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A b s trac t : T h e  o b je c tiv e  o f  th is  p a p e r  is  to  d e sc r ib e  th e  o p t im iz a t io n  o f  d e s ig n  p a ra m e te rs  in  a  la rg e - s iz e d  c o m m e rc ia l  
b u s  h e a te r  sy s te m  b y  u s in g  C F D (c o m p u ta tio n a l f lu id  d y n a m ic s )  a n a ly s is  a n d  T a g u c h i m e th o d . In  o rd e r  to  o b ta in  th e  
b e s t  c o m b in a tio n  o f  e a c h  c o n tro l  fa c to r  w h ic h  re su lts  in  a  d e s ire d  p e r fo rm a n c e  o f  h e a te r  sy s te m , th e  p a ra m e te r  d e s ig n  o f  
th e  T a g u c h i m e th o d  is  a d o p te d  fo r  th e  ro b u s t  d e s ig n  c o n s id e r in g  th e  d y n a m ic  c h a ra c te r is t ic . T h e  re se a rc h  a c tiv ity  m a y  
b e  d iv id e d  in to  fo u r  p h a s e s . T h e  f ir s t  o n e  is  a n a ly z in g  th e  p ro b le m , i .e .,  a s c e r ta in in g  th e  in f lu e n t ia l  f a c to rs .  In  th e  
s e c o n d  p h a se  th e  le v e ls  w e re  s e t  in  su c h  a  w a y  th a t  th e ir  v a r ia tio n  w o u ld  s ig n if ic a n tly  in f lu e n c e  th e  re s p o n se . In  th e  
th ird  p h a se  th e  e x p e r im e n ta l  ru n s  w e re  d e s ig n e d .  In  th e  f in a l  p h a s e  th e  p la n n e d  ru n s  w e re  c a r r ie d  o u t  n u m e r ic a lly  to  
e v a lu a te  th e  o p tim a l c o m b in a tio n  o f  f a c to rs  w h ic h  is  a b le  to  p ro v id e  th e  b e s t  r e sp o n se .  In  th is  s tu d y , e ig h t  fa c to r s  w e re  
c o n s id e re d  fo r  th e  a n a ly s is :  o n e  w ith  tw o  le v e l a n d  s e v e n  w ith  th re e  le v e l c o m b in a tio n s  c o m p r is in g  th e  L 1 8 (2 1 × 3 7 )  
o r th o g o n a l a r ra y . T h e  re su lts  o f  th is  s tu d y  c a n  b e  s u m m a r iz e d  a s  fo l lo w s  ;  ( i )T h e  o p t im u m  c o n d it io n  o f  c o n tro l  fa c to r  is  
a  s e t  o f  < A 2  B 1  C 3  D 3  E 1  F 2  G 3  H 2 >  w h e re  A  is  sh a p e  o f  th e  o u te r  f in , B  is  p i tc h  o f  th e  o u te r  f in , C  is  h e ig h t o f  th e  o u te r  
f in ,  D  is  th e  in n e r  f in  n u m b e r ,  E  is  th e  in n e r  f in  h e ig h t , F  is  le n g th  o f  th e  f la m e  g u id e ,  G  is  d ia m e te r  o f  th e  h e a tin g  
e le m e n t a n d  H  is  c le a ra n c e  b e tw e e n  a ir  g u id e  a n d  h e a tin g  e le m e n t. ( i i)T h e  h e a t  c a p a c i ty  o f  h e a te d  d is c h a rg e  a ir  u n d e r  
th e  o p tim u m  c o n d itio n  s a tis f ie s  th e  e q u a t io n  y = 0 .6 M  w h e re  M  is  a  s ig n a l fa c to r .  ( i i i )T h e  w a rm -u p  ra te  im p ro v e s  a b o u t  
th re e  t im e s , m o re  la rg e ly  a s  c o m p a re d  w ith  th e  c u r re n t c o n d it io n , w h ic h  re s u l ts  in  a b o u t 9 .2 m in u te s  re d u c tio n .

