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TOM TAT: Md hinh toan hoc qué trinh két déng thuc pham bang phwong
phap phan tiz hitu han Galerkin két hop véi bién doi enthalpy — Kirchhoff va phwong
phap quy tu dwoc trinh bay trong bai bdo nay. Két qud tinh todn theo phirong phép
néu trén kha phu hop so véi thi nghiém, sai s¢ khéng qua 10 % .

1. Pit van dé

Thoi gian két dong thuc pham khong chi anh huong dén chat lugng san pham ma
con dén tiéu hao ning luong trong cic nha may dong lanh. Tinh thoi gian két dong
thuc pham ¢6 cac hinh dang chuan thuong sir dung cong thic Plank (1913) [4]. Tuy
nhién, trong thuc té viéc sir dung cong thirc Plank dé tinh thoi gian két dong thuc
pham ¢4 sai s6 rat 16n.

Hién nay, c6 2 hudng nghién cttu nham hoan thién cong thuc Plank:

- Phuong phép giai tich: chia qua trinh két dong thanh 3 giai doan va thoi gian
két dong thuc pham 1 tong thoi gian cua cac giai doan nay;

- Phuong phap s6: xap xi hoa phuong trinh vi phan dan nhiét Fourier bang hé
phuong trinh tuyén tinh nhod cac phuong phap sai phan hitu han, phan tir hitu han, khéi
hitu han va sau d6 giai chung thuong bang cac phwong phap 1ap. V6i phuong phap sd,
nhiét chuyén pha duoc xem nhu nhiét dung riéng tong (nhiét dung riéng hiéu qua)
hodc nguon nhiét [5].

Xay dung md hinh todn hoc qué trinh két déng thuc pham bang phuong phép
phan tir hitu han Galerkin két hop vai bién doi enthalpy — Kirchhoff va phuong phap
quy tu duoc trinh bay trong bai bao nay.

2. Co sé ly thuyét

2.1. Phuong trinh vi phan dan nhiét Enthalpy — Kirchhoff

Phuong trinh vi phan dan nhiét phi tuyén Fourier 1 chiéu c6 dang:

pMe, | )= 2 (am I+ AT &)
T) OX OX

X  OX
P = 0 dbi vai tim phang rong vo han, P = 1 - hinh tru dai vo han, p = 2 — hinh cu.
Khi két dong nudce trong thuc pham két tinh, do vay céc théng sb nhiét vat Iy caa né
thay d6i va dugc xac dinh [4]:

* TS, Trudng Cao dang Cong nghiép Tuy Hoa.
*#* ThS, Trudong Cao ding Céng nghiép Tuy Hoa.



Khoi luong riéng:  ,ry=— 1 (2)

- Ok

kZ:; £ (T)
Hesb dannhigt:  A(T) = gy (T)- 4 (T) 3)

k=1
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Qice(T)— ty 1€ nudc dong bang dugc xac dinh theo cong thirc Miles, 1974:
gice(T) :[1_0’49‘)][1_1_—;]’ (5)

trong do,
g, — ham lugng cac chét trong thuc pham tinh theo khéi luong, %;

g/(T) =2 ((rr)) g, - ham luong céc chat trong thyc pham tinh theo thé tich, %:;
Pk

gp — ham lugng protein trong thuc pham, %.

gw — ham lugng nudc trong thue pham, %

Lo = 333600 J/kg - an nhiét két tinh nudc;
k(T) — hé s6 dan nhiét ciia cac chat trong thyc pham, W/(m- °C);
ck (T)— nhiét dung riéng cua cac chat trong thuc pham, J/(kg- °C);
o(T) — khdi Tugng riéng cua céac chat trong thuc pham, kg/me.
Nhiét do Kirchhoff w(7) va enthalpy H(T) dugc xac dinh [5]:

W)= [AydT o Wim (6)

H(T) = [p(T)e,MdT , Im? ()

Tref - Nhiét do chuan, chon — 40 °C.
Thay (6), (7) vao (1), phuong trinh vi phan din nhiét véi 2 bién mai 1a enthalpy
va nhiét d6 Kirchhoff c6 dang:

ﬁzi(a_'/’}LEa_‘/f (8)
or  Ox\ OX X OX

Pé giai phuong trinh vi phan (8) ta can thém cac diéu Kién ban dau va diéu kién bién:
Diéu kién ban dau:

H._, =H, =const 9)
biéu kién bién loai 3:
fo- L) —a(-T,) (10)

i, - vector don vi, phap tuyén bé mit trao ddi nhiét.



