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SUMMARY 

The work reported ir. thJs thesis concerns the development of a novel 
. fluidised bed gas-to-gas heat exchanger patented by Stone- Platt 
Fluidfire Ltd. This joint University/industry project aimed not 
only to cover some of the technical aspects of the feasibility and 
de.sign, but also to search for applications for the heat exchanger 
where it could be marketed successfully. 

The novelty of the heat exchanger lies largely with the distributor 
plate which moves the fluidised bed across its surface because the 
fluidising gas emerges with a · sigr::ificant transverse component of 
velocity. A review of the literature established that no similar 
system had been reported and that previous flowing bed studies were 
not directly relevant. A small experimental heat exchanger was 
built at the University to test the feasibility of the ideas 
contained in the patent and this heat exchanger performed sufficiently 
well to justify further work. 

A theoretical mode l was also developed to provide an accurate measure 
from the experimental da::.a of the e:'£'ectiYeness of th<> unit. The 
particular n8ture of the heat exchanger means t~2t there i s an 
inherent leakage path bet-ween the lwo gas streams and the experimental 
unit was modified to en-=il.lle thi s lE:a;.;age ~o be .;easur:.d . :::nforrr,:.tion 
relating to the present uses ::;f gas- to- gas heat exch2.:.gers \·,as collected 
together with details of existing products. This en2.bled :he possible 
market openings for the new fluidised bed unit to be identified and the 
maximum cost which woulci allo1-, the unit to be sold into those markets 
was also established. 

Overall the development 0f th1 heat exch8nger ~3s jud~ed to have 
demonstrated the concept and ::.t is :hough: to rr':'rit the application of 
further resources to obtain a commercial product, since a market 
appears to exist for such a system. 

The author wishes to th8nk his team of supervisors; Dr. J.R. Howard, 
Dr. A.J. Cochran , Mr. M.J. Virr and Mr . 3.N. Woodward who all 
contributed significantly to this investigation . 
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1. 1 GENERAL REMARKS 

CHAPTER ONE 

INTRODUCTION 

The phenomenon of fluidisation has been known for more than a 

century with Robinson filing the first patent in the field [1]. 

The first important use of fluidised beds was in 1926 when a 

coal gasifier was built in Germany by Winkler (see [2]). 

Since then the petrochemical industries have made ex~ensive 

use of the properties of fluidised beds in the development of 

the catalytic cracker from 1942 onwards [2]. Work on fluidised 

bed combustion was begun in 1961 by Elliott at the Central 

Electricity Generating Board and by Wright, Thurlow and Hoy at 

the British Coal Utilisation Research Association [3]. 

The major advantages of fluidised beds in chemical engineering 

relate to the large surface area of the partic les and the good 

contact between fluid and solid. Hence there is the potential 

for rapid chemical reactions and hea t transfer between the fluic! 

and th~ particles. The heat tran::~~r ra':e between t'":e bee and 

a surface immersed in it is also 12.rge so heat can be readily 

added to or withdrawn from the bed [4]. 

A bed of particle~ can be fluidised with P.ither a liquid or a 

gas. Gas fluidi sation is di~tinguished by the forma~ion cf 

bubbles over part of the fluidising velocity r ange. The 

bubbling acLion promotes particle mixing which in turn results 

in a unlform t emperature throughout the bed except very close 

1 



to the walls and the distributor plate. 

The development of fluidised bed combustors in recent years has 

now led to fluidised bed boilers being offered commercially. 

The fuel for these can range from gas , oil and coal through to 

such poor fuels as garbage. Steam is raised in tubes immersed 

in the bed thus allowing high combustion intensities without 

the bed temperature exceeding the melting point of the ash . 

Practically all of the early work on fluidised beds was 

conducted with deep beds [5]. Only relatively recently have 

the characteristics of shallow beds been explored [6], and 

they have been found to have certain practical advantages 

over deep beds. There are two key differences between 

deep and shallow beds. Firstly the pressure drop is lower 

through a shallow bed so less pumping power is needed for 

fluidisation. Secondly shallow beds do not contain the 

large bubbles which are present in deep beds, so the bed 

is more nearly homogeneous. This leads to improved heat 

tran~f0r within the bed and 2!so to immersed surfaces. 

1.2 WASTE HEAT RECOVERY 

The s:1allow fluidised bed has now been de veloped for several 

applications inc luding heat recovery from hot waste gases . 

With the ever increasing cost and insecurity of supply of 

2 



fuel, especially oil, it has become necessary to reduce the 

wastage of energy. One major source of wasted heat is hot 

exhaust gas from combustion systems of all types. Waste 

heat recovery systems transfer this heat from the hot exhaust to 

another fluid. 

One necessary characteristic of such systems is that they should 

present as low a pressure drop to the exhaust as possible to 

minimise the pumping power needed. Therefore the development 

of shallow fluidised beds has enabled them to be usec in this 

field whereas deep beds would have had too great a pressure 

drop. Waste heat recovery units based on shallow beds are 

now commercially available for transferring heat to steam or 

pressurised hot water. These are more compact than conventional 

convective units because the bed-to-immersed surface heat transfer 

coefficient is up to ten times greater than that for air-to­

surface [4]. 

However it is also desirable to transfer waste heat from an exhaust 

gas to another gas stream in a gas-to-gas heat exchanger. The 

existing types of such exchangers all have certain disadvantages, 

particularly in that they have large fabricated sections which 

may quickly corrode when exposed to hot exhaust gases . An 

alternative approach which exploits some of the advantages of a 

shallow fluidised bed of inert particles was proposed and 

patented by Elliott and Virr in 1978 [?]. This patent is now 

owned by Stone-Platt Fluidfire Ltd. and is the subject of this 

thesis. 

3 



1.3 FORMAT OF THE PROJECT 

The project was initiated by Stone-Platt Fluidfire Ltd. who wished 

to see the ideas contained in the patent studied with the aim of 

developing a new product. The project was conducted under the 

aegis of the Interdisciplinary Higher Degree Scheme (I.H.D.) and 

the problem was approached from both technical and commercial 

standpoints. Since the company market only fluidised bed 

equipment they were able to provide invaluable expertise , but 

the detailed studies of the heat exchanger were performed at 

the University. The I.H.D. Scheme provides an ideal environment 

for joint industry/university projects of this type. 

A successful product cannot be designed solely on technical 

grounds: it is also vital to have accurate knowledge of the 

market place. Hence the project moved along two parallel courses 

intended to establish if the ideas were both feasible and saleable. 

The coordfoating role of I.H .D. enabled assistance to be drawn 

from engineering and marketing disciplines as well as from the 

company. This arrangement laid the foundations of the project 

and its objectives are listed below. 

1.4 OBJECTIVES OF THE PRESENT WORK 

The objectives of the work reported in this thesis we~c as 

follows:-

4 



(a) to study the technical feas ibility of the novel 

system outlined in the patent; 

(b) to identify the waste heat recovery market sectors 

in which this product is likely to be con~etitive; 

and 

(c) to develop the criteria necessary for the design 

of an industrial scale prototype. 

5 
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2.1 INTRODUCTION 

CHAPTER TWO 

REVIEW OF LITERATURE 

This review studies the existing work relevant to the development 

of the gas-to-gas fluidised bed heat exchanger. Firstly there 

is a description of the general properties of fluidised beds. 

Then follow four sections dealing with the aspects of fluidised 

beds most important to the project. These are gas-to-particle 

heat transfer, the flow of fluidised solids, gas jets in fluidised 

beds, and electrostatic inter-particle effects. 

2.2 GENERAL PROPERTIES OF FLUIDISED BEDS 

A fluidised bed can be considered as a mass of particles supported 

by a moving fluid as shown in Figure 2.1. The bed of particles 

is contained in a vessel with a porous base through which a fluid 

flows upward. A~ low flow rates this fluid pc~meates the voids 

between the particles. As tne flu~d velocity increa~es, so does 

-the drag force acting on the particles as the fluid rises. At 

some velocity the drag force en the smallest particles become s 

equal to their weight a~d they beco~~ supported on t~~ flow. 

Slight re-arrangewent of the ].,articles ca11 then occur , and as 

the velocity increases progres sively more of the particles 

become supported. The bed expands with i ncreasing fluid flow 

because the re-arrangement of the particles cause s the inter-

6 



FIGURE 2.1 SCHEMATIC DIAGRAM OF A FLUIDISED BED 
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particle voids to increase in size. Eventually sufficient of 

the particles are fully supported by the fluid that they have 

significant freedom for random movement. 

the fluidised state. 

This is the onset of 

With further increase in fluid velocity a divergence occurs between 

the nature of gas and liquid fluidised beds. Beds fluidised by 

liquids generally continue to expand as the flow velocity increases 

and the voidage remains uniform throughout the bed. However this 

is not the case for the majority of gas fluidised beds once 

fluidisation has been established. 

In such beds increases in the fluidising velocity lead to the 

formation of bubbles which contain very litt l e particulate 

matter [8]. The upward movement of the bubbles is responsible 

for the mixing of the particles in the bed. As shown in 

Figure 2.2, a rising bubble has a wake which tends to lift 

particles and so induces vertical mixing. The bulk of the 

particles is pushed aside by the bubble but some fall through 

the ~vof of the bubble . The bubblGs increase in size by 

. coalescence as they rise, and gas is continually exchanged 

between the bubbJe and the surrounding emulsion phase as 

shown in Fieure 2.3. The bubble may be visualised as being 

surrounded by a cloud, and the interchange of gas occurs in 

this cloud. 

When the bubbles become comparable in size with the containment, 

the bed is in the slugging r ~gime [9]. There i s the n l ess 

8 



FIGURE 2 . 2 PART! CLE MOTi ON AROUND A RISING BUBBLE 
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FIGURE 2. 3 GAS INTERCHANGE BETWEEN BUBBLE 
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contact between gas and particles, but when the fluidising 

velocity is increased still further we enter the turbulent 

regime. Here the mixing is much better and there is good 

gas-to-particle contact. This is particularly true in 

shallow beds [10] where the turbulent regime provides 

excellent heat transfer within the bed and to surfaces 

immersed in the bed. 

The fluidised state ends when the fluidising velocity becomes 

equal to· the terminal velocity of the particles. The particl es 

are now entrained on the gas stream and are carried out of the 

bed so producing pneumatic transport. All the work reported 

here concerns gas fluidised beds only. Thus liquid fluidised 

systems will not be mentioned further except to emphasise that 

their properties are quite different from gas fluidised beds. 

Therefore the results and conclusions of this thesis should not 

be regarded as indicative of the likely properties of liquid 

fluidised systems similar to that described here. 

2.2.1 Minimum fluidising velocity 

This parameter is the g3s velocity at which the fluidised state 

is co~~ider£d to begin. It i s a most important characteristic 

of a fluidis~d bed, yet it is extremely difficult to predict 

accurately. The minimum fluidising velocity, Umf'is often 

11 



defined as that velocity at which the pressure drop developed 

across the bed by the passage of the gas becomes equal to the 

weight of the bed per unit area of the distributor plate. 

Umf' like all the other fluidising velocities mentioned here, 

is expressed as a superficial velocity, the flow being averaged 

over the cross-sectional area of the bed. That is Uf = m /p A. 
g g 

Real systems do not have an easily definable transition to the 

fluidised state as shown in Figure 2.4. The transition is 

gradual for a number of reasons, the most important of which is 

that all the particles will normally be different sizes and 

shapes and so the drag force on each of them is different for 

a given Uf. Hence not all the particles become fully 

supported simultaneously and there is a range of Uf before 

the entire bed is in the fluidised state. 

Many attempts have been made to predict Umf from a knowledge 

of the gas and particle properties. The results of these 

yield complex equations such as that due to Ergun [11] for 

the pressure drop across a packed bed: 

+ 
1. 7 5 < 1-e: ) p u2 

g ( 2. 1 ) 

d p 

This is related to Umf by assuming that the pressure drop across 

the bed equals the weight of the bed per unit base area , that is 

f <1-e: r) <P · -P ) g rn m p g ( 2 . 2 ) 

12 



FIGURE 2 .4 PRESSURE DROP CHAR.6,CTERISTIC OF A 
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Hence combining equations (2.1) and (2.2) leads to a 

prediction of Umf· 

The difficulty with this approach is that it requires knowledge 

of particle sphericity, 4) , and bed voidage, £ • These 

parameters are not normally known, nor are they easy to establish 

by experiments. To overcome this other correlations have been 

suggested which contain only readily found gas and particle 

properties. 

and Yu [12]: 

d 
p 

µ g 

One of the more reliable of these is due to Wen 

= 
2 33.7 + 

, 
2 

- 33.7 

(2. 3) 

This correlation avoids the problems of that of Ergu n by using 

the experimental results [2] 

E3 4) 
mf 

14 and 
1 - Emf 

£ 3 
mf 

11 . 

nowever it ls still assumed that no interaction occurs between 

the pMrticles as the equatior.s are based on results from packed 

rather than fluidised beds. This assumption is reflected in 

the inaccuracy of equation (2.3) for Wen and Yu r eport that 



their correlation has a standard deviation of 34% in the range 

Re= 0.001 to 4000. Another important point is that the 

majority of the proposed correlations, including that of Wen 

and Yu, are only applicable at room temperature and pressure. 

In practice there is no reliable alternative to an experimental 

measurement of Umf for each particular particle batch. This 

is a quite simple experiment at atmospheric pressure and will 

lead to a much more useful result than the application of any 

of the many correlations. At high temperatures and pressures 

the experiment is obviously more elaborate and this may rule 

out an experimental determination of Umf" Fortunately it is 

rarely necessary to know Umf precisely as most beds operate at 

fluidising velocities several times the minimum so that heat 

transfer from the bed to a surface is maximised [4]. The 

maximum value of the bed-to-surface heat transfer coefficient 

is usually attained at 2 to 3 Umf as shown in Figure 2 .5. 

2.2;2 Entrainment velocity 

The opposite end of the spectrum of fluidised bed behaviour is 

defined by the entrainment velocity of the particles. The 

probl~ms of definition her~ are similar to those encountered 

in the discussion of the minimum fluidi s ing velocity. The 

terminal velocity, UT, of a p3rticle is dependent on its 

sphericity. Obviously UT is least for the smallest particles, 
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FIGURE 2 .5 VARIATION OF HEAT TRANSFER 
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and in practice beds will normally contain a range of particle 

sizes and shapes. It is impractical to operate below the UT of 

the tiny quantity of fine dust present in most beds as the 

disengagement space above the bed would have to be very large 

(Figure 2.6). Rather the bed must be operated with fluidising 

velocities less than the terminal velocity of the smallest 

particle size present in appreciable quantity in the bed. 

The fluidising velocity at which .the bed particles are entrained 

is often assumed to be the same as the terminal velocity of a 

. · free particle falling in the gas. An expression for UT for a 

spherical body can be derived from fluid mechanics [13]: 

= (2. 4) 

where c
0 

is an experimentally determined drag coefficient. 

In the Reynolds' number range 0.4 to 500 (which is appropriate 

for gas fluidised beds) an empirical relation for a spherical 
, 

particle is c0 = 1Cl/Re2
• Combining this with e~uation (2.4), 

we obtain an expression for the ter~inal velociLy of~ spherical 

particle: 

= 
< Pp 

225 

g ~ 21, 
d 

p (?. 5) 

However, real particles are not spherical, especially when 

refractory oxides such as alumina and silica are considered. 

A graphical method for determining UT for non-spherical 
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particles has been developed by Brown [14]. This requires 

reference to his chart and is not an analytical solution to 

the problem. Even with this there is the difficulty of 

establishing the sphericity of the particles first. Also 

U= of a non-spherical particle depends upon its attitude 
! 

to its direction of motion. Howe [15] noted that slightly 

non-spherical particles have considerably greater terminal 

velocities than predicted assuming them to be spherical . 

In addition he observed that the attitude of a falling 

particle was rarely stable, so the drag changed continually. 

As it is usually only necessary to have an approximate value 

for UT' because normal operation will be well below this, 

simple formulae such as equation (2.5) are adequate for 

design purposes. This avoids the meaeurement of sphericity 

yet provides a reasonable estimate of terminal velocity and 

hence the upper operating limit of fluidising velocity. 

2.2.3 Particle motion ill fluidised beds 

The motion of the particles in the bed is large ly induced by 

bubbles ri s ing throug h the be d and then bursting on the surface. 

Howeve r there is little under ~tandi11g of the mec hanism of 

bubbl e formation J~spitc its central role in the properties of 

fluidised beds. One approach has been to cl assi fy particles 

according to their bubbling behaviour . This has been done by 

Geldart [16] who classified part icles into four broad groups 
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as shown in Figure 2.7 [17]:-

Group A: 

Group B: 

Group C: 

Group D: 

Particles with densities less than about 1400 kg m-3 

and size in the range 20 to 100 µm. These powders 

expand considerably beyond Umf before bubbling 

commences. 

Powders with sizes in the range 40 to 500 µm and 

densities between 1400 and 4000 kg m-3 . For these 

materials bubbling starts at or just above Umf· 

Powders in which inter-particle forces dominate such 

as wet or sticky materials or ones where agglomeration 

occurs due to electrostatic charging. These are very 

difficult to fluidise. 

Large (over 600 µm) or dense particles where the bubbles 

rise more slowly than the interstitial gas. 

Beds of materials of Groups C or Dare unlikely to behave as true 

fluidised beds and are not considered further. Group A particles 

are used extensively in the petrochemical industry in fluid ised 

beds of catalysts, but these are too light to be of use in heat 

recovery systems because their entrainment velocity is so low. 

Hence ~he particles uied in this investigation behave as Group B 

powders, though Geldart's classification should not be used 

rigidly but only as a rough guide. 

In a fluidi sed berl of Group B particles there are two distinct 

phases. These are the bubble phase which contains little or 

no solid material, and the emulsion phase with a much higher 

solids' loadjng. Gas passes through the bed in both these 
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FIGURE 2 .7 PARTICLE CLASSIFICATION FOR 
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phases and there is an interchange of gas between them . 

Experiments by Davidson and Harrison [18] suggest that 

all the gas in excess of that needed just to fluidise the 

bed passes through as bubbles, while the emulsion remains at 

minimally fluidised conditions . 

As bubbles rise through the bed they grow in size and coalesce. 

Geldart [19] has shown that the size of the bubbles when they 

burst on the surface is linearly related to bed depth and excess 

gas velocity, Uf - Umr· Much of the published work on bubbles 

relates to deep beds where large bubbles are formed and burst 

randomly. This is not the case in shallow beds in which more 

re·gular bubbling is seen. However bubbles are still the main 

source of overall particle motion even in shallow beds . 

Rowe and Partridge [20] have observed that solids are carried 

upward in the wake of rising bubbles and downward elsewhere. 

In small deep beds there appears to be a tendency for the 

down flow to occur near the walls and up flow at the centre. 

But in shallow beds the absence of large bubbles lead~ to 

both upflow and downflow in all regions 0f the hed as the 

bubbles are smaller and more numerous [10] . Hence the 

vertical mixing of particles in a shallow fluidised bed is 

generally good and the bed is in a turbulent state. 

Diffusion models have been use1 to quantify the rate of mixing 

in beds. Vertical diffusion coefficients have been measured 

by Lewis et al . [21] by measuring heat transport in the bed. 
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They assumed that all the vertical heat transport was due to 

vertical solids' movement alone and hence could establish a 

vertical mixing diffusion coefficient. This they found to 

be linearly related to fluidising velocity but independent 

of the size of the bed. The measurement of an analogous 

coefficient for lateral mixing has been carried out by Mori 

and Nakamura [22]. They observed the mixing of different 

coloured particles in an initially partitioned bed. Comparison 

of their results and those of Lewis et al. suggests ·that vertical 

mixing is some five to ten times faster than lateral mixing . 

This result is of importance when we consider the residence 

time distribution of particles in flowing fluidised beds. 

Particle motion is also affected by the size distribution of the 

particles in the bed. For commercial units it is necessary to 

use readily available bed materials rather than specially selected 

narrow size cuts, so the importance of the effects of size range 

is perhaps greater here than in laboratory investigat ions. The 

principal effect is segregation; that is the settling out of the 

larger particles which tend to form a stagnant layer on tcp of the 

distributor. This can affect the performance of the distribute~ 

·and could be particularly troublesome in the heat exchanger where 

the distributor is essential to generate the solids ' flow. 

Some work has been done on binary mixtures of differently s ~zed 

particles [23, 24], but these are quite different from a broad, 

·continuous size distribution of particles. The mosL useful 

work is perhaps that of Boland [25] among whose conclusions are 
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the following points. Firstly bubbling beds give good mixing 

if all the constituents are fully fluidised. Secondly the 

degree of segregation depends on the standard deviation of 

the particle size distribution. Lastly he concluded that 

segregation was negligible for a standard deviation below 

50 µm. Industrially available particles have larger size 

ranges with deviations nearer 100 µm. The shallow bed in the 

heat exchanger, however, should be sufficiently turbulent to 

prevent segregation occurring despite the broader size 

distribution. 

2.2.4 Distributor plate 

The purpose of the distributor plate is to provide even fluidisati on 

and to support the bed when it is slumped. In shallow beds the 

latter is easy to achieve as they are not heavy. To obtain 

uniform fluidisation the distributor must provide equal gas flows 

to all areas of the bed and should do this with as low a pressure 

drop as possible. The quality of fluidisation is dependent on the 

type of distributor use<.: c!S shown in Figure 2.8. If it has only a 

few openings the bed may channel or slug and the overall bed 

density then fluctuates wildly. This is particularly so in 

shallou beds where therr is irsufficient height for lateral gas 

diffusion to occur . Hence fer shallow beds distributors with many 

tioles must be used which restricts the distributor to porous 

materials and plates with many small holes. 
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FIGURE 2 .8 QUALITY OF FLUIDISATION 

A B C 

A. Single opening allows channel ling 

B. Few openings produce large bubbles 

C. Many small holes allow even fluidisation 
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To get even fluidisation various "rules of thumb" have been 

developed which relate the pressure drop through the distributor 

to that through the bed. In deep beds Whitehead [26] has 

suggested that the distributor pressure drop should be at least 

0.4 that of the bed. For fluidising velocities less than 2 U f' -m 

Hiby [27] suggested the lower value of 0.15. According to 

Agarwal et al. [28] shallow beds of dense particles may be 

operated with this ratio as low as 0.1. Fluidisation can easily 

become unstable with severe channelling when such low pressure drop 

distributors are used, so care must be taken. Siegel [29] provides 

a review of the effect of the pressure drop ratio on the likelihood 

of channelling occurring. 

The material finally chosen depends upon other factors 2s well as 

pressure drop such as corrosion resistance , cost and availability, 

particularly when commercial development is anticipated. The 

guidelines above are only indications of when uneven fluidisation 

may occur, and practical experiments are the only sure way to test 

a particular distributor. It should also be noted t~at quality 

control is difficult in the manufacture of distributors, and 

supposedly identical plates may differ substantially :n actual 

performance. 

2.2.5 Heat transfer to immersed surfaces in fluidised beds 

The heat transfer properties of fluidised beds are those which 

are exploited the most. Two models of the mechanism of bed-to-
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surface heat transfer have been developed. The first, due to 

Mickley and Fairbanks [30], considers small volumes or "packets'' 

of gas and solid which approach the surface. These then stay at 

the surface and heat transfer occurs until they move away and are 

replaced at the surface by other packets. In effect this theory 

assumes that the thermal properties of the packet of gas and solid 

are uniform. 

To account for the heterogeneous nature of a fluidised bed, 

Botterill and Williams [31] considered the heat transfer between 

a single sphere surrounded by gas to a surface. This has since 

been extended to a model involving two particles which takes into 

. account gas and particle properties [32] . This model is superior 

to that of Mickley and Fairbanks when the residence time of the 

packet is short which is the more useful situation. However the 

packet theory has been improved by Kubie and Broughton [33] by the 

physically justified inclusion of a toundary layer at the surface. 

Many correlations have been developed which attempt to predict 

the heat transfer coefficient between the bed and an immersed 

surface, h. 
s 

These vary considerably as workers used different 

distributors, bed depths and particle shapes . As an approximate 

correlation for Geldart's Group B [16], Botterill [34] recommends 

the following due to Zabrodsky [35]: 

h = 35.8 s 
p 0.2 

p 
k g 

0.6 
d 

p 
-0.36 (2.6) 

This relaticn is adequate for temperatures up to 900K above which 

radi ant heat transfer becomes significant. 
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Attention has recently been drawn to the very high values of 

h found in shallow fluidised beds [10]. s Pillai [6] measured 

coefficients in beds up to 50 mm deep and found them to be 

several times greater than in deep beds . This discovery has 

allowed low pressure drop fluidised bed heat exchangers to be 

developed as described by Botterill and Virr [36]. 

2.3 GAS-TO-PARTICLE HEAT TRANSFER 

· The greatest difficulty in any discussion of gas- to-partic le 

heat transfer is the great variation in the pub l ished data. 

Kunii and Levenspiel [2] state that this variation is over a 

thousandfold between different observers. 

usually presented as a Nusselt number, Nu = 

The results are 

d /k , 
p g 

which includes h ,the gas-to-particle heat transfer coefficient. 
p 

The simplest case of gas-to-particle heat transfer is that of 

a single sphere in an infinite medium. In this instance Nu 

is given by Ranz and Marshall [37] as 

Nu = 
l 2 

2 + 0.6 PrJ Re 2 (2 .7) 

If we extrapolate equation (2 . 7) to zero fluid velocity then Re 

tends to zero. Hence Lheoret ically Nu approaches 2 for the 

condition of conduction a lone in an infinite stagnant medium . 

