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For an airborne optical system carried by a helicopter, aero-optic aberrations originate

Nomenclature

apertureratio

aspect ratio

chord

specific heat (at constant pressure)
aperture gain function

Mach number

index of refraction

optical path difference

pressure

static pressure

vortex core radius
non-dimensional radius, normalized by the vortex core radius
temperature

time

adiabatic temperature

total temperature

streamwise velocity component
spanwise velocity component

velocity vector

axial velocity

tangential velocity

vertical velocity component
circulation

ratio of specific heats
density

I. Introduction

primarily from blade tip vortices that pass through the system field of view; these
aberrations result from the reduced pressure and density in the vortex cores and the
associated variations in the index-of-refraction.
(WCM) previously developed at Notre Dame, aer o-optic effects for realistic tip-vortex flows
are computed using the Lamb-Oseen vortex model as well as experimental velocity fields,
and compared to measured wavefronts. Scaling relations are developed that enable the
prediction of the aer o-optic aberrationsfor full-scale flight vehicles.

Using the weakly compressible model

HE aero-optic environment around optical systems mounted on high-speed transports and combat aircraft has
Treceived considerable attention [1-5]. These efforts have included investigations into the optical aberrations
caused by compressible boundary-layer [1] and shear-layer flows [2], in addition to studies of the aero-optics
associated with complete turret assemblies [3, 4]. In general, the goa of these studies is to determine methods to
correct or mitigate the effects of optically-active flows [5].
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For helicopter-mounted optical systems, the flight speed of the aircraft platform isin most cases, incompressible;
as such, aero-optic aberrations are expected to originate primarily from the helicopter blades which can have tip
speeds up to Mach 1 in some parts of the flight envelope. Evaluating the aero-optic environment in the vicinity of
the helicopter therefore depends upon an understanding of the blade wake and tip-vortex dynamics and its associated
aero-optic aberrations, as well as an understanding of the character of the helicopter gross flow field in order to
determine the location of the blade wake system as a function of helicopter flight regime. To the knowledge of the
authors, no such investigation has been previously performed. As a first step towards an understanding of the
detailed aero-optic environment for helicopter-mounted optical systems, this paper presents an experimental
investigation into the aero-optic effects caused by helicopter-blade tip vortices.

I[1.  Approach

The fluid mechanics of wing-tip vortices has been studied extensively in the past since they dominate the wakes
of lifting vehicles and have a direct impact on aircraft spacing near airports [6-10]. These studies show that the tip-
vortex flow field consists of a rotational core surrounded by an irrotational outer region. The core region of the
vortex may also contain either jet-like or wake-like axial velocity components depending on the particular origin and
history of the vortex. Since the total pressure is nearly constant across the vortex profile, the large flow velocities
(both axial as well as azimuthal) close to the vortex core result in a significant reduction in static pressure at the
center of the vortex; it is this reduced static pressure at the center of the vortex, with concomitant reductions in
density and index of refraction, that result in the aero-optic aberrations produced by a tip vortex. Although the
global wake structure for a helicopter may be significantly different from that for fixed-wing aircraft (i.e. helical tip
vortex pattern versus a linear one), the flow field for a single tip vortex is essentially the same, with vortices shed
from both types of aircraft showing good agreement with, for example, the Lamb-Oseen vortex model.

The kinds of tip-vortex aero-optic aberrations described above could be considered to be fluid mechanic in origin
in the sense that index-of-refraction variations ultimately originate from the velocity field of the tip vortex. As
shown in [11], at low-convective Mach numbers, the velocity field is unaffected by the thermodynamic properties of
the flow. Inthiscase, an existing empirical or experimental velocity field can be used to immediately determine the
pressure, temperature, and density fields, which can be used to calculate the optical aberrations induced by the flow.
A fluid-dynamic model that performs this computation, called the weakly compressible model (WCM), has been
developed previoudly at the University of Notre Dame [12], and is outlined in the following brief description.