2.2. Phwong phap phan tir hitu han Galerkin
Pé tim nghiém phuong trinh (8), tac gia bai bao st dung phuong phap phan tir
hitu han Galerkin. Theo phuong phap nay mién tinh toan dwgc roi rac hda chia ra
nhiéu mién nhod V. M3i mién nhé duoc xem 1a 1 phan tir (e) va gié tri gan ding trong
mdi phan tt (e) duoc xac dinh [3,5]:
0° (x,7) =N®(x)-0° (r) (11)

trong do,
6 (r) = [4958%9}8)] " - vector enthalpy H hoic nhiét do T, nhiét do w Kirchhoff;
N©@(x) =[N©ON®] - vector ham noi suy phan tir (e); i, j - cac nit phan tir (e).

Theo phuong phap Galerkin, tich phan theo mién con V caa tich ham noi suy N
va phan du cta phuong trinh (1) phai bang 0:

INT{@—E(G—W)—Ba—W}dV -0 (12)
I lor ax ax’ x ax

Sau khi bién doi phuong trinh ma trin dic trung cho mdi phan tir (e) c6 dang
[3,5]:
dH®

c® S KOw(@)® +MOT(r) = £ © (13)

& day, ma tran nhiét dung riéng: C® :INTNdV; (14)
\%

ma tran d6 dan nhiét: K® = J B"BdV — J gNT BdV : (15)

ma tran trao déi nhiét déi ru: M = [aN"NdS (16)
S

vécto cot tai nhiét : f© =[aT,N"ds (17)

S

Ghép cac ma tran nhiét dung rieng C®, ma tran d6 dan nhiét K®, ma tran trao doi
nhiét dbi luu M® va cac vécto tai nhiét & cua cac phan tir dé tao ra ma tran nhiét dung
riéng C, ma tran do dan nhiét K, ma tran trao d6i nhiét déi luu M va vécto tai nhiét F
chung cho toan hé va thiét 1ap hé phuong trinh cho toan mién tinh toan nhu sau:

C(zj—H+Kl//+MT=F (18)
T

Biéu thurc (18) 1a hé phuong trinh vi phan cp 1 véi ba bién s6 chua biét H, v, va
T. Tuy nhién, cac bién y, T 1a ham cua enthalpy w(H) va T(H). Do vay, hé phuong
trinh (18) c6 dang:

dH

o CYF-Ky—MT)=f(H) (19)
dr

Giai hé phuong trinh nay sé cho nghiém enthalpy H(z). Vector nhiét d6 T(7)
dugc xac dinh nho ham T(H).



3. Ung dung m6 hinh toan hoc trén dé khao sat qua trinh két dong tom

Gia thiét tdm cé dang hinh tru dai vo han duong kinh d = 12 mm, ham luong va
cac thong sé nhiét vat Iy cua cac thanh phan duoc xac dinh theo bang 1 [4]:

Buéc 1. Hinh tru duoc roi rac theo ban kinh bang n = 6 phan tir va n+1= 7 nt.
Cac phin tir dugc ky hicu (1),(2).3), (4), (5).(6) : cdc nut dugc ky hidu 1,2.3,....7

(Hinh 1).

Chiéu dai méi phan tu: AR = R/n;
Toa do nut i va j dugc xac dinh: xi=(i-1)4R, x;=i4R véi i=1...n;

Thé tinh phan tir (e): V =z(x? —x?)h=AR?h(2i —1) Vi h - chiéu cao hinh try;
Phan thé tich cua phan ti (e): dV = 2zhxdx.

Bang 1 — Cac théng sé nhiét vat ly cua tom

-29069-10°°T*

Thanh  |Ham luwgng Khéi lwong riéng Hé s6 din nhiét Nl:iét dung riéng
phan Ok, % o(T), kg/m?® A(T), W/(m-°C) C, (T), J/(kg-°C)
9,0718-10° +31439-10°T ~ | 0 0 oo o | 41762-9,0864-10°°T 4
Nuge 75,85 - Gice | ~3,7574.10°T?  67036.10°°T7 +5,4731:10°T?
Nudre két . i
i ¢Xt 1 Xac dinh 01680 107 1307 107 | 22196-6:248910°T + 2.0623 +6,0769 -10°T
! ’ ' 42
Ti=-2.2°C theo (5) +1,0154-10*T
1788110 +11958.10°T - | 20082+1,2089-107T -
Protein 2031 | 13299 10° 51842077 | T _13129.10T2
1807110 ~2,7604.10°T | 19842+14733-10°T -
Chat béo 1,73 9,2559 -10% — 41757 -107'T —,L7749-10’7T,2 — 4.8008-10°T?
. 73 —]
Hydrate 001 | 15001107 3106 .10t | 20141107 +13874:20°T - 15488+1,9625-10 7
caCbon ! ' ! _4,3312.10761-2 —5,939910 T
3206210 +1401110°7 - | 10926+18896-107T 1
Tro 1,2 | 2,4238.10° ~ 28063 -10°T | ’ 368171072

