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49306202 : MAJOR : PHYSICS 
KEY WORD :  SOLAR ENERGY/SOLAR DRYER/GREENHOUSE DRYER 

CHANOKE  SRITUS : AN INVESTIGATION OF THE PERFORMANCE OF A LARGE-
SCALE  GREENHOUSE SOLAR DRYER USING POLYCARBONATE COVER. THESIS 
ADVISOR :  ASSOC.PROF.SERM JANJAI,Ph.D.  98 pp. 

In this work, the performance of a large-scale solar greenhouse dryer was 

investigated. The dryer consists of a parabolic roof structure covered with polycarbonate 

plates on a concrete floor. The dryer has the width of 7.5 m and the length of 20.0 m with the 

loading capacity for fruit and vegetable of 1 ton. Nine 15-watt dc fans power by three 50-w PV 

module were used to ventilate the dryer. To investigate the performance of this solar 

greenhouse dryer for drying banana and coffee, experimental runs were conducted. Of which 

one experimental run was conducted for drying banana and another five experimental run 

were conducted for drying coffee. The drying air temperature varied from 45 ºC to 60 ºC 

during drying banana while it varied from 45 ºC to 55 ºC during drying coffee. The drying time 

of banana in the solar greenhouse dryer was 5 days, whereas 7 days are required for natural 

sun drying under similar conditions. The drying time of coffee in the solar greenhouse dryer 

was 2 days, whereas 4 days are required for natural sun drying under similar conditions. 

Good quality dried products were obtained. A system of partial differential equations 

describing heat and moisture transfer during drying of banana and coffee in the solar 

greenhouse dryer was developed and this system of non-linear partial differential equations 

was solve numerically using the finite difference method. The simulated results agreed well 

with the experimental data for solar drying of banana and coffee. This model can used to 

provide the design data and is also essential for optimal design of the dryer for different 

climate conditions.  

Department of Physics          Graduate School, Silpakorn University        Academic Year 2008 

Student's signature ........................................
Thesis Advisor's signature ........................................ 



.

.



……………………………………………………………………………..

………………………………………………………………………….

……………………………………………………………………………..

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

………………………………………………………………………………………

1 ………………………………………………………………………………..… 1 

1.1 …………………………………… 1 

1.2 ……………………………………………….....    2 

2 …………………………………………..     3 

2.1 …………………………...…..   3 

2.1.1 ..………………………………………………….  3 

2.1.1.1 ………………...……………..…….   3 

2.1.1.2 ……………………  4 

2.1.1.3 …………………………………...…...…  4 

2.1.1.4 ....................................................................  5 

2.1.2 ………………………………………….…….  6 

2.1.3 …………………………………………………………..   7 

2.1.4 …………………………..   10 

2.1.5 …………………………………...…...……  11 

2.2 ……………………………………….  12 

2.2.1 ...................................  12 

2.2.2 ..............................    13 

         2.3 ...............................   14 

2.4 ………….. 16 

3 …………………………………...………………………………… 23 

3.1 23

3.1.1 ………………………………………… 28 



                      

3.1.2 ............ ....……………………...………….…………...  28 

3.1.3 .......…………………...…………….….……….  29 

3.1.4 ................................................................................. 30 

           3.2 ……………………………………… 31 

3.2.1 ……………………..………..…….  31 

3.3 …………………………………….…………….…........…… 47

3.3.1 ………………………………………………………...  47 

                    3.3.2 ......………………………….………………. 39

          3.3.2 ...................................................................... 42

)  1 (13-16 . . 2550).… 42

)  2 (22-25 . . 2550)…. 46

)  3 (26-29 . . 2550)…. 48

)  4 (1-4 . . 2550)…….… 51

)  5 (5-8 . . 2550)……... 54

4 .......................................................………...…….. 61

4.1 ………………………………………   61

1) ..................................... 62  

2) .......................... 63 

3) ..................................................... 64

4) ……………………………………….… 66

5) .................................................................. 67

6) ………………………………….. 68 

4.2 .................................................. 70    

4.2.1 ...................................................................... 70 

4.2.2 ………………………………………. 70 

    4.2.3 ………… 71 



                      

4.3 solution .................................................... 72

4.4 .............................................................................. 75

5. ................................................................................................................................ 79

…………………………………………………………...…………………… 81 

 1  ........................................................................................................................... 84

 2  ............................................................................................................................ 86

 3  ............................................................................................................................ 92

 4  ............................................................................................................................ 95

  ...……………………………………………..…………………….…………. 98

     



                                  

2.1  ..........................................................................  4 

2.2 sorption isotherm ........................................................  5 

2.3 ................................................  5 

2.4 ……...  7 

2.5 .............................................................  8 

2.6 ................................ 9 

2.7 ......................................... 9 

2.8  ................................................. 12 

2.9 ................................................. 13 

2.10 ............................ 13 

2.11 ............ 14 

2.12 .....................................................  15 

2.13

 Muller  (1989) .........................................................  16 

2.14

 Kamaruddin   (1996)  .......................................................... 17 

