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• ABSTRACT

A novel rotating jet spouted bed (RJSB) is developed and tested. It consists of a

rotating air distributor with !Wo radially located spouting air nozzles. The effects of bed

height, distributor rotational speed, nozzle diameter and partic1e properties on the flow

characteristics were examined. Various flow regimes were mapped as functions of

distributor rotational speed and superficial air velocity for different materials and column

dimensions. Empirical correlations were developed for the minimum spouting velocity,

peak pressure drop and steady spouting pressure drop.

Drying kinetics of corn as a test material was investigated using both continuous

and intermittent (on/off) spoutinglheating schemes. The parameters investigated inc1ude

iniet air temperature, bed height, superficial air velocity, nozzle diameter, distnbutor

rotational speed and intermittency ofspouting and heat input. The results indicate that the

drying kinetics are comparable with conventional spouted and f1uidized beds for slow

drying materials and that intermittent drying can save up to 40 % of the thermal energy

consumption.

A fully predictive diffusion-based mathematical model was developed and

validated for both continuous and intermittent drying in the RJSB. Severa! other time

dependent spouting/heating schemes were evaluated numerically in the light of their

potential practical applications.



• RÉSUMÉ

Un nouveau système de séchage à jet d'air rotatif et soufflant en dessous du

matériau à sécher a été développé et testé. TI consiste en un distributeur d'air rotatif avec

deux orifices de soufflage placés radialement. Les effets de la hauteur du matériau, de la

vitesse de rotation du distributeur, du diamètre des orifices ainsi que des propriétés des

particules, sur les caractéristiques d'écoulement ont été examinés. Divers régimes

d'écoulement ont été dessinés en fonction de la vitesse de rotation du distributeur et de al

vitesse superficiel de l'air pour différents mat"riaux et pour différentes dimensions de

colonne. Des relations empiriques ont été dévelppées pour la vitesse minimale de

soufflage; la chute de la pression de pointe et la chute de la pression de soufflage en

régime permanent.

La cinétique de séchage du maïs, matériel utilisé pour les tests, a été étudiée en

utilisant un régime de soufflage et de chauffage en continu d'une part et un régime

intermittent d'autre part. Les paramètres étudiée sont: la température de l'air à l'entrée, la

hauteur du matériau à sécher, la vitesse superficiel de l'air, le diamètres de l'orifice, la

vitesse de rotation du distributeur et l'intermittence du soufflage et du chauffage. Les

résultats indiquent que la cinétique de séchage du maïs est comparable avec le soufflage

conventionnel et au séchage où le maïs est fluidisé dans le cas de séchage lente. De même,

les résultats montrent que le séchage intermittent peut réduitre de 40% la consommation

énergétique.

Un modèle mathématique basé sur la diffusion a été développé pour le séchage

continu ainsi que pour le séchage intermittent Plusieurs autres scénarios de

soufflage/chauffage ont été évalués numériquement en tenant compte de leurs applications

potentielles.

11
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• (Chapter 1)

Introduction

1.1 General Introduction

Development of more efficient solid-fluid contactors for heatlmass transfer

processes as well as chemica1 reactions is important to the process industries. Efficient

gas-particle contactors can be used for drying applications. The objective of the present

research project was to develop a novel gas-particle contactor for more efficient and cost

effective drying ofparticulate solids than the conventional spouted bed or fluid bed dryers.

It is nearly four decades since the advent of the spouted bed as a fluid-solid

contacting device. 115 beginning can be traced back to 1954 when Mathur and Gishler

[1,2] unsuccessfully tried to fluidize wheat grains. They discovered that a new

recirculatory gas-solid contact regime could be achieved by blocking most of the grid area

and introducing the air as ajet from a small nozzle at the center ofthe chamber.

The first application of spouted beds was for drying of wheat [3]. Since then the

use of spouted beds has been extended to many other thermal, mechanica1 and chemica1

processing applications such as drying of a large variety of other coarse particles,

suspensions or solutions, particle coating and granulation, blending, heating, cooling,

grinding, combustion, gasification, heterogeneous reactions, etc.

1
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Introduction

1.2 Spouting Principle

2

Conventional spouted beds (CSBs) consist essentially of a cylindrical or conical

cylindrical vessel fitted at the base with a centra11y located gas inlet (Figure 1.1). If the

gas ve10city is high enough (above the partic1e terminal velocity), the resulting gas jet

penetrates the bed of partic1es creating a central high voidage spout zone and a low

voidage a'lllulus region surrounding the spout. After attaining a certain height above the

bed surface, the partic1es dece1erate to their terminal ve1ocity, separate from the carrying

gas stream and rain back as a fountain into the annulus. In this way a systematic cyclic

movement of the solid particles is established. A dilute phase pneumatic transport of

partic1es by the spouting jet in the central region and dense phase downward motion of

partic1es along the annulus with countercurrent percolation of gas phase characterize the

spouted bed device.

Fountain

Annulus

Particle flow

Spout

Gasflow

Figure 1.1 Schematic representation ofa conventional spouted bed
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1.3 Advantages and Limitation of CSBs

3

The conventional spouted bed has sorne desirable and several undesirable

characteristics with respect to aerodynamics, air and energy requirements and scale-up.

Table 1.1 lists sorne of the advantages and limitations of CSBs. Such limitations have

been responsible for the Iimited commercial use of the spouted bed system as compared to

f1uidized beds although its potential is increasing with the severa! successful modifications

proposed recently. Chapter 2 presents severa! spouted bed configurations, showing their

characteristics and applications. Severa! reviews dealing with the fluid-solid mechanics of

the spouted beds and their applications have been published [4-11). The interested reader

is referred to these reviews and cited Iiterature for detai!s.

Table 1.1 Advantages and Limitation ofConventional Spouted Beds

Advantages

• Can bandle coarse partieles (D" > 1mm)

• Predictable and reproducible solids and gas

f10w patterns

• Regular cyclic movement ofsolids

• Intensive partic1e circulation

• Minimal back-mi.xing

• Lower pressure drop compared to f1uid beds

• Reduced particle segregation

• Low gas residence time

• Simple construction and maintenance with

no mechanical moving parts

• Low investment cost

• Small space requirements

Limitations

• Gas flow rate govemed by the

requirements of spouting rather th:m

heatlmass transfer or chemical kineties

• Low bed-to-wall or bed-to-surfacc heat

transfer rates

• High pressure drop prior to onset of

spouting

• Low annulus aeration

• Limitations on vessel size and maximum

spoutable bed height

• Stability problems under certain geometric

conditions

• Difficulty ofscale-up

• Slow solids turnover



• 1.4 Objectives

Introduction 4

In the light of th!: above introductory remarks, the intent of this research was to

develop and investigate a novel gas-solid contacting system. The proposed contactor, the

Rotating Jet Spouted Bed (RJSB), consists of a rotating inIet air distributor with multiple

nczzles for air injection. The major objectives ofthis research were:

1. To design and construct a new spouted bed with a rotating inIet air distributor.

2. To study the f10w characteristics ofthe system using different solid materials.

3. To investigate the drying kinetics of corn in the RJSB using both continuous and

intermittent spoutinglheating schemes.

4. To develop empirical and theoretical models for the f10w and drying processes.

S. To explore using simulation the possibility ofusing diffèrent time-dependent spouting

and heating schemes for more efficient drying.

1.5 Hypotheses

The main hypotheses tested in this study are as follows:

1. Multiple rotating spouting improves particle mixing and circulation and reduces

limitations on the vessel diameter.

2. Partic1es with different size and physical properties can be processed in the RJSB.

3. RJSB can he used for drying large particles (e.g. grains, seeds).

4. Intermittent drying can reduce the net drying time and energy consumption compared

with the continuous drying process.

S. Application oftime-dependent spouting and heating schemes enhances product qua\ity

and results in thermal energy savings.



• 1.6 Thesis Layout

Introduction 5

This thesis is divided into seven chapters of which this introduction is the first.

Chapter 2 includes the background for spouted beds design variations and modifications.

drying models, and intermittent drying. Chapter 3 describes the experimental set-up,

materials, procedures, and the uncertainty analysis. The f10w and aerodynamic

characteristics of the RJSB are presented and discussed in Chapter 4. Chapter 5

discusses the drying kinetics of corn in the system. A diffusion-based mathematical model

for drying in the RJSB is developed in Chapter 6. Finally, Chapter 7 reports the

conc1uding remarks, contributions to knowledge, and recommendations for further work.
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• (Chapter 2)

Background

2.1 Introduction

This chapter presents a brief review of the literature relevant to the research

subject. The diverse spouted bed designs that have been developed along with their

advantages, disadvantages, and applications are surveyed in section 2.2. Mathematical

models for drying of particles, their theoretical basis and limitations are summarized in

section 2.3. Section 2.4 is devoted to previous work on time-dependent drying.

2.2 Modified Spouted Beds

Numerous modified spouted bed designs have been developed to overcome sorne

of the limitations of the conventional spouted beds (CSBs), to accommodate the diverse

properties of the materials handled, and to enhance the operability, heat and mass transfer

characteristics and solid-fluid contacting efficiency [1-5]. These modifications are

concerned with changes in the vessel geometry, spouting operation and mechanism, air

supply, etc. Table 2.1 updates and extends the classification schemes for spouted bed

modifications originally developed by Mujumdar in 1984 [4]. Schematics of sorne of the

spouted bed modified designs along with their characteristics and applications are shown in

Figure 2.1 and summarized in Table 2.2. Table 2.2 can also be used as a preiiminary

selection guide for the spouted bed system to handle specific process requirements. The

selection depends mainly on the type ofrnaterial handled (particles, suspensions, solutions,

7



etc.), the process to be carried out (drying, coating, granulation, reaction, etc.), and the

product specification (quality, yield, etc.) among others.
•
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Table 2.1 Classification of Spouted Beds

CLASSIFICATION CRITERIA CONFIGURATION

1. Mechanism ofspouting • Pneumatic (e.g., CSB,draft tube SB)
• Mcchanical (e.g., screw convcyor SB)
• Vibratorv (e.~.• vibro-spouted bcd)

II. Vesse/ geometry • Cylindrical-conical (CSB)
• Conica1
• Flatbottom

m. Cross-section ofbed • A'Cisymmetrie (CSB, conical)
• Two dimensional (large aspect ratio)
• Three dimensional (small aspect ratio,half

or sector columns.triansrolar)
IV. Air entry • Single nozzle at bottom

• Central nozzle with auxiliary f10w along the
annulus

• Tangential or swirling air entry along the
periphcry

• No air (vibro-spouted bcd)
• Multiple nozzles

• Rotatinsz nozzles
V. Spouting air f10w • Continuous

• Pulsee! or intermittent
VI. Internais • With draft tube or divider plates

• Active internals (serew convcyor SB)
• No intemals (CSB)

VII.Operationa/ mode • Batch
• Continuous
• Multi-stal!e

VII. Bedpartic/es • Active
• Inert (e.1I:.• drvÎn1l: ofpastes or slurries)

VIII. Combined modes • Spout-fluid bcd
• F1uid-spout bcd
• Jet spouted bcd
• Rotatinsz iet SllOuted bcd

IX Spoutingfluidphase • Two-phase spouting (gas-solicl,liquid-solicl,
Iiquid-liquid)

• Threc-Dhase SllOutinSZ ' -liauid-solid)
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Figure 2.1 Schematics ofmodified spouted bed configurations
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Figure 2.1 Schematics ofmodified spouted bed configurations ( continued)
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Table 2.2 Characteristics and Applications ofModified Spouted Beds

12

DESIGN MAIN CHARACTERISTICS APPLICATIONS

/. Siotor Two • more spouting f1exibility • grain drying
Dimensional • lower pressure drop • drying ofwet or
SpoutedBed • improved volumetrie capacity sticky material

• simpler design and construction • grain popping
[ 4,6-8] • lower pressure drop • dehydration of

• higher air f10w rate gypsum
(Fig. 2.1 (12» • granulation of

solids
2. Spout-jluid Bed • overcomes limitations of CSB • granulation

(height,stability,poor mixing) and • coal gasification
[9-14 ] f1uidized beds (slugging,stratification) • particle coating

(Figs 2.1 (3)-(6» • higher air f10w rates • incineration of
• more complex grid design tarrvwaste

3. Conical Spouted • no limitation ofbed height • grain drying
Bed • lower pressure drop • drying ofpastes

• lower annular f10w rate and slurries
[16-19] • more intensive circulation • particle coating

• high attrition rate • drying ofanimal
(Fig. 2.1 (1» blood

4. Draft Tube • no limitations ofbed height • drying ofgrains
SpoutedBed • more control of solid circulation and chemicals

• low minimum spouting pressure drop • thermal
[20-24] and air f10w rate disinfestation

• lower annular air f10w rate • solids blending
(Fig. 2.1 (2» • reduced mixing and heatlmass transfer

• tendency to clog or choke during
startuo and shutdown

5. Multistage • higher throughput rates • heating ofsolids
SpoutedBed • higher heat uti1ization efficiency

[25,26] • longer gas contact time with solids
(Fig. 2.1 (9» • narrow solids RTD

• hil!her oressure droo
6. Rectangular or • \arger capacity • drying ofheat

Circular Triple • moremixing sensitive materials
SpoutedBed • rapid turnover • coolingof

[27] • higher air f10w rates fertilizers
(Fig. 2.1 (8» • oroblems in SDoutin2 stabilitv
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Table 2.2 Characteristics and Applications ofModified Spouted Beds ( continued)
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DESIGN MAIN CHARACTERISTICS APPLICATIONS
7. Screw Conveyor • air f10w rate govemed by the process • dr)ing ofagricultural

SpoutedBed • lower pressure drop produclS

• controlled particle circulation rate • drying of pastes and
[28-31] • no starting up problems slurries

(Fig. 2.1 (11)) • more complex design • drying ofchemicals &
oharmaceuticals

8. Top-sealed • more uniform gas RTD • catalytic processes
SpoutedBed

[32]
Œi2. 2. i (7))

9. HalfSpouted • easier scale-up • grain drying
Bed • more stable spouting • coating ofparticles

[33] • lower pressure drop and higher bed • granulation
(Fig. 2.1 (10)) height than full column • drvin2 ofslud2es

10. Ring Spouted • increased capacity • continuous drying
Bed [34,35] ofpastes and

(Fig. 2.1 (15)) solutions
11. Cyclically • rOOuction ofair flow rate • grain drying

Shifted Spouted • small rOOuction in M'M • agglomeration offood
Bed [36] • improvOO mixing products
/Fio.2.1-(6))

12. Swirled Spouted • lower pressure drop and air flow rate • thermal treatment of
Bed • higher heat and mass transfer rates particles

[37-40] • reduced intrainment oftreatOO • thermal granulation
(Fig. 2.1 (13)) products • drying ofadhesive

• hillher enenzv consumntion materials
13. SpoutedBed • increasOO capacity • drying ofsolids

withFour • increasOO drying efficiency
Nozzles [2,3]
Œi2. 2.1 (14))

14. Vibro-spouted • residence time ofparticles could be • drying ofsticky
Bed controllOO by adjusting vibration materials

[41] frequency and amplitude • vacuum drying
• oressure droo oeaks are damoOO

15. Jet SpoutedBed • high particle velocity and bOO voidage • coal gasification

• shallow bOO height • benzyl a1cohol
[42-45] polymerization

• drying ofbio-products

• drvin2 ofslurries
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Drying can be defined as the removal ofmoisture (either water or other liquids) by

thermal and diffusional proeess to produce a solid product. It is a unit operation of

widespread importance in many process industries e.g. chenùcal, food, agricultural, paper,

textiles, nùneral, polymer etc. Drying is usually performed to minimize packaging,

handling and transportation costs, to attain a desired moisture content for safe storage or

subsequent processing of the product etc.

Drying is often called as much an art as a science. It is a complex operation,

involving interactions between heat and mass transfer as weil as the f10w field of the

drying medium in the case ofconvective drying. Moisture f10w occurs within the product

to the surface and away from the surface to the surroundings, wlùle heat is transferred

from the surface into the product. In addition the presence of solids affects heat, Iiquid

and vapor movement, retarding both transfer processes.

In the drying process a considerable influence is exerted both by external

conditions (temperature, hunùdity and air f1owrate) and by the internai structure ofthe wet

solid. Two drying periods are commonly encountered: the constant drying rate period

where the external conditions control the process and the faI\ing rate period where the

controlling factor becomes the transport resistance inside the material. Development of

mathematical models to descnoe the drying of solids under different conditions bas

attracted a great deal of attention for several decades. The purpose of mode\ing is to

allow reliable process design and scale-up as weil as selection of appropriate method of

drying and suitable operating conditions in order to minimize the capital and energy costs.
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Generally, a drying model consists of the following main parts:
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1. Material model: constitutive heat and mass transfer equations.

2. Equipment model: overail energy and mass balances.

3. Thermodynamic and transport properties models: empirical equations describing the

effect of various factors (temperature, moisture content, air humidity etc.) on

thermophysical properties.

The most important difficulty in modeling drying is concemed with identification

of the mechanism by which the moisture is transferred from within the material (during

the falling rate period), depending on the solidlmoisture characteristics. Although, no

unified theory exists presently to descnoe the total process involved in a variety of solids,

a number of mechanisms have been proposed for moisture transfer; these include:

diffusion, capillary flow, evaporation-condensation etc. [46-49]. These mechanisms and

the corresponding driving forces are summarized in Table 2.3. The mass transfer deriving

forces include gravity and gradients in concentration, partial pressure, total pressure and

temperature.

Most of the previous work on drying models has assumed one or more of these

moisture transport mechanisms to exist or applied the concepts of irreversible

thermodynamics to analyze the coupled heat and mass transfer phenomena [50-56]. Use

of a simple mathematical model to descnoe drying began in the 1920's with Lewis [57],

Newman [58], and Sherwood [59]. These early studies assumed moisture transfer to

occur by liquid diffusion. This was followed by Hougen et al. [60,61] and Miller and

Miller [62,63] who based their work on capillarity theory [64]. Unlike the previous

studies, Henry [65] considered simultaneous heat and mass transfer and proposed that the

moisture transfer is entirely in the vapor phase based on the vaporization-condensation

theory. Krischer [66], Berger and Pei [67], and Philip and De Vries [68] derived drying
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models based on the mechanistic approach using different variants of the transfer

mechanisms.

Irreversible thermodynamics principles have been used to develop drying models

that account for cross-effects between different driving forces. For example, according to

Luikov's analysis [69,70), temperature gradients can cause mass diffusion (Soret effect)

and concentration gradients can cause heat conduction (Dufour effect) resulting in a

coupled set of nonlinear partial differential equations. Fortes and Okos [71,73] have

developed a set of heat and mass transfer equations by combining both the mechanistic

and irreversible thermodynamic approaches. Based on the local equilibrium principle, it

was shown that the driving force for both liquid and vapor transfer in a porous medium is

the gradient ofequilibrium moisture content.

