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Molecular Tagging Velocimetry Measurements
in Supersonic Microjets
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The application of acetone-based molecular tagging velocimetry (MTV) is demonstrated in sonic and super-
sonic jets produced by a 1-mm-exit-diameter nozzle. Measurements are performed in the static pressure range
1.3–53 mbar, with spatial resolution of approximately 10 ¹m. The statistical uncertainty (2¾) in velocity is found
to be of order 6–10 m/s, approximately independent of � ow� eld pressure. Acetone laser-induced � uorescence tem-
poral decay curves were also obtained, with 1/e lifetime found to range from » 200 ns at 1.3 mbar to less than 50 ns
at 24 mbar. These relatively short lifetimes were nonetheless suf� cient to obtain MTV data over the entire pressure
range.

Introduction

I N recent years, the interest in microdevices and systems has in-
creasedrapidly,and this trend is expected to continue for years to

come. Gaseous � ow through and within such devices is a principal
consideration in many applications, and its understanding can be
crucial for optimizationof performance.Although the past 10 years
has seen enormous progress in the general areas of microelectro-
mechanical systems design and fabrication,detailed understanding
of fundamental physical processes on these small scales is ham-
pered by the lack of suitable quantitativemeasurement tools. In this
paper, we demonstrate the use of acetone-based molecular tagging
velocimetry(MTV) forquantitativemeasurementof velocityin high
subsonic to supersonicjets issuing from micronozzles,such as those
that might be employed for � ow control and/or small satellite orbit
maintenance.1;2

In general,micro� ows canbeparameterizedby theKnudsennum-
ber, K n D ¸=±, where ¸ is the molecular mean free path and ± is a
characteristic � ow length scale, which is typically a dimension of
the device or system. Although there are some differences in the
literature, the following is a typical breakdownof how the Knudsen
number delineates the possible � ow regimes3: K n < 0:001, contin-
uum � ow; 0:001 < K n < 0:1, slip � ow; 0:1 < K n < 10, transition
� ow; and K n > 10, free-molecule � ow.

Although there has been considerable recent progress in the de-
velopment and application of quantitative velocimetry techniques
in incompressiblemicro� ows, in both the liquid4 and gas5;6 phases,
the extension to compressible � ow has proven dif� cult. This pa-
per focuses on demonstrating the capability of using acetone-based
MTV to obtain quantitativevelocity pro� les in high subsonic to su-
personic jets produced by nozzles with exit diameter of 1 mm and
static pressures and temperatures of order 1.3–24 mbar and 250 K,
respectively. These conditions correspond to a Knudsen number
range from approximately 0.002 (low-density end of continuum
regime) to 0.035 (slip regime).

MTV is a time-of-� ight technique in which a laser is used to write
a line (or set of lines) into a � ow by means of an optical resonance
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with a suitable target tracer molecule. A particularly simple gas-
phase MTV technique,originallydemonstratedby Hiller et al.,7 has
recentlybeen presented in more detail by Stier and Koochesfahani.8

This approach utilizes biacetyl as a molecular tracer that, due to its
relatively high vapor pressure at room temperature (on the order
of millibars), can be readily seeded into gas-phase � ows. Biacetyl
has two strong absorption peaks centered at 270 and 430 nm. On
absorption it exhibits relatively long-lived radiative emission (on
the order of 0.1–1.0 ms) in nitrogen � ows. (The phosphorescenceis
rapidly quenched in the presenceof oxygen.) Velocity is determined
by imaging the laser-induced phosphorescence from the initially
excited line a suitable time delay after excitation.The measurement
requires only a single, modest, power-pulsed near UV laser (on the
orderof 1 mJ per line) for the tagging step, and a gatable, intensi� ed
charge-coupled device (CCD) camera for the subsequent imaging
(or interrogation) step.

