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SUMMARY

(FEQ o)

Fir

I .Title

Development of low temperature dryer

II. Objectives and significance of the research

This study was conducted to determine the optimal design criteria and
operational conditions of low temperature grain dryer with heat pump
considering weather conditions during rice harvesting season, drying

energy consumptions, and dried rice qualities.

II. Contents and scope

1) To develope thin layer rice drying models at low drying
temperatures in the range of 15 C to 35 TC.

2) To investigate the drying characteristics and qualities of rough rice
in low temperature drying.

3) To develope simulation model for low temperature cross—flow rice
dryer with heat pump, and to validate the model , and to analyse the
effects of design and operational parameters on the dryer performance.

4) To develope an optimization model of the low temperature dryer,
and to determine the optimal design criteria and operational conditions to

minimize drying energy consumptions.



IV. Results and suggestions

The results were summarized as follows;

Thin layer drying tests were conducted at three temperature levels of
15C, 25C and 35C, and two relative humidity levels of 30% and 50%.
Thin layer drying model of Page's type was developed.

The taste values evaluated by panels for cooked rice with different
drying temperatures were high at drying temperature of 12.9 C and 30.7
C, and low at 48.7 C.

The simulation model of low temperature rice dryer predicted
satisfactorily moisture contents, crack ratios, grain temperatures, air
conditions and energy consumptions. The effects of design and operational
parameters on the dryer performance were analyzed by simulation
method.

Optimal air flow rate, grain flow rate, and drying temperature for low
temperature rice dryer with heat pump were determined to minimize

drying energy consumptions constraining rice crack and drying rate.
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Fig. 3—2 View of experimental apparatus for the drying.

Fig. 3—3 View of data accumulation apparatus for temperature, relative

humidity and weighting.
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1.0

MR = (M-M_)/(M-M,)

0.0 " 1 " 1 " " " "
0 10 20 30 40 50 60

Drying time ( hr)
Fig. 3—4 Drying curves of rough rice at the drying air temperatures and

relative humidity 30%.
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1.0

MR = (M-M_)/(M-M,)

0.0 " 1 " 1 " " " "
0 10 20 30 40 50 60

Drying time ( hr)
Fig. 3—5 Drying curves of rough rice at the drying air temperatures and

relative humidity 50%.
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1.0

MR = (M-M_)/(M-M,)

0.0 L 1 L 1 L 1 L 1 L 1 L
0 10 20 30 40 50 60

Drying time ( hr)
Fig. 3—6 Drying curves of rough rice at the relative humidity and air

temperature 157C.
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MR = (M-M_)/(M-M,)

0.0 L 1 L 1 L 1 L
0 10 20 30 40

Drying time ( hr)
Fig. 3—7 Drying curves of rough rice at the drying air temperatures and

relative humidity 25C.
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MR = (M-M_)/(M-M,)

0.0 L 1 L 1 L 1 L 1 L
0 5 10 15 20 25

Drying time ( hr)
Fig. 3—8 Drying curves of rough rice at the drying air temperatures and

relative humidity 35C.
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Table 3—1 Estimated values of coefficients for selected drying models

Models Experiment coefficients R’
P= 0.01932—0.0002115( T,) — 0.0692( R H,) — 0.00000882( T,)*+0.00283( T, - RH,) 0.9616
Page
Q= 0.47652 +0.0218( T,) +0.54742( RH,) 4+ 0.0001065( To)2 —0.02225( T, - RH,) 0.9998
A= —1.56637+1.11379( Ty) — 91.10758 (RH,) — 0.03812( T\)+3.15455( T, - RH,) 0.8921
Thompson
B= 43.18647 — 1.98255( T,)) — 5.03908(RH,) + 0.02255( T;)% +0.52125( T, - RH,) 0.9777
Lewis k1 =0.00883 +0.00221( T\,) — 0.04967(RH,) + 0.0000505( To)2 0.9989
A= 0.70516 4+ 0.00166( T,) + 0.35596 ( RH,) +0.00007175( TO)2 —0.01432( T, - RH,) 0.5583
Simplified diffusion
ky=10.01043 +0.00148( 7)) — 0.04217(RH,) + 0.0000395( T)* 0.9987
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Table 3—2 Estimated coefficients of determination and root mean square

error of moisture ratio for selected drying models

R* RMSE
Models

15C 25T 30C 15C 25T 30C

Page 0.9986 0.9962 0.9950 | 0.01203 | 0.01845 | 0.01607

Thompson | 0.9978 0.9946 0.9929 | 0.01588 | 0.02246 | 0.03872

Lewis 0.9788 0.9721 0.9628 | 0.07531 | 0.08216 | 0.08470

Simplified
] ] 0.9581 0.9451 0.9326 | 0.03472 | 0.04365 | 0.04941
diffusion
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Fig. 3—9 Comparison of measured and predicted moisture ratio by four

different drying models at 15C and 30% rh.
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MR = (M-M_)/(M-M,)
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Fig. 3—10 Comparison of measured and predicted moisture ratio by four

different drying models at 15C and 50% rh.
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Fig. 3—11 Comparison of measured and predicted moisture ratio by four

different drying models at 25C and 30% rh.
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,49,



1.04
N
\ o Measured
0.8 N \. — Page
\ .................. Thompson
— - ~.\ —————— Simplified diffusion
[0 .
= o
Io -
S 06
=
O
=
2
" 04
1
=
0.2
00 L 1 L 1 L 1
0 5 10 15 20

Drying time ( hr)
Fig. 3—13 Comparison of measured and predicted moisture ratio by four

different drying models at 35°C and 30% rh.