The same author s demonst rated this experimentally [38] yet 

-
Kunii and Lcvensp i e l [2] present se veral sets of data with Nu 

l ess than 0.001. 
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The divergence of the data from Nu= 2 and their variation 

lead to consideration of the experimental conditions. 

Measurement of temperature in a bed is difficult - does a bare 

thermocouple measure the solids' temperature, that of the gas, or 

a combination [39] ?. Also the gas flow pattern assumed in the 

analysis was plug flow for some and perfect mixing for others. 

These factors are discussed by Frantz [40] who concluded that 

the only true coefficients were measured by Heertjes and 

McKibbins [41] and Walton et al. [42]. Both group~ measured 

the particle temperature deep in the bed with a bare thermocouple, 

and the gas temperature with a suction thermocouple. The former 

may be questioned as a very large probe was used, so Frantz concluded 

that the results of Walton et al. were the more reliable. Their 

correlation was 

Nu = 0.0028 Re
1

•7 

Kunii and Levenspiel [2] considered that the data calculated 

assuming plug flow were more reliable because they were 

consistent. They correlated the pattern by 

Nu = 0.03 Re 
1

· 3 

but Nu still falls below 2 when Re is less than 25 . This 

discrepancy was explained by Kato and Wen [43] who considered 

that the effective heat transfer area is much less thnn the 

total particle area because the regions near the points of 

contact between the particles cannot be reached by the gas . 

The thermal boundary layers which surround the pa rticles 
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overlap and the gas cannot easily penetrate these to reach the 

particles' surfaces. As the gas velocity increases, the 

movement of the particles breaks down the boundary l ayers so 

Nu rises with Re towards the pred ictions of the single sphere 

equation. 

Despite predicting Nu less than 2 , equation (2 . 9) provides a 

quick way of estimating heat transfer in a bed and as such is 

a useful result. However, as with many other aspects of 

fluidised bed behaviour, the geometry of the containment and 

the distributor can be very important. Walton's correlation 

(~quation (2.8)) includes the diameter of the bed, db, but 

McGaw [44] pointed out that the design of the distributor was 

not considered. He developed a correlation for shallow beds 

of particles a few mm in size up to 33mm in depth and with a 

distributor having holes on a triangular array: 

l d j O • 
4 

7 l d j O • 
1 
9 [ d j-0 

• l 9 
Nu = 0.353 Re

0
· 9 _!:_ _£_ _£_ .(2.10) 

Z P D 

McGaw's experiments usea a crossflow fluidised bed to obtain 

steady state gas-to- particle heat transfer. In addition to the 

correlation (equation (2. 10)), he found that the ratio of gas to 

particle mass flows did not affect Nu. This independence suggests 

that the heat transfer , and hence the gas flow pattern, is not 

significantly affected by the flow of the solids . His 

correlation should be used with cautio~, though, if the 

distributor is different from that which he used . 
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The heat transfer coefficient between gas and particle is always 

small somewhere in the range 3 to 50 W m-2 K _,. However 

a bed of small particles exposes a very large surface area to the 

2 gas of the order of 10 000 m per unit volume of bed. The large 

area compensates for the low heat transfer coefficient so heat is 

exchanged very rapidly between gas and particles [45] . This 

means that the gas reaches the particle temperature within a 

short distance of the distributor i n view of the l ow thermal 

capacity per unit volume of the gas . Indeed Zabrodsky [46] has 

suggested that very little of t he temperature difference between 

the gas and the particles remains after the gas has passed through 

a monolayer of particles. 

temperature, not vice versa. 

Thus the gas follows the particle 

2 .4 FLOW OF FLUIDISED SOLIDS 

Ther e are three distinct methods by which fluidised beds have been 

made to flow; (i) a fluidised bed may be fed continuously from 

a hopper at one end and the depth kept constant by a weir at the 

other; (ii) the distriliutor may form the base of an inclir,ed 

channel; (iii) the distributor can be formed into a continuous 

loop shaped like a running track, the bed - being fluidised in the 

usual manner but paddle wheels Rush the material around the cir cuit. 

Studies have been made using all three of these methods whi~h have 

one thing in common . The circulation is achieved by external 

influences , for example , by gravity in an inclined channel . In 
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the heat exchanger being investigated in this project, solids' 

circulation is driven internally by the fluidising air by virtue 

of the design of the distributor plate. Thus the work reported 

here is fundamentally different from these experiments. Whilst 

bearing this important difference in mind, we shall consider the 

results of all three methods in turn . 

2.4.1 Continuously fed beds 

The study of vertical flow in continuously fed beds has been 

carried out for a number of years to investigate various 

models of solids' mixing [47]. However the reported work 

on horizontal flow produced when a bed is fed at one end and 

removed over a weir at the other (Figure 2.9) is very limited 

in extent. The use of this technique for industrial heating 

and cooling of granular materials has been reported [48, 49], 

but its analysis has been negl ected . 

Therma l calculations on such 2 system have been carried out by 

Borodulya [50]. His work develops design procedures and 

includes the heat transfer due to mixing within the bed as 

well as that due to the bulk motion of the material along the 

bed. This leads to so~e very complicated mathematics , and it 

is not clear how the model can be used for design purposes . 

Although solids' mixing is considered in the analys is, there is 

no experimental data on what mixing patterns might be expected 

in the bed. 
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McGaw [51] has since developed a simpler approach and describes 

the possible mixing patterns. He states that if the bed is 

operated such that few bubbles are formed, then lateral mixing 

is minimised and the situation approximates to plug flow. 

With increasing bed depth and fluidising velocity, the bubbles 

are greater in number and size so mixing improves and the system 

tends toward perfect mixing. This description has been verified 

experimentally by Heertjes [52]. After deriving the result for 

the simplest case of plug flow (also reported by Kazakova [53]), 

McGaw obtains a prediction of heat transfer for any particle 

residence time distribution through the bed. The work of 

Hirama et al. [54] dealt with moving packed beds where the 

residence time distribution is narrow as under plug flow 

conditions. The absence of bubbles in a packed bed implies 

that their results may not be applicable to fluidised beds. 

In a l a ter paper McGaw [55] measured the particle residence 

time distributions in a continuously fed bed. He used 

1.25 mm diameter g l ass beads in a range of bed depths from 

16 to 63 mm. The actual distributions were a~ways b~tween plug 

flow and perfect mixing: neither was an adequate aprroximation . 

As the bed depth decreased the fluidisation approached plug flow, 

though the fluidising velocity did not appear to affe8t the mixing 

greatly. He stated that heat transfer was faster w~th plt~ flow 

and so shallow beds should be better. In contrast to McGaw's 

work with shallow beds, Hiraki et al. [ 56 ] found that fluidising 

-velocity greatly affected the lateral dispersion of g~s in beds 

300 to 400 mm deep. This suggests that McGaw's conclusions will 

not apply to beds more than about 100 mm in depth. 
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The most useful analysis to date is given by McGaw [57] and 

he describes its experimental verification elsewhere [44]. In 

this he extends the work of Gelperin and Ainshtein [58] who first 

introduced the gas-to-particle heat transfer coefficient into the 

analysis. McGaw's equation can be applied in situations where 

thermal equilibrium between gas and particles is not achieved and 

for any particle size and residence time distribution. Of particular 

relevance to this project are the equations he derives for the 

special case of negligible internal particle temperature gradients. 

These will form the basis of the theoretical analysis· of the heat 

· exchanger which is described in Chapter 4. 

McGaw's experimental testing of these predictions [44] was most 

successful and this suggests that his model might reasonably be 

applied to the heat exchanger. The most important point to 

emerge from the work on continuously fed beds is that the shallower 

the bed, the closer the gas flow conditions approach plug flow. 

Since plug flow is the optimum for heat transfer, this implies 

that the shallow bed to be used in the heat exchanger should work 

satisfactorily. ---

2.4.2 Inclined channel (low 

Studies of the flow of fluidi ~ed beds down inclined channel s 

(Figure 2.10) have been carried out mainly to understand flow 

phenomena s uch as s lip and vis cos ity. The fir s t published 

work was presented by Siemes and lle lmer [59]. The y assumed 
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the flow to be fully Newtonian and used analogies with liquid flow 

to analyse their results. This approach neglects the variation 

of viscosity with bed depth which has since been established [60] so 

their results must be treated with caution . Slightly later Gelperin 

and Ainshtein [58] reported their results in a similar system, though 

their concern was with heat transfer rather than flow properties . 

Neuzil and Turcajova [61] also studied flow in inclined channels 

though they again took no account of the change of viscosity with 

fluidising conditions. 

Quassim [62] developed a model for non-Newtonian flow in a duct 

but his result is complex and involves quantities which are very 

difficult to measure . Another model was presented by Singh et 

al . [63] for the laminar regime of inclined channel flow . They 

studied slurries as well as fluidised beds and produced design 

procedures for such materials flowing in channels. Their 

conclusion that the flow of fluidised beds is non-Newtonian is 

not surprising; nor is their finding that distributor design 

strongly influences the flow as the importance of distributor 

effects is well-known in fluidised bed work. 

However, without doubt the most valuable work on flow in 

inclined channels is that of McGuigan [64] . His studies were 

also i~tended to e lucidate the flow behaviour of the bed and its 

associated viscosity and shear properties. Since the aim of the 

current project is to develop the heat exchanger rather than to 

gain a deep understanding of the phenomena, the work will not be 

djscussed in detail. McGuigan does make several general 
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observations which are of interest though . Firstly at low 

fluidising velocities he found that the flow was adversely 

affected by segregation, especially in shallow beds. Secondly 

the quality of fluidisation appeared to deteriorate with increasing 

bed depth. Thirdly he found that the use of a timed float moving 

with the stream could not be expected to give a reliable measurement 

of flow velocity. Lastly he observed hydraulic jumps in the channel 

under certain fluidising conditions . 

Overall the work on inclined channel flow is mostly concerned with 

the detailed study of flow phenomena. The general point emerges 

that shallow beds flow more easily than deep ones, though segregation 

can be a problem. Industrially available bed materials have quite 

wide size ranges, so the problem of segregation may be worsened 

when these rather than laboratory sieved materials are used. 

2 . 4 . 3 Open horizontal channel flow 

This section is devoted to the work of Botterill and his co-workers 

who constructed a horizcntal continuous loop channel around which 

the particles were moved by a paddle-wheel arrangement as shown 

in Figure 2. 11 • The circulation rate was variable and was 

measured using a timed float, a method that McGuigan [64] 

considered could give misleading results. Their first work [65] 

concerned the flow of a fluidised bed past arrays of heat transfer 

tubes and its effect on heat transfer. One difficulty of this 

type of work in a horizontal chann·e1 is that there is a head loss 
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around the circuit. Hence the bed depth changes and this may 

affect the fluidisation and therefore the flow of the bed. 

They went on to study the flow properties of the bed in the 

channel [66, 67] and compared their results with those of 

McGuigan [64]. The trends in the horizontal and inclined 

channels were qualitatively similar, but quantitative agreement 

was not apparent, possibly due to the difficulties of accurately 

calibrating the viscometers . To avoid the problems of using a 

timed float to measure flow velocity, Botterill and Bessant [68] 

designed a small turbine driven by the flowing particles . They 

had trouble calibrating this device and in making it ~obust 

enough to withstand the buffeting of the bubbles in toe bed . 

In a later paper [69], the same authors reported on the drag 

exerted by the distributor. They found that at high fluidising 

velocities and solids ' flow rates there was negligible drag at the 

distributor. They inferred this from the fact that there was no 

significant vertical velocity gradient through the bed. Therefore 

the gas flow pattern was approaching plug flow which is the optimum 

from the point of view of gas- to- particle heat transfe~ . They 

a l so emphasised that bubbles have an adverse effect on the flow and 

so preferred shallow beds. 

2 .4.4 Summary of flowing bed studies 

Most of the3e studies were designed to investigate the flow of 
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fluidised beds in terms of their non-Newtonian fluid properties. 

Since a similar appreciation of the processes occurring in Lhe 

heat exchanger was not contemplated, only the more general results 

of this work are useful . The most important is that shallow beds 

flow more easily due to the absence of large bubbles. The data 

from continuously fed beds show that for the best heat transfer 

plug flow should obtain in the bed . This is more nearly 

achieved if the bed is shallow . However it must be remembered 

that similar results will not necessarily be found in the heat 

exchanger where the solids' flow is driven internally by the 

fluidising gas. The basic question as to what is the optimum 

fluidising velocity for flow to occur is unanswered in the 

literature. 

2.5 JETS IN FLUIDISED BEDS 

In shallow fluidised beds the distributor plate usually has a small 

open area of about 5%. Thus the actual gas velocity l eaving the 

holes in the distributor is 50me twenty times greater than the 

overall fluidising velocity. It may therefore be considered that 

the gas enters the bed as a jet which expands into the bed. In 

the heat exchanger this is especially important as the particles 

move due to momentum trdnsfer to them from the jets . A study 

of the existing work on j ets in fluidised beds will be valuable 

in this context . Two aspects of jet behaviour will be examined: 

momentum transfer and heat transfer. 
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2.5 . 1 Momentum transfer 

One of the first mentions of jets comes from Kunii and Levenspiel [2] 

who asserted that if the velocity pressure of the jet exceeds the bed 

pressure drop, the jet will punch right through the bed . This takes 

no account of the diameter of the jet or its angle of entry into the 

bed. Merry [70] realised that with the advent of shallow beds it 

might be necessary to promote lateral solids ' mixing in some way. To 

study this he deter mined the penetration of a hor izontal gas jet into 

a fluidised bed . Material was entrai ned into the jet region, 

especially near to the orifi ce, and momentum transferred to those 

·entrained particles. Al l of his measurements were taken with jets 

very close to the bed containment and the inevitably large wall 

effects had an unknown influence on the properties of the jet . 

~-
The entrained material is mostly at the jet boundary so there are 

few particles in the bulk of the jet . By assuming that the inter-

particle spacing was large enough to be able to treat each particle 

as isolated, Merry [70] developed a semi- empirical equation for jet 

penetration . This correlation fitted his experiments for orifice 

- 1 diameters of 2 . 5 to 14 mm and exit velocities of 40 to 300 ms 

However in the heat exchanger these values will be only about 

-1 0 . 4 mm and 25 ms respectively and so much less than Merry ' s . 

Hence it would be unwise to expect his equation to provide accurate 

predictions for the much smaller jets in the heat exchanger . 

Merry has also studied vertical jets [71] in two- dimensional beds 

so wall effects were again most important . He developed a 

correlation for this situation , though one must have the same 

42 



reservations about its applicability to the heat exchanger. 

Other workers [72, 73] give correlations quite different from 

that of Merry [71] which indicates the difficulties of 

interpreting and collecting data from jet experiments. Merry 

also reported on jets in liquid fluidised beds [74] and suggested 

that the effects were similar to those seen in gas fluidised beds. 

These results should be treated with great caution in view of the 

well-known differences between gas and liquid fluidised beds. 

The only study of jets away from the walls is that of Rowe et al . [75] 

who used X-ray techniques to see voids deep within the bed and so 

undisturbed by the walls. Their observations are most interesting 

as it would appear that jets are not stable within the bed. Instead 

bubbles form above the orifice which elongate and then detach . 7he 

bubble size is unchanged by incre~sing the gas flow r ate, but they 

form more frequently. Bubbles remain in contact with the orifice 

for only about 70 ms , so very short exposures are needed to differentiate 

between growing bubbles and stable jets. They did not see any stable 

-1 
jets at exit velocities up to 70 ms unless a surface was placed near 

the orifice which could stabilise the jet. Hence they concluded that 

the gas enters as a stream of bubbles rather than as a continuous, 

stable jet. 

Minaev and his colleagubs [76--78] applied theoretical aerodynamics 

to the shape and size of jets in beds of large particles . The 

predictions are compared with the observations of jets, but once 

again the work was conducted in a two-dimensional bed so is of 

limited value. In view of Rowe et al. [75] concluding that 
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jets do not exist deep in the bed, theoretical approaches will 

not be discussed further. 

2.5.2 Heat transfer 

The heat transfer from jets to fluidised beds has been studied 

less than momentum transfer . The first reported work is that 

of Behie et al. [79] as a continuation of their work on momentum 

dissipation in beds over 1m deep [80, 81] . These studies are 

clearly very different from those in shallow beds, but some 

results are of interest. Firstly they found that the radial 

temperature drop from jet to bed was very sharp implying a clear 

interface there. Secondly the excess temperature of the jet 

above that of the bed fell very rapidly. Using the jet 

quenching model of Baerns and Fetting [82], Behie et al.[79] 

were able to calculate the heat transfer coefficient between 

the jet and the bed -2 -1 and found it to be about 5 kW m K . 

They also derived equations to describe the axial and radial 

temperature profiles of the jet. 

A study of the mechanisms of the jet-to-be d heat transfer has 

been made by Shakhova and Lastovtseva [83] . They also concluded 

that there was a sharp interface between jet and bed, 2nd intense 

interaction the re transferred heat to the bed. They found ~hat 

the temperature relaxation of the jet occurred almost entirely 

within the jet, so the bubbles breaking away transferred only a 

small amounL of heat beyond . the jet. Donadono and Massimilla [84] 
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reported on heat transfer, but only in two-dimensional beds 

where wall effects are dominant. 

2.5.3 Summary of previous work on jets 

In conclusion, momentum and heat transfer from a jet to the 

surrounding fluidised bed are clearly related . Much of the 

work has been in two-dimensional beds in which wall effects 

dominate the properties of the jet . Rowe et al. [75J presented 

data showing that stable jets do not form away from the walls, 

only a stream of bubbles. Thus it is doubtful that the 

correlations for jet penetration and heat transfer can be 

usefully applied to the heat exchanger. 

2.6 ELECTROSTATIC INTER-PARTICLE EFFECTS 

If the particles in a fluidised bed are electrostatically charged, 

the behaviour of the bed can be greatly affected. Generally 

charge causes the particles to stick together and form 

agglomerations which restrict particle motion in the bed. This 

leads to loss of fluidisation and channelling, its effect being 

most serious in beds of small, light materials. The ::iuthor!:; of 

the works on fluidised bed flow referred to earlier all noted the 

significant effect charging can have on flow behaviour, hence its 

importance in this project. Little work appears to have been 

carried out on lhe use and effectiveness of possible precautions 
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to prevent the build-up of charge . 

An early investigation into charging was reported by Ciborowski 

and Wlodarski [85] . They found that the electrostatic potential 

varied directly with increasing fluidising velocity, but was little 

influenced by the part i cle size in the range 300 to 750 µm . They 

demonstrated that even minute amounts of moisture in the fluidising 

gas could cause the charge to leak away by increasing the 

conductivity of the bed, and also that charging decreased with 

increasing temperature. Indeed no difficulties attributable to 

charge have been reported in high temperature systems which suggests 

that it will not be a problem in the heat exchanger. 

Geldart and Boland [86] found that although conducting bed 

containment allowed the leakage of charge near the wall, there 

was little reduction in the bulk of the bed . Shikhov et al.[87] 

also studied the influence of construction materials on charging. 

Metal walls reduced the potentials by about 50% compared with beds 

with insulating walls of glass or PVC. Thus overall the metal 

walls and high operating temperature of the heat exchanger should 

prevent the accum~lation of charge in the bed . 

2.7 SUMMARY OF EXISTING WORK 

The properties of fluidised beds are now well-documented but 

not yet fully unde rstood. In general it is much wiser to 

make practical measurements than to app ly empirical correlations 
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developed elsewhere. Conversely it is difficult to predict 

the performance of a fluidised bed system on the basis of other 

people's work. Hence it is necessary to try out ideas in 

experiments before deciding on the practicability of a novel 

system such as the gas-to-gas heat exchanger. 

The reported work on the flow of fluidised solids all concerns 

externally driven motion and so is of limited value. The major 

result from that work is that shallow beds should have the flow 

and heat transfer characteristics best-suited to the heat 

exchanger. The aim of the project is to demonstrate the 

usefulness of a patented system, and nothing in the literature 

suggests that it will be unsuccessful. The technical question 

asked in this project is simply; "will the heat exchanger work? 11 

In answering that, information will be gained for the first time 

about flowing beds driven along by the fluidising gas. 
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CHAPTER THREE 

DESIGN CONSIDERATIONS OF THE HEAT EXCHANGER 

3.1 INTRODUCTION 

The purpose of this chapter is to discuss the design considerations 

of the heat exchanger . The design is essentially governed by two 

aspects: firstly the covering patent, and secondly the desired 

characteristics of the heat exchanger. After describing the 

claims of the patent, it will be seen how the properties of the 

heat exchanger are affected by such factors as pressure drop, 

fluidising velocity and particle type. If the heat exchanger 

is to be a successful commercial product, then patent protection 

is essential. This will prevent the exploitation of the 

features of the unit by other manufacturers. Hence the 

contents of the patent and their effects on the design will 

be considered first. 

3.2 THE PATENT 

The starting point of this discussion is the patent of Elliott 

and Virr [7] which protects this particular type of heat exchanger. 

A copy of the patent is prese~ted in Appendix 1, but it is important 

to extract the salient points from the l egal jargon. The patent 

relates to a gas-to-gas heat l!Xchanger in which heat is transferred 

from one gas stream to another by the movement of particles in a 
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fluidised bed. The possible applications of the heat exchanger 

are not fully disclosed in the specification, only outlined. 

They are discussed in Chapter 7 in relation to the commercial 

constraints on the implementation of this particular heat 

exchanger. The overall concept of the system will be described 

with reference to Figures 3.1 and 3.2. 

The distributor is formed in four sectors such that the 

directions of the fluidising gas flows follow on from each 

other. The distributor plate design is described in detail 

in Section 3-3, and it supplies the transverse momentum to the 

particles to enable them to flow . The two opposing long sectors 

of the distributor are separated by a central wall to keep the 

solids' flows apart. The plenum chamber beneath the distributor 

is split into two sections by the plenum division. These sections 

need not necessarily have the same area for if the two gas streams 

have different vol11metric flows then the portion of the bed each 

fluidises may differ in area. The two parts of the plenum 

(Figure 3.2) accept the hot and cold gas streams between which 

heat is to be transferred. 

Above the distributor the heated and cooled gas streams are 

separated by the partition. There is, however, a sm3ll gap 

between the bottom of the partition and the distributor which 

allows the passage of the bed particles between the two par&s of 

the bed. The solids are hea~ed by the hot gas (thereby ~ooling 

it) in one part of the bed and then the 3olids flow around until 
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FIGURE 3.1 PLAN VIEW OF THE HEAT EXCHANGER 
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FIGURE 3 . 2 SECTION OF HEAT EXCHANGER 
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they are fluidised by cold gas . The particles then give up their 

heat to the cold gas hence heating it. Thus heat is transferred 

from the hot to the cold gas stream. By making the gap between 

the partition and the distributor small , the leakage of gas from 

one stream to the other may be minimised . 

The patent makes clear that the heat exchanger is to operate with 

a shallow fluidised bed between 0.5 and 3 inches (12 . 5 to 76 . 2 mm) 

in depth. Although Figures 3.1 and 3.2 show a specific shape for 

the unit, the patent covers all possibilities for a gas-to-gas 

. heat exchanger based on a flowing fluidised bed . The novelty largely 

lies with the distributor plate which is used to make the solids flow 

and this is described in the next section . 

3-3 DISTRIBUTOR PLATE 

The normal function of a distributor plate is to provide a uniform 

supply of fluidising gas to all regions of the bed . In the heat 

exchanger it must perform the additional function of providing a 

transverse component of momentum to the gas as lt lea,es the plate. 

The fluidising velocity vector must be as close to the horizontal 

as possible to maximise this component. The greater the transverse 

component is, the greatPr the moment~m transferred to the p~rticles 

which enables them to flow across the dis:ributor . Therefore the 

di stributor must be designed Lo produce this desired gas flow 

pattern. 
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Figure 3.3 shows a suitable design for a distributor which has 

directional air flow properties. The fluidising gas emerges 

as a jet from the minimum flow area in a direction similar 

to that indicated, thoug h it will diverge rapidly. Under 

certain conditions there is a sufficiently large transverse 

component of momentum to make the solids flow with a distributor 

of this type. A differently designed distributor could probably 

produce a better defined jet into the bed, but would be more 

difficult, and so more expensive, to make. The distributor 

must be capable of being manufactured cheaply because of the 

low value of the heat recovered by the unit. The distributor 

plate material must be able to withstand corrosive attack by the 

fluidising gas at the high operating temperatures, so stainless 

steel is preferred. 

3.4 PRESSURE DROP ACROSS THE DISTRIBUTOR 

One important aspect of any distributor is its pressure drop and 

the ratio of that to the pressure drop across the bed. As 

discussed in Section 2 .2 .4, it is considered that a shallow 

fluidised bed can be operated successfully with a distributor 

pressure drop only one tenth that of the bed [28]. In this 

situation the bed controls the flow rather than the distributor. 

Thus if for any r eason the bed depth ceases to be uniform over 

the distributor, then some of the fluidising gas may channel 

through the shallowest part of the bed. If this occurs, 
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FIGURE 3 . 3 IDEALISED SECTION OF DISTRIBUTOR 
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significant areas of the bed can become de- fluidised and remain 

so unless the particles are redistributed mechanically. This 

is clearly undesirable in any fluidised bed and is particularly 

so in a solids' flow unit where the flow can be impeded or stopped 

entirely. 

The solids' flow around the heat exchanger is constricted by the 

small gap between the partition and the distributor (Figure 3.2) . 

This causes material to pile up on the upstream side of the 

partition and for there to be a shortage downstream. Hence the 

bed depth can be far from uniform, and to pr~vent channelling from 

occurring due to this non-uniformity, the distributor, not the bed, 

must control the gas flow . Therefore the distributor pressure drop 

must be comparable with or greater than that of the bed. 

