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'f Summary

) The results of the experimental investigation documented in
93 this report provide an expanded data base of information on lift
v augmentation on fighter~-type wings with wing-tip blowing. The
parametric study is suitable for use in future preliminary design
"y . efforts involving 1low-speed 1lift augmentation concepts for
O\ advanced fighter aircraft. The analytical investigation con-
tributes significant understanding to the fluid mechanics of 1lift
2‘ augmentation by tip blowing. The computer code has the potential
) for further development into an analytic preliminary design tool.
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:::: AN INVESTIGATION OF WING LIFT AUGMENTATION

2 WITH SPANWISE TIP BLOWING

oy

i

:'.‘ 1. INTRODUCTION

i

\ The quest for improvea STOL capability and low-speed aero-

ii; dynamic characteristics of modern fighter aircraft has involved

':.' the use of high-energy jets in various schemes for boundary layer

f«: and circulation control. One such concept that has not received
. wide attention 1is the blowing of high-pressure alr jJjets 1n a

‘;:' spanwise direction from wing tips (Fig. 1). Experimental 1nves-

’ tigations have shown significant increases 1in wing lirtt with

::\ moderate amounts of blowing; for example, see References 1

through 5. Preliminary studies preceding the current etfforts

‘;'n (Refs. 6 and 7) verified the enhanced aerodynamic characteristics

‘:E: achieved with wing tip blowing.

p:

Ny The fluid mechanic process of tip blowing 1is not fully

& understood, but there are several proposed answers to the appar-

7:‘50 ent success ot the approach. For example, the jet sheet from the

o wing tip will support a pressure gradient during its deformation;

o therefore, the 1illusion of a wing with higher aspect ratio 1is

;'; present. Also, the blowing may interact witn the tip vortex to

::: reduce three-dimensional effects dand ecftfectively 1ncrease the

2::' aspect ratio. An alternative solution 1is that the tip jet

‘: entrainment induces a spanwise flow on the top surface ot the

» wing thus lowering pressure and increasing lift, All of the

’:E: above suggestions may play a part in tne ettectiveness ot tip

:'s blowing on fighter-wing aerodynamics.

p

. The purpose of the investigation reported herein 18 manl-

E:E fold. First, a small-scale test program to extend the prelimi-

4:'. nary tests in References 6 aand 7 1s reported. In these tests, a

::’ number of parameters such as wing aspect ratio, sweep, camber,

sty -]-
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l.,‘
e
0:‘~
?& tip-jet geometry, and blowing rate were varied to determine tneir
effects on wing lift augmentation, and 1f possible, optimum tip-
»l"'l , -
ya jet nozzle geometries were to be sclected for a large-scale
)
%& investigation.
e
X
V) Second, the optimum nozzles identified 1n the small-scale
a8 tests were to be designed and fabricated for a large-scale winy
Oy . )
0N for examination as part of a NASA/Ames Research Center tip-
33: blowing investigation in the 7- by 10-foot wind tunnei. In this
R large-scale test program, details of the lift augmentation were -
ﬁﬁ investigated through wing pressure measurements and flow field
.. ) . . )
:ﬁ% surveys at various blowing rates. Major objectives were to
?\ increase understanding of the mechanism of lift augmentation via
3
i? tip blowing and to provide detailed experimental data sultable
D for verification of the numerical method under concurrent
o
W development.
2
'
B . . |
i Finally, an analytical investigation of wing-tip blowing
o lift augmentation based on solution of the Navier-Stokes equa-
b
ﬁ?ﬁ tions was conducted to provide a wmeans to galn more detailed
) ; ) )
:&b understanding of the fluid mechanics of the phenomena involved.
iyt
a0 The objectives were to modify an existing NASA wing code to 1in-
) . . . . .
qute clude effects of a tip jet, verify the coae with experimental
g . .
ﬁr data, and use the detailed predicted results to gain bettec
)
'r“ understanding of the lift-augmentation process.
iy
’,l'..
, The remainder of this report is divided into three major
\Q‘\ ,
&$ sections for the small-scale test program, the large-scale test
el . . . . .
%f. program, and the analytical investigation. Each section 1is
AR}
Wy autonomous; however, they do refer to one another on occasion.
Kﬂ: The report closes with some general remarks and recommendations

W for additional work.
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2. SMALL-SCALE TEST PROGRAM

2.1 Background

f:' In a previous investigation reported in Reference 6, a
{r? series of eight semispan wing models with tip blowing were testeu
%x. with the purpose of extending the information aata base to low
HW aspect ratio wings. The aspect ratios varied from 0.62 to 4.0
&& ) with taper ratios of 0.25 to 1.0. BEach wing planform area was
i&é approximately 0.5 sq. ft., and a NACA 0015 airfoil section was
2$. used throughout., The tip Jjet for each wing was nearly the ftull
length of the tip chord for all wings. A summary of the results
%ﬁ: from this initial test program 1s presented in Reference 7. In
iﬁ$ general, the experimental results showed significant lift augmen-
m@ tation with blowing at low angles of attack, but the amount of
P augmentation decreased in inverse proportion with wing angle of
k& attack.
5
:5%’ In the current test program, three wings, each with aspect
é ratio 2,0 and each with several tip nozzle geometries, are con-
;T: sidered. Two wings are uncambered NACA 0015 sections, one plan-
f;ﬁ form rectangular, the other with a swept leading edge (A =
'? 33.8°). The third wing has the same planform as the swept wing,
ﬂ¢ but a cambered airfoil section based on a NACA 64-series mean
’é line, A more complete calibration procedure in the current
$§ series of tests revealed inaccuracies in the data reported 1n
m‘ Reference 6, although the trends are consistent.
Wity
- : 2.2 Test Program
%B 2.2.1 Scope
gt
%: The tests were conducted 1n the NEAR low-speea wind tunnel
ﬁ@ facility at a tunnel speed of 195 ft./sec. (Reynolds number ot
ﬁ::: )
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b
s
::" l.lxlOG/ft., q, = 45 psf). A few runs were made at lower tunnel
E:L speeds to see 1f the momentum coefficient was an dappropridte
"’- parameter to measure augmentation effectiveness. The semlspan
o wings were attached to a 5-component balance which in turn was
: . attached to a motor-driven rotary table which varied the angle ot
"- attack through a range of 0° to 18°. Although the balance
:!., measures all components of forces and moments, except for the
lu force in the spanwise direction, only the litt and drag forces
are of primary interest in this study.
RN
", 2.2.2 Models )
W
o'\ The three semispan wings are shown in Figure 2, and their
;' dimensional characteristics are given in Table 1. The wings have
1?'::0 zero twist and are cast of aluminum. Several tips with different
L ) slot configurations were fabricated for each wing as shown 1in
;:E' Figures 3, 4 and 5. The tips with three discrete jets are based
E: on suggested designs by Prof. J. Wu (Ref. 1). The sweep and
,ﬁ:‘: dihedral angles of the slots were cut to the specitied tlow

angles shown in Table 2; however, the flow did not always conform
.' to these angles. The measured flow angles with no freestream
> ‘ velocity are also shown in Table 2.
)
3

2.2.3 Facility
o
;:;c Each wing is mounted 1in the NEAR tunnel as shown 1in Figure
‘\::: 6. The test section of the tunnel is 14 x 20 inches (20 in. ver-
g tical) and has a maximum wind speed of 220 ft./sec. Tne £low
::. loop contains two honeycomb flow straighteners (one 1n the
::: plenum), four turbulence-damping screens 1n the plenum, and an
:E:‘ 8:1 area-ratio nozzle. The typical inlet test section flow dis-
— tortion in velocity 1is £0.2 percent and 10.2° in flow angle.
::,; Very little inlet flow degradation is anticipated with the models
:: at maximum angle of attack due to the relatively high tlow loss
et
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around the circuit and the extra honeycomb and screens for tlow
straightening. Standard wind tunnel wall corrections ftor block-
age (for the semispan wings tested) at maximum lift are 1 percent

for velocity and 2 percent for the lift coefficient.

The blowing air is supplied by a 550 cfm roots-type blower
driven by a 75-hp motor. The blowing system is illustrated in
Figure 7. The after cooler keeps the blowing air at about
71° F. The air blower runs at a constant speed and has constant
output. To allow variable flow to the wing tips, a bypass loop
is included with this configuration as shown. The flow rate
ejected from the wing is the same as the inlet flow rate measured
at the orifice regardless of the proportion of air circulated in
the bypass loop. Because the orifice is at the upstream end of
the system, leaks in the blowing system produced errors in the
mass flow computations; therefore, considerable effort was made
to reduce leakage to a negligible level. The mass flow rate of
the air is measured by an ASME orifice (Ref. 8) placed in the
line near the entrance (Fig. 7). Two orifices (diameter of 1 and
2 inches) are used to cover the range of the momentum coeffi-
cient. The blowing air is ducted into the wing through a bellows

surrounding the balance in the base of the wing (Fig. 6).

Operation at the high tunnel velocity heated the tunnel air
rather quickly and was the limiting factor on the length of each
test run. The tunnel was shut down when the tunnel air tempera-

ture reached 130° F.
2.2.4 Data Acquisition

Each data point was obtained by sampling each data channel
at 500 samples/sec. for 1 second, digitizing, and averaging the
500 values to obtain a single value. The data channels are
Channels 8 to 12 recorded the balance data in

listed in Table 3.
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Wy a coordinate system fixed in the balance or the wing, whereas the

, final 1ift and drag coefficients are defined in a system fixed to

g" the tunnel. These coordinate systems are shown in Figure 8.

0

55 2.2.5 System Calibration

‘

e 2.2.5.1 Orifice Calibration

R

mg Since it was desired to test a wider range of tip flow rates
than those used in the previous test (Ref. 6), it was necessary y

as to calibrate the different orifices required. A 6-ft. weather

63 balloon was used to measure the flow rate of the system. It was

;? filled from the air supply system with the wing replaced by a

i’ pipe with cross sectional area approximately the same as the tip

P slots. Filling times were approximately 100 seconds to inflate

§¥ the balloon to 5-ft. diameter. The air inside the balloon was at

az room temperature and nearly at atmospheric pressure (less than

e 0.05 psig), and the balloon was close to neutral bouyancy. The

5? volume of the balloon was determined by measuring the perimeter

fﬁ around different great circles, and the variation in these mea-

ﬁ surements were typically one part 1n two hundred., Comparison

$~' between the measured flow rate of air and the computed value,

0; with the orifice located between the blower and the wing, was

ﬁﬁ poor and varied with the flow rate. This result places the blow-

:$‘ ing rates reported in Reference 6 in some doubt.

)

2 Next, dynamic measurements were made to determine the qual-

ﬂ: ity of flow in the system. It was found that the pump, a Roots

:% blower, positive displacement pump, put out a highly pulsating

x; flow with amplitudes of #1.2 psi at the orifice when the orifice

. mean value of Wp was about 0.5 psi. A dominant frequency of 240

f' Hz (traceable to the number of lobes in the pump) existed with

}& certain higher frequencies. Under these unsteady conditions, tne

o use of an orifice as a flow measuring device 18 not feasible.
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Reference 8 notes that, under pulsating loads, no known relation

Py

exists between flow rate and orifice 4p. To avoid this problem,

the configuration was modified by placing the orifice upstream of

P{‘ the pump near the 1inlet of the system and 1installing mufflers
:;ﬁ between the orifice and the pump. A muffler was also installed
e upstream of the wing to steady the flow entering the wing. The
Ko fluctuations at the orifice were reduced to about 10.03 psi.
&iﬁ Subsequent comparisons of the flow rate derived from the balloon
:: measurements and each of two orifices (diameters of 1 and 2
3.% inches) were within about 3-percent using the book values (Ref.
) S 8) for the orifice discharge coefficients. This accuracy was
.- considered to be in the same range as that of the balloon mea-
%ﬁ surements themselves.
4 -
o) 2.2.5.2 Balance Calibration
353 In the Phase I test program, it was recognized that the
13& calibration of the wing-balance-bellows system could change with
;;k each wing. The bellows provided a path parallel to the balance
through which unmeasured loads could be transmitted. Because the
‘ﬁ\ bellows was quite stiff both in torsion and in tne directions of
‘h: ' normal and side forces, self-equilibrating loads could exist
fg; between the balance and the bellows. The five-component balance
) was calibrated for each wing on a test fixture that housed the
ﬁﬁ- actual wing-balance-bellows assemuly.
A
%? To account for a possible effect of the internal pressure
u produced by the jet blowing, the balance was callbrated at two
:32 values of the pressure denoted by PTC. This was accomplished by
g . .

%h ) sealing the wing tips and statically pressurizing the wing-
;&z bellows cavity. The variation between the two calibration matri-
'4. ces was slight with variations 1n normal and side force being
irﬁ approximately 1 to 2 percent. Linear 1nterpolation ot these twu
:JZ: matrices was used to obtain the calipration matrilx for the value
g\ of PTC that existed for each data point during testing.
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2.2.5.3 Jet Momentum

The momentum coefficient 1s based on jet momentum wnich

requires knowledge of mass flow rate and the velocity, or velo-

g

‘%ﬁ city and density. To obtain a direct measure ot jet momentum,

32 the wing was mounted in the test fixture on load cells acting in

e the spanwise direction. The thrust loads were measured as a

. function of mass flow rate of the blowing air. This direct mea-

&;2 surement of momentum avoided the difficult task of 1ntegrating i

AT the density and velocity distributions over the area of the jet

s%; to obtain the momentum cozfficient Cu' Only the spanwise compo- ]
nent of momentum, perpendicular to the root choru, 1s used to

Jthﬁ define Cu' because the other components of thrust (balance

;}E forces from blowing air) may contain self-equilibrating loads

.ﬁ? between the bellows and balance.

