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Novel Shadow Image Velocimetry Technique
for Inferring Temperature

George Papadopoulos¤

Dantec Measurement Technology, Inc., Mahwah, New Jersey 07601

Particle image velocimetry (PIV) methodologyis used to robustly determine the velocity of interference patterns
caused by variations in the local index of refraction of a time-varying diffusion � ame as imaged by simple shad-
owgraphy. The shadowgraphs are optimized for PIV-based analysis using a novel optical arrangement, and the
velocity of the index-of-refraction variants determined from such an acquisition process is shown to correspond
primarily to temperature variations within the reacting � ow. Integration of this shadowgraph– image–velocity � eld
is subsequently shown to yield the temperature � eld.

Nomenclature
D = thickness of schliere or � ame
L = distance from schliere to photographic screen
n = index of refraction
T = temperature
U = shadow image velocity (SIV) horizontal component
V = SIV vertical component
x = horizontal displacement variable
y = vertical displacement variable
d = differential
f = displacement-correction bias
h = angular de� ection of light beam
j 0 = shadowgraph con� guration-dependent

proportionalityconstant

Introduction

T HE use of optical methods for measuring quantities such as
velocity, temperature,density, and species in � ows has greatly

increasedour understandingof � ow physics, in great part due to the
nonintrusive nature of these techniques, which offers a signi� cant
advantage over comparable methods. This ability to transparently
probe the � ow has pushed forward the developmentof opticalmeth-
ods as viable tools in the basic research, as well as in the applied
areas of engineering.

The dependence on a � ow system’s optical accessibility and re-
sponse, however, creates dif� culties that greatly increase the com-
plexity of opticallybased measurementmethods and thus limit their
general applicability. Overcoming such dif� culties may not, how-
ever, require the invention of totally new approaches but those that
merge qualities of existing ones. In certain cases the advantages
of separate optical techniques may be combined to create a new
technique with improved robustness and certain unique practical
possibilities, in the absence of some of the limitations.

The objective of the present paper is to introduce such a
novel technique, one that combines classical index-of-refraction-
based � ow visualizationmethodology with the acquisition and fast
postprocessingof the recently introduced particle image velocime-
try (PIV) technique. With this approach, the instantaneous phase
displacementinformationof index-of-refractiongradientsthat com-
monly occur in reacting,high-speed� ows andvariabledensity� ows
may be determined.
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Qualitative information on the local � eld variations of scalar
quantities, such as temperature or density, may be inferred through
local index-of-refraction changes by using interferometer-based
techniques. The present investigation revolves around � ames, but
the approachdescribedmay be used in other situationswhere index-
of-refractionchangesdue to � eld variationsare available for visual-
ization.By theuseof simpleshadowgraphy,thegradientsin the local
index of refraction of a time-varyingdiffusion � ame were specially
imaged and processed at two instants in time using PIV-based im-
age correlation methods to evaluate the instantaneous, whole-� eld
velocity of the interferencepattern. Integrationof this velocity � eld
was then shown to yield the temperature � eld.

Background
Visualization Methods

Flames may be visualized using the light de� ected by the steep
refractive index gradients in � ame fronts. The interpretation of the
observedpatternsof transmitted light is a complex exercise in phys-
ical and/or geometric optics. There are three limiting cases: 1) in-
terferometry, where the pattern de� ections are proportional to the
refractive index n; 2) schlieren photography, which is a dark-� eld
methodwhere the image dependson the � rst derivativeof the refrac-
tive index dn /dy; and 3) shadowphotography,where the de� ections
also depend on the gradient, but because of overlap the images out-
linedby the causticsare related to the secondderivativesof the index
of refraction d2n / dy2 . These techniqueshave been reviewed exten-
sively by Weinberg,1 Weinberg and Wong,2 and Weinberg3 and will
be described brie� y for completeness.

An interference pattern is created by passing a coherent beam
through the region of interest and superimposing it with a compar-
ison beam. When properly combined on a screen, the two waves
interfere due to phase differences,which produces an image outlin-
ing regions of differing optical path length. This can be interpreted
quantitatively in terms of density or temperature if the geometry is
known.4 A disadvantage of this technique is that the traveled dis-
tance between the image beam and the comparison beam cannot be
off by more thana fractionof a wavelengthof the lightsourceused to
preserve the coherencebetween the two beams. Thus, extreme care
must be practiced to isolate the optical components from structural
vibrations.