The pressure drop should be minimised though so that the pumping 

power required to drive the fluidising gas through the distributor 

is reduced. The distributor should be chosen such that its pressure 

drop is comparable with that of the bed at the operating fluidising 

velocity. However in ~any cases, including this project, the 

distributor is chosen from what is available because it is 

expensive to make a distributor specifically for one instance . 

In the heat exchanger the distributor was of a type already 

successfully used by the company in other products. This had 

a higher pressure drop than needed for the beds used in the 

heat exchanger, but its availability made it the obvious choice . 
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3.5 FLUIDISING VELOCITY 

In the case of this particular heat exchanger, the fluidising 

velocity must be large enough to ensure that the particles 

circulate around the unit. However, there are reasons for 

having Uf both large and small above this limit. 

large then the fluidisation is violent and material is carried 

high above the bed. This requires a large freeboard zone so 

that the particles have the necessary height to disengage from 

the upward flowing gas. By reducing Ur to decrease the height 

of the unit, the area of the bed must increase for a given volume 

flow rate of gas . Hence a compromise is needed depending on 

wHether height or base area is more important in a particular 

application . The pressure drop of the distributor, and 

therefore the necessary pumping power, increases with fluidising 

velocity so a low Uf is desirable on these grounds also . However 

the distributor should be designed to have an appropriate pressure 

drop at a designated Uf, not the other way round. 

3.6 PARTICLE SIZE AND TYPE 

The height of a fluidised bed system is large ly determined by 

the disengagement space which is fixed by the particle size and 

type for a given fluidising velocity. If large particles are 

used to reduce the r equired f~9eboa~d , then they may be fluidised 

less uniformly and flow less easily. Also lar·ge particles have 

a smaller surface to volume r atio and so are heated or cooled more 
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slowly by the fluidising gas . According to Geldart [16], in 

order to get good fluidisation particles less than 500 µm in diameter 

and density less than 4000 kg m-3 must be used. Particles approaching 

these limits will be most suitable as they will need the smallest 

freeboard for a given Uf . 

Materials of an appropriate density are legion, but that which is 

to form the particles in the heat exchanger must have other 

properties also. Firstly, it must be stable at high temperatures 

and secondly be able to resist possible corrosive attack from the 

hot fluidising gas. Thirdly it must be unaffected by the thermal 

shocks that the particles will encounter during their circulation 

between the hot and cold gas streams. Lastly it should be cheap 

and readily available as large quantities will be needed if the heat 

exchanger is to be successfully exploited commercially . 

These considerations narrow down the possible substances enormously 

so that only the refractory oxides, particularly silica (Si0
2

) and 

alumina (A1
2
o

3
), remain . The latter has the higher density and so 

is preferred. More importantly alumina has been used most 

effectively by the company in other fluidised bed applications 

such as combustion, heat treatment and waste heat recovery [88]. 

It should also be noted that another rea~on for preferring alumina 

is that a health hazard ls presentec by v~ry fine silica dust. 

In any fluidised bed it is inevitable that there will be some 

attrition of the particles due to mechanical and Lhermal stresses . 

Very fine silica can induce silicosis, whereas alumina appears to 

have a lower health risk associated with it [89] . 
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3 .7 LEAKAGE BETWEEN THE GAS STREAMS 

It is apparent that the gap between the partition and the distributor 

to allow the circulation of the particles also permits communication 

between the two gas streams. Therefore there can be leakage between 

the gas flows which not only reduces the efficiency of the heat exchanger 

but can also be hazardous. In many instances the hot gas stream will 

be from a combustion process and so will contain carbon dioxide and 

possibly some carbon monoxide . If the heated gas stream is to be 

used for space heating, then such toxic constituents must not be 

allowed to enter that stream. The leakage can never be eliminated 

entirely because the circulating particles will carry some gas with 

them in their boundary layers . However there are several possible 

ways to reduce this leakage to a tolerable level , and two of these 

are described in the patent specification. 

The first proposal is to adjust the press ures of the gas streams 

such that the pressure in the hot bed is lower than that in the cold. 

This means that whatever leakage does occur will be from cold to hot 

rather than vice versa so the heated gas will remain uncontaminated . 

This can be achieved by using an induced draught fan on the hot flow 

and a forced draught fan on the cold to produce the required pressure 

differential. This arrangement is also helpful because it avoids 

passing the hottest gases through a fan (Figure 3 .2 ) . 

,he second proposal to reduce leakage is to modify the position of 

the partition with respect to the plenum divis ion. As shown in 

Figure 3.4, the idea is to stagger the partition away from the 

plenum division, the result being that leakage is far more likely 
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FIGURE 3. 4 POSITION OF PARTITION TO REDUCE 
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to be from the cold to the hot flow . The leakage may well be 

dependent on several parameters, particularly the fluidising 

velocity, and experiments will be needed to establish how best 

to reduce the leakage. 

3.8 SUMMARY 

Several aspects of the design of the heat exchanger are essentially 

fixed by the patent specification and the desired characteristics of 

the unit. Firstly the bed must be shallow with a depth of between 

12 and 76 mm. Secondly the particles will be made of alumina and 

be about 400 to 500 µm in diameter . Lastly the overall concept 

of the heat exchanger defines much of the design, but the 

optimisation of the details is left to experiments . 
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Cll/\PTER FOUR 

POSSIBLE THEORETICAL MODELS OF 

THE HEAT EXCHANGER 

4. 1 INTRODUCTION 

The need for a theoretical model of the heat exchanger arises 

because it is necessary to be able to predict the performance 

of larger units. The rules for scaling-up fluidised bed 

systems are not well understood, so any guidance which a 

theoretical model can provide will be useful. In this chapter 

it will become apparent that the development of an adequate model 

is very difficult because of a fundamental characteristic of the 

heat exchanger. That is the unit operates with a combination 

of co-current and crossflow heat exchange . This implies that 

the mathematical formulation of the model is not soluble by 

analytic methods. Hence numerical solution of the equations 

is necessary if a complete theoretical model is to be produced. 

4.2 AVAILABLE riODELS 

It must be rememhered that the heat exchanger operates by the 

crossflow motion of a heat carrier and so has no static walls 

throi.;6 h which he...it is conducted. Hence the very complex but 

accurate model of crossflow heat exchangers due to Ishimaru et 

al. [90] js inapplicable. Similar models have been suggested 

by Spencer [91] and Stevens et al. [92] where simpler iterative 
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techniques are used to solve the equations. Again these do 

not account for the movement of the heat carrier because the 

equations are independent of the presence of such a carrier. 

Baclic [93] and Krasnoshchekov [94] have presented simplified 

formulae for crossflow heat exchanger performances, but these 

cannot be used where there is also co-current flow. Thus it is 

concluded that a model based on the input and output conditions of 

the gas flows alone is not practicable . Instead the problem must 

be approached by considering the heat transfer to and from the 

heat carrier; this is discussed in the next section. 

4.3 MODELS BASED ON THE ROLE OF THE HEAT CARRIER 

Models of the above type are based on systems in which both of 

the heat transfer media are passed through the heat exchanger 

at right angles to each other . Borodulya [50] has analysed 

this for the case of the pneumatic conveyor. He introduced 

the concept of a particle mixing coefficient b~t only defined 

it fen· the two extreme cases of plug flow and perfect mixing . 

However this has been extended by McGaw [51] and the development 

of the model due to him will now be considered . 

In his fir~t paper on the ~ubject, McGaw [51] described the 

design of a heat exchanger for heating or cooling particulate 

solids in a shallow fluidised bed. This has already been 

referred to in Section 2 .4.1 and is shown in Figure 2 .9. 
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lie pointed out that earlier investigators had neglected the 

effect of gas and solid flow conditions on the process of heat 

transfer. The flow conditions in the bed are affected by the 

formation of bubbles which causes lateral mixing. This mixing 

is reflected in the particle residence time distribution in the 

bed. It should also be noted that this distribution can be 

introduced by factors other than mixing such as non-uniform 

solids' inlet conditions . Thus the particle residence time 

distribution may be related to the geometry and configuration 

of the system . 

The two extremes of particle mixing are given by (i) plug flow 

and (ii) perfect mixing . Any real bed must clearly fall between 

these two extremes and one possibility is to describe the bed as 

a finite series of perfect mixers [95] . The use of this model, 

however, requires knowledge of the number of perfect mixers which 

is unknown. In shallow beds large numbers of small bubbles are 

formed and lateral mixing is minimised so plug flow obtains. In 

deeper beds the small bubbles coalesce and the wakes of these 

larger bubbles and the~r bursting on the surfa~e dis~upt the bed 

and the system tends to perfect mixing . 

In a later paper McGaw [55] carried out experiments to determine 

the residence time distribution ana compared his model with 

experimental heaL transfer results. One major assumption made 

was that the parLiclcs and gas were in Lhermal equilibrium at 

the top of the bed . The work of Zabrodsky [46] demonsLrated 
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FIGURE 4 .1 MEASUREMENT OF PARTICLE RESIDEN CE 

TIME DISTRIBUTION 

adapted from McGaw [ 55] 

Bed 294 mm long , 51 mm wide . Particles 1.25 mm d iameter. 
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that the eas and particles were in equilibrium above the first 

few layers of particles for fluidising velocities close to U 
mf 

Thus McGaw's assumption was reasonable for the low velocities 

of his experiments . 

His data are shown in Figure 4.1 and he found that the shal lowest 

bed he used, 16 mm, was the closest to the theoretical plug flow 

distribution. As the bed depth increased, the distribution 

tended toward that for perfect mixing. The theoretical curve 

for perfect mixing, unlike all the others, has a non-zero gradient 

at {} = 0. At first sight this may seem to be incorrect, but for 

perfect mixing F ({}) = 1 - e -{} • Thus F ({}) is finite for {} > 0 

and some particles should pass through the bed very rapidly . The 

impossibility of this occurring suggests that the perfect mixing 

model may not be realistic . 

Rather surprisingly he found that the distribution was unaffected 

by the fluidising velocity for a given bed depth . It is reasonable 

to expect that an increase in Uf would produce more ~ubbles and 

hence greater laLeral mixing. His range of Uf from 1.56 to 2 .8 rn 

would probably have demonstrated tllis effect had it been present. 

In general McGaw stated that the solids ' outlet temperature was 

given by equation 4.1 overleaf:-
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-m :: ~ l T = Tgi + rT - T . ) exp g 
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This can be simplified for the two extreme cases shown in 

Figure 4.1. Firstly for plug flow conditions 

- m C 
g g 

T = T + ( T - T . ) exp 
po gi pi gl. m C ( 4 . 2) 

p p 

Secondly for perfect mixing 

m C 
- 1 

g g 

T = po 
T 
gi + ( T pi T 

gi + 1 (4 .3) 

m C 
p p 

It should be noted that if plug flow obtains ti1en tht solids ' 

out l et temperature , T , will be closer to the gas inlet 
po 

temperature , T., than if the bed is perfectly mixed . Thus 
gi 

in any fluidised bed system of this type it is desirable for 

the gas flow condition~ to a~proximate as closely as possible 

to plug flow. 
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Returning to McGaw ' s work , it is worthwhile looking at his data 

and comparing them with the predictions of the three equations 

above as done in Table 4 . 1 . It can be seen that the use of the 

general result, equation (4 . 1), with the residence time 

distributions shown in Figure 4 .1 is an accurate prediction of 

the experimental data . Even with the deepest bed the actual 

result is closer to the prediction of the plug flow model , 

equation (4 .2) , than to the perfect mixing case of equation (4 . 3) . 

Since the deepest beds used in the work described in this thesis 

were 50 mm in depth , the assumption that pl ug flow obtains is 

not unreasonable . These predictions assume that gas and 

solid are in thermal equilibrium, so the r esul t of any of the 

equations is independent of bed depth . 

To develop an accurate model of the heat exchanger would requi r e 

measurement of the particle residence time distribution. This 

is difficult, particularly in the case of the closed loop used 

in the heat exchanger . The development of an accurate theoretical 

model was not essential to the success of the project since it ~as 

not intended to study the flow of the fluidised bed in detail . 

Hence it was decided to adopt a simpler approach whicn would at 

least identify the important trends . Knowledge of these trends 

could aid the design of the experimenta l unit and the inter preta~ion 

of the data . Thus the major simplification made in the mc1el we~ 

to assume plug flow under all conditions . As seen f:•om Mc':;aw ' s 

work described above, this sti l l enables useful conclusion~ to be 

drawn from the model . 
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Table 4 . 1 Heat transfer data 

(Adapted from McGaw , D. R. , Pow . Tech ., 2.2_, 33, (1975)) 

Bed 
depth 
(mm) 

16 

32 

50 

63 

Expt . 

52 .4 

54 . 0 

52.6 

54 .8 

Solids ' outlet temperature, T c0 c) 
po 

Equation 
(4.1) (4.2) 

52.4 

54.0 

52.2 

55 . 1 

51.5 

52 . 6 

47.9 

50 .2 

C 4 . 3) 

63 .8 

64 . 7 

51.7 

62 . 0 

Bed conditions: particles 1.25 mm diameter glass ballotini 

u mf = 0 . 8 m s -1 

Uf 1.56 -1 = m s 

T . in range 104 to 108 °c Pl 

T gi in range 35 to 39 °c 
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4 . 4 MJ\TIIEMATICAL DEVELOPMENT Of THE MODEL 

McGaw [57] has developed a generalised theory for hea t transfer 

to and from a shallow crossflow fluidised bed heat exchanger . 

The general solution takes the internal temperature gradients 

of the particles into account as well as particle size and 

residence time distributions . McGaw's full analytic solution 

is therefore complicated and requires the evaluation of an 

infinite series. The series is generated by the solution of 

the diffusion equation inside the particles which is necessary 

if significant internal temperature gradients exist. Hence 

it is worthwhile establishing if these can be neglected. 

4.4.1 Internal thermal resistance of the particles 

The dimensionless group called the Biot number can be used 

to determine when internal particle thermal resistance effects 

become important. It is defined as 

Bi = 

h d 
p p 

k 
p 

( 4. 4 ) 

where h is the gas-to-particle heat transfer coefficient, d 
p p 

the particle diameter and k its thermal conductivity . This 
p 

project is concerned solely with the use of alumina ar the 

particula te material, and this has a thermal conductl~ity of 

-1 -1 about 36 Wm K at room temperature decreasing to 

The larger size of particles 
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has a diameter of 520 µm and if a hieh value of h , say 
p 

30 W m-
2 

K-
1

, is used then the largest expected Bi can be 

calculated. This is the worst case and gives Bi= 0 .001 . 

It has been suggested [97 J that if Bi < 0 .25 then the 

internal temperature gradients can be neglected. This 

will clearly be the case in the heat exchanger so this 

simplifying assumption can be used in the analysis . 

Making this assumption McGaw ' s equation for this special 

case becomes 

-m C -h G g g p 

T = po 
T 
gi + (T 

pi - T . ) 
gi 

exp 1-exp 

m C P ul p p g g 

where G is the surface area of the particles per unit area of 

( 4 . 5) 

distributor. There is no r esidence time distribution included 

in this equation because it is assumed that there are plug flow 

conditions in the bed . The particles are considered to be the 

same size, although a particle size distribution can be included 

if necessary. 

4.4.2 Gas/pa rticle thermal eqL~librium 

Equation (4 .5) is the same as :4.2) with an additional term in 

the exponential . This extra facLor allows accounL to be taken 
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of the possibility that thermal equilibrium between the particles 

and the gas is not attained. It i3 often assumed that equilibrium 

is attained, but Zabrodsky [46] suggests that this will only be 

true for Ur up to about 2 Umf " The heat exchanger will operate 

at velocities up to six times the minimum, so it will probably 

not be valid to assume thermal equilibrium. If thermal 

equilibrium is attained then exp (-h 0/p UfC ) must approach 
p g g 

zero . In fact in the heat exchanBer described here this factor 

can be up to 0 .2, so it is important to be able to account for 

this . 

Since the gas and particles may not be at the same temperature 

at the top of the bed, there will be some difficulty in 

interpreting temperature measurements in that region . McGaw ' s 

theory provides an equation which predicts how far from thermal 

equilibrium the gas and particles will be: 

T - T = (T - T . ) go gi p gi 
1 - exp ( 4 . 6) 

This equation is true for any small elem~nt of bed which has a 

uniform temperature, T. 
p 
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4 . 4 . 3 Parameters needed for the model 

All the parameters in equation (4 .5) can be e&sily found except 

the gas-Lo-particle heat transfer coefficient, h , and the 
p 

solids' mass flow, m • 
p 

As discu~sed in Section 2 .3, h is 
p 

very difficult to measure reliably. McGaw [44] has measured 

h in shallow flowing fluidised beds and found it to lie between 
p 

-2 - 1 
10 and 30 Wm K • Fortunately h only appears in the thermal 

p 

equilibrium part of equation (4.5) so T is not particularly po 

sensitive to h . 
p 

can be used. 

Hence a typical value of h = 20 W m-2 K_, 
p 

The second unknown ism which is difficult to measure in the 
p 

closed loop which forms the heat exchanger . If the bed is 

assumed to have a constant depth, then a measurement of the 

solids' flow velocity, U , is needed . 
p 

This can be estimated 

by timing the passage of a float around the bed, but this Has 

found to be unsatisfactory and has been criticizad by 

McGuigan [64] . The best estimate for U 
p 

-1 is about 0 .2 m s 

once the fluidising velocity exceeds about 3 Umf · 

ll .5 APPLICATION OF TIIE MODEL TO THE HEAT EXCHANGER 

To apply the model Lo the heat exchanger the closed lcJp is 

replaced by two straig lit channels as c::hoi,n in Figure 1, .2 . 'i'he 

particles are considered Lo flow instantaneously ft·om the end 

of the hot channel into the s tart of the cold and vice versa . 
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FIGURE 4.2 CONFIGURATIO~J OF HEAT EXCHANGER 
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The areas of the two channels are the same as those of the hot and 

cold sides of the actual unit . The length3 of the channels are 

set equal to the respective lengths of the median lines in the 

heat exchanger and so the channel width can be calculated . 

There are several implicit assumptions in using the equivalent 

configuration for the theoretical model. Firstly equating the 

length of the channel to that of the median implies that the 

flow around the bend will be similar to that in the straight. 

This will not be correct, but it is the best approximation that 

can be made without determining the actual flow field . Secondly 

it is assumed that the change from the hot side to the cold is 

instantaneous and unaffected by the partition . However, material 

tends to pile up upstream of the partition so that the bed depth 

is not uniform. This problem arises because of the fundamental 

difference between the heat exchanger and McGaw's continuously 

fed bed. In the former the solids ' flow is promoted by the 

fluidising gas, but in the latter the flow is due to gravity. 

To the author's knowled:e no one h8s studied a flowing fluidised 

bed like that in the heat exchanger before, so it is not 

possible to quantify the inaccuracies produced by the 

approximations necessary to rlevelo~ a workable form of McGaw's 

theory. The model that has been formulated is therefore semi­

empirical. Some errors are mathematical in origin , such 3S 

assuming plug flow, but others arc due t.o the uncertainties 

with which parameters such as 11 can be determined. The 
p 
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semi-empirical model is, however, adequate for general predictions 

of the performance of the heat exchanger to be made. 

4. 6 GENERAL PREDICTIONS OF THE MODEL 

The theory has been used to make two types of prediction which 

are both important to the operation of the heat exchanger. These 

predictions concern the temperature differences in the bed when it 

reaches a steady- state, and the time taken to attain that steady­

state . 

4.6. 1 Steady-state conditions 

When the heat exchanger is in a steady-state there will be a 

temper ature di fference between the solids entering and leaving 

the channels shown in Figure 4 .2 . Also the solids and gas 

may not be in thermal equilibrium at the free surface of the 

bed even though a steady-state has been reached . It is 

important to know the extent of the deviation rrom eq1Jilibrium 

so that thermocouple measurements in the bed can be interpreted 

correctly. This can be done by plotting equation (4.6) as shown 

in Figures 4 . 3 to 4.5 . The curves are true for a na~row element 

of the bed which is perfectly mixed in a vertical direction and 

has a uniform temperature , T . 
p 

Tile quantity lV plotted on the 

vertical axis is given by equation 4.7 overleaf:-
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T - T 
go gi 

\JJ = (4.7) 

T - T p gi 

This is equal to unity if thermal equilibrium is achieved, 

or less than one if the gas has not attained the temperature 

of the solids during its passage up through the bed. 

Figure 4.3 shows the variation of \J} with fluidising velocity 

for a given d and h and three different bed depths . 
p p Clearly 

the shallower the bed, the less likely it is for thermal 

equilibrium to be achieved since the gas residence time is shorter. 

Figure 4.4 is the same except that the particle diameter is larger, 

namely 520 µm. Comparison of the two shows the curves in 

Figure 4.4 are always positioned below those on Figure 4.3 so 

that thermal equilibrium is more difficult to achieve with larger 

particles. 

Figure 4 . 5 shows that the temperature ratio \J} is quite sensitive 

to changes in h : as expected the smaller the heat transfer 
p 

coefficient, the greater is Lhe departure from equilibrium. 

Since h is difficult to measure reliably, Figure 4.5 shows 
p 

one of the problems of attempting to use the model, namely 

that h is unknown. 
p 

The poPsible range or h is quite large 
p 

so the ac<:uracy of the predictions related to thermal 

equilibrium is poor. Overall it can be seen that for an 

initial temperature difference between the solids and the 
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FIGURE 4.3 DEVIATION FROM THERMAL EQUILIBRIUM AT TOP OF BED 
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FIGURE 4.4 DEVIATION FROM THERMAL EQUILIBRIUM AT TOP OF BED 
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FIGURE 4.5 DEVIATION FROM THERMAL EQUILIBRIUM AT TOP OF BED 
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gas, Tp - T., of 100 K, the gas leaving the bed can differ 81 

in temperature from the particles by up to 10 K. It will 

be seen later how this result affects the interpretation of 

temperature measurements made under steady-state conditions . 

The particles are heated as they flow around the hot side of 

the heat exchanger and cooled by the cold, so there are 

temperature gradients around the circuit. The temperature 

difference between the hottest and coolest parts of the loop 

is ~T, and this can be predicted in the following manner . 

Equation (4.5) can be re-written for the cold and hot sides 

of the bed respectively as 

T = T . + (T . - T . ) K poc gic pie g1c c 

T = T .h + (T .h - T .h) Kh poh gi pi gi 

Under steady- state conditions T = T . h and T h = T . , 
poc pi po pie 

and combining these witn equations (4.8) apd (4 .9) gives 

T 
poc 

and 

T . 
pie 

= 

= 

\ 1 - K Kh) 
C 

T - T . ( 1-K ) poc gH' c 

K 
C 

80 

( 4. 8) 

( 4. 9) 

(4 . 10) 

(4.11) 



Hence 6T, which is T . - T , can be caleulated . pie poc If /),T 

is large then this will affect the calculation of the average 

outlet gas temperatures which must be found in order to 

determine the performance of the heat exchanger . These 

temperatures are only weakly dependent on h and d which 
p p 

have been chosen as 20 W m-
2 

K-l and 380 µm respectively. 

The hot and cold gas inlet temperatures have been taken to 

be 250 and 40 °c. The results of the calculations are 

shown in Figures 4.6 to 4.8 which are plots of 6T against 

hot side fluidising velocity, Ufh" 

Figure 4.6 shows that 6T does not depend strongly on the 

fluidising velocity, while Figure 4 . 7 demonstrates that 6T 

is greatest when the solids ' flow velocity is low. Under 

operating conditions, however, U 
p 

which reduces 6T considerably. 

-1 will be about 0 .2 ms 

Lastly, Figure 4.3 s hows 

the effect of bed depth on 6T: shallow beds produce the 

largest values for 6T . 

(. 

In most cases it is fo~, tha.\ 6~ is less then abou: 6 K 

with gas inlet temperatures of 40 and 250 °c . This 

difference is large enough to be readily measured, so the 

theory could be tested experimentally if the problems 

involving the measurement of U could be overcome. Also 
p 

the difference is sufficiently small for a numerical average 

of the tempera tures at only three points in each half of the 

bed to provide an adequate measure of the gas ouLlet 

temperatur es . Thjs is important because jt avoids having 
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FIGURE 4.6 STEADY-STATE TEMPERATURE DIFFERENCES 
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FIGURE 4. 7 STEADY- STATE TEMPERATURE DIFFERENCES 
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FIGURE 4 . 8 STEADY-STATE TEMPERATURE DIFFERENCES 
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to make many temperature measurements and then integrating these 

around the loop using Simpson ' s rule to find the gas outlet 

temperature . 

4.6.2 Time to reach steady-state 

The model can also be used to predict the time taken for the heat 

exchanger to attain a steady- state under given conditions. The 

method is to use equations (4 .8) and(4.9) on each revolution of 

the particles around the circuit . Initially the pa~ticles are 

considered to be at the cold gas inlet temperature, and after 

each revolution the lowest temperature in the loop is computed, 

that is T poc 
The time of each revolution is equal to U 

p 

divided by the total length of the channels . The iterative 

process can be written as a r ecurrence relation with T being 
n 

the calculated temper ature after n revolutions : 

T = T + K (T - T + ~ (T - Tgih)) (4 . 12) 
n+ 1 gic C gih gic n 

Hence the rate at whic-•: '1e b 0 d he~ts up can be predicted for 
.... 

given gas inlet conditions . 

Figures 4 . 9 and 4 . 10 show the results for gas inlet temperatures 

of IIQ 
-2 - 1 

and 250°c with dp = 380 µm and hp 2._20 Wm r. • 

Figure 4 . 9 shows that the time to reach the steady-stdte ic 

almost independent of solids ' flow velocity. The final 

85 



FlGURE 4.9 TIME TO REACH STEADY-STATE 
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FIGURE 4 .10 TIME TO REACH STEADY -STATE 
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temperatures are different because the variation of U leads 
p 

to differing temperatures around the loop . Figure IJ . 10 

demonstrates , not surprisingly, that the major factor in 

the heating time is the bed depth because less material has 

to be heated in shallower beds . 

