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The fluoroptic measurement method, recently de®eloped by Wagenaar and coworkers
to determine in a contactless manner the temperature of mo®ing particles, has been

( )impro®ed. It now has a higher accuracy approximately 5% and can be used for parti-
cles that mo®e at higher speeds. In addition, the technique has become much less
labor-intensi®e. Validation has been realized by comparing experimentally determined
heat-transfer coefficients for a cylinder in crossflow with predictions of se®eral well-
known correlations from the literature. A consistent de®iation of less than 10% is ob-
ser®ed. This comparison therefore shows the reliability of the fluoroptic measurement
method.

Introduction
Knowledge of the external heat-transfer coefficient � of a

particle is important for the design of process equipment in
which the particle has to be processed. Examples of such pro-
cesses are drying, calcination or roasting of solids, and the
combustion, gasification, and pyrolysis of biomass and waste
material. External heat-transfer coefficients can be deter-
mined from the combination of temperature change and
heat-transfer exposure time. Several experimental techniques
are available to determine the temperature of flowing parti-

Ž .cles. Wagenaar et al. 1994a compiled an extensive survey
and discussed measurements with thermocouples, particle
collectors, two-color pyrometers, change in magnetic perme-
ability of ferrites, liquid crystals, drying and sublimation of

Žsolids, and change in quantum yield of phosphors fluoroptic
.measurement method . They demonstrated that this last

method was best suited to determine the temperature of par-
ticles flowing with high speeds, and subsequently developed
this novel, contactless technique further for application in the
rotating cone reactor. A short introduction on the fluoroptic
measurement method is given below.

Correspondence concerning this article should be addressed to W. Prins.
Present address of A. M. C. Janse: Gist-Brocades, P.O. Box 1, 2600 MA Delft, The

Netherlands.

Principles of the Fluoroptic Technique
The utilization of phosphors constitutes the essence of this

method. Upon illumination by UV light, they eventually show
Ž .luminescence emit visible radiation . On an atomic level, this

is explained by absorption of light quanta, which can bring
Želectrons from the ground state into an excited state of a

.higher energy level with respect to the ground state . Subse-
quently, an ‘‘excited’’ electron can return to the ground state
in two ways. First, a light quantum can be emitted: its energy
is determined by the difference in energy levels between the
ground state and the excited state. Second, the energy can be
dispersed as vibration energy to the mother lattice, without
emitting a quantum. This last route becomes gradually more
important at higher temperatures, and is also indicated as
thermal quenching. Consequently, the quantum efficiency,

Ždefined as the ratio of emitted and absorbed quanta at a
.specific wavelength , will decrease at higher temperatures

Ž .Kroger, 1948; Blasse and Bril, 1970 .¨
For a useful measurement method two phosphor types,

which emit radiation in a different part of the spectrum after
illumination, should be mixed. Only one of them should ex-
hibit a temperature-dependent quantum yield in the consid-

Ž .ered temperature range. Wagenaar et al. 1994a selected the
following combination:
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� ŽPhosphor BaMgAl O : Eu hereafter abbreviated as10 17
.BAM

� Ž .Phosphor Sr Al O : Eu SAE4 14 25

where Eu stands for the rare metal europium.
Ž .The BAM phosphor Philips type U716 has a light-inten-

Ž .sity maximum at a wavelength of 488 nm blue and shows
Žtemperature-independent fluorescence in the investigated

. Žtemperature range , while the SAE phosphor Philips type U
. Ž .724 has a maximum at 447 nm green and exhibits a tem-

perature-dependent quantum efficiency. At temperatures
above 100�C thermal quenching of this phosphor occurs and
the emitted radiation spectrum is dominated by the blue
phosphor. At 250�C SAE is completely extinguished, so the
temperature window in which measurements can be carried
out with the BAMrSAE mixture is from 100 to 250�C. The
emitted light is collected in a glass-fiber cable and divided in
two spectral ranges by two optical filters: 400�490 nm and
500�700 nm. Both signals are amplified by photomultipliers,
and the ratio of these two signals, which is a unique function
of temperature, is determined. Thus, by using a calibration
curve that relates each ratio to a specific temperature, the
temperature of moving particles can be determined by mea-
suring the bluergreen ratio. The temperature-independent
phosphor BAM is added to avoid dependency on the de-
tected amount of fluorescent material. By measuring the ra-
tio of two phosphors, which are contained in the same parti-

