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Surmary

A eritical review of the literature pertaining to melting and
reving beds has been made. The amount of reliable information is
shown to be limited. A general review of fixed bed heat transfer
1literature is also given to j1lustrate intraparticle temperature
distribution and wall effects, and to indicate the different problens
in fixed and moving bhed heatl transfer.

Following Ross's work (1) on melting beds of granuler solids, an
apparatus was designed and built as a tower melter. Experiments on
this apperatus showed two heat transfer regions, the preheating and
melting zcnes.

The preheating zone has been studied theoretically and experimentally
as a moving bed. In the experimental studies, glass ballotini of

. - 1 = . .
12 mm. znd 6 mm. diameter, and z inech slumina ceramic spheres were

made to flow in a regular manner 4down 3 inch and L inch dlameter columns,
being supported by a bed of fine ballotini draining through an orifice.

Gas flow rates of 268 to 3,600 1b/br ft
with solids flow rates of 518 to 4,516 1lb/hr ft2.

\b]

have been used in conjunction

Analysis of results showed that intraparticle temperature distribution
is present to a significent degree. A theoretical model has heen
developed, and an analopgue computer programmé used to determine the gas
fi1lm heat transfer coefficients. It is shown that Ross's suggested
correlation of hga with Gg/dn does not take suffiéient account of particle
diameter. Correlation ofuth; Nusselt nurber with modified Reynolds
nurber is seen to be more satisfactory.

The problem of calculating the thermophysical properties of glass
and alumina ceramic is considercd in some detail and experimental values

are shown to agree well with theoretical predictions.
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INTRODUCTION

Resenrch by Ross (1) on the melting of granular solids
stimulated this study of convection heatine in. & movin~ bed. Ross
classified three methods of melting low melting point solids: namely,

mix melting, contact melting, and convection melting.

Mix melting occurs in a continuous stirred vessel. Heating
is provided by means of a heating jacket or coils. The melt in the heating
vessel covers the heating jacket or coil, and granular solid is added at
the same rate as the melting rate. Hixon and Baum (2) give a correlation
between the heat transfer coefficient h and the relevant physical variables

governing the heat transfer from melt to solid:

0.63 0.5
hLdv = 0.20 Na 2p C_u cscesoseol
—— — R L Lo
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Cood design practice decrees that the jacket or coil heat
transfer coefficient should be much greater than the melt heat transfer
coefficient. Therefore., the heat transfer ccefficient as given by eguation

1 is equel to:

'.0.5'5.-52

The vessel diameter and stirrer specd can be selected from

equations 1 and 2.




With the vessel diameter and stirrer speed chosen, the
heat transfer coefficient is determined for the vessel jacket or coil

from equation 3 or 4, after the work of Chilton, Drew and Jebens (3).

_0.66 0.33
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The total Jacket or coil area is now calculable, and hence
the depth of melt in the vessel can be found. Ross (1) points out that
mix melters have a high hold up of melt and a poor rate of melting.
Theoretical and experimental work by Ross (1, 4) has led to
good correlation of contact melting results. Poss studied the feeding of
low melting point granular solids under gravity or pressure against a hot
surface. For an inclined plane contact surface, Ross expressed his

results for the viscous flow of melt by the eguation:
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Similarly, for a tube bundle contact surface. Recss's eaquation
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The heating side heat transfer coefficient is usually large
enough for the melt film coefficient to be ccnsidered equal to the overall
heat transfer coefficient. Whilst having the advantage of a low melt hold
up, high temperstures of the hot surface can cause decomposition and discolour-
ation of the melt.

Ross's work on convection melting led tc a process in which a
packed column of granular solids received convective heat transfer from
hot air flowing through the bed. The experimental results of this work led
Ross to conclude that convection melting was a more controllable and flexible
method of melting than mix or contact melting.

Further vork by Watson and Glen(5) and Glen (6) showed that forced
convection melting could have significance where the rapid melting of metals
was needed. Forced convection melting offered the advantage of high thermal
efficiency and heat transfer coefficients together with rapid start up and
shut down of operation. The process has possible uses in foundry work for
example, where the conventional methods of melting lack high thermal efficiency
and require longer periods of warm up and a large melt hold up.

Convection melting offers a new epproach to melting, but 2 review
in Saction A of the work of Ross, Watson and Glen, and Glen suggests that
further development of the process is nccessary. Practical and academic problems
of fluid flow and heat transfer pertaining to the process develorment present

interesting topics for further investigation.
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FIGURE I. SlMPLlF'I'ED DIAGRAM OF ROSS'S APPARATUS FOR THE MELTING
OF GRANULAR SOLIDS BY FORCED CONVECTION.
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Section A. Previous work on Melting Beds

(i) Low Melting Point Scolids

Ross investigated the melting of organic solids by forced
convection (1). Hot air was used to melt cubes and spheres of lauric
acid, peraffin wax, phenol, cetyl alcohol and nephthalene. Fig. 1
shows the arrsngement of Ross'’s apparatus.

Ar was introduced to the bottom of the bed by a downcomer.
Recirculation of air was used so that loss of solid through sublimation
would be minimal. Solid was introduced into the bed by hand sprinkling
to meintain constant bed height. The bed was charged with solid before
heating began. Steady state inlet temperatures of gas and solid and exit
temperatures of gas and melt were recorded. The overall heat transfer

coefficient for the entire bed, Uz, was calculated as:

Ua = W[}\+CS (11 T.)] R W |

By calculating the overall heat transfer coefficient on a
logarithmic mean tempersture difference basis, Ross assumed there was no
tempersture distribution in the particles. (see Section D)

The overall heat transfer coefficient is composed of the gas
f1lm and melt film heat transfer coefficients. The following approximation

may be written:

E——— lv_‘ + l 100:0-.}’\12
Usa h a h a
£ o}




At low eir flow rates and low melting rates Ross considered
that the gas film heat transfer coefficient was controlling. In the

!
range 10° < @ < 10" Ib/or. £t°

Ross, therefore, -correlated his experimental results by the equation:

0.66
ha = Ua = 0.15[ G ceveea A3
g

a
P

assuming h a 1s véry much creoter than hgae
SRR s : |
For experimental results in the range 10 < G < 10,

equation A 3 did not correlate the results.

By plotting a logarithmic graph of overall heat transfer coefficlent Ua

against the ratio Grs Ross noted that the results seemed to be approaching
—t2

O

b
maxima. Before maxima could be reached, Ross suggested the beds would be
fluidised.

Ross exanmined the relation between the gas and melt film heat
transfer coefficients at the theoretical maximum overall heat transfer
coefficient. He let both film transfer coefficients be represented by
equations A 4 and A 5:

)X

Y
e 9 95 9006 sil

h a = c, (@
g

ha = c (¢)V Y

=
N

where Cl and 02 are constants.
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That is, the film transfer coefficients are dependent on the gas mass
Plow rate for a piven solid gas system. Substituting into equation A 2
and Tinding the maximum value of Ua, that is  dUa = 0, FRoss obtained
aG

equation A 6:

xh a = vh a Y -
By comparing the melting of particles to Nusselt's theory of condensing
films on vertical surfaces (7.8). Ross (1) obtained a further relationship

between the melt and melt film heat transfer coefficient. This is written:

0.33
3 2 I
hma = %L pL g.ﬁ? a eescesol T
7
ULL

In steady state cperation, the meltins rate may be expressed by:

W = hg& AL (ATﬁ’)l,m Y W '
Mgy (T, - Tgg
Corbining equations A 7 and A 8:
0.33
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If equation A 3 is applied to the limit, then:
ha « G 2/3 cesacssA 11

Therefore, equation A 10 becomes:

ha o« G“2/9 ucectduﬁllg
mn &

Compering cquations A 11 and A 12 with A L, A 5 and A 5., Ross obtained

3ha = h a ceeeee A 13
hoed

Flooding of the column and serious bed displacement would
occur well below values of Gn required for equation A 13 to apply.
Therefore, Ross set an arbitrary limiting value of 80% of the value of the
res Tiln coefficient, as rredicted by ccuction A 3.  Puttin- (Ua)lim= O.Bhka

into equation A 2:

; = } \
hma 4 hga eoseansd 18
also
'
A = & (AT cesessol
( Tg )l,m. 0 (Algas.)l.m. A L5
Putting equations A 14 end A 15 into equation A 9
- 0.25 0.25
= 299a C T - T.
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The surface area was regarded as being inversely proportional
to the mean diameter of the feed particles. The proportionality was

evaluated from the experimental results to give the following correlation:

x o - 25 0.25
T = - -' > i
Jalim 1.35 }»I&L pr € A + c /A (‘I‘m TSl‘
L M, 1_ d (a Tg,s)l.m.
B A
Equation A 17 fits Ross's experimentel data oculte closely.

The results do suggest that the theoretical exponent 0.25 may be slightly
low.

Ross's theoretical approach to melting is supported by the
work of Skelland on contact melting (9). Skelland considered earlier
work by Ross (4) on contact melting of solids tc Newtonisn liquids. That is,
the melting of solids against a hot inclined plane. A general mathematical
theory of melting is developed by Skelland for non -Newtonian melts.  This
theory is based closely on IHusselt®s theory of condensing films (7.8)
but with several simplifying assumptions.

Skelland's general equation reduces to Ross's particular case
for solid melting to Newtonian liquids on an inclined rnlane.. The equation

due to Ross is:-

-3 0.25 0.25
0.667{ k. 7p. & A [T+ c/x (T, ~T ][o + p, cos q5]

hm L L
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ceceas s 18

Fquation A 18 was given as equation 5 in the introduction.
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If, for convective heat transfer, hga is eliminated from equation A 9.

using equetion equation A 13, we have:

0.25 0.25
ha = 0.760 a kL30L2 gX 1+ cS/A (Tm - Tsi)
Hp L (a T, ).
cesesesh 19

The main difference between equotions A 18 and A 19 is in

the préssure gredient term o. This term dees not occur in Ross's
convection analysis (1). The area term a is complex. and strictly
should represent entirely vertical surfaces.

It is desirsble to include the area term with the melt heat
transfer coefficient in equation A 19 as Ross's final correlation given by
equation A 17 includes a with the overall heat transfer coefficient.

It may be opscrved that Ross considered the entire bed to be the
region of melting. This is only true for very short beds. A pre~heating
zone and a melting zone have been visually observed hoth in the present
research and in Glen's work. (6). The usc of Ross's correlation as given
by equetion A 17 should be confined to the lower or melting region of the
hed.

Equation A 17 mey be criticised for its limited use, when

Ua = 0.8 hga, Ua would be better evaluated by substituting equations A T

and A 3 into equation A 2. This would give the equation:
- 0.66 0.33
JAoo= 0 0.667 & o, G 7 veeeneah 20
T ——
Ua d‘_p ki:gpLz ah
where GL = W = nass flow rete of melt
X

From experinentnl results. the rcltin~ rrte ¥ vroulsd he nown.

Ua may be calculated from equation A 1 and compare¢ to the value of Ua




calculated from the physical properties of the system as given by equation
A 20,

Expressin, a d by a constant. the canstent can be evaluated by
fitting experimental data to equation A 20, Ross did not compare the
results for the cubic and spherical particles used in his experiments.  The
surface area for hest transfer is a function of the shape factor of the
particles used. This reletionship must be investigated further if the
ultimate aim of melting solids of irresular shapes and sizes 1s to be
achieved.

Criticism of Ross's method of introducing hot gas into the
packed bed through & downcomer can be made. Firstly, some heat transfer
from the walls of the downcomer to the pncked bed is inevitable. Secondly,
a downcomer causes difficulty in predicting hydrodynoamic conditions from
one apparatus to asother, This has been denonstrated experimentally by
Pelmer (10) and Trolleope (11) in studies of Oslo cooling crystallisers
Introducing supersatursted liquor through a downcomer was found to create
non-size classifying fluidised beds of crystals. This may be attributed

in part to liquor flow pattern disturbances due to possible off centre
positioning of the downcomer and vortices caused by a sudden 180° change of
direction in licuor flow. Hot air inlet through a downcomer to the melting
bed is therefore undesirable, as analysis of the problem becomes more

corblﬂcuqedn
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(ii) Melting of Metals

The interest of Watson and Glen (5) has been in the rapid

melting of metals. In foundry work it is economically desirable 1o
melt only the required amount of metal for casting processes. Melting
larger amounts of metal can result in excessive surface oxidation of
the metal due to prolonged contact with the atmosphere. It is also
physiologically undesirable to have larger than necessary sources of
heat in a place or work.

Watson and Glen report that the thermal efficiencies of
conventional crucible and reverbatory furnaces are about 20% and 407
respectively. Experimental atmosphere controlled rapid melting
furnaces, A.C.R.M.s, are also considered by Watson and Glen for rapid
metal melting. In A.C.R.M. furnaces, a town gas~rich air mixture is
burned in the furnace. The furnace atmosphere is controlled by
additional air jets set up the height of the furnsce wall. Watson and
Glen report thermal efficiencies for A.C.R.M. furnaces of about 403.

Watson and Glen carried out a comparative study of a
radiation method and 2 forced convection method of melting. Figure 2
is-a diagrarmatic renresentation of Watson and Glen's convection melting
epporatus. Three sizes of aluminium ingot were melted, having equivalent
spherical diameters of 1.72, 2.96 and 3.56 inches. Hence furnace
equivalent diameters to ingot equivalent diameters used were 5.57,

. 3.23 and 2.69.

Watson and Glen hoped to correlate their results by the
commonly used relationship for convective heat transfer.

dy = M Beg A2l
Equation A& 21 was re-cxoressed to give:

l+n .n A 22

The gas f£ilm heat transfer coefficlent was calculated by
Watson and Glen on a logarithmic mean termperature tasis, that is, using

equation A 1. The entire bed was assumed to be the melting zone.
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Watson and Glen considered the melt film and solid metal to offer very
little resistance to heat transfer because of the high thermal
conductivities of liquid and solid aluminium. Therefore, the gas film
heat transfer ccefficient was equated to the overall heat transfer
coefficient. The basis for calculating a, the specific surface for
heat transfer was taken as the surface area of unmelted ingots per
unit volume of hed. The results of Watson and Glen showed an appreciable
scatter when plotted in the form of equation A 21. Watson and Glen
concluded that the exponent n in equaticn A 22 was positive with respect
to particle diameter. That is, increasing ingot size increases the
heat transfer coefficient. The dependence of the heat transfer
coefficient on the gas flow rate G _ was found to be appreximately
linear. N

In & later peper (6) Glen uscd Watson and Glen's apperatus
(5) shown in Figure 2 to melt copper ingots of equivalent spherical
diameters 3.48 and 1.97 inches; that is, % retios of 3.48 and 1.97.

d
p

A second convection melter was built, heving & 4 inch square cross-
section. The equivalent diameter of the second furnace was, therefore,
4,51 inches. The bed height above the gas burner was 3 feet 8 inches,
as in the first apparatus (5). Copper, brass and two sizes of
aluminium ing ots of equivalent spherical diemeters 0.82, 0.80, 0.37
and 1.33 inches respectively were melted. TheASK ratics were 5.50,

P

ol

5.64, 12.20 and 3.39 respectively for the copper, brass and two sizes
of aluminium ingots.

