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Mathematical modeling of fluidized bed drying

of instant germinated brown rice
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Abstract

The kinetic study of a fluidized bed drying of instant germinated brown rice (IGBR) are needed
in design, control and optimization of the IGBR drying process. Cooked germinated brown rice samples
were dried using a fluidized bed dryer at the temperatures of 120, 140, and 160°C until its moisture
reached 12% dry basis (d.b.). The moisture ratio values of samples were fitted to the twelve different
mathematical drying models for describing IGBR drying. The models were compared with their
coefficients of determination, the reduced chi-square, root mean square error, and the mean relative
percent deviation. The results indicated that the effective diffusivity values are in the range of
2.73><1Of7 to 4.63><1Oi7 m’/s at drying temperatures of 120-160°C. The effect of drying temperature on
effective diffusivity of dried IGBR was found to be an Arrhenius-type relationship. The activation energy
for moisture diffusion was 18.77 kl/mol. The Modified Henderson and Pabis model was the best
model for describing behavior of the IGBR drying using a fluidized bed technique in the studied
temperature range.
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2.2 MswsgudnIndessan
F1ndossiuay 500 ¢ ugunlugneit 35°C
a1 4 h  uazmizsenlaenisuniigungll 35°C
ATudng 90% Wunan 20 h l8dudndes
son Tnefinsdsutmn 4 5 h [ 14]
2.3 mMaasead1Indassansdn
F1ndessend i 500 g thuvegnseLades
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TiAnngAnssunisasefvesudadrauuungdlad
WU 3.5 m/s AMMEIUA 6.5 cm dudegalilem
U'%mmmm%uﬁamamﬂ 7 1 minaunsgiiafiegnadl
ArutuUszanm 12% d.b. Fananuduveiiodis
Tasnseuwisshedeuanieuiigumgiianieu 105°C
Juian 24 h dauasnnn [16]
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dievnaunsiindian 29na91e7t 1 Shsndauanuiy
(Moisture ratio, MR) A1uaadlaann

(1

Lua My, Mo waw M, ﬂamwmuﬁuamawnaﬂm
ALTUS LAY LLaumﬂmuauma (% d.b.) gua1ay

A5 1 WUUTIAINNALAAIEASAISOUWIAS

No. Model name  Model [Reference]

1 Lewis MR = exp(-kt) [17]

2 Page MR = exp(-kt") (18]

3 Modified Page MR = exp(-(kt)") [19]

4 Henderson MR = a exp(-kt) [20]
and Pabis

5 Logarithmic MR = a exp(-kt) + ¢ [21]

6 Two term MR = a exp(-kst) + b exp(-k;t) [22]

7 Modified MR = a exp(-kt) + b exp(-gt) + c exp(-ht) [23]
Henderson
and Pabis

8 Verma etal. MR = a exp(-kt) + (1-a)exp(-gt) [24]

9 Two term MR = a exp(-kt) + (1-a)exp(-kat) [25]
exponential

10 Approximation MR = a exp(-kt) + (1-a)exp(-kbt) [26]
of diffusion

11 Midilietal. MR =aexp(-kt) + bt [27]

12 Wang and MR = 1+ at + bt’ 28]
Singh
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determination, Rz) AbaawAls (The reduced chi-
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deuady (Root mean square error, RMSE) Lagan
Wesidudnmaidesuumnsgiuduing  (Mean
relative percent deviation, EMD) lagiian R’ N
wagdlA1 y2, RMSE wag EMD i1 Feunadldann

2

sN (MR MR

XZ — eﬁ)'_lz pre,i) )
1
RMSE = [E 1iV=1(MRexp.i - MRpre,i)2]1/2 (3)
_ 100 <N |MRexp,i_MRpre,i|
EMD = “y-Xi=1 MR (@)

exp,i

dle MResp JuAns1dIuALTUIINNIS
NAABI MR, Hudnsauanuiuainnsiiung
wuudaeaneadinatans N Ao 91utudeyans
neaey day Z Ao runudindsluluudnaninig
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frnfesenysgnianutududu 87.92+0.07
% d.b. gneuwsiiseLaiasouLsuuUigdladiun
figaunagfianfou 120, 140 uaz 160°C 013
WasuwlasU3unamnudufiunaivein1so Ui
LLama&ﬂugUﬁ 2 uansliiuinUsnamnuduanas
agaseLleInuIaIveINITE UL LLazLﬁaqm%Qﬁ
avdeurintusildszozanluniseuuiianas 1an
MlunsanmuiuaneuduBuduauinuty
qﬂﬁwﬁéfanmi 12% d.b. windu 11.22, 6.18 wag
4.44 min ﬁqmwgﬁau%au 120, 140 way 160°C
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duuszansnisunsvesluwdadnarualag
T¥ngdefiaoses Fick faunis (5) Ingauudliiadn
Tandesenegnidunsnan
Degpm?