Ž .cle, instead of a quantum yield, all unknown effects influ-
encing the total amount of detected photons are eliminated.
Wagenaar remarks correctly that the fluoroptic measurement
method shows some similarity with the two-color pyrometer

Ž .measurement method Jorgensen and Zuiderwyk, 1985 . It
has been checked that one of the dyes cannot excite the other.
Therefore, the excitation spectra and emission spectra of the

Ž .two phosphors are presented see the Appendix .
A scheme of the required setup with the technical specifi-

Ž .cation of its components is given in Wagenaar et al. 1994a ;
the main components are:

� A UV lamp. A high-pressure, direct-current, mercury arc
Ž .lamp type Ushio USH-205S with an electrical dissipation of

200 W in the light bulb was applied.
� A quartz light guide. This cable is able to transmit the

UV light with an overall efficiency of 30%.
� A filter at the end of the quartz cable that transmits the

UV light and removes the visible light of the UV lamp. A
Schott DUG 11 filter has been applied that transmits UV
light in the wavelength range of 300�400 nm.

� Phosphors that are melted in lead�monosilicate glass
Ž Ž . .PbO SiO to obtain particles of a specific size. The par-2 1.03
ticle preparation procedure is discussed by Wagenaar et al.
Ž .1994a .

� Ž .A glass-fiber light guide Dolan and Jenner to collect
the emitted radiation of the phosphors. This light guide was

Žprotected from UV-radiation with aid of an UV-filter Bal-
.zer .

� Two bandfilters were used to separate the light emitted
by the particles into two specific fractions:

Ž .i a Schott BSF Magenta bandfilter that transmits light
Ž .in the 400�490-nm wavelength blue light transmission

Ž .ii a Schott KV500 bandfilter that transmits light in the
500�700�nm wavelength interval.

� Ž .Two photomultipliers type Hamamatsu R928 . These
photomultipliers were able to amplify the incoming signal with
a factor 107.

� Electronic amplification circuit, which is discussed exten-
Ž .sively by Wagenaar et al. 1994a .

� A data-processing unit to determine the emitted light ra-
tio.

� ŽSeveral oculars to obtain coherent light bundles UV
.light, visible light from the phosphors .

The old phosphor BAMrSAE mixture had several disad-
Ž .vantages see the following section that complicated the ap-

plication. After a careful search, an improved combination
Ž .could be selected consisting of: Y Al O :Ce YAG , Philips3 5 12

Ž .type U720; Sr P O :Eu SPE , Philips type U472.2 2 7
The differences between the BAMrSAE and YAGrSPE

phosphor mixture will be outlined first, after which the main
characteristics of the new phosphor combination will be dis-
cussed.

Comparison of the Old and New Phosphor
Combination

The BAMrSAE phosphor combination shows only one in-
tensity maximum, while the intensity maxima of the two
phosphors YAG and SPE are separate from each other in
the radiation spectrum, which simplifies the detection and
enhances the accuracy. Application of a double-peak spec-
trum, instead of an overlapping spectrum, has the distinct
advantage that the amplifiers of both spectra can be opti-
mized separately. Using the phosphor combination of Wage-

Ž .naar et al. 1994a , the low quantum yield of the SAE phos-
phor could not be amplified very much because of the large

Ž .BAM signal that partly overlapped the SAE signal. The in-
tensity curves at 25�C are given in Figure 1 for both the old
and new phosphor combination. They have been normalized
to the maximal intensity, which is taken to be 100%.

