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Toém tat - Hién nay, dién nang tiéu tdn cho céc thiét bj lanh déng
chiém trén 38% dién nang tiéu thu trong cac nha may ché bién thay
san. Do dd, viéc dy bao chinh xac thdi gian cip dong thwc pham
¢6 y nghia quan trong trong viéc tiét kiém nang lwgng, giam chi phi
san xuét, nang cao chét lwong va tang tinh canh tranh cla thuc
pham déng lanh. Mét phwong phap don gian dé tinh dw doan thoi
gian cap déng ctia thwe pham dang tru vo han va ciu dwoc dé& xuét
trong bai bao nay. Phwong phap nay dwa vao phwong trinh can
bang nhiét tirc thdi cla vat cho cac giai doan chuyén pha véi qua
trinh truyén nhiét khéng én dinh trong giai doan lam lanh, chuyén
pha va quéa lanh. Phwong phap nay cho két qua kha chinh xac so
v&i cac phwong phap giai tich da co tir trwdc dén nay. TAt ca cac
tinh toan nay dé& dang dwoc lap trinh trén may tinh va dw doan
chinh xac thoi gian déng lanh thyc pham.

Tir khoa - try v6 han; cau; thoi gian dong bang; thwc phdm; truyén
nhiét khéng 6n dinh.

1. Dit van dé

Nhiéu phuong phap giai tich di dwoc dé xuat dé du
doan thoi gian dong bang cho thyc pham c6 hinh dang don
gian. Hau hét cic phuong phap nay dugc phat trién tir
phuong trinh ctia Plank (1941). Nhimng han ché trong
phuong trinh Plank 14 nhiét dg ban déu cta vat chinh béng
nhiét do diém dong, tinh chat nhiét vat ly khong thay doi,
dan nhiét trong 16p bang 1a 6n dinh, khong c6 hai giai doan
lam lanh va qua lanh.

Céac phuong phap khac cua Nagaoka va cong su
(1955); Plank (1963); Cleland va Earle (1977, 1982);
Hung va Thompson (1983) di dwoc dé xuat dé diéu chinh
phuong trinh Plank (1941). Bén canh d6, mgt s6 phuong
phép ctia Mascheroni va Calvel (1982); De Michelis va
Calveo (1982, 1983); Castaigne (1985a, b); Castaigne va
Lacroix (1985) c6 két hop véi phuong trinh can bang nhiét
trong qua trinh lam lanh va qua lanh. Nhing phuong phap
trén thuong duoc dung dé dy doan cho vat am c6 hinh
dang tm phéng. Dy doan thoi gian cip dong cho vt c6
dang hinh try v6 han hoéc hinh ciu 1a ty s6 thoi gian ce“ip
dong cla vat c6 dang tim phang trén hé s6 quy doi thoi
gian dong lanh ciia vat hay con goi 14 kich thudc truyén
nhiét twong dwong. Hé s6 nay dugc phat trién boi Cleland
va cong su (1987a, b); McNabb (1990b); Hossain (1992b).
Viée sir dung h¢ s6 quy doi thoi gian dong lanh rat d& dang
va nhanh chong dé dy doan thoi gian cap dong cho cac vat
¢6 hinh dang khac. Tuy nhién, n6 co thé méc phai sai s6
trong qué trinh quy di.

Trong khudn khd bai bao nay, tac gia dé xuat phuong
phap du doén thoi gian dong bang cho thyc pham c6 hinh
dang try v6 han va cAu ma khong dung hé s quy dbi.

Abstract - Nowadays, electrical power using for freezing
equipment accounts for over 38% of total power of seafood
processing factories. Therefore, the exact prediction of food
freezing time plays an important role in saving energy, reducing
production cost, improving quality and increasing competition of
food freezing. A simple method used to calculate freezing time of
infinite cylinders and spheres shape food was proposed in this
article. This model is based on the energy balance equation of food
products for transition phase with unsteady state heat transfer
solutions in pre-cooling, phase change and tempering time. This
method gave more accurate results than the previous methods,
including the finite difference method and finite element. All
calculations are easily programmable on computer and predict
freezing time of food accurately.

