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N SUMMARY
This note describes a method of calibration and use of five-hole .'
. flow direction probes. When used in complex three-dimensional mixed flows, -
. the probe will furnish flow directions, velocity components and total pres- ps
- sures. The method described in this note is intended for the use of the wind ,&
tunnel Pproject engineer in determining flow direction characteristics of ped

, various model configurations. ’
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; RESUME =
. La présente note décrit une méthode d’étalonnage et I’emploi de ,
. sondes de direction & cinq trous. Utilisés dans des écoulements mixtes ye
- complexes & trois dimensions, ces sondes fournissent les directions, les :Z
X composantes vitesses et les pressions totales des écoulements. La méthode N
. décrite est destinée a I’'ingénieur de soufflerie, pour lui permettre de déter- -
1 miner les caractéristiques des directions des écoulements de divers profils. .
2 b
3 Q
3‘ ':o
. Accesion For
N NTiS CRA&I P} ::'
., Crc  TAB O ;S
Unaannounced | .

T Justheaton oric -
, ] cony

Dy e
O.otibtion!

) -
AR

Availataity Coics

:; ' Avail ard | or ;
- Dist SpLcial ’
- (iii) ;
0 A7 :




e M TR TR TR B R e P S e G LW VR Ya LSt e T N A O Ay T N P e g Bt A g Cem s a P e §
i
i

CONTENTS "
: §
: SUMM A RY . .ttt it ittt ittt iiataeteensaseossninasonsssasonanassenaons (iid)
A vy
: PN 232 04,0 0 (o - 0 ) o
" N
247 1210 ) 28 7S (v) "
" 1.0 INTRODUCTION .. ...ttt ee ettt eeeeet e e e eeianeeeeeennnnenn 1 b
\ 1]
N 2.0 METHOD OF PROBE CALIBRATION. . .. .. ... ittt ittt it ianronanannnns 1 },;
- h
. N
. 2.1 Angles and Velocity RelativetotheProbe ................... ... ... ..., 1 .
2.2 Orifice Pressure Coefficients . . .. .. ... ... ittt iiiinannnn. 1
. 2.3 Probe Calibration Parameters ... .........iiviiiveruinrinnsecesonansanens 2
2 2.4 Pitch and Yaw Angles of the FIOW . . ...« vooennernnennennaenaenennnns 3 E
3.0 PROBE CALIBRATION CHARACTERISTICS ..........c.ciiiiiiininninerenn. 4 7
%
3.1 Empirical Representation of the CalibrationData.......................... 5 w
y- 4.0 USE OF THE PROBEIN AN UNKNOWN FLOW. . .. ... ...t iiiiiiiiiannnns 6 %
- 5.0  CONGLUSIONS . .. ..ottt eeite e ee et ae et e e e e e aeenneenneenns 9 £
' 6.0  BIBLIOGRAPHY .. .....uonontentn et eeeaes, 10 h
TABLES :
Table Page ‘
" I Coefficients for Dynamic Pressure Function P, | 0,¢)(Eq.(15)).......... 11 .
:ﬁ 11 Coefficients for Total Pressure Function S, | 0,0)(Eq.(16))............. 12 !
- I
’ &
ILLUSTRATIONS
A Figure Page I::
1 General Arrangement and Details of Five-Hole Flow Direction Probe. ........ 13 f‘,-::
. 2 Angle and Velocity Conventions for a Five-Hole Flow Direction Probe . ...... 14 v
: 3(a) Probe Roll Angle ¢ vs Arctan | Q/R |. ... .. .eveennnnerrenanneenennnnss 15 )
Cad ‘..:
. 3(b) Probe Average Roll Anglegvs Arctan [Q/R|...........coiiviiinnn... 16 >
Ié.
-
. -
o (iv) )
. Py
- . . e h e s e mr e acneiones e i ":.
.. ‘I! ' ? - v ot .Ib ‘-". X R - .'. . o .'." ‘. 3 "-..'- l.'- o) .'. .-'- -'-'..c".\('v.‘\\--\'a. ‘."'i' \"'-. ®




Pt MM ¥ s N X

- ¥ "

LA X A

4 ILLUSTRATIONS (Cont’d)
Figure Page
y 4(a) Probe Pitch Angle 8 vs ~JQZ + P2 ..o v ettt e e, 17
] 4(b) Probe Average Pitch Angle 0, Degrees, vs \JQZ + P2 ..............ccvn... 18
’ 5 Probe Dynamic Pressure Parameter, P = Cp s - Ep vs Pitch Angle8 .......... 19
1-Cys
6 Probe Static Pressure Parameter, S = —————— vsPitch Angle@ .......... 20
Cps - Cp
APPENDICES
Appendix Page
A Typical Individual Probe Orifice Pressures Coefficients as Functions of
the Combined Pitch Angle @,and RollAngle¢..................0vunn. 21
B Tabulation of Probe Orifice Pressure Coefficients, Derived from
Calibration Data . . . ..... .ot iiiiiiiiii ittt i inrsneanoanannns 37
SYMBOLS
. Symbol Definition
. pi probe orifice pressure coefficient (i = 1-5)
ép average of four peripheral pressures
os local static pressure coefficient Cp ¢~ alag
P~ P,
Cpt local total pressure coefficient
1/2pV2
N p, tunnel reference pressure (wall static pressure)
: Pt tunnel total pressure
) p, local static pressure
‘ p, local total pressure
. P dynamic pressure parameter
. Q yaw-plane parameter
" R pitch-plane parameter
S static pressure parameter
. (v)
e Lt e A N e, e Y L T e T T T T POACLETRRS

LA A
A

|

‘A ll.“! ‘ 5"-.' l" s

-
.
.

(Su i

"l’-‘.
W NN

Y.