The curve of the new phosphor combination shows two
maxima: the first one belongs to SPE, the second one to YAG.

wThe intensity maximum of YAG at approximately 545 nm
Ž Ž .x563 nm according to the Philips Information Book 1990 ,

Figure 1. Intensity change as a function of the wave-
length at 25�C for a mixture of equal amounts
of phosphors.
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Žwhich emits yellow light, is much lower than for SPE at 418
.nm , which emits blue light. This is caused by the difference

Žin quantum efficiency defined as the ratio of the number of
quanta emitted by the phosphor and the number of quanta

.absorbed by the phosphor , which is 35% for YAG and 89%
Žfor SPE at room temperature information book of Philips

Ž ..1990 . To obtain equal quanta intensities at room tempera-
ture, YAG and SPE are mixed in the mass ratio, 3:1, for the
production of fluorescent particles.

The YAG and SPE phosphors respond faster on illumina-
tion than do the BAM and SAE phosphors. The response
time of the old combination could have been improved by
heat treatment, but that would decrease the quantum effi-

Žciency with an unacceptable low accuracy of the tempera-
.ture determination as a logical consequence .

The BAMrSAE combination had to be calibrated after
each measurement because the signal of the SAE phosphor
becomes gradually weaker when repeatedly exposed to heat.
This seriously delayed the experimental work. By this deacti-
vation, the lifetime of the old combination was limited to a
maximum of one month. The new combination has been used
for several months, without any significant loss of quantum
efficiency.

The operational temperature range is extended consider-
ably with this new phosphor combination, namely, from

Ž . Ž .100�250�C BAMrSAE to 50�300�C YAGrSPE . Above
300�C SPE is completely extinguished, below 50�C SPE re-
sponds too slowly on illumination with UV light.

Experimental Characterization of the New
Phosphor Combination

Although the new phosphor combination is considerably
improved, careful characterization is still needed to assure a
good performance.

In the ideal case, every phosphor combination should re-
spond instantaneously when the temperature changes and on
illumination with UV light. Besides, the two phosphors should
emit radiation in different wavelength regions, and the ratio
of the light intensities should display a unique temperature
dependency. Both phosphors must have a white color in the
visible light part of the radiation spectrum to avoid absorp-
tion of specific wavelengths, which can be emitted by the other
phosphor. Such a selective absorption would introduce de-
pendency on the particle concentration. Finally, the quantum
efficiency must be time independent and insensitive to heat
treatments. Several tests have been carried out to assure that
the new phosphor combination meets the requirements just
specified. These tests are discussed below.

The rate at which the phosphors can follow an imposed
temperature change has been determined in a screen heater

Ž .reactor, as depicted in Figure 2a Westerhout et al., 1996 ,
while a view of the experimental setup is presented in Figure
2b. The reactor contains a wire mesh that is clasped between
two electrodes. Glass particles containing the two phosphors,
or pure phosphor particles, are put on the stainless-steel
screen, above which the UV-light guide and probe for the
collection of the emitted radiation are installed. The position
of UV-light guide and probe are quite similar as applied in
the rotation cone reactor, as is extensively discussed by Wa-

( ) ( )Figure 2. a screen heater reactor; b experimental
setup.

Ž .genaar et al. 1994a . At the start of an experiment a very
Ž .high current approximately 200 A is conducted through the

screen, which is therefore heated in a very short time.
An example of the result of such an experiment is given in

ŽFigure 3, which shows the relative to the maximum value of
.the glass particles signal intensity of the blue, temperature-

dependent, SPE phosphor as a function of the time. In the
Žbeginning, the temperature of the phosphor is 20�C maximal

.quantum intensity . At time zero the electric current is
switched on and the screen in rapidly heated to 300�C. At
this temperature level the SPE phosphor is almost com-
pletely extinguished. The figure shows an experiment for
phosphor containing glass particles with a diameter of 80�120

Ž .�m and for pure phosphor SPE with a maximum diameter
of 5 �m. The slope of the curve for the pure phosphor corre-
sponds to a heating rate of approximately 10,000�Crs because

Figure 3. Screen-heater experiments to determine the
response time on a temperature change from
20 to 300�C.
The delay of 10 ms at the beginning is the response time of
the electrical equipment.
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Figure 4. Dynamics of the BAMrrrrrSAE and YAGrrrrrSPE
phosphors on illumination with UV radiation.

the temperature increases from 20�C to 300�C within 0.03 s.
In the same way, the heating rate of the phosphor containing
glass particles is deduced to be approximately 3,000�Crs.

