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Abstract-An instrumented cylinder which contains an abrasion resistant, fast responding (settling time 
of approximately 2 ms) heat flux transducer, along with associated analog signal conditioning equipment, 
is developed for the measurement of instantaneous local heat transfer rates to an immersed horizontal 
cylinder in a high temperature fluidized bed. Analog signal conditioning is used to provide a d.c. voltage 
which is linearly related to the instantaneous local heat flux. This voltage is suitable for direct oscillographic 
recording or digital data acquisition. Instantaneous local heat transfer coefficient data obtained in a 30 x 60 
cm cross section high temperature fluid&d bed of 0.9 mm mean diameter particles at 562°C are presented. 
Spatially-averaged heat transfer coefficient data, obtained using the instrumented cylinder in fluidized beds 

with temperatures up to 743”C, are in very good agreement with published correlations. 

INTRODUCTION 

INSTRUMENTATION for the measurement of instan- 
taneous local heat transfer rates (or, equivalently, 
instantaneous local heat transfer coefficients) to sur- 
faces immersed in low temperature fluidized beds has 
been developed and used by several investigators 
including Mickley et al. [l], Gloski et al. [2], Tuot 
and Clift [3], Baskakov et al. [4], Fitzgerald et al. [5] 

and Wu et al. [6]. These studies also report instan- 
taneous local heat transfer coefficient data for im- 
mersed cylinders or immersed plane surfaces in low 
temperature fluidized beds. 

All of the above studies utilized electrically heated 
foils or thin metal films of low heat capacity as heat 
flux transducers. The instantaneous electrical power 
dissipated by the metal film, instantaneous surface 
temperature, knowledge of the geometry of the trans- 
ducer and thermal properties of the materials of con- 
struction are adequate to calculate the instantaneous 
local heat flux. The operating principle of these devices 
and the signal conditioning methods used require that 
the transducer surface be at a higher temperature than 
the fluidized bed. For this reason, none of the heat 
transducers employed in the above studies are useful 
in high temperature fluidized beds. Abrasion resis- 
tance is also limited for devices of this type. 

Fluidized bed heat transfer studies that are con- 
ducted exclusively at low temperature have several 
important limitations. The most serious limitation is 
that the transport properties of the fluidizing gas and 

particles are essentially fixed and will usually have 
values greatly different than characteristic of high tem- 
perature operation. Radiant heat exchange, which is 
not negligible in fluidized bed combustors, cannot be 
studied at low temperatures. Validation of analytical 
models or empirical data correlations for bed-to- 
surface heat transfer based exclusively on studies 
conducted at low temperature is, therefore, not con- 
clusive. 

Few measurements of instantaneous local heat 
transfer rates to surfaces immersed in fluidized beds 
at elevated temperature have been reported. A heat 
flux transducer and associated signal conditioning 
circuit were developed specifically for use in high 
temperature fluidized beds in ref. [7]. In the afore- 
mentioned study, the measuring system was used to 
obtain instantaneous local bed-to-wall heat transfer 
coefficients in a fluidized bed of 150 pm diameter 
glass beads at 282°C. This paper describes a similar 
heat flux transducer and signal conditioning circuit 
adapted to the measurement of instantaneous local 
heat transfer rates on the surface of a 50.8 mm di- 
ameter horizontal cylinder. As in the previous work 
[7], the analog signal conditioning circuit provides a 
d.c. voltage which is linearly related to the instan- 
taneous local heat flux. 

Operating experience with the instrumented cylin- 
der described below includes approximately 70 h of 
operation in fluidized beds of granular refractory par- 
ticles with 0.9-2.1 mm mean diameter and tem- 
peratures ranging from 548 to 743°C. Local surface 
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NOMENCLATURE 

Ar Archimedes number T bed bed temperature 

dP mean particle size TL temperature at in-wall thermocouple 
P input voltage to signal conditioning TU surface temperature 

circuit T ret reference temperature for calibration 

; 

acceleration due to gravity factor p 
spatial-average heat transfer coefficient (T,) time-average surface temperature 

LX maximum spatial-average heat transfer c’,, superficial gas velocity 
coefficient I’ output voltage from signal conditioning 

h(t) instantaneous local heat transfer circuit 
coefficient 1’4 output voltage of signal amplification 

(h) time-average local heat transfer circuit. 
coefficient 

k thermal conductivity of transducer Greek symbols 
material P calibration factor 

kr thermal conductivity of fluidizing gas at p density of transducer material 
bed temperature PI density of fluidizing gas at the bed 

L effective length of transducer between temperature 
thermocouples P, 

N&,X 

density of particle 
maximum spatial-average Nusselt I’, kinematic viscosity of fluidizing gas at 
number the bed temperature 

%v(t) instantaneous local heat flux 0 angular position of transducer on 
t time cylinder surface. 

temperatures on the outside of the cylinder up to 
188°C were maintained for several hours. Operation 
at higher temperatures is certainly feasible. 

A data set, including instantaneous local heat 
transfer coefficients and corresponding time-average 
values, for a single horizontal cylinder immersed in a 
30 x 60 cm cross section fluidized bed of 0.9 mm mean 
diameter refractory particles at 562”C, is reported. 
Time-average local heat transfer coefficients for par- 
ticles of 2.1 mm mean diameter and fluidized bed 
temperatures up to 743°C are also provided. 

