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Abstract

Calibration and measurement procedures implemented to work with a seven-hole directional pressure probe in the mapping of

pressure and velocity wind tunnel flows are reported in this paper. The performances of two different methods used to derive the flow

characteristics (direction and magnitude of flow velocity vector and total and dynamic pressure) from the seven pressure values

measured by the probe, are comparatively evaluated. The conventional method, based upon the fitting of the calibration directional

data with fourth order polynomial functions is compared with a new method where direct linear interpolation is performed over the

calibration matrices. Besides the comparison of the two methods, the fundamentals of the working procedure of the probe are briefly

explained and an example of the mapping of the flow field around a wing model in a wind tunnel experiment is presented.

� 2003 Elsevier Inc. All rights reserved.

Keywords: Seven-hole pressure probe; Flow field mapping; Wind tunnel measurements
1. Introduction

The seven hole probe is a pressure measurement

sensor, which was firstly presented in 1980 by Galling-

ton and Sisson [1]. It has the capability of providing

quantitative information about the three components of

the flow velocity vector, as well as about the total and

dynamic pressures. Its simple shape, relatively easy
construction and low cost turned it in one of the most

used techniques for velocity and pressure fields surveys

on wind tunnel tests. In the literature, a large number of

papers where the experimental results were obtained

using this measurement technique can be found, e.g.

those reported by Hackett and Sugavanam [2], Hackett

et al. [3], Coggotti [4,5] and Silva and Viegas [6].

In the first directional pressure probes, the determi-
nation of the flow direction was based upon the equal-

ization of two or more pressure taps placed in

symmetrical positions, which resulted in a very time
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consuming measurement process. Besides, the flow

sensitivity solid angle was reduced (�30�), thus implying
that, in many cases, the flow velocity vector could not be

determined because it was out of the probe measuring

spatial zone. Those problems were overcome, firstly with

the introduction of non-nulling calibration methods

(Ostowari and Wentz [7]), and secondly with the seven-

hole geometry that allowed, with the quite ingenious
measuring method proposed by Gallington and Sisson

[1], the increase of the sensitivity solid angle until values

around 70�. To reduce the blind part of the probe, a new
geometry using two seven-hole probes in opposite senses

was proposed, resulting on the fourteen-hole probe

(Cogotti [5]).

The seven-hole probe is composed of a cylindrical

tube with a conical or hemispherical extremity, where
seven holes are drilled, one in the centre and the re-

maining six placed around it on an axi-symmetrical ar-

rangement. Each hole is a pressure tap connected to a

measuring device. More details about the geometry and

construction process can be found in Everett et al. [8]

and Gerner et al. [9] (Fig. 1).
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Nomenclature

A generic flow property

Cdin dynamic pressure coefficient
CaT angle of attack coefficient (low angles)

CbT angle of attack coefficient (low angles)

C/ angle of attack coefficient (high angles)

Ch angle of attack coefficient (high angles)

P probe port pressure

V air velocity

a angle of attack

aT angle of attack, tangential reference system

b angle of sideslip

bT angle of sideslip, tangential reference system
/ pitch angle, polar reference system

h pitch angle, polar reference system

Subscripts

i ith data point in a given sector
n port or sector number (1–7)
nþ adjacent port clockwise to port n
n� adjacent port counterclockwise to port n
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In the present paper, an operation technique using a

linear interpolation method performed over the data

calibration matrices is presented. The performance of

this method, in terms of measuring errors, is compared

with the traditional one, firstly introduced by Gallington

and with later alterations proposed for the calibration/

measuring procedure.

