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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 4 - Moisture Content

Study Questions - Lecture 4

1. What is equilibrium moisture content, and why is it important in drying and
storage of agricultural products?

2. How is water activity related to equilibrium moisture content and product
deterioration?

3. What is equilibrium relative humidity, and how does it relate to material ‘

moisture equilibrium?

4. How can equilibrium moisture content be determined experimer‘

5. Why are mathematical models used to predict equilibrium moi CO
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Lecture 4 - Moisture Content

Outline - Lecture 4
1. Equilibrium Moisture Content

2.  Water Activity

3. Equilibrium Relative Humidity

4.  Methods for determining equilibrium moisture content ‘
5. Mathematical models of equilibrium moisture content
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Water Activity (a )

Lipid oxidation

Non-enzymic

browning

Relative deterioration rate

Hydrolytic

reactions

Water activity

Reference: adapted from Berg & Bruin, 1981, p.4

Chirife & Fontana, 2007, p.3
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Growth of molds
Growth of yeasts
Growth of bacteria
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Water activity (a,) is defined as the ratio
of the vapor pressure of free water in the
material to the vapor pressure of pure
water at the same temperature and

pressure

Water activity < 0.6 : reduce the
deterioration of agricultural products

Water activity > 0.6 : this results in faster
deterioration due to material degradation

by molds, yeasts, and bacteria



- Equilibrium Relative Humidity - ERH
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Reference: adapted from ASABE, 1999, p.524
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- The relative humidity of air when a material is at equilibrium
moisture content is referred to as the equilibrium relative
humidity

- At a constant temperature of 10°C and an equilibrium relative
humidity of 40%, the equilibrium moisture content of the

- If the equilibrium relative humidity increases to 80%, the

equilibrium moisture content increases to _
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Equilibrium Moisture Content of Soybeans as a wmenFemuiquasugy [
Function of Air Relative Humidity and Temperature Risisiaiidiicasabdiniss

Temperature Equilibrium relative humidity (ERH, %)

(°O) Equilibrium moisture content (EMC, %)
ERH 13.8 147 384 392 586 60.1 684 688 753 745 80.3 80.5
° EMC 54 55 9.0 89 129 126 157 157 19.1 193 240 23.2
ERH 15.0 144 424 421 61.2 61.1 69.1 69.1 746 743 80.6 80.5
10 EMC 55 52 86 87 127 127 157 156 188 183 232 232
ERH 169 16.6 454 453 62.0 63.0 69.8 69.2 741 758 80.7 81.1
b EMC 54 51 88 88 126 128 155 155 186 183 233 23.0
ERH  20.7 195 469 470 627 630 69.7 694 756 759 810 819
2 EMC 55 51 9.0 87 128 124 155 150 179 19.1 23.1 229
35 ERH 214 214 493 499 641 642 711 703 767 760 828 81.7

EMC 53 53 88 87 125 125 154 151 181 182 23.6 22.6

2 9673204 Drying and Storage E)
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Methods for Determining Equilibrium
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@stant Lid \ Static method

temperature l Temperature-

- w controlled A material can reach equilibrium by

chamber ) . )
L/ J two mechanisms: moisture adsorption
c ative humidi \ , . o

onstant reative humidl and desorption with the air inside the

< Container

Agricultural material Container

mﬁ_lx) When maintained under these

- Mesh
conditions, the material eventually

attains a constant mass, which is

s defined as the equilibrium moisture

Saturated salt
\ \solution ) / condition
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ra's above Saturated Salt Solutions

Temperature (°C)

Salt
el 15 20 25 30 35 40 45 50
Relative humidity (%)
ZnCl, 55 55 55 55 55 55 55 55 55
NaOH 85 80 75 70 70 70 6.6 63 6.0
LiCl 145 140 135 130 115 115 110 11.0 11.0
KCH;0, 25,5 25,0 250 250 220 220 20.0 195 19.0
MgCl, 340 330 328 325 325 325 320 315 315
Nal 38.0 38.0 38.0 38.0 36.0 340 325 N/A 29.0
K2CO, 470 440 N/A 430 N/A 415 410 41.0 410
KNO, 49.0 485 485 475 470 465 46.0 N/A N/A
Mg(NO,), 580 N/A  N/A N/A N/A N/A N/A NA NA
NaBr 639 61.0 N/A 575 N/A 545 530 515 495
NaNO, 66.0 66.0 655 640 630 620 615 61.0 60.0
NaCl 755 755 750 750 75.0 750 750 750 745
KCl 88.0 865 85.0 850 845 830 820 810 80.5
KNO,  96.0 955 935 925 91.0 895 88.0

Note: N/A = not applicable.




qethods for Determining Equilibrium

UNINY1AYIIVNNUATUTY é
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Air outlet
IR Dynamic method

g ﬁgg%g% A The dynamic method involves passing

«<——— Hot-air drying

air at a constant temperature and

Agricultural material oven

OOOOOBO relative humidity over the material until
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its mass no longer changes

