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Numerical Heat Transfer in a Rectangular Duct with a Non-Newtonian
Fluid with Shear-Rate Dependent Thermal Conductivity
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Abstract

The present study investigates the effect of the shear rate-dependent thermal conductivity of

non-newtonian fluids on the heat transfer enhancement in a 2:1 rectangular duct flow. An axially

-constant heat flux and a peripherally-constant temperature boundary conditions(H1) was

adopted for a top-wall-heated configuration. The present numerical results of Nusselt numbers
for SRDC(Separan) show heat transfer enhancement over those of SRIC. The Nusselt num-

bers increased linearly as Reynolds numbers increased. The heat transfer enhancement is due to

an increased thermal conductivity near the wall, which is attributed to the shear rate-dependence.

IR Rt 2| 28X}

c uA a 7=
D, HEe 3 27 7o ARE
Fooeh As 7 AR
Eooradsg b iHE
Nu @ ¥AE & st
P =9 ok 0 CAA FEA
Pr 1 zag 4 avg * RE
RPN FAAF
Re :dlolsz 4 c A

FAY ex wo
u AL FEF UG 4=
x DFAY SE 9 A LM B

*B Y, Asoittm sy A gy
*34, A5ty 7 A

A4y el ddg 545 Hartnett® 5
o] A7 o 93wl Separan 4§ (AP-273)



774 e A A
#} Carbopol =& &2 wF& Ha (non
-newtonian fluids) & Al&891S o dA" Hx
o] Foll wl#lA <F 100% ol4o] BAEE Aoz
424 9lch, Shin®? 52 olg} e Axdo A
9] F4]le]l Hartnetts-o] Fste olx #-F
(secondary flow)ol] 9]t 2iql¥ o} :1-& HZolA]
o A 42 o &5 Sl oal dAG

4 Hel Fach

g, 7]&9 dFFo] ¥ 5+& (thermal con-
ductivity) 3% FA7F A== Adefoll s+t
AT Axtgel Adgle AT Ho= MYl
v AT Ay AREL2 dAxgo] AdE
o] gL BodFx e, Sohn# Chen®g %
2l &2l (polyethylene) =] AHE o] &3 dxtolo)
AHEES olF UF B Couette 5 eiof
A FAsgiedl, vl3a 2718 54 AolR e
Peclet 49 #42 g 22 oz Aol Abe)s
of 2Ege] wFel iz A Uy oo o
st} 27 A AleE Febglch o Az, A-
£l Ei’d’w AH =83} 71%%011 oAEA A
F7 #H 3 250%7HA]

Separan TEA 7 CMC 5-&loll g dA=ES
ZAstol dAEgo] Ahgol ulet AHHoz 2
A istde wasgich o2 @ odF As wiw
o2 A Shin®e Adxgo] Aekgol whet 4
FAog wilsl: 7S, 4y dEU Y vFE &
Ael A el olAE ol Plo] ol

BAG AZEoldh,
A HE QoA
b ETel A
du/dx FFE °Jogste] ghA
2L Fod, 2E WX v
no-slip condition) & &3¢}, FAA=

£ HEe PPl FAY FALE T

<
3 o
o
A ks 5o AEHa, =i

bl de

X
e )
B
ok
gt

q" =constant

top wall heated
other walls adiabatic

///“

U(0,y,z) developed velocity profile
Fig. 1 Hydrodynamic and thermal boundary condi-

tions

FolA 1 FFNME FT/dx*=0% ZHL33,
oz, Ay Hee AR ¥ (top wal) & H
Eo & ugozs A4 Af% (heat flux) o2
‘r‘-T’—, HEe Sd wior UHY 2x HIEE 7

+ Hi 7#A z24& 76z, veA g2 @
é( diabatic) 5lo] gt HA$ol whsted A
o}, "E9 AgHdut A& shste] F7] wiEo|

o] g o &
2 AFolAE 4
W £agich

1§34 55 ¥ele 339 A4

2. JE9 dA=EL AkE
A B A% %L Ak
. 3. AAM UL (viscous  dissipation) 2z
Brinkman 4-¢] =7 ﬁ}o{] —‘f—x]f‘z;} Hz g =},
0571_._30] Artg 9

=0 (1)

trelar )] @

SEEDERE

0(eCoTu;) 1
o, PrReLax, )] @)

7|4 FAS MiE et o] HelHe,

Hﬂ



A7 dEold ditgel SEH FHELFE FE vIwE FA

0 50 100 150 200 250 300
Shear rate (1/s)

Fig. 2 Thermal conductivity v.s. shear-rate for Se-
paran 1000wppm
=X
Dy,
_ & _P-Py _ P
u Vavs Prefvzavg’ e Ores’
__7 Re= ﬁVaugDh
-V_ref ’ 77ref !
- T—Ti Cp?]rgf — k
T l?NDh/ kref PT kref ? k quf
a7 FA8 AREe e o) Belud,
_[of Ous )2 ( Ui, Ou; )2]”2
7—[2< 0xx + X + ox; @