The measurement of time-average local heat trans- 
fer coefficients does not require a rapidly responding 
heat flux transducer and is therefore easier to per- 
form than instantaneous measurements. Time-average 

local heat fluxes (or, equivalently, time-average local 
heat transfer coefficients) for horizontal tubes im- 
mersed in high temperature fluidized beds have 
been reported by a few investigators [8,9]. While these 
data provide useful information concerning the local 

heat transfer coefficient around the periphery of an 
immersed tube, no information whatsoever is pro- 
vided concerning the temporal variation of the local 
heat transfer coefficient. The more detailed models of 
the heat transfer process involve the calculation of 
instantaneous bed-to-surface heat transfer rates from 
the instantaneous flow field and voidage distribution 
near the immersed surface. Time-average data are not 
adequate for validation or improvement of these 
sophisticated analytical models. 

The geometry, i.e. the immersed horizontal cylin- 
der, considered in this work is of importance since 
many Buidized bed combustors use arrays of im- 

mersed horizontal tubes as heat transfer surfaces 
[lo]. The instrumented cylinder, calibration method, 
and data acquisition technique described below pro- 
vide data useful for the validation of analytical models 
of bed-to-surface heat transfer and for direct use in 
the design of fluidized bed combustion systems. 

INSTRUMENTED CYLINDER, HEAT FLUX 

TRANSDUCER, AND ANALOG SIGNAL 

CONDITIONING UNIT 

Design of instrumented cylinder 

The instrumented cylinder, which is water-cooled, 
allows the positioning of the heat flux transducer in 
the fluidized bed. For the present application, the 
50.8 mm diameter instrumented cylinder was mounted 
horizontally in packing glands and supplied with cool- 
ant (water) through rotary unions. This mounting 
arrangement allowed the rotation of the cylinder to 
different angular positions without disconnecting any 
piping. A single heat flux transducer was used to take 
data at all angular positions considered. 

Figure 1 shows the design of the instrumented cylin- 
der. The instrumented cylinder was constructed of 
type 304 stainless steel and composed of three pieces : 
the transducer cover plate, the wire channel cover 
plate, and the cylinder itself. The cylinder was de- 
signed so that the heat flux transducer-described 
in the next section-would slip into the bored recess 
shown in cross section B-B, and lightly press fit in the 
diameter indicated at point D. A small amount of 
high temperature silicone gasket seal was placed at 
point E to produce a water tight seal. The transducer 
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FIG. 1. Instrumented cylinder. 
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cover plate was fitted over the non-active end of the 
transducer. The wire channel cover plate was lightly 
press fitted into the wire channel slot and retained by 
stainless steel screws. This cover served to protect 
the wires from the fluidized bed environment. Easy 
installation and removal of the transducer from the 
cylinder was provided by this design. 

The instrumented cylinder incorporated a 0.25 mm 
air gap between the cylinder and the clamping ring on 
the transducer as shown in the detail on Fig. 1. This 
gap insulated the peripheral surface of the transducer 
and was intended to help ensure one-dimensional heat 
transfer within the transducer. Similar transducers 
used for measuring heat transfer rates in internal com- 
bustion engines have successfully used this con- 
struction [I 1, 121. 

Design of heat jlux transducer 
It was shown previously [7] that measurement of 

the instantaneous surface temperature and the in-wall 
temperature (about 6 mm from the surface in this 
design) is required to solve the conduction problem 
for the transducer body and, subsequently, compute 
the instantaneous local heat flux at the surface. There- 
fore, the transducer contains two temperature mea- 
suring elements. 

The design and principle of operation of the heat 
flux transducer was based on analysis previously 
described in ref. [7]. However, several significant 
changes in internal construction were required for the 

present application. The heat flux transducer, which 
was mounted in the instrumented cylinder, is shown 
in Fig. 2. This heat flux transducer was constructed 
of type 304 stainless steel and contains an eroding- 
type thermocouple (also called ribbon thermocouple) 
which measures the temperature at the surface of the 
transducer. The eroding-type thermocouple junction 
consists of two ANSI type K thermocouple wire rib- 

aoTr_r!@ 
CLAMPING RING FOR 
THERMOCOUPLE CLAMP THERMOCOUPLE WIRE 

SLEEVE 

THERMOCOUPLE CLAMP 

LIlCATILlN [IF , ASSEMBLED 
IN-DEPTH 
THERMOCOUPLE 

TRANSDUCER 

LLOCATIDN OF THE \S”RFACE T[1 
ERODING-TYPE 
THERMOCOUPLE 

BE MACHINED 
TO MATCH PIPE 
DIAMETER 

O: 
SCALE cm 

FIG. 2. Heat flux transducer. 
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FIG. 3. Analog signal conditioning circuit 

bons that were forged to a thickness of 0.025 mm and 
pressed between three mica sheets which were used as 
insulating material, so the wire ribbons were only able 

to contact each other at the surface of the transducer. 
The two mica sheets that electrically insulate the 
thermocouple wire ribbons from the body of the trans- 

ducer were split to a thickness of 0.025 mm. The 
remaining mica sheet that electrically insulates the 
wire ribbons from each other was split to an approxi- 
mate thickness of 0.012 mm. Small burrs of thermo- 

couple metal at the surface, which bridge over the thin 
mica sheets, form the actual surface thermocouple 

junction. These burrs also contact the surface of the 
transducer body, creating a grounded thermocouple 
junction of extremely low thermal mass at the surface. 
The effective width of the eroding-type thermocouple 
junctions was approximately 5 mm. 

