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ABSTRACT

The influence of Reynolds number on the calibration characteristics
of a conical five-hols probe has been tested in & closed wind-
tunnel. The calibration wes performed at thrse Reynclds numbers
for the Mach numbers 0.5 and 0.8. The results indicated that

the probes have to be calibrated at both correct Reynclids and

Mach numbers for accurate measuremenis.

A numerical method for correcting measuring errcrs due to
pressure gradients has been developed. The basis for this
method involves calculating the distances af the sensing holes
to an imaginary streamline through the centrs hole of the
five-hole probe. The method was tested by measuring‘a cylinder

wake at the Mach number 0.7.



INTROOUCTION

For investigating the influgnce of Reynolds number on conical
five-hole probes, systematic tests have besn performed in a
closed wind-tunnel circuit where the Reynoclds number could bDe

varied.

In the same tesi rig a cylinder wake was measured to verify
the usefulness of a new method for gradient correction. The

method will be presanted in the later part of this paper.

TEST EQUIPMENT

Wind-tunnel

The test equipment is shown in Fig. 1. The five-hole probe
was calibrated in a pipe flow. The inner diameter of the
measuring pipe was 1563 mm. In the cleocsed wind-funnal circuit

the density of the air and thus the Reynolds number could be
varied.
The probe was mounted in the measuring pipe so that the tip

e
of the conical body remained at the same pecint in the flow at



all angles of yaw and pitch. The static pressure was measured

from four wall-static tappings in the measuring cross-section.

Five-hole praobe

For the tests a conical type of five-hole probe was chosen that?
can be used in turbomachings, Fig. 2. The stem of the probe |
was relatively thick in order to avoid deformations at high
speeds. Two variants with different types of sensing holes

were investigated. The same probe had as variant 1, holes of
0.8 mm in diameter in the axial direction, and as variant 2,

holes of 0.2 mm bored at right-angles to the conical surface.

Definitions

The definition of the two angles for the flow directicn in the
zyz-coordinates of the probe is given in Fig. 3. The z-axis

is in the direction of the stem. The engle o (yaw) lies in

the zy-plane and the angle B8 (pitch) is defined in the cz-plane
where ¢ is the vector of velocity. This definifion is the most
practical for the calibration of the probe. In Fig. 3 the §
positive angles o and B are drawn, and the numbering of the :

holes givan.

CALIBRATION OF THE FIVE-HOLE PROBE

Reynolds number

The five-hole probe was calibrated for three Reynolds numbers
between 18600 and B3300 referring to the diameter of the conical
body, by consfant Mach number. The density of the air in the
wind tunnel was varied by changing the pressure level. The
highest pressure level was obtained when the wind-tunnel
circuit was opened against the atmosphere on the pressure side
of the compressor; a middle pressure level by opening on ths
suction side; and the lowest one by evacuating the circuit

with an auxiliary compressor. In this way it was possible to
vary the Reynolds number end still having identical test- and

measuring devices.




Mach number

The calibration was performed at the Mach numbers 0.6 and 0.8,
The Mach number was regulated with the aid of the total pressure
in the settling chamber, this being measured by a pitot tube,

and the static pressure in the measuring cross-section, which

was the mean pressure from four wall tappings. The measurements
were performed with 25 different flow directions. The turbulence
level was 0.5%...1.0 perc. by ¥a = 0.6 and 1.4...1.6 perc. by

Ma = 0.8,

RESULTS

To get comparable quantities, a dimensionles pressure i was

calculated with the dynamic pressure as unit:

P, ~ D, '
P i = 0...4 (1)
T pt_p ¢

The pressurs Py is the measured pressure in hole Z. The
Figures 4...11 are shown as examples ¢1 and w3 for both
varisnts of the probe. The results are presented in detaill
in Ref. 1.

The greatest difference obtained by the variant 1 at the three

Reynolds numbers was Ay
Ma = 0.5 and a = 20°, B
number was of the same magnitude by the variant 2 except for
hole 3, sa2e Fig. 10 and 11. It was noticed, that the hole 3

0.074, which was measursd for wz at

-20°., The influence of Reynolds

had partizlly broken edges. This caused the greatest measured
differaence aof Ab = 0.148.

Bynamic pressurs

The dynamic pressurs will be destermined with aid cof the
pressurs difference between hole 0 and the mean pressure in

the sidehcoles (pq 4):



where K denotes a calibration factor. The influence of
Reynolds number on this difference was up to 2 per cent of
the dynamic pressure by variant 1 and 5 per cent by variant 2,

which had holes with partially broken edges.

The investigated probe was manufactured in the usual way.
The results show that the type of holes is not essential for
the influence of Reynolds number, but the holes have to be
bored with the greatest care. For accuratie measurements

the probes must be calibrated at both correct Reynolds and

Mach numbers.

GRADIENT CORRECTION

when a2 probe is used in a non-uniform flow, gradients of
veloceity, static pressure and total pressure lead to
measuring errors. Firstly becesuse the sensing holes lie

at a certain distance from each other and secondly because the
flow around the probe is not identical in non-uniform and
uniform flows, Ref. 2. The first effect can be corrected

numerically.

8y using this numerical method for gradisnt correction of
five-hole probes, the distances of the side holes to the centre
hole are calculated in the flow field. The pressure distributions
of the sensing holes in the direction of the gradient shoculd

be measured. According to these distances, the pressures that

the holes had sensed if they had lain at the same point, can

be calculated by interpolation from the pressure distributicns.
The resulits are calculated with these pressures. Since the
distances depend aon the flow direction; the calculation is

iterative.

