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(Major p 'essor)

Local and average heat transfer coefficients for heat transfer

from internal tubes to a fluidized bed were investigated. A fluidized

bed heat exchanger was cornpared to a baffled and an unbaffled ex-

changer in terrns of power and heat transfer surface area require-

ments.

The fluidized bed heat exchanger consisted of. a 44 inch long,

5. ?5 inch inside diameter she1l with 19, 3/4 rncln diarneter tubes

arranged in a I -L/16 inch triangular pitch. Fluidized solids were

two narrow sized groups of Scotchlite glass beads having .0057 inch

and . 0188 inch average diarneters. The fluidizing medium was air

and there was no tube side fluid.

Variables studied included particle size and concentration,

superficial gas velocity, and different locations of the heat transfer

surfac e.
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The local heat transfer coefficients were measured by rneans

of a movable temperature probe in contact with the inner wall of a

thin-walled tube through which a constant b.eat flux was rnaintained.

Values of local coefficients ranging from Z to 101 Btu/hr.
7)

ft-." F and average coefficients ranging from 6 to 35 Btufnr. ftl 'F

were obtained. This represents a rnaxirnurn increase of 50 -fold for

the Local coefficients and 25-f.old for the averulge coeffj"cients over

those for air alone.

The fluidized bed consisted of areas of dense and sparse

solids concentration. In the dense section of the bed, the local coeffi-

cients were essentially constant and higher values of the coefficients

were obtained at lower flow rates. The opposite was true in the

sparse section of the bed and variation of heat transfer coefficient

with fLow rate was sirnilar to that for single phase fluids.

Heat transfer surface location did not af.f.ect the average coef -

ficients appreciably, however the loca1 coefficients were affected

slightly, the center tube having sornewhat lower coefficients.

The average heat transfer coefficients were found to increase

as a power function of the solids concentration.

The ratio of the heat transfer capacity of the fluidized bed

exchanger to that of the unbaffled and baffled exchangers was consid-

erably greater than unity, indicating its advantage as far as space

requirernents are concerned.



An overall advantage of reduced heat

requirement for the fluidized bed exchanger

was found in the region of static bed heights

transfer area and power

over the baffled exchanger

below five inches.
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TRANSFER COET'FICIENTS
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CHAPTER 1

INTRODUC TION

Heat transfer is one of the most important operations in chemi-

ca1 engineering. In industrial practice it is often necessary to transfer

heat from one rnoving fluid to another. The rnost cornrrlon form of ap-

paratus for accomplishing this transport of therrnal energy is the shell

and tube heat exchanger. It consists of a nurnber of tubes arranged

parallel to the axis of an outer cylindrical she11. One fluid flows in-

side the tubes while the other fluid flows outside them. In an ex-

changer both shell-side and tube-side heat transfer coefficients may

be of comparable magnitude in which case both control the capacity of

the unit. In some instances one coefficient rnay be low and it alone is

the main controlling factor in the heat transfer rate. If the two

strearns are of conrparable rnagnitude, the velocity on the shell side

is low in comparison with that on the tube side. This is the usual

case and for this reason, baffles are installed in the shell to decrease

the area of shell- side fluid flow, thereby increasing velocity and turbu-

lence and hence increasing the shell-side heat transfer coefficient

(13, p. 500). Such an increase, however, is accompanied by increased

pressure losses and hence increased pumping costs. Any rneans by
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which velocity andf or turbulence can be increased or by which the

boundary layer on the heat transfer surface rrray be interrupted or

reduced in thickness will cause an increase in the heat transfer rate.

One rneans of doing this is to provide a bed of fluidized solid particles

on the shell side of the exchanger. Coefficients of heat transfer to

fluidized beds are known to be greater than those for single phase

fluids alone.

This thesis describes the study of locaI and average heat

transfer coefficients for the transfer of heat from a bundle of inter-

nally heated tubes to a surrounding fluidized bed. The test unit con-

sisted of. a 5.75 inch diameter shell with 19, 3/4inch diameter tubes

situated in a I -L/16 inch triangular pitch. The fluidized solid was

glass spheres and the fluidizing rnediurn was air in all cases. The

local heat transfer coefficient was determined using a rnovable tern-

perature probe located inside a tubular resistance heating element.

In this study the effects of particle size and concentration,

heating tube location, and gas flow rate were investigated. The role

of these variables was deterrnined. Hence it was possible to esti-

rnate the feasibility of utilizing a fluidized bed for increasing rates

of heat transfer in the shell side of a heat exchanger.

This work is exploratory in nature; however,the results ob-

tained indicate that further investigation of fluidized bed heat ex-

changers i$ warranted.



CHAPTER Z

THEORY AND LITERATURE REVIEW

Heat may be transferred by any or all of three means; conduc-

tion, radiation and convection. Natural convection heat transfer oc-

curs when a temperature difference exists between a surface and the

surrounding fluid to which it is exposed. The density of the fluid

near the surface is different than that of the main body of fluid giving

rise to rrlovernent due to buoyant forces. Heat is thus conducted to

the fluid and carried away by bulk motion or convection (12, p. 165).

Forced convection heat transfer occurs between a surface and a

flowing fluid which is purnped along it. Most rnedium temperature

industrial heat transfer is carried out by rneans of forced convection.

The rate of heat transfer frorn a solid wa11 to a fluid flowing

past it is proportional to the area of the surface and the temperature

difference between the solid and the fluid, i. e.

dq*o aT dAw (1)

where do is the heat transfer rate from a srnall elernent of surface'w

dA and AT is the temperature difference between the surface and
w

the fluid. Considering a fluid at a bulk ternperature, Tb, and a sur-

face whose ternperature is T*, the proportionality becomes

dq =hdA (T -T,) (Zl-wwwD
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where h is the proportionality factor and is called the local coeffi-

cient of convection heat transfer. Equation 2 may be rearranged to

T -T,lv\/D

lzal

which is of the form

. potential differencereslstanc" =ffi

Thus the reciprocal of the heat transfer coefficient becornes equiva-

lent to a resistance to heat transfer.

In the turbulent flow of a fluid past a solid boundary, three

flow zones exist: (1) a thin laminar sublayer at the wall, (2) a turbu-

lent core occupying most of the cross section of the stream and a

(3) a buffer zone between them. The major resistance to heat trans-

fer between solid boundaries and turbulent fluids is the laminar sub-

layer adjacent to the waIl. The heat rnust flow through the laminar

layer by conduction, i. e.

d"-74'Aw

I
h

n=Y
is the fluid thermal condutivity, Btu/hr *? 'f /ft

= area normal to heat f.low, f.t?
= heat flow, Bta/rrr.
= ternperature difference, o I'
= thickness of the boundary layer, ft.

(3)

where k

A
q

AT
x

It is seen that the resistance

ness and any reduction of the

of this layer is

thickne s s will

proportional to its thick-

result in a comparable
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increase in the rate of heat transfer between the waII and the fluid.

One rneans of reducing the thickness of the larninar layer is by in-

creasing the intensity and scale of the turbulence of the main flowing

strearn.

Studies of the effect of turbulence prornoters on the rate of

heat transfer have been made (9, p. 396) and it has been shown that

the rate of heat transfer is materially increased. Also, baffled heat

exchangers which force the shell side fluid to flow through a decreased

cross section and norrnal to tube banks, thereby increasing turbu-

lence, have greater heat transfer capacity than unbaffled exchangers.

For example the correlation of shell side heat transfer coefficients

as proposed by Donohue (3, p. ?501) illustrates the larger magnitude

of heat transfer in the baffled exchanger over that in the unbaffled

case; For unbaffled heat exchangers

h d 0.6 la G\o'6av' o o.rz8d l t 
Ik 

a-'-'-*e 
\ 

- 
/

where d is the equivalent diarneter in inc
e

the hydraulic radius; For segrnental baffle

e=0.,,(+)" ("") "'

("")'^( H)
hes based on

S

, .0.14

l*o I

\** /
higher coefficient in

ce around a surface,

0.14

(4)

f our tirne s

hd
av. (5)

theA comparison of these equations indicates a

baffled exchanger. The intensity of turbulen



6

such as a tube waII, may also be increased by the addition of fluidized

solid particles to the shell side fluid. Thus the heat transfer attri-

butes of a fluidized bed may be helpfui when considering heat ex-

changer design, especially where compact exchangers are desired.

Fluidized Bed Heat Transfer

A great deal of research on fluidized bed systems has been

done in recent years. One of the outstanding characteristics of a

fluidized bed is that it tends to rnaintain a uniforrn temperature even

with non-uniforrn heat release. Close temperature control is possi-

ble since the solid particles in a fluidized bed act as reservoirs and

carriers of heat. Their violently turbulent motion enables them to

absorb heat in variOus parts of the systern thus eliminating hot and

cold spots. This rnakes fluidized beds particularly useful for carry-

ing out chernical syntheses which require lirnited temperature ranges.

The majority of research on the heat transfer characteristics of

fluidized beds has been performed with this in rnind. Little consid-

eration has been given to the applicability of fluidized beds to increas-

ing heat exchanger capacities (6).

Fluidized bed heat transfer rnay be divided into three sections:

(t ) Fluid to particle heat transfer

l2l Heat transfer between points within the bed

(3) Bed to surface heat transfer
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The rate of fluid to particle heat transfer is used to estirnate

particle surface temperature from the rneasured ternperature of the

f1uid. This is useful in predicting heat effects on heat sensitive parti-

cles. Frantz (5), Gupta and Thodos (8), and Yeh l2Z) have presented

correlations for determining fluid-to-particle heat transfer coeffi-

cients.

Heat transfer between points within a bed occurs at a high

rate due to the rapid mixing, and hence does not affect design greatly.

Investigations have shown that the fluidizing gas rapidly reaches the

temperature of the bed (5). Yagi, Kunii and Wakao have given a cor-

relation (2I ) for effective radial thermal conductivitiee. Bischoff

(2) presented a method for obtaining values of axial thermal conduc-

tivity.. Gopalarathaam, Hoelscher and Ladda (7) have extended the

method of Kunii et. al. to liquids. Lewis, Gilliland and Girouard

(tI)found that effective thermal conductivities in the radial direction

were about 2 percent of that in the longitudinal direction.

Much attention in the technical literature is directed to bed-

to-surface heat transfer since it is often necessary, in an industrial

operation, to remove or add heat to a fluidized systern.

Coefficients of heat transfer to fluidized beds are known to

be higher than those to single phase gases alone. Coefficients to

gases are normally about 0.5 to 5 Btu/hr. ft? oF at the gas
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velocities used in fluidized beds, while coefficients to fluidized beds

Z
usually range frorn ?O to I00 Btu/hr. f.t "tr. (6). Considerable work

has been done to determine heat transfer coefficients to fluidized

beds and generalized correlations have been given. Of the attempts

at a generalized correlation for fluidized bed-to-wall heat transfer

coefficients those of 'W'en and Leva (I9) and Wender and Cooper (20)

are recommended.

Wen and Leva correlated the data of four investigations using

conventional techniques. The data covered a broad range of test rna-

terials including glass beads and materials such as coke, iron pow-

der, lead, etc.

Richardson and Smith (16) studied irnprovements in heat trans-

fer coefficients caused by the presence of particles over that obtained

with liquid at the sarne velocity and correlated this in terms of the

properties and concentrations of the particles and the liquid velocity.

They studied particles, approximately spherical, of Ballotini glass,

gravel, iron, copper and Iead.

Mickley and Trillirg (14) obtained data on internally and exter -

nally heated fluidized beds and presented a correlation for various

glass bead sizes.

Vreedenburg (lB) (t 7) presented correlations for heat transfer

between fluidized beds and vertical and horizontal tubes. He also
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gives a correction factor for non-axiaI location.

