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This study numerically investigates mixed convection in a square lid-driven
cavity with a locally heated bottom wall of varying geometry. Four configurations
are examined with a geometric ratio Ar = W/(H+W) ranging from 1 to 0.33,
while maintaining a constant perimeter of the heated region. Two-dimensional,
steady-state simulations (Re = 6667, AT = 10-20 K; Ri = 327-654) are
performed using the finite volume method with the Boussinesq approximation.
The results indicate that increasing AT enhances flow intensity and thermal
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gradients without altering the primary vortex structure. In contrast, the heater
geometry strongly influences the flow pattern and temperature distribution. When
Ar decreases to 0.33, the average thermal gradient increases by more than 60%
compared to Ar = 1, and the central velocity rises significantly due to flow
constriction. However, this local intensification does not result in global heat
transfer optimization. The maximum average Nusselt number is obtained at Ar =
1 (51.89 at AT = 20 K), approximately 6.18% higher than that at Ar =~ 0.33. The
correlation Nu,g ~ Gr* with n = 0.21 confirms the mixed convection regime.
Overall, the findings demonstrate that heat transfer performance depends on the
balance between local acceleration effects and the effective heat transfer area,
rather than solely on peak thermal gradients.
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Nghién ctru ndy khao sat s6 d6i luu hdn hop trong khoang vudng cé nip truot
khi day dugc gia nhiét cuc b véi hinh hoc thay d6i. Bon cau hinh dwoc khao
sat voi ty sb hinh hoc Ar = W/(H+W) tir 1 dén 0,33 trong khi gitr nguyén chu
vi ving gia nhiét. M6 phong hai chiéu, 6n dinh (Re = 6667; AT = 10-20 K;

= 327-654) duoc thyuc hién biang phuong phéap thé tich hiru han va xap xi
Boussmesq Két qua cho thiy ting AT lam gia ting cuong do dong va
gradient nhiét nhung khong lam thay dol CAU tric xoay chinh. Nguoc lai, hinh
hoc ving gia nhiét chi phdi manh cau triic dong va phan bé nhiét. Khi Ar
giam xuong 0,33, gradient nhi¢t trung binh tang trén 60% so véi Ar = 1, ddng
thoi van tbc trung tam tang dang ké do hiéu ung that dong. Tuy nhién, su gia
tang cuc bo nay khong dan dén sy t6i wu héa truyén nhiét toan cuc. Gia tri
NU,yg 60 nhit dat duoc tai Ar = 1 (51,89 & AT = 20 K), cao hon khoang
6,18% so0 v&i Ar = 0,33. Quan h¢ Nuyg~ Gr* v6in = 0,21 xéc nhén ché do ddi
luu hdn hop. Két qua cho thiy hiéu qua truyen nhiét phu thudc vao su céan
bing gitta gia téc cuc bo va dién tich trao ddi nhiét hiéu dung, thay vi chi dya
trén gradient nhiét cuc dai.
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1. Gioi thigu

Khoang vudng c6 nip truot 1a mot bai toan chuan kinh dién trong co hoc chat luu va truyén
nhiét, dugc str dung rong rai dé nghién clru cac co ché dong chay va trao ddi nhiét lién quan dén
nhiéu ing dung k¥ thuat quan trong nhu lam mat linh kién dién tir, ché bién thuc pham, thong gio-
diéu hoa khong khi va cac hé thong nhiét cong nghiép. Méc du c6 cau hinh hinh hoc don gian,
nhung dong chay trong khoang lai thé hién nhiéu hién tuong vat 1y phirc tap nhu sy hinh thanh
xody thi cap, phan nhanh dong chay, chuyén dong khong 6n dinh va cac co ché chuyén tlep, khién
md hinh nay trd thanh mot bai toan kiém chimg dién hinh cho cac phuong phap mé phong so.