Gallington�s method is based upon the fitting of the
calibration data (3D matrices where each flow charac-

teristic is a function of two angular dimensionless co-

efficients) with two dimensional fourth order polynomial

functions. Zilliac [10] introduced a new calibration

method, using the same dimensionless coefficients as

Gallington�s, but calculating the flow incidence angles

and the static and total pressures, through the local in-

terpolation over the calibration data, applying Akima
[11] interpolation method, with a fifth degree polyno-

mial. This technique improved the measurement accu-

racy, reducing the errors on the determination of the

flow angle and velocity magnitude to 1� and 1%, re-
spectively. Another different approach was presented by

Wenger and Devenport [12], who used a two-step

method for the probe calibration. The probe coefficients

remained the same, but the authors applied an initial
least-squares curve fitting to the calibration matrices to

represent the smooth trend of the surface, followed by a

second step consisting of the construction of error tables

containing, for each location, the differences between the

experimental calibration points and the correspondent

points on the fitting surface.
Fig. 1. Seven-hole probe geometry.
An alternative, for the measuring procedure with this

type of probe is the use of neural networks software, as

presented by Rediniotis et al. [13].
2. Measurement/calibration procedure

A flowchart considering different ways of using the
seven-hole directional pressure with non-nulling meth-

ods for the assessment of the flow characteristics is

presented in Fig. 2. The objective of the calibration

process is to get the data necessary to be used in a

method that allows the calculation of the variables

characterizing the flow (two direction angles, total

pressure and dynamic pressure) based upon the pressure

values measured in the probe�s seven taps. For this
purpose, the relations between dimensionless coefficients

(build up with the measured pressures) and the flow

characteristics should be derived. In this work, two of

the three different ways, presented in Fig. 2, to determine

the flow characteristics were tested and compared (linear

interpolation and fourth-order polynomials).

In the calibration process, the probe is submitted to a

set of very well characterized incoming flows with the
provenience direction defined by the values of two an-

gles. Depending on how large is the angle of incidence of

the flow at the probe tip, one of two different systems of

coordinates and corresponding sets of coefficients is

used.

In the case of flow with low angles of incidence

(typically less than 30�), for which it does not occur
separation at any point of the probe extremity, a tan-
gential referential is used. The angles a and b define, in
this case, the flow direction (Fig. 3).

The seven pressure values measured at the probe are

entered in the calculation of intermediate pressure co-

efficients that are used to the final determination of two

direction-dependent dimensionless coefficients. In addi-

tion, two pressure dimensionless coefficients, one related

to the total pressure and the other to the dynamic
pressure are calculated



Coefficients for low incidence angles

Intermediate coefficients Angular coefficients Pressure coefficients

Cab ¼
P3 � P6
P7 � P1�6

ð1Þ CaT ¼ 1
3
ð2Caa þ Cab � CacÞ ð4Þ Cdin ¼

P7 � P1�6
Ptot � Pest

ð6Þ

Cac ¼
P2 � P5
P7 � P1�6

ð2Þ

Caa ¼
P4 � P1
P7 � P1�6

ð3Þ CbT ¼ 1ffiffiffi
3

p ðCab þ CacÞ ð5Þ Ctot ¼
P7 � Ptot
P7 � P1�6

ð7Þ

Fig. 3. Systems of axles for low and high incidence angles.

Fig. 2. Flowchart of calibration/measurement processes for non-nulling methods used with directional pressure probes.
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In the former expressions, an overbar is used to in-

dicate the average value of the pressures measured in the

holes indicated by the used sub-indices for P . For high
incidence angles, a polar coordinate referential in which

/ and h define the flow�s direction is used. In this case,
the flow tends to be separated from the probe tip in the
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downstream pressure taps zone. Therefore, the coeffi-

cients are only based upon the pressure values in the

holes where the flow remains attached, because the

values in the other holes are meaningless for identifica-

tion of the flow direction.

In those expressions, n refers to the hole with higher-
pressure value, which points out the general flow di-
rection. The indexes nþ and n� correspond to the two
adjacent holes. Thus, seven different groups of non-

dimensional coefficients are defined, separating the

probe measurement field into seven sectors, corre-

sponding to each one of the pressures taps.

