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Laser Velocimetry Seed Particles Within
Compressible, Vortical Flows

Mark S. Maurice*
Wright Laboratory, Wright-P after son Air Force Base, Ohio 45433

The ability of seed particles to penetrate and accurately track vortices is of critical importance to the
analysis of laser velocimetry (LV) measurements within these flow structures. In applying a particle
equation of motion to vortical flowfields which extend into the supersonic, compressible regime, two
approaches are considered. First, an ideal, potential vortex is developed for a compressible flowfield. As
an aid to the design and analysis of vortical flowfield surveys over a wide range of independent param-
eters, this model is used to plot the time and position at which any particle starting at rest within a vortex
will begin to track the flow velocity within 3% error. As a specific application, the potential vortex is
then used to estimate the dynamic bias of LV measurements taken within a vortex shed from a 75-deg
delta wing at 20 deg angle of attack in a Mach 1.9 supersonic flow. The second approach uses a com-
putationally derived Navier-Stokes flowfield solution in place of the potential vortex model. The com-
putational flowfield method predicts that accurate LV measurements within the delta wing flowfield re-
quire seed particles no larger than 0.1-0.2 /tm in diameter, and defines the unseeded inner vortex core
region. Both approaches show an increase in velocity bias which is nearly proportional to particle di-
ameter, stressing the need for a monodisperse seed of known size to resolve particle bias in complex
flows.
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Nomenclature
= drag coefficient, Eq. (15)
= function defined by Eq. (16)
= specific heat
— particle diameter
= function defined by Eq. (17)
= function defined by Eq. (18)
= root chord length
= Mach number
— mass
= pressure
= gas constant
= Reynolds number, Eq. (2)
= radial spacial coordinate
= transformed, dimensionless radial coordinate, Eq.

(12)
S = Sutherland viscosity constant
St = Stokes number, Eq. (4)
s = distance, used in Eq. (6)
T = temperature
t = time
u - fluid velocity
v = particle velocity
w = modified particle relative velocity, Eq. (14)
*,y,z = Cartesian spacial coordinates
%ERR = measure of particle velocity bias, Eqs. (24) and

(25)
a = angle of attack
ft = density ratio, Eq. (3)
F = circulation
y = ratio of specific heats
0 = angular spacial coordinate in a cylindrical system
IJL = molecular viscosity
TT = dimensionless variable groups, Eqs. (26-28)
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p = density
T = dimensionless time, Eq. (23)
a) = vorticity

Subscripts
f = fluid property
ij •== Cartesian coordinate indicial notation
o = property in the outer field of a two-dimensional

vortex
p — particle property
R = the relative difference between the particle and the

fluid
0 = initial condition

Introduction

THE dynamics of small particles within aerodynamic flow-
fields are of interest for a variety of applications. In pro-

pulsive engines, for example, combustion particles can have
an erosive effect on turbine blades, as well as contributing to
performance losses through the exit nozzle. External aerody-
namic and control surface degradation can be strong functions
of atmospheric dispersion, and sediment transport can be mod-
eled by the dynamics of individual particles. In the application
of flow visualization or laser velocimetry, however, it is re-
quired that the particle dynamics of the seed material describe
the fluid dynamics of the flowfield. The seed particles are as-
sumed to follow the fluid streamlines, and not to alter the cor-
responding unseeded flow.

In flow regions with large gradients such as near shock waves,
or regions with high turbulence frequencies, particle dynamic
bias can dominate laser velocimetry (LV) measurements. For
the case of a seed particle passing through a shock wave, it
has been shown by Nichols1 that the particle lag can be sub-
stantial. If the mean velocity and turbulence intensity are de-
termined from ensembled averages from a variety of particle
sizes passing through the shock wave and measured at a single
downstream location, these quantities may be grossly over-
estimated. On the other hand, it has been shown by Hjelmfelt
and Mockros2 that a particle subjected to a high-frequency,
oscillating flowfield may greatly underestimate the turbulence
intensity of the fluid.
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Although fluid streamlines are circular within a two-di-
mensional potential vortex, centrifugal forces can cause seed
particles to move radially away from the vortex origin. Con-
sequently, LV velocity measurements within vortical flow-
fields3"5 may be biased. For an incompressible, potential vor-
tex flow, velocity bias can be computationally investigated using
a simplified equation of motion derived by Dring and Suo,6
who prescribe particle position in terms of three dimensionless
parameters that are constant throughout the flow. For this case,

where

and

St =

(1)

(2)

(3)

(4)

For compressible flow, all three independent parameters vary
radially through the vortex. If these variables are held constant
by defining them in terms of the total density and temperature
of the flowfield, and trajectories are computed by an equation
of motion which includes compressibility effects, it can be seen
in Fig: 1 that as the initial Mach number of the particle in-
creases into the compressible flow regime, the particle trajec-
tory shows a substantial increase in bias. Consequently, in a
compressible, vortical flow, an incompressible analysis can
underestimate the particle velocity bias.

