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Abstract: Global air traffic is forecast to grow at an average annual rate of around 5% in the next 20

years. The continuous growth of air traffic and raised environmental awareness put increasing pressure

on aero engine manufacturers to reduce fuel burn and emissions. NEWAC are a new integrated program

of the European Union with focus on innovative core engine concepts to achieve this problem. In this

paper, Within NEWAC, active core engine configurations will be investigated. the investigation is

focused on the optimal design of the CAC heat exchanger for active core. For optimal design of he

CAC heat exchanger, the HTFS of basic design of heat exchanger are analyzed so as to proceed an

optimization routines based on Response Surface Method(RSM) and Design of Experiment(DOE). As a
result, CAC heat exchanger optimized by 1.0314 lb/s mass flow rate and 3.9058 mm TP of tube layout

and 206.8181 mm height of heat exchanger and 918 tube number for heat transfer and pressure drop.

We confirm the design optimization using RSM and DOE is useful on complex structure of heat

exchanger.

Key Words : Cooling Air Cooler Heat Exchanger, Design of Experiment, Response Surface Methodology,

Central Composite Method
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Recuperator 9} 22 Eu37|E AME3le] Cycles
MAToZH L FAAI= A2H 7o)
=g go] o] FofA 1 ok

Advisory ouncil for research  in
europe(ACARE)= 2020 37HA] &+37] A<l w7
Thzael| A ol qkslrA 20%, AagtslE 80% 18]l
2SS Ahle g Zole 3 EIXE AN 9
o o83 FEE EAs] 84 NEWAC(New

aero engine core concept) ZZHEE AT &3]

aerospace

AR gL 37, 188 Reheater
Intercooler 7W'H& Pt i FAlo HlATEA
B] K (Specific fuel consumption)S Z4Al7]= AT

& st Jok?

H F3718 dudr]o dEe 59 A
MTU®l ¢J3) F=2x1 Utk MTUE CLEAN
2R IRE B FEY duIr|E o835t
gF7]8 ERIAZ Intercoolert Recuperators
HEAHOo N o|itsteth HlETF 6%, A4t
B 16%Es #daA7le A3 drHi?

2l Aloke] AL-31F Azl 1970dth Fxboll
71402 MIdE A=A vN FERY &
717F A-go] Ytk kAR 7ZE {%]’%7] bl

o2& HA FEY dudrrl 88 Aol
o 2822 RIZF &E7] A A %‘l:lﬁé
wE71E A& A Ho B2

4 a3} 7

gF7] dx HEEHe= dudro A
AHolA 2sH7] wj &l a7l }O] Zﬂ%ﬂ
1 )= PFHE(Plate fin heat rxchanger) -2 3}
o} gubx o2 3%t 7oA ®E  Tubular type
dudrle A4S 2T, A E(Heat transfer
area density)”} 100 m*m’ ©]3t2 @A AT AF

=0
3T

W2 2t} o]#]d HHS s Astust v BB
(273 1.5 mm)E & -&3Tubular typed] €7 E
FF7] Azl &l A&3tuA gt

2 dFdAE dugr)Y das B dHAst
o GFS vXe Fa AAJAAE g adnjA
H(Full factorial design)g &3l AASAT 1

2]a. A E 4 A (DOE:Design of experiment)2 %3}
of HE-S-EHH(RSM: Response surface methodology)
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Fig. 1 Active Core concept
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Fig. 2 Heat exchanger schematics

Table 1 Boundary condition & requirements

Boundary Condition

Parameter Tube Side | Shell Side
Fluids Air Air
Inlet pressure (bar a) 55.88 1.54
Inlet Temperature (K) 992 349
Mass Flow Rate (Ib/s) 1.405 minimum

Requirements

Outlet Temperature (K) 692 Free
Pressure Drop (Pa) 20.63 0.72
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2.1 QWE| dH Sx

Tubular type En 371 AA HXg HAA3H]
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I YE Active core®'09] dwdrZ HA A
%t} Fig. 2 Active core®ll -85+ CAC(cooling
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717} 22t F5HE L Cross flowo|H, CAC €
wE7|E A A% & 21 2 a7 =24
£ Table 13 2T}
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Tube Z2] &+ &5 2 9+e17}3}, Shell =9 o=
Aete BAREE AAEPOH, Table 19 &7
Z70) D& CAC dudr|E AASaA) it
FAgo] S WA= AARJAZE Fig 3

I} Zo] Tube®] %, Tube layout(TP, LP), Tube

o

bundle®] Zo|, =o], = 9 Shell &9 FHOZ
AAE 4= 9t} Tube bundle?] Z]2] 749 Tube
layout®] TPS} Tube FHOE AAH ol A

