua-
lization are the significant amounts of oil accumulation in
re-circulation bubbles at high angles of incidence, and the
wakes that form around individual holes. The latter is particularly
interesting because there is no net inflow/outflow from the holes.
It is speculated that the wakes form in a similar manner to the
so-called synthetic jet effect, in which the pulsation causes an
effective separation bubble. These features are Re-dependent as
indicated by the different oil patterns for a given probe orienta-
tion. Although the main qualitative behavior of the oil pattern
is similar for all Reynolds numbers considered in Fig. 11, the
size of the oil accumulation zone depends on the actual Reynolds
number.

Time-Average Pressure Coefficient Distributions. We define

a pressure coefficient
v\2
C,=1-|— 6
=1-() ©

where V is the velocity magnitude and V,, is the (approximately
steady) free-stream velocity magnitude. A time-average pressure
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Fig. 8 Error surfaces (difference to reference calibration map at Rep = 15,000) for pitch and yaw angles, total
pressure, and dynamic pressure at four different Reynolds numbers
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Fig. 9 Streamlines for two Reynolds numbers and different
angles of attack

091003-6 / Vol. 143, SEPTEMBER 2021

coefficient C, can be obtained by inserting the time-average velo-
city magnitude field V into Eq. (6). In addition, an unsteady (instan-
taneous) pressure coefficient C, is obtained in the following using
the local time-instantaneous values for the velocity magnitude V.
The difference between this time-average pressure coefficient and
a quantity based on averaging the sample of instantaneous pressure
coefficient distributions is negligible in order to illustrate the result-
ing flow field as done in Fig. 12.

Contours of the time-average pressure coefficient obtained for
Rep=2.2x%10°, 4.3x10% 7.0x10% and 1.1x10* are shown in
Fig. 12. The dominant features are the stagnation flow on the
leading flat, a region of flow acceleration around the probe tip,
and a separation (with associated constant static pressure region)
from the conical main body of the probe. The wake caused by
separation gives a first-order change in the velocity field, even
at the stagnation point, an effect well-studied in the case of flow
past cylinders and spheres [17], but common for all blunt
bodies. The primary change in flow structure with angle is the
movement of the stagnation point and an increase in the shape
of the main separation bubble. For the two highest values of
Rep=7.0x10% and 1.1 x 10*, the pressure coefficient distributions
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Fig. 10 Ordered sequence of dimensionless vorticity contours
at equal time intervals (Rep = 4300, « = 30 deg)

are similar, but there are noticeable changes, in particular in the
shape and magnitude of the low-pressure bubble (C, < —0.5) at
lower Rep, with pronounced changes for Rep=2.2x 10°. This is
in accordance with the results of Figs. 8 and 9, which show
changes in the calibration maps and in the shape of the separation
bubble, respectively.

15000 7000

Probe Reynolds Number Rep

20000

15 deg

The change in separation with Re is analyzed in Fig. 13, in which
time average pressure coefficient distributions on the probe surface
are plotted for Rep=2.2x 10® and Rep=1.1x10* each for two
angles of attack (a=0deg and 30 deg). On the leading flat (s<
L), there is little change with changing Rep. Beyond the first and
second facets however (s>L,, and s <L + L,, respectively), there
is a significant change in the pressure coefficient with Rep, both
in terms of the location and peak magnitudes. This is also shown
in Fig. 12.

Unsteady Pressure Coefficients. Using the unsteady PIV data,
the pressure coefficient signals were evaluated in more detail in the
vicinity of hole 5 and hole 1 (see Figs. 1 and 13). Time resolved data
are presented in Fig. 14 for two different Reynolds numbers and
angles of attack. The grey line corresponds to hole 5, and the
black line to hole 1. In line with the time-average data of Figs. 12
and 13, there is a small but measurable difference in the mean pres-
sure coefficient value when moving from low to high Rep,. There is
significantly greater unsteadiness in the pressure coefficient at hole
1 (black lines) than at hole 5 (grey lines). This is in accordance with
the results of Fig. 10, which shows that the unsteady potential field
impact of the vortex shedding is greater at the side hole (hole 1) than
in the tip region. Furthermore, Fig. 14 demonstrates that the ampli-
tude of the unsteadiness is greater for Rep = 1.1 x 10* than for Rep,
=2.2x10

Power spectral densities (PSDs) of the unsteady pressure coeffi-
cients were obtained by means of Fast-Fourier-transforms (FFT).
Results are shown in Fig. 15. The dominant trend in all plots is a
decrease in PSD with increasing frequency. For the low-Re flow,
Rep=2.2x10°, this was reasonably well-correlated by a power
law with an exponent of —1/2 (indicated by a dotted line =% in
Fig. 15). For the higher Reynolds number flow, Rep=1.1x10%,
the trend was in agreement with the well-known 1/f spectrum for
the so-called pink noise. In the case of transient measurements at
higher frequencies, this subtle effect of Reynolds number on the
transfer function of a probe might be of some interests.

