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A nonintrusive temperature measurement technique is developed for  noncontact 
measurement of the temperature of single particles with >200 pm dia. It is based 
on the temperature dependence of the fluorescence spectrum resulting from irra- 
diation of a certain phosphor mixture with UV light by applying a mixture of two 
phosphors with fluorescence colors (blue and green) and a color shift from green 
to blue (with temperature increase from 20 to 280°C). An experimental setup is 
described for  temperature measurement of particles based on the fluorescence color, 
together with the calibration of this system. The fluoroptic technique is applied to 
measure the temperature decrease of hot particles flowing down a cold chute. The 
measurements agree very well with thermocouple measurements. This novel tech- 
nique can be applied to nonintrusive measurement of particle temperatures in (dense) 
multiparticle systems as encountered in packed and fluidized beds. 

Measurement of Heat Transfer to Particulate Phase 
If two positions on a streamline of a particle flow are defined, 

the heat transfer to the particles equals the ratio of particle 
thermal energy difference and elapsed particle traveling time 
between the two points. In systems in which the particle thermal 
energy content depends only on temperature, the determination 
of the heat-transfer coefficient can be based on temperature 
measurements. A number of conventional temperature meas- 
urement techniques are available such as direct temperature 
measurement with thermocouples (Brewster and Seader, 1984), 
particle collectors (Boothroyd and Hague, 1970; Johnstone et 
al., 1941), two-color pyrometers (Jorgensen and Zuiderwyk, 
1985) and techniques employing the change in magnetic perme- 
ability of ferrites (Turton et al., 1989) and techniques involving 
liquid crystals (Yianneskis, 1986), drying of solids (Debrand, 
1974; Vandenschuren and Delvosalle, 1980) and sublimation 
of solids (Vitovec, 1975). The novel temperature measurement 
technique described in this article uses the temperature-de- 
pendent change of quantum yield of phosphors. 

Phosphors are materials capable of emitting visible radiation 
when subjected to ultraviolet radiation. The quantum effi- 
ciency of a phosphor is defined as the ratio of the number of 
quanta emitted by the phosphor to the number absorbed by 
the phosphor. The quantum efficiency of some phosphors is 
temperature-dependent, presenting a possibility of determining 
the temperature of phosphors by measuring their quantum 
yield. If a light source is used with a constant UV power output, 
the temperature of the phosphor depends solely on the intensity 

of the visible light emitted by the phosphor. This principle 
forms the bases of the noncontact temperature measurement 
technique for moving particles in the present work. Thermom- 
eters using this technique have been used in wafer temperature 
control (Egerton et al., 1982). 

Advantages of the fluoroptic technique include its capability 
of measuring the temperature of rapidly moving dispersed 
powder flows. The technique is also applicable for measure- 
ment of rapidly changing temperatures. Disadvantages of the 
fluoroptic technique in its present state are its limited tem- 
perature range (from 100 to 280"C), although this does not 
constitute a serious limitation in case the convective gas-to- 
particle heat-transfer coefficient has to be determined since 
this quantity varies slowly with temperature. 

Description of Fluorescence at Atomic Level 
The noncontact temperature measurement technique for 

moving phosphor particles used in this work is based on the 
temperature-dependent fluorescent spectrum of phosphors. The 
temperature dependence of the fluorescent spectrum of phos- 
phors can be explained with theories describing the atomic 
processes of absorption and emission of radiation by the phos- 
phors. 

Phosphors are materials capable of emitting visible radiation 
when subjected to ultraviolet radiation. The quantum effi- 
ciency of a phosphor is defined as the ratio of the number of 
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Figure 1. Energy of valence electrons of the lumines- 
cent center vs. configuration coordinate. 

quanta emitted by the phosphor to the number of quanta 
absorbed by the phosphor. Phosphors of technical interest have 
quantum efficiencies of 70 to 90% as reported by Blasse (1970) 
and Karstens and Kobs (1980). 