,50,



1.0
|\
\ o Measured
08Fb \ —— Page
\ .................. Thompson
. AN ~.\ —————— Simplified diffusion
(]
= -
S 06}
=
()
=
=
o04r
0
=
02}
00 L 1 L 1 L 1 L
0 5 10 15 20

Drying time ( hr)
Fig. 3—14 Comparison of measured and predicted moisture ratio by four

different drying models at 35C and 50% rh.

,51,



i)
=

30C 34, HUE%E 30%

ol
=

Z2% 15T, 25C

bl o]

S

Eal

50% 25~ df

war 9l

ToR

47} 9]

-
T

Jepst.

-
st

< 15TCelA

AzxLE7t o
o] AA YEks.

’

o

v &

o

Wt

7} A e

E

il

P
T

A

9

]

TA R F8fe] B4

3

3L

oA 239 AdAE

Nfo

STk

A

g

A%

% 7Fe] RMSE$}

5
=g

FSlth. Page

S

Al
=

)

P
T

g7
ARA

A%

[e)
G

o
F2 et Thompson =29

S

ol
=

2

A%

P
T

KeN
T

0.0189]

1
s

0.995°]%, RMSE

0.038°]3t= YEFOH, Lewis

1
T

7F 0.992¢]7¢, RMSE

,52,



iod

Shalbdl o] AAAGFE 0.9320]4, RMSEE 0.0840]8+2 e} Page

a-

@3} Thompson Welo] Hls) tha: HF4o] WolA = o= Liehget,

= a=1

ok ek, SEHl(MR) ] el 0~1Ae19] ghdd< a1 d o RMSEE 7

TO2 Page B9 Aol AU

,53,



1. M

mK

)

ofp

I e el e m E5E, A

=

== O
SO

kv s
=3

1o
T

5

ol B

g,

1

o]
DA

71& el

Ho

A

o He] o] o]&¥ L

)

$a]u}tol 4

A

T
1

}o] 45~55TC

[<]

sslo] Mol %4

°o]-&
[}

7F A

(low—capacity)
w3 ¢)th(Ishibashi &, 1971).

=

=
g9 Ao AgE 37

[

bol Sei7t e,

=2}
=

A

°©

EER

oF Au] A
10~30TC

1

T

=
3L

40]

o
=

F7h S =
Az

1.2%(w.b./hr) #91%1 31°5¥ (high—capacity) HZ=WH O R 2n|Hc}
o

0.04% (w.b./hr)

el Vg

K

A

o

N

e

Al
=

ol 1 <]

S

&

wheh,

,54,



(heat pump)®} &% 150kg 759

=hE

-
s

ofp

W

2. A5

Al 58 7183l

1

s

A% A

ol
=

A

]

o
1l

A4

A

tom,
PRI

148 e A

ol ol A A7kA 2T AA%
[}

25.41~26.63%(w.b.) HA}.

hya
s

A2 AL

o)

kos
=

7t TAA R
40kg

Al
=

el
T
o
B

=K

1
T

t}. Heat pump

bl 7 )

°©

1

7_]

Ay

357194 7

717}

—_
o

M
4

M

—~
file)

0
.zrl
i

2=

g LZAAM(TE-1) ES 3719

H]

to] TE-13 TE-2&

e

S|
=

=
=

| (TE—-2)

o

1
o}

,55,



Heat Pump®| 3% (Q< ZFH 30 »’/min - tons 7€ o2 A2V &
2 150kgol| tisle] 4.
&t .

Heat pump®] &3 AL 27|t §5719 $3ALH W HAH4TY &%
Agor FET 4=l Heo| AN FIAFS ugsty I F
7 p=0.08m, &% 3

Heat pump9] 71¥E % WWztH3stE ZAAs7] 9k 97|22 7|14H e &
AASG 10~11¢9 7|EARE ol&sion 7H9A 2= —5C, Hds:
70%, YA 25 25C, FUFE 70%E 7o 2 Aitstsit.

Heat pumpd AAZE 93 53719 AALE ASHRAE(1989)E 7]
3t om, Heat pumpd EEF¥7]9 ZAL Hu 2% 50CY v Ads5%
50%, HA 2% 20CY W FU5% 35%%

7IF7(% 25T, HUFE 70%)E EET7(2%E 20C, dUss
35%) = B et AAA AL EeE WAIFS 11991.2kI/hrollown, &8
B 7FEE#HE 6244.5k)/hr2 VERUE

T3 U E(2E —5C, AUHFE 70%)5 EET7(E 50T, Hs

r
A

O

HU

il
I
=2
!
i
o
P‘L
¥
v

T 50%)% 7tdsls A A std e 57411.4kJ/hr2 LFEFSGE

BUHEEE Aot 918 75 14.23kg/hrE LERET

webA, Wz @ A Ao EE dES a#ste] Heat pumpd ¢E7]E
CopelandAH(USA) 2] 2.3kW(CRJQ—0300 —TF5)2 AA3 ALt 45719
Hsde $HSE 489C, &% —1.1ColA 37112.8kJ/hrolw ulebA,
Az o7¥HE £ 9% 57411.4kJ/hrs 1HeH BRI dHe