K e y  w o rd s :  D e s ig n  p a ra m e te r ( ) ,  T a g u c h i  m e th o d ( ) , O r th o g o n a l  a r ra y ( ) , C o m p u ta t io n a l  
f lu id  d y n a m ic s ( ) ,  B u s  h e a te r ( ) ,  S ig n a l f a c to r ( ) ,  C o n tro l  f a c to r ( )  
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V E  : e rro r  v a r ia n c e

Y : re s p o n se  o f  c h a ra c te r is tic  v a lu e

�,  �*  :  f lo w  re s is ta n c e  c o e ff ic ie n t

� :  s e n s itiv ity  c o e f f ic ie n t
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Fig. 1 Schematic diagram of heating system
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Table 1 Comparison of pre-heater specification

Ite m s C o o la n t  h e a te d  ty p e A ir  h e a te d  ty p e  

R a te d  v o lta g e ( V ) 2 4 ( 2 0 ~ 2 8 ) 1 2

H e a t  o u tp u t(k c a l /h ) 1 8 ,0 0 0 4 ,5 0 0

F u e l  c o n s u m p tio n ( /h ) 2 .7 0 .6

E le c tr ic a l  
c o n s u m p tio n (A )

1 0 4

W a te r  th ro u g h p u t( /h ) 4 ,8 0 0 N /A

W e ig h t(k g ) 2 7 3 .2

D im e n s io n
( L × W × H , m m )

6 9 1 × 2 9 3 × 2 8 6 2 3 1 × 1 1 1 × 1 6 3

T a b le  1

. 

.  

4 0 °C

3 2 ° C . 
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2 0
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Fig. 2 Parameter diagram
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.

3 .2  

( in te ra c tio n )

L 1 8  .  

T a b le  2 2

1 3 7 L 1 8(2 1× 3 7 )  

.  T a b le  2 T a b le  3

L 1 8  

.  

Table 2 Level of control factor

C o n tr o l  f a c to r L e v e l  L e v e l  L e v e l  

A  T y p e  o f  o u te r  f in R a d ia l A n n u la r -

B  P itc h  o f  o u te r  f in 9 m m 1 3 m m 1 7 m m

C  H e ig h t  o f  o u te r  f in 2 0 m m 3 0 m m 4 0 m m

D  N u m b e r  o f  in n e r  f in 1 2 1 5 1 8

E
 C le a ra n c e  b e tw e e n  
 in n e r  f in  a n d  f la m e  g u id e

6 m m 9 m m 1 2 m m

F  L e n g th  o f  f la m e  g u id e 4 5 m m 6 7 m m 9 0 m m

G  h e a t in g  e le m e n t  d ia m e te r  �9 0 �1 0 0 �1 1 0

H
 C le a ra n c e  b e tw e e n  
 a ir  g u id e  a n d  o u te r  f in

0 m m 1 0 m m 1 7 m m

3 .3  

.  

.  

3

S ta n d a rd  k -� .  

3 .3 .1  

F ig . 3

.  

Table 3 Inner orthogonal array

L 1 8
C o n tr o l  f a c to r

A B C D E F G H
R 1 1 1 1 1 1 1 1 1
R 2 1 1 2 2 2 2 2 2
R 3 1 1 3 3 3 3 3 3
R 4 1 2 1 1 2 2 3 3
R 5 1 2 2 2 3 3 1 1
R 6 1 2 3 3 1 1 2 2
R 7 1 3 1 2 1 3 2 3
R 8 1 3 2 3 2 1 3 1
R 9 1 3 3 1 3 2 1 2

R 1 0 2 1 1 3 3 2 2 1
R 1 1 2 1 2 1 1 3 3 2
R 1 2 2 1 3 2 2 1 1 3
R 1 3 2 2 1 2 3 1 3 2
R 1 4 2 2 2 3 1 2 1 3
R 1 5 2 2 3 1 2 3 2 1
R 1 6 2 3 1 3 2 3 1 2
R 1 7 2 3 2 1 3 1 2 3
R 1 8 2 3 3 2 1 2 3 1
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Fig. 3 Heater unit model and fin shape
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Table 4 Experimental results of orthogonal array

N o .

C h a ra c te r is t ic  v a lu e :  h e a t  c a p a c i ty ( k c a l)