Key words - infinite cylinders; spheres; freezing time; food product;
transient heat transfer.

2. Két qua nghién ctru va khao sat
2.1. Mo td quad trinh dong lanh thyc phim
Qua trinh dong lanh thyc pham duoc n}é ta boi dudng
dac tinh t(t) theo thoi gian © nhu Hinh 1, gom ba giai doan
phan biét:
t A

ti

to

te
tr
0

ay

Hinh 1. Pic tinh (1) ciia qud trinh cdp dong thwe pham

1. Ha nhiét d6 cta thyuc phém tr nhiét @0 ban dau t; dén
nhiét d¢ bat dau dong bang to;

2. Chuyén pha tir 16ng sang ran ciia phan 4m trong thyc
pham, & nhiét d0 to = const, toa nhiét r.;

3. Qua lanh thuc phdm & pha rén. Luc nay, thuc phdm
duoc ti€p tuc lam lanh tir nhiét d6 to dén khi nhiét do tam
vat dat t. theo yéu cau.

Thoi gian cap dong t 13 téng thoi gian cta ba giai doan
trén r = 7; + 7, + 75, [s]. Trong cong nghiép thuc pham, viéc
giam 7, nhat 1a 7,, s€ lam giam tiéu hao nang lugng khi
cap dong va thuong lam tang chat lugng cua thuc pham
dong lanh.
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2.2. Phat biéu bai todn déng lanh thuc phim va cdc gid
thuyet nghién ciru

2.2.1. Phdt biéu bdi todn

Xét thuc phém dang try v6 han hodc cau c6 kich thude
nhu H1nh 2. Khéi lugng riéng va nhiét dung rleng pha a am
va pha ran 1a p, ¢,va p,, c,. Thuc phim c6 d6 am @, h¢ s0
dan nhiét 4, va A, nhiét do ban dau ¢, nhigt 4o bat dau déng
béng #, nhiét hoa rin pha Am 1. va duoc qua lanh dé nhiét
d6 tam cla vat dat 7, bang cach cho vat tiép xtc voi moi
truong c6 nhigt do ¢, <t, <1, <t, v6i hé s6 toa nhigt &

Cén tinh thoi gian cip dong rtheo cac thong sb cua bai
toan.

trteci+1y

{rted.+1y

- - -
a

Hinh 2. Truong ¢ (r, 7)) trong vit am dang tru vé han
2.2.2. Gid thiét nghién ciru

1. Tai mdi thoi diémzcoi nhiét do t(t) va cac thong sd
vat Iy p,c, A cia vat am 1a phan bd déu trong vat.

2.Qua trinh dong bang la qua trinh chuyén pha, tirlong
sang ran clia cac thanh phan 4m ¢ trong thyc pham o nhlet
do6 bt dau L dong bang ty = const va nhiét hoa ran pha Amr.
= const, lay trung binh cho céc thanh phan 4m cua thyc
pham.

2.3. Tinh todn thoi gian cdp dong vit dm dang tru vé han
2.3.1. Tinh thoi gian lam lanh vt am 7

Thoi gian 1am lanh vat 4m 7, tir nhiét d¢ ban dau t; dén
nhiét d6 hoa rin ty dugc tinh theo phuong trinh can bang
nhiét tire thoi lue 7 cho ¥ = 7z.R* I sau thoi gian vo cing
bédr e (r+r+d7)khit~l«e (t%rfdt)lé:

V.p,.c,.(—dt)=a.<t—tf).F.dT (1)
_)[ dt =_j' a.F dr

_ a.F .
—t(r)=t, —(t,. —tf).e Ve )

V.p. i —t
Pl 1n f [s] 3)