Trong nhiéu thap ky qua, cac nghién ctru s6di tdp trung phan tich anh huong cua
sd Reynolds, Grashof va Richardson dén ciu tric dong chay va dic tinh truyén nhiét trong
khoang c6 nép trugt véi cau hinh hinh hoc duge gitt ¢ dinh [1], [2]. Bén canh viéc thay ddi tham
s6 dong chay, mot s nghién ciru di dua vao cac hiéu Gmg vat 1y bd sung, ching han ngudn nhiét
bén trong [3] nham danh gi anh hudng ciia cac tham sé diéu khién dén dic tinh thity nhiét cua
hé. Pong thoi, anh huorng cua cac vat can bén trong khoang cting dé dugc lam 5, cho thdy hinh
dang va diéu kién gia nhiét cua vat can c6 tac dong dang ké dén ciu trac xody, mirc do tron va
phan bd ap suét [4] - [6]. Ngoai ra, viéc bién d6i hinh hoc cuc bd thong qua vi tri khe truot gia
nhiét [7] hay bién d6i hinh hoc déy (bac thang) [8] gitip tang dang ké hiéu qua truyén nhiét trong
khoang. Gan day hon, cac nghién ctru chuyén sang khao sat 601 Iwu hdn hop véi sy bién doi hinh
hoc cua thanh ddy dwoc gia nhiét trong khoang vudng c6 nip truot [9], [10], ciing nhu phan
tich anh huong két hop cia tham sb hinh hoc va nhiét d6 théng qua mé phong CFD [11]. Tuy
nhién, phan 16n cac cong trinh hién c¢6 cht yéu xem xét riéng 1& anh hudng cua tham s6 hinh hoc
hodc diéu kién nhiét do, trong khi sy twong tac dong thoi giita hinh hoc ving gia nhiét va chénh
léch nhiét do trong ché d6 d6i luu hdn hop van chua duoc phan tich mot cach hé théng. Pac biét,
trong cau hinh ¢ ving gia nhiét cuc bo két hop véi néap truot, twong tac giita dong cudng buc va
Iic ndi c6 thé hinh thanh cac dong tia cuc bd, gy phan ting nhiét va 1am thay doi ciu tric xody
cling nhu gia tri s6 Nusselt trung binh.

Vi vay, nghién ctru ndy sir dung m6 phong CFD dé khao sat ddi luu hdn hop trong khoang
vudng cd nap trugt, tap trung phan tich anh huong két hop cua hinh hoc vung gia nhiét va chénh
léch nhiét do cua thanh day dén cdu tric dong chay va dic tinh truyén nhiét. Két qua thu duoc
nham cung cép co s& dinh luong cho viée hiéu rd co ché twong tac thity nhiét va gop phan dinh
hudng t6i wu hoa hiéu sudt cac hé thong truyén nhiét lién quan.

2. Phwong phap nghién ciru
2.1. M6 hinh tinh todn

L=1m L=1m L=1m L=1m
TC TC TC TC
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Trwong hop 1 Trwong hop 2 Trwong hep 3 Trwong hop 4
(Ar=1) (Ar =0,75) (Ar = 0,57) (Ar = 0,33)

Hinh 1. Cdc truong hop dwoc khdo sdt ciia khoang vudng cé ndp truot véi twong ddy dwoc gia nhiét
M0 hinh tinh toan dugc xay dung dya trén cac hé théng k¥ thudt thuc té co co cau trugt tbe do
thap va gia nhi¢t day mirc trung binh nhu budng say nhe, thict bi dong go6i nhiét va hé thong bao
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6n cong nghiép. Hinh 1 m6 ta khoang vuéng canh L = 1 m v6i nap trén chuyén dong; khong khi la
mdi chat, chiu tac dung cua trong lyc hudng xudng; nip truot tir trai sang phai voi van tbc 0,1 m/s
va giit & T, = 298 K, trong khi hai tuong bén dugc cach nhiét hoan toan. Tudng day gom hai phan:
phan duoc gia nhiét va phan khong gia nhiét. Phan d4y khong gia nhiét dugc cach nhiét hoan toan,
trong khi nhiét do cua phan day duogc gia nhiét (Ty,) duoc duy tri ¢ ba murc khac nhau: 308 K, 313 K
va 318 K. Truong hop thir nhat, phan day duoc gia nhiét co bé rong 1 m, ba truong hop con lai sir
dung céc hinh dang khac nhau véi chiéu cao H va chiéu rong W duogc thiét ké sao cho chu vi phén

