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AESTRACT

Spent grains are usually required to be dried to about 0.11 kglkg db for prolonging the

storage time and reducing the mass and trarsportation cost of the products. Superheated

steam can be used for the direct drying of spent grains for saving energy compared with

conventional rotary-drum drying. The drying dynamics of spent grains in superheated steam

can be studied by simulating the drying process with mathematical models. The principal

objective of this research was, therefore, to develop the mathematical models describing the

dry-g of thin layers and deep beds of spent grains in superheated steam. To achieve this

objective, three aspects of work were done in this research: 1) determination of the

equilibrium moisture content (EMC) of spent grains in superheated stearn, which is the

important parameter for the modelling of drying, 2) development ofthe mathematical models

for drying thin layers of spent grains in superheated steanq which also provide the base for

modelling deep-bed drying, and 3) development of the mathematical model for drying fixed

beds of spent grains in superheated steam and validation of the dry-g model.

Two equations withregression-determined coefficients were developed for describing the

EMC ofspent grains in superheated steam. The steamtemperature had a significant effect on

the EMC. Under atmospheric pressure, the EMC decreased substantially from 9.3 to 1.7

kg/r00 kg dry solids for brewers' spent grain (BSG) and from 6.7 ro r.4kg/100 kg dry

solids for distillers' spent grain (DSG) with an increase in the steam temperatgre from 105 to

140"c. The EMC reduced slightly beyond 140"c and approached zero at200.c.



A mathematical model was proposed for describing the drying ofthin-layer spent grains

in superheated steam. Not only the temperature but also the velocity of steam had a significant

effect onthe steamdrying process. Increasing steamtemperature from 1 l0 to 180"C decreased

the drying time by 80% for drying ofBSG and by 85% when drying DSG at a steam velocity

of 0.7 m/s. At l45oc, an increase in steam velocity ûom 0.3 to 1 .1 m/s cut the dryi"g time by

half for both spent grains.

A partial-differential-equation (p.d.e.) model describing the steam dryi"g of spent grains

in a fixed bed was developed using the mass flow rate of steam as one of the important

variables. The model was solved with a finite-difference method, which was accomplished

by a computer program written in the FORTRAN language. A good agreement was obtained

between the calculated and measured average moisture contents in BSG samples during the

drying process.



ACKNO\4TT,EÐGEMENTS

I would like to express my appreciation to my advisor, Dr. S. Cenkowski, for his guidance,

encouragement, and funding offer during my graduate study.

I would like to acknowledge all the help of the committee members, Dr. W.E. Muir and

Dr. M. Izydorcryk in the research work.

The technicalassistance fromMr. D. Bourns, h{r. M. McDonald, VIr. J. Putnarn, and Mr.

G. Woods is also appreciated.

I wish to thank Mr. M. Mohamed for his help with some of my experimental work.

I also thank my mother and my wife for their understanding and encouragement.

FinallS thanks goes to all my friends for their help.

lll



TABLE OF'CONTENT'S

ABSTRACT .............i

ACKNOWLEDGMENT ..........iii

TABLE OF CONTENTS ........iv

LIST OF APPENDICES .........vü

LIST OF FIGURES ................ ix

LIST OF TABLES ..................xü

LIST OF SYMBOLS .............xüi

l INTR.ODUCTION

2 LITERATURE REVIEW ....,,,...,,,,,,,.,,,,,6

2.1 Mechanism of drying and modelling the drying of biological products ........,,.6

2.1.1 Introducriontodryingofbiologicalproducts .................6

2.I.2Basic concepts and theories applicable to drying ............g

2.1.3 Modelling the drying of biological materials in a thin layer ............13

2.1.4 Modelling the drying of biological materials in a deep bed .............20

2.1.5 Suggestions for future research in drying of biological materials ....29

2.2 Superheated-steam drying .......30

2.2.1 Clnracteristics of superheated-steam drying .................30

2.Z.?Dryngprinciples of superheated steam .......33

2.2.3 rndustrial applications of superheated-sream drying ......3g

2.2.4 Mathematical modelling of superheated-steam drying ..................42

3 EQUILIBRIUM MOISTURE CONTENT (EMC) OF SPENT GR.AINS

IN SUPERHEATED STEAM LINDER ATMOSPFIERIC PRESSURE ......,..,.....,,..,46

lV



3.1 Experimental determination ofEMC ........46

3.l.IEquipment ....... .........46

3.1.2 Materials ..................4g

3.1.3 Drying conditions .....49

3.1.4 Experimental procedure ......,......49

3.2 Graphical representation for the EMC of spent grains .................50

3'3 Equations for describing isobars of spent grains in superheated steam ..........51

3.4 conclusions on EMC of spent grains in superheated steam .........60

4 MODELLING SUPER.HEATED-STEAM DRYING OF THIN LAYERS

OF SPENT GRATNS ...........61

4.1 Drying e4periments of thin-layer spent grains in superheated steam .............61

4.1.1 Materials ..................61

4.1.2 Equipment ....... .........61

4.1.3 Drying conditions .....61

4.1.4 Determining the percentage of the steam passing through

the sample ...............62

4.1.5 Experimental procedure for drying tests ......63

4.1.6 Determination of nutrient composition ........64

4.2 Modelling the steam drying ofthinJayer spenr grains .................65

4.2.l Development ofthin-layer drying model .....65

 .2.ZDetermnation of coefficients inthe drying model .........67

4.3 Drying dynamics of thin-layer spent grains in superheated steam ......69

4.4 Effects of drying temperature and time on nutrient composition ..................74

4.5 Conclusions on modelling ofthin-layer drying ...........76



5 MODELLING SIIPERHEATED-STEAM DRYING OF FIXED BEDS

OF SPENT GRAINS .....,....78

5.1 Development ofthe model for drying fixed beds of spent grains in

superheated steam ..................7g

5.1.1 Determination ofbasic variables in drying model ..........79

5.1.2 Derivation of the fixed-bed drying model .....................7g

5.1.3 Simplification of the fixed-bed dryrne model ................g4

5.1.4 Division of th¡ee zones in the fixed bed .......g5

5.2 Numerical solution ofthe fixed-bed model for drvins BSG in

superheated steam ..............,...g7

5.2.1 Finite difference equations for the fixed-bed dryi"g model .............87

S.2.2Determnation of coefficients in the fixed-bed drying model ..........89

5.2.3 Computer program for simulating the fixed-bed drying process .......91

5.3 validation ofthe fixed-bed drymg model with e4perimental results ..............g4

5.3. I Experiments on drying fixed beds of BSG with superheated steam ... 94

5.3.2 comparison of the predicted and experimental results ...................95

5.3.3 Further discussion on simulation results ......9g

5.4 Conclusions on modelling of fixed-bed drying .........100

6 GENERAL CONCLUSIONS

7 RECOMMENDATIONS FOR FUTURE V/ORK

8 REFERENCES

APPENDICES .....722

vl



T,{ST OF'APPET{DICES

A - APPENDICES FOR CHAPTER 3 ..,122

4.1 (Table 4.1) Experimental results for BSG in EMC determination ........123

A.? (Table 4.2) Experimental results for DSG in EMC determination ...,.,,.124

4.3 Example of regression-analysis program for Eq. 3.5 for BSG ..............,r25

4.4 Example of regression-analysis program for Eq. 3.13 for DSG .............T26

B - APPENDICES FOR CHAPTER 4 ...127

8.1 (Table B.1) Experimental data for determining the percenrage of

8.2

dryingmediumpassingthroughtheBsGsample .................12g

(Table 8.2) Experimental data for determining the percentage of

drying medium passing through the DSG sample ............,..12g

8.3 (Table 8.3) Changes ofmoisture rario in BSG drying .........130

8.4 (Table B.a) changes ofmoisture rario in DSG drying .........135

8.5 (Table 8.5) Regression-analysis results for Eq. 4.3 (BSG drying) .........140

8.6 (Table 8.6) Regression-analysis results for Eq. 4.3 (DSG drying) ........r4r

8.7 SAS program for the regression analysis on Eq. 4.3 ............142

8.8 (Figwe 8.1) Effects of steam temperature and velocity onA,K, and N

inBSG-drying model ......r43

8.9 (Figure 8.2) Effects of steam temperature and velocity onA,K, and ff
in DsG-drying model ......146

8.10 SAS programfor the regression analysis on Eqs. 4.6 through 4.g .........14g

vll



C - APPENDICES FOR CHAPTER 5 ...i50

C.l Models for continuous deep-bed drying .............151

C.2 Program for simulating the drying of fixed-bed BSG in superheated

stea.m ..............155

C.3 An example of 'Filel" recording detailed simulating results for

drying fixed-bed BSG in the steam of 140.8"C and 0. t9 kg/(mz . s) .....162

c.4 An example of "File2" recording some simurating results for

d.yme fixed-bed BSG in the steam of 140.8"c and 0.19 kg/(m2 . s) ...166

c.5 (Table c.1) Experimental data for determining the percentage

of drying medium passing through the BSG sample in the füed

bed of 30 run ..................169

C.6 (Table C.2) Predicted results for the changes of average moisture

content in fixed-bed BSG samples during superheated-sream d.ying ....170

C.7 (Table C.3) Experimental data for the changes of average moisture

content in fixed-bed BSG samples during superheated-ste¿rm drying ....177

VilT



Figure 2.1

Figtxe2.2

Figure 2.3

Figure 3.1

Figure 3.2

Figure 3.3

Figwe 3.4

Figure 3.5

Figure 3.6

Figure 3.7

T,TST OF' FTGURES

(a) Drying curve (b) Drymg-rate curve. .............10

Schematics for four basic types of convective dryers. ...........21

Elemental control volume of a fixed bed. ....,.......24

Superheated steam dehydration system. ................46

Simplified diagram of drying chamber. ..................48

Comparison of the predicted results with measured EMC of BSG

in superheated steam under atmospheric pressure. The solid line is

plotted based on equation 3. 5 with k : 62.00, n : -L12, and m : 0.3 3. ...... 56

Comparison of the predicted results with measured EMC of BSG

in superheated steam under atmospheric pressure. The solid line is

plotted based on equation 3. 1 3 with k: 0.25, n: 4.09, and m : 0.7 5 . .....57

Comparison of the predicted results with measured EMC of DSG

in superheated steam under atmospheric pressure. The solid line is

plotted based on equation 3.5 with k: 14.64,n: -0.33, and m: 0.55. .....57

Comparison of the predicted results with measured EMC of DSG

in superheated steam under atmospheric pressure. The solid line is

plotted based on equation 3.13 with k : 0.038, n: 5.48, and m: 0.38. ....58

The EMC-temperature isobars for different materials in

superheated steam under atmospheric pressure. .,,,,,,.......,......59

Modified drying chamber (Dimensions are in mm). .,............62

tx

Figure 4.1



Figtxe 4.2 Comparison of predicted results with measured moisture ratio

of BSG in superheated steam. .............70

Figure 4.3 Comparison of predicted results with measured moisture ratio

of DSG in superheated steam. .............70

Figure 4.4 Predicted drying curves for thin-layer BSG and DSG in

superheated steam at0.7 m/s and various temperatures. ........72

Figure 4.5 Predicted drying curves for thin-layer BSG and DSG in

superheated steam at 145"C and various velocities. ..............72

Figure 4.6 Predicted drying rates for thin-layer BSG and DSG in

superheated steam at0.7 m/s and various temperatures. ........73

Figwe 4.7 Predicted drying rates for rhin-layer BSG and DSG in

superheated steam at 145'C and various velocities. ..............73

Figure 5.1 Elemental control volume (^Sdr) in a fixed bed ofparticles. ....................80

Figure 5.2 The division ofthree zones in the fixed bed. .........86

Figure 5.3 The finite-difference scheme in the fixed bed. .......87

Figure 5.4 Flow chart for the computer program of simulating the drying

of fixed-bed BSG in superheated steam. ..............92

Figure 5.5 Comparison of predicted and measured average moisture contents

of BSG samples (in a fixed bed of 30 mm deep initially) during

drying with superheated steam at the flow rate aroturd 0.32

kg/(Ñ' s) and different temperatures. ................96

Figure 5.6 Comparison of predicted and measwed average moisture contents



of BSG samples (in a fixed bed of 30 mm deep initially) during

drying with superheated steam at the temperature around 140"C

and different flow rates. .....97

Figure 5.7 changes of wet front, dry front, and bed depth in the process of

drying the BSG sample of 30 mm deep with superheated steam at

the temperature of 140oC and rhe flowrare of 0.19 kg/erf . s). ..........,..99

XI



Table 3.1

Table3.2

Table 3.3

Table 4.1

Tabke 4.2

Table 5.1

[,TST OF TA.ET,ES

Regression-analysis results for BSG ....................54

Regression-analysis results for DSG ........,...........55

Regression-analysis results and the coefficients in Eq. 3.5 for

otherrnaterials .......... .........59

Results of the second-step regression ..................68

Nutrient composition of undried and dried spent grain samples .............75

Data for BSG samples tested under different drying conditions ..............94

xü



ï,IST OF'SYMBOí S

a Specific area, surface arcaper unit volume, rrt/mt

c Specific heat of dry material, J/(kg. "C)

ca Specific heat of dry ur, J/(kg. "C)

cs Specific heat of steam, J/(kg. 'C)

cv Specific heat of water vapour, J/(kg. 'C)

cw Specific heat of water, J/(kg. 'C)

dt Time increment, s

dx Distance increment in d.Ving bed, m

h Heat transfer coefficient, J/(s. *' .oC), or J/(s. m' .oC)

hu Latent heat of evaporction,I/kg

h,* Latentheat of evaporation of free wate4 J/kg

k Drying constant

q Heat flux, J /(m2 .s)

r Spherical or cylindrical coordinate, m

/ Drying time, s or min

v Velocity of material moving in a cross-flow dryer, m/s

va Velocity of drying asr,m/s

x x coordinate, distance in bed depth, m

y y coordinate, m

z z coordinate. m

xlu



D* Moisture diffi¡sion coefficient, m2/s

G Mass flow rate of material to be dried, kg/erf . s)

Go Mass flow rate of dry ak,kg/(m2 . s)

G" Mass flow rate of steam,kg/(mz . s)

G,u Mass flow rate of exhaust ste¿Ìm at outlet, kg/Grt . s)

G"o Mass flow rate of steam at inlet, kg/(m2 . s)

H Specific (or absolute) humidity of air, kg water vapour/kg dry ait

L Depth of grain bed in a counter-flow dryer, m

M Moisture content ,kgHrO/kg dry mass, or kg /kg db

M Average moisture content, kg /kg db

M" Equilibrium moisture content, kg/kg db

M"o Equilibrium moisture content at temperatwe T,o,kg/kg db

Mo Initial moisture content, or moisture content at inlet,kg/kg db

MR Moisture ratio, ç74 - M)l(M"- M"), or (M - M")l(M"- M")

P, Relative pressure of stearn, decimal

,R Radius of a body, m

,S Cross-sectional area in an elemental control volume, m2

T Temperature of material to be dried, oC

To Air temperature, oC

Too Air temperature at inlet, oC

To" Equilibrium value of air temperature in a bed of infinite depth, oC

xlv



To Initial temperature ofmaterial to be dried, oC

T, Temperature of stearn, oC

7," Temperature of exhaust steam at outlet, oC

T,o Temperature of steam at inlet, oC

T,* Swface temperature of material to be dried, oC.

T* Temperature of drying mediurrq "C

V, Velocity of steam, m/s

GR,EEK SYMEOT-S

p Bulk density of material to be dried or density of a solid, kg/mt

po Density of air, kg/mt

pu Final bulk density of material dried to the equilibrriurn, kgrh3

p, Density of steam, kg/mt

po Initial bulk density of marerial to be dried,kg/mt

e Porosity of deep bed

V Symbol of gradient

V2 Laplacian operator

Lt Time increment. s

Ax Distance increment in drying bed, m

Ax" Final thickness of a layer dried to the equilibriun¡ m

Lxo Initial thickness of a layer, m

XV



1INTR.OE}UCTION

Spent grains are the by-products from the production of alcoholic beverages and ethanol

fuels in breweries or distilleries. Brewers' spent grain (BSG) is the residue ofbeer making in

breweries, which use malted barley as the major raw material (Johnson and PetersonlgT4).

Distillers' spent grain (DSG) is the product left in distilleries after alcohol is removed by

distillation from the fermented grains such as corn, wheat, barley, rice, and rye (Wampler and

Gould 1984; Woods etaL 1994).

Most ofthe starch in the raw materials is fermented to produce alcohol, but almost all the

protein, fat, and fibre remain and are concentrated in the spent grains (Kissell and Prentice

1979; Wampler and Gould 1984). Therefore, both BSG and DSG are excellent sowces of

protein and energy. They are mainly used as feed for animals such as cattle and poultry

(Ranhotra et aI. T982; 'Woods et al. 1994). Spent grains can also be used as a flour

supplement to produce human food products such as baked foods (brownies, cookies, yeast

breads, quick breads), extruded snacks, and baby foods (Kim et al. 1989; Rasco et al. 1990;

'Wampler 
and Gould 1984; Wu et al. 1984). In addition, dried spent grains can be used as fuel,

but this is a less lucrative option than the use of spent grains as animal feed or flour

supplements for human foods (Richards 1997b).

Normally, wet spent grains contain 75Yo to 85% moisture (wet basis, wb), which can be

reduced to 60yo - 70% by mechanical de-watering using a screw press or centrifuge (Woods

et aI.1994). The wet spent grains are heavy, likely to drip during transportatior5 and easily



spoiled. To reduce the mass (and thereby reduce the transportation cost) of spent grains and

to prolong their storage time, spent grains need to be dried to about 10% moisture content

(wb) (Woods et al. 1994). Direct rotary-drum dryers are conventionally employed for this

pu{pose, and other dryers such as direct flashdryers, indirect steam-tube dryers, and indirect

steam-disk dryers can also be found in some distilleries or breweries (Richards 1997a;'Woods

et al. 1994).

Drytrrg spent grains is a very energy-intensive operation in the alcohol and beer industry.

Drying spent grains with superheated steam could be an alternative for saving energy.'Woods

et al. (1994) proposed a fluid-bed steam dryitrg system to dry DSG. The circulation of

superheated steam in a closed-loop drying system can reduce the energy wastage that occurs

with hot-air drying. Also, the exhaust steamproduced fromthe evaporation ofmoisture from

the wet product can be used in other operations in distilleries, such as cooking raw materials,

stripping and rectiSing distillation of ethanol, and concentrating residual slillags. Although

steam drythg makes DSG darker than air drying, the material remains a relatively good colour

compared with the dried DSG available on the market. In additior¡ the strþping capacþ of

the superheated-steam can remove the acetic acid during dryi"g and make the dried DSG

aroma similar to baked goods. Therefore, it seems reasonable to dry spent grains with

superheated steam.

To my knowledge, drying spent grains with superheated steam has not been used

commercially, and no systematic studies on it have been reported in the literature except for

wheat-derived stillage which was experimentally dried in Europe (Woods et al. 1994). To



optimize the design parameters of dryers for steam drying of spent grains, it is necessary to

know the drying dynamics ofthe spent grains in superheated steam.

One of the important parameters in describing a drying process is equilibrium moisture

content (EMC), which is defined as the moisture content of a product after the product has

been exposed to a particular drying medium for a sufficiently long (infinite) period of time

(Brooker et al. 1974; Pabis et al. 1998). The EMC represents the lowest moisture content

which can be reached in the dryitrg process for given dwing conditions. It depends on the

nature of the product and the conditions of the drying medium. For non-hygroscopic

materials, the EMC is essentiaþ zero at any drying conditions. For biological materials which

are hygroscopic, the EMC varies over a wide range as the drying conditions change.

Mathematical modelling of drying processes is one ofthe most important research aspects

of drying studies. The principle of modelling is based on having a set of equations which

completely describe the drying process or drying system (Strumillo and Kudra l986). The

history of modelling of drying began with an often quoted paper by Lewis (lgzl) and with

the famous paper by Sherwood (1929). Only after 1950's, a variety ofmathematical models

describing the drying of biological materials, especially grains, appeared in the literature.

Various drying models are normally categorized into thin-layer (or single-particle) and deep-

bed drying models.

The term'thin layer" is defined as a layer of drying materialwhich is dried by convection

and the dryng can be modelled by equations describing the drying of a single particle of the



material suspended in the drying medium (Pabis et al. 1998). A thin-layer drying model can

be applied to a single particle suspended in the drying mediunr, one layer (mono-granular

layer) ofparticles in the drying stream, or multilayer ofdrying material ifthe conditions ofthe

drying medium can be considered the same at any position in the multilayer (Jayas et al.

1991). In contrast, in deep-bed drying, the drying condition changes in the direction of the

flow of drymg medium. In practice, the forced-convective drying operations of biological

products almost always happen in deep-bed drying.

The modelling of thin-layer drying provides not only a good tool for studying the drying

kinetics of a single particle or a thin-layer ofmaterial but also the base for modelling practical

deep-bed drying. The equation describing thin-layer d.yng can be incorporated into a group

of equations to describe the drying process of a deep-bed material. In addition, for the

purpose of computatior¡ a deep bed can be thought of as a series of thin-layers (Henderson

and Henderson 1968; Thompson et al. 1968). Each þer is dried for a short time interval

using the exhaust d.yittg medium from the previous layer as the input dryr"g medium.

Solving the set of equations in a deep-bed drying model, usually by computer simulation,

results in describing the moisture and temperature changes in the product to be dried,

consequently predicting the drying rate and drying time, at different drying conditions or with

different design parameters ofthe system. Thus modelling of deep-bed drying can be used for:

i) predicting the behaviow of the modelled drying processes or systems and getting a good

understanding of therq ü) controlling drying processes or systems, üi) improving existing

drying systems and promoting their operation efficiencies, and Ð optimizing the design



parameters for new systems (Brooker et al. 197 4; Cenkowski et al. I 993 ; Jayaraman and Das

Gupta 1992; Parry 1985; Sha.p 1982; Thompson et al. 1968).

The objectives of this study \ryere: i) to obtain the EMC data of spent grains dried in

superheated steam and determine the sorption relationship between spent grains and

superheated stearrL ü) to develop mathematical models for drying ofthin layers of spent grains

in superheated steam and analyse the drying characteristics of thin layers of spent grairs in

superheated stearrL üi) to develop a fixed-bed drying model for the simulation of drying of

fixed-beds of spent grains with superheated steam as well as solve and validate the drying

model.

The thesis was written in a publication-manuscript format, but much more details were

put in the thesis than in the publications. Besides INTRODUCTION (Chapter 1),

LITERATURE REVIEV/ (Chapter 2), GENERAL CONCLUSIONS (Chapter 6), and

RECOMMENDATIONS FOR FUTURE WORK (Chapter 7),the major contenrs of the

thesis were written in Chapters3,4, and 5. Chapter 3 entitled EMC OF SPENT GRAINS IN

SUPERHEATED S TEAM UNDER ATMOSPHERIC PRES SURE came fr om a publication

(Tang and Cenkowski 2001); Chapter 4 entitled MODELLING THE DRYING OF THIN-

LAYER SPENT GRAINS IN SUPERHEATED STEAM was recently submitted to the

Journal of Food Engineering for publication (Tang er al. 2002); and Chapter 5,

MODELLING THE DRYING OF FIXED-BED SPENT GRAINS IN SUPERHEATED

STEAM, will bç submiued for publication in September 2002.



2 I,ITERATIIRE R,EvtrEW

2.1 Mechanism of drying and modelling the drying of bionogical products

2.1.1 Inúroduction to drying of biological products

Drying or dehydration is the process that uses heat to remove moisture from wet materials.

It is an important operation in processing biological materials such as grains, fruits, and

vegetables. The objectives for the drying ofbiological materials are: i) to remove the moisture

from the materials to a level at which microbial spoilage and deteriorating reactions are

minimized or prevented; ü) to reduce the product mass and volume, which promotes the

efficiencies and minimises the costs in the packing, transportation, and storage of the

products; and üi) to produce final products ofa great variety and convenience for consumers

(Chung and Chung 1982; Cohen and Yang L991;Cunningham 1982;Fortes and Okos 1980;

Jayaramanand Das Gupta 1992; I<ng ß7 Ð.

Initially, biological products were dried in the sun; mechanical drying appeared at the turn

of the 20ü century. Some excellent dryrng techniques such as fluidized drying and vacuum

drying that were efficient and produced high-quality products were available only after the

mid ofthe 20ú century (Hayashi 1989).

Dry-g operation may be conducted in a number of ways (Brennan et al. 1990; Cohen and

Yang 1995; Cunningham T9ïZ;Jayaraman and Das Gupta 1992; Strumillo and Kudra 1986).

ln convective drying, the product is placed in contact with a moving stream of heated



mediunr, and the heat for the vaporization of moisture is supplied to the product by thermal

convection. In conductive drying, the product is dried by a direct contact with a heated

surface; heat is supplied mainly by thermat conduction. In radiative drying, the product is

dried by the application of energy fiom a radiant source, and heat is supplied by thermal

radiation. In microwave drying, the product is dried by microwave energy which is supplied

by electromagnetic energy generated at microwave frequencies. In freeze drying, the moisture

in the product is frozen first and then sublimed directly to vapour, usually by the application

ofheat under a very low pressure. Other dryi"g techniques include: vacuum drying, osmotic

drying, and explosive puffing (Cohen and Yang 1995; Jayarcman and Das Gupta lgg}).

Due to the change of life style in the world, there exists a great demand for a wide variety

of dried products, such as instantly reconstitutable ingredients with high quality and

convenience for fast foods (Jayaraman and Das Gupta 1992). This has stimulated the

advances in drying techniques. On the other hand, the development ofdrying techniques and

dtying equipment have made available awide range ofdried biologicalproducts. Infact, most

ofthe biological products can be dried. Biological materials can be generally distinguished as

three main Ð¡pes: liquid solutions and gels (e. g. milk, coffee extracts, fruit juice, and

gelatinized products), capillary-porous rigid materials (e.g. grains and spent grains), and

capillary-porous colloidal materials (e.g. vegetables, fruits, meats, and beef) (Bruin and

Luyben 1 980; Cunningham 1982) . Each drying technique or dryer has its own characteristics

and is suitable for drying specific biological materials.

The knowledge ofthe mechanism and mathematical modelling of drying is very important



for developing novel drying systems and upgrading existing drying equipment to improve the

drying efficiency and product quality. Based on the fact that convective d.yrng is the most

commonlyused drying technique and solid biologicalmaterials aremost oftenrequiredto dry,

this review will only focus on the mechanism of convective drying and modelling the

convective drying of solid biological materials.

2.1.2 Easic concepts and theories applicable to drying

MoisÉure in biological materiatrs

Basically, moisture held inbiologicalmaterials maybe distinguished as unboundwater (i.e.

free water) and bound water (Harper 1976; Okos et al. 1992). Unbound water is kept in the

interstitial spaces and within the pores of the materìal by capillary absorption. This water is

held in liquid formby the force of surface tension and behaves physically as free water. It has

the same vapour pressure and same latent heat of evaporation ¿N pure water at the same

temperature. The amount of free water in biological products is closely related to the physical

structures of the products. Free water is removed during the constant-rate drying period in

which the nature of the product does not have a great effect on the d.ymg process. Bound

water is held on the internal and external surfaces of the material by interactions between the

water molecules and those of the solid material to form a mono-layer of water or by

interactions between the water molecules to form a multi-laver ofwater. Bound water exhibits

a lower vapour pressure and a lower mobility than pure water at the srime temperature. The

energy required to evaporate the bound water is much greater than the heat of vaponzation



of pure water, especially in a low moisture range. The amount of bound water held in

biological produets is closely associated with the chemical structures of the products. The

removal of bound water happens in the falling-rate d.ying period.

SorptÍon ¡lhenomena

A consideration of water-sorption phenomena is essential in understanding drying

principles (Chung and Chung 1982; Fortes and Okos 1980) Both the wet product and the

moist air exert a water-vapour pressure. At equilibriunL the water-vapour pressure in the

product is equal to that in the air, and the moisture content of the product reaches the

equilibrium moisture content (EMC). If the water-vapour pressure in a product at a given

moisture content is higher than that in the surrounding air, the product will lose moisture until

equilibrium is achieved, which is a desorption process. If the water-vapour pressure in the

product is lower than that in the surrounding air, the product will gain moisture from the air,

which is an adsorption process.

The most convenient method to show the EMC of a product in the surrounding air is to

develop sorption isotherms, which are the curves relating the EMC to the relative humidity

(RII) or water activity (a) at constant temperatures (Chung and Chung 1982; Fortes and

Okos 1980). The RH or ø," is defined as the ratio of the equilibrium water-vapour pressure

(Ð to the vapour pressure ({) ofpure water at a given temperature, i.e. RH : a*: P/Po

(Cenkowski etal.1992). Manyproducts exhibit different equilibriummoisture characteristics

depending upon whether the equilibrium is reached by desorption or adsorption of the
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moisture. In general, the EMC reached by desorption is geater than that by adsorption (Yang

and Cenkowski 1993). For the storage of dried products, the EMC reached by adsorption is

of a particular interest. However, the EMC reached by desorption is of a particular interest

in drying operations.

In the pâst, many researchers attempted to formulate mathematical models of the

equilibrium isotherms forbiologicalmaterials. Fortesand Okos (1980) and Pabis er al, (199S)

summarized the most cornmonly found isotherm equations.

!

Characteristics of drying prosess

A O¡pical convective drying process for a high-moisrure-content product is composed of

initial, constant-rate, and falling-rate drying periods which can be ïllustrated þ a drying curve

and a drying-rate curve (Fig. 2.1).
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Figure 2.1 (a) Drying curve O) Urying-r¡te curve (Strumillo and Kudra 1986)

The initial period (section AB) is usually a short period during which the material comes
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into balance with the drying conditions. Generally, the temperature of material rises to wet-

bulb temperature during this period, and the drying rate rises accordingly. This period seldom

has any practical importance, and its effect on the drying process can be ignored (Chung and

Chung 1982).

In the constant-rate period (section BC), moisture movement in the material is rapid

enough to maintain a saturated condition at the surface. The internal resistence to moisture

trarsport is much less than the external resistance to water vapour removal from the product

surface (Brooker et al. 1974). The internal mechanism of liquid flow does not affect the

drying rate. The limiting factors are external such as the heat and mass transfer coefficients,

the area exposed to the dry-g mediurn, and the difference in temperature between the drying

medium and the product surface (Cohen and Yang 19951, Fortes and Okos 1980). The rate

of mass transfer balances the rate of heat transfer, and the temperature of the saturated

surface remains constant, which approaches the wet-bulb temperature and is near the boiling

point ofwater ifthe d.ying medium is superheated steam (Chu et al. 1953). Whenthe rate of

moisture movement to the surface is lower than the rate of evaporation, some dry spots

appear on the product surface and the fa[ing rate period begins.

In the falling-rate period (section CD), the rate decreases continuously as long as the

drying process is continued. At the same time, the temperature of the product increases

gradually from the wet-bulb temperature to the air temperature. This period can be divided

into two stages. In the first falling-rate drying stage þortion CE), the saturated surface area

decreases, and the drying rate decreases (Fortes and Okos 19S0). Generall¡ the drying rate
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depends on factors affecting the diffi¡sion ofmoistur e away from the evaporating surface and

those affecting the internal moisture movement. When the saturated surface disappears, the

second falling-rate drying stage þortion ED) begins. The drying rate is now governed by the

rate of internal moisture movement, and the influence of external variables diminishes

(Strumillo and Kudra 1986). The drying rate falls even more rapidly than before. Finally the

moisture content of the product reaches the EMC for the given drying conditions, and the

drying process stops.

At point C on the dry-g and drying-rate curves (Fig. 2.1), the constant-rate period ends

and the falling-rate period begins. The moisture content at this point is termed critical

moisture content which depends on the characteristics of the product and the drying

conditions. When the initial moisture content of the material is above the critical moisture

content, the drying process starts in the constant-rate drying period. If on the other hand, the

initial moisture content is below the critical moisture content, the entire drying process occurs

in the falling-rate drying period.

For most biological materials, the initial moisture contents are close or below the critical

moisture contents, so the importance of the constant-rate period in drying of biological

materials is diminished (Chirife 1933). Cereal grains do not display a constant-rate drying

period unless they are harvested at a very immature state or have had water condensed or

rained on their surface (Brooker et al. T974). Onty the drying of some high-moisture

products, such as potato and sugar beet, at a low d.Ving potential (low temperature and high

relative humidity of air) shows a relatively short constant-rate drying period.
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2.x.3 Modelling the dryirag of biologícal materíaxs in a thín laver

It is generally admitted that the drying ofbiological materials in a thin layer happern in the

falling-rate drying period, in which the dtying kinetics is often described by Fick,s law (Rizvi

1986)' The drying model can be theoretically expressed as exact diffrsion equations. This

approach, however, is not always applicable due to the complexity ofthe transport mechanism

in biological materials during dtying. In some cases, simplified semi-theoretical or empirical

equations may give reasonable predictions of the drying characteristics when experimental

drying data are correlated with the equations.

