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Optimization and Mathematical Modeling of Water Loss and Oil Uptake during

Microwave Frying of Frozen Potato Slices
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Warachai Poparisut 2011: Optimization and Mathematical Modeling of Water Loss and Oil Uptake
during Microwave Frying of Frozen Potato Slices. Master of Science (Food Engineering), Major
Field: Food Engineering, Department of Food Science and Technology.

Thesis Advisor: Mr. Sirichai Songsermpong, Ph.D. 107 pages.

Conventional deep fat frying is the well known food preparation method due to this method is simple
and convenient but has disadvantage in respect of large oil uptake. In this research, microwave frying was
considered as a new method for improving the quality of the fried food and frozen potato slices were used. The
first objective of this investigation was to study the effect of microwave power level and frying time on the
quality of fried potato slices (moisture content, oil content, texture and color). It was found that moisture
content tends to decrease, for oil content, hardness and AE values tends to increase when fried with high
microwave power level and frying time. The second objective of this investigation was to study the equations to
describe the various quality changes of potato slices during microwave frying at power level of 85, 425 and 850
watt with initial oil temperature at 140°C in comparison with conventional deep fat frying with initial oil
temperature at 180°C. It was found that the most appropriate model to describe water loss was Page’s law and
to describe oil uptake was Fick’s second law model. For the equation to explain the change in texture and color
during frying was Pedreschi and Moyano’s model (2005) and first order kinetics model respectively. It was
found that the equations can predict both qualities very well. The values of the predictions were in agreement
with experiment values. When comparing the rate of change for various qualities of 2 methods, it was found
that potato slices fried with microwave power level 850 watt had rate of water evaporation (k ) and effective
moisture diffusivity, rate for softening of the potato tissue (k ), rate for crust hardening (k, ) and rate for color
change (k) during frying higher than conventional deep fat frying but rate of oil uptake and effective oil
diffusivity was lower than. Therefore, fried potato slices with microwave at 850 watt decreased frying time and
oil uptake. The last objective of this investigation was to study the optimum condition of microwave frying of
potato slices by response surface methodology. It was found that using high microwave power level for short
time (700 watt 130 seconds) and low microwave power level for long time (425 watt 200 seconds) cause
moisture content and oil content in the range lower than United States Standard for fried potatoes, the fried
potato slices has high hardness and golden brown color. In addition, both conditions have qualities better than
potato slices fried with conventional deep fat frying in the range of 180-210 seconds due to the moisture content
and AAE values are equal but have lower oil content and more hardness than conventional method. Therefore,
the potato slices with initial oil temperature 140°C then fried by microwave at optimum conditions were the

way to replace conventional deep fat frying at 180°C in order to reduce the oil absorption and better quality.

Student’s signature Thesis Advisor’s signature
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3.1 MTUNUNUI (Water replacement)
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3.2 mymlTEumerdinnen (Cooling — phase effect)
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3.3 A3AALIIAIAHD (Surface active agent)
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4.1.1 uUUIIaoINNIAUNATIANS (Kinetics model) (Heldman et al., 2009)
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131: Heldman et al. (2009)
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4.1.2 ©UN1T Page’s law
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VU 0.5 % 0.5 x 7 IHURNAT ¥mTnFUaL 4+ 0.5 N3y

12 suhdy w3na, Uszme lne)

1.3 ﬂizmycﬁuﬁyﬁu

1.4 N3LAUNTOUVOT 4 (Whatman, England)

9
£%

Y
1.5 Mrugnszidosdmsunssgimiu
a (g
1.6 9ax1/aen

1.7 Ulas@endmes (Petroleum Ether, Analytical grade, J.T. Baker, USA)
A A ¢
2. 1ne9NauazglnInl
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Q U

& 2y v a 7e & o Y o W a s O o A

#2104 tazna B ldguluadniames sarimiinudnivd ldeudnaunsenaimiinaai
(MAHY 4 AWKU9) (B) H992081901115 U IUY 28 2-3 PTU (MAHN 4 AHUD) (A)

4 [ a A o 1 . o . ! .
VUNTEMENTOUUS 1 azvielduaFariiunldasly thimbles 11 thimbles 1al1 extraction
. a o = = J 3 o A aa o . 19
unit 10y WIps@endimeosaslu extraction cups 311U 50 Uaaans 11 extraction cups T

A . Y v q ~ o Y 3 = v o
T lunT 049 extraction unit afadlunal 15U uagimsszaruiluna 45 Wi semvedm

a =

4 . Py ci & a 2 yyg va
a2a1y U1 extraction cups FUIDUNYUWHU 130 DIA UGB Wunan 30 i vagna A 1dEu

U

a 4 q'/ : [ a ) ]
luagnnmes ¥imin (NAUYN 4 ALK UY) (C)