Wender and Cooper (20) gave a correlation for axial vertical

tube s:

0.66

ed by

xial

radial

equlp-

*' H 
n'=o'"'"'("S)"'( 

A) 
"'(;)

C is the correction factor for non-axial tube location propos
r

Vreedenburg. The correction factor ranges frorn i.0 at the a

position to a maximurn I. 8 at approxirnately 30 percent of the

distance from the vessel center line, decreasing thereafter.

A11 correlations are based on data obtained with clean

rnent and are valid for single tubes only.
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CHAPTER 3

EXPERIMENTAL EQ UIPMEN T

The experimental apparatus was designed in order to deter-

rnine the local and average heat transfer coeffici.ents from an inter-

nal heat source to a fluidized bed.

It consisted of an internally heated fluidized bed unit, an air

source, a direct current source and associated rnetering arrd rneas-

uring devices. A schernatic drawing of the apparatus is presented in

Figure I. The actual equiprnent set up is shown in Figure Z. The

rnajor components are described in detail below.

Fiuidized Bed Unit

The fluidized bed unit consisted of a tube bundle containing a

heating element and a shell. The shell consisted of a conical air

distributing section, a test section and a disengaging section.

The sheet metal conical air intake was 5.75 inches in diarneter

by two inches in diameter and the overall length was six inches. A

sheet rnetal extension of two inch diarneter and three inch length was

spotwelded to the cone.

The disengaging section, to prevent elutriation of glass beads,

was a nine inch OD by 1/8 inch wall, I2 inches long, cast acrylic

tube, Six, I. 5 inch diarneter exhaust ports were cut into the tube
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tenrperature probe

handle

heating
element

exhaust poft

disengr
section

test section

t:rboblower

-// 
orifice

CP) Pr.rr*" t.P,

Figure 1. Diagrarn of Apparatus
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tr'igure 2. Fluidized Bed Unit
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2.5 inches from the top and covered with 100 mesh wire cloth. To

connect the disengaging and test sections, a conical enlarging section

fabricated from two, one inch thick plywood disks of II inch diameter

was provided. The test unit, connecting section and disengaging sec-

tion were joi.ned by flanges cut frorn lf Z tncll pl"exiglass sheet and

glued to the acrylic tubes. Sixteen 3-l /Z by I /4 inch boits secured

tne f Lange s.

The test section was constructed frorn a six inch OD by t/8

inch waIl , 44 ir.c}:,es long, cast acrylic tube. Four pressure taps

located 5-l/Z inches frorn the bottorn of the tube and every 11 inches

thereafter were affixed to the test section. The taps, fabricated f rorn

a one inch length of 3/4 inch diarneter plexiglass rod shaped to a l/4

inch diarneter by 3/4 incln deep connection, were glued to the test

section, drilled with a t/t6 inch drill and 100 rnesh wire cloth pLaced

over the outside openings. The test section was attached to the air

intake section with a l/Z tnclr, thick, seven i.nch diarneter, plastic

flange and secured by 12, Z by I f 4 tnch bolts.

The tube bundle consisted of 18, 3f 4 tncln OD, 60 inches long

alurninum condenser tubes and one, 3/4 inch OD stainless steeL heat-

ing elernent arranged in a 1-I /16 incin triangular pitch. The tube 1ay-

out j.s shown in Figure 3. One end of each tube wa.s fitted with a 3f 4

i.nch plastic plug to facilitate fitting into tlae lovrer tube sheet.
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Figure 3. Tube Layout: Showing Locations of
Heating Element



I5

The top tube sheet, fabricated frorn two, one inch thick ply-

wood disks of i1 inch diarneter, was connected to the disengaging

section by six, Z by | /4 tr.c}r bolts.

The bottorn tube sheet, placed between the air intake and test

sections, consisted of 100 mesh wire cloth placed on 14 rnesh wire

screen. Three-eighths inch diarneter holes with the edges soldered

to prevent unraveling were punched into it.

The heating elernent, type 3Zl stainless steel with a resisti-
_A

vityof 7ZxL0-oohm-cm., hada Zf4inch ODby.OlZ inchwallby

60 inch length. The bottom of the tube was fitted with a 3/8 inch

diameter plug with a l/4 inch hole to accept number six copper wire;

a set screw held the wire' The top of the tube was fitted with a three

inch long copper plug with a 5/t5 hole and I f lz incu plastic bushing

to facilitate sliding of the probe handle. The copper lead wire was

attached with a solderlesb connector.

The entire unit excluding the air intake was mounted in a

three feet long "cradlet' of Z-t/4ay L-l/Z inch slotted angle iron.

This was rnounted inside a 7-l/Z f.eet high vertical frame so as to

perrnit the unit to be positioned vertically for operation and horizon-

tally for tube rernoval.
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Air Source

Air was supplied frorn a turboblower rnanufactured by The

North Arnerican Manufacturing Company, Cleveland, Ohio. The

blower had a rated capacity of I00 cubic feet per rninute at l6 ounces

per square inch discharge pressure. The blower was powered by a

three phase, ZZ0 volt, one and a half horsePower induction rnotor

manufactured by the General Electric Company, Schenectady, New

York. The air flow was controlled by means of a slide valve located

on the intake of the blower, Three inch N. P. S. standard steel pipe

was used to carry the air to the fluidized bed unit and connected by

means of a reducer to a two inch N. P. S. pipe and by ruboer hose to

the air intake section.

The air was metered by means of a two inch diameter, l6

gauge square edged orifice located in the three inch pipe. The ori-

fice was rnacnined accurately and precisely from smooth brass plate

to desired specifications and radius taps located at the proper dis-

tance so that the expansion factor and coefficient of discharge could

be calculated by accepted methods.
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Power Source

Direct current to heat the stainless steel tube was supplied

from a copper oxide battery charger manufactured by the General

Electric Company, Schenectady, New York. The battery charger

had a direct current output rating of. lZ volts and 45 aElPS. A con-

stant voltage transformer manufactured by the Sola Electric Com-

pany, Elk Grove, Illinois was placed in the line to insure constant

current output.

Figure

schernatic diagram of the electrical systern is presented in

Seven, four ohm 200 watt vitreous enameled variable

resistors rnanufactured by the Ohrnite Manufacturing Company,

A

4.

Skokie, Illinois were also used in

set at three ohms each and placed

approxirnately 36-38 amps. This

with the heating elernent.

the systern. The se re si stor s were

in paralleI to draw a current of

resistance was placed in series

The ernf and current were measured by a D. C. voltmeter

with a range of 0-3 volts and a D. C. ammeter with a range of 0-50

arrps. BOth instrurnents were manufactured by Sirnpson Electric

Cornpany, Chicago, Illinois. Number six plastic insulated copper

wire and solderless connectors cornpleted the circuit.



3 ohm

resistor

No. 6 copper wire

BATTERY
CHARGER

CONSTANT
VOLTACE

TRANSFORM

@
o

heating tube

Figure 4. Diagrarn of Electrical Systern
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Measuring Devices

The pressure drop across the bed and orifice was measured

by a manometer system using water as the manometer fluid.

The wall temperature of the heating element was measured at

various positions, without affecting fluid flow, by designing a therrno-

couple probe which rnoved up and down inside the heating element.

An exploded view of the probe is shown in Figure 5. The main body

of the probe was fabricated frorn rnicarta plastic. The waIl contacts

consisted of two, t /8 Ay 3/16 indn diameter pieces of copper rounded

to form a flush contact with the heating tube wall. A hole t /t 5 inch

in diameter by l/t5 inch deep was drilled into each copper contact.

Two 1/6+ incU holes were drilled in each of two rnicarta disks I/16

inch diameter by l/16 inch thick. A groove 3/128 inch deep was cut

between the holes. Therrnocouple wire was threaded through each of

these disks and the therrnocouples formed. The thermocouple junc-

tions were placed in the grooves and the disks inserted into the cop-

per contacts and sealed with epoxy glue. The thermocouple junction

does not contact the copper so as to prevent electrical effects from

the heating elernent affecting the probe reading. The copper contacts

werethenfittedwitha srnall wire spring and inserted into the two,

Z /t 6 inch holes in the rnain body. The thermocouple leads were brought
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Top View

-!'x-lr' 4i..
16 16

copper contact
lil-- 3rl
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Front View

Figure 5. Exploded View of Ternperature
Probe
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thermocouple

lot



zl
out through the i/8 inch hole drilled into the center of the probe body.

This hole was tapped to a width of.5/t5 inch and a depth of. l/Z tnctl

and a five and one half foot by I/4 indn hollow alurninum rod fastened

to the probe with a 5h6 inch tube fitting. The therrnocouple leads

werebroughtupthroughthe center of the rod. The probe was fitted

inside the heating elernent and both used as one unit.

All ternperature s were rneasured using iron-constantan therrno

couples formed by fusing the ends in an acetylene flarne. The wire

used was number 30 B. and S. Gauge, single-cotton-covered and

enarneled, Leeds and Northrup therrnocouple wire. Thermocouple

ernf was read using a Leede and Northrup potentiometer nurnber

67 4933.

The probe therrnocouples were connected in series to read

twice the average probe ternperature as were the two therrnocouples

located in the air intake section. A single thermocouple was placed

in an oil bath in a l2 inch long copper tube and inserted in the dis-

engaging section of the unit. A11 reference junctions were kept in

an ice bath at 32 degrees tr'ahrenheit.

By rneans of a suitable switching systern it was possible to

read directl-y, in emf, twice the probe temperature, twice the air

inlet ternperature, the air outlet ternperature and twice the ternpera-

ture difference between the probe and air inlet. A Leeds and



Northrup type G

temperature and

Speedomax recorder was

thus indicate when steady

zz

used to record the probe

state had been reached.
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CHAPTER 4

EXPERIMENTAL PROGRAM

The purpose of this investigation was to deterrnine the locaI

and average heat transfer coefficients for heat transfer frorn a heated

tube to a fluidized bed.

There are rrlany factors which rnay affect the transfer of h.eat

frorn an internal source to a fluidized bed. These rnay be classified

under three general headings; (I ) properties of the materials, (Z\

operating conditions and (3) equiprnent design.

Under rnaterial properties one rrray consider therrnal conduc-

tivity, density and viscosity of the fluidizing medium and of the

fluidized solid. Operating conditions includ e size" distribution and

shape of particles, solid concentration, gas velocity, heat flux and

the rnagnitude of ternperature driving forces. Heat transfer surface

location and size, and fluid bed geometry are variables of equiprnent

de sign.

The variables studied in this investigation included particle

size and c:oncentration, superficial gas velocity, and location of the

heat transfer surface. Air was used as the fluidizing rnediurn and

only one tube bundle was studied.
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Particle Size

The solid particles ernployed were Scotchlite glass beads

rnanufactured by the Minnesota Mining and Manufacturing Cornpany.

Two size groups having average diameters of .0188 inch and .0057

inch and nurnbered 070 and 1I0 respectively by the manufacturer were

used. These shall be referred to as coarse and fine beads. The

density of glass beads is I5 6lbs/ft? In order to have as narrow a

size range as possible, the glass beads were screened to give 20/35

mesh and 65/100 rnesh ranges. The size distribution of the beads is

shown in Figure 6. Average particle diarneter was deterrnined by

taking the arithmetic average of rneasurernents of photo-rnicrographs

of the beads. These are presented in Figure 7. It can be seen that

the fine beads are generally spherical and similar in size while there

are considerable irregularities arrrong the coarse beads.

Par ticle C onc entration

Particle concentration in the bed varied frorn zero to approxi-

rnately 55 Lbs/f.t3 . The concentration was regulated by charging vari-

ous known amounts of beads into the unit. The amount was measured

as static bed height by a scale affixed to the test unit shell. The

charge was fluidized and allowed to settle twice and rnake-up added

to the desired rnark so as to assure the same degree of packing for
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each case. For the coarse beads static bed heights of three, nine

and I5 inches were studied. The fine bead charges were three, nine,

six and 15 inches. The values of particle concentration were deter-

mined from rneasured values of the vertical pressure gradient (I0,

p. I I07).

