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Development of Four-Equation Turbulence Model for Prediction
of Mixed Convective Heat Transfer on a Flat Plate

Hyung Jin Sung and Myung Kyoon Chung

Abstract

The mixed convective heat transfer problems are characterized by the relatively significant
contribution of buoyancy force to the transport processes of momentum and heat. Past analytical
studies on this kind of problems have been carried out by employing either the conventional
k—e turbulence model which includes constant turbulent Prandtl number ¢. or an extended k—s
turbulence model which takes account of the buoyancy effect in appropriate length scale equa-
tions. But in the latter case, the temperature variance 87 is approximated by a model under local
equilibrium condition and the time scale ratio between velocity and temperature is assumed to be
constant. These approximation is known to break down when the buoyancy effect is dominant.
The present study is aimed at development of new computational turbulence closure level which
can be applied to this rather complex turbulent process. The temperature variance is obtained
directly by solving its dynamic transport equation and the time scale ratio which is variable in
space is computed by a solution of a dynamic equation for the rate of scalar dissipation . It
was found that the computational results are in good agreement with available experimental data

of wide range of unstable conditions.
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Table 2 2-dimensional transport equations for turbulence correlations.

Con- . Viscous Pressure-strain
Var- . . Mean-field Buoyancy i
iable ngl Diffusion production production (tiie:Jsrfruc Wall effect BL::(?fl:Cr;cy
. TN
= _ _ —CLw(1+3 4 7 _
uy %—’- D(uv) —v‘*%*f £ _u k ( 2 G U> —Ca%uﬂ
3¢5 Vw2l
| +C1-3C1 )F 52 |
_ _C.E G/ A2
7|22 e 2.7 _z, [l 2a) ~tcgw
i 3 —
-2e.a-ciym gl
@i e |-al-wdl ~Cugit+Cit 2L
w0 (20— Dy R 7 ~(CutCh NS |-CubF
Dk | o (v. ok _—=0oU £ .
F e (2 5) | e 7 ¢
De 0 [y Oe e 70U~ o \E7El_c. &
¢ o= —ay—<—€—}7) quuv % 0517(1 Csa)wa Ce. 7
== |D6*_|o e 06° _ o5 0T .
] i = a;<Ce7e—U ay ) 21}0 ay 2o
Deo |0 (n B 0co & |y onmsgo 0T |—0.85%2
& [ a_y(csegu “ay‘) Cu(P+G) - | 196002 ST ekz
6
_2. 07
Table 3§ Constants in the turbulence model©%1!9,
C.,=1.8, C/'=0.6, C;=0.6, C,'=0.3, C:=0.6, Cu=3.0
Ci' =0.5, C2=0.5, C3=0.5 Co=0. 13, 7+=1.0, oe=1.3
RZO 8, C€1=1.44, Cez=1.92, C£3:0. 8, B(;:O 40
g e ne g 29 yhA o] Table 204 AHg-5 A 3 Eka, 28X ¥ 39 TPtz g
452 Table 3¢ el gleh. o] & =l wbg42 duires AAHozie iy w"Holxl FFd4
efga 22 oduk el E a3 gl F&F YA st o] T AN, FHA FololAde uH
& 2k . Rodi“®&= d| g 4te o] dFA=-$
D8 —pigy+P$)~E@ ap 3t 2 Rodi®e a4 RALEH
D a4 e o Ad Zlg 4Gl AAA Ao ANLE
" zﬂ_% ° 9 AT Faxdgy Ao dF

(s

74 sl YRE2E FolA Ao AHom
% 67t fdEHE AEE v, W) 4 A
232 R Fak obY 2% A FFEFE ¢ A
ofAA vigo e F4ibse] Yt % sheAle o]
o} ubdel] Q4 £28-2 AAH AR 4
A EE
2

23

2E 439 AEE 5T Yu wy 432y
Wl sl b Aol Folok ool A
Ho} drbe sk ZE A AAA W) Y4
adzke] A He o] 4HE 2L F4FY A}

