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ABSTRACT

This research project presents the use of numerical methods by computer program to
predict temperatures at various points in cucumbers during the freezing process and to predict
the time used for freezing. By using a 1 dimensional heat transfer model in unstable conditions
and thermal properties that change with temperature To make prediction of the freezing time
more convenient and faster Compared with the vacuum freezing experiment using cucumbers
of 1, 1.3, 1.6 and 2.5 cm. Thickness, the computer time prediction has the error percentage of

-4.35, 44.87, 0.04 and 58.13 % respectively.
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Lanunuludy (Density, p) luenmsing 1 wily unazesaussneuldndiuuig x; uazdl
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2y X/ Pi
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-40 °C 19 150 °C (Choi and Okos, 1986)

p9AUIENBUNAN #unIs
Tusiiu p = (1.3299 x 103) — (5.1840 x 107'T)
lossty p = (9.2559 x 10%) — (4.1757 x 10~1T)
aslulanss p = (1.5995 x 103) — (3.1046 x 1071T)
Twas p = (1.3115 x 10%) — (3.6589 x 10°1T)
e p = (2.4238 x 10%) — (2.8063 x 1077)
1 p = (9.9718 x 10%) + (3.1439 x 1073T) — (3.7574 x 1073T?)
s p = (9.1689 x 10%) — (1.3071 x 10717T)

AUNULUUTBILLIN B EATI A LUALLUYEIUN URE A UA AU LU L8981 0
& < ;:1 £ 1 {3 ai 1 (=" @ o 1 =4
anudazteasninAnuvukUuaeemsikiwidenuds  naswasuulaspnuruniiuszsiduly
@ 1 % d 2 o q" <, S w a
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1050

Water content 89.3%
initial freezing point -0.89°C

1000 -

Density (kg/m®)

950

T y T 1 1 T
-40 -30 -20 -10 0
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asrUsznauluens mwmguvesens Wudu Tumsuddenuds nmaiuturesainistharudou
dnilngiintunisly 10 °C sndrgamgisndenuiwesens esmnmshauieuvenhudad

ANNINAIINITUIANNSAUNDINUTEL 4 19N

= ' ° ) ¢ 1) & & ¢ @ a
AITN™N 2.2 aumiﬁ‘izu1mmmiu'}mmiauwmadﬂﬂisﬂaumaﬂ’(,ua'lm‘ismﬂuﬁaﬂﬁuwasqm‘mgm
%3 -40 °C &9 150 °C (Choi and Okos, 1986)

mﬁﬂasnawé’n dinig

TUsau k = (1.7881 x 1071) + (1.1958 x 1073T) — (2.7178 x 1076T2)
Ty k = (1.8071 x 1071) — (2.7064 x 1073T) — (1.7749 x 10~7T2)
aslulaimse k = (1.8071 x 107%) — (2.7064 x 1073T) — (1.7749 X 1077T?)
Tiuas k = (1.8331 x 10™%) + (1.2497 x 1073T) — (3.1683 x 1076T?)
a1 k= (3.2962 x 1071 + (1.4011 x 1073T) — (2.9069 x 107°T?)
vh k = (5.7109 x 1071) 4 (1.7625 x 1073T) — (6.7063 x 1076T?)
Tuss k = 2.2196 — (6.2459 x 1073T) + (1.0154 x 107T?)

losan1siiauSeureemsAwalaaInaunissall (Murakami & Okos, 1989)

k = Z xi"kl-

Tow kAo ArAnsthausau W/(mK)
k; Aa ArnsiiAnuseuvatainussnauluems

- A > i
x;¥ A8 volume fraction vpsasaussnauluemis Tamlaan x,¥ = E;—/v’-’—;—
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i o = [~ wa a 12 < o % d o %
3.ANuTouduwWIs (specific heat, ¢,) Wuaulfdmnuiou nueiiuaniuiounvili

Tamunavilsguugiivasuluniisasem

a

mMsel 2.3 aumsUssinudinufeusinizaesesdlsznaundniuemstaduiliduresmumnd
%24 -60 °C fia 150 °C (Choi and Okos, 1986)
aAUsEnoUman GHORE
WUsau cp = 2.0082 + (1.2089 X 1073T) — (1.3129 x 107°T?)
et c, = 1.9842 + (1.4733 X 1073T) — (4.8006 x 107°T2)
aslulawnsm cp = 1.5488 + (1.9625 x 1073T) — (5.9399 x 107°T?)
1Wiuss ¢, = 1.8459 + (1.8306 x 1073T) — (4.6509 x 107°T2)
G cp = 1.0926 + (1.8896 X 1073T) — (3.6817 x 107°T?)

