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ABSTRACT

Due to severa] limitations encountered with the conventional spouted bed, a novel

gas-salid contactor, Rotating Jet Annular Spouted Bed (RJASB), was developed for

drying of particulates in the falling rate period. This contactor consists of one rotating jet

in the annular region with a cylinder mounted centrally in the vessel. The key

hydrod}'1lamic characteristics, e.g., minimum spouting velocity, peak and steady spouting

pressure drops were measured using Jifferent particles. Effeets of the spouting jet

rotational speed, bed height, nozzJe diameter as weU as particle size, shape and density

were detennined experimentally. EmpiricaJ correlations are developed to prediet the

values of these quantities.

Drying kinetics were studied using rewetted wheat as the test matenal. Effects of

inlet air temperature and bed height on drying rates in the RJASB were studied. Both

experimental and finite element simulation results were used to develop a new correlation

for the effective water diffusion coefficient in wheat based on a two-dirnensional diffusion

model.
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RÉSUMÉ

Vue les multiples limitations rencontrèes avec le lit jaillissant usuel, un nouveau

contacteur gaz-solide, le lit jaillissant à jet rotatif annulaire (RJA5B), a été développé

pour le séchage particumaire durant la séquence de chute. Ce contacteur consiste en. un

jet rotatif à l'intérieur de la région annulaire avec un cylindre monté centralement à

l'intérieur de l'appareil.

Les principales caractéristiques hydrodynamiques, c.à.d., vitesse minimale de

jaillissement, pic et étude de chute de pression du jet furent mesurèes en utilisant

différentes particules. Des effets de vitesse rotative du jet, position haute, diamétre du nez

ainsi que la taille des particules, forme et densité ont été déterminés expérimentalement.

Des corrélations empiriques ont été développèes afin de déterminer les valeurs de ces

paramètres.

La cinétique de séchage a été étudiée en utilisant du blé humidifié comme matière

d'expérimentation. Des effets de températures de l'air à l' entrèe et en position haute sur

la séquence de séchage à l'intérteur du RJASB furent étudièes. L'ensemble des résultats

de simulations expérimentales et des éléments finis ont été utilisés pour développer une

nouvelle correlation pour le coefficient de diffusion effectif de l'eau dans le blé, basèe sur

un modèle de diffusion en deux dimensions.
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(Chapter 1)

Introduction

1.1 General Introduction

The terms spouted bed and spouting were coined at the National Research

Council of Canada in 1954 by Mathur and Gishler [1]. These investigators developed tbis

technique initially as a method for drying wheat. Rea1izing that the technique couId have

wider application studies of the characteristics of a spouted bed using a variety of

paniculate materials with both air and water as the spouting medium have been

irnplemented. On the basis of this preliminary study it was able to assert that the

mechanism of flow of solids as weil as gas in this technique is different from fluidizatio~

but it appears to achieve the same purpose for coarse particles as fluidization does for fine

particies.

Due to severallimitations of the conventional spouted bed (CSB) [2], which is one

of the reasons for the Iimited commercial use of spouted bed compared to fluidized bed,

many modified spouted beds have been developed [3,4] to overcome sorne of the

limitations of CSBs. Among the most important limitations of the CSB one may cite high

pressure drop prior to onset of spoutin~ low annulus aeration, slow solids turnover, low

capacity per unit floor space and difficulty of scale-up.

For grains most of the resistance ta drying is in the falling rate period [5,6,7].

Thus, the rates of internaI heat and mass transfer within the kemel detennine the overaIl

drying rate. This implies that extemaJ convective heatlmass transfer need not be supplied

at high intensity continuously with tittle penalty in terms of increased drying time. Thus,

spouting May take place only "intennittently". This periodic spouting could include heat
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input varying at a low frequency. This results in saving in air consumption as weIl as

thermal energy [6]. Further, a larger dryer is possible since one or two nozzles cao

periodically spout the entire contents of a large vessel by rotating the nozzles at a low

rotational speed.

On the basis of the éÛorementioned argument, Mujurndar [8] proposed a round

vessel fitted with a slowly rotating distributor plate equipped with spouting holes to supply

heated gas to the bed either continuously or intermittently. The gas itself can be heated

periodicaDy, ifnecessary. The Rotating Jet Spouted Bed (RJSB) tested by Jumah [9] on a

laboratory scale proved that Mujurndar's basic concept is valid. This spouted bed is a flat­

base cylindrical coJumn with a rotating inIet air distributor with two radially located

nozzles which provide an on/offoperation over the entire area of the bed.

Though severa! advantages are noted for RlSB, there are still sorne shortcomings

[3]. Arnong the limitations are its complex construction, higher expected maintenance

costs and limitations due to the maximum spoutable bed height. The objective of the

present research is to develop a new spouted bed design to overcome sorne of these

limitations. The Rotating Jet Annular Spouted bed (RJA5B) consists of one rotating jet in

the annuJar region. Any dead area in the central region of the bed is eliminated in this

design. The slight reduetion in bed capacity as compared to RJSB at the same bed height

(approximately 17.5 percent) is offset by its simpler fabrication and modeling. It aIso

requires Jess air f)owrate for onset of spouting at a fixed value of distributor rotational

speed. Thus aIIowing use ofa deeper bed of the material to be processed.

1.2 Objectives

The motivation of tbis research was to develop and investigate a novel gas-solid

contacting system viz. the rotating jet annular spouted bed. The major objectives of this

work were:
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1. To develop a novel gas-solid contactor based on the intermittent spouting concept.

2. To investigate the hydrodynamics of the system using different particulate materials.

3. To study the drying kinetics of rewetted wheat and estimate the effective moisture

diffusion coefficient based on a two-dimensional liquid diffusion model using tinite

element method.

1.3 Thesis LaYO"t

This thesis is divided ioto six chapters of wbich tbis introduction is the first. In

Chapter 2, an introduction to the spouted bed design variations and modifications as weIl

as a brief review of the relevant drying models are presented. Chapter 3 describes the

experimentai set-up, materials and methodology employed in this study. The

hydrodYnamic behavior of the RJASB is ilIustrated in Chapter 4. Chapter 5 discussed the

drying charaeteristics of RJASB. Both the experimental results and mathematieal model

are presented. Finally, Chapter 6 presents conclusions of this research.
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Background

2.1 Introduction

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

subject. The progress in spouted bed technology, e.g., novel designs, research concepts

and results are surveyed and reported. Mathematical models for drying of particulates,

their theoretical basis, limitations and modifications are aIso reviewed and sununarized.

2.2 Modijied Spouted Bed

In order to put the work in perspective a generalized classification of spouted beds

which shows schematics and key features of the devices is presented in Table 2.1. These

modifications are concerned with changes in the vessel geometry, spouting operation and

mechanism, air supply etc. Not aIl designs have potential industrial significance however.

Table 2.1 Classification ofSpouted Beds [1]

CLASSrnCATION CRITERION CONFIGURATION

1. Mechanism ofspouting • Pneumatic (e.g., CSB, draft tube SB)

• Mechanical (e.g., screw conveyor SB)

• Vibratory (e.g., vibro-spouted bed)

II. Vessel geometry • Cylindrical-conical (CSB)

• Conical

• Flat Bottom

• Reetangular



ID. Flow configurations of particles

in the bed

Background

• Axisymmetric (CSB, comcal)

• Two-dimensional

• Three dirnensional

6

(

(

IV. Air entry

V. Spouting air flow

VI. Internals

VIT. Operational mode

VIll. Bed particles

IX. Combined modes

x. Spouting fluid phase

• Single nozzle at bottom

• Central nozzle with auxiliary flow aJong the

annulus

• Tangential or swirling air entty along

periphery

• No air (vibro-spouted bed)

• Multiple nozzles

• Rotating nozzIes

• Rotating-impinging nozzles

• Continuous

• Pulsed or intermittent

• With draft tube or divider plates

• Active internaIs (screw conveyor)

• No internals (CSB)

• Batch

• Continuous

• Multi-stage

• Active

• Inactive (e.g., drying ofpastes or slurries)

• Spout-fluid bed

• Fluid-spout bed

• Jet spouted bed

• Rotating jet spouted bed

• Rotating-impinging jet spouted bed

• Two-phase spouting (gas-solid, liquid-solid,

Iiquid-liquid)
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• Three-phase spouting (gas-solid-liquid)

XI. Reat input • Convective

• Combined conduction/convection

Studies of modified spouted bed incIuded bath extensive experimentation and

phenomenological modelling. Numerous studies on hydrodynamics, heatlmass transfer as

well as system applications were reported in the literature. Lim and Grace [2] studied flow

characteristics in a fIat-based half cylindrical column of diameter 0.91 m with different

inJet orifice and panicle sÏzes. These investigators found that the correlations for

minimum spouting velocity developed on small vessels generalJy gave poor predictions for

the large diameter vessel. They aIso showed that in order to achieve stable spouting it is

necessary to operate with inJet orifice diameter less than 30 times the Mean particle

diameter.

He et.al. [3] used fibre optic probe to measure voidage profiles in the fountain,

spout and annulus ofspouted beds. They indicated that the voidage in most of the annulus

was somewhat higher than the loose-packed voidage and increased with increasing

spouting gas flowrate, contrary to usual assumptions. They also found that the radial

profiles of local voidage were roughJy parabolic in the lower portion of the spout and

blunt in the upper region. He et.al. [4] later employed the same technique to measure the

profiles of vertical particle velocities in the spout and fountain of a half-column and full­

column spouted beds. They found that the flat plate in half-column geometry strongly

affects particle veJocities. Hence data obtained by observing particIe motion at the outer

wall tend to be misJeading as indicators of particJes velocities elsewhere in the annulus.

Roy et.al. (5] aIse reported the distortion of hydrodynamic behavior by a curtain effeet in

semi-cylindrical coJumns which is absent in full columns. They aIso pointed out sorne

disadvantages of using fibre optic measurements in spouted bed, such as flow disturbance

due to insertion of probes in the reactor. These investigators then developed a non­

invasive y-ray emission system to follow the motion of a single radioactive particle in a
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three-dimensional spouted bed reaetor. They were able to use this technique to detennine

the average particle velocity field and other hydrodynamic quantities which could not be

evaluated accurately using any other technique.

Olazar et.al.[6] studied flow behavior ofnearly flat base spouted beds and reported

ditferent characteristics from those of the conventional spouted beds with conical base.