To copewith the aforementionedhindrance,a singlebeam system
is desirable, and recent applicationsof point diffraction interferom-
etry (PDI) in combustion hold much promise.5 ¡ 8 In a PDI system,
both test and referencebeams travelalonga common path,and a disk
consistingof a circulardiffractionhole centeredin a semi-absorbing
thin � lm, which is placed at the focal point of a decollimating lens,
is used to deconvolute the reference beam and to create an inter-
ference pattern. This pattern is two dimensional, and the fringes
relate directly to the index of refraction. Once properly numbered
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and counted, information regarding the density or temperature � eld
may be generated.

Full-� eld de� ection mapping using diagonal parallel grids or
Ronchi gratings is sometimes called the moiré effect. Moiré de� ec-
tometry was introduced by Kafri,9 Stricker and Kafri,10 and Keren
et al.11 as a new noncoherentmethod for mapping the density� eldof
two-dimensional � ow and for making measurement of temperature
distributions in � ames. Unlike classical interferometry techniques
that are generally restricted to the low-noise environmentof the lab-
oratory due to their mechanical stability requirements of a fraction
of the wavelength, moiré interferometry can be used in more noisy
environments because it requires no coherence matching between
two separatebeams. To a great extent it is a compatiblealternativeto
interferometry.The informationprovidedby moiré de� ectometry is
the ray de� ection map of a light beam passing through or re� ected
from an object.9

In schlieren photography a beam of parallel light from a slit or
point source is passed through a region of varying refractive index
and brought to a focus on a stop. The stop can be a knife edge, a
wire, a small spot, or a grid. Regions containing varying refractive
index will be de� ected around the stop and can be brought to a
focus, which produces an image connecting regions of the same re-
fractive index gradient.The usual schlieren image of a � ame locates
a surface close to the region of initial temperaturechange because it
measures absolute density gradient rather than fractional change.1

If a grating is used as a stop, a series of contours is produced that
connect regions of equal gradient. This Ronchi grating system is
useful for quantitative work. A recent variant of this system, called
rainbow schlieren de� ectometry, uses a continuously graded color
� lter as the stop.12 ¡ 14 The de� ections are converted to variations in
color represented by the hue. This latter technique overcomes the
problems of nonuniformabsorption,diffraction,and shadowgraphy
effects prevalentin the conventionalschlieren,and it can be used for
quantitativemeasurements.13,14 Hence, it providesa superiormeans
for determining the temperature and species concentrationsthat are
related to the refractive index distributions the schlieren de� ection
data provides.

Yet another useful variant of schlieren photography is the focus-
ing schlieren. By the use of a multiple source/stop array, the system
can be focused so that it is sensitive to gradients in a single plane.
Two separate versions of focusing schlieren were developed. One
version, by Kantrowitz and Trimpi,15 required two well-corrected
wide-anglelenses and was limited to a � eld of view smaller than the
lens diameter. The second version, by Burton,16 required only one
lens and could cover a � eld of view larger than the lens diameter.
Attention on this latter schlieren system has recently been rekin-
dled by the introduction of several ideas that eliminated some of
the limitations of the technique and reduced the complexity of the
system.17 The abilityof the systemto focus in a fairly thin portionof
the optical path sets it apart from the other line-of-sight techniques
and greatly aids in the examination of complex, three-dimensional
� ows.

The simplest schlieren system is shadow photography. A point
source of light, or a small pin-hole with a light focused on to it, is
used to generatea divergentor parallelarrayof beams.De� ectionsin
shadowphotographyare proportionalto thegradientin the refractive
index, and a complex pattern results, due to dark regions tending to
be in line with the sourceand schlierencausing them. This is further
complicated by the superposition of bright areas of de� ected light
from other parts of the image.

