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Abstract

The use of laser l ight sheet f low visual izat ion, fr inge-type laser

ve loc imetry, and Dopp ler g loba l ve loc imetry to make f low f ie ld

inves t i ga t i ons i s des c r ibed . The complementary nature o f the

techniques is demonstrated by using them to examine the vortical flow

fields above a 75
o

swept delta wing and a YF-17 model in a low speed wind

tunnel. The characteristics of these systems are described and their

c apab i l i t y t o p rov i d e fundamenta l v e l o c i t y da t aba s e s f o r CFD

validation is assessed.

Introduction

The classic method of aircraft design begins by using fundamental

aerodynamics and experience to create a design on paper. A model based

on this design is then constructed and tested in a wind tunnel. The

acquired force and balance data are studied and the model modified to

bring the aerodynamic performance closer to the desired design goals.

The model is then retested and the new results studied. This iteration

cont inues unt i l the des ign eng ineer i s sat i s f i ed with the mode l

performance. Final ly, a ful l s ize prototype is built and flown to

determine if the performance characteristics of the wind tunnel model

are maintained in flight.

The development of modern aircraft utilizing vortex lift and other

complicated flow fields to increase performance pushes the associated

aerodynamics to the edge of stability. The ability of electronic fly-by-

wire technology to instantly return the aircraft to stable flight from

unstab le excurs ions cannot be eas i l y mode led us ing the c lass i c

approach . Force and ba lance tes t ing must be supp lemented by

theoret ica l predict ions of the f low f ie lds and their experimental

verification by off-body measurements. Computational fluid dynamics

(CFD) is becoming increasingly sophisticated and has successfully

predicted many classic flow fields. However, this technology is being



expanded to predict flows that have not or can not be measured with

c lass ic instrumentat ion. I f the extrapolat ion cont inues without

exper imental ver i f i cat ion, the value of their predict ions quickly

becomes questionable. The burden now shifts to the experimentalist

and the instrumentat ion eng ineer to deve lop new measurement

techniques that can provide experimental databases for code validation

and the direct measure of flow field / airframe interactions.

The advent of the laser has provided the instrumentation engineer with

a tool that serves as the basis for several new instrumentation systems.

Fanning the laser beam into a light sheet provides a visualization of the

f l ow f i e l d w i th g r e a t e r c apab i l i t y and f l e x i b i l i t y t han c l a s s i c

shadowgraphy. The coherent characteristic of laser light is used as the

bas i s f o r l a ser ve lo c imetry, a non int rus ive , ve l o c i t y measur ing

technique capable of measuring time dependent, three component

velocity flow fields with accuracies better than 0.5 percent. Finally,

these two ideas are now being combined in a new technique, Doppler

global velocimetry, which provides simultaneous three-component

velocity measurements within a desired measurement plane in real

time.

Baseline Aerodynamic Investigation

The best way to illustrate the capabilities of these new laser based

instrumentation systems is to use each to investigate the same flow

field. The flow chosen is the classic leading edge vortex flow field above

a delta wing. This selection is appropriate since the fundamental flow is

utilized in many high performance aircraft designs to increase the flight

performance envelope. A leading edge vortex pair contains a great deal

of energy which, if carefully controlled, can provide significant lift on

an aircraft. However, if a vortex is disturbed it will burst, dissipating its

energy in a random manner resulting in a sudden loss of lift. This

problem is of special concern for aircraft stability when only one vortex

of a coupled pair bursts , result ing in sudden substantia l ro l l ing

moments being applied to the aircraft. A classic vortex pair flow field

was generated using a 75
o

delta wing, reference 1. The effects on the

classic vortical flow field by external influences were determined using

a model of a high performance aircraft which obtains much of its

per formance capabi l i t i es us ing vortex l i f t�the Northrop YF-17 ,

reference 2.
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Test Facility

While a vortex flow field is very stable, its characteristics are easily

affected by external influences. Thus the wind tunnel flow should be

stable with a constant freestream velocity and low turbulence during

the time period required to conduct the flow field investigation. The

Basic Aerodynamic Research Tunnel, reference 3, was designed to

provide such a stable platform. The primary function of the facility is to

use state-of-the-art instrumentation systems to fully investigate and

document fundamental aerodynamic flow fields. These investigations

w i l l e s t a b l i s h t h e e x p e r im en t a l d a t a b a s e s n e c e s s a r y f o r t h e

development and ver i f i cat ion of general ized computat ional f lu id

dynamic computer codes. The facility, shown in figure 1, is an open

circuit tunnel that has a test section measuring 0.71 m high, 1.02 m wide

and 3.05 m long. The test section is divided into two 1.524 m long bays.

