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Ph.D. 120 pp. ISBN 974-639-582-3.

In the present thesis, a comprehensive mathematical model of the pneumatic conveying dryer, which
is derived by combining two separate models proposed by Shigeru Matsumoto and David Pei, has successfully been
developed. The model is able to describe the entire range of drying behavior which consists of two main periods,
namely, surface water cvaporation and internal moisture diffusion controlled periods.

Testing of the model to validate its gencral applicability is done by comparison of the simulation
results with the full-scaled industrial pneumatic conveying drying of cassava flour and the published industrial
drying results of ilmenite, Glauber’s salt, calcium carbonate, ammonium sulfate, and PVC resin, The comparison
shows that the outlet solid moisture content and air humidity is accurately predicted by the model. However, the
predicted solid and air temperatures show some discrepancies from the reported values due to the assumption of
negligible heat loss from the dryer in the model. The simulation results are aiso compared to the predictions of the
previous model proposed by W. Tanthapanichakoon and C. Srivotanai which assumes that, below the criticat
moisture content, the falling drying rate is proportional to the remaining free moisture content. The comparison
shows that the present model gives better prediction and does not require an advanced knowledge of the value of
the critical moisture content. |

Furthermore, the model is applied to improve the operating condition of the same flour dryer at the
existing drying capacity and to search for a most suitable operating condition for increasing the drying capacity by
20 %. The improved operating condition can reduce the operating cost by 35 % when compared with the original
operating condition, ;

MAdn....... INITIUM nuiloefign. v His -Wur'm/z

TIN.. ININISMAT ' nwuo%mmwmﬁnmw ¢7¢" .

Umsfom...... 2541 nwua#ommwnﬂ?nmnu




ACKNOWLEDGEMENT

The author would like to express his sincere gratitude to his advisor, Professor
Wiwut Tanthapanichakoon, for his inspiring guidance and valuable suggestions
throughout the course of this work.

The author also wishes to extend his gratitude to Associate Professor Kroekchai
Sukanjanajtee, Assistant Professor Tawatchai Charinpanitkul, Dr, Somprasong Srichai
and Dr. Hathaichanok Duriyabunleng for their useful comments and participation as the
thesis committee.

The author has received research assistantship from the Senior Research Scholar
Project of Thailand Research Fund (Dr. Wiwut Tanthapanichakoon) in Particle
Technology Fieid. '

Moreover, the author would like to offer his sincere and grateful thanks to his
family for their encouragement and warmest support.

Finally, the author would like to take this opportunity to convey his thanks to his
friends and all others who have helped him over the years of his study.



CONTENTS

page
ABSTRACT IN THAI, cerenmsmnasaeaes . v
ABSTRACTINENGLISH, . . ..oeeeeeeereenensceeecenees - U, 4
ACKNOWLEDGEMENT . . ... R R
LISTOFTABLES. . . ... .. rreememeaseneanens X
LISTOFFIGURES . .. . .. e ermesaemacarasasmensomssssases Xi
NOMENCLATURES e — eeresnmnenacanssasent XV
CHAPTER
1. INTRODUCTION ..o eeecctececsssas e essss s emsmnasssasesensans 1
1.1 Significance of problem 1
1.2 Objectives, \ R 3
1.3 Scope of research RS\ W . e
2. LITERATURE REVIEWS e cecnecsmenssasnanes 5
2.1 Experimental study on pneumatic conveying dryer ... ... 5
2.2 External conditions controlled rate model of pneumatic
conveying dryer. .. .. A eeeeemmananeserreneennneaes 8
2.3 Internal resistance controlled model of pneumatic
COMVEYING AIYOI. . iiooieeeeeeveese et smseseeresssesresssssamsssnenes i2
3. THEORY . .......oooeeeeeeeeereetessnsesssmssecrsaresenesssssnsasssasssmsnssessases 17
3.1 Drying definitions | ... i iai o seessssnesssmesenesaens 17
3.2 General drying behavior. .. . i ——— 18
3.2.1 Constant drying rate period .. .. ... 20
3.2.2 Falling drying rate pefiod. ... .. .. e 22
3.2.3 Liquid diffusion .................co..ooeruomeeere e cemceecisis s snsaeenas 23
3.2.4 Equilibrium moisture content ... 25