Ðiff¡¡sio¡r models

To simplify the analysis of drying process, it is often assumed that the moisture diffi¡sion

due to concentration gradient is the controlling mechanism in the drying of biological

materials, especiallyinthe drying ofcereal grains (Pabis and Henderson 1961). The Fick,s law

in terms of moisture content is often used for describing the drying behaviour of grains. It is

generally expressed as:

AMl\
ât =V\D_VM) (2.r)

where D- is dependent on moisture content or temperature. IfD. is assumed to be constant"

the above equation may be expressed as:

dÃ4

^ 
= D*VZM e.z)

In order to solve this kind of equations analyticaþ, an appropriate geometric shape is
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usually assumed for the approximate representation of individual grain kernels, e.g. a sphere,

cylinder, or rectangular parallelepiped. The diff¡sion equation is then written in terms of

appropriate coordinates, e.g. spherical, cylindrical, or rectangular coordinates. Equations for

moisture-content distribution and corresponding series solutions for the moisture ratio for

different geometries are suilnarised in the literature (Brooker et aI. 1974;Crank 1975; pabis

et aI. 1998; Parry 1985).

The choice ofspherical body for the grain kernels is often made by the researchers to make

the model simple (Hustrulid and Flikke 1959; Jaros 1991, cited by pabis et al. 199g). Ir was

shown that at the values of MR > 0.4,the drying curves predicted by diffirsion models using

different geometries were very similar (Chu and Hustrulid l96s). For a sphere assumed

purely rcdiaJasymmetry,Eq.2.2 takes the following form in spherical coordinates:

AÃ/r ^(ãet 2AÅ,r\

ã="*lcrr; ar)

with the initial condition and the first kind of boundary condition:

M(r,0)= Mo, r{ R

M(R,t)= M", t) 0

The moisture ratio over a spherical kernel is given by

(2.3)

(2.4)

(2.s)MR(t) = *Ð,# "*rr- D*n' tf t f R2 7

In practical cases, the diff¡sion coefficient is not constant, but changes with moisture

content and / or temperature; the diffirsion equations should be derived from Eq. 2.1.
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Diffirsion in a spherical body with D- dependent on air temperature was used to describing

the drying of ryegrass seeds (Ì.{ellist 1976) and shelled com (Pabis and Henderson 1961).

Marchant (1976, cited by Jayas et al. 1991) gave the following difr¡sion equation, in which

D* is a function of moisture content, for describing the d.y-g of a spherical kernel.

aA4 _,_, ( ã u, z ear\ ( aÃr\' Ð*
ã -"\dr r A)'\a) dÃI

(2.6)

Bruce ( 1 985) used Eq. 2.6 with D-dependent on moisture content and grain temperature

to predict the average moisture content of barley samples dried in thin layers.

In convective air drying, the heat and moisture transfer phenomena take place

simultaneously. The moisture in the solid is diffirsed towards the external surface and

evaporated on the surface, and the vapour is convectively transferred into air stream;

meanwhile, the heat is convectively transferred from the air to the surface of the solid and is

conducted within the solid. To describe the drying characteristics accurately, some

researchers have coupled heat and mass transfer equations in thin-layer drying models

(Maroulis et aL. 1995; Miketinac et al. 1992).

As drying is a simultaneous heat and moisture transfer process, both moisture and

temperatwe changes would be involved in the solution of coupled differential equations. In

some simplified cases, only a moisture diffirsion equation needs to be solved. In most cases,

however, the kinetic parameters such as moisture difrisivity and thermal conductivity are not

constant, the boundaries are ofirregular shapes, and / or the boundary conditions are not of

the first kind (the first kind of boundary conditiors: M,=R: M", T,=n: T* at t >0), so the
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equations are non-linear and must be solved by numerical methods: finite-difference method

(FDM) and finite-element method (FEM).

The FDM approximates the quantities in the governing differential equations (Incropera

and DeWitt 1985). It is simple for solving regular-boundary problems. However, it is rather

cumbersome when regions have curved or irregular boundaries, and it is difficult to write

general computer programs for the method. The FEM utilizes an integral formulation to

generate a system of algebraic equatiolts and uses continuous piecewise smooth functions for

approximating the unknown qualities (Incropera and DeWitt 1985). It provides the flexibility

and versatility necessary for the analysis of continuum field problems, such as mass and heat

transfer problems, where material behaviour, configuration, and boundary are complex.

Semi-theoretical modets

The difrrsion equation with the first kind ofboundary condition can be solved anaþicaþ

for regular geometries. The solution is presented in form of infinite exponential series such

as Eq. 2.5. To simphfy the solutioq only the first term or the first several terms ofthe infnite

series is often employed to calculate the drying rate. Several researchers (Becker and Sallans

1955; Henderson and Pabis 196l; Hustrulid 1963) reported that the solution for spherical

bodies can be reduced to

tuR(t) = *"*ç- o*Ét f n2¡ (2.7)

To simulate the drying of wheat and in-shell pecans, Waston and Bhargava Q97$ and,

Chhinnan (1984) used the following simple equation:
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MR(t) = aexp(- H) (2.8)

where a and Æ are constants. The simpliEcation of using one term of exponential series has

a gteat advantage that the resulting equation can be ltneaúzed by using a logarithmic

transformation, and therefore can be fitted to experimental databy simple linear regression.

However, this approach may result in an inaccuracy, mainly during the initial stage of drying

operation.

Nellist and O'Callaghan (1971) applied two terms of exponential series to describe the

dryi"g ofryegrass seed and shelled corn:

A4 - M"= aexp(- krt) + b exp(- krt) (2.e)

where a, b, k, and k, are constants. For describing the drying of shelled corn, Henderson

(1974) proposed an equation of two-term exponential series in the form:

^4R(t) 
= aexp(- krt)+ (L- 

")exp(-krt)
where a, k,, attd kr, are constants. For simulating the thin-layer dryitrg of shelled conr, Sharaf

Eldeen et aL. (1978, cited by Parry t9S5) took the equarion:

tuíR(t) = atexp(-brW)+ arexp(-brU)

(2.10)

(2.rr)

where at, e2, b,, br, and k are constants. In thinlayer drying models with two terms of

exponential series, the constants must be obtained by fitting the equations to experimental

data with non-linear regressions.

Empiricatr models

Lewis (1921) suggested an equation analogous to Newton's law of cooling, which was
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formulated by assuming that the rate of moisture loss is proportional to the instantaneous

difference between the moisture content ofthe material and the EMC:

d14
= -k(tuf - M") (2.r2)

Equation 2.12 may also be written as:

tuR(t) = exp(- H)

dt

where Æ is drying constant. Many researchers (Bruce 1985; Hall and Rodriques-Arias 1958;

O'Callaghan et aI. l97l; Vy'esterman et al. t973; 'White et al. 1981) employed this model for

charactenzing drying thin layer of various $ains such as shelled corn, barley, and wheat. In

the model for drying ofthin-layer barley, Bruce (1985) correlated the drying constant k with

drying-air temperature by

k = aexplbl(4+ 273)l

(2.13)

(2.r4)

(2.rs)

where a and å are constants. It was shown that the model underestimates the initial drying

rate and overestimates the rate when the moisture content approaches the EMC. It gives a

poor predicæion ofthe shape of drying curve. However, it could be used for simplifying the

drymg simulation and enhancing the computational speed.

ChenandJohnson(1969a;1969b)proposedthe following equationbymodiSing Eq.2.l2:

dn4
= -k(kl- M")"

dt

where k andn are empirical consta¡ts. Troeger and Hukill (1971) fitted this model to the

experimantal data of drying thin-layer shelled corn.
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To improve the accuracy ofmodelling the drying of thin-layer shelled corn, Page (lg4g,

cited by Jayas et al. 1991) put an exponent nto tkne r in the Newton's model and obtained:

lvR(t) = exp(- kt") (2.16)

where k and n arc dryng parameters dependent on the product and drying conditions. This

equation has been used extensively for c\'øracteÅzing thin-þer drying of oilseeds, clover,

grass seeds, sunflower seeds, shelled corn, wheat, barley, canola, and shell pecans (Bruce

1985; Farmer et al. 1983; Jayas and Sokhansanj 1986; Jayas and Sokhansanj 1989; Li and

Morey 1987; Misra and Brooker 1980; Sokhansanj et al. 1984; White et al. 1973). Bruce

(1985) showed that the d.ying curye produced by this model is much closer to the observed

curve than that given by the Newton's model (Eq. 2.13), but the predicted initial drying rate

is much higher than the observed one.

To fit the drying data of soybeans better than Eq. 2.16, one further modified Newton's

model was proposed by Overhults et al. (1973):

lvlR(t) = exp[- (H)"] Q.r7)

where fl= ao+ a\; k = exp(b.+ bll); ao,a,bo,andb are constants.

Another empirical model was employed by Thompson et al. (1968) as well as Paulsen and

Thompson (1973) for thin-layer dryi"g of shelled corn and sorghum:

t = aln(MR)+ blLn(MR)1'z (2.18)

where a and å are functions of air temperature. Wang and Singh (1975) took the following

equation for drying thin layer ofrice:
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MR(t) = I+ at + bt2

a = cr1", H^; b = ò[rqd' ¡7d'

where cn c2, d,, and d, are constants.

(2.1e)

Although the empirical drying models can not give an exact description of the moisture

profile inside the solid, they can reasonably predict the average behaviour of the drying

characteristics of thin-layer biological materials as long as they are suitably fitted to

experimental data by linear or non-linear regressions. In addition, all the equations are in

simple mathematical forms. Therefore, they are often used when computation must be

minimised, for example, in deep-bed drying simulations.

2.X.4 R¡trodelling the dryíng of biological materíals in a deep bed

classifications for deep-bed drying models and deep-bed dryÍng systems

Deep-bed drying is a continuous process with simultaneous changes in moisture content

and temperature of the material to be dried, as well as in humidrty and temperature of the

drying air during the air passes through a stack of material (Thompson et al. 1968). Many

deep-bed models for drying biological materials have been developed. They are generally

dividedinto fourtypes: layer-by-layersimulationmodels, partial-differential-equationmodels,

logarithmic models, and equilibrium models (Pabis et al. 1998; Parcy 1985; Rotstein and

Cornish 1978). This classification, however, is somewhat arbitrary because there are

overlapping features in these models. The models can be used for charactenzing the d.Ving

process happening in different convective deep-bed drying systems.
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Convective deep-bed drying Systems frll into two major categories, nameþ batch drying

systems (i.e. fixed-bed drying systems) and continuous-flowdrying systems. Continuous-flow

&ying systems are normally classified as cross-flow, concuïrent-flow, and counter-flow

systems according to the relatively directions of the flow of material to be dried and drying

air (Fig. 2.2).

fixed bed

---.--->

-Þ

concurrent flow counterflow

Figure 2.2 Schematics for four basic types of convective dryer:s. The directions of the

flow of material to be dried and drying air are indicated by btack and white

illows respectiveþ (Laws and Parry 1983).

Layer- by-layer simulation models

A layer-by-layer drying simulation is based on heat and r¡ass balances taken over a thin

layer ofmaterial inwhich it is assmed that air conditions are constant over a givenincrement

in time (Laws and Parry 1983; Parry 1985). For fixed-bed drying, the basic approach to

describe the drying process is to divide the H into many thin layers, and calculate changes

in the moisture content and teryeraûne of the material in a thin layer as well as changes in
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the ternperature and hurnidiry of the drying air passing tlrough the layer in a given tinre

interval. The procedure is to be caried out from layer to layer, i.e. from the bottorn to the top

layer. Each layer is dried for a short tirne interval. The conditions ofthe air at the outlet of a

layer are used as the air conditions at the inlet ofthe next layer. Each layer is assuned to have

unifonn rnoisture content and terurperature. The process is then tepeated with a second time

interval, a third time intewal, and etc., until the final average moisture has reached the desired

value. The thickness of the layer and the interval of tirne are so selected that changes occur

in such srnall steps are nearly continuous (Boyce 1965). Generally, the calculated quantities

are expressedbyexplicit expressiors withknownparaineters and canbe easily calculated step

by step.

Boyce (1965; 1966) first presented a model for the layer-by-layer calculation of the

tefirperatures and moisture contelrts ofthe grain in a fixed bed as well as the temperature and

huinidity changes in the drying air passing through the bed. Henderson arid F{enderson ( 1 968)

developed a sirnilar model to Boyce's for drying gxain in a fixed bed and investigated the

effects of several parameters Õn the drying process. Thompson (1968) proposed alayer-by-

layer simulationmodel for drying com in a {ixed bed and also presented the basic approaches

for simulating cross-flow, concurrent-flow, and counter-flow drying.

In cross-flow drying, the flow of air is perpendicular to the flow of rnaterial to be dried

(Fig.2.2). The dtying process can be sirnulated by the sffile method used for the sirnulation

of a fixed-bed dryftrg. The total drying tirne is deternined by the moving velocity of the

ffiaterial and the distance rnoved bv the rnaterial in the drvine svstem.

22



In concurrent-flow drying, the drying air and the rnaterial to be dried travel through the

drying systetn in the sarne direction (Fig. 2.2). Consida'ing the material bed a group of thin

laya's with the &yi"g air blowing down tlnoughthe layers consecutively, and visualizngtlnt

at each tirne interval a new layer is placed on the top and a dried layer is renroved frorn the

bottorn, the concurrent-flow drying p'rocess can be simulated.

In counter-flow diying, the drying air and the material to be dried travel through the drying

system in opposite directions (Fig.2.Z). Again consideringthe grain inthe system a group of

thin layers with the drying air blowing up through the layers, and envisioning that at each time

interval a Re\¡/ layer is placed on the top and a dried layer is removed from the bottorr¡ the

counter-florl/ process can be simulated. At the beginning, the state ofthe drying air at the top

ofthe bed andthe moisture content ofthe last layer at the bottom ofthe bed are not knowr¡

so initial and boundary conditions are not sufficient to assure the direct simulation of the

drying process. An iterative solution ofthis process is necessary.

Fartial-diffienential-equation (p.d.e.) modetrs

This kind of model is formula'ted based on the physical characteristics of convective heat

and moisture üansfers, as well as heat and moisture balances in the drying process. Generally

there exist forn equations in a p.d.e. model, which contains four basic dependent quantities:

M, T, H, and T" .YanArsderson (!955, cited by Laws and Pæ'ry 1983) was ¿rmong the first

to produce a p.d.e. model. The work begun trL 1,966 at Michigan State University led to the

development ofa number ofp.d.e. rnodels f:or simulating the drying ofdeep-bed grains, which
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were reported in the literær¡re @akker-Arkema et al. 1,967; Brooker etal. 1.974). Other

contributions have been made by Spencer (1969), O'Callaghan et al. (1971), Ingram (1976),

Sharp (1982), Laws and Parry (1983), and Parry (1985). Altho'rgh the attentive inspection

of some early work often reveals flaws in the mathematics, most models have been used with

reasonable $rccess for various €rains.

The typical p.d.e. models for fixed-bed drying include Bat<ker-Arkema model (Bakker-

Arkema etal l967;Brooker etaL 1974), Spencer model (Spencer 1969), and Sharp model

(Sharp 1932). They bave the similar forms and were developed in similar approaches. Here

only the Bakker-Arkema model is summarized.

In order to obtain the equations describing Ml¿ t), T(x,t), H(x, Ð and T"(x,t) in a fixed bed

of biological rnateriat heat and moisture balances were written for an elemental control

volume Sdx (Fig. 2.3).

S = y.z

x+dx

x

M,T,c,p,E

rç õ -^.tt, ta,VA,p.'Ca -l I-tl
U

Figure 2.3 Elemental controlvolume of a fixed bed (Bakker-Arkema etaL 1967)
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Some assumptions were made in developing the model:

" the temperature and moisture gradients within individual particles are negligible;

' the thermal properties of the particles are constant within the temperature range

studied;

' conductive heat transfer by particle to particle contact is negligible;

" the volume shrinkage is negligible during the drying process;

' there is no temperature and moisture gradients in the y andz directions;

" dI/A and dII/ã are negligible compared with d|le and ãII/&;

" the thinJayer drying equation and the moistwe equilibrium isotherm are known.

The model was written as the following fow equations.

Energy balance of air:

tr"-= -h1 
==(q-n (2.20)& Goco + GocuU

Energy balance of grain:

AI ha(\-T) h+c.(T-n^dH
ã= N-Fn-ffio" a* Q'zr)

Moisture balance:

(2.22)&- Go ã

Thin-layer drymg equation:

paMã{

AÃ/f

ã = f (fuí,M",7,1...)
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By modifiing the basic fixed-bed drying model of Bakker-Arkerna type, Brooker et aI.

(1974) developed models for cross-flo\ry, concurrent-flow, and counter-flow drying. In a

cross-flow drying systen¡ air flows in the x direction and grain inthey direction. The drying

time / depends on the distance grain moves in the y direction and the velociry of the

movement v. Making the same assumptions as for the fixed-bed drying, the cross-flow drying

model was developed in a similar manner to the fixed-bed model. Actually, by directly

replacing the term ã wtth fu/v and introducing G : pu in the fixed-bed model of Bakker-

Arkema tJæe, the cross-flow drying model was obtained as:

ã[" _
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ãx

-=Ø

ã{
& GoØ
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A, 
= f (M,M",7,1"')

-ha-:--------:---- t1- Tl
Goco + Gocut{'-

ho(\-T) _4+c,(1-T) G ã{
Gc+ Gc*M Gc+ Gc.M -a &
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(2.24)

(2.2s)

(2.26)

(2.27)

The concurrent-flow and counter-flow drying models were developed in a similar way to

the cross-flow drying model.

Logarithmic models

A logarithmic model is a simplification of a p.d.e. model. It was developed based on the

following assumptions: the sensible heats to raise the temperatures of thç grain and the
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moisture removed from the grain are negligible comparing with the latent heat ofvaporization

of the water; the increase in sensible heat ofthe air due to the increase in relative humidþ of

the air is negligible; and the grain density is constant. The first model oflogarithmic type was

presented by Hukill (1954, cited by Laws and Parry 1983; Parry 1985; Sharp 1982) for a

simplified analysis of deep-bed drying. It built a unique relation connecting the rate of

moisture-content change with time @^4,/ã) and the air temperature gradient with respect to

depth (dI¿A):

G"r"#= dr,#
The initial and boundarv conditions were assumed as:

(2.28)

(2.2e)

(2.30)

(2.31)

M@,a) = tutot W= exp(- krr)
roo - ron

MR(0,/) = exp(- krt); T"($,t) = \,

where kt and k, are constants, and a solution in form of moisture ratio was obtained as:

MR(x,r) = 2. l(2. + 2' - l)

where x and r a¡e dimensionless depth and time variables, respectively.

Barre et al. (1971) solved F,q.2.28 with initial and boundary conditions of the form:

MR(x,t) = l; MR(Q,7) = exp(- r)

and got the result:

MR(x,r) = e' l(e* + e' * l) (2.32)

The logarithmic models were later applied to low-temperature drying in fixed beds by a



nnmber of researchers (Barre and Hamdy 1974; Sabbah et ú. 1979) . Although several

researchers found that these models were not very accurate, they still employed the models

in low-air-speed and low-temperature applications because of the simplicity and

computational economy.

Equilibriunn modetrs

In principle, the equilibriummodel is also a simplification ofthe p.d.e. model, achieved by

the introduction of assumptions that near equilibrium conditions exist between the drying air

and the material and that the air temperature I is equal to the grain temperature Zin each

layer during each time interval. The assumptions may be true for low-temperature and low-

airflow drying. The equations describing the balances of air and grain enthalpies in the p.d.e.

model are not needed. The thin-layer drying equation inthe p.d.e. model must be replaced by

a simple expression for the equilibrium moisture content of the grain. Therefore, the

assumptions reduce the four equations in a p.d.e. model to two equations: one describing the

moisture balance betweenair and grarn, and the other describing the equilibriurr¡ i.e. M : M".

This kind of models allow for much reduced computational time.

Equilibrium models were first developed by Bloome and Shove (197I) as well as

Thompson (1972). Sharma and Muir ( 1 974) used the Bloome and Shove's model to simulate

heat and moisture transfer during the ventilation of rapeseed bulks. Pfost et aL (1977, cited

by Sharp 1982) tested the Thompson's model with experimental data and found the model

inadequate. Further development of an equilibrium model and its validation were can'ied out
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by Morey et aL. (1979) who found it suitable for predicting the moisture changes in a solar

grain-drying system.

2.1.5 Suggestions for future reseanch in drying of biological matenials

Although much progress has been made in investigating the dryfng theories, our

knowledge of the mechanism and modelling of drying biological materials is still limited,

mainly due to the fact that drying is a rather complicated process and biological materials are

quite complex and of great varieties. The following points should be emphasized in future

research.

The data about thermal properties and hygroscopic properties of some biological

materials are scarce and incomplete in terms of drying analysis, and efforts should be made

in this area.

During drying, biological materials often shrink to a large ertent with consequent changes

in size and shape. The shrinkage has a significant effect on the drying behaviour. However,

researchers usually tend to assume the shrinkage to be negligible for the purpose of

simplification. The shrinkage ofbiological materials needs to be considered in drying analysis.

No general theories or equations are valid for predicting the drying kinetics of biological

products, especially fruits and vegetableso and actual experiments with particular materials are

essential for describing their drying behaviours, or for determining the parameters in drying

models.
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There exist alot ofmodels for drying ofbiological materials inthe literature. Veri$ring the

applicability of the models requires broad experimental studies carried out for various

equipment and various materials.

Most of the models developed so far are one-dimensional. For cognitive and practical

pu{poses, it is necessary to develop and test two or three-dimensional models for drying

biological materials.

2.2 Surperheated-steam drying

2.2 "l Characteristics of su¡lerheated-steam dryin g

The concept of superheated-steam drying (SSD) was first proposed by the German

scientist Hausbrand (1924) in the book "Drying by Means of Air and Steam" published in the

first edition (in Germany) in 1908 and the third edition (in English) n 1924. However, the

technique gained little research interest until the 1950's, when researchers began studying the

kinetics associated with SSD (Beeby and Potter I 985; Wimmerstedt 1 995). Only after the "oil

crisis" in 1970's, many papers were published on fi.rndamental studies and applications of

S SD. Conventional hot-air drying (HAD) is a very energy-intensive operation, which accounts

for about 15% of the industrial energy consumption in France (Topin and Tadrist 1997) arñ

25% lrnCanada (Drouet 1984, cited by Woods et al. 1994). The feature of energy saving in

SSD makes the technique a desirable alternative, and strict laws regarding environmental

pollution offer another incentive to SSD (Beeby and Potter 1935). Although a broad

industrial acceptarrce has not been reached so far because of a lack of suitable equipment, it
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seeÍìs safe to predict a growing importance of this technique in the future due to its merits

(Wimmerstedt 1995).

Numerous advantages of SSD compared with HAD have been reported by a number of

authors (Beeby and Potter 1985;F,onazziet al.1996; Erdesz and Kudra 1990; Franics and

Di Bella 1996; Jensen 1992; Lane and Stern 1956; Meunier and Munz 1986; Wimmerstedt

1995; 'Woods 
et al. 1994):

e { steam dryer is usually a closed-loop system. The circulation of superheated steam

reduces the energy wastage that occurs in HAD. Only the amount of steam

evaporated from the material to be dried leaves the drying system. In addition, the

heat energy (latent heat of vaporization) within the exhaust steam can be recovered

or directly used in other processes. This results in an energy saving, which may be up

to more thaî50% (Woods et al. 1994).

' The high heat-transfer coefficient in SSD, especially in the operation under pressure,

results in enhancing the drying rate, improving the production efficiency, and

consequently reducing the equipment size and capital cost.

' As steam drying takes place in an air-free environment, there is no oxidation in drying

process. This, in some c¿ßes, can improve the product quality in terms of colour,

digestibility, etc. Materials, which are oxygen-sensitive when dried in hot air, can be

dried successfully in superheated steam. No oxidation in SSD also eliminates füe and

explosion Inzards during drying. This is particularly important in drying fuel such as

coal, bark, and peat.
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The environmental pollution caused by SSD can be significantly reduced or

eliminated. The small amount of exhaust vapour c¿m carry only a little amount ofdust

from the product to be dried to the atmosphere. Also, the exhaust vapour can be

condensed and the dust present in the vapour can be collected easily.

Superheated steam has the property of stripping volatile or semi-volatile organic

substances from drying products. The aroma of feed or food products dried with

superheated steam could be improved due to the strþing lose of some acids in the

products. In addition, some valuable volatile organic compounds generated fromthe

materials to be dried could be recovered and separated by a condenser.

The control of steam-drying process is easier than that of FIAD. The drying rate and

the final moisture content ofthe product can be controlled by simpty monitoring the

steam temperature and velocity in SSD, but a more complex control of humidity is

necessary in IIAD.

Superheated-steam dryitg, ¿rs a new technique, also has some limitations (Beeby and

Potter l9&5;Bomzzietal. 1996;ErdeszandKudra 1990;KumarandMujumdar 1990;Lane

and Stern 1956; Meunier and Munz 1986; Shibata 1997; Woods et al. 1994):

' Superheated-steam drying results in a high product temperature, which is equal to or

above the boiling point of free vrrater. This imposes a limitation on the application of

SSD to temperature-sensitive products. To solve this problen¡ SSD under a vacuum

can be used because the boiling point is reduced as the pressure is decreased.

" In SSD, diffüculties may be encountered with the feeding of wet materials and the
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discharge ofdried products without excessive steam leaking out or air leaking into the

drying system. More complex drying systems are needed, especially for drying under

pressure or vacuum.

The initial moisture condensation on the surface

increase the drying time in some cases.

It is difficult to achieve a low moisture content

superheat ofthe drying steam is relatively low.

of the products to be dried may

level in the dried products if the

2.2.2 Ðryirag pníncip{es of supenheated steam

Elryi¡ag ahiliÉy of, superheated steam

Superheated steam is a kind of unsaturated steam which has a temperature above

saturation or boiling point. At any specific pressure, saturated steam is generated when water

or moisture is heated to the boiling point. If it is heated to above the boiling point, the steam

is getting unsaturated or superheated. This kind of steam has the ability to transfer heat to

materials to be dried and carry the evaporated moisture from the materials. During drying,

superheated steam gives up heat to the material to be dried by losing some sensible heat but

without reaching its condensation point except for in the initial heating of the material

(Bonazzi et al. 1996).

Superheated-steam drying does not alter the general characteristics ofthe drying process.

Similar to HAD, atypical SSD process also compromises three basic drying periods: initial

heating period, constant-rate drying period, and frlling-rate drying period. Compared with
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HAD, however, some special phenomena such as steam condensatiorì, inversion-temperature

point, and building-up of overpressure happen in SSD processes.

Steam condensation during the ínitial heating period

During the initial heating period, the temperature ofmaterial to be dried changes from the

initial value to the boiling point offree water at operating pressure (e.g. 100"C at atmospheric

pressure) as heat is transferred from superheated steam to the material (Bonazzietal. 1996).

The heat, particularly if the degree of superheat (the difference between the temperature of

superheated steam and the boiling point of free water) is not high, is transferred through the

condensation of steam on the cold surface of the material (Wimmerstedt and Hager 1996).

The moisture ofthe material then increases at the beginning of drying. This means that more

dry-g needs to be accomplished.

The quantity of the condensed moisture depends on various factors such as the thermal

diffirsivity of the material to be dried, the initial moisture content of the material, and the

superheat ofthe steam (Beeby and Potter 1985). Trommelen and Crosby (1970) reported that

drops of water initially at 30"C get an increase in mass of about 12.5o/o when exposed to the

superheated steam of 150"C at atmospheric pressure.

The time for drying materials, which are predominantly liquid such as solution droplets,

will be little affected by the increase in moisture during the initial heating period. However,

for materials initiaþ containing low moisture, the increase ofmoisture may represent a major

portion of moisture to be removed and may extend the time required for drying (Beeby and
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Potter 1985). For instance, sand initially at 30oC and containing I0% moisture increases

moistnre to l4o/o during the initial heating in 150"C superheated stean¡ which means a40Yo

increase in the amount of water to be removed during drying.

Inve¡sion Éemperature

In the constant-rate drying period, there exists an inversion temperature at which the

evaporation rates in air and in superheated steam are equal under the same fiutss or volume

flow rates ofthe drying media. Below this inversion temperature, the drying rate is lower in

superheated steam than in hot air; above this point, superheated steam dries frster than hot

air. Therefore, drying with superheated steam could be more effective than drying with hot

air under some conditions during the constant-rate drying period.

YoshidaandFlyodo (l966,citedby Keeyt972)gavethedataontheevaporationofwater

into air, superheated stearq and a mixture of air and steam in which steam content was 50o/o

and showed that an inversion temperature appears to fall between 160 and 180"C at equal

mass flow rates. For drying alumina at atmospheric pressure, Faber et al. (1986) confümed

an inver$ion temperature of about 160'C in the constant-rate drying period at the s¿rme nìÍNs

flow rates ofthe drying media. For evaporatíon from a horizontal surface into a laminar flow

at equal mass flow rates, an inversion temperature ofabout 250oC was reported by Chow and

Chturg (1983). At equal volume flow rates, however, the drying rates become the same at a

temperature higher than 400"C (Faber et al. 1986; Trommelen and Crosby 1970). The

inversion phenomenon was also reported in other publications (Bond 1992; Nomura and
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Hyodo 1985; Sheikholeslami and Watkinson 1992; Yoshida and Hyodo 1970).

The inversion phenomenon could be explained by combined effects of the higher driving

force (the difference between the temperature of drying medium and the temperature at the

surface of material to be dried) in HAD and the higher heat-transfer coefficient in SSD

(Mujumdar 1990, cited by Johansson et al. 1997). Normally, for either FIAD or SSD, the

limiting factor of drying rate in the constant-rate drying period is the external heat transfer,

which is estimated as:

q=h(T:-1*) (2.33)

f,, represents the wet-bulb temperature (greatly less than 100 "C at atmospheric pressure)

in FIAD, but in SSD 4- indicates the saturation temperature (100 oC af atmospheric

pressure). At the same temperatwe ofthe drying media, the heat-transfer coefficient in SSD

(å") is much higher than that in HAD (h"). For example, å" equals to l.37h"for drying a

cylindrical product in turbulent flow at 227 "C (V/oods et al. 1994). A larger temperature

difference available in HAD than in SSD especially at drying-medíum temperature just above

the boiling temperature ofwater causes more heat to be transferred to material to be dried in

FIAD than in SSD. The effect ofthe temperature difference onthe heat transfer is diminished

at high temperatures because ofthe higher heat-transfer coefficient in SSD than in HAD. This

results in that the heat-transfer rate is higher in SSD than in HAD above a certain

temperature.
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[,owering the criticatr moistune content

The use of superheated steam for drying has an effect on the critical moisture conrenr.

Shibata ( 1 991 ) studied the drying mechanism of sintered spheres of glass beads in superheated

steam, and revealed that SSD can reduce the critical moisture content compared with HAD.

The higher mobility ofmoisture inside material to be dried due to the higher temperature in

superheated steam than in air could give an explanation for the phenomenon. During the

constant-rate drying period, the moisture movement to the surface is caused mainly by

capillary forces and is significantly affected by liquid density and viscosity. The density and

viscosity depend on the temperature in such a way that the mobility of the liquid increases

with increasing temperature (Johansson et al. 1997). The temperature inside the drying

product is close to or at the boiling point of free water for SSD, but close to or at the wet-

bulb temperature for HAD. Since the boiling point in SSD is always higher than the wet-bulb

temperature in HAD, the mobility of moisture inside the drying product is higher and the

product surface has a greater tendency to be kept wet in SSD than in HAD.

overpnessure inside the product during the falling-rate drying period

After entering the falling-rate drying period, the surface of the drying product is dry and

the temperature of the product exceeds the boiling point of free water. An overpressure is

built up inside the product during this period ifthe product is compact or large in size (Fyhr

and Rasmuson 1996; Johansson et al. 1997; Moyne et al. 1990; perre et al. 1993;

'Wimmerstedt 
andHager 1996).The overpressure canenhancethemovement ofmoistureand
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vapour inside the product, which is favourable to drying. The greater the superheat of the

steam, the larger the building-up of the overpressure could be. When the local moisture

approaches its equilibrium value, the local ove{pressure tends to zero, so the overpressure

moves with the drying front towards the centre ofthe product. For drying most fragmented

products such as sugar-beet pulp and spent grains, however, the overpressure inside the

product is negligible (Bonazzi et al. 1996),

2"2"3 nndustrial applications of superheated-steam dryillg

Due to the lack of suitable equipment, a broad industrial acceptance of SSD has not been

reached. The application ofthis technique is limited to only a few industrial dwing fields.