At the suggestionofManoochKoochesfahaniin a privatecommu-
nication,we haveperformedtheMTV measurementsto bepresented
in this paper using acetone, which has a higher vapor pressure than
biacetyl and is somewhat easier to work with. (Although biacetyl is
not toxic, the human nose is quite sensitive to it, necessitatingsome
additional experimental care.) Although acetone has been used ex-
tensivelyas a tracer for scalar mixing studies,7¡13 this paper reports,
to our knowledge, the � rst use of acetone as a molecular tracer for
quantitative velocimetry. Acetone photophysics is similar in many
respects to biacetyl, except that it is excited in the wavelength range
of approximately230–340nm. This absorptionbandis well matched
to the outputs of either the Nd:YAG (fourth harmonic at 266 nm) or
XeCl (308-nm) lasers.

MTV is similar, in many respects, to what is termed � ow tagging
velocimetry.14 Flow taggingutilizesa pairof excitationlasers,oneof
which drives the tagged molecules into an excited, metastable elec-
tronic and/or vibrationalstate, or induces a photochemicalreaction.
After a suitable time delay, standardplanar laser � uorescenceimag-
ing techniques, employing a second laser, are used to interrogate
the displacement of the initially tagged � uid elements. Gas-phase
oxygen- and ozone-based� ow tagging have recentlybeen reviewed
byMiles et al.15 andPitz et al.,16 respectively.ApplicationofMTV to
incompressible � ow has recently been reviewed by Koochesfahani
et al.,17 who employed long-life time supramolecules,and Lempert
and Harris,18 who employedcageddye photoactivated� uorophores.

Experimental Approach
Figure 1 showsa schematicdrawingof theessentialfeaturesof the

experimentalapparatus.The completefacilityconsistsof a vertically
oriented volatile vapor seeding cylinder, a 25:4 £ 25:4 £ 101 mm
rectangular test cell with four-sided optical access, a 5-liter cylin-
drical dump tank, and a 1000-liter/min vacuum pump. To mini-
mize interference from window � uorescence, suprasil quartz was
employed, which exhibits exceedingly low levels of � uorescence.
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Acetone-seeded nitrogen test gas is delivered by bubbling dry
nitrogen from a standard laboratory cylinder through the seeding
chamber to the nozzle. (The mole fraction of acetone has not been
determined.) The test gases are delivered at ambient room temper-
ature. Nozzles are inserted into the test cell by means of standard
� ttings. As an initial test case for molecular tagging, a 1-mm-i.d.
straight cylindrical tube has been employed as the nozzle. A pres-
sure tap was drilled into the nozzle, at a location 1–2 mm from the
exit. A second pressure tap is located in the test section, to provide
a measurement of the ambient back pressure. For the work to be
presented in this paper, the jet was operated with an exit pressure in
the range »1:3–53 mbar. The facility pumping speed was adjusted
by partial closing of a valve located between the exit of the dump
tank and the pump. By suitable combinationof stagnationpressure,
� ow rate, and pumping speed, the nozzle could be operated in � ow
regimes ranging from pressure matched (Pexit D Pambient ) to highly
underexpanded(from Pexit up to 10Pambient ).

Single lines were written into the � ow at a location » 3
4 mm from

the nozzle exit by focusing the fourth harmonic output (at 266 nm)
from a mini, pulsed Nd:YAG laser using a 100-mm-focal-length
planoconvex lens. The individual pulse energy was approximately
8 mJ, and the pulse duration was approximately5 ns. Displaced im-
ages were captured using an 18-mm microchannelplate intensi�ed
CCD (ICCD) camera and a standard Nikon 50-mm F=1:8 35-mm
format camera lens. Image magni� cation of either »2:1 or 4:1 was
accomplished by inclusion of a suitable number of lens extension
tubes. The effective spatial resolutionof the measurement, although
not studied in detail, is, in principal,determined by the combination
of the ICCD resolution(»25 lp/mm) and the lens magni� cation. As
an example, at 4:1 magni� cation, a spatial resolution of 40 ¹m (or
25 lp/mm) in the image plane (i.e., at the plane of the image intensi-
� er) maps into 10 ¹m in the objectplane, that is, the � ow� eld. This,
in turn, maps into approximately one CCD pixel, assuming a pixel
size of »20 ¹m and a 2:1 image relay lens between the intensi� er
and the 10-mm format CCD sensor. However, as will be discussed