Weinberg18 analyzed the de� ection of light rays in shadow pho-
tography for a � at � ame. If L is the distance from the center of the
� ame to the screen, D is the thickness of the � ame, and d y is the
height, then for small de� ections, as can be seen from Fig. 1,

y 0 = y ¡ h L (1)

and, because

h = ¡
dn

dy
D (2)

Fig. 1 Light-ray de� ection in shadow arrangement using parallel
light.

where n is the refractive index, it follows that

y 0 = y +
dn

dy
DL (3)

Differentiatingyields

d y 0 = d y +
d2n

dy2
DL d y (4)

If the screen is placed very close to the � ame, then the positionsof
maximum and minimum intensity can be related to maximum and
minimum d2n /dy2 in the � ame. At larger distances from the � ame,
crossing of rays from different parts of the � ame complicates the
shadow pattern and the relationship does not hold. At suf� ciently
large L , a discontinuous increase in intensity is observed, and this
can be used as a referencepoint.Weinberg18 reports that the temper-
ature at this point of maximum de� ection is 3/ 2 times the ambient
temperature in air.

In the present investigation, shadow photography was used as
the visualizationtechnique.However,othervisualizationtechniques
may be utilized to obtain comparable information,which may then
be used to infer information regarding scalar and perhaps vector
property � elds. The ability to resolve vector information quantita-
tively from changes in the refractive index gradient requires certain
assumptions,as discussedby Herman et al.,19 which best serve sim-
ple � ows. In certain cases, regions of high gradient may be trans-
ported passively by the local � ow� eld, and thus, the propagation
characteristics of such index-or-refractionvariations will correlate
with the local velocity � eld, in essence acting as a marker. The
present hybrid technique may be used for such purpose in certain
� ows, but its description herein is limited to the determination of
the temperature � eld as it applies to the � ickering diffusion � ame
investigated.

PIV

The basic relationof displacementdividedby time to yield veloc-
ity is the fundamental principle of the PIV technique.The displace-
ment informationis providedby seedingparticlesthat are suspended
in the � uid. Unlike earlier particle tracing methods, however, PIV
does not rely on the tracking of individual particles and, hence, of-
fers a higher temporal and spatial resolution of the instantaneous
� ow� eld. Since its introduction in the late 1980s, PIV has grown in
its acceptanceas a robust velocity measurement technique. Several
reviews already offer detailed information on the fundamentals of
the technique and its various aspects,20 ¡ 22 and hence, only a brief
description of the technique as generally applied is outlined.

Tracer particles in the � uid, either naturally or arti� cially occur-
ring, are illuminated using a thin light sheet, which is pulsed to
freeze the particle motion. The Mie scattering from the particles is
recorded, typically from a direction normal to the light sheet, at two
instances in time using a digital camera. The two sequential digital
images are then subsampledat particularareasvia a prescribedinter-
rogation window, and a spatial cross correlation is performed using
fast Fourier transform (FFT) analysis, as described by Willert and
Gharib.20 The separationtime between the light pulses is selected to
have particles displace several pixels within the interrogation area
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andat most remaincommonto both images.A highcross-correlation
value is observed where many particle images match up with their
corresponding spatially shifted partners, and this is considered to
represent the best match of particle images between the sequential
recordings.

The displacement vector of the cross-correlation peak from the
center, that is, origin, of the two-dimensional interrogationwindow
denotes the average distance traveled by the particles within the
interrogation area. Accurate estimation of the displacement vec-
tor to subpixel resolution is performed by locally � tting the two-
dimensional array of correlation values in the vicinity of the peak.
The absolute displacement vector is then calculated through a cal-
ibration of the magni� cation factor between the pixel domain of
the digital recording device and the physical � eld of view. Finally,
division of the displacement vector, determined for each interro-
gation area along the entire pixel domain, by the time separation
between the two sequential images yields the velocity vector � eld
in the physical area under investigation.

Experimental Setup
Test Con� guration

The coannular burner used by Smyth et al.,23 Shaddix et al.,24

and Shaddix and Smyth25 to research time-varying, hydrocarbon
diffusion � ames with optical imaging methods has been used in the
present investigation.The burner consisted of a 1.11-cm-diam fuel
tube surrounded by a 10.2-cm-diam air annulus. The air chamber
was � lledwith glassbeads followedby several � nemesh screensand
a 2.54-cm-thick ceramic honeycomb section with 0.15-cm-square
cells to provide a uniform air� ow velocity. No beads or screens
were used for � ow conditioningin the 13.7-cm-long fuel tube. This
latter tube was attached to a plenum and extended 0.4 cm above the
honeycomb.Ultra chemically pure grade methane was used as fuel.
The bulk velocitiesof the fuel and air were kept constant at 77.8 and
79.0 mm/s, respectively,via calibratedmass � ow controllershaving
an uncertainty of less than 1%.

