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PREFACE

The High-Speed Research Program sponsored the NASA High-Speed Research Program
Aerodynamic Performance Review on February 9-13, 1998 in Los Angeles, California.
The review was designed to bring together NASA and industry High-Speed Civil
Transport (HSCT) Aerodynamic Performance technology development participants in areas
of: Configuration Aerodynamics (transonic and supersonic cruise drag prediction and
minimization), High-Lift, and Flight Controls. The review objectives were to: (1) report
the progress and status of HSCT aerodynamic performance technology development; (2)
disseminate this technology within the appropriate technical communities; and (3) promote

synergy among the scientist and engineers working HSCT aerodynamics. In particular,
single- and multi-point optimized HSCT configurations, HSCT high-lift system
performance predictions, and HSCT Motion Simulator results were presented along with
executive summaries for all the Aerodynamic Performance technology areas. The HSR AP
Technical Review was held simultaneously with the annual review of the following
airframe technology areas: Materials and Structures, Environmental Impact, Flight Deck,
and Technology Integration. Thus, a fourth objective of the Review was to promote
synergy between the Aerodynamic Performance technology area and the other technology
areas within the airframe element of the HSR Program.

The workshop was organized in three sections as follows:

Section I Independent Sessions

Section II Plenary Session

Section III Executive Summaries

The work performed in the Configuration Aerodynamics element of the High-Speed
Research Program during 1997 was presented in the following sessions:

Analysis Methods and CFD Validation

Viscous Drag Predictions and Testing Methods
Aerodynamic Design Optimization Capability
Nacelle/Diverter Design and Airplane Integration
Configuration Assessments and Fundamental Studies

Technology Integration (TI) Studies related to Configuration Aerodynamics
(CA / TI Joint Session)

The work performed in the High Lift (HL) element of the High-Speed Research Program
during 1997 was presented in the following sessions:

Concept Development
Test Programs and Techniques
Analytical Methods

oo°
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The proceedings for the Aerodynamic Performance Annual Review are published in two

volumes:

Volume I, Parts 1 and 2 Configuration Aerodynamics

Volume II High Lift

AP Review Chairperson: Naomi McMillin

NASA Langley Research Center
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High Lift Technology

Airframe Review 2/98

/-kJ_ Uft,_ Long Beach

Development (Task 33)
J

I,gy

Goals

Objectives

iDemonstrate Greatly Increased L/D Relative to I
SST Technology (Suction Parameter_> 92%) J

I I

IDefine Preferredl I Technology J JAnalysis/DesignlHigh Lift System Readiness Level _>6 Methodology
I I I

Challenges Aggressive Validation
Tech Projection (Little Data)

I
Approaches I Concept

I Devel°pment I

Program

Planform, Viscous, Scale,
Ground, Power, Canard Effects

I

AnalyticalMethods

._Boundary Layer IControl

-'lVortex Flaps J

-[Attached Flow Flaps]
-}Canards J

Programmed Flapsl

I

"-tWT Databasel [ ITechnology ProjectionJ

--IHigh Rn Testingl _,Linear_ILarge Scale Testing I

-IPowered Testing II l-INon-linear Methods I
Dynamic GE Testing I I_

_JPressure & Temp. LINavier-Stokes MethodsJ

I Sensit ve Paints

The powered TCA-2 test performed at Langley's 14' x 22' resides under the Test Programs

and Techniques Approach within Task 33, High Lift Technology Development.
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Outline

Airframe Review 2/98

/-_h Lift Aeredyrl,_nk;_ L_ Be_:_

Introduction - LaRC 455 in the TCA WTT Plan

Test Objectives

Test Configuration Matrix

5% TCA Model Description
Results

Conclusions

Lessons Learned

Recommendations
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Airframe Review 2/98

The test was performed from August 29th to the 9th of September, 1997. The average run

rate, including model installation was 1.5 runs per hour. The picture above depicts the aft
end of the powered 5% HSCT TCA model. The model will be discussed in more detail later

in the presentation. The above picture will be referred to at that time.
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W IN D -T U N N E L TEST S C H E D

TC A MODEL

AirframeReview 2/98

_ Uft,4er_ Lo_ Beao_

U LE FO R 5%

I 1997J F M A M J J A S O N D I 1998 IJ F M A M J J A S O N D

[]
TC A-1
1 4'x22'

/
TC A-2
1 4'x22'

A m

r---]
TC A-3

es 12'

F-3
TC A -4
1 4 'x22'

r-3
TC A-5

Am es 12'

The TCA-2 wind-tunnel test was the second in a series of planned tests utilizing the 5%

Technology Concept Airplane (TCA) model. Each of the tests was planned to utilize the

unique capabilities of the NASA Langley 14'x22' and the NASA Ames 12' test facilities, in

order to assess specific aspects of the high lift and stability and control characteristics of the

TCA configuration. However, shortly after the completion of the TCA-1 test, an early

projection of the Technology Configuration (TC) identified the need for several significant

changes to the baseline TCA configuration. These changes were necessary in order to meet

more stringent noise certification levels, as well as, to provide a means to control dynamic

structural modes. The projected changes included a change to the outboard wing (increased

aspect ratio and lower sweep) and a reconfiguration of the longitudinal control surfaces to

include a medium size canard and a reduced horizontal tail. The impact of these proposed

changes did not affect the TCA-2 test, because it was specifically planned to address power

effects on the empennage and a smaller horizontal tail was in the plan to be tested.

However, the focus of future tests was reevaluated and the emphasis was shifted away from

assessment of TCA specific configurations to a more general assessment of configurations

that encompass the projected design space for the TC.

a f_revu 2/25/98
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_ljl L/f/_ Long B_ch

Test Objectives of LaRC 455

lo Determine Exhaust effects on the Empennage in Free-air

(F-A) and in Ground-Effect (G.E.)

• Baseline (800 ft. 2) _ Half (400 ft.2) Stabilizers

• Takeoff vs Flow-thru Eng. Exhaust Nozzles

• Interference Effects

a. High Pressure Air Supply Lines

b. Domed Nacelles

The test's main objective was to quantify the effects of simulated engine plumes on the

empennage at several thrust levels with emphasis on the thrust level that most closely

represents take-off conditions. Additional objectives included investigating: 1) the plumes'

effects on the half-sized (400 ft. 2) baseline tail, 2) difference in nozzle positions to acquire

the desired exhaust effects, and 3) the interference effects of the high pressure air supply
lines and domed nacelles.

_..j'ev, u 2/25/98
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_eh L_t_ L_e _

Test Configuration Matrix

Five configurations that were tested:

lo

o

3.

Takeoff flaps (LE/TE = 30/20), 3 Power settings

• Baseline stabilizer

• Half-size stabilizer

Undeflected flaps (0/0), 3 Power settings, baseline stabilizer

Takeoff flaps, flow-thru nacelles

• with high pressure air lines installed

• with high pressure air lines removed

The test configuration matrix was structured to ensure the test's main objective would be

met and the remaining objectives were prioritized. This matrix was designed into the plan of

test (POT) which can be obtained from the 'ADAPT" web page. The High Lift and Stability

& Controls objectives for best trimmed lift, L/D, simulation and control power assessment of

the exhaust's effects on the tail were combined and prioritized.

The test was centered around the terminal area takeoff and climbout conditions. Most of the

test was conducted with the wing in the takeoff flap configuration - leading edge flaps at 30 degrees

and trailing edge flaps at 20 degrees (LE/TE 30/20). The clean wing configuration (0/0) was also

studied. The undeflected flap configuration was tested for baseline simulation data and

additional confirmation about downwash at the empennage. The data obtained from this test

will be additive to the unpowered TCA-1 test data to culminate in a powered, ground effect
and free-air TCA database.

The test included runs to determine interference effects that must be accounted for because

of the air supply lines and domed inlets. At the start of the test, the need to test the 'flow-

thru' nozzles was eliminated by the ability to obtain flow-thru NPRs with the takeoff
nozzles.

The baseline TCA horizontal tail (H 1) was primarily used to determine the thrust effects on

the empennage. H1 was tested with both 0 degree and -30 degree elevators. A horizontal

tail with half the area of H1 (H2) was also tested. H2 did not have provisions for elevator
deflections.

af_.revu 2/25/98
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/._h L/_ _ Long Bmch

Tunnel Test Conditions

Rec = 7.54 x 10 6

Mach Number of 0.245

Dynamic Pressure of 85

Nozzle Pressure Ratios

h/b (height*) of 0.18 (14"), 0.21, 0.30, 0.49, & 1.0 (77")

* height (HGT) is W.L. of I.e. 50% cbar to tunnel floor.

The TCA-2 test was performed at the LaRC 14' x 22' atmospheric wind tunnel. The TCA- 1

was previously tested in the same tunnel with a balance located in both the body and the tail
section.

Three NPRs were tested and the model's height was varied as indicated above.

af._revu 2/25/98
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High L/ft Aer_cs, Long Beach ,

5% TCA Model Description

• Cover Plate and Floor Tufts • Non-Metric/Metric Bal. Split

• Hose Slot • HPHoses

• Domed Inlets • Takeoff Nozzles

The model's configuration is based on the TCA 1080-1450 outer mold line (OML)

definition released in March of 1996. The model has been designed to be tested in the

NASA Langley's 14' by 22' tunnel both powered and unpowered and also in NASA Ames'

12' pressure tunnel, unpowered, for Reynolds number effects. The model was constructed to

determine the TCA configuration's low speed aerodynamic performance, provide a database

for subsequent analysis and simulation, and examine the simulated nozzles' propulsion

effects on the TCA configuration's performance, stability and control in ground effect.

The model's wing was originally designed to accommodate high pressure air plumbing

necessary for powered testing. All four nacelles were supplied with separately controlled

high pressure air, regulated by two choke plates in each nacelle, in order to acquire desired

Nozzle Pressure Ratios (NPR). The above figures depict the provisions made for the high

pressure air supply lines; their stiffness introduced concerns about tare and routing. The six-

component internal balance was located between the mid-body and empennage. This

facilitated the measurement of the aft-body's control surfaces' aerodynamic forces without

requiring a complex tare reduction mechanism or mathematical tare removal. High pressure

air supply hoses required special routing through a sliding slot in the floor aft of the support

post. A diagram of the nacelle's called a 'Jet Flow Simulator' follows in a few pages.

Two sets of nozzles were built for the nacelles. One set was intended for use at the takeoff

NPR settings, while the other was for the "flow-through" setting. Early studies showed that

swapping the nacelles during the test was unnecessary and the "flow-through" NPR setting
could be run with the takeoff nozzles. Slide #4 can be viewed for additional detail.

af_revu 2/25/98
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/-kj_uft _ Lo_j _

_x_hoke Plate #2 /
2 - 0.75 inch air supply lines _ _ Choke Plate #1 ./

"_ _,,_ X_\_arging Station-v _

kx circular to rectangular _!

__ _ansition section i_

--3.8" _5.6" _2"

> Constant Area Rectangular Section = 9.83 sq. in.

-2 static pressure probes

/---- 5 total pressure probes

r--2 thermocouples

Nozzle exit area

= 8.76 sq. in.

// /

t .5" [

<

Jet Flow Simulator

The Jet Flow Simulator diagram depicts its functional construction. The high pressure

supply lines injected air at approximately 340 psi to the nacelle's plenum. The pressurized

air was moved along the circular to rectangular transition and choked through the two choke

plates #1 and #2 to achieve the desired internal flow conditions. The Nozzle Pressure Ratio

was determined by dividing the total pressure at the charging station over the ambient static

pressure. This enabled an exhaust plume that most closely represented the full-scale plume.

Mass flow rate was determined by pressures and temperatures obtained from the total and

static pressure probes and the thermocouples. Total pressure probe placement was
important. Erroneous total pressure readings could have been obtained if the estimated

internal flow profile was not known prior to start of the test. The probes were placed in a

cosine distribution to best capture the conventional channel flow profile.

The takeoff and flow-thru nozzles were separate pieces attached to the aft end of the

nacelles. The designed nozzle deflections were similar. Since the flow-thru NPR was

attainable, the time spent to change between the two nozzles was saved by deleting the flow-
thru nozzle from the test matrix.

af_revu 2125/98
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ACm Exhaust_gefa m (C m full thrust " Cm flow-thru) ground effect

-- (Cm full thrust --Cm flow-thru) free air

"If ACre Exhaust_.gefa> 0.015, test entire matrix."

lo

1

Ground Effects achieved by varying the model HGT from
77"_ 14".

Exhaust Effects via varying NPR: 1.04 & 1.51.

The following data are presented as plots of pitching moment coefficient both absolute and

incremental. Pitching moment was selected as the parameter to be used as a metric because small

changes in the tail's local flow field are easily observed. Although the results are shown and
discussed as incremental changes in pitching moment, the results are also quantified in terms of the

change in the local angle of attack at the tail resulting from a change in either stabilizer incidence,

downwash, or airplane angle of attack. The change in local angle of attack at the tail was

determined by dividing the measured incremental pitching moment by the stabilizer effectiveness

(typically -0.0045/deg.). Although the above equation sums up the additive effects of both ground

effect and power, the following plots predominantly separate these effects for clarity. The plots and

related text predominantly address the 10 degree angle of attack region. This was chosen as a

reasonable alpha for takeoff and initial climbout regimes.

A delta of 0.015 in pitching moment coefficient was agreed on by team researchers prior to the start
of the test in order to determine how much of the test matrix would have to be tested. If the delta

obtained was greater than 0.015, the test was to progress through the entire test matrix of heights

and power settings. The delta obtained early on in the test was greater than the 0.015; therefore the

test proceeded accordingly.

