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Examining the Effect of Flow Reversal
on Seven-Hole Probe Measurements

A.J. Pisasale* and N. A. Ahmed"
University of New South Wales, Sydney, New South Wales 2052, Australia

Multihole pressure probes are frequently used to gather flow data, sometimes in highly three-dimensional flow.
If the flow is reversed, no method currently exists for determining whether the multihole probe is facing the right
direction for data acquisition, and that the flow is as such. A seven-hole probe is rotated in yaw by 360 deg, and
rules are formulated to determine if a seven-hole probe is in a reversed flow. The current study allows seven-hole
probes to be used for gathering data in steady reversed flows and gives an indication whether a pressure probe is
insufficient for the measurement instrument, as in the case of highly recirculating unsteady turbulent flows. An
application of the technique thus developed is also given.

Nomenclature
A,B,C,D = generalizedconstants
Cp; = pressure coefficient at port i
H = step height
n = total number of ports
Pi.m = average pressure over ports jk...m
A = static pressure in the freestream
P/ Qint = static pressure nondimensionalized
with freestream g
Pr = total pressure of the flow
Poom measured pressure from each
of the pressure ports
q dynamic pressure of the flow
U = magnitude of flow velocity
w = ordinate defined for second rule
X/H,Y/H = ordinatesdefining nondimensionallength
and height
Y = ordinate defined for first rule
o = pitch angle, deg
B = yaw angle, deg
AP, = recorded differential pressure from port i
A Pr = recorded differential total pressure
€ = error at port i
€r = total error
0 = flow dihedral angle, deg
0 = density of ambient air
¢ = flow azimuthal angle, deg

I. Introduction

ULTIHOLE pressure probes are often used to conductsimple

flow surveys. Given their prolific use, it is surprising to dis-
cover that there still remains many aspects of their performance that
have not been thoroughly researched. For instance, if a seven-hole
probe is unknowingly inserted into a recirculating flow, or simply a
flow of angularity beyond the probes calibration range, no method
currently exists to determine from the measured pressures that the
flow is not within the calibration region. Consequently, it is fea-
sible that pressure probes are being used incorrectly because flow
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properties are being calculated under the false assumption that the
probe is within the calibration range. Even within the calibration
region, there exists questions of the calibration’s Reynolds-number
dependence!

Recent works>? have also demonstrated that nondimensional-
ization of calibration coefficients used in existing multihole probe
theory suffers from a singularity problem and that the mathemat-
ics used to calibrate and determine flow properties might, in some
cases, need revision, particularly for flows with high angularity. In
spite of this improvement, if the probe is inserted into a region of
reversed flow, where the velocity vector is pointing away from the
direction to which the probeis designed to measure so that the probe
tip is in the wake of the flow, problems will incur.

Such a flow might be encountered as a result of recirculation,
say, for example, behind a cylinder. As most common calibration
methods are only valid for flows toward the probe tip within a cone
of approximately 75 deg aligned with the probe,*~’ resolution of
velocity componentsand total and static pressure from the measured
probe pressures would be erroneous, if the probe were in a steady
reversed flow.

Pressure probes have seemingly been used in the past to examine
flows appearing to contain recirculation’’ In these cases flow is
examined around a hemispherical cylinder and an ogive-cylinder,
respectively. However, in both of these cases the flowfields given
are in a plane perpendicularto the main flow, which is also shown in
the corresponding detailed flow studies®° Consequently, the flow
is within the probe’s calibration region and does not represent a
reversed flow.

Recirculating flows have nonetheless been investigated using a
five-hole probe.'® However, in a related study,!! where the use of
the probe is described in detail, it is revealed that at each test point
the probe is first nulled in the yaw direction. Assuming the probe
was nulled correctly, which will be examined further later, the probe
tip will be pointing into the flow, and a correct measurement of the
flow can be made.

Flow reversal caused by a backward-facing step, was also inves-
tigated by Rediniotis and Kinser,'? who used it as a test case for an
almost omnidirectional probe. The present work, however, focuses
on the effects of flow reversal on more common seven-hole probes
and the correct use of these in an unknown flow.

If the pressure probe is to be used in a nonnulling manner, some
generic rules would be desirable in order to determine when the
probeis in areversed flow, and consequentlyif it needs to be rotated
and to what extent.

