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An Analytical Model for Predicting Heat Transport with a Sharp Depth
Change in Cross-Flow Direction

°]i7$]_* . 73 °§§_‘_**
Ho Jin Lee* and Young Ho Kima
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Abstract : In this study, an analytical model has been developed to predict the build-up of heat field due to a
point heat source in the presence of sharp cross-flow depth change. The model has been applied to investigate the
effect of the depth change and flow pattern on the heat field. Model results show that, when there is a sharp depth
change in cross-flow direction, the heat transport across the boundary of the depth change is enhanced or
diminished according to the increasing or decreasing of the horizontal diffusion flux. Including residual
components as well as tidal currents give rise to reduce the effect of the horizontal diffusion on the heat transport
because of increasing the advection of heat.

Keywords : horizontal diffusion flux, depth change, heat
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Fig. 1. Model domain and idealized situations. H, and H, are
the water depth. U; and U, are the amplitude of tidal
currents.
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Fig. 2. The instantaneous horizontal distributions of the excess
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(c) High Water computed with H,=20 m, ,=0, U,=U,.
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Fig. 4. The distributions of the excess temperature at the cross
section of (a) x=1.0L, (b) x=1.5L and (c) x=2.0L com-
puted with H,=H,/2(solid line), H,=H (dotted line),
H,=2H (dashed line) and H,=4H,(dash-dotted line).

40 m7HA) 713t wket 2.9 Aoigo] adhe 3
g el WalEo] y=0.07L ALE SHO=
ko] uld) +rEo] AdiA o o At ol23t A
>0 999 FAEH)Ol F7H et o @ dol
59 gtk ZE 2o A3 4] W3 AAE 7tRA »>0
Jooz FUH T BAEE B4 v 49E 9
"}

Eg o B2 oA =2 FHI x=1.0L,
x=1.5L, x=2.0LZ o|g el wte} itel) 3] Az} ok3}
HE A9 gE] 939 F4 AR F4 Zeldl| et
W3kehe 2 81 F YUtkFig. 4). 5, €438 T



68 o]ZA -

ARE3HE BE@EA)elE B39 F4L 35=-0.07L04 A
o] AAEA FAERATN H,>H,2 B@H, 44)el=
H=79 FHo] TR o)F e} H7t 40mY S
A2 = x=1.0Lo1A 3y=-0.07L F-Zof] 532 FAo]
EASFA T =150 = y=-0.11L 202 o|5HT
x=2.0LoE v]eksttn} 480 2 of o] o] gl A
€ &A% 5 Qlh Wl E B7F Smd A (A A)el
=LOLAX y=-0.07L F-Zo EAsl= FFA7} HsEo
2 o]Fate AFE YRt} o9} o] Ao i
Kol A79 JA7} o) FEE A3 w4 Fle) o}
€ 7% A FYA STkl 7IAEks Aoz wddrt

,AHE O Z o]Fe A%t Y-S FA wta FHile) 9
& 42 ¥ AFHE 4o ko g 524
7kl WE HEko 2 o] =3 Bk YA F7)
BT 3oz o $A Ao olFc] EAst
A ol y3Eo = H379] F4o] olFshe AAE 27
e 2o dYE 5 Qloh

o rr

2N

o]

-

sk

42 X7l 8l
T4 W} HEo] 279 FAl0] 24 AR 2
_ﬁ_

L U9T Yo B2E G
KB

U 42 1205} 171000 3231 0.025 m/s9} 0.05 m/s=
7V383it. Fig. 5 u,, U H0) 242} 0.025 mss, 0.5 mss,
10md W Az, {74z, 12A 2] 49 £¥E et
et y>0 999 FAEH)S 20me) 1 2F AU,
< U T 2] 0.5 m/solt},

AFE 25k 22 A4 Fig 29k vlwslo] ,=0.07L
F2oM e 295 ghe AT 0.1(0.8 °C) 524
o] 0<y<0.2L W9 oA +r33ko s 1 wo) st A
S ER1E 5 Qlt}. A (Fig. 5(c)olE 0.3(2.5 °CAd
9o /45 Y7t X (patch) el 2 Do) A x=1.0L
F2ol| AR Sk FEAY 55 270 welgEoF B
2 AR A e ge] dogd o)f &%
o] oz 4o TR AXWA EHFQ
A7 vehds 202 wadn), S A2 x5
LN 279 AZH A & Afole 2AF 52 W
FOF o]FE LHEHo| v ZFH/L R T 5
BEolE HEoteA Fal d&Ho 537 07
RHE ¢ QA "ok e wkek =3 gk o 34
7P ddiE o2 o] Fe] A3t SolEWA] o]y

Nl

[}

xah-kA

............................................................... 0.06 -~
04 , , ,
00 05 1.0 15 20
0.4 * ' !
(®)
0.2 1 -

0.0

0.2 -wo.l’.