The response rate on illumination has been measured by
Ždistributing fluorescent particles on a small heated plate 1

2.cm . A rotating disk is placed between the heated plate and
the UV-light source, and a small hole in that disk is used to

Žilluminate the particles frequently for a very short time 1
.ms . Figure 4 shows the response for both the YAGrSPE and

the BAMrSAE combination developed earlier. For the lat-
ter, two response curves are shown, one of them referring to
a situation in which the phosphor had been preheated before

Ž .the response measurement 12 h at 300�C . The new combi-
nation responds faster on a light pulse than the old phosphor
combination, while for the latter a heat treatment appeared
to be necessary to realize a sufficiently short response time

Ž .on illumination Wagenaar et al., 1994a . In relation to this
subject, it has been verified that the emitted light intensity
ratio of moving phosphor particles is equal to that of non-
moving particles at constant temperature.

The intensity spectrum of the YAGrSPE phosphor combi-
nation has been determined at five different temperatures
Ž .Figure 5 . At room temperature, the YAG phosphor has a
maximum intensity at a wavelength of 545 nm, while the SPE
phosphor has its maximum at 418 nm. It is clear from this
picture that the two wavelength regions of emittance are at a
sufficient distance from each other to allow a separate deter-
mination of the intensity for the two phosphors. This figure

Figure 5. Intensity of the YAG and SPE as a function of
(wavelength for various temperatures mass

)ratio 1:1 .

also shows that both phosphors have a decreasing quantum
efficiency at increasing temperatures. The relative light in-
tensity decreased by a factor of 10 and 3 for SPE and YAG,
respectively, when the temperature was increased from 30�C
to 200�C. The emission spectra of the two phosphors at room

Žtemperature are shown separately in the Appendix Philips
.Information Book, 1990 .

It has been observed that the quantum yield did not change
in time. During the 4-month experimental program, the cali-
bration curve was verified each week, but this curve revealed
no change in ratio during this time.

Finally, the deviation between three measurements is
within 5%, which is the combined effect of the amplification

wof the signal and the calibration curve which relates the
Žblueryellow ratio to a temperature as discussed in paragraph

.x5 .

Solutions of Remaining Problems
The YAGrSPE phosphor combination also had some dis-

advantages. Special experiments revealed the following diffi-
culties:

1. The angle under which the emitted light enters the
light-conducting probe can affect the observed blueryellow
emitted light ratio.

Ž .2. The ratio is slightly dependent 10% on the particle
concentration.

Ž3. The background can affect the ratio also discussed by
.Wagenaar et al., 1994b .

1. Light is transported through a very thin glass fiber by
reflection. Because of the large number of reflections, losses
by absorption of the wall are unacceptable. When light enters
the fiber at an angle higher than the so-called critical angle,

Žpart of the light bundle will be absorbed Blasse and Bril,
. Ž1970 . This is illustrated in Figure 6; the lefthand side Figure

.6a shows a light bundle that is only partly reflected. In Fig-
ure 6b, light enters the fiber just at the critical angle, and
part of it will be transmitted parallel to the surface. In Figure
6c, light enters the fiber at an angle lower than the critical
angle and no loss of radiation occurs, because all the light is
now reflected.

Because the critical angle is a function of the wavelength
of the entering light, the measured light ratio is also a func-
tion of the entrance angle. In the experimental setup many
particles at various positions are emitting light. It is therefore
unavoidable that light from a wide range of angles will enter
the probe fiber. This is shown in Figure 7, which includes the

Ž .light conductor or probe and some particles emitting light
from different positions.

ŽLight entering the probe from a wide range of angles com-
ing from particles some distance to the side of the probe in-

.stead of from a position directly below it results in a higher
blueryellow ratio than light from particles just below the

Ž .probe Figure 7 . This can be explained by the fact that the
Ž .critical angle � , see Figure 6 depends on the wave-critical

length of the incoming radiation. When the entrance angle of
light is higher than the critical angle of yellow light, but lower
than the critical angle of blue light, the intensity of the yellow
light will decrease by partial reflection in the fiber. Because
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( )Figure 6. a–c Reflection and absorption of an entering
light bundle.

the blue light does not suffer from a loss in intensity, the
blueryellow light ratio will increase.

