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SEEDLESS LASER VELOCIMETRY USING HETERODYNE LASER-INDUCED

THERMAL ACOUSTICS

ROGER C. HART*, R. JEFFREY BALLAt, G. C. HERRING:t:,AND LUTHER N. JENKINS§

Abstract. A need exists for a seedless equivalent of laser Doppler velocimetry (LDV) for use in low-

turbulence or supersonic flows or elsewhere where seeding is undesirable or impractical. A compact laser

velocimeter using heterodyne non-resonant laser-induced thermal acoustics (LITA) to measure a single component

of velocity is described. Neither molecular (e.g. NO2) nor particulate seed is added to the flow. In non-resonant

LITA two beams split from a short-pulse pump laser are crossed; interference produces two counterpropagating

sound waves by electrostriction. A CW probe laser incident on the sound waves at the proper angle is diffracted

towards a detector. Measurement of the beating between the Doppler-shifted light and a highly attenuated portion of

the probe beam allows determination of one component of flow velocity, speed of sound, and temperature. The

sound waves essentially take the place of the particulate seed used in LDV. The velocimeter was used to study the

flow behind a rearward-facing step in NASA Langley Research Center's Basic Aerodynamics Research Tunnel.

Comparison is made with pitot-static probe data in the freestream over the range 0 m/s - 55 m/s. Comparison with

LDV is made in the recirculation region behind the step and in a well-developed boundary layer in front of the step.

Good agreement is found in all cases.

Key words. LITA, laser velocimetry, laser anemometry, laser-induced thermal acoustics

Subject classification. Experimental Fluid Dynamics

1. Introduction. Laser Doppler Velocimetry is the 'gold standard' for single-point optical velocimetry

methods. It is routinely applied to a great variety of flow diagnostic tasks of significance to the fluid dynamics

community, and the results routinely and confidently accepted. However, situations are encountered where seeding

is unacceptable or impossible. Examples include vortex cores, supersonic flows, and low-turbulence high-

Reynolds-number cryotunnels. A seedless technique with the robustness, ease of use, and dependability of LDV

would be of great utility in such circumstances. Here we present evidence that heterodyne LITA, properly

implemented, is such a technique. Note that the requirement is not merely that seedless velocimetry be physically

possible with LITA: rather, what is required is that dependable results be conveniently achieved by personnel who

are not professional optics researchers.

*ICASE,NASA LangleyResearch Center,Hampton, VA 23681 2199, This l_search was supportedby the National Aeronauticsand Space
Administrationunder NASA ContractNo. NAS1 97046 while the first authorwas in l_sidenceatICASE, NASA LangleyResearch Center,
Hampton, VA 23681 2199.
*AMDB, NASA LangleyResearch Center,Hampton, VA 23681 2199.
- AMDB, NASA LangleyResearch Center,Hampton, VA 23681 2199.
§FPCB, NASA Langley ResearchCenter,Hampton, VA 23681 2199.



Theuseofa laser-inducedgratingforflowdiagnostics PUMP_
wassuggestedatleastasearlyasEichler[1]. Cummings[2-
4] reportedthefirstdemonstrationofLITA forgas-phasePROBE
thermaldiffusivityandtemperaturemeasurementsusing
seededNO2to enhancesignallevels.Otherworkershave

investigatedtheuseof LITA thermometryin air [5-7],
flames[8], andsupersonicflows[9]. LITA velocimetry
hasbeendemonstratedusinganarrow-bandlaserandhigh-

finesseFabry-Perotetalon[10],homodynedetection[11],
pUMP_

and several approaches to heterodyne detection [12-15]. r-

Here we present a significantly more stable approach to

heterodyne detection which can form the basis for a

practical, rugged, robust LITA velocimeter.
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Fig. 2.1. The pump beams cross at angle Oproducing an

acoustic grating. Probe light incident at _/2 is diffracted into the

signal beam. Z is parallel to the optic axis, while x lies in the

plane of the beams.

