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Mixed Convection in an Asymmetrically Heated Vertical
Parallel-Plate of Finite Length Duct Flow
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Abstract

Measurements and predictions of mixed convection air flow in asymmetrically heated vertical
parallel-plate of finite length duct, having unequal but uniform wall temperatures, are reported.
Velocity distributions are measured and flow visualizations are employed to examine the nature
of the flow as the buovancy effects are enhanced by increasing either the temperature difference
between the walls or by decreasing the forced flow velocity. The velocity distribution skews
toward the heated wall and a flow reversal develops adjacent to the cold wall as the buoyancy
forces increase. Criteria marking the onset of the reversed flow and the transition from laminar
to turbulent flow are reported for increasing asymmetric heating, spacing between the walls, and
forced flow velocities in the duct. Numerical prediction of velocity distributions compare well
with experimental results. Numerical predictions of temperature distributions and heat transfer
are presented to illustrate the effects of buoyancy on these parameters.
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Fig. 1 Schematic diagram of air tunnel

¢ 4 9

s %

=
2

solv =3 o A

%

A

ol 3

ul

[
T

1274 9] Ao (copper-constantan) ol s

oAe

siwol 43 674e] hed zho
heasie zhzte] g7le} 3ol

%&b ek, Spar-

PERESE e

2} 8} 7] (rheostat) 248 o] FFsio] AE=H o)
3]

°l

rowS40z} Fukui $0P0] &%

tio

Ao 273k,

]
o

SEFZE ¥

=R=RE o)

3.18cm, 4.13cmE &oh

7+-3-&l 2} PDP

[
A

z

,ML

K4

tfo

3. ol Z3H4

N 3lE,

Fig. 10 =4

49

J

#lolx do] FaA¥T 4+ UdxE plexiglassz A=

Agies 1 gy ol 23y A7

Fd S F8 7ebsdch

2R
o

3]

wl

w

-
ﬂt

wc

s

dr+<Ex7F 0.1~1.3m/s HHA7F =

o7 A
Ao,

(27.62cm X

s

o

*F ol F

106.68cm X 2.54cm) 22 FAAE g on

2744

%o

=

o

ey
N



1776
o) | o) _g 3y
ox ay
Slpuu) | 3{puv)
ox oy
5‘u>
oy*
+pgB{(T— T (2)
3(puv) 4 0low). (pvv)
ox ay
- _ﬂ.L ( URCACA 52”\ (3)
ox® T ay?
B/pCpuT) A pCrrT)
ax ay
2
eE+eh @

x=0, y=0 u=p=0, T=T=Ty2 (5
x=0, y=b tu=v=0, T=T1 (6)
x=0, 0<y<b u=w, v=0, T=T {7)

x=L., 0<y<b ‘{’;lﬁ =0, Z:
A B

ox

3 UAAE slE SIMPLEZ =2 5934
SgadH e A48 TEACH =2=§ #4387
stgch AARS whEE wiolch sz FEE WA
o A4 F SHGe TEH 22T oA UA
Alel olall At A e AAAL G
Exshs 2xk8 o) 0.0052c BEe s A
oz Foch A4 ofde] AAEY BIE HE
Fujr} 2 ojod ol £x ool ubgko] vl = FFol4d
zulslsE FA4stdon o] daf Aol HA
o 2717 AxE AL dElAgdezd oled
AAFEE stk ARRR shmgsteld Ay
A5 NeXNy=90x507 Aol FAof Fabat &
2 F3led 2¥sigod F3H #@EF Fio o
300~3003 A4S Postdd A4be [BM

4381 Model Group 14 = FPS-164 ZFeiol] 2 #)
sy = At

239 §5¢ BUsty] AN T AAel F4
o4 ol wHz Yoz FIUY £ &

wiedZ - BF. Armaly

ek, o5 $Ze A wole) 80% A
A $UY £55 wojn ek e PT P2
e FEMAY AL ol Fxef Fuirt gl
ouh H¥el ojolel e 2344 H5 4% 2al
o AA 4Ye] HEd £srzE HT %9 F
4 (z=0) 314 FAmch
4 deode] FEUH R XA
Pl
hal

