
CHAPTER 4

MOLECULAR TAGGING VELOCIMETRY
AND THERMOMETRY

Walter R. Lemperta and Manoochehr M. Koochesfahanib

4.1 Introduction

The advent of the laser as a relatively common tool for flow visualization has
stimulated the development of velocimetry techniques based on the use of photo-
sensitive molecules. While a variety of different molecules have been employed
for this purpose, they share the common attribute that laser excitation is used
to produce a defined pattern of long-lived tracers which are embedded within
the flow field. This process is often referred to as “tagging.” After a suitable
time delay, a CCD (or other) camera is used to obtain an image of the displaced
pattern (often termed “interrogation”). The observed displacement divided by
the elapsed time is assumed to constitute a measurement of vector velocity field.
Dependent upon the details of the optical processes and/or the nature of the
tracer, the technique has alternately been referred to as Laser-Induced Pho-
tochemical Anemometry (Falco & Nocera, 1993), Flow Tagging Velocimetry
(Lempert, 1995) and Molecular Tagging Velocimetry (Gendrich, Koochesfahani
& Nocera, 1997).

As will be shown, the properties of available photo-sensitive materials vary
quite significantly, albeit it in somewhat subtle ways. The purpose of this chap-
ter is to provide a framework sufficiently detailed to enable potential users to
effectively match the diagnostic to their particular measurement environment.
To avoid confusion, we shall adopt the terminology of Gendrich & Koochesfahani
(1996), and use the term Molecular Tagging Velocimetry (MTV) to encompass
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the variety of time-of-flight velocimetry techniques which are based on photo-
sensitive molecules. The focus of this chapter is on tracers that are suitable
for liquid-phase flows. Discussion of a broader range of tracers, including those
for gas-phase flows, is found in Koochesfahani & Nocera (2007). The current
chapter also presents a brief account of recent extensions for simultaneous ve-
locity and temperature measurements using Molecular Tagging Velocimetry and
Thermometry (MTV & T).

4.2 Properties of Photo-Sensitive Tracers

4.2.1 Photochromic dyes

While not the primary focus of this chapter, we begin with a brief mention of pho-
tochromic molecules. The use of photochromic dyes for liquid phase velocimetry
was introduced by Popovich & Hummel (1967). A photochromic material is one
in which the absorption of a photon induces a temporary change in the absorp-
tion spectrum of the absorbing molecule. In general, photochromic tracers used
in fluid studies are initially transparent in the visible region of the spectrum.
Upon absorption of a single photon, typically but not necessarily, in the ultravi-
olet (UV) region of the spectrum, the molecule becomes absorbing over a wide
region of the visible. Upon subsequent back illumination with white light, the
fluid containing the activated tracer takes on a dark (generally blue) color which
is actually a manifestation of the high absorbance at green to red wavelengths.

The principal advantage of photochromic dyes is the relatively low cost of
both the tracer and the required instrumentation. The tagging step can often
be performed using relatively inexpensive nitrogen lasers (λ = 0.337µm) and
the interrogation performed with common white light flash sources. The use of
photochromic dyes has been described in some detail by Fermigier & Jennfer
(1987).

4.2.2 Phosphorescent supramolecules

The principal disadvantage of photochromic tracers is that the absorption-based
interrogation produces images of inherently limited contrast. In order to cir-
cumvent this, new molecular tagging techniques based on optically emitting
materials have recently been developed. Phosphorescence, which is similar to
fluorescence, refers to spontaneous radiative emission from relatively long life-
time “metastable” electronic states of molecules, which are populated as a result
of optical absorption. From the fundamental perspective, fluorescence refers to
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the radiative process when a molecule transitions from a singlet excited state to
its singlet ground state. Since singlet-singlet transitions are quantum mechani-
cally allowed, they occur with a high probability, making fluorescence short-lived
with short emission lifetimes on the order of nanoseconds. In phosphorescence,
however, the molecule transitions from a triplet excited state to its singlet ground
state. Because such transitions are quantum mechanically forbidden, phospho-
rescence is long-lived with emission lifetimes that are much longer than that in
fluorescence. As a somewhat arbitrary rule, materials which exhibit radiative de-
cay lifetimes of order 1 ms or greater are termed phosphorescent, whereas materi-
als with shorter lifetimes are termed fluorescent. Molecular Tagging Velocimetry
based on phosphorescent tracers uses a single laser to prepare the metastable
excited state by ordinary absorption. The spontaneous radiative emission serves
as the interrogation, and does not require a second optical source. While the
concept is quite simple, the challenge has been the synthesis of suitably long life-
time molecules which are soluble in non-organic solvents and exhibit tolerable
emission yields in the presence of water or oxygen.