The fluorescence phenomena of a luminescent center can be 
explained in terms of an energy vs. configuration-coordinate 
diagram, as presented in Figure 1. The horizontal axis refers 
to the mean distance between the luminescent center and the 
surrounding ions. The vertical axis refers to the energy of the 
valence electrons of the luminescent center. Without any ex- 
citation the luminescent centers of the phosphor remain in 
their ground state equilibrium coordinate given by point A. 
Excitation from the ground state to the excited state can occur 
if the luminescent center absorbs an energy quantum of 3.4 
eV (365 nm) after which the center moves to point B. The 
optical transition between the ground state and the excited 
state is restricted by the Franck-Condon principle (Blasse, 
1970), which states that the electronic energy absorption is 
some orders faster compared to the time required to move the 
nucleus to its new position, resulting in vertical jumps in Figure 
1. The system moves from B to the equilibrium coordinate C 
of the excited state by vibrational transitions. The vibration 
quantum is about 1/50-1/100 of the energy to be disposed of 
(Kroger, 1948). From this state the luminescent center may 
return to the ground state in two ways. The first route is the 
emission of a photon by the luminescent center of 2.5 eV (500 
nm). This mode of returning to the ground state is called 
fluorescence. The second route occurs if the system moves to 
point S (the intersection of the excited and the ground state) 
provided that the activation energy AE is available. From the 
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Figure 2. Fluorescence spectrum as function of tem- 

perature. 

intersection point S the system relaxes to its equilibrium ground 
state without emitting visible radiation, but releasing only heat 
dispersed in the mother lattice. At higher temperatures, the 
activation energy A E  can be more easily provided and the 
radiationless transition becomes more likely, a phenomenon 
termed the thermal quenching of a phosphor. 

The commercial available phosphors show only a minor 
color change upon heating. A better way to obtain a significant 
color change would be the use of a phosphor mixture consisting 
of a phosphor showing thermal quenching at a relative low 
temperature, whereas the fluorescence intensity of the second 
phosphor is not affected at elevated temperatures. The fluo- 
rescence spectrum of such a phosphor mixture is given in Figure 
2. 

This mixture consists of: phosphor BaMgAl,,O,,:Eu (1 .O g, 
blue); phosphor Sr4A114025:Eu (1.0 g, green). The thermal 
quenching of the green emitting phosphor with an intensity 
maximum at 488 nm occurs at temperatures above 100°C. At 
250°C the spectrum is dominated by the blue phosphor with 
an intensity peak at 441 nm. 

The fluoroptic measurement method is basically a two color 
measurement method since the temperature is related to the 
intensity ratio of two fluorescent colors, advantageous in con- 
junction with the elimination of several disturbing influences. 
If, for example, the amount of detected fluorescent material 
increases, the fluorescence intensity as detected by a single 
color method will increase correspondingly, but the detected 
intensity ratio of the two color method remains the same. 

Experimental Setup 
The fluoroptic setup consists of a light source that generates 

the primary UV radiation. This primary UV radiation possesses 
a broad spectrum from which the desired wavelength domain 
is selected with aid of a proper UV filter. A quartz fiber cable 
guides the filtered UV radiation (2 W) to the measuring spot, 
Figure 3. Fluorescent particles are traveling through this spot 
and upon illumination with UV radiation the particles emit 
visible radiation (observable as a color change) corresponding 
in a unique way to the particle temperature. The visible ra- 
diation emitted by the particles is collected with a glass fiber 
cable and guided to optical filters that separate the color signal 
into a blue and green component. The resulting optical signal 
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the standard deviation of signal S. The standard deviation or 
the associated noise (N> in signal S is equal to: 

The noise-to-signal ratio is given by: 

N 1  --- 
s - J s  (3) 

and can be reduced by increasing the amount of detected pho- 
tons (5'). 

Hardware Components 
Figure 3 shows all the essential components of the fluoroptic 

measurement system. 
~ 

Figure 3. Fluoroptic measurement setup. 

is then transformed into an electrical signal with use of pho- 
tomultipliers that simultaneously amplify the electrical signal. 
Finally, the electrical signal is sent to a date acquisition unit 
for further processing. The elements of this setup are presented 
in Figure 3. 

