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Table 2.2

1000 Grain Weight of Malt for a Range of Moisture Content

Variety Replications Moisture Cont- 1000 Grain
ent % (w.b.) Weig?i)(s.d.)
Triumph 5 L1.22 60.49 (2.483)
5 28.56 k9.50 (1.116)
5 12.53 42.05 (0.723)
5 9.42 | b0.5T (1.193)
5 6.51 39.21 (0.890)
Sonja 5 41.66 | 64.24 (1.2L46)
5 28.93 53.18 (0.591)
5 12.83 k3.61 (0.67k
5 8.58 41.52 (0.731)
5 L.80 39.50 (0.273)




Table 2.3 Bulk Density and Dry Bulk Density for a Range of
Moisture Content

Variety | Replications Moisture Bulk Density Dry Bulk Density
Content Z (w.b.) | (s.d.) (kg/m?) (Kg/m?

Triumph 5 41.22 572.84 (2.369) 336.71
5 28.56 544.58 (9.858) 389.04
5 12.53 525.57 (2.264) 459.71
5 9.42 537.00 (2.134) 486 .41
5 6.51 545.50 (1.485) 509.98

Sonja 5 41.66 603.36 (5.356) 352.00
5 28.93 569.36 (8.072) 404 .64
5 12.83 525.73 (3.865) 458.59
5 8.58 530.08 (4.381) 484.59
5 4.80 540.90 (1.256) 514.93




Table 2.4

Specific Heats of Some Common Agricultural Crops

Crops Specific Heat/Regression Authors(s) Remarks
Equation forOSpecific if any
Heat (kgJ/kg K)
Wheat 1.5949 Babbit (1945) | Determined
indirectly
Wheat Cp = 1.184 + 0.03031 My, Sample A
Cp = 1.260 + 0.03068 M, Pfalzner Sample B
Cp = 1.205 + 0.03466 M, (1951) -Sample C
Wheat .
. Cs = 1.398 + 0.04080 M Kazarian &
P W
(soft white) Hall (1965)
Wheat _ .
(hard red Cp = 1.096 + 0.0408 Md Mglr & ] ]
spring) Viravanichai
» (1972)
Rough Rice Cp = 1.109 + 0.04479 M, Haswell (1954)
Rough Rice Cp = 0.921 + 0.05447 ¥, Wratten et al
' (1969)
Rough Rice o . .
(Short’grain) Cp = 1.269 + 0.03487 M, Morita & Singh
(1979)
Rough Rice Cp = 1.136 + 0.01758 ¥, Vemuganti &
(medium) Pfost (1980)
Corn Cp = 1.523 + 0.03562 M, Kazarian & Moisture
(Yellow dent) Hall content
0.91 to
30.27%
Maize grain 1.835 Matouk (1976) Specific
-] heat if dry
matter in
the temp
range 0 -
15 °C
= 0.77 00502 M Vemuganti &
Corn dent CD = 0. + 0. W Pfost (1980)
Soybeans ¢ = 1.64 + 0,019 Md Alam &
P Shove (1973)
Barley Cp = 0.878 + 0.03475 My Vemuganti &
, Pfost (1980)
- Moisture
Barley Cp 1.445 + 0,04885 Md Boyce (1966) Content
7.70 to
34,52
Malt = 1.651 + 0.04116 M, This work




Table 2.5

Mean Values of Specific Heat of Malt for a Range of Moisture Content

Variety Replications Moisture Cont- | Mean Specific
ent % (w.b.) heat (s.d.)
(kJ/kg K)

Triumph 5 bi.22 3.343 (0.256)
5 28.56 2.795 (0.126)
5 12,53 2.184 (0.113)
5 9.42 2.010 (0.1k49)
5 6.51 1.889 (0.146)

Sonja 5 41.66 3.372 (0.145)
5 28.93 -
5 12.83 2.262 (0.049)
5 8.58 2.039 (0.093)
p 4.80 1.808 (0.117)
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Table 2.7 Data on Shrinkage of Malt Bed during Drying

Run 1 2
1 g
piciet i
Weight of Wet 2770 2772
Grains (g)
Number of
Observations (M,;o—M,) 7% S% M, ™M) % SZ
1 0.00 0.00 0.00 0.00
2 0.84 1.77 0.84 1.07
3 1.71 2.48 1.71 1.97
4 2.61 3.36 2.60 2.68
5 3.53 4.96 3.52 3.94
6 4.48 6.20 4,46 5.19
7 5.47 7.44 5.44 6.27
8 6.48 8.51 6.45 7.52
9 7.53 9.20 7.49 8.24
10 8.61 9.92 8.57 8.96
11 9.73 10.46 9.68 9.31
i2 10.89 10.99 10.83 9.85
13 12.08 11.52 12.03 10.39
14 13.32 12.05 12.26 10.75
15 14.61 12.58 14.54 1m.n
16 15.94 12.94 15.87 11.46
17 17.32 13.12 17.02 11.82
18 18.76 13.65 18.67 12.18
19 20.25 13.82 20.15 12,54
20 21.80 14.18 21.70 12.90
21 23.41 14.71 23.30 13.26
22 25.09 15.07 24.97 13.62
23 26,85 15.24 26.72 13.97
24 28.67 15.60 28.53 14.15
25 30.58 15.95 30.43 14.69
26 32,58 16.66 32.42 15.05
27 34.66 16.84 34.49 15.23
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Table 3.1 Balance Accuracy Test (Weight suspended on tray with Air Flow)

Change in Weight Balance Reading in Balance Reading in

(g) mV (increasing wt.) | mV (decreasing wt.)
0 3.0050 3.0050
> 3.5000 ) 3.5000
10 3.9950 3.9950
20 4.9850 4.9850
25 5.4849 5.4849
30 5.9800 5.9800
Lo 6.9700 6.9700
L5 T.4650 7.4650
50 7.9650 7.9600

y = 3.004 + 0.0099 x

= 0.99
S5.E. = 0.0015 mV

]

0.015 g
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Fig. 2.17 Computed temperature
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Fig. 3.3 The drying chamber
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Fig. 5.1 Experimental set up for deep bed drying experiments






Fig. 5.2 Experimental bin with the shielded thermocouples
supported by thin horizontal rods






Fig. 5.3 Experimental bin with thermocouples suspended from
the 'star' shaped support :
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Fig. 5.10 Mean moisture content changes with time for
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Appendix 2.1

Simplified Derivation of Schumann's Equation

The equations were derived for isomoisture heating of grains.
The following assumptions were made in deriving the equations for heating
a packed bed of grains |
(a) The air flow is one dimensional,
(b) There is no heat 1oss perpendicular to the direction
of air flow. |
(c) Direct transfer of heat between particles is
negligible.
(d) No shrinkage of bed occurs.
(e) Thermal properties are constant

T

(f) Contribution of —2 s negligible
ot

Consider an elemental layer of grain of thickness dx and unit

cross—section.

. (o] . o .
The datum used for zero heat is at 0°C. Then in unit time the

heat flowing into the element (x, x + dx) is

G Cpa Ta (x)

and that flowing out is

G Cpa (Ta (x+dx) )

The difference represénts heat transferred convectively to the grain,
oT

h (T -T ) dx and that accumulated in the air volume €p — dx.
cv Ta : adt



The conservation of heat flow demands that

oT
- fm o _ a
G Cpa (Ta(x+dx) Ta(x) ) hcv(Ta Tg) dx ep, T dx
oT
Applying Taylor series expansion and ignoring —2 gives
ot
, aTa ,_hev
—_— = - (T. -T)
ax GC a 8
pa

Consider heat exchange for unit depth over a time increment
(t+dt). At the beginning of the step the grain heat is

C T (v
Pq Pg 8

and at t+dt

¢ T (t+dt)
Pd “pg g

This change of heat is the result of the convective heat transfer from

the air. Therefore from the principle of the conservation of heat and

applying Taylor series expension over the interval dt gives

3T h
E - = (Ta - Tg)
ot p.C
d pg

If the equations are normalized into the standard forms of Schumann,

one gets



where

oT

2Y




Appendix 3.1

‘Determination of Moisture Content

All the moisture contents were determined by the method

recommended by the Institute of Brewing.