Recently, Nocera and co-workers (Ponce, 1993; Hartmann, 1996) have pre-
sented what they term “phosphorescent supramolecules,” which consist of an
active lumophore (1-Bromonapthalene) which is bound to a site on the interior
of a cup-shaped glucosyl-modified cyclodextran (Gβ-CD) molecule. Upon ad-
dition of alcohol, a protective “lid” is formed which prevents quenching of the
lumophore from dissolved oxygen and/or water. Fig. 4.1 shows the chemical
structures and representative emission spectra for aqueous solutions which are
10−5 M in Bromonapthalene and 10−3 M in Gβ-CD, with and without the pres-
ence of added alcohol. The excitation wavelength is 308 nm, corresponding to
that from a XeCl excimer laser. The feature in the vicinity of 325 nm, which
appears both with and without the protective alcohol, corresponds to ordinary
fluorescence and has a lifetime of order 9 ns. The feature in the range 480–650
nm appears only in the presence of alcohol and has a measured decay lifetime in
the range ∼0.10 to 5.0 ms, dependent upon the concentration and specific type
of alcohol (Ponce, 1993). It should be noted that the intensity axis on the right
hand side of Fig. 4.1 has been expanded relative to the left hand side.

Practical implementation of MTV using phosphorescent supramolecules re-
quires some consideration of composition since the choice of the alcohol and
its concentration strongly influence the phosphorescence lifetime and intensity
(Gendrich, Koochesfahani & Nocera, 1997). Clearly the emission life time must
be long enough to permit sufficient displacement to occur. For example, a fluid
element tagged in a flow field with a local mean velocity of 10 cm/s would expe-
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Figure 4.1: Chemical structure and emission spectra for 1-BrNp in CDs with (B) and
without (A) added alcohol (from Gendrich, 1997).

rience 500 µm of displacement after 5 ms. Such a displacement is readily mea-
surable. Obviously, displacement, and, correspondingly, measurement accuracy,
increases as flow velocity and/or delay time is increased. More quantitatively, it
is easy to show that the relative detected signal, S, is given by:

S = Ioτe
−4t/τ

[
1− e−τexp/τ

]
(4.1)

where τ is the phosphorescence decay time, 4t is the tag-interrogate delay time,
texp is the interrogation exposure time, and Io is a constant which incorporates
many parameters such as optical absorption, tracer concentration, phosphores-
cence quantum yield, and optical collection efficiency. Well-designed experiments
will have delay times which are long enough to permit sufficient displacement
(on the order of 10 detector pixels), with the longest possible delay time be-
ing dictated by the detection limit of the imaging sensor. In a particular flow
example given in Koochesfahani & Nocera (2007), a long delay time of 60 ms
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(i.e. an order of magnitude larger than τ) was achieved using an intensified
camera. Similarly, the exposure time should be adjusted to be short compared
to flow times, but also not too short compared with τ . Fortunately, the required
chemicals are not prohibitively expensive, so that weak signals can be boosted
by simply increasing the solution concentration.

In more recent studies (Hu, Lum & Koochesfahani, 2006; Hu & Kooches-
fahani, 2006) the original glucosyl sub-units in Gβ-CD have been replaced by
maltosyl sub-units (i.e. Mβ-CD). The measured properties of both glucose- and
maltose-based triplexes are quite similar and the two can be used interchange-
ably. The three components of these phosphorescent complexes are commercially
available .c

4.2.3 Caged dyes

An alternative MTV approach based on caged dye Photo-Activated Fluorophore
(PAF) tracers has recently been presented (Lempert, 1995; Harris, 1996). PAF’s
are nominally fluorescent dyes that have been rendered non-fluorescent by strate-
gic attachment of a chemical “caging” group. The chemical caging group is pho-
tolytically cleaved upon absorption of a single photon of ultraviolet light. After
photolysis, the fluorescent dye is recovered and can be tracked indefinitely using
ordinary laser sheet imaging techniques. In effect, as illustrated in Fig. 4.2, the
tagging laser is used to photo-chemically create a user-defined pattern of ordi-
nary fluorescent dye. The convection of the “locally seeded” fluid elements are
subsequently interrogated using a second laser. In all work reported to date,
the tagging was performed using the third harmonic of a Nd:YAG laser at 0.355
µm. Interrogation utilizes visible lasers, most commonly argon-ion, flashlamp-
pumped dye, and the second harmonic of Nd:YAG (continuous wave or pulsed).

Most MTV measurements reported to date have utilized some form of caged
fluorescein dye. Fig. 4.3 shows absorption spectra of both the caged and uncaged
form of the dye. It can be seen that the uncaged dye has a rather broad ab-
sorption feature centered at approximately 350 nm, which is characteristic of
benzene type compounds. After uncaging, the spectrum is identical to that of
ordinary disodium fluorescein, which is a very commonly employed material for
passive scalar measurements. As can be seen in Fig. 4.3, the uncaged dye has a
very strong absorption in the vicinity of 490 nm., which is well matched to the
cThe various alcohols and the lumophore (1-Bromonapthalene) are readily found in catalogs
of most scientific chemical companies, and maltosyl β CD is available under the trade name
Trappsol from Cyclodextrin Technologies Development, Inc., Gainesville, Florida, USA.
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Flow Flow

FlowFlow

Caged dye dissolved uniformly
in flow.