Approach
Potential Vortex

Although classical text book derivations assume the poten-
tial vortex to be an incompressible flow when deriving the ve-
locity field,7'8 the approach is extendible to compressible flow-
fields. In a compressible or incompressible flow, the potential
vortex field is irrotational. Therefore, it is required that

due 1 / dur\— + _ i M _ — =
dr r\ dB

(5)

dial distance, Eq. (5) reduces to a first-order ordinary differ-
ential equation with an integration constant related to the vor-
tex strength by the application of Stokes' theorem:

r = —$u - ds

The resulting vortex velocities are

= -T
ITJT

and

ur = 0

(6)

(7)

(8)

Since a potential vortex has no radial velocity component, and
since the angular velocity component is only a function of ra-

Since this velocity field satisfies the compressible form of
the continuity equation, the flowfield is physically possible. If
the radial direction of the vortex lies on the y-z plane of a
Cartesian coordinate system, the two-dimensional vortical field
can be superimposed with a constant normal velocity in the x
direction. The resulting three-dimensional flowfield will then
have helical streamlines that rotate about the x axis. This flow-
field can be used as a simple model of vortices that are shed
from aerodynamic surfaces, recognizing that it does not ac-
count for axial variations of vortex strength or the development
of a viscous core.

Another consideration for a potential vortex in a compress-
ible flow is the'limit of the mathematical model. For the in-
compressible case, the temperature is considered constant
throughout the field, leaving only the infinite velocity at the
center of the vortex as a limit. In a compressible flow, how-
ever, the temperature decreases toward zero as the velocity
becomes infinite. To examine the inner limit with respect to
commonly used constitutive equations for thermodynamic clo-
sure, it is best to temporarily decouple the constant axial ve-
locity from the vortical flow plane. Since the flow can be con-
sidered isentropic and adiabatic, the axial velocity can be used
to relate the total temperature, pressure, and density of the
flowfield to the static values in the outer vortex region which
approaches zero velocity in the vortical flow plane. These
"outer" values can then be considered as stagnation values for
the decoupled two-dimensional vortex flowfield. Within the
region of the flowfield where the perfect gas law and calori-
cally perfect gas assumption hold,

(9)

(10)

and

= 0.003
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Fig. 1 Particle trajectories within a potential vortex in a com-
pressible flow.

where

f= 1 -
8>JT2r2CpT0

(11)

(12)

The thermodynamic profiles in terms of the transformed ra-
dial coordinate are shown in Fig. 2. For air, the stagnation
temperature within the vortical plane can be as high as 470 K,
based on an arbitrary maximum of 2% error in the calorically
perfect gas assumption. The inner limit of the model, based
on a maximum 3% error in Sutherland's viscosity law, is at
radial distance from the vortex origin where the stagnation
temperature has decreased to 167 K.

The corresponding range of P0 extends from near vacuum
to an upper limit defined by the validity of the perfect gas law.
For a maximum 2% error, any P0 up to 11.2 atm is valid over
the entire range of T0.
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THE INNER LIMIT OF THE
POTENTIAL VORTEX MODEL

FOR To = 470 K

~1————I————I————I————I————I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

TRANSFORMED RADIAL POSITION r
Fig. 2 Thermodynamic profiles through a potential vortex in a
compressible flow.

Particle Equation of Motion
The equation set used to describe the particle motion is de-

veloped by Nichols,9 and includes the influences of Stokes'
drag, resultant pressure, apparent mass, gravitational forces,
and the Basset history integral. For application to the vortical
flow, the gravitational term and the Basset history integral have
been excluded. The Basset term can be significant when the
particle density is of the same order of magnitude as the fluid
density, or when the particle relative acceleration is large com-
pared with the particle relative velocity. In this case, as in
most numerical solutions, the Basset term is neglected because
the numerically evaluated integral is found to be either neg-
ligible, highly unstable, or potentially biased by the accumu-
lation of roundoff and truncation errors. The resulting differ-
ential equation for a general steady-state flow can be written
as

dv, -3Cd mf

dt 4d (mp + mf/2) J dXj

(mp + mf/2)
d f d2 \
— \Ui + — V2w,dt(l 40 '

where

(13)

(14)

and each of the fluid properties and derivatives are evaluated
with respect to the particle location.

