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ABSTRACT

This study is devoted to evaluating the effect of magnetic field on
thermoconvection in a layer of ferrofluids. The linear and weakly
nonlinear flow stability analyses that are presented here illustrate an
intricate interplay between thermogravitational and thermomagnetic
mechanisms of convection in one of the practically important geometrical
setups, an inclined fluid layer heated from below. The low-dimensional
amplitude evolution equations of Landau type are derived to model the
physical phenomena of interest. The solutions of the so-obtained
dynamical system show that the application of magnetic field can indeed
trigger convection in regimes where natural convection cannot exist, thus
enhancing heat transfer.

TOM TAT

Nghién ciru nay nham danh gid sw dnh hwong cia tie trweong lén sw doi
lieu nhiét trong mét ranh chira chat Iong sdt tir. Gidi tich tuyén tinh va phi
tuyén dwoc sir dung nham khao ciru sw twong tdc giita trong luc va tiv
truweong trong mé hinh rdnh chat long nghiéng dwoc cdp nhiét tir bén dudi.
Mé hinh xcfp xi Landau dwoc xday dung dé khao sat cdc hién tuwong vat li.
Nghiém ciia bai todn hé déng lic chi ra rang tir truong da givip doi luu
nhiét xay ra ngay cd khi doi luu tir nhién khéng ton tai va do vy da lam
ting kha ndang truyén nhiét.

Trich dan: P Thi Kim Thoan, Pham Gia Khanh va Lé Phuong Thao, 2019. Ap dung hé Navier-Stokes trong
nghién ctru anh hL{(’Jng cua tur truong 1én sy doi Ivu nhiét cua dung dich sat tir. Tap chi Khoa hoc
Truong Pai hoc Can Tho. 55(1A): 32-38.

1 GIOI THIEU

dong cua tir truong ngoai vudng goc voi ranh.
Suslov (2008) da nghién ctru cac bién td1 han va tinh

Chét 16ng sét tir (FFs) la dung dich nhan tao chira
c4c phan tir kich thude nanomét c6 kha nang tir hoa
manh. Dong cua FFs co thé dugc diéu khién gian
tiép bang cach sir dung mot tir truong ngoai. Vi thé,
FFs c6 thé str dung nhu dung dich truyén nhiét khi
su d6i luu gay ra boi trong luc (d6i Iuu tu nhién) b
triét tiéu trong cac hé thong tan nhiét siéu nho.
Finlayson (1970) da nghién ctru bai toan on dinh
tuyén tinh ctia dong co ban cia mdt ranh ndm ngang
chtra chit 1ong sat tir trong trudng hop cb su tac
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chét vat li cua chung trong bai toan én dinh cua dong
co ban trong ranh ding chira FFs khi tir truong tac
dong vuong goc 1én ranh. Rahman and Suslov
(2016) da khao ciru mo hinh gidng nhu Suslov
(2008) nhung trong truong hop tir truong

nghiéng mot goc tuy y 1én ranh chat 1ong va cho
bai toan 6n dinh tuyén tinh. Pham (2018) d4 nghién
clru bai toan 6n dinh tuyén tinh va phi tuyén cia
dong co ban trong mot ranh chira FFs nghiéng mot
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goc tuy y ddi voi chidu ngang va tir truong tac dong
nghiéng mot goc tuy v d6i véi ranh chét long. Dua
trén ban chét vat li cua su ddi luu duoc néu trong
Pham (2018), bai bao da khao ctru tinh chit trao d6i
nhiét thong qua tinh toan gia tri cta hé sd Nusselt
trong hai treong hop cé tir truong va khong co tir
truong nham tim ra sy anh hudng cua tir truong 1én
qué trinh ddi luu nhiét. Bai bao bao gdbm bdn muyc.
Muc 1 giéi thiéu tong quan vé mot sé cong trinh
nghién ctru lién quan va mo hinh toan hoc. Muc 2
trinh bay vé dong co ban. Muc 3 gi6i thiéu vé giai
thuat khao sat tinh 6n dinh ctia dong co ban. Két qua
tinh toan va thao ludn dugc trinh bay trong muc 4.

