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Considerations on the Shrinkage and the Rate Equations
in the Drying of Potatoes
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Tsutomu Hasecawa and Hideaki Hosaxa

Faculty of Applied Biological Science, Hiroshima University, Fukuyama

(Figs. 1~4 ; Tables 1~5)
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Table 1. Samples and experimental conditions on the shrinkage ex-
periments of potatoes
Samples wg €3] W, ® Wy (g) SO (cmz) Sc (cmz) Vo(cn13) Vc(cm3) t(OC) (%) ulem/sec)
D-1 1.59 0.359 0.236 7.72 4,25 1.461 0.596 40 30 58
D-2 1.73 0.518 0.336 7.97 4.79 1.531 0.714 40 30 71
D-3 1.55 0.396 0.264 8.00 3.85 1.541 0.515 40 30 71
where, Samples D! cubic.
t : air temperature, ¢ air humidity,
u:  air velocity,
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Fig. 1. Relation between the surface-area ratio S/SO and the drying

ratio x on the drying of cubic potatoes.
Drying conditions:
air temp. = 40°C, humidity = 30%
air velocity = 58 ~ 71 cm/sec.
Samples: D~1,2,3 o & ¢
Calculated results:
Model A:
Model G:
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—fiC , WA, M REEOSKREB W (g-H,0/g-D. M AR 2 kLD EHEL, dW/db
HWWOMRE LTERbENTETHS o ZOMRE, WEAEBHOTREITIESB LIS,

W= (w—ws)/wa (2)
W=Wy— W—Wedx 3)
AW/d0 = (Wy—W,)dx /do (4)

LT, wyid, MEERTH 5.
2. MBEZEERCLIEREEX
WA L R S (om?) AR v BN BT 3 LIET .
S=8(1-x)+S, %
S/8=a(l—x )t b
retzl, a=(So—8e)/So
b =8,/

AR B ¢ ERL Y (om®) ASEIRER x BN LT3 LEEL , R E AR E o flic )
O S S ER/ET B, K B) i, B, UHBROE w74 2 MHNTH S, M, ERIRTEH
Mk i, WHABERSE o hE v,

V=Ve(l—x)+V.x (7
S=y s (8)

g g

Table 2. Samples and experimental conditions on the drying-rate ex-
periments of potatoes.

Samples w O(g) w c(g) w d(g) Do(cm) Lm(cm) LZO(cm) D e(cm)
S-1 173 0.213 0.176 1.46 - - 0.75
$-2 1.81  0.219 0.180 1.49 - - 0.76
$3 2.04 0374 0.283 1.55 - - 0.88
C-1 131 0.237 0.176 0.88 2.07 - 0.59
C-2 1.41 0170 0.158 0.88 2.24 - 0.51
C-3 1.19  0.153 0.132 0.94 1.65 — 0.54
P-1 1.06 0.134 0.120 0.67 1.40 1.08 0.33
P-2 1.13  0.106 0.099 0.35 2.97 1.06 0.17
P-3 2.07 0373 0.328 0.73 2.21 1.22 0.45
P-4 1.17  0.328 0.088 0.71 2.15 0.73 0.18

Llc(cm) Ly (em) tCC) ¢ (%) u(em/sec)

- - 64.0  20.8 26

- - 64.0 208 25

- - 64.0 208 27
1.32 - 64.0 208 25
1.58 - 64.0 208 26
1.19 - 64.0 208 25
1.09 070 640 208 27
2.04 0.61 640 208 26
1.71 091 640 208 27
1.79 0.59 640 208 27

where, Samples S, Cand P : spherical, cylindrical and slab.
D diameter or thickness, L1 and L2 : length and width.
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Fig. 2. Relation between the drying ratio x and the drying time 6 on
the drying of spherical potatoes
Drying conditions:
air temp, = 64.0°C, humidity = 20.8%
air velocity = 26 cm/sec
Samples: §-1,2,3 o e &
Calculated results:
Drying-shell model (Eq. (22) ) :
Uniform drying model (Eq. (21), n=0.4, S=Model G) :
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Fig. 3. Relation between the drying ratio x and the drying time 6 on
the drying of cylindrical potatoes
Drying conditions:
air temp. = 64.0°C, humidity = 20.8%
air velocity = 26 cm/sec
Samples: C~1,2,3 o e &
Calculated results:
Drying-shell model (Eq. (25) used Eq. (35) ):
Uniform drying model (Eq. (21), n=0.4, S=Model G):
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Fig. 4 Relation between the drying ratio x and the drying time 6 on
the drying of slab potatoes
Drying conditions:
air temp. = 64.0°C, humidity = 20.8%
air velocity = 26 cm/sec
Samples: P-1,2,3,4 © o & a
Calculated results:
Drying-shell model (Eq.(28) used Eq. (36) :
Uniform drying model (Wq.(21), n=0.4, S=Model G):