They a1so developed empirical correlations for calculation of the minimum spouting

velocity, peak and steady spouting pressure drops. It is aIso reported that the effect of the

base angle is more important in shaIlow beds than deeper beds.

Krzywanski et.aI. [7] proposed a multi-dimensional model to describe the fluid and

particle dynamic behaviour of spouted beds. They were able to predict sorne key

hydrodYnamic characteristics which were found to be in reasonable agreement with

available experimental results selected from literature. Hattori et.al. [8] also developed

similar model based on Ergun' s equation which allowed them to derive the general

expression for the longitudinal distributions of fluid velocity and pressure in the annulus.

Studies on heat/mass transfer in spouted beds also received considerable attention

from various investigators. Rocha et.al. [9] studied aerodynamics and heat transfer in

two-dimensional spouted bed as applied to coating process. Freitas and Freire [10]

studied experimentally wall-to-bed and fluid-to-particle heat transfer coefficients in

spouted bed. They also proposed a new definition of waU-to-bed heat transfer coefficient

based on experimental observations. Kudra et.ai. [Il] studied experimentally the

hydrodYnamics, heat transfer and drying characteristics of two-dimensional spouted bed

with and without draft channel. Empirical correlations for key hydrodynamic parameters

as weil as heat transfer coefficient and drying rate were then developed for the design and

scale-up purposes. Jumah et.al. (12] studied different heating and spouting schemes in a

novel rotating jet spouted bed and showed that significant energy and quality advantages

may accrue from intermittent dtying of heat sensitive particles. Summaries of research

results and applications of spouted beds may be found in [13-15].



( 2.3 Dryillg Models

Backgrollnd 9

(

(

Drying, especially as applied ta food and biological produets, is a widely applied

process for different purposes, e.g., increasing shelf-life, reducing paeking costs, lowering

shipping weights, improving sensory attributes as well as encapsulating tlavors and

preserving nutritionaI value. Severa! review articles have reeently been presented on the

tapie of drying. Waananen et.al. [16] provide a comprehensive review of current dr)ring

theories with identification key charaeteristics of models incIuding controlling process

resistance, internaI mechanisms of moisture movement, methods of model coefficient

determination as weIl as model solution and validation. The volume of literature published

annually on modeling of drying, however, indicates that the fundamental mechanisms of

drying are not completely understood and that material-specific physicochemical

transitions during drying play an important role in determining process mechanisms. The

latter reason is frequently used as a justification for developing empirical and system

specifie models [17].

For materials undergoing falling rate period drying, in particular grains, diffUsion

based theories are fairly popular [17]. A compelling reason for the popularity is their

simpIicity. The material properties and the material-solvent interactions are lumped into a

single effective diffusivity which is determined experimentally through drying experiments.

Becker and Sallans [18] reported a study of the basic variables involved in the

drying of wheat kemels in a stream of dry, isothermal air. A correlations of the data was

developed by assuming the applicability of the diffusion model in an equivalent sphere.

While the method afforded a practicaI solution, Becker [19] pointed out that it is just a

theoretically unsatisfying substitute for a general approach to the rigorous treatment of

unsteady diffusion in solids ofgeometry too complex to allow analytical integration of the

differential diffusion equation and leads to an indeterminate error in the calculation of the

diffusion coefficient. This investigator then proposed a mathematical method for the

general solution of problems of unsteady diffusion in solids of arbitrary shape and, in
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particular~ to wheat. It was reported that the drying rate predieted by the integral solution

is ooly slightly lower than the experimental results when the wheat particle is modeled as

a sphere.

Fortes et.aI. [20] deveIoped a coupled heat and mass transfer model for wheat

drying based on irreversible thermodynamics. In faet, their modeI is a modified version of

Luilcov's mode!. TheoreticaIJy~ their modeI describes more accurately the physics of the

heat and mass transfer processes than does a simple liquid diffusion model. However, the

applicability of their model is greatly linùted due to the faet that the governing equations

include many coefficients which are very difficult ta determine experimentally.

Numerical simulations play an important role in the study of grain drying process.

Bakker-Arkema was among the first to propose a computer simulation model for crop

drying [21]. These mathematicaJ equations which are in ditrerential form and based on the

conservation of heat and mass have been used widely for design and analysis of crop

dryers. Parry [22] presented a review of the mathematical and simulation marlels used for

grain drying. Irudayaraj et.aI. [23] employed a finite element procedure to solve two sets

of non-linear coupled equations which consider temperature and moisture dependent

material properties. A recommendation for the selection of one model over the others

cannot be made based on their results since accurate values for sorne of the material

properties are not available.

For drying in spouted beds, Becker and Sallans [24] performed an experimentaJ

study of wheat drying in a spouted bed. They modeled the wheat particle as a sphere and

obtained a correlation for the drying rate of wheat kerneI based on the liquid diffusion

theory. They aIso presented a correlation for the critical grain temperature above which

the baking qualities of dried wheat are impaired. Zahed and Epstein [25] presented a

complete set of equations with no adjustable parameters for numerically predicting the

variation of grain temperature and moisture content with time for batch drying as weIl as

exit grain and air moisture contents along with temperatures for continuous drying in
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spouted bed. The model proved to give a good representation of drying process in

spouted bed of cereal grains. They also pointed out the need for a reliable equations for

predicting effective diffusivity which are scarce for cereaJ grains. Jumah et.al. [12]

performed intermittent heating and spouting in a novel rotating jet spouted bed and

showed that significant energy and quaJity advantages may accrue trom intennittent drying

ofheat sensitive particles. Gong et.a1. [26] pointed out the inappropriateness of modelling

wheat as a spherical body. These investigators showed the deviation in drying results

obtained by using the correlation for effective diffusion coefficient developed by assuming

sphericaI geometry in their two-dimensionaI liquid diffusion model. Thus, a more realistic

value of the effective diflùsion coefficient is needed if the drying abject is modelled more

accurately in terms of its geometry.

For a detailed discussion of spouted bed drying the reader is referred to the chapter

on spouted bed drying in the Handbook of Industrial Drying [27].
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Experimental Set-up,

Materials and Metbodology

3./Introduction

This chapter provides details about the experirnental set-up, the design of the rotating jet

annular spouted bed (RJASa), the materials used, the experimental procedure as weil as the

techniques employed in the hydrodynamic and drying experiments. Experimental reprodueibility

results are also presented.

(

(

3.2 Experimental Set-up

A schematic diagram of the experimental set-up and the associated instrumentation is

given in Figure 3.1. The RJASB is realized by using a slowly rotating inIet air distributor plate

equipped with a nozzle under the bed supporting sereen. The nozzle (2.0 and 3.0 em in diameter)

is located al 18 cm trom the center of the vessel. The distributor is enclosed within a seaIed

aIuminum box. The supporting sereen is made of galvanized steel wire (2 x 2 mesh) reinforeed

along ilS circumference by a circuIar metal loop. This main support sereen is eovered at the

upper surface with a 20 x 20 mesh aluminum wire net. The openings of the finer screen are small

enough to contain the particles but large enough sa that flow of air is essentially unrestrieted.

The rotating section of the main inIet air pipe is provided on its outer surface with two

rubber sealed ball bearing assemblies ; ail are eircumfused by another weIl sealed eoaxial pipe.

The downstream part ofthis rotating section is engaged with two belt-driven pulleys conneeted ta

a 3-hp variable speed AC motor (Boston Gear, Quincy, MA) through a gear speed reducer

(Boston Gear, Quincy, MA) calibrated with a digital tachometer.
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The spouted bed consists ofa cast acrylic vessel 45 cm in diameter and 60 cm in height. A

galvanized steel cylinder, 20 cm diameter and 55 cm height, with the top 5 cm perforated, is

mounted centrally in the vesse!. In order to prevent entrainment of particles from the bed, a

wooden cover plate is installed at the top of the vessel with 4 opening holes of equal size (7.5 cm

diameter) to minimize pressure build up in the vesse!.

The spouting air was supplied by a high pressure blower (GAST Regenair, model no.

R7100 B-I, GAST Mfg. Corp., Benton Harbor, MI) and maintained at the pre-selected

temperatures by a set of eleetric heaters rated at 4.5 kW fitted with P controller. The outer wall

of the heating compartment is insulated with fiberglass to minimize heat losses. The air tlowrate

was measured with a precalibrated pitot tube (model no. FPT 6120, Omega Engineering, Ine.,

Stamford, CT) and regulated by Mean of gate valve on the feed line. DifferentiaI pressure drop

across the pitot tube was measured using a manometer filled with a manometric tluid (Meriam

100 fluid, Meriam Instrument, Cleveland, OH).

( Pressure drop across the bed was measured using statie pressure taps conneeted ta a

manometer filled with a manometric tluid (Meriam 295 fluid, Meriam instrument, Cleveland, OH).

The pressure taps are stainJess steel with an internai diameter of 3 mm and an extemal diameter of

6 mm. The upstream pressure tap is plaeed below the gas inJet aperture in the entranee pipe. This

procedure produees a positive pressure drop when running the column without the solids at the

spouting gas rates [1]. The downstream tap is placed at the center of the upper end of the inner

cylinder in order to prevent any fluctuation due ta the rotating action of an inJet air nozzle.

InIet air temperature as weIl as bed temperatures at different locations were measured

using copper-constantan type T thermocouples (Omega Engineering, Inc., Stamford, CT).

Thermocouples signaIs were acquired by a scanning thermocouple thermometer (model no.

92800-10, Cole-Panner Instrument Co., Barrington, ll..).

(
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Rotating Jet Annular Spouted Bed
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Item no. Description Item no. Description

1 Air blower Il Vessel

2 Pitot tube 12 Motor + gear box

3 Eleetric heater 13 Motor controller

4 P controller 14 Pulley

5 Gate valve 15 Pressure taps

6 Manometers 16 BalI bearings

7 Air distributor 17 V-belt

8 Distributor cover 18 Thermocouples

9 Sereen 19 STT1

la Central cylinder 20 Cover plate

1. Scanning thermocouple thermometer

Figure 3.1. Schematic diagram of the overall experirnental apparatus



J.J Materitlls

Experimental Set-up, Materials andMethodology 17

{

(

Soft Spring wheat, corn and polystyrene pellets were used as the test materials in the

aerodynamic experiments while for the drying kinetics experiments, rewetted wheat was used.