Testing in ground effect was performed by moving the model from the tunnel centerline of 77" to

14" above the tunnel floor. An NPR of 1.26 was also obtained but used mainly for trends and not
presented here.

The test centered around the takeoff flap setting of LE/TE = 30/20 with the stabilizer/elevator

deflected to -15/-30. This stabilizer/elevator deflection provides the most airplane nose-up pitching
moment simulating the nosewheel lift-off maneuver. Although the data was obtained on the aft

balance, all pitching and yawing moments are referenced to the 50% cbar of the wing. Tail-off and
nominal stabilizer settings of-15/0 were also tested to determine stabilizer effectiveness and
downwash at the horizontal tail.
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The above plot shows the impact of domed inlets at both 77 inches and 14 inches ground

heights. A positive increment in pitching moment due to the presence of the domes is seen

at both heights. While the impact of the domes is relatively small at the maximum height,

equivalent to a 1/4 degree change in tail angle of attack, the impact at the minimum height is

significantly more, about 3/4 degree change in tail angle of attack.
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The above chart shows the impact of the air supply lines on the measured pitching moment

coefficients. A positive increment in pitching moment is seen due to the presence of the air

supply lines in free-air, while a negative increment is seen in ground effect. The magnitude

of the increments at 10 degrees angle of attack appear to be the same at both heights and are

equivalent to a 1/4 degree change in tail angle of attack.
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The above chart shows the impact of NPR on pitching moment in both free-air and ground

effect for the takeoff flaps and the stabilizer/elevator deflection of-15/-30 configuration. As

NPR is increased from 1.04 to 1.51, a significant increase in pitching moment is observed at

the minimum height, approximately equivalent to a 3.5 degree change in stabilizer

incidence. However, at the maximum height, the effect of NPR is greatly diminished and

results in a decrease in pitching moment, approximately equivalent to a 3/4 degree change in
stabilizer incidence.

The overall nose-down tendency in free-air is most likely due to the entrainment of the

wing's downwash with the exhaust plume thus reducing the local angle of attack of the

horizontal tail. The crossover in free-air at 16 to 18 degrees angle of attack indicates that

increasing NPR has little impact on pitching moment because the tail is in the wing's wake.

The ground effect set of curves show a significant amount of nose-up due to a dynamic

pressure or venturi effect acting on the lower surfaces of the horizontal tail. The slide on

page 19 shows oil flow visualization highlighting this phenomenon.

The next slide summarizes the impact of the interference effects on the above measured data.
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The above chart shows the combined effects of domed inlets and air supply lines on the

measured incremental pitching moment coefficients. The final increment data (not including

wind tunnel data reduction schemes) will be obtained by removing the cumulative power

artifact effects (interference of domed inlets and air supply lines) from the measured data.

The final power effect increments in both flee-air and ground effect can be applied to the

simulation database.

Note that in ground effect the artifact effects negate each other while in free-air they are

additive and thus increase the measured pitching moment increments. Final incremental

data for the above case shows the free-air pitching moment increment decreasing to just over

one degree of tail angle of attack while the ground effect increment remains the same.
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Pictures: Top 1 -> 2, Bottom 3 -> 4.

The above pictures illustrate some of the oil flow visualization performed during the test.

These pictures are of the same run from different perspectives. Note that the oil pattern in

picture 2 looks very symmetrical but when viewed from a different angle, such as picture 1,

the flow lines are somewhat distorted and seem 'braided.' Although it was thought that the

air lines were going to cause significant interference, they did not by virtue of the results

shown on the previous chart. Pictures 1-3 depict the wing's cross-flow and vortices even at

this relatively small angle of attack of 8 degrees. It should be evident from the above

pictures that the air is sped up under the tail consistent with a venturi effect which creates

lower pressures and thus results in the increased airplane nose-up pitching moment

increment. Picture 4 is just a side view; the tail's upper surface can be seen.
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The next four slides show the effect of NPR on both elevator and stabilizer effectiveness for

stabilizer/elevator deflections of-15/0 and -15/-30 with takeoff flaps LE/TE 30/20. The data

are presented in free-air and in ground effect separately. The data are presented at the two

heights as both absolute and incremental.

The above chart shows the absolute pitching moment data in free-air. As NPR is increased,

the elevator's effectiveness is shown to reduce by 12% while the stabilizer's effectiveness is

increased by 4.5%. This reduction of elevator effectiveness is puzzling and is better
illustrated in the next slide.
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The above chart shows the incremental pitching moment effect of increasing NPR in flee-air

on the two specific stabilizer/elevator combinations. The increment is calculated by

subtracting the absolute data at NPR = 1.04 from the absolute data at 1.51 for each

stabilizer/elevator configuration shown. The incremental pitching moment effect of NPR on

the -15/0 stabilizer deflection is positive over the entire angle of attack range. The positive

increment equates to approximately a -2 degree stabilizer incidence change.

Note, as NPR is increased with the stabilizer/elevator deflection of-15/-30, the pitching

moment increment is negative for the terminal area alpha range. This reduction in elevator

effectiveness equates to approximately a 3/4 degree change in stabilizer incidence.

Repeat runs are also shown in this plot. Repeatability is shown to be reasonable, particularly

at 10 degrees alpha. Consistent NPR settings would obviate much of the variance in the data
and will be discussed later.
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The above chart shows the absolute pitching moment data in ground effect. This chart

shows that increasing NPR in ground effect has a beneficial effect on both stabilizer and

elevator effectiveness. This significant increase in stabilizer effectiveness equates to

approximately a -4 degrees change in additional stabilizer incidence. The increase in

elevator effectiveness is similar to a -2 degree change in stabilizer incidence. The following
slide better illustrates the benefits.
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The above chart shows that increased NPR increases both the stabilizer and elevator

effectiveness in ground effect for all positive angles of attack. The increments are calculated

by subtracting the absolute data at NPR = 1.04 from the absolute data at 1.51 for each

stabilizer/elevator configuration shown.

Repeat runs are also shown in this plot. Repeatability of the data is worse in ground effect

than in free-air but is sill acceptable, particularly for the -15/-30 stabilizer/elevator

configuration. Overall, repeatability could have been improved by maintaining more

consistent NPRs. The tail balance showed no significant anomalies during the test that

would have resulted in unsatisfactory repeatability.
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Incremental Pitching Moment Variation with Angle of Attack

0.020

E

<

-" 0.015

-_ 0.010

_. 0.005
¢=)

¢-

_ o

e-

-0.005
-lO

Effect of NP-R on the 1/2 Size Horizontal Tail

...... Flaps30/20, Stabilizer-15/0 ' "..... __. ±

_--..--======-_ 12_5-128l 77" Ill .....

H 1291-1287 14_HI

1325-1321 77" }12
[_------------_ 1331 - 1327 14" H 2 .......

0 10 2O 30

Angle of Attack, a
filed:,al_repdata,fare455',pighal_ t

The above chart shows the incremental effect of NPR on the half-sized (H2) horizontal tail

(400 sq. ft.) both in free-air and ground effect. The incremental effect of NPR on the

baseline (HI, 800 sq. ft.) is also shown for comparison. Both H1 and H2 are at a

stabilizer/elevator deflection of- 15/0 in the above incremental data plot.

In general, the incremental effect of NPR on the H2 tail in free-air is more than half the

increment observed on the H1 tail at low to moderate angles of attack. This incremental

effect is approximately half at higher angles of attack until 20 degrees is reached where the

effect reduces to no observable effect at 26 degrees alpha.

However, in ground effect the incremental effect of NPR on the H2 tail is approximately half

that observed for the H 1 tail up to about 4 degrees angle of attack. Beyond 4 degrees alpha,

the incremental effect on the H2 tail begins to rapidly diminish with no effect evident at 10

degrees alpha.
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The above plot shows the effect of NPR on the 0/0 and 30/20 flap configurations at both

free-air and ground effect heights for the incremental pitching moment of the

stabilizer/elevator deflected -15/-30. The 0/0 flap deflection was tested in conjunction with

the 30/20 flap deflection in order to provide an increment for the simulation database. The

reduced level of pitching moment for the 0/0 flap when compared to the 30/20 flap

configuration is the result of reduced downwash and thus reduced local alpha at the tail.

The trends in pitching moment increment due to NPR and height changes are similar for the

0/0 flaps when compared to the 30/20 flaps. One exception is when NPR is increased in

free-air for the 30/20 flap deflection; -4 to 16 degrees alpha shows an airplane nose-down

pitching increment while the 0/0 flaps shows the opposite increment. The ground effect

curves of the two different flaps settings show comparable, positive increments.
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The above plot shows the effect of NPR on directional stability for alpha = 10 degrees. Both

in free-air and in ground effect, the data show that increasing NPR increases directional

stability. While the effect of NPR is of primary interest, ground effect is shown to

significantly reduce directional stability particularly at small sideslip angles. At all angles of

sideslip, the yawing moment due to sideslip is greater in free-air than in ground effect.
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• Impact of exhaust on tail is a 'non-issue' as the stabilizer is far
from stalled.

• ACm_NPR (30/20 Flaps): negative in flee-air due to reduced

downwash from plume entrainment and positive in ground effect

due to a dynamic pressure increase on tail near the ground.

• Elevator effectiveness lessens in free-air and increases in ground

effect while stabilizer effectiveness increases at both heights.

• Half-sized horizontal tail effectiveness due to NPR was greater

than half of the baseline tail's in flee-air and less than half in

ground effect.

• Increased Cn_ due to NPR.

The main conclusion drawn from the data thus far indicates that the exhaust plume

simulating takeoff power shows no detrimental effects to longitudinal control power.

An additional nose-up pitching moment increment due to NPR was obtained in ground effect

for the -15/-30 stabilizer/elevator deflection for both flap configurations tested. However,

the flaps 30/20 free-air case showed a slight airplane nose-down increment with the

application of power.

Stabilizer effectiveness was shown to increase in both free-air and ground effect for the

baseline horizontal tail with the application of power. Elevator effectiveness on the baseline

tail was reduced in free-air while in ground effect it was shown to increase. The half-sized

horizontal tail effectiveness increase due to NPR was shown to be greater than half of the

baseline tail's. This effect due to NPR was reduced in ground effect. Both increases in

stabilizer and elevator effectiveness benefit the nosewheel lift-off maneuver at takeoff.

Power increased directional stability.
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Lessons Learned

• High pressure flex-hoses don't have to be stowed.

• Repeatability from precise control ofNPR a must.

a. NPR control of O.05 desired while O.1 was the norm.

b. NPR settings would drift as run was on-going.

c. No acceptable repeatability by human intervention.

• Leak rate less than 0.005 lbs/sec difficult to meet.

• Precise, consistent stabilizer drive needed.

• Good mass flow calculation is f(Probe placement within the

nacelle).

• Prominently mark pertinent model pieces.

• Probes fail.

Prior to the start of the test, the air supply lines were anticipated to have a significant effect

thus reducing the quality of the data. This turned out not to be the case as shown previously.

Data repeatability could be improved by maintaining more consistent NPR settings. NPR

settings varied during runs and were not easily maintained even with the assistance of human

intervention. Better control of NPR would reduce any potential repeatability problems.

Maintaining a leak rate below the target of 0.005 lbs/sec was difficult. The model was very

susceptible to leaking if touched by the mechanics.

The stabilizer was susceptible to drift. Maintaining constant stabilizer incidence would

improve repeatability.

The placement of total pressure probes affect the mass flow calculations. The flow profile

must be known apriori in order to place total pressure and temperature probes in a logical set

of locations for good mass flow calculations.

A portion of the test was performed with the wrong outboard flaps, which cost valuable

research time. Model parts need to be prominently marked for easy identification.

Pressure and temperature probes failed. This led researchers to substitute readings from one

probe to that of another location. This leads to errors in specific flow quantities and can

provide misleading results when data are reduced for mass flow calculations.
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Recommendations

• Perform an isolated check out of powered nacelle(s).

• Design larger powered models to further reduce any high pressure

air-line routing impact if the testing facilities are capable.

• Ensure tail drive mechanism has no hysteresis in its inherent

design by increasing estimated loads.

• Revamp the controllability of sustaining NPR.

• Acquire ability to seed plume.

• Heated plumes recreate buoyancy (ejectors/bypass).

• Know that 'leaks' are not a 'good' thing.

The following recommendations are given for future powered tests. It seems logical to

ensure that the workings of the jet flow simulators (JFS) are fully functional before the

actual test start date. Perhaps an isolated test of the JFSs is necessary. Leak rates could have

been reduced earlier which would have allowed the actual data taking to have started earlier.

Data repeatability can always be improved by reducing the mast wake turbulence, increasing

the controllability of NPR and eliminating the drift in tail incidence. A fairing around the air

supply lines could have reduced further any interference from these artifacts. Controllers

used to monitor NPR need to be analyzed. As mentioned before, NPR settings varied greatly
during a test run.

Hysteresis in any control surface drive mechanism needs to be determined by calibrating

with substantially more loads than anticipated in the test.

There is a definite need to view the exhaust plume in three-dimensions. Oil flow does not

give height nor breadth. This would have been more insightful and should be provided

where flow visualization is needed or requested.

Heated plumes create buoyancy which better simulate the real exhaust plume. The effect of

ejector and bypass door turbulence was not investigated in this test. These are added

complications but factors that lead to a closer approximation of the exhaust plumes. Some
of these items were looked at in the HEAT 1 test.

