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Two-Dimensional Laminar Natural Convection Heat Transfer

from a Fully or Partially Open Square Cavity
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Abstract
Steady laminar natural convection heat transfer in a two-dimensional, partially or fully open square

cavity with three equally heated walls and various inclination angles is analyzed numerically. The overall

average Nusselt number for a fully open cavity is approximatelly half the previously obtained average
Nusselt number for a cavity with a heated back wall and insulated top and bottom walls for the same
Rayleigh number. The dimensionless flow rate through the cavity is about twice the flow rate through

the cavity with a heated back wall and two insulated walls. The effects of an aperture and cavity

orientation, with respect to the direction of gravity, on natural convection heat transfer in the cavity have

been clarified.
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Table 1 Previous studies of two-dimensional free convection in an rectangular open
cavity
References t/h b.c Pr Gr(or Ra) | y degree | comments
1] 1 A 0.7 103-10% |0, 45,90 theo., lam., const. p.
[2] 1 alom | e |00 e A varp
o | AT =50,100°C
[3] 1 1.0 103-10° 0 theo., lam., const.p.
[4] 1,7 7.0 (103-10°) 0 theo., lam., const.p.
5] 105 A i 4 4107 0 45 theo., tur., vari.p.
,0.5 air . , .
AT/Toe=1.26,mix
(6] 1 air 107 0 exp., lam.
[7] 1 water | (107-10') 0 exp., tur., p.o.
. 0.5,1 . ;
(8] L 46 C air 4.2x107 | 0,20,45 | exp., tur., mix.
[9] 7 B | water | (10°-107%) 0 exp., lam.
Where, b.c. : boundary condition, A : three walls heated, B :back wall heated (other
two walls insulated) , C : bottom and back walls heated, D : top and back walls heated.
theo. : theoretical solutions, exp. : experiment, lam. : Laminar flow, tur. ! turbulent
flow, const. P. : constant properties, vari.p. . variable properties, p.o. . partially open
cavity is included, mix. : mixed force and free convection is included.
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Table 2 Average Nusselt numbers and dimensionless flow rate for
horizontal-facing fully open square cavity (Pr=0.7)
Ra Sl Nu Nus Nuv Nue M

0.7 0 0.178 0.262 0.031 0.242 0.00789

7 0 0.241 0.367 0.042 0.315 0.0600

70 0 0.355 0.568 0.064 0.433 0.464

700 0 0.658 1.175 0.145 0.652 3.28
7x10° 0 1.808 3.031 1.021 1.373 13.41
7X10* 0 4.02 5.30 3.51 3.26 34.8
7X10° 0 7.77 8.80 8.18 6.34 74.5
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Table 3 Average Nusselt numbers and dimensionless flow rate for
horizontal-facing partially open square cavity (Pr=0.7)

Ra 'y'° Nu Nub Nuv Nut M
0.7 0 0.168 0.228 0.052 0.225 0.00091
7 0 0.204 0.278 0.063 0.270 0.00712
70 0 0.247 0.342 0.077 0.322 0.0579
700 0 0.310 0.483 0.097 0.350 0.511
7x10% 0 0.784 1.664 0.391 0.298 4.27
7X104 0 2.65 4.19 2.76 0.99 16.66

J"x LENLARLELE AL A B S B S e n R S T o & s | LALE B T "IT
10 © ® Present results Pr=0-7 3
Fully open (@) , Partially open (e) 1
10% a Penot et al. [1] Pr=0.7 :
[ v Le Quere et al. (2] Prz=073, aT=50K ___—]

3 .2

= | (3 Heated walls) o

10 o B
10°: -
L -
‘L 1
10'; ® Chan and Tien [3] Pr=10 E
I (1 Heated wall) :
2 10 10° 10° 10°

Ra
Fig. 2 Comparison of average Nusselt numbers in square open cavities for y=0

- © Present Results 8 ey : : : : ; . )
10‘ a Le Quere et al.[2] ) ) ]
i : 10f ¥ — q
g : Top Wall N
< o7 7 x | P Back Wall 1
- . Back Wall ) ° 4
OAST ~ 05l O—O0 B
i i Bottom Wall 1
O 1 L 1 1 1 L 1 1 o L L L 1 1 Il | 1 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Log Ra Log Ra
Fig. 3 Relative contributions from the three Fig. 4 Relative contributions from the three
walls to the overall heat transfer in a fully walls to the overall heat transfer in a
open square cavity for y =0 partially open square cavity for Pr=0.7
and y=0

TR T AR e R



68  (68)

ATOELLTHD, WIS, Fig 2 DHEIZE ST,
ARG - AET ARERDFEFR LT L -BLTS
bbb,

OB AR 28, LD DSy L
KA 25, RROLEAAOILNR Y 2L FEDOE
12, MA 5 DBEEND PARRENEEEZ/RL T
5, Z0EZL—LV BRI ENIE, hELCED,
BN L EABOMADOBHITH L TRV LY — L — %K
WTHR vl b~V — L —EOBFREEL — L —
i X (3R AERERD, SN IODMEON
RizL — L —KTIRL1EDBICH B, mr — L —H
SRR LI AR BMZE SRR T H ) L — L — BRI
T3P LERIITH S, v — b —BPFEIET
r, MAOWNTEIBYLENATHY X vt b i
BIEF A RETH D, AMRIZBOTRLY — L — 8T
2 v b EDHIR NS X A 2 FM AR
H L BYWRFICL 2 LN EBbils,