The cross section of the illuminated spot is approximately 
1 cm which corresponds in the case of 100-pm particles to a 
ratio of particle to spot cross-sectional area of about 
Consequently, if the background wall acts as a perfect reflec- 
tor, the photons captured by the signal transmitting glass fiber 
consist of part VIS photons and 1 part UV photons. Only 
the visible photons carry the temperature information; there- 
fore, the UV photons have to be removed before they reach 
the photon detector. In this case a blockage factor of lob6 for 
the UV photons results in a UV signal after blocking, which 
still amounts to 1070 of the total visible signal. The assumption 
of a perfect reflecting background is rather severe, but a reactor 
wall reflectivity less than 1% is difficult to achieve in engi- 
neering applications. In the present study the cross-sectional 
dia. of the illuminated spot equals 10 mm whereas the maxi- 
mum particle velocity is about 10 m . ~ - ' ,  which implies that 
the temperature of a particle has to be measured in less than 
1 ms. 

It should be mentioned that the maximum heating due to 
illumination of the particles can be calculated on the basis of 
the assumption of complete absorption of the UV radiation 
and subsequent conversion of this energy influx into heat. 
Calculations showed that the smallest particles only experience 
a temperature rise of about 0.1 K due to this phenomenon. 

Every light source of given intensity emits an average amount 
of photons per unit time. Since the actual event of a photon 
emission occurs randomly, the process of photon emission can 
be described by Poisson statistics (Robben, 1971). If the light 
source produces I photons per second and the photomultiplier 
output is measured over a period of time t ,  the signal (5') is: 

S = Z * t  (1) 

Due to the corpuscular character of light an uncertainty in the 
measurement of signal S results, which can be described by 

Arc lamp 
A high-pressure, direct-current, mercury arc lamp (type 

Ushio USH-205s) has been used with an electrical dissipation 
of 200 W in the light bulb. 

Quartz light guide 
A quartz cable has been used as the light guide, because this 

cable type enables transmission of ultraviolet light with an 
overall efficiency of 30%. Additionally, it can withstand tem- 
peratures in excess of 250°C for a long operating time. 

Schott DUG 11 filter 
This filter has been positioned at the end of the quartz cable 

and transmits the ultraviolet light with a wavelength in the 
300-400 nm range. In the remaining part of the optical system 
a monochromatic blockage factor of lo6 is achieved for ultra- 
violet light in the aforementioned wavelength range. 

Balzer U V reflecting filter 
All optical components between fluorescent particle and UV 

blocker have been selected with great care to avoid self-fluo- 
rescence of these components. Self-fluorescence represents 
(undesired) conversion of ultraviolet radiation into visible ra- 
diation and is a property of almost every optical component. 
In order to avoid any self-fluorescence of the optical com- 
ponents, a Balzer UV reflecting filter has been positioned im- 
mediately before the location where the light emitted by the 
fluorescent particles enters the light guide. This filter contain- 
ing a coating on one side of a glass substrate reflects more 
than 99% of the UV radiation with wavelengths smaller than 
380 nm. This filter can withstand temperatures up to 400'C 
for a long operating time. 

Glass fiber light guide 
A low cost optical fiber of Dolan and Jenner protected from 

UV radiation with aid of the Balzer filter serves as the light 
guide. The light transmitting cable receives visible light from 
particles in the measuring spot and guides the visible light to 
the color separating filters. 
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Figure 4. Electronic amplification circuit consisting of 
photomultiplier section and amplifier section. 

.Microscope oculars 
Microscope oculars provide an efficient way to create a 

parallel light bundle in which optical filters can be placed. 
After passing the bandfilters the light bundle is projected on 
the light sensitive cathode area of the photomultiplier. 

Bandfilters 
Two bandfilters were applied to separate the light emitted 

by the particles into two colors: a Schott BSF Magenta band- 
filter is used to select a wavelength interval of 400-490 nm 
(blue light transmission); a Schott KV500 bandfilter is used to 
select a wavelength interval of 500-700 nm (green light trans- 
mission). 

Photomultipliers 
Two Hamamatsu R928 photomultipliers were used which 

possess an amplification factor of lo7 between the cathode 
current and the anode current at 1,000 V acceleration voltage. 
A photon flow of 2. lo-" W at 500-nm wavelength generates 
at 1,000 V acceleration voltage the maximum allowable anode 
current of 100 pA. 