,56,



20298.6kJ/hrz YEFSFT}

=
=

1629x840X1400mm(LXWxXH)Z ZHo] Aok

-
T

Heat pump?d 7]

I

33t} Heat Pump

Hes i

o] 50 §o|3

’

o

;|

e

—_—
o

Hlo
4o

K
ey
BH
e
I

—
fite)

1
s

I oA

2

5 AHgahan.

R—-22

(¢}

=
I

= -
E%/’\Jl S

’

™

o

ahole

2 150kge

719 &%

btk

S

Ax7|2 AA

,5’77



Table 3—3 Specifications of the test dryer

Items

Specifications

Type

Capacity

Dimensions of drying column
Number of row
Grain depth
Volume
Width
Height
Capacity

Tempering chamber
Volume
Capacity

Air flow rate

Grain flow rate

Grain circulating cross—flow type

150kg

0.08m
0.0272m'
0.7m
0.24m
15kg

0.2455m'

135kg

0.04m'/minkg(6m’/min)

75~180kg/hr(1.2~2.9m/hr)

,58,
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Fig. 3—15 Schematic diagram of the test dryer.
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Fig. 3—16 View of the test dryer.

Fig. 3—17 View of the drying section.
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Fig. 3—18 View of the drying exhaust and feeder section.

Fig. 3—19 View of the controller section.
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Fig. 3—20 View of drying test.
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Table 3—4 Quesionnaire

used for sensory evaluation of cooked rice

9] & (appearance)
#7119 AHX(glossiness) 2]#9] E4(quality of appearance)
()Y CHCHCHCHCH) CH)y CHCHItHCHCHCHCHCHCHCH ()
Sl 3] s dids] st 3] E=o
A o] 732 (color)
CHCHCHCHCHC )y ) ) )
N ois] 7k
3k (odor)
ol €] 9] WA A= (off—odor) WAl FA(quality of odor)
()Y CHCHCHCHCH) CH)y CHCHItHCHCHCHCHCHCHCH ()
7 ey 3] A dds] st s Erh
YH(taste)
g B9 RAE(taste) Bro] EA(quality of taste)
CHYCHCHCHCHC )y ) ) NCHCHCHYCHCH o Hre H)yoc ) )
NS i8] gk s W 3] =t
ZA 7 (textures)
7 % (hardness) Z A7+ E4 (quality of texture)
(Y CHCHCHCHCH) CH)y CHCHItHCHCHCHCHCHCHCH ()
Sl 3] s dids] st 3] Eo
g3 A (springiness)
CHCHCHCHCHC )y ) ) )
NS ois] 7k
o] $-F A4 (cohesiveness)
CHYCHCHCHCHCH) €y )
7y s s
A& &4 (roughness)
(Y CHCHCHCHCHCH ) ()
7y s st
R &4 (adhesiveness)
CHCHCHCHCHC )y ) ) )
NS o] 7k
A Ql E4(quality of overall)
CHYy CH)y cHreHCeHCHCHCH )
ey s st
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3) AFEA

Aol Basitt. dde AAsy] del AdE JAHY dvlY)
(HSMC—4C, Hansung, Korea)E ©|-&3}o] HoA dAvnlz= =4% 5 AlF&
npz2 Aw 7] (VP-31T, Yamamoto, Japan)E ©]&3te] =43 wns 23
o ARg-8F3A .

AZLE 30C 9 48T, ALEZAXx3 AxvE 717 Zgodda §7]
5

(Ziploc, &= yoll ol 4C W A%Farel 25C 27|04 871 &<t
ARk, A 0, 4, 8, 12, 16, 24, 325 A2 AAH] A8 AFH

FASY GBe ARE QPO F4E, Wbk, AWl opuzo,

=

AR = 100gT 9] weEl ARk Fste] a3k KOHY 4& mg
2 Yehd oz, AACCH1983)e wet Attt 40mesh® APE S
A7E 10gS AEZ 2~ YE9A(26X100mm, Whatman, England)el] @&
£-3}o] petroleum ether® 16A]7F FZ3}3 ),
F=3 Fo & AAst AW AEE FFsFil 50mL 0.02%
BAP(Benzene—alcohol—phenolphthalein) &% o] 0.0178N KOH &<

o w AU AT v Aol et SA s

Fat acidity value = WXIOO (mL KOH/100g)
T : Al&2] 0.0178N KOH # A% (mL)
B : ¥A 89 0.0178N KOH A4 (mL)
W @ Al& 100g9] & F (g)
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ol 29 &2 JulianoW (1971)0l 2Jste] FH& . B7FFE 50T
o] dry ovenollA 24A1%F HeF AZXAIZ]AL, A7FE 100mgol 95 % ethanol
€ 1mL, IN NaOH &} 9mLE FH7Fete] 7k 304 1027 WA
T A Y7ea SHSZ 100mLE ZEAA AR 98 AU AR &
of 5mLe| 1IN acetic acid 1mL, 0.2% iodine £°9(0.2% I, + 2.0% KI)
2mLS 7 & SHSFEZ YA 100mLE FE3ste] 2083 WA o
620nmel A FFEE FAH3Y] ofdR e~ IS FASSY. ATEHHL of
U2 Q2 (Type IM from potato, Sigma, Co., USA)¢} oFd=Z " (from
potato, Sigma, Co., USA)S ¢A wH]&=Z 233 v 99 22 WyHow