R o
Pt
. o 2



u,v,w

9, 9y

LS LR e R SV WO AL AL SR Ll v NI S B L 0 S e B LU 0 g

SYMBOLS (Cont’d)
Definition
empirical static pressure parameter
empirical dynamic pressure parameter
resultant flow velocity
tunnel velocity
local flow components
local and tunnel dynamic pressure
inclination of the flow vector in the combined pitch-yaw plane (0 <6 < +90°)

roll angle of the flow vector in the cross flow plane (0 < ¢ < 360°) (measured
clockwise from downward vertical axis)

pitch angle of the local flow, in the plane of orifices one and three

yaw angle of the local flow, in the plane of orifices two and four

R e B T e L T

ST, o

O | - PR

ey .
LI

®
>

N

V’;
.
»

IR




CALIBRATION AND USE OF FIVE-HOLE FLOW DIRECTION PROBES FOR
LOW SPEED WIND TUNNEL APPLICATION

1.0 INTRODUCTION

The five-hole flow direction probe is normally used to explore complex three-dimensional
wakes which may be characterized by mixed regions of propulsive flow from jets or propeller slip-
streams, and vortex flows, resulting from circulation-induced lift. These wakes are known to have a
large variation of flow direction, flow velocity and total pressure, and it is convenient to be able to use
a single probe which will measure alll of these quantities simultaneously, accurately, and without the
necessity of nulling the individual side-hole pressures.

The probe configuration described in this report consists of five pressure orifices, arranged
in the form of a pyramid or cone, facing upwind. The individual pressures reflect the effects of local
flow direction and dynamic and total pressure. Figure 1 shows a schematic diagram and photograph of
a typical probe constructed from standard stainless steel tubing. The tube faces have been ground to
an included angle of 90 degrees, in the form of a pyramid in which the peripheral orifices are aligned
to planes 90 degrees apart. The central orifice, which measures total pressure, is ground normal to the
probe axis.

2.0 METHOD OF PROBE CALIBRATION
2.1 Angles and Velocity Relative to the Probe

Since this probe is to be used in the non-nulling mode, the flow impinging on it will, in
general, not be axial. It is therefore necessary to define angular and component velocity conventions
which can be adapted both for calibration and use of the probe. Figure 2 illustrates these angles and
velocities in the vector diagram, as follows:

AO is the resultant flow velocity vector impinging on the probe, whose axis is aligned along OC.
The flow direction in the upwash, or a-plane is the angle BOC; flow direction in the sidewash or
B-plane is the angle DOC. The velocity components associated with the resultant velocity Vg are
(in aircraft terminology) longitudinal component u (vector CO), upwash w (vector BC) and side-
wash v (vector DC).

The angles 0 and ¢ are the pitch angle COA of the resultant velocity vector in the a-f plane
COA, and the roll angle BCA in the cross flow plane ABCD respectively.

2.2 Orifice Pressure Coefficients

Before defining orifice pressure coefficients, it is necessary to specify a numbering system,
and this is illustrated in the sketch as shown below.

SKETCH (i) — PROBE ORIFICE ORIENTATION LOOKING DOWNSTREAM
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;:’ Looking downstream, the peripheral holes are numbered one to four in a counter clockwise direction.
- Holes one and three are sensitive to flow angularity in the pitch plane while holes two and four are
'_: sensitive to flow angularity in the yaw plane. The central or fifth hole measures total pressure, as
’ modified by the inclination of the resultant flow vector.
> As in normal wind tunnel procedure, all pressures are measured relative to a reference
. static pressure, p_, such as the working section static pressure. The pressure coefficients corresponding
~ to each of the probe orifices are:
! P, - P
. Cp] =—° 1)
- p'r - po
p2 - P
pT - P,
.: p3 - Po
:. Cps = ——— (3)
- ' pT P,
:‘ p4 - p
- Cp4 S (4)
- Py~ P,
"~ ps -p
:: Cp5 == 2 (5)
. pT B po
S
h
- € =L@ +c, +c. +c
p =7 Cor * G2+ Co3 *Cp) ©6)
“ Pt is the tunnel reference total pressure, measured upstream of the probe, (usually in the tunnel '
' settling chamber) and C  is the average of all the peripheral pressure coefficients. Thus p;. - p,
. effectively the tunnel (or ambient flow) dynamic pressure, and is not measured by the fxve hole probe "j
- but from the two auxiliary pressure taps. Listings of the pressure coefficients C to Cp obtained in -
o a calibration of a five-hole probe, are presented in Appendix B. }::
N 2.3 Probe Calibration Parameters k,}
i In order to describe the probe calibration procedure, it is necessary to define dimensionless ’_-'
. parameters as follows: ‘1
. ’-. -':\
- Pitch Plane Parameter R (upwash) B
P ]
C {
. 3 1 D
R=—>2F (7 B
< Cos - Cp =)
g =
Y ]
_
. “ :




s

[ N A

RIS R

.,‘Iv"<~_.'.‘l .l.'l

el e PR Py st e ot e F iy S i MNPl P I M i SNl G g AL Tl P i _a g C Py g5

.3-
Yaw Plane Parameter Q (sidewash)
Cp2 " Cpa
TG T, ®
pS P

The sign convention for Q, R, a, 8, and v, w is based on normal wind-tunnel conventions, as indicated
in Figure 2.

Dynamic and static pressure parameters P and S are defined as follows:

P=C,-C, 9)
1-C
s
S = ————"6 (10)
Cos = Cp

In a smooth uniform flow directed along the probe axis, C_ is equivalent to the static
pressure measured at the side holes on a pitot-static ivhe, and C_. to the total eressure measured at
the probe tip. Thus P is seen to be equivalent to the flow dnamic pressure for smooth uniform flow;
in general, however, P is a measure of the local “dynamic’’ pressure when the real Jlow is both dis-
turbed and oblique.

