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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 mecthods.

/
INTRODUCT TON

I'he drag ot a two-dimensional airfoil in a wind tunnel usually can be determined
in three ways; namelv, (a) integration of the surface pressure force in the free-
stream direction along with the skin friction, (b) integration of the momentum
Jeticiency in the wake sufficiently far downstream of the alrfoil, and (c¢) dircct
force measurement. Approach (a) has been found to yield serious inaccuraciesl’z’3
which far exceed theoretical expectations. Approach (c¢), on the other hand, is
telatively inconvenient to implement. The momentum deficiency method, Approach (b)
therefore, often has been employed by experimental acrodynamicists because of its
iyt > i i i y v
.l”n.ﬁtlty and rtlfablllt}. | ivLﬁhti |

Ihe approach involves the measurements of traversing pddote-—gad static tubes
across the wake of the airfoil. The experimental data can then be deduced either
by the uethod of Betes or that of Jones 4 These methods offer reasonable accuracy
in convent ional airfoils at small to moderate angles of attack, For airfoils at
b anples of attack or bluff bodies where the tiuctuations of the downstream tlow
Ate cansed by the <hedding of vortices, elther method tends to erroncons TPan[s,x
e critical comments on these methods are piven by Tavioer,

In testing the civrculation control airtoil  in a wind Lunnvl‘*lhv determinat ion
ot dray presents a problem that has not been considered previously. As opposced 1)
the conventional airtoil, a typical circulation control airfoil is equipped with a
blowing slot on the upper surface for energizing the tlow in the viscous layer and
a rounded trailing edge for deflecting the jet. The prescnce of the blowing jet and
its influence on the downstream wake pattern require careful treatment in applying

the usual traverse method.

TBJF}ng 1977 to 1980, the circulation control airfoils have been applied to an A-6
testbed afreraft, an H-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

I 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 l16-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
‘ Development 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 survevy mechanism

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

of the airfoil. The wake flow was then measured by moving the mechanism vertically. )
as schematically shown in Figure 2. The measurements include the total pressure

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

ol b

In, (24,2-cm), the survey mechanism travels only inside a range of -15 to 18 in.
(-38.1 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 (Rum 216) is listed in Table 1. The variation of the measured total

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

: S— e RPN
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DETERMINATION OF DRAG

JONES METHOD

The drag coefficient given by the Jones method is 5
8,-P, g,-p.. i
o LV (V) o
b J wake 9o 9a 4
s V4F": !
¢ where g is the total pressure and p and q have their usual meaning. Suffix ‘
F represents flow properties of an undisturbed stream far downstream and suffix ¢
3
denotes those at the measuring station,
{ The basic advantage of using the Jones method is that it allows the wake ’
! measurcment to be performed at a short distance behind the body. As the form
b
- appears, the CD value not only depends on the direct mcasurements of g, and p,, but
: ) |
b
. !
}, - »t to .
3
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als 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 8y and Pys and a fixed
p,, a4 *l-percent variation in q, (that is, q_ 6 = 127 lh/ft2 +]1 percent) yields +30
percent varfation in Cn. A 2.5-percent error in q, may double the drag coeffivcicnt.
The heavy dependency on the q quant ity makes the precise decermination ot the
q, value a necessity. CGenerally the downstream flow pattern may alter the upstrearn
condition due te the propagation of the downstream disturbance through a subcritical
stream in g transonic or subsonic test. The feedback may become noticeable (that is,
a4 1= to 2-percent variation in q_ is possible) in the case of a circulation control
airtoil where the downstream flow is substantially affected by the blowing jet.
lhe situation tor such a critical requirement is significantly eased by

sraphically analyszing the integrand, F, of the .Jones method:

> (s
F =2 I -y — (2)
q.

V\oseries of plots of F quantity across the wake survey station are shown in Fipure

b ousing g as the variable (Run 216, M = 0.3, +=-0.0l and Cyy = 0,022, with p =
)
S000.95 Ib/te7)y. Keeping everything fixed, a subsequent increase fn g value moves

the wingling baseline of the I pyramid upward, as indicated in Figure 5. Somewlie
3

near = 126 1b/1t7, the ¥ baseline coincides with the reference (zero) line.

There the fluctuation of F contributes nothing to the CD value. 1t is therefore

postulated that g takes on the value that satisfies the condition
\Y
“a y upper
Fody + Fdy =0
y ¥

lower )

e determination of y  and b
a -

vapericnce and observation so that the resulting C

is arbitrary, however, 1t may be guided by
0 will be fairly independent o
the arbitrariness. It s of interest to note that the distribution of F outside
the main wake rewion is fairly equal for both the upper and lower sides, unlike

tacese ot opooand Vo osee Flpgures 3 and 6.
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MODIFIED SQUIRE-YOUNG METHOD
This method has been popularly used for calculating the profile drag from
theoretical boundary layer considerations -7 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
from wake surveys.9 Application of the method to given wake flows can be found
clsewhere,l’lo
The modified Squire-Young method allowing for variation of the static pressure

across the wake can be written in the form

H+H + 1
- p u -
6 > 2
¢, =z——9<7‘-) (W
SY € Pu Vo
where
PP
Go= Ly S - e
| [ Pelle <l uc) i ] : v
wake wake Pele
Ak
H = <
) (5)
DI S -ﬂl——
’ / (l L‘)ll‘) dy
wake ¢
Ho=1+ (v - 1) Mi
In the case ot a wake tlow, the quantities “e and ug should be determined at the

edee of the wake.