2. Principles of LITA. A LITA measurement is a

two-step process: a short-pulse pump laser creates acoustic waves in the medium; a long-pulse or CW probe laser

beam is scattered from the moving acoustic waves by Bragg diffraction, and temperature and velocity determined by

analyzing the resulting Doppler shifts. The process is reminiscent of LDV, with the acoustic waves generated by the

pump laser taking the place of a seed particle. Two consequences of this 'self-seeding' are 1) measurements can be

made in any portion of the flow accessible to the beams, and 2) since the data rate is determined by the firing of the

pump laser and is totally independent of flow conditions, there is no velocity bias.

2.1. Pump Step. The beam from a short-pulse, high-intensity laser (e.g. Q-switched Nd:YAG) is split into

two parallel, equal intensity beams with path lengths matched to within the coherence length. A lens (Fig. 2.1.)

causes the beams of wavelength )_puwp to cross at angle 0 and focus at a common point. Interference fringes of

period A = &PUMP/2 sin(0/2) form along the x direction at the beam crossing. In our practice, the pump light is not

resonant with any absorptive transition in the medium (air); however, electrostriction creates a pressure field

proportional to the intensity which is the driving term for the launch of a pair of counterpropagating acoustic waves

of wavelength A. (See Ref. [16] for a discussion of electrostrictive laser-induced grating formation in which it is

pointed out that the pump beams must be polarized normal to the crossing plane for the maximum electrostrictive

effect.) The acoustic frequency in angular units measured in a frame at rest with respect to the air is then

O)B = 2:rCVsouN D/A, where VSOUYDis the speed of sound. We estimate the intensity of the acoustic waves to be less

than 100 dB, so the waves represent a negligible perturbation to any aerodynamic phenomena.

If the pump light is resonant with an absorptive transition in the medium the efficiency of the pumping process

can be greatly increased provided the absorbed energy is thermalized on a time scale short in comparison with the

acoustic period. We choose not to pursue this approach because 1) it requires the introduction of a seed species into

the flow, and most optically suitable seed molecules are chemically reactive or present other risks to equipment or

personnel, and 2) the pump laser must be in general tuned onto the transition, which requires a tunable laser and



possiblysomemeansoflockingthelaserontothetransition.(However,both12andNO2areresonantwiththe2 nd

Nd:YAG harmonic). Non-resonant pumping provides adequate signal levels at ambient conditions with our

heterodyne detection scheme and is both simpler to implement and more broadly applicable.

2.2. Probe Step (Thermometry). The polarization induced in a medium by an incident light wave is

proportional to the density. If a sinusoidal density modulation of period A (the acoustic wave) is illuminated at angle

_/2 (Fig. 2.1) with light of wavelength )_PROBEwith A = _'PROBe/2sin(0/2), the resulting polarization distribution

will generate a propagating light beam at angle _/2. This is Bragg diffraction by the acoustic wave, which hereafter

we often call the acoustic grating. The requirement

(2.1) _LPUMP -- A - _LPROBE

2 sin(0 / 2) 2 sin(0 / 2)

simply says the probe must be phase-matched to the grating created by the pump. For a planewave model (which

assumes beams of infinite transverse extent) phase matching is a delta function in angle; for focused geometries

where the gratings may be only a few tens of fringes wide phase matching is much more relaxed and requires only

approximate adjustment.

In the geometry shown in Fig. 2.1 the gratings move at _+VSOUNDwith respect to the medium in the x direction;

additionally, there may be an x component Vwow of a convective flow field. If the overlapping signal beams with

Doppler shifts of Ao)_ = (27r/A)(VFLoW --VsouN D ) and Ao)+ = (27r/A)(VFLoW +VsouN D ) are incident on a detector,

a modulation of the photocurrent at the difference or beat frequency 20_ is observed, which, since it is proportional

to the difference in the x-component of the velocities of the two acoustic gratings, is independent of VFLOW. If A is

known, speed of sound may be measured; if the composition of the medium is known, temperature may be derived.

