
AN ABSTRACT OF THE THESIS OF

Seyed Nasser Alavizadeh for the degree of Doctor of Philosophy in

Mechanical Engineering presented on August 8, 1985.

Title: An Experimental Investigation of Radiative and Total Heat

Transfer Around a Horizontal Tube Immersed in a High Temperature Gas-

Solid Fluidized Bed

Abstract approved:

Redacted for privacy

Ronald L. Adams

This study is primarily concerned with the measurement of the

local radiative component of total heat transfer around a horizontal

tube immersed in a large particle fluidized bed at elevated tempera-

tures. Total heat transfer was also measured in order to assess the

relative radiation contribution.

The radiation measurement probe employs a silicon window mounted

flush with the tube wall to transmit the radiative heat flux. A

thin-film thermopile-type heat flow detector placed behind the window

sensed the transmitted radiation. The thermal conductivity of sili-

con is sufficiently large to prevent the conduction error (less than

3%) resulting from the convective component of heat transfer. Sili-

con also has a wide spectral transmission wave band extending from

1.3 um to 12.0 um. The total heat transfer probe uses a similar heat

flow detector bonded to the tube wall and covered tightly with a

stainless steel foil to protect the detector against abrasion.



The radiation probe was calibrated using a narrow-angle black-

body source. The purpose of the calibration was to establish the

relation between the heat flux detected by the radiation probe and

the incident radiative flux to the tube wall. This relation was

found to be linear and insensitive to the tube wall temperature

variations encountered in this study.

The instrument has been used to measure local radiative and

total heat transfer at 0, 45, 90, 135, and 180 degree positions

around a horizontal tube immersed in a fluidized bed. Measurements

were obtained at bed temperatures of 812 K and 1050 K with 2.14 mm

and 3.23 mm mean diameter particles at gas velocities up to two times

the minimum fluidization velocity.

A sharp increase was noted for spatial average radiative, total

and convective heat transfer coefficients when the gas velocity ex-

ceeded the minimum fluidizing velocity. Generally, these coeffi-

cients showed little variation with further increase in gas flow

rate.

The radiative heat transfer coefficient was increased with an

increase in particle size and bed temperature, the latter having a

much more pronounced effect, as expected. The radiation contribution

to overall heat transfer was found to increase from 9% to 15% for

3.23 mm particles and from 8% to 13% for 2.14 mm particles when the

bed temperature was elevated from 812 K to 1050 K at the optimum gas

velocity (maximum total heat transfer).

Finally, fast sampling rate (25 samples/sec) data were obtained

using the radiation probe with a measured response time of about 120



msec. This data was treated as instantaneous and an attempt was made

to obtain hydrodynamic parameters such as emulsion residence time and

bubble contact fraction. However, this analysis did not yield satis-

factory results.
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Symbol Description

C Heat flow detector thickness

c Particle specific heat

Dp Mean particle diameter

Fk_j View factor, from k to j

F(Td) Heat flow detector surface temperature correction
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Gr Grashof Number, gH3 13AT/v 2
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co

he Ka/H

h
em
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h
er Emulsion radiative heat transfer coefficient

hmax
Spatial average maximum total heat transfer coefficient

hgcob Bubble gas convective heat transfer coefficient

hgcoe
Emulsion gas convective heat transfer coefficient
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Symbol Description

hr Radiative heat transfer coefficient, non-black tube

wall

hrb Incident radiative heat transfer coefficient, absorbed

by a black tube wall

h
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Air thermal conductivity

K
d

Heat flow detector thermal conductivity

Kg Gas thermal conductivity

k Particle thermal conductivity
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MF Lens magnification factor

Heat flux
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Average conduction heat flux to the sensing area of the

heat flow detector

qd Heat flux measured by the detector

Incident radiative heat flux to the window
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Net radiative heat flux, surface j
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Radiative heat flux leaving the window (radiosity)

qr
Radiative heat flux, non-black tube wall

qrb
Incident radiative heat flux, absorbed by a black tube

wall
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q
1
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Heat flux to the non-sensing area of the heat flow
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Re Particle Reynolds Number, UoDp/vg

S
d

Heat flow detector sensitivity
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d

Heat flow detector temperature

Tf Fluidized bed temperature

Tj Temperature of surface j

T
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Total probe temperature

Tw Wall temperature

Twi Window temperature

T Average window temperature in conduction error
wi

calculations

U
mf Minimum fluidization velocity

Uop Optimum fluidization velocity

UO Gas velocity

V
d

Heat flow detector output voltage

Vref Thermocouple reference voltage

Vtrc Heat flow detector thermocouple output voltage

W Width of the window and cavity

xi Mass fraction of particles in size interval i
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a Angle measured from lower stagnation point

a Coefficient of thermal expansion

d Window thickness
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Emissivity
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of Nominal fluidized bed emissivity

cw Wall emissivity

cwi Window emissivity

0d Temperature difference between the heat flow detector

and tube wall

6
s

Average temperature difference over the heat flow

detector sensing area

ewi Temperature difference between the window and tube wall

vg Gas kinematic viscosity

p Particle density

Pwi Window reflectivity

a Stefan-Boltzman constant

Emulsion residence time

Twi Window transmissivity
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Subscripts

k
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AN EXPERIMENTAL INVESTIGATION OF RADIATIVE AND TOTAL HEAT

TRANSFER AROUND A HORIZONTAL TUBE IMMERSED IN A

HIGH TEMPERATURE GAS-SOLID FLUIDIZED BED

I. INTRODUCTION

Fluidized beds are utilized in a variety of industrial applica-

tions, as described by Kunii and Levenspiel (79). The first major

successful application was in the catalytic cracking process to pro-

duce high octane gasoline which was in great demand during World War

II. Other applications include, gasification of powdered coal, solid

particle transportation, mixing of fine powders, heat exchange, and

drying.

Recently, a growing research effort has been concentrated on the

study of the fluidized bed as an alternative to the existing conven-

tional coal combustors in electrical power generation. In this case,

the bed material is predominantly limestone or dolomite. Different

design aspects of such systems for industrial and pilot-plant scales

have been discussed by Basu (20); Howard (69); McLaren, et al. (85);

Goblirsch, et al. (60); Leon, et al. (80); Canada and Staub (31); and

Canada, et al. (30). Some advantages of fluidized bed combustors

over the conventional boiler are: (a) particles have the ability to

adsorb the sulphur resulting from the combustion of high sulphur

content coal to meet the air quality standards, (b) the higher heat

transfer rate will reduce the size of the heat exchange area, (c) the

bed will be operated at lower temperatures (about 1100 K) so that

low-rank coal could be burned and also less nitrogen oxide is pro-
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duced. The drawbacks of this technique are: (a) processing and re-

cycling or handling the sulphur content particles, (b) the abrasive

effect of particles.

Figure 1.1 is a schematic diagram of a typical bubbling gas-

solid fluidized bed with an immersed horizontal tube. It is a

chamber filled with particles. A distributor plate located at the

base of the chamber counterbalances the weight of the particles and

also serves as the gas feeding port. As the gas velocity is in-

creased, four operational stages occur: packed, fluidized, bubbling,

and slugging. These stages occur when the friction force acting on

the particles which is induced by the upward moving gas is less,

equal, or greater than the weight of the particles. Slugging of the

bed is caused by coalescence of the rising bubbles produced at the

distributor plate in a sufficiently deep bed. In a bubbling bed,

particles in contact with an immersed object are constantly being

replaced as a result of churning produced by the rising bubbles.

This stage is of great interest since the maximum heat transfer be-

tween the bed and object occurs. Interested readers may consult the

books by Zabrodsky (110), Botterill (24), Davidson and Harrison (41),

and Kunii and Levenspiel (79). A discussion of different regimes of

fluidization for large particles (D > 1 mm) which is applicable to

the present study (Dp = 2.14 and 3.23 mm) is given by Catipovic, et

al. (33).

1.1 Heat Transfer Mechanisms

Various models have been proposed to predict heat transfer to

immersed objects in fluidized beds. Visual observations and instan-
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taneous measurement of heat transfer and particle packing density

seem to suggest an ongoing exchange of particles adjacent to the

immersed surface wall and the bulk of a bubbling bed. Fresh par-

ticles (emulsion or packed phase) leave the core, arrive at the sur-

face, and stay for a finite time until they are replaced by gas

pockets (bubble or lean phase). Most models incorporate this be-

havior by entering emulsion residence time (t) and the fraction of

the total time a bubble contacts the surface (bubble contact frac-

tion, fo) into their heat transfer analysis. Based on this

mechanism, Gelperin and Einstein (53) divided the overall heat trans-

fer into emulsion and bubble components. In the emulsion phase, heat

transfer is assumed to be composed of particle convection which

occurs by conduction through the gas layer between the surface wall

and solid particles, gas convection due to the interstitial gas velo-

city and finally, radiation. Bubble phase heat transfer consists of

gas convection and radiation. Overall heat transfer, to a first

approximation, is then represented by

where

and

h
to

= (1-f
o
) h

em
+ fo hb

h
em

= h + h
gcoe + herer

h
b

= h
gcob

+ h
br

(1.2)

(1.3)
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One of the earliest models was proposed by Levenspiel and Walton

(81). They assumed a boundary layer resistance to heat transfer with

stationary solids destroying the boundary layer at the points of

contact and reducing the effective thickness of the boundary. Wen

and Leva (103) used the same concept. In this type of model, par-

ticles are treated as obstacles preventing the boundary layer growth

and their thermal properties do not play any role in bed-to-wall heat

transfer.

Mickley and Fairbank (87) first introduced the "packet"

theory. According to their model, particles move in groups (packets)

and are brought into contact with the immersed object as a result of

the motion of rising bubbles in the bed. Packets are treated as a

homogeneous medium with thermal properties of a quiescent (near mini-

mum fluidization) bed and semi-infinite thermal mass. The step

temperature change at the surface (from Tf to Tw) upon packet contact

followed by unsteady conduction of heat during the packet residence

time, penetrating several rows of particles, are the basic features

of this model. Several modifications were incorporated into this

concept by several investigations. Baskakov (15) added a thermal

resistance layer next to the wall. Kubie and Broughton (78)

accounted for the variation of thermophysical properties near the

surface due to voidage (gas volume/total volume) variation. Yoshida,

et al. (108) assumed a finite packet length. Selzer and Thomson (96)

used a different interpretation of the measured instantaneous temper-

ature to an immersed tube to obtain heat transfer coefficients.



6

A third approach is based on the treatment of single parti-

cles. According to this approach, individual particles move from the

bulk of the bed to contact the heat exchanger surface. Ziegler, et

al. (111) and Chung, et al. (40) proposed a penetration type model

assuming that the particles receive convection from the fluid adja-

cent to the wall. Botterill and Williams (27) suggested that the

transient conduction between the first row of particles and the

immersed surface is the dominant mechanism of heat transfer.

Botterill, et al. (25) extended the model to include two rows of

particles. Gabor (51) further applied this model to a chain of un-

limited number of particle rows leading to simplified alternate slabs

of gas and solid model.

Decker and Glicksman (42) proposed a steady state conduction

near the particle contact point and emulsion convection, taken to be

the same as that for a packed bed. This model is valid for particles

with a thermal time constant much smaller than particle contact

time. Thus, the emulsion residence time does not affect the heat

transfer calculations. Adams and Welty (5) developed a single par-

ticle model with emulsion interstitial gas convection as the signifi-

cant mode of heat transfer for particles larger than 2.0 mm. Adams

(1,2) approximated the results to make it less cumbersome for pre-

diction of heat transfer. Further, Adams (3) broadened the scope of

the model by including the transient conduction behavior within the

solid particles.

A universal and easy to apply model is yet to be developed.

This requires a thorough understanding of the bed hydrodynamics,
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particularly around immersed objects. None of the existing models

are applicable to all the situations encountered in a fluidized bed.

1.2 Heat Transfer Measurements

A fundamental knowledge of heat transfer in high temperature

fluidized beds is essential for design and optimization of fluidized

bed combustors. A large number of heat transfer measurements have

been reported. However, most of these studies were conducted for low

temperature, "cold" beds and small particles. Recently, experimental

efforts have concentrated on large particle and high temperature

fluidization, applicable to fluidized bed combustors. Good reviews

of fluidized bed heat transfer are presented by Saxena, et al. (93);

Gelperin and Einstein (53); and also references (24) and (110). The

main thrust of this work is the study of the radiative component of

total heat transfer. However, a brief review of the total heat

transfer measurements will be presented. This is followed by a more

thorough discussion of radiative heat transfer investigations and the

techniques employed.

1.3 Total Heat Transfer

1.3.1 Spatial Average

The large body of reported data obtained at low temperature make

use of some type of heating element. The temperature of the element

was kept constant by varying the heater input power supply. High

temperature experiments involved measurement of the inlet and outlet

coolant temperatures along with estimation of the tube outside wall

temperature by assuming unidirectional convection and conduction to
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the coolant and tube wall, respectively. Extensive study of Khar-

chenko and Makhorin (75); Grewal and Hajicek (66); Golan and Cherr-

ington (61); Wright, et al. (106,107) and references (30,31,60, and

80) used this technique with minor variations. The data obtained

generally shows a sharp increase in heat transfer as a result of

transformation from a packed to a fluidized bed. This is followed by

a mild increase and then a reduction as the gas velocity is in-

creased.

1.3.2 Local

George (54) used thin thermopile sensors and covered them with a

thin foil to protect them against bed abrasion. His data suggests a

stagnant cap of particles on top of the tube at low gas velocity and

subsequent removal of the cap as the velocity increased. Gosmeyer

(65) also measured heat transfer at elevated temperatures using a

Gardon gauge (described in Chapter II). His results are subject to

error due to possible nonuniform heat flux in the bed. Berg and

Baskakov (21) calculated heat transfer coefficients around a hori-

zontal tube by measuring the temperature difference between the inner

and outer surfaces of a low thermal conductivity heated tube and

assuming one-dimensional conduction across the tube wall. They con-

cluded that the distribution of total heat transfer coefficient (h
to

)

becomes more uniform with a decrease in tube diameter. Based on

differential temperature across a steel plug, Vadivel and Vedamurthy

(100) reported local heat transfer measurements to a horizontal tube

in a fluidized bed combustor. Their results seem to be low compared

to other data. Gelperin and Einstein (53) investigated local heat
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transfer at ambient temperature for different tube diameters and gas

velocities. They found a slow increase in hto at the lower stagna-

tion point of the tube attributed to lower solid concentration.

Chandran, et al. (35) conducted their experiments in a cold fluidized

bed by using strips of thin inconel foil bonded to a lexan tube and

heated separately. Tests were performed under isothermal wall condi-

tions for particles ranging from 0.125 to 1.5 mm in mean diameter.

The heat transfer coefficient was found to be more uniform for larger

particles. Cherrington, et al. (39) used a similar method. Their

studies included 0.39 and 1.00 mm particles and a cold fluidized

bed. They observed an increase in hto with an increase in tube

diameter and more uniformity of heat transfer at higher gas velo-

cities. Heating elements were also employed to measure heat transfer

at 30-degree-angle divisions by Baskakov, et al. (16) confirming the

results obtained by Gelperin and Einstein (53). Samson (94) noticed

a maximum heat transfer coefficient at 72 degrees from the lower

stagnation point to a 115 mm cylinder. He based his heat transfer

calculations on a rather low temperature difference across a bronze

block.

1.4 Instantaneous Heat Transfer

The main difficulty in obtaining instantaneous data is the need

for building fast response probes. These measurements could provide

the necessary information to check the validity of the proposed

models by estimating the emulsion residence time (r) and bubble con-

tact fraction (f
o
), and hence emulsion and bubble heat transfer. Few

investigations have been reported. They have mainly relied on the
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temperature fluctuations, between maximum and minimum values, of a

thin film heater with a constant power supply (Sezler and Thomson

(96), and Mickley, et al. (88)). Employing the same technique,

Baskakov, et al. (17,18) proposed correlations for the prediction of

spatial average bubble contact fraction and emulsion residence time

for a vertical tube geometry. Fitzgerald, et al. (49), and Figliola,

et al. (48) used a platinum film and maintained a constant film

temperature by a control bridge circuit. The most extensive study of

local instantaneous total heat transfer to date is that of Catipovic

(32) which covers a wide range of particle size and gas velocities.

Most of these studies indicated the existence of maximum and minimum

heat transfer rates, attributed to the passage of emulsion and bubble

at the measuring ports. Caution must be taken in the interpretation

of instantaneous data especially for the purpose of estimating T and

fo. They are not in the form of sharply distinguishable signals and

some intuitive judgement might be necessary in analyzing such data.

1.5 Radiative Heat Transfer

Little data regarding the radiative component of heat transfer

is reported in the literature. A knowledge of radiative heat trans-

fer is of interest in designing the fluidized bed combustors. Table

1.1 lists the reported radiative heat transfer studies. The follow-

ing is a description of the techniques and conclusions of these

studies.

Baskakov, et al. (17) measured spatial average radiative heat

transfer indirectly by recording the transient temperature response

of two spheres of low Biot number with different surface emissivities



Table 1.1. Radiative heat transfer studies.

Investigation
D

(mm)

T
f

(K)

(T6 hto *

(gto)t

h *

(cirbrb )t

Radiation
Contribution

Baskakov, et al. (17) .35 - 25 7

1123 423

1.25 1 - 30 9

Yoshida et al. (109) 0.18 1273 413 343 0 0

Basu (20) 0.33-0.50 1123 293-303 420 35 8

Ilchenko, et al. (73) 0.57 (410,000) (88,000) 20

1223 333-393
1.75 (354,000) (83,000) 24

Vedamurthy and Sastri (102) < 3.15 120 43 35

1173 313

< 6.3 80 50 60

Vadivel and Vedamurthy (100) < 6.00 1023 313 121 46 35

Ozkaynak, et al. (91) 1.03 1033 303-374 (157,000) (50,000) 30

Present Work 3.23 1050 353 200 45 15**,22t

*W/m2K; tW/m2; **when ew = 0.64; t when ew = 1.00
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(silver-plated and oxidized). The bed consisted of Chamotte par-

ticles with mean particle diameters of 0.35, 0.65, and 1.35 mm. The

results suggest a radiative heat transfer contribution of about 9%

for the largest particle size at a bed temperature of 1123 K and wall

temperature of 443 K. Using a similar approach, Yoshida, et al.

(109) compared the total heat transfer to two oxidized and polished

vertical stainless steel pipes of 1.3 cm diameter in a bed of

0.18 mm particles and temperatures up to 1273 K. Total heat transfer

was calculated from the heat transfer to the coolant. They concluded

that the radiation contribution was insignificant.

Basu (19) used a 6.5 mm copper tube and a coaxial silica tube

with a gap to reduce heat conduction to the copper tube as a result

of bed convective heat transfer (see Chapter II). He then calculated

the radiation by measuring inlet and outlet water temperature used as

a coolant. A correction was made for the conduction error. Calibra-

tion of the instrument has not been addressed in the report. The bed

material in Basu's test was sand of 0.325-0.50 mm diameter. He found

the radiation contribution to be about 8% of the total heat transfer

in a bed at 1123 K.

In investigations by Ilchenko, et al. (73), Vedamurthy and

Sastri (102), and Vadivel and Vedamurthy (100), a quartz glass window

mounted on top of a cavity within a tube was used to filter con-

vective heat transfer and to transmit radiation. Transmitted radia-

tion was then detected by a thermoelectric device. These probes were

calibrated against an ideal black body source. Ilchenko, et al.