S/S=La(l—x)+ p]2?
refZl, a= WVo—=Ve)/V,
b=V./ Vy
WA C ¢ B o (g/em®) DSUEHRER x M ZMEd 3 SRE L, & 0D O BUENSSH 5 & {5
95,
p=p(l—x)+p.x

1]
S={(w/p) i)
S/S={la(l—x)+ b1 /[(1—x)+ c]PF? {19

7120, a=[w—we)pol/ Two(po—pe)]
bzwepu/[wo(,oo—“pe)]
c=pope” Lpo(po—pe)]
BT 80T, H-RE F TS CEREERE LCRE L0l ¢ OBBRIERE A L b
DTH »7zo
PR AD | GBI B BOT, NI Xx g e, b5, VEROTEDbIATHEN, Fhi
wEBOTRbIhZE LTEREST 5,
S/8=la(1—x )+ p]¥?
il e=(w—w.) / we
b =we / wo
3. MIBEAEFLCKBIEEER
ERRINE ¢ BRI oC, MEAREA @EHERE+EHRETRIBSh TR - T
WBKS + IR THEAET 2 5E) & PIRRIBICE A E CIRIRINT BRSO H E M S D | SEHR s
B&, WEAREALFIREBIR L2 S CRIFETARABE L LA E L, IHIRADKH - Tt

(13



104 DARIRHE « MR « SORW— « KB « BRI

P9 BN 7V EIRES 5o R, S HROBENCH L, KOMKRAHE NS,

§/80={{L(wo—1we) /pu) (1= )+ wo /0o ws/ 03}
/ Lwe=we) / putwes 0.3} (4

LG, IWEHBLUBWE, BT 2KkDEBLORET 24857 T, X 1) @B THET ZGEDHEK
BchiMd 2 we/ py =V (em®) BRIESEBES SDTH B, aRSIA~5ELT, Ve=axkl
T RbhIT T &icd s,

HaERF 0 RN b0, Ve BEETS & RETSZE, DL SIS,
S/Se=[a(l—x)+ b %3 (15)
rtzl, a=[lw—we) pul/d

b= (we po)/d
d= (wo—w,) / pat+ We/ pe
B b 0T, e F A BBIERE LTRIF L LD, COR 15 ThH 5.

B RG ¢ KW 2RROLSREBLTNIA =9 % 1 D& LTHbT . T hidKilpatrickd®

KEDMESNTOAERETH 5,
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forL, a= W+ 1) ou pe— W
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SEHHREBIC B LR 2 H T2 RE T 5, B, RO ERcH L, ROBGXMNEShS,

BRIROEEHCcB 0T, BE R (em) AR W) THbINBE1H, Thdd bROBERIMELNS,
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dx/dl = k,(1—x)" (20
dx/d0=Fk,S(1=x)" )
CLT, by BEU n 5, HRF— 9D ORDBITEWIL D5 A ~5 T b, 0D DS, HliT
IR E L ORL BFRR R 5,
2. MEREFLCKAEREER
VEAHIEAS, HERE, POTRIRRGHIE O O HERE 10 TV A M SR L, b LT b IR 05 545
HENERET LM, & >k OBRBRIEERAEH O LD SBECRETCHHTSE 2 b0 515
ELTHEG, i, BoNB/Y7 A — 5 DSiIINIC RO B B B375ELC, BECERLTWY 2
bORMBEENHIFELH B,
AR IR R & LT, R P IR L IRICTRE SRR 7 Vi 355 < BEudine 204 F O 3 57
BEZLNS,
Bk e
dx /d0=[4nr2(C,~Cy) Cwo—w: )1/ [(R—r){r./ R)

Skt (7o R/ B @2
fefil, re=(1—x) R, @3
R={R’+ [1—(R./ R Irl} 2
JERM RO S

dx /d0=[2r7. L{C:~Cy) / (wo—we)] 7 [7: In (R/7.)
S bt (re/ RY S b ] 25
fztiL, re=(1—x)V2 R, 26
R={R2+[1— (R /R)2 ]2} o

ERRSERR D & ¢
dx/d0=[2A(Cc—Cy)/ (wo—we)]/ [(X—x.)

