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Th.s technical note is the final report covering the period 1 Jct
83 to 30 Sep 84 in response to NASA A 10498C sponsored by the NASA
Ames Research Center and administerd by Mr. W.P, Nelms, and in
response to AMD/RDS 8U4mi16 sponsored by AFAMRL/CC (CREST) and
adrministered by Major A.M, Higgins. Majors Frederick M., Jonas and
Jack D. Mattingly were the principal investigators for this effort,
aided by the faculty and cadets at the Air Force Academy. Of
particular note is the contribution of 2Lt Lawrence Reed, former

st ident and now Air Force officer, who i3 the principal author for
this paper. The paper documents the current status of the
sevenrnole probe developed at the Air Force Academy under the
sponsorship of the NASA Ames Research Center,
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THE SEVEN-HOLE PRESSURE PROBE

Lawrence Reed*, Jack D. Mattingly**, and Frederick Jonas**

Abstract

This paper dovuments recent and past developments with respect
to ttie sever-hole pressure probe, Included are discussions on
preue 2esign, construction, calibration, and measurement
caraniitlities. The effects on probe measurements in shear flows, as
Wil oi1s methods of correction, are also included. Finally,
recoarch applicatiorn: in the measurement of unknown flowfields are
preseated, As shown, the seven~hole pressure probe is a valuable
1t s loly acceurate (evice tor qualitatively or gquantitatively
Gourenting unknown flowfields.

tntroducstion

ne purpnse of this paper is to document recent and past

iy c.opments with respect to the zeven-hole pressure probe
doveloned at the Jnited States Ai~ Fource Alzdemy in conjunction
witn the NASA Ames Research Center. As with all pressure probhes,
tre e venTnole probe can be used to map unknown internal or
wterna. flowfields, giving valuable information to the

vl amieiat, The advantage of the seven~hole probe over other
Ylowield measuring devices is jts widely expanded measurement .
ratae and flexibility. To document this effort, Section I1I
Lrecoents wrief background material about the probe's design and
e, Section 1il includes an overview of probe calibration in
ar.irform flows, both compressible and incompressible. In Section
IV, recont recsy:te of investigations into prohe meas:iurement
1vilities in shear flow environments are presented.

“easurement capabilities as well as measurement sources of error

¥ 914 t,, USAF, Graduate Student, Univ. of Washington

£, oo, UUSAF, Assocliate Profe sor, Dept. of Aeronautics
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C ' discussed in Section V. Finally, recent research efforts on -
- .
- N the appiication of seven hole probe measurements in unknown fiows -
. = - 4
. are presented in Section VI, i
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} Numerous techniques are available to measure unknown flow
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flaelds., While methods such as tufts, streamers, and vanes are
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primarily used for flow visualization, they are insufficient for
juantitative information. Detailed data on flow size, direction,
An . pressure usually require direct obtrusive flow measurement.

Une of the oldest known quantitative techniques may be found
in the pressure probe, Although other techniques, such as hot wire

anznometers and laser doppler anemometers, have been developed,

pressure probes are desirable from a flight vehicle standpoint

Lecause of their simplicity and ruggedness (Ref 1). Coupled with e
reiatively low cost, pressure probes are an excellent measurement 2
o

device for research, development, and industrial applications.
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was developed at the United States Air Force Academy to ifncreasc

the measurement ranse of a non-nulling pressure probe while -

minimizing probe si:e.
A, Nulling Versus Stationary Probes

The increased measurement range of a multi-hole probe revolves
on 1ts ablility to sense more pressures at the face of the probe.
Twoe procedures, nulling and stationary, may be used to acquire the
pressure data, A nulling probe is rotated in one or two planes
until opposing peripheral ports measure equal pressures, The
corresponding angle of rotation determines the flow angle. For the
non-ruliing approach, the probe is neld stationary as pressures in
oppesing peripheral ports are recorded. The pressure differences
arc tnen transformed to flow angles through previously known
calihration relationships. Although the nulling procedure allows
analysis of high angle flow, it is mechanically complex, time
consuming, and hence, may not be cost effective. On the other
hana¢, stationary probes with up to five holes are incapable of
accurate measurements at high local flow angles (greater than 30
degrees) because of flow separation around the probe tip.
Yxplained in detail in a later section, the seven hole probe is the
osnly non~nulliing probe that can determine flow angles up to 70
degrees relative to 1ts axis, When combined with a computerized
data acquisition system, the probe may record nearly two data
rnints per second, This rate is significantly faster than current
nulling devices, which require connuiderable time for the balancing

of probe tip pressures before each measurement can be taken (Ref.

Ainalytical Model of Pressure Probe

P
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Pressure probes used for measurement of flow direction and
misnitude normally consist of an aerodynamic body with a ‘
symmetrical arrangement of sensing holes (Figure 1), Some typical
s werries for pressure probes are reviewed in References 3 throug!
.t pressure probes are treated in more general terms in

orences 18 and 19,
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While numericaily solving the three-dimensional potenti @ f!ow
ejuations for the flow around an aerodynamic probe may bhe more
aracurate than slender body theory under some conditions {Ref. 1
ind 22), it does not lend itself to synthesis of probe shapes. 7Toue
slenaer body approach to the analysis of the probe provides  bhasis

tor formulating analytic calibration relations and consideranle

instight into the physical process.

P iv—-

Figure 2. SLENDER BODY OF REVOLUTION IN A CROSS-FLOW (REF.18)

“uffm modeled the probe as a yawed body of revolution as
~O0o1n Fivure 2, For a slender body, the equation of motion i
wearoand dHutfman wrote the velocity potential as the sum of the
ian Plaw o and the cross flow components (this follows a o metod

Speeritied by Liepmann and RosYeo, Ref. 23). Solution of the

<~quation of motion yielded the following velocity field in

cylindrical coordinates:
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wnere f is to be evaluated on the body surface, i.e. r=R, Egquation

4 represents the major result of Huffman's analysis and can be used 4

to determine probe angular and static pressure sensitivity for .

arovitrary geometria=s. q
The pressure difference between ports on opposite sides of tre

prohe is used to determine the flow angularity. Since the side

ports of the probe ace at the same z and r locations, the pressure

difterence is proportional to the difference of Cp values at

different 0 locations and

= wsinz [sine j‘Sinz'i+(R’)7(CUL i-coszb‘,;
thsin’ e cos g IC\)SZ‘()i—COSz” +(R')2(Sin‘i~j‘Sin:"i)] (e
tlwine sin2s [ 1-(R") "] [sinZwi—sinZle