=7 =
oaF T -t

2.3.2. Tinh thoi gian chuyén pha T,

Goi r 14 ban kinh 16p bang da tao ra trude thoi diém 7,
dr 1a 16p bang mdi tao ra sau thoi gian dz. Phuong trinh
can bé’mg nhiét tire thoi lac 7cho khéi bang hinh try méi tao
ra dV =F.dr=2.x.r.1.dr sau thoi gian v0 cung bé drla:

ty—t
2rldr.p pr. = l (OR ! ) ; ldr  (4)
n—+
2nd, r 27mRa
sdr=——P1Ple .[lnR—lnr+i}.ndr
A(to—1r) Ra
— J.dr - PP .J.[lnR—lnr+—l}rdr
Ato—tr) % a
—1(r)=—4 lnRJri .ﬁ— lnR+i .E—Ir.lnm?’ 5)
Ra) 2 Ra) 2 .
Véi 42 Py, , —2:|
l,.(to—tf)

R
bat/ = Ir. In r.dr

(6)
Tich phan timg phan (6) voiu =
- _p2 -
qua 1—2.(r Inr—R .lnR) 4.(r

2 InrvadvErdr co két
R ) Thay két qua (6)
vao (5) ta co:

z(r) =—§.K]nR+Ri+

1Y o 2
e e W_RzlnR)}m
Khi két thiic qua trinh chuyén phaz, = 7 (r = 0)
Pr-Pr R?

:m(uz )[s] (8)

2.3.3. Tinh thoi gian qua lanh bang T, theo trinh ty sau

:>Z'2

a. M6 ta trwong nhiét do 7(7, 7) nhw Hinh 2 va qua

trinh qua lanh
113 0,t(r, = 0)—71—cunst\1r€(0 R)

2.Khi 7€ (0,7),t(r, 0 =
p.c.R ti—

N
2.11 n to —

= (ti—t). i

3.Khit=1 =

thit(r, ) = to, V7
ty

to, V7 € (0,7(7))
C,(DInr + C,(9),vr € (ry + R)
totair =0
Cy(t)lnr + Cy (1), 7(x) = T71(r)
C(Dnr + C,(7)

tr D) = 4.Khi 7€ (5, 7, + n)thit(r, 1) :{

5. Khit=1+ 1, = thit(r,7) :{

6.Khit€ (7, + 5 =0,(7, + 5, + 73) thit(r, 9 =
3

7.Khir= Z T; =73, thi t(r, ©) = Cy(t3)lnr + C,(13)

1

b. Lap cong thirc tinh 7,

Phuong trinh can bang nhiét cho khéi bang V' = z.R%1
trong khoang thoi gian qua lanh Az € [O =Ty ] la:
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AU =U(0)=U ;) =ty (1, (7)1 ) 270 9)

U0)-U
Suy ra 73 = ( ) (13)
a.(tw (z’)—tf).F
[U(O),U(Q),tw (T):| xac  dinh  theo
t(r,7),Vre(0,R),Vre(r,,7,+73)2(0+75) phin tiép
theo.
¢. X4c dinh gin ding phéan bd ¢ (7, 7 )khi qué lanh:

,[s], voi cac thong $6

phan  bd

Trong qua trinh qué lanh, 7€(0+7;) (5 +7,,5+75,+73)
thi phan bé chinh xéc cua (r,7), (r7)=G(5)hr+G(z)di
qua hai diém OEO,I(O,Z')}VQ R, [R+/ts /a,tf] voi

—*kT
t0,7)=t,—t,—t,).ep——. Vi ham Inrkhong kha vi tai
(0z)=t, (0 .f) 2pcR g

= 0 nén dé tinh gin ding, c6 thé coi doan cong
C.Inr+C, =C.r+C,, tirc 1a tuyén tinh hoa duong cong
t(r,7). Khi d6 phan bé (r,7)trong qué trinh qua lanh c6

dang: #(r,7)=G(7).lr+G(7) di qua hai diém ql’ZQt:l(Qﬁ]
Va R, [r =R+A/a,t= tf] voi €, (7) va C, () xéc dinh
theo:
{to<r>=q<r>-o+q(r> Gl -u(d ) ke
=Gl R+ a4 |Gl =l
Truong ¢ (7, 7) khi qué lanh, gan ding la:
_t=4(7)
)= R i

d. Tinh sb gia ndi ning ciia V trong qua trinh qua
lanh 7,

(10)

T+ (T) (1)

NoOi nang tic thoi lac rcua dV =2.x.rldrtai r khi
t=C.r+Cila:

dU = p dV.c t(r,t)=27rlp c dr.(Cr+C,)