Electronic amplification circuit 
The electronic amplification circuit presented in Figure 4 

shows the photomultiplier and amplifier section. The resistance 
network Rl-RlO provides equal potential differences between 
the dynodes of the photomultiplier. The single event of a pho- 
ton detection at the cathode (K) produces a photomultiplier 
output current at the anode (A) with peaks of 1 ns duration. 
These peaks are damped in the amplifier section by condensator 
C1. The RC time T~~ = R12*C1 equals 47 p s ,  and can be 
adjusted by changing the condensator capacity C1, but should 
be kept significantly smaller in comparison to the time scale 
of a particle passage, which is approximately 1 ms. This RC- 
time limits the response rate of the electronic system. 

Signal processing 
An IBM compatible microcomputer was used to facilitate 

the data acquisition and the data analysis. Conversion of the 
amplified output signal into digital data was obtained via a 
12-bit AD-converter (Analog Devices, model RTI 815A) con- 
nected into an expansion slot of the microcomputer. High 
frequency sampling (maximum rate 31 kHz) was achieved by 
storing the data in the computer memory buffer with direct 
access. 

Powder Preparation 
The particles which were used as fluorescent temperature 

indicators consist of the following three components: 
A barium magnesium aluminate phosphor (BAM) of 

chemical composition BaMgAlloO,,:Eu. The double dot no- 
tation indicates that the mother crystal lattice of BaMgAlloO17 
is doped with the rare earth element Europium. The corre- 
sponding phosphor particles have a diameter of 3.4 pm and 
an intrinsic particle density of 3,800 kg.m-3. This phosphor 
(Philips type U716) emits blue light upon excitation with ul- 
traviolet light and possesses a peak spectral response at a wave- 
length of 447 nm. 

A strontium aluminate phosphor (SAE) of chemical com- 
position Sr4A1,4025:E~. These phosphor particles have a di- 
ameter of 6.0 pm and an intrinsic particle density of 3,690 
kg.m-3. This phosphor (Philips type U724) emits green light 
upon excitation with ultraviolet light and possesses a peak 
spectral response at a wavelength of 488 nm. 

A low melting glasseous binding material, that is, lead- 
mono-silicate PbO(SiO,),,,,, binds the phosphors into its ma- 
trix. This material is transparent, grindable and can be used 
as solid particles up to 553 K. 

According to safety data sheets supplied by Philips, the two 
phosphors mentioned above are harmless with respect to health, 
although the reader should first take notion of the data sheets 
before using the BAM and SAE phosphors. 

Appropriate amounts of both phosphors were thoroughly 
mixed with molten Lead-monosilicate. After solidification of 
the mixture, particles of suitable size (that is, 100-1,000 pm) 
were obtained by grinding; a presentation of a single particle 
temperature indicator is given in Figure 5. 

The spectrum of a mixture consisting of a BAM and SAE 
phosphor can be calculated by adding and mass weighing the 
spectra of the individual phosphors. This procedure can be 
used if the phosphors only absorb U V  radiation and only emit 
VIS radiation. In other cases an interaction between the two 
phosphors exits whose magnitude cannot be calculated theo- 
retically. The temperature dependence of the fluorescence spec- 
trum of the phosphor mixture should then be obtained by 
calibration. 

Calibration and Validation of Fluoroptic Method 
Calibration 

The functional dependency which relates the measured green- 
to-blue intensity ratio to the particle temperature must be ob- 
tained by calibration. Subsequently, the calibration of the flu- 
oroptic measuring system will be described in detail. 

A sample of particles was placed on a heated surface with 
a temperature that could be varied from 20 to 300°C. The 
surface temperature was measured with a thermocouple. The 
sample was illuminated continuously which yielded the meas- 
ured green-to-blue intensity ratio given in Figure 5. As men- 
tioned before, in systems of engineering interest the particles 
usually move through the illuminated spot which corresponds 
to nonstationary illumination. To simulate this effect, the UV 
beam illuminating the particles was chopped by a disk with a 
narrow slit rotating at an appropriate frequency. The light 
pulses generated with this technique had a duration of ap- 
proximately 1 millisecond. The results of these measurements 
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Figure 5. Temperature indicating particle. 

are also shown in Figure 6 from which a small dynamical effect 
is evident. This effect causes a maximum error of 10°C in 
temperature measurement. 