6
= —exp(—
2 p ( Re?

M¢—Me
Mo—M,

MR =

t)o)

\$lo D,y Ao AuUszAvEnisuns (m’/s), t Ao
Tuniseuwsis Guii) way R, Ao SAllvaudndin
(m) 9NMINARDINUIANELUTEANENTUNT YRS
nseuniskuungdladiunvesdiindessan
Asdusaguiiguugiiaudeu 120 fa 160°C fAn
semine 2.73x10 4 4.63x10
SudsyAvdnisunsfenfindudofivgungianiou
desangumgiianfeudusisednnisssimeves

2 a
m°/s Lag?

ihiifvthweasdndn

AU sEAUAILINLAIINANNFIRUSTENINg
eﬁmﬁzﬁwémwuwémaﬁﬂumﬁm%’nﬁ’uqmmﬁau
You Fearnnsnedurelidisannis Arhenius
feauNTg (6)

Eq
Desr = Dooexp(—R—Ta) (6)

dle D, 7o ApafduUsEanSnnsung (m’/s),
E, fio wdssunsedu (/mol), R Ae Armsiivesineg
(8.3145 J/molK) waz T, Ao aungiiduysal (K)
nasuNsEAuaINIsaAuIulaInANTUVe
AuduRUSsEIe N0 fU 1/T, Ssmnuduaes
unssanansamnasunseaulaan £, /R wasnu
nszuilAwiniu 18.77 kl/mol
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o
¢ o =l 1

a 2 ' i
ANAAIAASTarUAdl A1 R* 88581314 0.5304

= a0 2 ! ! ’5 =
09 0.9994 4A1 y° 2gs¥nINg 4.79x10 AN

Y

322x10 " §lé1 RVSE ags¥ming 0.0059 4 0.1711
wardd1 EMD 9g32i149 2.87 §4 347.10
Fauvudiaeinisadamianives Modified
Henderson and Pabis ifn R’ q\‘iﬁqm wagdiA x2,
RMSE wazn EMD sitga uandliiifiuinuuudiass
9849 Modified Henderson and  Pabis 85u1e
noANIIUNTRUWIIKUUNGBladlunfIauTouvas
f1ndessenisdiiasulsndign
n1smIAuduRussEninsgungliauseuiy
Arasfinara1duuszansuosnuudnasinig
ANNA1ER3UY Modified Henderson and Pabis g
a, k, b, g, c uag h lganmsianeiannsenyan

faganas (7) 89 (12)

a=339x107*T2 - 0.1013T + 8.2666 (7)
k = —1.28 x 1073T2 + 0.3882T — 28.9768 (8)
b = 4.75 x 107*T? — 0.1424T + 10.8269 9
g = 6.44 x 1072T2 — 16.5382T + 1055.8827 (10)
c=-1.03x1073T2% — 0.3084T — 22.9187 (11)
h=-8.90x107*T? + 0.2687T — 20.1393 (12)

Feaunrsiarmsatrluldlunisussuimen
Snmdunnuturesinndessenisdniagulung
T09 seninenszuvaunseuwianieliveuniiouls
yamsnaaesdwilildmiwiugnnniy
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A 160 °C
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y = 0.9996x

Experimental moisture ratio

04 R? = 0.9992
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M15197 2 KanaiRveLuUINRRmNAtinAERsN1seUWAILUUNgBladLuA

No.  T(°Q) Model constants and coefficients

R x* RMSE EMD

1 120 k =0.2692
140 k = 0.3682
160 k =0.5214
2 120 k =0.5548 ; n = 0.5344
140 k =0.5367 ; n = 0.6803
160 k=0.6679;n =0.6979
3 120 k=0.3321;n = 0.5344
140 k = 0.4006 ; n = 0.6803
160 k=0.5608 ; n = 0.6979
4 120 a=0.7933;k=0.1929
140 a=0.8987;k=0.3187
160 a=0.9137; k = 0.4606
5 120 a=0.7760 ; k = 0.3396 ; c = 0.0995
140 a=0.8819; k=0.4038 ; c = 0.0510
160 a=0.9030; k = 0.5233; c = 0.0285
6 120 a =0.4787 ; k0 = 1.6790; b= 0.5205 ; k1 = 0.1207
140 a =0.5841;k0 = 0.7805 ; b= 0.3913 ; k1 = 0.1553
160 a=0.2705; k0 = 4.2361 ; b = 0.7294 ; k1 = 0.3536
7 120

