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ABSTRACT

A special procedure for using the Jones method for determining
the profile drag in highly disturbed wake behind a circulation
control airfoil is proposed. The procedure suggests that the value
of the freestream dynamic pressure be adjusted so that the baseline
of the integrand in the Jones method coincides with the zero
reference line. Excellent agreement was observed between the results
of the new procedure and those of the simultaneous solution values
of the Jones and the Squire-Young methods.

LNTROI)UC' I ON

Ilhe drag 01 a two-dimensional airfoil in a wind tunnel usually can be determined

in three ways; namely, (a) integration of the surface pressure force in the fee-

sLreamn direction along with the skin friction, (h) integration of the momentum

deficiency in the wake sufficiently far downstream of the airfoil, and (c) direct
1,2,3

force measurement. Approach (a) has been found to yield serious inaccuracies

which far exceed theoretical expectations. Approach (c), on the other hand, is

cl itively inconvenient to implement. The momentum deficiency method, Approach (b)

tlrtr.fre, often has been employed by experimental aerodynamicists because of its

i. licity and reliability. I I

Ihe approach involves the measurements of traversing - static tubes

, oss the wake of the airfoil. The experimental data can then be deduced either

by the :icthod of Bet4 or that of Jones These methods offer reasonable accuracy

in convent ional airfoils at small to moderate angles of attack. For airfoils at

hi)h .ii ics of attack or bluff bodies where th t uct hat ions of the down.-tream l ow

-d, 1. v. . ti by ; t i, Iheld i i o f vorL Ices, e I hi, r itt hod I ctlds I o e rroneouis t . l

,i '. , I it I l - 1ra rtT a' t S o il t h e s e m u t h o d !; li ct ' , y l b V Ir .6

In L te- itin th circulation control airIi I in a winld tuilnel, the dctcrmtln.i iWI ,

,1 a.-,; prtsents a problem that hits not been cons idered previously. A; oppo :.cdI

tLe conventtional airfoil, a typical circulation control airfoil is equipped with a

blowing slot on the upper surface for energizing the flow in the viscous layer and

a rounded trailing edge for deflecting the jet. The presence of the blowing jet and

its influence on the downstream wake pattern require careful treatment in applying

the usual traverse method.

*During 1977 to 1980, the circulation control airfoils have been applied to an A-6
testbed aircraft, an 1t-2 helicopter, and a stopped rotor (X-Wing) aircraft at
DTNSRDC.
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In the present paper, special consideration has been given in using the Jones

method for the determination of drag of a circulation control airfoil tested in a

transonic wind tunnel. To assure the drag values obtained by the new procedure, a

modified Squire-Young formula has been employed and operated with the same wake dat.

for the Jones method.

WAKE SURVEY DATA

A circulation control airfoil model, which is a 16-percent thick, cambered

ellipse with a tangential blowing slot near the blunt trailing edge, was tested in

the 7- by 10-ft transonic wind tunnel at the David Taylor Naval Ship Research and

DevuIopment Center. The model, designated 103, has a rectangular planform with

an 18-in. (45.7-cm) chord and a 10-ft (3.05-m) span. The test arrangement is

depicted in Figure 1. To measure the drag of the model, a wake survey mechanism

consisting of five pitot-static tubes is mounted about one-chord length downstream

of the airfoil. The wake flow was then measured by moving the mechanism vertical Iv.

as schematLically shown in Figure 2. The measurements include the total pressure

survey and the static pressure survey. Although the tunnel has a height of 84

In. (24.2-cm), the survey mechanism travels only inside a range of -15 to 18 in.

(-18.1 to 45.7 cm). Outside this range, the variation of the flow was considered

minimal, and its contribution ro the drag value would be negigible. A typical

wake survey (Ruta 216) is listed in Table 1. The variation of the measured total

pressures and static pressures across the wake is shown in Figure 3.

DETERMINATION OF DRAG

IoNES METHOD

The drag coefficient given by the Jones method is

CD c wake J ( - q/ dv {I

where g is the total pressure and p and q have their usual meaning. Suffix

represents flow properties of an undisturbed stream far downstream and suffix 2

denotes those at the measuring station.

