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ABSTRACT 

A novel concept of recovering heat from hot gases using 

countercurrently flowing vibrofluldized solids <that is, solids 

levitated solely by mechanical vibration) has been proposed and tested. 

Based on a theoretical heat transfer model, the heat transfer 

coefficient between the air and the solids was calculated. A factorial 

design of experiments showed that a higher heat transfer coeff lcient was 

obtained with higher air flow rates and lower solid flow rates. The 

baffle height had an insignificant affect on the heat transfer. Tests 

with multiple baffles led to a maximum heat transfer coefficient (143 
2 W/m -K) when using four baffles. For al I tests performed In this work, 

the solids were not truly vlbrofluldized. Instead, they were merely 

vibro-conveyed (or vibro-shuffled) as a single mass. A new vibrating 

system wll I provide the sufficient energy for vibrofluldlzatlon, and 

enhanced heat transfer Is expected. 

This work demonstrated for the first time the sol id Impeding 

phenomenon in a fluidized-bed heat exchanger. Specifically, 

experimental tests showed that if a baffle was lowered past a limiting 



height at given air and solid flow rates, the !~creased air velocity 

past a baffle could prevent the solids from exiting the exchanger. 

An economic evaluation showed that the vlbrof luldlzed-bed heat-

exchanger system would be economically feasible for the production of 

boiler feedwater using heat recovered from boiler combustion gases. The 

payback time for the system could be as little as 1.4 years. 

The convective heat-transfer data from a supernatant gas to a 

flowing vlbrofluidlzed bed of solids were the first of their kind, and 

they have led to a better understanding of the new vlbrof luidlzed-bed 

heat-exchanger system. The successful completion of this project sheds 

encouraging light onto future heat-recovery operations with such a 

system. 
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CHAPTER ONE 

Introduction 

The use of a f lutdtzed bed to enhance heat transfer has been widely 

practiced for many decades. Likewise, the extent of heat-exchange has 

been greatly Increased with the use of a vlbrof luldlzed bed, that Is, a 

bed of solids that Is levitated solely by the use of mechanical 

vibrations. Much progess has been made with regard to conductive heat 

transfer In a vlbrofluldlzed bed, most notably by Kal'tman and Tamarin 

(1969). Other recent Investigations, particularly by Gutman (1976a), 

have led to a better understanding of the physical characteristics of a 

vlbrof luldlzed bed. 

In this work, a novel vibrof luldlzed-bed heat-exchanger was 

proposed to extract the thermal energy from a gas stream that would have 

otherwise been wasted. Schematic diagrams of several types of the 

vlbrofluldlzed-bed system are presented In Figure 1.1 as they were first 

envisioned. In Figure 1.la, cold solid would be Introduced Into a heat-

exchange trough, where it Is levitated by vibrations, or vlbrofluldlzed. 

The solid would then be vibro-conveyed, and flow downhil I by gravity, 

until It exited the trough. The flow of solids would be 

countercurrently contacted by a stream of hot "supernatant" gas CS-gas) 

flowing In the freeboard region above the vlbrofluidized solids. The 

veloclty of the supernatant gas would occasionally be Increased as It 

flowed past a baffle, causing the gas to be Impinged upon a di lated 

solid surface which could enhance the heat transfer between gas and 

-1-
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--

(a) 

~--

(b) 

(c) 

Figure 1.1 Simplified Schematic Diagrams of a New Concept for 
Heat Recovery from a Hot Gas through Countercurrent 
Heat Exchange with Vibrofluidized Solids: (a) A 
Method with Flowing Solids Entering and Leaving the 
System, (b) A Method with Internally Circulating Solids 
Inside Baffled Compartments, and (c) A Method with 
Internally Circulating Solids in Stacked Baffled 
Compartments. 
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sol Id. The supernatant gas would lose Its thermal energy to the sol Id. 

The cold gas and the hot solid would exit the trough. 

Figure 1.1b shows an alternate configuration of the vlbrofluldlzed-

bed heat exchanger. Speclflcal ly, there would be no feed or discharge 

of solids from the heat-exchanger trough. Instead, the heat would be 

transferred from the hot supernatant gas to the vlbrofluidlzed sol Ids 

via convective heat transfer, and then from the solids to cool Ing water 

via conductive heat transfer. The cooling water would be flowing 

through heat-transfer tubes Immersed In the vlbrof luldlzed bed of 

sol Ids. This type of system would be an efficient method of producing 

hot feedwater or even steam to be used for space heating. The heat 

transfer could be expected to be as great as for the case with "flowing" 

solids, because the vfbroflufdlzatlon would cause an Intense solid 

circulation within each baffled compartment, as depicted Jn Figure 1.1b. 

The system In Figure 1.1b also has the advantage of requiring a 

relatively smal I Inventory of solids compared to the system In Figure 

1 • 1 a. 

Finally, the system Jn Figure 1.1b is expanded to the system In 

Figure 1.1c, which would be used for cases of high gas flow rates. The 

high gas flow rates would require the use of "stream-splitting" and the 

concept of stacked baffled compartments to reduce the gas velocity. 

Again, the heat would ultimately be transferred to cooling water flowing 

through Immersed heat-transfer tubes. 

The case chosen to be studied In this work was that depicted in 

Figure 1.1a. It should be noted that the concept of the cooling water 

tubes, as JI lustrated In Figure 1.lb, was also implemented Jn the study. 
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However, In this case, the sol Ids were flowing and not Internally 

circulating. These tests with cool Ing water were performed solely to 

check for any operating dlff lcultles. 

It was proposed to perform a comprehensive heat transfer study In 

the vlbrof luidized-bed heat-exchanger system with the fol lowing 

variables to be Investigated. 

(1) the gas flow rate; 

(2) the solid flow rate; 

(3) the cooling water flow rate; 

(4) the position of the gas-def lectlon baffle; 

(5) the number of gas-deflection baffles (and, therefore, the 

number of "compartments" for heat exchange), and ; 

(6) the conditions of vibration (namely, the frequency, 

stroke, and angle of attack). 

In addition, a relatively coarse solid, 

according to Geldart (1973), was to be 

namely, a Group B sol id 

used to prevent particle 

entrainment at high gas velocities. A spherical, fused-alumina particle 

was chosen which had a relatively high coeff lcient of restltutton--that 

ts, a solid which maintained a large fraction of Its kinetic energy 

after col llslon with a similar particle. The main objective of this 

work was to obtain the highest heat transfer coeff lclent possible within 

the limits of the experimental system. 

It must be noted that this work generated complete results for al I 

of the above-mentioned experimental parameters with the exception of the 

vibratory conditions. Because of the inflexibility of the vibrating 

equipment available, the frequency, stroke, and angle of attack could 
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not be varied. Also, the sol Id did not flow In a downhil I direction but 

In a horizontal one, as the trough had an angle of lncllnatton of zero. 

The f lnal portion of this project, and perhaps the most important, 

was a conceptual design and an economic evaluatlon of a vlbrof lutdtzed-

bed heat-exchange system. In lndustrlal operations, much thermal energy 

Is wasted through the exhaust of hot gases, partlcularly gases which 

contain "dirty" components such as "sticky" and/or corrosive species, 

which might otherwise foul a conventional heat exchanger. A heat 

exchanger such as the proposed type would be vlrtual ly immune to these 

fouling problems. Therefore, from the results obtained in this work, It 

wll I be determined tf the proposed novel vibrofluidlzed-bed heat 

exchanger should be considered as an economically attractive, and 

practicable alternative for the few existing waste-heat recovery systems 

available. 

The contents of the rest of this thesis are as fol lows. Chapter 2 

reviews the relevant literature of aerodynamics and heat transfer in 

vlbroflutdtzed beds and outlines the scope of the experimental program. 

Chapter 3 describes the design, cnstruction and operation of a 

vlbrof lutdtzed-bed heat-exchanger system used In experimental heat 

transfer studies. Chapter 4 presents the experimental results of 

feasible operating conditions for the vibrof luldlzed-bed heat exchanger. 

Chapter 5 reports the experimental results of heat transfer studies in 

the vibrof luidized-bed heat exchanger. Finally, Chapter 6 presents a 

conceptual design and an economic evaluation of a vibrof luidized-bed 

heat-exchange process for heat recovery applications. 



CHAPTER TWO 

Technical Background and Scope 

2.1 General Oyeryjew of Vibrofluldlzed Beds 

2.1.1 Brjef Description of Gas-Fluidized Beds 

Conventional f luidtzed beds have been shown to exhibit enhanced 

heatAbu Bakar et al. 1980; Al All and Broughton, 1977; Martin, 1981; 

Sanderson and Howard, 1977) and mass CNoordergraaf et al. 1980; Wen and 

Fane, 1982) transfer properties over other unit operations such as fixed 

beds. Typically, a conventional f luidlzed bed Is one In which a gas is 

Introduced Into the bottom of a vessel, containing solid particles, 

through a distributor plate. At a certain gas velocity, particles are 

suspended (or f luldlzed) In the gas phase. This gas velocity, commonly 

cal led the minimum f luldlzatlon velocity Umf' is large enough to 

overcome the forces due to the weight of the particles, drag forces, and 

mostly In the case of "sticky" particles, cohesive forces. The mode of 

fluldlzation at Umf Is known as Incipient or minimum fluidlzation CKunii 

and Levenspiel, 1969). 

Referring to Figure 2.1, If the gas velocity is increased above 

Umf' the solids change from the Incipient fluldlzatlon regime to one of 

bubbling fluldlzation. In the bubbling regime, the gas passes through 

the bed of fluidized solids in the form of bubbles. This regime leads 

to a situation where a majortiy of the gas bypasses the solids and 

leaves the vessel, having come In contact with very few particles. 

Calderbank and Toor (1971) have shown that this ls particularly 
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detrimental In a gas -fluidized bed reactor, in which the gas Is desired 

to come In Intimate contact with the catalyst particles being f luldlzed. 

An even larger Increase In the gas velocity leads to a slugging 

regime. In this case, a void space is formed near the gas distributor, 

nearly filling the vessel cross-section, where It rises and then 

col lapses at the solid surface. This phenomenon is usually observed in 

narrow, deep beds. 

Fol lowing the slugging regime Is one of turbulent f luldlzation in 

which the upper surface of the solids is difficult to distinguish and 

good solid mixing is observed. Finally, as the velocity of the gas is 

Increased greater than the terminal velocity of the particles (the 

terminal velocity being the maximum velocity that a free-falling 

particle could reach), the particles are carried out, or entrained, from 

the vessel. This state Is referred to as fast fluldizatlon, or dllute-

or lean-phase transport. In this case, solids must be returned to the 

vessel to make up for the inventory lost during operation (Zenz, 1971). 

As previously mentioned, there are distinct advantages in the use 

of gas f luidlzed beds, viz. enhanced heat and mass transfer. However, 

according to Bratu andJinescu (1971), there are problems encountered 

with the conventional fluidized bed: 

(1) poor sol Id circulation patterns and non-homogeneity of the 

bed resulting in the back mixing and varying residence 

times of both the sol id and gas phases; 

(2) undesired particle entrainment as a result of solid 

attrition during f luidlzation; 
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(3) non-uniform bed porosity leading to a decrease In heat and 

mass transfer effectiveness; 

(4) high gas pressure drop through the bed; and 

(5) difficulty In designing the fluidlzatlon system, most 

notably the gas distributor plate and the necessary 

freeboard space. 

A promising approach to reduce or alleviate some of the preceding 

problems experienced with a gas-fluidized bed Is to use a vibrof luldlzed 

bed as described below. 

2.1.2 Basic EQuatlons Describing a Vibrof!ujdlzed Bed 

In a vlbrof luldlzed bed, a form of mechanical vibration Is used to 

levitate the particles to supplement or replace the conventional 

f luldizing gas. 

As seen In Figure 2.2, the vibration Is typically In the form of a 

sinusoidal motion. In systems in which the rod connecting the vibrating 

drive-mechanism to the base plate is long in comparison to the vibrating 

amplitude, a simple harmonic motion may be achieved. A schematic 

diagram of a vibrof luidized bed is given in Figure 2.3. Comparing the 

bed motion with the sinusoidal vibration In Figure 2.2, the bed I ifts 

off the vessel base at time ts. It then collides with the vessel base 

later at time tc until a period of vibration t 0 is reached. At t ,the 
0 

bed begins to lift off the vessel base again. The distance between the 

vibrated bed and the vessel base is Indicated by s. 
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An Expanded Bed 
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Figure 2.3 The Bouncing Motion of a Bed of Particles in a 
Vibrating Vessel Modeled as a Porous Plastic Body 
(The Bed Lifts off from the Vessel Base at Time 
ts; It Collides with the Vessel Base Later at 
Time tc Until a Period of Vibration tB is Reached 
at Which Time the Bed Begins to Lift ff the 
Vessel Base Again, s is the Distance Between the 
Vibrated Bed and the Vessel Base). 
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The fol lowing equations describe the displacement, velocity, and 

acceleration, respectively, of the vibration, assuming It Is vertical. 

x = x0 sinwt 

x = x0 Ci.icoswt 
• • 2 
x = -x<J> sin wt 

(2.1) 

(2.2) 

(2.3) 

In the equations, x0 Is the amplitude of vibration In length,w is the 

angular frequency In radians per second (equal to 2 'Ir f In which f Is the 

frequency In cycles per time), and t Is the time. (Note: A distinction 

must be made between amplitude and stroke, which is a common term in the 

vibration literature. Stroke Is the peak-to-peak distance traveled 

during one vibratory cycle. Amplitude, x , Ts one-half of the stroke.) 
0 

In order for the bed of particles to I I ft-off the vibrating base-

plate, the negative of the base acceleration must be greater than or 

equal to the gravitational acceleration, or 

.. 
-xbase ~ g (2.4) 

Recal I that the acceleration of the base plate Is a negative quantity 

because of its functional form given by Eq. (2.3). 

An alternate method Is also used to describe the separation of the 

bed from the vibrating base-plate, and It Is in the form of a 

dimensionless grouping. The dimensionless group, also known as the 

vibrational Intensity parameter K, Is defined as fol lows. 

XO 4> 
K = 

9 

2 
= 

2 x (2:rrf) 
0 

9 
(2.5) 
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where x0 , w, f, and g are def lned as before. 

If the vibrational acceleration x w2 
0 

ls less than the 

gravitational acceleration CK< 1), the bed Is not vlbrofluldlzed but 

merely displaced vertically as a fixed bed, as indicated in Figure 2.3a. 

But as the va I ue of K exceeds one CK > 1 ) , the part I c I es beg r n to 

levitate and exhibit the flow properties of a Newtonian liquid. Thus, 

as the vibrational acceleration ls increased past that of gravity, the 

particles are vlbrof luldlzed, as depleted in Figure 2.3b. 

2.1.3 Particle Flight In a Vlbroflu!d!zed Bed 

Upon separation of the bed from the base, particles are In free 

flight. The flight of particles may be any one of several types, as 

seen in Figure 2.4 where the solid lines represent the motion of the 

base plate and the dotted lines display the motion of particles. The 

three particle trajectories given In Figure 2.4 show: (1) a steady 

motion of one col I ls Ion per cycle, (2) an unsteady motion of Immediate 

particle I I ft-off upon contact with the base plate, and (3) a steady 

motion of two similar col I ls Ions every two cycles. In Figure 2.4, the 

n's represent points of particle lift-off from a vibrating plate as wel I 

as contact with the vibrating plate. For example, in Figure 2.4a, n0 

signifies the !nltlal point of particle lift-off in the vibrating cycle. 

Likewise, the position Cn +1) denotes the point of partlcle Ifft-off 
0 

after one cycle If stable fllght is observed. Similarly, n1, n2, ••• , 

etc. represent the points of contact of particles with the vibrating 

base plate afte; ·rhelr first f I ight, second f I lght, etc. 

Several attempts have been made to mathematically model the impact 
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and flight of the particle bed. Notable were those made by Takahashi et 

al. (1968/69), Yoshida and Kousaka (1966), and Gray and Rhodes (1972). 

Al I three postulated the particle bed to behave as a coherent mass. 

Takahashi et al. (1968/69) considered the collision between the bed and 

the vibrating plate to be plastic Cor Inelastic), that rs, the coherent 

mass did not leave the base upon Impact. Yoshida and Kousaka (1966) 

also considered the collision to be plastic (Inelastic), but took into 

account a drag coefficient resulting from air flowing through the bed 

Cvlscoplastlc model). Gray and Rhodes (1972) attempted to Incorporate 

vibrating conditions Into their model by assuming the col llsfon between 

the bed and base plate to be viscoelastic, that Is, a portion of the 

kinetic energy was damped out upon impact. By using a spring constant 

to describe the col llsfon of masses, the energy dampened by the vibrator 

was postulated to be in the form of Kelvin-Voigt solid, in which part of 

the energy was stored In a spring, while the remainder of the energy was 

dissipated In a dashpot. The viscoelastic model of Gray and Rhodes did 

not include a drag term and could not be easily solved because of the 

unavailability of required bed constants. 

Gray and Rhodes (1972) showed the plastic and vlscoplastlc models 

to be In good agreement with experlmental results. The piastre model, 

however, began to fall as the effects of air drag and wal I friction were 

not negligible, particularly with smal I particles. The vlscoplastic 

model continued to yield good results for alumina, glass, and bronze 

powders with diameters of approximately 50 microns. 

However, both models, as wel I as that of Gray and Rhodes, were 

deemed Invalid at frequencies greater than 150 Hz (Hertz, or cycle per 
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second) and vibrational accelerations greater than 10 g. 

conditions, the bed could not be considered a coherent mass. 

2.1.4 Particle Circulation In a Vlbroflu!d!zed Bed 

At these 

During operation, one of the most Important characteristics of a 

vlbrofluld!zed bed Is the particle motion. Typical solid circulat ion 

patterns are Illustrated In Figure 2.5. The shape of the solid surface 

results from the flow of air Into the space between the bed of solids 

and the base plate. Gutman C1976a) has demonstrated with pressure 

measurements that, upon bed lift-off, a vacuum is formed beneath the 

bed. Air then percolates through the solids In the path of least 

resistance, namely where particles are the slowest moving. Strumll lo 

and Pakowski (1980) have shown that because of higher shear stresses and 

frictional forces present near the vessel wal Is, particles move more 

slowly In those regions. As the bed ultimately fal Is downward toward 

the base plate, air Is forced from the air gap and flows upward through 

the Interstices of the bed of solids. This cycle Is considered to be an 

"air pumping" effect. 

Kapustin et al. (1980) Investigated the solid circulat ion In a 

vlbrof lu!dlzed bed. Particle diameters of 50-1,000 microns as wel I as 

vibrational accelerations of 2-4.5 g were used. Initial bed heights of 

iron, n I eke I powder and Iron concentrate were var I ed from 10-1 00 mm. It 

was observed that the particle circulation for particles with diameters 

less than 100 microns was not uniform throughout the vessel. This was 

possibly caused by the passage of gas bubbles through the bed. However, 

In beds with coarser materials, the particle circulation was more 
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Figure 2.5 Particle Circulation in a Vibrofluidized Bed 
(a) Flow of Particles Upward at the Center and 
Downward at the Walls; (b) Flow of Particles 
Upward at One Wall and Downward at the Opposite 
Wall. (Liu and Squires, 19,84). 
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complete wfth the wall-adjofnfng solfds movfng at a slower rate than 

those at the .center of the vessel. It was observed that the 

reclrculatron rate remained constant for particles wfth a diameter 

greater than about 500 microns. However, the recf rculatfon rate 

decreased with decreasing particle sfze. Also, the bed hefght had very 

.I lttle affect on the particle recirculatfon rate. 

The solid circulation pattern seen In Figure 2.5a Is very common In 

a vlbroflutdlzed bed. The solids are seen to travel faster at the 

center of the vessel than at the wal I. As a result, a build-up of 

solids Is observed at the center of the bed. The pattern of Figure 2.5b 

has also been reported tn other work done at this laboratory (Liu and 

Squires, 1984). The cause of this circulation Is suggested to be due to 

the flow of air which, In this case, was downward at one wal I and upward 

at the opposite wall tn the cylindrical vessel. The effect of the air 

flow was most evident when a smal I tube was placed vertically Into the 

deep portion of the bed and particles were blown out of the vessel 

through the tube center. This clrculatton pattern was very sensitive to 

parttcle size and density, vfbratlonal acceleratfon, and start-up 

conditfons. However, these observations were merely qualitative in 

nature and more work is needed to fully describe this phenomenon. 

2.1.5 Modeling of the Gas Puring "Air Pumping" in a Vlbroflu!dized 

afil1. 

Krol I (1954) attempted to model the air pressure In and the air gap 

thickness formed beneath a vlbrofluidfzed bed of solids. The 

assumptions made In the derivation of this model were as fol lows. 



-19-

(1) the bed moved as a single porous piston; 

(2) the voldage of the bed was constant; 

(3) the col llslon between the bed and the base of the vessel 

was lnelastlc and took place lnstanteously; 

(4) wall friction was negligible; 

(5) the formation of an air gap at the base plate permitted 

the percolation of air down through the bed according to 

Darcy's Law; and 

(6) the air was treated as an lncompresslble fluid. 

Gutman C1976a) developed a mod If led version of the Krol I model by 

assuming the gas to be a compressible f luld. In the compressible gas 

model, the pressure In the air gap was represented by a Fourier series 

and a solution In that form, with several emplrlcal constants, was 

obtained. Gutman (1976a) observed that the Kroll model was only valid 

for particles greater than 400 microns In diameter Cat 50 Hz), while the 

compressible gas model agreed well with experimental results over a wide 

range of variables studied (100-800 micron glass particles; 20-60 Hz; 0-

6 g). For beds of sand of 250-300 microns, Gutman (1975) also - showed 

that the postulate of air flow through the bed of solids fol lowing 

Darcy's Law was suitable up to frequencies of 100 Hz. 

However, both the Krol I and Gutman models seemed to fail with a 

ratio of bed depth CL) to vessel diameter CD) greater than one CL/D >1). 

In these deep-bed conf lgurations, wal I friction could not be considered 

negliglb!~~ thus setting up tensile stresses throughout the bed to 

result In large variations in bed voidage. For shallow beds CL/D <<1), 



-20-

Gutman (1976a) found that the change In bed voldage was lnslgnlfic3nt. 

In certain situations, the assumption of the bed acting as a 

coherent mass could break down. Kapustin et al. (1980) have shown by 

high-speed photography that, upon the throw of the bed, the upper-most 

particles would separate from the bed and f luidlze first. Each 

subsequent layer down the bed would then fluidize until bed compaction 

was achieved. Then, as the bed began to fal (, the reverse process 

occurred with thelower~mostpartlcles descending toward the base plate. 

Upon contact of each descending layer, compaction again took place 

sending stress waves up the bed. This could lead to large variations In 

bed voldage, resulting In Inaccurate model predictions. 

2.1.6 Advantages of a Vibrofluldlzed Bed Oyer Conventional Gas-

Flutdtzed Beds 

With the basic fundamental knowledge of a vibrof luldlzed bed, many 

advantages may be realized over a conventional fluidized bed. It has 

been shown by Ur•ev (1978) and Vlnogradov et al. (1980) that an Intense 

vibration Is an efflctent method of breaking adhesive bonds and creating 

a fluidized and highly mobile bed of sol Ids. This vibrational 

effectiveness can eliminate the need for a fluidizing gas which, in 

turn, leads to a bed with more uniform conditions. 

Except In the case of extremely smal I particles, bubbles do not 

form In a vibrof luidlzed bed. This results In a homogeneous bed with 

wel 1-def lned circulation patterns and yields a bed with no dead zones, 

as Is often observed In gas fluidized-beds (see Wen et al. 1980). Thus, 

contrary to conventional bubbl Ing or sluggtng beds, a vibrof luidlzed bed 
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generally has a constant porosity as observed by Buevlch and Galontsev 

(1978). Vibration In conjunction with a fluldlzlng gas has been used 

quite frequently, most notably by Gupta and Majumdar (1980) and Mushtaev 

et al. (1973), to create a state of non-bubbllng, constant porosity 

beds. This condition Is extremely favorable In a f luldlzed bed reactor 

as It creates Intimate gas-solid contact with no gas bypassing In the 

form of bubbles or slugs. 

Lastly, as the fluldlzlng gas Is ellmlnated from a vlbrofluldlzed-

bed system, so are the entrainment and pressure drop considerations. 

With the use of vibrations to f luldlze the particles, there Is no danger 

of sollds carry-over from the system. Also, design problems, 

particularly the distributor plate and freeboard area, are greatly 

reduced with the use of a vlbrof luldlzed bed. 

2.2 Heat Transfer In a Vlbrof!uldlzed Bed 

2.2.1 Benefits of Heat Transfer In a Vibrofluldlzed Bed 

As has been previously noted, an extremely good particle 

circulation Is obtained In a vlbrof luldlzed bed due to an "air pumping" 

effect. This solid clrculatlon creates a situation for more pronounced 

heat transfer. Several Investigators CBukareva et al. 1970; Ginzburg and 

Syroedov, 1965; Gupta and Mujumdar, 1980; Kazachinskaya and Bi lyk, 

1975), mostly In Russia, have attempted to adapt the enhanced heat 

transfer In a vibrofluidlzed bed to the drying of solid particles. 