Glen divided the melting bed into preheating and melting
zones. An approximate melting zone height of 4 inches was taken in all
calculations for both melters for all runs. Watson and Glen's results
were recalculated on the two zone basis and included in Glen's paper.

A further correcticn was epplied to the results of Watscn and Glen, and

Glen. Assuming a 2% heat loss from the column walls, it was assumed




- 14 -

that the remeining discrepancy in the thermal efficiency was due to
ges escaping from the bottom of the column with the melt. The volume
of gas going up the column was corrected accordingly. The gas flow rate
used was calculated as the velocity of the products of combustion in the
empty stack and ranged from 16,000 to 88,000 ft/hr. Gas exit temperatures
ranged from 400 to l,BOOoF. The flame temperature was about 3,2000F.
Melting rates, given for Watzon and Glen's results only (S)s_V&rY
from 5.2 to 22.1 1b/min. of aluninium. -

On the basis of equation A 21, Glen (6) correlated the
experimental results for the preheater section by:

h, = 0.00039 ve.g"“ +1.18 A 23
Glen used the method of least mean squares to fit equation A 23 to
the wide scatter of his results. Neglecting melt film resistance and
tenmperature distribution in the ingots, the differcnce in heat transfer
coefficients between the melting and preheeting zones was attributed to
an increase in the specific surface for heat transfer in the melting
zone. For calculation, Glen's specific surface for heat transfer was
the surface area of ummelted ingots per unit volume of bed for both
melting and preheating zones.

Precise correlation of melting zone heat transfer
coefficients was not possible for Watson and Glen (5) and Glen's (6)
results. Glen plotted ingot equivalent diameter against vy , the ratio
of the melting zone heat transfer coefficient to preheating zone heat
transfer coefficient. A wide scatter of pcints was evident from the
results, but Glen considered a curve cculd be drawn through the pointe.

Glen describes how a tower nmelter may be designed using
his correlation of ingcot equivalent diameter with the ratio of melting
zone to preheating zone gas film heat transfer coefficients.

One explanation for the scatter and pecor correlation of Watson
and Glen, and Glen's results is the low ratic of egquivalent stack diameter

to equivalent ingot diemeter EK . As discussed in Section C. penton (32,33)

cl

“

P
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. . . . a
found from expérimental results that increasing the ratio v
I

P

increased the hest transfer ccefficient wntil a ratio of 17.5 was used.

Considerable deviations from the ideal unifornm velccity
and temperature profiles would oceur across a horizontal plane in the
column. This could mean gas by-passing through high void irregularities
in the bed of ingots. High void irregularities occur mainly at the
walls, hence the nane, wall effects, which is given to such disturbances.

4 temperature scan of the outlet gas across the top of the
column could have been nade by Watson and Glen, and Glen. This would
have detected temperature irregularities due to wall effects and other
high void irregularities. A suction pyrometer was used by Watson
and Glen and Glen to measure outlet gas temperatures. Mo systematic
gas outlet temperature irregularities due to high void irregularities
were detected.

Radiation at the hottom of the column is considered by
Watson and Glen, and Glen to be another factor contributing to poor
correlation. Watscn and Glen, and Glen suggest that at the flame
temperatures used a significant amount of heat transfer occurs by
radiation from the gas end column walls to the melting ingots.
Decreasing heat transfer coefficients with increasing bed heights for
otherwise similar runs wore considered by Glen to be evidence of
radiation at the bottom of the column.

Further criticism of the gas entry and melt outlet conditicons
can be nade. With up to 15% of the inlet gas escaping through the
nelt outlet, & significant amount of very hot gas moves concurrently
with the bed. It is a design feature of Watson and Glen's melter (5)
that the non-melted ingots at the bottom of the melter and beleow the
gas inlet help to reduce the amount of escaping gas.

For the purpose of theoretical enalysis, the conditions at
the base of Watson and Glen, and Glen's nmelters make the measurenment
of bed height unreliable. The melting zone was taken to be 4 inches

~igh in all cases, whereas the distance from the bottom of the bhed




- 16 -

tc the burner was 11 inches in Watson and Glen's melter and 6 inches

in Glen's later melter. It is incorrect to take the flame temperature
as the gas inlet temperature for use in the logarithmic mean tempersture
distribution. This is because the gas escaping from the melt outlet
will be at a lower temperature. The flame temperature is therefore

too high for use in the logarithmic meen temperature distribution.

Glen states a figure of 2% for the heat lost from the
colurm walls. This is an arbitrary average loss, but no calculation
is submitted by Glen to substantiate the figure.

Glen tabulates the heat flow to the metal, heat lost in
the flue gases, and heat lost from the walls and in the gas escaping
through the melt outlet. This is apparently a complete heat balance
but Glen's figures for each run show deficiencies of 7.7 to 1.1%.

In an interim report on tower melters, Knight, Manuel, and Randle (12)
present a specimen heat balance calculation exactly similer to Glen's

(6). No deficiency is present in Knight et al's figures. There is

no obvious explanation why Glen's heat belance deficiencies cccur and

no clue is given by the work of Kmight et al. In a private communication,
Glen was not able tc cffer an explanation for his heat balance
deficiencies (13).

It is not possible to estimate here the true heat loss from
the column walls in Glen's work (6) as no ocutside wall surface temperatures
were measured by Glen. Watson and Glen indicate how the heat lost from
the walls is used to calculate the heat lost by escaping geas from
the melt outlet. Hence the gas flow rate up the column is calculated,
knowing the heat transferred to the metal in heating and melting.
Therefore, the heat lost from the colurm walls may have an appreciable
effect on the gas flow rate used in correlating data.

The work of Watson and Glen, and Glen proves a very useful
starting point for further develcpment. It has not been the intention
of the present work to develop convection melting of metalsy but it
will be useful to note certain interesting points that have arisen.

Glen discovered from his experiments that the protability of the metal
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charge sticking to the sides of the column wes greater when the
metal nelted cver a ranme of temperatures.

This prcblem of range ¢f melting point will ke met with
alloys, and where ferrous metals are to be re-melted. Scrap iron
together with runs of pig-iron from casting can represent a large
proportion of the column's charge (5). Such a charge may soften
considerably before melting. Watson and Glen suggest a tapered
column to overcome such problems (5).

In the work of Knight et &l {12) & slight taper was built
intc their aluminium nelting tower. The tower had 2 cirecular cross
section, approximately equal to that of Watson and Glen's apperatus (5).
Aluninium ingots of approximately & 2 inch cube in shape and scrap
castings of irregulaer shape were found to bridge across the column of
Knight et al. Long ingots of approxinately 2 x 23 x 22 inches in
size and scrap casting runners 5 to 7 inches long were found to move
down the column guite readily. This suggests that tower nmelters for
netal melting are limited in the charges that can be used.

Convection melting of metals was fcund by Watson and Glen,
and Glen to be a flexible process. Frowm ignition of the inlet gases to
the commencement of melting depended on the heat input rate, but was of
the order of 30 seconds. On stopping the supply of hest, Watson and
Glen found melting conmtinued for epproxinately one minute. A change
in the heat input to the convection melter has, therefore, a quick response.

The degree of supcrheat, that is, termperaturc above the melting
point of the netal, was low in Watson and Glen,and Glen's melter.
Suspending the bed on a water-cooled grate or refractory lumps increased
the superheat to between 100°C and 160°C.

Knight et al (12) found it preferable to add superheat to
aluminium melt in an external crucidble holding furnace. This method was
found to reduce oxidation and sleg formation. £ similar apparatus was
built for the melting and superheating of ccpper for use in continuous
casting. In this apperatus a superheat chember with additional gas

burner was provided below the melt outlet. Pure copper could be superheated
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fron 1083°C to 1200°C with little oxidaticn by reducing the zir to
gas ratio below stoichiometric proportions.

Metal loss by oxidation and sleg formation was found by
Watson and Glen, and Glen to be samevhat more than desirable. Up
to about 4% of metal could be lost by oxidation of the melt. This
loss was more predominant for beds supported to give superheat. In
an experimental run, using brass, zinc was found to be selectively
oxidised.

fnizht et al (12) found that metal oxilation was influenced
by the burner position. In Watson and Glen's spparatus, Figure 2, the
burner faced the melt outlet. Knight et al placed their burner
diametrically oprosite to Watson and Glen's burmer. An additional small
burner was placed near the bottom of the melt outlet. By this means
the melt temperasture was raised slightly, allowing the melt to run more

freely. Knight et al claimed less oxidation and dissolution of gas in

melt occurred because the nelt and gas were in contact for a shorter period.

Metal loss was reduccd from 4% in Glen's apparatus (5) to less than 1%.

The quality of molten metal from = tower melter needs closer
investigaticn. If a metal holding furnace has tc be incorporated into
a continucusly operating tower melter for superheating or desassing
purposes,the overall process efficiency will suffer. Knight et al
suggest metal hclding is desireble for intermittent use in casting. In

this instance, = more contrcilable nelt casting tenperature is clained.

R

R

e e

|
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Section B. Moving Bed Heat Transfer

It has been seen in Section A that the preheating zone of the

tower melter has been considered solely by Glen (6). The correlation of
Glen showed a first order dependence of the gas film heet transfer coefficient |
on the gas velocity. This is shown in equation B 1: |

0.2
h = 0.00039 V d— + l~18 eecouaeBl
g 7P

This correlation has been -fully discussed in Section A. Equation Bl
is unsatisfactory for the present work, as high temperatures and void fraction
were encountered in the work of Watson and Glen, and Glen. Radiation and
wall effects therafore cause a wide scatter of results and make equation Bl
suspect, even for the melting of large ingots of metal by forced convection
in melters similar to those of Watson and CGlen, and Glen (5,.€)

Ross's work (1) on melting beds at low melting rates was seen
in Section A to give the correlstion:

0.66

h a 0.15 eeveseal?

G
g B
é,

Ross equated the value of the ges film coefficient hga given by equation

B2 to the overall heat transfer coefficient in a bed at low melting rates

over the range

Ross uses equation B2 to calculate gas film heat transfer coefficients for
rapidly melting beds. Therefore, equation B2 is a relationship for heat

trnasfer in the preheating zone of a tower melter. The specific area for
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heat transfer can, by definition, be written:

a = 6£& (1 - e) ceeee.oB?

Substitution into equation B2 gives:

h, = _0:025 a G R -
A.X (l e)

Equation B 2 was found by Ross (1) to describe his results quite

closely. It is partly the aim of the present work to discover from
experimental work whether equation B U4 does describe heat transfer in the
preheater zone.

One of the earliest papers relevant to the preheating section
concerns pebble bed heaters (1L4). Norton was concerned with the heating
or firing of refractory pellets in a moving bed heater. Only eight
experiments were made using sir, hydrogen., methane and steam as the gaseous
phase, and 3" and 5/16" pebbles as the solid phase. The results are
shown in Table 1, Appendix 1. The overall heat transfer coefficients

were calculated using the following equation:

U = Q ..a...-BS

Kilpatrick et al gave details (15, 16, 17) of the industriel
use of a pebble bed heater for the thermal cracking of light hydrocarbons.
A moving bed of pebbles was heated, using fuel gas burnt in a jacket
round the vessel. The hot pcbbles then passed into a reactor where
n - butane or an ethan-propene mixture was crecked.  The results of

Kilpatrick et al are presented in terms of the yield of cracked gases.
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Insufficient results are given to calculste heat transfer coefficients
for the pebble bed heater. Due to the endothermic chemical reactions
taking place in the reacter, its heat transfer analysis becomes much more
difficult than for a simple moving bed.

Bowers ond Reintjes (18) gave details of their work on the
calcination of anthracite briquettes. 1In an attempt to derive general
correlations for moving bed heat transfer, they included Norton's data
with their results. Bowers and Reintjes expressed the jh factor solely

as o function of the Reynolds nurmber, as shown in eguation B 6:

) . 2/3 -0.h1
= h c = M Re
“n — B e e D
e G k
g & :
o-aolo-B6

The Reynolds number exponent was taken from the work of Gamson et sl (20)
on heat and ness transfer between gases and solids in fixed beds.

Gamson et al quote
M = 1.06L for Re > 350

Using equation B 6, Bowers and Reintjes tried to express the
constant. M as a function of perticle diameter, gas mass flew rate and gas
temperature. The results of Bowers and Reintjes, and Norton were
described by equation B T:

0.396

M = 0.5k cecssesB T

»
Fquetion BT was teken to show that M was independent of Gg over the range

2
250 < G < 1,200 lb/hr.ft

g o o
for ges temperatures between 900°F and 1000°F,
Norton's results (14), used to determine equation B 7. are

shown in Appendix 1, Table 1 from 1 to £, These results were at e mean

o
»as inlet-outlet temperature of 1000 F.




PP

The results of Bowers and Reintjes, shown in the same table as 9 and 10.
were at 9OOOF. Horton's results for methene, at an average gos
temperature of 1000°F (7 and 8 in Table 1) were not mentioned by Bowers
and Reintjes. A further result, shown under 12 in Table 1, was used
to derive equation B 7 and is credited to Norton by Bowers and Reintjes.
Ho such result is evident in Norton®s published results (1L4).

A repeat of the plot of Bowers end Reintjes, correspending
to equation B T, has been made. The data plotted were those given in
Table 1, results 1 to 11. M values for Norton's methane results (7 and 8)
have been calculated, but M values calculated by Bowers and Reintjes have
not been recaleulated. The rlot of thesc Asta are shown in Granh 1, Appendix g
1. Bowers and Reintjes's plot of the same dats does not showy results
1 to 3 or 6 to 8. Bowers and Reintjes did not consider result 11,
presumebly as it fell outside the limits specified for equation B T, having
a gas mass flow rate of 166 J_b/hr.ft2 and an averaze gas temperature of
600°F. It is evident from Graph 1 that Bowers end Reintjes'correlation of
M with dp should be treated with reservation.