Superficial Gas Velocity

Gas velocity was chosen to insure effective fluidization with-

out elutriation. Lirnitations were also imposed by the blower capa-

city. Fixed bed conditions were not studied since it was impossible

to throttle the turboblower to such a low flow rate. For each amount

of coarse beads, three flow rates were investigated. The superficial

rates ranged frorn 850 to 2800 tbs. /hr.f.t? These flow rates varied

for the different charges of beads. Two flow rates were investigated

for each charge of fine beads. These rates averaged 800 and II35
)

lbs. /hr.f.t? It was possible in the case of the fine beads, to use ap-

proxirnately the sarne flow rates for the different static bed heights.

Flow rates rneasured are within plus or rninus ten percent since bed

slugging caused variations in the manorneter readings.
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Heating Surface Location

The tube layout is shown in tr"igure 3. Since the layout is

symetrical, the four nurnbered positions represent all possible dif -

ferent tube locations. The heating elernent was studied in each of

these four positions for the various bed heights and superficial gas

velocitie s.

The tube walI ternperature was observed at several positions

along the heating tube. It was found that 11 positions located I. 5,

3.5, 5.5, I 1. 5, 17.5, ?3,5, 29,5, 35.5, 41,5, 43.5 and 45. 5 inches

from the bottorn of the heating elernent gave sufficient information to

obtain the temperature distribution along the length of the tube.
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CHAPTER 5

EXPERIMEN TA L PROCEDURE

The steps perforrned in operating the equiprnent and recording

the data are listed in order below.

A. Several preliminary preparations where necessary before start-

ing the equiprnent

(1) The stainless steel heating tube was placed in position; the

unit rotated to the vertical position and the heating tube con-

nected to the power source.

(Zl The air intake section was secured to the test section.

(3) The unit was charged with the desired arnount of glass beads.

(4) Ice was placed in the Dewar flask and the thermocouple

reference junctions subrnerged in it.

(5) The potentiometer was balanced against the internal standard

c e11.

(6) The thermocouple probe was rnoved to the first position in

the heating element.

(7) The heating tube position, particle size and particle charge

were recorded.

B. After the prelirninary preparations were cornpleted the equiprnent

was operated.
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(I) The turboblower was turned on and the desired flow rate ob-

tained.

l?l The direct current power source was turned on.

(3) The recorder was turned on and the thermocouple switch set

to read probe ternperature.

(4) After steady-state had been reached, usually in 30 minutes,

the following were recorded:

(a) Voltage

(b) Current

(c) Inlet and outlet air temperature

(d) Probe temperature

(e) Pressure drop and orifice manometer readings

(f) Manometer board ternperature

(5) The temperature probe was then moved to a new position

and the readings repeated when steady state had been reach-

ed. Steady state was reached in 5 to I5 minutes depending

upon the position, and was observed using the autornatic

recorder.

(6) After the 11 probe positions had been studied the power was

turned off and the bed and heating tube allowed to cool off.

C. At the cornpletion of the steps in B, the probe was returned to

position one and steps A-4,5,6,'1, and B repeated for the various
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flow rates for the particular solids charge.

D. At the completion of step C, the unit solids charge was changed

and steps A-3,4,5,5,7, B and C repeated for the different solids

charges.

E. At the cornpletion of step D the unit was errrptied of solids and

placed in a horizontal position.

(1 ) The heating tube was placed in a new position and steps A,

B, C, and D repeated for all four heating tube locations,

F. At the cornpletion of step E, steps A, B, C, D, and E were repeat-

ed for the other particle size.



3Z

To illustrate

tions for one run

Flow Rate

CHAPTER 5

SAMPLE CALCULATIONS

the calculations involved, a set

is presented below.

of sarnple calcula-

the pressure

P. 405)

The equation for calculating the flow rate frorn

drop across a square-edged circular orifice is (l 5,

* = glp, = C y

where

z g" lPt"r) P,

-

r-p
S

Z

w = rrlass flow rate, lbro/sec

ql = volurne flow rate at upstream pressure and ternperature,
2

f.t' / sec

pI = density at upstrearn pressure and temperatur e,Lbrn/ft3

gc = 32'1140

S, = cross sectional opening at orifi "u, ftZ

,r,r, = pressure at upstream and downstrearn taps, tAr/*Z

C = coefficient of discharge

Y = expansion factor

The expansion factor Y for a square-edged circular orifice is
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(p., -pr\ 
^givenby Y=I -# (0.41 +0.35p-)

t 
I"

K - C /cpv
p = ratio c,f the orifice di.arneter to pipe di-arneter

Arr inclined manorneter was used to measure the pressure

drop across the orifice, therefore

g^ (R-R^'t (62.37-.074) sin 30

tzg 30.5

where R and R are the rnan.orneter reading in centirneters. For
o

a manometer reading of I " 4 centirneters

",. 
-r, = r'4 @+#9 .5 = r.4z rcr/*z

therefore

y - r # o.4r+0.35(.rB9T)

Y = .99978 i I

As a first assurnption C is taken equal to . 51

.6Ixo.ozlIq=-:W rm
g=.518f.t3/sec

at 83o F. viscosity of air = . 01 86 centipoise

density of a.ir = . 074 tl,sf tt3

'\r =-q - ' z-s l<.' s1g >-(-' oza- x 16oo = 15.500-t_-''Ile 
tl .0186x2,42x.0513 ^J'J-
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For a Reynolds nurnber of 15,500 the coefficient of discharge is

equal to .6I and no further calculations are necessary.

Heat Flux

The electrical power input was calculated as the product of

the rneasured voltage and current since the power factor was unity.

The heat transferred to the fluidized bed frorn the heating elernent

was considered equal to the power input with minor corrections for

heat losses in the lead wires. An exarnple follows:

Measured voltage = Z. 65 volts

Measured current = 36.5 amps

Power = ei = 96.7 watts

Resistance of nurnber six copper wire = .395 ohrns/I000 feet

power 1oss = iZr=136. 5f * ffi " t0 = 5. 25 watts

Actual power input = 96.7 - 5.3 = 91.4 watts

I Btu = 0.293 watt-hr

therefore

power input = 31,2 Bt:u/ht

area of heating elernent = .982 f.tZ

Heat flux = 3LZ x L /. g82 = 318 Btr/hr f.tz
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Ternperature Measur ernent

A11 ternperatures were rneasured using therrnocouples, and

perlirninary calculations involved converting ernf readings to ternpera-

ture by rrleans of standard conversion tables. The therrnocouples

were calibrated, against a therrnorneter accurate to O.Zo F, up to a

ternperature of tr 16of.

A heat balance for the sarnple run shows a substantial rise in

the bulk ternperature of the air.

Al A = 318 rltu,l.nr f.tz

w = 145 lbs/hr

T. =82.?oF
1n

cP = . z4o etu/tb ol'

al A =wC (T .-T. )p out In

318 = 145 x .240 (T -82.7)' out

T = gl.8o F
out

The ternperature difference rneasured was based on tube wall ternper-

ature and air inlet ternperature. The ternperature difference based

on the local bulk ternperature of the air was calculated

T -T, =Tr-(tr.r-# 
"a)

w olo. t' 
o
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where L = heating tube length

x = position along heating tube

An exarnple follows,

At 23.5 inches frorn the heating tube bottom

T = I03.8w

(T -T. ) = 20.4 F"wln

(T -T, )= zO.4 - .,="t ,= Yw D- t --- - 145 x.240 45.5
Ioc

(T -T, )= 15.7"Fwo_ Ioc

Heat Transfer Coefficient

Q./A = h. (r -To- )' IOC w loc

318 = hlo" (15. 7)

h1o" = zo' z Btufht ftz F"

Bed Density

The values reported for bed density are the rneasured values

of the vertical pressure gradient. This is a good approxirnation for

batch fluidization (10, p. i I07).
g

ap = Lf(t-e ) (e"-er) ?
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Lt = bed height' ft

€ = fraction voids

P" = solid densitY, m/*3

pf = fluid density, tt/tt3

oO = pr€ssure drop tAr/*Z

The bed density is e. (1- e )

for this exarnple

Section Preesure drop , tAr/*Z

I Lz.4
z 6.r
3 4.8

rZ'4='917 (1 -e) (I56-'074,' S"/e

(l-e)= '087

Bed density = 156 x .087 = 13. 6 lbs/ft3

6. I = .9LT (r - e) (I 56- . o74l e"/ z

(1 -e)= .043

Bed density = I5 6 x .043 = 6.65 tAs/tt3

4.8 = .9t7 (t -e) (156-.0741 Z"/Z

(l-t)= '034

Bed density = I5 6 x .034 = 5.24 tAs/*3
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Sub sequent Calculations

Several additional calculations were required for a cornplete

analysis of the data.

Arithrnetic average heat transfer coefficients for heat trans-

fer frorn the tube to the fluidized bed were calculated.

The Nusselt Nurnber based on tube diarneter was calculated

frorn the average heat transfer coefficient.

The Reynolds Nurnber based on equivalent diarneter was cal-

culated frorn the flow rate.

Calculations of heat transfer coefficients for a segrnentally

baffled heat exchanger of the sarne dimensions were rnade (4).

Power losses in the heat exchanger were calculated for the

unbaffled case, the fluidized bed case, and the baffled case.
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CHAPTER 7

ANALYSIS OT' RESULTS

Heat Transfer Coefficient for Air

In Figure 8 the local heat transfer coefficient for air alone is

plotted as a function of the distance along the heating tube measured

as inches frorn the entrance. The data shown are for tube location

I, indicated in Figure 3. AIso shown are the data of Arnbrose (1,

p. lZ5l f.or an unbaffled exchanger with a six inch sheIl containing

four, I.0 inch tubes. Arnbrosets coefficients are sornewhat higher

for several reasons: he rneasured point temperatures on a nichrorne

resistance ribbon rnounted on a plastic rod; the air entered his ex-

changer norrnal to the tubes whereas in this work it entered parallel

to the tube bundle; the equivalent diarneter of four, 1.0 inch tubes in

a six inch she1l is considerably greater than that of 19, Z/4 incin tubes

in the sanle size she11, resulting in significantly higher Reynolds

nurnbers. The values of the local coefficients obtained in this work

decreased approxirnately 6t percent over the length of the exchanger

as colrrpared to a 80 percent reduction for the coefficients obtained

by Arnbrose.

The average heat transfer coefficients for the various tube

Iocations are plotted as a function of Reynolds nurnber in Figure 9.
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Tube location I produced the lowest values of the coeffi.cients

since the air flow about it is less turbulent; due to channeling it flows

at a lower velocity, than in other parts of the exchanger. Variations

in the coefficients for tube locations Z, 3 and 4 rnay be attributed

to shell waII effects.

rhe terrn (*)(?) 
t" 

was carcurated rrorn the arithrnetic

average Nusselt nurnber and the Prandtl nurnber of air which was

taken as 0.71 in all cases. In Figure I0 this dirnensionless terrn is

plotted as a function of U^ lql in ord.er to cornpare with a correla-.Ir, I
tion proposed by Donohue (3, p. Z50l). An extrapolation of Ambrosers

data was also used for cornparison. Donohuers curve represents

experirnental data with a maximurn deviation of. 25 percent about it.

The data for the present work lie within this range and have the

characteristic 0. 5 slope. The results indicate good agreernent with

the correlation of Donohue and also show that the rneasured coeffi-

cients have reasonable values.