1 (grungiitg -40 °C 9 0 °0)

11 (

gaum 929 0 °C 9 150 °C)
Uuda

cp = 41289 — (5.3062 x 1073T) + (9.9516 x 107*T?)
cp = 4.1289 — (9.0864 x 107°T) + (5.4731 x 107°T?)
cp = 2.0623 + (6.0769 x 107°T)
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1oy ¢, fio musauInwsviiegadonuds (k/kgk)
¢; A MINSaUTIIZYaesAUsEnaulueIng
d! A v o a O A v a 1
TamslaguulasasrnussudiiisvaseImugamainagui 25  waasliiiuiia
) o Vo ol aid ' a d < = o IR '
IPUNWIZTRR MWL T gaumadanTgamgiiionudessana 20 °C fuld adliumndieann
auTeuinzrete wnsfilindnianntn  Tnsfiguuglisinndrgamgiiuidenudinnuieusme
vasasazhansluguLuuAIATLSauTInIEUsIng (Apparent specific heat) Fudunasiuvasan
ATINTBUINZLAasANS ULl vSaAuSouduianazauSaunde  TnedlaunisuseuiuAiay

Soudumzunngdauilaiduiuagamall (Chen, 1985) fsil

(*wo — xp) Lo Ty
T2

SN e TR

g cp, A ATTauImzUTINg (Kikg K)

o

< Ao dadruanavendiluavis

=

a 1

wof1® dndruNavestlue s

=

€

» AD dndIuNIaues bound water fiATUszanal 0.4x, Inw x, Aedndumiaveslsiuluems
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v

Ly Ao ANUTBULENYBINISYRNAI989uY SAUTsuIal 333.6 ki/ke

B

T e guuvgiidonudwasams (°C)
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35

30 4 Water content = 77%
Initial freezing temperature = -2.61°C

25~

20 -
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0 Loy o e . g ' : oo e
-40 ~30 20 ~10 0

Temperature, °C

a

Uil 2.5 mnudeudumzusinguentesinuduluilsituiugamgd

Y

fiun : Heldman, 1982

4 3aEuRdenuTiase1ms (Initial freezing point) Aeamgiiiinluewnsilaauanugain
veawandureuds Jsawsormasunaiigadonuiwatemnsangauussianewnsadl (Chang
and Tao, 1981)

nauiledn
T, = 271.18 + 1.47x,,
naudnuasnalil
Ty = 287.56 — 49.19x,, + 37.07x,,>
nauUaly

Ty = 120.47 + 327.35x,, — 176.49x,,>

oy T, Ao qamafigadenudwetarms (K)

x, A8 dndruniavesiluaims
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w1 : Food Process Engineering and Technology
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1311 : Food Freezing and Thawing Calculation

2.1.3 A1581EMANLSOU

o

1 U 1 1 o) UV d! a g d 1
AIaEVIAITNTaUY ﬁaﬂ'ﬁENN'IHWﬁ\‘NWuﬂ']’lMiBU"NLﬂWUHLUE]\TT\]'Tﬂﬂ’NEJLLGmm’N?JENQm%ﬂM

U

Tngguuunaramanusaulauinisiiaiusey n1swialLTeu nsuEisdauieu

anneliaiaua (Unsteady state %30 Transient state) LAATUA294IN09N15018LMIAIILTOY

1o a e P~ / I < P 1 <
uwiing aamglingaqnisveinglniswasuwlaniienainuly Weuluglauns

Y 9

ke #0
ot

4 o Vel 3 % [ ad ot Y [l < o =)
Wiafnglasunisdrsmanudeudunaunaugamgiinganiaalaluingliiudsundasiunm  Fon