In closing, when performing a powered test, know that leaks in pressurized nacelles do not
assist in gathering good data.
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This presentation includes a summary of a recent experimental study of the

static and dynamic ground effects for low aspect ratio wings. The authors

would like to thank the many members of the Dynamic Ground Effects (DGE)

Team whose contributions were invaluable in this effort.
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High Lift Technology Development (Task 33)

Goals

Objectives

Challenges

Approaches

Demonstrate Greatly Increased IJD Relative to I
SST Technology (Suction Parameter > 92%) J

Aggressive

Concept

ValUation Planform, Viscous, Scale,
Ground, Power, Canard Effects

Program Unear Methods I

Sensitive Paints

Non-linear Methods l

Navier-Stokes Methods [

This study supports the Dynamic GE Testing Program under Test Programs

and Techniques of the HSR High Lift Technology Development Task.
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Outline

• General Test Information (Owens)

• Static Ground Effects (SGE) Data Analysis and

Results (Powell)

• Dynamic Ground Effects (DGE) Data Analysis

and Results (Owens)

• Comparison of Wind Tunnel and Flight Ground

Effects Data (Curry)

This presentation is divided into four main sections. First, Lewis Owens

(Langley Research Center) will cover some general Langley 14-by-22-Foot

Subsonic Tunnel (14x22 ft) test information (LaRC Test 462 -- October '97).

Next, Art Powell (Boeing-Long Beach) will present some of the analysis and

results for the static ground effects (SGE) data, which provided a baseline for

comparison with the dynamic ground effects (DGE) data. Lewis will follow

with a presentation of the analysis and results for the dynamic ground effects

data. Finally, Bob Curry (Dryden Flight Research Center) will present a

summary and status of recent Tu-144 flight test ground effects results. He will

also compare these results with data obtained from the wind tunnel test.
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Is There a Difference Between Static and

D, "c Ground Effects?
I" ! _ J__L I

I

I

I

1.20 1.40

J

i i
I L

_.oo 1.6o _.eo 2.00 2.20 2.40 2.60 2.80 3.00
Aspect Ratio

Previous ground effects data (University of Kansas) illustrates the potential for

a difference between DGE and SGE. This plot of the percent increase in lift as

a function of the aspect ratio is used to show that some wing planforms exhibit

significant differences between DGE and SGE. At lower aspect ratios, the

DGE lift increase may only be 50% of the SGE lift increase. If this happens to

be the case for the HSCT planforms (aspect ratio currently about 2), then the

expected SGE lift increments may over predict the flight (dynamic) ground

effect. The significance of this over estimation is that the flight control

surfaces may be under designed.

University of Kansas data reference:

R. C. Chang and V. U. Muirhead, "Effect of Sink Rate on Ground Effect of

Low-Aspect-Ratio Wings," Journal of Aircraft, Vol. 24, No. 3, March 1987,

pp. 176-180.
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Test Objectives

• Shakedown the new 14'x22' DGE cart and

instrumentation systems, and develop the overall

system as a way of acquiring DGE data

• Determine the extent of DGE on HSCT planforms

• Understand how planform variables such as aspect

ratio and sweep affect DGE

DGE cart hardware existed but had not been scheduled for use in the 14'x22'

tunnel. The HSCT DGE/SGE difference question provided an opportunity to

use this new cart. The HSR test was scheduled and a test plan was developed

to meet three main test objectives. First, we had to develop experience to be

able to effectively use the DGE cart. Each step toward operating the cart in the

tunnel (for the first time) involved a major "debugging" effort. This

shakedown process would also include validation of the DGE test technique by

making comparisons with the Tu-144 flight test ground effects database.

Second, we wanted to obtain DGE/SGE data on as many HSCT planforms as

possible to try and provide an answer to the DGE/SGE difference question.

Finally, we wanted to test a number of different low aspect ratio planforms to

be able to understand the dominant geometry factors that may contribute to the

potential DGE/SGE difference.
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Dynamic Ground Effects Cart

s*"_pltch

._! Drive

Here is a side view sketch of the DGE cart. The basic cart is similar to other

14'x22' model carts. The differences are primarily in the model support

structure. A large support strut is hydraulically controlled (vertical drive) to

vary the model height above the cart floor. Also, the strut has a hydraulic

pitch drive that makes it possible to change the model attitude during a

dynamic plunge. Finally, although not used in this test, a yaw drive allows the

model to be yawed with respect to the oncoming flow (prior to DGE plunge)

so that ground effects data can be obtained with angle of sideslip.
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Basic Cart Performance

• Executes pre-programmed model trajectory

• Sink rates varying from 0 to 15 ft/sec

• Cart floor boundary layer minimized with tunnel

boundary-layer removal system

• Height limits are 89 in. down to about 5 in.

(depends on model pitch)

• Pitch limits are -10 degrees to +50 degrees

(depends on model height)

Here are some of the basic performance parameters for the new DGE cart

design. Note that we did have some operational problems with the cart.

During the test, we were only able to reach sustained sink rates of about 9 ft/

sec due to temporary "fixes" made to the hydraulic control system.
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Models Tested

• Model #10: Elliptic wing planform with centerbody

(AR=7.0)- No flaps deflected

• Model #7: Tu- 144 wing planform

(AR=1.627)- TE flaps deflected 10 deg

• Model #6: TCA wing planform

(AR=2.027) - TE flaps deflected 10 deg

Originally, the test plan included 10 different flat-plate wing planforms (one

high AR wing and nine low AR wings). Note that none of the wing planforms

had wing twist or camber. The operational/training problems experienced

with the new cart contributed to the reduction in the number of models that

were tested. Only three models were tested. Model #10 was used to get an

indication of the tunnel flow angularity with different model heights. This was

done both statically and dynamically. Model #7 provided an opportunity to

validate the wind tunnel DGE data by making comparisons to actual Tu-144

flight data. Model #6 provided an opportunity to assess the DGE/SGE

differences for a current HSCT baseline wing planform.
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Elliptic Wing Planform

All dimensions in inches.
Not to scale.

I
I

_ 5.0" dia

14.0"

40.3'"

This is a sketch of model 10 wing planform with centerbody. The model was

tested in the "high-wing" configuration such that the centerbody was under the

wing. The dimensions are included to give a better sense of the model scale.
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Tu- 144 Wing Planform
65A6"

All dimensions in inches.
Not to scale.

41" 76deg

23.55"

This is a sketch of the model 7 Tu-144 wing planform. The model was tested

in the "low-wing" configuration with the balance/balance fairing mounting to

the top of the wing. The dimensions are included to give a better sense of the

model scale and location of trailing-edge flaps.
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All dimensions in inches.
No

'_''-- 42.52" P---I N

TCA Wing Planform

1.22"

t- 5.81"

6.24"

8.7deg

2.767"

6_88"

| 13"85"1.9"

!_20.8deg _ 1

54.50" _- _ 3.72" A
/ 0.9"

This is a sketch of the model 6 Technology Concept Airplane (TCA) wing

planform. The model was also tested in the "low-wing" configuration with the

balance/balance fairing mounting to the top of the wing. The dimensions are

included to give a better sense of the model scale and location of trailing-edge

flaps.
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Wind Tunnel Measurements

• Six component force/moment balance

• Six model accelerometers

-3 linear accelerations

-3 angular accelerations

• Four sting accelerometers (data not used)

• Tunnel Optotrak system

-model height
-model pitch

The basic measurements provided during the wind tunnel test included a force/

moment balance, accelerometers and an optical tracking system. The six

model acceleration measurements were used in combinations to provide 3

linear and 3 angular accelerations of the model reference center. The four

sting mounted accelerometer measurements tracked the model accelerations

very closely and were not included in any of the inertial loads removal from

the force/moment measurements
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Testing Ranges

• Longitudinal load ranges
(NF: 1000 lbs.;PM: 4000 in.-lbs.; AF: 500 Ibs.)

• Accelerometer range (10 g's)

• Tunnel velocity: 267 ft/sec

• Model sink rates

(0, 1, 2.33, 4.67, 7, 9.33, 11.667 ft/sec)

• Gamma

(0, 0.2, 0.5, 1, 1.5, 2, 2.5 degrees)

• Model AOA between 6 to 11 degrees

• h/b range
(1.5 to 0.2)

Here is the range of variation of the major test condition parameters. Note

that the flight path angle (Gamma) corresponds directly to model sink rate for a

given tunnel velocity. The wind tunnel investigation did include some lower

tunnel velocity test points, but none of those data have been analyzed yet and

are not included in this presentation.
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Data Corrections

• Static

-weight tare, balance woz

Dynamic

-weight tare, balance woz
-model acceleration measurements used to remove inertial loads from

balance load measurements

-angle of attack variation

Typical corrections were applied to the static data. The dynamic data included

the same corrections plus those necessary to remove inertial loads and any

angle-of-attack variation during the plunge.
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Static Ground Effects

• Art Powell will present the next section
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Static Ground Effects (SGE)

• Flow Angularity (Model 10)

• Lift and Moment (Models 7,6)

Objective: Best estimate of lift and pitching

moment characteristics in static ground

effect for comparison with dynamic values.

While Lewis, Sharon Graves (GWU JIAFS Graduate Student), and Bob

processed the dynamic data, Art took on reducing the static data so we would

have a basis of comparison.

Flow angularity was measured using Model 10, the AR=7 NACA 0012

elliptical wing. DACVINE, a higher-order panel method, was used to estimate

zero-lift angle-of-attack, since this model had an underwing fuselage to house
the balance.

The tunnel with DGE strut showed a downflow (of approximately 0.15

degrees) at the tunnel centerline, which decreased to near zero at the floor.

The flow angularity was deemed too small to have a significant effect on the

data for the lower AR wings.

Model 7, the Tu-144 planform, and Model 6, the TCA planform, were the only

low-AR Models tested. Severe mechanical problems plagued the test

throughout. Data quality was not judged good, but was felt to be sufficient to

determine if any significant DGE effects existed.

Only lift and moment data were considered. Since the models had no camber,

and no fuselage, and test Reynolds number so small, there was not sufficient

motivation to study the drag variation with ground effect.

Overall agreement of static data with other sources was good.
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Flow Angularity - Model 10

Model 10 consisted of an AR=7 elliptic wing with symmetric NACA0012

sections and a fuselage to accommodate the balance. Since this model had a

steep lift-curve slope, it was ideal for probing tunnel flow angularity. The

presence of the fuselage made the model slightly asymmetric with respect to

lift, so DACVINE was used to determine its angle of zero lift at various

heights. This, along with angle of attack sweeps taken at various heights, was

used to determine the flow angularity. The figure is the geometry wireframe

developed for the DACVINE analysis.
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Static Lift Curves for Model 10

t;

o (deg)

Lift data were taken at four heights, and the resulting lift curves are straight

and pass close to the origin. The abscissa is really model attitude angle, not

angle of attack. This distinction, which is usually ignored, is necessary in

detecting tunnel flow angularity.
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Zero-Lift Offsets, Model 10

n hi=

0.04,

-_ 0.03
(J

0.02

0.01

; : : : : c
-o._ -o., -o.3 -o.2. ;_-'_;oi

__o.o2

..-S -0.03

y -0.04

-C.C_

H=79.92" !

- .,,- H=40.01" . ....:.".'._._i

......_-,oo=j-_- H=14.97"It,_. ,

._./. I I I :
0.1 0.2 0.3 0.4 O.S

0 (deg)

This figure is an expanded view near the origin for the lift curves of the last

figure. As can be seen, the curves do not all exactly pass through the origin.

There is some small positive angle of attack indicated at zero lift, which

changes with height from the floor.
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Tunnel Flow Angularity From Model 10
80-

170

60'

50

C .

"r _ : _, Oaevine

30- _
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10'
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i
i

i
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%., Test Data

I

0.05 0.10

Angle (deg)

Tunnel flow angularity is calculated using the zero-lift angles of attack from

DACVINE, and the zero-lift attitude angles from the test. The blue curve

(solid line) is the resulting flow angularity for the tunnel with this cart and

model in place. It is interesting to note that this is an apparent downflow, the

opposite of what was found in the U&I test (LaRC442). The flow angularity

was ignored in the DGE test because it was deemed insignificant for the

dynamic measurements, but more importantly because the DGE test really only

required that a difference be seen between static and dynamic data. An attempt

is underway to extract "dynamic" flow angularity.
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Model 7 Static Characteristics
65.16

Model 7 was a flat wing of Tu-144 planform. Its leading edge was of small

radius from centerline to tip. It featured flaps which were deflected 10 degrees

for this test. The model was attached to the sting through a balance block and

balance enclosed in a fairing and mounted to the model's upper surface. A 9-

degree knuckle was used to provide some angle-of-attack capability near the

groundplane. Model size is indicated above.

The model was run through angle-of-attack sweeps at six heights above the

floor. Floor boundary layer suction was used.
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Lift Curves, Model 7 (Tu- 144)
TE Flaps _ 10 deg

zJ ,_

6 7 8 9 10

Ct (deg)

J

-,-h/b=.382

--- h/b=.256 --

b=.128

11 12

Model 7 static rift characteristics were measured at a number of discrete

heights, which for comparison's sake have been normalized by the model span,

47.1". Each data point represents an average of 1200 samples, which

eliminates sting vibration, a spurious effect present in most of the data. The

data are shown in the region of interest to the DGE test, and landing maneuvers

in general. The h/b=. 125 data is limited in angle of attack due to clearance

problems with the tunnel floor.
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Regressed
0.050

0.1145

\
0.1140

0.035
0

@o.o3o

0.025 _

0.020 _

\
\

\' /

0.015 _

0.010

0.0 0.2 0.4

CL,_=0,Model 7 (Tu- 144)
lie Flaps _ 10 de El

0.6 0.8 1.0 1.2 1.4 1.0

Wb

Regressing linearly the lift data in the 7-11 degree range allows the lift data to

be generalized and interpolated, and although it was not strictly necessary in

constructing the static ground effects characteristics, it is useful for data

control. The lift at zero angle of attack asymptotes at higher h/b, which is

reassuring.
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0.080

0.078

.=0.070

0.065

_ 0.060 •

Regressed

\
\

\

"-..__

dCL/da, Model 7
1 = Flaps _ 10 de

0.055 r _

0.0_,

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

h_

Regression coefficients were quite high for the Model 7 lift data. Again, the

lift-curve slope asymptotes at high h/b, as expected. The increase in lift curve

slope at low h/b values is substantial.
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Normalized Lift Increment, Model 7

__ 0.30

0.25
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• Flight Data

7--------- .