Following Geldart's classification [2J, all particles used in this work belong to group D

(spoutable, large and dense particles). Dimensions and physicaJ properties (average values) of the

particles tested are given below in Tables 3.1-3.3.

The particle dimensions, length (L), breadth (B), and thickness (2), were measured using a

digital calliper (Digimatic Calliper, Mitutoyo Corporatio~ Japan) having a least count of 0.0 1

mm. Two hundred particles were measured for each type afmaterial. The bulk density, P., was

determined by pouring a weighed amount of sample particles through a funnel inta a measuring

cylinder. The volume occupied by the sample was then used to deterrnine the values of the loose

bulk density. The particle density, P" was estimated using fluid displacement with water as

measuring fluid. An eleetronic balance accurate ta ~ 0.001 g was used in weight detennination.

Table 3.1 Dimensions ofPartic1es Used in the Aerodynamic Experiments

Material L B Z D pe
1 Dpgm

2 D 3 ;4
P

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

Polystyrene 3.331 3.004 2.296 3.527 2.842 3.009 0.853

Wheat

(rewetted) 5.863 3.056 2.639 4.486 3.616 2.763 0.616

(dried) 5.295 3.158 2.732 4.435 3.575 2.994 0.675

Corn 10.567 7.985 4.770 9.160 7.383 6.400 0.698

1 : Equivalent spherical diameter
2 : Geometrie particle diameter = (L X B X Z) 113 [3]
3 : Effective particle diameter = D P. x tP
4 : Sphericity = DPp 1L [3]
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Table 3.2 Physical Properties ofBed Particles Used in Aerodynamic Experiments

Material P, Pb Ar u/ C Z

(kglm3
) (kg/m3

) (-) (mis) (-)

Polystyrene 1026.1 584.7 7.33 x lOs 6.24 0.430

Wheat

(rewetted) 1233.6 719.1 6.90 x IDs 5.44 0.417

(dried) 1182.0 779.3 8.41 x lOs 5.66 0.341

Corn 1227.5 764.6 8.52 x 106 8.53 0.377

1 : CaJculated values [4]
2 : & = 1- CA / Ps ) [3]

Table 3.3 Physical Properties of Rewetted Wheat Used in Drying Experiments

Property Value Property Value

L(mm) 5.863 P. (kglm3
) 1233.6

B (mm) 3.056 Po (kg/m3
) 719.1

Z(mm) 2.639 Ar (-) 6.90 X 105

D p.. (mm) 3.616 Ut (mis) 5.44

Op (mm) 2.763 & (-) 0.417

OPe (mm) 4.486

tP (-) 0.616

18
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3.4 Experimental Procedure

3.4.1 Aerodynamic Experiments

19

.(

The bed was prepared in a standardized manner before staning each experiment in order

to nùnimize any variation in the packing state which may arise during the filling of the vessel with

particles. This was done by loading an estimated quantity of materiaI into the bed, spouting for 5

minutes at a fixed value of distributor rotational speed (generally at 5 rpm), then increasing the

rotational speed until the new flow regime is established, shut off the airflow and let the particles

settle down and be re-packed.

The spouting regime, i.e., a plot of bed pressure drop versus superficiaI air velocity, was

established by gradually increasing the air flowrate until a spout was formed. After steady

spouting the air flowrate was gradually reduced until the spouting ceased. The air flowrate at

which the fountain just collapsed was taken as the minimum spouting f)owrate (QIN) for the given

system combinations. The flow was then further reduced in steps to zero. The flowrate and total

pressure drop were recorded simultaneously. The bed pressure drop was calculated using the

expression given by Mathur and Epstein [1] with a slight modification. This is given below as

equation (3.1).

(3.1)

The superficial and nozzIe minimum spouting velocities were calculated from the total air

flowrate, Qna, using the following expression :

U ( 4QIfU
IIUC or U1IU7t) = 1rf)2 (3.2)

(

where D is the column diameter or nozzle diameter depending on the quantity investigated.
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The range ofexperimentaJ conditions employed were :

1. Distributor rotational speed (N) : 0-10 rpm.

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

3. NozzIe diameter (Da) : 2 and 3 cm.

4. Particles: polystyrene, wheat and corn.

5. Superficial air velocity (Ue) : 0-0.64 mis

The dependent variables were :

1. Spouting regirne (~«I vs. U).

2. Minimum spouting velocity CUms).

3. Peak pressure drop (&PM).

4. Steady spouting pressure drop (~ ).

3.4.2 Drying Kinetics Experiments

20

(

The drying kinetics were measured in the batch mode using rewetted wheat as the test

materia!. After sieving out foreign materials, the wheat was rewetted by adding a pre-detennined

amount of tap water to achieve the required initial moisture content. The contents were mixed

thoroughly while adding the water by the use of a small "concrete mixer". The grain was then

placed in a sealed plastic container and kept in a cold storage room at 4 oC with periodic mixing

for a minimum of 72 hours to ensure reproducible moisture adsorption and uniform distribution

within the grain kemels.

Before the start of each experiment, the rewetted wheat was removed from cold storage

and kept at ambient temperature for 24 hours to achieve thermal equilibration at ambient

conditions. The experimental procedure was as follows :
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1. The scanning thermocouple thennometery blower, heaters and the motor (at fixed

value of rotational speed) were switched on.

2. Hot air at pre-seleeted flowrate and temperature was passed through the empty vessel

for thermal stabilization for about 1 hour.

3. When the steady state was reached y the air flow was diverted to the by-pass line and

the seleeted weight ofwet solids was loaded into the vessel.

4. Samples weighing la grarns each were periodically taken out fram the bed for

moisture content detennination fol1owing the ASAE standard [5].

5. The time-changes of the bed temperatures at different locations were recorded.

As indicated by various investigators [6,7] that wheat drying with an initial moisture

content of less than 0.5 kg/kg (d.b.) is in the falling rate period, the main contributor te the

variation of the drying curves turns out to he the inIet air temperature. Thus, in this experimental

work, ernphasis was placed on investigation of the effect of an inlet air ternperature as weil as the

statie bed height. The operating ranges of these two parameters along with the fixed values of

others were as follows :

1. InJet air tempearture (Ti) : 63-80 oC. The upper limit was suggested by the safe

maximum allowable temperature for wheat drying [8] while the Iower limit was

determined by the flow system behavior.

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

3. Distributor rotational speed (N) : fixed at 5 rpm.

4. Air superficiaI velocity (De) : fixed at 0.64 rn/s.

5. Nozzle diameter (Dn) : fixed at 3 cm.

The dependent variables were :

1. Sample moisture content (X).

2. Bed Temperature (Tb) taken as an average values from measurements at different

locations.



(

Expe,.;mental Set-up. Mate,.ia/s and Method%gy

3.5 Note on Reproducibi/ity ofthe Results

22

To investigate the reproducibility of the resultsy replicates were made of randomly selected

experiments, both in the hydrodynamic and drying experirnents. From these tests, the

reproducibility values of Ums • âPs, âPM and the drying curves were within ± 6.0, 8.2y 12.8 and

2.0 percent, respeetively. The relatively high nonreproducibiIity in ~M is related to the fact that

the peak pressure drop is bed history-dependent [1]. Nevenheless, the results confinned good

reproducibility of the overall experimental technique.

~ 35
0

.-. 30 0 Replicate # 1

.ci ~ f::1 Replicate # 2
'U 25 0.....-.....
c 20 0

( !! ~,c
8 15
Cl) 10 ~~

::s....en 5·0

~ 0
0 60 120 180 240 300

Time (min)

Figure 3.2. Reproducibility of the drying curves (rewetted wheat).

Ti =63 oC, Dn= 3 cm., H = 15 cm, N = 5 rpm, U = 0.64 rn/sy Xo == O.30kg/kg

Nomenclature

(
B

D

breadt~ mm

diameter, mm



Experimental Set-up, Materials andMethodology 23

Dn nozzle diameter, cm

Dp effective particle diameter, mm

Dp• equivalent sphericaJ diarneter, mm

D p,. geometric particle diameter, mm

g gravitationaI constant, m s02

H static bed height, cm

L lengt~ mm

N rotational speed, rpm

~-' bed pressure drop, kPa

~",p empty vessel pressure drop, kPa

IiPM peak pressure drop, kPa

IiPs steady spouting pressure drop, kPa

~ot total pressure drop, kPa

(
Qms minimum spouting flowrate, m3

S·l

Tb bed temperature, oC

T, inlet air temperature, oC

U superficial velocity, m sol

Ums minimum spouting velocity, m S·I

Ut particle terminal velocity, m S·I

X moisture content, kg water per kg dry solid

Z thickness, mm

Greek symbols

(

& voidage, 1- (Pb / Ps)' no unit

sphericity, Dp., / L , no unit

viscosity, kg mol S·l

bulk density, kg m·)
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particle density, kg m·3

Superscripts aud subscripts

b bulk, bed

c column

g gas

i inlet

n nozzle

p particle

s solid

Dimensionless groups

24

( Ar
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Hydrodynamic Cbaracteristics of

the Rotating Jet Annular Spouted Bed

4.1 Introduction

Detailed knowledge of the hydrodynamic behavior in a spouted bed is important in

ascertaining the effeetiveness ofgas-soud contact. Numerous works, bath experimentation

and phenomenologîcal modeIling, were devoted ta the investigation of hydrodynarnic

charaeteristics in spouted beds. Most of the works, however, were carried out within the

simple single-spout configurations column of0.3 m or less [1].

Due to the faet that conventional spouted bed (CSB) suffers from severa!

shortcomings [2] many modified spouted bed designs have been proposed and studied.