SR EEAgTe) oA gebn At ohd
s} ol EdH3eh

Duu; _ po_ s | Dk
Dits _p Gy = 2 [ - D(k)]

(16>

o] #AE wFP Aol Ao dFAETE —uas; o} o
g 2 AFee. aeiv, AAl Al o3 @
ojsh 2 uFYE -2 AAHEAS} 7B Uz 4

. Uitk _ ‘
=— [P+G—¢]



FHER A EFAF 4A4F A4
A Stae FLBY A A 2SS E

BQ‘ 7}2

2 Fol7} gl Euk okt AAS 5 HHE A

- o5 Ao 49 ¥ o474 (matching technique)$

Aol Hks SAT ALAAE 28 A2

2 AT —wl F£Yrde 383 P
AP e A L7 2 Pob wAsEA ol HE WRY
% —wf e FEAY2ANA F=D o3 Ze
We ARt
— 3 ' _
@ (1—cz+iczc,f) . @ v
(Cl+—2"CIf>
__Q=Cy) g uf
(c:i+3c 'f) T e an
1 2 1
# o C-1+ErE a0
3 , 18
Ci+2C/f
+-5 (3-C—2Cs+ 20,0/
+ PG
£
— 1 k — T
U= T My
(1—=Cw) &k 5 U
‘|‘———CN —6—1/0 oy Q19
=1 k7T
W= cntcary ¥ oy

—(m e T

Ho ¢ AEd & o kele 12T o 6o T
S ¢ 5 dofokt A4 (D -WEY #E &
= F Ak drA k—e2d(2eqn. 2ol T
Pl eoe Aol RS 4T kot e o] Aujurg
4% FE B0 W, dean 2oz e o
W dFFES Az AuuyAs 2E Fe 7
Ak RA ke 2] w4 47 2,
X9 FFALLEA 9 g e] T4
BY A A g ©, ol £9E 0k BFF

drigal 2xTule] Fon FAY 4 glvh
——v_ﬁ% (21)
o] BA Yt L5l 22X F-FAI7 scaled] @3t ¥
QL R(=eb/ea-20)F o &3hd vhge] 2l g v},
7=—2R( L )ﬁ oT_ (22)

IEACOH AYL, FRABEAS LRIAE
& e HEEES} FEFLEe T4 BT 4

o i
fo mu o

71 3t & = 2R L o

g A% 44 2l A 197

ek
Py aU Y R 6T
—uy=y; T W_T, N (23>
A7 A v o} 0. B A o2 42 A AA T G F

TP E4E FA5te] Table 46 o] glet.

Table 4 Gradient-diffusion coefficients of —zv and

78,
_c, - -k g T
w=Cims Cu=pb B="g T,
— ]- Cs 1 Czﬂ B
1-C+30.0/f  1-Cor3cer O
Crf‘—:za—cllf 1+ 1 —G ——B

R

. 1 b
C10+C1e'f—|-2(1—C39)RB ’ 7

Table 4614 B F8A 52 (2.3)"d 49¥ gra-
dient Richardson 4=(Ri)el] wj &x oz »]# s 3hol
_

LEA7F A B AdA YL AheRe 3
A FR0)E 2A F7HA17]2(Table 28 w6 A
wiukA 4l gx) o] ¥l 3 FFEL AAAHo=
67 wldstez, 029 FYIE ot daess, =
W4 (22)el A nd 22 LE T v 3 sk, 2
A AAE HH AL BEY THAA AF =27 AHE
ol F4£HYEA il =g 2H-2 o] FEd4
Ade 038 F Aolt). wHebd 2ol Hu o 5%
A= 629 Aujabgd4dE AY Fojok o ol %
AR o] Jeltbe £33 s 2Hl214)E
48 £% gl B dFdAE B o duyi & 77%
4314 o