The conventional method (fourth-order polynomial

fitting equations) introduced by Gallington and Sisson

[1] to derive the flow characteristics from the measured
pressure data, applies two variables fourth-order poly-

nomials which coefficients (K) are determined from the

calibration data. The polynomial coefficients are ob-

tained by solving the sets of equations built up with data

obtained from the flows used in the calibration. Thus, to

a generic flow property A, a polynomial function is built
up in the following way:

A ¼ KA
1 þ KA

2CaT þ KA
3CbT þ KA

4C
2
aT
þ KA

5CaT CbT

þ KA
6C

2
bT

þ KA
7C

3
aT
þ KA

8C
2
aT
CbT þ KA

9CaT C
2
bT

þ KA
10C

3
bT

þ KA
11C

4
aT
þ KA

12C
3
aT
CbT þ KA

13C
2
aT
C2bT

þ KA
14CaT C

3
bT

þ KA
15C

4
bT

ð12Þ

As the measuring field of the probe is divided into

seven sectors, calibration provides 28 polynomial func-

tions, four for each sector.

The measurement procedure for any flow, the final

result of which is the determination of its three velocity

components and of dynamic and total pressures, con-
sists on the measurement of the pressure values in the

seven pressure taps, followed by the calculation of its

suitable dimensionless coefficients and by the selection

and resolution of the group of polynomials matching to

the corresponding flow sector.

The method introduced in the present work uses a

linear interpolation directly performed on the dimen-

sionless coefficients matrices that were generated during
the calibration procedure.

Coefficients for high incidence angles

Angular coefficients Pressure coefficients

C/ ¼ Pn� � Pnþ
Pn � ðPn� þ Pnþ Þ=2

ð8Þ Ctot ¼
Pn � Ptot

Pn � ðPn� þ Pnþ Þ=2
ð10Þ

Ch ¼
Pn � P7

Pn � ðPn� þ Pnþ Þ=2
ð9Þ Cdin ¼

Pn � ðPn� þ Pnþ Þ=2
Ptot � Pest

ð11Þ
As in the conventional method, during calibration,

different flow incidences are used according to a direc-

tion mesh, previously established, and their suitable

non-dimensional coefficients are calculated. These and

the matching angular co-ordinates form seven matrices,
one for each sector, of the following type.

/1 h1 Cdin 11 Ctot 11 C/ 11 Ch 11

/1 h2 Cdin 12 Ctot 12 C/ 12 Ch 12

/1 h3 Cdin 13 Ctot 13 C/ 13 Ch 13

..

. ..
. ..

. ..
. ..

. ..
.

/2 h1 Cdin 21 Ctot 21 C/ 21 Ch 21

/2 h2 Cdin 22 Ctot 22 C/ 22 Ch 22

..

. ..
. ..

. ..
. ..

. ..
.

2
666666666664

3
777777777775

ð13Þ

The determination of the characteristics of an un-

known flow starts with the measurement of the seven

pressures in the probe and subsequent calculation of

related dimensionless coefficients. An example of cal-

culation for a flow with a high incidence angle will be

used to facilitate the explanation. In this case, the non-

dimensional coefficients will be named C�
/ and C�

h . The

group of calibration matrices to be used is selected by
the index of the pressure tap where the highest-pressure

has occurred (Fig. 4).

When graphically plotted (Fig. 5), the calibration

matrices matched to the direction coefficients define

surfaces in the space. In this spatial representation, the

values of the angular coefficients C�
/ and C�

h determined

in a given measure are represented by horizontal planes.

The intersections of these planes with the matrices sur-
faces are two lines fa and fb that, when vertically pro-
jected in the base plane /, h, intersect in a point with
coordinates ð/�; h�Þ. The lines fa and fb are numerically
determined, point-by-point, through inverse interpola-

tion among the points of the corresponding calibration

matrices.