The WCM is designed to compute pressure, temperature, and density fields from a pre-determined vel ocity
field for “weakly compressible” flows in which development of the velocity field can be assumed to be decoupled
from thermodynamic properties. The model is composed of the unsteady Euler equations, an isentropic temperature
relation, and the ideal gas law:

Du/Dt= au/at+u6u/ax+v6u/ay+wau/az
Dv/Dt: av/at+u817/ax+v6v/ay+wav/az (1)
DW/Dt: aW/6t+uaW/6x+vaw/6y+wau/az

The pressure gradients can then be calculated using Euler’ s equation

:P/ax =P Du/Dt
Play==pP"/p¢ @
aP/az =P DW/Dt

The solution is started by setting the initial guess for the pressure field as p(x,y,2) = p., after which Egs. (1) to (4) are
iterated to convergence. The initia adiabatic temperature distribution Tpg is computed using an assumed initial
constant total temperature throughout the flow field. The final T distribution of the converged solution can,
however, vary throughout the flow field due to local unsteady pressure variations.

Ts = Tyy (P/Pw)y‘l/y A3)



P = pRTs ()

In Eq. (3), the adiabatic static temperature distribution, Tag, is determined at each point in the field using the
velocity field by Eq. (5). Once the density field has been determined using the WCM, the index of refraction n at
each point in the flow is determined using Eq. (6).

_r _V?
Taa =To /ZCP )

n(x,y,z) =1— Kgpp(x,y,2) (6)

In Eq. (6), the Gladstone-Dale constant for 1 um wavelength radiation in air is Kgp = 2.25 x 10° kg/m®. Finally, the
optical path difference, OPD, at each point of a beam of light passing through the index-of-refraction field is given
by:

OPD = OPL — OPL
@)

OPL = J-n(t,x,y, z)dy ®)

The approach for the present study was to determine aero-optic aberrations for realistic tip-vortex flows using
the WCM in conjunction with empirical or experimental data for vortex velocity fields. As mentioned above, the
resulting aero-optic data can be considered to be fluid mechanic in origin. Thermal aberrations could also be
produced if temperature variations in the flow produced significant index-of-refraction gradients; such thermal
aberrations would result, for example, if the helicopter engine exhaust were convected into the line of sight of the
helicopter-mounted optical system. Effective treatment of such thermal aberrations requires, however, detailed
computation or measurement of the flow and sources of heat around the helicopter and is beyond the scope of the
present study.

1. Results

A. Example of Aero-Optic AberrationsDuetoa Tip Vortex

Since wing-tip vortex flow fields are self-similar and compressibility effects on the flow field are small, the aero-
optic character of awing-tip vortex was estimated using the WCM in conjunction with a flow field that was scaled
from subsonic measurements [13]. These measurements were performed on an unswept wing with a NACA 0012
profile, achord of 0.127 m, and an aspect ratio of 8. At adistance of four chords downstream of the trailing edge of
the wing, three component hot-wire measurements were made over a grid of 0.076 x 0.076 meters in 0.0025 meter
increments in the y and z directions. This velocity field was then normalized by the freestream velocity and then
scaled to different freestream Mach numbers.

Figure 1 shows the non-dimensional velocity field obtained from the hot wire measurements and the
corresponding vorticity contours. In Fig. 2, the experimental velocity field is compared to an estimate of the
velocity field produced using the Lamb-Oseen model [10, 14]:

r ~
Vo) = 5— (1—e ). 9)
V= e (10



As shown by Egs. (9) and (10), the velocity field of the

Lamb-Oseen tip vortex is determined by the vortex core o007k

radius (ro), the circulation (I), and the strength of the “F -200

wake axia velocity profile (A); in Fig. 2, these parameters 0.06F =4 400

were selected to match the experimental data. Figure 2

shows that the experimental data can be accurately 0.05 -600

characterized by the Lamb-Oseen model. E 0.04 -800
The experimental velocity field was next scaled to N 1000