The � ame was acoustically forced by applying a 10.0-Hz, 0.75-
V, sinusoidal voltage from a function generator to a loudspeaker
attached to the plenum. This generated the moderately � ickering
� ame condition previously investigated by Smyth et al.,23 Shaddix
et al.,24 andShaddixandSmyth.25 In addition,the functiongenerator
was synchronizedto a delaygeneratorthat actedas a variable trigger
source for locking in the laser illumination and image recording
systemsused for shadowgraphy,as shown in the schematicof Fig. 2.

Fig. 2 Schematic of experiment and instrumentation layout.

Shadow Image Velocimetry (SIV)

A commercial PIV system was used consisting of a laser illumi-
nation source, digital imaging device, and dedicated hardware and
software for data analysis. The illumination source was a 200-mJ,
double-cavity Nd:Yag laser operating at a wavelength of 532 nm
and a pulsation frequency of 15 Hz. To eliminate speckle varia-
tions between the laser beams due to the two separate cavities, the
laser beam was � rst expanded and then focused onto a 2-mm-diam
glass sphere, which acted as a source. It was then collimated to a
diameter of 50 mm. The collimated beam was passed through the
� ame and imaged onto a screen, located 190 cm from the center
of the burner, to generate the shadowgraph. Recording of shad-
owgraph image pairs was accomplished via an 8-bit double-frame
charge-coupleddevice camera having a resolution of 1008 £ 1018
pixels. This type of camera eliminated image order ambiguity and
allowed for the use of cross-correlation methods when determin-
ing the velocity vector. Processing of the image maps was done
via dedicated hardware for online correlation analysis by means of
FFT-based algorithms implemented using programmable electron-
ics. The correlator was housed inside a processor unit, which also
contained a memory buffer and camera personalitymodule, as well
as a synchronizationmodule for phase locking the laser and camera
activation sequences to an external trigger source. Once evaluated,
the raw vector map data were passed to a personal computer for vi-
sualization and storage. Setting of data acquisition parameters and
management of data was accomplishedusing dedicated software to
interact with the programmable processor.

PIV-based image correlation relies on images containing a spot-
ted � eld generated by the scattering of illuminated particles. How-
ever, under normal shadowgraph conditions such a spotted � eld is
not available,and correlationof image pairs yields overwhelmingly
invalid vector data. Hence, to apply PIV image processing success-
fully, a pseudoparticle � eld was created, as shown in Fig. 3, by
inserting a holographic diffuser between the source and the colli-
mating lens (see Fig. 2). The particular holographic diffuser used
was made out of a polycarbonate substrate and had a 2-deg dif-
fuser angle. The emanating beam had a top-hat form and provided
increaseduniformity in the shadow illumination, in addition to gen-
erating the pseudo-particle� eld.

Data Acquisition

The PIV illumination and recording devices were synchro-
nized to coincide in phase with previous measurements and � ame
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Normal

With holographic diffuser in place

Fig. 3 Shadowgraph image of � ame at 0% phase.

visualizations reported in Refs. 23–25. Initially shadowgraph im-
ages were obtained.While generatingthese images, the holographic
diffuserwas removed from the incident light path. Furthermore, the
camerawas operatedin single-framemode, andonlyone lasercavity
was used to illuminate the � ame.

Subsequently, shadow image velocimetry (SIV) data was ob-
tained by installing the holographic diffuser as indicated in Fig. 2
and operating the camera and the laser in the normal PIV sense.The
time duration between laser pulse pairs corresponding to one SIV
measurement was 1 ms, yielding particle-displacement resolution
uncertainties of no more than 1% of the maximum displacement
value. Because the pulsationfrequencyof the PIV lasers was 15 Hz,
while � ame excitation was at a frequency of 10 Hz, it was neces-
sary to skip two excitation cycles between each SIV recording to
phase lock the system. A data acquisition burst was � rst initiated
on an external trigger at the desired phase within a cycle, and then
� ve recordings were performed at a time interval of 200 ms. On
receiving the external trigger, the PIV processor synchronized the
initiation of the burst measurement within a 100-ns time window.
In all, � ve bursts were recorded at each phase, for a total of 25 SIV
realizations per phase.