0.4 0.6 0.8 1.0 1.2 1.4 1.6

h/b

The regressed C L @ (x --0 and dCL/dO_ vs. h/b curves were used to construct

curves of C L vs. lafo for 7, 9 and 11 degrees angle of attack. These were

normalized by the free-air C L and are presented here as normalized ground

effect lift increment. The data compress well under the normalization. The

data from this test were compared with data from the Tu-144 flight test, in

which a series of landings were conducted at constant angle of attack. The

agreement is very good, despite the fact that the Tu- 144 data are for a dynamic

maneuver of a full configuration, at vastly different Reynolds number, and

powered. Also note the large (42%) ground effect lift increment for this

plan form.
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Moment About 50%-MAC,
O.OOS

TE Flaps _ 10 dog

0.000

o_ -0.005

r,)
-0.010

-0.015

Model 7

_ _ h/b=1.528
-4- hTo=1.019

-_- h/b=.511

--,- h/i:)=.382

-,- h/b=.255 __

--_--h/b=.128

I
-0.020

6 7 8 9 10 11

a (dog)

12

Pitching moment data about the 50%-MAC point are shown. The large

positive slope indicates that the aerodynamic center for this angle-of-attack

range is forward of the moment reference. The data do show a negative (nose-

down) pitching moment increment as the groundplane is approached, which is

what one would expect.
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-0,045

Moment About 42.5%-MAC, Model 7
-0.040

TE Flaps e 10 deg

-0.050

-0.055
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-0.060

-0.065
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6 7 8 9
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i-..-h/b=1.528
-,-h/b=1.0191
--,-IVb:.509
--,-IVb:.382

--,-IVb:.256
--.-IVb:.128

10 11

I

t2

Re-referring the moment data to 42.5%-MAC essentially zeroes the moment

slope, indicating this to be the approximate free-air aerodynamic center for this

angle-of-attack range. Thus referred, the negative moment increment due to

groundplane proximity is larger than in the previous figure. The normalized

moment increment presented in the next slide will be based on this reference

point.
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Normalized Moment Increment About

42.5%-MAC, Model 7
0.005

T:. Flaps _ 10 dq_g

0.000 _ "---'---

-0.005

_" -*-AoA : 7 deg

_-0.010 / ----AoA = 9 deg
-0.015

"_-0.020 F/ --*- AoA = 11 deg
/ • Flight Test

:E
!

('_ -0.025
tJ Eyeb_ II fairing of flight Jata

--0o3o /!
-0.035

-0.040 !

-0.045

0.0 0.2 0.4 0.6 0.8 1.0 1.2

h/b

I

J
t

This figure shows the normalized moment increment about the aerodynamic

center for Model 7. Following Curry, the ground-effect moment increment is

normalized by the out-of-ground-effect (OGE) lift coefficient. The data

compresses well under this normalization. One Tu-144 point is shown. This

was taken from an eyeball fairing of rather noisy flight data. an indication of

the noise level is shown by the error bar. Again, the agreement appears good,

despite likely different flap settings.

Reference:

R. E. Curry, "Dynamic Ground Effect for a Cranked Arrow Wing Airplane,"

NASA TM-4799, August 1997.
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Model 6 Static Characteristics

__ .81"

6.24"

., 7r,og _ _------/_--r_t / 13.8,1 /
dl ''_ _ ["'l_ 12_131 17.9" |

4----_ 42.52'4----_ 42.52'

20.8deg _

54.50" _ _'_ 3.72"' A
/ 0.9"

Model 6 was the TCA planform. It had no camber or twist, but featured 10-

degree deflected trailing edge flaps. The leading edge radius was as large as

the wing thickness allowed inboard of the leading-edge sweep break, and much

smaller outboard. Like Model 7 it mounted to the sting via a faired balance

block and balance on the upper surface. The 9-degree knuckle was used with
this model as well.

This model was run through angle-of-attack sweeps at five heights above the

floor. Tunnel boundary layer suction was used. In addition, static data was

available at high h/b from certain dynamic runs before the plunges began.

These data were also used to construct an estimate of the aerodynamic

characteristics in static ground effect.
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The Model 6 lift curves are presented in the angle of attack range of interest for

DGE testing. Comparable lift curves from the TCA-1 (LaRC 14'x22' Test

449) are shown also. The h/b=.987 (TCA-1) data (Run 572) should be

considered as free air data, since it includes wall corrections. The h/b=. 174

(gear height) data (Run 350) was processed as ground effects data and was not

corrected for the floor presence. Both of the TCA- 1 curves are for 30 deg TE

flaps, as opposed to the 10-degree TE flaps of the DGE model. The TCA-1

curves are for a full configuration, but without horizontal tail, while the DGE

test data are for a fiat wing planform only. The Reynolds numbers are also

different: 7.8 million for the TCA-1 data versus only 4.7 million for the DGE

test data. The h/b=. 174 TCA-1 data was limited to below about 8.6 degrees by
tailstrike.

The bulk of the DGE test data came from constant-height angle-of-attack

sweeps. For these points, roughly 1200 data samples are averaged for each

data point. Data at h/b=l.87 came from DGE runs prior to plunge start. Lift-

curve data are available because plunges were taken at 7, 9 and 11 degrees

angle of attack for Model 6. Typically, over 100 data samples were available

for time-averaging prior to plunge start. This largely eliminates the effects of

sting oscillations, if any.

A few individual data points at low h/b are shown near 7, 9, and 11 degrees

angle of attack. These points, while unique in h/b, have turned out to be

extremely useful, as will be seen.
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Regressed zero-_ C L, Model 6 (TCA)
0.12

TE Flaps _ 10 d _g

0.11

0

0)0.10 _'-_

0.09' ---....

0.08

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

hlb

Each of the DGE test static lift curves was linearly regressed between 7 and 11

degrees. Regression coefficients "r" typically were quite good, with at least

three "nines" past the decimal. The lift curves were represented as a zero-o_ CL

and lift curve slopes. The zero-_ C Ldata are presented here as a function of h/

b. These data appear well-behaved and plausible.
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Regressed Lift Curve Slope, Model 6
0.050

0.048
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_b

This plot shows the regressed lift-curve slopes of the Model 6 static ground

effects data. One expects this curve to asymptote to some value as h/b

approaches 2, which it does if the data point at h/b=l.5 is ignored. In the

analysis, lift data at this h/b is excluded in favor of the h/b=l.87 data taken

before plunge start on the dynamic runs.
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With the regressed data of the last two figures it is possible to put together

plots of ground effect C L increment versus h/b at constant angle of attack.

This is a plot of that data, normalized by free-air C L. Since the lowest h/b for

which a lift curve could be constructed was 0.250, extension to gear height

might seem difficult, except that the extra, unique data points at lower h/b were

very close to the angles-of-attack for which the plot was made. A short

extrapolation, using extrapolated lift-curve slopes makes the low h/b end of the

curve accessible. The TCA- 1 data are shown here for comparison, and show

reasonable agreement with the DGE static data. The 9-deg TCA data required

a short extrapolation, since the model was tailstrike limited to 8.6 degrees at h/
b=. 174.

Note that the static lift increment in ground effect for this planform is

significantly lower (-25-30% compared to 42%) than it is for the Tu-144.
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Moment About 50%-MAC, Model 6
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This is a plot of the pitching moment coefficient taken about the 50% MAC for

Model 6. At this moment reference location, decreasing h/b causes a positive

C m increment. This and the positive slope suggests that the moment-reference

center is well behind the aerodynamic center for this angle-of-attack range.

Also, note that the h/b=l.87 data lie well below the other curves, which is

counterintuitive. One would expect the curves to be close together at high h/b,

near the edge of the ground effect regime.
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Moment About 35.5%-MAC, Model 6
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The moment data was re-referenced to 35.5% MAC, which reduced dCm/dO_ to

essentially zero for h/b=l.5. Taken about this reference point, most of the data

exhibit a negative moment increment as the groundplane is approached. The

data at h/b=l.87, taken from the dynamic runs prior to plunge start, do not

follow this trend, which is counterintuitive and at odds with the other data.

These data are therefore not used for OGE reference in normalizing the
moment increment data.
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Normalized Moment Increment About

35.5%-MAC. Model 6
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This figure shows the normalized moment increment due to static ground

effect as measured for Model 6. The data show the expected trend of negative

(nose-down) pitching moment increment as the groundplane is approached.

The data does not collapse as well under the normalization as did those for

Model 7. Limited data from TCA-1 appears to agree with the trend shown by
these data.
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Static Ground Effect

Conclusions

• Flow angularity check shows small downwash,

which was ignored in the DGE analysis.

• Model 7 data agrees with Tu-144 flight test.

• Model 7 lift and moment data compressed well
under normalization.

• Model 6 data compares well with TCA-1.

• Model 6 moment data did not compress well
under normalization.

The static data serve as a basis for comparison for the dynamic data. An

examination of the tunnel flow angularity found, for the DGE strut and Model

10, a slight downwash of about. 15 degrees near the tunnel centefline, which

decreased as the tunnel floor was approached. Since the DGE test was

principally a comparison of static and dynamic effects, and based on the

assumption that flow angularity would be the same for dynamic conditions as

for static conditions, the flow angularity was ignored for the purposes of this

study.

The Model 7 static lift and moment data was quite consistent, agreed well with

data from Tu-144 flight test, and collapsed well under normalization.

Model 6 static data was less consistent, but lift and moment increment data

agreed reasonably well with TCA-1 wind-tunnel data. The lift data collapsed

reasonably well under normalization, but the moment data did not.
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Dynamic Ground Effects

• Lewis Owens will present the next section
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Dynamic Ground Effects (DGE) Data

Challenges

Different sampling rates

-model height & pitch position (50 to 60 hertz)
-balance and accelerometers (150 hertz)

• Accelerations not completely zeroed

Model/support system "ringing"

-during constant velocity segment
-most noticeable at high sink rates (>4 ft/sec)

Some aspects of the dynamic data acquisition/reduction presented real challenges. The data

system was set up to acquire multiple channels of data that were each scanned at 150 hertz over

an 8 second sampling period. Some of the more significant problems with the dynamic data

included issues associated with sampling rates, zeroing initial accelerations and flexibility of

the model support system. The position measurements were not sampled at as high a rate as the

balance and acceleration measurements. This problem is obvious when either balance or

accelerometer data is plotted versus height. Multiple data points are acquired at a given height

measurement. The impact of this on the DGE plots is not considered significant for the height

measurements, which results in small shifts in the data on the order of 0.01 to 0.07 in h/b

depending on the sink rate of the run. The impact of reduced sampling rate on the pitch

measurement is not as clear cut and may be contributing to problems with cleaning up the rest

of the spread in the force/moment data already corrected for inertial loads. No corrections for

these sampling rate problems have been made to any of the dynamic data presented. Another

challenge included the initial zeroing of the model acceleration levels at the beginning of each

dynamic plunge. We attempted to handle this with a combination of wind-off zero and

theoretical corrections for changes in the gravity component with pitch, but this did not work.

Sharon Graves and I ended up taking an average level at the beginning of each run to reference

the accelerations. This appeared to work very well and allowed us to use the integrated

accelerations to calculate the model's sink rate. Finally, model support system flexibility

tended to shorten the constant velocity segment of the dynamic plunge trajectories and were

associated with the larger spread in the data for higher sink rate runs. In the future, we plan for

changes in the cart control system to help alleviate this situation.
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Sample of Inertial Load Removal
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Here is a representative example of the effect of inertial load removal from the

normal force balance measurements during a lower sink rate run. A run begins

with the model resting at a position near the tunnel centerline, in this case at an

h/b value of about 1.90. As the dynamic plunge starts, large excursions in the

normal load is evidence of the rapid acceleration to the target sink rate. At an

h/b level of about 1.30, the constant velocity segment of the trajectory is

reached and the dynamic load excursions have diminished. The steady

increase in the normal force level as h/b decreases is associated with the

ground effect. At an h/b of about 0.3, the model begins decelerating and the

raw normal force level is consistently lower than the corrected data. The dash

curve represents the normal force data after corrections for the primary inertial

loads. The amount of inertial load clean up is most evident in comparing the

raw and primary curves near an h/b of 1.4 and below an h/b of 0.3. Between

these two h/b values, the primary inertial load corrections routine does not

have a significant impact on the raw data.
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Sample of Inertial Load Removal
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Here is a representative example of the effect of inertial load removal from the

normal force balance measurements during a higher sink rate run. For the

higher sink rate runs, the effect of removing the primary inertial loads is more

evident throughout the plunge trajectory. Notice that the model deceleration

starts earlier (h/b level of about 0.4) as compared with the previous plot for the

lower sink rate run. Also note that the support system "ringing" is more

prevalent throughout the plunge.
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Here is a representative plot of the model glide path angle that resulted for the

different dynamic plunge trajectories. The model sink rates were chosen to

provide selected constant gamma for the given tunnel velocity (267 ft/sec). A

significant feature of these trajectories is the long run of constant gamma for

the lower sink rate runs. Notice that this constant gamma segment becomes

shorter with increasing sink rate because the model support ringing persists to

lower values of h/b. Also note that the model deceleration starts earlier (higher