(102) mounted the radiative flux meter on one end of a cylinder.
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According to their results, radiation was about 20% for 0.57 mm zir-

conium oxide particles and 24% for corundum particles of 1.75 mm mean

diameter. Spatial average radiation to a horizontal tube contributed

20 to 40% of the total as measured by Vedamurthy and Sastri (102) for

the bed temperature maintained at 1123 and 1223 K. Local radiation

heat transfer was investigated by Vadivel and Vedamurthy (100) at a

bed temperature of 1023 K and 30 degree angles around a 60 mm diame-

ter horizontal tube. They found that radiation was about 35% of the

total heat transfer for a bed with smaller than 6.00 mm particles.

Quartz has low thermal conductivity (98) causing a conduction error

(Table 2.1) due to bed convection. Also, quartz is opaque to inci-

dent radiation at wavelengths larger than 5 pm (6,98), while the

measurements could involve energy transmission at higher wavelengths.

In a recent study by Ozkaynak, et al. (91), a two-layer flat

window of zinc selenide mounted on the flat end of a brass tube was

utilized. Circulating air passing through the gap between the

windows can eliminate the conduction error. This study is comparable

to the present one in that the authors have appropriately discussed

some of the issues involved in the design of the instrumentation.

They observed the radiative component to be about 30% of overall heat

transfer for the mean particle of 1.03 mm and the bed temperature of

1053 K.
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1.6 Present Work

Published data provide a mixed assessment of the relative im-

portance of the radiative component of total heat transfer. Further-

more, the local heat transfer variation around a horizontal tube has

not adequately been studied. The tube wall emissivity plays an im-

portant role in determining the radiative heat transfer contribu-

tion. This has not been addressed in the studies cited. Also, some

reports lack details regarding the calibration technique. Calibra-

tion is a decisive factor in final data analysis.

The present work is an attempt to obtain a definitive direct

measurement of radiative heat transfer. Three radiation probes were

mounted within a 51 mm bronze tube. The instrumented tube also in-

cluded total heat transfer measurement probes to assess the radiation

contribution. The device was calibrated and used to measure local

radiative and total heat transfer to a horizontal tube immersed in a

bed of 2.14 mm and 3.23 mm operated at 812 K and 1050 K temperatures.

Chapter II is a discussion of design considerations of the

radiative measurement probe. An analytical study guided us in choos-

ing the appropriate materials and their dimensions to obtain a reli-

able measurement device.

Chapter III explains the experimental equipment. Presented in

this section are: Oregon State University high-temperature fluidized

bed facility, a detailed description of the instrumented tube assem-

bly and finally, data acquisition system.
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Chapter IV addresses the calibration of the radiation probe by

employing a narrow-angle blackbody source. Calibration was repeated

after each exposure to the bed to examine the effect of abrasive

solid motion at the surface of the radiation probe.

Chapter V describes the test conditions along with data collec-

tion and conversion of the collected data to heat transfer coeffi-

cients.

Chapter VI is devoted to a discussion of the experimental re-

sults. Some comparison between the results of this study and other

investigations has been made. Data presented show the local varia-

tion of radiative, total, and convective heat transfer coefficients

around a horizontal tube.

Chapter VII is a summarized conclusion of this study. Some

recommendations are given for possible future investigations.
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II. RADIATION PROBE DESIGN

2.1 Design Considerations

Figure 2.1 illustrates the basic design concept. An infrared

transparent window, mounted on top of a cavity within a tube trans-

mits the radiative component of the total heat transfer. A heat flow

detector (thermoelectric), located at the base of this cavity,

detects the transmitted radiation. The basic concept is similar to

that employed in references (73) and (102). The following consider-

ations were made in the design of the instrument:

A. Since cooling of the window due to a more complex

instrumentation was not considered, conductive heat

transfer through the window as a result of the bed

convection should be minimized and instead directed

to the sides where the window contacts the tube

wall. This can be achieved without cooling by

selecting a window material with high thermal con-

ductivity.

B. The window should be capable of transmitting radia-

tion in the wavelength range at which maximum emis-

sive power occurs. This is 2.7 pm < X < 8.7 pm for

the conditions of operation of the fluidized bed used

in the experiments if it is assumed to be a blackbody

source. In short, the window should transmit over

the widest wavelength range possible.

C. Constant particle motion could cause abrasive damage

to the window. This implies that the window material
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should be mechanically hard to withstand the hostile

bed environment. Also, it is necessary to recali-

brate the device after exposure to the fluidized bed

to examine this effect.

D. The nonuniform temperature distribution of the par-

ticles, caused by cooling due to contact with the

window, will generate a nonuniform heat flux distri-

bution. This must be considered in selecting the

appropriate thermoelectric device for detecting the

heat flux.

E. High thermal conductivity of the instrumented tube is

desirable to minimize thermal nonuniformities due to

the instrumented ports.

F. The instrumentation should not disturb the flow of

gas and particles around the tube.

G. The view factor between the heat flow detector and

the window should be as large as possible. Note that

the larger the view factor, the smaller the conduc-

tion error discussed in A.

H. The heat flow detector should absorb the largest

possible fraction of the radiation transmitted

through the window. This suggests coating the de-

tector surface with a high absorptivity paint.
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2.2 Analysis

Instrumentation design parameters and performance of the probe

under the test conditions were established employing analytical tools

which included the following:

2.2.1 Heat Flow Detector

The possibility of nonuniform heat flux seems to suggest the

application of an averaging device such as a thermopile (thermo

couples in series) type heat flow detector, formed by a thin, low

thermal conductivity film with a thermopile on each side as described

by Hager (67). The Gardon gauge, first developed by Gardon (52), is

a circular thin foil (constantan) welded on top of a hollow heat sink

(copper). The choice of constantan and copper results in a linear

heat flux, versus emf output of the gauge. When exposed to a uniform

heat flux a temperature difference between the center of the foil and

the heat sink is established which can be correlated to the uniform

heat flux. This type of gauge is suggested as a heat flux measuring

instrument by the American Society of Testing and Materials (12).

Since these gauges are calibrated using a radiative source, (Malone

(84) and reference (13)] caution should be taken when they are ex

posed to a convective heat transfer source. Ulrich and Coffin (99)

studied this effect analytically and presented a correction factor.

Gosmeyer (65) reported, in some cases, a poor repeatability for these

gauges used in his study of total heat transfer in a high temperature

fluidized bed.

In a thermopile heat flow detector, as heat flows through the

thin low thermal conductivity film, a temperature difference across
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the film is established. Large aspect ratios (width and length to

thickness ratios) will yield a unidirectional heat flow perpendicular

to the film thickness. The sensing area is referred to as the frac-

tion of the total area on the detector surface where the thermopile

is placed. These devices are calibrated by exposing them to a

blackbody source. However, they could be employed for radiative,

conductive, and convective heat transfer measurements without any

loss of accuracy. To assess the performance of this device, a

steady-state conduction analysis was completed for the model shown in

Figure 2.2. For the analysis, the sides and bottom face are at a

constant temperature, Tw, and the top face is exposed to a step heat

flux profile with two different but uniform heat fluxes over the

sensing, (xl, yl) and (x2, y2), and nonsensing areas. The steady

temperature within the detector is governed by (10):

a
20d

320d 920d

2 2
+

2
- 0

ax ay 3z

where Od = Td - Tw and boundary conditions are

Od (o,y,z) = 0

Od (L,y,z) = 0

Od (x,o,z) = 0

Od (x,W,z) = 0

Od (x,y,o) = 0

(2.1)
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The average temperature difference over the sensing area was then

calculated from:
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Calibration of the heat flow sensor (heat flux detected versus emf

output of the detector) was completed by the manufacturer) by expos-

ing the entire area of the detector to a uniform radiative heat

flux. To examine the effect of nonuniform heat flux, two cases were

compared; one with a uniform heat flux distribution over the entire

area of the detector, the condition under which the original cali-

bration ,. ,.
. ..bration had been performed, = q

1
= q

2
and the very unlikely

case of a uniform heat flux distribution over the sensing area and

zero over the rest of the detector area, i.e., ,'17 = q" and q2 = 0.

Comparison of es, based on Eq. (2.3), for these cases determined the

effect of nonuniformity on the heat flux measurement. For the heat

flow detector geometry, selected for the instrumentation and shown in

Figure 2.3, the heat flux would be underestimated by about 2.5% using

the manufacturer's calibration data for the second case. This be-

havior was expected due to unidirectional heat conduction across the

film thickness caused by large aspect ratios, 167 and 374, of the

detector. For the same reason, the emf output signal of the thermo-

pile detector is independent of the type of the heat flux source

measured, i.e., radiative, convective, and conductive. In view of

these facts, the same detector, (Figure 2.3), was also employed in

overall (convection plus radiation) heat transfer measurements with-

out incorporating any corrections. This analysis makes clear that

1RdF, Inc., Hudson, New Hampshire.
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the manufacturer's calibration is applicable for our nonuniform heat

flux measurements.

The detector is made of 0.076 mm thick kapton coated with a high

absorptivity (0.98) paint (3M Nextle) to increase the fraction of the

transmitted radiation detected. The small width of the sensing area

(3.6 mm) is an advantage when making local measurements.

2.2.2 Conduction Error

Of particular concern in the instrumentation design was the

error produced by transmission, through conduction, of the convective

component of the total heat transfer to the heat flow detector.

Figure 2.4 illustrates the window with the heat flow detector at the

base of the cavity. To assess the magnitude of this effect, a two-

dimensional heat conduction analysis was performed. In the analysis,

the top surface of the window was exposed to convective heat tranfer

from the bed and the bottom surface was assumed to transfer heat to

the cavity base by one-dimensional conduction across the air-filled

cavity. Thus, the temperature of the window is governed by

a2T a2T

w
wi

. F = 0 (2.4)
3x

2
3y

2

where

A
2

h
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T
wi(L/2, y) = T

Twi ( W/2) = T
w

The magnitude of the error is given by the average heat flux by

conduction to the sensing area across the air-filled cavity for the

geometry shown in Figure 2.4.

where
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Equation (2.4) was solved by first using the transformation

Twi(x,y) = Owi(x,y) + Tw, then the integral, Eq. (2.5), was obtained

in the form

h
e

4Tw(-1)

.)(y2-y
1 n

/
=0 2

0
I
L

2
-xi

qcs = h
e
T
w

+
k
,
x

1 ml 0114cosh

n
1

(sin m1y2 - sin miyi)

CO

(sinh
1

x
2

sinh
1
x

1
) + X

n
2
=0

4(-1)

n
2

1:1X
2

2 2

(Tw

m2 02Lcosh ---i-- 13.

2

(sin m
2
x
2
- sin m

2
x

1
)(sin $

2
y
2

- sin a
2
y

1
) + (y

2
-y

1
)D[(x

2
-x

1
)



where

ml

1

XL
(sin Xx

2
-sin Xx1)]}

Xcosh
2

(2n
1
+1)71. (2n

2
+1)ff

m
2 L

0
1
= /X

2
+m

2
' 0

2
= ,,X2

1 4122

2

D
h
co

Tf + he Tw

h + h
co

, and

28

(2.6)

The conduction error, (71" ), was computed using Eq. (2.6) for
cs

different window materials (Table 2.1).

2.2.3 Window Temperature

An estimate of the average window temperature (Twi) and com-

parison with the tube wall temperature (Tw) will be useful. If the

difference is small, then Tw can be used to approximate Twi in radia-

tive heat transfer coefficient (hrb = q;b/(Tf - Twi)) calculations.

Otherwise, hrb will be underestimated and a direct measurement of the

window temperature or a correction would be necessary. The average

window temperature is

+L/2 +W /2

"Twi WL f f T
wi

(x
'

y) dy dx
-L/2 -W/2

after substituting the solution of Eq. (2.4), Twi(x,y), into

Eq. (2.7), it becomes

(2.7)
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Results of the calculation of Twi and errors in calculating hrb for

different window materials are shown in Table 2.1.

2.2.4 Radiative Heat Transfer

The radiative heat transfer to the sensing area (q" ) was esti-

mated by the net radiation method discussed by Siegel and Howell (97)

with adjustment to accommodate for the spectral characteristics of

the window materials, i.e.,

N Su 1-e.

c
F
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c
1 ) q" = (S

kj
- F

k-j
) aTj F

AX..
j=1 j J j j=1

(2.9)

The analysis was performed for an enclosure which included the

window, heat flow detector (sensing and nonsensing areas), and cavity

walls. The radiosity (total energy leaving the surface) of the

window can be expressed by

o,wi
=

4
e .a T . + T .a T

4
+ p .q.

,W.W1 W1 f W1 11 (2.10)

The fraction of the incident radiant energy absorbed by the window is

small and the window temperature rise, due to this energy, is neg-

lected. Since T
wi

T4
f

> > e
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T4 ., Eq. (2.10) becomes
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a T

4
+ (1-T

wi
) q.

1,w.O,W1 i



30

which suggests that the window can be treated as an opaque material

with the emissivity of Twi for the purpose of computations. Com-

parison of qrs with the conductive heat transfer estimated according

to Eq. (2.6), 4-
s
, gives an estimate of relative conductive error in

c

radiative heat transfer measurement. This error is calculated for

four different window materials with results presented in Table 2.1.

2.2.5 Natural Convection

Natural convection within the cavity was conservatively approxi-

mated for a geometry consisting of two infinite plates at tempera-

tures of Twi and Tw and separated by H distance. The Grashof number

Gr -
gH

3
aAT

v
2

was calculated and used to estimate the effect of natural convection

(Table 2.1).

2.2.6 Lens Effect

One face of the window should be conformed to the tube contour

to avoid disturbance of the bed. This creates a "thermal" plano-

convex cylindrical lens which focuses the transmitted radiative heat

flux to the detector area and thus magnifies it. The magnification

factor (14F) defined as "area of the window facing the bed/area of the

focal plane on the detector," was calculated using thick lens equa-

tions as discussed in Hecht and Zujac (66). The focal line distance

from the center of the lens was first calculated. Then, from a

simple analysis of the geometry of the radiative probe, the area of
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the focal plane on the detector surface was computed and MF was ob-

tained. Results are presented in Table 2.1.

2.3 Conclusions

The analysis described above was completed for four window

materials: silicon, sapphire, crystal quartz, and fused quartz.

Table 2.1 shows transmissivity (6,98), thermal conductivity (98), and

hardness (98) for these materials for the cavity height of 4.8 mm

(3/16 in.), constrained by machining of the instrumentation, view

angle, and conduction error which are also shown in Table 2.1. Two

sets of data: h
to = 207 W/m2K Tf = 812 K, and Tw

= 369 K,

hto 262 W/m2K, Tf = 1050 K, and Tw = 343 K corresponding to local

maximum heat transfer rates of this study were considered with the

larger errors reported in Table 2.1.

Of the materials considered, silicon is transparent over the

widest wave band (1.3 pm to 12.0 pm). The conduction errors for

silicon (1%) and sapphire (3%) are comparable. However, the larger

magnification factor (MF) for silicon (2.0) will further reduce the

conduction error. Note that this error is considerably greater for

quartz. The average window temperature (Twi) is large for quartz,

compared with the tube wall temperature of 369 K. The radiative heat

transfer studies have used the heat flux detector temperature as an

estimation of average window temperature (Twi). This will cause an

underestimation of the radiative heat transfer coefficient (last

column of Table 2.1) if no window cooling is employed (hrb = c1;13/

(Tf - Twi )). The conduction error results in overestimation

of - and thus h
rrb

These two errors working in different



Table 2.1. Window material properties with the results of the instrumentation analysis.

Window
Materials

Transmission
(Wave Band, pm)

Thermal
Conductivity

at T
wi

(W/mK)
Hardness
(Knoop) MF

Conduction
Error
(%) Gr

hrb
Error

(%)

Silicon 0.50 117.0 1150 2.0 1 91 354 2

(Si) (1.3-7.0)
0.35

(7.0-12.0)

Sapphire 0.84 35.0 1370 1.2 3 213 374 5

(A1203) (0.30-5.0)

Quartz, 0.92 6.7 741 1.2 23 555 446 17

Crystal (0.30-2.2)
(Si02) 0.50

(2.2-3.6)

Quartz,
Fused

0.91
(0.30-3.4)

1.7 461 1.1 28 961 589 53

(Si02) 0.40
(3.4-4.7)
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directions on hrb tend to reduce the overall error in computing

h
r
b. The Grashof number is sufficiently small (Gr 4 1700) to prevent

natural convection in the cavity for all the window materials consi-

dered. Based on the wide transmission waveband (1.3 pm - 12.0 pm),

negligible conduction error (1%), and no real loss of accuracy when

the heat flux detector temperature is used as an estimation of (Twi)

in calculating hrb (2%), silicon was selected as window material.
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III. APPARATUS

3.1 Fluidized Bed

All the tests were conducted in the Oregon State University

high-temperature fluidized bed facility. A schematic of this facil-

ity is shown in Figure 3.1. A detailed discussion of different com-

ponents of the facility is covered by Junge (74), George (55), and

Gosmeyer (65). Here, a brief introduction is presented. The main

components of the facility (numbers in the brackets refer to the

components shown in Figure 3.1) are as follows.

3.1.1 Air and Fuel

Air is fed to the system by an air blower [5] which is driven by

a 30 HP (440 volt) electric motor. Two silencers, located at the

inlet and outlet of the blower, reduce the noise pollution. The air

flow rate and its inlet pressure to the burner can [6] are controlled

by adjusting the air inlet valve [3] and the by-pass valve [1]. A

venturimeter [2] measures the air flow rate. Downstream from the

meter, air inlet pressure and temperature are measured as well. The

pressure difference between the venturimeter throat and upstream

section is monitored by a water-based manometer. Gosmeyer (65) cal-

culated the flow rate by the method of ASME (11) and results agreed

well with the Pitot tube test.

Propane is supplied to the burner can [6] by the main fuel valve

[9]. The propane flow rate can be controlled automatically by a

thermocouple placed in the test section. A by-pass valve is also

provided to allow manual control of the fuel flow rate. Combustion
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takes place in the burner can [6] and products are directed to the

test section.

3.1.2 Test Section

The present test section [16] is designed by Goshayeshi (63) and

has 15 mounting ports (3 columns x 5 rows) to accommodate tube arrays

and single tubes. Two inconel distributor plates and a stainless

steel screen [15] between the plates are placed at the bottom of the

test section. The bottom plate has a square pattern of 6.35 mm

diameter holes on 19.05 mm centers. The top plate contains 5.56 mm

diameter holes with the same pattern. The test section has

30 cm x 60 cm interior size and is made of 15.2 cm thick refractory

material. The exterior material is steel. A disengaging zone on top

of the test section and a cyclone [18] prevent particles from leaving

the test section. The particles leaving the test section are col-

lected in a bucket [19] connected to the cyclone. A glass view port

is mounted on top of the disengaging zone to aid in establishing the

fluid bed operational condition.

3.1.3 Temperature Control

The fluid bed temperature is measured using a type K thermowell

placed above the top distributor plate. The fluid bed temperature

can be set on the control panel. The fuel flow rate is automatically

adjusted to meet the set temperature. The fuel by-pass valve should

be opened when operating at higher air velocities (fluidizing) to

assist in establishing the desired bed temperature. A second type K

thermowell is mounted on top of the fluid bed in the test section.
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This is useful in examining the temperature variation through the

bed.

3.1.4 Cooling System

A 2.2 KW centrifugal pump [7] circulates the water through the

instrumented tube [14] in a closed loop. The circulating water is

cooled by a shell and tube heat exchanger [8] with city water running

through the tube side. Two stainless steel rotary union valves [17],

connected to the instrumented tube, allow the rotation of the tube

during the experiments without disturbing the cooling line con-

nections.