IR (1+f/2){cosa sin24 (c05wi~coswj)+sin21 cns'u(sinri-sin~.)]
|

y

FRONT VIEW SIDE VIEW

Figure 3. SEVEN-HOLE PROBE
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For the seven-hole probe shown in Figure 3, the six holes on the

o} o o o
side face are located at §,=90 , 9,=150 , 93-210 y 04=270 ,

05=350°, and 06=300. The resulting three pressure coefficient

differences for opposite side holes are

°
AC,=C_ -C_ = 4R'(1+f/2) sin2a cos’B 1
L 7p P r
4 1 (6) X
)]
AC,=C_ -C_ = 2R'(1+£/2)[ 3 cosa sin2B+sin2a cos’g]
2 Py Pg

- 9
AC.,=C -C_ = 2R'(1+f/2)[ 3 cosa sin28-sin2a cos?B] .
3 p p ®
2 bl 3
These three pressure coefficients can be combined into a .
coefficient that is mainly dependent on the flow angle a and .‘

another coefficient that is mainly dependent on the flow angle 8

as follows:
- )
ﬁ ‘. ) C C [ J
A + -
Coo= T ¢ RN A 3 0= LR'{1+€/2 sinly coes 8
1 3 {(7)

1
SCo+7¢C . R
LC= 2 3 4R'(1+£/2) cosa sin?s _
: ——777—— B
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Also, the sensitivity is proportional to the slope of the probe's ,
surface, R', Etquaticn 8 is plotted in Figure 4 for f=0. It is

quite apparent from the figure that the probe angularity o :
sensitivity -- regardless of shape -- depends on u and B8 . '
Approximately a 10% reduction in sensitivity occurs for a and g

values of 10°. Note that 34Ca/‘a is the same for both positive and

. .~

negative values of a and 8.
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Trhe average pressure coefficient can be used to determine the
rflow-field static pressure, Pw. Cp is evaluated at a number of
threta values and the results summed and divided by the number of
theta values, For the seven-hole probe of Figure 3, this process

PR S

> 1)
<cp>=[ 1-€=-£7/4+(R")?] cos’a cos?B-[1+2(R")"] <
Huffman developed an expression for a quasi total pressure
*»om nis analysis by integrating the pressure over the body
surface, resolving this force into an axial component, and dividing

ny the c¢ross sectional area. His relationship is

.
: 2 ) (1)
“os*a cos‘B 2,, ‘ 3 . ) ’
- - o.s0s 2 (RTY ' [E4€4+(R") Jdz-sin 1-sin‘ cos’
p/al R“
0
arwre & denotes the integration length.
For a conical shaped body, R' is constant and Equation 11
duces Lo
(1290
C = 1=f=f774-(r')2 ;2. 24
<;>z [1-f-f7/4-(R')?] cos"1 cos B-1
.
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Some 1nsig!* in7tu probe calitration can be obtalned !y

studying the ploc 2! a an! p versus'Ca and “Cpin Figure &5, the [ 10
ot G&Q versus a ant 8 in Figure o, the plot of C%>Z VErsus ua an

g in Figure 7, and the plot of|:<Cp>z-<Cp>]versus a and g in Fi,ure

- Figures & througnh % were calculated for R'=.268 and =0. Not e
tae near linear rel.tion between each angle and its respective

. ressure coefficient as shown in Figure 5. Also, the nearly
~irciuiar contours of constant <Cp> ,<Cp>z, and [(Cp>z—<cp>] as
snnwn in Figures 6,7, and 8, respectively. Probe manufacturing
imperfection and angular misalignment of the pressure ports will

ause these curves to become somewhat distorted.
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C. Seven-Hole Probe Design

The seven-hole probe is characterized by six periphery ports
cur~ounding one central port (Fig. 9). The probe is constructed
by packing seven properly sized stainless steel tubes into a
stainless steel casing. For the current probe used at the Air
Force Academy, the inner seven tubes have an outside diameter of
.0”3 inches with a .005-inch wall thickness. Once assembled in the
order shown below, the tubes are soldered together and machined to
thve desired half angle € (usually 25 or 30 degrees) at the tip
CRer.  2). It should be noted that the manufacture of seven-hole
prones {(versus four/five hole probes) is much simpler due to this

pac«ing arrangement.,

STAINLESS TUBING

SOLDER

P
— ?
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]
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Figure 9. PROBE GEOMETRY
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171, Seven-=Hol= Probte Calibration Theory

Because of th~ir small sire and individual construction, all
pro2es have inherent manufacturing defects that require the uni jue«

calibration of eacn probe. Gallington (Ref. 24) developed the

B Al S ded e d SN S,

1

calinration theory required for incompressible, uniform flows. Hi1o

power series method produces explicit polynominal expressions for
the Jdesired aerodynamic properties and is easily programmed. The
following section presents a synopsis of Gallington's scheme for
incompressinle, uniform flow calibration as presented by Gallington
{Ret. 2U4) and by uerner and Maurer (Ref 2).
A, Low Versus Yigh Flow Angles, Irccupressitle Flow

In this calibration technique for incompressible, uniform
flow, the probe face is divided into two sectors, The inner flow
sector deals with low flow angles in which the angle between the
probe's axis and the freestream velocity vector is less than 30
degrees, The other or outer sector deals with high flow angles of
over 30 degrees. Thirty degrees {s the dividing point because flow
typically begins to detach over the top surface of the probe tip
around this loca! flow angle. The hole numbering system used for

huth sectors and the remainder of the report {s as follows:

Z

\Z

2
D

FRONT VIEW SIDE VIEW

Figure 10. PORT NUMBERING CONVENTION AND PRINCIPAL AXES
18
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T x-axis is defined to be positive in the unperturbed freestream
tlow direction, The origin is a point at the tip of the cone
formed by the probe (Fig. 10).
. Probe Axis System for Low Flow Angles

The axis system for low flow angles is the tangential
a.pharbeta system depicted below (Fig. 11). The angle of
atrack, alpha (o), is measured directly as the projection on the
x7plane. To preserve symmetry, the angle of sideslip (8f) is

measured directly as the projection on the y-plane.