M=0.3. The pressure and temperature fields, as well as 0032210 ]0y

the aero-optic aberration associated with this scaled 0.02 -1200

experimental velocity field were computed using the 1400

WCM, shown in Figs. 3 and 4. As shown in Fig. 4, the 0.01

peak-to-peak difference in OPD due to the M=0.3 vortex ol% [ ]-1600

aberration is 0.25 pm. This aberration would have a 0 1s

significant impact on a 1 um wavelength beam of light i , , L ,
that traversed the vortex flow field. It should be noted, ~ F'9- 1. Non-dimensional velocity field for awing
however, that the results shown in Figs. 3and 4 arefor a  UiP vortexat 4 chord lengths downstream of the
relatively small tip vortex produced by a 0.127 m chord wing tip [13].

wing at M=0.3. The aberrations produced by full-scale helicopter blade with significantly larger length scales,
aerodynamic loading, and Mach number could produce significantly larger aberrations. Relations to scale the
reduced-scale experimental to full-scale results are devel oped in the foll owing section.
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Fig. 2. Comparison of Lamb-Oseen vortex model with three-component hotwire data [13].
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Fig. 3. Pressure (A) and temperature (B) fields computed using the WCM for an experimental tip-vortex velocity
field scaled to M=0.3.
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Fig. 4. (A) WCM-computed density field for scaled experimental tip-vortex data and, (B) the corresponding
OPD for the experimental data and the Lamb-Oseen model.

B. Scaling Relations

Scaling relations for the optical aberrations due to a tip vortex are developed from the Euler equations and the
assumptions that thereis no radia velocity component and that the vortex is axisymmetric:

Vo 10P
r  por
av,  10P
“ox  pox (11)
aP_O
90

Dimensional analysis of Egs. (11) showsthat the pressure gradient in the radial direction is approximately an order
of magnitude larger than the pressure gradient in the streamwise direction [14]. As such, if the axial flow equation
(second eguation in Eq. (11)) is neglected, then inserting Eqg. (9) into Eq. (11) gives:

2 r 2
M (1 e2ali) ) 2 19P (12)
4mr3 p or
For isentropic flow, the right hand side of Eq. (12) becomes:
10P yRT dp
oo o ar (13

Substituting Eqg. (13) into Eqg. (12) and integrating to obtain the density, then computing the index-of-refraction
(Eg. (6)) and integrating as shown in Eqg. (8), the OPD is seen to scale as:

FZ

a’rg

p
OPD ~ (—)
S \psy

(14)

where aiis the speed of sound. Assuming that the circulation of the vortex is equal to the circulation associated with
the wing lift, the scaling relation Eq. (14) can also be expressed as:

p
0PDaus~ ()
RS PsL

CEM?c?

Tc

(15



Based on this scaling, the spatial OPDRrys is a function of the lift coefficient, Mach number, chord length, and
vortex core radius. Thisindicates that if the lift from the wing decreases, so will the OPDgys, eventually going to
zero as the lift goes to zero. Furthermore, the same Mach number squared relationship found in boundary layer
experiments [15] is also obtained, and once again as the freestream Mach number goes to zero so does the OPDgys.
Finally, if the vortex diffuses due to viscous effects as predicted in the Lamb-Oseen model, or if vortex breakdown
occurs, then Eq. (15) shows that the resulting increase in the core radius of the vortex produces a reduction in the
overall spatiadl OPDgys.

The scaling relations shown in Egs. (14) and (15) were developed from an analysis of basic fluid-mechanic
equations. To investigate the relations a data base of the optical aberrations for a range of tip-vortex parameters was
generated. These data were created by generating velocity fields using the Lamb-Oseen model (Egs. (9) and (10)),
determining the associated index-of refraction field using the WCM, and computing the spatial OPDrys associated
with a collimated beam that traverses the flow field. Optical data were also generated, in a similar way, by scaling
the experimental flow field of [13] to different Mach numbers. Figure 5A shows these data plotted as a function of
Mach number. In Fig. 5B, the same data are plotted as a function of the scaling parameter (p/pg) T/ar. shown in
Eq. (14); Fig. 5B shows that this scaling parameter successfully collapses the data onto a single curve.
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Fig. 5. (A) Optical aberrations computed using the WCM for varioustip-vortex parametersand, (B) the data
scaled data according to Eq. (14).