: ; 2.2.5.4 Balance Forces

L

:::t It is necessary to know the balance forces as functions of

R tip jet mass flow rate. These forces due to the blowing air are

B removed from the balance readings to g¢give net external aero-

:\' dynamic loads acting on the wing. This portion ot the calibra-

:TV tion was carried out with the wing installed in the tunnel with

#;. zero tunnel velocity. It was determined that this calibration

?Jf was not significantly affected by the tunnel walls, and it did

, 3 not change as long as the wing was not removed from the bal-

ﬁﬁ ance. The forces being measured were small, but they had a siy-

o nificant effect on the change in drag due to blowing. Tne pres-

Q%' ent scheme for calibration indicate an upper bound of error ot )

ﬂﬂk about 0.1 1lb. for Fx and 0.2 1lb. for Fz, This represents an

ﬁﬁ‘ increment in Cp of about 0.01 and 1in C, of 0.005. X
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g% 2.3 Test Results
ﬁ% All lift and drag coefficients presented herein are based on
ﬁ& the external aerodynamic forces acting on the wing; that 1is, the
%m thrust components from the blowing air have been removed from the
v ) total forces and moments measured by the balance. The lift and
f)s drag coefficients versus momentum coefficient, Cu' are presented
1'3 with angle of attack as a parameter. In the data, small differ-
1hr ences 1in values of o for each configuration exist because of
) variations in manually setting a and because the correction
:ﬂg applied to o depended on the lift coefficient.
:::g.
&f An upper bound on experimental error has been estimated to
. be about 0.01 on C; and 0.005 on Cpe The error on Cj; may be a
jﬁ; large percentage at low values of angle of attack, but more accu=-
;‘: rate drag measurements are beyond the capability of the instru-
5~: mentation and facilities used in this study. Small differences
Wl between different tips should not necessarily be attributed
e solely to experimental error; for example, 1t 1s observed that
?:; lift and drag for a given wing appear to be somewhat dependent on
a:g the port configuration even when C = 0.
e
*3 To show a reason why differences may actually exist, the
5#‘ wing cavity pressure was measured when Cu = 0 with the wing
;“ cavity sealed except for the opening of the tip port(s). The
1? negative pressure in the wing cavity varied between configura-
%Q: . tions that are identical except for the geometry of the ports.
3¥ This variation in pressure at the same value of « must be caused
:%. . by changes in the flow around the different tips; for example, a
ﬁﬁ chordwise pressure gradient at the tip will produce a local ftlow
E}f in and out of the multiple ports. These changes caun produce
kg variations in the 1lift and drag for different port configura-
$% tions.
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In the following sections, the measured lift and drag coef-
ficients on each wing and tip combination are presented. Com-

ments on the data are provided as part of the discussion for each

wing.
2.3.1 Wing No. 1

The results of measured lift and drag coefficients at vari-
ous blowing rates for the rectangular wing are shown 1in Figures 9
through 12, Tips 1, 2, and 3 snow small gains in lift up to Cu =
0.04. In Figure 9, the lift coefficient of a single port, (the
forward two ports in Tip 1 were sedaled) shows a decrease 1in
lift. In Figure 12, Tip 4 shows a gain in lift of 20 percent
at a = 18° and approximately 60 percent at a = 3° at a value
of Cu = 0.12.

The drag coefficients measured on the rectangular wing with
multiple tip jets (Tips 1, 2, and 3) are uncertain at best. The
trends are consistent; that is, blowing either has little eftect
on drag or it increases drag slightly. The experimental error in
the drag measurements are the same order of magnitude as the
change in drag. The long slot, Tip 4, causes a significant in-
crease in drag with increased blowing as shown in Figure 12(v).

All tips on Wing No. 1 are compared in Figure 13 at constant
blowing coefficients, The no-blowing condition in Figure 13(a)
illustrates the small effect of tip geometry on the baseline
condition as described 1in a previous section. Within the
expected scatter in the data, there is virtually no tip effect un
drag with no blowing. At a constant blowing rate, C“ = 0.035, 1n
Figure 13(b), there are some small effects ot geometry. Compar-
ison of parts (a) and (b) 1llustrates 1ncreased lift and drag due

to tip blowing over the entire range of angle of attack.
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!
B 2.3.2 Wing No. 2
A
“ﬂﬁ The measured results of lift and drag coefficient at various
‘$: blowing rates for the uncambered swept wing ace shown in Figures
:%? 14 through 17. The results for Tips 1 and 2, each having three F
i discrete slots, are shown 1in Figures 14 and 15. Both tips
jﬁ& exhibit increases in both lift and drag at the larger anyles of
‘i) attack. Tips 3 and 4 in Figures 16 and 17 have long slots
S extending over most of the tip chords. It is seen 1n Figures 16
‘g. and 17 that the 1lift at Cu = 0.10 for both tips 1is increased
m& about 18 percent at o = 12°, At angles of attack, Tip 4 has a
higher 1increase in 1lift than Tip 3. As shown 1in previous

5f: results, the drag increase due to blowing is greater for tne
5?': longer slots.
ahy
K’ﬁ The different tips on Wing No. 2 are compared witn and with-
gﬁ; out tip blowing in Figure 18. Without blowing, there are small
S d tip geometry effects on lift and dray, but for practical pur-
G0 poses, the results lie within the normal scatter in the measure-
W ments. With blowing, the 1lift curves show no tip effects until
m$ large angles of attack. There seems to be a significant tip
J*’ effect on the drag coefficient over the entire angle range.
o
i . . -

+- In Figure 19, the average values of lift and drag of all the
;éa tips are shown for Cu = 0.0 and 0.04 to 1illustrate the 1increases
N with blowing. The average curve for 1lift coefticient 1s more
3 meaningful than that for drag coefficient since there is little
O lift variation between tips, There 1is more variation 1n drag
;? between tips at Cu = 0.04, but the average values are still
;ﬁ: useful in showing the trend of drag increasing with Cu . Tne
'5.¢§

N increase in lift at C“ = 0.04 is about 8 percent.
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2,3.3 Wing No. 3

This wing has the same planform as wing No. 2, but the sec-
tion is cambered (NACA 64 Mean Line). The measured results for
lift and drag coefficient for different levels of tip blowing are
shown in Figures 20 through 23. The effect of cember is largely
an added increment of angle of attack of almost 6 degrees or an
increment of lift of about ACL = 0.25. If the effects of camber
are removed such that C; at a« = 3° equals ¢ tor Wing No. 2, Tip
4 at a = 3°, the results at other values of o are similar to
those described previously. A summary of the effect of tip blow-
ing for all tips together is shown 1n Figure 24, and the averaged
values are shown in Figure 25. It appears the drayg coefficient
is not affected by blowing, and the lift coefficient is increased
approximately 5 percent at a = 18°.

L

2.3.4 Tunnel Velocity

Several runs were made at lower tunnel velocities to test
the wvalidity of using Cu as a measure of the blowiny effective-
ness. Shown in Figure 26 are results for vV, = 100 and 195 ft./-
sec. The agreement between runs 1is good. From the definition
of C , a lower tunnel velocity allows a higher C W and 1t 1s
apparent that the lift continues tc increase at the hlgher blow-
ing rates for o = 12 and 18 degrees. The higher tunnel velo-
city was chosen for most of the testing tu ensure that the jet 1s
swept aft to prevent reflections from the opposite tunnel wall

from impinging on the wing.
2.3.5 General Comparisons
Comparisons of the improvement in lift due to tip blowing

are shown in Figure 27 for a = 3°, 12°, and 18°. The tip con-

sidered for each wing has the long slot covering most of the tip

-12-

ola )

DAOAIRCRCWNTIKN
it it



o

ol

3%, chord, The cambered wing (No. 3) shows less improvement in litt

2,, than the other wings, especially at low angles of attack, and the
~ lift improvement on the cambered wing 1s unearly 1ndependent
".. of «a.

b

L? The effect of camber on the relationship between lift and
K: drag for the swept wings 1s seen in Figure 28. The effect ot

F;‘ blowing is about the same for each wing.

"

) 2.4 Discussion of Results

X :\E

':; The different tips for a given wing exhibit similar aero-
“; dynamic characteristics at the same values of momentum coeffi-
" cient. The lift coefficient generally increases with increasing

:& values of momentum coefficient, The location of the tip jet is

;gr critical to the lift augmentation; although, the one tip made up

2:5 of a small jet near the trailing edge of the wing actually

R decreased the lift with blowing. This particular jet nad a large

) sweep angle (about 60°) which may have been too large for optilwmum

3:; efficiency.

‘ -3.:_

o o

i The angles of the blowing jet deserve mure 1nvestiyation to

;3; determine their effect on the performance of the wing. Also, the

ﬁ* effect of camber is important and represents another parameter to

52. be investigated. The lower 1improvement 1in li1ft and 1ts relative
i independence of o suggests that camber basically affects the

R ’ process by which lift is improved.

e

i . . .

5% The jet momentum coefficient 1is controlled by two parame-

o ters, the mass flow rate and the pressure ratio. To obtain com-

-?" parable values of Cu, a small port wusing a low flow rate

g requires a high pressure ratio whereas a large jet uses a large

'ﬂ$ flow rate and a lower pressure ratio., The more important parame-

;;. ter may be tip-jet velocity ratio for correlation of 1induced 1litt
o d

!
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::?:E with blowing; however, it 1is difficult to use this additional
] parameter when tip geometry is also changing. This area needs
E:::: further investigation.
I

b 3.  LARGE-SCALE TEST PROGRAM

.',.j

W 3.1 Background

o

Z:r.. NASA/Ames Research Center has an interest in tip blowing for
g lift augmentation that extends back to 1960, including an unpub-
WL lished tip~blowing test program from that period. A briefing at
:-\\ NASA/Ames Research Center on the small-scale tests described
"": above brought to light a planned tip-blowing test 1in the Ames 7-
"\* by 10~-foot wind tunnel. Through a cooperative agreement between
;;, Ames and the Air Force, NEAR was allowed to participate 1an this
‘.: large~scale test program which would permit tests on 4 larger
o's scale wing at higher pressure ratio tip jets than was possible 1n
:.. the NEAR facility. The NEAR participation included the fabrica-
o tion of an experimental apparatus to measure flow field infor-
"‘::: mation in the vicinity of the wing with tip blowing, design and
:?0' fabrication of interesting tips identified in the small-scale
?tg_: test program, and participation in the actual test program at
..)., NASA to monitor the preliminary data and provide any experience
TN gained during the small-scale tests.

5' NASA/Ames Research Center contributed the experimental data
_. on tip blowing presented herein. These data are to be publishea
':E:.:. by NASA at a later date.
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3.2 Test Program

3.2.1 Scope

The NASA test program involved the design, tabrication, and
testing of a wing with planform similar to tne small-scale swept
wing described above. The wing was 1nstrumented for overail
force and moment measurements and pressure measurements on the
wing surface, A computer-controlled traversinyg system for mea-
suring static and dynamic pressures in the flow field 1n the

vicinity of the wing was available for flow tield surveys.

The tests were conducted for a number of difterent tip
nozzle configurations over a range of angles of attack and blow-
ing rates. To obtain desired blowing coefficients, the tip
nozzle pressure ratio and the freestream velocity were varied.
The freestream velocity ranged from 160 to 285 tt./sec. during

the tests, and the tip pressure ratio was between 4.8 and 6.3.

This velocity range provided a Reynolds number range of 0.93 x
108 to 1.70 x 106/ft. and a dynamic pressure range of 30 to 90
:$¢ psf. For a single run (angle of attack sweep) the tip pressure
> ratio and the freestream velocity were held nearly counstant.

} They were changed between runs to ovbtain different blowing rates.
~
3.2.2 Model

» A sketch of Wing C-BT 1s shown in Figure 29 where the span-
A wise location of pressure ports are shown. The locations ot the
W ’ pressure ports on each surface are given 1n Tables 4 ana 5 where
:ﬁf the chordwise locations are measured from the local leading edge,

and each is normalized by the local chord length.
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g
S
o
Py The basic wing dimensions are
%i':'l‘
g
R semispan, b/2 = 30.4 in.
e root chord, cp = 36.0 in.
3':: tip chord, cp = 10.8 in.
‘-:‘:)
‘\.‘-J
2.¥%9Y .
‘-3 A total of five tips with different blowing slots were con-
'a-_ sidered. In addition, a solid tip was 1ncluded as a reference
'\-ﬁ for the case of no blowing. The tip numbers and the correspond-
By ; . . . .
S ing slot geometries are defined in Figures 30U(a) and (b) where
DA the length of each single slot jet is determined by the location
I of the end points given in percent of the tip chord. The area of
.1-::) each slot 1is 0.24 sq. 1in; therefore, the constant area |is
'O
:- achieved by varying the width of the slot tor each tip. The
:!.. slots for tips five and six have splay (dihedral) angles of 30
@ and 60 degrees, respectively; that is, the jets blow downward at
"I‘
1_"‘"4 an angle measured from a horizontal reference. These tips blow
-
;.":; outward at a sweep angle equal to zero.
n'!'
A
Tip 8 was designed by Dr. J. M. Wu ot the University ot
J::j', Tennessee Space Institute. The three slots have sweep and splay
":_'f angles as shown in Figure 30(b). Although the slots were cut to
)
P these angles, the actual flow angles sometimes varied from these
values, The total area of the three slots, measured perpen-
‘:':‘.l‘ dicular to the flow channels within the wing 1is 0.36 sq. in.
,‘;.e which is slightly greater than the other tips.
.I‘
%
i 3.2.3 Facility
K
¢
¢
:o::.n The NASA/Ames Research Center 7- by l0-foot wind tunnel 1s a
PG
:::‘: closed circuit, atmospheric, subsonic (0 to 220 Kknots) tunnel
) i
5 having an external balance tor measuriay loudds on the model. Tue
034
K balance consists of scales connected with the appropriate link-
) 3 P P
:-.;' ages to measure the six compunents ot lLoad,. Semispan models can
&
b n L6
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be attached to a floorplate which is attached to the scales, and

E.C the floorplate rotates about a vertical axis to change the angle
\r of attack of the model.
o

e A large supply ot high pressure air 1s avallable for tip
2 blowing. The hoses carrying this air have couplings that form a
figel flexible "trapeze" to eliminate variable resultant loads 1n tne
:.; hoses that could be applied to the balance.

s

e . - .