gia nhiét khong doi; va ty sb hinh hoc ctia phan nay dugc dinh nghia 1a Ar = W
+

2.2. Cac phwong trinh todn hoc

Cac phuong trinh bao toan khdi luong, dong luong va nang luong cho dong chay khong nen
duogc trong ché d6 6n dinh va dong chay tang, hai chiéu dugc biéu dién nhu sau [12] - [14]:
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Trong d6, u va v 1an lugt 13 cac thanh phan van toc theo phuong x va y (m/s); p la khéi lugng
riéng cua chat 1ong (kg/m ); P 1a 4p suét (Pa); p 1a d6 nhét dong luc hoc cua chét 1ong (kg/m.s); p
12 hé sb gidn no nhiét (K- 1: T;va T lan luot 12 nhiét d6 tham chiéu cua chat 1ong va nhiét do chat
long (K); k 12 hé s6 dan nhiét cta chit long (W/m.K); g 1a vecto gia toc trong truong (m/s?); va
C,1a nhiét dung riéng (J/kg.K).

2.3. Cdc gid thiét cho doi lwu hon hep

- Dong khéng khi duge gia thiét 1a hai chiéu, 6n dinh, khong nén dugc va chay tang. Day la
cach tiép can dd dugc ap dung rong rii trong cac nghién ciru s trude ddy vé dong chay trong
khoang vudng c6 nép trugt nham don gian hoéa mé hinh va giam chi phi tinh toan.

- Su sinh nhiét bén trong dugc bo qua.

- Cac tinh chét nhiét-vat 1y ciia mdi chat dugc coi 1a khong ddi; tuy nhién, khéi lugng riéng
xudt hién trong luc thé tich cua phuwong trinh dong luong duogc xtr Iy theo xap xi Boussinesq (boi
Vo1 trudng hop khit khe nhat AT =20 K thi B.AT = 0,065 < 0,1), do d6 cho phép mé ta lyc noi.

- Truyen nhiét bang birc xa dugc xem la khong dang ké.

2.4. Diéu kign bién
Tuodng trén (na"lp trugt): u=U, v=0, T = T.. Hai tuong bén trai va phai: u=0, v=0, Z—I =

Phén tuong day dugc gia nhiét: u= 0, v =0, T = T}. Phan tudng day khong gia nhiét: u=0, v =

0 T o,
oy
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2.5. Lwdi tinh todn

Ludi thé tich hitu han c6 cu tric véi do phan giai cao duogc xay dung cho cac truong hop 1-4
(Hinh 2 thé hién ciu trac ludi cua truong hop 2).

Dé kiém tra doc 1ap ciia ludi thi mot nghién ctru d6 nhay cia ludi duoc tién hanh cho truong
hop 4. O day, truong hop 4 (Ar = 0,33) dugc chon cho nghién clru nay vi nd tao ra sy co hep
dong chay manh nhit, do d6 c6 yéu cau khit khe nhat vé do phéan giai. Vi vay, cac truong hop
con lai Ve~1n dam bao dugc tinh doc 14p cta ludi va mirc do héi tu. Ba mirc mat do ludi duge khao
sat, bao gbm thd (10.000 phan tir), trung binh (20.000 phan tir) va min (40.000 phan tir), trong do,
tai nap truot, tudng day duoc gia nhiét; ving that .dong luéi dugce tién hanh tinh chinh cuc bg: ¢6
it nhat 20 diém ludi dugc bd tri trong pham vi chiéu day 16p bién nhiét.

[

000 40000 800,00 (mm)
[ EEEaaaaa— )

200,00 600,00
Hinh 2. Cdu tric luéi ciia trweong hop 2

S6 Nusselt trung binh tai tuong day dugc gia nhiét (Nua,g) duge st dung lam tiéu chi chinh dé
danh gia su hoi tu. Theo Bang 1, sai sb trong ddi cua Nu,yg gidm déng ke khi luéi dugc tinh min
hon. Su sai khac gitia luéi Trung binh va lugi Min chi khoang 0,36%, nam hoan toan trong gidi
han chap nhén duoc ddi véi do chinh xac s6. Do d6, lugi Medium véi 20.000 phan to duoc lua
chon cho tit ca cac mo phong tiép theo nham dat dugc sy can bang t6i wu gitta d6 chinh xac tinh
toan va hi€u qua sur dung tai nguyén.