Fig. 1 Schematic diagram of apparatus.

a) b) c) d)

Fig. 2 Representative MTV images obtained under near pressure matched conditions at a) 2.6 mbar b) 5.2 mbar, and c) 7.9 mbar; d) right-hand
image obtained 10 ns after tagging at 7.9 mbar shows approximate initial tagging position, which is » 0:75 mm downstream from nozzle exit. Flow
direction is from right to left. Time delay is 350 ns for 2.6-mbar image and 400 ns for 5.2- and 7.9-mbar images.

in more detail, realizable spatial resolution, particularly at low
density, can be constrained by mass diffusion and collection solid
angle.

For all measurements to be presented in this paper, signals were
averaged for 5–10 s, at a laser repetition rate of 10–20 Hz. Images
obtainedat two timesand four timesmagni� cationhave correspond-
ing spatial scales of »14 and 9 ¹m/pixel, respectively.

Results
Velocity Images

Figures 2a–2c show a representative set of acetone MTV inter-
rogation images obtained under pressure matched conditions with
Pexit D Pambient D 2:6, 5.2, and 7.9 mbar, respectively.In all cases the
line was written » 3

4 mm downstream from the jet exit. The interro-
gation delay time was 350 ns for Fig. 2a and 400 ns for Figs. 2b and
2c. The approximate initial tagging position is illustrated in Fig. 2d,
which shows a line 10 ns after tagging. In all cases, the images were
obtainedusing the 2:1 magni� cation system, and the displayed� eld
of view is 5 £ 8 mm. As will be described in more detail in the next
section, least-squares� ts indicate centerline velocities of 248, 307,
and 344 § 8–10 m/s (2¾ ), respectively, for Figs. 2a–2c.

Also evident in the images of Fig. 2 is the considerable effect
of mass diffusion. The increasing thickness of the interrogated line
with decreasingpressureis qualitativelyconsistentwith theexpected
linearly increasing coef� cient of mass diffusion.

Figure 3 shows a velocity image obtained with the jet oper-
ated under highly underexpanded conditions (Pexit » 53 mbar and
Pambient » 9:2 mbar) with a time delay of 300 ns. The velocitypro� le

Fig. 3 Representative MTV image for nozzle operated under highly
underexpanded conditions: Pexit » 53 mbar and Pambient » 9 mbar.
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is clearly more � at topped, and intensity variation along the line is
quite apparent. As will be described, the interrogated signal inten-
sity is stronglyin� uencedby the pressuredependenceof the � uores-
cence lifetime. In addition, the magnitudeof the centerlinevelocity
and density is expected to signi� cantly change with an increasing
ratio of nozzle exit pressure to ambient pressureand the streamwise
distance from the nozzle exit.

Velocity Data
Quantitative velocity data are obtained using a simple least-

squares � tting procedure,19 similar to that which has been described
in previous � ow tagging studies.20 Note that the use of a single
MTV line limits the measurementto the componentof velocitynor-
mal to the initial tagging line. For all data presented in this paper, the
measured componentof velocity is along the jet/nozzle axis, which
is the principal � ow axis. Additionally, there is some potential in-
herent ambiguity in the transverse location of the interrogated � uid
element.Strategiesfor addressingthis issue, includinggrid writing21

and associated image processing,22;23 and direct Lagrangian frame
data/theory comparison,24 are discussed in detail in Ref. 25. With
this constraint,the velocity is assumed to be given by the ratio of the
displacement to the elapsed time and represents, therefore,a spatial
and temporal average. Figure 4 shows the digitized gray scale pixel
intensity from a single horizontalslice of the image in Fig. 3, as well
as from the zero delay image (not shown, but essentially identical
to Fig. 2d). Also shown in Fig. 4 are least-squares � ts to assumed
Gaussian and Lorentzian spatial pro� les, respectively, for the in-
terrogation and tagging data. (For reasons not entirely clear, the
tagging data are better representedby a Lorentzian pro� le, whereas
the interrogation data are better represented by the expected, mass
diffusion dominated Gaussian pro� le.) The selected slice is from

Fig. 4 Singlehorizontal slice of gray scale intensity (left-hand symbols)
and least squares � t (left-hand dashed curve) from near centerline of
underexpanded � ow image shown in Fig. 3; curve and symbols on right
are from initial tagging line, and spatial scale is » 14 ¹m/pixel.