The thecretical use of equation B 7 is questionable. No
dependence of M on Gg is evident, and this may obscurec the dependence
of the heat transfer coefficient hF on Gg. Substituting equation B 6 into

B 7 we have:

~ 0,014 0.59
h = 0.54 C 1/3 k 2/3 d G
& e B .. P £
u0.25
.I!l.dnBs

Equation B 8 reveals little depencence of hg on the particle diameter,
and a dGependence on the gas mass flow rate, as dictated by the work of
Gemsen et al.

A least mean squares analysis of the results used by Bovers
und Reintjes (1 to 6, 9, 10 and 12 in Table 1 Appendix 1) shows:

-0.705 -0.751
86.60 dp G teseessB 9

8

h

i
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Equation B 9 mey be compared dlrﬂctly with eguation B 8., It 1s apparent
that Bowers and Reintjes's treatment of the data does n>t take sufficient

account of Worton's hydrogen results, i.e. results 5 and 6, This nmay be
seen more clcarly in Graph 2, Arpendix 1. vhere hg is p .otted apainst GF.
Bowers and Reintjes purport tc show Ehe ef:'ect of the gas gass
flow rote using the data of L8F ond Hawley (19) for fixc1 beds. These datn
should be considered in Secticn C,but are introduced in ‘his section to
develop the idea of the heat transfer coefficient being a function of gas
nass flow rate and dlemeter. I8f end Hawley's data are iven in Tables
2 to 5, Appendix 1. The hest transfer coefficients calc lated by LSf and

Hewley were on a volume basis, that is, h 2.  Using equation B 3, ILEf and

)
.

Hawley's heat transfer coefficients have been re -expressed on an arees hasis

that is, h . For this case A equals 1.05 ft' in equation B 3.

(&3 x

Bowers and Reintjes appear to hove recalculated the heat
transfer coefficient on a similer basis. Their approximate values of the
superficial area a are shown together with those used here for comparison in
Tables 2 to 5. The calculations of Bower and Reintjes are neither

accurate nor consistent. Only approximate values of the superficiel aresas
used by Bowers and Reintjes can be cstimated, and the ratic of thelr values
to the ones calculated from equation B 3 are not consistent. The apparent
value of a used by Bowers and Reintjes for resuits 18 and 19 in Teble 5 is
85.0 ftwl. Their calculated value of hf for result 20 shouléd be 3.43, not
3.81  Btu/hr.ft> °F. .

Values of M against Gg as shown in Tebles 2 to 5 were plotted

a

by Bowers and Reintjes. These grephs are glven as Graphs 3 and 4 in

es's graph, equivalent to Graph 3, orlts

ct
(‘_J .

Appendix 1. Bowers and Rein
results 2, 3, and 13. The reason for this concerns the average gas
temperature of the experiments. Results 2, 3 and 13 can be seen in Tables

2 and 3, Appendix 1, to vary from the najority of results at 150 ¥, It 1is

not clear how Bowers and Reintjes obtained their average ges temperatures, as
L8f and Hawley give only r~as inlet temperatures in their results. For this
reason, all L&f and Hawley's results are replotted in the manner of Bowers

and Reintjes.
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It is not cleor on what basis Bowers and Reintjes assume M

tends to zero with G_.

Gamson et al rive the feollowing equation to describe leminar

flow condltions:

_ 2/3
n c a G = M = 18.1
e, 29 . AN
c G k
o e s Mo cevenes B 10
for Re < LO. This suggests that M tends to a non-zero value at low gas

flow rates.

Graph 4 in Avpendix 1 corresvonds to Bowers and Reintjes's
logarithmic nleot of Graph 3. That is, the values of M and pas nass flow
rates in Tables 2 to 5 are plotted on logarithmic coordinates., It is
apparent that Bowers and Reintjes's correlating lines, shown on Grarh b, beor
little relation to the noints plotied.  Thelr graph showed no plotted points
only the ccrrelating lines.

From Craph L4, Bowers and Reintjes derived the following

ceneral ecuation:

o= 066 o OB o 0B vereeelB 11
P 23
Eliminating M, using equation B 6:
/ 2/3 0.11 0.84
n o= 0.6 M3 ok 2P c
€ L £ - j g
0.25
H ceeeeelB 12
For air at 200°F
0.11 Q.76
hﬂ - 0.0592 dF Gg eesosesld 13




L8f end Hewley correlated their own results by the equaticon:
0.7
h a = 0.79
o 9 ,EE_ ceeeos.B 1k
a
(pv)

Using equation B 3, equation 1b may Le rewritten

R - 0.3 0.7
h = 0.132 a r
g 3 (pv) Cﬁ'

e
\J1

where A = 1,05
X
Least mean squerces analysis of L&f and Halwey's results gives:

L

G

T

3
V) o

. 9
n = 0.110 g, 0 0.721

n

IHC!OQOBl()

Results 7, & and 1k have been omitted from this analysis. LOT and

Hawley considered these results tc be in error and omitted them frem the

final correlation

O
g}
@
6]
o
)
C
n

Equations B 11 and B 13 ar

19

less accurate descriptions of
LEf and Hawley's results than their modified correlaeticn, equation B 15,
This comparison indicates that the data correlation of Bowers and Reintjes

of heat transfer with the gas nmass flow rate is inaccurate.
A comparison of equatione B 16 and B 4, Ross's equation for

slowly melting beds, is made in Section C.




- 26 -

Bovers and Reintjes present heat transfor data which
purport to be calculated from the work of Kilpatrick et al (15, 16, 17).
These data are given in Table 6 of Appendix 1, and spparently refer to
the pebble heater, not the reactor. It will be recalled that, in the
work of Kilpatrick et al, pebbles were heated in a jacketed vessel. Nc
countercurrent flow of hot gas took place within the pebble heater.
Kilpatrick et al give typical operating dota for one run. Their data

were incomplete and it is not understood how Bowers and Reintjes were able
to calculate results for four runs, as given in Table 6.

In ettempt was made by Bowers and Reintjes to relate M values
to average ras temperatures at gas flow rates greater then 204.5 l'b/hraft2=
They used their results, together with those of Norton (1L), I8f and
Hawley (19) and Kilpatrick et al (15, 16, 17). As Bowers and Reintjes’'s
derivations of L8f and Hawleyv's average gas temperatures and Kilpatrick
et al's results are guestionable, this work of Bowers and Reintjes will not

be considered further.




FIGURE 3. DIAGRAMS OF RAMASWAMY AND GERHARD'S APPARATUS (21)
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Gravity Flow Furnaces

Gravity flow furnaces are a class of moving bed heat exchanger,
where solids fall rapidly under gravity. TForced convection heat transfer
takes place between gas and solids due to countercurrent flow of hot air or
the rapid movement of solids in stagnant ges.

Remaswamy and Gerhard (21) nave worked on a gas-granular solids
heat transfer apparatus in which solids and hot gas pass countercurrently
to each other in a zig-zag column. The arrangement is shown in Figure 3A.
Heat is transferred from ges to solids in the cross-flow sections, as
shovn in Figures 3B, C and D. Resistance to heat transfer within the
particles was considered negligible. Heat exchange was assumed to be
negligible where the particles slide over the walls of the apparatus. The
effect of the gas flow rate on the solids flow pattern is shown in
Figures 3B and C. Referring to Figure 3D, for cross-—secvional area of
flow d Ax’ the heat transfer model may be written mathematically as

follows:

h(PT -T)ada{(av) =Gcdl =G aT B 17
g g 5 s 8 8 g8 8

where (aV) may be considered as the interfaciel erea for heat transfer

per stage. Bquution B 17 is rearranged by Ramaswamy and Gerhard to give:

oy

84

SO de "R 18

(
a(aVv) = 5.5 |

O
jmg

The right hand side of equation B 18 was integrated with respect to solids
temperature only. The gas outlet temperature wes introduced through the

heat balance for stage 1:

Gc_ (T aT)-':Gc(Tvi—T) 319
< e S
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By this means Remaswamy and Gerhard obtained an equation for heat transfer

over the first stage:

[ haV_
T - T = ¢y 4 G c
gl sl | {L - G_gg) e %% o+ 5% B 20
T . - i G ¢ G e
g1 so i B g 8 -~

Hence for an apparatus of n stages:

haV_ In
T -7, c. ¢
Tgo  Tsi (i s s)e Gs s + ngE, B 21
T . - T G e |
gi = Tso L % g & -

Remaswamy and Gerhard's analysis breeaks down in the integreticn
of equation B 18. For the integration of equation B 18 to be valid,
Ramaswamy and Gerhard's model would have to be as follows. The send
vhase would be mixed, and the gas phase &t a unifrom temperature until it
leaves the heat transfer zone. This model may be compared with that of
s continuous stirred tank reactor, where the feed immedistely assumes a
constant temperature or concentration, equal to the outlet value, on
entering the vessel.

A better model of Remaswemy and Gerhard's heat transfer process
is that of a cr“ssflow heat exchanger. In this model it is more
probable that the gas phase would be mixed, whilst the solids phase is
unmixed. The general problem of cross-flov heat exchange with one mixed
£luid hes been mathematically analysed by Smith (22). As a result of his

work, the following equation nay be written for the first stage of the

apparatus:
T - ¥ T _ - T _ h aVv
( sSC TSl) 1n 1 ‘”(__gl Sl) ( g ) = _& . B2z
T =T ‘ T .- T T G ¢
gl sl i gl SO Sle s s

Tt is difficult to generalize equation B 22 to describe a process of n
stages so that h aV ney be calculated from the inlet and outlet gas and
solids temperatures. The problem is much mor complicated than Remaswany

and Gerhard's initial interpretation.
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Remaswemy and Gerhard plotted their heat transfer data from
equation B 21 as h aV against solids flow rate U Ib/hr. Separate curves
were obtained for geveral series of runs at one gas flow rate. Solids
flow rates were in the range 50 te 300 1b/hr, for air rates of 60, 80,
100 and 120 1b/ar. Values of hgaV vere calculated to bz in the range
1 tc 10 Btu/hr °F. No correlation is offered by Remaswamy and Gerhard,
Their data show hgaV tc increase with gas and solids flow rate.

Some work has been done on heat transfer to particles by forced
convection from furnace walls. That is, particles falling under gravity
through stagnant gas. Johnstone, Pigford and Chapin (23) have developed
Boussinesq's treatment (2L4) of heat transfer from a moving fluid to

a submerged body. Johnstone et al (23) obtained the fellowing general

formula:
n TF,DE
. 1+e 1 B 23
S0 = e I
14 Db

An overall heat transfer coefficient wes calculated by Jchnstone
et al for the heating of particles in their furnsce using a logarithmic
mean temperature difference. After separating the heat transferred to the
falling particles from the furnace walls by radiastion, a forced convection
heat transfer coefficient was calculated. Equation 3 23 was found by
Johnstone et al to agree with experinental heat transfer coefficients to
within 20%.

As Reynclds number approaches zerc, cquation B 23 gives Nussels
number of 2. This value is in agreement with Frosling's well-known work
on convective heat transfer to small spheres in quiescent fluids (25). at
Peclet numbers greater than 200, equation R 23 was expressed more simply

by

h =0, kv c
; 0711;/1;_&"\50_@

£ B
y Le
v D

.

B 2L




1
or: &t = 0.71k Re52 Pr ¢ B 25

where Re = 4 V p
S S

Ademski (26) has reported brief trials of gravity flow furnaces
similar to those used by Johnstone et al (23). Adanski assumed a Bict
number of unity to describe convectional heat transfer to solids in hi
furnace. The Biot number, h_ & /k may be considered as the ratio cf the
thermal resistance to conduﬂilon inside and convection to a sphere.
Knowirg typical residence times of perticles in the furnace, Ademski
calculated the centre temperature of the sclid particles. This was done
using Gurney and Lurie charts (27) for unsteady state heat transfer tc a
sphere.

Ademski found from his calculations that the centrc temperaturc

of the particles reached 90% of the furnace temperature in fractions of
second. Therefore, temperature distribution in the particles was thought
not present. One value of 18.62 “tu/pr ft2 T for a heat transfer
coefficient is repcorted by Adamski. Adamski states neither the nature
nor the dismeter of the particles to which this heat transfer coefficient

applies. It is nob possible, therefore, to check Adamski’s assumed
he Riot number.

value of unity for tl
Adamski's work is of limited value to the present study of

moving bed hest transfer for twe reasons. Firstly, no discussion

of radiation effects on the total rate of heat transfer is made. Secondly,

insufficient particle dsta are given to enable Adamski's recults to be
reworked and plotted in terms of Johnstone et al's equation B 24 for
comparison purposes. Ademski does point out that materials of high thermal
conductivity allow coarse-grained particles to be used without lowering
the heat transfer rate. Under these conditicns, tempersature distribution

in the falling particles is not significant.
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SECTION C Hest Transfer Between a Gas and

So0lids in a Packed Bed

(i) Single Blow Technique

Schumann {(28) was one of the first research workers to attempt
a mathematical treatment of heat transfer between a stationary packed bed
and & fluid flowing through it. The problem is inherently one of unsteady
states, and therefore will present a complex solution. Several assumptions
were nmade by Schumann, as follows. Firstly, particles of solid were of
high thermal diffusivity, that is, each particle was at a uwniform temperature.
Secondly, conducticn of heat in the fluid or solid was small compared to the
heat transferred by convection. Thirdly, changes in tenmperature produced
negligible change in the thermophysical properties or volume of the fluid.

For the system shown in Figure 4, Schumann formulated the

equations:
g = h T < 28 8 0Q 00
an” + de’ o a(T Tf) C1
3t 91
ePa Cp
and oT = }»#q, W(Tf - TS) N o~

ot c. p, (1 -e)




a0

G Y2

at I = 0, 7T = T _. for all values of T
f 1
T = T . for t = C
s si
at 1 = L, T = T . for t = 0
S si

Three dimensionless variables arose from Schumann®s solution.,

The dir;_.ensionless gos or solids tempersture variable ¢ = T - Tsi
T .- T.
fi 51
Schunenn's variable Y was haal/G{_,cf.
L -
The veriasble 2 was h_a (t - 1/vy.) or h_at
v f /ve £
c 1 - e) c p (1w e
o o )

os 1/VF‘ is usually negligible.

Schumenn's solutions to equations C 1 and C 2 which’ take the form
of an infinite series of Bessel functions were represented by e series of
sigmoidal curves of 6 against % with Y es parameter.  Values of 6
for fluid snd solid were given on separate graphs. Schumann's work was
intended to epply to liguid flow, as varying physicel properties of eir with
large tempersture changes are nov accormodated in Schumann'’s solutiom.
Kevertheless, Schumann’s graphs have found application in the calculation
of the gas film hesat transfer coefficient hga from a gas and solids
terperature history of a packed bed subjected to & step change in the gas

inlet temperature, This method is called the single blow technique.
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Schunann's curves are for values of es and eé from O to 1,
and Y eand Z values from O to 10.  Young (29) recalculated Schumann's work
by computer, and found that his curves were slightly in error. This nay
be sttributed to the improved accuracy of Young's calculations. Furnas
(30, 31), using a method of graphical integration to compute Schumann's
series solution, has extended Schumann's curves up to a Y value of 500.

