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SUMMARY 

  

Previous workers have been unable to correlate data on forced 

convection melting of metals or organic solids in packed beds in 

the accepted manner of heat transfer factor or Nusselt number 

against Reynolds number. it was recognised that melting in a tower 

furnace was restricted to a short zone at the bottom so, to 

simplify the problem, Akers (2) simulated the upper zone under 

moving bed conditions. His heat transfer coefficients and those of 

Norton 26) were as much as an order of magnitude less than those 

obtained by other workers using fixed beds. It was considered that 

this discrepancy had to be explained before proceeding to the 

analysis of melting beds. The present work has shown that it 

stemmed from two main causes: dislocations of the bed near the 

walls permitted bypassing of the fluid in the regions of high 

voidage; with long beds the terminal temperature differences tended 

to zero so measurement errors became unusually significant. By 

operation with vessel to particle diameter ratios not less than 

13 and by selection of conditions to prevent small terminal 

differences, data have been obtained for 6, 9 and 12 mm diameter 

glass ballotini heated by air which are in close agreement with 

published fixed bed results. They are correlated by: 

Nu = 0.163 x Re°*934 for 95<Re<1662. 
4 previous model of adiabatic moving bed heat transfer with 

intra-particle temperature distribution has been extended to the 

non-adiabatic case. <A new digital computer approach to solution 

of the model has showm that a previous hybrid-analogue computer 

method was unstable. Digital numerical integration has been used 

for analysis of experimental results and for prediction of general 

parameters which will greatly simplify the design of moving beds.
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SECTION 1 — INTRODUCTION 

While the object of the present work was to obtain reliable 

data for the design of packed bed melting equipment, the results 

are likely to be applicable to a wide range of processes involving 

both fixed and moving beds with heat or mass transfer or both, 

with and without chemical reaction. The following list illustrates 

the scope, 

MOVING BEDS 

(1) Heat Transfer 

Cooling of coal briquettes, lime, cement and magnesia after 

roasting; superheating steam, inert gases and corrosive materials; 

preheating air for high temperature combustions preheating ferrous 

charges to arc furnaces; melting aluminium, copper, zinc, lead, 

antimony and steel prior to casting. 

(2) Chemical Reaction 

Roasting sodium bicarbonate to carbonate, gypsum to semi- 

hydrate, ammonium polyuranete to uranium dioxide and phosphate 

rock to phosphorus; reduction of uranium trioxide to dioxide with 

hydrogen; thermal and catalytic cracking of hydrocarbons and 

subsequent burning of carbon off the catalyst; calcination of 

limestones producer gas and water gas generation; coal carboniza~ 

tions high pressure gasification of coal; blast furnace reduction 

of iron, nickel and lead ores; mineral wool productions copper 

matte extraction from sulphide ores; coal briquetting. 

(3) Mass Transfer 

Absorption of hydrocarbon vapours and subsequent recovery$



Separation of methane and hydrogen sulphide from hydrogen; drying. 

FIXED BEDS 

(1) Heat Transfer 

Waste heat recovery in regenerators; cooling of nuclear reactor 

fuel elements; heating of helium and cesium mixtures to high tem 

peratures for magneto-hydro-dynamic power generation. 

(2) Chemical Reaction 

Catalysis; nitric oxice formation. 

(3) Mass Transfer 

Absorption; chromatography; distillation; drying; leaching. 

With such a wide range of application, fluid to particle heat 

transfer in packed beds is obviously worthy of further study.
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SECTION 2 — LITERATURE SURVEY 

Zeit Melting Beds 

2.1.1 Metallurgical aspects 

Although Ross‘) provided the initial stimulus for the work at 

(2) Aston‘ ”’, the industrial significance of melting in moving beds 

was demonstrated by work carried out in the British Gas Industry 

on non-ferrous metals. 

Until the late 1950's there were three basic types of furnace 

suitable for melting non-ferrous metals, both scrap and ingot: 

(1) Reverberatory 

Originaily solid fuel fired (either coke or anthracite) but 

by then usually by liquid or gaseous fuels. 

(2) Crucible 

Same fuels as reverberatory furnaces. 

(3) Electric 

Usually induction heated. 

Induction furnaces offered thermal efficiencies of up to 80% 

compared with only 30% and 15% for reverberatory and crucible 

furnaces meapaltively(%’ 3 However, fuel and capital costs favoured 

the latter two except where the charged metal was likely to suffer 

serious oxidation by combustion gases. 

The thermal efficiencies with liquid and gaseous fuels in 

similar furnaces were not significantly different but the price 

differential between manufactured towns gas and oil was heavily 

weighted in favour of the latter. The same was true of other 

heating processes, both industrial and domestic. Not surprisingly,



the gas industry was continually losing ground. However, the 

introduction of the Lurgi process for the high pressure gasifica~ 

(4,5) tion of coal and later the application of the I.C.I. synthesis 

(6) gas process to towns gas production provided contact with the 

chemical industry and demonstrated the great advantages of continuous, 

counter—current processing. This principle was soon applied to 

the problem of melting non-ferrous metals, particularly aluminium, 

in the hope that the lost customers could be regained. 

The objective was the development of processes with higher 

melting rates than reverberatory and crucible furnaces for a given 

size and capital cost and operation at much higher thermal effi- 

ciencies. It was further hoped that the processes would overcome 

several other problems inherent in conventional furnaces: 

(1) Metal Loss by Oxidation 

The oxidation of copper can be reduced by substoichiometric 

operation of burners but this is not possible with aluminium as 

reaction with water vapour in the products of 

combustion also occurs: 

4Al + 39, > 2410 

2Al + 3H,0 + A1,0 
3 

3-7 Bo 

However, it was felt that oxidation could be minimised if time of 

contact with combustion gases was reduced and overheating of metal 

avoided. 

(2) Hydrogen Pick-up 

The solubility of hydrogen in molten aluminium increases 

(7) rapidly with temperature and on subsequent solidification, 

"pin—-hole" porosity occurs. Thus melt temperature and time of
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contact with combustion gases must be kept to a minimum. 

(3) "On-Stream" Time Delay 

The normal practice of holding large quantities of melt at 

casting temperature outside normal working hours or when casting 

operations are delayed is conducted at zero thermal efficiency. 

With rapid start-up and shut-down molten metal would be available 

"on tap" and holding would become unnecessary. This would lead 

to additional benefits of improvement in working conditions as 

would the low exhaust gas temperatures obtained at high efficiency. 

The first step towards the ultimate goal was taken by Lawrie 

and Fecel?, Initially they used a reverberatory furnace in which 

the convective heat transfer was increased by impingement of flame 

gases on the charge. The fuel efficiency was claimed to be 44%. 

They later constructed a furnace as an inclined refractory 

tunnel with a burner firing through it from the lower end and 

metal charged in ules oecur caw’ eee Thus the convective component 

was increased yet again but the inclined tunnel did not make full 

use of the packed bed principle,i.e. bypassing of gas in the space 

between the roof and the charge occurred. 

(10) carried out a comparative study of radiation Watson and Glen 

and convection melting. After preliminary trials, they built a 

convection melter as shown in Figure 2:1, which operated at thermal 

efficiencies between 50 and 75% and melting rates from 5 to 22 

1b/min. They used aluminium ingots of nominal 99.5% purity weigh- 

ing from 0.25 to 2.3 1b. The metal loss was measured in only one 

run and a figure of 0.5% obtained, although in their preliminary 

work with LM6 alloy (10-13% silicon) losses as high as 2.7% were 

recorded. At high gas rates, burning of aluminium occurred which



was attributed to uneven movement of ingots down the stack and 

consequent local overheating. This condition was avoided if the 

melting rate did not exceed 11 1b/min. This corresponded to a 

specific throughput of 1 320 lb/h et° whereas for a conventional 

reverberatory furnace 50 1b/h rt? is reasonable. 

Qualitative measurements of hydrogen content of the melt were 

made by solidification under reduced pressure and only slight pick~ 

up was indicated, probably because the pouring temperature was 

never more than 75 deg C above the melting point.. In the 

preliminary work the bed was supported on a grate which resulted 

in superheats of between 100 and 200 deg C but accumulation of 

dross tended to impede the melt flow and cause burning of the 

metal. 

A significant feature of convection melting was the rapid 

start-up and shut-down. Metal started to pour within 30 seconds 

of lighting the burners and stopped within one minute of 

extinguishing then. 

Gien‘12) extended the work using essentially the equipment as 

illustrated in Figure 2:1 but with a wider range of operating 

variables viz. ingot and stack diameters, ingot to stack diameter 

ratio, type of metal, type of grate and hearth angle. He found 

that melting rates of 20 lb/min ((2 400 1b/h rt") were possible 

provided the bed could be kept moving and burning avoided. Rodding 

of the bed was often necessary to maintain movement but was less 

acute with small ingots. 

Oxidation loss with aluminium of 99.5% purity ranged from 0.4 

to 3.6% but no attempt was made to correlate it with surface area 

to volume ratio or other variables so it is difficult to draw any
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conclusions. Brass was melted to investigate selective oxidation 

with alloys and the zinc content was found to have been reduced 

from 39.0 to 36.2%, 

The increased residence time of the melt due to decreasing 

the hearth angle from 32° to 20° to the horizontal did not affect 

the superheat of the metal. Over a wide range of heat inputs, the 

melt temperature remained between 10 and 20 deg @ above the melt— 

ing point. Superheats of up to 300 deg C were achieved by 

supporting the ingots on beds of coke or refractory but these 

became blocked with oxide. A water cooled grate was more satisfac 

tory giving superheats of about 140 deg C but the coolant absorbed 

13% of the heat input. The variation in melt temperature with each 

of the three supports was unacceptable, being as much as = 50 degC. 

Martins and cten 22) later increased the residence time by use of an 

extended hearth over which filmwise flow of melt occurred. Super 

heat was said to be substantial and related to the hearth length and 

angle of declination. 

Watson and Glert 10) and Glen 11) classified three common requirements 

of the metallurgical industry: 

(1) Production at regular, frequent intervals of identical batches 

of molten metal from pre-alloyed stock in quantities up to a few 

pounds, e.g. die-casting, preparation of individual shots. 

(2) Production of larger batches of varying weight at irregular 

intervals possibly from pre~alloyed stock. 

E.g. for casting of single items directly or for transfer to 

crucible holding furnaces prior to casting. 

(3) Continuous bulk production for continuous casting processes or 

distribution to holding furnaces: 

(a) From pre-alloyed stock.
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(bd) From variable stock, including scrap, requiring composition 

adjustments, degassing and cleaning. 

They recognised that their radiation method had certain 

advantages of convenience and simplicity for die-casting opera- 

tions but that it could not be expected to approach the thermal 

efficiency of the packed bed, forced convection, counterflow method. 

They felt that the latter offered the best basis for the design of 

a continuous melter of flexible performance and high efficiency. 

Subsequent development of forced convection melting was not 

specifically concerned with die-casting requirements except where 

they could be met by the second and third classifications,i.e. by 

bale-out or pressurized der fopite oF from holding furnaces. Work 

was also directed towards the problems of maintaining bed movement, 

raising superheat and determining nate lod. 

Knight et ai (14) applied the results of Watson and Glen's 

research to the development of commercial furnaces for both 

aluminium and copper. Their aluminium melter took the form of a 

combined tower furnace for melting and crucible holder for super 

heating, see Figure 2:2. The overall thermal efficiency was about 

30% but the tower itself operated at about 50%. This relatively 

low efficiency was mainly attributable to low values of shat. to 

ingot diameter ratio and consequent wall effects and the small 

specific surface area of the large ingots (0.75 to 6.75 lb). 

The melt loss was never more than 0.9% and the dross contained 

between 85 and 90% free metal. After eight hours continuous opera~ 

tion the build up of dross on the hearth had become significant but 

it was felt that the hearth design could be improved to eliminate 

this feature. 

The small ingots and some types of foundry scrap tended to
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bridge across the tower with consequent burning of the metal as 

(210) and Glen‘t?), The taper of the reported by Watson and Glen 

circular cross~section shaft was from only 9 in at the top to 

10 in over a height of 30 in. 

The particular size of ingots and melting rate specified for 

the copper melter prevented true packed bed operation. A tower 

was designed with a trapezoidal cross-section just greater than 

that of the ingots so that they were fed endwise, one at a time. 

Consequently, the thermal efficiency, including superheating from 

the melting point of 1 083°C to 1 200°C, was only 20%. Superheating 

was accomplished during the flow of melt across the hearth. In 

later developnents (2516) the inclined hearth was suspended in a 

superheat chamber. Cascading multiple hearths were also used as 

shown in Figure 2:3. 

Knight et ar (14) made important observations of the different 

mechanisms of melting of aluminium and copper. Although pure 

aluminium melts at 658°C, alloys soften over wide ranges of tem- 

perature from as low as 525°C up to final melting points close to 

that of the pure metal. Feedstocks of both pure aluminium and its 

alloys have refractory outer skins of oxide which contain the molten 

metal during melting wtil punctured, either from outside by other 

feedstock or from within due to the weight of melt. Copper behaves 

quite differently. It wastes away from the outside in a similar 

manner to ice. Even if oxidation occurs, the oxide is soluble in 

the molten copper. Thus the melt is quickly removed from the 

melting zone. It seems possible that softening over wide tem- 

perature ranges and retention of melt within oxide skins both 

contribute towards the problems of tower blockages with aluminium
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and its alloys. 

The development of a bulk tower melter of 1.5 ton/h throughput 

for The Gas Council was carried out under contract by The Power Gas 

Corporation Limitea (13), Figure 2:4 represents the original concep- 

tion of the furnace. Preliminary results suggested it was capable 

of operating at thermal efficiences of 59% with 100°C of superheat 

and oxidation losses of between 2 and 367), However, the mechanism 

(14) of aluminium nelting observed by Knight et al seems to have been 

such a problem that the design had to be changed drastically before 

satisfactory movement of charge was achieved. In the final patented 

design (27) shown in Figure 2:5, it can be seen that there was a 

tower in which the charge was preheated until it became plastic, a 

reverbératory chamber in which melting and superheating took place 

and a ram for transfer between the two compartments. 

Bulk melter development was also undertaken by the Eastern 

Gas Board and a furnace of 1.5 ton/h nominal throughput was puirt (18), 

It featured a bar grate suspended only a few inches above the hearth 

and a shaft tapering from 1.56 rat rectangular cross-section area 

at the top to 3 ft? at the bottom over a height of 6 ft, see 

Figure 2:6. The highest melting rate achieved was 1.7 ton/h at 

63% efficiency but performance was generally lower than this at 

about 1 ton/h and 50%. Metal movement was satisfactory with little 

tendency to bridging so melt loss was only 1%. Temperatures of up 

to 750°C were obtained with the 4-—ft long superheater. 

The work in the British gas industry highlighted the poor 

thermal performance of conventional melting furnaces and showed how 

forced convection could be used to reduce both fuel and capital 

costs considerabiy. Although most of the research and development
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effort was directed towards the melting of aluminium and its alloys 

there still seem to be problems which must be overcome before the 

process can be accepted by the metallurgical industry. The great 

est one is that of bed movement. It is difficult to draw conclus- 

ions from the scanty, and often contradictory, published data but 

there is evidence that certain types of charge will not flow smoothly 

and consequent oxidation losses can be high. The data on melt losses 

even when movement is satisfactory are insufficient, particularly 

with regard to scrap. A comprehensive study of the effects of 

particle and shaft size and geometry, alloy composition and firing 

rate on movement, melt loss and thermal efficiency is still 

required. It may be that the problem of bed movement is insurmount— 

able and some compromise between radiation and convection must be 

reached such as the inclined refractory tunnels of Lawrie and 

(9) (19), Ayres and Keating 

However, tower furnaces seem particularly well suited to 

melting copper and the technique is already used industrially’), 

While the work on non-ferrous metal melting is quite recent, 

the technique of nelting is moving bed is many hundreds of years 

old. The production of iron in blast furnaces involves essentially 

the same heat transfer process although there are the added 

complications of mixed charge materials, chemical reaction and mass 

toons tee. The foundry cupola is essentially similar but fed with 

scrap ferrous metal rather than iron ore. Heat is usually generated 

by combustion of coke within the furnace burden but gas fired 

installations have been reported (21*22), In such cases, theoretical 

analysis should be much simpler as chemical reaction and mass 

transfer are less important.
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2.1.2 Heat transfer studies 

Ross (1) appears to have carried out the first fundamental 

study of heat transfer in melting, packed beds. Using the apparatus 

illustrated in Figure 2:7 he melted spheres and cubes of naphthalene, 

cetylalcohol, lauric acid, phenol and paraffin wax. 

He considered that it would be sufficient to suppose that at 

any point in the bed the solids would be covered with a draining 

film of melt. 

As the specific surface area for heat transfer a changed 

during melting, his results were expressed in terms of thc product 

of the overall heat transfer coefficient U and a, given bys’ 

pee ew Bt ay Cel 
. e ° A Ay. L Ta 

The results were satisfactorily correlated by: 

iG 
U.a = a7 Sal : Btu ea ee 1282) 

\45/ net? deg F 

a eas 
for: a PERO eT 

a htt? 
Pp 

but in the range: 

G 
wee 1618 

3 a hf > t 

U.a seemed to be approaching various maxina. As heat transfer 

coefficients are inversely proportional to filn thickness, Ross 

argued that increasing the gas rate, and therefore the melting 

rate, increased the gas film coefficient but reduced that of the 

melt film. This he expressed by:
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As gas and melt film coefficients are related by: 

, = 4 + . oe (2:5) 

U.a ) hea hye 
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then at low gas rates: 

‘ ‘ iw aes. 4026) 
  

Ua hp 

and, therefore: 

[Cp 10.66 
hye = 0.15). ee ferts 

ie 
P 

but at higher rates the effect of the melt film becomes increasingly 

significant. 

Ross pointed out that flooding of the column and bed 

fluidization would occur before the maximum values of U.a were 

achieved so he developed a somewhat arbitrary design method which 

takes account of melt properties and enables the calculation of an 

overall coefficient of 80% of the maximum and the corresponding 

G/4,. A better approach to the problem might be consideration of 

flooding and fluidization to determine limiting values of Gp first 

and then calculation of melting rates. 

Following the work of Ross (!) Akers ‘2) constructed a tower 

melter as shown in Figure 2:8. Introduction of hot gas into the 

column through a central downcomer was not employed as it was felt 

that heat transfer from the surface of the pipe and gas bypassing 

through the region of high voidage around the downcomer could have 

occurred in Ross's equipment. The beds were supported on wire mesh
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to eliminate errors of bed height determination. No heat transfer 

results were obteined due to problems of bed “hang-up" which 

stemmed from transport of melt droplets up the bed and subsequent 

solidification. An important qualitative conclusion was that there 

was a clear distinction between melting and preheating zones which 

suggested that Ross was not justified in treating the whole bed as 

the region of melting. 

Hi11g 23) also reported "hang-up" or "scaffold" formation 

in beds of Wood's metal (also known as cerrobend; melting point 

70°C3 composition Bi 50%, Pb 21%, Sn 13%, Ca 10%) spheres melted 

by hot nitrogen. He concluded that the problem was due to heat 

losses at the walls and could be avoided by efficient insulation 

or provision of a heating jacket. The lower specific gravities of 

organic solids compared with that of Wood's metal (about 1 compared 

with 9.38) probably magnified the effects encountered by Akers. 

After consulting the literature on gas-solid heat transfer in 

packed beds, Watson and cen‘ 1°) tried to correlate their results 

in iecha of Jy factors and Reynolds numbers, expecting a relation- 

ship of the form: 

‘= C,.Re 3 Cay G eee 

where m, is usually negetive and fractional. From (2:8) it may be 
3 

shown thats 

(l+m,) .m ; 
h, oS O4e¥ 3 a 3 € <4) O46 (2:9) 

  

where h, is given by: 

Led x o, 
— so + —— + Ox 6:28 (2:10) 

U he hy Geek, 

where C_ is a geometric factor for conduction in the solid. They 
5
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considered that the melt film and solid metal resistances were 

negligible sos 

ed 
be lmao ok dts eo Wie oa REA 

U h, 

However, no trend could be distinguished from a plot of: 

Jy v.Re 

althoughs 

. v.V, with particle size as parameter, indicated 

that m, was positive,i.e. contrary to expectations, heat transfer 

coefficient increased with increasing particle size. 

Although they had treated the whole bed as the melting region 

in a similar manner to Ross‘), they had observed experimentally 

that melting was restricted to a 4-in. deep zone. Also there were 

deficiencies in the total heat balances of up to 23% which were 

attributed partly to wall losses but mainly to combustion gas escap- 

ing through the tap hole. Recalculation of the results on a two 

zone basis did not alter them significantly and the index m, was still 

positive. 

Other factors which probably contributed to the poor degree of 

correlation are the small values of shaft to particle diameter 

ratio (2.69 to 5.57), consequent wall effects and perhaps significant 

radiative components, the narrow range of gas flow rates (550 to 

2,000 £t?/n) due to problems of burner turn-down ratio and the small 

number of results (only 10). 

glen?) extended the range of gas flow rates slightly and 

more than doubled the number of results but the conclusions remained 

much the same. He provided a flow diagram of the two zone
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Exhaust gases 

  

  Preheating zone +>Heat to solld metal 

      

Heat to melt metal 
and wall losses     

Melting zone 
      

Hot gases lost 
through taphole 

Adiabatic flame gases 

FIGURE 2:9 FLOW DIAGRAM FOR GLEN’S TWO-ZONE MODEL
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calculations, see Figure 2:9. It can be seen that all the combus- 

tion gas is considered to pass through the melting zone, then the 

flow splits, some being lost through the tap hole and the remainder 

passing up through the preheating zone. This seems inconsistent 

with the design of the tower (see Figure 2:1) and the depth assigned 

to the melting zone. The centre line of the burner inlet was between 

3.75 and 8 in. above the hearth so either all the gas did not pass 

through the melting zone or the zone depth was greater than 4 in. or 

both. 

Using a graphical method, cien‘22) correlated both his own 

results for the preheating zone and those of Watson and gien'2% bys 

0.2 hp, = 0.00039.V.d Te Le bO edb iwe Lebae) 

where units are h,, Btu/h rt? deg F:. £? 

v, ft/h 

Gy £6 y? 

In the present work, their results have been re-analysed by a 

statistical least mean squares technique and the following correla— 

tion obtained in the same units: 

he = Oat ea? ele eee) 

The melting zone coefficients were calculated on the basis 

that the surface area for heat transfer was the same as in the 

preheating zone but the values obtained were as much as four times 

greater than the corresponding preheat coefficients. The likely 

explanation is that the surface area does increase on melting and 

the effect seems to be proportional to ingot size, as one might 

expect.
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Even with the two zone analysis there are deficiencies in 

the heat balances of between 1.1 and 1.1% which it has not been 

possible to explain (2 24) , 

The practical and theoretical problems involved in the study 

of the heat transfer processes occurring in melting, packed beds 

have been shown to be complex due to differences between the melt- 

ing and preheating zones. It is reasonable to assume that the 

magnitude of the problems could be reduced if the melting and 

preheating zones could be separated. Accurate simulation of 

preheating should be quite simple but that of melting is probably 

impossible. However, an approximate method for the latter applied 

by Standiah (29) was to study heat transfer in fixed beds irrigated 

by low melting point metals flowing countercurrent to hot gases. 

The metals chosen were mercury and cerrobend and the gases 

were nitrogen, argon, carbon dioxide, acetylene and air. The bed 

materials were $ in. diameter steel, porcelain and carbon rings 

and porcelain saddles. 

Standish recognised three important modes of heat transfer: 

(1) Between the gas and the liquid metal. 

(2) Between the aebind and the liquid metal. 

(3) Between the gas and the packing. 

The first mechenism is one of direct transfer to the liquid metal 

and the net effect of the remaining two is an indirect transfer to 

the melt. 

The rates of heat transfer to cerrobend with steel packing 

were found to be appreciably higher than with carbon or porcelain, 

whereas with mercury the influence of packing material was 

negligible. Standish observed that mercury tended to flow as
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droplets due to its high surface tension so its area of contact 

with the packing was small. Consequently, the direct mode of heat 

transfer was predominant whereas with cerrobend both modes were 

important because rivulet and sheet flow occurred producing 

greater area of solid-liquid contact. The resistance to conduction 

through the steel packing was much less than for the other materials 

so indirect transfer was significant. Only with steel packing did 

the cerrobend results approach these of mercury. 

Standish correlated his results by: 

(1) Cerrobend and nitrogen, carbon and porcelain packing: 

ate SiGe gh oe = es La) 

(2) Cerrobend and nitrogen, steel packing: 

U.a = 15.6.Be ot 5 ee (28s) 

(3) All mercury results: 

Uebn Si scosRee ce. ie (pits) 
e 

Ke 

: 3 
where U.a is expressed in Btu/h ft" deg F, 

He is the liquid hold-up per unit volume of bed,k, is 

expressed in Btu/h ft deg F. 

Standish concluded that the melt heat transfer coefficients 

were 1.5 times higher than would be expected in the preheating zone 

of a blast furnace stack, although he gives no indication of how 

this conclusion was drawn. Glen‘1?) showed that the ratio of the 

coefficients in the two zones was dependent on ingot size. Perhaps 

Standish referred to + in. diameter burden so 1.5 may be a 

conservative estimate.
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TABLES 2:1, 2 AND 3. NORTON'S DATA 

Table 2:1. Data as Presented by Norton 
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fable 2:2. Data Converted to Dimensionless Groups 
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Table 2:3. Constants of Equation (2:18) 

  

  

      

Gas “6 m4 

Air 0.0507 0.738 

Steam 0.0535 0.750 

Methane ; 0.0298 0.757 
} 

Hydrogen {| 0.0425 . 0.808 
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Simulation of the preheating zone has been carried out in two 

distinct ways: with moving packed beds and with stationary or fixed 

packed beds. Steady state results from the former are relatively 

simple to analyse but there are practical problems of producing 

the bed movement whereas the converse is true with unsteady state 

fixed bed operation. Much greater attention has been paid to fixed 

beds due to the simplicity of operation even with non-spherical 

particles which would be difficult to handle in small scale moving 

beds. Previous work using these techniques will now be reviewed. 

2.2 Moving Beds 

The first significant work was that of Nort on‘25) on pebble 

beds for preheating air prior to high temperature combustion. 

Norton provided limited data for 5/16 in and $in diameter 

mullite, kaolin and alumina pebbles with air, steam, methane and 

Aackien as shown in Table 2:1 and Figure 2:10. The gas flow rates 

represented maxima allowable before the onset of fluidisation. 

Heat transfer coefficients were calculated as for any two fluid 

heat exchanger: 

U = Q eo ee Cote 

aA eLeAT 

= m 

  

It can be seen that U increased as d,, and Gp increased 

but the most significant factor seems to have been the nature of 

the gas. It is not clear whether these were the only results 

obtained by Norton, but he reported no attempt at a correlation. 

Bewers and Reint jes2") tried to combine Norton's results 

with their own on calcination of anthracite briquettes, those of 

Kilpatrick et ai (28) on a pebble bed heater for hydrocarbon
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cracking and the fixed bed data of Gamson et art29) and Lof and 

Hawley (39), This work has been extensively reviewed by Akers (2) 

and shown to be most unreliable. 

In the present work, an attempt has been made to represent 

Norton's data by an equation of the form: 

Nu = CyeRe 4 oeoee (2:18) 

as shown in Table 2:2 and Figure 2:11. Although the results are 

still not consolidated onto one line, this does seem to be a 

better description than Figure 2:10. The constants of (2:18) are 

shown in Table 2:3. 

(31) Sissom and Jackson investigated heat transfer between hot 

air and 0.027 in. diameter aluminium granules under moving bed 

conditions to obtain design data for gas turbine vehicle 

regenerators. The length of the test section was 13 in. but, 

depending on the relative flow rates of the two streams, much of 

that was ineffective,i.e. gas and solid temperatures approaclied 

each other in a short length above the gas inlet but thereafter 

were virtually coincident. The minimum effective length was only 

0.048 in and the maximum seems to have been about 1.5 in. The 

lengths were determined from axial gas and solid termperature 

profiles obtained using 0.062 in diameter thermocouples. It was 

argued that under flow conditions these measured gas temperatures 

hut, on stopping gas and solid streams simultaneously, they closely 

approximated to the solids temperatures. However, it was admitted 

that conduction from the column wall occurred. 

As a means of obtaining fundamental Anta, Sissom and Jackson's 

method is open to serious criticism, although they achieved their 

object of demonstrating the compactness of granular aluminium
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regenerators. Perhaps it is significant that they only provided 

a graphical representation of their results and reported that this 

was consistent with the correlation of Frantz 22), 

Sew 0; 08p Be POE Sw « C0219) 

for: 8 <Re <80 

This is hardly surprising as the temperature profiles predicted by 

(2:19) were plotted on top of the experimental profiles and probably 

used as a guide for selection of effective lengths. The asymptotic 

approach of the gas and solid temperatures was often determined from 

as few as three points. 

Having established the existence of preheating zones in melt- 

ing beds, Akers (2) proceeded to simulate them using hot air and 

moving beds of glass and ceramic spheres. These solids were chosen 

in preference to metals to provide a more rigorous test of a 

proposed mathematical model which took account of conduction within 

individual particles as well as forced convection at the surfaces 

of the particles. There was very wide scatter in his results which 

was improved only marginally after selection of data by error 

analysis. 

The solids were fed into the bed through the gas outlet as 

shown in Figure 2:8 so it proved impossible to measure reliable gas 

temperatures at that point. It was necessary to calculate the 

probable gas outlet temperature from the heat balance, assuming the 

solids outlet temperature to be correct. However, the latter was 

subject to errors and doubts. First, it was not known whether the 

measured temperature was the mean, surface or some intermediate 

value. Secondly, due to low vessel to particle diameter ratios 

(between 6 and 16), it was likely that serious bypassing of gas in



- 33- 

the regions of high voidage at the walls and around the thermo- 

couple probes occurred so the overall heat transfer rates were 

reduced. Thirdly, the solids outlet temperature was only measured 

on the column axis so radial variations could not be averaged. 

Akers correlated his results by: 

Yu = Soma ae as. whee) 
l-e 

for: 518 <G_ <4516 1b/h £6° 

268 <G,,<3471 Ib/n 26° 

17o< 8° <2600 
l-e 

2.3 Fixed Beds 

‘The volume of work using fixed beds is considerable but may 

be classified according to the techniques employed: 

(1) Step, sinusoidal and exponential inputs of gas temperature. 

(2) Heat generation within individual spheres. 

(3) Analogy with mass and momentum transfer. It is not proposed 

to deal with the theory upon which each of the methods is based 

but merely to indicate the experimental, practical and theoretical 

limitations and the published correlations. 

2.3.1 Step input 

This method is also known as the "single blow" technique and 

involves passing a fluid of constant inlet temperature through a 

fixed bed of solids initially at a uniform temperature. It is not 

necessary to measure solids temperatures during the experiment 

provided the initial condition is known. The temperature history 

of the fluid at the bed outlet is recorded and compared with 

(33) theoretical curves first derived by Schumann and later improved
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and extended by Young (34) and urnas -??: A major assumption in 

the theoretical analysis is that the solids are of high thermal 

conductivity so that individual particles are at a uniform ten- 

perature at any instant,i.e. no intra-particle temperature distribu- 

tion. 

After unsuccessful aitempts to determine heat transfer 

coefficients by direct measurement of gas and solids temperature 

  

differences under transient SetMrouate’. Furnas turned to using 

Schumann's curves and obtained the aie Conbhio e? s 

0.7 0.3 
De wile Cou. ie Me. a aes i 4K) 

io To 
0.9 

a 
Dp 

where Ca is a coefficient characteristic of the bed material 

(different values for heating and cooling) and Cyis a function of 

bed voidage. Materials used were cast iron spheres and crushed 

refractory, iron ore, limestone, coal and coke. The index of a 

for cooling coke was 1.3 not 0.9. Volumetric transfer coefficients 

were used due to doubts about particle surface areas and inter— 

particle contact areas for non-spherical particles. 

(37) Saunders and Ford criticised the column material chosen 

by Furnas. It was "extra heavy" pipe of higher heat capacity and 

thermal conductivity than most of the bed materials so the wall 

heat losses were probably substantial. Attempts were made to heat 

the column and insulation before runs to the mean bed temperature 

achieved during the runs but the differences in the values of C. 

for heating and cooling suggest that this was unsuccessful. The 

closest agreement between the two values of C, occurred with the 

cast iron spheres, presumably because of the greater heat capacity 

(38) 
than with the other bed materials. Kitaev et al. considered
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that the difference between heating and cooling results could have 

been due to residual temperature distributions within the particles 

at the start of the cooling cycles, particularly with coke. Having 

shown by using hydraulic analogues that the geometric factor for 

conduction in spherical solids, Oey was 10,i.e3 

ere 4 eoeee (2:10) 

Ure LO oc 
< s 

they took account of the finite thermal conductivity of the solids 

in calculating the true film coefficients from the experimental 

overall coefficients. They correlated Furnas's heating data for 

crushed solids by: 

yOr9n 983 
pea = C16Cg- fm 5 hugs (ORS? 

gq Ord 
P 

where the units ares 

in ty koal/m? h deg K. 
: 

v, m/s superficial 

tT, %K 

ds m 

and considered that C, was virtually constant for all materials and 
7 

equal to 160. They were very vague about the relationship between 

Cg and the voidage and merely quoted: 

Cg = 0.5 for e = 0.2 

For cast iron spheres they gaves 

  

o:4 
hoa = 120° an yg: of CET eS) 

- neces ne 

a 1.35 

P 

0.3 
or: hy = co Mpccal @ 4 oe FRE!) 

0.35 
(1-e) 4,
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in the same units as (2:22). 

a) They seemed to suggest that the factor ipl was not a real 

effect, rather a result of the dependence of specific heat on 

temperature but did not elaborate on the matter. 

As Furnas used particles from 0.4 to 7.3 om in beds of 

15 and 23 cm diameter, much of his work was subject to low ded 

(39,40) ratios and consequent wall effects although Denton believed 

that the supply of gas to and subsequent discharge from the beds 

through small central orifices would tend to offset these errors. 

(37) The approach of Saunders and Ford to the selection of 

apparatus, analysis of results and subsequent use for design was 

different from that of other workers in that they established 

conditions of geometric similarity. They generalised the outlet 

gas temperature histories so that they would apply to other fixed 

bed equipment. The technique was essentially one of "scale-up" 

and did not require a specific knowledge of the heat transfer 

coefficients. However, they did compute the coefficients using 

their own modification of Schumann's curves and obtained the 

  

relationship: 

Vv hpea = 185 _ se ee (2:25) 

d 
P 

or: hp = 185 V Bis, a ged oe a) 

6(1-e) 

for: 0.5 <V <1.3 m/s 

in the same units as (2:22). 

arate se? pointed out that, although their use of Schumann's 

solutions was simpler than that of Furnas, it bunched the curves 

together and made matching more difficult. Wall effects and
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intra-particle temperature distributions are unlikely to have 

been very significant due to the small size of the spheres. They 

used steel, lead and glass balls in columns of 2, 4 and 8 in 

diameter with q_ #4. ratios not less than 32. Air inlet tem 

perature was 100°C. 

