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ABSTRACT

The objective of this research was to study and improve vacuum-microwave
(VAC-MW) drying process for banana slices. Fresh and steamed bananas sliced at 3 mm
thickness were dried in the laboratory using VAC-MW dryer. A 1,000 W magnetron at frequency
of 2.45 GHz was applied to dry the banana slices from initial moisture content of 203% (dry
basis) to final moisture content of 18% (dry basis) using 2 treatments of vacuum at 0.1 and 0.02
bar, which were in range of low and medium vacuum. Treatments were designed by using single
step drying with 20.4 W/g dry matter and dual step drying with 20.4 W/g dry matter followed by
11.1 W/g dry matter. Results showed that drying of steamed banana slices in medium vacuum
with dual step MW power yielded final products with the best quality. Pretreatment by steaming
the banana slices increased porosity of VAC-MW dried banana that provided the crispy texture of
final products. Reducing the vacuum level for VAC-MW drying resulted in the decrease in
hardness but increase in crispness. It was also found that the dual step VAC-MW drying
minimized the damage of final products by 45.6%. In comparison of the quality of banana slices
dried with laboratory and industrial VAC-MW dryer, the color and texture of banana slices were

not statistically different (P>0.05).
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Henderson and Pabis 0.2246 1.0985 0.9868 0.0669
Non-steam, 0.02 bar, Newton 0.2257 0.9930 0.0483
1 step Page 0.1987 1.0733 0.9954 0.0396
Modified Page 0.2217 1.0733 0.9954 0.0397
Henderson and Pabis 0.2643 1.1198 0.9895 0.0634
Non-steam, 0.02 bar, Newton 0.2021 0.9914 0.0460
2 steps Page 0.2695 0.8524 0.9918 0.0444
Modified Page 0.2155 0.8524 0. 9917 0.0445
Henderson and Pabis 0.2000 0.9458 0. 9884 0.0535
Steamed, 0.1 bar, Newton 0.1826 0.9779 0.0526
1 step Page 0.1385 1.1571 0.9916 0.0339
Modified Page 0.1808 1.1571 0.9916 0.0337
Henderson and Pabis 0.2345 1.1778 0.9581 0.0923
Steamed, 0.1 bar, Newton 0.2080 0. 9906 0.0360
2 steps Page 0.2628 0.8746 0.9913 0.0339
Modified Page 0.2159 0.8746 0. 9912 0.0340

Henderson and Pabis 0.2171 1.0126 0.9812 0.0482
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ANTMIBVIR nuudang k n a R’ SE
Steamed, 0.02 bar, Newton 0.2252 0.9805 0.0529
1 step Page 0.2167 1.0219 0.9826 0.0502

Modified Page 0.2238 1.0219  1.1059 0.9826 0.0502
Henderson and Pabis 0.2619 0.9720 0.0728
Steamed, 0.02 bar, Newton 0.2148 0.9820 0.0505
2 steps Page 0.2803 0.8573 0.9835 0.0470
Modified Page 0.2279 0.8573  0.9736 0.9835 0.0472
Henderson and Pabis 0.2163 0.9711 0.0602
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80
| Non-steam, 0.1 bar, 1 step

[ | Non-steam, 0.1 bar, 2 steps

] Non-steam, 0.02 bar, 1 step

Non-steam, 0.02 bar, 2 steps

%Damage

| Steamed, 0.1 bar, 1 step

| Steamed, 0.1 bar, 2 steps

H Steamed, 0.02 bar, 1 step

B Steamed, 0.02 bar, 2 steps

Drying condition
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A1s1eHHIn 1 anuuilsidsunmsadayesilesens 3 dsteniinassamanuan (L*)

67

Source df Sum of squares Means square F P
Pre-treatment (A) 1 849.065 849.065 55.52%* 0.0000
Vacuum level (B) 1 107.062 107.06 7 0.0176
MW Power step (C) 1 30.0832 30.0832 1.97 0.1799
A*C 1 161.565 161.565 10.56** 0.0050
A*B 1 1.495 1.495 0.1 0.7586
B*C 1 21.4893 21.4893 141 0.2532
A*B*C 1 189.338 189.338 12.38%* 0.0028
Residual 16 244.693 15.2933
Total 23 1604.79

¥ v
A131998120 2 ANuLsdsrunsanavesiletens 3 Hutenlnanemaunag (a*)