08492  852x10°  0.0902  50.24
09610  264x10° 00502  53.98
09732 1.75x10° 00409  64.56
09981  1.15x10" 00102  3.58
09964 257x10° 00153  17.97
09976  167x10" 00123  23.65
09981  225x10° 00102  3.58
09964  2.88x10° 00162  19.73
09976  167x10" 00123  23.65
09199  475x10° 00657  31.12
09729  192x10° 00418  45.99
09807 132x10° 00347 826
09620  2.37x10° 00452  17.19
09900 7.49x10° 00254  14.09
09879  876x10° 00275  35.19
09972  1.82x10° 00122 826
09939  4.82x10" 0.0199 1631
09967 249x10° 00143  43.88

a=0.4043; k = 2.1624 ; b = 0.5426 ; ¢ = 0.1759 ; c = 0.0545 ; h = 0.031 0.9994 4.79x10° 0.0059 287

140 a=0.7388; k=0.3357 ;b = 0.2037 ; g = 3.4537 ; c = 0.0581 ; h = 0.0228 0.9989 9.78x10° 0.0084 4.58
160 a=0.7490; k = 0.4348 ; b = 0.2073 ; g = 59.2975 ; c = 0.0437 ; h = 0.0543 09994  4.87x10° 0.0060 8.63

8 120 a=04793;k=1.6823;¢=0.1207
140 a =-0.8669 ; k=0.3682; g = 0.3682
160 a=-1.5549 ; k=0.5214; ¢ = 0.5214
9 120 a=0.2111; k = 1.0025
140 a=0.2150; k = 1.3467
160 a=0.1981; k =2.0941
10 120 a=04793;k=1.6823;b =0.0717
140 a =0.4887; k=1.0980; b = 0.1705
160 a=0.2706; k=4.2371; b = 0.0834
11 120 a=1.0003;k=0.5570;n=0.5268; b =-0.0003
140 a=0992;k=0.5198;n=0.7320 ; b = 0.0014
160 a=0.9946 ; k = 0.6583 ; n = 0.7210 ; b = 0.0006
12 120 a =-0.1467; b = 0.0054
140 a-0.1621; b = 0.0061
160 a =-0.1735; b = 0.0067

09972 1.72x10° 00122 826

09610  291x10° 00502  53.98
09732  193x10° 00409  64.56
09130  5.16x10° 0.0685  38.25
09825  1.24x10° 00336 4152
09896  7.13x10° 00255  53.12
09972 1.72x10° 00122 824

09937  4.74x10" 00202 2214
09967 236x10° 00143 4384
09981  1.25x10° 00101 824

09981  149x10° 00110 561

09980  153x10° 00112  10.98
06386 214x10°  0.1396  63.55
06921  219x10° 01411  126.37
05304  322x10° 01711  347.10

SLUﬂ']ﬁ/]'JuaaUﬂ'J’]llLﬁﬁJ']%ﬁﬁJsUaQLLUUﬁT']ﬁaQV]’N
AfAAERSY8Y Modified Henderson and Pabis
ﬁagﬂﬁ 4
ﬂmw‘zﬂ?uﬁiﬁmﬂﬂﬂimmaaﬂﬁumiﬁﬂuwmﬂ
LLUUGﬁ’WaadWNﬂﬂjmﬂﬂam%maﬂ Modified

LAAINITLUSIULTNBUTENIND NS AU

Henderson and  Pabis §1115UN150ULMIKUY
Wadladiunseanieuvesiiindesseniadsagy
wuilndidgedudien R iy 0.9992 Gawansli
Lﬁu’jﬂmiv‘hmaé’mmmumm%maﬂﬂﬁmﬁ’u%’azda

NLAIINNITNAADINABANTLUIUNITOULAIIN LY

gudulainwuuitasimisndinaiansues Modified
Henderson and Pabis winzaulussulenginssy
nseuwkuungdladiunmeauseuvestnInges
sonfsdiFagy

4. a3UnNanIIMaaeg
NNIANYIAUNAAIENSTUDINITOULAILUU
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