CONVENTIONAL TANGENT
u=V cosacosf ag= arctan hod

u
v=V sing

By=erctan ¥
u
w= V sinacos8

Figure 11. LOW ANGLE REFERENCE SYSTEM

R R I
ihe T1:w ang.e {3 determined as a function of dimensicnless
nressure coefficients, Three palrs of opposing peripheral ports

feasure the differerces in pressure {rom one side of the pro%ve to

trv wbthier 4o Tore Uhe forlowing tnree relavionahlpec
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As the numerator measures changes in flow angularity, the
denominator nondimensionalizes the expression with the apparent

dynamic pressure, The center port pressure, P7, approximates the

local total pressure while the average of the circumferentiil port

pressures Pi_-g approximates the local static pressure. To

transform these pressure coefficients to the tangentiazl refercnce
system, Gallington (Ref. 24) formulates the following

relationships:

It is important to realize that Ca and CB are not independent of
each other; that is, Ca is a function of all six peripheral ports
while CB is a function of all but ports 1 and 4,

Besides the two angular pressure coefficients, two other low

angie pressure coefficients, {4 and Cq, are defined in Gallington's

work (Ref. 2U): |

O —
Py - - q - {10)
7 Pi-¢ PUL PWL

{ Cs; is the apparent total pressure coefficient with respect tc¢ each
hole and 1s a means to convert actual pressures measured by the
- probe to accurate values of local total pressure. The numerator

measures the difference between the approximate total pressure

measured by the center port P7 and the actual local total pressure

PY PolL - As with the previous coefficients, the denominator
, nondimensionalizes the expression with the apparent loca. ‘{vaamic )
o pressure.
The velocity pressure coefficient, Cq, serves a similar

®

conversion function as Zo except that it relates the probe _

20
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Probe Axis System for High Flow Angles

changes in flow angularity (Fig. 12).
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pressures to the actual dynamic pressure. The numerator in this :

coetficient represents the probe's approximation of the 1local
dynamic pressure while the denominator represents the actual .
tynamic pressure of the freestream test conditions. !
The real advantage of using the nonknulling seven®hole probe

yver otner multimhole probes appears In the ability to measure !

nigh-angle flows. At high angles of attack ( greater than 30 -

deyrees), the flow detaches over the upper surface of the probe, i

and pressure ports in the separated wake are insensitive to small 1
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Figure 12. FLOW PATTEZSP~ TVER SEVEN~HOLE PROBE
AT HIGH ANGLE OF ATTACK
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heen ineffective in this regime due to this flow separation arn.!

Lo document tne {flow angle.

According to Gallington, the tangential reference system |

Ol
>
PR

i 4

Lan~
.

v

is used {(Fig. 13) where @ represents the pitch angle and ¢

S represents the roll angle.

v

C“onsequently, high angle measurements must only be made from jpor

in the attached flow. Fiverhole and other pressure probes have

ts

idack of sensing ports in the attached flow reglon. The seven#hiole
probe avoids this problem because at least three ports remain in

the attached flow region, allowing sufficient data to be recorde

3
inappropriate at high flow angles because of indeterminate angioes

and singularities {(Ref. 24). Instead, the polar reference systenm

-

f.
P_"

L " POLAR TANGENT

u=Vcost u,=arctan ¥

T u

v=V gint sin ¢ r ¢ =arctan v

u

wsV gint cos ¢

Ev—- T "':"-"v'ﬁ.

Y

Figure 13. HIGH ANGLE REFERENCE SYSTEM

P’

g

g “>re specifically, 8 denotes the angle that the velocity vector
. forims with respect to the probes's x-axis, and ¢ signifies the

. ® azimuthal orientation of the ve.ocity vector in the y-z plane.

should note that 3 positive ¢ is measured counterclockwise fram

the negative z axis when the probe is viewed from the front.

22
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Fased on aallington's original work with the seven-nole prote
1o high anglies or attack, Gerner and Mauer accomplished the
fotlowing analysins (Ref 2. Kuethe and Chow's Foundations

Acerodynamios: itases of Aerodynamic Design, explains that the

rition points of a cylinder in turbulent flow a#re over 100
from the frental stagnation point. Flow around a corical
such as v jrope tip was likely to remain attached longer, and
-velooity component was prone to extend the separatiorn points
Pownsteean even further. Therefore, for the high angle flow shown

1

boooMigure le, ports 3, 4, 5, and 7 lie in attached flow, and pourt 1

Livs i separated flow. The flow over ports 2 and 6 is

~

and their readings a.» discarded {(Ref. 2).
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Figure 14, FLOW OVER PROBE AT HIGH ANGLE OF ATTACK
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pressure diftferences., Unlike low flow angles, however, the coeonter
port pressure s .owWw the most dependent port on local flow anysie.
Tonseguently, a piteh angular pressure coefficient shculd measure

[3

the difference between the center port and a new stagnation part.

{n the example below, the pressure at P, approximates the licoal

“otial pressure,

P, - P-
Co. T
P: + P-
P. - 17
2

Tne expression is again nondimensionalized by the apparent dynamio
nressure, The average of P3 and Pg approximates the static
pressure and 1s reiatively independent to changes in roll.
Although the average is independent of ¢ , the difference 1is
sensitive to roll angle. As the probe's azimuthal orientatiocn
chianges, the windward pressure rises and the leeward pressure
falis., The result is a roll angular pressure coefficient (exampi»
for port 4 is Equation 8 bhelow) that is also nondimensionalized hy

tne apparent dynamic pressure,

The nigh flow~angle Cy and Cy coefficients are transiated rom
tneir low flow angle counterparts using the same rationale found 14
the development of C, and Cg. The lowmangle {45 and Cq
coefficients are changed to account for the different ports that

reprecsent toital and static pressures in the high-angle regime. The

ejuations for ©,, Cs, Cuy, and ©, are as follows:

s

Lond od
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Co, = Py 7 , ¢ = >
+
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. R C p, - P ]
LO, - P, Py , 6, = 1 3 .4
+ P ’
p, - B1* Py p,- 21+ Fa
2 2 4
:
- 3
- Cc P, - P
L’Qa = Py Py ’ b5 = "—
P, + P, P Py + Py
P 3
2 2
(19)
- c Py - Ps
COu = Py L) s by = 4
+ P
p, = L3t Fs p, - Lot Fs
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s Pe + Py

Pg - POL

P, + Ps
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F. Division of Angular G5pace

The most obvious difference between low and high pressure
coetficrients 1s that six hignh coefficients are needed for the hiph
angies. This fact leads to the question of what factors determine
when a certain set of coefficients should be employed. Gallington
proposes the "division of angular space” shown in Ffigure 15 (Ref.

2.