To sufficiently reduce the problems mentioned earlier, a
Ž .small black tube or shaft 2.5-cm long was attached to the

top of the probe. This shaft, however, also results in a strong
decrease in the observed relative light intensity of any radia-

( )Figure 7. Experimental setup without left and with
( )right shaft.

tion entering the probe at an angle of more than 20�. The
effect of the shaft is further illustrated by Figures 8 and 9.
Figure 8 shows the determined ratio as a function of the en-
trance angle for the situation with and without the shaft. The
experiments were carried out by determining the blueryellow
ratio while moving the probe in a horizontal plane at a fixed
vertical distance between the particles and probe. It seems
that the black paper of the shaft selectively absorbs the blue
component of the entering radiation, especially at high en-

Ž .trance angles ‘‘more diffuse’’ of the incoming light. There-
fore, to avoid the influence of this ‘‘more diffuse’’ light, it
should be adsorbed as much as possible by the shaft. Figure 8
depicts the relative intensity of blue plus yellow light for the
situation with and without a shaft. For the situation with a
shaft, entrance angles of more than 20� do not influence the

Ždetermined ratio because of the very low light intensity see
.Figure 9 , while without the shaft, angles of more than 30�

still have a strong influence. To reduce the noise, especially
at low signals, each data point has been measured many times
Ž .3�10 . Each presented data point is the average of these
measurements. The conclusion that the effect of diffuse in-
coming radiation is suppressed successfully by application of
a shaft is therefore justified, although the total light intensity
is reduced by approximately 30%. Because Wagenaar showed
that the accuracy of the detection system is proportional to

Ž .the inverse of the square root of the light intensity, it is

Figure 8. Angle dependency of the ratio.
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Figure 9. Relative intensity as a function of the en-
trance angle.

unavoidable that the inaccuracy of the measurements will in-
crease when using the shaft.

2. Unfortunately, experiments showed that the ratio of
blueryellow light is a function of the particle concentration.
The old phosphor combination also suffered from this draw-
back, but the situation with the new mixture is more severe.
The blueryellow ratio increased up to 10% at constant tem-
perature when the particle concentration was enlarged by a
factor of 10, while the blueryellow ratio of the old phosphor
combination changed only 5%. Excitation of the YAG by the
SPE phosphor is impossible, as has been verified by experi-

wmental work and information from the manufacturer Philips
Ž .Information Book 1990 ; see excitation spectra of the YAG

xand SPE in the Appendix . It is therefore likely that the blue
component of the white light of the SPE is partly affected as
yellow light by the YAG. This assumption was indeed con-
firmed by illumination experiments with several filters. The

Ž .color nonwhiteness of the phosphor constitutes a serious
limitation of this technique, which unfortunately cannot be
avoided. All types of phosphors that are commercially avail-

Ž .able in Europe manufacturers Philips and Riedel de Haan
have been tested, but one could not be found that performed
better.

The blueryellow ratio must be related to the particle tem-
perature by calibration. Therefore, a few particles were placed
on a heated plate whose temperature could be varied. The
so-called calibration curve was constructed by recording the
blueryellow ratio over the temperature range 20�300�C.
However, because the particle concentration influenced the
recorded blueryellow ratio, the calibration curve was cor-
rected for this effect by dividing the ratio at each tempera-

Figure 10. Unstandardized calibration curve.

Figure 11. Stadartdized calibration curve.

ture by the ratio at 25�C. Figure 10 shows the uncorrected
Žcalibration curves for a concentration of 8 particles of 100�m

. 2diameter per cm , implying a distance of a few mm between
the particles, to 150 particles per cm2, whereby the particles
were in contact with each other. Differences of more than
10% can be observed. Figure 11 shows the single normalized
calibration curve, which is now almost independent of the
particle concentration. The particle concentration depen-
dency makes the method quite labor intensive, because each
temperature measurement should be followed by a corre-
sponding measurement at 25�C.