A welded junction ANSI type K thermocouple was 
mounted at an approximate depth of 6 mm from 

the surface. This in-wall junction was attached to the 
transducer body with silver solder. 

The wire sleeve, which contains the thermocouple 
wires, was reduced to the smallest allowable outside 
diameter so that the flow of coolant was not sig- 

nificantly restricted. A detailed description of the tech- 
niques used to assemble the heat flux transducer and 
instrumented cylinder is given in ref. [ 131. 

Signal conditioning circuit 
An analog signal conditioning circuit was used to 

process the voltage output of the eroding-type surface 
thermocouple. The voltage output of the analog signal 
conditioning circuit is linearly related to the surface 

heat flux. The basic design and theory of operation of 
the circuit was given previously [7]. Operating experi- 
ence has, however, indicated a definite need to deter- 
mine the input-output relationship of the combined 
heat flux transducer and signal conditioning circuit 
by calibration. Computed input-output relationships 
based on the thermal properties of the transducer 
body, sensitivity of the thermocouples, and circuit 
analysis differed by approximately 35% from those 

obtained by calibration. 
A useful check on the input-output relationship for 

the analog signal conditioning circuit was to subject 
the transducer to a step change in the surface heat flux 
and verify that a near step change in the output voltage 
was produced. A movie projector with a 750 W lamp 
and a manual shutter were used as a radiant heat 

source to produce a step change in heat flux at the 
transducer surface. Initially the voltage output from 

the signal conditioning circuit did not yield a near step 

change, but produced a peak overshoot of approxi- 
mately 30% that was unacceptable for use in meas- 
uring instantaneous changes in the local heat flux to 
the surface. In order to eliminate the peak overshoot. 
several of the resistors in the analog circuit were 
adjusted until the overshoot disappeared. The ad- 

justed analog signal conditioning circuit is shown 
in Fig. 3. This circuit was then used as part of the 
signal amplification circuit shown in Fig. 4 that was 
interfaced directly with a digital data acquisition 
system. Four-pole Bessel low-pass filters with cut-off 

frequency (- 3 db) of 900 Hz were used with both of 
the amplifiers shown to improve signal-to-noise ratio. 

The input-output relationship for the transducer 
and signal amplification circuit combined was re- 
checked by again subjecting the transducer to a step 
change in surface heat flux. Since a step input contains 
a wide range of frequencies, an accurate response to 
a step input verifies both the amplitude response and 
phase response characteristics of the system. A pro- 

pane torch and shutter were used to produce a step 
change in heat flux of short (8 ms) duration at the 
transducer surface. The output voltage of the signal 
amplification system (ti4) was recorded on a digital 
storage oscilloscope. Figure 5 shows the response of 
the combined transducer and signal amplification cir- 

cuit to a step change in surface heat flux of approxi- 
mately 200 kW rn~ *. The settling time (defined as the 
time interval after application of a step change in 
surface heat flux for the output voltage to remain 
within 2% of the final value), as obtained from Fig. 
5, is approximately 2 ms and no significant overshoot 
is present. Two similar tests were done to check the 
response of the circuit for a step change in surface 
heat flux of long duration (approximately IO and 50 s). 

SIGNAL 

TYPE K 
rHE/?lwoCouPLE 

Y 

FIG. 4. Signal amplification circuit. 
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FIG. 5. Response taf the combined heat flux transducer and 
signal amplification circuit to a step change in surface heat 

RUX. 

A movie projector with a 750 W lamp was used as 
a radiant source to produce the step change in surface 
heat flux and the output voltage (v.J was recorded on 
an XY plotter. For values of time greater than the 
settling time, the output voltage (vJ was determined 
to be constant within &6 and f lo%, respectively, 
for these tests. Therefore, the overall response char- 
acteristics of the combined transducer and signal ampli- 
fication circuit were satisfactory for the application 
considered here. 

The settling time reported above is shorter than that 
provided by other systems for heat flux measurement 
in fluidized beds. For example, Wu et al. [6] reported 
a 90% complete response to a step change in surface 
heat flux in 45 ms. Assuming approximately first- 
order response characteristics, this would correspond 
to a settling time, as defined above, of approximately 
76 ms. The instrumentation used by Catipovic et al. 
[ 14, IS] provided a settling time of approximately 20 
ms. Even when compared with instruments suitable 
only for use in low tem~rature fiuidized beds, the 
system used in the present study was faster responding 
by a factor of approximately 10 or 40. Improved 
resolution of the temporal variations of the instan- 
taneous local heat transfer coefficient is a result of 
short settling time. 

CALlBRATlC?N 

The instantaneous local heat flux is represented as 
the sum of two terms. One term represents the time- 
average component of the heat flux while the second 
term represents the instantaneous changes in the heat 
flux. As shown in ref. [?I, the instantaneous local heat 
flux is computed from 

The corresponding instantaneous Iocal heat transfer 
coefficient is given by 

q,(t) 
h(t) = T&d--<Tw)’ 

Both (k/L) and ,5 must be established by calibration. 