2.1 Fchgo] ol&EFel dizE 2
Aol 3G ez WA A ML wFE
fralel AHEEE 2T Agdl st AkEH

o5 A g AA 7 el BaEdck ol 3k
2z L AFE Leee AYAE o] &5t T4
Sz, ol% Fig 20 Wehlisieh, ol % +422
Gehl A (5)sh el ek,
k=kho (73 7c)
kzko*}’(?."_ ?"c)tﬂ.l’ld (7> 7’:) (5)
A7) 4, ke YAALGE(7)olAMe] dAEEE

vebl i, ov ASE o dHEEY 7]E7 el
QAAetE elslellM e dAHG dHEEE &3
I, 2 oelME Hukge g4 dAEEE 4
et o W, AIAREL AFFAel vt} o
2oy, E =Fojix Lee™s] Separangolo] o3l
AYAE ol &3t Albstach

3. AL AR R T

2 AT A Asbell GA ofwgt A=t (grid)

At 775

7F AR F AFe modch A Axz2 A
A5 w4 A EAACE 97 A Rl
9] 201 ALY HERE def ol A4
olx2 %2 Fal fRed kg Al4bsled ol
(exact solution) 2} H] 2 3}e] Fig. 3of vheju el

41x41 Axpg o] Al 4] fRegko] HZH oz Azl
o Frtell Aaele]l A FUE wE vEbR
et weld £ AT BE 43 A HEY
g whRiol A 41x4l AzRsE AHEsidde 21 3
Al7te Y EfEolAe fReol G e
15.54806°} 3, Shah and London® ¢ 3zt &
15.55733, 283, & Aol 41x4]l ARG
A" 3E 15.58368°1 k. 5 Wdo 2+ 41
N AR-F YA A AA-E ABE F, shFol
FTANE A JTRALE SojrlE E

e

A e 2
e A4 AAAE B8 FEuUEgeE F 246
e} Azpaol s Al

B T 4z ez SIMPLE-C 41
Z2 A9 HF3H(convection term) ol oh 3l
A= 3z 85 & 7tA & quick schemeo 2 o)Ak

3} (discretization) 3t¢dc}, SIMPLE-C 98] &&
Patankar®®e)) ols] =|qtxl SIMPLE ot w2l &3}
79 fArelA|ut of8l ¥ A Al (Pressure Correction
Equation)olA = ztelr} U=k, SIMPLE <¢txe]
FollA{2] gt RAAL ofefe} ot

Aelle= Eanbunb (PPI'PP)Ae (6)

o 7]14, okol] Namu,/ < # F SIMPLE-C o
e EofAiel by mAAe] o), webd, 2 4
2 of-3 o

(ae e zanb) Ue = Zanb ( Uny' — ue,)
+ (Py'— Pp) Ae (7
16.5
-
- N=1681
[ oo
& 15.6 ke p T e—@--
Exact analytical : fRe= 15.54806
150 p Current with 41*41 grid : fRe = 15.58368
14.5 N 1 N 1 i 1 "
[ 500 1000 1500 2000

Number of Grid Points

Fig. 3 fRe v.s. number of grid points for checking
grid dependency



776 A A

A (6)¢] SIMPLE & m g Zolv} 4 (7)9
SIMPLE-C 3252 A A4te] A

S R go] zzb abAlEle] 2 wbEel oxE
Zzb £&ska ek zd, AbdEE d AA
e % o 4 (7)¢ SIMPLE-C &123& 4
(6)2] SIMPLE atzg]&xcte A slE o

of L utF 23E o A Aok weps, A
Seol4 xeh e dmeiFolzt ¥ 4 AUk o
Hoz e AedE o4& TDMAYH-E AH831
Aok, w3, 38 27z A Errorma=

" <108 ALgehe o

o] 74

B Aol odAH=go] A3 (Shear Rate
Independent Conductivity, SRIC) #-#l¢} dA=§
o] Azrlgol ¢ &= ql(Shear Rate Dependent Con-
ductivity, SRDC) f-#]2] 7] foll o) dle] 12 3lc,
o]u}] d . E Ao+ 71‘:]'3‘01]“} o &=al u|
B4 "z 24 Carreau 29g A&sigd&d], ol

2 3o X FAlel Separan 4-gleo AHx

vl g veld 4 ole ¥R AR
o} shtelet,

Fig. 4= SRIC % SRDC %9 ¥ &%

& Vel ok 2 o9 SRIC % SRDC
Aol HEA Abgare) Raolnz £xg A4
glo}l FrEF AAol AA FUY £= X E e}

i

off aj rlr
s

r—]m

Wi 219_“4, A dAF LS B Frh ole
ez vimd FAE 49 Wil $5F}E T
05 top

04
03 @ SRDC
Z - SRIC
02
01}
0.0 X 1 P bottom
0.0 1.0 20

Dimensionless Axial Velocity (u)

