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Abstract

A computational model has been developed to predict thermal and
hydraulic design parameters for high capacity radiators equipped in
high power diesel engines. In this case, compact heat exchanger is
usually used for smaller size and a compound flow arrangement and
extended surface such as louvered, fin and offset-strip fin are used
to maximize heat transfer rate. In this study, thermal design model
of louvered fin heat exchangers with compound multi-pass flow
arrangement has been developed to calculate heat transfer rate and
pressure drops.

In the model, the heat exchanger core with compound multi—pass
flow path is subdivided into a number of macro volumes along the
coolant flow path, and each macro is divided into a number of cells.
Each cell is regarded as a crossflow element and e-NTU method is

used to compute the heat transfer rate within a cell. The overall



heat transfer coefficient(Z/A) and the NTU are calculated using the
fin-tube design parameters and the heat transfer correlations for both
coolant and air-side flow. The heat transfer rate in a macro is used
to calculate the coolant temperature change which is provided as the
inlet coolant temperature of the next macro. The present model has
been applied to radiators of 120~365 kW capacity and the results
showed reasonable agreement with available test data, although the
difference can be attributed to the uncertainty in the j—factor model
as well as to imperfectness in brazing the radiators tested.

Air-side pressure drop in louvered fin heat exchanger is affected
by many design parameters such as louver pitch, louver angle, fin

pitch, tube pitch, etc. In the present study, a model heat exchanger

of 200x150 gz, in frontal area was tested in a circulation wind
tunnel. Pressure drop was measured at various air velocity and the
friction factors were reduced from the pressure drop data. The
measured friction factor was compared with four available
correlations and a sizable difference was observed between the data

and the predictions.
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Weiting (1975)
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Cho et al.(2002)
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Table 2.1 e(Effectiveness) Correlations

Type

effectiveness (&)

A G (€D
Counter Flow |& = % (=1
where, ¢* — g—;ﬂ
T T

Parallel Flow

& =

er Ck{l — expl— (1 + CHYNTU}

Cross Flow,

Unmixed

& ==

18 exp[(i:) (VT { expl— C(VTO)™] —

Cross Flow,

Cmin Mixed only

Cross Flow,

Cmax Mixed only

#[1 — exp{— CI1 — exp(— NTOW

Shell & Tube

2

2 1/25Jj—_ex,a[_wij—_d)l_/zl

All Type

Heat Exchangers

1 — exp(—=NTD) (=0

_31_
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Table 2.2 NTU Correlations

Type

NTU (Number of Transfer Unit)

Counter Flow

1 e — 1
= — 1 ( )
NTU o (s ) (e
€
NTU = | % (=1
where, (" = gmax

Parallel Flow

" _JnLl—_S(i_-l—_QLl
\ 1+ C

Cross Flow,

Cmin Mixed Only

NI = —(JC:) (1l — ) + 1]

Cross flow,

CmaX Mixed Orlly

NTU = = ln[l + (JC:) n( — sc*)]

| 9 _ e[ 4 C*_ (1 — C*Z)I/Z]
Shell & Tub =
e ube | N7U (1 + €2)1/2 In 2 —¢[1 + c+ (1 — 6*2)1/2]
All type
NTU= —In( — ¢) (=0

Heat Exchangers
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Table 2.3 Working Equations for the LMTD, and ¢-NTU Methods

LMTD

e-NTU

@ = UAFD 7117% o

A7 = A7
LUTD = DT, = XA 1)

In(A 73/A73)

& = 8(7-%%) winC L0 — 7))

C/Z(Tﬁi_ Tﬁ 0)
Cmin(f/z,i - Tc,i)

Cc(Tca_ Tci)
Cmin(fk,i - Tc,i)

A].,l _ Té‘i— 7.,6’0, A],Z 11 Té‘g— ‘TQ _ Cmin — (-7775'5) min
Cmax (mc/))max

TC,Q_ Tci
P: T P 71 b

/1 C, 1.

vry = - — [ pua

7. . N min min V4

&= Tc,a_ Tc,i

F = y(P, /2 flow arrangement)

e=y(NTU, ", flow arrangement)
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Table 2.4 Heat Transfer Correlations of Internal Flow (Nu)