Lof and Hawley (20) obtained data on heating and subsequent 

cooling of beds of broken granitic gravel using Schumann's curves 

in the same manner as Furnas. Wall heat losses during the flow 

of hot air were compensated for by external heating but the results 

for bed cooling had to be discarded due to the heat input from the 

lagging. Particle diameters ranged from 0.3 to 1.3 in but gas 

velocities were low so conduction lag was possibly not significant. 

However, with a minimum ae of 7.5 there may have been important 

wall effects. They represented their results by: 

\0.7 
hpea = 0679 a ie geben. 

day 
pe 

for: 58 <G., < 322 

and air inlet tempesatures between 100 and 250°R 

where the units are; 

hea, Btu/h et? 

Gs 1b/h rt" 

deg F. 

dig 2 ich 

and showed that they were in reason2ble agreement with Furnas's 

correlation but gave lower coefficients than Saunders and Ford's, 

a fact which they attributed to the greater active surface area 

of the spherical particles used by the latter. 

Coppage and London 41) applied Schumann's curves to the 

transient heating of 0.08 in diameter lead shot by air in a
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3 in diameter vessel. It seems that they overcame the problems 

of wall heat loss, wall voidage effects and particle conduction 

lag. Their results were correlated by: 

  

40.6 
wm 7°. 6 0.23) bees oeceme (Or) 

6(1~e) 6(1-e) 

Paes BB gos gay 
6(l-e) 

The voidage terms stemmed from their use of the mean hydraulic 

radius of the flow passages and desire to correlate data for woven 

wire mesh screens with that for spheres. For the spheres, e was 

0.39. The inlet air temperature was only 20 deg F above ambient, 

presumably sc that variations in the thermophysical properties 

were negligible. 

Gliddon and Crantiela (42) obtained data for the cooling from 

600°C of alkalised alumina in a bed of 214 mm diameter at a dtd. 

ratio of 178. No doubt some heat gain from the column walls occurred 

but this may not have manifested itself in the results as the 

outlet air temperature was measured on the bed axis. They 

correlated their data together with that of Littman et a (43) bys 

Wine 0.36. Bae Oo ow cw. (2809) 

for: 2<Re<100 

As the bed voidage ranged from 0.404 to 0.526, they tried to reduce 

the scatter of the results by using: 

Re 

(1-e) 

but this was unsuccessful. 

(38) 

Nu v. 

Kitaev et al reported several Russian investigations.
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Tsukhanove and Shapatina used a method similar to that of Saunders 

and Ford. They did not attempt to calculate heat transfer 

coefficients expecting that the scale-up procedure would be used 

in future applications. Their results are consequently not 

immediately suitable for moving bed problems. Chukhanov heated 

the container beforehand to the average expected gas temperature 

to minimise heat losses. His correlation was: 

83 
Nu = 0.24 Re?’ eeee (2:30) 

for: 100 <Re <140 

d :d_ about 15 
ve 

inlet air temperature about 230°C 

His bed materials were steel spheres, damp coal, peat, bronze 

cylinders and chamotte fragments, all of 3.15 mm equivalent 

spherical diameter. 

The accuracy of matching Schumann's curves was recently 

(44) improved by Handley and Heggs using an iterative numerical 

method. Their results for steel, lead and bronze spheres of $ in 

to $ in diancter were correlated by: 

07 665 jyeRe-e = 0.255 R ws ane kates 

for: 100 < Re< 4000 

0.36<e¢0.39 

but there were slight deviations for $ in alumina and significant 

deviations for # in to 2 in lead and soda glass. 

2.3.2 Sinusoidal input 

This is usually referred to as the cyclic method. The 

mathematical analysis has the same starting point as Schumann's 

"single blow" technique but its relative simplicity makes it possible
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to extend the basic model to include conduction within individual 

particles, axial conduction between particles and axial dispersion 

in the fluid phase. 

The experimental procedure involves controlling the inlet 

fluid temperature sinusoidally and measuring either the phase lag 

or attenuation of the outlet temperature. 

vec (45) applied a simple mathematical model for analysis of his 

data but showed theoretically that intra-particle temperature 

distribution was insignificant for the 10 mm diameter steel ball 

bearings which he had used. He reduced the wall voidage effects 

considerably by setting the outer spheres in epoxy resin and 

measuring the air temperatures over the central portion of the 

conduit. He found that his own results and those of other workers 

were correlated best if the moan hydraulic radius were used: 

  

é ~0.38 

e- Jy 7 0.49( — \ ao eee (2232) 

\ 6 (1-ey 

for: 600 < 4.te <4000 

6(1~e) 

At low Reynolds numbers, Littman et a{43) reported that 

conduction in the solid phase and dispersion in the gas phase 

affect the frequency response to such an extent that the simple 

model is inadequate. They provided only graphical and tabular 

presentations of their data on heat transfer between air and copper, 

lead and glass spheres but they have been correlated together with 

the results of Gliddon and Cranfiere 42) ag mentioned in Section 

Cates by: 

Nu = 0.36 Ro oeoee (2:33) 

for: 2<Re< 100
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Lindauer (49) chose to correlate his data for small steel and 

tungsten spheres and air by a plot of: 

@.j,, Ve Re 
H 

No expression was given but he also reported that: 

0.60 

or 
a 0.44 

Pp 

» for steel 

g 0466 
£ » for tungsten 

a 0.44 

PB 

ands h 

His model ignored axial dispersion in the gas phase and conduction 

within and between particles. 

2.3.3 Exponential input 

This is the most recent technique for investigation of fixed 

bed heat transfer and was developed jointly by the British Iron and 

Steel Research Association and the John Percy Group in Process 

Metallurgy, Imperial College. The work of Hills on melting beds, 

previously referred to in Section 2.1.2, rormed part of the general 

programme of the same group. 

Initially they were concerned with the overall heat and mass 

transfer and chemical reaction processes occurring in the iron 

blast furnace and a time lag simulation known as SCICE evolved 

(Stationary Charge In Controlled Environment). In this, the gas 

conposition and temperature could be varied with time and the 

progress of a charge of typical burden down through the blast 

furnace simulated. The equipment could be operated at high 

tenperatures just short of melting although iris (23) did report 

work in Sweden which was intended to include the final physico- 

chemical changes.



i ah 

The data from the original SCICEwer@ mainly of a chemical 

(47) nature but, to improve existing mathematical models of blast 

furnace operation, heat transfer datawere obtained by Bradshaw 

1, (48) using air and nitrogen with steel and alumina spheres et a 

and haematite pellets. They used Sg f4., ratios of not less than 

15 in a 40 cm diameter container so wall voidage effects were 

unlikely to be significant. Heat losses were minimised by 

controlled heating of the walls. They correlated their overall 

heat transfer coefficients by: 

. ge o ian 
Jy * 0.492 \(6(ime), Coe. Se Boe 234 

for 35< gate < 610 

and 0.4 se *0.44 

As the transfer coefficients were noticeably higher for the steel 

balls than for the other materials they then included the effects 

of the solid thermal conductivity using the resistance equation: 

Lo ee a 
ao a tebe de oe ed ete 

- Re 10k ° 
Ss 

and obtained the expression: 

Ee 5k 
Jy = 0.495 .6(1-e)} .' 0 © 6 Oe a2 (2235) 

Although the axial gas turbulent thermal conductivity, kK, f 

mentioned in their theory, it is not clear whether the term: 

» was 

Kee 6(1-e) 

q,, ( G £°¢ ) 2 

was included in the right-hand side of (2:10). 

They did not detect any relationship between transfer 

coefficients and temperature cespite operating in the ranges 

20=400°C, 20-800°C and 400~800°C.
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2.3.4 Heat generation within individual particles 

The present objective is the measurement of heat transfer 

coefficients between fluids and solid surfaces so the obvious 

approach might be the direct measurement of local fluid and solid 

temperatures. This was tried by Furnas (36) under unsteady state 

conditions but was most unsatisfactory so he had to turn to using 

Schumann's ution (2? However, steady state can be achieved in 

a fixed packed bed by generating heat within individual spheres 

and continuously removing it by the flow of coolant. 

(39,40) 
Denton inserted copper spheres containing electric 

heaters into random packed beds of similar sized glass spheres 

cooled by air. Solid-gas temperature differences were measured 

by soldering one junction of a thermocouple pair to the surface of 

a copper sphere and suspending the other in the air stream. Point 

heat transfer coefficients were determined and integrated over 

the whole sphere surface. Denton expressed his results by: 

St = 0.72 Be °° eee ee ee ae (2336) 

for 500 <Re < 53000 

with the proviso that there were no wall voidage effects, a 

condition which was satisfied if: 

d.,#4., > LTie5 

Wadsworth 49) carried out similar work but with a close 

regular packing arrangement which was designated by Martin et a1(5°) 

as "rhombohedral Noe 6 block passage" and had a voidage (defined 

for an infinite array) of 0.2595. Transfer coefficients were 

between 75 and 95% greater than those of Denton. Akers (2) 

suggested this might be due to conduction from the instrumented 

sphere to the adjacent woodem spheres. Some effect must have
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been due to voidage as the packing used by Denton is unlikely to 

have been so close. If the results were plotted as: 

Re 
St ve Ti-e) 

rather than: 

St v. Re 

then the spacing of the correlating lines would not be as great. 

Rowe and Claxton’) reported heat and mass transfer data 

for spheres in arrays with voidage from 0.260 to 0.632 and also for 

isolated spheres. The fluids were air and water. A complex 

analysis of their own and other date produced: 

ges 
Nu = Cy + CioePre.Re oe Le: CRE S10 O0%'* . (2237) 

where 2 

ee 
ey Tease 
Coe ae 
10 so 

(2-3m,.) 

et 

4e 65 pene’ 28 

It can be seen that the minimum value of Nusselt number must be 

2, which is in accordance with the minimum possible theoretical 

value for a single sphere in an infinite stagnant mediun. 

However, for multi-particle situations smaller values have bh-en 

recorded and Cornish (52) showed on theoretical grounds that the 

Nusselt number should approach zero. This suggests that the 

analysis of Rowe and Claxton was perhaps unjustified. 

Gillespie et ai, (53) studied the effects of sphere position 

in randomly packed, air cooled beds and identified an entrance 

region, confined to the first two layers of the bed, in which the 

heat transfer coefficients were less than elsewhere. This they
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attributed to the lower incident velocity and turbulence level. 

Also, they found that the coefficients were greater near the 

walls due to the greater flow rates in that region. They tried 

to relate the increase as the walls were approached to the 

velocity profiles published by Schwartz and smith (4) but were 

unsuccessful. They used 12 in square cross section beds with 

dd, of 12. They postulated a minimum rate of heat transfer by 

fitting the data to the equation: 

mn ° 

Nu = C4 + Ci oeRe 6 a: 6.86. 6. 8 ue 6 (2238) 

but found that the variance was least for: 

Ch4 = O 

For the bulk of the bed: 

; 0.65 
Nu = ©) 5¢Re a0 °°". B48. Oe, 2 (2:39) 

for 120 < Re < 1700 

where C_, ranged from 0.63 on the axis to 0.75 near the wall. 
12 

Baldwin et a1. (55) performed essentially the same tests as 

Gillespie et ai, 53) but used regular packing arrangements dense 

Subic: (e © 0026) ind reguler“cubie (6 < 0.48). With 1°7/26%4p 

diameter spheres and pressurized water at 240°F they were able to 

work in the range of Reynolds numbers from 3000 to 70000. The 

entrance region was restricted to the first four layers for the 

regular cubic lattice but to only the first two for the closer 

packing. Remote from the entrance region their results were 

expressed bys 

Jy = 0.99 a Oi Oke. O08 8 ee (2:40) 

= 0.94 gera? fs a ee ¢ eee 

for e = 0.26
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All of the above applications of the instrumented spheres 

technique involved placing electric resistance elements within the 

spheres. However, indirect methods of induction and dielectric 

heating have also been sal’ e.g. Eichorn and mite 5) and 

Baumeister and Bonnett (97), Results in general agreement with 

other published data were reported. 

2.3.5 Mass transfer 

(29) Gamson et al. carried out early work on simultaneous 

heat and mass transfer in the constant drying rate period. They 

used shallow beds of spherical and cylindrical particles of 

diatomaceous earth soaked in distilled water. Although their 

a,*a,, ratios of not less than 16 were probably adequate, the 

entrance-exit effects of the shallow beds may have been 

significant with the larger particles (0.74 in a9 2.5 in 

depth). They represented their results by: 

ja = tGbh te It & glace MCS lew Ae) 

for 350 < Re < 4000 

and j, = 18.1 Rr ee Cl ee Oe 

for Re < 40 

with a transition region in between. However, they did not report 

any data below a Reynolds number of 60 so (2:43) was rather 

unjustified. Wilke and flongent on? extended the work in the region 

50 < Re < 250 and obtained: 

ie mate Mn Goo apes erie + oo, ARMED 

for 50 <Re < 350 

Although (2:42) and (2:44) represented the data satisfactorily, 

Wilke and Hougen pointed out that there was a smooth transition 

from one to the other.
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The mass transfer method could not be used at lower 

Reynolds numbers because the temperature difference at the bed 

outlet was too small to be measured accurately. 

Recent work by Malling and Thodos (9?) was directed towards 

the problems of entrance-exit effects. They found that three 

layers of inert plastic spheres at the entrance to the bed and 

two layers at the exit produced Jy factors 20% greater than in 

the previous work eo, They also investigated the role of 

voidage by using distended beds of spheres and combined their 

results in the relationship: 

L Oyhhe tt? Be a Se oat Jy 
for 180 < Re < 8500 

After correcting for axial dispersion they gave: 

pe mraioy SUN? Bp ONE 8 ocr (218d) 

Chu et ar. (0) showed that there were considerable 

variations among published mass transfer data for fixed and 

fluidized beds suggesting that there were differences in 

mechanism between the two types of system. Their own data for 

air and naphthalene expressed as: 

Jp ve Re 

supported this view but inclusion of a voidage term in the 

Reynolds number produced a satisfactory correlation. Taking 

Gamson et ar.ts(29) analogy between heat and mass transfer: 

j 
a = 1.076 

a) 
their equations becomes 

—0.44 
jy = 1-90 6) Cr ee en ee ee ee ee (2:47) 

l-e/ 

for 30 <Re < 5000
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-~0.78 

and Jy = 6.13 (22) oeee ee ww @ (2:48) 

l-e 

for 1 <Re <30 

Kitaev et ar. (38) referred to the work of Fedorov on air 

drying of damp coal which was correlated bys 

Wu = 0,23 Re°63 hue 80s qo os R049) 

for 15 <Re<160 

2.326 Momentum transfer 

Although the analogy between heat and mass transfer has been 

substantiated for flow in numerous systems ranging from flat 

plates to packed beds, the analogy of either of these transfer 

processes with pressure drop is more limited. Hicks and 

Mandersioot (8) pointed out that heat and mass transfer rates are 

determined by the viscous losses associated with skin friction 

whereas pressure drop is also governed by the kinetic losses due 

to form drag. 

Martin et ai, (2°) measured the pressure drops through 

regular arrangements of spheres and found that, even for the same 

lattice, widely differing friction factors could be obtained as 

the direction of flow was altered. 

week (45) concluded that packing arrangements which produced 

increases in heat transfer entailed greater increases in friction 

and Handley and Heges (44) suggested that the Chilton—Colburn 

analogy could not be applied to packed beds. 

Contrary to most other opinions, Chu et a1, (©) proposed the 

relationship: 

£ 
jy = i6 6.428 6 (Oe. 8. 0 * OE (2350) 

at the same Re . 

(i-e
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2-4 General Correlations 

One of the greatest problems in formulating a general 

correlation of the results is the various definitions of Jy factor, 

Reynolds number and Nusselt number used by different investigators. 

Simply because a particular form of correlation fits the results 

better than another is not definite proof of its value. It may 

just be that the sensitivity to a particular parameter is reduced. 

Random experimental error is inevitable. Systematic errors may 

remain undetected or unexplained and extrapolation will be most 

unreliable if observations are only made over small ranges of the 

variables. 

Many investigations have been directed at solving particular, 

short term industrial problems, e.g. tower melting, blast furnace 

operation, catalytic cracking. No doubt they were reasonably 

reliable for interpolations and slight extrapolations of the 

systems for which they were originally conceived but, for an 

understanding of the fundamental process of heat transfer between 

solids and fluids in packed beds, they may just add to the general 

confusion. They are necessary in the interim period but overall 

progress would probably be faster if idealized systems were 

thoroughly investigated first. 

Entrance, exit, wall voidage and wall heat loss effects should 

be eliminated or accounted for rigorously. Spherical, uniformly 

sized, non-porous particles should be employed so that doubts do 

not arise regarding point contact, active surface area or mean 

diameter definition. Where appropriate, intra-particle temperature 

distribution and axial dispersion should be accounted for. 

In formulating a general representation of previous work, an
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attempt will be made to adhere to the conditions suggested in the 

(62) will also be previous paragraph. The suggestions of Rowe 

borne in mind. Rowe gave an example illustrating how the 

indiscriminate use of dimensionless groups can lead to totally 

erroneous correlations. He reiterated the classification of 

Bnget (6364) for such groups: 

(1) ‘Those which can be derived from the fundamental equations of 

dynamics. 

In packed bed systems the Reynolds number is likely to be 

the most useful although at very low flow rates the Péclet number 

might also be significant. 

(2) Dimensionless ways of expressing experimental results. 

e.g. Nusselt nunber. 

(3) Dimensionless combinations of fluid properties. 

@eg. Prandtl number. 

(4) Geometric ratios. 

Coke a voidage. 

(5) Derived combinations of other groups. 

@eg- Stanton number, heat transfer factor. 

Rowe suggested that, ideally, only the first two categories 

should be used. 

The most common relationships used by previous workers were: 

Jy Ve Re 

St. “VWe°<Re 

Nu v. Re 

Now 

zg z. 
St = _Nu jy = St Peri a Te Pe? 

ReePr ’ Re.Pr
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The only fluid used in the present work was air at no more than 

150°C at the bed inlet so the Prandtl number was virtually constant 

for all runs. 

Therefore: 

Nu ve Re 

should suffice. 

The effect of voidage has been referred to in many papers. 

Rowe suggested that a variable should only appear in one dimension- 

less group of any correlation. Admittedly a, appears in both Nu 

and Re but the use of voidage in the ines 2) 

Nu.e SO 
Ine) oo Cee 

seems rather extreme. One could use the interstitial loading rate, 

G,/e, alone: 

Nu ve Be 
e 

or in combination with the characteristic dimension oye 

; 6( 1-e 

as in fluid pressure drop work’ 23) 

or Nu v. e 

l-e Jy 

A number of authors have attempted general correlations of 

published work, even including single sphere and fluidized bed 

results. The wide range of experimental and analytical techniques 

and the different errors involved probably accounts for much of 

the use of dimensionless groups from Engel''s (039 64) fourth 

classification’ 91+ 55s 65567), Despite the views of Cornish ‘92), 

the concept of minimun heat transfer rate has often been 

included (919 65468). 
{ 

Bird et a1. (°9) and Hougen et ai, (70) both quoted the
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correlations of Yoshida: 

Jp = 0.91 (_ Re ekg cine tee 
: l-e 

for Re 

1-~e ye 
and j,, = G,61 f eo ee eats eee) 

6(1-e6)/ 

coe: Be 50 
6(I-e) 

yen 65) combined mass, heat and momentum transfer data to 

gives 

Wu Prt = 0.8 Re? Bs Gm 

for 50 <Re < 5000 

and NuPrS = 1,91 x 1604 Be)... (2554) 

for 0.5 <Re <10 

with a smooth transition between the two. 

Ranz 69) extended his semi-theoretical relationship for 

single spheres to packed beds and gave: 

Nu = 2.0 + 0.6 (9.1 x Re)® pre gg 308 EIS 

for 80 <Re< 1000. 

Yagi and wucni (67) reported comparable expressions involving 

voidage terms. 

Kunii and Suzuki (74) developed a channelling model describing 

heat and mass transfer at low Reynolds numbers to reconcile the 

differences between the extrapolation of the Ranz equation and 

other published experimental data. They derived the expression: 

Nu = Pe.d a fa 6 tats 4 ve ee Cee 

lee )1 

where 1 is the average channel length, approximately inversely 

proportional to q., although the relationship was very ill-defined.
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FIGURE 2:12 PREVIOUS PACKED BED HEAT TRANSFER DATA
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FIGURE 2:13 PREVIOUS PACKED BED HEAT TRANSFER DATA
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Summary of Previous Correlations (Air as Fluid) 

  

Correlation 

  

  

  
  

  

Equa- Reynolds 
Workers Ref. tion Constants Number 

Number 0 Range 
2 m 
6 4 

Akers (2) | (2:20) } 0.00496} 1.29 100-2400 

Baldwin et al. (55); (2:40) |! 0.875 0.67 3000~70000 

Bradshaw et al. 1(48) | (2:34) | 0.708 | 0.625 125-2200 
| 

Chu et al. (60) } (2:47) | 1.34 0.56 30-5000 
(2:48) | 3.64 0, 22 1-30 

Chukhanov (38) Ivo) 0.24 0.83 100-140 

Coppage & London (41) | (2:28) | 0.509 0.69 20-500 

Denton ee (2:36) | 0.497 | 0.7 500-5 3000 
(40 

Fedorov 1(38) | (2:49) | 0.23 0.863 15-160 

Frantz i(32) | (2319) | 0.0117 | 1.6 8-80 
} 

Gillespie et al. (53) (2239) | 0.63 0.65 120-1700 

Gliddon & crantiela| (42) | (2229) | 0.36 0.94 2-100 

Handley & Heggs (44) | (2:31) 10.564 | 0.665 | 100-400 

Kunii & Suzuki 1(71) | (2257) | 0.0192 | 120 0.07-70 
(Ledp=19 
Oyi92 21 1.0 0.07~70 

| (1sdp=1)       
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Table 2:4. (Continued) 

  
? 

  

          
  

Correlation ; Equa- | Reynolds 
Workers ‘Ref. { tion | Constants Number 

| Number | C | Range 

| eC acs 
j 

Malling & Thodos (59) |(2:45)/ 0.875 0.563 180-8500 
No dispersion) 

2:46); teh 1 0,59 180-8500 | ( )} 8 80-8 
egerahce) 

Meek (45) C a 1539 | 0.62 540-3600 

Norton (26) | i (2: 18), 0.0507 : 0.738 280-565 

Ranz (68) cc 55), Nu=2. O41. 6xRe9*5 | 80-1000 

Yeh (65) | (28 153) | 0.717 Ge 65 50-5000 
(2654) Mu=1.69x10°° 4*Re} 6 5 16 

! Yoshida (69) | (2 51) | 1.546 | 0.49 Re <180 
| (2s 52) 0.912 | 0.59 180<Re 

j ; 

Notess 

(1) All correlations have been reduced to the form 

Nu=f (Re) 

and generally 

m 

Nu=C,.Re " isis'eseused es unas letlo) 

(2) Where appropriate, voidage taken as 0.4 and 

(73) 
Prandtl number as 0.69,
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The equation was found to describe the available data on fluidized 

beds of small particles fairly well for: 

L 

=o 
Pp 

Péclet number was felt to be more appropriate in the region of 

interest than Reynolds number but for consistency with previous 

correlations (2:56) may be written as: 

Nu = Re.Pr 

l-e 
tad i <k a Oh 

for 0,05 <Re.Pr <50 

Frente?" analysed published fluidiped bed data end 

obtained: 

Nu = 0.015 ne*® proe67 Pee dere SDD 

for 8 <Re <80 

parker (12) reviewed a great deal of data on fixed and moving 

beds but did not attempt a general correlation. The results were 

plotted in terms of: 

Jy Ve Re 

and showed considerable scatter. He pointed out that air had 

been the fluid in most investigations so the use of Jy was 

questionable. 

A further attempt at unifying previous data is beyond the 

scope of the present work but a representation in terms of: 

Nu ve Re 

is given in Figures 2:12 and 2:13 and Table 2:4, This includes 

general correlations and recent results not reviewed elsewhere. 

Although there are discrepancies, the most significant 

(26) feature is the position of the moving bed data. Norton's results
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are an order of magnitude lower than those obtained with fixed 

beds. Akers' resulta 2) intersect with the others but the Nusselt 

numbers are consistent only over a small range of Reynolds 

numbers. It is conceivable that heat transfer in moving beds 

could be slightly greater than in fixed due to the velocities of 

the solids and consequent higher relative Reynolds numbers but it 

seems unlikely that they could be lower. It is possible that the 

theoretical models of the moving beds were inadequate. Norton 

ignored the conduction lag in the particles so his data may have 

been subject to the same errors as that of Handley and Heges (44) 

for glass and alumina. However, Akers (2) did include thermal 

conductivity. Only Malling and Thodos (59) have accounted for axial 

dispersion at the relevant Reynolds numbers but their correction 

was quite small, Radiation may have been significant in Norton's 

equipment but it would have enhanced the heat transfer. 

Although Norton used d #4, ratios of not less than 38, with 

values between only 6 and 16 serious gas bypassing at the walls 

probably occurred in Akers' apparatus. The channelling model of 

Kunii and Suzuki (7) was intended to apply only at low Reynolds 

numbers. The ratio 13d. for particles of the sizes used by Akers 

and Norton would be between 0.1 and 2 so it is doubtful whethur 

the model would have any relevance. However, if the wall effects 

are superimposed on the randomly distributed dispersion effects, 

it may be that the effective isd, is much greater. Even in moving 

beds of high d2d, there may be dislocations of the matrix due to 

(74) 
friction at the walls as reported by Brinn et al. with sand 

at 4,54, of about 30. It may be coincidence, but the extrapolation 

of Kunii and Suzuki's equation (2:57) for 1:4, of 10 passes between 

the data of Akers and Norton.
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2.5 Present Objectives 

The literature survey demonstrated that the data obtained 

with fixed beds using a variety of measuring techniques are 

fairly consistent. The inclusion of fluidized bed results leads 

to complications but these need not concern us for the purpose 

of design of tower melting furnaces. However, it has not been 

possible to correlate melting bed data in the normally accepted 

manners 

i.e. Jy Ve Re 

DU ove Re 

Nu v.. Re 

and simulation of the preheating zone with moving beds has 

yielded heat transfer coefficients as much as an order of 

magnitude less than those in fixed beds. 

The objective of the present work is to refine the techniques 

(26) (2) developed by Norton and Akers and determine whether or 

not there are significant differences between fixed and moving 

bed heat transfer.
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SECTION 3 - THHORY: MOVING BED HEAT TRANSFER 

3.1 Choice of Model 

Various models could be formulated but the simplest, and most 

commonly used by previous workers, is that suggested by Furnes (29) 

involving only forced convection heat transfer in an adiabatic 

enclosure with particles of infinite thermal coriductivity. It has 

been shown in the preceding section that this model is adequate 

for small particles of high thermal conductivity but, for large 

ceramic solids, errors due to the temperature profile within 

individual particles (intra~particle temperature distribution) 

become significant. 

At low Reynolds numbers, Littman et ar, (43) showed that axial 

dispersion in the fluid and axial conduction between particles are 

also important. Only Malling and Thodos (29) have compared results 

from models with and without dispersion in the range of Reynolds 

number under investigation in the present work and they showed that 

the difference was small. In comparison with the gross disocrep- 

ancies between fixed and moving beds reported in the literature, 

the dispersion correction is quite negligible. 

Depending on the system under investigation, other factors may 

need to be included such as entrance-exit effects, non-uniform 

fluid and solid velocity and temperature profiles, wall heat losses, 

wall voidage effects and particle shape. It was felt that the 

simplest model which would adequately describe the beds used in the 

present work would be one involving intra-particle temperature 

distribution and wall heat losses. However, as Furnas's model is 

ideally suited to design work it was thought that it should be used 

in parallel with the more sophisticated analysis and an appraisal 

of its applicability made.
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Whichever model is selected, there are two situations for 

which it must be solved: 

(1) Prediction of gas and solid temperature distributions knowing 

all other bed parameters. 

(2) Calculation of heat transfer coefficients from experimental 

data. 

As examples of moving bed heat transfer in cocurrent flow (copper 

smelting’ !>), asbestos drying ‘2° and for cooling of hot solids 

(ary quenching of Sica and preheating of combustion air (25)) 

have been reported, these zases will be dealt with also. 

45 No Intra-Particle Temperature Distribution 

The assumptions on which this model is based are: 

(1) Individual solid particles are at a uniform temperature at a 

given position in ee bed, i.e. infinite solid thermal conductivity. 

(2) The particles are spherical. 

(3) Point contact between particles. 

(4) No radial temperature or velocity profiles in either the gas 

or solid streams. 

(5) The bea operates at sieady state with temperature dependent on 

position but not time. 

(6) The thermophysical properties of the gas and solid are either 

independent of temperature or adequately represented by mean values 

obtained by integration with respect to temperature. 

(7) No axial dispersion of heat in the gas phase. 

(8) No axial conduction of heat between solid particles. 

(9) The gas—solid heat transfer coefficient is independent of tem 

perature, i.e. constant throughout the bed. 

(10) The only mechanism of heat transfer between fluid and solids



6, Gy 

Ty Tho 
  

  
  

  

             
gen 

Cae SQ 

| 

  

Subscripts 

O
o
m
s
 uw solids 

fluid 
inlet 
outlet 

FIGURE 3:1 DIAGRAMMATIC_MOVING BED HEAT EXCHANGER
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is forced convection. There are no radiative components. 
(11) There are no heat losses to the surroundings. 

3.2.1 Basic equations 

The transfer process may be represented by heat balances 

over the element of bed height dy and the boundary conditions, see 

Figure 33:1 3 

GoeCpeA aT, = hpeA-dy.a (Ty-T.) aed (3:1) 

GoojeA aT = hpeA, -dy-a (T,-T.) Vivre ee 

Aty=O:T,=1 ,T = T, 

Aty=LsT,=%,,, T= 7. 

3.2.2 Prediction of gas and solid axial temperature distributions 

Taking T 54 as the datum temperature, the heat balance over the 

height from y = 0 to y = y may be written 

Gyre, ToT.) = Gyro, (Teo To) + G.0, (? ta) 

Rearrang ing 

= es ¢cv ee 2.4. é } B= e+ Ot Wt) (323) 

Where B = ee 
  

Gord, 

Substituting (353) in (392) 

Go-0,+dT, = hpea.dy Ute, rs Ot HP: ta 

  

Therefore 

ce az 

aT e | Dee Ge dy 

Dh + p(t -T_,) 3 a Gio 
VA a 

. ° 
si 

for which the solution for ®<1 is 

. <7. * (t,.-? ,)Q-em ") oy es OS 

(1-8) 
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and, by substitution into (33:3) 

T= Tp, + a(t, )(1-exp ") <a ee (3:5) 

(1-8 ) 
  

where 

m7 = haeaey (1-8) 

G ec 
ee 

  

specific surface area for heat transfer o il 

surface area of solids 

volume of solids + voids 

= idee 
Ps 
4 ey 
eyo 

6 (1-e) 

= 6(1-6) 6:59 - 94,8 0 Oe 8 Ce eB ee, Og (3:6) 

ee emer 

a 
P 

  

3.2.3 Analysis of experimental data 

(3:1) and (3:2) may be rearranged: 

aT = hpea-dy ° e ° e e e e e e ° e se (327) 

(t,-?) Goes 

at = hpea.dy Se ee ae OR Oe eS. & (328) 

  

(T,-T.) Gio. 

For $<1, subtracting (3:7) from (3:8): 

dT dT, hpeaedy/ 1 _ 1 
    

  

(TT) Gio, Gp, 

toy T 50 F P | al 
: a(tyt,) Wena (4 6) ay 

| (tT) GoeOpe8 | 
Mf eed 

sy ° 
£0” aoe
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Which gives on integration 

he re Gos0 5 “B log, a | © 0 Oe 50s C8 (3:9) 

aL. (1-8) T ee ty 

3-2-4 Cocurrent flow 

  

As the gas temperature decreases with distance down the bed, 

(3:1) becomes 

GpeOpedT, = ~h, 

with the boundary conditions 

oa.dy (T,-T.) 

At y= Os Th = Tess Ts ager 

At ye Ls T, = T 559 Ts = T 50 

The equations may be solved by the methods indicated in Sections 

3-2-2 and 3.2.3. For all values of 6: 

  

Mee Becice (nat ah(tadahd?)- i py ce uh 4510) 
(1+8) 

T° T., - B. (Tp,-T 53) (I~ ea oy! a heies (3:12) 

(1+8) 

Bey ae Ser? es ga V8 La a Goes (Bale) 
aeL (1+8) \ Pont e 

where 

Mg = hpeay (1+ 8) 

  

Gc 
Se 8 

22.5 Cooling of hot solids 

This case may be dealt with either by restatement of the 

equations and rigorous solution or by similarity. The solutions 

developed so far are essentially those for any two-fluid heat 

exchanger so gas and solid may be interchanged. For @<1:



OBR ie 

T, = Ths + (T, -?,,)(1-exp 9) Riee Ce Sve ae (3:13) 

(1-8) 

  

emi cB Busines Marat 8) cg HAN ga a iene) 
(1-8) 

h, = Gp oS #8 log. Tai “zo \ 0. Re ee 6S ee (3315) 

a.L (1-8) T 

  

  

Where 

My = hpea.(I-y)(1-8) 

Gore, 

  

3:3 Intra-Particle Temperature Distribution 

The assumptions on which this model is based are exactly as 

set out in Section 3.2 except that the restriction to solids of 

infinite thermal conductivity is withdrawn and radial temperature 

profiles within individual particles are recognised. 

323-1 Basic equations 

The heat transferred from the gas stream to the surface of 

the particles is still represented by (3:1): 

CeO poh, “dT, = hyped, -dy.a(T - o 0:40 «0, (3216) *5 
where +s is the particle surface temperature, but (3:2) is replaced 

by an expression for conduction through the solid surface 

2/ a, 2 
dae 9 [ 2, = nee. (7-7) 6 6 76 (3317) 

or}, = R 

and by another for conduction within the particles 
: f 

5° 5 aw op 4 eg Oe ee 6b a 6 eae) 

2 
KS ot or r or 

  

The boundary conditions of gas temperature remain as for the simple 

model but for the solid there is the added dependence on sphere 

radius.
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3.3.2 Prediction of gas and solid axial temperature distributions 

Lovell and tarnntangys'°? developed the Schmidt graphical method 

of solution of transient heat conduction problems for moving bed 

analysis. Although only approximate, it was an improvement over 

the simple model based on the assumption of infinite solid thermal 

conductivity. The method was superseded by an exact analytical 

(77) solution formulated by Munro and Amundson using Laplace trans- 

formation. Their solution for the gas temperature for 8 not equal 

  

  

to 1 is 

7eTei = 1+ 6.8 . 1-exp 

Tet / (38 + W,°/Bi)*-3(38 + W.°/Bi)+ W,°(1 + 2/Bi) fo “si fie j J J 
jel 

ia gk Weta) 

where kK. ( l-e)y 

Zs “5 9 the Fourier number, dimensionless, 
Gea et 

8 38 

ae Heel » the Biot number, dimensionless, 

k 
8 

and Ks is the root of the transcendental equation 

[(1-1/Bi)W,*-38 anv, egeiN w,°/Ba)e, Os es ne 

(38) Timofeev produced a solution of similar complexity. For (<1 the 

solid surface temperature is given by 

  

St ats 
‘ “W,°2 \ ng 

Tot as erry 2 ¥ nee Ny fre ik as os aes CONOR) 

Thee sb fe £(W,) 
jel 

8 W Coy in 2W : ey. a -) _ Wi "BW, sin 2H, where £(W.) “5 (sin W;-W; cos W, j j j 

J ainW,~W, cos; 
J eg J
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and Wj is the root of the transcendental equation 

Oi Seeie ahh 6a Sy ps MRRRO) or eee 

Bi tan W.-W, WwW, 
aia J 

Kitaev et ar. (38) have reduced the labour involved in applying 

a tan W. 38 eS iid ee a 

Timofeev's solution by tabulating many of the roots of equation 

(3:22) and factors of f (W,) and also representing the results 

graphically as 

T -?T 

EE fo “si 

for the ranges 

Ol 6 P< 80 
0.02 <Bi < w 
0 S24 2.0 

(38) Timofeev also gave a simpler solution for the average solids 

temperature provided z 2 0.1: 

T -T Ms ae gm si = 1-C,,-expl-C,,(1-8)3.Bi.z] . ~~ . (3323) ——ae sd, la 
1. or 

200 et 

where Cay and Ci are functions of Bi and 6 and are expressed 

graphically. 