kw1 B o8
feil, %e=(1—2x)X 9
X=X+ [1— (X, X)) x¢ 30

CLT, R, L, Xid, TRENRBORE, B, BEs em), ABKREH (em?), 7., i3,

REEBGOER, PEE (em], Co BLU Cy i, ZHFNRIRGHET 45 & O 50 OB o
IRGEE (g-H, O/ cm®-void ) b 3,

e, o, B iseT, REERNCBEG 5 BENO RSO BGEE B 4595 2 =4 h, (cm®-
void /cm?. min) &, BIREABIOIKS OILBGEEE B4 3-¥5 £ =% k,, (cm®-void/cm » min )
B, RERT I IOROBEERILBING A~ T D,

3. NS A—SDHEBFHE

MR RIC B 55 2 — 5 ORI, B % Runge-Kutta-Gill i TEAEHS L, JE8IBRE N
CHEEMO BT L OTT oo WIORTEHERS 0 () 2NCT B LS IT 2 -5 DA
o7, "

g = [221 (%obs‘xm;)iz/N]o's 8

FEBERBLUER
1 ERERoR
R A~HD/N S A =9 %, Fig 1 WRTERIELL S /Sy 3 2 OBIROHERT — 5 1 53k
BATEEAT > 7oA AE Table 3 ICRT o HRIUHR ELA O bDIRDNT, 45 2 — 4 G113, 210
KO TIARL TOBBIRKAEM W, Table 1 RTMEN D S RDFM E L 2o BHITHERE 12 5001
B IRIECRIEN 10 BERT B ERELT a=0.1 & LTHNMES S 7 720 GRS B, D, Fio
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Table 3.
of potatoes

Model A (Eq.(6) ):

Parameters and standard deviations of the shrinkage equations

Initial values

Calculated values

Samples a b P 2 b p
D-1 0.450 0.550 0.044 0.445 0.522 0.032
D-2 0.399 0.601 0.044 0.353 0.584 0.021
D-3 0.519 0.481 0.027 0.490 0.476 0.018

Model B and H (Eq. (9) and (18) ) :

. Initial values Calculated values

Samples

a b [ a b o
D-1 0.592 0.408 0.055 0.556 0.370 0.036
D-2 0.534 0.466 0.052 0.449 0.442 0.024
D-3 0.666 0.334 0.041 0.608 0.318 0.023
Model C (Eq. (12) ):
Initial values Calculated values
Samples
a b ¢ o a b [ o
D-1 1.74 0.506 1.24 0.101  -2.49 =230 -6.00  0.032
D-2 1.95 0.833 1.79 0.084 ~726 ~714 ~1610  0.024
D-3 3.16 1.081 3.24 0.064 184 96.1 302 0.023
Model D (Eq. (13)): Model F (Eq. (15) ) :
Initial values Initial values
Samples
a b a a b o
D-1 0.774 0.226 0.083 0.674 0.326 0.044
D-2 0,701 0.299 0.073 0.630 0.370 0.045
D-3 0.745 0.255 0.042 0.692 0.303 0.034

Model E (Eq. (14) ) : Model G (Eq. (16) ) :

Init. values Calc. values Init: values

Calc. values

Samples
a o a 4 a a a I3
D-1 0.1 0.047  0.0355 0.043 2.00 0.044 223 0.043
D-2 0.1 0.042  0.0686 0.041 1.58  0.045 1.93 0.041
D-3 0.1 0.054 -0.00230 0.035 145 0.036 1.34 0.035

where, Calculated values of Model D and F are same to Model B.
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FOE D&, NI A—IPEL L STHBLH »TOHEDEELSNL,

WickweEELonsoE, IWHERB, D, FELUHTH S, WX BEHE, Al Lk rf—
DEDTH Bo %5 A —2 FIWHHIC T 2 0 Dl 545 &, RIBOERANE Lich—He 7 POl
WP AS, die, 5 A — S HIPHEE ST & DB o1, BUREERE F A OIUH R T AT K0
TRt B, KERF -9 DRSO EELSE, MEOMIIAENEVEELLNS, Bl itk
NT, REBREHIGEVESE TR VT, EHORIHAKOMMRNERT LTEsTwad, 2T,
ATEPEIRINIE BO TR 0D, SEBRIMIE L TE, BRENSEVEOIFEREB TD, TF VT
Bk - TOROEERDI, 35 2 =2 PN 5B TR BOFHRICE - T B,

SO AR L e — e PO F AL L, /52— % 1 D& LTRD L DI
HGTH BN, chid, N7 AR 0 DEDWE, 59 5 EIHEERNF L0 L BRI - T
WA

FHDER SR L 23— e FULOIRED /5 4 — s HHIMiAE 0GR 0L &6, KRBT
-1}, SIBOERPEHETE L bDTHL I Ehtbh b, FIEOERMEHcaRvgaIR, Tl
MAEBERRBEEL LGNS,