3. The calibration curve was determined with a back-
Ž .ground of stainless steel and brass which has a yellow color .

The blueryellow ratio is lower at all temperatures for the
brass background if compared to the stainless-steel back-
ground. This is because brass reflects the yellow light of the
YAG phosphor, but not the blue light of the SPE. Because
the background of the calibration setup can have a substan-

Ž .tial negative effect, this background should be of the same
material as in the equipment used for the rotating-cone ex-

Ž .periments stainless steel in this work .

Validation of the Fluoroptic Measurement Method
Introduction

To validate the improved fluoroptic temperature measure-
ment method, the heat-transfer rate to a cylinder in crossflow
was examined. The direct external measurement of the cylin-
der temperature with a thermocouple is impossible without
disturbing the flow profile. Therefore, heat-transfer coeffi-
cients, derived from a heating curve recorded by fluoroptic
temperature measurement, were compared with values pre-
dicted by several correlations in the literature.

The coefficient of heat transfer to a cylinder, expressed as
Ž .the nondimensional Nusselt number Nu , is a function ofc

Ž .the following dimensionless groups Morgan, 1975 :

Tw
Nu sNu Re, Gr , Pr , , 1Ž .c c ž /Tb

where Re represents the Reynolds number, Gr the Grashof
number, Pr the Prandtl number, T the temperature of thew
cylinder surface, and T the temperature of the flowingb
medium. This relation can be simplified by realizing that Gr
is only important when free convection is the dominating
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heat-transfer mechanism. When the surface temperature does
not deviate too much from the fluid temperature, Eq. 1 can
be simplified to

Nu sCRemPr n. 2Ž .c

Heat transfer to a cylinder by forced convection has been the
subject of intensive research in the past. Applications vary

Ž .from the design of tube heat exchangers on a large scale to
the hot-wire anemometry on a small scale. Extensive reviews

Ž .are published by Morgan 1975 and Zukauskas and Ziugzda
Ž .1985 . These authors discuss the experimental methods ap-
plied and present an empirical correlation derived from their
own work and the experimental results of others.

Most experiments have been carried out by fastening a
cylinder at both sides in a fixed position in a wind tunnel.
The cylinder is kept at a constant temperature electrically,
and the external heat transfer can be calculated from the
power input to achieve this constant temperature. The fol-

Žlowing difficulties Morgan, 1975; Zukauskas and Ziugzda,
.1985 are responsible for the differences in the various corre-

lations in the literature describing the same heat-transfer
phenomenon:

� Blockage of the free space for the gas flow by the cylin-
der in relatively narrow channels.

� ŽDifference in turbulence level even though Re may be
.equal .

� Difference in thermal driving force. By the strong influ-
ence of the temperature on the viscosity of the gas, the flow
pattern around the cylindrical surface can be changed dra-
matically by a moderate change in temperature.

� ŽLoss of heat by conduction to the clasps in the case of
.steady-state measurements .

� Disturbance of the flow pattern by the measurement
equipment.

� Different media.

Experimental studies
An experimental setup was designed, while trying to avoid

the problems just listed as much as possible. It is sketched in
Figure 12 and roughly consists of a heater section, and in
front of it, a cylinder fixed inside a turnable holder. The di-
ameter of the cylinder is 1.08 mm, and its total length is 4 cm.
Gas enters the inlet of the 80-cm-long heater at the left side.

Figure 12. Setup of the cylinder in crossflow.

Figure 13. Typical plot of the dimensionless driving
( )force Y Eq. 4 against time t for heating of a

cylinder in crossflow.

The gas flow is controlled by a rotameter, which is calibrated
at cold flow conditions by a hot-wire anemometer that is lo-
cated just in front of the cylinder. For the heat-transfer mea-

wsurements, the gas velocity was varied from 1.5 to 5 mrs 41
Ž .x� Re�135 air, 300�C . The cylinder is attached at one side

with a thermally isolated holder. At the start of an experi-
ment, the oven is heated to the desired temperature. After-
ward, the cold cylinder is placed in the gas flow outlet and
heated within a few seconds to the gas-phase temperature.
By locating the UV-light conductor and the probe just above
the cylinder, the cylinder’s temperature increase can be fol-
lowed in time.