After determination of the point ð/�; h�Þ, which in-
dicates the incoming flow direction, the dynamic pres-
sure and total pressure dimensionless coefficients, C�

din

and C�
tot, are obtained by direct interpolation, by en-

tering the coordinates of the point in the respective

calibration matrices. Then, the total and dynamic pres-

sure values are computed from Eqs. (6) and (7).
3. Instrumentation and procedures

A 200 mm long probe was used, built with brass

tubes, with an external diameter, in its cylindrical part,

of 5 mm. For the pressure taps, very thin tubes with a 1
mm internal diameter were used. They were put inside

the external tube, the interstitial spaces among them

being fulfilled with solder. The probe conical tip was

shaped with a solid angle of amplitude equal to 60�.



Fig. 5. Determination of dynamic pressure coefficient.

Fig. 4. Determination of flow direction angles.
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A jet flow, with an initial velocity of 32 m/s, and a

turbulence intensity of 2%, coming from the circular exit

section (d ¼ 80 mm) of a circuit comprising a long tube
placed after a centrifugal fan, was used as the calibra-
tion flow. A manual driven mechanism was made to

the probe angular positioning during calibration. The

mechanism was designed in such a way that the probe

orientation relatively to the flow may be changed while

its extremity remains exactly at the same fixed position

in the axis of the jet. The acquisition of the pressure

values during the calibration was done using a me-

chanical 48 channels Scanivalve and a computer with an
analogue-to-digital conversion interface card (Keithley-

Metrabyte DAS 800).

In the calibration procedure, for the central sector of

the probe (sector 7), incoming flows were defined by a

grid with the direction angles at and bt varying by 5�
steps, from )20� to +20�. In the borders of the domain,
the steps were narrowed to 2�. In the case of the pe-
ripheral sectors, the angle h varied between 20� and 70�,
by steps of 5�, while the angle / was varied from 0� to
360�, generally with increments of 5�. In transition areas
between consecutive sectors, the grid was refined using a

step angle of 1� in /. A computer program written in the
TestPoint language automated the acquisition.
4. Errors assessment

To allow the assessment of the errors resulting from

the use of the direct interpolation method, data about

flows with directions corresponding to intermediate

points in the two grids of angles were acquired during

the calibration procedure. For those flows, which data
was not included in the matrices resulting from the

calibration, the characteristics were calculated using the

aforementioned methods, where the pressures measured

in the probe seven ports were the input data. Once the

flow characteristics were imposed and, thus, known in

advance, it was possible to compute the method errors,

subtracting the calculated values from the imposed ones.

As, for the same probe, the errors have been previously
estimated for the conventional method (Cruz [14]) using

a similar procedure, a comparison between the perfor-

mances of both methods was done.

It was possible to obtain the maps with the distribu-

tion of the errors as a function of the incidence angles

for all the flow characteristics in all the probe sectors.

An example is included in Fig. 6. For flow direction

angles, absolute errors are used, while for total and
dynamic pressures, relative errors are considered.

A comparison between the conventional method

(fourth-order polynomials, 4OP) and the direct inter-

polation (DI) method can be analysed in Fig. 7. The

mean value and the standard deviation of the errors of

all the analysed incident flows were calculated for the

central sector and for one of the peripheral sectors

(number 5).



Fig. 6. Distribution of the errors on the angle bT in the central sector.
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Fig. 7. Mean value and standard deviations of errors on the central sector and on a peripheral sector.

6 M.C. Gameiro Silva et al. / Experimental Thermal and Fluid Science 28 (2003) 1–8
In a general way, the DI method shows higher pre-

cision and results uniformity than the 4OP method. In

the central sector, the errors in angle bt show a clear

decrease in the DI method relatively to the 4OP method,
from 0.76� to 0.35�, in the mean value. In addition, the
dispersion of the errors is reduced, e.g. the standard

deviation falls from 0.89� to 0.22� and the maximum
error falls from 3.51� to 0.71� (data not presented
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graphically). As regards the angle at, the mean value of
the error is larger for the DI method (0.79�) than for the
4OP method (0.52�), but, by the other hand, the stan-
dard deviation has an opposite behaviour (0.56 for DI