Whitaker [74-75] attempted to establish a more fundamental theoretical approach

to drying of porous media. Based on the assumption oflocal thermal equilibrium, volume

averaged equations for mass, energy and momentum were derived for the gas, liquid and

solid phases. In these equations, the relative permeability and capillary pressure have to be

extracted from experimental data. However, t1ùs theory assumes nonhygroscopic granular

porous media (rigid solid phase contains no moisture) and thus it can not be directly

applied to the drying offoodstuffs.

It is worthwhile to point out that none of the above mode\s is fully predictive.

Transport and coupling coefficients must be determined from experimental drying data and

all are strong functions of ternperature and moisture content and thus they become

adjustable parameters to force the theory to fit a given set of experimental data. Results

from these mode\s indicated that the cross-effects are negligible compared to the effects

caused by classical equih'brium thermodynamic considerations. As far as grain drying is

concemed, temperature and total pressure gradients, surface diffusion, and liquid flow due

to gravity are generally neg1ected under normal grain drying conditions (low or moderate



temperature and atmospheric pressure) typically used in spouted and fluidized bed dryers.

Table 2.4 presents a summary of the well-known drying models.
•
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Table 2.3 Moisture Transfer Mechanisms

Mechanism Driving force

Liquid diffusion Concentration gradients

Vapor diffusion Partial pressure gradients

(due to temperature gradients)

Capillary movement ofliquid CapilIary forces (surface tension)

Liquidlvapor bulk f10w Total pressure gradients (caused by

external pressure, shrinkage, high

temperatures etc.)

Surface diffusion Surface concentration gradients

(on adsorbed Iiquid layers on the pore surfaces)

Liquid f10w (mainly in coarse-pored solids) Gravity forces

Liquid-vapor diffusion in partially air-filled pores Difference in partial pressures

or vaporization-condensation in capillaries

Liquid and vapor diffusion Concentration and temperature

(thermodiffusion) gradients
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Table 2.4 Seleeted Drying Models
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Model and Mcchanism Transfer Equations HcatlMass Balances

Lewis [57]. Newman [58]. n, =-p,D,VX ax
-=V.(D,VX)

Shcrwood [59] ar

{Isothermalliquid diffusion}

Hougen et al. [60.61] n, =-p,kNVX ax
-=V.(kNVX)

{C3pi1laJy flow} ar

Hemy [65] ny = -D:'i1Xy }-a iJX ="V.(D VX )_ iJX.

q=-k,VT
Q P. ôt •. ôt

iJT iJX
{Evaporation condensation} pe -=-V.(kVT)-,,-

, ,. ôl • (JI

Krlschcr's [66]. Berger and n,=-p,D,VX (p _p )~+(a_.)iJP.=pDV'.
Pei [67] ny =-Dy(a-u)Vpy

, • Ôl ot' ,

+ [(a-.)V'.P. -V.Vp,l
{Capillary-vapor diffusion} q=-k,VT

iJT =a,V'T+ tJH. [D.{(a-v)V'p.-V.P.}
QI P.c,.

iJp. iJ.]-(a-.)-+p -
iJr ' iJr

Philip and De Vries [68] n, =-D,VX-D.,.VT iJX (iJK,

{Capil1aIy-vapor diffusion n, =-D,VX-DIf'VT-K.,
iJr =V.((Da +D.,)VT)+ V. (D, +D,)VX)+8t

iJT
under T and X gradients } q=-k,VT p,e,. - = -V.(k.VT)+tJH,V.(D,VX)

iJr

Luikov [69.70] n. = -p,D(VX +6VT) iJX = V.[D{VX+6VT)]
~Im:versible thennodynamies" q=-k.VT iJr

iJT iJX
{\'lIpor: diffusion + effusion} p,e,.-=V.(k,VT)+p.&tJH,-

iJr iJr

{liquid: diffusion + capil1aIy}

Fortes and Okos [71-73] RTiJRH axn, =-p,k,Rln(RHVT)- p,k,---VX p, ar = -V.(n, +n,)
~IlTeversiblethennodynamies" RH iJX

(iJRH dP_)(dcriving force: equilibrium n =-k p --+RH- VT, , - aT dT
moisture content gradient) -k RTaRH VX aT ax

{no specifie rno-banism is ' RH iJX p,e.. ar - p,m. ar =

required} q.-k.VT-[P,k,RlnRH+k,~_ 8:;+RHC::-)]
-v.q-m,Vn,

xRT' 8RHvX
RH 8X
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2.4 Time-dependent Drying
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The aim of any drying process is to produce a solid product of desired quality at

minimum cost and maximum throughpul, and to maintain these consistently. Good quality

implies that the product corresponds to a number of technical, chemical, and/or biological

parameters, each within specified limits. Thermal drying is an energy-intensive operation

that accounts for up to 15 % of all industrial energy usage, with low thermal efficiency,

typically between 25 % and 50 %. Among the methods for enhancement heat and mass

transfer during drying, reducing energy consumption and preserving quality, the following

should he considered [76,77]: development of heat recovery methods, use of

nonconventional energy sources (microwaves, radiofrequency, etc.), reduction of heat

losses, development of new drying techniques, optimum choice of drying conditions,

implementation of automatic control algorithms, and application of time-dependent drying

schemes.

Time-dependent drying processes can be c\assified into the following categories:

1. Intermittent drying: supplying heat only intermittently rather than continuously. This

can be done by interrupting the air flow to provide the material a ''rest'' period, by a

continuous air flow periodically heated, or by periodic reduction ofair flow.

2. Dryaeration: which is a grain drying process involving a combination of high

temperature short drying period, tempering, and slow cooling concluded by final

drying.

3. Airflow reversai: applying the drying airflow in one direction for sorne time and then

reversing the direction ofthe flow for the next period.

4. Inherent time-dependent drying: this can found in certain dryers such as rotary, plug

flow and vibrated fluid beds, recirculating grain dryers, deep conventional and draft



tube spouted beds (very short tempering period during particle passage through the

annulus), etc.
•
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Severa! experimental studies have been carried out to investigate different schemes

for time-dependent drying of grains and granular materials in different dryers [78-89].

These studies (summarized in Table 2.5) lead to the establishment of the fol1owing

features oftime-dependent drying:

1. Thermal energy savings.

2. Shorter effective drying time.

3. Higher moisture remova1 rates (while energy is supplied).

4. Lower solid surface temperature.

5. Higher product quality: reduced shrinkage, cracking, and brittleness, germinability, and

protein denaturation.

6. Moisture gradients at the surface of the solid are f1attener than during drying with

constant temperature.

Numerica1 and simulation investigations have been conducted to study the thermal,

mass, and mechanica1 effects of time-dependent drying. Hiillstrom [79] presented an

approximate method to describe the f1ight-and-soaking movement ofgranules in a rotary

dryer. It is assumed that the periodicity can be characterized by a mass transfer

coefficient, proportional to ..{t;1(td +t, ), where t.I and t.- are the durations of the drying

and resting periods, respectively. Davidson [90] set out an approximate theory to descn"be

the diffusion of moisture within a granule subjected to altemating boundary conditions

during its passage through a rotary dryer. Assuming that the granule is surrounded by a

fictitious permeable membrane layer, the drying time c01Jld be predicted within IG % as

compared with the c1assica1 diffusion equation.



The Fortes and Okos drying model [72.73] has been used by Fortes et al. [91] and

Litchfield and Okos [92] to model the dryaeration of corn. Their analysis predicted the

development and rela.xation of temperature and concentration gradients inside the kernel

as weil as stress and breakage during drying, tempering. and cooling. Using the finite

element method and Luikov's model, Zhang and Mujumdar [93] analyzed tempera'ure.

moisture and stress distributions at different instances during intennittent thennal drying

using volumetric heating.

•
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Garside et al. [82], Yebo and Chongwen [94] and Brook and Bakker-Arkema [95]

solved the mass diffusion equations to predict the intermittent drying phenomena in a

rotary dryer, a recirculating grain dryer, and a commercial concurrentflow grain dryer,

respectively. Toyoda [96] proposed a simple "two-tank model" to predict the intennittent

drying of rough rice in a crossflow recirculating dryer. The effects of air temperature, air

and grain f10wrates on the dryer perfonnance were studied.

Glowacka and Malczewki [87] solved Luikov's equations to predict the f1uidized

bed drying of granular materials using time-varying inlet air temperature. The effect of

intermittency on energy saving was also proved. A mechanistic heat and mass transfer

model has been developed by Hemati et al. [89] to validate their experimental intennittent

drying data in a f1otation f1uidized bed. The model assumes zero transfer rates at the

surface of the partide during the rest period and the results of the simulation are in good

agreement with the experimental results.

Ratti and Mujumdar [97] presented a simulation study for batch drying of

shrinking hygroscopie materials in a fixed bed using time-varying inlet air f1owrate. It is

shown that the total air eonsumption for drying is reduced with minor or no inerease in

drying times. In a Iater study, Ratti and Mujumdar [98] extended their analysis to

investigate the case of airflow reversai. The results showed that both moisture and



temperature profiles in the bed were flatter when airflow reversai was applied to the

drying process while the average drying curves were praetically unchanged.
•
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The limited studies on intermittent drying of materials in a batch dryer confirm the

potential advantages of time-dependent supply of energy for drying viz. reduced energy

consumption, reduced air consumption and enhanced produet quality of heat sensitive

produets.

Table 2.5 Surnmary ofExperimental Time-dependent Drying Studies

STUDY MATERIAL & DRYER TYPE DRYING SCHEME

Edhom [78] whcat (thin layer) intermittent drying:

drying periods: 2-60 min

rcst pcriods: 15 min-3 h

Thomson and Foster maize (thin layer) dryaeration: 8 h tempcring

[80]

Woodfordc and Brussels sprouts, carrot, drying pcriods: 7 h

Lawton [81] cocksfoot, sugar bcet (thin layer) rcst periods: 17 h

Garsidc et al. [82] granular fcrtilizcr (rotary drycr intermittent drying:

simulator) flight pcriod: 0.8 sec

soaking pcriods: 3.5-60 sec

Sabbah et al. [83] corn (thin layer) dryaeration:

tempcring periods: 0-4 h

Trocgcr and Butler pcanuts (hin drycr) intermittent drying:

[84] airf10w interrupted at 15-45

minIh or 1 in 4 h.

Hamoy and maize (hin drycr) intermittent drying:

Radajcwski [85] acration pcriods: 1-6 min

rcst pcriods: 3-90 min
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Table 2.5 Summary ofExperimental Time-dependent Drying Studies ( continucd )
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STUDY MATERIAL & DRYER TYPE DRYING SCHEME

Phinheiro l'iiho et al. soybcans (cylindrica1 container intcnnittent hcating:

[86] "ith shaft valve) hcating periods: 5,10 min

eooling fraction: 0.4, 0.8

Glowacka and wheat (fluidized bed) Sinusoidal heating

Malczewski [87]

Hallstrom [79] compound fertilizer (fluid bed) intermittent drying:

drying periods: 2.5-6 s

rest periods: 4.5-6 s

Zhang and Litchfield corn (thin layer) intermittent drying:

[88] drying period: 20 min

rest periods: 0-120 min

Hemati et al. [89] corn (flotatior. fluid bed) intermittent drying:

drying period: 20 min

rest periods: 0-60 min



•
Background

Nomenclature

Symbols

a volume fraction ofair in pores

Cp specifie heat

D Diffusion coefficient

MI, latent heat ofvaporization

MI.. differential heat ofwetting

k hydraulic, thermal, liquid, or vapor conductivity

1(; gravitational flux

n moisture flux

.1.P pressure drop

q heat flux

R universai gas constant

RH relative humidity

t time

T absolute temperature

u volumetrie moisture content (volume ofwater/volume ofdry solid)

X moisture content (kg moisturelkg dry solid)

Z vertical ordinate

Greek Letters

24

&

p

thermal diffusivity

thermodiffusion coefficient

tortuosity factor for the diffusion ofvapor or phase :onversion factor

density



• Subscripts and Superscripts
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d drying

H hydraulie

1 liquid phase

m mass transfer eharacteristies

M maximum

0 saturated state

p partic1e

r rest

s solid

T thermal, heat transfer eharacteristies

v vaporphase

w total moisture (liquid + vapor)
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(Chapter 3)

Experimental Apparatus,
Materials and Procedure

3.1 Introduction

This chapter provides details about the experimental set-up, the design of the

rotating jet spouted bed (RJSB), the materials used, and the experimenta! procedures and

techniques employed in both the aerodynamic and drying kinetics experiments.

Experimenta! uncertainty and reproducibility results are also presented.

3.2 Experimental Set-up

A schematic diagram ofthe experimental set-up and the associated instrumentation

is shown in Figure 3.1. The rotatingjet spouted bed is realized by using a rotating inIet air

distributor (1) with two radially located nozzles 2 and 3 cm in diameter, under the bed

supporting screen (2). The nozzles, covering both the central and annular regions of the

bec!, are located at 4.5 and 18 cm from the center of the vesse\, respectively. The

distn"butor is enc10sed within a perfectly sealed aluminum box (3). The supporting screen

is made of galvanized steel wire (2x2 mesh) reinforced along its circumference by a

circular metalloop. This main support screen is covered at the upper surface with a 20x20

mesh aluminum wire net The openings of the finer screen were small enough to contain

the partic1es but large enough that flow ofair was unrestricted.
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The rotating section (see Figure 3.2 for more details) of the main inlet air pipe is

provided on its outer surface with two rubber-sealed bail bearing assemblies (-1); ail are

circumfused by another weIl sealed coaxial pipe. The downstream part of this rotating

section is engaged with two belt-driven puIleys (5), (6) connected to a 3-hp variable speed

AC motor (7) (Boston Gear, Quincy, MA) through a gear speed reducer (Boston Gear,

Quincy, MA). The motor speed could be controIled using an AC inverter (8) (Boston

Gear, Quincy, MA) calibrated using a digital tachometer.
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The spouted bed (9) consists ofa f1anged cylindrical vessel 45 cm diameter and 90

cm in high, made of borosilicate glass (Q.V.F.). The whole assembly of the vessel,

distributor, and drive was carefuIly leveled and securely mounted on a rigid metallic frame.

The spouting air is supplied by a high pressure blower (10) (GAST Regenair,

model no. R7100 B-l, GAST Mfg. Corp., Benton Harbor, MI) and maintained at pre

seleeted ternperatures by a set ofeleetric heaters rated at 6 kW (11) and fitted with a PlO

controIler (12) (l'CU temperature controIler, Red Lion Controls, York, Pa). The outer

wall of the heating compartment is insulated by fiberglass to minimize heat losses. The air

f10w rate is measured with a precalibrated pitot tube (13) (model no. FPT-6120, Omega

Engineering) and regulated by means of gate valves (14) on the feed and bypass Iines.

Differentiai pressure drop across the pitot tube is measured using a manometer fiIled with

manometric f1uid (Meriu.'ll red f1uid, Merium Instrument, Cleveland, OH). Alternatively,

the pressure drop could be measured on a pressure transducer (15).

Pressure drop across the bed is measured using static pressure taps (16) conneeted

to a calibrated differential pressure transducer (15) (model no. PX185, Omega

Engineering) mounted on a printed circuit board. The pressure taps are in stainless steel

with an internai diameter of3 mm and an external diameter of6 mm. The transducers are

mounted as close as possible to the measurement points to minimize the signal damping.



A regulated power supply (model no. 1080, Brunelle Instruments, St. Elle D'Orford,

Que.) with a variable output 30 V d.c. is employed in conjunction with the transducers.
•
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Severa! copper-constantan type T thermocouples (17) were installed to measure

inlet and outlet air temperatures as weil as bed temperature at different locations.

Thermocouples signais are acquired by a 16 channel analog input multiplexer (18) (model

no. CIO-MUXI6, Omega Engineering) with on board amplifiers and cold junction

compensation circuitry.

Outiet air humidity was monitored continuously by an IR hygrometer (19) (gas

analyzer) (ADC 1454/A, The Analytical Development Company, England) and verified

with a pre-calibrated dewpoint hygrometer (20),(21) ( model no. 1200 APS, General

Eastern Instruments Corporation, Watertown, MA). A small outiet air stream is branched

away at the top of the dryer and pumped to the hygrometers. A copper tubing is used in

order to prevent condensation. The inlet air relative humidity is measured by Vaisala HM

32 humidity meter (22). Both the IR hygrometer and the Vaisala RH meter were

calibrated periodically using the dew point hygrometer with LiCI (12 % RH) and K2S04

(97 % RH) as reference salt solutions as weil as ambient air.

The analog signais for various sensors are acquired by a data acquisition system

connected to a personal computer (23) for digiti?~è data gathering. The data acquisition

system consists of an analog and digital 1/0 board ( model no.CIO-ADl6F, Omega

Engineering) with 12-bit ND and DIA converters, a terminal panel (24), a standard 37-pin

D connector, and Labtechc Notebook software package for data acquisition, process

control and monitoring.

The exit air duct is connected to a multi-bag filter (25) (OUST X, Cascade

Technologies, Montreal, PQ) for dust removal. A 0.56-kW vacuum cleaner was used to

empty the bed material.
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RJSB 20
19 ~

lClCICD

17

9

8

Item # Description Itcm# Description

1 air distnbutor 14 gate \'3l\'c

2 scrccn IS pressure \IallSduccrs

3 distnllutor coYer 16 pressure laps

4 ball bcarings 17 thermocouples

S V-bclt 18 multiplexer

6 pullcy 19 IR hygromClcr

7 motor + gcar bol' 20 dcw point scllSOr

8 motor controUcr 21 dcw point hygromCler

9 glass vcsscl 22 relative humidity meter

10 Faïrblo\\'ëf 23 personal computer - 110 board

11 elcetric hcatcrs 24 terminal panel

12 PID controUcr 2S fabric filtcr

13 pitotlUbc

Figure 3.1: Schematic diagram of the overall elCperimental set-up.
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Seed quality com, soybean, polyethylene, and polystyrene were used as test

materials in the aerodynamic experiments, whilst the drying e.xperiments were performed

using rewetted yellow dent corn. Following Geldart's classification [1], ail particles used

in this study belong to group D, spoutable, large and dense particles. Dimensions and

physical properties of the particles a10ng with the particle terminal velocities and the

incipient f1uidization velocities evaluated from correlations in the literature are given in

Tables 3.1-3.3.