Newly created fluorescent dye
is advected by the flow.

UV Laser beam uncages
dye along a line.

Line is imaged using Laser
Induced Fluorescence (LIF).

Figure 4.2: Schematic illustration of use of caged dye PAF’s for molecular tagging.

Figure 4.3: Absorption spectrum of caged and uncaged form of fluorescein PAF (from
Lempert, 1995).

argon-ion laser.
Caged dye tracers have two principal advantages in comparison to long life-

time phosphorescent materials. The first is that the uncaging is permanent,
so that arbitrarily long time intervals, limited only by mass diffusion, can be
employed between tagging and interrogation. This provides the capability to
perform measurements in exceedingly low speed flows. For example, Harris
(1996) has reported quantitative measurements in electrohydrodynamic flows
with mean velocity of order 2-4 µm/s. The second advantage is that the uncaged
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dye exhibits exceedingly high signal levels. We can see this more explicitly by
considering the following simple expression for the rate of absorption of interro-
gation photons per unit volume of fluid:

dA

dt
=
(
I

hν

)
εc (4.2)

where I is the intensity of the laser (W·s−1·area−1), (ε is the molar extinction
coefficient (liter·mol−1·cm−1), c is the molar concentration of uncaged dye, and
the factor hν converts from energy to photons. Since the fluorescence quan-
tum yield is of order 1.0 (Drexhage, 1990), the photon absorption rate is ap-
proximately equal to the fluorescence emission rate. We can therefore divide
Eqn. 4.2 by the number density of uncaged dye molecules and substitute ε ∼ 105

liter−1·mol−1·cm−1 with the result that the photon emission rate per uncaged
dye molecule is given by:

Photons/Molecule ≈ 400 I (4.3)

where I is the laser intensity in W/cm2. Eqn. 4.3 is valid as long as the laser
intensity is less than the so-called “saturation” intensity, which for fluorescein
dye is of order 3 × 105 W/cm2 (Chen, 1967). Substitution of this value into
Eqn. 4.3 shows that as many as 108 photons/sec can be radiated from a single
uncaged dye molecule. Physically this corresponds to optical “recycling” of the
tracer during a single interrogation event, which occurs rapidly due to the fast
(order 4.5× 10−9 s) excited state radiative lifetime (Chen, 1967).

There are, however, some significant disadvantages associated with caged
dye tracers. Fundamentally, the most significant is the finite kinetic rate of
the photochemical cage breaking step. This is illustrated in Fig. 4.4 which
shows the fluorescence rise time of a caged rhodamine PAF tracer in methanol
(Lempert, 1998). The data were obtained by loosely focusing the third harmonic
output from a pulsed Nd:YAG laser into a cuvette containing approximately 2
mg/liter of the PAF. Simultaneously, the uncaged dye was interrogated using
the 0.514 µm output of a CW argon-ion laser. At t = 0, the Nd:YAG laser
was fired and it can be seen that the visible fluorescence signal evolves to order
70% of its maximum after approximately 10 ms. If the time axis in Fig. 4.4 is
expanded it is found that the fluorescence evolves to ∼25% of its maximum at
a time less than 1 ms (Lempert, 1998). The effect of the finite rise time is to
establish a minimum time delay between tagging and interrogation, which can be
particularly important in high Reynolds number flows. To date, the minimum
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Figure 4.4: Fluorescence rise time of caged Q-rhodamine in methanol (from Lempert,
1998).

reported delay time which has been used in caged dye PAF studies is 200 µs
(Lempert, 1995). This corresponds to ∼5% of the kinetic e−1 rise time.

The second principal disadvantage of caged dye PAF’s is the fact that the
materials can only be used once, since the uncaging is irreversible. This is
compounded by the high cost of the tracer itself. PAF’s were originally developed
by the biological sciences community for cellular related studies which typically
require exceedingly small (order milligram) quantities of tracer. As will be seen
in the next section, the high brightness of the uncaged dye results in very modest
concentration requirements, but the cost can still be prohibitive.d

4.3 Examples of Molecular Tagging Measurements

In this section we will give a brief survey of representative reported MTV mea-
surements, with emphasis on experimental detail. The prime purpose of this
section is to provide the reader with a real sense of the range of flow envi-
ronments in which MTV studies have been performed and to aid in design of
potential measurements in their laboratories.
dA variety of caged dye PAFs are available commercially from Molecular Probes, Inc., Eugene,
OR, U. S. A.
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4.3.1 Phosphorescent supramolecules

MTV based on phosphorescent supramolecules has been used in a large variety
of flow studies. The scope of the measurements covers a range from the instan-
taneous profile of one component of velocity vector along a tagged line (Bohl &
Koochesfahani, 2004) to whole-field three-component velocity data over a plane
obtained with stereo imaging (Bohl, Koochesfahani & Olson, 2001; Bohl , 2002).
Some of the flows that have been successfully investigated include pressure- and
electroosmotically-driven microfluidics, unsteady boundary layer separation, un-
steady aerodynamics, vortex flows and mixing enhancement, convective flows
in directional solidification, free and wall-bounded turbulent flows, and highly
three-dimensional vortex flows with strong out-of-plane motions where the pri-
mary flow direction is normal to the tagged plane. An extensive set of references
to these studies can be found in Koochesfahani & Nocera (2007).

