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Forward

.. This technical note is the final report covering the period 1 )ct
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 84n16 sponsored by AFAMRL/CC (CREST) and
ad'-.inistered by Major A.M. Higgins. Majors Frederick M. -Jonas And
Jack D. Mattingly were the principal investigators for this effort,
aidod by the faculty and cadets at the Air Force Academy. Of
Darticilar note is the contribution of 2Lt Lawrence Reed, former

st ,Aent and now Air Force officer, who is the principal author for
this paper. The paper documents the current status of the
:ievenhole probe developed at the Air Force Academy under the
sconsorship of the NASA Ames Research Center.
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THE SEVEN-HOLE PRESSURE PROBE

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

Abstract

!h i: paper documents recent and past developments with rp,.t
t,- the seve--hole jressure probe. Included are discussions on
p>, ' .esigi, construction, calibration, and measurement
co,, .i ities. The effects on probe measurements in shear flows, is

methods of correction, are also included. Finally,

r. ,,,r'ch application' in the measurement of unknown flowfieldn arr
pr'-.s.nted. As shown, the seven-hole pressure probe is a valuable

-Irv,, '..iy ac(rura e evice for qualitatively or quantitatively
n u-.,t r. unknown flowfields.

i.. : t ,-)d u2 t i ,n

>.ie purpose of this paper is to document recent ,irid past

. 1 .( :ents with respect to the ,.(even-hole pressure probe

-.. '' d at tre dnited States Ai- F rce A -auemy in conjunction

llt NASA Ames Research Center. As with all pressure proho ,

probe can be used to map unknown internal or

,:t r' ,. fbowf'ie ds, giving valuable information to the

S ... i i.t. The advantage of the seven-hole probe over oth'er

Y. ,;:;, . measurr~g devices is its widely expanded measurement

r .ind flexibility. To document this effort, Section II

r'.:i.t " brief I bacKground material about the probe's design anl

,,. 3 tor : 1 includes an overview of probe calibration in

.jr.:trrr flows, both compressible and incompressible. In Sectior,

"., r .- ,nt r' .t.; lf investigations into probe measirement

. iltitt,.s in shear, flow environments are presented.

'.r. ure .ent capabilities as well as measurement sources of err(,r

* 1 : :.t. , USA , Graduate Student, Univ. of Washington

'' : .r' , SAF. Associate Profe 3or, Dept. of Aeronautics
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We dIscussed in Section V. Finally, recent research efforts on

the application of seven hole probe measurements in unknown fiow:i

are presented in Section VI.

1I . ackground

Numerous techniques are available to measure unknown flow

Lfi Ids. While methods such as tufts, streamers, and vanes are

primarily used for flow visualization, they are insufficient for,

jrutitative information. Detailed data on flow size, directio-n,

v" 'essure usually require direct obtrusive flow measurement.

One of the oldest known quantitative techniques may be found

i, the pressure probe. Although other techniques, such as hot wire

*ant §ioometers and laser doppler anemometers, have been developed,

pres:ire probes are desirable from a flight vehicle standpoint

because of their simplicity and ruggedness (Ref 1). Coupled with

reLatively low cost, pressure probes are an excellent measurement

dv> :e fDr research,, development, and industrial applications.

:ce D)f the : l . ssic ;.r'Q;[lem, ir, c " u;ie %,.. ,:. :,:._. :

thr disturbance caused by a probe to the flow f!.eld it .

&' ascring. For c tla r, 'pplications, sch as 4r -raft - t ir.

.... ' . - *--* ,' t: ' ' . *,' t , r , J. 1* , .

*. .a , j -

. -. .. . . . .. -0 . :--

. .. . . ... .... . ..."
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wa3 developed at the United States Air Force Academy to incrte.i:e

the measurement rarige of a non-nulling pressure probe while

minimizing probe si,,e.

A. Nulling Versus S-tationary Probes

The increased measurement range of a multi-hole probe revolve:;

on it ; ability to sense more pressures at the face of the probe.

'w, ro edures, nulling and stationary, may be used to acquire the

'.:,:-ure data. A nulling probe is rotated in one or two planesi

*antri opposing peripheral ports measure equal pressures. The

corr ,sponding angle of rotation determines the flow angle. For the

.ia-nuLing approach, the probe is nelc stationary as pressures in

opposing peripheral ports are recorded. The pressure differences

are tnen transformed to flow angles through previously known

calbration relationships. Although the nulling procedure allows

analyois of high angle flow, it is mechanically complex, time

cori:;,mi.ng, and hence, may not be cost effective. On the other

hurn:, stationary probes with up to five holes are incapable of

acc,rate measurements at high local flow angles (greater than 0

degree3s) because of flow separation around the probe tip.

Ex;)lained in detail in a later section, the seven hole probe is the

*-nv ,ion-nuliing probe that can determine flow angles up to 70

deereL; relative to its axis. When combined with a computerized

0
data acquisition system, the probe may record nearly two data

points per second. This rate is significantly faster than current

n 2li-i ,  devices, which require con:Iiderable time for the ba]an iri'

of :'o!, tin pressures before each measurement can be taken (Ref'.

inalytical Model of Pressure Probe

0I
0L4
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"*"' Pressure probes used for measurement of flow direction a,,

7mi r:itut:e normally consist of an aerodynamic body with a

,1 r <rieaI arrangement of sensing holes (Figure 1). Some typical

s for pressure probes are reviewed in References i th-'outr:.

,',ressu'e probes are treated in more general terms in

., inJ 19.

-- SIDE PORTS

n o TOTAL PRESSURE

PORT

Ftqur,. i. Tv'PCAI. P;.C'V If.CT.C. P'OB

r r obes of Intf-rest are to be u:i(n .t.

... ,rE t ' . x r

- e, a '.rp
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Whi Ie numer.-i ly solving the three-dimei s1onai potent.i -w

e quations for the flow around an aerodynamic probe may be move'

i ,urate than slender body theory under some conditions (Ref. 1

ink! 22), it does not lend itself to synthesis of probe shape-,.

. enoer body ipproach to the analysis of the probe provi,le3 ,

!',r formulatinv. analytic calibration relations and considera' ie

irs ght into the physical process.