The usual technique for using Schumann's curves to determine
the gas film heat transfer coefficient is as follows. The gas temperature

history curve, 6? against t, is plotted on tracing paper and compared to

-l

the shape of Schumann's curves. The heat transfer coefficient h a is

then estimated by interpolating the experimental Yvalue.  This ;alue of
hga should compare with the values given by the % variable for the
corresponding experimental time values of t. The advantage of this method
of determining hga is that gas-solids temperature differences are not
neasured. In the transient state, this measurement is difficult to make
accurately. ‘

Furnas (30, 31) was the first person to apply Schumann's curves
to packed bed heat transfer. After determining the heat transfer coefficient
hga from Schumann's Y variable, Furnas used the 3 variable to calculate the
sélid specific heat.

There are other limitations, of an experimental nature, to the

work of Furnas. Furnas used beds of crushed iron ore, coke, coal and

linmestone., Particle sizes ranged from 0.4 to 7.3 cm. in beds of 15 and 23 cm.
diemeter. To overcome gas temperature measuring difficulties due to wall
effects (32, 33), Furnas provided for inlet and outlet gas from the bed to
pass through orifices. Whilst this arrangement allows for an average gas
outlet temperature to be measured, serious inlet disturbances are caused,
Saunders and Ford (34) point out that Furnas's gas inlet arrangeent would

cauce non-uniform gas distribution at the bottom of the bed. Denton(32, 33)

believed that Furnas's gas inlet distribution would tend to offset the errors
due to wall e¢ffect.
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Saunders and Ford. The columns used by Furnas were of “extra heavy pipe”,
having a greater heat capacity and thermal conductiviiy than the contained
bed. The effect of high wall thermal conductivity on the wall temperature
will be to clesely follow the temperature response of the packed solid to
the changing gas temperature. Such a response is necessary for unsteady
state cperation (11). The large well heat content is undesirable, as a
significent proportion of heat transferred from the gas is to the column
walls. It is doubtful whether Furnas'’s results are applicsble, except in
the particular circumstances of his experiments.

L8f and Hawley (19) used Furnas's extension of Schumann's curves
to determine their experimental results by the single blow technique.
Their packed bed matrix was 3 feet long, and had approximately o square

o

cross-section of area 0.77 -, The matrix was contained in a well--loreed
wooden box. Alr inlets and outlets tc the wooden box were through small

pipes, in which multi-thermocouples were situated for temperature

4

3

T

neasurement. This srrangement is similar tc that shown in Figure L.
It has been shown in Section B that I&f and Hewley's resulbs

were described by the équaticn:

W = o0.110 . 0.289 , 0.721 .
g {(pv) z cesasssC 3
Ay (1 -e) anc. B 16
Equation C 3 may be compared to Ross's equation (1).
h = 0.025 a 0.33 G 0.66 R
& D &
A (1 - e) and B b
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There are several important differences between the work

g

of L&Ff and Hawley, and Ross. The chief difference in Ross's bed was a

-

moving ancé nmelting bed, whilst L8f and Hawley's bed was packed and
stationary. Tt is not possible to infer how this difference will affect
the two cases. An immortant difference lies in the definition of particle
dinmeter. Ross (1) uses the ratio of narticle volume to surface area,

whilst I&8f and Hawley use the expression:

) ;
d(ﬁv) = -/ 6 'volume Nijyxtlcleqi
r i inurber ~f particles/

I

Tt is not nossible to draw any comparison between the two definitions of
diameter without knowledge of LEf and Hawley's shape factor (35).

Compage and London (36) make an additional criticism of
LEf and Hawley's experiments. They believe that heat lecss through the
matrix wall may have been very high.

Perhops the most important difference between the work of
Ross and that of L8f and Hawley is in the measurement of heat transfer
coefficient. It will be seen in Section D that moving bed heat transfer
reduces to simple counter-current heat exchange for no intranarticle
termerature distribution. This leads to calculation of the heat transfer
coefficient using a logarithmic meen temperature distribution. Using
the single blov technique with Schumann's curves is a very much rnore
difficult problem, the accuracy of which is inherently questionable for

large temperature changes.

Y]

Saunders and Ford (34) investigated experimentally the

=

beds of lead. rlass and steel spheres with ailr.

jon

hesting and cooling of fixed
Their work was carried out in beds of 2, L, and 8 inches diameter, with a
a. /n retio of 32. The single blow technique was used, dut with an

1nterﬁst1n” nedification to Schumann's curves. Schumann's # variable was

divided by




the Y variable to give the varigble: v t Curves of

BL (1 - e)
6 against this new varieble were plotted for Y values from L4 to 500.

Saunders and Ford's new variable was calculated form experimental resulis.

Curves of eg against this new variable were plotted and comnared to the

<

corresponding Y values of Schumann®s modified curves.

Seunders and Ford found the heat transfer coefficient hg to
be directly proporticnal to the gas velocity only. This is improbable.
A possible reason for Saunders and Ford's unexpected result is their
modification of Schumenn's curves, which tends to bunch the curves together.
This makes comparison of theoretical and experimental curves difficult.
At values of Y about 4, comparison is gocd, but at values of 25, comparison
is not close.

Saunders and Ford carried cut a dimensional analysis of packed

beds. The particle diameter was included in their analysis only to show

oo

the geometric similarity of different beds. Thelr anslysis indicates that

T -T . o= Vitcp , Ged , Ge L a
£ 51 gE_£8 g &pD BB s Y

T .- T . a cop X h a a
gl si D 'S s <4 o T

]
N

Saunders and Ferd stated that, for heat transfer between a fluid flowing

1

in a tube and the tube walls, the following relationship may be written:

coveessl T

wvhere n lies between C.8 and 1.0.
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Assuning n = 1, Saunders and Ford wrote:
G c « (Re )l T opr ceeeese.C 8
BB P
h
g

Using equation C 8, the heat transfer coefficient was eliminated Trom
equation C 6. This analysis pre-supposes that experimental results will

show the heat transfer coefficient to be directly proportional to the gas
velocity.,

It is of interest that Saunders and Ford found no difference
in plets of 6 against

v )
- %P
L (1 - e)cSpL
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for the heating and cocling of solids. Dimensional analysis led Saunders
snd Tord to believe that the group G_Cd was the experimental variable
L EeD
k
S
that would indicate intraparticle termperature distribution. As a result of
their experiments, Saunders and Ford ascribed an upper limit of 4 to their
Gc d

variable g gm . It is of interest to note that the Biot number hgdr/kc is
L:_ A - -

more conventional in this context (27). Saunders and Ford could have come to

this conclusion equally well from their dimensional analysis.

Coppage and London (36) have carried out fixed bed heat transfer by the

single blow technique. The comparison between cxperimentel and theoretical
curves was acccmplished by matching the maximum slope of the curves. Excellent

correlation of experimental results wes given by:
Co
where 25 < Re_ < 550

T

(ii) Cyclic Methcd

The measurement of heat transfer coefficients in fixed beds has been

facilitated by the methed of cyclic temperature variation. In this method, the
inlet gas tempersture is a sinusoidally varying function of time. DBell ard
Katz (37), Dayton et al (38), and Meek (39,40) have carried out extensive work
in this field., They have shown that the solution of equations Cl and Cz2 can
yield the heat trarnsfer coefficient by measuring either attenuation or phase
change batween the inlet and outlet gas temperatures. The measurement of
phase attenustion is more convenient than the temperature measurements of the
ringle blow technigue.

The cyclic method has another very importent advantage cover the single

blow technique. Small varistions of temperature fluctuaticns are nccessary.




~
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This obviates the difficulties of substantial changes in gas properties during
the run. A criticism of the single blow technique is that it can only give
an average value of heat transfer coefficient for a range of gas properties.

Dayton (38), Dingee and Chastain (41) evaluate the errors due to variations
in gas velocity and longitudinal and axial gas mixing. Errors due to variations
in heat transfer coefficient along the column axis were alsc assessed.
Adjustments of gas temperature frequency varistions readily minimise errors in
the value of the heat transfer coefficient.

In Meek's published work (40O) R. W. Bain has solved equations Cl end C2
for the case of intraparticle temperature distribution. Theoretical calculstion
shows that intranarticle temmerature distridution becomes izportant at Biot
numbers greater than 1.0. This problem will be discussed further, in relation
to moving beds, in section D. Meek's results were not affected by this
difficulty. It was noted that for fixed beds, increasing gas temperature
frequencies would thecretically overcome problems of intra-perticulate
temperature distributicn.

Meck eliminated wall effects from his matrix by setting each side of
his square cross-sectional bed in epoxy-resin. It was concluded that low
wall effects substentially increased Meek's heat transfer coefficient, as
bypassing of gas was reduced. Meek also chserved from his experiments that
“the packing arrangement of spheres in his matrix affected the heat transfer
coefficient. Mertin et al. (42) perfermed two separate friction factor
experiements, on one packing, with the gas flows at right angles. They repcrt
a wide separation of the twe sets of results. As changing friction factor with
gas flow rate closely parallels the Stantcn nuwber, hg/chg, nacking
arrangenent appears to have an effect on haat transfer beyond that measured

simply by porosity.

(iii) Instrumentation of Individual Spheres

Denton (32,33) hes carried ocut experiments con the convective heating of
air passed through beds of glass spheres. Corper spheres of the same size as the
glass spheres were distribu: .-d through the hed. ZRach copper test sphere
generated its own heat by mennz of a small electrical element placed in the
centre of the sphere. One juncticn of a thermocouple was scldered to the

surface of a sphere, and the other junction suspended in the air stream.
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Spheres adjacent to the test spheres were also heated, Lut were not instrumented
for temperature neasurement. By this means, eir-solid temperature differences
for the cconvective heating of air were nade.

Point heat transfer coefficients over the entire surface of the sphere
were found experimentally. These values were integrated over the surface area
of the sphere to give a representative overall heat transfer coefficient. By
this means, Denton concluded that wall effects were present in packed bed heat

. ¢ .
transfer until a _v ratio greater than 17.5 was used. Denton's results, for nc
,':'

e

wall effect, werc described by the equation:

St = 0.72 Re’o'3o
P

where 500 < ReP < 53,000

The close comparison between equations C9 and C1l0 rust be noted.

Wadsworth (43,L4Y4) has made experiments similar to those of Denton.
Wadsworth's work was mainly concerned with locel variations in heet transfer.
coefficient for a single sphere in an extensive flowing fluid. A graph
of overall Stanton number against Reynolds nurber was presented for a packed bed
arrangerent. Wadsworth's graph shows wall effect to reduce the overall heat
transfer coefficient. Wo equetion is presented by Wadsworth to describe his
packed bed results. These results give heat transfer coefficients between T0%
and 90% greater than those predicted by Denton's results, that is, equation ClO.
It is consicdered thet heat transfer through point contact from the test copper
sphere to adjacent unheated wooden spheres woulc cause elevated heat transfer
coefficients to be nmeasurec.

An interesting point has been made by Rowe and Clexton (45), and Cornish
(46), arising from the use of instrumented spheres. For a sphere being heated
or cooled in infinite stegnent gas surroundings, the Nusselt nuwmber approaches
a value of 2. This fact was mentioned in Section B (25). For the cooling
of meny spheres in an array, the heat sink is not infinite. This is the more

usual practical case and it is expected that, under these conditions, the




- 41 -

5]

e¢lt number would approach zero with the gas flow rate,

s
(iv) Mass Transfer Analogy

Gamson et al. {20) were the first researchers to investigate packed
bed heat transfer using the heat transfer-mass transfer analogy. Their

analogy was:

Cae

o3

= 1,08 Cll

l

T e
(9]

Experiments were nmade on the evaporation of moisture from particles in
packed beds.,

The following results were obtained:

3
j,. = 1.06k Rejo'“l Cl2 and B6
h P
for Re§> 350
. -1 . 1A
j. = 18.1 Re_ Ci3 and BlO
h P
for Re_ < L0
k!

1%

Exactly similer experiments by Wilke and Hougen {L7) give the
equation :

1. 0= 1,0 e
Jh 1.95 Rup

for 4O < Rep < 350

""0051 Cll&

The work of Gamson, and Wilke and Hougen suggesis thet there is a transition
region of gas flow between parsicle Reynolds numbers of 4O to 350.

(v) GCeneral Correlation of Results

Mo attempt has been made here to compare in detail the results of
different rescarchers. Denton (32) and Meek (35,40) have nade extensive
graphical conmparisons of other results. In general, the results of Gawmscon
et al. (20), Denton (32,33), Coppage and London (36), and Dayton et al.

(38) are in fair agreement.
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F. Yoshida (48) has compared a considerable amount of heat and mass

transfer data to obtain the following general correlation:

"OlS
. (G a A
Sy =221 8D |y, C15
L(1-e)py/
for{G a E <300
\ZluequJ
and
- 7 "'\.).)'Ll
' N
\ (l—e)u;i’-'
for/ G @& > 300

where Y is Gamson's empirical shape factor (35).

Equations €15 and Cl6 may be rewrititen as :

""Oo 51
nb‘o i d N
h = G”O i { pi CL1T7
= L leo
) 0.59 Ta . ~0.h1
and h =G { p° c18
© {le-e /

Equations C17 and C18 do not compare closely to the equaticns of LEF
and Hawley, C3, and Ross, Ch, It is partly the intention of the present

research to investigete further this discrepancy.




-

FIGURE 5. SCHEMATIC DIAGRAM OF A MOVING BED OF GRANULAR
SOLIDS BEING HEATED BY GAS.
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Section D. Theory.

(i) No Intraparticle Temperature Distribution in Moving Beds

Consider the moving bed shown in Figure 5. Granular solids,

consisting of uniform spheres, enter at the top of the column. The solids
addition is at a constant temperature and feed rate. Gas enters at the

bottom of the column at constant terperature and flow rate. It is assumed

that heat trensfer takes place between the ges and solid only. That is,
the bed is adisbatic. TFurther assumpticns arc that the gas has a uniform
flat velocity profile, and that exial conduction and mixing are negligible.

It is assumed in this analysis that there is no temperature distributicon

in the granular sclids.

Over the element of column height, dl, heat balances for gas

ané solid are written:
GcAdl ~ha (T -T)=0 Dl
A E &

g e X g s
LY

anc GscsAx de ~ha(fT -T)=0 D2
I

wvhen p =0, T_=T ~endT =T
£ 2 .