Equation (IJ.12) is quite independent of the area of the bed, 

so that scaling- up the heat exchanger will not increase the 

heating time. With the chosen values of the experimental 

parameters, the bed will reach a steady-state in 200 to 500 s. 

This is quite rapid because the heat capacity of the bed is small , 

t~ough the heating of the containment will increase the time somewhat . 

IJ . 6.3 Conclusions from the model 

The qualitative conclusions from the model are as follows : ­

(i) the temperature differences around the bed are 

quite small ; 

(ii) the heat exchanger will move quickly towards a 

steady- state; 

(iii) the gas and particles may not be in ther111al 

equilibrium at the top of the bed ; 

and 

(iv) this can lead to difficulties in th3 interpretation 

of temperature measuremen t s in the bed . 
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l1. 7 EQUATIONS FOR THE EFF'ECTIVEIJESS OF THE HEAT EXCH/\tlGER 

For the purposes of completeness the basis for the evaluation 

of the performance of the heat exchanger will be presented here. 

There are several criteria which have been developed for ratin~ 

the performance of heat exchangers. These range from simple 

ratios of heat transferred to heat available, through to 

complicated concepts in which entropy increase is considered [98]. 

As the heat exchanger operates over a range of both hot and cold 

side mass flows and temperatures, a measure of effectiveness,~ , 

is required which takes these into account . 

The heat exchanger is considered to be a purely gas- to-gas 

co-current (parallel flow) heat exchanger. 

of a perfect parallel flow unit is given by 

m C 
gc gc 

E = . C + mgh Cgh m gc gc 

The efficiency 

(4 . 13) 

The efficiency of any real heat exchanger will be defined here 

as the ratio of the he w·~tr a. ferred from the hot ga~ to the 

cold, to the total heat available for transfer . That is 

m C (T T 
gic 

) 
gc gc goc 

E = ( 11. 1 4 ) 

mgh Cgh (T 'h - T 
gic 

) 
g1 
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The effectiveness of the heat exchanger is its actual 

efficiency from equation (4 . 14) divided by the best that 

can be achieved , namely equation (4 .1 3). 

given by 

Therefore 11 is 

(m C + m C ) (T - T ) 
gc gc gh g h goc gic 

'T] = (4.15) 

m C (T . - T . ) 
gh gh g1h g1c 

This is t he measure of heat exchanger performance that is used 

in all the analyses presented in this thesis. As a consequence 

of the above definition of 11 , in some circumstances the cr ossflow 

contribution to the heat exchange can be sufficiently large to 

render 11 sl ight ly g r eater than unity. 
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CHAPTER FIVE 

EXPERIMENTAL HE/\T EXCHAIJGER 

5.1 INTRODUCTION 

This chapter describes the design and construction of the 

experimental rig which was built to study the ideas contained 

in the patent [7]. Firstly the aims of the experiments are 

stated followed by the various constraints placed upon the 

size of the rig. Then the rig itself is described in detail 

together with its instrumentation and lastly the experimental 

procedure is outlined. 

5 .2 AIMS OF THE EXPERIMENTS 

Overall the intention was to establish whether a heat exchanger 

based on the patent would actually work. Within this very broad 

scope, several well -defined aims can be specified as follows :­

(i) to study the flow of the solids; 

(ii) to measure the heat recovery characteristics 

of the heat exchanger; 

(iii) to measure the leakage between the two gas str eams ; 

and (iv) to obtain sufficient understanding of the operation 

of the hea t exchanger for a much larger unit to be 

designed with confidence . 
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5.3 SIZING Of THE EXPERIMENTAL UNIT 

The size of the experimental unit was constrained by the amount 

of fluidising air available . It had been decided that an 

existing fan would be used to provide the air to fluidise the 

bed, and its performance therefore limited the area of the 

bed. The fan was of the centrifugal type, a Secomak 492/2, 

and its performance characteristic is shown in Figure 5.1. 

The maximum pressure available of about 12 kPa was ample for 

any realistic bed, but the maximum air flow of 0 .2 m3 s-1 

presented a limitation. To be able to attain a fluidising 

-1 
velocity of 1.5 ms at room temperature, the area of the 

2 bed could only be 0.13 m . However half of the bed will be 

operating at an elevated temperature so the fluidising air 

in that region will expand. The total area of the bed when 

2 
constructed was 0.16 m which provided sufficiently large 

fluidising velocities . 

The second major constraint on the unit was the form of heating 

to be used to produce the hot air stream. Electric heating 

appeared to be the easiest to control and a Secomak 441/2 heater 

was used. This could supply up to 9 kW with a maximum outlet 

0 temperature of 400 C. This was upgraded to a Secomak 15/2, 

rated at 18 kW, after several element failures in the earlier 

heater. In fact, at the air flows used, the outlet temperature 

was under 250 °c. This was a limitation in that the necessary 

heat transfer measurements would have been easier to carry out 

if the temperature differences had been larger. 
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Thus the size of the unit and its operating temperature were 

essentially fixed beforehand and the experimental programme 

was somewhat restricted as a result . In particular the 

heat exchanger could not be operated at temperatures in excess 

of 500 °c which would have tested the model more rigorously 

and possibly exposed other problems with the unit . 

5.4 EXPERIMENTAL UNIT 

The experimental unit was assembled at the University from 

sections fabricated both there and at Fluidfire . Figure 5 .2 

is a photograph of the complete installation which is shown 

schematically in Figure 5 . 3 and Figure 5 . 4 is a photograph 

of the heat exchanger alone . The air flow generated by 

the fan is controlled by gate valves and metered by the 

Rotameters. One air stream is heated upstream of the plenum 

chamber which is beneath the distr ibutor . The gate valves 

on top of the bed containment allow pressure differences to 

be developed above the two parts of the bed. In thj s section 

the construction of the heat exchanger will be consi~e~ed and 

the metering equipment will be dealt with in Section 5 .5. 

5 . 4.1 Plenutn chamber 

The plenum chamber acts as a settling volume which removes 

veloci Ly and pressure profiles from the incoming f1011 before 

the air passes through the distributor. In the heat. exchanger 

the plenum i s sp lit into two sect.ions, one supplying hot air 
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FIGURE 5.3 SCHEMATIC DIAGRAM OF EXPERtME TAL 
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ld · as shown in Figures 5.5 and 5.6. d t.hc ot.her co air' 
These 

· 11 of equal size because the distributor sect.ions are nom1.na Y 

However the distributor, 
l divided into two equal areas. 

ja a so 

nd hence Lhe plenum, can be split into two unequal zones should 

t heat exchanger duty require it. 

nw air cnte~s the plenum from a 2 inch (50 mm) diameter pipe, 

rt.er having been metered. The static pressure in each section 

or the plenum is measured at the two 6 mm pressure t appings in 

the base of the plenum . The inlet air temperatures are determined 

using two chromel/alumel thermocouples which penetrate the wall of 

lh plenum . The flange on t he top of the plenum seals against the 

und~rside of the distributor with an asbestos gasket. 

The plenum divider is the most critical component in the plenum 

eh mber . Ideally this should seal directly against the underside 

of Lhc distributor to prevent leakage between the two sections of 

the plenum . This is difficult to achieve in practice, particularly 

ln a small development rig where ease of dismantling is i mportant . 

Thus a simple l abyrint'1 seal was used, the form of Hhich will be 

xplnined in the next section , and this performed adequately. 

from Lhe point of view of the plenum, the pertinent dimensions 

re the Lhickness of the divider (2 mm) and the gap of 5 mm 

bctw en Lile top of the divider and the face of the fl ange . 
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2 Distributor plate i:! . 
·d a uniform supply of air to the bed distributor plate prov1 es 

of p rLiclcs above it. 
In the heat exchanger the distributor also 

uccs a directed air stream to move the particles as explained 

n 1.he patent. specification (Section 3.2) . The distributor material 

upplied by N. Greenings Ltd. of Warr ington a l though identical 

L rial is now made by Stone-Platt Electrical Ltd. for Fluidfire . 

t.ographs of a small piece of the material are shown in Figure 

5,7 and its critical dimensions are given in Figure 5 .8. The 

pl t. is formed by punching stainless steel sheet with a specially 

de die . This process is difficult to control accurately so 

th slot. width of O.l.J mm is sub ject to considerable variation, 

pos ibly as much as 20%. The overall percentage open area of the 

distributor is a nominal l.J . 4%. 

Th distributor plate for the heat exchanger was made from four 
pi C of Greenings ' sheet to form a complete loop. This is 

n in the drawing of the d • istributor in Figure 5 . 9 and the 

Photograph of the distributor when installed, Figure 5 _10 _ 

pJ c s of the distributor were 
butt-welded to each other to 

The 

lln1oisc the disruption 

11 s parates the two 

to the fluidising air flow. 
The central 

et.Ions of the 1 oop . 

opposing solids ' flows along 
the straight 

lvo sheets benPath Lhe 
distributor ( '"" ,·igur e 5 . 9) r· t 1 inside the 1 1111 d nn over the plenum 
divider which produces 

a simple labyrinth 
twl.'1•n the Lwo 

fluidising air t s earns . The s 1 ea worked very 
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FIGURE 5.8 DISTRIBUTOR PLATE CRITICAL DIMENSIONS 
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FIGURE 5 .9 DISTRIBUTOR PLATE DRAWINGS 
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well in practice with no measurable leakage across it. Since 

these sheets were welded to the underside of the distributor, air 

was prevented from passing through a strip of the distributor 

about 8 mm wide. It will be seen later that this small area of 

blocked off distributor may affect some aspects of the heat 

exchanger 's performance significantly . 

5.4.3 Bed containment 

The containment section of the heat exchanger forms the outside 

wall of the bed a,nd defines the freeboard of the unit as shown 

in Figure 5. 1 1 • It also holds the partition in place and supports 

the thermocouples and the gate valves in the air outlet flows. 

The lower flange is sealed on to the top of the distributor with 

an asbestos gasket . The complete plenum to containment seal is 

~de airtight by filling the edge with jointing compound which 

hardens under operating temperatures and has proven to be an 

excellent seal. 

The p8rtition above the bed separates the two air outlet flows. 

It is directly above the plenum divider and is positioned by 

the slides on the inside of the containment. A serie9 of 

interchangeable partitions was made as shown in Fi8urc 5- 12 · 

The six different items with the various values of dimension A 

corrcopond to a series of gaps between the bottom of the 

"art1· L · ct f 5 10 1r. 20 25 nnd 30 m · " ion an the distributor o , , :>, • • 

The size of this gap was more reproduciblP with six dJffcr~nt 
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FIGURE 5 .11 BED CONTAINMENT DRAW INGS 
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FIGURE 5.12 PARTITION DRAWINGS 

I \ 

I 
200 

I/ 

I 
A 

,, 

~IE--3 

,,. 295 ~ 

' .; 

DIMENSIONS : mm 

SCALE : 1 /3 FULL SIZE 

MATERIAL : 3 mm ALUMINIUM 

A = 70, 75, 80, 85, 90 AND 95 mm FOR SIX ITEMS 

) 

10 8 



partitions than if one movable par tition had been adjusted 

each time . The slot in the centre of the partition is a 

push fit over the central wall on the distributor . 

Two top plates were made for the containment to support the 

gate valves which control the pressures above each part of 

the bed as shown in Figure 5 .1 3 . By adjusting the gate 

valves a pressure differential between the two air streams 

leaving the bed could be generated . The effect of this 

pressure difference on the l eakage between the two streams 

was expected to be important , so it had to be possible to 

generate and control this differential . 

5.4 . 4 Bed material 

The choice of bed materia l principally depends upon two things; 

the particle size and the particle type . For the bed to fluidi nc 

satisfactorily the solids must fall into Geldart ' s Group B [16) 

as described in Section 2 . 2 . 3 . It will be recalled that the 

characteristics of Group B r equire that the particle mean ~ize 

-3 should be 4 0 to 500 µ m and the density 1400 to 11000 kG m . 

These limits are not exact, but at l east they indicate sooc of 

the required properties . I n addition the particles need o 

be rE>sistant to corrosion by hot exhaust gases , to attrition 

generally and in particular to that induced by thermal cycling· 

For use in a commer cial product the material must be rcactily 

available and as cheap as possible . With reference to these 

requirements, thE' discussion of Section 3 .6 concluded t;llat 
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FIGU RE 5.13 TOP PLATE FOR BED CONTAINME 
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alumina was the most suitable bed material. Fused alumina 

is available in two appropriate sizes from the Carborundum Co. 

Ltd. of Manchester. These were 46 grit with a size range of 

250 to 550 µ m (mean 380 µ m), and 36 gr it with a ranse or 

350 to 770 µ m (mean 520 µ m). The physical properties of 

alumina are given in Table 5.1 together ~ith their variation 

with temperature. 

5.4.5 Carbon dioxide tracer 

An important part of the experimental work was the measurement 

of the leakage between the two air streams. The simplest way 

to do this would be to mix a tracer gas into one stream and 

detect its presence in the other after passing through the heat 

exchanger. The tracer should be a non-toxic, easily detectable 

gas not normally present in air and on this basis carbon dioxide 

was chosen. The available detector, a Mexa 310 infra-red analyser 

manufactured by Horiba of Japan and supplied by T.E.M. Ltd. of 

Crawley, was fairly insensitive and only able to detect a 
r 

minimum co
2 

concentrat..:. ~, , of ,f .1o/o. With this performance at 

least 10¾ CO would have had to have been added to one stre~m 
2 

and this was thought to be too high. 

Therefore an alternative approach was adopted in which C02 was 

injected at a single point close to the boundary between th~ 

hot and cold air streams and detected on the other side of the 

boundary . 

Figure 5 . 1 J➔ • 

t 1·~ ~hown in detail in The experimental arrangemen - -

Th Wel•e made from 12 mm copper tube e injectors 
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Table 5 • 1 

Density 

Temperature 

(K} 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 

Physical properties of alumina 

3970 kg m -3 

Specific heat [ 99 ] 

( J kg -1 K-1) 

777 

959 

1050 

1105 

114 3 

1172 

119 6 

121 7 

1236 

1253 

i 269 

'"If ~ 

11 2 

Thermal conductivity (96] 

(W m-l K- 1) 

36.0 

26 . 4 

20 .2 

15.8 

12 .6 

10 . 4 

8.9 

7.9 

7. 1 

6.6 

6 . 1 



FIGURE 5.11. CARBON DIOXIDE INJECTION AND DETECTION 
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and the ends were sealed with jointing compound to the underside 

of the distributor, and the Co2 could be switched through either . 

The co
2 

probes were formed from 4 mm copper tube and were 

suspended from the top of the bed containment. The probes 

were positioned 5 mm above the bottom edge of the partition to 

ensure that the sample gas had crossed the boundary between the 

air streams prior to its withdrawal. The ends of the probes 

were blocked off and twelve 400 µ m diameter radial holes were 

drilled in each 3 mm from the end. These small holes prevented 

particles being sucked up into the analyser, although a fi lter 

was also placed in the line as a precaution. The analyser could 

be connected to any one of. the probes via a five-way valve . 

5.5 INSTRUMENTATION 

There were four different parameters to be measured on the 

experimental heat exchanger. These were air flow, t emperature, 

pressure and carbon dioxide concentration and these will be 

considered in turn. 

5.5.1 Flow measurement 

The flow meter s used for both the fluidi sing air and the C02 

tracer gas were Rotameters manufactured by GEC-Marcon i Process 

Control Ltd. (now Fisher Controls Ltd.) of Croydon · For ec:1ch 

of the two fluidising a ir flows t wo Type 65K Rotameters m~unted 

in parallel were used to measu;e the flow. Each of these was 
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calibrated in turn against a corner-tapped orifice made to 8S 10h2 

(lOO] by Honeywell Controls Ltd. It was found that none of the 

four Rotameters differed by more than 4o/o from the manufacturer's 

curve . The standard curve for a 65K Rotameter for air is shown 

in Figure 5. 15, although the ind'i vidual calibrations were used Lo 

calculate the flows. The air temperature and pressure at the 

inlet to the Rotameters were measured and the reading corrected. 

The leakage measurements required that the co2 velocity at the 

exit of the injector was the same as the fluidising velocity. 

Thus the co
2 

flow had to be metered and a 7K Rotameter was used 

for this . The Rotameter had to be re- calibrated to measure co
2 

rather than air and this was done using corrections recommended 

by the manufacturer. The co
2 

calibration of the 7K Rotameter 

is given in Figure 5 . 16 . 

5.5.2 Temperature measurement 

All the temperature measurements were made using chromel/alumel 

junction thermocouples supplied by BICC Ltd. The thermo-electric 

o· 
e.m.f . was measured relative to an ice/water bath at O C. using 

a Solartron A200 digital voltmeter which was checked againSt a 

standard Weston cell using a potentiometric bridge . The 

thermocouple calibration tables were taken from Kaye and 

Laby [101] and are shown graphically in Figure 5.17. 

Nine thermocouples were used to measure the temperatures around 

the system. The air temperatures were measured at Lhe inlet. 
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FIGURE 5.15 STANDARD CALIBRATION OF 65K 
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FIGURE 5.16 CALIBRATION OF 7K ROTAMETER FOR 

CARBON DIOXIDE 

from manufacturer's data sheets RP. 2307 -A and 
RP. 2552 
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FIGURE 5.17 CHROMEL/ALUMEL THERMOCOUPLE CALIBRATION 

from Kaye and Laby [ 1011 
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manifold to the 65 K Rotameters and in each side of the plenum 

chamber, these latter being the hot and cold air inlet 

temperatures. Six thermocouples were supported from the top 

of the bed conta_inment and measured the temper ature at six 

dif_ferent points a bout 5 mm bel ow the bed surface. The 

measurement points in the bed are shown in Figure 5.18 and 

were all on the centre l i ne of the loop. The arithmetic 

averages of the three temperatures in each side of the bed 

were taken to be the mean outlet temperatures of the air 

streams . As will be described later, these results must be 

interpr eted whilst bearing in mind that thermal equilibrium 

between air and particl es might not be attained . 

5.5 . 3 Pressure measurement 

The air pressures in the system were measured with a water-filled 

U- tube manometer which had one arm open to atmosphere. The sLatic 

pressures in each side of the plenum chamber were measured at the 

positions shown in Figure 5.5, and the Rotameter flow readings were 

corrected for these pressures to account for the higher fluid 

density at the flow meter. The other measurement was the 

differential pressure between the freeboard spaces on either side 

of the partition as this affected the leakage between the two 

streams . 

2..:.5 .II Leakage measurement 

The C02 detector was a Mexa 310 with a sensitivity of 0 .1 % and 
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FIGURE 5.18 TEMPERATURE MEASUREMENT POSIT IONS 
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a full scale deflection of 15%. Under some conditions the 

meter showed concentrations in excess of this and the scale 

was extrapolated approximate ly to 25%. The measurement 

procedure is des?ribed with reference to Figure 5.14 which shows 

the experimental arrangement. The co2 was fed from a cylinder 

via a regulator and the 7K Rotameter to either of the two 

injectors in the hot side of the bed. The Co2 exit velocity 

was set equal to the fluidising velocity in that side of the 

bed to min imise the disturbance caused by injection. The 

analyser registered the co2 concentration at each of the 

four probes in turn. The small holes in the probes 

restricted the sample gas flow considerably, and the slow 

purging resulted in the response time rising to about 10 s . 

However the experimental results were found to be reproducible 

despite this long response time. 

5 .6 EXPERIMENTAL PROCEDURE 

Having chosen the particle size, bed depth and the gap between 

the partition and the d!stributor, the following procedure was 

adopted in the experime~tal wor k on the heat exchanger . The 

hot side mass flow was selected along with the maximum cold 

side flow and these were set on th~ Rotameters . The air 

heater was then switched on ~nd the heat exchanger approached 

a steady-state. It took about 1000 s for a steady-St ate Lo 

be att~ined and the temperatures in the system then oscillated 

slowly by about O. 5 K. 
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To Plot a performance curve, the hot mass flow was . t . "' main a1ned 

tant and the cold mass flow reduced in small cons steps. At 

each point all the thermocouple voltages and air pressures 

were noted before the cold flow was reduced to the next value . 

The changes were small so that the heat exchanger never drifted 

far from the steady-state which was re- established within 100 s 

of the step change. The reduction of the cold flow ceased when 

the particles no longer circulated around the heat exchanger, so 

then a new hot mass flow was chosen and the procedure repeated. 

The leakage measurements were made separately from the performance 

curves because the leakage study formed the second phase of the 

experimental work. A steady- state was established and co
2 

was 

fed to .one of the injectors. At each value of the cold mass 

flow, the gate valves on top of the bed containment were closed 

slowly to develop a pressure difference between the air outlet 

streams. The co
2 

concentrations were then noted at each of 

the probes for different values of the differential pressure. 

In the experimental wor.', care always had to be taken to ensure 
' "'-' ~ 

that a steady-state had been reached. By keeping the hot mass 

flow constant to plot a performance characteristic, the power 

supplied and the hot air inlet temperature were held const~nt 

also . If the hot flow had been varied and the cold flow been 

fixeo instead this would not have been the case . Interpretation 

of the data would then have been more difficult and the trends 

harder to uncover. 
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CHAPTER SIX 

OPERATIONAL CHARACTERISTICS OF THE 

EXPERIMENTAL HEAT EXCHANGER 

6. 1 INTRODUCTION 

This chapter describes the work carried out on the experimental 

heat exchanger, the design of which was detailed in the previous 

chapter. The aim of the experiments was to find how the heat 

exchanger performed, not to study the reasons for its behaviour. 

For instance the momentum transfer from the fluidising air to 

the particles which makes the bed circulate and the mechanisms 

involved were not considered . The experiments focused on two 

aspects of the operation of the unit, namely the effectiveness 

of heat exchange and the leakage from one air stream to the 

other. Before describing these the basic practical properties 

of the distributor plate and the particles will be discussed. 

6.2 DISTRIBUTOR PLATE PRESSURE DROP CHARACTERISTICS 

The distributor plate used in the heat exchanger was formed 

from sections of Greening s ' sheet . The specification and 

nominal dimens i ons of the sheet are shown in Figure 5 ·8 · 

The pressure drop across the bed' 6. pd' increases with the 

air v~locity throug h it and the plot of this characteriSt ic 
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* in Figure 6.1. is shown The two curves are for each part 

of the distributor s ince the hot and cold sides of the heat 

exchanger can be regarded as distinct distributors though 

6pd was measured under ambient conditions on both sides. 

It can be seen that the hot side pressure drop is some 15% 

greater than that of the cold side. This is presumably 

due to differences between the two parts of the distributor 

and there are two possible explanations. Firstly the 

butt welds in the plate (Figure 5.9) may block off different 

. areas of each side of the distributor. Secondly there may 

be non-uniformity of the slot size in the plate, though the 

distributor was fabricated from pieces from a single sheet. 

Many distributors exhibit a power law relationship of the 

form l'.p d cc U f n, and analysis of the curves in Figure 6. 1 

shows that both s ides of the distributor have the same 

value of n, namely n = 2.0. Since in this sense the two 

sides are the same, the difference between them may be 

caused by the blockage of some slots rather than by real 

differences in the form of the slots themselves . No 

large blockages could be seen , however, by careful visual 

observation and the e ffect might r esult from the existence 

of small burrs on the edges of the s lots since no special 

attention was given to their removal. Whatever the ~ause, 

* The Figures in this chapter are to be found at the 

end or the chap t er . 
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this disparity is unlikely to affect the performance of the 

heat exchanger significantly and serves only to highlight 

the differences in flow characteristics which can arise 

between supposedly identical distributors. 

6.3 MINIMUM FLUIDISING VELOCITY OF THE PARTICLES 

The minimum fluidising velocity, U f' of each size of . m 

alumina grit used in the heat exchanger was determined 

in a small separate bed 140 mm in diameter. This had 

a porous tile distributor and compressed air was used 

to produce fluidisation. The distributor plate 

characteristic was measured and the pressure drop across 

the bed, 6 p b, was found by subtraction from the total 

pressure drop. In these experiments the fluidising 

velocity was · gradually reduced from well above U ~ to mr 

zero. The resulting graphs are shown in Figures 6 .2 

and 6. 3. The beds were shallow, only 11 and 13 mm deep, 

so that the distributor plate pressure drop was always 

-~ 
much larger than that c:" the ted. This ensured that 

the fluidisation was stabl e [102] and also that the 

bed depth was much less than the diameter of the bed. 

As Pillai has r eported [6] there is a tendency in 

shallow beds for 6 pb to be less than the weight per 

unit area of the b d e • There were indications in the 

-current experiments also of this effect, although it 

was not studied a s the intention was only to measure 0mr · 
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The determination of Umf from the pressure drop data has been 

described earlier with reference to Figure 2.4 and this can be 

done quite accurately for Figures 6 .2 and 6 .3. The values 

of umf for 46 and 36 grit alumina are 0.22 and o. 32 ms-1 

respectively. Below these values of fluidising velocity 

the bed would not be fluidised so it is impossible for the 

heat exchanger to operate below these limits. It will be 

shown l ater that flu idising velocities significantly in 

excess of Umf are needed to initiate the circulation of 

the particles which is essential to the operation of the 

heat exchanger. 