‘:;S The flowfield traverse rig 1s a structure that moves a prove
:.,.. along three orthogonal axes throughout the test section. The
. degrees of freedom can be increased by adding the rotation capa=
:'; bility to the probe unit. The wunit 1s computer controllea
j through software that allows elther movement to single locations
“:-4 or automatic movement through an array of locations for flow
.‘f field surveys.

¥

»::: 3.2.4 Data Acquisition and Reduction

&

The data consist of the six components ot resultant forces

." and moments obtained from the external balance system, wing sur-
- face pressures from the array ot taps, parameters ot both the
"-"E tunnel and the blowing ailr, and alcrstredin pressures ftrom the
"")' traversing probe.

1': The force data dre reduced tou net torces, 1n coetilcilent
‘_t'_' form, produced by the exteriial aerodyuamic forces actiuy on tue
:; wing; that is, the forces pruduced by the blowing alr 1aterunally
" ' within the wing system dre removed, These tare tocrces were
'?.: obtained by a two-step proceaure. First, the wiling tave torces at
,:fi: angle of attack for the wing with no blowing and the tunnel otf
;ﬂ' were measured. Then, each tip wdas tested with vlowlng anda the
—' tunnel off. The wing tares were subtracted ftrom these data to
o obtain the net tip tares. Note that the tip tares should be
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included in some cases; for example, when couwparing the etfect on

lift and drag of a Jjet blowinyg at different sweep or splay
angles, the thrust portion ot the tare wmay contribute lift anu

drag forces that exist in an actual application,

The pressure data are reduced to pressure-coetficient form,
and the resulting pressure distribution 1s 1ntegrated to obtailn
the aerodynamic contribution to the litt force. This 1s useful
for comparing to the balance-measured litt force. The blowing
coefficient is obtained from thrust measurements with zero tunnel
velocity and from measurements taken in the blowing-air lines.
The mass flow rate 1is measured with an orifice, and the ¢tip
momentum 1is calculated from the mass flow rate and the measured
pressure ratio at the tip. Because the pressure ratlo 1S greater
than two, sonic velocity exists at the tip nozzle for all olowing
conditions,

3.3 Test Results

Preliminary li1ft and drag data from the large~scale test ot
Wing C-BT at the NASA/Ames Research Center are presented in this
section. These data have not received extensive analysis, and
they are presented herein for 1llustration purposes. A formal
test report will be forthcoming trom Ames 1n the near future;
therefore, this section should not be considered as wind tunnel

test documentation.

The lift and drag coefficients to toullow are corrected for
tip jet tares as described abouve; therefoure, the fources are the
external aerodynamic torces acting on the wing. The results are
presented with jet momentum coefficient and angle ot attack as
parameters. A sample of the measured results on each tip con-
figuration are presentea, and Driet comments on the data are

provided as part of the discussion tur edach contiguration,
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3.3.1 Tip 2

Measured lift and drag coetfficients on Wing C-BT witnh Tip 2
are shown in Figure 31 for a range of blowing coefficilents and
angle of attack. The solid tip 1s shown on each curve as a ref-
erence for the basic wing. Tip 2, the long straight slot jet,
produces increased 1li1ft and litt curve slope with blowing. The
maximum lift coefficient 1s significantly higher at the larye
blowing rates, but the stall angle 1s unchanyged. Dray covetfi-
cients shown in Figure 31 (b) 1ndicate 1ncreased minlimum dray
with blowing, but the measured drag at hiyher litt coetficilents
appears to decrease with blowing. The dqecrease 1in drag at 4
given 1l1ft coefficient is likely caused by the lower anyle ot
attack required to produce a specified lift coetficient with tip

blowing activated.

3.3.2 Tip 4

Tip 4 has a slot length approximately equal to 25-percent of
the tip chord. Measured lift and drag coefficients four a range
of blowing coefficients are shown 1n Figure 32. These results
are similar to those discussed above; however, 1t appears the
lift increment due to blowing may be slightly less than tnat
observed for Tip 2 at the same momentum coetficient. brag alsvu
seems to decrease with blowing, but tne total 1increment 1s less

for this tip.

3.3.3 Tip S

Tip 5 is the same size as Tip 4, pbut Tip 5 1s plowlnyg down-
ward at a 30-degree dihedral angle. Direct litt trom the jet
momentum has been removed from these results shown in Figure
33. At low angles of attack, the lift 1ncrement due to blowiny

is greater than that measured on Tip 4 witihwout dihedral; however,
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:?' at higher angles of attack, the 1litt increment due to blouwiny

\ appears to be less with dihedral. The dray coefficient shown 1n
Figure 33 (b) 1s apparently decreased with blowing at hilyner 1L1ft
coefficients, but at low values of lift, the i1ncrement 1n dray 1s

the same order as the scatter 1n the measurements,
3.3.4 Tip 6

Tip 6 (Figure 34) 1s the same tip described above, but it
has a 60-degree dihedral angle. In general, the results with
blowing show higher 1lift at 1low angles of attack than that
measured on the previous tip; however, the maximum lift
coefficients with blowing are nearly identical to the other
tips. The measured drag coefficients are virtually identical tou
those described above.

3.3.5 Tip 8

The measured 1lift and drayg coetficients on this tip with
three individual slots, illustrated in Figure 30 (b), 1s shown in
Figure 35. Tip blowing increases the lift coetticient at the
high angles of attack, but the amount of increase appears to be
slightly less than that produced by the other tips. The 1lift
increment due to blowing is less at low angles of attack. The
drag data appear to be questionable as 1f the thrust components
of the jets have not been removed from the measurements. These
data should be investigated further before comparisons with other
tips are considered.

3.3.6 Pressure Distributions

e
gt . .
;'0’.:: Details of the effects of tip plowing on the chordwise pres-
f;ﬂ sure distribution on Wing C-BT are available from the large-scale
fg. NASA test for selected configurations and flow conditions. In
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Figure 36, measured pressure distributions on the wing with Tip 2
at 5 degrees angle ot attack and C“ = 0.02 are compared tu the
unblown wing at the same angle., The tip Jet tends to lower the
suction pressure on the wing upper surface over the entire Sspan;
however, the jet-induced effects are small 1nboard of the mid
semispan. Cn the lower surface, the tip jet causes an 1ncrease
in the pressure, but the effect 1s small 1nboard ot tne 80~
percent semispan station, Thus the total etfect of tip oblowing
is to increase the lift over the semispan of tne wing with tue

largest increases occurring at the tip as expected.

Measured pressure distributions on Wing C-BT witnh Tip 4
under similar flow conditions are shown in Figure 37. Tnough Tip
4 is a shorter slot, the jet-induced effects are nearly the samc
as for Tip 2. The 1nboard lower-surface pressures seem to
exhibit slightly lower jet-induced effects as do the lower sur-
face pressures over the entire semispan.

Similar pressure measurements are shown 1in Figure 38 for the
wing with Tip 8 with three discrete slots (Fiy. 30(b)) at various
sweep and dihedral angles. Though the inboard pressure measure-
ments are omitted because of 1nstrumentation ditficuities, the
outboard pressure distributions exhipit some distinct differences
from the previous results. For example, the jet-induced Lower
pressure on the upper surface 1s concentrated toward tne trailing
edge of the wing with smaller effects near tine leadinyg edye,.
Also, the jet-induced effects on the lower surface are smaller
than those observed in the previous figures. These results are
not unexpected since the tip jets dare concentrated neat the

trailing edge.
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i*; 3.3.7 Flow Field Surveys
(
2 , .
A Preliminary velocity fleld measurements 4t two stations (1
i inch and 10 inches) aft of the wing trailing edge are avallable
’E from traverse surveys. These Qqualitative measurements clearly
v illustrate the trailing vortex as shown in Figure 39. Figures 39
>, (a) and (b) show the vortex for Wing C-BT at 8 degrees angle of
af
'ﬁ attack and no tip blowing. The origin ot the coourdinate system
b is located at the tip trailing edyge, and the wing trailing edge
line 1is shown to illustrate the wing position. With tip blowiny
‘o on, a significant change ir trailing vortex position is shown in
<o
'? Figures 39 (c¢) and (d). It is clear the vortex is moved outboard
W and upward, and from the relative magnitude of the individual
vectors, 1t appears the vortex 1is dispersed over a greater
N area. Furthermore, it appears the tip vortex with tip blowing is
’}: stronger than the vortex without blowing.
.'\
b
The results from the flowfield measurements 1ndicate siyni-
M ficant effects of tip blowing on the trailing vortex. These
3£ results are preliminary and have suffered wilnimum analysis;
‘g
} therefore, some caution 1is advised 1in developiny conclusions
g based on the above observatiouns.
2
'."
gt 3.7.8 General Results
§ »
i
' The tip blowing results described above provide suificilent
'. data for a number of parametric studles. Detairled analysis ot
?
v these data 1is beyond the scope of the current investigation;
> , .
‘q however, several interesting comparisons follow to 1illustrate
WY
B general trends of the experiment.
.l
\/
'’ The effect of tip nozzle geometry 1s shown in Figures 40,
x 41, and 42 where the measured lift and drag coetficient on each
L4

’ tip is compared for nearly constant blowing rates. The first
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observation 1s that Tip 2 provides the highest 1lift augmentation

at high angles of attack, but Tip 6 provides higher augmentation

at low angles of attack. Discounting the possible problem with

N the drag data for Tip 8, the measured drag results hignhlight Tips
A oy . .
. 2 and 6 as providing more drag reduction at a constant lift coef-
e
D) ficient than the other tips. However, the difficulty 1in
.QQ_ measuring drag and the scatter in the data make tnis result
s tentative at best.
Sa
|}
he An alternate means of comparing tip geometry eftects 1s to
$oj compare relative 1lift increments induced by tip blowing. In
,“1 Figure 43, the incremental lift attributed to tip blowinyg, nor-
WY malized by the baseline 1li1ft on the wing wilthout blowing, 1s
V%, shown for each tip at constant blowing coefficients over the
K entire range of angles of attack. Although these results have
ﬁgj: not been smoothed or curve fit for easier visualization, several
jﬁ interesting results appear. Tip 2 proauces the greatest 1lift
» augmentation at high angles, but Tip 6 1s marginally better at
s low angles. Tip 8 consistently produces the louwest lift augmen-
oo . . . .
&\ tation at angles below maximum litt, As expected, the lift aug-
:
%* mentation increases with increased blowing rates.
4
o
.%‘ Another means to quantify lift augmentation at varying blow-
(
:ﬁd ing rates is shown in Figure 44 where the litt augmentation is
*35 shown as a function of blowing rate for constant angles of
if; attack. In general, these results indicate increased lift aug-
!L mentation with increased blowing; however, the rate of increase
r , A _
55. decreases at higher angles of attack. As noted previously, Tip 6
¥ \J N .
Qk provides the greatest 1li1ft augmentation at low angles of attack,
R)
gt but at 16 degrees, Tip 2 1s marginally better.
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3.4 Discussion of Results

As described above, tip blowing from any of the nozzles con-
sidered has an effect on lift augmentation, although some nozzles
appear to be more efficient than others. The pressure distribu-
tions illustrate that the lift augmentation due to tip blowing is
concentrated at the tip; however, there 1s some etftect over most
of the wing, both upper and lower surfaces. The flow field
studies 1illustrate a significant eftect on the location and

strength of the wing trailing vortex.

The investigation reported in this section permitted only a
cursory study of the wealth of data obtained in the NASA/Ames
large scale test program, and additional analysis of these data
may add more understanding to a complex flcew phenomenon. There-
fore, it is important that firm conclusions be delayed untild all
the measurements have been examined with care. In particular, it
is important that the measurements be studied in the context of

the theoretical analysis reported in the followinyg sections.
4, ANALYTICAL INVESTIGATION

4,1 Background

The fluid phenomena responsible for providing lift augmenta-
tion with wing tip blowing are not well understood. The purpose
of the analytical investigation 1s to study the efrects of tip
blowing by using a Navier-Stokes code to predict the flowfields
about a realistic wing with variable blowing conditions (Jet
geometry and blowing coefficlents). Spanwise blowinyg trom near
the root of the wing is also 1lnvestigated. Analysis of the simu-
lated flowfields can provide further understanding into the

mechanisms and parameters affecting lift augmentation,
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There are few previous analytical studies ot the wing/tip-
jet problem. The complexity ot the flowfield makes a theoretical
approach difficult; consequently, only inviscia mocdeis have oeen
attempted. For example, Wu et al. (Reft. 1) uses a vortex
lattice-model for the wing and tip Jjet. The computed spanwlse
distribution of normal-force coefficients and chordwise loadings
are in fair agreement with experimental data, although the agree-
ment deteriorates near the tip.