AunmSunaluiuldawgas

Fat (g /g dry basis) = C-B

[ Y
e A = hmindle613 (A5)
Y
= Y1 extraction cups (NTN)
Y Y [
cC = UINUN extraction cups + sunanald (N5Y)

a 4 a : Y Y o Y o gJ [ ' :’
1uﬂ'li’J!ﬂi'l%‘ﬂ'ﬂ'lﬂill'lmu'llluﬂl@ﬂlluPjiiﬁ NINITNAAD 3 1 UAZIAAIB AL 3
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9
6.3 MInATEHeTAmMiloduie (Faladain Pedreschi and Moyano, 2005)

T ﬂ“l%'m?aﬁmﬁyaﬁ YHe (TA.XT.Plus model, Stable Micro Systems Ltd,
Godalming, UK) Sauvumizngg Tasldinauuudy iduiuguinais 2 dadwas Taonaag
TliFuiedalussauanuananimih 50 % ﬁummmqwaﬁ:uﬁaadw Tt e
pre-test test 1A post-test speeds (U 1.5 1 1Az 10 mm/s MUSIFU INTAATIZH AT AL
g9gA (Maximum force) Iheduiagu shmsiasngiiame 10 Susednanne uRaz

£4
a [ o

Y 1 1 [ 4
Fuda 3 S IAUn a1 % nad tagieusIFuiurT maunasyesnnia ldnarue

a J va 9 =
6.4 NMIAUATIEUTANUAAIUET

=Y 4 A v A AN o M 1 A
Jam@aen303Ad (Miniscan XE) Tusz11 CIELAB voasiudseluuaasaa
' 9
naaed Tagthiurssduau 10 sumnualiaviden udnild plate Janinnuaing (L) M
I = = I = A 09} a o o 1 o
AN UFUA-TEY (%) tazANuuamane-11e Y (b*) MuUIBKHIAT AE s

bl v

Y
NAADY 3 F1 1AL IAAIFIAL 3 AT

AE = [(L'~L)+(a" ~a;)+(b-b;)

TaoA1 L', o, ez b, Wumdvesiudieii lildiumanea @ursusudn)

=h.
SO
)
=

7. @9UNNINI

a a 4
MAIBNINMAATHAZINA 11 TaIN 1501113 AULYAATHNTININYAT

IRV HATAIAAS INSUVAVIIVL

a v

8. SzazIMMNIMMITIVY

Yy v 9
[ v

MINAADIATIHITUAAIADY UUIeY 2552 DY HuIeU 2553
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a J
NauazIN I
1. waveamaslulasnuaznanenamnvesiudSinea

aa aa a 3 a g’ o A Y o w
ﬂ'I‘W'ﬁ@\1ll15]Llag'ﬁ'lllll15]ﬂlﬂﬂﬂiu’lmﬂﬂ’lﬂ%ulmgﬂiﬂ'lmu'liJuVIVI'E]@@'JﬁJﬂ'Iﬁ\‘lUliJIﬂiL’JV\I
A 1 @ A o w ' a dy = 9 A
LAZNIAIANNE) LAAIAINTINN 9 Liag 10 AU WUIN ﬂimmmm%ummﬂuuaﬂmma

Ao o 09; dgj 1 a g} v 9 a v 9
noanias luIasnvgaruuaznannuiu dulsuanihulinu Ty lufameassiudw

]
v A

1 [ 9
g Iduseananannsaeiute lai maneansiaslulasnvlge dewaliiniunldnoad

]
= v

a d? dyw = 1 :I A A A ad a &% v a
garnlgeu venviniidelinase Tuanaimseinasniauiia lasianns ngeluiudsuna

U Q

v 9
= =2

mswmasuindu lunduan dldnanasauanudeumelungaliusu@ediu (Oztop ef al.,
Y ' Y [ [

2007a,b) et I lusiudSsszmenan T 1dun ihiieenainiudssesn I lugduuuvesle

091 1 a [ ) a I ] 1 4 o a 4

1 dawaldminaussduin 1 lasaaaneluemsinanlugeding wemsneaduiinliisee

o A a A Ay Ad 4 .

Wiunegmeusneisinamsnasuidn ldunuimihnszmesen lu lugausnawnaln

'
o w I3

9 9
misﬂﬂcdﬁnummmumnmumﬁw (Moreira et al., 1999; Dana and Saguy, 2006; Ziaiifar ef al.,
Y] qej % o Aa = g} KX A (A g} % 9 A v o J
2008) A9y HuAFIRTNMsgardetiwn vaiUFinaniniudn l)unuiige anwduiug
F2 9
seninlsmnamusuiulSinaniuiudinanaeandesiunuisevestiqua, 2549;

Shyu et al., 2001; Mariscal and Bouchon, 2008; Dueik et al., 2010

AMIANEGIGAVOIUATINDANAN1IZANE) HAAIAWNINN 11 WU AIADIEGIGR
A Aa dg‘ A Y o w 42} 9 ' v o d
nannnIwionoadleias lulasnvuaznargadiu Tasuua liuvesnusunzgegaduus
o a j’ & dil 2 ! =) ! 1
NUTINUANVAY HBANNFUILHEDDNIINFUBIHIT TUIEHINMINEALTINaIge danals