Since C_. is a measure of local total pressure, then1- C s is a measure of locai static
pressure, and has a value of zero when the probe is fully aligned with the flow. The parameter §
therefore, is a measure of local static pressure expressed as a fraction of the local dynamic pressure.

It is important to emphasize that the probe reference pressures p o and p; must be measured
at the same corresponding tunnel wall taps during calibration as in flow measurement; usually p, is
the working section sidewall static pressure, and j the settling chamber total pressure.

2.4 Pitch and Yaw Angles of the Flow

The pitch and yaw angles to which the probe is set during calibration are defined as a, in
the upwash plane, and § in the sidewash plane. Other angles, 0 and ¢, which are useful in interpreting
calibration data are illustrated in Figure 2, and are defined as follows:

@ is the angle between the resultant vector and the probe axis, in the combined a-8 plane COA.

¢ is the roll angle BCA of the component resultant velocity vector in a plane normal to the
probe axis.

A relationship between these angles is as follows:

6 = Arcsin[ \sin28 + Cos?p - sinZa | (11)
[Tanﬁ]
¢ = Arctan 12)
Tan a
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and the inverse relations are: o = Arctan (Tan 6 - Cos ¢), 8 = Arctan (Tan @ - Sin ¢). The angle § is
always positive in the range 0 <8 < 90°. The angle ¢ is always positive in the range 0 < ¢ < 360°. The
angles o and § are in the range - 90° < a, § < + 90°. The five-hole probe cannot normally be used to
measure flow angles outside of a cone angle 6 of 45°. For larger flow angles, a modified calibration
procedure can be used, or a seven-hole probe.

3.0 PROBE CALIBRATION CHARACTERISTICS

In calibrating the probe, the maximum values to which the pitch and yaw angles « and 8
were set were + 45°. The response of each set of side hole pressure differentials was linear up to about
30 degrees when pitched in its own plane; they were insensitive to small departures of inclination in
the opposite plane. A typical value for the side-hole sensitivity is

AP
K_

= ————— = (0.0583 per degree
1/2pV, 2 A

Figures (i) ~(x) of Appendix A show the response of each individual probe orifice in terms
of either the resultant angle 0 in the combined pitch plane, or the roll angle ¢ in the probe crosswind
plane. The central orifice C ; is seen to be affected mainly by pitch and only very slightly by roll
angle ¢; its pressure varies f;om full total pressure in unskewed flow, to about 70% of this when the
resultant velocity inclination is 30 degrees. As the inclination of the resultant velocity increases, the
pressure sensed by the central hole drops more rapidly.

The pressure in any of the peripheral holes changes significantly with both 8 and ¢. When
¢ = 0° or 90° or 180° or 270°, i.e., the resultant flow in either of the pitch or yaw planes, the pressure
on the windward orifice gradually increases until total pressure is achieved near § = 45°.

LEEWARD /e

Y
-

WINDWARD

At the same time, the pressure on the leeward orifice decreases rapidly as suction is established on the
probe head due possibly to a flow detachment on that side.

If the probe is also inclined in the opposite plane, (0 < ¢ < 90°) the characteristic of the
windward orifice changes considerably, but that of the leeward orifice, not so much,

The calibration-parameters P, Q, R and S have been found to be fairly simple functions of
the resultant pitch angle 8 and the roll angle ¢. Since the parameter Q is sensitive to the yaw compo-
nent, and R to the pitch component, then Q/R should be zero for a flow with no yaw component, and
large for a flow with no pitch component. Hence Arctan (Q/R) is a measure of the roll angle ¢ in the

plane normal to the probe axis. Similarly, \/ Q? + R? is a measure of the magnitude of the velocity

vector, and should be approximately independent of roll angle ¢, for a resultant flow vector that lies
on a cone of constant semi-apex angle 6.

The angle ¢ is a scalar quantity, and is determined only in the lower left cross-plane quadrant
as shown in Figure 2. The velocity components as determined from 8 and ¢ are also scalar and their
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) r
. signs and the signs of the angles in the a and § planes must then be assigned according to the signs of ¢
) Q and R as originally determined by Equations 7 and 8. The actual cross-plane resultant vector (AC, .
A Fig. 2) will in general, rotate around the longitudinal axis, as the oncoming flow may take up any Z
™ orientation; the actual relationships between the roll angle ¢ and the parameters Q and R are listed as r
follows: .
) -4
: if Q> 0, R > 0 then ¢ is as calculated from Equation (14), i.e. ¢ = ¢ (14) -::
< "_
o ifQ>0,R <0then¢=180- ¢ (14) .
. o
' ifQ<0,R<0then¢=180+¢ (14)
¥ ifQ<0,R>0then¢ =360- ¢ (14) "'
. These functions, i.e. Arctan|Q/R| and \/ Q? + R? are shown in Figures 3(a), 3(b) and 4, o
. plotted against ¢ and 0 respectively. The dynamic and static pressure parameters PoalL and ScaL are -
also functions of the two angles 8 and ¢ and are illustrated in Figures 5 and 6.
[
3.1 Empirical Representation of the Calibration Data :::
: Empirical expressions which satisfactorily represent the average of Figure 3 (shown as :::
. Fig. 3(a) and 4(a)) experimental data, for both 6 and ¢ are as follows: N
; Pitch angle 0 -
- 6 = A \Q?+R? +A, (Q +R?) + A, (Q? +R?P2 + A, (Q +R2) (13) A
where s
A, = 8.6603
5 A, = 0.9708
- A, = - 0.033444 g
A, = 0.019914 :
These constants are for a typical probe. The resulting angle 8 is in degrees (0 < § < 90°). E‘
Roll angle ¢ R
-1 .9 Q \? 1,9 1,9
= 1 (X hig 1 = 1=
¢ = B, Tan IRI+B2(Tan|RI> +B3(Tan IRI) +Bd(Tan IRI) (14) :
Q. -
where Tan | R | is in radians, and -
: G
B, = 95.825
'--
B, = - 75.034 -
B, = 33.981 o
- B, = - 1.2199 2
::. The resulting angle ¢ is in degrees (0 < ¢ < 90°). The signs of Q and R will determine which quadrant "
- ¢ lies in, as in 3.0 above. -
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The dynamic and static pressure parameters PC AL and S, ,, can also be represented empir-
ically as functions of # and ¢, as follows:

Dynamic pressure parameter P , ; (0, ¢) as determined from calibration

Poap (6,9) = C, + C 6 + C,0% + C,06° (15)
where: C, = 0.504 for a typical probe

C, =D, + D,¢ + D,¢* + D,¢* + D¢* + Do’

C, =E, +E,¢ + E;¢> +....+E¢’

C, =F, +F,p+ F¢? +....+Fc¢

The angles 6 and ¢ are in degrees; however the angle ¢ is limited to 45°. If ¢ > 45° as determined from
Equation (14), then the complement of ¢ must be used (i.e. 90 - ¢), in Equation (15).

The constants Di, Ei and Fi are presented in Table I for a typical probe.

Static pressure parameter SC AL (0, ¢) as determined from calibration

ScaL (6,.9) = G,02 + G,0* + G,0°% + G,6% + G,0'° (16)
where: G, =J, +J,6+ J3¢2 + J4¢3 + Js¢4
G, =K, + K+ K, 9>+ K + Ko
G, =L, +L,¢+ L,¢? + L,¢> + L¢*
G, =M, + Mo+ M3¢2 + M4¢3 + M5¢4
Gy = N, + N,p + N,¢2 + N,¢ + N,¢*

where 0 and ¢ are in degrees. If ¢ is greater than 45° as determined from Equation (14), then the
complement of ¢ is used (i.e. 90 - ¢) in Equation (16).

The constants Ji, Ki, Li, Mi, Ni are presented in Table II for a typical probe.

4.0 USE OF THE PROBE IN AN UNKNOWN FLOW

In normal testing technique, the five orifices of the probe are connected to a differential
transducer via sequential porting of a Scanivalve system. Tunnel reference pressure p_ is on the back
of the transducer, and tunnel total pressure p,. is also scanned in sequence. If all five probe orifice
pressures are required simultaneously, then five transducers and Scanivalve heads can be used, with
tunnel p_ and p; both connected to each separate unit.
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Typical flow measuring techniques use either (a) a single five-hole probe connected to a

single differential pressure transducer mounted in a single Scanivalve, (b) a single probe connected t::
9 directly to five differential transducers and no Scanivalve is used, or (c) a rake of five-hole probes “

connected to five transducers mounted in five Scanivalve units. In all cases it is assumed that all the
pressure transducers are referenced to tunnel static pressure p,-

For setup (a), the five orifice p essures are sampled sequentially, so no flow computations 2
) can begin until all seven pressures are sampled. This has the disadvantage that in highly unsteady flows, ‘N
, the flow condition that existed when orifice pressure No. 1 was sampled may not be the same as when §
v pressure No. 5 is sampled. The advantage of setup (a) is that only a single transducer, Scanivalve, and '
ADC (analog-to-digital converter) channel are required.
. The usual plumbing hookup is with tunnel static pressure p , on the first Scanivalve port, '_::
p on the second port and a calibration pressure if required on the third. Probe pressures No. 1 to o
No. § are on the next five ports, followed by the reference total and static pressures again on the ninth i
and tenth ports respectively. This type of hookup allows for the transducer tare to be measured (even A\
with wind on) as the first and last measurement, so that transducer drift corrections can be applied to ~
- the intermediate measurements, if required. 5}:
- The advantage of setup (b) is that all seven pressures can be measured simultaneously, if i‘;
- seven ADC channels are used and the windspeed is measured at the same instant. Whereas in (b) all S
v seven transducers must be calibrated by a separate operation before any measurements can begin, -
setup (a) provides an ‘“‘on-line” calibration each time the third Scanivalve port is sampled. In setup (b) .
* tares can be measured only when the wind is off. Calibration of the five transducers in this case can be A
P performed by sliding a piece of Tygon tubing tightly over the head of the probe thus applying a .
= known pressure simultaneously to all five channels. :-'_
- .
For setup (c) using a rake of N five-hole probes, each of the Scanivalves has tunnel static :
pressure p_ on the first and last ports, tunnel total pressure on the second and next-to-last ports, and
the known calibration pressure on the third port. Scanivalve No. 1 is connected to orifice No. 1 of all -
N probes. Scanivalves No. 2, 3, 4 and 5 are therefore connected to orifices No. 2, 3, 4 and 5 respec- e
tively of all N probes. Five ADC channels are used, and a total of (3 + N + 2) Scanivalve ports are re- ;::
quired for N probes. This setup has the advantages of (i) on-line wind-on calibration and tares, (ii) the ;

flow computations for a single probe can proceed immediately the Scanivalve has stepped past its port,
and (iii) drift corrections can be applied at the end of the stepping sequence. As in setup (a) however,

windspeed is measured only at the beginning and end of the sequence. Also, if the five Scanivalves -
become unsynchronized, the data gathered is meaningless. This latter problem can be eliminated with