Assuming the jet 1is an 1inviscid sheet and acts as a fluid
extension of the wing tip, Tavella and Roberts (Ref. 9) derive
scaling laws for lift augmentation as a tunction of bluwing coef-
ficient and angle of attack., Using these scaling relations, data
taken from different blowing experiments with rectangular wings
are correlated (within a fairly large bana). Based on the cor-
relation, the authors conclude (Refs. 10 and 11) tnat lift aug-

mentation is primarily the result of inviscid pnenomena.

Neither of the above approdaches expliciltly accounts for any
viscous lift augmentation wmechanism. The Navier-$Stokes method
was purposely selected for simulating this flow Dbecause it
includes both viscous and inviscid effects. As part of the cur-
rent effort, a preliminary numerical study of the flow over a
rectangular wing having spanwise tip blowing was daccomplished
(Ref. 12). A summary of these preliminary calculations and

results are discussed in the following section.
4.2 Preliminary Analytical Study

To identify the important mechanisms 1influencing lift aug-
mentation, and also to demonstrate the feasibility of performing
a Navier-Stokes simulation of the winy/tip-jet flowfield, a pre-

liminary numerical study was conducted. The numerical model used

A
.. dte,

oo g e T Vg Ve i I \4 b DO AIIRGOOC OO OGO S O A OO OO
prrhninh e !(:‘Yai‘,0;‘?0.,‘.,1A‘..l,'?u‘?l‘.’?’a“ﬁu"‘o“.‘n' R M A I bt K K K KN S SOOI




)
)

P

K @
= R SR

S,
REP AN

.:'h'u

<

<%
ST
4 a4k

[N

CR RN P
A Tk
[} PRt o f
- o v
.'.'.".'l L F 3

Cal

-

A g

. .
",

and the important results of the study are summarized in this

section. Further details are presented in Reterence 12.

The simulated wing model has a rectangular plantorm with an
aspect ratio of one. The c¢ross-section 1is 10 percent thick,
having circular arc wupper and lower surfaces and 2 percent
camber. The leading and trailing edges are sharp, and the winy
tip profile 1s rectangular. The tip jJet counsists ot a thin slot,
approximately 70-percent chord in lenygth and centered vertically
and horizontally on the tip. This yeometry provides plowing in
the spanwise direction (normal to the ftree stream flow direction)

with zero dihedral or splay angle.

The Reynolds-averaged, compressible, Navier-Stokes equations
are solved using second-order central difterencing witn fourth-
order numerical dissipation terms added for stability.
MacCormack's explicit algorithm (Ref. 13) is used as t.e solution
algorithm, The turbulence model consists of a constant mixing-
length based on the jet-slot width and 1s described 1n detall 1in
a later section,

The selected grid, Cartesian and nonboundary fitting, has 32
x 32 x 16 points in the streamwise, wing-surface normal, and
spanwise airections, respectively. The grid density across the

tip jet is necessarily coarse for this preliminary study.

Boundary conditions applied at the nonblowing surtaces ot
the wing and the wing root wall are 1inviscid, tangency condi-
tions, The wing boundary layer 1s neylected because proper grid
resolution cannot be provided. All cases consider a freestream
Mach number of 0.5 and subsonic jet velocities. Inflow boundary

conditions are specified and outflow conditions are extrapolateu.
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Numerical simulations with parametric varlations ot angle ot
attack and jet blowing coetficient are shown. 'ne jet blowingy

coefficient 1s defined as

h.v.
= 3] 1
Cu 3.5 (1)
and varies between 0.0 and 0.32. The angle of attack variles

between 0 and 6 degrees, The ratio ot jet velocity to free-

stream velocity varies with Cu and does not exceed two.

Before discussing tne simulation results, two terms are
defined to quantify lift augmentation. Lift 1lncrement 1s defined
as the difference in lift coefficient with and without blowing,
and relative lift 1increment 1is defined as the ratio of the lift

increment and the li1ft coefficient without olowing.

The following opbservations are made with respect to the wing
loading. At a constant angle of attack, tne relative litt 1ncre-
ment increases rapidly at intermediate blowing coetfficients, then
more slowly at higher Cu (Fig. 45(a)). Holding the biowing cuef-
ficient constant, Figure 45(b) shows the relative 1lift 1ncrement
rises and then falls off as the angle of attack 1ncreases. Tne
falloff is primarily due to the 1increase 1n the baseline 1lift
coefficient at higher angles of attack. Similar 1lift augmenta-
tion behavior is found in experimental studles described i1n Ref-

erences 4, 14, and 15,

Based on predicted results, spanwilise loading with tip
blowing 1ncreases over the entire seml-span. The largest
increases 1in 1lift occur near the tilp, but some augmentation
occurs near the root. Generally, the upper surface pressures are
lower with tip blowing, and the lower surface pressures uare

nearly unchanged. The location of the minlmum pressure ol the
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upper surface shifts rearward with tip olowinyg as noted 1in Refer-

ence 15.

The predicted flowfield 1n tne vicinity of tne wing tilp
reveals additional insight into the mechanisms of lift augmenta-
tion. The trailing vortex witn blowing 1s shiftea upwards and
outwards from the wing tip as shown in Figure 46; consequently,
the induced velocity on the wing upper surface near the tilp has
an outboard component. Thi1s 1is 1n contrast to the no-blowing
case where the velocity has an 1nboard component. Ovbservations
of the outward movement of the tip vortex 1s also described in

Reference 15.

A view of the pressure field at 104-percent semi-span (Fig.
47) reveals a distinct pressure difference across the jet. At
80-percent chord (Fig. 48) the pressure field exnibits a pocket
of low pressure adjacent to and just outboard of the tip 1in the
vicinity of the tip vortex core. This pocket ot low pressure 1s
responsible for lowering the pressure on the wing upper surface
near the wing tip thus accounting for part of the litt auygmenta-

tion.

To assess the influence of this low pressure region on the
augmentation effect, an additional simulation holding the angle
of attack and blowing coefficients tixed was 1nvestiyated; how-
ever, jet velocity was reduced and jet density was 1ncreasea to
maintain the constant blowing coetficient, as discussed 1n Reter-
ence 12, the resulting tip vortex 1s weaker, the pressure 1n the

vortex region is higher, and the lift 1increment 1s swaller,
The following picture emerges from these observations. A

primary augmentation mechanism appears to be the ygeneration vt a

low pressure region associated with the tip vortex core., With
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olowing, the tip vortex has dreater swirl and lowef core pres-
sure. Energlzing the tip vortex 1s 4 result of jet-induced snear
stresses acting on the surroundiny fluid; theretore, the jJet
veloci1ty appears to be an important parameter, more SO than the

blowing coefficient. Because ot the close prouximity of the low

pressure region to the tip, greater suction pressure 1S 1lnduced
on the upper surface near the tip and decreasinyg towards the
root. The wing's lower surface pressure remains essentilally

unchanged. The net result is a gain in lift.

The

effects are a key

results of this preliminary study 1indicate viscous

ingredient to lift augmentation by tip blow-

ing. Since viscous effects have been neglected i1n previous theo-

retical approaches, it is 1important they oe 1included to gain

complete understanding of the fluid mechanics of the complex flow
field.

4.3 Analytical Method

This section describes the details ot the analytical metnod

used for simulating tip-jet flows. The governing equations are

presented, followed by descriptions of the numerical alyoritam,

wing and grid, turbulence models, and boundary conditions.

4,3.1 Governing Equations

The Reynolds-averaged Navier~Stokes equations 1n generadalizea

curvilinear coordinates in strong conservation law form are

a

6TQ+ SE(E-E =

) + an (F - Fv) + QQ(G - G,) 0 (2)

v

where the conserved variables and convective fluxes are
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9
: pV oW
W . puV + n p R PUW + [
o -1 X -1 X
it =J ovV + n p G =J VW + o p
) pwvV + n)z/p DWW+ gip
Y V(e + p) - n.b W(e + p) - ¢.P
D)
D (30)
.
‘l
o The contravariant velocity components, U, V, and W are given 1in
n terms of the Cartesian components
“u
.
o
Lo = + £ + £ ¢
8] Et Exu + r,yv S (4a)
3
5 = + + ;
\Y e nxu + nyu n,w (4b)
A
~
) = + 7 z + fod
W e Ut ,yv z (4c)
>
' Using the ideal-gas equation of state, pressure is related to the
i conserved variables as
!
1 -
p=(y-1 le-30 (u2virud) (5)
'
1
4 The viscous flux terms are
2
>
-
b.
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,‘»I
Jnl
and

f.‘l
S -1

Lo =

- Bx YkPr axe1 + uT . + VTxy + LA (8a)
o .

‘ B = YkPr "3 e. + ut + VT + w1 8b

y 7 y°1 yx Yy yz (80)

|3 1
Lt = -
.;-:. Bz YKPr azeI + uT, . + vrzy + Wt {8c)
.
s, -
S e = eo t- 0.5(u? ¢ vZ 4 WPy (8d)
:}t

The effective viscosity, u, is the sum of the molecular and tur-

bulent viscosities described in Section 4.3.4.
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E = J(ynzC -y z ) n = J(z,y - yézc)

X tn X £° ¢
EY = J(znx; - xnzc) ny = J(xgzC - xgzé)

N 9

Y = - = -
e £, J(xny; Ynxc) n, J(ygxC XEYC) (9)
|) = Jy,z_- z ) = =X _§ - £ -2 ¢
N Sy T YWY E, e¥n b T 1ox YrcyT%1%2
oo
A g = J(x z2_ - x,2 ) n, = =X n -y n =2 1
AN Y ne £7n t TXx ‘ty "1z
,—.“' cz = J(xiyn - YExn) Ct: = -xTCx-YTCy-ZICz
T and the inverse Jacobian is:
o.. ]
:‘.aﬁ
i -1

= + + - - - 0

v J xiynzz xcyszn xnyczs xEYczn xnyizc xcynzﬁ (10)
y »
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The thin-layer approximation to the Navier-Stokes equations

L5

.’ ’ -"

(Ref. 16) is commonly used for calculating wing tlowfields. The
ma jor assumptions in this model are that the Reynolds number is

i, large, shear layers are thin, and the grid 1is sufficiently
P, clustered in the shear layers. Viscous terms associated only
}ﬁi with derivatives normal to the shear layers are retained in the
f) flux terms given in Equation (6). The resulting thin-layer equa-
ﬁﬁf tions are considerably simpler and, consequently, more economical
lﬁ# to solve than the full Navier-Stokes equations,

e,

T The thin-layer approximation is applicable to jet flows;
QW - however, with spanwise blowing, it must be modified to account
2?“ for the fact the jet is blowing in a direction normal to the
ﬁ:' freestream flow direction. Applying the thin-layer assumption 1in
‘”ﬁ all three directions, the viscous fluxes év’ év' and év become
ﬂé Ev’ Fv' and Gv, respectively, and are ;

(A By » " ;™ ;
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% [' 0 .
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i
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2
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c1=c,x+cy+.’,2 (l14a)

C2 = Cqu + CYVC + CZWC ( 14b)

cy = (uPr v2r w?) s2 + -1 TP (l4c)
4 r 4

For incompressible flow in an orthogonal coordinate system,
the full Navier-Stokes viscous terms in Equation (6) reduce to
Equation (11). Most calculations in this study are made
at M_ = 0.25 and on a grid which is orthogonal 1in the viscous

regions of the flowfield.
4.3,2 Numerical algorithm

The NASA/Ames Research Center code, ARC3D, forms the basis
of the code used to compute the wing/tip-jet flowfields. ARC3D
solves the thin-layer Navier-Stokes equations in generalized
coordinates. To compute the tip-jet flows, the following changes

are necessary:

(1) The thin-layer approximation is implemented in all three
directions.

(2) The tip jet is simulated by specifying the jet flow on
the wing tip surface.

(3) The turbulence model is modified in the tip=-jet region.

These changes are described in this and the following sections.

A full description of the algorithms contained in ARC3D 1s

found in Reference 17. To illustrate the particular version ot
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the algorithm used 1n this study, the numerical method 1s pre-
sented without elaboration, except where it 1is necessary to indi-

cate any changes.

The solution method 1in the current version ot ARC3D 1s
derived from the Beam and Warming implicit approximation-
factorization algorithm (Ref. 18). When second-order central
differencing is used for all spatial operators, the Beam and
Warming method requires the inversion of block tridiagonal
systems of equations. A diagonal form of the algorithm (Ref. 19)
requires the inversion of scalar pentadiagonal matrices (using
fourth-order implicit dissipation terms) and is more economical

than the Beam and Warming method.

The diagonal form is given by:

n - n - n -1
+ hd_A_ + . + hd A + . + ,
T,(I + hs A, thlg)N(I he A th'n)P(I ns N+ nDl‘I,)T;
= r" (15)
and
n . on -n n -1 n n -
= - + + 6 - 8

R h(oEE énF CG Re QS + DeQ ) (lo)
where AE' An and A_ are diagonal matrices consisting of the

eigenvalues of the Jacobians of E, F, and G. T, N, P, and
‘2
TEI are matrices related to the similarity transformations, Dj

and D, are the implicit and explicit dJissipation operators,
respectively,. Note the explicit ci1ght~nand-side vector,

é , contains the thin-layer viscous flux terms, é. Tne three=-
dimensional thin-layer approximation 1s lnplemented Dy

augmenting S to 1nclude tne viscous teras glven 1ln Equation
(11).
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ﬂﬁ The dissipation terms are a4 comblnation of second- and

] }-.‘ . . .

b fourth-order differences which are shown 1in Equation (7.8) of

b
J Reference 20. In the current study, the couetficient ot the

second-order term, Kot is set to zero. The fourth-order coeffi-

'QJ cient, x,, is made as small as possible while not destroying the
” 4 Y

l\ . » 1}

Y stability of the solution algorithm. kg = 17256 1s used for
~ R R

T most calculations shown herein.