In addition to the dynamical effect from an optical point 
of view, the dynamical effect from a thermal viewpoint has 
been investigated. To study the latter dynamical effect, the 
rate of signal response caused by a very rapid temperature 
change was recorded when conducting a heating on contact 
experiment. In this experiment the phosphor mixture was placed 
upon an aluminum foil of 11 pm thickness, which was sub- 
sequently instantaneously brought in contact with a soldering 
iron of 230°C at the lower side. The rate of change of the 
measured green-to-blue intensity ratio, shown in Figure 7, in- 
dicates a response time of approximately 20 ms. Additional 
heat-transfer resistances (air gaps) probably exist between the 
soldering iron and the phosphors but have not been identified. 
The measured thermal response rate of the phosphors is a 
conservative estimate. 

The reverse dynamical effect (occurring upon cooling) was 
also studied by contacting the hot aluminum foil instanta- 
neously with cold water at the lower side, and recording the 
resulting signal change as a function of time. From this ex- 
periment again a response time of approximately 20 ms was 
obtained. Due to other heat-transfer resistances, this response 
time also constitutes a conservative estimate. 

Validation 
In addition to the aforementioned experiments, which yielded 

valuable information with regard to the dynamical behavior 

Type of UV- 
illumination 
IJ constant 
+ 1 mspu1se.s 

1 0 I 5 2 0  2 5 3.0 3.5 4.0 

hlearured green-to-blue intensity ratio 

Figure 6. Measured thermocouple temperature vs. 
measured green-to-blue intensity ratio under 
various illumination conditions. 

1.0 - 2 1  T = 280 "C 
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Time Is] 

Figure 7. Measured response of the fluoroptic system 
caused by rapid temperature changes of phos- 
phors. 

from both an optical and thermal viewpoint, an additional test 
was carried out to study the performance of' the fluoroptic 
method. A specially developed thermal conditioned drop tube 
(0.5 m in length) was used to produce a particle flow of which 
the temperature at the tube exit was known within 5°C. Flu- 
oroptic measurements at the drop tube exit are presented in 
Figure 8 as a function of the latter temperature. 

As evident from Figure 8, the deviation of the particle tem- 
perature from the drop tube temperature is less than 20°C in 
the temperature range from 100 to 250°C. This deviation is 
caused by the use of commercial available phosphors, not 
specifically developed for temperature measurements. It is an- 
ticipated that a substantial reduction in the error of the tem- 
perature measurement can be obtained by employing more 
dedicated phosphors. In the present study a measurement error 
of 20°C was considered to be acceptable. 

A final test experiment was performed to establish the in- 
dependence of the measured green-to-blue intensity ratio with 
regard to the mass-flow rate of fluorescent particles. An iso- 
thermal flow of fluorescent particles with varying mass-flow 
rate was monitored with the fluoroptic method resulting in a 
time-dependent signal, as shown in Figure 9. The signal strength 
of each channel varied between 200 and 1,400 mV, which 
corresponds to a seven-fold increase in the particle mass-flow 
rate. However, the measured green-to-blue intensity ratio also 

I I I 

100 150 200 250 300 
Drop tube temperature ["C] 

Figure 8. Particle temperature measured with fluoroptic 
method vs. drop tube temperature at exit. 
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Figure 9. Measured light intensity of each channel and 
green-to-blue intensity ratio as function of time 
in cold flow experiment with varying mass. 
flow rate of fluorescent particles. 

given in Figure 9 varied less than 1%. The measured green- 
to-blue intensity ratio shows no dependence on the mass-flow 
rate, which constitutes a major advantage of the two color 
measurement method in comparison with a single color method. 
In the next section temperature measurements of a dilute par- 
ticle flow along an inclined chute will be reported. 

Temperature Measurement of Particles Flowing 
Along Inclined Chute 

Inclined chutes are encountered in the transport of materials 
such as coal, shale, metal ores, dry chemicals, and grain. Ex- 
amples of industrial processes which involve heating or cooling 
of solids are: the dehydration of calcium sulfate for gypsum 
production, the cooling of charcoal before packaging, the use 
of ceramics as heat carrier in a solar energy converter, and the 
use of lithium oxide in the rotating cone granular blanket fusion 
reactor (Pitts and Walton, 1985). The geometry of the inclined 
chute offers the advantage that measurement of the local tem- 
perature and velocity of a dilute particle flow can be performed 
easily. 