A

MUOWME *** Maede IAuuananKNad

@ o

ansgAiodIfg 0.05 uag 0.01 MuMAL

Source df Sum of squares Means square F P
Pre-treatment (A) 1 3.2856 3.2856 1.55 0.2307
Vacuum level (B) 1 0.00107 0.00107 0 0.9824
MW Power step (C) 1 19.9108 19.9108 9.41%* 0.0074
AxC 1 0.05227 0.05227 0.02 0.8771
A*B 1 0.96802 0.96802 0.46 0.5085
B*C 1 0.00107 0.00107 0 0.9824
A*B*C 1 0.84375 0.84375 04 0.5367
Residual 16 33.856 2.116
Total 23 58.9186

WINBMY ** wineda InnuueamansadanseRuiod g 0.01



aa ar n,: o { J 1 ~
MW 3 anunlsilsuneatausailetens 3 leteniinanen @rane (b*)

68

Source df Sum of squares Means square F P
Treatment (A) 1 72.2801 72.2801 17.1%* 0.0008
Vacuum level (B) 1 3.6426 3.6426 0.86 0.3670
MW Power step (C) 1 63.4725 63.4725 15.02%* 0.0013
A*C 1 1.5965 1.5965 0.38 0.5475
A*B 1 21.4137 21.4137 5.07** 0.0388
B*C 1 0.2926 0.2926 0.07 0.7958
A*B*C 1 10.6267 10.6267 251 0.1324
Residual 16 67.6221 4.22638
Total 23 240.947

nUOMg ** MNeda finnuanaenanaanseaued g 0.01
aewnan 4 mmulsdsaumaadavesilesos 3 esoitnadesanunia

Source df Sum of squares Means square F P
Treatment (A) 1 341.789 341.789 21.79** 0.0003
Vacuum level (B) 1 186.986 186.986 11.92%* 0.0033
MW power step (C) 1 170.4 170.4 10.86** 0.0046
A*C 1 100.655 100.655 6.42* 0.0222
A*B 1 39.501 39.501 2.52 0.1321
B*C 1 17.7332 17.7332 1.13 0.3035
A*B*C 1 18.2178 18.2178 1.16 0.2972
Residual 16 251.016 15.6885
Total 23 1126.3

=2 1 aad ¥ o o & o o
AN *** KUY ﬁﬂ’nnI.I.ﬂﬂﬂN'ﬂNﬁﬂﬂﬁi&’ﬂ‘]JuU’d1ﬂi’g 0.05 uaz 0.01 auaAU
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A51aEKIn 5 anuulsdsiumsadaussiledens 3 lsdeniinareanunsoy
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Source df Sum of squares ~ Means square F
Treatment (A) 1 3433.24 3433.24 19.19%*  0.0005
Vacuum level (B) 1 514.763 514.763 2.88 0.1092
MW power step (C) 1 544.64 544.64 3.04 0.1002
A*C 1 213.189 213.189 1.19 02911
A*B 1 88.8195 88.8195 0.5 0.4911
B*C 1 7.42594 7.42594 0.04 0.8411
A*B*C 1 161.461 161.461 0.9 0.3562
Residual 16 2861.88 178.867
Total 23 7825.41
WOIMe ** wueds Innuuandeneadanseauieding 0.01
MIHUIN 6 M3 1uSouRsumMANUEIg (L*) mAsU0IMIDUUAING 2 52AY
Source Mean StDev P-value
Industrial 50.68 1.55 0.116
Lab 53.11 1.39
MIHUIN 7 A5 19SouReua1duas (a*) MAsYBINTOULTIING 2 TLAY
Source Mean StDev P-value
Industrial 7.79 1.06 0.007

Lab 4.48 0.29
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|~ ~ =) A = Y 3 @
MI9HHIN 8 M 1lSeumeumaivans (b*) INAVVYDINTOUUVINYN 2 TSAL

Source Mean StDev P-value
Industrial 23.19 0.96 0.004
Lab 18.86 0.78

v o 4 g (Y
ATNHUIN 9 ﬁ'ﬁ'l\‘lﬂﬁﬂﬂlﬁﬂﬂﬂ'lﬂ'ﬂﬂ!ﬁlﬁ (Hardness) lﬂaﬂﬂlﬂﬁﬂ'ﬁﬂﬂuﬁﬁﬂﬂ AN