' 4
21INOANANUUTUNIAYY (Garayo and Moreira, 2002; Oztop ef al., 2007)

o M [~ ' A o = A 1 ~ o W

WS asuvaneunsnealdnyuL a1l Wekunsneananzidd lulasnuas
~ 1 = o v A 9 A I = = 31 =} 9 d? A o w
a9 dveuiudsalivul Tduasuwdudvasaimia wasianuiuywsoss AuiIa

[ 4 [ [ '
TuTasnuaznarngadiu deaaslunini 21 dwwaldmimsldounlasd (AE) veuiurss
=\ 9 d' dgj d' a A oy [ 1 a 9 o
Huva Tlugedu (i 12) manafiaadinanansnesiuieglai nszuaunsnenii
9
a Aaaa a o [} 4 . . a Aaaa

Trinelfnsemsmadiaranuy bildouland (non-enzymic browning) Taamailjnsen

v

1 a = [ : aa P Y a 9 d'dd o a dg‘
szriAnnsaozil luwed Isaunuiimasads Idtluansdseneumadoundihaamnaauy
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Tu Naﬁﬁm“ﬁ (Leszkowiat et al., 1990; Hutchings, 1999; Garayo and Moreira, 2002) UonNIN

a

091 o A T A I o Y a aaa a o o 1
Wuilerumsneangungiguaziunannuiliinalfasemedmwes lswdu dina

U

9
£%

1 Y 9 v
iU aNA81W Y (Paul and Mittal, 1996; Fellow, 1990) #vede1m1sneaiiuudlsfuas iy

a 09) o A =2 9 [ QQJJ % v Y o w
Ysuanhiungaduduluenng (Baixauli ef al., 2002) A1 1 UHFINN0AA8M1A
U A Y aw

Y 1
TuTasnwgadunau Tdsimaniniugs dewaldiudsalidmdy (AE fage) aided

aeandosnuragana ldun mneansziiouitonluanggaannma (iqua, 2549)

99

v 9
A1519N 4 A1 R’ (coefficient of multiple determination) LazauMseniasaeevesdTunuiu
a 09) £ 1 1 d‘ =
(MC) YFnanidu (0C) Amsuzgaga (MF) tazammsasuu)asvesd (AE)

Vo UAST NN

R aun1I

0.980 MC =2.152 - 0.007X, - 0.001X, + (1.992E-5)X,” + (1.353E-6)X, ™~ (7.157E-6)X X,

0.993 OC =-0.026+0.003 X, + (1.735E-4) X, — (7.845E-6) X,” - (1.731E-7) X,’
+(7.288E-7) X,X,

0.897 MF = 1.354—0.026 X, — 0.006 X, + (1.099E-4) X * + (4.003E-6) X,’ + (6.615E-5) X X,

0.953 AE=0.116+0.1 X, + 0.002 X, — (2.774E-4) X"~ (3.613E-6) X, + (4.826E-5) XX,

= d‘ a =1
g X, A9 1I21MN90a (0-210 1UIN)

X, fio MasluTasnildmen (85-850 Sad)

d' Y 9 dy a 1 Y dl U
aumsn lannmsadiansmiuiineuaues luudazduuaaalunisnan 4 wun
Y ' 2
aumstnedsaniniulianuuiudigaiga amdreaumsiiunedsumanuiu
' A ~ ' A 2
mmalasunlasedd tazawsunzgaga Taslia1 R = 0.993 0.980 0.953 11az 0.897
o w 1 LY a Q‘{ Y o o (% 9 =
MURIAY 1nauns wun arduilszansnindlsvesihiisludinaimnes (x,) U
v '
wnniladedumaslulasnd x) lunnduvesiliioaneuaues aaiu nMsneatiudss

Y v Y =2 A 1 9y 1o v Y o
a20 luTasnl Jadsaunamsneaddinasequninlunng drunnnniltediutis

TuTasn
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Bl above

M 11 nslaeeiia (uu) wazenuida (819) vesnmsunzgage luiudsiineadae

TuTasnrdannziids lulasnruazinainie
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=X a d d‘ =) = 4 d‘
2. NﬂfﬂiﬁﬂH1ﬁNﬂ1§ﬂ1ﬁﬂmﬂﬁ1ﬁﬂilwmﬂiﬂ'}]!ﬂfJ‘]Jfﬂi“ﬂi’]ﬂﬂ]ﬂﬂﬁu"liliﬂinwllﬁzﬂ1i‘ﬂi’)ﬂ

v
k4 %

Aad o \J d‘ a I~
AIYITHINUNINNYUTHN 180 dIAUBAIBY A

o

4 v Y [
MIneao1msae3s lu Tasnwiiu i ldTassiuiudswuasldluhdundeoundan

9 1
v A

9 9 9
Junoumsiianuoududu Tasguugliiiuiduduasudinaniiguugilszuie 140

v 1

9 1 Y v
parnamed uani lneadis luTasnundddieg FaiaidSwaziiiuahdunlimen

A A Y& 1 A gy Yy A £ to =
aunsaganauaau lulasnilanag udszannsaganan ldmnileuiioaladuegiunini

v P
U = 1 = U

ad a a g g’ ~ ad a A Y o A = =
lavianasn Taginaudninivaziinned ladanns ninoudednuieswindl Tuanaidian