When the sample was known to contain less than 177 moisture
(w.b.), a sample of 20g was ground: Before grinding the mill was set
to grind finely and rinsed by grinding a small quantity of malt. About
5 g of the ground sample was transferred to each of the three tared
dishes and shaken until level and closed immediately. The 1id was removed
and the samples were dried in an electric oven for 3 hours at 103 - 104°¢C.

Then the 1id was replaced and cooled in a dessicator for at least 20

minutes before weighing.

When the sample was known to contain over 177 moisture (w.b.),
the grinding and analysis were made after pre-drying the whole grain over-

On .
night at room temperature and four 4 hours at about 45°C in an electric

oven.,

When pre-drying was used, the moisture content was calculated

from the following equation

wl w2
M =M 1 + sz -
woow 100
where
M = moisture content 7, (w.b.)
W
M L= percentage moisture lost by pre-drying %, (w.b.)
w
M ) = percentage moisture found in pre-dried sample 7%, (w.b.)
- ,

The accuracy of the balance used in the moisture content determination was

0.0001 g.



Appendix 3.2

Flow chart to convert the mV readings to temperature,
relative humidity and moisture content

START

DIMENSION

!

READ
NR, N, M, WI, WF.BR

BRF, WC, WD, WA

READ
BR, TAM, TBM, TWM

COMPUTE
MOISTURE CONTENT

CALL SUBROUTINE

SPLINE
ERROR YES
’ ¥
. WRITE
NO ERROR IN SPLINE
COMPUTE

TA, Ti, TwW STOP

COMPUTE 1D, RH

1

CALL FUNCTION TMEAN
COMPUTE TAMEAN, TBMEAN
TWMEAN, TDMEAN, RHMEAN

1

/ PRINT RESULTS J/

1

STOP
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Appendix 3.3

Flow chart of the curve fitting program

START

DIMENSION

1

READ }]
NR,M,N,Y,LJ,LW,LV.

COMPUTE T

¥ CALL SUBROUTINE

- LSQFUN
) CALL SUBROUTINE EO4YAF CHECK AT AN

ARBITRARY POINT

JES

ERROR

WRITE
ERROR TYPE

SET STARTING POINT AND

PARAMETERS STOP

4

CALL SUBROUTINE LSQFUN CALL SUBROUTINE CALL SUBROUTINE LSQMON
EVALUATE RESIDUALS AND EQ4GDF. MONITOR MINIMISATION
FIRST DERIVATIVES $ PROCESS
CALL SUBROUTINE
LSQGRD

EVALUATE GRADIENT,
OF THE SUM OF

SQUARES
ERROR SES
?
NO
‘1] WRITE ]/
PRINT RESULTS ]/ ERROR TYPE
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4 T0 FIT SINGLE TERM EXPONLNTIAL CURVC TO THE THIN LAYCR
ATA

3 CONTENT

IABLES OF LEAST SQURE ESTIMATE
N MIN
A
’

>~
NO"IH/UCU

REALIB(A-H,0~-2)
T(218)sY(218),FJAC(2 +3
Yo '&'(4’700)0)((3):1“(1 £(
SSFUNSL SOMCN

) »FV LC(alB)’G(B)-
218)

o

27(\1'(\‘”((!}&)»
-
i

NR
7Xs 'RUN =1,13)
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e D
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8 %N

g#DSQRT(XO?AAF(XTCL))
+0DC
730D
8010
0Co

GOF (M N LSAFUN LS CMON, TPRINT s MAXCAL ,
2 STTAMX + X o FSUMSGy FVECIFJACILY LS,

T' R’HF IH,LIva’LV)IFAIL)

TLeNZ.0) WRITE (€,125) IFAIL

1) (O TD €0
MSG

(J)'J 1,8)

FVECyFJIAC,LIsC)
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FGRAAT (///154H EFRPOR EXIT TYPEs 13, 22H - SEE RCUTINE CCCUMEN

é:;% (77731H CN EXIT,THE SUM OF SQUARES IS 4F12.6)
SUAT (13H AT THRS PCIANTs SF1246) o

4AT (20H THE CORRESFONDING GRADICNT IS, 1P3C12.3)
AT (Z2H AND THE RESIDUALS ARE)

AAT (1F »10€9.1)
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Dt Gt N IAD N DTN e (I D

, TINE LSQFUN(IFLAGoJ,N’XC.FV"CC;FJACC;LJC.
WolW)

;T'RCAL*8(A -H,0-2)

CN FJ‘CC(!JC;N);rVECC(M)1W(LW)vXC(N)1

T(218),Y(218) .

-
D s i (D
el e

OVt 2+ )
~

L~z Tle (I
-

P EH Yo W e

WL
T

G.2) FVECC(I)=XC(1)%*DEXP(~XC(2)%T(1))

SXP(-XC(2)*T(1)) :
XC(’)*T(I)*DEXP(—XC(°)*T(I)))
« CDO

CATNONS i T ™

19w ¢ <>l <
(i ss o) re o
hd e PPN Y —-{
nu IIVi'n.‘i
’-‘l
~ ﬂ

DO O Ll
P LA~ T
Crarare |

CHOVOVOY~N—~

vN’XC'FVFCC.FJACC’LJC‘SoIGRADE,
Vi)
]

9N)9FVCCC(N),S(N)’U(LL)yXC(N)’

OB i
WX~ moC»e ™
TN~

N X7 .m0
De ~

(M
,
J
CCHIFVECC, M)
VCCF,FJACC,LJCoG)

~D it~z o

QIrOxnNe ¢
PO D MNe O3 Fese

TER #NF »FSUMSQ 4 GTG, IGRADE

A

=D C T D

—t

34) XC(J)»GlJI)yS(I)

-4-4.0-1—4!1(".5‘.('"1.
B Aot

CT~lL

H1 RO T RS N

JOOE DX ONn
DAY DD T4

(/7/76H ITNS ,4X
HGRIADE/IH 5 1
1HX, 20X+
s 1PE1Z.5, 1

20UTINE LSQGPD(M»N|FVECC'FJACC9LJC3G)
NS ION FJA(‘C([JC’N)’FVECC(“”’G(N)

Q0 J=1.N

0.0E40

I:l,‘% N,
N=SUM+FJACC(I,J)XFVECC(I) '
NTINUE

J)=SUuMisSuUM

NTIANUE
U
c

Ee

LS 0
1 3

*
5

O~ T
- (n*n

"‘O\ﬂ

EVA . X
Xy PC .
1X, 1 I

L}
6
0 IPESels 10X, 1PE%.1)

2
X
1H
X

ZNOITN X d 7 i

N
> o
-4~
I~
-\
I

X

-

M

brod il A

HU)C)

ZMOVANNC VNN Z2C7000

D A YAY N NG R NG R P RT I F B ]

SHSUMSQ, 13X,
s EX31PES.1,
SIFSINGULAR VALUES)

EX »