-." ‘. fl'.‘l."L <

All spatial differences are second-order central, 1ncluding

the metric differences. This version of the code uses free-

a-a

CLX,

stream subtraction (Ref. 16) to maintain exact freestream flow.

‘:' All calculations are run with a spatially-variable time
)
. step,
P . Ax Ay Az
® h = min ' . CFL (17)
- ul + a v + a [w] + a
‘N
-2
~ and constant CFL number.
>y
%
- 4.3.3 Wing Model and Grid
5
A
j,; The wing chosen for this study 1s a luw aspect ratiu, swept
:. wing having twist, taper, and camoer that has been extensively
'
l) studied both experimentally (Refs. 21 through 23) auu computa-
¢ tionally (Refs. 24 through 27). Commonly referrea to us WING C,
” it has a planform similar to the large-scale wing testea 1in the
ﬁﬁ current program (see Section 3 abuve), but 1t has a ditferent
~“ airfoil section, A schematic of WING C 1s given in Figure 49.
B
e . o
.%: A boundary-conforming curvilinear mesh with a C-O-type
)
;Q topology was constructed about the wing wmodel. The "C" part ot
s the mesh wraps around the upper and lower wing surfaces at con-
:& stant spanwise stations (Fig. 50(a)). Two~dimensional C=-grids
!
:# are constructed at the root, mid-span and tip locations, where
e
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the wing geometry i «nown, using a hypervolic grid yeneration

algorithm, A spanwise distribution, whilch clusters grid lines
near the tip, 1s constructed. Inree-dimensional gyrids are
created py linearly interpolating 1n the previously generated two

dimensional grids at the desired spanwise stations.,

The "O" part of the mesh, shown 1in Figure 50(o), wraps
around the tip. It 1s generated by rotating the upper- and
lower-half planes of the C-mesh at the tip about a curved line
consisting of the grid line normal tu the wing at the leading
edge, the tip camber line, and the wake cut. A segment ot the

axis of rotation 1s shown as line a-b-c-d in Figure 50(<).

Construction of the grid topology in thls manner creates
singularities and cuts in the mesh. Pole singularities exist 1in
the tip plane along the wake-cut line and the line emanating fron
the leading edge. The "tip cut" (Fig. 50(v)) occurs where the
upper- and lower-half tip planes coincide at the maximum value
of n. Treatment of the solution at grid cuts and singularitiles
is described in Section 4.3.5 below.

The grid has 85 x 23 x 30 points in the i, n, and ; direc-
tions, respectively, with 58 points distributed on the chord.
(¢, n, and ¢ refer to the streamwise, spanwise, and wing-surface
normal directions, respectively, in Fig. 50). This is the larg-
est number of grid points which permit the code (approximately 2
million words in length) to run fully in central memory on a Cray

X-MP/48 without reducing job priority.

In the x-z plane, the far-field mesh boundary varies from
four to five root chords from the traiiling edge. In the y-z

plane, the boundary is four to five root chords trum the wilng

tip.
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o The mesh on the wing surtace 1s 1llustrated 1n Figure
(*V 51(a). Grid points are clustered at the leading edge to gilve a
”x? minimum grid spacing of approximately l-percent chord. Cluster-
s ing is also required at the trailing edge to ensure a smooth
13? transition of lower and upper surface pressures.
v )
o L
¢ At constant chord, the grid is equally spaced on the wing
.l. .
$n§ tip. To maintain a reasonable variation of grid spacing (1n tne
b)) , , . .
1M~ spanwise direction) at the transition between the wilng surtaces
{ L8
and the tip, grid lines on the wupper and lower surtaces are
Qo clustered at the wing tip. This clustering aiso provides tor
{A
7b? additional resolution in a critical region ot the flowfield when
A
:2 the tip-jet is on. Due to the thickness variation ot the air-
o R . .
i foil, it 1is necessary to bend grid lines unear the tip as indi-
;?7 cated in Figure 51(b). This adjustment consiaerably reduces the
- g Y
5{; variation in mesh spacing at the surface-tip transition where the
2; airfoil is thin, as illustrated i1n Fiygyure 52, In Figure 52(a),
b the original grid is illustrated to show the proolem area near
:ﬁp the tip. The grid spacing is much more reasonable with the bent
§: grid lines on the wing surface as shown in Figure 52(b).
i
?f In the direction normal to the winyg surface, the gria 1is
oo tightly clustered to resolve the bouunuary layer. Although not
’?? sufficient for high accuracy, an attempt 1is made tu maintaiu a4
) L)
\}} minimum of eight to ten points in the boundary layer.
o
W ) 4.3.4 Turbulence Models
b
-,
- o)
R} Turbulence closure 1n ARC3D 1s provided by tne Baldwin-Lomax
[}
o model (Ref. 28), where the eddy viscousity 1s given as the product
;; of an algebraically-defined mixing lengtn and the maynitude ot
ﬁﬁ the local vorticity
)
g
| S}
2 - 2
W Ve Qm‘-.l, (18)
X
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boy The Baldwin-Lomax model has been shown to e accurate tor
S. attached boundary layers and simple mixing layers,
D
\ﬁ The mixing-length 1in the mudel 1s formulated 1n terms ot a
:‘ normal distance througn the shear layer; consequently, 1t 1is
» easlly applied to a boundary-conforming wmesn having coordlnate
‘E lines normal to the wing surface, as 1s the case with the C-0-
:: type grid. Equation (18) has been used at all locations on the
.;: wing surface, but not in the tip-jet and the wake.
; A crude approximation is used in the wake region because the
ﬁ wake flow exerts a small influence on the wing flow field. The
%: eddy-viscosity distribution in the trailing edge boundary layers
® is applied at all locations downstream of the trailing edge in
-{ the wake region. Reprogramming of ARC3D is required to implement
E; the Baldwin-Lomax model in the wake region.
k.-
' The tip-jet is modeled as a planar slot 1n the tip (Fig.
. 53). A common mixing-length model for a planar-jet (ket. 29)
\& assumes the mixing length is constant dacross the shear layer and
3 1s givan by
"
J
5 Qm = 0.96 (19)
b
: ! where ¢ is the distance from the Jjet centerline to the pouint
'y where the velocity differs from the free stream by 1 percent.
;. Equations (18) and (19) are used to model turbulence 1n the tip-
:tﬁ jet, with 6 taken as one-half of the jet-slot width. Since the
: . thickness of a turbulent jet grows slowly (Ret. 30), streamwlse
! variation of the mixing-length is neglected. This jet mixing-
\" length 1is applied along all grid lines normal to the tip-jet
;ﬁ opening. Thus, the turbulence model 1is accurate in the near
fy‘ field of the jet, but inaccurate in the far fiela where the flow
i} is largely inviscid.
)
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o 4.3.5 Boundary Conditions

- ,\

o
o
Al In nearly all simulations, the tlowtiela 1s subsonic every-
“ﬁ where (except in the tip-jet exit plane), and appropriate bound-
;2. ary conditions are applied. All normal-gradient approximations
" ™

e are first-order differences. The boundary conditions are explic-
f§‘ itly applied after each solution update.

!
'

.,:.:.
= ) . .

\j At the farfield boundary, freestream conditions are imposed
v . . v
o where the flow 1s into the domain. Otnerwise, zero normal yra-

dients of the conservative variables are specified, except for
e the total energy. Pressure 1s linearly extrapolated to the outer
}i: boundary, and energy is calculated from tne equation of state.
-\.'::

® At the wing-root wall an 1nviscid, 1lmpermeable ovoundary 1s
AT, . ) .

'{z approximated by setting the normal velocity component to zero and

E
'ﬁt imposing zero normal gradients tor tne other varlables. Since

~ ‘ .

e the root-wall boundary layer 1s neglected, computeu 1nbodrd=wing

n
N surface pressures are expected tu deviate slightly frow experi-
v mental data.

%; On the wing surface, no-slip conditions are specified, and
;) zero gradients are imposed on the density and pressure. The
- latter conditions provide an adiabatic wall, alounyg with tne
Hﬁ boundary layer approximation.

o

o

A ‘ . .
® The tip jet 1s a sonic or supersonlc intlow boundary, and

= jet density, velocity, and pressure are all specified.

o At grid singularities and also at the tip and wake cuts
= (Fig. 50), the solution 1s taken as an average of the neighboriung
- ; grid point values., Since the pole singularitles are 1nternal to
:J‘
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the computational domain, these averages are also dpplied explic-

itly after the solution is updated.

4,4 Results

Results of the numerical simulations are discussed 1n this
section. First, normal nonblowlng calculations are presented to
establish the code's accuracy and a baseline case ftor the tilp-
blowing simulations. Results of the tip-jet-on cases are dls-
cussed, followed by a description of a preliminary calculation

made with spanwise blowing.

All calculations were run on the NASA/Ames Research Center
Cray X-MP/48 computer. The c¢ode ran 1.8 cpu secondas per time

step, with each run requiring about 45 minutes of cpu time.

For both blowing and nonblowing runs, approximately 1500
steps are required to reduce the residual two orders of magni-
tude, while converging the total lift coefticient to three sig-

nificant figures. The rms right~hand-side residual 1s defined as

. - 2,1/2
] {R(.
. —={(),Ky 2,m)
r J'K’Qﬁm ; N (20)
j ok e

where the short-hand notation implies summation over the spatilal
indices j, k, and 1, and the dependent variable 1index, . é 13
given by Equation (16), h 1s the variable time step trom Bguation
(17), and NJ, Ny, and NQ are the number of mesh points, respec-
tively, in the three directions.,
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N 4,4.1 No-~blowing Wing Calculations
(
) < The first simulation on Wing C is for M _ = 0.7 and . = 5°,
Qx: Comparisons of measured and predicted chordwise pressure distri-
5 bution and spanwise loading are shown 1n Figures 54 and 55,
\ respectively. Experimental values from Reference 22 are shown as
:f symbols alone, and the solid line represents predicted results.
i:: The predictions show very good agreement with experimental chora-
) . . .
»:: wise and spanwise pressure variations. As shown 1n the table
§
below, the total 1lift coefficient is within 2 percent of the
& experimental value.
\
,.‘
': Measured and Preaicted Lift and Drag
e L. .
Py Coefficient on Wing C
r M_= 0.7, 2= 5°
-.\ «
ri?
:;_‘ CL CL
1N
! _— -
;» experimental 0.447 .037
N
- predicted 0.438 .031
“v
W A% -2% ~-16%
b
;% Navier-Stokes results are compared to experimental data and
ﬁﬁ calculations made with the full potential FLO22 code on Wing C
o at M_ = 0.25 and « = 5° (Ref. 23). Figures 56 and 57 illus-
'{ trate the chordwise pressure variations and spanwise loading
:L where the dashed line represents the FLO22 calculations, the
v
x: solid line the current Navier-stokes calculations, ana the open
;j symbols the experimental data. The Navier-Stokes chourawise pres-
ﬁ’ sure varliations aygree well with both the experimental data and
éﬂ the inviscid FLO22 calculations; however, the accuracy ot the
o
. spanwise loadinyg is not as good as the previous case at the
K
.if higher Mach number. Both calculations underpredict the experi-
"h_? . . .
0 d mental data. The cause for this discrepancy is not known.
K)
%)
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WY Due to the reasonable aygreement ovetween the Navier-5Stukes
S, predictions and experimental data for Wing C, 1t 1is concluded
2 that the code has sufficient accuracy tor the noanblowing winyg.
>, ,

- The latter case at M_ = 0.25 is used as the baseline case for the
"

ny blowing simulations described in the following sections.

.A

h: 4.4.2 Wing Tip-Blowing Calculations

L

o Y

15 .

oy 4.4.2,1 Introduction
‘:j An initial goal of this study is to simulate the tip-jet
QQ: geometry and test parameters used in the large-scale experiments
190

s described in Section 3. The experimental jet consists of a thin
¥
rectangular slot machined in the wing tip, as 1llustrated 1in

;: Figure 30. Because of the limitation on tine maximum number of
"

e grid points (Section 4.3.3), the grid in the vicinity ot the tip-
”

4 jet is ratner coarse, and 1t 1s not pussipble to dccurately model
K "
. the slot width of the experimental jet, The length of the jet 1s
A approximately maintained; tneretore, the simulated jet exit-plane
:i areas are considerably larger than the respectlve experimentai
»

~r values. The jet lengtn 1s counsidered tu wve a more 1i1mportant
'l

parameter than 1its width.

=

': The geometry of the simulated tip-jet 1s 1illustrated 1in
n
P Figure 53. One long and one short jet are considerea 1n thnis
‘< study, and the dimensions and locations of both simulated and
o, actual jets are given in Table 6. Note that five grid lines span
4

Y the simulated jet width.