Olazar et.al [3] studied the hydrodynamics of nearly flat base spouted beds and developed

empirical correlations to prediet sorne key hydrodynamic parameters important to the

design and scale-up of their apparatus. Based on the faet that in the falling rate period

drying the rates of internai heatlrnass transfer determine the overall drying rate, Mujurndar

[4] proposed the idea of supplying spouting air ooly intermittently for materials dry in trus

period. The Rotating Jet Spouted Bed (RJSB) tested by Jumah [5] on a laboratory scale

proved that Mujumdar's basic concept is valid. This spouted bed is a flat-base cylindrical

column with a rotating inJet air distributor consisting oftwo radially located nozzIes which

provide an on/off operation over the entire area of the bed. This investigator aIse showed

that it is possible to double the column diameter used in his study (45 cm) without any

instability problems.
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Though several advantages are noted for the RJSB t there are still sorne

shoncomings [6]. Among the limitations are its complex construction, higher expected

maintenance costs and limitations due to the maximum spoutable bed height. The

objective of the present research is to develop a new spouted bed design to overcome

sorne ofthese limitations. The Rotating Jet Annular Spouted bed (RJASB) consists of one

rotating jet in the annular region. Any dead area in the central region of the bed is

eIiminated in this design. The slight reduetion in bed capacity as compared to RJSB at· the

same bed height (approximately 17.5 percent) is offset by its simpler fabrication and

modeling. It also requires less air flowrate for onset of spouting at a fixed value of

distributor rotational speed, thus allowing the use of a deeper bed of the materiaI to be

processed. The flow charaeteristics using different solid particulates was studied.

Empirical correlations were developed to predict the key hydrodyoamic characteristics of

the system.

4.2 Spouting Mechanism

The mechanism of transition from a static ta a spouted bed is best described with

reference to a plot ofbed pressure drop versus air velocity. Figures 4. Ia,b,c show typicaI

plots for rewetted wheat particles at an air distributor rotationaI speed of 0, 5 and 10 rpm,

respectively. The plots are supplemented by branches ilIustrating the reverse process, that

is the collapse of spout on decreasing the gas flowrate. Both superficial and jet velocities

are specified since the latter seems ta he of actual imponance in spouting phenomenon.

The folIowing sequence of events are observed as the flowrate is increased :

J. lncreasingflow

Curve A~B : As in conventionaI spouted bed, the pressure drop increases aImost

Iinearly with an increasing gas f]owrate while the fixed-bed state remains unchanged. For

stationary air distributor (Figure 4.1a), a smaiI cavity is fonned under the bed surface. In
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< the case of rotating air distributor (Figures 4.1 b and c), an intemally relocated annular

cavity is fonned aIong the path of the rotating jet. An arch of cornpacted particles that

offers high resistance to flow exists above the internai spout [7] 50 that the pressure drop

across the bed rises funher until reaches a maximum value at point B.

Curve B -+ C : As the flowrate is increased beyond point B, the height of the

relatively hoUow internaI SPOU! increases and the jet momentum is large enough ta pi~rce

the bed surface, hence spouting is onset. Pressure drops suddenJy to point C.

Curve beyond C : With still funher increase in gas flowrate, the additionaJ gas

simply passes through the spout region causing the fountain to shoot up higher without

any significant effeet on the pressure drop. The pressure drop beyond point C, therefore,

remains substantially constant.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
O.0 ILF-..............."--I.-~~-.............. .............~........................................L........L-.-I

a 20 40 60 80 100 120 140

(

(

Figure 4.1a. Spouting charaeteristics for rewetted wheat particles, H = 15 cm,

Dn = 3 cm, N = 0 rpm. B : peak pressure drop; C : onset of spouting;

D : minimum spouting condition~ E : spout collapse.
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Figure 4.1. Spouting characteristics for rewetted wheat particles, H = 15 cm,

Dn = 3 cm, (b) N = 5 rpm, (c) N = 10 rpm. B : peak pressure drop;

C : onset of spouting; D : minimum spouting condition; E : spout colJapse.



(

Hydrodynamics ofthe Rotaring Jet Annular Spouted Bed

II. Decreasingflow
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o(

(

On decreasing of the gas flowrate the bed pressure drop remains nearly constant

and the bed remains in spouting state until point D which represents the minimum spouting

condition. A slight reduetion ofgas velocity causes the spout ta collapse and the pressure

drop ta rise suddenIy to point E. Further diminution of fIowrate causes pressure drop to

decrease steadily aIong EA. However, the main curve now faIls lower than that for the

case of increasing fIow since the energy required by the gas jet to penetrate the soIids is no

longer expended during the collapse ofthe spout [7].

It has been observed that the rotating action of the spouting jet has a great

influence on the onset of spouting and hence in lowering the peak pressure drop values by

about 30 % as compared to the stationary spouting case. This can be explained by the

pulsating action inside the bed which loosens the packed structure and hence facilitates

spout evolution.

Observations from the above 3 figures showed that as the air distributor rotationaI

speed is higher the value of air flowrate required to maiotain minimum spouting condition

is increased. This may be attributed to the fact that the spout has a higher velocity

component in the angular direction and hence Iarger deviation from vertical direction. As

a resuIt, more kinetics energy is required ta maintain the spouting state. The same

phenomenon was aIso reported by Jumah [5] who studied hydrodynamics in the rotating

jet spouted bed.
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4.3 Flow Characteristics
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Three key hydrodynamic variables, namely, minimum spouting velocity, peak and

steady spouting pressure drops, are commonly used to describe flow behavior in spouted

bed. In tbis work experiments were carried out to study these parameters and their

relation with spouting medium (air), particle properties as weil as equipment parameters.

To generalize the discussion and present the experimental results in a useful and compact

fonn empirical equations are developed using dimensionaJ analysis.

4.3.1 Empirical Modelling

It is c1ear from earlier discussion that the gas-particle dynamics in the RJASB is

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

based on the observations can he used to determine the dimensionless groups useful in

correlating the experimental data. Following the postulations and assumptions made by

Jumah [5] and a procedure based on the Buckingham theorem [8], multiple nonlinear

regression analysis for evaluation of the correlation coefficients based on Marquardt­

Lavenberg method was perfonned using the SigmaPlot 1.02's Curve Fitter (landel

Scientific, San Rafael, CA). The following ernpirical equations for the predictions of

minimum spouting velocity, peak and steady spouting pressure drops were then derived :

(

( )
.,.SS40( ) -15930

Re~_ =02448 :{. ~: Ar"'"

( )
08196( )-08316 ()01421

Re... =2.0950 :{ ~: Ar'''·7 J
~ {)06139(D )02804
__M_ = 23 14 H _n Ar00450

AgH De. De.

(4.1)

(4.2)

(4.3)
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( J
07199( J02827

tu's =0.7513 H D" Ar0107S

AgH De. Dcw

where

in which N is the air distributor rotational speed (revolution per second).

32

(4.4)

(4.5)

(

(

The values ofthe coefficient of detenninatio~R2
, as weil as the standard error and

standard deviation for the above results are summarized below in Table 4.1. The ranges of

applicability ofthe correlations proposed are given in Table 4.2.

Table 4.1 Statistical Analysis ofthe EmpiricaI Correlations

Predicted variable R2 Standard deviation SSE1

Renuno 0.986 521.09 1.94 x 106

Remsn 0.988 803.59 2.91 x 10'

M'~iPbgH 0.938 0.049 0.058

M's!PbgH 0.978 0.026 0.017

1. Sum of squares of deviations

Table 4.2 The Range ofApplicability ofthe Correlations

for Minimum Spouting Velocity and Pressure Drops.

Dimensionless group Range

HlDcc: 0.250-0.500

DJOcc: 0.050-0.075

Ar 733 x 105 - 8.52 X 106

ValUt 0-0.033
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4.3.2 Minimum Spouâng Velocity
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A spouted bed system is characterized by its minimum flow requirement since

there exists a value of minimum air velocity required for spouting. The knowIedge of tbis

quantity is important from the viewpoint of design since it is used to specify the blower

capacity. Minimum spouting velocity, Ums, depends on the properties of the bed materiaI

and spouting agent as well as system geometry. Another added factor in the RJASB is the

angular velocity of the air distributor. Agai~ both the experirnentaI values of jet and

column minimum spouting velocities are reported as funetion of various operating

parameters in tenns of minimum spouting Reynolds numbers.

Effect ofstatic bed height

Figure 4.2 presents an example of the variation of Rems with dimensionJess bed

height for different particles. The data for ail particles show that Ums and hence Rems

increases almost Iinearly as the statie bed height is increased. The deeper the bed the

larger the amount of air needed to keep the bed at spouting condition and therefore the

higher is Ums. Similar observations have been reported aIso in the literature for spouted

bed of other designs [1,3,7].

Effect ofair distributor rotational speed

The effeet of distributor rotationaI speed in terms of the dimensioniess

circumferential velocity, Va/lIt, on the corresponding Rems is presented in Figure 4.3. An

increase in rotational speed introduces the resistant forces that tend to deviate the air jet

from the vertical direction and thus more flow is required to maintain a stable spouting and

consequently higher Rems values.
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Figure 4.2. Effect of dimensionless bed height on Rems, DJDcc = 0.075, N = 5 rpm.
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Figure 4.3. Effect of dimensionJess circumferential velocity on Rems.

DJDcc = 0.075. HJDcc =0.375.
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Effect ofparticle properties
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Additionai information on the minimum spouting air flow requirement of RJASB

were obtained by examining the effeet of particle properties viz. diameter, shape, and

density. These properties along with the fluid properties (density, viscosity) are often

combined Ïnto a single parameter, namely, the Archimedes number which represents the

ratio between gravity force and viscous force. The effect of this parameter on Rem., is

shown in Figure 4.4 for different values of dimensionless bed height. The main trend is

that Rems increases with Ar. The possible expIanation for this phenomenon is that the

matena! with larger Ar, in this case corn, offers more resistance to flow than does a

matenaI with lower Ar. Large and dense particles have large mass and respond sIowly to

the change in fluid flowrate while smaJI and light particles generally folIow more cIosely

the changes in tluid motion. Therefore, gravity force is more significant than viscous force

for large particles under spouting condition.

,'.,.
l

2.7 150
0 HIDce =0.250

1352.4 0 H/Dce =0.300

2.1 /::,. H/Dce =0.375 120
\J H/Dce =0.500 105

"Cf 1.8 eqn. (4.2)
0 90
~ 1.5 (,J

X 75 ~
c cv
IIJ 1.2 œ:E 60Cl)

0::: 0.9 45
0.6 30
0.3 15
0.0 0

0 2 4 6 8 10

Ar X 10-6

( Figure 4.4. Effeet of Archimedes number on Rem., DJOcc = 0.075, N = 5 rpm.
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Effect ofnoule size
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Ta investigate the effeet ofnozzle size on the value of minimum spauting velocity,

severaI experirnents were performed using two different nozzIe diameters for different

solid materials and air distributor rotationaI speeds. The results 50 obtained are shown in

Figure 4.5 as Rem.c: versus dimensionless circumferential velocity with the dimensionless

nozzJe diameter as a parameter. As observed trom this figure, the value of Remsc increases

as the dimensionless nozzle diameter increases. However, as shown in Figure 4.6, the plot

of Remsn versus dimensionless circumferential velocity shows an increase in the value of

Remm as the dimensionless nozzIe diameter decreases. This is due ta the fact that as the

nozzle diameter decreases the length basis for nozzle velocity calculation also decreases.