Typically, particles are dried In conventional f luidlzed beds. However, 

according to Danielson and Hovmand (1980), there are operational 

problems for gas-fluldlzlng partlcles with: Cl) a wide size 
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distribution, (2) a sticky or thermoplastic nature, and (3) a pasty, wet 

feed properties. Therefore, vibrations have been used to augment or 

totally replace the hot f luldlzlng gas. The use of vibrations to 

supplement the drying Cfluldlzing) gas normally decreases the time 

required to reduce the moisture content of a particular solid to the 

desired specif !cation. In the case of drying an antibiotic paste 

CVolovik et al., 1975), the use of a vlbrofluldized bed over the 

conventional shelf-type vacuum dryer can reduce the required heating 

time to less than one minute, as compared to the 8 to 12 hours normally 

required. 

2.2.2 Mechanism tor Conductive Heat Transfer jn a Yibrof!uldized 

~ 

Heat transfer studies in any fluidized bed, whether it be gas-

f luidlzed or vibrofluidized, usually take the form of conductive heat 

transfer. A heat-transfer probe Is Immersed In the fluidized bed,where 

the solids collide with the heater surface and heat Is exchanged between 

the two by conduction. 

Kal'tman and Tamarln (1969) proposed a model tor conductive beat 

transfer In a vibrof luldlzed bed to be the same as that proposed by 

Mickley and Fairbanks (1955) tor a gas-fluidized bed. In each case, a 

packet of solids was assumed to contact the heat-exchange surface and 

gain thermal energy via unsteady-state heat conduction. The packet, 

after a certain contact time with the heater surface, was then swept 

away and returned to the bulk of the solid bed. The heater surface was 

seen to be alternately contacted with a solid packet and then a bubble 
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of gas. 

However, there are generally no bubbles present In a vlbrof luldlzed 

bed to remove a packet of sol Ids from the heat-transfer surface. Gutman 

C1976b) pointed out that the contact time between the sol Ids and the 

heater surface In a clrculatlng vlbrof luldlzed bed was too long to 

obtain the high heat transfer coefficient realized In a vlbrofluldlzed 

bed. Therefore, the validity of a packet-type model In the form of 

Mickley and Fairbanks was questioned. 

Gutman C1976b) proposed a "scoured gas-fllm" model for heat 

transfer In a vlbrof luldlzed bed. As seen In Figure 2.6, a thin air 

film was envisioned to be present between the heater surface and the 

particles. The thickness of the air fllm to the resistance to heat 

transfer was assumed to be proportional between the heater surface and 

the particles. The analysis led to an expression for the heat transfer 

coefficient In a vlbrof luldlzed bed that depended solely on the peak 

height of bed throw which could be calculated, for a specific frequency 

and amplitude of vibration, using the compressible gas model (Gutman, 

1976a) noted In Section 2.1.5. 

Gutman considered particle size and vlbratlonal frequency and 

amplitude In his heat tran?fer model, but did not take Into account the 

particle mixing and clrculatlon In a vlbrof luldlzed bed. Gutman assumed 

that since the value of the thermal conductivity In a vibrof luldlzed bed 

C30W/m-K--Sapozhnikov and Syromyatnlkov, 1970) was much less than that 

in a conventional f luidlzed bed (4x104 W/m-K-- Botterll 1, 1975), 

particle clrculatlon was not a signlf lcant factor In the heat transfer 

process. However, the quoted value of 30 W/m-K used by Gutman was given 
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gas film 

Figure 2.6 Arrangement of Particles in a Stationary 
Bed According to the 11Scoured 11 Gas Film 
Model. (TB is the bed (bulk) temperature, 
Ts is the surface temperature; dp is the 
particle diameter). 
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2 5 for a system pressure of 100 N/m (atmospheric pressure being 1.01x10 

N/m2> at which the heat transfer should be much less (see Section 

2.4.5). Therefore, the Gutman model Is believed to be In error when 

applied to predict or correlate the heat transfer coefficients In many 

vlbrof luldlzed beds, particularly for situations In which the effects of 

particle mixing and circulation on heat transfer are significant. 

2.2.3 Heat Transfer yersus Bed Porosity In a Vlbrof!u!dlzed Bed 

When the vibrational acceleration Is Increased greater than 1 g, 

the bed of particles Is thrown upward from the base plate. As a result 

of the "air pumping" effect, the solids begin to circulate. If the 

vibrational acceleration Is Increased even further, the bed-throw height 

Is Increasingly greater and the solid circulation much more Intense. 

Therefore, the porosity of the bed can be seen to Increase as the 

vibrational Intensity parameter (K) Is Increased. 

Unlike a conventional fluidized bed In which the bed porosity 

approaches one as the gas velocity approaches that of the dilute-phase 

conveying limit, however, the porosity In a vlbrofluidlzed bed Increases 

to a maximum as the vibrational acceleration Is Increased, and remains 

constant at that maximum thereafter. This phenomenon is better seen in 

Figure 2.7. 

Also Interesting to note from Figure 2.7 Is the fact that at a 

constant K value, a lower frequency (or higher amplitude) yields a 

higher bed porosity. This effect seems reasonable In light of previous 

findings. For example, Gutman (1976a) has found that when the amplitude 

of vibration Increased at a constant frequency, the throw of the bed was 
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Figure 2.7 Effect of Vibrational Intensity Parameter on Bed 
Porosity at Different Vibrational Frequencies 
(Chlenov and Mikhailov, 1965). (Note No data 
points can be found from the original reference). 
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greater, and therefore, so was the bed porosity. 

The heat transfer coefficients measured fn vlbrof lufdlzed beds 

demonstrate the same trend as bed porosity with Increased K values; that 

fs, they typically reach a maximum value. However, fn most Instances, 

the heat transfer coeff fcfent decreases with higher vibrational 

accelerations after reaching this maximum. Referring back to the 

"scoured gas-ff Im" model proposed by Gutman, the resistance to heat 

transfer between the heater surface and the particles Increases with 

Increasing gas-ff Im thickness. As the vibrational acceleration Is 

Increased, the particle circulation becomes much more significant, 

"scouring" the gas ff Im to create more heat exchange. However, a point 

exists where the "air pumping" effect becomes so great that the 

th I ckness of the gas ff Im f s very I arge, and the "scouring" effect is 

diminished. Therefore, the effect of the vibrational acceleration on 

the heat transfer coeff fcient Jn a vlbrof luldlzed bed Is a trade-off 

between enhanced particle circulation Cl lmlted by maximum bed porosity) 

and the thickness of the gas-film due to "air pumping". 

2.2.4 Summary of Heat Transfer Studies jn Vlbrof!uld!zed .6..e.d,s_ 

The operating conditions and results of several heat transfer 

studies Jn vlbrofluldlzed beds are presented Jn Table 2.1. Many key 

things may be noted Jn Table 2.1 and In the references cited, Including 

the effects on heat transfer of: Cl) particle size; (2) bed height; (3) 

heat probe conf fguratlon; (4) frequency and amp I itude of vibration; and 

(5) system pressure. 

2.2.4.1 Effect of Particle Size 



TABLE 2.1 

SU11111ary of Heat Transfer Studies in Vibrofluid1zed Beds 

Conditions at 
Maxim1111 Heat Maximum 

Amplitude Frequency Particle Particle Bed Transfer Coefficient Amplitude Fr(uency 
Reference (rrrn) (Hz) Type Size (µm) Height (rrrn) Observed (W/m2•K) (Diil) Hz) Ranarks 

Bykareva 0-1.8 20-100 NaCl Broad 30 475 1.4 25 Bott. Heater 
et al. NaCl Broad 50 475 1.2 50 Vert. Heater 
(1969) Quartz Sand 280-355 70 225 1.4 40 Bott. Heater 

Quartz Sand 280-355 70 350 1.4 50 Vert. Heater 

Gutman 0-2.2 20-50 Glass Balla- 90-135 80 275 2.2 20 Vert. Heater 
(1976) tini 210-325 80 225 2.2 20 " 675-935 80 300 2.2 20 u 

Kal'tman 1.5-8 13·36 Corundum 45.9 70-80 1400 4 28 Spher.Heater 
et al. 
(1969) I 

N 
00 

Kossenko 0.3-3.5 20-60 Corundum 120 160 500 1.6 20 Horiz.Heater I 

et al. 320 160 300 1.6 20 u 

(1975) 500 160 200 1.6 20 " 
- 1300 160 150 1.6 20 .. 

Ryzhkov 2.73 16-30 Alum.Oxide 60 500 680 2.73 20 Vert. Heater 
et al. 
(1976) 

Sapozhnikov* 0.0-8 30-130 Corundum 160 45-50 280 0.56 41 Spher.Heater 
et al. 
( 1970) 

*Performed Heat Transfer Studies at Pressure Below Atmospheric. 
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The effect of particle size on the heat transfer In a 

vlbrofluldlzed bed Is most evident from Table 2.1. Kossenko et al. 

(1975) Investigated four different sizes of corundum particles and 

reported a decrease In the heat transfer coefficient with Increasing 

partlcle size. This trend Is generally observed by others as wel 1, and 

Is due mostly to the Increased "air pumping" and particle circulation 

with smaller partlcles. 

Gutman C1976b) gave results Inconsistent with this trend as seen In 

Table 2.1. The value of the heat transfer coefficient for the largest 

partlcles tested was greater than that for the two finest partlcles 

tested. Slmllar Inconsistent results were given at a frequency of 50 

Hz, but no explanatlon was proposed for this discrepancy. 

It Is 

coeff lclent 

slgnlf lcant to note the extremely high heat transfer 
2 (1,400 W/m -K) reported by Kal'tman and Tamarln (1969) for 

very smal I corundum particles with an average diameter of 45.9 microns. 

This value was slgnlflcantly higher than al I other observed heat 

transfer coeff lclents as It corresponded to vibrating conditions 

Campi ltude of 4 mm, frequency of 28 Hz) yleldlng a K value greater than 

12. However, consistent data were presented for a myriad of vibrating 

conditions al I owing to a heat transfer coeff lclent of approximatley 
2 1,200 W/m -K, slgnlflcantly greater than that observed for a shallow 

gas-fluidized bed. 

2.2.4.2 Effect of Static Bed Height 

Because of the large number of combinations of vibrating conditions 

reported by experimenters, It Is dlfflcult to determine the effect of 
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bed height on heat transfer In a vlbrof luldlzed bed. However, some have 

attempted to test the effect of static bed height. 

Bukareva et al. (1969) and Gutman C1976b) reported that there was 

little, If any, effect of static bed height on the heat transfer 

coefficient although the scope of the tests was limited (30-50 mm and 

120-150 mm bed depths for Bukareva et al. and Gutman, respectively). 

Kossenko et al. (1975) reported a decrease In the heat transfer 

coefficient in a vlbrof luidized bed with decreasing static bed height, 

although no qualitative Information was given and a narrow range of bed 

depths was tested (120-160 mm). 

It Is conceivable that a maximum heat transfer coeff lclent exists 

at a certain bed height. If an extremely deep bed was used, the 

percolation of air through the solids, as wel I as the particle 

circulation, would be minimal. As the height of the bed was decreased, 

particle mixing would Increase, causing the heat transfer coeff lclent to 

Increase. However, If the bed height was further decreased, there would 

exist a point at which the number of particles and, thus, the number of 

col lfslons between solids and heater surface would be slgnlflcantly 

reduced, decreasing the heat transfer. The heat transfer coeff iclent 

would ultimately reduce to zero at zero bed height. 

Perhaps a more Important factor than bed height, which affects the 

circulation of particles and the resulting heat transfer In a 

vlbrof luidlzed bed, would be a ratio of bed height to vessel diameter. 

It can be envisioned that a tal 1, narrow vibrating system would have a 

much different sol Id circulation pattern in comparison to an equally 

tall, but wide, vibrofluidized bed. Few, if any, attempts can be 
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made at correlating such information, mostly due to the lack of 

dimensions reported for many vessel systems. Also, great difficulty 

arises in making generalizations about such widely varying systems, as 

is also the case for such attempts in describing conventional gas-

f luidized beds. 

2.2.4.3 Effect of Configuration of the Heat Probe 

As seen in Table 2.1, there are various heat probe configurations 

and positions used in the heat transfer studies in a vlbrofluidized bed. 

The probe may be a flat plate, cyllndrlcal tube, or spherical and may be 

immersed, in the case of the first two, etlher vertically or 

horizontally In the bed of solfds. 

A vertical heater produces results of a nature similar to that of 

bed porosity. Referring to Figure 2.8, as the vfbratfonal velocity Is 

Increased, the heat transfer coeff lcfent reaches a maximum and remains 

at that level for even greater values of K. 

A horizontal heater, on the other hand, yields heat transfer 

coeff lclents that increase to a maximum and then decrease again with 

increasing vibrational velocity, as seen in Figure 2.9. The reason, as 

revealed In Section 2.2.2, is a result of a trade-off between the number 

of particle col llslons "scouring" the gas film surrounding the heat 

probe and a thicker gas-film on the 

However, an additional effect could 

probe due to "air pumping." 

also be considered to cause a 

maximum In the heat transfer coefficient with increasing K. As the 

vibrational acceleration is increased and the bed of solids fs thrown 

upward, an air gap Is formed between the upper surface of the probe and 
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the sol Id bed. This renders a portion of the heat probe surface 

Ineffective as the sol Ids do not contact It for a portion of the cycle. 

Slmllar observations have been made by Sapozhnlkov et al. (1976) 

for the bottom surface of the probe as the bed fal Is downward toward the 

base plate. This phenomenon can also be envisioned to occur with a 

spherical probe, but not with a vertical one, except perhaps In the case 

of smal I particles In which the "air pumping" effect Is slgnlf lcant. 

The effect of the air gap on heat transfer Is most evident Jn the 

measurements of local heat transfer coefficients as explored In Section 

2.2.5. 

One consideration that Is neglected quite often In the I lterature 

Is the position of the probe In the bed of sol Ids. Kossenko et al. 

(1975) and Ryzhkov et al. (1976) have shown that the heat transfer 

coefficient varies at different probe elevatlons In a vlbrof luldlzed bed 

and that this variation Is very dependent on vibrating conditions and 

bed height. Therefore, without knowledge of probe elevation Jn the bed, 

It Is difficult to assimilate and compare much of the data presented In 

the literature. 

2.2.4.4 Effects of EreQuency and Amplitude of Vibration 

Referring again to Figures 2.8 and 2.9 for the heat transfer from a 

vertical and a horizontal heater, respectlvely, to a bed of quartz sand, 

It can be seen that as the vibratlonal acceleratlon Increases, the heat 

transfer coefficient also Increases until a maximum Is reached. The 

heat transfer coeff lclent then either remains constant at the maximum or 

decreases with increasing K values, depending on the orientation of the 
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heater (whether it be horizontal or vertical). 

This trend indicates a positive effect of the amplitude of 

vibration on the heat transfer in a vibrof luidfzed bed. As the 

amplitude Ts increased at a constant frequency, thereby increasing the 

value of K, the bed throw Ts also increased which enhances the heat 

transfer. Recal I that Gutman C1976b) developed an expression to 

/ calculate the heat transfer coefficient in a vibrof lufdized bed that was 

solely dependent on the bed throw. The latter could be obtained from 

the vibrating frequency and amplitude using the Incompressible gas model 

of Krol I (1974) or the compressible gas model of Gutman C1976a). 

The effect of vibrational frequency on the heat transfer Is quite 

the opposite. As seen in Figure 2.9, as the frequency Is increased from 

40 to 60 Hz, the maximum in the heat transfer coeff Tclent decreases 
2 from 250 to 150 W/m -K, respectively. This phenomenon could be best 

explained by realizing that the bed throw and impact become more 

unstable as the frequency Is Increased, thereby disrupting solid 

clrculaton patterns within the bed. 

Ryzhkov et al. (l976)pointedout that the heat transfer coefficient 

was most uniform throughout the bed at higher values of K. Optimum sets 

of vibrating conditions were thought to exist for heat transfer. 

Kal'tman and Tamarin (1969) had, years earlier, processed their heat 

transfer data to obtain a semi-empirical relationship to predict the 

best vibrating conditions available for optimum heat transfer In a 

vlbrofluldlzed bed. Their relationship took the following form 

(2.6) 
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or sfmJ larly 

K = 0.78W 0•4 (2.7) 

Under the conditions of their experiments, the maximum In the heat 

transfer coefficient was reached when K equaled 4.7, and any higher K 

values corresponded to lower heat transfer coeff tctent~. 

2.2.4.5 Effect of System Pressyre 

Sapozhnfkov and SyromyatnJkov (1970) performed heat transfer 

experiments at pressures below atmospheric. The pressure was varied 

from atmospheric down to 30 N/m2, C0.225 mm Hg). At a pressure of 60 
2 . 2 N/m , heat transfer coeff JcJents In the range of 30-45 W/m -K were 

observed, which are typical results found Jn packed beds at atmospheric 

pressure. The reduced heat transfer at lower pressures was apparently 

caused by a lesser extent of solid crrculatfon as well as a declJne Jn 

gas thermal conductivity, which was most sJgnJf tcant at extremely low 

system pressures. 

The experJmentally observed heat transfer coefficients for beds of 

synthetic corundum of various particle diameters (320 and 630 microns) 

were correlated against the range of system pressure previously stated. 

The data were approximated by the followJng equation 

In the equation, 

= 0.5[1 + tanh mlog(P-h)] (2.8) 

and h are the values of the heat transfer 
0 
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coefficients at the system pressure PCN/m2> and atmospheric pressure, 

respectlvely; m and b are empJrJcal constants to be f ltted from 

experimental data. 

2.2.5 Comparison of Local Heat Transfer eoetf lclents tn 

Vlbroflu!d!zed and Gas-Fluidized Beds 

A comparlson of the local heat transfer coeff lcfents ln a 

vlbrofluldlz.ed and a gas-fluidized bed Is . shown In Figure 2.10. Also, 

some recent data for a gas-fluJdtzed bed are presented In Figure 2.11. 

The left-hand portion of Figure 2.10 CFfgure 2.10a) reveals local 

heat transfer coefffcfents for a slngle tube, where the solid I Ines 

fndJcate a vfbroflufdfzed bed and the dotted lines a gas-fluidized bed. 

Particularly In the vfbrof lufdlzed bed, note that the heat transfer 

coeff lclent Is much lower on the upper and lower surfaces of the probe 

Clndfcated by positions VII and I, respectlvely) than on the lateral 

surface of the heat-transfer probe (position IV). This Is caused mostly 

by the air gap formed between the bed and the upper and lower surfaces 

of the horlzontal probe, as the sol Ids move In their upward and downward 

directions. The Intermittent air gap formed during each cycle causes 

part of the heat transfer area to become Ineffective due to a lack of 

bed-to-surface contact. The lateral surfaces of the horizontal probe 

are contlnuously contacted by partlcles, resultlng Jn higher heat 

transfer coeff lclents. 

Figure 2.11 shows some recently publlshed data on local heat 

transfer coeff lcfents for a gas-f luldfzed bed. As with a horlzontal 

probe Jn a vlbrof lufdlzed bed, the heat transfer coefficient at the 
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Figure 2.10 Local heat transfer for a single tube (a) and 
for a single-row tube bundle (b) in an ordinary 
fluidized (dashed curves) and vibrated fluidized 
(solid curves) beds. Quartz sand: ds = 
0.35 rran, H0 = 500 mm, dt = 20 mm: l)K = 1.45 
sic; 2) 3.41-5.25; synthetic aluminum oxide: 
ds = 0.32 imn, H0 = 120-160 mm, dt = 25 mm: 
1) K=l.58; 2) 3.94-5.5. (Sapazhnikov et al., 
1976) 
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Figure 2.11 Polar Plot of Local Heat Transfer Coefficient 
For a Partially Immersed Tube in a Shallow 
Fluidized Bed at Three Locations Above the 
Distributor Plate (Particles: 165 micron 
Activated Charcoal; Probe Distance Above Grid 
Plate: ¢ 44 mm, o 93 mm,O 260 mm). 
(AbuBakaret al., 1980). 
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upper surface Is much lower than those at other positions. This again 

Is caused by the very low extent of bed-to-surface contact at the upper 

surface, as the f luldlzlng gas forces the partlcles around the heat 

probe, never al I owing them to contact the upper surface. Note, however, 

the extremely high heat transfer coefficients at the bottom surface of 

the probe. Here, the fluldlzlng gas causes contlnuous solld contact 

with the probe 1s bottom surface, resultlng In extremely good heat 

transfer. 

The comparison of local heat transfer coeff Jclents Jn 

vlbrof luldlzed and gas-f luldlzed beds Is dlfflcult becuase of the very 

different nature of the two types of beds. The dlff Jculty In arranging 

analogous condltlons for each bed and the scarclty of test data make rt 

dlfflcult to broadly generallze the slmllarlty of the local heat 

transfer mechanisms Jn these systems. 

2.2.6 Direct-Contact Heat Transfer In Vibrofluldlzed Beds 

Some work has been done on the transfer of thermal energy dlrectly 

from a gas to a bed of solids CThlelbahr and Perlswelg, 1979; Rudnicki, 

et al. 1983). However, this so-cal led dlrect-contact heat transfer has 

almost excluslvely been done In conventional gas-fluidized beds. 

In probing the I lterature, only one case has been found in which 

dlrect-contact heat transfer has been attempted In a vibrof luidlzed bed. 

Mal'Chenko and Bograd (1976) Implemented a horizontal closed-loop system 

to perform unsteady-state heat transfer studies. The system was a 

closed loop in which sol Ids were conveyed by vibrations. The solids, 

5.58-mm diameter ceramic bal Is, were then alternately contacted with hot 
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and cold gases. 

Experimentally obtained local heat transfer coeff Icients were 

correlated against gas velocity and vibrational acceleration. It was 

reported that the greatest gain In heat transfer was at low vibrational 

amplitudes, at which there was expansion of the bed. At high 

amplitudes, the bed compacted and the heat transfer ceased to depend on 

the vibrational parameters. It must be noted that the vibrations were 

used to assist the hot and cold f luidlzing gases used. 

2.3 Vibratory Conveying 

2.3.1 General Overview of Vibratory Conveying 

Vibratory conveyors have been used widely In Industry for many 

years, mostly to transport bulk solids ranging from smal I plastic 

granules to large metal castings. More recently, the enhanced solid 

mixing with the use of external vibrations has been applied in the form 

of heat-transfer equipment, such as vibro-dryers or vibro-coolers. 

Warta (1979) describes several uses of a vibratory conveyor for direct 

or Indirect heat transfer. Note that direct heat transfer Is the energy 

exchange from one substance to another; Indirect heat transfer rs the 

exchange of heat from one substance to another via an Intermediate 

substance. For example, Ringer and Mersmann (1978) exploited direct 

heat transfer by using a vibrating plate, divided Into heating sections, 

to slmultaneously vlbro-convey and heat solids. 

that bed-to-surface heat transfer coeff Icients 

Their results Indicated 
2 upwards of 300 W/m -K 

could be obtained · using glass spheres with an average diameter of 200 

microns. 
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According to Hickerson (1967) Crefer to Figure 2.12), a vibratory 

conveyor Is made up of several components as fol lows. 

(1) A base Including a suspension system to Isolate forces, 

generated by vibrations, from the supporting structure. 

The suspension system Is typically composed of Isolation 

springs or shock absorbers. 

(2) A drive system. The drive system can be one of several 

types Including electromagnetic, electromechanical, or 

direct-drive (I. Gutman, 1963). The electromagnetic systems 

use pulsing magnetic f lelds to create the vibrations and 

generally operate at higher frequencies and lower 

amplitudes. The electromechanical systems operate on the 

principle of unbalanced, eccentric weights rotating on a 

pair of double-shafted motors. If the weights are 

Identical and the shaft rotation 180° out-of-phase, a 

vertical vibration can be achieved. The direct-drive 

system operates exactly as rt sounds. A rod directly 

connects the vibrating trough to an eccentric - bearing 

system which is driven by a motor. 

(3) A vibrating trough (or track). The material rs conveyed 

along a vibrating trough which is usually between 0.152 m 

(6 Inches) and 0.914 m (36 Inches) in width and can be up 

to 91 m (300 feet) long depending on the type of drive 

system (Carrol 1, 1975). 

Carrol I also describes several advantages Jn using a vibrating 

conveying system as opposed to other types, such as a conveyor belt. 
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Trough 

Figure 2.12 A Schematic Diagram· of a Vibratory Conveyor 
with its Component Parts. (Carroll, 1975). 
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These include the following: 

(1) virtually no degradation of conveyed material; 

(2) abrasive, as well as hot, material can be handled; 

(3) cooling or drying can be done while conveying; 

(4) units are self cleaning; 

(5) units can be made dust-tight; 

(6) units are compact; 

(7) units can be made virtually noise-free; and 

(8) units require very little maintenance. 