Y

8
1

anmelianizaiiane (Steady state) Weulugdaunisledn

e
Ji
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20°C

Outside Refrigerated

room

UM 2.8 mahanudeuluannigaiauelund
#1311 : Introduction to Food Engineering

nMsANITeUYEIISES (Fourier's heat conduction law) wanswginssunisiiniuiau

I 1 i b 1 d! 1 7 d oJ v A 1 o 1 ti!
naIIMIsemaNNTsuRenivienuIvsendnduesnmiauiinisaiam o sumlanieasiu
UjmanssiuAauveunsiiguivesgumgi o fumiiiinnisaismanuseuiy Wewduaunisnis

anusaulutuiwnuier lasraluil

= Al
1 ox

tﬂ. < ¥ dl @ ! o) ] [ [ s
B g AR ATTUIBUNLANNTIINULN IMNuUUINARDAITINLULAT
=3 1 o b4 =) 1 3 ) 6 3 U a
k Ag A1N15UIANT0U UNURaUUIAAADLUATADLARIU

OT a o ¢ a P & & By
",E Ao LﬂiLWUUW%@QQNWQ@&ULLU')LLﬂU x HnugldulAaiumelles

° & Py Vs o 9] ° o v o v A e
msUszgndsiungden 1 veslisesdmiunisiianuieudniungten 1 vemiamesiulauniind
Taenarrindsnudulsuiaed wazauualiminnisfAnwinisaiemauseulussuuiinisanswmainy
Souindulagnisihanudeuingy  agldaunisasaunisteandmsunsdinisiianusaululifien

< '

< v o oirotay ° %
Fauseningden 2 vewiFesdmiunisinnuieu

'67‘_ 6( oT
p‘at' Ox

38
aT d aT
= (a ) + Sq

9t 5 ox o
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10g p oAU (ke/m?)

¢ Ag AUTaUT NI (J/kg.K)

1 ' 2 s iy i oW k

a Ag AMNTSUNIANSBY (Thermal diffusivity) fiAvinay ;—C—-

P
< vy  da & 3 1A ey M o y da &
Sq fo Audeundatunely W/m®) Tunszurunisudidenudsdilvgliinnuiouiiiniu
melu wihluuswuuiasmendaans s, Tduansnnuoundiiivanddesuasiidliviiugud

wiluwuuiassduganufeuwlgniuegluanuioudimey Sendanudeudimisusng

'
<~

Tumsudaunsnistaudeudndusiesieulvveuwm  (boundary conditions) @wus

‘J pA oqe & =Y ¥ o 1 J a v
sanily 3 wuu fe wuul 1 (Dirichlet boundary condition) WagamaliuAvindugumaiiuinaey
wiodudszrdnsmaviaudewlugud  WuReulaveuanuuueifieuidn  (adiabatic  boundary

condition)

oT
g

=0
dx

S

o s U

o YA X o &
LUl 2 (Neumann boundary condition) WailWdndauien ggveuiun uannail

kaT 0
axs—qs

[ Y a

LUl 3 (Robin boundary condition) w‘%angnmaumsuaamﬁ’u (Newton’s law of cooling)

@ I b4

P Y = a v o ° 1w o w Yo o Y o
dathinguilalundiludwnden dedaamalisiniringiu agasaewmanuieuliiudunndeuii

u
2 a) al a A [ s [ oJ s v 4 d o 2/ [ ) i
Tidedlgavglanavsafuas  lasdasnisusivasingnigldGeulanimunld  aufudedu
Y 1 1 =Y @ O w oa 1% | (S o .S £4 oW
IWEW]Nﬂ'Uﬂ’J’]iJLLG]ﬂGI’]\ﬁ%‘ﬂ'}WQQWW‘QNTE}\‘HWQUUﬂUﬁQLL’Jﬂaall Lflaﬁmﬂi%ﬁ‘ﬂﬁﬂ'ﬁWWﬂ'ﬂﬂﬁaumﬁﬂ‘U h

U

ausadeuaunistasat

kaT =hlo—=T.
axs— (a S)