Fig. 4 Dimensionless axial velocities for SRDC &
SRIC on mid-plane (i.e., y=0.5) along the ver-
tical (z) direction

s}a71x 2 Fig 5% SRIC 3 SRDC 49 %
E 2o o FAY Aol $UT 2EE
1%

°oji gled,
3]

ZBHZJE— Z Ae ' 5 3tk

0.5

04

0.3

z

02

0.1

kg Fig 49 $= $29 3o

Axkg —.r1°ﬂ A

=
2,
B
p
fitea
o
o
nfo
o
2
e
)
[
=
=
e)
Jo
2
Lo

0.0 ISR SR RTTTY |

162 107 1d

TERW T |

top

i bottom

Dimensionless Shear Rate , v

10!

1

Fig. 5 Dimensionless shear rate for SRDC & SRIC on
mid-plane(i.e., y=05) along the vertical(z)

Z

Fig. 6

direction

'T);( %

0.5

04}
03
02t

01
o ®e

°s

SRDC
SRIC

top

bottom

0.0
0.75 0.775

Dimensionless Conductivity, k

0.80(x 10%

Dimensionless conductivities for SRIC &
SRDC on mid-plane(i.e., y=05) along the

vertical (z) direction



AARY HEold Anrgol 2%l YHEEE 2 vwd

Aekgol 2lEHq dAEE (SRDC)E 71a F4
o dHdEE FEE Fassied vebid
Fig. 5ell o] Axlgo] 43l iyl *
2, 7 AHAAM HAapE, Ast A A
Hag 2ok debd, AHokgol S/ A=
€ (SRIC)-& Ankgo) AFzgle]l dAT (k)
A uk, Auhgo]| 9EHql A 5§ (SRDC) &
olo] Ao Axntgo]l YA Aghgrct 2 o
oA SRICe dA=&# 53 e A=z
gA Agkgrct £ dodelMe Aol wel A
dHoz Foksl & A sl &, A ()l
AAE dAxg 2ello wel dAACE ool
£ dAEgo] A¥Hog FrtsiA i) uhebd,
Aekgol T HdEo o ZTA e GAEELE
e F7 FReAEc & 3L vhepdia Qo
Frale] dAEEo] 2y 45 ARG A5t F
7}ab7) wifel, B Tl AxtEol ofE=Hql
AAE g Frbe Ax AATE Fabo] ZihEc}

oubd o g w"rﬂlgl - = gol FrtEw, FA4
g 3 FdE £ AN AA A4Y 45
aA ZFrpdet, 131‘4 £ =19 SRDC fal+=
2 dAEgo] FHHoz 2L Ao AH Frt
slojx AAHAH #HF 9% (bulk thermal con-
ductivity) Zmel 4 B w] £Eo F7lE ofAA
o, zEiv, IR dARg F/bF @Al 2,
Z AR ko] w$ F 'k'% £ F e 94
vrebyty] wf ol feje] B b4l oiabe]
ok,

ol 3t Wl ZHolAe) dHEE ko] AAY
of mlAjy e An B FAE £2 o4
28 & Haedoe] vk, FAE Fv hD./kR
F¥Esied, ol kv 7 HA dA=E (k)
< o=ldel, A4, Aubgol whel sl A
EEE dEste #HE dAEEE V|0 HYE
Aol g17] wl-Foll B =il
Frdroll 71zl ohg3 o] MF A& (7, AN
HE =9lsled Falaal g,

% ol%

2 e w

2
% 4% 1%

[uaa

Yo=tm—— (8)
/u dA
o] 8}kl :r"fi} 7o A (5o W dhe] olel o
Lo by, F BT AR EE GAEHCL
Fig. 7¢& # \}% of 4&#ql A4 =& (SRDC)E

Frael A 777
30
| ——— Present: SRDC{k= k(7 )}
------ SRIC [k=ko}
10
3 "
F4 [
L ,,,,,,,, _Forced convection limit
) PEETIY EEEPTVI IR T REPERTTIn
10° 10' 1 10 1d*
Gz
Fig. 7 The comparison of the present numerical

results of SRDC with SRIC

3
2 F sub-critical super-critical
shear-rate shear-rate
p - K’———%
1 ‘ —e
0 —
10
Yo/ %

Exponents(p) along bulk shear rate in the
Nusselt number related thermal conductivity
ratio for SRDC fluid