The particle dimensions, length (L), breadth (B) and thickness (Z), were measured

with a digital calliper (Digimatic Calliper, Mitutoyo Corporation, Japan) having a (east

count of 0.01 mm. Typically, two hundred particles were measured for each type of

material. The bulk density, Pb was determined by pouring a weighed amount of sample

particles through a funnel into a graduated cylinder, from whence the volume occupied

determines the loose bulk density. The particle density, P, was estimated using f1uid

displacement with toluene and distilled water as measuring f1uids. An electronic balance

accurate to ± 0.01 g was used in weight deterrnination.

Table 3.1 Dimensions ofParticles Used in the Aerodynamics Experiments

Matcrial L B Z D' o : o' $'P, p... P

(mm) (mm) (mm) (mm) (mm) (mm) (-)

Polystyrcne 3.32 3.00 2.27 3.50 2.82 2.98 0.85

Polyethylene 4.11 3.46 3.28 4.45 3.59 3.90 0.88

Soybean 8.22 6.96 5.97 8.67 6.99 7.37 0.85

Com 9.05 8.32 6.35 9.67 7.80 8.35 0.86

1 : Eqwvalent sphencal diameter
2 : Geometrie partic1e diameler '" (Lx BxZ)tl3 [2]
3 : Effective partic1e diameter '" Op, x ,

4 : Spbcrlcil)' '" Op 1L (2)...
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Table 3.2 Physica1 Properties of Bed Particles Used in the Aerodynamics Experiments

Material Ar 1 1 Zp, Pb Ut Umr &

(kgfm3
) (kgfm3

) (-) (mis) (mis) (-)

Polystyrcnc 1020.0 666.6 8.18 x 10' 5.90 0.99 0.35

Polyethylene 914.1 579.9 1.64 x 10· 6.75 1.12 0.36

Soybean 1237.9 733.2 1.50 x 107 10.37 1.91 0.41

Corn 1226.4 783.2 2.17 x 107 11.32 2.04 0.36

1 : U, and Umrare calculatcd values [3-5]
2 : & = l-(p,,1p,)

Table 3.3 Physica1 Properties ofYe1low Dent Corn Used in the Drying Experiments

Property Value Propcrty Value

L (mm) 10.67 p, (kgfm3
) 1227.5

B (mm) 8.70 Pb (kgfm) 764.6

Z (mm) 4.68 Ar (-) 3.07 X 107

Dpam (mm) 7.55 1 8.58U. (mis)

Dp(mm) 6.66 Umr' (mis) 2.56

Dp• (mm) 9.38 z 0.38& (-)

H-) 0.71

1 : U, and Umrare calculatcd values [3-5]
2: & = l-(p,,1p,)
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3.4 Experimental Procedure

3.4.1 Aerodynamics Experiments

41

The bed was prepared in a standardized manner before starting each experiment in

order to prevent any variation in the state of packing which may arise during the tilling of

the vessel with particles. This was done by allowing a pre-weighed quantity ofpartic1es to

settle after tirst spouting the bed for few minutes. The particle motion in the bed, spouting

mechanism and flow regimes were studied by visual observation and photography using

colored particles in contrast to the main bulk ofpartic1es.

The spouting mechanism (i.e., ÂPbed vs. U variations) was established by gradually

increasing the air flow rate until the central and annular spouts were formed. After a

sufficient steady spouting, the flow was gradually reduced until the spouting ceases. The

air flow rate at which the fountain just collapsed was taken as the minimum spouting flow

rate (Q...) for the given bed conditions and rpm. The flow was further reduced in steps to

zero. The flow rate and total pressure drop were recorded simultaneously. The bed

pressure drop is calculated by subtracting the empty bed pressure drop from the total

pressure drop as described by Mathur and Epstein [6). The superficial minimum spouting

velocity is calculated from the total air f10w rate, Q..., just before cessation of spouting,

i.e.,

u =4Q...
... D2

1! •
(3.1)

where De denotes the column diameter. It should be noted that the total flow rate is the

surn ofboth nozzies flow rates, i.e. the flow rate in the main inlet pipe.



The flow regimes were identified by first maintaining the air flow rate at a certain

value corresponding to full rotating spouting and then gradually increasing the distributor

rotational speed until a new flow regime is established.
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The ranges ofexperimental conditions employed are:
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1. Distributor rotational speed (N): 0-300 rpm for flow regime identification and 0-10

rpm for spouting mechanism, U"" and !SP estimation.

2. Bed height (H): 10-20 cm

3. Nozzle diameter (D.): 2 and 3 cm

4. Particles: polystyrene, polyethylene, corn, and soybeans.

5. Superficial air velocity (U): 0-0.6 mis

The dependent or observed parameters are:

1. Spouting mechanism ( i.e. !SPbcd vs. U)

2. Flow regime diagrams (N vs. U)

3. Minimum spouting velocity (U",,)

4. Peak pressure drop (!SP~~

5. Steady spouting pressure drop (!SP,)
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3.4.2 Drying Kinetics Experiments
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The drying kinetics were mcasured in the batch mode using yellow dent corn as a

test material. After cleaning and sieving, the corn was rewetted by adding a precalculated

amount of tap water to achieve the required initial moisture content and mixing the

content thorouglùy. The grains were placed in sea1ed plastic boxes and k",pt in cold

storage with periodic rnixing for a minimum of 72 hours to ensure reproducible moisture

absorption and uniform moisture distribution.

Before each experiment, the corn was removed from the cold storage and kept at

ambient temperature for about 24 hours for thermal equilibrium to be achieved. The

experimental procedure was as follows:

a) The data acquisition system, blower, heaters and the motor (fixed rpm) were switched

on.

b) Hot air at preestimated f10w rate and temperature was passed through the empty bed

for thermal stabilization for about 1 hour.

c) When the air passing through the empty bed had attained steady state, the air f10w was

divertec! to the by-pass pipe and the desired weight of wet solids was loaded into the

dryer.

d) A relati,ely high air f10w rate was used to initiate spouting; this f10w was gradually

reduced to the required steady spouting value.

e) Samples weighing 20-30 grams each were periodically taken out for moisture content

deterrnination.

f) The time-changes of temperature and humidity of exit air and the bed temperature at

different locations were recorded continuously.

g) For intermittent spouting/heating, the hot air was manually diverted to the by-pass

pipe for the required "rest" period.



The grain moisture content was determined gravimetrica1ly in an oven maintained at a

temperature of 103 Oc for 72 hours following the ASAE standards [7]. Throughout the

thesis, moisture content values are expressed in dry basis (d.b.).
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The ranges ofoperating parameters are:

1. Inlet air temperature (Tsi): 55-90 Oc
2. Distributor rotational speed (N): 2-10 rpm

3. Bed height (H): 10-20 cm

4. Air superficial velocity (U): 0.43-0.57 mfs; linùted by the aerodynanùc requirements

5. Nozzle diarneter (D.): 2 and 3 cm.

6. Intermittency (Ct) in the intermittent spoutinglheating experiments: 114 - 1

The dependent or ca1culated variables are:

1. Sarnple moisture content (X)

2. Exit air temperature (Tge)

3. Exit air absolute hunùdity ('lge)

4. Bed temperature (Tb) taken as an average value of different locations between the

rotating spouts.

5. Drying rate (-dXIdt). This was deternùned using the gravimetrica11y es-jmated X, as

weil as from the moisture 1055 monitoring according to the following moisture balance:

-m dX =m [y (t)-Y ]'dt 6 .. 61
(3.2)

Although equation (3.2) gives a bed-average drying rate, the deviation between the two

methods bas always been witlün 10 %. The gravimetric method is adopted in t1üs study.



The digitized temperature, pressure and humidity data were passed through preprocessing

steps before presented in the final form. These steps are:
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1. Conversion ofthe digitized data (Volts) to physical units (C, Pa, and kglkg) using the

relevant calibration equations.

2. Data filtration using fast Fourier transform a1gorithm.

3. Data smoothing using non-linear regression analysis (if required).

3.5 Experimental Uncertainty and Reproducibility

In this study the measurement uncertainty values due to random errors are the ones

supplii:.d by the manufaeturers or are estimated from a "single-sample" experiment [8-10].

The rule ofthumb in the latter case is that the maximum possible error is equal to plus or

minus half the smal1est scale division (the least count) of the instrument. The probability

of the readings lying between this error bound is 95 %. Based on this method, the

propagation of uncertainty in calculating sorne result, R, from measured values X., X2, ••• ,

Xe. is given by

(3.3)

where UR and Uxi are the relative uneertainties in R and Xi, respectively. Table 3.4 lists the

estimated maximum experimental uneertainty values for both measured and calculated

variables.



To investigate the reproducibility of the results in the system, two replicates were

made for ail aerodynamics experiments and 20 % of the drying experiments. From these

tests. the reproducibility ofU.... M'" M'M and the drying curves (Fig. 3.3) were at ± 2 %,

± 3 %, ± II % and ± 6 %, respectively. The relatively high nonreproducibility in M'M is

related to the fact that the peak pressure drop is a function of the initiai structure of the

bed. Nevertheiess, the results obtained confirmed good reproducibility of the results and

reliability ofthe experimentaI techniques.
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Table 3.4 Maximum experimentaI uncertainty for measured and calculated variables

Variable Max. Variable Max.
Unccrtaintv Unccrtaintv

SuperficiaI velocity, U +2.17% Rotational speed. N ± 0.75 %
Temperature, T ± 0.20% Moisture content, X ± 0.10 %
Pressure drop. !iP + 0.32 % dXldt ± 0.10%
Particle diameter, D. ± 0.40% Ar ± 2.88%
Particle densitv. P. ± 1.35 % Rem. ± 3.14%
Bed clensitv. Pb ± 1.35 % HID" DJJ)" D,,/D. ± 1.57%
Particle sohericitv. dl ± 0.43% !iP~ ± 1.52 %
Bed voidasœ.. & ± 2.86% VelUt + 1.70%
Particle tenninal velocity, Ut ± 1.04 %
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Figure 3.3: Reproducibility ofdrying curves.
Tai = SO·C, D. = 3 cm, N = 2 rpm, U = 0.514 rn/s.

Nomenclature

Symbols

47

Ar

B

. _D..!::.~P~,(~P.::--...:.p~,)~gArchimedes number =
11

2

•
breadth

column diameter

nozzie diameter

effective particle diameter
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Dpe equivalent spherical partic1e diameter

Dpsm geometric mean partic1e diameter

g acceleration ofgravity

H bed height

L length

m. mass flow rate ofdry air

m. mass ofdry solid in bec!

N distn"butor rotational speed

M'bod bec! pressure drop

M'M peak pressure drop

M'. steady spouting pressure drop

Q.... air flow rate at minimum spouting condition

R result

Re partic1e Reynolds number = DpUP.
IJ..

RH relative humidity

t time

Tb bec! temperature

Tsc exit air temperature

Tsi inlet air temperature

Umr minimum superlicial air velocity for fluidization

U.... minimum superlicial air velocity for spouting

Ut particle terminal velocity

Vu air distn"butor circumferential velocity

u relative uncertainty

X moisture content (dry basis)

X bec! average moisture content (dry basis)

y sc exit air absolute humidity
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• Yg,

Z
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inIet air absolute humidity

thickness

49

Greek Letters

ex intermittency

& voidage

Ils viscosity ofgas

Pb bulk density

p. solid density

cP sphericity

Subscripts and Superscripts

b bed, bulk

c column

e exit

g gas

inlet

mf minimum fiuidization

ms minimum spouting

n nozzle

p partide

s solid
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• (Chapter 4)

Aerodynamics of the Rotating
Jet Spouteà Bed

4.1 Introduction

The understanding of the f10w characteristics of any gas-solid contactor is very

useful owing to its importance in assessment of the effeetiveness of gas-solid contact in

any physical or chemical process application. The objectives ofthis chapter are:

• To describe the f10w regimes with special reference to their suitability in relation to the

operation ofthe rotatingjets spouted bed (RJSB).

• To identify the optimum operating conditions required for stable spouting.

• To gain an understanding of the spouting mechanism in which the bed evolves from

the packed structure into the fully developed spouting state.

• To obtain general design equations to describe such f10w characteristics as minimum

spouting velocity, peak pressure drop, and steady spouting pressure drop as functions

of the f1uid-solid properties and the main design and operating parameters of the

system.

SI
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4.2 Flow Regime Diagrams

52

As in conventional spouted beds [1], spouting in a rotating spouted bed is a

visually observable phenomenon which occurs over a definite range of gas velocity for a

certain combination of gas, solids and equipment geometric and mechanical parameters.

The parameters of interest are: gas flow rate, partic1e size and shape, partic1e density. gas

inlet nozzle size, bed height and distributor rotational speed.

Various investigators have constructed charts to map the flow regimes

encountered in conventional spouted beds. Each regime map has specific dimensional or

nondimensional coordinates. Mathur and Gishler [2] used bed depth versus superficial gas

velocity as the characteristic parameters oftheir flow regime map. Ye et al. [3] chose bed

temperature versus superficial gas ve10city in their study of spouting behavior at hig.'!

temperatures. More generaiized flow regime diagrams have been attempted by Németh et

al. [4] who plotted pressure drop versus UlUmrfor different HlHM, and by Becker [5] who

used the same parameters normalized with respect to the condition of minimum spouting

at HM. However, as stated by Mathur and Epstein [1], these generaiizations oversimplify

the actual complex transition behavior between the different flow regimes. In tbis study,

observations of spouting development in the bed have shown that the air distributor

rotational speed has the greatest influence on the type of flow over the gas, solids and

vessel parameters studied in this investigation.

When the rotational speed, N, of the air distnout:Jr is increased, the bed may be in

different states at the same gas superficial velocity, U. Consequently, the studies of flow

regimes for different material-vesse1 combinations are presented in N-U coordinates.

Figures 4.1-4.2 show examples of such flow regime diagrams for both polyethylene and

corn partic1es representing two ranges of particle size and density. These flow diagrams

were obtained starting with the rotational speed at zero speed and then gradua1ly



increasing the gas floWl?te to obtain the onset of spouting. The gas flowrate was then

kept constant while gradually increasi:lg the rotational speed until the disappearance of the

eharacteristic forrn of the spouted bed, and thus the development of another flow regime.

This procedure was repeated for different values of the gas superficial velocity bcyond the

value required to initiate steady and stable spouting.
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Three distinct flow regimes were observed within the operating parameter ranges

studied:

J. Full rotating spouting (Figure 4.3 (a)):

Depending on the bed height, nc~e size and partic1es used, at low rotational

speeds, stable spouting occurs in both central and annular regions of the bed over the

cntire range ofgas superficial velocities higher than the incipicnt spouting ve1ocity.

First, for a station::ry air distributor (N = 0) two individual cells are forrned each

with its own annulus with more vigorous agitation and circulation inside the bed than the

equivalent single-spout bed, but at the expense of higher gas consumption and the

presence of dead zones surrounding the spouting cells. This might be attributed to the flat

geometry ofthe supporting grid.

On the other hand, with the rotating air distributor a completely different gas

particie dynamics is established. The partic1es at the base of the bed receive a sudden

impulse from one of the incoming rotating jets and accelerate from rest to their maximum

velocity as result of the frictional drag of the high velocity ascending air jet, and then

dece1erate until they reach zero ve10city at the top of the fountain(s). where they reverse

their direction of movement and fall back into the bed surface. A temporary active cell in

the bed assumes a loose packed orientation when the air jet is periodically and



continuously relocated to the following sections of the bed. However, particles from the

layer surrounding other active cells continuously percolate towards the rotating core in

both axial and radial directions, creating continuous motion in the entire bed cross

section.
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Depending on the gas flowrate and distributor rotational speed, particles of

different size and density have different trajectories within the spouts and fountains and

hence different radial and angular landing positions on the bed surface. Large and heavy

particles like corn and soybeans tend to land more frequently at smaller positions and

hence execute a higher proportion of cycle time than small and light particles like

polyethylene and polystyrene.

The difference in the f10w behavior might also ref1ect the increased relative

importance of interparticle forces (electrostatic forces) in comparison with the

aerodynamic or gravitational forces [6-10). Polystyrene and polyethylene are dielectric

polymerie particles and wiU become electrostatically charged during particle-particle

contact, as well as particle-wall (glass) contact especially with the low relative humidity air

used in the experiments. However, it is reasonable to suppose that the electrostatic effect

on large particles (corn and soybean) is less significant. Sirmlar behavior was observed by

Passos [ Il 1who tested wheat grains in a 2D spout-f1uidized bed.

This regime clearly shows such spouted bed features as particle circulation, an

ascending particle f10w in the active spout region and downward-inward f10w in the local

annulus surrounding the rotating spout in both the central and annular regions of the bed.

Moreover, this f10w regime is characterized by certain distinct features:

a) The air distn"butor rotation causes the jets and hence the entrained solid particles to

deviate in the opposite angular direction and this results in a rotating sprinlder-like

distn"bution of the solids over the periphery of each cell. This phenomenon is more



pronounced in the case of the second jet covering the annular section of the bed

because ofits larger radius of rotation and hence higher circumferential velocity.

b) Intensive systematic particle circulation and hen~e short contact time between the solid

particles and the gas with fast solids turnover.

c) The cyclic rotation of the spouts causes intensive mixing of the particles and their

exchangt: between the rotating spouting ceUs and prevents dead zone formation in

spite ofthe fact that the bed support screen is fiat.
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II. Rotating central spout- pulsating annulus(Figure 4.3 (b)1:

If the rotational speed is high, the jet emerging from the second nozzle covering

the annulus region of the bed cross-section with its larger radius of rotation, R, compared

with the central jet, will have a higher circumferential velocity (Vo = 21tRN) and higher

frequency ofgas relocation. This produces an increase in the slope or deviation of the air

jet from the vertical àirection contributing to signilicant shear stresses and resistance

forces in the direction of gas penetration proportional to the jet circumferential velocity.

In such a case the annular spout will loose its kinetic energy and collapse leaving the

annulus region in a no-spouting condition with local pulsation due to the internally

rotating spout. This results in a second f10w regime characterized by an exte!llal rotating

central spouting and an internal rotating annular spouting with local iled pulsating. The

solids circulation is significantly reduced compared to the lirst f10w regime because rnost

ofthe partic1es are in a nearly loose packed pulsating state with periodic aeration with only

20-25 % ofthe solid rnaterial (depending on the nozzle diameter, flowrate and rpm) in the

rotating central spouting region. This causes a reduction of the time-averaged voids in the

bed.