V x
yz

x

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

:iuf r 1 m u.,d' eled the prote as a yawed body of revolution :

S n in 'i ,;r, 2. For a slencer body, the equation of moti.-l i

' n,! ijf'rm n wrote the velocity potential -13 the sun

., ' 1-w oind the cross flow ('omponents (this 'o( ,11w:; .* ,

.;':i cd hj L.i,pminn and Ros ,'o, Ref. 23). Solutionr of, th'

-quation of motion yielded Lhe following velocity field in

cylindrical coordinates:

6
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vr +'~ cs R2

R-! (cosa cosB) +(-r (sin8 cosO + sina cosO sinulrr rRBi

R 2  (1)
vQ - (I + =-) (sina cosO cose - sinO sine)V. -
V, - (+-) (cosc cos8 ) + 2R' R (sinS cosO + sina cosB sinO)

_ 
r

where f denotes the body-geometry function given by

-i (
2 -iR z" ,5 r z :

z + r-z +
+_ ( )" _z)-75T + + Vn W-z+ (z +,

(R2 2 1-z)+ r -2 " +

Tle superscript prime (') denotes the derivative with respect to

the variable z, and 6 -

T7:e pressure coefficient is defined as

V2 
3 )

P V7

-4 S;, i 1 1 C

* I - .. in-, ~ S' +sin'n t -4i' -(

:•f". - •: V .

I, .... '. '..'' - .-. ,



I

where f is to be evaluated on the body surface, i.e. r=R, Equation
.- represents the ajor result of Huffman's analysis and can b u:;ed

t determine prooe angular and static pressure sensitivity for.

ar-itrary geometries.

The pressure difference between ports on opposite sides of tre

c;obo is used to determine the flow angularity. Since the side

port-3 of the probe a.'e at the same z and r locations, the pressure

(if'! erenee is proportional to the difference of C values at

ciifferent 0 locations and

[Sil -sin .+(R') 2 (cu .- cos'(,

++sin' t C)s c C ) .- COS 2  +(R' ) (sin -sin'

* ' si2' 1-(R')] [sin2; -sin2',.j I

-2R'(I+f/2) cusi sin2d (cos, -COS )+sin2 x cos' '(sin -sin ) I
i

0 V

'* FRONT VIEW SIDE VIEW

Figure 3. SEVEN-HOLE PROBE



For the seven-hole probe shown in Figure 3, the six holes on the

0 0 0 0
side face are located at t1-90 , 0 2 -150 , 03-210 , 04=270

05.= . 0 °  and 06=30 ° .  The resulting three pressure coefficient

,iff'erences for opposite side holes are

2
AC C -C = 4R'(1+f/2) sin2a cos 8

I P4  P1

AC 2C -C = 2R'(I+f/2)[ 3 cosa sin2B+sin2a cos 28]
2 p3  P6

AC -C -C = 2R'(l+f/2)[ 3 cosa sin2B-sin2a cos 2 a
3 P2  p5

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 angle8

as follows:

Sc +i.C -AC
C C 1 3 = 4R' sI.C/2" sin

2  3.. - (7 )

.C +C
= 2 3 = 4R'(l+f/2) cosa sin2t

.s .n;.s in flow angle Is defined as

+ .

-------- H. ''+ ' ,2) C.,-a't v, ';

---" 1 " --

- . . .

. - : : ,, -.



Also, the sensitivity is proportional to the slope of the prote'.,

surface, R'. Equation 8 is plotted in Figure '4 for f=0. It i'o

quite apparent from the figure that the probe angularity

sensitivity -- regardless of shape -- depends on u and 6

Approximately a 10$ reduction in sensitivity occurs for a and~

values of 100 Note that iZCa/ 'a is the same for both posit ive an '

negative values of ai andO.

R act

00
+6

+1 0

+2 0

0

0 +6 + 10 +16 +20

Soggreem

* Figure 4. PROBE ANGULAR SENSITIVITY AS
A FUNCTION OF a AND 03 (REF. 18)
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The average pressure coefficient can be used to determine the

flow-field static pressure, P.. Cp is evaluated at a number of

theta val-ies and the results summed and divided by the number of

th t.: values. For the seven-hole probe of Figure 3, this process

<Cp>=[t1-f-f'14+(R') 2 ] o1 cos2 S -[l_ +2(R ')n

Huffman developed an expression for a quasi total pressure

, is analysis by integrating the pressure over the body

3jr'.'ce, resolving this force into an axial component, and dividing

the cross sectional area. His relationship is

C 0 S
C 2 2 f1

/OS ,1 Cos j R2 /4+(R') Idz-sin "-sin co,;

0

., - 'e t denotes the integration length.

For a cminical shaped body, R' is constant and Equation II

• ]j'+S to

KC Pz -f f /4(R )1 2 2 -

. i' that is proportioncI to t,:e dynarmic

A, ~~ 2 R- I I- q r O

.4 p JVI J, i I
"

" " " " ' ' " ' ' ' '" "" ' .. .... .. ,.L ,.



o 1nsigY :'ito pribe ca itrdtion can be obtained ; '

tudyi ng th, p~o il z a vu.'aus'C, and :.Co in Figure %. t h

f[ (C p versus a ,,il in Figurt- rj, the plot of (Cp z versus

a in Figure 7, an.I the plot of[(CP)z-C P) versus x and 6 in F iur

Figures -' througn 1) were calculated for R'=.268 and f=Q. Note

t,]r near lineir rol ,tion between each angle and its respective

ir,: ,sure coeffioient as shown in Figure 5. Also, the nearly

irc~ilar contours of constant cp) I ,P z, and z - asP)1 1

shown in Figures b,7, and 8, respectively. Probe manufacturing

imperfection and angular misalignment of the pressure ports will

:ause these ourves to become somewhat distorted.

2
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Seven-Hole Probe Design

The seven-hole probe is characterized by six periphery ports

2 ')urnnding one central port (Fig. 9). The probe is constructed

1y 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

.02". inches with a .005-inch wall thickness. Once assembled in the

rhown below, the tubes are soldered together and machined to

,, : ',3ired half angle E (usually 25 or 30 degrees) at the tip

* , ' - 2). It should be noted that the manufacture of seven-hole

pr.3'.cs (versus four/five hole probes) is much simpler due to this

6 vac- ing arrangement.

STAINLESS TUBING

SOLDER

0 0I N. .0.8.'t

~Ji I

Figure 9. PROBE GEOMETRY

7
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I'[ . >'even-Hoe Frobe Calibration Theory

iiecause of th,-ir small size and individual construction, I3I

protes have inherent manufacturing defects that require the ui i,-

ctlitbration of each probe. Galllngton (Ref. 214) developed the

ea''. ration theory required for incompressible, uniform flows. 'ii:,

power series method produces explicit polynominal expressions for

tbo de.'c ired aerodynamic properties and is easily programmed. The

following section presents a synopsis of Gallington's scheme for

incompres.sble, uniform flow calibration as presentei by Ga) 1 ing tort

(' :4) and by jerner and Maurer (Ref 2).