—

and when =L, T =T . and T =T
z S s 50

Subtracting equation D2 from equatiocn D1 and rearranging:

T ,T. L
i ar -7y _ | nma 1 -_1 i 9L 3
. —b B = i . Ge Gec |
i T -7 A ' s s g gl
i 24 S ’ X -~ -
. 5T v
21’7 s0 0
Integrating equation D3 gives:
P -7 . - 1
én ; T/O sij = L al il -~ B8 D
(7 . ~7 | L TR
LoTel SO A G ¢
Xz 8
By definition, a = 3 A, (iwe) D5 and 33

2

R
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Equation DL becomes:

2 { T bl T -ﬂl: h ‘w o

ng_go sl Tg 6(l-c)L {1 -8 D6
| T. -7 J G ¢ d L B A
~7gl 's0 g8 P

This is the usual expression for calculating the gas film heat transfer
coefficient for steady state adiabatic counter-current or parallel flow
heat exchanges. It is evident that constant heat capacities:are required

for equation D6 to hold true.

~~
o
He

—

Previous Theoretical Work on Intraparticle Tempersture Distribution

in Moving Beds.

vhere temperature distribution in the spheres is considered, the
solution must be modified. Equaticn D2 is replaced by equation DT,
in which the heat transferred from the gas by forced convection is equated
to the heat conducted into the sphere:
- K ; .
s T =h (T -7T) DT
\ B x)
. r =R

~
&)

The equation for temperature distributien in a sphere being heated or

cooled is:
¥p 4+ 2 A = op AT
s = ) s 8 3 D8
3 2 3 r k 2t
r )

It is convenient to chence the time variable t by introducing the solids

mess flow rate, C_, and pesition in the columnS—E:

=]

Gt = 20 (1 ~e) DS
S S

Equation D¥ becomes:

s %- aTs = Gscs aTs D10

3 r ks(lwe) 3 £
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It is required to solve egquations D1, D7 and D10 for the

following boundary conditions:

L =0, T =T ,andT =17,
2 g0 ) 51
=L, T =T7_.,and T =T
& &1 s SO
and { 0T = 0 D11
ar
r=0

Equation D11 is known as the sphere centre Loundary condition. It is
convenient at this point to let k_ (l-e) & be a modified Fourier
jol

2
0

G ¢ R
S 5

number, Fol.

Munro and Amundsen (49) have solved equations D1, DT and D10,
so that the gas ‘temperature at any position down a moving bed may be
calculated, if the heat transfer coefficient is known. Their soclution,

for B not equal to 1, is:

2
n = o =8 Fo
" n 1
T = Ts' _ 1+ 68 AN l-c¢e
L si = ; - 2 ey 2 .
T - 1T. / (38 + o 2/21)2-3(36+a"/0) + of (1+2/01)
go si A n : n n ,
n=1
For B =1 :
T - T, =1+ o
T TSl 1 }5 oy
To = Tai (1 + 5/B1)
nes -5 2 Fo
< - n 1
o6 kN 1l - c
2\ 2 2, - 2 .
(3 + a“/Ri)° - 3(3+a"/Bi) + &~ (1+2/Bi)
— n n n
n =1

D12

D13

The eigenvalues a, in equetions D12 and D 13 are given by the transcend-

-ental equetion:

[Il—l/Bi) an2 - 3@] tan a + (38 + ai/Bi) & = 0 D1k

e e e o o A
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It is apparent that Munro and Amundson's solution can not be used to
calculate the heat transfer coefficient from the measurable variables
of a moving bted. Equations D12 and D13 are difficult tc apply, even
when the heat transfer‘coefficient is known. Firstly, eigenvalues
&, have to be calculated from equation D14 2nd then substituted into
equations D12 or D13 until the series converges.
Munrc and Amundson extend their solution to cases involving
the generation of heat in the granular solids. This is the case for the ‘
pebble bed hydrocarbon cracker of Kilpatrick et al. (15,16,1T7). Munro
and fmundson's solution considers heat generation only as linear functions
of time. ?%
Leung and Quon (50) developed a numerical solution of l
equations D1, D7 and D10. Their solution is readily extended to cases gl
invelving non-linear generations of heat in moving beds. The partial aﬁ

differential equation D10 was reduced to en crdinary differential

equaticn by finite difference approxinations for the terms on the left
hand side of equation D10. The finite difference approximations for
discrete velues of sphere radius were third-order correct. For this
purpose, spheres were split into six increments. The difference - .
equetion corresponding to equation D10 was solved, together with equaticns

DI and DT, using the Runge-Kutta~-Gill explicit finite difference method,

by dizital .omputation.

One advantage of Leung and Quon's (50) treatment cver Munro

equation D14 is not solved for eigenvalues. The limitation of Leung

and Amundson's analytical solution to moving bed heat transfer is that |
i
| g

and Quon's analysis, as with Munro and Amundson's, is that heat transfer
coefficients cannot be calculated readily from the measured variables :H
of a moving bed.

An analogue computer solution to eguaticns D1, DT and DIO,
is mentioned by Leung and Quon. There is nc elaboration cf this solution.
The application of Leung =nd Quen's analyses tc a problem where the soluticn

may be calculated from Munrc and Amundson's method is discussed in Part (iv) |

of this section.

R R




FIGURE 6. CIRCUIT DIAGRAM FOR ANALOGUE COMPUTER SOLUTION OF
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Calculation ﬁf Heat Transfer Coefficients for Intraparticle

—~
e
e
[EN

e

Tempersturc Distributicn in Moving Bed Heat Transfer by

Analogue Computation

It has been seen that no method exists for the calculaticn of
gas film heat transfer coefficients where intraparticle temperature

distribution is present. An enzlogue camputer solution has been develcoped

for this purpose. The developrment of this problem necessitated the soluticn

2

of eguation LC.

(a) Sclution of heat transfer to s sphere by forced cenvection

It is convenient in an analcogue computer solution to make
equation D8 dimensionless. For & problem where the convective gas

temperature is ccnstant:

2
2 840 38 o 08 D15
X 39X 3T
2
where 6 =7 - T .; x =1
-8 S5L =
T -~ 7. "o
a3 51

Fourier number.

0
L]

CsPsRs

Equation D15 is converted into ordinary differential form for
enalogue computer solution by means of finite differcence substitutions.
It is required to split the sphere into discrebe spati al increments.
This may be seen in Figure 6, where temperature nodes are coincident with
spatiel increments. Second order correct firite difference approximsticns
were considered adeguate for analogue computer accuracy. The necessary
finite difference apprcximations for es as a function of x may be

derived from a Taylor expansion:

(Xp) = %s = en+l B 8n-—l D16
’ x 2Ax
324 o . -28_ %8 o1
and £" {x ) = g = _Ltl n___n-l DT

i
|
]
>

%5 _ax©
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wlere 1 = number of spatial increments.

Ax
Substituting intc equation D15 .
- /
;] /
°% = l+A"\e~~28+ln£\x611/Ax2 D18
I e
The initial valucs of equetior D18 arc:
T=0, 6 =0 .=0306_ =1.
s si g
The houndary conditicns are:
{ 9 ,
() / es = 0
9 x
x=0
\—'“a .
(2) % = Bi (s =-6)=0i(1=-06),
x g s 8
x=1

that is, equetion DT. Boundary condition (1) causes the second term

in equation D15 to beconme indeterminate at the sphere centre.

: /
Thet 1s, 89s x o= O//’O. oy L'Hébital's rule, equation D15

9 x
becomes:
2 2 2
oy 3 D12
3 es - 29 es L - %ﬁﬁ =3 SS
axe ax2// or axd

Substituting D17 into D19:

[

g, - 2 6o, - (6
28, = 318 28+ eml}i . 08, 5 520
2
ot {- A% B Ax
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The surface boundary condition (2) generates an imaginary solids
temperature Gi when equation D16 is substituted into it. For a 5 - increment

sphere problem (see Figure 6):

O, = i (eg-e) D21

0, becomes 0 4 in equation D18 when n = 5.

1

The circuit diagram for the analogue computer sciution of
equations D18, D20 and D21, is shown in Figure 6. A time-base circuit
is required if the results are output to an X - Y plotter. It was found
more convenient to follow the calculation on a digital voltmeter.

The problem requires no amplitude scaling, as the values of ©
cannot exceed unity. Time scaling of the problem is effected by
multiplying all integrator gains by the factor l/Ax%- For a 5 -~ increment
problem, Ax = 0.2, and the computation is slowed down by a factor of 25.
If the time base potentiometer setting, also shown in Figure 6, is Ax2,
the computation takes l/Ax2 seconds for T to grow to unity. When the
output of es is by digital voltmeter, T is recorded on an accurate
stop-watch.

Calculations were made, assuming a Biot number of unity. This
value was used because Meek (39,40) found intra-particle temperature
distribution becoming importent at a Biot number of unity.

To checl the answers given by this sclution to equation D15,
the asnalytical solution was calculated. For the same initial and boundary

conditions, the enalytical solution may be written (51,52,53,54):

2

n=ow - T

- . n

N\ . I
eS =1 -2 \\ sin & - & cos a . sin a %

; - - e n D22

// a - sin a cos o, T

AN - * n

n -

The eigenvalues a  are given by:

a = (1 ~ Bi) tan & D23
n n




FIGURE 7A. CIRCUIT DIAGRAM FOR THE ANALOGUE COMPUTER SOLUTION
OF MOVING BED HEAT TRANSFER.
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Rocts of equation D23 were found by Newton's method for 2i = 1. Five
roots were required for the series in equation D22 to converge for
velues of T equel to C.1. Only *two values of a were required when T
was grester than 1.0.

Calculations were carried out on a PDS 1020 computer. This machine
is 2 smell digital computer, with date input by keybosrd or 8 - channel
paper tape. Deta output is Ly paper tape or typewriter. The programmes
used to solve equations D22 and D23 are shown as Computer Programmes
1, 2 and 3 in Appendix 2.

Answers tc the solution cf equation D15 are given in Teble T
and Graphs 5 to 8, Appendix 2, where s comperison is made with Schneider's
reaults (55). The analogue computer results were considered sufficiently
accurate to proceced with the moving bed problem. Calculastions were
repeated using an 8 -~ increment spherical model. WHo significant improvement
in accuracy was found,

(v) Analogue computer programme for moving bed heat transfer

Re~expressing equations D1 and D1C, we have:

90 .

- g = 33BiFo 8 (eg - 95) D2k
4

and

2

3 30 3
% +.2___£$_=_l~ ._'_8_5 D25
2 X 0x Fo, 0z

9 x 1

where z = &/L.

It is apparent from equation D24 that the gas terperature eg as a
function of column position z may be generated by electrical analogy.
Using the sphere problem circuit as a base, the circuit disgram for the
sclution of moving bed heat transfer is shown in Figure TA. The initial

conditions are:

z2 =046 =0 3 6 = 8 . =0,

g go ’ s si
The computation proceeds until the final conditions are reached:

z=1:;06 =6.=1:08 =06 ,
g gl s 80




The computation is terminated vhen 6 =1, Values of 6
Q

b}

greater than unity have no significance to the problem. Using the time

scaling constant 1/Ax2, the computetion will have taken k_ (1-0) L

G c R02 Ax
S s

seconds of machine time.

The amplification of this analysis to calculate heat transfer

coefficients will be discussed in part (v) of +his section.
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(iv)  The ILovell end Karnofsky Problen.

Lovell and Karnofsky (56) gave an approximate solution to
neving bed heat transfer, based on the Schmidt method (57) for unsteady
state heat transfer tc a slab. Lovell and Karnofsky's method of solution
has been supergeded by more accurate methods using computers; for exanmple,
Leung and Quon's analysis (50).

An interesting problem is stated by Lovell and Karnofsky:

“Iime is calcined in & continuous countercurrent vertical

lime kiln. CaCO3 is fed from the top in 27 diameter pieces

at a mass flow rate GS of 2230 1b/hr ftz, 1

the bed at a mass flow rate, G _, of 2500 lb/hr ft~. If CaCC

g 3
is initially at 100°F and the flue gases leave at 200°F, at

Gas rises through

what level in the kiln is the gas temperature 400°F2 "

Deta: 5
., = 0.25 Btu/ib °F
¢ = 0.28 Btu/lb °F
X = 1.3 Btu/hr ft °F
5 2 0
hp = 78  Btu/hr ft° F
ev = 0.5

The problem is to be treated as one of simple heat transfer..
Munro and Aruncdson(49)., and ILeung and Quon (50) have considered this problem.
Their solutions will be compered to that given by the method proposed in
part (iii) of this section.

Using the date gmiven in Lovell and Karnofsky's problem, the

folloving quantities are celculated:

G c = g8 =~ 1
=S8
G c
g 2
Bi = nR = 5
sle)
L E
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The values for potentiometer settings C, D, and E, as shown in Figure TA,

were calculated:

Potentiometer C attenuation = 2BiAx (1 + Ax/x) = 2.4
. . ., 2
Potentiometer D attenuation = 3BiAx™R = 0.6
Potentiometer E attenuation = o 0.3333
&

The results of the computation are shown in Table 8 and Grsph 9, Appendix 2.
The calculated value of Fo15 when Gg was equal to 0.998, was 0.253,

That is, a machine time of 6.33 seconds. Results for this computation were

taken from an X - Y plotter, with a time bhase potentiometer attenuation of

Ax = 0,0k,

D

The mean solids temperature was calculated to check that the problem
fulfilled the hest balance. For & sphere, the mean sclids temperature is

given hy:

) = 8 xzdx coesesa D26

=
H
-

This calculation was made using & 6 ~ point closed end Newton--Coates
quedrature (58). The analogue computer circuit to perform this calculation

is shown in figure 7B. Writing the heat balance in dimensionless form:

~r

(6 -6 ) B ,e(es-ma ceessesd 2T

£ go

5]
He

The mean solids temperature Gp checks with the ges temperature 6 _ for

<

all values of . This is shown in Table 8B. The mean sclids temperature,

(@]
9 = 0,667, corresponds to 300°F for = gas temperature of 400°F.
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The results of this computation compare very favourably with
those of Munre and Amundson, and Leung and Quon. This may be seen in
Teble 84 and Graph 9, Appendix 2. As Munrc and Anmundson did not tabulate
the results cf their calculations, equations D13 and D 1h were used to
recompute their results. Leung and Quon state that their digital methed
took 28 minutes, and their analogue method less than 10 seconds. It is
concluded, therefore, that the solution of this moving bed heat transfer
problem by the analysis described in part (iii) of this section ha
accuracy comparsble to the analytical solution. Moreover, the analogue
computer method was much simvpler to apply than any method found in the
literature.