=
Aste] AA P o, o] ZRE AXA T o}ATZQ A~ FHS A

[e]

ok
o
=
il
I
ol

A

2
off

b

*

EAe o}z 183X(RVA, Rapid Visco Analyzer, Newport
Scientific Pty, Ltd., Australia)E& ©]-8&3lo] FA3slsitt. 2SS 40mesh =7
A7V FE WE U 3gS H®EEFe] Sample candl ¥ THFS 25mLel #

B2AA71 & 50CoA 95C 74 719 sle] 33kA1 7131 thA] 50C = Y75k

o3t 548 SASS T
o] B8] EAS SAS7] Yal FHWste] Texture analyzer (TA-XT2,

Stable Microsystems Ltd., England)Z& o] &3}le] =33} c}.
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Table 3—5 Ambient air temperatures and relative humidity during drying

test

Drying air temperature Ambient air Ambient
(C) temperature(C) relative humidity (%)
21.9 23.1(19.0~28.1) 59.8(42.0~74.0)
30.7 20.2(17.5~23.3) 50.6(42.0~63.0)
38.8 20.8(19.0~25.4) 67.3(53.0~74.0)
48.7 21.2(19.5~22.5) 71.6(63.0~80.0)
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¥ 3-218 AzI7 E fAEE Azl ex WMaE dehd sol
)

oh AXLEE 21.9C(20.3~23.27C), 30.7C(29.5~31.5C), 38.8C(36.2~
39.4TC) % 48.7C(47.6~50.1C)2 YeWY. 2t 22 dF-AxE A2
= 219CeA 7HE e 0.82CE YEtewn, dxe® 48.7CdAE 0.

7
4C, AZx2% 30.7 % 38.8CoAAM+= 242t 0.46 2 0.41C=E vk Aol
o mEbA, AxEe Ax27I F dds] f#dei A FAEAY. FYEHE

zd
41.3%, 38.6%, 33.8% X 10.4%= YEISTE AZx¥7] 48.7CoA A= Al
3

TE Jdoz 2A43HH ol vHA yErwth 7 22 s Axs
2.4, 2.7 2 04%=2 YEIY #L5HA FAHE Aoz duE)
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Fig. 3—21 Changes of drying air temperatures during drying.
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-6 AZx2Lo W& AFxEE=E yelhd Aotk FoMet ol A

ZL% 21.9CoAM= 45 25.41%(wh.)E 16.82%(w.b)7MA] A Z3sI=H

=

29.4X17F0] AL EJon AXELTE 0.29%(w.b/hr)E YEWT dAZ2ex
30.7C, 38.8C Y 48.7C9 ZA%oAM AR A28AE Z}7F 148, 12.0 ¥

1At ® eI, AXEEE 0.61, 0.85 2 1.26%(w.b./hr) &2 LEFST}

Table 3—6 Drying rates and drying times by drying air temperatures

Initial
Drying air ) Final moisture ) ) )
moisture Drying time Drying rate
temperature content
. content (hr) (%,w.b./hr)
(C) (%,w.b.)
(%,w.b.)
21.9 25.41 16.82 29.4 0.29
30.7 25.63 16.65 14.8 0.61
38.8 26.52 16.32 12.0 0.85
48.7 26.23 16.14 8.1 1.26
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Table 3—7 Moisture contents and appearance properties of milled rice

used sensory evaluation

Drying air Moisture
_ Broken Chalky Colored
temperature content Whiteness ) ] )
. rice rice rice
(C) (%,w.b.)
21.9 16.7 38.9 0.3 2.3 1.0
30.7 16.2 38.9 0.2 3.7 0.8
38.8 16.8 38.4 0.4 2.6 0.9
48.7 15.8 37.8 0.7 3.9 1.2
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Fig. 3—26 Results of sensory evaluation scores of cooked rice by drying
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Table 3—8 Results of sensory evaluation for cooked rice by drying air

temperature
Sensory Characteristics 21.9C 30.7C 38.8C 48.7C
Odor off—odor” 2.13° 2.13° 2.34% 2.71°
Aopearance glossiness™” 8.02° 7.93¢ 7.31° 7.25°
color™ 1.91°¢ 1.96¢ 2.09¢ 3.38¢
Taste taste”” 7.89° 7.577 7.52% 6.96°
roughness’ 2.16° 2.41% 2.487 2.80°
hardness 4.43 4.79 4.61 4.35
Textures | springiness’ 7.16° 6.98¢ 6.91° 6.20°
cohesiveness 6.71 6.52 6.54 5.88
adhesiveness 5.63 5.91 5.57 5.62
Quality of odor 7.80 7.77 7.52 7.20
Quality of appearance™ 7.96° 8.02° 7.89¢ 6.75°
Quality of taste™ 7.80° 7.55¢ 7.48° 6.93"
Quality of texture™ 7.77° 7.50 7.41 6.75¢
Quality of overall™ 7.88¢ 7.63¢ 7.45% 6.66¢

