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Drying and Storage

Course Description

Theory of drying, sun drying, principles of air flow, drying
of agricultural products by heated air, moisture content
determination, relationship of moisture and temperature,
equilibrium moisture content, design of dryers storage
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Lecture 5 - Physical and Thermal Properties of Agricultural Materials

Study Questions - Lecture 5
1. Why are physical properties important in dryer and silo design?
2. How do bulk density and porosity influence airflow?

3. What is the relationship between moisture content and density?

4. How do thermal properties affect drying time? ‘
5. Why does shrinkage occur during drying? ‘
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Lecture 5 - Physical and Thermal Properties of Agricultural Materials

Qutline - Lecture 5

1.  Importance of Physical & Thermal Properties
2. Grain Structure

3. Size and Shape

4.  Density and Porosity

5. Shrinkage

6.

Thermal Properties ‘
9673204 Drying and Storage
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Using a 1,000 kg or 1,000 | Water Tank
to Store 1,000 kg of Paddy Rice

A 1,000 kg or 1,000 | water tank might not fit all 1,000 kg of
rice grains due to high moisture content, size and shape of the grains,

and overall bulk density, resulting in large air voids in the grain pile.

Capacity: 1,000 kg (1,0001) # ~ 600 kg
a ~600 kg of rice only!

- Caused by: ———— ‘

High Moisture Size and Shape High Bulk Density
Content

9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian Roferences: ChatGPT (OpenAl, 2023)



Grain Structure

Q . Rice husk (20%)
ENDOSPERM —L; ,
| it .‘? Rice bran (8%)
| ' Alewrone leyer
{
«—4&— Whiterice (70%)
<+— PERICARP ———»
5% .
\ ‘
‘ / GERM \ 5
\ 11% Rice germ (2%)
& .'\\_ ‘,
Tl Tecar —»
' 1%

Reference: Gwirtz & Garcia-Casal, 2014, p. 67;Shafie & Esa, 2017, p. 342
Rivera-Castro et al., 2020, p. 942; Laddomada et al., 2015, p. 15,668

9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian

UNINY1AYIIVANUATUTH |

Nakhon Pathom Rajabhat University

A
O .

&

(Endosperm}

Grain Pericarp Germ
(%) (%) (%)
Shell corn 4-6 6-11 79-84
Paddy rice 5-7 3-4 89-92
Wheat 13-17 2-3 80-85
Soybean ~9 ~2 . ~90 !

Energy transfer by
convection
(heat transfer

through moving air)

Evaporation
of water from
the product

surface

Energy transfer by
> conduction

Moisture diffusion

inside the product

toward the surface




. Size and Shape
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Width (W) Thickness (T) Nakhon Pathom Rajabhat University |
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- If the grain has low sphericity (i.e., it

deviates significantly from a spherical

Length

o . shape), the movement of moisture
L _
(LWT)? from the center of the kernel to its
Sphericity (%) =—— X 100
P y (%) / surface takes a longer time

&
Y

2 704 - This extended internal diffusion path
TTWITL

6 X (2L —~JWT)
W

68,0 4

Kernel volume = increases the resistance to moisture

65.6 | migration, which consequently

Sphericity index, %

63,2 -

¢ reduces the drying rate of the grain

Kernel surface area =

60,8 : . .
f 7 9 11 13 15 17 19
2L T Vw— Moisture content, % (d.b.)
" 9673204 Drying and Storage Reference: Mohsenin, 1986, p.59; Karababa & Coskuner, 2007, p.553 )
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Apparent Density (0 )

UNINY1AYIIVNNUATUTY
Nakhon Pathom Rajabhat University

- Apparent density is defined as the ratio

of the mass of a material to the volume
of the solid portion of that material

- A common method for determining
apparent density is the water
displacement technique

- The increase in the water level from the
initial 500 ml mark represents the volume
of water displaced by the solid material

- This displaced volume is considered

equal to the solid volume of the material

= ¢
v 9673204 Drying and Storage )
Assistant Professor Dr. Chukiat Chotikasatian el E et U CeeHls Cani Al 2073