A representation of the experimental setup is shown in Figure 
10. This setup has been used for the measurement of the local 

Themial conditioned 
drop tube, T=280°C 

In Y 
P 

0.0 0.1 0.2 0.3 0.4 0.5 
Time [s] 

Figure 11. Dimensionless particle temperature Y, de- 
fined by Eq. 4 as function of the particle con- 
tact time. 
Inclination angle of the chute equals 43’; glass beads used had 
a particle diameter of approximately 170 Sm, and an intrinsic 
density of 2,450 kg.m-’. 

particle temperature in dilute particle flows along an inclined 
chute using the fluoroptic temperature measuring method. A 
thermal conditioned drop tube (see the validation experiments) 
was used to feed particles with a well-defined temperature at 
the top of the chute. A piece of thermal insulating material 
was placed at the end of the chute to concentrate the particle 
flow. Thermocouples placed in this dense particle flow pro- 
duced a temperature signal which corresponded within 2°C 
with measurements using a two-color pyrometer that viewed 
the thermocouple measurement area. 

The equations that describe the heating or cooling of free 
bodies involves the definition of a dimensionless thermal driv- 
ing force Y,: 

(4) 
Tp - Tgas phase 

Tp.feed - Tgas phase 
Yp = 

The temperature of the gas phase at sufficient distance from 
the particles equals room temperature (20°C). If the particle 
internal heat-transfer resistance can be neglected, which is al- 
lowable for particle Biot numbers smaller than 0.2, the change 
of particle temperature with time is given by Eq. 5 :  

uv 

Figure 10. Experimental chute setup for temperature 
measurements along inclined chute using 
the fluoroptic method. 

where p,C, represents the volumetric heat capacity of fluorescent 
particles. Equation 5 can be used to calculate the particle heat- 
transfer coefficient from the measured variation of the 
dimensionless particle temperature Y, with time t. 

For reference purposes local thermocouple measurements were 
carried out prior to the measurement with the fluoroptic method. 
Results of these measurements are shown in Figure 11. 

The time basis of Figure 11 was obtained by measuring the 
local particle velocity at different positions along the chute by 
a photographic technique described in more detail elsewhere 
(Wagenaar, 1994). Local particle temperature measurements 
obtained with the fluoroptic method are presented in Figure 
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Figure 12. Dimensionless particle temperature Y,,, de- 
fined by Eq. 4, as function of time. 
Inclination angle of the chute equals 40"; phosphor particles 

Figure 13. Length &(esqo along a streamline where gas- 
phase velocity increases from 0 to 95% of 
particle velocity. 

used had a particle diameter of approximately 280 pm, and an 
intrinsic density of 6,200 k g . ~ ~ - ~ .  

In Eq. 8 
tween the particle phase and the gas phase and is given by: 

represents the interphase momentum exchange be- 
12, and give a particle Nusselt number (Nu, = 1-29) which agrees 
reasonably with the particle Nusselt number obtained with the 
thermocouple measurements (Nu, = 1.1) .  3 1--E 

The observed Nusselt numbers for the present dilute particle 
flow are somewhat smaller compared with Nusselt numbers 

P = - - P,l u - up 1 c,,,= I f ( € )  (9) 
4 dP 

predicted on basis of the correlation obtained by Ranz and 
Marshall (1952): Where C,,* = represents the drag coefficient for a single isolated 

particle. For particle Reynolds numbers smaller than 10' the 

Where the particle Reynolds number is defined as: 

drag coefficient Cd,6= = C, is given by Haider and Levenspiel 
(1989): 

(7) 

The measurements presented in Figure 12 correspond to two 
different mass-flow rates. An increase in the mass-flow rate, 
or equivalently the particle volumetric concentration, results 
in a decrease of the particle Nusselt number. The magnitude 
of the Nusselt numbers observed in the present study can be 
explained through the mutual interaction between the particle 
phase and gas phase. The mutual interaction between the gas 
phase and particle phase is twofold, and occurs through mo- 
mentum coupling and thermal coupling. Both types of inter- 
action will be discussed briefly in the subsequent analysis. 