IHGT S

13)



fUN - 18
SIMGLE EXPONENTIAL FIT

ITNS

F EvaLs SUMSQ GTG GRADE
1 S.33206E+00 S.CE+0S 3
X g SINGULAR VALUES
7.070835-01 -2.9E+00 2.2E402
2,02CC€35-03 7.06+02 1.1E+401
2.098C32-01 ~5.9E+01 2.75400
I11nS F EVALS SUMS G GTG GRADE
1 2 7.58885E~01 1.1E+06 2
X G SINGLLAR VAL UES
3.37¢51E8-01 2.6E+00 786402
1.35€C15-02 -1.18403 6.1FE+00
3.13C€528-01 1.7E+0] 1.8E+00
LTINS £ EVALS suMsaQ GTG GRADE
2 3 ®,29430£-023 1.€5404 3

x G SINGULAR VALUES
5.155435-01 S.4E-01 1.3E403
1.3%481%5-03 ~1+3E+02 Ee3E+00
1.938222~-01 1.4E+400 1.6E4+00

ITAS F EvVaLS suMs g cTG GRACE
3 4 2.825008-03 1+4E£400 3
% AG 03 SINGl{LAR VAL LUE S
©3.156212-01 3.4E= <2E+03
?.é:glg€-03 -1e2E40C 6 42E+00
1.39335€-01 1.26-02 1.7E+60
s suMsa GTG GRADE
IThS FEVAL 2.824756-03 S.1C~06 1
X G SINGLLAR VALUES
5.183€33=1 1.1E~06 1.2C0+03
1.83¢335-03 -2,36-03 €.2E+00
10383562-01 4.05-06 1.7E+00
aLs SuMS Q GTG GFRADE
TINS FEv 2.82475E-03 2.1E-09 0
x G SINGLLAR vaLLES
3.15 -0 2.0E-07 e 2E+Q 3
;';2522=-o§ -4 .6E-05 642E400
1.783336-01 S.3E-07 1.76400
cumMsa GTG GRADE
TThS = EVISS 2.82475€-03 S.26-25 ¢
x G SINGULAR VALUES
- 6.85-16 1.2£+403
3‘;25322-3; ~743E-13 6.2E+00
}'7e3=q=-01 2.,3E-1S 1.7E+Q0
sa9ifas
ARES IS 0.002825
N e I e PN O atadnar® 13, ao188] 0.1981353 .
Aiz CERFTSEANTING GRACIENT IS $e837E-18" 23 393613 Z.27¢E-1¢



OO N

TNLCSRAM TO FIT PAGE EQUATICN TC THE THIN LAYER
ORYING DATA
Y=NTISTURE CONTENT
X{I)=VARQTIARLES CF ILLFAST SQURE ESTIMATE .
T=1I¥E IN M IN
'g:G_ICIT RCQ|*9§A ?’D Z)
SINSENSION T({217 Y(217)sFIAC(21744) EC 2 a
1304 aV(As8)sW(4000) X {4) s INC(1).YE(RL (217).G(ad,
TXTTAINAL LSQAFUNLLSOMON
COCNVYCN YOT
NR=18
AIRITE(H,5,122) NR
122 FCRAAT(/7/77+2SXs'RUN =-1,13)
ARITE (64,122)
123 iCF]A1 (/7 +20X%X,'PAGE EQUAT ION FIT'/“OX,17(1H Y/77)
N=4
M=217 -
LJd=217
Lw=1%1000
Lv=4
Llu=t
REATY (S,124) (YE(I)., I=1,218)
124 FCRMAT (12FF.3)
0C 20 I=1,¥ '
J=1¢1
Y{I)=Y=(J)#DeN1 )
T(I)=1.5C0N+{(I-1.2D0)*5.,0D0
c0 CCANTIMNUE
X(1)=0.01ID0
XxX{e)Y=Ca.820
X{2)=0.0400
X{24)1=1.520 )
IFAIL=0 ’
CALL FO4YAF{MNMsNsUSCFUN+Xs FVECSsFJACsLIsIWy
ZLI“’K)LW’IFAIL) .
IFRINT=I
NEXCAL==0*N
ZTA4=0,9D0
XTCL=10eCXDSART (X02AAF(XTOL) )
STEINX=120002.0D0
X{1)=C.2C0D
xX{z)=C.££0D0
X{32)=0,028020D0
X{4)=C.S5CDC
IFATL=1
cALL COA’Dr(N,NqISQFUB’LS”MCNvIPRIVT:HQXCAL’
3T14,XTAL »STEPMX +X s FSUMSQ, FVEC ,FJACsLJs S,
QVQLVQY\IT:Q NF'I\JQLIWOWQl #,IFAIL)
IF (I?AIL.N--O) WRITE (£,125) IFAIL
I (IFAILL=2.1) GC TC 60
4" ITE (5,122) FSUMSQ
NRITE (£,127) (X(J)sJ=1,4N)
CALL LSQERD{MNSFVECFJIAC L JsG)
ARITE (64123) (G{J)sJd=1N)
AR 1ITE (&6,1273)
3C AC I=1,¥
ARITE (6,130) Fvrc(l)
10 CCANTINUE
50 YRITE (A,131)
STCR
12¢ :cqu; {77716+ ERROR EXIT TYPE, I3y 22H - SCE RUUTINE DCCUMEN
S 1HT : -
126 SCR4AT (27/7/731F ON EXITeTHE SUM OF SQUARES IS 4F12.6)
137 =0R1AT (13H AT THS PCINT, 4F1Z.€)
123 =Ca4AYT (I0H THE CORRESFCNDING CRADIENT IS,1P4EL12.3)
123 =CRYAT (32H AND THE RESIDUALS ARE)
120 SCRYAT (1H »1FTS.1)
121 FCRUAT (3A%, 1A3)
HY>
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SUZROUTINE LSQFUN(TFLAG M 5N XCsFVECC, FJACC,LIC,
118 sLIas%,LW)

INFLICIT REAL*R(A=H,0=2)

JININSION FUACCILICIN) JFVECCIM) s W(LW) s XCIN) »
(LTW) 217),Y(217)
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Mt » v o A> |1 <o O

C ™ vt vt o 1ot K

AN Jdeniv L

LSAMON{Mes Ne XCH FVECCFJACC,LJCySsIGRACE,
LIWskaLWw)

AL*8(A-H,0-2)

ACC(lJC’N) FVECCIM)sSIN)sWILW) XCIN)

- Z
B0

WZ2WWN—~3200M ﬂ.‘-

n
ELEEEWHY A T TR EV Rain ! 1

"{FVFCCsFVECC M)

4 4N .FVF—CC WFIACC,L JUCsG)

GsN)

NITER yNF sFSUMSQ +GT Gy IGRADE

O inNe . T7ZA~—~m~ | ]
.:‘1V

-t ANV Crmn 2V BCI~N7ZM s o> X

—

“ 2o @ | ILAOIYNZ,

a @ gt b D) s

) XC(J)’G(J)'J(J)

Clmmra N i 2
MAMNOITO Te "1

anMOmmﬂ Nea Z et DD DA~ QY
27

T (/7/775H TTNS
SHGRADZ/1H , 1&
1AT (/8X, 1HX, 20
JQT (1H »IPE1Z2.5,

SIOUTINE LLSQGRD (M 4N FVECC ,FIACC,LICG)
LICIT REAL#8(A~H,L-Z)

NEINSION FJIACCILJICSN) ,FVECC(M),G(N)

40 J=1,N 3

20 T=14M
=SUM+FJACCII>J)*FVECC(I)

10X, SHSUMSQ s 12X, 3HGTG,
EXyTE A X, 513-5, 6Xs 1PEGe 1y €X, I3)
1HGs 11Xs 1SHSINCULAR VALUES)

Xy 1PE9.1, IOX, 1PES.1)

L B AAMA <4 XA

4Xs 7HF EVALS,
’ 1P
X 1
10

e*nmun“)xn-l'?.-a

<
"
(&)
(]
{imi
.
O

..4
[
7
(o
¢

)=SUM $SUH
TIAUE
URN

NN OOAAWmninM N
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TTAS F SVALS
0 1
.ox
2.09939E-91
5.6 20C3E-91
3,0:0C73%-)2
3.9CCCIE-21
1TANS F =vaLs
1 3
X
2,4 1733E-01
5.92720E-01
1.514235-02
7.5131373E-01
1TNS F EVALS
s
x -
2,05934E-01
3.715914E-01
1.136%3E=-02
7.41673E-01
ITNS F EVALS
3 9
X
1.951215-01
3.713C21E-01
3.1342717-93
7.623521E=01
TNS F EVALS
! 4 13
Sox
1.876915-01
3,714315-01
7.938648=92
7.73473€-01
TNS F =VALS
! 17
h 4
1.825331F-01
3.7 1421%-01
7.331475=91
7.9%5C1E-01
q VAL ¢
ITNS F E 2%3
X
1.73471%-01
J.725215-01
2.9<847%-93
Jel1 S123E-01