Bulk Density (0,)
Y

Mass of material inside the container
Volume of the container
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- Prepare a container with a known,
fixed volume

- Position a funnel approximately 15 cm

above the top of the container

- Pour the material into the container
until it is completely filled

- Carefully level the surface by
removing excess material with a straight
edge, ensuring a flat and even top
surface

- Weigh the filled container

v 9673204 Drying and Storage r
Assi Prof . Chukiat Choti i : -
ssistant Professor Dr. Chukiat Chotikasatian Reference: Generated using Google Gemini Al, 2026



Porosity (&)
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p app /0 b . . ©
E (%) = X 100 Effect on Airflow Resistance
papp ® Lower porosity > fewer air spaces > higher airflow resistance
When ® Increased resistance results in:

- Higher pressure drop

P opp = apparent density (kg-m™)
- Reduced air velocity through the grain bed

P, = bulk density (kg-m™)

- Non-uniform airflow distribution

Effect on Heat Transfer

® Convective heat transfer depends strongly on air velocity

® Reduced air velocity leads to:

- Lower convective heat transfer coefficient

- Slower heating of grain surfaces

- Decreased moisture evaporation rate

4
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Example 1

UNINY1AYIIVNNUATUTY é
A sample of 1,000 oat kernels was collected and measured. The SIS U 7S

average width, length, and thickness were found to be 2.67 mm,
10.84 mm, and 2.03 mm, respectively. Calculate the following
physical properties of the oat kernels: sphericity, volume and

surface area.

9673204 Drying and Storage
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Example 1 (Cont.)
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A sample of 1,000 oat kernels was collected and measured. The REUELCEEURDUUAIT LY

average width, length, and thickness were found to be 2.67 mm,
10.84 mm, and 2.03 mm, respectively. Calculate the following
physical properties of the oat kernels: sphericity, volume and

1 1
surface area.

(LWT)’ . (LWT)?
Sphericity (%) = X 100 Sphericity (%) = X 100
L L
1
, !
TWIL (10.84 X 2.67 X 2.03)’
Kernel volume = Sphericity (%) = X 100
6 X (2L —~WT) 10.84
NwT L Sphericity (%) = 35.86%

Kernel surface area =

2L —IWT

R 9673204 Drying and Storage F)
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Example 1 (Cont.)
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A sample of 1,000 oat kernels was collected and measured. The REUEECEEULIUULITEY

average width, length, and thickness were found to be 2.67 mm,
10.84 mm, and 2.03 mm, respectively. Calculate the following

physical properties of the oat kernels: sphericity, volume and

2

surface area. TWTI TTWTL
Kernel volume = Kernel volume =

6 X (2L —~JWT) 6 X (2L —~JWT)

JT X 2.67 X 2.03%10.84°

Kernel volume =

6 X [(2 X 10.84) —~/2.67 X 2.03]

2
TTNWT L Kernel volume = 17.22 mm’

Kernel surface area =

2L — -\/ WT
R 9673204 Drying and Storage F)
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Example 1 (Cont.)

UNINY1AYIIVNNUATUTY é
A sample of 1,000 oat kernels was collected and measured. The SIS U 7S

average width, length, and thickness were found to be 2.67 mm,
10.84 mm, and 2.03 mm, respectively. Calculate the following

physical properties of the oat kernels: sphericity, volume and

surface area. T~ I 12

Kernel surface area =
2L —~WT

7T X 2,67 X 203X 10.84°

Kerel surface area =

(2% 10.88) —/2.67 X 2.03

Kernel surface area = 44.39 mm’

R 9673204 Drying and Storage
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Example 2
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An avocado has a mass of 240 g. A container filled with water b kL i S

alone has a total mass of 1,200 ¢. When the avocado is placed into
the water-filled container, the combined mass of the container,
water, and avocado becomes 1,410 g. The temperature of the water
at the time of measurement is 20°C. Determine the apparent density

of the avocado.

R 9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian



Example 2 (Cont.)
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An avocado has a mass of 240 g. A container filled with water Nakhon Pathom Rajabhat University ({2

alone has a total mass of 1,200 ¢. When the avocado is placed into
the water-filled container, the combined mass of the container,
water, and avocado becomes 1,410 g. The temperature of the water

at the time of measurement is 20°C. Determine the apparent density
Find the mass of displaced water
1,410 - 1200 = 210 ¢

Convert displaced water mass to displaced volume

of the avocado.