In Ref. [6] we presented an extensive laboratory study of LITA thermometry in air; to avoid errors and uncertainties

in the calibration of A we employed a reference cell. A small fraction of the converging pump and probe beams was

split off and allowed to intersect in a cell containing air of known temperature. Comparison of the observed beat

frequencies from the test and reference cells then gave the temperature in the test cell independently of A.

2.3. Probe Step (Velocimetry). Since two gratings moving at VFLOW+ VSOUND and VFLOW - VSOUND in the

lab frame are created, VFLOWand VSOUNDmay be independently determined. If a beam (termed the local oscillator)

at the frequency of the probe is introduced collinear to the signal beams, the time-varying intensity on the detector is

l(t) o¢ 41LOIsIGNA L (cos(Am+t) + cos(Am_t))

(2.2)
+ ISIGNAL cos(2wBt),

where ILo and ISlGNAL are the intensities of the local oscillator and signal beams. Spectral analysis (e.g. discrete

Fourier transform) of a real-valued time series cannot retrieve Am+ or Am_, but onlylAw+l and IAw_I. If Vwow <

VSOUND,then

(2.3) IVFcow l= _



e-

and

(2.4)

Note that Mach number

(2.5)

+
VSOUND--2_,2*C)I I I -I)'

M_IVFLoWI_ IA +I-IA -I
IA +I+IA _I

is found independently of A. For measurements in an isothermal, incompressible flow, VSOUYDmay be determined
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Fig. 2.2. Single shot heterodyne LITA waveform (points') and
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Fig. 2.3. Prony's method fit to data of Fig. 2.2 shown in

fi'equency domain. PSD is power spectral density.
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from the known flow temperature and VFLOWfound without

other calibration. If the flow is not isothermal, a reference

cell may be used or A may be calibrated by measuring 20_ at

known temperature.

In Fig. 2.2 is shown a digital oscilloscope trace of a

single heterodyne LITA shot as well as the results of a fit

using Prony's method, which is discussed below. The decay

of the signal with time is due to acoustic absorption and, to a

much smaller extent in the data shown, by motion of the

grating out of the probe beam. Acoustic absorption is

described by Beer's law I = loexp(-2aVsouN D t) with the

amplitude absorption coefficient a _ f 2 / p, where f is the

frequency of the sound wave and P is pressure. For air at

atmospheric pressure c*/f2 = 1.37 x 10 n s2/m [17].

In Fig. 2.3 we show the results of the fit to the data in

Fig. 2.2 plotted in the frequency domain. The small peak at

~20 MHz is at frequency 20_ which depends only on the

speed of sound. It results from the beating together of the

signal beams from the two counterpropagating acoustic

gratings. The two peaks near 10 MHz result from the beating

together of the local oscillator beam and the two signal beams

individually. If the flow velocity is zero these two peaks

coalesce at 0_. As flow velocity increases their separation

widens.

The scheme described above (which we refer to as the

central fringe method) was evaluated by us in a series of

laboratory experiments in a free jet which gave good

agreement with pitot-static measurements over the range 20 -

150 m/s [15]. However, performance at lower velocities was



poor,duetotheinabilitytoaccuratelydetermineIA +I-IA -Ifrom noisy data when the two peaks (Fig. 2.3) were

not well resolved spectrally. Worse, alignment of the local oscillator with the signal beams was quite critical: even

with sturdy, high quality mounts and massive optical tables an excessive amount of 'tweaking' was required before

each data collection run. While adequate for demonstrating the principle, this was clearly not an approach that could

form the basis for a robust, set-and-forget diagnostic.