3.2 Instrumented Tube

Three total and three radiative heat transfer measurement ports

were mounted side-by-side along the axis of a 51 mm outside and 32 mm

inside diameter bronze tube. Figure 3.2 shows the radiative probe

instrumentation. The lower portion of the cavity was machined to the

size of the heat flow detector (12.7 mm x 28.5 mm). The larger upper

portion was carefully milled to house the window (17.5 mm x 41.4 mm)

with a maximum thickness of 3.2 mm. The height of the cavity from

the lower surface of the window facing the cavity (flat side) to the

base of the cavity is 4.8 mm. The heat flow detectorl (type 20455-1)

was bonded to the cavity base with high-temperature (serviceable up

to 533 K) thermal conducting (1.5 W/mK conductivity) Omegabond 200

epoxy.2 The detector lead wires were passed through a 3.2 mm hole

connecting the cavity to the wire channel, 4.8 mm wide and 7.4 mm

deep. A 1.6 mm stainless steel tubing running through the same hole
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and channel connected the cavity to the atmosphere for ventilation.

The hole was sealed with Omega CC cement2 and the channel was filled

with high thermal conducting (2.3 W/mK. conductivity) Omegatherm 201

paste 2 (stable up to 478 K). The channel was then covered by a brass

strip. Two stainless steel shim band clamps were used to secure the

strip in place. The window was mounted on top of the cavity applying

the same high thermal conductivity paste to reduce thermal contact

resistance. A 0.254 mm thick stainless steel foil, overlapping the

window, was wrapped around the tube tightly to hold the windows in

position and was connected to the instrumented tube by a stainless

steel thin bar and three screws, similar to the one showed in

Figure 3.3. A 14 mm x 30 mm rectangular cut was made in the shim

over the window to allow the transmission of the radiation. Omega-

therm 201 paste was also applied under the shim to prevent overheat-

ing.

Figure 3.3 shows the total heat transfer measurement probe. A

detector of the type used in the radiation probe was bonded to the

tube with Omegabond 200 epoxy. A groove, 4.8 mm wide and 7.9 mm

deep, was milled to accommodate the lead wires. The groove was

covered by a brass strip after being filled with Omegatherm 201

paste. To protect the detector against the abrasion in the fluid

bed, a 0.127 mm stainless steel shim was tightly pulled over the

detector and was connected to the tube by a stainless steel thin bar

and three screws. The addition of this shim produces only 2% re-

1RdF, Inc., Hudson, New Hampshire.
2Omega Engineering, Inc., Stamford, Connecticut.
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duction in the amount of heat flux arriving at the sensing area of

the detector when compared with the heat flux absorbed at the shim's

upper surface, as computed by George (54). The Omegatherm 201 was

also applied between the detector and the shim to reduce the contact

resistance. A description of a similar total probe is also given by

George (54) and Goshayeshi (63).

The radiation and total heat transfer measurement probes were

exposed to a 1000 watt quartz lamp, used as a heat flux source.

Their response to a step change in heat flux was amplified and then

recorded by a high speed Honeywell 2106 Visicorder. The response

time of radiation and total probes were estimated to be 120 msec and

2300 msec, respectively, when the response came to within 5% (error

of these measurements) of the step change.

3.3 Data Acquisition System

Figure 3.4 is a schematic diagram of the data acquisition com-

ponents. The HP-3497A (Hewlett Packard) data logger with a maximum

sensitivity of 0.001 microvolt measured the signals from the detector

thermopiles and thermocouples. All the wires were connected to HP-

4442A, a general analog measurement terminal. Cold junction

compensation was made by a built-in resistance monitoring the

terminal temperature. Data was stored as raw voltages, without any

manipulation, on disks by HP-83901M dual disk drive. An HP-85

microcomputer was employed as the control unit and was linked to the

disk drive and data logger by an HP-IB interface connector

terminal. A quick user's manual guide emphasizing the application of

data logger is written by Alavizadeh (7).
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Different programs were developed and employed in data collec-

tion and reduction. Appendix B is a listing of these programs which

perform, data collection, time average data reduction, and

instantaneous data reduction.
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IV. RADIATION PROBE CALIBRATION

4.1 Introduction

The response of an instrument is calibrated by employing appro-

priate known sources. These sources simulate the conditions under

which the instrument is expected to operate. The purpose of our

calibration was to relate the heat flux detected by the radiative

measurement probe detector, located at the cavity base, to the inci-

dent radiation. It is important to note that tube wall emissivity is

a decisive parameter in estimating the absorbed radiation. To

generalize the results of the experiments conducted in the fluidized

bed, the calibration data are presented for incident radiation or

radiation absorbed by a "black" tube wall (q"
rb

). The radiation to a

non-black wall can be approximated using the gray body (97) as-

sumptions which lead to

." ."
q = e
r w'n rb

(4.1)

where e w is the tube wall emissivity. This implies that it is neces-

sary to estimate the total emissivity of the stainless steel shim

covering the total heat transfer detector to assess the contribution

of radiation in overall heat transfer from the bed to the instru-

mented tube. The issue of wall emissivity and its significance in

radiation contribution has not been discussed by previous investiga-

tions of radiative heat transfer in fluidized beds.

Calibration must be based on a well-established physical law and

its accuracy and reproducibility should be independent of the oper-

ator. Different techniques for calibration of heat flux measurement
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devices are discussed in (70,72, and 104). Physical laws governing

the radiation have been precisely established and it offers a very

attractive option in calibrating the heat flow rate measuring

probes. The calibration of heat flow detectors using a narrow-angle

blackbody source has been recommended by the ASTM Standards (12). In

this device, radiation emitted through a hole in a cavity is equal to

that theoretically computed (aT4 ). The narrow-angle radiation source

is applicable for different probe sizes and geometries.

4.2 Barnes Radiation Source

Figure 4.1 is a schematic illustration of the Barnes3 11-210

Radiation Reference Source as described in the manual (14). It con-

sists of an insulated stainless steel core with a conical/cylindrical

cavity. A resistance heater element surrounding the core provides

the power for maintaining the cavity temperature. Temperature of the

cavity is measured by an accessory platinum/platinum-rhodium (13%)

thermocouple inserted in the wall of the cavity. Cold junction com-

pensation is made by an electrical circuit. The cavity temperature

is constantly monitored by a solid state controller which regulates

the heater current according to the user set cavity temperature. The

output of the thermocouple in emf for the cavity temperature is cali-

brated by the maufacturer. When connected to a conventional volt-

meter, cavity temperature can be obtained from the voltage measure-

ments and the thermocouple calibration data. Some of the specifica-

tions of the Barnes 11-210 blackbody source are listed below.

3
Barnes Engineering Co., Stamford, Connecticut.
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Cavity hole diameter: 2.5 cm (1.0 inch)

Temperature range: 50-1000°C

Emissivity: 0.99 ± 0.1

Operational power: 500 watts

4.3 Alignment

The radiation reference source cavity and the surface to which

radiation is emitted should be aligned. The alignment was con-

sistently performed for all the tests to make the results compar-

able. Figure 4.2 shows the alignment technique. Two clamps mounted

on two flat base support rods were used to hold the tube horizontally

in front of the source cavity. The flat bases were fixed to a bench

by C-clamps. Two height gages (each 110.5 mm) set the height of the

tube axis to that of the source cavity axis. The alignment device,

made of aluminum, has a sharp cone on one end. The opposite end has

a diameter of 25.4 mm to fit the cavity hole and its length is 16

mm. The length of the device from the conical head to the wall of

the source is 46.6 mm as Fig. 4.2 illustrates. The tube was rotated

so that the marked center of the surface was aligned with the sharp

cone and hence, with the source cavity hole center. A square was

positioned against the tube wall and alignment device to make the

tube and source cavity hole axis perpendicular. An L-shaped bar

tangent to the side wall of the source and a rectangular bar having a

width of 30.3 mm in front of the source were fixed to the bench.

This arrangement made it possible to move the source to about 3 mm

from the instrumented tube and also to prevent the misalignment of

the source during the calibration.
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4.4 Measurements

The heat flow detected by the radiation probe (ki) was obtained

by aligning the source cavity and window as described. The response

of the radiative probe heat flux detector to different source temper-

atures was measured in microvolts using a highly sensitive (0.001

microvolt) HP-3465B multimeter. The response of the detector thermo-

couple was also measured. The voltages were then converted to heat

flux using the method given in Appendix A. As discussed in the

beginning of this chapter, the black tube wall was selected as the

reference surface to which the absorbed radiation from the source

must be determined. The stainless steel shim stock covering the

surface of the total heat flow detector was painted with lampblack.

Lampblack has a flat spectral emissivity extending from 0.2 pm to

20 pm wavelengths with a value of 0.96 (71). The shim was aligned to

the same position (window position), heat flow detector voltage was

measured and then converted to heat flux (q"
rb

). The relation

between (Gb and qq will represent the calibration for the radiation

probe. The calibration was repeated following each exposure to the

fluidized bed to examine the bed abrasive effects.

To study the effect of tube wall temperature, one of the radia-

tion probes was calibrated for 333, 368, and 403 K tube tempera-

tures. Four band heaters, each 200 watts, tightened to the perimeter

of the tube, were employed to control the tube temperature during the

calibration. At each temperature, natural convection losses from the

window surface and total shim surface were determined by blocking the

cavity hole so that no radiation is emitted to these surfaces and
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measuring the radiative and total heat flux detector signals.

Following this procedure, it was possible to compensate for the

natural convection loss by adding the measured values in

."
calculating qd and q;b.

4.5 Results

The calibration results were found to be weakly dependent on the

tube temperature and approximated by the following equation.

c1;13 = 1.96 sqd

1 1

(4.1)

Figure 4.3 is a plot of Eq. (4.1) and the calibration data for dif-

ferent tube temperatures. Also shown are the calibration results

obtained before exposure to the fluidized bed. An average drop of

20% in the detected heat flux by the radiation probe occurred after

the first exposure to the fluid bed and no measurable change was

observed for the successive runs, provided that all the windows are

exposed to the bubbling bed at the tube lower stagnation and lateral

zones where the abrasive effects are expected to be maximum. The

exposure of the window changes its texture from a smooth and polished

surface to a randomly distributed pitted surface (at microscopic

level) reducing the transmissivity of the window. The random texture

is not expected to change for successive runs and probably this could

explain the fact that the window transmission characteristics did not

change after the first exposure of the instrumented tube to the

fluidized bed. The calibration was repeated for the two remaining

radiation probes and the following relations were obtained:
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(4.2)

(4.3)

The constants in Eqs. (4.1, 4.2, and 4.3) were adjusted such that a

close to uniform error was computed for all the data points. The

maximum deviation was 6% and occurred at low heat fluxes. Most of

the measurements fall in the intermediate and higher regions of the

curve (18-34 on vertical axis) where the error is smaller.

The view angle of the heat flow detector sensing area is greater

in the fluid bed than it is when exposed to the blackbody source.

This angle is 154 and 77 degrees for the length and 77 and 48 degrees

for the width of the device when exposed to the fluid bed and

blackbody source, respectively. The directional average

transmissivity of the window over the applicable incident angles was

estimated according to equations described in Duffie and Beckman

(45). Results showed a drop of less than 4% in the directional

average transmissivity when the probe was exposed to the fluid bed

due to a narrower view angle in the calibration.

The emissivity of the stainless steel shim, covering the total

heat transfer detector, was measured by first exposing it to the

blackbody cavity. Then, the shim was painted with lampblack and re-

exposed to the blackbody cavity under identical conditions. The

emissivity was found to be ew = 0.64 by comparing the results of

these measurements.

An overall accuracy of t 10% was estimated, based on the root

mean square approach as given by Doeblin (44), for the calibration.
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V. EXPERIMENTS

5.1 Test Conditions

Tests were conducted for ione grain refractory particles with

mean diameters of 2.14 mm and 3.23 mm and bed temperatures of 812 K

and 1050 K. Measurements were made at 0, 45, 90, 135, and 180 degree

positions around the horizontally placed instrumented tube.

Table 5.1 shows the size distribution for these particles. Also

shown are the ione grain chemical composition and its thermal prop-

erties as measured by Ghafourian (57). The mean particle diameter

was computed by the method suggested in Kunii and Levenspiel (79).

D -
1

p N

(x/D ).
Pi=1 1

(5.1)

uthere .

xi is the mass fraction of particles in size interval i, as

columns 3 and 4 of Table 5.1 indicate and (Dp)i is the average

diameter of size interval i. The nominal particle size range for

fluidized bed combustors is expected to be between 0.37 mm and 4.1 mm

in diameter (32).

5.2 Test Procedure

The instrumented tube was positioned about 30 cm above the dis-

tributor plate and the test section was filled with particles to a

height of 48 cm. Rotary unions were mounted to connect the tube to

the cooling system. Then, the bed was fired and its temperature was

increased slowly (Appendix C). All the detector temperatures, with

type T thermocouples, were monitored during the runs to assure opera-
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Table 5.1. Ione grain* size distribution.

Screen
Number

Screen Opening
Diameter

(mm)

Mass Fraction

(%)

Mass Fraction

(%)

4 4.76 .16 -

5 4 .28 8.8

6 3.36 .61 36.8

8 2.38 36.5 54.4

10 2.00 36.92 -

12 1.68 19.33

16 1.19 4.66

Pan 0.00 1.54 -

D = 2.14 (mm) 3.23 (mm)

*53.5% silicon, 43.8% alumina, 2.3% titania, .4% other;

p = 2700 kg/m3; k = 1.26 w/mK; c = 0.22 cal/gk; c = 0.86 (est.)
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tion below 475 K (temperature limit of the epoxy used to bond the

detectors to the instrumented tube) and the coolant flow rate was

adjusted accordingly.

The bed was first fluidized at maximum possible gas flow rate

and its temperature was adjusted by the temperature controller and

fuel by-pass valve. The bed temperature did not change by more than

± 10 K during the tests. After reaching the desired bed temperature,

data were collected and the gas flow rate was lowered to collect the

next set of data. It was necessary to rotate the tube once by 45

degrees at each gas velocity setting to obtain data for a = 0, 45,

90, 135, and 180 degrees (measured from the lower stagnation point)

since only three (90 degrees apart) instrumented ports were mounted.

The minimum fluidizing conditions were estimated by visual ob-

servation of the bed from the top view port and later they were veri-

fied by analyzing the heat transfer data, i.e. noting a sudden jump

in heat transfer rate when the bed was transformed from packed to

fluidized state. Data obtained at or near minimum fluidization velo-

city are not reliable due to a large temperature gradiant in the bed

and/or unsteady heating of the instrumented tube. The bed tempera-

ture was controlled within t 10 K of the set temperature.

A more detailed operating procedure has been provided in

Appendix C. More information in this regard can be found in George

(54), Goshayeshi (63), and Junge (74).

5.3 Data Collection

Data were collected using program (DATCOL) as listed in

Appendix B. Time averaged local data was obtained by recording a
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total of six thermopiles and six type T thermocouples signals cor-

responding to six heat flow detectors mounted on the instrumented

tube. Data for all the total and radiative heat transfer measurement

probes were taken in a period of about 80 seconds at each gas velo-

city. This allowed 50 readings of both thermopile and thermocouple

signals for each detector during this period. A fast sampling rate

of 25 samples per second was also registered for each radiation probe

for a duration of about 14 seconds at each gas velocity. Recorded

also were particle mean diameter (mm), air inlet pressure (inch Hg)

and temperature (°F) downstream from the venturimeter, pressure drop

(inch H
2
0) across the venturimeter, inlet coolant temperature (°F),

and bed temperature (°F) for each gas velocity setting.

5.4 Data Reduction

The gas velocity (U0) was computed using the results of the

venturimeter calibration and the program developed by Gosmeyer (63),

listed in Appendix B (GASVEL). George (54) calculated the viscosity

and thermal conductivity of the combustion products as given by Wilke

(105). These properties were found to be within 4% of those of the

air at the same temperature. Therefore, air properties were used in

computation of gas velocity.

Data reduction for time average local total and radiative heat

transfer data was carried out by first converting the thermocouple

raw signal (volts) to temperature and then computing the detected

heat flux using the thermopile signal (volts) and detector tempera-

ture according to the procedure presented in Appendix A. Equations

4.2 to 4.4 were employed to convert the calculated detected heat flux
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of radiation probes to incident radiation to the tube wall, i.e., the

radiation which would be absorbed by a black tube wall (i;b). The

measured emissivity of the stainless steel shim covering the total

probes (Chapter IV), was used to estimate the radiative heat flux to

the instrumented tube wall (q;) from

= e
4r Orb (4.1)

No adjustment was made to the calculated detected total heat flux

since it is 2% less than that absorbed at the upper surface of the

shim cover (54). Also computed was the convective component of total

heat transfer by subtracting the radiative (q") from total heat

flux (co).

Time average local heat fluxes and temperatures were obtained

from the summation

q" (or T
w N
) = qi (or (Tw)i)

i=1

(5.1)

where index i refers to each reading and N = 50 is the total number

of readings at each gas velocity. The local heat transfer coeffi-

cients were then computed as follows:

--h I---
Tf - Tw

(5.2)

Note that the temperature of total and radiation probe detectors were

used to appoximate the local tube wall temperatures in Eq. 5.2. The

introduction of stainless steel shim cover over the total detector

has been estimated to cause less than 1.8 K reduction in surface

temperature across the shim thickness according to George (54). The
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average window temperature calculated from the conduction analysis

(Section 2.2.3) differs slightly with tube wall temperature, as also

shown by preliminary tests (Section 5.5). In light of these facts,

it is justified to use the detector temperature to approximate the

tube wall temperature at the surface of each measuring probe.

Data reduction of time average heat transfer for local radia-

tive, total, and convective components was performed using program

DATRED as listed in Appendix B.

The reduction of fast sampling rate data from the radiation

probes along with a discussion of results are presented in

Section 6.5.

5.5 Preliminary Tests

In order to assess the thermal and mechanical performance of the

window material, one window positioned at 0, 90, and 180 degrees from

the lower stagnation point of the tube was exposed to the fluidized

bed. To monitor the window temperature, a thin type T thermocouple,

0.0127 mm thick, was inserted between the window and upper base of

the cavity. A second type T thermocouple was located in the wire

channel close to the outer surface of the tube. The two temperatures

did not differ by more than 10 K during 12 hours of operation at 1050

K and lower. This further justifies using the tube temperature as

measured by the radiative heat flow detector to approximate the

window temperature. The analytical study of heat transfer in the

window (Chapter II) predicted this behavior. However, due to pitting

of the window surface, transmission was reduced.
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VI. RESULTS AND DISCUSSION

The tabulated results of this investigation for all the test

conditions in the form of local radiative, total, and convective heat

transfer coefficients (hrb, hro, hco) for a = 0, 45, 90, 135, and 180

degrees, measured from lower stagnation point of the tube, are given

in Appendix D. Typical results are presented and compared with data

reported in the literature in this chapter. Table 6.1 highlights

some of the findings of this study. It shows the particle size, bed

temperature, and gas velocity range for the experiments. The minimum

fluidization and optimum velocities (U
mf and U

op
) correspond to

transformation of a packed to a bubbling bed and the peak in total

heat transfer coefficient, respectively. The maximum total heat

transfer coefficient (h
max ) along with radiative and convective (hrb'

h
co

) coefficients at h
max are also shown. Two different wall temper-

atures are listed in Table 6.1, one for total and one for radiative

heat transfer measurements. This difference was expected since the

total and radiation probe detectors used to approximate the local

surface temperatures (Sections 5.4 and 5.5) experience different heat

flux magnitudes and, therefore, demonstrate different temperatures.

Table 6.1 also shows the radiation contribution to overall heat

transfer for both the instrumented tube and a black tube. Finally,

the effective bed emissivity (cef) is presented for the test condi-

tions.

An rms (root mean square, see Doeblin (44)) error of -12%, +13%

was computed for radiative heat transfer coefficient calculations.