Given:

Mass of avocado =240 ¢

Mass of container + water =1,200 ¢ 210 ¢

Volume = —210.38 cm’

0.9982 o

" npi

Mass of container + water + avocado = 1,410 ¢

Water temperature: 20°C - P, = 0.998 g-ml*

2 9673204 Drying and Storage
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Example 2 (Cont.)
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Calculate apparent density of the avocado

240 ¢ .
p@pp = - =1.1408 ¢+ cm
210.38 cm

Thus, the apparent density of the avocado is 1.1408 g-cm™

- It can be observed that the density of the avocado is very
close to the density of water
- Therefore, when the avocado is placed into a container

filled with water, it will sink below the water surface

9673204 Drying and Storage F)
Assistant Professor Dr. Chukiat Chotikasatian _ o
Reference: Generated using Google Gemini Al, 2026



Mathematical Models

moisture
bulk density
type content
(kg-m™)
(o/ow.b.)
Barley 1540 | P, =705.4 - 1,142 (MCyyp,) + 1,950 (MC,p )
Com 15-40 P, =1,0863-2971 (MC,p) + 4,810 (MC,,1,)°
10-35 | P, =701.9 + 1,676 (MC,p) - 11,598 (MCw.b.? + 18,240
(MCp)?
Oats 1540 | P, =773.0 - 2,311 (MCy) + 3,630 (MCyp)*
Rye 15-40 | P, =974.8 - 2,052 (MCysp) + 2,850 (MCyyp)*
Sorghum | 15-40 | PO, =829.1 - 643 (MC,y,) + 660 (MC,,)
Soybeans | 15-40 | 0, = 734.5 - 219 (MCyp) + 70 (MCyp)?
Wheat | 1540 | O, = 8853 - 1,631 (MCyyp) + 2,640 (MC,yyp
324 | P, = 7784 - 703 (MCyp) + 18,510 (MCpp) - 148,960 (MC,pp)® +
311,600 (MCyp)*

R 9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian Reference: ASABE, 2000, p. 505
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- Describing the relationship
between the moisture content of

cereal grains and their bulk density




Parameters Rice grain classification
Long thin Long Short
Length (mm) 9.60 +0.22 9.50°+019 6.60" +0.14
Width (mm) 2.30°+0.03 3.20°+0.07 3.10° + 0.06
Thickness (mm) 1.90°+0.00  2.20°+0.03  2.10° +0.03
Sphericity 037°+0.00 042°+000 0.53%+0.00
(dimensionless)
Equivalent 3.50° +0.04 4.0°+0.06  3.60°+0.06
diameter (mm)
Surface area (mm?)  36.00° + 0.92 47.00* + 1.52 33.90° + 1.16
Aspect ratio (adm)  0.24°+0.00 0.33°+0.00 0.47%+0.00
Volume (mm®) 23.05" + 0.79 37.30° +1.81 24.60" + 1.28

Bulk

density (kg m )
Kernel

density (kg m?)
Porosity (%)
Thousand

weight of grains (g)

Moisture
content (%, w.b.)

617.80° + 0.98

1450% + 64.30

57.40% + 0.30
27.60° + 0.08

13.10* + 0.15

621.30° + 0.93

1386° + 58.20

55.20° + 0.17
36.20% + 0.05

12.80* + 0.30

634.20% + 1.09 |
1289° + 63.50

50.80° + 0.19
25.80° + 0.04

12.80% + 0.22

9673204 Drying and Storage
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Reference:

portance of Bulk Density and Porosity

Air flow direction -

f= Plenum

Suspended perforated base

- Chamber compaction

Elevated perforated floor

- Air flow direction

Rocha et al., 2020, p. 28-32
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Air speed checkpoint

Frequency inverter

Centrifugal fan

Manual register

Static pressure checkpoint




portance of Bulk Density and Porosity
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Ll Stem piston 160