Effect of Glass Beads

The addition of fluidized glass beads caused a significant in-

crease in the heat transfer coefficient. The effect of 0.0057 inch

diarneter beads having a static bed height of nine inches for heating

tube location Z ts shown in Figure 1I. Sirnilar plots for three, six,
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nine, and I5 inch bed heights of fine and coarse beads for tube loca-

tion Z are presented in the appendix. In all cases the curves are

sirnilar in shape. A cornparison of Figure 11 with Figure 8 indicates

a 4- to 13-fold increase in the heat transfer coefficient due to the

presence of fluidized glass beads. The local coefficient is fairly

constant up to approxirnately I1.5 inches frorn the entrance and then

decreases sharply thereaftex. Visual observation indicated that the

bed density changed rnarkedly at this point and presssure losses also

indicated this density change.

It is also interesting to note that the local heat transfer coef-

ficient is higher at the lower flow rate in the dense section of the bed.

Visual observation indicated that a rnore uniforrn fluidization in the

dense section of the bed was obtained with the lower flow rate,

whereas slugging and large gas bubbles were more evident at the

higher flow rate.

In the sparse section of the bed, beyond 11.5 inches frorn the

entrance, the local heat transfer coefficient is higher for the higher

flow rate as is the case for heat transfer to single phase fluids.

Visual observation of this section of the bed showed no perceptible

change with flow rate, however pressure losses indicated sorne varia-

tion of bed density with flow rate.
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These results indicate that the local heat transfer coefficient

in the dense section of the bed depends upon the nature of fluidization,

higher coefficients being obtained when the bed is uniforrnly fluidized

and not filled with large gas bubbles.

Effect of Heating Tube Location

For the fluidized bed, the effect of heating tube location on

the local heat transfer coefficient is shown in Figure I2. Greater

variation between tube location occurs in the dense section of the bed

and with the larger static bed height as indicated in Figure 12. The

curves are drawn through the average value for all tube locations.

In rnost cases tube location I produced the lowest values of the

Iocal coefficients while tube location 3 produce the highest

values. W1een the arithrnetic average coefficients for the entire

length of the tube are considered, the values do not differ significant-

Iy with tube location since the local coefficients do not differ signifi-

cantly in the upper 75 percent or less dense section of the bed.

Effect of Solids Concentration

Figure l3 shows the variation of the arithrnetic average heat

transfer coefficient for the whole tube bundle as a function of the

solids concentration. The variation of the heat transfer coefficient
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frorn the
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density as predicted by Wender and Cooper' (20) for single

also shown. The average solid concentration is obtained

rneasured pressure drop over three sections of the bed.

The average coefficient increases with increasing flow rate

for the fine beads whereas it is essentially independent of flow rate

for the coarse beads. While the data do not agree exacrtLy with the

correLation of Wender and Cooper for a flow rate of 800 lbsr/hr f.tZ

since it is for single tubes rather than a tube bundle, the rqagnitudes

of the coefficients agree for bed densities ranging frorn Z to Z0

?
lros/f.ti

The arithrnetic average heat transfer coefficient as a function

Reynolds nurnber is shown in tr'igure I4 for coarse beads. Again it

is seen that the coefficient is rnuch higher in the dense section of

the bed as shown by the graph on the right. The average coefficient

was found to be higher for the fine beads, however not enough flow

rates were studied for a true cornparison. Figure l4 also shows the

approxirnate independence of heat transfer coefficient of flow rate

for the coarse beads.

Power Requirernents and Space Requirernents

Any i.ncrease in heat

crease in the capacity of the

transfer coefficient

exchanger. If this

brings about an rn-

increase is
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accornpanied by an increase in purnping power the actual cost of the

extra capacity rnay not be econornical. In situations where power is

an irnportant factor the ratio of heat transfer capacity to purnping

power wilI be irnportant. On the other hand if space is the irnportant

factor any increase in heat transfer capacity will be advantageous.

Calculations were carried out to corrrpare the pu.rnping power

requirernents and capacity of the fluidized bed heat exchanger studied

in the present work with a unit of the sarne tube corifiguration and

dirnensions but containing 10, 25 percent cut, segrnental baffles.

The ratio of the pressure drop across the bed containing fine

beads to that of the empty unbaffled exchanger is shown as a function

of static bed height in Figure I5; the ratio of the pressure drop

across the fluidized bed to that across a segrnentally baffled exchanger

is also plotted as a function of static bed height. This

high as 5000 for the unbaffled exchanger as conrpared

baffled unit. Below a static bed height of three inches

less than unity for the baffled exchanger.

The ratio of the heat transfer capacity, hA, to the purnping

power requirement as calculated frorn the pressure drop across the

bed is shown as a function of the static bed height in Figure 16. The

upper left corner shows this ratio for a solids concentration of zera,

i. e. an unbaffled exchanger. It is evident that if power costs are

ratio is as

tolTforthe

this ratio is
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irnportant the fiuidized bed heat exchanger offers no advantage over

the unbaffled exchanger, however the low coefficients of unbaffled

heat exchangers require that they be excessively large if capacity is

to be of reasonable rnagnitude. It is for this reason that baffled ex-

changers are used and hence cornparison is rrade with a baffied

exchanger.

Figure I7 shows the ratio of the heat transfer capacity for

the fluidized bed exchanger to that of the unbaffled and baffled ex-

changers as a function of static bed height. A significant increase

in heat transfer is obtained with the fluidized bed exchanger, in-

creasing with increasing static bed height. At a static bed height of

six inches and a flow rate of 800 lbs/h, f.tz, t f 9 tne heat transfer

area of an unbaffled exchanger and t f 3 +-L'te area of a baffled exchanger

is required for equal capacity by a fluidized bed exchanger. There-

fore, in both cases, the fluidized bed exchanger shows a definite

advantage in terrns of space requirernent alone.

The ratio hAfhorsepower for the fluidized bed exchanger to

hAfhorsepower for the baffled exchanger is shown as a function of

static bed height in Figure 18. When this ratio exceeds unity the

fluidized bed exchanger is better both frorn a standpoint of space atrd

power requirernent than the baffled exchanger. This occurs at bed

height s Ie s s than f ive inche s.
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CHAPTER 8

RESULTS AND CONCLUSIONS

Loca1 and q,verage heat tranefer coefficients for heat transfer

frorn internal tubee to a fluidized bed of glass beads and air have

been investigated. The effects of heating tube location, particle size

and qoncentrption, and air flow rate were determined. The following

results and conclusions are obtained from the data.

The average heat transfer coefficients for air aLone agreed

with accepted correlations (3, p. 2501) and it is concluded that cor-

rect cqefficients were measured.

The addition of fluidized glass beads to the heat exchanger

requlted in significant increases in the local heat tranefer coefficient

(at the same position) ranging from 1. 5 - to SO-fold. The arithmetic

average heat transfer coefficients were increased qs much as 25-

fold. The increase wa6 greatest in the lower, more dense section

of the bed. Local coefficients were nearly independent of distance

from the entrance in this dense region.

For the fine beads,Iocal heat transfer coefficients decreaaed

with increasing flow ratee in the dense section of the bed but for the

coarse beadg were nearly independent of flow rate. In the eparse

eection, local coefficients increased with flow rate sirnilar to their
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variation for single phase flow.

Tube location did not greatly affect the average coefficients,

however significant variations di.d occur arrrong the local coefficients

at various locations on a cross section in the dense portion of the

bed.

Average heat transfer coefficients increase as a power func-

ti.on of sol:.ds concentration and values obtained agree in rnagnitude

with those of accepted correlations (20).

Power requirements for a fluidized bed heat exchanger are

considerably greater than those for unbaffled and segmentally baffled

heat exchangers.

Heat transfer caparcity per unit of purnping power

is less for the fluidized bed exchanger than for the unbaffled and

baffled cases and decreases with increasing static bed height.

The ratio of the heat transfer capacity of the fluidized bed

exchanger to that of the unbaffled and baffled exchangers is consider-

ably greater than unity and increases with increasing static bed

height. Thus less heat transfer surface area is required in the fluid-

ized bed exchanger and it is therefore a more compact exchanger

for a given capacity.

The ratio of heat transfer capacity per unit of pumping power

for the fluidized bed exchanger to that of the baffled exchanger is
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greater than unity up to a static bed height of five inches. Therefore

it is concluded that a fluidized bed heat exchanger containing fine

glass bepds with a bed he[ght less than five inches would be economi-

cally advantageous over the conventionally baffled exchanger. This

comparison does r}ot consider construction costs of the two exchangers.
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CHAPTER 9

RECOMMENDATIONS

This investigation was exploratory in 4ature, hence many

variables of fluidized bed heat exchange remain to be studied. Sev-

eral propogals for continuing study are rnade below.

Slight modification of the existing eguipmnt would permit a

greater range of flow rates and initial bed concentrations to be stud-

ied.

An investigation of solids other than glass spheres such as

ca.talyst particles on rnetal powders would illustrate the effect of

particle geornetry and cornposition on the heat transfer.

Study of a different tube size and pitch should be made to

determine the effect on heat transfer.

It is recommended that a fluidizing rnedium other than air,

such as water, be studied since it would provlde valuable information

for acNual utilization of a fluidized bed heat exchanger.

Solids and fluidizing media which cause scale and dirt deposits

should be studied to deterrnine the effect of fouling on fluidized bed

heat transfen.
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Symbol

A

D
P

d

ctb

d
b

h

h

k

L

P

q

C

C

APPENDIX A.

NOMENCLATURE

Meaning

cross -sectional area; A ,

which rate of heat transfEr

coefficient of discharge

area through
is o'w

heat capacity of solid;otl
of gas

Units

-ztt

Btu/Ib. o r.., ITI

feet, inches

fe et

La. /hr. f.tZrfl

ztt/ sec

lbm ft

@"2,
Btu/hr.ftoo F

Btu./inr.f.tz" F
)oF

Btuf]n.r.tr- ;
fe et

?
Lbf/ft-

-3,Lt / sec.

Btu/hr.

OF

heat capacity; C
C heat capacity

dLbr

Particle diameter

Diameter; d diameter of tube;
d^, equivalerit diameter 4lf.ree cross-
sEctional area) wetted perimeter

G mass velocity; G^, geometric mean mass
velocity

q

T

acceleration of gravity

gravitational constant, 32. 1740

loca1 heat transfer coefficient

average heat transfer coefficient

therrnal conductivity

length of heating tube; Lr, fluidized bed
height; L", static bed hdight

static pressure; AP, pre$sure difference

volurnetric flow rate through orifice

rate of heat transfer

ternperatr""t t'ro", local bulk ternpera-

ture of fluid; T*, ternperature of wall
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Symbol

w

Meaning Units

mass velocity through orifice lb-/hr

distance frorn entrance along heating tule inches

expansion factor

Greek Symbols

rafio of orifice diarneter to pipe diarneter

final value rninus initial value; incrpase

fraction voids

ratio of constant pre6sure heat capacity to
constant volume heat capacity

viscosityi p. viscosity at temperature tO*
.uT-! p , viscosity at temperature T ft hrD'p w

density; p density of gasi p- density Ib /tt3' 'g s ' rTr'
of solid p-, density of fluidized bed'o

Dirnensionle s s Groups

x

Y

p

A

K

p

Nu Nusselt number hd/k

Pr Prandtl number COV/k

Re Reynolds number de G
p
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APPENDIX B,

Appendix Table 1

Local heat

Probe Tube wall Temperature transfer
Distance* positiontemDerature Diflerence coefficient

Average air inlet temperature 90. 5

Rr:n Number
Type of beads

static bed height
Heatlng tube location
Mass flow rate

Heat flux

Run Number
Type of beads

Static bed height
Heating tube location
Mass flow rate

Heat flux

Run Number
Type of beads

Static bed height
Heating tube location
Mass flow rate

Heat flux

Run Number
Type of beads

Static bed height
Heating tube location
Mass flow rate

JE- 1

None

1

42LO

331.3

JE-2
None

1

36 10

332.6

JE-3
None

1

2400

1.5
3.5
5.5

15. 5

33. 5

41. 5

43. 5

45. 5

1

u

3

4

5

6

7

8

1

2

3

4**
5**
6

7

8

1

a

3

4

5

6

7

8

1

2

3

4

5

6

7

8

t27.8
149 .5
163. 0

t90.7
216.5
223.9
224.6
225.9

142.9

166.6
180.9

206.2
238.1
249,1
252.3
2s3.8

154.3
185.2

20s.7
24t.2
280.9
297.5
300.4
304.7

190. 4

240.8
266.5
3t6.9
365. O

372.2
379.O
381.6

39. 0

60.6
73.6
99. 0

r23.7
131. 3

131.9
133.5

46.1
69. 3

83. B

109. 5

142. O

150. 1

153.1
154.4

55. 1

86.3
104.9
t39.6
178.0
193. 8

.196.3

zOL. L

90. 3

136.3
160. 5

208.4
251.5
258.5
260.5
263.2

8.49
s.47
4. 50

3. 35

2.68
2. s2

2. $1

2.48

7.2t
4,80
3.97
3. 04
2.34
2.22
2, t7
2. 15

6. 02

3.91
3.22
2.42
1.90
t.74
1.72
1. 68

3. 83

2.54
2. t6
t.66
1. 38

r.34
1.33
1- 31

Average air inlet temperature 96. 7

Average air inlet temperature 97. 2

337 .8

JE-4
None

1

760
Average air inlet temperature 104.8

Heat flux 346.t

* Di$tance from entrance corresponding to probe position number, inches.