2.3.2 Types of Vibratory Conveyors 

Two types of vibratory conveying systems commonly used In industry 

are the resonant and brute-force systems (Parameswaran, 1979). In a 

reasonant-conveying system, the springs which support the vibrating 

trough are the actual drive uni~s. The springs may be either helical-

coll steel springs or leaf springs. Leaf springs are made from polymer 

resins which can be formed into any desired size and stiffness. They 

are also becoming more widely used because of their resistance to 

corrosion and their ability to store large amounts of energy In a 

relatively smal I physical volume <Paz and Morris, 1974). 

The storage and release of energy with the supporting springs is 

the major principle behind a resonant system. The springs are formed 

(or tuned) to the resonant (or natural) frequency of the vibrating mass. 

When the system Is in operation, the springs alternately store energy on 

the downward stroke and release that energy to drive the vibrating mass 

upward. Therefore, the drive only has to make up the energy losses due 
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to friction and air pressure (Schnelder, 1977). Yager (1970) reports 

that the springs can supply up to 90 percent of the energy needed to 

drive the system. Therefore, ft would seem that only a smal I motor 

would be sufficient to drive such a resonant system. This ls not 

entirely the case Jn practice. It ls true that ft takes only minimal 

power to drive the system once ft ls In operation. However, a much 

larger motor Is needed to start the system vibrating. As a result, the 

resonant system Is favorable with regard to operating costs, but It Is 

also more dlff lcult to design, particularly when faced with the 

possibility of large load variations. Yager (1970) presents an 

Interesting "cocked-spring" device to reduce start-up power 

requirements and the corresponding motor size and initial capital 

Investment. 

Most of the vibratory conveyors used Jn industry are not of the 

resonant type but are of the brute-force variety. Brute-force vibrators 

are rugged machines that are not designed to operate at the resonant 

frequency of the vibrating mass. Therefore, the motor drives the entire 

system and gets virtually no help from the springs. However, the 

springs play a very Important part In a brute-force system. Because the 

system Is not operating at resonance, the vibrational forces generated 

can be very substantial. The springs serve to Isolate the majorfty of 

these forces from the supporting structure and are, therefore, cal led 

Isolation springs. Schnelder (1977) reports that 98 percent of the 

transmitted vibrational forces In a brute-force system can be dampened 

out if the vibrating system ls properly balanced and fsolated. 
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It ts Important to note that Isolation springs (or shock absorbers) 

can only dampen out forces generated by the vibrations. Isolation 

systems cannot Isolate frequencies (Whitson, 1984). Therefore, the 

frequency of an operating system ls transmitted to other connected 

objects (e.g. supporting structure). This could be particularly 

dangerous if the operating frequency ls at or near the natural frequency 

of a supporting structure, which could result in the buck I Ing and 

collapse of the system. In conjunction with this problem, Paz and 

Mathis (1972) have used computer programs to iteratively calculate 

dynamic loads on supporting members of a vibratory conveying system. It 

must be reiterated that through the use of springs, forces can be 

isolated, but frequencies cannot. 

Other problems may result from the use of isolation springs when 

stopping a vibratory conveying system. The helical-coll, steel springs 

have a natural frequency of approxlmately 3.1 Hz C 186 rpm), and a 

typlcal operating frequency Is much higher than that, being In the range 

of 10-60 Hz (600-3600 rpm). When a conveying system ts shut down, the 

frequency of vibration gradually decreases until It reaches the natural 

frequency of the springs. It ts at this point that the system wil I 

shake violently until the vibrating frequency drops below the natural 

frequency of the springs, and the system wll I come to rest. This 

violent shaking ts particularly hazardous in large-scale systems, and 

one must be aware of It. One method that Is used to prevent the 

operating frequency from gradually decreasing through the natural 

frequency of the springs Is to quickly reverse the rotation of the drive 

motors. This usually brings the system to an abrupt halt with no 
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shaking. 

2.3.3 EQuattons of Vibratory Motton 

The motion of particles on a vibratory conveyor Is more complex 

than that of particles being f luldlzed with solely vertical vibrations. 

In vibratory conveying, particles have a horizontal displacement as wel I 

as a vertical displacement. The least complex of the two Is the 

vertical displacement and It will be discussed first. 

The analysis for a vibratory conveyor ts similar to that presented 

In Section 2.1 for a vertically vlbrofluldlzed bed. However, referring 

to Figure 2.13, It can be seen that the vibrations In solid conveying 

may not be vertical, and the vibrating base plate may not be horizontal. 

To begin the analysis, the coordinate axes Cx and y) are assumed to be 

parallel and perpendicular to the vibrating plate, respectively. 

Since the vibrating motion can be considered sinusoidal, the 

vertical acceleration of the vibrating plate Is given by the expression: 

·y· = -x w 2 s t n C a - y > s l n w t 
0 

(2.9) 

In the equation, 

y 
2 =vertical acceleration of the vibrating plate, m/s 

x0 = amp I ltude of vibration, m 

w = angular freque~<fY' rad/s (equal to 2'!1' f in which f is the 
frequency In s ) 

e =angle between the direction of vibration and the horizontal, 
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y Direction of 
Vibration 



-49-

degrees 

y =angle between the vibrating plate and the horizontal, 
degrees 

-t = time, s. 

Referring now to the free-body diagram of the particle Jn Figure 

2.14, a force balance can be made on the particle as follows 

.. 
my = N - mg cos y (2.10) 

In the equation, 

m = mass of the particle, kg 

N = normal force exerted on the particle by the plate, N 

g = gravitational acceleration, m/s2 

2 y = vertical acceleration of the particle, m/s 

It is apparent that the particle can either remain on the vibrating 

plate or be thrown Into a free-flight, depending on the vibrational 

energy imparted to It. Naturally, If the particle Is Jn free-f I Jght Ca 

state of vlbrof luidlzatlon), the normal force acting on It Is zero. 

However, Just prior to free-flight, since the particle Js stil I at rest 

on the vibrating plate, the particle acceleration Js equal to that of 

the plate. Therefore, substituting Eq. (2.9) Into (2.10) gives an 
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y 

x 

F 

y 

mg 

Figure 2.14 A Free-Body Diagram of the Forces Acting on 
a Single Particle on a Vibrating Base Plate (N 
is the normal force exerted on the Particle· 
F is the friction force exerted on the Particle). 
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expression for the normal force as follows; 

2 N = m[-x0w slnCe - y)sfn wt + g cosy J (2 .11) 

Setting the normal force equal to zero (particle free-flight), the 

flight time of the particle Cwt) may obtained as follows; 

sln(wt) = ~ 
K 

(2. 12) 

The variable K ls the familiar vlbratronal intensity ~arameter and 

Is gfven by the expressfon: 

K = 
x <isrnce - y) 

0 

g cosy 

Note the slmllarfty between Eqs. (2.13) and (2.5). 

(2. 13) 

In the case 

described by Eq. (2.5), the vibrations were vertical Ce=90°> and the 

vlbratfng base plate was horizontal Cy=0°), which reduced Eq. (2.13) to 

Eq. (2 .5). 

As with Eq. (2.5), the fol lowfng condftions exist for Eq. (2.13). 

(1) K < 1, the partfcle does not have sufffclent 
energy to be in free-flight but Instead "rfdes" 
on the conveying surface. 

(2) K~ 1, the particle fs In free-flfght. 

The particle motion In the horizontal direction is much more 

complex than that rn the vertical dlrectfon because It can take any one 

of the fol lowf ng forms. 



(1) forward slfdfng motion; 

(2) reverse sliding motion; 
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(3) combrned forward and reverse slfdfng motion, resulting 

in either positive, negative, or zero net displacement; or 

(4) forward hopping (free-flight) motion. 

srnce the horrzontal particle conveyfng motion rs so complex, the 

analyses wfll not be presented here. Gaberson (1972) presents a 

complete summary of all of the above types of motion using dfmensronless 

quantities to greatly simplify the governing equations. He also 

presents analyses describing the transition from one particle motion to 

another. Likewise, Winkler (1978, 1979) gives analyses for both sliding 

and hopping conveying motion. He uses a unique triangular motion to 

descrrbe the vibrating plate and ultimately specifies limiting 

boundaries between particle sliding and hoppfng (free-flight). 

Finally, Morcos (1970) presents particle displacement charts for 

purely sliding motion. These charts are formed using dimensionless 

groupings and can be used to Indicate whether a system Is operating Jn a 

range for several forms of particle dlsplacment. 

2.3.4 Particle Mean Conyeytng Ve!ocity 

An Important parameter In the vibratory conveying operation Is the 

speed at which the solids can be transported. This speed ts commonly 

cal led the mean conveying velocity. Perhaps the most complete analysis 

and testing of the mean conveying velocity was performed by Booth and 

McCal I Ion (1963/1964). However, their analysis was strictly for slid Ing 

motion and particle free-flight was not considered. 
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Booth and McCall Ion developed a method to theoretlcal ly calculate 

the mean conveying veloclty of a partlcle using an iterative technique 

to solve the equations of horlzontal partlcle motion. These results 

were then compared with experlmental ly obtained mean conveying 

velocltles for several partlcle types given In Table 2.2. They 

dellberately picked certain materlals to obtain a wide range of the 

coefficient of friction C µ In Table 2.2). Theoretlcal predictions 

agreed very well with experimental results, except for the case of 

the brass cyllnder on the rubber surface. The disagreement In this 

situation was apparently caused by rocking of the brass cyllnder while 

It was being conveyed. 

Even though theoretical predictions were quite qood 
agreement with experlmental results, Booth and McCalllon reallzed that 

their method for calculatlng the mean conveying veloclty was much too 

comp I lcated and time-consuming for the designer who wanted a quick 

result. Therefore, they processed their data and found that their 

results of amp I ltude of vibration versus mean conveying velocity were 

nearly lfnear, and could be fitted to a slmple linear expressfon. The 

prediction of the mean conveying veloclty was then a matter of a few 

basic calculatlons. 

Singh (1974) used an analysfs sfmllar to Booth and McCal lion. 

Singh found that the maximum mean conveying veloclty occurred when the 

angle between the direction of vibration and a vibrating Chorlzontal) 
0 plate was about 55 • This maximum was predicted theoretically as wel I 

as shown experimentally. 
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TABLE 2.2 

Materials Conveyed and Their Static Coefficients 
Of Friction For Expe~imental Tests Of Mean . 

Conveying Velocities (Booth and McCall ion, 1963/64) 

Material Conveyed 

Steel cylinder on steel surface 

Brass cylinder on bass surface 

Small gravel 

Brass cylinder on rubber surface 

Steel cylinder on rubber surface 

Sawdust 

Static Coefficient of 
Friction (µ) 

0.35 

0.35 

0.40 

0.54 

0.58 

0.58 
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There are several drawbacks to the above-mentioned analyses, 

however. First, the analyses considered only sing le particles. 

Sakaguchi ( 1977) has shown that deep layers of sol t ds behave quite 

differently than a single particle. As the height of the layer 

Increases, the free motion of the particles ts severely constrained by 

one another, as opposed to the continued rearrangement seen In smaller 

layers. Therefore, the mean conveying velocity was observed to Increase 

with larger layer heights. This affect Is not taken Into account by 

Booth and McCalllon. 

Finally, such things as particle size and moisture content need to 

be taken Into account. It Is reaonable to assume that If relatively 

deep layers of small particles are conveyed, the "air pumping" effect 

discussed In Section 2.1 could become significant. Also, the moisture 

content of bulk solids could have an effect on the coefficient of 

friction between particle and trough surface, as well as on the 

agglomeration properties of some solids. 

2.4 Choking and Sa!tatlon Velocities In Pneumatic Conveying 

As has been described In Section 2.1.1, If a high fluidizing gas 

velocity Is used, solids may be transported vertical !y In a standpipe. 

This was referred to as fast fluldlzatlon or dilute- or lean-phase 

conveying. A similar situation may also exist tn a horizontal pipe In 

which a carrier gas Is flowing cocurrently to a dilute phase of solids 

at such a velocity as to keep them suspended In the air stream. This, 

as wel I as fast f luldlzatlon, Is a form of pneumatic conveying. 

2.4.1 Choking Velocity 



-56-

A typlcal plot of pressure drop versus gas velocity Jn the vertical 

transport of solids by a gas Is presented In Figure 2.15. As Is evident 

from the graph, there Is a minimum pressure drop experienced at a 

certain gas velocity for a specified solid flow rate. This velocity Is 

known as the choking veloclty. 

Referring again to Figure 2.15, as the gas velocity Is decreased 

from a value much greater than the termlnal veloclty of the largest 

particle, the pressure drop In the standpipe also decreases due to 

reduced frlctlonal forces between the gas and vessel wal Is. As the gas 

velocity Is further decreased, the drag force on and, thus, the velocity 

of, the partlcles also decreases. The latter Increases the density of 

solids Jn the standpipe generating a higher pressure drop. Therefore, 

the pressure drop required to transport the solids goes through a 

minimum. As the gas velocity Is continuously decreased, the density of 

sol Ids In the line Increases until the bed col lapses where It then 

operates In the slugglng regime. 

The transition from lean-phase conveying to slugglng may be 

def lnlte or gradual and It depends on the properties of the system. 

Leung (1980) reports as a general qualitative guide, fine particles In 

large tubes tend to exhibit the gradual transition to slugging Ca so-

ca I I ed "non-chok Ing" system), wh i I e coarse part I c I es In sma I I tubes 

display a very definite transition ("choking" system). Also note In 

Figure 2.15 that as the flow rate of the solfds Is Increased, the 

minimum In pressure drop Is also Increased. This Is caused mostly by 

the Increased static head of the solids as the choking velocity is 

approached and solid density Is increased. 
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Non-slugging I Lean Phase Conveying 
Dense Phase 
Conveying 

Gas Velocity 

Increasing 

Figure 2.15 Demarcation between lean phase conveying 
and non-slugging dense phase conveying. 
(Leung, 1980). 
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No attempt wlll be made to present mathematical relatlonships used 

to analyze choking systems. Leung (1980) and Nakamura and Capes (1973) 

give very complete reviews of vertlcal pneumatic conveying, while 

Arastoopour et al. (1982) present Interesting results concerning several 

models covered In the above reviews, as well as experimental results of 

pressure drop In systems transporting partlcles of wide size 

distributions. 

2.4.2 Sa!tatlon Velocity 

A typlcal plot of pressure drop In a transport line versus gas 

veloclty for the horlzontal conveying of sollds Is very similar to that 

of vertical transport displayed In Figure 2.15. At a certain gas 

velocity, the pressure drop In the system reaches a minimum; and this 

velocity Is referred to as the saltatlon veloclty. 

Figure 2.16 shows the sequence of events observed In the pneumatic 

conveying of sollds In a horizontal pipe. The dilute-phase of 

conveying, where the voldage approaches one, Is also known as 

homogeneous flow In which the gas and solid flow cocurrently through the 

pipe. As the gas velocity Is decreased, the pressure drop decreases due 

to lower gas-wall frlctlonal forces as In the vertical conveying case. 

When the veloclty reaches the sa!tatlon velocity, partlcles begin to 

"precipitate" from the gas stream and bulld-up on the bottom of the 

pipe. It is at the gas veloclty just before the particles begin to 

"precipitate" out that the pressure drop Ts lowest. As the velocity is 

further decr~ased, more sol Ids accumulate on the bottom of the pipe, 

thereby Increasing the pressure drop once again untll the pipe Is 
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lmm~lllrl.' sill!,! now 

Siuµ flow 

-
Ripple now 
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Figure 2.16 Various observed stages of saltation. 
(Wen and Simons, 1959). 
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completely plugged with solids. Intermittent states of flow In 

horizontal conveying systems are also shown In Figure 2.16, leading to 

Increased pressure drops. 

Klinzig (1981) presents 

saltatlon and the prediction of 

conveying systems. 

a review 

saltatlon 

on the transition to 

velocities Jn horizontal 

2.5 Applications of a Vlbrofluldlzed Bed and Vibratory Conyeyor 

2.5.1 Vlbrofluldlzed Bed 

As seen In previous sections of this Chapter, vlbrof luldlzed beds 

have been used mainly to enhance heat transfer operations. In 

particular, vibrof luidlzed beds have played a major role In the drying 

of many types of materials because of their Intense particle circulation 

characteristics. Materials that have been dried in vibrof luid!zed beds, 

with or without the assistance of a f luldlzing gas, Include molybdenum 

{Gupta and Mujumdar, 1980), sugar CGlnzburg and Syroedov, 1965), salt 

CKazachlnskaya and Bllyk, 1975), and antibiotic pastes CVolovlk et al. 

1975). 

In addition to drying, other uses for a vlbrof luldlzed bed have 

been developed. For example, Genvarskaya et al. (1974) studied the 

nickel metal llzatlon of quartz grains by thermally decomposing nickel 

carbonyl In a vibrofluldlzed bed. Konyakhin et al. {1976) were able to 

attain significantly higher carbonization rates In a specially designed 

vlbrof luldlzed coke oven. They also found that under low-frequency 

vibrations, the coke porosity was reduced because of compaction, which 

would tend to Increase the ultimate strength of the coke samples. 
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Finally, work has been done to 

vtbroflutdtzed beds for die fllltng. 

Investigate the use of 

Lawrence and Beddow (1968/69) 

studied the segregation of powders In a die over 

vibrating frequencles (20-100 Hz). They found 

a wide range of 

that "intermediate" 

frequencles created a greater churning action In the die, causing the 

smaller particles to fall to the bottom of the die. "Low" frequencies 

did not generate much churning action, while "high" frequencies caused 

bouncing In the die and, as a result, less segregatlon. Ripple et al. 

(1973) did similar work with particles In a cylindrical vessel. They 

found that the coarser particles tended to travel toward the vessel wal I 

under vibration, and that the bulk density could be Increased 

conslderably as the f Iner particles moved Into the Interstices of the 

packed column. 

the Increasing 

Findings such as these are becoming Important today with 

use of solid packaging, particularly In the case of 

polymer granules. 

2.5.2 Vibratory Conyeyors 

Vibratory conveyors are mostly used to transport bulk solids from 

one place to another. Materials anywhere from potato chips to oyster 

shells are moved using vibratory conveyors. Schnelder (1977) and 

Schultz (1976) present general guldellnes for sizing and selecting 

vibratory conveyors for various uses. 

As with vibrof luldlzed beds, vibratory conveyors have been widely 

used to dry materials. Typlcally, the vibrations are used to supplement 

the f luldlzing (drying) gas to prevent bubble formation and channel Ing 

(Anonomous, 1972). This method of heat and mass transfer has been used 
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to dry plastic granules, refined sugar, and milk powder. 

Applications of vibratory conveyors are not limited to drying 

tasks. Since these machines are usually custom-designed, they can be 

built for almost any Job imaginable. For example, Vibranetics (1984) 

describes a vibratory conveyor used to quickly transport extremely hot 

shredded aluminum C704°C> from a delaquering furnace to a melting 

furnace without significant loss of heat. This enables the melting 

furnace to operate more efficiently. Finally, a vlbrofluidized bed with 

a supplemental hot f luldlzlng gas Is used to reclaim deficiently wrapped 

pieces of bubble gum. The combination of the vibrations and the 

velocity and temperature of the gas causes the paper to become unwrapped 

and separated from the gum. The wrappers are then entrained In the gas 

stream and the gum conveyed to a recycling bin for re-wrapping 

<Vlbranetics, 1984). 

2.6 Scope of the Experimental Pr~ram 

The information presented In the previous sections of this Chapter 

was used to systematically design an experimental program to study the 

heat transfer from a hot supernatant air stream to a f lowlng 

vlbrofluidlzed bed of sol Ids, with cooling water flowing through heat 

transfer tubes Immersed In the solids. The initial stages of this 

project included design, construction, and testing of a vibrof luidized 

bed system. This was fol lowed by the development of a unique heat 

transfer model used to calculate the convective heat transfer 

coefficient from the supernatant air to the vibrofluidized solids, and 

to the cooling water. 
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Detailed experimental plans were completed to study the effe~ts of 

the fol lowing variables on the heat transfer coefficient. 

Cl) the flow rate of the supernatant gas; 

(2) the flow rate of the vlbrofluldlzed solids; 

(3) the height of a vertical baffle (which was also an Important 

parameter In total system pressure drop), and; 

(4) the number of vertical baffles Cle. the number of heat-transfer 

"compartments"). 

Also, preliminary tests were performed to examine the effect of cooling 

water flow rate on the heat transfer coefficient. 



CHAPTER THREE 

Desfgn, Constructfon, and Operatfon of a Flowfng Vibroflufdfzed-Bed 

System for Countercurrent Heat-Exchange Studies 

3.1 Scope of Development of Expertmenta! System 

The key to heat-exchange studfes from a hot supernatant afr stream 

+o a flowfng vfbroflufdfzed bed of solfds and to coolfng water flowing 

In tubes fmmersed Jn the bed was to develop a desfgn for such a 

vlbrof lufdfzed-bed system. Also, efficient operational procedures were 

needed to acquire the necessary data used to calculate the heat transfer 

coefficients for the various experimental processes. 

In order to fully examine the countercurrent heat-exchange for the 

flowing vlbrofluidized-bed system, the following parameters were to be 

varied: 

(1) air flow rate; 

(2) solid flow rate; 

(3) water flow rate; 

(4) baffle height(s) above the solid ramp(s); 

(5) number of baffles, I.e. the number of "compartments" for 

heat-exchange; 

(6) vibrational Intensity parameter K, defined by Eq. (2.13), 

including the effects of the vibrational frequency 

(speed), stroke (peak-to-peak amplitude), and throw angle 

(angle of attack). 

A comprehensive summary of the design features as we! I as complete 
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detaf led operating procedures for the flowfng vfbroflufdfzed-bcd system 

are presented rn this Chapter and rn Appendix A. 

3.2 Properties of Vlbrof!uld!zed Solid and Heat-Transfer Fluids 

The study of the heat transfer from a hot supernatant gas to a 

vfbrofluldlzed bed of sol Ids and ultfmately to coolfng water flowfng Tn 

tubes Trrvnersed rn the bed of sol Ids required the knowledge of certain 

propertles of al I three substances. The fol lowing rs a1summary of the 

Important properties of the vlbrofluldlzed sol Id and the two heat-

transfer f lufds. 

3.2.1 Vibrofluldfzed So!lds 

The solfds used were donated by the Materlals Division of the 

Norton Company of Worcester, Massachusetts, and have the trade name of 

Master Beads. Norton, fn their technlcal data bul letfn, describes their 

Master Beads In the fol I owing general manner: 

"Master Beads are the newest member of the Norton family 
of abrasive materials. Master Beads are manufactured by an 
exclusfve Norton process to yield a spherical sintered bauxite 
engineered to give extreme durability under all conditions. 

Master Beads require no mechanical f lnlshing which yields 
a product free from surface Impurities and unwanted magnetic 
contamination. The distinctive dark greenish gray color 
characterizes these ultra-fine crystal line, high Impact-
resistant spheres." 

Master Beads contain various constituents In a solid solution to 

build In body strength for Impact and high wear resistance. 

- 86% typical 

- 2-4% 

Iron Oxide - 6-8% 
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Titania - 4-5% 

Since the constituents are in a solid solution with the bauxite to 

form Individual crystals, there are .D.Q free elements such as sTIIca or 

Iron to create pol lutlon or contamlnatlon prob le.ms. Also, because of 

the Master Beads' extreme durabTITty, they are very resistant to 

breakage upon vibration and, therefore, very few f Ines are produced. 

Typical values of the Important physlcal properties for the Master 

Beads (Type MCA 1655) used for experimentation are as follows: 

Specif Tc gravity 

Bulk Density 

Size 

Shape 

Heat capacity 

Heat stab i I Tty 

3.2.2 Heat Transfer Flulds 

3.7 

2405 kg/m3 C150 lb/ft3> 

-40 + 60 mesh (250 to 425 microns 

or 0.001 to 0.017 Inches) 

spherical 

0.2 cal/g-K (0.2 Btu/lb-°F) 
0 excellent to 1773K (2732 f) 

A brief summary of the physical properties of the heat transfer 

fluids air and water Ts presented In Table 3.1. 

3'.3 General Oescrlptlon of the Flowlng VTbrofluldlzed-Bed System 

In order to perform the necessary heat transfer studies, a flowing 

vlbrofluidlzed-bed system was designed and constructed. Figure 3.1 

II lustrates a schematic diagram of the system design, and Figure 3.2 

sho~s a somewhat more detailed view of the entire system. The design 

and operational features of the f lowlng vlbrof luidlzed system may be 
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TABLE 3.1 

Physical Properties of Air and Water 

Item 

Density ( kg/m3) 

Heat Capacity (cal/g·k) 
at 373 K and 1 atm 

Air 

* 

0.237 

Note: * Temperature and Pressure Dependent 

Water 

1000 

l. 0 
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Figure 3.1 A Photograph of a Schematic Drawing 
Depicting the Vibrofluidized-Bed System. 
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descrtbed below by constdertng Tts four key subsystems: (1) the air 

subsystem, (2) the water subsystem, (3) the vtbrofluldtzed solid 

subsystem, and (4) the vtbrator Ttself. Note that more detatled 

operating procedures for these four subsystems are presented Tn Sectton 

3.5 and Appendtx A. 