Y 1 &% @ A ~ ad a A 1 A 1 @ 9 A a
HoYy munuNiqnmﬂw"lﬂamﬂmﬂwqmm Iﬂﬁlllﬂ'lﬂigll'lm 65 LHANWAINIUANUIDUNLNA

] P
~

A =K A dg/ @ M '\ a A g} % 9 A a =
mﬂﬂau"lnTmnﬂmmWuummﬂ“l,unuNﬁamﬂmuﬂwumu HINITNANUIDUNINAVU

Y o . : C ' 1A o o @ (:Il o
moluiudSsdrenau luTasnvudd shduniimsoemanuioulgAniudssde daiu i

' '
v A

W5 anneaae03 luTasnndaiiurasduiandsnuausasunuinnnsneaiiuisid 1073

b4
o w 3

1 F2
Wriuvan Fdeanuuanaeaina1 dawalinanindiu mIsemuia (Jsmannuiu

% a oy 54 dy v v = 04 &1 d‘ 1 usj ad A ' v 4 dy
ﬂuﬂimmumu) HOAUAY LAz FUoIIUATINAIUMITNOANY 2 IFUANUUANANNY A9

2.1 MIDYNNID

v

2.1.1 MIDEMNIAVDILN

- 3 g . I
Usuaanusuvesiudssnnea luanizaieg uaadlunimi 13 :1nnm

v dl &% o A v o w A 42’ dgl a dy =) Y
wu ieneaiurisnszausas luTasniigaiuuaznannuiu Usunaanuduivu Iy
A ) ' a A (a L 4 A A ' [
Nanauazaanluganal 180-210 39 YsaanuFuUNAINHEonI “the equilibrium

. d! 1 dyd 1 U v o w S
moisture content” F4ATHNANNUANANUANTEAURES U TaTn Taedinn 1.2370 0.4344

o o 09) o ! v o w v J o w
iag 0.1297 ﬂiiJ/ﬂiiJu’lwuﬂ!Lﬁ{\i ﬁigﬂﬂﬂ'la\illlliﬂﬁnw 85 425 11ag 850 IAH ATNAIAU
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2.50
—A— 85 W
--m--425 W
2.00 oo 850 W
%\ —@— Deep fat frying 180°C
- ~
=~ \i_ -
g 150 —+~ {
e S — \E
SE=
¥ ‘s
E; 50 1.00 X
R
0.50 T . & N
0.00
0 30 60 90 120 150 180 210 240
Frying time (s)

H { o w 1 [ 4
i 13 waveanmsnealululasnnanngidslulasnnaien 85 425 uaz 850 Jad)
v ' FA
uazmsneauuiiuIuNgurall 180 osriraiFed avlFuanuay (NS

9 [
A5 ML) Nnanaee

1eNW151A1 k910 First order kinetics 1182 Page’s law 11a15197 5

oA A v o w v o o o & = v & =
wun Weuszauiaa luTasnwen 85 dad Tids 850 Tad a1 kv laninie 2 aunsil

v Y
AMNGITUIN 0.0085 - 0.0164 s 1A 0.0002 — 0.0009 s AINAIAY HAVDITZAUTIAY

v Aq Y A Y o 9 a o .
luTasnvaenk  dlinaindienunszuunsounieluiiun (Therdthai and Zhou, 2009)
9 v 9

dausk_veemsneanieIniiunanigurgil 180 esruvaiBod wuiin1 0.0140 1oz
0.0008 s NN First order kinetics 1182 Page’s law AWAIAY A1k HAAIDIOATING

S dy 1 U d'd U = ng N v
gadoanudulllusgninmsnea a1k AN vuede nszuaumsiuiionsng

= 21‘ Ad & A = = 1 an g an 3 '
oA NUFUNSTI FuleToumeua k. ¥093501INANT 2 TN 2 TUNIT WU A3

% o A {o o v J ! v A g} o
noalurTIde3% luTasniidiasluTnsn 850 Jad Tis1 k. figandinmineadedsiniu

J ~ o w A A % <Al A o' '
au Tuvaziias luTasndfimiae 2 szau Tk Adnn
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v