The factor /? is the sensitivity of the signal ampli- 
fication circuit shown in Fig. 4 to changes in heat flux 
at the transducer surface. Calibration of the heat flux 
transducer and associated signal conditioning circuit 
to determine /3 was conducted using a radiant heat 
source to produce a step change in the surface heat 
flux. The radiant heat source used was a movie pro- 
jector with the shutter removed. The maximum heat 
flux the projector would provide at the surface of the 
cylinder was approximately 10 kW rne2. 

A commercial heat flux transducer, with known 
calibration characteristics, was used to determine the 
magnitude of the step change in heat flux at the surface 
of the cylinder. The commercial transducer used was 
a Micro-Foil heat flow sensor model 20455-l (Rdf 
Corporation, Hudson, New Hampshire, U.S.A.). The 
Micro-Foil heat Aow sensor was mounted on a por- 
tion of the stainless steel instrumented cylinder that 
was not exposed to the fluidized bed. Both transducers 
were covered with soot so that the surface absorptivity 
would be the same for each transducer. A manually 
controlled metal shutter was placed in front of the 
projector lens and then opened to produce a step 
change in heat flux. The step change in heat flux had 
a duration longer than the settling time of each trans- 
ducer. The calibration factor /I was established by 
comparing the voltage output (u,,) of the circuit with 
the heat flux indicated by the Micro-Foil heat flow 
sensor. This process was initially done at room tem- 
perature and then extended to elevated tem~ratures 
{up to 107°C) by first heating the cylinder in an oven. 
A total of 240 data points were obtained in this cali- 
bration process. 

Since the characteristics of the signal conditioning 
circuit and signal amplification circuit are constant, fl 
is a fiction only of the transducer surface tem- 
perature T,. The calibration results were well cor- 
related (within approximately 4%) by equation (3) 
below where T, and T,, are in Kelvin. The reference 
temperature Tref was 25°C (298 K) 

p = 9.46 $ 
( > 

-“~409~~m~W-~~ (3) 
ref 

Calibration to establish the value of k/L was done 
in the high temperature fluidized bed. The method 
used for calibration was again one of comparison. A 
Micro-Foil heat flow sensor (mode1 20455-l), pre- 
viously used by Goshayeshi et al. 1167, was used as 
the standard. This heat flow sensor was mounted on 
a 50.8 mm diameter cylinder made of SAE 660 bronze, 
The heat flow sensor was covered with a 0.127 mm 
thick sheet of stainless steel to protect it from the 
environment of the fluidized bed. Both cylinders were 
placed in the ~uidized bed with centerlines 0.36 m 
above the distributor plate. The cylinders were placed 
0.2 m apart in the fluidized bed so as not to interfere 
with particle movement between them. The heat flux 
transducers were positioned facing downward. This 
angular position was chosen because, according to 
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refs. [8, 161, the time-average local heat transfer co- 
efficient was least influenced by the changes in super- 
ficial gas velocity at this location. It was assumed that 
the time-average heat transfer coefficient would be the 
same for both transducers, since the bed temperature 

was the same and surface temperature was within 
20 C for both transducers. 

There was a problem with this calibration method 

related to a defect in the fluidized bed used. The dis- 
tributor plate which let the hot gas into the bed was 

warped from repeated high temperature use. Conse- 
quently, the bubbles were not distributed uniformly 
in the bed and both immersed cylinders were not 
subjected to identical conditions. Therefore, instead 
of calculating k/L for a variety of surface tempera- 
tures, the value of k/L was determined at a single 

surface temperature. Several test runs were done at a 
constant surface temperature of 136’C; the value of 

k/L was calculated to be constant at 1572 W m ’ 
K ‘. The use of a single value for k/L does not alter 
the accuracy of the measured time-average heat trans- 
fer rate significantly because the surface temperature 
changed by less than 55°C from 136°C for all the test 
runs considered in this article. This 55’C temperature 

difference corresponds to an approximately 5% 
change in thermal conductivity (k) of the transducer 
material. Uncertainty in the value of k/L related to 
the non-uniform fluidization characteristics of the 
particular fluidized bed used is difficult to specify but 

probably greater than the 5% figure mentioned above. 

TEST CONDITIONS 

Fluidized bed 
The fluidized bed was refractory insulated and used 

a test section with a 0.30 x 0.60 m cross section. For 
the tests reported here, the instrumented cylinders- 
one for establishing the calibration factor k/L and 
the other for measuring the instantaneous local heat 
flux---were positioned with centerlines approximately 
0.20 m apart in a horizontal plane approximately 0.36 

m above the distributor plate. The packed bed height 
was 0.10 m above the centerlines of the instrumented 
cylinders. 

The distributor plate was made of two 3.2 mm thick 
lnconel plates. The top plate contains 171 holes 6.35 

mm in diameter placed on 31.75 mm centers in a 
square array pattern. An identical lower plate was 
used except for having 9.53 mm holes. To prevent 
particles from flowing back through the distributor 
plate when the bed was not fluidized, a stainless steel 
screen with 0.46 mm diameter wire and approximately 
50% open area was placed between the plates. 

Granular refractory material with commercial des- 
ignation Ione Grain was used as the bed material 
(particles). This material had a solids density of 2700 
kg m-j. 