Source Mean StDev P-value
Industrial 42.06 0.36 0.74
Lab 32.39 0.87

' E 4
A1I1HUIN 10 519501 LAINNMUATOL (Crispness) RABYBINTOLURING 2 TLAY

Source Mean StDev P-value

Industrial 159.13 12.83 0.789
Lab 155.4 18.52
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AUMIUVVIIABINTOVUFIYBI Newton
JiluvUauns e MR = exp(-kt)

vinauns (a1) Hinsaldougdaumsidegluglvesaumsigady

In MR = -kt
frualn y =-In(MR)
i
x =t
i
@ 3 - 4
Wiuee 14 y =-kx
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(n1)

(A2)

(GE))

o L4 a0 @ i 1 L v
vnquMsInnEauniaansylagitdiderentesiiga as1di ) oy, - kx;)? fis

i=1

foviiga fuile Zn:(-yi —kx,)? =0
i=1
I S N
ak;(yi kx;)" =0
22('Yi -kx;)(-x;) =0
i
-iyixi +kixi2 =0
0 i
kix? =iY1’xi
=1 i=1
N[ Y%
5[]

AUNMIUVVI1209M IO UURIVEY Page

suuveums fn MR = exp(-kt”)

nnaums (5) Mmsnasuglaums IteglugivesaumsiFadu

-In(MR)=ki"

(P4)

(n5)
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n{-mn(MR)}=Ink+nint (n6)

fmuald y = In{-In(MR)}
1

B=Ink

A=n

x =Int
i

1 4
aaiuey1d y =Ax +B @7)
1 1

v n
a ~ '8 ad o W 3/ ~ 9 -
NANGEHMIANT IR AUNM0ADBY IasATMaIdeIuoeNgn wlan 2 (Ax, +B-y;)’ ¥
i=1

v
LY

fiﬁauﬁqﬂ Hufo D (Ax; +B-y;)? =0 (A8)
i=1
avlaums ag Aw 9 —a—zn:(Ax. +B-y,)’=0
oA A
ZZ(AXi +B-y)(x;)=0
i=1
D (Ax? +Bx; ~y;x;) =0 (n9)
i=1

o0& )
Z 3Y(Ax. +B-y.)? =0
B Z]( ; i)

23 (Ax, +B-y,)(1)=0

n

D (Ax; +B-y,)=0 (10)

i=1

INAUMS A9 1AL A0 UNUAUNDHIAIAIN A tag B i1 lunuamimainsnvesns

- 0
anaums ag A1 —

Y
DULNI

AU SHUUS1a83IN I0UUTI Modiflied Page

stupyauMs Ao MR = exp[-(kt)n] (n11)

vinauMs (a1 imsldsugilauns eglugilvesaumsFadu

-1n (MR) = (kt)"
In{-In (MR)} = n(Ink + Int) (n12)



fruald y. =In{-In(MR)}
1
A=n
B=nlnk
x = Int
faiuela y =Ax +B
1 1
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(m13)

] n
=) a ad o @ S b =
NNguMIIRszHaunsaacesTasItidsaeadiosiiga eld D (v, - Ax, -B)’

i=1

mleuitge viufe > (y;—Ax;—-B)’ =0
i=]

avlaunts a14 dao 2 —a—z‘:(yi -Ax,-B)’ =0
OA OA ‘5

Z_i(yi — Ax, —B)(-x,) =0
Zn:(‘YiXi)+Aixi2 +Bixi =0
P e £
i(Yi -Ax;-B)’ =0

23 (v, - Ax, ~B)(1) =0

3y, ~AY x, ~B=0
i=1 i=1

anaunI n14 4w 9 L)
0 JB

(n14)

(A15)

(n16)

INANNT ALS LA A16 AWITOUNUALASUNAUNITHIAIAIN A iag B o1l l)viainh

yoamsouuiaselil1d
AUMIHVVS128IM 3OUUHT Henderson Uaz Pabis
Juuueunis e MR = aexp(-kt)
VnaumMs (a17) msldougilaunsfeglugilvesaumsFudu

In(MR)=-kt+Ina
fmuald y_ =mn(MR)
1

(n17)

(n18)
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E4
Y%

faiueeld y, =dx +A (19)