Correlation Conditions
Laminar flow, Fully Development
Nuypy = 4.36
g, = constant , Py < (.6
Laminar flow, Fully Development
Nupy = 3.66
Constant 7o, Pr < 0.6
Nep = 3.66 Laminar flow, Thermal Entrance
+ 0.0668(0/L)R€DP7 Constant 7} B PV >> 1
1+ 0.04[ (D) 2) Re, P ™
Laminar flow, Constant 7,
1/3 0.14
Re,Pr\ % 1\ o {[Re,Pr/ (LI D) (ufu )"} = 2
i 0.48 < P» <16,700
0.0044 < v/u,< 9.75
Rep=> 10,000 , L/ D= 10
Nuy = 0.02386°P+" Y 7, n = 0.4 (heating)
7.< 7, n = 0.3 (cooling)
Rep>= 10,000 , L/ D= 10
0.14
Nup = 0.027/?64/5P71/3( UL) Turbulent flow, Fully Development
0.7 < Pr <16,700
liquid metal, Turbulent flow
Fully Development
(/] 8)(Le,—1000) Pr
/VZ{[):

1+12.7(/8) V2 (P —

D3000 < Re,< 5x10° ., Z/D = 10

0.5 < Pr <16,700

Nuy= 4.82 + 0.0185( Re,PH"

Fully Development, constant

gs
713600 < Re,y< 9.05%10°

100 < Pe,< 10,000

Nup= 5.0 + 0.025(Re,PN°®

liquid metal, Turbulent flow

Fully Development, Constant 7

P€0> 100
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Table 2.5 Friction Factor Correlations at Tube

Correlation Conditions
J= 64 Laminar flow, Fully Development
R@D

Turbulent flow, Fully Development

/= 0.316 Re, ! )
]ljepé 2><10

Turbulent flow, Fully Development

/= 0.184 Re, ' )
Re, > 2x10

Turbulent flow, Fully Development
/= (0.790 In Rep— 1.64) *

0.6 < Pr < 160
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Table 2.6 Air Side Friction Factor Correlations at Louvered Fin

Geometry
Author Correlation
for 70 < Zep < 900
7\ 089
F= 5 AT R, L[;o.:’ﬁ( 72) 0% 0%
Davenport | for 1000 < e, < 4000
(1983)
039 Lu 08 L, b 0.46
/= 0.494 Fe, ( ~ ) ( FH) 7
where, fe, = GULP
for Aer < 150
- 4 Re, 1T 005 sl 083 5025
Achaichia O o8 C8 _ 4
& Cowell for 150 < Ze; < 3000
(1988) = 0.895 /A1'07F0'22L0'25 7026 L%
where, £, = 596 A)gl(O.BlSlogmﬁ’eL* 2.25)
Wang & for 100 < Ae; < 800
Chan 0. —1. .
ang f: 0 805]l)€20514( E‘Z) 0 72< F‘/y) 1 22( LL) 1.97
(1997) ’ 2\ Z, Z, Z,
for 30 < Zer < 1000
Cho et al
0.535
(2002)

0.493 /
S= 842 Ry (or) (—P)
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Table 2.7 Comparison of Test Samples (Louver fin)

Achaichia Chang
Davenport Cho et al Present
& Cowell & Wang
year 1983 1988 1997 2002 2004
Core
type co.rrugated plate fin corrugated | corrugated | corrugated
triangular rectangular | rectangular | rectangular
As (m') 0.000152 0.000150 0.1016 0.06
0 0.747~0.819 | 0.747~ 0.85 0.386
Louver
Material Cu Cu Al Al Al
Z, (mm) 1.5~3.0 0.81~1.4 1.32~1.53 1.7 15
Z, (mm)| 50~1L7 55, 85 [1244~16.84 6.4 7.7
L, (mm)| 0.186~0.46 | 0.11~0.31 | 0.23~0.36 | 0.17~0.36 0.329
a () 8~26 22~30 28 15~27 26
Fin
Material Cu Cu Al Al Al
F, (mm) | 201~ 335|165~ 333 | 18,2, 22 | 1,12, 14 1.275
Fy (mm) | 78 127 6,9,12 16,19 8.15 9.5
6 , (mm) 0.075 0.05 0.16 0.1 0.2
Tube
Material brass brass Al Al Al
7, (mm) 14 8~14 21, 24 10.15 12.61
7, (mm) 3.11
6, (mm) 0.2 0.4 0.6
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Hot water/ Coolant