Fig. 5 Similar to Fig. 4, except that data are from 7.9 mbar near pres-
sure matched MTV images of Fig. 2c (left) and Fig. 2d (right); spatial
scale is » 14 ¹m/pixel.

near the � ow centerline and the measured centerline � ow veloc-
ity is 661 § 10 m/s (2¾ ). Figure 5 shows a similar set of digitized
centerline slices obtained from the data of Figs. 2c and 2d. The cor-
responding velocity is 344§ 10 m/s, which is slightly greater than
the predicted Mach 1 centerlinevelocity of 320 m/s. Finally, Fig. 6
shows � ts from data obtained under near pressure matched con-
ditions at 1.3 mbar exit pressure, employing the four-times image
magni� cation system. The velocity is 200 § 6:6 m/s (2¾ ), indicat-
ing that the � ow has become subsonic throughout the entire radial
pro� le of the jet.

Discussion
Velocity Accuracy

All velocity accuracyvalues quoted in this work are derived from
the rms sum of the statisticaluncertaintiesin the linecenterpositions
of the zero delay (tagging) and displaced (interrogation) images,
as determined by the least-squares curve � ts (speci� cally, from the
diagonalelementsof the covariancematrix19 ). This assumes that the
residualbetween the best-� t curvesand the experimentaldata points
is due, entirely, to statistical scatter in the data. For the signal-to-
noise ratios S=N in the experimental images collectedfor this work,
the statistical uncertainty is typically found to be of the order 2–3%
of the full width at half maximum of the interrogated line segment.
This was found to be only a modest function of S=N ratio. Note
also that the contribution to the uncertainty due to the uncertainty
in time is negligible.

Inspection of Figs. 4–6 illustrates qualitatively the effect of mass
diffusion on the interrogated line pro� les, which is signi� cant at
the characteristically low static pressures employed in this work.
Quantitatively, the line width (half width at half maximum) of the
tagged � uid element ! should increase according to the following
equation26:

!2 D 41t Dm .2/ C !2
0 (1)

where 1t is the time intervalbetween tag and interrogation,!0 is the
initial thicknessof the tagged � uid element (dictated by the focused
laser beam thickness), and Dm is the coef� cient of mass diffusion.
For the case of binary diffusion of one species A into another, B,
this coef� cient is approximated by

Dm;AB D 0:0018583

p
T 3.1=MA C 1=MB /

P¾ 2
AB Äm;AB

(2)

where MA and MB are the molecular masses of the species, ¾AB is
the Lennard–Jones length parameter (in angstroms), T is the tem-
perature (in degrees Kelvin), P is the pressure (in atmospheres),
and Äm ;AB DK T="AB , where "AB is the Lennard–Jones well depth
parameter.27 Using data tabulated in Ref. 27, we predict a value of
Dm ;AB » ¡0:093 cm2/s at 1 bar and 300 K. However, preliminary
attempts to verify this were unsuccessful. Whereas linewidths ex-
tracted from MTV interrogated images scaled qualitatively as the
square root of elapsed time, quantitatively inferred diffusion coef-
� cients, scaled to 1 bar, were found to be too high by as much as a

Fig. 6 Gray scale intensity and least-squares � ts to pressure matched
data obtained at 1.3 mbar static pressure using higher magni� cation
four-times imaging con� guration; spatial scale is » 9 ¹m/pixel.
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Fig. 7 Statistical uncertainty in velocity as a function of time delay for
single slice of pressure matched MTV data obtained at 1.3-mbar static
pressure; minimum uncertainty (1¾) is 3.3 m/s at 600-ns time delay.

factorof two. Although this needs to be studied in more detail, there
are several potential sourcesof error, includingstatic pressure mea-
surement inaccuracy, � ow unsteadiness, and, as will be discussed,
possible photodissoication of acetone to lighter fragments and/or
insuf� cient depth of � eld in the imaging system.