h/b values) as the sink rate increases, which further restricts or eliminates the

constant gamma segment. Another noticeable feature in this data is associated

with the reduced height sampling rate. For the sink rates greater than 1 ft/sec,

the data symbols tend to cluster in groups of three showing that three

accelerometer measurements were acquired before the height measurement

was updated.
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Here is a representative plot of the model angle of attack that resulted for the

different dynamic plunge trajectories. As with the glide slope angle, the

constant model alpha segment was longer for the lower sink rate runs. For the

higher sink rate runs, the model alpha varied more significantly. Since the

main point of this investigation was to try and isolate the ground effect (that is,

look at lift variation with constant alpha), we decided to correct the lift data to

a constant alpha to remove this effect. This correction involved compensating

for the alpha variation by using the out-of-ground effect (OGE) lift curve

slope. All of the DGE data that will be presented has been corrected to a

constant alpha to make it comparable to the SGE data.
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Model 7 DGE Results: Lift
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Here is a plot of the lift increment due to ground effect for the dynamic data

obtained for Model 7. The cluster of data points at an h/b of 1.9 gives an idea

of the variation in the lift levels while sitting statically before the start of the

dynamic plunge. The data during the dynamic plunge tends to cluster in a

solid trend indicating the ground effect levels on lift. The data points falling

outside this trend are associated with the higher sink rate data. Keep in mind

that up to h/b levels of 0.4, the model is decelerating for the higher sink rate

runs so that the sink rate is not constant. From this DGE lift data, there is no

indication of a significant change in the ground effect trend for varying sink

rates.
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Model 7 DGE Results: Pitching Moment
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Here is a plot of the pitching moment increment due to ground effect for the

dynamic data obtained for Model 7. The cluster of data points at an h/b of 1.9

gives an idea of the variation in the pitching moment levels while sitting

statically before the start of the dynamic plunge. The data during the dynamic

plunge tends to cluster in a solid trend indicating the ground effect levels on

pitching moment. The ground effect trend on normalized pitching moment

magnitude is about 2 percent. If this data were referenced to a moment center

closer to the aerodynamic center (42% mac), then the magnitude of this effect

would increase to about 5 percent.
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Model 7 DGE/SGE Results: Lift
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Since there did not appear to be any significant difference in the ground effect

trend with different model sink rates, one of the lower sink rate DGE data runs

was selected for comparison with the SGE data. This run was chosen because

it was the highest sink rate run available in which the model deceleration did

not begin until it was below an h/b of 0.3. This permits a comparison of DGE

lift increase levels with those of the SGE in the more sensitive region of the

ground effect trend. This comparison does not show that the DGE lift

increase is significantly different from that of the SGE. (Recall that we are

looking for differences indicating that the DGE lift increment is about 50

percent of that of the SGE at values of b_/b of about 0.3.)
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Model 6 DGE Results: Lift
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Here is a plot of the lift increment due to ground effect for the dynamic data

obtained for Model 6. Again, the cluster of data points at an h/b of 1.9 gives

an idea of the variation in the lift levels while sitting statically before the start

of the dynamic plunge. The data during the dynamic plunge also tends to

cluster in a solid trend indicating the ground effect levels on lift. The data

points falling outside this trend are associated with the higher sink rate data.

Keep in mind that up to h/b levels of 0.4, the model is decelerating for the

higher sink rate runs so that the sink rate is not constant. From this DGE lift

data, there is no significant change in the ground effect trend for varying sink

rates. Note that the ground effect lift increase for this wing planform is below

15 percent at an h/b of 0.3 as compared to about 20 percent for Model 7. Also,

the lift increment data for Model 6 appears to have a larger variation band than

that for Model 7. Model 6 had a blunt inboard LE radius and Model 7 had a

"sharp" LE. This geometry difference may contribute to the larger variation
in the data for Model 6.
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Here is a plot of the pitching moment increment due to ground effect for the

dynamic data obtained for Model 6. The cluster of data points at an h/b of 1.9

gives an idea of the variation in the pitching moment levels while sitting

statically before the start of the dynamic plunge. The data during the dynamic

plunge was more scattered than that for Model 7. The ground effect trend on

the pitching moment increment is not clear.
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Since there did not appear to be any significant difference in the ground effect

trend with different model sink rates, one of the lower sink rate DGE data runs

was selected for comparison with the SGE data. This run was chosen to be

consistent with that chosen for Model 7. This comparison also does not show

that the DGE lift increase is significantly different from that of the SGE.

(Recall that we are looking for differences indicating that the DGE lift

increment is about 50 percent of that of the SGE at values of h/b of about 0.3.)

2281



HSCT ttI_ Lift ANodynanP..s

Why are SGE/DGE similar?

• Previous data indicated DGE/SGE lift increment

ratio of about 50% for aspect ratios less than 2.0

LE sweep or wing sweep-related factor may be the

more important controlling parameter (especially

with discontinuous LE)

• Other factors may include: AOA region, RN, flap

configuration

The 14x22 ft DGE test did not show significant differences between SGE and

DGE lift increment data. The previous KU data suggests that the models

tested were in the aspect ratio range where this difference should be

significant. A review of the KU database was performed to check for

consistency and what factors may explain the difference in the findings. One

difference noted was that the models tested in the 14x22 ft study had breaks in

the wing planform LE while the KU data was based on planforms with no LE

breaks. For continuous LE planforms, there is a direct correlation between the

LE and the aspect ratio. For planforms with a LE break, this relationship is not
as direct. Other differences were also noticed and considered in the review of

the ground effects database. However, the LE sweep factor seemed to be

consistent and deserved further examination.

University of Kansas data reference:

R. C. Chang and V. U. Muirhead, "Effect of Sink Rate on Ground Effect of

Low-Aspect-Ratio Wings," Journal of Aircraft, Vol. 24, No. 3, March 1987,

pp. 176-180.
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Another Look at DGE/SGE wind-tunnel
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Here is another look at the University of Kansas wind-tunnel data plotted

versus LE sweep (outboard LE for cranked wing planforms) instead of aspect

ratio. Comparable SGE and DGE data points were added to show where they

fail relative to the existing data. Note that both the TCA and the Tu-144 model

data was placed considering the sweep of the outboard LE. If this is a proper

way of looking at the differences between SGE/DGE data, then this may

explain why the models tested in the 14'x22' study did not show any

significant difference.
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Computational Checks

Unsteady 3-D seems to be predicting the similar

DGE results as experiment for a 60 degree delta

wing and the TCA wing

Recommend using computational methods to

investigate other factors (LE sweep, AOA

region,...)

Two different analytical approaches, each developed by Winfried Feifel

(Boeing) and Bill Dwyer (Northrup Grumman), were used to predict dynamic

ground effects. Both the analytical and the experimental DGE results are

consistent and show no significant difference between SGE and DGE for the

TCA wing planform. It is interesting to note that Bill Dwyer showed some

potentially significant DGE/SGE differences for the XB-70 wing, but

unfortunately this work was not concluded due to funding constraints.

These analytical approaches provide an opportunity to explore other factors

associated with low aspect ratio wings to gain a better understanding of when

there may be significant differences between SGE and DGE testing techniques.
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Dynamic Ground Effects: Flight Data

Bob Curry will present the next section
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Flight Data

• Flight data obtained for two similar vehicles

- F-16XL experiment complete

- TU-144, preliminary data available

• Data obtained Test Techniques

- Instrumentation included both on-board sensors and differential GPS

- Data was obtained during constant-angle-of-attack, constant-thrust
approaches to the runway

• Data Analysis

- Data corrected for variations in alpha and surface deflections

- Flight results are shown as untrimmed, incremental changes in lift,
and pitching moment coefficient relative to the 'out-of-ground-
effect' lift coefficient

A flight experiment was conducted to provide additional information regarding

ground effect characteristics for slender-wing, high-speed configurations.

Flight data has been obtained for the F-16XL and the Tupolev TU-144

supersonic aircraft. Data from the TU-144 flight experiment will also be used

to validate results from the DGE wind tunnel test technique.

A thorough discussion of the flight test techniques and data analysis process

for the F-16XL is provided in NASA TM 4799. Similar methods are being

used for the TU-144 flight experiment.

The data were obtained during approaches to the runway. Before each

maneuver, the pilot began a stabilized descent at a pre-determined glide slope

and angle of attack. The pilot attempted to hold the power and angle-of-attack

constant for the remainder of the maneuver as the airplane descended into

ground effect. Perturbations from the initial flight conditions were attributed

to ground effect. Adjustments to angle-of-attack and elevon position which

occurred during the maneuvers were accounted for in the extraction of ground
effect increments.

Data were obtained for a variety of gross weights, flight path angles, flap and

canard positions.
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Test Configurations

TU-144 planform TU-144 airplane F-16XL airplane

This figure shows three configurations for which static and dynamic ground

effect data have been obtained. All of the wings have similar aspect ratio and

similar inboard and outboard leading edge sweep.

The wind tunnel model is an uncambered, planform of the TU-144 wing. The

trailing edge elevons were set at 10 degrees (trailing edge down) for all tests.

Flight data for the TU- 144 was obtained using a research vehicle derived from

an early production supersonic transport. The configuration has four turbojet

engines mounted below the wing similar to 'HSCT' configurations. The

airplane is normally landed with canard deployed, however, flight test data was

obtained with the canard both deployed and retracted. Elevon positions were

were about 9 deg (trailing edge down) during final approach for the majority of

flight maneuvers. Slightly negative elevon positions (trailing edge up) were

required during maneuvers with the canard retracted.

The F-16XL airplane is a high-performance, single-seat airplane with a

cranked-arrow-wing designed for supersonic cruise flight. The single turbofan

engine is located on the centerline. Because of the relatively large gear height

relative to wing span, ground effect data at very low ratios of h/b could not be
obtained with the F-16XL.
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During flight testing, the flight path angle and vertical speed is generally

constant as the airplane descends through altitudes above ground effect.

Initial flight path angles for the flight maneuvers varied between about -2 and

-3 deg. These sink rates correspond to vertical velocities of between 10 and

15 ft/sec. As the airplane passes through a height of about one span, the

flight path angle and sink rate begins to decrease due to ground effect, until

both parameters are nearly zero at touchdown

The variation of flight path angle with altitude during the flight test maneuvers

is similar to the landing flare conducted during normal landings of the TU-144.

The DGE wind tunnel capability allowed data to be collected at a constant

flight path angle in the presence of ground effect. Similar results have not

been obtained in flight testing. The DGE wind tunnel flight path angles are

generally lower than the sink rates experienced in flight.
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During the flight test maneuvers, the pilot attempts to hold angle-of-attack

constant during the descent through ground effect. Atmospheric disturbances

and the need to insure satisfactory conditions at touchdown cause some

variations to occur. For most of the TU- 144 flight maneuvers analyzed so far,

there has been a decrease in alpha just prior to touchdown. Angle-of-attack is

generally increased slightly during conventional landings. During the flight

test maneuvers, the angle of attack was about 9 degrees.

Angle-of-attack was constant during a significant range of the DGE wind

tunnel trajectories. As the model decelerated at the end of a run, the angle-of-

attack decreased. The region of constant angle-of-attack was therefore smaller

for the higher sink rate tests.

Analysis of both the wind tunnel and flight data sets account for any variations

of angle-of-attack. Static measurements of lift and pitching moment

derivatives with respect to angle-of-attack were used for these corrections.

Similar corrections are made to the flight data for any variation in elevon

position which occurs during a maneuver.

As a result, the final wind tunnel and flight data sets represent untrimmed force

and moment increments due to ground effect.
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Comparison of Flight-Determined Lift
Increments
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The incremental changes in lift coefficient due to ground effect from several

flight maneuvers are repeatable within the noise level of the measurements.

The primary sources of scatter in the data are felt to be noise in the

accelerometer measurements and atmospheric disturbances.

Data for both the TU-144 and F-16XL compare favorably, despite differences

in wing shape and engine configuration.
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Comparison of Wind-Tunnel and Flight
Lift Increments
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Preliminary comparisons of flight measured lift coefficient increments from

flight and DGE wind tunnel testing show excellent agreement. The flight data

shown was obtained at an initial sink rate of approximately 15 ft/sec with the

canard deployed. The DGE data was obtained at a sink rate of about 2.33 ft/

sec, wing planform only.

Additional correlations will be possible as more TU-144 flight data becomes
available.
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Both flight and wind-tunnel data indicated small levels of nose-down pitching

moment in the presence of ground effect when referenced to 50% MAC.

The center of gravity for the aircraft is typically about 40% MAC and therefore

the negative pitching moment due to ground effect is more significant for the

flight vehicle.

Any differences between the wind tunnel and preliminary flight data are within

the noise level of the flight measurements.
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Status of Flight Testing

• TU-144 Flight Testing Still in Progress

• 17 flights completed to date, 9 ground effect

maneuvers attempted

• Post-flight computations of mass properties and

thrust estimates for most maneuvers still in

progress

• Flight data set to be summarized in TU-144 final

report

The TU-144 flight experiment is still in progress. A total of 18 flights are

expected to be completed by the end of February.

The flight data set will be limited to about 8 to 10 good maneuvers. Although

the airplane conducted fifteen flights, ground effect maneuvers were only

attempted on certain flights due to test planning constraints, and it was also not

possible to obtain more than one test point on a given flight.

Additional smoothing and trajectory reconstruction methods may be used to

enhance the quality of the flight data. Final data analysis will not be possible

until post-flight computations of mass properties and thrust have been provided

by Tupolev. A summary of the flight experiment and electronic files

containing flight data (in engineering units) will be available to the HSR

project at the conclusion of the flight program.