*x 13. 5 inches and 31.5 inches.
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Local heat

Probe Tube wall Temperature transfer

, " - - 
posltion te+perature, ,Piffelencg goefficignt

Run Number lB-s
Type of beads None

Static bed height
Heating tube locatiqu 2

Mass flow rate 3970

Average air inlet temperature 92,2
Heat flux 329.8

Run Number JE-6
Type of beads None

Static bed height
Heating tube location ?

Mass flow rate 37OA

Average air inlet temperature 91"7
Heat flux 330.9

Run Number lE-7
Type of beads None

Static bed height
Heating tube location 2

Mass flow rate 2295
Average air inlet tempgrature 101.4
Heat flux 335.7

Rr:rr Number JE-8
Type of beads None
Static bed height
Heating tube location 2

Mass flow rate 693
Average air inlet temperature 104.4
Heat flux 347.9

Rtrn Number lB-g
Type of beads |rlone
Static bed height
Heating tube location 4

Mass flow rate 3820

Average air inlet temperature 92.6
Heat flux 333. O

12s.6
146.5
t57 .3
187.7

213. 4

222.8
223.2
224.2

t27.2
146. I
159.1
189.3

22t.2
232.5
233.6
235.5

146.l
174.7
190. o
235.2
281.5
301.3
306.1
309.4

t79 .6
223.2
252. I
318.4
368.2
379 .0
381.0
383.4

130. I
t47 .7
t57.6
187.5

210. O

2t7.4
2t4.7
214,7

34. 8 9.48
53,4 6. 18

64.6 5. 11

?3.4 3. s3

119.8 2.75
128.9 2.56
t29. t z, ss
126.9 2.60

35.7 9.27
56.3 5.88
67.0 4.94
97.2 3.40

r27. t ?. 60

138.0 2.40
139. 0 Z. ?8

140.2 2.36

47.8
73,7
88.9

t32.2
177, O

196,2
201.3
201. 5

78. 8

119.2
145.9
208. 5
252.5
262.5
264.7
267.3

38.2
56. 4
65.9
96.6

t19.7
125. 8

t22.6
t21.5

7.OZ

4. 5s

3.78
2.54
1.90
t.77
1.67
1.67

4.4t
2,92
2.38
L,67
1.38
1.33
1.31
1.30

8.72
5.90
s.05
3.45
2.78
2,65
2.72
2.74
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Local heat
Probe Tube wall Temperature transfer

. , ,. position lPqpe{aturq , Qiflerence . copffigient
Run Number lE-10
Tlpe of beads None

Static bed height
Heating tube location 4

Mass flow rate 3310

Average air inlet temperature 92.9
Heat flux 333.0

Run Number JE-11
Type of beads None

Static bed height
Heating tube location 4

Mass flow rate 234Q

Aver4ge air inlet temperature 83.0
Heat flux 336. O

Rnn Number lE-12
Type of beads None

Static bed height
Heating tube location 4

Mass flow rate 820

Average air inlet temperature 92.5
Heat flux 343. t

Rnn Number JE-13
Type of beads None
Static bed height
Heating tube location 3

Mass flow rate 3740

Average air inlet temperature 80, 5

Heat flux 332.6

Run Number JE-14
Typp of beads None

Static bed height
Heating tube location 3

Mass flow rate 3040

Average air inlet temperature 86.0
Heat flux 333. 3

1

2

3

A

5

6

8

1

2

3

4

5

6

7

8

1

2

5

4

5

6

7

8

1 134.6

2 155.1

3 165.9

4 t97. L

5 223.2
6 23t,4
7 229,8
I 228.4

42.6 7.82
62,? s.3s
73.5 4.53
to4.7 3.18
131.8 2.53
138.7 2.40
137.0 2.43
134.5 2.48

1

z
5

4

5

6

7

8

130.2
156.7
173.O

209.5
248.0
258. O

?56.2
252.s

t72.7
203. 8
226.5
279.O
322.2
338. 5
341.7
339.3

1t2.2
127.8
141.8
171.3
t92.3
197.?
t97 .5
t97.7

t22.3
r44.2
155.7
190.0
214.8
220.3
221. O

221.8

50. 2

74.6
88. 4

124. O

159.3
168. 5

165. I
161.5

8r. 1

110. 8

130. 1

t82.4
?t7 ,7
235. 8
237.O

23s. 0

6,70
4. s0
3. 80

2.7t
2.lt
t.99
2.03
2. 08

4.19

3. 10

2.64
1. 88

1. s9

t.46
1. 45

t,46

32.9 10. 1

49.3 6.75
61.2 5.43
89.8 3.70

109. 1 3.05
113.5 2,93
t73.7 2.93
113.6 2.93

36.2
55. s
69. 4

101, 6

126. O

t29.9
t30.7
131.4

9 .21
6.01
4, 80

3.28
2.65

?.s7
2. 55

2.54
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Local heat
Probe Tube wal1 Temperature transfer

position temperature Difference coeflicient

-

Run Number JE-15
Type of beads None

Static bed height
Heating tube location 3

Mass flow rate 2340

Average air inlet temperature 88.0
Heat flux 332.6

Run Number JE-16
Type of beads None

Static bed height
Heating tube location 3

Mass flow rate 930

Average air inlet temperature 90.0
Heat flux 336. 5

4 208.2 120. Q

1 131. 3

2 153.3
3 166.0

5 237.3
6 245.0
7 245.7
I 245.7

41.5
65. 6
79.9

8.01
5.07
4. 16

2.77
2,27
2. t6
2. L6

?, t6

5.16
3. 45

2. 88

t.94
t.57
1.51
1.51
1.53

1

2

3

4

5

6

7

8

155.3

139. s

208. 0

267 .5
312. 5

3?t.o
322.2
320.?

146.8
154. 1

t54.2
154. O

65. 2

97.6
116.9
173. t
215. O

222,5
222.4
220.O
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LocaI heat
Probe Tube wall Temperature transfer Bed

Distance*positiontemDerature Difference coefficient Densitv

Run Nurnber AA-1
Type of beads Coarse

Static bed height 3

Heating tube
location 3

Mass flow rate 2730

Average air inlet
temperature 86.7

Heat flu-x 330.9

1.5
3.5
5.5

11.5
t/ .5
23. s

29.5
35.5
41. 5

43.5
45. 5

too.7
108.7

113.5
118. 7

t37.2
17t,5
2t7 .8
238. 8

244.7
245.3
241, 5

100. 0

106. 5

110. 5
r?1.2
165. O

20s.2
225.8

?32.8
236. O

236.O
235. 3

95.7
96. 3
95.7

104,0
1O9.7

rtz,2
rtB. 7

1s3. 0

198.3
204.7
210.8

93.8
94.8
93. 8

105. 3

107.5
109. 8

112. ?
120.2
145.7
155. 3

L74.O

15. ?

21.8
26.7
31,2
48.9
84.0

t28.8
149.8
154. 1

155.0
150.0

t2.9
19. 3

22.9
33.1
77 .3

tL7 .4
t37.O
t43.6
146.0
145.9
146. t

10.5
11.1
10.4
17 .3
23.O
24.8
32.3
65.4

t12.9
118.8
t23. L

Ll .7
t2. o
11. 1

2t.9
24. t
25.5
27.7
34.4
59. 8

70.0
90. 1

21.8
t5.2
t2.4
10.6
6.77
3.94
2.5V
2,2t
2.15
2. t3
2.21

25.8
t7 ,3
14.5
10.0
4.31
2.84
2.43
2.32
2.28
2.28
2.28

L

2

3

4

5

6

7

8

9

10

1t

L

2

3

4

5

6

7

8

9

10

11

I
2

J

4

5

6
1

8

9

10

11

I
2

3

4

5

6

7

8

9

10

11

6.6

1.4

0.5

5.0

o.2

o.2

30. 8

29.2,

31.1 23.4
t8.7
14. r
13.0 9. 5
i0.0
4.95
2.87 5.0
2.72
2.63

27.9
27.2
29.4 20.9
14.9
13.5
t2.8 10.0
11. 8

9. 53

5.45 6.6
4,66
3.62

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat fh:x

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Tlpe of beads

Static bed height
Heating tube

location
Mass flow rate
Avprage air inlet

temperature
Heat flux

AA.2
Coarse

5

J

2240

86.7
333.0

AA-3
Coarse

9

3

2295

85. 3

323. 6

AA-4
Coarse

9

J

25 10

82.4
326.O
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Probe Tube wall
position temperature

Local heat

Temperature transfer Bed

Difference coefficient Density

Rtrn Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat fh.x

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

Run Number
T1.pe of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

Run Number
Type of beads

Static bed height
Heating tube

loc at ion
Mass flow rate

Average air inlet
temperature

Heat flux

AA-5
Coarse

9

3

16 10

87.3
328. r

AA-6
Coarse

15

3

1960

83. 3

55+. 5

AA-7
Coarse

15

J

1450

82.0
329" I

AA-8
Coarse

15

3

818

90. o
332,3

94.7
97.7
98.0

101.0
tL9 .7
168.0
196. 8

2t5.2
227.3
229.7
234.3

93.7
9s. 5

96.7
95.7
95. 0

t07.7
111.5
126.3
t67 .5
178,5
t92. O

97 .5
to9.7
116.5
r23.7
t29,7
IJ+.5

138. 5

t42.7
t49.2
t5t.2
158. 5

159.8
t57.3
L39.7
125.7
100. 7

t57.3
199.0
226.7
244.5
249.7
252.2

11.1
11.8
8.1

11.5
3r.4
78.8

to7.8
108.4
t34.2
t37.2
140. t

tt.7
1i.5
10.8
10. 1

10.0
21.5
25.4
@.2
79.6
91.3

106.4

16. 8

28. L

55. 5

38. 3

43.7
47.9
52.0
56.2
62.2
64.8
72,7

66. 8
68. 0

49.O

23.3
6. 80

63.3
105.4
128.8
145.6
150. O

153.1

29.6
27.8
40.5
28. s

to.4
4, t6
3.04
3.03
2.45
2.39
2.34

28.6
29.1
31.0
33.1
33,4
15. 5

13.2
8.3
4.20
3.66
3. 14

19. 6

tt.7
9.88
8.48
7 .53
6.87
6.33
5.86
5.29
5. 08

4.53

4,97
4,89
6.78

14.3
48,9
5. 25

3. 15

2.59
2.28
) ,')
2, t8

15.9

0.94

o- 47

46.8

Lt.9

s.62

54.4

18.4

o.2

57.9

8.6

o.2

1

2

3

4

5

6

7

8

9

10

LI

1

2

5

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11
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Local heat
Probe Tube wall Temperature transfer Bed

position temperature difference coefficient Deasity

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flu.x

Rr:n Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat fh:x

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air iolet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