H 1 o { a d o @ a 1 o
M3190 5 Aneiaen A ldnnaumsnalamansdmsveiuiemsoemuIavedni

First order Page ’s law Fick’s second law
kinetics with variable
Conditions diffusivity
K, (s) K, (s) n D,x 10" b
(m’/s)
Microwave frying 85 W 0.0085 0.0002 1.6717 1.6276 78.7199
Microwave frying 425 W 0.0123 0.0004 1.6495 3.0641 42.2779
Microwave frying 850 W 0.0164 0.0009 1.5329 5.1848 23.4799
Deep fat frying at 180°C 0.0140 0.0008 1.5524 4.9397 23.9850

TMITUTUMNT Fick °s second law with variable diffusivity o D, AUAb

o 9 A ~ £ o 1 ' dy 1 A 1
Analannaunsi 20) uaaslumsei 5 Fahawrari lunuman Defﬂwm’ammm

o ]
~

1 dl Y d' 1 1 S a d A
VDA AL TNIITNITNDAIINTAUNITN (21) uam"lﬂum‘wm 14 WY A Defqu UATNINUVULUD

'
IS

v v 1 E4
iuszauidslulnsnildnealunng natdhumswd gamgiilududSslinigaiunng

sgauiidalu Tasndddansnamnnnmanandenidiaenvesiudss dwalde D, @
4

A 4 4 . 2 ; A a a '
ALY uEana1mM Ny Iy (Pedreschi ez al., 2005) ionlsoueussinams

F

Y as 1 Y asy 09; [ 1 = -d' Y U Y d' [
NoATN 2 3T U MInead eI TTuN WA D, NdesnnmIineaaie lulasndnszay
o w I 4 = d' 1 d' [ o w I rfd! =1 9

MaeluTagn 850 Saa uatanunnnnszaumas lulasny 85 uag 425 Sad Faliuun Tl
v 91 9/ 1 v
= U

Mmilounua k_wesaumsnountind aaiu nsneaiursid1e7s lulasnilidas

v

[ [ o 1 g} { g '
vl,lliﬂiﬂw 850 ’JG]G] i]\?ll?)@]i'lﬂ'lii&'ﬁﬂ@@ﬂﬂl@\?u'l LLﬁZﬂ1il!‘Wi’E]’E]ﬂ6U’E]Q‘L!'lﬁﬁ?ﬂ'ﬂﬂ'liﬂ@ﬂ

£ J I} a
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FeasriTunuNeunl 180 darsaLTYd

E] U



46

2.50E-07 T
—A— 85 W R
2.00E-07 --E--425 W
@ 850 W
@ 1.50E-07 + —@— Deep fat frying at 180°C
g
z
£ 1.00E-07 A
=
5.00E-08
0.00E+00 . .
0 30 60 90 120 150 180 210 240

Frying time (s)

" o

q' a Q'{ 1 : d' ! ' Y
M 14 AFNszansmsuns vessinnainee luserieansneadie by Tasnm

]
e ~ a

v 9
ihdeaeuazminead 1035 uINNgungl 180 osruwaITe

&%

b4 ] 9 ]
nszuIuMIneadeiiuiulonglusznitensnen Wiiundouing

Y k4
1 o w 1 v A <
temanuseunmiiugiivese s lasmsmianudeou 1ntiuAleIsNSouNiing

Y
oemanuiouTasmsinnudouglananems dwwalmimeluemsinanisaeauas
9

imsmemuavenitlifanienenvese141s (Debnath et al., 2003; Moreira et al., 1999;

. A A Y Y Y 1 é"
Budzaki and Seruga., 2005) 1485n13 19 1u Tasnvlidhs wae mssemuiavesilesnan

a dgl Y <4 9y a 42’ a Y
prmanadu laed1esingy mszanueunaiunmeluawna lnmsneniuieuves

' Y a v A ) ] = o o A
luTasnd dwaldmfannuauiganieluuese141s (Lin er al., 1998) AremgHiudsiinon
Y ad = A o gl d‘ LY q'/ d‘ Y as oy &Y 1 a v
a193% lu Tasndadidasimsszesenvenimngaindiudishneadiediiunin auide
1 Y < 1 ] [ g/
Aouniuaaslmiunms e lyIasnvaunsasios amssevgoonvo il Ia lunss i

. A = ~ v ad Y ) U adz a ] av 1 R
113 Dehydration ilon/ssuisuiuisnmslianuioudedtauay senuiseaiulvgily
(594NT2UIUMITBULUNA TALA NITULTINAIE (Maskan, 2000) PITBVUHINNVY (Ozkan ef al.,

2007) 1tazM3o LA 1UTUN (Therdthai and Zhou, 2009) 1T U@
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d‘ =1 =1 a A 1 a r{d‘ 9 o 1Y a 1
M1319N 6 !f]JiEl“]JIfl/]Elﬂﬂ§$ﬁ1/]‘ﬁﬂ'lwellﬂﬂlmagﬁllﬂ1§ﬂmG]?ﬂﬁ@]ﬁT]Gl‘]fﬁ11fiiﬂf]ﬁﬂ1flﬂﬁﬂ18l‘l/l

bl

VDI
First order Kinetics Page ’s law Fick’s second law
with variable
Conditions diffusivity
2 2 2
R + RMS R + RMS R + RMS
Microwave frying 85 W 0.6519 13.6372 09196  6.5530 0.8980 7.3821