2293



HscrH_ LmA_=ayn_

Composite Data Set as a Function of

Aspect Ratio, h =0.3
0.45

0.4

0.35
0

0.3

0.25

0.2

0.15

< 0.1

0.05

0

"'-.

b

D..,.

u"--[]

__-_suttJc- 144 Flight and Wind Tunnel

mOdymuntc) V
i

I F-16XI- Right 1-

'13-r-i ....

-/
.J

0 0.5 1 1.5

r-- L_.16xLv (==x) ]

.. O Static

'" O Lr'l Dynamic

.... []

2 2.5

AspectRaUo

Shown in this figure is the composite ground effect data set from several tests

plotted as a function of aspect ratio. As previously noted, there are two general
trends.

One trend line consists of all the dynamic data as well as some static data.

Another trend line consists of several static test points, with values

approximately twice as great as the first trend line. The Tu-144 and TCA

dynamic and static wind tunnel data, as well as the Tu-144 flight data all fall

along the initial trend line. The dynamic flight data for the F-16XL also fits

this trend, however, the corresponding F-16XL static wind tunnel data is

significantly larger than the flight data.
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Composite Data Set as a Function of

Outboard LE Sweep, h =0.3
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When the same data is plotted as a function of outboard leading edge sweep

angle, both the Tu-144 and TCA data from the current study fit the trends

fairly well. The F-16XL; however, appears to depart from the trend. It should

be noted however, that the leading edge sweep breakpoint is relatively farther

outboard for the F-16XL than for either the Tu-144 or the TCA model.

Therefore it could be argued that the F-16XL data should be plotted against its

inboard leading edge sweep angle (70 deg), which would result in a better fit to

the trend. These observations suggest that ground effect, and the sensitivity to

dynamic ground effect, may be indicated by a parameter which involves a

weighted value of leading edge sweep.

The current data base is awkward to interpret since it includes an inconsistent

variety of configurations and test facilities. In many cases, dynamic data for a

configuration was obtained from flight or a dynamic facility and then

compared against static data from a different wind tunnel facility. Only the

University of Kansas low speed wind tunnel and the NASA Langley 14x22 ft

DGE cart have the capability to provide parametric data under both static and

dynamic conditions. So far, the Kansas data have distinctly indicated strong

influences while the 14x22 ft data have indicated negligible differences due to

dynamics. Further parametric testing with the 14x22 DGE system, especially

with higher wing sweep angles, may help isolate the controlling parameters for

dynamic ground effects.
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Conclusions

For the low aspect ratio wing planforms tested

- no significant DGE/SGE differences

- other parameters (besides AR) may be

significant controlling factors in this difference (LE sweep)

• Wind tunnel and flight ground effects increment

data for the Tu-144 compared well

For the HSCT wing planforms tested in the 14x 22 ft DGE test, no significant

differences were found between DGE and SGE test techniques. From previous

ground effects data, the aspect ratios of the model wing planforms tested were

such that differences in DGE and SGE data were expected. Closer

examination of all the data suggested that other factors (in addition to AR) may

need to be controlled to better understand this difference. Comparisons of the

ground effects increment data from the 14x22 ft DGE test and the flight test for

the Tu-144 were good. These ground effects increments compared well even

with a very basic model that represented only the wing planform of the Tu-144
aircraft.
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Recommendations

• DGE cart needs to be reworked before it can be a

routinely used in ground effects testing

• Follow-on DGE test

- Check-out reworked DGE cart

- Confirm current HSR DGE findings and provide an opportunity to

validate DGE test technique

- Expand parameter database for ground effects modeling for low

aspect ratio wings (especially LE sweep influence)

• Computational parametric study of controlling

factors

- Unsteady 3-D, to study LE sweep influence on DGE/SGE differences

- Steady-State method, check static ground effect levels

During this test, a list of items that need to be reworked was generated. Before

this DGE cart can be routinely used in wind tunnel tests, these items need to be

fixed. After these repairs are completed (current repair plan can be completed

by Feb/Mar of 1999), a follow-on test would enable us to check-out the

repairs. After a brief check-out, we could re-run the HSCT planforms already

tested to confirm the current findings plus run the seven untested models to

expand the ground effects database. This investigation would provide the

opportunity to gain a better understanding of the differences between DGE and

SGE test techniques as well as the knowledge necessary to decide when each is

needed. In addition, a computational parametric study of some of the other

potential factors would help the HSR community gain a better understanding

of what factors need to be controlled in ground effects testing.
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B A SE Technologies, Inc.

Aerodynamic Analysis of TCA

Wing/Body/Nacelle High Lift Configurations

Xuetong Fan

Paul Hickey

ASE Technologies, Inc.

High Speed Research Program
Airframe Technical Review

Westin Hotel, Los Angeles Airport

February 9-13, 1998

This presentation includes the work completed at ASE Technologies, Inc.
in the CFD analysis of HSCT TCA Wing/Body/Nacelle High Lift configurations.
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High Lift Technology Development (Task 33)

Goals I Demonstrate Greatly Increased I_/D Relative to I
I SST Technology (Suction Parameter _>92%) J

................................................ +,l.,r,,,,,._.,.1+. t ....................... Ts,_ltl+,**11 ....................................I
Im,.r,+ Preferred I I Technology I IAnalys_Design I

I High Lilt SystemI I Reediness Level >_.61 I Methodology I
...............I............................................I..............................; ..............I'"'' ........'..................

l Aggressive Validation Planform, Viscous, Scale, I
Tech Projection (Little Data) Ground, Power, Canard Effects I

...............I............................................I.................................:...........I..........:......................
I Concep_ I I Te=tProgramsl II-_malytical II
IDeve=°pmentI IandTechniquesl IIMethodsII

................ I ................... ,I............................................ i ...............................

Objectives

Challenges

Approaches

Program

Boundary LayerI
Control I

--IVortex Flaps I

Attached Flow F_ps!

Programmed F_psI

-IWT Database I

HHigh Rn Testing I

-ILarge Scale Testing I

--IPowered Testing I

-.IDynamic GE TestingI

Pressure & Temp. I
Sensitive Paints I

Technology ProjectionI

-_Unear Methods I

--INon-linearMethods!

Navier-Stokes MethodsI I

In the High Lift Technology Development program (Task 33),
this work falls in the category of Navier-Stokes Methods

under Analytical Methods. We hereby acknowledge the

support and help from Roger Clark and David Yeh of Boeing
Long Beach.
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Objectives

Develop CFD Models for aerodynamic analysis of HSCT TCA
Wing/Body/Nacelle (WBN) high lift configurations

- Construct multi-block CFD grids to include nacelles and diverters
with and without deflected LE/TE flaps

- Obtain converged CFL3D solutions for the TCA WBN models

Evaluate the effect of nacelle installation on the aerodynamic
performance of HSCT TCA high lift configurations

- Identify and analyze important flow characteristics due to nacelle

installation to support Propulsion Airframe Integration (PAl) effort

- Provide flow and performance data related to nacelle effect to
supplement wind tunnel test

The objectives of this work are two fold. The first objective is to develop
efficient CFD modeling procedures for the TCA high lift configurations with
nacelle installation. The second objective is to evaluate the effect of nacelle
installation on the aerodynamic performance of the TCA high lift configurations.

To achieve the first objective, we will build multi-block CFD grids to include
nacelles and diverters in the TCA high lift configurations with and without
deflected LE/TE flaps. And then we will use CFL3D to obtain fully converged
turbulent solutions for the TCA W/BIN models.

For the second objective, we will, from the CFD solutions, identify and analyze
important flow characteristics due to nacelle installation to support Propulsion
Airframe Integration. We will also provide flow and performance data for the
TCA W/B/N configurations to supplement wind tunnel test.
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Outline

• TCA 0/0 WBN Model

- Model description

- Convergence history

- Comparison with wing/body solution and test data

- Flow characteristics

TCA 30/10 WBN Model

- Model description

- Convergence history

- Comparison with wing/body solution and test data

- Flap loading analysis

- Flow characteristics

• Summary

We completed two CFD models for the TCA W/BIN configurations: TCA 0/0
and TCA 30110. In this presentation, we will describe the multi-block CFD
models for the two W/BIN configurations and show the CFL3D solutions.

We will compare our CFI..3D solutions for W/BIN with the respective CFL3D
solutions for W/B obtained at Boeing Long Beach for the same flap settings.
We will also compare the CFD solutions with the available test data to illustrate
nacelle effect. We will use flow visualization to show the important flow
characteristics, especially in the vicinity of nacelles and diverters. For the

TCA 30/10 W/BIN configuration, we will examine the span loading of the
deflected TE flaps. A brief summary of this work is included at the end of
this presentation.
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TCA 0/0 WBN Model Description

• Based on single-block
TCA 0/0 W/B grid
provided by David Yeh

• Nacelle/Diverter (N/D) grid
face-matched with W/B grid

• Mostly 1-to-1 point-matched
between N/D blocks

• Model size: 20 blocks

4 million grid points

• Memory requirement: 160MW

• Minimum viscous

spacing: 0.002 in

The construction of TCA 0/0 W/B/N grid is based on the TCA 0/0 W/B grid

provided by David Yeh. A portion of the W/B grid is removed to make room
for nacelles and diverters (N/D). The N/D blocks interface with the W/B grid
in a face-matched manner using the RONNIE pre-processor in CFL3D.
Between the N/D blocks, 1-to-1 point-match is used as much as possible.
The final model for TCA 0/0 W/B/N has 20 blocks with 4 million grid points.

It requires 160 MW of memory on Cray C-90 to run the CFL3D flow solver
for this model. The minimum viscous spacing in the W/B/N model is 0.002
inches to be consistent with the W/B grid.
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TCA 0/0 WBN Model

Contour of y+ off model viscous surfaces

(Mach #=0.3, Re=8xl 06, AOA=I 0 degrees)

y-i-

2.0

i 1.0

0.0

With the minimum viscous spacing of 0.002 inches, the y+ values for the first
grid points off model solid surfaces are in the order of 1.0, which is appropriate

for the Baldwin-Lomax turbulence model. The flow condition for the y+ results

are: Mach No. = 0.3, Re = 8 million, and Angle of Attack = 10 degrees.
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0
...J

CFL3D Convergence History

(TCA 0/0, Mach #=0.3, Re=8xl 06, AOA=10 degrees)

1.0

0.0

-1.0

-2.0

-3.0

I i , i i

0 1000 2000 3000 4000 5000 6000 7000

Iterations

Coarse Level + Fine Level >1

• 2-level grid sequencing; 2-level multi-grid on fine level

• Total CPU Usage: 42 hours on Cray C-90
(9 hours on coarse level and 33 hours on fine level)

The convergence history of the CFL3D solution for the TCA 0/0 W/B/N model
is shown here. Two-level grid sequencing was used and two-level multi-grid
was applied on the fine grid level. Extensive iterations were performed on the
coarse grid level for debugging purposes, which used 9 hours of CPU time on
Cray C-90. After 500 iterations on the fine level, we adopted David Yeh's
modification to the Baldwin-Lomax turbulence model with Degani-Schiff option.
It has been proven that Yeh's modification can better simulate the vortical flow
above the wing upper surface. For simplicity, we only used his modification in
the block around the leading edge and above the wing upper surface in the
W/B/N model. This modification caused the predicted lift coefficient to increase

gradually, which is why extensive (and expensive) iterations were run on the
fine grid level. The 1800 iterations on the fine grid level used 33 CPU hours
on Cray C-90.
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CFL3D Convergence History

(TCA 0/0, Mach #=0.3, Re=8x106, AOA=I 0 degrees)

1.00

0.75

o _ 0.50
0.25

0.00

0.20

0.15

o_ 0.1o
0.05

0.00
0

0 1000 2000 3000 4000 5000 6000 7000
Iterations

_--!------ _Z--_----_'_-----].......................................

1000 2000 3000 4000 5000 6000 7000
Iterations

The convergence history for C L and C D for the TCA 0/0 W/B/N model

is shown here. For the last 200 iterations, the peak-to-valley variations
in C L and C D are within 2% of their mean values, which are comparable
to the level of convergence achieved in the W/B model. Since our W/B/N
model is based on the W/B grid, it is unlikely for the W/B/N solution to
converge much better than the W/B solution.
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Comparison with W/B Solution and Wind Tunnel Data

(TCA 0/0, Mach #=0.3, Re=8xl 0 s, AOA=10 degrees)

Lift Coefficient (CL)

CL

CFL3D

Experiment

W/B W/B/N ACL

0.3850 0.4116 0.0266

0.3749 0.3711 -0.0038

Drag Coefficient (CD)

C D W/B W/B/N

CFL3D 0.0599 0.0634

Experiment 0.0606 0.0616

ACD

0.0035

0.0010

The integrated coefficients, C L and C D, for the TCA 0/0 W/B/N model are

shown in the above tables, together with those from the W/B solution and
wind tunnel experiments. Considerable discrepancies are found between

the CFD solutions and the experimental data. Further and more detailed
investigation is necessary to understand and possibly eliminate the
discrepancies. It is noted that the CD values from both the W/B/N CFD
solution and the test data have been corrected for the nacelle interior

friction forces and the nacelle base pressure forces.
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Comparison with W/B Solution and Wind Tunnel Data

(TCA 0/0, Mach #:0.3, Re=8x10 8, AOA:10 degrees)

0.8

0.4'3,' ' '. .... ._

o., °_F..... __J--I i" I
o.=7l---_ ..... I ./
o._,9 .. _o _'_•o ,,,,,/-0.4

J i---. WB 0/0 TEST

0.2 j_r H WB 0/0 CFL3D

i _ WBN 0/0 TEST

_ H WBN 0/0 CFL3D
0.0 _ _ I , , 1 , l ,

0 2 4 6 8 10 12 14 16 18 20

This figure shows the relative locations of the lift coefficients on the lift curve.
It is noted that for the angles of attack (AoA) up to 16 degrees, wind tunnel test

shows decreases in C L, whereas the CFD solution predicts an opposite trend
at AoA of 10 degrees.
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Comparison with W/B Solution and Wind Tunnel Data
(TCA 0/0, Mach #=0.3, Re=8xl 06, AOA=10 degrees)

0.8

0.6

0.4

0.2

0.0
0.00

• • WB 0/0 CFL3D
_---_ WBN 0/0 TEST

H WBN 0_'

/- i....
0.37 ! .... , _-'- - - _ .... .