Iocation
Mass flow rate

Average air inlet
temperature

Heat flux

AA-9
Coarse

1

2800

82.0
329.7

AA.1O
Coarse

3

I
22t3

83. 8

331.3

AB-1
Coarse

9

1

2520

84.3
329.4

A3-2
Coarse

9

1

2290

84,3
331.9

97,5
to9.7
116.5
r23.7
t29.7
t34.3
138. 5

142.7
149.7
151.2
158. 5

96. 5

106. 8

108.5
r?7.3
!t5. /
2Q6.0
222.7
233.2
242.7
246.0
250. 3

92.8
97,3
99. 8

108. 5

1O8.7

113.5
135. 0

t79.3
207.O
2t9.O
225,0

98.2
101.3
103. O

101.5
105. 3

r27 .3
159.5
193.7
2t6.2
2t9.8
225.5

t6.9
27.5
32.8
39. 5

44,7
49,2
53.7
58. 3
64,6
67,4
7s.3

11.9

21.6
23.7
42.3
90.0

t23.6
r37.O
147.O

156. 6

t59,7
164.6

11.5

\4, Z

15. 6

23. 5

22.8
26.9
46. 5

90.9
tL7, t
r29.8
134,8

It,9
13.9
14. 5

14.7
18. 8

40.2
7 4.2

1@.3
129.6
t33.2
139.2

I
2

3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

I
2

5

4

5

6

7

8

9

1Q

11

1

2

5

4

5

6

7

8

9

10

11

19. s

t2,o
10. o
8.22
7 .36
6.69
6. 13

5. 64
5. 09

4.88
4.37

27.8
15.3
14.0
7.83
3. 68

2.68
2.42
2,25
2.12
2.07
2.OL

3.0

0.94

28.6
23.2
2t. I t9.3
t4.o
14.4
r2.2 6.4
7.08
3.62
2.81 5. 5

2,54
2.44

?7.9
23.9
22.9 28.4
22.6
t7.7
8.26 3.4
4.47
3.04
2.56 0.47
2.49
2.38

5-1

4.r

o.2
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Local heat
Probe Tube wall Temperature transfer Bed

position temperature difference coefficien! Densitv

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

loc ation
Mass flow rate

Average air inlet
temperature

Heat flux

A3-3
Coarse

9

1

1575

85. 4

326.7

AB-4
Coarse

15

1

535

81.8
322. s

AB-5
Coarse

15

I
1480

7A)

326.4

AB-6
Coarse

15

1

877

8.1. 5

319. 0

95.5
96.0
97.7
98.0

126.7
t75.8
198.5
200.7
233.2
241.0
248.O

96.0
96.7
97.3
99.2
98.5

t02.2
129.O

158.0
182. 8

19 t.7
199. 8

89. 3
90. 8
91. O

9 4.2
9 4.2

108. 3

145. 5

17 4.2
197 ,2
204.5
211.8

93" 7
94"O
s4.0
94.Q

toz.?
154. 8

196. 8
,r 1 e

24t.7
254.3
261.8

to.7
10.9

11.6
10.5
39. 5

88. 6

111.9

127, T

t42.l
156.6
156. 6

11. 8

lt.7
tt.2
12.3
9.86

12.4
36. 3

66. 5

90.7
qqq

108. 1

11.6
11,8
11. O

13.6
12.9

26.9
61.0
o, 1

1t4.7
179,3
t26.2

12.4
11. 1

9.3
'70

15.0
64.1

106. 3

128.6
748.4
160.7
167 .9

30. 5

30.0
28.2
31.1
8.27
2.69
2.92
2.57
2.3Q
2.09
2.09

27.3
27 .6
28.8
26.2
52. /

26.O
8. 88

4.85
3. 56

3,23
2.98

28, t
27.7
29,7
24.O
25.3
t2. t
5.35
3.54
2.85
2.7 4
2.58

25.7
28.7
34.3
&.4
21.3
4.98
3.0
2.48
2.15
t.99
1.90

31. 5

1.9

o.2

1

2

3

4

5

6

7

8

9

10

tt

L

2

3

4

5

6

7

8

9

10

11

1

2

J

1

5

6

7

8

9

10

11

L

a

3

4

5

6
a

8

9

10

11

47 .6

16.8

1.6

42.O

15.6

o.2

49.O

8.1

o.2
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LocaI heat
Probe Tube wall Temperature transfer Bed
position temperature difference coefficient Density

Rrrn Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Rrur Number
Type of beads

Static bed l.reight
Heating tube

location
Mass flolv rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

AB-7
Coarse

5

2

22sO

76.9
330.9

AB-8
Coarse

5

2

2800

75,7
327,4

AB-9
Coarse

9

2

2570

E0. 0

323.2

AB- IO
Coarse

9

2

2250

777

321.6

89. 0

94.2
94" 2

t26.3
169.3
t97 ,7
2t2.8
225.O
236,0
239.8
243.3

86. O

93.7
94.7

110.2
136. 3

139.5
178.8

209.2
225.8
234.2
238. 8

89.5
93.0
95.2
95.7

tot. 7

1,73. 7

746.8
169.8
197.8

219. O

223.O

89.3
94.3
95.3
94.8

101, 7

t22.8
159. 0

188. E

209. O

213.7
217-O

13.8
17.2
t7.o
49. E

9 r.7
t20,7
135" 9

t44.6
155.2
158.6

162.0

14. 8

19. 4

19.3

34.4
59. 4

62.7
100.4
t72.4
t44.6
144. I
159.1

t) )

13.9
15. 4

15.7

20. 8

5r.5
61.2
85.3

115.3
133.2

138.8

It. 4

14" 1

15.2
1/ a

22. O

42.3
80. i

110" 8

127 .8
132.7
136. 1

23.98
19.2
19. 5

6.64
3. 61

2.74
2.43
2, ?9

2.13
2.09
?.04

22. t
16.9
t7,o
9 .52
5. 51
<),

3.26
2.91
2,26
2.27
2. 06

26. s

23.3
2t. o
zo.6
15.5
10. 3

s.28
3.79
2. 80

2.43
2.34

28.5
23. O

2t. 4
22.9
14.8

7 .63
4.05
2.93
2.54
2.45
2.39

2.70

o,47

0.20

5. s0

1.90

0. 63

26.7

6.40

o.20

20.4

1

2

J

4

5

6

7

8

9

10

t1

1

2

3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

1

2

3

I
5

6

7

8

9

10

11

0. 20
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Local heat
Probe Tube wall Temperature transfer Bed
position temDerature difference coef f ic ient Densitv

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Tlpe of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

Run Number
Type of beads

Static bed height
Heatipg tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

A8.11
Coarse

9

2

1540

80.4
322.2

AB-12
Coarse

15

2

20zo

77 .7
321.5

A8.13
Coarse

15

2

1415

81. 3
324,6

A8.14
Coarse
15

2

820

87.2
323.2

92,5
95.2
95. 3
90. 3

130.0
177.2
t95.7
215.8
234.O
240.3
245.3

90. 3
91.7
93.5
91.7
91. 3
95.0

111.3
t48.3
184. 3

191.5
201.5

85. 3

90.8
93.5
95,2
96. 8

tt3.2
160.0
189.3

210.0
2t6. O

225.2

97.5
98.3
99.7

100. 8

tt3.2
140. 3

184. 3

226.3
255.2
268,O
276.3

12.6
15,2
14.7
10.9
48. 3

96.7
115.3
131.1
149.O

154. 3

160. 1

13. 6

13. 6

15. 1

13.2
Lt.7
15. 2

30. 4

68. 5
r03.4
111.6
12r.3

9.0
10.9
12.3
12. I
11. 1

25. 8

74. t
102. 5

124,3
t26.9
t35.2

1,r.2
11. 1

11. 5

10.8
2t. o
49.2

ro2.2
131.6
160. 3

t71.6
179.8

25.6
21,2
22.0
29.6
6.67
3.55
2.79
2.46
2. L6

2.09
2,01

23,6
23.6
2t,3
24.4
27.5
2t,2
10.6
4.69
3. 11

2.88
2.6s

36. 1

29.8
26.4
26.8
29.2
12.6
4.38
3. 17

2.61
2.56
2,40

28.9
29. t
28. I
29,9
15.4
6.57
3.16
2.46
2.02
1. 88

1. 80

31. 5

0.47

0.20

48.7

25. L

2.30

s2.9

16.8

0.20

54. 6

12.0

o.20

1

2

3

4

5

6

7

8

9

10

11

1

2

5

4

5

6

7

8

9

10

11

I
2

3

4

5

6

7

8

9

10

11

1

)
5

4

5

6

7

8

9

10

11
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Local heat
Probe Tube wall Temperature transfer Bed

position temperature difference coefficient Density

Run Number
Type of beads

Static bed height
Heating tube

1oc ation
Mass flow rate

Average air inlet
temperature

Heat flu-x

Run Number
Type of beads

Static bed height
Heating tube

1oc ation
Mass flow rate

Average air inlet
temperature

Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass {low rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

loc ation
Mass flom rate
Average air inlet

temperatdre
Heat flux

AB- i5
Coarse

3

4

2850

78. O

328.4

AB-15 A
Coarse

f

4

2290

78.8
330.9

AB- 16

Coarse

9

4

2590

79. 1

321. B

AB-17
Coarse

9

4

2240

ero
321.8

orq
99.7

102.0
1t4.3
130. O

150. 3

178.3

203. 3

229.8
232.2
231,3

91. 5
96. 3

97.8
119.5
168. O

200.2
213. ?
220.8
226.8
229.5
229.5

89.7
91, ?