]
v

2.2 “MUIeNLNgIYa9

myhwenattumsuidenudvwineaunisdirmszies Plank (1941) lneflavufigiuaenis
' o a o o 1 ' o wa ' <
feleuruiauluemsiiaannnisiimiuiounsiiieeed1aiieon @audfivisnianinveseimsilaeed

wagnattunsudidenudsfanarlugeildanudoundaisuaatuzinluswnsdutudaviity - 1l
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Y} ' P o Y o 9w ay v o o =
Ma&%WﬂNWUQWLaaﬂLLSIJ\iLLa’A VI’]IML’JanLLﬂ‘\]’mmimu’smum’m%mmaauqq

Nagaoka et al. (1956) fimsviuiaarildlunisudiionuddagiaunainaunisuaunass

uasin1sAdedanainldlurisninudouduiane

Cogne et al. (2013) inmiveasudidonudwuudyainianeaiigy wazdiassnisanem
AnufeuLuuiAdgLaznsdemnamellsunsy COMSOL TagASiBedatanuuy Finite element
4 o a < = 1 1A < o = kY =

method  Wavhuwgaumgiluazinangadeseninnsguiunisudienuds  TaedlnnsdAnwdudsi
dwa laun wwnadulugudnarmenigl guvglisuduremeaiegy  wazauduguyinialy

38UIUNT

s # e O
Vie. VT iwp LI s

)
) & 7
VD Trpe -

N g a8 ' L '\,; WX = Lﬂ,i‘;”ym AR

=

- TV e 304 w
DV iu}'m, ?‘m,?

d o 1 ‘;.I 1 1 A 1 d VY o a ) e/ 'y
3UN 2.9 wuuieesguitestudigasngnuiaieldAnnaludsidadiaviuy Finite element

method
iy - Cogne et al. (2013)

Fernando  Zigunov  (2018)  siwneatiunisudidienudeenmsgunsauwsuivaguun

o 1 v aal i /) U cf
VI5INTzUNEILaEVIINaN 1ngd1assnsanewanuseay 1 m’luamaﬂmam AN

deio ( 2 6T) oT

s — ] = C,, =

X" dx ax) ~ PPt
IngUssmurautinisauieuainasilseneunantusmnsduluilsiduvesgumall (Choi

and Okos, 1986) wazviuneatlumsudidionudesineBiledaaauuy Finite difference method Tng

T4lusunsu Microsoft Excel® VBA Wiguiieunadnnavaaeuiidonise1ms 40 freg1aniigunss
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3.1 Waunswinngarlunisudidanulsuugyanie

IUiLmsuﬁIﬂumsﬁmwLaaﬂummmftﬁamrﬁuwuejzgcgwmmmrm AslUsnIy MATLAB

)

Annnlagld function pdepe solver 14 uaas Partial Differential Equation @sfisunuuaunissail

( . 6u)6u_ B e ( A Bu) B ( . Bu)
c-| X ,u,ax at—x Ep x5\, ,u,ax s 'y ,u,ax

2
o f(x, t u,a—;‘) Ao flux term

du &
S (x, t,u, EE) A® source term

to<t<t;UWatas<x<bh
~ ' = o ) 1
m A AAS ; m = 0 dwSuamIUNTLL
m = 1 §19U5UBIMITVTINTEUBN
m = 2 @MIUBIMITNIINAN
ROULUSUAY ux, ty) = ug(x) EMSU t=t, as a<x<b

« a ° @
Reulvwoulm p(x, t,u) + q(x, ) f (x, ¢ u,-é%) =0 @1 U MalFb uas t, st <t

o

Tneaunisniu glunsAuufeaun1snIsaewmALsou 1 98 antizlined dail

oT 0 aT)
pc”%‘ax( dx

dnaunisivieg luguuuvaunisdmiuilendu pdepe solver

c.0T a oT
B——E——xo (xo )+0

k at ~ odx\ ox

o d a v o )
Tosdioulvududuie T(xty) = To() dmsut=t, uas 0 <x <L
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START

thickness ,initial temp
final temp ,medium temp

'

function component of
PDE

L

T=Ti

<T>Ti

3

b

1
= k= inki
0= Sxia

: >
p= m k= Zl‘;k,
| (xwo_xb)LOTf

Cpa = 1.55 + 1.26x, —

TZ

P = 0.7138

1.105
o

N A T 1)