A � eld of 900 vectorswas determinedat each SIV acquisitionus-
ing a 64-pixel square interrogationarea at 50% overlap. A moving-
average procedurewas used to eliminate invalid vectors before sta-
tistical averaging. The spotted � eld created using the holographic
diffuser was quite ideal for generating SIV vector data, with over
99% of the vectors being valid at each recording, and validity did
not degrade when a 32-pixel square interrogation area was tested.
The uniformity of the pseudoparticle � eld generated by the holo-
graphicdiffuser is not dominatedby � ow dependency,as is a typical
particle � eld in actual PIV experimentation where seeding density
nonuniformity is always a concern. Hence, in the present setup,
pseudoparticledensitywas dependenton the placementof the holo-

Fig. 4 Average velocity � eld obtained at the � ame-off condition.

graphic diffuser relative to the spatial � lter. This gave a robust way
of optimizing the PIV signal to noise in terms of the number of
particles correlated within each pair of interrogationareas.

A concern was, however, the misalignment between the optical
path of the two separate lasers. Because laser illumination for each
pulse comes from separate laser cavities, such misalignment will
introduce a velocity bias into the results. To minimize this bias,
alignment of the laser beam path was performed using the SIV
technique to generate a velocity map representing the misalignment
and then manually correctingbeam overlap so that the velocity � eld
was minimized.Subsequently,the velocity� eld from a � ame-off re-
alization representingbeam misalignment was used to correct SIV
measurements obtained at the � ame-on condition. In the present
case, the average value from � ve realizations at the � ame-off con-
dition, shown in Fig. 4, was used.

Results
SIV Characteristics

Resultswere obtainedfor theweaklyexcited� ickering� ame case
investigated in Refs. 23–25. Shadowgraph images obtained using
the PIV illumination and recording devices are shown in Fig. 5.
The shadow images shown are equally spaced in time within one
excitation cycle and coincide in phase with previous measurements
and � ame visualizationsreportedby Smyth et al.,23 Shaddix et al.,24

and Shaddix and Smyth.25 The corresponding mean vector maps
obtained using the SIV approach are shown in Fig. 6.

A qualitativeinterpretationof theSIV vector � elds was � rst inves-
tigated by comparing them to the corresponding OH-laser-induced
� uorescence and soot scattering images reported by Smyth et al.,23

as shown in Fig. 7. The location of the � ame front is marked by the
high-intensityband of the hydroxyl radical, whereas the outer high
intensity band of the shadowgraph (see Fig. 5) corresponds to the
maximum de� ection location discussed by Weinberg.18 This latter
high-intensity band is due to the coalescence of light rays through
and around the � ame. Because the SIV technique yields informa-
tion on the rate of change of this coalescence, a sign change in the
horizontal component of velocity is observed, as indicated in the
vector plot of Fig. 7. Contours of the spatial derivativesof the hori-
zontal and verticalvelocities,also shown in Fig. 7, reveal interesting
topologies. A local minimum of dU /dx corresponds to a location
where the coalescenceof light rays is observed in the shadowgraph.
Such a minimum is also observed just above the burner exit for
dV /dy, which corresponds to light ray coalescence due to cold fuel
injection during this part of the � ickering cycle. Finally, the locus
of points where dU /dx = 0 while moving radially outward from the
inner � ame region is coincidentwith the lean side of the � ame front.

Temperature Evaluation

Pitts26 recently introduced a system for thin-� lament pyrome-
try, which was tested in the acoustically phase-locked � ickering
laminar methane/air diffusion � ame discussed herein. Results were
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Fig. 5 Background-subtracted shadow images of the weakly perturbed � ickering � ame near the burner exit; every 1/10-th phase shown, starting with
0% phase at the upper-left-handcorner, with 100 ms total time sequence. (Field of view dimensionsfor each shadow imageare 47.6mm wide £ £ 48.1mm
high.)

Fig. 6 Resulting vector maps for the weakly perturbed � ickering � ame at the burner base using shadow image velocimetry; every 1/10-th phase
shown, starting with 0% phase at the upper-left-hand corner, for 100 ms total time sequence.

shown for radialpro� lesofmeasured� lament temperatureat several
heights above the burner for a phase of 60%. Considering the tem-
peratures along the centerline of the burner only, the data reported
by Pitts26 are shown in Fig. 8. These temperaturemeasurements are
helpful toward understanding the present results. In performing the
thin-� lament pyrometry measurements, Pitts26 utilized an imaging
technique that could not resolve temperaturesbelow 1200 K. There-
fore, even though radial measurements were obtained at a location
of 5 mm above the burner, in the vicinity of the centerline no tem-
peratureswere reportedbecauseactual temperatureswere below the
1200-K limit of the imaging technique used.