Bang 1. Kiém tra tinh déc ldp cia ludi

S6 Nusselt trung binh tai twomg day gia Sai s0 twong doi

Mirc ludi S0 phan tir nhiét NU (T = 313 K) (%)
Tho 10K 44,19 -
Trung binh 20K 46,80 5,90%

Min 40K 46,97 0,36%

2.6. Kiém chitng moé hinh

Céc phép tinh duoc thuc hién bang phuwong phap thé tich hitu han théng qua phan mem
thuong mai ANSYS Fluent®. Thuét toan SIMPLEC dugc dung dé lién ket giita trudng ap suat va
van toc. Cac két qua s6 dugc Xem 1a hoi tu chap nhan dugc khi sai s6 cia phuong trinh nang
luong va dong luong dat den 10 va d6 bién thién tuong dbi cua Nugyg, van téc cuc dai nhé hon
10 giira cac 1an lap lién tiép. M6 hinh duoc kiém chimg véi trudng hop day phing gia nhiét
(truong hop 1).

Dé tang do tin cdy, md hinh khong chi dugc so sanh ndi by ma con duoc d6i chiéu voi cac
nghiém chuén cho bai toan khoang vudng ¢ nip truot v6i tudng day dugc gia nhiét trong ché do
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dbi luu hdn hop. Cu thé, gia tri Nugyg va ciu triic trudng dong dugc so sanh voi cac két qua kinh
dién trong tai liéu ciia Iwatsu [1] va Oztop [2]. Sai khac nim trong khoang chap nhan dugc
(<5%), cho thidy mo hinh c6 kha nang tai hién dung co ché twong tic gitta luc cat do nap trugt va
luc no6i. Ngoai ra, xu hudng tang ctua Nu,y,g theo AT dugce phan tich theo quan h¢ lity thira: Nug,g ~

GI". Tir céc dit lidu & Bang 2, v6i ba mirc AT (10, 15 va 20 K) c6 duge E% jj;gz 1154, két
308

qua thu duoc cho n = 0,21. Gi4 tri ndy nam trong khoang 0,2—0, 33 thuong gap cho dbi luu hon
hop, phu hop voi ly thuyét va cac nghién ctru trude. Tuy nhién, can luu ¥ rang ba diém dir liéu
chi du dé xac nhan xu huéng phu hop vé mit vat 1y, chua du dé thiét 1ap mot quan hé thuc
nghiém c6 dé tin cay théng ké cao. Do do, két qua nay dugc xem la kiém chimg tinh nhit quan
ciia md hinh hon la xay dung quy luat tong quat. Trong cac nghién ctru tlep theo, viéc mé rong
dai AT va s6 diém dit liéu s& dugc thuc hién dé cung c0 d0 tin cdy cua hé s6 mii n.

Bang 2. Kiém chitng mé hinh sé dwa trén Nutayg cho truong hop 1

Th (K) T, (K) AT (K) NUayq Téc d ting ciia Nuy,
308 298 10 44,98 -
313 298 15 48,95 8,84%
318 298 20 51,89 6,00%

3. Két qua nghién ciru va thao luan

Dé danh gia anh hudng ctia cac tham s6 hinh hoc tuong day gia nhiét, phan bd nhiét d6 va van
toc cua bon truong hop dugc trinh bay, phan tich va so sanh.

3.1. Vdn téc

Trwong hep 1 Trwong hep 2 Trwong hep 3 Trwong hep 4
Hinh 3. Truong vin toc ciia cdc truong hop 1-4 tai Ty, = 308 K

Hinh 3 minh hoa dnh hudéng cta cac tham sb hinh hoc tudng ddy duoc gia nhiét dén phan bd
van tdc trong khoang vuéng c6 nap trugt. Truong hop 1 xuét hién mot xody chii dao véi truong
van tbc twong dbi dong déu, trong khi truong hop 2 chi tao ra cac nhidu loan cuc bd yéu gin
tuong day. Nguoc lai, truong hop 3 va 4 lam ting dang ké gia toc dong chay doc theo hai bén vat
can va hinh thanh céc ving hau luu van tbe thép. bic biét, truong hop 4 tao ra dong tia ro rét voi
cac gradient van tdc manh nhét, phéan anh mtrc d6 that chat dong chay cao.