3.2.5 Critical moisture content 29




viii

page
3.3 Prieumatic CONVEYIng dIYer_ . ........immmmmmsmsremssssmsssssssssasseees 30
3.3.1 Advantages and disadvantages of pneumatic conveying dryer_ 33
3.3.2 Factors affecting the drying rate______ e .34
3 3.3 Heat and mass transfer in pneumatic conveying dryer_____.__. 35
4. MODELLING AND SIMULATION TECHNIQUE OF
PNEUMATIC DRYER .. ..iiiinmmrinemnerranes seanees S 1
4.1 Model assumption - eeeeeaarann 39
4.2 Mathematical model . ... R
4.2.1 Moisture balance of solid phase ... ... - 240
4.2.2 Water vapor balance'of gas phase___ RO .41
4.2.3 Energy balance of solid phase... , e 42
4.2.4 Energy balance of gas phase. . . a2
4,2.5 Solid particle mOVEMENt .._....oooooiccoromriimmmrrussnnaas 43
4.3 Complementary equation __._..........coccommmmmesmummesosmecmsssssees .44
43.1Rateof drying _......occiiieeens evmmeerererssmreresssrees 44
4.3.1.1 Drying rate in surface evaporation period 44

4.3.1.2 Drying rate in the internal moisture diffusion controlled

POTIOO .o oo oeeeessesesemassssee e casssenssssassssnssassesesees 45

4.4 General MOGEL____ .o oooeeeeeeeseeceesecasetumecessssssssmas s sesassmsssemassssanss 50
4.5 Simulation teChQUE . _.............. oeecereeeereccrmnnsssseesessesres o sssasssnseee 51
A5 1 INPULABLR, . . .o oo nsreessemessesscesesseanese s sanemsssasessaasas 51
4.5.2 Numerical integration ... ... 52
4.6 A algorithm of the pneumatic conveying dryer model ..o 53
5 VALIDATION OF PRESENT MODEL ___.......cooeiiiineicannnens .56
5.1 EXPEriMental TESUIS ... ...oooeoereersessssersrsmrssres s 57
5.2 Identification of unknown model parameters__..................... .57
5.3 Estimation of model parameters ... ... ....c.occormeeeenemrrmmenereeemasenes 61
5.4 Comparison between simulation and experimental results_ ... 76

5.5 Example of changes occurring within dryer 80

------------------



ix

page
6. TESTING OF PRESENT MODEL ON OTHER
DRYINGMATERIALS ...ttt 82
6.1 Reported result of other drying materials ... 82
6.2 Estimation of unknown model parameters. ..o 84
6.3 Comparison between simulation and actual results.__.......................... 88
7. APPLICATIONS OF PRESENT MODEL ... cereemeresanens 91
7.1 Optimization of operating condition for the existing drying capacity,. 92
7.2 Optimization of the increased drying capacity eeeeseeeaeaea 97
8. CONCLUSIONS . . . . ... N .100
8.1 Conclusions.. .............cccccurereucmereecrnceneinan —
8.2 Recommended for future work, ... e 103
REFERENCES . . . iieciaenes \ - —l
APPENDIX s 118
A. OVERALL MASS AND ENERGY BALANCE .. 109
B. CORRELATIONS OF AIR PROPERTIES . . i 110
C. EXAMPLE OF CALCULATION THE OVERALL MASS AND
ENERGY BALANCE L ... 116
D. EXAMPLE OF THE POSITIVE ROOTS NV S | 118

.............................................................................