The basic advantage of using the Jones method is that it allows thv wake

measurement to be performed at a short distance behind the body. As the form

appears, the CD value not only depends on the direct measurements of g2 and P,, but

2
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s1. , is very sensitive to the freestream quantities p, and q. A small inaccuracy

in the freestream dynamic pressure measurement may result in a large discrepancy

in drag values. As indicated in Figure 4, for a given set of g2 and P2, and a fixed

p , a 1-percent variation in q. (that is, q_ = 127 lb/ft- A percent) yields 430

per,'ut variation in C. A 2.5-percent error in q, may double the drag coefl ic I t.

lTe heavy dependency on the q, quantity makes the precise determination ol th"

q, %alue a nvce-sity. Generally the downstream flow pattern may alter the upstream

,ndit ion due ti the propagation of the downstream disturbance through a subcritical

t ,ICm in a transonic or subsonic test. The feedback may become noticeable (that is,

A1 - to 2-ptrent variation in q, is possible) in the case of a circulation tnt rol

Ai oil whre the downstream flow is substantially affected by the blowing t't.

lhe situation tor such a critical requiremunt is significantly eased by

gi.aph ically analying the integrand, F, of the ,ones method:

r2 -p~

F2 Yq 2 j qr 2)_ k2)

\ scrip, f plots of F quantity across the wake survey station are shown in Figur,

A ring q as the variable (Run 216, M 0.3, -0.01 and Cp = 0.022, with

.295 l/tt2) Keeping everything fixed, a subsequent increase in q vale m,,ve,

the, wiggl ing bast'lIn' of the I pyramid upward, ,q indicateod ini Figure 5. ;tcwhr,

q = 126 lb/tt , the F baseline coincides with the reference (zero) line.

"'re the i fluctuation of F contributes nothing to the C value. It is therefore

p,,[I aL-d that q. takes on the value that satisfies the condition
yv fY up

fV dy + f" dy = 0
l ower Y b

I. Mtrminat.io of v and yb is arbitrary, htwver. It may be guided by
v,perince .rnd obnervation so that the resulting C D will be fairly independent o

the .thitrarines:s. It is of Interest to note that the distribution of F outsidte

tht maLi in w.ke region is; fairly equal for both the upper and lower sides, unlike

* :50 .,,, and V,; see Figures 3 and 6.
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MODIFIED SQUIRE-YOUNG METHOD

This method has been popularly used for calculating the profile drag from
7

theoretical boundary layer considerations. Two versions were formulated, one

with pressure gradient and the other without it. The method was modified by Young8

to account for the compressibility. Although the method was developed primarily

for theoretical calculations, it can also be used to determine the profile drag
9

from wake surveys. Application of the method to given wake flows can be found

elsewhere.I, 0

The modified Squire-Young method allowing for variation of the static pressure

across the wake can be written in the form 4 1+ H +I

= 2- 6 iPe 2 (4)
D c P V(
SY u

where

= u dy - 2 P dy

Jwake Jwake e e

(5)

("- -- ~ dy
wake

t = I + (y -. 1) 
2

ii t ae ot a wake flow, the quantities P atid u should be determined at the
e e

die ( of tihe wake.

Using the same wake survey data of Run 216 (Table 1), the velocity profile is

d, -picted in Figure 6. Taking the edge properties by the mean value of the first 30

points of the upper side, the results of C D versus q, were plotted in Figure 7.
SThe ficrure indicates that the drag coefficients calculated by the modified Squire-

Youing method are Cairly insensitive to tile variation of the freestream velocity.

As opposed to the lone., method, the drag coefflclent decreases as q. increaics.

Ihe rilge of the drag coeffictents calculated by tile modified Sqttire-Youns mthod

4s ibott the same as that fond by the Jones method.

4
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I MtI.I'AN EOLS SOLUT ION

llLe opposite trend of the drag coefficients calculated by the two preceding

ipproachics offers an excellent opportunity to determine the value of q, uniquely

by i it rtI-rltiiig the two C curves based on the same set of raw data; see ig re H.D

q = 12h.07 from hoth methods can be found that yields the same C[) value (C: -

0.1424). For q = 126.07, the integrand F of the Jones method is shown in Figure 9,

, It lit' 5i M lt lC',us sol tt ton Is surprisingly ClOse to the newly proposed t echn iql(e

.i . iI,, t c v iS i I t h .1 ones method. The I i u ii cc also shed some light reg; li lij

tit, H ic, t fi, ot v .l , d b values for Equation (1). It was found that:

v = -0)
-0.

S0.5

-it ion I). Til nature of empiricisms for select ing y and y has not
a ~b hsf

,,, d , " r. Further, close to the distuirhed center. ya -0. 04 1ad

-.,, wi 1 1,], :at. isty Equation (3). By th,. same token, one finds that

iii I and Y vailues e-xist when Lthey move awAV from the disturbed

;i ~ ~ 11A i. . twld Vtpc aind yl e.) A s a ru I of 011 tht1) , tile pail- (-0. 5, O 5

Sht' tilt best ch ice. Inasmuchi As the wiggl ing F baLsel in. is close, 1_.11ou1'i.