Fig. 4.5 shows a schematic diagram of a vortex ring/wall interaction exper-
iment (Gendrich, 1997) in which Gβ-CD supramolecules were used to obtain
a series of planar velocity fields in the near-wall region. The output of a 100
mJ/pulse XeCl excimer laser was split into two equal power beams, each of
which was further split into approximately 20 low energy, parallel beams, us-
ing a custom built beam blocker. The two sets of parallel tagging beams are
brought incident to the flow at right angles, forming a grid pattern. The beam
blocker is an aluminum plate with a set of approximately 1 mm wide slots cut
into it. While a significant fraction of the total laser energy is thrown away, the
beam blocker provides a simple and flexible method for grid formation. Typical
individual beams have a diameter of order 250 µm and a single pulse energy of
about 1 to 2 mJ.

Figs. 4.6 and 4.7 show a typical pair of interrogation images and the cor-
responding velocity field. The time delay between the images is 8 ms and the
axis of symmetry of the counter rotating vortex pair is indicated by the dashed
line. The interrogation images were captured using a pair of relatively low cost
CCD video cameras, although for time delays exceeding ∼ 5τ , more expensive,
intensified cameras are sometimes required. The concentration of the Gβ-CD
and 1-BrNp were 2×10−4 M (0.2 g/liter) and 10−5 M, respectively, and the mea-
sured 1/e radiative decay time was 3.7 ms. The solvent is 0.05 M cyclohexanol
in water.

An important feature of Molecular Tagging Velocimetry is its inherent ca-
pability in three-dimensional flow. Unlike Particle Image Velocimetry (PIV), or
other scattering-based particle tracking techniques, there is no particular diffi-
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Figure 4.5: Schematic diagram of vortex ring/wall interaction study (Gendrich, 1997).

Figure 4.6: Representative interrogation image pair for vortex ring/wall interaction
study. Left image acquired 1 µs after tagging and represents original grid. Right image
acquired 8 ms later (Gendrich, 1997).

culty associated with obtaining data in cross sectional planes perpendicular to
a principal flow axis. The reason for this is that in MTV the tagging optics
define which fluid elements will be tracked. Upon activation, the tagged fluid,
at least in principle, can convect to any location within the flow field prior to
interrogation. Fig. 4.8 shows an example set of vector data obtained in a highly
three-dimensional periodically forced wake flow (Koochesfahani, 1996; Cohn,
1999). Note that the magnitude of the vector velocity in the v-w plane is as
high as 40% of the mean velocity in the principal (x) direction. The absolute
free stream mean velocity is 10 cm/s. Other optical considerations, such as
tracer concentration, laser power, and time delay, are comparable to that used
to obtain the images in Fig. 4.6.
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Figure 4.7: Vector velocity field derived from the image pair in Fig. 4.6 (Gendrich,
1997).

Figure 4.8: Instantaneous MTV vectors in periodically forced wake flow at three times
within the cycle. Mean flow direction is out of page (Koochesfahani, 1996).

4.3.2 Caged dye tracers

Caged dye tracers have been employed in a variety of flow problems including
vortex breakdown in a cylinder with a single rotating endwall (Harris, 1996),
transition and turbulence in Taylor–Couette flow (Biage, 1996), measurement
of internal circulation in droplets and electrohydrodynamic flows (Harris, 1996),
spreading of surface tension driven flows (Dussaud, 1998), swelling of polyelec-
trolyte gels (Achilleos, 1998), scalar mixing in turbulent pipe flow (Guilkey,
1996), and convection in microchannel flow (Paul, 1998).

Fig. 4.9 shows a tag/interrogate image pair obtained from a free falling water
droplet (Harris, 1996). The image on the left is due to elastic scattering from a
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Figure 4.9: Tag (left) and interrogate (right) image pair obtained from free falling
water droplet using caged fluorescein PAF. Time delay is 29.5 ms (from Harris, 1996).

single tagging pulse. The image on the right shows the interrogated line segment
29.5 ms later.