X/L (L= 7114 m)
Fig. 5. same as Fig. 2 except for u,=0.025 m/s.

st 93g S48Ad Aoz dEh

HiH FE Y B33 tidal excursion A ol A9
¥ ol 2t e 2o o9 5 Aoz 7t
A% A0 2 et} y=0& FAZ 0.1(0.8 °C) T4
9] Zgo] It FrtehHe AEE ERAT Fig, 29} 1)
g u W3} 22 AF oz 7h4E o]HE A3
=

AHi7E 23 mef o] Fell ot oo 4
A 3 A =08 712 2= 3 &
2% ARE AR EC) o)F 9% 3
G2 AA T x=15L o)) Ao £3 Fibg
FEo] Mk Tl Wl 0.06(0.5 °C) $-240] WA
HA = AEE e
Fig. 6 LZA] y=-0.07L, =0, y=0.07LN X &) x*33F
029 2AFL FIHEEE TAIF TPolr}. T76A
A (solid lineye u,=0, 534 (dotted liney u,=0.025 m/s,

o
N
Y
5
4



g

Excess temperature

Excess temperature

Excess temperature

0.5 1.0 20

X/L(L= 7114 m)

The distributions of the excess temperature along (a)
y=0.07L, (b) y=0, (¢) y=0.07L computed with u,=0
(solid line), u,=0.025 m/s(dotted line), u,=0.05m/s
(dashed line).

1.5

Fig. 6.

T} (dashed liney& u,=0.05 m/s?! ¢ 22 &
X5 747 v U9t U 0.5m/s 013 H 9} HE
Z¥2ZF 10 m$} 20 mOJt}. y=-0.07L& Wt +oddko g
9o deodd £% FUIE A x=1.0L FZM ZAF
EAE Q9 xg2o] FAFIL Qe Ao vl A
A 07 Wby} HolAle AEE HoErhFig. 6(a)). 1,0
0.025 m/solA] 0.05 m/sZ Z718ol Wl 2952 =1.0L
oy HHlel el 2 2-& o] WolA 3L x=1.5L o142
A= A9 2 & Yebdth =% Fig. 5(c)9)
]9} o] DA (x=0)2 ol e 97} e}
Y= «,0] 0,025 m/sY Bl x=0.9L F-2ell, u,0l
0.05 m/sd A$-olE= x=1.0L ¥ 337}t 9§t

2

Fe a9l e 4edd olF <5 sids) =¥ 69

0.5
0.4+

0.3

0.2 5

Excess temperature

0.1 %
0.0

6.5
0.4

(b)

0.3 5

0.2

Excess temperature

0.1~
0.0

0.57
0.4 4

0.3-

0.2 5

Excess temperature

0.2 0.0 0.2
Y/L (L= 7114 m)
The distributions of the excess temperature at the cross
section of (a) x=1.0L, (b) x=1.5L and (c) x=2.0L com-
puted with u,=0(solid line), #,=0.025 m/s(dotted line),

u,=0.05 m/s(dashed line).

Fig. 7.

y>0 G0l A3 y=+0.07L% ulehM s 2GR0 +x
WEo g ArE Sk e vehdied ol %
el o3 e g 70l 490w AeE AhHos
F7hs 432 A

Fig. 72 Fig. 67} 2 R0 F x=1.0L, x=1.5L, x=2.0L
oM &5 Wkl A yRFo R 2IHFE FTEE
& SAIE JRolth AAFE LA @S A5
x=LOLAN x=2.0LZ. o5&l wiz} 58 il sf %=
e 27 A Bed FuE Warks vd 33t
F7t EAT Aol FdE o 979 FE7t #A%
ok 71 A% x=1.5L o1 AFolMe y=-0.07Lg THE
Z A7 SR 859 23rLo] AR EA)

-
—



70 o|FA -

A oh= A9l vl3] FAL Zolx|A At o] B ¥
E2RE A7t e whgt o) Fof) g3 4o &
Fo] + o2 o W A7R] o] FA Hbd AE
2 59 i) 93 o9l BAF = ZARS
Z3 5 QI o]Fell A%t Hod 5459 Sl uls
A 3 Fat &ne] Fae 54 Aty auNe g
H X HIlE 9FE v 2 B¥ 9 H)
] 727t AR T8 wel AtE o g 9y
Fo] gloH y=0& AAZ Yehl= 54 wsle) o
19] 7127] ¥igls A7) 2389 A9 1 37
s Ao 2 YEhthFig. 7).