For the data shown in Fig. 5A, the vortex velocity fields were effectively two-dimensional in the sense that the
axial velocity components were zero or very small. In readlity, the tip-vortex velocity field typically includes awake-
like or jet-like axial velocity component. As such, a second data base of tip-vortex optical aberrations were
computed using the Lamb-Oseen model, this time with different values of the wake parameter A in Eq. (10). As
shown in Fig. 6A, these data collapse onto slightly different curves when plotted against the scaling parameter of
Eqg. (14). This indicates that the axia velocity field has a small but significant effect on the scaling of optical
aberrations caused by the tip vortex. To account for this effect, a second scaling relation for the optical aberrations
due to the vortex axia flow field was determined by substituting the Lamb-Oseen axial-velocity relation Eq. (10)
into Eq. (11), thistime neglecting the radial pressure gradient, and integrating as before:

p \Arc

~(= ' 16
OPDRMS (pSL) aZXZ ( )

If it is assumed that the aberrations due the radial and axial velocity components are independent, then an overall
scaling relation for the aberrations due to atip vortex can be obtained by adding Egs. (14) and (16):

OPDpyys~C, (i) (%) ([%]2 +C, [§]2> 17)

where C,; are C, are constants that must be fit to experimental or numerical data. Figure 6B shows the same data
from Fig. 6A replotted using the scaling relation Eq. (17). The figure shows that the combined scaling relation,




Eq. (17), collapses all of the data on to a single curve. The constant C,=9.53 shown in Fig. 6B was determined by
minimizing the spread of the datain aleast squares sense.
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Fig. 6. WCM-computed optical aberrationsfor tip vorticeswith both circumferential and axial velocity
components.

As shown in Fig. 4B, the aberration produced by atip vortex is greatest at the location of the vortex core and
drops off with radial distance away from the core. As such, the effect of the aberration on a traversing beam of light
depends on the diameter of the beam aperture compared to the diameter of the vortex. The beam aperture therefore
actsasaspatia gain, G(AP), either increasing or decreasing the spatial OPDgys as the ratio of the vortex core to the
beam aperture changes [16, 17].

The effect that the aperture diameter has on the tip-vortex aberration isinvestigated in Fig. 7A, which shows the
OPDgrys computed for the same tip-vortex flow field as a function of aperture diameter. As shown in Fig. 7A, a
large amount of variability in the OPDgys exists when the size of the aperture diameter changes; however, as shown
in Fig. 7B, nondimensionalization of the aperture diameter by the vortex core diameter collapses the normalized
OPDgys data onto a single curve. The curve shown in Fig. 7B can therefore be used to scale tip-vortex OPDgys
data to different measurement apertures. For example, Fig. 8 shows tip-vortex aberrations computed using the
WCM for different Mach numbers and beam apertures. Figure 8A shows the data without any adjustment for the
aperture ratio, AP (i.e. aperture diameter to vortex core diameter), while Fig. 8B shows the same data adjusted to the
same aperture ratio through the gain function G(AP) shown in Fig.7B; the figure shows that scaling the data to the
same aperture ratio collapses the data onto a single curve. The gain function, G(AP), is the ratio of the normalized
OPDry;s for the value of the desired aperture ratio to the current aperture ratio, both of which are obtained from Fig.
7B. InFig. 8B, all the data were adjusted to an aperture ratio of 10.
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Fig. 7. (A) Effect of aperture diameter on the computed OPDgrys; (B) with data nondimensionalized.