., kn, Il , tht C rt.sult .should he virt l IIv iiidependent lif t i,

DISCUSSI ON OF RESI;IrS

, I , , , itents tor tie circiil.it ion ct I.,IIi airfoil (Mode, i P

iil; : -t'.'l1 1i , series of blowing coeft iiten!, t value.; 1Run-. 2

., t:, -. dt:o in Table 2. Also, an idit innal k a e of M .

l. .- i t I'.) ;.s onons i d, red . For eich case, tie :itet hods of Ioi,' I inI

r , , I-' m k re , i p i ed I -o three CItIon 0cult .i .e'lue s, with aii ,the:

1. 1'td. R, -i t s of the simulti neous .olh t ion h.,d n the twoi tip[,l I

, 16,I !,r sinter lit, b i in ofIi , i tt l-it , l't t t t inc il wi tt I

t i I , I '1 ' 1 11 1 , }' V l k t ' Oil -1 10 W - l l,' I', II'!l ll ! 1 1.1 ' ,' " s (1 h .I ' , l , i ,.1 .1 - In i, ti - cd t lie h lie I .o :1 Il I w I

I i i d < t it t 4- h tI.-Y i .Ii Ivsi

• .
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Figure 10 shows a second-order least square fit for the simultaneous solution

results. Also plotted in Figure 10 are the results obtained by a preliminary data

reduct ion program and by an earlier version of the new procedure for the Jones

method. The former are labeled "Preliminary," and the latter, designated as

"Earlier Version," have been reported in Reference 2. The "Earlier Version" data

were formed independently by inspecting only the F baseline behavior and were never

checked by any other data reduction schemes, including the Squire-Young method. It

appears. that the agreement between the "Earlier Version" data and the simultaneous

solution values is reasonahlv .'lI within the allowable experimental fluctuations.

Ihe "''re iminary" data on the other hand. are generally 20 to 30 percent lower than

the alltIues obtaield by the new procedure.

I', see how the intcgration of the surface pressure (the so-called pressure

drag) c'ompares with the profile drag, Figure I is presented. Again, Run 216 is

used for illustration. The integrated pressure drag coefficient was found to be

S-t0.1185, based on the measured surface pressures listed in Table 3. If the

,qualion, that the total drag is the sum of the pressure drag and skin friction,
* 2less the blowing momentum coefficient holds, a sizable negative frictional drag

'o11d result, which is physically impossible. Therefore, the idea of using the

pressure drag shond he discarded.

CONCLUD ING REMARKS

The present work has allowed the following conclusions:

I. lie ,Jones method is very sensitive to the fluctuation of the freestream

d:y:-i, pressure. To remedy the problem, a procedure that forces the mean of th,

Wt e' rud to vanish outside the disturbed region is proposed which seem:s to yi eld

ite orirct drag" ialauCs.

2. The simultaneous solution of the Jones and the modified Squire-YounI, methods

es to offer a reliable profile drag coefficient from the wake survey data.

. The ntegrat ion of airfoil surf ace pressure in th l tree st ream d irect ion ma v

lead to erronetous drag, values.
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RUN 216
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y VCp 0.022

P(TOTAL/P(OO) P'P(OO)

* ig. 3 Tolrt1 and Staitic Pressure Profiles Measured in the Wake ofj
ti Circu lat ion Control Airfoil
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I. F

RUN, POINTS. GkOO), P(O011 T(O), CV(JOHES)
RuN4. PoINTS. OkOO). P00O), T(O0), CD(JONES) 21i 190 il.od 2002.95 92.27 0.6547
216 190 124.94 2082.95 92.2? a.0143

F

iPUN. POINTS. OCOO), P(OO~a T(00,t CD'JONES)
IUN, Poit4ls, 0(00), PCOO), T(30, CD(JONES) 246 190 128.00 2002.95 92.2? 0.067?
216 190l 125.00 2802.95 92.2? 0.8281
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IF
F F

RUN, POINTS, 0(00), P(O0)l 1(00), CD(.jONES)
212 190 126.35 2602.82 97.65 9.0159 RUH, POINTS. G(O0), P(OO), T(0O), CD0ithES'

215 190 127.86 20.38 92.58 0.0276

F

RUN. POINTS. 0(00), P(00), 1(00),CD(JONES)L
213 19" 127.26 281.91 94.2 0.6215 RUH. POI14TS. G(00), P(OO)v TeOOt CV~JUNLt.l

216 199 126.07 2902.95 92.27 9.0424

oF~ F

RUN, POINTS, 9'00) , P (00), 1(00), CDJNES)
214 165 129.23 2668.75 93.66 6.6218 U.PIT.00)6(0 (OC '

211, 15 t60.64 1999.38 90.2? 11 14 3
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