A positive displacement air blower supplied air to 
a propane burner and, subsequently, to the fluidized 
bed. No combustion occurred in the fluidized bed 

Table I. Fluidized bed conditions for each of the test runs 
considered 

Run number 
I 3 3 

Bed temperature ( C) 562 548 143 
Gas velocity (m s ‘) 1.0 ?.XI ISI 
Particle size (mm) 0.9 3.1 ?.I 
Spatial-average cylinder 152 Il.5 163 

surface temperature (‘ C) 

itself. The flow rate of air into the fluidized bed was 
established using a venturi flowmeter. 

The fluidized bed was in operation, at elevated tem- 
perature, for approximately 70 h. During that time 

three test runs were completed. Table 1 shows the 
operating conditions for the three test runs. Each test 
run consisted of instantaneous surface heat flux 
measurements being recorded at five angular positions 
around the cylinder. The angular positions of the 
transducer at which data were recorded are shown in 
Fig. 6. 

Test procedure 

The fluidized bed was allowed to reach steady state 
operating conditions at the selected temperature and 
superficial gas velocity. A data acquisition system 
(Hewlett Packard HP3054A with 3456 and 3437 volt- 

meters) was then used to take 100 s of instantaneous 
surface heat flux measurements, with a sampling inter- 
val of 5 ms, for each of the five angular positions. 

The sampling interval used was the shortest the data 
acquisition system would provide. However, a shorter 
sampling interval (approximately 1 ms) would be 

more consistent with the settling time of the heat flux 
transducer used. 

The first set of data was taken at I) = 0 ; then the 
cylinder was rotated 45’ and the next data set was 
recorded. This procedure was continued until data 
were taken at all five angular positions. The voltages 
required to compute the local time-average surface 
temperature and in-wall temperature were also re- 
corded by the data acquisition system. The bed tem- 

HbT 
GAS 

FIG. 6. Angular positions at which instantaneous local heat 
tlux measurements were made. 
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perature was maintained within + 5°C of the specified 
value for all three test cases considered. 

TEST RESULTS 

Figures 7-9 show 4 s of typical ins~ntaneous local 
heat transfer coefficient values for three angular pos- 
itions at a bed temperature of 562°C (run number 1). 
This data set was selected for presentation since it 
used a particle size (0.9 mm mean diameter) similar 
to that normally employed in fluidized bed com- 
bustion of solid fuels such as coal. The electrical noise 
level, whose source is primarily the signal ampli- 
fication circuit, corresponds to a heat transfer co- 
efficient fluctuation of approximately +22 W me2 
K- ‘. 

Several interesting observations can be made from 
inspection of this data set. First, Figs. 7 and 8 display 
time intervals with relatively constant but low heat 
transfer coefficient, e.g. the time interval from 3.7 to 
3.8 s on Fig. 7. These are interpreted to be periods of 
local bubble phase contact with the surface of the 
cylinder. Figure 9, which corresponds to the angular 
position 180”, shows no periods of local bubble phase 
contact. A stack of defluidized particles, which is 
moved by passing bubbles, normally covers this 
portion of an immersed horizontal cylinder [ 17-191. 
Therefore, it is quite reasonable that pure bubble 
phase contact is seldom observed at these angular 
positions near the top of an immersed horizontal 
cylinder. 

The noise level of approximately f 22 W m- ’ K- ’ 

TIME (set) 

FIG. 7. Instantaneous local heat transfer coefficient for 4 = 0.9 mm, # = O”, U, = 1 m s- ‘, TM = 562°C 
(run number I). 
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2 3 4 

TIME (set) 

Fw. 8. Instantaneous local heat transfer coefficient for d, = 0.9 mm, 0 = 45 , r!,, = I m s ‘, T!,,;, =: 562. c‘ 
(run number 1). 

is the minimum fluctuation which is possible in the 
measured instantaneous local heat transfer coefficient. 
This minimum fluctuation is observed in Fig. 9 during 
the time interval 0.15 s. The fluctuations in the 
instantaneous local heat transfer coefficient during 
periods of local bubble phase contact are usually of 
larger amplitude than could be attributed to the elec- 
trical noise level in the measurement system. Con- 
versely, the fluctuations in the instantaneous local 
heat transfer coefficient during periods of local bubble 
phase contact are much smaller than those present 
during local emulsion phase contact (discussed 
below). It is, therefore, improbable that the observed 
fluctuations during local bubble phase contact are due 
entirely to particle contact with the surface thermo- 
couple. A possible explanation is that turbulent flow 

exists either in the boundary layer or free stream dur- 
ing periods of bubble phase contact. 

During periods of local emulsion phase contact. it 
is observed that instantaneous local heat flux fluc- 
tuations arc usually at a frequency much higher than 
the mean bubble frequency. For example, see the time 
interval 3253.4 on Fig. 8. The high frequency flue 
tuations which occur during periods of emulsion 
phase contact could be due to packets of particles and 
gas which slide over the surface due to nearby bubble 

movement. Therefore, the surface thermocouple junc- 
tion is alternatively subjected to particle contact and 
contact with the gas in the interstitial channels 
between particles. The observed high frequency fluc- 
tuations imply that the local instantaneous heat trans- 
fer coefficient varies strongly on a small spatial scale 



Measurement of instantaneous local heat flux 3033 

2 3 
TBIE <WC) 

FIG. 9. Instantaneous local heat transfer coefficient for dp = 0.9 mm, # = t80”, U, = 1 m s- ‘, Tbed = 562°C 
(run number 1). 