The approach to the problem by Leung and Quon ‘78) was to trans- 

form the partial differential equation (3:18) into a set c® ordinary 

differential equations using third order correct finite difference 

formulae. The crdinary equations were then solved either nume~ 

rically using the Rimge-Kutta-Gi1 7) explicit finite difference 

method or by analogue computation. Although approximate, these 

techniques were considerably better than Lovell and fathorakyte ste? 

graphical method and compared very well with the analytical 

solution of Munro and Seiceetee 3 

Akerst (2) analogue computer solution was similar to that of 

Leung and gon (78) except that he used second order correct finite
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differences. The program was checked against the results of Mmro 

(77) and Leung and guon'78) for a problem originally and Amundson 

posed by Lovell and Kai eae hs That part of the program which 

accounted for solid phase conduction was checked against the 

analytical solution for heat transfer to a sphere in an infinite 

isothermal medium. Both checks demonstrated that the method was 

quite adequate. At Biot numbers less than 0.2, the stability of 

the circuit was very sensitive to the setting of the potentiometers 

but this was not regarded as a serious problem. 

It was proposed that Akers' (2) solution should be used in the 

present work so the ordinary differential equations will now be 

derived and the method of implementation indicated. 

The basic equations (3:16), (3:17) and (3:18) have been stated 

already and to those the following may be added: 

(1) Due to symmetry, there will be a minimum temperature at the 

sphere centre for any position in the bed 

i aie or. 
(=2) SO ue 6 tees Nica er ak os ee 1 482K) 

or/ reo 

(2) Elapsed time and position in the bed are related by 

GA et = yA 0 (1-e) 

“t= yee, (1-e) ee we ee rae Cr} 

  

G 
s 

It is convenient to use dimensionless variables to generalise the 

results and satisfy the amplitude scaling requirements of analogue 

computations: 

(3) Dimensionless sphere radius variable x. 

ee Sai ae goa Rs o/s cea, eos uals Maat saee) 

t
l
y
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FIGURE 3:2 ANALOGUE COMPUTER CIRCUIT FOR 
PREDICTION OF FLUID AND SOLIDS 
TEMPERATURE DISTRIBUTIONS INA 
MOVING BED HEAT EXCHANGER
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(4) Dimensionless temperature variables 0. 

    

™T 
0 = si ee Oe ee eee we el (3227) 

ta Tot 
(5) Dimensionless bed length z (Fourier number). 

Z cod Ik (1-e)y e J e es e e ° e e ° e ° « e e © e e ° e (3328) 

G .c Re 
Bucs 

Overall heat balance 

The overall heat balance from y = 0 to y = L, equation (3:3), 

may be expressed in terms of dimensionless temperatures ¢ 

( BT Te 

£1 £0) AO a8) 

(1-0,,) = B(6 57°) 

1-0,,-8-0,, = 0 Ci Se 0 eae alee ee a tee 

21 £0) 

(6 n 

Interior of the sphere 

On substituting for t, r and Ty rearranging and substituting 

2, (3318) becomes 

ee Oat Oude, eae ee er ee oe ene 
0g ax x ox 

If the spheres are considered to be made up of n spherical shells 

of thickness 4x, as shown in Figure 382, (3230) may be reduced to a 

set of ordinary differential equations by use of Taylor series 

finite difference formulae: 

0, = One] e q=1 oO Oe Bi RRO Oe OL Gt ee Sere © Boag ey ose (3231) 

  

Ox 2Ax 

s = ‘n+l n tar Pee 6 Soe «6 ae. oe LSS Ee 

ax? (ax)* 

At the nodes between shells 

Oe A Ne %, OF WM cee es Nip Na eh EEA)
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On substitution, (3:30) becomes 

  

ii li 
de, = One (144) 72 ‘ +63 ( q a =) Os OR Oo) OS! Oc.0: SO ( 3 8 34) 

dz (ax)* 

At_the sphere centre 

(3:24) becomes 

(=) 'y eg ay ee ee omen 
ox = 0 

so, at x = 0, (3:30) becomes 

Pees Pah Cr ee a ae 

ie ee 

i.s. indeterminate so L'Hépital's rule must be applied. This may 

be stated as 

Bs a he is indeterminate, then evaluate ee as Se or ae etc. 
a(x g(x Bhs Phe 

Now f(x) = 20,, £1(x) = 2°6, 

ox ax* 

and g(x) = x, g'(x) = 1 

so (3:36) may be replaced by 

2 
Oya FOB, RAS eee a Ff. 8S Oe 4 ek re ge OU ED 
3, axe 

Substituting. (3332) gives 

de, _ 3(0,-2-6 +6, ) 

ds (ax)? 

But, by sphere symmetry, 

so 

SOs eee Pe Co ee yn ae ae 
az ( tx)*
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At_the sphere surface 

On substituting for r, T, and Te (3317) becomes 

60 h,R 
ae (0-6 ) 

ic s 
ox 

8 

= Bi (6,-.) 

Introducing the finite difference approximation: 

Pia = Bi (0,-8.) ake Why <n teiky aks Si aiee> YtE30) 
2edx 

where 6, is an imaginary solids temperature. 

At the solid surface (3:34) becomes 

1 2 3: dO, 6; (1+5)-26,48 (1 - =) ee Oe ee ere eS 

dz (ax)® 

  

Eliminating 6, between (3:39) and (3:40): 

a, (145)2.4x.Bi(0,-8,+2.0,428, i Ee 8) 
dz (ax)* 

Throughout the sphere 

Using a 6 point, closed end Newton=Coates wiacectuee’ 27, it is 

shown in Appendix 1.1 that the mean solid temperature is given by 

Man 7 en yt OTe, +O; 64 SON Oe. ewig (EA2) 

288 2 16 i2 32 

In the gas piase 

On substituting for Tps 45 and a, rearranging and substituting 

Z, (33:16) becomes 

dO, _ 3. BBL. (tx)°(0,-0,) ee ee RS rT) 
dz (Ax)* 

  

Position in the bed 

This is effectively represented on the analogue computer by
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machine time and may be monitored by continuously integrating a 

constant input of 1 machine unit, i.e. 

  

ze 
- os es = (Ax) e ° e es e e e ° i OS Oo Se RR Oo e > (3244) 

az (4x)? 

Summary 

The complete description of moving bed heat transfer involves 

the simultaneous solution of the following equations: 

Overall heat balance: (3:29). 

At the sphere centre (n = 0): (3:38). 

Interior of the sphere (n = 1, 2, 3, 4)s (3:34). 

At the sphere surface (n = 5): (3241). 

Throughout the spheres (3:42). 

In the gas phase: (3:43). 

Position in the bed: (3:44). 

With the boundary conditions: 

Initials z = 0 

Vee 6, = 0, forn=0, 1, 2, 3, 4, 5 

i 

0. = 855 

Final s Z= Zr 

0 = 6 
s so 

i] f(n) 

Oye Ons " 

Time scaling 

All equations are of the form 

a(T or z) ‘i f(T or z) 
  

dz ( ox)* 

With inputs to the integrators of f(T or z), to generate T or z the 

integrator gains should be 

1 

(tx)? 

  

256
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This is physically too great for the machine but the problem may be 

conveniently time scaled by reducing the gains by the factor 

Gx)° = = 

i.e. the calculation is slowed down 25 times. Thus the time for Z 

to grow from 0 to 1 machine unit is 25 s with integrator time 

constants of 1 s. 

Amplitude scaling 

The dimensionless temperatures have been defined such that they 

cannot exceed unity so further amplitude scaling is unnecessary. 

The circuit 

The analogue computer circuit is shown in Figure 3.2. The input 

parameters are Bi, 6 and 0 The calculation starts at the top of fo° 

the bed and follows the progress of a typical sphere down through 

the bed until the gas inlet point is reached where 

Op = Op, = 1s 
Thus the temperature distributions through the bed in the gas and 

solid phases are obtained and may be output to a digital voltmeter 

or a graph plotter. 

3.3.3 Analysis of experimental data 

It is clear that the analytical solutions described in the 

preceding section are unsuitable for the direct calculation of heat 

transfer coefficients from the measured variables of moving beds. 

Kitaev et al.ts( 28) graphs enable the indirect use of Timofeev's 

solution but interpolation errors are inevitable and the small 

range of Z values (from 0 to maxima between 0.4 and 2.0, depending 

on the value of @) is a serious restriction. 

The resistance equation (2310) provides a very simple solution 

and has been employed by Kitaev et ai. (38) and Bradshaw et ai, 648),
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The overall heat transfer coefficient may be calculated from the 

terminal temperatures using equation (3:9): 

Vie Gait # log, / “fo "si \ ta a Med osha bk ole 

a.L.(1-8) \Peato/ 
# 

  

Substitution in (3:45) then yields the true film coefficient : 

e a d 
° a — + Pp Oa Fe Ok ae Re ae ee Oo ce: OR ae ee eg Te (2:10) 

U h, 10-K. 

hp, = 10-U-k. PAK be eee ye a oe ae ee eee 

  

10 . k -U. q, 

Kitaev et ai. (38) described the proof of (2:10) by hydraulic analogy 

for the case of a single sphere in an infinite isothermal medium. 

Bradshaw et a1. (48) provided an analytical proof of it for step and 

exponential inputs to fixed beds. However, Wartmam and Mertes °°) 

suggested that for moving beds the constant os in the conduction lag 

term was a function of Bi and & They gave 

8 < Gy <2 

for 0.1< Bi <10 

Cae 2° <2 

and C, = 10 

for Bp = 1 

Analogue computer solutions are quite feasible, particularly if 

parallel logic facilities are available, and seem best suited to the 

present needs. They have the advantage of generating the tem: 

perature distributions, if these are required, and short computation 

time. It will be shown later that the incorporation of wall heat 

losses requires only trivial modifications to the circuitry. 

The analogue computation of the gas film heat transfer 

coefficients from experimental data must be carried out iteratively.
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FIGURE 3:3 _HYBRID- ANALOGUE COMPUTER CIRCUIT_FOR 
ANALYSIS OF MOVING BED DATA.
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Equation (3:9) provides a first approximation to the coefficient 

which is an underestimate as it includes the conduction lage, ALF 

this value is input to the program, the temperatures will not have 

risen to the values appropriate to the bottom of the bed when that 

position is reached. The Biot number is then progressively 

increased and the calculation rerum until 

Se citeg 2 
at Z2= Zr, 

This may be done by manual control of the initial condition, operate 

and hold modes and incrementing of the Bict number potentiometer. 

This is particularly tedious and time consuming but the labour may 

be reduced considerably if a hybrid computer is available. Control 

may be effected automatically by logic signals which themselves are 

controlled by the state of the analogue computation. Such a circuit 

is shown in Figure Sd: Control is accomplished in the following 

manner 8 

(1) Hold ang subsequent reset follows from the test of bed length 

by comparator C2. This triggers the differentiator and, in turn, 

the monostable and thereby resets the calculation to Z = 0. 

(2) Switching of the logic by the monostable reverses the réles of 

the two track-store amplifiers and consequently increments the Biot 

number. 

(3) After several iterations the correct Biot number is achieved 

and 

Op = Ons = lat z= zy 

Op trips comparator Cl and the final hold occurs. ‘The accuracy of 

the solution can be elena tty the output of the amplifier HB. If 

the heat balance is satisfied the output should be zero, as given 

by equation (3:29). As the rate of solution is no longer restricted
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by human reactions, the calculation may be speeded up by as much as 

100 times by decreasing the integrator time constants. 

3.3.4 Cocurrent flow 

As was pointed out in Section 3.2.4, the heat balance over the 

increment dy becomes 

GpecpedT, = ~hp-a-dy(T,-T.) 

or, in dimesionless variables, 

| 2 
do, S 3-B»Bi.(4) -(8,-0,) 05 6.7 @ 08055 O28 Be Ow 8 © ee (3346) 

dz (ax)* 
  

with the boundary conditions 

Sot Beet. © ty 0) Be ee 
o = f(n) 

Thus the computation is run until 

At Z= Zt Op = Op59 0, = 0, 

Of = SF 

rather than 

Se ea to 
3.3.5 Cooling of hot solids 

The heating model is equally applicable to cooling and, 

provided that the dimensionless temperatures are defined as before, 

it is not even necessary to modify the logics 

6 = MTs “ eae 
  

  

Tot eg | Tet tes 
At Z = 0: 6 = 0 

OO Mage gt Mus 

At Z= Zt 0, = Op, = 1, 0, = 6,, = f(n) 

Thus the boundary conditions are exactly as for heating. 

The possibility of there being a temperature distribution in 

the solids at entry to the bed should not be overlooked but it does 

not introduce any real problems. It simply requires that initial
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conditions be set on the sphere temperature integrators. 

3-4 Non—Adiabatic Enclosure 

The significance of wall heat losses will be discussed later. 

There are two situations requiring modelling: 

(1) Determination of wall heat transfer coefficients using experi- 

mental data obtained from steady state, fixed beds. 

(2) Incorporation of the heat losses into the moving bed model 

using the coefficients determined under steady state conditions. 

In both situations it is assumed that the heat transfer to the 

colum walls occurs solely by forced convection from the gas stream, 

i-e. conduction from the solids to the wall is negligible, and 

that the air remains well mixed at any given bed height, i.e. no 

radial temperature profiles in either the gas or solids. A further 

assumption is that the separate processes of forced convection at 

the inside surface, conduction through the wall and natural 

convection at the outside surface may be represented by an overall 

process involving the mean temperature difference between the 

ambient air and gas flowing through the bed. 

3.4.1 Fixed beds 

The heat balance over the element dy of a fixed bed at steady 

state is 

2 
Gpe ibd “.cp.dT, = U,+ Ma .dy(T-T) ‘as DAW eu eee 

4 

where v is the overall wall heat transfer coefficient based on the 

inside surface area of the colum. 

  

To L 
rt a 

aT, | 4.U dy 2 oo eee ee ee Gee 

j } 
a (t,-?,) 2 d+Gpedp 

T °
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As the surroundings are effectively infinite, qT. is constant so 

(33:48) may be integrated to give 

Ted 
[10g (T,-T, )] = 4.U .L 

T 

  

fo d Gp, 

Whence 

ages a es MY We fe a ei, 3 <e, oe £ 3249) 
4.L Tt, ~T 

Ue. d. 4G 6 fp =f) 

fo a \ 

Now, the total heat lost by the gas stream is 

Q, = Gp ped, (ToT) CO ee Oe a) ewe ae ee (3250) 

Eliminating G,.c, between (3:49) and (3:50) gives 

q = Ue led Le at e « e es ° e « ° e ° ° e ° e ° ° e (3251) 
lmy 

where 

ATi =  (Tey-Pp,) 
T .-T 

10g f ft , 

P0778 

3.4.2 Moving beds 

Similarly, consider the heat balances over the element dy of 

(3:52) 

  

the moving bed: 

G eC oA dT, = h e°°p oA saedy (tt) 
f 

+ Uelled ody (t-2) CO 8: 8 GO 8 8 ae (3:53) 

and 

Go Add, = hpooAaedy (TT) 6 65. Ore ee | oO ae (3354) 

and over the height from y = 0 to y = ye 

GpecpeA (Te-T,) = Gorcpe A(T, -Tis) + G -o A(T -T.5) 

+ U,eled -y(Tp-T.) Oi OO ee OE. Ob (3355) 

where (Te-T) is the mean temperature difference between the gas 

stream and the ambient air over the height from y = O toy = y.
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It seems unlikely that simple, analytical solutions to (3253), 

(3:54) and (3255) could be found which would be comparable with 

(3:9). In the present work, two approximate solutions were used, 

one based on (3:9) and another, more exact one, involving analogue 

computation. 

3:4.3 Moving beds: No intra-particle temmerature distributions: 
Logarithmic mean temperature difference solution 

Equation (3:9) has been derived for an adiabatic exchanger : 

Mae Go.cp/ 8 \ tor ee) wi 1-6) log, ( 2-7. | 

a a - Fea F a0, 

This may be re-expressed as 

  

  

f oa \ $8 

trad an pel hpeaeL ee } 

\tpj sO \ ar Gp-0, 

Now the heat transfer rates are given by 

Qe = GpedpeA, (v fi £5 ) e e ° ek ° ° ° e e ° . e ° e °@ (3:56) 

Q, = G.-0,.4. UC ee A ee Cre Ye 

  

sO. su 

Substituting 

/ / oo z } 
1 (-to"si a h ash [Ant P50 T.4) - - (Tes 5 “8 (3,58) ao f 

"WE Ooo \ a, ep 

For the adiabatic case 

Q= = Q, 
2 Q = hpeaLed, ae oe - et J ut 

  

h sAslich eo AD Fi. 6. 8 ee er ae bet we a Ce ee be 8 ce Bee (3259) nig xe im 

For the non-adiabatic case, a first approximation to h 

N 

- may be 

obtained from (3:59) by using 

ea 
where Q, is given by (3:51) and (3:52).
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FIGURE 3:4 ANALOGUE COMPUTER CIRCUIT FOR 

NON = ADIABATIC_ MOVING BEDS
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3:4-4 Moving beds: No intra-particle temperature distribution: 
Analogue computer solution 

The heat balances over the element dy are 

Groh edt, = hpeaeA dy i Oi Mie Ol Ce Ori Os Oe. 8s Oe (332) 

and 

GpeCpeA_ dt, = h, aA «dy (TT it.) 

+ Ula dy (T-?-) te Be a oi We LD) 

On rearranging and substituting for a, AL and the dimensionless 

variables z and 6, as in Section 3.3.2, it may be shown that 

; 2 
d6,, = 3-Bi(4x) (6,-8.) OO OO 08 8 Oe re ere 6 (3:61) 
  

  

dz (ax)? 

and 

dQ, = 3-Bi.8( (Ax)°( 0, 6.) , 4-U,(Ax)*L. (0.0 ,) pees 

az (ax)* a, -G prep (dx)® ee 

The overall heat balance may be obtained by substituting (3:2) 

in (3:60) and integrating over the whole bed: 

et CpeA, (Tpj-T fo ) al 

= Grog, (rot Si Uj eled, (T.-T. ay a) ee Ce (3363) 

Wo 

On substituting and rearranging this becomes 

2 
i- 950 - Pad o- - 4.U, - (Ax) oL (0-0 )az 

  

qd °C, Cc pl dx) °., 

i 

= 0 te ee (3:64) 

The analogue computer circuit for the solution of equations (3:61 

and 62) is shown in Figure 3:4. 

3-4-5 Moving beds: Intra—-particle temperature distributions 
Analogue computer solution 

It can be readily appreciated that the sphere conduction
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equations remain unchanged. Only the relationships for the gas 

temperature and the overall heat balance differ from the adiabatic 

case and are exactly as derived in the previous section and given 

as equations (3:62 and 64). 

3.5 Digital Simulation of Analogue Computation 

Akers?) used an E.A.L. TR1O analogue computer to determine 

moving bed temperature distributions knowing the bed parameters and 

an H.A.L. TR48 hybrid computer with parallel digital logic for 

analysis of experimental data. In the present work, the TR10O was 

fairly satisfactory but iterative solution using the more sophis— 

ticated machine proved impossible. The control logic was quite 

adequate but considerable problems were experienced with the 

analogue circuitry. The rate of integration was variable and drift 

was quite noticeable. Servo setting of potentiometers was 

inaccurate and the read-out devices tended to load the measured 

outputs. As the problems seemed intractable in the time available, 

the possibilities of digital computer solutions were considered. 

In recent years various digital computer programs have been 

developed which simulate the operations of analogue computation. 

Gay and Akers (81) applied the I.C.L. 1900 analogue computer simula 

tion program to a moving bed problem which will be dealt with in 

Section 3.6.1. They showed that the accuracy of the program 

compared well with analytical and true analogue solutions. 

Integration was performed using the Runge~Kut-ta-Merson (82) fourth 

order finite difference procedure with automatic adjustment of the 

step size. The program offered advantages of increased accuracy of 

multiplication, no necessity for amplitude scaling and considerable 

improvements in function generation, although the latter is of no
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eonsequence in the present context. However, it adhered rigidly to 

analogue format and offered few logic facilities. It could only be 

used to give the temperature distribution knowing the heat transfer 

coefficient. It could be used with several, successive values of 

Biot number to obtain the true value by interpolation but this 

would entail considerable computer time and probably would be 

inferior to manual operation of the TRIO. Gay and Akers ‘&2) 

suggested that an interactive digital simalation program would 

prove more powerful for analysis of experimental data. Even that 

could not approach the efficiency of hybrid computer iterative 

solutions. 

The restrictions imposed by digital simulation programs are 

quite unnecessary if one does not presuppose a knowledge of 

analogue techniques. Thus it is more useful to retain the digital 

nature with its inherent logic facilities and add to this the 

numerical integration routines. This was the philosophy employed 

by Wank >, He described a set of FORTRAN subroutines which 

permitted the solution of mathematical models consisting of 

simultaneous differential and algebraic equations. Two methods of 

integration were included: the second and fourth order Runse “utta 

methods, both without the option of variable step size. In the 

present work they have been rewritten as ALGOL procedures and a 

further alternative added: the simple Euler method. The details 

are contained in Appendix 1.2. All the normal logic facilities of 

high level digital languages are retained so both simple analogue 

and complete hybrid computation can be simulated.
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4 Comparison of Methods of Solution 

3.6.1 The problem of Lovell and Karnofsky: Lime calcination 

Their problem was chosen to demonstrate the significance of 

intra-particle temperature distribution and was stated as 

"Limestone is calcined in a continuous, 
countercurrent, vertical lime kiln. The 
calcium carbonate is fed in at the top 
in 2 in. diameter pieces at a,superficial 
mass velocity of 2230 1b/h ft". Flue gas 
and carbon dioxide from the calcination 
rise through the bed at a superficial mass 
velocity of 2500 lb/h ft". If the lime- 
stone enters at 100°F and the gas leaves 
at 200 F, at what level in the kiln is the 
gas temperature 400°R>" 

Data: o, = 0.25 Btu/lb deg F f 
o, = 0-28 Btu/lb deg F 

h,= 78 Btu/h ft° deg F 
k, = 1.3 Btu/h ft deg F 

oes o 

The possibilities of chemical reaction and mass transfer need not 

be considered. The relevant dimensionless parameters are 

Bi = hoeR sf 78 Kod be 5.0 

k 143. x 12 
Ss 

6 = Geo. _ 2230 x 0.28 eee 

  

  
Teo 

GaeC, 2500 x 0.25 

8 oi 
. 

fo 7 oe Sas ag ey = 0.333 

Tps-T 4 400-100 

Munro and daindaan computed the analytical solution as 

far as z = 0.2 and then extrapolated graphically, giving 2 = 0.245 

as the level at which the gas temperature is 400°R. Inspection of 

their graph suggests that their extrapolation was in error, Zr, 

being nearer to 0.25. Leung and gon ‘78) provided solutions as far 

as 2 = 0.1854 by Munro and Amundson's analytical method, by the
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Table 3:1. 
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4 AND 5. LOVELL AND KARNOFSKY'S PROBLEM 

analogue Computer Solution: Akers 

  

Of 
1 

sm 85 
| 
} 4 8 

| 

es 8% 
  

  

0.051 | 0.488 

0.101 | 0.620 

0.152 | 0.747 

0.874 

0.998 

0.202   0.253   

0.155 

0.287 

0.413 

0.536 

0.667   

Oe 313 

0.451 

0.581 

0.710 

0.835   

0.158 | 0. 069 | 0 

0.300 | 0.190 

0.430 } 

0.558 

0.683 | 0.566 

  

ai
i 

0. 120 | 

0.316 | 0.236 

0-440   

0-026 0.010 

  

02359 | 0-310 

0482 | 0.432 

0.006 

0.080 ; 0.070 

0.190 | 0.173 

0.294   0.419   

Table 3:2. Numerical integration Soiution: Gay and Akers 

  

Z Oe 8 
sm 95 | 8, |e 

ie 

95 

  

  

0-05 | 0.494 | 0.158 

Ol 

0.15 

O02   0.25 

0.625 | 04290 

0.752 | 0.417 

0.878 06543 

1.004 | 0.669   

0.314 

0-454 

0.584 

0.710 

0.836   

0.159 

0-302 

0.432 

0.560 

0.686   

0-070 | lo. ee 0.012 } 0.008 

i 
0. re 0.121 | 0.083 

06317 | 0-237 | 04190 | 
| 

0.443 | O- 360 

| 
0.568 © 0.485 

  

0.175 

0.295 

: 

oe 

| 

0.311 

  

0.435 | 0.418 
  

  

  

    

  

  
       

  

    

Table 3:3. Numerical Integration Solution: Present ‘ork 
Second Order Runge-Kutta, Az = 0.01 

oe pens | % | %3 | ®% | % | % 
0.05 106494 04157 | 0+309 0.161 lo. O70 | 0.029 | 0.012 | 0.008 

O.1 (0-625 0+290 | 0-454 | 0.302 | 0.192 | 0.121 | 0.083 | 0.072 

0.15 0-417 | 06584 | 0-433 | 06317 | 0.237 | 0.191 | 0.176 

O02 bobs 0-543 | 0-710 | 0.560 | 0.443 | 0.360 | 0.311 | 0.295 

0.249 Pee 0.665 | 0.833 | 0.682 | 0.565 0.481 | 0.431 | 0.415 

0025 | 1-004 0.669 | 0.836 | 0.686 | 0.568 | 06485 0-435 | 0.418           
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Table 3:4. Leung and Quon's Solutions 

  

| 
  

  

z | a te ee 
Analytical , Runge-Kutta-Gill | Analogue 

0.05 a 0.487 0.486 | 0.490 

0.1 | 0.617 0.616 0.617 

0.15 | 0-743 0.742 | 0.740 

| 04.1854 0.833 0.831 0.833   
  

 



Table 3:5. Summary of Present and Previous Solutions 

  
— 

  

  

  

  

  

    

L Computation 
Workers Method . By inn ‘tins Computer 

Lovell & Karnofsky | Furnas 0.133 | 0.88 - ~ 

Schnidt 0.200 | 1.32 “ ~ 

Munro & Amindson Furnas 0.135 | 0.90 - 

Analytical, extrapolated 0-245 | 1.63 ~Ah ? 

Leung & Quon Analytical ) Extrapolated ? ? 

Runge-Kubta-Cill4 in the present | 0.253 | 1.69 28 min IBM 1620 

Analogue work <10 s Pace 231R 

Akers Analytical 0.253 | 1.69 s PDS 1020 

Analogue 0.253 11-69 | 6.338 EAL TR1O 

Gay & Akers Runge-Kutta-Merson 0.249 | 1.66 ~10 s ICL 1905 

Wilson Furnas 0.133 | 0.89 ~ - 

Runge-Kutta-Franks 0.249 | 1.66 e055 ICL 1905 

Resistance equation 0.267 | 1.78 - -             
  

- 
6
°
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Runge-Kutta-Gill numerical method and by analogue computation. 

Akers 2) applied the analogue computer technique and also recal- 

culated the analytical solution for the full bed length. Gay and 

Akers (81) used a digital computer program employing the Runge-Kutta- 

Merson numerical method to simulate the analogue integration. In 

the present work, Franks (83) approach to digital simulation has 

been employed. It can be seen from Tables 3:1 to 335 and Figure 3:5 

that the present results are consistent with those of Gay and 

(81) but differ from those of Lemg and guon‘78) and Atave 2), Akers 

Gay and Akers suggested that the double use of finite differences 

(first to reduce the partial differential equations to ordinary 

differential equations and secondly to integrate) could cause the 

anomalies with the numerical method and might be overcome by using 

a larger number of sphere increments. However, the consistency of 

Leung and Quon's three methods does not support this view. 

Although there are slight differences between the various 

solutions, they are minimal, particularly in comparison with the 

much more approximate methods. The simple solution of ieaas 

which assumes no intra-particle temperature distribution fie: equa~ 

tion (3:9) for the special case of 8 = 1) seriously umderes+“.mates 

the bed length and Lovell and fmoteietace modified Schmidt method 

produces an int. rmediate bed length. The resistance equation (2:10) 

together with (3:9) provides a reasonable approximation which 

would suffice for many engineering applications. 

The slight error in the overall heat balance with the present 

numerical method should be noted. Equation (3:29) 

1- Sees pO = ei 

predicts that ay should be 0.667 at the point where 0, = Ons =]



TABLES 3:6 AND 7. 

pes 

THE PROBLEM OF KITAEV ET AL. 

Table 3:6. Analytical Solution: Kitaev et al. 

  ! 

  

    

z 64.4 oe 0, 85 

0+150 | 0.459 | 0.276 | 0.377 0.120 
0.298 | 0.614 | 0.469 | 0.550 0.342 
0.447 | 0.735 | 0.622 | 0.685 0.521 
0.596 | 0.832 | 0.742 | 0.792 0.662 
0-745 | 04907 | 0.836 | 0.876 0.774 
0.893 | 0.967 | 0.911 | 0.942 0.962 
0.995 | 1.000 | 0.953 | 0.979 0.910                 

Table 3:7. Numerical Integration Solution: 
Second Order Runge-Kutta, Az = 0.01 

Present \ork 

  

  

    

“ 0. | eS Sy te S | Ops ey | es 

0-15 | 0.464 | 0.282 | 0.383 | 0.293 | 0.220 | 0.168 | 0.137 | 0-127 
0-3 | 0.619 | 0.476 | 0.556 | 0.485 | 0.427 | 0.384 | 0.357 | 0.348 
0445 | 0.741 | 06628 | 0.691 | 0.635 | 0.589 | 0.555 | 0.534 | 0.527 
0+6 | 0-836 | 0.746 | 0797 | 0.753 | 0-717 | 0.691 | 0.674 | 0.668 
0675 | 0.922 | 0.842 | 0.861 | 0.846 | 0.818 | 0.797 | 0.784 | u. 80 
O09 | 0.971 | 0.916 | 0.947 | 0.920 | 0.897 | 0.881 | 0.870 | 0.867 
04995 | 1.002 | 2.954 | 0.981 | 0.958 | 0.938 | 0.924 | 0.915 | 0.912                 
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FIGURE 3:6 KITAEV ET AL?S PROBLEM 
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whereas only 0.665 has been achieved. Akers! (2) analogue computer 

solution gave 0.667 at Oa” 0.998. 

3.6.2 The problem of Kitaev et al.: Dry quenching of coke 

As the analytical solution of Timofeev (3°) differs in appearance 

from that of Munro and dimmanda 6112 the numerical simulation was 

(38) tested against it. Kitaev et al. applied Timofeev's method to 

the following problem: 

"Find the temperature distribution in the 
coke chamber of a dry quenching system 
operating in countercurrent." 

Data: T . = 1000°% 
sl ° 

T., = 160°C 
0 

Te = 800°C 

6. ='0.8 

Bi = 6.0 

N 

The quenching gas is inert to coke so the vossibilities of chemical 

reaction and mass transfer need not be considered. It was shown in 

Section 3.3.5 that the cooling of hot solids could be treated in 

exactly the same manner as the heating of cold solids. Thus 

1000-1000 
®54 “ “Wooo. 160. = .° 

1000-160 _ | 
Ops = 1000-160 = 

_ 1000-800 _ 
%%5 = 1000-160 = 0.2381 

It can be seen from Tables 3:6 and 3:7 and Figure 3:6 that 

numerical integration does underestimate the bed length very slightly 

as was shown with the Lovell and Karnofsky problem. Timofeev's 

solution seems quite satisfactory and should be simpler to apply 

than that of Munro and Amundson as the roots of the transcendental 

equation (3:22) and factors of r(W,) in (3:21) were tabulated by 

Kitaev et al. The numerical solution required 15 s of computer 

central processor time.



-~ 997 - 

3.6.3 Single sphere in an infinite isothermal medium 

The problems of Lovell and Rarnosakeys te? and Kitaev et ar. (38) 

demonstrated that numerical and analogue solutions of the equations 

describing moving bed heat transfer compared very well with the 

analytical solutions. However, the Biot numbers and® values in 

the two problems were similar (Bi: 5.0, 6.03; 6: 1.0, 0.8) so there 

is little knowledge of the range of application of the approximate 

techniques. What small errors there are presumably stem mainly from 

the integration of the sphere temperature differential equations. 