Téng ndi nang U cua V = z.R* I luc 7 la:
R

Uzzfzjg..cs.j(chz)m:zmpscS.[q(T)J?/3+CZ(T)R2/2]

%U(T):%”"'Rz.[z.q (7)+3C, ()]

S6 gia AU cua V trong qua trinh qua lanh 7y la:
AU =U(0)-U (z3)
¢, LR
AU =REE[2R(G(0)-G())+3(6(0) -G (w)) J12)
Thay céc tri s6 C; (0), C; (3), C (0), C, (73 ) tir (9) vao
(11), s€ co:
e ps.cs.ﬂ.l.Rz.(S.ﬂ; +Ra).(tc —to) ,[J]
e. Tinh nhi¢t d¢ trung binh ciia mit tru 7, (z’) trong
thoi gian A7 € [0 +T, ]:

(13)

Nhiét d6 mat tru lac 7 khi qua lanh la ¢, (z’) xac dinh
theo quan hé:

At TR o4 ol
Lay trung binh theo ATE[0+T3] co MZ(% +tc)/2ve‘1
ty (r)=1, +(t0 +1, —2;,)/[(;;; +Ra)/ 24, ] (14)

f. Xac dinh cong thirc tinh thoi gian qua lanh 7,

Theo (8) ta co:
Pscg-R(34,+Ra).(1

3o At +1y =21,

~t;)/(1+Ral 4)

—t
>0 = ) C),[s] (15)
2.4. Tinh todn thoi gian cdp déng vit am dang ciu
2.4.1. Tinh thoi gian lam lanh vdt am ]
Thiét 1ap twong tu nhu muyc 2.3.1 cho vat Am dang ciu

. R o4r 4 L1 A 1
co the tich V, :§.7Z'.R% ta c6 biéu thirc:

I/cauplclhl []

aF

cau

=7 = (16)

2.4.2. Tinh thoi gian chuyen phart,

Goi r 14 ban kinh 16p bang da tao ra trude thoi diém 7,
dr 1a 16p bang mdi tao ra sau thoi gian dz. Phuong trinh
can bang nhiét tirc thoi lic 7cho khdi cau bang méi tao ra
dV = Fea.dr=4.m.r2.dr sau thoi gian vo cung bé drla:

(5-t/)
11 [ 1 J
—

OCRCW ﬂ’l Teau Rcau
Lile® ! +— L L S 2o dr
(lo—tf) a-Rzau ﬂ“l Teau Rcau “

T T =0
—>J‘dr=—J‘ Prlc§ ! +i. B 72 dr
o) a3 R

4. dr.ppr. = 4rdr (17)

cau cau cau

Pyl (oRcau j’l
= 1+2. R
64(t—t7 ) { ARy J 8

2.4.3. Tinh thoi gian qud lanh bang

(18)

Thiét lap morng tu nhu myc 2.3.3 cho vat am dang cau

—47rR2

c6 thé tich ¥, = 3 7rR3 va dién tich F] ta co
cong thirc tinh thoi gian qué lanhz;:

g Ry (44, + R, —1,
:T3=ps K cau( cau )( L)’[S] (19)

6002 (1, +1o—2t;)
2.5. Khdo sdt bai todn cdp dong thuc phim va so sanh véi
ket qud thuc nghi¢m
2.5.1. Xdc dinh hé s6 toa nhiét bé mdt o

H¢ s6 toa nhiét bé mit giita thyc phdm va khong khi
lam lar‘lh doi voi vat am dang tru khong bao goi cé thé xac
dinh bang cong thuc [4]:

a:lz,s.vgf,[W/m%K] (20)

Pé dam bao do chinh xac cua nghién ctru thyc nghiém,
tac gia da tien hanh do toc d¢ gi6 cua buong cap dong IQF
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tai cac vi tri khac nhau. Két qua toc d6 gi6 trung binh dugc
str dung trong tinh toan v, =2,8m/s.
2.5.2. Khao sat bdi todn cdp dong thwe pham

Céan cip dong cho khéi xuc xich dang hinh try c6
D=0,015m va [=( 15 bang tu dong IQF thang. Nhiét d6 ban
dau cia xﬁg xich tj = 31°C duogc lam lanh dén nhiét d¢ tam
theo yéu cau t. = -9,5°C. Nhiét ,dcf) cua khong khi lanh 1a
tr=-38°C. Tinh toan thoi gian cap dong.