6.4 THERMOCOUPLE MEASUREMENTS I N A FLUIDISED BED 

The question of whether a thermocouple i mmersed in a 

fluidised bed measures particle or gas temperature has 

been rai sed already. There is no difficulty if the 

gas and part icles are in thermal equilibrium as their 

temperatures are then the same. However the t heoretical 

analysis outlined in s'c§·" i on 4 .4 shows that thermal - \ 

equilibrium will not have been attained at the top of 

the bed in the heat exchanger because the bed is so 

shallow. Singh and Ferron [39] used a radiation 

pyrometer to measure particle temperature , Tp, and an 

energy bala nce to deduce the gas temperature , 1g · 

They postulated that t~e bed temper ature as measured 

by an immersed thermocouple , Tb , was given by the 
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simple relation 

= OCT 
g 

(1- a.) T 
p 

where CJ. is an empirical constant defined to fit this 

( 6 • 1 ) 

equation. They inferred that a. was about 0.2 and therefore 

the immersed the rmocouple measured a temperature equivalent 

to 80o/o of the particle temperature plus 20% of the gas 

temperature. 

We can writ e 

T 
p 

= T + 6 
g 

( 6 .2) 

where 6 is the temperature difference between the solid and 

the gas at the measurement point . The theoretical model 

provides an estimate of 6 , so combining equations (6.1) 

and (6. 2 ) gives 

( 6. 3) 

Thus we can account for the fact that the gas and particles 
cm~c,ftk 

are not in thermal equilibrium and can obtain f,t true gas 

temperature from the measured bed t emperature. 

6.5 RANGE OF VARIABLES COVERED IN THE EXPERIMCNTS 

The range of variables covered in the experiments is given 

in Table 6.1 along with the air inlet condit ions. The 

upper limits of the fluidising velocities were fixed by the 

restricted flow rate available from the fan· However 
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Table 6 · l Range of variables 

Variable 

Hot side fluidising velocity 

Cold side fluidising velocity 

Bed depth 

Partition gap 

Particle diameter 

Hot air inlet temperature 

Cold air inlet temperature 

Range 

0to1.3ms-1 

0 to 1. 0 ms -l 

15 to 50 mm 

5 to 30 mm 

380 and 520 µm (46 and 36 grit) 

200 to 250 °c 

35 to 45 °c 
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above these velocities particle entrainment would have become 

verY severe and operation fruitless. The covering patent [ 7] 

specifies that the bed depth should be between 12 and 75 mm, but 

early experiments quickly established that depths greater than 

50 mm were of decreasing value. The par tition gap between the 

lower edge of the partition and the distributor (Figure 3 .2 ) 

was varied in 5 mm steps from 5 to 30 mm . This provided a 

complete range of flow phenomena when the condition of no 

partition being present was also included. The alumina 

particles_ were available in two sizes, 46 and 36 grit, from 

the Carborundum Co. Ltd. of Manchester. The hot gas inlet 

0 
temperature was limited to 250 C by the power output of the 

heater and the cold gas was raised slightly above room 

temperature by the action of the fan. 

6:6 PARTICLE FLOW AROUND THE HEAT EXCHANGER 

The operation of the heat exchanger requires that the 

particles circulate around the closed loop defined by the 

distributor plate. I t is necessary to obtain some estimate 
~ 

"'-I ' j( of the circulation period so that an average value of the 

solids' flow velocity, 

model . Figure 6. 4 is 

U , can be entered into the theoretical 
p 

a photograph of the bed and its 

turbulent nature can be seen readily, although it is ~ot clear 

that the bed is actual ly flowing in a clockwise direction 

when Vi ewed from a bove. The measurement of the solids' 

Velocity is therefore difficult as the bed is too turbulent 
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for Botteri l l ' s turbine device [68] to survive. Yet the use 

of a float has been criticised by McGuigan [64] as being 

unreliable and unrepresentative of the solids' flow velocity. 

Timing the passage of a float is, however, the only simple 

method of determini ng UP so it was used despite its drawbacks. 

A 10 mm cube of perspex was used as the float and the circulation 

period was the average of ten complete circuits . The variation 

of the period with fluidising velocity is s hown i n Figure 6.5 . 

These measurements were taken with no part i t i on present, since 

if there were one, it would stop the float, and with the same 

fluidi sing velocity in each side of t he bed. It can be seen 

that Uf has to be about 2 Umf for c irculation to s t art and 

that the shallower bed flows more easily. The onset of 

circulation is quite sudden and the maximum solids' flow 

-1 
velocity i s achieved at a Uf of about O.Bms . The 

mini mum period of 5 scorresponds to a solids' velocity 

-1 of 0.2 ms • This maximum value of U is the same for 
p 

both bed depths and cannot be increased wi th fluidis ing 

velocity. It in gover:.ed by the momentum transfer to 

t he particles, and hence is a function of distributor 

plate des i gn and _the properties of the particles and 

fluidising gas. 

There are two f l ow phenomena which have been seen in the 

solids' circulation a r ound the heat exchanger . The first 

of these is the "hydraulic jump", s hown in Figures 6 .6 and 
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6•7 , which is produced occasionally near to the partition. 

It is seen with beds less than about 30 mm deep and with small 

partition gaps• The particles move very rapidly just beyond 

the partition if the fluidising velocity is appropriate, and 

the hydraulic jump so produced is quite stable . The second 

observation is that stagnant, recirculating zones can be created 

in the bed in the lee of the central wall as shown in Figure 6.8 . 

These zones form because the distributor onl y moves the particles 

in a straight line and cannot accelerate them around curves . so 

some of the particles are left behind after the sharp corners at 

the ends of the central wall. This reduces the heat exchange 

between the two air streams and so should be avoided if possible. 

6.7 HEAT RECOVERY PERFORMANCE 

The measure of the heat exchanger's performance is its 

effectiveness, 1 , which is defined in equation (4.15) and 

derived in Section 4.7. The experimental procedure which 

was used to obtain the performance curves is described in 

Section 5 .6. Before presenting the experimental data, a 

typical curve will be described and its shape discussed. 

Figure 6 . 9 shows the general s hape of a performance curve , 

and it will be seen later that all the curves exhibit this 

gener al form. If the fluidising veloc{ty is less than 

Umf then the bed does not circula te , but circulation quickly 

improves with increasing fluidising velocity (Figure 6·5 ) 
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and so the effectiveness rises sharply at A in Figure 6 _9 _ 

The effectiveness approaches a maximum value at B because 

the circulation becomes the most rapid attainable. Finally 

the curve flattens out at C and no further increase in 1] 

can be effected. The curve levels at -n 1 oo 
·1 = • so the 

unit operates as if it were similar to a perfect parallel 

flow heat exchanger. 

The complete set of experimental data is shown in tigures 

6.10 to 6.49. A specimen calculation showing how the 

effectiveness is derived from the initial measurements is 

given in Appendix 2. The r ange of the experimental 

variables is given in Table 6.1 and this was wide enough 

to allow a thorough investigat i on of the heat recovery 

performance of the heat exchanger. The various trends 

which can be seen in the large amount of data will be 

considered in turn following a general review of the data. 

6.7 .1 General review cz1·-".he data 
-~ • ;-;J 

It is important to look fi r st at the data qualitativPly 

and comment upon their accur acy and consistency. The 

graphs show that l] decreases steadily with decreasi~g 

fluidising velocity and this monotonic trend is only rar ely 

disturbed as for examp l e in Figure 6.11, Ufh 
-1 

= 1 . 23 ins 

Since this i s an isolated case it 

may be concluded that l] was measured regularly to wi th in 

13 2 



~ 0.01. The scatter of the points on the curves 1·s 1 f ess or 

smaller partition gaps. In particular the curves with no 

partition, such as Figure 6.30, tend to be quite confused. 

A possible explanation for this is that the partition 

stabilises the solids' flow by impeding it and so reduces 

the fluctuations in temperature which in turn decrease the 

accuracy of the measurement of effectiveness. The set of 

curves for the larger 520 µ m particles (Figures 6.36 to 

6.49) is not complete like that of the smaller 380 µm 

material. The intention was only to gather sufficient 

data to establish whether the patterns in the data for the 

smaller particles were also present when the larger grit 

was employed. 

6.7 .2 Effect of fluidising velocity 

The performance characteristics shown in Figures 6.10 to 6.49 are 

each for a fixed bed depth and partition gap but for several 

different hot s ide fluidising velocities , Ufh . It can be seen 

that Vfh affects the -~ vers~s cold side fluidising velocity , 

Ufc' curves and al l the results show the same trend to varying 

degrees. Figure 6.18 for a 25 mm deep bed of 46 grit and a 

partition gap of 15 mm is an especially good example of this. 

The effectiveness falls more sharply for smaller values of 

Ufh because the circulation depends on both fluidising 

Velocities . . t . d at lower values Circulation can be main a1ne 
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f U if ufh. is large. 
0 fc 

In fact with U 
fh = 1 27 - 1 . ms the 

solids continue to circulate with Ufc almost as low as umf· 

This effect is almost certainly dependent upon the size and 

geometry of the bed, because in large beds the flow of the 

solids on one side could be driven less readily by that on 

the other. Therefore as the bed increases in size the 

performance curves are expected to tend toward that for 

the lowest value of Ufh. 

The second effect of fluidising velocity is that '1 reaches 

a siightly higher value if Ufh is small. This is because 

the particles and air will more nearly reach the same temperature 

at low flui dising velocities because the air residence time in 

the bed i s then greater . More heat is then exchanged between 

air and particles and so I] is increased if Uf is low. The 

results show that it only needs the fluidising velocity on one 

side of the heat exchanger (in this case Ufh) to change for this 

effect to manifest itself. 

6.7.3 Effect of bed depth 

The heat r ecovery perfcrmance of the heat exchanger is affected 

by the depth of the bed as shown in Figure 6 • 50 • These 

characteristics are fo, a bed of 46 grit alumina, a partit.i.on 

-1 
gap of 15 rnm and Ufh = 1 .03 rr. ., • The curves are the 

appropri a te ones selected from the complete set of data, 

although other simi l ar g r oups s how the same treod of 

With bed d th ep • 
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It can be seen that 1j is larger for shallower beds except in 

the case of the shallowest, 20 mm. Deep beds circulate less 

easily than shallow ones for given fluidising velcicities and 

50 1] is reduced. In the case of the 20 mm bed 1] does 

not increase because the limiting factor is no longer particle 

circulation but the fact that the air residence time is too 

short for the heat to be transferred fully. At the lowest 

values of Ufc, however, 1] is greatest for the 20 mm bed 

because the deeper beds have ceased to circulate. 

In Section 4.2 it was shown that the optimum gas flow pattern 

~n the bed for heat transfer between gas and particles was 

plug flow . This pattern is approached more closely in 

shallow beds so lj is reduced in deeper beds. Thus the 

data imply that shal low beds should be used in the heat 

exchanger, but depths less than 25 mm are not satisfactory. 

6.7.4 Effect of partition gap 

Figure 6.51 shows the influence of the partition gap on the 
-1 

effectiveness for a 40 mm deep bed of 46 grit and Ufh = l.03 ms 

As with the bed depth effects, the trend shown in Figure 6,5 1 is 

repeated in similar sets of Jata for both particle sizes and the 

curves are taken from the co~plete set of data. The curves show 

th t ~ . . u f small partition a 1] r alls off at higlY'r values of fh or 

gaps. This is not a surpri~ing re sult for the gap impedes 

circulation and the solid s ' flow cannot be sustained at low 
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·u with small gaps• 
fc. 

With no partition present (that is 

effectively an infinite gap) the circulation of the 40 mm 

bed continues even only just above Umf· At high values 

of ufc the trend becomes confused and it is not clear if 

the partition gap significantly affects the maximum 

effectiveness attainable. It should not, because similar 
' 

circulation r ates are obtained for any partition gap over 

/5 mm provided the fluidising velocities are greater than 

-1 
0.9 ms 

It is important to consider the relative effects of bed 

depth and partition gap on the effectiveness. This can be 

seen in Figure 6.52 where the three curves are for cases in 

which the penetrations of the partition into the bed are the 

same. There is little difference between these curves above 

-1 
Ufc = 0.5 ms ; below this the 30 mm deep/10 mm gap curve 

falls off as circulation ceases. Since the characteristics 

are similar , it may be inferred that the advantages of using 

a shallow bed for good circulation are balanced by the 

restriction of a small o~rt ition gap. Converse:y a larger 
-~- ~ ii 

gap in a deeper bed is no better because of the inherently 

poor flow properties of the deeper bed. For the geo~etry 

and size of the experimental unit, it would appear thct if 

the penetrations ar e the same, differ ent combinations of 

depth and gap have similar heat recovery perforrnances · 

There i s no reason to be lieve tha t this is due to something 
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other than chance, so the conclusion must be applied with 

caution to future, l arger units. 

6:7.5 Effect of partic l e size 

The minimum fluidising ve locity of the larger 520 µ m 

particles is clearly larger than that of the smaller 

380 µm material-. Hence higher fluidising velocit ies 

are needed to operate the heat exchanger wi th the larger 

parti cl es, a result demonstrated by the comparison of 

appropriate pairs of characteristics, for example Figures 

6.22 and 6.42. It is, however, more useful to plot 1 

against multiples of the relevant minimum fluidising 

velocity for each of the particle sizes as shown in 

Figures 6.53 to 6.55. The curves for each of the two 

values of Ufh now align more closely in the three instances 

shown, but the agreement is not good . This suggests that 

Umf is not a suitable characterisation of the particles for 

describing the solids' fl~w in the heat exchanger. This 

i s not a surprising result considering the novel form of 

the distributor p~ate m2terial which has not been studied 

before. Of equal practical importance is the unexpected 

finding that the effectiveness appears to increase more 

sharp l y with U for the larger particles , though it is 
fc 

not c l ear if a higher maximum va lue can be attained . 

To show that this effect is not confined by chance to juSt 
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one particular combination of bed depth and partition gap, 

three different cases are shown in Figures 6.53 to 6. 55 _ 

In all of these ~ rises more quickly for the larger 

particles and this implies that the circulation rate 

also increases more sharply with fluidising velocity for 

larger particles. It is not clear why this is so, but 

it is presumably a result of the complex interaction between 

the air and the particles which transfers the momentum to 

the solids from the air. A detailed study of this 

interaction was beyond the scope of the work reported here 

and the understanding of this phenomenon will have to await 

that study. 

6.8 LEAKAGE BETWEEN THE AIR STREAMS 

To de\ermine the cross-contamination between the two air streams, 

carbon dioxide was used as a tracer gas as described in Section 

5.4.5. The experimental data for the measurements of leakage 

are shown in Figures 6.56 to 6.63 in which the co2 concentration 

at each probe is plotted against ~p . , the pressure difference 
- air 

between the two a5r streams a~ove the bed. The experimental 

arrangement is shown in Figure 5 .14, and all the graphs are 

for injector 1 and probes 1, 2 and 3. Under no conditions 

did the concentration at probe 4 exceed 1% which was much less 

than at any of the other three. 2 d .d not produce Also injector 1 

concentrations above 1% at any of the four probes, so these 

results are not plotted . 
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The· major point to be made about the leakage graphs is that 

theY are not very accurate. The concentrations fluctuated 

considerably over a period of about 15 s, particularly at 

the higher values. Broadly, the deviation was about half 

of the actual value, thus the measurement might be 10 ~ So/o. 

That this fluctuation occurs is evidence of the confused 

nature of the bed at the boundary between the two air streams. 

The construction of the distributor plate (Figure 5.9) inevitably 

produces a de-fluidised zone because a small area of the distributor 

is blocked off as shown in Figure 6.64. It is possible that this 

zone is not completely stable and that it breaks down occasionally 

which leads to a sudden increase in the leakage. Further work 

will be necessary to establish the influence of the de-fluidised 

zone on the leakage, though the overall effect is likely to be 

to reduce l eakage . 

With these reservations in mind, the leakage results will be 

discussed. Probe 2 is that which is directly in line with the 

jnjector, so it is not surprising that this registers the highest 

concentrations. Probes and 3 should be disposed symmetr~cally 

and so read the same , but probe 1 is consistently the higher. 

This implies asymmetry in the system which is probably due to 

Lhe injector covering parts of two slots in the distributor 

rather than just one. Since the errors of these experiments 

are large , only general conclusions can be drawn about the 

effect of the bed parameters on the l eakage . The maximum 

value of 6 p . which could be obtained was limited by the 
air 
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spray of particles from the partition gap which could be 

contained in the freeboard. The leakage tended to remain 

roughly constant until at some value of 6 pair it fell sharply. 

Thus the higher pressure above the cold side with respect to the 

hot could be employed successfully to inhibit l eakage from hot 

to cold. 

The critical value of 6 pair at which the leakage was reduced was 

related to the bed parameters in the following manner:-

. ( i ) 

(ii) 

U has little effect on the critical value; 
fc 

Comparison of Figures 6.56, 6.59 and 6 .63 suggests 

that the critical value is higher with a deeper bed 

for the same partition gap; 

(iii) Figures 6.57, 6.59 and 6 .61 imply that the critical 

(i V) 

value is smaller for a larger partition gap. This 

is contrary to the initial expectation that a smaller 

gap should reduce leakage. It may be because the de-

fluidised zone is unstable wi th a small gap whereas a 

larger gap provides space for both the flowing 2olids 

and a stable de-fluidised region; 

The effect of Ufh ~an be seen by comparing Figures 

6.58 to 6.60 which indic~tes t~at t~e critical value 

is lower for small~r Ufh' The l eakage comes from 

close to the partiLion s0 if Lhe air velocity is 

reduced it has a smaller velocity pressure and so 

is more easily inhibited; 
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and 

(v) Figure 6.62 shows that the leakage is not increased 

by reversing the pressure difference and pressurising 

the hot freeboard. 

It is possible to estimate the overall leakage of the heat 

exchanger because the source of the contaminating gas is 

localised. Since negligible leakage was detected from 

injector 2, all the leakage gas comes from within 25. mm of 

the partition. The concentrations at the front three probes 

imply that almost 40% of the Co2 reached the other air stream 

when tw . was smal 1. air This could be reduced to one fifth 

of this value if 6 p . were increased suff_ iciently. For air 

the heat exchanger as a whole, the leakage could be decreased 

from 2% to 0.4% by the provision of a pressure difference between 

the outlet air streams . This result applies only to the size 

and geometry of this particular experimental unit, but for larger 

units the leakage should be less as the area producing the 

contaminating gas will be proportionately less. Also the idea 

of staggering the partit ion away from the plenum division 

(Figure 3 .4) appears to \e use'ful if the partit.:./. is moved 

about 25 mm downstream of the division. 

During the leakage measurements the effectiveness of the heat 

exchanger was monitored to find out if it was affected adversely 

?Y the pressure difference being applied to reduce leakage. It 

was found that 1 was decreased only slightly by increasing 



A p. from, for example, 0,99 to 0 , 95. 
v air Thus it would seem 

that the pressure differential does not impede the solids' 

flow significantly, so the heat exchanger continues to operate 

satisfactorily• 

6.9 EXPERIMENTAL VERIFICATION OF THE THEORETICAL MODEL 

There are two predictions of the theoretical model which can 

be verified using the data from the experimental unit. These 

are the steady-state temperature differences of the solids as 

they flow around the circuit, and the time required to reach 

that steady-state. The relevant theory is described in 

Sections 4.6.1 and 4.6.2, and the two predictions will be 

considered in turn . 

The steady-state temperature distribution is affected most by 

the solids' flow velocity, U , as shown in Figures 4.6 to 4.8 . 
p 

As discussed in Section 6.6 it is very difficult to measure 

U in the heat exchange r so the comparison of experiment and p 

theory is almost irnpois~ble. All that can be stated reliably 

is that the measured temperature differentials are about 4 to 6 K 

at maximum effectiveness . This is broad ly in line with what 

woul d be expected if U 
p 

_, 
were about O. 15 ms which gives a 

circulation period of 6 s . This agrees with the data shown 

in Figure G.5, so theory and experiment are roughly consiSt ent . 
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It l·s easier to verify the theory in respect of the t· . ime required 

for the heat exchanger to attain a steady-state. This time is 

affected most by the depth of the bed, that is its thermal 

capacity, as shown in Figures 4.9 and 4. 10. The heat-up 

experiment was carried out in a 30 mm deep bed of 380 µm 

alumina wi t.h a partition gap of 15 mm and the results are shown 

in Figure 6. 65 • The hot and cold air inlet temperatures were 

not constant during the experiment, so the accompanying 

theoretical curve is calculated point by point to account for 

the changing temperatures. This also meant that the fluidising 

-velocities changed since the mass flows were constant, but the 

theoretical result assumes that U was unaffected by these p 

changes. After the 900 s measuring period the experimental 

curve was rising faster than that for the theory, so they may 

reach the same final value. The agreement is fair, but if 

the thermal capacity of the bed were increased by 25% the 

curves would almost coincide. This increase is not 

unreasonable since the theory does not take into account the 

inevitable heating of the distributor and bed containment. 

Thus it may be concluded that the theory is realistic, but t~at 

it is not possible to test it rigorously because U is so p 

difficult to determine reliably. 

6-10 SUMMARY OF OVERALL PERFORMANCE 

The work on the experimental unit shows conclusively that the 
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t exchanger functions such that its effectiveness a hea pp roaches 

that of a perfect parallel flow unit. The effects of bed 

d th Partition gap and fluidising velocity can all bee 1 . ep , xp a1ned 

in terms of their influences on particle circulation. Thus any 

change which impedes the solids' flow reduces the effectiveness, 

so 1 decreases with increasing bed depth, decreasing partition 

gap and decreasing fluidising velocity. The leakage between the 

two streams is about 2% by volume and i t al l originates within 

about 25 mm of the boundary between the streams. The leakage 

from hot to cold can be reduced by the application of a pressure 

differential such that the freeboard above the cold bed i s 

pr~ssurised with respect to the hot. 

In the next chapter it will be seen how these results affect the 

likely market for the heat exchanger by comparing the required 

performance with that of which the system is capabl e . This will 

reveal the probable success of the product in the market place and 

establish whether or not it is likely to be a successful innovation . 
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FIGURE 6 . 4 SOLIDS ' CIRCULATION 
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FIGURE 6 .9 TYPICAL PERFORMANCE CHARACTERISTIC -
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FIGURE 6.10 Z = 15 mm d = 380 µm GAP:: 5 mm . p , 
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FIGURE 6.14 Z = 2 0 mm. dp = 380 µrn, GAP = 10 mm 
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FIGURE 6. 16 
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FIGURE 6. 22 Z = 30 mm, d = 380 µm p ' 
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FIGURE 6. 24 Z =30 mm. dp:: 380 µm, GAP =2S mm 
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FIGURE 6 . 26 Z =40 mm, dp = 380 µm, GAP :: 10 mm 
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FIGURE 6. 28 Z =40 mm, d p = 380 µm , GA p :: 20 mm 
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F I G U RE 6 . 3 0 Z = 4 0 mm , d p ::: 3 8 0 µm , NO PA R T IT I o N 

ufh(ms-1) 

1 . 1 
0 1. 28 

D 1. 04 
6. 0. 7 7 
V 0. 60 

0.9 

0.7 

0 0.5 

FIGURE 6. 31 Z =50 mm. dp =380 µm, GAP= 10 mm 
-----------

1.1 

0.9 

0.7 

0 0.5 

164 



FIGURE 6.32 Z =50 mm, d p = 380 µm. GAP ::15 mm 
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FIG UR E 6 . 3 4 Z = 5 0 mm , d p = 3 BO µ m , GA p = 3 o mm 
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FIGURE 6 . 36 Z =15 mm, dp:: 520 µm, GAP ::10 mm 
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FIGURE 6.38 Z=20mm, dp=520i1 m,GAP ::1Smm 
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FIGURE 6. 40 Z =25 mm. dp = 520 µm. GAP =15 mm 
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FIGURE 6. 50 dp =380 µm. GAP ::15 mm, Ufh::1,03 m 
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FIGURE 6. 54 Z =15 mm , GAP =10 mm 
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CHAPTER SEVEN 

THE MARKET FOR THE HEAT EXCHANGER 

7.1 THE NEED FOR WASTE HEAT RECOVERY 

To demonstrate why it is important to develop new types of 

heat exchanger, the role of energy conservation in the United 

Kingdom will be reviewed. Fuel - particularly oil - is 

becoming more expensive and scarce and this trend is likely 

to continue for the foreseeable future. During 1978 security 

of suppl y became another, more urgent, reason for conservation 

as the Iranian Revolution suddenly put part of the world's oil 

supply in jeopardy. At the time of writing the war between 

Iran and Iraq is also threatening to disrupt the supply. 

Hence it is increasingly important and profitable for users 

to conserve fuel by all the means available to them. One 

particular aspect of energy conservation is the recovery and 

subsequent use of heat that would otherwise be lost to the 

environment. This is waste heat reeovery (WHR ) and it 

encompasses energy sources such as gaseous, liquid and 

solid effluents . Air-conditioning exhausts and dirty gas 
r 

from combustion processes are particularly important potential 

sources in the context of thi s thesis. 

I ~ i·s l . wa~~e heat if it can be used nearby - on y worth recovering --

at the time it is available, otherwise the inSt allation is 

uneconomic . The recovery of waste heat, however, can be of 

. as a simple heat recovery nationa l interest yet be uneconomic 
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process; this point will be discussed further below. The 

Potential value of WHR is none the less enormous because one 

quarter of British industry's energy consumpti·on i·s accounted 

for by losses -in warm or hot exhaust gases [103]. This is 

al most 10¾ of the nation's energy usage so 8 x 105 TJ per 

annum is lost in this way with a total value of about 

£400 million assuming 70% is recovered . 

Unfortunately there is, at pr esent, no simple way to recover 

the majority of this energy, and even if it can be recovered, 

there is often no use for it near the point of recovery. 

Eqtimates of how much it is currently feasible to recover are 

vague. Much can be done by "good housekeeping", for example 

shutting doors and windows, requiring little or no capital 

outlay [104] but it is the remainder which concerns us here. 