RUN - 18

'PAGE EQUATICN FIT

SUMSQ
<. 15104E+00

G
-5.0E+01
-4 ,LE+00

720402
3.2E401

SuUHsaQ
© 340173%E-01

G
=1.1E401
—2.2E+00

1.4E402
1.3E+01

suUMsQ
8,59576E-02

G
34€C-01
=3.9E-01
4.,0F+400
=1.9E~-01

SUMSQ
338501E~-G2

G
1.7%+00
1.€F-01

~2.8Z+401
~2+.0E+00

sUMEQ
2.79931E~02

G
242E+00
a,2F-01

-4.7E401
~2.7E+00

SUMSQ
243791GE-02

G
2.4E4+00
Se9C=-01

~6.2E+01
-3.0C400

syMsn
2409799E~-02

G
2.9E+00
8e2F=-01

-8.8C+01
=3.£E4+00

GTG GRAUTL
T 2E+0S 4

SINGULAR VALUES
2.1E402
lelf+01
2+7F+00
Se55-01

GTG GRADF
2.1E+08 4

SINGULAR VALUES
l.6E+402
4,0F4+00
2 +5F 400
4.28E-01

GTG GRADE
1.€6C+01 4

SINGULAR VALUES
2.4E402
Le7C+00
1.9%+30
2.3E=-01

GTG GRADE
7e¢7E+02 L)

SINGULAR VALUFS
J0C+02
€«0E+00
1.78400
Ze7E-01

GTG GRACC
2e2E+02 a

SINGULAR VALUES
JeS5T402
Te2E+00
1.7F +00
2efE~Q1

GTG GRADE
Je EE+O3 L)

SINGULAR VALUES
290402
SeJE+00Q
Le6E+CO
2.SE=-01

3TS GRACY
7« EE+03 L)

SINGULAR VALUES
4 .HE+0Q2
C.SC+00
1 S5E+00
2.5E-01



G

F EVALS sumMeq GTG GRADE
23 1.76907[~02 1. 00+04 4
G SINGULAR VALUES
2.9F+00 S+1E+02
9.1€-01 C+7€E+00
~1.0C+02 1.5E+00
=3.5F+00 2.4E-01
F SVALS suMsQ GTG GRADE
26 1e43140C-02 1.1E+08 4

G SINGULAR VALUES
2. 7E+00 . S.7F+02
9.0C~01 S«8E+00
=1.1E402 1 .5E+00
R ~3.3C+00 2.4E-01
F EVALS sUMSQ GTSH GRADE
2 1419007E-02 1.€C+04 3
X G SINGULAR VALUCS
1.615%9 2.7E+00 6.80+02
5.6 3477 Qe9E~-01 S«9OF+00
2,2%13% =1.3C402 1.4C+00
3.64%711 =3«3E+00 2e4E-0Q1
F EVALS SuUMsQ GTG GRACE
29 7«41810E-03 1e7E+04 4

G SINGULAR VALUES
2+1E+00 8.6C+02
BeBE-01 £42C4+00
=1e3E+02 1+4E+00
=~2.5E+00 2.48E-01
F =viLs SuMsQ GTG GRAMC
10 1.76S08FE~-03 S¢2E+00 a
x G SINGULAR VALUES
£31€-91 3«8E-02 8.31Z+02
533E-21 1e3E~-02 €e1E+00
2673-032 =2+3E+00 1.5E€+00
$33£-01 =4 48€-02 2.5C-01
F EVALS SUMSQ GTG GRADE
1a 1. 762S7£~03 1e.SE-05 1
G SINGULAR VALUCS
6547E-05 8.35+02
2e7€-0% Eal1E+00
=3+9E-02 1e5E+00
~7eBE-0% 2.3E-01
=vaLs SUMSQ GYG GRADE
9 1676297-073 444%-13 Q

SINGULAR VALUES

Ge9E-09 8.3E+402
3e7€E-09 €1E+00
-6 .6E~-Q7 1.5C+00
=1.2F=-08 2eTE~-01
eviLs SuUMsaQ GTG GRADE
F 10 1«76297C-03 24 3E-23 qQ :
G SINGULAR VALUES
3.1FE-14 B3E+02
Je2€-12 e lE+00
-4 ,86~-12 1 «SE+00
~Fe7E~14 2.5C=-01
UM NF SQUAPES IS 0.001767
oy ExiT SN 3e159732 0 0.s5€701% 02903190  0.899183
THT C=651S2INTING GRANDISMT IS  8.094C-14 3.180C-14 -4,823C-12 =9.697C-14



OANON

b P s S peh b d

(7/7716F EFROR EXIT TYPE, I3, 22H — SEE RCUTINE CGOCUMEN

4 TQO FIT TwO TERM EXPONENTIAL CURVE TO THE THIN LAYER

FVEC(218) G(S)

)
218

GCNENTIAL FIT'/20Xs22(1H-)/7)

~,
\

L.SAFUN, X3 FVEC,FJACsLJs I Wy

125) IFAIL

or EXIT,THE SUM OF SQUARES 1S ,F12.4)

DING GRADIENT IS, 1PSE12.3)

PRCSR A
SRYING DATA
Y=N2TIS5TURE CONTENT
X{1)=VAR 1ARLES CF LEAST SQURE ESTIMATE
T=T7IM= IN MIN
IN2PLIZIT REAL#8(A- Hs0-2)
JINTNSION T(”‘ﬂ),Y(ZlB),FJAC(Z 5
13(3)sV(B+E) W(P=OO).X(€),IW(1) E(
TXTZRINAL L%"FUN.LSOMGB
COCNAON YT
NR=18 .
WETITE(£,122) NR
122 FCRAAT{(/ 77727 X, VRUN =1%,123)
ARITE (F,123)
123 FORUAT (/7 ,20%,'DOUBLE EXP
N=¢&
M=218
J=212
1.Ww=4%CO
Lv=5
Lik=1
nEAs (8,122) (vyEl(1)s I=1,M)
124 FCRVAT (12F€.32)
nC 24 I=1,.H
Y(1)=YE{1)#0.01
20 CCANTINUE
T{1)=0.000
3C 12 J=2ZsM
T(J)=1.SOD')+(J—")*q «0DO0
12 CCATIANUCG
X(1)=0.3200
x{z)=-0,C32D0
X{3)=0.32000
x(2)=C.0zD0
X{3S)=0.03000
IFAIL=D
cAaL E0LYAF (4N
2LTIWW W ’L'\J!IFAIL)
ITRINT=1
YAXCAL=53*N
=14=0.50T9
X1C =10.)DO*OSQQT(X02AAF(XTGL))
STE3IVX=1.,50720
X{1)=3.1200D9
x{z)=70.0200
X{2)=1.550D9D
X(€!=C.OCIODC
.X(€)=C-IQODQ
1FAaIL=1
LALL EN4 CDF (M ,MN,LSAQFUN, LS CUON, IPRINT s MAXCAL,
3ETA,XTOL,S*F°HXoV +FSUMSQ, FVECFJAC LIS
4V0L‘J'NITEQ'NF-’ TWwol. IWaW LWy IFAIL)
IF (IFAIL.NE.O) wITE (6,
1F (IFAIL.EO.l) cQ TO €0
NRITE (E+,12F) FSUNSG
YyRITE (Ay127) (X(J)Y»J=1,N)
CALL LSOGRO(M.NqFVrCoFJA WLJ s C)
yRITE (6,129) {C(J) sJd=1,N)
WRITE (£.12%3)
SC AC I=1,M
WEITE (6,130) FVEC(I)
40 CCNTINUE .
§0 w4RITZ (6,131)
- e
35 =CRAAT
Se 14T)
26 ECR4AT (77731t
27 SCRMVAT (13H AT THE FCINT, ESF12.44)
2383 FCRIAT (’OH THE CORRESPON
29 FCGYAT (2 s2H AND THE RESIDUALS ARE)
30 SCFRYAT (IH ‘1PEQ v
31 FCRUAT (%A8, 1AZ )
INT
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VT =