Fan
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Air inlet \ /
Constant relative humidity

and

constant temperature
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Modified Henderson RH=1—exp[—AX (T +C) X (MC, )]
. When
Modified Chung-Pfost RH = E‘XDL - - X exp(—B X MCD_D_)J RH is the air relative humidity
(decimal)
- exp(A+(BXT)) . _
Modified Halsey RH =exp| — - T is the air temperature (°C)
MmcC,, )
_ d_' _ MC,, is the moisture content on
—1
A+BXT ic (O
Modified Oswin RH = ( ) 11 a dry basis (A)d.b.)
i MCoo | A, B, and C are constants

R 9673204 Drying and Storage E)
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Mathematical Models of Equilibrium

Moisture Content (Cont.)
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Agricultural Product A B C
Modified Halsey

Peanuts, kernels 3.9916 -0.017856 2.2375
Sunflower seed 3.2945 -0.0143 1.8641
Soybeans, Britain 3.0446 -0.0054321 1.5245
Modified Oswin

Shelled corn 15.303 -0.10184 31.6960
Oats 12.412 -0.060707 2.9397
Rough rice, long grain 14.431 -0.07886 3.1370
Peanuts, kernels 6.9812 -0.04387 3.7021

Agricultural Product A B C
Modified Henderson

Shelled comn 6.6612X107 1.9677 42.143
Oats 0.000085511 2.0087 37.811
Rough rice, long 0.000041276 2.1191 49.828
grain

Sunflower seed 0.00031 1.7459 66.603
Modified Chung-Pfost

Barley 475.12 0.14843 71.996
Shelled corn 374.34 0.18662 31.696
Oats 442.85 0.21228 35.803
Rough rice, long 412.02 0.17528 39.016
grain

Sunflower seed 399.472 32.1403 53.4887

v
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Reference: ASABE, 1999, p.525




Example 1
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A farmer stores rough rice (long grain) in a tightly sealed |tk

sack and keeps it in a temperature-controlled room at 30°C.
During storage, the farmer installs a sensor to measure air
temperature and relative humidity in the headspace above
the grain inside the sack. After 48 hours, the sensor reports
30°C and 70% relative humidity on a mobile application.
Determine the moisture content of the rough rice (long

orain) using the Modified Chung—Pfost equation.
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Example 1 (Cont.)

UNINYNNYIIVN UATUTH
A farmer stores rough rice (long grain) in a tightly sealed |ttt

sack and keeps it in a temperature-controlled room at 30°C. =i an: T = 30°C RH = 70% = 0.70

During storage, the farmer installs a sensor to measure air Agricultural A B c

Product

Modified Chung-Pfost
the grain inside the sack. After 48 hours, the sensor reports Rough rice, long  |412.02]0.17528 | 39.016

temperature and relative humidity in the headspace above

30°C and 70% relative humidity on a mobile application. el
Determine the moisture content of the rough rice (long P

. . B . RH = exp| — X exp(—B X MC,, )
orain) using the Modified Chung—Pfost equation. T+ C .
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Example 1 (Cont.)

A
RH = exp| — X exp(=BX MC,, )
T+C
412.02
0.70 = exp| — X exp(—0.17528 X MC_ )
| 30+ 39.016 -
412.02
n(0.70) = | — X exp(—0.17528 X MC,, )
30 + 39.016 B
—0.35667 = —5.96992 X exp(—0.17528 X MC_, )
—0.35667
In(———) = —0.17528 X MC,,
—5.96992
—2.81768 = —0.17528 X MC

mc,, =16.07 %,

R 9673204 Drying and Storage
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Given: T =30°C RH =70% = 0.70

Agricultural A B C

Product

Modified Chung-Pfost
Rough rice, long 412.0210.17528 | 39.016

grain

Ans. The moisture content of rough

rice (long grain) is 16.07%,

RU



Example 2
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A farmer stores shelled corn in the field and dries it using sun Nakhon Pathom Rajabhat University ({2

drying until the equilibrium moisture content reaches 18%,,, .
However, at this moisture level, the product cannot be safely
stored due to the high moisture content. Therefore, the farmer
designs a hot-air drying system in which heated air is blown
through a grain bed at an air temperature of 45°C and a relative
humidity of 40%. Determine whether, under these air conditions,
the moisture content of the shelled corn can be reduced to

11%,,, . Use the Modified Henderson model for the analysis
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Example 2 (Cont.)
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A farmer stores shelled corn in the field and dries it using sun Nakhon Pathom Rajabhat University

drying until the equilibrium moisture content reaches 18%,,, .
- Given: T = 45°C RH = 40% = 0.40
However, at this moisture level, the product cannot be safely

Agricultural A B C
stored due to the high moisture content. Therefore, the farmer Product
designs a hot-air drying system in which heated air is blown Modified Henderson
-5
through a grain bed at an air temperature of 45°C and a relative oncleeieom | SESIZSIO || ISO1Y] (26

