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An Optical Technique for the Direct Measurement of the

2-D Spectral Denslty of a Passive Scalar in a Turbulent Flow

H. F. ROBEY, G. F. ALBRECHT, and T. R. MOORE

La_rrenceLivermore Na_ionaJLaboratory,P. O. Box 808,Livermore, CA 94550

Abstract

• A new optical technique for quantitatively measuring the spectral density of passive
scalar fluctuations in a turbulent flow has been developed. The technique exploits the

. photorefractive properties of BaTiOs to separate the optical signal oi" the turbulent field
- from the coherent illumination background, lt is a major improvement over existing tech-

niques in that it is non-intrusive, has excellent frequency response and spatial resolution,
and is capable of simultaneously measuring two components of the three-dimensional spec-

tral density, _e(_). The technique is thus especially well suited to the directly study of
aniso_ropic flows. We have applied this technique to study the spectrum of temperature
fluctuations in a fully developed turbulent channel flow with heat addition. The flow is

highly anisotropic, yet the spectrum in directions transverse to the flow is seen to exhibit
an inertial-convective subrange behavior which is characteristic of isotropic flows. The
spectral behavior in the flow direction, due to the direct influence of the mean strain rate,

is observed to be markedly different.

I. Introduction

A great deal of progress has been made over the years in understanding the mean

properties of turbulent flows, but a detailed understanding of the statistical properties of
the turbulent fluctuations stiU remains a great challenge. A recent review by Frisch and
Orszag I points out t,he challenges to the theoretical, numerical, and expe_mental aspects

. of this problem. In that review, the authors called for "new turbulence experiments using
, state-of-the-art techniques borrowed from other branches of physics". The present paper

presents such a technique. 2

The new technique can instructively be viewed in relation to the well developed and

widely used Schlieren technique. Though Schlieren has primarily been used for visualiza-

tion of flow fields, its potential for directly obtaining turbulent spectra was recognized by
Kopilevich 3,4, though his analysis required thet the turbulence be iso_rouic. That restric-

tion is not necessary in the present technique. -Fhe way in which a Schlieren setup can be

used to study turbulen_ spectra is shown schematically in figure l(a). The source of illumi-
nation is shown as a coherent beam for direct comparison with the present technique, but

-
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for conventional Schlieren visualization it need not be coherent. The beam passes through
n flnw acq_liring variations in the initially uniform phase. The phase variations are related
to the integrated refractive index variations of the flow which may result from turbulent
pressure fluctuations or, as in the present case, from isobaric temperature fluctuations.

The beam is brought to a focus with a positive lens forming an intensity distribution
in the focal plane which, as is well known from Fourier optics, is the Fourier transform of
the spatial intensity distribution in the aperture plane of the lens. For a L_miting aperture
at the lens which is rectangular, one obtains in the Fourier plane in the absence of flow
and heatadditiona backgrounddiffractionpatternsuchasthatshown infigurel(b).

The magnitudeoftheintensitywhichisscatteredby therefractiveindexgradientsin
. theflowistypicallymany ordersofmagnitudesmallerthanthebackgroundlevel.Inorder

to visualiz_suchgradients,some form ofspatialfilteringmust be done toeliminateor

reducethebackgroundlevel.One ofthesimplestspatialfilters,and indeedstillone ofthe
. most commonly used,isa knifeedgewhichispositionedeitherhorizontallyor vertically

- blockingouttheprimaryarms ofthediffractionpatternasshown infigure1(c).Infigure

I(c),weLlover95% ofthebackgroundintensityhas beenblockedby theknifeedge,butthe
remainingportionisstillmuch largerinmagnitudethan thatscatteredby theindexfield
oftheflow.Enough ofthebackgroundhas been removed,however,thatindexgradients
can be visualizedin theimage planeasisdone in s conventionalSchlierensetup.The

signal-to-backgroundratioisstilltoo smallto visualizethe indexfielddirectlyinthe
Fourier plane, though. •

A partial view in the Fourier plane of the index field can be obtained by tailoring the
spatial filter to the known form of the diffraction pattern as shown in figure l(d). Here,
enough of the background diffraction pattern has been spatially filtered out to allow the
contribution from the perturbed index field to be visualized. It will be shown that this
intensity distribution is directly proportional to the spectral density of the temperature
fluctuations, _s(_), of the flow. The obvious problem, however, is that the spatial filter
mask physically blocks a significant portion of the Fourier plane intensity distribution and
thus gives an incomplete picture of the spectrum.