A. Low Versus !iigh Flow Angles, >-ci-.press tlct 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 axi:s and the freestream velocity vector is less than 30

degreos. The other or outer sector deals with high flow angles of

over 30 degrees. Thirty degrees is the dividing point because rflw

typically begins to detach over the top surface of the probe tip

arnun.I this local flow angle. The hole numbering system used for

,~,~t '.;ectors and the remainder of the report is as follows:

* z

4 2

FRONT VIEW SIDE VIEW

Figure 10. PORT NUMBERING CONVENTION AND PRINCIPAL AXES

I S
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Tie1 x-axis is defined to be positive in the unperturbed freestream

filow 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

5 :pha-beta system depicted below (Fig. 11). The angle of

'ttck, alpha (cir), is measured directly as the projection on the

x-'pline. To preserve symmetry, the angle of sideslip (OT) is

m-i,-;ured directly as the projection on the y-plane.

- CONVENTIONAL TANGENT

UU 0V C coscs OLT= arctan
U

nvV Sin 8T=arcten

U
wx V sinacos

V

Figure 11. LOW ANGLE RFERENCE SYSTEM

Tc i ange l 3 determined as a function of dimensiu nle::;

Sre sur" coeffl~cts. Three pairs of opposing peripheral port:;

r.,.isure Lhe di ffer t,e in pressure from one side of the p-)e to

P, - PC P - } -- -

-- -- - °

L.



As the numerator measures changes in flow angularity, the

denominator nondimensionalizes the expression with the apprent

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

local total pressure while the average of the circumferenti:'l port

pressures P1 - 6 approximates the local static pressure. To

transform these pressure coefficients to the tangential refer-nott

system, Gallington (Ref. 24) formulates the following

rel at ionsh i ps :

C (2C +C - ) , C8  I C +i -CC1l I I2 013 7 12 Uj

it is important to realize that Ca and Ca are not independent of

* each other; that is, Ca is a function of all six peripheral ports

while Ca is a function of all but ports 1 and 4.

Besides the two angular pressure coefficients, two other low

angle pressure coefficients, C0  and Cq, are defined in Gallington'6

work (Ref. 24):

-7 P Pp I P 1 - 6
= aLCq =

0 P7 - Pi- 6  q P - PL ID

is the apparent total pressure coefficient with respect t. each

-ole and is 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

P oL- As with the previous coefficients, the denominator-

nondimensionalizes the expressioi with the apparent local Ivnamic

pressure.

The velocity pressure coefficient, Cq, serve:, a similar

conversion function as o except that it relates the probe

20
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7.I

pressures to the actual dynamic pressure. The numerator in this

0 ,(t'fioient repre.ents the probe's approximation of the local

S1 IYmic preossure while the denominator representt3 the actuil

t'.nimtc pressure of the free9tream test conditions.

* . Probe Axis System for High Flow Angleb

The real advantage of using the nonnulling sevenmhole probe

)ver other multi-hole probes appears In the ability to measure

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

degrees), the flow detaches over the upper surface of the probe,

and pressure ports in the separated wake are insensitive to small

changes in flow angularity (Fig. 12).

5 0

(D 4

Figre 12. FLOW PA P',,.1 C VER SEVEN-HOLE PROBE

AT HIGH ANGLE OF ATTACK

I. 
p

I 
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,7onsequently, high angle measurements must only be made from p,.t:;

in the attached f.ow. Five-hole and other pressure probez tiv,

been ineffective ii this regime due to this flow separation an,"

iac: of sensing ports in the attached flow region. The severnh I

probe avoids this problem because at least three ports remain

the attached flow region, allowing sufficient data to be recorde!

to :ocument Lhe flow angle.

According to Gallington, the tangential reference systt, m i:o

inappropriate at high flow angles because of indeterminat, ar n ,,

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

is used (Fig. 13) where 0 represents the pitch angle and

represents the roll angle.

&Z
*i

POLAR TANGENT

V

U=V Csn t , T=arctan v
U

VUv =V sinbaOn ~rT =arctan -
U

w-V O~n 6coogj

Figure 13. HIGH ANGLE REFERENCE SYSTEM

"')re specifically, 9 denotes the angle that the velocity vector

forms with respect to the probes's x-ax1s, and signifies the

azimuthal orientation of the ve-ocity vector in the y-z plane. 4(,

should note that a positive is measured counterclockwise from the

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

22
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Aised i - I irgton's original work with the seven-hoLe prut o

;i igh n i , ; or' attacK, Gertner and Mauer accomplished the

W i t rl y ji (I Y U 2 ) . Kuethe and Chow's Foundation ;

A kur-jv n Ic: f oases of Aerodynamic Design, explains that t Lih

i. ition Voirtc of a cylinder in turbulent flow ore over, !(i

- es fr, ) frontal stagnation point. Flow around a cortcaI

:* .. ch a- rone tip was likely to remain attached lo .?,er, and

,, component was prone to extend the separati r. aoirt53

1, , .vcr: f urther . Therefore, for the high angle l f w

, o't! 3, 4, 5, and 7 lie in attached flow, and purt I

, .ap :ated flow. The flow over po'ts 2 and 6 is

.. . ,'.tie and their readings a, discarded (Ref. 2).

II

4/-

Figure 14. FLOW OVER PROBE AT HIGH ANGLE OF ATTACK

v-. Ai n I



i-ecssure diftferences. Unlike low flow angles, however, the :,ntor,

Srt pressure is w the most dependent port on Iocal fl;ow I

secuent y, a pit.'h angular pressure coefficient should mea u,,..

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

ri the example below, the pressure at P4 approximates the 'oci.

t pressure.

C P. -

P + PI,

P. - 1 /
2

( .s: expression is again nondtmensionalized by the apparent dynami -

ressure. The average of P 3 and P 5 approximates the static

pressure and is relatively independent to changes in roll.

Although the average is independent of , the difference i,-,

sensitive to roll angle. As the probe's azimuthal orientati,_n

ranges, the windward pressure rises and the leeward pressuro

fals. The result is a roll angular pressure coefficient (examp."

for port 4 is Equation 8 below) that is also nondinensionalised t;y

the apparent dynamic pressure.