Cpa = 1.55 + 1.26x5 —

1
) =5 jrm— ,k = z k
] an/pi 4%

(xwo_xb)LOTf
'[‘2

C
c=£-‘-(-’-)- f=Du/Dx ,s=0

!

initial function

|

initial temp
!

boundary function

5
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ki= Zx,'k[ ,pI=0 ,qgl=1
pr=—Kice(Tn — T}) /L ,qr=1

1.105

Xice = 1. 07138 Xw k= Lxik;
In(T (—~T+1)
,pl=0 ,gl=1

pr=—kice(Tn — T;-)/L ,ar=1

pdepe solver

|
m=0
t=[0,t last] ,dt=10
x=[0,L] ,dx=L/100

|

calculateT

L

< metrix T )

|

plot (x,t,T)

v

plot(t,T@x=center)

|

< surface graph(x,t,T) )

!

< graph(t,T) )

END

U 3.2 wnudsn1svhuneanatusidenudsalusunsy MATLAB
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3.3 A1SATUI
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QUNATILSUAY

ANUVUT AUNY gaunilds narlun1iug nalunis AR
Wenn (23)  (srwaded)  (ssmwaided)  WHeanude (W) vihue f)  Aewanm (%)
1 254 -36.7 115 11 -4.35
13 23.8 -37.5 1HiG) 16.66 44.87
1.6 218 377 24 24.01 0.04
2.5 23551 -36.52 375 593 58.13
4.4 n15a1uruAT WA
AN 4.3 uananisawinlnihildlunsudifenudeninnimeaes
Thickness | Vv Power freezing time kWh unit  Cost (Baht)
(cm) (Amp) (Volt) (kw) (sec)
1. i 358 220 0.6213 690 0.1191 0.6905
1.3 3.28 220 Q5I073 690 0.1106 0.6416
1.6 347 220 0.6107 1440 0.2443 1.4164
25 3.48 220 0.6125 2250 0.3828 2.2196

f15197 4.4 wansn1sUszanauan iihildlunisudidanudeainnisvinuneaiiidlunisuadanid

Thickness | (Amp) Y Power Prediction freezing  kWh unit  Cost (Baht)
(cm) (Volt) (kw) time (sec)
1 3.53 220 0.6213 510 0.088 0.5103
1.3 3.28 220 0.5713 750 0.1203 0.6974
1.6 3.47 220 0.6107 1050 0.1781 1.0328
25 3.48 220 0.6125 2310 0.3930 2.2788
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s auluswnsy

% Calculate freezing time from pdepe solver function
function MyProject

global L TO Tf Ta;

display (Calculate freezing time");

% input parameter

L = input (' Input thickness of food (m) : );

T0 = input (' Input innitial temperature (degC) :;

Tf = input (' Input final temperature (degC) : ');

Ta = input (' Input ambient temperature (degC) : ;

m = 0; % shape factor:slab=0,cylinder=1,sphere=2

x = linspace (0,L,101);

% from Of[upper surface] to L[lower surface] 101 nodes
% upper surface = nodel ,lower surface = node 101
% at center = node 51

t = linspace (0,6000,600);

% calculate from 0 to final time=6000 sec

% time step =10 sec

sol = pdepe (m,@pdex1pde,@pdexlic,@pdexlbe,x,t);
% function pdepe solve PDE from m,x,t,[c,f,s],initial condition,boundary condition
L= sol ()

% u = temperature of food

% u = matrix [600x101]

% plot surface graph

figure;

surf (x,t,u); 9% A surface plot is often a good way to study a solution.
title (Temperature (degQ));

xlabel ('x (m));
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ylabel (Time (sec));