The drag coefficient is evaluated by the drag law of Crowe9'10:

Cd = (Cd, - 2) exp{-3.01yl/2(MR/ReR)G(ReR)}

+{h(MR)/(yl/2MR)} exp{-ReR/(2MR)} + 2

where

(15)

24
Cdl = —— (1 + 0.158/tei/3) (16)

ReR

logloG(ReR) = 1.25{1 + tanh(0.77 logloReR - 1.92)} (17)

and

= {2.3 + 1.7(V7»I/2}

- 2.3 tanh(1.17 logloMR) (18)

Crowe's drag law is valid over a wide range of relative
Reynolds and Mach numbers, and includes the effects of in-
ertia, compressibility, rarefaction, and heat transfer.

Nichols shows that the particle equation of motion becomes
stiff for small particle diameters. Consequently, his solutions
for particle behavior through shock waves are piece wise, using
Adams' technique where possible, and restarting the solution
with slower Runge-Kutta integration when local stiffness causes
Adams' method to diverge. To avoid the necessity of piece-
wise solutions while maintaining computational efficiency, so-
lutions presented here are obtained by 4th order Runge-Kutta-
Fehlberg (RKF) numerical integration. The RKF method is
ideally suited for this situation since it estimates the local stiff-
ness of the equation at each time step, and adjusts the step size
accordingly. Results include a general consideration of trajec-
tories and velocity bias within the potential vortex model, spe-
cific application of the model to an experimental LV survey,
and the use of a computational fluid dynamics (CFD)-gener-
ated vortical flowfield in place of the model.

Results
Dimensional Analysis

The particle equation of motion described by Eq. (13) re-
quires the coupled solution of three first-order differential
equations initialized by particle position and velocity within a
specified vortical field. To reduce the equation set for analysis,
consider the slightly more specific case of an LV seed particle
traveling downstream in airflow (in the jc direction), and at
time zero, it becomes surrounded by a potential vortex. If the
particle is traveling with the same initial constant downstream
velocity as the flow, the equation of motion for the jc direction
decouples from the vortical flow in the y-z plane. Since there
are no initial forces on the particle in the jc direction, the equa-
tions show that the downstream particle velocity will remain
constant. Additionally, since the vortex is axisymmetric, one
initial condition parameter can be eliminated by choosing yQ
as the initial particle position, and setting z0 to zero. Also,
since the particle is assumed to have no initial velocity other
than in the x direction, both of the initial velocity parameters
in the vortical plane can be set to zero.

Analysis of the reduced equation set in the vortical plane
coupled with the various equations of closure require the fol-
lowing dimensional inputs:

Wo, Po , y0 (19)

where S is Sutherland's constant for air, and the outer viscosity
can be evaluated by Sutherland's law for the input value of
T0. These dimensional inputs describe the dependent variables:

y, z, vy, vz, t (20)

Application of the Buckingham II Theorem7'8 reduces the
dimensional equation set to a function in terms of five dimen-
sionless, independent parameters:

T0 UQ

S'RTo ' Po d
(21)

Additional trial-and-error analysis shows that the effect of
the parameter involving Sutherland's constant is negligible, and
that the density ratio and initial distance parameters can be
combined. The resulting dimensionless equation set is

y z vv vz _ ( UQ p0u0d yQp0\
— , — , — , — , T - H —— , ——— , —— >yo yo w0 no (RT0 &0 dpp)

where

T = tu0/y0

(22)

(23)

Two of the dependent dimensionless parameters in Eq. (22)
describe the particle velocities in the vortical plane. However,
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describe the particle velocities in the vortical plane. However,
for application to LV, it is the bias in these quantities that is
important. Therefore, define

%ERRy =

Vy ~ Uy

%ERRZ =
W

x 100

x 100

(24)

(25)

Since these two error parameters can be written as functions
of the dimensionless groups, they can be used as dependent
dimensionless parameters themselves.

The three independent dimensionless groups can be fully de-
fined by inputs of outer temperature and density, initial flow-
field velocity and particle position, and the particle density and
diameter. In terms of dimensionless variables, these groups
can be defined as

77! = U0/(RT0)
1/2

= (yopo)/(dpp)

(26)

(27)

(28)

The six independent dimensional parameters and the vis-
cosity from Sutherland's law are bounded for LV purposes in
Table 1. The corresponding ranges of the three TT parameters
are also shown.