Total heat transfer coefficients are subject to * 8% rms error. The



Table 6.1. Summary of test conditions and results at optimum gas velocity.

Radiation
Contribution

Dp
(mm)

Tf
(K) U0** Umf** Uop**

Tto
(K) h*

xm

h*
W(atmax)

Twi

(1

(%)

cef
(at hm ax)

h*
b

(at
rnmax)

ew0.64 ew1.00

2.14 812 1.47- 1.62 1.90 408 189 173 366 22 8 12 0.41

2.77

2.14 1050 1.56- 1.75 1.95 426 227 195 349 42 13 20 0.43

3.49

3.23 812 2.11- 2.31 2.62 403 184 167 357 24 9 14 0.44

2.62

3.23 1050 2.27- 2.36 2.80 426 204 172 355 44 15 22 0.45

3.42

*w/m2K

**m/sec
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larger error for radiation calculations is due to the addition of

calibration and conduction errors. The uncertainty for each

quantity, in error calculations, was estimated based on manu-

facturer's specification and our own personal experience. Note that

the actual measurement errors are below the computed values. The

repeatability of the results reported here was found to be t 12%.

6.1 Spatial Average Heat Transfer

The spatial average radiative, total, and convective heat trans-

fer coefficients were calculated from the following relation:

1
h =

8
[h(a=0) + 2h(a=45) + 2h(a=90) + 2h(a=135) + h(a=180)]

where h rb' h
to'

and h
co

from Eq. (5.2) were substituted for h's in

the above equation.

6.1.1 Radiative Heat Transfer

Figures 6.1 through 6.4 show the radiative heat transfer coeffi-

cient variation with gas velocity for both a black tube wall (e=1.00,

curve C) and the instrumented tube (ew = 0.64, curve D) for 2.14 mm

and 3.23 mm particles at 812 K and 1050 K bed temperatures. Table

6.1 shows radiative heat transfer coefficient (h rb ) at maximum total

heat transfer coefficient (hmax
). This is of interest since

fluidized beds are expected to operate under the maximum total heat

transfer condition. A sharp increase in h is noticeable for all the

test conditions when the gas velocity exceeds the minimum fluidizing

velocity (Umf). This is primarily due to the bubble-induced motion

which replaces the "cold" particles near the tube surface, particu-
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larly on the upper half of the tube with "hot" particles from the

fluidized bed core. Then, the heat transfer tends to approach a

nearly asymptotic value when the gas velocity is increased.

Vedamurthy and Sastri (102) observed the same behavior at a bed

temperature of 1173 K and particles smaller than 6.3 mm in dia-

meter. Ozkaynak, et al. (91) reported the insensitivity of radiation

to fluidizing velocities greater than Umf. However, the data of

Vadivel and Vedamurthy (100) shows a maximum and then a slight de-

crease in radiative heat transfer coefficient (h
rb

) for T
f
= 1023 K

and particles smaller than 6.0 mm in diameter.

Although hrb approaches the same magnitude for both 2.14 mm and

3.23 mm particles, similar data obtained for smaller ione grain

particles (0.52 mm and 1.00 mm) by Alavizadeh, et al. (8) clearly

demonstrate higher radiative heat transfer coefficients for larger

particles, e.g. 33% higher when the particle diameter was increased

from 0.52 mm to 3.23 mm at 812 K bed temperature. Other investiga-

tions (100,102) also show a similar trend for the effect of particle

size on hrb. This is because larger particles experience a smaller

temperature drop when they come into contact with the immersed sur-

face in a bubbling bed and thus constitute a higher average tempera-

ture for the same residence time.

The bed temperature, by far, showed a more pronounced effect on

the radiative heat transfer coefficient as expected. As Table 6.1

illustrates, the radiative heat transfer coefficient increased by 90%

for both particle sizes when the bed temperature was increased from

812 K to 1050 K.
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No correlation has been developed for radiative heat transfer in

a fluidized bed. A number of analytical studies have incorporated

the radiation into their overall heat transfer models, for example,

see Vedamurthy and Sastri (101); J. Chen and K. Chen (37); Flamant

(50); Chen and Churchill (38); Mahbod (83); and Fatani (47). Others

have concentrated only on the radiative heat transfer component. The

optical pile model for a fluidized bed developed by Borodulya and

Kovensky (22) and Borodulya, et al. (23) treats the bed as an

assembly of parallel planes reflecting and absorbing the radiation.

In a second model, particles are treated as independent mediums for

thermal radiation. Based on this assumption, Brewster and Tien (29)

and Brewster (28) have proposed analytical models for radiative heat

transfer in a fluidized bed. These models require input parameters

such as particle spacing and transmission characteristics of the

particles not measured in this study. Glicksman (59) and Decker and

Glicksman (42) have estimated the radiation for large particle

fluidized beds by treating the bed and immersed surface as two infi-

nite plates at Tf and Tw with of and ew, respectively. This will

only give an upper limit for radiation.

In light of these difficulties and the dependency of radiation

on particle size and its radiative characteristics, bed temperature,

and geometry, the results of this study cannot be compared with other

analytical or experimental investigations. However, if radiation is

assumed to be proportinal to the fourth power of the bed tempera-

ture (Tf), then a plot of h
rb

versus T
f

3
(Figure 6.5) might be useful

in comparing the results of different radiation studies. As
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Figure 6.5 demonstrates, the data obtained by Ozkaynak, et al. (91)

and Ilchenko, et al. (73) at bed temperatures of 1023 K and 1173 K,

respectively, substantially overestimates radiation when compared to

the present study. Experimentsl investigation of Baskakov, et al.

(17) and Basu (20) predict lower radiative heat transfer

coefficients. The radiative heat transfer coefficients obtained by

Vadivel and Vedamurthy (100) compares well with the data of the

present study.

6.1.2 Total and Convective Heat Transfer

Spatial average total and convective heat transfer coefficients

for different gas velocities are shown in Figure 6.1 to 6.4. The

behavior of total and convective heat transfer (h
to

and h
co

) with gas

velocity is similar to that of radiative heat transfer coefficient

near minimum fluidizing velocity (Umf), i.e. a sharp increase as a

result of agitation of the bed. The sharp increase is followed by a

short, mild increase and then a slow decay. The latter behavior can

be attributed to a rise in bed voidage (c = gas volume/total volume)

and also greater bubble frequency and contact fraction as the gas

velocity is increased. In cold bed studies by Denloye and Botterill

(43) for a variety of particles ranging from 0.16 mm to 1.02 mm in

mean diameter, George and Grace (56) for small particles;

Cherrington, at al. (39) for large and small particles; and Catipovic

(32) for a wide range of particles (0.37 mm to 6.6 mm) similar trends

have been reported. Grewal and Hajicek (66) obtained spatial average

total heat transfer data for a large particle and high temperature

(1043 K to 1179 K) bed. Similar data for Dp = 0.34 mm to 1.66 mm and
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at bed temperature varying from 573 K to 1173 K were collected by

Kharchenko and Makhorin (75). These hot bed investigations also

follow the same behavior for total heat transfer coefficient as ob-

served by this study.

Table 6.1 lists the maximum total heat transfer coefficient

(h
max

) The optimum gas velocity (170p) at which hmax occurs is of

practical importance in fluidized bed operation and is also listed.

h
max exhibits a greater magnitude for larger particles and higher bed

temperatures.

A comparison of hmax for Dp = 3.23 mm and 2.14 mm particles

displays a 3% and 11% increase at bed temperatures of 812 K and 1050

K, respectively. An increase of 4% and 13% in convective heat trans-

fer coefficient was also computed under identical conditions.

According to the model proposed by Gelperin and Einstein (53) as

discussed in the Introduction Chapter, the total heat transfer

coefficient is a combination of "particle convection", "gas

convection", and radiation. The particle convection occurs through

the gas layer near the particle contact points with the immersed

surface. It increases with an increase in gas thermal conductivity

(K ) and a reduction in the gas layer thickness (2.). The gas

convection is caused by interstitial gas velocity through the

interstitial voids and is expected to be greater as the particle

Reynolds number (Re
p

= U0Dp /v
g
) grows. The increase in h

max
with a

reduction in particle size is probably due to a larger particle

convection component as a result of a thinner gas layer in the

vicinity of the tube wall. However, Baskakov, et al. (17) reported
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that hmax will start to increase if sufficiently large particles are

used. Maskaev and Baskakov (86) conducted cold bed heat transfer

studies for particles ranging from 2.00 mm to 9.53 mm in diameter.

Their overall heat transfer coefficient indicated an increasing trend

for larger particles. This behavior can be attributed to a greater

contribution of gas convection heat transfer in large particle

beds. The maximum total heat transfer coefficient can be seen to

rise from 189 W/m2K to 227 W/m21( (20% increase) for 2.14 mm

particles and from 184 W/m2K to 204 W/m21( (11% increase) for 3.23

mm particles when the bed temperature was elevated from 812 K to 1050

K. Since the radiative heat transfer coefficients at h
max

(Table

6.1) differ slightly for these particle sizes, the increase in hmax

with bed temperature cannot solely be explained by a greater share of

radiation. This is also obvious when the computed convective (gas

convection and particle) convection heat transfer coefficients (hco)

are compared as displayed in Table 6.1. The reason for this behavior

should be sought in the variation of thermophysical properties of the

gas with the bed temperature, e.g., greater thermal conductivity for

higher bed temperature and thus, larger particle convection. Golan,

et al. (62) calculated convective heat transfer by subtracting the

estimated value of radiation from total heat transfer and concluded

that gas and solid thermal properties play a role in the variation of

total heat transfer with bed temperature. The observed variation of

hmax and h
co

with bed temperature and particle size should not be

generalized. However, they hold when the particle convection is more

dominant than the gas convection. In general, depending on the
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relative importance of these two modes of heat transfer, the

convective heat transfer may increase or decrease when the particle

size or bed temperature increases.

6.2 Local Heat Transfer

6.2.1 Radiative Heat Transfer

Local radiative heat transfer coefficients (h
rb

) are illustrated

in Figures 6.6 to 6.9 for four velocities at each bed temperature and

particle size. The results display little variation over the lower

half of the tube including the lateral position (a = 0, 45, and 90

degrees measured from the lower stagnation point) particularly for

2.14 mm particles. However, a large variation in local radiative

heat tansfer coefficients was observed over the upper half of the

tube (a = 135 and 180 degrees).

A stagnant stack of more densely packed particles is known to

exist on top of an immersed horizontal tube at low gas velocities.

Glass and Harrison (58) used a photographic technique and conducted

hydrodynamic studies for a horizontal tube in a two-dimensional bed

of 0.1 mm and 0.5 mm particles. They observed a defluidized region

on top of the tube even at higher gas velocities. They also reported

a gas-shrouded (low density) region, independent of operating flow

rates, near the lower stagnation point (a = 0) which could extend to

lateral positions (a = 0 to 90 degrees). In addition, this study

showed a regular replacement of bubbles and particles at lateral

positions (a = 90) when U0 > Umf. Similar conclusions have been

obtained by hydrodynamic studies of Peeler and Whitehead (92) and
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Loew, et al. (82). These findings have further been confirmed by

local capacitance probe measurements of Catipovic (32) and Chen (36)

for small and large particle beds.

The defluidized stack on top of the tube collapses and particles

become mobile when the gas velocity is increased. The mobility of

particles will create a more uniform distribution of radiative heat

transfer coefficients around the immersed tube as clearly is demon

strated for all the test conditions. For the particle size of

3.23 mm and 1050 K bed temperature (Figure 6.9), hrb grew from nearly

zero to 41 W/m2 K at the higher stagnation point when the gas

velocity was increased from 2.3 msec to 3.4 msec. The local maximum

radiative heat transfer coefficient always occurred at the lower half

of the tube (a = 0, 45, and 90 degrees) under all the test conditions

for the range of gas velocities encountered in this study. As noted

earlier, a low particle density region independent of gas velocity

surrounds the lower half of the tube. This probably explains the

insensitivity of radiative heat transfer coefficient to gas velocity

at this region. At the present time, the results of radiative local

measurements cannot be compared with similar investigations due to

the lack of reported local data. To our best knowledge, the only

local radiation heat transfer for a horizontal tube is that of

Vadivel and Vedamurthy (98). Their data, obtained at a bed

temperature of 1023 K and for particles smaller than 6.00 mm and 4.00

mm, generally shows fairly good agreement with the results of the

present study.
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6.2.2 Total and Convective Heat Transfer

Figures 6.10 through 6.13 display the local total heat transfer

coefficient (hto) and Figures 6.14 through 6.17, the local convective

heat transfer coefficient (h
co

) variation with gas velocity. The

convective and total heat transfer coefficients follow similar

patterns and the discussion of hto given here also applies to hco.

The most noteable trend is a sudden jump in hto, e.g. from 110 W/m2K

to 165 W/m2K for 2.14 mm particles at a bed temperature of 812 K

when the gas velocity was raised from 1.62 m/sec to 1.75 m/sec. This

is caused by tranformation of the bed from packed to a bubbling

stage. Again, as in the case of radiative heat transfer coefficient,

the stationary cap of particles which becomes mobile in a bubbling

bed, is responsible for this trend. This has also been observed in

previous local heat transfer investigations, e.g. Golan and

Cherrington (61); Berg and Baskakov (21); George (54); and

Goshayeshi, et al. (64).

At a = 0 and 45 degrees, hto displays an irregular small varia-

tion with gas velocity. This was observed in tube array experiments

conducted by Goshayeshi, at al. (64) and cold bed studies of

Chandran, et al. (35) for 0.61 mm mean diameter particles.

Cherrington, et al. (39) also concluded that stagnation point heat

transfer is unaffected by the gas flow rate.

For velocities near or slightly above minimum fluidization

(Umf), the maximum local heat transfer coefficient (hamax) is seen to

occur at lateral positions. This result could be due to a high rate

of emulsion and bubble exchange (58). This observation is consistent
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with the findings of Berg and Baskakov (21), Gelperin and Einstein

(53), George (54), and other investigations. However, for a highly

agitated bed in which the intense particle motion is present, the

maximum local heat transfer (hamax ) first occurred at a = 135 degrees

for both 2.14 mm and 3.23 mm particles and then it shifted to the top

position (a = 180 degrees) for smaller particles. As the bed shifts

to a more vigorously bubbling stage, the porosity increases at equi-

torial lateral zones, according to Saxena, et al. (95), while the

high particle density region on the upper half of the tube is thrown

off and disturbed by rising bubbles (see Baskakov, et al. (18)).

Noak (89) noted an increased particle replacement rate on top of the

tube as the gas velocity was raised. For the gas velocity of 3.45

m/sec and a bed with 2.14 mm particles operating at 1050 K

(Figure 6.11), the particle motion is so intense that the total heat

transfer coefficient changed by less than 5% over the circumference

of the instrumented tube. It is expected that the shift of hamax to

a = 180 degrees will occur for larger particles (3.23 mm) if suffi-

ciently high gas flow rates are tested. However, this was not

possible to achieve due to the test facility limitations.

Finally, as mentioned earlier, generally the data obtained at or

near minimum fluidization velocity, including packed bed, are not

reliable. A large temperature gradient between the bottom and top of

the bed (in some cases up to 300 K) developed in the bed. In this

study, the bed was first fluidized to obtain an isothermal bed.

Then, it was defluidized and data were collected immediately. This

proved to create a more isothermal temperature distribution but, an
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error could arise due to unsteady transfer of heat to the tube,

particularly on the upper half (a = 135 and 180 degrees).

6.3 Bed Emissivity

The effective bed emissivity defined by eef = 4"r b/aT is of
f

practical interest in estimating the radiative heat flux to an

immersed surface in a fluidized bed. Table 6.1 lists computed values

of e
ef

for optimum gas velocity. An effective bed emissivity of 0.45

was calculated for the larger particle size and higher bed tempera-

ture (3.23 mm and 1050 K). This agrees well with eef = 0.40 obtained

by extrapolating the data of Baskakov, et al. (17) for an immersed

spherical surface. However, their data shows eef > 0.52 (extrapo-

lation) for a bed temperature of 812 K. At the same bed temperature,

as Table 6.1 indicates, eef depends on the particle size and is 0.42

and 0.44 for 2.14 mm and 3.23 mm particles, respectively. Data ob-

tained by Alavizadeh, et al. (8) for smaller particles (0.52 mm)

shows an effective bed emissivity of 0.35 at 812 K which further

substantiates the dependence of eef on particle size. Botterill and

Sealy (26) calculated the effective bed emissivity, at 1073 K bed

temperature, to be about 0.60 for small (0.2 mm to 0.7 mm) and 0.64

for large (1.0 mm to 1.5 mm) particles. eef
shows a slight increase

of about 5% with the elevation of bed temperature from 812 K to

1050 K.

The radiative heat flux is much below that theoretically calcu-

lated from the Stefan-Boltzman law (see (97)). The radiative

characteristics of particles such as emissivity and absorptivity

could be different than that of a black body. Brewster (28) lists
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the spectral emissivity of silica sand, widely used in fluidized bed

heat transfer studies. His calculations show that the effective

emissivity of silica sand is about 0.60 at 1273 K bed temperature.

The cooling of "hot particles" in contact with the "cold" immersed

surface further reduces the effective bed emissivity. Analytically,

the temperature of a large spherical particle greater than 2-3 mm

should not drop noticeably when it contacts the immersed surface

during its residence time. However, for coarse and irregularly

shaped particles used in this study, several contact points and/or

contact planes could cause a substantially larger temperature drop

(see Glicksman (59)). Ilchenko, et al. (73) reported that the

temperture of particles to a distance of one particle diameter from

the immersed surface is below that of the main body of a hot

fluidized bed even for large particles ranging from 2.00 mm to 5.00

mm in diameter.

6.4 Radiation Contribution

Table 6.1 shows the radiation contribution to the maximum total

heat transfer coefficient (h
max ) for both the tube surface emissivity

of total heat transfer measurement probe (ew = 0.64), computed from

ewcb
% Radiation

qto

and the maximum possible contribution (e = 1.00) using

"irb
% Radiation

q" + (1-e )q"
to w rb

The radiation contribution changed slightly with particle diameter

(2.14 mm and 3.23 mm) used in this study, since both the total and
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radiative heat transfer coefficients showed little variation for

these particles. The radiation contribution varied from 8% to 10%

and from 13% to 16% when the bed temperature was elevated from 812 K

to 1050 K for the range of gas velocities tested. The radiation was

15% of overall heat transfer for the larger particles and higher bed

temperature operating at optimum velocity.

The overall heat transfer rate generally decreases with an in-

crease in particle size when particle convection is more dominant

while the radiation increases. Both of these effects will cause a

smaller share of radiative heat transfer for small particle beds.

Alavizadeh, et al. (8) found radiation to be about 4% of maximum

total heat transfer (hmax) for 0.52 mm particles fluidized at 812

K. The present study indicates that radiation contributes about 9%

towards h
max

for the same bed temperature but 3.23 mm particle

size. Table 1.1 listed in the Introduction Chapter shows the radia-

tion contribution varying from 0 to 60% in a fluidized bed as re-

ported by different investigations. Because of different test condi-

tions, such as bed temperature, particle size, particle material, and

geometry of the immersed object encountered in these investigations,

a comparison of the reported results with the findings of this study

is not possible.

6.5 Instantaneous Radiation Data

Due to the short response time of the radiation probe (about 120

msec), the fast sampling rate data (25/sec) was treated as instan-

taneous radiative heat flux data. Based on this assumption, some
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analysis was performed to obtain emulsion residence time (r), bubble

frequency (w), and bubble contact fraction (f0).