HJIO 0y
oz ¢ lo

ri

il

oot

JH o)
[

T

N

d
B

oo 2 o £
oNt

43/ RE M

T4 W13k dEo 27/ K42 27171 =400 w8
3t Rstel 399 4ed o5t 5L Atsigith
5, H3 Hyt 47 10me} 20mol 2 U] 0.5 m/sY
9 U,E Kay(1987)9] A9} 2ol U, JH/H, & 54
of) ¥A}=F T}, 2 0.025 m/sz 7). Fig. 8
d W Az, HARE, 1A 429 £¥E vehdnh
U,=UR 7-5-(Fig. 5)3 vl E W 254 0.3(2.5 °C)el
&9 72735 W7} X (patch) FENZ HoIA x=1.0L
FZo £3x3k1 e AL FARIEE 284 0.1(0.8 °C)
oAl Be e 2o S U} A ubd +x
WEo g o) & A Aoz T8 AL Fag
F Aok T3 y=02 AR 0.1(0.8°C) 54 =5
W37t U=U,% Z$(Fig. 5)o vlall ZA F718). of
e A= 27 #59 AZU)Al vlEise] 9 Sk
A K, = Us Aw)s 2] Z71810] y> 0 Gdellxe)
3 gAtel 3t gdo] F718E Aol 718 Aoz A}
HHG y>0 FHolX Y 58 Fate] 7= 418004
RIF nie} o] 4] Wl FAE 717 N2 4
Aol Q3 4o % SIS AT

Fig. 9% IEA] x=1.0L, x=1.5L, x=2.0L A y}&Fo
29 232 FEE TAF To|th 2o AN
(solid liney H,= H,(H,=10m), U,=U,3] 73-$- X (dotted
liney> H,=2H,(H,=20 m), U,=U,! 7% 9} (dashed
liney® H,=2H,, U,=U, JHyH, Q) 3%019 RE #¢
ol Y91 u,Z 0.025 m/solTh YR 48 A= 3
A o BEE 41800A AFE upg} o)
y=-0.07L AAl| 7| A (peak)®] F4lo] $1x8H= Gaussian
X FH F¢ diF 725 Jehde 939 24 ¢
25 A9 48 FAg whd $40] Frleks A

xal-kA

0.0 0.5 1.0 15 20
X/L (L= 7114 m)

Fig. 8. Same as Fig. 2 except for u,=0.025 m/s and U,=U,

[H/H, .

FEA) 2R EXE AF o gy £2E5 U
Ehi m329] S AR7E AR RO o)FEe @
& vehdth. U, = U, JH/H, @ BSEH) & X
o v T2 FRAA = F4 A3 FAYD y=0
= 713z F49 718717} viS FREH wsteke A
< ¢ 7% ol E 295 E EE SN y>099
o) o] F7hetel weh d ool 7% it 820
o8 =4 Ws AAS 712AY y>0 FH2E {FH
I BAEEE FEU)0) el st FHE B¢
o 5 7kl WE 58 2t Al S &9t o
A o B2 degol y>0 FHoE fYH 2 £t
AHZ AlaEr y> 0 Yo U8 ode +H &
AHERE ohdEt 5 7ol mhE o] F9 VI A8 +x
HEoR o @l o]5Ho A F Ak x=1.0L AF ]



Jol
ol
=2
4
i
ro

1
o
&
il
N
=3
-{>
r_E
K9
y
=
_Or
)

12
2
X
1o

ne
l—o

2
o
offt
2

it
:?L:
:(|M:"4
1
oft

057
0.4+ ()
0.3+ P

021 4

Excess temperature

0.1+ \
00 =

04 02 0.0 0.2 0.4

0.5

Excess temperature

04 02 00 02 04
057
04+ ©

0.3 -

Excess temperature

04 02 00 02 04
Y/L (L= 7114 m)

Fig. 9. The distributions of the excess temperature at the cross
section of (a) x=1.0L, (b) x=1.5L and (¢) x=2.0L com-
puted with H,=H,, U,=U,(solid line), H,=2H,, U,=U,
(dotted line), H,=2H,, U, = U, ./H,/H, (dashed line).