Using the same wake survey data of Run 216 (Table 1), the velocity profile is
depicted in Figure 6. Taking the cdge properties by the mean value of the first 30
points ot the upper side, the results of CD versus q_were plotted in Figure 7.

The figure indicates that the drag coefficlients calculated by the modified Squire-
Young method are rairly insensitive to the variation of the freestream velocity.
As opposed to the Jones method, the drag coeffictent decreases as q, increasces.
Ihe ranxe of the drag coefficients calculated by the modified Squire-Youny methad

fs about  the same as that found by the Jones method.
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. STMULTANEOUS SOLUTION

y fhe opposite trend of the drag coefficients calculated by the two preceding

approaches oifers an excellent opportunity to determine the value of q  uniquely
by intersecting the two CD curves based on the same set of raw data; see Figure 8.

Aq = 126,07 from both methods can be found that yields the same C, value (CD =

D
0.0424). For q = 126.07, the integrand F of the Jones method is shown in Figure 9,

where the simultaneous solution fs surprisingly c¢lose to the newly proposed technique

tor g bevguately using the Jones method,  The tigure also shed some Tight reparding

the =cicetion of voand v, values for Equation (3). It was found that: E
a

A

vo= =00

0.5 |

e
i}

it -v dguation (1)L Tne nature of empiricisms for selcecting Y, and Yy has not

.9

T teionved, however,  Further, close to the disturbed center, y = =0.043 and
a

Voad will o also satisty Equation (3). By the same token, one finds that

o padrs oy and Y values exist when they move away from the disturbed
T
Coi e, toward oy and y ). As a rule of thumb, the pair (-0.5, 0.5)
‘upper lower

t.- be the best choice.  lnasmuch as the wiggling F baseline is close cnoush

i tcteronee e, the (in result should be virtually independent of the

et e s I

-
'
DISCUSSTON OF RESULTS N
) N . 2
ot s drae ot tficients tor the circulation contre!l airfoil (Mode!l 190 h
T -t tor oo oseries ot blowing coetticient ¢ values (Rans 21U .
. -
Srov e sanmarteed in Table 2o Also, an additional case of Moo= oo s !
et = 0 (kg 34) was considered. For cach case, the methods of Jons s ana
3 Goled sgqudre rouay, were applied tor three conscecutive values, with ati other
S . R . . .
[ Cotite s tived,  Resalts of the simnltancous solat ion based on the two approacae.
t'. st e cobhtaine b, |
Ul seven case s considered, the simultancous solut ion consistently doetor -
v v b that brdines the bascline o the doteprmd Voto coincide with
. Creretetenos by, Fivore 9h shows the vraphical b plav of such o codne i oo
r. woonea T ey b s pecial precedure tor the fenees st hed eme to o he balbe capn |
beo e nod it fod Squire=Young analvsis,
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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 Jounes

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

"Earlicer 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 reduct ion schemes, including the Squire-Young method. It
appears that the agreement between the "Earlier Version' data and the simultaneous
solution values is reasonahly well within the allowable experimental fluctuations.
ihe "Preliminary' data, on the other hand, are generally 20 to 30 percent lower than
the values obtained by the new procedure.

I'o see how the integration of the surface pressure (the so-called pressure
drag) compares with the profile drag, Figure 11 is presented. Again, Run 216 is
used tor illustration. The integrated pressure drag coefficient was found to be
(“P = 0.1135, based on the measured surfiace pressures listed in Table 3. If the
cquation, that the total drag is the sum of the pressure drag and skin friction,
less the blowing momentum coefficient2 holds, a4 sizable negative frictional drag
could result, which is phvsically impossible. Therefore, the 1dea of using the

pressure drag shoud be discarded.

CONCLUDING REMARKS
The present work has allowed the following conclusions:
1. lhe Jones method is very sensitive to the fluctuation of the freestream
dvaamic pressure. To remedy the problem, a procedure that forces the mean of the
inteyrand to vanish outside the disturbed region is proposed which seems to yicld

'

the correct drag values.
J.  The simultaneous solution of the Jones and the modified Squire-Youny methods

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

1.0 The dntegration of airfeil surface pressure in tho freestream direction mav

lead to erroneous drag values.

—at s ad
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