The maximum flow velocity in the test section is 67 m/sec which yields a

Reynolds number of 4.6 x 10
6

/m. The airflow entering the test section is

conditioned by a honeycomb, four anti-turbulence screens and an 11:1

contraction ratio. The 0.1 m thick honeycomb has a 0.01 m cell size. The

screens are 7.87 mesh per centimeter with a porosity (ratio of open area

to total area) of 64 percent. These flow conditions coupled with an

excellent fan speed controller, provide a low-turbulence, uniform flow

in the test section. The longitudinal component of turbulence intensity

(measured with a hot wire) varies from approximately 0.05 percent for a

tunnel q (dynamic pressure) of 4.13 N/m
2

(V∞ = 28 m/sec) to

0.08 percent for a q of 18.6 N/m
2

(V∞ = 59.4 m/sec).

The laser techniques require particles to be embedded within the flow to

provide the scattering centers necessary to make measurements. A

vaporization/condensation generator using propylene glycol provided

the seeding part ic les for laser l ight sheet f low visual izat ion and

subsequently for velocity measurements using the Doppler global

velocimeter, reference 3. The particle size distribution of propylene

glycol drifting through the test section (tunnel off) is shown in figure 2.

When the flow is adjusted to a q of 3.47 N/m
2

(V∞ = 25.6 m/sec), the

propy lene g lyco l beg ins to evaporate , y i e ld ing the part i c l e s i ze

distribution shown in figure 3. Polystyrene particles, 0.8 microns in

diameter, suspended in 100-proof ethanol were injected into the flow

ups t ream of the honeycomb us ing an agr i cu l tura l spay nozz l e ,

references 1 and 2, to provide the seeding particles for the laser

velocimeter. Upon leaving the spray nozzle the ethanol evaporated,

leaving the polystyrene particles to follow the flow. The spray nozzle (or

the ejection nozzle from the vaporization/condensation generator) is

mounted on a computer-controlled 2-axis traverse system which allows

remote positioning of the particle plume.
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Laser Light Sheet

Typically a laser light sheet is generated using a powerful continuous

wave laser such as an Argon ion and a cylindrical lens or glass rod to

spread the beam into a thin sheet. Although this approach is quite

simple, it is difficult to place the sheet in an arbitrary plane to obtain

various views of the flow field. Using a twin-mirrored galvanometer to

rapidly move the reflected light beam, the system can be operated in a

variety of modes and provides either single or simultaneous multiple

light sheets. The system can also rotate the sheet through 360 degrees

about the optical axis. The laser light sheet generating equipment is

shown in figure 4.

Laser Velocimeter

The laser velocimeter is an orthogonal three component fringe type

system using orthogonal collection of the scattered light to minimize

sample volume size and allow close approach to unprepared models. The

system, shown in f igure 5 , uses the 496.5 , 476 .5 , and 514.5 nm

wavelengths from an Argon ion laser to measure the streamwise (u),

vertical (v), and cross tunnel (w) velocity components, respectively. The

transmission optical system for the u and v components is located on

the side of the test section with the receiving optical system located

above the test section sl ightly off-perpendicular (15
o

) toward the

upstream direction. The transmission optical system for the w

component is placed above the test section perpendicular to the u-v

optical axis . Its receiving optical system is adjacent to the u-v

transmitter, rotated 15
o

downstream about the sample volume. This

configuration yields a very small spherical sample volume, 140 microns

in diameter, and reduces the amount of scattered light or flare from the

model surface entering the collecting optical system. The sample

volume can be placed within 70 microns from the unprepared model

surface before flare reduces signal-to-noise below acceptable limits for

the s igna l process ing e lectronics . Bragg ce l l s are used in each

component to provide full measurement directionality. A photograph of

the laser beams crossing over the 75
o

swept delta wing model is shown in

figure 6.