To complete the calculation of Lovell and Karnofsky's prchlem, one

nay write:

k, (1 - e)L = 0,253 = Fo,

=] 4L
2

GSCSRO

L = 1.69

Munrc and Amundson present a graph of their solution, and have to
extrapolate their curve to obigin their answer. Their extrapolation is

f
slightly in error, giving a bed length L of 1.63 .
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(v) Pronosed use of analogue computer method

to calculate a moving bed gas film heat

transfer coefficient

For the purposes of calculating a heat trensfer coefficient, it is
assuned that all the variables and constant measurements of the systen
are known. The only unknown is the heat transfer coefficient. which
rnust be found by a process of trial and error.

A first approximation for the heat transfer ccefficient nay be

s, an initial assumption that no

e

found from equation D6.  That
resistance to heat transfer is provided by the particles. This first

approximation will give a low value of heat transfer coefficient and Biot

number. The value will be low because for a given heat flux, the gas-solid

surface temperature difference will be smaller when intra-particle

terperature distribution is present. This may be demonstrated by

calculating the gas film heat trensfer coefficient for Lovell and Karncfgky's

>

problem fron equation D 6.

When B = 1 as for Lovell and Karnofsky's problen, equation D 6 becones

d 3 ° - - - ~ -
infeterminote. This is a speciel case. By means of L' Hopital's rule,
)

equation D 6 nay be written for = 1:

1 - 8 = 3h L 1. e) vesesssD 28
..... e BO_ — &
6 G ¢ R
go g8 o

The gas film heat transfer ccefficient is calculated to be 41.1 Btu/hr ft

for Lovell and Karncfsky's problen.

T

20

"
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The technigue for determining the gas film heat transfer
coefficient will be to increasc the Biot number, and comnare the time of
computation in seconds with that given by

ks (1L~ e) L Ax2

+ will be seen in Section ¥ that increasing the Biot number decresses the
computation time. Tt will be anpreciated that for o fixed Ggog em will
be fixed by.she heat balance, and will not vary with Biot number. The
application of this technique to the present research work is discussed in

Section F.
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SECTION B  Experimental

(i) Melting Bed Apparatus |

(a) Construction

The melting bed is shown diagremmatically in figure 8A. This

apparatus was constructed from 4 inch diameter Q.V.F., with a column
height of 2 feet. Air feed lines were of 12 inch diameter Q.V.F. The %H s
reason for using glassware for construction was to enable visual inspectior
of the melting bed to be made. That is, so that the division between

nelting end preheating zones might be detected.

The bed was supported on a stainless steel wire mesh. To ensure
an effective air seal between the glass buttresses, the gauze was cast into
a polyester resin annulus, reinforced with glass fibre strands. The bed
support unit was cast on to a glass sheet so that a flat bottom surface
was nade. The top surface of the unit was nade flat and parallel to the
botton surface by grinding on a revolving emery paper tape. The final

. o . . . 3 . .
unit had an internal diasmeter of 4 inches and was about i inch thick.

Air heating was carried out electrically. Irightray C
electrical heating wire (59) was wound on to an elliptical former.  Un
drawing the wire off the former, the coils spiralled into what might be it
described as an ellipsoidal helix. A section of the coil is shown in Plate
1. This means of coiling the heating element provides an effective contact

of air with the hot wire surface in a glass tube for & very low pressure

| drop (€0). .
. . 0

The coil operating temperature should not exceed 500°C, the %

temperature st which borosilicate glass begins to soften. To ensure that “

SOOOC was not exceeded, an electrical loading of 30 wa.tts/inch2 of wire 3

wes recormended Tor forced convection heating (61). In the absence of any .
vailable heat transfer coefficient data for the heating of sir by electrical

wires, the given loading was used in determining the dimensions of the ceoil

wire.

|
§
|
E
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The téwer melter, for organiec solids, was 1intended for use at
temperatures of about 100°C.,  That is, an increase in temperature of about
80°C above ambient. &Ross (1) does not state his maximum gas flow rate.

It was calculated from Ross's graphs that his meximum air flow rate was

about 800 1b/hr ft2. An 80°C temperature rise for air in a % inch column
requires a heat input of about 0.7 K.W. for an alr flow rate of 800 1b/hr ftg,
An electric hester was made to have a power input of about 2.4 K.W.  The
high power rating was desired as the thermal efficiency of the electrical
heater could not be estimated without experiment.

The electrical heater was constructed from about 55 feet of 19 S.W.G.
Brightray C, to have an electrical resistance of 24 ohms. Heater ccntrol
was effected through a variable transformer working from a 240 volt mains

ER

supply of electricity. Experiments have shown the heater to be more than

90% efficient.




FIGURE 9. AIR FLOW DIAGRAM.

‘f

clean, dry air
supply, |’ pipe. X }f X
/ \ ‘ pressure

Saundcrs bd“ tapping
valve valv¢

metered air supply
to electrical heater

i

“QVF diaphragm

valvesy ——%

Rotamegters w————e




¢
|
b

(b) Air Flow Rete Measurement

The gas supply was from an alr compressor, having a maximun
output of 200 fts/hr at 2 atmospheres pressure. The alr flow rate was
netered using a bank of rotameters in parallel.  This is shown in Plate
5.  Metric series rotameters T, 1b, 2L, 35, 47 and 65 were used in
conjunction with duralumin (A4) flosts. A Koronite float (K) was
available also for rotameter 65.

Fach rotameter could be separately isolated by 12 inch bore Q.V.F.
diaphragm valves upstream and downstrean. Control of the flow rate was
effected by a 1 inch bore Saunders diaphragn valve, upstrear of the rotameter
bank. It was nob possible to control the air flow rate using Q.V.F.
diaphragm valves, as an insufficiently long run of straight pipe was
availeble between rotameters and valves. This caused the rotameter floats
+o rotate in a corkscrew manner, giving an elevated scale reading for the
flow rate. A quick action ball valve was sited between the Ssunders valve
and the rotameter bank so that air could be turned on and off without
readjustment of the flow rate, if required. A flow diagram of the apparatus
is given in Figure 9.

Pressure neasurement was nade using a nmercury U - tube. The
pressure tepping was from a 5/16 inch glass tapping into a 1} inch diameter
Q.V.F. T - piece below the 47 rotameter. This arrangement was quite
satisfactory. A T - piece was constructed out of 12 inch bore copper,
having three 1/16 inch pressure tappings upstream of the T stem. o

difference in pressure measurenent was found between the two T - pleces.
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The Rotameter Manufacturing Company issue calibration charts for
each rotameter. The cherts show scale reading ogainst flow rate at
e . o .
76 cn. Hg and 15 C. To convert the flow rate at different operating

pressures and temperatures, equation E 1 may be derived from the theoretical

rotameter equation:

{ [ p B 2
| Gd = Q (... | 288 _0.17 Ib/hr. ft ceneeesB 1,

A book of calibration data is alsoc published by the Rotameter
Manufacturing Company. This method of flow rate measurement gives the
fluid flow rate Q@ under the coperating or measured conditions. This
involves a somevhat lengthy calculation.  Firstly, the impedance cof flow
is calculated:

I = logy, Ky v %0 + b

=4
N

coove e sl

w(oﬁpf)

From theoretical charts of intensity against scale reading, values of f

ﬁ are interpolated linearly. Secondly, the fiducial flow F, is calculated:

T
I = K ‘“ o) (0 »-l pu—i ceeesesll 3.
T 2 / . F
J 00

‘ The flow rate Q at the operating conditions is given dby the product FTf°




A programme for the PDS 1220 computer wns written so that G could e
, ot
slculated. directly for the 4 inch column. The programme, shown as

c

Computer rrorrarme 4, Apnmendix 3, incornorates o calculation of Ve and

Pe for air under the operating conditions. The computer method of
calculation very much simnlifies the procedure for determining flow rates
by this method.

Te compare thie accuracy of the twe metheds, an independent
calibration was made with venturi meters. Twvo venturl meters accurately
calivrated for flow rates from O to & and O to 50 fta/min. at 60°F and 30
inches w.z. were used in conjuncticn with inclined peraffin menometers.
The comperison of this calibretion with the rotameter calibration charts is
shown in CGraph 10, Teble &, Anpendix 3.

Yo rravhical camparison of flow rates calculated using equetions

¥ 2, B 3 and the ¥ factor, with the venturi meter results, is made. Using
R.S. 1042, the calibration of the venturi meters was calculated to be within

- v . .
the exmected - 3% tolerance. Rotameler fliow rates comp hared closely. using

equations B 2 and E 3, and were within the tolerance.

.

1t was concluded that, for the 3

2

nd larcer rotometers,
the calibration charts,

aleulated by the
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A1l air flow rate results presented

colibration catn method, using Cormuter nrograrmme b,




(c) Temperature Measurenent

The measurement of gas temnerature is difficult. At high
temperatures, the sensing element will receive heat by forced convection
from the gas. Further heat transfer will cccur by radiation to or from
the containing walls of the systenm.

Gas temmeratures encountered in exneriments were of the order

. -

of 10000. Cas velocities were relatively hipgh, providing good convective

heat transfer to the tecmperature sensing elenent. It was decided to use
chromel-alumel therriocourles, with bare junctions exposed to the alr strean.
It was considered that radiation errcrs in temperature measurement hy this
nethod would be low hecause cof the lov temperatures encountered and the
small area of the sensing element.
A Aiarrarmatic representation of the thermcccéuple temperature

recording circuit is given in Firure 8 B. It will be seen that this

rangement reguires -one cold juncticn only. To reduce the length of
thermocouple wire between the temperature measurement position and the
palvanometer, connections were mede to single strand corper wire in a strin
connector junction hox. This box was thermally insulated with expanded
nolystyrene. This system ensures that the law of intermediate metals is
ocbeyed, as the copper to thermocouple wire connections for hot and cold

juncuions are at the same temmrersture.

Tc ensure that no other spurious veoltaic effects were present |

the cold juncticn was sealed in a glass tube. As the cold junction was at
the ice point, this was a necessary nrecaution te eliminate corrcsion by
water {63). Both hot and cold juncticn leads were electrically and
thermally insuleted with P.V.C. sheathings and brought side by side tc the
junction box and galvanometer.  This reduces the mossibility of the two

wires from a themocouple junction being at different temperatures.
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Thermocouples were made by the method of electrical discharge.
Comparison of thermocouple thermo-electric characteristics with those
given for chromel-slumel thermocouples in B.S. 1827 showed the electrical
discharge method to be a satisfactory method of making thermocouples.

The probe thermocouple shown in Figure &4 was a proprietary mineral-
insulated thermocouple of § inch diemeter. With the same cold junction
thermocounle at the ice point, each hot junctior thermocouple E.M.F.

was measured at the ice point, the transition point of sodium sulphate
decahydrate, and the hoiling point of distilled water. The corresponding
temperatures and E.M.Fs for chromel-alumel thermocouples are 0°C and

0 n.v. ; 32.38OC end 1.298 n.v. ; and 100°C and 4.10 m.v. Each thermo~
couple was found to agree closely with the published results.

The measurement of thermocouple E.M.F. was made initially using o
portable D.C. potentiometer; type P 3 by the Croydon Precision Instrument
Company . This instrument enasbled thermocouple E.M.F.s toc be recorded to
within 10 microvolts. In practice, it was found inconvenient to use this
nultipeint selector switch and potentiometer system as a high degree of
dexterity was required to record tenmperatures and menipulete the melting bed.

Terperature messurement was made continuous, using a 16-point
millivolt recorder by George Kent Limited.  As thermocouple selection is
automatic on a 2 minute cycle using the Kent recorder, modifications to the
circuit diagram given in Figure 8B were required. The cold junction alumel
lead was connected in parallel to the hot junction alumel leads at the
Junction bhox. Copper extension leads from the chromel leads of the cold
junction and hot junctions were taken to the Kent recorder. The cold
junction lead was connected in parallel to the negative terminals in the Kent
recorder. Hot junction leads were connected to the positive terminals. To
nake use of all 16 points in the recorder cycle, hot junction leads may be
connected in parallel in the Kent recorder.

Using a chart spen of 0 to 3 m.v. with O or 50% zero suppression and
a chart speed of 1 inch per minute, a point resolution of 0.0l m.v. or about
0.25°C was nossible. This accuracy was considered to be sufficiently high

for the present experimental purposes.




(3) Manufacture of Granular Solids

To £ill a Y4 inch diemeter coclumn to a depth of 1 foot requires
over 1,000 spheres of 3 inch diameter, =ssuming 2 void fraction of about
0.4, A method of manufacturing lerge quantities of granular solids was
therefore required.

Attempts at casting spheres of stearic acid using a split clay
nould were unsuccessful. Spheres produced by this method were severely
nis-shapen. To investigate the solidification of stearic acid further, a
boiling tube containing stearic acid flckes was suspended in an oil bath
at 9OOC. The cil bath temperature was progressively reduced to room
temperature over a period of 12 hours. It was found that large voids
entered the stearic acid on shrinkage and solidification.

An attermpt was made to manufacture spheres by barrelling. That 1is,
pieces of stearic acid of irregular shape were placed into a cylindrical
container, which was then rotated for a period of time. This method
proved unsuccessful, as many hours were required tc change the shape of the
solids to a smell degree. This method wss considered of little value due to
the length of time required and difficulty in producing uniformly sized
solids. Tnclusion of porcelain balls intc the drum caused break-up of t
solid.

Injection moulding was investigated tc evaluate the plastic
preperties of stearic acid.  This showed stearic acid to be insufficiently
plastic on sclidification to allow the manufacture of granular solids by
injection moulding.

The only remaining method of granular solids manufacture is by
pelleting. An evaluation of this method was attempted after the failure of
other methods. The availsble pelleting machine was a 12 ton single /
impression horizontal hydraulic pelleter, manufactured by 5.I.P.Engineering
Limited. The machine was designed to shape phenolic resins into pellets of

1.1 inch dianmeter.
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The principle of operation of the B.I.P.E.L. pelleter is as
follows. The die is situated horizontally in a moving crosshead to which a
powder hopper and reserveir are attached. A fixed punch projects into
the powder reservoir. On the filling stroke. the crosshead moves towards.
the fixed punch, and a charge of powder is pushed into the die. The size
of the powder charge may be changed experimentally by adjusting the
hydraulic ram to elter the length of the moving punch. The distance between
the fixed and moving punches governs the size of the powder charge admitted
to the die, as the moving punch prcjects through the crosshead and die into
the powder reservoir prior tc the filling stroke.