3.3.1 Air Subsystem 

As Tllustrated Tn Figure 3.2, the air subsystem used pressure-

regulated laboratory arr which flowed through a rotamter to obtatn Tts 

flow rate. Two rotamet~rs were avatlable In parallel for use In cases 

of very high arr f !ow rates. Note that one of these rotameters Is not 

shown in Figure 3.2; however, both rotameters are Included In the 

detailed piping diagram Tn Figure A.1(pg.167). The arr was heated using 

two I n-1 t ne co T I heaters connected l n para I I e I • Agafn, the parallel 

conf Tguration Ts not shown Tn Ftgure 3.2, but ts Tndtcated Tn Figure 

A.1. The hot air was then fed through a Lexan heat-exchange trough In 

which the thermal energy content of the arr was transferred to the 

countercurrently flowing vtbroflutdtzed soltds. 

Orig Ina I ly, a Lexan baffle was attached to the top of the heat-

exchange trough 0 at a 45 -angle and It can be seen In Figure 3.1 as It 

was f trst envisioned. A baffle was Implemented to direct the hot-air 

stream downward toward the flowing sol Ids and Increase the hot-air 

velocity, thus facilitating more Intimate gas-solid mixing and enhancing 

the air-to-solid heat transfer. However, initial operation with the 

Lexan baffle resulted In very little air-solid mixing action and the 

baffle Itself was subjected to severe f lexlng. Therefore, a new 
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vertical baffle was devised and its schematic design i; shown In Figure 

3.3. 

The new baffle consisted of a piece of sheet metal, which was 

Inserted vertically Into the heat-exchange trough through a short cut In 

the top plate of the trough. The new design provided for some 

operational flexlbillty, particularly In permitting the baffle plate to 

be raised or lowered to any desired height above the trough bottom. 

Enhanced air-sol Id mixing was observed Inside the heat-exchange trough 

after the new baffle was Installed. The use of the baffle also caused 

some reclrculatlon of sol Ids In locations Just before the flowing sol Id 

reached the baffle, which further promoted air-to-sol Id heat transfer. 

Several baffles were then used to "compartmentalize" the heat-exchange 

trough, thus creating more sol Id clrculatlon and better heat transfer. 

Finally, as can be seen from Figure 3.2, after exchanging its heat 

energy with the flowing solid, the arr stream exited the heat-exchange 

trough through a filter bag and vented to the atmosphere. 

3.3.2 Water Subsystem 

Copper cooling water tubes were securely fastened to the bottom of 

the Lexan heat-exchange trough (not shown In Figure 3.2). Cold water 

flowed through a rotameter used to measure the water flow rate and It 

flowed through the copper tubes cocurrently to the vlbrofluidlzed solids 

from which it absorbed thermal energy. The hot water then exited the 

heat-exchange trough and finally flowed into a drain. 

3.3.3 Sol Id Subsystem 
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As Illustrated In Figure 3.2, the vibroflufdlzed-solfd subsystem 

involved feeding cold solid from a feed hopper which was supported above 

the heat-exchange trough. The solid passed through a 51-mm (2-lnch) 

bal I valve Into a feed spout. It was then vfbrof lufdized and conveyed 

to the solid-outlet of the trough. The solid-outlet section Included a 

solid ramp system which restricted the sollds from leaving the trough 

and maintained a shallow bed of flowing solids beneath the vertical 

baffle. The slope of the solld ramp could be varied In order to change 

the bed height of the flowing vfbrofluidlzed sollds. Note that the 

external vibration caused the flowing sollds to "spll I-over" the solld-

outlet ramp and discharge from the heat-exchange trough into an air-

tight solid col lectfon box. 

3.3.4 Design Features 

In addition to the preceding arr, water, and solid subsystems, a 

number of practical design features were Incorporated into the system, 

and they are brfef ly described below. 

features ls included in Table 3.2. 

A summary of these design 

Cl) Vibrator REX (seen in Figure 3.4): The vibrator used In al I 

preliminary flowing vfbroflufdlzed-bed studies was donated by the 

Vibrating Equipment Division of the Rexnord Company of loulsvll le, 

Kentucky. It was a "brute-force" machine which utilized a motor-driven 

eccentric vibrating mechanism. Two pairs of rocker arms were included 
0 to guide the vibrating bed at its 45 throw angle. The vibrator 

operated at a frequency (speed) of 5 hz (300 rpm) and a peak-to-peak 

amplitude (stroke) of 16 mm (5/8 inches). Al I three of these 



Component Part 

1. Vibrator REX 

2. Vibrator VIB 

3. Heat-Exchange 
Trough 

TABLE 3.2 

DesignFeaturesof the Flowing Vibrofluidized Bed 

Design Features 

Donated by Rexnord Company of Louisville, KY. It 
measured approximately 1.55 m (61 inches) long by 
0.36 m (14 inches) wide by 0.41 m (16 inches) high 
and was driven by a motor-eccentric drive mechanism. 
Used to vibro-convey the solid. 

Obtained from Vibranetics, Inc. of Louisville, KY. 
Its dimensions were nearly the same as REX and was 
driven by eccentric weights attached to a pair of 
double-shafted motors. Used to vibrofluidize the 
solid. 

The heat-exchange trough was made of 9.525 mm (3/8-
inch) thick Lexan, and it had the internal dimensions 
of 2.44 m (8 feet) long by 0.15 m {6 inches) wide by 
0.254 m (10 inches) high. Lexan piping of 102-mm (4-
inches) outside diameter was chosen for the air inlet 
and outlet, while Lexan piping of 51-mm (2-inches) 
outside diameter was used for the solid inlet and 
outlet. Used to contain the heat transfer process 
between the hot supernatant air and vibrofluidized 
solids. 
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Component Part 

4. Vibrofluidized-Bed Base 

5. Feed-Hopper Support 

6. Flexible Hose 

7. Variable In-Line 
Heaters 

8. Air-Tight Solid 
Collection Box 

9. Solid-Temperature Cup 

l 0. Sol id Ramp 

Design Features 

A sturdy steel base measuring 1.17 m (46 
inches) long by 0.48 m (19 inches) wide by 
0.305 m (12 inches) high was used to raise the 
vibrator REX off the floor. 

A steel structure of 38.l mm (1 1/2-inch) angle 
iron was used to support the solid feed-hopper 
1.524 m (5 feet) off the floor. 

Flexible dryer hoses were used as air and solid 
inlet-connections. 

Two Sylvania variable-voltage in-line heaters were 
used in parallel to heat the air fed to the heat-
exchange trough. 

A wooden box measuring 0.61 m (2 feet) by 0.61 m 
by 0.305 m (one foot) high with a clear, removable 
Lexan top was used to capture hot sol ids 
discharged from the heat-exchange trough. 

A metal cup, into which a temperature transducer had 
been placed, was used to catch hot solids as they 
were discharged from the heat-exchange trough into the 
solid collection box. When the cup was full, the 
temperature of the solids was noted from a temperature 
indicator located external to the box. 

A ramp made of Lexan was placed beneath the vertical 
baffle creating a small layer of particles that were 
mixed with downward flowing air before they exited the 
heat-exchange trough. 

Figure Number 
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Component Part 

11. Manometer System 

12. Temperature Transducers 

13. Thermal Insulation 

14. Cooling-Water System 

Design Features Figure Number 

A standard U-tube manometer with water as the 3.2 
working fluid was used to measure the pressure 
drop across the vertical baffle. 

Temperature transducers obtained from Analog Devices none 
(catalog #AD590LH) were used to measure the tempera-
tures of the solid, air, and water streams. They were 
all connected to a compatible temperature indicator 
with digital read-out (catalog #AD2040-21). It was 
important that a11 transducers be grounded. 

A layer of 88.9 mm (3 l/2-inches) thick fiberglass 
insulation surrounded all exposed surfaces to create 
a nearly adiabatic system. 

Copper cooling water tubes with outside diameter of 
6.35 mm (0.25-inches) were securely fastened to the 
bottom of the heat-exchange trough. A water rotameter 
was used to measure the flow rate of the cooling water 
flowing through the tubes immersed in the bed of solids. 

none 
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Figure 3.4 A Photograph of the Vibrator REX 
Donated by Rexnord Company and Used 
for all Preliminary Heat Transfer Tests. 
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conditions, throw angle, frequency, and amplitude, were fixed and could 

not be varied. In other words, the vibrational Intensity parameter K 

corresponding to the REX vibrator was given by 

x0 (2TI-f) 2 sine 
K = = 0.5 

g 

where g Is the gravitational acceleration. 

Based on the Information presented In Section 2.1, it is known that 

this vibrational Intensity parameter value of K = 0.5 was 1li2± suff lclent 

to vlbrofluldlze the solids. Instead, the actual solid transport Inside 

the heat-exchanger system may bett~r be cal led ytbroshuffllng. 

Obviously, In order to m~lmlze the heat exchange between hot gas and 

cold solid In the sy~tem, It would be very beneficial to be able to 

carry the solids fn a vlbrofluldized state. Therefore, a new vibratory 

conveyor was purchased. 

(2) Vibrator VIB (seen In Figure 3.5}: A new vibrator was recently 

purchased, Jnstal led and tested. It was designed and constructed by 

Vibranetlcs, Inc., of Louisvll le, Kentucky. It, like the vibrator REX, 

is a "brute-force" machine but operated on the principle of eccentric 

weights rather than on an eccentric direct-drive system. In the 

foreground of Figure 3.6, one of two double-shafted motors is shown with 

a pair of weights on each shaft (for a total of four weights per motor). 

The position of the two adjacent weights Con each shaft) relative to one 

another determines the amp I ltude of vibration by varying the dynamic 
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Figure 3.5 A Photograph of the Vibrator VIB Constructed 
by Vibranetics, Inc. 
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Figure 3.6 A Photograph of One of .the Double-Shafted 
Motors on the Vibrator VIB. {Note how the 
motor may be rotated to any desired throw 
angle, and how the weights may be positioned 
for the desired stroke.) 
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force exerted by each set of weights as they rotate. Also, the position 

of the motor Itself determines the throw angle of the vibrations. The 

motors may be simultaneously turned a ful I 360° and, therefore, set to 

any desired throw angle. The frequency of vibration can be varied from 

0-30 Hz (0-1800 rpm) with the use of a ParaJust motor frequency-

control ler. The eccentric weights are such that the vibrator may 

operate at v I brat I ona1I acce I erat I nos of 0-6 g over the ent I re v I brat Ing 

frequency range. A detailed description on the operation of VIB is 

given In Appendix A. 

(3) Heat-exchange trough (seen In Figure 3.7): The heat-exchange 

trough was made of 9.525 mm (3/8 inch) thick Lexan, and It had the 

Internal dimensions of 2.44 m (8 feet) long by 0.15 m (6 inches) wide by 

0.254 m (10 Inches) high. Lexan was chosen for Its strength, 

transparent vlslblllty, ease of construction, and ability to withstand 

high temperatures Cup to 411 Kor 280°F>. Lexan piping of 102-mm (4-

lnch) outside diameter was chosen for the air Inlet and outlet, while 

Lexan piping of 51-mm C2-lnch) outside diameter was used for the sol Id 

Inlet and outlet. Piping wall thickness was 3.175 mm (1/8 Inches). The 

trough was bolted to the vibrator to al low vibrations to be Imparted 

upon the solids flowing Jn the trough. 

(4) Vlbrofluldlzed-bed base: A rugged steel base was lnstal led to 

raise the entire REX vlbrof luldlzed-bed system off the floor 0.305 m 

(one foot). This facilitated recapturing the hot solid and recycling It 

back to the feed hopper for further heat-exchange operations. 

(5) Feed-hopper support: The feed-hopper support was constructed 

from 38.1 mm (1 1/2 inch) angle Iron. It supported the hopper 1.524 m 
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(5 feet) above the floor. The hopper height provided for the 

opportunity of raising the entire vlbrof luldlzed-bed system off the 

floor. 

(6) Flexible hose: Flexible dryer hoses were used as air and solid 

Inlet-connections, which permitted both stationary and vibrating parts 

of the system to be attached together. 

(7) Variable ln-llne heaters: Two Sylvania variable-voltage ln-

llne heaters were Installed In parallel within the air-feed system 

l11111edlately after the rotameter. Each heater was connected to Its own 

varlac for heating the air feed to the desired temperature. The use of 

two heaters enabled higher air-feed temperatures to be obtained. 

(8) Air-tight solid col lectlon box: A wooden box with an 

approximate volume of 0.113 m3 (4 ft3> was used for col lectlng hot 

solids discharged from the heat-exchange trough. The box was connected 

to the sol Id outlet by a f lexlble dryer hose, and It had a removable 

Lexan top which provided a clear view of solid discharge. The box was 

made air-tight by seal Ing It with slllcan rubber. It sat on a platform 

scale so that the sol Id mass flow rate could be determined over a given 

operating period. 

(9) Solid-temperature cup: A cup containing an Analog Devices 

temperature transducer (catalog number AD590LH) was fastened to a 

movable arm-assembly and placed Inside the air-tight solid collection 

box. The arm could be operated from outside the box in order to vary 

the cup position In the box. To use the cup to measure the solid 

temperature, one al lowed the cup to be filled with solids and noted the 

solid temperature from an Analog Devices temperature Indicator (catalog 
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number AD2040-21) which was connected to the temperature transducer and 

placed outside of the box. After the solid temperature was recorded, 

the cup was tipped and the solids dumped into the box; and the cup was 

repositioned for additional solid collection and temperature 

measurement. This solid-temperature cup was effective in eliminating 

the Influence of air-temperature variation on the sol Id-temperature 

transducer. 

(10) Solid ramp: Also added to the heat-exchange trough was a 

solid ramp directly beneath the vertical baffle, as illustrated in 

Figure 3.3. This ramp prevented solids from accumulating in the dead 

spots between the solid outlet and the vertical baffle. It also created 

a thicker layer of solids that was contacted with the incoming hot air. 

(11) Manometer system: A conventional U-tube manometer with water 

as the working fluid was Installed to measure the pressure drop across 

the vertical baffle. Experimental measurements showed that the pressure 

drop varied with the air flow rate, solid flow rate, and the baffle 

height above the trough bottom. 

(12) Temperature-transducer locations: Temperature transducers 

were placed at the air inlet and outlet, as wel I as the solid Inlet and 

outlet Cle., the solid-temperature cup). Also, transducers were placed 

at 0.305-m (one-foot) Increments along the exchanger length from the 

vertical-baffle position. Al I transducers were connected to an external 

temperature Indicator for reading. These transducers provided 

measurement of air temperature changes along the exchanger length which 

was needed for calculating the overall heat transfer coefficient between 

the hot air and the vfbroflufdized solids. It was Imperative that al I 
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transducers be grounded to prevent shorting due to static discharge 

caused by flowing solids. 

(13) Thermal Insulation: The entire vlbrof luldlzed-bed system was 

Insulated with 88.9-mm (3 1/2-lnch) thick f lberglass Insulation to 

prevent heat losses during operations. 

(14) Cooling ~water system: Copper cooling-water tubes of 6.4-mm 

(1/4-lnch) outside diameter were lnstal led In the bottom of the Lexan 

heat-exchange trough. The vibrator VIB provided versatility to form 

varying depths of solid beds surrounding the cooling-water tubes. 

Therefore, tests may be performed on the Indirect heat transfer from the 

hot supernatant air to the cooling water flowing In the Immersed tubes. 

A rotameter was used to measure the flow rate of the cooling water, 

while temperature transducers were used to obtain the cooling-water 

temperature as a function of heat-exchange length. 

3.4 Experimental Instrumentation 

The instrumentation used to perform the heat transfer experiments 

from a hot supernatant gas to a vlbrofluldfzed bed of solids, and to 

water flowlng In cooling-water tubes Immersed In the solids ls described 

below. 

3.4.1 Rotameters 

Two rotameters were connected In para I lel to measure the flow rate 

of the air. Referring to Figure A.1 (pg. 167), rotameter 1 had a 100-

percent maximum capacity of 109 SCFM referenced to 1.70 x 105 Pa (24.7 
0 psla) and 294 K (70 F). Rotameter 2 had a 100-percent maximum capacity 

5 0 of 100 SCFM referenced to 1.01 x 10 Pa (14.7 ps!a) and 294 K (70 F). 
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A rotameter to measure the flow rate of the cool Ing water, shown In 

Figure A.1, was calibrated and Its calibration curve Is given tn Figure 

A.3 Cpg. 174) . 

3.4.2 Temperature Measurement 

The temperature of the ate, sol Id, and water stream were taken with 

the use of temperature transducers obtained from Analog Devices (catalog 

number AD590LH). Al I transducers were connected to an Analog Devices 

temperature Indicator (catalog number AD2040-21) through three switches 

for easy read-out. The locations of all 15 temperature transducers are 

shown In Tab le A. 1 (pg. 172). 

3.4.3 In-Line Heaters and Yartacs 

Two Sylvania ln-ltne heaters connected In parallel were used to 

heat the ate fed to the heat-exchange trough. Each heater was wired to 

a separate varlac (or auto-transformer) and the temperature of the arr 

was dependent on the power deltvered to each heater by Its varlac. 

3.5 Petalled Operating Procedure for the Flowing Vjbrofluldlzed-Bed 

System 

In order to calculate the heat transfer coefflcJent from a hot 

supernatant air stream to vlbroflutdlzed bed of solids and to coollng 

water f lowlng through tubes Immersed In the bed, several pieces of data 

had to be obtained through experimentation. Operating procedures as 

we! I as methods for data col lectlon are presented In detail In Appendix 

A (pg. 165) for the fol lowing subsystems: 

(1) vibrator VIB; 



(2) air subsystem; 

(3) water subsystem; 

(4) solid subsystem. 
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Also, a detailed piping diagram as well as shut-down procedures for the 

f lowlng vlbrof luldlzed-bed system are presented Jn Appendix A. 



CHAPTER FOUR 

Experimental Investigation of Feasible Operating Conditions 

4.1 Scope of lnyestlgatlon 

Section 2.4 discussed the Importance of certarn gas velocities for 

the transport of solids In pneumatic conveying systems. In particular, 

the minimum gas veloclty necessary to transport solids vertically Jn a 

standpipe ls referred to as the choking veloclty. likewise, the minimum 

velocity needed to convey solids horizontally Is known as the saltatlon 

veloclty. In both Instances, the flow of gas and solids is cocurrent. 

In the flowing vlbrof luldlzed-bed system Investigated, the flow of 

supernatant gas was countercurrent to the dlrectlon of flow of the 

vlbro-conveyed solids. Because of the Inherent design characteristics 

of the f lowlng vlbrofluldfzed-bed heat exchanger, there existed certain 

I Imitations on the feasible ranges of operating conditions. These 

llmlttng operating conditions were primarily determined by the minimum 

allowable height of the vertical baffle from the sol Id ramp. 

Speclflcal ly, Figure 3.3 (page 72> shows that as the vertical baffle was 

lowered to reduce Its distance from the sol Id ramp, the cross-sectional 

area avartable to gas flow was decreased. Therefore, the velocity of 

the gas impinged upon the sol Id layer increased, which created a greater 

extent of gas-solid mixing and enhanced the heat transfer between the 

supernatant gas and the flowlng vlbrofluidlzed sol Ids. 

However, it was Important that the baffle not be lowered past this 

minimum allowable baffle height. If the baffle was lowered past this 
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llmltlng distance, the gas velocity passing through the open cross-

section between the vertical baffle and sol Id ramp became too large. As 

a result, the vlbrofluldlzed sol Ids were prevented from passing through 

this open cross-section toward the solid outlet, creating an 

accumulation of solids In the heat-exchange trough. For convenience, 

the latter physical situation may be called the solid Impeding point 

(phenomenon), 

Experiments were performed to correlate the minimum allowable 

baffle height as functions of air and solid flow rates under the 

fol lowlng conditions: 

Cl) Bed partlcles 

Cl!) Partlcle sizes 

Cl l l) V ibratlonal lntens lty 
parameter 

Clv) Air flow rate, M9 
(v) Solld flow rate, M5 

Spherical fused-alumlna 
CAl 20~) particles, Norton 
MasTefbeads, type MCA 1655 

-40+60 mesh (250 to 425 microns) 

K=0.5, see Eq. (2.13), Section 
2.3.3 

82 to 380 kg/hr (181 to 838 lb/hr) 

122 to 464 kg/hr (270 to 1019 lb/hr) 

4.2 Experlmental Results of the Solid lmpedlng Yeloclty 

Typical experimental data are II lustrated In Figures 4.1 to 4.3, in 

which the air flow rates at different minimum allowable baffle heights 

are shown for sol Id flow rates from 122 to 464 kg/hr. Figure 4.4 shows 

a generalized experlmentally-derlved diagram of maximum feaslble air and 

sol Id flow rates at different minimum allowable baffle heights. 

As an example of applying this diagram, one may consider the case 

with an air flow rate of 274 kg/hr and a solid flow rate of 162 kg/hr. 
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Sol id Flow Rat a = 123 kg/hr 
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Figure 4. 1: Maximum Air Flow Rate at Minimum Allowable 
Baffle Height CSolid Flow Rate = 123 kg/hr) 
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Solid Flow Rota = 304 kg/hr 
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Solid Flow Rate = 263 kg/hr 
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Figure 4.3: Maximum Air Flow Rate at Minimum Allowable 
Baffle Height (Solid Flow Rate = 263 kg/hr) 
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Minimum Allowable Baffle Ht. = 76.2 mm 
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These conditions lead to a mlnfmum allowable baffle height of 63.5 mm, 

as seen rn Figure 4.4. 

In the present system, with a trough wldth of 0.152 m, a safety 

factor of 3.2 mm (1/8 inch) was added to the mfnlmum allowable baffle 

height to ensure that the accumulatlon of solfds could be prevented. 

Therefore, ff a mfnfmum allowable baffle hefght of 63.5 mm was 

determined ·· from the air and solld flow rates, the added safety factor 

gave a baffle height of 66.5 mm to be used. 

However, ln practice, a heat exchanger different in width than the 

present one might be used. Therefore, a more general method to 

determine the allowable baffle height In such a system was devised. 

Figure 4.5 Is a reduced form of the Information presented in Figure 4.4. 

From Figure 4.4, the constant minimum allowable baffle height I Ines were 

used to convert the volumetric flow rate of the supernatant gas 

(calculated using the air density at known operating conditions) to gas 

velocities. The sol Id line In Figure 4.5 is the average velocity 

obtained from the experimental data In Figure 4.4, while the dotted 

lines present the upper and lower limlts of the gas veloclties at the 

sol Id impeding point as functions of the sol Id flow rate. In design 

work, It ls suggested that the lower llmit of the gas veloclty be used 

to determine the baffle helght to be Implemented ln any heat exchanger. 

This would ensure that no solid accumulation would occur in the heat-

exchange trough. 

Figure 4.4 may be used to obtain a quick estimate of the operating 

conditions that could be used for the present heat-exchange trough. For 

example, this figure shows that any combination of alr and solid flow 
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rates outsrde the shaded area would lead to the solrd rmpedtng 

phenomenon at a baffle herght of 63.5 mm or less. 

It rs rmportant to note that sol rd rmpedrng diagrams, such as those 

rn Figures 4.4 and 4.5, must be developed for each value of the 

vrbratronal rntensrty parameter K tested, as wel I as for each partrcle 

type and size. 

4.3 Pressure Drop Across the Yertrca! Battle at the Sol rd lmpedrng Pornt 

Another Important constderatron rn determrnrng the practical tty of 

the vrbrof luidrzed-bed heat-exchange system rs the pressure drop of the 

gas across the verrcal baffle. Figure 4.6 illustrates the experimental 

measurements of the arr pressure drop at the sol rd Impeding points for 

several different sol rd flow rates. Note that the pressure drop across 

the baffle for each sol rd flow rate was practically constant in the 

range of 0.19 to 0.46 mm Hg (0.0036 to 0.0089 psla) when Increasing the 

air flow rate, although some devlatron could be observed at low sol Id 

flow rates. 

It Is slgnlf rcant to note that the pressure drop for the system at 

the sol Id rmpedtng point over the range of variables studied was 

extremely low, and essentially constant. 

4.4 Summary 

The I lmlting air and sol rd flow rates at the solid Impeding point 

were Important rn operating the f lowlng vlbrof luidlzed-bed heat 

exchanger. These flow rates depended on the Inherent design 

characteristics of the experimental system (e.g. the width of the heat-

exchange trough) as well as on vibrational conditions. 
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Also, the air pressure drop across the vertical baffle at the solid 

impeding point was very low, and practically constant over the ranges of 

air and solid flow rates studied. 



CHAPTER FIVE 

Experimental Heat Transfer Results and Discussion 

5.1 Scope of Experimental Tests 

Experimental tests were performed to study the heat transfer from a 

hot supernatant air stream to a flowing vlbrofluldlzed bed of solids. 

All results in this Chapter were obtained using the vibrator REX which 

operated at a vibrational Intensity parameter K =o.5 (see Equation 2.13, 

Section 2.3.3, page 51 ). This low K value was an Indication that the 

solids were not being truly vlbrofluldlzed; the term vlbroshuffllng has 

been adopted to better describe the motion of the solids. 