Drying of sugar-beet pulp

Sugar-beet pulp, the remains from sugar beets after sugar extraction, is mainly used as feed

for animals. For long-time storage and convenient transportation, the sugar-beet pulp needs

to be dried from a moisture content of 70-80%o to a finial moisture content of about 10olo

(Jensen 1992; Urbaniec andMalczewski 1997; Wimmerstedt and Hager 1996). The pulp is

conventionally dried in rotary-drum dryers by passing the pulp through the flue gases from

a directly-fired furnace. Now superheated steamhas been successfully used for drying sugar-

beet pulp. The steam-dried pulp seerns to have higher digestibility as animal feed because it

is not contaminated by impurities from flue gases and no part of it is burnt away as it is in

drum drying (Jensen 1992). A full-scale steam dryer for dryrng sugar-beet pulp started

operation in Sweden in 1983 (Svensson 1985). At Villenoy, France, a steam dryer with a 30-
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m long belt was developed for drying 25 t of sugar-beet pulp per hour (Miranda-Bernardo et

al. 1990). A pressurized fluid-bed steam dryer of the Niro type with the capacity of 9 t/h

evaporation was installed in a sugar factory at Stege, Denmark in 1985; and another Niro-

type steam dryer was built at Nangis Sugar Factory in France (Bruce and Hulkkonen 1998).

Bruce and Hulkkonen (1998) also reported 15 steam dryers ofNiro type had been installed

in several countries in Europe, and most of them were used for drying sugar-beet pulp.

Drying of trumber

Drying lumber is a very energy-intensive operation in wood processing, and can consume

40-70% of the total energy in the wood industry (Rosen 1987, ctted by Woods et al. 1994).

The total energy for lumber drying in Canada during 1990 was about 2%o of totalenergy used

in all Canadian industry (Woods et al. L994). Much interest has been devoted to SSD of

lumber because the technique can save energy compared with HAD. Kollmann (1961)

reported that a number of dryers operating with either superheated steam or a mixture of

steam and air were employed for drying lumber in Germany. Dryng with superheated steam

in a vacuum has been developed for lumber precessing. The new technique increases the

drying rates by 3 to 7 times and provides high energy efficiency and excellent wood quality

compared with conventional air drying with kiln dryers (Woods et aL. 1994). Till 1994, more

than 50 lurnber dryers using superheated steamunder vacuum were operated in Europe and

Asia; onlyone was inBritishColumbia, Canada,andtwo inPennsylvaniaand West Virginia,

USA.
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Drying of,wood pulp and paper

A pneumatic-conveying dryer with a capacity of 150 t pulp per day for pulp drying with

superheated steam was built by MoDo Chemetics at Rockhammars Bruk in Sweden n 1g7g

(Svensson 1980; Svensson 1985). The pulp is mechanically dewatered to a moisture content

of about 55%o andthen is dried to 10-15% moisture content. Compared with conventional

flash dryers, the total energy cost is reduced by about S}Yo.Theconcept ofdrying paper with

superheated steam was proposed by Mujumdar (l9gl, cited by woods et ar. rgg4).

Considerable research regarding SSD of paper has been carried out in Carnda,primarily at

McGill University (Douglas 1994; McCall and Douglas 7994; Mujumdar 1991), and in

Finland (Malinen et aI. 1994).

Drying of fuels

A number offuels from brown coal, peat, to bio-fuels such as bark and wood chips contain

considerable amounts of moisture. Removing most of the moisture can significantly reduce

the cost oftransportation and improve the combustion efficiency ofthe fuels. A superheated-

steam dryer for peat drying has been operating in Sweden since 1988 (Woods et al. 1994).

Another superheated-steam dryer with a capacity of 20 t water evaporation per hour for

drying peat from the moisture content of 50-55%o to T0-15yo started operation at Tornaki

Power and Heat Plant in Kuusamo, Finland :r;r1994 (Bruce and Hulkkonen 1998). It can also

dry other fuels such as sawdust. In 1993, a fluid-bed steam-drying plant with a capacity of 44

t water evaporation per how was installed near Cologne, Germany for drying brown coal
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from the moisture content of 600/oto 12yo (Bruce and Hulkkonen 1998). A similar dryer for

brown coal drying was also constructed inAustralia (Potter and Beeby 1994).'Woods (lgg4)

reported that SSD can improve the grindability ofcoal and reduce the sulphur content by up

to 50Ya. ANiro-type steam dryer of35 t \ iater evaporation per hour for drying wood residues

such as bark and wood chips was installed at a municipal heating and power plant in Boras

Energi, Sweden (Bruce and Hulkkonen 1998).

EÞrying of sÄudge

The TECOGEN Division of Thermo Fower Corporation in USA developed a waste

treatment systemusing ananaerobic digesterwitha superheated-steam dryer (Franics and Di

Bella 1996). The system dries and sterilizes sludge from the digester and produces a

potentially saleable product. A fluidized-bed dryer for drying sludge with superheated steam

was moürted at a landfill in Northern Germany in 1993 (V/immerstedt and Hager 1996).

Þrying of oÉhen products

The first industrial-scale steam dryer in South Africa was used for drying activated carbon

pellets from an initial moisture content of 50%o to 2o/o (Faber et al. 1986). The main reason

for selecting steam as the drying medium was the combustion hazardwhen drying in air. A

fluidized-bed dryer for drying salts was developed in Kassel, Germany (Woods et aJ. 1994).

It uses 65Vo of the energy consumed by a conventional rotary-drum dryer. Ztno andyang

(1996) stated that the technique of SSD had been applied to noodle productiorl and that the

drying time reduced from 20-40 min to 50 s compared with the conventional air-drying
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method' The breaking strength of noodles dried in superheated steam increases with the

decrease in drying temperature and drying time (Markowski and Cenkowski 2000).

2 "2.4 ft.f:atbematical modeüin g of superheaúed_steam drying

superheated steam drying is a process involving simultaneous rnass, heat, and momentum

transfers in multi-phase systems. The main differences from HAD are the significant

overpressure built-up inside the compact or large-sÞe product during the falling-rate drying

period and the negligible resistence to mass transfer outside the drying product (Hager I 99g).

Different transpoft equations derived based on moistur e, heat,and momentum transports,

combining with some initial and boundary conditions, constitute a mathematical model ofthe

drying process. Solving the equations gives moisture, temperature, and overpressgre proflles

within the material to be dried and predicts the kinetic paramerers of the modelled drying

process, such as the drying rate and drying time.

The mathematical description of SSD has received much attention and many models have

been developed for the steam drying of different materials in the last 2}years. A transient

model for combined impingement and through drying ofnewsprint in superheated steam was

developed by Loo and Mujumdar ( 1 9s4). Mass and heat transfers within the paper sheet were

neglected' Crowe et al. ( 1 985) presented a heat-transfer controlled model for spray drying in

superheated stearn The drying rate was dependent onthe temperafure difference between the

steam and the droplets, and the moisture and temperature gradients inside the droplets were

neglected due to the small size ofthe droplets. Meunier and Munz (19s6) developed a simple
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one-dimensional model for simulating the steam drying of spherical particles in a flash dryer

operating in the constant-rate drying period. They examined the effects of drying conditions,

such as steam temperatllre, steam pressure, and particle size, on the dryer design parameters.

Shibata et a]' (1988) proposed a simple model for drying glass beads in superheated steam

based on the assumption that evaporation takes place not only on the surface but also in a thin

layer below the surface of the sample during the constant-rate drying period. The drying

process was described by an evaporation-zone model during the constant-rate drying period

and a receding-evaporation-front model dwing the falling-rate drying period. Another heat-

transfer-controlled model for the steam drying of a single porous sphere with a receding

evaporation front was reported by Khan and Beasley (19SS). The evaporation rate was solely

controlled by the rate of heat transfer to the receding front. The model was used to predict

the temperature distribution and the movement of the drying front inside the sphere. This

single-particle model was later incorporated into a deep-bed drying model to predict local and

overall drying rates as well as the temperature distribution in a packed bed of alumina

particles (Khan et al. 1991). A more advanced steam-drying model, including heat and mass

transfers within porous materials and considering athird drying force, overpressr.¡re gradient,

inadditionto temperature andmoisture gradients, wasproposed byMolme et al. (1990). The

model assumed that the overpressure inside the material was equal to the saturationpressure

at the prevailing temperature. Ramamurthy et al. (1992) developed a diffi.rsion model

describing the internal transports ofheat and moisture and solved the model numerically using

the finite-element method to simulate the SSD of a black liquor fihn. Much research interest

has been devoted to the modelling of drying wood with superheated steam (Fyhr and
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Rasmuson 1996; Fyhr and Rasmuson L997;Johansson etal.1997;Perre et al. 1993). Due to

the strong anisotropy of wood, the mathematical models are generally developed for two

dimensional coordinates to handle transport processes in two directions. Because ofthe large

size ofthe wood products, the overpressure has a significant influence on the drying process

and is normally considered in the modelling. The models are used to investigate the effects

of external conditions such as steam temperature, pressure, and velocity on the drying rate

as well as the distributions ofmoisture, temperature, and overpressure within the wood chip.

A model with an adjustable parameter in it was presented by Hager et aI. (1997) for the steam

drying of a porous ceramic sphere. It was derived based on rnass and heat transfers,

considering three driving forces: the gradients of moisture, temperature, and overpressure.

It assumed localthermodynamic equilibrium inside the material. The transport coefficients in

the model were either measured experimentally or derived theoretically from the pore-size

distribution ofthe material. The model was solved by a finite-difference method. Daurelle et

at. (1998) developed a 2-dimensional numerical model for describing heat and moisture

transfers in porous material being dried with superheated steam. The model was based on a

finite-element method and took into account the pressure gradient in gaseous phase, the

capillary and sorption effects, as well as the phase changes. It allows one to determine the

variables difficult to measure, such as the phase-change rates and transport coefficients.

Recentl¡ Heinrich et al. (1999) developed a mathematical model for a batch treatment ofwet

granular solids with superheated steam in a fluidized bed. The model allows for the calculation

of the time-dependent process parameters such as solid-temperature and moisture

distributions in the bed, steam tçmperature changes in the bed, ærd apparatus-wall
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temperatures.

In the complex steam-drying modelling which considers the overpressure gradient as a

third driving force inside the material, it is hard to get a fully quantitative prediction of the

drying process. Inpanicular, the prediction ofthe drying time is oftennot accurate (Daurelle

et al. 1998; Topin and Tadrist 1997). The agreement between the predicted values and the

experimental data is obtained only after adjusting one or more parameters such as physical

properties and boundary or initial conditions, and the simulation is still not fully predictive

(Hager et al. 1997).
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3 EQUILIERIUM MOISTURE CONTENT'(ÐMC) ûF SPEFIT GRAINS IN

S{IPERT{EATEI} STE,AM {JNT}ER. ATMOSPI{ER,NC PR.E SS{IRE

3.1 Experimental determínation of EMC

3.tr.tr Equipment

The main equipment used in the experiments was the superheated-steam dryitrg system

developed in the Department of Biosystems Engineering at the University ofManitoba. The

system consisted of a steam generator, steam conveying pipelines, a drying chamber,

auxiliary heaters (a superheater and heating tapes), a hot-air supply system, and a data

acquisition and control system (Fig. 3.1).

Steam or 11

hot air out

Hot air in

Figure 3.1 superheated steam dehydration systenn. (1) steam generaror;
(2) pressure regulator; (3) heating tape; (4) steam flow valve; (5) steam

superheater; (6) air fan; (7) air heater; (B) airflow valve; (9) drying chamber;
(10) fray with sample; (i 1) balance; (12) condenser; (13) condensate collector.

Hot air
out
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Sæurated steam at 580 kPa and 158"C was produced by the steam generator (1). Its

pressure was reduced to 1 30 kPa by a pressure regulator (2), and thus superheated steam was

generated. The pressure regulator ensured a steady flow of steam through the pipelines and

drying chamber (9). The flow rate was adjusted by the steam flow valve (4), which was

actuated by a computer. After passing though the electrical superheater (5), where the steam

temperature was adjusted to the desired level, the steam went through the drying chamber

(9). The steam pressure in the drying chamber dropped down to 100 kPa due to the friction

loss in the pipelines. Finally, the steam passed through the condenser (12) and was

condensed. The heating tapes (3) on the pipelines kept the pipes warm to reduce heat loss and

possible steam condensation inside the pipes. Several thermocouples placed at different

points on or in the pipes (not shown in Fig. 3.1) monitored and controlled the temperatures

of the pipes and the steam inside the pipes. In addition, hot air was used to insulate the

drying chamber. Air moved by a fan (6) was heated by a heater (7) and heating tape (3) on

the airflow line. The airflow was adjusted by controlling the speed of the fan (6) with a

variable auto-transformer. The temperature of the hot air was adjusted by a computer-

controlled unit that tumed the heater (7) and heating tape (3) on or off.

The drying chamberitselfconsistedofaninnerrectangularcavity (i.e., the innerchamber)

and a surrounding air jacket (Fig. 3.2). The air jacket ensured adiabatic conditions in the

inner chamber. Hot air was forced through the air jacket during superheated-steam drying

and could also be forced through the inner chamber for hot-air dtyitrg. A mesh tray (55 mm

x 55 mm) to hold the sample was hung in the chamber by a thin string auached to an
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Cooling air

Suoerheated steam
o1 not a1r

Stri

ll

Hotair Ð

Figure 3.2 Simplified diagram of drying chamber

electronic balance (81205, 0.001 g accuracy), which was connected to a computer to allow

for continuous weighing of the sample. To avoid overheating the balance, a cooling fanwas

installed between the chamber and the balance to prevent any rise in temperature due to steam

or hot air leaking from the small opening in the inner chamber. Thermocouples Tl andT2

monitored and controlled the temperatrne inside the chamber.

Besides the steam drying systenì, a vacuum oven (TempCon Vacuum OvenN7592-2) was

used for determining the final moisture contents of steam-dried samples.

3.1.2 lVIaterials

The materials used in the experiments were brewers' barley spent grain and distillers'

wheat spent grain which was obtained from a local brewery (Fot Garry Company Ltd.,

et n*
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V/innipeg, MB) and a distillery (Mohawk Canada Ltd., Minnedosa, MB). Dry distillers'

wheat spent grain contâins approximately 37Yo protein, 4.5Yo fat,8% fibre, and 5.5% ash.

The materials were stored in a freezer at -15"C and thawed before the drying experiments.

The initial moisture contents of the BSG and DSG determined by the vacuum-oven drying

method (AACC 1995) were 3.16 and3.7l * 0.15 ke/ke dry basis (db), respectively.

3.1.3 Ðrying condítions

Drying experiments were conducted under atmospheric pressure. The temperafure of

steam passing through the chamber was controlled at different levels ranging from 105 to

200"C with an accuracy of i3"C. The velocity of steam passing through the sample was set

at032 m/s with an accuracv of +0.02 m/s.

3.1.4 Expenimental procedune

The experimental procedure involved exposing a sample of spent grains to steam at a

preselected temperature in the drying chamber for a sufficient time, and then drying the

steam-dried sample completely in the vacuum-oven dryer. At each level of steam

temperature, experiments were conducted in triplicate. During the steam drying, each sample

of approximately 12 g was placed in a thin layer on the mesh tray hung in the drying

chamber. The change inthe mass of the sample was continuously monitored by a computer.

The time of drying in steam ranged from 25 to 200 min depending onthe steamtemperature.

The steam drying process \¡ias stopped when the mass of the sample remained constant at

least for 5 to 30 min depending on the toøl drying time. The sample was then immediately
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weighed and placed into the vacuum-oven dryer to remove the remaining moisture. The

vacuum drying was conducted for 18 to 20 h at the temperature of 98 to 100"C and the

vacuum of -80 to -100 kPa (AACC 1995). The moisture determined for that sample was the

EMC of the sample dried inthe superheated steam ofknownparameters. The experimental

results are tabulated in Appendices A.1 and A.2.

3"2 Graphical representatio¡r fon the EMC of spent gnains

During hot-air drying, wet material will lose moisture until the remaining moisture exerts

the same partial pressure of vapour as the surrounding drying medium (Beeby and Potter

1985). The remaining moisture content is the EMC. The partial pressure of vapour in hot air

depends on the temperature and relative humidity of the hot air. At a selected temperature,

the EMC of a product decreases with the reduction in the relative humidity of hot air.

Therefore, the sorption relationship between a product and hot air is usually shown as

isotherms by plotting the EMC of the product against the relative humidity of hot air at

different temperatures.

In superheated-steam drying, the partial pressure of vapour is the same as the total

pressure of the drying medium because there is only the vapour component in the drying

medium. For drying non-capillary porous solids, in which the moisture is held as free'ù/ater

in large pores, the solids will dry completely if the temperature is maintained above the

boiling point of free water. The reason is that the vapour pressure of free water at the boiling

point or at a temperature a little bit higher than the boiling point is equal to or higher than the
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pressrüe of steam. Chu et al. (1959) noted that drying sand with superheated steam gives an

EMC of zero just as in hot-air drying. However, Lane and Stern (1956) pointed out that the

void spaces of the dried product are still filled with steam, which should be considered

residual moisture.

For drying capillary porous material or a hygroscopic product with stearn, the removal of

the bound water requires that the steamtemperature be above the boiling point of free water

at the operating pressure (Beeby and Potter 1985). The higher the temperature or superheat

of steam and the lower the pressure of stean¡ the more bound water can be removed. At a

selected steam pressure, the EMC of a product reduces with increasing steam temperature.

Therefore, it is reasonable to present the EMC data of spent grairs dried in superheated

steam as isobars by plotting the EMC against the temperature or superheat of steam at

different pressures (Beeby and Potter 1985; Rosen 1981). In addition, the isobars can be

shown by plotting the EMC against the relative pressure of stearn, which is the ratio of the

working pressure ofthe steam to the pressure of saturated steam at the working temperature

(Beeby and Potter 1985; Hager 1998; Hager et aL.1997; Wimmerstedt and Hager 1996).

3.3 Eqmatio¡ls for describing ísobars of spent grains in superheated steam

Based on the experimental observation (Appendices 4.1 and A.Z),the EMC of the BSG

and DSG in superheated steam changed substantially with changes in the superheat or

relative pressure of steam when the steam was close to the saturation condition (100'C at

atmospheric pressure), but the EMC changed only a little when the steam was far from the
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safurationpoint. Atatmosphericpressure, the EMC ofthe spentgrainexposedto superheated

steam decreased from 9.3 to 1.7 kg/ï}lkgdry solids for BSG and from 6.1 to l.4kg/l00kg

dry solids for DSG when the steam temperature changed from 105 to 140"C or the relative

pressure of steam from 0.84 to 0.28. The EMC changed by only 1,.3 kg/I00kg dry solids

when the steam temperature increased between 140 and 180"C or the relative pressure of

steam decreased between 0.28 and 0.1; it was further reduced to almost zero when the steam

temperature increased to 200oC, at which the relative pressure of steam was 0.07.

Based on the above discussion and compared the probable isobars with the curves in the

HandbookofMathematics(Wang etal.1979),anumberofpossibleequationsfordescribing

the sorption relationship between the spent grains and the surrounding steam were proposed.

The possible EMC-temperature equations were:

M" = k(4- 100)"

M" = kr(T, - 100¡a + kr(4- 100¡"'

Mn = kexpfn(\- loo)l

M" = krexpfnr(4 - 100)l + krexpfnr(I- 100)l

M" = kexpln(\- loo)-]

M" = krexplnr(4 - 100)''f* kr"*plnr(4 - 100)"]

M"= kexplnl(4- 100)l

(3.1)

(3.2)

(3.3)

(3.4)

(3.s)

(3.6)

(3.7)

(3.8)M" = k,expfnrl(4 - 100)7* krexplnrl(\- 100)l
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where k, n, m, k r r r,, ffi t, k z, n r, and m 2 were coefficient s and M 
"was 

in the unit of kg/ 1 00kg

dry solids.

The possible EMC-relative pressure equations were:

- k\"M"

M"

M"

Mu

M"

M"

M"

M.

kr\"' + krfl'

k exp(n\)

krexp(nrP,) + k, exp(nrP,)

k exp(nP,-)

k, exp(nrP,'' ) + k, exp(n, P," )

k exp(nl \)
krexp(nrf 1) + k, exp(n, f P,)

(3.e)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.1s)

(3.16)

where the relative pressure of steam, P,, was defined as the ratio of the working pressure of

the steam to the pressure of saturation steam at the working temperature.

By non-linear regressions with M, Tn and P, as the regression variables, all the

coefficients in Eqs. 3.1 through 3.16 were determined and shown in Table 3.1 for BSG and

Table 3.2 for DSG. The regressions were accomplished by the NLIN procedure in the SAS

system, a statistical analysis system (SAS 1985). Two example programs for the regressions

were listed in Appendices 4.3 and A.4.

As shown in Tables 3.1 and 3.2,the regression equations have different accuracies for

fitting the experimentai data. The accuracy can be expressed by the mean residual squares
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Table 3"1 R.egression-analysis results for BSG

Equation
No.tul Coefficients

Mean
residual
square

Mean deviation Rank of(kg/lQQke accuracy' ä.s.tbr) -

(3.1)

(3.2)

(3.3)

(3.4)

(3.s)

(3.6)

(3.7)

(3.8)

k:40.2783

k, :59.0165.-
kr: -1.8x10"

k : 11 .5258

k,:5.8477
k;:16.0452

k: 61.9989
m: 0.3339

k,: r5.2lgg
ni: -0.2770
ni, :0.5832

k= 1.2692

k,: -4.4748
k):3.55t9

k : 11 .9449

k,:6.7220k): 17.1648

k: 0.4586

k, :0.5396
kr: -1.0136

k: Q.2496
m:0.7519

k, :0.3488
nì:4.0176
mr: I.4454

k:33.2845

k,: t454.7
k):5.3731

n: -0.8975

fl, : -1.0208
nr: -2T.3442

n: -0.0627

n, : -0.0341
n): -0.2618

n: -1 .1166

lç.,: S.Çl$xlQ17
nl: -1.0000
niz:2.300

n: 10.1800

n,: -22.6033
n):4-8182

0.3249

0.2869

0.4758

0.2233

0.2427

0.2367

r.1862

0.2320

0.5700

0.5357

0.6898

0.4726

0.4927

0.4865

1.0891

0.4816

6

5

7

1

8

2

(3.e)

(3.10)

(3.11)

(3.r2)

(3.13)

(3.14)

(3.15)

(3.16)

n:1.9314

fl, :1.2093
ni: 8.5965

n: 3.5683

n, :3.3566
ni: -10.8538

n:4.0863

k, : 1.3883
n, : -0.00003
mz: -7.1378

n: -1 .1797

nr: -4.6639
ry: -0.3328

0.4420

0.2270

0.3040

0.2666

0.2936

o.2tt2

0.7175

0.2166

0.6496

0.4764

0.5513

0.5163

0.5418

0.4596

0.8471

0.4654

a
J

6

4

þl The equation numbers are same as in the text.
lbld.s. : dry solids.
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Table 3.2 R.egression-analysis nesults for DSG

EKation
Coeffrcients

Mean Mean deviation Rank of
residual (kg/100 kg d.s.) accuracy
sqrure

(3. 1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

k:24.8401

k,: 16.1539
ki : -0.1355

k: 7.8051

k,:5.9222
k):18.4770

k:14.6376
m:0.5502

kr:5.8572
ni : -0.0295
ni,: 1.0595

k:1.2280

k, : -4.3833
k;:2.8185

n: -0.7822

n, : -0.5182
ni:0.5365

n: -0.0481

n, : -0.0369
nz: -0.4635

n: -0.3276

k,:6.961x1017
ni: -1.0000
rn2:2.3000

n= 8.8243

n,: -37.1589
ry:4.3659

0.2493

0.0927

0.1788

0.0888

0.0995

0.0900

0.8920

0.0860

0.4993

0.3045

0.4229

0.2980

0.3154

0.3000

0.9445

0.2933

4

6

2

8

1

(3.e)

(3.10)

(3.11)

(3.12)

(3.13)

(3.r4)

(3.15)

(3.16)

0.1 58 1

0.0954

0.2045

0.1082

0.1217

0.0834

0.3073

0.0744

0.3977

0.3089

0.4522

0.3289

0.3489

0.2889

0.5s44

0.2730

k: 8.1659

k,:56.3299
ki = 6.589¡

k:0.5207

k,:0.7250
h: -1.6052

k:0.0382
m:0.3783

k'': -3.2747ni: -5.7336
mr:1.7328

k: 16.2235

k, :803.5
kz:5.2199

n:1.5299

n,:20.7539
ry:1.2637

n:3.0619

nr:2.6244
ni: -8.2085

n:5.4832

kr:3J392
n": 1 .8079
rñr:4.8392

n = -0.8542

n, : -4.6051
n): -0.3627

6

a
J

1

4
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or mean deviations. The equations in complex forms have higher accuracies than the

equations in simple forms. Except for Eqs. 3.3,3.7,3.9, and 3.15 for the BSG andBq.3.7

for the DSG, all the equations have acceptable accuracies to describe the isobars, as indicated

by the small mean residual squares or mean deviations. Among them, Eqs. 3.5 and 3.13 have

a simple form and have medium but acceptable accuracies. Therefore, the two equations

were recommended to describe the isobars for the spent grains in superheated steam under

the conditions specified forthe experiments. The isobars ofthe BSG and DSG in superheated

steam predicted by Eqs. 3.5 and 3.13 with regression-determined coeffrcients were plotted

in Figs. 3.3 through 3.6, which also show that the two regression equations fit the

experimental data well.

120 140 160 180

Temperature ( oC 
)

Figure 3.3 Comparison of the predicúed results with measured EMC of
BSG in superheated stearn under atmospheric pressure.
The solid line is plotted based on equation 3.5 with k:62.00,
n: -1.I2, and m = 0.33.
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Figure 3.4 Comparison of the predicted resulús with measu¡.ed EMC of
ESG in superheated steam under atrnospheric pressure.
The solid line is plofted based on equation 3.13 with k : 0.25,
n= 4.09, and m = 0.75.

Figure 3.5

Temperature ( "C )

Comparison of the predicted resutrts with measured EMC of
IISG in superheated stea¡¡r under atmospheric pressure.
The solid line is plotted based on eqation 3.5 with k:14.64,
n = -0.33, and m:0.55.
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Figure 3"6 Comparison of the predicted nesults with measured EMC of
llSG Ín superheaúed steam under aúmospheríc pressure.
The solid line is plotted based on equation 3.13 wirh k = 0.03g.
n : 5.48, and m :0.38.

A similar pattem ofEMC-superheat relationship was also reported by several researchers

(Beeby and Potter 1985; Hager 1998; Hager et al. lggT; Wimmerstedt and Hager 1996).

Figure 3 '7 shows EMC-superheat isobars obtained from the literature in comparison with my

data. The isobars of ceramic spheres, wood chips, paper pulp, and 41203 spheres are similar

in shape to that of BSG or DSG and can also be well described by Eq. 3.5 with the

coeffrcients listed in Table 3.3. Ceramic spheres has a much lower EMC due to their non-

capillary porous structure, but wood chips, paper pulp, and AlrO, spheres have higher water

capacities than BSG and DSG. Par.ticularly, F.C.C. (crystalline silica) and brown coal have

an enhanced moisture absorption capacity below 120 and l40oc, respectively, and their

isobars can not be described by Eq. 3.5.
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Figure 3.7 The EMC-ternperature isobars for diffenent rnateriars in
supenheated steam unden atmospheric pressure.
1 : ceramic spheres (Hager etal.1997); 2 : DSG; 3 : BSG;
4: wood chips (Kollmann 1961); 5 = paper pulp (Beeby and
Foffer 1985); 6 : AlrO, spheres (Hager 1998); 7: F.C.C.
(Beeby and Potter 1985); 8: brown coal (Ho 1984).

Tahle 3.3 Regnession-anaþsis results and the coeffîcients in &q. 3.5 for other
mateniaXs

Coefficients Mean residual
square

Mean deviation
(ks/l00 kg d.s.)

Material

k:1.9344
m:0.4610

n: -0.2430

k:3053.1 n: -4.4053
m:0.1315

k:2320.0 n: -4.3430
m : 0.1188

k:27.8251
m:0.4950

n: -0.2304

0.0012

0.1657

0.1343

0.082

0.0349

0.407

0.3665

0.2864

Ceramic spheres

Wood chips

Paper pulp

ÆrO, spheres

59



3.4 co¡eclusioms on EMC of,spent grains Ín superheaúed steam

The temperature of superheated steam had a significant effect on the EMC of spent grains

exposed to superheated steam at atmospheric pressure. The EMC decreased substantially,

from 9.3 to 1.7 kg/100 kg dry solids for BSG and from 6.7 to I.4kg/t}}ke dry solids for

DSG, with an increase in the steam temperature from 105 to 140"C; but it changed by onty

l.3kg/lDDkg d.y solids with increasing the steam temperature from 140 to 180"C and

approached zero atthe temperature of 200"C.

At atmospheric pressure, the sorption relationships between the spent grains and

superheated steam can be represented on isobars by plotting the EMC against the temperarure

or relative pressure of steam. The isobars were well described by two proposed equations;

the coefficients in which were obtained by non-linear regressions with the SAS system based

on the experiment al daø.
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4 MOX}ET,T,[T{G SUPERT{EATED-STEAIV{ DRYII{G OF'TË{TN T,AYER.S OF'

SPENT GRAIT{S

4.1 Drying experiments of thin-layer spent grains in supenheated steam

4.1.1 Materians

The materials used in the experiments were the same as those used in the EMC-

determination experiments (Chapter 3). The initial moisture content of the t\ilo tested

productswas 4.22L0.15ke/kedbforBSG and2.77 +0.lskg/kgdbforDSG. Themoisture

content was determined bythe vacuum-oven drying method (AACC 1995). Each sample was

weighed around 8.8 g for BSG drying and 6.1 g for DSG drying.

4.tr"2 Equipment

The equipment used in the experiments was the superheated-steam d.yi"g system

described in the Section 3. I . 1 . To force most of the steam through the sample to be dried, the

dry-g chamber was modified slightly (Fig. a.1). A metal plate with a central round opening

(69 mm in diameter) was set in the middle section of the drytng chamber. During drying, a

circular mesh tray (68 mm in diameter) with the sample was placed in the central hole and

hung from the electronic balance.

4.t.3 Dryirag conditions

Drying experiments were conducted under atmospheric pressure. The steam temperature
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Balance

Cooling air etE*
Tray

Suoerheated steam:.
Or hot arr \.J

Plate

Thermocouple 1 Tray +

Inner chamber

Hot air

Superheated steam
or hot air

FÍgure 4.1 Modifred drying chamber (Ðimensíons are in mm)

attheinlettothedryingchamberwascontrolledatsevenlevels:110, 175,120,130,145,160,

and 180"C with an accuracy of*3oC. The velocity ofsteampassing throughthe drying sample

was setatfivevalues: 0.25,0.47,0.66,0.86, and 1.08 m/swithanaccuracyof+0.06m/sfor

BSGdrying;and0.28,0.49,0.70,A.92,and1.15m/swithanaccuracyof+0.06m/sforDSG

drying. The steamvelocitywas adjustedbythe steamflowvalve and was calculated based on

the amount of condensed water collected from the condenser in a certain time and the steam

temperature inside the drying chamber.

4.1.4 Detemtining the percentage of the steam passing through the sample

During drying, not all the steam passed through the sample to be dried. A small amount

of steam passed through the gap between the sample tray and the plate (Fig. a.1). The
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percentage of the steam passing through the sample must be known for the calculation of

steam velocity. Therefore, some special tests were conducted to determine this percentage.