SQFUN{IFLAGsM Ny XCoFVECCsFJACC,LUIC
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RUN - 18

DOUSLE EXPOGNENTTAL FIY

1TAS F EVALS SUMS0
- 1 2.827°7E+00
X G
1.270775-01 2.2E+00
2,05CCIE-N2 —1.1E+01
%,536C17-91 2.9E401
1.05€£15-03 ~7.6C+03
1.92€$35-01 4 .9E+01
1INS F EVALS SUMS G
2 3.94161 E~-01
x G
358427592 1.8C-02
1.4<171E-22 ~4.85-01
4.274355-01 S.AF+00
1.6%6233-03 —1.4E+032
2.575218-01 1.6E+01
1TNS F EVALS _ SUMSO
3 £,43507C-03
X G
31,64363%-02 2.48-01
2.,314175-03 ~1.8E400
3,1127215-0? 7.5E~-01
{.6C4235-03 ~1.3E+02
1.71CC3E-0L 1.4E400
1INS £ EVALS sUMS Q
3 4 1,73974€-03
x G
1.431535-92 —1.26-02
3,312¢35-03 2 .0E-02
3437517E-01 f.1E-03
1.578€55-17 —6+7E+00
1.535C3E-01 44.3C-02
1TAS F EVALS suUMSQ
10 1.72792F-03
x d
1.724¢% 1.45-03
7.6322 ~3.06-02
34073730 1.7E-02
1.5327 ~3.8E+00
1.631% 2.55-02
F EVALS SUMS Q
1INS 1€ 1.725638-032
x 5
2.82951S-22 243E-0°
7.6124€-07 4.2E-0a
35.73122E-01 1.6F=-02
1.8:4115-972 -2.3C-02
1.5331347E-01 243E-04

GTG GRADC
Se EE+07 S

SINGULAR VALUES
2.4E+03-
1.20+01
3.5C+00
1. 7400
3.0C~01

GTG GRADC
1.9F40€ S

SIMGULAR VAL UES
1. 2E402
80E+00
2.1E400
1.4%400
£+49E-01

GT1G GRADE
14 EC#+0C S

SINGULAR VALUES
1.5FE+402
1eat2401
4 .56+400
8.2C-01
9.2F-02

GTG GRADF
4 ,6E+01 S

SINGULL AR VAL UES
1leSE+03
130401
2.95+00
G eBC~01
2.1C-01

GTG GFADC
1e4E+03 1

SINGULAR VALULS
1.5 +03
150401
4.27400
9.1E-01
1.76-01

GTG GFRA
S .AZ-04 o}

STNGUL AR VAL LES
152402
155401
4.2C+00
9 .,06-01
1.7E-01



ITANS F SVALS susQ GTG GRADL
6 22 1. 72564E~02 24 0E-02 ]

X . e SINGULAR VALUES
4.,215€72-02 2.9C=-04 1.50+03
1e512416-93 ~-2.2F-03 1.6C6+01
349215877221 GeGFE-04 4.,20400
1653592552 =-03 ~1.4F=-01 8.9E-01
1662€7IR-D1 1 .6E-03 1 6F=-01

1INS F EVALS SUMS Q GTG GRADE
7 28 1.72563€E-03 5 «9E-0¢ 0o

X G SINGULAR VAL UCS
1.94C(15-07 8.1E-08 1.5E6+02
7.51€43=-07 1 «8E=-06 1.6E£+01
3.0353)5-01 4.9F-07 4.2C+00
1eSCE442-03 =7 47E-05 8.9F-01
1e53833E-01 9.5E-07 1.66-01

1TAS F EVALS SUMSQ GTG GRADE
8 24 1. 72562E~03 1.2€~-11 c

X G SINGULAR VALUFES
4,91081-02 7.05-0S 1.50403
751533€-13 -S.2E-08 1.5C+01
5.03%43=-01 2.46-08 4 .2C400
1.5358491¢-03 ~3.5E~0F 849E-01
1.638£2822-01 4 .0E-08 loﬁ?*Ol

I1INS F EVALS SUMSQ GTG GRADE
25 1725€3E~-02 3.2E-26 [

x SINGLLAR VALLES
34940515-02 -6.1E~16 leSE+03
7518€52-023 4,.,1E-15 1.6E401
533333E-01 -1.3E-1€ 4425400
l.5§€4|5_°3 . 1.8C~13 8 .9E=-01
1.59252E=-21 ~-2.1E-15 1.6E-01

ON EX1T,THS SUM OF SQUARES IS 00017
AT THT 37INT 0.0474 0.007¢ 045045 0.C01€ 0.1689
THIT C2RRISANNTING GR:DIENT IS =-6.075E-16 4¢144E-15 =14310C-1€

1. 785E~17

~2.C72E-18

g Py TTT AT Py T L S P S e ey
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Appendix 3.4 -

FRCSIAM TC PLCY CURVE

Y=VNCISTURE CONTENT

T=TIVE IN MIN

STIVTENSION T(700)sYF(700),YS{(700),»
Y(?)leT:(70 0}

N=132

3247(3,121) C Y(I)eI=1,yN)
FCRVYAT(12FH T)

REMN(=,122) AS,ES+CSeyDSHES

FCRAAT(SF3 D) )

T(1Y=C.0

TC 1 1=2,N

N=N/" .

TE(1)=T{1)

y={t)y=y(1)

2C 3 1=044

J={I=-1) %S+

1=(1Y=T{J)

Ye(1)=y(J)

¢ 72 I=1,N
YS(I,=A§+(393*EX9(-(CS)*T(I))+(DS)*EXP(—(ES)*T(I))
caLL =ancr(l)

CALL 2590 2CT({Ce1 54 0a5:Cel1S54007)

CALL VAP(O.O.ECO.O,O 0s10040)

2ALL CSPACE( 241 SeleSeCelS 900 7

CALL CTRIET(S)

caLL CTRNAG(2C)

CALL FLOTLCS(10060,75 + TRUN-31 (DCOUDBLE) 's1%)
cALL CTREET(Y1)

CALL CTRYAC{10)

CALL FLNTCS{1C0e 075" TIME IN MIN'H11)
CALL €©€2RTER

CALL P-;P"C‘?(-’J-”!E-C-‘;.G-Z‘.'oO.T)

CAL[ ‘K\q(O-jﬁch-OvOCO’IOO 0)

caLr, AXESST{(1CCes?1Cs)

CALL CTRZRI{1.0)

CALL FLOTCS{—-20.0+304Cs "™MGISTURE CCHTENT % 0 B',,22)
CALL CTRSET(2) :
CALL FTRLCT(TS,YF,1,M,54)

CALL FULL

cCALL ASCURV (T sYSs1 4 N)

CLLL CGRENDC

sSTC?