The effect of particle oscillation in the annulus region along with the rotating

action of the central region causes continuous transfer and rolling of particles ITom the



surrounding sloped cone-shaped Iayers towards the core section. It is worth to noting that

this flow regime possesses sorne features of the spout-fluid bed; gas passes through the

bed as a central rotating jet and a pulsating annulus locally fluidizedlaerated by the spent

gas frem the second rotating nozzle.
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The gas and particle flow patterns in this flow regime lead to the hypothesis that

both the magnitude and the direction of the momentum at the gas inlet are the governing

pararneters and that the vertical fluid drag is a monotonously decreasing function of the

rotational speed. Hence, the state of dynamic equilibrium between the various forces

acting on the spout-annulus interface :hat keep the spout stable in shape and direction

does not exist. The resultant effect of this high rpm and the resulting resistances leads to

the conclusion that while the spout is still developing, the gas jet is relocated and thus titis

spout will never pierce the annulus region ofthe bed even at a high gas flowrate and this

will create an annular internaI cavi.y inside the bed.

Ill. No .rnouting (figure 4.3 (c)):

Above a rather high rotationaI speed (depending on the air flow rate, bed height ,

and particle properties) the central spout aIso collapses; the bed starts to oscillate in aU

directions, and the main body of the gas forms a vortex flow with its mouth directed

toward the central region.

ln this flow regime, because of bed inertia and particle interaction, the spouting air

percolates through the bed in a vertical direction bringing the particles into local pulsation

and hence the entire bed attains a "pseudo-fluidized" state.

A critical anaIysis ofthe flow regime diagrams shows that the full rotating spouting

regime (regime 1) is the most effective operating regime in terms ofbed aerodynamics and



consequently performance in heat and mass transfer applications. This is because of the

lower rpm and hence lower power requirements, more stable and uniform gas distribution.

the systematic partic1e circulation across the entire bed and hence more vigorous mixing of

partic1es. For these reasons, the discussion in the fo!lowing sections wiU concentrate on

experiments at low rpm values (N < 14 rpm).

•
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(a) (b) (c)

Figure 4.3: Schematic representation ofthe flow regimes in the RJSB
(a) full spouting, (b) central spouting, (c) no spouting.
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4.3 Spouting Mechanism
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Generally the spouting mechanism in which the bed of particles changes from a

packed state to fully developed spouting is best described with reference to plots of bed

pressure drop versus superficial gas velocity. In order to generalize the analysis, the

pressure drop and superficial gas velocity are written in dimensionless forro, i.e., ~/PbgH

and Re. The former represents the ratio between the bed pressure drop and the bed

weight per unit cross-sectional area while the latter represents the particle Reynolds

number. Figures 4.4 and 4.5 show typical dimensionless pressure drop evolution traces

for polyethylene particles at 0, 2, 6 and 10 rpm. The plots are supplemented by branches

illustrating the reverse process, that is, the collapse of both central and annular spouts on

decreasing the gas flowrate.

The following sequence ofevents are observed as the flow rate is increased:

J. Jncreasingjiow

Curve A-+B: As in conventional spouted beds, the pressure drop increases almost linearly

with increasing gas flow rate while the fixed-bed state remains unchanged. For the

stationary air distributor (Figure 4.4a), two small cavities and two internai spouts are

formed. When the air distnoutor rotates (Figure 4.4b and Figure 4.5), two internally

relocated annular cavities are formed along the path of the rotating internai spouts. An

arch of compacted particles that offers high resistance to flow exists above the internai

spouts 50 that the pressure drop rises until it reaches a peak value at point B.

Curve B-+C: Beyond point B, the height of the internai spouts increases and the

stationary or rotating jets have enough momentum to pierce the bed surface and hence

spouting begins. Therefore, the pressure drop sudden1y decreases to point C.



Curve B~C: Beyond point B, the height of the internai spouts increases and the

stationary or rotating jets have enough momentum to pierce the bed surface and hence

spouting begins. Therefore, the pressure drop suddenly decreases to point C.
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Curve beyond C: Both spouts are fully developed and the pressure drop remains nearly

constant.

II. Decreasingflow

Two different spout terrnination mechanisms were observed. In the case of

stationary distn'butor and very low rotational (N = 2 rpm) speeds, the trend is similar to

that found for conventional spouted beds. WIùle the gas flowrate is decreased the

pressure drop remains nearly constant and the bed remains in the spouting state until point

D is reached; this represents the minimum spouting condition for both central and annular

spouts (U... or Re.,.). A slight reduction of the air flowrate causes the spouts to collapse

and the pressure drop to rise sudden1y to point E.

When the rotational speed is higher (Figure 4.5) the annular spout collapses at a

higher superficial velocity than the central one. This May be attributed to the faet that the

annular spout has a higher velocity component in the angular direction because of its

larger radius ofrotation and hence larger deviation ofthe spout from the vertical direction.

The spout failure locations are represented in Figure 4.5 by points D, E, F, G and H.

Points D and G represent minimum spouting conditions for both annular (Um02 or Re..a)

and central (U...I or Re.,.I) spouts, point F designates the state when the central spout is

still active and points E and H represent the secondary peaks after failure ofthe spouts.

Figures 4.4 and 4.5 also indicate that the pressure charaeteristics are different with

increasing and decreasing gas flowrate at any rotationai speed. This effect has already

been cited in Many investigations of conventional and non-conventionai spouted bed



contactors. The decreasing f10w curves fall below those for increasing f10w as lcss energy

is required by the spouting jets to penetrate the loose bed structure.
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It has been observed that the rotational action of the spouting jets has a great

influence on the onset cf the spouting regime and hence in lowering the peak pressure

drop values by about 30 % compared to the stationary spouting case (Figure 4.6). This

can be explained by the pulsating action inside the bed that helps break interpartic1e forces.

loosen the packed structure and hence facilitate spout evolution.
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Figure 4.4: Spouting charaeteristics for polyethylene partic1es, H= 20 cm, D.=3 cm. (a)
N= 0 rpm, (b) N= 2 rpm. B: maximum spouting pressure drop; C: onset ofspouting; D:
minimum spouting condition; E: central and annular spout collapse.
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Figure 4.5: Spouting characteristics for polyethylene partic1es, H= 20 cm, D.=3 cm. (a)
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4.4 Flow Characteristics

67

Three main 'Irariables are commonly used to describe the flow characteristics in

both ccnventional and non-conventional spouted beds. They are: minimum spouting

velocity, peak pressure drop, and steady spouting pressure drop. In this work, e.xtensive

experiments were carried to study these variables and their relation with air, particle, and

equipment parametcrs. To generaiize the discussion and to present the e.xperimental

results in a useful and compact form empirical equations are developed using dimensional

analysis.

4.4.1 Empirical Modeling

It is clear from sections 4.2 and 4.3 that the gas-particle dynamics in the RJSB is

complicated and difficult to describe analytically. However, sorne qualitative reasoning

based on the observations discussed earlier can be used to determine the dimensionless

groups useful in correlating the experimental data. To accomplish this, the following

postulates and assumptions are made:

1. The energy required to rupture the packed bed structure and to overcome the

frictional resistance is responsible for the occurrence of a peak pressure drop before

the onset ofspouting.

2. When the rotating jets overcome gravity, friction ;Ind viscous forces, a steady spouting

pressure drop is established during operation.

3. Particle geometry and density as weil as the forces exerted thereon are responsible for

the different particle trajectories in the spouts and fountains. These forces, including

inertial, gravity and buoyancy, are best represented by the particle terminal velocity,

Ut.



4. Superficial velocity at the mi:lÏmum spouting condition for both spouts, steady

spouting pressure drop, peak pressure drop are ail functions of air properties, particle

properties, and equipment related design parameters such as bed height, nozzle

diameter and column diameter.
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S. The partic1e density fulfills two roles. First, it is the source of particle weight in

association with gravitational acceleration g, less the buoyancy force exerted by the

f1uid. Thus it is represented in the dimensional analysis by the specific weight of the

particle g(P.-P.}. Second, the partic1e density is a multiplier of particle acceleration to

produce particle inertia force during the unsteady motion in the spout

6. Two separate expressions can be written for the circumferential velocity (e-direction)

of both the central and annular nozzles based on their radius of rotation, R and the

distnoutor rotational speed, N (revolution per second):

V =2;rRN
91 1

V =2;rR N
92 2

(4.1)

(4.2)

7. When the air distnoutor is stationary (N = 0), both spcuts collapse at the same time

and hence they have equal minimum spouting velocities.

8. For N > 0, the spouts may have equal or different minimum spouting velocities

depending on their circumferential velocities. Since V82 is a1ways greater than V91

and for other reasons discussed in sections 4.1 and 4.2, the minimum spouting velocity

of the annular region spout (U...:z) will be equal or greater than the minimum spouting

velocity of the central region spout (U....I)

The method of obtaining dimensionless groups from the a1gebraic and/or

differential equations based on basic principles is genera1ly the preferred method. In tbis

comple." gas-particle system, however, a more general and simpler procedure based on the



Buckingham theorem [12,13] is used. Using this procedure and multiple nonlinear

regression analysis based on the Marquardt method [14,15], the following empirical

equations for the minimum spouting condition were derived (see Appendi.x):
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( )
0'1l8( )0,82

Re_ = 0.68 ~ ~: Aro...

( )
/.02( )"'1 ()0'01

Re"'l = 0.59 ~ ~: ArO.
57 ~:

( )0,"()l'08 (Y'1l
Re...2 = 8.46 ~ ~: ArO.<5~: )

(4.3)

(4.4)

(4.5)
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Equation (4.3) represents the minimum spouting condition for the case of stationary air

distributor (Re..,.1=Rem.2=Re"".) while equations (4.4) and (4.5) represent minimum

spouting conditions for the case of rotating air distributor for the central region spout and

annular region spout, respectively. Comparison between the experimental and predicted

Reynolds numbers at the minimum spouting condition is depieted in Figures 4.7-4.9 while

Tables 4.1 - 4.3 show results of the analysis of variance for these estimations. The

correlations could prediet the experimental data with a standard deviation less than 6 and a

standard error less than 10. The group VOl has negligible contribution to Re",.l indicating
UI

minor dependence OfUnul on Nover the range ofrpm studied.
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Figure 4.7: Comparison of experimental values of Re"". with values calculated using
equation 4.3.

Table 4.1 Analysis ofVariance for Re"".

Source Sum ofsquares Degrees offreedom Mean squares Fvalue

Regression 2.75 x lOS 3 9.17 X 10' 1616.05

Error 2.04 x 103 36 56.77

Total 2.77 x lOS 39

R"-0.9926 Standard error = 7.535 Standard deviation = 3.96
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Figure 4.8: Comparison of experimental values of Rem.. with values ca1culated using
equation 4.4.

Table 4.2 Analysis ofVariance for Re""l

Source Sum ofsquares Degrees offreedom Mean squares Fvalue

Regression 8.36 x 10' 4 2.09 x 10' 4512.38

Error 7.18 x 103 155 46.34

Total 8.43 x 10' 159

R2 =0.9915 Standard error =6.807 Standard deviation = 433
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Figure 4.9: Comparison of experimental values of Re...z with values calcu1ated using
equation 4.5.

Table 4.3 Analysis ofVariance for Re...z

Source Sum ofsquares Degrees offreedom Mean squares Fvalue

Regression 8.19 x 10' 4 2.05 X 10' 2349.70

Error 1.35 x 10' 155 87.18

Total 8.33 x 10' 159

R"=0.9838 Standard error = 9.337 Standard deviation = 5.66



Using the same procedure the following empirical equations were derived for the peak

pressure drop and the steady spouting pressure drop:
•

LI? ( H )0"2(D. )0".--=0.63 - -
PbgH De De
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(4.6)

(4.7)
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In order to illustrate the adequacy of the regression, a comparison between experimental

and predicted pressure drop values is shown in Figures 4.10 and 4.11. Tables 4.4 and 4.4

show results of the analysis of variance based on these estimations. The range of

applicability of Equations 4.3-4.7 is given in Table 4.6 in terms of the dimensionless

variables.

Table 4.4 Analysis ofVariance for M>M/pbgH

Source Sum ofsquares Degrees offreedom Mean squares Fvalue

Regression 0.2172 2 5.43 x 10.2 385.87

Error 4.93 x 10-3 37 1.41 x 10"

Total 0.222 39

:R2= 0.978 Standard error =0.0119 Standard deviation =0.0058
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Source Sum ofsquares Degrees offreedom Mean squares Fva1ue

Regression 9.01 x 10-3 2 2.25 X 10-3 36.06

Error 2.19 x 10-3 37 6.25 x lO-s

Total 0.01l2 39

R2 =0.S05 Standard error - 0.0079 Standard deviation = 0.0050

Table 4.6 The Range of Applicability of the Correlations for Minimum Spouting Ve10city

and Pressure Drop

Dimensionless group Range

H1Dc 0.222 - 0.444

D,,/Dc 0.044 - 0.0667

Ar S.lS x lOs - 2.17 X 107

VadU, 0- S.O X 10-3

V91IU, 0- 3.2 X 10-2
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Figure 4.10: Comparison between experimental and calculated peak pressure drop.
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Figure 4.11: Comparison between experimental and calculated steady spouting pressure
drop.
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A spouted bed system is characterized by its minimum flow requirement since a

minimum air velocity is required for spouting. Knowing this quantity is important from

the design point ofview since it is used to specify the blower capacity. Minimum spouting

velocity, U..., depends on the properties of the bed material and of the spouting agent, the

bed height, and system geometry. Another added factor in the rotating jet spouted bed is

the angular velocity of the air distributor. Experimental values of U... determined at the

point where the spouts collapse as the air flowrate is decreased, are discussed in this

section in terms of the dimensioIÙess groups obtained in section 4.4.1. TM corresponding

correlations equations are also presented.

E«ect of bed height

Figures 4.12 - 4.15 preser.( examples of the variation of Re...l and Rt:m.2 with

dimensioIÙess bed height for different particles (different Ar) using two different nozzle

diameters. The data for ail particles show that U... and hence Re... increases almost

linearly as the static bed height is increased. The deeper the bed the larger the amount of

air needed to keep the central or annular bed regions at spouting condition and therefore

the higher is U.... Similar observations have been reported in the literature for

conventional spouted beds [1,2,5). It is important to note that, uIÙike conventional

spouted beds, the rotating jet spouted bed permits spouting of shallow beds as low as 10

cm (that is, HlDc = 0.22). Conventional spouted beds with low bed depths (H/Dc < 1)

exhibit poor quality of solids mixing and circulation and the greater part of the gas flow is

localized around the spout [5,16].
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o Ar= 8.18 x 10'
350 0 Ar=1.64x106

t:>. Ar= 1.50 X 10'

300 <:J Ar=2.17xIO'

-- Equation (~A)
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Figure 4.12: Effect ofdimensionless bed height on Re",.l, DJD.= 0.0444, N=2 rpm.

Figure 4.13: Effect ofdimensionless bed height onR~, DJD.= 0.0444, N= 2 rpm.
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Figure 4.14: Effeet ofdimensionless bed height on Rems!' D"IDc= 0.0667, N= 6 rpm.
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Figure 4.15: Effeet ofdimensionless bed height on Re",a, D"IDc= 0.0667, N= 6 rpm.
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The effect of distributor rotational speed in terms of the dimensionless

circumferential velocities, VolfU, and Vo2fU, on their corresponding Re"" is presented in

Figures 4.16 and 4.17 for D.,ID. = 0.067 and HID. = 0.22 using different particles.

Increasing VodU, from zero produces a slight decrease in both Re""l and R~. Further

increases in the circumferential velocity show increases in R~ while Re""l remain

virtually consta!lt. The small reduction in Re"" when N is increased ITom zero might be

explained by the pulsating action of the rotating jets wbich he1ps enhance the effectiveness

of the spouting air streams. However, further increase in N :ntroduces the effect of the

resistance forces discussed earlier that tend to deviate the air jets from the vertical

direction (particularly the annular jet), and thus more flow is required to maintain stable

spouting and consequently bigherR~ values.

Erreet ar particle praperties

Additional Iight was shed on the dynamic behavior of the RJSB by examining the

effect of partic\e properties viz. diameter, shape, and density on the minimum spouting

velocity. These properties aiong with the fluid properties are often combined into a single

parameter- the Arcbimedes number Ar, wbich represents the ratio between gravity forces

and viscous forces. The effect of tbis parameter on Re"" is depicted in Figures 4.18 and

4.19 for ditrerent HID. ratios using D.,ID. = 0.044 and N = 6 rpm. The main trend is for

both Re""l andR~ to increase with Ar. One possible explanation for tbis behavior is

that materials with large Ar, in this case corn and soybeans, offer r _ re resistanee to flow

than polystyrene and polyethylene (lower Ar). Large and heavy pà.rticles have large mass

(inertia) and respond slowly to the change in fluid flow wbile smail and Iight particles

generaily follow more closely the changes in fluid motion. Therefore, gravity forces are

more significant than viscous forces for large particles under spouting conditions.
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Figure 4.16: Effect ofdimensionless circumferential velocity on Re"", for differenl Ar,
D./D.= 0.0667, HID.= 0.22.
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Figure 4.17: Effect ofdimensionless circumferential velocit)' on Re.w for differenl Ar,
D,/D.= 0.0667, HID.= 0.22.
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Figure 4.18: Effect of Archimedes number on Rem.l for different RID. values,
D.,/D.= 0.0444, N= 6 rpm.
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Figure 4.19: Effect ofArchimedes number on Re,.a for different RID. values,
D.,/D.= 0.0444, N= 6 rpm.•
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To examine the effect of nozzIe diameter, several experiments \Vere performed

using two different nozzIe sizes for different solid materials and distributor rotational

speed. The results obtained are presented as Reynolds number versus dimensionless

nozzIe circumferential velocity with the dimensioniess nozzIe diameter as a parameter,

Figures 4.20 and 4.21. Evidently the particle Reynolds number for both spouting ceUs

increases as the dimensioniess nozzIe diameter increases from 0.044 to 0.067. This

increase is due to the larger spout diameter and hence larger active cross-sectional area

causing Iùgher air flow requirements for transporting an increased volume of particles

through the active spouting ceUs and for preserving stable dynamic conditions. Note that

the difference is more pronounced at Iùgher Arclùmedes number.