M6 hinh hai dia phing song song mé rong vo tan
lam tir vat liéu khong bi tir hda duoce khao ciru (Hinh
1). Khe rdng giira hai dia chira dy chét long sat tir
va tao thanh mot goc nghiéng € so véi chiéu ngang.
Khoang cach giira hai dia phang 1a 2d va dugc duy
tri & hai nhiét @6 khac nhau T, + ©. Mot luc tir
truong & bén ngoai He thoa |H¢| = He tac dong 1én
rianh chat 1ong. Tir trudng ngoai cam sinh tir trudong
trong H thoa |I7 | = H ton tai bén trong FFs. Do tir
hoa cta FFs 1a M thoa tinh chat M = y,H véi |M| =
M va y, 1a d6 cam tu tich phan cua FFs. HE truc toa
dd (x, y, z) dugc chon sao cho hai dia phéng nam tai
x = +d, truc y va truc z song song véi cac dia
phing. Gia thiét sy chénh 1éch nhiét do giita hai dia
phing 20 tuong ddi nho, ching ta ap dung xap xi
Boussinesq cho phuong trinh vat chat (phuong trinh
dugc suy ra tir phuong trinh bao toan vét chat). Hé
phuong trinh Navier-Stokes va phuong trinh nhiét
lwong dugc viét dudi dang tong quat twong ty nhu
cic mo hinh di cong bd trong Finlayson (1970),
Suslov (2008), Rahman and Suslov (2016).

Bon hé sb khong thtr nguyén quan trong chira ti
I¢ gitta cac dai luwong vat li xuat hién trong cac
phuong trinh (1-8)

V.9 =0, (D
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2+ D.V5 = —VP + V25 — Gro&, — Gr, 0VH,
(2
o +5.90 = V76, 3)
VxH=0, 4)
A+ (V.H—-v6.8y) +
OV Q08 (v H — VH.8,) = 0, (5)

M =[xyH+ (x. — x)N — (1 + x)0].éy (6)
thoa diéu kién bién
[(1+0)H D)+ (r. — YN).éy — He|. 7 =0,
(7
7=0,0=F1lkhix = +1. (8)

Bén hé sb khong thtr nguyén quan trong chura ti
1€ gilta cac dai lugng vat li xuat hién trong cac
phuong trinh (1-8)

_ Pfﬁ*99d3 _ p*ﬂOKz@zdz —
Gr=—5—, Gryy =—F——, = ,
LE 1 (1+x) Prkx
H.(1+y)
N==
K®

Hé s6 Grashof trong truong va tir truong Gr, Gry, mo
ta cho lyc nang va luc tir truong. Hang sb Prandt] Pr
mo ta ti 1¢ giita ma sat trong (tinh nhot) va hé sd
khuéch tan nhiét. Tham s6 N mé ta do 1on cua tir
truong tai nhimg diém khao ctu. Hé sb p, =
p(T.) 1a mat do chét long tai nhiét do trung binh
T, va o = 4m x 1077H/m 1a @6 tir tham. Hé sb
khuyét tan nhiét x,, hé sb dong luc nhét 7., hé sb
truyén nhiét B,, do tir cam vi phan y = M/
0H |y, 1,y vaK = =M /9T|y, 1, clia chat long FFs
khong thay d6i khi xap xi

Boussinesq dugc ap dung. Vécto trong luc duoc
xac dinh dudi dang

g = gé; = g(—cose, —sing, 0).
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Hinh 1: M hinh hinh hoc ciia rinh nghiéng chira chit 16ng sit tir

2 DONG CHAY CO BAN

Ttr hé phuong trinh (1-8), nghiém cua dong chay
co ban (nghiém khong phu thude theo bién thoi gian
t) dugc xac dinh dudi dang