0_4 T L T T T 0-4
o AR=20 A o AR=20 4
o AR=10| =, o o AR=10 o
_. 03[ A AR=5 e B _ 03| A AR=5 | A
g + AR=1 A 5 o g + AR=1 £
+ +
202 A "0 202 "aAa
Q =] o Q
S 8 o0 + 5 o2
0A o+ - 01 @A
$8°% " &
0

0 002 004 006 008 0.1 0.05 0.1

2 2 2 2
o} (L) (lz) [I‘_ +g.53A ;C] Cy (L) (iz) [I‘_ +9.53A :c] * G(AP)
A PSL a Te T B PsL a Te T

Fig. 8. Correction for aperture-to-coreratio. A) Uncorrected scaling B) Corrected scaling

In summary, an overal scaling relation that includes aperture effects is shown in Eq. (18), where the aperture
scaling function G(AP) isshown in Fig. 7:

OPDgys~Cy (i) (%) ([%]2 +953 [§]2> G(AP). (18)

Finally, using a least squares approach, the value for C,; was determined from the Lamb-Oseen data to be 3.1,

yielding:
_ o\ /Tc r? AP
OPDgys = 3.1 <E) (=) <[E] +9.53 [;] G(AP). (19)
C. Experimental M easurements 100 x 100 mm
test section

To verify the WCM results and the 60 degree half
scaling relation, Eq. (19), wavefront span deltawing
measurements using a  Shack-

Hartmann sensor were taken behind a

half-span 60 degree delta wing. A 90

mm diameter planar-collimated beam

was sent through a 100x100 mm test

section at 200 mm downstream of the

trailing edge of the delta wing, see Flow
Fig. 9. The deltawing was set to three

different angles of attack: 5, 10, and 15

degrees, and wavefronts  were

measured at Mach numbers of 0.3, 0.4, i )
and 0.5. The test-section blockage, Fig. 9. Experimental setup

based on the frontal area of the wing ranged from 7 to 23%. During each test, 200 wavefronts were acquired at
10 Hz. Figure 10 shows the average OPD from each data set, in which tip/tilt has been removed based on the least
squares best fit plane to the data. The trough at center of each image is the wingtip vortex. In each of the figures
shown in Fig. 10, the flow isfrom left to right.

The velocity field at the location of the wavefront measurements were also measured using a cross-wire. To
obtain al three velocity components behind the delta wing the flow was surveyed twice with the cross-wire rotated
by 90 degrees between surveys. All the hotwire data were taken at a freestream Mach number of 0.4 for wing angles
of attack of 5, 10, and 15 degrees. The results of the cross-wire survey are plotted in Fig. 11, in which the contours
represent the U component, and the vectors the V and W components.

W, 90 mm diameter
collimated laser beam
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Fig. 10. Experimental wavefront data of the vortex behind a 60 degr ee half span delta wing.

Fig. 11. Measured velocity field behind a half-span 60 degree deltawing at Mach 0.4. A) 5 degree angle of
attack B) 10 degree angle of attack C) 15 degree angle of attack

The mean velocity field measured using the cross-wire was used to compute the aberration on a traversing beam
of light using the WCM. Figure 12 shows that the WCM -computed OPD determined from the mean cross-wire data
compares well to the mean OPD measured directly using the wavefront sensor. Figure 12 shows that the aberrations
determined from both the WCM and the wavefront sensor do not approach a constant value outside of the core of
the vortex, but instead fall off rapidly near the tunnel wall. This drop off is likely due to corner vortices present in
the wind-tunnel test section which are clearly visible in Fig. 11. The good comparison between the WCM results
and the direct wavefront measurements shown in Fig. 12 provides validation for the data and scaling relation,
Eqg. (19), obtained using a WCM analysis of vortex velocity fields.
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Fig. 13. Measured spatial OPD behind a 60-degree half span deltawing. A) Un-scaled measured spatial
OPD. B) Two-dimensional scaling based on Eq. 12 with aperture correction.

The OPDgys from the direct wavefront measurements are summarized in Fig. 13A, while Fig. 13B compares
these data to the curve fit determined using the WCM in conjunction with Lamb-Oseen velocity fields, Eq. (19).
The figure shows that the experimental wavefront data collapse onto a single line with aslightly different slope than
Eq. (19), indicating that Eq. (19) accurately models the physics of the experimental results except for a simple
multiplicative constant. One possible explanation for this discrepancy is the blockage effects that the tunnel walls
had on the experimental wavefront measurements which, as shown in Figs. 11 and 12, resulted in some distortion of
the velocity and OPD measurements at the tunnel walls thereby making it difficult to determine accurate values of
the OPDgrys and vortex circulation for comparison with the model, Eq. (19). Additiona measurements of the
wavefronts and velocity fields of atip-vortex will be performed in awind-tunnel with larger cross section; however,
Figs. 12 and 13 shows that Eq. (19) still performs reasonably well for modeling tip-vortex OPDgys.