The optics and laser move as a unit on a traversing system that provides

1 meter of travel, with 10 micron resolution in all three axes. The design

of the traverse system provides flexibility in optical mounting and

allows the optics to be remounted in forward scatter or 180
o

backscatter

configurations should the test require. As shown in figure 5, the

traversing system completely surrounds the test section to maximize

system stability.
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The photomultiplier output from each component is processed by high-

speed burst counters utilizing 500 MHz clocks. The processed signals

are acquired by a high-speed, parallel data acquisition unit, reference 4.

This unit provides the timing circuits to measure the interarrival times

between successive particle velocity measurements in each component.

These times are used to remove any statistical bias present in the

measurement ensemble. Each component, interarrival time circuit and

auxi l iary channel contains 64k words of data storage. Once the

measurement at a point is completed, the acquired data is then passed to

the system minicomputer for statistical processing and data storage.

Doppler Global Velocimeter

Laser light sheet flow visualization uses a standard video camera to

view the scattered light from particles passing through the sheet. The

flow structure is visualized through changes in scattering intensity

caused by spatial and temporal variations in particle number density

induced by the flow field. The scattered light also contains another

property�it is shifted in optical frequency due to the Doppler effect

brought about by the motion of the particles passing through the sheet.

If this shift can be measured, the velocity field within the plane defined

by the light sheet can be determined. The Doppler global velocimeter

uses the edge of an absorption line in molecular Iodine to serve as a

frequency discriminator to directly measure the Doppler shift of the

collected scattered light, reference 5. The Argon ion laser operating in

single-line mode at 514.5 nm is tuned by tilting the intercavity etalon to

an optical frequency corresponding to a point midway along the edge of

an absorption line of an Iodine absorption line filter (ALF), figure 7.

Collected scattered light from a stationary object or cloud of particles

will be attenuated by 50 percent as it passes through the ALF. If the

object or particle cloud is moving, the attenuation through the ALF will

increase (or decrease, depending on the direction of movement) by an

amount proportional to the Doppler shift. By using the ALF as a filter

for the camera, the entire laser light sheet can be viewed and the

velocity field determined.

In practice, particle size distribution and number density, and the laser

light sheet intensity profile are other factors influencing the amount of

collected scattered light reaching the viewing camera. These influences

can be minimized by viewing the same scene with a second camera

without an ALF, figure 8, to provide a reference signal used to normalize

the viewing camera output. The two cameras must be aligned with

corresponding pixels in each camera viewing the same portions of the

light sheet. Other influences from nonuniform optical elements and

variations in pixel sensitivities in the CCD cameras are removed using
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p ixe l -by -p ixe l ra t io ca l ibra t ions . A v iew of the Dopp ler g loba l

velocimeter viewing the vortical flow above the delta wing in the tunnel

is shown in figure 9.

Investigation of the Flow Field Above the Delta Wing

The first series of tests using these three techniques is the investigation

of the vortical flow field above a 75
o

swept delta wing. The model has a

0.305 meter span and sharp leading edges (10
o

bevel on the lower surface

with the upper surface flat). An angle of attack of 20.5
o

yields a stable

vortex flow above the model. An increase to an angle of attack of 40.0
o

yields burst vortices. The tunnel speed was adjusted to obtain a chord

Reynolds number of 1 .0 mi l l i on for both condi t ions . The laser

ve loc imeter and Doppler g loba l ve loc imeter invest igat ions were

conducted in a plane orthogonal to the surface of the model at an

x/L = 0.7.

Using the laser light sheet, the vortices are clearly seen above the model

at an angle of attack of 20.5
o

, at the x/L = 0.7 location in figure 10.

Rotating the light sheet to be parallel with the centerl ine of the

vortices, the core region is visualized, figure 11. Increasing the angle of

attack causes the right vortex to burst while the left remains intact,

figure 12. This asymmetry may be caused by a known 0.2
o

roll in the

model. Changing the laser to a pulsed doubled YAG, the visualization

brings out fine details in the vortical flow including eddy circulation

about the main core, figure 13. A repeat of figure 12 using this laser is

shown in figure 14.