Table 5.1

Table 5.2

Table 5.3

Table 6.1

Table 6.2

LIST OF TABLES

experimental results

conveying dryers

page
Operating conditions and drying results for 10 cases of
flour drying . .....ooeeerceemererreeenee ceeeeeeemeeeeessseees e 58
Reference value of parameters\ used to observe the model behavior_ . 61
Operating condition, dryer configuration, flour properties and
parameters used in flour simulation and comparison with
.......... 77
Reported operating conditions of industrial pneumatic
.............................. 83
________ 89

Estimated parameters and the corresponding simulation results__



Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

Figure 4.5
Figure 5.1
Figure 5.2
Figure's.3
Figure 5.4

Figure 5.5

Figure 5.6

LIST OF FIGURES

Typical drying curve for constant drying conditions,

moisture content as a function of time________ e

Typical drying curve for constant drying conditions,

drying rate as a functionof time . ...

Moisture content distribution in solid for liquid diffusion_ .. ..
Equilibrium moisture content curve of raw cotton_ ...
Equilibrium moisture content of some solids at 25°C..__...........
Equilibrium moisture content of sulfitc pulp showing hysteresis__ ...
!

.41

Diagram of typical pneumatic conveying dryer

Diagram of pneumatic conveying dryer

Diagram of film mass transfer, . eereeetetasamasaranennae

Diagram of moisture diffusion within solid

Correlation factor for heat and mass transfer coefficient as a

function of particle diameter

~ page

_____ 19

24
_____ 26
_____ 28

29

..................................

Simplified flow chart of the present model WO

Equilibrium moisture content of starch

Effect of equilibrium moisture content on dryer length of
surface evaporation period in flour drying simulations

Effect of equilibrium moisture content on outlet moisture content

Effect of internal moisture diffusivity on dryer length of

surface evaporation period in flour drying simulations___

Effect of internal moisture diffusivity on outlet moisture content

and humidity in flour drying simulations

-----



Figure 5.7 Effect of internal moisture diffusivity in outlet solid and air

temperatures in flour drying simulations,

xii

page

Figure 5.8 Effect of slope of equilibrium moisture content curve on dryer

length of surface evaporation period in flour drying simulations________ 65

Figure 5.9 Effect of slope of equilibrium moisture content curve on outlet

Figure 5.10Effect of slope of equilibrium moisture content curve on outlet

solid and air temperatures in flour drying simulations

Figure .11 Comparison of outlet moisture content and humidity between
experimental and simulated result when Woqo = 0.12 kg/kg

68

Figure 5.12 Comparison of outlet flour and air temperatures between
experimental and simulated results when Weqo = 0. 12 kg/kg
dry flour

.............

Figure 5.13 Comparison of outlet moisture content and humidity between
experimental and simulated result when Weqp = 0.125 kg'kg
dry flour,

.......................

Figure 5.14 Comparison of outlet flour and air temperatures between
experimentai and simulated results when Weqo = 0.125 kg/kg
dry flour

...69

Figure 5.15 Comparison of outlet moisture content and humidity between

experimental and simulated result when Weqo = 0.13 kg/kg

Figure 5.16 Comparison of outlet flour and air temperatures between

experimental and simulated results when Weqo = 0.13 kg/kg

Figure 5.17 Comparison of outlet moisture content and humidity between
experimental and simulated resuit when Weqo = 0.135 kg/kg
dry flour

-

.....................................



xii

moisture content,_

page
Figure 5.18 Comparison of outlet flour and air temperatures between
experimental and simulated results when Weqo = 0.135 kg/kg
AIY FIOUE . ......ooooooo e eeeeeceemssssessenseessssssmmsesss s 7
Figure 5.19 Comparison of outlet moisture content and humidity between
experimental and simulated result when Weqo = 0.14 kg/kg
............... R ¥
Figure 5.20 Comparison of outlet flour and air temperatures between
experimental and simulated results when Weqo = 0.14 kg/kg
AUy FIOUE .| oot cececneerssmmmmmsanans 72
Figure 5.21 Comparison of outlet moisture content and humidity between
experimental and simulated result when Weqo = 0.145 kg/kg
............................................... 13
Figure 5.22 Comparison of outlet flour and air temperatures between
experimental and simulated results when Weqo = 0.145 kg/kg
............................. . w13
Figure 5.23 Effect of equilibrium moisture content on Sy of outlet
Y S— 74
Figure 5.24 Effect of equilibrium moisture content on S, of outlet humidity . 74
Figure 5.25 Effect of equilibrium moisture content on S, of outlet
..................................................................... 75
Figure 5.26 Effect of equilibrium moisture content on S; of outlet
........................................................ 15
Figure 5.27 Comparison of outlet moisture content and humidity between
experimental and simulated results from present and previous
............................................................................................................. 78
Figure 5.28 Comparison of outlet flour and air temperatures between
experimental and simulated results from present and previous
79