:‘. the use of ganged, multi-head Scanivalves driven off a single stepper unit, or of the “wafer switch” l:'_
3 type of Scanivalve. 0
-
A modification of setup (c) using seven transducers and five Scanivalves provides for simul-
- taneous measurement of windspeed and the five probe pressures. The p , and p; transducers must be :f_
- calibrated separately however, and seven ADC channels are required. .
A With the seven quantities (p o P pl, p2, p3, p4 and p5) available from the pressure- ‘,_
measuring system, the probe calibration routines developed in Section 3.0 will furnish the character- |
istics of the unknown flow in steps (a) to (g) as follows:
" 03 . . ~ 3 .“
¢ a) feo)mpute probe orifice coefficients Cpl ,C 2! Cp3 , Cp 4 Cp 5 and Cp from Equations (1) to ::
: ' o
. b) Compute the probe dimensionless parameters P, Q, R from Equations (9), (8) and (7), ::
respectively:
: =
’ - l:.‘ \:.
: P = CP 5 - vp :J
L .‘_1
X M
- ]
: :‘:ﬂ
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A, v
1;.: Cp2 - Cp4 y
: Q- :
¥ . P ti
v
e R = Cp3 - Cpl
v P
" 3
At this point, the signs of the parameters Q and R should be saved in the program for
A future use. A
T iy
" ¢) Compute the pitch and roll angles, § and ¢ from the empirical Expressions (13) and (14), t
-,,. as follows: £
0 = A VQZ+RZ + A, (Q2 +R2) + A, (Q2 +R2)%? + A, (Q? +R?)? N
> '
- Q Q \2 Q \s3 Q \4 o
. = -l =1 + -1 ] = + -1 | = + Tan-! | — . .
N The signs of Q and R will determine the correct quandrant for ¢ as in 3.0 above. 5,
.::j d) Compute the values of the angles a and 8, and assign their signs according to the signs of Q t
- and R, as follows: -
N
o = Tan"} [Tan6 - Cosg] an
~ B = Tan"'[ Tan - Sing] (18) |
\: 0
all angles are in degrees, -90° < a, § < +90°.
. e) Compute flow dynamic pressure and resultant velocity ratios using (Eq. (9) and (15)), as :
- follows: w
‘ Local dynamic pressure
: / d 19) g
3 q/qr = ST o v )
Pear (6:9) .
. ;
~ where P, ; (0, ¢) is given by Equation (15) and P by Equation (9).
X
Local resultant velocity pX
3 ' :
A vR ~
N 7= = Vi (20) N
i V1
::4 :‘
X 9
> =
3 —pin n n o p e e b A A S s Sim e h = e S b Ta T St s s L
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f) Compute the three velocity components v—- . V—- . 7— from Equations (20), (13) and
T T T
(14) (see Fig. 2), as follows:
Longitudinal velocity component
v
R
2 - (—) Cos 0 (21)
Vr Vr
Yaw plane velocity component
v Vi
— = (—) Sin@ - Sin¢ (22)
Ve Vi
Pitch plane velocity component
w Ve
— ={ — | Sin@ - Cos¢ (23)
Vi Vi

v
The signs of the components -‘-/-— and ;/!- are assigned according to the original signs of
T

T
Q and R respectively, as determined in step (b).
g) Compute local total pressure coefficient in the unknown flow

The flow total pressure is sensed mainly by the central orifice of the probe, however the
magnitude of C_, must be corrected for the effects of flow inclination. The local total
pressure coefficient Cpt is then computed as follows:

c P ” Po c o P 24)
= ——— = + S . ¢) - (
pt 1/2 o VT2 pS CAL

where S, | (0, ¢) is given by Equation (16) and P by Equation (9). The local static pressure
coefficient Cp , can be computed as follows:

Cp, = Cp‘ - Q/q'r

5.0 CONCLUSIONS

This note has presented a method of calibration and use for five-hole flow direction probes.
Since exploration of three-dimensional airflows frequently involves mixed regions of both propulsive
and highly skewed flows, as well as dissipative wakes, this probe technique will furnish flow angles in
two planes, three velocity components, and local total and static pressures.
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The flow conditions under which this calibration was done corresponded to a low subsonic
flow, at a unit Reynolds number of 10%. The calibration constants given in Tables I and II, and other
sections of this note refer to a specific probe which had been calibrated some time ago, and which is
in routine use presently in the Laboratory. In general, all such probes, particularly those which may
have head configurations different than that specified in Figure 1 should be individually calibrated.
This note has not presented any details about the calibration installation and fixture but the probe
should be positioned on the centreline of the wind tunnel, with degrees of freedom in upwash («) and
sidewash (), or in pitch (6) and roll (¢). A tunnel test section sidewall static pressure tap and a settling
chamber total pressure probe should be used to obtain the references pressures p, and pr respectively.
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L
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TABLE I N
" .‘}
» ’.
COEFFICIENTS FOR DYNAMIC PRESSURE FUNCTION P, , (6, ¢) (Eq. (15)) "
A
" ' O
- "‘_ﬁ
i Di Ei Fi -
’A' ]
: 1 -49.6 654 -352 '
g x, - 05 x, - 07 x, - 08 e
- 2 15.8 -124 20.7 N
- x, - 05 x, - 07 x, - 08
2 =
, 3 -0.264 3.54 -0.678 e
- x, - 05 x, - 07 x, - 08 e
v L:
4 -17.24 -2.48 -8.4 ba
. x, - 08 xe-lo xe—ll .
- ’
5 2.16 -17.86 8.1 &
- x, - 09 x, - 11 x, - 12 N
A ¥
6 -1.33 5.82 -2.45
g x, - 11 x, - 13 x, - 14 0
- (%
‘L .\.
o Note: The values presented in Tables I and II represent those for a typical probe. N
; ¢ .
3 -
o '.b.
:
.
L4
L4
4
’
L4
>
=
"y
>
N
o
2
N .r- .1.‘&‘-‘5‘-’.1‘.‘.{.’-',‘;- :P,'P,‘v_...\*‘-'.\..'\ '-".é'.f'..".'-". . (NN o TN TN Tt
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3
(v,
¥
28 TABLE II
L.
ft
ia COEFFICIENTS FOR TOTAL PRESSURE FUNCTION S, , (9, ¢) (Eq. (16))
&)
A
- i Ji Ki Li Mi Ni
:..
1 9.288 9.432 -4.320 7.398 2.916
x, - 05 x, - 07 x, - 10 x, - 14 x, - 17
2 1.561 -5.927 8.929 -5.663 1.485
' x, - 05 x, - 08 x, - 11 x, - 14 x, - 17
#
- 3 -1.611 5.770 -7.498 4.882 -1.498
3 x, - 06 x, - 09 x, - 12 x, - 15 x, -~ 18
e 4 7.078 -3.354 5.585 -4.227 1.274
- x, - 08 x, - 10 x, - 13 x, - 16 x, - 19
J 5 -9.873 5.349 -9.743 7.584 -2.228
N x, - 10 x, - 12 x, - 15 x, -~ 18 x, - 21
!
i Note: The values presented in Tables I and II represent those for a typical probe.
3
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APPENDIX A