At the vibrating conditions available, namely, a frequency of 5 Hz, 

a peak-to-peak amplitude of 0 16 mm, and a throw angle of 45 , several 

comprehensive studies were performed as follows. 

(1) A factorial design was used to determine the effect 

of baffle height, air flow rate, and solid flow rate 

on the heat transfer coeff lclent. 

(2) A comparison was made between the heat transfer 

model derived from f lrst principles (Appendix B, page 

178) and the familiar heat transfer equation based on 

the log-mean temperature difference. 

(3) The effect of the number of vertical baffles on the 

heat transfer coeff lclent was Investigated. 

(4) A detailed error analysis was performed on the 

derived heat transfer model; the effect of the 
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standard error of the best-flt parameters obtarned 

from a nonllnear regressron computer program on the 

heat transfer model was also studled. 

The characterlstrcs of the solld, as well as the ranges of baffle 

hefghts, arr flow rates, and solld flow rates, used rn the experrments 

are presented rn Table 5.1 Cpage 106). 

5.2 Summary of the Derlyed Heat Transfer Model 

A mathematrcal model was derlved from the first princfples of heat 

transfer rn order to calculate the overal I heat transfer coeff fcfent for 

the countercurrent heat-exchange between a hot supernatant arr and a 

flowrng vfbroflufdfzed bed of solfds. A detafled derfvatron of the 

model rs presented rn Append Ix B (page 178). 

The followfng are the sfmplffylng assumptfons made and the 

resulting equatrons from the model derrvation. 

(1) The system rs well-Insulated and there rs no heat loss from the 

system. In other words, the system is assumed to be operatlng 

adlabatlca! ly. 

(2) Heat capacities of the air, water and solfds can be considered 

practically constant over the range of operating temperatures studied. 

(3) There rs no accumulation of solids rn the heat-exchange trough. 

This lmplfes that the high-velocity air stream does not Impede the flow 

of solids through the trough. 

(4) The overal I heat transfer coeff fctent between the supernatant 

gas and the flowing vlbrofluldlzed bed of solfds ls assumed to be 

practically constant over the effective heat-exchange length of the 
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system. 

As derived in Appendix S~ the governing equation for heat transfer 

measurements ts given by: 

C5.1) 

In the equation~ 

q = M C CT -T ) s s ps s2 s1 {5.2) 

q =MC CT 2T 1> w w pw w w (5.3) 

1-eahL 
~T = C ) 

6hL 
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CL Sh-b 
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M C s ps 
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The different notations used In the above equations are def lned as 

fol lows. 

a a best-f It parameter In the exponential function of 

the temperature profile of the cool Ing water <Tw = 

aebx), K or °F 

b a best-f It parameter In the exponentlal function of the 

temperature profile of the cool Ing water CTw = 

aebx), 1/m or 1/ft. 

Cps the heat capacity of the sol Ids, J/kg-°K or 

Btu/lb-°F 

Cpw the heat capacity of the cool Ing water, J/kg-K or 

Btu/lb-°F 

h the heat transfer coefficient between the supernatant gas 

and the flowing vibrofluldlzed bed of sol Ids, W/m2-K 

or Btu/hr-ft2-°F 

L the length of the heat exchanger, m or ft. 

m a best-f It parameter in the exponential function of the 
nx temperature profile of the supernatant gas CTg =me ), 

K or °F 
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M5 the mass flow rate of the solid, kg/s or Ibis 

M w the mass flow rate of the cool Ing water, kg/s or Ibis 

n a best-f It parameter In the exponential function of the 

temperature profile of the supernatant gas 
nx (lg =me ), 1/m or 1/ft 

q 5 the amount of thermal energy gained by the vlbrofluldlzed 

solid, W or Btu/hr 

qw the amount of thermal energy gained by the cooling water, 

W or Btu/hr 

T51 the Inlet temperature of the f lowlng vlbrof luldlzed-bed 

of sol Ids, 0 K or F 

T52 the outlet temperature of the f lowlng vibrof luldlzed-bed 

T 
W2. 

of sol Ids, 0 K or F 

the Inlet temperature of the cool Ing water, 

the outlet temperature of the cool Ing water, 

0 K or F 

0 K or F 

W the width of the f lowlng vibrof luidlzed-bed heat exchanger, 
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m or ft 

AT the averaged temperature difference between the supernatant 

gas and the flowing vlbrof luldJzed sol Ids, 'K or °F 

mathematical grouping comprised of the Inverse of the 

heat-capacity flow rate of th/e cooling water per unit 

width of the heat exchanger, m- K/W or ft-hr-°F/Btu 

mathematical grouping comprised of the inverse of the 

heat-capacity flow rate of the f lowlng vlbrof luldlzed-bed 

of solids per unit width of the heat exchanger, m-K/W or 

ft-hr- °F /Btu 

It ls noted from this set of equations that h cannot be solved for 

expllcltly as AT Js a function of h. Therefore, a condition exists such 

that h is a function of h, or 

h = f(h) (5.7) 

To calculate the overall heat transfer coefficient h, an Iterative 

technique ls used to converge to the value of h that satisfies the set 

of equations, Eqs. (5.1) to (5.6). 

Unless otherwise specified, the heat transfer data presented in the 

subsequent sections of this Chapter Jn Sections 5.3 to 5.6 resulted from 

tests wlth LLQ flow rate of coollng water. 
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5.3 Factorial Experimental Design 

The calculated average overall heat transfer coefffcfents from two 

repeated experimental tests are listed in the last column of Table 5.1, 

and Illustrated Jn a schematic diagram for factorial analysts shown Jn 

Figure 5.1. By applying the standard procedure for data analysis and 

Interpretation In the factorial design of experiments (see, for example, 

Box et al. 1978, pp. 306-323), the main and Interactive effects of 

operating variables on the overall heat transfer coefficient can be 

calculated. The results are summarized Jn Table 5.2. 

As can be seen from Table 5.2, the main effect of air flow rate ls 
2 14.4 + 3.0 W/m - K. This means that the average effect of Increasing 

the air flow rate from Its"-" level (147 kg/hr) to "+" level (257 

kg/hr) over al I conditions of other variables (I.e., baffle height and 

solid flow rate) is to increase the overal I heat transfer coefficient by 

14.4 W/m2- K with a standard error of 3.0 W/m2- K. This result fol lows 

baste heat transfer princlples, since Increasing the air flow rate 

Increases the gas-phase Reynolds number, leading to a higher overal I 

gas-to-solid heat transfer coefficient. Also, increasing the air flow 

rate generally leads to a greater extent of gas-sol Id mixing, which 

enhances the gas-solid heat transfer. 

By contrast, Table 5.2 shows that Increasing the solid flow rate 

from Its "-" level (163 kg/hr) to "+" level (326 kg/hr) over al I 

conditions of other variables (I.e., baffle height and air flow rate) 
2 decreases the overal I heat transfer coefficient by 1.0 W/m - K with a 

2 standard error of 3.0 W/m - K. As the solld flow rate ls Increased, a 

thicker layer of solids is conveyed through the length of the heat-
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TABLE 5.1 

A Summary of Experimental Results for Factorial Design 
Analysis of Overall Heat Transfer Coefficient Between 

A Supernatant Gas and A Flowing Vibrofluidized-Bed of Solids 

Heat Transfer Coefficient, h W/m2-°K 

hB Mg Ms hi h2 Average 

+ + + 66.0 54.5 60.3 
+ + 64.7 67.3 66.0 
+ + 45.5 47.0 46.3 
+ 46.2 51.8 49.0 

+ + 53.8 69.0 61.4 
+ 60. l 64.3 62.2 

+ 45.0 57.4 51.2 
42.9 49. l 46.0 

Notes: (1) Bed particles: spherical fused-alumina (Al203) particles, 
Norton Masterbeads, type MCA 1655. 

(2) Particle sizes: -40+60 mesh (250 to 425 microns) 
{3) Vibrational intensity parameter: K ~ 0.5, see Eq. (2.13), 

Section 2.3.3 
(4) Operating Variable 

hB = baffle height 

Mg = air flow rate 

Ms = solid flow rate 

Lj~jl of <Var1i~le 

63.5 mm (2t 11 ) 76.2 mm (3'!) 

147kg/hr(43SCFM) 257kg/hr(75SCFM) 

163kg/hr(O.llb/s)326kg/hr(0.2lb/s) 
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(+) 

(-) 
163 kg/hr 326 kg/hr 

Solid Flow Rate 

Figure 5.1 A Schematic Diagram for Factorial Analysis of 
Experimental Results of Table 5.1 (The Values 
of the Average Overall H~at Transfet Coefficients 
in W/m2-K Between a Supernatant Gas and a Flowing 
Vibrofluidized Bed of Solids Are Indicated in the 
Circles). 
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TABLE 5.2 

A Summary of Calculated Main Effects and Interactions of 
Operating Variables on the Overall Heat Transfer Coeffi~ient 
Between a Supernatant Gas and a Vibrofluidized-Bed of Solids 

(See Experimental Data in Table s·.1) 

Overall Average 

Main Effects 
Baffle Height, hB 
Air Flow Rate, Mg 
Solid Flow Rate, Ms 

Two-Factor Interactions 
hB x Mg 

Mg x Ms 

hB x Ms 

Three-Factor Interactions 
hB x Mg x Ms 

Estimate of Main Effect or Interaction 
on Heat Transfer CoefficientPlusStandard 

Error, W/m2-0K 

55.3 . + 1. 5 

0.2 + 3.0 -
14.4 + 3.0 
-1.0 ± 3. 0 

1.2 + 3.0 

-2.3 + 3.0 

-3.2 + 3.0 

0.8 + 3.0 
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exchange trough. This means that some of the sol rd partrcles rn the 

thrck layer are "hrdden" from the supernatant arr. As a result, the 

extent of gas-solrd contactrng Cand hence, heat-exchange) rn this thick 

layer of solrds wrll not be as srgnrfrcant as rn the case of a thin 

layer of solrds conveyed along the heat-exchange trough at a low sol rd 

flow rate. 

Admlttedly, the effect of the sol rd flow rate on the heat transfer 

coeff rcrent, accordrng 

best. A varratron of 

to the factorral desrgn analysrs, rs tenuous at 
2 1.0 + 3.0 W/m -K fs not statistically 

srgnrfrcant. However, an examination of Table 5.1 and Figure 5.1 tends 

to demonstrate a defrnlte trend of the effect of the solid flow rate. 

Run number 7 rn Table 5.1 reveals the results from two repeated 

experimental tests at constant operatrng condrtions (I.e., h9 = 63.5 mm, 

M9 = 147 kg/hr, M5 = 326 kg/hr). The calculated heat transfer 

coefficrents from each test were 45.0 and 57.4 W/m2-K which, when 

compared to the other experimental test parrs, was a relatively large 

varratfon. 

51.2 W/m2-K. 

The average of this test parr, as seen fn Table 5.1, was 

Now referring to Figure 5.1, the effect of the solid flow rate rs 

most evrdent. Fol lowing each of the four horrzontal lines from the 

right crrcle to the left circle shows that a decrease rn the sol rd flow 

rate causes an increase In the heat transfer coeff rcrent except for the 

case mentroned previously, namely, run number 7 In Table 5.1. 

Therefore, wrth the real fzatron of the large variation in experrmental 

results for run number 7 in conjunction with the comprehensive analysis 

of the other heat transfer tests (Figure 5.1), ft can be concluded with 
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confidence that a decrease fn solid flow rate leads to an increase fn 

the heat transfer coeff fcfent. 

Table 5.2 also shows that fncreasfng the baffle height from fts "-" 

I eve I (63. 5 mm) to "+" I eve I C76 .2 mm) does not I ead to a notab I e change 

fn the overall heat transfer coettfcfent, as the mafn effect of baffle 

hefght fs only 0.2 ± 3.0 W/m2- K. A curious effect wfth regard to 

baffle height fs noted fn Ffgure 5.1. A hfgher battle height tends to 

decrease the heat transfer coeftfcfent (as would be expected) at a 

higher solid flow rate; but the higher baffle hefght increases the heat 

transfer coefffcfent at a lower solid flow rate. These results are 

believed to be caused by the very low vfbratfonal fntensfty parameter 

CK=0.5) used fn fnftfal experiments. Under the tested vibrational 

condftfons Cf • e., K=O. 5), the bed of solids was not fully 

vfbroflufdfzed, but "vfbroshuttled" as one mass. No spray zone cr.e., 

very dilute phase of flufdfzed particles) was formed above the bed 

surface, as none of the particles had sutticient vibrational energy to 

jump from the bed surface. Therefore, at the battle position, very 

little, if any, gas-solid mixing action was taking place, resulting in a 

negligible effect of baffle height on the overal I heat transfer 

coetticfent. 

It should be noted in the practice of factorial analysis of 

experimental results (Box et al., 1978), the main effect of a selected 

variable can be interpreted individually only if there rs no evidence 

that the selected variable interacts wfth other variables. As seen in 

Table 5.2, both two-factor (i.e., two-variable) and three-factor 

interactions are very smal I compared with either the estimated standard 
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error of experimental data or the range of values of marn effects. 

Therefore, the precedfng Interpretations of main effects of operating 

varfables wfthout considering varlable Interactions are valid for the 

experimental results obtained. 

A number of key observations may be made from the lnltial 

experimental results. First, the overall heat transfer coefficients 

achfeved with the vibrator REX were relatively low due to the smal I 

value of the vlbratlonal rntenslty parameter <K=0.5). Therefore, the 

vibrator VIB was designed and purchased and wll I be used to perform 

experfmental tests at higher values of the vlbratlonal Intensity 

parameter K whfch wf I I produce a truly vlbrofluldfzed bed. 

The second key observation may be learned from the measured air 

temperature profile along the effective heat-exchange length as shown In 

Figure 5.2. By noting the absence of air temperature variation after a 

distance of approximately 1.22 m (four feet) from the vertical baffle 

position, rt can be concluded that the majority of gas-solid heat 

exchange was taking place In the first 1.22 m of heat-exhange length. 

5.4 Comparison of Heat Transfer Coefficients Calculated 

Derived Model and the Log-Mean Temperature Difference 

Countercurrent Heat Exchangers 

Using the 

CLMJP) for 

If one considers the relative flow of the air and solid streams in 

the heat- exchange trough, It may be noted that the heat transfer 

conf iguratlon Is no different from that of a countercurrent heat 

exchanger. Also, the assumptions made In the derivation of the heat 

transfer model (see Section 5.2) were essentially the same as those used 
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tn the derivation of the familiar log-mean temperature difference CLMTD) 

equation for countercurrent heat exchangers. Therefore, the results 

obtained using the derived heat transfer model should have been the same 

as those calculated from the LMTD equation. 

The LMTD equation used to calculate an overall heat transfer 

coefficient for countercurrent heat exchangers Is as fol lows. 

(5.8) 

In the equation, the log-mean temperature difference CLMTD) Is def lned 

as: 

where 

Also, 

T gl 
Tg2 

T sl 

Ts2 

qs 
A 

(Tg1 - T >-CT s2 g2 - T ) s1 
ti.Tlm = 

Tg1 - T 
In< s2 

Tg2 - T sl 

Inlet temperature of the afr,K 

outlet temperature of the alr,K 
Inlet temperature of the solld,K 

outlet temperature of the solld,K 

heat gained by the sol Ids, W. 

area for heat transfer (trough length times width 
2 for the present system), m • 

h overall heat transfer coefficient, W/m2- K 
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Table 5.3 presents the heat transfer coefficients 1.1sed In the 

factorial design analysis, as well as the heat transfer results 

calculated from the LMTD equation. Two Important conclusions are drawn 

from Table 5.3: (1) the derived model always over-predicts the heat 

transfer coeff Jclent relative to the LMTD equation, and (2) the over-

pred lctlon Is only very slight, typfcally around 10 percent. 

The model's overestimate of the heat transfer coefficient Is 

believed to be resulted from the curve-fitting performed by the 

nonlinear regression computer program (Appendix C) to obtain an air 

temperature profile as a function of heat-exchange length. As seen in 

al I figures depicting the air temperature profile (Appendix 0), the 

curve-fitting consistently underestimated the Inlet air temperature, 

which was parameter mused In the heat-transfer model. Therefore, for 

the same amount of heat transferred to the sol Ids, using a lower Inlet-

air temperature resulted Jn an overestimation of the heat transfer 

coeff lclent. 

However, the difference between the heat transfer coeff iclent 

calculated from the derived model and that obtained from the LMTD 

equation was very minimal. Referring to Table 5.3, the values only 

differed by approximately 10 percent relative to the LMTD heat transfer 

coefficient. Other comparlsons can be made by referrlng to Tables 5.4 

and 5.5. It Is seen that as the value of the heat transfer coeff lclent 

increased, the difference between the model and the LMTD values 

increased as wel I; however, the difference remained at about 10 percent. 

In order to decrease the difference between the model and LMTD 

values, a more accurate estimation of the parameter m (the Inlet air 
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TABLE 5.3 

Comparison of factorial Design Heat Transfer Coefficients 
Calculated Using the Derived Model and the Log-Mean 

Temperature Difference (LMTD) for Countercurrent 
Heat Exchangers 

Model Heat Transfer LMTD Heat Transfer 
Coefficient (W/m2-K) Coefficient {W/m2-K) 

66.0 61.6 
54.5 50.0 

64.7 60.7 
67.3 63.8 

45.5 41.6 
47.0 42.7 

46.2 42.1 
51.8 47.6 

53.8 48.3 
69.0 63.8 

60. l 54.7 
64.3 59. 5 

45.0 40.0 
57.4 52.0 

42.9 38.4 
49. l 44.0 
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TABLE 5.4 

Heat Transfer Coefficients Between Supernatant Air and 
a Flowing Vibrofluidized-Bed of Solids with 

Additional Baffles at 0.305 m Increments 

No. of Model Heat Transfer LMTD Heat Transfer 
Baffles Cbeffi~ient (W/m2-K) Coefficient (W/m2-K) 

1 79.4 68. 1 
2 92.8 76.2 
3 130.6 110. 1 
4 143.3 122.7 
5 105.6 96.6 
6 106.0 99.7 
7 102.4 101. 5 
4* 123.8 116. 7 

Notes: (1) Bed Particles: spherical fused-alumina(Al203) parti cles 
Norton Masterbeads, type MCA 1655, -40+60 mesh (250 to 
425 microns) 

(2) Vibrational intensity parameter: K ~ 0. 5 
(3) Operating Variables: 

Air fl ow rate 
So 1 id fl ow rate 
Baffle height 

Mg = 257 kg/hr 
Ms = 163 kg/hr 
hB = 63.5 mm 

*(4) Baffles soaced at 0.610 m increments. 
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TABLE 5. 5 

Heat Transf~r Coefficients Between Supernatant 
Air and a Flowing Vibrofluidized-Bed of Solids 

with no Baffles at Various Air Flow Rates 

Air Flow Rate Model Heat Transfer LMTD Heat Transfer 
· (kg/hr) Coefficient (W/m2~K) Coefficient(W/m2-K) 

257 28.2 25.7 

257 31.5 28.8 

147 25.2 22. 1 

147 26.2 23.2 

Notes: Solid flow rate Ms = 163 kg/hr 
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temperature) would be needed. To facilitate this, mere air temperatures 

could be obtained In the "active" heat transfer zone (the first 1.22 m); 

this would supply the computer program with more data points from which 

to make a more accurate estimate of the model parameters. 

5.5 Effect of Addjtlonal Baffles on the Heat Transfer 

In order to fully utilize the available surface area for gas-solid 

heat exchange;' part I cu I ar I y past the 1 .22-m (four-foot) distance 

mentioned in the previous section, additional baffles were placed in the 

Lexan heat-exchange trough at 0.305-m (one-foot) Increments from the 

first vertical baffle located near the solid outlet. To obtain the 

highest heat transfer coefficient possible under the vibrating 

conditions used, the factorial design analysis suggested a high air flow 

rate CM = 257 kg/hr), a low solid flow rate CM = 163 kg/hr), and a low g s 
baffle height Ch8 = 63.5 mm). In conjunction with the factorial design 

analysis, a low solid flow rate was chosen to ensure a greater number of 

runs from a single feed-hopper charge. 

Also, al I baffles were placed at the 63.5-mm height which was just 

slightly above the solid-impeding limit at the given air and solid flow 

rates (see Figure 4.4, page 93 ). It should be noted that for each 

vertical baffle used, a solid-ramp system was installed beneath it to 

ensure a smal I layer of solids for gas-solid contact in each 

"compartment" formed by the baffles (see Figure 3.3, page 72 ). 

A summary of al I experimental tests with additional vertical 

baffles Is presented In Table 5.4. As can be noted, the heat transfer 

coefficient between the hot supernatant air and the flowing 
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vibrofluidized bed of solids increased to a maximum with the use of four 

baffles, and then drastically decreased. The increased heat transfer 

coeff lcient with an increased number of vertical baffles was as 

expected; the higher the number of baffles, the greater the extent of 

gas-sol Id contact and, therefore, enhanced heat exchange. However, the 

dramatic decrease In heat transfer with five or more baffles was a much 

more curious effect. It was postulated that the decrease in the heat 
/ 

transfer coefficient was caused by a slgnlf icant Increase In the heat-

exchanger surface area as more vertical baffles were added. This 

postulate is developed further as fol lows. 

Recal I from Section 4.3 that there is a pressure drop in the air 

across a vertical baffle. However, the pressure drop was very small for 

one baffle C0.19 to 0.46 mm Hg), and similarly small for multiple 

baffles. According to the Bernoul II equation, If the pressure drop does 

not change slgnlflcantly, neither does the downstream gas velocity. To 

support·thls observation, a vane anemometer was used to determine the 

velocity of the air exiting the heat-exchange trough. This test 

revealed that the outlet-air velocity was practically constant whether 

one, four, or six vertical baffles were used. Therefore, If the air 

velocity was relatively constant, the heat transfer coeff lcient between 

the hot air and the heat exchanger surfaces Cl.e., the Lexan wal Is and 

the sheet metal baffles) was constant no matter how many baffles were 

present. Likewise, If the heat transfer coeff lclent between the air and 

the surfaces was constant, so was the steady-state operating temperature 

of the system surfaces. 
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However, as more baffles were added to the system, the surface area 

to be maintained at the steady-state operating temperature was 

significantly Increased. As a result, the air was requried to supply 

more thermal energy to maintain the heat-exchanger surfaces at their 

steady-state temperature, and fess energy was available to heat the 

vfbroflufdfzed solids. Therefore, a trade-off existed between Increased 

gas-sol Id mixing and Increased heat-exchanger surface area with the 

addition of more vertical baffles. 

To substantiate the hypothesis that the heat transfer was dependent 

on the system surface area, a separate test was made In which four 

baffles were used, but placed 0.610 m (two feet) apart Instead of the 

previous 0.305 m spacing. The surface area was the same as that of four 

baffles 0.305 m apart. The result for this test Is shown in Table 5.4. 

The heat transfer coeff fcfent obtained was 123.8 W/m2- , K, lower than the 

maximum value (143.3 W/m2- K) but sfgnfffcantly higher than the results 

obtained for five to seven baffles. This Indicated that the total heat-

exchanger surface area did have a major effect on the heat transfer. 

It ts interesting to note that the maximum in the heat transfer 

coefficient corresponded to the earlier observation, namely, the lack of 

air temperatur~ variation at a distance greater than 1.22 m from the 

vertical baffle. It would make sense that If more baffles were added In 

the "active" heat-transfer zone (the first 1.22 m of heat-exchange 

length), the extent of heat transfer would be greater. From the results 

presented Jn Table 5.4, this observation was evidently valfd. 

After analyzing the effect of multiple baffles, an interesting 

question was raised: How Important was the baffle to the heat transfer 
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fn such a vfbrof lufdfzed system? Two sets of tests were performed 

wfthout baffles and the results are presented rn Table 5.5. It rs seen 

that the arr flow rate had very I rttle effect on the heat transfer wfth 

no baffle present. It rs also fnterestfng to note that the heat 

transfer coefffcfent was more than doubled usfng Just one baffle, and 

was fncreased more than four tfmes wfth the use of multfple baffles Csee 

Table 5.4). 

5.6 Petalled Error Analysis on Heat Transfer Results 

Several sources of error were present fn calculatfng the heat 

transfer coeff fcfent between a hot supernatant arr stream and a f lowfng 

vfbroflufdfzed bed of solfds. Most notably, error was fnherent rn the 

measurement of the flow rate of the solfds, the temperatures of the arr 

and solfds, and the best-flt parameters fn the equatfon describing the 

arr temperature proff le, as can be seen In the fol lowfng dfscusslon. 