Fig. 3 123 2B LUMADEAII VT, 2BMLES
2D 3EEDHIMM L E L EERT, L — L — RO
e & bz, FEED SRR LR S
DEGEHINT B, BT A & BRI RL
MOBREL DL — L — &, 10°HHE TH 5 E A L
7% 5. Le Quere DT, BWEN RSB T L L HEH
WEED L DH G RBPEPITNDEC LT B,

Fig. 4 (2{3E5 B LM A 12>\ T Fig. 3 £ LERIC
JEENFHEIORENT D, ZOKITR S AL
I3 Fig. 3 2l T 5, L2 LIEEES, Fig. 3DV — L —
IR T 2 LD KEvL — L —BI0 TR KD H -
HHEYZ D, L— L —HA100 L D RECEG, KR,
5D H T HEREE % TR AT S 1L 5 720 Bl
AT 5. (Fig.7(c) M) Fig.3 £ Fig. 4 TH L1
LBYEENMINIE, L LRNDPEF LR THDIUH
I, LD REAL L -BIZBLWTLHNINL TS
295 . —HICABOMATHIL, WaBENMATHN,
TR D 5 RABESORININ %GR, Fig. 3
L Fig. 4 120505 & 910, OB LRI T 70w
~NANE G, Fig. 5 3 MAICHIBAT 2 8K0i R M
DL — L —KIZET 2EE AT, WREOAE ML
722122\ T Chan-Tien [3]12 &> TR S L2000
I3, L — L —310° L 10°O B Ol T, @B 1A 2
FTAAREROKIE LS L7 B, log-log HERZETHE T & 4
BT A & S5 BR I M A CEET 2 AL — L — B~
AL, L — L — BTN THC AT T
b, LD ODOBRIGEBICLIFORTE S
na,

Vol 40 No.1 (1989)

HMA ¥ - mgE %4 - T.H.Kuehn - R.J.Goldstein

0t a Chan and Tien (3] Pr=10 _-o___3
[ o
L (1 Heated wall) P2
ok -
£ Lz
= |
jlof=
o'k M=0010 Ra*
L M =0.0013 Ra*
0%
3 o @ Present results
0]- Fully open cavity (o)
10t
I‘ Partially open cavity (e)
10° 10' 10 10 10 10* 10°
Ra

Fig. 5 Comparison of dimensionless flow tate
through square open cavities for y=0

\J

g
I T
Fig. 6 (a) I Isotherms (A4=0.1) and II stream-
lines (A¢=1) in and about a fully open
square cavity for Ra=7 and y=0
g
I I
Fig. 6 (b) 1 Isotherms (A¢=0.1) and II stream-

lines (Ay=1) in and about a fully open
square cavity for Ra=700 and y=0



WiBARE b D IE T 0 A B 5 T i B FO R 25 ) S B ARAT (69) 69

I Ir

I Isotherms (A6=0.1) and II stream-
lines (Ay=5) in and about a fully open
square cavity for Ra=7x10* and y=0

Fig. 6 (¢)

(RFANMA) 0.7SRas7X10%25T, M=0.010Ra*?
(17)

0.7=Ras7X10%2 BT, M=0.0013Ra’*
(18)

BAERE - TR R (17) (18) E d&E(ZL — L — K
DIIME L HITKESHS, v—L—Eo FRRICB
WTHRKDBRERIBLFI0%TH S, b HoDR
DERL — L —BTX102E7 X 10%12, 5 LB & 3z
BERBOBERICEREICHISL T3, (Fig. 2, 3,
4 #ZM). Fig. 61213, BEICE» L7 BTN AK
%% N E DRI B 2 FRARRTHR v — L —
BT, T00LTX10DHBAHIZOCTHRENT VWS, EAIT
RN Y IIU=0¥/0Y & V=—0V¥/0X T #
END, OO L REOBOEX TR KD
EAVIENFROMIZBWTHLTH S, L LA
HOFMAEE (BEm) L EEICEET AMB L OBo
EAVIL, BT LLRIGRENA T L L TldAW,
BEHET B HIRARMOEXICIRIE N E(Z 120, %L

{,\

(B3 BA 13 W] 2)

V=L — 8T DAY, 6 550 907D & T HHIELR
IMBDOHENZSH D ZD 5 5 g DIED SRR
&mfﬁﬁ@ﬁhﬁﬂn SO ELINTEH TGS, ?
BT ANDEIEIIIZ E A KT, FRALITTR S fi
IR GILBRRIZMANTIHIZOANAR N, L — L —