In investigations utilizing fast response capacitance probes,

the electrical capacity of the probe varies with local bed voidage

(gas volume/total volume). Ozkaynak and Chen (100) employed this

technique and obtained a frequency of about 3 Hz for a vertical tube

immersed in a cold bed with 0.41 mm to 0.61 mm particles. Catipovic

(32) chose the distinguishing boundary between the emulsion and

bubble phases to be the average voidage between the packed bed limit

(0.49) and air limit (1.00). This boundary was selected to have a

voidage of 0.80 by Chandran and Chen (34). Defining this boundary

makes the data analysis straight forward in computing emulsion resi-

dence time and bubble contact fraction used in a number of different

proposed heat transfer models. However, the analysis of instan-

taneous radiative heat flux data for the purpose of obtaining similar

hydrodynamic parameters requires a more complicated approach.

To the author's knowledge, no instantaneous radiative heat

transfer data has been reported. Figure 6.18 shows typical data

obtained for Dp = 2.14 mm, Tf = 1050 K, and U0 = 3.49 m/sec at a=90

degrees. An attempt was made to infer T and fo from these

measurements. It was assumed that the radiative heat transfer

increases upon contact with a bubble and decreases when it is

replaced by emulsion. The approach based on this interpretation of

the data (program IDTPAV, Appendix B) did not produce satisfactory

results and no dominant trend for T, fo, and w variation with gas

velocity was observed. The second technique was to choose the time
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average value of the radiative heat transfer to be the boundary

between the bubble and emulsion (program IDTBIN, Appendix B). Data

points above and below this boundary were assumed to correspond to

bubble or emulsion phases, respectively. Conclusions similar to

those of the first analysis were observed. Fast Fourier Transform

(FFT) was performed to obtain the frequency of the bubble and

emulsion exchange rate. Figure 6.18 shows a typical power spectral

density diagram from this analysis. It shows a wide range of

dominant frequencies rather than a single frequency. Eleazar, et al.

(46) employed FFT to the measured spatial average force data to a

horizontal tube immersed in a small scale model of the fluidized bed

used in these experiments and found identical results for a sampling

time of 6 seconds. Measuring the temperature fluctuations of a thin

film foil and relating it to total heat transfer rate, Selzer and

Thomson (96) and Mickley, et al. (88) gave a different interpretation

of data.

The inconsistency in instantaneous data analysis might be due to

the "long" response time of the radiation probe in detecting emulsion

and/or bubble contact. A second possible factor is the large ex-

posure area of the silicon window to the fluidized bed. At any given

instant of time, the window possibly "sees" both emulsion and bubble

phases as also noted by Richardson and Shakiri (93). Also, a longer

sampling time than that used in this study (14 sec) might eliminate

some noise-type fluctuations observed in the FFT analysis and reduce

the width of the dominant frequencies. It is highly unlikely that
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the fluidized bed used in this investigation inherently demonstrated

these characteristics.
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VII. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

A radiative heat transfer measurement probe was designed to

separate and register the radiative component of overall heat trans-

fer. A tube was instrumented for the measurement of radiative and

total heat transfer in a high-temperature fluidized bed. The radia-

tion probe was calibrated and a linear relation, insensitive to tube

temperature, was found. The bed abrasion caused a 20% drop in the

heat flow detected for the same amount of incident radiative flux,

after the first run. No detectable change in calibration character-

istics of the window was observed for successive runs.

The instrumented tube was employed to measure radiative and

total heat flow rates at 45 degree steps around the tube. Particles

with mean diameters of 2.14 mm and 3.23 mm in a bed of 812 K and

1050 K were used in this study. The convective heat flux was com-

puted by subtracting the radiation from total heat flux. The data

were presented in the form of spatial average and local radiative,

total, and convective heat transfer coefficients based on the bed and

tube temperature difference.

These coefficients showed little variation with particle size

used in these experiments. As the gas velocity was raised, all the

spatial average heat transfer coefficients were seen to increase

sharply when the gas velocity exceeded minimum fluidization velocity

as a result of bubble-induced particle motion. The spatial average

radiative heat transfer coefficient approached nearly an asymptotic

value while the total and convective coefficients reached a maximum
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and then dropped slowly, particularly for 1050 K bed temperature and

2.14 mm particles, with further increase in gas flow rate due to a

higher bed voidage. The maximum overall heat transfer occurred

slightly above the minimum fluidizing velocity.

Generally, the local heat transfer coefficients were found to be

insensitive to gas velocity at the lower stagnation point of the

instrumented tube, possibly due to a persistant low particle density

region. Lowest heat transfer was observed at the upper stagnation

point (a = 180 degrees) at near or slightly above minimum fluidiza-

tion velocities due to the existance of a less mobile particle region

at the top half of the tube. The heat transfer coefficients were

more uniform around the circumference of the tube at higher gas velo-

cities.

The following describes other conclusions of this study.

1) The radiative heat transfer coefficient dropped from

approximately 45 W/m2K to about 25 W/m2K for both

2.14 mm and 3.23 mm particles when the bed tempera-

ture was lowered from 1050 K to 812 K.

2) The local radiative heat transfer coefficient re-

mained generally unchanged over the lower half of the

tube, including lateral zones, and increased steadily

on the top half with gas velocity.

3) The total spatial average maximum heat transfer co-

efficient (hmax) changed slightly (-3%) when the

particle size was increased from 2.14 mm to 3.23 mm

at a bed temperature of 812 K. For the higher bed
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temperature, it dropped by 10% (from 227 W/m2K to

204 li/m210 when larger particles were used.

4) The mobility of the higher particle density cap on

the upper half of the tube was increased which, in

turn, improved the heat transfer rate as hot parti-

cles more frequently came to the vicinity of the tube

at higher gas velocities. The particle motion was so

intense that for the 2.14 mm particle bed operated at

sufficiently large velocities, the maximum local

total heat transfer coefficient shifted to the top of

the tube.

5) The convective heat transfer coefficient was observed

to increase when the bed temperature was elevated

from 812 K to 1050 K, e.g., from 173 W /m2.K to 195

W/m2K for 2.14 mm particles. This implies that the

rise in total heat flux cannot solely be explained by

a larger radiation contribution. The gas thermal

properties play a role as well.

6) The radiation contribution to overall heat transfer

was slightly smaller for smaller particles. It was

found to decrease from 13% to 8% for 2.14 mm part-

icles and from 15% to 9% for 3.23 mm particles when

the bed temperature was lowered from 1050 K to 812 K

operating at optimum velocity.

7) A useful parameter in estimting the radiative heat

transfer is the effective bed emissivity (q"
b f
/aT

4
)

r
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which takes into account the radiative characteris-

tics of the particles, cooling of the particles in

the vicinity of the immersed surface, and view

angles. Effective bed emissivities of 0.44 for

larger and 0.42 for smaller particles were computed

at the higher bed temperature (1050 K).

8) The analysis of fast sampling rate (25 samples/sec)

radiation probe data as instantaneous radiative heat

flux did not produce satisfactory results regarding

the emulsion residence time and bubble contact frac-

tion. This might be due to one or a combination of

the following: "long" response time of the radiation

probe, short sampling duration (14 sec), large window

area causing the probe to detect a combination of

emulsion and bubble at a given time, and perhaps

little fluctuations in the effective bed temperature

between emulsion and bubble phases due to the large

diameter of particles which theoretically prevent

cooling of the particles contacting the immersed tube

for the duration of their residence time.

7.2 Recommendations for Future Work

1) The calibration of the total heat transfer measure-

ment probe is of interest since both the radiation

probe calibration and total heat transfer measure-

ments employ this probe. The stainless steel shim

stock covering the detector and bare detector should
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be painted with lampblack or any other available

"gray" paint with high absorptivity and then exposed

to the narrow-angle blackbody cavity under identical

conditions.

2) The silicon window could be replaced by different

window materials such as sapphire and quartz. One

suggestion is to replace two silicon windows with

other windows and repeat the tests to examine the

effect of window material on the radiative measure-

ments.

3) The present study could be extended to cover dif-

ferent particle sizes and materials with smaller

steps and a wider range of bed temperature, e.g.,

from 600 K to 1100 K. This will enable one to per-

form a parametric study of radiative heat transfer in

a fluidized bed.

4) It is highly desirable to obtain total instantaneous

heat transfer data. This possibility can be explored

by exposing a bare detector or only the carrier

matrix of the detector (with no thermocouples

attached) to the fluidized bed to examine the abra-

sive bed effects.

5) The use of a wide-angle blackbody source covering the

entire view angle of the window is preferred over the

narrow-angle source employed in this study.
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6) The particle sizes of 2.14 mm and 3.23 mm, used in

this study, exhibited little variation in radiative

and total heat transfer coefficients. If more large

particle tests are planned for the future, a wider

size margin is recommended, e.g. about 1.8 mm instead

of 2.14 mm. Due to air blower capacity limitations,

the use of larger than about 3.5 mm particles is not

recommended for single tube studies.

7) If fast sampling rate radiation data is to be ob-

tained with the present instrumented tube, the sampl-

ing rate and total sampling time should be increased

to about 40 samples/sec and one minute, respectively,

for a bubbling bed. It is also recommended to in-

crease the sampling time for time average data to

about two minutes from eighty seconds used in this

study.

8) Some quartz viewing ports will be useful in observing

and possibly filming the fluidized bed.

9) The inconel distributor plate warped during the tests

and created an inhomogenous bed affecting the heat

transfer data, particularly near and slightly above

minimum fluidization velocities. The use of a cera-

mic distributor plate should be considered to solve

this inhomogeneity.

10) Very little is known about hydrodynamics of large

particle beds at elevated temperatures. Some effort
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should be directed to explore this field which is of

essential importance in fundamental understanding of

heat transfer mechanisms. One possible starting

point is to investigate the applicability of a

capacitance probe similar to those used in cold bed

studies.
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APPENDIX A

HEAT FLUX CALCULATIONS

Each RdF microfoil thermopile-type heat flow detector (Type

20455-1) is furnished with a type T (copper-constantan) thermocouple

and two ten-thermocouple-connection thermopiles on each side of the

detector. The heat flux measured by the detector is calculated from

F(T
d
)V

d
106

(3.154)
in W/m

2
.1( (A.1)Q

S
d

where S
d

is the detector sensitivity constant in

microvolts/Btu/Ft 21Ir given by the manufacturer at 21°C temperature

for each detector, Vd is the measured thermopile voltage output in

volts, and F(Td) is the detector surface temperature correction

factor compensating for the change in thermal conductivity of the

heat flow detector with temperature (Td).

The thermocouple readings in volts were converted to temperature

using the following relation suggested by Analog Devices (9) for type

T thermocouples.

where

Td = Co + CIE + C2E2 + C3E3 + C4E4 in °C (A.2)

C
o

= 0

C
1
= 2.56613x10-2

C
2
= -6 19549x10-7

C3 = 2.21816x10-11

C4 = -3.55009x10-16

E = (Vtrc + Vref)x106 in pv



Vtrc is the detector thermocouple reading in volts and Vref was ob-

tained by converting the reference temperature (Section 3.3) to

equivalent type T thermocouple voltage output.

Figure A.1 illustrates a typical temperature correction factor

curve supplied by the manufacturer. This factor was estimated be-

tween 50°C and 180°C detector surface temperature, the range

encountered in our experiments, and was found to be

in 0C(Td) = Do + D1Td + D2Td n C

where

112

(A.3)

D
o

= 1.062806

D1 = -2 794375x10 3

D
2

= 5.144126x10-6

Table A.1 shows the sensitivity (Sd) of total and radiation probe

detectors and other specifications as also provided by the manufac-

turer.

To calculate the heat flux, the following steps should be taken:

a. Record V
d and Vtrc in volts with minimum elapsed

time.

b. Measure the reference temperature and convert it to

V
ref in volts after completing Step a.

c. Convert E = (V
trc

+ Vref)x106 to detector surface

temperature (Td) using Eq. (A.2).

d. Find F(Td) from Eq. (A.3).

e. Substitute for F(Td), Vd and Sd in Eq. (A.1).
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Table A.1. Sensitivity of heat flux detectors* at 70°F surface
temperature.

Probe #1t Probe #2 Probe #3

Total 0.198 0.206 0.205

Radiation 0.208 0.221 0.207

*Thermal Resistance (temperature difference across the detector per
unit of heat flow through the detector) = 0.003°F/Btu.Ft-2.Hr-1

Heat Capacity = 0.01 Btu-Ft-2/°F

Response Time (bare detector) = 20 msec based on 62% response to
step function

Measured Response Time = 120 msec for radiation and 2300 msec for
total probes based on 95% response to a step function

tNumber shown on the instrumented tube



115

APPENDIX B

COMPUTER PROGRAMS

All the programs listed here are written for HP-85 (Hewlett-

Packard) microcomputer. Data for each particle size and bed tempera-

ture was stored on a separate diskette. All the variables are

defined and instructions are provided in the programs. Some remarks

in the programs explain their use and also different steps of compu-

tations.

B.1 Data Collection (DATCOL)

This program, written for HP-3497A data logger, collects and

stores the radiation and total probe data and also fast sampling rate

radiation probe data. Recorded were also mean particle diameter

(mm), air inlet pressure (in Hg) and temperature (°F), venturimeter

pressure drop (in H20), inlet coolant temperature (°F), and bed tem-

perature (°F).

B.2 Data Reduction (DATRED)

This program computes local time average radiative, total, and

convective heat transfer coefficients and also probe temperature

according to methods discussed in Section 5.4 and Appendix A.

Subroutine (GAS VEL), called by (DATRED), calculates the gas

velocity.
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B.3 Instantaneous Radiation Data (IDTPLT, IDTPAV, IDTBIN)

Program (IDTPLT) plots the heat flux data for any number of

specified data points. This provides a qualitative examination of

the data to assist in developing appropriate analysis techniques.

Program (IDTPAV) keeps track of peaks and valleys observed in

the radiative heat flux data. It is assumed that the bubble

increases and emulsion decreases the radiative heat flux. Therefore,

the emulsion residence time is interpreted as the time measured be-

tween a peak and the following valley. The program registers a peak

or valley when the radiative heat flux slope sign changes. Subrou-

tine (IDTFFT) transforms the data from time to frequency domain (Fast

Fourier Transform) and finds the frequency with maximum amplitude.

This frequency is interpreted as the bubble and emulsion exchange

frequency.

Program (IDTBIN) performs a binary type analysis of the radia-

tive heat flux data with time average radiative heat flux being the

distinguishing boundary. Data points above and below this boundary

are assumed to correspond to bubble and emulsion phases,

respectively.

To execute (IDTPAV) or (IDTBIN), first Program (IDTREF) should

be executed. This program reformats the data and then chains

Programs (IDTPAV) or (IDTBIN) for data processing.



10 ' SST DATCOL SsT 590 FOR 1=1 TO 6 1130 TRANSFER 799 TO 035 FHS ; C
29 I 600 OUTPUT 709 ;"AS" OUNT 4563
79
49

! scs HP-85 AND 7497A s**
! CONNECT TIMER TO EXT

510 ENTER 709 ; WcI)
620. NEXT I

1140
1150

! END OF FAST SAMP --
DISP

50
60

! TRIG RHO EXT INC TO ')M
! COMPLETE ON 3497A --

630 CLEAR 709
640 ! -- REFER TEMP --

1160 01SP "5* PRESS 'CONT. TO ST
ART SLOW SAMP **"

70 ! 650 OUTPUT 799 ;"AC19" 1170 DISP
Se ! v* THIS PROGRAM COLLECTS 660 ENTER 799 ; R 1180 PAUSE
SO ! AND STORES RADIATION AND 670 R=R*10 1190 !

10e ! TOTAL PROBE DATA. IN PART 680 V1=(.04*R-.9988)*.001 ! 5 TO 1200 ! ** START SLOW SAMP **
110 ! 1, FAST RAD SAMLING IS 30(C) 1210
129 ! PERFORMED AND IN PART 2. 1228 OISP "** SLOW SAMP **"
130
149

! SLOW SAMPLING PROVIDES
! TIME AVERAGE RAD AND TOT

690 ! -- CONVERT VOLTAGES --
700 FOR 1=1 TO 6

1230
1249

! -- SET UP THE 3497R --
CLEAR 709

150 ! HEAT TRANSFER DATA ** 710 U=f14(1)+V1)S1000000 1250 OUTPUT 709 ;*AFIAL12"
160 ! 720 T=0*(C1 +US(C2+U*(C3+U*C4))) 1268 OUTPUT 799 :"S01"
170 ! 5* VARIABLES s* 730 DISP USING 740 ; IsT 1278 J -0
180 ! 740 IMAGE f00,3X,40 20) 1288 SETTIME 8.8
190
200

! O--- PRTICLE 01A(em)
! GS--FAST SAMP DATA(volss)

750 NEXT I

760 COTO 498
1290
1380

J4J+1
FOR 1=1 TO 12

210 ! P---INLET AIR PRESS(in144) 770 ! 1310 OUTPUT 789 ; "AS'
220 ! PI--VEN PRESS DROP(ftH2o) 789 DISP "INSERT DATA DISKETT IN 1320 ENTER 799 ; V(I,J,
230 ! Q---HEAT FLUX DRIVE 1 AND PRESS 'CONT." 1338 WAIT 25
240 ! TEMP(C) 790 PAUSE 1340 NEXT I
250 ! TI--INLET AIR TEMP(F) SOO ! - OPEN THE BUFFERS FOR 1350 IF .1458 THEN 1290
260 ! 1.2--INLET COOL TEMP(F) 810 I ASCII DATA. TRANSFER - 1360 T3=TIME
270 I V---SLOW SAMP DATA(volts) 820 IOBUFFER GIS 1379 CLEAR 709
280 ! Z1--MAX BED TEMP;F 830 IOBUFFER 025 1380 ! -- REFER TEMP --
299 22--MIN BED TEMP(F) 840 IOBUFFER G3$ 1390 OUTPUT 709
100 ! 850 CLEAR 1400 ENTER 709 ; R
310 I -- SEE HP MANUAL FOR 860 CLEAR 709 1410 R=R*10
328 ! 3497A COMMANDS -- 870 DISP "GAS VEL.; 1 TO 14"; 1420 V1=(.04*R- 0989)I.001 ! 5 T
330 ! 880 INPUT K 0 30(C)
340 ! s* CHANNEL SELECTION ** 890 ON KEY* 1,"START" GOTO 968 1438 DISP "SLOW SARA COMPLETED"
350 ! 960 ON KEYS 2,'STOP" GOTO 1650 1448 1 -- END OF SLOW SAMP --
360 I TO 3 TOT TEMP 910 KEI LABEL 1450 CLEAR 709
370 1 4 TO 6 RAD TEMP 920 GOTO 928 1468 ! BED DATA --
380 ! 7 TO 9 TOT HTFX 930 ! 1470 DISP "ENTER; DPP. DELP, I

390
400

1 10 TO 12 RAD HTFX
!

940 ! t* RAD FAST SAMP s*
950 !

HL. TEMP., COOL.'TEMP , MAX
.TB, MIN.TB";

410 OPTION BASE 1 960 CLEAR 1488 INPUT 0,P,P1,71,T2.21,Z2
420 DIM G1*(45983,G2*C45903,G3SE 970 DISP K 1490 !

45983 980 DISP "5* RAD FAST SAMP 1*" 1580 ! ** STORE THE DATA **
438 DIM V(12,50) 990 ! -- SET UP THE 3497A -- 1518 !