5.6.1 Error in Solfd Flow Rate 

The flow rate of solids was measured usfng a platform scale (from 

which the weights of solfds before and after a test were noted) and a 

stopwatch (to measure the time of a test). The platform scale was 

accurate to± 0.057 kg (1/8 lbs.), while the stopwatch was accurate to .± 

0.1 seconds. A dffferential error analysls performed on the mass flow 

rate of the solids for a random sample of the tests revealed that the 

error In solid flow rate never exceeded one percent. This very slfght 

percent error resulted Jn an lnslgnif lcant error in the heat transfer 

coefficfents, typically less than a 0.1 W/m2- K difference In value. 
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5.6.2 Error In Temperature Measurements 

Since the heat transfer model derived from f Trst prlnclples was not 

expllclt Toh Cthe heat transfer coefflctent) according to Eq. (5.7), a 

strict dlfferentlal error analysis could not be performed on the model 

Itself. Therefore, a sensitivity test was performed on the model 

equations to examine the effect of temperature measurement error. 

The f lrst measured varlables tested were the temperatures of the 

air and solids. As noted Jn the derived model (see Section 5.2), the 

only temperature measurement to appear In the calculations directly rs 

the solid outlet temperature (or Ts2>. The Analog Devices temperature 

Indicator only allowed for a temperature accuracy to+ 1 K C1.8°F>. 

Table 5.6 summarizes the error associated with the temperature 

measurements To the heat transfer coefficients for the multiple baffle 

tests. For example, the measured temperature of the outlet solids for 

the case of one baffle was 312 K. The observed heat transfer 

coeff Tclent at this value was 79.4 W/m2- K. If the temperature had 

actually been at the lower limit, or 311 K, the heat transfer 
2 coefficient would have been 76.6 W/m - K. Likewise, If the temperature 

had actually been at the upper error llmft, or 313 K, the value of the 
2 heat transfer coeff Tclent would have been 82.6 W/m - K. In any event, 

rt should be noted that any error In the outlet sol Id temperature had a 

very mlnlmal effect on the observed heat transfer coefficient. This 

sensltivlty test showed that the error was no more than..± 5 percent. 

It Ts also Important to note that th'e "direction" of the 

temperature error (either the plus or minus K) yielded results 

consistent with heat transfer principles. As the lower limit of the 
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TABLE 5.6 

Temperature-Associated Error in Heat Transfer 
Coefficients from Multiple Baffle Tests 

Heat Transfer Observed Heat Heat Transfer 
Coefficient at Transfer Coefficient at 

Lower Temp. Error 
Limit (W/m2 - K) 

Coefficient 
(W/m2 - K) 

Upper Temp. Error 
Limit (W/m2 - K) 

76.6 79.4 82.6 

89.3 92.8 96.6 

124. 7 130.0 135.6 

137.0 143.3 150. l 

101.3 105.6 110. 3 

101.9 106.0 110.4 

98.5 102.4 106.7 

Note: Error in temperature was .± l K. 
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error range (or minus K) was approached, the heat transfer 

coefficient decreased relative to the observed value, since the 

temperature of the solids exiting the trough was lower. Alternately, 

the heat transfer coeff lclent was 'higher relative to the observed value 

as the upper ltmtt of the error range (or plus 1 K) was approached. 

5.6.3 Error jn Best-Flt Parameters 

The largest error In the calculation of the heat transfer 

coeff tclents was associated with the best-f It parameters from the 

exponential expression describing the air temperature profile as a 

function of heat-exchange length. Recal I that the expression for the 

air temperature CT ) was In the form of: g 

nx Tg = me 

where x was the heat-exchange length. In the expression, the parameter 

m could be considered an Intercept, while n could be a form of slope. 

The nonlinear regression computer program (Appendix C) not only 

calculated the best-fit values for the parameters m and n, but It also 

calculated a standard error for each parameter. It was this standard 

error that was used to test the sensitivity of each parameter on the 

heat transfer model. 

Table 5.7 summarizes the error associated with varying just the 

parameter m while keeping the best-fit value of n constant. Taking the 

case of one baffle as an example, the best-fit value of m calculated was 

334.5 K with a standard error of ± 2.2 K. The calculation of the heat 

transfer coefficient at the lower standard error I lmit (or 332.3 K) 
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TABLE 5.7 

Individual Error Associated with Best-Fit Parameter m 
of Air Temperature Profile for Heat Transfer 

Coefficients from Multiple Baffle Tests 

Heat Transfer Observed Heat Heat Transfer 
Coefficient at Transfer Coefficient at 

Lower ~tand. Error Coefficient Upper Stand. Error 
Limit (W/m2 - K) (W/m2 - K) Limit (W/m2 - K) 

86.8 79.4 73.3 

100.8 92.8 86.0 

140.6 130.0 120.8 

154.3 143.3 133.8 

110. 5 105.6 101. 1 

111. 0 106.0 101.4 

106.6 102.4 98.6 
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2 resulted in a value of 86.8 W/m - K, compared to the observed value 

C~ith m = 334.5 K) of 79.4 W/m2- K. Likewise, the heat transfer 

coefficient calculated using the upper standard error limit Cor 336.7 

K) was 73.3 W/m2- K. Note that the error In m, with a constant n, never 

exceeded ± 10 percent. 

Table 5.8 presents the results for the parameter n calculated in a 

similar manner to those In Table 5.7 for the parameter m. The best-fit 

value for n for the case of one baffle was -0.0103 m-1 with a standard 

error of± 0.0068 m-1• The heat transfer coefficient calculated at the 

lower standard error limit of n Cor -0.0170 m-1>, at the best-fit m = 
2 334.5 K, was 86.0 W/m - K. The heat transfer coeff lclent at the upper 

standard error limit In n Cor -0.0036 m-1> was 73.7 W/m2- K. Again, 

note that the error due to n was never more than ± 10 percent compared 

to the observed heat transfer coeff ictents. 

Table 5.9 presents the results of the combined errors associated 

with the parameters m and n. In other words, the heat transfer 

coefficient at the lower standard error limit was calculated with both m 

and n at their lower standard error limit. Similarly, the heat transfer 

coefficient at the upper standard error limit was calculated with both m 

and n at their upper standard error limit. As seen In Tables 5.7 to 

5.9, the error associated with parameters m and n was combined but not 

strictly additive from the lndlvldual errors of m and n. It was 

Important to note that the combined error for the two best-flt 

parameters did not surpass .:!:_ 19 percent, ~md very rarely exceeded ± 15 

percent. 
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TABLE 5.8 

Individual Error Associated with Best-Fit Parameter n 
of Air Temperature Profile for Heat Transfer 

Coefficients from Multiple Baffle Tests 

Heat Transfer 
Coefficient at 

Lower Stand. ~ Error· 
Limit {W/m2 - K) 

86.0 

99.7 

138.9 

152. 6 

109.9 

110. 5 

106. 1 

Observed Heat 
Transfer 

Coefficient 
(W/m2 - K) 

79.4 

92.8 

130.0 

143.3 

105.6 

106.0 

102.4 

Heat Transfer 
Coefficient at 

Upper Stand. Error 
Limit (W/m2 - K) 

73.7 

86.6 

121. 6 

134.9 

101. 5 

101. 9 

98.9 
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TABLE 5.9 

Combined Error Associated with Best-Fit Parameters of Air 

No. of 
. . Baffles 

1 

2 

3 

4 

5 

6 

7 

Temperature Profile for Heat Transfer · 
from Multiple Baffle Tests 

Heat Transfer 
Coefficient at 

Lower Stand.Error 
Limit (W/m2 - K) 

94.6 

108.9 

150.9 

165.0 

115. 2 

115. 9 

110.5 

Observed Heat 
Transfer 

Coefficient 
(W/m2 - K) 

79.4 

92.8 

130.0 

143.3 

105.6 

106 .0 

102.4 

Heat Transfer 
Coeffici ent at 

Upper Temp. Error 
Limit (W/m2 - K) 

68 . 3 

80.6 

113.5 

126. 3 

97 .4 

97. 6 

95.3 
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5.6.4 Summary of Total Error 

It is evident that the majority of the error In calculating heat 

transfer coeff lclents from the model resulted from estimating the 

parameters m and n, as would be expected. The error In the solld-

outlet temperature was mlnlmal compared to the aforementioned error. A 

combined error due to the solld-outlet temperature and best-flt 

parameters would undoubtedly be the maximum error, and would roughly be 

on the order of± 20 percent. In order to reduce this error, more data 

would need to be taken to better describe the air temperature profile, 

particularly in the "active" heat transfer zone (the first 1.22 m of 

trough length). 

However, the error resulting from this detailed error analysis was 

low enough to ensure confidence In all results obtained and any analyses 

stemming from them. 

5.7 Preliminary Heat Transfer Results with Cooling Water 

Al I of the results previously presented In this Chapter have been 

from tests performed with no cooling water flowing through tubes 

Immersed In the vlbrof luldlzed bed. In the latter stages of this work, 

copper tubes were Installed In the bottom of the he~t-exchange trough 

and prel lmlnary tests were performed, mainly to check for proper 

operating procedures and the accuracy of the derived heat transfer 

model. It must be emphasized that the vibrator REX was used for these 

heat transfer tests. In using REX, the mean conveying velocity of the 

particles was too high to permit the formation of a layer of solids In 

the bottom of the trough, thereby exposing the copper tubes to the hot 
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air. This created a situation of having convective heat transfer 

between the supernatant air and the tubes, rather than the desired 

conductive heat-exchange between vlbrofluldlzed solids and Immersed 

tubes. 

From the factorial design analysis (Section 5.3), the fol lowing 

operating condtt·tons were used for the preliminary heat transfer tests 

with cooling water. 

(1) air flow rate M = 256 kg/hr; g 
(2) solid flow rate M = 126 kg/hr; s 
(3) one baffle with baffle height h8 = 63.5 mm. 

In addition, two cool Ing -water flow rates of 52 and 104 kg/hr were 

chosen to be tested. Recall, also, from the factorial design analysts 

that similar operating conditions (with no flow of cool Ing water) gave 
2 an average heat transfer coeff lclent of 62.2 W/m - K. 

The preliminary tests with cooling water yielded average heat 

transfer coefficients of 71.3 W/m2- Kat the lower water flow rate and 

78.0 W/m2- K at the higher water flow rate. Comparing these results to 

tests with no cool Ing water, It Is noted that they are In the same range 

but slightly higher. This was as expected since the flow of cooling 

water was an additional heat sink in the system. 

As mentioned earlier, the heat transfer between the hot supernatant 

air and the exposed copper tubes was convective and, therefore, 

relatively low. As a result, the temperature of the water did not 

change appreciably from Inlet to outlet. In fact, the temperature rlr3 

in the water for the low water flow rate was 3 K, while for the high 

water flow rate the rise was only 2 K. It ls expected that when the 
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vibrator VIB Is In use, a soltd layer wtll be present surrounding the 

copper tubes, thereby resulting In conductive heat transfer between the 

solids and tubes. Obviously, the conductive heat transfer will be much 

greater than the present convective heat transfer. 

The temperature rise In the water would Increase, perhaps to as 

much as 10 to 15 K. This should cause a slgnif lcant Increase In the 

heat transfer coefficient, possibly as high as 500 W/m2- K as was found 

from conductive heat transfer tests In this laboratory (Liu and Squires, 

1984). 

Because of the small water-temperature rise, the computer generated 

parameters a and b used to describe the water temperature profile 

CT - aebx) as a water - function of heat-exchange length Cx) were easily 

attained and with very little error. Using the standard error of 

parameters a and b, an error analysis similar to that presented In 

Section 5.6 was performed. The analysis showed that the combined effect 

of parameters a and b caused an error of no more than 5 percent In the 

heat transfer coefficients for tests with cooling water. This brings 

the maximum total error In the heat transfer coeff iclent h to 

approximately 25 percent--very reasonable when compared to percent 

errors reported in the vlbrofluldlzatlon literature, which are usually 

upwards of 40 percent. However, It Is possible that the amount of error 

will Increase as the temperature rise in the water increases. This 

would be mostly caused by the increased difficulty of the computer 

program to generate an accurate flt of the temperature profile data over 

a wider temperature range. In order to decrease this error, more water 

temperature data would be needed. 



-132-

In summary, the present system was used successfully to obtain heat 

transfer results for tests which included cool Ing water, and no 

operational dlff lcultles were encountered. With the Implementation of 

the new vibrating system in the future, slgnlf icantly higher heat 

transfer coeff lclents are expected. 

5.8 Comparjson of Heat Transfer Results with Literature Values 

Heat transfer results obtanled by many Investigators were presented 

In Table 2.1, page 28. However, It must be noted that al I of the 

results shown were a result of conductive heat transfer, that is, the 

transfer of heat from a type of heat probe to the vibrofluidlzed solids. 

In the experimental system used for this work, the heat transfer 

was between a hot supernatant air and the flowing vibrofluidized solids 

and was, therefore, convective. Naturally, because of the difference In 

the two modes of heat transfer, the heat transfer coefficients from the 

studies summarized In Table 2.1 were al I higher than the maximum value 
2 of 143.3 W/m -K obtained from the multllple-baffle tests. 

In examining the literature, several papers were found In which 

vibrations were used In the study of convective heat transfer between a 

gas and a sol Id. However, the vibrations were used to supplement the 

conventional f luidlzing gas and prevent the formation of bubbles In the 

bed. Therefore, these beds were not truly vlbrof luidized; instead, they 

were vibrated gas-f luidlzed beds. One paper was found which described a 

system that remotely resembled the one used for this work. 

Specifically, Mal'Chenko and Bograd (1976) studied the convective heat 

transfer from air to ceramic bal Is with an average diameter of 5.58 mm 
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In an air preheater. The ceramic balls were vlbro-conveyed around a 

closed loop and contacted alternately with hot and cold air. However, 

the air did not flow In the freeboard space above the vlbrof luldlzed 

solids as was the case In the Lexan heat-exchange trough. Instead, the 

air acted as a f luldlzlng gas and was percolated through the bed of 

solids to enhance the transfer of heat. It seems reasonable to assume 

that the air did not cause much f luldlzlng ?ctlon owing to the size of 

the ceramic balls, but that the vibrations caused the fluidlzatlon of 

the solids. However, because the air was percolated through the bed, 

one would expect the convective heat transfer coeff lcient to be higher 

than the maximum value of 143.3 W/m2- K obtained from the multlple-

baffle tests. This was found to be Indeed the case. 

Assuming their Nusselt number was based on the particle diameter 

and the gas thermal conductivity (as Is typically done--see Botterll 1, 

1975), Mal'Chenko and Bograd reported a maximum heat transfer 

coefficient of approximately 500 W/m2- K. Obviously, this difference in 

results of 143.3 and 500 W/m2- K Is quite significant. However, not 

only was the air percolation effect different for the Russian system, 

but so were the operating conditions. Recall that the vibrator REX only 

suppl led a vibrational intensity parameter K=0.5 which was not enough to 

truly vlbrofluldlze the solids. The maximum value of the heat transfer 

coefficient reported by Mal 1Chenko and Bograd was obtained at K = 4.3, 

which was high enough to vlbrof luldlze the ceramic bal Is. Therefore, 

much more mixing was observed In the Russian system, resulting In a 

greater extent of heat transfer. 
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It Ts believed that once tests are performed with the vibrator VIS, 

with which higher vibrational accelerations can be obtained, 

slgnlflcantly higher convective heat transfer coefficients will be 

realized, possibly even greater than those reported by Mal'Chenko and 

Bograd. 

5.9 Summary of Heat Transfer Results 

The experimental tests performed provided much insight Into the 

effects of several variables on the heat transfer between a hot 

supernatant air and a flowing vlbrofluldlzed bed of solids. A number of 

conclusions from the experiments may be summarized as fol lows. 

(1) A factorial design analysts revealed that an Increase In 

the heat transfer coefficient was poslble with (I) an 

Increase In air flow rate and Ci!) a decrease In solid 

flow rate. The baffle height had an Insignificant effect 

on the heat transfer at the vibrational acceleration used 

CK=0.5). 

(2) Tests using multiple battles showed that a maximum In the 

heat transfer coeff lclent could be obtained with the use 

of four battles at a 0.305-m spacing. The use of more 

than tour battles tended to increase the amount of surface 

area needed to be maintained at the steady-state system 

operating temperature, causing a decrease In the heat 

transfer coeff iclent. Also, the maximum heat transfer 

coefficient with the usP. of four battles coincided with 

the apparent "active" heat transfer zone In the first 1.22 

m of the heat-exchange trough. 
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(3) The percent error In the experimental results was 

relatively low at a 20-percent maximum. The majority of 

the error stemmed from the computer generated, best-f It 

parameters used to describe the exponential expression for 

the air temperature profile. 

(4) Prellmlnary heat transfer tests with cooling water flowing 

through copper tubes were successfully completed with no 

operational dlfflcultles. Results Indicated that the heat 

transfer coefficients were slightly higher for tests with 

cooling water than without, and that even higher values 

could be possible with the use of the new vibrating 

system. 

(5) A comparison of these heat transfer results with other 

reported Investigations was very dlfflcult because of the 

lack of literature data from systems that were similar to 

the novel vlbrof luldlzed-bed heat exchanger used in the 

present work. 



CHAPTER SIX 

Economic Evaluation of a Vibrofluldized-Bed Heat-Exchanger 

System for Heat-Recovery Applications 

6.1 Scope of a Large-Scale Heat-Exchanger Design 

In order to evaluate the practicality of the flowing 

vlbrof luldlzed-bed heat-exchanger system In heat-recovery operations, an 

economic analysis was performed. The case studied was that shown In 

Figure 6.1 (Squires et al.,1982). In this system, hot combustion gases 

from an oil-fired boiler were used to preheat feedwater to the boiler. 

Such a system ls used In apartment buildings to supply heat to the 

residents. The f lowlng vlbrof luldlzed-bed system would be a retrofit to 

the present boiler, and would decrease heating costs by producing the 

feedwater using heat otherwise wasted. The production of the feedwater 

would ultimately pay for the Initial Investment cost of the f lowlng 

vlbrof luldlzed-bed system, and then supply an annual revenue to decrease 

the heating costs. 

6.2 Desrgn Basis for the Vlbrof!uldlzed-Bed Heat Exchanger 

The most noticeable difference of the conceptual system In Figure 

6.1 from the flowing vlbrofluldlzed-bed heat exchanger tested In this 

work Is that there is no "extern a I" f I ow of so 11 ds enter Ing and I eav Ing 

the former. Instead, In the conceptual system, there Is an Intense 

Internal solid circulation within baffled heat-exchanger compartments, 

which is Induced by both external mechanical vibration and hot gas flow. 

-136-
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Vibrofluidized-Bed 
Hot Heat Exchanger 

Combustion 
Gas 
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Figure 6.1 A Schematic Diagram of the Retrofit 
to Preheat Boiler Feedwater with 
Combusti on Gases. 
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Table 6.1 summarizes the advantages of using a vlbrofluldlzed-bed heat 

exchanger In which the particles are not flowing {but Internally 

circulating). The Information presented In Table 6.1 Is based on the 

findings from the testing of the f lowlng vlbrof luldlzed-bed heat 

exchanger Investigated In this work. 

Previous findings for the f lowlng vlbrof luldlzed-bed heat exchanger 

showed that as the flow rate of the solids decreased, the gas-to-bed 

heat transfer coefficient Increased. Likewise, If there were no solid 

feed or discharge {I.e., zero flow rate), a more significant solld 

circulation could be Induced by the external mechanlcal vibration and 

the Incoming gas within each baffled heat-exchange compartment, yleldlng 

equally high gas-to-bed heat transfer coefficients. It was also assumed 

that as the flow rate of sol Ids approached zero, the amount of heat 

transferred to the cooling water also Increased. This seems reasonable 

because a portion of the heat would not be lost from the system as would 

be the case If the solids exited the heat exchanger. It Is also seen 

that a continuous external flow of particles would require a large 

Inventory of solids and, therefore, an expensive Initial capital 

Investment. Likewise, the use of hot solids discharged from the heat 

exchanger would be I lmlted. 

It is conceivable that the hot solids could be recirculated, and 

their thermal energy transferred to preheat another gas stream. 

However, a system of this type would require a second vibrating system, 

as wel I as a means of solid transport between the two heat exchangers, 

which would require at least twice the inltlal capital Investment for 

the process. For example, the vibrating system presented in Figure 6.1 



TABLE 6.1 

A Comparison BetweenFlowingand Non-Flowing 
Vibrofluidized-Bed Heat-Exchanger Systems 

Flowing Vibrofluidized-Bed 
Heat-Exchanger System 

As the solid flow rate decreases, the 
gas-to-bed heat transfer coefficient 
increases. 

As the gas flow rate increases, the 
gas-to-bed heat transfer coefficient 
increases. 

*Vibrating System Installed Cost $35,000. 

*Operating Cost $700 per year. 

*Cost basis the same as presented in Table 6.4. 

Non-flowing Vibrofluidized-Bed 
Heat-Exchanger System 

As the solid flow rate approaches zero (i.e., 
no solid feed or discharge), an intense 
internal solid circulation within baffled 
heat-exchange compartments is induced by hot 
gas flow and mechanical vibration, yielding 
equally high gas-to-bed heat transfer 
coefficients. 

As the gas flow rate increases, internal solid 
circulation within baffled compartments 
increases, yielding equally high gas-to-bed 
heat transfer coefficients. 

*Vibrating System Installed Cost $15,000. 

*Operating Cost $313 per year. 

I __, 
w 
l.O 
I 
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has an estimated tnstal led cost of $15,000 (see also Table 6.4). A 

process In which the solids were flowing would cost upwards of $35,000, 

while the operating costs would more than double to about $700 per year. 

These costs for a f lowtng vlbroflutdtzed-bed heat exchanger were a 

significant Increase over the non-flowing system, rendering the former 

economically unattractive. 

In conjunction with the solid flow rate In a flowing 

vtbrof luldlzed-bed system, the air flow rate also had a significant 

affect on the gas-to-bed heat transfer coeff lclent. Speclflcal ly, as 

the air flow rate Increased, the heat transfer coeff lclent Increased. 

The air flow rate was limited In the flowing system, however, to the 

solid -Impeding velocity (Chapter Four), that Is, at a given sol Id flow 

rate and baffle height, the air velocity that did not Impede the sol Ids 

from exiting the heat exchanger. This I lmltlng velocity was 

approximately 4 m/sec past the baffle. 

In the non-flowing system, the air velocity has a similar 

I Imitation. The air velocity should be low enough so as not to carry 

particles between heat-exchange compartments. This carry-over velocity 

Is very close to the sol Id Impeding velocity at 3-4 m/sec (Squires et 

al., 1982). Therefore, the air flow rate should have the same affect on 

the heat transfer coefficient in a f lowlng and a non-flowing 

vlbrof luidtzed-bed heat exchanger. 

It must be noted that tests for a non-flowing system could not be 

performed with the experimental apparatus available. With the vibrator 

used for al I f lowlng vlbrof luldlzed-bed tests reported In Chapter Five, 

the sol Ids had a high mean conveying velocity, thereby yielding no solid 
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layer to cover the heat-transfer tubes. The same situation would occur 

for a non-flowing system. The sol Ids would accumulate at the solld-

dlscharge end of the heat exchanger and would not cover the heat-

transfer tubes. With the new vibrating system lnstal led at the end of 

this work, the conveying velocity of the particles could be easily 

control led, creating a bed of sol Ids at any desired depth. Therefore, 

with the new vibrating system, both f lowlng and non-flowing cases could 

be studied. 

In summary, because of the similar heat transfer characteristics, 

as well as a definite cost advantage, a non-flowing (Internally 

circulating) vlbrof luidlzed-bed heat exchanger was considered over a 

f lowlng one. 

A more detailed view of the retrofit Is shown In Figure 6.2 with a 

bed depth of about 50 mm. The heat-exchanger trough was divided Into 

four compartments to coincide with the four baffles found to be the 

optimum conf lguratlon for heat transfer from the multiple baffle tests 

(see Section 5.5). A gas-temperature profile was postulated as a 

function of heat-exchange length as seen In Figure 6.2, with a majority 

of the heat being transferred In the first two compartments Cl and I I). 

Also, a f Ive degree Celsius temperature approach between the supernatant 

gas and the vlbrofluidlzed sol Ids was assumed. From the known flow 

rates and temperatures in the system, the Inlet and outlet water 

temperatures In each compartment were calculated. Finally, from the 

known temperatures of the gas, solids and water, a surface area of heat 

transfer was calculated for each compartment. 
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There were two modes of heat transfer In this system: (1) 

convective heat transfer from the gas to the solids, and (2) conductive 

heat transfer from the sol Ids to the water tubes. To calculate the 

required surface area, a heat transfer coeff lclent was needed for each 

mode of heat transfer. Therefore, a range of heat transfer coeff lclents 

was taken for the convective and conductive modes, and the surface area 

calculations performed. The calculated planar surface areas for the 

gas-to-solid heat transfer are presented In Table 6.2 as a function of 

heat transfer coeff lclent. The necessary surface areas of tubes for 

bed-to-surface heat transfer are given In Table 6.3. 