From the practical point ofview, use of a larger nozzIe size is recommended (i.e.,

On =3 cm or DJD. =0.067) since at Iùgh air ve10city the nozzIe pressure drop increases

significantly with decreasing the nozzIe diameter and therefore increases the pumping

power requirements. Also, using a small nozzIe diameter limits the contact between air

and particles because ofthe smaIIer active spouting area and higher air velocity.
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Figure 4.20: Effect ofdi.'Ilensionless nozzIe diameter on Re",.1, H/D.= 0.333.
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Figure 4.21: Effect ofdimensionless nozzIe diameter on Rllm.:!, H/D.= 0.333.
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As in conventional spouted beds, two pressure drop values are of practical intcrest

in the design and operation ofthe rotating jets spouted bed, namely the peak pressure drop

(-tU'M) and the steady (fully developed) spouting pressure drop (-tU'.). The peak pressure

drop, which depends on the initial bed compaction, corresponds to point B in Figures 4.4

and 4.5 (section 4.3) and it is encountered when starting up the bed and it is used,

together with the air distributor pressure drop, in sizing the air blowing system. The

steady spouting pressure drop corresponds to the constant pressure drop line beyond point

C in Figures 4.4 and 4.5 and it is useful in estimating the operating power requirements.

E((ect of distributor rotation al speed

Figures 4.22 and 4.23 show the effect of distributor rotational speed, N, on the

peak pressure drop and steady spouting pressure drop, respectively, for two bed heights of

polyethylene particles. These figures show that neither the peak pressure drop nor the

steady spouting pressure drop are affected by the rotational speed. It is clear, however,

that the values for stationary distributor (N = 0 rpm) are slightly higher, especially for the

dimensionless peak pressure drop which approximately approaches t:nity. The lower

pressure drop values for N > 0 can be attributed to the pulsation and shaking actions

introduced by the internai rotating jets. Tlùs causes disturbance in the stable packed bed

structure by destroying the interparticle forces before the onset of spouting. Similar

behavior was observed for beds ofpolystyrene, corn, and soybeans particles.
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polyethylene partic\es, DJD.= 0.0667.
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In order to analyze the effect of the geometric parameters of the contactor, the

values of dimensionless pressure drop, &>"/J'l,gH and &>JPbgH. are plotted in Figures

4.24 and 4.25 against the dimensionless bed height (HIDc) for different dimensionless

effective particle diameters (DpIOc) \\ith the dimensionless nozzle diameter (O"/oc) as

parameter. Both pressure drop values tend to in..rease with dimensionless bed height

irrespeetive ofthe sclid material; the effeet is more pronounced on the peak pressure drop.

It can be noticed that as the inlet air nozzle size ir.creases, the pressure drop increases.

Similar effeets are reported in the literature for conventional spouted beds [1,17]. These

figures also show a comparison between the experimental data and the calculated values

using equations 4.6 and 4.7. This demonstrates that the agreement is good.

For the shallow bed heights (H/Dc<l) used in this work, the ratio of the peak

pressure drop to that across a comparable fluidized bed at minimum fluidization,

(4.8)

is considerably less than unity for ail dimensionless bed heights. In a conventional spouted

bed, the peak pressure drop may be severa! times the bed weight per unit area [1,4], i.e.,

(4.9)

e

where k= 1 to 3. The difference between the results obtained in this study and the values

predieted by equation (4.9) high1ight~ the impact of the rotating jets upon the spouting

mechanism and, in particular, upon the bed structure before the onset of spouting. It

should be noted also that the fiat geometry of supporting grid and the periodic relocation

of the spouting jets beneath, play an important role in lowering the peak pressure drop.

Hence, the entire bed is not supported by the rising rotating jets; it is supported, in part by



the bottom screen or the walls. This means that the entire pressure drop at the air side can

approach the pressure drop at the spouts themse1ves, which is known to be much smal1er

than the pressure drop caused by the entire bed. On the other hand, The pressure drop,

M. across a fully developed spouted bed is always lower by at least 60 % than that

required to support the weight of the bed.
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Figure 4.24: Variation of dimensionless peak pressure drop with RIDe and DrlDe for
different DplDe,; N > O.
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Figure 4.25: Variation ofdimensionless steady spouting pressure drop with HlDc and
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E((ect of particle si;;e

ss

To analyze the effect of partic1e diameter, the dimensionless pressure drop

parameters are further normalized by the (D.,/Dc) modulus obtained from the empirical

equations 4.6 and 4.7 and thus the effect ofdimensionless nozzle diameter is eliminated as

shown in Figures 4.26 and 4.27. These plots demonstrate that the partic1e diameter has

little or no effect on the preS3Ure drop values and this can be explained by the fact that the

bulk density and hence the bed weight is the most influential parameter on the pressure

drop among other particle-related properties and this factor is a1ready inc1uded in the

pressure drop modulus, M'IPbgH. T1ùs is in agreement with the empirically estimated

figures.
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For conventional spouted beds, Becker [ 5 ] :Iemonstrated that the critical value of

the ratio DJD. is 3. Ghosh [18] proposed that fine partic1es can be spouted as long as the

ratio D"IDp does not exceed 30, while Chandnani and Epstein [19] indicated that D"IDp

should be less than 25. Németh et al. [ 4 ] and Pallai et al. [20] stated that the optimum

ranges for the ratios D"ID", DJD", and DJD. are 3-30, 25-200, and 6-10, respectively.

The ratios D"ID", DJD", and DJD. employed in this study are listed in Table 4.7. The

table a1so shows if the spouting criteria discussed above are achieved or not. It is clear

from the table that stable spouting would not have been achievable if a single nozz1e was

used in the study. It is demonstrated a1so that DJD. is higher than the upper limit required

for stable spouting by 50 to 125 % .

The condition that the ratio DJD. must be in the range 6 to 10 would a1so imply a

maximum bed diameter ofrespectively 20 and 30 cm for the 2 and 3 cm nozz1e diameters

used in this study for stable spouting from a single nozz1e. Noting that the column

diameter (Dc) used in this study is 45 cm. It is obvious that it was possible to more than

double the column diameter in the RJSB (with two nozz1es) without any instability

problems compared to the conventional spouted bed with only one stationary inlet nozz1e.

This gives another advantage ofthe RJSB in terms of capacity, efficiency, and scale-up.



Table 4.7 Expected stability of single nozzle spouting for the different nozzle and particle

diameters used in the present study (,1' stability cliteria satisfied, x stability criteria not

satisfied)
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D",mm DlI,mm D"IDp DJD. DJDp

2.981 20 6.71 ,1' 22.5 x 150.98 ,1'

2.981 30 10.07 .,/ 15.0 x 150.98 ,1'

3.898 20 5.13 ,1' 22.5 x 115.44 ,1'

3.898 30 7.69 ,1' 15.0 x 115.44 ,1'

7.367 20 2.71 x 22.5 x 61.08 ,1'

7.367 30 4.07 ,1' 15.0 x 61.08 ,1'

8.354 20 2.39 x 22.5 x 53.86 ,1'

8.354 30 3.59 ,1' 15.0 x 53.86 ,1'

Nomenclature

Symbols

Ar

g

H

k

. D'p (p, - p )g
Archimedes number = P Z Z

~

column diameter, m

nozzle diameter, m

effective partic\e diameter, m

acceleration ofgravity, mfs2

bed height, m

constant in eqn. (4.9)
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• N distributor rotational speed, rpm

M pressure drop, Pa

MM peak pressure drop, Pa

Mmr pressure drop at Umr, Pa

M. steady spouting pressure drop, Pa

R radius ofrotation, m

Re
' DUp

partlcle Reynolds number = P •

p.

U superficial air velocity, mis

Umr miIÙmum superficial air velocity for fluidization, mis

U"" miIÙmum superficial air velocity for spouting, mis

Ut particle terminal velocity, mis

Val circurnferential velocity ofthe central nozzle, mis

V02 circurnferential velocity ofthe annular nozzle, mis

Greek Letters

e voidage, -

ms viscosity ofgas, Pa s

1), bulk density, kg/m3

r. solid density, kg/m3

f sphericity, -

Subscripts and Superscripts

o

1

stationary nozzle

first or central nozzle
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• 2 second or annular nozzle

b bed, bulk

c column

g gas

mf minimum fluidization

ms minimum spouting

n nozzle

p particle

s solid

e circumferentiai
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• (Chapter 5)

Drying Kinetics in the Rotating
Jet Spouted Bed

5.1 Introduction

This chapter contains the results and discussion of a sequence of experiments

designed to investigate the drying kinetics of ye1low dent corn grains usoo as a test

material in the rotating jet spoutOO bOO (RJSB). The chapter is divided into two main

sections: continuous drying and intermittent drying. In continuous drying hot spouting air

is suppliOO continuously to a batch of partic1es. In intermittent drying the supply of

spouting air is interrupted to provide the bOO a tempering period and thus the process

consists ofalternatOO convective heating and "rest" periods. The objectives ofthis chapter

are:

• To investigate the kinetics of drying in the rotating jet spoutOO bed and compare the

results with other spoutOO bOO àrying studies.

• To study the impact of operating variables such inlet air t ~mperature, distributor

rotational speed, bOO height, superficial air velocity, and inIet nozzle diameter on the

drying ofyellow dent corn in the RJSB.

• To explore the feasibility ofintermittent drying in the RJSB in terms ofenergy savings

using different tempering periods.

95
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5.2 Continuous Drying

96

Kinetics of continuous drying of corn grains in the rotating jet spouted bed are

studied in terms of drying curves, drying rate, average bed temperature, exit air

temperatv~e, and exit air humidity curves. Drying curves represent the evolution of

average material moisture content (X) with time (t). Drying rate curves are plotted as

(-dX!dt) versus X where dXldt values are obtained by numerical differentiation of the

smoothed moisture content time data. It is assumed that the bed solids are weil mixed and

that the sampled material moisture content is, therefore, representative of the moisture

content in the bed at any time. This assumption is supported by moisture content values

of grain samples taken from various locations in the bed and the results showed that

difference ofthe moisture content values is within the experimental uncertainty.

5.2.1 Effect of [niet Air Temperature

Sets of drying and drying rate curves with the inlet air temperature as parameter

are shown in Figure 5.1. It is c\early demonstrated that the drying kinetics in the RJSB

follow the typical kinetics for convective drying. The results also show that the drying

process is fully within the falling rate period where internai moisture diffusion dominates

and the external convective mass transfer resistance has no measurable effect on the drying

rate. This follows from the high mass transfer Biot number (BiM = kc R./ V), re1ating the

internai diffusion resistance to the external convective resistance, which is typically in the

order of 106
- 107 for cereal grains under spouting drying conditions [1,2]. Similar trends

are reported in the Iiterature for corn drying in two-dimensional spouted beds with draft

plates [3,4,5] and in f1uidized beds ofinert panic\es [6,7].



Figure 5.1 shows that the drying rate is consîderably affeeted by the inlet gas

temperature level throughout the whole drying period. This effeet is especially significant

during the final stages of drying when the release of moisture from the receded

evaporation front requîres a large temperature difference between the material surface and

the evaporation front. Analysis ofthe results shows that in order to dry the corn grains to

15 % (d.b.) the drying time decreases by 30,42, and 50 % when the inIet air temperature

is increased from 60 Oc to 70, 80, and 90 oC, respeetively. However, this time saving is at

the cost ofthe quality since sorne particle breakage was observed at Tg; = 90 oC, especial1y

during the final stages ofthe drying process. It is recommended that inIet air temperatures

be lower than 90 Oc depending on the end use ofthe grains.
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As the drying air temperature is increased there should be an increase in the

temperature gradient within the solid and hence in the amount of heat transfer and its

biasing effeet on moisture diffusivity. The result will be an increase in the moisture

gradient developed within the solid and hence an increase in the drying rate. Increasing

the inlet air temperature also increases the vapor pressure of the moisture held in the solid

material creating a higher vapor pressure gradient, which, in tum results in higher moisture

vapor diffusion to the surface simultaneously with Iiquid diffusion.
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Figure 5.1: Effect ofinlet air temperature on: (a) drying curve, (b) drying rate curve for
corn gra:ns. D.= 3 cm, H = 15 cm, Xe. == 0.4 kglkg (d.b.), N = 2 rpm, U = 0.514 mis.



Figure 5.2 shows plots of outlet gas temperature, bed temperature and outlet gas

absolute humidity versus time at Tg; = 70 and 80 ·C. In the initial warming-up pericd, the

absolute gas humidity has a distinctive peak. As drying proceeds, the peak decreases

rapidly indicating a continuous decrease in the drying rate.
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Inspection of the temperature eurves in Figure 5.2 shows that the outlet air

temperature is Iùgher than the bed temperature, especially in the tirst hour of drying. Tlùs

suggests that the bed height is not Iùgh enough to assure thermal equilibrium between the

drying medium leaving the spouted bed and the particles. Clearly, as drying proceeds

thermal equilibrium is reached toward the end of the drying. An expression for the

fractional approach to thermal equilibrium is derived in the following approximate analysis

using an overall bed heat transfer coefficient, lip [1,8]:

Neglecting heat used in moisture evaporation as well as heat losses and assuming plug

f10w for the air and quasi-steady state condition for the gas temperature profile with

height, the following heat balance can be written for a differential height (dz) over which a

temperature drop ofdT8 oeeurs:

(5.1)

where y. is the average absolute air humidity over the whole drying time and a is the

specifie surfaee area for ail bed particles,

a =total surface area ofpartieles A,
total volume ofpartie/es V,

A. is related to a single partiele surface area,~ by the following equation

Apm,
A=--

, p,V
p

(5.2)

(5.3)



where Ill, is the mass of dry material in the bed. Equation (5.1). combincd with cquations

(5.2) and (5.3) can be integrated to give•
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(5.4)

noting that V. = Ac x H, equation (5.4) can be written as

(5.5)

where 'Il is the fractional temperature apl'roach to thermal equilibrium which is equal to

1.0 for exit air temperature equal to the b~ temperature.

Using the cxperimental Tb and Tse data, 11 averaged 0.8 while hp ranged between

13 and 20 WI m2 K. It is interesting to note here that these overa11 bed heat transfer

coefficient values are of the same order of magnitude as data reported by Uemaki and

Kugo [9] (quoted from Mathur and Epstein [1]) and by Kmiec [10] for conventional

spouted beds and based on the total surface area in the bed. Similar results are also

recorded by Kudra et al. [Il] using the drying rate method in a two dimensional spouted

bed with and without draft plates under constant drying rate conditions.

These heat transfer coefficients only represent composite bed values and overlook

the aetual heat transfer mechanisms in both active spouting regions and static annular

regions. TIùs is due to the fact that the heat transfer area used in estimating hp , instead of

being limited to the active spouting regions, is based on the total l'article surfa.:e in the

bed.
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5.2.2 Effect of Distributor Rotational Speed

\02

The variation of the drying curves with distributor rotational speed is illustrated in

Figure 5.3. The results reported in these figures are almost independent of the distributor

rotational speed within the range tested. The selected rpm range was biased by the

aerodynamic requirements to achieve a steady and stable rotating spouting state in both

the central and the annular regions corresponding to the full spouting flow regime

discussed in chapter 4. Similar behavior is reported by Jezowska [12] for the drying of

beet and wheat seeds in a rectangular spouted bed with cydica11y shifted gas stream with

the frequency ofpulsation ranging from 4 to 10Hz.

For ail the rpm values tested, visual observations during the drying process showed

that there were no dead zones in the bed. This significantly diminishes the possibility of

wet or hot spot formation inside the bed and improve the effectiveness of heat and mass

transfer.

It is important here to mention the important role of the rotating spouting action in

the heat and mass transfer mechanisms along with the advantageous aerodynamic

characteristics presented in chapter 4. The rotatingjets introduce pulses of hot air into the

bed and prevent the set up of continuous large adverse temperature gradients. The

formation of temporary loose packed sections in the bed as the air jets are periodica11y

relocated to the following sections results in a "tempering period" during which moisture

redistribution inside the partide occurs. Thus the intra-partide moisture and temperature

gradients are relaxed. The degree of relaxation will depend on the rotational speed since

~sing low rpm valu~ resuits in lower exposure time to hot air pulses. It is expected that

any drying during the tempering period will be marginal due to the short rest time and the

low mcisture diffusivity and thus low mass transfer Fourier number (FOM = 1) tfR/).

Moreover, the heat and mass transfer coefficients during this short tempering period will



be considerably lower than those in the active spouts because ofthe minimal air f10w in the•
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"static" sections.
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Figure 5.3: Effeet ofdistnoutor rotational speed or. drying curve.
D.= 3 cm, H= 15 cm, Tg;= 70 oC, U = 0.57 mis, X. = 0.40 kglkg.
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5.2.3 Effect of Static Bed Height

104

The experimental data shown in Figure 5.4 indicate that the drying rate decreases

sliglltly when the bed height is increased from lOto 20 cm. The range tested was limited

by the air blower capacity used in trus study.

A reduetion in bed height results in a shorter particle cycle time and thus higher

temperature gradients inside the partic1e, rugher surface temperature, hence higher

moisture diffusivity and therefore rugher drying rates.

Decreasing bed height leads also to a lower average vapor concentration in the gas

phase, and therefore, the mean driving force for heat and mass transfer increases resulting

in an increased drying rate.
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Figure 5.4: Effect ofinitial bed height on drying curve. D.= 2 cm,
•N = 4 rpm, Tp = 80 C, x., = 0.375 kg/kg.
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5.2.4 Effect of Air Velocity and Nozzle Diameter

lOS

The cutves of moisture content versus drying time for different superficial air

velocities are shown in Figure 5.5. The air velocity was varied in a narrow range above

the minimum spouting velocity to aclûeve a steady spouting condition based on the

experience gained from the aerodynarnics experiments. The lûghest air velocity tested was

limited by the risk ofparticIe attrition. As drying proceeds, with continuous moisture loss

and continuous reduetion in bed height, the fountain' s height will continuously increase

since the gas velocity will be much lûgher than the minimum spouting value. This may

lead to excessive entrainment and severe partic1e attrition.

Reference to Figure 5.5 shows that an increase in air velocity is accompanied by

only a slight increase in the drying rate. This small effeet can be attributed to the very low

external resistance to heat and mass transfer relative to the internai diffusion wlûch

controls the process. Tlûs behavior suggests that, from both the aerodynamic and drying

kinetics points ofview, it is desirable to use low air superficial velocity (but U>U....) when

drying material where drying kinetics are controlled by internai heatlmass transfer.

Similarly, the nozzle diameter bas no discernible effeet on the drying rate over the

entire range of operating parameters covered in tlûs study. An illustrative result is shown

in Figure 5.6. Tlûs is despite the faet that increasing the nozzle diameter from 2 to 3 cm

for the same air flow rate increases the average bed voidage and improves partic1e

circulation. This is also due the drying rate being controlled by transport resistance inside

the particle.
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5.3 Intermittent Drying

107

The rotating jet spouted bed is characterized by an inherently periodic gas-particle

contact that generates intermittent drying conditions. In other words, the contact between

gas and particles may be idealized as a series of active drying periods separated by

tempering periods. However, these drying and tempering periods are short as a result of

high frequency ofgas relocation. This frequency is high enough that it does not affect the

drying behavior of the slowly drying corn grains in which the limiting mechanism of heat

and mass transfer is primanly internai. This fact is supported by the negligible effect of the

distributor rotational speed on the corn drying rate as discussed in the previous section.