Vo = (0,19(x),0) 6 = 6, (%), (10)

PO = PO(xl J’)» ﬁO = (on(x)l Hyo(x)) Hzo(x))-
11

Ap dung diéu kién bién 6, = +1 tai x = F1
trong (3), ta co

d?6o(x)

oz =0 2 0,(x) = —x. (12)

Ky hiu vécto don vi &y(x) =
Hy, Hy, Hz

(elo(x) €20(%), e3o(x)) (_0 LOO,H—:) theo

phuong cua tir truong

Hy= |HZ, +H3, +H3,,

MOE\/MZ + M3, + MZ,

va qui uoc — = D. Tu phuong trinh V X HO =0

dan t6i
DH,, =0, (13a)
DH,, =0, (13b)
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Do d6
Hy
DHO = H_OODHxO = elo(x)Don, (14)
va cac diéu kién bién dugc bién doi dudi dang
+1, H, =Hj, H, =H; (15
M, . —
(1+H—Z)on = HE khix = F1. (16)

St dung (2), ta co

aPO

0 =——+4Gréy(x)cose — Gr;,,6,(x)DH,,
(172)
0= aPO + D%y, + Gro,(x)sine. (17b)
Két hop (17a), (17b) va (12), dan dén
Vg = Gr(x — x)sine + C(1 — x?). (18)

Do chét 1ong khong thé tham thdu qua hai ban
phing nén f_ll vodx = 0. Piéu d6 dan dén C=0. Do
vy, nghiém 6n dinh (dong chdy co ban) cua hé
phuong trinh (1-8) dugc viet dudi dang

G
0y = —x, (ug, Vo, Wp) = (O,?r(x3 -
x)sine, 0), (19)
_ Gr o x
Py = ——-x’cose + Gy, J; sewo(s)DHy,ds +
const. (20)
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((1 +x)(Ho — 6p) + (x. — X)N)on = HiH,.
(21)

Tiép theo ta s& khao ctru tinh chit 6n dinh tuyén
tinh va phi tuyén cua dong chay co ban trong muc 3.

3 GIAI THUAT KHAO SAT TiNH ON
PINH DONG CHAY CO BAN

Dé khao sat tinh 6n dinh cia dong chay co ban
duoc thao luan & muc 2, ta sit dung cac dai lugng
nhiéu dong c6 cudong do nho va tuan hoan theo truc
y va z. Bang céach sir dung phuong phép tach bién,
céc dai lugng nhidu dugc viét dudi dang

W = W,(x) + [A1€(71t+i(a1y+ﬁlz)W1 () +
Azeazt+i(azy+ﬁzl)wz (x) +c.c. ], (22)

véi 0y , toc d khuéch dai tuyén tinh, a; , va S,
1a cac sb lugng séng doc theo hudng cua hai truc y
va z, c.c. ki hi€u cho lién hgp phtre cua cac dai lugng
chira trong ngoac. Pinh nghia, ¥y nghia vat 1y va
ngudn gde lich st ctia biu thire (22) (Drazin, 2002).
Viée nghién ctru lwgng nhidu ¢ dang tong quat (22)
chtra hai dai luong W, , giup ta cé thé khao sat tinh
nhidu & hai dang khac nhau, ching han nhu sy trong
tac gilra song ngang va song doc hodc sy tuong tac
giita cac nhiéu dugc giy ra boi cac luc khac nhau.
Cu thé, trong bai bao nay ta ap dung cho cac nhiéu
duoc gy ra boi tu truong (i=1) véi Gry, =5 va trong
truong (i=2) khi Gr, =0. Viéc khdo sat sy anh hudng
cuia cac dai luong nhiéu trong nghién ctru nay duoc
chia lam hai muc do.

Mikc 1: Bién do cua A, A, rat nho (rit gan 0).
Viéc khao sat tinh nhiéu dugc dua vé bai toan giai
tich 6n dinh tuyén tinh.