% plot Temp-time at center

figure;

plot (t,u(;,51));

title (Temperature at center (degQ));

xlabel (Time (seq)?;

ylabel (Temperature (degC));

fztime = interp1(u(;,51),t,Tf, linear,'extrap’); % find time to reach final temperature
fprintf (Freezing time (min) = %.2ffztime/60); % display freezing time in minute

u % display matrix of temp

% local function for find ¢,f,s

function [c,f,s] = pdex1pde(x,t,u,DuDx)
ifu>-05 9% -0.5is initial freezing point of cucumber
% find specific heat from Choi&Okos
% specific heat of water ,mass fraction of water in cucumber=96.01%
cp_m = 0.9601*(4.1289-(9.0864*(10N(-5))*u)+(5.4731*(10A(-6))*(UN2));
% specific heat of protein ,mass fraction of protein in cucumber=0.69%
cp_p = 0.0069%(2.0082+(1.2089*(10/(-3))*U)-(1.3129%(10A(-6))*(UA2));
% specific heat of fat ,mass fraction of fat in cucumber=0.13%
cp_f = (1.9842+(1.4733*(10/(-3))*u)-(4.8008*(10A(-6))*(u”2)))*0.0013;
% specific heat of carb ;mass fraction of carb in cucumber=2.76%
cp_c = (1.5488+(1.9625*(10/(-3))*u)-(5.9399*(10A(-6))*(uA2)))*0.0276;
% specific heat of fiber ,mass fraction of fiber in cucumber=0.8%
cp_fi = (1.8459+(1.8306 *(10/(-3))*u)-(4.6509*(L0A(-6))*(u”2)))*0.008;
% specific heat of ash ,mass fraction of ash in cucumber=0.41%
cp_a = (1.0926+(1.8896 (10 (-3))*u)-(3.68 1 7*(10A(-6))*(un2)))*0.0041;
% total specific heat
cp = (cp_m+cp_p+cp_f+cp_c+cp_fi+cp_a)*1000;
% find density from Choi&Okos
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% density of water

p_m = 0.9601/((9.9718*(10/"2))+(3.1439*(10A(-3))*U)-(3.7574 *(10A(-3))*(uA2)));

p_p = 0.0069/((1.3299%(1073))<(5.184*0.1*u)); % density of protein

p_f = 0.0013/((9.2559*100)-(4.1757*(10A(-1))*u)); % density of fat

p_c = 0.0276/((1.5991*1000)-(3.1046*0.1*u)); % density of carb

p_fi = 0.008/((1.3115*1000)-(3.6589*0.1*u)); % density of fiber

p_a = 0.0041/((2.4238*(1013))-(2.8063*0.1*u)); % density of ash

p = 1/(p_m+p_p+p_f+p_c+p_fi+p a); % total density

% find thermal conductivity

k_m = ((5.7109*(10A(-1))+(1.7625*(10/(-3))*u)-(6.7036*(10A(-6))*(uA2)))*0.9601;
p =((1.7881*(10A(-1))+(1.1958*(L0A(-3))*u)-(2.7178*(10A(-6))*(uA 2)))*0.0069;

_f =((1.8071*(10A-1))-(2.7604*(10A(-4)y*u)-(1.7749*(10A(-7))*(uA2)))*0.0013;
k_c =((2.0141%(10A(-1))+(1.3874*(10A(-3))*u)-(4.3312*(10A(-6))*(u2)))*0.0276;
k_fi =((1.8331%(10A(-1))+(1.2497*(10/(-3))*u)~(3.1683*(10A(-6))(UA2)))*0.008;
=((3.2962*(10A (- 1))+(1.401 1%(10A(-3))*u)~(2.9069*(10A(-6))*(u” 2)))*0.004 1;

k= k_m+k_p+k_f+k_c+k_ﬁ+k_a; % total thermal conductivity

% find [c,f,s]

€ = preplle

f = DuDx;

S =0

end

ifu==-05

cp = 1000%(1.55+(1.26*0.04)-((0.96-(0.4%0.0069))*333.6%(-0.5)/(u/2)));

% at u= -0.5 , density of cucumber=1005.57 , thermal conductivity=0.5573
¢ = 1005.57*cp/0.5573;

f = DuDx;

S=.0;

end
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ifu<-05

% below freezing point ,water convert to ice

% find mass fraction of ice

ice = (1.105*0.9601)/(1+(0.7138/10g(0.5-u)));