Bing 1. Thanh phan khéi hrong cua xiic xich heo ham hat sen
Bé Khoe Cong ty Thuc pham Gia dinh Anco

STT| Thanh phin | Ky hiéu | Gia tri va don vi
1 Nudce W 62,9%
2 Béo F 10,45%
3 Rén S 26,65%

(Phdn tich mdu xiic xich tqi TT kiém nghiém thuéc My phdm va
Thuc pham, So Y Té tinh Thira Thién Hué)

Bing 2. Cic théng s6 vt Iy ciia xiic xich heo ham hat sen Bé Khée dwoc tinh todn theo thanh phan khéi lrong

. Gia tri va don vi
STT Thong so Ky hiéu P P ; Chu thich
Pha am (1) Chuyén pha () Pha ran (s)
1 Khdi lugng riéng P 1045kg/m? 1045kg/m? 1045kg/m3 [4]
) Nhiét do l{at dau dong fo 1.171°C [4]
bang

3 Nhiét 4n hoa rin . 228kJ/kg [2]

Nhiét dung riéng c 3200,9J/kg.K 2014,9J/kg.K [4]

Heé s6 dan nhiét i 0,4634W/m.K 1,1195W/m.K [4]

Bing 3. Két qua tinh todn thoi gian déng bang
Thoi gian | Céng thirc tinh cho vat dang tru | Tri sb, [s] Céng thirc tinh cho vat dang ciu Tri s6, [s]
V.p,. t—t V_.p,. t,—t
a n= P n L 340 T = R P 227
aF thy—ts alF, th—t,
@.r.R? yl 7. p.R: )
7 7, = PP (1_'_2 ! j 782 T, = Py Te - P-Lcgy (14_2 1 J 521
4.4t ~t7) Ra 6.4.(tg 1) AR,
¢ R(34, + Ra) (4 —1,) D€y Ry (40 + Ry ) (8~ 1)
T3 3= 91 3= 60
3ad(t, +ty =2t ) 6.0.2.(t, +1y =2t ;)

7 T, =T+, T 1213 T, =T 47T, +73 808
2.5.3. Thuc nghiém kiém chitng 31,2 236 -12,8 | 22,10 | 2420 | 8,68
) Dé so sanh két qua ly thuyét v6i thue nghiém tac gia da 5 18 236 -13,3 | 20,25 | 22,10 | 8,37
tién hanh. Sai s6 trung binh thyc nghiém 8,74

a. Chon vt 4m, thiét bi do va hé théng lanh

+Vr§}t 4m 1a xtic xich heo hAm hat sen Bé Khoe co cac
thong s0 vat ly nhu Bang 2.

+ Thiét bj do gdm: dong hd do thdi gian c6 do chinh
xac 0,01s, nl}iét ké thermo scientific voi do ,chinh xac 0,1°C
va may do toc dg gio Prova AVM 03 sai so 13%.

+ Heé théng lanh: IQF thing tai Cong ty ¢b phan Thiy
san Song Huong - Thira Thién Hué.

b. So sanh thoi gian cip dong thwe nghiém va thoi
gian ly thuyét cho vat am dang tru véi cach tinh sai s6
(¢,) theo cong thirc &, = 1%

AL

Bing 4. Két qua thiee nghiém thoi gian cdp dong

1 | w[°c] o[ ]| w[*c]| 7iolp] | zo[p]] & [%]
31 | 38 | 95 | 2022 21,90 | 7.67
2 [ 31 [ 38 [ 125 | 2086 [ 23,10 [ 9,67
12 | 38 | 18 | 1932|2130 929

¢. Mt s6 hinh dnh thye nghi¢m

Hinh 4. Thuc phim di vio va ra hé thong IQF
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Hinh 5. Thiét bi do toc dg gi6 trong ti IQF