TYPICAL INDIVIDUAL PROBE ORIFICE PRESSURES COEFFICIENTS AS
FUNCTIONS OF THE COMBINED PITCH ANGLE 6, AND ROLL ANGLE ¢
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FIG. A11: PROBE ORIFICE PRESSURE DIFFERENTIAL (C,3 - C,,,) — UPWASH
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APPENDIX B
TABULATION OF PROBE ORIFICE PRESSURE COEFFICIENTS,
DERIVED FROM CALIBRATION DATA
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X a
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PITCH
S ANGLE ROLL ANGLE, PHI f
n THETA Oe 10 20 30. 40¢. S0. 60. T0e 80. 90, },
: O 00496 00,496 00,496 064896 0.496 060496 0:496 0,496 00496 0.496 v
o Se 06354 06355 0:361 06375 06394 0415 0437 0460 0,481 0.501 :
o) 10 0148 00151 O0.169 00207 06259 06316 04375 00428 0,470 0,508 .

15¢ 06023 -0e017 0012 06065 06152 06245 06326 0390 0455 0,508
20e¢ =0620) =00195 <0153 -0.074 06087 00169 06262 06333 0ed14 0,473
25¢ 200390 ~0e376 <0327 06212 =0.067 0,068 0171 0,260 0340 0,411
v 30¢ =06571 =0e554 =0503 =0:6359 -06186 =-0.058 0,089 0,156 00287 0,317
{ 3S¢e ~04748 ~0e728 —06663 06490 —~0.309 -0.,188 -0,08S 0.,010 0122 0.205
" 80¢ ~0:6919 =0:896 =06815 =0e611 <0e6437 ~06332 ~00268 =-0,196 ~0.,064 0,043
45¢ <16081 =1.018 =0,922 =0eT7T34 =0e589 =06506 =0¢450 -0,397 -0.326 ~-0.209
PITCH
ANGLE ROLL ANGLE, PHI
THETA 100, 110, 120. 130. 140. 150, 160. 170, 180. 190,
Oc 06396 06496 0896 00496 0,496 00496 0496 0,496 0.496 0.496
Se 06519 06540 06560 0578 0594 0,607 0,618 0,623 0,625 0,623
10 06545 0586 0,628 06659 0,687 0710 0.729 0,738 0.741 0.738
1S¢ 0550 00602 0,657 06712 04756 00791 00813 0,824 0.828 0,824
206 06522 06593 0670 0,742 0,809 0.853 0.884 0,899 0.902 0,899
2Se. 0e867 00553 06656 0¢753 0838 06903 00938 0,954 0,956 0,954
30. 06380 00485 0,617 0.746 0,852 0eP27 06972 0,986 04988 0,986

P4
3

v v-w-
Ul
L

v
.

v .

* AL M
AN

.
0 7,

% 35¢ 06269 0¢393 04550 0.707 0.885 0e939 0.982 0,996 0998 0,996 .
> 40c 00129 06271 0458 0,656 0.823 0.935 0987 0,998 1,000 0.998 X
s 85¢ -0.106 00108 00360 00592 0.776 0913 0978 1,000 1.001 1,000 v
o PITCH
. ANGLE ROLL ANGLE, PHI
" THETA 200, 210, 220. 230, 240. 250, 260, 270. 200, 290. .
- Oc¢ 00396 00496 0,496 0,496 0,495 0.496 0,496 0,496 00,496 0,496 o
- Se 00618 0.607 00594 0.578 0560 00580 0519 0,501 00481 0,460 o
- 10 0729 0.710 0.687 06659 0.628 0.586 0¢545 0,508 0.470 0.428 X
15¢ 00813 0e791 0e756 O0e712 0657 04602 0¢550 0.508 0.455 0,390
3 20e 00884 0.853 0.809 0.742 0,670 00593 06522 0,473 0.418 0,333
-, 2S¢ 06938 06903 00838 0,753 0,656 0.553 0,467 0.411 04340 0,260 -
< 30e 06972 0¢927 0.852 0,786 0.617 0.485 0.380 04317 0.247 0.156 §~
- 35, 00982 00939 0845 0,707 0,550 0393 04269 0.205 0.122 04,010 -
- 40c. 0,987 0935 00823 0¢656 0,458 06271 04129 0,085 -0,064 -0.196 o
4S. 0e978 0e913 00776 02592 0.360 04108 ~0¢106 -0.209 ~0+326 -0.,397 v
- PITCH
" ANGLE ROLL ANGLE, PMI .
. THETA 300, 310, 320 330. 340 350. 360. s e
. Oc 00896 0.496 0,496 0.496 0.496 00496 0.496 | -
£ Se 00437 0e415 00394 04375 00361 04355 0.354 o -
" 10 00375 00316 0¢259 0.207 00169 0.151 0.148 M e |
15 00326 00245 0.152 0,065 0.012 -0.017 -0.021 20 O
- 20¢ 00262 00169 06087 0,078 ~0,153 ~00195 -0.201 i<
. 25. 0.171 0.068 ~0.067 ~0,212 =0,327 -0.376 ~0.390 @) o
N 30e¢ 00089 -0,058 ~0.186 ~06339 ~0303 -0.554 -0.571 3 ?;
.. 35, ~0.08%5 -00188 ~0:309 ~0.490 -0.663 ~0,728 -0.748 C e
- 40c =00268 ~0e332 =0:437 ~0e611 -0.815 =0.896 -0.919 Pl ¢q
A 45, =0.450 ~0¢5C. =0¢589 ~0e734 ~0.922 =1.014 -1,081 il
x X
N N
> )
Y Ry