Particle trajectories in the y-z plane for a single combination
of TT groups are shown in Fig. 3. For this case, the particle
has moved to more than twice its initial radial position after
three helical revolutions. Although the trajectory alone does
not quantify the velocity bias, it does show the difficulty in
maintaining seeded flow near the vortex origin.

For the same combination of TT groups, the measurement
error that will occur in the y and z velocity components as a
function of dimensionless time is shown in Fig. 4. In general,
the magnitude of velocity bias decreases from 100% at the
initial condition toward 0% as the particle moves outward from
the vortex origin to a radius where it accurately follows the
fluid streamlines. Since the velocity normal to the vortical plane
is constant, values of r correspond linearly to particle trans-
lation along the x axis.

For the ranges of parameters selected in Table 1, the radial
particle position and corresponding time at which the total
magnitude of velocity bias decreases to 3% is shown in Figs.
5a-5c. On the log-log scale, the curves of radial position are
shown to decrease nearly linearly towards conditions where
any radial displacement of the particle is negligible. In terms
of the dimensional parameters, this decrease corresponds to
smaller particle diameters, an initial position further from the
vortex origin, or lighter particles relative to the fluid density.

The corresponding curves for r also decrease as 7T3 in-
creases, and include a sharp drop at the point where radial

translation becomes negligible. In general, damping the ve-
locity bias from the initial conditions is much faster than any
required radial translation of the particle. Consequently, the
portion of the curve above the dip is for particles that must be
translated further away from the vortex origin, while the por-
tion of the curve below the dip corresponds to particles that
are brought from rest to the fluid velocity at the initial radial
particle position.

Application of the Potential Vortex
As a specific application, the potential vortex is used to model

an LV measured supersonic vortex shed from a 75-deg delta
wing at 20-deg angle of attack. The two-dimensional velocity
vector field at 80% chord is shown in Fig. 6, and a compre-
hensive description of the experimental test and results can be
found in Ref. 5. From the known stagnation conditions and
freestream Mach number, the outer vortex temperature, den-
sity, and axial velocity are determined, and the density of the
seed corresponds to the 10 cS silicon oil that was used for the
test.

Three-dimensional LV measurements were made in the plane
perpendicular to the model surface. However, it was found
that by applying a rotational transformation to the data, lines
emanating normal from the individual two-dimensional veloc-
ity vectors tend to converge towards a point. This point is es-
timated to be the vortex origin. The transformed velocity field
shown in Fig. 6 corresponds to a "vortex angle of attack" of
8 deg from the freestream flow.

The corresponding values of vortex strength decrease from
the outer edge of the wing towards the delta wing centerline.
For this example, a nominal weighted average value of —50
m2/s is used.

Using the inner limit of the potential vortex model as an
initial position, the corresponding particle trajectories for var-
ious sizes of seed are shown in Fig. 7. Because of the high
speed of the axial flow, the particles only travel about one-
third of a helical revolution from the nose of the wing to the
80% chord location. However, the difference in individual tra-
jectories is significant, showing a nearly circular path for the
0.1-/mi particle while the 5.0-/un particle increases its radial
distance from the vortex origin by more than 40%.

The radial position of particles at the 80% chord location as
a continuous function of seed diameter is given in Fig. 8. Over
the included range of 0.1-5.0 /Am particles, the curve shows
that the increase in radial translation is fairly linear.

The corresponding curve of the velocity bias at this chord
location is given in Fig. 9. This curve is also fairly linear,
showing a steady increase in bias from less than 0.5% for 0.1-
fjim particles to nearly 28% for 5.0-//,m seed. This curve shows
that seed diameters of the polydispersed silicon oil must be
less than 0.833 /tm in order to maintain a velocity bias of less
than 3.0%.

Finally, the measurement error for three candidate particle
sizes as a function of chord position is shown in Fig. 10. In
each case, the particle bias at zero percent chord is 100%,

Table 1 Chosen ranges of dimensional and corresponding dimensionless parameters

Parameter Range Reasoning
0, K

0, kg/m3

o, kg/ms
/o, m/s

p, kg/m3

d, j

176-470

0.0375-4.011

1.19E-5-2.56E-5
10-780

260-3960
0.2-100

0.001-2.0
0.0273-2.144

0.00293-12221
9.47 x 1(T5-154269

The lower value is arbitrarily chosen so that M ^ 0.5 at the inner limit of the vortex model. The
upper value is based on a maximum 2% error for the calorically perfect gas assumption.