2.15

 Aux  (1996)  .......................................................... 18 

2.16

  Miguel  Lui  (1998)…...................................  19 

2.17

  Condori  (2000)  ........................................  20 

2.18  rock Aed 

  Kurlu  (2003).............. 21 

2.19  Koyuncu (2005)...................... 22 

2.20   GAaha (2006).................... 22 



                                                                                                                           

2.21  indirect mode  concrete, rock peAAles 

  Madhlopa (2006)……….….. 23 

2.22  rock Aed 

  Salihoglu  (2006)…..… 24 

2.23  Janjai  (2007).............................   25 

3.1 ………..…….................................   27 

3.2 ...............................................................................   28 

3.3 ...................................................................................................   29 

3.4 …………………………………………………………..…………. 30 

3.5 ....................................................................................................... 30 

3.6  Elekthonik  EE23 B……….................................. 32 

3.7  hot wire  Airflow  TA5....................................... 32 

3.8  KIPP&ZONEN  CM3.......................................................... 33 

3.9  Yokogawa  DC100 ...................................................... 33 

3.10  Fisher Scientific  ISOTEMP ..................................................... 34 

3.11   ........................................ 34 

3.12   .................................................. 35 

3.13  KERN  474-42 ............................................. 35 

3.14   ...................................................... 36 

3.15 .............................................................................. 38 

3.16   ................................................................. …. 38 

3.17

    28 -1  2550............................................... 40 

3.18  28-1  2007........... 40

3.19

 28 -1  2550............................................... 41 

3.20

 28 -1  2550……………………………… 41 



                                                                                                                            

3.21

 28 -1  2550............................................... 41 

3.22 ....................................................................   42 

3.23

 1 (13-16  2550)……………… 43 

3.24

 1 (13-16  2550)……………… 44 

3.25

     1 (13-16  2550)……………… 44 

3.26

     1 (13-16  2550)……………… 45 

3.27

 2 (13-16  2550)……………… 45 

3.28

 2 (22-25  2550)……………… 46 

3.29

 2 (22-25  2550)……………… 47 

3.30

     2 (22-25  2550)……………… 47 

3.31

     2 (22-25  2550)……………… 48 

3.32

 2 (22-25  2550)……………… 48 

3.33

 3 (26-29  2550)……………… 49 

3.34

 3 (26-29  2550)……………… 50 

3.35

     3 (26-29  2550)……………… 50 



                                                                                                                            

3.36

     3 (26-29  2550)……………… 51 

3.37

 3 (26-29  2550)……………… 51 

3.38

 4 (1-4  2550)…………………… 52 

3.39

 4 (1-4  2550)…………………… 53 

3.40

     4 (1-4  2550)…………………… 53 

3.41

     4 (1-4  2550)…………………… 54 

3.42

 4 (1-4  2550)…………………… 54 

3.43

 5 (5-8  2550)…………………… 55 

3.44

 5 (5-8  2550)…………………… 55 

3.45

     5 (5-8  2550)…………………… 56 

3.46

     5 (5-8  2550)…………………… 57 

3.47

 5 (5-8  2550)…………………… 58 

4.1 ........................... 61 

4.2 ………………………………. 68

4.3 .................... 74 

4.4

 28 . .- 1 . . . . 2551…………… 75 



                                                                                                                            

4.5

 13 - 14 . . . . 2551………………. 76       

4.6

 28 . .- 1 . . . . 2551……… 76 

4.7

 13 - 14 . . . . 2551…………. 77 

A1.1 ............................................................ 84 

B2.1  87 

B2.2  88 

B2.3 …………………………………. 88 

B2.4 ………………………………………………....         88-90 

B2.5 ............................................................................................ 91 

B2.6 ………………….. 91 

C3.1 ……………………………………………………… 94

D4.1 ...................................... 95 

D4.2 ................................................................................ 96 

D4.3 ………………….......... 96 



Af  =   , [m
2
]

Ac =   , [m
2
]

Ain =   , [m
2
]

Ap =   , [m
2
]

Aout =   , [m
2
]

AT    =   , [m
2
]

Cpa =   , [J/kg- C]

Cpc =   , [J/kg- C]

Cpg =   , [J/kg-K] 

Cpl =   , [J/kg-K] 

Cpv =   , [J/kg-K]

Cpw =   , [J/kg- C]

dM/dt     =   , [kg/s] 

D =   , [m] 

Dp              = , [m] 

Fp =   , [decimal] 

hc =   

                      (thermal conductance of air film), [W/m
2
-K]

hc,c-a  =   , [W/m
2
-K]

hc,c-am  =   , [W/m
2
-K]

hc,f-a =   , [W/m
2
-K]

hc,f-  =  , [W/m
2
-K]

hc,p-a =   , [W/m
2
-K]

hr,c-s  =   , [W/m
2
-K]

hr,p-c  =   , [W/m
2
-K]

hw    =    , [W/m
2
-K]