‘ »
R

ol Before describing the computational results, 1t 1s necessary
“' to discuss two important differences between the simulations and
O
nig the experiments. As stated in Section 4.3.3, the simulated and
' . . . .
[ experimental wing planforms are similar, but the airfoil sections
)

"

)
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are different. This 1s reflected 1n the base-line litt cuetfi-

::;: cients. At « = 5°, Wing C has C; = 0.42 (Ref. 23), compared to Ci
( \ = 0.32 for the large-scale wing (Wing C-BT). The difterence 1in
N, airfoil section 1is also apparent in the chordwise pressure dis-
""3. tributions. The large-scale wing pressures (Fig. 58) are consid-
:':'\‘: erably different from those of Wing C (Fiy. 56). However, other
factors preclude the modeling of the actual airfoil section of
:- Wing C-BT; therefore, compariscons of measured and predicted
": results will involve lift increments and trends.

o

K ‘ The other major difference between experiment and simulation
- 1s the condition of the tip-jet. In the experiments, the jet 1is
:" considerably wunderexpanded, with jet pressure ratios (Jjet=
:& stagnation to freestream-static) as high as six. The cyclic
:‘.\“ shock/expansion-fan pattern, typical of underexpanded jets was
. noted during the experiments. Because the (grid 1s tou coarse to
\":: properly resolve such a complicated flowfield, the tip-jet 1s
'E’.} simulated as a perfectly expanded jet. These two types of jet=~
| "'A exit conditions are expected to produce different levels of lift
! augmentation through different entrainment and other turbulence-
;'.E‘ induced effects; however, it 1s difficult to determine to what
o extent these differences affect the results.

.

'.'Pl

) Because of the aforementioned differences 1in airfoil section
. and tip-jet conditions, there is no basls to directly compare
3.:‘: simulated and experimental Llift augmentation levels. However,
“,:;\ the crder of magnitude of 1lift increment dnd patameter ecffects
are expected to be similar, and the tip-jet-induced flow phe-
:: nomena should be the same.

ks

::: All jet-on simulations are shown for M_ = 0.25 and 4« = 5° to
' match experimental conditions unless otherwise noted. The jet-

momentum coefficient is determined by specifyinyg the jet velocity

S

'f::- and density. Jet-exit plane pressure 1is set to the freestream
<

o
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value. A summary of the various cases considered, along witn the
resulting lift augmentation levels, 1s given 1n Table 7, and a
set of corresponding experimental cases 15 snhown 1n Table &,
Case numbers are selected to reflect similar parameter varia-

tions.
4.4.2.2 Long Jet

Cases 1 through 4 are calculations made with the long jJet
described in Table 6. Case 1 is the first jet-on simulation, and
it has no turbulence model in the jet. This case shows very
little lift augmentation, approximately 3 percent in relative
lift increment (Table 7). At the same Cu' the experiment has
25-percent augmentation. When the turbulence model 1s 1incor-
porated in Case 2, the lift increment doubles, but it still 1is

considerably smaller than that measured.

At the same Cu and q_, the simulated Jet has a lower exit-
plane velocity, because 1ts area 1is laryer than 1in the experi-
ment. It is possible that the ratio ot jet-to-~tree-stream velo-
city is more 1important than momentum coefficient alone; there-
fore, in Case 3, the jet velocity ratio, vj/vw= 4, is increased
to better approximate the experimental velocity ratio. The mag-
nitude of the 1lift increment in Case 3 is in better agreement
with experiment, Case 2', though the momentum coefficients are
difterent. Increasing the jet velocity ratio to eight in Case 4

provided only slightly larger lift increment than in Case 3.

A single calculation was made at o = 10° (Case 3a) with the
same blowing coefficient and jet velocity ratio as Case 3. Lift
variation versus angle of attack is compared with experimental
data (Cases 0' and 3') in Figure 59, Although the baseline and
lift-augmentation levels differ, the preaicted lift-curve slopes

are similar to experiment, This 1s expected since both wings
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E‘ have the same planform. Tne sliyht 1ncrease 1n lift-curve siope
. caused by tip blowing 1s also 1n good aygreement wlth experiment,
b
>
’:- The predicted cnordwlse pressure distriovutions and spanwlse
b loadings for the wing with and without tip blowing are compared
| . .
B in Figures 60 and 61, respectively. Surtace pressures inboard of
i 50-percent semispan show little effect of tip-jet Dblowing:
- however, at 90-percent semlspan, the upper surtace pressure 1S
v, . L , .
¥ significantly lower over moust of the chora with the Jet on. [he
jet-induced effects on the lower surfdce are small, but toney do
()
T increase toward the tip. The spanwlse loading comparisons Show d
‘j lift gain over the entire span, with the largest yaln occuriling
i? near the tip, and gains decreasing 1inboard. The high loadiny
& exhibited at the tip with blowing 1s caused by numerical ouscilla-
jt} tions in the pressure near the jet. Also note that 2y/o = 1
;:' corresponds to a station on the wing surface (Fiy. 51) slignhtly
% inboard of the actual tip.
'
.
Do, Experimental chordwise pressure distributions with and with-
:H out blowing are shown in Figure 62 to illustrate tip-jet-induced
B . ‘
N effects. Jet-on data are from experimental condiltions similar to
.‘ . . . .
Case 2'. The experimental pressures display qualitative behavior
: very similar to the computational pressures shown iIin Figure 60.
*;: There is 1little difference bvpetween the blowing and nonblowing
sﬁ pressures inboard of 50-percent semispan. At 9U-percent semi-
: span, with blowing, the upper surface pressures are lower over
f{ the full chord. Small pressure 1ncreases on the lower wing sur-
R face near the tip are observed.
e
¢ A
'3 The complete wing surface pressure countours tor cumputed
- jet=on and jet-off cases are compareu 1n Figure 63. These
Pl
Axv contours indicate the lower surface pressure is laryely
-7 unaffected by blowlng. The upper surface pressure contours are
s .
. shifted rearward over the eantire wing (also noted experimentally,
W
.
"
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S Ref. 15) and a low pressure reglon appears near the tip ftour the

", jet-on case. The redis:ribution of upper surface pressures

QE; provides the li1tt augumentatlon observed.

a}. The cause of upper surface preéssure changes 1s explained by
‘5, viewliny the predicted wing tip tlowtietd. Figyure 64 counpares the
,Q: predicted pressure fi1eld at 35-percent chord. For the wing
f:: without blowing, Figure 64(a) 1llustrates tie small pressure
ﬁq gradient that exists around the wing tifp. This gradient 1is, of
. course, responsible tfor tne spilling ot fluird around the tip
,g which eventually leads to the formation of the tip vortex. When

;gt the tip jet is on, a pocket of luw pressure exists just outboard

:w‘ and above the tip and extends tu the upper wing surface das shown

in Figure 64(b).

o

=

Lo Figure 65 is a close-up ot the flowfielu at the 35-percent
’}E chord station, Tne pressure osclllatiovuns snown 1n Figyure 65(a)

a are discussed at tne end of thls section,. The tip-Jel spreads

Fg: rapidly (Fig. 65(b)) and bends upward as 1t progresses outboavd
:i of the tip. A relatively strony vortex 1s formed apove the jet,

ﬂ%& 1ts core located within the pocket of low pressure, The vortex
) appears to be created py shedar stresses yenerated by the jet, and

{ép its strength 1is enhanced by the curved, upward Jjet trajectory.

:qﬁ The prevailing global circulation around tne tip also serves to

:ﬁﬁ increase vorticity. A weaker vortex, with opposite rotation 1s

1‘ faintly visible beneath the jet. Note also tnat the velocity on

|JT the upper surface near the tip has an outboard component. ror a
B nonblowing wing, the tlow 15 always 1nboardy at this locattiova.

R |

a: The chordwise extent of the outboard low pressure region 1s

‘;E illustrated in Figure 66, where normalized pressure 1s shown at
Z; the 100-percent semispan station. [Ihis pressure-field pattern is
:ﬁ consistent with the notion that the jet acts as a fluid extension

‘~Q of the wing. It is plausivle that the acceleration of the
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oncoming flow, as tiluid deflects arouna the jet, 1s partially

responsible for the creation of this pressure fielu,

The wing flowtield, 1llustrated avove, 1s conslstent wlth
that observed 1in the preliminary analytical study described in
Section 4.2. The current results support the picture ot the
lift-augmentation process previously described. The shearing
effect of the tip-jet creates a relatively strony vortex above
and outboard of the wing tip, oncoming freestream fluld 1s accel-
erated as it passes through the core of the vortex, and some
fluid accelerates to deflect around the jet. The 1nduced tlow
and the latter two acceleration effects create a region ot low
pressure that extends to the upper wing surface producilnyg da net

gain in 1lift.

To complete the discussion of the long jet results, the wake
flowfield 1is considered. The streamwise component of vorticity
at 150-percent chord 1is shown in Figure 67 for the jet-off and
two Jet-on cases (Cases 0, 3, and 4) corresponding tu jJet-
velocity ratios of 0, 4, and 8, respectively. For the nonblowing
wing, the location of the tip vortex 1s apparent by the concen-
tration of vorticity at y/cp ~ 0.8 in Figure 67(a). when the tip
blowing 1is on, the tip vortex 1s displaced outboard and upward
with respect to the nonblowing tip vortex. A secondary region of
weaker vorticity with opposite rotation 135 located beluw the
jet. Grid coarseness in the wake region distorts the shape of

the wake vortices.

The localized pressure oscillations near the jet exit (Fig.
65) are numerical 1n nature, caused by the central differencing
scheme. Oscillations typically occur where there 1s 1nsuftticilent
grid resolution in a location of large gyradients such as occurs
at the jet origin, Increasing the numerlcal dissipation will

smooth both the oscillations and the solution. fhe oscillations
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can be eliminated, or 4t least reduced 1n maynitude, by refining
the grid and/or using a difference method {(sucnh as a TVD scheme,

Ref. 31) that 1s not as susceptible to oscillations.

The coarseness of the grid in the tip-jet reglon 1s 1ndi-
cated 1n the velocity vector plot 1n Figure 65. Eacn velocity
vector emanates from a single grid point. It 1s clear that the
grid spacing radially outboard of the tip becomes coarse very
rapidly, and the coarseness causes both the jet and the vortex
above 1t to become over-diftfused. Insutticlent grid resolution
in this critical area is believed to be the primary cause for the

low 1lift augmentation levels 1n the computations.
4.4.2.3 Short Jet

Case 5 1s a calculation made with the short jet to 1llus-
trate the effect of jet lenygth on 1li1ftt augmentation. The jet
begins at the same location as the lony jJet, 13 percent ot the
tip chord, and ends at 36 percent of the c¢hord, making 1t
approximately one-third the lengtn of tne long jel. The jJet
locations and lengths are similar to tuose 1n the Ames experiment
(Table 6).

Table 7 shows that the short jet produces a 3-percent
relative 1litt increment compared to the jet-off case. At the
same Cu' the short jet produces only one-halt of the long jet's
lift augmentation (Case 2), and only one-third of the augmen-

tation for the same jet-velocity ratio (Case 3).

The effect of jet length on li1ft augmentation is also seen
in the experimental data. Table 8 1llustrates that the experi-
mental relative lift increment of the short jet 1s 60 percent ot

that measured for the lony jet.
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W In case 6, the short jJet has the same jet-veloclty ratlou as
S.... the previous case, but the momentum coefficientls doubled, by
.4-:".' doubling the jet density. Doubliny Cu while holuing the jJet
FAS
A velocity ratio constant 1ncreases the relative lift 1increment an
G
#‘~ insignificant amount. This turther supports the conclusion tnat,
" ) for a given wing/jet geometry, the momentum coefficient alone 1is
f:-: not sufficient to descrube tip~blowing effects,
o
»
! , _ : .
DO The reduction 1in lift gain for a shorter jet 1s not surpris-
ing considering tnhe mechanisms responsible for 1li1ft augmenta-
h'x . - . . - .
::; tion. Within the chordwlse extent of the )Jet, long and short
f-%: jets have similar tip tlow fields. Aft of the end ot the short
‘o
o jet, the flow around the tip (from lower to upper surface) re-
establishes (Fig. 68); cousequently, a laryge pressure ditference
_',’.:-j cannot be supported at the tip. However, the jet-generated vor-
A .
AN tex and 1ts assocliated low pressure core persist downstream and
A ¢
..i: serve to lower the upper wing surface pressure beyona the end ot
iy )
i the Jjet, as revealed 1n the chordwise pressure results shown 1n
P Figure 69.
ool
2 |
s, 4.4.2.4 Jet with Splay Angle
1‘ LS
J
._ The last tip-jet simulation, Case 7 in Table 7, counsiaers
S . . . R
, ~ the long tip jet blowing at a 30-degree splay or dihedral angle
,.'\ (downward with respect to the horizontal). The jet-momentum
' coefficient and jet-velocity ratio are the same as in Casz ¢4
::{. where the blowing is straight out from the tip. Llote that Cu 1s
b based on the total jet velocity.
'l..'
)
:|:.:a ) ) : :
® Blowing in a downward direction provides over twice the
vt R X .
AN aerodynamic lift augmentation compared to vlowing straight out,
A . . . v . .
ey Lift is calculated by integrating wing surtace pressures; there-
1)
! fore, the thrust of the jet is not included. In the large-scale
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experiments, Case 7' 1in Table 8, a similarly large increase 1n

( ; augmentation was observed with downward blowing tip jets.
3
N In aadition to the augmentation process descrivbed earlier,
u; blowing at a splay angle 1introduces or enhances an additional
N augmentation effect, To investigate this mechanism, the flow=-
;ﬂA fields for tip blowing with and without a splay angle (Cases 7
i:S and 3, respectively) are compared.
-
_ Chordwise surface pressure distributions are compareg 1n
;i‘ Figure 70 for both 0- and 30-degree splay angles. Iuboard ot 50-
~a percent semispan, the pressures are not 1nfluenced by splay
:g angle. At 90-percent semispan, there is increased suction on the
L upper surface and higher pressure on the lower surface with the
:: downward blowing jet. This 1s similar to the pressure change
:S that occurs at a slightly higher angle of attack. Compare the
lij results in Figure 70(c) with the measured surtdce pressures for
’ the large scale wing shown in Figure 71. These neasurements at
i1 90-percent semispan for « = 5° and a4 = 8° 1liustrate the effect
b of increasing angle of attack. Predicted velocity vectors just
;i upstream of the leading edge at the tip, shown 1in Figure 72,
“ reveal that the approaching flow angle 1s slightly larger witn
:; downward blowing thus increasing the angle of attack at the tip.
N
o The spanwise loading in Figure 73 illustrdates that augmen-
;1 tation is largest at the tip and decreases 1inboard, typical ot
f? all previous results. The numerical oscillations at the tip,
i causing the large loading near the tip, are still 1in evidence at
™ the 30-degree splay angle.
("
im The predicted flowfield at 35-percent chord 1s 1llustrated
W in Figure 74. It is similar to the straight-blowing veloclty
b‘ field (Figs. 64 and 65) except that the low pressure region and ‘
Ry outboard vortices are shifted downward to follow the jet path, !
v, i
. ~52-
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This change in position does not significuntly alter the outboard

upper surface pressures at this chordwise location.