" e —— 3 Compaction mass grains 50 kPa
il ‘ HHOw gl 140 - [ Compaction mass grains 130 kPa
Plenum ‘ Inner rubber seal @ Compaction mass grians 210 kPa
Crossing zone il
| ; chamber <) i
S:rst%erl:tje — [ | Reference point &
p bl L/ plenum Plenum g 100 4
AT T B [
PR Grains mass Z 80 A
o A LR GO D B,
A\ 2 60
. <
Elevate —— | Reference point Airflow input g
chamber = 4
perforated Inner rubber seal 40
floor N Chamber—— A
lamoer HBELEREED 20 A
CoRil—— S Support cell )
Chamber—/ L CDN e N . . L . .
SR Long-thin grain ~ Long grain Short grain ~ Long-thin grain ~ Long grain Short grain
0.03 0.2 0.8

Air Flow (m*s™ m?)

9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian Reference: Rocha et al., 2020, p. 28-33




Shrinkage

The loss of water from a material results in a decrease in its
moisture content

During the initial stage of moisture removal, shrinkage is clearly
observable because the material structure is still highly influenced
by its water content

However, as the moisture content continues to decrease and

approaches zero, the rate of shrinkage gradually declines

R 9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian
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Example 3

A cylindrical tank with a diameter of 6.4 m can store 20 tons of
corn at a moisture content of 15%_ .
Calculate the following:
- The height of the corn bulk before drying
- The height of the corn bulk after drying, when the final moisture
content is reduced to 12%_,

- The percentage shrinkage of the corn after drying

R 9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian
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Example 3 (Cont.)

A cylindrical tank with a diameter of 6.4 m can store 20 tons of corn at a Nakhon Pathom Rajabhat University

moisture content of 15% wet basis (w.b.)

Calculate the following: Mass of material inside the container
Volume of the container
- The height of the corn bulk before drying
moisture 20 ton X 1,000 &g
bulk density on
type content . 1 ton ,
(% (ke:m™) Volume = =26.83 m
o) 753,01 -5
Comn 15-40 | P, = 1,086.3 - 2,971 (MC,yp,) + 4,810 (MCyp ) QR
g
10-35 | P, = 7019 + 1,676 (MC,,) - 11,598 (MCw.b.)? + 18,240 )
| o TD H
(F"'f‘lc\.u\.f.b.)?J J =
\
P, = 701.9 + 1,676 (MC,,,) - 11,598 (MC,,,)* + 18,240 (MC,,;,)’ ¢
P, = 701.9 + 1,676 (0.15) - 11,598 (0.15)° + 18,240 (0.15)° 2683 m X4

) H = =0.8251 m
- m> 1
P, = 753.91 kg'm 764 m)
2 9673204 Drying and Storage F)
Assistant Professor Dr. Chukiat Chotikasatian



Example 3 (Cont.)

A cylindrical tank with a diameter of 6.4 m can store 20
tons of corn at a moisture content of 15% wet basis (w.b.)
Calculate the following:

- The height of the corn bulk after drying, when the final

moisture content is reduced to 12%,,,

G, X 100%

G =
100 —MC, ,

G, (100 —MC, )

G =
100

Because the dry matter weight of the corn remains constant,

it can be assumed that only water is removed during the

drying process, while the dry solid mass does not change

Mass of material inside the container

Po = Volume of the container

2 9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian
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20,000 kg X (100 —15)= G (100 —12)

20,000 kg X (100 —15)
G, = = 19,318.18 k¢
(100 —12)

P, =701.9 + 1,676 (MCyp) - 11,598 (MCyp)” + 18,240 (MCy 1)’

P, = 7019 + 1,676 (0.12) - 11,598 (0.12)* + 18,240 (0.12)°
P,=767.52 kg-m”

19313.18 kg 3
Volume = P = 2517 m
767.52 —g;
m
TDH, 2517 m X4
> H, = — =0.7828 m
q 7T(6.4 m)

NP:




Example 3 1
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A cylindrical tank with a diameter of 6.4 m can store 20 tons of corn at a Nakhon Pathom Rajabhat University

moisture content of 15% wet basis (w.b.)
Calculate the following:

- The percentage shrinkage of the corn after drying

15°/ow.b_ 12%’w.b.
1,000 kg 19313.18 kg 3
20 ton X ——— Volume = =2517 m
1 ton kg
Volume = =268% m 167.52 —
kg m
753.91 —
m
(26.83 —2517) m’
Shrink (%) = X 100= 6.19 %

2683 m

9673204 Drying and Storage F)
Assistant Professor Dr. Chukiat Chotikasatian




Thermal Properties of Agricultural Materials

- Thermal properties describe how agricultural materials
respond to heat transfer during processes such as drying,
heating, cooling, and storage

- Understanding these properties is essential for designing
efficient drying systems and predicting temperature
distribution within bulk materials

- Specific Heat (ng) : specific heat is the amount of
energy required to raise the temperature of 1 kg of
material by 1°C

- Thermal Conductivity (C___) : thermal conductivity is

ond

the ability of a material to conduct heat

2 9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian
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Moisture Temperature Specific heat Thermal Conductivity
Type content range (o) (Ceoned
(Yous) O (kJ-(kg-K)™) (W-(m-K)™)
Corn 0.9 122 to 2838 1.532 0.1405
9.8 8.7t0 233 1.834 0.152
14.7 12.2 to 28.8 2.026 0.1591
24.7 8.7t0 233 2374 0.17
Rough rice 10 to 20 0.921 0.0866
Hard wheat 9.2 1.549 0.1402
Soft wheat 0.7 t0 20.3 10.7 to 32.2 1.398 0.117

Reference: ASABE, 2001, p. 521

26
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Summary 0
<

1. Physical properties such as size, dimensions, bulk density, and porosity
are essential parameters in drying and storage system design.

2. Bulk density determines storage capacity and structural loading, while
porosity directly influences airflow resistance and pressure drop during drying.
3. Moisture reduction during drying causes shrinkage; however, the

shrinkage rate decreases as moisture content approaches zero.

4. Thermal properties, including specific heat and thermal conductivity,
increase with moisture content due to the influence of water molecules

significantly affecting energy requirements and heat transfer efficiency
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Thank you very much for your kind attention.

Questions?

Email: chukiatewebmail.npru.ac.th

Office: ETB 101 - Industrial Education, Faculty of Science and Technology

73204 Drying and Storage
rofessor Dr. Chukiat Chotikasatian 28
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Study Questions - Lecture 5
Why are physical properties important in dryer and silo design?
How do bulk density and porosity influence airflow?

What is the relationship between moisture content and density?

How do thermal properties affect drying time?

L AN =

Why does shrinkage occur during drying?

9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian
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Assignment - Lecture 5

1. Calculate the following physical properties of the oat
kernels: sphericity, volume and surface area.

1 o Surface
MC 4, L W T (LWT); Sphericity | Volume o
(%qp.) (mm) (mm) (mm) () (%) (mm?) )
9.12 9.87 7.41 3.25
11.08 10.15 7.90 3.58
13.24 10.46 8.25 3.90
15.11 10.80 8.85 4.05
17.06 11.09 9.25 4.37

m

9673204 Drying and Storage
ssistant Professor Dr. Chukiat Chotikasatian




Assignment - Lecture 5
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2. Using the data provided in the table, calculate the porosity (€)

of the material.

MCqs | Weight of 1,000 2. P, &
(%) kernels (g) (ke m?) (kg m™) (%)
9.12 220 1,315 765
11.08 232 1,295 748
13.24 246 1,275 732
15.11 259 1,253 714
17.06 268 1,232 698

2.1 From the data in Questions 1-2, summarize the influence
of moisture content on the physical properties of the material
based on the calculated results.

R 9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian




Assignment - Lecture 5
(Cont.)

3. A cylindrical tank with a diameter of 8 m can store 32 tons of
oats at a moisture content of 25%
Calculate the following:

The height of the oat bulk before drying.

The height of the oat bulk after drying, when the final
moisture content is 15% wet basis (w.b.).

The percentage shrinkage of the oat bulk after drying

R 9673204 Drying and Storage
Assistant Professor Dr. Chukiat Chotikasatian
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