Fig. 2.1 Flow Pattern at Louver Fin
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Table 3.1 Specification of Model Radiators

a. Radiator 1

Parameter

LT Radiator

HT Radiator

Core Dimension mm 1002x1119%28 1002x1119%92
Heat Rejection kKW 203 365
Flow Rate 2| /s 7.0 33
Coolant
In / Outlet Temp. T 104 — 765 109 — 985
Flow Rate kg/s 10.9 10.9
Air
In / Outlet Temp. T 50 — 685 685 — 102
b. Radiator II-1
Parameter LT Radiator HT Radiator
Core Dimension mm 785x915x20 785x915%80
Heat Rejection kW 120 215
Flow Rate 2| /s 7.0 25.7
Coolant
Inlet Temp. T 103 110
Flow Rate kg/s 6.52 6.52
Air
In / Outlet Temp. T 45 68
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c. Radiator -2

Parameter LT Radiator HT Radiator
Core Dimension mm 785x915%20 785x915%80
Heat Rejection kKW 1775 256
Flow Rate 2| /s 7.0 25.7
Coolant
Inlet Temp. (¢ 103 110
Flow Rate kg/s 7.48 7.48
Air
In / Outlet Temp. T 45 68
Table 3.2 Fin—Tube Dimensions of Model Radiators
Value
Parameter
Radiator 1 | Radiator I

Louvre Pitch mm Lp 2.0 0.8
Louvre Length mm L 6 5.8
Louvre Height mm Li 0.342 0.2
Louvre Angle o a 20 30
Fin Thickness mm Or 0.08 0.06
Fin Height mm Fu 6.3 6.0
Fin Pitch mm F, 1.25 1.27
Tube Width mm Tw 4.45 2.0
Tube Pitch mm T, 10.75 8.3
Tube Thickness mm o) 0.6 0.2
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Table 3.3 Air Side j-Factor Correlations for Louvered Fins

Author Correlation
for 300 < jP@Lﬁ< 4000
] ) ) e
Davenport J= 0.249 Re ;02 ,,““( #) FOE
(1983) 7
GL
where, Rey, = TB
for 100 < Rey, < 800
Sunden & @ \0.239 g\ 0-0206, gn \ —0.285
3 67 pe 059 2 Ly Ly
Svantesson i : =4 90 Z, Z,
(1992) - 7\ 0-0671 7, —0.243
Lp L,
fi 100 < < 1000
Chang o &er
& Wang = 0.436 &e 2/(7).55980.19280[.0956
1996
( ) where ¢ = 4/A4,¢6, = A,]A
for 300 < e, ,< 4000
Chang
R 1 B 5 I o B
(1997) , , 7
L, L, L,
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Table 3.3 Air Side j-Factor Correlations for Louvered Fins (Const.)

Author Correlation
for 100 < Re,,< 600, £ <1
Z,
Kim &
Bullard R oA —0.13 o 70.29& —0.235
—weay) (Z) (2] (2
@002 |77 92 90 Z, Z, Z,
. . 0.05
Ly, Z, L,
for ]Pglﬁ< 150
B @ \0.27 7\ 0.15
- 30 bR 0.447(7> (J)
Cho et al f BT o =g 7,
(2003) for  Re,, > 150
-1.25

@ \ 0.0475 1
W 0.0311&%};83( *) (4)

90 7,
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Table 3.4 Comparison of Parameters of j—factor Correlations

Parameters D S&S |C&W | C&W | K&B | Cho
Year 1983 | 1992 | 1996 | 1997 | 2002 | 2003
Type A ¢ ¢ All | A C

Louver Pitch Lp

Louver Length L

Louver Height Ly

Louver Angle ®

Fin Thickness Or

Fin Height Fy

Fin Pitch Fy

Tube Pitch T,

Fin Depth (Flow Depth) £,

Tube Depth Ty

Total Surface Area A

Louver Surface Area AL

External Tube Surface Area | A;

Reynold Number fe, 5

¥ D : Davenport, S&S : Sunden & Svantesson, C&W : Chang & Wang,
K&B : Kim & Bullard, Cho : Cho et al.

