=g DOL http://dx.doi.org/10.5293/kfma.2017.20.1.065
Original Paper ISSN (Print): 2287-9706

30 IS £A7|82 4 2FE AdXIo| ClotE HXIME

Intercooler for Multi-stage Turbocharger Design and Analysis of the
Hydrogen Reciprocating Engine for HALE UAV

Yang Ji Lee™, Dong Ho Rhee”, Young Seok Kang”, Byoeung Jun Lim"

Key Words : Intercooler( ¢/E] Z2)), Offset Strip fin(5 A =E & ), Plate fin(E3°]E ), Turbocharger(E]Z3}A)),
Unmanned Air Vehicle for High Altitude Long Endurance(ZXZE 3743 F217))

ABSTRACT

Intercoolers for multi-stage turbocharger of the hydrogen reciprocating engine for HALE UAV are installed for reducing the
charged air inlet temperature of the engine. The intercooler is air to air, cross flow, plate-fin type and the fin configuration
is offset-strip fin which is referenced from the heat exchanger of the ERAST. Most of HALE UAV’s cruising altitude is 60,000
ft and the density of air for this altitude is very low compared to sea level. Therefore the required heat transfer area for the
HALE UAV is about three-times bigger than the sea level. Consequently, it is essential to design to meet the required efficiency
of intercooler in the range of not excessively growing the weight of the heat exchanger. The quasi-one dimensional heat transfer
design/analysis for satisfying the requirement of the engine are written in this paper. The numerical analyses for estimating the

coolant flow rate of the engine bay and pressure loss in the header and core are also summarized.
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Fig. 1 Heat exchanger size variation according to the altitude"”
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Table 1 Heat exchanger performance of the ERAST®”

Station 2stroke | 2stroke | 4stroke | 4stroke | 4stroke
Diesel H2 Diesel |Gasoline| H2
Pressure loss | 37% | 41% | 40% | 43% | 43%
LP
Nx 06 06 06 06 06
Pressure loss | 1.0% | 15% | 20% | 21% | 21%
P
Nax 0.65 0.6 0.66 0.65 0.65
Pressure loss - - 01% | 04% | 04%
HP
Nax - - 0.7 0.7 0.7

Moy - Heat exchanger efficiency (’D],aut_’rh,in)/ (Th,in_Tc,in)
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Fig. 2 Schematics of the multi stage turbocharger

Table 2 Multi-stage turbocharger performance of the HALE UAV

_ Tnlet Outlet
Station
PlkPa] TIK] PlkPa] TIK]
LP 7.34 216.65 23.86 332.31
1P 21.48 262.91 67.66 398.91
HP 60.89 289.56 188.76 436.89
Engine 169.88 304.75
|3 HALE 7017] A& e Eele 4% 729 o8 &4
7Pg8ta Qe webd Qe ZelolA ] gre £AES
5% HE=2 7FA5}AL header £41, v bending &4 &
o) 5% 7Pgstel At 10%9] 4 £US BEZ S 4

o] AT Ao 7 Azt=E )

22 NAH 7Y AALTZA(EEXIM AlAH”)

Ko
=
o

0
——

N oot i

:
!

H
=2
o >

ol
2
i

Mo

b
(o4

ol

i
2
N
jan)
Z

O
v
2
L

WA Solol2 2 T30,

SIS
> = =
> 22
NI

)
b

~

I

>,
[>
)

:o:lg‘
>
fijo

v
o
A=)

f
el

T4

o
o Ml
i

fi 60%, ?JE—II &2 10%
o] HEAbA 7AA &4 10%
] A AE A Ans x%a]s}ml Table 29} 7+

N o

}_._/\] 7] 2=

2 A=g
= A7) B 5
ale) sleigele) Hae gAdes Addn HeA
Qe Zel7t AR e A dolo] FUTE AH YR
Qe 370 e cZalaL ol vhdele] 7t Tl QI
2ol ¥ B4 9 wHe AAT,

L

s=RMP AR =28 202, M1=, 2017

zlo|

Fig. 3 Boelng Phantom eye HALE UAV®
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Fig. 4 Boeing Condor Engine bay®

Fig. 5 Engine bay configuration and heat exchanger installation""”
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Fig. 6 Heat exchanger location in the engine bay
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Table 3 External configuration of the heat exchanger core

LP 1P HP
L. 028 m 0.30 m 0.32 m
L, 046 m 050 m 061 m
L 045 m 043 m 0.36 m

L, Cold flow length, £, : Hot flow length,
L : Stacking length
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Fig. 7 Flow chart of the quasi 1-D design/analysis
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R=0C./Cu (2) Table 4 Configuration of the core
Hot flow Cold flow
o714 Cc=mC (G =m,C,,.C.=mC,,) Core Length 0282 m 0282 m
oA AEZ W] A Aluhal % Manglik¥} Bergles'® = Number of passage 13 13
sl on 517)9] AL 120<Re, <104, 0.5¢Pr{15 A}o] Fin height 1397 mm 1500 mm
oA £20% 22} W] UojA| _n_.@—_g]‘];].'(m Fin Thickness 0.1 mm 0.1 mm
Colburn j—factor é}% (3)_]—_,_} ZE]—E]' Fin Frequency 200 #/m 200 #/m
Fin offset length 15.00 mm 20.32 mm
s —0.1541 0. 1199 6 —0.0678 "
j=0. 60225’5’0““ : ( I ) - (3) Table 5 Inlet condition of the heat exchanger
8
10504 456 5 \—1.05570-1 Hotfl 1dfl
X[1+5‘269X10 ’5’1310( ‘(’) ( ) (ﬁ) } otflow Coldflow
b L s Mass flowrate 0.4 kg/s 0.65 kg/s
T, 33231 K 216.60 K
Fanning friction factor:= (4)&} gt} P, 23.86 kPa 757 kPa
,f:9.62435’e’°'7m(% 70'1856(%)0'3053 g)’o'%” (4) 7; @ Inlet Temperature, 7, : Inlet Pressure
o« [1 76605 10° 5 5,54.429( % )U'm( li )37 7( g )0 236}“1 Table 6 Analysis result of the heat exchanger

Exchanger Design Desktop Quasi 1-D analysis

Hotflow Coldflow Hotflow Coldflow

()} (4ol s=p,—6, b’ =b—34, p,= fin pitch ]

7, 282271 K 2469 K 2543 K | 25174 K

0
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Figure 71. Plate-fin geometry for a cross flow heat exchanger.