=hC



Appendix 4.1

Simplified flow chart of the computer programme for model 1

START

INITIAL CONDITIONS AND CONSTANTS
FOR INPUT AND QUTPUT

J
!
CALCULATE INLET CONDITIONS

EZFJ

COMPUTE DRYING
CONSTANT & EQ.M.C.

i

COMPUTE
M, TA, TG, H, RH

) 1s
RH > 0.98
?
NO
IS
IME TO PR
?
NO
. ]
STORE DATA TO PLOT

s - YES .
L<LX
2
NO

CALCULATE SHRINKAGE, DRY
BULK DENSITY AND RESET D2

LONDENSATIO
PROCEDURE

WRITE
TARGET M.C

I NCREASE
IMELY DT

_J

STOP




ANDAANANANANANOANNANNAANOAANONNN

PROGRAN *0 SIMULATE DEEP gEC CRYIMNG nF MALT (AQDEL-1)
AD=IMITIAL MIISTURE CINTENT, FATINsDBe

. AED=MITSTURE CCHTENY. RATIOND WO,

101

103

104

108

106
201

ENC=E0JIL IORIUM MNISTURE CONTENT, RATIND«He
DK=DRYIMG CCNSTANT (1/41%.) .

YAG=AIP TEMPLRATURE, CEG C

YG=GNAIN TEMPERATURE, DEG C

RH=RELATIVE RUMIDITY, RATIC

ERH=FQUIL IBRIUM RELATIVE HUNIDITY, RAYID
HUM=HUMIDITY s KG/KG

py=ViOR PEESSUREs N/M¥%2

PVS=GATURATED VAFOR PPRESGURE, N/ %x2
APQZAYMOSPHER[C PRESSURE, N/MZ%2

RCH=DAY BULK DOENSITY QF MALT, KG/\MEXR2
CPG=SPECIFIC HEAT 0OF VALY, KJ/KGK

CPL=GPCCIFIC HEAT 0OF L IQUID,» KJ/KSK

CPW=SPECIFIC HEAT COF VAPIOR, KJZ7KGK

CPA=SPECIFIC KHEAT OF AlP, KJ/KGK

ALA=LATENMT HCAT NF VAPORIZATICH, KJ/KGK
HT=VILUMETRIC HIAT TRANRFEP COEF ¢ o KJ/(MEXETIVINGK
RT=DAYING RATE

GA=IIASS FLOW RATE OF AIR(DRY) sKG/{MEE2 I IN,
DWA=DRY WZIGHT FERQ UNIT APCA JKG/(4%%2)
XD=1HCREMENT FOR MOISTURE CCMTENT CHAMGT REDUCTICN
DTPR=PRIMTING INTERVAL.,MIN.

TIME=YIME ¢ MIN

TML=FUN TIME., RHOUR

2=DEPTH, METERS

DZ=IMCREAENT IM DEPTH. METYESR

DY=INCRCMENT It TIME, MIN

IT=ITERATICN

DI?EN?%DH AED(200)sTAG(200) +TG(200),KUM(200),RH(200),
1RT (200

COMMII TIV(200),TAM(200)

EXTER'MAL SFR

CALL TIME(Q)

DAYA M PHYSICAL AND THERMAL EENPSRTICTS
READ(S5+101) APR +GA +CPGLCPWCPL +CPAZRANEAN, I, CwA
FORMAT(9F?.2) :

“IME; DEPTH HCJOF LAYERS,TIME STEF ANO DEPTH 3YEP
THML 4Z3LX 2T 402421

3 v[2+3FEL2)

a3
nc
»Z
[v]
~
tun
no

FORMA
CPITE!
RECAD(
FORMAT
INITI
READ(E
FORMA
IMNPUT

Py
[Nk K Lo
>

MmMMNRwTNO tnoamo
T = POOMBMINIWE W

10

»
Ueme [ re pume

o]
m
>
o
-~
(8]
-
« Ne N r)ee

TEMP, AND MNISTUPE CONTENT

-0

)

2

)

CR INLET CONDITITHNSG
gf!N(l),TﬁN(I)-I=1'23)
XsDZeTHL »CT »AD T3 »CP5 4TV 4GA
NF ALYV / /770X

FCRMAT(
MY, IF LAYEDSH,

122X, ' ="

2VDEPTH O
IION =
420X, ' D17

2

n

i
mno
Q

i

<

-

=]

¢ 5 110/723X

1'4E OF. SIMUL AT
Qabs*MING*'/
DECINALY Y/

.
20K,
.
'

OoQZ
Ae X

X efryeio
=
- HO—~e oo

- a1

STEPYe1LX

[

O-4
He o

-

AIR FLIW FA

NMALTY 412Xy

6V SPECIF
7eDENSIT

BTE*+13X
APR=APRE
INITIAL
REL=ERH

Y
D0e8 12Xy 'KG/HINS(MER2) )

ZO -

gCNS OF THE LAYEPS

o
P4

hYAYe RS To N1

OF e OCK=1>O= =
[N ]

TG(L)=7VGH
TAGIL)=TGN
R™(L)I=DeD
HUM (L) =HUYN

a COMTIHUE

AMEAN=AD
A[:(AMEAH/(I.O#AVEAN))*IO0.0



LANP TO ITERATE IN TIME
3TIME=0.0
WRITC(6+240) BYIVE.ANVTIAN

250 FORMA’(//JSX.'?INE='.FIO.Q.'VXN.'
330X, "HEAN MOISTURE CCNTEMT=1,F6.3
WRITE(6.242)

~\

242 F:RM«T(//:X.'POSITICN'.nX.'M.c.'.ax.'A!P'.OX.'GRAIN'.zx.

: l'AKR'.ﬂX.'AIR'-3Xc'9?YING'/?X"LAYEF'.IIX.'OQY'.7X.'TEMD'.
%?Xé;TCgi;iéfn;QUTégégr'oZXt'REL\TIVE'-3X|'FATE'/EX.'NUNHER
3, ' SI5% 47X «TX s SCEGC s "X s 'KG/KG* & tHUM TY?
PR TN . ’ K3 20X THUMIDITY 44X,

0" 00‘11(I=10L§ ¢

WPITS(we245) 1,ACO 1),TAG(I),TG(I) ,HUN(I o RH( RV
245 FOQMAT(EXnl3'5X96(6XoF7-4)) ! . ! PreRveD
TIMA=3TIME/E0.C
ZX=0.75
DTPR=3J40
TPN=DYTPFE

9 CONTIMUE
BTINE=8TIME+CT
AMEAN=0.0
VARIAJLE INLET COMCITIONS
CALL IHLET(BTIHE.”AIN)
TA=TAIY
HUMN=0.01 A7
GA=22.2334
PVYS=SPR(TA)
PV=(HUHN*APR)/(0o522+HUMN)
RHX=PV/PVS
LONP =0 ITERATE IN LAYERS
DN 45 L=1,LX
DK=0RK([TA)

IF(RHX+GT0e82) FHX=0.93
ECC=EQMC{TA,~HX)
EMC=(ECC/{1.0—-ECC)) *
OM=DMT(AZD (L) +0K,ENCHDT)
A=2.0¢(TA-TG(L))
B=CPG+CPL*AEC (L)
F=CPH#TA+2501oél-TG(L)*CPL

E T OF NASE FLOW MATE OF AR ON HEAT TRAUSFER COE
FTC175.07#((GA)#$0.€506) T ER coef.
T LCI OF MeCo ON LATENT HEAT :
ALG=2501.51$(1-O+Q-5704*EXP('13.67*AED(L),’

YY=CPA*TAOALG—CPL#’G(L)

S3 E=CPA*CPN*(HUPN‘(DN‘QUM#DZ/(GA$Dv)))
GE=GA*E
TOP=(ROM/CT)*#DOM
TAP=A+(TIP*¥( (2. 0%¥YY/HT)+(F*DZ/GE)))
33=3+CPL¥0OM
BOT=1.O¥((?DV/DT)*(2.0*5/HT+DZ*BB/GE))
DYG=TOP/377
DTA:—(RDH*OZ/((GA*CT)1&))*((3*5*33)-(3u*p))
T=TA+DTA
p3=SPR(T)
quuun-004¢n:v*01/(GA:O?))
P=(H3APR)/(C.622#H)
RHX=P/PS
FXX=RHX=HP
IF (ABS(FXX).LE.EPS) GC TC a7
IF (FXX) 47 ,47.42 .
CONDE!SATICN PRCCECYRE
IFMCRENMESITAL SEARCH VETHOD