ARJNAE AR 3FAA T, Tube bundle] F2] 7%
2%3t g AAde 1Hste] LPE 3.72 mm, 1€
9] Tube +%F& 9/l E 1A AT 183 Tubular
type G718 S AHE =ol7] 25 A3
2 AHo HAEWAE SN F UA=E 9
3] Tube 9742 1.5 mmZ 1AHstS F=FE IV}
AA ARES =ole WS "siith
AARA H EH3RE A 2 AIAIH
(DOE) B AEHoR AFS T e A
PAE<S Table 29} #Zo] F3F g3t st @t A
A8kt
A3y AE AA 22330 21 HTFS(Heat
transfer & fluid flow service)& ©|&3te] HAAE
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Table 2 Range of each design parameter

Desi Range
esign .
Unit Lower Upper

Parameter (Level -1) | (Level 1)
TP (X)) mm 1.75 1.95

Tube No. (X5) ea 918 990
H (X3) mm 180 200
M; (X4) 1b/s 0.9 1.3

(a) CAC Heat Exchanger Concept

Design Parameter

- Tube No.

- Tube Layout (TP, LT)
- Height

- Length

- Width

Tube Layout
(ransverse
-LP: Longitudinal Pitch
Lp

TP

Flow Direction

(b) Geomertry of Tube Bundle
Fig. 3 Geometry of CAC Heat Exchanger
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Table 32 "] U E(Minitab)S ©]-&3}e] AA QA=
Tube layout®] TP(X)), Tube(X,) T, =°I(Xz),
Shell 9] F#Xy)oll st Exg o 71 9
FE Bol FE AA AAE F7] % Aund

3 (Orthogonal arry) ¥ 19 tigk Axo|t)

Table 3 Orthogonal array with analysis results

Xi | X5 | X5 | X4 | Tro | APr| Tso | APs
1 1391990 (200 (1.3 |650.9|13.30|744.5| 0.61
2 13.5]918]200|1.3 |643.114.51|753.1| 1.09
3 [3.91990 180 |1.3 |{689.1|12.46|735.4| 0.73
4 13.5]990180 (0.9 |711.7{13.04|819.7| 0.68
5 [3.5]990 200 |1.3 {639.8|13.06|756.8 | 0.95
6 |3.5]918 180 (1.3 |651.3|13.66|744.0| 1.29
7 139|918 200 (1.3 |654.4|14.67|740.6| 0.69
8 13.9 1918|180 |1.3 |662.6|13.81|731.5| 0.83
9 13.9]918 200 (0.9 |717.3|15.49|810.6| 0.40
10 {3.51990(200|0.9 |705.9|13.85|829.1| 0.57
11 (3.9 1990(200|0.9 |714.7|13.96|814.9| 0.36
12 {3.5 1918{200|0.9 |708.4|15.37|825.0| 0.65
13 13.5]1990(180|1.3 |648.0|12.32|747.8| 1.13
14 (3.9 1990(180|0.9 |720.5|13.14|805.4 | 0.42
15 (3.5 ]918(180|0.9 |714.3|14.43|815.5| 0.77
16 |3.9 | 918 (180(0.9 |723.9|14.55|801.0| 0.48
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Main Effects Plot for Tube side oultet T

Data Means
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—
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(a) Outlet Temperature of Tube Side

Main Effects Plot for Shell side delta P

Data Means
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(b) Pressure drop of Shell Side

Fig. 4 Main effect

analysis

FEHH(Response surface Methodology)= A2
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Table 4 Analysis Results

0x
fol

ra

LN

X SHAl

=

rol

Estimated Regression Coefficients for Tube side outlet T

Tern Coef SE Coef T p
Constant 679.960 0.2970 2269.278 0.000
%1 -31.921 0.1604 -198.933 0.000
%2 4.972 0.160 30.996 0.000
%3 -3.538 0.1604 -22.056 0.000
%d -0.761 0.1604 -4.746 0.000
®1+x1 3.022 0.1470  20.564 0.000
XO+X -0.339 0.1470 -2.309 0.031
%3+x3 0.129 0.1470 0.881 0.388
xd+xd 0.012 0.1470 0.082 0.936

3 =0.765640 BRESS =
R-Sq = 99.95% |R-Sq Dred = 99 86%) R-Sa(adj) = 99.93%

Normal Probability Plot
(response is Tube side outlet T)