For further testing of the numerical solution, it should be 

sufficient to restrict the analysis to the transient heating of a 

single sphere in an infinite isothermal medium. It can be 

appreciated that the moving bed model can be applied to this 

situation with the simplification that 

6, = constant = l. 
f 

The concept of a dimensionless bea length involving solids flow rate 

is no longer applicable but the time of heating can still be 

represented by a Fourier number: 

Z = k (1-e)y 

2 

  

e e e e 2 e e ° e e e e s e e e (3228) 

GeeG «tt 
5s 8 

ke oy(~e) 

  

  

% 

% 

  

Whe 0 he ae eb kt Wale Tie oe PRIOS)   

Akers‘) solved the single sphere problem at a Biot of 1.0 by 

analogue computation and he showed that the error was never more



TABLES 3:8 AND 3:9. THE SINGLE SPHERE PROBLEM 

Table 3:8. Analytical Solution: Kitaev et al. 

  eat hes 
Os2 | Od. «fe -On6 1 Ou8) AO | 1.5 | 2 | 3 4 5 6 8 | 10 | 20 50 | i 

          

  

  

O02} 00144 | 0.261 | 0358 | 00437 | 0.504 0.627 | 0-712 | 0.812 10. 866 | 0.899 | 0-920 | 0.945 | 0.959 0.983 | 0-997 ae 
Oe4 | 06238 | 04409 | 00554 | 0.627 9.698 Lo. 811 ae -874 | 0.934 | 0-960 | 0.973 | 0-981 | 0.988 | 0.992 | 0-997 ee a: 

O06 | 06321 | 06526 | 0.662 | 06753 | 0.816 0. 904 | 0.945 | 0.977 | 0-988 | 0.993 | 0.995 | 0.997 | 0.998 | 0.999} 1.000! 1 
008 | 06395 | 0-620 | 06754 | 0.837 | 0.887 (0. ©951 | 0.976 | 0.992 | 0.996 | 0.998 | 0.999 | 0.999 |} 1.000 | 1.000} 1.000} 1 

¥.000:|0 <4 1-0 | 06461 | 0-696 | 0.822 | 0.891 | 0.931 | O- °975 | 0.989 ; 0.997 | 0-999 | 1.000 | 1.000 | 1.000 | 1.000 | #000           

    

  

  7 

042 | 0-109 | 0-201 | 04278 | 0« 343 | 0.398 |0. 505 |04581 | 0.678 | 0-735 | 0.772 | 04797 | 04829 | 0.848 | 0.884 lo. 903 | 0.913 
Oo4 | 06206 | 06360 | 00475 | 02564 | 0. 633 | 0-748 | Ma 816 | 0.887 | 0.921 | 0.939 | 0.951 | 0.963 | 0.970 | 0.980 jo. 2986 | 
006 | 06293 | 06487 | 06619 | 0.712 | 0. -776 lo. 872 | 0.919 | 0.960 | 0-976 | 0.984 | 0.988 | 0.992 | 0.994 | 0.997 | 0.998 
048 | 06370 | 06589 | 0-723 | 0-986 | 0.993 | 0.996 | 0.997 | 0.998 | 0.999 | 0.999 | 1.000 
140 | 06439 | 04671 | 04799 | 06870 | 0.916 | 0.967 |0.984 0.995 | 04998 | 0.999 | 0.999 | 1.000 | 1.000 | 1.000 | 1.000 

| 
\ - 

|   

  

                      

      

|           
  

  

O02 | 0-058 | Os 107 10s 153 | 0. 192 10. 22" (0 301 10. 357 | 10. 437 | 0. 490 | 0.528 | 0.556 | es 593 0 617 |. 669 | O- TOL | ic 73 

O04 | 06159 | 04284 06362 | 06461 | 00526 | 0.641 | 0.715 | 04800 | 0-846 | 0.873 19» -890 | 0.911 |O- 1923 | 04944 | 04955 | 0.963 
006 | 06251 | 0.426 | 06551 | 0.643 | 0-710 | 0.817 | 0. £875 |. 930 | 0.954 | 0.966 3 1973 | 04981 | 0.985 | 0.991 | 0. 993 | goa 
008 | 06332 | 00540 | 06674 | 06764 | 06823 | 0.907 |» 945 | 0» 976 | 0.986 ie ba 
140 | 04405 | 04632 | 0763 | 04839 | 0. 292 | 0.953 | 0.976 | 0.991 | 0.996 | 04998 | 0.998 | 0.999 Ge 999 ee 000 | 1.000 

    

  

                             

| 

| 
| 
|   

  

  

~ 
9
6
 
-



Table 3:9. Numerical Integration Solution: Present Work: Second Order Runge-Kutta 

  

Ovo2 

  
ed 

04 | 0.6 i 1.5 2 3 a
a
 
| 

  
10 

| 
oD. | 50 

    

O02 

  

0.144 

0-237 

0.321 

0-395 

0.461 

04261 | 0.358 
0.409 

0.526 | 0.662 

0-621 | 0-754 

0.696 | 02822 

0-535 

0.438 

0.628 

0-753 

0836 

0.891 

0.505 

0.699 
0.816 

0.888 

0.931 

| 0.630 
0.812 

0.904 

0.951 

0-975 

0.714 

0.875 

0-945 

0.976 

0.989 

0.814 

0.935 

0.977   
0.868 | 0-900 

0.960 | 0.973 
0.988 | 0.993 

0.992 | 0.996 | 06998 
0.997 | 0.999 | 1.000 

0.921 

0.981 

0.995 

0.999 

1.000 

0.946 

0.988 

0.997 

0.999 

1.000 

0-959 

0.992 

0.998 

1.000 

1.000 

0.983 | 0.994 
0.997 | 0.999 
0.999 | 1.000 
1.000 | 1.000 
1.000 ! 1.000 a 

  

8 
sm 
    ‘00109 

O04 | 0.206 

066 | 06293 

0-8 

1.0 

0.2 | 

O04 

006 

0.8 

1.0 

0-370 

02439 |   
0.201 | 0.278 
0.360 | 0.476 
0.487 | 0.619 
06589 | 06723 
0-671 | 06799   

0-343 

0-564 

0-711 

0-808 
0.873 |   

0.399 

0.633 

0.776 

0.863 

0.916 : 
  
0.506 

0.748 

0.872 

0.935 

0.967   
0.679 

0.887 

0.960 

0.986 

0-995 

0.582 

0.816 

0.919 

0.964 

0.984 |   
0-736 

0.920 

0.976 

0.993 

0.998 

0.772 

0.938 

0.983 

0.995 

0.999     
0.797 

0.949 

0.987 

0-997 

| 02999   
0.828 

0.962 

0.991 

0.998 

1.000   
0.846 

0.968 

0.993 

0.999 

1.000   
0.882 | 0.901 

0.979 | 0.984 
0.996 | 0.998 
0.999 | 1.000 
1.000 | 1.000 

  

6 ) 

a 

  

! 
‘ 

0.058 

00159 

0250 

0-332 

0405 

0.109 

0.283 

0-426 

0.540 

0.631 

0-153 
0.382 

0-551 

06674 

0-763 | 

04193 

0.461 

04642 
0763 
0-842 

0.228 

00525 | 

0.710 

0.823 

0.892 

0.301 

0.640 

0.816 

0.906 

0.952 

0.358 | 0-437 

0.714 | 0.798 
0.874 | 06929 

0.944 | 0.975 
0.976 | 0.991 

0.490 

0.843 

0.952 

0.986 

0.996 

0.527 

0.870 

0.965 

0.990 

0-997 

0.554 

0.887 

0.972 

0-993 

0.998 

0.591 

0.908 

0.979 

0.995 

0-999 

0.614 

0.919 

0.983 

0.997 

0.999 

0.664 

0.940 

0.989 

0.998 

1.000 

0-695 

0.951 

0.992 

0.999 

1.000 

0.716 

0.958 

    Az   0.01   0.01     0.01 0-01   | 0.01   0.01   | 0601 | 0.02   0-01 | 0.01     0.005 |   0.005   0005 | 0.005 
4 

      0.0025 ; 0.0025     

«= 
6
6
 

~
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than 2% compared with the analytical solution. Kitaev et al. 

obtained the analytical solution for Biot numbers from 0.2 to 50 

and even». Their solution is similar to that of Gurney and 

(84) Lurie but the graphical and tabular presentation of the 

results is more convenient for comparison. For the case 

Bi = « 

the derivative equations are simplified even further. Oo, disappears 

from the analysis completely and 

8, = constant = 1 

Although all the sphere nodal temperatures were calculated, only 

those which are directly comparable with the results of Kitaev et . 

al. are presented in Table 3:9. Other Biot numbers and greater 

Z values were also used but these are not included in the table. 

Comparison of Tables 3:8 and 3:9 shows that the agreement between 

the analytical and numerical solutions is very close, even at high 

Biot numbers, and generally the results are indistinguishable for 

three figure accuracy. 

3.6.4 Effect of step length and integration order on accuracy 
of numerical solution 

Reference has clready b2en made to the three levels of 

sophistication of the numerical solution: the Euler method and the 

second and fourth order Runge~Kutta methods. These are described 

in Appendix 1.2. Hach involves stepwise progression towards the 

solution and the accuracy is dependent upon the value chosen for 

the step length & of the independent variable. The effects of step 

length were investigated and it was found that there was a critical 

value for each of the three methods below which the solution was 

stable, convergent and independent of hz. The approximate critical 

values for Lovell and Karnofsky's problem were:



TABLES 3:10, 11 AND 12. 
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NUMERICAL SOLUTION OF LOVELL AND 

  

  

  

  

      
  

  

  

  

              
  

  

  

  

              

Table 3:10. uler Method: Az = 0.01. 

l l i 
om | Orc Oe. | Os | 4 | Ris sd Oo cli Baia | s 

| 0.05 | 0,496 | 0. 159 | 0-319 | O42 Owl a 0.067 | 0.020 : 0.004 | ee 

! O.l | 0.626} 0. eh 0. 456 | O- “304 0.192 | 0.117 | 0.075 | 0-062 | 

| 0.15 | 0-752 | 06417 | 04584 | 0.433} 0.317 | 0.236 | 0.187 O27 

| 002 | O. 878 0. 543, 0. ry O- 560 | 0-443 | 0.360 | 0-310 | 0.293 , 

| 0+249 | 1.000 | 0, 665 0-833: 0. 682. 06 565 | 0.481 | (06431 | 0-44 

Table 3:11. Second Order Runge-Kutta: Az = 0.01. 

| z | Of | os 05 | Ba ee8y |, Op gk OV 865 

0.05 | 0.494 | 0.157 04309 | 0.161 | 0.070 | 0.029 | 0.012 0.008 

O.1 | 0.625 | 0-290 | 0.454! 0.302 | 0.192 | 0.121 | 0.083 | 0.072 

0.15 | 04752 0.417 0.584 | 0.433 | 0.317 | 0.237 | 0.191 } 0.176 

| 0.2 | 0.878 0.543 | 0-710 0-560 | 0.443; 0.360, 0.311 04295 | 

0+249 | 1.000 | 04665 | 0.833 | 0+682 | 0-565 | 0.481 0.431 0.415 , 

Table 3:12. Fourth Order Runge-Kutta: Az = 0.01. 

% | Of | Oi | 85 0, 83 85 ! 03 8 

0.05 | 0-494 | 06158 | 0.314} 0.159 | 0.070 0.028 | 0.012 | 0.008 

Owl | 0.625 | 0.290 | 0.454 | 0-302 | 0.192 04121 | 0.083 0.071 

0.15 | 0.752 04/17 | 0584 | 0.433 | 0.317 04237 | 0-191 | 0.175 

| 0.2 | 06878 0543 0-710 | 0-560 | 0.443 04360 0.311 04295 

04249 | 1.000 | 04665 | 06833 | 04682 | 0.565 | 0-481 | 0-431 | 06415 |    
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TABLE 3:13. AKERS! DATA: CRITICAL STEP LENGTHS 
FOR NUMERICAL SOLUTTON 

  

Critical Az 
  

Euler |} Runge- | Runge- 

7 

| | 
Run | Zr, Bin | B Second | Fourth 

| | Kutta | Kutta 
\ 4 
  i 

21 | 1.81 0.469 i 26443 | 0.020; 0.020 | 0.028 \ 
| 
  

  59 | 1.21 1.148 | 0.269 0.019 | 0.019 | 0.026 

' 06704 | 0.020} 0.020 | 04026         ' 86 | 0.87! 0.628 
dein
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Euler 0,015 

Second Order Runge-Kutta 0.015 

Fourth Order Runge-Kutta 0.018 

Solutions were computed from Az = 0.0025 up to the critical values 

and found to be quite consistent. These are shown in Tables 3810 

to 3:12. It can be seen that there are differences between the 

methods at low z values but all converge to the same final 

solution. The consequence of this is that although the computed 

temperature distributions (lmowing all bed parameters) may differ, 

calculation of Biot numbers from experimental data is independent 

of the method employed provided Az is less then the critical 

value. This was verified using the data for Lovell and Karnofsky's 

problem. The critical values for some data from Akers' work were 

also determined and are shown in Table 3313. 

As the conclusion that all three methods iterated to the same 

Biot number was drawn from only one example, it was felt that the 

Euler method should not be used except, perhaps, for large bed 

lengths fcr which the computation time would be excessive. The 

advantage of the greater critical Az with the fourth order method 

was outweighed by the increased computational effort involve? in 

the four derivative evaluations per step. It was decided that the 

second order meiiod should be used wherevever possible as it seemed 

the best compromise. 

3.6.5 Rxperime.tal data of Akers 

As a final test of the accuracy of the numerical integration, 

(2) a selection of Akers! data was recalculated using the second 

order Runge-Kutta method and compared with his results from hybrid 

computer analysis. As the experimental Biot numbers were much



- 104 - 

TABLE 3:14.  RECALCULATION OF AKERS' DATA USING SECOND 
ORDER RUNGE-KUTTA NUMERICAL SOLUTION 

  

! Biot Number 
  Run Zr, 8 Fo Akers {| Wilson 
  

Furnas | Analogue ; Numerical 
  

  

26 | 3.02 | 2.169} 0.4593 | 0.0465! 0.0460 ; 0.0468 
28 | 6.28 | 1.239| 0.4632] 0.0448} 0.0439 | 0.0452 
30 | 5-27 | 1.226] 0.2800} 0.1091} 0.1112 | 0.1110 
31 | 3.97 | 0.885 | 0.3032! 0.262 | 0.276 0.273 
32 | 4.88 | 0.714! 0.4401} 0.176 | 0.182 0-176 
34} 2.06 | 1.675] 0.4675} 0.099 | 0.110 0.102 
3515.67 | 0.725| 0.35811 0.243 | 0.288 0.256 
3915-45 | 0.667| 0.3752; 0.331 | 0.360 0.350 
41 | 6637 | 06503! 0.5072! 0-346 | 0.496 0.365 
431547 | 00506} 0.4996! 0.485 | 0.5€6 0.522 
46 | 1.94 | 0.310} 0.6980} 0.828 0.846 1.020 
51 | 2639 | 06464 | 0.6032] 0.371 | 0.416 0.403 
53} 5002 | 06597! 064880: 0.202 | 0.216 0.212 
54} 1.83 | 0-442! 0.5850! 0.733 | 0.870 0-870 
55 | 1675 | 0.292] 0.7169! 0.856 | 1.2110 1.032 
57 | 1634 | 0.318] 0.6959| 1.023 | 1.104 1.281 
59; 1-21 | 0.269} 0.7409! 1.148 | 1.200 1.520 
62 | 2.51 | 0.637] 0.4290! 0.519 | 0.552 0.580 
63| 2.03 | 0.781 | 0.4218! 0.363 | 06394 | 0.392 
65} 1.80 | 0.449} 0.5827 0.709 | 0.670 0,830 
66 | 4.86 | 0.618 | 0.4211] 0.334 | 0.435 0.365 
69 | 6.59 | 0.680 | 0.3772] 0.232 | 0.274 0.249 
73 | 2025 | 1.645] 0.4518} 0.0895! 0.0892 | 0.0910 
78 | 0.598 | 0.827 | 0.5203! 0.696 | 0.793 0.795 
79 | 16871 | 0.303} 0.7050] 0.838 | 0.793 1.020 
80 | 0.934 | 0.603, 065258} 0.797 | 1.4170 0.964 
81} 5-94 | 1.482] 0.5472| 0.0278! 0.0312 | 0.0279 
82 | 0.401 | 1.376 | 0.4852! 0.563 | 0-602 0.626 
83| 1.16 | 0.494} 0.5822! 0.754 | 0.796 0.890 
84 | 06882 | 06623 | 065398! 0.728 | 0.796 0-850 
85 | 06886 | 0.662 | 0.5069) 0.784 | 0.882 | 0.925 
86 | 0.870 ; 02704 ; 0.4613} 0.828 | 0.996 1.056 
88 | 0.922 | 0.616 | 0.5508} 0.668 | 0.718 0.770 
89 06915! 04619 | 045323/ 06745 | 06773 | 04872 
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lower than for Lovell and Karnofsky's problem, a step length of 

0.018 was chosen. Several discrepancies were apparent which, at 

first, were attributed to instability of the numerical solution. 

However, reduction of the step length to 0.01 and even 0.005 

produced no changes in the Biot numbers. The results are shown 

together with Akers' data in Table iia, 

It is suggested that, although potentially superior to the 

numerical method, the analogue computer method itself may be un- 

stable. Akers did refer to the sensitivity of the solution to the 

setting of the potentiometers. Alternatively the errors might stem 

from maloperation of the electronic components of the circuit rather 

than inherent program instability. Present experience with the 

TR48 supports the view that the analogue hardware was probably at 

fault. The numerical method is much less machine oriented than the 

analogue one so the present results could easily be checked by 

future workers should this prove necessary. 

To conclude this section, it may be stated that the numerical 

method is of sufficient accuracy for the present work and seems 

best suited of all the methods available.
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SECTION 4 - EXPERIMENTAL WORK 

4.1 Design of Apparatus 

Akerg' (2) experimental technique was basically sound but the 

equipment required refinement in several respects, as indicated in 

Section 2.2. It was essential that the feeding of fresh solids and 

the exhaust of spent gas be separated for the gas outlet tem 

perature measurements to be reliable. Variations in bed voidage 

due to the thermocouple probes and the wall had to be kept toa 

minimum. Glass was chosen as the material for the Moving bed 

colum and associated pipework so that the flow of the solids could 

be viewed. Standard Q.V.F. borosilicate glass sections were to be 

used wherever possible. 

Details of the equipment and manufacturers are contained in 

Appendix 2.1. 

4.1.1 Flow characteristics of spherical solids 

Akers used soda glass ballotini of 6 and 12 mm nominal diameter 

and high alumina ceramic of $ in nominal diameter. Tests showed 

that the solids could not be fed into the bed using the equipment 

indicated in Figure 4:1 because of interlocking of the particles. 

The minimum angle of inclination of a 14 in pipe necessary to 

disturb the equilibrium was found to be about 10° for the ballotini 

but 20° for the ceramic due to the greater surface roughness and 

lack of sphericity. The large particles tended to "hang-up" 

regardless of the angle of inclination and the 6 mm ballotini 

behaved similarly in al in pipe. It was inferred that the minimum 

ratio of pipe bore to particle diameter must be about 4 for steady 

flow of ballotini under packed bed conditions. 

As the thermal conductivity of alumina ceramic is approximately
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FIGURE 4:3 LONG MOVING BED COLUMN 

(BALLOTINI FLOW CHARACTERISTICS)
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ten times greater than that of ballotini, Biot numbers would be 

smaller and the model involving intra—-particle temperature distribu- 

tion would not be tested adequately. If it was necessary to use 

high thermal conductivity materials, metals would be more appro= 

priate. The range of conductivities could then be from about 

50 times that of glass (steel) to 200 (aluminium) and even 400 

(copper). The flow properties of smooth metallic spheres would be 

superior to those of alumina ceramic. It was felt that the present 

work should be restricted to soda glass ballotini of 6, 9 and 12 mm 

diameter for which solids feed conduits of 2 in bore would be 

suitable. 

The wall effects with small diameter colums were weighed 

against the required throughputs of solids and gas with large ones 

and 6 in nominal bore was selected as the most realistic compromise. 

Two columns were obtained: one for further investigation of the flow 

characteristics of moving packed beds and the other for the heat 

transfer study, see Figures 4:2 and 3. The arrangement of the feed 

and discharge hoppers is shown in Figure 4:4. 

4.1.2 Height of colum for moving bed heat transfer study 

The compactness of moving bed heat exchangers due to the high 

transfer coefficients and surface area per unit volume was 

demonstrated by Sissom and Focknel 2. see Section 2.2. Their 

published temperature distributions illustrated that, although the 

length of the bed was 13 in, no more than 1.5 in was effectively 

utilised. In the remaining 11.5 in the gas and solids temperatures 

were coincident within the sensitivity limits of the thermocouples. 

They used aluminium granules of 0.027 in mean diameter but Akers 2) 

used glass and ceramic spheres 10 or 20 times larger and obtained 

measurable gas-solid temperature differences at both ends of 32m
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deep beds. Both models of moving bed heat transfer become indeter- 

minate if 

fo si = O or Ti eh ie co O 
cE 

and there is a problem of choice of effective bed length. It has 

already been pointed out that Sissom and Jackson were forced to 

superimpose temperature distributions calculated from equation 

(2219) (32) before they could caleulate transfer coefficients from 

their data. Thus, moving beds for determination of design data 

must not be too effective. 

The relationship between the maximum bed length with which 

reliable data could be obtained and the gas and solids flowrates 

was investigated. The derivation and results are contained in 

Appendix 2.2. The conclusion was that the bed should be as short 

as the method of manufacture would permit. 

4.1.3 Solids flowrate control 

There is a problem with any moving bed equipment of producing 

(26) the required movement. Norton employed a rotary discharge 

table feeding an elevator for continuous recycling. Kilpatrick 29) 

used a pneumatic elevator beth for removal of material frcer “he 

bottom of the bed and for recycling. Akers (2) supported the test 

materials on a bed of + mm mean diameter lead glass ballotini which 

drained through orifices. As Akers' method seemed quite adequate 

and required no sophisticated equipment, it was retained for the 

present work. Kuong 685) and Pilper (®6) showed that the rate of 

such discharge was independent of the bed height, only the nature 

of the material and the orifice size being important. It was 

thought that the orifices could be calibrated so that the solids 

flowrates would not need to be measured in every rume
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FIGURE 4:5 BALLOTINI FLOW ON-OFF VALVES 

        
FIGURE 4:6 BALLOTINI FLOW CONTROL VALVE



Solids feed hoppers were fitted above the moving bed colum 

as shown in Figure 4:4. These were 6, 9 and 12 in nominal bore 

Q-V.F. pipe sections and one 15 in steel drum. The intention was 

that the glass hoppers would be calibrated in weight of charged 

material and the flowrates measured for each of the discharge 

orifices. The various hopper diameters were chosen to give high 

accuracy over the whole range of flowrates. 

The overali height of the rig including the hoppers, solids 

feed pipes, moving bed colum, support ballotini hopper and 

discharge space was such that access for loading the 6 in and 9 in 

hoppers was severely restricted. A pneumatic elevator constructed 

of 13 in Q.V.F. pipe was installed to overcome the problem. 

ON-OFF valves were required at the base of each hopper but 

it was essential that they should not increase the overall height 

of the rig significantly. Simple gate valves were made from 1/16 in 

thick brass sheet, see Figure 435. They were clamped between the 

buttress ends of the 2 in Q.V.F. pipes. Including one gasket, they 

were less than 3 in thick. Similar valves were fitted in the 

pneumatic elevator lines. A version with two slides was made for 

the support ballotini hopper: one permanently attached slide for 

ON-OFF control and the other a removeable orifice plate for flowrate 

control. A set of interchangeable plates was made with circular 

orifices from 1/16 in to 13/16 in, see Figure 4:6. 

4.1.4 Air flowrate measurement 

Air was chosen as the process fluid because its thermophysical 

properties were accurately known, a suitable high pressure supply 

was readily available, cylinder gases would be expensive, there was 

no physiological danger and to be consistent with most previous 

workers.
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FIGURE 4:8 ONE 2-Kw SECTION OF THE AIR HEATER  
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Metric Series Rotameters W354, M65A and M65K were chosen for 

measuring the flowrate. The manufacturers provide two methods of 

calibration: 

(1) Charts for each size of Rotameter specific to particular 

fluids. 

(2) A general calibration handbook. 

At low scale readings the two methods give similar results but they 

tend to diverge as the flowrate increases. Akers checked the cali- 

bration of his Rotameters using venturi meters ROO ROG to the 

specification set out in B.S. 104287) and found that for Ma5A and 

larger tubes the handbook gave more accurate results. As Akers! 

M354 and M65A meters were used in the present work, the handbook 

method was applied without further calibration tests. As the ranges 

of the three meters overlapped, it was generally possible to work 

at low scale readings for which the charts and handbook are 

consistent anyway. The two methods are described in Appendix 2.3. 

The air flow is shown diagrammatically in Figure 437. 

4.1.5 Air heaters 

It was intended that the range of investigation should not be 

narrower than that of Akers, i.e. maximum air loading rate of 

3 608 1b/h rt° at inlet temperatures of about 100°C. This corresponds 

to a heat input to a 6 in diameter colum of 7-5 kW. At a heater 

efficiency of, say, 90%, 8.3 kW would be required so 10 kW were 

installed to accommodate possible higher flowrates and operating 

temperatures. A pair of domestic 1 kW fire bars was fitted inside 

each of five 12 in long sections of 1% in Q-V.F. as shown in 

Figure 4:8. The electrical supply wires were sandwiched between 

asbestos gaskets in the pipework joints. The electrical circuit is 

shown in Figure 4:9.
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4.1.6 Temperature measurement 

All temperatures were measured with chromel~alumel thermocouples 

with argon-arc welded junctions. The 1 mm diameter junctions and 

exposed portions of the wires were coated with a thin layer of lac- 

quer to insulate them electrically without increasing the response 

time significantly. The remaining lengths of wire were insulated 

with 1.0 or 1.5 mm internal diameter P.V.C. sleeving. 

The calibration of all of the thermocouples was checked at 

the ice and steam points before installation. The corresponding 

E.M.F.s from B.S. 1827'88) ares 0% and O mV, 100°C and 4.10 mv 

(cold junotion at 0°C). At the ice point the maximum variation 
from the standard was -0.02 mV (-0.5 degC) and at the steam point 

£0.01 mV (40.25 degC). The thermocouple outputs were continuously 

recorded by a 16 point potentiometric recorder with 5s point 

interval. The calibration of the recorder was checked with a 

portable potentiometer and found to be better than -0.01 mV over 

the whole of the 0-6 mV range. 

The circuit diagram for the thermocouples is shown in 

Figure 4:10. Three recorder inputs were connected in parallel for 

both the air and solids outlet temperatures to reduce the printing 

intervals to no more than 30s rather than 80s for the full 16 point 

cycle. 

The following temperatures were monitored: 

1. Air at Inlet to the Heaters 

One thermocouple sandwiched between neoprene gaskets in a 

13 in Q.V.F. pipe joint and extending to the centre line of the 

pipe.
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FIGURE 4:11 INLET AIR MIXERS
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FIGURE 4:12 SHORT MOVING BED COLUMN 

(HEAT TRANSFER STUDY)
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eg. Air at Inlet to the Bed 

Akers ‘2? experienced great difficulty with this measurement 

as the hot air became stratified in its flow around the bends in 

the supply pipework. He overcame the radial distribution by using 

mixers similar to those shown in Figure 4:11. In the present work 

the thermocouples were fitted inside 1/16 in stainless steel tubes 

which passed through § in thick Q.V.F. asbestos gaskets placed 

immediately downstream of the mixers so that the radial distribu- 

tions could be investigated. 

3s Solids at Outlet from the Heat Transfer Section of the 
Moving Bed 

A probe was positioned from below the test section so that 

no dislocations of the packing were introduced. The probe was a 

+ in 0.D. stainless steel pipe surrounding a spring steel coil pipe 

with a thermocouple on the inside, see Figure 4:12. Thus limitea 

axial temperature scans could be carried out. The stainless steel 

pipe was silver soldered to a $ in thick brass ring clamped between 

gaskets in the joint at the bottom of the colum. 

4. Solids at Inlet to the Bed 

Thermocouples were fitted between the P.T.F.B. expansion 

bellows and 2 i1 side arms on each side of the colum. They 

protruded into the pipe by about $ in. 

5- Air at Outlet from the Bed 

A probe for radial scans was mounted horizontally in the 

joint at the top of the colum. It consisted of a thermocouple 

sleeved with P.V.C. up to the junction and sheathed with + in 

O0.D. stainless steel to within 2 in of the junction.
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FIGURE 4:13 GENERAL VIEW OF WEST SIDE OF RIG
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6. Ambient Air 

Thermocouples were attached to the framework at ground, mean 

and ceiling level. 

T-Cold Junction 

This was immersed in liquid paraffin contained in a sealed 

polythene tube to prevent corrosion by hie water Oo 

4.1.7 Miscellaneous features 

A pressure relief valve set at 20 1bt/in® gauge was fitted to 

the inlet side of the Rotameters. 

Neoprene rubber gaskets were used on all Q.V.F. joints 

operating at ambient but for higher temperatures compressed asbestos 

fibre gaskets were used. These were fairly satisfactory for simple 

joints but were insufficiently pliable for sandwiching thermo- 

couples or heater connections. The maximum working temperature 

for neoprene is only 120°¢ and for butyl rubber 150°. As it was 

possible that Akers' range of operation might be extended, gaskets 

were made from 1/16 in silicone rubber sheet which would be suitable 

up to 220°C. 

Thermal expansion was accommodated by fitting P.T.F.E. 

bellows between the side arms and the feed hoppers. The air heater 

pipework was sus ended on spring-loaded hangers and a bellows was 

fitted at the cold end. 

Perforated plate baffles were fitted in both air inlets to 

prevent ballotini entering the side arms. 

Figures 4:13 and 14 are general views of the apparatus. 

4.2 Preliminary Tests of Apparatus at Ambient Temperature 

4.2.1 Discharge hopper flow characteristics 

On opening the discharge hopper valve, the support material
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drained out, the bed descended and fresh material ran in from the 

hoppers. However, after approximately 10% of the 336 1b of lead 

glass support ballotini had been discharged, soda glass test spheres 

appeared in the discharge. This was attributed to the formation of 

a "rat hole" due to the large ratio of hopper to orifice diameters, 

i.e. flow was confined to the centre portion of the hopper, the 

(90) extremeties remaining static. Richards described a method for 

the design of baffles which would induce "mass flow" (flow distri- 

buted over the whole cross section) in hoppers subject to "rat 

holing". A baffle was designed accordingly and is shown in 

Figure 4:15. Flow was then much more satisfactory and at least 

80% of the support material could be utilised before mixing of the 

two grades of ballotini was apparent. The quantity of support 

material was later increased to about 390 lb and then all test 

spheres (260 1b) passed through the heat transfer section before 

any appeared in the discharge. 

4.2.2 Rotameter float instability 

Above scale heights of 15 om, the Rotameter floats became 

very unstable. It was consequently difficult to estimate the flow- 

rate and there was a danger of breakage of the tubes and the 

korranite float. The manufacturers aliaeated ou? the phenomenon 

was due to disturbances in the inlet pipework and could be overcome 

by increasing the length of straight pipe and fitting flow 

straighteners. Simple straighteners comprising two 1/16 in thick 

sheets of copper intersecting at right angles were fitted in 

additional 6 in lengths of Q.V.F. pipe. Thereafter, the floats 

were quite stable up to the maximum throughput of each Rotameter. 

4.2.3 Fixed and moving bed pressure drops 

It was noticed that the bed pressure drop decreased as the
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discharge valve was opened and the bed started to move. At first 

this was attributed to the decrease in bed height from that achieved 

by rapid loading to that maintained under flow conditions but 

calculation showed that this was not the complete explanation. I+ 

appeared that the bed gradually expanded as it moved. The measure- 

ment of voidage in relation to particle size, vessel size and 

movement will be discussed in Section 4.4. 

4.2.4 Solids flowrate measurement 

The support ballotini was seen to be draining out much faster 

with air flowing through the bed than without. The column and 

discharge hopper were pressurised. Thus the solids flowrate was a 

function of the air flowrate and bed material as well as the 

orifice size. Calibration of the orifices was felt to be possible 

but inadvisable as subsequent calculation of heat transfer 

coefficients would be dependent on the accuracy of pressure drop 

measurements as well as the calibration itself. Two methods were 

proposed for measurement of the solids flowrates during runs: 

(1) Weighed charge method in which a nom quantity of material is 

loaded into the hopper and timed from the start of movement until 

the supply is exhausted. 

(2) Calibrated hopper method in which the transparent hoppers are 

graduated in terms of weight of ballotini and the fall of the 

material past the graduations is timed. 

It was proposed that the supply of ballotini during the period of 

bed expansion referred to in Section 4.2.3 should be taken from a 

hopper other than that in which the flowrate would be determined 

due to the transient nature of the period both from solids flow 

and heat transfer considerations.
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4.3 Preliminary Tests of Apparatus at Elevated Temeratures 

4.3.1 Air outlet temperature measurement 

The horizontal probe was used to scan across the diameter of 

the long colum to investigate the temperature profile for fixed 

beds at steady state, i.e. only heat transfer was through the wall 

to the surroundings. On moving the probe it was found that there 

was a time lag of about two minutes before the thermocouple 

registered the new steady state value. This was attributed to the 

conduction lag in the P.V.C. sleeving. The time lag was reduced 

to about 5s by removing 1 in of sleeving adjacent to the thermo- 

couple junction. 

Except very close to the walls, the temperature profile was 

fairly flat as illustrated in Figure 4:16. However, the effect of 

the sleeving had demonstrated the importance of conduction along 

the thermocouple wires so, ideally, both the junction and the wire 

adjacent to it should be at isothermal conditions. Axial tem 

perature variations were unlikely to be significant so the closest 

approach to isothermal conditions for the bead and wires would be 

obtained by mounting the thermocowle vertically. The stainless 

steel sheath was replaced with a longer + in I.D. copper one 

suspended parallel to the colum axis. With this probe the 

temperature profile was shown to be parabolic and much steeper, see 

Figure 4:17. The profile shown in Figure 4:18 was obtained under 

moving bed conditions. It can be seen that the air temperatures 

adjacent to the walls were higher than on the a whereas the 

reverse was true for fixed beds. Steady state appeared to have 

been achieved but the profile in Figure 4:18 could have been due 

to heat flowing into the bed from the walls and two layers of
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1 in diameter asbestos rope lagging. Another possible reason is 

that dislocations of the bed packing arrangement near the walls 

increased the local voidage so there was preferential air flow in 

that region. To be certain that the bed and column achieved steady 

state in an acceptable time, it was felt that the heat capacity 

and conduction resistance of the colum should be reduced by 

dispensing with the lagging. However, the greater heat losses 

would then tend to increase the radial air temperature distribution 

SO some method of measuring the mean value was required. 

It is conceivable that the mean vould be obtained by integra~- 

tion of point values of temperature and velocity but this would 

introduce considerable practical problems. The velocities would 

be too low for accurate Pitot tube measurements so other methods, 

such as hot wire shotiometry 4°) at ambient temperature, would have 

to be employed. The simplest solution seemed to be the use of a 

mixing device so that only one measurement of the outlet air tem- 

perature and none of velocity would be required. A low pressure 

drop baffle was made of 1/16 in Klingerit with twelve $= in diameter 

holes on a pitch circle of 4 in diameter as shown in Figure 4:19. 

Scans at each of the holes showed that there were no significant 

temperature distributions so it would suffice to measure the outlet 

air temperature in later work at only one hole. 

4.3.2 Solids inlet temperature measurement 

The thermocouples fitted in the joints between the 2 in side 

arms and the P.T.F.E. expansion bellows became heated by conduction 

through the side arms so they were moved to the joints at the 

opposite ends of the bellows. The conduction effect was still 

appreciable under fixed bed conditions but, once the ballotini
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TABLE 4:1. BALLOTINI DENSITIES AND DIAMETERS 

Nominal Actual | 4 
diameter | diameter | Density 

g/cm mm mm 

6 Ie9T 2-45 

9 8.90 2.49 

te 11.88 2.50 

PABLE 4:2. VESSEL DIAMETERS AND VESSEL: PARTICLE DIAMETER RATIOS 

d dtd | Vv ¥ sD 

Column | Nominal particle diameter 

in mm o 

ae 12 

Long 5-88 | 149.4 25.0 16,8 12.6 
(Ballotini 

flow 

characteristics) 

Short 6.07 | 154.3 25.8 Lhe3 13.0 
(Moving 

bed heat 

transfer)    
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started flowing, the indicated temperature rapidly approached values 

near to ambient, generally slightly above but sometimes even below. 

doaee Air inlet and solids outlet thermocouple probes 

These probes were intended to be used for radial (air) and 

axial (solids) scanning but the insulating lacquer proved to be too 

brittle for this application and flaked off. The couples then 

shorted out on the steel sheaths. The problem was overcome by 

inserting the individual wires in P.7.F.E. sleeving. The stainless 

steel sheaths of the gas inlet probes were dispensed with completely. 

4.3.4 Air heater efficiency 

At low flowrates, much of the heat seemed to be transferred 

directly from the elements to the pipe by radiation as softening 

of the borosilicate glass (softening point 600°C) occurred on one 

occasion despite the air temperature at the colum inlet being only 

140°C. Quantitative measurements of the efficiency will be 

described in Section 4.4.6. 