“r"ﬂ’él‘)r%‘ Fig. 2004 Fig. 57b2 e Aot
5 22 344 ol47) sl LDVE A A+
102.9cm 9 & 44

wal Imm zZbH o o4 A
vt std 2 GE S5F

x=20.3, 47.0, 81.3,
zhzb sl (y) &

25 B Fa Yrh

Fig. 2041 : 345 0.42m/s Uuf s}7id =
Adtell el £5 £33 5 vEbdch FEo]l 429
7ol wpspo g Aol we}l obA ] wWebse
B HodFEvd x=102.9cmelA TEFA &5 T
2 Ydase B 4 gl Addez 3AY 4£A3
wg A8 Axst A AdAgg of & ek oj4ts]
AnSaz A FEAYe) vlae 2y std 229

1553

u (m/g)

Fig. 2 Velocity distribution for Re, =852 and Gr,=

$ 243

Fig. 3 Velocity distribution for Re,=305 and Grs=
2.25>10*



A de g slddd f 4

4244 gl e
4 st zAsel A
ol sphe AL
£ PE} 2 dREe 23
solw Fig. 35 7ol %79
ool AAHG %
1717 feh AL ol 4ol

A447A o
o

¥l

ol o ot
B0 s mp

so
Mo oo p fr

offt
ox
tlo J

I

2T o 2

Lo B oo ooX K

ot
o
o

&
o
U

A Ho o B N do of of
N

45 2 rlo
e
L ol
oL

2
b
.Jdﬂ\l

o ul A ofn

2
S

r
S
3

i ao i o nll AR

2 270 B YF2Y olm A
2ol s A4 AR HEL <
sch 27 ek ojwlo]

il
2
f

2 2 o

0

w [(mir)
Fig. 4 Velocity distribution for Re,=285 and Gr,=
6.36 x 10

¥ib

u (mis)

Fig. 5 Velocity distribution for Re,=
1.21%x10°

350 and Gr,=

Fol Ry A7 1777

F7hsked AR 7t (Gra/ (S Res?) =1500) ol
012‘5 2 Hefgtol =esiAl Heh, sldeEkg o
}‘ﬁ%}i# 7} %‘ZIELE FAA xa)= ¥
272¥He AFE ¥
?é?.?'- tw"’rﬁl tﬂ*‘M eh}r) Az, o]
T4 2739 o Abol
< vEhE %& & 3zk4
o (recirculation region) o] 34} =
el M Aatse G

}.

EO
’TT_O

&
g5l A& IF5F e

Fig. 58] 4% AAelH ¥olx
20.3cm2} x=81 3cmatojoif 4 =
el o3 Haro] sbebal GE
AeE 4 7 deH 234y
A4 Azst 334
#A=g Holg ¥oln Urk ¥
* 2 Gro/(Res)?>0.81 4 AH2E 3
3 sfdol 27HE ol AUrt.

7 9 Aol Aa AgHa)
2

{
4
2
ul JR m
3
i
-3

§Lo}{>__

1 —
0.3
—— x=105cm
——— z2=3L7cm
0.6 —~— x=5L6cm
~:= x=710em
®
0.4
0.2
T -
0 b

Fig. 6 Temperature distribution for Re,=285 and
Gr,=6.36x10*



+B.F. Armaly

1778

o

g &

Measured and predicted penetration height of

S
:
1]
3
- 2
® [=]
=
: %
bl
- kY
- >
@
L
%
5
. -
- o ~ - © [o' Y
S 3 3 %
(prpaady 1 noﬂa
//// 4
N
.1/4//
RN
I
D
///
NS
RAN
..//
///
W
N
CRE-3- W
PRAESE )
=939 A
+ ¥
iiil |
[CRVE N
L
b
o= - - ~ o
o o o o