Pt - pt

*P PC

P + '

2

The hiib flowangle C0  and Cq coefficients are translated irn

tK,!ir low flow ingle counberparts using the same rat ion>a I o

t:ie development of Cu and C€. The lowmangle Co  and C

sefi'ierint are changed to account for the different ports tK ii

represent total ard static pressures in the high-angle regim(. 1,0

:ations for' , C , Co, and are as follows:

214- p

L



C®1c = PI - P7 c* P - P 2

1 - P+  - P6 + P2

P p_-

2 2

C, P 2 - P 7  
C - P 1 - P 3-) - - ' + 3  2P + P3

2 2

pc = P - P 7  Cqb = P 2 -PL

P 2 + P 4  P3 - + P

2 2

19)

C P 4 - P7 C P 3 - PS
'04 %F4

_ P 3  + P 5  
P - P 3  + P S

2 2

c P 5  - P 7  
C P - p6

P 4 + P 6  
P5P5

2 2

O4 p+ P:CPi P , CO ___P___-__

-'. + P: P__ + P

II.

['] " S

|S



-p P2 + P6

P - o l, q 2

01 P2 + P6 ql Po- P'L
2

P2 - P, + PI

P2 - PL C 2C 02 - p3 + P1 q2 P oL - P'L

PP + P2
c c 22

03 P + P2 q3 PoL - PcL•P3- 2

(20)

P4 P5 + P)

C a , c - 1

o 4 PS + P3  q'4 PoL P'L
2

PS - Po P- 26+P P5 oL + = p _

" 'qs oL P LC,5 Ps- P6 + P4 
o pw2

P6 - PI + PS
- PoL 2

P06oL - PLP6- 2 o

0

26



F. Division of Angular Space

The most obvious difference between low and high pressure

oret' io ients is that six high coefficients are needed for the hi 'lh

angle.3. This fact leads to the question of what factors determine

when - certain set of coefficients should be employed. Gallington

proQiseo the "division of angular space" shown in Figure 15 (Ref.

SECTOR I4.

SECTOR 6 USE Col. C#1  SECTOR 2

Pe LARGEST P2 LAGEST

USE C 66. C ,6 USE C02. C02

# SECTOR 7 I

P6=P. P

I 4* P7 LARGEST ASECTOR 5 UBE, CAe7.' C$ 4 SECTOR 3 I0

P5 LA A;3ES, P3 LARGEST
USE C;b, o USE C 63, 'C#3

eSECTOR A

P4 LARGEST
USE C04. 01,4

Figure 16. DIVISION OF AN.A aL. P SPACE

,

I
"p



Fhis method separates probe measurements into seven sectors M"

a central low angle sector and six circumferential high angle

sectors. Data point6 are placed in a given sector based on tho

highest port pressure measured on the probe.

G. P'olynomial Power Series Expansion

,;nce the pressure coefficients are calculated, they must be

coriverted to uT, 8T, Coo or Cq for low angle flows and 6, 0, C o , or

"1) fr high angle flows. This conversion is accomplished by

* ¢ the following fourth order power series:

Order of Terms

A, K, + Oth

A A
K2 C i + K3 C i + 1st

A 2  A A 2 +
K4 C + 5 C 1C + KA + 2nd (21)* 7 i + iCi +K9 i  +

A A2 A A A r

KAC4 +K1 2 C + KI C2 C2 + K14C C + Ard

SiKC i~s ij~. ij

Cli 61 ai81 aj Bl B

"A" 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

conoitions.
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!!. letermination of Calibration Coefficients

Rewriting in matrix notation for n terms, the power series

b e mea?

A I i 
2 
aC 

C 4 KA

a C C C 2  8 2

I C 62 2 C2 C02 . ..2 . .. .2...

C C2  C C 2  AK
A3 -- C 3 a 3 3 83 C 83 C a3 K3

An Can Cn C In n n C l an .5 K

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

I' 'r[K] by tne least squares curve f out. iiwon r)y Netter and

:i. 2r-n;Ar. in allington (Ref. 24), the following Ls obtained:

[K] - rirci -l (CiT[AI (2 L, )

[K fC CI I C-V~

, . : oirt t .e flow fieLd has been uni orm and

-.. . .. :., r or veloCit t hnt.5 h v- not. ' r-,

'- w e the ioia I total and dynamic.

- I I '.'~ .'' ~ O'~ :'- ~ '

-. ..
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easily determined by substituting CO and Cq into Equation 1b 'low

angles) or Equation .0 (high angles).

1. Extension to Compressible Flows

, erner and Maurer (Ref. 2) expanded the technique to subsonic

comprossible flows with the introduction of a nondimensional

pressure coefficient represencative of compressibility effects.

Th-is coefficient,CM, had to become insignificant at very low "ach

numbers; thus, any terms bearing CM in the power series exparl un

would have to approach zero as Mach approached zero. This would

leave essentially an incompressible power series with the regular

two angular pressure coefficients as previously described. Because

pressure probes are unable to determine Mach number in the

hypersonic range, CM 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).

CM -P7 P1-6

Similarly, for high angle flow, the compressibility coefficient in

each sector is:

P6 + P2  P3 + P2

2 * 2

P2  1 + P3 - P + P

2 2__ _

CM2 2C P2 2  P2

- P2 +CP P- -

CM3 PS CM6 P-

30
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One of the primary problems of extending the 3even-hole

pro'mes capabilities into compressible flow lies in the

mtliteratics. First, by adding a third coefficient to the fourth

or.!-r power series, the number of terms and hence calibration

* .~ontsjumps from 15 to 35. Gerner and Mauer say that

i mae ly811 data points in two variables ( Ca and C~ for each

3even sectors are needed for a complete incompressible

.. ~rtt~l.Thtfat euls n560 data points, and the

i t.'io wr f i Mach number compressitbility coefficient au _2s the

.;unwielidy (Ref. 2). These two factors create complex and

t i :.,t!oorisuming matrix operations. Additionally, the amount of run

ti:!. needed to operate the wind tunnel for all of the calibration

dhit3 points is prohibitive as well as costly.

(erner and Maurer suggest a two-part solution to make the

addition of CNI feasible. By reducing the fourth order power

0 esto a tnird o)rder, the number of calibration

c 7~2i tnt is ~ed u cd t,, 20. G erri, ' arc maure- ai?, dee >,oe_ tie

*P no r of data points required for calibration by employing 3 £x 6

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

r i ~t' rai" --It ar Square is a numer icali method that

;ons for compressible flow. The third



-,;uL re3 produce a sample which accurately represents a very lar/,

t hr,,t-dimen:itonal p; rameter space.

With these changes, the sevenhhole probe may now be used in

an ur-.'nown uniform, compressible flow. Since the seven~hole probe

has nr.ver been subjected to supersonic applications, no shocks will

lie ihead of the probe, and the isentropic flow relationship is

e,ployed to find Mach number (Ref. 2).