4.4 Important Parameters of Equipment and Heat Transfer Materials 

4.4.1 Ballotini density and particle size 

The mean density and particle diameter of the test ballotini 

were determined simultaneously by a specific gravity bottle method. 

The results are shown in Table 4:1. 

4.4.2 Internal diameters of moving bed colums 

Measurements with internal calipers were unsatisfactory due 

to variations in the bore so the mean diameter was obtained by 

weighing the quantity of water in a mown length of the colum. The 

results together with the corresponding values of qd, 8 a, are show 

in Table 43:2.
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4-4-3 Relationship between voidage, particle size and vessel 
diameter 

As a preliminary to measurements in the moving bed columns, 

the voidage was measured for the three sizes of test ballotini in 

containers ranging from 1.0 to 6.46 in I.D. to determine the magni- 

tude of the wall effect and perhaps draw some qualitative 

conclusions about the heat transfer aspects. The containers were 

tapped to produce close, random packing. The results are expressed 

graphically in Figures 4:20, 21 and 22. It can be seen that wall 

effect rapidly decreased as qd, 8 qd, increased and was virtually 

zero at the values of the ratio to be used in the present work. It 

was reasonable to conclude that any further increases in qd. : a, 

would not result in appreciable increases in heat transfer. This 

was fairly consistent with the findings of Dent on ‘392 40) viz. no 

increase in heat transfer provided qd. 3 a ies Even for the 

12 mm ballotini (a, g d, = 13) the errors seemed likely to be small. 

4-4-4 Moving bed voidage 

Although the information presented in the previous section 

seemed adequate, it was felt that the voidage should be measured 

under actual moving bed conditions because there was no ce. vainty 

of close packing of the particles and because preliminary work had 

suggested that a voidage change occurred as the bed began to move. 

At first a visual method of measuring the bed expansion was 

employed in which coloured ballotini tracers were placed at the 

wall of the long colum 9 in height apart. The separation was 

measured after the bed had descended a further 9 in. The indicated 

change in voidage of about 1% was less than the preliminary pressure 

drop measurements had suggested and the space velocity of the 

tracers was less than that calculated from the mean solids mass
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flowrate. It was concluded that there was a radial solids velocity 

profile. This was confirmed by placing a ring of tracers around 

the whole circumference extending two particles into the bed. After 

allowing the bed to descend, separation of those in contact with 

the wall from those further in occurred. There was some scatter 

but the separation was clearly visible and, from the pattern shown 

in Figure 4:23, was largely attributable to the conditions at the 

air feed side arms. Although the inlet baffles prevented gross 

penetration of the side arms by the ballotini, they did not present 

a smooth surface continuous with the column wall so some outward 

movement, hold-up and consequent dislocation cf the matrix must 

have occurred. As the bed was not sufficiently transparent, it 

proved impossible to investigate the velocity profile further in. 

It is pertinent to note that both Denton ‘92) and Akers ‘2) reported 

that beds of spheres moved in plug flow but the present findings 

(74) were confirmed by Brinn et al with sand of mean diameter 

0.025 in moving down a 1 in copper pipe. They demonstrated the 

presence of plug flow over much of the cross section but a velocity 

profile near the walls. Although the use of tracers provided 

useful information on the mechanism of the solids flow,it did not 

(31) yield the voidage. Sissom and Jackson described a direct 

method which involved trapping the bed between gate valves but 

this was not possible in the present equipment and probably would 

not work with large ballotini anyway. It was felt that the mean 

values of moving bed voidage would be obtained most easily from 

pressure drop measurements. 

The voidage under the static conditions produced by rapidly 

loading the colum was calculated from the weight of material 

charged, bed depth, column diameter and ballotini density. The
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pressure drop through the bed was measured over a range of air 

flowrates. The ballotini gate valves were not designed to be air- 

tight so the discharge valve leaked even when closed. The leakage 

could be eliminated by sealing with P.V.c. tape when the bed was 

stationary but then the moving bed voidage could not be measured. 

However, although expansion of the bed could be detected visually 

when movement started, there was no evidence of the bed compacting 

once movement stopped. Therefore, the procedure was to allow the 

bed to descend a measured distance, shut the discharge valve, seal 

it with tape and then determine the pressure drops again. This was 

repeated until there was no further change in the voidage as in- 

dicated by the pressure drops becoming independent of the bed 

movement. 

It was thought that it might be possible to match the data 

for the freshly loaded static beds to the Carman equnla cates? 

  

{ Re ' -] / ms -0.1 

f= 5) a err Gra 8 1), 

\6(1-e) \6(1~e) 

where the friction factor f is 

T = AP.e°.a 

L.6 (1-0) pp.V" 

and the superficial velocity V is 

V = Gp 

Ye 

and then solve for the moving bed voidage but, as shown in 

Figure 4:24, the data did not fit equation (4:1). Attempts were 

made to improve the fit by modifying the constants 5 and 0.4 but 

without success. A more satisfactory approach was to fit 

polynomials to the fixed bed data using a computer library curve
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TABLE 4:3. FRICTION FACTOR V. REYNOLDS NUMBER POLYNOMIALS 

  

  

  

          

Nominal particle diameter mm 
Coefficient 

6 9 1. 

C5 9.31 x 1072 5.40 x 107! 4.28 x 107) 

C4 -2.77 x 10°* | -2.33 x 107 | -8.05 x 1074 

C1. 5.98 x 107* | 9.57 x 107° | 5.95 x 1078 

a 667. x 10 J 02.04 % 10" |:.6,50'% 10°? 

C7 3663 x 10 | 4.64 x 1072 | 2.23 x 107! 

Og -7.57 x 1072+ | -6.20 x 10724} 1.53 x 10724 

Range of 
Re 20 - 155 35 ~ 320 45 = 625 

6(1-e)    
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fitting eeherie 74), Polynomials from degree 1 to 6 were tried 

and degree 5 was considered most suitable. The general form of 

the equations was 

  

5 > 2 

Re Re 
Poy, +f + C, 

\6(1-e) 6(1-e) 
{ ; : 5 

+c eae <=} +9 a + C ( Re ) see (422) 

‘ ‘6(1-e) i Ya) 

The range of application of each of the equations and the values of 

the coefficients are shown in Table 4s. 

The moving bed voidage was determined from the static bed 

polynomials in the following manner. It was acsumed that the 

relationship expressed in equation (4:2) would be the same during 

movement, the only change being that in the mean voidage. The 

voidage was obtained from (4:2) by an iterative, algorithmic 

method. Substituting for f in (4:2) and rearranging gives 

  

  

_ 6(1-6)p.v* es Bieter Re Re \? 
eo? a Cay + reeeeeelr. ; 

AP ed, \6(1-e) 6(1-e) 

For a particular test the term 

6eVL 
—— *~ “19 

AP .d 
Pp 

is a constant so 

— 
} 

/ /R R NS 
= (2-2) 045 + 4,4! 2 + rat . \ 

\6(a00)/ ) x ‘6 (1-6), { 

ri ahetbis + bk 

  

which may be used as an algorithm by putting voidage on the right 

hand side as 849 the first estimate, and on the left as e,, the 
12
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value calculated on the assumption of e,° The iteration proceeds 

until the difference between e) and es becomes less than some pre-~- 

determined figure (0.0001). In this way the voidages were 

calculated at each air flowrate for each distance moved by the bed. 

The relationship between voidage and bed movement for the 6 mm 

ballotini is clearly shown in Figure 4:25. Unfortunately the tests 

were suspended before the true steady state voidage was achieved 

but extrapolation seems justified. It was not possible to obtain 

similar relationships for the 9 and 12 mm ballotini because the 

beds were fluidised during the wall heat loss calibrations which 

followed the measurements of the freshly loaded, static pressure 

drops. However, the consistency of the results at bed movements 

from 4 to 38 in (9 mm) and 1 to 13 in (12 mm) indicated that 

steady state voidages had been achieved, which was all that was 

required for analysis of moving bed heat transfer data. The 

results of these tests are contained in Appendix 2.4. 

All of the tests described above were carried out using a 

5/16 in discharge orifice, i.e. a mass flowrate of about 

500 1b/h ft. No systematic attempt waa made to investigate the 
effect of solids flowrate on the voidage but some preliminary 

tests with 6 mm ballotini were carried out using a $ in orifice 

G 000 1b/h £t°) as well as the 5/16 in one and no differences 

were detected. 

4.4.5 Heat losses through the colum walls 

The theory on which the measurement of the heat losses 

was based was dealt with in Section 3.4.1 and equation (3:49) 

was derived for fixed beds at steady state conditions:
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U, = G.-C oO. 10g, [Pixel ate € ew & wes. so £5349) 
4L Teo te 

where L is the length over which the temperature drop (Tj~T,,) 

occurs. This could have been the bed length but it was more 

convenient to measure Te, at the outlet air mixing baffle in the 

joint at the top of the colum. The ambient temperature used in 

(3:49) was that indicated by the thermocouple sited midway between 

floor and ceiling levels approximately 3 ft from the colum. The 

Conditions investigated were empty colum, fixed beds of each size 

of soda glass test ballotini, unlagged colum, lagged with one or 

two layers of 1 in diameter asbestos rope and air inlet tem- 

peratures of 60, 100 and 140°C. As the temperature drops were 

small, particularly at high flowrates, inlet temperatures of 60 

and 100°C were used to simulate the conditions likely to be met 

during moving bed operation, i.e. the values of logarithmic mean 

temperature difference would be more realistic. 

The first tests were carried out with the empty, unlagged 

column and the results are presented graphically in Figure 4:26. 

The dependence of the overall wall heat transfer coefficient ‘ on 

the air flowrate G. and, to a lesser extent, temperature Tos is 

obvious. Strictly, w is probably dependent upon (T,,-T,) or 

AT rather than T hia fit Inclusion of fixed bed data led to a much 

less satisfactory correlation, see Figure 4:27. However, it was 

realised that the space velocity of the air was higher in fixed 

beds than in the empty colum by the factor -. Although there is 

still some considerable scatter, Figure 4:28 demonstrates the rela- 

tionship between U, and G,/e- A similar but flatter relationship 

was obtained with the results for one layer of lagging, see
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Figure 4:29. Data for two layers of lagging were obtained only 

with beds of 6 mm ballotini. 

The scatter of the results can be seen to increase with the 

flowrate. As G, increases, so does U, but the quantity of heat 

lost as a proportion of that supplied decreases and T approaches 
fo 

iT The consequent relative error in measuring the difference a4 

Cloet is probably a major factor in the scatter. It may also 

be that the measurements taken and the method of analysis were not 

sophisticated enough. Having established the dependence of ‘ on 

Gos the combination of empty colum and lixed bed results could be 

criticised in that the region above the bed waere e = 1 has been 

treated as if it also contained ballotini, i.e. th was assumed to 

be constant over the whole length of the colum. There is probably 

a sharp discontinuity in the rate of heat transfer at the inside 

wall as the air emerges from the bed, but it is considered that no 

great change in the natural convection currents on the outside wall 

would occur and that constant ra is a reasonable first approximation. 

In view of the extra time taken to achieve steady state with 

lagging on the colum and also because of the need to measure the 

bed height in each run, it was considered that moving bed heat 

transfer in the short colum should be carried out without lagging. 

Measurements of a for the short colum were therefore restricted 

to a static bed of 6 mm ballotini without lagging. The scatter 

of the results was worse than with the long colum, no doubt due 

to the greater relative errors in measuring the smaller differences 

between Ths and T p59 but the coefficients were of similar magnitudes 

as shown in Figure 4:30. Again it was assumed that was constant 

over the whole length of the bed. This is perhaps more approximate
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than for the long colum as the length of empty tube between the 

top of the bed and the Te probe is comparable with the bed height. 

The combined results for the two colwms were correlated 

by the following equation using a three factor, least mean squares 

analysis: 

{rn 0.310 G 0.067 : U, = 0-201 / ) a Th ig anes ales 
a 

where the units are 

U sBtu/h ft° degr 

Gt Ib/h ft” 

e : dimensionless 

AT, aw? equivalent chromel~alumel thermocouple pidlepint in mV 

The detailed results of the wall heat loss measurements are given 

in Appendix 23:5. 

4.4.6 Air heater efficiency 

While carrying out the work described in the previous section, 

the electrical power consumption by the air heaters was noted and 

the efficiency n calculated using the temperature of the air 

entering the colum Ths as the final conditions: 

N= Grd cy (Tp;-T, 5) 100 
oe teers y Onno ete wee ek et OAS 

I.v 

where Tha is the temperature of the air entering the heater, I is 

the current taken by the heaters, v is the voltage drop across the 

heaters. 

The efficiency is shown as a function of the air flowrate 

in Figure 4:31. It oan be seen that the efficiency decreases 

rapidly below 500 lb/h 24° (expressed per unit cross section area 

of the long colums approximately equivalent to 8 000 1b/h £4" of
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the heater pipe cross section) as demonstrated by the softening of 

the borosilicate glass, see Section 4.3.4. 

4.4.7 Air leaks 

The leakage of air through the ballotini discharge valve and 

orifice was referred to in Section 4.4.4. Obviously such leakage 

reduced the quantity of air flowing upwards through the bed so must 

not te included in the heat balance when calculating transfer 

coefficients. The driving force for the leakage was the pressure 

in the bed at the air inlet and was dependent on the pressure drops 

across the bed and gas outlet mixing baffle. These pressure drops 

were measured separately and the pressure at the inlet point 

obtained as graphical functions of flowrate with ballotini size 

and mixer type as parameters. The top of the colum was then 

blanked off and air supplied via an additional Rotameter, type M1OK. 

With the discharge valve open and the bed moving, air was admitted 

to the colum at a rate just sufficient to maintain the internal 

pressure at selected values. Thus the relationship between 

pressure and leakage was obtained. Hence, by eliminating pressure 

between the two calibrations, the relationship between air supplied 

to the colum and leakage was determined, see Figure 4:32. The 

correction for leakage was quite small in all cases. It was 

thought that the leakage would be dependent on the discharge 

orifice size and possibly on the position of the interface between 

the test ballotini and the smaller support material. However, no 

relationship was detected for orifices from 4 to $ in diameter 

nor for interface positions from 48 to 12 in above the orifice. 

4.4.8 Thermophysical properties of air and ballotini 

Air 

The specific heat, viscosity and thermal conductivity of
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TABLE 4:4,  THERMOPHYSICAL PROPERTIES OF ATR 

  t 
t } 

  

Temperature 

mV 
Btu Lb Bin 

OF OC: | Obromel< |° sensi wb. ee 

Alumel lbde gt hft htt degli 

  

  

40-3} 4.61] 0.189 0.2396 | 0.04248 0.0143 ° 

90-3 | 32.4] 1.328 062399 | 0.04536 00156 

14063 | 6062] 2.467 0.2403 | 0.04860 0.01638 

190.3 | 87.9 3.606 0.2409 | 0.05148 0.0180 

240.3 }115.7; 46745 0.2416 0.05436 0.0191 

290-3 | 143.5! 5.884 0.2424 | 0.05688 0.0202           
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air were required as functions of temperature which could either be 

used directly for point values or integrated to obtain means over 

specified ranges. Polynomials were fitted to the aata\ 95) shown in 

Table 4:4 using the curve fitting computer piieiant tse The 

properties were obtained as functions of the equivalent millivoltage 

outputs by chromel-alumel thermocouples rather than actual tem- 

peratures to avoid errors in converting to degrees when processing 

experimental data. Second degree expressions were found to be 

quite adequate: 

Op = 042396 + 0.0001778.7, + 0.00005232.7,° ... 1. . (436) 

Mp = 0404190 + 0.002767.7, - 0.00003304.17,° esolen tet CMO 

Kp = 0.01410 + 0.001132.7, - 0.00001560.7,,” oe ee 
where the units are 

Cp? Btu/lb degF 

Bp? 1b/h ft 

k,t Btu/h ft degF 

Tt equivalent millivoltage, chromel—alumel 

These were then integrated as 

  

lps 
| £(T,) aT, 

T 5, 

(T,,-T,,) 
to give the mean properties: 

Op, = 042396 + 0.0000889(T., +1, ) 

2 
+ 0.00001744 ((Tp,+T) 7” Ths Tp) Oo Oat oe 8 (439)
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TABLE 4:5. COEFFICIENTS IN SHARPE AND GINTHER'S EQUATION 

  

  

  

              

  

      

Coefficient C Coefficient C 
: 20 aL Weight 

Component feuaktcn 
ee Component Factor | Component 

x 10 x 10 x 104 x 104 

SiO, 0.7178 468 336 1 657} 1 190 

Cad 0.0460 ALO 18.85 1 709 1867 

Na0 021348 829 Lads 7 ee 229 300.6 

K,0 0.0439 335 14.7 2 O19 88.7 

BaO 0.0402 6s s a 

MgO 0.0020 5d: 1.028 2 LA2 4.284 

41503 00039 453 1.766 1 765 6.89 

Tids 

503 0.0048 830 3.98 1 890 9.08 

Sb0,, 0.0048 < \ : s 

Dekticiigy |. 0-008 F a ie a Ly oe 
| Total. | 160000 ; | 488.024 | 1 678.254 

Weight fraction for which no factors available = 0.0163 

Correction = + (1.0000 - 0.0468) 

1 
Coefficients | C,5 = 513 x 10-6 |c,, = 1 762 x 1074 

21 | 
 



Bo = 0204190 + 0.001384 (T,,+T,,) 

= 0.00001101 ((.92)e ean ee) <st oP HanG) 

Kom = 0201410 + 0.000566 (T,,+7,,) 

- 0.00000520 ((T,,+2,.)* - Rage wen geal kA) 

Ballotini 

The Inglish Glass Co. Limitea‘) gave the following for the 

mean specific heat of soda glass ballotini between a datum of 20°C 

and T °%; 
s 

0.00051. + 0.1749 ct ici tee oe 

    

* 5m, 320 * 
0.00146 .T. +1 

where qT, is expressed in °C. 

A similar equation to this, but relative to a datum of O°c, is 

that of Sharpe and Ginther 97) ; 

OP RS ee et eats 
0.00146.T. +1 

4] = 
sm, S-0 

It seems likely that (4:12) was derived from (4:13). The constants 

C56 and Col are dependent upon the glass composition and have been 

calculated from tabulated otieat?t? using a chemical analysis of 

the glass obtained by sears see Table 4:5. Substituting for 

Coo and Cars (4213) becomes 

_ 0-000153.T, + 0.1762 G e 
‘SM, 5-0   

0 00146 .T +1 

Although the solids temperature at inlet to the bed was about 20°C, 

a general equation relating to any two temperatures To4 and TG 

would be preferable to (4:12): 

bi Orato OF ig Con dtc aie? 3 spiuks we S24) 

(tT —T 

c i 
sm,so-si 

so ae?
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Substituting (4:13): 

/ f ; /0-000513.T,, + 0.1762 /P+000523., 5 + 0.1762\ 
c = \ 
sm, so~si : 

  
  -: iL so \ y si 0.00146 .T. +1 / : 0.00146 .T +1 

(T5754) 

° e e e e e ° ° e e (4:15) 

This is the equation used for analysis of experimental data in the 

present work. However, it conflicts with that used by Akers (2) in 

which the value for C,. was 0.1697. It seems that this value was 21 

obtained by applying both (4812) and (4:13) to the temperature 

range O to 20°C. While this is acceptable for (4213), it is rather 

doubtful for (4:12): 

(4:12): 0 0.00051 x O+ 0.1749 
  sm,0~20 ~ 

0.00146 x 0 +1 

= 0.1749 

0.000513 x 20 + C,, 

0.00146 x 20+1 

  

(4:13)8 ° gm, 20-0 = 

Equating the two and solving gives C,, = 0.1697. The error in 21 

the use of this value by Akers is likely to have been quite small 

and could not explain the gross discrepancies between his results 

and those of other workers (see Section QAye 

The other property of the solid required is the thermal 

conductivity. Akers calculated it at -100, O and +100°C using 

the chemical composition of the glass and Ratoliffe's (29) 

addition formulas 

-100°C; k, = 0-426 Btu/h ft degF 

0°C: k_ = 0.541 Btu/h ft degF 

+100°C ; k, = 0.623 Btu/h ft degF 

A quadratic was fitted to the data using the curve fitting
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(94), program 

2 k= 0.541 + 0.0240.T_ - 0.000982.T bw sae ki eee ws eA GD 

which, on integration, gave 

: 2 Kom = 9-541 + 0.0120(T, +? _,) - 0.000327 (T, +1.) ~ To Tg) 

ot a werk oe CANT 

where the temperatures are expressed as equivalent millivoltage out- 

puts from chromel—alumel thermocouples. 

4.5 Moving Bed Rus 

4.5.1 Procedure 

The + mn nominal diameter lead glass suppert ballotini were 

poured through a 22 mesh sieve during loading to prevent the dis— 

charge orifice becoming blocked with extraneous matter, particularly 

the larger test ballotini which might remain from the previous run. 

6 and 9 mm diameter ballotini were generally loaded into the 6 and 

9 in hoppers but sometimes into the other two. 12 mm ballotini 

were always loaded into the two large hoppers to avoid damage to 

the glass conveyor pipe. Some material was loaded into each of the 

hoppers on one side of the colums: some to be fed during the initial 

transient period when large changes in bed height, voidage, pressure 

drop and temperatures occurred and the remainder to be used for 

measurement of the solids flowrate under steady state conditions. 

Although hoppers might be changed during a rm, feed side arms 

were not as radical changes in the profile of the top of the bed 

would then occur. 

After loading, air was admitted to the bed at the required 

flowrate, the heaters switched on and the heat input gradually 

increased wtil the gas inlet temperature reached about 140°, 

i.e. chromel—alumel output of about 5.8 mV. For large terminal
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T/C Output mV 
FIGURE 4:33 MOVING BED RUN 43 TEMPERATURE TRACE  
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temperature differences, the gas inlet temperature needed to be as 

high as possible compatible with the working range of the silicone 

rubber gasket material. For accuracy in measuring the temperatures, 

full use needed to be made of the recorder span. The possible 

ranges were 0-3 mV, 0-6 mV and 0-15 mV. ‘Thus a gas inlet 

temperature of about 140°C measured on the 0-6 mV range represented 

the most satisfactory combination. I+t was necessary to use inlet 

temperatures of about 100°C in a few runs at low air flowrates to 

avoid problems of the heater pipework overheating as described in 

Section 4.3.4. 

When the inlet air conditions, both flowrate and temperature, 

had stabilised, the discharge valve was opened, the fine ballotini 

drained through the discharge orifice and the bed began to move. 

After the initial transient period, the solids feed hopper was 

changed and the flowrate determined by either the weighed charge 

or calibrated hopper method. Inlet air conditions were maintained 

constant until the bed had achievee steady state. A typical 

temperature trace is shown in Figure 4333. 

The ranges of the air and sclids flowrates were dependent on 

a number of factors. First, the terminal temperature differences 

should be large enough to be measured accurately, as explained in 

Section 4.1.2. Initially it was expected that the data would be 

analysed with the TR48 hybrid analogue computer. As this would 

involve setting the dimensionless gas outlet Semmacatire on a 

potentiometer, it was felt that T 5, should be maintained at least 

0.5 nV above the solids inlet temperature, i.e. dimensionless gas 

outlet temperature 96 of about 0.1. Although the solids outlet 

temperature would not be set on a potentiometer, the criterion
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that (T,-T,) should not be less than 0.1 mV a = 0.98) was 

chosen to avoid doubts about the effective bed length. Secondly, 

fluidisation of the bed material had to be avoided, particularly 

with the 6 and 9 mm ballotini. With the 12 mm the upper limit of 

gas flowrate was actually determined by the capacity of the 

compressed air system. Thirdly, the solids flowrate could not be 

so high that steady state would not be achieved with the available 

ballotini (280 ib of any one size). The range of air and solids 

flowrates widened with increase in particle size, i.e. decrease in 

surface area for heat transfer. 

On completion of a run, separation of the support and test 

material remaining in the apparatus was accomplished by draining 

through 3/16, 2 or 2 in mesh sieves, as appropriate. 

4.5.2 Discussion of the measured variables 

Solids outlet temperature 

The thermocouple junction was sited 2 in below the centre 

line of the air inlets as recommended by Akera sf? It can be 

deduced from the temperature history shown in Figure 4:33 that the 

probe was not in the air stream. The temperature lagged well behind 

that of the inlet air so the probe can have received heat only by 

Conduction from the surrounding ballotini. The stagnant air in 

the voids would be at virtually the same temperature as the surface 

of the solids due to the much greater mass and consequent thermal 

capacity of the solids. Once the bed started moving, the probe 

temperature rose almost to that of the inlet air due to the passage 

of the initial charge of ballotini but, thereafter, it dropped 

towards the moving bed steady state value. The temperature was 

recorded at 25 or 30s intervals and, even at steady state, was
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subject to scatter ranging from 764 of the mean at high solids 

flowrates to nil at low rates. The scatter was attributed to 

fluctuations in the solids feed rate. 

Air outlet temperature 

The need for a mixing baffle was explained in Section 4.3.1 

and the design with twelve $ in holes was described. The outlet 

temperature was taken at a hole on the diameter of the colum 

perpendicular to the air and solids feed side arms so that 

conditions at the thermocouple corresponded to those at the Inean 

bed height. While this was satisfactory for wall heat loss 

measurements in the long colum, it was felt that a more positive 

attempt should be made to obtain the mean temperature for the whole 

cross section for moving bed runs in the short colum as the tem- 

perature profiles were likely to be more pronounced. A mixer with 

one central 1 in diameter hole was used in five runs but the 

pressure drop across it was very high. Another baffle was made of 

a pattern similar to that of the inlet air mixers. It had eight 

& in diameter holes arranged on a 2 in diameter circle with axes 

perpendicular to that of the colum. The air temperature was 

measured in the plane of a 1% in diameter hole on the same axis as 

the colum. All three outlet mixers are shown in Figure 4:19. 

Radial temperature profiles were detected across the mixer orifices 

as shown in Figures 4:34 and 35 at low air flowrates (194 and 

259 1b/h *°). The effect of the profile of the top of the bed 

due to the solids feed can also be seen. It seems likely that the 

mixers were more effective at high flowrates but the scatter 

prevented reliable radial scans being made. Even after steady 

state had been achieved, the outlet air temperature was subject to
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scatter in the same manner as the solids outlet but more pronounced, 

even as much as 15% on one occasion. 

Because of the considerable scatter of the air and solids 

outlet temperatures, all temperatures used for calculation of 

moving bed heat transfer coefficients were obtained as averages 

over periods of not less than four minutes, but generally twelve. 

Solids flowrate 

Which of the two methods described in Section 4.2.4 was used 

in a particular run was merely a matter of convenience. Where both 

were used the discrepancy was generally loss than 3%. The weighed 

charge method was taken to be the more precise of the two because: 

(1) The time increments were greater. 

(2) The velocity of the ballotini past the reference point (in 

the feed pipe rather than the hopper) was greater. 

Bed_ height 

The upper and lower limits 01 the moving bed heat transfer 

section were defined respectively as: 

(1) The intersection of the surface of the bed and the axis of the 

colum. This took account of the inclination of the surface due to 

the method of feeding the solids. 

(2) The axis of the air feed side arms. 

The bed height wes measured without parallax error by aligning 

scales marked on each side of the glass colum. The solids feed 

side arms were joined to the colum at different heights due to 

manufacturing problems, the one giving bed heights between 3.0 and 

3-7 in and the other between 3.9 and 4.5 depending on the flowrates. 

There was some variation in the bed height during each run due to 

the spasmodic nature of the solids flow. It seemed that the bed



~ 166 - 

surface had to drop sufficiently below the mean height to overcome 

the interlocking of the particles in the feed side arm. Once the 

equilibrium was disturbed, ballotini flowed into the colum.
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SECTION 5 = ANALYSIS AND DISCUSSION OF PRESENT MOVING BED HEAT TRANSFER DATA 

Fel Prelimi Calculations and arithmic Mean Temperature Se awa Cu rations ond Logarithmic Mean Temperature Difference f Solutions: 
Non—Adiabatic Enclosure: 
No Intra-Pasticle Temperature Distribution 

Calculation of heat transfer coefficients, Biot, Nusselt and 

Reynolds numbers, preparation of parameters for the analogue 

computer or numerical integration solutions and conversion of 

observed and derived data to units of the International system 

were all carried out on the I.C.L, 1905 computer using the program 

ZMOVBEDHTC described in Appendix 3.1, The program solves the 

approximate equation (3259) for a non~adiabatic, counterflow heat 

exchanger with no intra—particle temperature distribution, see 

Section 3.4.3: 

Bm DpeBebehoeh. Tle ee 6 ee 6 a «a, «(3899) 

Where Q= Q = QprQ 

Now, the overall heat balance is: 

ee UG eee ik ala eye axe yee oO BAL) 

However, there were deficiencies in the heat balances ranging from 

-26% to +39%, although generally between 4% and +18%, defined as: 
+Q 

Deficiency = 100 - (Av**5).100 (5:2) Q & e ® e e eo e e e ° 

£ 

i.e. generally Qp> (Q.40,). Undoubtedly all experimental results 

were subject to error and the mathematical model was a simple one 

but the gross deficiencies were probably due to errors in measuring 

the air and solids outlet temperatures. As a preliminary to 

further analysis, (3:59) was solved using the mean of (Q,-@,) and 

Q5° The relationship between the resulting heat transfer 

coefficients and the air flowrate is shown in Figure 5:1. The 

generalised results in terms of Nusselt and Reynolds numbers are
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presented in Figure 5:2. The correlations of Coppage and 

London‘41) and Malling and Thodos‘59) (no dispersion) for fixed 

beds and those of Akers(2) and Norton(25) for moving beds are 

Superimposed to illustrate the spread of previous data. Those 

runs for which the terminal temperature differences did not fulfil 

the conditions set out in Section 4.5.1 are also included to 

illustrate the deviations which can occur ass 

(Tp -T,3) 70 

or (1,47) 70 

The satisfactory data were correlated by the following equation 

using the computer library least mean squares analysis program 

zua03¢ 200), 

Rp Lig erm ete Sy ee (aay 
Correlation coefficient = 0.969 

Agena?) was unable to measure Tp, as explained in Section 2.2 

So he was forced to calculate it from the heat balance on the 

assumption that TS0 was reliable, In the present work the solids 

feed and air outlet were separated and attempts made to measure the 

mean value of Teo by using mixers, As this was considered to be 

more reliable than the measurement of “ae at a single point on the 

axis of the column and as intra~particle temperature distribution 

might be significant, the mean value of T 80 was calculated from 

the heat balance, equation (5:1) using the measured value of Thos 

The corresponding Nusselt numbers are shown in Figure 5:3 and are 

generally a little greater than those in Figure 5:2, consistent 

withs 

Qe 5 (Q, +9, ee
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presented in Figure 5:2. The correlations of Coppage and 

London‘41) and Malling and Thodos 59) (no dispersion) for fixed 

beds and those of Rear’? and Norton‘@°) for moving beds are 

superimposed to illustrate the spread of previous data. Those 

runs for which the terminal temperature differences did not fulfil 

the conditions set out in Section 4.5.1 are also included to 

illustrate the deviations which can occur ass 

(T ) 6 
fo si 

or (T,,-T,,) 70 

The satisfactory data were correlated by the following equation 

using the computer library least mean Squares analysis program 

zuK4036 290), 

Pp gay eRe Ne Ee ER a 3 
Correlation coefficient = 0.969 

Akors(?) was unable to measure Teo as explained in Section 2.2 

So he was forced to calculate it from the heat balance on the 

assumption that tek was reliable, In the present work the solids 

feed and air outlet were separated and attempts made to measure the 

mean value of Teo by using mixers. As this was considered to be 

more reliable than the measurement of mae at a single point on the 

axis of the column and as intra-particle temperature distribution 

might be significant, the mean value of os was calculated from 

the heat balance, equation (5:1) using the measured value of Tpo° 

The corresponding Nusselt numbers are shown in Figure 5:3 and are 

generally a little greater than those in Figure 5:2, consistent 

with: 

Qe 5 (Q,48, Diets cl
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However, in Runs 21, 25 and 31 at air flowrates of 289, 197 and 

259 1b/nee® respectively, the calculated values of ta were 

greater than Tos indicating that the outlet air mixers were 

inadequate at such low air flowrates, The temperature profile 

across the mixer in Run 31 was presented in Figure 4:35, 

Section 4.5.2, The data based on the measured T 55 and the 

calculated qa. were correlated by: 

Wiis O.B06"s Ror Se ge pe pies sare 

Correlation coefficient = 0,944 

The runs for which the terminal temperature differences were 

suspect were again ignored. 

The data were also analysed using the measured value of T56 

and the value of TE calculated from it, It can be seen in 

Figure 5:4 that the Nusselt numbers are generally lower than 

those in either 5:2 or 533, The data were correlated bys 

Ree Ooe = RO aso 5s pw vache ee) 
Correlation coefficient = 0.928 

The differences between the three methods are small in 

comparison with the gross discrepancies between previous fixed 

and moving bed data. It was felt that the use of the measured 

value of Te and the calculated value of + as in Figure 533, 

was the most reliable approach and would form the best basis for 

the subsequent, more sophisticated analyses. 

22 Numerical Integration Solution: 
Non-Adiabatic Enclosure: 
No Intra-Particle Temperature Distribution 

Calculation of Biot numbers, heat transfer coefficients and 

Nusselt numbers by numerical integration was carried out on the
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I.C.L. 1905 using the program ZFRAWRWEXPT given in Appendix 1.2. 

The input parameters were taken from the version of ZMOVBEDHTC 

based on the measured value of Te and the calculated value of 

T50° The results are presented in Figure 5:5 and are almost 

indistinguishable from those in Figure 53:3. For runs with 

dimensionless bed lengths Zr greater than 2.9, ZFRAWRWEXPT gave 

lower Biot numbers than ZMOVBEDHTC, The aifferences were generally 

not more than 2% but for runs 20 and 44 they were 33 and 25%, 

respectively, It seems that this was connected with the OTTor in 

the overall heat balance for the numerical integration solution, 

This was discussed in Section 3.6.1 in connection with the 

problem of Lovell and Karnofsky‘'®), tm Runs 20 and 44 the 
bottom temperature difference (0 -;-0,,) calculated by ZMOVBEDHTC 

was very small (20, 0.0005; 44, 0.0042) so errors of the 

magnitude generated by numerical integration »roduced results 

wildly different from the logarithmic mean temperature difference 

solution. Evidence that the heat balances are in error is 

provided by Run 25. This was one of the three for which the 

calculated value of sue was greater than Ths so no solution should 

be possible, However, the error in the heat balance is sufficient 

to give a real solution for which tea is less than Thao This was 

not the case with Runs 21 and 31 for which the difference 

Gy ) was greater. 
go" £1 

Alternatively, the differences could be due to the approxima— 

tions in the allowance for the wall losses in ZMOVBEDHTC. 