In this series of tests, hot air (70"C) instead of steam was used as the drying medium for

convenience. The tray with the same amount of sample as in normal drying experiments was

changed alternatively several times during the test between two positions: A and B. Position

A was the normal drying position in which the tray was hung in the drying chamber from the

balance and the flange of the tray was about 4 mmabove the plate. At position B, the tray

was seated on the plate with its flange contacting the plate forcing all the hot air to pass

through the sample. At each position, the air velocities were measured with a thermal

anemometer (Model HHF50, OMEGA Engineering, Inc., Stamford, CT) at two or three

selectedpoints approximately20 mmabove the sample (Appendices 8.1 and 8.2.). Four runs

of tests were conducted at different air-velocity levels which were in the range of the steam

velocity (0.25 to 1.15 m/s) for the normal dryitrg experiments. The average velocity ofthe air

passing through the sample at position A was lower by l4.S% for BSG drying and 13 .9o/o for

DSG drying compared with that at position B. This means that 14.8%;o andl3.9o/oofthe steam

passing through the chamber escaped through the gap between the sample tray and the plate

during the normal experiments for BSG and DSG drying, respectively.

4.1"5 Expenimental pnocedune fon drying tests

During drying, the sample was placed in a thin layer on the mesh tray which was hung in

the drying chamber by a thin wire attached to an electronic balance. The mass change was
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recorded every 2 or 3 s by a computer connected to the balance. The drying process was

ended when the mass of the sample remained constant for 2to 5 min depending on the total

dryittg time. Under each set of drying conditions, tests were conducted in triplicates.

The flow of steam created a "lifting force" which affected the mass-change readings. The

"lifting force" changed during drying due to the shrinkage of the sample. To compensate for

this apparent loss in mass, a calibration test was conducted immediately after each drying test

mentioned above. In the calibration test, the steam conditions were kept the same as in the

previous drying test; however, the d.ying medium \¡/as manually controlled to bypass the

drying chamber for 10 to 15 s every 0.5 to 2 rn:rr^. The difference between the readings with

and without steam passing through the chamber was the "lifting force", which was

incorporated into the calculation of true mass loss of the sample.

4.1.6 Determilration of, nutnient connposition

The utilization of BSG and DSG depends on the composition and nutritional benefits of

these materials. To find out the effects of drying conditions on the nutrient composition of

spent grains, the samples dried under selected steam temperatures and for different drymg

times were collected for composition analysis. Four major nutrient components (starch, B-

glucan, pentosan, andprotein) inthe samples were chosento be determined. Beta-glucanand

pentosan were determined because both ofthese non-starchpolysaccharides are constituents

of dietary fïber. The presence of dietary fiber makes spent grains attractive for human

consumption (but not necessary for animal feeds). The mixed-linkage B-glucan assay kit

(Mega4.me International lreland, Ltd) was used for B-glucan determination (McCleary and

64



Codd 1991). The phloroglucinol method of Douglas (1981) was used for colorimetrically

determining the content ofpentosan. Starch content was determined en-q¡matically using the

Mega-4rme kit for total starch assay (Megazqe International Ireland, Ltd) (Mccleary et al.

1994). Protein content was determined by combustion nitrogen analysis (CNA) using a LECO

Model FP-428 CNA analyzer (Leco Corp. St. Joseph, MI) calibrated against

ethylenediaminetetraacetic acid.

4.2 Modelling the steam drying of thinlayer spent grains

4.2.X Development of thin-layer drying model

In most models developed for drying large-size or compact products with superheated

stearn, an overpressure built-up inside the products is considered one ofthe important driving

forces during the falling-rate drying period (Fyhr and Rasmuson 1997; Hager ef al. 1997;

Moyne et al. 1990; Perre et al. 1993). The involvement of the overpressure makes the

modelling more complex. However, there is no significant overpressure inside spent grains

during steam drying because spent grains are in chopped or ground state (Bonazzi et a7.

1996). Therefore, the general modelling technique considering the overpressure the third

driving force is not suitable for modelling the steam drying of thin-layer spent grains.

Based on the observation in previous studies (Tang and Cenkowski 2000; Tang et al.

2000), it is known that the drying curves for superheated-steam d.y-g and hot-air drying are

of similar shapes, so the same forms of mathematical models for air dryirrg can be used for

superheated-steam drying. Several mathematical models have been developed for the air
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drying ofthin-layer biological materials, especially grains, which was surlxrrtrized in Section

2.1.3. Theymaybe diffi;sionmodels, semi-theoreticalmodels, or empiricalmodels. Diffi¡sion

models are based on diffi.rsion theories and can accurately describe moisture and temperature

disributions inside the drying product. Inthis kind ofmodelling, the particles ofthe product

are required to have the same shape (regular or non-regular) and the same size; otherwise,

these models can not be solved by theoretical methods or numerical techniques. Obviously,

difr¡sion models are not useful for modelling the steam drytng of thin-layer spent grains

because of the unfüed shapes of BSG particles and the predominant slurry consistency of

DSG.

The models describing the steam drying ofthin-layer spent grains could be semi-theoretical

or empirical. Equation 4.1 is one ofthe most oftenused drying models for describing the air

drying of thin-layer biological materials (Page 1949, cited by Jayas et al. 1991).

MR= exp(- Kt')

where K and Nare experimental parameters and / has the unit of min.

The moisture ratio is defined as:

MR=
M_ M"

(4.1)

(4.2)
Mo- M"

Equation 4.1 gives the initial moisture ratio I at time zero. In superheated-steam drying,

however, a small amount of moisture is gained from steam condensation on the sample

surface at the beginning of drying (Tang and Cenkowski 2000; Tang et al. 2000). As a result,

the initial moisture ratio for superheated-steam drying should be a little bit greater than 1.
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Therefore, a third experimental parameter A was introduced in Eq. 4.3 to model the drying

ofthin-layer spent grains in superheated steam:

MR= A exp(-Kt*) (4.3)

In Eq. 4.3, the parameters A, K, and l/ are functions of steam temperature and/or steam

velocity. The equilibrium moisture content M"wlúchappears in Eq. 4.2 is dependent on the

steam temperature Z. The relationship between M" and I are described by Eqs. 4.4 and 4.5

which were developed in Section 3.3.

M" = 0.6538expt- 1.1605(4 - 100¡oszenl (ro, BSG)

M" = 0.l389exp[-0.3024(T- 100;o'seon] (ø, DSc)

4.2.2ÐeterwÍnatíon of coeffrcienús i¡r the dryíng model

(4.4)

(4.s)

Based on the mass changes, initial moisture content, and equilibrium moisture content of

the samples, the changes inmoisture ratio were calculated for the drying tests under different

conditions (Appendices 8.3 and 8.4).

Using non-linear regression and considerng MR arñ t the regression variables, the

parameters A, K, and,^/ in the drying model (Eq. a.3) were determined under each set of

drythg conditions (Appendices 8.5 and 8.6). The regression was accomplished by the NLIN

procedure in SAS system (SAS 1985). The SAS program for the regression was shown in

Appendix 8.7.

From the regression results, it was noted that parameter A decreased and parameter K
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increased approximately linearly with the increase in steam temperature { and velocity V",

and parameter l/increased following approximately a linear function as a result ofthe steam

temperature increase only (Appendices 8.8 and 8.9). Therefore, these relationships were

represented as:

A= (arT,+ ar)(arV,+ aq)

K = (kr\+ k)(hV, + ko)

N = nr\+ n,

Where aþ d2, es, a4, kb k2, ks, ko,nr, artd n2 ate coefficients.

(4.6)

(4.7)

(4.8)

All the coefficients in Eqs. 4.6 through 4.8 were obtained by further regression in which

parameters A (or K, or N), 7,, and V"were considered the regression variables (Table 4.1).

Appendix 8.10 gives the SAS program for the regression analysis.

Table 4.1 Results of,the second-step regression

BSG drying model DSG drying model
Parameter Regression Mean residual Mean

value square deviation
Regression Mean residual Mean

value sqr¡are deviation
e I -0.00058

6t 2 1.2925A - 0.00079
e j -0.0963

ct 4 09991

0.0281

-0.00135

0.8375

-0.2778

t.9578

0.0027 0.052

k t 0'00273

K k 2 -0.2609

k 3 2.0984

k 4 0.2174

0.00078 0.028

0.00388

-0.3741

2.0399

0.2199

0.00094 0.0307

lt r 0.00222N 0.00563 0.075
7t t 0.9599

0.00557

0.5185
0.00577 0.0759
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The small mean residual squares shown in Appendices 8.5 8¿B..6 and Table 4.1 indicate

that the regression equations have an acceptable accuracy for fitting the experimental data.

Three drying curves predicted by the dryi"g model under selected drying conditions and the

corresponding measured datapoints were plotted in Figs. 4.2 and4.3. The figures also show

that the equations with the obtained regression coefficients fit the experimental data well.

4.3 l)rying dynamics of thin-layer spent gnains ín superheated steam

Based on the drying model, the moisture ratio, moisture content, and drying rate of thin-

layer spent grains at arry time during drying in superheated steam can be calculated.

Therefore, the drying curves and drying rate curves forthin-layer spent grains in superheated

steam under any drying conditions in the range defined in this study can be plotted and

analysed. Generally, adrying curve showsthe changes ofmoistureratio withdryingtime, and

a drying rate curve represents the changes of drying rate with moisture content. Here, the

dry-g rate is defined as the change of moisture content in unit time, i.e. the derivation of

moisture content dÀ[/dt:

dM
; = - A K l{ (Mo - M,¡ ¡(u-tt exp(- K t' ) (4.e)

To analyse the drying dynamics ofthin-þer spent grains in superheated stearn, a number

of drying curves and drying rate curves for selected drying conditions were plotted in Figs.

4.4 throlush4.7.
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ø Measured (120.8'C, 0.64 m/s)

n Measured (145.6"C, 0.65 m/s)

¡ Measured (160.5'C, 0.69 m/s)

- 
Predicted values

Drying time, f (min)

S'igure 4.2 Comparison of,predicted res¡¡lts with measured
¡"¡loistune ratios of ESG in supenheated stearn.

e Measured (120.6"C,0.68 m/s)

' Measured (145.7"C, 0.71 m/s)

¿ Measured (160.5'C, 0.70 m/s)

- 
Predicted values

048121620
Drying time, f (min)

Figure 4.3 Comparison of predicted results with measured
rnoisture ratios of DSG in superheated stear¡r.
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Because of steamcondensatioq the samples gained a small amount ofmoisture inthe first

several seconds of drying. The samples gained more moisture in low-temperature or low-

velocity steamthan in high-temperature or high-velocþ steam. At0.7 m/s, for example, the

samples ofBSG gained moisture to reach the moisture ratios of 1.15, 1.13, and 1.11 (or 1.21,

1.13 , and 1.05 for DSG samples) for the steam temperatures of 110, 145, and 180'C,

respectively (Fig. a.Ð. Af 145'C, the moisture ratios of BSG samples at the beginning of

drying reached 1.18, 1.13, and 1.08 (or 7.20,1.I3, and 1.06 for DSG samples) for the steam

velocities of 0.3, 0.7, and 1.1 m/s, respectively (Fig. a.5).

Moisture contents decreased faster at high temperature or high velocity than at low

temperature or low velocity. At 0.7 m/s, the drying times for reaching the equilibrium at the

temperatures of 1 I0,145, and 180'C were 40, 13, and I min for BSG drying (or 40, 10, and

6 minfor DSG drying), respectively (Fig. 4.4).Increasing the temperature of steamfrom 110

to 180'C decreased the drying time by 80% for BSG drying (or 85o/a for DSG drying). At

I45"C, the drying times were 21, 13, and 9 min for BSG drying ( or 16, 10, and 7 m:rl'for

DSG drying) at the velocities of 0.3, 0.7, and 1.1 m/s, respectively (Fig. a.5). Increasing the

velocityofsteamfrom0.3to 1.1 m/sdecreasedthedryingtimeby 57o/ofor BSGdrying(or

56%io for DSG drying).

There was no constant-rate drying period noticeable inthe steam drying ofthinJayer spent

grains. The drying rate decreased gradually during the drying process except for a short initial

warm-up period, during whichthe drying rate increasedrapidlydueto the \ryann-up (Figs. 4.6

arñ 4.7).
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Figure 4.4 Fredicted drying curves for thinJayen tsSG and tr)SG i¡r
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Figure 4.5 Predicted drying cur$,es for úhinJayer tsSG and ÐSG
in superheated stearn at t45oC and va¡'ious velocities.
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Figure 4.6 Fredicted drying rates for thinJayer ßSG and DSG in
superheated steam at 0.7 rn/s and various temperatures.
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The effects of steam temperature and velocity on drying were also shown on drying rate

curves. The higher the steam temperature or velocity, the higher the drying rate was. During

the falling-rate drying period, the drying rate changed near linearly with the change ofsteam

temperature or velocity. For example, at 0.7 m/s and when the samples were dried to the

moisture content of I kg/kg db, increasing steam temperature from 110 to145 and 180"C

increased the drying rate from 0.13 to 0.44 and 0.76 for BSG drying (or from 0.12 to 0.53

and0.94 forDSG drying), respectively(Fig. a.6). At 145'C andwhenthe samples weredried

to the moisture content of 1 kg/kg db, an increase of steam velocity from 0.3 to 0.7 and 1.1

m/s caused an increase ofthe dryrng rate from 0.26to 0.44 and 0.60 for BSG drying (or from

032 to 0.53 or 0.71 for DSG drying), respectively (Fig. a.7).

4.4 Ðffects of drying tempenature a¡ld ti¡me on nutniemú compositÍon

The nutrient composition of undried BSG and DSG as well as of the samples dried in

superheated steam under various conditions is presented in Table 4.2. The undried BSG

contained more starch but less B-glucans, compared with the undried DSG. Both materials

contained considerable amounts of pentosans and proteins. In general, the effects of drying

on the amounts of nutrients in the samples were rather small. Among the four components

measured, starch was affected to the greatest extent. Both drying temperature and time had

some effect on the starch content in the dried samples. All dried BSG and DSG had lower

starch content than the undried samples. Increasing the drying temperature from 1 1 0 to 1 80"C

decreased the starch in the samples dried to the equilibrium at the steam velocity of 0.66 mis

from 6.83 to 5.84o/o (decrease by La.5%) for BSG and from 2.08 to 1.84% (decrease by

74



Table 4.2 Nutrient composition of undried and driedtui spent grain samples

Temp Time Starch (%, db) fj-glucans (%, db)tdl Pentosans (%, db)tdl Proteins (%, db)

Cc) (min)Þl Arret"l std de' Aveþl std dev Avetd std dev Ave["] Std dev

BSG

110

145

180

0.76

0.76

0-75

0.78

0.76

0.77

0.76

0.03

0.01

0.02

0.03

0.03

0.01

0.01

19.45

19.48

22.64

24.97

20.64

22.09

19.48

36 6.83 0.49

r i.5 5.84 0.03

7.5 5.84 0.2r

1.04 24.51 0.06

1.93 22.90 0.26

1.84 24.43 0.06

4.78 24.5r

4.25 24.66

4.08 23.30

1.93 22.90

Undried 7.49 0.02

145 (3) 7.22 0.r2

14s (6) 6.27 0.2e

t45 11.5 5.84 0.03 0.26

DSG

49

t7
10

Undried

r4s ( 4.5 )
r45 (e)
145 17

110

t45
180

r.62

t.49

7.44

0.03

0.01

0.01

19.73

20.86

21.20

2.08 0.01

t.93 0.01

1.84 0.00

1.65 27.21

0.67 27.30

4.79 28.15

2.50 0.03 1.50 0.01 21.59 2.37 26.50

2.38 0.10 1.70 0.07 t7.93 0.56 27.35

2.t9 0.04 1.63 0.03 20.68 1.68 27.38

1.93 0.0i 1.49 0.01 20.86 0.67 27.30

0.11

[a] Dried in superheated ste¿m at the steam velocity of 0.66 m/s and different temperatures for

different times;

[b] Times for drying to equilibrium except those in parentheses;

[c] Average of 2 results;

[d] Samples washed with ethanol prior to treatment;

[e] Average of 2 results with std dev only.

ll .5%) for DSG. An increase in drying time from zero to the time when the equilibrium was

reached at the steam velocity of 0.66 m/s caused the starch to decrease from7.49 to 5.84o/o

(decrease by 22%) in BSG samples and from 2.50 to l.93yo (decrease by 23%) in DSG

samples. The high drying temperatures and the initially high moisture content of the spent

grains are probably responsible for the partial gelatinization of starch and the formation of

amylose-lipid complexes or resistant starch or both. The last two phenomena most likely
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decreased the amount of starch measured in the samples. In general, B-glucans were affected

very little by the d.ytng processes. Only the drying temperature had a small influence on the

B-glucan content in the dried DSG samples; it decreased fuom 1.62 to l.44yo (decrease by

1 1%) when the temperature used for drying the samples to equilibrium changed from 110 to

180'C. The relatively low precision ofthe method used for determining pentosans hindered

somewhat the interpretation of the results. Nevertheless, it appears that the content of

pentosansinDSGandBSGwasnotaffectedtoanygreatextentbythed.ytngprocesses. The

proteins in both spent grains were likely denatured during the drying processes, but this did

not affect their average content in dried samples.

4.5 Conclusions on modelling of thin-layer drying

A model of drying thin-layer spent grains in superheated steam was developed through

modifying a commonly-used air-drying model for thin-layer biological materials. The

coefficients in the drying model were determined by fitting the modelling equations to

experimental data in two steps of non-linear regression analyses.

At the beginning ofdrying thin-layer spent grains in superheated stearn, a small amount of

moisture was gained from steam condensation on the sample surface. The moisture gain

increased the initial moisture ratio ofthe samples from I to the range between 1.05 and 1.20

for BSG drymg and to the range between 1.00 and 1.30 for DSG drying. It decreased linearly

with an increase in steam temperature or velocity.

Both steam temperature and steam velocity had a significant effect on the steam drying of
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thin-layer spent grains. Increasing the temperature or velocity increased the drying rate near

linearly and consequently decreased the drying time. At the velocity of 0.7 m/s, an increase

of steam temperature from 1 10 to I 80"C caused the drying time to decrease by 80% for BSG

drying and85%o for DSG drying. Similarly, at 145oC, increasing the steam velocþ from 0.3

to 1 .1 m/s decreased the drying time by 57Yo for BSG drying and 56%o for DSG d.yr"g.

The major nutrient components in BSG and DSG were starch, B-glucar¡ pentosar¡ and

protein. Increasing drytng temperature and time caused a substantial decrease in starch

content but a small or no change in p-glucan and pentosan content in the dried samples. A

change ofprotein content in the dried samples was not detectable.

77



5 MOÐEI,LING SUPER}TE^4.T8Ð-STEAM DR.VI¡{G OF'FIXED BEDS OF

SPENT GRAXNS

5.1 Ilevelopment of the model for drying fixed beds of spent grains in supenheaúed

steam

5.1.1 Ðetemination of basic variables in the drying model

Many deep-bed models for drying biological materials with hot air have been developed

based on mass and heat balances in an elementary volume of the bed. All the models describe

the moisture and temperature changes in the material to be dried, as well as the temperature

and humidity changes of the air passing through the bed, as stated in Section 2.1.4. The

change ofhumidity is caused by the moisture evaporation from the material to be dried to the

air during the drying process. In superheated-steam drying, the evaporation does not change

the composition of the drying mediun¡ but increases the flow rate or velocity of the steam

passing through the packed material. Instead of the humidity change of air, the flow-rate

change of steam is an import parameter in the modelling of drying deep-bed material with

superheated steam. Therefore, models for deep-bed drying with superheated steam can be

obtained through the modification of corresponding deep-bed models of air drying by

replacing the quantity of air humidity with steam flow rate.

In a partial-differential-equation (p.d.e.) model for drying fixed beds of spent grains in

superheated stearr¡ the equations should contain four basic variables: the moisture content

of spent grainM, the temperature of spent grain T,the mass flow rate of steam G", and the

temperature of steam {.
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5.1.2 Derivation of the fÏxed-bed drying model

The approach to derivate the equations in the p.d.e. model of fixed-bed drying with

superheated steam is similar to the approach for developing the model of fixed-bed drying

with hot air (Bakker-Arkema et al. 1967; Brooker et al. 1974; Sharp 1982; Spencer 1969).

The following assumptions are made in the development of the dryng model:

" The temperature and moisture gradients withinthe individual particles are negligible.

The heat capacities of dry spent grain, moisture, and steam are constant during short

periods of time and within the temperature range under consideration.

. The conduction heat transfer between particles in the bed is negligible.

" The void space in the bed is filled with steam.

To obtain the equatiors describing M(x, t), T(x, t), G,(x, t), and T,(x, r) in the bed, energy

and mass balances are written on an elemental control volume Sdx inthe bed (Fig. 5.1),

Equation fon the energy bala¡rce of steam

The amount of steam flowing through the elemental bed volume Sdx ntime dt is

G, S dt (s.1)

The enthalpy of the steam flowing into Sdr in time dr is

c, \ G, S dt (s.2)

The enthalpy of the same steam flowing out of ,S¿y in time dt ß

c, (T+# *, G, s dt
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G, + (â Grtâ)c) &,
T, + (dT"tâx) &,
P", C,

G", T* p* c,

Figune 5.X Elemental control votrume (Sd*) in a flixed bed of particles

The change in enthalpy ofthe steam flowing across the elemental bed volume in time dt isthe

difference between equations 5.2 and 5.3:

-G" c"# t dx dt-ox

The change in enthaþ of the steamwithin Sdt ntime dt is

csp,€Sa.ffat

(s.4)

(s.s)

(s.6)

As steam moves through the element¿l bed, a convective heat exchange occurs. The energy

transferred from steam to spent grain in Sdt ntime dr is

h"(q-r) sdxdt

On the energy balance, the enthalpy change of the steam across the elemental bed equals

80



to the sum of the energy transferred from steam to spent grain and the enthalpy change of

steam within Sd;r. From equations 5.4, 5.5, and 5.6, the energy balance is expressed as:

-G,c"# tdxdt= tta(r,-r)sdxdtrc,p,esdx # n, (s.7)

Rearranging equation 5.7 gives

(5,8)

Equation for the enerry balance of spent grain

The change in enthalpy of spent grain in the elemental bed volume Sdx :rl'ttrne dt is

#=-#t -')-Ê#

psdx(c+c,,,*¡ # *

dM
-pSdx - dt

ot

The energy required for this evaporation is

dM-\psdx * dt

-c, (r,- D ps a* ff at

The amount of moisture evaporated from spent grain within Sdr into steam ntime dt is

(s.e)

(5.10)

The energy to increase the temperature of the evaporated moisture from Ito T, tntíme dt is

(s.11)

(s.r2)

On the energy balance of spent grain in Sdx, the energy transferred by convection from

steam to the spent grain is equal to the sum of the enthalpies required for heating the spent

grain, evaporating moisture from the spent grain, and increasing the temperature of the
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evaporated moisture. Hence, from equations 5.6, 5.9,5Jl, and 5.l2,the energy balance

equation is presented as:

ho(r,-r) s dxdt= psd*(r+c*M) # or-hpsa*ff at

- c, (q- r) ps a* ff at 
(5'13)

Rean'anging the equation gives

ar na(1-r) h,+",(1-DaM
dt= p(*%M)r--;ff dt (s'14)

Equation for moÍstune balance

In time dt,the amount of moisture evaporated from the spent grain within Sdx results in

a change in steam flow rate with respect to x. The steam flow rate increases from G" atx to

AG
(G" + -. dx)at (x + dx). The mass balance equation is given by-0x

-ps*#ú- t#dxdt (s.1 5)

(s.16)

which gives

EG, dM

Ðrying-rate equatíon

The drying-rate equation is obtained from the thin-layer drying model (Eq. 4.3) determined

in Section 4.2.It is presented here as:
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dM KN [r (
=_ 60 (M_M")IEL"l )l

¡tr-1
¡rA - Mr)

Mu

(M,
M_ât

In the equation, A, K, and N are linear functions of steam temperature and velocity (Eqs. a.6

through 4.8); M" is a function of steam temperature (Eq. 3.5), which was determined in

Section 3.3.

Boundary and i¡ritial conditío¡ls

Boundary and initial conditions provide necessary known data for the numerical solution

ofap.d.e. model. The boundary conditions for fixed-bed dry.g with superheated steam are

T(0, t) = 1o; G"(0, t) = G,o (s.1 8)

At the beginning of steam drying, a small amount of steam is condensed on the product

rapidly, which makes the temperature of the product to increase up to 100"C and causes a

moisture increment aM"inthe product. The moisture increment may be roughly determined

by the flowing energy balance equation:

LMo lc, (7," - 100) + h"f = (c + c,, Mo) (100 - 4) (s.1e)

Hence,

LMo =
(c+ c* M") 000- 1)

c, (T,o - I00) + h,

Therefore, the actual initial conditions need to be modified as:

T(x,0) = 100; M(x,0)= M.+
(c+ c* M") (100- 1) (s.21)

c, (\. - 100) + h,

Thefourequations5.8,5.l4,5.16,and5.17 alongwiththeboundaryandinitialconditions

(s.r7)

(s.20)
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(Eqs. 5.18 and 5.21) constitute the mathematical model for describing the drying offixedbeds

of spent grains in superheated steam.

Based onthe same assumptions as for fixed-bed drying, models for cross-flow, concurrent-

flow, and counter-flow drying were formed by modifying the basic fixed-bed drying model

developed above. The results were placed in Appendix C.1.

5.1.3 Símplífication of the fixed-bed drying model

The solution of a p.d.e. model is usually a very complex task. To reduce the complexity

in solving the fixed-bed drying model, some simplif ing approximations need to be made.

The change in enthalpy of the drying medium (superheated steam in this case) within the

elemental bed volume Sdt ntime dt is very small and can be negligible (Bakker-Arkema et

al. 1967; Spencer 1969), so the last term in Eq. 5.8 may be removed. The heat transfer

coefficient handthe specific aÍeae in Eqs. 5.8 and 5.14 are difficult to determine because the

spent grain particles have no regular and fixed shapes and the two coefficients always change

during the drying process. For eliminating the termha(T"-I) in the model, the two equations

5.8 and 5.I4 arc combined into one as follows:

dT pl(h + c, (7, - T)l dM AT
(s.22)

âx G" c, ât

To simplify the model further, the temperature of spent grains in the bed is assumed to

increase linearly with the decrease of moisture content for M 1 M" and to be 100"C for

p (c+ c- À[)
G, C, ât
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M > M..This is expressed as:

7= 100

AT
- =0ot

fo, M2 Mo

M- M"o
T = T,o- (1.- 100) M_ M"^

for MlMo

(s.23)

ar 
=_ 4, - loo eM

ât Mo - M"o ât

Equations 5.16,5.17,5.22 and 5.23 wrththe boundary and initial conditions (Eqs. 5.18

arñ 5.2I) compose the simplified model for fixed-bed dryng.

5.X.4 Division of,three zones in the fixed bed

During steam drying, the fixed bed can be divided into three zones limited by two

interfaces (Fig. 5.2). A dry front separates the dry and drying zones; a wet front partitions the

drying and wet zones. In the dry zone, the spent grain has been dried to the equilibrium. The

conditions of the superheated steam and product in this zorrc are kept unchanged. The

moisture content ofthe product equals to the EMC and the temperature ofthe product is the

s¿tme as that of the superheated steam. The dry zone appears after a period of drying. In the

drytng zone, the product is being dried. The moisture content ofthe product reduces andthe

temperature of the product increases with drying time. V/ith increasing the distance x in the

bed, the moisture content and the steam flow rate increase, and the temperatures of the

product and steam decrease. The drying capacity of steam is exhausted after the steam

passing through the drying zone. In the wet zone, the temperatures of the product and steam
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Steam out(Go,7,")

11
Wet zone

Wet front

Drying zone

Dry front

Dry zone

'1
Steam in (G-, 4,)

Figmre 5"2 The dívÍsion of three urlnes in the fixed bed.

are kept at 100"C. The moisture content of the product in this zone is at the initiat moisture

content composed ofthe original moisture and the condensed moisture at the beginning of

drying. The appearance ofthe wet zone or wet front depends on the bed depth and the steam

conditions at the inlet of the bed. The wet zone or wet front may not exist in the process of

drymg spent grains in a small-depth bed under certain d.ying conditions. The wet front, if it

exists, and the dry front move up during the drying process.

The equations in the p.d.e. model developed in this chapter describe only the drying

characteristics ofthe drying zone.

x
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5.2 F{umerical solution of the fixed-bed model for drying ESG in superheated steam

5.2.1 Finite difference equations for the f'rxed-hed drying model

For deep-bed steamdrying, onlythe experiments ofdrying fixed beds of BSG are able to

be conducted in the lab in the current stage. Therefore, the model of drying fixed beds of

BSG with superheated steam was selected to be solved and validated by experiments.

The set of equations in the fixed-bed drying model can not be solved anaþically due to

the non-linear equations. The finite-difference technique, however, allows the solution ofthe

model.

The finite-difference scheme is shown in Fig. 5.3 . The bed was divided into a number (N")

Sæam out (G*, T*)

11

Steam in(G*, n")

FlEurc 5"3 The finÍtediffierenoe schenre in the fixedhd"

h

x
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of thin layers having the thickness /x. The position of a layer in the bed was designated by

the layer nurnber l. The total drying time was split up into a number (ff) oftime intervals ¿r.

Any time could be expressed as t : jzt, which was denoted by the time increment numberj.

For the i'h layer at the drying ftne jzt, the equations 5.17, 5.23,5.16, and 5.22 :r;rthe

simplified fixed-bed drying model were written in finite-difference form as flows by using

fo rward- difference fo rmulae :

Gs i+r,¡ - G" i,j M,.r*r- M¡,¡
(s.24)= - P,,i Lt

M,,j*r- Mr,j

Lt
K,,N,,

= -- 6=60-(M,,¡- M¡,j - M.,,,
Ir,",,,)lEr"

_ d,,¡-l

IE;
l

A,.r(M,- M"¡,j

Ts¡+t,¡ - 1¡,¡
Lx

1.¡ = 7,"- (1" - loo)

â1¡ 
=- 4,-1oo

ât Mo - M,o

- P,,¡ l(4,,t + c, (7,,., - 1,,)l
G^, , c^s trJ ù

P,,¡ (c + c, M,,,)

G,,C

fo, M,,¡ > M"

M,,, - M*
Mo - M"o

M,,¡*r- M,,¡

Lt

M,,¡*r- M,,¡

Lt

(s.2s)

(s.26)

(s.27)

â1,¡

ât

1,¡ = L00

dT,--ì =gdt

for M,,¡ I Mo



S.2.2Determination of,coef,ficients in the fixed-bed drying model

Prior to solving the fixed-bed drying model with numerical techniques, the values or

expressions for the physical and thermodynamic properties of superheated steam and BSG

must be obtained.

The density of superheated steanr, p", decreases proximately linearly with increasing the

stearn temperature 7]. The relationship \ilas expressed as (Hear et al. 1984):

P, = 0.7401- 0.001505 4 (5.28)

The specific heat of steam, c", changes a little in the range between 2042 and 1975

l/(ke '"C) when I changes between 100 and 200"C (Hear et al. 1984). A value of 2000

J/(kg ' oC) was used in the calculation.

The specific heat of dry BSG, c, was estimated from the values of specific heat for other

biological products (Pabis et 41. 1998). A medium value of Oa5 J/(kg ' oC) was set for c.

The specific heat of moisture, cn, changes a little with temperature. Two average values,

4193 and a3ß l/(kg ' oC) were used for the BSG temperature ranges from 0 to 100"C and

from 100 to 200oC, respectively (Incropera and DeWitt 1985).

During drying, the bulk density of BSG, p, changes with the moisture content of the

product because of the volumetric shrinkage. For drying most of the biological products, p

seemsto increase approximatelylinearlywithdecreasingmoisture contentMuntil0.l l kg/kg

db and then remains relatively constant (Pabis et al. 1998). In the initial stage of steam
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drying, M ß great than the initial moisture content M" dve to the steam condensation on the

product at the beginning of drying, and the moisture change is not supposed to cause

volumetric shrinkage and p change. The relationship betweenp and M was written as:

p=po þr M>M"

P=Po-(p"-p") !"" !,' Mo - 0.11

p=p" þr M<0.11

for 0.11< M<Mo (s.2e)

where the initial bulk density powas calculated according to the initial conditions ofBSG in

the bed; the final bulk density of the BSG dried to the equilibrium, p": p./0.867,was

determined based on the reduction of the sample-bed depth in the drying experiments.

The similar expression to F,q.5.29 was used to calculate the distance increment ¿x in the

bed.

Lx = Lxo þr

Lx= Lxo-(L*"

Lx = Lx, þr M < 0.1,1

M>- Mo

Mo- M
-Ax)e/ Mo- þr 0.11< M < Mo (s.30)

0.11

where Áx": Q.867 zxo.