As an example of these calculations, consider the gas-to-solid heat 

transfer In compartment I assuming a heat transfer coeff lclent of 300 
2 W/m -K. The equation used to calculate the surface area Is the familiar 

log-mean temperature difference CLMTD) equation for countercurrent heat 

exchangers as fol lows: 

A=~ 

In the equation, 

2 A = surface area, m 

q = heat transferred, 45,300 W 

h = heat transfer coefficient, 300 W/m2-K 

6T = LMTD, 
200 - 150 

200-145 
In ( 150-145 ) 

: 20.9 

( 6. l) 

Substituting the previous values Into (6.1) yields a surface area of 
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TABLE 6.2 

Planar Surfaces Areas Required for Gas-to-Bed 
Heat Transfer for the Retrofit Vibrofluidized-Bed 

Heat-Exchanger System 

Planar Surface 
Area (m2) 

Gas-to-Bed Heat Transfer Coefficients (W/m2-K) 
300 400 500 600 700 

Compartment I 7.23 5.42 4.34 3.61 3.10 

Compartment II 6.64 4.98 3.98 3.32 2.85 

Compartment I I I 5.89 4.42 3.54 2.95 2.53 

Compartment IV 3.33 2.50 2.00 1.67 1.43 

Total Planar 
Surface Area 23.09 17.32 13.86 11.55 9.91 
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TABLE 6.3 

Surface Areas Required for Bed-to-Surface 
Heat Transfer for the Retrofit Vibrofluidized-Bed 

Heat-Exchanger System 

Surf ace Area 
of Tubes (m2) 

Bed~to-Surface Heat Transfer Coefficients (W/m2-K) 
300 400 500 600 700 

Compartment I 2.53 1. 90 1. 52 1.27 1.09 

Compartment II 2.52 1.89 1. 51 1. 26 1.08 

Compartment III 1.88 1. 41 1.13 0.94 0.81 

Compartment IV 0. 72 0.54 0.43 0.36 0. 31 

Total Surface 

Area of Tubes 7 .65 5.74 4.59 3.83 3.29 

Planar Surface 
Area 4.87 3.66 2.92 2.44 2. 10 
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2 7.23 m. Similar calculations were performed to obtain the bed-to-

surface heat-transfer areas presented In Table 6.3. However, note In 

Table 6.3 that there Is a planar area reported as well as a total 

surface area for the tubes. This planar area was calculated by using 15-

mm 0. D. tubes on 30 - mm centers (that Is, the d I stance between tube 
2 2 centers), thereby yielding a value of 1.57 m of tubes perm of planar 

surface area. For example, assuming a heat transfer coeff lcJent of 300 

W/m2-K In Table 6.3, only 4.8 m2 of planar surface area Is necessary to 

contain 7.65 m2 of tube surface area. 

A comparison of Tables 6.2 and 6.3 shows that much more planar 

surface area Is needed for the gas-to-bed heat transfer than the bed-to-

surface heat transfer. Therefore, the heat exchanger must be designed 

on the basis of the surface area needed for the convective gas-to-bed 

heat transfer. In practical terms, the width of a vlbrof luidlzed-bed 

heat exchanger Is llmlted to one to two meters because of the mechanical 

complexity In designing the vibrator. Recall, also, that the length of 

the heat exchanger should be limited because the majority of the heat 

transfer takes place In the first one to two meters of the heat-exchange 

length. Therefore, it Is suggested that for any heat exchanger 

requiring surface area of 10 m2 or more, one should consider the use of 

"stream-spl lttlng" or stacked heat-exchange troughs while sti 11 using 

one vibrator. The resulting reduction In heat-exchange length would 

slgniflcantly reduce the cost of the vibrating system, while stll I 

providing the desired heat transfer. 

A note should be made here that the use of a vibrof luidized-bed 

heat-exchanger system as proposed in this work should be limited to 
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situations In which the flow rate of gas Is not large. In particular, 

It ts recommended that the system be used for gas flow rates of not more 
3 than 4 m /sec (8,500SCFM). The use of gas flow rates greater than this 

amount would require an extremely large trough cross-sectional area to 

reduce the velocity of the gas to a workable level (about 4 m/sec). The 

flow rate of gases for the case studied here Is 1.2 m3/sec, requiring a 

cross-sectional area of 0.3 m2• 

6.3 Cost Estimation and Payback Time for a Vlbrofluldlzed-Bed Heat-

Exchanger System 

With the knowledge of the surface area and the size of the heat 

exchanger needed, an estimate for the cost of the heat exchanger system 

was performed. The assumptions made In the cost estimation were as 

fol lows. 

(1) the cost of money was 15 percent compounded annually; 

(2) the cost of electricity to drive the vibrating system and 

gas compressor was 5 cents per kilowatt-hour; 

(3) the energy savings, based on present fuel-oil prices, was 

either 2 cents, 2.5 cents, or 3 cents per kilowatt-hour 

(Squires, 1981); 

(4) the power required to drive the vibrator total led 3 

kilowatts (4 horsepower); 

(5) the system operated either 1000, 2000, or 4000 hours per 

year (Squires, 1981); 

(6) the cost of the vibrating system Included the blower, al I 
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materials, labor, delivery, and instal latlon; 

(7) maintenance cost was $100 per 1000 hours of operation; and 

(8) the power required for gas compression was about 0.37 kW 

C0.5 horsepower). 

Table 6.4 summarizes the vlbrof luldlzed-bed heat-exchanger system, 

Including operating costs. Based on an energy savings cost of 3 cents 

per kilowatt-hr with the system operating at 1000 hours per year, th~ 

revenue from the production of the boiler feedwater was approximately 

$3,600 per year. From the estimated costs presented, the payback time 

for such a system would be about eight years. An example of this 

calculation Is as follows. 

Net Revenue = Feedwater Revenue - Power Costs - Maintenance Cost 

= $3,600 - 150 - 63- 100 
(6.2) 

= $3,287 per year 

To calculate the number of years necessary for the payback on the 

Investment, the equal-payment-series present-worth method at i% annual 

compounding Interest rate for n years was used as follows. 

Initial Capital Investment 
(l+i)n-1 = Net Revenue [ J 
i(l+i)n 

$15,000 = $3,287[ (1 + 0.15)n - 1 J 
0 • 15 ( 1 +O • 1 5 ) n 

For this example, n Is approximately eight years. 

(6.3) 
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TABLE 6.4 

Costs for the Flowing Vibrofluidized-Bed 
Heat-Exchanger for Oil~Fired Boiler Retrofit 

Item 

Vibrating System* 

Power Costs:** 
Vibrator 
Gas Compression 

Maintenance** 

Cost 
(First Quarter, 1984) 

$15,000 

$ 150/yr. 
$ 63/yr. 

$ 100/yr. 

*Vibrating system cost includes the blower, materials, 
labor, delivery, and installation. 

** Based on 1000 hours of operation per year. 
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Obviously, the major factor affecting the prediction of the payback 

time was the estimate of the vibrating system. Therefore, the payback 

time was calculated for several different values of the vibrating system 

cost ranging from $10,000 to 20,000. These results are presented in Table 

6.5. It should be noted that the cost of the blower, approximately 

$300, was Included In the cost of the vibrating system. However, 

because of the very low gas pressure drop for this system (about mm 

Hg), the blower would probably not be required, thereby reducing the 

Initial capita I Investment by $300. Likewise, the el lmlnatlon of the 

blower would also decrease the annual operating costs, resulting In a 

smal I decrease In payback time of perhaps one to two months. 

Finally, Table 6.6 presents the payback times Cln years) for 

various values of operating times and energy savings costs. The energy 

savings costs correspond to the price of fuel oil that would normally be 

used to preheat the bolter feedwater The operating times are an 

indirect indication of the location in which the vibrofluidized-bed heat 

exchanger would be used. For example, an operating time of 1,000 hours 

per year corresponds to a service In the mid-Atlantic states (such as 

Virginia) where It ls cold only a few months per year. A system in the 

New England states may operate 2,000 hours per year, while a system l~ 

an extremely cold cl !mate (such as Canada) may operate as many as 4,000 

hours per year. Obviously, the payback time Is much less for an 

operating time of 4,000 hours per year and an energy savings cost of 3 

cents per kilowatt-hr. However, a system with a payback time of less 

than four years could be considered economically attractive. 
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TABLE 6.5 

Payback Time of .the Vibrofl.uidized-Bed Heat Exchanger 
for Different Vibrating System Installed Costs* 

Vibrating System 
Ins ta 11 ed Cost 

(First Quarter, 1984) 

$10,000 

$15,000 

$20,000 

Payback Time 
(years) . 

4.5 

8 

17 

*Basis: 1000 hours of operation per year 
3 cents per kilowatt-hour of energy savings 

cost. 



-152-

TABLE 6.6 

Payback Times for Various Operating Times and 
Energy Savings Cost for the Oil-Fired Boiler Retrofit 

Operating Energy Savings Cost (cents/ kW':' hr) 
Time 

(hours/year) 2.0 2.5 3.0 

1,000 >50* 10 8.0 

2,000 5.5 3.7 3.0 

4,000 2.2 1. 7 1.4 

*Payback time in years based on a vibrating system installed 
cost of $15,000. 
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6.4 Summary 

An estimation of the cost and payback time for a vibrof luldlzed-bed 

heat-exchanger system was performed. The system was used as a retrof tt 

to produce boiler feedwater from hot combustion gases from the boiler, 

which was used to supply space heat for an apartment building. The 

system proved to be economically attractive, with payback times as 

little as 1.4 years, depending on the Initial expenditure for the 

vibrating system, the operating time, and the energy savings cost. 

From the analysis of this case study, It ls recommended that the 

system only be used for cases with low gas flow rates, that ts, flow 

rates of 4 m3/sec (8,500 SCFM) or less. 



CHAPTER SEVEN 

Concluslons and Recommendations 

The overall heat transfer coefficient from a supernatant gas (air) 

stream to a flowing vlbrofluldlzed bed of sol Ids was Investigated. The 

major variables studied In this work Included: (1) air flow rate; (2) 

sol Id flow rate; (3) vertlcal baffle height; and (4) number of vertical 

baffles. In addition, prellmlnary heat transfer results were obtained 

with cool Ing water flowing through copper tubes fastened Jn the bottom 

of the vlbrof luldlzed-bed heat exchanger. It Is Important to note that 

the vibrator used for all experiments did not supply sufficient energy 

to truly vlbrofluldlze the solids. Instead, the particles were merely 

vlbro-conveyed (or vlbro-shuffled) in a thin layer of solid mass. 

Subject to this I Imitation, the following conclusions were drawn from 

this work: 

(1) There existed certain llmltlng combinations of operating 

variables for the vlbrofluldlzed-bed heat-exchanger 

system. Speclflcally, at certain air and solid flow 

rates, there was a minimum allowable baffle height 

permitted In the system. If the vertical baffle was 

lowered past this I lmltlng height, the air velocity past 

the baffle became too great, thereby Impeding the flow of 

solids exiting the heat-exchange trough. This condition 

was referred to as the solid-Impeding phenomenon. 

(2) A factorial-design analysts revealed that an increase In 
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the heat transfer coefficient was possible with (I) an 

Increase In air flow rate and (Ii) a decrease In sol Id 

flow rate. The baffle height had an insignificant effect 

on the heat transfer at the vibrational acceleration 

used. 

(3) Tests using multiple baffles showed that a maximum in the 
2 heat transfer coeff tclent (143 W/m -K) could be obtained 

with the use of four baffles at a 0.305-m spacing. The 

use of more than four baffles tended to Increase the 

amount of surface area needed to be maintained at the 

steady-state system operating temperature, causing a 

decrease In the heat transfer coeff lcient. Also, the 

maximum heat transfer coeff lcient (with the use of four 

baffles) coincided with the apparent "active" heat-

transfer zone In the first 1.22 m of the heat-exchange 

trough. 

(4) The percent error In the experimental results was 

relatlvely low at a 20-percent maximum. The majority of 

the error stemmed from the computer-generated, best-f It 

parameters used to describe the exponential expression 

for the air temperature profile. 

(5) Preliminary heat transfer tests with cooling water 

flowing through copper tubes were successfully completed 

with no operational dlff icultles. Results Indicated that 

the heat transfer coefficients were slightly higher for 

tests with cooling water than without, and that even 
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higher values could be possible with the use of a new 

vibrating system, which was designed and tested at the 

end of the experimental Investigation. 

(6) The vlbrof luldlzed-bed heat exchanger was only practical 

for systems with low gas flow capacities. For gas flow 

rates greater than about 4 m3/sec C8,500SCFM) the cross-

sectional area for flow past a vertical baffle would need 

to be large (greater than m2> to prevent solid 

Impeding. 

(7) The vlbrof luldfzed-bed heat exchanger proved to be 

economically feasible as a retrofit to a small oil-fired 

boiler. In particular, the heat-exchanger system used 

the combustion gases from the boiler to preheat the 

boiler feedwater. With an Initial capital Investment of 

$15,000, an operating time of 4,000 hours per year, and 

an energy savings cost of 3 cents per kilowatt-hour, the 

payback period for the entire retrof It was found to be 

approximately 1.4 years. 

Based on the studies performed, the following recommendations are 

made for future v!brof luldlzed-bed studies: 

(1) With the new vibrating system, perform heat transfer 

studies at higher vibrational accelerations. 

Specif !cal ly, perform tests at a frequency of 25 Hz (1500 

rpm) and a vibrational Intensity parameter of K=5. 

(2) With the new vibrating system, test the effect of bed 
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throw angle on the heat transfer between the supernatant 

atr and the flowing vlbrofluldlzed bed of solids. As the 

throw angle Is varied, the mean conveying velocity of the 

particles Is also changed, thereby altering the height of 

the solid layer In the bottom of the heat exchanger. In 

this manner, the cool Ing-water tubes may be Immersed at 

various depths In the solid bed, creating a situation for 

bed-to-surface conductive heat transfer. This could lead 

to enhanced heat transfer and slgnlflcantly higher heat 

transfer coef f lclents. 

(3) Test the aerodynamics of the solid bed In the heat-

exchange trough. Most notably, examine the particle 

ctrculatlon due to Increased air velocity at a given 

vertical baffle, as well as the "air pumping" effect at 

various bed depths. Careful examination of the sol Id 

flow In close proximity to the cool Ing-water tubes should 

be performed. Pay particular attention to the fact that 

the sol Id flow Is generally normal to. the heat-transfer 

tubes (that Is, the sol Id flow Is perpendicular to the 

tubes rather than paral lei to them). 

The recovery of heat from a hot, waste gas stream using a 

vlbrof luldlzed-bed heat-exchanger system was a novel concept. The 

system built for this work was certainly the first of Its kind, and it 

has produced many lmportaAt contributions toward the understanding of 

the heat-transfer process. 
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The experimental results on the sol Id-Impeding phenomenon are 

believed to be the only known data In the vlbro-conveylng literature. 

Likewise, the heat-transfer data are unique and no similar results can 

be found In the heat-transfer llterature. As a result of this work, 

significant progress has been made In the evolutionary development of an 

Improved vlbrof luldlzed-bed heat-exchanger system to be used for future 

heat recovery. 
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APPENDIX A 

A. Petalled Operating Procedure for the Flowlng Vibrofluldized-Bed 

System 

The fol lowing Is the detailed operating procedure for each 

subsystem, as well as the entire system, for the flowing 

vlbrofluldlzed bed. For all procedures, refer to Figure A.1 unless 

otherwise specif led. 

A.1 Operation of Vibrator VIB 

For the operation of vibrator VIB, refer to Figure A.2. Choose a 

frequency (speed), stroke (peak-to-peak amp I ltude), and throw angle of 

vibration corresponding to a desired vibrational Intensity parameter K 

as described by equation 2.13, Section 2.3.3. 

A.1.1 Setting the FreQuency CSpeed) of Vibration 

To obtain the desired frequency of vibration, use the ParaJust 

motor frequency controller as fol lows. 

1. Place the frequency selection dial on the ParaJust 

controller on zero percent. 

2. Turn on the 240V power supply. 

3. Turn the frequency selection dlal between 0-100 percent to 

the desired frequency noting that the maximum synchronous 

speed of the dual motors is 30 Hz (1800 rpm). 

4. To stop the vibrations, return the frequency selection 

dial to the zero percent position. NOTE: CARE MUST BE 

TAKEN WHEN SHUTTING THE SYSTEM DOWN. As the vibrator 

slows from Its operating frequency to the stopped 
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Figure A. 2 A Photograph of the Vi bra tor VIB 
Constructed by Vibranetics, Inc. 
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position, It must pass through the natural frequency of 

the Isolation springs at 3.1 Hz (186 rpm). As It passes 

through this barrier, the vibrator wll I shake with some 

violence. No harm should come to any observer, but BE 

AWARE AND BE ALERT. 

A.1.2 Setting the Stroke (Peak-to-Peak Aropl !tyde) of Vibratjon 

1. To set the stroke of vibration, first remove the two 

eccentric-weight guards on each motor (a total of four 

guards). Four PAIRS of eccentric weights, In the shape of 

semi-circles, are present. 

2. To adjust the stroke, loosen the bolt securing each pair 

of eccentric weights. Vary the position of one weight In 

a pair relative to the other weight In that pair to set 

the stroke. ~several things: 

Ca) at a f lxed frequency of vibration, the stroke 

wll I be a maximum when the two semi-circular 

weights are perfectly aligned. 

Cb) the corresponding weights In each of the four 

pairs must be positioned exactly the same to 

obtain an even stroke over the entire system. 

Cc) the stroke varies with a change in frequency of 

vibration, le. If the positions of the weights 

remain f lxed and the frequency Is decreased, the 

stroke wll I decrease because the dynamic force 

exerted by the rotating weights decreases, and 

visa-versa. 
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3. Re-tighten the bolts to secure the weights in their 

desired positions. 

4. Replace the four eccentric-weight guards. 

A.1.3 Setting the Throw Angle of Vibration <Angle of Attack) 

1. To obtain the correct throw angle, loosen the bolts 

securing the motor system in place and rotate the set of 

motors to the desired position. Note that turning one of 

the motors wll I 

they are rigidly 

simultaneously turn the other motor as 

connected by a coupling pipe. The 

selection of the throw angle wll 1, In part, determine the 

mean conveying velocity of the solid and, therefore, the 

height of the solid bed on the bottom of the Lexan heat-

exchange trough. 

2. Re-tighten the bolts to secure the motors In their new 

position. 

Once the frequency, stroke, and throw angle of vibration have been 

set, the fol lowing procedures are used to obtain the data necessary to 

calculate the heat transfer coeff iclent between hot supernatant air, a 

flowing vibrofluldlzed bed and cooling water. 

A.2 Air Subsystem 

1. Close all valves, and back-out the air regulator to zero 

pressure. 

2. Open the air valves in this order: Al, A2, AS, A6. Begin 

the flow of air by turning the stem on the regulator 
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clockwise until the desired flow rate ts reached. If the 

flow rate of air Is too great so that Rotameter 1 exceeds 

capacity, open valve A3 to direct a portion of the flow to 

Rotameter 2. 

3. Obtain the flow rate of air using Rotameters 1 and 2, by 

noting the temperature of the ambient air and the 

pressures indicated by the two Pl 1s. 

4. Heat the air fed to the Lexan heat-exchange trough using 

the two in-line coll heaters. Plug tn Vartacs 1 and 2 and 

supply power to the heaters by turning the dials on each 

Varlac between 0-100 percent. If only one heater ls 

necessary to heat the air, close valve A6. HOWEVER, NEVER 

SUPPLY POWER TO A HEATER WITHOUT FIRST HAVING AIR FLOW IN 

THAT LINE! 

5. Maintain a flow of hot air for at least one-half hour to 

heat up the system. 

6. Monitor the air temperature at various positions in the 

system using the temperature Indicator and transducers as 

shown In Table A. 1. 

7. One may vary the flow rate of air using the air regulator. 

8. One may vary the temperature of the air feed using the two 

Var lacs. 

A.3 Water Subsystem 

If heat transfer tests Involving cooling water are to be performed, 

use the fol lowing operating procedure. Otherwise, go to A.4, the solid 

subsystem. 
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TABLE A. 1 

Relative Location of Temperature Transducers 

Temperature 
Transducer 

T1 

T2 

T3 

T4 

TS 

T6 

T7 

Ta 

Tg 

TlO 

r,, 

r,2 

T13 

r,4 

T1s 

Notes: *Air Inlet 

Distance From 
Solid Outlet (m) 

0 

2.134 

1.143 

0.229 

0. 146 

0.578 

l.010 

l. 441 

1.873 

1.448 

0.533 

0.838 

0.381 

0. 152 

**Air Outlet 
***Solid Outlet (Solid-Collection Cup) 

Stream Being 
Monitored 

Air* 

Air** 

Air 

Solid*** 

Air 

Water 

Water 

Water 

Water 

Water 

Air 

Air 

Air 

Air 

Air 
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1. Place the water outlet line Into the drain. 

2. Open water valve W1 to begin flow of water through the 

cool Ing water tubes located In the bottom of the Lexan 

heat-exchange trough. 

3. Continue to open water valve W1 until desired flow rate of 

water Is obtained using the water rotameter. A 

calibration curve for the water rotameter Is given In 

Figure A.3. 

A.4 Solid Subsystem and Data Col lectlon 

1. Position the solid collectlon box below the discharge end of 

the Lexan trough and attach it to the solid discharge spout. 

Weigh the sol Id collection box on the platform scale. 

2. Note the temperature of the solids fed to the Lexan heat-

exchange trough from the feed hopper. It Is generally the same 

as the ambient air temperature taken earlier (step 3 from Air 

Subsystem). 

3. Place the vertlcal baffle(s) at the desired helght(s) making 

sure not to exceed the I lmlting height to cause solid Impeding 

(see Chapter Four). 

4. With valve S2 clamping the f lexlble hose closed, open the bal I 

valve S1 to the desired position. 

5. Remove the clamplng valve S2 to begin sol Id flow to the Lexan 

heat-exchange trough. 

6. Making sure the ParaJust frequency selection dlal reads zero 

percent (0%), supply power to the vibrator VIB by using the 

main power box. Turn on the vibrator VIB by turning the 
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ParaJust frequency selection dial to the desired frequency (as 

described In A.1). 

7. Start a timer as soon as the solids begin to enter the solid 

col lectlon box. 

8. Collect temperature data at one minute Intervals. Note the 

temperature of the air In CT1>, air out CT2>, and solid out 

CT4--see (9) below). The solid Inlet temperature remains 

constant at the ambient air temperature. In order to save 

solids (since there Is a limited supply), steady-state Is 

declared when the above three temperatures remain constant for 

two consecutive readings. 

9. Obtain the outlet temperature of the solids by using the solid 

col lectlon cup located In the solid col lectlon box. SI Ide the 

col lectlon cup beneath the solid discharge spout using the 

movable-arm assembly operated from outside the box. Collect a 

cupful of solids and note the temperature with temperature 

transducer T4 (see Table A.1 ). Dump the solids Into the box 

and reposition the cup for another temperature measurement as 

desired. 

10. Record the pressure drop across the vertical baffle using the 

manometer. 

11. Once steady-state Is determined, keep the system running and 

record the other 12 temperatures, namely the seven air 

temperatures and the f lve water temperatures as functions of 

heat-exchange length (see Table A.l). These temperatures are 

necessary to calculate a heat transfer coeff iclent for the 
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process. 

A.5 Shutdown Procedure and Continued Data Collection 

After steady-state has been declared and all previous data has been 

taken, the system may be shut down In the following manner. 

1. Replace the clamping valve S2 on the flexible hose to stop the 

flow of solids from the hopper. 

2. Stop the system from vibrating by turning the ParaJust 

frequency selection dial to zero percent CO%}. Note that the 

vibrator will shake with some violence as It slows down. BE 

AWARE AND BE ALERT. 

3. Stop the timer when the vibrator comes to a stop. 

4. Weigh the solid col lectlon box and Its contents. 

5. A mass flow rate of solids may be obtained from the time of 

operation and from the Initial and f lnal weights. 

If more tests are to be performed, parameters may be varied 

and the process repeated as described in this Appendix A; or, 

the fol lowing shut down procedure may be Implemented. 

6. Turn the Varlac dlal(s} to zero percent (0%) and unplug them. 

Al low the air to continue f lowlng for one-half hour or more 

after shutdown to cool the system. 

7. Turn off the power to the vibrator VIB using the main power 

box. 

8. Close valve W1 to stop the flow of water. 

9. Fol lowing the cooling period, shut-off the air by turning the 

stem on the regulator counterclockwise to zero pressure. 
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10. Close the air valves In the following order: Al, A2, A3, A5, 

A6. 

11. Remove the water outlet line from the drain and place It 

beneath the vibrator trough and out of the way. 

A.6 Emergency Shut-Down Procedyre 

In the event of an emergency, proceed In the fol lowing manner: 

1. Turn off the power to the vibrator VIB using the main power 

box. 

2. Turn the Varlac dlal(s) to zero percent CO%>. 

3. Close vale Al to stop the flow of air. 

4. Close vale Sl to stop the flow of solids. 

5. Close valve Wl to stop the flow of water. 
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APPENDIX B 

B. Development of Working EQuatlons for Calculation of the Oyeral I Heat 
Transfer Coefficient Between a Supernatant Gas and a Flowing 
Vlbrofluldlzed Bed 

B.1 Yibrofluldlzed-Bed System Diagram and Simplifying Modeling 
Assumptions. 