- o : . "
humidity of 40%. Determine whether, under these air conditions, RH =1 — exp[—A X (T + () X (Mcd_@_)B]

the moisture content of the shelled corn can be reduced to

11%,,, . Use the Modified Henderson model for the analysis
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Example 2 (Cont.)
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RH=1— exp[—A p e (T + C) % (Mcd_b_)s] Nakhon Pathom Rajabhat University @
0.40 =1—exp[—6.6612 X 10~ X (45+42.143)X (MC,, )" """1 Given: T =45C RH =40% = 0.40
Agricultural A B C
0.6 =

expl—6.6612 X 10~ X (45 +42.143) X (MC,, )™ ] el

Modified Henderson

n(0.6) = —6.6612 X 10~ X (45+42.143) X (MC,, )" Shelled com | 6.6612X10° |1.9677] 42.143
Ans. Under the given air conditions, the
(MCJ_DI)I'%W = LTEO'GJ moisture content of shelled corn can be
—6.6612X10 ~ X (45+42.143) reduced to 11%,,, since the mathematical
(mc,,)"”" = 88.0010

model predicts that the moisture content

can be lowered to approximately 9.73¢

MC,, = 9.713 %,

£ 9673204 Drying and Storage .
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i
Summary 0
<

1. After drying, erains stored under controlled air temperature and relative
humidity tend to reach moisture equilibrium with the surrounding air.

2. In this chapter, learners can estimate the equilibrium moisture content
(EMC) of materials from air temperature and relative humidity.
3. EMC estimation is based on mathematical models developed by

various researchers.

4. Knowledee of EMC helps in determining suitable air conditions for saf

storage of agricultural products.
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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
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Stu!y Questions - Lecture 4
1.
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What is equilibrium moisture content, and why is it important in drying
and storage of agricultural products?
How is water activity related to equilibrium moisture content and product

deterioration?

What is equilibrium relative humidity, and how does it relate to material

moisture equilibrium? ‘

How can equilibrium moisture content be determined experimentally?

Why are mathematical models used to predict equilibrium re

content’?



Assignment - Lecture 4

1. A farmer harvests sunflower seeds from the field and finds that their
moisture content is high. The farmer therefore dries the seeds under
controlled conditions at an air temperature of 55°C and a relative humidity
of 30%. Determine the minimum moisture content to which the sunflower
seeds can be dried under these air conditions. Compare the results
obtained using the Modified Henderson model and the Modified Chung—

Pfost model.

R 9673204 Drying and Storage
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Assignment - Lecture 4
(Cont.)

2. A farmer wants to store 300 rice seeds for planting. The seeds will be
stored using the static method at a constant temperature of 10°C, and the

target equilibrium moisture content (EMC) is 5.0-5.5% ,, , based on the data in

db’
the tables. Determine which saturated salt solution should be selected and

what relative humidity level must be maintained to achieve this EMC range.

UNIINYIA! a'swﬁﬁuﬂﬁﬂgu
Nakhon Pathom Rajabhat University

Temperature (°C)

Temperature Equilibrium relative humidity (ERH, %)

(°O) Equilibrium moisture content (EMC, %,,,)
. ERH 13.8 14.7 384 392 586 60.1 684 688 753 745 80.3 805
EMC 54 55 90 89 129 126 157 157 19.1 193 240 232
ERH 150 144 424 421 612 61.1 69.1 69.1 746 743 80.6 805
0 EMC 55 52 86 87 127 1277 157 156 188 183 232 232
ERH 16.9 166 454 453 620 63.0 698 69.2 741 758 80.7 811
. EMC 54 51 88 88 126 128 155 155 186 183 233 230
ERH 20.7 195 469 470 627 630 69.7 694 756 759 810 819
# EMC 55 51 90 87 128 124 155 150 179 19.1 231 229
ERH 214 214 493 499 641 642 71.1 703 76.7 760 828 81.7
> EMC 53 53 88 87 125 125 154 151 181 182 236 226

Salt
el 10 15 20 25 30 35 40 45 50
Relative humidity (%)
ZnCl, 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
NaOH 8.5 8.0 7.5 7.0 7.0 7.0 6.6 6.3 6.0
LiCl 145 140 135 130 115 115 11.0 110 11.0
KCHO, 255 250 250 250 220 220 200 195 190
MgClL, 3.0 33.0 328 325 325 325 320 315 315
Nal 38.0 38.0 380 380 360 340 325 NA 290
K2CO, 470 440 N/A 430 N/A 415 410 41.0 41.0
KNO, 49.0 485 485 475 470 465 460 N/A N/A
Mg(NO;), 580 N/A  N/A NA NA NA NA NA NA
NaBr 639 610 N/A 575 N/A 545 530 515 495
NaNO, 66.0 660 655 640 630 620 615 610 60.0
NaCl 755 755 750 750 750 750 750 750 745
KCl 88.0 865 850 850
KNO, 96.0 955 935 925

9673204 Drying and Storage
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3. Based on the information shown in the figure, explain and compare the

equilibrium moisture content obtained from drying under the following two 2
conditions: f
3.1 When the drying air is controlled at a constant temperature of % 200
30°C and relative humidities of 30%, 50%, and 70%, respectively. *g
3.2 When the drying air is controlled at a constant relative humidity g 151
of 50% and temperatures of 0°C, 10°C, 30°C, and 50°C. %
g 10
S
| | | |
0 20 40 60 80 100

Equilibrium relative humidity (%)

R 9673204 Drying and Storage F)
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