H =    (moisture ratio) , [kg/kg] 



Hin =    (moisture ratio) , [kg/kg] 

Hout =    (moisture ratio) , [kg/kg] 

HT   =   , [MJ / m
2
-day]

It  =   , [W/m
2
]

K =    (drying constant) 

k =   , [W/m-K]

k
c

= , [W/m-K]

K =   , [W/m-K] 

L       =     1  kg, [ MJ/kg ] 

L   =   , [J/kg] 

Lc = , [m]

Lp =   , [J/kg] 

ma =   , [kg] 

mc =   , [kg] 

mp =   , [kg] 

mP(t) =   , [kg] 

mS =   , [kg] 

mw  =   , [ kg ] 

Md = , [kg/kg] 

Me =    (equilibrium moisture content) 

Mf    =   , [ % w.b.] 

M(t) =   , [% w.b.] 

Mp =   , [decimal d.b.] 

Mw = , [kg/kg] 

ND    =   , [day] 

Qdry   =   , [MJ] 

t =    , [s] 

T
a

= , [K] 

Tam =   , [K] 



TC =   , [K] 

Tfl =   , [K] 

Tg =   , [K] 

Tin =   , [K] 

TP =   , [K] 

Ts =   , [K] 

T
sur

= , [
0
C]

Tw =   , [K] 

Uc =   , [W/m
2
- C]

Ufl =   , [W/m
2
- C]

V  =   , [m/s]

Vin =   , [m/s] 

Vout =   , [m/s] 

W =   , [m]

x =   , [m] 

   =   , [decimal] 

C = , [decimal] 

f =   , [decimal] 

g =   , [decimal] 

p =   , [decimal] 

a =   , [kg/m
3
]

p =   , [kg/m
3
]

P =   , [kg/m
2
]

 =    (Stefan-Boltzmann’s constant)

b  =   , [decimal] 

 =   viscosity , [m
2
/s]

c =   , [decimal] 



1

1.1

 ( . )

.

                                                                              1 

1



1.2

1)

2)

2



 2 

2.1

2.1.1  (properties of moist materials) 

2.1.1.1

 (solid materials) 

sw

w
w

mm

m
M                                                      (2.1) 

s

w
d

m

m
M                                                              (2.2) 

  Mw= , [kg/kg] 

   Md= , [kg/kg] 

   mw= , [kg] 

   ms = , [kg]

                                                                             3 

3



2.1.1.2

 4 

1)  (free water) 

2)  (solvent water) 

3)  (water attached with Van de Waal 

force)

   4)   (mono-molecule water)

1.

2.

3.

4.

 2.1  (Bakker Arkemar, 1974) 

                      2.1.1.3   (equilibrium moisture content) 

 (equilibrium 

moisture content) 

 sorption isotherm 

 sigmoid  2.2 

4



 2.2  sorption isotherm  (Sodha M.S., 1987)          

2.1.1.4  (latent heat) 

 2.3 

 2.3  (Sodha M.S., 1987) 

5



)bMexp(a1
L

L
d                                                (2.3) 

L   =  , [J/kg] 

L   =  , [J/kg] 

                      Md   =   [%] 

                      a,b   =  

 (specific heat)   (heat conductivity)

(convective heat transfer coefficient) 

2.1.2  (properties of moist air)

 7 

               1)   (Tab)

               2)   (Twb)

               3)   (dew-point temperature) 

               4)   (relative humidity, rh) 

               5)   (absolute humidity)  (humidity

                                  ratio) 

               6)   (enthalpy) 

7)  (specific volume) 

 7  (psychometric 

chart)  2.4 

6



 2.4

                         (Sodha M.S., 1987) 

 AB  2.4 

 AC  2.4 

 CD 

 2.4 

2.1.3

 (moist material) 

 (convective drying) 

7



vsur,v PP                                   (2.4)

    P
v,sur

= , [bar] 

               P
v

= , [bar] 

Heat

P
v

P
v,sur

mass

 2.5  (Sodha M.S., 1987) 

 (diffusion) 

 (capillary flow)  (osmotic 

pressure)

2.6  (drying rate)  2.7 

8



 2.6  (Sodha M.S., 1987) 

 2.7  (Sodha M.S., 1987) 

 2 

 (constant-rate regime) 

(falling-rate regime) 

9



)TT(
L

Ah

dt

dM
sura

c                                                (2.5) 

dM/dt    = , [kg/s] 

hc =  

                  (thermal  conductance of air film), [W/m
2
-K]

A =  , [m
2
]

L  =  , [J/kg] 

T
a

= , [
0
K]

T
sur

= , [
0
K]

 (falling-rate regime) 

dM/dt = -k(M-Me)                                                         (2.6) 

 Me =   (equilibrium moisture content) 

 M =  

 k =   (drying constant) 

2.1.4

                           1)

 (drying rate) 

   2) 

10



3)