The three component mean veloc i ty measurements , re ference 1 ,

obtained with the laser velocimeter at an angle of attack of 20.5
o

are

shown in figure 15 and at 40.0
o

in figure 16. It is noted that the

streamwise component increases to twice freestream velocity within

the core of the vortex, but reverses when the vortices burst. The

angular motion seems to change little in either case. The normalized

standard deviations for the streamwise component at an angle of attack

of 20.5
o

, f igure 17, indicate a high level of velocity fluctuations. These

findings appear to conflict with the flow visualization results which

show very stable vortices. Using the Doppler global velocimeter to

measure the entire vortical flow, reference 6, every 33 msec instead of

the 8 hours required by the laser velocimeter, the solution may be found.

The Doppler global velocimeter was configured to measure the flow

velocity 26.5
o

from the streamwise direction within the horizontal

plane, figure 8. A single frame, shown in figure 18, clearly shows the

vortical flow with the expected velocity pattern. The velocity at the top
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of the left vortex should match the bottom of the right with the flow next

to the wing being slightly higher due to flow compression. The top of the

right should likewise match the bottom of the left. A velocity profile

through the center of the vortices, shown in figure 19, is easier to

visualize than the gray scale image in figure 18. In calculating the

average from several frames to obtain the required information to

remove pixel sensitivity variations from the data, the velocity profiles

were found to vary as much as 15 percent from frame to frame. These

changes were not random in location, but a general change in the entire

vortex. Not understanding the reason for these variations, the real time

analog video was viewed. The video showed a stable vortex flow field

with the variations in velocity indicated by the laser velocimeter

measurements. That is, until the video was played in slow motion. The

vortex was very stable with little turbulence; however, every ten frames

an entire vortex would increase velocity indicating a surge in flow. The

two vortices did not surge together, but oscillated in a phased pattern.

Vortical Flow Above a YF-17 Model

The flow field measurements above the delta wing were part of an

investigation to provide general knowledge about vortex flow fields and

establish a measurement database for verification of computational

fluid dynamics computer codes. This investigation also served as a

pre l iminary test to determine the character i s t i c s o f the opt i ca l

measurement systems on vort ica l f lows before invest igat ing the

complicated flow above a model configuration. The final goal of the

program conducted by Sellers, Meyers, and Hepner, reference 2, was to

investigate the flow above a YF-17 model to determine the vortex

interaction with the vertical stabilizers.

Modern fighter aircraft at high angles of attack generate vortices which

produce substantial increases in lift. The vortices are shed by the sharp

wing leading edges, slender fuselage forebodies, and by the high-swept

wing lead ing-edge extens ions (LEXs) . There is a l so interest in

t e chn i que s wh i ch exp l o i t t h e vo r t i c e s t o p r ov i d e i n c r e a s e s i n

maneuverability in the high angle of attack regime where conventional

control surfaces lose their effectiveness, reference 7. Figure 20 is a

photograph of an F-18 aircraft at high angle of attack and shows the LEX

vortices made visible with a smoke bomb.

The interact ion of the vort ices with the ta i l surfaces can cause

structura l prob lems . Both the F-15 , re ference 8 , and the F-18 ,

reference 9, have encountered buffeting and/or structural fatigue

problems with the vertical tails at high angles of attack. The buffeting

is due in a large part to the breakdown of the vortices ahead of the tails.
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Vortex bursting or breakdown is meant to describe the condition where

the axial velocity at the core of the vortex abruptly stagnates followed by

a rapid expansion of the vortex core. After the expansion, the flow

changes to a highly-turbulent swirling state.

The lack of quantitative flow field data has hampered efforts to develop

theoretical methods to predict aircraft buffet or a buffet design criteria

for the high angle of attack flight regime. There have been numerous

research papers written on the subject of vortex flows from slender delta

wings, but much of this data is of limited use since the instrumentation

that was available at the time was not capable of measuring the velocity

field in a burst vortex. Flow field data above configurations are even

more scarce.

The model was a Northrop YF-17 configuration which was the prototype

for the McDonnell Douglas F/A-18 Hornet. The YF-17 shown in the

three-view sketch in figure 21 incorporates design features that are

typical of many of the current generation fighter aircraft. It includes a

moderately-swept (26.6
o

) wing, twin vertical tails, and a highly-swept

(80
o

) leading edge extension. The flow field generated by this aircraft

exhibits many of the characteristics of the present generation fighter

aircraft, as well as the problems such as vortex interaction with the tail

surfaces.