A dif� culty that arises with regard to interpreting quantitatively
the SIV results in � ames is that changes in the shadow are due to
index of refraction changes, which in turn are due to temperature
and concentrationchanges.However, if the time separationbetween
laser pulse pairs is short in relation to � ame front movement, yet

long in relation to chemical reaction times, it can be assumed that
changes in the index of refraction are most affected by the temper-
ature � eld. As mentioned earlier, shadowgraphyproduces a pattern
that is related to the second spatial derivativeof the index of refrac-
tion. However, the SIV result yields information on how fast the
instantaneousshadowgraph � eld is changing. Therefore, it follows
that the SIV � eld is proportional to the instantaneous temperature
gradient � eld. This information is two dimensional, as indicated by
the SIV results of Fig. 6.

Centerline

Along the centerline of the burner, the horizontal component of
the SIV � eld is approximately zero, as expected from � ow sym-
metry, and the vertical component may be considered for further
interpretation. A plot of the vertical component of the SIV � eld
along the burner centerline and for 60% phase is shown in Fig. 8.
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Fig. 7 Results for 60% phase (dashed lines in the contour plots indicate regions of negative value): a) two-dimensionalhydroxyl radical � uorescence
and soot scattering image as reported by Smyth et al.,23 b) SIV vector map, c) SIV horizontal velocity spatial derivative, and d) SIV vertical velocity
spatial derivative.

Fig. 8 Results of the 60% phase along the burner centerline: a) � la-
ment temperatures (symbols) as reported by Pitts26 and calculated tem-
perature gradient (line)and b)SIV vertical componentresult. (Note that
the vertical axis is reversed; error bars represent standard deviation of
acquisition.)

Note that the scale for the ordinateis reversedto enhancethe fact that
the SIV vertical component correlates negatively with the temper-
ature gradient calculated from the temperature data of Pitts,26 also
shown in Fig. 8. This veri� es that the velocity � eld obtained using
the SIV technique is proportional to the temperature gradient � eld.
The negativecorrelationcomes about from the relationshipbetween
the index-of-refraction gradient, that is, temperature gradient, and
the ray de� ection angle, as indicated in Eq. (2). The relationship
between the two, however, is complicated by the three dimension-
ality of the � ame, which affects the results by introducing several
biases. First, a negative offset in the y direction of the SIV result,
in comparison to the � lament temperature curve, is attributed to the
absolute angular de� ection of light rays at the � ame-on condition.
Second, the thickness of the � ame is not constant along the vertical

and horizontal directions. Nonetheless, the trend does follow the
temperature gradient curve, which should itself be taken as an esti-
mate because not enough data points were available for its accurate
determination.

From the centerline SIV data shown, the actual temperature dis-
tribution along this one direction may be obtained by performingan
integration of the form

T (0, y) = ¡
y

0

j 0 ¢ SIV(0, y) ¢ dy + Tref(0, y0) (5)

where j 0 is a proportionalityconstant that depends on the shadow-
graph/schliere con� guration and Tref (0, y0) is a reference tempera-
ture at y = y0 .

A direct determination of j 0 was not investigated further within
the scope of this preliminary reporting of the SIV technique and
is left for future work. The integration was, thus, performed us-
ing an iterative procedure in which values of j 0 and Tref (0, y0 )
were selected so as to give the � lament temperatures at y =15
and 25 mm reported by Pitts,26 shown in Fig. 8. In addition,
a third constant f was introduced to correct for the displace-
ment bias between the curves, which serves as an ampli� er to the
vertical distance variable y. The integration was performed sev-
eral times to incorporate randomly the error in the mean value
of the SIV data shown in Fig. 8. The resulting values were
j 0 = 11.8 s¢ K/mm2 § 0.2 s¢ K/mm2 , Tref(0, 0) =1143 K § 45 K,
and f =1.35 § 0.35 at a 95% con� dence level. The � nal tempera-
ture along the centerline of the burner for 60% phase is shown in
Fig. 9. The shapeof the temperaturedistributionwas capturednicely,
and temperatures lower than 1200 K were determined for locations
of y < 9 mm, agreeingwith the observationof Pitts.26 Furthermore,
the localminimum at the location y =4 mm coincideswith injected
fuel during this phase of the � ickering cycle, whose temperature
would be lower than the surrounding � uid.
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Fig. 9 Temperature distributionalongthe centerline of the � ame:sym-
bols are thin-� lament temperatures reported by Pitts26 and line is tem-
perature calculated from the SIV data following integration.