The latent heat of evaporatiorq fr", depends on the moisture content and temperature ofthe

product. For most biological products, there is little difference between the latent heat of

evaporation ûom the products and that of free water (h,. ) for moisture contents above 0.2

kg/kg db. Below that level of moisture, this difference increases significantly. The
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relationship was chosen as follows (Cenkowski et al. 1992):

4=h þr M>0.2

4 = 4 [1+ exp(- 199 M)] þr M < 0.2
(s.31)

The latent heat of evaporation of free water changes with temperature (Zlno 1990):

Í{ : zzstooo - 29t6.7 (r-roo) (s.32)

5.2.3 Computer prograxm for simulating the fixed-hed drying process

Based onthe finite-difference equations (Eqs. 5.24tltrough5.27),the initial and boundary

conditions (Eqs.5.18 and 5.21), and the known coefficients in the model, as well as

considering the division of three possible zones in the fixed bed, a computer program was

developed for the simulation of drying fixed beds of BSG with superheated steam. The

structure of the program was shown in a flow chart (Fig. 5.4);the program was written in

FORTRAN language (Appendix C.2).

The major function ofthe program was to iteratively calculate the changes inM, T, G,, and

T, at any position in the bed at any drying time. In a time interval tt, the changes of M and

T na layer were directly calculated with Eqs. 5.25 and 5.27 based on the known data for

BSG in the layer and the steam passing through the layer. The changes in G" and f were

then determined by Eqs. 5.24 and 5.26. The exhaust steam from one layer was used as the

input steam to the next layer. The calculations were conducted layer by layer in the time

interval zt. The procedure was repeated with a second, third, ......, and any time interval
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Initial calculations
and data setting

--'ííutd*.----{ïry
INoV.rffi-w
J ttto

Data settine and
calcuhtion for tlie dry zone;
Writing data into 'Filel".

Iterative calculation
for the drying zone;

Writing data into "File1"

Data settins and calculatbn
for thé wet zone;

Writ",g data into'Fib1 ".

Writing data'tø,o'T tLe2" ;
lncreasing drying time.

Fïgurc 5"4 Flowchaft fonthe conputer pmgram ofsimutratfug
the dryiry of fixeùhdtsSG in supr&eated steam.
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until the time was up to the expected drying time or the BSG in the bed was dried to the

equilibrium. When a layer was dried to the equilibriurr¡ the layer was placed in the dry zone.

When the calculated temperature ofthe steampassing through alayer decreased to or below

100oC, the steam had lost its drying capacity for the layer and the layer was placed in the wet

zone. The following judge criterions were used for these two operatiolrs, respectively, in the

program:

lr,,,.r- M""l< o.oool

1,*r,, < loo

(s.33)

(s.34)

The input dæa for running the program include: the mass ofwet BSG in the bed, the initial

moisture content ofBSG, the depthofthe bed, the number of distance increments inthe bed,

the steam flow rate and temperature at inlet, the expected drying time, and the time interval.

The simulation results for a drying process can be written into two data files during the

program running. "Filel" records detailed calculation results including the changes of M, T,

4, and T, at arry position in the bed at any drying time. "Fi1e2" records the changes in the

average moisture content in the bed, the steam flow rate and temperature at the outlet of the

bed, the positions ofthe dry and wet fronts, and the depth ofthe bed. Appendices C.3 andC.4

give an example for the two kinds of files, respectively.
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5.3 Valid¿tion of the fixed-bed drying model with experir¡rental results

5.3.1 Experiments on drying fixed beds of ESG with supenheated steam

The material used in the experiments was BSG which was the s¿ìme as that used in the

EMC-determination and thin-layer drying experiments (Chapters 3 and 4). The initial moisture

content ofthe tested product, determined by the vacuum-oven drying method (AACC 1995),

was in a range between 3.53 and a.fi kg/kg db (Table 5.1). Each sample, around 50 g, was

Table 5.1 Ðata for tsSG samples tested mnder different drying conditions

Drying conditions

Steam Steamflowrate

temp ('C) (kd(*'.Ð)

Initial moisture Mean Mean

content residual deviationtul
(kg/kg db) squaretol (kg/kg db)

Mass of
wet sample

(e)

r20.90

t40.87

t60.57

r40.78

140.87

t40.71

0.3123

0.3219

0.3186

0.1943

0.3219

0.45t6

50.05

49.99

50.02

49.98

49.99

50.06

3.68

3.53

3.66

3.82

3.53

4.tr

0.0230

0.0i36

0.0122

0.0234

0.0136

0.0170

0.15 l7

0.1 166

0.1103

0.t529

0.1 166

0.1303

lul Meun residual square or mean deviation between the predicted and measured

average moisture contents of the sample.

filled in the deep mesh tray to form a fixed bed of 30 mm deep. The same equipment,

superheated steam drying system, as that used in the EMC-determination and thin-layer

drying experiments, was used in the fixed-bed drying experiments. The drying conditions were

set at three temperature levels for a medium flow ratç of steam and at three levels of steam
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flow rate for a mediumtemperature (Table 5.1). The experimental procedure and the method

for determining the percentage (74.2yo, Appendix C.5) of the steam passing through the

sample were the same as those used for the thin-layer d.yr rg experiments (Sections 4.1.4 and

4.r.s).

5.3.2 Comparison of the pnedicúed and experir¡rental results

The predicted results (Appendix C.6) for the changes in the average moisture content of

fixed-bed BSG samples in superheated steamunder selected dryitrg conditions listed in Table

5.1 were obtained by running the simulating program. To validate of the drying model, the

comparisons ofthe calculated results with the experimental, data (Appendix C.7) were made

by plotting the curves for the changes in the average moisture content of the samples (Figs.

5.5 and 5.6). As can be seen, a reasonable agreement was obtained withthe average moisture

contents or drying times. The model gave a good prediction of the drying rates for M > I

kg/kg db, but it overestimated the drying rates for M < 1 kg/kg db in the final stage of

drying. However, the discrepancies between the predictions and experiments were small and

acceptable. The small mean residual squares and mean deviations (Table 5.1) between the

calculated and observedresultsalso meanthatthe fixed-bed drying model described the fixed-

bed drying process with an acceptable accuracy.

The small discrepancies between the calculated and observed values possibly resulted

from errors in the thin-layer drying equation, the EMC equation, the values set for the

parameters in the model, and the assumptions ofthe linear changes in the sample temperature

and the layer thickness with moisture content.
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a l20.g"C and 0.31 kg(m'?.s) (measured)

¡ 140.9"C and 0.32 kgl(m2.s) (measured)

v 160.6"C and0.32 kgl(m2.s) (measured)

- 
Predicted results

Drying time (min)

Figure 5.5 Companison of'predicted and measured average moisture contents of
BSG samptes (in a fixed bed of 30 mm deep initialtry) during drying
with supenheated steam at the flow rate around 0.32 kg/(m2.s) and
díffere¡l t tem¡l eratures.
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o 0.19 kg/(m'z.s) and

n 0.32kgl(m2.s) and

v 0.45kg/(mz.s) and

Predicted results

140.8'C (measured)

140.9"C (measured)

140.7'C (measured)

Drying time (min)

Figure 5.6 Cornparisori of predícted and measured average moisture contents
of ESG samples (in a {ixed bed of 30 rnm deep inÍtiatly) duning
drying with superheated steam aú the terrperature around tr40"C
and different flow rates.
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5.3.3 Further discussion on simulation results

To study the moisture distribution inside the bed at any d.ying time is the most important

issue for analysing drymg proÇesses, designing new drying equipment, and improving existed

d.ying systems and their operations. In addition to the recording ofthe moistwe distribution

in the data file "Filel" (Appendix C.3) generated during the computer simulation, the

moisture distribution can also be roughly and visually described by plotting the wet- and dry-

front history curves and the history curve for the changes ofbed depth. The curves can be

plotted based on the simulation results recorded in the data file "Ftfe?" (Appendix C.4). As

an example,Fig, 5.7 shows the curves for the changes in the wet & dry fronts and the depth

of the bed during a selected fixed-bed drying process. The wet and dry fronts moved up

approximately linearly with the dryhg time. The depth of the bed decreased linearly from 30

to 26 mm in the first half drying process and remained unchanged in the second half drying

process. Above the wet-front history curve is the wet region; between the wet- and dry-front

history curves is the drying region; and below the dry-front history curve is the dry region.

At any drying time, the product has the maximum moisture content in the wet regior¡ the

EMC in the dry regiorq and a moisture content changing with time and position in the drying

region.
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Figure 5"7 Changes of wet front, dry front, a¡rd bed depth in the
process of drying the tsSG sample of 30 mm deep with
superheated steam at ttre temperature of 140.8oC and
the ftrow rate of 0"19 kg(m2.s).
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5.4 Conclusions on rnodelling of fixed-bed da'ying

During drying a deep bed of material with superheated steam, the change of steam flow

rate with respect to x resulted from the evaporation of moisture from the material to be dried

to the drying steam. Instead of air humidity as an important quantity in p.d.e. models for air

drying, the mass flow rate ofsteam was considered one ofthe basic variables in p.d.e. models

for superheated- steam d.yi"g.

A p.d.e. model for drying fixed beds of spent grains with superheated steam was developed

based on the energy and mass balances using the similar manner to derivate equations for a

fixed-bed model of air drying.

A finite-difference method was used to solve the simplified model for drying fixed beds of

BSG with superheated steam. A computer simulation program was developed for

accomplishing the numerical solution based on the finite-difference equations formed from

the p.d.e. model, the initial and boundary conditions, and the division ofthrree possible zones

in the fixed bed.

The fixed-bed drying model was validated by comparing the calculated results with the

experimentaldata.Areasonable agreement was obtained betweenthe predicted and observed

values ofthe average moisture content in BSG samples during the drying processes.
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6 GENER.AI. COI{CLUSXOI\S

The general conclusions for this thesis work were summarized as follows:

The relationships between the EMC and the temperature or relative pressure ofsteam were

shown with the isobars described by two proposed equations. The coefficients in the

equations were obtained by non-linear regressiors with the SAS system based on the

experimental data. The temperature or relative pressure of superheated steam had a significant

effect on the EMC of spent grains exposed to superheated steam at atmospheric pressure. The

EMC decreased substantially from 9.3 to 1.7 kg/100 kg dry solids for BSG (or from 6.7 to

1.4kg/l}OkgdrysolidsforDSG)withincreasingthesteamtemperaturefroml05to 140"C.

It changed only slightly beyond 140"C and approached zero at20O'C.

Unlike hot-air drying, not only the temperattue but also the velocity of steam had a

significant effect on the steam drying ofthin þers ofspent grains. Increasing the temperature

or velocity increased the dryi"g rate near linearly and consequently decreased the drying time.

An increase in steam temperature from 110 tol80"C decreased the drying time by 80%o (or

85%) for drytng of BSG (or DSG) at the steam velocity of 0.7 m/s. Increasing the steam

velocity from 0.3 to1.1 m/s at 145'C reduced the drying time by half for both spent grains.

A model for describing the thin-layer steam drying process was developed through modifying

a typical thin-layer model for air drying and conducting non-linear regression analyses with

the experimental data.

A p.d.e. model for describing the drying offixed beds ofspent grains in superheated steam

was developed using the similar firtrrìner to the derivation of equations for the fixed-bed
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models of air drying. Instead of air humidity as an independent quantity in p.d.e. models for

air drying, the mass flow rate of steam was used as one of the independent variables in the

p.d.e. model for superheated-steam drying.

The simplified p.d.e. model for drying fixed beds of BSG in superheated steam was solved

using a finite-difference method. A computer program for simulating the fixed-bed d.ying

process was written in FORTRAN language. It was developed based on the finite-difference

equations from the model, the known initial and boundary conditions, and the division ofthree

possible zones in the fixed bed.

The comparisons ofthe predicted results with experimental data were made for validating

the simplified fixed-bed drying model. There existed a good agreement between the calculated

and observed average moisture contents ofthe fixed beds of BSG samples during the steam

drying process especially for the moisture abovel kglkg db. There were small discrepancies

between the calculated and measured data for the moisture below 1 kg/kg db.

Starch, B-glucan, pentosan, and protein are the major nutrient components in BSG and

DSG. Increasing drymg temperature and time caused a substantial decrease in starch content

but a small or no change in B-glucan, pentosan and protein content in the dried samples. An

increase in the drymg temperature from 1 10 to 1 80"C caused the starch in the samples dried

to the equilibrium at the steam velocity of 0.66 m/s to decrease by 14.5% for BSG and

Í.5% for DSG. Increasing dryi"g time from zero to the time when the equilibrium was

reached at the steam velocity of 0.66 m/s made the starch decrease by 22% andZ3Vo in BSG

and DSG samples, respectively.
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7 R.ECOMMENÐATTONS F'OR. F'UTIJRE WORK

To solve the p.d.e. drying model developed in Chapter 5 with numerical techniques more

accurately, the exact values or expressions for the physical and thermodynamic properties of

superheated steam and spent grains need to be obtained. The properties include: the specific

heat ærd density of superheated stearr¡ the heat-ransfer coefficient between steam and the

product to be dried, the latent heat of evaporation, as well as the porosity, specific surface

area, bulk density, and specific heat ofthematerialto be dried. The properties of superheated

steam can be obtained from thermodynamic tables available in engineering handbooks.

However, the heat transfer coefficients or their expressions and the properties of the spent

grains need to be obtained by experimental procedures

For analysing the fixed-bed drying process, the moisture and temperature distributions

inside the bed at arry drymg time is the most important information. It should be better to

compare the predicted results with the experimental data for the moisture and temperature

distributions for validating the dryi"g model. In the cuffent stage, the SSD system in the lab

does not allow for detecting the moisture and temperature distributions. The drying system,

especiaþ the drying chamber and sample carrier of it, needs to be redesigned or modified for

fulfifling the measurement of the moisture and temperature distributions.

Usuaþ, a practical deep-bed dryer is a cross-flow, concurrent-flow, or counter-flow

drying system. It is necessary to solve the models for the steam drying of spent grains in

cross-flow, concurrent-flow, and concurrent-flow systems. The cross-flow and concurrent-
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flow drying models may be solved by standard finite-difference methods similar to that used

in the solution of the fixed-bed drying model (Bakker-Arkema et al. 1967;Brooker et al.

1974; Sharp 1982; Spencer 1969). The solution of the counter-flow drying model, which

constitutes a two-point boundary systenì, is significantly different; it requires the application

of optimization techniques (Pabis et at. 1998).

To validate the models for describing the practical drying processes, experiments on cross-

flow, concurrent-flow, and counter-flow dry-g need to be conducted. The validation can be

accomplished by comparing the predicted results with measured data or by calculating the

relative standard deviations between the calculated and experimental values of selected

quantities, such as moisture content in a selected layer, steam temperature in a selected

position, avetage moisture content in the bed, and exhaust steam conditions.
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Appendix,{.X

Table A.l. Experirne¡rtal nesults for BSG ín EMC determination

Temptul Relative

t"cl pressurelbl

105

il0
il5
120

125

130

140

150

r60

170

180

190

200

0.84

0.7 |

0.6

0.51

0.44

0.38

0.28

0.21

0.16

0.13

0.1

0.08

0.07

Sample Sample mass EMC (kg/100

mass lt'l 1g¡ Iltdl (c) kg d.s.t"l¡

Run 1

2.9

2.7 4

2.7 |

2.63

2.72

3.0r

J

2.68

2.5

2.82

2.76

2.01

2.51

2.64

2.62

2.62

2.56

2.65

2.94

2.93

2.66

2.48

2.79

2.74

2

2.5

[a] The temperature of steam drying the sample;

þ] Relative pressure is the ratio of the pressure of steam to the saturation pressure of the steam at the ambient temperature;

[c] The mass of the steam-dried sample;

[d] The mass of the vacuum-oven-dried sample;

[e] d.s. = dry solids.
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9.85

4.58

3.44

2.73

2.64

2.38

2.39

0.7 s

0.81

1.08

0.73

0.5

0.4

Sample Sample mass EMC (kg/100

mass I (g) II (g) kg d.s.)

Run 2

2.95

2.7 |

3.16

2.98

3.02

2.7 5

2.48

2.62

2.32

2.54

2.51

2.55

2.52

2.73

2.58

3.04

2.9

2.94

2.69

2.45

2.6

2.32

2.54

2.51

2.5s

2.52

8.06

s.04

3.95

2.76

2.72

2.23

1.22

0.77

0

0

0

0

0

Sample Sample EMC (kgl100
mass I (g) mass II (g) kg d.s.)

Run 3

2.79 2.54

3.03 2.84

2.83 2.73

3.16 3.07

2.92 2.84

2.7 2.64

2.68 2.64

2.63 2.61

2.43 2.4

2.64 2.63

2.6 2.59

2.54 2.53

2.49 2.s

MeanEMC
(kg/I00 kg d.s.)

9.84

6.69

3.66

2.93

2.82

2.27

1.52

0;77

1.25

0.38

0.39

0.4

0

9.2s

5.44

3.68

2.81

2.73

2.29

1.71

0.76

0.68

0.49

0.37

0.3

0.13



Appendix,4,.2

Tahle .4..2 Experirnemtal results f'or DSG in ÐMC determrinatiom

remp fC)
Relative
pressure

105

ll0
ll5
120

125

130

140

150

160

r70

180

200

0.84

0.71

0.6

0.51

0.44

0.38

0.28

0.21

0.16

0. l3

0.1

0.07

Sample

mass I (g)

Run I

1.55

1.55

1.52

r,58

L43

1.45

t.47

1.48

1.44

t.3'7

1.475

1.39

Sample EMC (kg/100

mass II (g) kg d.s.)

1.46

1.49

1.47

1.53

1.39

1.42

1.45

1,47

1.43

1.365

1.47

1.39

6.r6

4.03

3.4

3.27

2.88

2.tr

1.38

0.68

0.7

0.3'r

0.34

0

Sample Sample mass EMC (kgl100

mass I (g) II (g) kg d.s.)

Run 2

t.76

1.65

1.65

1.62

l.6l

1.58

1.53

1.56

1.6

1.525

1.49

1.48

1.64

1.575

1.6

L58

1.58

1.555

l.5l

1.545

L59

1.52

1.49

1.48

7.32

4.76

3.13

2.53

1.9

l.6t

1.32

0.97

0.63

0.33

0

0

Sample Sample EMC (kg/100

mass I (g) mass II (g) kg d.s)

Run 3

1.74

1.635

1.62

1.5 l5

l.6l

1.52

1.56

t.5z

1.51

1.46

1.45

r.35

1.63

1.57

1.57

1.475

1.58

1.49

1.535

1.505

L505

1.45

1.45

L3s

Mean EMC
(ks/100 ks d.s)

o. /f
4.14

3.18

2.71

1.9

2.01

1.63

0.99

0.33

0.69

0

0

6.74

4.31

3.24

2.84

2.23

r.9l

1.44

0,88

0.55

0.46

0.1l

0
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Appendix ,4..3 Example of regression-amaþsis prognann f'on Eq. 3.5 for ESG

OPTIONS LINESIZE:78;
DATA BSG;
INPUT T EMC;
T1=T-100;
CARDS;
105 9.85
105 8.06

105 9.84
110 4.58
110 5.04

110 6.69
tt5 3.44
115 3.95

115 3.66
120 2.73
t20 2.76
r20 2.93

1,25 2.64
125 232
125 2.82
130 2.38
130 2.23

130 2.27
140 2.39
1401.22
T401.52
150 0.75

150 0.77
r50 0.77

160 0.81

160 0.00
160 r.25
170 1.08

170 0.00
170 0.38
180 0.73

180 0.00
180 0.39

190 0.50

190 0.00
190 0.40
200 0.40
200 0.00

200 0.00

PROC PRINT DATA:BSG:
VAR T TI EMC;

TITLE '### Regression for: EMC: k*EXF(n*Tl**m) fiffi$t'
PROC NLIN BEST:S DATA:BSG;
PARMS k:5 to 15 by 1 n:-0.1 to -l by -0.1 m:0 to I by 0.1;
MODEL EMC:k*EXP(n*T1 **m);

OUTPUT OUT:BSGI P:Pl R:Rl:

PR.OC PRINT DATA:BSGI;
VAR T EMC Pl;

PROC PLOT DATA:BSGI;
PLOT EMC*T:'M' P I *T:'PToverlay;

PLOT R.1*T/VREF:0:
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Appendix A'.4 Example of negnession-amalysis programa for Eq. 3.tr3 fon IISG

OPTIONS LINESIZE:78;
DATA DSG;
INPUT pT EMC;
CARDS;
0.84 6.16
0.84 7.32
0.84 6.75
0.71 4.03

0.71 4.76
0.7r 4.t4
0.60 3.40
0.60 3.13

0.60 3.18
0.5r 3.27
0.512.53
0.512.7r
0.44 2.88
0.441.90
0.44 t.90
0.38 2.11
0.38 1.61

0.38 2.01

0.28 1.38

0.281.32
0.281.63
0.21 0.68
0.210.97
0.210.99
0.16 0.70
0.16 0.63

0.16 0.33

0.t3 0.37
0.13 0.33
0.13 0.69
0.10 0.34
0.10 0.00
0.10 0.00
0.07 0.00

0.07 0.00
0.07 0.00

PROC PRINT DATA:DSG;
VAR pr EMC;

TITLE'lfllltll Regression for: EMC: k*EXP(ntpr*nm) lffi#;
PROC NLIN BEST:5 DATA:DSG;
PARMS lc5 to 15 by I n:0.1 to 1 by 0.1 rr¡=0 to I by 0.1;
MODEL EMC=k*E)(P(rr*Pr* *ra).

OU-IPUT OUT=DSGI P:Pl R:Rl:

PROC PRINTDATA:DSGI.
VARpTEMC Pl;

PROC PLOT DATA=DSGI'

PLOT EMC*pr='M Pl *pr:'P'/overlay;

PLOT Rl*pr/VREF=0;
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Appendix B.L

Table E.X Ðxperime¡rtal data fon deternnining tlee percentage of drying ru¡edium passing thnougir úhe ESG samrple

No.tul

I

2

J

5

6

7

0.85

1.1

1.25

1

1.1

l.l
1.25

vttbl

Average

1.09

I

t.02

0.9

I

1.05

1.05

(Continued)

1.5

1.1

l.l
I

I

1.1

0.95

No

Run I

1

3

Á

5

o

7

1.15

1.3

|.45

l.3s

1.35

l.J

t.4

0.38

0.3

0.5

0.45

0.45

0.55

0.43

v"ltl

1.06

1.08

I .15

I

1.08

1.08

t.2

Average

0.s2

0.65

0.72

0.57

0.57

0.75

0.62

Total average percentage 85.18%

1.8

|.12

1.5

1.2

t.25

1.3

1.3

tul No. - The number of the measurem€nt during the test.

tbl v, - Air velocity at three selected points above the sample tray hung from the balance.

lol v, - Air velocity at the three selected points above the sample tray seated on the plate.

vt/ vz(Vo)

85.79

9t.43

82.2

8l .69

84.24

88.32

83.33

0.65

0.75

0.72

0.65

0.68

0.55

0.62

Run 3

0.35

0.47

0.62

0.47

0.52

0.5

0.51

t.J

0.75

0.72

0.78

0.7s

0.65

\2

0.ó8

0.75

0.72

0.72

0.78

0.88

0.69

0.85

0.85

1.45

0.95

1.05

0.9s

85.29

0.85

0.8

0.85

0.85

0.72

0.75

0.65

vt/ vz(%o)

82.45

84.r6

88.58

81.86

84.16

86.85

90.27

0.75

1.35

1.3

1.5

1.3

1.4

Run 2

1.4

0.87

0.9

0.82

0.88

0.75

0.39

0.39

0.38

0.29

0.29

0.35

0.4

Y2

l.l
L35

1.4

1.4

1.15

t.25

0.27

0.29

0.32

0.32

0.31

0.37

0.32

85.47

0.9

1.5

1.5

1.5

t.35

1.65

vtlvz(o/o)

85.29

79.3

91.32

86.83

91.72

82.t9

0.38

0.32

0.37

0.35

0.32

0.37

u.50

Run 4

0.45

0.45

0.42

0.48

032

0.42

0.42

t28

V2

0.3s

0.38

0.42

0.38

0.34

0.4

0.42

86.1 I

0.42

0.41

0.38

0.42

0.37

0.42

0.49

vt/ vz(o/o)

85.25

80.6s

87.71

7s

89.32

87.9

81.2

83.86



Appendix ts.2

Table 8.2 Experimental data for determining the percentage of drying medium passing through the ÐSG sample

No.tul

I
2
a
J

4

Average

r.02

1.05

l.0s

1.0s

u,Þl

(Continued)

l.t4
l. i5

l.l3
1.13

No.

Run I

1 0.5 0.55

2 0.48 0.63

3 0.5 0.6s

4 0.s4 0.67

t.2s

t.2l
1.25

1.16

tcl
Y2.-

Average

Total average percentage 86.09%

1.28

1.24

r.25

1.28

tul No. - The number of the measurement during the test.
þl v1 - Air velocity at two selected points above the sample tray hung from the balance.
þl v2 - Air velocity at the two selected points above the sample tray seated on the plate.

vt/vz(%ù

8s.38

89.8

87.2

89.34

Run 3

0.54

0.63

0.6

0.65

v2

0.8

0.65

0.84

0.81

8',7.93

V1

0.7

0.76

0.73

0.75

0.64

0.62

0.7

0.68

v1/v2(þ

Run 2

84.68

'/9.86

86.47

86.43

0.88

0.72

0.96

0.89

Y2

0.s4

0.53

0.52

0.55

84.36

0.^Ì6

0.7

0.78

0.79

vl

vtlvz(%ù

87.8

89.44

88.51

88.69

0.49

0.51

0.49

0.51

Run 4

0.65

0.65

0.64

0.64

V2

88.6r

t29

0.6

0.s9

0.s9

0.6

vt/vz(Yù
82.4

83.87

82.1 I
85.48

83.4'.7



Appendix 8.3

Table 8.3 Changes of moisture ratio in BSG drying
yptal t(mi¡;tbl

(l 10.8"C, 0.24 n/s)t"l

r.2779 0.05
1. 1856 0.25
1.1670 0.55

t.r293 1.10

1.0911 2.50

1.0601 3.50
0.9383 5.80

0.8452 8.85

0.7337 11.95

0.6727 13.50

0.6032 r6.2s

0.5212 19.45

0.4547 21.45

0.3888 2s.70
0.3334 27.50
0.2822 29.85

0.2321 32.7s
0.1906 35.70
0.1498 38.90
0.t252 40.5s
0.0879 43.8s

0.0699 46.ss
0.0517 48.55

0.0404 5 1.50

0.0314 54.45

0.0195 56.90
0.01ss 59.40
0.0124 6t.9s
0.0014 64.45

0.0056 66.95

(1 15.90c, 0.24 mis) (l2o.9oc, o.24 mls) (130.7"c, 0.24 m/s) ( r45.5"c, 0.25 m/s) (160.3"c, 0.26 m/s) (180.2'c,0.27 nils)

MR t(min) MR t(min) MR t(min) MR t(min) l,.ln ffi

| )1'7<

1.1724

l. I 509

t.1371
1.1 I 53

r.0582

0.9874
0.8873

0-7929

0.ó668

0.5162
0.4181

0.3104

0.2377

0.1824
0.1286

0.094s

0.0607

0.0424
0.0261

0.01s8

0.01 07

0.05 L2249
0.20 1.1686

0.55 1.1638

1.00 1.1559

t.20 t.l26l
2.00 1.0991
3.65 1.0512

5. r0 r.0235
7.45 0.9507
10.20 0.8900
14.00 0.7780
18.I 5 0.6791
20.80 0.5874
23.85 0.5038
26.90 0.4278
30.35 0.3s09
33.10 0.2933
36.30 0.2371
39.65 0.1885
42.25 0.1459
44.80 0.1108
4',7.30 0.0819

0.0607

0.0455

0.0317

0.0262

0.0198

0.0182

0.0159

0.05

0.10

0.2s

0.40

0.70

1.25

r.75

1.95

3-20

3.75

6.05

7.80

9.65

11.85

I J.v)
I 5.80

r /.))
19.65

21.60

23.95

ll.of
27.65

zv. t)
31.75

33.00

34.5s

36.35

38.05

39.70

r.2132
1.1476

1.1235

1.0795

0.9790

0.8793

0.7040

0.5724

0.4668

0.3462

0.2593

0.t867
0.1269

0.0816

0.0480

0.027s
0.0144

0.0074
0.0063

0.0033

lul MR - Moisture ratio.
Ibl t-Dryingtime.