" p' I (I--r)/y
tl,( II - o- ..,. -1)(2,,)

0Po

Knowing Co, 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

28 below (Ref. 2).

PoL - PL [Cq P7 - -1 (28

PoL [ (P - - CO)

SLimilar 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 f ctitious flow angle. For example, a

flow having the properties M=.3,cz=O ,0.00, with a velocity gralien

(Fig.16) might cause the probe to "thinK" that it sees a flow with

a certain angularity, say a=I0 °  (see Fig. 17).
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r do rmined. Then using the "backstepping" technique tiv,lopetl iJ

the following sections, the apparent measured values can be

co.r ected to the actuoL--1 flow values.

A. : ender ody Theory

the slender body theory developed by Huffman is utilized in

this section to model flow around the probe (Ref. 20). With this

mo., , the prone's port pressure coefficients can be estimated .a

Si ,:I',ion of f'.>w angularity. Using Huffman's method of viewin,"

t not,,roe as ,, srrall perturbation to an otherwise uri'form strear,

tre i-uajre coe 'fficients are determined by analytic means.

,rt or, the model determines the variation of pressure

( c(Ot i ients with flow direction. Not included are viscous or flow

a:.e r'ation effects as the theory is based on potential flow.

The body-geometry function, f, is a parameter used to define

tn,, F,ometric characteristics of a slender body and is given in

£u 1 )tion 2. Huffman incorporates the body shape function into

ul i tion. V-' the pressure coefficient as given by Equation

' A aimpL, i,-i for-m of' Equation 4 was used in this analysis as

w vtr )el ow.

2 2 2 2

C cos a cos 8[-f - (R') + sin 2 8[1 - 4 sin 2 0]P, (2')

+ sin 2  cos 8[1 - 4 cos 2  el + cos a sin 2B[-2R' cos 0]

2

+ sin 2c cos 8[-2R' sin 01 + sin 2a cos 8(4 sin 0 cos 01

w n re R is dh/dX with H as the radius of the probe, and (O)is tne

±nvle measured from the yhaxis to the pressure port in question.

0Th, sunscript "c" sigrnifos that the approximation is valid fo!

:~ form incompressinte flow.
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C' i ",ril; t I It 7 f Man develops 3 rr the pVCJ:Yure

.coo:' ,et it part 7 simpli'ies to Equation 30.

C C s2 ci os 2 sn 2 sin 2  ) Cos 2

,.e tt:at slend r body theory is only an

Su,'of flow around the sevennhole probe. The r,iour"

from the conditions that the boly ,'a i'js i: , ch

" v e th (..slender body), and that it is ei.,i 1 1

.- .- ,M;V sibl -  flows. The only problem with this ip r-cio h

, t is: Jm.:3 that the rate of change of hody radius witsi

t t o,, ' length must be small. The seven-hole probe does5

nt -"rmpletebi conform to this assumption for two reasons. First,

tho probe his slant tip with a slope discontinuity, while slender

hod; theory Assumes an aerodynamically smooth body coming to a

o i It. eroius- .he tip is blunt, flow disturtances originate it

t, At ti:. ,: :or. , two to the orfen tati ;on of tne p';h ra I s.

or. tack. Slender L rdy theory asnjuvm ":wnvscv.w '. " -v', tK,

,so" t yl for all E'low SrnLCie. Even 4i t h these d i sre ,.:cte, l -s,'r p

s-;r pre jjt P 4 Q n; bn L2' r c o

I ,i sritoru .m w nth n , - ..

f "
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port 7

Figure 1b. CLOSE-UP OF NORMAL PLANE

>:termining this gradient dista-e, the ho nwi.g ;ela

eo;ition can be used to define the gradiert's effect on the

re C c it y.

dV dV
V V7 + yy + dz z

wher y ad z -,e the components of the gradi ent i n

ttAt IVidy ar o ctcrs of the magnitude of the alpha arid ,

d-h.ar gedaero: ';ctivoi. i"o Put this eq u aticn in it c a r,,

t3. j e or'm, tch e r,,er'. are non-dimensionalized:

V7 s1 dV y + ' dV z
V 7 dy s V7 dz s

w~h :' . is tr,, IsL n : :e twe, the centers of . r ,V ite e OO -;.

tI,7. thia ,ew h: c.n, the term3s dV and s 5V cr e
V'7  dy doI

' '. c , t : a t ive gradient.
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K Gr ient 'ects on F't Pressre Coefficients

Fo!' a uniform calibration the pressure at the peripheral holc:;

mdy )e found by the following expression.

C (1+ I g-y(Y + I dV 2 1))2
Pi Pi V7 dy s V7 dz s

C

is a uniform coefficient based on the geometry of type

-'Qndr ,,dy thoory, V i  is the only term that accounts for gradient

,on5-0uently, Vi in shear flow differs for each

"'* ; oral hole, if the velocity term is kept constant at V7  and

; aient. ofcts are accounted for by the coefficients of

the fol lowing expression results:

P1 = P. + C ( Pv) (34)

Pi
C

L "S3iiU:;- i' atlo , il -iiU 3T for Gr , it is evident that pressure i:,

P1  P 4 C ( pV2)
7)

"D ,, 71)

0j



ft determination of point (x,y,z). The vector analysi behinld ti:i,

location of point ( x y ,z) is explained in Oetai I in Johnson ticlI

R eed (hef. Lj). T h results are as follows:

x = xi + (x7 - xi) cosa cost - cosa cosa [yj sine + zt sina cosBj S

y = yi + (x - xi ) tan8/cosa

z zi + (x - xi ) Lana

I

Port
x yz

I s/2tan E (s/ cos,-, (s/2) sin,-!

2 s/2tan c (sso ( 2 ' 11" 0
2

3 s/2tan c (sl2)cowC' (s2)sin)3

4 s/2tan c (s/2)cos'34  (s/2)sinO4

5 s/2tan c (s/2)cosa5  (s/2)sino5

6 s/2tan c (s/2)cosO6  (s/2)sinO6

7 d/2tan e 0 0

Since xi, Yi, zi, 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 reiatiansb nips-, nocessarY t,

compare the effects of velocity gradients are availabbo. hquatio .