M 1 M 2 M 3

N 1 N 2 N 1 N 2 N 1 N 2

R 1 7 2 8 7 1 6 8 6 7 8 5 6 9 7 0 9 5 4

R 2 7 9 5 7 8 1 1 0 4 7 1 0 2 7 1 2 5 3 1 2 3 2

R 3 9 4 0 9 2 7 1 2 5 1 1 2 3 4 1 5 0 8 1 4 9 2

R 4 7 6 2 7 4 9 9 8 0 9 6 3 1 1 4 6 1 1 2 6

R 5 5 5 2 5 4 2 6 7 9 6 5 9 7 7 3 7 4 9

R 6 1 0 8 6 1 0 6 8 1 3 9 5 1 3 7 5 1 6 4 0 1 6 1 3

R 7 8 8 3 8 7 0 1 0 7 7 1 0 5 7 1 2 0 4 1 1 8 1

R 8 8 9 5 8 8 0 1 0 9 7 1 0 8 0 1 2 4 5 1 2 2 4

R 9 6 5 2 6 4 1 8 3 9 8 1 9 9 8 1 9 5 2

R 1 0 6 6 6 6 5 5 8 7 0 8 5 6 1 0 4 4 1 0 2 6

R 1 1 1 0 0 7 9 9 3 1 3 3 4 1 3 1 8 1 5 9 5 1 5 7 5

R 1 2 7 7 4 7 6 1 9 8 7 9 7 3 1 1 4 7 1 1 2 8

R 1 3 8 5 1 8 3 6 1 1 2 0 1 1 0 0 1 3 3 5 1 3 1 2

R 1 4 7 8 8 7 7 5 1 0 2 3 1 0 0 7 1 2 1 6 1 1 9 6

R 1 5 8 9 7 8 8 6 1 1 7 4 1 1 5 7 1 3 9 5 1 3 7 5

R 1 6 6 3 9 6 2 2 8 1 9 8 0 3 9 7 0 9 4 6

R 1 7 7 2 3 7 1 1 9 2 6 9 1 3 1 0 8 8 1 0 7 0

R 1 8 1 0 5 9 1 0 4 1 1 3 9 1 1 3 6 8 1 6 6 4 1 6 3 6

T a b le  4

. T a b le  4

�T . 

5 5 0 k c a l

1 6 6 0 k c a l . 

R 1

R 1 8 .  
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Table 5 Data conversion process of each experiment

N o . S T S � S E V E S /N �

R 1 5 9 8 5 7 5 7 8 1 9 2 0 3 8 4 0 8 -4 0 .5 7 0 .1 9 0

R 2 2 0 9 0 7 3 2 0 6 7 1 4 2 3 6 0 4 7 2 -3 5 .6 5 0 .3 5 9

R 3 3 2 4 3 8 6 3 2 1 3 2 9 3 0 5 6 6 1 1 -3 4 .8 6 0 .4 4 7

R 4 1 4 8 1 9 3 1 4 5 0 9 7 3 0 9 6 6 1 9 -3 8 .3 8 0 .3 0 1

R 5 4 7 2 4 3 4 5 8 1 1 1 4 3 2 2 8 6 -4 0 .0 4 0 .1 6 9

R 6 3 0 7 3 2 1 3 0 2 2 8 4 5 0 3 7 1 0 0 7 -3 7 .3 0 0 .4 3 4

R 7 1 0 4 5 9 7 9 9 8 7 9 4 8 1 8 9 6 4 -4 1 .9 4 0 .2 4 9

R 8 1 2 4 4 9 0 1 2 0 9 7 0 3 5 2 0 7 0 4 -3 9 .7 3 0 .2 7 4

R 9 1 0 5 4 6 8 1 0 2 6 4 6 2 8 2 2 2 5 6 4 -3 9 .4 8 0 .2 5 3

R 1 0 1 4 1 7 7 9 1 4 0 5 4 7 1 2 3 2 2 4 6 -3 4 .5 0 0 .2 9 6

R 1 1 3 4 7 4 2 5 3 4 2 5 2 1 4 9 0 4 9 8 1 -3 6 .6 4 0 .4 6 2

R 1 2 1 4 0 2 5 1 1 3 6 9 3 5 3 3 1 6 6 6 3 -3 8 .9 3 0 .2 9 2

R 1 3 2 3 4 5 5 6 2 3 1 1 1 4 3 4 4 2 6 8 8 -3 6 .8 1 0 .3 7 9

R 1 4 1 8 2 0 6 2 1 7 9 8 2 5 2 2 3 7 4 4 7 -3 6 .0 3 0 .3 3 5

R 1 5 2 4 4 9 7 7 2 4 1 6 8 3 3 2 9 4 6 5 9 -3 6 .4 2 0 .3 8 8

R 1 6 1 0 9 0 8 7 1 0 7 4 1 5 1 6 7 2 3 3 4 -3 7 .0 0 0 .2 5 9

R 1 7 1 3 3 0 9 5 1 3 0 9 3 8 2 1 5 8 4 3 2 -3 7 .2 5 0 .2 8 6

R 1 8 3 6 4 2 0 3 3 5 9 9 6 1 4 2 4 2 8 4 8 -3 5 .7 9 0 .4 7 3

1 8 R 1 2 , R 1 3 , R 1 4

1 1 0 .5 m m 2 , 1 1 0 .4 m m 2 , 9 0 m m 2

R 1 2  

. 

,  

.  T a b le  5 T a b le  4

S /N , (�)  

. T ab le  5  

.

