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Abstract
We present the development of molecular tagging velocimetry (MTV) capability for the NASA Zero Boil-Off Tank (ZBOT) 
experiment. The challenges of chemical solubility posed by the fluorocarbon working fluid and small range of velocities in the 
experiment are met using MTV based on the photobleaching of coumarin-153. The feasibility of measurements is demonstrated 
by one-component velocimetry (1c-MTV) in a setup with geometric characteristics that mimic the actual ZBOT test section.
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Cryogenic storage of propellant and life support consuma-
bles, which is essential to all stages of NASA’s exploration 
program, can suffer from heat leakage from the surround-
ings, resulting in liquid vaporization and significant mass 
loss and/or significant increase in the storage tank pressure. 
The Zero Boil-Off Tank (ZBOT) experiments are small-
scale experiments onboard the International Space Station 
(ISS) that use an optically transparent highly volatile simu-
lant liquid in an optically transparent sealed tank to study 
the transport and phase-change phenomena that control stor-
age tank pressurization and pressure control in microgravity 
(Kassemi et al. 2018). The empirical data from these experi-
ments are intended to complement the simultaneous com-
putational efforts in modeling the complex two-phase flow 
field in the tank and aid its validation. Potential concerns 
with using particles in the system for velocimetry motivate 
the current work in devising a molecular-based velocimetry 
approach using MTV.

The first challenge in using the MTV approach in the 
ZBOT experiment is the inherently slow speeds that are 
involved. For the slow natural convective flows during self-
pressurization and the faster jet mixing experiments, the 
expected velocities in the areas of interest are in the range 
 10−5–0.25 cm/s. Consequently, the time delay between tag-
ging and interrogation in some cases would have to be as 
large as several seconds to obtain sufficient displacement of 
tagged regions, given the ZBOT test section imaging field of 
view of about 10 cm. Based on Koochesfahani and Nocera 
(2007), such a long tracer lifetime requires MTV mecha-
nisms that rely on either photochromic dyes, or production 
of a luminescent molecule from caged fluorescent dyes, or 
its reverse approach “photobleaching” where, instead of 
releasing a luminescent tracer, a non-luminescent species is 
produced from fluorescent dyes, thereby creating a “nega-
tive” image.

The more important second challenge is the identification 
of molecular tracers that dissolve in the working fluid of the 
ZBOT experiment, PnP (perfluoro-n-pentane,  C5F12), keep-
ing in mind that most MTV tracers used in liquids to date 
have been in water or organic liquids (Koochesfahani and 
Nocera 2007). PnP is a member of perfluorinated solvents 
that are different from more traditional solvents; they are a 
fluorous phase that are neither polar nor non-polar. Among 
the many chromophores that were tested for their solubility 
in PnP, only coumarin-153  (C16H14F3NO2) was found to be 
suitable for MTV based on photobleaching. It is believed 
that coumarin’s  CF3 fluorous group is helping its solubility 
in PnP, albeit with low solubility. The measured absorp-
tion/emission spectra of coumarin-153 in PnP are shown 
in Fig. 1 (spectra measured using standard fluorometer and 
UV–Vis spectrometer). An excitation wavelength of 405 nm 
was selected for this development as a compromise between 
low absorption through the acrylic ZBOT test section while 

maximizing absorption by coumarin-153, and availability of 
laser wavelengths. The photobleaching rate of coumarin-153 
in PnP was characterized by placing the sample solution in a 
sealed vial that is continuously mixed with a magnetic stirrer 
while being irradiated with the CW 405 nm beam (0.8 mm 
diameter at 1/e2) from a diode laser (Coherent OBIS 405LX) 
with maximum power of 200 mW. The ratio of the irradi-
ated volume to the total sample volume was of order  10−3. 
The laser-induced fluorescence of Coumarin-153 emission 
was measured for different laser beam powers (25, 100 and 
200 mW) as a function of time. The bleaching rate, in terms 
of fluorescence emission intensity reduction with time, for 
the three beam powers tested can be conveniently collapsed 
onto a single curve when plotted against the total beam 
energy over the irradiation time period; see Fig. 2. We note 
that coumarin-153 can be effectively bleached with 405 nm 
excitation.