An analysis by the Department of Energy [105] suggests the 

potential r ecovery of waste heat from manufacturing processes 

and space heating is 2 x 105 TJ per year . The Department 

also states that "almos t all of this (waste hea~ recovery) is 

cost-effective at today's energy prices". Al though the 

technology is available, suitable heat exchanger systems are 

not fully developed at present. Her Majesty's Government 

and the Commission of the European Communit ies regard the 

demonstration of new WHR systems for exhaust gases to be of 

.d. funds for this purpose . the utmost importance and are prov1 1ng 

These are the Demonstration P1·ojects Scheme from t,he Department 

of Energy which will have a llocated £2 1 .5 million by 1981 ' arrct 



the European Commission's Energy Research and O 1 eve opment 

Programme for Energy Conservation which runs until 1985 _ 

Given the premise that the recovery of this energy is economic, 

it must be asked why such a quantity is not conserved. For 

most industries except steel, cement and petrochemicals, energy 

forms only a small proportion of total product cost, perhaps 2 

to 3 per cent at most [105]. So energy saving is unlikely to 

reduce the cost of a product significantly and hence is not 

thought worthwhile. Therefore although energy conservation 

may be vital to the national interest to maintain a secure fuel 

supply, it is a much less important factor to individual 

companies . In an effort to counteract this problem the 

Department of Industry offers grants to companies to assist 

them in taking energy conservation measures [106]. 

Thus national policy is to support both the development and 

installation of WHR systems . To find out if the fluidised 

bed gas-to-gas heat exchanger will be successful, its 

performance must be compared with that which the customer 

requires and that of existing gas-to-gas heat recovery 

systems . Adequate market research is essential to identify 

the most likely market and match the new product to that 

market [107]. If an apµropriate WHR system can be produced 

at the right price , then presen t Government policy and 

financi al incentives will improve its chances of being 

implemented . 
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7.2 CUSTOMER REQUIREMENTS FOR WASTE HEAT RECOVERY 

The first and foremost reason for any company to install WHR 

equipment is to improve the rate of return on capital for the 

process as a whole. To establish if an investment in WHR is 

sound, the company must identify the places where energy is lost 

and quantify the losses, and the techniques for doing this are 

often called energy accounting [108]. This requires specialist 

advice and the Department of Industry set up the Industrial 

Energy Thrift Scheme to assist companies in the manufacturing 

sector [109, 110]. The Scheme also provides information on 

the overall energy usage in the economy and aids the development 

of a coherent European energy policy [111]. One of the results 

of these studies has been to show that much energy is lost in hot 

flue gases and that the technology needed to recover the energy 

is already known but not proven [112]. 

After showing that energy is available for recovery, companies 

then define a required rate of return on their investment in WHR . 

Typically a WHR installation will be expected to give a rate of 

return about twic~ that of new production equipment, or at leaS t 

30% per annum [ 113]. This is because there is a belief that 

"money saved is worth less than money made". The demonstration 

f rate Of, return is not easy [114, 115], o a sufficient ly high 

. f fut11re fuel prices' and and often rests on the predictions o 

of the availability and magnitude of Government assiSt ance 

grants. These are subject to uncertainties because they are 

t by Poll.tical decree or influence. 
con rolled essentially 
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This is particularly true in the United States where home­

produced oil prices are restrained artificially below 

international levels. 

On9e a company considers that investment in WHR is an 

attractive proposition, several questions relating to the 

actual equipment will appear. Often the installation will be 

on existing plant so it must be simple and quick to install with 

.a minimum of disruption to equipment and production. The system 

must be reliable, especially if it is fitted into a continuous 

process where the failure of one segment leads to a total shut-

down. Similarly maintenance should be simple with long intervals 

between servicing. Where dirty gases are involved the fouling of 

the heat exchanger must be minimised and any necessary cleaning 

automatic. 

A less important consideration for a customer will be the 

magnitude of the pressure drop across the heat exchanger . For 

a given duty there is a compromise to be made between the pressure 

drop, which determines ~1e pumping power and rui ,jing costs, and 

the size which fixes t he initial cost [116]. · Also~ high 

bl Wl.th installations in existing pressure drop can cause pro ems 

Pressure bal ances may be distur~ed systems where the pre vious 

with adver se consequences . 

that w:rn 
Hence it can be seen that if a customer eSt ablishes 

·t d and fuel prices ) 
is economic (difficult , given current atti u es 

the n he will demand a guarantee of reliability . 
The question 
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of reliability is central to the marketing of any waste heat 

exchanger, so it will have to be demonstrated d uring the 

development of the new heat exchanger prior to commercial 

production. These problems apply to any WHR system and are 

not peculiar. to gas-to-gas waste heat exchangers such as the 

fluidised bed system described in this thesis. 

7.3 APPLICATIONS OF GAS-TO-GAS WASTE HEAT EXCHANGERS 

It has already been shown in the previous section that much 

energy is lost in warm or hot exhaust gases, and it is often 

desirable to tra~sfer this heat to another gas stream. There 

are broadly three categories of gas-to-gas WHR , namely air­

condit ioning, space heating from hot exhaust, and combustion 

air pre-heating. These will be considered in turn by drawing 

largely on the works of Reay [117] and Boyen [118] which are 

amongst the best in the whole field of industrial energy 

conservation. 

7.3.1 Air-conditioning 

In the ventilation of buildings warm, humid air is discharged 

and fresh ai r is introduced. The incoming air needs to be 

heated or cooled, depending upon the climate, and it is 

d t h some of the energy between the a vantageous to in ere ange -

inlet and the exhaust air st1·eams • The energy content of 

l
·s apport1·oned about equally between the the moist - exhaust air 
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enthalpy of the air and the enthalpy of evaporation of the 

water content. Therefore any heat recovery system for this 

application must condense some of the water vapou~ to 
• recover 

its enthalpy of evaporation and has to operate with a small 

temperature difference between the air streams. Also it 

should be reversible so that in areas with large climatic 

variations it can conserve cold (that is maintain a lower 

temperature than the surroundings) in summer and heat in 

winter. It should be noted that the recovery of the enthalpy 

of evaporation of the moisture inevitably entails condensation 

and even freezing so the system must be designed to continue 

operating reliably when these phenomena occur. 

The rate of heat transfer must be controllable as lights, 

people and equipment all provide unsteady heat inputs to 

buildings, yet the temperature of the air within the building 

has to be held reasonably constant. Some heat recovery 

systems offer an inherent leakage path between the two air 

streams. In air-conditioning, however, this is not normally 

important as the exhaust air is neither dirty nor toxic and 

In leaka6e only affects the heat excha~ger effectiveness. 

special cases such as hospitals and clean rooms leakage could 

not be tolerated, but these form only a small minority of air­

conditioned buildings. 

7.3.2 Space heating from hot exhaust 

. recesses is carried away In many factories heat from various P 
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in flue gases which are often hotter than 
necessary for the 

prevention of condensation in the stack. 
It may be desirable 

to recover some of this heat and use it for the space 
heating 

of the factory and offices. This application leads to different 

requirements for the heat recovery equipment compared with air-

, conditioning . Primarily the leakage must be minimal, although 

the tolerable limit depends upon the constitution of the hot 

flue gas. The exhaust may be from a combustion process and so 

contain CO, co2 and NOX' or be contaminated with vapours from 

solvents. If the concentration of a contaminant in the exhaust 

is l<nown, then a maximum allowable leakage can be cal culated as 

the acceptable concentrations in breathing air are documented 

[89] and should be referred to when specifying a design. Such 

toxic components must be excluded as well as possible from the 

incoming fresh air in the heat exchanger. Unless the levels 

of these toxic products in the heated fresh air are satisfactory, 

that particular piece of WHR equipment will be unacceptable to a 

prospective customer. 

There are several other requirements for this application and 

these are as follows:-

(i) control will be necessary to r egul ate the temperature of 

(ii) 

d t his is accomplished most the space heating air an 

• with further fresh easily by diluting the heated air 

air; 

t d with dust and liquid the exhaust may be contamina e 
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and 

droplets, so any heat exchanger surfaces exposed to 

the exhaust will be liable to foul. Thus the system 

should have its susceptibility to fouling reduced and 

have a simple means of cleaning if necessary; 

(iii) the heat exchanger must be made resistant to corrosion 

by the exhaust, and at combustion exhaust temperatures 

normally encountered this implies almost inevitably 

the use of stainless steel. 

The recovery of waste heat from hot exhaust for space heating 

often entails the transport of energy since the points of 

supply and demand may be distant, perhaps some hundreds of 

metres. In these cases the heat is transferred to a thermal 

fluid such as pressurised hot water or water/glycol mixtur es 

which in turn gives up its energy to the space heating air. 

These systems are somet imes called "runaround coils" though 

they are not single entities but two connected gas- to-liquid 

heat exchangers which are some distance apart. They are not 

considered further as t ~ y ar e not direct competitors of the 
1/ 

new flu id ised bed unit, thoug h such systems may be the most 

appropriate for some ins t allations. 

7. 3.3 Combustion air pre-heating 

the recovered heat can be The best application of WHR is where 
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returned directly to the process creating the hot exhaust. 

The heat is then always needed when it is -1 ava1 able, and source 

and demand are adjacent. This situation arises where the 

enthalpy of combustion products is used to h eat the incoming air 

prior to combustion. The overall process efficiency is then 

increased and fuel is conserved. 

This application leads to slightly different requirements for 

the heat exchanger as compared with space heating from hot 

exhaust . The provisions for preventing fouling and corrosion 

. still apply, but some leakage is tolerable as the system is 

closed. Control will be needed to keep the pre-heated combusti on 

-air at an appropr iate temperature for the burner. At present gas 

0 burners cannot accept air hotter than about 400 C and somewhat 

higher for oil burners, though the development of suitable high 

temperature heat exchangers may also stimulate work to increase 

this. 

7.4 EXISTING TYPES OF GAS-TO-GAS HEAT EXCHANGERS 

There are four existing types of gas-to-gas heat exchangers all 

of which can be used in one or more of the WHR applications 

outlined above [117]. These are th2 heat pump, the rotary 

Called the heat wheel), ~he recuperator regenerator (sometimes 

and the heat pipe heat exchaneer. These will be descrjbcd in 

t reference to their suitability for var ious urn with particular 

applications. 
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7 .4. 1 Heat pump 

The heat pump is essentially a device which enables heat to be 

upgraded in temperature and transferred to wherever it may be 

needed. The heating cycle can deliver several times more heat 

than the electrical energy needed to drive the compressor of the 

working fluid. 
I 

The development of the heat pump has been 

chronicled by Fearon [119] and its use in WHR is described by 

Trenkowit z [120]. It is only suitable for air-conditioning 

applications because currently the upper delivery temperature 

0 
is about 60 C, the heat being removed from the warm exhaust 

.air. 

Much of the present work is being carried out by the Building 

Research Es tablishment [121] who are developing domestic air ­

to-air heat pumps with power outputs up .to about 15 kW [1 22]. 

The potential of the heat pump has only recently been considered 

seriously, and doubtless this will stimulate further work . 

7.4.2 Rotary regenerator 

The rotary regenerator is the best-selling type of gas- to-gas 

Of money, but some of the units heat exchanger [123] in terms 

f Syst·em does not form the are very l arge so this type o 

majority of devices delivered. The principle is explained 

·t 7.1 wh1·ch shows a schematic diagram w1 h reference to Figure 

of a rotary r egenerator. The matrix is rotated by a small 
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FIGURE 7. 1 ROT ARY REGENERATOR 
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electric motor with a chain drive and the regenerator spans 

two ducts, one carrying the exhaust and the other the supply 

gas in counter-current flow. As the matrix turns it absorbs 

heat from the hot exhaust and transfers it to the cooler flow. 

The matrix may be coated with a hygroscopic material, such as 

calcium chloride, which absorbs water vapour. In this way 

the enthalpy of evaporation of the moisture in the exhaust air 

can be transferred to the incoming gas. The rotary regenerator 

is suited particularly to applications where the temperature 

difference between the gas streams is small and the exhaust is 

humid. Thus heat wheels are used widely for air-conditioning 

[124] where their other advantages can also be exploited. These 

are that the heat exchange can be reversed and cold conserved, 

that they can be mounted in any orientation and that they are 

easy to control via the use of by-pass dampers. 

There are , however, two severe disadvantages of the rotary 

regenerator, these being fouling of the matrix and leakage 

between the gas streams through the moving seals. The static 

pressure difference between the two gas stream! implies that 

leakage can occur, though the fan a:~rangement 3.,own in Figure 

7.1 means that this is from clean to dirty and not vice versa. 

Many manufacturers use a purge section to flush the matrix wi th 

clean gas which is discharged back into the dirty exhauSt · 

e of the radial Thi s greatly improves the effective performanc 

• h. y are not aided . seals, but the axial seals at the perip er 

bl at length and 
MacDuff and Clark [125] discuss the pro em 

19 5 



emphasise the deleterious effects that therm 1 1
. 

. a eye 1ng has 

on the seals at high temperatures. ht air-conditioning 

temperatures the seals operate adequately, but above 400 oc 

the difficulties of keeping the leakage within specification 

over long periods are severe and not satisfactorily r esolved . 

The second problem, fouling, is also exacerbated at higher 

temperatures [126, 127] because corrosion rates are greater 

and places where corrosion has occurred are more liable to 

foul. Fouling increases the pressure drop through the heat 

exchanger and reduces its efficiency. The nature of the 

matrix, which may be steel wool or natural fibre, makes it 

almost impossible to clean. In large units cleaning and 

maintenance has to take the form of replacing segments of 

the matrix. 3 -1 These very large units accept up to 200 m s 

of gas in each stream and are used largely in power stations 

for pre~heating combustion air. It is not anticipated that 

the new fluidised bed system will ever compete in this part 

of the market because of the size. 

There are many manufact~ers who make smaller h~~~ wheels of 

40 m3 s-l and these will all types for gas flows up to about 

be direct competitors of the fluidised bed unit. Table 7 . 1 

list s those companies whose products are available in the 

United Kingdom and their product r anges . All the he~t wheels 

. the range 100 to 300 Pa, have quite low pressure drops 1n 
-1 

of between 1 and 7 ms operate with gas approach velocities 
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rs 
'f- Table 7. 1 ManufactureAof rotary regenerators 

Manufacturer 

Acoustics and Environmetrics 

Ltd., Claygate, Surrey 

Bahco Ltd., Banbury 

Curwen and Newbery Ltd., 

Westbury, Wiltshire 

Flakt Ltd., Staines 

Wing Co. (Armca Specialities 

Co. Ltd., Ilford, Essex) 

Gas flow 

( 3 -1 m s ) 

0 .5 - 23 

0 .5 - 23 

0.16 - 40 

0.16 - 40 

0.16 - 40 

0. 16 - 40 

1 - 15 

30 

30 

0.2 - 20 

0.2 - 8.5 
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Operating Temper atur e 

<200 

< 100 

< 100 

<205 

< 425 

<980 

<80 

<50 

< 150 

< 400 

< 815 



and require pumping powers of up to 2 kW per 
unit face area. 

A typical rotation rate is 10 min-1 , and the 
electric motor 

for turning the wheel is unlikely to consume more than 500 W 

so the running costs are low. The efficiencies of heat 

exchange range up to 85% though these depend upon the ratio 

of the two mass flows. Theoretical attempts to predict the 

percentage heat recovery are most complicated [128] and are 

of little practical value. Instead manufacturers rely on 

previous operating experience to predict the performance 

of heat wheels . 

According to the manufacturers' specifications leakage can be 

reduced to 0.1% by volume of the exhaust flow if a purge 

section is used in units operating at temperatures below 200 °c. 

However at higher temperatures the purge sections are usually 

fan-assisted rather than relying solely on the static pressure 

difference between the gas flows. In this case the leakage is 

about 1%, alt hough the purge flow can be up to 10% of the 

exhaust flow so there is a consequent loss in efficiency. 

Heat wheels a re generallv constructed so that t 1 can pass - (~ 

0.5 mm particles without fouling. The matrix can be made 

specially to cope with 1 mm particles if necessary, but the 

efficiency is reduced because of the smaller heat transfer 

area. 

Overal l rotary r egenerator s can be used successfully in air-

conditioning where the l eakage is no t a problem. 
At higher 
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temperatures where the one gas stream is f 
rom a combustion 

process the thermal cycling of the wheel can 
lead to the 

~breakdown of the moving seals and subsequent leakage. 
This 

means that the heat wheel is not suitable for space 
heating 

from hot exhaust applications. In the pre- heating of 

combustion air leakage is much less f 0 a problem, but the 

heat wheel is often susceptible to fouli'ng h w ich militates 

against its use in this application also. 

7.4 .3 Recuperator 

The recuperator consists of a framework containing an arrangement 

of plates or vanes which separate the hot and cold gas streams . 

The vanes form channels about 2 mm wide which alternately carry 

hot and cold gas. Heat is transferred through the vanes by· 

conduction and they can be made of metal, glass or even plastic. 

The major advantages of the recuperator are that there are no 

moving parts, no leakage between the gas streams and the heat 

exchanger can be made quite compact. In addition the 

recuperator can be designed such that condensat i1n is removable 
( . 

from one side, though the unit is then non-rever~1ble and m~st 

be orientated in a specific manner. The main disadvantage is 

that large areas of material are exposed to the gas and these 

may corrode if the gas is hot and dirty. 

ther type of gas-to-gas More recuperators are sold than any 0 

heat sales are for either air-exchanger [123] and these 

f Combustion air applications . 
conditioning or pre-heating 0 
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The latter type obviously operates at hight 
emperatures and 

generally has stainless steel vanes which are therefore 

expensive. The manufacturers given in Table 7.2 all 

produce units which operate at face velocities of 2 to 3 m s-1 

and with pressure drops of 100 to 300 Pa. With the exception 

of Acoustics and Environmetrics Ltd., all produce high 

temperature as well as air-conditioning units in all of which 

control is maintained by the use of dampers in a by-pass duct. 

The use of recuperators at temperatures above 700 °c is being 

studied actively at present. The advantages of recuperators 

over heat wheels, in particular the absence of moving seals, 

make them better-suited to high temperature applications. 

Their use on metallurgical process furnaces has been discussed 

by Ernest and White [129], and recuperators for gas turbines 

are described by Cuffe et al. [130]. These recuperators 

have high-grade stainless steel plates and are used for pre­

heating combust ion air. 

In some industries it is desirable to recover energy from very 

0 t t f dirty exhausts at up to 1300 C, a!1d the develc: 1en ? a 

suitable recuperator has been conducted by the British steel 

Corporation [131]. These units have ceramic tubes carrying 

the supply air over which the hot exhaust flows and are 

marketed now by Encomech Engineering Services Ltd., Epsom, 

. on the development of 
Surrey. However much work remains 

Ceramic and other materials in 
reliable joints between the 

such hostile conditions . 
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Table 7 . 2 Manufacturers of recuperators 

Manufacturer 

Acoustics and Environmetrics 

Ltd., Claygate, Surrey 

Curwen and Newbery Ltd., 

Westbury, Wiltshire 

II . 
Flakt Ltd ., Staines 

United Air Specialists Ltd., 

Leamington Spa , Warwickshire 

Gas flow 

( 3 -1 m s ) 

0.6 - 14 

16 

0.1 - 19 
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Operating temperature 

(oC) 

<80 

<750 

as required 

<840 



1.4.4 Heat pipe heat exchanger 

The heat pipe is a sealed container hold' . ing a wick and a 

suitable working fluid as shown in Figure 1.2 • If one 

end is heated, the liquid evaporates and the vapour is 

transferred by the pressure difference between the ends 

of the pipe. At the cooler end the vapour condenses 

and the liquid is returned to the heated end by the 

capillary action of the wick . The energy is transferred 

as the enthalpy of evaporation of the fluid, and the heat 

pipe can operate with only a small temperature difference 

between its ends. In recent years gas-to-gas heat 

exchangers containing banks of heat pipes have been 

developed [132]. The theoretical characteristics of such 

heat exchangers have been studied by Wakiyama et al. [133] 

and many empirical data are given by Lee and Bedrossian [134]. 

Heat pipe heat exchangers have several advantages such as 

having no moving parts and zero leakage. They are fully 

rever sible , can be designed with very low pressure drops and 

are compact because of the high thermal conduc~;~ity of heat 
L 

pipes. The main disadvantage is Lhat finned heat pipes are 

needed to utilise the heat pipe's large heat transfer 

capability , and the fins are liable to corrode and foul. 

It is possibl e to control the heat exchange by tilting the 

· · r h t, ipe~ ar e sensitive to unit because the properties c, ea P ~ 

the angle of operation although the problems of tilting up 

to a tonne of equipment should not be overlooked. 
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Table 7-3 lists the manufacturers of 
heat pipe gas-to- gas 

heat exchangers whose products are 
available in the United 

Kingdom. The units made by Flakt Ltd. are not true heat 

pipes but thermosyphons in which the condensate i s returned 

to the hot ~nd by gravity rather than a wick. These products 

operate with face velocities of 2 to 4 m s-1 d an pressure drops 

of 50 to 200 Pa. Heat pipe heat exchangers which accept gases 
0 

at up to 300 Care proven now and are applied to air-conditioning 

and space heating from hot exhaust WHR [135]. They are well-

suited to the latter application because there is no leakage 

between the gas streams and the corrosion problems are reduced 

because the exposed area, even with finned heat pipes, is smaller 

than in recuperators or heat wheels. 

At higher gas temperatures development work is proceeding to 

produce suitable heat pipes and these use liquid metal eutectic 

mixtures as the working fluid [135]. This work is intended to 

0 
devise heat pipes capable of operating at up to 1500 C [136] 

which is the topmost end of the industrial exhaust gas temperature 

range. When this work has been completed successfully then heat 

pipes can be used as the basis of a r ange of WHR systems covering 

all exhausts and applications, something which recuper ators and 

heat wheels are never likely to provide . 

7.4.5 Summary of existing equipment 

t exchangers ar e of four 
The presently avai l able gas-to-gas hea 
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Table 7 .3 Manufacturers of heat pipe 

Manufacturer 

Curwen and Newbery Ltd., 

Westbury, Wiltshire 

11 
Flakt Ltd., Staines 

Gas flow 

( 3 -1 m s ) 

5 

5 

5 

5 

1 - 6 

International Research and 

Development Co. Ltd., Newcastle­

upon-Tyne 

Isothermix Ltd., London 

heat exchangers 

Operating temperature 

<65 

<205 

<260 

<315 

<800 

as required 

as required 

Q-Dot Corp. (Burke Thermal 

Engineering Ltd. , Alto~, 

Hampshire) 

0 .3 - 27 <720 
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types none of which is capable of being 
applied successful ly 

to all the applications outlined 1·n Section 7. 3. The heat 
pump is still under development and for the 

foreseeabl e futu r e 

. it will be usable only for air-conditioning because of i t s 

limited temperature range. The heat wheel has t he inherent 

weakness of having moving seals which are liable t o l eak , 

particularly under arduous thermal cycling at high temperatur es . 

In addition their large surface areas may corrode and then foul , 

a problem they share with recuperators. At lower temper atures, 
0 

less than about 400 C, both these types are suited to a l l three 

applications. 

Lastly there are heat pipe heat exchangers which have no leakage 

paths, low pressure drops and smaller surface ar eas exposed to 

the gas. They appear to be the best type for appl icat i ons 

other than air-conditioning where the heat wheel' s abi l ity to 

recover the enthalpy of evaporation of the moisture i n the 

exhaus t is vital. 
0 

Heat pipes operating above 300 Care not 

fully proven, but development work is likely to extend this 

upper limit to well ov~ 1000 °c. Thus heat pipe lxchangers 
ii 

may be the first commercially available WHR systems to work 

reliably in high temperature exhausts. However these wil l 

. and may not be saleable because unless probably be expensive 

th . t . are s.at1· sf1' ed' no heat exchanger can e economic cr1 er1a 

be marke ted successfully. 
With this in mind the economic 

WHR equipment will now be cons i derations relevant to 

discussed. 
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7.5 ECONOMIC CONSIDERATIONS 

Many people consider that energy conservation is based on 

sound technical grounds, but that implementation is often 

obstructed for financial reasons or board l evel 

priorities [137]. With fuel price and availability 

fluctuating over periods of weeks, it is vital that 

decisions on the purchase of WHR equipment should be taken 

quickly, but the structure of executive decision-making 

militates against this. In an attempt to over come this 

much work is being sponsored by national governments, both 

in this country [106] and in the United States [138] . 

These funds are intended to stimulate the development of 

new types of equipment, especially in existing high­

technology companies, and to encourage the usage of WHR 

systems . Despite these efforts there is still great 

difficulty in selling energy conservation systems, and the 

decision about possible purchase is often taken on economic 

grounds alone. 

Klaschka [103] presents a detailed study of tt probl em and 
l 

recognises that industry currently demands a payback period of 

two years or less for WHR equipment. A simple payback method 

is used r ather than, for example, discounted cash flow, because 

it i s the method most commonly found in sales literature . 

t only 15 to 35¾ of the tot~l heat exchanger it self represe~ s 

The 

d being made up of ducting, fans, 
price of a s ys t em, the rema in er 
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control equipment and installation costs. 
The penalty of 

shutting down a process during installation also needs 

considering when continuously operating machi·nery 
is involved. 

On this basis Klaschka [103] presents the targ t h . e eat exchanger 

prices which are required to render the units saleable as 

given in Table 7.4. 

These target prices are calculated for a fuel price of £1.60 

to £1 .80 per GJ which was the average in mid-1979. The 

current price can be obtained from the most recent issue of 

Energy Trends [139] which provides much up-to-date information 

on fuel price and availability. It is useful to look at the 

prices of various fuels as supplied to industry, though it must 

be stressed that these are average prices including cheap long-

term s upplies . These are shown in Table 7.5 where the real 

change is the actual change deflated by the wholesale price 

index excluding fuel. 