Figure B.1 shows a schematic diagram of the control volume used for 

the energy balance In the development of working equations for 

calculation of the overall heat transfer coefficient between a 

supernatant gas stream and a countercurrently f lowlng vlbrof luidlzed bed 

of solids. As can be seen from Figure B.1, a stream of cool Ing water 

may also be Introduced to the system f lowlng co-currently to the 

vlbrofluldlzed solids. The fol lowing slmp!lfylng assumptions are made 

In the modeling of this vlbrofluldlzed-bed system. 

1. The system Is we! I-insulated and there Is no beat loss 

from the system. In other words, the system Is assumed to 

be operating adlabatlcal ly. 

2. Heat capacities of the air, water and solids can be 

considered practically constant over the range of 

operating temperatures studied. 

3. There Is no accumulation of solids in the beat-exchange 

trough. Ibis Implies that the high-velocity air stream 

does not Impede the flow of solids through the trough. 

4. The overal I heat transfer coeff iclent between the 

supernatant gas and the flowing vibrof luidized bed of 

solids Is assumed to be practically constant over the 
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effective heat-transfer length of the system. 

B.2 Notations Used In Heat-Transfer Model Development 

a a best-f It parameter In the exponential function of the 

temperature profile of the cooling water, Eq. (8.9), 

K or °F 

At the cross-sectional area for the flow of water through 

the cooling tubes, m2 or ft2 

b a best-f It parameter In the exponential function of the 

temperature profile of the cooling water, Eq. (8.9), 

1/m or 1/ft 

Cps the heat capacity of the sol Ids, J/kg-K or Btu/ lb-°F 

C pw the heat capacity of the cool Ing water, J/kg-K or 

Btu/lb-°F 

h the heat transfer coeff lclent between the supernatant gas 

and the flowing vlbrofluldlzed-bed of solids, W/m2-K 

or Btu/hr-tt2-°F 

H 5 the height of heat=excha_nge space for sol Id flow, m or ft 

L the length of heat exchanger, m or ft 

L the Laplace transform operator 

--1 L the Inverse Laplace transform operator 

m a best-f It parameter in the exponential function of 
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the temperature profile of the supernatent gas, Eq. 

CB.9), K or °F 

M5 the mass flow rate of the solids, kg/s or Ibis 

Mw the mass flow rate of the cooling water, kg/s or Ibis 

n a best-f It parameter In the exponential function of the 

temperature profile of the supernatant gas, Eq. (B.9), 

llm of 1/ft 

q the amount of thermal energy transferred, W or Btu/hr 

q9 the amount of thermal energy given up by the supernatant 

gas, W or Btu/hr 

ql the amount of thermal energy lost to the surroundings, 

W or Btu/hr 

q5 the amount of thermal energy gained by the f lowlng 

vlbrofluldlzed solids, W or Btu/hr 

qw the amount of thermal energy gained by the cool Ing water, 

W or Btu/hr 

s a Laplace transform varlable with respect to the heat 

exchange length x 

T0 an arbitrary reference temperature In the energy balance 
0 over the f lowlng vlbrofluldlzed-bed system, K or F 
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Tg the temperature of the supernatant gas, Kor °F 

Ts the temperature of the flowing vlbrofluldlzed-bed of 

sol Ids, K or °F 

Tsl the Inlet temperature of the flowing vlbrofluldlzed-

bed of solids, Kor °F 

Ts2 the outlet temperature of the flowing vlbrofluldlzed-

bed of solids, Kor °F 

Ts the Laplace transform of the temperature of the f lowlng 

vlbrofluldlzed-bed of sol Ids 

Tw the temperature of the cool Ing water, K or °F 

Twl the Inlet temperature of the cooling water, Kor °F 

Tw2 the outlet temperature of the cooling water, Kor °F 

Vxs the velocity of the f lowlng vlbrof luldlzed-bed of sol Ids, 

mis or ft/s 

Vxw the velocity of the cool Ing water, m/s or ft/s 

W the width of the f lowlng vlbrof luidlzed-bed heat 

exchanger, m or ft 

x the horizontal coordinate used In modeling the flowlng 

vibrof luldlzed-bed heat exchanger 

y the vertlcal coordinate used in modeling the flowing 
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vlbrof luldlzed-bed heat exchanger 

the density of the flowing vibrofluidlzed solids, 

kg/m3 or I b/ f t 3 

3 3 the density of the cooling water, kg/m or lb/ft 

mathematical grouping comprised of the Inverse of the 

heat-capacity flow rate of the cooling water per unit 

width of the heat exchanger, m-K/W or ft-hr-°F/Btu 

mathematical grouping comprised of the Inverse of the 

heat-capacity flow rate of the flowing vlbrof luldized-bed 

of solids per unit width of the heat exchanger, m-K/W or 

ft-hr-°F/Btu 

B.3 Energy Balance for the Development of Working EQuatlons for 
Measurements of Oyeral I Heat Transfer Coefficient 

Referring to the rectangular differential element between x and x + 

~x shown In Figure B.t, a shel I energy balance Is performed over the 

element of thickness 6x. The contributions to the steady-state energy 

balance are as fol lows 

Energy In by cool Ing 
water flow 

Energy out by cool Ing 
water flow 

Energy In by vibro-
f 1 uldlzed sol Id flow 

Energy out by vibro-
f I u ldlzed sol Id flow 

- p C V CT - T )A. /x+t:.x. w pw xw w o · 't 

-pw C V CT - T )WH /x+t:.x. ps XS S 0 S 

- p5 C V CT - T )WH /x ps XS S 0 S 
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Energy In by transfer from 
supernatant gas to f lowlng 
vlbrofluldlzed solids 

The negative signs for the two solid-energy and two water-energy 

terms are a result of the sol Ids and the water flowing In the 

negative x-directlon. Recal I that the velocity Is a vector 

quantity consisting of magnitude .wl.d. direction. In the above four 

expressions, the velocity retains Its magnitude, but the 

directional negative signs are brought out In front of the 

expressions. 

By equating the sum of energy Inputs to that of energy outputs, one 

obtains the steady-state energy balance on the rectangular differential 

vo I ume H WAX as fo I I ows s 

+ h{T5 -T9>CW!ix)=-pwC V CT -T>At/x pw xw w o 

CB.1> 

Dividing each term by Wt,x, rearranging the result and taking the I imit 

as ~x approaches zero then gives 

(8.2) 

Next, the fol lowing relationships for the gas and solid mass flow 

rates may be used to slmpl ify the previous equation. 
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= CB.3) 

(8.4) 

Substftutfng these expressfons fnto the df fferentfal equatfon gfves 

d MC d MC 
- T.':'x [ s p s CT. - T.o ) ] - -. . [ w pw ( T -T ) J = h ( T - T ) 

ux w s dx w w o g s CB.5) 

Recal lfng the prevfously mentfoned assumptfons, namely that there is a 

steady-state flow of the solfds, water, and gas and that the heat 

capacftfes of the solfds and water over the operatfng temperature range 

are practfcal ly constant, the fol lowfng relatfonships may be stated. 

Ms Cps = constant w (8.6) 

Mwcpw = constant CB. 7) 
w 

Therefore, performing the differentfation with respect to x, the last 

differential equation yields: 

CB.8) 

This equation cannot be integrated directly. Therefore, the temperature 

profiles of the gas and the water as functions of heat-exchange length 

are proposed, namely: 
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bx Tw = ae CB.9> 

where m,n,a and b are unknown constants to be determined from 

experimental temperature measurements. 

Next, Jn order to simply the mathematics, two new variables are 

Introduced as fol lows. 

w 
e = w CB.10) ct = 

After substituting Eqs. CB.9) and CB.10) Into Eq. CB.8) and some 

rearrangement, the fol lowing differential equation results. 

dT s e b -ax- = - e h Cme nx - T5 ) - --;- abe x CB.11> 

This equation may be solved by taking the Laplace transform of both 

sides of the equation to give the fol lowing expression. 

s~ - T5 Cat x shm - s ab = 0) = - - + 8 hT 5 - - --s-n a s-b CB. 12> 

In the equation, Ts Is the Laplace transform of Ts. Using the boundary 

condition of known sol id temperature at x = o, namely: 

CB.13) 

the preceding equation reduces to 
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-t3hm b T 2 T 5 = - L a -+ s 
(s-n)(s-t3h) a (s-b)(s-ah) s-ah 

CB.14) 

To obtain the solutfon for Ts' an Inversion of the Laplace transforms 

must be performed as fol lows. 

--1 J ahm } 
L Fs-n)(s-ah) = <ahm>L-l{ ~ s-n 

1 } ~h-n 
+ s-Sh 

ahm nx 
= n-ah e + 

ahm ahx ""i3FHl e 

{ } ~ L-1 ~ ab = aab I-1 b- sh 
a . (s-b)(s-sh) a s-b 

1 } Sh-b 
+~ s-sh 

shx 
e 

s ab shx 
+ ~ sh-b e 

Therefore, Ts ls gfven by the expression: 

T 
s 

Shx = T e · s2 
Shm nx - -·--e n-Sh 

Shm Shx 
- Sh-n e 

e ab bx ---- e a b-Sh 

CB.15) 

CB.16) 

CB.17) 

CB.18) 

_ .§. ab ebx 
a Sh-b 

To obtain an overal I heat transfer coeff iclent between the supernatant 

gas and the flowing vlbrofluidlzed solids, It ls necessary to examine 

al I of the modes of heat flow. 

The thermal energy transferred In the vlbrof luldlzed-bed system can 

be In any one of four groups, namely: 

qg = heat lost by the supernatant gas stream 
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q5 =heat gafned by the flowfng vfbroflufdfzed solfds 

ql = heat lost to the surroundfngs 

q =heat gafned by the cooling water. w 

Further, one may assume that: 

CB.19) 

Recallfng that the cooling-water tubes are immersed rn the 

vibrofluidlzed bed of sollds, the quantlty of thermal energy transferred 

from the supernatant gas to the solld bed ls gfven by the fol lowing 

express Jon. 

q =q+q=q q s w g - L CB.20) 

or 

(8.21) 

Since the heat transfer coefffcfent measured rs desired to be an 

averaged Cor overall) coefficient, the fol lowfng relationships are used 

for the temperature difference between the supernatant gas and the 

flowing vlbroflufdlzed sol Ids. 

CB.22> 

where 
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L -

r9 (avg.) = 
0~ r9(x)dx 

CB.23) .L dx 
o~ 

o~L T5 (x) dx 
T 5 Cavg.) = CB.24) 

o~L dx 

After the required integrations are performed and the results 

rearranged, the following relationship for the temperature difference Is 

obtained. 

hl shL nl 
1-es ~ __@___ > m e -e 

~T = ( shl )(Ts2 - a sh-b +I ( sh-n 

+ c l-eshl 
L 

)(~_a_ 
a Sh-b CB.~5) 

In using the above equation to calculate the overall heat transfer 

coefficient, all variables are measurable quantities except for the 

parameters m,n, a and b used Jn the exponential expressions, Eq. CB.9), 

used to flt the temperature profiles of the supernatant gas and cooling 

water, respectively. However, knowing the temperatures of the 

supernatant gas and cooling water as functions of the heat-exchange 

length, one may obtain best-f Jt estimates for the four parameters with 

the use of a nonlinear regression computer program. A convenient 

program which was used Jn this work successfully Is the subroutine NLIN, 

given Jn Appendix c, obtained from the SAS library of subroutines. 
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In summary, the fol lowing equations may be used to calculate an 

overal I heat transfer coeff tctent between the supernatant gas and the 

flowing vtbroflutdtzed-bed of solids. 

h = q~ + qw 
tiT(L.w) 

In the equation, qs = MsCpsCTs2 - Ts1>. 
qw = MwCpwCTw2 - Twl) 

l-eehL 
flT = C Shl )CTs2 

ehL nl 
-~-~)+~Ce -e 

a Sh-b L Sh-n 

ShL 1 -e ~ a 
+ c [ )( a -e-h--b- ) 

a = 

e = 

CB.A) 

(B.B) 

(B.C) 

(B.D) 

(B.E) 

(B.F) 

It ts noted from this set of equations that h cannot be solved for 

expltcttly as AT Is a function of h. Therefore, the condition exists 

such that h ts a function of h, or 

h = f (h) 
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To calculate the overall heat transfer ~oefficient h, an iterative 

technique is used to converge to the value of h that satisfies the 

set of equations, Eqs. (B.A) to (B.F). 
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APPENDIX C 

* THIS SUBROUTINE NLIN (FROM THE SAS LIBRARY) ESTIMATES 
* THE BEST-FIT PARAMETERS MAND N FOR THE EXPRESSION 
* DESCRIBING THE AIR TEMPERATURE PROFILE AS A FUNCTION 
* OF HEAT-EXCHANGE LENGTH. THE PROPOSED EXPONENTIAL FUNCTION 
* TAKES THE FOLLOWING FORM: 
* * T(AIR)=M*EXP<N*X) 
* * NOTE THAT THE BEST-FIT PARAMETERS A AND B USED TO DESCRIBE 
*THE WATER TEMPERATURE PROFILE COULD ALSO BE ESTIMATED USING 
* NLIN. 
* * INPUT THE AIR TEMPERATURE PROFILE 
* X=HEAT-EXCHANGE LENGTH (M) 
* Y=AIR TEMPERATURE (K) 
* DATA; 
INPUT X Y; 
CARDS; 
0 349 
0.152 344 
0.229 342 
0.381 342 
0.533 340 
0.838 339 
1.143 335 
1.448 333 
2.134 334 
* * LABEL EACH OUTPUT PAGE WITH ANY TITLE DESIRED 
* TITLE K=0.5 255 KG/HR CAIR) 299 KG/HR (SOLIDS) RUN 1-2; 
* * CALL THE SUBROUTINE NLIN. PRINT-OUT THE TEN BEST ESTIMATED 
* COMBINATIONS OF M AND N. SPECIFY THE CONVERGENCE METHOD TO 
*BE USED CEG.,MARQUARDT>. 
* PROC NLIN BEST=10 METHOD=MARQUARDT; 
* * SUPPLY NLIN WITH AN INITIAL ESTIMATE OF M AND AN ESTIMATED 
* RANGE FOR N 
* PARAMETERS M=349 N=-1 TO 1 BY 0.01; 
* * SUPPLY NLIN WITH THE PROPOSED MODEL AS WELL AS THE DERIVATIVE 
* OF THE DEPENDENT VARIABLE (Y) WITH RESPECT TO EACH PARAMETER 
* TO BE FIT (MAND N) 



* 

* 

MODEL Y=M*EXPCN*X); 
DER.M=EXPCN*X); 
DER.N=M*X*EXP(N*X); 

-195-

* CREATE STORAGE SPACE TO OUTPUT THE RESULTS USING A PLOTTING 
* SUBROUTINE CPROC PLOT) 
* OUTPUT OUT=B PREDICTED=YP; 
PROC PLOT; 

PLOT Y*X='·' YP*X='*' /OVERLAY; 
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TABLE D.l · 

Flow Rate and Temperature Data for Factorial Design Tests 

Run Air Flow Solid Flow Air Inlet Air Outlet Solid Inlet Solid Outlet 
No. Rate (kg/hr) Rate (kg/hr) Temp (K) Temp (K) Temp (K) Temp (K) 

1-1 254 317 351 340 298 309 
1-2 255 299 349 334 297 306 
2-1 255 149 349 341 296 317 
2-2 255 144 350 343 296 319 

I 

3-1 147 302 374 352 298 309 __. 
\.0 
'I 

3-2 147 307 374 349 297 308 I 

4-1 147 147 374 354 296 318 
4-2 147 154 372 353 296 319 
5-1 254 312 349 332 298 306 
5-2 255 294 350 338 297 309 
6-1 255 154 349 336 296 314 
6-2 255 142 349 339 296 317 
7-1 147 310 375 347 298 308 
7-2 147 312 373 350 297 310 
8-1 147 144 374 349 296 316 
8-2 147 147 372 351 296 318 



Run 
No. 

1-1 
1-2 
2-1 
2-2 
3-l 
3-2 
4-l 
4-2 
5-1 
5-2 
6-1 
6-2 
7-1 
7-2 
8-1 
8-2 

TABLE D.2 

Best-Fit Values and Standard Errors for Parameters M and N 
of Air Temperature Profile for Factorial Design Tests 

Best-Fit Standard Error Best-Fit 
Parameter 'm(K) of m(K) Parameter n(m-1) 

348.0 1.0 -0.0149 
344.9 l. 2 -0.0197 
346.7 0.8 -0.0106 
348.2 0.7 -0.0095 
368.2 2.0 -0.0287 
367.6 2. l -0.0325 
368.6 1. 7 -0.0256 
367.4 1. 5 -0.0245 
344.8 1. 5 -0.0234 
346.6 l. l -0.0160 
345.2 1. l -0.0168 
346.1 0.9 -0.0130 
367.0 2.5 -0.0356 
366 . 5 2.0 -0. 0291 
367.0 2. l -0.0308 
365.8 l. 9 -0.0266 

Standard Efror 
of n(m- ) 

0.0029 
0.0036 
0.0022 
0.0019 I _, 
0.0054 \D co 

I 
0.0059 
0.0048 
0.0042 
0.0045 
0.0032 
0.0032 
0.0026 
0.0070 
0.0056 
0.0058 
0.0053 



TABLE D.3 

Flow Rate and Temperature Data for Additional Baffle Tests 

No. of Solid Flow Air Inlet Air Outlet Solid Inlet 
Baffles Rate (kg/hr) Temp ( K) Temp ( K) Temp ( K) 

1 170 342 328 295 

2 154 344 330 295 

3 204 342 327 295 

4 190 341 325 295 

5 178 340 321 295 

6 178 342 321 295 

7 145 349 324 299 

4* 173 343 324 295 

Notes: Air Flow Rate Mg = 255 kg/hr 
Baffle Height(s) hB = 63.5 mm 

*Baffle at 0.610 m spacing. All other tests performed with baffles at 
0.305 m spacing. 

Solid Outlet 
Temp (K) 

312 

316 

316 I __. 
lD 
lD 

318 I 

314 

315 

323 

319 



No. of 
Baffles 

l 
2 
3 
4 
5 
6 
7 
4* 

Notes: 

TABLE D.4 

Best-Fit Values and Standard Errors for Parameters M and N 
of Air Temperature Profile for Additional Baffle Tests 

Best-Fit Standard Error Best-Fit 
Parameter m(K) of m( K) Parameter n(m-1) 

344.5 2.3 -0.0103 
337.9 2.0 -0.0177 
337.7 1.8 -0.0212 
337. 1 1.6 -0.0213 
336.6 1.1 -0.0238 
338.7 1. 1 -0.0251 
346.9 1.0 -0.0296 
340. 1 1.2 -0.0215 

Air flow rate Mg = 257 kg/hr 
Solid flow rate Ms= 163 kg/hr 
Baffle Height hB = 63.5 mm 

*Baffles at 0.610 m spacing. All other tests performed with 
baffles at 0.305 m spacing. 

Standard Error 
of n(m-1) 

0.0068 
0.0060 
0.0055 
0.0048 I 

N 
0 

0.0032 0 
I 

0.0034 
0.0030 
0.0035 



Air Flow 
Rate (kg/hr) 

257 

257 

147 

147 

TABLE D.5 

Flow Rate and Temperature Data for Tests With No Baffles 

Solid Flow 
Rate (kg/hr) 

152 

154 

144 

147 

Air Inlet 
Temp (K) 

346 

346 

370 

372 

Air Outlet 
Temp ( K) 

336 

337 

352 

357 

Solid Inlet 
Temp (K) 

297 

297 

297 

297 

Solid Outlet 
Temp (K) 

306 

307 

309 

310 

I 
N 
0 ..... 
I 



Run 
No. 

1 

2 

3 

4 

Note: 

TABLE D.6 

Best-Fit Values and Standard Errors for Parameters M and N 
of Air Temperature Profile for Tests With No Baffles 

Air Fl ow Best-Fit Standard Error Best-Fit 
Rate (kg/hr) Parameter m{K) of m( K) Parameter n(m-1) 

257 340.3 1.4 -0.0079 

257 340.8 1.3 -0.0074 

147 357.7 2.9 -0.0108 

147 361.l 2.6 -0.0091 

Solid Flow Rate Ms= 150 kg/hr (approx.) 

Standard Trror 
of n(m-.) 

0.0042 

0.0037 

0.0082 
I 

N 
0.0072 0 

N 
I 



TABLE D. 7 

Flow Rate and Temperature Data for Tests with Cooling Water 

Cooling Water Air Inlet Air Outlet Solid Inlet Solid Outlet Water Inlet Water Outlet 
Flow Rate (kg/hr) Temp (K) Temp(K) Temp (K) Temp (K) Temp (K) Temp (K) 

52 348 335 295 313 292 295 

104 348 335 295 313 291 293 
I 

N 
0 
w 
I 

Notes: Air Flow Rate Mg = 256 kg/hr 
Solid Flow Rate Ms= 126 kg/hr 
Baffle Height hB = 63.5 mm 



TABLE D.B 

Best-Fit Values and Standard Errors for Parameters M and N 
of Air Temperature Profile for Tests with Cooling Water 

Cooling Water 
Flow Rate (kg/hr) 

Best-Fit 
Parameter m(K) 

52 342.3 

104 342.2 

Notes: Air Flow Rate Mg = 256 kg/hr 
Solid Flow Rate Ms= 126 kg/hr 
Baffle Height hB = 63.5 mm 

Standard Error 
of m(K) 

2.35 

2.36 

Best-Fit 
Parameter n(m- 1) 

-0. 0180 

-0.0175 

Standard Error 
of n(m-1) 

0.0069 

0.0069 
I 

N 
0 
..i::. 
I 



TABLE D.9 

Best-Fit Values and Standard Errors for Parameters A and B 
of Cooling Water Temperature Profile for Tests with Cooling Water 

Cooling Water 
Flow Rate (kg/hr) 

Best-Fit 
Parameter a(K) 

52 294.4 

104 292.7 

Notes: Air Flow Rate Mg = 256 kg/hr 
Solid Flow Rate Ms = 126 kg/hr 
Baffle Height hB = 63.5 mm 

Standard Error 
of a(K) 

0.7 

0.4 

Best-Fit 
Parameter b(m-1) 

-0.0055 

-0.0040 

Standard Error 
of b(m-1) 

0.0020 

0.0012 I 
N 
0 
U1 
I 
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Figure 0.6: Air Temperature Profile for the Factorial 
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Figure 0.21: Air Temperature Profile for the Additional 
Baffle Tests <Five Baffles at 0.305 m Spacing) 
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Figure 0.22: Air Temperature Profile for the Additional 
Baffle Tests (Six Baffles at 0.305 m Spacing) 
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Figure D.23: Air Temperature Profile for the Additional 
Baffle Tests (Seven Baffles at 0.305 m Spacing) 
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Figure 0.24: Air Temperature Profile for the Additional 
Baffle Tests <Four Baffles at 0.610 m Spacing) 
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Figure 0.25: Air Temperature Profile for Tests With 
No Baff I es <Run No. 1) 
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0 

-A 

Curve 

~ 
I 

N 
w 
N 
I 

2.5 



,,... 
~ ...,, 
aJ 
L 
:J 
+> 
D 
L 
Cl.I 
CL 
E 
QI 
I-

L 
·r-4 

< 

380 

375 I- Air Flow Rate = 147 kg/hr 
Solid Flow Rate = 147 kg/hr 

0 Temperature Data 370 I-
A Best-Fit Exponential Curve 

365 

360 - 0 

- 0 0 0 0 
355 

0-

350 

345 

340....._~~~--_._~-· I I 

0.0 0.5 1. 0 1. 5 2.0 
Heat-Exchange Length (m) 

Figure 0.28: Air Temperature Profile for Tests With 
No Baffles CRun No. 4) . 

1 I 
N w w 
I 

2.5 



,...,. 
::::s::: 
'-J 

QI 
L 
:J 
.JJ 
0 
L 
QI 
(l.. 
E 
QI r-
L ..... 
< 

360 
I 

355 I-

350 ~ 

345 l 
I 

340 

335 ~ 

330 

325 

320 
0.0 

Water Flow Rate = 52 kg/hr 
Air Flow Rate = 256 kg/hr 
Solid Flow Rate = 126 kg/hr 
Baffle Height= 63.5 mm 

0 Temperature Data 
A Best-Fit Exponential Curve 

0 

0 

~-0 0 -

I I 

0.5 1. 0 1. 5 2.0 
Heat-Exchange Length (m) 

Figure 0.29: Air Temperature Profile for Tests With Cooling 
Water (Cooling Water Flow Rate = 52 kg/hr) 
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Figure 0.30: Cooling Water Temperature Profile for Tests With 
Cooling Water <Cooling Water Flow Rate= 52 kg/hr) 
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Figure 0.31: Air Temperature Profile for Tests With Cooling 
Water (Cooling Water Flow Rate = 104 kg/hr) 
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Figure 0.32: Cooling Water Temperature Profile for Tests With 
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