We demonstrate the feasibility of MTV based on pho-
tobleaching of coumarin-153 in PnP using the ZBOT bread-
board, an experimental setup designed to duplicate the geo-
metric characteristics and flow field of the actual ZBOT 
test section. As illustrated in Fig. 3, it basically consists 
of a simple recirculating flow loop where the PnP solution 
enters a sealed acrylic cylindrical tank (9.53 cm nominal ID) 
through a round jet (0.46 cm diameter) centrally located at 
the bottom. With the jet flow off, a slow natural convective 
flow exists in the tank due to small thermal gradients and 
PnP vaporization. The molecules along a line are tagged by 
photobleaching the fluid with the 405 nm, 0.8 mm diameter, 
beam of the OBIS laser described before. The laser pulse 
width is adjusted by an external analog modulation signal to 
create the tagged line over a prescribed short time duration. 
To image the movement of the tagged region, background 
illumination is provided by a laser sheet (about 20 mm in 
height) created from the 405 nm, 2 mm diameter, beam of a 
generic commercial-grade diode laser operating at about 20 
mW. The background laser power is chosen to produce suf-
ficient fluorescence intensity emission while minimizing the 
bleaching of the dye in the background (see later discussion). 
The images are acquired by a CCD camera (PCO Tech. Pix-
elfly USB) at a resolution of 696 × 520 pixel (using 2 × 2 
binning mode of the full sensor) at a rate of 27 Hz. A long-
pass filter with cut-off wavelength of 425 nm is used to block 
any laser scattering. For the purpose of this feasibility study, 
only the simplest implementation of MTV (i.e., 1c-MTV) is 
attempted, where a single tagged line is created in the flow 
and the velocity normal to the tagged line is measured.

Figure 4 shows a sample MTV image pair with a sin-
gle tagged line normal to the jet flow direction located at 
approximately 0.86 cm away from the jet exit, with the jet 
speed set to about 1 cm/s. The first image is taken after a 
250 ms laser pulse has created the tagged region. The sec-
ond image is recorded with a 555 ms time delay after the 
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first. The camera exposure for this measurement was set at 
0.3 ms. The displacement of the tagged line in the second 
image clearly depicts the underlying flow velocity profile. 
Note that it is possible to create a photobleached tagged line 
across the entire width of the ZBOT test section.

The top image of Fig. 4 shows a small displacement 
of the line at the jet center during the laser pulse width of 
tagging process. This displacement is consistent with the 
mean delay associated with this image (half of the laser 
exposure, i.e., 125 ms) as it is ~ 125/555 = 1/4.4 times the 
peak displacement between the two images. In general, 
there is a trade-off between keeping the laser pulse short 
and maximizing the contrast between the tagged region and 
the background, while recognizing that the bleaching rate 
is directly proportional to the excitation photon flux, which 
itself is given by the laser power density over the irradiated 
area. Figure 5 shows the measured tagged line image con-
trast (i.e., the background normalized intensity difference 
between the background and center of tagged line) versus 
the excitation energy of the laser pulse during tagging for 
two different laser power levels. Note the collapse of data 
onto a single curve that shows the tagged line image contrast 
gradually increases as the total energy used for bleaching is 
increased. We find that about a 20% contrast is sufficient for 
the purpose of MTV processing, consistent with information 
in Gendrich and Koochesfahani (1996). Based on Fig. 5, a 
laser pulse width of 250 ms was selected for the experiments 
reported here with the maximum available laser power of 
200 mW. No attempt was made to increase the laser power 
density by reducing the tagging beam diameter. We also note 
that the background laser sheet power density is about three 
orders of magnitude smaller than that of the tagging beam 
based on the respective laser power levels used and the areas 
of illumination. Therefore, photobleaching of the dye in the 
background is negligible.

The quantitative velocity information normal to the 
tagged line is obtained here at every pixel along the line, 
yielding velocity information every 130 μm, by measur-
ing the displacement of MTV image pairs using a spatial 
correlation process similar to Gendrich and Koochesfahani 
(1996). An example of velocity profiles measured in the 
upper range of velocities of interest to the ZBOT experi-
ment is shown in Fig. 6 for the case of the jet flow running 
at a steady speed of about 1 cm/s (i.e., same condition 
as that in Fig. 5). In these examples, consecutive image 
pairs (i.e., 37 ms apart) are correlated to obtain the dis-
placement data, and since the data rate of 27 Hz is much 
faster than any unsteady features of this flow field, three 
consecutive realizations in time are averaged (i.e., 120 ms 
temporal average) to reduce the random error without 
any loss of detail in the “instantaneous” characteristics 
of the profiles. Furthermore, spatial averaging with a top-
hat running average over five pixels was applied without 
sacrificing the spatial details of the profiles. We note that 
the composite profiles in Fig. 6 were obtained from single 
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Fig. 1  Absorption and emission spectra of coumarin-153 in PnP
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Fig. 2  Photobleaching of coumarin-153 in PnP in a continuously 
stirred sealed vial with continuous excitation by 405  nm CW laser 
(0.8 mm beam diameter)