It can be seen from Table 7 .5 that the economic acceptability 

of a WHR system depends upon which fuel is cou ved . 

Electricity is the most expensive form of energy , but the sharp 

. over 50~o 1·n real terms last year, increase in fuel oil price, µ 

e lectrl.city is often only a minor is of more interest because 

component in a company's fuel usage . Those industries that 

has steel and paper use a great deal of electricjty, sue 

tarl.ffs which are much cheaper than the 
making, have special 

208 



Table 7.4 Target heat exchanger prices 

Process hours per year Price (£ per kW recover ed) 

2000 (day-time batch) 

7000 (semi-continuous) 

8600 (continuous) 

4 to 8 

15 to 30 

20 to 40 

Table 7.5 Industrial fuel price trends 

Fuel Price Actual change 

1st quarter 1980 1st quarter 1979 

to 

1st quarter 1980 

(£ per GJ) ( o/o) 

Coal 1.24 34 

Heavy fuel oil 1.97 
~ 72 

Gas 1.51 30 

Electric.i.ty 6.40 19 

Tota l fuel 39 
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Real change 

1s t quarter 

t o 

1st quarter 

( %) 

23 

57 

19 

9 

27 

1979 

1980 



average. It is the continuing increase in fuel 
prices, 

particularly those which are derived f . 
rom oil, which makes 

investment in WHR continually more attractive. 
Since this 

trend is likely to persist_ 
no one is expecting oil prices 

to fall significantly - then payback periods calculated at 

current prices will be pessimistic and the investment 

recovered more quickly. 

7.6 EXISTING WASTE HEAT RECOVERY INSTALLATIONS 

Manufacturers and suppliers of WHR equipment often present 

details of existing installations of their products and 

provide information relating to the processes to which their 

systems are attached. It seems reasonable to suppose that 

the makers only provide case histories of their more successful 

units, so the sample is biased to present WHR in a favourable 

light. Table 7.6 shows this sample of installations and indicates 

their type, application, savings and payback period. 

Several trends emerge from t~is information as follows:­

(i) the payback period is one to two years in the quoted 

instances, but is substantially longer in the United 

States where energy is less expensive; 

(1·1·) of a typical installation is the energy recovery 

in ti1e range O .2 to 2 MW' so the proposed large 

prototype discussed in Appendix 3 is r epresentative 

of industrial needs; 
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Table 7. 6 Economics of existing waste h t 
ea recovery installations 

Date Type Process Temper-
Recovery Pay-ature Savings 

back 
(OC) (MW) 

_, 
(£yr ) (yr) 

1975 Heat wheel [140] Board mill 128 0.5 10 000 1.8 
Heat wheel [ 141] Papermaking 66 2.4 60 000 0 .9 

1976 Heat wheel [142] Brick kiln 210 0.33 13 000 1.5 

1974 Heat wheel [142] Tunnel kiln 115 0. 14 4700 0 .8 

1977 Heat wheel [142] Rubber 283 0.25 7200 1.9 

Heat wheel [142] Textiles 130 0 .25 5000 1.0 

Recuperator [143] Fabrication 116 0.48 11 600 1.5 

Recuperator [143] Gypsum board 23 000 0.9 

*1974 Heat pipe [144] Paint oven 213 0.29 $4600 2 .5 

*1975 Heat pipe [144] Foundry 357 1. 1 $27 000 2.0 

* Heat pipe [144] Dryer 107 0.24 $3400 3.0 

1978 Heat pipe [140] Dryer 170 0 .5 12 000 2 . 5 

* United States install ation 
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and 

(iii) no installation operating at over 357 °c i's 
listed, 

presumably because those working at higher temperatures 

are less economic at present. 

The case histories do not provide details of what proportion 

of the time the units were operating, so it is not possible to 

comment on the reliabilities of the systems. For the 

installations in Table 7.6 the average initial cost was £33 per 

kW recovered, though the two most recent systems cost £54 and 

£62 per kW. As discussed earlier, the heat exchanger accounts 

for less than a third of the total cost, so the cost of the heat 

exchanger is around £20 per kW or less. This is in broad 

agreement with the target prices given in Table 7.4. The 

absence of high temperature units from Table 7.6 probably 

indicates that existing systems for such arduous duties are 

substantially more expensive. This points to the likely 

success of the new fluidised bed system as it should be 

cheaper than its rivals. 

1.1 APPLICATION OF THE FLUIDISED BED GAS-TO-GAS HEAT EXCHANGER 

d t as lleat e,tchangcr The major advantage of the fluidised be gas- o-g 

there are no moving parts dnd no large is its simplicity in that 

metal surfaces exposed to the gas streams . Hence the heat 

be rell'able and the only component liable to exchanger should 

corrode and foul is the distributor plate. 
Since this is a 

212 



small item, it can be made from an . 
expensive, corrosion-resistant 

alloy if necessary, but with little effect on 
product cost . 

Automatic cleaning of a similar distributor in a hot and dirty 

gas has been demonstrated on a h' b 
sip oard fluidised bed (88) so 

should not present a serious problem. 
These advantages can be 

exploited to the full in WHR from hot h ex aust gases above about 
0 

400 C where existing products become too expensive or unreliable . 

The disadvantages of the fluidised bed unit lie in several areas, 

namely leakage, efficiency, orientation, size and pressure drop, 

the last two being related. The experimental data show thaL 

the leakage between the gas streams can be suppressed, and further 

work may improve this, but initially the leakage will rule out the 

application of the system to space heating from hot exhaust 

because of the risk of leakage of toxic gases. Since the heat 

exchanger is of the parallel flow type, at best it can only 

recover half of the available heat if the hot and cold side mass 

flows are the same. This is achieved experimentally because 

the small cross flow contribution balances the imperfect parallel 

flow heat exchange. · h · t, 1·11 less than The recovery 1s, owever . 

that of the other types of gas-to-gas heat exc~anger which 

fl mode' and this will counL against the operate in the counter ow 

new system if other aspects are equal. It should be noted also 

bed unit cannot recover the enthalpy of 
that the fluidised 

moisture as there are no hygroscopic COdtinen 
evaporat ion of the 

system is not applicable to air-
on the particles, hence the 

conditioning heat recovery. 
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The other disadvantages are less important, 
though they must 

not be overlooked if the heat exchanger 
1
·s 

to be marketed 
successfully . Obviously the fluid nature f 0 the bed means 

that the unit can be operated only ·th th wi e distributor in 

a horizontal plane. The bed area and the pressure drop are 

governed by the face velocities once the volume flows are 

known. The face velocity in the fluid ised bed unit will be 
-1 between 1 and 1.5 m s which is only about one third of that 

of existing products, thus the face area will be l arger. 

Under these conditions the pressure drop will be 1000 to 

1500 Pa wh ich is several times greater than that of current 

unit s so larger fans will be needed with the penalties of 

greater running and capital costs. If the f ace velocity 

is increased to reduce the bed area then t he pressure drop 

becomes s till larger and the erosion the distributor caused 

by the passage of the fluidising gas can become significant 

[ 145] • 

Overal l the fluidi sed bed gas-to-gas heat exchanger will be 

suitable for only one ot;_ t he three applications outlined in 
rl 

Section 7. 3, that i s pre -heating combustion air. In that 

instance the reliability and corrosion resistance of the unit 

to high temperature gases can be exploited fully. Despitt 

Sl· ze and pressure drop, it should be the disadvantages of l ar ge 

the first commer ci al ly available sys t em to cope successfully 

wi th the hig h temperature exhausts encountered in that 
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application. Until the advent of cheap high t emperature 

heat pipes, the fluidised bed unit will be the cheapest and 

most reliable system in that market sector. 
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CHAPTER EIGHT 

ASSESSMENT OF THE FLUIDISED BED 

GAS-TO-GAS HEAT EXCHANGER 

8.1 INTRODUCTION 

The intention of this chapter is to collate all the information 

presented earlier on the theoretical model, the experimental 

work and the market for gas-to-gas heat exchangers. The 

assessment of this information will lead to five distinct areas 

for discussion. These are the feasibility of the ideas in the 

patent, the market openings for gas-to-gas heat exchangers, the 

commercial potential of the new fluidised bed system, the design 

criteria for larger units, and recommendations for further work. 

The following sections will discuss each of these aspects in turn. 

8.2 FEASIBILITY OF THE PATENT 

As described in Section ~ .2, the patent [7] prot~ts a novel 

fluidised bed gas-t 0 -gas heat exchanger. The experimental 

work has demonstrated that a heat exchanger built in accordance 

with the provisions of the patent operates satisfactorily. 

l.f it were a perfect parallel flow heat exchanger performs as 

The 

unit under appropriate fluidising conditions. 
The performance 

_of the heat exchanger 
l here but the 

l·s described fully e sew ' 

that 
it satisfies the technical requirements 

general conclusion is 

216 



for a WHR system. 

The quest ion of leakage between the t 
wo gas streams is raised 

in the pa~ent and is very important to 
the marketing and 

applicability of the heat exchanger. 
It is recognised in the 

patent that some leakage is inevitable b ecause of the design 

of the system, and several methods for d re ucing leakage are 

proposed. These have not been studied exhaustively, but the 

results provide some grounds for the claim in the patent that 

one or more of these methods can reduce leakage significantly. 

8.3 MARKET OPENINGS FOR GAS-TO-GAS HEAT EXCHANGERS 

The survey of the products currently available for gas-to-gas 

WHR in Section 7.4 has shown that there is a need for a cheap 

and reliable system operating at high temperatures . Existing 

systems tend to be insufficiently reliable or prohibitively 

expensive when required to operate above about 400 °c. Under 

these conditions corrosion-resistant materials are required and 

moving seals tend to fail due to thermal stresses . A new type 

of heat exchanger is needed to overcome these problems because 

it is unlikely that existing types can be developed further and 

still produce a relatively cheap unit. The work reported here 

suggests that the fluidised bed gas-to-gas heat exchanger can 

fulfil this market need. 

l·s 11·kely to increase in the future 
The demand for WHR equipment 
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as the price and insecurity of supply of 
fuel increase. Because 

of the present economic recession in the 
industrial countries 

I 

great majority of British · 
companies are reviewing their investment 

programmes. In the face of resolving prior1·t1·es 
for investment 

I 

energy conservation often rat 1 es as a ow priority. This is 

unfortunate because such short-term d · ec1sions may make those same 

companies less competitive when the economy recovers. When that 

occurs the demand for energy is likely to rise d an shortages may 

result, depending upon the political decisions of the oil-producing 

countries, which would affect those companies without WHR 

installations more adversely. 

Hence although the long-term future for the demand for WHR equipment 

seems assured, the short-term requirements will depend heavily upon 

Governments ' support for such installations. The rationale for 

this assistance is essentially that energy conservation is of value 

to the nation as a whole in addition to individual companies, and 

the national interest should be supported by the Government. This 

view is recognised in much of the European Economic Community and 

funds are being provided to help companies install WHR equipment. 

In this way the short-term demand for gas-to-gas heat exchangers 

will be stimulated because of their role in waste heat recovery. 

8.4 COMMERCIAL POTENTIAL OF THE NEW HEAT EXCHANGER 

The need for new developments in gas-to-gas heat exchangers for 

b demonstrated already. It 
use in high temperature WHR has een 

use in energy conservation 
has been shown also that sySt ems for 

218 



must ·be as cheap as possible 
so that the payback period for the 

installation can be reduced. 
The most important feature in 

the marketing of any item of WHR equipment is the 
payback period, 

particul~rly in times when interest rates are h1'gh and 
capital 

expenditure is being scrutinised most critically as at present. 

Thus initial cost will probably be more important than 

maintenance and running costs to potential customers . This 

situation tends to favour the prospects for the novel fluidised 

bed system. Its simplicity means that the initial cost will be 

low, though the consequent reduction in maintenance costs may not 

be as strong a selling point. Both these aspects of lower costs 

are offset somewhat by the high pressure drop of the unit which 

requires a larger fan which has higher running costs. 

The application to which the fluidised bed gas-to-gas heat exchanger 

i s suited the best is the pre-heating of combustion air by the 

enthalpy of hot exhaust gases. This exploits the fact that the 

new system will be the first to be reliable at high temperatures , 

yet will not expose its disadvantages. In particular leakage 

between the two gas streams is, within reason, inconsequential 

in this application, but at the l evels found in the work reported 

here the system is unsuitable for space heating from hot exhauSt · 

If further work can reduce the leakage to acceptable limits, then 

the m3rket for the heat exchanger will be expanded considerably. 

~- and i·nstallation costs will be the 
As stated above the capital 

Of the marketing strategy for the heat exchanger 
central f eature 
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and target prices are shown in Table 7 .4. 
The pr ices shown arc 

those needed to achieve a payback period of two 
year s which 

appears to be the longest ac t bl 
cep a e to financi al controllers in 

indus try at the moment. The short-term view which is implicit 

in this limit has been discussed already and t hat i t does not 

reflect that national interest is served b Y energy conser vation . 

Obvious ly the heat exchanger, in common with all ot her items of 

plant , s hould be operated for as many hours per year as possible, 

thus continuous or s emi-continuous processes ar e t he pr eferred 

installa tions. In such cases the capital and installation costs 

combined must be less than £20 to £40 per kW recover ed for units 

to be saleable as economic items of WHR equipment. 

It must be stressed that the main advantage of t he f l uidised bed 

system is its simplicity and hence its reliabil ity for high 

t emper ature operation. On other grounds the new heat exchanger 

is markedly inferior to existing types of gas-to- gas heat 

exchangers. In terms of compactness, which i s a measur e of 

energy transferred per unit volume of the hea t exchanger , the 

fluidised bed system is i ive times the size of an equivalent 

' 
t A Second criterion is the energy heat wheel or recupera or. 

d h the new device has transferred per unit pressure drop an ere 

over twice the pressure drop of existing types . Bur it, is 

the fluidi sed bed unit in being 
thoug ht tha t the advantages of 

high temper ature WHR system ~ill 
the only economic and reliable 

outweigh t hese deficiencies. 
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8.5 DESIGN CRITERIA FOR LARGE UNITS 

Since the indicat i ons are that the heat 
exchanger can fulfil 

a known market need, it is important to extract sufficient 

information from the data to define the criteria essential 

for the predi ct ion of t he per formance of a larger unit. 

The design of a lar ge prototype capable of recovering 550 kW 

forms the basis of an application by Stone- Platt Fluidfire Ltd. 

for funding for the next stage of development. This proposal 

is discussed in detail in Appendix 3, but here only the principles 

adopted for scaling-up the heat exchanger design are described. 

The starting points of the design are the hot and cold gas inlet 

temperatures and vol ume flow rates . From the latter the areas 

of the two sides of the bed can be determined by setting the 

actual fluidising velocity at some value. The full set of 

recommended desi gn values is given in Table 8.1. The ratio of 

the two mass flows will depend upon the application, but for 

the pre-heating of combustion air the mass flows will be almost 

identical. The predicted effectiveness is about 0.98 so the 

expected heated gas out1lt temperature can be calcul~ted from 

equation (4. 15) . 

l·s the composition and depth of the 
Of more importance, however, 

bed and the configuration of the distributor plate. 
Alumina 

t · 1 because of ils 
has been chosen as the particulate ma ·eria 

1 36 grit size i~ 
properties (see Section 3.6 ) and the arger 

preferable because it requires less disengagement space . 
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Table 8.1 Recommended design values 

For Greenings' type distributor plate as shown in Figure 5 .8 

Actual fluidising velocity 

Bed material 

Bed depth 

Partition gap 

Pressure difference between 

hot and cold side freeboards 
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1.2 to 1.5 m s- 1 

36 grit ( 520 µ m) fused 

alumina 

40 mm 

. 20 mm 

500 Pa 



bed depth is a compromise b t 
e ween enhanced heat transfer and 

greater pressure drop for i d 
n eeper beds the gas and particles 

approach thermal equilibrium more closely. 
However a deeper 

bed circulates less easily so the optimum depth will depend 

upon the temperature difference between the two gas 
streams ; 

deeper beds being required for larger temperat d'ff ure 1 erences. 

To reduce leakage it is likely to be beneficial to stagger the 

partition away from the plenum division, as in Figure 3 .4, as 

well as developing a pressure difference between the two gas 

streams leaving the bed. The partition should be positioned 

about 25 mm downstream of the division where the particles 

flow from the hot side to the cold. Depending upon the 

relative areas of the two sides of the bed and any external 

space restrictions on the size of the unit, the shape of the 

unit may differ from that used in the initial development 

reported here. This may affect the most suitable position 

for the partition to minimise leakage, and this is a factor 

which should be borne in mind before changing the shape of 

the heat exchanger. Experience has shown tha•· ~e scaling-up 

of a fluidised bed system can lead to unexpected difficulties, 

hence the importance of the next phase of development which is 

described below. 

8.6 FURTHER WORK 

the heat exchanger will fall into one of two 
Further studies on 

categories. be to l·mprove and scale-up the heat 
One will 
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exchanger, and the other will gain 
more knowledge of why it 

operates as it does. The t wo groups will be discussed in turn, 
and doubtless the proposed work itself will suggest other aspects 
which merit more study. 

8.6.1 Improving and scaling- up the heat - exchanger 

The next stage of the d 1 eve opment of the heat exchanger into a 

commercial product is the construction of a large prototype of 

typical industrial size . This is the subJ·ect of an application 

for funding from the Commission of the European Communities and 

is described in Appendix 3 . The proposed unit would recover 

550 kW from a gas stream at 800 °c and would demonstrate the 

system to potential customers. 

The technical aims of the proposed work are to study attrition, 

the effects of prolonged thermal cycling on the particles, 

distri butor life, solids ' flow and the quality of fluidisation . 

All these will be influenced by t he larger size and higher 

operating temperature of the prototype compared with the present 

small experimental unit . The predictions of the theoretical 

model will a lso be checked and improved to aid the design of a 

full r ange of production units. In the prototype the hot gas 

stream will be exhaust f rom a gas burner and hence contain large 

quantities of corHbus tion products. 
This can be used to advantage 

nlore accurately because the tracer gas 
to determine the l eakage 

will be mixed uniformly into one gas stream . 
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There are no plans in the proposed work to use 
other types of 

distributor plates because the high 
cost of making special plates 

cannot be justified at this st age. 

to be of great interest to industry, 

If the heat exchanger proves 

then alternative distributor 

plates and bed geometries should be investigated. Much will 

depend upon the response of the market place to the new heat 

exchanger as to what further development and studies are 

carried out. 

8.6.2 Advancing basic understanding 

The principal area of basic understanding which was beyond the 

scope of the present work was the interaction between the 

fluidising gas and the bed material. This is a most complicated 

phenomenon which certainly merits further investigation. The 

profiles of the jets of gas leaving the distributor are determined 

by many factors, but particularly by the size and shape of the exit 

holes. Momentum and heat are transferred from the jets to the 

particles in an interaction that is central to the operation of 

the heat exchanger. The generation of the so s ' flow internally 

by the fluidising gas has not been reported before and is a new 

type of flowing fluidised bed. The comparison of this with 

existing flowing beds such as inclined channels may be valuable . 

Other areas for further investigation are specific to the heat 

exchanger and these include a detailed study of the flow p~tterns 

two gas streams in the vicinity of 
at the boundary between the 
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the partition. 
Also controlled experiments on the effect 

of thermal cycling on the particles can be conducted more 

easily in the laboratory than on the prototype heat exchanger. 
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CONCLUSIONS 



9 .1 CONCLUSIONS 

With reference to 

CHAPTER NINE 

CONCLUSIONS 

the questions posed in Section 1.4 which 

were to be answered in this thesis, the followi·ng conclusions 

may be drawn:-

-(i) a heat exchanger constructed according to British 

Patent Number 1 500 231 operates sufficiently well 

to justify further development; 

C-ii) the performance under optimum fluidising conditions 

closely approaches that of a perfect parallel flow 

heat exchanger; 

(iii) some aspects of the performance can be predicted 

from the simple theoretical model of the unit 

developed in Chapter 4; 

(iv) the source of cross-contamination between the 

two gas ~treams is confined to a small r e~i on 

near the boundary between them; 

(v) the leakage can be reduced significantly by 

developing a pressure differential between the 

freeboard zones on either side of the partition; 

(vi) the heat exchanger is suited best to the waSt e 

heat recovery app}ication in which the enthalpy 

content of hot exhaust gases from combustion is 

h t the incoming co~bustion air; used to pre- ea 
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(vii) existing types of gas-to-gas heat exchangers are 

unreliable and/or expensive when required to 

operate at temperatures in excess of 400 °c -
' 

(viii)the new system shows promise of being able to be 

produced cheaply enough to fulfil this market 

demand at a cost the market can withstand; 

(ix) a large prototype capable of recover ing 550 kW 

from hot exhaust at 800 °c has been designed from 

the data collected in the present work and a set 

of recommended design values is presented. 

--
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APPENDIX 1 

This is a copy of the covering patent of the gas-to-gas heat 

exchanger .which was filed by Elliott and Virr in 1975. The 

complete specification was published in 1978 when the invention 

became fully protected. 



PATENT SPECIFICATION (11) 1 SOO 231 
(21) Application N~. 18854;74 (22) Filed 30 April 1974 
(23) Complete Specification filed 25 July 1975 . 
(44) Complete Specification published 8 Feb. 1978 
(51) INT. CL.2 F28D 19/02 
(52) Index at acceptance 

F4K 23A2 23A3 23A4 29 
(72) Inventors DOUGLAS ERNEST ELLIOT 

. MICHAEL JOHN VIRR 

(54) IMPROVEMENTS IN AND RELATING TO HEAT 
EXCHANGERS 

(71) We, STONE-PLATT FLUIDFIRE 
LIMITED, formerly FLUIDFIRE DEVELOP· 
MENT. LIMITED, a British company of 
Washmgton Street, Netherton, Dudley in the 

S County of Worcester, do hereby declare the 
invention for which we pray that a patent 
may be granted to us and the method by 
which it is to be performed to be particularly 
described in and by the following state-

10 ment:-
This invention relates to a heat exchanger 

for transferring beat from a first gas stream 
to a second gas stream and also to a method 

- of transferring heat between two such 
15 streams. 

The invention has been devised primarily 
·to meet a requirement for transferring heat 
from gaeous products of combustion to air 
which may be used for the combustion of a 

20 fuel or for supply to the interior of a build­
ing to beat same. 

Known apparatus for transferring heat 
from gaseous products of combustion to air 
comprises a wheel which is permeable to 

25 gases in the axial direction and two ducts, 
one for conveying the products. of comb~s­
tion and the other for conveymg the air. 
Diametrically opposite parts of the wheel 
extend across respective ones of the_ ducts 

30 and metallic or ceramic elements m the 
wheel absorb heat from the products of com­
bustion whilst the elements are within the 
duct containing same. The wheel is rotated 
so that the heated elements pass in~o the 

35 duct containing the air wh1,;re th_ey give up 
heat to the air. Such apparatus 1s generally 
referred to as a heat wheel. Heat whe~ls 
which operate satisfactorily a'.e expensive 
and it is difficult to provide a sausfactory seal 

40 between the boundary walls of the ducts and 
the rotary wheel. . 

There has also been a proposal. m pub-
lished specification No. I.166.7~1: fo\t~e 

Provision of upper and lower flu1d1sc:d ~ s 
. h passed respective 45 through which t ere arc 

__,/ 

gas streams between which heat is required 
to be t-ran_sferrcd. According to this pro­
posal, particles are caused to now from the 
upper _bed to the lower bed by gravity and 
are rai sed fro1:1 the !ower. bed to the upper 50 
bed by a earner fluid which is supplied 10 
the botto~ of a riser passage. 

O~e obiect of the present invention is 10 
provide an alternative form of heat ex­
changer for transferring heat between two 55 
gas streams which is less expensive than or 
more efficient than the known heat wheel or 
the arrangement described in the aforesaid 
published specification. 

According to a first aspect of the invention 60 
there is provided a heat exchang~ compris­
ing two ducts for conveying respective firs! 
and second gas streams between which hc:11 
is to be exchanged, two beds of particies. 
each situated in a respective one of said o5 
ducts and arranged for fluidisation by a re­
spective one of said gas streams, and one or 
more openings in said ducts. which opening~ 
provide communication between the beds. 
the beds being at substantially the same 70 
level and the heat exchanger being so 
arranged that particles migrate from one of 
said beds to the other bed when the heat 
exchanger is operating. 

The migra1ing particles carry heat from ?S 
one of the strc·.tms which is al a higher tem­
perature to th !her of the_ streams which is 
at a lower tL. , rature. Since the beds ar.: 
at substantialh the same level. it is po~s1blc 
to establish 11i1gration of the particles. with- 80 
out the use of transport meuns spcc1fically 
for transporting particles from one bed to 
the other. . 

The heat exchanger may comprise more 
than two beds of particles. For cxam~lc. 85 
four beds may be pr0vided. the bed\ bcmj! 
arranred in pairs so tl!at the beds of each 
pair i1re situated one m _each of the duels 
and that particles can m1gra11: ?Ctween the 

90 beds of a pair. Furthermore, it would be 
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. within the scope of the invention to provi~-e ----:------------....: 
three or more duct I which lies within the nu . s. cac 1 containing a re- a further bed 24 f he gas duct 1.i th re 
spcct1vc bed so that heat can be exchanged . . o t c s.1me ref 1 
between t_hree or more gas streams. l".1rticlcs. 111e wall 12 which d" -J~ ? 

