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ABSTRACT

This study proposes a two-color laser-induced fluorescence (LIF) technique for measuring the temperature distribution
of an airflow by spraying a mist of a fluorescent dye. The mist is generated by using propylene glycol, the vapor pres-
sure of which is much lower than that of water, as the solvent of the fluorescent dyes. A supersonic moisture chamber is
used as the atomizer for seeding the tracer particles to be visualized. The proposed technique is applied to the measure-
ment of the temperature distribution in a thermal vertical buoyant plume. The proposed two-color LIF thermometry is
found to be very effective for the study of such a thermal structure, and it is well suited for measuring the temperature

field of an airflow.

Keywords: Flow Visualization; Two-Color LIF; Temperature Measurement; Spraying Mist

1. Introduction

In order to understand the transport phenomena of heat
and fluid flow in various fields of engineering, it is es-
sential to develop experimental methods for measuring
the temperature field in the fluid flow.

For temperature field measurement of an airflow, the
nitric oxide LIF (NO-LIF) method [1-3] or the acetone
planar LIF (PLIF) method [4-5] have been employed.
However, these methods have two drawbacks: the sensi-
tivity of fluorescence intensity for temperature variation
in these methods—NO-LIF: 0.05%/K [1] and PLIF:
0.4%/K [4]—is lower than that for the two-color laser-
induced fluorescence (LIF) method for the temperature
measurement of water flow—2.3%/K [6]—and a very
expensive UV laser is required for the NO-LIF and PLIF
methods.

The two-color LIF technique is suitable for performing
temperature measurements of water flow. Doing so eli-
minates the influence of laser intensity fluctuations ob-
served in the single-color LIF technique, which is a sig-
nificant source of error in the temperature measurement
[6]. But the two-color LIF technique has not been applied
to airflows because while the fluorescent dyes could be
dissolved and could generate water mist for visualizing
the airflow, they vaporized easily and dissipated imme-
diately and could thus not be visualized successfully.

The present study aims to solve the abovementioned
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problems by developing a technique for the simultaneous
measurement of the temperature field of an airflow by
using the two-color LIF method.

2. Measurement Techniques
2.1. Improvement of Visualization Techniques

In this study, we used a single-color camera for tempera-
ture measurement using the two-color LIF technique [4].
Therefore, the fluid temperature could be measured if the
relationship between the intensity ratio and the tempera-
ture was known. It should be noted that the R, G, and B
filters of the color camera pass light having a wavelength
of 575 - 640, 490 - 575, and 400 - 485 nm, respectively.
Rhodamine B (emission wavelength: 575 nm) and Rho-
damine 110 (emission wavelength: 520 nm) are selected
as the temperature-sensitive and insensitive dyes, respec-
tively. The R and G filters of the color camera serve to
separate the excitation light and the emission light.

The temperature measurement of an airflow using
two-color LIF was performed by spraying a mist of the
fluorescent dye in the test vessel. A solution mist of
fluorescent dyes could not be used for visualization be-
cause it vaporized and dissipated as soon as it was
sprayed. To avoid this problem, we used propylene gly-
col, the vapor pressure of which (~10 Pa) is much lower
than that of water (>2000 Pa), as the solvent of the
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fluorescent dyes. A supersonic moisture chamber was
used as the atomizer and the Sauter mean diameter of the
propylene glycol mist was ~3 um, which was measured
using a light-scattering airborne particle counter.

The fluorescence intensity from the mist is much
smaller than that from the liquid solution, and it is diffi-
cult to visualize clearly. In the previous study, a 488 nm
Arion laser was used as the light source. Such a process
could not be applied when the fluorescence intensity be-
comes relatively too small compared to that by scattering
using an incident laser beam. To solve this problem, we
used a 445 nm diode laser (power: 1000 mW) as the light
source, because the shorter wavelength can reduce the
incidence of the laser beam to the green image of the
color camera such that the fluorescence can be detected.
Furthermore, we used a long-pass filter (>480 nm) to re-
duce the incidence of the 445 nm diode laser on the cam-
era.