Unfortunately no quantitative estimate of the heat balance error 

is possible as the heat loss to the surroundings was not 

specifically calculated in ZFRAWRWEXPT, The wall loss term in the
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overall heat balance equation (3:64): 

  

Z 

4.U_.(ax)*.L, ¥ 
= 5 (6 Pa dz 

dG peC pe (Ax) Zr, ° 

could have been evaluated as: 

2 Zz 

4.U_.(dx) eds 

  

L 
(‘cere ste ‘ )e 

2 2 erg d, eG peCpe (Ax) Zy, 

but this was not considered at the time, 

Insert between lines 4 and 5:3 

or a further differential equation could have been included in 

the derivative section and integrated numerically: 

4.U,.(dx)*.1 

  

3 . ; -(0,-6. ) 

me SS hoe oe 
Ve a L 

sore ves st 

5.3 Numerical Integration Solution: 
Non-Adiabatic Enclosure; 

Intra~Particle Temperature Distribution 

The data were finally processed using the complete model 

involving wall heat loss and intra~particle temperature 

distribution. The input parameters were again obtained from the 

version of ZMOVBEDHTC based on the measured value of T. and the 
fo 

calculated value of se The results are presented in Figure 5:6 

and it can be seen that the points are generally displaced above 

those aries in Figures 5:3 and 5:5, which demonstrates the effect 

of the conduction lag within the individual particles. There are 

three exceptions: Runs 20 and 44 which were discussed in the 

previous section and Run 23, All three may be explained by the



Slo = 

overall heat balance equation (3:64): 

at 
4.U,, (ax). Se 

(6 Pa Jaz 

  

dG ergs (Ox) Zs 

could have been evaluated as: 

2 hi 4.U_.(dx)" Le (Op, te ing) Az aaa een Ae) . 

° 
qd 0G erCpe (Ax) Sr, 

  

but this was not considered at the time. 

Another contributory factor in the differences between the 

two methods may be the latitude on the control test in the 

numerical solution: 

1 © 6..:< 1,003 
Te: 

The data from the numerical solution were correlated by: 

Mao Olas? x Ror ee ee (5:6) 

Correlation coefficient = 0,954 

5.3 Numerical Integration Solution: 
Non-Adiabatic Enclosure: 
Intra—Particle Temperature Distribution 

The data were finally processed using the complete model 

involving wall heat loss and intra-particle temperature 

distribution. The input parameters were again obtained from the 

version of ZMOVBEDHTC based on the measured value of T. and the 
fo 

calculated value of Tea° The results are presented in Figure 5:6 

and it can be seen that the points are generally displaced above 

those witen in Figures 5:3 and 5:5, which demonstrates the effect 

of the conduction lag within the individual particles. There are 

three exceptions: Runs 20 and 44 which were discussed in the 

previous section and Run 23, All three may be explained by the
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small values of the terminal temperature differences. The same 

data is also plotted in Figure 5:7 with the outlet air mixers as 

the parameter. Only two reliable points are available for the 

mixer with one 1 in hole but there is no evidence of any 

inconsistency between the three designs of mixer. The data were 

correlated bys 

Wise. 0,188 Se Rac tere OE ek Fe teas 
Correlation coefficient = 0.953 

Equations (5:3) to (5:7) are summarised in Figure 5:8, 

The data are presented as: 

Re 
Nu v. tiay 

in Figure 5:9 to determine whether voidage is a significant factor 

but, as the range of voidage is very narrow (0.375 to 0.412), any 

possible effects are far outweighed by the experimental scatter, 

as demonstrated by the minimal difference in correlation 

coefficient between equations (5:7) and (5:8): 

Re 0.826 
Nu=0,126x —— O30 Oats eae He es 8. 0 (5:8) l~e 

Correlation coefficient = 0,952 

It can be argued that Nusselt numbers for moving beds should 

be greater than for comparable fixed beds at the same fluid rates 

due to the greater relative velocity of the fluid and solids, 

Reynolds numbers based on the relative velocity were calculated 

with a view to testing this hypothesis but the maximum increase 

over the simple Reynolds number was not more than 0.06%, solids 

space velocities ranging from 0,1 to 4.6 mm/s compared with air 

space velocities from 522 to 7290 mn/'s. The correlation of the
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data was indistinguishable from equation (5:8). The solids 

velocity may be important but for most practical moving beds it 

can be ignored, particularly in comparison with the reduction in 

heat transfer due to dislocations of the matrix during movement. 

Bross? an& Gliddon and cranfie1a‘4?) also accounted for 

voidage in the manner of oquation (5:8), viz. 

Nu ve. Re 

l-e 

However, this leads to the conclusion that the heat transfer 

coefficient decreases as the voidage decreases and, therefore, as 

the fluid velocity increases, which is contrary to expectations. 

Je Viet RS 
B l-e 

or Nu v. ne 

seem to be more realistic, Correlation of the data in the latter 

form yielded: 

0.845 
Wu = 0.0794 x #2 é0 ©, @.@ @: 8* 6: oe (5:9) 

with the same correlation coefficient as (5:8), 0.952. Thus, 

voidage has not been shown to be a significant variable in the 

present work, However, the experiments were not set up to 

investigate voidage specifically, Both mean voidage and the 

ranges of air and solids flowrates were dependent upon particle 

size, The voidages, numbers of runs and ranges of Re for each 

size of ballotini were: 

6 mms e = 0.375, 8 runs, 236 <Re < 469 

9 mm: e = 0.406, 13 runs, 95 <Re <995 

12 mm: e = 0.412, 18 runs, 124 <Re < 1662



pals.” 

Visual examination of Figure 5:6 does not reveal any clear 

distinction between the three sizes. The most satisfactory 

correlation of the present data is that provided by equation (537) 

which does not include a voidage term. 

The details of the observed and derived moving bed heat 

transfer data are contained in Appendix 3,2.
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SECTION 6 — DISCUSSION OF PREVIOUS MOVING BED DATA 

One of the principle objectives of the present work was to 

reconcile the differences between the fixed and moving bed heat 

transfer data in the literature. It was shown in Section 2.4 that 

moving bed heat transfer coefficients of an order of magnitude less 

than for fixed beds have been reported. Any differences ought to 

be in the opposite direction due to the greater relative 

velocities in moving beds than in fixed beds for given fluid rates 

as demonstrated by the pressure drop measurements of Happe1 (202) , 

It can be seen from Figure 5:6 that the present results are 

much more consistent with published fixed bed correlations than 

are those of Akers (2) and Norton‘25) , let us consider the 

comparison with Akers' results first, Preliminary determinations 

of packed bed voidage demonstrated that significant wall effects 

must have been present in the 3 in and 4 in columns used by Akers 

(434, from 6 to 16), see Figures 4:20 and 4:22, Consequently, 

channelling of the air at the walls and reduction in the overall 

heat transfer must have occurred. 

Investigations of the flow characteristics of beds of ballotini 

demonetrated radial solids velocity profiles and increased voidage 

during movement. As the present equipment featured the same type 

of air inlets as those used by Akers, it seems certain that 

profiles were present in his work and were probably more pronounced 

in the smaller diameter columns despite his reported observations 

of plug flow, This would have tended to increase the channelling 

effect above that in fixed beds. Comparison of Figures 5:3 and 

5:4 illustrates that (Q,-@,) >@, generally, Akers was forced to 

calculate T54 from the heat balance using the measured point value
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of T 50° However, that value was probably lower than the average 

for the cross section due to the air and solids velocity profiles 

so the calculated heat transfer coefficients would have been low, 

although Akers did report that there was little radial variation 

in the solids temperature. The terminal temperature differences 

were very small in a number of Akers' runs so the calculations of 

the transfer coefficients may have suffered from the same errors 

as some of the present results. Instability of the hybrid 

analogue computer solution was referred to in Section 3.6.5 

although this probably gave randon variations rather than a 

general decrease in the transfer coefficients. Another possible 

source of error was the use by Akers of the fixed bed voidage in 

the moving bed calculations, This would have increased the 

dimensionless bed length z and specific surface area for heat 

transfer az 

(lee) L 

2 
Geo.R 

8° s 

  Ze 

so both analogue computer and logarithmic mean temperature 

difference solutions would have generated low values of hye 

Let us now consider Kotani acces results. It is difficult to 

draw conclusions about the air and solids velocity profiles as the 

equipment was so different from that in the present work but with 

dd. ratios of not less than 38 it seems unlikely that wall 

effects and dislocations of the matrix would have been significant. 

Use of the static bed voidage would have overestimated the heat 

transfer surface area again and so reduced the coefficients but
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this would not have been a large effect. Comparison of Figures 52 

and 5:6 shows that the correction for intra-particle temperature 

distribution with glass spheres from 6 to 12 mm diameter is small. 

Norton used ceramic spheres of similar size but higher thermal 

conductivity so the correction would have been even smaller. 

However, his bed depths were much greater than in the present work 

or that of Akers, 3 to 5 ft compared with 3 to 4.5 in. The 

combination of the greater conductivity and bed depth must have 

caused one or other of the terminal temperature differences to 

tend to zero, Measurement accuracy would have been inadequate and 

calculated heat transfer coefficients would have been subject to 

the same errors as several of the present results for 6 mm 

ballotini as shown in Figure 5:6, He may have used the arithmetic 

mean temperature difference which would have been greater than the 

logarithmic mean even if the measurement accuracy were adequate. 

Thus the calculated heat transfer coefficients would have been too 

small.
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SECTION 7 - DESIGN OF MOVING BED HEAT EXCHANGERS 

Consider a design situation in which the following data might 

be specified: 

(1) Solids flowrate M,, 

(2) Solids inlet temperature Ty 

(3) Mean solids outlet temperature Deas 

(4) Particle size a, 

(5) Some information regarding the fluid outlet temperature Tro? 

Possibly the actual temperature but, for direct fired furnaces 

such as non-ferrous metal melters, the thermal efficiency 

would be more likely. 

(6) The fluid inlet temperature T,. for direct fired applications Pa 

would be fixed once the fuel was chosen. 

Overall heat balance assuming negligible losses to the 

surroundings: 

M,°0,:(T,,7 To) = M peor (Tp, -T5) SN Sh Oo be ee (7:1) 

°° (Ty 2) 
“ M 

Be sso si 6 ee ORO Se Cee ee (7:2) 

wether £6 

Thermal efficiency: 

M00.+(T.,- T.3) Sis 2 eee be ee ek (7:3) 
Mpe Cee Tp -T S43 

Substituting (7:1) in (7:3): 

rer an ve eg ee (7:4) 
MpeCpe\ Tos a 

os 

Assuming Co is the same for both temperature ranges, then: 

Te 7 es - n(T 5 -T.4) oe e © © © © © © © © oe oe (7:5)
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The choice of column diameter da would depend on: 

(1) Flow characteristics of the solids. 

(2) Bypassing of fluid at the walls. 

(3) Bed pressure drop: costs of fans, compressors etc. (probably 

involves iteration as pressure drop dependent on bed length which 

would not be known at this stage). 

(4) Fluidisation of the solids. 

Having chosen dy the fluid loading rate Gp and the Reynolds number 

Re could be calculated. Depending on the a04., ratio and the 

likely packing arrangement of the solids, the significance of wall 

effects could be determined and the Nusselt number Mu corresponding 

to Re could then be obtained from one of the fixed or moving bed 

correlations given in Sections 2.4 and 5.3. Once the Biot number 

Bi and the heat capacity rate ratio @ had been calculated, the 

necessary bed length could be obtained by either the logarithmic 

mean temperature difference solution of Winaare? or the full 

intra-particle temperature distribution solution by analogue 

computation or numerical integration. 

It was shown in Section 3.6.1 by reference to the problem of 

Lovell and Karnofsky’ 1) that the simple Furnas solution ignoring 

intra-particle temperature distribution can seriously underestimate 

the bed length viz. 0.89 ft compared with 1.66 ft, an underestimation 

of 46.4%. However, comparison of Figures 5:5 and 5:6 given in 

Section 5 shows that the correction for the conduction lag is very 

small at low Reynolds numbers but reaches about 30% of the Nusselt 

number with the 12 m ballotini at high air flowrates. Various 

opinions have been expressed as to the threshold value of the Biot 

number at which conduction becomes significant. Meek 45) suggested
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1.0 whereas Ki taev(38) gave 0.25 and Akers 2) demonstrated the 

effects even at Biot numbers as low as 0.05. If analogue 

computers or digital machines with simulation languages are 

available to designers, the safest solution is to take account of 

intra-particle temperature distribution whatever the Biot number. 

However, in the absence of such facilities or when the number of 

calculations does not justify the program preparation or when high 

accuracy is not required it would be quicker and simpler to use 

the Furnas solution provided that some estimate of the error could 

be made. Thus a general relationship is required between the bed 

lengths predicted by each of the two methods for the same input 

data of Bi, 6 and Teot 

Consider the simple Furnas solution: The heat transfer rate 

is given by: 

Q= bpsad eyedAT oe ee eee eee eee eens (7:6) 

(see equation (3:59), Section 3.4.3). 

Now: 

pi = Berd, 

2ek 
8 

O Seitetteve 6-4: ote othe. bie ae ee (3:28) 
< 4.k_.(1-e).y 

2 
G,+0,04, 

and 

oS 6.(1-e) 

d 
P 

Substituting Bi, z and a in (7:6): 

ce Ges aN Di be be (3:6) 

: 2 

Q = eek «Bl 6.(1-e) - G,°9,*4,, *% » AAT, 
a, di, 4.k,.(1-e) 

= 3+Bi-G +c -Z-A, AT OR ORO Oe OY Oe 8:8 KORE iS (7:7)
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Nows 

Q = WeSprA, AT, 
at Gee A ATS * * e ° oO e e o e e ry o e e e 7 (7:8) 

where AT, f 

AT =«/f 7 
8 go 

= T,,-T 
a fo 

si 

Dividing (7:8) by (7:7) 

oc . L 
gees SM er ee ee ee 8: O88 eye (7:9) 

m 

AT -AT. 
Oo 

log,j—e | 

\at,/ 

ss ATS» for Bel 

  

where at s for 6 © 1 

AL aT L 

pai STAT ton 03-9 

et aa 
e\AT 

oO. 

ae Re Peon at 

AT = fT 
ti" s0 

The general solution of (7:9) is represented in Figure 7:1 for 

all values of 8 as: 

AT, 
Ke eae 
aT 

with Bi as parameter. 

The numerical integration solution for intra-particle 

temperature distribution for a range of values of 6 and Bi was run 

on the I.C.L. 1905 computer with the program ZFRAGENDES given in 

Appendix 1.2. The values of at /At., were calculated at appropriate 

values of z using the mean solids temperature eas given by 

equation (3:42), see Appendix 1.1. The corresponding values of z
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from equation (7:9) were compared and the extent of the under- 

estimation by the simple solution determined as: 

Percentage 27 PTD” 2LMTD 
. : a= ° 100 ee. 6a se. @ (7:10) 

Underestimation Zrprp 

where Zrprp is the bed length for intra-particle temperature 

distribution by numerical integration 

Zryerp is the bed length for the Furnas logarithmic mean 

temperature difference solution. 

The detailed results of the numerical integrations are tabulated 

in Appendix 4 and it can be seen that the variation in at /t,, with 

8 at the same z and Bi is negligible except at high values of z 

and Bi (z>5, Bi>1.5) where Tp and qT, are almost equal. The 

divergence may be due to round off error in the calculations but 

is of little importance as it is outside the range of practical 

values of Zy, because: 

k_-(1-e).Le4 

2 
Z. = 

L G 2.0. dh 
Bie 

Tok 
222 

Be © 3h 
s 

i.e. high Bi generally implies high a /k,, and consequently low Za 

Figure 7:2 showss 

AT 
258: ee ey. 

AT IPTD 
m 

for 8 = 1 with Bi as parameter. Figure 7:3 compares the two 

methods of solution to demonstrate the increasing effect of the 

conduction lag as the Biot number is increased. Clearly there is 

no threshold value of Bi as the effect is always present to some 

extent.
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Figure 7:4 shows: 

Percentage 
Underestimation ‘° *TMTD 

for ® = 1 with Bi as parameter. 

As Figures 7:1 to 7:4 cover most of the ranges of values of 

Bi, 8 and z likely to be met in practice, it is suggested that 

they could be used directly for design purposes where the axial 

fluid and solid temperature distributions are not required. There 

are two possible approaches: 

(1) Calculate the bed length using the Furnas solution and then 

apply a correction using the percentage underestimation from 

Figure 7:4. 

(2) Calculate At /AT,, and obtain z directly from Figure 7:2. 

This method seems to be the better of the two. 

As regards the design of melting bed equipment, it was shown 

in the literature survey, Section 2.1, that little information is 

available. It should suffice for the present to design melters 

simply as heat exchangers in which change of phase occurs without 

change in physical shape, i.e. the sensible heat plus the latent 

heat is supplied through a constant heat transfer area equal to 

the original surface area of the charge. At worst this should only 

overestimate the bed length required as in a practical melter the 

surface area would generally be increased by the phase change.
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SECTION 8 — SUGGESTIONS FOR FUTURE WORK 

Explanations of the discrepancies between published fixed and 

moving bed data have been suggested in Section 6 but even the 

present results are not completely satisfactory. There is 

some scatter and at Reynolds numbers below 200 the 

correlating line diverges fron the fixed bed lines. While 

experimental error is inevitable, it seems likely that gross 

errors stem from inadequacies of the model and equipment, 

It has been shown that the basic assumptions of uniform fluid 

and solid velocity profiles are unjustified although no 

quantitative measurements of the deviations from ideality have 

been made. The solids flow could be made more uniform by blending 

the air inlets into the inside wall of the column so that a smooth 

surface would be presented to the descending solids. Improvement 

in the solids flow pattern by preventing dislocations of the 

matrix would inevitably flatten the air velocity profile and the 

radial temperature profiles in both streams. Further improvement 

in the latter could be achieved by lagging the column to reduce 

wall heat losses or balancing such losses as in the SCICE 

sauienens However, this would introduce problems of bed 

height measurement and approach to steady state conditions. The 

present profile of the bed surface also leads to radial temperature 

and velocity distributions, It could be improved by feeding solids 

from both sides of the column or possibly around the whole 

circumference, although the latter would again increase the 

difficulty of bed height measurement. Although the top of the bed 

is well defined, the bottom is more vague. I+ was taken as the 

centre line of the air feed side arms but these were 1.5 in
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diameter compared with the maximum bed height of only 4.5 in, A 

narrow slit around the whole column would be better. If it was 

filled in with some porous material the requirements for plug flow 

of solids could also be met. The entrance-exit effects demonstrated 

by Malling and Thodos 59? should be considered. A layer of 

stationary spheres could be placed just above the bed surface. 

The air entrance effect is probably negligible anyway due to the 

small area of the feed side arms compared with the bed cross 

section, 

All of the above are improvements which could be incorporated 

but there are other deficiencies in the equipment which probably 

cannot be overcome. Cross flow heat transfer is inevitable at 

both ends of the bed, It might be possible to introduce the air 

stream through an internal distributor but this would cause 

dislocations of the descending matrix and heat transfer through the 

walls of the distributor pipe to the ballotini. Similar 

distribution of the feed ballotini would suffer from solids flow 

problems as well as preheating, Although cross flow cannot be 

eliminated, the effects could be minimised by using longer beds but 

then one or other of the terminal temperature differences would tend 

to zero, This could be avoided by using larger particles but the 

consequent increase in the wall effects would require the column 

diameter to be increased, The whole scale of operation would need 

to be increased, 

Development of a model to fit the behaviour of the present 

equipment would be very difficult and, even if possible, would 

require a considerable increase in the amount of input data, viz. 

air and solids radial and axial temperature and velocity
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distributions. It is doubtful whether the effort could be 

justified. 

The philosophy of conducting experimental measurements of 

packed bed heat transfer coefficients under moving bed conditions 

should be questioned before extending the use of the technique, 

Although the present results are not in complete agreement with 

published fixed bed data, they have served to explain the 

discrepancies in previous moving bed work and proved, or at least 

provided strong evidence, that there are no differences between 

the heat transfer processes in the two types of equipment. The 

apparent differences stemmed from velocity profiles, measurement 

errors and analytical errors. Accepting the evidence, it seems 

logical that heat transfer should be divorced from bed movement in 

future experimental basic research, However, to serve the needs 

of designers, the fluid and solids flow characteristics of 

particular types of equipment must be studied and related to the 

heat transfer characteristics, Fixed bed work should be directed 

towards the measurement of wall effects as a. approaches dq. as 

this is a feature of several tower melters. The use of non— 

spherical particles in laboratory scale moving beds would introduce 

solids flow problems but shape factors for the types of material 

likely to be met in practice might be obtained from existing 

pressure drop data or by direct fixed bed heat transfer measure~ 

ments. 

As regards the theoretical and computational aspects of moving 

bed heat transfer, a number of factors are worthy of investigation. 

As digital computers are more generally available than analogue 

machines, the numerical integration technique is particularly



useful both for design purposes and analysis of experimental data. 

flowever, it has been shown in Section 3.6.1 that the heat balance 

is subject to error, The reasons for this and the magnitude and 

variation of the error should be determined and improvements made, 

if possible. Gay and Akers (82) suggested that the error stemmed 

from the double use of finite differences, first to reduce the 

partial differential equations to ordinary differential equations 

and secondly to integrate, and might be overcome by using a larger 

number of sphere increments. If the heat balance check suggested 

in Section 5.2 were incorporated into the version of the program 

ZFRAWRWEXPT which ignores intra-particle temperature distribution, 

their suggestion could be verified. The quadrature formula for 

Ton? equation (3:42), might not be adequate. Third order correct 

finite differences might be more appropriate for the present 

application than second order. The error might be concerned with 

the step length but Gay and Akers discounted this factor. 

Although Az = 0.018 does not produce wild instability, small errors 

might develop where large changes of gradient occur, It is not 

advisable to reduce the fixed value of Az due to the computation 

time required rh the facility of variable step length would be 

very valuable. Third order differences, more sphere increments 

and fourth order integration would then be feasible. Variable 

82) 
step length procedures have been developed by iecce and 

Zonneve1a\ 102) , 

The present model involving intra-particle temperature 

distribution and wall heat loss could be made more sophisticated 

by including the effects of axial dispersion in the fluid phase 

and axial conduction between the particles, A similar approach
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to that in Section 7 for the conduction lag could be used to 

determine the errors in the simple model over ranges of various 

parameters. Reference has been made already to the models of 

Tattman ot 9942) ‘iis wanting att Phodes 90% thee” cr ela ena 

smith'203) | pmundson‘ 2041105) ana Siegmund et a2.(10) might also 

prove useful. It might be possible to apply the channelling model 

of Kunii and Susur (72) to large scale wall effects, 

Much work needs to be done on the application of the moving 

bed principle to melting. Owing to the problems inherent in 

industrial scale research, high wall effects and non-spherical 

particles, it is not surprising that Watson and cien' 10) and 

Glen 2) were unable to obtain a satisfactory correlation of their 

data. In view of the observations of Knight et ai. 4) on the 

different mechanisms of melting of copper ard aluminium and the 

significance of the solid phase thermal conductivity and melt 

surface tension recognised by Standish‘2>), the analysis of 

melting bed data must inevitably be system orientated. Scaffold 

formation and upward transport of melt by combustion gases are 

also worthy of investigation.
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SECTION 9 — CONCLUSIONS 

The literature survey demonstrated that heat transfer data 

for moving beds differed by as much as an order of magnitude from 

those obtained using fixed bed techniques, Moreover, the moving 

bed data of different workers were much less consistent as a 

group than were those for fixed beds. As previous workers were 

unable to correlate melting results satisfactorily and as the 

preheating zones of tower melters are essentially moving beds, the 

present work was aimed primarily at resolving the differences 

between fixed and moving bed heat transfer as a first step towards 

understanding the complete melting process, 

As the experimental tower was constructed of glass it was 

possible to observe the movement of the spherical solid particles, 

It was discovered that, contrary to the opinions of most other 

workers, the bed did not move in plug flow. Expansion at the 

start of movement and radial solids velocity profiles were 

detected, The change in mean voidage from fixed to moving bed 

conditions was determined from pressure drop measurements, The 

dislocations of the bed matrix near the wall of the present 6—in 

diameter column caused bypassing of the air in the regions of high 

voidage and consequently reduced the overall heat transfer rate. 

It is considered that this effect must have been even more marked 

in the 3 and 4 in columns used in previous moving bed work(®) and 

was responsible for much of the reported disagreement between fixed 

and moving bed heat transfer data. 

Other aspects of the flow characteristics of spherical solids 

were investigated to obtain data for the design of the present
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equipment and to overcome difficulties encountered during its 

Commissioning. It was found that the minimum value of the 

a, 24, ratio for the steady flow of glass ballotini under packed 

bed conditions was about 4, but this figure was exceeded for 

particles of greater surface roughness and lower degree of 

sphericity, 

The equipment was not lagged for two reasons: first, so 

that the variations in the bed height could be observed; secondly, 

so that the time taken to achieve steady state thermal equilibrium 

would not be excessive. This necessitated measurement of the 

heat losses, the transfer coefficients being correlated by: 

4 0,310 0,067 
ms OD 

e 

ty = 0.201 3 {8 ‘mw eevee @ @ @ (434) 

where the units are: 

Ut Btu/hft’ doeF 

Gp Ib/net® 

e: dimensionless 

ATS aw? equivalent chromel-alumel thermocouple output in mV, 

The wall heat losses were incorporated into the mathematical model 

of moving bed heat transfer. 

3 Outlet air mixing baffles were fitted to reduce the 

temperature and velocity profiles prior to temperature measurement 

but the outlet solids temperature was only measured at one point 

on the axis of the bed. Consideration of the heat balance showed 

that this solids temperature was lower than the mean outlet value 

so heat transfer coefficients calculated from it were too low. 

It is likely that this error occurred in previous work 2) Transfer 

coefficients in the present work were based on the measured air
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outlet temperature. 

It was shown that large bed lengths produced errors in 

previous moving bed ea particularly in that of Norton‘) , As 

the bed length increases so does the number of transfer units and 

one or other or both of the terminal temperature differences tends 

to zero. This effect has been demonstrated even with beds as 

short as 3 in. After rejection of runs subject to this error and 

correction of the heat transfer coefficients for intra—particle 

temperature distribution, the present results were seen to be in 

close agreement with previous fixed bed data and were correlated 

bys 

Nu = 0,183 x nee *834 a hee Ok ee: RR eS ee (587) 

for 95< Re <~1662, 

The effect of the relative velocity of the air and solids streams 

was investigated but shown to be insignificant. It may be 

concluded that there are no differences between the heat transfer 

processes occurring in fixed and moving beds, The apparent 

differences reported in the literature stemmed from the use of 

non—ideal experimental systems, measurement errors and analytical 

errors, However, the possibilities of dislocations of the bed 

matrix, fluid and solids velocity and temperature profiles and 

consequential reductions in overall heat transfer rates should not 

be neglected in the design of moving bed equipment, 

As the range of voidage in the present work was very narrow 

(0.375 to 0.412), any possible effects were far outweighed by the 

experimental scatter but if wide variations are encountered in 

design work, equation (5:7) could be replaced bys
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iectdie: as . Rete ok we 
8 

0.845 
Nu = 0.0794 x (22) 

for 235 ¢ =< 4034. 

A digital computer techaaueste? was applied to the analysis 

of the heating of spherical particles, both in moving beds and in 

isolation. It could be developed further but, even in its present 

form, it is superior to previous analogue computer methods, 

The effect of the conduction lag within the solids ranged 

from 1 to 30% in the present investigation. To simplify design 

work, correction factors have been calculated by digital numerical 

integration which enable the simple logarithmic mean temperature 

difference solutions for two-fluid heat exchangers to be applied 

to moving beds.
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APPENDIX 1 — AMPLIFICATION OF THE THEORY 

Al.1 Derivation of the Mean Solids Temperature 

Consider a sphere in terms of the dimensionless radius and 

temperature variables. For an elementary shell of radius x and 

thickness dbx: 

Volume = A Win ox 

2s Heat content = 4.[1.x 0X oP.0C 08, 

The mean temperature of the whole sphere is given by: 

oe 1 2 

4 MoX 26XeP_0S_ 00 
a - “X=0 ie iS 

k=l 2 

». 4.[.x 16X0P.4C., 
“X=0 

X=l 
2 

d LEAUE £00000, dx 

XO 
= 

4 3. 
3e1.(2) 20,00. 

x=1 

= 3.f x" .6 dx 0 OF erie oe eho, Oo ae a Oe eT ee (A1:1) 

X=0 - 

Using a 6-point, closed end, Newton-Coates autledpa twa les it may 

be shown thats 

> 
Jt = “4 [1968 ,+75+8)+50+85450-83475.8,419.5,] 

o:.0 @)8° 6 * © @ 0-8" ee" (Als2) 

As the mean solids temperature is to be obtained from the 6 nodal 

temperatures 6, to Ons equation (Al:1) may be evaluated as: 

. 2 2 ae 223 F (19. (x, 60,) + 750(x100,) «bee eae 

ow eee 19. (x5 +05)] 

, Sin ek ee cee orev Lee
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FIGURE Al:2 SECOND ORDER RUNGE-KUTTA METHOD 

  
  

  

FIGURE Al:3 FOURTH ORDER RUNGE-KUTTA METHOD



wi BEA coe 

Now, 

Ax = Oe 

x, me TEAR. 

Substituting in (Al:3): 

57-6 8 3.6 8 8 
ccclataek ie be | BR ee OL Oe Baw (3:42) 

ae + Peaee Bey 

or, if the coefficients are to be set on the potentiometers of an 

analogue computer, 

6. = 0.19796. + 0.5.6, + 0.1875 .0, + 0.0833.6, + 0,0312.6, 

Al.2 Numerical Integration 

There are three levels of sophistication of the numerical 

integration: the Euler method and the Second and Fourth Order 

Runge-Kutta methods. Franks °3) considered only the latter two 

but the simple Euler solution has been shown to be quite useful in 

the present work, 

The following descriptions of the methods relate to ier 

variables X and + where X is any dependent variable and t is an 

independent one, usually time but not necessarily so. In the 

present work t was the dimensionless bed length z and X represented 

the various air and solids temperatures. 

Euler Method 

Referring to Figure Al:1, knowing the value of the function 

xy and the gradient (2) at tas the Euler approximation to X at 
1 \ 

ty iss: 

t= m+ (B) os Ot © FOL be pe. € ie we ey © heme (A134) 

Thus the relationship between X and + may be obtained by 

successive applications of equation (Al:4).



Second Order Runge-Kutta Method 

This is an extension of the simple Buler method in which the 

error is reduced by evaluating the derivative at both t+, and t 
A. 2 

and using the average to obtain XK,» see Figure Al:2, 

ax 
y=, + (HE) soe ONG ie RE Poe Se a ee 

Substitution of X, in the differential equation gives: 

{ax\ then 
x /2 

j \ ly { oy 
=) 1 (a) | 

Uvane a io a eae bia ie be eso bl Os a \oceed Casas 

ee 2 | \ Ti ea 

  

mgt Sele ne (41:7) X, = 1 +} az} o A 9 Oye. OE Oo Oe Chae ele et, 9” ae cwe eee aif 

m 

which is a better approximation to the true velue of X at +, than 

is that given by equation (Al:4). 

Fourth Order Runge-Kutta Method 

This is the third level of sophistication in which a further 

reduction in the integration error is achieved by evaluating the 

derivative in the middle of the interval as well as at ty and toy 

as indicated in Figure Als3. 

(a At 

2 
XK, =X) +15 > ind oie es PON ae 2 

a 

The derivative at t3 is calculated by substitution of X, in the 

differential equation. X at +, is then recalculated as X,: 
4° 

=X, (8) = pee ea aes a 

This is used to give another value of the derivative at t3 and 

from it a value of X at to is obtaineds 

ax 
y= + (FH) oot ae kK oe es be ek 

the corresponding value of the derivative being a « The four 
5
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"COMMENT! DEPENDENT VARIABLE INTEGRATION PROCEDURE 

"PROCEDURE! INTCX+DXe DT)? 
URMEELY Moai A 

"BEGIN! 
JNSFINS4T? 
epee O ei HEIN GO m0)! 

DUR ORG THEN! | ' GoTo! 

'TR' JSe1 "THEN? ‘'GaTO! 
DIi:DXACIUNIS=DX] 

X:aX+DXeDT; 

"GOTO! GOBACK; 
D2:X:2X+C(DXeDXALINI) *0T/ 2: 

'"GOTO' GOBACK; 
"TF*=J3S657 "THEN! .' GOTO! 
'IF' JS4=2 "THEN? 'GOTO! 

"JF" JS435 "THEN! '#GOTO! 

XACT IN] :5X; 
DXACINI,30X3 

XMraX+DXwDT; 
"GOTO' GOBACK; 

DXAC INI s3DXALIN) +24DXe 
Xs RXACINI+DX#DT? 
"GOTO' GOBACK? 

D7:DXACINJ s=(DXALINIFDX)/6; 

Xt eXACINI*DXALCINI#DT? 
GOBACK:'END'; 

D3 

D4 

i) 

FIGURE Al:4 THE PROCEDURE 

01; 
D3; 
DIC ELSE! GOTUL D2: 

D4; 
DS; 
DS 

INT 

LECCE! HGOTO'S 077
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derivatives are then combined as; 

hoA Cra Foo jig C ax 1 | fox) ax dx ax a him S| ies) 42, \ ae) 5. ax ‘ () Os ee ote ALE lat } 6 Mea at \ at 4 ot]. 

and the best approximation to X at ty calculated ass 

RecA Ga oes Re ee ee ae cam) 

f 

“ 

Equations (Al:4) to (Al:12) are contained in the ALGOL 

procedure INT shown in Figure Al:4, Manipulation of the variables 

X and = within the interval At (represented in the procedure by 

X, DX and DI respectively) is dependent upon the levels of the 

following integers: 

(1) IO - Integration Order 

ls Euler 

2: Second Order Runge-Kutta 

4: Fourth Order Runge-Kutta 

(2) JS - Pass Counter (Second Order Runge-Kutta) 

O: First pass through derivative equations at start of 
computation with initial condition of X and t. 

1s ty incremented to t, = (t] + At), first approximation to X 
calculated from equ&tion (Al:5), first pass through 
derivative equations for this increment. 

2: Second approximation to X calculated from equation (Als7), 
second pass through the derivative equations for this 
increment ready for next increment, 

(3) JS4 - Pass Counter (Fourth Order Runge-Kutta) 

O: First pass with initial conditions. 

1: t, incremented to t3 = (+, + At/2), equation (41:8), first 
pass for this increment. 

2: Equation (A1:9), second pass. 

3: +, incremented to t, = (t, + At), equation (Al:10), third 
pass. 

4: Final approximation to X, calculated from equation (A1:12), 
fourth pass ready for next increment.
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"COMMENT' INDEPENDENT VARIABLE INTEGRATION PROCEDURE 

"PROCEDURE! INTI(T,DT)3 
PREAL SOT, DT: 
"BEGIN! 
JN: 707 
STR * 30R). 'THENta!GOTO! 13: 
TIP Oe 4 VTHEN'« §GoTo! 17: 
US:3IS44; 
TTR JSe3 'THEN'  JS:21; 
"ITF' JS22 'THEN' 'GOTO' RETURN: 
Temt+07T : 
'GOTO' RETURN? 

ts 

11:dS4:2J546413 
"TF' JS435 "THEN! jg4seq? 
PIF US421° "THEN! *GOTO! J23 
"TF" JSG335 "THEN? "GOTO! I4 "ELSE "GOTO! RETURN? 

I2:DT:3DT/2; 
EGOTOR. {3 

T4:T:sT+0T: 
DT:22*DT; 

RETURN: "END; 

FIGURE Al:S THE PROCEDURE _INTI
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INITIATION SECTION 

DATA INPUT 

INITIAL. CONDITIONS 

PRELIMINARY CALCULATIONS! 