Probe_

II bkl III Acoustic

SignalI" Gratings

Ronchi

Ruling

Detector I

2.4. Grating Demodulation. Consider the arrangement

shown in Fig. 2.4. A lens causes the probe and signal beams to

refocus and recross with (for simplicity) unit magnification.

An attenuator placed in the probe beam reduces its intensity to

ILO. If the acoustic gratings were motionless, and the signal

beams thus at the same frequency as the local oscillator beam,

stationary interference fringes of spatial period A would be

formed. Since the signal beams are Doppler-shifted by the

motion of the acoustic gratings, the fringes move at the speed

of the acoustic gratings (in the case of unit magnification).

One is in effect imaging the sound waves. A broad-area

detector placed at the plane of the crossing would show no

modulation, since the intensity integrated over the area of the

beams is constant with time. However, if a series of slits of

spacing A (a Ronchi ruling, for instance) is placed

immediately in front of the detector the modulation is

recovered just as if the signal and local oscillator beams were
Fig. 2.4. Schematic of grating demodulation
scheme, collinear. Alternatively, one may consider the diffractive

nature of the Ronchi ruling. It can easily be shown that a

ruling of spacing A illuminated at + _)/2 with A = )_PRo,e/2sin(0/2) will diffract the first order of one beam

parallel to the zero'th diffraction order of the other: the Ronchi ruling (or a phase grating) can serve as a diffractive

beam mixer, automatically producing collinear probe and signal beams. We evaluated both approaches, by placing a

multi-mode optical fiber (coupled to a detector) immediately behind the ruling, and by placing the fiber with a free-

space to fiber coupler some distance away from the ruling so only one of the several diffracted sets of beams would

enter the fiber. We also evaluated a diffractive phase grating in place of the Ronchi ruling. No approach was found

conspicuously superior to any other.

The advantage of this scheme, which we refer to as grating demodulation, is that it forms a common-path

interferometer. With the exception of the attenuator placed in the probe beam, every optical element in the receiver

is common to both signal and probe paths, and so the system is insensitive to vibration or misalignment of the

optics. The central-fringe method, on the other hand, forms a divided-path interferometer and is extremely sensitive

to vibration and misalignment. (The method described in Ref. [18] is also common path, but is unsuitable for



applications where the beams must be focused.) In our experience the grating method requires little or no

adjustment after initial alignment. It thus forms the basis for a robust diagnostic instrument.
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Fig. 2.5. Spectral content of LITA shot taken using

quadrature detection. The vertical lines indicate +-_o8.

2.5. Quadrature Detection. If the Ronchi ruling in

Fig. 2.4 is translated transverse to the optical axis in the

direction normal to the slits, the temporal phase of the signal

modulation will shift just as if the phase of the local

oscillator beam had been changed. Use of a suitable

beamsplitter and two Ronchi rulings shifted by A/4 with

respect to one another, as well as two detectors, conveniently

allows heterodyne detection of the signal with effectively

two phases of the local oscillator differing by _/2: this is

commonly termed quadrature detection. One recovers the

time variation of both the amplitude and the phase of the

signal beam. This modestly improves the effective signal-to-

noise ratio, since the two quadrature signals are independent.

More importantly, it allows direct determination of the

direction of flow velocity. Most significantly, it greatly

improves the resolution of measurements made at low

velocities.

As noted above, spectral analysis of real-valued data can retrieve only the absolute value of the frequency, so

P(0J) = P(-0J), where P(0J) is the power spectral density at frequency co. However, analysis of complex-valued data

I(t) = I0(t) + iI90(t), where I0 and I90 are the two quadrature components, retrieves the signed value of the frequency.