2.2. Experimental Setup

The temperature field of air was measured using the ex-
perimental apparatus shown in Figure 1. The test sec-
tion’s volume was 400 x 250 x 280 mm". The test sec-

tion was visualized by using a 445 nm diode laser (power:

1000 mW). The laser light sheet was generated by scan-
ning a laser beam by using a rotating mirror instead of a
cylindrical lens, because the light sheet generated by a
cylindrical lens has nonuniformity and the S/N ratio var-
ies significantly over the measurement region.

The concentration ratio of Rhodamine B and Rhoda-
mine 110 was set to CR = 20, which was known as the
optimum concentration ratio of these dyes [6]. A color
camera (Nikon D5100, 14bit, 4928 x 3264 pixels) was
used to record the visualized image.

The temperature of the atmosphere was T, = 25°C, and
a buoyant plume was generated from the circular pipe

Scanning
mirror

moisture

ﬁi chamber

Color camera

Figure 1. Experimental setup (unit in mm).
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(inside diameter: D = 14 mm) at the bottom surface of
the test section. The temperature of hot air was T, =35°C
at y = —10 mm in the nozzle, and the average velocity
was Vo = 10 mm/s. Therefore, the Froude number of the
vertical buoyant plume was Fry = 4.23, and the Reynolds
number was Re = 1670. The above conditions were se-
lected because the temperature distribution of the thermal
plume was obtained suitably [7]; the temperature distri-
bution was predicted to be stable. These conditions were
suitable for evaluating this measurement method.

3. Results

3.1. Application to Temperature Distribution in
Thermal Buoyant Plume

Figure 2(a) shows images of the sprayed fluorescent
mist as visualized by a diode laser and color camera at
various temperatures. The image at lower temperature
(25°C) has an orange color, and the color changes
slightly at a higher temperature (35°C). Figure 2(b)
shows the variation of R/G with respect to temperature;
the R/G value constantly decreased with an increase in
temperature, which was the same result as that of the
two-color LIF method using a single-color camera [4].
This result suggests that the R and G filters of a color
camera can be used as filters for the two-color LIF tech-
nique even though the object to be visualized has
changed from a liquid to a spray. In this study, the tem-
perature measurement range was limited by the specifi-
cations of the experimental setup; however, this meas-
urement range is expected to extend to be the same as
that of the two-color LIF technique for water flow (0°C -
60°C) [6].
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Figure 2. Visualized image and optical characteristics of
two-color LIF image. (a) Visualized images; (b) Relation-
ship between temperature and R/G.
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Figure 3 shows the temperature distributions in the
thermal buoyant plume. It shows the instantaneous struc-
ture of the thermal plume that was generated from a cir-
cular nozzle and that interacted with the stagnant sur-
rounding cold air. In the previous experimental and nu-
merical study of a vertical buoyant jet, it was shown that
the jet became stable and the decrease in temperature by
the inflow did not occur [7]. The temperature distribution
in this study shows good agreement with that in the pre-
vious study. We found two-color LIF thermometry to be
very effective for the study of the thermal structure of
plumes. Furthermore, we found that the two-color LIF
technique was well suited for measuring the temperature
field of an airflow.

3.2. Uncertainty Analysis

As a part of our assessment of the proposed visualization
technique, we investigated its temperature measurement
uncertainty. The uncertainty originates from the error
sources, such as the temperature calibration by a ther-
mocouple (bias error: +0.05 K), color-to-temperature
transformation, image processing, fluctuation of the par-
ticle density of the fluorescent mist, and tracing accuracy
of the fluorescent mist. The measurement uncertainty in
color-to-temperature transformation and image process-
ing can be evaluated from a comparison of the experi-
mental data of the temperature measurement of two-color
LIF with that of a thermocouple in a uniform temperature
field.