43 XD=0.0206
17=0
CX=04
F X =RHX="HP

56 CXX=CX+XD
E=CPA*CPW*(HUNN—(CXX‘QﬁH*DZ/(GA#D*)))
GE=GA*E
TOP:(ROM/DT)#CXX
TOP=A#(T7?¢((2.0#YY/HT)+(F*CZ/GE)))
gp=8+COL * XX
30T=1.o+((FOM/OT)t(E.otB/HT+ozta%/GE))
DTG="7P /87T
DTA=—(RDH¢DZ/((GA#CT)#E))#((oTG#gs)—(cxxtF))
T=TA+DTA
ps=sPr(™)
HoHUMW I~ (CXXEROVECZ/ (CA*DT))
p:(H#APR)/(0.622+H)
RHX=P/PS
FXX=PHX="HP
IFC(FX) ®(FXX)) SSs77+57

57 CxX=CX+¢X0
FX=F XX
ITSIT+}
IF(IT=-30) §6,56067

67 WRLTZ(6,305) 1T

3979 FONMAT (20X » *SEARCH FAILED AND IT=¢,14)

G T

n 8sg
gISECTICM METHCD

ekt b



S5

54

63
42

As

43
456
77

a7

254

64
45

72
207

206

COMTINMUE

DO 53 N=1,5

XAV={CX+CXX)/2.0
E:cpA+cpwt(Humn—(XAvtRQMtDZ/(GAtDT)))
GE=GA%*E

TR=(n0N/DOT) ¥XAV
Tnp=A+(TOP#((2.0*YY/H’)+(F*DZ/GE)))
3D=3+CPLEXAV
BﬂT:l.Ot((PDM/OT)#(Z.O*B/HTfDZ*SB/GE))
DIG:T?péanTZ/((G *

DTA==(ROI*D ASCTISE) )¢ ({DTG*D3)— *
DTA=— L8O G*03)—(XAVEF))
pPS=SPP(T) '

H=HUMN= ( XAVEROMX0Z/(CAXDT))
P=(H¥APR)/(0.C22+H)
RHX=P/PS
FAV=RHX=RHP
IF(FX%FAV) S4+8E4573
CX=XAV
FX=FAV
GO TO 62
CXX=XAV
FXX=FAV
IT=1T+1
CANTIHUE
SECAMY METH?D
XFV={CX#F XX—=CXX¥FX)/ (FXX-FX} :
E:CPA+CPW#(HUHN-(XAV*QON*DZ/(GA*DT)))
GE=GAXE
TOP=(RCM/OT)#XAV
TOP=A+(*3P*((2-0*YY/HT)+(F*DZ/GE)))
A e '
BOT=1 .0+ ( (ROM/DTI#{2.0%8/HY+DZ* G
DYG=TOP/32T 2¥B3/GE))
DTA:—(ROM*DZ/((GA*CT)*E))*((DTG*HS)—(XAV#F))
T=TA+DTA
PS=SPRIT)
H=HUMH— (XAV*ROM*02/(GA*0™))
P=(H*APR)/(O-622+H)
RHX=P/PS
FAV=HX=RHP
1T=17+1
IF(IT«GT.50) G T2 77
IF(A3S(FAV).LE.EPS) GO TD 4¢
IF(FXXFAV) 43,3€4,498
CX=XAV
FX=FAV
GO TN 48
cxXx=XAV
FXX=FAV
CONTIMUE
CXX=XAVY
ZOtITINUE
DH'=CXX
G0 73 57
TG(L):TG(L)+DTG
TA=TA+DTA
TAGIL })=TA
AED(L)=AEC(L)+OM
RH(L )=QHX
HUMN =H
HU (L Y =HUIN
RT(L)=DM/DT
IF((TG(L)—TA).LT.
WEITS(6,254) L TA
FORMAT( /22X A IR
1ILAYCR MNOe="0110,
AMEANI=ZAMEANSAE (L
CONTINMUE
END 7F 3JED
AMEAN:AVEAN/ZX
TIMA=8TIME/ECLD
lF(ABS(?I%A—TNL)-LE.EPSI) GC TN 72

0) GO T~ 64
YoTSIL) .

FERATURE BELDW 20 DEGC' /20X,

P TEMP=1,F10.4s "GFAILM TIMP=1,F10.4)

20.
S(L
TEM
A
)*

»
I 1
1 I
c c

N

IF(A3S(BTINE=TPR)=EPSI) 72,72,77

SFITEL6,207) BT INELAMEAN,0Z
FGPMAT(//BBX-'TIVE:'.Flg.a,tmxgv/zox.
3JTHEAN MOISTUPE COMTENT=? oF6e3 05X *DZ=2F6e4)

oo 12 KK=1-%X

WP ITE(6,206 KK-AEU(KK)-*AG(KK).TG(KK).HUM(KK),FH
A RMAT (2X 1226 16X eFTe8)) (KK oRT(RK)
TPR:YPRQOYPF

COMT INUE

1F ( (AMEAN=RAVEAN) JLEL0.0) GO TO €5
XF(TIW\.SE-TNL) GT TN 76

ADVANCE IN T{ME STEPR
UNEAH=(AM€AH/(1-0*ANEAN))#100.0

o

PP



[

[
MW

9=~

thotr Vo

CFFECT OF Me.CT« OM SHR INKAGE
DZ:=ZL*O.1596#(1-O—Exp(—o.0?66¢(A1—WVEAN)))

ZX=ZL-022
ROY=DWA/ZX
0Z=ZX/150.0
GO T2 72
WRITC(6 422

2)
FORMAT( /732X ' TIME LIMIT CXCEECED')

WRITE(6472
FONUAT(//2
CONTIMUE
CALL TIME(1,~1ITINME)
STOP . ,
END
FUNCTION ERH(AALGT)
FUHCTIOM T3 CALCULATE
AwW=(AAZ (1 +AA))
A==37357.912
==23.0857
R=0. 31

[
2

5
S
EnH=EXP((AI(R*(GT+273c

RETURN
€MD .
FUMCTION SPR(TT

)
X ¢ *TARGET MOISTURE CINTENT REACHED®)

INITIAL RELAY IVE HUMIDITY WITHIN LAYER

15)))*EXP(B%AN)) '

)
FUNCTINN 70 CALCULATE SATURATED VAPTF PRESSURE

=—0 .27 40SSES
B=0+541E7€E2
==0.451370E-1
D=0.215221E-A4
E=—-0.,462027E-2
F=0e241€617E1
6=06121847E=2
A=0.220612E4
T=TT#1.80+431.69

TP=A+T*(5+T*(C+T#(C*T*E)))

To=(T#(F-G*T))
TP=TP/T0
SPR=EXP(TP)#R*6294-75

RETURN

EMD

FUNCTIH DRKITA)
FUNCTION 70 CALCULATS
A=11761456.0
B=—6312524

S
DRK=A*EXP(E/(273.16+’A)) - :

RETURN

EMD

FUticT 13N EAMC(TATH)
FUNCTINN YO CALCULATE
A=10,5283

B8=29.5357

R=3e3

13
EONC=(A—ALCG(—F*(TA+273.15)*ALBG(?H)))/8

QETURM

EMD

FUMCTION DMT(
DMT=—(DK*0OT ) *
RETURN

3

suUBRNUT INE INLET(BTIVE,TC) )
SUBRAUT IME T INVERPOLATE [#MLET COMOITICN FROMU GIVEM DATA

condN TIM(2C0),TAN(200)

M=21
8=9~ IS
pc 1 I=1,

M .
O (B.CE. (YIM(I))aANDLBLT.TIM(I+1)) GO 70 2

CONTIMNUE
TC=TAM(N+1)
Go T 3
A=(B=-TIM(I))
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Appendix 4.2

Simplified flow chart of the computer programme for model 2

START

INITIAL CONDITIONS & CONSTANTS FOR
INPUT AND OUTPUT

)|
4

CALCULATE INLET CONDITIONS FOR
TIME INCREMENT DT

COMPUTE
' TA._H & RH

COMPUTE
M AND TG

NO
IS
JIME TO PRI
?
NO
1
STORE DATA TO PLOT

Is
L < 1x YES .
?
NO

CALCULATE SHRINKAGE, DRY
BULK DENSITY AND RESET DZ

CONDENSATIOR
PROCEDURE

WRITE M
TA, TG, H,RH

TIME LIMIT
XCEEDED,

[NCREASE
[IME BY D1

|

STOP
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PROGRAM TN SIVULATE DEEP SED DNYING CF MALT (MCCEL-Z)
=IMITIAL YCISTURE CTNTENT, FATI?,D.8.