3. Két luan va kién nghi

- béy la phuong phap don gian dé du doan thot gian
dong bang cho vat 4m c6 dang hinh tru v han va ciu. M6
hinh nay cho phép tinh toan don gian va nhanh chong dya
trén phuong trinh can bang nhiét;

- So sanh (z;,7,,7;) clia vat am dang try v6 han va cau
thi thoi gian 1am lanh, chuyén pha va qua lanh cho vat am
dang tru vo han nhiéu hon khoang 1,5 lan,

- Sai s gitta I thuyét va thyc nghi¢m trung binh khong
qua 10%, cho thay: cac cong thirc dua ra trong phuong
phap nay khé chinh xac va co thé tmg dung dé du doan qué
trinh déng bang thuc phim trong thuc té;

- Cac sai sO gy ra chu yéu trong phuong phap nay do:
cac thong sdvatly (A,c, p...) chua c6 s6 liéu chinh xac, anh
hudng cua thiét bi va diéu kién méi truong thuc nghiém.

TAI LIEU THAM KHAO

[1] Nguyén Bén, Tinh toan thoi gian dong lanh thuc phdm, Tap chi
Khoa hoc va Cong nghé Nhiét, s6 7/2004.

[2] Becker, B.R. and B.A. Fricke. (1999). Food thermophysical property
models. International Communications in Heat & Mass Transfer
26(5):627-636.

[3] Castaigne, F. (1985b). Calcul des temps de congelation d'aliments
ayant la forme d'un cylindre infini, d'un cylindre fini ou d'une sphere.
Lebensm. Wiss. u. Technol. 18:137.

[4] Cleland, DJ., Cleland, AC., White, SD., Love, RJ., Merts, ., East,
A., Paterson, AHJ.(2010). Cost-Effective Refrigeration. Palmerston
North, New Zealand: Massey University.

[5] Cleland, A.C. and Earle, R.L. (1977a). A comparison of analytical
and numerical methods for predicting the freezing times of foods. 1.
Food Sci. 42:1390.

[6] Cleland, A.C. and Earle, R.L. (1977b). The third kind of boundary
condition in numerical freezing calculations. Int. J. Heat Mass
Transfer. 20: 1029.

[7] Cleland, A.C. and Earle, R.L. (1982). A simple method for
prediction of heating and cooling rates in solids of various shapes.
Rev. Int. du Froid, 5:98.

/8] Cleland, A.C. and Earle, R.L. (1987a). Prediction of freezing & thawing
times for multidimensional shapes by simple formulae. Part 1: Regular
shapes. International Journal of Refrigeration, 10, 157-164.

[9] Cleland, A.C. and Earle, R.L. (1987b). Prediction of freezing & thawing
times for multidimensional shapes by simple formulae. Part 2: Irregular
shapes. International Journal of Refrigeration, 10, 234-240.

[10] De Michelis, A. and Calvelo, A. (1982). Mathematical models for
symetric freezing of beef. J. Food Sci, 47:1211.

[11] De Michelis, A. and Calvelo, A, (1983). Freezing time predictions
for brick and cylindrical shaped foods. J. Food Sci. 48:909.

[12] Hossain, Md.M., Cleland, D.J., Cleland, A.C. (1992b). Prediction of
freezing and thawing times for foods of two-dimensional irregular
shape by using a semi-analytical geometric factor. International
Journal of Refrigeration, 15, 235-240.

[13] Hung, Y.C. and Thompson, D.R. (1983). Freezing time prediction
for slab shape foodstuffs by an improved analytical method. J. Food
Sci. 48:555.

[14] McNabb, A., Wake, G.C., Hossain, Md.M., Lambourne, R.D.
(1990b) Transition times between steady states for heat conduction,
Part II: Approximate solutions and examples. Occasional Pubs in
Maths & Statistics No.21, Massey University.

[15] Nagaoka, J., Takaji, S., and Hohani, S. (1955). Experiments on the
Freezing of fish in air blast freezer, Proc. IX Int. Congo Refrig. 4: 105.

(BBT nhdn bai: 17/08/2015, phan bién xong: 10/09/2015)