Simple rules have been used in the past to test for validation of
data’ by checking that the central hole is within a tolerance of the
leeside holes. However, this rule does not determine the extent to
which the probe is out of range.

Thus, the purpose of this study is to develop such rules, which
can be applied in a preprocessing manner, to the probe pressure
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Fig. 1 Illustration of the port number-
ing of the seven-hole probe.
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data to determine the validity of the data to correctly determine flow
properties, or whether the probe requires rotation from its original
setup to do so. A brief investigation of Reynolds effect on probe
performance is also conducted, and an application of the method is
given.

II. Description of Experiment

A seven-hole“cobra” probe from the Aeroprobe Corporation was
calibratedin the 18 x 181in.(0.457 x 0.457 m) subsonic wind tunnel
of the University of New South Wales aerodynamicslaboratory.The
probe was placed in a mounting fixed to the roof of the tunnel that
could rotate the probe though pitch and yaw angles. A bank of
Honeywell pressure transducers and an FCO510 manometer from
Furness Controls, Ltd., recorded the pressures from each of the
seven pressure ports and the total pressure from a pitot-static tube,
respectively, at each measurement point. The static pressure from
the pitot-static tube was also subtracted from all pressure readings’
to give values at each pressure porti of AP;, as well as A Py, and a
schematic of the port numberingis givenin Fig. 1. Nondimensional
pressure coefficients Cp; can be formed by dividing the recorded
gauge pressure with the dynamic pressure; therefore,

Cp; = (P, — P,)/q = AP;/AP; 1

The bank of transducers has a stated resolution of +0.25%FS
(£3.1 Pa) but are calibrated before each experiment to improve the
accuracy of the pressure readings, and the ambient air pressure and
temperature were periodically checked to account for any changes
in air density. The probe was rotated a full 360 deg in yaw at 10-deg
increments for the three pitch values of —20, 420, and 0 deg. Un-
fortunately, the physical constraints of the mechanism did not allow
for full 360-deg rotation in pitch.

The experiment was repeated twice for a total of three sets of data
at the freestream velocity of 15 m s~!. It was also repeated at the
higherand lower speeds of 20 and 10 m s~ !, respectively,to examine
the effect of Reynolds number on probe performance. The average
repeatability was within £1.85%, excluding data points near zero.

III. Formulation of Generic Rules

A. Very High Wake Angles

The nondimensional pressure coefficients are plotted in Fig. 2
for the full range of yaw angles at zero pitch. It can be seen that
in the ranges B > 125 deg, B < —125 deg all pressure ports record
approximately the same values. The same trend is also noted at both
positive and negative pitch locations in Figs. 3 and 4, respectively.
The plot of calibrationdata at zero pitch, shown in Fig. 2, is similar
to that of Zilliac’s” for the calibration region.

Therefore, it appears that if all of the recorded pressures are ap-
proximately of the same value then the probe tip should be rotated
180 deg in yaw. It is necessary to note, however, that, although
we are dealing with relationships between recorded pressure differ-
ences, these relationships are also generally true for pressure coef-
ficients and absolute pressures. For instance, if AP, > AP,, then
Cp, > Cp,, and consequently P, > P;.

Cpl
Cp2
Cp3
Cp4
Cp5
Cpé6
Ccp7

Fig. 2 Plot of pressure coefficients Cp; for all ports at zero pitch and
for 1180 deg in yaw.
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Fig. 3 Plot of pressure coefficients Cp; for all ports at +20 deg pitch
and for 180 deg in yaw.
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Fig. 4 Plot of pressure coefficients Cp; for all ports at —20 deg pitch
and for +180 deg in yaw.
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A new constant ISjk,_Am to be the mean pressure of the indices
specified is now introduced. For example,

Piag = (P, + Py + Py + P) /4 )

This new, generic definition is employed first to distinguishit from
other mean operations, such as P (Ref. 13), and second, because a
generalized notation will be required later.

The first rule can now be formulated. Because all ports record the
same pressure,itis likely that all pressure ports are in stalled flow or
wake in the regions § > 125 deg and § < —125 deg. If any pressure
port is not in this same flow, then the probe is not in this region.