      

  

    

  

DERIVATIVE SECTION INTEGRATION SECTION 

DERIVATIVE EQUATIONS CALL INTI 

PRINT OUTPUT CALL INT 

TEST FOR FINISH CALL INT 
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(4) JN - Call Counter 

As several differential equations may need to be solved 
Simultaneously, the values of X and dX are retained in arrays 

XaCJN] and DKA[IN] so that they are Stailable when required. 
Hach successive call of procedure INT causes JN to be 
incremented. 

Control over the levels of the above integers and incrementing 

of the independent variable t is achieved by the procedure INTI 

shown in Figure Al:5. This sets JN to zero prior to each pass 

through the series of INT calls, sets JS and JS4 to the values 

corresponding to the particular pass through the derivative 

equations and increments t by either At or at/2, as appropriate. 

The basic program structure incorporating procedures INTI and 

INT is shown in Figure Al:6, The application of the technique to 

the problems of moving bed heat transfer is illustrated by the 

following programs: 

(1) ZFRANKSLK (see Figure Al:7) 

This is suitable for the solution of problems in which all 

parameters are known and the axial and intra—particle temperature 

distributions are required, i.e. it is comparable with the 

analogue computer program shown in Figure 3.2. It was used for 

the problems posed by Lovell and Karnotaky*(°? and Kitaev et a1,(39), 

see Sections 3.6.1 and 3.6.2, After simplification of the 

derivative equations as indicated in Section 3.6.3 it was also 

appliea to the case of a single sphere in an infinite isothermal 

medium. 

(2) ZFRAGENDES 

This was referred to in Section 7. It is essentially the 

same as ZFRANKSLK but with some modifications to generate the 

general design parameters, It is essential that problems be



 
 

   

Ce 
e
e
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amplitude scaled for analogue computer solutions but, for most 

practical purposes, this is unnecessary for digital computation 

although the use of dimensionless temperature variables with 

maxima of 1.0 has been found very convenient in the present work. 

ZFRAGENDES was run from an initial condition of 6 >o* 0.01 until 
£ 

terminated by one of the following: 

0, = 10 

so, AT, 
a 

m ™m 

Z = 10 

(3) ZFRAWRWEXPT (see Figure A1:8) 

This is the program used for calculation of heat transfer 

coefficients from experimental results, The logic is equivalent 

to that in the hybrid-analogue computer solution of een ©! 

shown in Figure 3:3. The version given in Figure Al:8 takes 

account of wall heat losses and intra-particle tenperature 

distribution. The wall heat loss term in the air temperature 

derivative equation was not included when Akors‘2) results were 

re-calculated and the solids equations were simplified as set out 

in Section 3.4.4 for the case of no intra-particle temperature 

distribution, 

It can be seen that the sphere centre temperature derivative 

equation (3:38) is not included in the program listing. The nodal 

temperature equations generally involve 0 8 and a as given 
n+l? on &t BE 

by equation (3:34): 

6 
do 
  

1 1 
: n+l. ( 1a) —2 0,46, 3° ( 1-=) 

az (ax)?
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However, for n= 1, this simplifies tos 

  

Also the expression for os does not include 6,3 

=a uw 
Pp. © SNe +h + mae +20 tae Cots ae a oe ete ae 

Thus & is not essential to the solution so the computation time 

  

may be reduced by eliminating equation (3:38). 

After the procedure calls, the absolute values of the 

dimensionless temperatures are tested to determine whether they 

have exceeded 2,0, This situation would arise if the integration 

step length were too large and the solution became wildly unstable. 

Az is decreased at label TWELVE, However, the test will not 

detect small errors, The figure 2.0 could not be reduced safely 

to, say, just greater than 1,0 as the test might then interact 

with the control of the Biot number, It can be seen from the 

program listing that the calculation is first run with the input 

value of Bi (from the logarithmic mean temperature difference 

solution) until z;, is reached, As @, has not reached 1,0, Bi is 

increased by ABi = Bipyey x 0.1, initial conditions are 

re-established and the calculation is run again. This process is 

repeated until Op reaches 1,0 before 2 reaches Zre At Zrs 85 is 

somewhat greater than 1.0, Bi is decreased to (Bi —- 0.9 x ABi) and 

ABi to ABi x 0,1. Iteration continues until the value of Bi is 

such that Bp = 1,0 and Z = Z, are achieved simultaneously. However, 

if the absolute value test is made too stringent, it is conceivable 

that the value of 85 at Zr will cause Az to be decreased whereas 

Bi should be. Instability was not detected with any of the 

present results.
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Nomenclature 

The identifiers used in the programs do not always coincide 

with the nomenclature used elsewhere in the thesis due to the 

requirements of the I.C.L. 1905 compiler. The following will 

assist in the interpretation of the program listings: 

TSM = Gon? TSO = 9,2 TST «= 849 etce 

TG = Op, TOO = 0, 

TA = 6 
a 

dé do, 
° 

DIG0 a .s DISI = 3" as etc. 

do, 

DTG Pan: 

BIOT = Bi, DELBI = ABi 

BETA = 8 

Z=% Zue Z,, DZ = Az 
L 

HG = Hoy HGA = hpoa 

2 
4.U, (dx) oL 

ds Gu.i0 
POTB = : 

Vas t.. hs 

KSMEAN = Km? between Ts and T 50 
Z 

KGMBAN = Kea? between Tp, and Tos 

NU = Nu 

DP 2d 
p 

EM = e, moving bed voidage
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APPENDIX 2 — AMPLIFICATION OF THE EXPERIMENTAL WORK 

Aé.l The Equipment 

lL Pipework, columns and hoppers 

Except for the two moving bed columns, all items of glassware 

were standard Q.V.F. borosilicate sections, 

Q.V.F. Ltd., 
Duke Street, 
Fenton, 
Stoke-on-Trent, 
Staffordshire, 

2__Spherical solids 

The 6, 9 and 12—mm nominal diameter soda glass test ballotini 

and jim nominal diameter lead glass support ballotini, all of 

West German manufacture, were supplied by: 

English Glass Co, Ltd., 
Scudamore Road, 
leicester. 

Regalox high alumina ceramic spheres were manufactured bys 

Royal Worcester Industrial Ceramics Ltd., 
Tonyrefail, 
Glamorgan. 

and supplied by: 

Pg. Hines & Sons Litd., 
York House, 
Wharf Street, 
Stoke-on-Trent, 
Staffordshire, 

3 Air heaters 

Type 32441, 1 ki fire bars were manufactured by: 

Heating Elements Ltd., 
Wigston Magna, 
leicester, 

Plysu silicone rubber sheet for gaskets was manufactured bys 

Woodville Rubber Co, Ltd., 
Alton Lane, 
Ross--on—Wye.
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4 Temperature measurement 

Chromel and alumel 28 s.w.eg. (0.0148 in diameter) thermo— 

couple wire was manufactured by: 

British Driver-Harris Co, ltd., 
Cheadle Heath, 
Stockport, 
Cheshire, 

Thermocouple junctions were welded with a Model 125 SRL 

Dynatech argon arc welder supplied bys 

S.T.P., 
Sittingbourne, 
Kent. 

Thermocouple e.m.f.s were recorded with a Kent Mk.3, 16—point, 

potentiometric recorder manufactured by: 

George Kent Ltd., 
luton, 
Bedfordshire. 

P.T.F.E, sleeving of 0,020 in I.D., 0.032 in 0.D. was 

manufactured by: 

Polypenco Ltd. : 

Gate House, 
Welwyn Garden City, 
Herts. 

5 Air flowrate measurement 

Metric series Rotameters Ml0K, M35A, M65A and M65K were 

manufactured by: 

Rotameter Mfg. Co. Ltd., 
330, Purley Way, 
Croydon, 
Surrey, 

CRO 4PG 

A2,.2 Selection of Length of Moving Bed 

It was pointed out in Section 4.1.2 that, if the heat 

transfer effectiveness of a moving bed is too great, then one or 

other of the terminal temperature differences tends to zero, The
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effectiveness is dependent upon the number of transfer units 

(N.T.U.). Kays and London‘ 207) suggested that N.T.U. was less 

than 5 for most industrial heat exchangers. The relationship 

between the bed length for 5 transfer units and the air and solids 

flowrates was investigated to determine the optimum length of the 

column for the present work, 

ee boA, lea (42:1) Cre RO a ee $ 

For simplicity, it was assumed that there was a linear relationship 

between hp and po Inspection of Akers! (2) results suggested that 

the following co-ordinates would suffice: 

h,= 0 Bti/hftdea? at G.=0 Ib/net® 

hp = 45 Btu/hft-deaF at G, = 3000 1b/nre® 

Seni Re Oe i Eye ee a ce (42:2) 

Assume (Mec) sn = Mj.c, 

Substituting in (A2:1) and rearranging: 

dG sc 
1000 ss 

te ee Ce fe On ae sy ass 9% (A233) 

Taking e = 0.4 and C, = 0,18 Btu/lbdegF this becomes: 

L= 3.94 G, in, for d_ = 6 mm 
Ge ? 

Ls 5.91 °s in, for d_ = 9 mm 
G. P 

ft L es 7.88 Ss in, for d. = 12 m 
G Pp 
5 ig 

tf (Mec) an = Mpecy, (A233) is replaced by: 

dc 1000 Dot 
: L = 18 e 1 ding he ed i i ee Me Re ee Oe (a2 4)



  

O 1000 = 2000 2 3000, 45 4000 
G, Ib/h tt? 

FIGURE _A2‘|_ BEO LENGTH FOR N.T.U.=5 ?6mm BALLOTINI 

  

  

  
    

    

    
  

                                
        

  

G, tb/h tt? 

FIGURE A2:2 BED LENGTH FOR_N.T.U.=5: 9mm BALLOTINI 

  

            
  

    
  
      
      

  

    
      

O [000 | 2000," 3000 = 4000 
G, Ibfhet? 

FIGURE A2:3 BED LENGTH FOR N.T.U.=5 :l2mm BALLOTINI
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Taking e = 0.4 and Cp = 0.24 Btu/1bdegF this becomes: 

L = 5,25 in, for d, = 6 mm 

L = 7,87 in, for q,, = 9 mm 

Ls 10.5 in, for a. = 12 mm 

If Pec = Mec 
Ss 8 Ges 

OPO Gm ONT Oe 6k Wie gy AEG edge a Oe ee (A235) 

The solution of equations (A2:3) and (A2:4) is shown in 

Figures (42:1), (42:2) and (42:3). It can be seen that the bed 

must be short for a wide range of operation, 

A2.3__ Rotameter Calibrations 

The manufacturers publish calibration charts (108) for air 

at 15°C and 76 cmHg Abs. If chanaee in viscosity and flow pattern 

are neglected, the flowrate F at a given scale reading but 

different conditions of temperature T and pressure P may be 

obtained from: 

ee renee ea 

P,.T : Fy = Fy ik 2 Se Si Re Cae ee ee we Oye ae Br a ee (A226) 

is 
Poel) 

where subscript 1 refers to chart calibration conditions, 

i.e. 76 cmHg Abs, 2880K, subscript 2 refers to operating 

conditions. 

The general calibration handbook‘ 29) takes account of both 
viscosity and flow pattern. It contains charts of the dynamic 

characteristics of each size of Rotameters 

zt ve Scale Reading 

for values of a parameter et irom: O04 tod 60 

/ 4 - 

where I"s Jog, ( Lutte he Frere <a e ot an (A237) 
\ ee Al Wats Pp)
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P= float density, 
i] 

W, = float weight, 

K, = constant for a particular Rotameter size, physical 
properties of the fluid are evaluated at the operating 
conditions, 

Having calculated I, the relationship between et and scale 

reading may be read off the chart and the flowrate F at the 

working conditions determined from: 

Feat, F, 9 Rs. En ee OO OO ke ee ee pee aa ee (A238) 

where Fp = K e 1% Ppt RS ew es 8 SO ve (A229) 

Ky = constant for a particular Rotameter size,
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A2.4_ MOVING BED VOTDAGE MEASUREMENTS 

TABLE Ac:1 FIXED BED DATA 

Table A2:1,1 6 mm Ballotini: Voidage = 0.342 

  

{ 

Ce Ap Re 
1b/net? omH,0 | 6(1-e) . 
  

1 379.13 |92.00 | 156.12 | 0,328 

1 311.47 {84.20} 148.46 | 0,331 

1 242,18 176.85 | 140.62 | 0.335 
1 177.16 {69.55 | 133.26 | 0.337 
1 104.05 | 60.65 | 124,98 | 0,332 

947.32 146.10 | 107.24 | 0.341 

798.79 134.15! 90.42 | 0.353 

658.96 124.75 | 74.59 | 0.374 

521.84 {16.85 | 59.07 10.404 

399.53 }10.25 | 45.23 10.419 

279.76 | 5.75 | 31.67 [0.479 

166.62 | 2,50} 18.86 | 0,582           
  

Table A2:1.2 9 mm Ballotini: Voidage = 0.374 

  

Ce AP Re 
1b/net? omH,0 | 6(i-e) . 

1 728.34 |68.55 | 307.34 | 0.324 
1 576.88 {57.50 | 280.41 | 0.325 

1 433.22 [48.25 | 254.84 | 0.329 

1 177.72 133.05 | 209.43 | 0.331 

796.45 |16.30} 141.63 | 0.353 
460.08 | 6.20} 81.81 | 0.402 

167.23 | 1,00! 29.74 | 0.479 
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Table A231.3 12 mm Ballotinis Voidage = 0,388 

  

i ! 

C. AP Re 
1b/nee? omH,0 | 6(1-e) 
  

165.89 | 0.55] 40.34 | 0.396 

456.02} 3.50] 110.88 | 0.348 

787.99 | 10.40! 191.60 | 0,312 

1 163.63 | 19.35} 282.94 | 0.296 

1 413.85 | 28,05 | 343.79 | 0.292 
1 554.66 | 33.60} 378.03 | 0.290 

1 700.82 } 40.40 | 413.57 | 0,293 

1 860.14 | 47.00} 452.31 | 0.285 

2 022.92 | 55.20} 491.89 | 0.285 
2 198.97} 63.80} 534.70 | 0.280 

2 386.39} 74.20| 580.27 10.277            
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TABLE A2:2 MOVED BED DATA 

Table A2s2.1 6 mm Ballotini 

  

Bed 

movement 

in 

C. ; 

lb/ft 
AP 

omH,0 

  

  

1 

18   

1 306.47 

1 237.06 

1 172.92 

1 100,96 

944.91 

196.24 

657.65 

520.47 

398,86 

279.28 

304.16 

235,88 

171.46 

099.58 

943.43 

195 94 

657.00 

519.95 
398.46 

279 00 

302,67 

234.44 

170,07 

300.37 

231,89 

167.95 
298,22 

229.81 

165.295 

M
o
e
 

RP
 

op
 

H
p
 
e
g
 

ge
 

  

78.15 

71.30 

65.05 

56.65 

43.50 

31,80 

23.15 

15.90 

9.80 

5.35 

74.85 

68.50 

62.15 

54.60 

41.65 

31.20 

22.45 

15.25 

9.45 

5.20 

72.35 

66.25 

60.05 

64.65 

59.05 

53.75 

61,40 

55.70 

50.80   

0.3499 

0.3490 

0.3475 

0.3487 

0.3474 

0.3498 

0.3487 

0.3457 

0.3476 

0.3484 

0.3543 

0.3533 

0.3523 

0.3526 

0.354 

0.3514 

0.3519 

0.3499 

0.3512 

0.3513 

0.3575 

0-3567 

10.3557 
0.3682 

0.3681 

0.3669 

0.3730 

0.3739 
0.3726 
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Table A2:2.2 9 mm Ballotini 

  

Bed 

movement 

in 

Se 
1b/net? 

Ap 
comH,0 

  

  
18 

  
456.11 

788.41 

1 136.64 

1 417.44 

1 558.11   
4.55 

11,80 

24.40 

36.35 
42.90   

0.4073 

0.4087 

0.4022 

0.4051 

0.4067 
  

Table A2:2.3 12 mm Ballotini 

  

Bed 

movement 

in 

Ge 
1o/net" 

AP 
oml,0 

  

  

13 

  

457.83 

790.11 

1 164.52 

1 279.52 

1 414.06 

1 552.97 

1 698.75 

1 855.26 

2 014.94 

2 188,10 

2 374.54   

2.70 

7.35 
15.25 
18.80 
22.55 
26.70 
31.55 
37.00 
43.20 
49.60 
57,50   

0.4147 

0.4133 

0.4124 

0.4093 

0.4106 

0.4121 

0.4125 

0.4130 

0.4124 

0.4134 

0.4142 
  

Note 

Many measurements of the moved bed 
voidage of 9 and 12 mm ballotini were 
made as explained in Section 4.4.4 but 
Tables A2:2.2 and A2:2.3 are typical 
examples. 
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TABLE A2:3 SUMMARY OF VOIDAGES 

  

  

oo 8 a 

‘ani Fixed ! Moved 

G) 1 342 4 -05375 

9 | 0.374 | 0.406 

12°) 0,306.1 01432         
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A2.5 WALL HEAT LOSS DATA 

TABLE A2:4 UNLAGGED LONG COLUMN 

  

  

  

jen ape G, G,/e a U, 

Bed fi a eb oe ae 

°¢ net” | net” . nit“ deg? 

Enpty 140 1 949 4.44 2.53 

1 465 4458 4:° 2032 

1 944 4.62] 2,42 

1 493 4.55] 2.16 

1 085 4.53] 1.92 

791 4.50] 1.61 

531 4.34 1.48 

283 4520 | 1,38 

791 4.41 1.75 

553 4.49 1.49 

370 4.29 1.34 

166 3.72 1,02 

325 4.07 1.35 

243 4,031. 3.00 

170 3.71 1.04 

106 3.39 0.98 

100 927 3.03 | 2,25 

534 2.98:1 2.06 

1 148 2.93 1.89 

785 36954 BeOT 

S33 2.69 1.45 

288 22574: 1523 

305 2.55 1.29 

166 2.37 teGl 

167 2.37 1.00 

137 2.21}. 0.95 

104 233° | © 0,93 

60 103 1607-4 0675 

169 1.18} 0.95 

245 1.23; 1 23,10              



TABLE A234 

289% 

UNLAGGED LONG COLUMN (CONTD.) 

  

  

  

pate, . G/e et ae 

Bed fi cit] Abia Btu 

Soak eee 4 tere? hft-degF 

327 £20. 2a 

337 deg he 1.30 

517 155 1.40 

7125 361. 65 

925 1.40 1.63 

1 247 1.41 1.76 

1 233 14 .| 395 

1 525 1.47 1,83 

6 mm 140 1 188 |3 434 | 4.24 3.00 

1 023 j2 958 | 4.23 | 3.02 

855 [2 470 | 4.17 | 3.01 

602. H) ote 4 A61T 2772 

100 239 13 581 | 2.72 | 3.26 

1 OO7 {2 910 | 2.77 3.25 

799 j2 310 | 2.67 2,82 

G03 44 742: 2 2553 3.06 

42? 11253) 2660 i191 

259 149 | 2.45 1.52 

196. |: 568.1 2.41 |< 1,39 

21 1 350 P2251 1. 

60 491 14 309 } 1.57 2.57 

186 |3 428 | 1.56 | 2.23 

937 {2 708 | 1.55 | 2.56 

685 |1 980 | 1.46 | 2.59 

464 |1 341 | 1.43 | 2.06 

261 TOA S055 1.50 

122° |. 352° 1 307: 2.36 

9 mm | Various 973 |2 602 | 1.45 2.06 

281 | 752 | 2.53 | 1.63 

523 {1 398 | 2.76 | 1.87 

796 {2 128 | 2.81 | 2.39 

982 2 626 | 2.80; 2.31 

727 }1 944 | 3.43 | 2.35           
   



- 2a « 

TABLE A2:4_ UNLAGGED LONG COLUMN (CONTD.) 

  

Nominal | G, G/e A ae U, 

lb Bea | “£4 1b Btu 
ee wenn mV eeececemneennnaenenenst 

oC net | net? hft“degF 
  

  

1377 434461 3666 2.45 

127 +1 984. +342 2ea0 

798 }2 134 | 4.16 Seat 

117413 139 | 4.39 2.52 
1461 |3 906 | 4.43 2,21 

12 mm | Various 967 |2 492 | 1.47 2,09 

280 Tee 12555 1.10 

520} 1 341 | 2.75 2.13 

794 }2 046 | 2.84 2.40 

973.12 506.7. 2.89 2933 

115812 986 | 3.64 2.47 

792 ;2 042 | 4.4 2.64 

L162 7:2 993°) 4.30 2.64 

144213 716 | 4.52 2,21 

1 746 (4 499 4.65 2.21           
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TABLE A235 LONG COLUMN WITH ONE LAYER OF 1 in 

ASBESTOS ROPE LAGGING 

  

  

      

fae G. G/e Ba U,, 

Bed fi eae ee mV Btu 

oo | net? | nese hft“deeF 

Enpty} 140 |1 898 4276). ie 

1 475 4.63 1,01 

1 O71 4.52} 1.03 

734 4.42 0.90 

428 4,13 0.76 

100 102 S361 OA 

171 2.56] 0.90 

241 2.61 0.97 

323 2.65 1,03 

328 2.67) - 2900 

513 2.678 1.17 

723 2,84 4423 

939 2.89} 1.26 
1 171 2.641. dee 

1 150 Siee 1 te 

1 550 24834 «1.29 

60 41918 ROLY «1,68 

1 469 1.40] 1.35 

1 080 Lot} 1s0T 

734 B42) < 1225 
420 1.43} 0.81 

431 £45) 1.081 

280 Leas 0.73 

166 1.26 0.62 

164 1 L251). 0663 

106 1,3941--~0.6) 

6 mm 140 1.319 F38134.:4.59 1.36 

1 110 }3 208] 4.60; 1.39 
924 {2 671] 4.56] 1.36 

781 }2 2591 4.51 1.45 

611 }1 767} 4.47} 1.35          
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TABLE A2:5 LONG COLUMN WITH ONE LAYER OF 1 in 
ASBESTOS ROPE LAGGING (CONTD.) 

  

Gr G. G/e AT, aw U, 

Bed Me 2 1b Lb v Btu 

we er ale en me a 
To hft | hft hftdegF 
  

  

100 2: 431-14 OTT] 3.08 1.94 

1-114 13 2205 Syl2} 164 

85112 460} 3.14 1.46 

604] 1747] 2.92 1,19 

398}1151| 2.83 1.13 

196 S67}. <sT 2530 

60 1.5071 4 35h 1665 1.39 

2 198.4:3:- A624 2,59 lesa 

929] 2 346] 1.56 100 

686 | 1 983} 1.54 Lodi 

465.42 343.1. 1,52 1,08              
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TABLE A2:6 LONG COLWMN WITH TO LAYERS OF 1 in 
ASBESTOS ROPE IAGGING 

  

T ' 

lwomdnal | | {Nominal GC. G,/e ATS aw U 

lb 

iy Ww 

Bed oa see nV Btu 

oc «| net’ | net? nft?/deeF 
  

6 mm 140 L122 43-490 | 4.89 0.92 

958 }2 980! 4,88 0,88 

804 |2 500} 4.84 | 0.78 
661 }2 050] 4.78 | 0.82 
518 |1 610 | 4.74 | 0.76 

100 11159 }3 600} 3.19 | 0.64 

: ACP 519 | 2.67 0.83 

400 |1 243 | 2.89 | 1.06 
660 12 050] 2.98 | 0.96 

| 913 12 840} 3.00 | 0,82 
60 167 15191-1639 | OsT2 

he
 

nN
 

            399 |1 240] 1.50 0.78 

658 +2 045 | 1.55 0.80 

Gis-tc O90 § 2,51 0.75 

1 268 }3 940! 1.63 0.73 

+ 120. | 660 {2 050; 3.87; 0.90   
  

TABLE A2:7  UNIACGGED SHORT COLUMN 

  

7 T 
. q i 

eee G. i G/e At aw ae 

Bed fi 1b 1b 7 Btu 
2 ore 2 oC net | hft nft“/degF 
  

6 mm j Various 427 11 248} 1.50 REOT 

900 |2 630] 1.56] 1.85 
1 323-73 .840 [1.50 2.80 

257 152; 2.94 1.71 

130 le wot Bee 2.41 

L179 13:44 3010 4.65 

116 358 [3.25 1.64 

579 {1 691! 4.42 3.12 

2b: T3513. 855 14475 1.13               
 



- 244 + 

APPENDIX 3 

MOVING BED HEAT TRANSFER CALCULATIONS
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APPENDIX 3 - MOVING BED HEAT TRANSFER CALCULATIONS 

A3.1 The Program ZMOVBEDHTC 

The ALGOL program listed in Figure A3:1 is the version in 

which both the air and solids outlet temperatures are assumed to 

be reliable. It can be seen that it is comprised of seven sections 

with looping within each so that all runs are processed to the same 

extent before passing on to the next section. The input data and 

results of the calculations are stored by means of subscripted 

variables e.g. HG(J]. 

To reduce the labour of punching ds e and Pg onto data cards, 

only the nominal particle diameter is input. The appropriate 

values of the three parameters are selected from the arrays DPP, 

EMM and RHOSS. 

The air flowrate through the bed is corrected for the leakage 

through the ballotini discharge orifice using the data show in 

Figure 4:32. 

After calculation of the wall heat loss transfer coefficient 

in the heat balance section, the air outlet temperature measured 

above the bed, a, is corrected for wall losses to obtain the 

value as the air emerges from the ballotini, Teo. 

Two other versions of the program were also used: one in which 

Te was calculated in the heat balance section from the measured 

value of ee and another in which a, was calculated from the value 

of Te obtained by correction of the measured os In the former 

case, the mean air specific heat was unknown because the temperature 

TH was unknown so an iterative loop was included to find the 

temperature and specific heat which satisfied the heat balance. The 

other version involved similar iteration to find ee



te, LV 

Nomenclature 

The identifiers which conflict with the nomenclature used 

elsewhere in the thesis are: 

1 moe T eo fo? TS0 = Ti, TI = T TA= T,, TSI = 7\,, TGODASH = 7 i 

DA = 6,5 DG0 = 05, DSO = 6, 

KGMEAN = kp, MUGMEAN = pp, RHOGMEAN = p,, CPMEAN = c 

KSMEAN = k_, RHOS = p., CSMEAN = c 

W=Q, W= 9, @= a 
UW = U 

W 

fn 

sm 

HGGW = hp based on (2, - Q.) 

HGS = hp based on Q, 

HG = hp mean 

RECARMAN = _Re_ , RERELCAR = _ Re _ based on relative velocity. 
l-e 6(1-e) 

REAKERS = _Re_ , REP = Re 
l-e 

UGSPACE = air space velocity 

USSPACE = solids space velocity 

POTA = air temperature potentiometer setting 

POTB = wall heat loss potentiometer setting 

INLETP = air pressure at bed inlet 

PA = atmospheric pressure 

P4 = mean air pressure in bed 

BEDHT = L 

EM = e, moving bed voidage 

DP = a, 

GG = Gp 

DLGG = air leakage rate expressed per unit cross section area of 

moving bed.
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A3.2 Moving Bed Heat Transfer Data 

Notes 
(1) Runs which were rejected because one or other of the terminal 

temperature differences was too small: 

Thy Lay ey. ROG. ChE See Ode 2 oe 

(2) Runs which were rejected because the value of T 50 calculated 

from the measured Teo using the heat balance was greater than Ths? 

51, 25, Be 

(3) Explanation of Tables A3:7, 8 and 9: 

Column 1. h,, Bi and Nu based on the mean of the heat transfer 
rates calculated from the measured air temperature (after 
correction for the heat lost through the walls between the 
measuring point and the top of the bed) and the measured solids 
temperature. Logarithmic mean temperature difference solution. 
Plotted in Figures 5:1 and 2. 

Column 2. Based on T 2 calculated from the heat balance and 
Fi, measured. Lele. D° solution. Plotted in Figure 5:4. 

Colum 3. Based on measured i. corrected to the top of the 
bed and #6 calculated from thé heat balance. L.M.T.D. solution. 
Plotted in Figure 5:3. 

Colum 4. Based on measured oe corrected to the top of the 
bed. Numerical integration sofStion, no intra-particle 
temperature distribution. Plotted in Figure 5:5. 

Colum 5. Based on measured T. corrected to the top’ of the 
bede NeI. solution, I.P.7.D. “Plotted in Figures 5:6, 7 and 9%
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TABLE A3:1 MEASURED TEMPERATURES 

fable A3:1.1 6 mm Ballotini 

  

1 

  

            

Run of fi € go é 

TE oMOas a bo OAGd 9002 |) 14260 |) 243.4 

12 |} 24.1 | 26.8 31.5 (Qedi:| aAet 

T2304 2424 596 Ore TEC Oe| TALS 

14 | 229 | 23-9 49.3 | 128.5 | 144.6 

POA 19652 ole Alek 1512304" (1213963 

L7 | 2209 | 2249 5100 1. £3005 T 13562 

ae | :ee09 | e302 Daee.| L206, | clA0e0 

19 | 2401 | 22.9 70-0 | 138-3 | 139.8 

20s 122065): 4-21 62 79-0 | 139-8 | 140.2 

2a ele | eleD 47-6 | 105.6 | 106.8 

22 .| 2309 |. 2209 | 104.9 | 24065 1 141.0 

2352204 |. 2oe7 3LaD 93-2 | 106.8 

24. | 2105 | 2406 36.6 | 113.9 | 137.1 

eo ace 4 okeT 32-0 97-6 | 105.9 

53 weeee | 2302 Aer! LOTe8 12 E3865 

ba: Pe22e4 12220 Bed i Leta Led 
   



Table A3:1.2 9 mm Ballotini 
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Run of ‘i te ‘so é x 

OT etek kk Ofek T 45595 1s W362 | 442.4 

26>) 2067-4 O2shts 3746 92.2 | 106.6 

29°| 2060 | 22.04); 56s1 f° 10062) 236.3 

304 2055 |°2459 | 42.2 1464 | 141.5 

BY | .20s2 1 tae 1° 46.9). 10102%1 10586 

33.4. 2005 4. 20.5-}: 68.8 | '292.4°1 2138.3 

34. 25: | 24.2 58.0 | 132.2 | 140.5 

43 | 16.8 | 18.3 | 47-3 | 115-4 | 142.0 

44 | 16.6 | 17.8 | 44.4 | 103.2 | 107.8 

45.7 J650 |} 173 31-5 | 89.3 | 105.6 

SO) Qlef | 20 57-6 | 118.3 | 139.8 

SE eed 1 Slay + Shao A1A.9 |< 1 3065 

Bi Shell: Mase 57-8 | 116.8 | 136.5 

59 | 2Y.2 122.0 49-5 | 105.9 | 134.4 
  

 



Table A3:1.3 12 mm Ballotini 

m OGY 

  

1 

  

            

Run of Jt £0 é Oo & af 

ie 4 207 5304 | 86.3 | 137-1 

36 | 23.9 | 26.3 7057 1111.04 336.6 

37 | 2464 | 2504 6464 | 105.6 | 137-1 

38 | 22.4 | 22.0 68-3 | 122.0 | 137.3 

39 | 22.9 | 22.0 144 | 125.6 | 136.6 

40°], 2284) 2202 STs 105i T° 222.7 

AL} 20.2 | 2469 4 °61s2 92.7 | 134.4 

424 O65 1-21.04 40.0 { 6665 | 111.5 

46 | 22.7 | 2200 | 51-7 | 84.1 | 13965 

AT + 2269- | 2357 60.5 90.5 | 133-9 

AB.) Qhed" eed: |. A800 96.3 | 108.5 

49-4968 2200 |. 5065 72.2 | 135.6 

De..| 2509. 2309 5364 71.5 | 137-1 

55. | 2007 «|: 2200. 1 6065 84.6 | 138.0 

BG: Shel 1 BisS T3s2 | Dike? 114860 

ST |. Caet }:2165 55-9 | 100.5 | 136.3 

60} 2162 | 2304 | 69.5 | 114.1 | 139.5 

61 | 22.2 |° 22,0 64.9 | 109.5 | 139.5 
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TABLE A3:2 OTHER MEASURED DATA 

Table A3:2.1 6 mm Ballotini 

  

  

          

G G Bed Bed inlet 
Run . . height pressure 

1o/nte? | ip/net? in on,0 

11 641.26 | 1 232.69 44 17-60 

12 | 1 494.28 970.02 41 15.30 

13 | 1 088.65 972.56 Aol 15.30 

14 972.33 | 1 066.09 4.2 17-10 

15 | 1 046.89 | 1 118.20 4.4 17250 

13 492.13 635-61 3.8 8.40 

18 | 1 046.89 | 1 253.27 4.4 16.30 

19 548.80 840.53 3.8 12.80 

20 551.78 | 1 024.59 4.4 16.50 

21 178.66 288.97 S57 2.05 

22 254.42 735.80 4e2 10.80 

23 168.52 160.54 365 1.30 

24 653.19 619.19 4el 14.40 

25 189.40 196.92 4.0 1.80 

53 | 1 228.83 | 1 209.62 404 22.40 

54 | 1 249.71 | 1 029.29 4.5 21.50 
   



Table A3:2.2 9 mm Ballotini 

  

  

  

G Bead | Bed inlet 
Run Q height pressure 

1b/ntt? in oul 0 

27 | 2 568.02 3.0 44.50 
28} 184.62 309 1.25 
29 | 1 989-40 3.6 33.50 
30 | 3 236.12 hel 39.00 
31 | 174.78 346 1.15 

33 | 468.57 4e2 8.20 
34 45425 3-7 5 +80 

43 | 1 000.07 43 14.70 

44.1 990.31 he2 1.00 
45 | 170.32 hel 0.55 
50°41 139.35: (2 he2 22.20 
ere 30g.40 ed 26410 
58 | 1 366.03 | 1 4e3 30.50 
59 | 1124.44 1 1 4:0 18.00         
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Table A3:2.3 12 mm Ballotini 

  

  

        

G “G Bed | Bed inlet | 
Run : \ . height pressure 

ib/ntt® | 1b/ate? in onil,0 

35 | 2 854.35 | 2 001.94 3.6 25.00 

36 960.40 | 1 098.39 364 1530 

37 963.38 947.62 a5 11.40 

38 418.46 584.93 3.6 4.50 

39 472674 695.69 3-5 6.50 

40 175.38 295-97 3.6 1.00 

41 | 1 876.06 | 1 552.74 ay 28.00 

42 170.01 159.87 365 0.45 

46 | 2 916.98 | 1 915.10 307 23.00 

47 | 2 052.03 | 1 688.08 3.3 32.00 

48 17538 210.00 3.6 0.70 

49 | 4 787.08 | 2 158.89 3.6 27.00 

52 | 4 966.03 | 2 226.64 a7 29.00 

55 | 2 773-62 | 1 834.70 367 22.00 

56 468.27 751-73 3-7 7-70 

ST 948.47 857-51 346 980 

60 | 1 034.96 | 1 254.67 365 19.00 

61 | 1 240.76 | 1 410.62 365 23.50     
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TABLE A3:3 HEAT BALANCE 

Table A3:3.1 6 mm Ballotini 
  

  

  