Fig. 1 #Ra i, SMEANERc L0 REEER T~ CHBLTRLAODTH 5.
Fig. 1 HShd2 k5, WRINER S8 OFTHEL, PR G 13 RPN 1.0 &8 55,
Z O OIEHR TR 1.0 L0 2 TRV, WHRE r 2MOTHED LUERA, BRERBW T, R
T S8, OFEHM LORIEEESINF A —sDHEDBLELTRIRT L HCRbT L
BTE B,

S§/8%=—ax+1 32
732L, e=1—8./8(Model A)
S/ =(—ax+ 1)% 33)

fe12L, a=1—w.pe” (wop.) (Model B and H)
a=1=w./w(Model D)
a=1~{(w./ pe)/ [(we—we) / pu+ ws/ 0.1} (Model F)
EREHOT/NS A — ZHBT BB, WA F LR G L oLBh Ship B L Sk, WHRYNY
TOFIUINE B A, LI W 2R E o DI KE L - TL BEEX BN 5,
B—ERE FATHBIGHRF 2 8KREWEROTED L-odIHRGThH a8, BIRERETFVT
HHIHRH SRR T O RWERWTE DT EMNTE 5,
S/S={{(1—adW+ aWo—bl/ (Wy—5)}*? 84
2120, a= W+ Do/ L(Wo+ 1)p.]
= w, pa/” (w0 ,Oe)
b =We= (we—wy) /wa
ZOBAR, W BA OIS AN A~5 & LTEbEIETEE, WHRGCGOLS LT A ~4
Z1DELTREDLTZEBTEL L,
i, KMpE <, BKREEEEYS -120 , BRNIC AN ERNS -720, $/2, &K
BAIASE  TEBPICEALE LA LT, TIESKE W, ODEMBKRET O TEMEB, /T~
5% W, OB E LTEb T ED, N5 A —F R W ZEDROEIR LT OBEE LEHEI SN
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Bo Lo BRECHESDDUOHETHEIDTNI A S REDTLVEEZ NB,

DRSS & PHBHET S —E L TOBIEaICIE, W, 13 W, OEEE S i WiEE 2 bh, W,
MR E IS BGE I, HBNLERNIEAE < 12 5708 U CIUEIMBMOTRSZ D > TL 2D EE A
55,

2. ERIEFEXOBRE

M ER 7S AR A B S Q) 5 kT R Do¥F X =8 kb, & nE A Fig 2~ 4 R4 EHIEE 2 54 0 Ol
ROIERT — & oKD BHAE, BT KB O T » T oo RUTE , BEHRE 0 DIE/ 1% Table
QEBEE LCRY

Table 4. Standard deviations of the drying-rate equations of
potatoes 2)

The values of standard deviations o of Eq. (20) and (21 :

Eq.(20) - Eq.(21), Mod. A Eq.(21)Mod.BorH Eq.(21),Mod.C Eq.(21),Mod.ForG

Samples nth-order #n=0.6 nth-order #=0.3 nth-order »n=0.3 nth-order n=0.6 nth-order n=0.4
S-1 0.017 0.026 0.018 0.018  0.018 0.018 0.018 0.022 0.018 0.022
S-2 0.017 0.022 0.018 0.021 0.018 0.018 0.017 0.018 0.018 0.019
S-3 0.015 0.018 0.020 0.020 0.018 0.018 0.015 0.016 0.018 0.018
C-1 0.031 0.031 0.026 0.026 0.027 0.027 0.031 0.031 0.028 0.028
C-2 0.016 0.017 0.017 0.017 0.017 0.017 0.016 0.016 0.017 0.017
C-3 0.019 0.019 0.017 0.018 0.017 0.018 0.019 0.019 0.017 0.018
P-1 0.024 0.028 0.030 0.034 0.029 0.034 0.024 0.028 0.028 0.029
P-2 0.039 0.043 -0.035 0.036 0.036 0.037 0.039 0.043 0.037 0.041
P-3 0.032 0.034 0.035 0.036 0.035 0.035 0.032 0.042 0.035 0.039
P-4 0.014 0.018 0.019 0.025 0.018 0.030 0.014 0.019 0.017 0.020

EHBE KD/ N5 A —5 OFFTE, BREROhO/ Y3 2~ 5% Table 2 IWWRT WM 5KD
NG A= OHDICHES N5 A — s HBIC LB EDE S D& 230 B & ic Uiz, WD 5
A=, HEEERO TR L T BBRE O TEEE L /oo IR L RETHREE A 5 4T, AN
BWRE A SHEE LT LTSl S LA MBEARK P /2 bDEEE SR 5,