In Fig. 2.5 we show the spectral content of a single LITA shot taken in this way. If Vwow = 0, the two peaks will

occur at _+ 0_. Since frequency is the time rate of change of phase, and phase in this case is proportional to the

negative of the distance probe laser - acoustic grating - detector, we may identify the spectral peak at positive

frequency with the acoustic grating that is moving towards the laser and detector (phase increasing with time), and

the negative frequency peak with the grating that is moving away (phase decreasing with time). If convective flow

is present, the spacing between the two peaks will remain equal to 20_ (assuming temperature remains constant) but

the peaks will shift to the left or right of _+ 0_ in Fig. 2.5. That is

VrLow:=,=-,, +
Z_ZTC )

(2.6)

and

(2.7)

where Vwow is now a signed quantity giving flow direction and magnitude. The relation between complex-valued

and real-valued data can be seen by simply folding the spectrum of Fig. 2.5 about co = 0: this produces two peaks



symmetrically placed about 0_ as seen in Fig. 2.3. The improvement in low-velocity resolution with complex-

valued data is due simply to the fact that the peaks no longer overlap.

2.6 Data Reduction. A discrete Fourier transform can be used to retrieve the spectral content of either real or

complex-valued LITA signals. However, significantly better precision is available by taking advantage of the fact

that one knows in general what the signal should look like: that is, one can fit a physical model to the observed data.

A reasonable model for the LITA signal is a sum of damped complex exponentials of the form

3

(2.8) I (t) = Z Ak exp(-flk t) exp(-io%_t)
k=l

where o91,2,3 = o9+,o9 ,2o9_. This model in general requires use of a non-linear fitting algorithm (e.g. Levinburg-

Marquardt). However, Prony's method allows fitting of complex exponentials using a linear fitting algorithm and is

thus much more stable and much faster [19]. The order (number of complex exponentials to fit) was generally set to

sixty to allow the algorithm ample resources to model the noise on the waveform.

3. Description of Instrument. The one-component LITA velocimeter consists primarily of transmitter and

receiver modules which contain the lasers and all the optics, plus ancillary equipment such as laser power supplies

and a rack for the electronics and computer. The transmitter and receiver modules are both approximately 2' long

by 1' wide by 16" high and weigh less than 100 lbs. each. They can be carried and installed by two people.

The pump is a 400 m J/pulse, 20 Hz repetition rate flash-lamp pumped, Q-switched Nd:YAG laser with output

at 1064 nm. The laser head is sealed and employs hard-mounted (non-adjustable) optics. The probe laser is diode

pumped and provides 5 W of CW 532 nm light. The probe laser head is also sealed and non-adjustable. Both lasers

operate from 1 15 V mains supplies and neither requires an external cooling water supply. The pump and probe laser

heads are demountable from the transmitter module so the lasers may be transported separately.

The pump and probe beams are focused and crossed by a 750 mm focal length piano-convex lens. The probe

focal spot diameter was measured to be about 300 _tm, while the pump spot diameter was 1.5 mm giving a pump

intensity of ~ 2.4 x 109 W/cm 2. The pump crossing angle was 1.4 ° giving 0_ = 7.8 MHz. The large pump spot size

is due to the multiple transverse mode output of the pump laser, and in fact a 1.5:1 telescope was employed to

enlarge the pump beam before splitting and focusing to reduce the focal spot diameter.

In addition to the grating demodulation optics, the receiver contains the optics for the Focal Plane Camera

(FPC). A very small fraction of the pump and probe beams is split off and brought to a focus; this focus is then

reimaged onto a CCD array using a microscope objective. The purpose of this is to allow real-time monitoring of the

relative positions of the probe and the two pump beams at the beam crossing point. Slight adjustments in the beam

positions need to be made from time to time, especially to the pump beam overlap due to the multiple transverse

mode output of the pump laser. Being able to inspect the beam positions as well as the resulting signal greatly eases

this process.