SECTOR 1

P, LARGEST

SECTOR 6 USE Cgy. C¢1 SECTOR 2
Pg LARGEST P, LARGEST
USE Cyg. C g USE Cg2.Co2
< P, LARGEST A
(-2 7
SECTOR 5 D\ USE Co7. Cg7 ‘g SECTOR 3
Pg LAI3EST < P3 LARGEST
UsSE 355. C¢5 / c('. R ‘\ USE C 63 6‘3
/ secToR a4\
P¢ LARGEST
UBE Cgq. Cou °
U J
! Yo
| 4

qw/

I

/

Figure 156. DIVISION OF ANGULAR SPACE
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[his method separates probe measurements into seven sectors mn

a central low angle sector and six circumferential high angle

sectors,

hignest port pressure measured on the probe.

G.

Polynomial Power Series Expansion

“nce the pressure coefficients are calculated,

Data points are placed in a given sector based on the

they must be

converted to ug, B8y, Cy, or Cq for low angle flows and 8, ¢, C,, or

G

S

i

)

f»r high angle flows.

ving the

following fourth order power series:

This conversion is accomplished by

Order of Terms

Ai = K? + Oth
K?CQli + KéCBi + st
Kfc;i + Kf;‘cmicBi + K‘;‘cgi + 2nd (21)
K‘}c;i + K':Céicsi + lc‘f}cowlc;i + x{‘oc;i + 3rd
K‘{‘lcgi + K?zcéicei + K{‘;Céicgi + x‘?..cuic;i + K?scgi 4th

HAH

signifies the desired output quantity with the subscript

denoting the ith such quantity. "K" denotes the presently unknown

calibration coefficients. The calibration process entails finding

these calibration coefficients with the A's as known conditions and

the C's as measured pressure coefficients at these known

conditions.

28
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v, Yetermination of {alivbration Coefficients

Hewriting in matrix notation for n terms, the power series

1

becomes

7 f T [ A
A 1 ¢ c ¢t c, ¢ . . . . . c K

! ay 81 a) ay B1 B1 B1 !

Az c ¢ ¢ ¢ ¢, ¢ . . . . .cllk
“1028202025282 822

>
. S AR

A
A 1 ¢C C c? c C c: . . . . . cC K
N a3 By a3 a3 By B, B3 : (02

—
T -
.
.
A ey

(23)
(A} = [C] [K]

tl \jo

s Soiving fjr[K]by the Least squares curve fiy cutiined py Netter and
.

! wiasserman in Gallington (Ref. 24), the following (s obtained:

s

(k) = cTerrerTiay (on)

. ALLT VoW o ration oo o7 g tre o car e T
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,
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Latoto tvtle polnt the flow field has been uniform and
1o e sLure or velocity gratiernts have pot heen

et e Mianl e while the locai total and dynamic
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serner and Maurer (Ref. 2) expanded the technique to subsonic
cnmpressible flows with the introduction of a nondimensional
pressure coefficient represencative of compressibility effects.
Tnis coefficient,CM, had to become insignificant at very low Mach
numbers; thus, any terms bearing CM in the power =series expansion
would have to approach zero as Mach approached zero. This would
leave essentially an incompressible power series with the regular
two angular pressure coefficlients as previously described. Because
pressure probes are unable to determine Mach number in the
hypersonic range, Cy had to approach a finite limit at very high
Mach numbers. Consequently, large changes of Mach numbers in this
region would have negigible effect on the compressibility
coefficient.

Gerner and Maurer (Ref. 2) found that these requirements were
satisfied by the apparent dynamic-to-total-pressure ratio (low

angles).

C -gl._Pl:i (25)
M P, 257

Similarly, for high angle flow, the compressibility coefficient in

each sector is:

Pg + P, P; + P
PX - 2 Py - 3
C, = C, =
M3 M P
P,
+
P2 - ELTTXA_ Ps - Py + P
CHQ P, CHs Ps -
& S Y _ Py +P ‘
C -'Ei——-——g——- C -P‘ -_Tr—l
“, P, H‘ P‘
30
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easily determined by substituting C, and Cq into Equation 1b “low j
angles) or Equation "0 (high angles). K

i. Extension to Compressible Flows ;
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Une of the primary problems of extending the sevenrhole
prose's capabilities into compressible flow lies in the

matnematics. First, by adding a third coefficient to the fourth -
orter power series, the number of terms and hence calibration %
coacfrrcjents jumps from 15 to 35, Gerner and Mauer say that E
tpreoccimately 80 data points in two variables (Ca and C8 ) for each j
»f tne seven sectors are needed for a complete incompressible ,
itration., That fact results in 560 data points, and the 3
ctiition of a4 Mach number compressibility coefficient mu. 23 the J
tat e s5et unwieldy (Ref. 2). These two factors create complex and %
tine consuming matrix operations. Additionally, the amount of run |
tim: nzeded to operate the wind tunnel for all of the calibration . :
data points is prohibitive as well as costly. ;
R
Gerner and Maurer suggest a two-part solution toc make the 3
addition of Cy feasible, By reducing the fourth order power ]

Ve

series to a tnird order, the number of calibration
coelftfizsients Is reduced to 29, Jeruo2r and Mauyrer aiss decrcuase the

niamher of data peints required for calibration by employing 3 Hx6

Latin Square technique (Ref. 2) for purposes of oubtaining

- cealinration 4.5 2 Latin Square is a numerical method that

p
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~accurately represents tne parastn Len
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Sgquares produce a sample which accurately represents a very large

three=~dimensional parameter space.

Wwith these changes, the sevendhole probe may now be used in
an unknown uniform, compressible flow. Since the sevenkhole probe
has never been subjected to supersonic applications, no shocks will
lie ahead of the probe, and the isentropic flow relationship is

employed to find Mach number (Ref, 2).

) l) -P (l-.')/Y
MY oz e -
Moo= — SELY -1) (27)

P

(o]

Knowing Cq, Cq, and the seven port pressures, the local Mach number
may be determined explicitly from the dynamic to total pressure

ratio. This ratio for the inner sector is represented in Equation

8 helow (Ref. 2).