(of the order of one particle diameter). The mean 
frequency of local bubble contact with the cylinder at 
the angular location 6 = 45” was 2 Hz as established 
by inspection of the measured instantaneous local 
heat transfer coefficient. 

No instantaneous local heat transfer coefficient 
data for the operating conditions considered here have 
been reported elsewhere. Therefore, the instantaneous 
local heat transfer coefficient data obtained during 
this study cannot, at this time, be compared directly 
with data obtained by other investigators. 

Tables 2-4 show the time-average local heat trans- 
fer coefficient, time-average local surface temperature 
and spatial-average heat transfer coefficient for each 
of the three run conditions. The spatial-average heat 

transfer coefficient was computed from the cor- 
responding local values by applicatio1~ of the trapezoi- 
dal rule for numerical quadrature. For all three 
run conditions, the time-average local heat transfer 
coefficient was largest at the top of the cylinder 
(0 = 1 SW’). For given run conditions, the local surface 
temperature increased as the corresponding time- 
average local heat transfer coeflkient increased. 

Data shown in Tables 3 and 4 are for conditions 
similar to those in an earlier study [8] which was 
conducted in the same ffuidized bed but utilized a 
different method of measu~ng the time-average local 
heat transfer coefficient. The previous study [8] used 
lower maximum superficial gas velocities (2.4 m s- ’ 
rather than 2.8 1 rn S- ‘) and yielded time-average local 
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Table 2. Local surface temperature, time-average local 
heat transfer coefficient and spatial-average heat transfer 
coefficient for Thei, = 562°C. d, = 0.9 mm, UC, = 1 m s- ’ (run 

number 1) 

(h) 
(Wm ‘K ‘) 

0 127 247 
45 131 262 
90 153 324 

135 175 3x4 
180 174 384 

A= 321 

Table 3. Local surface temperature, time-average local 
heat transfer coefficient and spatial-average heat transfer 
coefficient for r,, = 548°C d, = 2.1 mm, U, = 2.81 m s- ’ 

(run number 2) 

CT,> 
(‘0 

(h) 
(Wm-‘K ‘) 

0 93 IS5 
45 97 I67 
90 119 231 

135 129 248 
180 138 272 

A= 215 
_______ - 

Table 4. Local surface temperature, time-average local 
heat transfer coefficient and spatial-average heat transfer 
coefficient for Tbcd = 743”C, d, = 2.1 mm, U, = 2.81 m se ’ 

(run number 3) 

0 136 175 
45 143 191 
90 167 241 

135 182 260 
180 I88 274 

I?= 229 

heat transfer coefficients approximately 1429% 
lower than the present study. The largest differences 
occurred at the top of the cylinder (0 = 180”) which 

is also the angular position at which the time-average 
local heat transfer coefficient is most strongly influ- 
enced by changes in superficial gas velocity [8, 161. 
No time-average local heat transfer coefficient data 
comparable to those shown in Table 2 have been 
reported elsewhere. 

Superficial gas velocities considered in the work 

reported here were selected to provide a near 
maximum spatial-average heat transfer coefficient. 
The maximum spatial-average Nusselt number and 
Archimedes number were computed for each of the 
three run conditions using the following equations : 

dli 
NM,,, = 7 

f 

- Varygin et al. t221 
--- Baskakov et al. r-211 
- - Zabrodsky et 01. 1231 
l l l Present study I 

103 e 
5 

104 * 
5 

lo5 

Ar 

FE. 10. Maximum spatial-average Nusselt number vs 
Archimedes number. 

Correlations of the maximum spatial-average Nus- 
selt number as a function of the Archimedes number 

have been developed by several investigators [20]. 
Specific correlations valid for the Archimedes number 

range considered here were developed by Baskakov rt 
al. [21], Varygin and Martyushin [22], and Zabrodsky 
et al. [23]. Almost all of the data correlated by these 
investigators were obtained at near room temperature 
with air as the Auidizing gas. All gas properties were 
evaluated at the corresponding bed temperature. 
These correlations are compared with results of the 
present study in Fig. 10. The experimental data re- 
ported here are well within the range predicted by 
the three correlations. 

CONCLUSIONS 

The heat flux transducer and associated analog sig- 
nal conditioning circuit described in ref. [7] has proven 
to be adaptable to the measurement of instantaneous 
local heat transfer coefficients on the surface of a 50.8 
mm diameter instrumented cylinder immersed in a 
high temperature fluidized bed. Fluidized bed tem- 
peratures up to 743°C and transducer surface tcm- 
peratures up to 188°C were successfully used. Oper- 
ation of the instrumented cylinder in a fluidized bed 
at combustion level temperatures (approximately 
SSO’C) is certainly feasible. 

Abrasion resistance of the heat flux transducer 
appears to be adequate for most research uses. 
Approximately 70 h of operation in a high tem- 
perature fluidized bed with mean particle sizes as large 
as 2.1 mm were successfully completed with no failures 
of the eroding-type surface thermocouple junction 
and no detectable change in calibration. 