"
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PITCH
ANGL = ROLL ANGLEs PHI k
THETA Ce 10. 20 30. 40, S0e 60e. 70. 80, 90. '
Oe Co496 0e896 Ue896 (o896 00496 0¢8496 0.496 0.496 0496 0,496 X
Se 06501 04519 06540 04560 04578 00594 0.607 04618 0623 0.625
10e 04508 00585 0586 06624 06659 0,687 0,710 0,729 0738 0.741 2
15¢ 06508 04550 Coe602 Ce6ST 0e712 Ce756 0+791 0.813 0.824 0.828 !
20e 04873 04522 0593 06670 0.7842 0,809 0.853 0.884 0.899 0.902 =
25¢ 00411 04467 04553 0s65€ 06753 04838 0,903 04938 0.9584 04950 ]
30e 0317 0380 06485 0617 0e746 0,852 0,927 0.972 0.986 0,988 R
356 00205 06269 04393 0,550 0707 0.845 0,939 06982 0.996 0.998 o
40¢ 00045 Gal29 04271 Coed58 04656 04823 0.935 04987 0,998 1,000 o
4Se —04209 -0¢106 0108 0.3€60 0,592 0776 04913 0,978 1,000 1.001 g
PITCH e
ANGLE ROLL ANGLE, PHI o
THETA 100, 110. 120, 130, 140. 150. 160, 170, 180. 190. S
: O 00896 06496 0496 00896 0.496 00496 0,496 0,896 04496 04496 o
% Se Cet623 CoebIB Coeb6CT 06594 04578 0560 04540 0.519 0.501 0.481 s
: 10 0e73B 04725 0710 O0+6B7 06659 0.624 0.586 0,545 0,508 04470 e

15¢ 068248 04813 04791 0s7S€ 0712 06657 06602 06550 0508 0.4855 '
20e 0e89Y (068848 06853 06809 06742 06670 0593 0.522 0,473 0,414 N