Definitions

The directicn angles and the coordinates of the five-hole probe
are shown in Fig. 3. Far the application of the gradient
correction by measurements in turbomachines, the angles aq and
4, and the coordinates g¢x are introduced, see Filg. 12. The

coordinates axes z and ¢ coincide. The angle %q indicates the



rotation of the zyz-coordinates arcund the g-axis. The angle
u is the angle between the z-axis and the center line of the

conical body.

It is possible to derive geometrically correct expressions for
the distances of the side holes to an imaginary streamline
through the centre hole by studying two cases:

1. the gradient in the g-direction, the flow being assumed

te be uniform in the t-direction; and 2. the gradient in

the t-direction and the g-direction being uniform.

GRADIENT IN THE g-DIRECTION

The flow is assumed to be uniform in the ¢-direction. The
notaticns are indicated in Fig. 12. The derivations of the

expressions are presented in Ref. 1.

The distance of hole 1 to the imaginary'streamline, which

would pass through hole 0O is:

§ .
_ J12fsiny _ [cosu . tanB }_
bay 7 \Fans  |Tane ~°°%0 SIHaD} casfuo—aj

§ siny (3)

oK cosi{a_-o)

cosy cosaotans}
J

The distance for hole 2 can be calculated from:

zanB

8qy - qu B 612 sindy cosiaa—a) (4)
The corresponding expressions for holes 3 and 4 are:
A = 634 lwsin(K- )J+cos(k-u) cosa *_EQQQ___] +
93 7 Z5ink | HoTEDSLETH 0 cos(ay-al]
cosy ccnsao’i:anB_i
6GK siny - cos(ao-a] J (5)

34 0 costa

Aq3 + Aq4 = § [cosu+sinu coso
0

tanB
-
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GRADIENT IN THE ¢-0IRECTION

The flow is assumed to be uniform in the g-directicn. For
the distances of the holes corresponding expressions as

above were obtained:

$

_o 12 , cosy_. _ [cosuﬁ o _ R
At1 = -5—{cosao EEFESlnaD Ltan¢“05a0 51na0] tan[oaB a}}
’ 8 __cosu I-sinc:L - cosa_tan(a ‘u)] (5)
0K L 0 0 0o
. [ - oy ]
At1 + Aﬁz = 612 LCDS&D + 51nagtan(a0 a]J (7]
A, = 634 cos(k-pu} - & ,cos |—sino¢ - cosa_ tan(a.-a)
3 Zsink H ok CPSH | 0 C 0
(8)
. - ; [<; ] ' - r
Ata At4 53451nu t51nu0 cosaotan{aD a) (g)
REMARKS

The expressions for the distances of the holes contain the
distances between the symmetrically lying holes 1 and 2 and

the holes 3 and 4. It is not necessary for these pairs to be
in the same plane. Thus the method can be used for all kinds

of symmetrical probes. There is no need for the gradients o

be known beforehand. The correction can be included permanently

in the calculation procedure for the probe measurements.

MEASUREMENT DF A CYLINDER WAKE

As an experimental verification of the gradient correction a
measurament was performed, where the five-hole probe was
traversed through a cylinder wake. A cylinder rod was stuck

in the measuring pipe ahead of the probe, see Fig. 13. The red
coulé be moved like a pendulum in front of the probe. The
diameter of the cylindsr was 2.5 mm and the distance of its
centerline to the tip of the probe was 4.5 diameters. The

Mach number in the pips was 0.702 and the Reynolds numbar of
the cylinder 43800.
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The measured pressures are drawn in Fig. 14, The pressure
gradient is about 10 kPa/mm. It is remarkable that the pressure
distributions of Py and Py do mot have their minima at the centre
of the wake. The justification of the gradient correction

appears here clearly.

The measured normal velocity e, is in Filg. 15 compared with
Schlichting's fare-wake correlation, Ref. 3. It has besn shown
with laser velocimeter measurements by NASA, Ref. 4, that this
correlation can also be used in the near-wake region. In

Fig. 15 the meesured points are calculated both with and

without gradient correction close to the theorstical curve.

The effect of the gradient on the results is most noticeable

for the tangential velocity e Fig. 16. The theoretical

t.l
curve has been derived from the Schlichting’s correlation.
This figure clearly shows how the gradient correction improves

the results.

The flow field was not quite two-dimensicnal. As shown 1in
Fig. 17, a significant cross velocity e downwards along the
cylinder was measured. This velocity was, howaver, small in
the regicon of great gradients. At the centres of the wake
there were four points which could be calculated only with

aid of the gradient correction.

CONCLUSIONS

The influznce of Reynolds number meant a difference of Z per
cent ia the dynamic pressure measured by the probe. This was
obtained at the Reynolds numbers 18600...63300 and.the Mach
numbers 0.6 and 0.8. When the probe had sensing holes with
net quite sharp sdges, a two-fold influence was measured.

For accurate measurements these types of probe have to be

also calibrated at correct Reynolds numbers.

By using the gradient correction method, the accuracy of
measurement in non-uniform flow fields can be considerably
improved. The method has bezen specially developed for

measurements in turbomachines.
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MOTATIONS

a valocity

K calibration ceoefficient. Eq. 2

Ma Mach number

] normal coordinate

% pressure

q cross coordinate

Re Reynolds .number

t tangerntial coordinate

praobe coordinates. Fig. 3

direction angle (yaw). Fig. 3
rotation angle of the zyz-cocrdinates. Fig. 12

direction angle {pitch). Fig. 3

distance

difference

half apex angle, haoles 3, 4. Fig. 12
preset angle of the conical body. Fig. 12
half apex angle, holes 1, 2. Fig. 12
dimensionless pressurs. €q. 1

ubscripts

.4 sensing holes of the prabe
normal component
total condition
tangential component
cross component
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Fig. 13 Test installation for the cylinder wake measurement.
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