I provides the at ility to calculate (Ia, Ca and % , and C b

'O:al izing that

C -C c - C

C P4 - PI - P4 P C " P3  - P5 P3 P5
Pll P 7 - P2 -6 C - C c6a P7  - Pi- 6  C - C

p P1-6 p7 P16-p

C P3  C - CC-C

P 7 - P- C - C

p' p3-6

39
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:,. 5 :;i~~ te i ualt te apa re nt anua'pressure

~', i'~nsthe actual angles can be incremented until the

rent and actualI coef fic ients are equal. This procedure

i, ites3 the flow angle errors inherent in the measurement of'

ty Fra d i Crlt

-1 order to determine the effects of different shear gradients

v -iig aiphas and betas, Johnson and Reed (Ref. 25) calculated

- ~flow angles resulting from a span of actual flow

io ;oci gradients. The calcu lat ions show the errors

atoe ,pparent angles and actual input values. Consequently,

the ota flow angles can be determined by backstepping from the

.tpparent angles. Although these calculations only allow manual

corrections to apparent measurements, the theory of this section

car: 5e used to generate a family of data points. These points may

tbn e input into a computer surface fitting schemie for highly

4 ~ ac irate, near real-time correction to the apparent data.

T'.ree kecy e lemon ts of the Seven -hol1e prob(-1 o measurement

4ef-ectiveness in nik no wnr f1.ow s are discussed further in order to

VI !( 2 -11 'l : g of thie basics behind itsi actual and

F~~~ ' ''I if i' of tilee ee(c



probes, seven-hole probe calibration allows for the relative flow

-angles, total presru-,re, and static pressure to he determined

- ex liitly. With computer processing, these calculations are

performed in near real time.

As di 3eusa:ed earlier, problems with the present calibrationr

i :r> when attempting to make measurements in shear flow. Th:>- iV

tj> the pr.3ent cal i trat ion and associated ca i I)rat- ion

* ~ie~&nt3 ir- determined in a uniform flow. Jorna3 recorded

rneisu-rement di.-crepancies in his attempts to use the s3eveni-haolf

pr'h tumap u)nknown flow fields with suspected shear (Ref. 26).

.,pec ifia-l Iv, he compared sevennholc and total pressure probe

mot'irtements3 in a vortex wake created by the wing leading-edgte

t-xtten:;ions of a Nortnrop VATOL model.
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th. ;,ven-hol 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

madl in a region of high shear flow, the local flow angularity

rd.ng may also be erroneous. Consequently, the flow around the

0.4 hi of the total pressure probe supposedly aligned with the local

"1",w !.ight alo be separated, again leading to false pressure

:gs. The a:verage value for CTOTAL of the bent total pressure

K :, 2wever, remains negative. This evidence seems to confirm

ur theoretical expectations of viscous effects.

Although the contradictive probe readings seem to indicate

iri:.)rr-ect Probe measurements in the high shear regime, the

p(_ LbIiity of positive CTOTAL regions may not be totally excluded.

( ,ftex flow is very complex and not completely understood.

* *,.irisoris in a low shear flow environment (airfoil wake) of

,-, :;rOt rnrureert3 d '. t-w,' aremomer measurements

re-,howijver,very favorable and no discrep.ari-J e or positive CTFAhL

measurements exi-it (hef. 26). This seems to indicate that thi.

fI , i -r,.AL'S are only associated with high sh ear

) . n: , r<'c (manfaCture. cal ibrat oo,

, , [ - ] . . • , .. . - '.- , . - - • . . - . . ,

jr~~ a ;i hs poa~~ 0O 3C~ L3

,~~~ ~~ ~~ o v: n ,t. i ,'r. X -1 77 " ' :, : 'n"I I J ,' I, :

".-"

S - - ,. . .. . . . i ) " " - . - .



r. r~ t . r. i n' r )

t. aevefl-ha =I'~, th; exaict opposit is tr e 1h n1.i

y'~~-'j,~prcOtie is greatly simp!i fie&C A!

Vth" only geomric f :t2. no

S TA IN LE SS T JF$~
SOLDER

I -. 109 IN.

DIAM. Ii

Figure 21. SEVEN-HOLE PROBE CONSTRUCTION



SOLDER

FILLER ROD

Figure 22. CONVENIENT PROBE DESIGN

* .~.it, t is difficult to hold five-hole tubing parallel with the

* re tuibe and in perfect azimuthal position for soldering.

~V *<.:1 ~ihi !-,rowerel rn-,nifier is required to ass ire equal

tL~r ~' f-'r snie illots shown 'ielow will Ihe eq )al. or even

Figure FIVwE-HOLE PROBE ASSEMBA~LED
F Pe)M TUSPES



~i qu iok notf, a bimpler geometric arrangement for f iv-

*tut es is shown below. This order, however, lacks the requiredi

:ert~r' tube.

Figure 24. FIVE TUBES IN
THE SMALLEST

0 CIRCUMSCRIBED
CIRCLE

Jver Leyears, mult i-hole probe construction has jncovere!

ceru Liiri f'eat-ures. th-at increase the accuracy of pressure

.. iieuirement. Total pressure measurement can be largely

*eens ciized to alpha arid beta by flaring the stagnation port

in angle or 30 to 60U degrees. Yet, the probe's overall sensitivi,

tc> fiow anguilarity an be increased by decreasing the tip

hO I'- jnl r c) W,1he d rawback to a smallI hal1f-angl1.e is:, that t

f Io 4 will 3epairate from the leeward surface when 'AT expeed:e

o i.l3:ur-rrent Error Sources

)nce ,3,al11cr probes are bui Lt, they are more sonn ,it i v t.

n±:r~aet rrors caus,,ed by flow debris and damage. *nelso

.ff ~ rbeminimized prior t- use by reverse ar1wt~r>

.1Logged ports3, by lu-st covers over port entrances , arid ysn,

46
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.- , ul na n . l:it o smaller probes.

i ' stman ildenti ties three otner' error sources that adver ,,. -'

't ,' it a probes measurement of pressure, orientation, and vo! it '

'1 ). ' ' % .r,-E-, include the time lag betw e swer,

.pressures, the pressure transducer resolution a rd fr-I nv

. n I t' e resolution of the analcg to-diital ?o r -'J ,.

u trnisducer resolution and analog-to-,di it. 'I re K'

ejn': t he scope of this report; however, the other r

.. r, I.,: i,33ed in the following paragraphs (Re f'. 1 )

f'w tl condit ions change, the probe surface presu:;re

,e r L istantaneously. These pressure changes are

t. itte, t.r. the pressure transducers by a finite amount of' 4 r

. ,ri , , tio n tube. Huffman discusses the fact that t .