P P

oL - “wL Py -1
= [Cq (gm——— -C)]

PL P; - Py—% °

(28)

Similar equations for the outer sectors may be derived, using the
appropriate port pressures for approximate total and dynamic
pressures.,

Iv. Seven-Hole Probe in Shear Flow

Under the present calibration scheme, the existence of a
velocity gradient in the flow will cause the probe to measure an
erroneous uniform flow at t.ctitious flow angle. For example, a

o} c

flow having the properties M=.,3,a=0 ,8=0", with a velocity gradient

(Fig.16) might cause the probe to "think" that {t sees a flow with

a certain angularity, say B=10O (see Fig. 7).
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Figure 16. ACTUAL FLOW CONDITION
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detormined., Then using the "backstepping”" technique developed 1In
the following sections, the apparent measured values can be
co.rected to the actual flow values.

A. “lender Body Theory

fhe slender body theory developed by Huffman is utilized in
this section to model flow around the probe (Ref. 20). With this
mod--L, tne prohe’'s port pressure coefficients can be estimated as
1 Canction of flow angularity. Using Huffman's method of viewing
tie wrobe as a small perturbation to an otherwise unifeorm stream,
tne presasure coetflicients are determined by analytic means.
Furtrar, tne model determines the variation of pressure
coefticients with flow direction. Not included are viscous or flow
scuaration eftects as the theory is based on potential flow.

The body-geometry function, f, is a parameter used to define
tne geometric characteristics of a slender body and is given in
Sauation 2. Huf fman incorporates the body shape function into

tlhulitions ©o- tnhe pressure coefficient as given by Equation
L. A simplified form of Egquation 4 was used in this analysis ao

Fiver below.

. 2 2 2
\ C = cos a cos B[-f - (R")"] + sin2 B[l - 4 sin2 0]
Py ' (20)
c 2 2 2
+ sin” 2 cos B[l - 4 cos” @] + cos a sin 28[-2R' cos 0]
2
‘. + sin 20 cos” B[-2R' sin O] + sin 2a cos B(4 sin O cos 0]
—
[ where R' is dli/d¥X with K as the radius of the probe, and (0)is tne
{ angle measured from the yhaxis to the pressure port in question.
o The subseript "e" sigrnifies that the approximation is valid for
ariiform incompressinle flow.
[' 34
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"me functioo that Huffman develops for the Lressure

it port 7 simplifiee to Equation 30.

contirien

fad

2 (<0
C = cosza cosze - sinza - sinza cos B ‘ J

. ]
+
|

romast ety re that slender body theory is only an
. cimate moote b of flow around the sevenehole probe., The reason J
! oo clers from o the conditions that the boly radius 15 ruch 1

1

- v toe oy lenwth {slender body), and that iU is easilvy

1

o tie e cumpressinle flows, The only problem with tnis ap;roach

YO

Poothiat It o ascoumes thdt the rate of change of boudy radius witi

Cespect o to Lody length must be small, The seven-hule probe does

©
—
D
P

21y conform to this ascsumption for two reassons. First, j
the probe nas a4 blunt tip with a slope discontinuity, while slender »

boay theory assumes an aerodynamically smooth body coming to a

Doint, Fecause “he Cip 1s blunt, flow disturtances sriginate ¢

tanat tip. Gecond, fue to the orientatisn o tne peripheral hooo

- uviates, ascaration cogar o Tt A g

3 of arntac«. Sivonder body theory assumes fon=Leparoled 0w aver Ui
‘ Doy for o all lnw angsles. Even winsh these discrepanciog, clenager

3
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In order Lo wore wiln a taeo=dtimensional shear gradient,
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Figure 19a. SE“IN-HOLE PROBE IN A SHEAR GRADIENT
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gradient
distance

v/ 7/ /S S S 4

Figure 18b. CLOSE-UP OF NORMAL PLANE

Ay RS

.y tetermining this gradient distance, the fo jowing ygeneral 1
equation can be used to define the gradient's effect on the

ve.oclity.

P T

dv av L
V"V7+‘d;y+dzz

where v and 7 sre the components of the gradient “istance sn:

ane AV/dy are indicatcrs of the magnitude of the alpha and het o
shenp goadienls respectively. g put this equaticn in 4 more
Gsab.le Yorm, the zracients are non-dimensionalized:
s dv s dv
v=v7(l+_ ____X.+:—£\
Vydy s V7 dz s
; wheno o 1s tne distanco retween the centers of orposite port
® o . iV
- with this new equution, the terms S 8Y ana 3 2Y can be ascive
. Vo dy v, 1z
]
i gacnstadte of peiative gradient.
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Graacient ¥itects on Port Pressure Ccefficients
Yor a uniform calibration tne pressure at the peripheral holes
miay be found by the following expression.
. i s dv s dv ,z,.2 )
¢, o=c ro g D rg TN 33)
Py Py 7 dy s 7 92 8
c
Sinee Do ig a uniform coefficient based on the geometry of the
Sl
R
slender sody treory, Vi 13 the only term that accounts for gradient
I PR I Consequently, Vi in shear flow differs for each
vericheral hole, [f the velocity term is kept constant at V7 and
the rradient eftfects are accounted for by the coefficients of
provsure, the following expression results:
2 (34)
1
c
Sotlvine Dguations 3 oand 34 for C, , it is evident that pressure is
VLG L LDaal Loy tne sruare of o ve, a0 dg fetosmneegsithie floa,
2 s
Py =F_+C_ (V%) »)
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the determination of point (x,y,z). The vector analysis behind the

location of point (x,y,2) {s explained in detail in Johnson ang

Heed (Ref., 29%)., The results are as foilows:

x{ ¥ (%9 - xy) cosa cosf - cosa cosB [y{ sinB + zj sina cosB)

y = yi + (x - x;) tanB/cosa o

e}

z = zy *+ (x - x{) tana

Port

(1) “1 Y1 ‘1

1 s/ltan € (5/2)c0561 (s/2)sinfd1
2 s/2tan ¢ (s/i;;oaiz (s/?)s;uoz
3 s/2tan € (s/2)cos'33 (s/2)sinO3
4 s/2tan € (s/Z)cos@a (éi/Z)sinG)!4
5 s/2tan ¢ (s/2)cos-&5 (s/Z)sino5
6 8/2tan € (s/2)cos@6 (s/2)sin@6
7 d/2tan € 0 0

Since x;, yi,» 2j, and X7 are known values, the knowledge of alpha
and beta will locate the point (x,y,z).
E. Shear Flow Measurement Corrections

At this point, the mathematical relationsnips nccessary to
compare the effects of velocity gradients are availahio, Bgquation

1% provides the ahility to calculate L4, Co , and Tg, oand Oy

L .