Recent developments in the field of non-linear photorefractive optical materials allow
us to overcome this problem. This is accomplished by replacing the spatial filter mask
with a crystal of photorefractive BaTiOa located just before the beam focus. As will

• be shown,the'BaTiOaactsas a temporalfilterscatteringout any portionofthe beam
whichfluctuateson a timescalelessthan thecrystalresponsetime,v'c.The background

' illuminationwhichisideallytemporallyinvariant_thisconditionwillbe gr,_atlyrelaxed

later)setsup a volume diffractiongratingin the crystalwhich effectivelyscattersthis

t portionof the beam from the propagationpath resultingin a reductioninfocalplane
backgroundintensityoforderi0a.Thisallowsthelightscatteredby theindexgradients
oftheflow,whichpassthroughtheBaTiO3 unattenuated,tobevisualizeddirectlyinthe

Fourierplanewithno spatialobstruction.

II.The Experimental Aparatus
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The experimentalaparatusisshown inilgure2.The beam from a Quantronixmodel
114frequencydoubledNd:¥AG laseroperatingatA --532nm withverynearlydiffraction

limitedbeam qualityisexpanded witha 30 cm negativelensand propagated througha
sectionofheatedturbulentchannelflowcoxfflnedby opticalqualitywindows which are

orientedattheBrewsteranglewithrespecttotheincidentbeam. The Q-switchedpulse
lengthof,<100ns was shortenough toeffective.'="freezethemotionoftheilowwhichwas
typicallyata mean velocityof35 m/s. The rep_:,ionrateofthelaserwas I kHz which

allowedfortheensembleaveragingofalargenumber ofessentiallyinstantaneousrecordings
of the spectral density, cI's0_). As will be shown, by varying this ensemble averaging time,
one can control/ably emphasize di/1"erentwavenumber portions of the spectrum.

The transmitted beam is focussed by a 15 cm focal length lens through a BaTiOs
crystal located approximately 2 mm in front of the focal plane. The focal spot is then
magnified and re-imaged onto a diffuse screen from which it is photographed on Kodak
p3200 film. The focal plane intensity distribution was recorded with different exposure

" timesand Withtheinsertionofvariousneutral densityfilterstoenhanceorsupressvarious
wavenumber portionsofthespectrum.A calibrationwedge oflinearlyincreasingoptical
densitywas alsophotographedon thefilmand was used toconverttheZm densityto

intensity.The filmwas thendigitizedwitha microdensitometerand processedasdigital
images.

Two BaTiOs crystalswere used in the presentexperiments,both obtainedfrom
SandersAssociates.The firstcrystal,measuring(5rnrn)s was cutwithitsfacesoriented

at45° tothek-axis,whilethesecondone measuring7 x 7 x 6 mm s had facescutparallel
to the _-axis.For the presentexperiments,the two crystalswere usedin series.The
novelopticalpropertiesof BaTiOs relyon itsabilityto providephotorefractiveampli-

ficationtolightinitiallyscatteredfrom therandom inhomogeneitiesor imperfectionsin
thecrystallattice.Thisprocessiscalledstimulatedphotorefractivescattering(SPS),and
itspropertieshavebeen extensivelyinvestigatedinrecentyears,lthas been usedinnu-
merousapplicationssuchasphaseconjugations,singlebeam interferometry_,and optical
timedifferentiationZ.The photorefractiveeffectoriginatesfromthemigrationofmovable