After the die has been filled, the hydrsulic ram exerts a pressure
of up to 12 tcms absolute on to the moving punch to compress the powder.
The moving punch retreats to leave the pellet on the face of the fixed punch
in the die. The crosshead and die then move further over the fixed punch,
until the pellet is pushed out of the die. The pellet is then removed
frorm the fixed punch face by an automatic doctor knife.

U

sing small spheres of pure stearic acid as representative of the
fatty solids to be nelted, pellets of 1.1 inch diameter were nade. In
general, the pellets were of a consistently high quality. Some tendency of
the pellet tc adhere to the moving punch was observed.  This was attributable
to blemishes on the runch face, as adhesion of pellet to punch was much
reduced after polishing the punch face with jewellers' rouge.

It is necessary to reprocess the solid after melting into a
pelletable form. Solid was broken up using a hammer mill.  This was

. 1 . -
found to produce a powder containing lumps of up to i inch diameter. It was

found from experinment that unless a sieve fraction up to i inch diameter was
used, bridging of powder in the pelleter hopper occurred. The pellets made
from solid reprocessed in the harmer mill were of a particulate comsistency.
coherent, but irregularly sized. Knacke and Pohl (Gk) state that the

rllct strength decreases as the powder size increases . Jaffe and Foss (65)
state that, apart from granular flow properties, the powder narticle size has
no bearing on its ahility to form pellets. Visual observations of the

present work tend to support Jaffe and Foss.




Figure 10.
Peliet Approximating To A 1/2 Inch Sphere.

Punch

Punch

T

corners removed
by barrelling.




It was found from experiments that flakes of stearic acid

inced apgglcmerate snd cohesive particles.
Entrained air in pellets was found to be shout 3% by volume. A machine

to produce flakes was developed from a machine de signed to meke milk flakes.
It was necessary to cperate the machine at atmosphe ric pressure. using

soling water in the rollers.

initially in flake form. Reprocessed flake pelleted well when warm,
but produced pellets that did nct cohere until cooled. It was discovered
that stearic acid and cetyl alcohol flakes beceme moist when ccoling in or

simply exposed to open laboratory conditicns. Slightly roist powder or

=

flake caused irregular flow and eventual bridging of flow in the pelleter

horper, stopping the flow of powder or flake to the die, This 1s an
unsatisfactory state, as irregulerly sized pellets are produced, with the
inevitable contact of the two punch faces when powder flow ceases. In
consecuence, reprocessed flake was hermetically sealed in polythene bags

cool.

It was considered that pelleting should be extended to the

-
=3

manufacture of spherical pellets. To make this type of pellet, the punch
faces need to be deeply recessed. It 1s necessary to have the punch recess
i ameter less than the die diameter sc that the punch tips are not
exceassively thin. The best pellet that may be made, approxinating to e

} inch sphere, is shown in Figure 10. The sharp corners of the raised
rniddle of the pellet mey be smoothed down by barrelling.

Pelleting of stearic acid and similar fatty substances is not
considered casy (66). The plate-like crystals of stearic acid are
believed to be poor trensmitters of radial energy. For this reason, the
stearic acid exhibits poor flow properties at low compression. and does not
form good tablets. Further difficulty is caused by internal strain in the
pellets, produced by recessed punches {(57). There is, therefore a
tendency for mellets to fracture in a plane normal to the direction of

compression. This has been found in the present experiments, and 1s more

pronounced with so~-called spherical pellets.




Using flekes, it was found experimentally that an operating pressure

spherical recessed punches. was the

ct
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v
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of sbout 2 tons absolute, for
optimun operating pressure. Relow that pressure, pellet fracture was

COTmOon . Above 2 tons pressure, pelleting material extruded explosively
between the punches and die. This extrusion tended to cause blockas

of feed from the hopper tc the die during subsequent pelleting cycles.

With pressures ebove 2 tons, further pellet fracture was caused by
adhesion to the moving punch. The majority of the pellet remaired in the
die until pushed out by the die meving over the stationary punch.  The
nellet was not withdrawn entirely with the moving punch, as friction between
the pellet and die was greater than the adhesion of the pellet to the
noving punch,

Train (68) has observed from experiments that the trensmission of a
compressive force is lowest directly under the centre of the moving punch.
Weak pellet bonding in this region. therefore, could be the cause of pellet
capping; that is, part adhesion to the noving punch. Experiments have
shown that when the adhered deposit on the moving punch builds up with
repetitive pelleting, the deposit occasionally clears. becoming part of the
pellet. This suggest that the regicn of low pressure transmission is no
longer present.

A further difficulty was encountered in ejecting the pellet from the
fixed punch recess. The doctor knife was not feasible, as the pellets
fractured, being unable to escape from the recess. Various attempts =zt
ejecting by attaching plastic ancd rubber cushioning materials to the doctor
knife were unsuccessful. Whilst the pelliet was released, 1t weas prevented
from falling free by the cushicning material on the ejector tip.

The doctor knife was replaced by an air jet. This was a geood
.

nethod of pellet ejection., as 1t removed the pellet repidly. The major

difficulty was excessive noise caused by the air jet impingings on the sharp

euge of the stationary punch face,




It was decided to try to reduce the adhesion of the pellet to the

runches so that a low pressure eir Jet ejector could be used. Silicones,

Cae

such as Midland Silicone Releasil 7 and high vacuun grease. and I.C.T.
1

i
Silicone fluid Flllwere successful for single compressions, bhut caused
pellet contaminaticn. Semi~- permenent siliccne preparstions Feleasils
86 and 2540 were used. These preparations required short curing periods at
100°C, using stannous octoate as catolyst. Some improvement was made in the
nurber of pellets produced before the punch faces recuired further
attention. The pelleter could operate for sbout 15 minutes. It was
necessary then to disassemble and re-treat the punches. This represented
o considereble expenditure of time for the production of relatively few

ellets.,

The recessed punch faces were coated with sintered P.T.F.E.. =
recognised non-stick surface. The sintered surface was apparently porcus,
as both stearic acid and cetyl alcchcl compacted on to both punch faces.
The P.T.F.E. coating came off the punch faces very quickly. Siegel et 2l
(76) have used P.T.F.E. tipped punches, but found the tips permenently
deformed under rressure.

Attempts were made to stick P.T.F.E. and polythene sheet to the

3 inch flat-faced punches to make cylindrical pellets. The ndhesives

used were epoxy resin, various impact adhesives, and Midland Silicones
Silastosenl A. It was not found possible to attach the edges of the sheet
sufficiently strongly to the punch faces.

I+ has been cbserved by other workers (€9, 70, 71) that the polar
portions of long carbon-chain molecules, such as stearic acid and cetyl
alcohol. adhere to metal surfaces. Strickland et 21 (72) chserved that
stearic acid, used as & lubricant to reduce pellct-die dynamic friction

adheres strongly to metel surfaces.




In the pharmaceutical industry, when it i3 necessary to pellet
it

difficult nowders., it is usual to use punches tipped with phesphor bronze,

having an amalpgen on the pelleting faces (73, 7h, 75). Punches with

b

phosphor bronze tips were cbtained in order to make 7 inch diameter
spherical and cylindrical pellets. The flat-faced punches for cylindrical
pellets were found to work very well. After a period of amalpenm renewal,
the phosphor bronze tips begen to spread. This was undesirable as
frequent disassembly of the pelleter was required to remachine the punch
tips. The phosphor bronze tips of the recessed punches were unable to

withstand the compressive forces applied during pelleting. The tip of the

Cu

moving punch developed a slight crack, which erncouraged a build-up of

3

elleting material.

It was considered that the amalram presented a surface to which the
polar portions of stearic acid znd cetyl aleohol molecules did not adhere as
easily as to the ususl chromium-plated surface, The possible explanation
for this is the low position of mercury in the electromotive series.
Mercury will not readily form an oxide coating, as will the usuel chronmium-
plated finish., The polar groups of the stearic acid and cetyl alcchol
nolecules nay be expected to have less encouragement, therefore, to adhere
to the punch faces.

The chromium plating on the criginel recessed 3 inch punches was
removed by ceustic soda solution, and the punches were copper-nlated.
Usingz an analpen on the polished copper-plated faces of the punches proved
to be an inprovement over any cther method theat had been tried. The
copper plating softened with continue? renewal of smaigam and eventually
came off the punch faces. The next loricel ster was to plete the punch
ffaces with silver., which is lower than mercury in the electromotive series.
The silver plated finish was pcor, and came off the punch faces after

about two hours of use.
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This is the extent to which the pelleting of stearic acid and

cetyl alcchol has been devlecped. Little and Mitchell(77) sive & recipe

el

fer the convenient pelleting of stearic acid, using varicus inorganic
binding materials. A pellet produced in this way would have unknown
thermeo-physical properties, would leave a solid residue on meltine, and

would be, therefore, of no value to the present research. About 1 cwt.

each cof stearic acid and cetyl alcchol have been passed through the B.I.P.E.L.
pelleter. Tt is considered, after this work. that the use of silver

nlated punches with a smooth ccherent finish, may be the best methed cof

pelleting stearic acid end cetyl alcchel for the present purpcses.
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(e) Operation of the Melting Bed

The hot air supply was fed from the electrical heater to
the empty column for several minutes. Mis-shapen pellets were
fed by hand onto the bed support grid, as shown in Figure 8A. The pellets
were added slowly, care being teaken to ensure that the column walls were
not hot enoush to melt them. When melting is started in a warm column,
it is essential that pellets must not melt duc to heat transferred from
the column walls, and then re-solidify as the cclumn walls approach
their steady state temperature. This werm start-up procedure was an
attempt to reach equilibrium more quickly. Mis-shapen pellets were
used in these initial stages due to the shortage of pellets caused by
their time consuming menufacture. As equilibrium was reached, shown
by steady temperature records, the column was filled to a height of
2 feet with pellets of acceptable shape.

The pool of melt at the melt outlet was maintained, using
a Q.V.F. stop-cock valve for intermittent melt pcol volume control.

A pocl of melt was considered to be an effective way of sealing the melt
cutlet against escaping gas. Solidification of melt invariably cccurred
in the valve, meking this method of control unsatisfactory. 2~ hetter
procedure was found to be a swan's neck syphon outlet, to maintain a head
of melt, and bhalance the column air inlet pressure against atmospheric
pressure. By this means, a more constent discharge of melt is obtained.
Solidification of melt in the syphon tube was overcome using a Bunsen
burner flame. An improvgment would be to use an electrical heating coil
round the syphon tube outlet.

Considerable difficulty was found in maintaining movement of
solid down the bed. This was attributed at first to excessive heat loss
at the column walls, causing solidificetion of melt and the development
of bridging scross the bed. Frequent rodding down of the bed was required.
Heating tape was wound round the column in an attempt to balance the
heat loss and leave the contents of the bed visible thrcush the ccolumn
walls. This was unsuccessful, as the solids flow was not improved,
and a thermocouple probe in the centre of the bed reflected a heat input
from the heating tape through the column walls. The methcd of heat loss

calculation from the column walls is indicated in Part (ii,») of this
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section.

The division between melting and preheating zones was readily
visible through the column walls. It was observed also that the
height of the preheating zone tended to 1lncrease as the experiment
progressed. The thermocouple probe indicated temperatures in this regilon
higher than the solids melting temperature. This method of temperature
scanning the bed did not help to determine the extent of the melting
zone. It was observed eventually that melt hold up was teking place
on the bed support. The bed support wasmade from 8 mesh, 17 S.W.G. wire.

Air, on entering the bed through the mesh, was entraining droplets of

melt and transporting them up the bed. Such droplets solidified on reaching

column walls or solid at temperatures below the melting point. Adhesion
of the pellets to each other in this menner hindered their movement

down the column, as they rust descend as a sclid unit under these
conditions.

Melt droplets were transported up the interior of the bed, and
not at the column welis. This was because the melt hcld up was
constrained at the centre of the support mesh. The reason for this
constraint is probably that the air flow is lowest at the centre of
the column, due to wall effect at the edges. Droplets, appearing
at the column walls above the melting zone, solidified and prevented the
bed from moving down the column as melting progressed.

To allow free Arainage of melt. the bed support was replaced
by a & inch clear mesh of 14 S.W.G. As melting progressed, there was
a slight tendency for pellets to fall through the mesh. Movenent of the
bed was found to be intermittent, in steps of about 3 cms.

A total of 10 melting bed runs was made. No successful
results were obtained. Runs failed mainly because of bed blockage. This
occurred through transportation and solidification of melt droplets. At
low gas flow rates the bed failed to reach equilibrium before the supply‘
of pellets ceased. It is considered that melting beds in future cculd

be successfully operated having the gas inlet above the hed support.

1




FIGURE Il DIAGRAMMATIC REPRESENTATION OF MOVINGI BED
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(ii) Movins Bed Heat Transfer (a) Comstruction of Apparatus

The moving bed apparatus may be seen in Pletes 1 and 2, and
diagrammatically in Figure 11. This apparatus was designed and built to
study the heat transfer of moving beds. It has been seen in Section B
that few data are availeble in this field. Probe scans will nct give
temperatures that can he identified as pas or sclids temperatures, due to
radiant and convective heat transfer. This difficulty is similar to that
previously discussed in part (i,c) of this section. It is not possible,
therefore, to perform =0ving bed beat trensfer aralysis in a nelting bed.

The moving bed column consisted of either a 3 or L inch A.V.F.
section. Hot air was admitted through 2 side arms each of 13 inch dismeter.
It was necessary to provide for a continucus downflow of solids and an upflow
of gas without any gas escaping down the cclurm. Kuong (78) and Pilpel (79)
have reviewed research work con the discharge of fine grains through an
orifice. Crains flowing under these conditions are considered not to be
in contact with each other. The concept of shear force and head of
fluid in fluid flow is not valid in this context. That is, for a given
system, the rate of flow of grains throusch en orifice is independent of the
bed height.

L 6 inch Q.V.F. vessel to contain grains of silver sand , was
asttached below the meving bed section. The moving bed of spheres rested
on top of the smallerparticles, to move down the column and into the
6 inch Q.V.F. column as the sand flowed out. Four orifices, two each of
} inch and 5/16 inch, were provided in a rubber bung for this purpose.

By this means, = steady flow of solids in the moving bed was obtained.
The solids in the nmoving bed were chserved to Dbe in plug flow. This
is in agreement with Dentcn's experiments (80C).

A more consistent flow rate of spheres in the m ving bed was
obtained on replacing the silver sand by srall gless ballotini of about
i mm, diemeter. The flow rate of solids in the moving bed was determined by
timing the addition of known weights of spheres. The maximum variation
in solids flow rate wes 5% at sbout 300 1b/ar., with virtually no variatiocn

at 4,000 1b/hr.
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A lerge bag of thick polythene was tied +tightly over the

ballotini outlet. This served to catch the flowing ballotini, and

to prevent any air from flowing down the column. Runs ceased when all the
ballotini haed draired into the polythene bhag.
Measuring the air temperature at the two hot air inlets to the

moving bed column, as shown in Figure 10, was unexpectedly difficult. Hot

air passed through a series of 90O bends on each side of the column tefore
¢ptering the bed.
by the bends.

to the outside of the bends was lowest.