Buéc 2. Chon ham noi suy enthalpy va ham dang trong cac phan ti 1 chiéu:
Ham noi suy Lagrange bac nhat duoc st dung dé xac dinh toa do va enthalpy

trong c4c phan ta: N =[NiNj]=A—1R[(xj —X)(x—=x,)] ; nhu vay dao ham cua ham noi

1
B=—[-11].
suyB=-[-11]

Buéc 3. Xac dinh cac ma tran ddc trung cta phan tir d6i véi hinh tru p=1:
Mat tran nhiét dung riéng:



C®® = [NTNdV = [ NTN2zhxdx= ij{ }NN KN, + N x, )dx =
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Dé don gian qua trinh tinh toan, phwong phap quy tu duoc st dung. Theo phuong
phap nay, moi bién ddi trang thai nhiét trong mdi phan tir chi xay ra tai cac nat cua nd

[5], nghia la: C*® = R | 312 _0 .
3’| 0 3i—-1
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Hinh 1: Roi rac mién tinh todn theo phirong phdp phan tir hiru han Galerkin
Ma tran do dan nhiét :

2 | P I B |
VivIB de_AR{J[ 1 1= 1)[_1 J;

-Ni N, 11
j =NT de_z’zhj dx:ﬂh{ }
v X —N; N; 11

AR

i i
nén K9 = j BTBdV—leTdezzﬂh S
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Ma tran trao nhiét d6i luu va ma tran tai nhiét duoc xac dinh déi véi phan tu (6),
nGt 7 tai bé mat trao d6i nhiét, cac phan tir con lai s6 hang nay bang 0:

0 00 00
M ® — IaNTNdS = aM[o 1]5 = ZomRh{o J : M-S { ];
S

00
0 0 0
f(G) = IaTaNTdS = aTa|: :|S = 2a7thT{ j|, f(l..5) =|: :|
) 1 1 0

Buéc 4. Lap ghép cac ma tran didc trung cac phan tir:
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Buroc 5. Xac dinh ham w(H) va T(H):

Véi céc tinh chat nhiét vat Iy di cho, ham w(H) va T(H) duoc xac dinh bang
phuong phap binh phuong bé nhat, két qua:

w(H)=1.859-10*"H® ~3.7313-10 ? H* +2.723-10 ®H°® ~8.8295-10 * H? +1.3122-10"° H — 0, 44951,
W/m; vai sai s6 binh phuong bé nhat r2 = 0,99988;

T(H)=-2.504-10""H®+1.829-10 H* +5.0318-10 ® H* — 2.4653-10 °H2 +5.4156 -10 " H — 40,120,
°C v6i sai s6 binh phurong bé nhat r2 = 0,99932.

Buéc 6. Thiét 1ap hé phuong trinh vi phéan cap |

?j_j =C(F =Ky —MT) = B(r, H) va giai n6 bang lénh

H := Rkadapt(H,,z,,7,m, B) trong phan mém Mathcad 14.

4. Mb hinh thiét bi thi nghiém

Dé kiém tra két qua tinh toan, Bo mdn Nhiét do thap - Truong dai hoc ning
luong Moscow (LB Nga) da nghién ctu va ché tao hé thdng lanh 1 cp hiéu suét cao,
sir dung hdn hop méi chat lanh khong dong sdi gdm 5 don chat (hinh 2). Thanh phan
cac don chit (theo sb lwong va chung loai) va cac ap suit trong hé théng lanh dugc toi
wu hoa nham dat gia tri cuc dai cia ham muc tiéu d6 1a hiéu suat exergy cua hé thong
n™(z,p,,p,) [2]. Viéc tdi uvu hoa nay dugc thuc hién boi phan mém MIXTURE.EXE
do chinh B mdn Nhiét do thap nghién ctu va xay dung.

Hé théng lanh 1am viéc trong dai nhiét do —50...—100 °C . Van téc khdng khi
trong budng 6n dinh nhiét cé thé diéu chinh trong pham vi 7...15 m/c.