charges(eitherelectronsorholesorboth)due tothepresenceofa non-uniformintensity
• field.The spacechargefieldthuscreatedthenmodulatestherefractiveindexfieldofthe

crystalthroughtheelectro-opticeffect.The microscopicdetailsof thisprocessarenot
• entirelyunderstood,however,and can varywidelyfrom sampletosample.The valueof

thephotorefractivegaincoeIBcient,Y0,hasbeen observedto depend stronglyon impu-
ritylevelss and can be alteredby reductionand oxidationatelevatedtemperatures°.For
thepresentapplications,however,onlythemacroscopicpropertiesofthematerialwillbe
important.

The useofBaTiOs asa high-passtemporalfiltercanbeunderstoodby consideringthe

interactionofan incidentbeam, whichwillbe takenastemporallyinvariant(cw)forthe
presentand a singlescatteredcompone:at.(Inpractice,theprocessofSPS simultaueously
occurswithmany beams ofscatteredlightand givesthe appearanceof "fanning"ofthe

beam asittraversesthecrystalIU.)The incidentbeam has intensityliand wave number

vector_ ,and thescatteredbeam hasa timedependentintensity]',(t)and wave number
_._.The differenceinintensityofthesetwo beams isthe intensitytransmittedthrough

3
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the crystal, IT(t), which is also time dependent. The interference pattern generated by
the spatial overlap of these two beams within the crystal produces a diffraction grating or
volume hologram of wave number _ as shown in figure 3. For an incident beam which is
stationary in both space and time, this grating will grow exponentially, scattering a very
large fraction of the incident beam into the scattered wave and thereby strongly depleting
the transmitted intensity, IT.

The exchange of energy between the two beams is described by a set of coupled wave
equations, and the solution can be expressed in terms of the transmitted intensity as6,11

XT( ) (1+
= {I+ m0e r(t)'L] (1)

where mo = I.(O)/Ii is the initially scattered fraction of _he incident beam. L is the inter-
action length of the two beams within the crystal, and r(t) is the effective photorefractive

. gaincoefficientand isgivenby

_ r(t) = ro(1 - e-'/'_) (2)

The photorefractive response time of the crystal, "rc, depends on the properties of the
crystal such as impurity levels and method of preparation and also on the intensity of the
laser. It can in principal be varied from milliseconds to hours. .

Fora cw besm whose intensityvarieson a timescalewhichislongcomparedwithrc,
equation(I)forthe transmitted intensitybecomes

I,

IT(t >> "rc) "_ [! + mo er°'/_] (3)

Typical values of F0 for properly prepared crystals are on the order of 2 - 4 tom-1 resulting
in very large amplification of the scattered beam and correspondingly large depletion of
the transmitted beam. In the present experiments, the depletion of the transmitted beam
was measured in the absence of flow and heat addition and was found to be approximately
10-s when one crystal was used and 10-5 when two crystals were used in series.

In the present setup, a pulsed laser is used to freeze the motion of the flow. Thet

analysis for a cw beam applies equally well in this case since the grating decay rate in the

] ' absence of any applied optical field (the dark space-charge recombination rate) is slow,
varying from seconds to hours. The exact value of the dark decay rate again depends
very strongly on material properties, method of preparation of the sample, and the value

. of the grating wavenumber, _.a, as discussed in detail in [9]. In the present experiments,
the repetition rate of the laser was I khz, so the grating written by one pulse experiences
negligible decay in the 1 ms dark interval before the next pulse. The depletion of the
transmitted beam in this case approximately follows equation (1) with the appropriate
time being the integrated "on" time of the beam. ton = ft, where f is the duty cycle
oi' the laser. The duty cycle can be absorbed into rc in equation (2) giving an effective
crystal response time of"rc/.f. In the present experiments, this effective response time was
appro.x.imately 1 second.