The above observations indicate that .Jownward blowlng
induces an increased angle of attack at the tip, which 1n turn
produces greater lift augmentation levels compared to stralght
blowing. The velocity field at a spanwise location beyond the
wing tip, presented on the curved surface indicated in Fiygure 75
because of the grid topology, may indicate jet-induced changes 1in
flow angles. Figures 76(a) and (b) are predicted velocity tields
on this curved surface for the cases of straight-out and downward
blowing, respectively. The projection of the airfoil section at

the tip is included for a reference in these figures.

When the jet 1is blowing straight out, oncoming freestream
fluid deflects symmetrically over the tip jet due to the blockage
effect of the jet. When the jet is blowing downward, the deflec-
tion becomes asymmetric as some oncoming freestream fluid below
the leading edge of the wing 1is deflected above the jet. This
upward movement of fluid causes the flow approaching the winyg tip
leading edge to have an 1ncreased upward velocity component when
compared to the straight-blowing case. The resulting increase 1n
flow angle near the tip 1ncreases the loading on the forward
portion of the airfoil section. Tnere may be an increase 1in the
leading=-edge suction in this region ot the wing which could have
an effect on drag; however, this 1s beyond the scope of the pres-

ent investigation,
4,4.3 Spanwise Blowling Calculations
Spanwise blowing from the root wall, alsu investigated 1in

the large-scale test program, produces lift augmentation levels

comparable to those with tip blowing. A simulation of spanwise
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’%: blowing was attempted with the same code used for tip blowing,
\~
M- and the results are described in this section.
g
oA In the experimental apparatus, blowing 1s accowmplisned with
#ﬂf a round jet mounted in the root wall. Tne Jet has a diameter
LY
S equal to 3 percent of the root chord, ana 1t 1s located at 3
tfh‘ percent of the root chord above the upper wing surface,. The

U

jet's chordwise location, a test parameter, 15 varlied between 0-

. L]
‘:ﬁ percent and 26-percent chord. Jet pressure ratlos are gyreater
Ao . . .
a}z than two; therefore, sonic conditions prevalil at the jet ex1it.
N
o The spanwise jet 1is simulated by specitying Jet velocity,
:ﬁg density, and pressure at approximately 18 percent of the root
'-l' .
> chord on the root wall. Because of the grid coarseness at this
Pt
LGS . . . . .
oS location, only four grid points identify the jJet, resulting 1n a
‘Qt jet-exit area three times larger than the experimental value.
" . . . . .
;3: The jet velocity ratio (vj/Vw) 1s tour, approximately tne same as
~Th . . .
a:« experimental value. The simulated momentum cvetficient, Cp =
N 0.14, 1is approximately twice the experimental result. Jet tur-
' ™
; bulence is modeled in a manner similar to the tip-jet moueling,
0
oy
S The pressure and velocity fields are 1i1llustrated 1in the x-z
N?- plane at 13-percent semispan and 1n the y-z plane at 20-percent
L S
) chord in Figures 77 and 78, respectively. Corresponding pres-
’\f\ sures for the nonblowing wing are shown 1n Figyure 79 tor compar-
. , _ .
it ison purposes., Large numerical oscillations 1n the pressure
> LN
o, A .
;Q predictions occur because the jet 1s poorly resolvea. Jpper
PAT A surface pressures are significantly distorteq, producing a4 total
~ W
ﬁ} lift less than the nonblowing wings while experimental results
N
e indicate a l3-percent increase 1in relative litt increment. Griu
Fb’)" . . X . . . X .
394: refinement 1in the vicilinity of the jet 1s required to 1lmprove the
L simulation accuracy.
(%"
o
"
D)
‘:*;
05\
v ~
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' Y Although the accuracy 1s poor, the predicted results prouviae
YWt some 1nsight 1nto the physics of this flow. As 1ndicated 1in the
-

‘_f'_\f. velocity plot 1n Figure 77(p), the tlow on the upper surtace
S . L. . .
Lo accelerates as 1t deflects above the jJjet (at approximateiy 20-
oty

s percent chord) roducing a laryge region of low pressure as seen

p P g g

' . .

P in Figure 77(a). The spanwise extent of the low pressure region
::f: 1s seen 1n Fiqgure 78(a). The 1nitial formation ot a vurtex avove

-\.-:: tne Jjet 1s apparent in the velocity vectors on the 1iuboard part
L

oy of tne upper surface at 20-percent chord in Figure 78(p).

J‘\I‘

:-\,; The pressure field for a nonblowing winyg 1s plotted at the
.

j_.‘j same spanwise and chordwise locations 1in Figures 79(a) and (b),
.»"'; respectively. Compared to the nonblowlny wing, the pressure
._._} field generated with spanwise blowing 1ndicates 1lncreased suctlon
Y20 over a large portion of the wing upper surface to account for the
g

e gain in lift. Spanwise blowing apparently produces li1ft augmen-
> 7 . . . . .

-r'\‘-- tation phenomena similar to that produced by tip-blowing. Two

4 acceleration effects, the blocKage caused by the Jjet and tne
:'_:::- formation of a vortex above the jet, contribute to the creatiun
-:'_f'_-: of a low pressure region and thus lncreased suctlion on the wingy
S T

-::: upper surface.

:.._-: 5. CONCLUSIONS

po

:».:-': Trie 1investigation reported 1n this wocument consists ot
‘g . . . . . . .

." three distinct topics related to wing tip blowing lift augmenta-
'ﬁ- tion. These are a4 small-scale test program, a large-scale test
e program, and an analytical study. Because of the diversity ot
S

o the three topics, tne conclusiuns are conslaereu Scpubately.

gy

.,?

oY, 5.1 Small-Scale Test Program

R

A

-,'-.

\,"\‘:‘ The small-scale test in the NeArR wind tunnel ol three senma -~

LRCN

L5HC8 span wings with a numpber ot different tip nozzle contigurations
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i‘- is reported herein. The stated objectives of these tests were to

N determine the influence of the tip nozzle gyeometry, tip jet |
.

- momentum, and jet direction on the aerovdynamic loaas ot three

i¥ wings. Optimum nozzles selected from these tests were to be used

- . :

t'; in a large-scale test program at NASA/Ames Research Ceunter. Some

k‘ observations and conclusions based on the results of the three

A wings tested follow.

1)

K

D0 )

0 The rectangular wing exhibitea only smalil eftects of tip

nozzle geometry. In general, blowing from the tip did auyment

~I

,f: lift and modify drag; however, the drag data are uncertain

b,

;f: because of the accuracy of the measurements.

sﬁ

')'n

) The swept wing without camber snowed lift lncreases attrib-

. ‘ . . , .

. uted to tip blowing, and certain nozzle contigurations proved

i

ff better than others, For example, the long slot nozzie covering

(7 most of the tip chord was significantly vetter in li1ft augmenta-

‘ tion than the smaller discrete slots. At low anygles of attack,

:{ there was little effect of tip nozzle geumetry on Lift augimenta=

Q? tion; however, there was a large etfect on drag. This latter

Xy

:H effect must be tempered with the knowledge ot the difficulty 1in

measuring drag accurately.

L

L]

b

The swept wing with camber showed only swmall increases in

i oot

lift due to tip blowing and almost no cnange 1n drag. In some
instances, tip blowing may reduce drag for a constant litt coef-

ficient.

2

L

-
A

The small-scale test program contrivuted to the data wvase

.Q‘ and knowledge of tip-blowing eftects on the aerodynamic charac-
f’i teristics of fignter-type wings. Based oun the measurements,
}: several optimum tip nozzle contigurations were suggested tou
::j NASA/Ames for further testing in the large-scale test program.
=

i
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These nozzles 1ncluded tne long slot nozzle and tne three dis-

crete nozzle configurations.
5.2 Large-Scale Test Program

The large-scale test program conductead 11 the NASA/Ames
Researcn Center 7- py 10-foot wind tunnel on a swept and cambereu
wing with tip blowing 1is also reported in this document. NEAR,
Inc., contributed to the test program by sharing the results and
experience gained in the small-scale tests, by sugygesting and
designing several tip nozzle configurations based on the small-

scale results, and py actual participation during the test.

Measured aerodynamic characteristics trom the NASA test are
presented 1n a previous section. These results indicate the long
slot nozzle provides the greatest lift auygmentation, particularly
at high angles of attack, but the shorter slot nozzle has some
advantage at low angles. In general, the long single slot
nozzles proved better than the multiple slot nozzles. Drag coef-
ficient is not as sensitive as li1ft to nozzle geometry, but 1t 1s
difficult to make definite statements regarding drag based on the
preliminary information reported above. Additional analyses ot

the data are required to assess its accuracy and consistency.

Perhaps the most 1important pieces ot 1nformation from the
large-scale test program are the pressure dlstributions and the
flowfield surveys. These data provide hneretotore unavallable
detalls of tne flow 1nteractions caused by wing tip olowlug, and
as discussed below, these data coupled with predicted results
provide dgreater understanding of the complex phenoviena assuclated

with tip blowing.
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5.3 Analytical Investigation

The existing Navier-Stokes code, ARC3D, was mudified o
simulate the flow about a three-dimensional semispan wing witn
wing tip blowing. A three-dimensional thin-layer approximation
to the full Navier-Stokes equations is solved, and turbulence 1s
modeled with an algebraic turbulent eddy viscosity. Tne simu-
lated wing model has a similar planform, but different airfoil
section, to the wing used in the large-~scale test program. Simu-
lated tip jets are modeled as perfectly expanded jets wltn larger

exit-plane areas, but tip jets 1n the experiment were under-

expanded.

The coae was verified by comparing calculated and experi-
mental surface pressure distributions and spanwlse loadings tor
the nonblowing wing at M = 0.25 ana M _ = 0.7. Calculations
showed good agreement with experimental data at both Mach

numbers.

A series of simulations with tip jets were made to investi-
gate the effects of jet turbulence, momentum coefficient, jet-to-
freestream-velocity ratio, jet 1lenygth, and splay angle. The
calculated flowfields were analyzed to determine the mechanisms
responsible for 1lift augmentation. Cumputed results were coii-

pared to data from the large-scale test.

Predicted 1lift augmentation levels dare smaller than those
measured, but the parametric behavior 1s similar to experimental
observations. A lack of grid resolution 1in the tip jet region is
believed to be the primary cause for shortfalls in li1ft incre-
ment. Inaccurate turbulence modeling 1s also a source of error
in the simulations; for example, 1lift augmentation doubles when
turbulence is modeled 1n the jet. This indlcates that the crea-

tion of turbulent shear stresses by the tip-jet, a viscous
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effect, is an 1mportant mechanlsm 10 liftc auymentation;
therefore, the type of turbulence model selected may also have a

significant etfect on lift augmentation.

For fixed geometry, lincreasing Cu by 1ncreasing only jet
density has a negligible effect on litt auymentation. The jet-
velocity ratio has a stronger 1nfluence oun Jet-induced effects.
Increased velocity ratio means stronger jet shear stresses,
another indication that viscous eftects play an important rotle in

lift augmentation due to tip blowing.

A picture o: the source of lift augmentation emerged from
the numerical studies. [he shearing action of the tip-jet on the
surrounding fluid creates a relatively strong vortex above and
outboard of the wing tip. Oncoming freestream fluid 1is acceler-
ated as it passes through the core of the vortex, and some fluid
also deflects around the jet 1i1n reaction to 1its blockage
effect. These two acceleration effects create a region of low
pressure that extends to the upper wing surface producing a net

gain in 1lift,

The experimental observations ot the 1influence of jet nozzle
length on 1lift augmentation 1s confirmed., A long jet gives at
least twice the 1lift increment of a jet one-third in length, and
the short jet 1mparts less enerygy into the tip-generated
vortex. Also, a large pressure ditference cannot pbe supported at
the tip, aft of the end of the short jet, where spillinyg of fluid

around the tip 1is reestablisned.
The measured effect of jet splay angle is also confirmed.
In addition to the augmentation etfects caused by straight blow-

ing jets, a splay-related mechanism 1nduces a higher angle of

attack at the tip which contributes to the augmentation.
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A simulation of spanwlse blowing 1s considered 1n  thls
study, but due to grid coarseness, larye oscillations near the
jet occur 1n the pressure tield, and numerical convergence cannot
be achieved. The preliminary flowtieid results show similarities
to the phenomena associated with the tip-jet tiela; however,
additional effort is required to gain proper understanding of

spanwise blowing lift agumentation.