Percent
NuBaa

Tube Shell
N I R R AP | AP X :
Xy | (X1) [ (X3) | (X2) out Residual
ST o | o | o
1 -1 -1 -1 1 | 7136 | 14.1 0.74 (a) Outlet Temperature of Tube Side
2 1 -1 -1 -1 | 650.5 13.3 1.25
3 -1 1 -1 -1 17225 | 142 0.46 Estimated Reagression Coefficients for Tube side delta P
4 1 1 -1 -1 661.7 13.4 0.80 Term Coef  SF Coef T p
Syl p-l UL 7078 150 L 063 | Enstent 13550 0-00eaid o111 0000
X -0. . =M. .
T e Tew | [5G0 B L
7001 1 [ -1]7166] 151 [ 039 K . - -
x4 -0.3571 0.005314 -67.191 0.000
o T T T e o [0 B8 e o ban
R - - ROFK -0. . -1, .
o 1l -1 1 171231 134 | 070 Y3 00020 0004869 -0.407 0,688
10 1 -1 -1 1 648.8 | 12.6 1.17 ®d+xd 0.0068 0.004869 1.391 0.178
11 -1 1 -1 1 721.2 13.5 0.44
12 1 1 -1 1 797.7 12.8 0.75 S = 0.0260354 =
13 -1 -1 1 1 706.5 142 0.59 R- S = 99,868 R'SQ(DFEd) = 99,738 R'SQ(&dj) = 99,818
14 1 -1 1 1 640.6 134 0.98 -
1501 1] 1] 1 [7153] 143 ] 037 (roemonas lo Tubs a0 dela P2
16 1 1 1 1 651.7 | 13.5 0.63 *
17 | 2 0 0 0 756.8 | 14.7 0.37 “
18 2 0 0 0 627.2 13.2 1.08 s
19,0 20| 0 |6688]| 13.6 | 113 £
200 0 | 2] 0] o |6884] 139 | 046 gu
21 0 0 -2 0 687.7 13.0 0.82 Z
22 0 0 2 0 673.3 14.6 0.58 -l
23 0 0 0 -2 | 681.5 14.5 0.73 N ; H ; ;
241010 0] 2 [6784] 131 | 0.64 B R o
25 0 0 0 0 680.0 | 13.8 0.68

(b) Pressure Drop of Tube Side
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S = 0.0382301 FEEXS;[LUEZEDSE_l
R-Sq = 98.01% |R-Sa(pred) = 96.75%| R-Sa(adj) = 97.26%

Normal Probability Plot
(response is Shell side delta P)

Percent
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(c) Pressure Drop of Shell Side

Fig. 5 Analysis of variance
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2 (2)E Tube =2

=78},

gl A (3)2 Shell 2
Y1=926.80-325.82(x +87.63(x2)-0.85(x3)-0.11(x4)+75.
55(x,%)-8.48(x,2)+0.001(x3%)+3.70(x4) 1)

Y,=43.23-4.05(x,)+1.38(x2)+0.05(x3)-0.06(x4)+0.98(x >
)-0.14(x,7)-1.98(x5%)+0.00002(x,7) Q)

Y3=17.28+0.39(x1)-5.93(x2)-0.02(x3)-0.003(x4)+0.
24(x12)+0.69(x22)+0.00004(x32)+0.000001(x42)  (3)

X1 X2 X3 X4
150 4.10 210.0 990.0
[1.0314] [3.9058] [206.8181] [918.0]
0.70 3.30 170.0 918.0

Tube Side
Targ:692.2

Y=6920 [CTTNCT T T | ———"T7 [~ —]
d=1.0000

Shell Side

Minimum

v=04363 | _ L7 |\

d=1.0000 ~

————— —

Fig. 6 Optimal Condition Results
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Table 5 Comparison of Optimal Value and HTFS

Parameter Optimal Value HFTS
Tou (K) 692.00 692.01
AP (Pa) 0.436 0.436

CAC Eu37|& HZAslst7] 913l Table 49 2
HAZHE Tube &9 dHAI} AS a7=4d
(20.63Pa)°ll A-FA7F Y& & 7 Ao HHF
ol ALAAZL, Tube =9 ET2%(692K)S
T&FACZ2 T, Shell 9] 4EA37F H4d
2 AAIHe AdE Fig 63 2rh AAALe
HAAREA S x19 AF 1.0314, x29 A%
3.9058, x32 7% 206.8181, x49] A 9I18E A
A= At

2z tgle] A4 AHPEE H3 élzwzﬂ
& HTFSo| sty =&3 239} Minitab &

29 HH3 3 Axs vwsty I3 2

de 7 3

2y

Ty e=

Rz}
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32
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2 AFA AFAYHS =
=98t cacEndr)e] 3 HHsE
22 olge} 2t

1) Minitab 2 HTFSE o]-&3}o] A AK(Shell
Z9] f3, Tube layout®] TP, =°], Tube %)
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2) APEAN

Y 1=926.80-325.82(x }+87.63(x2)-0.85(x3)-0.11(x4)+75.
55(x,%)-8.48(x27)+0.001(x3%)+3.70(x4%) )

Y ,=43.23-4.05(x,)+1.38(x2)+0.05(x3)-0.06(x4)+0.98(x,
)-0.14(x2%)-1.98(x5%)+0.00002(x47) )

Y3=17.28+0.39(x1)-5.93(x2)-0.02(x3)-0.003(x4)+0.
24(x12)+0.69(x22)+0.00004(x32)+0.000001(x42)  (3)

3) Qo] 2dEozXE AFMAYH L HkSITH
ol dmdrle] BFF FzE HH sk
43 PHYS & 5 AU

e IR Ao
FRATAG YL wol FAH 7] 2ATA
A U(No. 2015R1ID1A1A01058030).
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