=
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In contrast to the unperturbed beam, the spatially and temporally incoherent phase
and amplitude fluctuations generated from the turbulent index field of the flow evolve on

a time scale which is much shorter than Tc. The largest eddys in the flow, for example,
are on the order of 4 mm and are moving at a mean velocity of 35 m/s. They generate
temporal variations on the beam which have a time scale on the order of 100#8. Smaller flow
structures have correspondingly smaller time scales. The scattering that these components
generate within the crystal experiences very little amplification since (1) the grating written
with each pulse is not reinforced by subsequent pulses due to the spatial and temporal
incoherence, and (2) the incident intensity of these fluctuating components is many orders
of magnitude smaller than that of the unperturbed beam. For these components, _ < < _'e,
and equation(I) reduces tD

.Z'TCt<< C4)
That is, for times short compared to the photorefractive response time, the beam traverses

_ the crystal essentially unchanged.

III. Channel Flow Facility and Flow Documentation

The particular flow under study is shown schematically in figure 4. It consists of
two 4 mm wide channels on either side of a center divider plate. The center divider was
an optical quality (A/10) quartz window which was heated on each side by an indium-
tin-oxide (ITO) thin film resistive coating which could produce a surface heat flux of up
to 5W/cra 2. The outer walls also had optical quality windows allowing for the use of a
number of optical diagnostics. The flow in each channel was a fully developed turbulent
channel flow of N2 at room temperature and 2 atm absolute pressure. The mean velocity
was typicaLly on the order of 3,5 m/s giving a Reynolds number based on the channel width
D of 16,300.

The flow was extensively documented both experimentally and numerically. Figure
5(a) shows a typical velocity profile measured with a TSI mod_ 1260A hot'wire and IFA-
100 anemometer bridge circuit. Also shown is the velocity profde which was calculated
numerically using the computer code TEXSTAN. 12 TEXSTAN numerically integrates the
boundary layer form of the Navier-Stokes equations employing a two equation (K -e)
closure model for the turbulence. Further details of the use of TEXSTAN for numeri-

cally calculating the flow in the present experimental configuration is given in [13}. The
agreement between calculation and experimental measurements in Figure 5(a) is seen to
be quite good.

The thermal properties of the flow were studied as weLl. Figure 5(b) shows the down-
stream development of the thermal boundary layer. The ITO heater on one side of the
center divider was painted black to maximize its emissivity, and its temperature was mea-
sured with a Hughes "Probeye" infrared camera. The flow in this case was viewed through
an IR-transparent saphire window. The rapid development of the thermal boundary layer
is seen to occur within the first few cre, and after that the flow is thermally fully devel-
oped with the temperature increasing linearly due to the caloric heat addition. Again the

5
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agreement between the experimental measurements and numerical calculations is good.
The region of the flow which was studied in the present experiments was located

approximately 20 cm or 50 channel widths from the channel entrance nozzle as shown in
Figure 4. The mean flow properties are slowly v_ng at this point and can be considered
to be locally homogeneous in the two directions parallel to the walls. In the direction

normal to the channel walls, of course, the flow is not homogeneous due to the boundary
layers. The diameter of the diagnostic beam at this point is approximately 4 mm. The
volume of the flow which is measured is therefore a cylinder 4 mm in diameter by 4 mm
in length. It is important to recognize that there is no spatial resolution in the direction

of beam propagation. The index field in this direction is integrated along the beam path.
In the two transverse direction, however, the resolution is limited only by the F-number
of the lens which forms the spectrum in the focal plane.

IV. Propagation and Scaling Considerations

The refractive index field of the flow is directly related to the density fluctuations
through the Gladstone-Dale constant _. (defined at standard conditions P0 = latin, To =
20°c)

= (5)Po

The source of the density fluctuations can be either from isentropic turbulent pressure
fluctuations or from temperature variations in the flow. Turbulent pressure fluctuations
scale with the square of the fluctuating turbulent velocity field as

M2
. ~po(,,')'='Po (o)

The velocity fluctuation level is typically of order 10%, and the Mach number of the present
flow is 0.1 giving a Ap/po = VA.P/Po of order 10-4.