Dependent on T09 this range corresponds to the minimal range of 0.05 atm < Po < 2 atm, which
is an arbitrary range of interest.

From Sutherland's viscosity law for the range of To.
The lower value is arbitrary, the high value, dependent on To, is the velocity at the inner limit of

the vortex model.
This range covers a wide variety of LV seed, from hollow glass spheres to A12O3.
This is a typical range for LV seed diameters.
This is a probable range of interest for wind-tunnel applications.
TT,, 7T2, and 7T3 are based on appropriate combinations of dimensional parameters.
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Fig. 3 Representative particle trajectory for one possible TT group.

0.0 60.0 70.0

Fig. 4 Representative time history of velocity bias for one pos-
sible TT group.

since the particles have no initial velocity in the vortical plane.
By the time the particles move downstream only 2-5% chord,
however, the initial bias is completely damped. The remaining
bias is due to the tangential momentum of the particle in the
vortical field, and slowly decays as the radial distance of the
seed from the vortex origin increases.

Consequently, this example predicts that for seed particles
of less than 0.833 ^m in diameter, reasonably unbiased LV
measurements can be made within the radial limits of the po-
tential vortex model at any axial station downstream of about
10% chord. Since the inner bound of the model happens to be
the approximate bound at which LV measurements were ac-
tually taken, the unmodeled viscous inner core of the vortex
is inconsequential to this analysis. Furthermore, it was found
that any possible initial velocities applied to the seed particles
were quickly damped, making the results nearly independent
of the simplified set of initial conditions used.

Application of a Computational Fluid Dynamics-Generated
Vortical Field

As a second application of the particle equations of motion,
the potential vortex model is replaced with a three-dimensional
Navier-Stokes solution of a delta wing flowfield. For the same
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Fig. 5a Particle time and position at 3% velocity bias (TT, = 0.03).
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Fig. 5b Particle time and position at 3% velocity bias (TT, = 1.0).

model geometry at slightly different flight conditions than the
experimental case, two-dimensional cross sections of a portion
of the delta wing flowfield calculated by Webster and Shang11

are shown in Fig. 11. As represented by the 15 and 40% chord
locations, the general form of the primary and secondary vor-
tices appear to vary only slightly with chord, although the size
of the structures varies proportionally with the wing span.

As an attempt to seed the inner core of the vortex, seed
particles were initially positioned in the vicinity of the leading
edge of the model. It was found, however, that the vertical
momentum of the particles from the freestream angle of attack
is too great. The particles enter the lower portion of the form-
ing vortex, and continue to move vertically upward through
the core and into the outer portion of the vortex before the
initial vertical momentum is dissipated. By trial-and-error, it
was found that the seed which penetrates deepest into the vor-
tex core are particles that are swept around the edge of the
wing from the underside.

Trajectories of seed particles that are initially positioned along
the edge of the wing at 15% chord are shown in Fig. 12. As
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Fig. 5c Particle time and position at 3% velocity bias (wj = 2.0).
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TTOTAL = 311K
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Fig. 6 LV measured velocity field produced by a delta wing
(Ref. 5).
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Fig. 8 Radial particle position at 80% chord within a modeled
delta wing vortex.
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Fig. 9 Magnitude of velocity bias at 80% chord within a mod-
eled delta wing vortex.

C\j-

UO

Oo^-
>^

~ 2 -
0
o-

IO
o

PARTICLE
LOCATIONS

AT x/L = 0.8
2.0 /xm<*-• — u

1.0 /im^^rzr

r
d = 0.1/im

VORTEX
ORIGIN-^

———— . ———— , ———— . ———— 1_

To = 184.7 K
Po = 0.174 Kg/m3

5.0 nm r=-50m2/s
^^ vx = 505 m/s
\ L = 0.34 m

^O\ p = 935 kg/m3

^^\ y|; = 0.042m

.__!_._
PARTICLE LOCATION

AT x/L - 0.0

o-
o

o
06-

K 9o ^-
Ss-w

§ o
O <«•-

S n~
o

o
0
0-

To = 184.7 K
p0 = 0.174 Kg/m3

r=-50m2/s
vx = 505m/s
L = 0.34m
Pp = 935 kg/m3

70 = 0.042 m

L__________d = 0:8£m _________ _______

\ d = 0.5 ̂ m

d = 0.2 /im

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

y / YO
Fig. 7 Two-dimensional projection of silicon oil seed particle tra-
jectories within a modeled delta wing vortex.
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Fig. 10 Magnitude of velocity bias as a function of chord posi-
tion within a modeled delta wing vortex.
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Fig. 11 Cross sections of a computationally derived vortical
flowfield produced by a delta wing (Ref. 11).
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Fig. 12 Two-dimensional projection of silicon oil seed particle
trajectories within a computationally derived delta wing flowfield.