“ealizing that

C -C C - C
c _ Py ~ P _ by p1 c R Tl . _P3 pPs
1 - P, c -c¢ 3 - P-¢ C_-C
Py Pi_¢ . D16 P, 1-6 D7 P16
C - C
c Py - Ve Py P
2 p; -P., C -C
p Pl-s
30
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;oo ariny the aetual to the apparent angular pressure

‘st ficients, the actual angles can be incremented until the

‘ent and actual coefficlents are equal. This procedure
;.-oates the flow angle errors inherent in the measurement of
ity gradients.

in order to determine the effects of different shear gradients

\

4% vairying alphas and betas, Johnson and Reed (Ref. 25) calculated

7.~ annarent flow angles resulting from a span of actual flow

aneooes o oand shear gradients, The calculations show the errors

Lebween the apparent angles and actual input values. Consequently,

+
i

1

ne actual flow angles can be determined by backstepping from the

pparent angles. Although these calculations only allow manual

corrections to apparent measurements, the theory of this section

¢

t

an be used to generate a family of data points. These points may

hen be input into a computer surface fitting scheme for highly

anucurate, near real-time correction to the apparent data.

e

Q. Leves -iole FProne Measurement CapabiLities

Tnree kcy elements of the seven-hole probe's measurement
foctiveness in unknown flows are discussed further in order to

vite an owroecssoncyng of the basics behind its actual and
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;. probes, seven-hole probe calibration allows for the relative flow i
s angles, total pressure, and static pressure to he determined ;
- explicitly. With computer processing, these calculations are .. ’

{
Ft pertormed in near real time. ;

As discussed earlier, problems with the present calibration

arisc When attempting to make measurements in shear flow. This iz K
Gecadse the present calibration and asscociated calibration

coaftizients are determined in a uniform flow. Jonas recorded
measurement discrepancies in his attempts to use the seven-hole

prote to map unknown flow fields with suspected shear (Ref. 265.

Specifically, he compared sevenehole and total pressure probe

.vvvw‘r— A bt 2 e ‘E——'.-,v,
..

measuraements in a vortex wake created by the wing leading-edge

1
- extensions of a Nortnrop VATOL model.
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the seven-hola probe, One must realize that the total pressure
probe was bent at an angle based on measurements made using the
seven-hole pressure probe. Since the seven-hole measurements were
made in a region of high shear flow, the local flow angularity
reading may also be erroneous., Consequently, the flow around the

+

i oof

ct

he total pressure probe supposedly aligned with the local
Clow might lso be separated, again leading to false pressure
readings. The average value for Crgrap ©f the bent total pressure

T, Mewever, remains negative. This evidence seems to confirm
nur theoretical expectations of viscous effects.

Althougn the contradictive probe readings seem to indicate
incorrect probe measurements in the high shear regime, the
peassivility of positive Cyorap regions may not be totally excluded.
A vertex flow is very complex and not completely understood.
“omparisons in a low shear flow environment (airfoil wake) of

sy s le srobe mearuraemerts and wat-wire zremometer measuraments
are, nowever,very favorable and no discrepancies or positive CT]TAL

measurements exist (RKef, 26). This seems to indicate that the

Hlem of nenitive Urpgral's are only associated with high shear
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“irot, Lt 1s difficult to hold five-hole tubing parallel with the
certer tube and in perfect azimuthal position for soldering.
Second, a hich-powered magnifier is required to assiare equal
Cerroon tne [odr acie tuoes, Finaliy, there 13 no guarantee
that tne {our s~ider fillets shown helow will he =2qual or even

nearly equal.
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As a guieck note, a simpler geometric arrangement for five

tutes is shown below. This order, however, lacks the required

wv o

center tube,

Figure 24. FIVE TUBES IN
THE SMALLEST
CIRCUMSCRIBED
CIRCLE

uver the years, multi-hole probe construction has uncovere!
certain features tnat increase the accuracy of pressure
measarement . Total pressure measurement can be largely
desensitized to alpha and beta by flaring the stagnation port %
an angle of 30 to 00U degrees. Yet, the probe's overall sensitivity
te flow angularity c2an be increased by decreasing the tip
half-angle (). The drawback to a small half-angle i3 that t-n

‘low wiil separate {rom the leeward surface when op exceed:s

Py

Hef . 1).

Measurement Error Sources

nece smaller probes are built, they are more sensitive t
metzarement errcors caused by flow debris and damage. Theso Lw
«ffeobs ¢on bLbe minimized prior to use by reverse alrtiow thrnu.:

*logged ports, by dust covers over port entrances, and by simpie,

46

o . LTt S - . } . e i B
L oo o " PR VR - . B L v N
w F e 3 b - W W o i CRUNS SO S W N S O B Ao & A B A= . _

I P L G S St 2 PR A A ind Bl Sl Sl i il A S S el Gl Sl el o d M A S e e s o o o




T ——— Y \v‘gv,‘"

- aeet ! onandiiny of smaller probes.
. . . ) o
: S Huffman i(dentifies three othier error sources that adveroe .y

A A A A s A»

ifreot a4 probes measurement of pressure, orientation, and veloepty 4
A These sources include the time lag between sensed and
coot il pressures, the pressure transducer rescolution and fregueney

s, and the resolution of the analoghtondigital converasi n,

PP SRR

)
. . 4
Lo Lresnsure transducer resolution and analog-tonsdigital reseiation
th beyona the scope of this report; however, the other oprpor

L
vz oare discussed in the following paragraphs (Ref. 1). )
1
. . . C 9

A3 low fieid conditions change, the probe surface pressuares
!
¥ oanse nearly instantaneously. These pressure changes are 1
1

troanomitted to the pressure transducers by a finite amount of i

s

e )
} basuen o a o connection tube. Huffman discusses the faect that tio J
{ p
) crocsare lag rnaused by this finite travel time is related to the -
. -

ool of precaure propagation and the pressure drop due to the

[ 1 [N P

" ‘ h
[ ] . . . . . . .
b ) Sl s eftfesy s 0t the tubing (Ref 1), Three physical E