This results in higher values of the nozzle (or jet) velocity and hence Remsn. It should be

noted that the effect is more pronounced for higher Archimedes number materiaI, Le., corn

in this case.

( 200
0 5

180 Ar =8.41 X 10 ,DnlDce =0.075

0 6

160 Ar =8.52 X 10 ,DnlDce =0.075

• 5

140
Ar =8.41 X 10 . DnIDce =0.050

• 6

120
Ar =8.52 X 10 ,DnlDce =0.050

0 0
Ë 100 0Q)

c::
80 0

• •60 •
40 0
20 •

0
0 5 10 15 20 25 30 35

(Va/Ut) X 103

{ Figure 4.5. Effeet of dimensionJess nozzIe diarneter on Rem.c~ H/Dcc = 0.375.
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( Figure 4.6. Effect ofdimensionless nozzle diameter on Rem.m, HlDcc = 0.375.

From the aforementioned discussion it is thus recommended that larger nozzIe size

should be used. The use of a smaller nozzle diameter aIso Iimits the contact between air

and particles because of smaIIer active spouting area and higher jet velocity.

(
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4.4.3 Pressure Drop
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As in conventional spouted bed, two pressure drop values are of praetical Înterest

in the design and operation of R1A5B, namely, the peak and steady spouting pressure

drops. The peak pressure drop (l\PM) which is a bed-history dependent variable is

encountered when starting up the bed and is used in sizing the air blower system. The

steady spouting pressure drop (Ms) corresponds ta the nearly constant values beyond the

onset of spouting and is useful in estimating the operating power requirements.

Effect ofair distributor rotalionaJ speed

Figures 4.7 and 4.8 show the effeet of air distributor rotational speed on the peak

and steady spouting pressure drops, respeetively, for two nozzle sizes using corn particles

as the test material. These figures show that neither peak nor steady spouting pressure

drop is affected by the rotational speed. It is clear, however, that the values of peak

pressure drop for stationary distributor (N = 0 rpm) are slightly higher. The lower peak

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

introduced by an internaI spouting prior to the onset of spouting. This pulsating action

helps aIleviating the packed condition and thus less energy is required for onset of

spouting. Similar behavior was observed aIso for beds of polystyrene and wheat particles.
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Figure 4.7. Effeet ofair distributor rotational speed on dimensionless

peak pressure drop for corn particles, HlDe:c =0.375.
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( Figure 4.8. Effect of air distributor rotational speed on dimensionless

steady spouting pressure drop for corn particles, HlDcc = 0.375.



Hydrodynamics ofthe Rotating Jet Annular Spouted Bed 40

( Effect ofbed height and nouJe size

In arder to analyze the effect of the system geometric parameters of the contacter,

the values of dimensionIess pressure drops, MlMl'PbgH and MlslPbglL are plotted in

Figures 4.9 and 4.10, against the dimensionless hed height for different salid materials

with the dimensionless nozzle diameter as a parameter. Beth bed pressure drop values

tend to increase with the increase in dimensionless nozzIe size. However, the values of

nozzle (or jet) pressure drops increase significantly with the decrease in nozzIe size. The

combination ofthis phenomenen along with that happens in the case of minimum spouting

velocity, again, suggested that a larger nozzle diameter should be selected for practical

design purpose.
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Figure 4.9. Variation of dimensionless peak pressure drop

with (HIDcc) and (DJDce) for different solid panicles, N = 5 rpm.
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Figure 4. 10. Variation of dimensionless steady spouting pressure drop

with (HIDcc) and (DJDcc) for different solid particles, N = 5 rpm.

4.4 Comparison ofSpouting Curvesfor Wetted/Dried Particulates

(

In the case when RJASB is utilized as a dryer for rnaterials undergoing falling rate

period drying, e.g., sorne agricultural produets, it is interesting to investigate the changes in

spouting curves as the process proceeds. For agricultural grains, i.e., wheat in this case,

the bed of particles change their own charaeteristics as drying proceeds due ta the changes

in density because of the decrease in rnoisture content and volume because of shrinkage.

Figure 4.11 shows !Wo different sets of spouting curves for different stages in the drying of
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( wheat. The solid curves represent spouting phenomenon for rewetted wheat of high

moisture content while dotted curves stand for the spouting behavior for dried wheat at the

end of the process. It is c1early seen tram this figure that ail key hydrodynamic

charaeteristics, Le., minimum spouting velocity, peak and steady spouting pressure drops,

dropped down significantly at the end of the process. This provides an idea that variable

drying conditions which could lead ta reduetions in energy and airflow requirements couId

be performed.

0.0 0.1
1.5

0.2 0.3 0.4 0.5 0.6 0.7

m.c.= 9 % (d.b.)

o increasing f]ow
~ decreasing flow1.2

~....
~ m 0.90..

~

-'ô
ID
~

0.. 0.6<l

0.3

0.0
o 20 40

8

60 80 100 120 140

(

Figure 4. Il. Comparison of spouting curves for wetted and dried wheat,

Ho = IS cm, N =5 rpm, Dn = 3 cm. B : peak pressure drop;

C : onset of spouting; D : minimum spouting condition; E : spout collapse.



(

Hydrodynamics o/the Rotating Jet Annu/ar Spouted Bed

4.5 Note on Determination ofthe Fictitious Co/umn Diameter
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In order to perfonn heatlmass transfer calculation in this gas-solid system it is

necessary to determine the values of convective heat/mass transfer coefficients whic~ in

turns, requires the calculation of particle Reynolds number. To obtain the particle

Reynolds number it is necessary to define the value of the length basis for the

detennination of superficial veIocity used in the calculation. In conventional spouted bed

the value of column diameter is normally used as the basis for superficial velocity

caIculation [7,9]. In the RJASB, however, tbis figure cannot be employed since not the

whole bed is spouted at any instant. Gong et.a1. [10] introduced the concept of fictitious

column diameter (Dcr) in the simulation of wheat drying process in a novel rotating jet

spouted bed. The value is, in fact, arbitrarily chosen from the geometric configuration of

the spouted bed unit. A more sound theoretical procedure is thus needed in order to

detennine the value of the fictitious column diameter for general heatlmass transfer

calculation.

From visual inspection of spouting phenomenon in RJASB the active spouting

region is in the range that Mathur-Gishler Equation can well predict the value of minimum

spouting velocity [1]. This equation was then adopted in the calculation of fictitious

column diameter. However, some modifications are needed in order to allow this

equation to give the value of nozzle minimum spouting velocity instead of column

superficial velocity. Multiple nonlinear regression analysis was employed on the

experimental data of Mathur and Gishler [Il] in arder to obtain the values of the new

correlation coefficients. The resulting equation becomes :

(

{
D )104S(D )-0191(2 H( - )J0500

Umsll =74.7 -p -" g Ps Pg

De De Pg

(4.6)
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Rearranging for Oc: and denoted as Dc;( yields :

44

(4.7)

(

(

This equation has proved to give the same order of magnitude value as selected by

Gong et.al. [10]. Thus it should be employed in any convective heat/mass transfer

calculation that requires determination ofconvective transfer coefficients in the RJASB.

4.6 Conclusions

A novel rotating jet annular spouted bed (RJASB) has been developed for drying

particulates in the falling rate period. Experiments were perfonned to investigate the

spouting regimes as weil as various key hydrodynamic characteristics in this new gas-solid

contactor. Both column superficial and jet velocities were used ta demonstrate the

spouting phenomenon since the latter seems to be of actual importance in describing of the

process. Empirical correlations were developed to predict the values of these parameters

for the purpose of design and scale-up.

Comparisons of the spouting behavior for wetted and dried particulates using soft

wheat particles as a test materia! are iIIustrated and discussed. The results show that the

use of a variable drying condition might lead to reduetions in energy and airflow

requirements as weil as to enhancement in the dried product quality.
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Nomenclature
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De[ fietitious column diameter, m

Dcc equivalent cylindrical column diameter, m

D" nozzle diameter, m

Dp effective particle diarneter, m

g gravitational constant, 9.81 m S"2

H static bed height, m

N air distributor rotational speed, rpm

9 œd bed pressure drop, kPa

LJPM peak pressure drop, kPa

Os steady spouting pressure drop, kPa

R radius of rotation, m

If coefficient of determination, -

( Uc column superficial velocity, m S·l

Umsc superficial minimum spouting velocity, m S·I

U" nozzle minimum spouting velocity, m sol

Ut particle terminal velocity, m S-I

VU circumferential velocity of the air nozzle, m S"I

Greek Letters

Pg fluid viscosity, kg mol S·I

Pb bulk density, kg m"3

Pg fluid density, kg m-3

ps particle density, kg m·3

(
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Subscripts and Superscripts

c column

ce equivalent cylindrical column

n nozzle

ms minimum spouting condition

msc column minimum spouting condition

msn nozzle minimum spouting condition

0 stationary

lorI peak

s steady

Dimensionless Groups

46

( Ar

Re

D/Pg(Ps - Pg)g
Archimedes number, --:..--=::;---=---

,u:

DUp
Reynolds number, p g

,ug
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(Chapter 5)

Drying Kinetics in the Rotating Jet

Annular Spouted Bed : Experimental

ResuIts and Mathematical Model

5.1 Introduction

This chapter consists of a detail explanation of a two-dimensional liquid diffusion

model for drying of particulates in a Rotating Jet Annular Spouted Bed (RJASB) using

rewetted wheat as the test material. The finite element method was employed to solve the

set of coupled heat and moisture transfer equations along with appropriate initial and

boundary conditions. A new correlation for the effective difiùsion coefficient for rewened

wheat was developed using both the experimental as weil as numerical results.