Viéc tang Ty, lam tiang cuong luc ndi, tir 46 dan dén van tbc dong chay 1on hon, diéu nay thé
hién & & Hinh 4a. Tuy nhién, hinh dang tong thé ctia phan bd van toc doc theo duong tim ngang
hau nhu khong thay ddi, cho thdy nhiét do chu yéu anh huéng dén cuong do dong chay hon 1a lam
bién ddi chu truc dong chay nén. Dbi voi tht ca cac murc Ty, truong hop 1 thé hién van tde cuc dai
16n nhét do sy chi phdi manh cta dbi luu cudng bic, trong khi truong hop 3 cho gié tri thap nhat vi
I ndi khong duge chuyén héa hiéu qua thanh van tc dong chay; nhu tai 313 K, van toc cuc dai
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doc theo duong tdm ngang cua cac truong hop 1-4 lan luot 1a 0,145; 0,101; 0,065 va 0,083 mys.
Ngoai ra, trong ving X = 0,4-0,6 m, truong hop 4 ghi nhan van toc 16n nhat, chimg t6 sy xuét hién
ctia dong tia manh do hiéu ung that dong tir phan gia nhiét hep, trong khi truong hop 1 xuét hién
ving van tde thép vi khong co gia tde cuc bd. Cac sai khac phﬁn tram duoc tinh theo d6 16n van tdc
trung binh theo dién tich doc theo duong tdm ngang trong khoang nay; tai 313 K, truong hop 4 cao
hon truong hop 1, 2 va 3 lan lugt khoang 467%, 143% va 70%.

0,18 0,18
0,16 0,16
0,14 0,14
—0,12 0,12 NN
© )
20 B o1
-.g o
S g : ! ! ! : : :
20,08 = 0,08 - fr A
- 3
0,06 ” 0,06
0,04 0,04
0,02 0,02 |
0 0
00 01 02 03 04 06 07 08 09 1,0 00 01 02 03 04 06 07 08 09 1,0
X[m] Y[m]
—s—308.Thl 313.Thl 318Thl —&—308.Th2 —&—313.Th? =—a—318.Th2

—8——308.Th3 —=—313.Th3 —=—318Th3 —=—308Th4 —=—313.Th4 —=—315.Th4
Hinh 4. Phdn b6 vin toc doc theo dwong tim ngang (a) va dirong tam thang dirng (b) cho bon trwong hop

Mic du Re = 6667 nén dong chay dugc xem 1a cudng buc chi phdi, nhung khi Ty, ting tir 308
K dén 318 K thi Ri ting tir 327 dén 654, nén dbi luu ty nhién chiém wu thé manh so voi ddi luu
cudng birc do nép truot. Vi vay, luc ndi van anh hudng 1o dén phan bd van tdc. Theo Hinh 4b,
khi T}, tang van toc doc theo dudng tdm dimg trong tit ca cac truong hop déu gia ting do luc ndi
duoc tang cuong, voi van tdc cuc dai tang khoang 10-13% cho méi 5 K, dic biét gﬁn cac bién
dudi va trén. O moi muc Ty, truong hop 1 va 2 dat van tdc cuc dai doc theo duong tam dung cao
hon dang ké so véi truong hop 3 va 4, do sy phat trién thuan loi hon cta chuyén dong thing
ding. Ch:fmg han, tai 318 K, van toc cuc dai cua cac truong hop 1-4 lan luot 1a 0,179; 0,180;
0,070 va 0,069 m/s.

3.2. Nhiét dp

DD 2 B B B0 9. . . . % 9. I . . O, %
959 "% 0y % %0, 0, %05 90> 05 %0, %0, %0505 Y %05 %05 05

(P s | raa— s | —

Truwong hep 1 Truwong hep 2 Trwong hop 3 Truwong hop 4
Hinh 5. Truong nhiét do cua cac truong hop 1-4 tai T, = 308 K
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Hinh 5 cho thdy tham s6 hinh hoc cua tuong day dugc gia nhiét khong chi chi phéi cuong do
truyén nhiét ma con anh hudng dén cau trac truong nhiét trong khoang. Khi Ar giam, phan b
nhiét d6 trd nén kém ddng déu va hiéu suét truyén nhiét tong thé suy giam vi truyén nhiét trung
binh phu thudc vao thong lugng nhiét tich phan trén toan bé mit, khong chi vao cuc dai cuc bo
cua 0T/on.