2.1.5

              2 

              1)   (thin layer drying)

)ktexp(
MM

M)t(M

e0

e                                                (2.7) 

  M(t ) =   t 

     Me     =

0M =

     k       =  

                           2)  (deep bed drying) 

 (in-bin drying) 

 (Bakker 

Arkema, 1974) 

11



2.2  (Solar drying) 

 (convective heat transfer)

 2 

 (natural convection circulation) 

 (forced-convection circulation) 

  3  (direct) 

(indirect)  (direct-indirect) 

2.2.1  (Natural-convection solar dryer)

 2 

.  (direct mode) 

 2.8  (Sodha M.S., 1987) 

12



.  (indirect mode)

 (natural convection) 

 2.9  (Sodha M.S., 1987) 

2.2.2  (forced-convection solar dryer) 

.

 2.10 

 2.10 

                (Sodha M.S., 1987) 

13



.  (indirect mode) 

 2.11

 2.11 

                 (Thongprasert et al., 1985) 

2.3

 (

 2.12 ) 

14



 ( )

( )

 2.12 

15



2.4

 Muller  (1989) 

 5 

 4 x 15 

 2.13 

 2.13

 Muller  (1989) 

Kamaruddin  (1996) 

 (vanilla pods)

 107 m
2

 1.1 

 63.2 %  11.3% 

0.57 kg/s 

16



 2.14

 Kamaruddin  (1996) 

Bux  (1996) 

2.15

 (solar air heater) 

 5  500 

17



  2.15  Bux  (1996) 

Miguel  Lui (1998) 

 50 

 2  2.16 

200  187  110 

 53 

18



  2.16

  Miguel  Lui  (1998) 

Condori  (2000) 

 ( sweet pepper )  7x13x3.7 m
3

 150 m  2.17 

19



 2.17

  Condori  (2000) 

Kurlu  (2003) 

polyethylene  0.2 mm   15 m
2

 rock bed 

 2.18 

 1.1 kw   1,100 m
3
/h

 10 C

 34 % 

20



  2.18  rock bed 

  Kurlu  (2003) 

Koyuncu (2005)

 greenhouse  (Model I : M-I)  3 

 1.62 

82, 54  26 cm  2 

 2.5 x 100 cm 

 6 x 30 cm  0.025 

mm

 5 cm  20 cm

2
m

 greenhouse  (Model II : M-II) 

 7  3  1 

 1  5 cm 

 2 

 1.5 x 175 cm 

 5 x 20 cm 

2
m

21



  2.19  Koyuncu (2005)

Gbaha  (2006) 

 1.24x0.81 m
2

 0.004 m  2.20 

  2.20

                   Gbaha  (2006) 

22



Madhlopa  (2006)  indirect mode 

 4.1 m
2

 biomass 

  2.21  indirect mode  concrete, rock pebbles 

  Madhlopa (2006) 

Salihoglu  (2006) 

 12 

 10   90 m
3
/h

 2 x 5  2.5  rock bed 

23



  2.22  rock bed 

  Salihoglu  (2006) 

 Janjai  (2007) 

 14.4 

3  5.5 x 8    

 3.5  300  5 

24



  2.23  Janjai  (2007) 

25



 3

( . ) .

3.1

 Janjai et al (2007) 

 5.5 m x 8.0 m  7.5 m x 20.0 m 

            3.1.1 

         

 (greenhouse effect) 

 7.5 m x 20 m  4.5 m  90 

 90  20 cm 

 11 

 3.1 

26

26



4.5 m 

 ( )

( )

 3.1 

                          ( )  ( )

27



3.1.2

 2.1 m x  11.50 m 

 clampping 

(

3.2)

10 mm 

6 mm

2.1 m

11.50 m 

 3.2

28



3.1.3

 axial fan  DC motor 15 

 15 .  9 

 (solar cell)  50  3 

 5.5 

  3.3

29



 3.4 

3.1.4

  90  

 1 m x 1 m   0.6 m  3.5 

  3.5

30



       3.2

 1  1,000 

 5  200 

         3.2.1 

1)  (K-type thermocouple) 

2)  Elektronik  EE23 B 

3)  (hot wire anemometer)  Airflow 

TA5

4)

5)  (pyranometer)   (thermopile)  CM11 

 Kipp & Zonen 

6)  (data logger)  Yokogawa  DC100 

7)  KERN  474-42 

8)  Fisher Scientific  ISOTEMP 

31



 3.6  Elektronik  EE23 B

 3.7  hot wire  Airflow  TA5 

32



 3.8  KIPP&ZONEN  CM11 

 3.9  Yokogawa  DC100 

33



 3.10  Fisher Scientific  ISOTEMP 

 3.11

34



 3.12

 3.13  KERN  474-42 

35



 data logger  10 

 3.14 

S

E W

N

 3.14  ( T = , Rh = 

                 I =  M = Moisture content) 

36



3.3

     3.3.1 

 1  1,000 

 5  200 

1)

2)

3)  1 .