5.2 MatJ,ematica/ Mode/for Drying ofWheat

Drying of wheat has been studied extensively in the two decades. Becker [1]

developed integraI solutions for one-dimensional planar, polar and spherical geometries for

wheat drying. It was reponed that the predicted drying rate by the integral solution is ooly

slightIy lower than the experimental results when the wheat particle is modeled as a

sphere. Becker and SaIlans [2] performed an experimental study of wheat drying in a

spouted bed. They modeled the wheat particle as a sphere and obtained a correlation for

the drying rate of wheat kemel based on the liquid difiùsion theory. They also presented a

correlation for the critical grain temperature above which the baking quaIities of dried

wheat are impaired. Fortes et.ai. [3] developed a coupled heat and mass transfer model

for wheat drying based on irreversible thermodynamics. In fact, their model is a modified
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(

version of Luikov's Madel. Theoretical1y, their model describes more accurately the

physics of the heat and mass transfer processes than does a simple liquid diffusion model.

However, the applicability of their model is greatly limited due to the fact that the

goveming equations include Many coefficients which are very difficult to detennine

experimentally. Gong et.al. [4] pointed out the inappropriateness of modelling wheat as a

spherical body. These investigators showed the deviation in drying results obtained by

using the correlation for effective diffusion coefficient developed by assuming spherical

geometry in their two-dimensional liquid diffusion model. Thus, the need for an accurate

value of the effective diffusion coefficient becomes crucial. It should be noted that, for

simplicity, throughout this work the word "diflùsion coefficient" implies "effective

diffusion coefficienf' unIess specified otherwise.

5.3 A Two-Dimensional Liquid Diffusion Model

To model heat and mass transfer proœsses in a wheat kemeI the following

assumptions were made:

1. Wheat kemel are unifonn in size, homogeneous and isotropie.

2. Moisture transfer within the wheat particle is controlled by liquid diffusion only.

3. Conduction of heat and moisture between bed particIes, heat lasses and particle

shrinkage are negligible.

With the aforementioned assumptions, the governing equations for heat and mass

transfer within the wheat kemel are as follows [5] :

(

ôX = .Ê-(D ôX ) +~(D ôX )
ôt âr ax bY 0'

8T a 8r a aT
Pscs aï = ex (ks ax)+ ay (ks ay)

(5.1)

(5.2)
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in which

E
D =Do exp(- RT )

abs

The initial and boundary conditions are:

Initial condition :

(5.3)

50

Boundary conditions

for moisture :

at t = 0, x=x and T=To 0
(5.4)

(

and for temperature :

(5.5)

where n is the outward drawn nonnaI vector at the surface.

5.4 Fïnite Element Fonnulation

(5.6)

(
Considering the advantages of the finite element method [6], e.g., there is no need for

additional equations to assure continuity across comffion boundaries of adjacent elements,

complex geometries and mesh generation are easily handled, and can easily he generalized
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to solve different types of problems, etc., this method was adopted in order to solve the set

of coupled equations and the associated initial and boundary conditions.

After spacewise discretization of Eqs. 5.1 and 5.2, subject to convective boundary

conditions (Eqn. 5.5 and 5.6), using GaIerkin's method [1], the following semi-discrete

matrix system is obtained :

in which

[C]{U} + [K]{U} = {F} (5.7)

[C]= f(C' orc2

(5.8)
r-:I 0

M'[K or[K]= ~ 0
1

K2

(5.9)

(
~[Xr[U]= ~ T (5.10)

~[F.r[F]= ~ ;, (5.11)

In the preceding equations, nef is the total number of elements; the superposed dot

denotes differentiation with respect 10 time; the sUPeI'SCript e designates an element; Cl' ~,

KJ and K1 are submatrices; FJ and F1 are subvectors. The coefficients in the submatrices and

subvectors are calculated according ta the following equations:

(

cf = fa Ps c)lJNJefrdydz

cf = fo- N1NJefrdydz

(5.12)

(5.13)
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KJJ = f OraN! aNJ + aN! oNJ + aN! 8NJ) dxdydz
1 a ôx ôx ay ay oz az

K u = f k(oN! aNJ + aN! oNJ aN! aNJ\d.,A"dz + f h N N cff (5 15)
2 a ax ax ay ay + az ôz ~'y' r- T ! J •
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Ff = fr-h",(Y - y',,)N1tfr

F~ = fr-[hT T.,,+ Mlh",(Y - y',,»)N1dr

(5.16)

(5.17)

Discretization of the time derivative in Eq. 5.7 is achieved with backward Euler

scheme:

(C + âJK]{UI + 61 } =[C] {Ut} + {F} (5.18)

(

(

Based on the procedure described above, a two-dimensional finite element computer

code was written in FORTRAN 77. Using this computer code simulations of rewetted

wheat drying in the novel RJASB were carried out.

5.5 Results and Discussion

The cross-section of a typical soft wheat kemel is shown schematically in Figure 5.1.

When the wheat particle is dried in the rotating jet annular spouted bed, the surface of the

wheat is exposed to hot air and subjected to convective heat and mass transfer.

The particles in the rotating jet annular spouted bed have been shown to he weIl mixed

sa that it can be assumed that the surface of the wheat is subjected to uniform convective

heat and mass transfer. Therefore, the convective transfer coefficients and the ternperature

as weIl as the humidity of the drying air are taken to he as uniform at every location on the

wheat surface.
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( According ta the derivation of the boundary conditions for a grain particle in the

spout.ed bed [5] Tf and lfare the ternperature and humidity of the inlet hot air of the spouted

bed and hT is caIculated using the following correlation [8]:

Nu =Jz.kDp =0.897 Re· 464 Pr·333 Ar· "6(H 1DP. ru, ;'.161

i

(5.19)

{

The superficial velocity used to caIculate the Reynolds number in (S .19) is based on a

fictitious column diameter value calculated according to the procedure given in Chapter 4.

It should be noted that sinee this correlation was developed by assuming the particle to he

spherica1, the diameter substituted must he an equivalent sphericaI diameter in order to

obtain the Nusselt number. The effective particle diameter is then used to calculate the

value of heat transfer coefficient.

c.........--~

A

( Figure S.l. Schematic cross-section of a typical soft wheat kemel.
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5.5.1 Experimental Validation ofthe Numerical Model
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(

(

The numerical model was fust validat.ed by comparing the computed results assuming

wheat as a one-dimensional spherical body with the experimental data for wheat drying in

the rotating jet annular spouted bed apparatus.

The relevant experimental pararneters used for model validation are listed in Table 5.1.

The transport and equilibrium properties of soft wheat are list.ed in Table 5.2. The

thermodynamic and transport properties of air-water system are listed in Table 5.3.

Table 5.1 Experimental Panuneters Used for Model Validation

Parameter Value Unit

Ygi 0.008 kg/kg

Ta 15.0 oC

ms 6.0 kg

H 0.15 m

Xa 0.30 kg/kg

Ap 2.40xlo.s m2

~ 1.10x 10-8 m3

Ps 1182.0 kg/m3

d 0.0035 m

L 0.00586 m

t/J 0.616 -
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Table 5.2 Transport and Equilibrium Properties of Soft Wbeat

Property Expression Reference

D DI =0.0 198exp(-6 155/T.) [9]

k, k. =[0117 -0.OO3808(X +X,)JI llO-eX -X,» [3]

c, C, =[1396 + 2688(X + X,»)/ [1- (X + ...Y,») [3]

RH RH =l-exp[-cl (100X,t'(T +c,)] [10]

CI =23008 x 10-', Cl =:; 2.2857, c, =55.82

tUf.... MId-v =~T~[(6887 / T~)- [10]

(531/ Tabs)+(l- RH)c.{lOox,tl
/ RH]

Table 5.3 Thennodynamic and Transport Properties of Air-Vapor Systems [11,12]

Property Expression

P., p.. =lOOe>.:p[27.0214-(6887 / T.)- S321n(T./273.l6»)

y y = 0.622RHP. 1(P - RH p..)

Cn C'" =100926 X 10' -4.0403 x 10-zT +61759 x 10~T1-4.097 x 10-'T'

k, k
6
=2.425 X 10-1-7.889 x 10-'T - L790 x 10-«T1 -8570 x 10-11 T'

P, P, =PM, / (RT..>

11, J.l
6

= L691 x 10-' + 4.984 x 10-«T - 3187 X 10-11 T Z + lJ 19 x 10-14 T'

cp" c,. = L883 -L6737 x IO~T +8.4386 x IO-'7T 2
- 2.6966 X 10-IOT)

C,.... C", =2.8223+11828 x 10-zT -35043 x 10-'T2 +3.601 x 10-«T'
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(
First, a simple spherical geometry was chosen ta approximate the wheat kemel. For an

air temperature of 63 oc and a mass flow rate of hot air of O.087kg/s, grid dependence tests

showed that the maximum difference between the predicted average moisture content during
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the drying process was less titan 0.17 % between numerical runs using 20 elements with a

tirne step of 20 second and 80 elements with a time step of 5 seconds, while the maximum

difference was less than 0.05% when using 40 elements with a time step of 10 second and

80 elements with a time of 5 seconds. Considering bath accuracy and computing time 40

elements with a time step of 10 seconds were utilized.

Figure 5.2 presents a comparison of the drying curves between the modeI predictions

and the experirnental results for an inlet air flow rate of 0.087 kg/s and the inlet air

temperatures of 63 oc and 79 oC. In this figure the salid line represents the numerical

results and the upward open triangle and the downward open triangle represent the

experimentaI results for the inIet air ternperature of 63 oc and 79 oC, respectively. It is seen

from this figure that there is an excellent agreement between the numerical predictions and

the experirnental results despite the numerous simplifying assumptions.