A uniform temperature field was generated by heating
and mixing the atmosphere in the test section by using a
heater and an electric fan. The result indicates that the
standard deviation of temperature was +0.30 K (precision
error).

The non-uniform tracer particle diameter of the fluo-
rescent mist was considered to influence the evaluated
temperature, but it was not kept steady because the mist
was always dropping and mixing with surrounding flows.
Therefore, the influence of the dropping and mixing of
the fluorescent mist was also evaluated by spraying the
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Figure 3. Temperature distribution of vertical thermal
plume.
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mist and recording the visualized images and evaluating
the time variation of the evaluated temperature for 10
min (Figure 4). The result shows that the evaluated stan-
dard deviation of the temperature fluctuation due to non-
uniform tracer particles was £0.41 K (precision error).

It was also necessary to evaluate the tracing accuracy
of the fluorescent mist as it is related to the temperature
of the atmosphere. The temperature variance of a pro-
pylene glycol mist surrounded by air was evaluated by
numerical simulation using an unsteady one-dimensional
thermal diffusion equation of spherical coordinates which
is expressed by the following Equation [8]:

or 1 0 , 0T
—=——|kr— 1
pc@r r ar( Grj M

where, r is the radial coordinate, 7 is the time, T is the
temperature, k, p and c is the thermal conductivity, den-
sity and specific heat at constant pressure, respectively.
These thermal properties are given as a function of tem-
perature.

The tracking time of the propylene glycol mist to reach
the temperature of air was evaluated at various diameters
of the mist (D,: 1 - 5 um, 25°C) and the temperature dif-
ference between the mist and surrounding air (2.5 - 40 K).
The mist temperature is defined as volume average tem-
perature. Table 1 lists these results. The tracking time is
defined as the time until the temperature difference be-
comes smaller than 0.01 K. In these conditions, the track-
ing time is less than 0.1 ms.

The latent heat of vaporization of propylene glycol is
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Figure 4. Time variation of evaluated temperature.

Table 1. Tracking time of propylene glycol mist without va-
porization.

Dy/pm AT/K Tracking time

1 0.0028
10

2 0.0118

2.5 0.0209

5 0.0240

3 10 0.0272

20 0.0309

40 0.0355

4 0.0491
10

5 0.0773

Tracking time: unit of milliseconds.
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300 times the heat capacity of the liquid state. The track-
ing time increases with the increasing heat quantity dur-
ing the phase change. However, this increasing time de-
creases when the magnitude of the heat flow from the
surrounding air to the mist increases. For example, if the
temperature difference is 1 K and all the mist vaporizes,
the tracking time is about 301 times longer than that in
the non-vaporized case. This is because the required heat
quantity is the sum of the increase in the amount of in-
ternal energy and the heat quantity during the phase
change. However, under normal conditions, the tempera-
ture difference is larger than 1 K, and only a part of the
mist is vaporized. Therefore, the tracking time did not
become so large. We assume that the tracking time was
less than 1ms.

This evaluation did not take into account the influence
of convective heat transfer by the difference between the
speed of the mist and the surrounding air. Therefore, the
actual tracing accuracy will be higher than is indicated by
this result, because the influence of the convective heat
transfer leads to an improvement in the tracing accuracy.
Therefore, the total uncertainty interval of temperature at
95% coverage was £0.99 K and the tracking time was
less than 1 ms.

4. Conclusions

The two-color LIF technique was used for measuring the
temperature of an airflow by spraying a mist of propyl-
ene glycol and by using a 445 nm diode laser. The pro-
posed measurement technique was successfully applied
to a vertical buoyant plume. The total uncertainty interval
of temperature at 95% coverage was +0.99 K and the
tracking time was less than 1 ms.

The expansion of the temperature measurement range
and a detailed study of a vertical buoyant plume for
various Froude numbers will be conducted in the next
study.
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