and 0.82 for 4OP).
In the peripheral sector, for the angle h, there is a

substantial decrease for the DI method, either in the

mean value of the error (0.94–0.24�), or in the standard
deviation (0.67–0.20�). The improvement on the be-
haviour of the probe, when using the DI method, is

reinforced by the data concerning the maximum value of

the error on angle h, i.e. a reduction from 3.25� to 0.85�.
In terms of the errors on angle /, there is a slight in-
crease in the mean value and a decrease in the standard

deviation, when comparing DI and 4OP methods, re-

spectively. In the maximum value of the error, DI

method still performs better (1.22� for 4OP and 0.76�
for DI).

Relatively to the errors in the dynamic pressure and

total pressure measurements, DI method presents, in an

overall view, better results than the 4OP method. There
is only one exception, on the dynamic pressure in the

central sector, but, in this case, the differences between

the two methods are not very significant, because both

present a close behaviour.
5. Wind tunnel experiments

Wind tunnel experiments were carried out to test the

developed tools for the presented calibration/measure-

ment method. Those, here presented, were obtained with

a flow field mapping system, developed by the authors
Fig. 8. Traversing mechanism scheme and photograph
[15] to be installed in a wind tunnel belonging to the

Portuguese Air Force Academy. The system is based on

a seven-hole directional pressure probe and has the

possibility of scanning all the wind tunnel test chamber,

with a 1.3 m	 0.8 m cross-section and a length of 2 m,
working in a flow velocity ranging from 3 to 70 m/s

(Fig. 8).

Five INA MLFI translation units, using a guided

moving car connected to a toothed belt, were used in the

construction of the traversing mechanism. All of them

stay over and outside of the wind tunnel test chamber,

where the air velocity can reach 70 m/s, the probe and its

support (an aluminium symmetrical wing profile) being
the only parts penetrating in the flow. The spatial res-

olution of the positioning mechanism is 0.435 mm, on

the X - and Z-axes, and 0.084 mm, on the Y -axis.
The step motors are controlled by a unit composed by

two indexer cards (RS 440–098) and three drivers (RS

217–3627), which communicates with the computer

through the RS232 serial port. A Keithley-Metrabyte

DAS 800 plug-in board was used as interface, assuring
the analogue to digital conversion of the probe pressure

signals and the digital output used to control a Scani-

valve pressure scanning system, to which the seven

pressure lines of the probe are connected. The pressure

output signal of the Scanivalve is measured by a differ-

ential piezo-resistive pressure sensor, Omega PX 16O.

A flow field survey of the space over a wing profile, in

terms of the velocity and static pressure, for a free
stream velocity equal to 40 m/s, is depicted in the Fig. 9,

where FlowVis, a software tool developed by Lopes [16]

for the post-processing of scalar and vectorial fields, was

used.
y of the probe in the wind tunnel test chamber.



Fig. 9. Mapping of velocity and pressure fields over a wing profile.
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6. Conclusion

The use of the linear interpolation method on the

seven-hole probe calibration proved to be an option that

improves the measurement precision compared to the

initial Gallington method based on the two dimensional
fourth-order polynomials fitting of calibration data. The

inaccuracy errors found for angular and magnitude

quantities, less than 0.8� and 1.5% respectively, are of

the same order as those found by Zilliac [10], with a

method based being upon local interpolation through

the Akima method, and Wenger and Devenport [12],

who use a two-step interpolation method.

It is expected that results can still be enhanced if a
higher number of calibration points is used, mainly on

the transition areas between sectors. In addition, the use

of a higher precision rotating mechanism in the angular

positioning of the probe during the calibration proce-

dure can improve the quality of the results.

The inter-connection of the different software tools

used for data-acquisition, data reduction and post-

processing was done successfully, having as a result
meaningful pictures with the mapping of the different

flow-field physical variables.

Nevertheless, the incapability of the probe to measure

flows with very low velocity or very high incidence an-

gles (>70�) is clear and should be stressed.
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