All data were obtained at a free stream dynamic pressure of 12.4 N/m
2

,

which represents free stream velocities of 48.5 m/sec. This speed results

in test Reynolds numbers of 326,000 based on the mean aerodynamic

chord. The two angles of attack, 15
o

and 25
o

, investigated represented

conditions where the vortices over the model would be unburst and

burst, respectively. The higher angle of attack represented a condition

where, based on Northrop YF-17 flight test data, the tail buffet loads

increase significantly, The two survey stations, 440 and 524, where flow

field data were obtained are shown in figure 21. Velocity measurements

were acquired over the right half of the model.

Flow visual izat ion of the two measurement planes are shown in

figure 22 for 15
o

angle of attack. The corresponding laser velocimeter

mean velocity measurements for stations 440 and 524 are shown in

figures 23 and 24, respectively. The cross flow vectors clearly show the

LEX vortex is positioned outboard of the vertical tail and close to the

w ing uppe r su r f a c e . The spanw i s e c omponen t o f v e l o c i t y ha s

accelerated to approximately 90 percent of freestream directly under

the LEX vortex. The streamwise component of velocity in the core of the

LEX vortex has decelerated to approximately 80 percent of freestream.

The flow separates at the leading edge of the wing at this angle of attack.

There is a large separated flow region over the outer wing panel at these
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stations. There are reversed flows of up to 10 percent of freestream in

the streamwise velocity component over the outer third of the wing

span. The LEX vortex had the favorable effect of preventing flow

separation over the inboard portion of the wing.

The flow field takes on a dramatically different character at 25
o

angle of

a t t a ck . The f l ow v i sua l i z a t i on r e su l t s a r e shown fo r the two

measurement stations in figure 25. The mean velocity vectors and

contours are shown in figures 26 and 27 for stations 440 and 524,

respectively. The cross f low velocity vectors show that the wing

separation region and the LEX vortex have grown in size and the LEX

vortex is positioned directly in line with the vertical tail . The LEX

vortex has burst at the 440 station at this angle of attack. The core of the

LEX vortex magnifies at the 524 station and contains a large area of

reversed flow as shown in figure 27. The reversed flow reaches a

maximum of approximately 10 percent freestream. Although the LEX

vortex has burst, there is still a structured swirling pattern around the

vortex. This is consistent with the measurements of a burst vortex over

the 75
o

delta wing, figure 16; however, the flow field is more complicated

due to the presence of the wing separation which has merged with the

flow from the LEX vortex. The region of reversed flow in the wing

separation region has grown in both size and strength, with the

magnitude of the reverse flow increasing to approximately 20 percent of

free stream.

The standard deviation of velocity provides a measure of the intensity of

the fluctuating input forcing the vertical tail to vibrate. The standard

deviation is nondimensionalized by the freestream velocity to provide a

measure of the relative turbulence intensity. The normalized standard

deviation for the streamwise, vertical and spanwise components are

shown in figures 28, 29, and 30, respectively, for the 524 station at an

angle of attack of 25
o

. The maximum value for the normalized standard

deviation reaches levels of approximately 0.40, 0.35, and 0.30 for the

streamwise, vertical and spanwise components, respectively. Along

with being large values, the regions of influence are quite large. The

large standard deviations in the upper portion of the wing separation

region are due to movement of the shear layer through the measurement

location.

Summary

Laser light sheet, fringe-type laser velocimetry, and Doppler global

velocimetry have been described and used to investigate the vortical

flow field above a delta wing and a YF-17 model. It has been shown that

using only one technique will yield insight into the fluid mechanics of
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the flow, but leaves many unanswered questions. Adding the other two

comp l ementa ry measurement t e chn ique s g r ea t l y in c r ea s e s the

understanding of the flow. Laser light sheet visualization quickly gives

an overall view of the flow field, and if a pulsed laser is used, can show

small flow structures that are averaged out with slower techniques.