L N

Significantly different at the P<0.05, P<0.01, P<0.001, respectively.

abe Values followed by the same letter in the same row are not

significantly different.
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Table 3—9 Influence of

drying air temperatures on moisture content

Storage Storage moisture content(%,w.b.)
. drying air drying air
temperature period Nature air

(C) (weeks) temperature drying temperature

30C 48°C

0 14.75 14.70 14.37

4 15.39 15.02 15.19

8 14.86 14.75 14.75

4 12 14.86 14.84 14.64

16 15.12 14.93 14.89

24 15.00 15.25 14.58

32 13.52 13.39 13.49

0 14.75 14.70 14.37

4 14.95 14.93 14.63

8 14.57 14.74 13.72

25 12 14.08 13.96 13.89

16 14.32 14.55 13.87

24 13.76 13.78 13.11

32 12.19 11.93 11.88
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Fig. 3—27 Influence of drying air temperatures on germination rate.
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Table 3—10 Influence of drying air temperatures on amylose content

Amylose content (%)

Storage Storage
temperature | period drying air Nature air drying air
(C) (weeks) temperature drying temperature | F—Value
30C 48°C
0 2.04%3.41 | 3.10£0.69 | 3.33%1.72 | 0.28""*
4 3.63+1.99 | 5.2243.09 | 5.67+0.57 | 0.75"°
8 1.81£0.69° | 3.70+0.79" | 5.30£0.39* | 21.78%*
4 12 4.9241.33 | 6.81+3.54 | 7.27£1.91 | 0.78"°
16 5.07+2.58 | 6.89+1.18 | 7.80+1.04 | 1.90™°
24 4.80+0.01 | 8.71+4.79 | 5.994£0.50 | 2.16"°
32 5.3840.12 | 9.96+6.23 | 11.76+3.86 | 1.81"°
0 2.04+3.41 | 3.10£0.69 | 3.33+1.72 | 0.28"°
4 5.2242.58 | 7.11+1.80 | 5.84+0.66 | 0.81"°
8 4.8440.01 | 6.20%1.57 | 7.57+2.17 | 1.49"°
25 12 6.43£1.36 | 8.25+2.02 | 8.40%1.05 | 1.54%°
16 6.73+2.10 | 8.404£0.47 | 8.55+1.14 | 1.54™°
24 6.61+£0.39° | 8.5640.03" | 11.20+1.27°| 27.27"
32 5.75+0.01° |10.014+0.37"/13.514+0.12%| 929.70™"
N.S : Not significant
# %% and =*** mean significant at p=0.05, 0.01 and 0.001, respectively.
Different superscripts are significantly different at a=0.05 level
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Table 3—11 Influence of drying air temperatures on setback

Setback (RVU)

Storage | Storage
temperature| period drying air Nature air drying air
(C) (weeks) temperature drying temperature | F—Value
30C 48°C
0 80.55+1.94" | 93.254+0.71° | 88.88+1.35% | 40.94""
4 78.3444.72 | 85.7140.53 | 78.84%1.18 | 4.25"%%
8 84.54+4.65 | 91.96+15.38 | 85.75%£1.53 | 0.36"°
z 12 [106.96%14.20| 93.05+3.71 |93.42410.37| 1.17"°
16 75.13+4.07 | 86.71+£7.60 | 85.59+5.54 | 2.33"°
24 |103.13%7.25|105.04%2.53 | 105.09+6.48 | 0.07"°
32 84.13+2.54 | 87.33%1.06 | 78.54%£9.49 | 1.22N°
0 83.00+1.53° | 93.25+0.71% | 88.88+1.35" | 34.08"
4 89.58%5.30 | 97.79%6.42 | 97.63%1.12 | 1.87"°
8 128.29+6.66 [116.00£22.98]101.25+0.82 | 1.92"°
25 12 |136.05%22.45/135.25423.45|157.55+6.19| 0.88"
16 | 92.8440.23" | 98.75+0.47* |96.304+1.94"| 13.07"
24 | 135.00%2.47 [129.634+16.44|150.50+0.35 | 2.55"°
32 99.29+2.88 | 105.7940.06 | 105.54+1.47 | 7.76"°
*  *% and *** mean significant at p=0.05, 0.01 and 0.001, respectively.

Different superscripts are significantly different at a=0.05 level

N.S : Not significant
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Table 3—12 Influence of drying air temperatures on peak viscosity

Peak viscosity (RVU)

Storage | Storage
temperature| period drying air Nature air drying air
(C) (weeks) temperature drying temperature |F—Value
30C 48°C
0 120.71£4.30° |146.2143.13°| 139.05+1.94° |32.40"*
4 110.59+2.35"|123.8841.35% 113.38+4.07" | 12.33"
8 111.1349.72 |114.3440.47| 119.4249.43 |0.57N5
z 12 |101.83%0.71 [107.38%4.66| 102.50+1.53 | 2.24"°
16 | 103.9649.25 [121.84+5.18| 116.71£3.59 | 4.06™°
24 [102.63%21.15(120.00£3.42| 115.50+8.49 | 0.92"°
32 |135.04%0.41"|143.634+1.83% 137.21+0.53" | 31.45"
0 |126.50£3.89"[146.2143.13% 139.05+1.94% | 20.83"
4 132.38+7.25 [153.75%£9.19| 143.13+1.59 | 4.91"°
8 152.84+2.24 [164.54+2.53| 157.17+6.24 | 417"
25 12 |131.42+40.12"|136.6742.24% 125.83+0.35° | 34.11"
16 | 149.754£2.94"|165.1341.24% 156.544£4.19" | 12.86"
24 |151.7140.06"|170.63%4.53%136.71%£10.08"| 14.20"
32 |188.34£0.83"|208.5843.897 194.00+0.71" | 40.13*
*  *% and *** mean significant at p=0.05, 0.01 and 0.001, respectively.