% find density

p_m = (0.9601-ice)/((9.9718*(1012))+(3.1439*(10A(-3))*u)-(3.7574 *(10A(-3))*(uA2)));

p_i = ice/((9.1689*100)<(1.3071*0.1*u)); % density of ice

p_p = 0.0069/((1.3299*(101\3))-(5.184%0.1*u));

p_f = 0.0013/((9.2559*100)-(4.1757*(10A(-1))*u));

p_c = 0.0276/((1.5991*1000)-(3.1046*0.1*));

p_fi = 0.008/((1.3115%1000)-(3.6589*0.1*u));

p_a = 0.0041/((2.4238*(1013))-(2.8063*0.1*));

p = I/p_m+p_i+p_p+p_f+p c+p fi+p_a);

% find thermal conductivity

k_m = ((5.7109*(10A-1))+(1.7625*(10(-3))*u)-(6.7036*( 10A(-6))*(u” 2)))4(0.9601-ice);

ki= (2.2196—(6.2489*(10/\(—3))*u)+(1.0154*(10/\(—4))*(u/\2)))*ice;
=((1.7881*(10A(-1))+(1.1958*(10A(-3))*U)-(2.7 1 78*(10A(-6))*(UA2)))*0.0069;

k f= ((1 8071*(10A(-1)N-(2.7604*(10A(-4))*u)-(1.7749*(1ON(-T))*(uA2)))*0.0013;

k_c =((2.0141%(10A(-1))+(1.3874*(10/(-3))*u)-(4.3312%(10A(-6))*(Uu2)))*0.0276;

k_fi =((1.8331*(10A(-1))+(1.249T(10A(-3))*u)-(3.1683*(10A(-6))*(u2)))*0.008;
=((3.2962*(10M-1))+(1.401 1*(10/(-3))*u)-(2.9069*(10/(-6))*(uA2)))*0.0041;

k= k_m +k_i+k_p+k f+k_ctk fi+k a;

% find apparent specific heat

cp = 1000%(1.55+(1.26*0.04)-((0.96-(0.4*0.0069))*333.6%(-0.5)/(uA2)));

C = p*cp/k;

f = DuDx;

Si=10:

end

end
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% local function for initial condition (initial temperature of food)
function u0 = pdexlic(x)
uf =.T10;

end

% local function for boundary condition

function [pl,ql,pr,qr] = pdexibc(xl,ul,xr,ur,t)

% |=left boundary (at upper surface) neglect convection

if ul >=-0.5 % ul is temp at upper surface
k_m = ((5.7109*(10A(-1))+(1.7625*(L0A(-3))*ul)-(6.7036*(10A(-6))*(ulA 2)))*0.9601;
k_p =((1.7881*(10A(-1)))+(1.1958*(10A(-3))*ul)-(2.7 1 78*(10A(-6))*(ulA2)))*0.0069;
k_f =((1.8071*(10A(-1)-(2.7604*(LOA-A)*uD-(1.7749*(10A(-T)*(UlA 2)))*0.0013;
k_c =((2.0141*(10A (-1))+(1.3874*(10A(-3)*ul)-(4.3312%(10A(-6))*(ul12))*0.0276;
k_fi =((1.8331%(10A(-1)+(1.2497*(10A(-3))*ul)-(3.1683*(10A(-6))*(UlA2)))*0.008;
k_a =((3.2962%(10/(-1))+(1.401 1*(10A(-3))*ul)-(2.9069*(10A(-6))*(UlA2)))*0.0041;
k =k m+k_p+k_f+k_c+k fi+k a;