Microwave frying 425 W 0.7720  24.2956  0.9699  8.8230 0.9426 12.1877
Microwave frying 850 W 0.8501 22.7691 09938  4.6272 0.9895 6.0236

Deep fat frying at 180 C 09294  11.6756 0.9970  2.4038  0.9856  5.2747

Average 0.8008 18.0944 09701  5.6017 0.9539 7.7170

F [ ]
FmsunmuaaslsuanusuusInINnaasIfuan laanmsiue
1NTUNIT First order kinetics, Page’s law Uai& Fick ’s second law with variable diffusivity s
' " A ] Ay v o A Aq YA o
NOATNIIZAE] LAAIAININN 15 magawﬂﬂﬂﬁwniwwuwﬂmaqPagaslmwnﬂwmiﬂaWWQﬂu
Y d' 9 d‘ 4! 1 a A qul Y d‘
magaﬂﬂﬂﬂwﬂﬂ1iwﬂaaqwqﬂ<maﬂ1ﬂszamﬁﬂwwm@amq:sanﬂwsua@q&nﬂaiu@1i1¢n6
1 2 A o [ = ~ = = A o' A =
AR MAYFINITU Page’s law UAIGINGAAD 0.9701 1zl % RMS 1Raga1Nga Ao
= dl 9 a 1 : d' dyw =\
5.6017% valanurmzaunldlunmseFuremsmemuIaveuinniga uenvnigel
[ Y

NuITeraenun 1¥auns Page’s law lumsesuiemsaemudavesiilunszuiums

Y Y I 1 = ] ao Y @ .
auquﬂﬂrduaﬂ1qﬂL%uqwua%ﬂﬂwsauqumaqwﬂmu(Ozkmnenﬂq2007)Wﬂmaq(Abba&

a 4 {

2007) uaz JU3UN (Therdthai and Zhou, 2009) AUAITNLANVMIILAUIDIAWAD Fick ’s
second law with variable diffusivity 1a83aA1 R’ = 0.9539 ag % RMS = 7.7170% @IUdun13h
a Y A A . . a 20 A A
UANUARNZTUHDINGAND First order kinetics Taelia1 R angane 0.8008 Lag % RMS 110

Ngano 18.0944 %
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®UN19 First order kinetics (-+---) Page’s law (—) 18 Fick ’s second law with variable

diffusivity (= =) NaA1za19: () MaaluTasnm 85 5ad (b) fraalulasnm 425

v J o w v J g} o J ~ a
29 (c) MaaluTnsnmn 850 Sna uay (d) MOALVVUUUNMUNYUTIYY 180 BIA
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2.1.2 MIDUNNIAVDIHIY

&%

a J o o (o A ' A A
ﬂimmumumamuvliwmaﬂcluamazmac] e lunIng 16 lDNDANU

'
v I}

Q'I d' o w d‘ dgl 4%/ a oy v A Y d' dgj
d5anszauiiasluTasniigauuaznanuiu Usunaniniuinn Tduigadumaz i
L} a = = Ay d' d'dyd 1 d! 1 dyd 1
11919 180-210 211191 UsunannusuNAINiTend “the equilibrium oil content” FIATUUAT
Y
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First order Moyano and Fick’s second law
Conditions kinetics Pedreschi model
K, (s") K,(s") D,;, x 10 (m’/s)
Microwave frying 85 W 0.0080 0.0185 1.6988
Microwave frying 425 W 0.0118 0.0208 2.6624
Microwave frying 850 W 0.0126 0.0330 2.8652
Deep fat frying at 180" C 0.0191 0.0773 4.5134
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Condition Kk, s K, )
Microwave frying 85 W 0.0085 0.0080
Microwave frying 425 W 0.0123 0.0118
Microwave frying 850 W 0.0164 0.0126
Deep fat frying at 180°C 0.0140 0.0191
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Conditions Kinetics Pedreschi model
2 2 2
R + RMS R + RMS R + RMS

Microwave frying 85 W 0.8806  2.0777 0.9862 0.7051 0.9506 1.3370
Microwave frying 425 W 0.9976  0.4476 0.9490 2.0646 0.9897 0.9278
Microwave frying 850 W 0.9695 1.6975 0.9932 0.7999 0.9913 0.9076

Deep fat frying at 180°C 0.9775 1.6911 0.9929 0.9513 0.9893 1.1680

Average 0.9563 1.4785 0.9803 1.1302 0.9802 1.0851
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Conditions K, (s) K, (s)