:.ure las ca -s ed by this finite travel time is related tn, to,

., f r p a;: - o6: p. , at io and the pressure drop due to t,

S ,:. ,'ft' t. ... t't tubt log ef' 7). Three phys ,a I

jtbng di.m ete er

0 r t r) t y

S's. : pu w, .i t eraate frc, m tu in; : i.



i,: r an: A >i.eI' (Ref 28) define frequenoy res .

ti',. Jivt,:, of the maximum dwell time necessary V ,
r;rL'tts','t 'r to react to the maximum pressir'e dit'r'.

e x ,et>-C .n. er'e the pressure sensed by the pressure
tr Ir e,;" reaches 99 percent of the actual (surfa ,0
pre ssare.

pr es r', ti e lag is the major factor in the probe's

v e, i is not the sole contributor. The freq 2<:

.. . trans. ucer, the computational time required t:

ir t in f , ure J pressu're to the desired output, the pres,,{, rje!

i e. t.een the probe tip and the transdu,,r- face ,

Si t ;i affect the probe's overall frequency respcrsn,

i-'robe 'r (2 1ency response rates are generally of a few fer.

S7', : s r;lc ,r r. transducers and microprocessors recuire only

on i ,;,nds tc operate, their operat ion is essentially

:rnutir~t~rneuuu, Ind little can be accomplished in these areas t,

a i , ;e tr l h verlt requency response. The final two factot:

1s;:o at.ed with the fluid dynamic properties of the flow. T

ff' ernce tc-we r the fluid pressure at a port entrance and t e

:r j , at th:e, transdoucer face acts as a driving potential, nd

.<ra{ter dnff tren. i iI increases the frequency response (Ref. 'n

!',cc a i 6jher ,den ity increases the col I is ion rate hetween

n e:, n t, r refore, increases the propagation rate of a'

!, 1re pulse, great er density is synonymous with greater

fr.:amncy res jni,,. in cori.ni:er~n 4 the eff'ecot ,.. t,

the as-I urition f a >,r tar ,t static

th rf,,. Rememberir . T, one shoa re i :

): of the f!a is dep n A r.' upon pres-ure.
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T~p t Pr a P ngteohniliues were used to map) oit t~lt- Cl

v.<iteOan d~:~jnSfor all the points in zere3

parak le two-d iner.-:ofll planes, all of which~ were per'pefldic>X

)~if'orm flow.

Uniform Flow

150 ft/sec

a _____NAGA 0008

Data Planes: I... n-2 n-1 nl

0 Figure 28. WING VORTEX DATA PLANES
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"he two-dimenional planes or test girds, started twelve inchea aft

of' the wing's trailing edge and moved forward (toward the wing) by

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

. ,itilities and limitations of the seven-hole probe under mild

ri j. st conditions are examined and a wingtip vortex is mapped.

s sr'ofl ,; o locities

fr i t step in vortex analysis is to examine the crossflow

. ' ; in e.ch plane. Crossflow velocity plots, which are

1, y - facT.or of two are shown in Figures 27a to 27h ( Ref.

ith past errors in gradient regime, one would expect errors

in .;v:n-hole readings. Suspect data of this nature (Ref. 29) are

1l' , Lf'id t. inconsistencies in the crossflow plots, such as an

i- ri ely Large or small arrow (Fig. 28) or an arrow in the

d ;. fircctio. HQwever, the actual crossflow plots do not

,,: r' these eXpectations. The velocities are well-behaved, and

i s r ) -:3i ti->,. )rp seen near the vortex core where high sh rr

°" - - 4 - '-"
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'Ihiv3 new representation of the velocity data shows how the

vortex expands and decays as it moves downstream. Represented by

the velocity magnitude, the vortex strength decreases as the vortex

expands. The vortex velocity gradient also decreases since the

vurt:x is diffusing. Discontinuities do occur, however, at the

i,,ht-inch plane. As seen in Figure 29, the velocity magnitudes

i rmaller tnan those for the six-inch plane, but they are also

w::,Lier than those in the ten-inch plane. This data must be

', .r rct, for' the vortex cannot he weaker at eight inches

ownstrem than it is at ten inches. Because of the suspect data, 0:

., ,:ght-inch plane is removed from future analysis.

i .)rdor to find a point at which the velocity gradient in the

' : great enough to induce noticeable error, additional

'n r-emcnt-s Aere taken at planes one-quarter and one-half inch

behind the traiLing edge. Again, the sevenhhole probe exceeds

exectations by revealing no such noticeable error. The crossflow

, for the two additional planes ore shown in Figures 30a -nd

n) -vi -irc sci ed by a factor of ten.
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Definition of Flow Field Pressure Coefficients

'iecause 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

r non-dimensionlaized by the tunnel dynamic pressure. These three

coefficients are defined below:

C_ P ," L -P

P P
P - P0

I'TOTAL P -P

0 PPoL - PooL

C DYN = CTOTAL - STATIC - - p
00

Probe measurement errors may be found by determining the

correct values for these three pressure coefficients, either,

th .retically or experimentally with another device, and compnIr nr

t~h use values with actual seven-hole probe data. Vortex pres:sa.r,

.oefficient trends may be found through analysis of a

two-dimensional vortex.

. TOT A L

For an ideal two-dimensional vortex, angular velocity

increases inver,ely as the distance to the vortex center decre;isec:

(Fiiure 31). Real vortices, however, are subject to viscous

,fOrr5s. )itside of point A, the flow is essentially inviscid.

i J-d that point, viscous force.s reduce angular velocity inti i

',.;i'-he, zero at the vortex cente-.
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r r

- + - +

A

U0

INVISCID VISCID
FLUID FLUID

Figure 31. ANGULAR VELOCITY OF VORTEX

These two flow regions directly affect CTOTAL valueg. Because S

i,3rrssre 1s cor tant in incompressibl e, inviscid flow, C<,,VTj,

i::., in the invijs id region. On the other hand, the viscous

!' j:: foind 4ithin the vortex core decrease the flow's

-,rg:y. P0 decreases causing CTOTAL to become

... C e d e a vXp~ctd bdhavior.



~r

..

A

A

C TOTAL

Figure 32. VORTEX CTOTAL

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

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

- (I' 2 1 -r /4 t ( 4 0 )

1r r \21r/ 2vt(

A3 disCussed, the bucket-shape phenomenon is present in the

experimental vortex data shown in Figure 33.
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A:- tre fi 1w progreuses downstream, lower velocity gradients ;rci.