As with the sample particles of the problem-solution sec-
tion, the cylinder is prepared again by sintering a mixture of
lead monosilicate glass and two phosphors in a glass tube at a
temperature of 600�C. Because the material shrinks during
cooling, the cylinder can be removed easily from the tube. In
this way, a cylinder with a very smooth surface is obtained.

It can be derived from a simple energy balance that the
Žtemperature increase of the cylinder in time is given by as-

.suming a constant heat-transfer coefficient

4�
ln Y s t . 3Ž . Ž .

�cp

The dimensionless thermally driving force Y is defined as

T yTc g
Ys , 4Ž .

T yT0 g

Ž .in which T represents the initial room temperature. When0
Ž .ln Y is plotted against the time t, the slope of the straight

line should be equal to 4�r�c . An example of the experi-p
mental results is presented in Figure 13.

A slight variation in the thermal driving force with a fre-
quency on the order of 1rs is notable. This effect, which could
be detected in every measurement, is probably caused by the
cooling system of the UV light. The UV lamp is equipped
with a filter to remove all the visible radiation. This filter is
cooled with water to avoid excessive filter temperatures.

October 1999 Vol. 45, No. 10AIChE Journal 2093



Sometimes small air bubbles are captured, and this change of
medium in front of the UV light can give rise to a small vari-
ation in the determined blueryellow ratio.

Disturbing phenomena
It has been verified that the following phenomena could

not disturb the experiments:
1. Temperature gradients inside the cylinder in the radial

direction.
2. Temperature gradients inside the cylinder in the axial

direction
3. Radial temperature and velocity gradients in the gas

phase near the cylinder surface
4. Turbulence of the gas flow just in front of the cylinder
5. Magnitude of the thermal driving force
6. Radiation and free convection
7. Roughness of the material
8. Effect of the finite length of the cylinder.
1. The relative influence of internal conduction is re-

Ž .flected by the value of the Biot number Bi defined as � rr� .s
It represents the ratio of the heat-transfer resistance inside

Ž .the cylinder in the radial direction and in the film surround-
ing the cylinder. If Bi is smaller than 0.3, then the influence
of internal conduction on the total heat-transfer process can

Ž .be neglected Wagenaar, 1994b . The Biot number is coupled
to the Nusselt number by

1 �g
Bis Nu . 5Ž .

2 �s

Ž . y1Therefore, with � s0.05 at 300�C and � s0.5 W �m �g s
y1 Ž .K lead monosilicate glass , a Bi number of 0.3 corre-

sponds to a Nu number of approximately 6. In the present
situation, the Nu number has an upper limit of 6 if the radial
temperature gradients are to be avoided.

2. The amount of heat that is conducted through the cylin-
der in the axial direction � is estimated to beh, ax

� F �Ts c y6� s s9.8�10 �T . 6Ž .h ,a x Lc

In this equation, F represents the cross-sectional surface ofc
the cylinder. The amount of heat that can be transferred
through the stagnant gas film surrounding the cylinder �h, r
is as follows:

� s� A �Ts19�10y2�T , 7Ž .h , r c

in which A now represents the total external cylinder sur-c
face. In Eq. 5, a typical value for � of 150 W �my2 �Ky1 is
used. It appears that heat transfer from the gas to the cylin-
der is three orders of magnitude higher than the axial con-
duction of heat inside the cylinder.

3. The temperature and velocity field around the gas out-
let of the tube have been mapped by using a thin thermocou-
ple and a hot-wire anemometer, respectively. The gas bulk
variations in temperature and velocity remain below 2% for

Figure 14. Experimentally determined vs. predicted Nu
numbers for a crossflow cylinder in air at
300�C.

all experimental conditions. Apparently, the metal gauze is
able to successfully smooth the flow profile.