Different superscripts are significantly different at a=0.05 level

N.S :

Not significant
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Table 3—13 Influence of drying air temperatures on final viscosity

Final viscosity (RVU)

Storage | Storage
temperature| period drying air Nature air drying air
(C) (weeks) temperature drying temperature |F—Value
30C 48°C
0 140.63+4.53°182.71+£1.00°|167.17+5.42"[53.31""
4 142.46+8.43 | 165.0946.95 | 145.71+2.88 [7.03*"*
8 152.13+2.41 | 162.25+3.54 | 157.42+6.24 | 2.69"°
4 12 | 149.13+5.37 | 148.92+7.54 | 148.38+5.72 | 0.01"°
16 | 137.38+7.95 |161.25%11.67| 160.96+3.24 | 5.37"5
24 |144.96%15.73| 155.38+4.18 | 157.38+8.90 | 0.78"°
32 [185.05%+4.07"199.1340.29*[192.17£1.29%| 16.26°
0 |146.54£3.83°182.71%£1.00%|167.17£5.42"| 43.79"
4 165.50+6.83 [191.34+18.26| 181.55+0.18 | 2.68"°
8 211.34+2.00 | 211.54+4.19 |202.29413.02| 0.88"*
5 12 | 186.1749.19 | 186.13+7.60 | 190.42+4.01 | 0.23"°
16 | 188.04%4.89 | 200.75+1.65 | 193.46+4.07 | 5.65"°
24 [196.3440.94"(217.05+3.71*[195.50+7.42"| 12.81"
32 | 246.84£2.00 | 257.13+£9.37 | 250.46£0.65 | 1.77"°

* %% and #*** mean significant at p=0.05, 0.01 and 0.001, respectively.

Different superscripts are significantly different at a=0.05 level

N.S : Not significant
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Table 3—14 Influence of drying air temperatures on breakdown

Breakdown (RVU)

Storage | Storage
temperature| period drying air Nature air drying air
C) (weeks) temperature drying temperature | F—Value
30C 48°C
0 60.63+1.70 | 56.75%2.83 | 60.75%£6.01 | 0.66""°
1 46.46+1.36 | 44.50+5.06 | 46.50+2.36 | 0.24"°
8 43.5542.65 [44.044+12.32 | 47.75+1.65 | 0.20"°
z 12 | 59.67£9.55 | 51.50+0.82 | 47.55+6.19 | 1.76"°
16 | 41.71£5.36 | 47.2941.12 | 41.34+5.18 | 1.17"°
24 | 60.79%£1.82 | 69.67+1.77 | 63.21+6.89 | 2.34"°
32 | 34.1347.01 | 31.84+0.47 | 23.59+7.66 | 1.71"°
0 62.96+1.59 | 56.75+2.83 | 60.756+6.0 | 1.27"°
4 56.46+5.71 | 60.21+2.65 | 59.214+2.88 | 0.47"*
8 69.80+6.89 [69.00+£21.33 | 56.1345.95 | 0.66"°
25 12 |81.294+13.14|85.80+13.61| 92.96+1.82 | 0.58"°
16 | 54.54+2.18 | 63.13%+3.36 | 59.38%2.06 | 5.49"°
24 190.3841.48 | 83.21+15.61| 91.71+3.01 | 0.49"°
32 | 40.8044.07 | 57.25+5.42 | 49.09+1.53 | 8.42"°

N.S : Not significant
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Fig. 3—33 Flowchart of simulation program.
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Table 3—15 Input and output values of simulation program

Input values

Output values

Dryer specifications
Height(m)
Length(m)
Width(m)
Grain flow rate(kg/hr)

Air conditions
Drying air temperature (C), RH(%)
Ambient temperature(C), RH(%)

Grain conditions
Initial moisture content(dec,w.b.)
Initial grain temperature(C)
Final moisture content(dec,w.b.)

Grain weight(kg)

Circulation time(hr)

Drying time(hr)

Tempering time(hr)

Final Moisture content(%,w.b.)
Moisture content during At
Drying rate(%,w.b./hr)

Grain temperature(C)

Head rice yield(%)

Water remove rate(kg)

Total energy(kJ/kg)
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Table 3—16 Drying conditions used for the validation test of the

simulation program

Variety of rough rice Chuchung(short grain)
Input grain weight(kg) 150
Initial moisture content(%,w.b.) 24.7
Initial grain temperature(C) 19.6
Ambient temperature(C) 19.6
Ambient relative humidity (%) 50.2
Drying air temperature(C) 30.3
Drying air relative humidity(%) 42.3
Grain flow rate(m’/hr) 0.25
Airflow rate(m’/min) 6.4
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Fig. 3—34 Comparison of measured and predicted moisture contents.