The analog signal conditioning circuit reported in 
ref. [7] required adjustment, i.e. change in some of the 
resistance values, in order to provide useful response 
characteristics in the application considered here. 
After this adjustment, the system provided an exper- 
imentally measured settling time (time interval fol- 
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lowing the application of a step change in surface heat 2. 

flux for the voltage output to remain within 2% of its 
final value) of approximately 2 ms and no measurable 3, 

overshoot. This value of the settling time is sig- 
nificantly shorter than provided by most systems 
previously used in low temperature fluidized beds. 4. 
Improved resolution of the temporal variations in the 
instantaneous local heat transfer coefficient is a result 

of this short settling time. Each transducer built will 
require slightly different adjustment of the analog sig- 

nal conditioning circuit in order to achieve optimal 

response characteristics (short settling time and 
5. 

absence of overshoot). 

D. Gloski, L. Glicksman and N. Decker, Thermal resis- 
tance at a surface in contact with fluidized bed particles, 
Znt. J. Heat Mass Transfer 27,.599-610 (1984). 
J. Tuot and R. Clift, Heat transfer around single bubbles 
in a two-dimensional fluidized bed, A.Z.Ch.E. Symp. Ser. 
69(128), 78-84 (1973). 
A. P. Baskakov, 0. ‘K. Vitt, V. A. Kirakosyan, V. K. 
Maskavev and N. F. FiliDoovskv. Investieation of heat 
transfe; coefficient pulsat&s al;d of the &chanism of 
heat transfer from a surface immersed into a fluidized 
bed. In La Fluidisation et Ses Applications-Congress 
International, Vol. 1. Cepadues, Toulouse, France, l-5 
October (1973). 
T. J. Fitzgerald, N. M. Catipovic and G. N. Jovanovic, 
Instrumented cylinder for studying heat transfer to 
immersed tubes in fluidized beds. Znd. Enano Chem. 

The calibration factors B and k/L, which are 
required to compute the instantaneous local heat flux, 6. 

can be obtained using commercially available heat 

” I Fundam. 20,82-88 (1981). 
R. L. Wu, C. J. Liu and J. R. Grace. The measurement 
of instantaneous local heat transfer coefficients in a cir- 

flux transducers (Micro-Foil heat flow sensors, RdF 

was established in situ during operation of the instru- 
mented cylinder in the high temperature fluidized bed. 

Corporation, Hudson, New Hampshire, U.S.A.) as 

reference transducers. In the present application, a 
radiant heat source was used to establish /3 for a range 
of surface temperatures. The calibration factor k/L 

Measurements of the instantaneous local heat 
transfer coefficient, made using the instrumented cyl- 
inder described in this paper, show distinct time inter- 
vals during which local bubble phase contact occurs. 
The lower portion of the immersed horizontal cylinder 
(angular positions 0”, 45” and 90”) is contacted by 
bubbles much more often than the upper portion 
(angular positions 135” and 180”). 

9 

High frequency (much greater than the mean bub- 
ble frequency) fluctuations in the instantaneous local 

heat transfer coefficient occur during periods of local 
emulsion phase contact. Sliding of the particle/gas 
emulsion over the heat flux transducer is the suggested 
cause of this phenomena. The eroding-type surface 
temperature thermocouple junction is exposed to 
alternate contact with particles and gas in the inter- 
stitial channels between particles during periods of 
emulsion phase contact. 

efficients for; horizontal tube&a large-particle fluidized 

culating fluidized bed, Can. J. Chem. Engng 67,301-307 

bed at elevated temperature, A.Z.Ch.E. JI 30, 482485 
(1984). 
A. Goshayeshi, J. R. Welty, R. L. Adams and N. Ala- 

(1989). 
7. A. H. George, A transducer for the measurement of 

vizadeh, An experimental study of heat transfer in an 
array of horizontal tubes in large particle fluidized beds 
at elevated temperatures, 23rd ASME/AIChE Natn. Heat 

instantaneous local heat flux to surfaces immersed in 

Transfer Conf., Denver, Colorado, U.S.A., 47 August 

high temperature fluidized beds, Znt. J. Heat Mass Trans- 

(1985). 
J. Makansi and R. Schwieger, Fluidized bed boilers, 

fer 30,763-769 (1987). 

Power 131, Sl-S15 (1987). 

8. A. H. George and J. R. Weltv. Local heat transfer co- 

A. C. Alkidas and R. M. Cole, Transient heat flux 
measurements in a divided-chamber diesel engine, 

10. 

11. 

12. 