Momentum coupling 
The effect of this phenomenon can be estimated by consid- 

ering the reduced gas-phase momentum equation for steady 
one-dimensional gas-solid two-phase flow. (See Kuipers, 1990). 
If the coordinate direction parallel to the chute surface cor- 
responds to the x-direction, the x-component of the reduced 
gas phase momentum balance is given by: 

a 
--Epp:= - ax 

24 0.46 
d-Re 1 + (2,700IRe) (10) C --(1 +0.14Re0.653) + 

In Eq. 9 the functionf(-E) accounts for the presence of other 
particles in the gas phase and corrects the drag force coefficient 
for single isolated particles and is given by: 

The particle velocity up in Eq. 8 is assumed to be constant and 
equal to the experimentally determined average value (typically 
1 m e s - ' ) .  The differentialEq. 8 supplemented with constitutive 
Eq. 9 and initial condition: 

can be solved with a simple Runge-Kutta numerical integration 
procedure yielding u, as a function of the x-coordinate. 

On the basis of the gas-phase velocity profile along the chute 
length, the length x95q0 can be calculated where the gas phase 
has acquired 95% of the particle velocity. Under the actual 
experimental conditions the solids volume fraction (1-E) equals 
0.002, whereas the chute has a length of 1 m. Figure 13 shows 
Xgsvo as a function of the solids volume fraction (1-E). From 
this figure it can be deduced that significant momentum cou- 
pling occurs in the present experimental system. The momen- 
tum coupling causes a reduction of the actual velocity difference 
between the particle and the gas phase. If the Ram-Marshall 
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Figure 14. Dimensionless gas-phase temperature de- 
fined by Eq. 12 as function of the distance 
along the inclined chute. 

Two different particle feed rates are used (0.35 and 1.8 g/s). 
Chute length equals 1.0 m; chute width equals 0.05 m. 

Eq. 6 is evaluated in the prevailing case (that is, Re-0) ,  the 
Nusselt number will tend to the limiting value of 2.  

Thermal coupling 
Thermal coupling occurs if the heat exchange between the 

gas phase and the particles results in a change in the local bulk 
temperature of the gas phase. For measurement of the gas- 
phase temperature between the particles, a thermocouple was 
positioned in the dilute particle flow in downstream position 
and was effectively shielded from the particles. Results of these 
measurements are presented in Figure 14 and show a thermal 
coupling between the gas and particulate phase. In this case 
hot particles (250°C) flowed down an inclined chute at ambient 
temperature (20°C). The dimensionless gas-phase temperature 
used in Figure 14 is defined as: 

The ambient gas-phase temperature is equal to 20°C (room 
temperature). The heated gas phase surrounding the particles 
reduces the thermal driving force for heat transfer between the 
particles and the directly surrounding gas phase. 

Due to momentum and thermal coupling, the particle Nusselt 
number is reduced to values of approximately 1 as can be seen 
from experimental data shown in Figures 11 and 12. The re- 
duction of the particle Nusselt number is a well-known phe- 
nomenon in packed and fluidized beds. Figure 15 contains the 
results of several experimental studies and shows a drastic 
reduction of the Nusselt numbers for values of the particle 
Reynolds number smaller than 10. However, as stressed by 
Levenspiel et al. (1989), these experimental data depend on 
theoretical models which not necessarily correspond to physical 
reality. 

Several explanations have been put forward for these phe- 
nomena. For instance, Schlunder (1980) proposed a channeling 

Figure 15. Particle Nusselt number as function of the 
particle Reynolds number. 
Kunii and Levenspiel (1969). 

mechanism in which a large fraction of the particles is in 
equilibrium with their surrounding gas phase and driving force 
only exists towards a few larger channels through which a large 
fraction of the gas throughput flows. This mechanism shows 
some resemblance with the situation on the chute where the 
particles reduce their local driving force without affecting the 
ultimate thermal driving force (T, - Tambrent). 

This explanation shows the problems that can be encoun- 
tered to provide a sound descriptive basis for the gas-to-particle 
heat transfer at low Reynolds and Nusselt numbers. However, 
it should be stressed that this work was concerned with the 
development and experimental validation of the fluoroptic 
technique (temperature measurement of rapidly moving par- 
ticles). Therefore, the particle temperature has been measured 
in a very well accessible experimental setup under realistic flow 
conditions. Temperature measurements performed with ther- 
mocouples and the fluoroptic technique proved the validity of 
the latter. 