Microwave frying 85 W 0.0494 1.8290 x 10°
Microwave frying 425 W 0.0486 42233x10°
Microwave frying 850 W 0.0612 12742 x 10°
Deep fat frying at 180°C 0.0479 3.0250x 10°
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R’ % RMS R’ % RMS
Microwave frying 85 W 0.9196 6.5530 0.8767 8.1175
Microwave frying 425 W 0.9699 8.8230 0.9352 12.9552
Microwave frying 850 W 0.9938 4.6272 0.5677 38.6656
Average 0.9611 6.6677 0.7932 19.9128
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Conditions Primary model Secondary model

R’ % RMS R’ % RMS
Microwave frying 85 W 0.9506 1.3370 0.9520 1.3179
Microwave frying 425 W 0.9897 0.9278 0.9882 0.9924
Microwave frying 850 W 0.9913 0.9076 0.9913 0.9038

Average 0.9772 1.0575 0.9772 1.0714
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Microwave frying 85 W 0.9464 0.7505 0.9406 0.7903
Microwave frying 425 W 0.9600 0.7544 0.9602 0.7534
Microwave frying 850 W 0.8677 2.0655 0.9728 0.9369

Average 0.9247 1.1901 0.9579 0.8269
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Mineadl83s luIasn MMINOARIID
i ldmen iy
85 W 425 W 850 W
0 -1.3040.12"  -1.30+0.12"  -1.30+0.12" -1.30+0.12"
60 -1.7940.23"  -1.53+£0.48"  -1.01+0.09"" -1.10+£0.75™
90 -1.76£0.29"  -1.37+0.39"  -0.20+0.27°"® -1.07+0.02"
120 -1.6840.53"°  -1.01£0.43"°  0.89+0.34" -0.79+0.51°
150 -1.66£0.25"  -1.08+0.56"  1.27+0.37" -0.7620.26™"
180 -1.3840.05""  -0.89+0.68"*"  1.59+0.60" 0.11£0.16°
210 -1.34+037"  -0.14+0.76" 2.68+1.19' 2.71£0.25'
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as Y ad
MIineaale3 lulasnu MINDANIYITD
nanldnea Wfunauy
85 W 425 W 850 W

0 12.64+0.50" 12.64+0.50" 12.64+0.50" 12.64+0.50"
60 15.48+0.09" 15.7240.90°  16.58+0.23™* 17.69+1.66°
90 15.9040.24"  16.59+0.20™"  17.94+0.65" 19.4140.29°
120 16.530.27"¢  17.42+1.03°  19.59+1.05° 20.30£0.90
150 16.630.93™  19.56£1.33°  20.36+0.75" 20.98+0.78°
180 16.5120.66™°  19.50£0.20°  20.71£0.95" 21.8840.67"
210 17.04£1.38° 2091221  22.53+0.49° 25.37+0.93"
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d' a 4 o w d‘ 9 1
MAITNNHINT Al ﬂ'li’J!ﬂi'l%‘Vfﬂ’J'liJLlﬂiﬂi’JuNaell@\‘lﬂTﬁNhliJIﬂiL’JV\ILmZL’Jﬁ’WIGlGHVI’E]ﬂG]E]

FanNuFUV0 I UT

Source Degrees of Sum of Mean F Value Sig.

Freedom (df) Squares (ss)  Squares (ms)

Microwave power 2 7.802 3.901 352.601* 0.000
level (MW)

Frying time (FT) 6 12.070 2.012 181.839* 0.000
MW?=*FT 12 1.744 0.145 13.139%  0.000
Error 42 0.465 0.011

Total 62 22.080

WEHg * uaannuuanaenued i isddymeananszauauieluiesaz 95

d' a 4 o w d‘ 9 1
AT NHUINN A2 ﬂ'li’J!ﬂi'l%Wﬂ’J'liJLlﬂiﬂi’JHNaﬂlﬁ)\‘lﬂ1ﬁ\1|1111ﬂilﬂﬂl!ﬁ%ﬂﬁ?ﬂi%ﬂﬂﬂﬁﬂ

Y 1
s uveaiulsa

Source Degrees of Sum of Mean F Value Sig.

Freedom (df) Squares (ss)  Squares (ms)

Microwave power 2 0.066 0.033 274.793* 0.000
level (MW)

Frying time (FT) 6 0.411 0.069 567.217* 0.000
MW?=*FT 12 0.018 0.002 12.418*  0.000
Error 42 0.004 0.000

Total 62 0.520

WEHg * uaannuuanaenuedeiieddymeatanszauaudoluiesas 95
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ATTNNHINN A3 ﬂ'li']!ﬂi'l%ﬁﬂ')'lllllﬂiﬂiﬁuNaell'ENﬂ'lfNhliljﬂiL'J‘V\IlmgL’Jﬁ?ﬂi%ﬂﬂﬂ@]flﬂnﬁﬂ

12 agAUDINURT

Source Degrees of Sum of Mean F Value Sig.