311 320
3175 (b)
315
312,5
g —_—
= 2 310
=4
L-1 :go
g E 3075
2 z
305
302,5
300
301 1 1 I I I H H H 297,5
00 01 02 03 04 06 07 08 09 10 00 01 02 03 04 06 07 08 09 1,0
X[m] Y[m]
A08.Thl 313.Thl 318 Thl ——308Th2? —s—=313.Th2 =——i=—315.Th2
—=—308Th3 —=—313.Th3 —=—318Th3 —=—308Th4 —+—313Th4 —-—318.Thd

Hinh 6. Phdn bé nhiét dg doc theo dwong tim ngang (a) va dwong tam thang ditng (b) cho bon truong hop

Hinh 6 cho thiy dang phan bd nhiét d6 doc theo ca duong tim ngang va duong tim thing
dung hau nhu khong thay d6i. Hanh vi nay cho thy nhiét d6 T}, chii yéu anh huong dén d6 16n
cta truong nhiét, hon 1a lam bién ddi cau trac khong gian cua n6. Bén canh do, ty. sO Ar chi phdi
su phat trién khong gian cua dong chay do lue noi gay ra. Viéc giam ty sd Ar dan dén su phan
tang nhiét manh hon va lam suy giam hi¢u suét truyen nhiét, qua d6 nhan manh vai tro chi phdi
ctia sy thit chat hinh hoc trong ché d6 d6i luu hdn hop. Tai 318 K, gia tri gradient nhiét d6 trung
binh doc theo duong tdm ngang lan luot 13 3,99; 4,49; 4,71 va 6,49 K/m, trong khi theo duong
tam thang dimg dat 20,00; 25,07; 28,57 va 33,34 K/m cho cac trudng hop 1-4, khang dinh vai tro
chi phéi ctia hinh hoc ddi véi sy phat trién truong nhiét; va sd Nusselt trung binh tai tudng day
duogc gia nhiét 1an luot 1a 51,89; 51,31; 46,17 va 48,87 cho cac truong hop 1-4. Qua déy, truong
hop 4 (Ar nho nhét) co gradient nhiét lorn nhét 1a do hi¢u tng thit dong, nhung su thu hep dién
tich hiéu dung va phan b dong khong dong déu khién Nugy,, khong dat gia tri cao nhat.

4. Két luan

Nghién ctru lam rd anh huong cta cac tham s6 hinh hoc tuong day duoc gia nhiét dén dong
chay va truyén nhiét trong khoang vuéng co6 nap trugt dudi ché do déi luu hon hop (Re = 6667;

= 327-654; Pr=0,71). Cac két qua chinh gom:

e Giam ty s6 hinh hoc Ar lam ting hiéu tng thit dong, hinh thanh dong tia va ting van tdc cuc
bo, nhung khong lam thay doi dang ké xoay chinh.

e Trudng hop 4 (Ar = 0,33) tao gradient nhiét do trung binh 16n nhét (33,34 K/m tai 318 K)
nhung khong téi wu truyén nhiét do dién tich trao ddi nhiét hiéu dung giam.

o Truong hop 1 (Ar = 1) cho Nu,y, 16n nhét (51,89 tai AT = 20 K), cao hon 6-12% so véi cac
truong hop khac, cho thay téi wu héa phai dya trén gia tri tich phan toan bé mit thay vi cyc dai
cuc bd.

* NU,,q tdng theo AT va tuan theo quan hé liiy thtra véi Gr (n = 0,21), xdc nhan dic trung dbi
luu hon hop trong pham vi khao sat.
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Céc két luan ap dung cho dong hai chiéu, 6n dinh véi AT < 20 K (BAT < 0,1) va cung cip co
s¢ dinh luong cho thiét k&, toi uu hoa cau hinh gia nhiét cuc bd trong h¢ thong trao doi nhiét co
tuong tac doi luu cudng birc—tu nhién.

L&i cam on

_ Nghién ctru ndy duoc tai trg boi Truong Pai hoc Su pham K thuat - Dai hoc ba Ning trong
de tai co ma so T2024-06-03.
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