Nonetheless, the primary signi� cance of Eqs. (1) and (2) is that,
at low densities, characteristic of slip and transition � ows, mass
diffusion (and, therefore, interrogated � uid element thickness) sig-
ni� cantly in� uences the realizable velocity accuracy. Fortunately,
because! increasesas only the square root of time, accuracycan be
increased, at least to some extent, by increasing the time delay be-
tween tag and interrogation.Figure 7 shows a plotof ¾v as a function
of time delay for pressure matched � ow at 1.3 mbar, obtained from
single horizontal slices of data, similar to those of Figs. 4–6. Note
that the velocity uncertainty decreases rapidly as 1t is increased
from »50 to 300 ns. A minimum value of 3.3 m/s (1¾ ) is reached
at 600 ns, after which the uncertainty increases slowly, due, pri-
marily, to a drop in signal-to-noiseratio in the interrogated images.
Note that, for this case, the mean � ow velocity is 200 m/s, so that
the best case accuracy corresponds to a fractional uncertainty of
»3:5% (2¾ /. The total � uid displacement required to achieve this
accuracy is »120 ¹m. Although a comprehensivestudy has not yet
been performed for other pressure conditions, it is anticipated that
the results will be similar. In particular, as will be described in the
next section,decreasedmass diffusionat higher pressure is approxi-
mately balancedby decreased� uorescencelifetime (and, therefore,
displacement), resulting in velocity uncertainty that is in the range
6–10 m/s, nearly independent of pressure.

Spatial Resolution
The spatial resolution of ICCD cameras has been discussed in

detail by Paul,28 including a detailed analysis of the effect of sheet
thickness on resolution in planar laser-induced � uorescence imag-
ing. Although somewhat of a simpli� cation, the criteria described
in Ref. 28 can be qualitativelyunderstoodby considerationof what
is known in geometrical optics as the depth of � eld ±a, which is
typically de� ned as

±a D 2¸.a=D/2 (3)

where a is the on-axis distance from the object to the lens, D is the
lens diameter, ¸ is the wavelength of light, and ±a is the maximum
§ displacement of the object from the true focus position, based
on the Rayleigh quarter-wave criterion (see Ref. 29). This allows
one to develop a criterion, albeit a qualitative one, for assuring that
degradationof spatial resolutiondue to object thickness is minimal.
For example, for ±a D §50 ¹m (or greater) and ¸ D 0:5 ¹m, a=D
must be »7 (or greater). Most of the images presented in this paper
were collectedwith a=D » 3, which implies some spatial resolution
degradation,particularlyat low pressurewhere, as discussedearlier,
diffusion signi� cantly increases the tagged � uid element thickness.
We plan to study this in more detail in the near future.

Acetone Fluorescence Characteristics
Acetone � uorescencehas been utilized extensivelyas a tracer for

scalarmixingmeasurements,particularlyin combustionstudies.9¡13

It is now generallyaccepted12 that on single photon excitation to the
S1 excited electronic state, � uorescence decay occurs through one
of four mechanisms:

1) The � rst mechanism is � uorescence decay to the ground state
(with radiative lifetime of »1 ¹s).

2) The second mechanism is rapid (»nanoseconds) collisionless
intersystemcrossing to an intermediatemixed state with singletand
triplet character.

3) At pressures exceeding a few millibar, this mixed state is
rapidly collisionally quenched to a long-lived (»milliseconds)
triplet excited state.

4) Finally, also at low pressure, collsional transfer to and sub-
sequent � uorescence decay from what is known as the hot triplet
state.30;31 It is processes 2 and 3 that, at high pressure, provide the
basis for scalar mixing studies because they have the effect, while
limiting the signal, of creating a pressure independent � uorescence
quantum yield. In this way, the detected signal becomes directly
proportional to acetone density.