D. Full-Scale Predictions (UH-60)
Using Eq. (19), predictions of the severity of the aberration from the rotor tip vortices for a full-scale helicopter

were made; in this case, the helicopter chosen for the prediction was the UH-60. The strength of the tip vortices was
calculated based on the weight (16680 N), number of blades (4), and assuming that all of the circulation associated
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with lifting the helicopter is shed into the tip
vortex. The calculated blade circulation, using
these parameters and assumptions was 49.8
m?/s. Using Landgrebe’'s model [14], the tip
vortex path was predicted using published data
for hovering flight [14] and is shown in Fig. 14.
Figure 15 shows the predicted OPDgys for this
configuration as a function of distance x
downstream of the blade tip. For the
calculations shown in Fig. 15, the axia-flow
parameter A in Eq. (19) was set to 0 so that the
case of no axial velocity in the vortex core was
modeled; as such, the predictions shown here
are conservative in the sense that the existence
of an axia-flow velocity component would Fig. 14. Landgrebe model [14] predicting the location of a
serve to increase the predicted OPDgys. Based vortex corefor ahelicopter on hover.

on the Landgrebe model, the tip vortex travels approximately 150 to 200 chord lengths before it moves below the
helicopter body and into the line of sight of an optical system mounted underneath the helicopter. As shown in Fig.
15, the OPDgys @ a wake distance of 150 chord lengths is approximately 0.14 um. Computation of the Strehl ratio,
Eqg. (20) for a nomina 1 pm wavelength beam gives a value of 0.46; this level of aberration, although not
catastrophic, would seriously impede the ability to focus the beam on afarfield target.

Vertical Displacement zZ/R

0
Lateral Displacement r/R 1A Lateral Displacement

St = exp [— (%)2] (20)

The results of this full-scale prediction therefore indicate that the passage of atip vortex through the beam path
would seriously degrade the farfield performance of a helicopter-mounted optical system. As shown by Fig. 15, the
strength of the tip vortex aberration decays as the tip vortices move downward from the helicopter blades; however,
when the helicopter is in hover, the vortex aberrations just below the body of the helicopter are still sufficiently
strong to significantly aberrate a traversing beam. This outcome has particularly serious consequences for
helicopter-mounted systems if it is recognized that a belly-mounted optical system is most likely to point at distant
targets by aiming just below the body of the helicopter. Finally, it should be noted that these full-scale helicopter
results were estimated from published data [14], and that if the actual tip vortex radius were only dightly smaller
than the aberration produced by the blade vortex system would be substantially greater. This sensitivity of the aero-
optic environment to the precise helicopter flow field emphasizes the need for full-scale experimental data.

0.35

0.3r
0.25r

r/c

0 100 200 300 400 0 100 200 300 400
x/c x/c

Fig. 15. Predicted coreradiusand OPDgys as a function of distance from thetip of a UH-60 helicopter blade
for a0.254 m aperture.
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IV. Concluding Remarks

The aberrations due to helicopter tip vortices originate from the index-of-refraction variations associated with the
reduced pressure and density at the vortex core. A scaling relation has been developed from basic fluid-mechanic
equations and calibrated using the Lamb-Oseen vortex model in conjunction with a thermodynamic model, the
weakly compressible model (WCM). Using this calibrated relation, the tip-vortex aberrations for a redlistic case
have been shown to be sufficiently strong to significantly impair the performance of an optical system mounted
below the body of atypical helicopter.

Future efforts will be directed at confirming the results obtained thus far. These efforts will consist of additional
experimental measurements in a high-speed wind tunnel with lower model blockage. Furthermore, the flowfield
around a helicopter in different flight regimes will be carefully analyzed to better define the aero-optic environment
associated with different flight modes.
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