The droplets in Fig. 4.9 are approximately 5 mm in diameter and were
formed from a common laboratory burette that was gravity fed from a reservoir
containing a 0.20 mg/liter (6.7 × 10−8 M) solution of 3000 molecular weight
caged fluorescein. A single 1 to 2 mJ tagging pulse was focused with a 20 cm
lens, producing a tagged line approximately 100 µm thick. The interrogation
was performed with a single 10 to 20 mJ pulse from a flashlamp-pumped dye
laser which was formed into a sheet approximately 3 cm high by 300 µm thick.
The pulse duration of the dye laser is 1 to 2 µs, effectively instantaneous with
respect to fluid time scales. The fluorescence from the interrogation laser was
focused with approximately unity magnification onto an ordinary CCD video
camera (Cohu Model 4810). An OG-515 colored glass filter was employed to
block the “blue” elastic scattering and transmit the “green–red” fluorescence.

Fig. 4.10 shows the velocity profile obtained from the image pair in Fig. 4.9.
The lower line indicates the apparent velocities derived directly from the raw
data. These data are obtained by taking vertical slices through the image and
applying least-squares type fitting routines to locate the center of the grey scale
intensity at each horizontal pixel location. This procedure gives the apparent
result that all of the fluid is traveling downward with respect to the reference
frame of the droplet. This unphysical result illustrates the significant influence
of droplet curvature on the apparent velocity profiles. In effect, the droplet itself
is acting as a spherical lens, introducing significant distortion.

Several techniques have been reported for removing this optical distortion,
including rather sophisticated approaches which remove both geometrical and
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Figure 4.10: Droplet velocity profile calculated with (upper) and without (lower) ray
tracing correction (from Harris, 1996).

intensity distortion (Zhang & Melton, 1994). Application of a simpler ray-tracing
procedure, described in Section 4.4, show velocities becoming positive near the
sides of the droplet, consistent with internal circulation. It can also be seen that
the region very close to the droplet edge is obscured. This is due to total internal
reflection.

As an example of a physically larger and higher Reynolds number flow field,
Fig. 4.11 shows a set of representative images obtained from a flow produced by
rotating concentric cylinders (Taylor-Couette flow, Biage, 1996). The cylinder
height was 102 cm and the inner and outer cylinder radii were 3.14 cm and 8.18
cm, respectively. The images in Fig. 4.11 were obtained at a Reynolds number of
1.7×104, based on the inner/outer cylinder gap spacing, and were part of a study
which obtained data for Reynolds numbers in the range 154 to 3.5 × 105. Sets
of images such as those of Fig. 4.11 were used to obtain instantaneous velocity
profiles and spectral density functions.

In a similar study, Harris (1997, 1999) has studied the flow produced in a
cylinder with a single rotating endwall (Escudier, 1984; Brown & Lopez, 1990).
Fig. 4.12 shows an experimental image obtained in a plane orthogonal to the
principal axis of the cylinder. A comparison between data and numerical com-
putation is illustrated in Fig. 4.13. This comparison was performed directly in
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Figure 4.11: Representative caged dye images obtained from a Taylor-Couette flow
at Re = 1.7 x 104.

Figure 4.12: Bottom view of interrogated line in cylinder flow with single rotating
endwall. Reynolds’ number is 1410 and time delay after tagging is 0.40 s (from Harris,
1997).

the Lagrangian reference frame by “writing” a line into the computation and
allowing it to evolve in a series of real time steps. Note that in Fig. 4.13, the
displacement and radial position have been non-dimensionalized by the cylinder
radius.

As a final example, Fig. 4.14 shows a time sequence of three images of flow
induced by a single p-xylene droplet spreading on a water surface (Dussaud,
1998). These images were obtained by writing a pair of vertical lines into a 16
cm diameter tank filled with a 0.5 mg/liter solution of caged fluorescein in water.
A single drop of p-xylene was then deposited onto the quiescent water surface
with a microsyringe. The droplet rapidly spreads over the surface, forming a thin
film of volatile fluid. The sublayer flow pattern induced during the spreading of
the volatile film was captured by viewing the interrogated image from the side.
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Figure 4.13: Lagrangian frame comparison between data of Fig. 4.12 and computation.
Line was written into computation and allowed to evolve in series of real time steps
(from Harris, 1997).

4.4 Image Processing and Experimental Accuracy

In this section we will briefly review MTV image processing techniques and
provide some estimates of experimental accuracy limits. It is straightforward to
show that the relative statistical uncertainty in velocity is given by the simple
expression:

σν
ν

=

√(σx
x

)2

+
(σt
t

)2

(4.4)

where x corresponds to displacement and t to time. In most experiments, the
contribution due to time is exceedingly small and can be ignored. The statistical
uncertainty in velocity, therefore, is determined by the accuracy with which fluid
element displacement can be determined. As we will see, displacement accuracy
of order ±1% is generally attainable without enormous difficulty.