4)

5)  1 - 4 

 6)  103  24 

)t(m

m)t(m
)t( M

p

sp
    (3.4) 

 M(t) = , [% w.b.] 

  mP(t) = , [kg] 

  mS = , [kg] 

37



 3.15

 3.16

38



3.3.2

 28 -1 . . 2550 

 1,000   70 % w.b. 

 3 

 3 

(  3.17)    900 – 1,100 W/m
2

 50 - 70 C  9:00 - 

17:00 .  8 - 20 C

 (  3.18)  3.19 

 3 

(  3.20)  

 1-4 

   28% – 30% w.b.   5 

 28% w.b. (  3.21) 

 1,000  70 % 

w.b.  20 % w.b.  5  7 

  1,000  

  375  3.17 – 3.21 

39



0

200

400

600

800

1,000

1,200

1,400

8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00

Time (hour)

S
o

la
r 

R
ad

ia
ti

o
n

 (W
/m

2
) 28/10/2007 30/10/2007 31/10/200729/10/2007

1/11/2007

 3.17 

 28 -1 . . 2550

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00

Time (hour)

T
em

p
er

at
u

re
 (

o
C

)

T1
T4
T9
ambient

28/10/2007 30/10/2007 1/11/200731/10/200729/10/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00

Time (hour)

T
em

p
er

at
u

re
 (

o
C

)

T11
T14
T19
ambient

28/10/2007 30/10/2007 1/11/200731/10/200729/10/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00 8:00 10:00 12:00 14:00 16:00

Time (hour)

T
em

p
er

at
u

re
 (

o
C

)

T21
T24
T29
ambient

28/10/2007 30/10/2007 1/11/200731/10/200729/10/2007

 3.18

 28 -1 . . 2550

40



0

1 0

2 0

3 0

4 0

5 0

8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00

Time (hour)

T
em

p
er

at
u
re

 (o
C

)
6 0

Inle t air  o f  drye r (Am bient)

Outle t air  o f  drye r (To utle t)

2 8 /1 0 /2 0 0 7 2 9 /1 0 /2 0 0 7 3 0 /1 0 /2 0 0 7 3 1 /1 0 /2 0 0 7 1 /1 1 /2 0 0 7

 3.19 

 28 -1 . . 2550 

0

10

20

30

40

50

60

70

80

90

100

8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00

Time (hour)

R
el

at
iv

e 
h
u

m
id

it
y
 (

%
)

ambient Rh1

Rh2 Rh3

Rh4 (outlet)

28/10/2007 29/10/2007 30/10/2007 31/10/2007 1/11/2007

 3.20 

 28 -1 . . 2550

0

10

20

30

40

50

60

70

80

90

100

8.00 11.00 14.00 17.00 8.00 11.00 14.00 17.00 8.00 11.00 14.00 17.00 8.00 11.00 14.00 17.00 8.00 11.00 14.00 17.00 8.00 11.00 14.00 17.00 8.00 11.00 14.00 17.00

Time (hour)

M
o

is
tu

re
 c

o
n

te
n

ts
 (

%
, 

w
b

) M1

M4

M7

M10

M13

Natural sun drying

28/10/2007 29/10/2007 30/10/2007 31/10/2007
1/11/2007

2/11/2007 3/11/2007

 3.21 

 28 -1 . . 2550 

41



3.3.3

 3.22

)  1 

1  13-16 . . 2550 

 200   55 % w.b. 

 23 - 32 C

(  3.23) 

 900 – 1,100 W/m
2

 50 - 60 C  9:00 - 

17:00 .  8 - 20 C (  3.24)  3.25  

 3.26 

42



 (  3.27) 

 200  55 % 

w.b.  13 % w.b.  2  4 

 (  3.23-3.27) 

0

200

400

600

800

1,000

1,200

6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00

( )

  
(W

/m
2 )

13/11/2007 14/11/2007

 3.23  1

(13-16  2550) 

43



0

10

20

30

40

50

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

 ( )

 (
o C

)

60

70
T1

T4

T9

Ambient

13/11/2007 14/11/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

 ( )

 (
o C

)

T11

T14

T19

Ambient

14/11/200713/11/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

 ( )

 (
o C

)

T21

T24

T29

Ambient

13/11/2007 14/11/2007

 3.24  1

(13-16  2550) 

0

10

20

30

40

50

60

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

 ( )

 (
o C

)

13/11/2007 14/11/2007

 3.25  1

(13-16  2550) 

44



0

20

40

60

80

100

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

 ( )

 (
%

)

Rh1 Rh2

Rh3 Rh4

13/11/2007

14/11/2007

 3.26  1

(13-16  2550) 

 3.27  1

(13-16  2550) 

0

10

20

30

40

50

60

8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00

Time (hour)

M
o

is
tu

re
 c

o
n

te
n

t 
(%

, 
w

b

M2)

M5

M8

M11

M14

Natural sun drying

13/11/2007 14/11/2007 15/11/2007 16/11/2007

45



)  2 

 2  22-25 . . 2550 

 200   55 % w.b. 