440 CLEAR 1000 OUTPUT 709 /"300" 1520 CRT OFF
458 ! 1010 OUTPUT 709 ;"VRIVD5VFIVT2VA 1530 ASSIGN* I TO "RFRUN,0781"
460 ! OETR TEMP CHECK S* 0' 1540 PRINTS 1.1( ; GIS,G25.G3S,T2
470 1920 DISP 'FAST SAMP IN PROGSS" 1558 ASSIGNS 1 TO I
480 CLEAR 1030 OUTPUT 709 i"AFI0AL1OREI" 1560 ASSIGNS 1 TO "SLRUN;0701"
499 DISP 'TEMP SCAN(Y/H)":8 INP 1040 SETTIME 9,0 1570 PRINTS 1,1( ; V(,),VI.T3

UT CS 1850 OUTPUT 709 ;"AC18T0400" 1588 ASSIGNS 1 TO *
500 I -- TYPE T COEFFS -- 1068 TRANSFER 709 TO 01S FHS C 1590 ASSIGNS 1 TO "BEGAT 0781"
510 Cl= 0256613 OUNT 4563 1680 PRINT!, 1,K D.P.PI,T1,72.Z
520 C2=- 000000619549 1979 T2=TIME 1,22
530 C3=2.21816E-11 1088 OUTPUT 709 ;"AFIIALIINEI" 1610 ASSIGNS 1 TO *
540 C44-3.55009E-16 1090 OUTPUT 799 ;"ACIIT0490" 1620 CRT ON
550 ! TAKE READINGS -- 1180 TRANSFER 709 TO 023 FHS ; C 1630 DISP " DATA STORED"
560 IF C*="N" THEN 779 OUNT 4563 1640 1

570 OUTPUT 709 ;"AFIAL6' 1110 OUTPUT 709 ;"AFI2AL1214E1" 1650 DISP 'PROGRAM TERMINATED"
580 OUTPUT 799 ;"S01" 1120 OUTPUT 709 :"ACI2T0400" 1660 END



10 i 442 °AIRED 12$
24 1

30 ! --INSERT THE DATA DISKETT
IN DR* 1 --

40 ** THIS PROGRAM CALCULATES
50 ! TIME-AVERAGE PRO, TOTAL,
60 ! AND CONY FLUXES RHO COEFS.
70 ! IT ALSO COMPUTES GRS VEL
80 I AND WALL TEMPS **
90
100 I 22 VARIABLES 4*
110 1

120 I C---DETR TEMP COORRECTION
FACTOR WITH COEFFS 01.02,03

130 ! D---PARTICLE DIRM(mm)
140 I TRANS COEF(w/m2.k

158 ! H1--AVEARGE H, TOT OR RAD
160 1 H2-- AVERAGE CONVECTIVE H
170 ! M1--RAD PROBE CAL CONS
188 ! P1--INLET AIR PRESS(inHm)
190 P2--VEN PRESS OROP(inH2o)
289 ! Q---HERT FLUX(v/m2)
210 01AVERAGE 0
220 I S---DETR Emf RT 70F(micvo/

btu/hr.4t2)
230 ! T---DETR TEMP(C,K)
240 I TI--AVERAGE I (K)
250 ! T2--INLET COOLANT TEMP(F)
260 ! T3--MAX BED TEMP(F)
270 ! T4--MIN BED TEMP(F)
280 I T5--AVERAGE BED TEMP(K,F)
290 I T6--INLET RIR TEMP(F)
300 ! T7--SLOW SAMP TIME(sec)
310 ! U8--GAS VELOCITY(m/sec)
329 1 V - - -RAW VOLTAGE(volts)
330 V1--REF TEMP VOLTG(volts)
340 1 TO 3 TOTAL PROBES
350 1 4 TO 6 RADIATION PROBES
368 1

370 OPTION BASE 1
380 DIM V(12.50),T(6.50),0(6.50)

,H(6.58),F(6),T1(6).01(6),H1
(6).H2(6)

390 CLEAR
400 DISP "RUH11";111 INPUT R
410 DISP "PROBE POSITION(0 FOR

0.99.188) RHO 1 FOR (45.135.
,225 ) DEGREE';! INPUT P

429 DISP "GAS VELOCITY NO";1* INP
UT K

430 1

440 ! ** READ THE DATA lc*
458
460 CRT OFF
470 ASSIGN* 1 TO "SLRUW0791"
480 READ* I.K V(,),V1.T7
490 ASSIGN 1 TO *
500 ASSIGN* 1 TO "BEDAT;0701"
519 READ* 1,K ; 0,111.P2.76,T2.T3

,T4

520 ASSIGN* 1 TO 2
539 CRT ON
540 I

550 1.5=(T1+74)/2
560 CALL "GASVEL* ( (D), (PIi.

(P2), (16). (T15),UO,U ) ! -C
ALCULATES GAS VELOCITY

779 !

580 ! ** CONSTANTS **
599 !

680 ! --TYPE T THCPL COEFFS --
610 C1=.0256613
629 C2=-.900099619549
630 C3=2.21816E-II
649 C4=-3.55099E-16
650 ! - -OETP TEMP CORR FACTOR

COEFFS(FROM 50 TO 189 C) --
660 01=1.862806
679 02=-.092794375
680 03m.009005144126
699 ! --OETR Emf CONVERSION &

RAD PROBE CAL CONSTANTS- -
799 S(1)=.198
71e S(2)=.296
729 S(3)=.295
730 5(4)=.298 0 M1(1)=1.96
749 S(5)= 221 0 MI(2)=1.8.7
750 S(6)=.207 0 MI(3)=2.02
760 !

779 ! -INITIALIZE THE AVERAGES-
789 FOR 1=1 TO 6
790 01(1)=0
800 HI(I)=0
819 TI(I)=0
829 H2(I)=0
838 NEXT I
849 I

859 I **.CRLC O. T S H **
869 I

879 DISP K
889 T5=(75-32)/189*100+273
899 T5=T5-273
900 FOR J =1 TO 50
910 FOR 1=1 TO 6
920 U=(V(/,J)+Vt)*1909999
930 T(I,J)=U*(C1+0*(C2+U*(C3+U*C

4)))
940 C=01+T(I,J)*(02+T(I,J)*03)
950 LI=I+6
969 9(I,J)=V(LI,J)*C*1990000*3

5/S(I) 1 -HEAT FLUX
979 IF L1>9 THEN 900 ELSE 990
980 0(I:J)=0(I,J)*141(1-3) I -RAD

IATIVE HEAT FLUX
999 fl(I.j)=0(I.J)/(T5-T(1,J))
1990 01(1)=01(I)+Q(/,J)
1818 HI(1)=H1(1)+H(1,J)
1020 T1(I)=T1(1)+T(I,J)
1839 NEXT I

1940 FOR L=4 TO

050 I -COW COMPONENT-
069 H2(L-3)=(0(L-3.J)-.64*0(L,J

))/(1-5-T(L-3,J))+H2(L-3)
079 NEXT L
989 NEXT J
090 T5=T5+273
lee !

tie ! 4* PRINT THE RESULTS II*
120 !

130 PRINT USING 1149 ; R
148 IMAGE (3/,"RUNI",17,/,"TOT=1

,2.3",/,'RAD=4,5,6")
150 IF P =0 THEN PRINT USING 116

0
160 IMAGE ("ANGLE=9(1.4),90(2.5

),188(3.6)"N
179 IF P=I THEN PRINT USING 118

0
180 IMAGE ("ANGLE=45(1,4),135(2

.5),225(3,6)")
190 PRINT USING 1290 ; 0,15
200 IMAGE ("Dm=",0.00.2X."(mm>"

,/,"Tf=",40,2X."(10")
218 PRINT USING 1220 USA
220 IMAGE ("U9=",0.00.2X."(m/se

c)",2X."VELO',21),2X.2/)
230 PRINT USING 1240
248 IMAGE ("0",X."Tv(K)",X,0(v

,m2)".X,"H(14/m2K)",2X "Hcon
v")

1250 ! CALC. AVERAGES
1268 FOR 1=1 TO 6
1270 F(I)=1
1280 TI(1)=T1(1)/(J-1)4273
1299 01(1)=01(1)/(J-1)
1308 H1(1)=141(1)/(J-1)
1310 H2(I)=H2(1)/(J-1)
1328 PRINT USING 1330 ; liT1(1);

01(I);111(1);H2(1)
1330 IMAGE (0.2)(.30,2X,60,4X,30

0,3X.3D 0)
1340 NEXT I
1359 PRINT
1360 I

1370 ! --STORE THE DATA-
1380 ASSIGN. 1 TO "AVRGE;0781"
1390 PRINT. 11,K ; U9.F().T1(),01

(),HI().H2()
1400 ASSIGN* I TO *
1410 DISP "PROGRAM TERMINATED"
1420 END



le SUE "GPISVEL" (P.P1,0,T.TI,U0
U2

29 I
SS* GASVEL SSS

30 !

40 ! Is THIS PROGRRM CALCULATES
59 ! GAS VELOCITY BASED ON THE
60 I TOTAL AREA OF THE TEST
79 ! SECTION 4S
89 !

99 ! SS VARIABLES 34
199 !

119 ! 0---VENP PESS DROP(inH2o)
129 ! P---PARTICLE DIR(oo)
138 ! P1--INLET RIR PRESS(inNe)
140 ! T---INLET AIR TEMP(F)
158 ! TI--BED TEMP(F)
169 ! UO--GAS VELOCITY(osec)
179 ! U2--Uof(msyc)
189 ! P---PARTICLE DIAMETER(mo)
190 ! P1--INLET PRESSURE(in Hy)
209 D-- -INLET RIR PRESS.DIFF(i

n H2o)
219 f T---INLET AIR TEMP (F)
229 ! TI- -BED TEMP (F)
239
249 G=980.6 '4 01=2.4414 0 F1=1
250 F=1 0342 0 C=.984 0 52=3.5

8=.58505951
268 121=2.7
279 T2=(.921171-1.29)/(1663.1-.98

5STI)
280 R2=.6297.(*59.7+71)
290 M=.0903934+.8848981376S(T1-1

209)
300 AI=M/(Px142)
310 A2=PSPSPSGSR2S(RI-R2)/(MSM)
328 A3=SOR(33.7233.7+.8488SA2)
338 UI=RIS(A3-33.7)
349 U2=U1/38.48
350 PI=P1S.4912
368 P2=14.697021
379 P3=P2-.9361320
389 R=P3/P2
399 SI=R^1.429
480 S3=(1-R^.2857)/(1-42)
410 S4=(1-13+4)/(1-8-.+SS1)
428 Y=SOR(SISS2SS3SS4)
439 G1=39.626/(T+459.7)
448 G2=GISP2S.968941
459 M=5.983SCSF40ISFISYSSOR<DSG2

468 A=41/G2
479 s=t1x36.04144p2.(r4459.7)
480 Pt- P1'.4912
499 81=5ST2
589 C1=(S+27031)*(459.7441)/529.7
518 U8 =C1/129
529 U8=U0S.3848
530 U3=00/U2
540 SUBENO

le 1 SSE IOTPLT Sss
20 1

39 !
***REMOVE ALL THE REMARKS

49 ! BEFORE RUNNING***
39 !

69 1 --DATA OISKETT IN OR*1--
79 4s THIS PROGRAM CALCULATES
88 1 RADIATION HEAT FLUX FROM
99 ! FAST SAMP DATA AND PLOTS
198 ! THE RESULTS. THIS COULD
118 ! SE USEFUL IN DETERMINING
129 ! THE BUBBLE OR EMULSION
130 ! RESIDENCE TIME,FREQUENCY
149 ! RHO HEAT FLUX IS
150 !

168 ! 44/ VARIABLES SS
170 ! C--DETR TEMP CORRECTION

FACTOR WITH COEFFS CI,C2.C3
188 D-- PARTICLE DIA(.4o)
199 ! H- - -HEAT TRANS COEF<o/o2.K

299 1 M---RRO PROBE CRL CONS
218 ! P1--INLET AIR PRESS(inii.)
229 1 P2--VEN PRESS DROP(/nH2o)
239 ! Q- - -HEAT FLUX(W/o2)
249 ! R---(1,2,3) 34970 READINGS

(Volts) OF PROBES(1,2,3)
259 ! S---OETR Eof AT 79F
260 1 T---OETR TEMP(C,K)
279 ! TI--INLET AIR TEMP(F)
280 1 T2- -INLET COOL TEMP(F)
290 ! T3--MAX BED TEMP<F)
399 ! T4--MIN 8E0 TEMP(F)
310 ! T5--AVRG BED TEMP(F,K)
328 ! T6--TOT SAMP TIME FOR

EACH PROBE(sot)
330 ! USGAS VELOCITY(o/soc)
349 !

50 OPTION BASE I
360 DIM R1S145983,R21(45993,R3SE

45993.0(351)XSE45991.F(6),T
(6)

379 CLEAR
389 DISP 'GAS. VEL. NO.(NEG. TO

STOP)";0 INPUT KO IF K<0 THE
N 1279

399 !

404 ! 411 P500 THE DATA SS
419 1

429 CRT OFF
430 ASSIGN* 1 TO 'RFRUN,0791"
448 READ 1.K R1S,R2$,R3S.T6
458 ASSIGN* 1 TO S
460 ASSIGN* 1 TO 'AVRGE.0781'
479 READ* 1,1( ; U9,F(),T()
488 ASSIGN* 1 TO 4
499 ASSIGN* 1 TO 'BEDAT,0701'
580 READ* 1,K D.P1,P2,11,T2,73

,T4
519 ASSIGN* 1 TO

529 CRT ON
530 !

540 ! SS CONSTANTS *2
550 I

560 ! - -DETR TEMP CORR FACTOR
COEFFS(FROM 59 TO 188 C) --

579 CI=1.862806
588 C2=-.092794375
599 C3 =.890985144126
699 ! --OETR Eof CONVERSION 4.

RRO PROBE CRL CONSTANTS- -
618 S(I)= 208
620 S(2)= 221
630 S(3)=.207
648 DISP " PROBE P40.(NEG. TO 310

P)";111 INPUT Ne IF N<8 THEN 3
80

650 OISP 'CALCULATING HEAT FLUX'
660 IF N=I THEN XS=141* e N=1.96
670 IF N=2 THEM XS=R2S M =1.97
689 IF 14=3 THEN XS=123$ 0 M=2.02
690 N1=41+3
788 !

719 ! *4 CONVERT 3497A READINGS
720 ! FROM STRING CHARACTER TO
739 ! NUMBER RHO THEN CALCULATE
740 ! HEAT FLUX 4S
750 !

768 Z=8
778 J=0
780 1=1
790 H=I+18
808 J=J+1
810 0(J)=VAL(XSCI.H1)
820 C=C1+(4(N1)-273)*(C2+(T(H1)-

273)=3)
830 Q(J)=41(J)SCS1099998S3 15/504

940 Q(J)- Q(J) *M
058 2=Z+Q(J)
860 I=H+3
878 IF 1)4563 THEN 929
880 GOTO 799
899 !
999 ! SS PRINT AND PLOT S4
919
928 2=2/J
930 T5=(T3+44)/2
940 T5=(T5-32),1802199+273
950 H=2/(75-T(H1))
960 ! --FIND MAX * MIN HTFX--
970 /1=0(1)
980 Y2=0(1)
990 FOR 1=2 TO 351
1999 IF Q(I)<Y1 THEN Y1=1/(1)
1010 IF 12(/)>Y2 THEN Y2=0(1)
1828 NEXT I
1030 PRINT USING 1949 ; 0,15
1840 IMAGE (3/.5X.'0==',O.D0.2X,

'(ofs)',/.1X,'Tf=',40.2X,*(K
)")



1059 PRINT USING 1960 ; 110,k.14
1060 IMAGE (5X,"00=*,0.00,2X,"(.

Isec)",2X."1!ELO",00,/,5X,"P
RBO";0)

1978 PRINT USING 1980 i 1.(01),Z;

1090 IMAGE (5X,"Tw=";30,2X,"(K)"
,/,5X,"Q=",50,2X,"(14/s2)",/
,5X,"H=",313.9,2X."(14/w2.K)"

1098 PRINT USING 1109 ; 72,Y1
1190 IMAGE (5X,'Ossx=",581.2X,"Qm

1n=',50,/)
1118 DISP 'ENTER, XI, X2. XSCRLE

,Y.1.72,7SCALE STOP OR C
ONTINUE",

1120 INPUT XI,X2,11,71,72,L2.E
1139 IF E<0 THEN 1260
1148 PRINT USING 1158 71,72,X1

.X2
1158 IMAGE (3/,3X,"Ymin=',50,2X,

"Ymax=',50;//;3X;'XsIn=";30
,4X,"Xsax=',30,4e)

168 GCLEAR
178 SCALE XI,X2,71,72
180 XAXIS YI;LI
190 TAXIS X1,L2
200 FOR A=X1 TO X2
218 DRAM 0,Q(0)
220 NEXT M
230 PAUSE
240 CLEAR
250 GOTO 1110
260 GOTO 640
270 DISP 'PROGRAM TERMINATED'
280 END

10 i 141 :DTPEP **I
29
30 I --DATA DISKETT IN °ROI--
40 ! ** THIS PROGRAM SEPERATES
SO ! THE DATA OF EACH PROBE AND
60 f STORES IT SEPARATELY.
79 ! PROGRAMS (IDTPAV) OR (IDT-
80 I PIN ARE CHAINED AND FAST
99 !

SAMPLING DATA ANALYSIS IS
180 ! PERFORMED **
110 !

120 ! ** VARIABLES xs
13e !

140 ! k---GAS VELOCITY HO
150 ! A---PROBE HO.
160 ! 01--PROBE ORIENTATION
178 ! RSPROBE READING(Volts)
190 I 78--SAMP TIME INT(ssec)
190 ! T9 - -TOT SAMP TIME FOR EACH

PROBE(sec)
289
210 OPTION BASE I
220 COM K,H,TE
230 DIM RISE45993,R2$[45993,R3SE

45903
240 CLEAR
250 DISP "PROSE POSITION, 8 FOR

(0.90.190),AND 45 FOR(45,I35
,225)"01 INPUT 01

260 DISP "GAS (MLA° "At INPUT k
270 015P "PROBE 40 ":0 INPUT N
280 DISP "Of OF SAMPLING(msec)";

INPUT TA
290 IF 01=9 THEN PRINT USING 388
300 IMAGE <///.4X,"POSITIN'",/,2

X,"8 FOR HO 1',/,2X,"98 FOR
HO 2",,.2X,"180 FOR HO 3",//

319 IF 01=45 THEN PRINT USING 32
0

329 IMAGE (,/, 4X,"POSITIN,",/,2
X,"45 FOP. NO 1",/,2X,"135 FO
P NO.2",/.2X."225 FOR NO 3".

330 -- READ THE DATA --
340 ASSIGNS 1 TO 'RERUN:0791'
350 REA00 1.1( R1S,R25,R33.T9
360 ASSIGNS I TO *
370 ! REARRANGE THE OATH TO

NEW FORMAT --
380 IF H=1 THEN ASSIGNS I TO "IP

MX1,0708" 0 PRINT* 1,K ; PIS
ASSIGNS 1 TO *

399 IF H=2 THEM ASSIGNS I TO "TP
MXI,0799" S PRINTS 1,K , R2$

ASSIGNS I TO *
499 IF N.3 THEN ASSIGN* 1 TO "TP

mx1,0700- 0 PRINTS 1,K P34
S ASSIGNS I TO *

419 CHAIN "IDTPAu:0700"

10
29
30
40
58
60
79
90
99

100
110
120
138
140
150
160
179
189
190
290
210
228
238
240
258
269
279
288
298
390
318
320
330
340
350
360
370
380
390
40e
410
429
430
440
450
460
479
400
490
588
510
520
530
540
550
569
570
580

590

I Ss$ IDTEIN %Ss
!