Fringe type laser velocimetry can be used to obtain three component

mean velocity and higher statistical measurements at points within the

f l ow. T h e f i n e a c c u r a c y o f t h e t e c h n i q u e p r o v i d e s d e t a i l e d

investigations of the flow that can be used to develop the measurement

databases necessary to verify computational fluid dynamic computer

codes. The Doppler global velocimeter provides the real time aspect of

flow visualization while affording measurements of velocity. Although

this new technique will require development to match the accuracy of

the fringe-type laser velocimeter, it wil l provide real t ime, three

component veloc i ty measurements s imultaneously over an entire

measurement plane.
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Figure 1.- Basic Aerodynamic Research Tunnel (BART).
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Figure 2.- Particle size distribution of propylene glycol from a vaporization /

condensation generator, tunnel q = 0 N/m
2
.

Figure 3.- Particle size distribution of propylene glycol from a vaporization /

condensation generator, tunnel q = 3.47 N/m
2
.
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Figure 4.- Argon ion laser and twin-mirrored galvanometer laser light sheet

system.

Figure 5.- The orthogonal three component laser velocimeter system mounted on

the traversing system.
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Figure 6.- View of the 75
o
delta wing in BART with the crossing laser beams from

the orthogonal three component laser velocimeter.

Figure 7.- Transfer function of the Iodine absorption line fil ter, ALF.
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Figure 8.- Graphical representation of the Doppler global velocimeter in BART.

Figure 9.- Photograph overlooking the receiving optical system of the Doppler

global velocimeter to view the laser light sheet i l luminated vortex flow

field above a 75
o
delta wing.

15

Laser

Z

X

Y

Measured Velocity
Component

Streamwise
Velocity

Reference
Camera Signal

Camera

IVC



Figure 10.- Laser light sheet flow visualization of the vortex flow above the 75
o

delta wing at an angle of attack = 20.5
o
.

Figure 11.- Laser light sheet flow visualization of the vortex flow with the sheet

orientated in the plane of the two vortices - unburst condition.
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Figure 12.- Laser light sheet flow visualization of the vortex flow with the sheet

orientated in the plane of the two vortices - burst condition.

Figure 13.- Pulsed laser light sheet flow visualization of the vortex flow - unburst

condition.
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Figure 14.- Pulsed laser light sheet flow visualization of the vortex flow - burst

condition.

Figure 15.- Mean velocity measurements of the vortex flow above the 75
o
delta

wing at an angle of attack = 20.5
o
.
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Figure 16.- Mean velocity measurements of the vortex flow above the 75
o
delta

wing at an angle of attack = 40.0
o
.

Figure 17.- Contours of streamwise normalized standard deviation of the vortex

flow above the 75
o
delta wing at an angle of attack = 20.5

o
.
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Figure 18.- Single frame DGV velocity contour map of the vortex flow field above

a delta wing at 20.5
o
angle of attack, velocity component is 26.5

o
from the

streamwise direction in the horizontal plane.

Figure 19.- Normalized signal amplitude along a horizontal l ine passing through

the center of the vortices of the single frame DGV velocity map.
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Figure 20.- Photograph of an F-18 fighter at high angle of attack.

Figure 21.- Three-view diagram of the YF-17 configuration.
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Figure 22.- Visualization of the vortical flow field above the YF-17 at stations 440

and 524 with the model set to an angle of attack = 15
o
.

Figure 23.- Mean velocity measurements of the vortex flow above the YF-17 model

at an angle of attack = 15
o
, s tation 440.
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Figure 24.- Mean velocity measurements of the vortex flow above the YF-17 model

at an angle of attack = 15
o
, s tation 524.

Figure 25.- Visualization of the vortical flow field above the YF-17 at stations 440

and 524 with the model set to an angle of attack = 25
o
.
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Figure 26.- Mean velocity measurements of the vortex flow above the YF-17 model

at an angle of attack = 25
o
, s tation 440.

Figure 27.- Mean velocity measurements of the vortex flow above the YF-17 model

at an angle of attack = 25
o
, s tation 524.
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Figure 28.- Contours of streamwise normalized standard deviation of the vortex

flow above the YF-17 model at an angle of attack = 25
o
, s tation 524.

Figure 29.- Contours of vertical normalized standard deviation of the vortex flow

above the YF-17 model at an angle of attack = 25
o
, s tation 524.
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Figure 30.- Contours of traverse normalized standard deviation of the vortex flow

above the YF-17 model at an angle of attack = 25
o
, s tation 524.
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