 20 - 30 C

 3.28 

 900 – 1,000 W/m
2

2

 45 - 

54 C  9:00 - 17:00 .  12 - 20 C  (

3.29  3.30)

 3.31 

 2  55 % w.b.  13 % w.b. 

 2  (  3.32)

0

200

400

600

800

1,000

1,200

6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00

Time (hour)

S
o

la
r 

R
ad

ia
ti

o
n

 (
W

/m
2

22/11/2007 23/11/2007

)

3.28  2

(22-25  2550) 

46



0

10

20

30

40

50

60

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

70

T1

T4

T9

Ambient

22/11/2007 23/11/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

T11

T14

T19

ambient

22/11/2007 23/11/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u

re
 (

o C
)

T21

T24

T29

ambient

22/11/2007 23/11/2007

 3.29  2 

(22-25  2550) 

0

10

20

30

40

50

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

Inlet air of dryer (Ambient)

Outlet air of dryer

22/11/2007 23/11/2007

 3.30  2 

(22-25  2550) 

47



0

20

40

60

80

100

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

R
el

at
iv

e 
h

u
m

id
it

y
 (

%
)

ambient Rh1 Rh2

Rh3 Rh4

22/11/2007 23/11/2007

 3.31  2 

(22-25  2550) 

0

10

20

30

40

50

60

8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00

Time (hour)

M
o

is
tu

re
 c

o
n

te
n

t 
(%

, 
w

.b
.) M2

M5

M8

M11

M14

Natural sun drying

22/11/2007

23/11/2007

24/11/2007 25/11/2007

 3.32  2

(22-25  2550) 

)  3 

 3  26-29 . . 2550 

 200   55 % w.b. 

 2  18 C

 20 - 30 C

3.33

48



 800 – 1,000 W/m
2

 45 - 55 C  9:00 - 17:00 .

 12 - 20 C (  3.34  3.35)

 3.36 

 55 % w.b.  13 % w.b. 

 2  4  ( 3.37)

 3.33  3

(26-29  2550) 

0

200

400

600

800

1,000

1,200

6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00

Time (hour)

S
o
la

r 
R

ad
ia

ti
o
n

 (
W

/m
2 )

26/11/2007 27/11/2007

49



0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

T1

T4

T9

Ambient

26/11/2007 27/11/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

T11

T14

T19

ambient

26/11/2007 27/11/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

T21

T24

T29

ambient

26/11/2007 27/11/2007

 3.34  3 

(26-29  2550) 

 3.35  3 

(26-29 2550)

0

10

20

30

40

50

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

Inlet air of dryer (Ambient)

Outlet air of dryer

T
em

p
er

at
u

re
 (

o C
)

26/11/2007 27/11/2007

50



0

20

40

60

80

100

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

R
el

at
iv

e 
h

u
m

id
it

y
 (

%
)

ambient Rh1 Rh2

Rh3 Rh4

26/11/2007

27/11/2007

 3.36  3 

(26-29  2550) 

0

10

20

30

40

50

60

8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00

Time (hour)

M
o

is
tu

re
 c

o
n

te
n

t 
(%

, 
w

.b
.) M2

M5

M8

M11

M14

Natural sun drying

26/11/2007

27/11/2007

28/11/2007 29/11/2007

 3.37  3

(26-29  2550) 

)  4 

 4  1-4 . . 2550 

 200   55 % w.b. 

 18 C

 20 - 30 C

(  3.38)  800 – 900 W/m
2

 45 - 52 C  9:00 - 17:00 .  12 - 

51



20 C (  3.39  3.40)

 3.41 

 4  2 (  3.42) 

 3.38  4

(1-4  2550) 

0

200

400

600

800

1,000

1,200

6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00

Time (hour)

S
o

la
2 )

n
 (

W
/m

ia
ti

o
r 

R
ad

1/12/2007 2/12/2007

52



0

10

20

30

40

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u

r

50

60

70

e 
(o C

)

T1

T4

T9

ambient

1/12/2007 2/12/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u

re
 (

o C
)

T11

T14

T19

ambient

1/12/2007
2/12/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u

re
 (

o C
)

T21

T24

T29

ambient

1/12/2007 2/12/2007

 3.39  4

(1-4  2550) 

0

10

20

30

40

50

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

Inlet air of dryer (Ambient)

Outlet air of dryer

1/12/2007 2/12/2007

 3.40  4

(1-4  2550) 

53



0

20

40

60

80

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

R
el

at
iv

e 
h

u
m

id
it

y
 (

%
)

100
ambient Rh1 Rh2

Rh3 Rh4

1/12/2007

2/12/2007

 3.41  4

(1-4  2550) 

 3.42  4

(1-4  2550) 

)  5 

 5  5-8 . . 2550 

200   55 % w.b. 