Mike 2: Bién d6 cta A;, A, nhd nhung hitu han
(khong qué gan 0). Do h¢ (1-8) 1a hé phi tuyén, viéc
sir dung khai trién cac dai lugng nhidu dya trén (22)
dan t6i xuét hién cic phuong trinh chira dai lugng
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bac cao cua A4, 4,. Viéc ching minh qua trinh khai
trién twong ddi dai nén khong duoc trinh bay & day.
Noi dung chimg minh chi tiét c6 thé xem trong
Pham (2018). Két qua khai trién dan téi hé phuong
trinh twong tac Landau giita hai loai nhiéu

dA
d_tl = 034, + K11 A11A: 1> + Ki2A1 1451, (23)
dA
_dtz = 02A2 + K21A2|A1|2 + K22A2|A2|2' (24)

Céc hé sb Ky,va K,, duge biét dén nhu 1a cac
hang s6 Landau thtr nhat. Nhitng hé s nay gitp xac
dinh dugc tinh chat bdo hoa (siéu téi han hodc dudi
t6i han) cua FFs twong tmg voi nhiéu loai 1 (gdy ra
bdi tir truong) va loai 2 (gay ra bdi trong truong).
Ngoai ra, cac hé sb nay con gitip xac dinh dugc gia
tri ciia bién d6 can bang |A,;| = —IZ—; Céac hé sb
Kij, 1 # jmo ta mdi lién hé tuong tac giira hai loai.
Néu K;j >0, ta co loai nhidu nhan ning luong.
Nguge lai, néu K;;< 0, ta ¢6 loai nhiéu cho ning
lugng.

4 KET QUA VA THAO LUAN

Két qua trinh bay trong bai bao nay dugc tinh
toan cho dung dich sat tir voi dung méi 1a dau (Pr =
55) thoa y = y, = 3, N = 100, ranh dugc nghiéng
€ =10° so véi mat phiang ngang va tinh toan &
truong hgp khong co tir truong khi Gr,, =0 va
truong hop rinh chat 1ong bi anh huéng boi tir
truong khi Gry,, = 5. Cac biéu thirc toan tir trong hé
(1-8) duogc roi rac hoéa dudi dang cac ma trén sau do
lap trinh dudi dang céc script trong Matlab 2018.
Cac giai thuat tim cac gia tri t61 han dugc dam bao
sai s6 khong vuot qua 1078 nham dam bao tinh
chinh xé4c cua cac két qua tinh toan. Mot s6 két qua
moi da dugc tong hop, biéu dién ¢ cac hinh va s&
duoc thao luan bén dudi.

4.1 Két qua ciia bai toan tuyén tinh

15
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Hinh 2: Song dimg. Hinh trai mé ta thanh phin luu t("ig va hinh phii mé ta phan bd nhiét do bén
trong ranh tai mat phang x=0.9
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Hinh 3: Giéng nhw Hinh 2 nhung cho séng ngang

Béng viéc khao sat bai toan 6n dinh tuyén tinh
(mirc 1), ba dang tiéu biéu cua céu trac déi luu duge
tim thdy: séng dung (Hinh 2) dugc sép song song
v6i truc y, song ngang (Hinh 3) chuyén dong doc
theo chiéu y va song nghiéng (Hinh 4) chuyén dong
theo ca chidu y va z, xem biéu dd toc do bén trai
Hinh 4. Bién t6i han (thoa diéu kién o® = 0) trong
khong gian tham s6 ba chiéu (Gr,Grm, ¢) va cac
tinh chét lién quan di dugc ndp ding dé cong bd &