Conclusion 
A novel temperature measurement technique has been de- 

veloped which permits nonintrusive measurement of the tem- 
perature of rapidly moving single particles. The response rate 
of the novel system has been investigated, both from an optical 
and a thermal point of view. The fluoroptic method was tested 
by the following methods: 

(1) The optical response speed was measured and proved to 
be in the order of 1 ms, as shown in Figure 6. The optical 
response time should always be less than the time required by 
the particle to travel through the spot to avoid the optical 
dynamic limitations of the present phosphor system. If higher 
particle velocities occur, the measuring spot should be en- 
larged. As mentioned before: particles moving with a velocity 
of 10 m.s- '  will travel through an illuminated spot with a 
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cross-sectional diameter of 10 mm within 1 ms. The optical 
response of the phosphors on UV-illumination times less than 
I ms have not yet been tested. 

(2)  The thermal response rate of the phosphors measured 
showed that it exceeds 10,000 K - s - ’ ,  as shown in Figure 7. 

(3) An experiment in which the particle temperature was 

Nup = particle Nusselt number (ad&,) 
p = power, W 

Pr = Prandtl number (&,/A,) 
r = configurational coordinate, m 

= electrical resistance, ohm 
Rep = particle Reynolds number b f I u f - u p ~ d p / v f )  

S = signal, photon 
accurately known showed that the temperature of heated par- 
ticles could be measured in short measuring times that are 
characteristic of the fluoroptic measurement method, as shown 
in Figure 8. 

All tests revealed a good performance of the phosphors. 
It must be stressed that the BAM/SAE phosphor combi- 

nation used in the present work was not developed specifically 
for temperature measurements. Application of a phosphor like 
Dy:YAG, which has been studied by Goss et al. (1989), can 
broaden the temperature range to 1,000 K which will probably 
reduce measurement errors. To further develop the fluoroptic 
measuring technique, every component has to be characterized 
under dynamic conditions. Therefore, future work will be con- 
cerned in duplicating the work of Hilpert (1933) on the heat 
transfer to wires and cylinders to study all characteristics of 
the fluoroptic technique in detail in a well-defined experimental 
environment. (When heated to a plastic state, the glasseous 
binder material can perfectly be drawn into wires.) 

An inclined chute has been used to determine the local par- 
ticle velocities and temperatures along the chute. This geometry 
offers the advantage of an easy access. A comparison of Figures 
11 and 12 reveals that two independent methods (the ther- 
mocouple method and the fluoroptic method) produce similar 
Nusselt numbers in the order of 1. However, the physical 
interpretation of the heat transfer from the gas phase to the 
particles is far from being simple due to the phase coupling 
effects. These coupling effects include momentum coupling 
between the particle and gas phase, and thermal coupling be- 
tween the particle and gas phase; even at a particle volume 
fraction of 0.002. 

The novel technique developed in this work is expected to 
be applicable to nonintrusive measurement of particle tem- 
peratures in: 

Circulating fluidized beds and pneumatic conveyors. 
Drop tube reactors. 
Both gas and liquid fluidized beds. 
Heat-transfer studies involving mixing of two solid phases. 

In this case, only one phase should contain fluorescent particles 
to enable phase selective temperature measurements during the 
mixing of the two solid phases. 
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Notation 
C = electrical capacity, F 

C,, = drag coefficient 
Cp = heat capacity, J.kg-’.K-’ 
dp = particle diameter, m 

Z = photon flux, s - ’  
N = noise, photon 

t = time, s 
T = temperature, K 
u = fluidum velocity, m.s-’  
U = voltage, V 
u = particle velocity, m.s-’ 
x = chute coordinate, m 
Y = thermal driving force 

Greek letters 
01 = heat-transfer coefficient, W .m-2.K-‘ 
0 = volumetric interphase momentum transfer coefficient, 

E = porosity, n$,,.m;~,,,, 
7 = viscosity, Pass 
X = thermal conductivity, W.m-‘.K-’ 

hl,* = wavelength, m 
p = density, kg.m-’ 

kg . m-3. s -  I 

Subscripts 
p = particle 
f = fluidum 
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