 20 - 30 C

 (  3.43)  800 – 900 W/m
2

 45 - 54 C  9:00 - 17:00 .  12 - 

20 C  5  2 

0

10

20

30

40

50

60

8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00

Time (hour)

M
o

is
tu

re
 c

o
n

te
n

t 
(%

, 
w

.b
.) M2

M5

M8

M11

M14

Natural sun drying

1/12/2007

2/12/2007

3/12/2007 4/12/2007

54



0

200

400

600

800

1,000

1,200

6:00 9:00 12:00 15:00 18:00 21:00 0:00 3:00 6:00 9:00 12:00 15:00 18:00

Time (hour)

S
o

la
r 

R
ad

ia
ti

o
n

 (
W

/m
2 )

5/12/2007 6/12/2007

 3.43  5

(5-8  2550) 

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

T1

T4

T9

ambient

5/12/2007 6/12/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

T11

T14

T19

ambient

5/12/2007 6/12/2007

0

10

20

30

40

50

60

70

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u
re

 (
o C

)

T21

T24

T29

ambient

5/12/2007 6/12/2007

 3.44  5

(5-8  2550) 

55



0

10

20

30

40

50

60

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

T
em

p
er

at
u

re
 (

o C
)

Inlet air of dryer (Ambient)

Outlet air of dryer

5/12/2007 6/12/2007

 3.45  5 

(5-8  2550) 

0

20

40

60

80

100

8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00

Time (hour)

R
el

at
iv

e 
h

u
m

id
it

y
 (

%
)

ambient Rh1 Rh2

Rh3 Rh45/12/2007

6/12/2007

 3.46  5 

(5-8  2550) 

0

10

20

30

40

50

60

8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00 8:00 11:00 14:00 17:00

Time (hour)

M
o

is
tu

re
 c

o
n

te
n

t 
(%

, 
w

.b
.) M2

M5

M8

M11

M14

Natural sun drying

 3.47  5

(5-8  2550) 

5/12/2007

6/12/2007

7/12/2007 8/12/2007

56



-                                                    86,232 

-                                         50,406

-                360,870

-                                                                              35,000

                                                                                532,508

 1  9  3 
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 50   675,000 

  7,000  9 

 252,000 

 220,500  3 

 12  3  36 

 200  104 

36  3,744  150  561,600 
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 3 

57



-                                              1,247  USD (35 baht) 

-                                             7,453  USD 

-  ( )   1,000 USD

( )TC

fcollectorT CCC = 9,700   USD 

( )fC

Audsley and Wheeler (1978) 

1

1
CCCC

N

N

1i

i

i,opi,mainTannual

10338.10338.1

10338.1
)0338.1(30.30979700

15

15

1i

i

annualC

10338.10338.1

10338.1
25179700

15annualC

05058.012217annualC  =     617.94  USD/ year 

  

 1 

annual
C

iint,ma
C

i,op
C

 =    (100  +  ) / (100  + )ini fi

      =    (100  +  7) / (100  +  3.5) = 1.0338  

                    

 iin  if iint,ma
C
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1 %     ( ),

 ( )  ( )
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C

 =           +    +           opC gasC electricC op,laborC

1   (drying cost , Z )  Z 

     Z =    
productdry

annual

M

C
 =  

17244

94.617
 = 0.04 USD/kg                                 

.productdryM

 1  36  36  72 
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 1.4 × 36,000 = 50,400 

 1.4 × 7,200 = 10,080 
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  532,508/325,620 = 1  6 
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1)

t

=

+

+          

+

+

tcccpcp,rpcamwccssc,rccaac,cc

c

pcc IA)TT(hA)TT(hA)TT(hA)TT(hA
dt

dT
Cm   (4.1) 

 Ac , [m
2
]

Ap , [m
2
]

cpc , [J/kg- C]

hc,c-a ,[W/m
2
-K]

hr,c-s , [W/m
2
-K]

hr,p-c , [W/m
2
-K]

hw

, [W/m
2
-K]

 It , [W/m
2
]

mc , [kg] 

t , [s] 

Ta , [K]

Tam , [K] 

 TC , [K] 

 Ts , [K] 

Tp , [K] 

C , [decimal] 
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        t

                                         =    

                                       +    

                                         +    

+

+

                                        +    

cctppfpaamccinpainaoutpaouta

p

apppvppaflafl,cflapap,cp

a

paa

AI]F)1()1)(F1[()TT(AU)TCVTCV(

dt

dM
)TT(CAD)TT(hA)TT(hA

dt

dT
Cm

(4.2)

 Ac , [m
2
]

Af , [m
2
]

 Ap , [m
2
]

 Cpa , [J/kg- C]

 Cpv , [J/kg- C]

 Dp , [m] 

  Fp , [decimal] 

 hc,f-a , [W/m
2
-K]

 hc,p-a , [W/m
2
-K]

 It , [W/m
2
]

 ma , [kg] 

 Mp , [d.b.] 
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 t , [s] 

 Ta , [K] 