Téc do

T A TR B R RN
NN T BN AN SN SN
BN I S AN A IR R AN A ST ENAN
AR NN NN TN ST
NN R R A IR NS AR
SRR TN AN TN R AN
N R N NN NN TN SN
SN A ENN S NN FNN I
SN AN TN S NN TN I
AN AN TN NN TSN RN
N N NN S NN S TN N
RN AN SN R AN NN
N AN NN AN S TN
S~ TR AN S RN TN S BN
AEERS RN SN SN SN
TR N SN S S AN TN
AR DA P AN AN BN N 1
IR NN I N TN
R NN RN R I AN
A R N RN S IV AN
NI R DA I PN AN TN
N T RN R SN AN A
NN AN TN RSN RN
TN YR R RN TN
IR AR TN R I S
BTSN S B SN RN TN
R IS R SR RN A
RN TN FREN TR R RN N

tap chi khoa hoc vé chuyén nganh dong luc hoc chét
16ng nén khong néu lai & day. Két qua toan hoc thé
hién & Hinh 2 dén Hinh 4 cung cip mot trong nhitng
thong sb quan trong dé phén biét cac loai song dugc
gdy ra boi cac luc khac nhau dé 1a s song. Viéc so
sanh thyc hién bang viéc so sanh sé budc song (so
sanh s6 “cudn séng” ctia phan bd nhiét trong ranh
chit 1ong dugc thé hién trong cac biéu do bén phai
trong cac Hinh 2, 3, 4.
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Hinh 4: Giéng nhw Hinh 2 nhung cho séng nghiéng

4.2 Két qua cia bai toan phi tuyén

Tir hinh 5(a) cho thay di luu ty nhién xay ra
dudi dang cdc cudn song khong di chuyén (hay céac
xody dbi Iuu trong trudng on dinh) va dugc sap doc
theo phwong cua truc y chi khi hé s6 Grashof vugt
qua gia tri t6i han Gr, = 2.07 (xay ra khi téc do
khuéch dai tuyén tinh bat dau 16n hon khong, nghia
la khi duong nét dut bit dau nam bén trén truc
hoanh). Nguoc lai, trong trudng hop c6 tir truong tac
dong 1én ranh chit 16ng nghiéng, cac cudn xody dbi
lwu 6n dinh xuat hién (o > 0) v6i moi gia tri cia Gr
ké ca trong truong hop Gr = 0, xem duong nét lién.
Diéu nay ¢ nghia d6i luu nhiét van c6 thé xay ra
trong truong hop khong c6 trong lyc. Cac cau trac
dbi luu dugc gay ra do tir truong va trong luc duge
thé hién & su khac biét vé sb song 8, hinh 5(b): tai
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thoi diém bat dau xuét hién sy d6i luu tw nhién
(dudng nét dit) co sb song nhé hon hin sb song
tuong ng v6i dbi luu tir truong (dwdng lién). Khi
gia tri Gr 1on dan 1én (anh huong cua trong luc 1én
ranh nghiéng 16n hon), trong ranh nghiéng xuét hién
luong nhidu thir hai (nhiéu thir cap) véi co chidu dai
song ngan hon (dugc mé ta boi cac dudng nét nhat).
Tuy nhién, nhidu thtr cap nay co toc do khuéch dai
nho hon han gia tri twong tmg trong nhiéu chinh,
xem gia tri o trong Hinh 5(a). Hon nita, bang viéc
khao sat ddu cua cac gié tri riéng clia ma tran Jacobi
cho thiy phﬁn thuc cua céc gia tri riéng ton tai duong
tai cac diém bado hoa (diém bat dong), didu nay
chimg t6 diém bat dong cta h¢ dong luc khong 6n
dinh. Vi thé, nhidu thir cap nay khéng anh hudng
dén viéc truyén nhiét trong ranh nghiéng.
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Hinh 5: So sénh'd(")i luu ty nhién va d(”')i'lu’u gay ra béi tir trudng trong trudng hep rianh nghiéng 10°:
(a) toc do khuyéch dai tuyen tinh, (b) so song, (¢, d) hé so Landau, (¢) bién do cin bang, (f) s6 Nusselt