Preliminary experiments were carried out to test the hypothesis that corn as a

slowly drying material can be dried to produce higher quality grain at lower energy

consumption by providing extemalintermittency.This was aclùeved by using various

drying periods altemated by long tempering periods. During the active period and as a

result of the rotating spouts, the particles are subjected to very intense mixing and

circulation and thus a Iùgh intensity ofheat and mass transfer. While in the no flow period

the temperature and moisture gradients are effeetively relaxed with favorable moisture

redistribution inside the particle.

Four intermittency patterns were compared with continuous drying using square

wave gas pulsing in wlùch the superficial gas velocity is essentially constant during the

active drying period (1:..) ofthe pulsed cycle and zero during the rest or tempering period

(1:olf) as shown schematica\ly in Figure 5.7. One level of active perioe!, 20 minutes and

four levels of the tempering perioe!, 10, 20, 40, and 60 minutes, were used in the

intermittent drying experiments as shown in Table 5.1. The inetermittency, CI, is defined

as the fraction ofcycle time during wlùch spouting gas is suppliee!, i.e.,
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(5.6)

lOS

Figure 5.7: Schematic representation ofsquare-wave (on/off) inlet air conditions used in

the intermittent drying experiments.

Table 5.1: Surnmary ofthe Operating Conditions Applied in the Intermittent Experiments.

Drying period Tempering period Intermittency Process conditions
"ton, min 'toff.. min Ct

20 60 1/4 Tp =80·C
20 40 113 U=0.475 mis
20 20 112 x., = 0.4 kglkg
20 10 213 m.= 12 kg

continuous 0 1 N=4rpm

The effect of the intermittency, Ct on the drying curves is displayed in Figure 5.8.

This figure was constructed using the total process time. that is. the cumulative sum of

both drying and tempering periods. To highlight the effect of the intermittency in a more

informative way, these drying curves are then replotted using the effective or net drying

time, i.e., the cumulative sum ofthe drying periods. The results are shown in Figures 5.9.



It is c1ear from Figures 5.8 that the continuous drying curve (ex=l) shows very

rapid loss of moisture initially with the rate falling off thereafter. The initial high drying

rate is not maintained because the surface zone of the material is rapidly dried to its

equilibrium value and the process is control1ed largely by internal moisture diffusion. ln

this case, intensified and continuous heating has little effeet on speeding up the drying

process.
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ln the intennittent drying experiments (ex < 1) the drying curves show that the

initial high rate of moisture loss is repeated in each active drying period so that steeper

drying curve segments are obtained compared to the corresponding continuous drying

curve, particularly for ex < 2/3, i.e., long tempering periods. This proves that moisture

leveling occurs during the tempering periods with moisture migration to the kernel

surface.

As the tempering period increases (ex decreases), the drying rate decreases if the

total process time including the tempering periods is used to calculate the drying time

(Figure 5.8). On the other hand, ifthe net or cumulative active drying time is used (Figure

5.9), the drying rate increases. This proves that the net drying rate after a tempering

period is higher than that of a corresponding period for the continuous drying process.

Similar trends are reported by Zhang and Litchfield [13] who dried corn in a thin layer

dryer using 20 minutes drying periods separated by tempering periods betWeen 10 and 120

minutes.

Samples col1ected during the tempering periods demonstrate the occurrence of

some partial drying, although marginal, as shown in Figure S.S. This can be attributed to

the faet that as a result ofmoisture redistn"bution and migration towards the grain surface,

part ofthe senst"ble heat gained during the active period is used to evaporate this moisture

from the surface of the grain, especially with long tempering perioe!, i.e., low ex values.

SilTlllar conclusions were reported by Hemati et al. [7] using a flotation fluidized bed.
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To evaluate the intennittent drying process as compared to the continuous one, the

following performance factors are defined:
•
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1. Specifie thermal energy consumption ratio,

STER = specifie thermal energy consumption of intermittent process
specifie thermal energy consumption ofcontinuous process

2. Specifie fan energy consumption ratio,

SFER = specifie fan energy consumption ofintermittent process
specifie fan energy consumption ofcontinuous process

3. Effective drying time ratio,

EDTR = effective drying time of intermittent process
effective drying time ofcontinuous process

4. Total process time ratio,

TPTR = total process time of intermittent process
total process time ofcontinuous process

III

In this prelinùnary study where the ilÙet air temperature, superficial air velocity,

and bed load are fixed as listed in Table 5.1, both the specifie thermal energy consumption

(STER) and the specifie fan energy consumption (SFER) are equivalent to the effective

drying time ratio if the material is dried to the sarne final moisture content Table 5.2

summarizes the performance results of the intennittent drying process in comparison with

the continuos process. The final moisture content is taken as 13 % (d.b.) which is the

recommended value for safe storage [14].
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Table 5.2: Effect of the Intemüttency on the Performance ofthe Drying Process.

112

Total process Effective drying time ratio = Percent energy saving
a. time ratio energy consumption ratio over continuous drying

1/4 2.32 0.63 37
113 1.95 0.70 30
112 1.48 0.77 23
213 1.19 0.81 19
1 1 1 -

As depicted in Table 5.2, for any a. value, intemüttent drying takes a longer time

than the continuous one when the total time is considered and shorter time in terms of the

effective spouting time required to dry the material to a particular final moisture content.

The total process time needed to reach 13 % (d. b.) final moisture content increases by 19

% when a 10 minute tempering period (a. =213) was used relative to the continuous

drying with no tempering periods. However, the effective or net drying time decreases

by 19 %. Furthermore, the total process time no more than doubled when the tempering

period was increased by a factor of 6, i.e., increasing 'tolf from 10 to 60 minutes or

decreasing a. from 213 to 1/4. However, the effective drying time decreases by 22 %. AIl

these time savings are translated directly to energy savings as shown in Table 5.2 and

equations 5.2 - 5.4 with a maximum energy saving of 37 % using 60 minutes tempering

period (a. =1/4).

Figures 5.10-5.13 display the evolution of the corresponding bed ternperature and

exit air temperature for different intermittency values. The figures c1early show the cyc1ic

response ofthe ternperature during the successive drying and ternpering periods. Thermal

equilibrium with the outlet air ternperature is attained even with the re\atively short drying

period used in these experiments (i.e., 'ton = 20 min), especially after 2 to 4 drying periods

depending on the intermittency a.. This is a result of the thermal inertia of the corn

keme\s.



The bed temperature in the case of intermittent drying is lower than that in the

continuous case as depicted in Figure 5.14. This is because of the cooling effect during

the tempering period that results in a lower partic1e surface temperature. It is worth

pointing out that observations made during the experiments have shown that intermittent

dT)~ng prevents particle damage from occurring as compared to the continuous process at

the same inlet air temperature and superficial velocity. This means that short-time drying

periods separated with equal or longer tempering periods yield better product quality than

long-time continuous drying as result of the reduced exposure to hot air streams with the

resuiting lower temperature and moisture gradients inside the partic1es. The latter also

reduces drying-induced stresses and hence stress-cracking ofthe kemels.

•
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5.4 Implication for Design and Operation
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On the basis of the experimental results discussed above, it can be concluded that

with the proper design and selection of the operating parameters the batch RJSB dryer

lends itselfto a wide range of drying applications. Fast drying materials or materials with

surface moisture can be dried in the RJSB using continuous spouting/heating scheme

without the risk of thermal damage. T1üs is because of the periodic relocation of the air

jets inside the bed which provides rest periods for moisture diffusion. Slow drying

materials and materials with bound moisture such as foodstuffs, pharmaceutica1s, and

synthetic products can be dried in the system using either continuous or intermittent

spouting Iheating schemes by adjusting the operating parameters depending the type and

the quality ofthe product.

Ifthe material being dried is sensitive to mechanica1 stresses or the drying kinetics

are controlled by internai heatlmass transfer, a low superficial air velocity (but > Ums)

should be used. For heat sensitive agricultural products (e.g., corn in this study), inIet air

temperatures between 50 and 80 Oc are recommended. Using higher temperatures results

in excessive thermal damage ofthe product. Using nozzIe diameter of3 cm satisfies both

the pumping power and produet quality demands. Smaller nozzIe diameters result in high

jet velocity and nozzIe pressure drop and hence high power requirements and risk of

produet damage while larger nozzIe diameters require large air f10w rates. Since for slow

drying materials the effeet of the distnoutor rotational speed on the drying rate is

negligJole, low rpm values ( 0 < N < 6) should be used in order to obtain the steady full

rotating spouting charaeteristics at low power requirement

It is worth pointing out that the praetical value ofthe intermittent spouting/heating

process can be reaIized if it can be applied in an economical and efficient way. One

possible method is use of a battery of similar units in para1lel with the number of units



equal to lia, where CI. is the intennÏttency. In this configuration (Figure 5.15) the air

supply is periodically switched from the first unit to the ne:'\.1 after the end of one on period

(1:.. ). At the end of one spouting/heating cycle (1: =1:.. + 1:0 «), the air supply is switched

from the last unit back to the first unit and so on. However, such a system should be

optimized in terms ofthe capital cost, operating cast, and other factors.

•

UNIT # 1

Drying Kinetics

UNIT # 2 UNIT # 11<1
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Figure 5.15 A baltery ofRJSBs operating in a periodic spouting/heating scheme.
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Symbols
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a specifie surface atea, m2/m3

A atea, m2

Ac cross-sectional atea ofcolumn, m2

~ surface atea ofsingle particle, m2

ft.. total surface atea ofbed partic1es, m2

BiM
. k,Rpmass transfer Blot number = --, -

V

G>s heat capacity ofdry air, Jlkg K

Cp. heat capacity ofwater vapor, Jlkg K

V effective moisture diffusivity in solid, m2/s

D diameter, m

FO:.I mass transfer Fourler number = V tIR.;2

hp overall bed heat transfer coefficient, W1m2 K

H bed height, m

kt mass transfer coefficient, mis

In, mass ofsolids in bed, kg

N distrlbutor rotational speed, rpm

Rp effective partic1e radius, m

t time, s

Tb bed temperature, •C

Ts air temperature, •C

TB' exit air temperature, •C

Tsi inlet air temperature, ·c
U superficial air velocity, mis



•
x
x..
y

DT)'illg Killetics

volume ofa single panic1e, m3

total volume of solids in bed, m3

moisture content (dry basis), kglkg

initial moisture content (dry basis), kglkg

absolute hurnidity, kglkg

120

Greek Letters

Ct

Tl

PB
p.

't

'toIT

interrnittency, -

fractional temperature approach to thermal equilibrium, 

gas density, kglm3

solid density, kglm3

cycle period, s

on pericel, s

offperiod, s

Subscripts and Superscripts

b bed

c column

e exit

g gas

inlet

ms minimum spouting

n nozzle

0 initial

P panic1e

s solid

v vapor
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• (Chapter 6)

Mathematical Model for

Continuous and Intermittent

Drying

6.1 Introduction

This chapter provides an analysis cf the heat and mass transfer mechanisms during

the drying of grains in the RJSB. The overall macroscopic balances and the diffusion

based internai transport equations together with published empirica1 relations have been

utilized to establish the goveming equations. Both continuous and time-dependent

spoutinglheating schemes have been simulated. The model predictions are compared with

experimental drying data ofyellow dent corn.

The first attempt to model conventional spouted-bed (CSB) dryers goes back to

1960 when Becker and Sallans [1] developed a model to simulate the drying ofwheat in a

continuous, well-mixed, isothermal CSB. Assuming thermal equilibrium between the bed

particles and the exit air and constant surface moisture content, the liquid diffusion

equation is solved assuming a constant moisture diffusion coefficient.

From overall energy and mass balances, Becker and Isaacson [2] extended the

above analysis to well-stirred batch and~ontinuous moving-bed dryers. Wlùle Brunello et

al. [3] noted that liquid diffusion did not correlate with their drying data for barley malt in a

123



batch CSS. Instead, they developed a semiempirical model based on a scmipermeable

membrane concept.
•
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Viswanathan et al. [4-6] investigated the dynamics of both batch and continuous

(start-up period) spouted bed dryers. Analytical expressions are presented for the time

required to reach steady state, the solids moisture content, and temperature at steady state

which are useful for control ofthese dryers.

Zuritz and Singh [7] improved Becker and lsaacson [2] analysis to describe the

batch drying of rough rice by relating the equilibrium surface moisture content to the

changing outlet air humidity by an empirical moisture content equation developed by the

authors. Instead ofusing a constant average value, they used a semi-theoretical equation

for the heat desorption-vaporization as a function oftemperature and moisture content.

In an attempt to optimize the performance of both continuous spouted and spout

fluidized beds for grain drying, Passos et al. [8] combined Becker and Sallans' model [1],

Viswanathan's model [6], and semiempirical correlations available in the literature as weil

as information obtained in the authors' laboratory to describe the aerodynamic parameters.

The results are presented in terms ofthe drying efficiency, dryer size, energy consumption,

and air handling requirements for different cereal grains.

In a recent study, Zahed and Epstein [9,10] refined Zuritz and Singh [7] analysis

by using empirical equations relating the moisture diffusivity to temperature and moisture

content for three cereal grains. The model was also e.xtended to prediet produet

temperature and moisture content for continuous spouted bed drying and the agreement

with literature data was good especially under the assumption of isothermicity and

imperfeet mixing in the spouted bed.



A close examination of the prevtous theoretica1 studies reveals that two

assumptions have been made in order to simplify the analysis. First, it is assumed that the

spouted bed is deep enough to assure thermal equilibrium between the particles and the air

leaving the bed. The second assumptions is based on the faet that temperature gradients

inside the particles can be neglected. With these assumptions, there is no need for a single

particie heat transfer equation and the exit air temperature is taken to be equal to the bed

temperature in the overa1l energy balance. In addition, these studies used constant thermal

and physica1 properties for both solid material and air-water system. This is at odds with

the physica1 reality that particle thermophysica1 properties are funetions of moisture

content and/or temperature and air-water system properties are affeeted by temperature.

•
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The above mentioned simplifications are not employed in the present mode!. This

follows from the results obtained in our experimental study in which the exit air

temperature was found to be higher than or equal to the bed temperature and hence

thermal equilibrium was not attained especially in the fust hour of drying. Furthermore,

the model will be extended to include different periodic boundary conditions.

The objectives ofthis chapter are:

• To develop a general model for the batch drying ofgrains in the rotating jet spouted

bed (RJSB).

• To compare the model predictions with experimental data obtained for drying of

yellow dent corn using both continuous and intermittent spouting-heating schemes.

• To explore, by simulation, the feasibility of using continuous spouting air with

different heating schemes, e.g., on/off: sinusoidal, and saw tooth.

• To study the effect of the operating parameters on average particle moisture content,

particle surface ternperature, and moisture and temperature profiles inside the particle.
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6.2 Development of the Model

Assumptions

The following assumptions are made in the mode1:

126

1. The corn kernels are uniform in size, homogeneous, and can be approximated as

isotropic spheres.

2. The grains are perfectly mixed such that ail partic1es within the bed are at the sarne

temperature and have the sarne moisture content at any instant during the drying

process.

3. The diffusional resistance to moisture transport inside the particle significantly exceeds

the diffusional resistance of the gas-layer surrounding the partic1e during the removal

of moisture from the surface to the ambient medium. For the RJ5B this assumptions

implies that the diffusional time scale in the kernel is much longer than the period of

rotation ofthe spout.

4. Conduction ofheat and moisture between bed partic1es is negligible.

S. Heat losses are negligible.

6. Partic1e shrinkage is negligible
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e-
With the aforementÎoned assumptions, the equations goveming the coupled heat and mass

transfer mechanisms for both equipment and material are derived as fol1ows:

Macroscopic Balances:

The macroscopic balances on the gas and solid phases in RJSB dryer (Fig. 6.1) are

performed using the conservation law:

(
rate ofmass) (rate ofmass) (rate ofmass or )
or energy in - or energy out = energyaccumulation

l

(6.1)

SOLID: X, m" T" I,

Figure 6.1 Schematic ofa batch RJSB dryer.
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SaUd Phase

The mass balance in the solid phase is given by

. dX-m =m-
W 'dt'

The corresponding energy balance can be written as

Q . l dl.-m =m
w v • dt

where

and hence

dl ( -)~ dX-'= C +Xc -+1dt po ,.. dt Wdt

in wlùch

Substituting equations (6.2) and (6.5) into equation (6.3) yields

dX ( -)~ dXQ+m,Iv-=m, Cpo + Xc,.. -+m,Iw-
dt dt dt

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)
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Gas Phase

(6.8)

Assuming that the terms involving the rate of change ofthe humidity and the temperature

of the gas with time are negligible compared to the corresponding convective terms, the

mass and energy balances in the gas phase are:

Introducing equation (6.2) into equation (6.9) gives

m~(Y.. -Y,;)=-m. dX.
dt

The corresponding energy balance equation is

Substituting equation (6.9) into equation (6.11) yie1ds

where

(6.9)

(6.10)

(6.11)

(6.12)
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and

Combining equations (6.12), (6.13) and (6.14) one oblains

SubslilUting equation (6.15) inlo equation (6.8) gives

(6.13)

(6.14)

(6.15)

(6.16)
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Equation (6.16) expresses the exit gas temperalUre (i.e., Ta<) as a function ofthe unknown

.. - dX cfï'. -quantltles X. -, -, 1JH4••• Expressions for cach of these unknown variables are
dt dt

developed below.

Drying and Thermal Kinetics of a Single Particle

For a differential control volume ofthe particle, the mass and energy transport equations

are:

ôX -_
P.-=-"i1·n.. ;

ôt
(6.17)
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ar -_
P c -=-V.q .• ,. al

where nw is the diffusion mass flux and if is the heat flux.

(6.18)
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Generally diffusion mass flux is related not only to moisture content gradient, but

also to the temperature gradient (thermodiffusion) [11,12]. Whilst the heat flux is related

to the temperature gradient and, although weakly, to the moisture gradient (Dufour effeet)

[11-13]. However, both thermodiffusion and Dufour effeets are usually insignificant

compared to concentration gradient driven mass diffusion during grain drying at normal

conditions [14-16]. We can, therefore, write the mass and heat fluxes as

if= -kw< VT.

(6.19)

(6.20)

Combining equations (6.17) - (6.20), the transient evolution of moisture content and

temperature in a single particle can be written as follows

ôT - ( -)p,c,.. ôt =V. k... VT .