Values of the spatial-average heat transfer co- 
efficient obtained during the present study are in very 
good agreement with established correlations. Com- 

parable time-average local heat transfer coefficient 
data, obtained by an alternate measurement tech- 
nique, show good agreement (within 29%) with the 
corresponding values reported above. 
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UN CYLlNDRE INSTRUMENTE POUR LA MESURE DU FLUX THERMlQUE LOCAl 
INSTANTANE DANS DES LITS FLUIDlSES A HAUTE TEMPERATURE 

R&urn&On developpe pour la mesure du transfert local instantane a un cylindre horizontal immerge 
dans un lit fluidise a haute temperature, un cylindre instrument6 qui contient un trdnsducteur thermique. 
resistant a l’abrasion. a reponse rapide (constante de temps de 2 ms environ), associe a un tquipement de 
signal analogique. Celui-ci est utilise pour fournir une tension de courant continu qui est lineairement liec 
au flux thermique local instantant. Cette tension convient a l’observation directe oscillographique ou ;i 
I’acquisition sur ordinateur. Le coefficient local de transfert thermique instantane est obtenu dans unc 
section droite 30 x 60 cm d’un lit Ruidist a haute temperature de particules de diametre 0,9 mm en moyenne 
et a 562 ‘C. Les don&es de coelhcient de transfert moyen spatialement, obtenues avec le cylindre inslrumente 
dans des lits Auidises a des temperatures jusqu’i 743 ‘C. sont en tres bon accord avec lcs formules deja 

publiees. 

MEssuNG DER MOMENTANEN ORTL~CHEN WARMESTROMDICHTE 1~ EINEM 
HOCHTEMPERATUR-WIRBELBETT MIT EINEM INSTRUMENTIERTEN 

ZYLINDER 

Zusammenfassung-Fiir die Messung der momentanen ortlichen Warmestromdichte an der Oberfldche 
eines waagerechten Zylinders in einem Hochtemperatur-Wirbelbett wurde ein MeDgerat entwickelt. Dieses 
besteht aus einem instrumentierten Zylinder, der einen verschleillfesten, schnell ansprechenden (ungefahre 
Ansprechzeit 2 ms) Umformer fur die Warmestromdichte, sowie Einrichtungen fur die Verarbeitung der 
entsprechenden Analogsignale enthalt. Diese Analogsignalverarbeitung liefert eine Glcichspannung, die 
linear mit der momentanen artlichen Warmestromdichte zusammenhangt. Diese Ausgangsspannung kann 
nun unmittelbar einem Speicheroszillographen oder einer digitalen Datenverarbeitung zugefiihrt wcrden. 
In einem Hochtemperatur-Wirbelbett mit einem Querschnitt von 30 x 60 cm und einem mittleren Par- 
tikeldurchmesser von 0,9 mm bei 562’C werden momenlane iirtliche Warmeiibergangskoeffizientcn 
gemessen und dargestellt. Volumengemittelte Warmeiibergangskoethzienten, die mit Hilfe des instru- 
mentierten Zylinders in einem Wirbelbett bei Temperaturen bis zu 743 ‘C ermittelt worden sind. stimmen 

gut mit veriiffentlichten Korrelationen iiberein. 

HIIJIHH~P, OCHAIIIEHHbIfi HPHEOPAMH !$DI M3MEPEHHR MI-HOBEHHbIX 
3HA’IEHIiR JIOKAJIbHOfi IIJIOTHOCTR TEI-IJIOBOI-OHOTOKA B 

BbICOKOTEMI-IEPATYPHbIX I-ICEBAOO~M~EHHbIX CJIOIIX 

Amso’raI@ni-Pa3pa6oran nnJI&iHnp, OCHaLLteHHbIii CTOfiKHM K a6pa38BHOMy H3HOCy 6bICTpOAekTByD 

,.WM(BpeMS yCTaHOB,IeHH% COCTaBJlXeT OKOAO 2 MC)AaT'IUKOM TenAOBOrO nOTOKa U aHaAOrOBbIM yCT- 

pOkTBOM n0 o6pa6oTKe CRrHa-"OB, KOTOpbIii npeAHa3aHa'ieH AJU I13MeptXAR MrHOBeHHbIX 3Ha'ieHd 
AOKa,IbHOi% UHTeHCBBHOCTll TW_"One~HOCa K rOpU30HTaAbHOMy UHJIHHApy,nOrpy~KeHHOMy B BLICOKO- 

TeMnepaTypHbIii nCeBA002KBEeHHb‘ii CnOii. AHaJtOrOBax o6pa6oTKa CHrHaJlOB n03BOnBeT nOAJlepKW 

BaTb nOCTOIlHHOe Hanp,DKeHHe, AHHetiHO CBI13aHHOe C MrHOBeHHbIM 3Ha4e"HeM AOKaJIbHOii n.FIOTHOCTA 

rennonoro nororta. Hpn TarcoM rianpnxenua MO~HO npotl3BowTb npnbsyto ocwinnorpa$wiecKyro 

3anwb HJIH c6op IU$pOBbIXAaHHMX.~aHbI 3Ha'IeHUR KO3@HWeHTa MrHOBeHHOrO JlOKaJtbHOrO TenJlO- 

nepeaoca, nonygeHHble npa 562°C mll nCeBn00xnxeHHOr0 Cnou YaCTAIl CO CpeAHEiM AuaMeTpOM, 

paRHb,M 0,9 MM, nOnepemOe Ce4eHWe KOTOpOrO COCTaBJIKeT 30 X 60 CM. npOCTpaHCTBeHHO- 

OGpeAHeHHbIe AaHHb,e no KO3+@IJEEHTy TennonepeHoca,nony~eHHbIe c liCnOnb30BaHUeM pa3pa60TaH- 

NOrO u$%J,l%HApa B n‘%BAOO~H~eHHbIX CAOIlX npU TeMnepaTypaX BnAOTb A0 743°C O'teHb XOpOlilO 