The percentage error between a pressure port i and a specific
mean quantity is obtained as such:

& =|(P—P)/P x 100| 3)

and the total error'* is determined as

er=ye+e&++e “)

where n denotes the total number of ports,

For the specification of this first rule, Pi34s67 is first calculated,
then the error using this definition of P is found for each port, using
Eq. (3). Finally, the total error over all ports (n =7) is calculated
using Eq. (4), and Y is set equal to this total error to give

o=

7
Y = (100/ Piysaser) [ > Piasassr — P[)z} 5)

i=1

However, the problem with this equation is that if pressure coeffi-
cients are substitutedusing Eq. (1) it can be shown that the equation
relies on a prior knowledge of the static pressure, which is often not
known in an unknown flow. This gives insight into why equations
in pressure probe theory are typically expressed in the form

Y=(A-B)/(C—-D) (6)

where the constants A, B, C, and D can be substituted for recorded
pressures, pressure coefficients, or absolute pressures, to give ex-
actly the same value of Y at that point. For example,

_AP2—AP3_CP2—CP3_P2—P3
_AP4—AP5_CP4—CP5_P4—P5

(M

Clearly, the equation for ¥ must be of this form to be nondimen-
sional. However, in the region of interest, all of the pressures are
approximately the same. Although this is an advantage in terms of
the numerator, causing the total error to be lowered [Eq. (4)] in or-
der to nondimensionalizethe equation, a denominator must also be
specified. It seems likely that all combinations of denominator will
also be zero in this region. Consequently, the ¥ ordinate will be
undefined in the region of most interest.

This actually poses quite a dilemma. To proceed, it was decided
to nondimensionalizewith the dynamic pressure ¢ and to define the
Y ordinate as

o=

7
Y=(100/C1)|:Z(131234567 - P[)2:| (8)
i=1
which can be expressedin terms of recorded pressures by substitut-
ing directly for correspondingterms, or in terms of pressure coeffi-
cients as

o=

7
Y= 100|: Z(Cﬁ1234567 - C[)2:| ©)

i=1

250

200

150

S

100

50

tTrrrrrrrorrrrrrr o]

P L1 ¥
-100 0 100
Fig. 5 Plotof Y for 1180 deg yaw for zero pitch at 15,10,and 20 m s—!

with errors shown.
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Fig. 6 Plot of Y for 4180 deg yaw for zero pitch at 15 m s~!, with
rescaled estimates of dynamic pressure.

This equation is plotted against yaw angle, for the three speeds
tested, in Fig. 5, which also demonstrates that the relationship is
mostly Reynolds-numberindependent over this velocity range.

It is perhaps noteworthy at this stage to reflect on the application
of this method. First, as the probe is physically quite symmetrical,
geometrically consistingof a cone-cylinder,the relationshipdemon-
strated in Fig. 5 shouldalso be true if the yaw angle were substituted
for the pitch angle « or dihedral angle 6 in polar coordinates, for
at least the very high wake angles. The reasoning for this is that if
the probe is rotated 180 deg in either of these alternate coordinates
it would physically be in the same position as that demonstrated by
a rotation in yaw (Fig. 5). In this way, although the rule has been
demonstrated for yaw, it is also more generally applicable.

Second,use has been made of the local dynamic pressureto nondi-
mensionalize the ¥ ordinate in Fig. 5, which is of course unknown
when the probe is used in flow studies. As already mentioned, it is
extremely difficult to nondimensionalizeusing measured port pres-
sures, and doing such will result in an undefined function in the
region of investigation. The dynamic pressure in this case is simply
amethodof scalingthe Y axis. To make use of Egs. (8) or (9), itis thus
necessary to make an approximate guess of the local dynamic pres-
sure of the unknown flow. Illustratedin Fig. 6 is the effectof doubling
or halving the dynamic pressure on the data obtained at 15 m s~!.
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Investigation can now proceed by setting a limit of, say, 20%,
under which the probe needs to be rotated 180 deg. This will exclude
data points where |B|> 130 deg (or alternatively o or 6 can be
substituted for B).

The procedure to be followed in sequence is now summarized as
follows. Port pressures are recorded from the probe, g is estimated,
and Y is calculated from Eq. (8). If the value of Y is less than 20%,
then the probe is rotated by 180 deg. Assuming that the dynamic
pressureestimate is within half or double of the actual local dynamic
pressure, the method is shown to be viable (Fig. 6).