Bun Bin path | sith | aie eid 

Ve foeorea Pore fh -10.88 

| Pek ! 5 683 | 9 506 39.22 

13 | 120.7 | 7 025 | 8 627 47 27 

14 | 158.8 | 7 694 | 8 761 10.37 

15 | 170-0 | 8 018 | 8 879 7.78 

V7 Wgleh.. 1 °4 406 14 165 - 0.30 

18 | 18061 | 7 668 | 9 365 16.20 

19 | 164.9 | 4 822 | 4 922 » E93 

20 | 231.2 | 4 980 | 5 231 0.38 

Ql F505 | Bae} 1408 15.75 

22 | 232.0 | 2 262 | 1 996 =25.99 

23 | 399 869 | 1 028 11.51 

24 | 102.8 | 4 358 | 5 360 16.78 

25 | 49-7 | 1055 | 1 239 10.84 

Dd-4+ 165867) 7.729 |: 9 457 16.62 

54 | 126.6 | 8 442; 9 489 | 970         
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Table £3:3.2 9 mm Ballotini 

  

i 

  

(Ran | Beda | Btn Bit | ae 

| 27 | 108.6 | 9 347 | 11 281 16.18 
| 261 56.6 941 | 1121 10.94 

29 | 168.7 | 11 466 | 12 437 | © - 2073 
30 | 162.2 | 12 540 | 15 192 22.97 
3) Ose | 1 O50] 3 O86 12.46 
331 Af3eT 3 967 4 012 - 3.21 

34} 129.8 | 3814! 4o7 3.11 
43 1166.1} 7219] 7 792 5.21 
44 | 85.0 | 1069| 1211 4.76 
45 | 5401 sss | 1 009 6.61 
50 | 179.6 | 8 2131 8 549 1.82 
51 | 167.8 | 9 057 | 9 404 | 1.69 
58 | 19461 | 9 663 | 10 223 3.58 
59 |. BOee2 6 981 3p 10.58              
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Table A3:3.3 12 mm Ballotini 

  ene 

Deficiency 

  

    
  

    

| Bun pein pein Bighh , 

$5} 167.3 | 13 220 1-34 4k 7-35 
36] 254.1 | 6 069:| 6-007 2.24 
37 | 14164 | 5 739 | 5 829 0.89 

113 1) 3 1 88 2.02 
39 145.8 3 690 3 562 -7-68 

40 82.3 1 076 I 153 ~0.45 

AL Sawa 9.327 9 686 2.09 

42 | 534} 830 945 6450 
46 164.1 3° L 52 £52): 8.30 

AT 152.4 10-021 10 598 4.00 

A8 67.0 951 1 030 Let] 

49 168.6 a7 229 15 862 -9,68 

52 | 169.3 | 16 942 | 16 092 -6.34 

55°. 164.3 12 611 13 862 7-84 

56 162.2 3 886 4 236 4242 

57 | 130-7 | 5516 | 5 877 3.91 
ot 378.3 TOs T4225 3.26 

61 | 167.8 , 8 066 8 967 | 8.18     
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TABLE A3:4 AIR OUTLET TEMPERATURES 

Table A3:4.1 6 mm Ballotini 

  

Measured at | Corrected to ! Top of bed calculated 

  

      

air mixer top of bed from measured T 
Run pt 7 ? ecg 

¢0 ¢° go 
C C C 

11 90.2 9340 87-5 

iz 3165 31.8 76.0 

a 39-0 39.8 5703 

14 ee) 5065 60.3 

15 4Tel 48-3 5504 

17 57-6 60.1 5929 

18 5302 5464 68.3 

19 70.0 72-8 Tad 

20 790 81.9 8261 

21 47.6 D009 5967 

22 104.9 110.0 101.9 

23 31.5 3363 41.7 

24 36.6 37.6 5404 
25 32.0 3365 Aled 

53 47.8 489 63.8 

54 3564 36.0 46.3      
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Table 43:42 9 mm Ballotini 

  

  

  

Measured at | Corrected to ; Top of bed caloulated | 
air mixer | top of bed from measured os 

Run pt 7 T 
de ée oe 

27 43.9 44.9 60.7 

28 37-6 40.1 474 

29 56-1 Ste 56.0 

30 4202 42.9 65.6 

oF 46.3 499 56.9 

33 68.8 71.09 6967 

34 58.0 60.8 63.3 

43 ATe3 488 5307 

44 44.4 4842 51.0 

45 3165 3309 38.6 

50 5706 591 60.6 

G1 5766 59.0 60.4 

58 57-8 5901 62.0 

59 Ts) 508 5967       
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Table 334.3 12 mm Ballotini 

  

Measured at Corrected to Top of bed calculated 

  

        

air mixer top of bed from measured T 

me res r r a 
go f° go 

C C C 

35 5304 54.4 6065 

36 1067 7361 TMT 

37 6404 66.6 66.0 

38 68.3 71.8 7302 

39 7404 78.0 73-5 

40 OT ax 61.8 61.6 

A 61.2 62.9 64.4 

42 40.0 43.6 48.1 

46 51-7 5267 590 

AT 60.5 61.9 64.8 

48 48.0 5202 52.9 

49 5005 51.4 43.2 

52 5364 5403 49.0 

ip, 5005 5165 58.3 

56 7302 76-5 1903 

a1 5509 57-8 60.9 

60 6905 71.7 739 

61 649 667 7206 
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TABLE A3:5 PARAMETERS INPUT TO NUMERICAL INTEGRATION 

Table A3:5.1 6 mm Ballotini 

Run en ® £0 eee ! 2, i POTB 

11 | 0.0000 | 0.5768 | 0.4507 | 10.7913 | 0.000097 
12 | -0-0229 | 0.0426 | 1.3189 | 4.3373 | 0.000251 
13 | -0.0083 | 0.1317 | 0.9698 | 5.9295 ; 0.000186 
14 | -0.0081 | 0.2204 | 0.7972 | 6.7788 | 0.000159 

15 ; -0.0166 | 0.2278 | 0.8112 | 6.6159 | 0.000165 

17 | 0.0000 ; 0.3311 | 0.6715 | 12.1496 ; 0.000115 
18 | -0.0021 | 0.2674 | 0.7288 | 6.6003 | 0.000153 
19 | 0.0104 | 0.4265 | 0.5684 | 10.8788 | 0.000107 

20 | -0-0061 | 0.5094 | 0.4691 | 12.5215 | 0.000094 

21 0.0029 | 063444 | 0.5318 | 32.6978 | 0.000071 

22 | 00083 | 0-7376 | 0.2951 | 26.0856 | 0.000055 
23 | -0-0029 | 041256 | 08905 | 32.9598 | 0.000097 

24 | -0.0262 | 041157 | 0.9186 | 9.8733 | 0.000153 
25 0.0029 | 0.1406 | 0.8184 | 3324825 | 0.000095 
93 | -0.0085 | 0.2229 | 0.8767 56460 | 0.000183 

34 | 00041 | 061170 | 1.0452 | 5.6828 | 0.000204     
  

  
   



22 Oe 

Table A3:5.2 9 mm Ballotini 

  

  

            

Reo ! e. See 2 | POTB 

27 | -0.0020 | 0.1872 0.7972 | 0.000805 
28 | -0.0087 | 0.2100 14.3333 | 0.000216 
29 | -0.0168 | 0.3052 1.2287 | 0.000552 
30 | -0.0377 | 0.1546 0.8622 | 0.000835 
31 | -0.0116 | 0.3400 13.9327 | 0.000170 
33 | 0.0000 | 0.4361 6.0350 | 0.000236 
34 0.0020 | 0.3322 54733 | 0.000258 
43 | -0.0118 | 0.2469 2.9044 | 0.000400 
44 | -0.0136 | 0.3375 16.7249 | 0.000178 
45 | 0.0083 | 0.1873 16.3956 | 0.000224 
50 | -0.0021 | 0.3152 2.4870 | 0.000389 
51 | -0.0083 | 0.3168 201764 | 04000416 
58 | -0.0042 | 0.3174 201238 | 0.000407 
59 | -0.0065 | 0.2565 2.5239 | 0.000408 
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Table A3:5-3_ 12 mm Ballotini 
  

! 
Fon had ae oe Airs, eee 
  

  

i } { 

35 | -0.0107 | 0.2776 | 1.1930 | 064766 : 0.001220 

36 {| -0.0221 | 0.4242 | 0.7466 1-3291 | 0.000631 

37 | -0:0087 | 0.3692 | 0.8641 1.3660 | 0.000697 

38 0.0042 | 0.4325 | 0.6160 3.2198 | 0.000426 

39 0.0085 | 0.4887 | 0.5822 267755 | 0.000428 

40 | 0.0027 | 0.4380 | 0.5720 767265 | 0.000306 

41 | =0.0423 | 0.3469 | 1.0171 0.6636 | 0.000964 

42 | 0.0000 | 0.2464 | 0.8921 77784 | 0.000407 

46 0.0062 | 0.2612 | 1.2714 | 0.4797 | 0.001282 

47 | -0.0066 | 0.3469 | 1.0215 0.6070 ;} 0.000991 

48 | -0.0085 | 0.3462 | 0.7039 77429 } 0.000351 

49 | -0.0193 | 0.2593 | 1.8116 0.2865 | 0.001925 

52 00000 | 0.2684 | 1.8274 | 0.2835 | 0.001952 

55 | =000105 | 0.2544 | 1.2624 |. 0.5045 | 0.001257 

56 0.0020 | 0.4603 | 0.5413 2.9482 {| 0.000404 

57 | 0.0106 | 0.3162 | 0.9356 1.4295 | 0.000731 

60 | -0.0189 | 0.4161 | 0.7072 | 1.2678 | 0.000623 

61 0.0021 | 0-3804 | 0.7532 | 1.0581 | 0.000686             
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TABLE A3:6 DIMENSIONLESS BALLOTINI OUTLET TEMPERATURES 

Table A3:6.1 6 mm Ballotini 
  

Calculated from corrected value of Th 

Measured { ~ 

  

Heat 

! 
Numerical integration © 
  

  

  

— 6 
fe ee  MeeiPon.d. elo rae. 

ee 850 8 smo 

11 | 0.9877 0.8945 0.8915 | 0.8914 
12 | 0.4470 0.7187 0.7181 | 067179 
13 0.7396 0.6828 0.8794 ! 0.8795 

14 | 0.8667 0.9601 0.9539 | 0.9539 
15 | 0.8654 0-9337 0.9286 | 0.9264 
17 | 0.9674 | 0.9647 0.9563 | 0.9562 
18 | 0.8351 0.9858 0.9795 0.9784 
Fe 0.9875 0.9753 0.9683 0.9680 

20 | 0.9959 0.9995 0.9900 0.9900 
21 | 0.9857 1.1665 - 2 
22 | 0.9959 0.7857 0.7824 0.7844 
23 | 0.8377 0.9438 0.9284 0.9286 
241 0.7939 0.9442 0.9372 0.9368 
25 | 0.9014 1.0079 0.9818 . 
53 | 0.7336 0.8709 0.8673 0.8676 
54 0.7576 0.8336 0.8303 0.8309            



Table A3:6.2 9 mm Ballotini 

4 265 

  ¥ _— 

Calculated from corrected value of 7, 

  

  

  

  

Run as cis ee Numerical integration 

= ae fo TPT ae LePaeBet 
- 8 50 8 smo | 

af 0.4228 — 0.5006 0.5006 0.4998 

28 0.8290 0.9295 0.9156 0.9155 

29 0.6730 0.6622 0.6614 0.6608 

30 004247 05455 025454 065447 

31 0.9480 1.0811 ~ ~ 

33 0.9503 0.9220 0.9155 0.9154 

34 0.9305 0.9587 0.9509 069516 

43 0.7850 0.8256 0.8227 0.8221 

44 069485 0.9958 0.9739 069740 
45 0.8149 0.8719 0.8597 0.8594 

50 0.8178 0.8320 0.8301 0.8291 

DL 0.7909 0.8036 0.8020 0.8012 

58 0.8134 0.8418 0.8400 0.8391 

59 0.7462 0.8295 0.8275 0.8263            



Table A3:6.3 12 mm Ballotini 
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Calculated from corrected value of TA, 

  

  

  

          

Rin ae fen Numerical integration 

80 re No I.P.t.p. | I.P.7.D. 
950 | 9 smo 

| aap 

a9 0.5565 025985 0.5981 Lee oe re 

36 | 07677 0.7517 0.7501 0.7501 
37:1 #ONZ1B3 0.7123 0.7109 | 0.7104 
38 0.8668 0.8838 0.8786 0.8796 

Ly, 069043 0.8423 08395 048384 

40 | 0.9164 0.9124 0.9025 0.9036 
Aa} Osborne 0.6317 0.6309 0.6305 

42 O-7453 0.7969 0.7892 07893 

46 | 0.5290 0.5745 05740 0.5734 | 
47 | 0.6062 0.6302 0.6297 0.6288 | 
48 | 0.8584 0.8684 0.8591 0.8599 

49 0.4421 04045 0.4043 064032 

52 | 0.4203 0.3961 0.3961 0.3945 

55 0.5399 0.5836 0.5834 0.5821 

56 0.9184 0.9588 069534 0.9533 

57 | 0.6879 0.7146 0.7129 0.7124 
60 | 0.7815 0.8065 0.8047 0.8055 
61 | 0.7448 0.8073 0.8058 0.8055    



FET. 4 

fable A3:7.1 6 mm Ballotini 

TABLE 3:7  HBAT TRANSFER CORFFICIENTS 

  

  

  

            

ae | h, Btu/ntt“degF 

Pe 2 aries 4 5 
11 | 12,324 | 13.840 | 6.163.|. 6.165 | . 6ep88 
12 | 13.635 | 4.232 | 26.769 | 26.783 | 29.259 
13 | 14.8625 | 9.352 | 24.663 | 24.592 | 26.609 
14 | 16.049 | 12.736 | 27.802 | 274300 | 29.913 
15 | 15.762 | 136269 | 22.216 | 22.039 | 236705 
17 | 12.730 | 12.802 | 12.386 | 12.066 | 12.549 
18 | 13.375 | 9.920 | 35.867 | 34.075 | 38.022 
19 | 15.909 | 16.236 | 13.144 | 12.752 | 13.278 
20 | 15.734 | 15.657 | 22.531 |°14.987 | 15.771 
21 | 6.457 | 4.839 x Z 2 
22 44990 6-092 1.454 1.453 1.467 

23 | 3.810"! 8,652 | 6.705 | Geape te 6.616 
24 | 11.527 | 6.986 | 24.030 | 23.670 | 25.593 
25 | 4.874 | 3.462. = 1.068 toe 
53 | 11.883 | 8.559 | 18.443 | 18.387 | 19.548 
54 | 16.608 | 12.206 | 21.440 | 21.374 | 22.961 
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Table A3:7.2 9 mm Ballotini 

  

  

  

            

| he Btu/nft deg? 
| Fam |. 
| 1 poo ee 5 
i 27 | 22.339 | 16.184 | 26.483 | 26.498 | 30.123 

28 | 4.370 | 3.415 | 6.890 | 6.732] 6.959 
29 | 23.321 | 23.998 | 22.740 | 22.74 | 25.469 
30 | 23.568 | 14.467 | 30.698 | 30.714 | 35.672 
31 64453 52203 - - goa 

33 | 12.038 | 12.589 | 10.123 | 10.044 | 10.550 
34 | 14.204 | 13.448 | 17-361 | 17.031 | 18.595 
43 | 16.436 | 14.806 | 18.667 | 18.649 | 20.460 
44.| 5.181 | 4.760 | 10.626! 7.890 | 84310 
45 36713 30145 40597 40544 4.645 

50 | 18.750 | 18.162 | 19.632 | 19.632 | 21.634 
51 | 19.341 | 18-808 | 20.084 | 20.085 | 22.194 
58 | 21.702 | 20.448 | 23.810 | 23.810 | 26.834 
59 | 16.661 | 13.712 | 21.363 | 21.364 | 23.757 
  

 



Table A3:7.3 12 mm Ballotini 

  

h, Btu/hft “deg? 
  

  

  

Run | 

1 Gi eas a ee ae 
35 | 346509 | 306556 | 37-799 | 37.818 | 48.761 
36 | 18.396 | 18.924 | 17.647 | 17.647 | 19.888 

37 | 166543 | 16-752 | 16.302 | 16.303 | 18.178 
38 | 11.015 | 10.728 | 11.755 | 112708 | 12.695 
39 | 13.452 | 14.726 | 10.655 | 10.655 | 11.412 

40 5-639 50673 50528 50473 5694 
41 | 260273 | 252500 ; 27.009 | 27.008 | 32.409 

42 30992 3-512 4.624 42610 4753 

46 | 32.544 | 28.234 | 35.901 | 35-902 | 452596 
AT | 27-848 | 26.309 | 29.346 | 29.360 | 35.801 
48 |} 4.941 | 4.849 | 5.130} 5.098 | 5.282 

49 | 37-799 | 45-409 | 34.733 | 34.749 | 42.894 

92 | 35544 | 394763 | 33-656 | 33.690 | 41.229 

D2 | 32.301 | 28.150 | 35.515 | 35.534 | 44.999 
56 | 15.055 | 14.231 | 19.430 | 19.236 | 21.956 
57 | 15-871 | 14.921 | 16.927 | 16.926 | 18.958 
60 | 20.952 | 20.089 | 22.480 | 22.481 | 26.303 
61 | 23.928 | 21.394 | 28.372 | 28.371 | 34.613              
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TABLE A338 BIOT NUMBERS 

Table A3:8.1 6 mm Ballotini 

  

  

  

              

| Bi 
Run ; : 

mee Leo sieg? Pig es Ba 

1 aa | 0.1979 ! 02223 | 0.0996 | 0.0996 0-2016 | 
12 | 062269 ; 0.0704 | 0.4367 024369 064773 | 
13 | 062423 | 0.1528 | 0.3992 | 0.3980 | 0.4319 
14 | 062597 | 062061 | 0.4471 | 0.4391 | 0.4811 
15 | 062562 | 0.2157 | 0.3595 | 0.3566 | 0.3856 
17 | 042058 | 0.2070 | 0.2003 | 0.1951 | 0.2029 
18 | 062175 | 061613 | 0.5776 | 0.5487 046123 | 
19 | 0.2562 | 0.2615 | 0.2119 | 0.2055 | 0.2140 | 
20 | 0-2535 | 0.2522 | 0.3629 | 0.2414 | 0.2541 
21 | 0.1061 | 0.0795 | 0.1668 ‘ a 
22 | 00803 | 0.0980 | 0.0237 | 0.0237 | 0.0239 
23 | 0.0630 | 0.0439 | 0.1106 | 0.1065 0.1088 
24 | 061880 | 0-1139 | 0.3882 | 0.3824 | 0.4134 | 
25 | 0.0805 | 0.0571 | 0.2829 | 0.2308 | 
53 | 061947 | 0.1403 | 0.2994 | 0.2985 | 0.3174 
54 | 062716 | 0.1996 | 0.3487 | 063477 | 053735 | 
 



Table 43:8.2 9 mm Ballotini 

  

  

  

  

Bi 
Run | . 

1 eae eae 4 5 

2T | 0.5585 | 0.4046 0.6580 | 0.6583 | 0.7482 

28 | 061079 | 00843 | 0.1692 | 0.1653 0.1709 

29 | 065730 | 0.5897 | 0.5592 | 0.5592 0.6263 

30 | 0.5877 | 0.3608 | 0.7584 | 0.7588 | 0.8813 

31 | 0.1586 | 0.1278 | 0.3658 - ~ 

33 | 062905 | 0.3038 | 0.2448 | 0.2428 062551 

34 | 063427 | 0.3244 | 0.4185 | 0.4101 04478 

43 | 04012 | 063614 | 0.4543 | 0.4539 | 0.4979 
44 | 001274 | 0.1171 | 0.2607 | 0.1958 022039 

45 | 0.0922 | 0.0781 | 0.1138 | 0.1124 0.1149 

90 | 004557 | 064419 | 0.4767 | 0.4767 | 0.5253 
51 ; 0-4711 | 0.4581 | 0.4888 | 0.4888 0.5401 

58 | 0.5278 | 0.4973 | 0.5780 0.5780 | 0.6514 

59 | 064085 | 0.3358 | 0.5202 | 0.5202 0.5785 |             

 



Table 4328.3 

ey ae 

12 mm Ballotini 

  

  

  

            

Pa Bi | 
ee Reig eens 

35 | 161415 | 1.0108 | 1.2465 | 2.2471 | 1.6080 | 
36 | 065977 | 046149 | 0.5740 | 0.5740 | 0.6469 | 
37 | 065396 | 0.5464 | 0.5320 | 0.5320 | 0.5932 
38 | 0.3567 | 0.3474 | 0.3802 | 0.3797 | 0.4106 
39 | 0.4347 | 0.4758 | 0.3457 | 0.3457 | 0.3702 

40 | 0.1844 | 0.1655 | 0.1808 | 0.1790 | 0.1862 
41 | 0.6642 | 0.8368 | 0.8376 | 0.8876 | 1.0652 
42 | 0.1320 | 001161 | 0.1524 | 061519 | 0.1567 
46 | 1.0786 | 0.9358 | 1.1858 | 1.1858 | 1.5060 
47 | 0.9181 | 0.8674 | 0.9658 | 0.9663 | 11783 
48 | 061624 | 0.1594 | 0.1685 | 0.1675 | 001736 
49 | 1.2630 | 1.5172 | 1.1639 | 1.1645 | 1.4374 
52 | 161065 | 163273 | 161256 | 1.1267 | 1.3739 
55 | 1.0703 | 0.9327 | 1.1729 | 1.1735 | 1.4861 

56 | 0.4051 | 064506 | 0.6244 | 0.6182 | 0.7058 
57 | 0.5207 | 064096 | 0.5543 | 065543 | 0.6208 
60 | 066809 | 0.6523 | 0.7293 | 067293 | 0.8533 
61 | 0.7605 | 0.6978 | 0.9214 | 0.9214 | 1.1241    
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TABLE A339 NUSSELT NUMBERS 

Table A3:9.1 6 mm Ballotini 

  

2
 

  

  

    

Nu | 

Run mal 
ee 3 4 5 

LP 12685? | 14.185 6280 | 6.281 6.407 

12 | 14.869 | 4.388 | 29.191 | 29.207 | 31.907 

13 | 16.063 92930 | 26.723 | 26-646 | 28.917 

14) Lell4- |. 132431.) 29,649.4. 295212 -)..37,699 

15 | 16.952 | 14.154 | 23893 | 23.702 | 25.494 
17 | 13-569 | 13.649 | 13.203 | 12.861 | 13.376 

18 | 14.272 | 10.420 | 38.273 | 36.360 | 40.570 

19 | 16.633 | 16.993 | 13.743 | 13.333 | 13.883 
20 | 16.279 .| 166195 | 23.311 | 15.505 | 16.321 

21 [e187 52329 - - a 
22 5.008 6.165 1.459 1.458 1.473 

23 | 44334 2.984 7-650 | 74366 7-526 
24 | 12.584 7479 | 26.235 | 25.841 | 27.940 

2) 50549 32902 - 16.009 S 

53 | 12.782 92050 | 19.838 | 19.778 | 21.027 

24 | 18.073 | 136123 | 23-330 | 22.295 | 24.986            
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Table A3:9.2 9 mm Ballotini 

  

  

  

      

ee | pe 2 3 4 5 : 

27 | 35.042 | 256500 | 426493 | 420518 | 40.310 | 
28 | 72353 | 5694 | 11-592 | 11.326 | 11.708 
29 | 372052 | 30.188 | 36.128 | 36.128 | 40.464 
30 | 37-945 | 22.695 | 49-424 ; 49.450 | 57.433 

31 | 10.740 | 8.585 i sa - 
33 | 18.818 | 19.727 | 15.824 | 15.700 | 16.492 
34 | 22.425 | 21.172 | 27.441 | 26.890 | 29.360 

43 | 26.266 | 23.529 | 29.032 | 29.804 | 32.698 
44} 6.618 | 7.890 | 17.675 | 13.274 | 13.822 
45 6 2304 52307 7-805 72714 7886 

50 | 29.686 | 28.736 | 31-083 | 31.082 | 34.252 
BY | 30,633 4 29.740 | 31.609" 1+ 31.8214 95.25% 
98 | 34405 | 32.311 | 37-746 | 37.746 | 42.540 

59 | 266023 | 21.624 | 34.351 | 34.353 | 36.201          



Table 43:9.3 12 mm Ballotini 
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Nu 
Run 

Peels ae 3 4 5 

35 | 73.548 | 64.671 | 80.560 | 80.601 | 103.923 
36 | 38.409 | 39.574 | 36.845 | 36.845 | 41.524 

37 | 340773 | 35237 | 346267 | 34.269 38.210 
38 | 23.012 | 22.381 | 24.559 | 24.460 | 26.523 

39: 2 2789357 1300735. | 226726. Be,188 232699 

40 | 12.249 | 12.326 | 12.007 | 11.888 | 12.368 

41 | 556624 | 53-895 | 57.182 | 57.179 | 608.615 

42 | 68876 | 7.767 | 106280 ; 10.248 | 10.567 

46 | 69.315 | 59.640 | 76-467 | 76.467 97.113 

AT | 592054 | 55-608 | 62.231 | 62.260 | 75.919 

48 | 106909 | 10.697 | 11.326 | 11.255 | 12.368 

49 | 800975 | 986212 | 74.406 | 74.442 914890 
52 | 75-768 | 85.280 | 71.745 | 71.818 | 87.889 

55 | 69003 | 59.667 | 75.868 | 75.911 96.132 

56 | 31.169 | 29.373 | 40.227 | 39.825 | 45.457 

D7 | 336723 | 31.593 | 35.968 | 35.966 40.282 

60 | 43-675 | 41.774 | 46.861 | 46.962 54.829 

61 | 506160 , 44.550 | 59.477 | 59.473 | 72559 
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TABLE 43:10 REYNOLDS NUMBERS 

Table A3:10.1 6 mm Ballotini 

  

fo 
  

tT, calculated from | Tp > calculated from observed ge 

  

Run observed T 

Me oe Re Re/(1-e) 

ia 444.90 £42.63 T6880 

a. 353-70 369.53 591.26 

13 362.04 368.46 589.53 

14 394050 398. 33 63733 

a5 417-93 420.91 673646 

17 237046 237-41 379 «86 
18 462.17 468.54 74967 
19 308.98 308.71 493-94 
20 372.80 372.88 596.61 
21 111.04 112.07 179+ 30 
22 262.63 260.70 41713 
23 62.79 63.36 101.36 
24, 231.69 235.66 377205 

25 7712 7778 124044 

53 44323 454094 727 690 

54 387.00 391.07 625.72         
  

 



Table A3:10.2 9 mm Ballotini 

PIT, 

  

qT, calculated fron ; 7 calculated from cbeesved-T 
  

  

  

Run | observed T fo 1 fo 
Re | Re Re/(1-e) | 

27 732043 ee Ce ag 
28 112.35 a, le 190.61 
29 903.39 G02,12° ak. Vibes 
30 972.53 994-74 : 1 674.64 

31 148.95 150.03 252.58 

33 380.218 379240 | 638.71 

34 323.25 324.05 | 545.53 
43 533-65 536.25 902.78 

44 134.67 135.07 227 639 

45 94-74 95.23 160.31 

50 672456 673.54 1 133.91 
51 741.82 142.82 1 250.53 
58 816.91 819.21 1 379615 
59 609.85 615.29 1 035.84          
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Table A3:10.3 12 mm Ballotini 

  

: aa Le 
T, calculated from |; Te calculated from observed Teo 
  observed Ty 

  

  

Si ee Re Re/(1-e) 

35 485619 494.21 2 SAléan. 

36 805679 804.67 1 368.49 

37 698.81 698.38 1 187.72 

38 428 «36 428.91 729045 

39 509665 507-44 862.99 

40 19730 19725 335-46 

41 149.26 150.96 1 957-41 

42 123.19 123.76 210.48 

46 1 418.36 1 428.56 2 429.56 

AT 1 249.32 1 252.89 2 130.77 

48 161.49 161.60 274.83 

49 1 631.99 1 618.52 2 752.58 

52 1 670.96 1 662.15 2 626.79 

55 1 362.87 1 372.16 2 333.60 

56 545-32 546.81 929.95 

57 636.03 637.98 1 085.00 

60 915.78 917-75 1 560.79 

61 030.76 036.76 1 763.19       
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APPENDIX 4 

GENERAL DESIGN DATA FOR MOVING BED 

HEAT EXCHANGERS WITH INTRA-PARTICLE TEMPERATURE DISTRIBUTION
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Table A4:1 General Design Data 

  

  

  

  

AT /Av 

Ba z e 2 

Bw 1/946 te 

0.05 Ost 0.015 0.015 0.015 

Gye 0.030 0.030 0-030 

0.5 0.074 0.074 0.074 

1.0 0.148 0.148 0.148 

2.0 0.297 0-297 0.297 

540 0-743 0-743 0.743 

10.0 1.485 1.485 1.485 

0.1 Ol 0.029 0.029 0.029 

042 0.059 0.059 0.059 

0.5 0.147 0.147 0.147 

ee 0.294 0.294 0.294 

2.0 0.584 0.584 | 0.584 

5.0 1.471 1.471 1.471 

10.0 2.941 2.942 2.941 

0.25 Od 0.072 0.072 0.072 

0.2 0.143 0.144 0.144 

0.5 0.358 0.358 0.358 

230 OTL 0.715 0.716 

2.0 1.429 1.430 1.431 

5.0 3-571 3-574 

10.0 7141 7147 

0.5 Oel 0.139 0.139 0.139 

0.2 0.276 0.276 OTT 

065 0.684 0.686 0.688 

1.0 1.364 1.368 1.374 

220 26725 2-733 26745 

5.0 6.808 6.828 6.856 

10.0 | 13.612 13.652 | 13.708         
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Table Ad:1 - Continued 

  

  

  

  
        

{ t 

| at /at 
Bi Z 

Beas Gels) Bas 

Os75 f° Ook bOs201 |; 002021:.00202 
0.2 | 06398 | 06399 | 0.402 
0.5 | 0.982 | 0-987 | 0.995 
407s asons | 1.966 | 25985 
220 3.902 30925 

5.0 | 96744 | 94803 
10.0 | 19.480 | 19.598 

1.0 Oo1 0.260 0.261 0.262 

0.2} 0.510 | 0.513 | 0.518 
O.5 | 1.254. 16864 | ¥283 
120-1" 26493 ° | 30517-1 -2e597 
2.0 | 40972 | 5.021 
B.0 |. 13,40 |) 220533 

10.0 | 24.809 | 25.054 2 
Loh Ock | OeMhy 7| -O032G | 00809 

0.2 | 0.614 | 0.619 | 0.629 
0.91 Temes POT ber | 1.554 
1.0 | 2.984 | 3.024} 3.094 

| 200 | 5946 6.030 

| 5.0 | 14.834 | 15.048 
| 10.0 | 29.715 | 30.078 
| rs Ol | 04366 0.369 j 04373 

| + Gsoee Bame | “Oe7e te 0.734 

| Ges weg al 10759 | 1.801 

| 1s0 | % 34432 | 36494 | 
| 2.0 | 6.634 | 6.964 

| 5e0-| 17608 | 174372 
| | 10.0 | 34s111 | 34-720 : 
  

 



- 282 - 

Table A431 ~ Continued 

  

  

  

  

A T At, 

Bi Z 

p=1/3/821 |p =3- 

2.0 | Ol | 0-459 | 06464 | 0-471 

0.2 | 0.881 | 0.898 | 0.929 

G5 1° Sekaa | 12.188. ), 2.287 

Le6?| 2 Aceh | A0dSt 
260 | 8.387 | 8-635 
5.0 | 20.896 | 21.529 

10.0 | 34.880 | 43.019 

30-10 Oct Os | Pe ceeT. | 00653 

Ge Peli bT | 2n29G-,) errs 
0.5 | 26765 2.891 | 3.122 

1.0 5.442 def 14 

2.0 | 10.798 | 11.360 
5.0 | 26.872 | 28.299 

10.0 | 35.364 | 56.530 

400 | Oel | 06734 | 0.759. | 0.808 

O21 16300) Bide 1 cS TO 

005 34233 3-444 3-843 

Lg0' 56> 140 6.793 
200 | 12.559 | 13-489 
BiG) Sie2kh | 340578 

10.0 | 35.719 | 67.060 
Bc0 + Cad |) OsO3i" |) 06869. 109946 

| 6¢2..|"' 45530 N hoe 24838 

| 065 | 34590 36891 
po Tae |. Yates 7 +660 

| 2.0} 13.887 | 15.198 
| 5.0 | 35-384 | 37-812 
| 10.0 | 36.759 | 75.499 
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APPENDIX 5 

NOMENCLATURE
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APPENDIX 5 - NOMENCLATURE 

Symbol Description Dimensions 

a heat transfer area per unit volume of bed Wie 
6(1-e) f 

=a » for spheres. 

Pp 

A. cross sectional area of bed ue 

h,eR 
Bi Biot number = co for spheres 1 

8 

C specific heat HM rt 

C coefficient - 

d diameter L 

e voidage aE 

APse ed 
t friction factor = 5 1 

Le6.(1-e).V 

et Rotameter calibration parameter iE 

F volumetric flowrate L472 

: : -1 1-2 
G mass flowrate per unit cross section M.t “eb 

area of bed 

h film heat transfer coefficient ia a 

Hq, liquid hold-up per unit volume of bed cl 

1! Rotameter calibration parameter ~ 

I.v electric power consumption by air heaters Het 

Jp mass transfer factor = Sh.Se® ik 

Jy heat transfer factor = ay 
2 = 

St.PrS = NueRe 1 py
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Symbol Description Dimensions 

k thermal conductivity $40.8 

K Rotameter constant - 

i bed length (height) L 

m index a 

coged 
M mass flowrate Met 

n reference number of spherical shell = eo a: 

heed 
Nu Nusselt number = “re a 

fc 

ad *CooG, 

Pe Péclet number = z = Re.Pr 1 
t 

i Cooly 

Pr Prandtl number = 7" ak 
£ 

q variable - 

Q heat transfer rate 14" 

r radius of spherical shell L 

R radius of sphere L 

Good 
Re Reynolds number ‘or a 

if 

s variable - 

Sc Schmidt number ie 

Sh Sherwood number ide 

he St Stanton number = SE i 

oye 

+ time + 

2 temperature T 

U overall heat transfer coefficient Het Ln



- 286 - 

Description 

superficial velocity 

Rotameter float weight 

root of transcendental equation 

: ; : 2 
dimensionless sphere radius = R= neAx 

variable 

distance down fron top of bed 

Fourier number, dimensionless bed length 

k,+(1-e) y 

G .c eRe 
s 8s 

@ ot 
8 

  

  

Re 

Greek Symbols 

a 

AP 

AT 

Ax 

Ag 

thermal diffusivity < oo 

  ratio of the heat capacity rates = 

pressure drop 

temperature difference 

increment of dimensionless sphere radius 

integration step length 

percentage heater efficiency 

dimensionless temperature 

latent heat of fusion 

viscosity 

density 

Ber 

M 

1 

M.L7> 447°
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Dimensions 

H heat 

L length 

M mass 

t time 

- temperature 

el dimensionless 

~ various 

Subscripts 

a 

Cc 

ef 

W 

ambient 

channel 

effective turbulent property 

fluid 

heaters 

inlet 

intra-particle temperature distribution solution 

reference number of a term in an infinite series 

logarithmic 

bottom of bed 

logarithmic mean temperature difference solution 

mean 

melt 

reference number of spherical shell 

outlet 

particle 

solid 

vessel 

wall
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