4. Tunnel and Model. The NASA Langley Research Center Basic Aerodynamics Research Tunnel (BART) is

an open-loop facility with a test section 1 m wide by 0.7 m high by 3 m long. A single-stage motor-driven fan

produces flow velocities up to 65 m/s with turbulence levels measured at less than 0.1%. Large float-glass windows
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Pitot-Static Probe

Fig. 4.1. Schematic of the model showing the generic features of theflow behind a rearwardfacing step (flow separation
and reattachment and two recirculation zones). Also shown is the location of the pitot static probe and the model coordinate
system with its origin at the bottom of the step.

were installed on the sides of the test section for this test. The 1.5 m long model (Fig. 4.1) was mounted at an angle

of attack of 1.6 °. A pitot-static probe was mounted approximately 0.4 m above the model to measure the freestream

velocity. A thermocouple mounted in the freestream downstream of the pitot tube provided real-time measurements

of air temperature for calibration. A large, nested-cube three-axis traverser surrounds the test section. The LITA

transmitter and receiver were mounted on the innermost cube on opposite sides of the tunnel. Calibration of the

traverser coordinate system with respect to the model was done with burn paper and the probe laser.

The step height h of the rearward-facing step was 3.8 cm and the shelf behind the step was approximately 12h

long. Shown schematically in Fig. 4.1 is the flow behind the rearward-facing step, including flow separation and

reattachment and primary and secondary recirculations. Also shown in Fig. 4.1 is the coordinate system used in the

discussion that follows. The origin was chosen as the bottom corner of the step with x parallel to the plate and z

normal to the plate.

5. Experimental Results. Installation and initial operation of the LITA velocimeter at BART took

approximately two days; after taking some good quality initial data several days were spent making modifications

to enhance the stability and usability of the instrument. Thereafter data taking proceeded uninterrupted by anything

more than minor alignment adjustments. We find this quite promising considering that this was a completely new

design of instrument on its first trip out of the laboratory. For comparison, installation of an LDV system by a highly

experienced operator took approximately 1 V2 days.

5.1. Comparison with Pitot-Static Tube. For comparison with velocities determined by the pitot-static probe

the LITA measurement volume was positioned approximately 1 cm in front of the probe. The tunnel was stabilized

at a series of speeds up to 55 m/s. At each speed 375 individual shots were taken, this number being determined by

the storage capacity of the digital oscilloscope. This process was repeated on five days during the course of our test

period. The results are summarized in Figs. 5.1 through 5.3.
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Figure 5.1 plots the mean value VurA of each 375 shot data record vs. the flow velocity as determined by the

pitot tube VprroT, while Fig. 5.2 shows the error VurA -- VprroT vs. VprroT • No error bars are shown, as the standard

error of the mean would be little larger than the plot symbols in Fig. 5.2. In other words, the errors visible at

velocities below 30 m/s are statistically significant. At zero velocity and for V > 30 m/s there is good run-to-run

consistency and good agreement between LITA and the pitot tube, with all points showing errors of less than _+0.5

m/s. In the region 0 < V < 30 m/s there is substantially more run-to-run variation. We have determined that the bulk

of the error here was due to variation of the phase angle between the two quadrature components. If this angle is not
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Fig. 5.3. Population standard deviation SigmaP of each of the

mean values shown if Figs. 5.1 and5.2.

equal to _/2 the effect is to mix the real and imaginary

components of the signal. For an intermediate range of

flow velocities this can result in a systematic error.

Figure 5.3 shows the population standard deviation

for each of the runs vs. VprroT. For V > 40 m/s the single-

shot l(y uncertainty is < 1 m/s, but run-to-run variation

again increases at lower flow velocities. One source of

this variation was day-to-day differences in the placement

of the large pump spot with respect to the probe beam,

resulting in changes of the relative heights of the two

peaks in the spectrum due to the differential motion of the

two acoustic gratings. A simple change to our software to

weight the two peaks according to their area in the

calculation of Vwow and VSO_D somewhat improved the

results. A better solution is likely an adaptive, real-time
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Fig. 5.4. Mean velocity profiles at x/h = 0.52 taken using LITA (dark symbols) and LDV (gray triangles). The LDV data is not corrected for
velocity bias.

adjustment of the positioning of the pump spot to optimize the 'aim-off' of the pump.