700054, AR DOFEED YA MICH TIHRAL TV B

Z D12 6 DAEH0.9250.5F TOFELRZ MAW-
ADNRAATVE, DXL — L —HHTX10*D B4y, I

O MANIZESHRAL TV S, E-T4E2TD
BB MAMNESIED 5T B, M2 LFRT 2

)

g

¥=-05\ -1\15

I I

Fig. 7 (a) 1 Isotherms (A6=0.1) and II stream-
lines (A¥=0.5) in and about a par-
tially open square cavity for Ra=700

and y=0

I Ir

I Isotherms (A#=0.1) and II stream-
lines (Ay=1) in and about a partially

open square cavity for Ra=700 and y =
0

Fig. 7 (b)

WALSTRA T BI4LIC B L BIEDK X, [WM]AH
Lt L7z tk (2R e 12 > TR 270~ 4%
BT 5

Fig. 712HWT, #5rBEITNADHNE A F 81
BT HHBERMEB i L — L — 8T, 70027x
10D RO THREN TV 3, Fig, 6 128X 0724
& LR T 2 &R L 2B S A 2 AT B B
TIRDHNZ T T B I AL, AN P dLEs
IZHER I N 5 HREAISIIL — v —HoEme L iz
K& D, Ra= 7 X10°Tld, 0L 728 FF
WAF DM ANIC bk & B 2 EBRMA R N5,

TR TR FE 8 4



70 (70) EA O HE - g %4 - T.H.Kuehn - R.J.Goldstein

T T T ] T T T T T [ T T l T T ]
" © Present results Ra=7x10° ]
a Penot (1] Ra=56x10%
1.0 Q -
2/ ]
P J
-5 1
¥ ==2 p
g -
Top Wall ]
x §
1 I - 4
0-5- Back Wall g -
Fig. 7 (¢) 1 Isotherms (A6=0.1) and II stream- . 4
lines (A¢=3) in and about a partially - o Bottom Wall .
open square cavity for Ra=7Xx10* and : i

‘}’:0 O a1 T R SO S N SO |

-30 0 30 60 80
Upward Y Downward
Facing Facing

Fig. 8 Comparison of overall average Nusselt
number and relative contribution from the
three walls in an inclined fully open square
cavity

Table 4 Average Nusselt numbers and dimensionless flow rate for
inclined fully open square cavity (Pr=0.7)

Ra v Nu Nu Nuv Nu M
7 X10* |—30 3.39 2.87 3.20 4.11 30.8
7 X104 |—15 3.81 4.12 3.48 3.83 34.1
7 X104 30 3.35 6.37 2.23 1.45 25.3
7 X104 60 1.87 4.55 0.26 0.81 12.8
7 X104 80#| 0.841 1.753 0.044 0.726 3.85
7 x10®° |—45#] 1.59 2.02 1.00 1.75 12.7
7 xX10% | —30 1.75 2.42 1.15 1.68 13.4
7 X108 30 1.52 2.96 0.73 0.86 10.3
7 X108 45 1.22 2.57 0.41 0.68 7.99
7 X103 60 0.886 1.901 0.172 0.585 5.25
7 xX10° 80#| 0.490 0.870 0.061 0.539 1.607

# : some fluctuation in the numerical computations observed
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Table 5 Average Nusselt numbers and dimensionless flow rate for
inclined partially open square cavity (Pr=0.7)
Ra y-° Nu Nusb Ny Nu M
7 X10° | —45%#] 0.939 1.577 0.700 0.540 5.42
7 X10° | —30#| 0.942 1.737 0.632 0.456 5.35
7 X10® 30#| 0.549 1.221 0.179 0.247 2.63
7 X108 45 0.450 0.963 0.120 0.266 1.820
7 X103 60 | 0.372 0.725 0.088 0.304 1.079
7 X10® 80#! 0.287 0.451 0.064 0.344 0.278

#  some fluctuation in the numerical computations observed
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Fig. 9 Overall average Nusselt number and rela-
tive contribution from the three walls in an
inclined fully open square cavity for Ra=
7X10?
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Fig.10 Overall average Nussely number and rela-
tive contribution from the three walls in an
inclined partially open square cavity for
Ra=7x10% and Pr=0.7
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Fig.11 Dimensionless flow rate through an in-
clined square open cavity for Pr=0.7

Vol.40 No.1 (1989)

g™

I I
Fig.12(a)

[ Isotherms (Af=0.1) and II stream-
lines (Ay=1) in and about an inclined
fully open square cavity for Ra=7x10?
and y =60

Fig.12(b) I Isotherms (A§=0.1) and II stream-

lines (Ay=1.5) in and about an in-
clined fully open square cavity for Ra=
7%10% and y=-30
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I Isotherms (A#=0.1) and II stream-
lines (A¢=0.5) in and about an in-
clined partially open square cavity for
Ra=7Xx10* and y=60

Fig.13(a)
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Fig.13(b) I Isotherms (A6=0.1) and II stream-

lines (A¢+=1) in and about an inclined
partially open square cavity for Ra=
7X10% and y=-30
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