91. 5
95.0

10t.7
115.8
138.7
167.5
192,3
198.3
204.7

93.8
94.O
94.8
96.5

r07. o
131.5
t69.7
194.7
2t1.2
2t5.2
216.8

15.9
20.9
23.2
35. 1

50.4
71.4

100. 4

t22.6
149.5
150.9
t49,8

14.0
11. 5

19.2
40.0
89. I

121.8
134.5
138.6
t44,5
L4$.7
i46.5

lt .7
12. 5

13. 1

15. 3

2r,8
34. 5

57.6
86. 0

111.0
117.9

123. 5

ro.7
10. 8

11. 6

13. O

22.O
46.3
85.9

1t2.7
124.5
128.4
129.8

20.7
15.7
14.2
9.35
6.52
4.60
3,27
?.68
2.20
2.20
2.20

23,6
28.8
t7.z
8.27
3.71
2.72
2,46
2.39
2.29
2.26
2,26

27.5
25.7
24,6
21. o

t4.8
9. 30

5. 59

3.74
2.93
z" / 3
2.61

30. 1

29.8
27.7
24.8
L4.6
6.95
?,7s
2,86
2.58
2.51
2.98

5. 10

1.90

0.20

3.40

0.20

0. 20

29.2

4,06

t.40

30.6

s.00

4.20

1

2

3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

I
10

11

1

2

3

4

5

6

7

8
g

10

1l

1

2

.,

4

5

6

7

8

9

10

tt
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Local heat
Probe Tube wall Temperature transfer Bed

position temperature difference coefficient density

Run Number
Type of beads

Static bed height
Heating tube

1o c ation
Mass flow rate
Average air inlet

temperature
Heat flux

Rr:n Number
Type of beads

Static bed height
Heating tube

loc ation
Mass flow rate

Average air inlet
temperature

Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat fh:x

AB-18
Coarse

9

4

1580

85.0
329.4

AB-19
Coarse

15

4

2030

82,6
320. 5

AB-19 A
Coarse

15

4

1450

82.3
327 .2

AB-20
Coarse

15

4

876

83. 3

326.2

93.5
47,
477

LOO.7

r34,3
183.2

20?.5
216. O

229.5
233. O

236.2

94.7
97.O
95.5
e6. z
97. O

LOL.2

118.5
t57.2
188. 7

195. 8

200. 3

93. 8
94.O
95. 0
95.7
95.7

to9.2
t56.2
186. 8

2O7. s

210.0
214.3

t07.2
qq7

98,7
96.5
97,5

r53.2
202.3
225.5
4+5. 5

247.3
248.O

9.0
to.2
tt.2
14. o

47,8
96.9

rt6.4
r27.O
i40.0
143.4
145. 9

lt. 4

13. 6

r?. s
tt.7
r2.7
16. 1

33.6
72. O

104. 3

111.0
113.2

11. 8

12,3
t2.3
i2. 8

12, I
24.4
71.7

102" 8

116.0
l ao Q

t25.7

22,7
15. 1

13.3
q,

8.7
64.6

111.3
134.5
t52.1
158. 4

158. 4

36. 6

34. 5

29.4
23.5
6. 89

3. 40

2.83
2.59
2.3s
2.30
2.26

28. 1

23.6
25.6
27.4
,tr a

19.9

9 .54
4, 45

3.07
2,89
2.83

27.7
26.6
26.6
25.6
27.O
t3.4
4,56
3. 18

2.82
2.67
2.60

14.4
2L.6
24.6
35.5
37.5
5.05
2.93
2,43
2, t4
2.06
2, 06

28.5

48. 5

4, to

53.0

15.6

0.20

55. 5

l
2

5

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

I
2

3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

0.20
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Probe Tube wall
position temperature

Local heat

Tempe ratrue transf er Be d

difference coefficient densitv

Ru-n Num.ber

Type of beads

Static tred height
Heatir:q tnl-be

loc ation
Mass florv rate
Al'rrage a ir rnlet

te mpe ra rilre
Ile at fi,,x

Run Number
Type of beads

Static bed heighr

Heating tube
location

Mass flow rate
Average air inlet

temperature
Heat flux

Rrm Nrrmber
Type of beads

St.aric bed height
Heating t,.rbe

1o c at ion

Mass fl.ornr rate
Average air inlt:t

temperatr{e
l'lt.at firrx

Run Nrlmher
I'ypt: ,:{ beads

Static bed height
Heating tube

location
Mass f.low rate
Average air inlet

tempelatur.l
Heat flr-rx

A3-21
Fine

3

4

1070

a) o

32t.5

AB-22
Fine

3

4

817

85. 5

323.2

F'ine

6

4

11 10

aa )

321.2

1

817

83.7
319.0

90.2
97.O
98.3

103. 8

106. 5

t07.7
t09.7
110.5
111. 8

106. 5

115.3

90. 3
(), )
94.2

1O9.2

120. 5

t28.7
135. s

t4t,3
145.3
t44.0
161.0

78,5

86. 0

93.0
99. 5

102. 5

105. 7

to7.7
108. 6

*t-:1

90.2

91.C)

97. B

110.8
119. 0
1)/. 7

130.0
135.7
,,-n: 

-'

8.0
13.5
t4.7
19.0
,n?
20.4
20. 8

20.7
21.1.

15. 6

24. O

6.0
6.3
8.3

30.9
31 .1

43.2
47.2
50. 3

48,7
6s. 6

aaa

;';,
11.3
16.4
18. 3

19. 1

20.6
19. 9

',-.i

;:;,
13. 8

23.3
)qa

34. L

38. 5

41.4

^) _l

40.2
23.8
21 .9
16.9
15.8
15.8
15" 5

15.5
15. 2

20.6
13.4

53. 9

47 .5
38. 9

15. 1

i0.5
8.64
7 .48
6. 85

6,43
6,64
4.93

118.1

46. t
28.6
19. 6

t7 .5
16.8
15.6
16.1

'i-l

55.3

56.7
,?1

13.7
10.9
9. 35

8.29
7" 35

7.7 4

4.40

3. 00

2.70

3.00

1. 60

0.62

15. 3

6.40

t4.8

1. 50

o,62

1

2

3

4

5

6

7

8

9

10

11

1.

')

f

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

ti

I

::

3

4

5

6

7

8

9

i0
l1

Frnc
6
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Local heat

Probe Tube wall Temperature transfer Bed
position temDerature difference coefficient density

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Statio bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Rr.rn Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

A3-23
Fine

9

4

to70

86.2
317,6

A8-24
Fine

9

4
616

82. s

326.4

AC-1
Fine

15

4

817

79.6
323.5

AC-2
Fine

15

4

1 110

79.5
314,2

1

2

J

4

5

6

7

8

9

10

11

1

2

3

4
5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

1

)
3

4

5

6

7

d

9

10

11

92.8
93.2
93.7
96.7
98.7

104. 5

109,2
111. 8

115.5
tto. ?

t22,o

84.7
87,3
88.7
90.2

101. 8

122,8
145.7
165.2
177.$
180. 3

194.2

85. 5
86. 3

86. 5
86. O

86.7
89. 8

105.5
133. O

169. 8

r77.8
194. 5

88. 2
88.7
89.5
89. 3

89.7
93.2
94.2
97.3

104.8
103. B

119. O

6.2
6.3
6.2
8,3
9.7

14.0
17.9
19.9

?2.1
15. 5

27.4

3.9
3.9
c. J

3. 13

13.2

31.1
53. 3

71.8
82. I
84.9
99. 6

6.3
6.4
5.9
5.8
3.9
7.4

18.5
44.7
8t,7
87.9

105. 4

7.6
8,4
8.2
7.O
7.1
9.0

LO.4

12. I
18.7
16.0
32. 5

51.2
50.4
51.2
38. 3

32.7
22.7
17,7
16.0
t4,4
19.2
11.6

83.8
83. 8

99. 0
95.9
40.4
9. 52

6, t4
4.55
3.94
3. 85

3.28

s1.3
s0. 5

s4.8
55. 8

82,.9

43.7
t7,5
7.24
3.96
3.68
3.Q7

41. 3

37.4
38.3
44,9
44,3
34.9
30.2
26.O
16.8
t9.6
9.67

24.2

5.60

4.40

31.5

1. 60

0.20

51.5

22,6

3. 10

39.0

24.2
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Local heat
Probe Tube wall Temperature transfer Bed

position temperature difference coefficient density

Run Number
Type of beads

Static bed height
Heatlng tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperptrue

Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flolv rate

Average air inlet
temperature

Heat flux

Rirn Number
Type of beads

Static bed height
Heating tube

Iocation
Mass flow rate
Average air inlet

temperature
Heat fhut

AC-3
Fine

J

1

1200

80. 4

319.5

AC-4
Fine

J

1

8t7

82. 8

327.4

AC-5
Fine

6

7

1155

82.7
315.3

AC-7
Fine

9

1

1 190

82.8
315.3

92.O
99. 8

ro2.2
1o4.3
106. 0

107.7
108.5
108. 3

1o2.2

1o2.?
109.3

88. 5
89.0
90,7

to7.0
116.8
r23.7
128. 8

131.5
r55.6
139. 8

t49.3

91. 3
91. 5

91. 5

95.3
100.3
103. 8

106.0
108. 3

103. 5

104.8
113. O

90. 5
91. 8
93.5
93.3
94.5
99.7

104. 3

106.5
103.0
103. 8

112. o

12.3

19. I
19. 8

20.9
2r.7
22.5
22,3
21.2
t4.7
t4.9
21.4

6.5
5.9
6.4

?1.O
29.7
34.4
29.0
40.9
41.8
46. 8

57.0

8.5
8.5
7,9

10. 5

t5.2
17,o
18,7
L9. L

13.6
t4,8
22.6

7.3
8.5
9.8
8.5
8.6

1-3.4

t6.2
18.0
13. 0

t3.7
22.O

26.0
t6.7
16. 1

15.3
t4.7
14.2
14.3
15.0
2t,7
21. 4

14,9

50.4
55.5
51.2
15.6
11. q

9.52
8. 39

8. OO

7.83
7.OO

5.74

37"r
37. I
39.9
30. o
20.7
18. s

16.9
16.5
23.2
2r.3
14.0

43.2
37.l
32.2
37 .1
36.7
23.5
19.5
t7 .5
24.3
23.O
14.3

4.80

3.60

3.60

4.80

1.10

13, 9

6.90

s.50

23.4

10.5

7.50

1

?

5

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

IU

11.

1

2

3

4

5

6

7

8

9

10

11
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Local heat

Probe Tube wall Temperature transfer Bed
position temperature difference coefficient density

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

Run Number
Tlpe of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

ternperature
Heat fh:x

Rr:n Number
Type of beads

Static bed height
Heating tube

location
Mass flon' rate

Average air inlet
temperature

Heat flux

Rur Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air i41et

temperature
Heat flux

AC-6
Fine

6

1

8t7

80. 4

319.5

AC-8
Fine

9

1

817

83.7
318.7

1

)
3

4

5

6

7

8

9

10

1t

L

2

J

4

5

6

7

8

9

10

11

1

)
J

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

84.7
85. 3
88,7
90. 8

106. 8

t17.2
r24. O

129.7
L34,3
139.5
t51,2

90,7
9 1.2
9 1.7
92. s

97,8
125. 0

148. 3

168. 5

184.7
140. 3

205.7

80. 8
85. 7
87.7
89.0
91. 0
92.2
94.8

1o7.2
114. 5

123.3
134.0

92. O

92,3
93.7
95. 3

95. 3
96. 5

110.8
t36.2
165. 5

176. O

198.0

4.6
Aq

6.4
6.6

19.6
28. s

34.7
39. 1

42.8
47,3
59.2

6,7
5.6
6.0
5.8

10.2
37.O
s9.5
79.4
94.3

100. 1

115.2

41

6.3
6.8
7.3
7, 1.