5.2. Comparison with LDV. After completion of our program of LITA measurements the LITA apparatus

was removed and a two-component LDV system was installed. Certain flow profiles made with LITA were then

repeated using LDV under identical run conditions, the results of which are shown in Figs. 5.4 - 5.6. The tunnel

speed was 45 m/s (M -- 0.13) for all measurements, and data records of 375 shots (LITA) and 500 particles (LDV)

were averaged for each data point.

In Figs. 5.4 and 5.5 we show LITA and LDV profiles in the z (normal to plate) direction just downstream of

2.5
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Fig. 5.5. RMS velocity profiles at x/h = 0.52 taken using LITA
(dark symbols) and LDV (gray triangles).

the step at x/h = 0.52, with Fig. 5.4 showing streamwise

velocity U normalized by the freestream velocity UFREE,

while Fig. 5.5 shows the population standard deviation u'

(or 'rms') similarly normalized. Both LITA and LDV

profiles show a strong shear layer at z/h ~ 1 as expected

with recirculation (forward flow) for z/h < 0.9. Agreement

between LITA and LDV above the shear layer is excellent.

Note that the LITA data comprises two runs taken several

days apart. However, below the shear layer in Fig. 5.4,

and from the shear layer down in Fig. 5.5 there is a

significant discrepancy between LITA and LDV, which is

due to uncorrected velocity bias in the LDV results. As

one would expect, no velocity bias is present above the

shear layer where flow and seeding are uniform. In the

shear and recirculation regions, where the flow is not

10
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Fig. 5.7. Mean velocity profiles taken parallel to the plate
behind the rearward facing step showing three regions of the
flow. LITA runs from two days are shown in different symbols.

uniform, the velocity bias results in overestimation of both

the average and rms velocities by LDV, with the

discrepancy larger for the rms.

In Fig. 5.6 we show LITA and LDV profiles of a

fully-turbulent boundary layer (Reynolds number RL~ 2 x

10 6 based on the length from the front of the model) on the

top surface of the model just ahead of the step. Here z' is

height above the surface of the model. Two LITA profiles

are shown, taken several days apart. Again there is

excellent agreement between LITA and LDV as well as

between the two LITA runs.

5.3. Other Results. Figure 5.7 shows the results of

two LITA profiles of U/UFREE taken parallel to the plate at

a height z/h = 0.09; the two data sets were taken two

weeks apart and show excellent agreement. Three flow

regions can be seen: the region of streamwise flow

downstream of the reattachment; the primary recirculation

region with upstream flow peaking at about -0.25 UFREE;

and, just behind the step, a region of streamwise flow

which is a weak secondary recirculation region. Note that

the two points in the secondary recirculation are at ~ 1%

and 2% of UFREE or about 0.5 and 1 m/s respectively.

In Fig. 5.8 we present part of a grid of data points

taken in the recirculation region. The data is taken at

uniformly spaced stations downstream of the step and the

velocities scaled on the graph so that UFREE is the distance

from one station to the next. One sees the shear layer

broaden and move lower as x/h increases, while the

upstream component of the recirculation velocity

increases.

6. Summary and Conclusion. A compact,

portable, single-component heterodyne LITA velocimeter was constructed and used to measure velocities in the

freestream, behind a rearward-facing step, and in a turbulent boundary layer at the NASA Langley Research Center

BART facility. Overall agreement with pitot-static probe measurements and with LDV was excellent. Repeated

measurement of various flow profiles shows excellent stability. Use of a thermocouple in the incompressible (M =

0.13) flow allowed these accurate and repeatable results to be obtained without calibration. Infrequent adjustments

11
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to this first-generation instrument were required, but did not constitute an excessive workload; modest additional

development should allow the construction of an instrument that requires levels of effort and skill similar to LDV.
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