Fig. 3  Experimental setup for MTV in PnP + coumarin-153 solution
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line tagging one at a time at four different locations down-
stream of the jet exit. The profiles are shown only for the 
central 10% of the full region of the tank, where the jet is 
present (see Fig. 4) since further away from this region the 
velocity essentially approaches zero and is not accurately 
resolvable for the time delay used here. The profiles in 
Fig. 6 clearly capture the details of the velocity profiles 
and their evolution downstream, including the reduction 
of peak velocity in the core jet and the presence of reverse 
(downward) flow outside the jet, as expected for this case 
involving a jet discharging into a confined fixed volume.

To assess the ability to measure the lower range of veloci-
ties of interest to the ZBOT experiment during self-pres-
surization, the jet flow is left off and the only flow present 
is the very slow natural convective flow in the tank due to 
small thermal gradients and PnP vaporization. Images are 

still acquired at 27 Hz but the exposure time is increased to 
5 ms to improve the image signal/noise ratio for the longer 
interrogation time delay required in this case. Figure 7 
shows sample composite velocity profiles across the width 
of ZBOT tank at several locations in the tank. For these 
measurements the time delay between image pairs that are 
correlated is increased to 1.8 s (i.e., 49 frames apart) to allow 
for enough displacement of the tagged line. Each profile 
represents an average of eight consecutive realizations, rep-
resenting a period of 2.1 s, which still faithfully preserves 
the “instantaneous” character of the velocity profile due to 
the very slow flow field involved. The same five-pixel spatial 
averaging as before is also used here, but only one in three 
vectors is shown in Fig. 7 due to the high density of points.

Note in Fig. 7 that velocities of  10−2 cm/s and below 
are easily resolved over the entire width of the ZBOT test 
section. Based on the expected sub-pixel accuracy of 0.05 
rms in measuring displacement from MTV image pair cor-
relation (Gendrich and Koochesfahani 1996), and the eight 
sample averaging used here, we estimate the velocity meas-
urement uncertainty in the data of Fig. 7 to be about  10−4 
cm/s. This uncertainty must be reduced further if we were 
to resolve velocities down to  10−5 cm/s. This would require 
considerations such as using longer time delays between tag-
ging and interrogation, detectors with higher pixel density 
and dynamic range, enlarging the field of view, etc.

In conclusion, we have demonstrated the potential of 
MTV measurements based on photobleaching of cou-
marin-153 as a viable technique for the measurement of 
velocity in the NASA ZBOT experiment. While the feasibil-
ity is demonstrated for the needs of a particular application, 
we believe it is the first time MTV has been applied in a 
fluorocarbon working fluid. For the purpose of this feasi-
bility study, we have used the simplest implementation of 
MTV, 1c-MTV, which is known to be limited by an inherent 
bias error in cases with strong velocity component parallel 
to the line of tagged molecules (Hill and Klewicki 1996; 
Koochesfahani and Nocera 2007). While this error may not 
be of consequence in the flows we have utilized here, it can 
be properly accounted for using a multi-time-delay approach 
(Hammer et al. 2013). A weakness of the approach based on 
photobleaching, however, is the irreversible nature of the 
process. At some point, the background intensity will drop to 
low enough level to render the contrast of the tagged region 
to be too low to be useful. In that case the ZBOT tank fluid 
would have to be replaced with a fresh batch. The technique 
introduced here may also provide new diagnostic approaches 
for other applications involving perfluorinated solvents. For 
example, these solvents are of interest in clinical research 
as an oxygen carrier due to their high solubility of gases 
(Winslow 2006).

Fig. 4  Sample MTV image pair inside the ZBOT setup with the inlet 
jet on. Laser pulse width = 250 ms. Field of view ≈ 9.7 cm × 4.2 cm
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Fig. 5  Image contrast of photobleached tagged line in cou-
marin-153 + PnP solution
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Fig. 6  Composite velocity 
profiles for the high-speed 
range. Jet exit plane is at (0, 0). 
Each profile is average of three 
consecutive realizations (i.e., 
120 ms temporal average)

Fig. 7  Composite velocity pro-
files for the low-speed range (1 
in 3 vectors shown). Each pro-
file is an average over ≈ 2.1 s. 
The dark solid lines mark the 
tank side walls
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