- 120 -



2.0

15} —— Predicted
® Measured
—_~
X
S 10f
.0
b [ J
—
X
O
© 05
@)

0.0

0 2 4 6 8 10 12 14 16 18 20

Drying time ( hr)

Fig. 3—35 Comparison of measured and predicted crack ratios.

- 121 -



30

(@
N
(O]
—
-]
=
g
o 20
(o
S
o 18t
£ r
© 16+ —— Predicted
O ® Measured
14 |
12
10 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
0 2 4 6 8 10 12 14 16 18 20

Drying time ( hr)
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Table 3—17 Drying conditions for low temperature drying simulation

Capacity of grain dryer(kg) 3800

Size of drying chamber(m) 0.877%X2.0X0.125(HXLXW)
Initial moisture content(%,w.b.) 26.0

Final moisture content(%,w.b.) 16.5

Initial grain temperature(C) 19.0

Ambient temperature(C) 19.0

Drying air temperature(C) 25, 30, 35, 40
Drying air relative humidity(%) 50.0

Grain flow rate(m'/hr) 3,4,5,6,7 8
Airflow rate(m'/min-ton) 14, 18, 22, 26, 30

Standard conditions : drying air temperature 30°C, grain flow rate 5m'/hr

airflow rate 22m'/min-ton
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Table 3—18 Hypothetical initial conditions for low temperature drying

optimization
Capacity of grain dryer(kg) 2200, 3800, 4800
Input grain weight (kg) Full capacity
Initial moisture content(%,w.b.) 26.0
Final moisture content(%,w.b.) 16.5
Initial grain temperature(C) 19.0
Ambient air temperature(C) 19.0
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Table 3—19 Results of optimization for low temperature rice dryer

Capacity of dryer(ton)

Drying conditions

2200 3800 4800
Input grain weight (kg) 2200 3800 4800
Initial moisture content(%,w.b.) 26.00 26.00 26.00
Drying air temperature(C) 31.8 30.9 32.1
Drying air relative humidity (%) 50.0 50.0 50.0
Finial moisture content(%,w.b.) 16.41 16.21 16.50
Crack ratio of brown rice(%) 0.48 0.44 0.47
Airflow rate(m’/min) 61.6 79.8 91.9
Grain flow rate(m’/hr) 2.52 5.84 6.31
Drying time(hr) 24.78 33.11 38.24
Drying rate(%,w.b./hr) 0.38 0.30 0.25
Energy consumption(kJ/kg) 1337.9 1635.1 1721.8
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Heat pump®] 71g9 % Yzt E ZAAsl7] 93 97|21 71434
A 10~114 7[EAREE ol&silen 7FdA 2% -5C, dds:
70%, BN 2% 25C, JUFE 70%5 7|22 ALlssith

Heat pump® A7AE 913 FF719 A H(ASHRAE, 1989)2 t&9 %
3—20% #t}. Heat pump® EE37]9 72 Hi 2% 50Cd uf Ao
T 50%, FA 2% 20CY Wl HUsE 3/5%E Hx= AAsoH, o
o] FE71e AL ¥ 3-213 A

=1

Table 3—20 Ambient air conditions and psychrometric properties for

design of heat pump

Ambient Conditions

O Specific volume 0.762 m'/kg
Heating —-5C, 70% rh O Enthalpy —0.4998 klJ/kg
O Absolute humidity 0.00182 kg/kg

O Specific volume 0.844 m'/kg
Cooling 25C, 70% rh O Enthalpy 46.0038 kJ/kg
O Absolute humidity 0.01021 kg/kg
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Table 3—21 Design criteria for exhaust air conditions from heat pump

Drying air Conditions
) O Specific volume 0.974 m'/kg
Maximum
50C, 50% rh O Enthalpy 154.8295 kJ/kg
temperature o
O Absolute humidity 0.0403 kg/kg
o O Specific volume 0.837 m'/kg
Minimum
20C, 35% rh O Enthalpy 32.5476 kJ/kg
temperature
O Absolute humidity 0.00510 kg/kg

(2% 20C, AUFE 35%)2 YZsts 3A-ALS O-Q0-0-@9}
g O-Q@-Q@HoA A% Ydge

o, @-@IAANN Lass HAgTe
vhebget.

Q = Sy — g

0 = QA0 (g

FE& 71 YElA o] 1
C, AUlEE 70%)8 EZE7)

(3—39)%} #o] 11991.2kJ/hr
(3—40)7} #o] 6244.5k]/hr=

Al
2

e (3=39)

ceereies (3—40)



T 50%)2 7tEsts e -3 pow, o u stgddEe tpoo] 2
(3—41)¢} o] 57411.4kJ/hr= FEFSITE

@ %6& X Ry = H) i (3—41)

AREHEEE Aol Y3t 7h5ES 2 (3-42)9F Zo] 14.23kg/hr= UHE}
=

Qu = %&L x (HG — H5) Cereereee e (3—49)

A71M, Qu + 7k (kg/hr)

webaA, Wz 2 7tdAl A5 IS 18]8le] Heat pumpd 4EF7]E
CopelandAH(USA)®] 2.3kW(CRJQ—0300 —TF5)= AAsoct. k=79 H
fs8Ee 221 489C, 2w —1.1CoA 37112.8kJ/hro]™ whala],