For low-Re flow at high angle of attack (¢ =30 deg), a local
peak at about f = 30 Hz was identified (the same was observed

Pitch-angle a [deg]

Fig. 11 Surface oil flow visualizations for different probe Reynolds numbers and pitch angles
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Fig. 12 Time average pressure coefficient C, for different Reynolds numbers and angles of attack
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Fig. 13 Time average pressure coefficient on probe surface as
function of Reynolds number (definition of distance s as shown
in sketch above)

forRep=2.2x 10%, a=15 deg, but is not presented here), in accor-
dance with the results of Fig. 10, which show vortex shedding. For
the higher Reynolds number flow, Rep=1.1x10% the regular
vortex shedding seemed to be replaced by a more chaotic flow,
and no dominant peak due to vortex shedding was observed.
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Fig.14 Time resolved pressure coefficient in the vicinity of hole
5 (tip) and hole 1 (side)
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Fig. 15 Unsteady pressure coefficient power spectral density
for hole 5 (tip) and hole 1 (side)

Conclusions

Five-hole aerodynamic probes have been used by engineers and
researchers since the late 1950s. A number of different tip designs
are in common use (hemispherical, conical, pyramidal, etc.), and
although these exhibit similar behavior, it has been argued (with
good physical basis, e.g. [3,10]) that faceted probes should
exhibit less Re-sensitivity than their un-faceted counterparts (hemi-
spherical, for example). There is, however, relatively little literature
supporting this assertion or providing clear guidelines for the
low-Re limits for various probe types.

In one of the most detailed studies of its type, we systematically
characterize changes in calibration map below the typical low-Re
limit as well as the changing structure of the flow field. For the
latter, we carried out detailed analysis of the surface flow field
(via oil-flow visualization, Fig. 11) and the time average (Figs. 12
and 13) and unsteady (Figs. 14 and 15) pressure coefficient distribu-
tions. We show that the nature of the flow separation is similar over
a very wide range of Re (from Rep=2.2x 10° upwards), but that
below a Re-limit of approximately Rep=1.1x10% subtle
changes in the flow structure, including the shape, size and charac-
teristic frequency spectrum of the separation, cause changes in the
calibration map.

As an independent verification study (different researchers, cali-
bration facility, and manufacture method) of the open-access
Oxford Probe [7] concept, we have shown that for Re>Rep i, =
1.5%10* the probe may be manufactured and used within the
quoted errors of the original paper, without the need for individual
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calibration. This is a powerful concept, as it significantly reduces
the complexity and cost of implementing multi-hole probe measure-
ments in many environments.

By extensive calibrations at a range of Rep, we have extended the
Oxford Probe work to demonstrate that the probe can be used
without significant loss of accuracy down to Rep=1.1x10* (a
little lower than previously thought), and where only moderate
accuracy is required, to values as low as Rep=7.0x10° (RMS
deviation between maps remains below 3 deg for both a and p,
and below 5% for p, and 10% for g over a compound angle
range of 0 deg < ¢ <35 deg).

It is hoped that the work can now be extended to develop a
user-friendly compact probe system, including an integrated
signal processing unit, to allow reduction of flow variables for
indicative purposes without the need for individual calibration or
further data processing.
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Nomenclature

frequency, Hz
dynamic pressure, Pa
velocity vector, m/s
probe body nominal diameter, m
length, m
velocity magnitude, m/s
= total pressure, Pa
Di1,...5 = pressure as measured by probe holes 1-5, Pa
DPavg = probe-based proxy for static pressure, Pa
C, = pressure coefficient
p, ps = static pressure, Pa
Cq, Cp, Cpy, Cp,, = probe calibration coefficients
Rep = probe Reynolds number
Rep iy = critical Reynolds number

u~§<l~b<Q\
1]
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Greek Symbols

= pitch angle, deg

yaw angle, deg

probe error

kinematic viscosity, m?s™
probe body included angle, deg
compound angle, deg

probe tip included angle, deg
vorticity, s

= dimensionless vorticity
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