4233

285

={.5 for Re,=

bution at x/L

sop

101eoD

o

]

i
ofs

x
A

+
e

=06/

A

ol el o

o4

74ed

%

2 -3

lz]

aly
ojn

30k

Te

ay[,v=1) <

Fig. 9 Regions of laminar mixed, laminar starved,

a

2

o

o

-

IS

L

E]

8

e

3

2

g

<

o

o -

e

ub A

]

%

o
il

—

o

. HM,

\Q,

73w

= 4

g P

+ N

o e
%

(S -

N

D0

fx, E.*

ap ob
5y

W 9

S

F W

o

s

N

26.4(5—0.0283
+0'95e‘1-11l67a’ﬁyz s

Xh,/L

(9

%o

teict, Fig. 8o

=718

e

A AR} 5%l 25 &

xa/ L

ol

=
<

dlmE vpEbm gl

e

g Al F 4

Grs/ SV Res’) 9

o

Gy

x
wr

‘z_o

o

o
o}
o

i

4 el

slew o

1o} Gro/ (SYRen?) >1500% o

= 2ha 7
0. 18(59-'\‘_\:’ XA,‘/L

3 ol
.‘Ch//L

ek,

0.82)8 =

A



YAy o s st FH-Ad el FE EUWEA B AT

E9f v]7tdtE oot EFFo2NEH F4F
olee AF7E A4SV Alaste AAHE ZAE

7L fdl 752 ZhAE e oy 22 shellA

[

of

o329 ol Azhel Hisisich
Fig. 94 24@ uhsh 7o) Lopgoh

o] 282 3747 H& d& §F% ddg Y
ch, AW ojede ofwld iz FAsixl gk
T FF dodelch o] Ao W W ¥
8 E¢ AFdYL dehich ol e Ay
g2

Groa<7630+24 . 1Re, ~9.07 1077 Rey™: 10

Quh ebdeh Fus dde YTl %9
F3E AgPoz Fdo mE 24 ddg
H45E g9 £F %% (laminar starved flow) o}
aojch, o] Wdoldy mEFel4 s #3
2 B33y 98l elsldag ode F7Eoz Y
B A foh sl odedolnh, el o Foin
$He) ool AMsE Fobgch 249 2% &
S zelo] A¥Ash T UATE volk Foolch
ol #5 A Yo AL ZFristed AEH YA
of B (FFFFNA FFHFoE HolAh 2
o £Eslol $7E02ee dFE o4 yE
dal b FFEEel4 AAe dFe) hFel o3
of FrbRch AW Aol ¢F FF 9L

Gro2427Re,—2.4(Res)*+4.93
X107 Res)® (n

ol BEH o Al o] 3IFF 4L Fig. 9
ol 4o} 7ol Al(10)= Al (1) o) olah F¥sich o
F7h g4se g9 25 45 dde F A00H
Al ol 8 AA R H== Fukui 572 Z#ae
£ 4z AGY Yrold B YAPE 2edFn
ek gk o) A mAAY Age AM Sadd 4
o olabe] W slel Mot dF FF5 Gl
A ool 2se Hdd A A b A
=7b Fobdol ghar By AT £27) F74d
+% zadc A std Aest 27hRel et
A doiel 33 A dHshd sk 4
Z Alekol stH o2 ojFdd H&H AL #F

1779

o] StAs] iz WFHAUL = LT

o

5

# 8

Moz stad 4 qeds T AF
S4o) o2 47 A we} xasigch WA
7td Axol} oz EE E¢HF (laminar mixed
flow), JF%FFol 4=l 3% F -+ (laminar
starved flow), 33 AHE@ 2 FFAFo] FHal
shed 238 FF FE5& 2z @& +4H A
37t A9Hoz 249 £5 ¥E 3 AATH
A7t HAsEe AN FHFFET AANPE AR
A& 4 sk