( ~ 350

,...., ~ 63 Oc
.c 30

79 Oc"0 \7
'"-' 25.... -- 1D geometryc
Q) 20....
c
0 150

~ 10~....
tn

5·0

~
0

0 60 120 180 240 300

Time (min)

(

Figure 5.2. Comparison of the numerical predictions assuming spherical

geometry with the experimental results. N = 5 rpm, On = 3 cm,

H = 15 cm, Uc =0.64 mis, Xo :0.30 kg/kg
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5.5.2 Effect ofMode//ing Geometry
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(

As pointed out by Gong et.al [4] the assumed geometry has a strong effect on the

results obtained. Two geometries, one·dimensional spherical and a fully two-dimensional

geometry, were selected to illustrate this effeet. The wheat kemel cross-section shown in

Figure 5.1 is assumed to be an axi-symmetric plane. Due to symmetry only a quarter can

be used in the computation. The finite element meshes of the axi-symmetric geometry are

shown in Figure 5.3. For the two geometries, wheat kemel drying rates with an inlet air

temperature of 63 Oc and an air flowrate of 0.087 kgls were computed. Figure 5.4

displays the effect of the modelling geometry on the drying curves. In this figure the solid

and dashed line represent results computed for the sphericaI and two-dimensional

geometries, respectively. Clearly the simulation assuming sphericaI geometry (ID) yields

better agreement with the experimental data. This is because the effective diffusivity vaIue

used in the simulation was obtained by assuming sphericaI geometry of wheat kemel.

B

(
Figure 5.3. Finite element meshes for axi-symmetric geometry
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!::::a Experiments

-- 10 geometry

--- 20 geometry

50 100 150 200 250 300

Time (min)

'#. 35 r----------------,

~ 30
~ 25..,
c:
.! 20
c:
8 15

~ 10..,
CI)

'0 5
~ 0

o

(
Figure 5.4. Effect ofmodelling geometry on predieted drying curves.

H = 15 cm, Dn= 3 cm, De = 0.64 mis, Ti =63 oC, N = 5 rpm, X, == 0.32 kg/kg

5.5.3 A New Two-Dimensional Based Diffusion Coefficient

Based on both the experimentaJ and numerical results, a two-dimensionaI based

effective diftùsion coefficient has been deveIoped assuming an Arrhenius type relationship

for temperature dependence :

Dl = O.0105exp (-6155.!TalJJ (5.20)

A moisture-independent nature of the diffusion coefficient is aIso reported by another

investigator who studied wheat drying process [2].

(
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5.5.4 Comparison Between Numerical Predictions and Experimental Results

Two sets of results are compared in Figure 5.5 showing the effect of inlet air

temperature on the average moisture removal rate. AlI the parameters used for the twa

cases were the same except for the inIet air temperatures.

~ 35
.-... 30 6. 63 Oc
.Q

"C 25
'V 79 Oc

..........
~ -- 2D geometryc
Q) 20~

c
8 15
Q,)
L.. 10~
~

en
5

(
°0
~ a

0 50 100 150 200 250 300

Time (min)

Figure 5.5. Effect ofinlet air temperature on drying curves : Comparison

between experimental and numerical results

N == 5 rprn, H = 15 cm, On = 3 cm, Uc: = 0.64 rn/s, Xo == 0.30 kglkg

(

It cao be seen aIso from this figure that an increase of the inlet air temperature can

greatly accelerate the moisture removal rate. However, the inlet air temperature cannot be

increased indefinitely since there exists a critical temperature above which the baking

qualities are thennally injured [2]. AIso shown in Figure 5.6 is the effect of inlet air

temperature on the kemel surface temperature. It is obvious that the temperature of the

drying air has a strong effect on the kemel temperature. Thus, it is important to pay

attention to this parameter in arder ta avoid overheating of the dried produet. It is seen
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( from these two figures that the agreement between numericaJ and experimental results

obtained is good. The small diserepancy between the predieted and observed temperatures

is attributed to the uncertain measurement of the particle surface temperaturey and the

simplifying assumptions made in the deveJopment of the modely e.g. y negJeeting heat losses

and errors in estimating air-water system properties. The same phenomenon is aIso

reported by Jumah et.aJ. [5] who dried yellow dent corn in a rotating jet spouted bed of a

different design.

-- 2D geometry

- - - Experiments

o
_------. 79 C--.".--- 0

,,-..;' _---------. 63 C----

120

-.. 100C,.)
0
"'-'
Cl) 80
~

:J- 60~
Cl)
c..

40E
Q)
f- 20

a
0 50 100 150 200 250 300

Time (min)

(

Figure 5.6. Effeet ofinJet air temperature on kemel surface temperature :

Comparison between experirnentaJ and numerical results

N = 5 rpm, H = 15 cm, On =3 cm, De: =0.64 mis, Xo =0.30 kglkg

(..
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( Figure 5.7 presents the effect of initial bed height on the drying curves. It is seen

from this figure that the drying rate decreases sIightly with the increase in static bed

height. A reduetion in bed height results in a shorter particle cycle time and thus higher

temperature gradients inside the particle, higher surface temperature and hence higher

diffusivity and therefore drying rates. This phenomenon is shown in Figure 5.8 for the

variation of surface temperature with time.

::e 35Q

.........
30 \1 H = 15 cm

.ci ~ H = 20 cm
'0 25'-' -- 2D geometry..,
c::
(1) 20..,
c::
0 150
Q)
L.". 10~

(
..,
en

5·ô
:e

0
0 50 100 150 200 250 300

Time (min)

Figure 5.7. Effect of initial bed height on drying curves :

Comparison between experimental and numerical results

N = 5 rpm, Dç = 0.64 rn/s, Ti =63 oC, On =3 c~ Xo == 0.30 kglkg

Shorter bed height also leads 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 5.8. Effeet of initial bed height on kemeI surface temperature :

Comparison between experimental and numerical resuIts

N = 5 rpm, Ue = 0.64 mis, Ti =63 oC, On == 3 cm, Xe, == 0.30 kg/kg
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Figure 5.9. Comparison between Faatz's and simuIated resuIts

N = 4 rpm, Ue = 0.45 mis, On =3 cm, H = 15 cm, Ti == 58 oC, X:. == 0.30 kglkg
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Figure 5.9 shows the comparison between the experimentaJ results of drying wheat

in a rotating jet spouted bed [13] and simulated one. It can be seen that the agreement

between these two data set is good. Thus further confinned the validity of the obtained

result.

5.6 Concluding Remarks

Choice of the physical geometry of the kemel used for simplified computation has

significant influence on the predicted heat/mass transfer rates. Since the value of the

diffusion coefficient is obtained by assuming a certain geometry it is thus important to

choose the model geometry correctly. This is especiaIly important when one wishes to

model the transient thennal and moisture distribution within the kerneI accurately so that

quality parameters May be modelled in later work.

In this worlc, a two-dimensional liquid diffusion model was developed to simulate

the heat and mass transfer processes in the faIling rate period drying of cereal grains in a

novel rotating jet annular spouted bed. Rewetted wheat was used as the test material. A

correlation for the effective diftùsion coefficient was developed using both the

experimental and numerical resuIts. The result obtained was verified and round to he in

good agreement with the experimental results.

It should be pointed out that the result obtained can be adapted ta other processes

which require more accurate description of the thennaI and moisture distribution in the

grain, e.g., stress-cracking anaJysis, determination of moisture distribution inside a kemel,

etc.
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( Nomenclature

Ap particle surface area, m2

Cp specific heat, J kg-1K-1

Cs specific heat ofwheat, J kg-1K-1

D diffusion coefficient, m2 S-I

Do diffusion coefficient at reference temperature, m2 fi

Dp~ equivalent sphericaI diameter, m

d characteristic particle diameter, m

E activation energy, kJ

g gravitational constant, 9.81 m S-2

H bed height, m

hr convective heat transfer coefficient, W m-2 K-I

Ml
d
_
v heat of desorption-vaporization ofwater, kJ kg-1

( k thennal conductivity, W m-IK-J

ks thennal conductivity ofwheat, W m-IK-I

L characteristic particle dimension, m

Mw molar mass ofwater, kg mor l

mg mass tlow rate ofdry air, kg 5-
1

ms mass of dry solid in bed, kg

N shape funetion

n outward normal of boundary

Pv vapor pressure of pure water, Pa

R universaJ gas constant, 8.314 J mor l K- I

RH relative humidity, -

Rv RlMw = 462 J kg-1K-1

T temperature, oC

Tobs absolute temperature, K

( li ambient temperature, oC



( t

!Jor

U

Vp

X

y

Yf

Ygr

x,y,z
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time, s

time step, S

air superficial velocity, m S-l

particle volume, m3

free moisture content, kglkg Cd.h.), -

absolute air humidity, kg water vapor/kg dry air

absolute ambient humidity, kg water vapor/kg dry air

absolute ambient humidity ofthe inlet air, kg water vapor/kg dry air

coordinates, m

65
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.(

Greek Letters

p density, kg m-3

ps density ofwheat, kg m-]

r, r~ boundary which subjeeted to convective transfer

ne integration damain ofan element

t/J sphericity, -

J.J viscosity, kg m-Is-·

Subscripts and Superscripts

1 one-dimensional geometry

2 two-dimensional geometry

e equilibrium

0 initial value

g gas

; inlet

/,J element node number

p particIe



v vapor

w water

( s solid
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Dimensionless Groups

Ar

Nu

Pr

Re

. D 3P (Ps - P )g
Archimedes number, P i 2 g

Pi

hrD
Nusselt number, T

g

c p
Prandtl number, ~ g,

(

(
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(Chapter 6)

Conclusions

The fol1owing conclusions are made based on this investigation :

• The key hydrodynarnic characteristics, e.g., minimum spouting velocity, peak

and steady spouting pressure drops were measured using polystyrene, corn and

wheat as the test materials. Empirical correlations were developed which are

useful in the design and scale-up of RJASB. They include effects of bed

height, nozzle diameter, air distributor rotational speed as weIl as particle

characteristics.

• The air distributor rotational speed has appreciable etfeet on the value of

minimum spouting velocity. The effect on peak pressure drop is dominant oruy

when shifting tram stationary spouting ta rotating spouting regime while the

effect is negligible on the value of steady spouting pressure drop for the whole

range ofstudy.

• Drying tests in the RJASB were condueted using rewetted wheat as the test

material. Dnly wheat was chosen because it is nonspherical and dries only in

the falling rate period. Effects of spouting air temperature as weil as bed

height were determined experimentally. A finite element solution to the two­

dimensional liquid diffiJsion equation was obtained with an accurate physical

description of the wheat kemel and compared with the conventional one­

dimensional model assuming the wheat kemel to be spherical. A new effective

liquid diffusivity correlation was obtained for rewetted wheat using the

experimental data.
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• Flow characteristics of the RJASB system using two (or four) rotating intet air

nozzles within a large diameter column should he investigated. The distance of

the nozzJes from the center of the vessel need not he the same. This a1lows use

of larger column diameters and still avoid any dead areas.