S A~cordmg ~o a f~rther aspect of the in- ~rlhduct fro~ the Oue_ gas duct ;~
1 f~rr~:~ 

ven!1on there is provided a method of trans- t an opening 25 wl11ch has the form of 70 
ferrmg heat from a first gas stream to a re~dahngular slot and ex tends aero s th full 

d wi t of the walls 12 Th 1: 
secon gas stream, wherein the gas streams f . . · e lo\\er bClund,m 
a_re pa_ssed through respective beds of par- ~f ~~~ :~ot 25

1 
cf

6
mciddes with . the under idc 

10 t1cles m such a m~nner as to fluidise the f ppor . an the upper boun<l3r) 
beds, the beds bcmg at substantially the ~u the slot 25_ is spaced upw:1rdly from the 75 

I I d h . pport but hes below the uppcrmo t ur-
same. eve • an w ercm particles arc caused face~ of the _beds 23 and 24. 1..._e L•d• coni-
to migrate from one of said beds to the h II 

u,; ' other. municate wit each other through the slot 
25. 

15 The invention will now be described by . ~ach of the beds 23 and 24 is p:irtlv 80 way of example with reference to the accom- d1v1ded by a wall 26 which projects up·. 
panying drawings wherein: wardly from the support 16, has a height 

FIGURE 1 shows a cross section in a somewhat great~r than the depth of the bcJs 
vertical plane on the line 1-1 of Figure 2 of 23 and 24 and intersects the wall 12 at ril!ht 

20 a heat exchanger in accordance with the in- angles. The wall 26 extends along the ~d 85 
vention, 23 from the wall 12 to a position spaced 

FIGURE 2 shows a horizontal cross sec- ~omewhat from that end of the bed 23 \\hich 
tion of the heater on the line II-II of Figure 1s remote from the bed 24. Similarlv. the 
1, wall 26 extends from the wall 12 along the 

25 FIGURE 3 shows diagrammatically a bed 24 to a position spaced somewhat from 90 
cross section in a vertical plane of a further that end of the bed 24 which is remote from 
beat exchanger in accordance with the inven- the bed 23. 
tion, The support 16 is in the form of a sheet 

FIGURE 4 is a fragmentary view on an of metal which has been pierced to form 
30 enlarged scale showing a detail of the heat slits which are distributed over the cnme 95 

exchangers of Figure 1 and Figure 3, and area of the support I 6. As shown in figure 
FIGURE 5 is a view similar to Figure 3 4, these slits 27 are so formed that air enter­

illustrating a modification of the heat ex- ing the bed 23 or the bed 24 through a slit 
changer shown in Figure 3. has a velocity which includes a hori10ntal 

35 The heat exchanger illustrated in Figures component and a vertical compo11cnt. The I 00 
1 and 2 is intended for transferring heat gas herefore applies to the part icles of the 
from hot flue gases to air which is to be bed an upwardly directed ~ mpone~t . of 
supplied to the interior of a building for force, which maintains the bed m a flu1d1scd 
heating the latter. The heat exchanger corn- condition, and a hori zontal component of 

40 prises a casing 10, the interior of which is force which causes the Ouidised particles to 105 
divided by upwardly extending walls I 1, 1_2 flow. In a part of the support 16 indi_cnted 
and 13 into a flue gas duct 14 and an air by the reference 28 in Figure 2, the shts 27 
duct 15. These ducts extend side-by-side up- all face in a direction away from the wall 
wardly through the heat exchanger. 12. In a part of the support indic~t1:d . by 

45 The gas and air ducts 14 and 15 are ~ub- the reference 29 the slits face in a direc1ton 110 
divided by a horizontal support 16 mto parallel to the wall 12. lo a part of the 
upper and lower portions. The_ support 16 support indicated by the reference numbtr 

J t 17 30 and also in a further part of !h~ s~pport 
is pcrvious to gases. A flue ga~ me corn- wh·1ch 11·es b•'low the bed 24 and is :~_d1ca1cd 
municalcs with the lower portwn of the flu_e ¥ J f IIS I 8 by the reference number 31, the s its a~e 

SO gas duct 14 and an air bl?wer con~mum- in a direction opposite to that of the s111s 
cates with the lower portion of the air d~ct in the part 28. In J furthe~ end pai:t 32. of 
15. Adjacent to the air b)o"':'er 18, the casmg th port the slits face m the d1rcc1tC1n 
10 is formed with an air mlct I 9 through e sup • · · h ;irt 29 

b h bi er opposite to that of the s111: in t e r· . 
which ambient air is drawn y t e ow and in the part 33 of the :,upport :he :.tits 120 

55 18. The upper portion of the flue gas duct face in the same direction as that of the ~htsh 
14 communicates with a further blower 20 .' th part ?8 When air i~ passed thrnuv 
which is arranged to discharge gases fro~ :rie s~pport 16. into the bed 23 to flu,d1sc the 
the flue gas duct into a flue 21. Th_c uppc bed and nuc gas is passed throu!!~ \he ,up• 
portion of the air duct 15 leads to a_tr _out\et ort 16 into the bed 24 to n_u1d1sc that 125 

60 openings 22 through which heated _air is dis- bed circulation of the part1clt:s from 
charged from the heat exchanger in6usch . . I tl1·· .bed 24 throug.h the bee 23 _ahndnh?lc_k, to 

. f tl support I w ,c i ~ 1· h d W t u1c t mg 
. On _th~t portH~m o ie , is a bed 23 the bed 24 is eslah 1s c • 1 

Iles within the air duct 15 thcr1: j I . a velocities of 0.5 to 10 ft:ct _fl'!r secondd a~~i~ 130 
of refractory particles for exanip e a u~1~ 6 age velocities of the part icles aroun 

65 or zircon. On that part of the Suppor 
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circulatory path of up_ to 10 feet per second 
can be attained. Whilst in the bed 24 th 
particles arc heated by the flue gases. Whc~ 
in th~ bed 23, the particles give up heat · to 

5 the air. 
The _apparatus is intended primarily for 

recovering waste heat from flue gas produced 
in a boiler or some other ~eparate apparatus. 
When the heat exchanger 1s used in this way 

JO the flue gas from the boiler or other appara: 
tus is admitted to the heat exchanger 
through the inlet 17. The heat exchanger 
can also be used in circumstances where the 
flue gas from the boiler or other separate 

JS apparatus does not carry sufficient heat. or 
where no such flue gas is available from 
separate apparatus. To this end, the heat 
exchanger includes a burner 33 which is 
arranged to discharge a burning gaseous or 

20 liquid fuel into the lower portion of the flue 
gas duct 14. The hot exhaust gases from 
the burner pass through the bed 24 in just 
the same way as does flue gas admitted 
through the inlet 17. Air which_ is to be 

25 heated, normally fresh air, is drawn into the 
heat exchanger through the inlet 19 and is 
discharged through the outlets 22 either 
directly into a space · which is to be heated 
or into ducts which convey the heated air 

30 to the point of use. 
It will be noted that the blowers 18 and 

20 are so arranged that there will normally 
be established in the flue gas duct 14 a pres­
sure slightly below that of the atmosphere 

35 and in the air duct 15 a pressure slightly 
above that of the atmosphere. This arrange­
ment has two advantages. Firstly, any leaks 
in the flue gas duct will result in ambient air 
being drawn into this duct, instead of flue 

40 gases being discharged into the atmosphere 
adjacent to the heat exchanger. Secondly, 
there will be a small flow of air from the 
duct 15 through the slot 25 into the duct 14 
and this flow will prevent flue gas passing 

45 into the air duct 15 to be discharged from 
the outlets 22. 

The beds 23 and 24 have the same depth. 
When the beds are slumped, this depth is 
between ½ inch and 3 inches. The si~e of 

50 the particles is within th~ range 100 ~1cron 
to 3000 micron. The width of the shts 27 
is such that the particles cannot pass through 
the support 16. The length of each slit is 
approximately 1 inch. . . 

55 The heat exchanger illustrated m Figures 
1 and 2 is a single stage heat cxchang~r. llic 
highest temperature to which the part1c)es of 
the bed 24 could. in theory. be heated 1s the 
temperature of the flue gas discharged from 

·60 the !teal exchanger. Since the air cannot ~ 
heated to a tem~raturc higher than. thnt 0 

the particles leaving the bed ?.4. and Ill pra:­
ticc will be heated to a somewhat Jow1.:r 
tcmpcrnturc, if the flow rates of the flue !!:IS 

. 1 1 1-or ' than one 65 and air arc cqua t 1cn no 1 1 c • 

3 

half of the h..:at available in the -
be transferred to the air be. 'h·~ue fa "•II 
fer' to the ai f mg catcd. I ran . 
heat carried rb o ~. l~rger proportion of the 

11· . y t c mcommg gasc~ can be 
a~ ieved m a multi-stage heat cxchan er In 70 
F11fure 3. there is illustrated dia~ranfm;ti • 
a y _a two-stage heat exchanger. If the flow 
rat~s of flu1; gas and air arc equal. ihe th o­
ret1cal maxnnum amount of heat' which can 
be extracted _from the flue gas is 66.7% or 7S 
the heat earned by the incoming flue gas. 
. The heat exchanger shown in Figure 3 
includes a flue gas duct 40 in which thm: 
are ~pper and lower beds 41 and C rc­
spect1vely. of refractory panicles. The lower SO 
end of the_ flue gas duct communicates with 
a flue gas mlet 40a and the upper end of the 
flu~ gas duct leads to a blower 43 fr\)m 
which flue gas is discharged through a flue. 
The heat exchanger funher comprises an air 85 
duct 44 which is separated from the flue gas 
duct by a vertical wall 45. The air duct also 
contains upper and lower beds 46 and 47 re­
spectively. 

The beds 41 and 46 are supported on a 90 
common support 48 and communicate with 
each other through a slot 49 in the wall 45. 
The beds 42 and 47 are supported on a 
common support 50 and communicate \\ ith 
each other through a slot 51 in the wall 45. 95 

The air duct 44 is so arranged that air 
drawn into the heat exchanger b} a blower 
52 is forced through the suppon 48 into the 
bed 46 and then flows to the underside of 
the support 50 through which it passes 10 JOO 
enter the bed 47. From the bed 47. the 
air is discharged to a space which is to be 
heated. 

The support 48 is formed of the same 
pierced sheet metal as is the support 16 I 05 
herein before described. The suppon 48 may 
be arranged in the same way as the support 
16 so that circulation of particles from the 
bed 41 throuoh the bed 46 and back to the 
bed 41 is est~blishcd in operation. To this 110 
end a wall corresponding to the wall 26 
wo~ld be arranged to partly divide the beds 
41 and 46. Alternatively, the slot 49 may be 
formed in two separate poniMs. di~p,.,scd 
adjacent to respective ends of the ~ds 4_1 115 
and 46 so that circulation of par11clcs 1s 
established along the bed 46 throug~ one 
portion of the slot 49 into. the bed 41 . in the 
reverse direction along tins bed and _throurh 
the further portion of the s!ol 49 JOtO the I 20 
bed 46 once more. TIie beds 42 and ~7 
and the support 50 would be arr:ingccl JO 
the same way as the heel, 41 :i•1tl 46 and thc 
support 48. 'fi 125 

Jn Figure 5, there is illustrated a !111,• ,ca-
tion of the heat c_xcha_ngl'r \hm, n_ JO ·igur: 
1 Parts shown m Figure ~ wh1c\1 corrcs 
.. nd to those already dl•,cnh··d w_ith refer• 
~cc to f'ir.urc 3 arc indicalnl by llkl· refer­
ence nume~:ils with the pn:fi, I and the prc- 1 0 
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ceding description is deemed 10 a 1 h. 
to. PP Y I ere. 

The ~>nly _difTcrence between the apparatus . 
~how~ 111 F1gu_re 5 and the apparatus shown 

S 1~ Figure 3 1s that, in the apparatus of 
J:igure 5, that part of the wall 145 which 
h~s above the support 148 is off-set laterally 
'Y1th respect to that part of the wall which 
h~s ~lween the supports 148 and 150 in a 

10 d1rect1on towards the air duct and that the 
part of the. wa_ll _145 which lies below the 
support 50 1s s1m1larly off-set in a direction 
towards the flue gas duct 140. This arrange. 
men! of the wall 145 causes a small propor-

15 tion of the air flowing through the air duct 
]44 to pass through the slots 149 and 151 
mto the flu~ gas duct. This prevents flow 
of flue gas m the opposite direction through 
the slots 149 and 151 so that the air dis-

20 charged from the heat exchanger is not con­
taminated by flue gas. With the arrangement 
shown in Figure 5, it is not necessary for the 
blowers to be arranged so as to establish a 
higher pressure in the air duct than exists in 

25 the flue gas duct. The blowers may be 
arranged to maintain equal pressures in these 
ducts. 

In the accompanying drawings, the open­
ings through which adjacent beds communi-

30 cate with each other are shown to be sub­
merged below the upper surfaces of the beds 
concerned when these beds are fluidised . To 
achieve this, it is not essential for the open­
ings to be submerged below the upper sur-

35 faces of the slumped beds since the depth 
of the fluidised beds is greater than that of 
the slumped beds. The depth of the fluidised 
beds may be between 3 and 4 times that of 
the slumped beds. 

40 A further modification which may be 
made to promote flow of particles along ~e 
beds is to provide for each bed a respective 
support which slopes downwardly froJ? one 
end to the other end of the bed, AdJacent 

45 to the lower end of the bed, the support 
would be adapted to admit gas to t~e lx;d 
at a relatively high rate so that particles m 
the lower end portion of the be_d are tlir0\\11 

upwardly to a hicrher end portwn of an_ ad-
50 jacent bed. Wh;n fluidised, the. particles 

would tend to flow down the assocrnted sup­
port. The beds may slope from the same 
higher level to the same lower level. . , 

Heat exchangers in accordance with the 
55 invention may advantageously be _used· to 

transf•'r heat from hot flue gases to air which · ~ u · a space 
is subsequently discharge 1010. , 'be 

I · h · • to be heated. 1lic all' ma) w llC JS ' f r I. 90° to 
heated to a temperature. o_r examvd'-'directl 

60 l00°F at which it can be discharge Al y ,, . b , 1· terna-
in10 a space occupied Y, pco~ l;i her IL'lll· 

lively. the air may be he:3~0~/
0 

:1\s1Jbutcd to 
pernture. for cxa mpk d' l t·d ·with cooler 
the point us~ and thenn' I rn~o the space to 

65 air bdore bcmg d1schar.,.Ld 
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b~ hheal tc~. Heat cxch:111gcr in t't"Ord 
w11 t 1c in,en1ion may also d n c 
heat air used for co111buMi ~ u~ lo pr • 
furnaces and other coml t" •kr • 
~? t~ansfc~ring . heat from l~helOnue ~~:H=l~o 70 
a e m~ommg air, to heat air to be u ·d in 

h d?}°g plant by transferring to th t ir 
ea rom the gases c>.hau ted from the 

plant an_d to heal clean \cntilation tr b 
tra~sfcr_rmg to that air he:11 from tnl tr 7 
which is Lo be discharged from b Id by -1 . u1 m a vcnt1 at1on system. 
f In certain applications. large pres uurc d,f. 
er~nces between two gas stream b '"ccn 
whi~h the transfer is required may be un- 80 
a voidable_. In such cases. the no" of r,a 
and _par11cles thr?ug~ the op.:ning \\hid, 
provide communica11on between adjacent 
beds may be controlled by means of a flll:tr • 
va!ve. A suitable form of rotarr \':tlw com. 8S 
pr~ses a number or vanes radiating from , 
~pmdlc . .. The spindle would be mounkd 
m _a position above the up!)l!r surfaces or the 
ad1acent beds for rotation about a hori,ontal 
axis. i:,ie vanes below the spindle \\ ould 90 
extend mto the bed to the associated sup­
port, there being a slight clearance bcL\\ccn 
the vanes and the suppor1. The vanes and 
the boundaries of the op..:ning would be l 
a_rranged that, when stationary in any po j. 95 
t1on, the valve obstructs the opening. Rota­
tion of the valve, which may be cau,cd by 
the flow of particles or by driving the 
spindle, would permit controlled now or the 
particles through the opening. I 00 

As will be clear from the foregoing d • 
scriotion. the references herein and in the 
appended claims to two beds or partic:ks 
which are in communication with each other 
embrace what can alternatively be rcy.irdcd IOS 
as 1wo portions of a single bed. 

WHAT WE CL<\I 1 IS: 
I. A heat exchanger comprising two <lu t 

for conveying respective fir I and second gas 
streams between which heal is 10 b.: C\• 110 
changed. two beds of particles: each situated 
in a respecti ve one of said duc_t, :incl 
arraneed for fluidisation by a rcsp ·c11vc on • 
of said gas streams and one or_ mnrc op,. n• 
ings in said ducts. which openin!'s provide I IS 
communication between the beds. the h(<l 
being at substantially 1he same kvcl and the 
heal exchanger being so arranged 1ha1 par• 
ticks migrate from each of 1hc b.:ds 10 the 

120 oth..:r during operation. _ 
2. A heat exchanger uc~orcl1ng to Clalll_l I 

wherein the arrangement ,., such that. durmg 
operation. there is a general now or par­
ticles along a circulatory path through bo1h 12S 
beds. · Cl · 

3 A heat exchanger accord10g to a_,m 
I o·r Claim 2 whm·in the or each opcn1111 
·s submerged below the surface of the :mn­
~i~ted beds, at least when the ~d~ :ire 130 
fluidised. 
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4. A heat exchanger according to any 
d. I . h . pre-

cc mg c am, w crem the depth of each bed 
when slumped, docs not _exceed ) inches. ' 

5. A heat exchanger according to aa· 
5 4 wherei~ the depth of each bed, wh

1
c~ 

slumped, 1s at least ½ inch. 
6: A hea_t exch~nger_ according to any pre. 

ced!ng claim. which 1s so arranged that, 
durmg ~perat1on, a small proportion of the 

to gas which ~ntcrs one of the beds from one 
duct passes from that bed into the other 
duct, whereby contamination of the gas 
stream in the one duct by gas from the 
other duct is supressed. 

15 7. A heat exchanger according to Oaim 
6 wherein the ducts are separated from 
each other by a lower wall portion below 
said opening and by an upper wall portion 
above the opening and the upper wall por-

20 tion is off-set laterally relative to the )owe: 
wall portion in a direction towards said one 
duct. 

8. A heat exchanger according to Oaim 
6 which includes a first blower arranged to 

25 blow gas through the one duct and situated 
upstream of the bed in that one duct, and a 
second blower arranged to draw gas through 
the other duct and situated downstream of 
the bed in that other duct, whereby the gas 

30 in the one duct is maintained under a higher 
pressure than the pressure maintained in the 
other duct. 

9. A heat exchanger according to any pre­
ceding claim wherein each bed is supported 

35 on a support which is arranged to admit gas 
to the bed in such a manner that the in­
coming gas has a velocity with a component 
in a horizontal direction, whereby the gas 
entering the bed promotes flow of particles 

40 of the bed across the support. 
10. A method of transferring heat from 

s 
a first gas stream to a second I 
wherein th r :lm . c gas Mrc:ams arc N d thr u h 
rcspce11~c _bed~ of particles in ,ucl1 m nner 
as to flu1d1sc the bed• th,. b·d b 
t· ···- mtu-s s_ ant1ally the same level, and Y.hercm r-

l1clcs arc caused to migrate: Crom ea h of the 
beds to the other. 

l 1. _A mct~od _according to Oaim 10 
wherein the m1grat1on of the patticle is pro- SO 
motcd ~y the action of the gas ~trcams on 
the particles. 

12. _A method according to laim 11 
w~ere,~ the only gas streams \\hich promote 
m1grat1on of the particles arc tho e ga 55 
str~ams between which heat exchange is re­
quired to take place. 

1 ~- A method according 10 any one of 
Oa1ms 10, 11 and 12 wherein the ga in one 
bed is maintained at a pressure greater than 60 
the pressure of the gas in the other bed. 

14. A metnoci of transferring hc:11 from a 
first gas stream to a second ga, stream, the 
method being substantially as herein de­
scribed with reference 10 the accompan) ing 65 
drawings. 

15. A heat exchanger substantially as 
herein described with rcfcn:ncc 10 and :is 
shown in Figures 1, 2 and 4 of the accom-
panying drawings. 70 

16. A beat exchanger substantinlly as 
herein described with reference to and as 
shown in Figures 3 and 4 or as described 
with reference 10 and as shown in Figu1cs 4 
and 5 of the accompanying drawings. 75 
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APPENDIX 2 

Specimen calculation of effectiveness. 

1. Starting data:-

2. 

thermocouple e.m.f.s. Rotameter inlet 

hot air inlet 

cold air inlet 

1 .65 mV 

9.87 mV 

1 • 68 mV 

Rotameter readings hot flow (R1/R2) 0/15 cm 

cold flow (R3/R4) 10/18 cm 

pressure drops hot side 1500 Pa 

cold side 1990 Pa 

thermocouples in bed ,, 
4.64 mV 

(see Figure 5.18) t/ 4.83 mV 

3, t 4.89 mV 

1tP 4.90 mV ~, 4.73 mV 

b t 4.70 mV 

le reading& to tempera• res U3ing ~he Convert thermocoup 

calibration sho~n in Figure 5.17. 

Rotameter inlet temperature 

hot air inlet temperature 

l·n1et temperature cold air 

0 
243.6 C 

41 .2 °c 



3- Calculate Rotameter correction f actor. 

Factor = actual density 

calibrated density 

= j 293 

(273 + 40 .4) 

= 0. 975 

* average pressure drop 

(101325 + 1750 •) 

101325 

J.j. Calculate flows from Rotameter calibrat ions . 

hot air flow = 

= 

= 

cold air flow = 

= 

= 

1.09 R1 2 
+ 113.94 R1 

+ 108. 61 R2 + 324. 4 

2545 I factor 

2610 1 min -1 

2 
+ 280 .9 + 1. 38 R2 

Ri 
2 

1.27 + 111.68 R3 + 313 .6 + 1. 112 Rll 

+ 11 2 .59 R4 + 298 . 1 

4342 I factor 

-1 
4454 1 min 



5. Calculate actual fluid' . 
1s1ng velocities, 

cold side d · t is ributor area 

hot side distributor area 

cold side fluidising velocity 

= 4454 (273 + 41.2) 

293 

= 0.994 ms-1 

hot s i de fluidising velocity 

= 

= 

= 2610 (273 + 243.6) 

293 

= 0.991 -1 ms 

0 .0801 m2 

0 .0774 m2 

60 000 

60 000 

0 . 0801 

0 .0771.l 

6. Cal culate air outlet temperatures. 

The aver age of thermocouples A, B and C i s t he hot side 

outlet tempe r ature ; and that of D, E and F i s the cold 

side outl et t emper ature. 

cold side outlet t emperature = 111.0° C 

hot side out l et temperature = 117,3° C 

To convert t hese t o true air t emper atures they must be 

corr ected f or the differ ence in air and particl e 

temperatures shown in figures 4 .3 to 4 .5 . 
In Section 

6 . 4 it is s hown t hat the t hermocouple immer sed in the 



bed registers a combination of 80% particle and 
20

% air 

temperature. 
Combining this with the results of the 

theoretical model the air outlet temperatures may be 

obtained. 

The correction depends upon the value of the gas-to-particle 

heat transfer coefficient, and a reasonable value is 
-2 -1 

15 Wm K • 

Therefore T - T 
gi go 

= 0.95 
T - T gi p 

and the temperature measured at the thermocouple 

= 0 8 T + 0.2 T • p go 

Hence cold side outlet temperature = 

hot side outlet temperature = 122. 1° C 

7. Heat balance 

heat input = (243 .6 41 . 2) 2610 1 . 1 96 1010 

60 000 

= 10 640 W 

heat r emove d from hot air 

1. 196 1010 
(243.6 _ 122 .1) 2610 

= 

60 000 

= 6380 W 



heat transferred to cold air 

= (113.7 - 41.2) 4454 

60 000 

= 6500 W 

1 • 196 1010 

The error between heat removed from the hot air and the 

amount transferred to the cold is 120W or 2% which is 

comparable with the experimental error . 

percentage recovery = 6500 

10 640 

= 61% 

8. Effectiveness. 

The effectiveness l·s calculated according to equation (~.15) . 

~ = (2610 + 4454) (113.7 - 41 -2 > Hence ,, 

2610 (243.6 - 41.2) 

= 0.97 



APPENDIX 3 

Propo s ed large prototype 

A proposal was submitted to the Commission for the E 
uropean 

Communities in November 1979 f 
or the funding of the building 

o f a l ar ge prototype fluidised bed gas-to-gas heat exchanger 

[146]. This would develop the concept from t he work reported 

i n this thesis, and from some small-scale exper iments at high 

tempe r atur e which are to be carried out shortly, to a proven 

s ystem . The prototype would operate in accor dance with the 

recommendati ons given in Table 8. 1 , and would be t he same shape 

as the experimental unit used in the present wor k (Figures 3 . 1 

and 3 . 2) . The bed would be 4 m
2 

divided equall y between the 

hot and cold sides which would accept gas at 800 °c and 50°c 

respective l y , t he former being supplied by a natural gas burner. 

-1 
The hot and cold mass flows would be O .9 and 3 . 1 kg s of air 

respectivel y and the heat transferred is predi cted to be 550 kW, 

or 77% of that available, if the effectiveness is 0 .98 • 

h ld demonstrate whether or not the heat The large pr ototypes ou 

exchanger can be increased in size successful ]_ Upon completion 

Of work on the prototype, the heat exchanger can 
of the programme 

a Vl.able product to prospective customers, 
be demonstrated to be 

and can be market ed. 
At the time of . writ ing the Commission has 

agreed in principle to 
h h the details of 

funding t hi s work, t oug 

the contract have ye t to be f inalised. 
It i s hoped that the 

~ d t k two years to 
L,1·11 commence in early 198 1 an a e programme. 

complete. 
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