4.4.1 Line processing techniques

The simplest MTV experiments are those involving single lines, or sets of parallel
lines. In this case, the experiment is generally configured such that the lines
are written perpendicular to the principal flow axis. The measured quantity is
then the component of velocity parallel to this axis, although motion in other
directions produces measurement ambiguity. This has been discussed in detail
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Figure 4.14: PAF images of p-xylene film spreading on water surface, obtained 0.4
s (upper), 1.2 s (middle), and 2.4 s (lower) after deposition of single droplet (from
Dussaud, 1998).

by Hill & Klewicki (1996) who have shown that for a specified (x, y)-location,
the relative uncertainty in the u (principal or x-axis) component of velocity due
to finite v (y-component of velocity) is given by:

4u
u

= 4t
(
v

u

δu

δy

)
(4.5)

Alternatively, the effect of finite v can be thought of as producing an ambiguity
in the y-position of the fluid element whose u component of velocity is being
measured. In either case, some a priori knowledge of the flow field is clearly
important.

Keeping in mind the ambiguity implicit in Eqn. 4.5, extraction of velocity is
basically a matter of determining fluid element displacement. For the simplest
case of single lines, least-squares fitting approaches are generally utilized to
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Figure 4.15: Typical digitized intensity trace (dotted) and least squares fit (solid)
from a single lateral pixel location along a caged dye interrogation line (from Lempert,
1995).

determine the center of grey-scale intensity in the y-direction (Lempert, 1995;
Hill & Klewicki, 1996). As an illustrative example, Fig. 4.15 shows a typical
digitized vertical “slice” through the intensity profile at a single lateral pixel
location along a horizontal line obtained using caged fluorescein dye. The solid
curve is the best least-squares fit of the digitized intensity profile to the sum of
a constant baseline and presumed Gaussian spatial profile.

The fitting routine utilizes four variable parameters, corresponding to base-
line, intensity normalization, line width, and line center. Estimate of the sta-
tistical uncertainty in each parameter is obtained by assuming that all of the
residual between the data and the fit is attributable to statistical scatter. The
procedure is to assume that the uncertainty in each data point is equal to the
normalized rms residual in the overall fit and then to apply standard error prop-
agation techniques (Bevington, 1969). While these assumptions are clearly not
absolutely true, the procedure provides a reasonable estimate of the accuracy
with which the center of intensity can be located. For the data of Fig. 4.15,
the procedure yields an uncertainty (2σ) in the center of intensity of ±0.15 pix-
els. This corresponds to approximately 2.5% of the ∼6 pixel full width at half
maximum, which is not atypical. Assuming that the initial position can be de-
termined with equal accuracy, then 1% measurement precision can be obtained
by allowing the fluid to displace through ∼20 pixels. This assumes that the dis-
placement uncertainty is given by

√
2× 0.15 pixels. In reality, the initial position
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can often be determined with higher accuracy by averaging several images.
Hill & Klewicki have presented a similar approach, which uses a combination

of smoothing and least-squares curve fitting to analyze lines obtained using long
lifetime phosphorescent molecules. They report somewhat higher uncertainties
(order 0.3 to 0.4 pixels). They have also extended the technique to analyze
multiple parallel lines.

4.4.2 Grid processing techniques

By writing a pattern of intersecting lines, such as that in Fig. 4.6, two-component
velocity vectors can be determined which are free of the ambiguity associated
with Eqn. 4.5. In this section we briefly summarize two types of image processing
techniques which have been developed specifically for the analysis of MTV grid
data.

The most straightforward image processing approach is to extend the single
line least-squares fitting to two dimensions. Hill & Klewicki (1996) have pre-
sented an algorithm in which a region of interest (ROI) is defined around each
intersection point. The ROI is defined by four approximate points, two on each
of the intersecting lines. Least squares fitting is used to precisely locate the
line center of each of these points. A pair of straight lines are then defined by
connection of each of the two pairs of points determined from the least squares
procedure. The final grid point is defined by the intersection of the resulting
two lines.

Gendrich & Koochesfahani (1996) have developed an alternative MTV grid
image processing algorithm based on direct digital spatial cross-correlations.
The technique, which is similar to that often employed for Particle Image Ve-
locimetry, offers certain advantages over the traditional line-center methods. In
particular, it is a more general scheme that is independent of the specific inten-
sity distribution within a tagged region and can accommodate arbitrary tagging
patterns including those due to non-uniform scalar mixing fields. A rectangu-
lar window, termed the source window, is selected in the vicinity of each line
crossing in the original “tagging” image. This source window is vector displaced
throughout a larger “roam” window in the displaced image. The vector displace-
ment is determined based on the maximum spatial correlation between the two
images. Gendrich & Koochesfahani report typical uncertainty of ±0.10 pixel,
based on 95% confidence.
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Figure 4.16: Two dimensional illustration of simplified ray tracing procedure. Actual
computations are done in three dimensions.