3
. 25¢ 069584 06938 069503 06838 06753 0,656 06553 04467 0411 04340 b
: S0e 06986 00972 060927 06852 06746 06617 0885 0.35C Ge317 00247 g;
. 35, 0699€ 06982 06939 0,845 0,707 06550 0393 06269 0,205 0122 Vs
5 4Ce 06998 06987 06935 0823 0656 06458 0.271 0.129 0,045 -0.,064 ;{
45¢ 16000 0es978 06913 Oe776 06592 Co360 0108 -04106 0209 -04326
PITCH .
g ANGLE ROLL ANGLE, PHI1 i;
1 THETA 2CG. 210. 220 230. 240. 250, 260, 270. 280, 290. e
X Oe 06496 006849 06496 06496 06496 06496 06496 0,496 0.496 0,496 f{
- Se 06460 06837 00415 Ce394 06375 0361 06355 00354 04355 0.361 o
" 10e 06428 06375 06316 00259 06207 00169 0,151 0,188 0,151 0169 b
15¢ 06390 06326 06245 06152 040065 0012 04017 -04021 -04017 04012
20¢ 00333 06262 06169 06047 =0e074 ~0e153 =0e195 =0.201 =0.195 -0,153 O
- 25¢ 06260 0el171 06008 -0,067 -0.212 06327 0376 ~06390 04376 -0.327 2
30s 06156 06089 =0,058 -0e186 =00359 =~0e503 =0e¢554 =0.571 -0.554 -0.503 }t
. 35. CQOIO '0.085 -0. 188 ‘0.30‘! '0.‘90 ‘00663 ‘00728 -00743 ‘00728 ’00663 .'-‘.
f 40¢ =0e196 06268 ~0¢332 -0¢437 04611 -0.815 -0.896 -0.919 ~0.896 -0.81S i
s 45, ~0e397 =06450 =0e506 =06589 ~06734 -06922 ~1+014 1,041 -1.014 -0.922 ¥ ™
PITCH Lo
k ANGLE ROLL ANGLE, PH1 ?1
¢ THETA 300, 310. 320, 320. 340. 350, 360, 5 ol
¥ Go 06496 04896 06496 0,896 0,496 0,496 0,496 | =
- Se 06375 06394 06415 0.437 0460 0,481 0.501 () )
10e 06207 00259 06316 Ce375 06428 0470 04508 a ;4
15¢ 06065 06152 06245 00326 04390 06455 00508 2‘ O —
. 200 -00078 06047 06169 06262 06333 00914 0,473
: 256 =06212 ~06067 Coe068 0e171 06260 06340 0e411 C)
A 30¢ ~0e359 -04186 -04058 0089 0,156 0.287 04317 3
y 356 00490 ~0e¢309 =04188 ~0.085 0,010 0e122 0,205 sz
. 4Ce ~04611 =06437 ~0e332 =06268 ~0,196 -0.064 0,045
' 45, =~0e738 ~0e589 =06506 =0.450 =06397 =0326 -0.209
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# v
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, PITCH
N ANGLE ROLL ANGLE, PHI A
v, THETA 0. 10, 20. 30. a0, %0 60, 70. 80. Q0. -
. Je 0e8CH 0e4GE 0e896 04896 0,496 0,496 0896 0,496 04496 0.496 %
A Se 00625 0Ceb23 04618 GCe607 04594 0578 0,560 04540 0,519 GC.5C1 :
+d 10e 0741 0738 04729 04710 0,687 0.659 0.624 00586 0+545 0,508 K
5 15« 0828 0824 O0eB13 04791 0756 00712 0,657 0.602 0.550 0,508 D
? 20e 0902 00899 CoB84 CoAS3 0,809 0e782 Co670 00593 04522 0,473 B
: 25 0e95€ 0954 0938 0903 0.838 Q0753 N.ESE 0553 0.467 0.411 £
3 300 06988 0.986 00972 04927 04852 04786 04617 00485 04380 04317 &
35¢ 0e995 Ce996 00982 04930 0,885 0,707 00550 00393 0.269 0,205 g
M 40 14000 0e998 00987 0935 0,823 0.656 0458 0271 06129 0,045 -
45S. 1.001 1000 00978 04913 0,776 04592 04360 €108 ~04106 -0+209 .
- PITCH
- ANGLU RCLL ANGLEZ, PHI -
R THETA 100 11Ce 12C. 13, 140, 150, 160, 170. 180. 190. '
K Oe 06496 0e696 00896 0496 0,496 0s496 0.496 00496 0.496 0.496 -
o Se 0Ne481 06460 00437 04415 0.398 00375 04361 00355 0.354 06355 y
e 10e CeQ70 Co828 04375 04316 04259 04207 0.169 0.151 0.148 0,151
) 15¢ 0¢455 06390 003226 04285 04152 00065 0,012 =0.017 -0.021 -0.,017 i
- 20e 04414 00333 06262 04160 0,087 -0.074 -0+153 -0.195 -0.201 -0.195 "
- 25. 00380 0e260 Qo171 0,068 =0,067 -0s212 -04327 -0.376 -0+390 -0.376 »
, 30e 00287 06156 06049 -0,058 -0,186 -0e359 -0.503 -~0.554 -0+571 -0.554 "
- 25, 0s122 06010 ~04085 ~0¢188 -0.309 ~0:490 ~0.663 -0+728 -0.748 -0.728 ,
- 400 ~0e064 ~0e1D€ ~04a268 -04332 -0,437 -0.611 -0.815 ~0.896 -0,919 -0.89¢ =
- 45, ~00326 ~0e397 ~0e450 -0.506 -~0.589 -0+734 ~0.922 ~14018 -1,041 -1.014
" P1TCH '
" ANGLE ROLL ANGLE, PHI ¥
-2 THCTA  200e. 21Ce 220s  230e 240, 250, 260, 270, 280. 290. R
": Oe Ced96 Ced96 Cea96 Ge 4906 0.4906 0496 0496 0496 0496 0e4896 v
'} Se 0e361 04375 0294 Vedis Q.437 0e460 Oea81 0.501 0,519 0.540 7:'
10e O0el€S 0.207 04259 00316 04375 00428 0.470 0+508 0.545 0.596 <
- 15e 0eG12 Ce0€S 06152 0,285 0,326 04390 0.455 04508 0,550 0.¢02
:'- 20e ~0e153 -De074 NaCa7 0e169 0,262 0333 NDed1ls Ne.Q73 0.522 0593 :‘
- 25¢ =0e327 ~06212 =Ce0OT7 04068 Cel7l 00260 0.340 0.411 04867 0,553 .
.. 30e ~0e503 ~0e359 -0618C 0,058 0,049 0,156 00287 0e317 0380 0.485 :
- 35 ~0e663 ~0e490 -0+209 -0.188 -0,085 0.010 04122 06205 0.269 0,393 .
'; 40¢ ~0e815 ~Ce61]1 =04837 =332 -0,268 ~0.196 ~0+064 0045 06129 0.271 "
; 45, ~0e922 -06738 -0e589 -0e50€6 —0.450 -0.397 -04326 ~04209 -0.106 0.108
PITCH -
ANGLE ROLL ANGLE, PHI ’
:; THETA 300. 310 320, 330, 340, 350, 360, 5 £
. Ot 00496 0,496 04496 0.849F 0,496 04496 0.496 | -
o Se 0e560 04578 00594 0,607 0,618 00623 04625 O .
10e 0e624 04659 0.687 0,710 0,729 0.738 0,741
- 15 0657 0e712 00756 Ge791 0.813 0.824 C.828 2O O* .
. 20. 04670 0.742 0,809 0,853 0.884 00899 0.902 "
- 25¢ 0e656 04753 0.838 0,903 0.938 00954 00956 @
. 30 04617 0746 Ce852 Ce927 0,972 00586 0.988 3 N
* 35¢ 00550 O0¢707 0845 0.929 0.982 0996 0,998 C 3
40, 00858 0.656 0,823 0,925 0.987 0.998 1,000 p3 .
45, 04360 0¢592 0776 Coe9127 04978 1000 14001
e o
= g
.1
" w)
. )
" N
<o R
e .
." '
% | :
o e e )
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PITCH
ANGLE
THETA Oe

Ce

Se
10.
1S.
20,
25,
30.
35,
4G
4S,

Ced96
0501
0508
0e5CH
Qe473
Qeatl
NDe317
Je205
CeCéS
-0e209

PITCH
ANGLE

THETA

O.

Se

135
1S
20.
-1
3G
3Se.
40,
aS,

Ded96

C«355

Nel151
-0.017
-0a19%
-De¢376
-Ceb5a
-Ge728
-0e3926
-1«C1la

PITCH
ANGLT

THITA

Ve

Se
10
15
2Co
25
20
3S.
4C,
4S5

DJed9C
DeD4C
C o536
Qe 02
Je593
06553
0.485
Ce393
De271
0108

PITCH
ANGLT

THZITA

Je

OSe

Oeb49€
06607
De71C
07912
CoB5H3
5e9C3
Ne027
Q0e939
Cevw 35
Ned13

100.

2C 0.

3639,

10.
C.896
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