The curious reader might wonder why a simple investigation of
whether all of the pressure ports record the same value should not
suffice as a rule, instead of the method just outlined. However, when
dealing with real experimental data, it is unlikely that all pressure
ports will ever record exactly the same value. The slight differences
in pressure might either be as the result of a reversed flow, or of
a nonreversed flow. It would be impossible to tell which of the
preceding two is the actual one, without some knowledge of the
scale of the pressure differences. Use has been made of a guessed
dynamic pressure in Egs. (8) and (9) to scale the results.

If the scale of the measured pressures was intuitively known,
say, for instance, by knowing some flow property of the unknown
flow, then simply examining the pressures might be sufficient, as the
experimenter would have an idea of the scale of the differences to
look for in the recorded data. However, this is essentially the same
as guessing the dynamic pressure, and using Eqgs. (8) and (9) on the
recorded data to determine the scale of the differences. Thus, both
methods are actually the same, with Egs. (8) and (9) being merely
a more formal description.

B. Intermediate Angles

As mentioned earlier, the calibration region is established as
[Bl <75 deg, and the rule developed in the preceding section
applies to angles |8]| > 130 deg. A second rule is now devel-
oped, which will be applicable in the intermediate angle region
75 deg < |B| < 130 deg. Referring back to Figs. 2-4, physically at
least one of the probe’s pressure ports remains in the higher pressure
side of the flow, where it reaches a maximum, probably when the
port surface is perpendicularto the flow, and then falls away to the
same constant value of the other pressure ports as the yaw angle is
further increased. The four ports opposite this maximum pressure
port, on the other hand, are already in stalled flow, and so record
approximately the same pressure.

For example, referring to Fig. 2, in the range 30 deg<pf <
130 deg, the port with the maximum pressure is six, thus, for this
case P« = Ps. Using Fig. 1 for identification of the port locations,
the average pressure can be calculated over ports 1, 3, 5, and 7, as
these are the ports that will stall in the region under investigation.
This will give

Piis;= (P, + Py + Ps + P;) /4 (10)

In a similar manner to the first rule developed for very high wake
angles,the sumof errorsbetween these ports and theiraveragecanbe
found. However, unlike the first rule, nondimensionalizatio using
the port pressures is now possible. To generalize the expression, the
subscripton P is changed to j, k, I, m (instead of 1, 3,5,7), P
is used instead of Ps, and the summation is over the four indices
Jj, k, L, m only. The new ordinate is also denoted by W instead of ¥
to distinguish it from the preceding rule and is thus defined as

ol

100 N
W=—————{ X:@m—ﬂﬂ (11

(Prvax = Pjam) | i Tim

Here, as before for Y, the yaw angle 8 could be exchanged for
the pitch angle «, or dihedral angle 8, because of the symmetry
of the probe. Thus, as another example, by referring to Fig. 3, for
intermediate yaw angles of —130 < 8 < —30 the maximum pres-
sure is recorded at port 5, and from Fig. 1, P is averaged over ports
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Fig. 7 Plotof W for all of the pressure data obtained at 15m s~ ! for the
port with the maximum pressure at zero (z), positive (p), and negative
(n) pitch.

1,2, 4, and 6. The final equation for W is then

W =1[100/(Ps = Prosg)1[(Prass — P1)> + (Proys — P»)>

5 5 3
+ (Prass — Py)* + (Prass — Pﬁ)z] . (12)

To further illustrate this point, the method is applied to all of the
datacollectedat 15 ms~!, including both positive and negative pitch
angles, and plotted in Fig. 7. It can be seen that the graph follows
the same trend, reducing to a minimum in the region of interest. The
figure only shows W, where the maximum pressure comes from
the same port. For instance, in the first example considered, Ps was
maximum; however, as the probe was rotated further, P; becomes
maximum. Thus, the graph is only shown for the region where P
is maximum. As P, takes over as the maximum port pressure again,
it does so only marginally. In fact, P; is only slightly greater than
Py, as all the pressure ports record approximately the same value.
Referring back to Fig. 7, this clearly corresponds to the region of
the first rule, to which Y was devised.

Consequently, as shown by Ps in Fig. 7 at 130 deg, the function
W will begin to increase again in the wake region described in the
first rule, as all of the pressures become approximately equal and
W becomes undefined. This is not actually a problem because if the
first rule is applied correctly before this second rule then the probe
will be known to be in flow within —130 deg < < 130 deg. Such
undefined values of W will, of course, then be excluded.