A Uy= Uy JHyH, @ B3Ry U,= U, 29"
el vis] Aoid o g 23} 20 o) A dehb= A
= o9} 22 olfe] g dod ¥ S AR X
e A%4=E Atsgch

£ Aol A%t 2448 7193 Jung et al.(2003)

9 23 )4 R AHse] B8 WPl 2§
FOT FAD £ HHE 19T 5 Yt Y 2

71

o] A7 B 5FA FF *év‘:‘r% Al E'_B%ﬁ‘ 735
Z279 750l =
ik B4 Hste *a‘w] Bk

A= g 23 A RS o] §sto] HEdo] &
Aste Ay <oyl vl& Fdde] gl Ay >0
Filo] F7tE A9 4o BXS AN A5 4
zolo| Wb 558 At T2 FIE A o @2 E
9_0:10] /‘)\1 §], 73;-“2@;0) 1:101 _/}:/\lo] 7 _9. “Hocl
o2 {Y¥aL BAls= 5— 3= ‘%E}”‘D} 4 sk
20 el 42 SIS 9 Badell i e
ool B ZA Yot ‘ﬁi o] HFE FaoH o
Foll At 2o % FHE o Aasks A
o2 vt vihE o] gad
A ZgA A2 e H
#Fol S7FalglH. & AlM 7H“
o790 A T3 AAR = A
Z E& ARE 7 e QAR S SIS Wl
2hA alo] $718 Aelle fridd E2do] AdE
Z o 3A X2 5 A Hedl SRl 4
7t W o % A EY209 STk olH®
TS N Zoz Alsdt X EES 3Apdow &
g Agele AE A& aste] Aolof A% &

_I

#59) Zo] T Fo B JTL F 0= F
zgrt.

G4 s Bl 279 FAO) 24 2T 2
ol QYT PFOE B FRE 1Y A, olFel
g3 dog ¥ AI F7ks] £ We AAE 7}
2 A2 5% P AhE o Fade A9E
Bgich. w3 AR EAT S 229 BT Q)
=949 927} Yehhed ole@ dvks 984 58

A 2ol FE FIFoE T2 XPXHJP tisid 7
+ olffel A% 42 FFl HM’Q"] e el 710
Fo| Aol nEso F
7V Ag-ele fg Sl UJ~— T G A Tt
a7t vElA Des| A TR LT B9l 1)
3 9 ‘3%% %i%‘ﬂ 4 Wzt ZAE 712 A y<0
As = 2432 vebdvh

£ ?i—?(’ﬂfﬂ 711‘:‘Lg ML 4 WskE Tt
of At Fejo] A% 4 WEE JHgsiit 1
31‘4' 2AEA HjFo] o]Fo A 1L Jli= AR Uk

OF Flo] AR LS TR ASH o= Ik &

3 AL B ATeX g FetE o] obd £



72 o]&A -

BAZ} EAET 28D Aedeld 2 857] e
£ ¥R 458 H40S 44 A4S Tt
4312 Bsfor Atk 7217 BF 18 PRI} &
2] w2 WSk A9E 3 dob ¢ 202 A=Y
o). oleie EuE TYste] Ackele] AAl A o §
A 20E WIT 5 e HARD e ThE v

) ATHAAZ 99 ) Folk.
#HAlRl 2

2 A7 gy YA IHE gede A9
F(YSG-RC0510)°1 &3] FHEAE. A2AAE= §-=3)
FATE 71EAK a2 53R V) e
(PE97701)'8] A 4& WohS.

= k|

0134, AFT (2004). 2H] AT WHEo) EAsk= A
Aol xe] HEde & o olF d=L 9%
s 2y, dLaFE TR, 1602), 92-102.

Harleman, D.R.F. (1971). One dimensional models. Estuarine
Modelling: An Assesment, GH. Ward, Jr., and W.H. Epsey,

A4z

Jr, eds., 34-101.

Holley, ER. (1969). Discussion of difference modeling of
stream pollution. Journal of Sanitary Engineering, 95(SA5),
968-972.

Jirka, GH. and Hinton, S.W. (1992). User’s guide for the Cor-
nell Mixing Zone Expert System(CORMIX). Technical
Bulletin No. 624, U.S. Environmental Protection Agency,
Us.

Jung, K.T,, Kim, CH,, Jang, C.J.,, Lee, HJ.,, Kang, S.K. and
Yum, K.D. (2003). An analytical investigation on the build-
up of the temperature field due to a point heat source in
shallow coastal water with oscillatory alongshore-flow.
Ocean and Polar Research, 25(1), 63-74.

Kay, A. (1987). The effect of cross-stream depth variations
upon contaminant dispersion in a vertically well-mixed cur-
rent. Estuarine Coastal and Shelf Science, 24, 177-204.

Li, WH. and Kozlowski, M.-W. (1974). DO-sag in oscillating
flow. Journal of Env. Eng.-Div. ASCE, 100, 837-854

Purnama, A. and Al-Barwani H.H. (2006). Spreading of brine
waste discharges into the Gulf of Oman. Desalination, 195,
26-31.

Received January 22, 2008
Accepted February 1, 2008