2344 5o gk 675 2o W £FEA oo
v g Ak 42 ohgm e s,

26* 262 _ 0 g o5 0T
U—ax——!— VW_ ay[ 0201 —2v0 % 2¢e0
(24>
Deo deo £co
Ua Vay———[ €'v]— 08k
Eo oT
2.0 02 19602110 3y
—i—Cu(P—i—G) °* 1+ C.(v0? (25)
6% upA A o] Azl Fah- "i—i—-‘l"“ﬁ?ﬁii 7P7<'1 3} 99,
_fry— k Z 362
2 U—Ce—z_—l} T (26>



198 4 g
o] B, eoubA4lY] FAAGE ] dAA=E, =T
Wege s A
—z9=Ceo f: F%;"— @n

2 ZAE £ gt} Lumley 5972 o} g7} o}
e T eddy 2 A2 & Astsle] & AL

e V= 0% 59/57 (28)
4 AL Aekw stged, A 4 @D Ce

Ceo= —(mea/ﬁ)/(ﬁ?%fv’—/ee) @9

2 A $3A0E 3¢ AulALNA Cot )
A2 0.05914 0.2744 Wk, +3AAE G
=9 LEPSF 2 9L FFAA U 0.1
d€ B A7 AL 2E TRl Aokl Co=0.1
2 Edeh duA e gAY 44593 £33 o
% 29 442 Newman E@e] Fdg ¢5ae
A 45Hel el L2 B BE ATFNA A
2 2o QoA FFAnst 1o 8 44
e $(Cu=0.8)% Asiste} ALaYt. w3
£ $x49q FHF(Ca=0.1)2% | source ghoj] 4
B4 4 gt Poivh. XL dFeAYe] 2 o
¢ WA e, ol dAAL F FaATE
A9 ARFAYEO)N F4YL Cn L0 L (Cxs
20.3)% skl 47, Asgee,

2.3, ARZHD $xIsHM
ol A€ EFWAA (he, & 27T AT
L ¥ dolEztild AY FU4Q FFH3l
F dRg A Eolth, e, ¥E o}F srjo|
o] A 42 % (viscous sublayer)ol 4 & o] ¢ ¥F2
£o] Erbsh, o Fdol AL thE mulo]
e A = AAE AENA 28T A7 39
it ALY (r)el 7hE E 98E wHE X
4 sl WYL o AWY B ALL
A AAEY HHo) Fak S8 A A I
Aoz YFAUAY Y43 Lo Ut £dg0] Y
¢ FLAYARL Ansdo] Y A} AY
Ashe, ol %Y FFARLY(—puv)e) EAAILHY
@3t Fome SwuARedd] Uy JUg Abe] I
adteh vad LETUIL 2 FYAEAA4 B 2E
Ful2E £44e 29 (Van Driest )24, E#lo]
ZA R A FEOF ALt £ Fo.
I=1,(1—14R:)~V* 30)

A-4 9 F

A7 A e FHo] g A £F Aelx, gra

dient Richardson ¢+ Ri = <X9} 2% -TFujsle] w2
A g3 o] A
___&@T/3y)
Ri= “T(U/ay)? GD
2L 2% UF ZREF(0)AE F3-E u A
o:=0w(1+3. 33RD*/(1+10R)"* (32)

(00 HFo] 9= ZF Y 37 ZFEF)
o Aol del o] $5 3 Yoo,

FyEI AAEL Q] Jreld HAASH £24
27} logarithmic =] & w2 g ozlz wakey
3 Frroz vE o v, £ 404 EA
gy 32w 2189 oA (matching)-2 logarith-
mic Y & T2+ 27| XG4 AAsge F, ¥4
BAAEAAE Y +H3 EFAY AR A4e
7k o] S4&EFA A A o dFEE-E FH L5
e, o] 4AF(y.HL Yozt EAAYG
(mass transpiration) &-2 -f-5u}3lel] wg orzuis)
a6l sfel 234 ke el XY™, A
2yt 7k 30914 60 Apelol A=t ARAAANA
FREEd AR (k) £EFE ()L