(6.21)

(6.22)

For spherical, unidimensional (radial) heat and mass diffusion, equations (6.21) and (6.22)

can be written as follows

(6.23)
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(6.24)
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'D and k", represent the effective moisture diffusivity and the effective thermal

conductivity, respectively.

Initial and boundary conditions

The initial profiles of moisture content and temperature in the partic\e are assumed to be

uniform:

@ t=O and OSrSRp<. X=X.andT=T,.. (6.25)

Because ofsymmetry, the moisture content and temperature gradients at the center of the

spherically assumed particle are zero:

@ t"t?O and r=O,
gX gT
-=Oand-=O.
gr gr

(6.26)

Varlous types of surface boundary condition· ::;.resenting different spouting and heating

patterns are considered :

L Continuous spouting and heating :

The mass transfer surface boundary condition is written based on the assumption that the

surface ofthe partic\e is in moisture content equilibrium with the surrounding gas [7,9]:
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f)X m, dX
-VA P -=----.

, ' f)r n, dt
(6.27)
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where IIp, the number ofbed particles is given by

m
n =-'-., pF, (6.28)

Combining equations (6.10), (6.27) and (6.28), the moisture transfer surface boundary

condition is finally written as fol1ows

@ f)X V,m. ( )r=R. --= Y-Y.
po ôr mVA • i', , (6.29)

The amount of heat supplied to the particle surface equals that which penetrates by

conduction and that spent for moisture desorption-vaporization,

(6.30)

The mass flux from a single particle, nw, is related to the total bed mass rate of

evaporation by the fol1owing expression

(6.31)

Substituting equations (6.10), (6.27), (6.29), (6.31) into equation (6.30), the heat transfer

surface boundary condition is written as fol1ows:
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_ . ôT _ - ( ) m.p,v, ( . )@ r-Rp" k_:;--h, T",-T - A .1Hd _v Y.-J••.
",r m, p

(6.32)
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A correlation developed by Kmiec [17 ] for conventiona1 spouted beds is used to estimate

the overa11 bed heat transfer coefficient, ii"

Nu =~d =0.897 Reo.... PrllJ Aro.ll' (H / dt·J9fil"" .
•

(6.33)

where d is the geometric average !Tom the diameters of adjacent screens and <p is the

particle shape factor. ii, represents a spouting cycle-average heat transfer coefficient

during which the particle travels in the active and static zones.

II. Continuous spouting-sinusoidal heating (fig. 6.2(a))

The surface boundary heat and mass transfer conditions are still governed by equations

(6.29) and (6.32) with the inlet air temperature described by

T,. =T.. +T;,sin(21Ct/'%'). (6.34)

where Tm and T. are the mean and amplitude ofvariation ofinlet air temperature and or is

the period (i.e., lime for one cycle).

III. Intermittent or on/offspouting and heating (figure 6.2(b))

In this drying pattern, the spouling air f10wrate is periodically interrupted to allow for a

rest ortempering period. In the rest periods, the particle is assumed to be sealed [18-21]:
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@ ,(n+ a) ~ t ~ T(n+ 1):

Mathematical Model

OX oT .
- and - are grven by eqns. (6.29) and (6.32)
or or

~X. iJT =0
or or

(6.35)

135

where 1: is the cycle period, cr. is the intennittency (fraction of cycle when heating is on),

and n is the number ofheating cycles done (n = 0,1,2, ...).

IV. Continuous spouting- onlojfheating (figure 6.2(c))

Spouting air is continuous while heating is periodically on and off. Tsi in equations (6.29)

and (6.32) are given by

@ ,nStS,(n+a):

@ ,(n+a)StST(n+l):
(6.36)

where Th and T. denote hot and cool temperatures, respective!y,

V. Continuous spouting- saw tooth heating (figure 6.2(d))

The inlet air temperature in equations (6.29) and (6.32) rises linearly from T. to Th and

drops back to T. at the end ofthe cycle:

TI'=T.+(~-T.)(t-n,)h. (6.37)

The average particle temperature, moisture content, and enthalpy of desorption

vaporization are obtained by integrating over the particle volume:
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-() 4"IR
,., ( )r.t=vo r"Tr,tdr.

p

-() 4" IR,. . ( )X t =- r"X r,t dr.
V 0

p

L1Hd_.(t) = ;;J:" r'L1Hd• v {T(r,t),X(r,t)}dr.
p

(6.38)

(6.39)

(6.40)

136
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Transport and Equilibrium Relationsllips

138

Expressions for the transport and thennodynamic equations obtained from literaturc

equations for yellow dent corn and air-water system are listed in Tables 6.1 and 6.2.

Table 6.1: Transport and Equilibrium Properties ofYellow Dent Corn

Eqn.# Propcrty Expression Rcfcn.-ncc

(6.41) Zl Z> = 4.203 x JO" exp[(-25J31 T... )+(0.045T... -5.485)X] [22]

(6.42) LJJfN &l,.• = R.T~[(6887 IT~)-(5..wr... )+(I-Rl{)cI(IOOX.)" / ml [9]

(6.43) RH RH =1-exP(-c,(JOOX,r'(T+CJ )]
[23]

c, =8.6541 x 1O-s, c, =1.8634, cJ =49.81 in (6.42) & (6.43)

(6.44) Cs- Cpw< =1.465 X 103 +356x 103(X 1(1 + X)) [24,25]

(6.45) le.. k... =O.l409+0.112(X1(1+ X)) [24,25]

Table 6.2: Thennodynamic and Transport Properties ofAir and Water Systems [26,27].

Eqn.# Property Expression

(6.46) P. P,. = l00exP[27.0214-(68871T...)-5.3lln(T... 1273.16)]

(6.47) Y Y=0.622RHl'J(P-RHp,,)

(6.48) cn CIl =1.00926 X 10' -4.0403 X lo"'r +6.1759 xlo"r' -4.097 x 1O"r'

(6.49) ~ k, a 2.425 X 10" + 7.889 x 10·'r-I.790x 10"T' -8.570 X lo'''r'

(6.50) pg Pg = PM. 1(RT.",,)

(6.51) }Jg p. =1.691 X 10" +4.984 x lo"'r -3.187 X 10·lIr' + 1.319 X 10'''r'

(6.52) Cp" C,. =J.883 -J.6737 X Jo"'r+8.4386 X IO"'r' -2.6966 X IO'lOr'

(6.53) Cl'" C,. =21J223 +1J828 x IO"'r -3.5043 X 10"'7"' +3.60J xJo"r'
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6.3 Numerical Solution
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The governing equations with their initial and boundary conditions are soIved using the

following numerical procedure steps:

I. Discretization of the spatial variables according to the method oflines, Sincovec and

Madsen [28-30]:

Equations (6.23) and (6.24) cao be written in the following generaJ form

OUI (J 0 (1 OUI)~-=/, -- r Z).-01 1 r1 or J or .

where j =1,2 representing X and T.

The boundary conditions (equations 6.26, 6.29, and 6.32) are ofthe form

Using centered difference approximations, the discretized equations are:

J 0 (1 ()ouAI,r))--- r Z). ur1 0r J 1 gr

(6.54)

(6.55)

(6.56)
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where

Ij·l + li
'i:1/2 = - 2

1)jJ:I/2 = 1)j ('i:1/2' U""/2)

U _(U]Jtl+ UIJ U2Jtl'1'"U2J)
1:112 - 2 • 2

h, =r,.1-r,

Boundary conditions:

J ô (2 ( )ôuj(t.r)),- r 1)j r.u -~:.....:..
r ôr ôr

a unifonn mesh of40 points was used in the spatial discretization.

(6.57)

(6.58)

(6.59)
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2. The resulting semidiscrete system of non1inear ordinary differential equations is

integrated with respect to time using the software package LSODE [31]. This routine

contains a set of integration algorithms based on the variable-order. multi-step. fully-



implicit Gear's method [32] for stiffand nonstiffproblems. Time intervals of 10 sand

absolute time integration error tolerance of 1 x 10'" were used in the computation.
•
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3. To obtain X, f, , and !JH•.• , the integral equations «6.38)-(6.40» are evaluated using

the Simpson numerical integration technique.

4. Tac is calculated using equation (6.16) after making a simple finite-difference

- dT.
approximation for dX and -'.

dl dl

Figure 6.3 shows the flow diagram of the computer program. It indicates the main

subprograms, their interrelations, and their functions.

MAINPROGRAM
SIMPSl • Initialize Em

Inlqrale X and T • dcl"... problcm__

in (6.38) lt (6.39) • Der... mcsh and initW dm Calc:ulalt T. in (6.16)

• 0u1put rcsul1s
1

LSODE
SIMPS2

ODE intq;rIIOr rou1incs Ùl!Clil'IC AI4. in (6.40

PDEONE

Discretizc spatial variables

~ FEX BNDRY
DelinC%ljin (6.54 Delinc fj in (6.54) Dcf... aJ' PA'andyJ in(6.5 )

Figure 6.3 Flow diagram ofthe computer prograrn.
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6.4 Results and Discussion
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In order to assess the accuracy of the model predictions, the numerical solutions

are compared with experimental data of corn drying in the rotating jet spouted bed using

continuous and intermittent spouting-heating patterns. These correspond to surface

boundary condition patterns 1 and Ill, respective1y. Only inlet air temperature and

interrnittency effeets are verified as other pararneters showed little or no effect on the

drying kinetics of slow drying materials such as agricultural grains within the range tested.

The relevant fixed experimental pararneters used in the model validation are listed

in the following table:

Table 6.3: Values ofFixed Experimental Pararneters used for Model Validation

Pararneter Value Unit

Ysi 0.040 - 0.045 kglkg

Tpo 20 -21 Oc
Ill, 12.0 kg

H 0.15 m

Xe. 0.4 kglkg

P"l'" 4.70 x 10-3 m

~ 3.89 x 10" m'

Vp 4.35 x 10-7 m'

<p 1.4 -
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6.4.1 Sensitivity of the Model to V and hp

143

Many empirical correlations are available in the Iiterature for the estimation of

mass diffusion coefficient, ~ of yellow dent corn [22,33-35]. These correlations have

been developed based on experimental drying èata using many different types of

equipment. In the present study and based on preIiminaIy screening simulation, the

correlation proposed by Chu and Hustrulid [22] (Table 6.1) was se!ected to obtain an

expression for the mass diffusion coefficient as a fimction of moisture content and

temperature.

The simulation results indicated that there is a very smaIl difference « 0.5 %)

when estimating~ using either local or average partic1e temperature in both the goveming

mass diffusion equation (Eqn. 6.23) or the surface boundaIy condition equation (Eqn.

6.29). This is because of the uniforrn partic1e temperature as will be discussed later.

However, estimating~ using local or average moisture content values shows a remarkable

effeet on the model prediction of both the average moisture content and surface

temperature as depieted in Figure 6.4. The sensitivity analysis presented in Table 6.4

reveaIs that the best results are obtained when ~ is calculated using the partic1e average

moisture content. It should be noted that the method by which the moisture diffusivity

correlations are developed is based on the average partic1e moisture content and does not

take into account the non-uniforrn moisture profiles inside the partic1e which is diflicult, if

not impossible, to be measured experimentaIly.

Figure 6.5 shows the effect of the charaeteristic particle dimension d used in

estimating hp from equation (6.33) on mode! predictions ofboth partic1e moisture content

and surface temperature, respective!y. Four partic1e diameters are used in the comparison:

the smaller diameter (D..), the geometric diameter (DpS=>, the equivolume-sphere diameter

(D..), and the effective diameter (Dp = cP Dpe),. Table 6.5 presents error estimates between



experimental and theoretical values for a typical drying run. The results indicate that the

experimental data are best predieted when d is taken as the smaller diameter of the corn

grain. This is justified by the observed faet that the kernels align themselves in the spout

in such a way that the smallest diameter is normal to the flow ofair. In faet, the smaller

diameter was also used by Mathur and Gishler [36,37] to correlate the minimum spouting

velocity ofwheat particles. This clearly indicates the important effeet of the flow behavior

ofthe particles on the heat and mass transfer mechanisms in the system.
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Table 6.4: Sensitivity ofnumerica1 model solution to Zl cvaluation, T;i =80 oC, U=0.514 mis

Legendsin Mean relative Max. relative Mean relative Ma.~ relative

Fig. 6.4 Zl error in X("/0) error in X("/0) error in T. (%) enor in T. ("/0)

Zl,o, = f(X)
1 Zl,oR = f(X) 14.77 25.69 17.52 60.54..

Zl,., = f(X)
2 Zl"R = f(X) 5.08 12.37 3.81 15.49..

Zl,., =f(X)
3 Zl"R.. = f(X) 19.64 35.05 3.25 12.6

Zl,., = f(X)
4 Zl"R = f(X) 61.26 100.00 35.07 45.4..

Table 6.5: Sensitivity ofnumerica1 model solution ta iip cvaluation T;i =80 oC, U =0.514 mis

iip Mean relative Max. relative Mean relative Max. relative

errar in X (%) errar in X (%) errar in T. (%) errar in T. (%)

hp= f(Dl") 5.08 12.37 3.81 15.49

hp=f(Dp) 6.71 12.78 7.39 25.96

hp=f(Dp.. ) 7.45 14.6 9.12 31.12

hp=f(D".) 8.95 12.37 11.99 41.83
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Figure 6.4: Effect of%:) evaluation on model predictions. Tsô = 80 oC,
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6.4.2 Continuous Spouting-Heating
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Figure 6.6 presents a comparison of the model predictions of the moisture content

evolution with the experimentaI results for inlet air temperatures ranging between 60 Oc
and 90 oC. The results exhibit a very good match as indicated by visuaI comparison of the

plotted data A1though curve fitting is not desirable to va1idate a mode\, error anaIysis

performed on the curve fitted experimentaI data and the model solutions indicates that the

mean absolute relative error is less than 5 % and the maximum absolute error is less than

Il % for ail the tested data. These results witness the reliability of the model and the

method by which t) and ïi, are estimated as discussed in section 6.4.1.

A test of data calculated on the basis of the computation model with experimentaI

partide surface temperature and exit air temperature is shown in Figure 6.7. The

maximum absolute deviations between the experimentaI and predicted values are,

resp~vely, 16 and 13 %, while the mean relative error is less than 7 % for both partide

surface and exit air temperatures. The discrepancy might be attributed to the uncertain

definition and measurement of the particle surface temperature, the simplifying

assumptions wlùch are made in the development of the model (e.g., ignoring heat losses),

and errors in estimating air-water system properties.
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Numerical results of the transient moisture and temperature profiles inside the

partide are shown in Figures 6.8-6.10 for different iniet air temperatures. Wnile

temperature profiles show negligible temperature gradients, moisture content profiles

show the existence of relative1y large concentration gradients inside the partide. This

might be explained with reference to the Lewis number, Le = a.T/t) or [Luikov number, Lu

= Zl/a.T]. The Lewis number represents the ratio of the thermal diffusivity and mass

diffusivity of the material. In other words, the ratio of the rCÏ8xation rates of the mass to

heat transfer potentials. During simulation runs, it was observed that Le is much greater

the unity and increases with decreasing moisture content reaching a maximum value of

about 1200. This means that the rate ofinternai heat transfer is fast compared to the rate

ofmass transfer.
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The predicted results demonstrate high moisture concentration around the center

ofthe partide while the surface moisture content drops gradually, but nct instantaneously,

to an equilibrium value with the drying air. This is also displayed in Figure 6.11 in which

the surface moisture content is plotted against the drying time for different iniet air

temperature. The trend proves that assuming a constant surface moisture content, based

on a constant "dynamic" equilibrium moisture content [1,2], during the entire drying

process is inappropriate [7,9j, especially in the first 30 minutes ofthe drying process.

The transient temperature distribution cUrves (Figure 6.10) show that the

temperature profiles inside the partide "line:mze" after the initial heating-up period. After

that, the slope of the linear temperature profiles decreases, as the center and surface

temperatures approach each other and thereafter remain virtually fiat. These profiles,

which are calculated based on the concept of the overa11 bed heat transfer coefficient,

confirms the hypotheses that any temperature gradients deve10ped during the partide

joumey in the spouts (high heat transfer coefficients) are effectively re1axed in the static

annularregions Qow heat transfer coefficients). This is by virtue ofthe low average heat

transfer Biot number, BiH = li,RI>< / k... (ranged between from 0.24 to 0.28 in this study)



which can be thought of as the ratio of internai to external heat transfer resistances. This

implies that the air-solid interface resistance is higher than the internai heat conduction

resistance of the material and therefore very small temperature gradients.
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The computed results for surface mass and heat fluxes for Tsi varying from 60 to

90 Oc are shown in Figure 6.12. The results show that as Tsi increases the surface heat

and mass fluxes increase. Physically, increasing the inlet air temperature increases the

effective thermal and mass diffusivities ofthe solid material. There is an initial disturbance

period in the heat flux curves. This is because of the time-temperature response of the

system to adjust to the new condition imposed at t = O. After which q start to rise up

reaching a peak around t = 10-15 min. The mass flux profiles also show a similar, but less

pronounced, peak in this heating-up period. In this period during which the heat and mass

transfer gradients (deriving forces) are still developing, the heat supplied by the inlet air is

more than sufficient to evaporate the moisture which instead goes to heat the solids. As

time elapses, both heat and mass fluxes drop to very low values especially after the first

hour ofthe drying process.
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Figure 6.8: Predicted transient moisture profiles inside the corn kernel.
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6.4.3 Intermittent or On/Off Spouting-Heating
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In Figure 6.13, model predictions and experimental data are presented for the

effect of intermittency, Ct, on the particle average moisture content evolution with lime.

No numerical error estimate is performed in this case to compare between the theoretical

and experimental results because of the difficulty in curve fitting the periodic be!'.avior of

the drying curves. Nevertheless, the dominant agreement is clear in ail cases.

Figure 6.14 shows the calculated transient behavior of the moisture content at the

surface ofthe particle for different intermittency values. The profiles clearly demonstrate

the periodic response ofX. during which it reaches a peak value at the end of a tempering

or rest period and then falls down to a very small equilibrium value at the beginning ofthe

following spouting period and thus approaches the continuous spouting/heating curve.

Furthermore, the tendency is to raise the peak values with a decrease CI.. This suggests

that long rest periods ( low lX) provide more time for the moisture to diffuse :rom the

interior to the surface of the particle. This is supported by the observed moisture

condensation on the surface of the particles during the experiments especially in the case

oflong rest periods.