AR OBRE T 202 O B 0TI, WTFhOIERL L 0L OERA B2 ICIIE 5
W ofie AP BW T, MHERROBRBHC WS 2 IR T -4 20T TR & 505, BiMHKHRT &
HREBBEAEMABL EMTE I,

S G, WHEEER 2 OSBRI DEANIBEOENEZ Lhah, ChitEDie
FAFITC L » T e & &, WHABERE CERT, Chic kiEL TR CORMBEN L M -7
L EDHTEAREERT S, [WEHRNEEZANSEEC D OTOFER, RERF — ¢ TGO ERHER
TEALERIDENT S, IHRCEANIBOOHIR, HRF2ANBBEEAL LS,
Wlhe TUDEETE WD - D | HBEIRIIN & BRI 2 0 Tl R BE T 2 Ak F ik
DR CEBL >R THHE, EREERX 0 & W EOnFhhiEH T KEIN, 20BE
i, /X5 A~ BRI E DL THRIE AL LTHEDL LEBEOIPLOEEL NG,
AR Q) BT, BRAHIERE FMGEOERECE 4 & IR A, $70, 59—
BBREeTMCECEETE L S ICEIERFBL 0T &I B, GREEET S,/ S OFEN 1.0
B LR H LCHMETIEGE, RO BT 5E L0,

Table 4 DFITEROBHERI 0 DA KL TRER O &, #E O) i BIER I 72 WS &I L
W EPSELBE, WERAY, BRMEERE M ONBEE Y L0 EEL SR A,
fl A7 8 i L BRI 0, ), W DT A ~4 hpd k, &% Fig 2~4IRTEBRE
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Table 5. Parameters and standard deviations of the drying-rate
equations of potatoes

Drying-shell model (Eq. (22), (25), (28)) :

Calc. A Calc. B

Samples hm km o hn km o

s-1 175 175 0018 175 175 0018
$-2 184 285 0018 184 285 0018
$3 158 319 0017 158 319 0017
¢l 227 260 0024 224 525 0024
c2 190 227 0017 192 404 0018
c3 198 268 0017 200 474 0017
P-1 375 298 0.043 325 823  0.036
P2 547 685 0024 364 146  0.028
P-3 318 281  0.048 273 60.1  0.042
P-4 527 140 0038 454 227 0033

where, Calc. A : L in Eq.(25) and A in Eq. (28) are constant, and .
equal to Lg and 4, respectively.
Cale. B : they are not constant, and used Eq. (35) and (36).

230 OBIRDOIEIR T — 9 hoRDBIFAEIT » /0o ZORMAE, Table5 KFTHA & LTRSS ~
A = I, BRI R U e AR k0 kb e,

RN 0 & ) 1, ThehBlHoEsh—EE B0 2 MRMAERE , MBOFREMS —F &
B BUPRERIR & et 5B TH D, KRBT~ 51, Table2 hSbhd LHK, oDl
PHEDEEL, HER D & W EE2Z0EETHATIONTE LLAVLEEL LIS, HEX 05
EWeEThsRBORS LEFEHMALE, 2hehkRo &> clilcEbdont we® i b
s,

L=L+[1—(L,/Le)1(1—2) Ly 35
A={A2+ [1~ (A / A)?] (1 —x) A} o)

REEER ) 8RO WO LE ALE, THERK B & 0 TROLIBEDNT X =5 hy & by
EEREL, TOMBRER LD, Table 5 DHHBTH B

Table 4 & 5 & OFHEREE OREHER % G@M%&bekﬁ&wc&mb M Q0 Bk Tr ) &l
EX ), 0O BLEW EO0FNMHLOLOMMER LhRBH, BIRELALd I, BkEmRe e
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SUMMARY

In previous paper?, we have studied the over-all drying-rate equations of various-
shaped potatoes. In this paper, we studied the shrinkage and the rate equations in the
drying of potatoes.

The shrinkage and the drying-rate equations were postulated as follow.

dx/do =k S (1-x)"
For simple empirical type:
S/S, = —a*x+l, a*=1-5/S,
For uniform drying model:
/8, = (—a*x+1)*P
a*=1— {(w, /o) ((wo—w)p,+w o )}
For drying-shell model:
SIS, =(=a*x +1PP, a*=1—w,p, [/ (wyp,)
where, x : drying ratio (-), 6 : drying time (min), S, w and p : sample area (cm?),
weight(g) and density (g/em?®). Subscripts H, O and e : water, initial and jequilibrium
states.

The dryingrate equations based on the drying-shell model® were postulated toco.

These calculated results roughly agree with the observed values.