By contrast, the isobaric temperature fluctuations are much larger. From Figure 5,
for example, the wall temperature rise is approximately 30°C. This produces an isobaric
density variation of Ap/po = -ATTo ,,_ 10-1, which is much greater than that resulting
from pressure fluctuations. The refractive index field is then given by

An(£'t) = -_'(Pff,) AT(_'t) = c°nst" AT(_'t)'To (7)

The fluctuating refractive index field is thus linearly proportional to the fluctuating tem-
perature field. The magnitude of An(_,t) is very small. For the present conditions,

popo : 2, [AT/To[max : 0.1, and/3° : 2.97x10 -4 giving IAr_lm.x _ 5.9x10 -5.
As the diagnostic beam traverses this perturbed refractive index field, it acquires

transverse variations in its initially uniform phase. Amplitude variations also arise as the



beam propagates due to focussing and defocussing of this perturbed wave. The electric
field of the beam can be written as a perturbation series of the form.

E = Eo+ El + ... (S)

where Em is of order of smallness, n_ = (An) m. lt is easily shown 14 that the first order
term, El, can be written as

AI
E1_ + i(.,- .,o) Co).s;

The observed amplitude and phase axe, therefore, simply the real and imaginsry parts of
the perturbed electric field.

At this point, we must recognize that AI(_), s1(_), and n1(_) are all ,patially random
functions and we must therefore deal with averaged properties. Following the standsrd

notation, we define the foUowing spatial autocorrelatlon functions :

BA(_)-< A_(_+_)A_(_> , _ = (_,_) (10_)

B._) =<: si(_.i+_)sl z(_ > , _ = (no,y) (10b)

S.(._)=< n,(.@_-I-_..)n,(,_> , _..= (z,y,z) (10c)

and their respective Fourier transforms :

FAC_)=(2_)_ oo BA(_)'-_'_(t_ (U_)

/_/5® B.C_I_-'_'_d'_ (_b)F.C_)= (2_)_ _ oo

_"(_)-(2_)__ _
FA(_) and F0(_.) are the 2-D power spectral densities of the amplitude and phase of the
perturbed electric field and their sum is the 2-D power spectral density of the intensity

field. This is exactly the quantity that is measured in the focal plane behind the BaTiOs
crystal.

Follo_n$ the analysis in [14], it can be shown that FA(_) and F,(X_) are related to

,, (I'. (_) by:

FA_) = _rk'z 1 :F @.(.(_ O) (_.,_,) (12)_.Os) _-T;'"_-V ' ' _ =

where k is the wave number of the optical beam, and z is the, length of the propagation

path through the turbulent medium, The spectrel density of the perturbed intensity field

for z = L is given by

FI(._) = FA(]_) + F°(,_..,) = _r/_L@,(_., _,0) = const. @n(_;,,_,O) (13)

7



The important result is that the 2-D power spectral density of the measured intensity field
is directly proportional to the two transverse components of the spectral density of the
refractive index field which in turn is proportional to the spectral density of the fluctuating
temperature field.

V. Discussion of the Data

-' Figure 6 shows several photographs of the focal plane intensity distribution which
will henceforth be referred to as the 2-D spectral density or simply the spectrum of the
temperature fluctuations. The photographs were taken with different exposure times to
bring out different wave number portions of the spectrum. Figures 6(a,b) were taken with
exposure times of 1/8 second and 4 seconds, respectively. Neutral density filters with

- an attenuation of 10-2 were used in these photographs as well to limit the transmitted _
intensity to the low wave number portion of the spectrum. In Figure 6(c), the exposure
time was 16 seconds and the neutral density filters were removed in order to bring out the
higher wave number part of the spectrum. In all cases, the surface heat flux was 4W lcre 2.
Note the change in scale from 6(a,b) to 6(c). Also note the appearance in 6(c) of the
irregular asymmetric scattering on the right side of the photograph. This is a portion of
the photorefractive fanout of the coherent beam scattered by SPS.