53Taul Ier viscous forces, smaller deficits of fluid-mechanical

n~-y, and small bu ,kctrshaped area plots. The two areas of

, -FTAL in each of the centerline plots is unexpected. The

f ,tn.r-it the ma-gnitude of the positive CTOTAL values is always

,r on the outboard side of the wing than on the inboard sile

I r.,xplicale. The :.sets of contour plots and axonometric plots:

kp: 055 L:K A s -iaw that CTOTAL is positive only on the two sides of

t., vo)rtex ) ru1ile to the wing. The vortex data behaved normally

IJ inl tir below tne wing. In duplicating Jonas's previous positive

" T resilts the vortex data seem to indicate a limitation in the

:> v,:-LOie probe's measurement capabilities. It is still possible,

no .tever, that the positive CTOTAL values may be the result of a

tr':iasl-;!er mechanism that is not yet understood.

' TAT C

.i~e -')TAL' the presence or absence of viscosity affects the

vuLjeu ot CSTATp:. At freestream conditions, CSTATIC equals zero.

Progr'essing inward from the freestream conditions to point A, the,

angilar velocity increases, static pressure drops, and CSTATIC

decreases from zero to a negative value. To determine what happen';

in the viscous region, the following mathematical analysis is

r.-' e i red.

d r -"L-'

free vortex U - so, =

r dr r

! ,,r, :solid body rotation u r so, owr
dr
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rip' fk r B' resul ts in the following:

P CI L$
"I 2r

2

,"! when superimposed reveal a bucket-shape lite

r"j70V A:. The entire CSTATIC curve is shown in Figure .

r
- 4.

C STATIC

Figure 34. VORTEX C STATIC

mp] y tr.i ,3 ,ihtr ior of CSTA'FI, from CTOTAI ,i;

* * '?. . ... ,YNAM:C eq-jls the abso!lte va ui . it j- TA." .

. - -:;t.'zirr cond t ions inward to point A since C T TAL e " ro

* , r.tr n, :., ,w:, I ca] velocity and therefore eC,. .

,, / K A 0 ~ fY N AM I to qua -. Fr( 4 I

iVl -" y'n re



Insert Figure 35

r
A- 4.

A4

0 A

CDYNAMIC

Figure 35. VORTEX CODYNAWC

0Experimental daita supports the theoretical analysis o

0
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[ 'ci; o]ems somewhat surprising in lieu of the (uestiorable I po:i .

vTiJTA> values. The important factor missing from the coeffi,-i,-r

p lot ar the relative magnitudes. Because CTOTAL values are vorv

Io zero, the contribution of CTOTAL is not very signific ,:t

2" 'i2;c ic l tion of NYNAMIC .

A p i t, J cCt. Cns

_o flow mapping efforts are much more complex than t-,,

v X A mple. 'es ides Jonas' VATOL flow field measurerl-:

- .,r ; work at the Air Force Academy has u-xamined o ,

, ftng our Cace waKes of canard/swept winfg -aircrat't, iri,'

' i c 1 haracteristics of square cross-sectional missile

* :',, . Probo cilibration -nd measurement of unknown flowfiels

i0V .,_ ,o e, n conducted at the NASA Ames Research 'enter in til,

S : t and 1'4 foot transonic wind tunnels (Ref. 30).

,r-,,nt3 of wing and canard jet-flap effects as well as tn,.

-) :; of' prop fan installations have been made with multiple

proble inotalfatiens. Yet, these more complex research

rt, lire founded on the basic analysis and data presentation

,, : tnord in th . v rtex example.

rif'fin Ref. 31) used cross velocity and press-re contour:

idy of" o inard/forward swept wing aircraft. Fi 7.1r s i1:

>2h tw': t.yte )f' data plots in the same spati .  rel ti l.:

t n,,: o d ;, points have to the model.
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Figure 37. TYPICAL VELOCITY DATA Figure 38. rYPICAL PRESSURE DATA
PLANIE LOCATION PLANE LOCATION
RELATIVE TO MODEL RELATIVE TO MODEL

* ,i-') iperimposed these two tv -,- r~ts jrn

~nv-tiation of CTrDTAL (see Figure .



NASA MODEL, STRUT MOUNT, ZMP75 20:31 14-SEP-82

CTOTAL

REGION OF INTEREST 7 . 14.000

I.~~U Ub, ,, 1,

SY0.1260
Y=12.5 0.1680' " - -0.2100

- ,0.2520

%- 0.2940
---- 0.3360

b \ % - - -0.3780

* 0.4200

It,, CTOTAL 1
* pI

% ~ Po POO

, , , 9. 000

6.000 MAX Z 0.4271 @ (11.794, 12.511) 16.000

MIN Z -2.1199 @ (12.683, 11.178)

X-l1.8

Figure 39. REGIONS OF POSITIVE C TOTAL I DATA PLANE ZMP75

.onas alsr -ised a series of axonometric projections to analyze the

wrowth ldifjusion) and decay (dissipation) of vortices.

Ev ,Ifnce )f m,:4xinw is found in the relative flattening of the

"T()TA:, v3l'l i, (rVative CTOTAL being up or out of the plane of

h 2
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Gerner and Durston at NASA Ames took Jonao' data and prodiced

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 CTOTAL. The color contours

allow r,:ore detail in data representations by making pressure

differences easier to see. Regions of positive CTOTAL are clearly

* distinguished from other points in the flow field. As seen in the

o- 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.

V . 'onclusions

Au shown, the seven-hole pressure probe remains a valuable

misirement 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

sutbsonic compressible flows. Measurements in adverse shear flows

can he corrected to give actual flow conditions based on the

motnodology developed in this paper. Finally, as shown in the

appli cation section, the probe is not only a valuable research

device bit 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
determined from calibration equations

local dynamic pressure coefficient

.... coefficient representative of compressibility effects

apparent total pressure coefficient

coefficient of pressure

ipparent dynamic pressure coefficient

. , local static pressure coefficient

"7 Local total pressure coefficient

ang Ie of attack pressure coefficient

;ingle of sideslop pressure coefficient

roll angle pressure coefficient

pitch angle pressure coefficient

" f body geometry function

K; e' 1 ibration coefficients

L length

Mach number

P pressure

I' imi r:ressure

r,:,7) ciindrical coordinates

li:'t:ince between centers of opposing holes

A 11,-oc;l velocity, perturbation velocity component

y5

k: , r i : o coordinates

,in.i', of attack

,,ng e ot' sideslip 5
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E probe tip half angle

ratio of specific heats

- roll angle

* density

uJ pitch angle

s sc ri pts

C uniform incompressible flow

*(i,j) local property or condition

o total or stagnation condition

freestream conditions
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APPENDIX A

Wing Tip Vortex CTOTAL Plots
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