AED=MOISTURE CCNTENT, RATIC,C.S.

EMC=EQUIL IERILM MOISTURE CCNTENT, RATIO,D.8.

DK=0RYING CCNSTANT (1/MIM.)

TAG=AIR TEMPESATURE, CEG ¢

T53=33AIM TSMESEATUSS, 032G C

RH=RILATIVE RUMICITY, BRATIC

SRH=ZQUIL ISRIUM RELATIVE RUMIDITY, RATIO

HUM=HUMIDITY, KG/KG

PV=VEJR PSESSUFE, N/M3%2

PVS=SATURATED VAFDP FEESSURE, M/M%%3

APR=ATMOSFFEZ[C PRESSURE, N/M#%2

ROM=DRY BULK CEMSITY OF MAL™, KG/U%%:

COG=3PECIFIC REAT OF MALT, KJ/KGK

CFL=SPECIFIC FEAT CF LICUIC, KJ/KGK

CPW=SPECIFIC FEA™ CF VAPCF, KJ/KGK

CPA=SOECIFIC FEAT CF AIE, KJ/KGK

ALASLATENT FEAT OF VAPORIZATICON, KJ/KGK
=VOLUMSTEIC FSAT TRANZFEF COEFe,KJ/(M**3T)IMINK

RT=DRYING RATE

GA=MASS FLOW SATE CF AIR(CPY).KG/(M#x2)IMIN,

DWASDRY WEIGHT FER UNIT APEA,KG/{V*%Z2)

XO=INCREMENT FCR MCISTURE CCNTENT CHANGE RSOUCTICN

DTPR=PRINTING INTEFVAL +MIN.

TIME=TINE, MIN,

TML=RUN TIVE, HCUS

Z=DEDPTH, VETESS

DZ=IMCREMENT IN CEZFTH, MESTEE

DT=IMCREMNENT IN TIME, MIM.

IT=ITERATICN

DIMENSICM A22(23C)»TAG{200),73(200),HUM(200),RH{Z0C)+X{2C0),
IRT(2900) s TGI(200)+AEI(200)RT1I(230)sTALI(200)RHI(200Q)
COMMCN TIM(2CC)«TANM(2C0)
EXTERNAL SFFR
CALL TIME(Q)
DATA ON PHYSICAL AND THERMAL FFOPERTIES
FEAD(5,101) ACRICA+CPGCCPWCPL ,CPA,FAMEAN,RCM,CWA
121 FORMAT(SF?7.2)
RUN TIME,ZCEPTH.NC.CF LAYERS,TIMS STEF AMD CEPTH STEF
READ(S4+102) TMLZ,LX,CT,DZ,2ZL
1932 FORMAT(2FE4Z,12,2F€.3)
CRITZRICN
PEAD(35,104) ZFSIsEPSSRHPJFNM
104 FORMAT(4AFZ2,Z)
INITIAL GSAIN TEMF. AND MOISTURE CCATENT
READ(S5,103) TCNLALC
105 FCRMAT(ZF£.2)
IMPUT DATA FIR INLET CCONDITICNS
RZAD(S,108)(TIM(I),TAVM(I),1=1,22)
106 FORMAT(ZFE.Z) ‘
WPITE(64201) ZHsLXeCZeTML,DTsADsTGNWCFGIRCM»GA
201 F2RMAT(//40X,*CZEP SED CRYIMG OF MALT'///20X+*Z2ED DEPTH',
122X 0" =? yF104342X,) "™METERSY /20Xy '™M0e OF LAYERS' ,13X,'=*,110/20X,
29DEPTH CF LAYZSA',1E6X,1=1 ,FlCe8+2Xs"NETEFY /20X, *FUN TIME OF SIMULAT
BIOMN?Y 4 '=',F10e3+2X s "HOURL' /20X, *TIME STEP* 418X+ "= ,F10e4,'MIN.'/,
420X *INITIAL MOISTURE CONTEMT(CaBe)'s1Xs"="sF10.4+2X,°0ECIMAL"/
S20XsTIMITIAL TSMP. OF MALT'»10Xs"='3F10.4+2Xy»*'CEG C'/720X,
S1SPECIFIC FEAT CF MALT 410X+ '="yF1Ce4s2Xy*'KJI/KCK'/20X,
TYDEMSITY Q2F CERY MALT' J12X =" 3F10e4 92X 'KG/ME%3ZV/20Xs *AIR FLCW FA
QTEY 313X 9" ="' oF 10448 32ZX s 'KG/NINQ[MFx2) 1)
AFP=APR*10CC.C
IMITIAL CCTNCITIZMSE QF THEE LAYCZRS
REL=ERH(AC +TGN)
PV3=5PQ(TCN)
PV=REL*FV 3
HUMN=(J«4522%°V )/ (APR=-PV)
LX=UX+1
Dm 3 L=1,LX
XL ) FLZCAT(L-1)%C2Z
RHEH(L)=ZL
AED(L)=AD
TS(LY=TCGHN
TAG(L)="GN
RT(L)I=J.0
HUM(L) =HUMN
a CONTINUE
AMZIAM=AD
Al=(AMEAN/ (1 «C+AMEAN) ) *100.C
L2M2 T ITERATE IN TINE
3TIME=0.0
WRITS(5,240) STIMELAMEAN
240 FORMAT(//32X ' TIVE=? ,F10e4¢'MIMY/
330X, *HMEAT MCIZITURE CCNtC“”'nF6o3)



30

WITE(DL,242)

FORMAT(//72X, "FLSITIONT 40X, M Ca® sy OX 4 TAIFR*,8X, *CRAIN', 2
TAIR' «3IX, TALIRT y X W *CRYIMG*/2X, "DEPTH® 11X, "0ORY*,9X,'TEMP?,
SXs PTEMP 36X, "HULMICITY® 43X, SELATIVEY ,3X,"RATE ' /2X, 'METER
'e2X s "SASTIET v 7X ' CSGCT W TXW'CEGCY 2 X"KG/KG'.OX.'HUMIDITY'v“xv
l/7MING ) .

DD 11 K=1,LX

WRITE(5924S) X(K) yAEC(K)»TAG(K)»TG(K) 4y HUM(K) +RE(K) 4RT(K)
FCRMAT(2X vFE€ o3 42X 1E(6X4FT7 44))

TIMA=BTI'IS/£0.0

ZX=0.7S

DTRR=30.0

TPR=3T7PR

COMTINUE

BTIME=3TIVE+ZT

AMZTAN=0.0

VARIASLE INLET CCONCITICNS
CALL INLET(STIME,TAIN)
TA=TAIN

HUMN=0.,C14

GA= 2_._’34

PVYE=SPR(TA)
OV=(HUMMXAPR )/ (C+EZ22+FUMN)
RrX=PV/FVS
GRAINM CCMD ;'N AT TET IMLET
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