- =%

F4E g AAHE 2T & v AT DA
4 s 48 A€ QA

4 2355¢ zdz @ F43q

(SRey?) >400% 74Sol AMFEol FHFFE
29 Hols}h dolbr] whfol A ZAts} o
Qo7 Aalel ol WolF ilebE A
oo 3z 4xiel
A xa/L=0.82 g S g}
arle = wus A vidA At By
2 pasht UF 57 2ALSE 2L

o)z gleh,

o
2
iy
o
of,
a8
e v 2wl o2 e lo

(1) Aung, W., Fletcher, L.S. and Sernas, V., 1972,
“Developing Laminar Free Convection between Flat
Plates with Asymmetric Heating,” International
Journal of Heat and Mass Transfer, Vol.15, pp.2293
~2308.

12) Azevedo, L.F.A. and Sparrow, EM., 1985, “Natu-
ral Convection in Open Ended Inclined Channels.”
ASME Journal of Heat Transfer. Vol.107, pp.393
~901.

i3) Beckett, P.M. and Friend, LE., 1982, “Combined
Natural and Forced Convection Between Parallel
Walls; Developing Flow at Higher Rayleigh Num-
bers,” International Journal of Heat and Mass
Transfer, Vol. 27, pp.611~62L.

/4y Bodoia, J.R. and Osterle, J.F., 1962, “The Develop-
ment of Free Convection Between Heated Vertical
Plates,” ASME Journal of Heat Transfer, Vol.84. pp.
40~44.



1780 R

(5) Cebeci, T., Khattab, A.A. and Lamont, R, 1982,
“Combined Natural and Forced Convection in Verti-
cal Ducts,” Heat Transfer 82, Proceedings of the 7th
International Heat Transfer Conference, Munich,
West Germany, Vol.3, pp.419~424.

(6) Emery,AF. and Gessner, F.B., 1976, “The Numeri-
cal Prediction of Turbulont Flow and leat Transfer
in the Entrance Region of a Parallel Plate Duct,”
ASME Journal of Heat Transfer, Vol98, pp.5%4
~600.

77 Fukui, K., Nakajima, M., Ueda, H. and Mizushima,
T., 1982, “Flow Instability and Transport Phenom-
ena in Combined Free and Forced Convection
Between Vertical Parallel Plates,” Journal of Chemi-
cal Engineering of Japan. Vol.15, pp.172~180.

+8) Kamotani, Y. and Ostrach, S. 1976. “Effect of
Thermal Instability, on Thermally Developing
Laminar Channel Flow,” ASME Journal of Heat
Transfer, Vol.98, pp.62~ 66.

(@) Ou, ].Cheng, K.C. and LinR., 1976, “Combined

B.F. Armaly

Free and Forced Laminar Convection in Inclined
Rectangular Channels,” International Joumal of
Heat and Mass Transfer, Vol.19, pp.277~283.

{10) Quintiere, J. and Mueller, W.X,, 1973, “An Analy-
sis of Laminar Free and Forced Convection Between
Finite Vertical Parallel Plates,” ASME Journal of
Heat Transfer, Vol.95, pp.33-59.

111} Sparrow, EM., Chrysler, G.M. and Azevedo, L.F,,
1984, “Observed Flow Reversals and Measured-
Predicted Nusselt Numbers for Natural Convection
in a One-Sided Heated Vertical Chaanel,” ASME
Journal of Heat Transfer, Vol.106, pp.325~ 332.

12y Wirtz, R.A. and Stutzman, R.J., 1982, “Experi-
ments on Free Convection Between Vertical Plates
with Symmetric Heating,” ASME Journal of Heat
Transfer, Vol.104. pp.501 ~307.

113) Yao, L.S., 1983, “Free and Forced Convection in
the Entry Region of a Heated Vertical Channel,”
International Journal of Heat and Mass Transfer,
Vol. 26, pp.65~72.