4.4.3 Ray tracing

We conclude this section by briefly considering the effects of curved surfaces,
such as optical windows, or the fluid itself. Fig. 4.16 illustrates a simple droplet
ray tracing procedure outlined by Harris (1996). The basic idea is to computa-
tionally transfer the intensity from the CCD image plane back to the original
fluid object plane. The image optics are modeled as a simple pinhole, and in-
tensity is translated in a straight line from a given CCD pixel, through the
pinhole, until the curved surface is reached. Snell’s law is then used to calculate
a three-dimensional refraction angle. The translation is then continued until the
plane containing the original tagged line and the principal flow axis is reached
(in Fig. 4.16 this plane is assumed to contain the droplet centerline). The proce-
dure is repeated for each CCD pixel. For small curved objects, such as droplets,
the systematic error can be significant due both to imprecisely defined curvature
and the lack of precise knowledge of the tagging position. In his droplet studies,
Harris (1996) concluded that uncertainty of only a few percent in the droplet
radius was sufficient to generate uncertainties of up to ±20% in the absolute
velocity. This was more than an order of magnitude larger than the reported
uncertainty in the relative velocity profiles.

If stereoscopic interrogation images are available, then both images can be
ray-traced simultaneously. The corrected object location corresponds to the
point where the two transferred fluid elements intersect (Harris, 1999).
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4.4.4 Molecular Tagging Thermometry

Depending on tracer properties and method of implementation, molecular tag-
ging methods can be used for multi-variable mapping. For example, MTV has
been combined with traditional laser induced fluorescence (LIF) for simultane-
ous quantification of velocity and concentration fields (Koochesfahani, Cohn &
MacKinnon, 2000). Simultaneous mapping of velocity and temperature fields
can be achieved using phosphorescent supramolecules, where a single tracer is
utilized for both velocimetry and thermometry. Details of this approach are the
focus of this section.

For some molecules, the photoluminescence (either fluorescence or phospho-
rescence) emission intensity is temperature dependent, allowing the measure-
ment of the emission intensity of tracer molecules to be used to quantify the
temperature field in a fluid flow. This has led to the widespread use of the LIF
technique for fluid flow temperature measurement in recent years.

When using phosphorescent supramolecules, according to Eqn. 4.1 the phos-
phorescence signal collected by a detector at a delay time to after the laser
excitation pulse is given by:

S = Ioτe
−to/τ

[
1− e−τexp/τ

]
(4.6)

Since the absorption coefficient, phosphorescence quantum yield, and the phos-
phorescence lifetime are in general temperature-dependent, the phosphorescence
signal may, in principle, be used to measure the temperature if the incident laser
intensity and the concentration of the phosphorescent molecules remain con-
stant (or are known) in the measurement region. This intensity-based approach
was taken in the original work of Thomson & Maynes (2001), who coined the
term molecular tagging thermometry (MTT). In that work, the fluid temper-
ature was measured using the phosphorescence intensity of the phosphorescent
supramolecules acquired with a short fixed time delay (8 µs) after the laser pulse.
Furthermore, the fact that the phosphorescence signal is a function of delay time
to, which is a controllable parameter, has been utilized to significantly increase
the sensitivity of temperature measurements (Hu, Lum & Koochesfahani, 2006).

Many limitations of the intensity-based approach can be removed by relying
only on the temperature dependence of phosphorescence lifetime and taking
advantage of the ratiometric approach of lifetime-based thermometry (Hu &
Koochesfahani, 2003). It is easy to show that the ratio of phosphorescence
signals S2 and S1 acquired with the same exposure at two successive times, 4t
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Figure 4.17: Variation of phosphorescence lifetime versus temperature (from Hu &
Koochesfahani, 2006).

apart, is given by:
S2

S1
= e−4t/τ (4.7)

In other words, the intensity ratio of the two successive phosphorescence im-
ages is only a funtion of the phosphorescence lifetime τ , and the time delay 4t
between the images, which is a controllable parameter. Therefore, as long as
the temperature dependance of phosphorescence lifetime is known or measured
for a particular tracer, Eqn. 4.7 allows the determination of fluid temperature
from the measured phosphorescence intensity ratio. This ratiometric approach
eliminates the effects of variations in Io and, along with it, any temporal and
spatial variations in the incident laser intensity and non-uniformity of the tracer
concentration. Fig. 4.17 depicts the measured temperature dependence of life-
time for the water-soluble phosporescent supramolecules based on the triplex
1-Bromonapthalene, Mβ-CD and alcohol cyclohexanol. The phosphorescence
lifetime decreases monotonically with increasing temperature.

Simultaneous velocity and temperature measurements using Molecular Tag-
ging Velocimetry and Thermometry (MTV & T) can be achieved with the same
instrumentation as that used for MTV alone. A pulsed laser is used to tag the
molecules in the regions of interest; the displacement of the tagged regions pro-
vides the velocity information and the phosphorescence intensity decay within
those regions is used to determine the temperature. An example of such mea-
surements is provided next from an investigation of the wake of a heated cylinder
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Figure 4.18: A typical phosphorescence image pair used for MTV & T measurements
in a heated cylinder experiment (from Hu & Koochesfahani, 2006). Left: first image
acquired 1 ms after laser pulse. Right: second image acquired 5 ms after laser pulse.