In each case, the photographs were digitized with a physical resolution on the film of
13_m. The magnification oi"the focal plane onto film was 12.5 x, so the spatial resolution
in the focal plane was approximately l_m. The axes in Figure 6 are shown in terms of
the actual spatial dimensions in the focal plane as well as the normalized transverse wave
numbers of the thermal structures in the flow, _sD and _:vD. The flow is in the z-direction.

The short exposure times such asFigures 6(a,b) enhance the visualization of the lowest
wavenumber part of the spectrum, since that part of the spectrum contains the bulk of the
turbulent energy and therefore generates the largest contribution to the scattered spectrum.
The two well defined peaks at _:vD ._ :k2:r correspond to flow structures with a dominant
transverse wavelength equal to the channel width, i.e. the largest possible scale of motion.
Note that the scattered intensity decreases for wave numbers smaller than this. It is
important to note that the peak in the energy spectrum is not observed using conventional

' one-point measurement techniques such sz a hot-wire, since such measurements suffer
from aliasing at low wave numbers. In the present technique aliasing is not a problem.
This enables us for the first time to study the low wave number behavior directly.

The flow structures corresponding to this part of the spectrum are clearly anisotropic
with the scattered spectrum being at least 3 times wider in the transverse direction than
in the flow direction. This corresponds to turbulent thermal eddies which are alligned with
the flow and are 3 times longer in the flow direction than in the transverse direction. This
anisotropy is due to the straining of the mean flow on the turbulent structures.

The higher wave number portion of the spectrum is obtained by taking a longer time
exposure as shown in Figure 6(c). Due to the finite dynamic rar, ge of the film, the lower
wave number region is saturated, but the behavior in the higher wave number regime can



now be seen. Note that the degree of anisotropy is seen to be reduced for the smaller,
higher wave number, structures (approximately 1.4:1), but full isotropy has still not been
reached. A fully isotropic spectrum would have contours which are circular, and it is seen

in Figure 6(c) that the spectrum is tending toward this asymptotic form u I_1 "-* oo. The
smallest structures shown in the spectrum of Figure 6(c) with _v/) -- 124 correspond to
thermal eddys which are approximately 20 times smaller than the channel width or 200_m.
Such spatial resolution is well beyond the limits of a hot-wire but could be obtained by
an LDV measurement. This points out an important distinction. A hot-wire or an LDV

measurement is a point measurement, and has a spatial resolution limit which depen_ on
the size of the hot-wlre or LDV measurement volume, The present technique, on the other
hand, is a measurement over a volume. Within that volume, however, very smail scales

can be resolved with the resolution being limRted oaly by the ability of the focussing lens
to capture the wider angle scattering caused by the smaller structures.

One of the unique features oi'.this technique is that one can now look at the behavior
- of turbulent spectra as a function of direction. Figure 7, for example, shows the directional

spectra in the transver3e (y) and longitudinai (_)directions as obtained from the data of

Figure 6(c). The two spectra are plotted on a log-log scale, and it is seen that there is a
difference in the slope of the two curves indicating a di_erent power le:w dependence. In the
transverse direction, the slope is -11/3. This can be compared with the more commonly
plotted spectra of the isotropic scalar function, 1_(_), which is the energy of the scalar

fluctuations as a functionxof wave number magnitude. Since it is a scalar function, r(_)
is only applicable to purely isotropic flows such as grid turbulence or to limi'ted regions oi'
_uisotropic spectra where the flow can be considered to be locally isotropic. Obukhov Is

and Corrsin 16 showed that for a locaily isotropic flow, r(t¢) exhibited an inertial-convectlve
subrange behavior in which 1_(_) ,._ _-5/3.