At lower pressure, however, it appears that radiative decay from
the mixed and hot triplet states becomes signi� cant. Although these
states have not been studied in enormousdetail, it is clear that at ex-
tremely low pressures (order 10¡6 bar), the lifetimes can be as long
as tens of microseconds, depending on excitation wavelength.30;31

Although, to our knowledge,the radiativepropertiesof acetonehave
not been studied in detail in the pressure and excitation wavelength
regimeused in this work, it appearsthat theMTV measurementspre-
sented in this paper are taking advantage of a lifetime intermediate
between that of the � rst singlet (5 ns) and the triplet (milliseconds)
states. This hypothesis is supported by the data of Fig. 8, which
show the normalized � uorescence intensity as a function of time
delay for pressures ranging between 1.3 and 24 mbar. Again, these
data were extracted from least-squares� ts to singlehorizontalslices
of pressure-matched � ow data. The intensity axis is the product of
the peak intensity and the spatial width, which is proportional to
the spatially integrated intensity. Note that the 1=e � uorescencede-
cay decreases from »200 ns at 1.3 mbar to »50 ns at 24 mbar.
Whereas it is not obvious from Fig. 8, it was found empirically
that usable image data could typically be obtained for time delays
corresponding to drops in intensity of »1=e4 (or »2% of peak).
Additionally, by combination of the data of Figs. 7 and 8, it can
be seen that the minimum velocity uncertainty is obtained at time
delays correspondingto between 1=e2 and 1=e3 intensity decay. In-
spection of Fig. 8 also shows that the intensity does not appear to
decay as a single exponential, indicating the presence of competing
processes.Although this is reasonable, it has not yet been studied in
detail.

Note that we have not veri� ed the absence of acetone photodis-
sociation, which, under some conditions, is known to occur.32 In

Fig. 8 Acetone � uorescence decay as a function of time for pressure
matched � ow at static pressures between 1.3 and 24 mbar; usable MTV
images were obtained for time delays corresponding to approximately
1/e4 decay.
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Fig. 9 Acetone � uorescence intensity at t = t0 as a function of pressure.

particular, signi� cant fragmentation would in� uence both the � uo-
rescencelifetimeandmassdiffusion.We plandetailedspectroscopic
studies in the near future.

Finally, Fig. 9 shows the intensity of the initially tagged � uid as
a function of pressure in the range 1.3–10.5 mbar for single slices
of pressure-matched � ow data. These data were obtained using an
intensi� er gatewidth of 20 ns, which is much less than the1=e decay
time in this pressure range. Note that the signal is approximately
linear.This suggests that the techniquehas the potential to be used to
obtain density � eld data, which, when combined with velocity,will
yield momentum � ux and velocity–density correlation. Whereas
this type of combined scalar–vector MTV measurement has been
successfullydemonstratedin the liquid phase,21 extensionto the gas
phase will require knowledge of the temperature dependenceof the
acetone phosphorescencequantum yield, similar to that which has
been determined for � uorescence.12

Conclusions
We have demonstrated the applicability of acetone-based MTV

to quantitative measurement of velocity in supersonic � ows at
micrometer-scale resolution. Measurements have been obtained in
the � ow produced by a 1-mm-diam straight nozzle, in a static pres-
sure range between approximately 1.3 and 53 mbar and velocity
range from high subsonic to supersonic.

Least-squares � ts were performed to provide an estimate of the
statisticaluncertaintyin the experimentalvelocitydata. It was found
that mass diffusion signi� cantly in� uences the realizable accuracy
and spatial resolution, due to broadening of the spatial pro� le of
the interrogated images. Velocity accuracy was found to be of the
order 6–10 m/s (2¾ ), approximately independent of pressure in the
range 1.3–24 mbar. Whereas diffusion broadening decreases with
increasing pressure, the � uorescence lifetime and, therefore, the
usable time delay between tag and interrogation, also decreases,
resulting in an approximate cancellation of effects.

Acetone � uorescencedecay curves were obtained in the pressure
range 1.3–24 mbar. A very signi� cant pressure quenching was ob-
served, with the 1=e � uorescence lifetime decreasing from approx-
imately 200 ns at 1.3 mbar to approximately50 ns at 24 mbar. This
implies the possibility that MTV measurements at low pressure are
taking advantageof previouslyreportedmixed singlet-tripletand/or
hot triplet intermediate lifetime excited electronic states.
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