' HIRPIES ety 2lfect wel tine low
. L. Cabing diameter
g Lengt *
N 2 fabings tength )
! b
| . e 1
[ : cLcer cavity 1
:
s .
e i oot vaoing Lo
: 4

v - . e v gra puise e prapiagate from o the tubing ettt
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vilapRoh !l oand turzell (Ref 28) define frequency response
the dnverae of the maximum dwell time necessary (ot
nrene system Lo react to the maximum pressare difterein:.
eXpected where the pressure sensed by the pressure
transdacas reaches 99 percent of the actual (surfuace;
pressuare.
il pressare time lag 1s the major factor in the probe's
oncy o respanse, 1t 1s not the sole contributor. The freqgaenc:
poonce ol L transducer, the computational time reguired to
verL Lne measudred pressdre to the desired output, the pressure
Perentisl Letween the probe tip and the transducer face, init the
density all affect the probe's overall frequency respons
+ -\\
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freniency response rates are generally of a few Hert..

dern transducers and microprocessors recuire only

Sliseconds to operate, heir operaticn is essentially

stantianecus, and little can be accomplished in these areas to

he overall frequency response. The final two factor: are
with the fiuid dynamic properties of the flow. The
tetween the fluid pressure at a port entrance and tne

vt the transducer face acts as a driving potential, and =
fferentinl increases the frequency response (Kef. °#.

vher denzcity increases the collision rate between

1)

ant therelforae, increases the propagation rate ot
115, greater density {5 synonymous with greater
res; o Lnoe., in oconsicering the eofffect o oot
he assunption of a econstant statlic presaar e oy o

eoprotie, Kememberirny 2=rKT, one should realice that U

the £low 1 dependsrnt upon presaure.
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“ampater graphing technigues were used to map out the [low

velocities and directions for all the points in u series of

saranllel two-dimeraiornal planes, all of which were perpendlicualar

the uniform flow. ‘
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Figure 26. WING VORTEX DATA PLANES
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-~ ‘he two-dimensional planes or test girds, started twelve inches aft

;g. wsv of the Wwing's trailing edge and moved forward (toward the wing) by

b .

- two inch increments for every data set. From these test runs,

-~

*arabilities and limitations of the seven-hole probe under mild
vroliont conditions are examined and a wingtip vortex 1s mapped. ]

rossflow Velocities

L

)

Tne first step In vortex analysis is to examine the crossflow j

J

v lottias in ocacen plane, Crossflow velocity plots, which are 1
4

trd by a ractor of two are shown in Figures 27a to 27h ( Ref. .

"

SRR Aith past errors in gradient regime, one would expect errors 4

'en-hole readings. Suspect data of this nature (Ref. 29) are

in Ly
b

}

b iientified by inconsistencies in the crossflow plots, such as an
1

e . } . . : .

? {vurdinateiy large or small arrow (Fig. 28) or an arrow in the

. ~oony direction., However, the actual crossflow plots do not

b

S

b contirm these expectations, The velocities are well-behaved, and

=
(]

ronsistancies are seen near the vortex core where high shear

\j
i
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This new representation of the velocity data shows how the

vortex expands and decays as it moves downstream. Represented LYy
the velocity magnitude, the vortex strength decreases as the vortex
exyrands. The vortex velocity gradient also decreases since thne
vortex is diffusing. Discontinuities do occur, however, at the
eight-inch plane, As seen in Figure 29, the velocity magnitudes
are smaller than those for the six-inch plane, but they are also
smaiier than those in the ten-inch plane. This data must be
ineasrrect, for Lhe vortex cannot be weaker at eight inches
Jownstream than it is at ten inches. Because of the suspect data,
Linee eight-inch plane is removed from future analysis.

in order to find a point at which the velocity gradient in the
Plivw is great enough to induce noticeable error, additional
meosrarements Jere taken at planes one-quarter and onerhalf inch
Yenind the trailing edge. Agaln, the sevennhole probe exceeds
cxpectations by revealing no such noticeable error., The c¢rosstflow
oplots for the two additional planes 2re shown in Figures 30a and

+

20y and are scaled by a factor of ten.
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. Definition of Flow Field Pressure Coefficients

Yecause pressure measurements are affected by slight shifts in
wind tunnel velocity and temperature, pressure coefficients are
used when the local and total tunnel pressures are compared and
non~dimensionlaized by the tunnel dynamic pressure. These three

cecefficients are defined below:

¢ P - Fe
STATIC ’Po Z :m
C _IoL - 0 (30
“TOTAL P -P
0 w®
C C _ ot - Pl |
Coyn ~ CTOTAL ~ USTATIC — , _
fe) o

Probe measurement errors may be found by determining the
correct values for these three pressure coefficients, either
theoretically or experimentally with another device, and comparing
these values with actual seven-hole probe data. Vortex pressure
2oefficient trends may be found through analysis of a

two-dimensional vortex.

Y. CTOTAL

N

For an ideal two-dimensional vortex, angular velocity
increases inversely as the distance to the vortex center decreasec
fFigure 31). Real vortices, however, are subject to viscous
effects., Dutside of point A, the flow {3 essentially inviscid,
Inside that polnt, viscous forces reduce angular velocity untii it

reaches zero at the vortex center,
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Figure 31. ANGULAR VELOCITY OF VORTEX 01

v These two flow regions directly affect Cpppap values. Because ®

tohal pressure i3 constant in incompressible, inviscid flow, Or rai
<
iz sero in the inviscid region. On the other hand, the viscous ]
T
forces found within the vortex core decrease the flow's ®
g
Touivi-mesnhanincg . energy. Po decreases causing CroTal tO become

Ve, KO clrgrams Cooop, 'y expected hehavior,
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Figure 32. VORTEX CTOTAL

The expected snape was derived by Jonas (Ref. 26) from theoretical

considerations of a 2-D vortex decaying with time (Equation 40).

-

B ) < R
oL <I1)2 [T fave —r favey (40)

e (l-e

As discussed, the bucket-shape phenomenon is present in the

experimental vortex data shown in Figure 33.
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As the {1l ,w progresses downstream, lower veloclity gradients produce
smaller viscous forces, smaller deficits of fluid-mechanical

enervy, and smail bucketemshaped area plo*s. The two areas of

tive UrgTaL in each of the centerline plots is unexpected. The

b ey
Lo L

1ot tnat the magnitude of the positive CrporaL values is always

sregter on the outboard side of the wing than on the inboard siae
1o snexplicanlie., The sets of contour plots and axonometric plots
faprendixz AL oshow that Crgorar 1s positive only on the two sides of
L+ vortex parallel to the wing. The vortex data behaved normally
and below the wing. In duplicating Jonas's previous positive

T anL, resalts tne vortex data seem to indicate a limitation in the

seven-hole probe's measurement capabilities., It is still possible,
nrowever, that the positive CrporalL values may be the result of a
transtfer mechanism that is not yet understood.
R. USTATIC

Like Zr,)rTaAL» the presence or absence of viscosity affects the
valuaes of Cgratic. At freestream conditions, CgraTic equals zero,
Progressing inward from the freestream conditions to point A, the
angilar velocity increases, static pressure drops, and CgTATIC
decreases from zerc to a negative value, To determine what happens
in the viscocus region, the following mathematical analysis s

regirired.

dp ;‘ll:
_». dr
. . ¢ ip c
For o free vortex y =— so, S o L&
r dr r
]
d . . . wp :
. Yor o osollid body rotation uU = .r 30, EF: ATAR
e
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cntewrating for p o resuits Iin the following: g
~d
V2

. i
l‘=Ll-i2"'r‘T Dl

'
A

4
s 2 1
LA ¢
= ( + b L
=6t o .