(Hu & Koochesfahani, 2006). The MTV & T technique has also been utilized
in microfluidics studies (Lum, 2005; Hu et al., 2010).

The heated cylinder study of Hu & Koochesfahani (2006) considered a cop-
per tube of outer diameter D = 4.76 mm placed horizontally in a gravity-driven
vertical water channel. The Mβ-CD version of the phosphorescent triplex was
premixed with the aqueous working fluid at a composition similar to that given
in section 4.3.1. A constant head tank maintained a steady inflow condition with
an approach flow speed of Uinlet = 3.2 cm/s and temperature of Tinlet = 23.2C.
The resulting cylinder Reynolds number was about 160. The temperature of the
heated cylinder was maintained at Tc = 56.5C using a rod cartridge heater, lo-
cated inside the copper tube. The corresponding Richardson number was about
0.36.

Fig. 4.18 shows a typical pair of phosphorescence images acquired at two
different time delays after the excitation laser pulse. The dense grid of inter-
secting laser lines used for molecular tagging was created from the 20 ns, 150
mJ/pulse beam of an Excimer UV laser (308nm wavelength). A 12-bit, 1280 ×
1024 pixel, gated intensified CCD camera (PCO DiCam-Pro), operating in the
dual-frame mode, acquired two full-frame images of phosphorescence in quick
succession from the same laser excitation pulse. In the results shown here, the
first and second phosphorescence images were captured at time delays of 1 ms
and 5 ms after the laser pulse, resulting in a fixed time delay ∆t = 4 ms between
the two images. The exposure period was 1 ms for both.

The dark bands on the top right of the images in Fig. 4.18 are shadows



Molecular Tagging Velocimetry and Thermometry 101

caused by the cylinder blocking the laser beams. The “dark regions” in the
phosphorescence images downstream of the cylinder correspond to the warm
fluid shedding periodically from the hot boundary layer around the heated cylin-
der. Comparison of the two images shows that the dark regions become more
pronounced as the time delay between the laser pulse and phosphorescence ac-
quisition increases. This is due to the fact that the warmer fluid has a shorter
phosphorescence lifetime, resulting in a larger decay in emission intensity than
that in the cooler ambient fluid.

The simultaneous velocity and temperature fields derived from the image
pair in Fig. 4.18 are shown in Fig. 4.19. The velocity distribution was deter-
mined by measuring the displacements of the tagged regions using the spatial
correlation approach of Gendrich & Koochesfahani (1996). The size of the source
window was 32 × 32 pixel, corresponding to a region 1.12 mm × 1.12 mm in
physical space. To determine the temperature, the average phosphorescence in-
tensity over the source window in the first phosphorescence image is calculated.
The molecules tagged within this region convect to a new region in the sec-
ond phosphorescence image according to the already measured displacement in
the MTV step. The average phosphorescence intensity is then calculated over
the displaced region in the second phosphorescence image. The ratio of these
average phosphorescence intensities is used to calculate the phosphorescence
lifetime, resulting in the measurement of temperature according to the lifetime-
versus-temperature calibration curve in Fig. 4.17. This measurement represents
an average temperature over the source window. Based on the signal-to-noise
characteristics of their imaging sensor, Hu & Koochesfahani (2006) estimate an
instantaneous temperature error of 0.8C at each pixel. For the results shown
here, which are based on a 32 × 32 pixel region, the instantaneous measurement
error due to noise in the phosphorescence images is estimated to be less than
0.10C. In other words, the spatial averaging over the source window improves the
temperature measurement accuracy, but at the expense of reducing the spatial
resolution of the measurement.

The instantaneous temperature field in the wake of the heated cylinder,
Fig. 4.19, clearly shows the alternate shedding of “warm blobs” associated with
the Karman vortices. The mean velocity and temperature fields, calculated from
the time series of 350 instantaneous realizations, are illustrated in Fig. 4.20. The
mean velocity map shows a re-circulation region in the wake with an average
length that is about 2.9 cylinder diameters. The mean temperature distribution
reveals a double-peaked temperature distribution with the two high temperature
regions occurring at the two sides of the wake, corrsponding to the shedding
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Figure 4.19: Instantaneous velocity and temperature fields derived from the image
pair in Figure 4.18 (from Hu & Koochesfahani, 2006). Temperature normalization is
(T − Tinlet)/(Tc − Tinlet). Left: instantaneous velocity field. Right: instantaneous
temperature field.

Figure 4.20: Mean velocity and temperature distributions (from Hu & Koochesfahani,
2006). Temperature normalization is (T − Tinlet)/(Tc − Tinlet). Left: mean velocity
field. Right: mean temperature field.

paths of the warm blobs revealed in the instantaneous temperature fields. Since
the velocity and temperature fields are measured simultaneously, the correlation
between the velocity and temperature fluctuations can also be calculated to gen-
erate the distribution of the mean turbulent heat flux; see Hu & Koochesfahani
(2006).
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