Béng viéc 4p dung khai trién giai tich phi tuyén,
céc gia tri cua hé s6 Landau thir nhét dugc xéac dinh.
Hinh 5(c) cho thiy céc gia trj ciia hé sé Landau th
nhit K;;va K,, mang gia tri 4m ddi v6i ca hai loai
nhiéu 1 va 2. Pidu nay c6 nghia ca hai loai ddi luu
déu 14 d6i luu siéu t6i han vi thé cac diém khoi dau
xuat hién dbi luu c6 thé duoc du doan chinh xéac
thong qua giai tich tuyén tinh. Trong khi d6, cac h¢
s6 dai dién cho sy twong tac ciia hai loai nhidu K;,va
K,; dugc biéu dién trong Hinh 5(d) c6 diu trai
nguoc nhau, diéu ndy c6 y nghia vat li nhu sau:
nhiéu chinh xut hién khi Gr nhé ludn chiém wu thé
va dong vai tro 1a loai nhan nang lugng. Mac du vé
mit gia thiét, nhidu thir cip c6 thé ton tai va dat dugc
gi tri cAn bang |A.| (xem cac dudng nét nhat trong
Hinh 5(e)). Tuy nhién cic nhidu thir cip bi lay di
ning luong va bi triét tiéu boi cac nhidu chinh
(dudng nét dam). Két qua dan dén mot ki vong trong
thuc nghiém do 1a: trong trudng hgp ¢ ranh nghiéng
& gbc nho (chang han nhu nghiéng & goc 10°duge
khao ctru & déy), cdu tric caa dbi luu chi duge thé
hién boi loai nhidu chinh véi gia tri sb song § biéu
dién boi dudng nét dam trong Hinh 5(b).
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Tir d6, gia tri cua hé sb Nusselt Nu (hé s6 mé ta
kha ning truyén nhiét trong rinh) dugc tinh toan va
dan dén t6i mot két qua dang ngac nhién. DA luu tir
truong lam tang kha nang truyén nhiét trong moi
truong khong trong luc (giao diém cua duong nét
dut voi truc tung trong Hinh 5(f) c6 tung d§ 16n hon
1). Khi ca hai lyc gay ra boi tir truong va trong luc
cung tac dong 1én hé dbi luu (truong hop tir trudng
tac dong 1én ranh nghiéng trong diéu kién c6 trong
lic) thi kha nang truyén nhiét tong hop bi suy giam
so voi truong hop chi cé trong lyc (duong nét dut
nam bén dudi duong nét lién trong Hinh 5(f) khi Gr
tang). Két qua nay 1a mot chi y quan trong can duoc
lwu tAm qua trinh thiét ké cac hé tan nhiét dung tir
truong dé diéu khién va hoat dong trong diéu kién
6 trong luc.

5 KET LUAN

Viéc st dung k¥ thuat giai tich tuyén tinh va phi
tuyén dbi v6i hé Navier-Stokes 4p dung cho dong
FFs chira trong rdnh nghiéng nho da chi ra rang d6i
luu nhiét xay ra trong FFs dugc khuéch dai nho su
tac dong cua tir truong trong didu kién vo trong luc.
Tuy nhién, khi ca hai lyc cung tac dong 1én hé
nghiéng, sy truyén nhiét trong ranh c6 kha ning bi
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suy giam. Nhitng két qua nay c6 nhiéu y nghia trong
cac ap dung trong k§ thuét trong viéc tiét kiém thoi
gian thi nghiém 1an chi phi thyc hién cac ap dung
d6. Nhig két qua cong bd trong bai bao nay chi
moi 1a mot phan trong dv an nghién ciru viéce truyén
tai nhiét cua FFs trong hé ranh nghiéng. Nhing két
qua lién quan khac s& Ian luot dugc cong bd trén cac
tap chi chuyén nganh. Céc tac gia ciing du kién s&
mé& rong nghién ctru khao sat FFs cho nhiing ung
dung khac, ching han nhu tng dung trong thiét bi
diéu khién sy can bang cho xe 6 t6.
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