Fig. 8 Offset strip fin type heat exchanger core®

Table 7 Internal configuration of the core

LP P HP
Cold fin spacing 417 mm | 4.00 mm 6.31 mm
Hot fin spacing 564 mm | 3.70 mm 3.81 mm
Cold plate spacing 20.32 mm |14.00 mm 14.00 mm
Hot plate spacing 1397 mm | 6.00 mm 5.84 mm
Cold fin thickness 010 mm | 0.10 mm 0.10 mm
Hot fin thickness 010 mm | 0.10 mm 0.10 mm
Plate thickness 015 mm | 0.15 mm 0.15 mm
Cold fin offset length 1500 mm | 500 mm 14.00 mm
Hot fin offset length 15.00 mm | 5.00 mm 6.60 mm
Cold fin frequency 240 #/m | 250 #/m 160 #/m
Hot fin frequency 180 #/m | 270 #/m 265 #/m
Number of cold fins 1443 2625 1746
Number of hot fins 650 1701 1494
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Table 8 Quasi 1-dimensional performance analysis for intercooler

Do P, Nax | Teo P
LP 262.13K| 23.38 kPa | 0.61 | 260.76 K |6.85 kPa
P 27861 K| 66.45 kPa | 0.75 | 322.93 K |6.15 kPa
HP 20864 K|188.17 kPa| 0.68 | 327.70 K |6.75 kPa
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Fig. 9 Intercooler heat exchanger efficiency variation according to
the charged air mass flow rate
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Fig. 10 Intercooler core pressure loss variation according to the
charged air mass flow rate

0005 0015

Fig. 108 USiEe) ols] 43 ¢4 S e Ao
= fgo] Z7RIGE oY £4o] Ao AgHow FHk

8 o 4 stk 2 O AR 9 A
TEistA) ghe sojare] 4 A

Fig. 11 Domain and boundary condition of the unit cell model

& Alkts] s sl 2t b

o @ B aslor & Aotk =] Hstel whE of

2SS ANRE 23} FSH7E £1.5% W9l Wed of

AGe AElEeolA WAsh= e &AL ) £0.07%,
ol

F7ek QlElEE= 10,07%, e QEE = £0,01%0]
A HEsIE o QA] kvt SU1E A oy AL 7t Fig. 12 velocity contour and streamline of the unit cell model
A5kt

41 CHOIEN 2 A o 2

F 19 A AN o &
4 dlegel sl 9] 34 qa

O Fig. 113} 22 DH B EH‘OM AZAI= HIZE 4 H920%0) 5 LT of 4-A]5)
AHAE Agstlen], #HHo| inflation 9L F7F8IGArE. @ Y & 24 ghol & A e= &+ %

age F e oF 1008t R84S FluentTME Fig, 12 &9 34 2do] &= Fxw=ob fA4S Lehd
ARg3lo] EQICE A uPYA O R QFA] Navier—Stokes A2 21§52 30.5 m/s YT WHolAM Q] B H-52

4 7549} 2 17440 Al 9

YA ARSI G siAE 915) Standard k—e 2 223 m/S onj Wy et A EE 1 o] 5l
de ARgRGlth =HQle] A 21 ‘?J e & 9 IS ERlE 4 Sl
< Periodic £27& F¢lom HHS ot ﬁ”“ 205
of, SPA mEE §9lEs 2] 92 0,001 kg/solH 4.2 QIEIEE S A HEkM
FEYFS P 15} o], S 297,38 K2 o,
Periodic 271 4=2]8}4] 7%_} T"H B s Vel AejZe 9] dez Qlsto] WASH= o &AL oS3t

Qe T 1,29 kPa/m¥AISHE o Urehdeh o] 4 7] SIalA  37bd B4l SlelE AR Fig, 132
AE AU Qe 1 FE Z—__!°l°ﬂ gt 060 SE] G Tk glste] MSold Y EreloE 1L
kPad] 912 Alo] WSl itk # 149 A 22O §%0] EEL R f29] FAuE kit A8

s=RMP AR =28 202, M1=, 2017 71



O|YX| - 0lF

fol

Velocity 1

260
33500 H

32000 195
30500 LN
29000
27500
26000
24500 65
23000
21500

20000
[Pa) [m s"-1]

Pressure
35000

Fig. 14 Pressure contour at the symmetry plane and streamline
from the inlet (configuration A)

Pressure

35000
w 33500
32000

30500
29000 g
27500 132 :
26000 -
24500

23000

21500

20000 0

[Pa] [m s™1]

O

Fig. 15 Pressure contour at the core center plane and streamline

Velocity

B |

from the inlet (configuration B)

Velocity

H 263

197

Pressure

35000
H 33500
32000

30500
29000
27500
26000
24500
23000
21500

20000
[Pa]

Fig. 16 Pressure contour at the core center plane and streamline
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Table 9 Pressure loss of the inlet according to the configuration

Configuration A B C
Header inlet 6.1 % 55% 6.6 %
Header outlet 29% 217% 2.1%
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