..............................................................................




Figure 5.29 Simulated distributions of moisture content, humidity and solid

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4
Figure 7.5

Figure 7.6

Figure 7.7

and air temperatures along the dryer length . ...

Effect of internal moisture diffusivity on product moisture content

and temperature and outlet air temperature in the case of ilmenite .

Effect of internal moisture diffusivity on product moisture content

and temperature and outlet air temperature in the case of

Xiv

page

82

85

86

...........................

Effect of internal moisture diffusivity on product moisture content
and temperature and outlet air temperature in the case of

ammonium sulfate

Effect of intrinsic equilibrium moisture content on product moisture
content and temperature and outlet air temperature in the case of
carbon

87

...........................

Effect of intrinsic equilibrium moisture content on product moisture
content and temperature and outlet air temperature in the case of

PVC._...
Relations of the outlet moisture content and temperature of flour
versus the inlet air velocity (Tao = 463 K and G, = 5759 kg/hr)
Relations of the outlet moisture content and air temperature of flour
versus the inlet air velocity (T.o =478 K and G, = 5759 kg/hr)
Relations of the outlet moisture content and air temperature of flour
versus the inlet air velocity (T,o = 493 K and G, = 5759 kg/hr)

Relation of operating cost versus inlet air velocity

Relations of the outlet moisture content and temperature of flour

87



Co

Das

Din

F T ® 0O

P

ky

NOMENCLATURE

cfoss sectional area of drying duct [m’]

grain radius [m]

solid surface area per unit dryer volume [m™)
mass transfer Biot number, ka/Dp, [-]

speciﬁc heat [kéal/kg K]

drag coefficient [-]

moisture concentration of solid [kg/m’]

gas diffusion coefficient [m*/s]

moisture diffusion coefficient within solid{m®/s]
diameter of grain [m]

mass flow rate [kg/s]

gravity [m/s’]

humidity (kg vapor/kg dry air]

heat transfer coefficient [kcal/m’ s K]
enthalpy of unit mass [kcal’kg]

mass flux [kg/m’ s)

mass transfer coefficient based on the moisture concentration driving

force {m/s]
thermal conductivity of air [kcal/m s K]
mass transfer coefficient [kg/m? s]

parameter, 1/(3ma) [-]



m mass flow ratio, GJG. [-]

Nu Nusselt number, h,D/k, [-]

P pressure [Pa]

Pr Prandt] number, Caio/ka [-]

Rq drying rate [kg/m’ 5]

Rad drying rate in the internal moisture diffusion controlled period [kg/m®s] |
Rus drying rate in the surface evaporation period [kg/m” s]
Re Reynolds number, dypa(us-ts)/a [-]

r radial coordinate [m]

Sc Schmidt number, ya/paDas [-]

Sh Sherwocd number, kdpy/Das [-]

T temperature [K]

u velocity [m/s]

Vu humid volume of air [m’/kg dry air]

Vp volume of single solid grain [m’]

W moisture content [kg water/kg dry solid]

Z drying length {m]

Greek letter

o equilibrium constant, equation (4.1) [-]

B constant, equation (4.1) [-]

A latent heat of vaporization [kcal/kg]



n

p

Subscript

atm

exp

sat

sim

viscosity [kg/m s]

density [kg/m’}

air, or at air temperature
atmospheric

experimental

solid, or at solid temperature
saturated

simulated

vapor

water

initial state
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