Fig. 10 Pro� les of SIV horizontal and vertical components at several
elevations above the burner exit.

Whole Field

Distributions of the horizontal and vertical components of SIV
velocityat severalheightsabovethe burnerexit are shown in Fig. 10.
Converting these to temperatures requires a similar integrationpro-
cedure, namely,

T (x , y) =
x

0

j 0[U (x , y) ¡ V (x, y)] dx + T (x , 0) (6)

where j 0 is the same proportionalityconstant evaluated previously
for the centerline temperature distribution. The results from the
centerline temperature distribution were used to provide values for
T (x , 0). Performing the integrationof Eq. (6) on the data of Fig. 10
yields the temperaturedistributionsshown in Fig. 11. In Fig. 11, the
radial temperature distributions reported by Pitts26 are also shown
for comparison.

The agreement between the distributions determined from the
SIV vector data and those reported by Pitts26 is good. The trend of
the temperature distribution is captured well at every level, as is the
tendencyof the temperaturepeak to move closer to the centerline of
the � ame. Higher values of peak temperature are determined from
the SIV data, which is not an unreasonable result because the
thin-� lament pyrometry data of Pitts26 were not corrected for con-
vection effects.

Because of the nature of the shadowgraph formulation, the tem-
perature distributioncalculated from the SIV data shows increasing
temperature distributionspast the location of light-ray coalescence.
The nature of light-ray de� ection in the horizontal direction is dif-
ferent on either side of this boundary, and although the integration

Fig. 11 Temperature distribution results at several levels above the
burner exit: a) thin-� lament pyrometry results reported by Pitts26 and
b) results from SIV � eld integration.

works well on the inner region, it needs to be modi� ed for use in
the outer region, an objective of future work. Furthermore, the band
of light-ray coalescence is largely due to the curved nature of the
� ame, which tends to amplify light-ray de� ections, as discussed by
Weinberg.18 This explains the horizontal location bias that is inher-
ent in the SIV-determinedtemperaturedistributionshown in Fig. 11.
For the sake of comparison, the horizontal ranges on the plots of
Fig. 11 were selected so as to spread the distributions similarly
within the plotting area. Proper handling of these shadowgraph-
induced biases is the current task at hand.

Conclusions
A novel approach that combines a refractive-indexvisualization

method with the image acquisition and fast postprocessing of the
PIV techniquewas introducedfor measuringthe velocityof indexof
refraction gradients in time-varying � ows. Depending on the � ow
under investigation, these gradients may be related to density or
temperature gradients. In the present paper, a � rst application of
the technique to a time-varying � ame showed that the temperature
� eld may be successfullydetermined from the velocity information
generated by the SIV technique. This was achieved by performing
an integration and incorporating primarily two constants, a factor
for relating the velocity magnitude to that of the thermal gradient
and a reference temperature serving as the constant of integration.
A third constant was also needed to correct for light-ray de� ection
ampli� cation due to the curved nature of the present � ame.

The resulting temperature distribution along the centerline, that
is, vertical direction, and at several horizontal elevations off the
burner base compared well with previous measurements obtained
using thin-� lament pyrometry. Further interpretation of the two-
dimensional velocity information measured by the SIV technique
for the time-varying laminar � ame is presently under way, which
will involvean improvedunderstandingof the proportionalityfactor
and its dependence on the object and shadowgraph con� gurations.

The simplicity of shadowgraphy is attractive, but because shad-
owgraphy is an integrated line-of-sight technique, it is not properly
suited for complex, three-dimensional � ows. A future solution to
this would be to replace shadowgraphywith the more sophisticated
focusing schlieren technique that has the ability to focus in a fairly
thin portion of the optical path.
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