* Type A : Corrugated Louvered Fin with Triangular Channel

* Type B : Plate and Tube Louvered Fin Geometry

* Type C : Corrugated Louvered Fin with Rectangular Channel

* Type D : Corrugated Louvered Fin with Splitter Plate Rectangular Channel

* Type E : Corrugated Louvered Fin with Splitter Plate Triangular Channel
* Type All : All Type
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Table 3.5 Properties of Materials

a. Liquid Water (273.15K < T < 647.3K)
7 = P oa T
) a, a a, as a, as
p -1688.25 26.9987 -0.09818| 1.5144E-04| -9.1206E-08
¢y 12.8806 -0.0915| 3.6108E-04| -6.3981E-07| 4.3591E-10
u 0.1194 -0.0013| 5.3128E-06| -1.1086E-08| 1.1452E-11| -4.6829E-05
k -1.9596 0.0208| -6.1909E-05| 8.5521E-08| -4.7737E-11

b. 50% Aqueous Solution of Ethylene

Glycol (238.71K < T < 394.26K)

@ a, a, a, as a, as

p 993.5008 0.9891 -0.00243

¢y 2142.5962 3.9119| -7.4791E-05

il 3.1831 -0.0368| 1.5945E-04| -3.0701E-07| 2.2139E-10

k -0.16569 0.00298| -3.8063E-06
c. Dry air (123.15K < T < 1273.15K)

@ a, a, a, as a, as
ka -0.0257 0.0030| -1.2658E-07| 3.6639E-11

¢y 1061.6268 -0.4346 0.00103| -6.4871E-07| 1.13882E-10

i 1.5394E-06| 6.5222E-08| -3.5906E-11| 1.3681E-14| -1.8302E-18

k -0.0075] 1.7087E-04| -2.3768E-07| 2.2020E-10| -9.4631E-14| 1.5801E-17

_65_



Table 3.6 Comparison of Heat Transfer Rates by j—factor

Correlations
Measured data Davenport(1983) Chang & Wang(1997)
kW Heat Transfer Rate, kW Heat Transfer Rate, kW
47.3 44.08 40.50
75.9 66.44 59.35
85.2 73.54 63.35
93.0 78.81 69.84
99.4 83.50 73.90
105.0 88.20 78.30
1125 93.74 82.94
123.0 111.8 98.2

Table 3.7 Comparison of Experimental and Calculated Fesults for Full

Heat Exchanger Core

Heat Transfer Radiater 1 Radiator I

Rate (kW) Experimental | Caluculated | Experimental | Calculated
LT 1st Half 123 111.8

LT 2nd Half 83.1 79.4
LT Full Core 206.1 191.2 1775 21541
HT Half Core 182.2 166.7
HT Full Core 364.5 371.7 256.0 259.30
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3) Chang & Wang (1997)
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4) Cho et al. (2002)
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Table 4.1 Dimensions of Test Sample

Parameter Value
Core Width mm w 200
Core Height mm H 300
Core Depth mm L 102
Louvre Pitch mm Lp 1.5
Louvre Length mm Lr 7.7
Louvre Height mm Ly 0.329
Louvre Angle % ® 26
Fin Thickness mm O 0.2
Fin Height mm Fy 95
Fin Pitch mm Fy 1.275
Tube Width mm Ty 3.11
Tube Pitch mm T, 12.61
Tube Thickness mm o) 0.6
Min. Flow to Flow Area Ratio 0 0.386
Fin Area P Ay 4.504
Total Heat Transfer Area i Ay 5.096
Min. Free Flow Area P Amin 0.02314
Frontal Area e Ag 0.06 (0.3x0.2)
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Table 4.2 Comparison of Main Parameters for Friction Factor at

Louvered Fin Geometry

55,85, 115 6.4

0.31~0.44 | 0.22~0.39

0o g |25 BF FH YA |ns 239
P LA IR s (7w
= A A 2 7]%)
Remark by C&W Plate Fin

; 1.005-1.675 =W Zbo] W4
(Fin Pitch)

Va

L 2

7 <1

PRI
He R F, 7,

SIS

r, Fy L F, ©
. Ly Fy Ly £, O
T z /

L, L, »7 90

2

(1) Davenport (1983), A&C : Achaichia & Cowell (1988), C&W : Chang
& Wang (1997), C : Cho et al. (2002), Sample : Present (2004)

(F2) A3 EAD W AR ASHT e WY

o =
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