-  (S T )                     (2 )

-  ( r )                    (3 )

-  (S �)

  �            (4)

-  (S E )  �                     (5 )

-  (V E )                      (6 )

- S/N ( �) �

�

�

�

�

�
 (7)

-  (�)  �� �

�

�
��

� �                                   (8 )

S T

. S �

S E

V E S /N . S /N

. S /N  

. M 2

(9 ) .

�  (9)

Y s M s

�

.  T a b le  6 T a b le  7 T a b le  5

S /N

L 1 8  (2 1 × 3 7 )  

S /N

. 

F ig . 4 F ig . 5

.  

Table 6 Response table of S/N ratio

L e v e l A B C D E F G H

1 -3 8 .6 6 -3 6 .8 6 -3 8 .2 0 -3 8 .1 2 -3 8 .0 4 -3 8 .4 3 -3 8 .6 8 -3 7 .8 4

2 -3 6 .6 0 -3 7 .5 0 -3 7 .5 6 -3 8 .1 9 -3 7 .6 9 -3 6 .6 4 -3 7 .1 8 -3 7 .1 5

3 - -3 8 .5 3 -3 7 .1 3 -3 6 .5 7 -3 7 .1 6 -3 7 .8 2 -3 7 .0 3 -3 7 .9 0
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Table 7 Response table of �

L e v e l A B C D E F G H

1 0 .2 9 7 0 .3 4 1 0 .2 7 9 0 .3 1 3 0 .3 5 7 0 .3 0 9 0 .2 5 0 0 .2 9 8

2 0 .3 5 2 0 .3 3 4 0 .3 1 4 0 .3 2 0 0 .3 1 2 0 .3 3 6 0 .3 3 5 0 .3 5 8

3 - 0 .2 9 9 0 .3 8 1 0 .3 4 1 0 .3 0 5 0 .3 2 9 0 .3 9 0 0 .3 1 8

-39
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-37

-36
A1 A2 B1B2B3 C1C2C3 D1D2D3 E1 E2E3 F1 F2F3 G1G2G3 H1H2H3
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/N

(d
B

)

-39

-38
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A1 A2 B1B2B3 C1C2C3 D1D2D3 E1 E2E3 F1 F2F3 G1G2G3 H1H2H3

Design parameter

S
/N

(d
B

)

Fig. 4 Factorial effect chart of S/N 
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0.2

0.3

0.4

A1 A2 B1B2B3 C1C2C3 D1D2D3 E1E2 E3 F1F2 F3 G1G2G3 H1H2H3
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�

Fig. 5 Factorial effect chart of �

S /N

S /N

< A 2 B 1 C 3D 3 E 3 F 2G 3 H 2 >

. �

.  (9 ) �

.  �

< A 2 B 1 C 3D 3 E 1 F 2G 3 H 2 >

. S /N �

A

A 2  S /N ��

A 2

. 

B , C , 

D , F , 

G , H  B 1,  

C 3 , D 3, F 2 , G 3 , H 2 

B 1, C 3 , D 3, F 2 , G 3 , H 2 

. 

E E 3 E 1 

E 3  ,  

E 1

. 

< A 2 B 1C 3 D 3 E 1 F 2 G 3 H 2  >  

.  

Table 8 Result of confirmation experiment

C o n d itio n
S e t o f  
fa c to r

H e a t c a p a c ity (k c a l)

S /N �M 1 M 2 M 3

N 1 N 2 N 1 N 2 N 1 N 2

B a se (R 4 )
A 1B 2 C 1 D 1

E 2F 2 G 3 H 3
7 6 2 7 4 9 9 8 0 9 6 3 1 1 4 6 1 1 2 6 -3 8 .4 0 .3

O p tim u m
A 2B 1 C 3 D 3

E 1F 2 G 3 H 2
1 2 6 8 1 2 4 7 1 6 8 6 1 6 5 9 2 0 3 7 1 9 9 9 -3 5 .2 0 .6

4 .2  

L 1 8 

< A 2 B 1 C 3D 3 E 1 F 2G 3 H 2  >

. T a b le  8

S /N �

(7 ) (8 ) .  

T a b le  8

S /N � .  S /N

3 .2 d B � 2

.  

5 . 

.  

( Id le )  4 0 k p h  

.  

5 .1  

A L s te e l

s c p . F ig . 6

.  F ig .  7
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Fig. 6 Pre-heater speciment
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Fig. 7 Shematic diagram of experiment apparatus 
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Fig. 8 Experimental comparison between base design and 
optimum design
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Fig. 9 Experimental results of warm-up performance
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Fig. 11 Experimental results under idle mode condition
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Fig. 13 Experimental results under driving mode condition
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