005 0.06 0.07 0.08

0.10 0.20 0.30

CD

This figure shows the relative locations of the lift and drag coefficients on

the drag polar.
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TCA 0/0 CFL3D Solutions:

(Mach #=0.3, Re=8xl 0 6, AOA=I 0 degrees)

Cp on wing upper surfaces

Wing/Body

Cp

Wing/Body/Nacelle

This slide shows the pressure coefficient contour on the wing upper surfaces
for the W/B and W/B/N CFD models. With nacelles installed, the CFD solution

shows similar leading edge vortices but with enhanced strength, compared to
the W/B solution. This enhancement resulted in the increment in the predicted
lift coefficient for the TCA 0/0 WBN configuration.
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TCA 0/0 CFL3D Solutions:

(Mach #=0.3, Re=8xl 06, AOA=I 0 degrees)

Cp and limiting streamlines on wing lower surfaces

Wing/Body

Cp

i 1.0

0.0

-1.0

-2.0

Wing/Body/Nacelle

On the wing lower surface, the pressure coefficient distributions and the
limiting streamlines are very similar between W/B and W/B/N solutions,
except for around the diverters. For the W/B/N case, the limiting streamlines
indicate possible flow separation near the leading edges of the diverters.
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TCA 0/0 WBN CFL3D Solutions:

(Mach #=0.3, Re=8xl 06, AOA=I 0 degrees)

Normalized total pressure downstream of nacelle inlets

Pt
1.05

1.00

0.95

0.90

Inboard Outboard

This figure shows the total pressure contours in the nacelle interior cross
sections just downstream of the nacelle leading edge. Local flow separation
is apparent at the entrance to the outboard nacelle which may impact
the outboard engine performance.
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TCA 0/0 WBN CFL3D Solutions:

(Mach #=0.3, Re=8x10 6, AOA=10 degrees)

Limiting streamlines around nacelle leading edge

Examination of the limiting streamlines near the leading edge of the
outboard nacelle further confirms the local flow separation.
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TCA 30/10 WBN CFD Model

• Based on single-block
TCA 30/10 W/B grid
provided by David Yeh

• Buffer zones were used to 1-1 match

with W/B grid in spanwise locations

• Nacelle/Diverter grid face-matched
with buffer zones and W/B grid

• Mostly 1-to-1 point-matched
between N/D blocks

Major challenges

• "Web" approach to TE flap
deflection not feasible

• Close proximity of
deflected TE flaps to
nacelles and diverters

The W/B/N model for the TCA 30/10 configuration is based on the TCA 30/10
W/B grid provided by David Yeh. To improve the interfacing quality between
the W/B grid and the N/D grid, we used buffer zones between them at spanwise
locations. These buffer zones 1-to-1 point-match with the W/B grid and
face-match with the N/D grid on flat surfaces for higher interpolation accuracy.
Between the N/D blocks, mostly 1-to-1 point-match is used.

The major technical challenge for the TCA 30/10 W/B/N configuration is the
modeling of the deflected TE flaps. With nacelles installed, the "web" approach
used by David Yeh for the W/B model is not feasible. In addition, due to the
close proximity of the deflected TE flaps to the nacelles and diverters, it is
difficult to obtain high quality grid that can accurately simulate the potentially
complicated flows in that region.
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TCA 30/10 WBN Model

Modeling the deflected TE flaps with wedges

Our approach to the problem is to use three wedges for each region above
the upper surfaces of the deflected flaps, as shown in the above figure.
These wedges fill in the space created by TE flap deflection and at the top
flush with the wing upper surface. The side surfaces of the undeflected wing
segments and the openings between the wing and the deflected TE flaps
are accurately modeled with this approach.
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TCA 30/10 WBN Model

Modeling the deflected TE flaps with wedges

Underneath the wing, another three wedges are used for each region between
the deflected TE flaps. The bottom surface of these wedges are flush with

the lower surfaces of the deflected TE flaps. Through the openings created by
the TE flap deflections, 1-to-1 point-match is established between the upper
and lower wedges.
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TCA 30/10 WBN Model

• Model size: 50 blocks (including 21 wedges); 6 million grid points

• Memory requirement: 255MW

This figure shows the actual wedge grid in one of the deflected TE flap regions.
It is noted that one side for each set of the lower wedges will lie on the side
surfaces of the nacelles and diverters. The final grid for the TCA 30/10 W/B/N

configuration consists of 50 blocks including 21 wedges and a total of about
6 million grid points. It requires 255 MW of memory on Cray C-90 to run the
CFL3D solver for this model.
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CFL3D Convergence History

(TCA 30/10, Mach #=0.3, Re=8xl 06, AOA=I 0 degrees)

CE
v

_J

1.0

0.0

-1.0

-2.0

-3.0

-4.0 , I i I J L I = L , I i

1000 2000 3000 4000 5000 6000 7000

Iterations

+ "_ '1
Coarse Level Intermediate Fine Level

Level

• 3-level grid sequencing

• 2-level multi-grid on intermediate and fine levels

• CPU Usage: 54 hours on Cray C-90 (2 hours on coarse level;
2 hours on intermediate level; 50 hours on fine level)

With the improved accuracy for the patched grid interfaces in the TCA 30/10
W/B/N model, we are able to run 3-level grid sequencing with 2-level multi-grid
on the intermediate and fine grid levels. We completed 3000 iterations on the
coarse grid level and 600 iterations on the intermediate level which used
2 CPU hours each on Cray C-90. After switching to fine grid level after 3600
iterations, however, fluctuations started to appear in the residual history.
Various means were tried to elliminate the fluctuations with no success.

Examination of the flow field revealed that local flow fluctuations exist only in

the wedge regions. After 6300 total iterations, we adopted David Yeh's
modification to the turbulence model and completed another 300 iterations.
All the fine level iterations used 50 CPU hours on Cray C-90.
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CFL3D Convergence History

(TCA 30/10, Mach #=0.3, Re=8xl 06, AOA=10 degrees)
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This figure shows the convergence history for the integrated lift and drag
coefficients for TCA 30/10 W/BIN model. The local fluctuations in the flow

field near the deflected TE flaps have no apparent effect on the integrated
coefficients. In addition, YeWs modification to the turbulence model is not
affecting the solution due to the weakness of the LE vortices for the TCA
30/10 configurations. For the last 200 iterations, the peak-to-valley variations

in C L and C D are within 2% of their mean values respectively, which are

comparable to the level of convergence achieved in the TCA 30/10 W/B
CFD model.
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Comparison with W/B Solution and Wind Tunnel Data

(ICA 30/10, Mach #=0.3, Re=8xl0 s, AOA=10 degrees)

Lift Coefficient (CL)

CL W/B W/B/N ACL

CFL3D 0.4421 0.4635 0.0214

Experiment 0.4260 0.4697 0.0437

Drag Coefficient (CD)

CD

CFL3D

Experiment

W/B

0.0501

0.0505

W/B/N AC D

0.0571 0.0070

0.0602 0.0097

The integrated coefficients, C L and CD, for the TCA 30/10 W/B/N model are

shown in the above tables, together with those from the W/B solution and
wind tunnel experiments. Discrepancies are found between the CFD solutions
and the experimental data in terms of lift and drag increments due to nacelle
installation. Further and more detailed investigation is necessary to understand
and possibly eliminate these discrepancies. It is noted that the CD values from
both the W/B/N CFD solution and the test data have been corrected for the

nacelle interior friction forces and nacelle base pressure forces.
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Comparison with W/B Solution and Wind Tunnel Data

(TCA 30/10, Mach #=0.3, Re=8xl 06, AOA=I 0 degrees)
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This figure shows the relative locations of the lift coefficients on the lift curve.
For TCA 30/10 configurations, both CFD analysis and wind tunnel experiment

show an increase in C L due to nacelle installations, although the CFD solution

predicts a much smaller increment in C L than test data at AoA of 10 degrees.
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Comparison with W/B Solution and Wind Tunnel Data
(TCA 30/10, Mach #=0.3, Re=8x106, AOA=I 0 degrees)
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This figure shows the relative locations of the lift and drag coefficients on
the drag polar for the TCA 30/10 W/B and W/B/N configurations.
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Comparison with W/B Solution

(TCA 30/10, Mach #=0.3, Re=8xl 06, AOA=10 degrees)

Cp on wing upper surface

Wing/Body

- ::::::-

Cp

1.0

0.0

-1.0

-2.0

Wing/Body/Nacelle

The pressure coefficient contour on the wing upper surface for the TCA
30/10 W/B/N model is similar to that for the W/B model due to the weakness

in the vortices around the deflected leading edge. The nacelles have very
little effect on the overall pressure distribution on the wing upper surface.
Local "hot spots" can be seen near the deflected TE flaps which are
responsible for the residual fluctuations in the convergence history.
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Comparison with W/B Solution

(TCA 30/10, Mach #=0.3, Re=8x106, AOA=I 0 degrees)

Cp and limiting streamlines on wing lower surface

Wing/Body

Cp

Wing/Body/Nacelle

On the wing lower surface, the pressure coefficient distributions and the
limiting streamlines are very similar between the W/B and W/B/N solutions,

except for around the diverters. For the W/B/N case, the limiting streamlines
indicate possible flow separation near the leading edge of the diverters. Local
flow acceleration can be seen between the inboard and the outboard nacelles.
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TCA 30/10 WBN CFL3D Solutions:

(Mach #=0.3, Re=8xl 06, AOA=10 degrees)

Normalized total pressure downstream of nacelle inlets

Pt
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This figure shows the total pressure contours in the nacelle interior cross
sections downstream of the nacelle leading edge. Local flow separation

is apparent at the entrance to the outboard nacelle which may impact
the outboard engine performance. Flow separation also exists, though
not severe, at the entrance to the inboard nacelle.
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Comparison with W/B Solution: Flap Span Loading

(TCA 30/10, Mach #=0.3, Re=8xl 06, AOA=10 degrees)
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This slide shows the effect of nacelles on the span loading of the deflected
TE flaps. It is expected that the nacelles will work like end-plates to the

wing or flap segments, which will usually cause an increase in span loading.
This end-plating effect is apparently seen for the inner and outer flaps
but not for the middle flap.
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TCA 30/10 WBN CFL3D Solutions:

(Mach #=0.3, Re=8xl 0 6, AOA=I 0 degrees)

Cp on lower surfaces of deflected middle flaps
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Further examination of the pressure distribution on the lower surface
of the deflected middle flap shows relatively lower overall pressure

for W/B/N case compared to the W/B case. This is the result of
local flow acceleration between the inboard and outboard nacelles.

The flow acceleration and end-plating effect tend to offset each other

in the span loading on the middle flap.
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Summary

• Developed CFD Models for TCA Wing/Body/Nacelle (W/B/N)
high lift configurations including 0/0 and flaps 30/10.

• Obtained converged CFL3D solutions for the TCA W/B/N models

at Mach No.=0.3, Re=8xl 06, AOA=I 0 degrees.

• CFD solutions provide insight into the effect of nacelle installation

on the aerodynamic performance of TCA high lift configurations.

- Impact on overall flow field and aerodynamic parameters

- Local flow separation on nacelles/diverters

- Span loading and flow characteristics near deflected TE flaps

• Comparison between CFD results and wind tunnel data reveals

discrepancies in aerodynamic coefficients. Further investigation
is warranted.

In summary, we developed two CFD models and obtained converged
CFL3D solutions for the TCA Wing/Body/Nacelle high lift configurations
including flaps 0/0 and 30/10. CFD solutions make it possible to examine
in detail and understand in depth the effect of nacelle installation on the

aerodynamic performance of HSCT TCA high lift configurations.
Preliminary comparison with wind tunnel test data reveals discrepancies
in the integrated aerodynamic coefficients. We will perform further
investigation into the CFD solution as well as the test data.
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M ASE Technologies, Inc.

Comparison of CFL3D Solutions Using
Alternative Grid Interfacing Schemes

Xuetong Fan

Paul Hickey

ASE Technologies, Inc.

High Speed Research Program
Airframe Technical Review

Westin Hotel, Los Angeles Airport

February 9-13, 1998

This presentation documents the recent work at ASE Technologies, Inc.
in applying the overset grid method to the CFD modeling of HSCT TCA
Wing/Body/Nacelle High Lift configurations. The MAGGIE preprocessor
in CFL3D is used in this work for the grid overlapping interpolations.

2831



High Lift Technology Development (Task 33)

Goals I Demonstrate Greatly Increased L/D Relative to I
I SST Technology (Suction Parameter _>92%) J

............................................................ • .............. _"1'*'1 .............. fIfff ......................................I i
Objectives IDefinePreferredi I Technology I IIAnalysis/Desig n I

I High Lift System I I Readiness Level > 6 J I Methodology J
............... I ............................................ I ............................................. [ .................................

Challenges I Aggressive Validation Planform, Viscous, Scale, I
I Tech Projection (Little Data) Ground, Power, Canard Effects I

•..............I............................................I.............................................I..........,......................
Approaches I Concept I I Te=t Programs I IIAnalytical II

IDevel°prnentI landTechniquesl II  hods II
................ | ............................................. i ............................................ 1/' ...............................