Fig. 8

7bA fAl 2 °é%‘i—‘?—%°] A A7 (SRIC) FAjo
3l FAE 4% wlasigdel SRDC A& &%
Aol AH °é7ﬂ£¥°l Avkgol weh ¥y Aol A
Z7159 7] W&ol SRDC fale] FAE 48 9
Zo3z Yy Az Rgolth dRog A3 wat
H ddoA ele]Ez247t 5009 o B Ao
SRDC ##9 4dle 43 SRIC #4)2] FAE 4
of W8h of 8% Z7HE Molm gtk
A Asst e FERANY £AALE Bl
Arkgel @ bddel FHEgo] FAE 4ol
o) AE JE ohEF e AVAL Lohugic
Nusroc= (kw/ kv) * Nuspic 9

Aetgo] wg shwAql
FAE 4 (Nusoc)® o

A B 4 (Nuspc) 2
(k)3 BT AAEE (k)

m} oazm%
I EREREE



778 P I Y |
4.5
L
40 |- PresentSRDC [k=k(7))
3 -
-3 S S
SRIC fi=ko]
3.0 P T S SRR |
0 100 200 300 400 500
Re
Fig. 9 Nusselt number v.s. Reynolds number for
SRDC
o] wlell tHg Moz eRY olufl, p3te

i AvtE (7)ol dAARE ¥rp Zuie oF p
=lo]x, ZFHgwl ptel kA e 52

o Htgol wi 44 pe Fig 8o et 3ieh
Fig. 9= =%}

gol o&Hel @dE$(SRDO)L
RIS DECE TR

= (SRIC) 5] o
gtod el E A o W3t FAE 49

o thall wimstdch olw aolEzz 4
o oz} SRDC A+ HAREL] F7tol u
Ae & A¥da F7HE Holn ok
47} SRIC #Allol wa alojEx 7} 100Y

oF 2%, 500 wi= oF 8% F71EE Holm g

0;

L2
=2

oal;z
|

5}

oX,
ok

£

e
_1
o2

rulm

ofN
R
>

=

)
Ad]

n

rofm dr gy o B

2

KO3

v 5
‘éﬁ

0

B Ao oA
ARE B
of Ae] At
ol Hal 2 AHHoz AT
HH‘rE‘_ A2 FF FEHNAM AxtE F2o
=) tﬂ;ﬂﬂ% tEo] E3] ¥ ZA A
2wl frAlel dAE§
7}510% AS dAE A 5ol
0154 Zro] %2&

714 we slE

m{o

=

e dane
s 2 "est gleh

o3
rir
e

L

ik
1ok

Iz

(1) Xie, C. and Hartnett, J. P., 1992, “Influence of
Rheology on Laminar Heat Transfer to Vis-
coelastic Fluids,” Ind. Engng Chem. Res, Vol. 31,
pp. 727~1732.

(2) Shin, S. and Cho, Y., 1994, “Laminar Heat
Transfer in a Rectangular Duct with a Non
-Newtonian Fluid with Temperature-Dependent
Viscosity,” Int. J. Heat Mass Transfer, Vol. 37,
Suppl. 1, pp. 19~ 30.

(3) Chitrangad, B. and Picot, J. J. C., 1981, “Simij-
larity in Orientation Effect on Thermal Conduc-
tivity and Flow Birefringence for Polymers
Polydime-thylsilox Ane,” Polymer Eng. Science,
Vol. 21, pp. 782~ 789.

(4) Picot, J. J. C., Goobi, G. 1. and Mawhinney, G.
S., 1982, “Shear-Induced
Anisotropy in Thermal Conductivity of a Poly-
ethylene Melts,” Polymer Eng. Science, Vol. 32,
pp. 154~157.

(5) Loulou, T. and Peerhossaini, H., 1992, “Etude
Experimentale de la Conduc-tivite Thermique
de Fluides Non-Newtoniens sous Cisaillement
Appli-cation Aux Soltion de Carbopol 940,” Int,
J. Heat Mass Transfer, Vol. 35, No. 10, pp.
2557~ 2562

(6) Sohn, C. W. and Chen, M. M., 1984, “Heat
Transfer Enhancement in La-minar Slurry Pipe
Flows with Power-Law Thermal Conductiv-
ities,” Int. J. Heat Mass Transfer, Vol. 106, pp.
539~542.

(7) Lee, D. Y., 1995, “Therma! Conductivity Mea-
surements of Non-Newto-nian Fluids in a Shear
Fields,” Ph. D. Thesis, SUNY at Stony Brook.

(8) A4, <34, 199, “Arkge] <
LA vlwrl Al dAdE Fo] dAG A
o mix= & " g7 AES =54 (B), A7
A, A83, pp. 1717~1724.

(9) Shah, R. K. and London, A. L., 1978, “ Laminar
Flow Forced Convection in Ducts,” Advances in
Heat Transfer (suppl. 1),

(10) Patankar, S. V., 1980, Numerical Heat Trans-
Jfer and Fluid Flow, Hemisphere, New York.

o144,