0.05

0.30

0.50

0.85

1.90

2.95

5.25

6.70

8.65

10.80

12.60

t4.60

16.25

r 8.15

20.00

22.45

24.10

25.55

26.85

27.85

t"l Drying conditions: average steam temperature and velocity.

t.2t2l
r.1624
1.1340

1.0971

1.0311

0.9721

0.8595

0.7569

0.6061

0.4774

0.3556

0.2493

0.1729

0.1085

0.0s33

0.0239

0.0220

0.017ó

0.0086

0.0087

0.05 t,1746
0.2s 1.1456

0.55 1.t071

0.80 t.0374
r.25 0.9433
1.60 0.8238

2.40 0.6879

3.40 0.5471
4.85 0.4338

6.20 0.3270

7.95 0.2191

9.50 0.1036
l1.05 0.06t4
12.40 0.0305
14.70 0.0177
16.55 0.0109
18.10 0.0038
19.85 -0.0070

2t.5s -0.0049

23.30

0.05 L1658
0,25 t.t417
0.4s r.0752
0.80 09949
t.zs 0.9168
2.05 0.8104
2.95 0.7258
4.20 0.562s
s,25 0.4180

6.3s 0.2946
7.70 0.1948
9,40 0. I 196

10.60 0.0648
12.05 0.0334
12.90 0.0139

13.90 0.0059
15.00 -0.0008

16.00 -0.001 5

16.9s 0.0006

0.05

0.30

0.50

0.80
I t<
1.70

2.20

3. l0
4.00

4.80

5.85

6.80

7.75

8.70

9.30

10.55

I 1.50

12.50

13.50
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Tabte 8.3 Changes of moisture ratio in ESG dryÍng (continued)

MR t(rnin)

(110.7"c, 0.44 m/s)

1.2820 0.10

t.r76t 0.30

1.1718 0.60

t.t226 1.10

1.0806 1.6s

1.0353 2.60

0.9795 3.55

0.8813 5.45

0.7609 7.35

0.6278 10.20

0.5103 13.0s

0.4103 15.90

0.3164 18.75

0.2437 21.60

0.1690 25.s0

0.1233 2't.35

0.0768 30.20

0.051 I 33.05

0.0353 35.90

0.0186 38.80

0.0078 41.60

0.0010 4490

(115.9"c,0.45mls) (120.9"c,0.¿5mls)
MR t(min)

1.2818

t.t829
I .1 530

t.12ll
1.0843

0.9980

0.9192

0.7689

0.6430

0.4819

0.3409

0.2404

0.1529

0.0991

0.0545

0.0315

0.0150

0.0107

0.0047

0.05

0.25

0.55

1.0s

1.50

2.45

3.40

).¿)
7.t5

9.95

12.75

I ).bu

18.40

21.25

24.05

26.85

29.70

32.50

34.00

R t (min)

1.2483

t.t764
t.t663
t.1302

1.1203

1.0715

0.973s

0.8645

0.7115

0.5676

0.4395

0.325r

0.2344

0.1604

0.1025

0.0651

0.0357

0.0245

0.0125

0.0033

0.0000

0.0020

-0.0001

0.0s

0.10

0.25

0.50

u.))
0.95

2.05

2.90

4.45

6.20

8.30

10.30

t2.20

14.25

16.65

I /.))
20.40

20.80

22.40

24.50

26.50

28.05

29.35

MR r(min)
(130.8"C,0.47 m/s)

r.2034

1.1502

1.1248

1.0635

0.9957

0.8591

0;t3t4
0.6089

0.46t'l

0.3069

0.2t74

0.i486

0.0977

0.0617

0.0379

0.0t77

0.008s

0.0076

0.0007

MR t(rnín)

(145.6"C,0.47 m/s)

0.05

0.15

0.30

u.o)

1.00

1.50

)45

3.80

5.25

7.t0

8.55

9.75

l 1.65

t2.75

13.80

15.40

l'1.10

18.9s

20.6s

1.1815

t.t242

r.0734

0.9848

0.9043

0.7813

U.O]JU

0.4953

0.3800

0.24t3

0.140 I

0.0772

0.0401

0.0203

0.0088

-0.0015

-0.0003

0.05

0.15

0.50

0.90

r.25

1.80

2.85

3.75

4.b)

5.95

7.45

8.65

10.05

11.30

t2.45

13.80

I ).J)

(160.5"C,0.50 m/s)

1.1938

r.1198

t.0542

0.9439

0.8497

0.6444

0.4693

0.32s9

0.2133

0.1358

0.0833

0.0504

0.0333

0.0172

0.0 13 1

0.0021

0.0086

-0.0002

0.001r

t (min) MR t(min)

(179.9"C,0.52 m/s)

0.0s

0.30

0.4s

0.80

L30

2.t5

3.10

J.ÜJ

4.70

J.OU

6.20

7.10

7.40

8.10

9.00

9.7s

10.85

I 1.60

12.90

1.1 588

1.0673

0.9904

0.8499

0.7738

0.6195

0.4779

0.3305

0,2t7 |

0.tt42
0.0499

0.0187

0.0074

0.0042

0.0044

0.0001

0.05

0.30

0.s0

0.90

1.30

1.85

2.45

3.15

3.90

4.75

f. /)

6.85

7.80

8.75

9.65

10.65

131



Table 8.3 Changes of, moisfure rafio in ESG drying (continued)

(110.8'C, 0.63 m/s) (l l5.8oc, 0.63 m/s) (120.8"C, 0.64 m/s) (130.8"C, 0.65 n/s) (145.6"c, 0.65 m/s) (160.s"c, 0.69 m/s) (180.3"C, o.zt m/s)

L2265 0.05

1.1048 0.20

1.0828 0.45

1.043 l 0.80

I .01 83 l .35

0.9679 1.90

0.9162 2.35

0.7608 4.40

0.7t26 s.65

0.6327 7.0s

0.5099 8.55

0.4547 9.65

0.3996 12.10

0.3464 13.20

0.2963 13.95

0.2392 t6.75

0.1930 18.15

0.1509 20.t0

0.1 105 21.80

0.0824 22.70

0.0736 25.25

0.0643 26.55

0.0318 28.75

0.0354 29.70

0.0153 30.45

0.0166 3t.75

0.0009 33.50

0.0t06 35.60

1.2206

I .l 150

1.075',7

1.0344

0.9877

0.9085

0.8428

0.7780

0.7233

0.6463

0.5826

0.5031

0.4304

0.3592

0.2886

0.2304

0.1755

0. 130 t
0.0980

0.0732

0.0448

0.0302

0.0230

0.0099

0.0105

0.0104

0.0123

0.05 |.2135

0,10 1.1036

0.ls 1.0749

0.40 0.90t2

0.9s 0.8224

1.55 0.7583

2.00 0.6684

2.90 0.5692

3.40 0.5215

4.t0 0.4504

5.25 0.3906

6.10 0.3384

7.ls 0.2709

8.4s 0.2168

10.10 0.16s5

11.30 0.1234

t2,95 0.0910

14.65 0.0649

16.20 0.0410

17.40 0.0278

19.70 0.0188

2t.30 0.0208

22.55 0.0009

23.50 0.0028

24.35 -0.0011

2s.45 -0.0024

26.50 0.0053

-0.01l0

-0.0015

0.05 |.t867
0. r0 1 .0383

0.30 0.9809

1.35 0.8316

2.00 0.7t57

2.65 0.6319

3.20 0.5400

4.rs 0.4682

4.60 0.3695

5.90 0.2853

6.45 0.2126

7 .40 0.1 s20

7 .95 0.1 104

9.05 0.075s

9.75 0.0464

1 1.05 0.0360

12.30 0.0267

12.80 0.0050

13.95 -0.0005

15.5s -0.0002

16.00 0.0002

16.85 -0.0003

17.65

18.55

l9.35

20.40

2t.25

22.25

23.05

MR t(min)

0.05

0. 15

0.35

1.30

1.75

2.40

3.20

3.80

4.75

s.85

b.bf

7.50

8.45

8.85

9.85

10.75

1t.70

12.30

13.25

14.l s

14.80

t 5.95

|.t762
1.0272

0.8987

0.8224

0.6140

0.4960

0.3857

0.2944

0.1868

0.1 198

0.0631

0.0343

0.0119

0.0088

-0.0047

0.0001

t (min) MR t (min) MR t (min)

0.05

0.55

1.05

1.40

2.25

3.1s

3.5 5

4. 10

5.10

5.95

6.90

7.95

8.95

9.80

10.70

11.25

I .1015

1.0164

0.9529

0.8950

0.7816

0.6747

0.5762

0.4752

0.3583

0.2576

0.1746

0. I 168

0.0925

0.0496

0.0294

0.0101

0.0006

4.0019

0.05 I .0814

0. 15 1 .0231

0.35 0.9177

0.55 0.8314

0.90 0.7008

1.25 0.5704

1.70 0.4422

2.r5 0.3486

2.65 0.2313

3.20 0.1384

3.70 0.0725

4.40 0.0360

4.65 0.0141

s.20 0.0030

6.00 -0.0079

6.45 -0.0073

7.45 -0.0078

8.10

0.05

0.15

0.40

0.60

0.95

L35

1.75

2.15

2.70

3.20

3.80

4.45

4.90

5.40

6.00

6.55

7.40
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MR t(min)

(110.8"C, 0.81 m/s)

1.1905 0.03

1.1565 0.31

1.1034 0.64

1.0724 1.28

1.0093 1.90

0.9341 2.69

0.8190 4.04

0,7118 5.66

0.s926 7.34

0.4764 9.54

0.3704 11.41

0.3004 13.24

0.2217 15.08

0.1667 16.88

0.1183 18.71

0.0819 20.38

0.0582 22.41

0.0363 24.22

0.02'10 26.08

0.0149 27.89

MR t(min)
(115.8"C,0.83 m/s)

r2062
t.1t47

1.t026

1.0123

0.8878

0.7891

0.6431

0.5206

0.4282

0.3358

0.2572

0.1908

0.1376

0.0982

0.0701

0.0429

0.0315

0.0215

0.0152

MR t(min)
(120.8"C,0.83 m/s)

0.03

0.22

0.56

1.23

2.13

3.08

4.47

1.2t29

1.t252

1.0834

1.0314

0.9273

0.7s10

0.6143

0.4930

0.3730

0.2966

0.2332

0.1791

0.1320

0.0957

0.0690

0.0512

0.0387

0.0259

0.0r67

0.0131

0.0098

592

1.25

8.64

10.03

11.72

13.r7

14.65

16.04

17.43

r8.79

20.21

21.59

MR t(min)
(130.4"c,0.85 m/s)

0.03

0.24

0.55

0.94

1.58

2.58

3.55

4.67

5.82

6.38

7.33

8.28

9.23

10.21

I 1.19

12.08

13.03

13.98

14.93

15.91

17.08

1.t722

r.09 r 5

l 0384

0.9372

0.8823

0.7823

0.6619

0.51 13

0.4140

0.2698

0.176 1

0.1082

0.0694

0.0426

0.0259

0.0142

0.0081

0.00s7

MR t(min)
(145.5oC,0.89 m/s)

0.03

0.23

0.52

0.96

1.25
1 41t.l L

2.29

3.04

3.71

4.78

J. /O

o. /f
7.62

8.49

9.36

10.22

1 1.09

n.96

1.t474

1.0s87

0.9782

0.8440

0.7269

0.5208

0.3564

0.229s

0.1377

0.0677

0.0320

0.0209

0.0 t 08

0.0080

0.0087

MR t(min)
(160.6"c,0.91 m/s)

0.03

0.26

0.s5

0.95

1.39

2.11

2.83

3.55

4.24

5.1 1

5.98

6.73

7.57

8.43

9.s0

t.t43s
1.0619

0.9656

0.7891

0.5958

0.431 1

0.2983

0.1952

0.0890

0.0309

0.0124

0.0062

0.0032

MR t (min)

(180.4"c,0.93 m/s)

0.03

0.23

0.53

1.00

I.OJ

2.20

2.80

3.5 I

4.20

5.20

5.80

6.63

7.50

1.1470

I .091s

t.0263

0.9156

0.6998

0.s363

0.3867

0.2614

0.1583

0. l00l
0.0523

0.021I

0.0109

0.0022

{.0005
-0.001 I
-0.0008

0.03

0.07

0.23

0.50

1.00

1.40

l 87

2.30

2.83

3.20

J.O /

4.23

4.50

5.00

5.40

5.77

6.40
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T'abte ts.3 Changes of'moisture ratÍo im tsSG dryímg (conúimued)

MR r(min) MR t(min) MR t(min) MR t(min) MR r(min) MR r(min) MR t(min)
(110.8'c, 1.02 m/s) (115.8"C, 1.02 m/s) (120.0"C, 1.04 m/s) (130.9"C, 1.08 m/s) (145.9"C, 1.09 m/s) (160.7"C, 1.13 m/s) (180.3"C, 1.17 m/s)

1.0818 0.03 L0806

t.0797 0.?A L0859

r.0209 0.58 1.0045

0.9220 1.04 0.8809

0.9149 1.50 0.8525

0.8580 r.93 0.76s6

0.7795 2.5't 0.6719

0.7064 3.21 0.5860

0.6352 3.94 0.4867

0.5685 4.71 0.4009

0.4790 5.63 0.3090

0.3986 6.54 02327

0.3356 7.24 0.1738

02300 8.44 0.1220

0.1467 9.85 0.0854

0.0961 tr.24 0.0599

0.0662 12.62 0.0403

0.0443 14.01 0.0273

0.0255 15.39 0.0204

0.0160 16.75 0.0155

0.0t24 18.16

0.0056 19.55

0.03 t.0347

0.28 1.0539

0.s9 0.9984

1.05 0.9492

l.s r 0.87s9

2.04 4.7996

2.6s 0,6914

3.27 0.s998

4.04 0.4828

4.84 0.3932

5.74 0.2909

6.66 02lrr
7.59 0.1484

8.51 0.1023

9.44 0.0702

t0.37 0.04s 1

fi.29 0.0304

12.22 0.0213

13.14 0.0148

t4.07

0.03

0.30

0.61

0.94

1.36

1.82

2.42

3.03

3.82

4.5s

5.46

6.36

7.27

8.18

9.û9

10.00

10.91

I 1.85

12.73

1.0959 0.03

r.0262 0.23

09s7t 0.52

0.8375 0.93

0.77 t2 1.25

0.6629 1.65

0.5149 2.23

0.3916 2.84

0.2750 3.53

0.1895 4.26

0.1050 5.16

0.0603 6.00

0.033s 6.86

0.0189 7.73

0.0147 8.63

0.0139 9.47

0.0106 10.34

1.0887 0.03

r.0233 0.23

0.9311 0.52

0.8144 0.90

0.7183 t.24

0s929 1.70

0.4885 2.11

0.3856 2.54

0.3084 2.97

0.2042 3.58

0.1336 4.16

0.0836 4.74

0.04t2 5.46

0.0173 6.24

0.0090 6.90

0.0048 1.48

0.0014 8.06

1.1002 0.05

1.0074 0.20

0.9567 0.30

0.9002 0.40

0.8337 0.60

0.7672 0.70

0.7146 0.80

0.6617 0.95

0.5942 1.10

0.526',t r.30

0.4632 1.45

0.3999 1.60

0.2982 2.00

0.1720 2.60

0.0868 3.30

0.0523 3.80

0.0118 490
0.0002 6.10

-0.0031 6.70

1.0224 0.0s

0.9987 0.20

0.8394 0.45

0.7970 0.60

0.6885 0.70

0.6400 0.80

0.6045 0.90

0.5548 1.05

0.4668 1.20

0.3542 1.65

0.2489 1.8s

0.1496 2.20

0.0510 2.70

0.0233 3.10

0.0035 3.45

4.0032 3.85

-0.0146 4.85

-0.0138 5.85
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.dppemdÍx 8.4

Table $.4 Cleamges of rmoistune ratio in IISG dnyimg

MR t(min) MR t(min) MR t(min) MR t(min) MR t(min) MR t(min) MR t(min)

(110.8"c,0.25mls) (116.1"c,0.26mls) (121.1"c,0.26rnls) (130.9"C,0.28mls) (145.80C,0.28mls) (160.6"C,0.29mls) (180.2"C,0.31 n/s)

1.3149 0.03

1.2858 0.25

1.2722 0.s2

1.2201 0.9s

1.16t7 1.48

1.1384 2.52

1.03 14 4.40

0.9086 6.18

0.7983 8.03

0.7168 9.91

0.6t62 t1.75

0.5334 13.57

0.4675 15.42

0.3654 18.65

0.3100 20.49

0.2646 22.34

0.2168 24.34

0.1917 26.15

0.r74s 27.91

0.1438 29.'./2

0.1201 3t.57

0.1 I 13 33.t7
0.0992 35.45

0.0930 37.rl
0.0769 39.02

0.0584 41.08

0.0695 43.14

0.0500 45.26

0.0461 47.26

1.2897

1.2687

t.2556
t.2405

1.035ó

0.8709

0.7491

0.6368

0.5270

0.435r

0.36r't
o.2772

0.22s8

0.1922

0.1137

0.1030

0.0804

0.0773

0.0ó49

0.0542

0.0564

0.0s60

0.06

0.24

0.54

0.90

2.70

4.59

6.30

8.10

9.90

tr.73
13.53

15.48

t7.13

19.05

23.40

25.23

27.06

28.83

30.60

32.49

34.20

36.03

1.2987

1.264s

1.2070

t.r2t3
0.9538

0.79M
0.7169

a.$04
0.5533

0.4814

0.4232

0.3708

0.3259

0.282r

0.2488

0. l 836

0.1431

0.1055

0.0877

0.069s

0.0582

0.0544

0.4422

0.0452

0.0376

0.03

0.23

0.93

1.5 I

2.82

4.t2
4.99

5.92

6.74

7.61

8.48

9.3s

10.22

tt.t2
|.96
t3.70

15.45

17.t9

18.93

20.67

22.41

24.15

25.90

27.64

29.41

1.2702

1.2307

1.1 853

1.0908

1.0208

0.7880

0.6642

0.5614

0.4056

0.3245

0.2'17'1

0.1 846

0.1439

0. I033

0.0794

0.0624

0.0552

0.04s3

0.0398

0.0341

0.0308

0.0277

0.0289

0-0272

0.0165

0.03

0.24

0.55

1.03

t.49

2.80

3.74

4.69

6.30

7.27

8. l6
9.92

I 1.08

12.20

13.60

14.49

15.40

17.23

18.63

19.97

2t.76

22.80

24.r3

24.87

26.66

t-2632

1.2314

r.t470
1.0396

0-9449

0.7285

0.5567

0.4153

0.3123

u.z5J5

0.t734
0.1234

0.0922

0.0695

0.0532

0.0408

0.0289

0.0282

0.0240

0.0225

0.03

0.24

0.59

1.04

1.48

2.43

3.32

4.24

5, l0
s.99

6.87

t.to

8.68

9.s4

t0.43

|t.32
t3.19

t4.13

t4.87

15.82

r,2572

1.1923

t.1372

1.0735

0.9883

0.BB7r

0.6865

0.5076

0.3609

0.2500

0.1637

0.1038

0.0739

0.0528

0.0388

0.0294

0.0235

0.0204

0.0178

0.03

0.29

0.54

0.83

r.23

l.ov
2.51

J-5 I

4.23

s.09

5.97

6.83

7.69

8.s4

9.37

t0.26

t1.17

11.97

t2.60

r.2425 0.03

1.1883 0.21

1.1043 0.48

0.9667 0.93

0.8395 1.36

0.6259 2.16

0.5380 2.53

0.4441 2.93

0.3638 3.36

0.3040 3.73

0.2380 4.13

0.1844 4.s3

0.r42s 4.96

0.09s9 s.39

0.0553 6.16

0.0403 6.ól
0.0303 7.t5
0.0246 7.73

0.0220 8.19

0.018s 8.96

0.0167 9.s5
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Tabne 8.4 Changes of moisÉune ratio in ÐSG drying (conÉinued)

MR r(min) MR t(min) MR t(min) MR r(min) MR t(min) MR r(min) MR r(min)
(l10.8"c, 0.48 m/s) (I16.0"C, 0.47 m/s) (121.0oC, 0.47 m/s) (130.7"c, 0.48 m/s) (145.6oc, 0.50 m/s) (160.3oc, 0.51 m/s) (179.t'c,o.s2 m/s)

t.2741 0.03

|.22tt 0.34

I . 1906 0.65

1.1661 0.99

|.0'n2 1.42

1,.0329 1.91

0.8476 3.33

0.6958 5.21

0.5652 7.37

0.4658 9.2s

0.3662 11.07

0.3138 12.92

0.2380 14.77

0.1832 16.71

0.1600 18.59

0.1039 20.94

0.0889 22.79

0.07s3 24.67

0.0506 26.49

0.0486 28.34

0.0366 30.19

0.0278 32.04

0.0367 33.89

0.0295 35.74

r.2680

l 1950

1.t525

l.rt45
1.049't

o.9919

0.8738

0.7834

0.5912

0.3998

0.3134

0.2318

0.r767

0.131'l

0.0820

0.0547

0.0308

0.0223

0.0157

0.03

0.24

0.51

0.84

t.29

LtI

2.64

3.54

5.55

8.07

9.84

1t.64

t 5.44

t5.27

17.94

20.73

22.4',1

24.24

26.04

l. t84l
r.t240
r.0904

1.0426

0.9598

0.8897

0.7408

0.6348

0.s375

0.4571

0.3723

0.3067

0.25s6

0.2067

0.t642

0.1 306

0.1066

0.0781

0.0599

0.M66
0.04t7

0.0270

0.0196

0.0t42

0.0099

0.0078

0.0048

0.0018

0.03 1.1660

0.27 1 . 1351

0.55 1.0788

0.88 t.0245

1.39 0.9748

1.85 0.8874

2.82 0.80ss

3.67 0.62t2

4.58 0.4728

5.48 0.3545

6.42 0.2635

7 .33 0.1885

8.21 0.1329

9.l8 0.0936

10.03 0.0608

1094 0.0364

l l .85 0.0174

12.76 0.0106

t3.'t0 0.0015

14.58 -0.0023

r 5.48 4.0037

16.42

t7.33

18.30

19. ls
20.06

20.97

21.88

0.05

0.21

0.48

0.75

1.01

t.4r
1.81

2.61

3.41

4.21

5.01

5.81

6.61

7.41

8.21

9.04

9.84

10.61

11.41

12.21

13.01

I .1313

1.0626

0.9930

0.9189

0.8147

0.7005

0.5669

0.4408

0.3396

0.2583

0.196't

0.t479

0.1059

0.0761

0.0518

0.0308

0.0149

0.0068

-6918-0s

0.0ó

0.29

0.58

0.90

1.31
I toL.to

2.30

2.92

3.50

4.08

4.67

s.25

5.83

6.42

7.06

7.70

8.25

8.84

9.42

l.tzrl
1.0448

0.9542

0.8874

0.7839

u.oJ /f,

0.4821

0.3588

0.2524

0.t581

0.1145

0.0705

0.0396

0.02t7

0.0071

-0.0011

-0.0119

4.0164

{.0176
-0.0218

0.03

u.¿o

0.54

0.82

1.16

1,59

2.15

2.',12

3.29

3.94

4.51

5.07

5.64

6.18

o.t I

1.34

7.91

8.47

9.04

9.61

1.08s3 0.02

0.9986 0.22

0.8955 0.49

0.8141 0.70

0.7329 0.9s

0.5598 1.34

0.3948 r;13

0.2891 z.tl
0.2031 2.45

0.t373 2.82

0.0843 3.21

0.0514 3.57

0.0067 4.16

-0.0051 4.67

-0.0124 s.13

-0.0184 5.64

-0.0195 6.00

136



Table ts.4 Changes of nnoístune natio ån DSG dryång (conúirnued)

1.1762 0.1I

1.1552 0.37

1.0887 0.65

1.0689 094
1.0512 r.37

0.9486 1.88

0.8s71 2.73

0.7107 4.38

0.5765 6.14

0.4408 7.85

0.3730 9.56

0.2682 11.26

0.2118 12.97

0.1406 1s.56

0.0874 17.24

0.0483 18.94

0.0539 20.65

0.0335 22.36

0.0122 24.92

-0.0081 2s.77

-0.0089 26.62

4.0064 27.48

-0.0078 28.30

-0.0047 29.47

-0.0168 30.32

1.1919

1.1205

t.0671

r.03'14

1.Q577

0.9802

0.9282

0.8471

0.7415

0.5996

0.4919

0.4318

0.2309

0.2151

0.1619

0.1110

0.0985

0.0746

0.0274

-0.0069

-0.0211

-0.0025

-0.0307

-0.0009

-0.0126

0.03

0.09

0.30

0.56

0.89

1.18

1.60

2.07

2.93

3.81

¿+- t 5

).)b

7.39

8.28

9.16

10.05

10.94

tt.82
13.69

14.54

15.46

16.32

t7.20

18.12

18.98

1.1786

1.1453

1.0608

1.0146

0.9s37

0.82t3

0.7266

0.5585

0.4503

0.3585

0.2713

02170
0.1457

0.1138

0.0833

0.0s39

0.0363

-0.0002

0.0011

-0.0060

-0.0130

-0.030s

4.0259
4.0223

0.03

0.24

0.54

0.84

r.28

1.88

2.48

3.52

4.41

5.31

620
7.10

7.99

8.92

9.81

10.68

11.57

12.47

13.36

14.29

15.12

16.02

16.91

17.81

1.0999

1.0212

0.8994

0.8656

0.6935

0.5924

0.5139

0.4195

0.3356

0.2654

0.1828

0.1173

0.0735

0.0445

0.0278

0.006s

0.0019

-0.0049

0.0009

{.0157
-0.0268

0.11

0.34

0.71

0.97

1.71

2.14

2.57

3.11

3.71

4.29

5.11

6.1r

7.00

7.86

8.69

10.00

10.86

1 1.86

12.40

13.29

14.14

r.1 110 0.03

1.0756 0.22

0.9887 0.48

0.8786 0.76

0.7142 1.21

0.5149 1.63

0.4182 2.19

0.3026 2.72

0.2260 3.31

0.1109 4.r5

0.0591 s.00

0.0528 5.56

0.0286 5.95

0.0103 6.54

0.0081 7.38

4.0054 8.22

-0.01s2 8.79

1.1032

0.9655

0.8586

0.7626

0.6782

0.5999

0.4544

u.J /oo

0.2985

Q.2322

0.1087

0.05s5

0,0251

-0.0203

0.0117

-0.0051

4.0164

-0.0426

4.029r

0.03

0.35

0.61

0.88

1.39

1.81

2.08

2.43

2.77

3.41

3.95

+.5)

4.85

).1)
).))
5.97

6.32

ô.t I

09312 0.03

0.8447 0.20

0.7252 0.48

0.6211 0.73

0.4504 1.10

0.295s 1.48

0.1896 1.85

0.1083 2.23

0.0s63 2.60

0.0130 2.98

0.0130 3.35

-0.0155 3.73

-0.0223 4.13

^0.0321 4.50

-0.0289 4.88

-0.027r s.zs

-0.0403 5.60
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Table ts.4 Chamges of m-loistun'e ratio Ín ÐSG drying (comtinued)

(1 1 1.2'C, 0.87 m/s) ( I 16.0"C, 0.36 m/s) ( 121 .0"C, 0.90 rfls) (130.7"C, 0.91 Írls)

1.1856 0.03

1.1551 0.33

1.1320 0.69

1.1000 0.99

1.0331 1.43

0.9278 2.15

0.8410 2.93

0.72',11 3.83

0.6186 4.72

0.4836 6.25

03789 7.56

0.2918 8.91

0.2364 10.25

0. 1798 1 1.60

0.1415 12.97

0.tr72 14.29

0.0825 15.63

0.0733 17.00

0.0588 18.32

0.0460 19.69

0.0451 21.04

0.0312 22.41

0.0280 23.28

0.0328 24.18

0.0306 2s.07

t(min) MR t(min) MR t(min) MR r(min)

r.r759

r.1774

1.1265

1.0756

0.9916

0.8904

0.5819

0.4688

0.3703

0.3122

0.2464

0.2032

0.1665

0.1 184

0.1006

0.0817

0.0670

0.0485

0.0412

0.0356

0.0232

0.0183

0.0168

0.01 13

0.01 13

0.03

0.27

0.57

0.87

I .JJ

1.93

3.74

4.64

5.73

6.45

/.JO

8.29

v.t l
10.13

10.98

1 1.88

t) 10

13.69

14.60

15.53

r6.41

17.31

18.22

19.18

20.03

1.1485

1.07 12

r.0122

0.8968

0.8009

0.5'195

0.4397

0.3194

0.2319

0.1740

0.1208

0.0828

4.0579

0.041 I

0.0294

0.0164

0.0150

0.0139

0.0081

0.29

0.58

0.88

1.31

I. /)
2.77

3.65

4.52

5.40

o.z I

7.15

8.02

8.90

9.83

10.65

n.52
12.40

13.27

15.02

l.1353

l.tt52
1.M27

09647

0.8128

0.7028

0.4903

0.3582

0.2931

0.2418

0.1501

0.0998

0.062r

0.0353

0.0192

0.0108

0.0056

0.0044

4.0030

-0.0080

-0.008s

MR t(min)
(145.6"C,0.96 m/s)

0.03 1.0663

0.22 09s26
0.50 0.8350

0.78 t.6293
r.22 0.4795

1.64 0.3093

2.44 0.1898

3.17 0.1091

3.64 0.0643

4.06 0.0337

4.94 0.0163

5.78 0.0082

6.61 4.0013

7.44 -0.0055

8.33 -0.0086

9.1 I -0.0106

9.97 -0.0126

10.78

11.61

r3.89

r s.39

0.23

0.53

0.82

t.2B

1.69

2.28

2.86

3.50

4.05

4.64

5.10

5.69

6.30

6.91

7.53

E.1 1

8.84

MR t(min)
(160.3"C,0.95 m/s)

0.9794

0.8092

0.6870

0.4671

0.3056

0.1324

0.0859

0.0469

o.02tl
0.0060

0.0011

-0.0094

-0.0111

-0.0135

0.2s

0.56

0.85

1.30

1.75

L.J I

2.76

3.19

3.61

4.03

+.¿+5

5,30

s.75

6.54

MR t(min)
(180.50C, 1.02 m/s)

0.90s4

0.7572

0.61 l I

0.3817

0.2303

0.0911

0.0249

4.0023

-0.0r72

-0-0228

-0.0230

021
0.48

0.75

l.l5
1.55

2.08

2.61

3.12

3.71

4.21

^nn
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MR t(rnin)
(111.0"C, 1.08 m/s)

1.0887 0.03

1.0582 0.39

1.04s0 0.80

09s32 r.40

0.8706 2.00

0.7973 2.59

0.7310 3.19

0.6798 3.78

0.6141 4.38

0.5535 4.97

0.496'./ 5.60

0.4551 6.17

0.4152 6.76

0.3745 7.36

0.3509 7.9s

0.3164 8.55

0.2478 9.68

0.2051 10.72

0.1870 1 1.59

0.1459 12.48

0.1207 t3.37

0.1 100 t4.27

0.09s 1 16.06

0.05s3 t7.84

0.0498 t9.63

0.0s20 20.52

0.03 l8 21.42

MR t(rnin)
(115.7"C, 1.09 m/s)

1.0945

1.0305

0.9812

0.9377

0.8510

0.752s

0.6652

0.5319

0.42s9

0.3555

0.2806

0.2199

0.t782

0.r3s7

0.105 1

0.0828

0.0s82

0.0328

0.0285

0.0303

0.0174

0.40

0.69

0.9s

1.26

1.69

2.21

2.76

5.OZ

4.48

5.34

6.20

7.06

t.v¿

8.87

9.64

10.51

13.09

13.95

14.81

15.70

MR t (min)

(I2l.l'C, 1.11 m/s)

1.0845

1.0236

0.9629

0.8972

o;t671

0.6790

0.5654

0.4730

0.4079

0.3341

0.2781

0.2388

0.1926

0.136 1

0.1063

0.0693

0.0484

0.0315

0.012s

0.008s

-0.0018

-0.0074

-0.0t27

-0.0028

0.33

0.60

0.90

1.20

1.70

2.t2

2.72

5.52

3.89

4.51

s.08

5.74

6.37

7.26

8. r6

9.06

9.9s

10.85

12.64

13.90

14.49

15.42

16.02

t7.t5

MR t(min)
(132.0"C, 1.12 m/s)

1.0322

0.9r92

0.7625

0.6066

0.4290

0.2988

0.r752

0.0988

0.0459

0.0251

0.0173

0.0019

0.0001

0.0007

,0.00s0

-0.0050

-0.0061

MR t (rnin)

(146.1"C, 1.16 rnls)

0.23

0.s t

0.91

1.36

1.93

2.49

5.3¿

4.t9

5.04

s.89

6.72

7.59

8.44

932

t0. t7

t0.97

11.99

1.0428

|.0112

0.8574

0.6413

0.4269

0.2763

0.t274

0.0617

0.0151

4.0039

-0.0050

-0.01 l4
-0.0128

MR t(min)
(160.6"C, 1.21 m/s)

0.06

0.29

0.61

1.07

t.62

2.20

3.09

3.96

5.66

6.56

1A)

8.26

9.13

I .0100

0.8340

0.7057

0.4927

0.3305

0.2t02

0.1127

0.0873

0.0396

0.0140

-0.0084

-0.0120

-0.0088

-0.022r

MR t(rnin)

(180.5oC, 1.28 m/s)

0.25

0.56

0.81

1.22

1.67

2.11

¿-a I

2.97

3.53

4.08

5.03

o.J I

6.86

7.83

0.828s

0.4962

0.3864

0.1249

0.0566

0.0046

-0.003s

-0.0063

-0.0196

-0.0258

-0.0310

-0.0298

-0.0321

-0.0314

0.23

0.73

0.93

1.58

2.07

2.44

2.77

3.01

5.¿+¿

3.68

4.12

4.41

4.98

5.68

139



Appendix ts.S

Tabne ts"S Regnession-amaþsÍs resuåts for Ðq" 4"3 (tsSG dryi&g)

Drying conditions Coefficients Mean residual

square deviationTemp ("C) velocity (m/s)

110.9

115.9

120.9

t30.7

l4).f

160.3

180.2

i 10.7

115.9

120.9

130.8

t45.6

160.5

179.9

110.8

115.8

720.8

130.8

145.6

160.5

180.3

110.8

115.8

120.8

t30.4

145.5

160.6

180.4

110.8

115.8

121.0

130.9

t45.9

160.7

180.3

1. I 893

t.1796

i.1711

1.1632

1.1 871

l. i545

r.1523

1,200r

1.2150

1. I 873

t.1797

t.1526

1.t636

t.t352
t.7349

t.t267
1.1361

r.0999

1.1547

1.0602

1.0638

f. i605

1.1630

t.1734

1.1403

t.1263

1.1256

1.1141

1.0588

t.0799

1.0541

1.0783

i.0689

1.0914

1.0332

0.0217

0.0356

0.0485

0.0650

0.1004

0.1242

0. l586

0.0401

0.0631

0.0839

0.t679

0.1669

0.22t0

0.2821

0.0703

0.r2r4
0.1306

0.2001

0.2137

0.3237

0.432r

0.0572

0.1017

0.1329

0.1892

0.2902

0.3359

0.4645

0.0783

0.1376

0.1166

0.2584

0.29t9

0.5447

0.6049

t.2M7
1.202r

1.1814

t.2s37

1.2293

t.2893

1.3779

r.2087

1.1913

1.1 983

1.0882

r.2560

1.3179

1.3066

t.t2l4
1.0658

t.1662

I.1348

1.3070

r.2879

r.3134

t.2439

r.1762

t.2st3
1.3057

r.3495

1.3647

1.3897

r.3790

1.2764

r.4207

13207

t.3632

1.2625

T,M95

0.000653

0.000477

0.000417

0.000445

0.000260

0.000439

0.000257

0.000686

0.000469

0.000439

0.000507

0.000327

0.000337

0.000303

0.000736

0.000685

0.000707

0.000103

0.000353

0.000386

0.000249

0.000274

0.000278

0.000190

0.000147

0.000132

0.000165

0.000229

0.000394

0.000252

0.000053

0.000082

0.000135

0.000105

0.000541

0.0256

0.0218

0.0204

0.0211

0.0161

0.0210

0.0i60

0.0262

0.0217

0.0210

0.0225

0.018i

0.0184

0.0174

0.0271

0.0262

0.0266

0.0321

0.0188

0.0196

0.0158

0.0165

0.0167

0.0138

0.0121

0.0115

0.0129

0.0151

0.0198

0.0159

0.0073

0.0091

0.0116

0.0102

0.0233

0.24

0.24

0.24

0.24

o.2s

a.26

0.27

0.44

0.45

0.45

0.47

0.47

0.50

0.52

0.63

0.63

0.64

0.65

0.65

0.69

0.7r

0.81

0.83

0.83

0.85

0.89

0.91

0.93

r.02

t.02

i.04

1.08

1.09

1.13

t.t7
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Appendix 8.6

Table ts.6 R.egnession-analysis nesults for Eq. 4.3 (IISG drying)