Examining Fig. 7, a threshold can be set, say of 25%, which will
define whether the probe needs rotating. If the probe does require
rotation, it can then be rotated 90 deg in the direction indicated by
the maximum port pressure P, towards P, as shown in Fig. 1. For
instance, if port 2 is the maximum and W indicates that rotation is
required, then the probe is rotated in a plane to which ports 2 and 1
are aligned (in this case the pitch plane) in the direction towards the
flow, which would be the direction required to make P; maximum
(positive pitch).

The entire procedure for preprocessing of the measured pressure,
for all angles, has been outlined in a flowchart in Fig. 8.

IV. Examination of the Effect of Reynolds Number

It is perhaps an opportune moment to briefly examine the effect
of Reynolds number on the calibration, given that data have been
collected for a much greater range of yaw angles than is traditional.
Referring to Figs. 9-15, the calibration data collected at zero pitch
are shown for the three speeds tested, and error bars are shown for
the repeated data. The Reynolds number is calculated based on the
probe-tip diameter.
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Fig. 10 Plot of Cp2 against yaw angle for different Reynolds numbers
with errors shown.
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Fig. 9 Plot of Cp1 against yaw angle for different Reynolds numbers
with errors shown. Q 0
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Surprisingly, there appears to be very little Reynolds-number
effect when the probe tip is in the wake, corresponding to
[B] > 130 deg. There is also very little effect for the higher inter-
mediate angles corresponding to |B] > 90 deg. In fact, the region
appearing to have the highest Reynolds-number effect, and also -1.5
the largest variation in repeatability, is for high angles within, and
just outside, the calibration range, corresponding to approximately
30 < |B] <90 deg. However, given that the range of Reynolds num-
ber tested is small and the overlap in repeatability at some points, it
cannot be said conclusively that there is obvious Reynolds-number Fig. 12 Plot of Cp4 against yaw angle for different Reynolds numbers
effect. However, some effect is indicated. with errors shown.
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Fig. 13 Plot of Cp5 against yaw angle for different Reynolds numbers
with errors shown.
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Fig. 14 Plot of Cp6 against yaw angle for different Reynolds numbers
with errors shown.
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Fig. 15 Plot of Cp7 against yaw angle for different Reynolds numbers
with errors shown.

Reynolds-number effect on pressure probes has been noted
before.!!>1® Dominy and Hodson! suggested that a recirculation
bubble might be present, which contributesto this effect. Given that
the probe used here is geometrically very similar, the recirculation
bubble might also be present here.

This will perhaps aid in explaining the unusual results of Figs. 9~
15. For the angles within the calibration region, the recirculation
bubble over the cone tip would make the results Reynolds-number
dependent,! as the data appear to indicate. As the yaw angle is
increased past 90 deg, however, this recirculationbubble is diffused
and swept away by the flow, which might explain the reduced effect
in the intermediate angles. At very high angles, when the probe
tip is in the wake, the conical tip effectively streamlines the probe,
minimizing the Reynolds-numbereffect.

Unusually, there should be some Reynolds-number effect in the
intermediate and very high angle regions as a result of the nonlinear,
viscous effects of the wake. Albeit, the examination given here is
admittedly only over a very short Reynolds-numberrange, and these
effects might be found in a more extensive examination.

It is nonetheless important to realize that the Reynolds-number
effect noted here is more significant in the calibration region than
the other regions. However, as only five of the seven holes are re-
quired for measurement, this effect will be minimal in the calibration
region as the holes in stalled flow are not used. It has been
suggested'® that the Reynolds number can be taken into account
by calibrating the probe over a range of Reynolds number. As the
Reynolds number of the flow local to the probe is typically unknown,
converting probe data into flow properties might then require use of
an iterative method.

Examining further Figs. 9-15, and also Fig. 2, there is very little
changein the functionalform of the databetween § = 50and 90 deg,
at zero pitch. This indirectly implies that if Reynolds number could
be taken into account in the calibration, then this probe could be
used up to dihedral angles 6 just below 90 deg, which would extend
the calibrationrange of 75 deg stated earlier.