• Experimental studies on drying are needed using freshly harvested grains as

weIl as other nonagricultural particulate solids.

• Once two-dimensional effective liquid diffusivities are obtained simulations

could be carried out for intermittent spouting and heating to optimize energy

and quaIity of dried products
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(APpendix j

A Colorimetrie Technique to Quantify

Wheat Grain Damage During Drying

A.l Introduction

Quality is one of the most important parameters to be considered in selection and

operation of the drying process. During grain drying sorne damage, both thermal and

rneehanical, can occur. To minimize such damage it is important to be able to detennine

the damage quantitatively under various operating conditions. The usual method of visuaI

inspection and reporting the damage levels as percentage by weight is time-consuming,

inaceurate and does not account for the fact that damage may oecur on a continuous seale

[1 ].

Several methods have been employed to determine grain damage. Visual inspection,

though simplest, has sorne shortcomings. Schmidt et.aI. [2] reported a study in which the

precision of estirnating mechanical damage of corn was investigated. Experimental results

showed considerable variation among damage observed. Main sources of variation in

sample damage estimates were observer differences, sampling differences and the inability

of observers to repeat their determination of damage. Thus, a method which provides

systematie procedure of determining such damage is needed.

A colorimetrie technique which employs the technique of spectrophotometry was

originally developed by Chowdhury and Buehele [3]. This technique consists of staining

the damaged parts ofgrains in a Fast Green FCF dye; the dye reacts only with the exposed

internaI tissue of the grains. Exeess dye is rinsed off with distilled water and the sample is

then placed in a mild sodium hydroxide solution which dissolves the dye adhering only to
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the damaged grains. The percentage transmittance or absorbance of the solution is then

measured using a speetrophotometer. It is obvious that the greater the damage level in the

sample, the greater the absorbance.

In this study [4], the calibration curves were constructed based on artificial Uhalf-cut"

damage of wheat. The percent damage of wheat resulting from the spouting process is

then reported based 00 the ~~haIf-cut" scale. This work was motivated by the need ta

examine the quality of grains dried in the novel dryer as far as mechanical damage is

concerned. It should be noted that the experimental results presented here are for wheat

drying in a oovel rotating-irnpinging jet spouted bed which, in faet, should produce the

same order ofdamage as will be in RJASB.

A.2 Material and Met/lods

A.2.} Material

Soft Spring wheat kemels were used as the test material. According to Geldart's

specification [5], wheat is classified as a cJass D (spoutable, large and dense) particle.

Selected properties ofwheat are summarized in Table 3.1-3.3.

A.2.2 Experimental method

A.2.2.I The colorimetrie method

The colorimetrie method consists of scanning for the absorbance peak of the Fast

Green FCF dye in a dilute aqueous solution of sodium hydroxide (Figure A.l). The

waveleogth at which peak absorbance occurs (À. = 607 nm) is then used to adjust the

reading wavelength of the spectrophotometer. A grain sample of 10 grams was used for

each experiment. After sieving and c1eaning, the wheat kemels were eut in half along the

longitudinal axis and then mixed with normal kemels at various percentages (by weight) ta

obtain different partially damaged samples for calibration purposes.
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Figure A. 1. Peak wavelength ofFast Green FCF dye

in aqueous solution of sodium hydroxide.
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The partially damaged sample was then soaked in 0.1 % (by weight) Fast Green FCF

dye solution for 15 seconds, then rinsed with distilled water, followed by bleaching with

0.05 N sodium hydroxide solution for 60 seconds. The absorbance of the resulting

solution was then measured using a Spectronic 601 spectrophotometer. The

spectrophotometer was aIso calibrated for zero absorbancy with 0.05 N sodium hydroxide

solution at 607 nm.

A.l.l.l Spollting and samp/ing

In the spouting experiments, wheat kemels were loaded into the bed up to a certain

preselected height and the spouting started at time zero. The samples were then sampled

at 15 minute intervals. The total spouting time was 165 minutes for each run. The samples

were then analyzed using the above colorimetrie method. To study the effect of the

sampling location, at the end of each experiment 4 samples from different locations in the

bed were taken and analyzed.
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In order to simulate the real drying process ofwheat which normally starts at an initial

moisture content ofabout 30 %, a rewetting process is needed since only dried wheat was

available. In two experiments, the grains were rewetted in order to investigate the effeet of

wetness on percent damage. Rewetting was performed by adding precalculated amounts

of water ta achieve the required initial moisture content and mixing the content

thoroughly. The grains were then kept in cold storage with periodic mixing for 72 hours

to ensure moisture equilibration.

A.3. Resalts and Discussion

A.3.1 Calibration curve

The calibration curve of percent absorbance versus percent damaged sample (based

on half-cut basis) is presented in Figure A2. An aImost linear relationship is observed.

This is expected since the amount of dye in sodium hydroxide solution should be directly

proponional to the surface area of exposed internaI grains whic~ in turn, is directly

proportionaI to the percent artificiaIly damaged grains.
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Figure A.2. Calibration curve 1; percent artificial damage

versus percent absorbance. À. = 607 nm.
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Figure A.3. Calibration curve 2; percent artificial damage

versus percent absorbance. Â. = 607 nm.
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Analysis of the damage from the first few sets of experirnents suggested that percent

damage will never exceed 20 % under the operating conditions employed. Therefore, two

extra points were added to the calibration curve from 0 to 20 percent. Over this narrower

range, the data show a clearer linear reJationship between percent absorbance and percent

damage (see Figure A.3). Sïnce damage resulting from the spouting experiments appeared

to he only in this narrower range, Figure A.3 was used as the calibration CUNe in this

study.

A.3.2 Effect ofspouting duration

The increase in grain damage with time seems to follow three main stages; an initial

increase in damage in the initial 45 minutes foIIowed by a stage in which damage was

aImost constant or only increased sIightly between 45 ta 120 minutes. The final stage was

a sharp increase in damage from 120 to 165 minutes. This phenomenon is seen in Figure

A.4.
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Figure A.4. Effect ofspouting duration on percent damage. Tis= 57 oC, U = 0.44 mis,

N =6 rpm, initial moisture content = 16.4 % d.b.



Appendir VII

30 60 90 120 150 180

Time (min)

(

(

{

The expeetation that time is a very important variable affeeting grain damage during

the spouting experiments is confinned by the results. Longer the time grain kernels spend

in the bed, greater is the chance the kemels impacting with the vessel wall as weil as other

grains. Furthermore, the effect of thennal damage are arnplified by longer exposure of

grains to heated drying air.

A.3.3 Effect ofiniet ai, temperature

Heat is believed to affect the mechanical properties of wheat kernels and add to the

mechanical damage suffered during drying in the spouted bed. The two temperature levels

of inJet air chosen for this study were 57 and 80 oC. Temperatures higher than those of

interest in praetice were chosen as to amplify the effects of ioIet air temperature and

examine the worse case scenarios.
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Figure A.5. Effeet ofinIet air temperature on percent damage (rewetted sample). N = 4

rp~ U = 0.44 mis, initial moisture content = 29.3 % d.b. ~,57 oC; V, 80 oC.
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Figure A.6. Effeet ofinlet air temperature on percent damage (unwetted sample). N = 4

rpm, U = 0.44 rn/s, initial moisture content = 16.4 % d.b. ~, 57 oC; V' , 80 oC.

As cao be seen from Figures A.5 and A.6, the effect of inlet air temperature is more

pronounced in the case of the rewetted than unwetted grains. It appears that the

mechanism of grains damage is c10sely related ta the moisture content and the heat/mass

transfer mechanisms inside the kernel. Also observable from these figures is that as the

temperature of the drying air was increased grain damage, as expected, also increased.

A.3.4 Effect ofair nozzle Totational speed

Two rotational speeds were used ta study the effect of the distributor rotational

speed, 4 rpm and a higher speed of 6 rpm. As can be secn from Figure A. 7, the results

show that at the same temperature, the grains spouted at higher rotational speed sutTered

more damage.

The increase in percent damage with higher rotational speed is expeeted. Recall that

the damage is, ta sorne extent, the result of grains colliding with the vessel wall, bed cover
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( plate as weU as other grains. At higher rotational speed~ grains were subjected ta more

spouting per unit time and resulting in more coUisions.
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Figure A.? Effect ofair distributor rotational speed. U =0.44 m/s~ Tig = 57 °C~ initial

moisture content = 16.4 % d.b. 6,4 rpm; V, 6 rpm.

A.3.5 Effect ofinlet air superficial velocity

In arder ta detennine the effect of air flowrate~ two different values of air superficial

velocity were tested; 0.22 mis and 0.44 mis. It can be seen from Figure A.8 that the inlet

air velocity has a large effeet on grains damage. This trend is expeeted since at higher air

velocity, grains were move and collide at higher speeds.
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Figure A.S. Effect ofinIet air superficial velocity. N =4 rpl1\ Tig = SO oC, initial moisture

content = 16.4 % d.b. ~ ,0.22 mis; V, 0.44 rn/s.
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Figure A.9. Sampling locations in the spouted bed.



{

Appendix

A.3.6 Effect ofsampling location

XI

{

Four different locations in the bed, as shown in Figure A.9, were chosen ta investigate

if the damage differed spatially inside the bed. The results showed very little variation,

thus confinning that the spouted bed is well-mixed [6].

A.4 Conclusions

Based on a colorimetrie technique which relates percent absorbance of a suitable dye

to percent mechanicaI damage ofgrain kemels. Damage of wheat during drying in a novel

rotating-impinging jet spouted bed was examined under various operating conditions.

This method has proved reliable to quantify mechanical damage determination within an

experimental uncertainty of onIy 1.1 percent for an artificially damaged sample (calibration

process) and 1.5 percent for a sample damaged during spouting.

Nomenclature

B Breath of wheat kemel, mm

Dp Effective particle diameter, mm

Dpe Equivalent spherical diameter, mm

Dpgm Geometrie particle diameter, mm

L Length ofwheat kemel, mm

N Air distributor rotational speed, rpm

T,g Inlet air temperature, oC

U Inlet air superficial velocity based on column diameter, m S-I

Z Thickness ofwheat kernel, mm

Greek Letters

(
& Voidage, no unit



( Sphericity, no unit

wavelength, nm

Bulk density, kg m-3

True density, kg m-3
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