! ** THIS PPeGRAM CALCULATES
I RES TIME AND CONTACT FRAC
! FOR EMU RHO BUB PHASES. IT
! ALSO COMPUTES FREQUENCY.
! A BINARY TYPE ANALYSIS
! WITH TIME AVRGE RAD HTFX
! USED AS THRESHOLD WAS
! EMPLOYED **
!

! ** VARIABLES **
! B---BUB RES TIME(asec)
! 111--BUB HTFX(4/02.K)
I 02--BUB COHT FRACTION
! C---DETR TEMP CORR FAC
! WITH COEFFS C1,C2.C3
! O--- PPARTICLE DM's)
! E---EMU RES TIME(osec)
! E1--EMU HTFX(14/82.K)
! E2--EMU COAT FRACTION
! E3--AURG EFFEC BED EMISS
! E4--BUB EFFEC BED EMISS
! ES- -EMU EFFEC BED EMISS
! F---CONT FRACTION
! F--- FREQUENCY(Hz)
! F1--FREQUENCY(Hz)
! H---RAD HT COEFF(M/s2.K)
! H1--BUB NT COEFF(14/02.K)
! N2 - -EMU NT COEFF(M/s2.K>
! VEL HO.
I H---PROBE NO
O- - -OETR 5.4 AT 78F

! P4 INL AIR PRESS(inNs)
! P5--VEN PRES DROP(41142o)
! Q- - -HEAT FLUX(M/s2.K)
01--THRESHOLD HTFX

! RS--RAW ORTA(Volts)
! T---DETR TEMP(C'K)
! T---TIME(msec)
! TI--INLET AIR TEMP(F)
! T3--MAX BED TEMP(F)
! T4--MIN BED TEMP(F>
! T5--AVRG BED TEMP(F)
! T8--SAMP TIME INT(ssec)
U8--GAS VELOCITY(s/ssc)

! N---PAD PROBE CAL CONS
! 2---AVRG ATFX(14/m2.10
! SUBSCRIPTS --
! bu--BUBBLE
! ef--EFFECTIVE
! owEMULSION
I 1---FLUIDIZED BED
I -1--PARTICLE

OPTION BASE 1
COM K,H,T8
DIM RSE45993,0(351),P(351),F
(6),T(6)
CLEAR



600
610 I Ss READ THE OATR it
620 I

630 CRT OFF
640 ASSIGN* 1 TO "BEDAT0791"
650 RERD* 1.K ; 0,P4,P5,71,T2,73

,T4
660 ASSIGN* 1 TO S
679 RSSIGN* 1 TO "AVRGE0781"
688 READ* 1,K ; UO,F(),T()
690 ASSIGN* 1 TO S
700 ASSIGN* 1 TO "TPMXIql790"
718 READ* 1,K ; RS
729 ASSIGN* t TO t
739 CRT OH
749 DISP K;N
750 T5=(T3+T4)/2
768 T5.(75-32)S199/188+273
770 !

780 ! S* CONSTANTS **
790 !

890 ! --DETR TEMP CORR FACTOR
COEFFS(FROM 50 TO 188 C) --

819 C1=1.062906
820 C2=-.992794375
939 C3..090005144126
840 ! --OETR Emf CONVERSION &

RAO PROBE CRL CONSTANTS- -
850 o(t)=.208
860 0(2)= 221
879 0(3)- 207
880 IF N=4 THEN W=1 96
890 IF N=2 THEN W=1 87
990 IF N=2 THEN W=2.92
919 M=N+3
920 IF 15)1000 THEN 01=32500 ELS

E 01=11360 ! -THREHOLD
930 !

940 SS CONVERT 3497R REROIHG
950 ! FROM STRING CHARACTERS
960 ! TO NUMBERS RHO THEN CRL-
979 ! CULATE HEAT FLUX SS
980 !

990 2=0
1000 J=0
1010 1-1
1020 DISP HEAT FLUX CRLC."
1830 C=C1+(T(M)-273)*(C2+(T(M)-2

73)=3)
1040 H=I+10
1050 J=J+1
1960 0(J)=VAL(PSCI,H3)
1970 0(J)=0(J)SC*1000000*3.15/0(

N)
lose e<J)=0(.1)*ta
tees 2=Z+Q(J)
1100 I=H+3
1110 IF 1)4563 THEN 1130
1120 GOTO 1049
1138 Z=Z/J

114e FOR I=.1 TO 351
1150 0(I)=8(I)'01
1168 NEXT I
1170 !

1180 ! ** SEPARATE THE DATA
1190 ! POINTS ABOVE AND BELOW
1200 ! THE THRESHOLD(01) SS
1210 !

1220 J=0
1230 01=0
1248 02=0
1258 E=8
1268 B=9
1279 FOR 1=1 TO 351
1280 IF 61(I)1 THEN E=E+1 t 0(E)

=0(I) 3 01=19
1290 IF 0(I)>=1 THEN B=9+1 P(B

)=0(I) It 02=15
1300 IF 02-01=5 THEN J=J+1 t 01=

0 t 02=9
1310 NEXT
1329 91=9
1330 Et=0
1349 ! --SUM EMU- -
1350 FOP K1=1 TO E
1368 E14E1+0(1(1)
1379 NEXT K1
1380 ! --SUM BUB--
1390 FOR K1=1 TO B
1400 81=81-+P(K1)
1410 NEXT K1
1428 ! --EMU ANO BUB CALC--
1438 81=BISQ1/8
1448 E1=E1i01/E
1458 E=E/(J/2)ST0
1468 B=0,<J/2)tT8
1470 F1=1800/(E+9)
1480 E2 =E'(B +E)
1490 82=13/(B+E)
1500 A=.90000005672ST5^4
1510 E3=2/11 111 H=2/(T5-T(M))
1520 E4=131/A 3 41=01/(75-T(M))
1530 E5=E1/0 3 42=E1/(T5-T(M))
1540 !

1550 ! SS PRINT RHO STORE SS
1560 !

1570 PRINT USING 1580 ; 0,T5,TM
),U0,K,14

1189 IMAGE (/,"0="0.00,2X."Tf=
*.e0,2X,"Tm=',310.2X,"(K)",/
,"U0=",13.00.2X,'VEL11,00,,

1590 PRINT USING 1600 ; N,E3,141,
E4

1609 IMAGE (.7,2X.."Hav=",00.0,2X,
"(14/162 K)",2X,'Eet=..00,,
2X,"Hbu="00 0,12X,"Ebu=',.
DO)

1610 PRINT USING 1629 ; H2,E3
1629 IMAGE (2X,'Nem=",00.0,12X,"

Eem=". 00)

1630 PRINT USING 1640 ; E,B,E2,8
2

1640 IMAGE (2X,"Te1=',40,2X,"Tbu
=,40,2X,"<esec)",/.2X,"Fem
=,.20,3X.'Fbm=",..20)

1650 PRINT USING 1660 ; Fl

1660 IMAGE (2X,"F=".0.00.//)
1670 ! -- STORE --
1680 ASSIGN* 1 TO *INSTA.0701'
1690 PRINT* 1.11 & 0,75,110.14,1(M)

.F1.F2.6,0,62,02,61.111
1709 ASSIGNS 1 TO *
1710 DISP "PROGRAM TERMINATED"
1729 END



10 I
Sts IDTPRV sttt 610 ! V2--VALLEYS MAGN(W/1.2) 1160 2=0

20 !
620 I V3--VALLEY? LOCATION 1170 J=0

30 I tt THIS PROGRAM CALCULATES 630 ! '(---MAX POWER FROM FFT 1180 1=1

40 !
RESIDENCE TIME ANO CONTACT 640 ! Z- - -AVRG HTFQ(41,02) 1190 DISP 'HEAT FLUX CALC.'

50 1 FRACTION FOR EMULSION AND 659 ! SUSCP/PTS -- 1208 N=I+10
60 !

BUBBLE PHASES AND ALSO 660 ! bu--BUBBLE 1219 J=J+1

79 ! FREQUENCY BY LOCATING THE 670 1 ef--EFFECTIVE 1229 Q(J)=VAL(RS(1.143)

88 ! PERKS AND VALLEYS. IT ALSO 680 ! ew--EMULSION 1230 C=C1+(T(111)-273)*(C2+(T(M1)

98 ! CALCULATES FREQUENCY USING 690 ! 4FLUIDIZED BED -273)*C3)

tee FFT METHOD. OTHER PRRAM- 700 ! I.PARTICLE 1248 Q(J)=Q(J)t190900011013.15/0(

119 ! ETERS COMPUTED ARE 710 ! N)

120 ! EFFECTIVE BED EMISSIVITY 720 OPTION BASE 1 1250 Q(J)=Q(J)*N
138 ! AND RAD HEAT TRANS COEFF 730 COM N,K,T8 1268 2=2+0(J)
140 ! FOR BUB AND EMUL PHASES tt 740 DIM R2C459133.0(351),81(256). 1270 I=H+3

119 !
82(256) 1280 IF I>4563 THEN 1309

168 ! t* VARIABLES St 759 DIM S(350).V2(25),P2(25);V3( 1290 GOTO 1290

170 ! 11---BUB RES TIME(esec) 25).P3(25)F(6),T(6) 1389 2=2/J

189 ! 81-- AVERAGE 8(esec) 760 CLEAR 1310 1

190 1 132--BUB CONT FRACTION 770 !
1329 ! *2 ARRANGE THE FORMAT

200 ! C---DETP TEMP CORR FAC 789 ! 22 READ THE DATA St 1339 1 FOP FFT CALCULATIONS tt

210 ! WITH COEFFS C1,C2,C3 790 1 1349 !

220 ! CS- -FIRST OCC OF PEK/VAL 380 CRT OFF 1359 FOR 1=1 TO 351
230 ! D--- PARTICLE DIA(14e) 810 ASSIGN* 1 TO "BEDAT;0701" 1360 Q(I)=Q(I)-2
249 1 E---EMU RES TIME(msec) 828 READO 1,K, 0,1.4,P5,11,T2,11 1378 NEXT I

258 ! E1--AVERAGE E(esec) .14 1380 FOP 1=176 TO 256

260 ! E2--EMU COAT FRACTION 330 ASSIGN* 1 TO t 1398 01(1)=0
278 ! E3--AVRG EFFEC BED EMISS 840 RSSIGN* 1 TO "AVRGE;0701" 1480 02(1)=0
280 ! E4--BUB EFFEC BED EMISS 850 READ* 1.1( U0,F(),T() 1418 NEXT I

299 ! E5--EMU EFFEC BED EMISS 860 ASSIGN* 1 TO * 1420 FOR 1=1 TO 175

389 ! F--- CONTACT FRACTION 879 ASSIGN 1 TO "TPMXI;0790" 1438 K2=2tI

310 ! FI--FREQUENCY.FFT(Hz) 888 READ* 1,K ; PS 1440 j:/-1

329 ! F2--FREQUENCY.PEK/VAL(Hz) 890 ASSIGN* I TO t 1450 K1=2*J+1

330 ! H - -PRO HT COEF(W/s2r) 900 CPT ON 1460 01(I)=0(K1)

340 ! HI--BUB HT COEF(W/a2K) 919 DISP KIN 1478 82(I)=Q(K.2)

350 ! H3- -EMU HT COEF(W/e2K) 928 1488 NEXT I

368 ! K---VEL RECORD NO. 939 T5=(T1+T4)/2 1499 CALL "FFT" ( 411(),122(....512,

379 ! N---DETR NO 940 T5=(T5-32)*190/180+273 (78),Y;F1 )

388 ! Esf AT 79F 950 1509 !

399 ! P---AURG PERK HTFX(W/e2K) 960 ! tt CONSTANTS tt 1518 ! tt SLOPE CRLC 2*

480 ! P1--NO. OF PEAKS 978 1
1529 !

419 P2 PEAKS MAGN(W/m2K) 980 ! --DETR TEMP CORR FACTOR 1538 DISP "SLOPE CALC."
420 ! P3--PEAKS LOCATION COEFFS(FROM 50 TO 180 C) -- 1540 FOR 1=1 TO 758
438 ! P4--INL AIR PRESS(inHs) 999 C1=1.062896 1558 S(I)=Q(I44)-0(1)
449 ! P5--994 PRES DROP(inH2o) teee C2=-.992794375 1568 IF S(1)=9 THEN 1580

450 I 8---HEAT FLUX(W/442) 1018 C3= 990005144126 1579 IF S(I)=9 THEN S(I)=S(1-1)/

469 ! 01--000 1920 1 --OETR Eef CONVERSION 100

478 1 82--EVEN Q RAO PROBE CAL CONSTANTS- - 1589 NEXT I

488 RS- -RAW oere(wotts) 1830 OW= 208 1590 utme

49e S---SLOPE(sQ/Sf) 1040 0(2)=.221 1608 P1=0

588 ! T---DETR TEMP(C/K) 1058 0(3)= 207 1610 R=0

518 1 TTIME(esec, 1860 IF 14=1 THEN W=1.96 1629 I=0

529 ! T1--INLET AIR TEMP(F) 1870 IF N=2 THEN W=1.87 1638 L=0

530 ! T2--INLET COOL TEMP(F) 1088 IF N=3 THEN W =2.92 1649 !

549 ! T3--MAX BED TEMP(F) 1099 M1=N+3 1650 ! -- COMPARE THE SLOPE
550 ! T4--MIN BED TEMP(F) 1109 !

SIGNS --

569 ! 75--AVRG BED TEMP(F) 1119 ! tt CONVERT 3497A READING 1669 I=I+1

570 ! TB--SAMP TIME INT(msec) 1129 ! FROM STRING CHARACTERS 1679 G=1

589 1 USGAS VELOCITY(s/sec) 1139 1 TO NUMBERS AND THEN CAL 1680 M=S(I)tS(/+t)
599 1 V---AVRG VALLEY HTF(W/m2) 1148 1 CULATE THE HEAT FLUX 2* 1698 IF 1=346 THEN 2260

609 ! V1--440. OF VALLEYS 1158 ! 1709 IF M>9 THEN 1668



1710 m=S<I4.1*S1+2) 0 IF rt,e TN
EN 1730

1720 GOTO 1660
1739 m=5(I +1)ss(1+3> 0 IF m>0 TH

EN 1750
1740 GOTO 1669
1758 14-S(1+0:K9(1+4> 4 IF m>0 TH

EN 1770
1760 GOTO 1660
1770 IF 1(4 THEN 1660
1780 m=S(I>ss(I-1) a IF m>9 THEN

1880
1790 GOTO 1660
1800 m=5(1)*S(I-2> 0 IF m>0 THEN

1820
1810 GOTO 1660
1828 M=S(I)*S(I-3> e IF M>0 THEN

1890
1830 GOTO 1660
1840 !

1850 ! ** STORE THE MAGNITUDE
1869 ! RHO LOCATION OF PEAKS
1870 ! RHO VALLEYS ss
1880 !

1890 IF sci+1»0 THEN F-I99
1900 IF Sii+1><0 THEN F=200
1919 IF L-F-0 THEN G=0 0 R=R+i
1920 IF S(1+1)>0 THEN vi=v1+1 e

v2(/1)=Q(I+1) 0 V3(41)-1+1
e L-F

1930 IF S(I+1)(0 THEN PI.P1 +1
p2(p1) -0(i+1> 0 P3(P1) =1+1
O L-F

1940 IF G=0 THEN 2010
1950 GOTO 1660
1968 I

1970 ! es FINO THE PERK(VALLEY)
1988 ! BETWEEN TWO CONSECUTIVE
1990 VALLEYs(PEAKs> ss
2900 !

2010 IF P1 >V1 THEN 2020 ELSE 211
B

2029 w=P2(1:11-1.>
2038 U1 .P3(P1-1)+1
2040 U2=P3(PI)-1
2058 FOR I=U1 TO U2
2060 IF 14-8(1))0 THEN w=9(1) e X

0/
2970 NEXT I
2089 vi=v11
2098 V2(V1) =w
2190 V3(V1)=X
2110 IF v1>P1 THEN 2129 ELSE 221

2120 Wmv2(q1-1
2138 UI=V3<v1-1)+1
2140 U2=V3(V1) -1
2158 FOR I=u1 TO U2
2160 IF w-Q(1)(9 THEM 61-Q(1) 0 x

2170 NEXT
2180 PI=P1+1
2199 P2(PI) =W
2200 P3(PI) =X
2210 GOTO 1660
2220 !

2230 !
Xs CALC AVRGE VAL OF

2240 ! PEAKS t VALLEYS **
2250 !

2260 v=0
2270 P=0
2280 81=0
2290 E1=0
2390 IF 11,1>v' THEN pi-vi
2318 IF v1>P1 THEN V1=P1
2320 FOR I-1 TO VI
2330 v=v4v2(0
2340 NEXT I
2350 FOR 1.1 TO PI
2360 P=P+P2(i)
2378 NEXT I
2380 v-V,v1
2390 p=p/pi
2400 !

2410 ! s* FIND THE tst PEAK
2420 (VALLEY' IN THE DATA AND
2430 CALCULATE THE RES. TIME
2440 ! AND CONTACT FRACTION AND
2458 ! ALSO FREQUENCY Sx
2460 !

2479 C=V3(1)-P3(1)
2480 IF c>9 THEN 2498 ELSE 2620
2490 FOR 1=1 TO VI
2508 E=V3W-P7(1>
2510 Et -E1 +E
2520 NEXT I
2530 FOR 1=2 TO Pt
2540 8=P3(1)-V3(I-1>
2550 81=81+8
2569 NEXT I
2579 EI-EisTexvi
2588 81=81*18,(P1-1)
2590 E2=E1/(E1 +81>
2680 82=81/(E1+81>
2610 GOTO 2740
2620 FOR 1=1 TO PI
2638 8=P3(i) -v3(1)
2640 01=81+8
2638 NEXT I
2660 FOR 1=2 TO vi
2670 E=V3(I)-P3(1-1>
2688 E1=E1+E
2690 NEXT I
2700 81=81*T8,P1
2710 E1=EIST8/(vi-I)
2720 E2=E1/(81+E1>
2730 82=81/(81+E1)
2740 F2=1000,(E1+131>
2750 A=.00090005672*75-4
2760 P=P+2 8 V=v+2

2779 E3 =Z'A 0 H=Z/(T5-Tim1t
2788 E4=P/A e Hime/(rs-rolo)
2790 E5=v,A a H2=vi(T5-T(MI))
2880 !

2010 ! 0* PRINT AND STORE s*
2820 !