For an isotropic flow, I'(_) and @e(_) can be directly related by integrating _e(_.)
over a spherical shell oi"radius _ to remove the directional dependence:

F(_) = / / _o(/_)d_r (14)

where d_r is the elemental area of the stu_ace. From (14) the corresponding form of the
spectral density in the inertial--convective subrange is _0(_) _ _-la/s. This is exactly the
slope that is observed for the transverse spectrum in Figure 7, though the present flow is

far from being isotropic. The reason for this similarity is believed to be a consequence oi"
the fact that the wave number dependence of the spectrum is a function oi"the strain rate

field of the flow (see extensive discussion in reference [17]). Inthe transverse direction,
there is no mean strain rate component. The eddys therefore evolve essentially as though
they were in sn isotropic flow.

In the flow direction, however, the mean strain rate dominates the fluctuating strain
rate at low wave numbers, and it can be shown by dimensional analysis IT that _e(_w) -,,

-9/3
n, as is observed in figure 7. This slope will be observed only in the flow direction, z, as

that is the only direction in which a mean strain rate component exists. This anisotropy

in the two spectra of Figure 7 is able to persist because in the time that it _akes to
rotate a longitudinal eddy into the transverse direction, it will have equilibrated with the

fluctuating strain rate and will have transferred its energy to smaller scales.

9



Figure 7 therefore identifies a n_..w region of the inertial--convective subrange , the
anisotropic equilibrium rangel in whld_ th,_ longitudinal eddys receive energy directly from
the mean flow and are in eqL_iLibrium with the mean strain rate rather than the turbulent

strain r._te field. The spectral dependence for the longitudinal and transverse directions is
therefore different. Note that this observation relies on the ability to measure the spectral

density directly and couJd not have been made with conventional one point measurements
techniques. This observT,Ltion enables us to generalize the notion of an energy cascade to

include the low wave number, auisotropic part of the spectrum, _ud allows us for the first
time to directly and simply obtain the spectrum of anisotropic turbulent flows oi"practical

engineering significance.

VI. Conclusions

A new optical technique has been presented for quantitatively measuring the spectral

density of scalar fluctuations in a turbulent flow. Initial experiments on a heated turbulelat
channel flow have demonstrated several of the unique capabilities of this technique includ-

ing (1) the resolution, free of aliasing, of the low wave number part of the spectrum, (2)
_he observation of an "isotropic" inertial-convective subrange behavior in the transverse

direction, and (3) the observation of the mean strain dominated, anisotropic equilibrium

range in the longitudinal spectrum. Ali of these observations are made possible by the vb_l-
ity to obtain the 2-D spectral density directly rather than just the 1-D isotropic spectral
function. This tedmique now makes possible the study of a very wide class of anisotropic
flows of considerable practical interest.

Future experiments are currently being planned to exploit the high spatial resolution
to directly study the dissipation region of the spectrum. Further experiments also include
the study of the _effects of strain rate, rotation rate, and shear on the development of sn
anisotropic spectrum. The technique is also easily extended to obtain all three components

of the spectral density by employing two mutually perpendicular beams. In conclusion, we
expect this technique to provide a wealth of new insights into the structure of turbulent

flows and to greatly contribute to our knowledge of this important subject.
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Figure Captions

1. The Schlieren Technique as a Spatial Filter

(a) Diffraction pattern of a rectangular aperture

(b) Conventional knife edge spatial filter

(c) Spatial filter tailored to the diffraction pattern

2. Optical Layout

3. The Use of BaTiOs as a Temporal Filter

4. Schematic Representation of the Flow Facility o

: 5(a). Comparison of Measured and Computed Velocity Profiles

5(b). Comparison of Measured and Computed Wall Temperature Profiles

6. Photographs and Contours of the 2-D Spectral Density of Temperature
Fluctuations at Exposure Times of a) 1/4 sec, b) 4 sec, c) 16 sec

7. Directional Spectra in the Transverse and Longitudinal Directions
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Figure2.
Surface temperatures In the.LONGentry .
configuration, a) 1.0 kl/cm_;b) 1.5 W/creZ
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