b=(2), (55).
ee=(Bp) k3?1, (33

2 =9}, 9714 B, C.x Table 33 Table 4 4]
9= zreld, £=0.41 = Von Karman 4}<o}t},
FHEAAFRTANA PR AAEAL TH] 2
£ 4A8A FAN F= A+ (T=const)s} A o
f4&(heat flux) e stds T %%(—%%-:const)
E UE 5 ok q76AE o F 7bA] ALl et
o Ao, AFRETRY S35 L2 FF
A FAStL, FTESES} 25 P AHZee
A9 Sx9 25 E adE fAE Ao A
det. Sx o] A8 Gt AAF FA4@; mo-
mentum thickness)& Q32 sld= Qg A EFF
A (fo; thermal thickness)e} »] 43}tz 7} 5ted, o
FTLEAEAH(0DF FFEFNUARDY F4£%Y
AL A ()2 o] dhgivh o]’ 714 §lell

rean( S) K (3L

o ). €2 \ oy /.
eve=(52), A (55 ). 39

2 A4S, A4S LEFNE whes} 2ol
A4 skt



+43% 99 TRAF 9T ALL AT 4494 2 AW

( aa:yr )f K};} (35)
J7 4 T, =par-e= (friction temperature)o]=, &
=0.45-2% +E 7 A %] ti§ Von Karman A}<rolr}

%3] A A& marching forward 317 ¢l Patankar-

Spalding Scheme 2 A}83ld 649 =543 v] L
P4 44 AAsgeh A4 e leading edge =
3 7 AshE A (A7 Brke A3 A
Zstgon o] R 2ILEEITE 1/7HAY =
gt 7Hdstgls A4S dREEY £¥xe 4AAE 3 F-
ol d3¢ H2 nAA gfore F¥xYPde ddd
A S WY £22 stz 27 FAA R A o]

Qe A AL 2oz AHade ALRel4 Y
AAE wRe o] 27 Aol W2 dPE 0A $8
& gatgeh. 2714604 A4k node & 18712 35

on, A4ke] Aol =e} scheme =pA] 2 F4]F7]
o ol wFeo] AFAHowm gridst ZFrbsigdch
(auto grid generation technique).

3. diMZat & 1F

£ A4 A dREdsl s Aty
< %5 ao}oq éma& EERLE R RCE
T AREAdgd R AEAd AP =FEE Yo
£ ol2A a3 v ARRGh,
Table 5 Summary of conditions for experiments.
Experi-
Experiment | Re(or Rm) Ri mental
data
Rm=990 . U, T, u,
Subramanian Rm=1500 Ri=-1.2x107 3
& Antonia‘® - Ri=-3,0x10"4_" v,
Rm=3100 v6, 7E/u?
Cheng & I\Lg,\ Rm=245 | Ri=—3.0x10" U, T
Arya® \R3=2.0x105 Ri=~0.20 [
*3 *
o e | Rm=3000 | Ri=—2.5%107 u, &

Table 54 o] ¥ AP ToNA AT R 59 R
o W¢ zegx 2ud datad] £FS asiqgc)
Fig. 13} Fig. 2+ FFE5x9 2xo dsted 4
PHH0 A T A & A4 2 AHE Hn
3 Aolth Z @A dAH4A-L 2 eqn. EHlo]
, 442 4eqn EdE& Jelam, AR
ol g3t o2 dRdA of3t(y.t<43) ¥ A3}
age] vebiA ggtth 923" vt el 4 AfER

e s W

199

..... 2 Eqn.model
—— 4 Eqn.modsl

¢l

85 © Gata of SUBRAMANIAN and ANTONIA
am=3102 & Ri=-3.0x18"*

6 B TData of CHENG and NG

RAm~245 & Ri=-3.0x107"

4[5 Sata of ARYA .
Rew2,0x18° 4 Ri=-5,3x10

A L I 1
4Q 180 2ue 480 ere
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