Even at Reynolds numbers of about 5,000, air was stratified

The air temperature at the column sir inlet corresponding

geveral

The

Temperature differences of

degrees centigrade were measured across the diameter of the air inlet.
explanation for this phenomenon is that for a length of travel of zbout

6 feet, from the heater tc one air inlet of the colurm, the hot air supply
is stratified, with the maximum veloeity at the outside of the curves.
More heat transfer between the hot air and the containing pipes, and hence
ambient conditions, takes place with the higher velocity air. The air feeds
on each side of the

The

column were progressively stripped back till they met
at the heater. terperature change across the pipe diameter was

measured and was cbserved to progressively decrease.

This
by lagging the

problem of air inlet temperature distribution was overcome

One

air inlet pipes and by the use of two sir mixers.
such air mixer is shown on the right hand eir inlet in Figure 10. A length
of 1 inch i.d. copper tube of about 1i inches was blanked off at one
end with 1/16 inch brass sheet. The open end of the 1 inch tube wes

soldered to a 1 inch diameter hole in a circular plete of 1/16 inch brass
sheet of about 2} inches diameter. Holes were drilled in the brass plate ,
to correspond to 13 inch Q.V.F. flange bolt holes. Four holes, each of & inchl
diameter, were drilled at each quadrant, 5/16 inch from the blanked-off u
end of the 1 inch copper tube.

between two 1} inch Q.V.F.

The completed air mixer units were placed
gaskets, =nd bolted between two 13 ineh
Q.V.F. buttresses. The air mixers were positioned sc that the four holes
near the blanked-off end of the copper tube pointed towards the moving bed.

"sing the air mixers, the two air inlet temperatures were measured to
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0
Terperature scans across each alr inlet

within 2 C of each other.

showed slight temperature changes only.
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(b) Operation of the Moving Bed

The 6 inch diameter Q.V.F. section below the moving bed was
filled with fine ballotini. The ballotini were freshly sieved to remove
agglomerates and extrancous matter. This encouraged a more uniform flow
cof balleotini out of the rubker bung.

The apperatus was allowed to reach a steady thermal state, with
hot air passing through a fixed bed of slass or ceramic spheres placed cn
top of the fine hallotini. The plass spheres were 6 mm. and 12 mm.
diameter ballotini. The ceramic spheres were 3 inch diameter porcelain;
that is, alumina ceramic.

The steady thermal stete was reached when the gas outlet
temperature from the column ceased to rise. The difference in temperature
between the gas inlet and outlet ccrresponds to the heat lost from the

column walls. This difference was found experimentally to be less than

10 . e o .
2°C, in all cases. The minimum temperature drop Letween gas 1nlet and cutlet

during the moving bed experiments was found to be about 20°C. The figures
are given in Table 13 , Appendix 3. The heat lost from the columm walls
reletive to the heat traemsferred from gas to solid is, therefore, 23%
at meximum, This figure was considered low enough to be neglected in
the evaluation of heat transfer results.

The heat lost from the colurm walls was low because the cclumn
was lagged by two thicknesses of 1 inch asbestos rope wound tightly
round the column. MchAdems (57) indicates how e heat trausfer ccefficient
nay be determined to calculete the heat lost from a vertical cylinder by
natural convection and radistion. For an unlegged column, a heat transfer
coefficient of 2 Dtu/hr ftg p mey be calculated as realistic. It will
be seen in Section F that a column height of 3 inches was used. If an
average temperature difference between the colum walls and ambient alr
is taken as l?.OOF9 the hest lost through the column walls of outside
diameter 43 inches is about 70 Btu/hr. The heat transferred from the gas

in the column is G.c. (Tpi - T ). TFor a minimum gas temperature
S ) (&)

o, - o . .. . .
drop of 20°C i.e. 36 F., in & 4 inch i.d. colurm during moving bed
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experiments, the heat transferred by the gas is G c,xm

g & "I.,

A specimen value of chE of 250, representative of an experimental mean,

gives the heat transférfed by the mos cqual to about 200 Btu/hr.

The column lagging is, therefore, very effective. It is
suzzested in future experiments that before a rmoving bed experiment begins,
the temperature difference between the gas inlet and outlet should
: corrected by heat input from an electrical heating coil wound round the
column.

A further discussion of the measurcement of solids and gas

;-'
'

outlet temperatures will bhe given in Section F.
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SECTION F  RESULTS

(i) Determination of Glass and Alumine Thermophysical

Propertics

.

The required thermophysical properties of the 12 mm. and 6 rm.
glass spheres and 1 inech slumina ceramic spheres are the heat capacity and
thermal conductivity. Accuratc measurement of +hese gualities is difficult
and requires snecialist equipment. Specific heats and thermal conductivities

were Acternined after a litersture search.

Alumina ceramic

The particular alumina ceramic used was Regalox, nmade by Royal
Worcester Industrial Ceramics Lta. Regalox was measured{éas;g;ific gravity
of 3,45, and contains 88% by weight of aluminium oxide (89). The
International Critical Tables (81) classify such an alumina ceramic in the
general class of porcelain, and assipgn an average heat capacity of 0.2
Btu/lb °F. Wilkes (82) gives an average value of 0.206 Btu/lb °F between
30°C and 100°C. Searle end Grimshow (83) give an average value of 0.2
Btu/1b °F for all aluminas between 3°C and 48°. Coldsmith et al (8k) give
extensive graphical data of heat capacity and temperature for alumina ceramics.
The dszta of CGinnings snd Corruccini (85) for corundum, impure alumine. are
representative of that given by Goldsmith et al. These data are given in
Table 9, Anpendix 4. The five points given in the table were fitted to a
guartic equation, to enable computer calculation of averase heat capacities

for specific runs to be made.
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The resulting equaticn is:

Cg (etmina) = 0.1730 + 5.18 x 1ONhT . 9.89 x 10 T1°
+3.98 x 10 1903 - 3,79 x 107120
o-e...,}?' l

Temperatures are nmeasured in degrees centiprade. for
convenience, as exnlained in Section E.

The search 1n the literature for a representative thermal
conductivity cf Repalox was more éifficult. Powell (86) and Pomper (E7)
fFive graphicanl results for the thermal conductivity of various high alumina
ceramics with temperature. It is evident that alumina commosition., as shown
by the ceramic density, has a sreater influence on thermal conductivity
then heat coarncity. High density sluminas have hipgh thermal cenductivities.
The work of Sroke and Koenig (88) was seen to illustrate this neint further.
Their results are given in Table 10 and Graph 11 of Aprendix 4.  Royal
Worcester Industrial Ceramics Ltd. (89) give one thermal conductivity value
for Regalox of 5.57 Btu/hr. ft. °F at 19500. It is evident from Greph 11
that the results of Smoke and Koenisg's specimen 8 may be extrapolated with Vf
confidence to the single Regalox value. Equation F 2 has been obtained by (

2 linear least mean squares fit of these results: !

k = 7.3 - T_/111.2 RS




!
.
- 80 -
Glass ballotini :
Glass ballotini of dismeter € mm. ond ebove, as supnlied
by the English Glass Co. Ltd.. are nade from soda lime pglass. A formula
. . . e} o] ;
for the average heat capacity of the ballotini glass between 20°C and Ts C i
is given as (90) : v
. . .
o : 0.00051 T+ O.1749 |
csm (TSB 20 C) ' S ___‘__2 '0‘6!00F3 “.
S 0,006 T+ 1 : N
. 5 i : _
Equation F 2 is consistent with the general equation Ffor plass heat capacity
. S - . o o
given by Sharpe and Ginther (91) for heat capacities between O C and TSLC:
(r,0%c) = jaT o+ ¢ | U
Com ‘7g° : (" s o
; p :
L0.001k6 T+ 1.
o S .
o . . . . . . o 0. 5
Sharpe and Ginther's equaticn 1s apnliceble in the range 0°C to 1300°C. i
i
. . . . , i
It 1s desirable to exnress equation F 3 in general form, to calculate the ‘
. . e o .
average heat capacity from an 1nitial tempersture other than 20 C. Usling !
the relationship:
m
1 ;s |
& T, T = e ; ¢ ar S Wi
sm ( s? l) : s 2 -
T - T -
S 1 Ji
1
|
and equation F 4, it is readily shown that the constant a is temperature
independent.
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The constant ¢ in equaticn F 4 is dependent on the datum temperature
chosen and it may be easily shown that the values of ¢ for the given

datum temperatures are related by the following equation:

| | T, -
c, = o 3»0.0011;6 T, o+ 1 i . a(T, T,) Y
| 0.00146 T, + 1 | (0.00146 T, + 1) ‘
%
PR 3
F 0
il
i1

Also, the mean heat capacity between temperatures Tl and TQOC nay be N

exnressed as:

- .~ in B
szn(iég Tl) = 2's 171 R L ,
. m
T 1
Using the ¢ and a values of equation F 3, ¢, and.C? were found
in terms of Tl and/Tg’from equation F 6. Substituting these values intoc

equation F T, the final equation was derived:

13%%.
. - H ,\u ‘:
csm (Ts° Tl) - ﬁi &
|
i
0.1697 + 0.00051 T 0.1697 + 0.00051 T - h
s TS - ) l _Ll
0.001k6 TS + 1 0.00146 Tl + 1
(Ts - Tl)

F 8
ceceaacl
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No data for the thermel conductivity of the ballotini
were available. The thermal conductivity of glass is an additive preperty
with respect to its chemical constituents (92). The ballotini manufacturers
would not reveal the glass composition (23). The 6 rm. and 12 mm. ballotini

-

were chemically analysed (94%) to give :

810, = 71.78%
Ca0 = 4,607
Na,0 = 13.48%
K,0 = L .39%
BeO = b.,02%
Mr0 = 0.20%
Fe 0., A12033 Ti0, = 0.39%
S0, = 0.48%
Sbée _ = 0.487%
Deficiency = _0.38%

Using Fatcliffe's apddition formula (92) which is considered
accurate to less than 5%. the thermal conductivity of scda glass ballotini
was calculated at -~100, O, and lOOOC. These results are compared
graphically with values given in the literature (97, 98) for pglass beads.
This comparison may he seen in Graph 12 and Teble 11, Appendix 4. A
quadratic equation was fitted to the scda pglass ballctini results, to give

the following equetion:

ks = 0,541 + 9.33 x 1o"h T ~ 1,65 x 10 T

e
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e ballotini glass composition was verified by comparing the
measured glass density with the theoretical, as calculated using the
additive composition formula of Huggins and Sun (99). The calculated
and measured values were identical at 2.513 g/cc.  The exact comparison
is considered fortuitous., but irndicates the hipgh accuracy of accepted
additive formulae to the calculation of glass physical nroperties.

The constants a and c referring tc equation F 3 were calculated
theoretically using the additive composition formulae of Hugeins and Sun (99)
The given e, value was referred to ey using ecquation F 6. This value was
0.1697, to be compared with the thecretical value of 0.1760 calculated
from the additive formula. The calculated and given values of a were
0.000508 and 0.,00051 respectively, a very close comparison. It 1is
suspected that the English Glass Company's oo value of 0.1749 might be a
calculated value, ancd refer to OOC, Nevertheless, equation F &, derived

from the English Class Company's caquation F 3, was used for calculaticn

nurposes.

TS




'
{(ii) Physical Properties of Air
The thermal conductivity, heat capacity and viscosity of :
air were required. It was necessary to have these dsta in the form of
temperature functions, which nmay be intesrsted with respect to tenperature i
to provide accurate average physical properties of air in the desired renge. i
Five values of temperature data for each physical proverty were taken (100). %
These values are piven in Pable 12, Anpendix k. Each nhysical pronsrty § hr
1
{

wes fitted to a quartic equation, valid in the temperature range 0 C to 116 C:|

. . .G
k= 0,014 + 5.798 x 10 ST ~ 2,841 x 10 Tp2 o k., 220 x 10 Ip3
& o )_‘,r
1.683 x 10 *lT ceoees P 10
c, = 0.2396 + 9.337 x 100 - 7.307 x 107072 + 2,20k x 10713 *
‘ . .| ]
- 1.00 x 107 L P11
& -
M, = 0,047 + 8.719 x 10”5T + 1,190 x 10 L‘Tg ~ 1.607 x 10 8T3
+ 6,49 x 1o”llTh S L

Equation F 12 was used to give an averare value of viscosity
in preference to the Sutherland equaticn for viscosity (62) given in
Appendix 3, as the Sutherland egquation is Aifficult to use when integrated

with respect to temperature.
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Bed Heat Transfer Exncrimental Results

Moving

(a) Mcasurenent of Air and Sclids Outlet Temperatures

It hes been

t=d
ct

mentioned in Sechion hat the sclids outle:

temncrature was measured using a thermoccouple was

elow the

rrobe., The probe

positioned about 2 inches centre line of the alr inlets. The

colunn was well lagred in this position. With no sclids in the column, the

thermocourle was scen from temmerature measurements tc be situated out of
the hot air stream at the inlet. Before starting a moving bed run, it

was observed during the solids warm up nericd that the thermoccunle probe

temrerature lapred well behind the pas inlet temperature., heat being

conducted through the ballotini to the nrobe, When a run commenced, 1t was
observed that the probe temperature rose un to the pas inlet temperature and
remained at that temnerature until

ut of the

the initial charge of solid had nassed

column. The nrobe temperature then fell to reach a steady

©

quilibriuwm temperature below the pas inlet temrercture. This may be seen

re 12, which is tzken from a chart recordins.

The temperature cycle of the probe during the start up period

expected time intervals of the hot bed

it. It

of & run corresmonded to the

reaching the probe and passines 1s coansidered from this evidence that |

the nrobe was measuring a solids temnerature. of heat transfer:

to the probe will have been by radistion or conduction from the solids.,

Voids of air, having a lower thermal canacity on a volumetric basis than

the solids, sre -exnccted to be at the same temperature as the sclids :
If a temperature distribution exists in the solids, the probe should record
The surface temperature. At the sclids temmerature measurement noint

temperature distribution will have evened out to some extent.

s
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At the celumn level where the solids temperature is
read, heat transfer from ras to solid has not tnken place since the
s0lid passed the gas inlet. It is expected that intra particle
temperature distribution will be reduced. Horizontsl scans by the
probe at the scolids temperature measuring heisht revealed v<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>