V. Experimental Application to Flow over a Step

To demonstrate the method, it is applied to flow over a backward-
facing step. A step is constructed with a 5.7-in. (0.145-m) height
H and 900-mm width and placed in the open-jet wind tunnel of
the University of New South Wales; a description of which can be
found in Refs. 17-19. The step height was chosen to correspond
with a similar experiment.!? The experiment, however, could not be
performed at the same Reynolds number because of wind-tunnel re-
strictions, but was performedat the Reynoldsnumberof 0.31 x 10°,
which correspondsto a freestream velocity of 33 m/s, the maximum
speed at which this wind tunnel can be operated.

As the step containsno roofor side panels, it shouldnotbe thought
of in the traditional sense as a backward-facing step, but it should
be nonetheless sufficient to demonstrate this method. The test was
performed by orienting the probe in the four different directions of
front, back, up, and down at each measurement point. Pressure data
were acquired from the probe using the same bank of Honeywell
transducersmentionedearlier and averagedover a 10-s period, while
the FCO510 manometer recorded the freestream dynamic pressure.
Each probe orientationwas tested at each pointof a two-dimensional
mesh of 8H length and 1.4H height. The data from the four orien-
tations, shown in Table 1, could then be examined concurrently to
determine the correct orientationbefore postprocessingthe pressure
data to obtain flow properties.

The dynamic pressure g was estimated by the differencebetween
the maximum pressure and the average of the remaining pressures.
For flow in the central zone, this equals P, — P, which is a common
traditional definition. An important simplification can be made by
assuming that the flow is steady at a given point; the validity of this
assumption will be examined in more detail later. Therefore, the
dynamic pressure will be constant for all orientations. After finding
an estimate for the dynamic pressure at each orientation, the final
estimate is taken as the maximum of these values. The maximum
is taken, as it has been shown that this pseudodynamic pressure is
more likely to be an underestimateof the actual dynamic pressure 2
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Table1 Method applied to data at all four orientations, along with the functions Y (%), W (%), and

the port number with the corresponding maximum pressure

Front Back Up Down
g estimate Y w No. Y w No. Y w No. Y W No.
2.6 105 29 3 55 68 7 111 23 3 84 18 3
2.8 83 203 2 43 123 4 123 16 6 107 42 5
10.4 33 8 3 96 17 3 37 9 3 51 10 3
43 84 7 3 53 21 3 89 13 3 9% 12 3
60.7 47 _ 1 5 — 1 119 6 6 62 18 7
44.0 86 —_— 1 8 — 1 136 4 6 110 14 5

YH

1.3 4

1.14

0.9

0.7

0.5

0.3

Fig. 17 Final flowfield showing vectors superimposed onto the static pressure. The pressure and velocity of inconclusive points are set to zero.

The thresholds indicating reorientation are set at 20% for Y and
25% for W. The probe was inserted into the flow from the rightside,
looking downstream, for all orientations. This means that when the
probe is in the front orientation the hole numbering is for Fig. 1
rotated 90 deg clockwise, with holes 5 and 7 facing the top and
holes 4 and 6 facing the bottom.

Examining the first data point in Table 1, none of the Y val-
ues indicate a rotation of 180 deg. As all four orientations use
the same estimate for ¢, they can all be compared in relation
to each other. Thus, if the estimate for ¢ was increased the
Y value in the back orientation will pass the threshold before the
Y value in the front orientation, implying that the front direction is
correct.

However, the W values suggest that this data point is inconclu-
sive. In both the up and down orientations port 3 is the maximum;
however, in the back orientation the maximum is port 7, which,
neglecting the streamwise component, is in a different direction. It
should, however, be remembered that as some of the orientations
might be pointing with the probe tip in the wake, the port with the
maximum pressure does not necessarily indicate that the flow is
coming from that direction. Equally importantis that W is indepen-
dent of the estimate for ¢, and, consequently, W values are indepen-
dent of each other. The second point is also inconclusive for similar
arguments.

The third and fourth points however appear to suggest that the
flow is toward port 3, which remains on the same side when the
probe is rotated through the different orientations. This indicates
that the flow is perpendicular to the plane of measurement and is
consequently three-dimensional.

The last two points appear to show quite conclusively that the
front orientation is correct. In the front orientation Y indicates no
need for rotation. In the back orientation Y indicates rotation to the
front position. In the up and down orientations W suggests rotation
to the front position. It is not necessary to calculate W when the
maximum pressure is recorded from the central hole, as this will

occur only when the probe is aligned into the flow or 180 deg away
from the flow.