6. RECOMMENDATIONS

The experimental and analytical 1nvestiyations reported
above have added considerable information and understanding to
the pheonomena assoclated with lift augmentation due to wing tip
blowing. In particular, the theoretical etfort and preliminary
prediction method provide neretotore uNdvallaole capability to
calculate details of the flows and interactions. oUther 1investi-
gators are also making siygniticant countriovutions 1in thnls ared.
It is time tu try to assimilate all the avallable 1nformation,
new and old, experimental and tneoreticai, ygoodud and bad, 1nto a
unified understanding of the fluid mechanisms 1nvolvea with jet
interactions with lifting surfaces, Wing tip blowing and span-
wise blowing are just two of many such lift augmentation pro-
posals., This is the basic recommendation of the authors.

The following specific recommendations for extension of the
work reported herein are offered. The large quantity of experi-
mental results collected from both the small and large scale
tests have not been thoroughly examined. For example, the ana-
lytical study indicated that jet velocity ratio may be a more
important parameter for data courrelation tnan momentum coeffi-

cient. The measured results should be examined 1n detaii for
such a correlation,
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The large-scale tests provided more data than could ve ana-
lyzed in this investigation. Additional pressure and flowfield
data should be studied and added to the 1nformation data base.
These data can provide useful comparisons with the theory tor
code verification as well as contributions to the Dbaslc unaer-

standing of lift augmentation.

if additional large scale tests are warranted, the results
of this investigation can be used to guide a future test pro-
gram. Por example, recommendations for flow conditions, type and
location of measurements, and geometry for future tests can be

made based on the theoretical method reported above.

It was noted previously that the numerical approach
developed for this effort is still of a preliminary nature, and
it will require some additional work before it can be considered
for use as a design method. Several specific recomendatious for

additional work on the prediction method follow.

The grid should be refined in the jet flowfield so that
accuracy can be brought to an acceptable level. Refinement 1in
the tip region, however, should not be made at the expense of
grid coarsening in some other region. Due to the larye gdriu
requirement for this problem, the generation ot an 1improvea grid
is not a simple task; however, one approach would pe to use a

patched grid (Ref. 27) or a zonal approdchn.

Due to the strong dependence of litt augmentation on jJet
shearing, a more accurate turbulence mudel, such as 4 K-c¢ model
should be investigated. Besides being ditficult to apply to
complex flows, the accuracy of the algebraic turoulence wmodel
used in the current code 1is not adequate for the problems ot
interest. It is likely the turbulence model used 1in the compar-

isons with the large-scale data described above 1s not adequate
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to model the 1increased turbulence level aud mmixing present 1n the
supersonic jets of the experiment. Anotner possibilty for
improvement of the prediction method 1s to tallur 4 tuchulence
model, based on the available experimental data, to provide
proper augmentation levels. Tnis modified model can be used for

further studies and preliminary design work.

The above recommendations will result 1n an improved code
with more general application to 1lift augmentation problems.
Verification can be carried out by comparison with experimental
data. In particular, studies at other angles of attack ana jec
splay angles should be conducted. The 1improved coae will provide
the added —capability of investigating other phenomena ot
interest, such as the tip jet eftect on winyg drayg and separation

effects near the tip.

The preliminary study of spanwlse Dlowlng 1ludicates tne
possibility of predicting the 11ft auymentatlion phenouneta; how=
ever, as noted above, the grid was too couarse 1n tnis initial
study to provide definitive results, Additional refinement to
the grid for spanwise blowing applications can be accomplished
using the knowledge gained in the tip pblowiny 1nvestigation. It
is recommended that these moditications be accomplished and the
improved code verified by comparison with available experimental

information.

The expanded data base and the potential analytical capa-
bility resulting from tnis investigation provide a means to stuuy
the effects of tip blowing as a 1lift augmentation device on an
advanced fighter aircraft. Such a preliminary desiyn exercise 1s
recommended to identify the feasibility of wusing tip blowing
during various segments of a proposed mission; for example, there

is an obvious use in STOL mission seygments, but the concept nay
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LIST Or SYMBOLS

speed of sound

wlng semispan

local wing chord

root chord

tip chord

wing drag coefficient

wing lift coetficient

baseline wing lift coetficient, no plowing

wing litt coefficient with no blowlng

pressure coefticient, (p-p_)/q

jet momentum coefficient, mjvJ/(qu)

explicit, implicit dissipation terms 1in Egs.
(15,16)

total energy

transformed, convective flux vectors 1in Eqg. (2)

transformed, diffusive flux vectors in Eqg. (2)
metric and 1nverse-metric Jacobilans, respectively

spatially-varying time step

mixing length

jet mass flowrate

Mach number

static pressure

freestream dynamic head, % plei'
conserved-variable vector 1in Eqg. (2)

wing area

thin-layer viscous flux vector 1in kg. (16)
time

jet exit-plane velocity

Cartesian velocity components 1n x,y,z-directions,

respectively
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o LIST OF SYMBOLS (concluded)

~

vt
.’"“
{ , . .
.1\J U,v,W velocity components in cowmputational space, 1in
?fti X,y¥,z-directions, respectively
o~ ‘
‘$:: v, free stream velocity
W XY 12 physical coorainates
V) . .

W A wing leading edge sweep angle

N

\i. a angle of attack

A . ‘
33} Y ratio of specific heats
e 8 shear layer thickness parameter
. 6g finite-difference approximation to first derivative
Ay} . .

A in ¢-direction

i:: aC increment in lift coefficient
;\ﬂ: <2, K4 second- and fourth-order coefticients of
) dissipation terms in Egs. (15, 16)
o=

e Vo turbulent eddy viscosity
7?3 &, N, ¢ transformed coordinates

N P fluid density

. w, T vorticity

n
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N TABLE 1. Small Scale Wing Geometry

RN Description Wing 1 Wing 2 wWing 3

Planform Rectangular Swept Swept

Section NACA 0015 NACA 0015 NACA 64

mean line

i
kY ‘:&{&_‘:

Semispan, b/2 (in.) 8. 40 8.35 8.35

v

SOl

E 4
{'u

Planform Area, S/2 70.05 69.65 69.65
2
)

. -
l..,'l‘l’
& Yy
[ B )

(in.

~

',.._..,
1
-l')

e
5505

Rootchord, Cr (in.) 8.36 11.13 11.13

:.:.:i', Tip Chord, c¢g (in.) 8. 36 5.55 5.55

LE. Sweep Angle 0° 33.8° 33.8°

}~L

L.

&

Thickness at Root (in.) 1.25 1.67 1.67

A

e
e

’

Aspect Ratio 2.0 2.0 2.0

»,

L4
oy

Y

LY
e & L{’L x’l."x." -
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’ TABLE 2, Measured Blowing Angles tor Small-Scale Wings

- A,
]
M

-

"l.l
SALY

» %“
3¢

Sweep Angle, Deg. Dihedral aAnglie, Deg.

J

Wing No. forward middle aft forward middle att

[4

.
o a_ % T

17 30 58 15 15 15
28 28 58 0 0 15
28 31 55 0 0 =15
- 0 - - 0 -

1-Tip

K% "\'5‘..
: L'L"

Tip
Tip

S S

Tip

e % )
:')5";')

2
‘53#

22 40 62 15 15 15
Tip 20 34 65 0 0 15

2~-Tip 1
2

Tip 3 - 0 - - 0 -
4

o-.n -

s
oeel)
T ’l.'

x

Tip

¥ oYL,
P i
v

N
h ‘.g‘:

3 All Angles Zero

o
SN

¥
e

»
SN

DERRERTE
n

L

NOTES:

-
QX
L Nt R s

P 3]

1. Nonzero values of sweep angles for the forward, middle, and att

S

slots are designed to be 30°, 45°, 60°, respectively.

]

o

2. Nonzero values of dihedral angles are %x15°, and the actual blowing

s,

A

angles agreed with the design angle in each case.

Sk

X

3., Positive dihedral angles blow upward, and positive sweep angles

-
<

blow to the rear,
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S8 TABLE 3. Data Channels
A,

{
s
f}_:.
e Channel Symbol Function

<
A No.
\
g -.\. ) .
‘) 1 PDB Orifice ap
> S
- 2 PTB Orifice total pressure
--r: 3 TB Orifice total temperature
o 4 PTC Wing cavity pressure

”, . L
I}..; ) PDW Test section Pgi,tic relative to plenum
:-:: 6 PSMA Test section Pg.,.j. relative to
N :-r'. atmosphere
® 7 ™ Tunnel air temperature

.
': Fz Force normal to chord plane

(.‘; Fy Force parallel to wing chord line
¥ : 10 My Pitching moment about spanwlse axis
e Mz Yawing moment about normal to chord
-"_"-\ plane
~ .\
:-j: 12 Mx Root bending moment avout chord axis
o 13 a Angle of attack

N

) 14 000 mee—-- Not used

> 15 Fx2 Spanwise load cell, test fixture
M ) . .

o 16 Fx1 Spanwise load cell, outside of
o
._f, tunnel
NV
%]
IACA
4 L.
) n
4
I
0

(N
AN
.c’
B
}:::
b2
N
o
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RO TABLE 4. Pressure Tap Locations on the Wing Upper Surface

o> 2y/b

» 0.150 .296 0.500 0.697 .800 . 950

‘?) 0.02

" .02
by x/c 0.08

.05

.02
.05

.02 .02

.05

O 0.10
N 0.15
A< 0.20

.10
.15
.20

.10
.15
.20

.10
.16
.20

.10
.15
.20

0.30 .30 .30 .30 .30

« . 0.40 .40 .40 .40 .40

0.50 .50 .50 .50 .50

.60 .60 .60 .60 .60

.70 .70 .70 .70 .70

.80 .80 .80 .80 .80

© © 0 © © 0o © o000 o0 |Oo
W
]
© O © © © © © o000 o0
© O © O 0O O © o000 oo |0
O © © O 000000000 ©OO0 |©
W
o}
©O © © O © © © 000 o000 |o

2
© O O ©

.80 .90 .90 .90

OPOOOOOOOOOOOOOOOOOOO
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.90
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Pressure Tap Locations on The Wing

TABLE 5.
0.150 0.296
0.05 0.05
x/c
0.10 0.10
0.20 0.20
0.30 0.30
0.40 0.40
0.50 0.50
0.60 0.60
0.70 0.70
0.80 0.80
0.90 0.90

Mo Ny
DAGODERMDAIRY

1
()
)

)

hY]

[4

() 4.0y
1'%, ‘:f‘.""!".l’

Lower Surface

2y/b

0.500 0.697 0.800 0.894 0.950
0.02

0.05 0.05 0.05 0.05 0.05
0.07

0.10 0.10 0.10 0.10 0.10
0.15 0.15

0.20 0.20 0.20 0.20 0.20
0.25

0.30 0.30 0.30 0.30 0.30
0.35 '

0.40 0.40 0.40 0.40 0.40
Q.45 -

0.50 0.50 0.50 0.50 0.50
0.55

0.60 0.60 0.60 0.60 0.60
0.65

0.70 0.70 0.70 0.70 0.70
0.75

0.80 0.80 0.80 0.80 0.80
0.85

0.90 0.90 0.90 0.90 0.90
0.95
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Jet Cj/CT
Short 0.13
simulated
Long 0.13
Short (Tip #4) 0.28
experiment
Long (Tip #2) 0.07

*Refer to Figure 53
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TABRLE 6. Simulated and Experimental Tip Jet Geometries”

Jet Area

Lj/cT wWing Area
0.23 1.6 10~3
0.65 3.7 10°3
0.29 3.3 10°
0.76 3.3 1074
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Figure 1l.- Wing Tip Blowing.
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Wing No. 1 with Tip 3.
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i) (a) Lift Coefficient

h“ Figure 12.- Measured lift and drag coefficients on Wing
4 No. 1 with Tip 4.
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(a) Lift Coefficient

Figure 14.- Measured 1lift and drag coefficients on
Wing No. 2 with Tip 1.
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Figure 21.- Measured lift and drag coefficients on Wing

No. 3 with Tip 2.
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Figure 79.-~ Concluded.

-242-

% US GOVERNMENT PRINTING OFFICE: 1988 — 548-054-80807




\"- SNzt ate'e atd ¥l BN (KA RN RN AIATL AT TR TR O by X0 AR O PrURy e rYeg Sag v b T «

a

-
o

s

DT \ C

é{ 9o ® o : - . © © -.»--\-v'

1] AR ‘lri‘t‘l.!'l. rv.orur r-.--.-v.-|- RN R

T T T g ey llﬁll.'llsl!l,l nulu'.' .8 "8 ey v

. LAt O a

» ‘1";‘5: IXY ,'.tl‘,‘q' 0 R Q.. L i‘,:s L) t ! NS ‘
(3

" .' \ .s ":. 'l‘ .;.l

i‘o'l‘l O t‘ Jetde
DL 'n' H‘.‘o ,‘0‘.':'."0'. ‘s ~“
(

.o u, " . ¥ L ; .b
) \ i . . ] . l l.'