the particles travel downstream, they are swept around the pri-
mary vortex. The smallest particle shown, 0.1 /mi, completes
an entire helical revolution prior to reaching the 40% chord
station, and maintains a velocity bias of less than 3%. The
2.0-jum particle, on the other hand, is centrifuged out of the
vortex, and has a final velocity bias of over 50%.

Trajectories for 0.2-/im particles at different initial chord
locations along the edge of the wing are shown in Fig. 13. In
each case, the particles are traveling helically around the pri-
mary vortex, which is growing chordwise. The particle that
starts at the 5% chord location is shown to travel once around
the primary vortex, and then it breaks off to circle the sec-
ondary vortex. As that particle moves beyond the 40% chord
location shown, it passes back from the secondary to the pri-
mary vortex.

If the 40% chord positions of each of the particles shown
in Fig. 13 are connected, the resulting curve will be the inner
core bound for the seed found at that profile location. This
curve is shown in Fig. 14 for three particle diameters. As would
be expected, the size of the unseeded inner core grows with
the size of the seed. The 0.5-/mi particles travel slightly less
than one helical revolution, and have an average velocity bias
at 40% chord of about 10%. The 0.2-/tm particles have an
average velocity bias of around 5%, and the seed that starts
near the leading edge is shown to be circling the secondary

PARTICLE STARTING POSITION:
O - x/L = 0.05
ffi -x/L = 0.10
® - x/L = 0.15
O -x/L = 0.20
X -x/L = 0.25
A -x/L = 0.30
O -x/L = 0.35

d = 0.2/mi
® - PARTICLE POSITION AT x/L = 0.4

1/2 SPAN AT x/L = 0.4

Fig. 13 Three-dimensional projection of silicon oil seed particle
trajectories within a computationally derived delta wing flowfield.
Each particle is initially at the outer edge of the wing.

• - FINAL PARTICLE POSITION FOR A PARTICLE WHICH STARTS AT x/L = 0.38
© - FINAL PARTICLE POSITION FOR A PARTICLE WHICH STARTS AT x/L = 0.05

d = 0.5 jum

1/2 SPAN AT x/L = 0.4

Fig. 14 Inner bounds of a silicon oil seeded flowfield at 40%
chord within a computationally derived delta wing vortex.

vortex at the 40% chord location. The 0.1-/Am seed, with an
average velocity bias of about 3%, is entirely within the pri-
mary vortex at the 40% chord measurement station. Although
the specific submicron particle size distribution of the experi-
mental study is not known, the size and shape of the unseeded
core, as determined by the LV surveys and laser light sheet
visualization, correspond qualitatively with the analytical
prediction.

Conclusions
Three contributions were made by this study. First, a three-

dimensional potential vortex flowfield was developed and
bounded for use as a mathematical model. Second, curves were
presented that can be used to aid in the design and analysis of
LV measurements in vortical flows over a large practical range
of interest. Third, the particle equations of motion were cou-
pled with a CFD-derived flowfield, showing the capability to
numerically track the position and velocity bias of LV seed
through highly complex flows.
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Although the potential vortex is a very simple model of the
delta wing vortex structure, it gave valuable insight into the
behavior of the silicon oil seed in the wind-tunnel environ-
ment. It estimated the required particle diameter to within the
same order of magnitude as using the CFD solution, and offers
results for the entire class of solutions in terms of three di-
mensionless variables.

Tracking the particles through the CFD-generated flowfield
offers the greatest potential to investigate seed density distri-
butions and particle bias in any LV study which is coupled
with a CFD effort. Using the RKF method of numerical in-
tegration to automatically adjust the time step based on equa-
tion stiffness makes the method numerically stable and efficient.

Both methods predict that the velocity bias within the delta
wing vortex increases rapidly with particle diameter. Conse-
quently, particle size must be carefully controlled in order to
minimize particle dynamic bias. Future efforts will use the po-
tential vortex model to design experiments and analyze data
for vortical flows that do not have a companion CFD solution.
When a CFD solution exists, it will be used with the particle
equation of motion as a more precise method of quantifying
the dynamic measurement bias.
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