, 2838 PRINT USING 2848 ; 13,75,T(M
1),U8,1(.ti

2840 IMAGE (./,'0 =,0.00.2x.-Tf=
",40,2X,'Te=",30,2X,"(K)'.,
..u0=',0.013.2x,VEL11,00,,,
'ps".0,/>

2850 PRINT USING 2860 ;
E4

2860 IMAGE </.2X:"Hay.*.00.0,2X,

2X,"Hbu=430.0,12X,'Ebu="..
00)

2070 PRINT USING 2880 ; N2.E5
2880 IMAGE (2X.Nem.0.00.1:1.12X.

Eem= DO)
2890 PRINT USING 2900 E1.81.E2

.82
2900 IMAGE !2X.'Tem=0.40,2X,"Tbu

40,2X.*(msec)",/.2X."Fem

2910 PRINT USING 2920 ; F1.F2
2920 IMAGE (2X,*Fm*.0.00,X,"<fft

2930 i

2940 ! -- STORE THE OATH --
2950 ASSIGNS 1 TO "INSTA,0701'
2960 PRINTS 1,K ; 0,T5,110,14.E1,8

1,E2.82,F1,F2
2970 ASSIGNS I TO s
2980 OISP 'PROGRAM TERMINATED'
2998 END



10 SUE "IDTFFT"
,FI)

20 SS% IOTFFT SSS
30
44 ! ** THIS PROGRAM EMPLOYS
50 ! FAST FOUR/ER TRANSFORM
60 I (FFT) TECHNIQUE AND FINOS
70 ! THE FREQUENCY FOR MAXIMUM

480
490
590
510
529
530
540
559

NEXT J
'CH2'2+1)=-1(H2/2+1)
IF F=-I THEN 180
FOR J=1 TO N2
R(J)=R(J)/N2 0 I(J)=1(J>/N2
NEXT J
Y-0
FOR 1=1 TO N2

80 ! AMLITUOE ** 560 P9 =P(I)^2+1(I)^2
96 ! 579 IF P9iY THEM Y=P9 4 F3=I-1
109 OPTION BASE 1 580 NEXT I
110 DISP 'FFT CALC 590 FI=F2*F3
120 F=1 600 OISP 'FFT ENDED'
138 H2=N/2 610 SUBEHO
149 F2=1/!N*TIN
159 PI=LOG(H)/LOG(2)
160 J=9
170 IF F=-I THEN 399
tee k-e
190 FOR J=I TO 142-1
200 1=2
210.IF K012/I THEN 230
220 K=K-H2/1 3 1=1+1 e GOTO 21e
230 K=K+H2/I
240 IF K( ...J THEN 260
259 g=prj+t) 0 R(J+I) =R(K+1) 4 R

(K+I)=A 0 AmICJ+1> 2 I(J+1)=
100-1) 1(1(+1=A

260 NEXT J
279 G=.5 3 P2=1
280 FOR 1=1 TO P1-1
290 G=G+G e C=I 3 E=4 3 Q=SOR((1

-P2)/2)*F
300 P2=(1-2*(/=1))*SQR<C1+P2)/2)
310 FOR R=I TO G
329 FOR J=R TO N2 STEP G+G
338. K=J+G 0 A=C*R(K)+E*I(K) 0 9=

E*R(K)-C*1'10 e R(K) =e(J)-11
111 I(K)=I(J)+0 0 R(J)=R(J)+A
@ I(J)=I(J) -13

340 NEXT J
350 A=E*P2+C*1? * C=C*P2-E*0 4 E=

A
368 NEXT R
370 NEXT I
380 IF F=-1 THEN 550
390 A=1)//142 e P2-cos(e) 3 Q -F*SI

WA) * 13..2(2) * RW=14+1(1)
O I(1=A-11)

400 IF F=-1 THEM 429
410 R(I)=R(I)/2 e I(1)=1)/2
429 C=F 0 E=0
430 FOR J=2 TO N2/2
440 A=EtP2*C*11 3 C =C *P2-ETQ 0 E=

A 3 K=H2-J+2 e A=R(J)+R(K)
450 8=(1(.1)+I(K).)*C-<R(J)-R(K))*

E 0 U=1(J)-1(K)
460 V=(I(J)+I(K)NItE+<R(J)-R(K)*

C
479 R<J)=(4+13)/2 0 ICJ)=(U-Vi: 2

R(K)=(11-8)/2 0 t(()=-«u+()
)/2>
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APPENDIX C

FLUIDIZED BED OPERATING PROCEDURE

In this section a more complete description of the fluidized bed

facility operating procedure is given. This might be of interest to

those who plan to conduct similar experiments. The following steps

are recommended.

1. Position the instrumented tube in appropriate mount-

ing port on the test section.

2. Seal the mounting port on both ends by two pairs of

stainless steel sealing rings and a washer. Then,

connect the rotary unions for coolant circulation.

3. Make sure all the caps on the remaining mounting

ports are tightly secured.

4. Wrap a piece of cardboard over the windows to protect

them against possible particle abrasive damage (Step

6).

5. Pour some particles after closing the drain plug and

then close the test section access door.

6. Open the view port on top of the disengaging zone and

add more particles, up to the desired height and then

close it. While up there open the air supply line to

the light bulb if it is closed.

7. Turn on the high limit temperature switch. This

switch shuts off the burner if coolant temperature

exceeds 140°F (adjustable).

8. Connect the lead wires to data acquisition system.
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The data acquisition system should be stationed far

enough from the test section. When the bed tempera-

ture is greater than about 900 K, heat loss to

environment can damage the system.

9. Make sure there is enough coolant (water) in the

tank. Plug in the coolant pump and establish the

coolant flow. The pump pressure gauge should be kept

below 30 psi. Also, open the heat exchanger valve

and connect it to the city water using a rubber hose.

10. Set the burner shut-off controller, connected to a

type K thermowell under the distributor plate, to

500°F and continue increasing it as the bed tempera-

ture is raised. This is a precautionary step to

prevent a large temperature difference across the

distributor plate and possible damage to the plate.

11. Follow the start-up procedure as described by Junge

(74). The warm up procedure must strictly be

followed as given in the same reference for the first

use of the refractory material. However, it does not

seem to be necessary to follow it for subsequent

runs. The temperature controller is connected to a

type K thermowell under the distributor plate which

monitors the inlet hot gas temperature, compares it

with set temperature on the controller and adjusts

the fuel flow rate accordingly. The bed temperature

on top of the test section (type K thermowell) should
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be checked and compared with the bed temperature

(type K thermowell located above the distributor

plate). If the difference is less than about 300°F

(depending on the bed and controller temperature) and

also the bed temperature is close to that set on the

controller, raise the set temperature by about

200°F. You may have to open the manual fuel by-pass

valve for high temperature settings.

12. Transformation of the bed from packed to fluidized

state will drop the bed temperature due to existence

of a large temperature gradient in the packed bed.

The bed temperature, after being fluidized, can

roughly be approximated by averaging the top and bed

temperatures when the bed is packed.

13. After reaching the desired bed temperature (estimated

from 12), open the manual fuel by-pass valve and

increase the gas flow rate by closing the air by-pass

line and opening the air inlet valve. Start with the

highest air flow rate.

14. Fix the desired bed temperature by adjusting tempera-

ture controller and fuel by-pass valve. You may have

to return to packed state if bed temperature is sub-

stantially higher (about 100°F, depending on the bed

temperature; smaller for higher bed temperatures)

than the desired bed temperature and continue warming

up the bed.
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15. Monitor the temperature of all the detectors on the

instrumented tube. Adjust the coolant flow rate to

obtain the required wall temperature. Remove the

high temperature limit switch from the burner safety

circuit and also close the heat exchanger valve for

higher tube temperature. The wall temperature should

be kept below maximum temperature limit of the

instrumentation (200°C).

16. Take your first set of data. Record particle size,

bed temperature, air inlet pressure and temperature

and pressure difference of the venturimeter. If

necessary the instrumented tube can be easily rotated

when the bed is fluidized to collect data for other

tube orientations.

17. Decrease the air flowrate and repeat the data collec-

tion. Adjust the temperature controller and fuel by-

pass valve to maintain a constant bed temperature.

18. When the bed is packed, a large variation in tempera-

ture is established within the bed which defies the

isothermal chararacteristics of the bed. The bed

temperature continues to increase for a packed bed.

In this study, the packed or near packed bed data

were obtained while the temperature gradient was

small by first fluidizing and then defluidizing the

bed and immediately taking data. This method,
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however, is subject to error caused by unsteady heat-

ing of the tube.

19. Follow steps 10 and 11 to reduce the bed tempera-

ture. Then shut off the system following the

procedure in Junge (74).
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APPENDIX D

TABULATED DATA

The local radiative, total, and convective heat transfer coef-

ficients around the tube are presented in Tables D.1 through D.4 for

a = 0, 45, 90, 135, and 180 degree positions, measured from lower

stagnation point of the tube. Tables also contain the radiation

contribution to total heat transfer for the instrumented tube

(ew = 0.64) and spatial average values for the parameters mentioned

above as well as effective bed emissivity. Following notations apply

to all the tables.

U0 Gas velocity, [m/sec]

h
rb

Radiative heat transfer coefficient for a black tube

wall. Use hr = ewh
rb

to obtain radiative heat trans-

fer coefficient for a non-black tube wall, cw = 0.64

for the instrumented tube employed in this study,

[W /m2K]

hto Total heat transfer coefficient, [W/m2K]

hco Convective heat transfer coefficient, [W/m
2 K]

T . Local tube wall temperature as measured by radiation

probes. This temperature was used in calculating

radiative heat transfer coefficients, [K]

T
to

Local tube wall temperatures as measured by total

probes. This temperature was used in computing both

the total and convective heat transfer coefficients,

[K]
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a Angle as measured from lower stagnation point of the

eef

tube, [Degrees]

Effective bed emissivity (c1;171/aTf)

f Radiation contribution (71;/;;3)



a - 0

a = 45

a - 90

a - 135

a - 180

average

Table D.1. Test results for D - 2.14 mm and Tf = 812 K.

U0 2.77 2.68 2.58 2.46 2.35 2.19 2.07 1.96 1.85 1.75 1.67 1.57 1.47

h
rb

27.5 26.8 26.6 26.3 26.0 25.9 25.4 25.6 25.1 25.0 25.3 25.4 21.8

h
to

169 166 175 174 174 177 175 173 173 173 174 177 173

co 149 147 156 155 156 159 157 154 156 156 156 159 157

Twi 369 371 364 364 363 364 364 364 363 363 362 362 358

Tto 412 414 409 408 408 409 408 407 407 407 406 406 407

hrb 27.2 26.9 26.9 26.1 26.0 25.5 25.8 25.3 25.2 25.4 25.5 26.5 18.6

hto 176 182 185 190 189 186 190 185 187 191 178 178 143

hco 156 163 166 171 170 168 171 167 169 173 159 160 130

Twi 364 369 366 364 363 364 364 364 364 363 363 361 358

Tto 410 416 412 412 411 412 411 411 410 409 408 404 395

hrb 24.8 24.7 24.4 24.2 24.1 24.1 23.7 24.1 23.4 23.5 24.1 24.4 18.5

to
188 179 189 193 182 188 183 184 194 194 184 173 144

co 170 162 172 176 166 171 167 167 177 177 167 156 131

T
wi

371 373 367 367 368 368 368 368 367 366 364 364 358

Tto 406 408 401 402 401 401 401 402 402 401 397 395 386

h
rb 23.6 23.3 22.9 22.9 23.0 22.3 21.2 19.9 19.9 19.5 16.4 9.8 3.3

hto 186 183 190 177 177 182 190 194 197 196 182 135 69

co 170 167 174 161 161 167 176 180 183 182 171 128 66

Twi 366 371 368 367 367 368 368 367 367 365 364 360 357

Tto 403 406 404 400 399 402 403 404 404 401 397 388 374

hrb 21.4 20.1 20.3 19.8 19.3 18.1 18.4 16.4 13.2 8.9 5.0 .7 0

hto 201 204 205 204 205 206 207 207 186 156 122 76 19

co 186 190 191 190 191 193 194 195 176 150 118 75 19

Twi 375 377 370 369 369 369 369 369 367 366 363 359 355

Tto 422 424 417 417 418 418 418 419 415 407 398 386 364

hrb 25.0 24.6 24.4 24.1 23.9 23.5 23.1 22.6 21.9 21.3 20.3 18.4 12.8

h
to 184 182 189 187 184 187 189 188 189 186 173 153 113

hco 166 165 171 170 168 171 173 172 173 171 158 140 104

Twi 369 372 367 366 366 367 367 366 366 365 363 361 357

Tto 411 414 409 408 407 408 408 409 408 405 401 396 385

tef 0.45 0.44 0.44 0.44 0.43 0.42 0.42 0.41 0.40 0.39 0.37 0.34 0.24

f 9.6 9.6 9.1 9.1 9.1 8.9 8.6 8.5 8.2 8.0 8.2 8.3 7.7

132
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Table D.2. Test results for D - 2.14 mm and Tf - 1050 K.

U0 3.49 3.28 3.12 2.90 2.71 2.51 2.32 2.19 2.04 1.94 1.82 1.69 1.56

a = 0 hrb 46.0 46.7 47.0 46.8 46.7 46.0 46.7 47.0 45.9 46.4 45.9 44.7 44.4

hto 192 188 187 186 187 199 198 194 194 195 188 183 181

co 159 154 153 152 153 166 165 160 161 162 156 151 149

Twi 351 353 353 351 351 350 350 349 349 349 349 348 344

Tto 430 431 431 427 429 426 427 427 425 424 424 421 417

a 45 hrb 46.8 46.3 46.9 46.7 47.2 47.5 47.3 47.1 46.4 46.7 46.8 45.4 42.6

hto 192 189 188 187 193 201 196 197 202 201 199 189 179

co 158 156 154 153 159 167 162 163 168 167 165 157 149

Twi 352 353 353 352 350 350 350 350 349 349 349 348 344

Tto 432 432 431 430 428 429 427 428 429 428 428 423 416

a 90 hrb 45.9 46.5 46.3 46.6 46.0 46.3 46.0 46.5 44.7 45.0 44.7 43.4 42.9

hto 198 200 201 198 204 207 216 220 220 228 242 234 218

co 166 168 169 166 172 174 184 187 189 196 211 203 188

Twi 346 349 350 349 348 346 345 345 345 344 343 342 337

Tto 409 409 412 409 411 410 411 415 413 413 416 413 406

a 0 135 hrb 44.2 43.5 44.8 43.7 43.1 42.3 41.7 39.9 39.9 39.7 37.8 32.1 9.1

hto 195 203 225 225 227 236 238 249 253 262 256 140 124

hco 165 172 193 194 197 206 208 222 225 233 229 117 117

Twi 347 348 349 349 345 346 346 346 344 343 343 340 330

Tto 409 414 414 413 412 415 417 400 416 420 420 416 388

a 180 h
rb

40 39.5 37.7 35.4 34.7 34.4 33.1 33.2 32.3 28.7 26.7 14.4 5.3

hto 202 212 208 232 215 234 231 234 232 229 204 133 104

co 174 183 180 206 189 209 207 209 208 208 185 123 101

Twi 367 369 368 366 365 363 362 363 362 360 358 351 340

Tto 442 447 451 448 449 450 449 449 447 443 438 408 388

average hrb 45.0 44.8 45.0 44.5 44.2 44.1 43.7 43.4 42.5 42.2 41.4 37.6 29.9

hto 196 198 202 205 206 215 216 220 222 226 223 180 166

hco 164 166 171 173 175 184 185 189 192 195 194 154 145

Twi 353 354 355 353 352 351 351 351 350 349 348 346 339

Tto 424 427 428 425 425 426 426 424 426 426 425 416 403

cef 0.45 0.45 0.45 0.45 0.45 0.45 0.44 0.44 0.43 0.43 0.42 0.38 0.31

f 16.4 16.2 15.9 15.5 15.3 14.7 14.5 14.1 13.7 13.4 13.3 14.8 12.7



a = 0

a = 45

a = 90

a = 135

a 180

average
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Table D.3. Test results for D - 3.23 mm and Tf . 812 K.

U0 2.62 2.52 2.45 2.38 2.33 2.28 2.20 2.16 2.11

hrb 25.0 24.8 25.2 25.2 25.1 22.9 23.6 23.2 23.3

hto 168 172 171 174 179 191 222 228 235

hco 150 154 153 156 161 175 205 212 218

Twi 357 360 360 360 360 357 356 354 353

Tto 404 406 407 407 409 405 413 407 413

hrb 25.6 25.2 25.9 25.3 25.8 25.5 23.8 24.0 23.6

hto 182 179 176 175 175 163 150 145 150

hco 164 161 157 157 156 145 133 128 134

Twi 359 360 361 360 361 358 356 355 352

Tto 408 409 409 407 408 402 398 395 393

hrb 24.7 24.3 24.5 24.4 24.5 23.7 19.3 19.6 18;2

hto 196 196 195 195 192 160 149 148 137

hco 179 178 177 178 175 143 136 135 124

Twi 350 353 354 354 354 352 351 348 348

Tto 398 399 400 400 400 390 387 384 381

brb 22.9 22.1 21.9 21.3 20.7 13.5 9.6 8.6 8.2

hto 193 198 196 196 190 145 133 126 111

hco 176 182 181 181 176 136 127 120 105

Twi 351 353 354 353 355 351 349 347 344

Tto 399 400 401 400 399 385 380 380 375

hrb 21.1 17.6 16.2 13.8 8.3 .3 .0 .3 .1

hto 160 148 134 119 78 23 20 19 49

hco 146 136 123 110 73 23 20 19 19

Twi 369 369 369 367 364 354 353 351 350

Tto 404 404 400 395 386 364 362 359 358

hrb 24.0 23.2 23.2 22.6 21.9 18.6 16.1 16.0 15.4

hto 184 183 180 178 171 144 138 136 131

hco 167 167 163 162 156 131 127 125 120

Twi 357 360 360 359 359 354 353 351 349

Tto 403 404 403 402 400 389 388 385 384

cef 0.44 0.43 0.43 0.42 0.40 0.35 0.30 0.30 0.29

f 9.3 9.0 9.1 9.0 9.1 8.9 8.1 8.1 8.1
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Table D.4. Test results for D9 = 3.23 mm and Tf = 1050 K.

a = 0

a = 45

a = 90

a , 135

a = 180

average

U0 3.42 3.34 3.24 3.12 3.01 2.90 2.79 2.65 2.56 2.48 2.38 2.27

hrb 46.2 46.4 46.9 46.7 46.7 46.4 46.2 46.1 46.0 46.2 41.4 39.0

h
tO

193 194 192 197 196 193 193 193 190 198 193 170

co 160 161 158 163 162 160 160 160 157 165 163 141

Twi 371 353 353 353 354 355 354 354 354 354 349 348

Tto 447 429 431 431 432 433 431 431 431 434 427 433

hrb 45.7 46.6 46.9 47.3 48.3 47.3 47.4 47.7 46.9 46.5 48.7 43.7

hto 196 207 201 202 202 208 207 203 199 197 196 170

co 163 173 167 168 167 173 172 169 165 163 161 139

Twi 350 353 353 354 354 355 355 355 358 354 354 346

T
tO 428 434 434 435 435 436 435 435 437 433 433 420

hrb 46.7 45.0 45.8 45.6 45.7 45.3 45.8 45.2 44.8 44.4 41.2 37.2

hto 209 218 213 219 221 213 216 215 216 213 178 137

co 176 186 180 186 188 181 183 182 184 181 149 111

Twi 363 345 344 344 344 345 342 343 341 340 335 333

Tto 433 417 417 416 418 418 417 417 418 418 409 390

hrb 43.3 42.9 42.9 43.1 43.2 43.4 41.9 40.9 39.1 36.0 32.2 12.4

hto 202 201 198 200 208 202 210 216 218 213 197 103

co 171 170 167 170 177 171 181 186 190 187 174 94

Twi 342 344 343 343 344 343 342 341 344 338 336 326

Tto 410 414 412 413 415 414 417 417 421 416 411 373

hrb 43.9 42.5 41.8 40.1 40.9 38.9 38.0 31.6 26.7 17.6 1.1 .5

hto 178 182 174 180 179 179 174 165 146 127 43 20

co 148 153 146 153 151 152 148 143 128 115 42 20

Twf 406 388 388 387 386 387 384 379 375 366 343 341

TtO 446 430 430 434 434 434 431 428 421 411 366 355

hrb 45.2 44.7 45.0 44.8 45.2 44.7 44.3 43.2 41.2 39.7 35.8 28.3

h
tO 198 203 199 202 205 202 204 203 200 196 172 126

co 166 171 166 170 172 170 172 172 170 168 147 106

T
wi 366 357 356 356 356 357 355 354 354 350 342 339

T
tO 433 425 425 426 427 427 426 426 426 422 408 394

cef 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.44 0.42 0.40 0.37 0.29

f 16.3 15.6 16.1 15.8 15.7 15.7 15.5 15.2 14.7 14.4 14.7 15.6