2

v ions 4l oard 41 when superimposed reveal a bucket-shape lixe

)

o o8 JwgrtanL. The entire CgraTic curve i3 shown in Figure 34,

ddhindade

-

CsTATIC

Figure 34. VORTEX CSTATIC

yYNAMIT Lo omraply the subtraction of Cgrarre from CroTar oo

-
[_‘ [ oL labioe T, AeslT, At tte freestream, o onynsei, L8
Tl e, CUYNAMIC eGuidals the absolute valuc of Jgravr Uro-

- oo froeesteeam conditions inward Yo point A since CrogTaL 18 rero.

e onter of Lhe oLootex lacal veloecity and therefore 1nca.

] »
e
LAMLe prensur e are Joro 2auding TnynyaMio to equal -1, Frorm ¢+ int
{ oo e oy D e cochian s as in Flgure 3.
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Experimental data supports the theoretical analysis of J.y..

LAMAL A0 G A S oo

¢ 59

L'_;A_v_._._.._ —a_a = & & . a A MM aa_ . ..

Lo, -~ " . N . . < N .
DUUAE S, N § A FPREPUPE YOS W WP N




- T - RN P <a-11.ﬂ ‘.4141- l‘\L
x3LH0A ONIm 40 JWVNAG 5 ge ainbig :
OINVNAQ o
!
NI 9 NI ¥ Ni ¢ NI O
ﬁ+ o T * + . -
. ; ! |
_ | !
i ' X
| | J ;
, ,, ]
M | m B
A’ . '
/..-. ' <
el -
P |
/!
I
K
y
[
,v " 9
' L
1
A
4
9
I T -




[ R

T

L
-

~

~ i

v

LA A A A

A e TR

5 oseems somewhat surprising in lieu of the questiornable posat
~4;, values. The important factor missing from the coefticicn:
Lt are the relative magnitudes. Because CroraL values are very
;o Lo zero, the contribution of Cpporap I8 not very significant
vt ocaleulzation of ChynNaAMIC.
i Apolications
Today's flow mapping efforts are much more compiex than t-o
eximpina, Hesides Jonas' VATOL flow field measurem-:tu
-hole  probe work at the Air Force Academy has examined rcann .
i, lifting surface wakes of canard/swept wing 1ircratt, ind
W Y1eld cnaracteristics of square cross-sectional missile
i, Probe oalibration 2nd measurement of unknown flowfiel:ds
;o alsg benn 2onducted at the NASA Ames Research Center in tre
“oot and 14 foot transonic wind tunnels (Ref. 30).
sarements of wing and canard jet-flap effects as well as the
wots of prop fan installations have been made with multiple
s .2 proble 1lnsctallations, Yet, these more complex researah
wrts are founded on the basic analysis and data presentation
:ined in tne vortex example.
iriffin fRet. 31) used cross velocity and pressure contour:
coady of canard/forward gswept wing aircraft. Figures =
Wt twe btypes of data plots in the same gpatinl relationnt o

;' tneir data points have to the model.
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Figure 39. REGIONS OF POSITIVE C yg7aL » DATA PLANE ZMP75
Jonas also ised a series of axonometric projections to analyze the

growtn (diffusion) and decay (dissipation) of vortices.
Evidence of mixing is found in the relative flattening of the
CToTA;, valies (negative Crgrap being up or out of the plane of

projection,,
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Gerner and Durston at NASA Ames took Jonas' data and produced
a series of 12 color contour photographs that span the development
through decay of the VATOL vortices. The study was limited to the

examination of local total pressure or CrpoTaL. The color contours

allow n.ore detail in data representations by making pressure
differences easier to see. Regions of positive CrgrTaL are clearly
distinguished from other points in the flow field. As seen in the
other data schemes, the color contours reveal that the VATOL is in
A slight sideslip. This causes the right vortex to burst prior to
the left vortex.
VII. “onclusions

As shown, the seven-hole pressure probe remains a valuable
measJirement tool for the documentation of unknown flowfields. The
device has a greater measurement range and flexibility than other
similar obtrusive flow measuring devices. The seven-hole probes
themselves are easily constructed and calibrated for use in
subsonic compressible flows. Measurements in adverse shear flows
can be corrected to glive actual flow conditions based on the
metnodology developed in this paper. Finally, as shown in the
Application section, the probe is not only a valuable research
device but educational as well in demonstrating fundamental flow
properties.
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Symbols >
. -]
A the ith value of a particular data point either known or B
Jdetermined from calibration equations Y
Gy local dynamic pressure coefficient
s “Apy coefficient representative of compressibility effects o
|
) d
O apparent total pressure coefficient ®
o coefficient of pressure ~j
i 1
) o apparent dynamic pressure coefficient -
3 !
y .
F G local static pressure coefficient .{
) 9
) O arag, local total pressure coefficient
. angl» of attack pressure coefficient ]
4 . angie of sideslop pressure coefficlient o
[
o roll angle pressure coefficient q
C, piteh angle pressure coefficient ]
iﬁ H body geometry function 1
() °
K i calibration coefficients L
L length .-
" Mach number ©
Y
o | °
f pressure 1
. ."
o iynamis pressure
{r,u,7) cylindrical coordinates .
| RSO B .1
3 dirtance hetween centers of opposing holes ﬂ;
\.
a lncal velocity, perturbation velocity component o
-y
v velneity .1
(v, Cartesinan coordinates
¢ angie of attack
. . . L
v any.e ot sideslip KJ
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€ probe tip half angle

¢ ratio of specific heats
W roll angle

P density

U pitch angle

subscripts

" uniform incompressible flow
(1,]) local property or condition
0 total or stagnation condition

freestream conditions
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