Drying conditions Coefficients Mean residual

square

Mean
deviationTemp (oC) velocity (m/s)

I10.8

1 16.1

t2t.l
130.9

145.8

160.6

180.2

110.8

116.0

tzt.0
130.7

r45.6

160.3

t79.7

110.7

rt6.6
120.6

130.8

145.7

160.5

i 80.1

ttt.2
116.0

rzt.0
130.7

r45.6

160.3

180.5

111.0

1t5.7

tzt.l
132.0

146.1

160.6

180.5

0.25

0.26

0.26

0.28

0.28

0.29

0.31

0.48

0.47

0.47

0.48

0.50

0.51

0.52

0.65

0.68

0.68

0.69

0.71

0.70

0.76

0.87

0.86

0.90

0.91

0.96

0.95

t.02

1.08

1.09

l.il
L.t2

1.16

t.2l
t.28

1.2925

1.3006

1.3051

t.2768

1.2720

1.2388

1.2235

1.2770

1.2400

t.1666

1.1574

1. I 191

1.0982

1.0580

1.1641

t.r274

1.1586

t.0932

1.1224

1.0669

0.9095

1.2024

1.2064

1.2004

1.t520

1.1230

t.0376

0.9562

1.1065

t.t6t7
1.t594

1.1003

1.0720

1.1 105

0.9149

0.0448

0.0739

0.0990

0.1514

0.1924

0.1704

0.2398

0. i 138

0.1219

0.1298

0.1668

0.22t3

0.2761

0.4227

0.0832

0.t022

0.1462

0.2392

0.3500

0.3713

0.6288

0.1052

0.1464

0.2072

0.2621

0.4034

0.5409

0.7262

0.1077

0.1736

0.2214

0.4125

0.4592

0.6t49

0.9795

1.1412

t.0972

1.1315

r.1042

1.2108

1.3698

1.3575

0.9986

1.0667

1.1780

1.3618

r3440
1.4143

1.5263

1.193 1

t.3452

t.2712

r.2323

1.3109

l.4501

r.5333

t.t735
1.1 887

r.2243

t.2870

r.4127

1.5216

t.6t4l
1.1523

1.155 1

t.t475
1.2484

1.3809

t.3354

1.5587

0.000177

0.000143

0.000128

0.000106

0.000071

0.000102

0.000134

0.000144

0.0001l0

0.000059

0.000046

0.000058

0.000181

0.000250

0.000355

0.000116

0.000350

0.000178

0.000069

0.000621

0.000460

0.000114

0.000095

0.000013

0.000046

0.000034

0.000101

0.000172

0.000094

0.000083

0.000077

0.000015

0.000140

0.000079

0.000409

0.0133

0.01i9

0.0113

0.0103

0.0084

0.0101

0.0116

0.0120

0.0105

0.0077

0.0068

0.0076

0.0135

0.0158

0.0188

0.0108

0.0187

0.0133

0.0083

0.0249

0.0214

0.0107

0.0097

0.0036

0.0068

0.0058

0.0100

0.0131

0.0097

0.009i

0.0088

0.0039

0.0118

0.0089

0.0204
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,Appendix ts.7 SA,S pì'ogram fon the negression anaþsis on Ðq. 4.3

OPTIONS LINESIZE:78;
DATA brew;
INFILE'data file''tul

INPUT MR t;

PROC PRINT DATA:brew:
VAR t MR;

TITLE '#### R.egtession for MR:Atexp(-K*t**N) #######';
PROC NLIN BEST:S DATA:brew;
PARMS A:0 to 5 by 1 K:0 to 5 by I N:0 to 5 by 1;

MODEL MR:A* exp(-K*t* *N) 
;

OUTPUT OUT:brewl P:Fl R:Rl;

PROC PRINT DATA:brewl:
VAR t MR Pl;

PROC PLOT DATA:brewl;
PLOT' MR*t:'M' Pl *t:'P'/overlay;

PLOT R1*tA/REF:O:
RUN;

t"l The data file used in the program contains the data of changes in moisture rurtio MR and
drying time / in a certain drying process; all the data for different drying processes were
listed in Tables 8.3 and 8.4.
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Appendix 8.8

12q

(l)'õ

b 1.1o
O

110 120 130 140 150 160 170 180

Temperature (oC)

(a) Changes of coefficient A with the steam temperature for BSG-drying model.
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(b) Changes of coeffieient A with ihe steam velocity for BSG-drying model.
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(d) Changes of coefficient K with the steam veloc¡ty for BSG-drying model.
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(e) Changes of coefficient Â/ with the steam temperature for BSGdrying model.

---ø- T1(1100C)
<- TzlttSoC¡
+ T3 (120"C)

--c'- T4 (1300C)

-+.- T5 (1450C)

--e- T6 (160"C)
--+- Tt (1800C)

o.2 0.4 0.6 0.8 1.0 1.2

Velocity (m/s)

(f) Changes of coefficient A/ with the steam velocity br BSG-drying model.
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---<- V1 (0.25 m/s)
-'-<- V2 (0.47 m/s)
+ V3 (0.66 m/s)
+ V4 (0.86 m/s)
----4-- V5 (1.08 nVs)

Co
(J

o)oo

1.7

1.6

1.5

(I)

:g 1.J
(u
oo 1.2

1.1

1.0

0.9

145



Á,ppendíx 8.9
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c)

b 1.1o()
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(a) Changes of coefficient A with the steam temperature for DSG-drying model.

+- T1 (110"C)
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(b) Changes of coefficient,4 with the steam velocity for DSG-drying model.

Figure 8.2 Effeats of stea¡¡l temperatu¡.e and veloatÉy utuA,.K, a¡ad N
in ÏISG-drying meodel.
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(c) Changes of coefficient K with the steam temperature for DSG-drying model.
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(d) Changes of coeff¡cient K with the steam velocity for DSG-drying model.
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,A.ppendix 8.10 S.4S Elrogram for the negnessíon analysís on Eqs. 4.6 úhn'oangh 4.8.

OPTIONS LINESIZE:78;
DATA dist;
INFILE'data file';t"l
INPUTAKNTV;

TITLE '#W#llll+Hflf#### Regression for [:(¿1*T+a2)*(a3tV+aQ) ftfrffififrffiftfiftffi,
PROC NLIN BEST:S DATA:dist;
PARMS a1:1 to 5by I a2:lto 5 by 1a3:1 to 5 by 1 a4:tto 5 by 1;

MODEL {:(¿ 1 
* T+ a2)*. (ajxY + a+) ;

OUTPUT OUT:distl P:Pl R:Rl:

PROC PRINT DATA:distl:
VARTVAFl Rl;

TITLE ¡###ll+l]l###### Regression for K:(kl*T+k2)*(k3*V+k4) ########ll#{l#';
PROC NLIN BEST:5 DATA:dist;
PARMS k1:1 to 5 by 1 l0:l ß5 by 1 k3:1 to 5 by I k4:1 to 5 by 1;

MODEL K:(kl *T+k2)*(k3 *V+k4);

OUTPUT OUT:distl P:Pl R:Rl:

PROC PRINT DATA:distI:
V.AR.TVKFl Rl;

TITLE t############## Regression for N=rlxT +røl++++t#t+J+###l*#lt#lttf###L

PROC NLIN BEST:5 DATA:dist;
PARMS n1:1 to 5 by 1 nT:l to 5 by 1;

MODEL N:nl*T+n2;
OUTPUT OUT:distl F:Pl R:Rl:

PROC PRINT DATA:distl:
VARTVNPl RI;

RUN;

t"l The data file used in the program contains atl the data of changes in parameters A, K,
and 1/ with steam temperature 7 and velocþ Ø for BSG or DSG drying; the data were
listed in Tables 8.5 and 8.6.
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,A.ppeuadix C"l Mode[s for co¡lti¡auous deep-bed dnyång

C.n.n Cross-flow drying model

In a cross-flow drying systenL steam flows in the x direction and spent grain in the y

direction. The drying time I depends on the distance spent grain moves in the y direction

and the velocity of the spent-grain movement v. By replacing the term / wthy/v n

equations 5.8, 5.14, 5.16, and 5.T7 arñ introducing G: pr, the model for steady-state

drying in a cross-flow system is obtained as:

AT^ ha / \tT - Tt-
âx G"c" \*s ^/

ep"G â\
pG" ây

(C.1a)

(c.1b)

(C.1c)

(c.1d)

(C.1e)

AT

-=ây

dG"

n "{q- r} *4+c,(\-T) ã4
G(c+c*M) c+c*M A

A (M"

^dM=-b- ôy

AM oKN [r (

* G (M- M") 
lE 

L"l )'l-)
-M"
M"IVf -ây

¡¡- I-l 
¡/

I

J

Boundary and initial conditions are

1(0, y) = T,,; q(0, y) = G",

T(x, 0) = 100; M(*, 0)= M.+
(c+ c. M,) (100- 1)

c" (T,o - ßQ + h"
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C.1.2 Concurrent-flow dnying model

In a concurrent-flow drying systern, both steam and spent grain flow in the same

direction x, but the steam velocity Z" is greater than the spent-grain velocþ v. The drying

time I depends on the distance spent grain moves in the x direction and the velocity of the

movement v. By replacing the vanabley withx and replacing the partial-differential

symbol â wtthtotal-differential symbol d lrl,the cross-flow drymg model, the model for

steady-state drying in a concurrent-flow system is written as:

d\ ha l,n o,\ ;p,G dT,

d*=- G"r, \'"-l)- PG, d"

dr 
= 

n"{4-r} *
dx- G (c+ 

"* 
Ã4¡'

(C.2a)

(c.2b)

#(M-*">l**(
¡/-l

l¡¿
I

I

dG,

Boundarv and initial conditions are

h"+c"(T,-T) dM
c+c*M dx

G,o

Mo*

(C.2c)

A (M,
(c.2d)M.

(c+ c.M") (100- 1) (C.2e)

c"(T,o* 100)+ h,

dM
=-G-_

úcdx

)ì-l
)

-M"
M"

dM

-=dx

4(0) = \"; G"(0) =

r(0) = 1gg' af (q =
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C.1.3 Cou¡rter-flow drying model

In a counter-flow drying systern, steam and spent grain flow in opposite directions. It is

assumed that spent grain moves in the positive direction x. By replacing the term x with -x,

the termy withr, and the mathematic symbol â withdnthe cross-flow drying model, the

model for steady-state drying in a counter-flow system is presented as:

dT ha {,n o,\, €p"G dq
a ^ \_s ã lax u,c" PU" ffi

¡/-l

dM

-=dx

If it is assumed that steam flows in the positive direction x, the variable y in the cross-

flow drying model should be replaced by -x and symbol ô by d to obtain the counter-flow

drying model as:

dr n "{1- r} . h" + c, (\- r) dM

-=dx G(c+c*Ã4) c+c,M dx

dG" ,_ dM
d"=" dt

Boundary and initial conditions a¡e

1g-) = T,i G"(¿) = G,o

7(0) = 1çg' M(0) = Mo +
(c+ c* M,) (100- \)

c, (T,n - 100) + d

(C.3a)

(c.3b)

(C.3c)

(c.3d)

(C.3e)
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dx

d1 __
dx

ha {r -r\*"P"GG"c, \-s -/' pG,
d4

(C.aa)

(c.4b)

(C.ac)

dT n"(r,-r)
G (c+ c* M)

dM
=G-

a)c

dx

dG"

h"+c,(T,-T) dM
c+ c* M dx

À,{- M

dx

dM oKN [r (

*=æ (M- M)l KL"l
L

Boundary and initial conditions are

¡/- 1

lN
I (c.4d)

)l-)
M
I

A (M"*

4(0) = T,oi G"(0) = G,o

T([-)=100; M(L)= MorW (c'ae)

c; (4" -100)+ h"
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A,ppendix C.2 Frogn"am f'on'sünau[atireg the dryíng of fixed-bed BSG in smpenheated

sÉeam

C PROGRAM TO SOLVE DEEP-BED DRYING MODEL
('
C BASÏC STATEMENTS
c

CHARÄ.CTER*20 FiIe1, File2
COMMON AMo
COMMON /OnttS/ Pmo, Pme
coMMoN /tntcx/ oxo, Dxe
DIMENSION AM1(50), AM2(50)' T(50), Gs(51), Vs(51)'

+Ts(51)f Dx(50), X(50)

C To define a number of statement functions
AMe (Ts):9.62*EXP (-1 ' L156* (Ts-100¡ **0 ' 3339)
A(Ts, Vs) :(L.2925-0. 00058*Ts) * (0. 9991--0.0963*Vs)
AK(Ts, Vs) : (0. 00273*Ts-0.2609) " (2. 0984*Vs*0 .211 4)
AN (Ts)=0 '00222*Ts*O " 9599
Ps (Ts) :0. 7401-0. 001505*Ts

C INPUT SECTION OF THE PROGR.A,M

PRINT*, 'Input the mass of the sample (g) :'
READ*, Wo
PRINT*, 'Input the initial moisture content (db):'
READ*, AMo
PRINT*, rlnput the depth of the sample bed (mm):r
READ*, Xo
PRINT*, 'Input the number of layers in the bed:'
READ*, Nx
PRINT*, 'Input the steam temperature at inlet (oC):'
READ*, Tso
PRINT*, ¡rnput the steam flow rate at inlet (kg/(rnz.s)):'
READ*, Gso
PRINT*, rlnput the expected drying time (min):l
READ*, Timeo
PRINT*, rlnput the time interval- (min) : I

READ*, Dt
(-

C TO DEE]NE AND OPEN DATA FILES
(-

PRINT*, rName for the file recording the simulation
*process: I

READ*, Filel
OPEN (1, FILE=Fí]e1)
PRINT*, rName for the fil-e recording major data:'
READ*, File2
OPEN (2, FILE=Fi1e2)

('
C TO VüR]TE ]NPUTTED PARAMETERS IN THE DATA F]IES
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vüRrTE (L, *
WR]TE (T, *
WRITE (1, *
WRITE (I, *
WRITE (1, *
wRrTE (1, *

+ | kg/ (m2. s)
lvRrTE (1, *
wRrrE (t, *

wRrTE (2, *
I/üRITE (2, *
v{RrTE (2, *
wRrrE (2, *
wRrTE (2, *
wRrrE (2, *
wRrrE (2, *
wRtrE (2, *

tMass of sample: r, Wo, t gt
'Initial moisture content:r, AMo, ' kg/kg'
rDepth of sample bed:r, Xo, ' mm'
rNumber of l-ayers in sampl-e bed:', Nx
tsteam temperature at inlet:I, Tso, I oCt
tsteam fl-ow rate at ínJ-et:', Gso,

rExpected drying time:', Timeo, I minr
tTime interval:t, Dt, t mint

fMass of sample:r, Vüo, ' g'
'Initial moisture content:r, AMo, 'kg/kg'
'Depth of sample bed: r, Xo, t mrnr
rNumber of J-ayers in sample bed:', Nx
tSteam temperature at inlet:r, Tso, I oCr
'Steam fl-ow rate at inlet:', Gso, I kg/ (m2.s) '
'Expected drying time:', Timeo, t mj-n'
tTime interval: ¡, Dt, t mint

ð BAS]C CALCULATT.N BASED oN THE INPUT DATA
c

Dxo=Xol1000/Nx
Dxe:O.867*Dxo
D1:0.066
Pmo:4* (Wo/ l.000) / (3.14159*DL**2* (Xol1-000) * (1+AMo) )

Pme:Pmo/0 . B 67
AMeo-AMe (Tso)
NI:NINT (rimeo/ot)
Þqn:Þq ll]1qn\

! v \ ¿ ev /

Vso=Gso/ Pso
c
C TO SET VAIUES FOR SOME PHYSTCAL AND THERMODYNAMTC PROPERIES
C

Cs:2000
CwL:4L93
Cw:4313
^-14^FV_LLAJ

C

C TO CALCULATE THE INTTIAL MOISTURE CONTENT CONSIDERING
C STEAM CONDENSATION
C

Al{o1:AÌ,4o+ (C+Chr1*AMo)/ (2257 00O+Cs* (Tso-100) )* (100-10)
C

C TO SET JUDGE CRITERTON FOR TERMÏN.A.TÏNG THE DRY]NG OF A LAYER
C (A small difference between moisture content and eguilibrium
C mo.isture content )
(,

DM=O.0001
C

C MAJOR DERIVATTON FOR DRYING S]MULAT]ON
c
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U_U
Time:0
* 

-'lIIL_ I

wRrTE (2, 100)
100 FoRMAT (/4H J, 9H T (min) , 8H M (db) , 7H Gs I

+10H Ts ( C ) , 9H Front 1- , 5H LI , 9H Eront2 ,
+5h L2, 9H Depth)

200 m5=m-1
rF (J.GT. Nt) GO TO 800

ÐÞTt\'trl|* I I,
PRINT*, t I

PRINT*, 'Time interval:r, Jt ' Drying time:',
*Timer'minl
i/üRrrE(1, *) | |

WRITE(1, *) 'Time interval:r, Jt ' Drying time:f,
*Time, t mint
wRfrE (*, 300)
wRrTE (1, 300)

300 FoRI4AT(1X, 3H rt 7H X(i) , 8H M(i), 10H T(i),
+10H Gs (i), BH Ts (i))

AveM:0
(-

C For dried region
a

IF (m . GT . 1) THEN
DO 500 t:1, m-1

Dx (i):Dxe
X (i): (i-0.5) *Dxe
ÄM1 (i ) :AM2 (i )

T (i):15o
Gs (i):Gso
Vs (Í):Vso
Ts (i):Tso
AveM:AveM+AMl (i)
wRrrE(*, 400) i, x(i), AM1(i), T(i), Gs(i), Ts(i)
WRITE (1/ 400) L, X (i) , AM1 (i) ' T (i) ' Gs (i) , Ts (i)

400 FoRMAT(1X, 13, 2X, 86.4, 2X, 86.4, 2X, F8.3, 2X,
+ F7.3, 2X, F7.3)

5OO CONTTNUE
ENDÏF

C Cal-culation of dry front position
IF (m .EQ. l-) THEN

X1:-1
No1:-1-

ELSE
Xl-=X (m-1)+Dx (m-1) /2
No 1:¡n- 1

END]F
('
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rF (m .GT" Nx) GO TO 900
r-

Ts (m) =Tso
Vs (m):Vso
!:u
DO 600 i=n, Nx

rF(L .NE.0) GO TO 510

(' I-nr drrrina rieglon

rF (J .EQ. 0) THEN
Am1 (i):AMo1

E].SE
AM1 (i) =AM2 (i)

ENDI F
Dx (i)=Dxx (AM1 (i) )

rE (i .EQ. 1) THEN
X (i)=¡¡ (L) /2

ELSE
X (i) :v (i-1) +Dx (i-1) /2+ox (L) /2

ENDI F

c To define transition variables
(-

AMeS:AMe (Ts (i))
A5:A(Ts (i) , Vs (i) )

AKS:AK (Ts (í) , Vs (i) )

ANS:AN (Ts (i) )

Ps5:Ps (Ts (i-))
Ps:P (AMl- (i) )

Dt5:Dt* 60
(-

C Derivation
a

AMmax:A5* (AI4o_AMeS)/EXp ( (AN5_ j-)/ANs) +AMes
rF (AM]-(í) .GE. AMmax) THEN

AM2 (i)=Al¿1 (i) -DIS*AKS*ANS* (AMmax-AMeS) * (ALOG (45*
+ (AMo-AMeS)/ (AMmax-AMeS)) /erS)** ( (AN5-1) /ANs)/60

ELSE
AM2 (i):AM1 (i) -DI5*AK5*AN5* (AM1 (i) -AMeS) * (ALOG (45*

+ (AMo-AMe5) / (AM1 (i)-AMe5) ) /AKS¡ ** 1(AN5-1)/AN5) /60
ENDIF

DR: (AM2 (i) -AM1 (i) ) /Dt5

IF (AMl- (i) . GE. AMo) THEN
r (i):1-00
DerT:0

ELSE
T (i)=15o- (Tso-100)* (AM1 (i)-AMeo)/ (AMo-AMeo)
DerT:- (Tso-l00) / (AMo-AMeo) *DR

END]F
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Gs (i):Vs (i) *Ps5
Gs (i+l-):Gs (i)-Dx (i)*P5*DR
Vs (i+1) =Gs (i+1) /Ps5
HvS:Hv(AMl-(i), T(i) )

Ts (i+1):Ts (i)+Dx (i) *P5* (Hvs+Cso (Ts (i) -T (i) ) ) / (Gs (i)*cs)
+ *DR_Dx (i)*p5* (C+C\^/*AMl (L) ) / (Gs (i)*Cs)*DerT

(-

C To find the first layer in wet region

IF (Ts (i+l-) .LE. l-00) THEN
Ts (i+1) :i-00
!-J

ENDIF
C

C To check if the layer has been dried to equilibrium

IF ((AM2 (i)-AMeo) .LE. DM) THEN
- Ê-.:ITLJ_A

AM2 (í):AMeo
ENDIF

GO TO 520

(- Fnr r^¡af rêrragn

510 AM1 (i) =AMo1
AM2 (i):AMo1
r (i):100
Gs (i+l-):Gs (i)
Vs (i+1"):Vs (i)
Ts (i+1-):100

(-

Dx (i):Dxx (AM1 (i) )

rF (i.E8. 1) THEN
X (i):P¡ (L) /2

ELSE
x (i) =¡ (í-1) +Dx (i-1 ) / 2+ox (i) / 2

ENDIF

520 AveM:AveM+AM1 (i)
wRfrE (*, 400) L, x (i) , AM1 (i) , T (i) , Gs (i) , Ts (i)
I^lRrrE (1, 400) i, X (i) , AM1 (i) , T (i) , Gs (i) , Ts (i)

6OO CONTTNUE
(-

C Calculation of wet front position
rF (L .EQ. 0) THEN

X2:-I
No2=-1

ELSE
xz:x (L)+Dx (L) /2
No2=L*l-

END]F
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AveM:AveM/Nx
Depth:X (Nx) +Dx (Nx) /2

c
wRrTE (*, 100)
WRITE(*, 700) Jt Time, AveM, Gs(Nx*1), Ts(Nx*1), XI, No1-'

+X2t No2, Depth
WRITE (2, 700) Jt Time, AveM, Gs (Nx+1)' Ts (Nx*1)' X1., No1-'

+Xzt No2, Depth
700 FORMAT(r4, 2X, T7.3, 2X, 86.4, 2X, 86.4, 2X, F7.3,

+2X, 87.4, 2x, 13, 2X, F7.4t 2X, 13, 2x, F1 .4)

Lr:L, f -L

Time:Time+Dt
m:m5+1
GO TO 200

800 PRrNT*, ' I

PRINT*, rThe drying time I^Ias up to the specified time.'
PRINT*, rThe drying simulatiorr üIas stopped. I

PRINT*, rThe sample I^Ias not dried to equilibrium.'
vüRrrE(1,*) ' ,

VIRITE(1r") 'The drying time was up to the specified time.'
WRITE(1r") 'The drying simufation was stopped.'
WRITE(1,*) 'The sample \^Ias not dried to equilibrium.'
rüRrrE(2,*) | ,

VüRITE (2,*) 'The drying time l^ias up to the specified time.'
WRITE (2,*) 'The drying simulation was sLopped.'
VfRfTE (2,o) rThe sample was not dried to equilibrium.'
GO TO 91_0

900 No2:-1
X2:-1
AveM:AveM/Nx
wRrrE (*, 100)
WRITE(*, 700) Jt Time, AveM, Gs(Nxt1), Ts(Nx*1)' X1, No1'

+Xzt No2, Depth
WRITE(2f 700) Jt Time, AveM, Gs(Nx+1), Ts(Nxl1), X1, Noi-,

+X2r No2, Depth
I

DÞT.Ì\ TF* T 
't

PRINT*, 'The sample was dried to equilibrium.'
PRINT*, rThe drying simulation üIas stopped. I

wRrrE(1,*) | |

WRITE(1r*) rThe sample was dried to equilibrium.r
WRITE(1ro) rThe drying simulation was stopped.¡
v[RrrE(2,*) | |

VüRITE (2,*) 'The sample was dried to equilibrium.'
WRIÎE(2,*) 'The drying simulation was stopped.f

c
01n ..Î.^cEì l'1 \vsve! \ ¡ /

crosE (2)
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END
('

c ** * ** * * * * * ** ** *** * * * * * * * * * * * * ** * * ***** * * * ******* *** * * * * *
I

C EXTERNAL FUNCTION FOR LATENT HEAT OF EVAPORATION
r

FUNCTION Hv (AM, T)
Hfg=2257 000-2 9L6 . 7 * 11-100 )

rF (AM .GE. 0.2) THEN
Hv=Hfg

ELSE
Hv=Hfg* (1+EXP (-19.9*AM) )

ENDIF
RETURN
END

(,

C EXTERNAL FUNCTION FOR BULK DENS]TY

FUNCTION P (AM)
COMMON AMo /OUNs / Pmo, Pme
IF (AM .GE. AMo) THEN

P:Pmo
ELSE rF (AM . LT. 0 . 1-1) THEN

P:Pme
ELSE

P:Pmo- (Pmo-Pme) * (AMo-AM) / (AMo-0.11)
ENDÏF

RETURN
END

(-

C EXTERNAI FUNCTION FOR LAYER THÏCKNESS

FUNCTION Dxx (AM)
CoMMoN AMo /THICK/ Dxo, Dxe
TF (AM .GE. AMO) THEN

Dxx=Dxo
ELSE rF (AM .LT. 0.1-1-) THEN

Dxx:Dxe
ELSE

Dxx:Dxo- (Dxo-Dxe) * (AMo-AM) / (AMo-0.1_t_)
ENDIF

RETURN
END

(-

c **** ** * * * ******** * * *** * *** *** *** * * * * * * * * * * + * * ***** * ** ***
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.Appendix C.3 .4.n example of 'nFileX." n'econding detailed simuåatíng nesults fon dryilag

frxed-bed BSG in the steam of 140.8"C and 0.X.9 þ/(m'? ' s)

Mass of sample: 49.9800 g

Initial moisture content: 3.82000 kg/ kg
Depth of sample bed: 30.0000 mm
Number of layers in sample bed: 20
Steam temperatwe at inlet: 140.780"C

Steam flow rate at inlet: 0.194300 kg/Grf ' s)

Expected drying time: 80.0000 min
Time interval: 0.200000 min

Time interval: 0 Dryng time: 0. min
I x(Ð M(Ð r(Ð Gs(i) rs(i)
1 0.0008 4.5083 100.000 0.194 140.780
2 0.0022 4.5083 100.000 0.201 13t.230
3 0.0038 4.5083 100.000 0.207 123.782

4 0.0053 4.s083 100.000 0.211 117.973
5 0.0068 4.5083 100.000 0.215 ll3.2s7
6 0.0083 4.5083 100.000 0.217 109.548

7 0.0098 4.5083 100.000 0.220 106.588

8 0.0112 4.5083 100.000 0.221 104.227

9 0.0127 4.5083 100.000 0.223 102.346
10 0.0142 4.5083 100.000 0.224 100.855

11 0.0157 4.5083 100.000 0.224 100.000

t2 0.0172 4.5083 100.000 0.224 100.000

13 0.0187 4.5083 100.000 0.224 100.000

14 0.0202 4.5083 100.000 0.224 100.000

l5 0.0217 4.5083 100.000 0.224 100.000

16 0.0232 4.5083 100.000 0.224 100.000

17 0.0247 4.5083 100.000 0.224 100.000

t8 0.0262 4.5083 100.000 0.224 100.000

t9 0.0277 4.5083 100.000 0.224 100.000

20 0.0292 4.5083 100.000 0.224 100.000

Time interval: I Drying time: 0.200000 min
I x(Ð M(Ð r(Ð Gs(i) rs(i)
1 0.0008 4.3827 100.000 0.194 140.780

2 A.0022 4.4060 100.000 0.201 131.230
3 0.0038 4.425A 100.000 0.207 123.782

4 0.00s3 4.4405 100.000 0.211 ll7.9r3
5 0.00ó8 4.4532 100.000 0.215 113.257
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6

7

I
9

10

11

l2
13

t4
15

16

t7
18

t9
20

0.0083 4.4636
0.0098 4.4722
0.0112 4.4792
0.0t27 4.4851
0.0142 4.4900
0.0157 4.5083
0.0172 4.5083
0.0187 4.5083
0.0202 4.5083
0.0217 4.5083
0.0232 4.5083
0.0247 4.5083
0.0262 4.5083
0.0277 4.5083
0.0292 4.5083

100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000

0.217 109,548
0.220 106.588
0.221 104.227
0.223 102.346
0.224 100.855
0.224 100.000
0.224 100.000
0.224 100.000
0.224 100.000
0.224 100.000
0.224 100.000
0.224 100.000
0.224 100.000
0.224 100.000
0.224 100.000

Drying time: 30.2000 min
r(Ð Gs(i) rs(i)

140.777 0.194 t40.780
140.775 0.194 140.777
140.771 0.194 140.773
140.764 0.194 140.764
r40.752 0.194 140.750
t40.732 0.194 t40.727
140.700 0.194 140.688
140.647 0.194 740.625
t40.561 0.t94 140.527
140.424 0.195 140.379
t40.t17 0.195 140.160
t39.661 0.195 139.814
138.953 0.195 139.310
T37.901 0.196 138.569
136.305 0.197 737.485
T34.071 0.198 135.896
131.025 0.199 t33.687
127.r58 0.202 130.770
122.689 0.204 127.166
177.727 0.207 t23.056

Time interval: 151

r x(Ð M(Ð
I 0.0007 0.0134
2 0.0020 0.0t37
3 0.0033 0.0141
4 0.0046 0.0147
5 0.0059 0.0158
6 0.0072 0.0176
7 0.0085 0.0207
8 0.0098 0.0256
9 0.0111 0.0336

10 0.0124 0.0464
11 0.0137 0.0751
12 0.0150 0.1176
13 0.0163 0.1837
14 0.0176 0.2819
15 0.0189 0.4309
t6 0.0202 0.6394
t7 0.0215 0.9238
t8 0.0229 1.2848
t9 0.0243 1.7020
20 a.0257 2.1652
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Time interval: 152
r x(Ð M(Ð
I 0.0007 0.0134
2 0.0020 0.0i36
3 0.0033 0.0140
4 0.0046 0.0146
5 0.0059 0.0156
6 0.0072 0.0173
7 0.0085 0.0201
8 0.0098 0.0247
9 0.0111 0.0322

t0 0.0124 0.0442
11 0.0137 0.0711
12 0.0150 0.1110
13 0.0163 0.1734
14 0.0t76 0.2665
15 0.0189 0.4083
16 0.0202 0.6081
t7 0.0215 0.8826
18 0.0229 t.2340
19 0.0243 1.6442
20 0.0257 2.1042

Drying time: 30.4000 min
r(Ð Gs(i) rs(i)

140.777 0.194 140.780

T40.775 0.r94 140.778

140.771 0.194 140.773

140.765 0.194 140.766

t40.754 0.194 140.7s3

140.736 0.194 140.731
140.706 0.194 t40.694
140.656 0.194 140.636
t40.s76 0.194 140.544
140.448 0.195 140.404
140.160 0.195 140.196
139.732 0.195 139.867
139.063 0.195 139.386
138.066 0.196 138.683
136.547 0.137 137.653
t34.407 0.198 136.138
131.467 0.199 134.016
127.702 0.201 l3l.l92
123.307 0.204 127.670
118.380 0.207 123.613

Time ínterval 304
r x(i) M(Ð
r 0.0007 0.0132
2 0.0020 0.0132
3 0.0033 0.0132
4 0.0046 0.0132
5 0.0059 0.0132
6 0.0072 0.0t32
7 0.0085 0.0132
8 0.0098 0.0132
9 0.0111 0.0132

10 0.0124 0.0132
1l 0.0137 0.0132
12 0.0150 0.0132
13 0.0163 0.0132
14 0.0176 0.0132

Drying time: 60.8002 min
r(Ð Gs(i) rs(i)

140.780 0.194 140.780
140.780 0.194 140.780
140.780 0.194 14Ð.780

140.780 0.194 140.780

140.780 0.194 140.780

140.780 0.194 140.780
140.780 0.194 140.780

140.780 0.194 140.780

140.780 0.t94 140.780

140.780 0.194 140.780

140.780 0.194 140.780
140.780 0.194 140.780
rua.780 0.194 140.780

140.780 0.194 140.780
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15 0.0189 0.0132
t6 0.0202 0.0132
17 4.0215 0.0132
18 0.0228 0.0132
t9 0.0241 0.0132
20 0.0254 0.0133

Time interval: 305
r x(Ð M(Ð
I 0.0007 0.0132
2 0.0020 0.0732
3 0.0033 0.0132
4 0.0046 0.0132
5 0.0059 0.0132
6 0.0072 0.0t32
7 0.0085 0.0132
8 0.0098 0.0132
9 0.0111 0.0132

10 0.0124 0.0132
11 0.0137 0.0132
12 0.0150 0.0132
13 0.0163 0.0132
t4 0.0176 0.0132
15 0.0189 0.0132
16 0.0202 0.0132
17 0.02t5 0.0t32
18 0.0228 0.0t32
t9 0.024t 4.0t32
20 0.0254 0.0132

140.780
140.780
140.780
140.780
t40.780
140.779

0.194 140.780
0.194 1,40.780

0.194 140.780
0.794 t40.780
0.194 140.780
0.194 140.780

The sample was dried to equilibrium.
The drying simulation was stopped.