 Tf , [K] 

 Tin , [K] 

 Tp , [K] 

 Tw , [K] 

 Vin , [m/s] 

 Vout , [m/s] 

 Uc , [W/m
2
- C]

a , [kg/m
3
]

p , [kg/m
3
]

fl , [decimal] 

p , [decimal] 

c , [decimal] 
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t

                                         =  

                                        +  

 + 

 + 
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cctpp

p

pplpvpppp

pccp,rppaap,cp

p

pplppp

AIF
dt

dM
]T)CC(L[AD

)TT(hA)TT(hA
dt

dT
)MCC(m

          (4.3) 

  Ac , [m
2
]

 Ap , [m
2
]

 Cpp , [J/kg-K] 

Cpl , [J/kg-K] 

Cpv , [J/kg-K]

Dp , [m] 

Fp , [decimal] 

hc,p-a , [W/m
2
-K]

hr,p-c , [W/m
2
-K]

It , [W/m
2
]

Lp , [J/kg] 

Mp , [decimal, db] 

mp , [kg] 

t , [s] 

Ta , [K] 

Tc , [K] 

TP , [K] 

P , [kg/m
2
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4)

t

                  =

                  +

)TT(UA)TT(hA
dt

dT
Cm flgflflflafla,cfl

fl
pflfl                                       (4.9) 

 Afl , [m
2
]

Cpfl , [J/kg-K] 

hc,a-fl , [W/m
2
-K]

Ufl , [W/m
2
-K]

mfl , [kg] 

t , [s] 

Ta , [K] 

Tfl , [K] 

Tg , [K]  
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5)

dt

dM
ADvHAvHA

dt

dH
V

p

pppoutoutaoutininaina              (4.4)

 Ain , [m
2
]

  Ap , [m
2
]

  Aout , [m
2
]

              Dp , [m] 

H  (moisture ratio) , [kg/kg] 

Hin  (moisture ratio) , [kg/kg] 

Hout  (moisture ratio) , [kg/kg] 

Mp , [decimal, d.b.] 

t , [s] 

V , [m
3
]

in , [m/s] 

out , [m/s] 

a , [kg/m
3
]

p , [kg/m
3
]
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6)

  Page 

Bt)exp(A

e
MM

e
MM

0

                       (4.5)

 Me , [decimal, d.b.] 

M0 , [decimal, d.b.] 

 A  B 

A = 1.503574 - 0.013267 Ta - 0.505455rh + 0.000094 Ta

 2

        B = 0.1814 - 0.006347 Ta + 0.193rh + 0.000081 Ta

 2

  Ta , [K] 

rh , [decimal]

 ( , 2544) 

 4.2

 4.2 
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 3  (empirical) 

 Me      =  74.66023+ 1.144253T+37.07224aw + 0.001166T
2
+51.55374 aw

2
          (4.6) 

  Me , [%, d.b.] 

aw    water activity  (
100

Rha
w

)

T                 , [ºC] 

 Berbert et al. (1995)

T/51.275160564.0

e0

e et756.105exp
MM

MM
                                      (4.7) 

 Me , [decimal , d.b.] 

M0 , [decimal, d.b.] 

t , [hour] 

                                  Me = 1.1281[-ln (1-rh)/(T+40.535)] 
0.5405

(4.8)

      Me , [%, d.b.] 

rh    , [decimal]
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4.2

4.2.1)

 (h
r,p-s

)

                                                       (4.10) )TT)(TT(h cp

2

c

2

ppsp,r

5.1

as T552.0T

4.2.2)

(h
W

)  Duffie and Beckman (1991) 

wwamc,c V8.37.5hh                                (4.11) 

, [m/s]wV

 4.12 

h

cap,cac,caf,c
D

kNu
hhhh                       (4.12)

   hc , [W/m
2
-K]

  Nu  Nusselt number

k , [W/m-K]

  Dh  hydraulic diameter, [m]
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)DW(2

WD4
Dh

                                        (4.13) 

 W , [m]

D , [m]

 Nu  Kays and Crawford (1980) 

                      (4.14) 8.0Re0158.0Nu

 Re   Reynolds number 

VD
Re h                                               (4.15) 

 V  , [m/s] 

, [kg/m
3
]

 viscosity , [m
2
/s]

4.2.3)

 (U
c
)

c

c
c

L

k
U                                                 (4.16) 

k
c

, [W/m-K]

Lc , [m] 
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4.3 solution

 (analytical solution) 

 finite difference method  finite difference 

(4.1)- (4.4)  finite difference 
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t.ptt.p
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IAF
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(4.19)
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t
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t,fltt,fl

pflfl (4.20)
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V
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ttt
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)tt(B
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(Tc) (Ta)

(Tp) (Tfl)   t + t  (4.23) – (4.26) 

 t + t
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 ( A , B  Me)

 (4.28)  t + t (M t + t)

 t + t (H t + t )     (4.27)
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t

 fortran  4.3 
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