9.3
10.0
20.9
27 .7
?47

47.2

5. 1

5.0
5.4
6.1
5.O
5.0

t7.6
L)q

7 t.7
81.4

104.4

69. 5
65.2
49.9
48.4
16" 3

1,t.2

9.2r
8. t7
7 .46
6.75
5.40

47.6
56.9
53. 1

54.9
31.2

E. 61

5.36
4.Ot
3. 38

3.18
2.77

74.3
50. 7

47.O
43. 8

45. 0

34.4
32.O
15. 3

11,5
8.7 t
6. 77

62. B

64. l
s9. 3

52.5
64, t
64, t
18.2

7 .54
4.47
3.9 4

3.07

t7 .5

2.30

1. 10

AC.9
Fine

15

1

1150

78.8
319.5

AC-10
F-ine

15

1

817

85.9
320. 5

34.5

4,40

o.47

44.1

29 .5

9.40

54.9

26.7

?. 30
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Probe Tube wall Temperature
position temperature dif{erence

Local heat
transfer Bed

coefficient densitv
Run Number
Type of beads

Static bed height
Heating tube

lo c at ion
Mass flow rate
Avera.ge air inlet

temperature
Heat flux

Rr:n Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flu-x

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flu-x

AC-12
Fine

3

2

860

83. 1

321,2

AC-11
Fine

J

1

11 10

82,3
32r.5

AC-13
Fine

6

2

1195

83.9
315.3

AC-14
Fine

6

a

817

83.4
32t,8

90.7
96.7
99. 5

to3.7
106. 8

109" 0
111. 0

112. O

11 1.0
107. 5

11.2, O

88. 0

89.0
92,O

102.8
112.0
116.8
t20,3
r23.0
t24,8
t23.2
13s,7

91. 8
93.5
9 4.3
96.7

t02.3
105. 8

108. 3

1,1o.2

tto.2
108. 3

115.0

87.3
89. 3
91. 5
94.0

105. 3

t|5,7
t22.7
127,5
130. 3

132.8
145. 5

8.5
13.4
15.9
18. 3

20.8
21.7
22.8
22.9
20.6
16.8

23,6

6.6
8.8
8.4

18. 1

24.O
z/.5
,OA

30.9
31,4
29,6
43,6

7.6
8.5
8,2

10. 6

1.4,9

17.6
19.6
21. O

19.9
1,7.5

24,5

5.2
6.3
7,0

t6,9
25,4
31.3
35. 6

37.3
38. 8

52.4

37.8
24.O
20.2
t7 .6
15.5
14.8
L4.1
t4, o

15. 6

19. I
13.6

48.7
47.2
38.2
t7 .7
TJ. {

11. 8

10.9
10.4
10.2
10.9
7.37

41" 5

37,r
38.5
)oa
nl )
170

16. 1

15.0
15. 8

18.0
12"9

68.5
61. 9

51. O

46.O

19. 0

t2.7
10. 3

9. 04
8.63
8.30
6, 14

6. 10

4. 80

4,40

I
2

3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

1i

1

2

5

4

5

6

7

8

9

10

l1

4. 80

1.90

1. 60

r2.o

6.60

5.60

27,6

2,30

1. 10

1.

2

3

4

5

6

7

B

9

10

11



BI

Probe Tube wall
position temperature

Local heat
Temperature transf er Bed

difference qeqlficient density
Rr:n Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Rr:n Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
I-Ieat fh:x

Run Number
Ti,pe of beads

Static bed height
Heating tube

location
Mass flolv rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

Iocation
Mass flow rate
Average air inlet

temperature
Heat fh:x

AC-15
Fine

9

I
LLTO

82. 3

315. 3

AC-16
Fine

9

2

693

83.4
319. 0

90,7
9L,7
92,5
92.8
94, O

98. 8
to3.2
106,2
1o5.7
103. 5

110.3

90. 0
90. 3
90. 8
92.7
94.7

113. 3

127.3
139. 3

t49,5
152. 5

166. 8

87,2
87.8
88. 5

89.3
89. 8

9L.7
93.3

106. 0

115.2
116.8
134.0

83. 0

84.3
86. 8

90. 5

90. 5

93,2
111. 3

t4?.2
t7 4.2
t87,2
203. 0

38" 5

36.7
36"7

2t., t

8. 10

5. 10

34.5

2,70

o.94

48. 5

30. 1

7,20

s5. 7

2.70

1. 10

1

)
3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

1L

1

2

3

4

5

6

7

8

9

10

11

Q)

8.6
8.6

6. 9 45,7

8.4 37 .5

t7,2 18.3

14, o

16. 1

16,9
1.4,7

22.O

q,

5.4
5.3
5.5
6.5

23.4
37. I
47,9
56. 5

57. 8

72.2

7.6
7,8
7.9
7.7
7,4
8.0
8.9

19. 8

28.4
29.8
47.2

2'

3.6
4.2
s.6
A?

5.4
22.8
35. 6

49. L

97.2
110. 0

22.5
19. 6

18.7
21, A
14.3

o1.5
59. 1

60.2
58.0
4!r. 1

13.6
8.60
6.66
5.65
5. 52

4,41

42,O
4r. o
40.4
4t.4
43,2
39.9
35. 8

16. 1

11.3
1,O,7

6 .77

101. 0

89. 8

77.O
57.7
75,2
59.9
t4.2
9. 08

6.58
J. JJ

2.94

AC-17
Fine

15

2

1110

79. s

319. 5

AC-18
Fine

15

2

817

81.6
323.2

1

2

J

4

5

6

7

8

9

10

11



B2

Local heat

Probe Tube wall Temperature transfer Bed

position temperature difference coef fi.cient densitl

location
Mass flow rate

Average air inlet
temperature 79, O

Heat flux 320. 5

Run Number AC-19
Type oI beads Fine

Static bed height 3

Heating tube

1 86.3
, 01 ,

3 95.3
4 99.O
s 102.8
6 103.8
7 t05.3
8 t06.7

37.7
2t.7
20.9 5.90
t7 .5
15.9
15.9 4. 80

15.6
15,2
t4.9 4.40
24.1
11. B

57. 0

76. O

?2.6
16.0
tL7
9. 38

7.40
6.60
6.27
7 .45
4.63

s0.5
58. O

35.2
25,3
19. 3

18.3
t7 ,1.

16. 4

16. 1

26.1
12.7

42.7
64.0
97 .0
34.8
14.7
9.49
6.81
5. s8
5. 09

5. 56

3.9 1

3.60

1.10

0.94

15. 4

6.60

s.50

14.7

1.40

o.62

J

1 140

AC-20
Fine

3

5

817

82. s

319.0

AC-21
Fine

6

J

1110

80. 6

313.1

Ac-22
Fine

6

3

817

80. 3
320. 1

to7 .8
100.8
i14.7

89, 5

88. 7
9 4.7

105. 2

113. 8

12t.7
t31,.7
13q. 2

t41.2
r34. 7
i59.5

87"O

86. 5
90.2
ot)
99"2

101.3
103. 8

105. 5

to7.3
100. 0

114.8

R7)

86. 3
85. 8

92.5
106. B

119.7
133.8
145" 3

152.2
147 .3
1.7t. o

8.5
14,8

ls. 3

18" 3

20.2
20. 1

20.6
21. t
21.5
1J. J

5.6
l)
qc

1qq

27.2
34. O

43" L

48. 3

50. 9

42.8
68" 9

6.2
5.4
8.9

1-2.4

t6,2
17, 1,

18. 3

19" 1

19. 4

1,2"O

24.7

7.5
5.9
J. 5

o)
21.8
33.7
17. O

57.4
62,9
57.6
81. 8

Rr:n Number
Type of beads

Static bed height
Heating tube

locatiort
Mass flow rate

Average air inlet
temperature

Heat fh:x

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate
Average air inlet

temperature
Heat flux

Rurr Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

9

10

11

1

,)

3

4

5

6

7

8

9

10

11

1

)
J

4

5

6

7

8

9

10

11

1

2

3

4

5

6

8

9

10

11
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Local heat
Probe Tube wall Temperatrue transfer Bed

oosition temneratrrre difference coefficieni densitv

Run Number
Type of beads

Static bed height
Heating tube

location
Mass florv rate

Average air inlet
temperature

Heat flux

Run Number
Type of beads

static bed height
Heating tube

Iocation
Mass flow rate
Average air inlet

temperature
Heat flux

Run Number
Type of beads

Static bed height
Heating tube

location
Mass flow rate

Average air inlet
temperature

Heat flux

Rrur Number
Type of beads

Static bed height
Heating tqbe

location
Mass flow rate
Average air rate

temperature
Heat flux

AC.23
Fine

9

3

1155

79.4
313. 1

AC-24
Fine

9

3

Bt7

78" 6

31,4.9

AC-25
Fine

15

3

It1-2

71" 3

318.0

AC-26
Fine

15

3

817

78. 5

31.4.2

88. O

87.2
86. 8
89. 8
o, 2

o'7 ,)

too.7
103. 3

105. 8

98. 3

113.3

86. 5
86.2
85. 8
86. 0

91.2
107. 0

L25.2
138.2
145. 8

140. 5

1,68.7

78.7
70-,

79.8
81. 3

82. 8
86.7
90.0
95.7
99. 8
95.8

tI4.7

88. O

86. 5

86.0
86. 0

86. 8

89.2
96. s

109. 3

123.7
rzt.7
155.3

44. t
4E.0
55. 9

39. 1

30.4
22.2
19. 3

18.2
15. 3

24.5
It.2

43. t
47.7
54. 3

64.2
36.2
13.9
7.9r
6. t7
5.4i
6. 10

3. 88

55.8
6t.2
64.9
64.9
64.9
45.4
32.8
))1

1,7.O

23.6
9 .64

37.4
44.3
55.1
69. 8

71-.4

s8.2
27.6
t3, 7

8.78
9 .32

21.6

8.60

5. 60

?4.6

3.0

0.60

47.9

25.6

9. O0

50. 5

30.6

2.50

1

2

3

4

5

6

7

8

9

10

11

1

2

3

4

5

6

7

8

9

10

11

1

2

5

4

5

6

7

8

9

LO

L1

1

,)

3

4

5

6

7

B

9

10

It

7.1
6.8
5.6
8.0

10. 3

t4. t
16,2
t7,2
20.4
t2.8
27.9

7.3
6.6
5.8
4.9
8.7

22.7
39.8
51.0
58.2
51.6
81.1

5.7
5"2
4q

4.9
+.9
7.O
q7

t4.4
18.7
13.5
33. 0

8,4
7,1
5.7
4.5
4.4
5.4

tt,4
))q

35. 8

55. t

69.0 4. 58
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Appendix Table 2

k
o
!o
o.
0.,qo.5

,.M
U! -3 E .5 .g 5 E-3'o;Ei.fu'f;BEcr 3 6 z { Ag I s .3o - - 60 6" op .3 z o g €E -..s --.8 

:..H
F .h a ca'o co6' .c'o ^c G -c o t
F

F

F

F

F

F

F

F

c
C

c
c
c
c
c
c

3 828 4.05
3 1130 5.30
6 817 18.7
6 tL43 14.2
9 736 33.8
9 1146 23.1
15 817 53.2
15 tt20 44"9

3 2248
3 2800
9 1576

9 2269

9 2548
15 848

15 1449

15 2003

760
818

1 140

1480

1980

2480
3200
3960

800

1135

1.35 29.9
3.91 20.3
t.37 42.9
6. 05 33. 8

r.77 57.4
6.93 39" 5

t4.5 65.1
18.0 48.9

o.49 r2.5
1.30 LL,7
2.t4 22.4
3.03 23.O
5.O7 20.8
4.71 25. t
8.35 23.O
9.40 27.2

9. 17 16. 5

15.0 16. 3

10. 3 22. t
t7.o 22.5
11. 1 28.0
2r.o 27,O
28.6 41.0
29.3 35.3

2.65 6.22
4.23 6.18
3.65 10. 5

8.02 13.3
7.58 12.2
7.20 13.6
8. 25 t3.4

t2. t t7.2

225.7 8.09 .0055
223.0 15.72 .0146
302.3 25.68 .0172
307. 8 33.90 . 03 19

383.0 44.73 .O271
369.4 44.27 .0417
s60.9 98.47 .0661
482.9 96.91 .0892

8.s.09 5. 61 .0104
84" s4 9.8Q .02?6
143.6 37. 35 .0483
181.9 38.05 .0713
166.9 37.30 .0780
186.0 76.33 .0532
183.3 80.62 .0960
235.3 79.66 . 1311

3. 80

5. 58

26.9
25.7
24.0
s4. 3

50.6
47.7

U
U

U
U
U
U

U
U

2.43 33.24
2.47 33.79
2.72 37.2t
3.01 41. L8

3.41 46. 65

3.84 s2.53
4.43 60.60
4.93 67.44

.o17.m0011

.0184.0000124

.034 .000032

.os7 .000072

.095 .000155

. 135 .@0275

.212.000559

. 304 .000989

B

B

7.26 99.32 5. 93 . 0039
8. 85 tzt.07 11. 35 .0106

* F Fine
C Coarse

U No beads, unbaffled exchanger
B No beads, baffled exchanger
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Figure 19. Local Heat Transfer Coefficient for Air
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