4. The degree of turbulence is expressed in the so-called
Ž .turbulence number Tu, unit: % , which is defined as the ra-

tio of the variation in the gas velocity and the average gas
velocity. By mapping the flow field at the same distance from
the heater outlet as the cylinder with a hot-wire anemometer,
it was observed that the Tu number in this work was limited

Ž .to at most 2%. Zukauskas and Ziugzda 1985 remark that an
increase in the Tu number from 1.2% to 15% is required to

Žincrease the heat transfer from 35% to 38% in the subcriti-
.cal range of Re, without a turbulent boundary layer .

5. The magnitude of the thermal driving force is normally
Žexpressed in the literature as the temperature loading ratio

.of cylinder and gas-phase temperature . Two gas-phase tem-
peratures have been applied to determine the effect of the
difference in thermal driving force. No effect could be ob-
served by changing the gas-phase temperature from 200�C to

Ž .300�C compare Figures 14 and 15 .
6. Because of the relatively small cylinder diameter and

the completely free outflow of the gas, this effect could be
neglected.

7. A very smooth surface was obtained by means of the
applied sintering method used to prepare the cylinder. Any
influence of surface roughness is therefore assumed to be ab-
sent.

Figure 15. Experimentally determined vs. predicted Nu
number for a crossflow cylinder in air at
200�C.

October 1999 Vol. 45, No. 10 AIChE Journal2094



Figure 16. Experimentally determined vs. predicted Nu
number for a crossflow cylinder in CO at2
300�C.

Ž .8. Quarmby and Al-Fakhri 1980 have shown that when
Žthe ratio of length and diameter also known as the respect

.ratio of the cylinder is more than 4, its effect can be ne-
Ž .glected in this work the aspect ratio equals 40 .

Results of measurements
Three series of experiments have been carried out in which

the Nu number was determined as a function of the corre-
sponding Re number. The first two series at 200 and 300�C
were meant to establish the influence of the size of the ther-

Ž .mal driving force or temperature loading factor . In the third
Ž .series, CO instead of air was used as gas phase at 300�C to2

determine the influence of the fluid type. The observed
heat-transfer coefficients were compared with the predictions

Žof several correlations in the literature Hilpert, 1933; Mor-
gan, 1975; Churchill and Bernstein, 1977; Zukauskas and

.Ziugzda, 1985 . Figures 14�16 represent the result of this
comparison. They reveal that the difference between the ex-
perimental curve and the average of the various correlations
in the literature is always less than 10% for all three series of
experiments.

Apparently, the conclusion is justified that the fluoroptic
technique is adequate in determining the correct tempera-
ture of fluorescent particles as far as concerns the influences

Ž .of the size of the driving force and the type of fluid.

Conclusions
The fluoroptic temperature measurement method has been

improved with respect to the earlier work of Wagenaar
Ž .1994a in such a way that it can be applied with higher accu-

Ž .racy approximately 5% . Also, the new method is less labor-
intensive. This measurement technique has been validated by
comparing the coefficient of heat transfer to a cylinder in
crossflow with predictions by various correlations in the liter-

Žature. The result was quite satisfactory the deviation was less
.than 10% , the contactless method of temperature measuring

appears to be sufficiently reliable.
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Notation
Csconstant
c sheat capacity, Jrkg �Kp
dsdiameter, m
gsgravity acceleration, mrs2

Lslength, m
msmass, kg
rsradius, m

rtsblueryellow or greenrblue ratio
Ž .usmean gas-phase velocity in direction of flow, mrs

u�svelocity fluctuation in direction of flow, mrs
Ž .®s particle velocity, mrs

Greek letters
	 sbulk expansion coefficient, Ky1


sdynamic viscosity, Pas
�sheat conductivity coefficient; wavelength, WrmrK; m
� skinematic viscosity, m2rs
�sdensity, kgrm3

Subscripts and Superscripts
bsbulk
cscylinder
fsfilm
gsgas or air

msconstant
nsconstant
psparticle
rsradial direction
sssolid phase
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Appendix

( ) ( )Figure A1. Excitation and reflection spectra of the YAG left side and the SPE phosphor right side .

( ) ( )Figure A2. Emission spectra of the YAG left side and SPE phosphor right side .
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