Program

Boundary Layer I
Control I

tVortex Flaps I

•--tAttached Flow Flaps I

,Programmed Flaps I

-J WT Database I

dHigh Rn Testing I

•"1Large Scale Testing I

Powered Testing J

-/Dynamic GE Testing I

Pressure & TemP.I
Sensitive Paints J

-ITechnology Projection I

•-ILinear Methods I

_ Non-linear Methods J

!Navier-Stokes Methodsl ]

In the High Lift Technology Development program (Task 33),
this work falls in the category of Navier-Stokes Methods under

Analytical Methods. We hereby acknowledge the support and

help from Roger Clark and David Yeh of Boeing Long Beach.
We'd also like to thank Chung-Jin Woan of Boeing North

American, Inc. for the fruitful discussions on the overset grid
method.
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Objectives

Compare CFL3D solutions for TCA Wing/Body/Nacelle (WBN)
high lift configurations using different grid interfacing schemes

- Face-matched grid (RONNIE)

- Overlapped grid (MAGGIE)

Evaluate grid interfacing schemes for more efficient CFD modeling
of TCA WBN configurations with and without deflected LE/TE flaps

- Grid generation effort

- Grid interface quality

- Computer resources
- Technical issues

The objectives of this work are twofold. The first objective is to compare
and cross-examine the CFL3D solutions for the TCA W/BIN models using
two different grid interfacing methods: face-matching (or patching) with
RONNIE and overlapping with MAGGIE. The second objective is to evaluate
these two methods and determine which one is better suited for the CFD

modeling of the TCA W/B/N configurations. The grid interfacing method will
be evaluated in terms of grid generation effort, block interface quality, and
computer resources. Special attention is paid to the potential technical
difficulities involved, especially in the case of deflected TE flaps for TCA high
lift configurations.
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Outline

• Background

• Overlapped grid model for TCA 0/0 WBN High Lift configuration

• CFL3D solution for TCA 0/0 WBN model with overlapped grid
- Computer resources

- Comparison with CFL3D solution using face-matched grid

• Comparison of the two schemes in TCA WBN applications

• Technical issues with overlapped grid

- Interpolation near solid surfaces

- Collar grid for adjoining solid surfaces

- Special requirement in TCA 30/10 WBN case

• Summary

In this presentation, we will first put forth the background information for

this work, including mostly our past experience in CFD modeling of the
TCA W/B/N configurations using face-matched grid. Then we will describe

the overlapped grid model for the TCA 0/0 WBN configuration and compare
the CFL3D solution obtained from this model with the one from the previous
face-match model. Based on the limited experience in using the two methods
in the TCA WBN applications, a general comparison of the two methods is

presented. Some of the technical issues involved with the overlapped grid
method will be discussed. Finally, we will briefly summarize our effort and
draw some preliminary conclusions.
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Background

• Experience with CFL3D models using face-match grid for TCA
WBN configurations with and without deflected LE/TE flaps

- WBN grid is preferably based on WB grid

- Grid generation is time consuming

- Component grids are not portable

- Grid quality is limited by the face-match requirement

- Used wedges to model deflected TE flaps

• More efficient CFD modeling procedure is desired

• Alternative grid approach: Overlapped grid (MAGGIE)

Over the past two years, we have gained a lot of experience in the CFD
modeling of HSCT W/B/N high lift configurations using face-matched grid.
Though the face-matched models have performed well, the modeling procedure
is less efficient primarily for the following reasons. (1) The W/B/N grid is based
on the W/B grid for solution consistency. But for the N/D grid to face-match
with the grid surfaces in the existing W/B model, it introduces constraints which
make the grid generation process more time consuming. (2) The component
grid for nacelles and diverters can not be easily used in other planforms. (3)
Highly swept wing causes skewness in the grid. And interpolation across curved
interfaces introduces numerical errors. (4) Wedges are necessary to model
the deflected TE flaps in the W/B/N model, which cause local instability in
the CFL3D solution.

The alternative approach to the CFD modeling of W/B/N configurations is
the overlapped grid method. We need to determine if the overlapped grid
will improve the CFD modeling procedure for TCA W/B/N configurations.
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TCA 0/0 WBN Overlapped Model

• Comprised of the original W/B grid and
the N/D grid from face-matched model

• Total 14 blocks and 4.4 million grid points

• Memory requirement: 180MW

• 1-1 point-matched and face-matched
between N/D blocks

• N/D grid overlaps with W/B grid
using MAGGIE preprocessor

• (3PU usage for MAGGIE:

15 minutes on (3ray (3-90

For the overset grid model for the TCA 0/0 W/B/N configuration, we simply
used the N/D grid from the previously completed face-matched model

and let them overlap with the original TCA 0/0 W/B grid. No additional grid
generation was involved for this overset grid model. This model consists of

14 blocks with 4.4 million grid points. It requires 180 MW of memory on Cray
C-90 to run the CFL3D solver for this model. The MAGGIE preprocessor
in CFL3D was used to obtain the interpolation coefficients for grid overlapping
between the N/D grid and the W/B grid. It used 15 minutes of CPU time
on Cray C-90 for MAGGIE to complete the interpolations.
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TCA 0/0 WBN Overlapped Model

Force integration on overlapped viscous surfaces

• Outer boundary of N/D grid on wing lower surface
matches surface gridlines of the W/B grid

• Overlapped region from W/B grid on wing lower surface
is not included for lift and drag force integration

• Black lines show the hole definition in W/B grid
on wing lower surface

One of the technical issues involved in the overset grid approach is the
force integration in the overlapped region on model solid surfaces. The

general pratice is to go through additional post-processing steps to account
for the right areas (See C.J. Woan's report for more information). In our
overset grid model for the TCA 0/0 W/B/N configuration, since the N/D grid
is directly from the face-matched model, the outer boundary of the N/D grid
matches the surface grid lines of the W/B grid on wing lower surface.
Therefore, by excluding the overlapped segment of the W/B grid on wing
lower surface from force integration, the correct surface area is accounted for
in the overall lift and drag calculations in the overset grid model.
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CFL3D Convergence History

(TCA 0/0 WBN, Mach #=0.3, Re=8xl 06, AOA=10 degrees)
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Overlapped grid Face-matched grid

Overlapped model:

• No grid sequencing

• 3-level multi-grid

• 16 hours on Cray C-90

Face-matched model:

• 2-level grid sequencing

• 2-level multi-grid on fine level

• 18 hours on Cray C-90

The current version of CFL3D/MAGGIE allows multi-grid iterations but
does not support grid sequencing for the overlapped grid model. The 1200

fine-level iterations completed for the TCA 0/0 W/B/N overset gdd model
used 16 CPU hours on Cray C-90. With the face-matched model for the
TCA 0/0 W/B/N, the 5000 coarse level iterations and 500 fine level iterations

used a total of 18 CPU hours on Cray C-90. Note that the original Baldwin-
Lomax turbulence model with Degani-Schiff option was used in both models
for the iterations cited in the above figure.
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CFL3D Convergence History

(TCA 0/0 WBN, Mach #=0.3, Re=8x10 6, AOA=10 degrees)
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The convergence history for C L and C D from the two TCA 0/0 W/B/N
models is shown here. For the last 200 iterations in both cases, the

peak-to-valley variations in C L and C D are within 2% of their mean
values.
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TCA 0/0 WBN CFL3D Solutions:

(Mach #=0.3, Re=8x106, AOA=10 degrees)

CL

Co

Lift and Drag Coefficients

Face-Matched Overlapped
Model Model Difference

0.3958 0.3768 -0.0190

0.0627 0.0599 -0.0028

For comparison purposes, the original Baldwin-Lomax turbulence model

with Degani-Schiff option was used for both models. The changes in the
aerodynamic performance due to Yeh's modification to the turbulence model
were +0.0158 in CL and +0.0007 in Co in the face-matched WBN CFD model.

For both the face-matched and the overlapped grid models, the mean
values for C L and C D from the last 200 iterations are listed in the above

table. Apparently there exist discrepancies between the two CFL3D
solutions in terms of the integrated aerodynamic coefficients. Further

investigation is necessary to determine the cause for the discrepancies.
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TCA 0/0 WBN CFL3D Solutions

(Mach #=0.3, Re=8xl 06, AOA=10 degrees)

Cp on wing upper surfaces

Face-matched grid

Cp

Overlapped grid
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This figure shows the pressure distributions on the wing upper surface from
the CFL3D solutions using the face-matched and the overlapped models.

In general, the face-matched model and overlapped model captured very
similar overall flow features for the TCA 0/0 W/B/N configuration.
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TCA 0/0 WBN CFL3D Solutions

(Mach #=0.3, Re=8x10 6, AOA=10 degrees)

Cp on wing lower surfaces

Face-matched grid

Cp

i 1.00

0.50

0.00

-0.50

Overlapped grid

Similar resemblance in flow features captured by the two models can be
seen in the pressure distribution on the wing lower surface shown above.
More detailed contour plots for pressure coefficients on wing upper and lower

surfaces may be necessary to explain the discrepancies in C L values
predicted by the two models.
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Comparison of Face-Matched and Overlapped

Grid Interfacing Schemes in TCA WBN Applications

Face-Matching Overlapping

Additional constraints from
Grid Generation Constrained by geometry only

surfaces of existing grid

Grid Portability Less flexible More flexible

Preprocessing Less computer resource More computer resource

Grid Interface 2-D 3-D

Model Size Smaller Larger

Grid Sequencing Yes No

Multi-Grid Yes Yes

Additional post-processing
Force Integration Completed in CFL3D for overlapped solid surfaces

This table summarizes a general comparison of the face-matched method
and the overlapped method based on our recent experience with modeling

TCA WBN high lift configurations using CFL3D/RONNIE/MAGGIE. Overall,
overset grid approach provides more potential in improving the CFD modeling
procedure mainly because it is more flexible in generating the component grid
as well as in using the component grid for different planforms. As for the
pre-processing step, RONNIE can usually be completed in the debug queue
on NAS supercomputers while MAGGIE has to be submitted to the batch queue.
Also, since CFL3D/MAGGIE does not support grid sequencing, it will be more

expensive and time consuming to debug an overlapped CFD model in the
development stage.
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Technical Issues with Overlapped Grid

MAGGIE Interpolation off Curved Solid Surfaces

Curved Solid Surface

_" ___ Ghost Cells

Boundary Cells
Donor Cells

• Grid cells with high aspect ratio exist near solid surfaces in large scale model

• Ghost cells may exist out of bounds for even a slightly curved surface

• Several ghost cells may receive boundary condition data from the same
donor cell in the overlapping grid through zeroth-order interpolation

One of the technical issues with the overset grid approach is associated

with interpolation from donor cells to ghost cells at the outer boundary of
the component grid. In large scale CFD models such as for the TCA W/BIN
configurations, grid cells with very high aspect ratios exist near solid surfaces.

When the solid surfaces are even slightly curved, the ghost cells can easily
go out of bounds as shown in the above figure. In this case, several ghost
cells may receive boundary condition data from the same donor cell through
zeroth-order interpolation, which will lose the gradient information in the

boundary layer profile and thus affect the numerical solution in the component
grid as well as the overall solution.
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Technical Issues with Overlapped Grid

Collar Grid for Adjoining Solid Surfaces
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Method 1

- Two different grid faces
for adjoining surfaces

- More flexible

Method 2

- One grid face for
adjoining surfaces

- Less flexible

Another technical issue with the overset grid approach is the usage of collar

grid for adjoining solid surfaces. In the literature, the collar grid described
as method 2 in the above figure is often used and has been validated.
However, sometimes it is difficult to fit this type of collar grid in the actual

configuration, for example, in the leading edge region of nacelles and
diverters adjoining wing lower surface. The collar grid described as
method 1 in the above figure offers more flexibility but it needs to be
validated.
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Technical Challenge in Overlapped Grid
for TCA 30/10 WBN Model

Wing Trailing Edge

Middle Inner Flap

Flap Trailin,

(Grid shown are from TCA 30/10 WBN face-matched grid)

Region

Finally, the region between the nacelles/diverters and the deflected TE

flaps still poses a technical challenge for overset grid approach due to
the close proximity of the deflected TE flaps to the nacelles and diverters,
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Summary

• Developed an overlapped grid CFD model for TCA 0/0
Wing/Body/Nacelle high lift configuration.

• Obtained converged CFL3D solution using the overlapped grid

for TCA 0/0 WBN at Mach No.=0.3, Re=8x10 6, AOA=I 0 degrees.

- Face-matched and overlapped grids yield similar solutions.

- Discrepancy exists between the integrated aerodynamic
coefficients using different grid interfacing schemes.
Further investigation is required.

• Evaluation of the alternative grid interfacing schemes reveals:

- Overlapped grid method is more adaptable to configuration changes.

- Less time-consuming grid generation with overlapped grid approach.

- Technical challenges still exist for deflected TE flaps configurations.

- Overlapped grid will be more efficient for TCA WBN configurations.

In summary, our recent work is directed towards the evaluation of overset grid
method for the CFD modeling of TCA W/B/N high lift configurations. With the first
overset grid model for the TCA 0/0 W/B/N configuration, we obtained a
converged CFL3D solution which compares well with the CFL3D solution
using the face-matched model in terms of overall flow features. Discrepancies
exist between the integrated aerodynamic coefficients from the two CFL3D
solutions and we will further investigate the reasons for the discrepancies.
Based on our extensive experience with face-matched grid interfacing method
and the limited experience with the overset grid interfacing method, we conclude
that overset grid approach offers more potential in improving the CFD modeling
procedure for the TCA W/BIN high lift configurations.
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