Azd SFHE F dzF 57411.4kJ/hrs nEstd BRxdgdel d=e

20298.6kJ/hr= YFEFRL
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Fig. 3—43 Schematic diagram of heat pump.
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Fig. 3—45 View of heat pump(side).
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Table 3—22 Specifications of the heat pump

power : 2.3kW

Compressor capacity : 37112.8kJ/hr at condensing/evaporating
temperature 48.9C/—1.1C

coil : 1/2"X11RX12S*x400EL
Condenser

transfer area : 30.8m’

coil : 1/2"<X8Rx12Sx400EL
Evaporator

transfer area : 16.5n

coil : 1/2"X6R<12Sx<400EL
Reheater

transfer area : 17.1m

power : 0.6kW

Fan . P .

capacity : 60m’/min at 110mmAq

Refrigerant R—22
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Table 3—23 Specifications of the test dryer

Items

Specifications

Type

Capacity

Dimensions of drying column
Number of row
Grain depth
Volume
Width
Height
Capacity

Tempering chamber
Volume
Capacity

Air flow rate

Grain flow rate

Grain circulating cross—flow type

150kg

2
0.08m
0.0272m’
0.7m
0.24m
15kg

0.2455m'
135kg
0.04m’/minkg(6m'/min)
75~180kg/hr(1.2~2.9m/hr)
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Table 3—24 Test of velocity for drying chambers

Test—1 Test—2
Items
1th row 2th row 1th row 2th row
Average
] 3.02 6.27 4.66 4.96
velocity (m/s)
Standard
o 0.856 1.558 0.377 0.622
deviation

H
7] 5 Fagr]e) Ade agdva Jpgsie

o
>
o
8
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>
e
=2
2
i
v
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Fig. 3—47 Performance curve of fan for low temperature grain dryer.
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Fig. 3—50 Changes of drying air temperature during drying test.
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Table 3—26 Drying rates and drying times by drying air temperatures

) Initial Final
Drying . . . . . .
moisture moisture Drying time | Drying ratio
temperature

. content content (hr) (%,w.b./hr)

()
(%,w.b.) (%,w.b.)

20 19.0 15.5 15 0.23

30 20.0 15.4 9 0.47

40 19.9 15.5 5 0.84
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Table 3—27 Energy requirement by drying test

Drying Energy requirement Energy requirement
temperature
(C) (kW) (kW/h)
20 21.3 4.0
30 37.2 3.8
40 58.2 3.8
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Table 3—29 Ambient air conditions and psychrometric properties for

design of heat pump

Ambient Conditions
) O Specific volume 0.796 m'/kg
Heating 6C, 70% rh
O Enthalpy 3.865 kcal/kg
. . O Specific volume 0.844 m'/kg
Cooling 200C, 70% rh
O Enthalpy 10.988 kcal/kg

Table 3—30 Design criteria for exhaust air conditions from heat pump

Drying air

Conditions

Maximum O Specific volume 0.893 m'/kg
40°C, 10% rh
temperature O Enthalpy 12.125 kcal/kg
Minimum O Specific volume 0.837 m'/kg
20C, 35% rh
temperature O Enthalpy 32.5476 kJ/kg
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Fig. 3—57 View of heat pump(front).

Fig. 3—58 View of heat pump(side).
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Fig. 3—60 View of fan and filter.
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Fig. 3—62 Change of temperatures and relative humidities at inlet and outlet of heat pump.
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Fig. 3—64 View of a circle duct.
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Fig. 3—65 View of coupling circulation grain dryer and low temperature

grain dryer.
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Fig. 3—67 Changes of drying air temperature and relative humidity during

drying test.

- 191 -



32

Temperature (C)

—— Grain temperature in drying chamber
~~~~~~~~ Grain temperature in tempering chamber

16

14 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I
0 2 4 6 8 10 12 14 16 18

Drying time (hr)

Fig. 3—68 Changes of grain temperature in drying and tempering chamber
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Table 3—31 Changes of drying air temperature on crack ratio of brown

rice
Crack ratio of brown Crack ratio of brown Increase of Crack
rice before drying(%) rice after drying(%) ratio(%)
2.0 2.7 0.7
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Fig. 3—69 Changes of drying air temperature on moisture content.
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Table 3—32 Conditions of expense analysis

[tems Condition
Capacity(ton) 3.8ton
Airflow rate(CMM) 120
Initial moisture content(%,w.b.) 23.0
Final moisture content(%,w.b.) 16.0
Drying date(day) 30
Drying time(hr) 20
Drying rate(%,w.b.) 0.80/0.45
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Table 3—33 Comparison of energy consumption between low temperature

grain dryer and circulation grain dryer

Airflow Energy consumption(kcal/hr)
rate Low temperature | Circulation grain note
(CMM) grain dryer dryer
O AT
120 31,285 85,882 — Circulation : 40C
— Low @ 30T

Table 3—34 Comparison of treatment capacity between low temperature

grain dryer and circulation grain dryer

Drying date Treatment capacity(ton)
(days) Low temperature grain dryer | Circulation grain dryer
30 92 222
60 184 445
90 275 667
120 367 890
150 459 1,112
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Fig 3—70. Comparison of expense analysis.
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