Freedom (df) Squares (ss) Squares

(ms)
Microwave power 2 129.476 64.738 382.976*  0.000
level (MW)
Frying time (FT) 6 2364.360 394.060  2331.173* 0.000
MW?=*FT 12 185.349 15.446 91.374*  0.000
Error 42 7.100 0.169
Total 62 2686.285

' '
o w aad [ A

WEHg * uaannuuanaenued i isddymeananszauauioluiesaz 95
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AT NHUINN A4 ﬂ'li’J!ﬂi'l%‘Hﬂ’J'liJLlﬂiﬂi’JuNaﬂl@\‘lﬂTs’NhlllIﬂiL’JV\IL!ﬁZL’JﬁTVIGlGHVI’E]ﬂG]E]

A1 AE voaiunsa

Source Degrees of Sum of Mean F Sig.

Freedom (df) Squares (ss) Squares (ms)  Value

Microwave power 2 316.062 158.031 57.339* 0.00
level (MW)

Frying time (FT) 6 1119.627 186.605 67.706* 0.00
MW?=*FT 12 77.755 6.480 2.351*%  0.02
Error 42 115.756 2.756

Total 62 1629.200

A o v v
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MINUINT A5 N15AATIZHANNLsUTmveTunaaNnudu lusudTIaueu s

naaouULANDSea 3x 3

Source Degrees of Freedom  Sum of Squares Mean Squares F Sig.
(df) (ss) (ms) Value

Regreesion 5 3.922 0.784 47.853* 0.000

Residual 5 0.082 0.016

Total 10 4.004

v 2 P '
MINUINA A6 FulTzansmsoanosvesaumIisdSunaanuduluiudsimeaniy

uruMsNaaeuuLaneea 3x 3

Source Regression t-value Sig.
coefficient

Constant 2.152 14.979* 0.000

Frying time (FT) -0.007 -3.979* 0.011

Microwave power

level (MW) -0.001 -2.467 0.057
(FT)’ 1.992E-05 2.663* 0.045
MW)’ 1.353E-06 2.424 0.060

FT* MW -7.157E-06 -4.515% 0.006
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MINUINT A7 NM5AATIzaNuulsUsInve s luiudTiauununInaany

=
uuusvanesea 3x 3

Source Degrees of Sum of Squares  Mean Squares  F Value Sig.
Freedom (df) (ss) (ms)

Regreesion 5 0.140 0.028 139.976*  0.000

Residual 5 0.001 0.000

Total 10 0.141

v 2 v '
MINUINT A8 dullszanimsannosvasaumsuelsunanihtuluiudsaneaniu

UHUNITNABRIUUUN AN A 3 x 3

Source Regression coefficient t-value Sig.
Constant -0.026 -1.649 0.160
Frying time (FT) 0.003 13.008* 0.000

Microwave power

level (MW) 1.735E-04 2.734% 0.041
(FT)’ -7.845E-06 -9.510* 0.000
MwW)* -1.732E-07 -2.813* 0.037

FT* MW 7.286E-07 4.167* 0.009
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msnwmnﬁ 9 mi:]miwwmmmJi1Ji’suﬂlmﬂmmmzqqqﬂunuNiammmumi

naaeanaasuuuLlAneS o 3x3

Source Degrees of Sum of Squares  Mean Squares  F Value  Sig.
Freedom (df) (ss) (ms)

Regreesion 5 105.131 21.026 8.676 0.017

Residual 5 12.118 2.424

Total 10 117.249

. 3 y
MINUINT n10 ﬁﬂﬂigﬁﬂ‘ﬁﬂ'ﬁﬂﬂﬂ@ﬂﬂl@\‘lﬁhﬂ151/]114']&]5116\1?]%!,5\1&]']8’@1\3@&5]11!%‘L!Pjixi

NOAMULNUNITNAARILULLWANDIS A 3x 3

Source Regression coefficient t-value Sig.
Constant 1.354 0.775 0.474
Frying time (X,) -0.026 -1.238 0.271
Microwave power

level (X,) -0.006 -0.809 0.455
(X])2 1.099E-04 1.208 0.281
(Xz)2 4.003E-06 0.590 0.581
X, * X, 6.615E-05 3.432 0.019
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MINUINT A1l M5 aaszraNuulssivvesar AE luiudsuununisnaasauyy

=
uanesea 3x 3

Source Degrees of Sum of Squares Mean Squares F Value Sig.
Freedom (df) (ss) (ms)

Regreesion 5 342.880 68.576 20.184*  0.002

Residual 5 16.988 3.398

Total 10 359.868

' . .
MINNUINT A12 dullseansimsonnosvesgumsmiuienl AEluludsimeanuununis

naaouULANDSea 3x 3

Source Regression coefficient t-value Sig.
Constant 0.116 0.056 0.957
Frying time (FT) 0.100 3.949* 0.011

Microwave power

level (MW) 0.002 0.261 0.805
(FT)’ -2.774E-04 -2.576 0.050
mMw)* -3.613E-06 -0.450 0.672

FT* MW 4.862E-05 2.130 0.086
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