[ n
o a0 w 9/ Iy 2 a
nanqumsinswiaunisonceylaiihideeaiosiiqa wldi Y (v, + kx; - A)® &

i=1

Atouiiga vudie >y +kx;—A)’ =0 (120)

i=1
avlaums 720 820 2 i‘Z(y. +kx, —A)P? =0

ok k&=
2D (y; +kx; —A)(x;) =0
i=1
D (ix; +kx{ —A) =0
i=1

iyixi +k‘2xf ~-A=0 (M21)
i=1

i=l
a 0 0 &
AT A20 A — = +kx. ~A) =0
= 6A§(§/. [~ A)
2> (i +kx; ~A)-1) =0
i=1

S (i —kx, +A) =0

i=t

i(—yi)—k‘Zxi +A=0 (122)
i=1

i=l

NTUNT A21 HAZ A22 TVNSOUNUA y, uae x, iNoMIAIAT k uag A udni ldudeaums

A '3 ww ¥ = 9
#9921 17 1AA1AINUDINITOVLUR
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IEMIATHIV

o o _as 3 w Y a wn
asannamashdasifieunmveunisseunislulason-guanma ssivdealgians

4.187x Vx(T, -T)

VNEAUNS P, =
t

UNUAT V = 1000 cm’

T, =199 °C
T,=25.1 °C
t=62s
¥ 4.187%x1000x%(25.1-19.9)
v ld P =
62
P =35116W

msfnnafiunsanauiavesndlaeuuns
AU LA TBINE 203.3 %db
WIANAIWISUAL 50 g
do  w= dminsuduveindas
d = wnuiareIndln
w

dgoiuezla d=
[(Mdb/100)+ 1]
533

[(203.3/100) +1]
d=17.58¢

madnnanddulasniflaumve unieseundslulasnv-guanna szdudesilfiiins
=~ L9 3
MeunuTinannanns

Maaluinswnden s0% = 359.3 W/g dry matter

v ]
i minuauiamasuendiw = 1758 g

v 2 oo o g 3593W
aatiy f1de luTasndieudeuiauis = ———— = 20.4 W/g dry matter
17.58¢g
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19 TNy 30% =196 W

:‘ Y b = b 4
WM UNUIALAURAYVDINAW = 1758 g
196 W

»
o s °
f

Y] a ] ¥
gy Maslylasnidisudeudaude =

=11.1 W/g dry matter
17.58 ¢

asimnermnatuiielfeuudenana
Fumoudt 1 msmunawialumssuiseona
donl¥masluTnsrvounoseuiiaszaugaamnasui 100% = 530 W
srdaluTasiaerauiaveunieseuntslylnsim-gaanniasedu
Aoal§iiAns = 20.4 W/g dry matter

unuanNemuaud lumsauuiveera

539
204=—

g
14
Ay g=264¢g

9/

12181 wraudan 1Feundsvenena = 26.4 g 130 1.5 huesulauian 1y
b4 @ 9 a ga,

puMHIsZAUABILIANS

z d' (3 o_ w 1) 9/ d.
Tunoui 2 mamidaninad lulasnnlusseuuian 2

ids luTasondemauisveunioseuudslu Tnsnv-gaannasyau
ﬁmﬂﬁﬁlami =11.1 W/g dry matter

wauian ¥ lumseuuievenona = 264 ¢

unua e uIaua lum o Ive oK

w
111 =—
26.4

32181 My Tasnild = 203.4 w

Q o o d' A = o L%
faiuadenldszaumaslyTnsni 50% selisdalyInsion 332 w

¥ )

‘uuﬂauﬁ 3 mimﬁm'Jtuﬁ1ﬂ§'u1mnﬁ'ﬁu‘lumiauu.ﬁ'wmuwa
Y Yy ¥ 'Y o ¥ a wa '

%1ﬂ‘ll€)3al,ﬁ‘ﬂ"lﬂ%"Iﬂﬂ'liﬂﬂllﬁ\iizﬂﬂﬁﬂﬂﬂ{]‘ﬂﬂﬂ'ﬁ HNUN

»

NANVYU 203.3 %db
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v '
a

iminsuduveandio 15 lumseundaseauioalfiians 53 g uaauds
YDINAY 17.58 g
v k4 ’
waudeilFeuuiavensna = 26.4 g (MnTunsui 1) waursvendlesly
$ 4 @ Y a ea
mseuuRaszAuelfiiants

v & o 53x26.4

afu hwinndelunssundssdugaamnssy = ———=179.59 g w3
17.58

51 80 g
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