The predicted and experimental results of the particle surface temperature profiles

are shown in Figure 6.15 for lX = 114, 2/3, and 1. Although the agreement between

experiment and model for lX = 1 (continuous spouting) is acceptable. A systematic

discrepancy is observed when on/off spouting (lX =1/4, 2/3) is applied. This difference is

most likely due to one or a combination ofthe following reasons:

1. The use of inappropriate heat transfer boundary condition at the surface of the keme1

during the rest period, i.e., zero temperature gradient. This means that partic1e is

sealed and it has a constant temperature during the offperiod. In reality, however, the

partic1e looses heat and hence the temperature decreases as shown in Figure 6.15. In
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the case ofmass transfer boundary condition, app!ying a zero concentration gradient al

the surface of the particle has no effeet on the mode! prediction. This is due to the

negligible drying during the rest periods. In faet, the use ofzero gradients as boundary

conditions was motivated by the lack of information regarding heat ~!Id mass transfer

coefficients for an aggregate of particles in a static bed at no flow. In this case the

value ofNusse!t number (Nu) and Sherwood number (Sh) is expected to be severa!

order ofmagnitudes Jess than 2, the value ofan iso!ated particle [38].

2. The unreliable experimental data for the particle surface temperature. The complex

and cyclic aerodynamic patterns inside the bed make it difficu!t to measure the aetual

surface temperature.

3. Neg!eet ofheat losses from the dryer.

It is worth pointing out that both experiments and model predictions display a

disturbance period at the beginIÙng ofeach spouting period. In this very short period, the

surface temperature suddenly drops to a low value and then starts to rise. This represents

the system response to the new conditions imposed at the beginIÙng ofthe on period.

Representative moisture content profiles using on/off spouting-heating scheme are

shown in Figures 6.16 for ex =114 and 1/2, i.e., 20 nùn. drying followed by 60 and 20 nùn.

tempering (spouting air of!), respeetively in each cycle. The solid lines denote the

moisture profiles at the end of an "on" spouting-heating period while the dashed-dotted

lines denote the corresponding profiles at the end of a "rest" or "off" period. It is shown

that tempering periods allow graduai moisture redistribution inside the particIe that

ensures leveling of the concentration field and moisture supply to the outer drier portions

ofthe kernel. The longer the rest period (lower ex), the more reduction ofthe slope of the

moisture profiles with time and thus the more even\y the moisture is distnlluted.

The general behavior of the on/off spouting-heating process is characterized by

alternate development and reduction ofmoisture gradients inside the particle. This means



flatter moisture profiles compared to the continuous spouting process. Thereby the

material is proteeted against drying-induced stresses, shrinkage, and cracking [39-42].
•
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Figure 6.13: Predieted and experimental drying curves for on/off
spouting-heating. Da=3 cm, N =4 rpm, U =0.475 rn/s.
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6.4.4 Simulation of Several Spouting-Heating Sc/zemes

Numerical simulations were earried out for the following periodic heating patterns

with the spouting air kept continuous and constant:

1. ON/OFF heating with on period fraction, a. = 114, 1/2, and 3/4, hot air temperature

(on period), Tb = 80 •C and cool air temperature (offperiod), T. = 40 •C.

2. Sinusoidal heating with mean temperature, Tm = 60 and 80 ·C. Both using

an amplitude, T. = 20 ·C.

3. Saw tooth heating with hot air temperature, Tb = 80·C and cool air temperature,

•T.=40 C.

Yellow dent corn is used as the test material with the same thermophysical and

transport properties used in the experimental study. The fixed parameters used in the

simulation are listed in the following table.

Table 6.6: Values ofFixed Parameters Used in the Periodic Heating Simulation

Parameter Value Unit

or 60 min.

Yp 0.040 kglkg

U 0.5 mis

Tpo 20 ·c
m, 12 kg

Xe. 0.4 kglkg

Rpc 4.70 X 10-3 m

Ap 3.89 x 10-4 mZ

Vp 4.35 x 10.7 mJ



Figure 6.17 shows the calculated time variations of particle average moisture

content using different periodic heating schemes while the continuous spouting air

superficial velocity is fixed at 0.5 mis. A curve representing continuous heating (a. = 1) is

included for comparison. It can be shown readily that the moisture content curves for

on/off heating with a. = 1/2, saw tooth, and sinusoidal heating (Tm = 60 OC) coincide.

Whilst sinusoidal heating curve (Tm = 80 OC) harmonizes with the continuous heating

curve. A likely explanation is that the corresponding schemes have the same cumulative

heat flux and thus mass flux at the end of each period.

•
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The other feature of the drying curves is that, except for the sinusoidal heating

curve (Tm = 80 oC), periodic healing requires longer drying time as compared to the

continuous case. The effect of introducing cooler air ( in the on/off heating scheme), in

addition to partial drying, is to repeat the initial steep drying curve and thus high drying

rate during the following heating period. This due to the favorable moisture supply to the

surface ofthe kemel during the off-heating periods as portrayed in Figure 6.18.

Figures 6.19 presents the corresponding surface temperature profiies. It is

demonstrated that sinusoidal heating with a mean inlet air temperature of 80 Oc and an

amplitude of 20 Oc leads to an oscillating surface temperature around the continuous

heating curve ( Tsi = 80 oC). Agaïn, this can be attnouted to the faet that both have the

same accumulative heat flux at the end of each heating cycle. Hence, little benefit would

be achieved using this heating scheme as far as produet temperature is concemed. Other

heating schemes give rise to successively higher values (Peaks) at the end of each period

ofheating.

Heating schemes inc1uding sinusoidal heating with Tm = 60 oC, saw tooth, and

On/OlT: i1eating yield to lower surface temperatures than the continuous one. This might be

of interest in the drying of heat sensitive materials, especially those of biological origin (



e.g., agricultural grains in this study). This is because gentle heating using these heating

schemes offer fle.xible control of the surface temperature and hence reduce common

product quality problems such as germinability, vigor, fragility, or protein denaturation

[43,44].

•
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Typical moisture profiles inside the kernel are shown in Figures 5.20 and 5.21 for

different heating schemes. The results shown, indicate steeper profiles and thus less

moisture redistribution than the profiles obtained using on/off spouting-heating (Figure

6.16, section 6.4.3). However, the profiles are still flatter than the continuous heating

case.

6.5 Closure

A simple partic1e-based model has been developed and validated by compari:;on

with experimental data for diffusion-controlled drying of corn kernels in a batch RJSB

dryer. This model is valid for RJSB dryer operated in the well-mixed rotating spouting

flow regime. It does not inc1ude surface moisture removal. It is also valid for cases where

internai diffusion time scale is order-of-magnitude longer than the period of rotation. The

model is fully predictive in the sense that no pararneter is fitted using data generated for

the RJSB dryer. It is shown that significant energy and quality advantages may accrue

from intermittent drying ofheat-sensitive partic1es.
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Nomenclature

Symbols

169

g

H

Mi
d

_
v

surface area ofa single particle, m2

total surface area ofbed particles, m2

heat capacity at constant pressure ofdry air, Jlkg K

heat capacity at constant pressure ofdry solit!, Jlkg K

heat capacity at constant pressure ofliquid water, Jlkg 3::

heat capacity at constant pressure ofwet solids, Ji\:g K

characteristic particle dimension, m

effective moisture diffusivity in solit!, m2/s

moisture diffusivity ofvapor in gas, m2/s

nozzle diameter, m

effective particle diameter, m

equivalent l'article diameter, m

geometric mean particle diameter, m

smaller particle diameter, m

acceleration ofgravity, rn/s2

overall bed heat transfer coefficient

bed height, m

local isosteric heat ofdesorption-vaporization at temperature T, Jlkg

volume average isosteric heat ofdesorption-vaporization, Jlkg

enthalpy ofexit gas, Jlkg

enthalpy ofinlet gas, JIkg

enthalpy ofsolid rnaterial, Jlkg

enthalpy ofwater vapor, Jlkg

enthalpy ofliquid water, Jlkg



m.

n

N

q

Q

r

t

T

Mathematical Model

mass transfer coefficient

thermal conduetivity ofdl)' air, Wlm K

effective thermal conductivity ofwet solids, W/m K

molar mass ofair, kg/mol

molar mass ofwater, kg/mol

mass flow rate ofdl)' air, kg/s

mass ofdl)' solid in bed, kg

total mass rate ofevaporation ofwater, kg/s

number ofheating cycles, -

number ofparticles in bed, -

mass flux from a single particle, kg/s m2

distributor rotational speed

vapor pressure ofpure water, Pa

heat flux from a single particle, J/s m2

total heat ttansfer rate, J/s

radial distance from center ofsphere, m

equivalent particle radius, m

universal gas constant =8.314 J/mol K

RJMw =462 Jlkg K

fractional relative humidity, -

rime, s
o

temperature, C

amplit'Jde ofinlet air temperature variation, Oc
absolute temperature, K

hot air temperature, Oc
cool air temperature, Oc
exit gas temperature, Oc
inlet gas temperature, Oc

170
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• T.. mean air temperature, Oc

1;, volume average particle temperature, Oc

Tp initial particle temperature, Oc
U superficial air ve1ocity, mis

Vp volume ofa single particIe, m3

V. total volume ofsolids in bed, m3

X local moisture content (dry basis), kg /kg

X volume average moisture content (dry basis), kg /kg

Xe equilibrium moisture content (dry basis), kg /kg

Xe initial moisture content (dry basis), kg /kg

X. surface moisture content (dry basis), kg /kg

Y". exit air absolute humidity, kg water vapor/kg dry air

Yg; inlet air absolute humidity, kg water vaporlkg dry air

Greek Letters

•

Ps

P.

't

intermittency, -

thermal diffusivity, m2/s

particie shape factor, 

viscosity, kglm s

density ofdry gas, kglm3

density ofdry solids, kglm3

Enthalpy ofvaporization ofwater at reference temperature, JIkg

period,s

sphericity, -



Ar
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Subscripts and Superscripts

a amplitude

e exit, equivalent

g gas

h hot

inlet

m mean

n nozz1e

0 initial, reference

p particle

s solid

v 'lapor

w water, moisture

ws wet solid

Dimensionless Groups

. D3 P (Po -p )g
Arclùmedes number = ••• •

!1~

Heat transfer Biot numoer = ii.Rpc
kw>

172

Le

Lu

Nu

Lewis number = ClT

V

Luikov number = .!..
~

hD
Nusse\t number =~

k.
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Sh
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c Il
Prandtl number = 2!.-!.

k,

dUp
particle Reynolds number =--'

Il,

k,D""Sherwood number = -
tly
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(Chapter 7)

Conclusions, Contributions and
Recommendations

7.1 Conclusions

This thesis has examined the rotating jet spouted bed (RJSB) as a new gas-solid

contacting method. A predictive model was developed for both continuous and

intermittent drying ofparticles in a batch mode.

1. Flow Characteristics

• The RJSB features more efficient air utilization and enhanced particIe mixing and

circulation as compared with conventional spouted beds.

• Operation ofthe RJSB is very flexible because of the adjustable rotational speed. The

following three distinct f10w regimes were identified:

1. Full rotating spouting (Iow rpm)

2. Rotating central spouting-pulsating annulus (moderate rpm)

3. No spouting with local pulsation; pseudo f1uidization (high rpm)

• Adjustment of the rotational speed of the distributor provides a simple means to

control particle circulation and tum-over in the bed. The significance ofsuch control is

especially important in drying different materials.

• The performance of the RJSB was explored with respect to the spouting mechanism,

minimum spouting velocity, steady spouting pressure drop, and peak pressure drop

using corn, soybean, and pellets ofpolyethylene and polystyrene as test particles.

ln



• Empirical correlations were developed for the key flow parameters as functions of bed

height, nozzle diameter, distributor rotational speed, bed and particle properties.

• The distributor rotational speed has a major effect on the spouting mechanism and the

f10w regimes. However, it has only a minor effect on the minimum spouting velocity

and pressure drop values within the rotating spouting regime.

• The minimum spouting Reynolds number varies almost linearly with the dimensionless

bed height and nozzle diameter and with the square root ofthe Archimedes number.

• The RJSB has lower peak pressure drop but a comparable steady spouting pressure

drop compared with the conventional spouted beds.

•
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II. Continuous Drying

• Yellow dent corn was successfully dried in the RJSB with reproducible drying curves

under different operdting conditions.

• The batch drying kinetics are comparable with conventional spouted and f1uidized beds

for slow drying materials where the drying l'lite is controlled by internai moist".lI'e

diffusion.

• Drying characteristics ofcorn in the RJSB indicate that the inIet air temperature is the

parameter which most significantly affects the drying rate as weIl as the quality of the

product.

• The distnoutor rotational speed, air f10w rate, bed height, and nozzle diameter have

little effect on the drying kinetics of slow-drying materials in the ranges of operating

conditions tested.
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• Intermittent drying of particles in a batch RJSB dryer takes longer than continuous

drying if the total process time is considered. However, it takes shorter "net" time if

only the effective drying time is considered.

• Energy consumption can be reduced by 20-40 % with intermittent drying.

• Supplying hot air periodically rather than continuously results in a better quality

product with no d~ng-induced stress cracking.

IV. Mathematical Model

• Using published thermophysical properties and an overall bed heat transfer coefficient,

the model accurately predicts the experimental results without the need for adjustable

parameters..

• Numerical computations based on tbis mode! were carried out to study the effects of

process parameters on the average part;cle moisture content, temperature, moisture

content and temperature profiles inside the particle, S:.Irface temperature and moisture

content, and heat and mass fluxes at the surface ofthe particle.

7.2 Contributions to Knowledge

• A nove! fluid-solid contacting device, termed the rotating jet spouted bed (RJSB), is

proposed, designed, fabricated and tested.

• Empirical corre!ations were deve!oped for the minimum spouting velocity, steady

spouting pressure drop, and peak pressure drop as functions ofdesign parameters and

materials physical properties.

• Drying kinetics ofcorn were investigated under different operating parameters.



• Intermittent drying of corn in the RJSB was explored in tenns of the effective drying

time and thennal energy savings.

• A fully predictive mathematical model was developed for batch drying of materials for

which internai moisture diffusion controls the drying kinetics.

• A general PC-code was developed based on the model which can be used to simulate

the drying of other materials under different conditions. It is a useful design and

analysis tool for batch drying in a RJSB with constant or time-varying drying

conditions.

• A simulation study was perfonned to investigate the possible application of different

time-dependent spouting and heating schemes in drying of partic\es with diffusion

controlled drying kinetics.

•
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•

7.3 Recommendations for Further Research

1. Design

• It is recommended to use separate air supply lines with individual flow controllers for

the central and annular nozzles in order to introduce the required amount ofair flow in

each section and to reduce distnDutor pressure drop and thus pumping power

requirements.

• The dryer may be fitted with a mechanical agitator to enhance mixing of sticky and

diflicult to spout materiais.

II. Aerodynamics

• Experiments using deeper bed heights should be carried out in order to quantifY the

maximum spoutable bed height.



• Quantitative measurements of solids mixing. segregation. and panic1e circulation rates

are needed.

• Spouting characteristics of polydispersed and panic1es other than Geldart's D-type

should be studied. Also, mixtures ofpanic1es should be studies.

•
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III. Continuous Drying

• The local heat and mass transfer coefficients in both active and static regions should be

investigated to help understand the aetual transfer mechanisms in these zones and to

improve the model predictions.

• Drying of other grains as weil as other materials (e.g. fertilizers) should be tested in

the system.

IV. Time-dependent Spouting and Heating

• Further tests similar to those presented in Chapter 5 should be performed for other

levels of inlet air temperature, intermittency, and drying periods. Applying different

drying ternperatures in each "on" period is another possibility.

• Severa! other spoutinglheating schemes should be verified experimentally inc1uding:

continuous spouting-onloff heating, continuous spouting-sinusoidal heating and

continuous spouting-saw tooth heating.

• A genera! optimization strategy is needed in order to select the optimum spouting

heating method, intermittency, cycle period, inlet air temperature, and number ofunits

with respect to energy consumption, fixed cost, operating cost, and product quality.
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• The batch drying model should be tested for other materials using both continuous and

periodic spoutinglheating schemes.

• The effect ofparameters such as sphericity, shrinkage, inlet air humidity, etc. should be

examined.

• Alternative surface boundary conditions shou1d be developed for the tempering

periods in order to improve the model predictions.

• The model may be extended to predict the performance ofa multi-stage drying 5"istem.

• Combining the drying model with a fundamental aerodynamics mode! would provide

useful information about the combined flow, heat and mass transfer mechanisms in t1ùs

complex cyc1ic system.

• Since the model does give good agreement with experiment, it should provide a

reliable basis for predicting the performance, and for the design, optimization and scale

up ofthe system for other operating parameters, materials and production capacities.
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Appendix
Dimensional Analysis

:\-\

The Backingham lt theorem states that the funetional relationship among q

quantities or variables whose units may be given in terms of u fundamental units or

dimensions may be written as (q-u) independent dimensionless groups, often called lt

groups. The fundemental units or dimensions that are involved in the aerodynamic

parameters of the rotating spouted bed are mass, M, lenght or size, L, and time, t. The

units of the applicable variables (q) in terms ofthese fundamental units (u) are listed in

Table Al.

For U...1 and Um02, the number ofdimensionless groups or lt'S is q-u=7. Thus:

(A. 1)

If Dp, Pl!> and I-ls, are selected to be the repeated parameters, then the seven dimensionless

groups can be written as:

•

lt =Dclpc211c'U
1 psro'"'ams

similar equations can be written for other groups.

(A.2)
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Table A.l: The significant variables for the dimensional analysis ofU"" and M'.

A-2

Variable Fundamental U.... U""l Um02 M'M M'.

Dimension

U Lr1 + + + - -
Ps Ml:' + + + + +

1-
MI;lr1

!Ls + + + + +

Dp L + + + + +

g(pp-pg} ML'"r< + + + + +

Ut Lr1 + + + - -
(l-t) - - - - + +

H L + + + + +

De L + + + + +

D. L + + + + +

VOl Lr' - + - - -
Vrn Lyl - - + - -
M' ML-1r 2 - - - + +

+: inc1uded, -: not inc1uded

Using dimensional analysis, the resulting 7t groups are as follows:

•
H

1t.. =-. D
p

(A3)

(A4)

(AS)



•
Appe/ldi::c

0"1t =-'
4 °•

p.D.V.,
1t7 = '-'-...!:-"'-

Il.

Equation Al can reduced to the following form:

or

Re ={..!!. On Ar v.,)
ms' D'D"U" ,

Using the same procedure, the following equations can be written:

Re =f(..!!. On Ar V.,)
ms: D'D"U" ,

Rems. =j ~ ,On ,Ar)·l , D,

(A.6)

(A7)

(A8)

(A9)

(A 10)

(AIl)

(A12)

(An)

(A14)

A-3

(AI5)