end

if ul <-0.5
ice =(1.105*0.9601)/(1+(0.7138/10g(0.5-ul));
k_m = ((5.7109*(10A(-1))+(1.7625*(10(-3))*uD-(6.7036*(10A(-6))*(ul A 2))*(0.960 1-ice);
k_i = (2.2196(6.2489%(10/(-3))*ul)+(1.0154*(10A(-))*(ulA2))¥ice;
k_p =((1.7881*(10/A(-1))+(1.1958*(10A(-3))*ul)-(2.7178*(10A(-6))*(ulA2)))*0.0069;
k_f=((1.8071*(107(-1))-(2.7604*(10A(-4))*ul)-(1.7749*(10A(-7))*(UlA2)))*0.0013;
k_c =((2.0141*(20A-1+(1.3874*(10A(-3))*ul)-(4.3312*(10A(-6))*(ulA2)))*0.0276;
k_fi =((1.8331*(10A(-1))+(1.2497%(10A(-3))*ul)-(3.1683*(10A(-6))*(ul12)))*0.008;
k_a =((3.2962*(10(-1))}+(1.401 1*(10A(-3))*uD-(2.9069*(10/(-6))*(ulA2)))*0.0041;
K=k m +k_i+k_p+k f+k c+k fi+k a;

—

o e e
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end

% r=right boundary (at lower surface)

if ur>=-0.5 % ur is temp at lower surface contact chamber
k_m = ((5.7109*(10A¢-1)+(1.7625*(10A(-3))*ur)-(6.7036*(10A(-6))(urA2)))*0.9601;
k_p =((1.7881*(10A(-1)+(1.1958*(10A(-3))*un)<(2.7178*(10A(-6))*(urA2)))*0.0069;
k_f =((1.8071*(10A(-1))-(2.7604*(10A(-8)y*ur)-(1.7749*(10A(-T)*(urA2)))*0.0013;
k_c =((2.0141*(10A(-1))+(1.3874*(L0A(-3))*ur)-(4.3312%(10A(-6))*(ur"2)))*0.0276;
k_fi =((1.8331%(10A-1)+(1.2497%(10A(-3)*un)~(3.1683*(10A(-6))*(ur”2)))*0.008;
k_a =((3.2962*(10A(-1))+(1.401 1*(10A(-3)*un)-(2.9069*(10A(-6))*(UrA2)))*0.0041;
k =k _m+k_p+k_f+k _c+k fi+k a;
% for conduction freezing
pr = -2.6%(Ta-ur)/0.001; % thermal conductivity of ice at -37 degC is 2.6 W/mK
ar=Kk

end

if ur < -0.5
ice =(1.105%0.9601)/(1+(0.7138/l0g(0.5-un));
k_m = ((5.7109*(10A-1)+(1.7625*(10A(-3))*un)-(6.7036*( 10 (-6))*(ur”2)))*(0.960 1-ice);
k_i = (2.2196-(6.2489*(101(-3))*ur)+(1.0154*(10A(-A)*(urA2)))*ice;
k_p =((1.7881*(10A(-1N+(1.1958*(10/(-3))*un)-(2.7178*(10A(-6))*(ur/2)))*0.0069;
k_f =((1.8071%(10A(-1)-(2.7604*(10A(-A)y*ur)-(1.7749*(10A(-7))*(urA2)))*0.0013;
k_c =((2.0141*(10A(-1))+(1.3874*(10A(-3))*un)-(4.3312*(10A(-6))*(UrA2)))*0.0276;
k_fi =((1.8331*(10A(-1))+(1.2497*(10A(-3))*ur)-(3.1683*(107(-6))*(ur/ 2)))*0.008;
k_a =((3.2962*(10A(-1))+(1.401 1*(10A(-3))*ur)-(2.9069*(10A(-6))*(urA2)))*0.0041;
k =k m +k_i+k_p+k f+k c+k fi+k a;
pr = -2.6%(Ta-ur)/0.001;
g =k

end

end

end
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Mssulusunsy

#\ MATLAB R2014a

Current Folder )

wotkerbat 5 ST
~
(Calculate freezing time
Workspace 2 Property of food
Name = Input thickness of food (m) : 0.01
Input innitial temperature (degC) : 25.4
Input final temperature (degC) : -18
Ambient
Q Input ambient temperature (degC} : -36.7

>

Waiting for input

£ Type here to search

L MATLAB R2014a

R
Current Folder

Mame ~
o bt s e o s
Details 2 @zing time {(min) = 10.60
Werkspace @ =
Name
Columns 1 through 12
25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.400C
25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.4000 25.400C
25.3978 25.3978 25.3977 25.3975 253973 25.3870 25.3966 25.3%60 25.3854 25.3947 25.3938 25.392¢
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