Dé do nhiét do tai tm cua tdm va nhiét do khong khi, nhiét dién tro loai HRTS-
5760-B, dai do tir — 200...480 °C véi sai s6 tuyét ddi #0,3 °C duoc sir dung. Hé sé toa
nhiét dugc xac dinh théng qua viéc do mat do dong nhiét boi thiét bi IRT - 4 véi sai s6
5 % ; cam bién cua né duoc gin trén bé mat con tdm. CAc thiét bi nay duoc két ndi véi



hé théng thu thap dir liéu dé ghi lai sy thay d6i nhiét do cua tom, caa khong khi va mat
d6 dong nhiét vai tan suat 8 giay/ 1 lan.

Tbc @6 gi6 trong budng 6n dinh nhiét dugc kiém soét bai phong ké loai AVM —
07, véi sai sb trong d6i +3 %, dai do 0,4...30 m/c.

Hinh 2: M6 hinh thiét bj thi nghi¢m va doi negng nghién ciu
Quy trinh thi nghiém duoc tién hanh theo huéng dan cua tai liéu [1].

5. Két qua tinh toan va thi nghiém

Trong thoi gian két dong, nhiét d6 khdng khi va mat do dong nhiét thay doi vi
nhiét do cua dbi tuong duoc két dong giam. Do vy, c4c gia tri nhiét do khong khi va
mat do dong nhiét trung binh duoc ghi nhan dé tinh toan hé sb toa nhiét. Véi toe do
khdng khi 5 m/s va nhiét 6 khong khi — 66,49 °C, hé s téa nhiét bang 38,8 W/m?/ °C.
Cac s6 lidu nay duoc sir dung dé tinh toan qua trinh két dong tom.

Quy luat bién d6i ham t(H) va w(H) duoc thé hién & Hinh 3. Céac db thi ¢ Hinh 4
cho biét sy bién doi enthalpy va nhiét do tai cac nit theo ting thoi diém cua qua trinh
két dong thuc pham.

So sanh két qua tinh toan va thi nghiém sy thay d6i nhiét do tai tam caa con tom
theo thoi gian duoc mo ta bang do thi & Hinh 5.
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Hinh 3: Su phu thugc nhiér do, nhiét do Kirchhoff vao enthalpy.



g0~ ', Tim 3 t. C

4an 10 \i\‘qs
e 4 P
R s
=0 -2
20 — 14 \
\_ \ \ — 20 *%
10 ) — 26
%§ -2 \
) e . \
— 44
— 10 — a0
] 2% 30 73 100 125 150 195 200 225 250 a 25 30 T3 100 125 130 175 200 225 250
T, T, o

Hinh 4: Quy ludt thay déi enthalpy va nhiét do tai cac nit
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Phén tich d6 thi hinh 5 cho thay nhiét d6 dong bing cua tdm khong cé dinh nhu
gia thiét cua Plank ma giam dan tir — 2 °C dén — 5 °C vi nong do mudi khoang va chat
hoa tan trong dich té bao cua tom ting dan theo qua trinh két dong.

6. Két luan

- M6 hinh toan hoc dya trén phuong phap phan tir hitu han Galerkin, bién doi
enthalpy — Kirchhoff két hop véi phuong phap quy tu rat don gian vi viéc tinh toén va
ghép cac ma tran dac trung cua cac phan tir chi duoc thyc hién 1 lan. Diéu nay lam
giam thoi gian tinh toan ciing nhu yéu cau vé bo xu 1y va dung lugng bd nhg may tinh;

- Tinh toan theo md hinh toan hoc néi trén rat 6n dinh, hoi tu nhanh vi khéng c6
gia tri nhay vot tai thoi diém két tinh nhu phuong phap nhiét dung riéng tong (hay
nhiét dung riéng hiéu qua);

- Cac duong dic trung cua qua trinh két dong ¢ Hinh 4 va 5 gan nhu trung khit
khi d6i twong duoc roi rac thanh 10, 15 phan ti dé tinh toan.

- Két qua tinh toan theo phuong phap néu trén kha phi hop so véi thi nghiém, sai
s6 khong qué 10 %. O
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Abstract

A mathematical model of food freezing processes using the Galerkin’s finite element method
was descripted in this article. The original heat transfer equation was reformulated using a combined
enthalpy and Kirchhoff and lumped capacity formulation. The error of the calculated data and
experiment amounted to 10%.
Key words: phiong phdap phan tir hitu hgn, thoi gian két déng, thuc pham...