In this manner a map of correct orientations can be developed as
shownin Fig. 16. This diagramonly shows vectors of equal length to
demonstrate the approximate direction of the flow in order to select
the correct orientation. Points that have no vectors are inconclusive.

Once the orientationis known, the data can be postprocessedinto
velocity and pressure components as shown in Fig. 17. The velocity
is nondimensionalized with the freestream velocity, and the static
pressure is nondimensionalizedwith the dynamic pressure. For this
final figure the points denoting an out-of-plane velocity were not
postprocessed, as this orientation was not measured. For all incon-
clusive points and out-of-plane points, the velocity and pressure
were set equal to zero for the purpose of this figure. Consequently,
the pressure and velocity in these areas might appear misleading, at
first glance.

At a point the direction might be inconclusive because the flow is
unsteady. A point might also be inconclusive because the dynamic
pressureis differentin the differentorientationsand that the assump-
tion of a constant dynamic pressure is violated. But, this will only
occur if the flow at that point is unsteady. Therefore, for either case
aninconclusivepoint might well be in an unsteady flow. However, if
the flow is unsteady then the seven-hole probe is not the appropriate
instrument to use. In this way the method presented here also gives
us an indication of where data might be questionable and when a
different instrument, capable of measuring unsteady flows, should
probably be used instead.

V1. Further Discussion

It has already been shown that if the probe tip was in a wake,
such that the flow is reversed, then all of the port pressures will read
approximately the same value. This has further implications for the
use of probes that use a nulling technique, where it is assumed
that after nulling ports on opposite sides of a probe, such that they
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have the same value, the probe will be facing directly into the flow.
However, it is possible that nulling opposite ports could also orient
the probe tip away from the flow such that the probe is in a reversed
flow. The results obtained from the nulling technique would then be
in error.

A possible solution s to ensure that the central hole P, is greater
than the other holes. But P, is also greater than the other holes when
the flow is reversed, whichimplies aknowledge of how much greater
P, would need to be, or the scale of the recorded probe pressures of
the flow. Thus, this is once again the same as estimating the dynamic
pressure. Therefore a simple solution to this nulling dilemma is to
apply the first rule, as demonstrated earlier.

Estimating the dynamic pressure might not seem like part of an
elegantsolution. However, the ultimate goal should notbe forgotten,
thatis, to correctly orient the probe toward the flow. Therefore, if the
experimenter is in doubt of the direction the probe could be rotated
through 180 deg if possible, as was done in the application. The
measured pressures in this second position could then be compared
directly with those obtained from the first position. Consequently,an
improved judgment could be made, using knowledge of the charac-
teristics of the probe found from calibration, as to which direction
is correct. This was the approach used for the application given
earlier.

The graphsobtained and thresholdsset are for the particularprobe
usedin this study. Similar graphsshouldbe obtainedfor other similar
probes, but an examination of this should be carried out at the time
of calibration for individual probes. The thresholds,and the amount
of rotation, can also be changed depending on the experiment in
which the probe is used. For instance, in the case of the second
rule presented here a more conservative threshold of 50% could be
used. This would exclude angles greater than approximately40 deg.
But if a flow of 45 deg were encountered, a rotation of 90 deg
would move the probe through the correct positioning to another
incorrect position on the other side. Therefore, with this new more
conservative threshold the rotation angle of 90 deg should also be
reduced to say 60 deg.

VII. Conclusions

A seven-holeprobe with a conical tip was rotated through 360 deg
to examine the effect of flow reversal. It was found that rules
and procedures could be applied, which made use of the prop-
erties of the probe at these high angles, which determined if the
probe were incorrectly positioned and consequently if a rotation
of the probe were required. The analysis given here highlighted
some of the problems that could result from incorrect use of the
probe. In particular, the potential to calculate erroneous flow prop-
erties exists if the probe is used in regions of very high flow an-
gularity without such an analysis as given here. The Reynolds-
number effect of the probe was also briefly examined, and it was
found that this effect was greatest within the calibration region at
high angles; however, these results are possibly inconclusive be-
cause of the short Reynolds-number range tested and the over-
lap of uncertainty. Regardless, a Reynolds-number effect would
not be inhibiting within the calibration region, as stalled ports
are not commonly considered when determining flow properties.
The methods outlined here also give an indication where the flow
might be unsteady and, thus, where a different instrument should
be used instead.
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