Drying time: 61.0002 min
r(Ð cs(i) rs(i)

t40.780 0.194 140.780
t40.780 0.194 140.780
140.780 0.t94 t40.780
140.780 0.194 140.780
140.780 0.194 140.780
740.780 0.194 140.780
t40.780 0.t94 t40.780
140.780 0.194 140.780
140.780 0.194 140.780
140.780 0.194 140.780
t40.780 0.t94 t40.780
140.780 0.194 140.780
T40.780 0.194 140.780
140.780 0.194 140.780
140.780 0.t94 140.780
140.780 0.194 140.780
140.780 0.t94 t40.780
140.780 0.194 140.780
140.780 0.194 140.780
140.780 0.194 140.780
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A,ppendix C.4 An examptre of nnFile2" recondíng some sínnulating results fon dryillg
flrxed-bed ESG in Éhe steam of 1.40.8"C and 0.f.9 þ,/(m2 ' s) t

Mass of sample: 49.9800 g

Initial moisture content: 3.82000 kg/ kg
Depth of sample bed: 30.0000 mm
Number of layers in sample bed: 20
Steam temperature at inlet: 140.780"C
Steam flow rate at inlet: 0.194300 kg/(m2 ' s)

Expected drying time: 80.0000 min
Time interval: 0.200000 min

J T(min) M(db) Gs
0 0.000 4.5083 0.2242
1 0.200 4.4790 0.2242
2 0.400 4.4497 0.2242
3 0.600 4.4204 0.2242
4 0.800 4.3911 0.2242
5 1.000 4.3618 0.2242
6 t.200 4.3325 0.2242
7 1.400 4.3037 0.2242
8 1.600 4.2751 0.2242
9 1.800 4.2466 0.2242

10 2.000 4.2782 0.2242
11 2.200 4.1898 0.2242
t2 2.400 4.16t6 0.2241
13 2.600 4.1333 0.2241
t4 2.800 4.1052 0.224r
15 3.000 4.0770 0.2240
16 3.200 4.0488 0.2240
77 3.400 4.0207 0.2240
18 3.600 3.9926 0.2239
t9 3.800 3.9644 0.2238
20 4.000 3.9363 0.2238
21 4.200 3.9083 0.2246
22 4.400 3.8796 0.2245
23 4.600 3.8508 0.2244
24 4.800 3.8221 0.2244
25 5.000 3.7934 0.2243

Ts(C) Frontl
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100,000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -1.0000
100.000 -r.0000
100.000 -1.0000

Ll Front2 L2 Depth
-1 0.0150 1r 0.0300
-1 0.0150 11 0.0300
-1 0.0150 11 0.0300
-1 0.0150 1l 0.0300
-1 0.0150 11 0.0300
-1 0.0150 11 0.0300
-1 0.0150 11 0.0300
-1 0.01s0 11 0.0300
-1 0.0150 11 0.0300
-1 0.0150 11 0.0300
-1 0.0149 11 0.0299
-1 0.0149 11 0.0299
-1 0.0149 ll 0.0299
-1 0.0149 11 0.0299
-1 0.0149 1l 0.0299
-1 0.0148 11 0.0298
-1 0.0148 11 0.0298
-t 0.0148 11 0.0298
-1 0.0148 11 0.0298
-1 0.0t47 1t 0.0297
-1 0.0t47 11 0.0297
-1 0.0162 12 0.0297
-1 0.0162 t2 0.0297
-1 0.0161 12 0.0296
-l 0.0161 t2 0.0296
-1 0.0161 t2 0.0296

' The negative value (-1.0000 or -l) in the data file means the data is not available for the ftont
position or layer number.
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8l 16.200
B2 16.400
83 16.600
84 16.800
85 17.000
86 17.200
87 17.400
88 17.600
89 17.800
90 18.000
91 18.200
92 18.400
93 18.600
94 18.800
95 19.000
96 19.200
97 19.400
98 19.600
99 19.800
100 20.000
101 20.200
102 20.400
103 20.600
104 20.800
105 21.000

?.1537
2.1245
2.0955
2.0657
2.0361
2.0065
1.9774
1,9476
1.9183
1.8892
1.8602
1.8306
1.8010
1.7715
t.7421
1,.7128

1.6837
1.6546
1.6257
1.5969
r,5682
1.5396
1.5t12
1.4828
1.4547

0.2242
0.224r
0.2v48
0.2247
0.2246
0.2245
0.2243
0.2242
0.2241
0.2240
0.2248
0.2247
0.2245
0.2244
0,2243
0.2242
0.2241
0.2239
0.2238
0.2236
0.223s
0.2233
0.2232
0.2231
0.2229

100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
t00.t29
100.295
t00.467
100.644
100.828
100.890
101.081

120.985
rzt.555
122.122
r22.678
123.238
t23.794
124,345
124.890
125.431

-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-r.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000

-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
-1.0000
0.0013
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0.0281
0.0280
0.0280
0.0280
0.0280
0.0279
0.0279
0.0279
0.0279
0.0278
0.0278
0.0278
0.0278
0.0277
0.0277
0.0277
0.0276
0.0276
0.0276
0.0276
0.0275
0.0275
0.0275
0.0275
0.0274

0.0263
0.0263
0.0263
0.0263
0.0263
0.0262
0.0262
0.0262
0.0262

-1 0.0251 19

-1 0.0250 t9
-1 0.0265 20
-1 0.0265 20
-r 0.0265 20
-1 0.0264 20
-1 0.0264 20
-1 0.0264 20
-1 0.0264 20
-1 0.0263 20
-1 0.0278 2l
-1 0.0278 21

-1 0.0278 2l
-1 0.0277 2r
-l 0.0277 2t
-1 0.0277 2l
-1 0.0276 21

-1 0.0276 2l
-1 -1.0000 -1

-1 -1.0000 -1

-1 -1.0000 -1
-1 -1.0000 -1
-1 -1.0000 -1
-1 -1.0000 -1

-r -1.0000 -1

155 31.000
156 3r.200
157 31.400
158 31.600
159 31.800
160 32.000
161 32.200
162 32.400
163 32.640

0.3420 0.2064
0.3283 0.2060
0.3149 0.2056
0.3020 0.2053
0.2894 0.2049
0.2772 4.2045
0.2655 0.2041
0.2541 0.2038
0.2431 0.2034

-1 -1.0000 -1

-1 -1.0000 -1
-l -1.0000 -1
-1 -1.0000 -1
-1 -1.0000 -1
-1 -1.0000 -1
-1 -1.0000 -1
-1 -1.0000 -t
1 -1.0000 -1



164 32.800
165 33.000
166 33.200
167 33.400
168 33.600
t69 33.800
170 34.000
171 34.200
t72 34.400
t73 34.600
r74 34.800
175 35.000
176 35.200
t77 35.400
1,78 35.600
t79 35.800
180 36.000

0.2324
0.2222
0.2123
0.2027
0.1936
0.1847
0.1763
0.1681
0.1603
0.1528
0.1456
0.1387
0.1322
0.1259
0.1198
0.r 141

0.1086

0.2030
0.2027
0.2024
0.2020
0.2017
0.2014
0.2011
0.2008
0.200s
0.2003
0.2000
0.t997
0.1995
0.1992
0.1990
0.1988
0.1986

291 58.200 0.0132 0.1943
292 58.400 0.0132 0.t943
293 58.600 0.0t32 0.1943
294 58.800 0.0132 0.1943
295 59.000 0.0132 0.7943
296 59.200 0.0132 0.1943
297 59.400 0.0132 0.1943
298 59.600 0.0132 0.1943
299 59.800 0.0132 0.1943
300 60.000 0.0132 0.1943
301 60.200 0.0132 0.1943
302 60.400 0.0132 0.1943
303 60.600 0.a132 0.1943

304 60.800 0.0132 0.1943
305 61.000 0.0132 0.1943

-1.0000 -1 0.0262
-1.0000 -1 0.0262
-1.0000 -1 0.0262
-1.0000 -1 0.0262
-1.0000 -1 0.0262
-1:0000 -1 0.0262
-1.0000 -1 0.0261
-1.0000 -1 0.0261
-1.0000 -1 0.0261
-1.0000 -1 0.0261
-1.0000 -1 0.0261,

-1.0000 -1 0.026t
-1.000û -1 0.0261
-1.0000 -1 0.0261
-1.0000 -1 0.0261
-1.0000 -1 0.026r
-1.0000 -1 0.026r

18 -1.0000 -1 0.0260
18 -1.0000 -1 0.0260
18 -1.0000 -1 0.0260
18 -1.0000 -1 0.0260
18 -1.0000 -1 0.0260
18 -1.0000 -1 0.0260
19 -1.0000 -1 0.0260
19 -1.0000 -1 0.0260
19 -1.0000 -l 0.0260
19 -1.0000 -1 0.0260
79 -1.0000 -1 0.0260
19 -1.0000 -1 0.0260
19 -1.0000 -1 0.0260
19 -1.0000 -1 0.0260
20 -1.0000 -1 0.0260

r25.963
126.479
1,26.994

T27.501
r27.999
128.488
728.966
r29.435
129.893
1,30.327

130.760
t3t.L82
131.592
131.990
132.377
r32.752
133.1 15

140.776
t40.776
140.776
140.777
140.777
140.777
140.778
r40.778
740.779
140.779
140.779
t40.779
r40.779
r40,779
140.779

0.0013
0.0013
0.0013
0.0013
0.0013
0.0013
0.0013
0.0026
0.0026
0.0026
0.0026
0.0026
0.0026
0.0026
0.0039
0.0039
0.0039

0.0234
0.0234
0.0234
0.0234
0.0234
0.0234
0.0247
0.0247
0.0247
0.0247
0.0247
0.0247
0.0247
0.0247
0.0260

The sample was dried to equilibrium.
The drying simulation was stopped,
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.A.ppendix C.5

Tahle C.l Expenímental data for deter'¡nining the percentage of drying medium
passing Éhnough the BSG sample i¡r the fixed bed of'30 mm

Run 1 Run 2 Run 3
No.tol

1

2

)
4

5

6

8

9

t0

v,[u] vr["] v1/ v2 (/o)

0ß, 0.83 743

0.6 0.86 69.77

0.6 0.82 73.17

0.65 0.85 76.47

0.65 0.85 76.47

0.29 0.37 78.38

0.25 0.39 64.1

0.3 0.39 76.92

Y2 v1/v2(Yr) v1 v1/v2(Yo)Vt

0.65

0.67

0.6

0.59

0.55

0.5

0.4

0.@

0.8

0.68

0.93 69.89

0.75 76

0.76 78.9s

0.61 77.05

0.62 67.74

0.45 66,67

0.53 71.7

0.83

0.92

0.76

0.77

0.72

0.68

0.54

0.83

1.02

0.9

78.31

72.82

78.9s

76.62

76.39

73.53

74.07

77.1

78.43

75.55

0.65

0.57

0.6

0.47

0.42

0.3

0.38

Average 73,75 76.18 72.5'7

TotalaveraseDercentage 74,17%

tul No. - Thc number of the measurement during the test.
Þl or - Air velocity at a selected point above the sample tray hung from the balance.
["] vz - Air velocity at the selected point above the sample tray seated on the plate.
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Appemdix C.6

T'able C"2 Predicted nesults f'or the changes of'average moÍsture content
in flnxed-bed ESG samples dteríng supenheated-stea¡m drying

M (kglkg db)þr

t (min)þl 120.9"CI"1 t40.9oc 160.6"C t40.8oc 140.7'C

0.31 þ/(m2.s)t"l 0.32k{(m2.s) 0.32 kg(m2.s) 0.19 ke/(m'z.s) 0.45 ke/(m'z.Ð

0.0000

0.2000

0.4000

0.6000

0.8000

1.0000

1.2000

1.4000

1.6000

1.8000

2.0000

2.2000
2.4000

2.6000

2.8000

3.0000
3.2000

3.4000

3.6000

3.8000

4.0000

4.2000
4_4000

4.6000

4.8000

5.0000

5.2000

5.4000

5.6000

5.8000
6.0000
6.2000
6.4000
6.6000
6.8000

4.3449

4.3219

4.2988
4.2757

4.2526

4.2295

4.2065

4.1834
4.1603

4-1374

4.tt46
4.0917

4.0690
4.0464
4.0237

4.0011

3.9785

3.9559

3.9334
3.9109

3.8885

3.8661

3.8438

3.8215

3.7993

3.7762

3.7532

3.7302
3.7073

3.6844
3.6616
3.6388
3.6161
3.5935
3.5710

4.t699
4.1236
4.0774

4.03t2
3-9849

3.9387

3.8995

3.8556

3.8119

33683
3.7246

3.6811

3.6377

3.5932

3.5489

3.5045

3.4602
3.4159

3.37t7
3.3276

3.2826
3.2376

3.1928

3.1481

3.1035

3.0580

3.0128

2.9676

2.9225

2.8776
2.8319
2.7863
2.7408
2.6955
2.6494

4.32t6
4.2504
4.1792
4.1080

4.0426
3.9756
3.9089

3.8424
3.7760

3.7096
3.6433

3.5756
3.5080

3.4401

3.3724

3.3035

3.2347

3.1659

3.0972
3.0276
2.9580

2.8886

2.8r 83

2.7483

2.6784
2.6077

2.5372

2.4668
2.3956
2.3246
2.2540
2.t837
2.1138
2.0443
r.9753

4.5083

4.4790

4.4497

4.4204
4.39i I
4.3618

4.3325

4.3037

4.2751

4.2466

4.2182
4.1898
4.t6t6
4.1333

4.1052
4.0770

4.0488

4.0207

3.9926

3.9644
3.9363

3.9083

3.8796

3.8508

3.8221

3.7934
3.7647

3.7361

3.7075
3.6790
3.6505

3.6222
3.5931
3.5640
3.5350

4.8468

4.7743

4.701E

4.6292
4.5567

4.4856
4.4240
4.3555

4.2870
4.2186
4.t487
4.0789

4.0092
3.939s

3.8699

3.8004

3.7297

3.6s91

3.5888

3.5186

3.4473

3.3762

3.3053

3.2334

3.1617

3.0902
3.0178

2.9455

2.8737

2.8023
2.7297
2.6576
2.5857
2.s130
2.4406

tolt-Dryingtime.
Þl M - Aoaruge moisture content.
t"l Dryiog conditions: average steam temperature and steam flow rate.
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7.0000
7.2000
7.4000
7.6000

7.8000
8.0000

8.2000
8.4000
8.6000
8.8000

9.0000
9.2000
9.4000
9.6000
9.8000
10.0000
10.2000

10.4000
10.6000

10.8000

11.0000
11.2000
11.4000

11.6000
11.8000

12.0000

t2.2000
12.4000

12.6000

12.8000
13.0000
13.2000

13,4000
13.6000

13.8000
14.0000
t4.2000
14.4000
14.6000

14.8000
15.0000

15.2000
15.4000
15.6000

15.8000

16.0000
16.2000

16.4000
16.6000

16.8000

3.5486
3.5262
3.5030

3.4799
3.4568
3.4338
3.4109
3.3881
3.3654
3.3428
3.3202
3.2969
3.2735

3.2503
3.2272
3.2047
3.1812

3.1 583

3.1356
3.1130
3.0895
3.0661
3.0/.28
3.0195
2.9964
2.9734
2.9504
2.9276
2.9049
2.8814
2.8s79
2.8345
2.8r13
2.7881
2.7650
2.7420
2.7r91
2.6963
2.6728
2.6493
2.6259
2.6025
2.5793
2.5562
2.5331
2.5102
2.4874
2.4647
2.4412
2.4177

2.6035
2.5s78
2.s122
2.4660
2.4198
2.3738
2.3281
2.2826
2.2363
2.1902
2.1443
2.0986
2.0522

2.0060

1.9600
1.9742
1.8687

r.8234
1.7784
1.7336
1.6893

1.6451

1.6013

1.5578
r.5t47
1.4720

t.4296
1.3876
1.3459

1.3047
t.2639
t.2236
1.1837
1.1443

1.1054

1.0669
1.0291
0.9917

0,9549
0.9188
0.8832
0.8483

0.8140
0.7804
0.7475

0.7154
0.6839

0.6532
0.6233
0.5942

r.9069
1.8389
1.7717
i.7051
t.6391
1.s739
1.5094

t.4457
t.3829
1.3210

1.2600
1.2000

1.1411

1.0832

1.0265
0.9711
0.9169

0.8641

0.8127
0.7628
0.7tM
0.6677
0.6226
0.5792
0.5376
0.4978
0.4599
0.4238
0.3896

0.3572
0.3268
0.2982
0.27ls
0.2466
0.2235

0.2021
0.1823

0.1642
0.t476
0.t324
0.i 186

0.1061

0.0948
0.0E46

0.0755
0.0673
0.0600
0.0535

0.0477
0.0426

3.5060

3.477r
3.4483
3.4196
3.3909
3.3616
5.5J¿J

3.3030
3.2738
3.2447
3.21s7
3.1861

3.1564
3.t269
3.0974
3.0680

3.0386
3.0094
2.9804
2.9506
29209
2.8913
2.8618
2.8323
2.8029
2.7738
2.7439
2.7142
2.6845
2.6548
2.6253
2.5959
2.5666
2.5374
2.5076
2.4779
2.4482
2.4187
2.3892
2.3598
2.3306
2.3016
2.2718
t )^'))
2.2126
2.1 83 1

2.1537
2.1245
2.09s5
2.0657

2.3686
2.2970
2.2260
2.1555

2.0855
2.0763
r.9476
1.8796
1.8123
1.7458

1.6800
1.6151

1.55 l0
7.4878
1.4256
1.3643
1.3041

r.24/,9
1.1868

L1300
1.0744
1.0200

0.9670
0.9154
0.86s2
0.8165
0.7694
0.7238
0.6798
0.6374
0.5967

0.5577

0.5203
0.4847
0.4508

0.418s
0.3880
0.3591

0.3319

0.3063
0.2822

0.2597
0.2387

0.2t91
0.2009

0.1841
0.1685

0.1541

0.1408

0.1286

1,71



17.0000
r7.2000
17.4000
17.6000
17.8000
18.0000
18.2000
18.4000
18.6000
18.8000
19.0000
19.2000
19.4000
19.6000
19.8000

20.0000
20.2000
20.4000
20.6000
20.8000
21.0000
21.2000
21.4000
21.6000
2i.8000
22.0000
22.2000
22.4000
22.6000
22.8000
23.0000
23.2000
23.4000
23.6000
23.8000
24.0000
24.2000
24.4000
24.6000
24.8000
25.0000
25.2000
25.4000
25.6000
25.8000

26.0000
26.2000
26.4000
26.6000
26.8000
27.0000

2.39M
2.37tL
2.3479
2.3249
2.30t9
2.2791
2.2s63
2.2328
2.2093
2.1860
2.1,627

2.t395
2.1164
2.0935
2.0706
2.0478
2.0243
2.0009
1.977s
t.9542
1.9310

1.9079
1.8850
r.8621
1.8393

1.8167
t,7932
1.7699
r.7466
r.7234
1.7003

1.6773

t.65M
t.6317
1.6090
1.5856

t.5622
1.5389
t.5t57
t.4926
1.4696
t.M67
1.4239
r.4012
t.3787
t.3562
1.3339
t.3tt7
t.2896
1.2677
1.2459

0.5658
0.5383
0.5116
0.4858
0.4607
0.4366
0.4133
0.3908
0.3692
0.3484
0.3285
0.3095
0.2912
0.2738
0.2573
0.2415
0.2265
0.2122
0.1988
0.1860
0.t740
0.1626
0.1s19
0.1418
0.1324
0.1235
0.1 1 52

0.1074
0.r002
0.0934
0.0871

0.0812
0.0758
0.0707
0.0660
0.0617
0.0576
0.0539
0.0505

0.4473
0.04M
0.0417
0.0392
0.0369
0.0348
0.0329
0.0312
0.0295
0.0281

0.0267
0.0255

0.0381

0.034i
0.0306

0.0275
0.0248
0.0225
0.0204
0.0i86
0.0171

0.0158
0.0146
0.0136
0.0127
0.0120
0.0113
0.0108
0.0103
0.0099
0.0096
0.0093
0.0090
0.0088
0.008ó
0.0085

0.0083
0.0082
0.0081

0.0081

0.0080
0.0079
0.0079
0.0078
0.0078
0.0078
0.0078
0.0077
0.0077
0.0077
0.0077
0.0077
0.0077

2.0361

2.0065
1.9770
1.9476
1.9183

1.8892
t.8602
1.8306

1.8010

1.7715
r.7421
t.tl28
1.6837
1.6546
r.6257
1.5969
1'5682
1.5396
1.5112
r.4828
1.4547
1.4267
1.3988

l.37tr
t.3435
1.3i61
1.2888

t.2617
t.2348
1.2081

1.1816
r.1552
t.t290
1.1031

1.0773
1.0517
1.0264
1.0013

0.9764
0.9517
0.9273
0.9032
0.8793
0.855ó
0.8323
0.8092
0.7864
0.7639
0.7417
0.7198
0.6983

0.1174
0.1072
0.0978

0.0893
0.0816
0.0745
0.068i
0.0624
0.0571
0.0524
0.0482
0.0M4
0.0409
0.0379
0.0351
0.0326
0.0304
0.0284
0.0267
0.0251
0.0237
0.022s
0.0214
0.0204
0.0196
0.0188
0.0181
0.0175
0.0170
0.0165
0.0161
0.0157
0.0154
0.0151
0.0149
0.0147
0.0145
0.0143
0.0t42
0.0141
0.0139
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27.2000
27.4000
27.6000
27.8000
28.0000
28.20t0
28.4000
28.6000
28.8000
29.0000
29.2000
29.4000
29.6000
29.8000
30.0000
30.2000
30.4000
30.6000
30.8000

31.0000
31.2000
31.4000
31.6000
31.8000
32.0000
32.2000
32.4000
32.6000
32.8000
33,0000
33.2000
33.4000
33.6000
33.8000
34,0000
34.2000
34.4000
34.6000
34.8000
35.0000
35.2000
35.4000
35.6000
35.8000
36.0000
36.2000
36.4000
36.6000
36.8000

37.0000
37.2000

1.2242

1.2026
L1812
1.1600
l .1388
t.1179
1.0970

r.0764
1.0558

1.0355

1 .0153

0.9952
0.97s4
0.9557
0.9362
0.9168
0.8977
0.8787
0.8599
0.8413
0.8229
0.8048
0.7868
0.7690
0.7515
0.7341
0.7170
0.7001
0.6834
0.6670
0.6507
0.6347
0.6190
0.6035
0.5882
0.5732
0.5584
0.5438
0.5295
0.5155
0.5017
0.4881
0.4748
0.4618
0.4490
0.4364
0.4241
0.4121
0.4003
0.3888
0.3775

0.0243
0.0233
0.0224
0.0215
0.0207
0.0200
0.0194
0.0188
0.0182
0.0t77
0.0173
0.0169
0.0165
0.0162
0.0159
0.0156
0.0154
0.0151

0.0149
0.0148
0.0146
0.0145
0.0143
0.0142
0.0141

0.0140
0.0139
0.0138
0.0138
0.0137
0.0136
0.0136
0.0135
0.0135
0,0135
0.0134
0.0134
0.0134
0.0133
0.0133

0.6770
0.6561
0.6355
0.6153
0.5954
0.5758
0.5566
0.5378
0.5194
0.5013
0.4836
0.4663
0.4494
0.4329
0.4167
0.4010
0.3857
0.3707
0.3562
0.3420
0.3283
0.3149
0.3020
0.2894
0.2772
0.2655
0.2541
0.2431
0.2324
0.2222
0.2t23
0.2027
0.1936
0.1847
0.t763
0.1681
0.1603
0.1528
0.1456
0.1387
0.1322
0.1259
0.1198
0.1141
0.1086
0.1034
0.0984
0.0937
0.0892
0.0849
0.0808
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37.4000
37.6000
37.8000
38.0000
38.2000
38.4000

38.6000
38.8000
39.0000

39.2000
39.4000
39.6000
39.8000
40.0000
40.2000
40.4000
40.ó000
40.8000
4i.0000
41.2000
41.4000
41.6000
41.8000
42.0000
42.2000
42.4000
42.6000
42.8000
43.0000
43.2000
43.4000
43.6000
43.8000
44.0000
M.2000
44.4000
44.6000
44.8000
45.0000
45.2000
45.4000
45.6000
45.8000
46.0000
46.2000
46.4000
46.6000
46.8000
47.0000
47.2000
47.4000

0.3664
0.3557
0.3451
0.3348
0.3248
0.3150
0.3054
0.2961
0.2870
0.2782
0.2696
0.2612
0.2531
0.2451
0.2374
0.2299
0.2227
0.2156
0.2088
0.2021
0.1957
0.1894
0.1834
0.1775
0.1718
0.1663
0.1610
0.1558
0.1509
0.1461
0.t4r4
0.1369
0.1326
0.t284
0.12M
0.1205
0.tr67
0.1131

0.1096
0.1063
0.1030
0.0999
0.0969
0.0940
0.0913
0.0886
0.0860
0.0836
0.0812
0.0789
0.0767

0.0769
0.0733
0.0698
0.0665
0.0633
0.0604
0.0576
0.0549
0.0524
0.0500
0.0478
0.0456
0.0436
0.0418
0.0400
0.0383
0.0367
0.0352
0.0338
0.0325
0.0313
0.0301
0.0290
0.0280
0.0270
0.0261
0.0253
0.0245
0.0237
0.0230
0.0224
0.0218
0.0212
0.0206
0.0201

0.0197

0.0192
0.0188
0.0184
0.0181
0.0177
0.0174
0.0171
0.0168
0.0166
0.0163
0.0161

0.0159
0.0157
0.0155
0.0154
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47.6000
47.8000
48.0000
48.2000
48.4000
48.6000
48.8000
49.0000
49.2000
49.4000
49.6000
49.8000
50.0000
50.2000
50.4000
50.6000
50.8000
5i.0000
51.2000
51.4000
51.6000
51.8000
52.0000
52.2000
52.4000
52.6000
52.8000
53.0000
53.2000
53.4000
53-6000
53.8000
54.0000
54.2000

54.4000
54.6000
54.8000
55.0000
55.2000
55.4000
55.6000
55.8000
56.0000
56.2000
56.4000
56.6000
56.8000
57.0000
57.2000
57.40û0
57.6000

0.0746
0.0726
0.0707
0.0688
0.0670
0.0653
0.0637
0.062i
0.0606
0.0592
0.0578
0.0565

0.0552
0.0540
0.0528
0.0517
0.0506
0.0496
0.0486
0.0477
0.0468
0.0459
0.0451
0.04M
0.0436
0.0429
0.0422
0.0416
0.0409
0.0403
0.0398
0.0392
0.0387
0.0382
0.0378
0.0373
0.0369
0.0365
0.0361
0.0357
0.0354
0.0350
0.0347
0.03M
0.0341
0.0338

0.0336
0.0333
0.0331

0.0329
0.0326

0.0152
0.0151
0.0149
0.0148
0.0147
0.0t46
0.0145
0.0144
0.0143
0.0142
0.0141
0.0141
0.0140
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57.8000
58.0000
58.2000
58.4000
58.6000
58.8000
59.0000
59.2000
59.4000
59.6000
59.8000
60.0000

0.0324
0.0322
0.0320
0.0319
0.0317

0.0315
0.0314
0.0312
0.0311

0.0310
0.0308
0.0307
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.A,ppendix C.7

Table C.3 Experimental data for the changes of average rnoisture content
in fixed-bed ESG sarnples during superheated-stearn drying

t(min)þl Mþl t(min) M t(min) M t(min) M t(min) M
120.9"cþl 140.goc 160.60c 140.g"c 140.7"c

0.31 kg(#.s)1"1 0.32 kel(#.s) 0.32 kel(m2.s) 0.19 kg/(m2.s) 0.45 ke(m2.s)

0.2164 4.3555 0.1659 4.1262 0.1952

0.5565 4.3176 0.4423 4.0890 0.7527

t.9169 4.1234 0.7463 4.0371 1.3382

3.7720 3.8886 1.1333 3.9487 3.0109

5.627t 3.656t 1.5480 3.8668 4.6558

7.5t30 3.4390 2.0455 3.7524 6328s
9.3372 3.2340 2.8748 3.5480 8.0291

Lt.t923 3.0267 4.5333 3.1382 9.6739

13.0473 2.8204 6.1919 2.7s37 1r.3467

14.9333 2.6108 7.8504 2.4000 13.0194

16.7575 2.3990 9.5089 2.0578 14.6921

18.6435 2.203s 1r.1675 1.7393 16.3927

20.4676 2.0133 12.8260 1.4390 18.0376

22.3227 1.8123 14.4846 1.1680 19.8218

24.2705 1.6225 l6.t43l 0.9389 21.7176

26.0638 1.4584 17.8016 0.7386 23.0836

27.9498 t.2948 2r.rL87 0.4102 24.0315

29.7739 f.i655 22.7772 0.2846 25.5927

3r.6290 1.0235 24.4358 0.1844

33.484t 0.9074 26.0943 0.1012

37.3488 0.6912 27.7528 0.0466

39.0493 0.5944 29.4tt4 0.0133

40.9044 0.5061 31.0699 0.0093

42.7594 0.4269 32.7285 0.0033

44.6t45 0.3534

46.4696 0.2978

48.3246 0.2353

50.1797 0.1840

52.0348 0.1448

54.0135 0.1 148

55.7449 0.0939

57.6000 0.0750

59.455t 0.0554

61.3101 0.0493

4.2584 0.1719 4.4703 0.2092 4.6614

4.0685 0.6302 4.4552 0.6575 4.5215

3.8826 1.8906 4.2211 2.0023 3.9935

3.2685 4.4974 3.7814 3.7954 3.3418

2.7460 7.0755 3.4042 5.5885 2.732t

2.2017 9.6536 3 .0473 7 .3816 2.1598

1.6930 t2.23t8 2.66t0 9.2046 1.6342

1.2300 14.8099 2.3002 10.9678 1.2107

0.8728 17.3880 r.9761 12.7609 0.8518

0.5650 19.9661 t.6789 t4.ss40 0.5750

0.3389 22.5443 t.3957 16.3770 0.3480

0.1844 25.1224 1.1330 18.1402 0.i891

0.0841 27.7005 0.9173 19.9333 0.0814

0.0288 30.3073 0.7206 27.7264 0.0353

0.0115 32.8281 0.5517 23.5195 0.0152

0.0086 35.4063 0.3964 25.2828 0.0247

0.0073 37.9844 0.2807

0.0056 40.5625 0.1933

43.1406 0.1247

45.8620 0.0758

48.2969 0.0557

50.8750 0.0386

53.4531 0.0296

56.0313 0.0301

t"l t - Dryingtime.
þl M - Average moisture content (kg/kg db).
þl Dryiog conditions: ayeïagesteam temperature and steam flow rate.
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